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FOREWORD 

On behalf of the committee l welcome you to the 12th International Mine Geology Conference in 
Brisbane, Queensland. 

What we have all seen over the last few years is that interaction on a face-to-face basis has 
dramatically shifted, and we welcome the changes that we have introduced this year. The conference 
has always been focused on the improvements in technologies and impacts on the mining chain with 
this year being no exception. 

The focus of this conference and the subsequent papers in this volume is on new and exciting 
technology and case studies that utilise some back-to-basics fundamentals of geology. We would 
like to thank all those authors that have taken the time to showcase their work in all aspects of 
geology within the mining chain, from Fundamentals of Resources and Reconciliation to Software 
and Technology, that allows for more efficient ways in which we can achieve a better outcome all 
the way up the chain. 

The International Mining Geology Conference is jointly convened by the Australian Institute of 
Geoscientist (AIG) and the Australasian Institute of Mining and Metallurgy (AusIMM). 

I would especially like to thank the Organising Committee and the AusIMM staff that have, in the last 
two years, put an exceptional amount of hard work into ensuring we provide a great conference for 
everyone and papers that aid our industry moving forward. To those that committed to peer reviewing 
a multitude of papers, we thank you for giving your time to undertake this task. Lastly to the sponsors, 
whom, without which, these events would not go ahead. 

We, the Organising Committee and the AusIMM staff, welcome you and look forward to meeting 
both new and old friends in Brisbane. 

 
 
Yours faithfully, 
 
Angela Dimond 
International Mining Geology Conference 2022 Organising Committee Chair 
 
  



vi 

SPONSORS 

Major Conference Sponsor 

 
 
 

Innovation Sponsor  Gold Sponsors 

   
 
 

Silver Sponsor 

 
 
 

Technical Session Sponsor  Supporting Partner 

  
 
 

Conference App Sponsor  Young Professionals Day & 
Conference Networking Sponsor 

  
 
 

Conference Proceedings Sponsor  Destination Partner 

  



Efficiently explore for new deposits and safely manage your mining 
operations with remote monitoring. Mitigate risks to your business 
and evaluate the activity of competitors in near-real-time with 
Planet’s comprehensive, high-resolution, global intelligence.

MANAGE MINING OPERATIONS 
FROM SPACE WITH PLANET’S  
HIGH CADENCE SATELLITE IMAGERY

Continuous, 
High-Quality 

Imagery

Global Coverage High Resolution 
Tasking

Historic Image 
Library

Daily delivery of  
high-resolution imagery  
and insights from Planet

Continuously updated, 
spatially accurate,  

and analysis-ready data 
from around the world

Automated 
preprocessing with 

raster functions before 
you received any data

Monitor developments 
to mining operations  
and the environment 

over time

We’re Here to Help 
Get answers to technical questions  
about Planet Archive

support@planet.com

Contact Us
Learn how Planet can help you  
turn data to actionable insights
go.planet.com/getintouch

Tune In
Check out the On-Demand Webinar 
Session regarding Earth Observation 
for Tailings Management

GET IN TOUCH

WATCH NOW

mailto:support%40planet.com?subject=
https://go.planet.com/getintouch
https://learn.planet.com/international-mining-geology-conference.html


x 

CONTENTS 

Drilling and sampling  

Mineral project risk and orebody knowledge – quantifying the value of drilling using decoupled 
net present value analysis 

P Collier, I Rees, J Pocoe and D Espinoza 

2 

Use of alternative drilling technologies during diamond drilling activities at Ernest Henry Mine 
– a fractured aquifer case study 

B Miller, E Philippa, C Hawtin and J Vitanza 

26 

Fundamentals of resource estimation 
 

Value of information – blasthole assay tool spacing analysis using geostatistical simulations 
J Ashford and I Minniakhmetov 

35 

The evolution of structural and lithological domaining on the Spotted Quoll nickel sulfide 
mineral resource estimate 

C M D Barton and A D Wulfse 

43 

Nova-Bollinger unfolding versus DA estimate 
K E Crook, P M Hetherington, F A Pym and M P Murphy 

52 

Categorical and multiple indicator kriging – are we ignoring the geology? 
I M Glacken and P C J Blackney 

67 

Empirical geostatistics #1 – kriging slope of regression: sensitivities and impacts on 
estimation, classification and final selection 

D Kentwell 

78 

The value of data – getting it right from the start! 
S L Martin and M Wimberger 

100 

Measuring spatial domain models’ uncertainty for mining industries 
S A McManus, A Rahman, J Coombes and A Horta 

114 

You don’t know what you don’t know 
P Micale 

121 

Geostatistical modelling of geometallurgical classes 
W Patton, U Mueller, H Talebi and I Minniakhmetov 

126 

Machine learning in resource geology – why data quality is critical 
F A Pym, K E Crook, P M Hetherington and M P Murphy 

149 

Indicator kriging saves the day – improving reconciliation 
C Taylor, E Conroy and A Purton 

171 

Dynamic grade control modelling processes at the Waihi Underground Gold Mine 
W Vigor-Brown and A Whaanga 

179 



xi 

Geology mine plan integration 
 

Reverse circulation drill commissioning at Lihir open pit to provide data for medium term 
planning 

M Akop, L Elliott and G Phillips 

188 

Creating optimised drill programs that add real value, and integrate with mine planning 
N Anderson 

196 

The evolution of the Monty Geological model and the revolution of the on-site modelling and 
grade control processes 

J B Crow, R Dale and P Willems 

207 

Predicting and modelling Bond Work Index using chemistry (as a proxy for mineralogy) 
R Fraval, K Gardner and V Singh 

215 

Grade control and deleterious materials in polymetallic deposits 
R J Goldie 

222 

Goldilocks – value of information for geoscience applied to coal in tactical time horizons 
B Haase, R Saha, J Lishman, D Lucato and S Limberger-Forte 

236 

Maximising the value of Rio Tinto’s Yandicoogina orebody – a mine geology perspective 
J Halilovic, A Kleinitz and K Trappitt 

243 

Optimal ore blending given geological uncertainty 
R Jeuken and M Forbes 

250 

Improving crusher throughput using a problematic ore index based on simple, first principles 
geology 

M Pepper, G Gerber, T Walton and C Perring 

260 

Impacts of thrust faulting at Goonyella Riverside Mine 
H S Pescini 

266 

Regional scale structural influence on the Ernest Henry orebody below current mining levels 
E Philippa and B Miller 

278 

Lighting up the dark – the use of 3D seismic to optimise mine plans at structurally complex 
Blackwater mine 

N Pranoto, E Lawell, T Dean and M Grant 

286 

Goodbye from the Argyle diamond deposit – insights from deep mining of the world’s largest 
diamond deposit 

M J Rayner, A L Jaques, G L Boxer, S W Moss, C B Smith and V Lorenz 

298 

An explosion of variety in the DeGrussa structural vineyard 
P J Willems and B J Junor 

307 

Grade control 
 

Improvement of the grade control procedure in open pit mine, at the Oyu Tolgoi copper-gold 
deposits, Southern Mongolia 

S Amar-Amgalan, J Nomin-Erdene, B Boldkhuu, K H Natsagdorj, B Bayarmaa, 
D Batbyamba, T S Sainzaya and O Otgonbayar 

321 



xii 

A novel innovation for reconciliation 
L Julian, W Hunt, D La Rosa and J R Ruiseco 

326 

Ore quality measurement and control using GEOSCAN-M PGNAA real time elemental 
analysis 

H Kurth 

338 

Reconciliation 
 

Quality programs (QAQC) on Sample Stations – a prerequisite to achieve standards 
requirements and perform a robust reconciliation 

O Dominguez 

347 

QAQC – proactive Quality Management (QM) supporting reconciliation results 
O Dominguez 

357 

Mine reconciliation standardisation – R Factor Series 
R Hargreaves, T Elkington, G W Booth and W J Shaw 

366 

MineSense technology empowering bucket resolution Mine to Mill reconciliation 
H Lang, R Botha, K Hume, S Sandler and M Haest 

375 

The Golden Mile – 125 years of mining and the challenges posed for today’s mine geologist 
E Murray-Hayden, M Watson and A V Engelbrecht 

380 

Nova-Bollinger reconciliation and risk 
F A Pym, K E Crook, P M Hetherington, M P Murphy and C Laming 

396 

Software and technology 
 

Digital geological mapping – pay-offs, pitfalls and pathways to successful mapping 
digitalisation 

N Anderson 

422 

Rethinking variogram modelling 
A Boucher, P Machado, I Minniakhmetov, P Androszczuk, A Rigby, M Wright, M Baudin 
and B van Dijken 

433 

Multi-source data fusion for geological boundary modelling via Gaussian Processes 
A Chlingaryan, K L Silversides and A Melkumyan 

442 

ShovelSense measuring grade at bucket resolution – the new tool in the mine geologist 
toolbox 

M Haest, K Hume, M Bradshaw, H Lang, F Faraj and M Pal 

449 

Applying supervised machine learning and multiscale analysis on drill core data to improve 
geological logging 

F Huang, E J Hill and A Otto 

453 

SBRE – a simple, flexible and scalable framework to perform conditional simulations for 
uncertainty quantification 

I Minniakhmetov and J Ashford 

462 

Unlocking resource confidence in coal through use of conditional simulation 
R Saha and B Haase 

470 



xiii 

Harnessing data complexity – how machine learning applies all project data for accurate 
resource modelling 

S Sullivan 

483 

Driving improvements to underground diamond drilling effectiveness through real-time implicit 
modelling at Olympic Dam 

J Taylor, M Smith, D Nikolakopoulos and A Tunnadine 

496 

From paper to bytes – digital mapping implementation 
A Whaanga 

506 

Thinking outside the block 
 

Linking Mineral Resource and Ore Reserve classification with techno-economic study levels 
and forecast relative accuracy 

M Noppe, D Reid and J McKibben 

515 

Author Index 525 
 



Drilling and sampling 
  



International Mining Geology Conference 2022 | Brisbane, Australia and Online | 22–23 March 2022 2 

Mineral project risk and orebody knowledge – quantifying the value of 
drilling using decoupled net present value analysis 
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ABSTRACT 
Orebodies constitute naturally occurring, commonly highly variable concentrations of minerals in the 
earth’s crust formed through varying and highly unpredictable processes. Orebody knowledge is a 
core foundation of a mining company’s asset base underpinning all decisions about Mineral 
Resource and Ore Reserves, future production, development and ultimately the profitability and 
competitiveness of a mining enterprise. The decision to invest in a mineral project is usually based 
upon a techno-economic evaluation of the project and having clear approval pathways to gain local 
community support and address social and environmental impacts.  The main objective of the 
techno-economic evaluation is to determine the optimum development sequence for the particular 
orebody in question and to estimate the economic viability of the project and the future return on 
investment to its stakeholders, balancing the inherent value of the mineral in the ground against the 
costs of development and market pricing. 
With the exception of market-driven commodity prices, virtually all revenue and cost estimates 
fundamentally stem from the understanding and subsequent modelling of the orebody. A reliable 
estimate of the ore deposit grade and other geological value-drivers is the foundation upon which 
the business case for future mine development and operation is intricately dependent. Orebody 
knowledge is, therefore, the fundamental driver of the mineral project cycle, influencing the 
progression of studies and consequently, the resource company’s ability to declare Exploration 
Results, Mineral Resources or Ore Reserves which govern the source and cost of funding available 
to the project. 
Drilling provides a ‘vector’ to the true nature of the orebody and effectively buys time to manage the 
technical risk associated with the orebody. Despite its perceived high cost, in both time and money 
terms, drilling is the only available technology for acquiring the necessary orebody knowledge to 
support technical and economic studies and to minimise orebody-driven cash flow uncertainty and 
volatility. However, like all costs, pressure to minimise drilling budgets is ubiquitous across the 
minerals industry. Paired with inappropriate key performance indicators, drilling is often regarded as 
a cost to be minimised, rather than an investment to be optimised. Furthermore, as future deposits 
get deeper and more complex, the collection of orebody knowledge is increasingly on the critical 
path for project development. The increasing cost of data collection pertaining to these deposits 
increases the temptation to minimise orebody knowledge gathering at the cost of long-term value as 
the reduction or postponement of drilling results in greater orebody knowledge risk at all stages of 
the value chain. Indeed the true cost of the decision to drill less is rarely known until the mine is in 
operation, well after the mine project evaluation team has moved on. 
This paper aims to promote orebody knowledge as the fundamental source of endogenous project 
financial risk and, consequently, its critical importance in project financial evaluation. Furthermore, 
the report documents experimental research into the development of an econometric model for 
valuing orebody knowledge. Using the density of drilling data as a proxy measure of orebody 
knowledge, the proposed approach integrates well-established stochastic grade modelling 
techniques with the mathematical mechanics of Decoupled Net Present Value (DNPV) which, 
combined with stochastic grade modelling (conditional simulation), lends itself to the financial 
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assessment of orebody knowledge risk. Based on this approach, a metric is formulated, representing 
the minimum value of the orebody knowledge added by additional drilling. 

INTRODUCTION 
The commercial outcomes of mining projects often fall short of feasibility study forecasts due to 
technical under-performance (Noppé, 2014a; McCarthy, 2003). Insufficient or inappropriate techno-
economic data often leads to: 

• Unintended investment in non-profitable or technically unfeasible projects resulting in a lower 
than expected return. 

• Suboptimal mine design (with the associated potential for sterilisation of value accretive 
mineralisation). 

• Suboptimal capital allocations. 
Duany, Lilford and Topal (2018) stated that: 

‘understanding the ore body and operational uncertainty are crucial for every mining 
project as these parameters affect the ultimate delivery of the planned targets. 
Geological uncertainty is an inherent threat that all mining operations have to manage. 
However, managing risks posed by the lack of adequate ore body knowledge is a 
major challenge to mine planning engineers, geologists and operational managers 
who are under constant pressure to produce mine plans and deliver the required 
tonnes of ore at specified grades to satisfy their executives and the market’. 

While there have been vast technological advancements in the collection of orebody knowledge over 
the past three decades, drilling remains the primary technically and economically viable means of 
gaining a functional and spatially contextualised understanding of the orebody to support mineral 
project studies in advance of mine development. 
Managing heterogeneity and uncertainty are inherent aspects of mining exploration and production. 
Although there is a single true distribution of rock types and grades, the true distribution cannot ever 
be known unless the entire orebody is sampled (Ortiz and Deutsch, 2003). This is economically and 
logistically impossible without actually mining the deposit and so the collection of orebody knowledge 
is to allow a ‘digital twin’ (orebody model) to be constructed robust enough to allow the critical 
development and associated mine sequencing decisions to be made ahead of mining. The key 
challenge, however, in a natural system, which by definition is unpredictable, is to know when you 
have enough orebody knowledge trading off the cost and time implications of further data collection 
against the reduction in mineral deposit uncertainty. 
However, despite being one of the fundamental drivers of mineral project value, the potential impact 
of geological uncertainty on mineral project cash flows is rarely effectively transferred to the 
economic model as there is general incapacity to quantify the value added by reducing mineral 
deposit uncertainty (Collier, Sommerville and Berry, 2019; Bell, 2019; Bell et al, 2010). 
The principal aim of this paper is to propose an econometric model for valuing orebody knowledge. 
Using the density of drilling data as a proxy measure of orebody knowledge, the proposed approach 
integrates well-established stochastic grade modelling techniques with the mathematical mechanics 
of Decoupled Net Present Value (DNPV). 
DNPV is a valuation method proposed by Espinoza and Morris (2013) that appropriately decouples 
the time value of money from risk associated with a capital project allowing the integration of project 
technical risk into financial evaluation. This provides a methodology for investments whose purpose 
is to reduce technical risk (such as orebody knowledge) to be assessed. 

OREBODY KNOWLEDGE AND MINERAL PROJECT VALUE 
Mineral resource companies face unique techno-economic conditions which add a level of 
complexity, largely unknown by other industries, to the evaluation of its projects (Snowden, Glacken 
and Noppé, 2002; Rudenno, 2009). These include: 
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• The requirement to find through exploration and ability to permit through mining tenure the sole 
right to develop the mineral deposit effectively creates a barrier to entry restricting competitive 
forces on the supply side. 

• Technical (endogenous) uncertainty – cash flow forecasts of mineral projects are underpinned 
by a finite asset (the orebody) whose quality and quantity, is uncertain due to the technical 
challenge and economic cost of measuring it. 

• High capital intensity of mineral projects and long lead times: 
o Mineral projects are difficult and costly to permit, finance and develop and subject to 

increasingly complex social and community challenges. 
o Large initial capital expenditure (CAPEX) is required long before revenues can be 

established and this investment is at risk of the inherent uncertainty of the orebody. 
o Economies of scale – cost-effective handling and processing of large tonnages of material 

(ore and waste) is often required due to the relatively low value per unit of production. 
o Location economics – mineral projects are built where the orebody is found and are rarely 

close to established infrastructure. Furthermore, mineral projects are shaped by the 
potential environmental, social and heritage impact, which is a function of their location. 

• Market (Exogenous) Uncertainty: 
o Exposure to the highly cyclical nature of the mining and metals industry (commodity price 

volatility). 
o Mineral resource companies are generally price takers with high fixed costs and often have 

to continue operations even during low price cycles due to the prohibitive costs of shutting 
down and recommissioning. 

o Foreign exchange exposure; most mining operations work with different currencies, with 
operating costs commonly in host country with mineral sales commonly denoted in US 
dollars. 

Risk and uncertainty 
So what do we mean by ‘uncertainty’ and ‘risk’? Knight (1921) referred to risk as a situation in which 
the probability of an outcome can be determined and therefore insured against and uncertainty, by 
contrast, as an event whose probability cannot be known. In fact, there are many risks for which the 
probability of the outcome cannot be determined. Thus a more robust delineation between risk and 
uncertainty comes from the notion that uncertainty is the fundamental cause of risk and that risk 
implies consequence. Therefore, risk is more accurately defined in the context of a business as a 
specific uncertainty which has the potential to have an impact, positive or negative, on a business. 
As a mining example, the gold grades in an iron ore deposit are most likely to be uncertain, but pose 
no risk as they are inconsequential to the iron ore business, assuming they are below some 
economic threshold. 
Traditionally, mineral project evaluation is based on an the average or expected value of critical 
economic parameters pertaining to the orebody (eg grade) with little understanding and/or 
appropriate communication of the underlying uncertainty. Savage (2009) describes the problem as 
the ‘flaw of averages’ (Figure 1) and states that the application of average values to non-linear 
processes does not result in the average value of the process, ie 𝑓𝑓(𝐸𝐸{𝑥𝑥})  ≠ 𝐸𝐸{𝑓𝑓(𝑥𝑥)}. 
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FIG 1 – The ‘flaw of averages’, illustrating the problem with relying on average values in the 

absence of knowledge of the underlying variability (Savage, 2009). 

Orebody knowledge uncertainty and the mineral project cycle 
Orebody knowledge is the fundamental driver of the mineral project cycle influencing the progression 
of studies and consequently, the resource company’s ability to declare Exploration Results, Mineral 
Resources or Ore Reserves as defined by the Joint Ore Reserves Steering Committee (JORC) Code 
(JORC, 2012) which govern the sources (including growing alternatives such as streaming-and-
royalty contracts) and cost of finance available to the project (Crooks et al, 2021; Guj and Trench, 
2013, pp 107–123; Rozman, 2001). 
A clear link exists between Public Reporting Codes and stock exchanges which govern mineral 
resource company funding, investment and strategic planning. For mineral resources companies 
listing on the Australian Stock Exchange, Public Reports dealing with Exploration Results, Mineral 
Resources or Ore Reserves must be published according to the terms defined by the JORC Code 
which sets out the framework for classifying tonnage and grade estimates to reflect different levels 
of geological confidence and different degrees of technical and economic evaluation (ASX, 2020; 
JORC, 2012). The intent of the JORC Code is to provide prospective investors with an understanding 
of the confidence in the underlying orebody data that underpins future business performance of the 
mining entity. 
Despite the extensive guidance provided by the JORC Code and it’s international equivalents on the 
relative hierarchy of confidence in reporting Mineral Resource and Ore Reserve categories and 
associated technical studies, no confidence limits on grade, tonnes or contained product are 
specified. One reason for this is that no mechanism exists for using confidence limit data in traditional 
Net Present Value (NPV) evaluation. Consequently, confidence classification tends to be subjective 
(Abzalov and Bower, 2009; Yeates and Hodson, 2006). 
Furthermore, the inability to communicate the expected accuracy, precision and confidence in the 
estimates with the resultant project financial expectations as they convert from different categories 
may result in misleading reporting and/or incorrect interpretations of the project risk by stakeholders 
(Noppé, 2014b). 
While Glacken and Truman (2014) observe an increasing acknowledgement amongst practitioners 
that Mineral Resource confidence classification must reflect, amongst other things, the quantification 
of uncertainty and the application of confidence limits geologists rarely provide a quantitative 
assessment of geological model uncertainty, despite the availability of tools to do so (eg Verly and 
Parker, 2021; Abzalov and Bower, 2009; Ortiz and Deutsch, 2003). 
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Orebody knowledge and the revenue function 
The reliability of revenue estimates fundamentally stems from the level of understanding of the 
orebody (mineral quantity) and market prices. The successful operation of a mine is therefore 
underpinned by adequate orebody knowledge to prevent unexpected financial outcomes. In fact it is 
considered that the single greatest influence on mineral project under-performance is inadequate 
study of the orebody (AMC, 2020; McCarthy, 2003). 

Why valuing drilling is difficult 
There are two fundamental phases to a drilling campaign (assuming prior discovery): 

1. Phase One drilling (Exploration): defines the global size (tonnage) and grade of the orebody 
allowing fundamental economic calculations to be performed that inform whether to progress 
or reject the project. This generally results in tangible value associated with a net addition of 
saleable commodity to the company’s portfolio (eg Collier and Bryant, 2003). 

2. Phase Two infill drilling (grade distribution characterisation): Spatially characterise the grade-
tonnage relationship and associated variability resulting in increased confidence. Justifying the 
cost of Phase Two drilling is more difficult because: 
o The prime focus is the reduction of orebody risk which has not or will not be priced in the 

economic evaluation. 
o The global tonnes and/or grade of the deposit may be lowered (less saleable commodity) 

or remain materially unchanged following the additional expenditure. 
o Increased certainty in a Mineral Resource estimate has the potential of reducing future 

upside optionality associated with resource extension, or improvements in quality. 
Paired with inappropriate key performance indicators, drilling is often regarded as a cost to be 
minimised, rather than an investment to be optimised. Furthermore, as future deposits get deeper 
and more complex, the collection of orebody knowledge is increasingly on the critical path for project 
development. The increasing cost of data collection pertaining to these deposits increases the 
temptation to minimise orebody knowledge gathering at the cost of greater orebody knowledge risk. 
The cost-saving side of the value equation is simple to quantify because drilling, sampling and 
assaying costs are easily forecast – but if drilling is foregone, what is the cost of the orebody 
knowledge risk that is introduced? Like many cost benefit trade-off studies the optimal target would 
be when the marginal cost of drilling equals the marginal benefit of risk reduction. However, to 
perform this trade-off study methodologies are required to quantify, in financial terms, the impact of 
the risk reduction to allow it to be compared to the near-certain cost savings through reduced 
collection of orebody knowledge obtained by drilling. 

PROPOSED DRILLING VALUATION MODEL 
An econometric model for the valuation of infill drilling is proposed herein. Using the density of drilling 
data and its effect on grade uncertainty as a proxy measure of orebody knowledge, the approach 
integrates well-established stochastic grade modelling techniques (conditional simulation) with the 
mathematics of decoupled net present value (DNPV) (Espinoza and Morris, 2013; Espinoza, 2014; 
Espinoza and Rojo, 2017). Commodity grade is only one of many geological parameters (eg rock 
density, metallurgical recovery, deleterious elements, and geotechnical properties) that impact mine 
economics which are often equally important. A brief synopsis of decoupled net present value and 
conditional simulation is provided below. 

Decoupled Net Present Value 
NPV is ill-equipped to incorporate physical risk such as orebody uncertainty in the financial valuation. 
The well-known deficiencies and limitations of the NPV method and the use of an assumed static 
rate of return as a proxy for risk are discussed by Robichek and Myers (1966); Myers (1984); Sick 
(1986); Feinstein and Lander (2007); Blais, Poulin and Samis (2007); Lilford (2011, pp 34–36); 
Espinoza and Morris (2013); Espinoza (2014); Hawas and Cifuentes (2017); Espinoza and Rojo 
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(2017); Guj and Garzon (2007); Lilford, Maybee and Packey (2018) and Espinoza et al (2020) and 
are summarised below: 

• Project financial risks are disconnected from their true source. 

• Cash flow risk is implicitly assumed to increase exponentially with time which seldom applies 
to real projects. 

• Selection of the discount rate as proxy for risk is subjective. 

• Inconsistent results may be obtained for cases where there is risk associated with 
expenditures. 

• The rate of return is assumed constant even though a project’s risk profile typically changes 
with time. 

• The same discount rate is applied to assets/liability with different risk profiles. 

• For high-risk with a high rate of return or long-term projects, the contribution of future cash 
flows to project value is significantly minimised (ie both revenue and costs are heavily 
discounted). 

• It is assumed that cash earned is continuously re-invested at the cost of capital for the life of 
the asset being evaluated. 

To overcome NPV’s shortcoming, Espinoza and Morris (2013) and Espinoza (2014) conceptually 
combine the features of certainty equivalent method (CEM) and Real Option Valuation (ROV) in 
order to separate endogenous project risk from the time value of money. The DNPV method 
accounts for risk by considering the risk of obtaining lower-than-expected cash flows (ie higher 
expenses and/or lower revenues) as a cost. If the identified risks are borne by the investors, then 
the estimated cost of risk represents investors’ compensation for bearing such risks. 
Risk is considered as a cost to the project akin to a synthetic insurance product (eg Zweifel and 
Eisen, 2012) developed to compensate the investor for a drop in expected revenues or a rise in 
expected costs should the risk materialise. The price of risk is subtracted from the project revenues 
or added to the project costs depending on the source of risk. The risk-adjusted cash flow is 
subsequently discounted using the standard discounted cash flow method using risk-free rate 
because risk has already been accounted for in the numerator (Espinoza and Morris, 2013). 
Akin to CEM, one of DNPV’s main features is the decoupling of risk and the time value of money 
allowing for the discounting of future cash flows using the risk-free rate, while accounting for risk 
separately. The DNVP calculation is presented graphically in Figure 2. A graphical representation of 
the cost of risk is depicted in Figure 3 via a revenue probability distribution function, ∅(𝑆𝑆𝑡𝑡). The 
probability that actual revenues, 𝑆𝑆𝑡𝑡, will be lower than the expected revenues (ie 𝑃𝑃[𝑆𝑆𝑡𝑡 < �̃�𝑆𝑡𝑡]) is 
represented by the area to the left of �̃�𝑆𝑡𝑡, denoted by Φ𝑡𝑡. The downside potential is characterised by 
the centre of gravity of the Φ𝑡𝑡 (ie expected value, �̃�𝑆𝑡𝑡′). The cost of risk, or the decoupled net present 
value risk premium for revenues, 𝑅𝑅�𝑆𝑆𝑡𝑡, is derived directly from ∅(𝑆𝑆𝑡𝑡) and can be expressed as: 

Hence, the DNVP is given by: 

where 𝑅𝑅�𝑡𝑡 =  𝑅𝑅�𝑆𝑆𝑡𝑡 +  𝑅𝑅�𝑋𝑋𝑡𝑡 and 𝑟𝑟𝑓𝑓 is the risk-free rate. 
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FIG 2 – Waterfall chart showing DNPV adjustments to expected revenue and expenditure (𝑅𝑅�𝑆𝑆𝑡𝑡 and 
𝑅𝑅�𝑋𝑋𝑡𝑡 respectively) resulting in a Certainty Equivalent (CEM) cash flow for a given period. Modified 

from (Espinoza et al, 2020). 

 
FIG 3 – Cost of risk calculation for uncertain revenues (𝑆𝑆𝑡𝑡). Modified from (Espinoza et al, 2020). 

The evaluation and development of mineral projects is normally underpinned by a spatial (ie three-
dimensional) block model of the orebody. Conventionally, geostatistical estimation methods such as 
ordinary kriging (Isaaks and Srivastava, 1989) are employed to estimate deterministic (ie single-
value), local block grades informed by available drill hole samples. 
Conditional simulation (Journel, 1974) accounts for the in situ grade variability and spatial continuity 
of the input data set, thus replicating the spatial grade ‘texture’ of the deposit rather than providing 
average local block estimates and thus is an appropriate tool for solving technical problems relating 
to modelling orebody geological uncertainty. 
Numerous conditional simulation-based methodologies and objective functions have been applied 
to determine the optimum quantity and locations of drilling samples (Wilde and Deutsch, 2010), 
however the focus has generally been on Mineral Resource classification and the definition of grade 
confidence limits, eg Goria, Armstrong and Galli (2001); Ortiz and Deutsch (2003); Boucher, 
Dimitrakopoulos and Vargas-Guzman (2004); Abzalov and Bower (2009) and Cortes et al (2019). 
Underpinning the proposed drilling valuation model is the fundamental concept that variability 
matters when it comes to operating performance. As such activities that reduce variability eg grade 
are value-adding dependent on the cost of such activities. In fact the decision to infill drill or not is 
fundamentally a cost benefit analysis of the cost of drilling versus the benefit of reduced variability in 
operational performance associated with the orebody. 
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As a proof of concept, this analysis only evaluates the cost of risk associated with revenues as a 
function of mineral grade/quantity. A number of other assumptions and scope limitations were 
applied to the case study, including: 

• Only the drill spacing is changed: 
o The ‘true’ model of spatial continuity (semi-variogram model) is used for all modelling. 
o Allowance is made in the modelling algorithm to account for changing geological 

interpretation with drill spacing as domain boundaries are a critical source of geological 
uncertainty. 

• The selective mining unit (SMU) block size is assumed to be correct for the deposit. 

• A static production schedule, comprised of SMU blocks, is applied to the orebody. 

• Blocks are classified ore or waste based on a gross profit function, described below, 
independently and prior to the application of the grade risk premium. 

Workflow 
The proposed method for the economic assessment and comparison of infill drilling patterns is 
comprised of a data generation procedure (workflow presented graphically in Figure 4) utilising 
conditional simulation-based methods, followed by an evaluation process applying DNPV grade risk 
premium calculations. 
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FIG 4 – Data generation workflow. 
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DNPV grade risk premium calculation 
Step 1 – For each SMU, calculate the expected revenue, �̃�𝑆𝑁𝑁, as a function of tonnes, grade, 
metallurgical recovery and commodity price, according to the relationship: 

where 𝑇𝑇�  is the estimated SMU block tonnes, 𝑍𝑍(𝑢𝑢)𝑁𝑁 is expected value of the SMU grade per unit 𝑇𝑇� , 
𝑀𝑀� is the estimated metallurgical recovery and 𝑃𝑃𝑡𝑡 is the estimated or realised commodity price for the 
scheduled production period, 𝑡𝑡. 

Step 2 – Given the linear relationship between 𝑍𝑍(𝑢𝑢)𝑁𝑁 and �̃�𝑆𝑁𝑁 (Equation 3), it follows that the 
probability distribution function of block revenue, ∅��̃�𝑆𝑁𝑁� (Figure 3) is equivalent to that of the 
stochastic block grades, ∅�𝑍𝑍�𝑁𝑁�𝑢𝑢�(𝑛𝑛)�𝑖𝑖�. Thus, the expected downside revenue, �̃�𝑆𝑡𝑡′, is equivalent to 
the expected downside grade, 𝑍𝑍�𝑁𝑁 

′  (Figure 5). 

 

 
FIG 5 – Top: histograms of simulated grades, 𝑍𝑍�𝑁𝑁�𝑢𝑢�(𝑛𝑛)�𝑖𝑖, representing the Grade Uncertainty 

Models for a SMU block informed by 150 m (left) and 50 m (right) spaced drilling grids. Values less 
than the expected grade (red bars) indicate a potentially over-estimated SMU block grade and thus 

downside risk. Bottom: derivation of the parameters for the grade risk premium, 𝑅𝑅�𝑁𝑁, calculation. 

Therefore, substituting the ��̃�𝑆𝑡𝑡 −  �̃�𝑆𝑡𝑡′� term in Equation 1 with �𝑍𝑍(𝑢𝑢)𝑁𝑁 −  𝑍𝑍�𝑁𝑁′ � and subsequently 
applying Equation 3, the DNPV grade risk premium, 𝑅𝑅�𝑁𝑁, becomes: 
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Based on a stochastic Grade Uncertainty Model for a given drill spacing (𝑁𝑁), where Φ𝑁𝑁 =
𝑝𝑝 �𝑍𝑍�𝑁𝑁�𝑢𝑢�(𝑛𝑛)�𝑖𝑖  < 𝑍𝑍(𝑢𝑢)𝑁𝑁�, Figure 5. 

The DNPV revenue, adjusted for the grade risk premium, is given by: 

 �̃�𝑆𝑅𝑅�𝑁𝑁 =  �̃�𝑆𝑁𝑁 −  𝑅𝑅�𝑁𝑁 (5) 

Step 3 – The value of the additional drilling information is characterised by the change in the DNPV 
grade risk premium-adjusted revenue and is given by: 

 𝑉𝑉�Δ𝑁𝑁 =  Δ�̃�𝑆𝑅𝑅�𝑁𝑁 =  ��̃�𝑆𝑅𝑅�Δ𝑁𝑁 −  �̃�𝑆𝑅𝑅�𝑁𝑁� (6) 

where �̃�𝑆𝑅𝑅�Δ𝑁𝑁 is the DNPV grade risk-adjusted revenue quantified by the wider spaced drilling pattern 
and �̃�𝑆𝑅𝑅�𝑁𝑁 is the DNPV grade risk-adjusted revenue quantified by the narrower spaced pattern. 

The 𝑉𝑉�Δ𝑁𝑁 metric accounts for the change in the stochastic Grade Uncertainty Model, which in turn 
accounts for any permutation of: 

• The expected grade, 𝑍𝑍(𝑢𝑢)𝑁𝑁. 

• The probability of the grade being below the expected value, Φ𝑁𝑁. 

• The expected value of the downside grade, 𝑍𝑍�𝑁𝑁′ . 

The net present value of 𝑉𝑉�Δ𝑁𝑁 for a production period, 𝑝𝑝, is given by applying the NPV formula and 
risk-free rate, 𝑟𝑟𝑓𝑓. Equation 7 shows the net present value of additional drilling: 

Evaluation 
The fundamental evaluation approach is proposed below: 

Step 1 – Apply Equations 3–5 to each SMU block to calculate the SMU revenue, �̃�𝑆𝑁𝑁, DNPV grade 
risk premium, 𝑅𝑅�𝑁𝑁, and grade risk-adjusted revenue, �̃�𝑆𝑅𝑅�𝑁𝑁, pertaining to a given drill spacing 𝑁𝑁. 
An application example is subsequently described: 

Using the data presented in Figure 5 and assuming 𝑇𝑇�  = 16 800, 𝑃𝑃�𝑡𝑡 = 1000 𝑀𝑀𝑀𝑀 and 𝑀𝑀� = 90%: 

�̃�𝑆150 = 0.35% × 90% × 16 800 × 1000 = 52 920 𝑀𝑀𝑀𝑀 

𝑅𝑅�150 = 0.48 × (0.35% − 0.23%) × 90% × 16 800 × 1000 = 8710 𝑀𝑀𝑀𝑀 

�̃�𝑆𝑅𝑅�150 = 52 920 − 8710 = 44 210 𝑀𝑀𝑀𝑀 

�̃�𝑆50 = 0.71% × 90% × 16 800 × 1000 = 107 350 𝑀𝑀𝑀𝑀 

𝑅𝑅�50 = 0.53 × (0.71% − 0.52%) × 90% × 16 800 × 1000 = 14 420 𝑀𝑀𝑀𝑀 

�̃�𝑆𝑅𝑅�50 = 107 350 – 14 420 = 92 930 𝑀𝑀𝑀𝑀 

Step 2 – Apply Equation 6 to each SMU block to calculate the value of the additional drilling 
pertaining to a given change in drill spacing Δ𝑁𝑁,𝑉𝑉�Δ𝑁𝑁. 
Example: 

𝑉𝑉�150𝑚𝑚→50𝑚𝑚 =  ��̃�𝑆𝑅𝑅�150𝑚𝑚 −  �̃�𝑆𝑅𝑅�50𝑚𝑚� =  |92 930− 44 210| = 48 720 𝑀𝑀𝑀𝑀 

Step 3 – Apply Equation 7 to the mine schedule if available and compare the 𝑉𝑉�Δ𝑁𝑁 and 𝐷𝐷𝑁𝑁𝑃𝑃𝑉𝑉�Δ𝑁𝑁 values 
for the various grids. 
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PROOF OF CONCEPT 

Fundamental data generation 

The ‘true’ orebody 
Applying Step 1 of the method outlined in Figure 4, a high-density grade control sample data set 
(Figure 6) was sourced from an existing mine and used to create a geologically realistic orebody 
(herein referred to as ‘Pezcondida’, Figure 7). The Pezcondida orebody is represented by a fine (5 m 
× 5 m × 15 m) grid of simulated blocks, which was subsequently combined (averaged) to form 20 m 
× 20 m × 15 m SMU blocks. 
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Drilling grids and conditional simulation 
The Pezcondida orebody was then sampled with vertical drill hole traces on increasingly dense grids, 
with each phase of drilling increasing the amount of available data (Figures 8–10) and individual 
conditional simulation models were generated using selected drilling data sets (eg Figure 11). 
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International Mining Geology Conference 2022 | Brisbane, Australia and Online | 22–23 March 2022 16 

For the proof of concept study, the cost of drilling and sampling is not built into the evaluation, 
however the cost of drilling and sampling blanket grids increases exponentially as the drill spacing 
decreases (eg Table 1). Therefore, in practice, infill drill holes are normally planned individually to 
provide optimal data coverage for a given drilling cost and the cost of drilling and sampling would be 
accounted for in a practical application, such as the evaluation of an optimised infill drilling program. 

TABLE 1 
Indicative drilling (diamond core) and sampling cost associated with each study drilling grid. 

Grid Holes Drilling 
Metres 

Samples 
(2 m) 

Cost MU 
(millions) 

Δ Cost MU 
(millions) 

150 m × 150 m 515 7725 3862 4.5  

100 m × 100 m 1151 17 265 8632 10.1 5.6 

50 m × 50 m 4613 69 195 34 597 40.5 30.4 

20 m × 20 m 28 708 430 620 215 310 252.2 211.7 

10 m × 10 m 114 862 17 22 930 861 465 1009.1 756.9 
MU – Monetary units. 

Economic assumptions and mine schedule 
The SMU-scale version of the orebody was the basis for subsequent mine scheduling (Table 2). 

TABLE 2 
20-year mine schedule for Pezcondida ‘true’ grade SMU blocks (assuming two year pre-production 

period). 

Year (𝒕𝒕) 3 4 5 6 7 8 9 10 11 12 
Ore (Mt) 5.19 10.37 15.91 15.79 15.59 15.58 15.62 15.43 15.63 15.72 

Ore grade (%) 0.38 0.42 0.49 0.43 0.48 0.50 0.43 0.46 0.48 0.38 

Waste (Mt) 9.72 10.29 20.78 14.46 16.50 12.74 15.66 15.32 15.91 14.77 

Year (𝒕𝒕) 13 14 15 16 17 18 19 20 21 22 
Ore (Mt) 15.42 14.83 15.06 15.10 14.42 15.05 14.93 14.89 14.31 9.84 

Ore grade (%) 0.47% 0.49% 0.48% 0.51% 0.52% 0.53% 0.51% 0.52% 0.60% 0.76% 

Waste (Mt) 12.21 12.25 13.75 11.71 9.63 8.54 8.87 6.96 4.88 0.94 
 

SMU-scale ore/waste mining selection was based on a gross profit/loss function, termed Value-in-
use (𝑉𝑉𝑉𝑉𝑀𝑀𝑆𝑆𝑆𝑆𝑆𝑆𝑡𝑡), equal to the estimated recoverable product revenue, �̃�𝑆𝑡𝑡 (Equation 3), minus the mining 
and processing cost, 𝑋𝑋�𝑡𝑡: 

 𝑉𝑉𝑉𝑉𝑀𝑀𝑡𝑡 =  �̃�𝑆𝑡𝑡 −  𝑋𝑋�𝑡𝑡 =  �̃�𝑆𝑡𝑡 −  ��𝑋𝑋�𝑆𝑆𝑀𝑀𝑁𝑁𝑀𝑀𝑡𝑡 +  𝑋𝑋�𝑃𝑃𝑅𝑅𝑃𝑃𝑃𝑃𝑀𝑀𝑆𝑆𝑆𝑆𝑡𝑡� ∙ 𝑇𝑇�� (8) 

Fundamental production costs, where 𝑋𝑋�𝑆𝑆𝑀𝑀𝑁𝑁𝑀𝑀𝑡𝑡 and 𝑋𝑋�𝑃𝑃𝑅𝑅𝑃𝑃𝑃𝑃𝑀𝑀𝑆𝑆𝑆𝑆𝑡𝑡 are the estimated mining and processing 
costs per tonne of material for the scheduled production period, 𝑡𝑡. The economic assumptions for 
the 𝑉𝑉𝑉𝑉𝑀𝑀𝑡𝑡 calculation are presented in Tables 3 and 4. 
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TABLE 3 
The economic assumptions for the 𝑉𝑉𝑉𝑉𝑀𝑀𝑡𝑡 calculation. 

Parameter Value 
Commodity price See Table 4 

Metallurgical recovery 95% 

Variable mining (load and haul) cost per tonne 2.70 MU/t (real) 

Variable ancillary mining cost per tonne 2.70 MU/t (real) 

Variable processing cost per tonne 12.00 MU/t (real) 

Average annual inflation 2% 

Real price escalation rate 1% 

Real cost escalation rate 1% 

TABLE 4 
Nominal commodity price (𝑃𝑃�𝑡𝑡) assumptions (assuming two year pre-production period). 

Year 3 4 5 6 7 8 9 10 11 12 
MU 8886 9084 9355 9645 10 069 10 505 10 444 10 962 11 319 11 688 

Year 13 14 15 16 17 18 19 20 21 22 
MU 11 836 11 988 12 142 12 300 12 461 13 290 13 555 13 826 14 103 14 385 

Results 
Stochastic Grade Uncertainty Models, represented by stochastic probability distributions, 
∅𝑍𝑍�𝑁𝑁�𝑢𝑢�(𝑛𝑛)�, were generated for each SMU block for each grid of drill holes. The Grade Uncertainty 
Models for four blocks comparing 𝑁𝑁 = 100 m and 𝑁𝑁 = 20 m drill spacing are presented in Figures 12–
13. 
As stated above, the magnitude of uncertainty is fundamentally linked to the inherent local variability 
in the orebody as well as the drill spacing. As expected, the impact of additional data on the Grade 
Uncertainty Model varies widely. Figure 14 compares the global sample grade distributions 
pertaining to each consecutive drilling phase. The poor correlation and sampling bias between the 
150 m and 100 m drilling data, shown in Figure 14a, demonstrates that at wide drill spacings, vastly 
different results can be obtained with subsequent infill drilling. This reiterates the difficulty in 
generating a reliable model of the orebody with wide-spaced drilling at the early stages of a mineral 
project’s life. Additional high-grade mineralisation is intersected as drill spacing increases 
(Figure 14b–14d) and the increase in the correlation and decrease in sampling bias indicates an 
increasing similarity between each consecutive data set. Thus initially, there is a large marginal 
difference in the value of additional drilling which gradually decreases with each phase of drilling. 
In some circumstances (eg Figure 12), there is minimal change in the expected grade, 𝑍𝑍(𝑢𝑢)𝑁𝑁, while 
the modelled uncertainty is significantly decreased, indicated by the reduction in the variance of 
𝑍𝑍�𝑁𝑁�𝑢𝑢�(𝑛𝑛)�. Graphically this is indicated by an increasingly leptokurtic histogram and steepening of 
the equivalent cumulative distribution function. More commonly, the expected grade receives a 
significant update together with a reduction in variance. An extreme example of a grade update is 
shown in Figure 13 where the block grade has increased by a relative 230 per cent. Large changes 
in the Grade Uncertainty Model (large expected grade and/or variance change) following additional 
drilling demonstrate a high degree of uncertainty and thus should be reflected in the value of 
additional drilling. 
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Variable Count Mean Standard 

Deviation 
Variance Coefficient 

of Variation 
Min Max 

100 × 100 m Grade 100 0.720 0.344 0.118 47.81 0.204 1.734 

20 × 20 m Grade 100 0.649 0.1137 0.013 17.51 0.352 0.937 

FIG 12 – Stochastic Grade Uncertainty Models informed by 100 m and 20 m drilling grids for a 
high-grade SMU block. 

 
Variable Count Mean Standard 

Deviation 
Variance Coefficient 

of Variation 
Min Max 

100 × 100 m Grade 100 0.891 0.386 0.149 43.38 0.234 1.879 

20 × 20 m Grade 100 2.052 0.399 0.159 19.44 1.138 3.219 

FIG 13 – Stochastic Grade Uncertainty Models informed by 100 m and 20 m drilling grids for a 
high-grade SMU block. 
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FIG 14 – Marginal plots comparing the global distribution of sample grades pertaining to 

incremental changes in drill spacing. 

Grade risk premium and value of additional drilling 
Continuing with the examples shown in Figures 12–13, the Grade Uncertainty Model parameters 
(Equations 5–8) were applied to calculate the grade risk premium, 𝑅𝑅�𝑁𝑁, and value of additional drilling, 
𝑉𝑉�𝛥𝛥𝑁𝑁 (Tables 5–6). 

The resulting 𝑅𝑅�𝑁𝑁 and 𝑉𝑉�𝛥𝛥𝑁𝑁 values for the block shown in Figure 12 are presented in Table 5 and result 
entirely from the decrease in modelled uncertainty afforded by the additional drilling. In contrast, 
equivalent 𝑅𝑅�𝑁𝑁 and 𝑉𝑉�𝛥𝛥𝑁𝑁 values for the block shown in Figure 13 result primarily on the update of the 
expected grade (Table 6). However, in most cases the Grade Uncertainty Model, and therefore the 
𝑉𝑉�𝛥𝛥𝑁𝑁 metric, reflects updates to both the modelled uncertainty and expected grade. 

The rate of the reduction in 𝑉𝑉�𝛥𝛥𝑁𝑁 with drill spacing (eg Figure 15) varies depending on the complexity 
of the underlying grade distribution – a lower rate of reduction indicates higher drilling density is 
required to mitigate grade risk. 

TABLE 5 
Example grade risk premium, 𝑅𝑅�𝑁𝑁 and value of additional drilling, 𝑉𝑉�𝛥𝛥𝑁𝑁, calculation for the high-grade 

block shown in Figure 12. Metallurgical recovery 𝑀𝑀� = 95 per cent, block tonnes 𝑇𝑇�  = 17 100 and 
commodity price 𝑃𝑃�𝑡𝑡 = 12 300 𝑀𝑀𝑀𝑀 (scheduled for mining in year 16, Table 2). 
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TABLE 6 
Example grade risk premium, 𝑅𝑅�𝑁𝑁 and value of additional drilling, 𝑉𝑉�𝛥𝛥𝑁𝑁, calculation for the high-grade 

block shown in Figure 13. Metallurgical recovery 𝑀𝑀� = 95 per cent, block tonnes 𝑇𝑇�  = 16 680 and 
commodity price 𝑃𝑃�𝑡𝑡 = 10 069 𝑀𝑀𝑀𝑀 (scheduled for mining in year 7, Table 2). 

 

  

 
FIG 15 – Horizontal section through the Pezcondida orebody (year 15 in the mining schedule) 

showing 𝑉𝑉�Δ𝑁𝑁 values. Grade distribution shown for reference. 
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Applying the 𝑅𝑅�𝑁𝑁 and 𝑉𝑉�𝛥𝛥𝑁𝑁 calculations to all scheduled SMU blocks (Table 2), annualised 𝑅𝑅�𝑁𝑁 and 𝑉𝑉�𝛥𝛥𝑁𝑁  
values based on the mine schedule are presented in Table 7 and graphically in Figure 16. As 
expected from the block-scale analysis, the annualised values of the 𝑅𝑅�𝑁𝑁 are higher for wide-spaced 
drilling for all years. Correspondingly, the value of additional drilling is higher for the initial reductions 
in drill spacing (eg 150 m × 150 m to 100 m × 100 m), an observation further supported by the 
𝐷𝐷𝑁𝑁𝑃𝑃𝑉𝑉�𝛥𝛥𝑁𝑁 (Equation 8) values presented in Table 7. 

TABLE 7 
Nominal annualised 𝑉𝑉�𝛥𝛥𝑁𝑁 values based on the mine schedule presented in Table 2. Data shown has 
a 𝑉𝑉𝑉𝑉𝑀𝑀𝑡𝑡 = 0 cut-off applied (Figure 16/Panel C and D). 𝐷𝐷𝑁𝑁𝑃𝑃𝑉𝑉�𝛥𝛥𝑁𝑁 is the decoupled net present value 
of the additional drilling for the entire mine schedule. Values are discounted at risk-free rate (𝑟𝑟𝑓𝑓) of 

1.5 per cent (real). 

Period 3 4 5 6 7 … 18 19 20 21 22 𝑫𝑫𝑫𝑫𝑫𝑫𝑽𝑽�𝜟𝜟𝑫𝑫 (Eq 8) 

𝑉𝑉�150𝑚𝑚→100𝑚𝑚 23 86 116 137 138 … 192 200 204 221 213 3345 MU 

𝑉𝑉�100𝑚𝑚→50𝑚𝑚 29 84 137 134 150 … 171 177 160 177 157 3058 MU 

𝑉𝑉�50𝑚𝑚→20𝑚𝑚 32 70 136 134 132 … 140 134 138 155 140 2500 MU 

𝑉𝑉�20𝑚𝑚→10𝑚𝑚 18 40 79 80 93 … 95 89 91 102 86 1668 MU 

 

This reduction in the marginal value occurs as the closer-spaced drilling eventually begins to sample 
the ‘true’ grade distribution more adequately, such that additional drilling adds a diminishing amount 
of supplemental information and the changes to the Grade Uncertainty Model become less 
significant – effectively a manifestation of the ‘Law of Diminishing Marginal Returns’. 
It is important to note that adequate sampling of the ‘true’ grade distribution is generally not achieved 
until the drill spacing is much less than the maximum range of spatial continuity given by the semi-
variogram. Furthermore, early assumptions of the semi-variogram and histogram parameters may 
be unreliable and require ongoing assessment and refinement as more data becomes available. 
Referring to Figure 16/Panel B and D, there are a number of years within the first 10 years of the 
scheduled mine life where, contrary to the overall trend, 𝑉𝑉�100𝑚𝑚→50𝑚𝑚 and 𝑉𝑉�50𝑚𝑚→20𝑚𝑚 are greater than 
𝑉𝑉�150𝑚𝑚→100𝑚𝑚. In these periods, the cumulative change in the Grade Uncertainty Model actually 
increases as the drill spacing is reduced. Recalling the sequence of changes observed in 𝑉𝑉�𝛥𝛥𝑁𝑁 
presented in Figure 15, this demonstrates that the first 10 years of scheduled material possess a 
higher degree of inherent grade risk than that encountered in subsequent periods. Thus a drilling 
strategy for this deposit might consist of drilling the ore zones out at 50 m × 50 m spacing with a 
tighter spacing (eg 20–25 m × 20–25 m) applied to the volumes scheduled for mining in the initial 6–
8 years of the mine life. 
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FIG 16 – Annualised nominal 𝑅𝑅�𝑁𝑁 (top) and 𝑉𝑉�Δ𝑁𝑁 (bottom) profiles based on the mine schedule 

presented in Table 2. Panels A and B show all blocks with no cut-off applied; Panel C and D shows 
blocks with a 𝑉𝑉𝑉𝑉𝑀𝑀𝑡𝑡 = 0 (Equation 8) cut-off applied. For the purposes of the study, the expected 

grades provided by the 10 m × 10 m model formed the basis of the 𝑉𝑉𝑉𝑉𝑀𝑀𝑡𝑡 calculation. All values are 
discounted at risk-free rate (𝑟𝑟𝑓𝑓) of 1.5 per cent. 

CONCLUSIONS 
The case study described above is subject to several limitations and opportunities for further 
research as follows: 

• The ‘true’ variogram model was used in the case study to limit the number of variables, 
however a more realistic approach would be to use the semi-variogram based on the data 
provided by each grid. A high degree of uncertainty may be attached to semi-variogram 
assumptions in early stages of evaluation. 
o In the absence of a reliable semi-variogram, variations in grade data could be fitted to 

stationary stochastic models (eg random walk). 
o Synthetic geological models generated based on experience may be developed to apply to 

new deposits with little drilling data. This would allow decision makers to assign more 
realistic initial ore grade variability based on known geological features of the deposits. 

• Similar to the findings of Vargas (2017), the grade uncertainty at the SMU block support may 
be overstated, which will subsequently overestimate 𝑅𝑅�𝑁𝑁 values. This outcome would be 
mitigated by applying the model to periodic (eg monthly, yearly) production volumes. 

• Alternative statistical measures could be tested as an alternative basis for the 𝑉𝑉�𝛥𝛥𝑁𝑁 estimation. 
For example, normalised grade risk variability (coefficient of variation, 𝐶𝐶𝑣𝑣�), should be a function 
of distance (𝑑𝑑) between drill holes, with a theoretical variation from 𝐶𝐶𝑣𝑣� = 0, 𝑑𝑑 = 0 to 𝐶𝐶𝑣𝑣� = max, 
𝑑𝑑 = max. 

• The 𝑉𝑉�𝛥𝛥𝑁𝑁 metric as presented represents the minimum value of drilling based the revenue risk 
associated with a single product. The joint uncertainty associated with more than one grade, 
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especially those that are spatially correlated would require a co-simulation approach which 
accounts for the spatial correlation, if present, between two or more grades (eg gold is often 
spatially correlated with copper). 

• The 𝑉𝑉�𝛥𝛥𝑁𝑁 metric as presented does not account for other geological risk such as physical ore-
waste boundaries, deleterious mineralogy, geometallurgical performance and geotechnical 
risk. The model can be extended to account for these additional risks. 

• The model does not account for the change in 𝑉𝑉𝑉𝑉𝑀𝑀 cut-off when the 𝑅𝑅�𝑁𝑁 is applied – the 𝑉𝑉𝑉𝑉𝑀𝑀 
will decrease once the 𝑅𝑅�𝑁𝑁 is applied, thus the ore/waste cut-off should be applied post-risk 
adjustment. The risk adjusted 𝑉𝑉𝑉𝑉𝑀𝑀 would impact mine designs (eg Lerchs-Grossman pit 
optimisations) and production schedules. 

• DNPV potentially provides a mechanism for applying financial criteria for Mineral Resource 
classification (eg saleable metal estimated within ±15 per cent on an annual basis @ 
90 per cent confidence and classified as Measured, could be readily converted to a DNPV 
revenue risk premium). 

The effect of the artificial time-bias effect created by the use of NPV to value capital investments is 
not trivial. Understanding the value of orebody knowledge through the use of methods such as DNPV 
is critical to balancing the time and effort in collection of orebody knowledge data against the financial 
benefits of reduced orebody uncertainty in a world where such investments are coming under 
increased financial scrutiny. It is envisaged that the methodology can also be applied to the valuation 
of other important mining activities in which trade-offs of risk versus cost are managed, such as 
tailings, mine closure, and even the impact of sovereign risk. 
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ABSTRACT 
Underground fractured aquifers in the Ernest Henry deposit are to a large extent controlled by 
deposit scale brittle structures. The underground mine has been subdivided into nine water zones 
based on hydrogeological characteristics, including conductivity and connectivity, within the mining 
areas bound by these structures. The nine water zones and the hydrological characteristics of the 
associated structures are utilised for risk assessing mine development and for targeting diamond 
drilling dewatering activities. 
Wireline and conventional underground diamond drilling techniques have been used throughout the 
network of underground aquifers with the aim of dewatering areas within the mining footprint. These 
dewatering drilling campaigns have historically been highly successful at lowering aquifer water 
levels throughout the underground workings. As part of recent mine expansion activities, diamond 
drilling has intersected high pressure (>507 psi), high temperature (>50°C) and high flow water 
(>3 L/sec) in as yet unconstrained underground aquifers. Groundwater is typically conducted through 
rubble and clay rich faults, further hampering progression of drilling. 
Drilling through fractured aquifers at depth presents both mine planning as well as safety challenges. 
Recent drill holes have been delayed or abandoned when aquifers hosting this high pressure, high 
flow water have been intersected, risking mine planning deadlines. 
Recent technological innovation developed to control groundwater outflows from the diamond drill 
hole whilst drilling has been trialled at the Ernest Henry Mine. This case study focuses on the 
utilisation of alternative drill methodologies to allow the current drilling campaign to continue without 
delay, whilst also improving safety conditions encountered on the drill site. 

INTRODUCTION 
Groundwater intersection when conducting wireline diamond drilling can present significant safety 
and resource definition risks. When large hydrostatic pressures (>500 psi) or flows (400–500 L/min), 
are intersected in underground aquifers, the inner tube can be pushed out of the open hole under 
the hydraulic head pressure of the groundwater, requiring the more expensive and operationally 
intensive method of conventional drilling. The increase in manual handling injury risk to diamond 
drillers and significantly slower drilling rates makes this an unattractive and often unfeasible option. 
High temperature (>50°C) water additionally can result in unworkable conditions due to vent 
limitations and excessive temperatures of the rod string and barrel. 
A diamond drilling campaign conducted at Ernest Henry involved drilling deep holes (>500 m) from 
the underground workings for further resource definition. Conventional drilling for water intersections 
beyond ~400 m depth is inefficient and results in a significant reduction in safe working conditions 
for the diamond drilling crew. Several holes were abandoned throughout this campaign due to high 
pressure and flow groundwater intersections, risking adequate resource definition. 
A specialised Water Limiter tool to handle high pressure and high flow groundwater intersections 
developed by Fordia, termed AquaGuard, has been trialled for the first time in Australia at the Ernest 
Henry Mine by Deepcore Drilling when groundwater ingress required either conventional drilling or 
hole abandonment. 
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BACKGROUND 
Ernest Henry Mine is located 38 km north-east of Cloncurry in the Eastern Fold Belt of the Mt Isa 
Inlier (Figure 1). Operations consist of an underground sublevel cave below a historic open cut which 
operated from 1996 to 2011, recovering copper and gold. The pipe-like orebody consists of a variably 
fractured volcanic breccia formed between 1540–1500 Ma (Mark, Oliver and Williams, 2006) 
bounded by two ore controlling shear zones. The deposit is hosted in the Mount Fort Constantine 
Volcanics, unconformably overlain by the Mesozoic Carpentaria Basin package and the Tertiary 
Eromanga Basin (Sheppard, 2001; Greve, Evert and Ashton, 2013). 

 
FIG 1 – Ernest Henry Mine location in the Mount Isa Inlier, and within the extents of the Great 

Artesian Basin. 

Aquifer characteristics 
The deposit underlies the north-western perimeter of the Great Artesian Basin and the main regional 
aquifer of the Gilbert River Formation (GRF), which consists of semi consolidated sand and gravel. 
At the mine scale, the GRF is hosted in palaeochannels of the Proterozoic, varies in thickness 
between 5 m and 20 m and has a hydraulic conductivity of 15 m per day (Greve, 2013). At Ernest 
Henry, the GRF is responsible for recharging an inter connected network of brittle structures, termed 
Fault 2, Fault 6, Fault AM and Fault AB (Figure 2). 
The characteristics of these brittle structures are well documented, and combined with regular 
monitoring using a network of 56 vibrating wire piezometers located around the mine site, the mine 
has been divided into nine zones termed zone 1 through to 9 (Figure 2; Greve, 2012). The zones, 
often bound by these brittle structures have been characterised according to hydraulic conductivity, 
based on measured groundwater pressures and flow rates (Greve, 2013). The zones are variably 
fractured by local mine structures including faults, shears, vein sets and joints. Of the nine zones 
identified, the zone 5 and zone 9 aquifers have the highest hydraulic conductivity with recharge rates 
of 27 m for a 24 hour period and 100 m in 24 hrs respectively. Prior to targeted dewatering drilling 
activities, maximum groundwater pressure for zone 5 and zone 9 was approximately 550 psi and 
~800 psi respectively (Greve, Evert and Ashton, 2013). Both underground aquifers are responsible 
for routinely causing operational delays when intersected through mining activities, in particular for 
this case study, diamond drilling activities. 
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FIG 2 – Looking south-east at the major water bearing structures, water risk zones (blue text) and 

their interaction with the 0.7 per cent Cu shell (grey) and pit. 

Dewatering campaigns 
Attempts to drawdown groundwater levels within the underground aquifers through targeted 
diamond drilling campaigns have been ongoing since 2011 after earlier numerical modelling reports 
indicated large groundwater inflows of up to 14 ML/day may be expected into underground aquifers 
and ultimately the underground mine. To predict and mitigate the risk of water intersects during future 
development, this conceptual model of the local fractured aquifer was reviewed and a dewatering 
strategy targeting the highest water risk zone was developed. 
The most notable and successful dewatering campaign occurred in 2013, whereby a targeted 
dewatering drilling campaign into the perched Zone 5 aquifer, achieved 550 m of drawdown in a 
6 month period, which included a ~200 m drop in groundwater level from 385 psi to 282 psi in the 
first two months of dewatering (Purvis, Greve and Calverd, 2014). Early drilling success was due to 
the drilling methodology implemented at the time, which was to drill through a valved standpipe, 
grouted into the country, which was also connected to a breastplate all of which was bolted into the 
country (Figure 3). As groundwater was intersected it could be controlled through operation of the 
gated valve. The groundwater pressure of 385 psi in Zone 5, although considered high at the time 
was not enough to force in tube ejection and no drill holes were ever abandoned from groundwater 
intersections during this period. The maximum groundwater pressure of 385 psi was a level that was 
not seen until later dewatering campaigns. In 2016 another targeted dewatering campaign was 
completed in Zone 5 and the water level was dropped an additional 22 m with zone pressure at 
355 psi. This campaign was not as successful as the initial program due to the head pressure 
decrease lowering flows and the piping set-up adding significant friction loss. 
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FIG 3 – Dewatering diamond drill hole collar assembly for controlling groundwater intersections. 

In September 2019, diamond drilling activities targeting the deep parts of the orebody below the 
lowest portion of the mine, on 1200 sub-level intersected groundwater. This groundwater was 
expected to be encountered during diamond drilling based on local site knowledge and risk 
assessment, however flow rates, volumes and pressures could not be accurately determined prior 
to drilling as no data existed in this part of the deposit. Drill hole EH1008 intersected groundwater 
with low flow rates but high pressure of ~1 L/sec at 750 psi and approximately 70°C recorded at the 
collar (Figure 4). Groundwater pressures this high had never been intersected through diamond 
drilling to this point in time. The depth of intersection was approximately 480 m below the 1200 sub-
level and exerted enough force to push tubes and rods out of the collar of the hole. 

 
FIG 4 – Looking east at 2020 diamond drilling from 1200 sublevel, major water bearing structures 

and water intersections (coloured points). 

Alternative methods developed by contracting diamond drillers at the time included trying to case off 
the water using a modified version of an internal grapple lock down sub, which is utilised to hold 
casing in place when casing from HQ to NQ diameter. This method, if successful will case off the 
water intersection from the drill face at the bottom of hole, attempting to divert groundwater away 
from the inner drill string and allowing it to pass out of the existing bore annulus and out of a water 
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diverter, installed as part of the dewatering collar set-up. This in turn allows wireline coring operations 
to continue once reduced down in drill diameter. Unfortunately, the water pressures were still too 
high to rely on this method. 
The second method was installing a pin through the inner tube and drill rod and adding set-up to rod 
string. Multiple attempts using this methodology had minimal impact in preventing tube ejection 
during dewatering drilling, eventually resulting in holes being abandoned. 
Subsequent drill holes during the 2020 diamond drill campaign used the same dewatering collar 
assemblies as all historical dewatering campaigns, and again intersected groundwater with high 
pressures similar to that of drilling in 2019. As with previous campaigns several attempts by the 
contracting diamond drillers using similar butterfly pin methodology to minimise tube ejection were 
unsuccessful. It became evident to site geologists and contracting drillers a change in approach was 
required to ensure the success of future diamond drilling campaigns. 

METHODS 
The AquaGuard tool is designed to reduce water flows by up to 80 per cent through the inner rod 
string when diamond drilling by attaching small metal closure guards to the inside of the front reamer 
(Figure 5). The tube passes through the AquaGuard attachment when cutting, and when the tube is 
retrieved using the wireline, the closure guards shut as it is pulled up hole. The metal closure guards 
have grooves on the back that channel the water across them assisting with closure. To further assist 
with the closing of the metal guards, the rod string is rotated while retrieving the tube engaging the 
guards. 

 
FIG 5 – AquaGuard set-up with water limiter tool in place, and specialised diamond drill bit with 

smaller inner diameter. Water ingress into tube is prevented by the water limited tool closure 
guards. Upper image courtesy of Fordia. 

The AquaGuard tool was trialled on two NQ2 diameter diamond drill holes at Ernest Henry during 
the 2020 diamond drilling campaign. Both holes intersected high pressure (>400 psi) or high flow 
(>3 L/sec) groundwater. EH1103 intersected an as-yet unconstrained deeps aquifer at a dip of -61° 
at 570 m downhole, producing 4.1 L/sec flows at >50°C and pressures exceeding 700 psi at the 
collar (Figure 6). EH1139 was drilled at a dip of -7°, intersecting the Zone 9 aquifer at 120 m 
downhole producing >10 L/sec at >300 psi flows at the collar (Figure 6). Significant safety concerns 
with continuing wireline drilling were presented in both EH1103 and EH1139 due to the ejection of 
the tube from the rod string. 
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FIG 6 – Orientations of EH1103 (A) and EH1139 (B) relative to 0.7 per cent Cu mineralisation shell 

(grey) and known water bearing structure AB fault. Both holes collared on 1200 sub-level, both 
slices looking east. Water intersections displayed in L/sec. 

RESULTS 
A significant reduction in groundwater flows at the collar was observed in EH1103 (Figure 7), with 
simple flow measurements taken prior to installing the attachment and after. 

 
FIG 7 – EH1103 wireline drilling with a Boart Longyear L90: (a) prior to installation (>4 L/sec), and 

(b) after AquaGuard installed (little to no flows observed at the collar). 

In contrast to drill hole EH1103, groundwater flows observed at the collar of EH1139 were 
consistently >8 L/sec and did not reduce once AquaGuard was installed. However, a significant drop 



International Mining Geology Conference 2022 | Brisbane, Australia and Online | 22–23 March 2022 32 

in the hydraulic pressure was observed from ~300 psi by at least 50 psi, preventing ejection of the 
tube and enabling wireline drilling to continue. 
In addition to increased safety benefits of not requiring conventional drilling techniques, cost savings 
were also realised through the use of the AquaGuard (Table 1). The AquaGuard tool itself costs less 
$5000 to purchase with the only additional costs being the AquaGuard drill bits. Conventional drilling 
is significantly more expensive per metre and a cost analysis comparing the expenses to drill 
EH1139, incurred if AquaGuard was not available against using the AquaGuard tool, resulted in a 
cost reduction of approximately $30 000. This does not take into account the cost of abandoning 
hole and re-drilling at a later date. 

TABLE 1 
Comparison of drilling rates only for EH1139. Wireline drilling to 120 m, where water was 

intersected, then either conventional or AquaGuard to end of hole (232 m). 

Drilling configuration Days to 
complete hole 

Drilling 
cost 

EH1139 wireline to 120 m, then conventional 
to end of hole 9 $52 613 

EH1139 wireline to 120 m, then AquaGuard 
to end of hole 6 $22 007 

DISCUSSION 
The use of the AquaGuard tool does not result in any significant changes to diamond drilling 
procedures, with the exception of an additional rod pull in order to install the tool. Significant reduction 
in hazardous conditions presented by high pressure, high flow and high temperature water has been 
realised at Ernest Henry with the introduction of the AquaGuard tool to the diamond drilling process. 
Preventing inner tube ejection has the primary benefit of avoiding uncontrolled movement and 
associated possible safety concerns, and a secondary benefit of avoiding conventional drilling which 
presents a swath of safety issues in itself. In addition to safety risks, the significant costs incurred 
from conventional drilling are considerably reduced, as is the time to hole completion. The estimates 
presented in Table 1 show the effects of this for a short diamond drill hole, compounded for longer 
holes. 
To date, the AquaGuard tool has prevented the abandonment of two diamond drill holes (EH1103 
and EH1139) due to hazardous groundwater intersections. It provides a fall-back option for required 
drilling in areas of unknown or known dangerous hydrogeological conditions required for resource 
drilling. 

Operational improvements 
Optimal performance of the AquaGuard tool was achieved through an additional step of barrel 
rotation prior to removing the inner tube and core from the drill hole. This ensures maximum closure 
guard coverage and therefore the maximum reduction in water entering the rod string prior to 
removing the inner tube. 
The lack of flow rate reduction in EH1139 may be attributed to the dip the hole was drilled at. This 
hole was flat relative to EH1103, which saw an almost complete reduction in flows presenting at the 
collar. It is possible that not all closure guards are closing on the flatter hole under the pressure of 
the water. Further testing is required to confirm this. 
The aquifers intersected in each hole in this case study also differed, with the possibility the tool 
performs differently under differing hydrogeological conditions. 
This trial utilised an NQ2 bit with a BQ internal diameter, resulting in BQ core. The effects of 
fundamental sampling error should be considered when using this tool in conjunction with resource 
drilling. 
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ABSTRACT 
Resource characterisation is critical for informed decisions in both strategic and operational space. 
The sources of information for resource characterisation are limited by: direct measurement of 
resource attributes, such as grades, rock-types, mineralogy, and are available only from sparse 
locations, ie drill holes; or indirect geophysical measurements such as seismic, gravity or electro-
magnetic survey. Data collection tools, methods, and processing technologies are constantly 
improving providing a broad spectrum of options for data collection strategies. The cost of each data 
survey varies from thousands to millions of dollars with the value of each additional data having 
diminishing return for a particular business decision. The value of information analysis provides the 
optimal decision on data collection strategy within a limited available budget. This work presents an 
example of value of information analysis for new Blast Hole Assay Tool (BHAT) and Reverse 
Circulation Grade Control (RCGC) data used in addition to the wider spaced exploration data. The 
value of information is quantified in terms of reduction of grade uncertainty, ore loss and dilution by 
comparing different combinations of data collection methods. Four different strategies were 
considered: exploration samples in addition to 50 per cent of blastholes surveyed with BHAT, 
exploration samples in addition to 33 per cent of blastholes surveyed with BHAT, exploration with 
wide-spaced RCGC data, and exploration without additional grade control. For each strategy the 
observed values have been simulated using advanced multivariate geostatistical simulations and 
compared with simulated ground truth models. The calculated uncertainty, ore loss and dilution 
informed the optimal data collection strategy. Opportunity to reduce sample density from the nominal 
50 per cent of drill holes was evaluated. 

INTRODUCTION 
Resource characterisation is one of the key inputs to optimising the mining value chain. It drives the 
major part of business decisions in both strategic and operational space, for example: type of mining, 
mining footprint, investments in new plant or number of trucks. However, in situ resources are not 
known exhaustively at the time those decisions are made. Usually, the information about rock mass 
properties (grades, density, mineralogy etc) are available from a limited number of sparse drill holes 
and indirect geophysical measurements such as seismic, gravity, electro-magnetic survey. 
Therefore, every resource model will have spatial uncertainty of rock mass attributes between drill 
holes. This uncertainty is critical for informed decisions and can be reduced by additional drilling or 
geophysical survey. As a consequence, there is always uncertainty and data collection cost trade-
offs. On one hand, high uncertainty can lead to poor decisions consequently reducing revenue. On 
the other hand, the cost of each data survey may vary from thousands to millions of dollars, with the 
value of each additional data having diminishing return for a particular business decision. 
A proper calculation of the optimal data collection strategy is a challenge due to the disconnection 
between upstream processes, such as resource characterisation, with final downstream processes, 
like marketing. No simple method exists for assigning revenue to a particular drill hole or geophysical 
data. The purpose of this study was to assess optimal sample spacing for the BHAT in circulation 
around BHP Pilbara Iron Ore deposits, Western Australia. The BHAT is a grade control sampling 
method that utilises downhole logging of production blastholes (CSIRO, 2021). Historical sample 
selection utilised a standard method of allocation where 50 per cent of blastholes were sampled in 
mineralised areas. 
This paper adopts one of the techniques, called ‘Value of information analysis’ (Howard, 1966) and 
its application to mining industry (Haase et al, 2019) to access an optimal strategy. Four different 
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data collection strategies were considered as listed in a description of methodology below. For each 
data collection strategy, values at grade control sample locations were generated using geostatistical 
simulation methods, also known as conditional simulations (Journel and Alabert, 1990; Goovaerts, 
1997; Minniakhmetov and Dimitrakopoulos, 2017). Those ‘collected’ values were used to create sets 
of possible resource models or realisations using the same geostatistical simulation method. These 
realisations represent the spatial uncertainty of Fe grade and were used to calculate the likely ore 
loss and dilution for each data collection strategy. Finally, an optimal strategy was chosen by 
comparing uncertainty, ore loss and dilution. 
The paper is organised with first a high-level description of the methodology. Subsequently, a 
description of the case study is presented. This is followed with uncertainty metrics, ore loss and 
dilution probabilities for the case study. Discussion and conclusions follow. 

METHODOLOGY 
The methodology applied consists of three main steps: 

1. Defining data collection strategies. 
2. For each data strategy: 

o Simulation of 25 realisations for samples to be acquired for each strategy. 
o Simulation of 25 realisations for in situ resources based on existing data and each 

realisation of samples created at step 2a, resulting into 625 final realisations of in situ 
resources. 

3. Calculation of spatial uncertainty metrics, ore loss and dilution. 

Data collection strategies 
Three main data sources were considered: Exploration drill holes, Reverse Circulation Grade Control 
(RCGC), and BHAT tool sampling. The four studied scenarios comprised: 

1. The scenario of no additional grade control drilling, just exploration drill holes (ie the evaluation 
of current knowledge). 

2. A hypothetical sample spacing equivalent to historical RCGC. 
3. A hypothetical blasthole pattern with 33 per cent holes sampled, every sample every third row. 
4. A hypothetical blasthole pattern with 50 per cent holes sampled, every sample every second 

row (ie the pre-existing sampling allocation). 
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FIG 1 – Data collection strategies: a) No additional grade control drilling; b) RCGC spacing; 

c) BHAT 33 per cent holes sampled; d) BHAT 50 per cent holes sampled. 

In the current study, difference in measurement error between data collection methods was not 
considered. All sample values were considered to be measured precisely with any measurement 
errors taken into account using a nugget parameter during variogram calculation (see next section). 

Conditional simulation method 
Conditional simulation to sample locations and to the in situ resource was done using a combination 
of advanced geostatistical methods: 

1. Defining modelling domains as the combination of mineralisation and stratigraphy. 
2. Simulation of mineralised and un-mineralised zones using Truncated Gaussian simulation 

(Silva and Deutsch, 2016): 
o Local category proportions calculation using moving window average. 
o Variogram modelling. 
o Transformation of categories (0: un-mineralised and 1: mineralised) to a continuous latent 

variable based on a defined truncation rule. 
o Simulation of the latent variable using Turning Bands. 
o Back-transformation of the continuous latent variable to categories using the truncation rule 

and local proportions. 
o Filtering of short-scale noise, ie ‘salt and pepper’ effect. 

3. Simulation of Fe, SiO2, Al2O3, LOI and P grades into the previously simulated mineralised 
domains: 
o Declustering using Nearest Neighbour method. 
o Transformation of grades to Gaussian variables using Normal Scores transformation. 
o Trend modelling using moving window average and residuals calculation. 
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o Projection Pursuit Multivariate Transform (PPMT) of residuals to uncorrelated Gaussian 
variables. 

o Variogram modelling. 
o Simulation of Gaussian variables using Conditional Turning Bands. 
o Back-transformation of factors to residuals using back-PPMT method. 
o Adding of trend back onto simulated residuals. 
o Transformation of simulated Gaussian variables back to raw grade variables using back-

normal scores transformation. 
Examples of the realisations for mineralisation domains and Fe grades are shown in Figure 2. 

 
FIG 2 – Conditional simulation realisations. Top row shows the mineralisation domain realisations, 
blue colour representing mineralised domain, orange colour the waste domain. Bottom row shows 

Fe grade realisations, red colour representing high Fe values, blue colour the low Fe values. 

Key assessment metrics 

Uncertainty map 
Uncertainty of Fe grades was calculated for each data strategy from the resulting set of 25 
realisations for each 25 simulations of data samples. Each set of 25 realisations was used to create 
a map for two standard deviation Fe representing spatial uncertainty of Fe grades. The final 
uncertainty map is the arithmetic average of all 25 standard deviation maps. 

Ore loss and dilution 
To access ore loss and dilution, probability of ore and waste misclassification is calculated. First, an 
analogy of an estimation model is derived using the average of all 625 realisations. This estimation 
model is the basic of destination decisions: waste, defined as blocks below a given cut-off grade, is 
sent to a waste dump, whereas ore, defined as blocks above a given cut-off grade, is sent to a 
crusher. Next, the same cut-off based rules were used to classify ore and waste in the 625 
realisations, representing possible scenarios of ground truth. Finally, ore loss and dilution can be 
determined: 

• Ore loss occurs when an ore block in the estimation model is classified as waste in a 
realisation. 

• Dilution occurs when a waste-block in the estimation model is classified as ore in a realisation. 
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• At each model block location, the total ore loss and dilution occurrence across realisations is 
acquired with the ratio to the total number of realisations (625) then representing the probability 
of ore loss or dilution. 

CASE STUDY 

Description 
The study area comprised a bench plus a flitch above and below, from an iron ore deposit in Pilbara 
region, Western Australia. Iron enrichment at the deposit is mainly hosted in the Brockman Iron 
Formation, specifically in the J2 sub unit of Joffre Member and the D2 and D4 sub units of Dales 
Gorge Member. Bedrock mineralisation was largely associated within synclinal structures in the iron 
bearing stratigraphy. Structurally, two faults cut through the project area forming a horst and graben 
style of displacement. The SW-NE trending fault A is the main and youngest fault which cross-cuts 
the SE-NW fault B. The dominant control on mineralisation appears to be fault A which terminates 
the majority of mineralisation in the south-east of the project area. 
Attributes of interest to be modelled were Fe, SiO2, Al2O3, LOI and P grades. The model was 
represented by a regular grid with selective mining unit (SMU) block size 10 × 10 × 4 m, and a total 
number of blocks of 23 890. Each block is regularly discretised by eight nodes at 5 × 5 × 2 m spacing 
for a total number of nodes of 191 120. The original data set comprising of 2708 samples was used 
to simulate to scenario sampling locations of the following quantity: 

• 7409 samples for the RCGC spacing scenario. 

• 16 805 samples for 33 per cent coverage using BHAT samples. 

• 25 230 samples for 50 per cent coverage using BHAT samples. 
The modelled domains were derived with a combination of deterministic and stochastic methods. 
The stratigraphic units were created manually using wireframes and were separated by deterministic 
bounds. The simulation of the stratigraphic units was not deemed to be of enough benefit to the 
understanding of uncertainty to warrant the additional complexity in workflow. The mineralisation to 
waste boundary was simulated as described in the section above. Uncertainty in this boundary was 
assessed to be significant enough to warrant simulation. Waste was grouped into a single domain 
in spite of non-stationarity because the mineralised domains were the areas of interest in the 
hypothesis being tested. 

Key assessment metrics 
Uncertainty metrics, ore loss and dilution for each geological domain are shown in the Figure 3. 
‘Dales 1 Min’ stands for mineralised Dales Gorge 1 domain and ‘Joffre Min’ stands for Joffre 
mineralised domain. Figure 4 shows uncertainty maps for each data collection strategy. 
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FIG 3 – Ore loss, dilution and Fe grade uncertainty per domain: a) No additional grade control 

drilling; b) RCGC spacing; c) BHAT 33 per cent holes sampled; d) BHAT 50 per cent holes 
sampled. 
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FIG 4 – Uncertainty maps of Fe grades within mineralised domains: a) No additional grade control 

drilling; b) RCGC spacing; c) BHAT 33 per cent holes sampled; d) BHAT 50 per cent holes 
sampled. 

As expected, Figure 3 shows that iron ore deposits exhibit an inverse proportional effect, meaning 
uncertainty is higher in the waste domains than the mineralised. Dales 1 Min and Dales 3 Min have 
elevated uncertainty which correlates with the greater variance seen in their variogram models. 
Dales 1 Min and Dales 4 Min both border the extents of the mineralised-waste boundary. This 
boundary was simulated with the effect of elevated uncertainty along its edge. Dales 4 Min has areas 
distant from the mineralised-waste boundary with low uncertainty levels on par with Dales 2 Min. 
Dales 2 Min has large volumes of low uncertainty in this study area that are away from the 
mineralised-waste boundaries. The domain also has the lowest modelled grade variance. Joffre Min 
was of small volume in the study area and was not suited for simulating the mineralised-waste 
boundary. This potentially understates the Joffre Min uncertainty. 
Figure 3 represents ore loss and dilution per mineralised domain. Dales 1 Min has a high probability 
of ore loss and dilution. Ore loss probability is particularly high and reflects the high proportion of the 
domain being against the mineralised-waste boundary. Dales 2 Min has very low probability of ore 
loss and dilution at any sampling scenario. Although Dales 3 Min has a low proportion contacting the 
mineralised-waste boundary it has the highest modelled variability of the mineralised domains and 
has Fe grades closer to the designated Fe 58 per cent mining cut. Dales 4 Min has similar internal 
variability to Dales 2 Min however has higher ore loss and dilution probability due to its proportion 
against the mineralised-waste boundary. 

CONCLUSIONS 
This work presents an advanced methodology based on geostatistical simulations and the value of 
information concept to assess optimal sample spacing for the Blast Hole Assay Tool in circulation 
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around BHP Pilbara Iron Ore deposits, Western Australia. The methodology takes into account both 
reduction of uncertainty as well as ore loss and dilution probabilities to define the best data collection 
strategy. 
The results obtained suggest that geological domains can have differing benefit from denser sample 
spacing. In this study area there was substantial reduction in uncertainty, ore loss and dilution with 
additional samples in mineralised Dales 3 and limited benefit to additional sampling in mineralised 
Dales 2. On some patterns there may be opportunity to customise the sampling density to the 
domain. Uncertainty, ore loss and dilution near the mineralised-waste boundary can also be reduced 
with additional sampling. The mine site of the study area has been able to combine first principles 
geology (ie stratigraphic and structural complexity) in conjunction with value of information 
quantification using conditional simulation to reduce sample selection from the nominal 50 per cent 
within mineralisation. In the six months since June 2021, the mine site has been able to reduce 
10,277 samples eliminating the need for 294 BHAT shifts. 
The presented approach is applicable to most type of deposits for both strategic and tactical 
horizons. The methodology can be extended for other types of data sources such as geophysical 
data using a stochastic inversion approach. 
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ABSTRACT 
Spotted Quoll is a massive sulfide nickel deposit located in the Forrestania greenstone belt in the 
Archaean Yilgarn block in Western Australia. Discovered in October 2007, mining has progressed 
from open pit to underground and currently uses longhole open stoping with paste fill as the primary 
stoping method. Immediately prior to 2019, the Mineral Resource estimate (MRE) was defined by a 
single grade domain of nickel greater than or equal to 0.8 per cent, irrespective of the host lithology, 
a legacy of the original ore wireframe being built using explicit methods. While a number of obvious 
structural offsets were honoured in this nickel grade domain, only one modelled fault was used to 
undertake domaining of arsenic. From 2019 onwards, implicit modelling in Leapfrog Geo™ was used 
to construct a mine-scale geological model, which triggered the definition of a high-grade core of 
massive/matrix nickel sulfides surrounded by a low-grade halo of stringer/disseminated nickel 
sulfides in the surrounding rock. As part of the evolution of the geological model and with the aid of 
Seequent Central™ to allow collaboration between site-based mine geologists, Perth-based 
resource geologists and Melbourne-based consultants, a detailed review of the structural mapping 
was carried out as additional information from underground development became available. This 
allowed numerous faults and shears to be identified – particularly in the lower half of the mine. These 
were used to define further structural domains and to refine the understanding of the nickel and 
arsenic grade distributions in the mineralised envelope. The increased definition to the domains 
provided by the geological model resulted in a significant improvement in the accuracy of the Mineral 
Resource estimate, as measured by reconciliation using voids of the mined stopes determined from 
the cavity monitoring survey (CMS). 

INTRODUCTION 
The Spotted Quoll mine is part of the Forrestania Nickel Project located 450 km east–south-east of 
Perth (Figure 1). 
On 16 October 2007, Western Areas announced ‘a new High-grade Nickel Discovery at Forrestania’ 
when the first drill hole WBD 18 intersected 6.2 m at 4.8 per cent Ni from 120 m downhole depth. 
The first Mineral Resource estimate was released in April the following year for 34 500 tonne nickel. 
Ore production from the Tim King open pit commenced in April 2010, which was followed by first ore 
production from the Spotted Quoll underground mine in November 2011. Since then, the mine has 
regularly exceeded production targets and continues to be one of the world’s highest-grade nickel 
mines. 
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FIG 1 – Location map of Forrestania Nickel Project. 

EVOLUTION OF GEOLOGICAL MODELLING 

Modelling pre-2019 
Explicit modelling was used to define the mineralisation wireframe prior to 2019. The method 
comprised digitising strings in section, snapping to drill hole intervals with logged nickel sulfides 
(irrespective of host lithology) and intermediate interpretation points to produce a single nickel grade 
shell. As development progressed, the strings were adjusted to the interpreted position of the visible 
massive/matrix sulfide contact, based on face mapping and face-sampled grades, before stoping 
commenced on each level. Initially, based on review of all available core photos, drill hole lithology 
and interpreted offsets, disseminated/stringer mineralisation was not included in the mineralisation 
wireframe where it was interpreted to be remobilised along structures. As the mineralisation at 
Spotted Quoll is remobilised from its original position (Prichard et al, 2013), there is no typical 
progression from massive to matrix to disseminated mineralisation within an ultramafic host, and as 
such there was not enough confidence at the time to assign a volume to the entire 
disseminated/stringer mineralisation. As the mine advanced, confidence in the continuity of the 
disseminated/stringer mineralisation increased as more data became available and it became 
common practice to include these intercepts in the wireframe where appropriate. In 2016, a notable 
number of drill hole intercepts without logged nickel sulfides were identified to contain significant 
assayed nickel grades that were not being included in the wireframe. To counter these logging 
inconsistencies, intervals without logged nickel sulfides and with nickel grades greater than 
0.8 per cent were also considered for inclusion in the mineralisation wireframe. 
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Significant structural offsets, such as the north fault, T0 and T3 faults, were modelled and used to 
define individual structural domains. The main deleterious element, arsenic, was estimated in the 
nickel domains, but comprised two structural subdomains based on a single subvertical fault with an 
east–west orientation. 

Modelling post-2019 

Lithological model 
After 2019, a lithological model of the mine area was created with Leapfrog Geo™ software using a 
combination of the deposit, intrusion and vein modelling tools. Similar lithologies were first grouped 
and then selected using the interval selection tool to define their interpreted position in the 
stratigraphy. From west to east, the stratigraphic succession of the local geology is comprised of 
footwall metasediments, host sedimentary sequence (including banded iron formation, debris flows, 
metasediments and partial remnants of the host ultramafic), hanging wall ultramafic, hanging wall 
basalt, graphitic/sulfidic sediments, eastern ultramafic, eastern mafic, eastern graphitic/sulfidic 
sediments and felsic volcanics. The entire stratigraphic succession is intruded by felsic porphyry and 
granitoid bodies. As part of the modelling process, the massive/matrix nickel sulfide was modelled 
(using the vein modelling tool) by selecting intervals logged as massive ($M) and matrix ($T) nickel 
sulfides. This unit is clearly identifiable in both drill core and in underground face mapping as shown 
in the face photograph in Figure 2 and confidence in the modelled position of this unit is therefore 
high. 

 
FIG 2 – An underground development face photograph looking north, displaying sharp contacts of 

the massive/matrix style mineralisation. 
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Mineralisation model 
The pre-existing overlap of lithologies within the mineralisation wireframe resulted in a decision to 
build the mineralisation wireframe independently of the lithological model. The original intention was 
to simply convert the pre-existing explicit mineralisation wireframe to an implicit vein model to make 
it more efficient for the mine geologists to update with grade control data. Therefore, the vein 
modelling tool was used to build the wireframe by using the same selection criteria that were used 
before 2019. However, during this process it was identified that the practice of using a single 
boundary for the mineralisation wireframe was likely causing the nickel grade to be smeared across 
the contact between the massive/matrix mineralisation and the disseminated/stringer mineralisation. 
To prevent grade smearing, the massive/matrix sulfide unit that had been modelled in the lithological 
model was used to create an internal hard boundary within the mineralisation wireframe. This 
effectively domains the massive/matrix mineralisation separate from the disseminated/stringer 
mineralisation. The cross-section in Figure 3 displays the lithological model and shows how the 
mineralisation wireframe contains the two different mineralisation styles. 

 
FIG 3 – A cross-section looking north through the lithology model and mineralisation wireframe. 

The simple adjustment – the addition of an internal hard boundary based on lithological contacts 
within the mineralisation wireframe – proved invaluable. It demonstrated that the previous estimate 
had been smoothing the nickel grade across the contact, over-calling the disseminated/stringer 
mineralisation and under-calling the massive/matrix mineralisation. The comparison of drill hole 
composites against the block model with and without the massive/matrix hard boundary is shown in 
Table 1. 
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TABLE 1 
Comparison between drill hole composites and block models with and without the massive/matrix 

domain. 

Domain 
1 m drill hole 
composite – 

Ni (%) 

Block model with 
massive/matrix 
domain – Ni (%) 

Block model 
without 

massive/matrix 
domain – Ni (%) 

Disseminated/stringer mineralisation 3.6 3.3 5.4 

Massive/matrix mineralisation 7.9 8.0 5.7 
 

The inclusion of the internal massive/matrix domain resulted in an increase to the mean nickel grade. 
Extensive validation of the block model was conducted, as discussed in the Block model section; 
however, an additional validation technique was needed to assess the impact of dilution and to allay 
concerns that the new model would over-call the nickel grade. The Mineral Resource estimate was 
evaluated against the combined final cavity monitoring survey (CMS) volumes of 60 stope panels, 
and the combined design volumes were compared to the final CMS volumes, which produced a more 
accurate account of the diluted grades, mining dilution and recovery. While this method was already 
in use to reconcile individual stope panels, it had not been used as a validation tool for the Mineral 
Resource estimate on a large scale. The method proved that incorporating a hard boundary for the 
massive/matrix domain resulted in a block model which was more accurate at predicting diluted 
grades in the areas tested. In addition, not incorporating the hard boundary resulted in significant 
under-calling of the nickel grade when measured against the final reconciled grades as shown in 
Table 2. While it is acknowledged that measuring the Mineral Resource estimate against reconciled 
grades may not always be an accurate validation tool due to issues that may be present in the 
reconciliation process itself (discussion worthy of another paper), the scale at which this exercise 
was conducted was helpful in demonstrating that the inclusion of the massive/matrix hard boundary 
was unlikely to over-call the nickel grade. 

TABLE 2 
Summary of results from evaluating the block models using the CMS of 60 stope panels. 

 Ni (%) 
Block model without massive/matrix domain (diluted using CMS volume) 2.9 

Block model with massive/matrix domain (diluted using CMS volume) 3.3 

Mill reconciled 3.5 
 

The CMS reconciliation method allowed analysis of the designed volumes against the final CMS 
volumes at a large scale, which highlighted that the volumes of dilution from both waste and paste 
in some areas, as well as the ore loss in underbreak, were more than planned. The designed stopes, 
which included planned dilution, indicated a higher grade than the final reconciled grade for those 
same stopes (4.1 per cent Ni versus 3.5 per cent Ni respectively). The main cause of this grade 
reduction could be attributed to the unplanned overbreak into waste and paste being material for 
selected stopes. The ore loss to underbreak was less substantial, but still higher than planned. These 
results showed that the grade discrepancies, which were thought to be due to the block model over-
calling, were in fact due to mining dilution. The mining engineering team was then able to make 
adjustments to the stope parameters to reduce the dilution and limit the underbreak, thereby 
improving the economics. 

Structural model 
The construction of the implicit lithology model that was done concurrently with the updated 
mineralisation wireframe revealed that the existing structural model built using data from the upper 
part of the mine required to be revised for the lower part of the mine. A structural review was carried 
out as a collaborative exercise by the site-based mine geologists, Perth-based resource geologists 
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and a Melbourne-based consultant using Seequent Central™ as a convenient platform for sharing 
the model in real time. The review found that the major structural orientations that were used to 
separate the nickel domains had changed from predominantly shallow west-dipping faults in the 
upper part of the orebody to predominantly steep north–north-east-striking shears in the lower part, 
as shown in Figure 4. This resulted in the characterisation of other structural domains in the lower 
half of the mine which had previously been attributed to granitic and felsic porphyry intrusions, and 
had therefore not been treated as individual domains. The change in orientation of major structures 
in the lower portion of the mine also tied in with geotechnical observations in those areas. Seismic 
events in the footwall occurred in the lower portion of the mine, but geotechnical engineers were 
unable to explain these using the previous structural model. The change in orientation of the major 
structures below 700 mRL in the new structural model aligned with the location of the recent seismic 
readings and could now be attributed to specific structures, allowing the geotechnical engineering 
team to better predict and plan for possible areas of weakness in future production. 

 
FIG 4 – Cross-section looking north, showing changes to structural orientation with depth. 

Subdomains 
The grades in the revised structural model and the updated lithology model were reviewed, which 
led to additional subdomains for nickel and arsenic being used in the Mineral Resource estimate. 
The incorporation of the additional lithological domain (massive/matrix core surrounded by 
stringer/disseminated halo) into the mineralisation wireframe improved the clarity of the relationships 
between grade, structure and lithology. An ultramafic unit adjacent to, and on, the hanging wall of 
the mineralised envelope, appeared to correlate with the revised structural model and associated 
subdomain boundaries. A plan view of the structures used to create the subdomains is shown in 
Figure 5a, with the mineralisation wireframe shaded red and the adjacent ultramafic unit shaded 
purple. The use of the additional subdomains demonstrated notable grade variability between 
adjacent subdomains, as shown in Figure 5b for nickel, and further reduced smearing across 
structural boundaries. 
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FIG 5 – (a) Plan view of structures used to create subdomains. (b) Plan view of nickel subdomains. 

Block model 
The current block modelling methodology at Spotted Quoll is a result of 18 annual estimates and 
multiple quarterly estimates completed on the deposit since 2008 when the initial estimate was 
published. The block modelling methodology has been continuously improved over the years, and 
the current robust model is underpinned by valuable contributions from many geologists. The overall 
process at Western Areas is as follows: 

• Mineral Resource estimates done on a quarterly basis (MREQ) are used for 3-month 
forecasting and annual MRE models are used for life-of-mine (LOM) and 12-month budgeting 
purposes. 

• The mine geology team produces short-term grade control wireframe models which are 
validated and modified by the resource geology team on a quarterly basis when they produce 
the MREQs and on an annual basis when they produce the MREs. 

The overall block modelling methodology is summarised herein: 
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• Raw sample data were extracted for each domain, honouring the wireframe intersections, and 
statistical analysis of the data was performed. The mode of all the sample lengths is 1 m, which 
is also the composting sample length. 

• Stationarity analysis supported pre-selection of a lithological boundary and six main north–
south-trending structural boundaries for hard boundary grade estimation. A further five nickel 
subdomain boundaries and six arsenic subdomain boundaries were modelled (based on the 
updated structural model discussed previously). 

• A total of 7082 drill sample composites were used for the estimate. Due to sample quality 
issues, channel samples were not used for grade estimation, but were used for validation 
purposes in areas where they were available. 

• Detailed variographic analysis of nickel and arsenic in the domains described was undertaken 
using Snowden’s Supervisor™ software. Spatial and statistical relationships were reviewed 
and the variogram parameters determined were used during the ordinary kriging estimation 
process. 

• The search neighbourhood derived for the interpolation process has been selected using a 
diverse set of parameters including the variogram ranges. The Kriging Neighbourhood 
Analysis tool in Supervisor™ was also used to establish the optimum search distances of 43 m, 
34 m and 6 m, respectively. Minor iterative adjustments were made to the search ranges after 
the estimation run to ensure that all of the blocks were estimated. 

• A total of 64 per cent of blocks was estimated during the first search pass for nickel, and 
26 per cent and 10 per cent during the second and third passes, respectively. Applying a 
minimum and maximum restriction on the number of samples enables a sufficient number of 
samples to produce an accurate and unbiased estimate. 

• Top-cut analysis was undertaken in Supervisor™ and top-cuts were applied to arsenic grades, 
and nickel grades on a limited scale. 

• True thickness of the mineralisation was calculated using a wireframe gridding process in 
Datamine and the validated resultant data were estimated into the block model on a domain 
basis. 

• The variable width of the lodes, the selective mining unit (SMU) and the average drill data 
density were taken into account when selecting the optimal block and sub-block sizes. 
Quantitative Kriging Neighbourhood Analysis (QKNA) was performed across a range of block 
sizes. Sub-celling was used to account for areas where the domain widths were narrower than 
the parent cell size; however, parent cell estimation was used to improve estimation quality. 

• A nickel grade/BD (bulk density) regression formula was used to estimate density on a block-
by-block basis. Results were validated against raw BD values derived from pycnometers or 
using the Archimedes method. 

• Classification was based on drill density, kriging quality parameters and geological 
understanding. 

Extensive validation of the block model was undertaken, which included but was not limited to the 
following: 

• The block model mean nickel grades were visually and statistically cross-checked against 
sample mean grades. Trend graphs by northing, easting and by elevation were analysed. 

• Block model grades were jack-knifed back to drill holes on a drill hole by drill hole basis and 
correlation statistics between the drill hole grades and the corresponding block model grades 
were analysed. 

• Kriging variance, kriging efficiency and slope of regression results were analysed. 

• Grades and tonnages were compared against previous MREQs and against the previous 
MRE. 
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• High-level stope optimisation runs were performed prior to handing the model over to the 
engineers for planning purposes. 

• A test was also done to determine whether a material amount of mineralisation existed outside 
of the nominal 0.8 per cent Ni cut-off. The test results indicate that selection of 0.8 per cent Ni 
as a mineralisation cut-off grade is appropriate and the >0.8 per cent Ni intercepts outside of 
the wireframe are from discontinuous stringers that cannot be modelled or mined. 

CONCLUSIONS 
The evolution of the structural and lithological model for Spotted Quoll is a result of valued input from 
multiple geologists over time, using a range of modelling techniques and software. Despite the 
maturity of the operation, the model is not deemed final and continues to evolve as new ideas are 
introduced and shared, and new modelling techniques are trialled. The use of implicit modelling 
techniques and the recent advancements in model-sharing capability through Seequent Central™ 
have aided recent collaborative work to optimise the use of all drill hole and mapping data in the 
construction of an improved geological model for Spotted Quoll. The improved understanding of the 
lithological and structural controls brought clarity to the nickel and arsenic distributions through 
definition of a massive/matrix sulfide domain and a revised structural model at depth. Updating the 
structural model in light of new information had the added benefit of assisting the geotechnical 
engineering team in understanding the source of recent seismic events. Application of alternative 
validation methods, such as analysing diluted Mineral Resource estimate grades using CMS voids, 
was important in helping prove the legitimacy of the improvements and also in attributing a significant 
proportion of the variance from reconciled grades to mining dilution, which could then be addressed 
by the mining engineering team. 
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ABSTRACT 
IGO Ltd’s (IGO) Nova Operation (Nova) is 160 km east-north-east of the town of Norseman in 
Western Australia (WA). Discovered by Sirius Resources NL (Sirius) in 2012 and acquired by IGO 
in 2015, the Nova-Bollinger Deposit (Nova-Bollinger) occurs within the Fraser Zone of the Albany-
Fraser Orogen. Nova-Bollinger is a complex nickel-copper-cobalt (Ni-Cu-Co) magmatic intrusive 
sulfide deposit, which is characterised by high-grade folded and undulating breccia lodes that host 
the bulk of the payable metals. Significant sulfide mineralisation is also found in several magmatic 
intrusive styles including net-textured, disseminated and blebby styles. A smaller but material volume 
of sulfides has also been remobilised into the deposit’s footwall rocks as ‘stringer’ bands in 
metasediments, or as discrete massive sulfide lenses. 
When interpolating Mineral Resource estimate (MRE) block grades in the presence of locally varying 
grade connectivity trends, such as folds or undulations, the sample search neighbourhood, which is 
used to identify the composites subset that is used for each block estimate, should be oriented to 
match the local trends. In theory, the most robust method of estimation where locally varying angles 
(LVAs) are applied to search neighbourhoods, are techniques where the composites and the blocks 
to be estimated are transformed to an unfolded coordinate system (UCS). However, UCS methods 
can be tedious to implement and require subjective decisions to be made that cannot always be fully 
defended. An alternative LVA method commonly used in the industry is dynamic anisotropy (DA), 
which is much simpler to implement and is often assumed (but not that often demonstrated) to result 
in similar results to UCS-style estimation. 
In 2018, Nova’s Mine Geology team (MGT) estimated the grades and density of the Nova-Bollinger 
MRE using the UCS approach. For the 2020 MRE update, Nova’s MGT tested and compared the 
USC grade interpolation method with the DA approach. As applied to the Nova-Bollinger’s 2020 
MRE, the comparison, advantages and disadvantages of the two estimation methods are the subject 
of this paper. 

INTRODUCTION 
IGO’s Nova is 160 km east-north-east of the town of Norseman in WA. Nova-Bollinger occurs within 
the southern part of the Fraser Zone of the Albany-Fraser Orogen – AFO (Figure 1). The deposit-
style is a Ni-Cu-Co magmatic intrusive sulfide deposit, which is characterised by folded and 
undulating breccia lodes that host the bulk of the payable metals. Over Nova’s life-of-mine (LOM) 
56-month period to 31 December 2020, Nova has mined and processed 5.63 Mt of ore grading 
2.04 per cent Ni, 0.86 per cent Cu and 0.07 per cent Co (IGO, 2021). 
Since IGO’s acquisition of Nova from Sirius in 2015, Nova’s MGT has overseen the collection and/or 
database integration of over 386 km of surface and underground drilling. Most of the surface drilling 
was completed by Sirius with most of the drilling be diamond core drilling, but with some RC holes 
in the shallow near surface part of the deposit, which includes the discovery drill hole (Bennett et al, 
2019). 
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FIG 1 – Nova-Bollinger location and regional geology. 

Nova’s MGT have also completed 10 km of underground geological face and backs mapping. Over 
the last three years, both key data sets have been used by Nova’s MGT to prepare an annual update 
of Nova-Bollinger’s JORC Code reportable MRE for public reporting and as the basis of Nova’s mine 
planning. 
In 2018, to implement resource estimation in the presence of the broadly folded and locally 
undulating geometries of most of the Nova-Bollinger estimation zones, Nova’s MGT applied the UCS 
estimation method as its preferred estimation approach (Hetherington and Murphy, 2019). However, 
for the 31 December 2020 (CY20) update, the Nova MGT assessed the alternative DA estimation 
method as a replacement to the UCS method, due to the DA method’s greater ease of 
implementation. The outcomes of the comparative study are the focus of this paper and Figure 2 
depicts the concept of the two methods. 

    
FIG 2 – UCS and DA estimation methods (left: Deutsch (2005); right: Machuca-Mory, Rees and 

Leuangthong (2015). 

GEOLOGY AND MINERALISATION 
Nova-Bollinger is within the Mesoproterozoic age Fraser Zone of the east AFO, which is accreted to 
the eastern margin of the Yilgarn Craton in south-east Western Australia (Figure 3). 
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The Fraser Zone is a 425 km long by 50 km wide, north-east trending fault-bounded tectono-
stratigraphic unit that was formed during the (1345–1260 Ma) Stage I Phase of the AFO’s formation 
(Spaggiari et al, 2014). Regionally distinguished by its highly dense gravity and magnetic 
geophysical signature, the Fraser Zone is dominated by the high-grade Fraser Range Metamorphics, 
which are voluminous sheets of metagabbroic magmas variably mixed with granitic magma and 
melts and interlayered by amphibolite-granulite facies metasedimentary rocks of the Arid Basin 
(Spaggiari et al, 2011). 
The Snowys Dam Formation is one of the later stages of several successions of metasediments that 
were deposited into the Arid Basin during the onset of the AFO. This formation comprises a thick 
package of metasediments, and granitic and mafic gneisses, that have undergone an intense 
deformation history of folding, shearing and boudinage. The deformation is interpreted to be coeval, 
with the region’s high-granulite grade metamorphism (Munro, de Gromard and Spaggiari, 2017). 
Within these metasedimentary and structurally complex zones, a geochemically discrete suite of 
mafic-ultramafic sills intruded. One of these, a chonolith shaped intrusion, is interpreted to be the 
source of the Nova-Bollinger mineralisation (Barnes et al, 2020). 

 
FIG 3 – Geology of southern WA (Spaggiari et al, 2014). 

The Nova-Bollinger host chonolith, known to Nova’s MGT as the Nova Gabbro, is interpreted to have 
originated from a Ni-Cu-Co and iron sulfide rich magma that differentiated from the associated 
peridotite and pyroxenite intrusions (Figure 4). Locally, the Nova Gabbro chonolith, is structurally 
controlled by a shallow, north-east-trending, doubly plunging synform, which is referred to as ‘The 
Eye’ due to the pattern the structure generates on regional aeromagnetic images (Parker et al, 
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2017). The Nova Gabbro chonolith and its associated sulfide mineralisation has intruded along and 
into the (possibly faulted) contact between a local metasedimentary package of rocks and footwall 
mafic granulites. This intrusion during a prolonged tectono-metamorphic event has resulted in the 
development of a wide variety of magmatic, melt and remobilised mineralisation textures, which have 
developed and been preferentially localised into a variety of local structures such as folds, shear 
zones, gneissic foliations and bands, extension veins and so on. 

 
FIG 4 – Nova-Bollinger Deposit schematic long section. 

Nova’s MGT have recognised five separate mineralisation textures in Nova-Bollinger’s drill core and 
mine development. These styles are massive-breccia, net-texture, blebby to disseminated, stringer, 
and massive sulfide footwall lenses. The combinations of texture, continuity and spatial setting have 
been assessed by Nova’s MGT who have interpreted 22 distinct estimation zones, which are used 
to guide the MRE (Figure 5). 

  
FIG 5 – CY20 MRE estimation zone wireframes. 
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The Lower Breccia estimation zone (Zone Code 7151), which contains almost 48 per cent of the 
nickel metal contained in Nova-Bollinger, is used in this paper to demonstrate the comparison of 
UCS and DA estimates. Based on observations from mine faces, the Lower Breccia comprises 
<1 mm to +10 m clasts of either Nova Gabbro, metasediments or mafic granulites, which are 
assimilated and suspended within a matrix of sulfides. The sulfide mineralogy is simple with 
dominant pyrrhotite and lesser pentlandite and chalcopyrite hosting the nickel and copper metal 
respectively. Cobalt is strongly correlated with pentlandite. 
Figure 6 contains images of mineralisation styles typical of the Lower Breccia zone at different scales 
of observation from whole mine face through to mesoscale. 

  
FIG 6 – Lower Breccia mineralisation: Left: Nova Lower Breccia zone (7151) in a mine heading 
face looking north-west. Right: Rip up clasts of footwall rock undergoing anatexis, with massive 

sulfide mobilised into the ‘snapped hinge’ of a detached recumbent fold flanking the lower margin 
of the 7151 Nova Lower Breccia. 

RESOURCE ESTIMATION 
Nova’s MGT applied the estimation methods described below for the Lower Breccia to all 22 zones 
of the CY20 MRE separately. This facilitated the parallel estimation of the deposit by several 
estimators, with all zones combined into one model at the end of the estimation process. This divide 
and conquer approach also facilitated the peer review of completed zones, while the team of 
estimators moved on to the next zone in sequence. 

Boundary interpretations 
To model the ‘hard-boundary’ estimation limits of all 22 estimation zones for the Nova-Bollinger CY20 
MRE, Nova’s MGT used implicit modelling software (Leapfrog) to interpret each zone’s hard-
boundary limits from the available drill holes, the underground mapping, and a nominal minimum 
included waste grade threshold for the Waste Halo zone, which bounded the other estimation zones. 
The interpreted estimation zone closed volume wireframes were then exported to Datamine’s Studio 
RM (RM) software where the samples within each interpreted volume were subset and then exported 
to text files for the next assessment steps. 

Imputation and accumulation calculation 
R software’s multivariate regression tools were used to impute missing sample density values were 
necessary (in late 2018, direct density measurements of core were discontinued when the MGT 
determined that multivariate regression of chemical variables gave acceptable estimates of in situ 
density for MRE purposes). A metal accumulation service variable (grade × density) was then 
calculated for each sample to facilitate indirect estimation of grades through accumulation estimates, 
which in turn would be divided by density estimates to derive the elemental grade estimates for the 
five MRE model analytes (Ni, Cu, Co, Mg, Fe and S) (indirect grade estimation is required due to the 
high density contrasts with in the estimation zones which are mixtures of massive (dense) sulfides 
in some intervals and (less dense) rock clasts in other intervals (Dias et al, 2012)). 
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Compositing 
Following analysis of sample lengths, the samples were accumulated to a target 1 m length using 
an optimum composite method so that no residuals are created. Summary statistical plots for pre 
and post-composite equal weighted and declustered samples and accumulations were prepared 
using R scripts. Contact plots were prepared using VBA scripts running in Excel (Hetherington and 
Murphy, 2019). 

Unfolding and variography 
For the UCS estimate, the Lower Breccia’s composite sample file was unfolded using RM’s unfold 
workflow and algorithm. This process involves interpretation of a framework of cross-sectional strings 
interpreted to bound the Lower Breccia’s wireframe, which are then used to create the UCS 
coordinates through transforming the framework to a flat surface (Figure 7a). There are several 
subjective options to consider in the process, and the decision was made to unfold the composites 
and wireframe relative to the Lower Breccia’s hanging wall surface so this boundary was 
approximately flat in unfold space (Figure 7c). 

  
 (a) (b) 

 
(c) 

FIG 7 – Unfolding the Lower Breccia Zone. (a) The Lower Breccia wireframe (red), which was used 
to guide the interpretation of the hanging wall and footwall unfold framework control strings (blue 

and cyan lines). The controls strings were interpreted on 25 m spaced cross-sections, which were 
oriented normal to the interpreted strike of the wireframe. (b) A plan view of the transformed 

wireframe points (red) and composites (cyan) in unfolded space. (c) A long section view of the 
unfolded wireframe points (red) and composites (cyan). 

As a validation step, the unfolded composites and the Lower Breccia’s wireframe vertices were then 
inspected (onscreen) in UCS coordinates to confirm that the unfold space geometry was as expected 
and to ensure that no composites were excluded by the UCS process, which can sometimes happen 
if the unfold framework is incorrectly modelled. Next, the UCS grade continuity of the accumulation 
variables and density were interpreted in Supervisor Software, using normal-score transforms, and 
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the interpreted models back-transformed to variance-standardised transitional semivariogram 
models, as the required inputs to ordinary block kriging (OBK) estimation algorithms. 
The ability to interpret continuity models in unfold space is the main advantage of the UCS estimation 
method. The DA method described below does not facilitate the interpretation of spatial continuity in 
unfold space and as such, relies on spatial models interpreted in real world coordinates, which are 
not necessarily in agreement with the implied estimation strategy. 

DA model preparation 
For DA estimation, LVA values of dip and dip direction need to be available for each block of the 
MRE digital model to facilitate the setting of variable orientations of the sample search ellipse during 
estimation. The approach used by Nova’s MGT to set these block model LVAs was as follows. The 
true dip (TD) and true dip direction (TDD) of each triangle in the Lower Breccia’s wireframe object 
were extracted to serve as the input data for estimation of the TD and TDD values for each block in 
the digital MRE model. These plunge vectors were then inspected onscreen to ensure the directions 
were as expected and there were no ‘anomalous’ vectors created as can sometimes occur at the 
margins of wireframed objects. As an example, Figure 8 contains an image of the TD-TDD vectors 
for part of the Lower Breccia zone. 
Note that in DA estimation the plunge of the TD-TDD vector assay equates to the major axis of the 
composite search ellipse, and the direction at 90° in the plane of each triangle is the intermediate 
semi-major search direction. The minor axis direction is the normal to the triangle’s plane, generally 
representing the thickness direction. 

 
FIG 8 – Wireframe dip and dip direction vectors. 

The next step in the DA process was to interpolate the TD-TDD vectors into a block model template 
that has the same block fill parameters as that to be used for the subsequent grade estimation. This 
interpolation was achieved using an inverse distance squared weighting algorithm, adapted to deal 
with the fact that TD-TDD vector data is circular (Circular mean – Wikipedia, no date). When 
inspecting the TD-TDD vectors interpolated into a block model, visualising individual vectors is 
usually too cluttered, except when zoomed to a small scale view. However, the blocks can be shaded 
according to TDD or TD ranges to facilitated visual inspection of the whole model as per the Figure 9 
example. 
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FIG 9 – Lower Breccia interpolated TDD. 

Compared to the USC method, the DA process of establishing the LVA field is relatively 
straightforward as the existing wireframe provides all the necessary information to prepare the field, 
while the UCS method requires much more (and often tedious) manual manipulation and checking. 

COMPARISON OF ESTIMATION METHODS 
Following preparation of the LVA controls for both the UCS and DA methods, Nova’s MGT used both 
methods to interpolate the grades and density into the separate MRE block model estimates using 
the OBK algorithms implemented in RM software. The grade accumulation and density continuity 
variogram models interpreted from the UCS process were used for both estimation search methods 
so the comparison could be made on a ‘same-variography’ basis. Following completion and 
validation of the estimates several UCS/DA comparative analyses were prepared as discussed 
below. 

Search ellipses orientations and shapes 
To compare the search ellipsoid orientations that would be used for the respective UCS and DA 
searches, Nova’s MGT prepared dummy point assay values on an approximately 50 m grid spacing 
through the Lower Breccia zone. The estimation zone was filled with small blocks (1 m cubes) and 
a nearest neighbour estimate was prepared using nominal search distances of 50 m in the major 
direction, 50 m in the semimajor direction and 20 m in the minor direction. The result of this process 
was to produce isolated block-filled ellipsoids around each dummy point assay value, with each 
representing the nominal search neighbourhood around each dummy assay location (Figure 10). 
Figure 10a reveals that the major axis trends in the UCS dummy search ellipsoids generally follow 
the interpreted plunge of the Lower Breccia zone. However, several of the dummy search 
neighbourhoods are bent or distorted, in some cases somewhat unrealistically, as a function of the 
manually interpreted UCS control framework. In contrast the DA searches follow the (averaged) TD-
TDD of local triangles (Figure 10b). Unsurprisingly, the DA neighbourhoods can sometimes be 
almost at right angles to the UCS neighbourhoods in some areas of the Lower Breccia (Figure 10c). 
This is a theoretical weakness of the DA approach in that the wireframe driven block LVAs are not 
always consistent with the interpreted trends of continuity, whereas the UCS approach imposes an 
overall long range trend, which may be more consistent with the geological and geostatistical 
interpretations of continuity. 



International Mining Geology Conference 2022 | Brisbane, Australia and Online | 22–23 March 2022 60 

The observed orientation differences between the UCS and DA search neighbourhoods may be 
important for deposits having high anisotropy ratios in the plane of the mineralisation, but for the 
Lower Breccia the patterns of continuity in the plane of the lode are close to isotropic and therefore 
the major and semi-major search orientation differences are not that critical. The important direction 
is the short axis direction, which is effectively the same for both search methods. 

  
 (a) (b) 

 
(c) 

FIG 10 – UCS v DA ellipsoid check. (a) UCS search neighbourhood dummy ellipsoids; (b) DA 
search neighbourhood dummy code by TDD; (c) UCS versus DA search ellipsoids compared. 

The dummy ellipsoid check process also proved to be important in understanding how 
semivariogram parameters should be entered into the block grade estimation process for each 
search method. For the UCS approach the major direction assumed for the Lower Breccia was in 
the longest geometric direction of the unfolded wireframe (Figure 10a), which is the down-plunge 
direction. The semimajor direction across is assumed to be along the unfold sections, and the 
shortest is the thickness direction. In contrast in the DA process, the long axis is the TD-DD vector 
direction (Figure 10b). For estimation work, correctly mapping the variography anisotropy axes can 
be very confusing and difficult to visualise for both the UCS and DA search methods. However, the 
dummy search ellipsoid results assisted greatly in visually confirming that correct anisotropic 
semivariogram models were matched with the respective major, semi-major and minor axes of the 
respective UCS or DA search directions (Figure 10c). 
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Scatterplot analysis 
The matrix of smoothed scatterplots in Figure 11 depicts the comparison of the DA and UC 
estimation results for each chemical estimation variable estimated in the Lower Breccia. The 
horizontal axis on each plot is with respect to the DA estimate and the vertical axis is with respect to 
the UCS estimate. The bold red line is the X=Y line. Listed in the lower right of each plot in Figure 11 
are the mean grades of the respective estimates and DA/UCS estimate correlations. The same 
results are listed in Table 1. 

 
FIG 11 – Lower Breccia grade comparison. 

TABLE 1 
Mean grade results for Lower Breccia. 

Element 
Search 

σ UCS 
grade 

DA 
grade 

Ni% 3.12 3.12 0.89 

Cu% 1.18 1.19 0.86 

Co% 0.09 0.09 0.89 

Fe% 29.49 28.52 0.91 

Mg% 2.83 2.79 0.85 

S% 16.44 16.47 0.91 
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The mean grade results in Table 1 confirm that for the Lower Breccia zone, the UCS and DA grades 
globally are effectively the same. This observation was found to be the same for all but a few minor 
estimation zones in the Nova-Bollinger comparative estimates (Figure 12). 

 
FIG 12 – DA/UCS %Ni means all zones. 

Despite the favourable correspondence of global means for the two composite search methods 
tested, the scatterplots of Figure 11: Lower Breccia grade comparison revealed that locally the DA 
and UCS estimates could be quite different. However, the linear model slopes of regression between 
the two estimates are very close to unity so there is no conditional bias occurring between methods. 
This lack of bias can be observed in Figure 11, where the point clouds can be seen to scatter 
symmetrically about the X=Y line. 

Swath plots 
As a more local check on UCS:DA block grade comparisons, a compound set of moving window 
swath plots was prepared for both estimates Figure 13 (Murphy, 2019). 
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FIG 13 – Swath plot comparing data, UCS and DA estimates. 

The results depicted in Figure 13 indicate that the DA and UCS nickel grade estimates are very 
similar on a moving window basis and both estimates correspond favourably to the declustered 
composites. However, at the deposit fringes, moving window slice grade differences diverge, with 
the DA nickel grade tending to be a little higher than the unfold grades. This is most noticeable on 
the northing swath plot, the middle row of plots in Figure 13 where the data is sparse between 
6 479 400 mN and 6 479 500 mN. The key observation here is that while there are differences 
between the UCS and DA estimates, the major differences occur at the peripheries where data 
spacing is wider. 

Reconciliation 
A key test for both the UCS and DA estimates is how well each model forecasts actual production. 
Nova’s reconciliation process is completed as being effective at each month’s end when Nova’s 
MGT use the mine’s cavity monitoring surveys of development headings and stopes, to report the 
mining depletion from the prevailing MRE and ORE digital models. The reconciliation product is a 
monthly summary report that lists the prior 12 months reconciliation results by-month in detail, and 
quarterly, half-year and LOM periods (Pym et al, 2021). Table 2 lists Nova’s LOM reconciliation 
results for the respective UCS and DA estimates to 30 August 2020 for tonnage and payable metals. 
The reconciliation factors of actual production divided by model forecast are the two right-most 
columns in the tabulation. 

TABLE 2 
LOM reconciliation to 30 Aug 2020. 

Variable Unit Nova  
actual 

Estimate Actual/Est. 
UCS DA UCS DA 

Mass Mt 5.25 5.102 5.100 103% 103% 

Nickel % 2.04 2.23 2.23 91% 91% 

Copper % 0.86 0.90 0.89 96% 97% 

Cobalt % 0.073 0.074 0.073 99% 100% 
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As would be expected from the global and local mean comparisons discussed above, the 
reconciliation results for both the UCS and DA models are effectively the same. While both models 
tend to under forecast tonnage by 3 per cent relative, and over forecast the payable metal grades, 
the reconciliation factors are equivalent. Based on these results Nova’s MGT was satisfied that the 
DA method produced the same results as the UCS, and the DA model has been accepted as the 
mine planning and JORC Code style public reporting for Nova. 

UCS versus DA sample selection 
While the DA and UCS estimates were deemed comparable on a global, local and reconciliation 
basis, an explanation as to the cause of the observed scatterplot spread of comparable results was 
still required by the MRE’s peer review team. To investigate these differences, Nova’s MGT 
inspected the composites used for several test blocks in both UCS and DA space, focusing on those 
peripheral and fringe block estimates that had appeared to have the largest differences between the 
two estimation methods (Figure 14). 
Figure 14 (left) is a 3D view of a UCS estimated MRE 6×6×2 m parent block near the upper margin 
of the Lower Breccia zone. The parent block is shown in 3D yellow lines, and a 2D oblique slice 
through the Lower Breccia model appears behind the parent block. The slice’s estimated block 
grades are colour-coded according to the nickel grade inset legend. The large point symbols 
represent the 36 composites selected for the block estimate. Note the maximum of composites from 
any drill hole constraint applied in the UCS estimate has resulted in composites being selected from 
13 drill holes. 
Figure 14 (right) depicts the same objects as the left image but for the DA parent block estimate. 
This image reveals that for the DA estimate, the maximum of composites from any drill hole 
constraint was set to eight resulting in 36 composites selected. Unintentionally, the difference in the 
maximum-per-hole parameter used in the different estimation methods confounded the direct 
comparison of the UCS and DA estimates. As such, the differences between UCS and DA estimates 
on a block by block basis will be a function of differences in composite selection controls and 
orientation of sample search ellipsoids, with the former likely to have the greater influence on grade 
differences. 

  
FIG 14 – UCS and DA sample selection. 

CONCLUSIONS 
The folded and undulating trends in Nova-Bollinger lodes requires that an UCS or DA composite 
search approach should be used in the estimation process to correctly address the expected 
connectivity in the highly variable geometry. In theory, the UCS approach should give the most robust 
connectivity for estimation composite searches. Through systematically testing and assessing the 
two methods in parallel, the Nova’s MGT were able to justify the decision to estimate the CY20 MRE 
using the DA method. 
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The subjective and manually intensive interpretation of the UCS framework for each estimation zone 
is the principal disadvantage of the method, particularly when there are multiple disparate zones to 
estimate. The UCS method also requires a subjective decision to be made as to what reference 
plane in the unfolding process should be used. The assumption applied for Nova-Bollinger is that 
the ‘hanging wall-is-flatter’ is not necessarily defendable for all estimation zones. In contrast, the DA 
method, which uses a smoothing of an estimation zone’s TD-TDD triangle surfaces vectors to orient 
the estimation sample search ellipsoid, is easier to implement and generally less subjective. 
The UCS method’s main advantage is that the estimation search ellipsoids are oriented within the 
interpreted plane of longest continuity of the estimation zones and trends can be adapted to local 
undulations. Additionally, the UCS approach allows assessment of the spatial continuity of variables 
in unfolded space, where in theory the correct continuity pattern should be present. This option is 
not available in the DA method, but this shortcoming may not be overly important when there is close 
spaced information available. 
A minor disadvantage of the DA method is that implicitly interpreted wireframe triangles can 
sometimes have highly variable TD and TDD vectors locally, which in some cases are not 
geologically realistic. While smoothing the vectors can largely overcome these artefacts, sometimes 
a manual and subjective intervention is required. 
After comparing the global and local statistics, and reconciling both models to past production, 
Nova’s MGT were satisfied that the DA method was reasonable for estimating and reporting the 
Nova-Bollinger CY20 MRE going forward. The main motivation for the change of process were easier 
implementation of DA and lower level of subjectivity in the modelling process. 
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ABSTRACT 
The binary indicator coding of assay and lithological data according to a single criterion or multiple 
criteria is a powerful technique for representing mineralised shapes through the modelling of 
probabilities. This can be as simple as using a single indicator to model the probability of occurrence 
of a condition, usually a grade threshold or a lithology, but it can also be used with a number of 
categories. Case studies are presented to show the power of this approach, where the geological 
controls on mineralisation or on the distribution of a rocktype or alteration, often coupled with 
mineralisation, are unclear. The categorical approach is often used as a de facto grade filter in 
disseminated or stockwork mineralisation. The ultimate expression of the indicator formalism is in 
multiple indicator kriging (MIK), where a conditional distribution of probabilities is generated for each 
estimation panel. This has applications in recoverable resource estimation, as the input for 
continuous or categorical simulation, where the distribution of sample grades is multimodal, or when 
there are superimposed mineralisation events with different orientations. However, in some cases, 
MIK is being used as an excuse for ignoring a quality geological interpretation. Examples from the 
public domain show the abuse of the categorical and MIK approaches to modelling probabilities, 
together with a plea for greater consideration of the geology. 

INTRODUCTION 
This paper provides an update to work produced by the authors over two decades ago (Glacken and 
Blackney, 1998). It provides a current review of the applications and usage of two probability-based 
resource estimation techniques: categorical indicator kriging and multiple indicator kriging.While not 
new, we observe that the use of both techniques has increased to the point that they are very 
commonly used in the 2020s. This may be a function of software and hardware developments, 
particularly with respect to multiple indicator kriging, but it is also a recognition of the issues 
associated with estimating skewed, complex or ‘difficult’ mineralisation. 
Following a review and overview of the methods, we discuss some current case studies and highlight 
the need for perhaps greater discussion of the motivation for the usage and application of these 
approaches in the interests of complete disclosure and avoidance of misinformation. 

The binary coding formalism 
A binary transformation of data is simply the conversion of a continuous variable, such as an assay 
or a bond work index, into the values of one and zero according to a criterion or a set of criteria. The 
resultant set of ones and zeros can then be used to assess the likelihood of the criterion or criteria 
happening or not happening at any location, in other words, the probability of occurrence. 
Within the minerals sphere, indicator coding can be applied, for instance, to the presence or absence 
of a particular rock type, the degree of weathering, or a style of alteration, but it is most commonly 
used with grade thresholds. It can be used to estimate a single threshold probability, several 
threshold probabilities (as in the case study presented below), multiple grade thresholds or multiple 
lithologic types. Our focus will be on those applications most often seen in minerals. These are: 

• estimation of a single or several indicators or categories, which we shall call categorical 
indicator kriging (CIK); or 

• the estimation of a distribution of grades through multiple thresholds, which is commonly known 
as multiple indicator kriging (MIK). 

A formal statistical treatment of the indicator transformation is presented in many textbooks; good 
explanations pertinent to the mining industry are provided in Rossi and Deutsch (2014), Deutsch and 
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Journel (1998) and Sinclair and Blackwell (2002). Some of these works also present illustrative 
mining case studies. 

Categorical indicator kriging (CIK) 
In its simplest form, CIK takes a set of binary data, generated from the application of a threshold to 
a grade variable, and the 1/0 values are interpolated within blocks to define a variable (usually) within 
the zero to one interval. For instance, if drill hole composites have been coded such that composites 
above, say, 0.5 g/t gold have been assigned a value of 1, and those below 0.5 g/t gold have a value 
of zero, the resultant interpolated values define the likelihood (probability) of any given block being 
above the grade threshold. Interpolation can be carried out using any linear technique. 
The CIK process is generally a two-stage technique. Firstly, the choice of the indicator criterion or 
criteria and the estimation of the 1/0 values; and secondly, the selection of a set of blocks for further 
processing – usually grade estimation. The samples associated within these blocks are retained for 
this second-stage estimation, and those samples can be selected using a range of tools available in 
most mining software packages. 
There are two consequential decisions in the typical CIK process. The first is the choice of a cut-off 
grade, assuming that a grade threshold is being modelled. This depends to a certain degree on the 
motivation for using CIK. The second decision is the choice of a threshold probability to select those 
blocks for further processing, such as grade estimation. This threshold probability can be chosen 
using several criteria, such as the comparison of the original, binary-coded sample data and the 
blocks above a range of probabilities. Another approach is to examine a range of probabilities and 
look at the misclassification of samples – that is, samples coded 0 that are included within the set of 
blocks chosen, and samples coded 1 that are excluded from the set of blocks chosen. In essence, 
though, the choice of the probability threshold is a somewhat subjective decision by the practitioner 
and is able to factor in the risk appetite or the level of risk aversion. It is not always the case that a 
0.5 threshold (ie a 50 per cent probability) is used. For modelling of a mineralisation envelope (see 
below), a lower probability may be more appropriate, and for definition of a high-grade subdomain, 
a probability greater than 0.5 may be used. 
Following the selection of blocks using the threshold probability, and the subsequent identification of 
samples within those blocks, conventional estimation is carried out. In some cases, blocks both 
above and below the threshold are estimated separately, using the appropriate subsets of the 
original data. 

Motivation for CIK 
CIK can be a very useful data filtering technique as the user is not restricted to a single grade 
criterion. In this way, knowledge of the geology can be built into the category selection. For instance 
at one high-grade underground gold mine, the threshold applied was a function of grade (high-grade 
gold samples), the presence of quartz (associated with mineralisation) and also the presence of 
pyrite (associated with a particular lode style). CIK is most likely to be successful when as much 
geological and mineralisation knowledge as possible is built into the choice of threshold(s). 
A very common use of CIK is as a grade filtering device within a broad domain. If it is not possible 
to geologically distinguish a mineralised population, then CIK can be used to define either a low-
grade subdomain, thus reducing the data variability, or a high-grade subdomain (with the same 
effective result). Since common estimation techniques, such as ordinary kriging, work poorly with 
highly-variable distributions of data, they are less robust in the presence of the skewed data sets 
common in precious and some base metal mineralisation. In this sense, the application of CIK may 
be an alternative to top-cutting (capping) of data, which is itself associated with some subjective 
decisions. 
CIK can, and is frequently used, to define the distribution of a particular lithology or style of alteration, 
where the geological distribution of the unit does not lend itself to a manual geological interpretation. 
Generally, this is useful in defining, for instance, the three-dimensional distribution of a patchy 
intrusive unit. In this case, the indicator is based upon the presence or absence of a particular 
lithology or alteration style. Clearly there many alternatives to this implementation, including the 
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increasing number and variety of implicit modelling tools available in modern mining software and 
the use of neural mapping tools, especially for multi-dimensional data. 
As mentioned, CIK does not need to be restricted to a single threshold and can usefully be applied 
with two or three grade thresholds, although the hierarchy of coding becomes more important. While 
CIK is most often used with binary data, it can be used with inequality data (such as a variable that 
is greater than or less than a particular value), although the authors have not seen many applications 
of this in the minerals industry. The use of inequality data is described in Rossi and Deutsch (2014) 
and more theoretically in Deutsch and Journel (1998). 
The key decision in CIK usage is whether ‘conventional’ geological interpretation of zones, shapes 
or lithologies is not more appropriate than the numerical treatment of thresholds. We argue that in, 
some cases, this conventional option has not been pursued when it would have provided a simpler 
and more effective result. 
One decision which may affect the choice of CIK is the grade architecture of the samples under 
consideration, that is the relationships between the various grade subcategories within the overall 
continuous distribution. This may impact the choice of thresholds when more than one is chosen. 

Multiple indicator kriging 
Multiple indicator kriging, or MIK, as the name implies, uses multiple thresholds to model a 
distribution of data into a block or unit, with the distribution being conditional to the information within 
the search neighbourhood. MIK has been practised since the 1980s with varying degrees of success, 
and is commonly used as one of the major non-linear estimation approaches in the 21st century 
minerals industry. 
A full theoretical treatment of MIK is not appropriate in this review paper, and the reader is referred 
to descriptions in Deutsch and Journel (1998), Journel (1983) and Rossi and Deutsch (2014). In 
essence, its most common usage is in defining multiple grade thresholds in a mineralisation zone, 
with a binary transformation (as described above) being carried out at each of the thresholds. 
Ordinary or simple kriging of the set of defined indicators results (following some post-processing) 
in the definition of a conditional distribution of grades in each block. MIK can, and has been, used to 
map multiple lithologies, but this application is rare in minerals. 
In contrast to the relatively easy and quick processing associated with CIK, MIK entails considerably 
more inference work and more processing; when, say, 12 grade thresholds are used, 12 sets of 
variograms and estimation parameters are required, along with the post-processing. The authors 
estimate the level of work to be between four and eight times that for a commensurate ordinary 
kriging estimation, and it is arguably harder to validate and more susceptible to data-related issues 
than ordinary kriging or CIK. 
Any treatment of MIK, no matter how superficial, would be incomplete without mentioning the 
criticisms of the method, such as those presented in Vann and Guibal (1998) or Vann, Guibal and 
Harley (2000). Notwithstanding these criticisms, there are certain scenarios where MIK is the most 
applicable technique, as we describe below. The motivation for this paper, however, is a 
consideration of those scenarios where, perhaps, MIK is not used correctly. 

MOTIVATION FOR MIK 
Many years of carrying out and reviewing MIK estimates in the minerals sphere have convinced us 
that there are possibly only four main motivations for using MIK. In some of these there are 
alternatives where other algorithms or approaches may work equally well. 

Extreme skewness 
One of the very common and perennial problems facing estimators in the minerals industry is how 
to treat the extremely skewed data sets common in the evaluation of precious metals. These skewed 
distributions are not appropriate for ordinary kriging (Coombes, 2008). This can be addressed by the 
use of CIK as a de facto grade filter (as described above), or by top-cutting (capping). MIK provides 
an approach that does not require either of these corrections, as the (skewed) distribution of grades 
is discretised into a number of thresholds for which the probability is estimated independently; 
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indeed, this feature of MIK is the one that has led to most of the criticism of the method. Practically, 
though, for data sets with coefficients of variation (relative standard deviation) much greater than 
two, MIK offers a practical alternative to cutting or filtering of grades. It must be noted that when 
dealing with extremely skewed grades the choice of the treatment of the upper tail of the modelled 
grade distribution is extremely consequential for the overall average grades. 

Bimodal populations 
Histograms of composites within defined mineralisation domains occasionally show a bimodal, or 
twin-peaked behaviour, as illustrated in Figure 1. Best practice is to attempt to subdivide the higher 
and lower-grade distributions spatially, but this is not always possible, as the higher grades and the 
lower grades may be spatially mingled. Under these circumstances, MIK offers a solution in that it 
discretises the input distribution into a number of thresholds, thus allowing the mixed or bimodal 
histogram to be modelled within the smoothing expected with a block estimate. It is important to 
choose sufficient thresholds, and to place these within the distribution such that the inflection points 
between the two assumed subpopulations are captured. Needless to say, any linear or non-linear 
estimation approach that relies upon a single variogram per domain would not honour the bimodal 
population behaviour. 

 
FIG 1 – Example of a bimodal histogram of sample composites. 

Rotating anisotropy 
It is often the case, especially in stockwork or disseminated mineralisation, that there are one or 
more superimposed structural trends, each of which gives rise to a distinct continuity model. 
Sometimes these structural trends relate to mineralisation that contains a range of grades (low to 
high), but occasionally the structural trends relate to different and specific grade ranges. For 
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instance, in a stockwork gold orebody, the low-grades may relate to a north-west-oriented vein set, 
whereas the high-grades may have a south-west orientation and be represented by a separate vein 
set. Invariably these multiple vein sets are spatially mixed such that the high-grades and the low-
grades cannot be separated by physical subdomaining. When a set of indicator thresholds is defined 
and the variograms for successive thresholds are modelled, the principal directions of continuity are 
seen to change. This phenomenon is known as rotating anisotropy. If a single variogram for the 
entire ‘mixed’ domain is generated, as would be the case in ordinary kriging, this will represent the 
average direction, and not reflect either the low-grade direction nor the high-grade direction. 
Assuming that the different directions do relate to different mineralising events, this change in 
principal grade orientation can be captured, with varying degrees of success, by the MIK approach. 
The tradecraft associated with MIK, however, dictates that the variograms for adjacent thresholds 
do not have abrupt, but gradual, changes in orientation; the authors’ observations are that this is 
often the case under these circumstances. 

Recoverable resources 
The fourth application of MIK is to generate recoverable resources, ie those resources predicted 
based upon relatively wide-space sampling to reflect the approximate tonnage and grade available 
at the time of mining with future grade control drilling information. A full treatment of recoverable 
resources is beyond the scope of this paper, but in essence, there are three main approaches 
prevalent in the minerals industry: Uniform Conditioning (UC) and localised uniform conditioning 
(LUC); conditional simulation at the local scale followed by reblocking to the panel scale with 
associated reporting of recoverable portions; and MIK at the panel scale. This latter application relies 
on the assumption of the probability of a panel being above a given cut-off grade acting as a proxy 
for the proportion of the entire panel being above that cut-off grade, but this is a common assumption 
across a number of recoverable resource approaches. It must be noted that the MIK algorithm 
generates a point distribution that must be adjusted to provide the distribution at the large block 
(panel) scale, and this change of support, often provided via the indirect lognormal correction (see 
for example, Isaaks and Srivastava, 1989, Chapter 19) has been noted by some as being 
inconsistent with the concept of a non-parametric or distribution-free approach represented by MIK. 
As with UC, MIK is often accompanied by a localisation post-processing stage to provide pseudo 
estimates at the selective mining unit stage. 
Of the four main applications of MIK detailed here, arguably the extreme skewness scenario can be 
tackled in a number of ways not invoking MIK; and as described, the use of MIK for recoverable 
resource estimation is only one of three main approaches, and arguably the least used. However, 
the scenarios of mixed (bimodal or multimodal) populations and rotating anisotropy can only be 
tackled successfully using MIK. To this end, it is a useful tool in the armoury of the resource 
estimator. 

Other motivations for the use of MIK 
In our view, other than the four motivations described above, there are no other reasons to use MIK 
in a mineral resource estimate. One of the observations that prompted us to write this paper is that 
we are seeing MIK being used as a de facto geological processor, or effectively as an excuse for a 
lack of interpretation. Given the vastly increased workload involved in carrying out MIK compared to, 
say, ordinary kriging or even UC, one would have expected that it was not a popular approach; 
however, it is still being used perhaps more commonly than any other non-linear technique. We feel 
that this boldness on the part of the estimators is perhaps being driven by a number of ‘black box’ 
software implementations of MIK, which, while mostly being theoretically sound, are not perhaps 
always entirely understood by some practitioners. 

CASE STUDIES 

CIK case studies 
Since our previous paper on this topic (Glacken and Blackney, 1998), the applications of CIK in 
mineral resource estimation have become numerous and widespread across a range of commodities 
and geological environments. 
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During our review work, we noted the use of CIK to define the distribution of unmineralised post-
mineralisation intrusive lamprophyres at a structurally-controlled Archaean gold mine in the northern 
Goldfields of Western Australia. In this case, there was insufficient geological control and knowledge 
of the distribution of the lamprophyres apart from a general structural trend, and CIK was used to 
stylistically represent the geological distribution within the broad structural constraints. 
Some of Australia’s most significant new gold projects, such as the underground (GRE46) project at 
Cowal in New South Wales (Evolution Mining, 2020), are based upon CIK estimation. In the case of 
the GRE46 Dalwhinnie estimation, Evolution states that CIK was carried out within broad geological 
and lithological domains using structural information obtained from core logging and underground 
mapping. 
At the Syama underground gold mine in Mali, Resolute Mining Limited (Resolute Mining, 2021) 
reports the use of a categorical method to define mineralised zones, within which an ordinary kriged 
model was used for gold grade estimation. 
At the Brucejack Gold Mine in British Columbia, Canada (Jones et al, 2019), a ‘hybrid’ CIK/MIK 
approach has been adopted, whereby the highly-skewed population of gold grades has been split 
into three portions using the categorical formalism, with the filtered highest grade population then 
estimated using MIK. 
The following case study represents work carried out by the authors and is reported by Lycopodium 
(2021). We thank the management of Endeavour for their permission to document this case study; 
all of the information below is in the public domain. 

Kalana – multiple category CIK 
The Endeavour Mining Corporation owned Kalana gold deposit is located in Mali, West Africa. It is 
composed of mesothermal gold mineralisation hosted mainly in quartz veins following shallow 
dipping and vertical dykes adjacent to small intrusions emplaced in a subvolcanic environment. The 
gold mineralisation occurs within stacked quartz veins and stockworks hosted by metasediments 
and intrusive diorite. The mineralisation is divided into four types comprising flat-dipping veins, 
moderate-dipping veins, very minor vertical veining, and stockwork associated with the contact of 
the diorite. 
Most of the gold in the quartz veins is present as free gold, with the gold commonly occurring as 
grains and small nuggets. Fine-grained gold is also associated with sulfides in the quartz veins, as 
well as in the meta-sedimentary and diorite wall rocks immediately adjacent to the quartz veins. 
The quartz veins pinch and swell significantly and anatomise, which complicates the identification of 
continuity of individual quartz veins. This led to the development of an interpretation that identifies 
‘vein packages’ with good continuity comprising several separate, individual veins that split, 
coalesce, disappear, re-appear, thin, and thicken. Endeavour interpreted approximately 60 vein 
packages to represent the continuity of the grouped veins, based on a combination of geological 
features, gold grade (nominally exceeding 0.2 g/t gold) and observed visible gold (Figure 2). 



International Mining Geology Conference 2022 | Brisbane, Australia and Online | 22–23 March 2022 73 

 
FIG 2 – Example section illustrating vein packages, base of oxidation and base of transition 

weathering surfaces. 

An analysis of the gold grade distribution within the vein packages indicates that a mixture of grade 
populations are present (Figure 2), with inflection points occurring at 0.2 g/t gold and 10 g/t gold. 
While the vein package interpretation defined continuous mineralised zones, a significant portion of 
the included data is lower grade (<0.2 g/t gold), and only a small portion comprises the highest-grade 
population. The overall vein package grade population has a very high coefficient of variation 
exceeding a value of eight, which is well outside the range in which ordinary kriging can be expected 
to provide a realistic outcome. 
Due to the mixed grade distribution within the vein packages and the very high coefficient of variation, 
the decision was made to use categorical indicator methods to define subdomains within which gold 
grade would then be estimated using ordinary kriging. 
The two inflection point grades were used to estimate the probability that local grade conditions were 
less than 0.2 g/t gold, between 0.2 and 10.0 g/t gold, or above 10 g/t gold (Figure 3). 

 
FIG 3 – Gold grade distribution within the vein packages. 
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The process applied is: 

• Attach an indicator field (0/1) to the drill hole composites for each of the indicator threshold 
grades. These fields were set to zero if the gold grade was less than the indicator grade 
threshold and a value of 1 if the gold grade equalled or exceeded the grade threshold. A further 
rule set the 0.2 g/t gold indicator field to a value of 1 if visible gold had been observed in the 
sample. 

• Complete a variography analysis of these indicator fields and compile models for input into the 
categorical kriging process. 

• Fill the vein packages with blocks whose size is set to the subcell size intended to represent 
domain boundaries (5 m × 5 m × 1.25). 

• Estimate the probability of each block location exceeding each of the threshold grades using 
ordinary kriging of the 0/1 values. 

• Visually review the estimated probabilities and select probability thresholds that provide good 
spatial conformance with the drill hole grade category. 

• Using these probability thresholds, assign each block to a subdomain category representing 
either lower, medium or higher-grade conditions. 

• Back-code the drill hole data with the subdomain category of the block in which each sample 
is located. 

• Validate the drill hole coding by testing for drill hole composites with grade values inconsistent 
with the assigned subdomain. If a composite grade exceeds the category it has been allocated, 
and it is located at the edge of a block assigned to a higher–grade category, reassign the 
composite to the adjacent higher grade category. This test is only applied to the first composite 
outside a subdomain and is designed to overcome potential spatial resolution issues that can 
occur with the composite coding because of the interaction between composite length and 
block size. 

• If a composite grade exceeded the 10 g/t gold threshold and it was not assigned to the highest 
grade subdomain, reassign it and the block within which it was located to the highest grade 
subdomain category. This step was applied to prevent isolated high-grade samples impacting 
grade estimation in the lower grade subdomains. The concept applied assumes that isolated 
very high-grade composites represent less continuous veins, which should not be allowed to 
have too much impact on the grade outcome. The process effectively reduces the influence of 
these isolated composites to a single subcell in the final grade model. 

• Reset the block size in the model to the intended grade estimation resolution while retaining 
the subcell configuration at the boundaries formed by the vein package and the categorical 
subdomains (Figure 4). 

• At this point, the estimation of grade reverts to a traditional process which, in this case, involved 
top-cut ordinary kriging constrained by the combined vein package and categorical 
subdomains (Figure 5). 
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FIG 4 – Example section illustrating final subdomain coding within the vein packages derived from 

the categorical indicator process. 

 
FIG 5 – Example section illustrating final gold grade estimates. 

MIK CASE STUDIES 
There are many examples of the use of MIK in mineral resource estimation. Some more recent 
applications are reviewed here. 
As mentioned previously, at the Brucejack Mine in British Columbia, Jones et al (2019) describes 
the use of a categorical filter followed by MIK carried out on the high-grade filtered data. In this case, 
the high-grade mineralisation is extremely skewed and could not easily be represented or modelled 
by conventional solids modelling followed by ordinary kriging techniques. 
In a Technical Report on the Morondo Gold Project in Côte d’Ivoire (Montage Gold Corp, 2021), the 
use of MIK for grade estimation is justified based on the very high coefficient of variation and the 
‘strong positive skewness’. MIK was used as a recoverable resource technique with estimation into 
25 m × 50 m × 10 m panels, using 15 thresholds and a change of support adjustment to the panel 
size. Montage reports that one of the key decisions is the treatment of grades above the top 
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threshold, and indeed this is a consequential decision when MIK is being used in highly-skewed, 
often precious metal, data sets. 
GBM describes the use of MIK in a uranium deposit in Peru (GBM, 2016). As with other estimates, 
the justification for MIK was the skewness of the distribution of uranium mineralisation. Estimation 
was into a relatively large panel using a small number of indicator thresholds and a broad geological 
subdivision of the sub-horizontal uranium mineralisation. 
A Technical Report generated by SRK Consulting (SRK, 2020) describes the use of MIK within 
implicitly-modelled grade shells at the Haile Deposit in the USA, owned by Oceana Gold. Again, in 
this instance, the motivation for MIK is stated as the positively-skewed grade distribution, and the 
MIK was supplemented with a top-cut applied above the highest threshold. 

DO THESE METHODS EXCUSE GEOLOGY? 
We note that, while many implementations of CIK and, to a greater extent MIK, justify the usage of 
the methods (including the case studies noted above), this is not always the case. It is clear from the 
descriptions of the methods that CIK and MIK should not be carried out in the absence of good 
geological knowledge and domaining based upon the best available interpretations. There are a 
number of clear motivations for CIK, one of which is the relative absence of geological control for 
certain lithologies and in certain situations. Another is the modelling of relatively disseminated 
stockwork or similar-style mineralisation, where CIK is effectively used as a grade filter and a 
precursor for conventional ordinary kriging. 
While the motivations for the use of CIK are many, we maintain that the use of MIK should be limited 
to the four scenarios listed above; that is, extreme skewness, mixed or bimodal populations, rotating 
anisotropy caused by superimposed mineralisation phases and recoverable resources. In some 
cases we would argue that there is insufficient justification for the use of MIK in particular, and CIK 
to a lesser extent, and that it may be construed that the use of MIK is, to a degree, excusing the use 
of geological and mineralisation interpretations. This is encouraged by the availability of software 
that may be adopted by practitioners unaware of some of the quirks of the methodology. 
While we are not condemning the use of these techniques, we maintain that estimators have a duty 
to their report authors and investors to explain, in perhaps more detail than at present, the exact 
motivation for the usage of CIK and MIK and why ‘conventional’ geological and mineralisation 
interpretation is not applicable. We see the application of CIK as a means of introducing structural 
complexity into the mineralisation domaining of a deposit. As such, it should always be based upon 
sound geological modelling. With respect to MIK, the detailing of one of the four reasons for its 
application would go some way to alleviating investor cynicism in the use of ‘black box’ techniques 
which are, in most cases, entirely justifiable but not necessarily well explained. 

CLOSING COMMENTS 
The use of CIK and MIK has increased to the extent where CIK and MIK are arguably the leading 
non-linear techniques used in mineral resource estimation. Both CIK and MIK are powerful 
techniques, but MIK does need to be justified in light of the additional work involved. CIK can be 
used to combine grade and non-grade indicators to define mineralisation where more conventional 
interpretive techniques may fail. MIK is, in certain scenarios, the only possible solution to complex 
issues. 
While the approaches, and MIK in particular, have their critics (generally on theoretical grounds), 
they are both pragmatic solutions to estimation dilemmas, and have been made easier by huge 
increases in processing power in recent times. We are advocating that CIK and MIK continue to be 
used, and both are techniques which commonly feature in our work. Rather, we feel that estimators 
and practitioners owe it to their audience, and particularly less technically minded investors, to clearly 
state the motivations for the use of CIK and MIK, perhaps explaining why more conventional 
historical techniques do not work or have not worked. MIK in particular entails a heavy processing 
and post-processing burden with some tradecraft, and it is important that this is justified. 
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ABSTRACT 
With the advances in software speed and capability, many of us now are running multiple scenarios 
on entire models rather than just testing small areas or a few blocks. In the authors experience both 
the geological and geostatistical academic theory and our rules of thumb, often prove un-useable or 
incorrect in the real world we work in. The only way to truly validate and tune our models is to 
complete the entire model and ‘see if it works’. If it lacks some property we were expecting, then we 
need to find out why and/or run different scenarios to see what changes. This is not always possible 
with tight project timelines but we find ourselves doing more and more of this sort of thing, and in so 
doing, understand that every deposit is different and requires its own ‘rules’ to get valid and useful 
results. For the purposes of this paper, this process is termed Empirical Geostatistics. 
Take Clayton Deutsch’s ‘all realisations all of the time’ concept a step back. Before you even think 
of simulating, test the alternate realisations generated by alternate parameters such as different 
domaining, varying search neighbourhood parameters etc. 

Topic #1 – kriging slope of regression 
Never has a statistic been more misunderstood, misused ad abused than the poor old kriging slope 
of regression. 

• Maximise me! (No, you’re and oxymoron) 
• Classify me – I don’t care how! 
• Block size with me – bigger is always better (really?) 
• Drill space with me (but please don’t de-cluster me) 
• Don’t top cut me, threshold me (Actually it doesn’t matter – or does it?) 

This paper takes a fresh look at the humble kriging slope of regression (KSOR) and it’s close friend, 
kriging efficiency (KE), examines and shows examples of associated mis-use and misunderstanding 
while tying these back to potential impacts on classification, grade and tonnage estimates and final 
selection outcomes. 

INTRODUCTION 
The use of the KSOR is intimately tied up with the historical elimination of conditional bias debate. 
Historical because, in the author’s opinion, the debate is now over within the geostatistics 
community. Despite this, the message still has not penetrated down to the everyday practitioner, the 
Resource geologist, despite being articulated over 25 years ago. 
The majority of software packages that contain tools for kriging neighbourhood analysis (KNA) still 
refer to maximising the KSOR or KE as the desired target. This is misleading at best and in some 
circumstances completely incorrect. 
The misuse of the KSOR arises from a fundamental misunderstanding of the desired use of any 
particular block model estimate. The different uses can be described in a number of different ways. 
Global accuracy versus local accuracy. Long-term planning versus short-term planning. Prediction 
versus performance. 
The KSOR discussion is also intimately linked with the small block discussion. Historically, at the 
practitioner level, this obsession with elimination of conditional bias and absolute requirement for 
local accuracy (implemented by the maximisation of the KSOR), was driven by Krige, (most notably 
in a 1996 paper but consistently over his lifetime), by Armstrong and Champigny’s 1989 paper on 
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the dangers of small block kriging and then in the 2003 paper by Vann, Jackson and Bertoli extoling 
the supposed virtues of Kriging neighbourhood analysis (KNA) and KSOR maximisation. 
In fact, maximisation of the KSOR and elimination of conditional are desirable only if the model is 
designed for final selection. That is, the model will be used to physically mark out on/in the ground 
what is to be mined and processed and what is to be rejected as waste. 
Both theory and practice have shown that large block, highly smoothed estimates that result from 
maximisation of the KSOR or KE during KNA are often totally inappropriate for financial studies and 
long-term planning because, under typical Resource stage drilling information levels, they can 
severely distort the global grade tonnage curves in comparison the grade and tonnage curves that 
result from models created with significantly more information at the grade control stage. 

THE KRIGING SLOPE OF REGRESSION 

What is it and how is it calculated? 
Conceptually the KSOR is the slope of the linear regression between true and estimated block values 
over a domain (Figure 1). We can never know the true estimate, however, there are cases where 
we can consider an estimate carried out with dense data, such as a grade control model, as ‘True’ 
when compared to a model estimated with less data, such as a Resource model from exploration 
drilling. This is a somewhat reductive argument because in fact the grade control model is not the 
truth either, simple a better estimate than the Resource model because it is based on significantly 
more information. 
At the practical level KSOR is a mathematical construct calculated at each block which is a function 
of the variogram model and the local block/sample geometry. Refer to Chiles and Delfiner (1999, 
p 163), Deutsch (2007) and many others for calculation details. 

  

  
FIG 1 – KSOR and bias. 

What does it mean? 
If the KSOR is equal to one an estimate is said to be conditional unbiased, which means; that 
minimisation of error variances between true block values and estimated block values has been 
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achieved on average; block estimates within a domain should on average display no bias during final 
selection at all cut-offs; and that the unavoidable misclassification (Figure 2) will be balanced and 
the material correctly classified above any cut-off is maximised. The key emphasis here is, ‘during 
final selection’. 

  
FIG 2 – Misclassification diagrams. 

What is it sensitive to? 
The KSOR is dependent on many parameters; the block size, the block discretisation, the variogram 
model and the search neighbourhood parameters (Figure 3). With the exception of the variogram, 
these are all of the parameters that are examined in what has come to be known as Kriging 
Neighbourhood Analysis (KNA). The kriging neighbourhood is also referred to in some texts as the 
Kriging plan, the search neighbourhood or the moving neighbourhood. Interestingly the KSOR is not 
sensitive to the actual sample values within any particular Kriging neighbourhood (with the exception 
of the fact that the sample values are used to derive the variogram model). 

 
FIG 3 – KSOR sensitivity. 



International Mining Geology Conference 2022 | Brisbane, Australia and Online | 22–23 March 2022 81 

The relationship between kriging variance, kriging regression slope and 
kriging efficiency 
The KSOR, KE and kriging variance are closely related. Mathematical definitions of the relationships 
can be found in Krige (1996), Nowak and Leuangthong (2016) and many others. Some more 
practical examples of particular a real data sets are shown in the Figures 4 and 5. 

 
FIG 4 – An example of the relationship between KSOR and KE. 

 
FIG 5 – An example of the relationship between KSOR and KE and Kriging variance (presented as 

standard deviation in this case). 

HISTORY 
A concise quote from Chiles and Delfiner (1999) makes an appropriate opening statement for this 
section. ‘What is the optimum design of a moving neighbourhood? This question turns out to be 
rather complex. Short of a rigorous theory we can only give some guidelines’. 
The KSOR is a by-product of all the choices we make as we set-up the block estimation process. In 
some cases, such as KNA, we may also use it as a guide to tune our choices. Many practitioners 
will go on to use the KSOR in whole or in part as part of their classification system. What exactly are 
the impacts of these choices on the KSOR and what does this mean for local and global accuracy 
of our estimates, both at Resource definition (mine planning) and grade control (final selection) 
stages of a project? 
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An extensive but illuminating, selected history of the issues and views on conditional bias, the KSOR 
and KNA is given here in a timeline of the literature with selected quotations. This history has been 
given in such extensive detail in this paper because, it provides more context and understanding of 
the issues around the KSOR than any technical discussion or practical examples. 

Timeline 
Krige (1951) paper – A Statistical approach to some basic mine valuation problems on the 
Witwatersrand: 

… it is obvious that block valuation based on a limited number of samples per block 
will result in the general under-valuation of blocks listed in the low grade categories 
and over-valuation of blocks listed in the high grade categories. 

Matheron (1963) paper – Principals of geostatistics: 
However appreciable they are, the improvements of accuracy provided by the kriging 
would not always justify the amount of calculations it requires. In most cases, the 
major interest of the procedure does not come for the reduction of estimation 
variances but from its being able to eliminate the cause of systematical [sic] error. 

David (1977) textbook – Geostatistical Ore Reserve Estimation: 
… it is not possible to know at the same time how much ore one will have within a 
given block and where it is. We can predict the frequency distribution of the ore grade 
but we cannot localise the blocks, or we can predict as well as possible the grade of 
blocks, precisely located, but the frequency distribution will be smoothed. Let us say 
once more that if no further information is acquired the last method is adequate. If we 
try to see why planning people ask for very small block predictions, it is found that this 
is most of the time based on the wrong assumption that, the smaller the blocks, the 
better the knowledge of the deposit. If one now looks at what is important for a mine 
planner, one sees that planning is made in terms of broad blocks only, which have to 
be mined, whatever they are found to contain, as the excavation has to proceed. 
Consequently, what is really needed is only the grade of rather large blocks and within 
these blocks, the proportion of ore and waste. Which small blocks in the large one are 
really ore and which are really waste is totally irrelevant for monthly planning, less to 
say for quarterly or yearly planning as long as their percentages of occurrence can be 
predicted. 

Journel and Huijbregts (1978) textbook – Mining Geostatistics: 
A prime objective of defining a data neighbourhood [A(x0)] should be to ensure that it 
avoids all risks of bias in the estimation. Thus, in two dimensions, for example, when 
the data configuration is such that one direction [B] is under sampled, although the 
structural continuity in this direction is significant, it is advisable to extend the 
estimation neighbourhood [A(x)] in this direction so as to include more data which will 
take into account the [B] directional continuity in the estimation. Examples of such a 
procedure are the automatic mapping programs that partition the space around [x0] 
into equal parts (eg. four quadrants or eight octants) and only the two or three data 
closest to [x0] are considered within each of these parts. 

Parker (1979) paper – The volume variance relationship: A useful tool for mine planning: 
Best practice for interim estimates is to use a restricted search with ordinary kriging 
to compute estimates that closely matches the anticipated grade tonnage curve. 

Matheron (1984) paper – The selectivity of distributions and the second principal of geostatistics: 
In any case, we must expect that an increase of the size of support or decrease of the 
ultimate information will result in a distortion or adulteration of the true grade tonnage 
curves. And very often this distortion will be much more important than any estimation 
error. 
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Guibal and Remacre (1983) paper – Local estimation of the recoverable reserves: Comparing 
various methods with the reality on a porphyry copper deposit: 

The general problem comes from the fact that the characteristics of many deposits 
are incompatible with the requirements of non-linear methods (i.e. strictly stationary 
hypothesis). 

Rivoirard (1987) paper – Two key parameters when choosing a Kriging neighbourhood: 
In the stationary case, two parameters are especially interesting when choosing the 
kriging neighbourhood: weight of the mean, which shows how kriging depends on the 
neighbourhood, and slope of the regression, which indicates if the neighbourhood is 
large enough 

Armstrong and Champigny (1989) paper – A study on kriging small blocks: 
… it is seen that when the range is 30 m (i.e. much larger than the grid spacing), all 
the block estimates are reasonably well correlated with their actual values. Moreover, 
the slope of the regression is close to 1.0 in all cases. This means that the kriged 
block estimates can be used for selecting ore blocks from waste. However, if the 
range is only 10 m (half the grid spacing), the four corner blocks are reasonably well 
estimated but the others are not. The regression slope and the correlation coefficient 
are zero for the central blocks. The kriged estimate for the central blocks is just an 
estimate of the local mean. This is the best estimate of their grades given the 
information but it would clearly not be wise to use this value to predict whether the 
blocks are ore or waste. 

Isaaks and Srivastava (1989) textbook – An Introduction to Applied Geostatistics: 
Having chosen an orientation and anisotropy for our search ellipse, we still have to 
decide how big to make it. The simple answer is that it must be big enough to contain 
some samples. …... In practice one tries to have at least 12…… Some practitioners 
make maps of estimates in typical areas using various search strategies. Estimates 
are first made using a large number of samples. Then the search strategy is changed 
to reduce the number of samples and the corresponding estimates mapped. The 
search strategy is deemed appropriate just before the estimates begin to show 
noticeable differences with less samples. 

Krige (1996) paper – A practical analysis of the effects of spatial structure and of data available and 
accessed, on conditional biases in ordinary kriging: 

Ore valuation for a new mining project or an existing mine basically covers two major 
stages. At the initial or first stage the data is limited and is obtained either from a broad 
drill hole grid or from the initial main development grid. During the second or final 
stage more data becomes available from a closer drill hole or blast hole grid or from 
sampling of stope faces and auxiliary development; this is also the stage of final 
selection of blocks as ore (payable) or waste (unpayable)....... At both stages of 
valuation mentioned above, individual block valuations will be subject to error due to 
the data limitations. The estimated error levels can provide a basis for classification 
of the reserves into the required categories. Therefore, the valuation technique used 
should ensure minimum error variances and this will be the case if the appropriate 
kriging and data search routines are used. These requirements are linked closely to 
the expected slopes of regression of the eventual follow-up values, (usually inside the 
blocks) on the original block estimates. Slopes of less than unity indicate the presence 
of conditional biases with blocks in the upper grade categories overvalued and the 
reverse applying to blocks valued as low grade..........Various attempts have been 
made to reduce or eliminate the ‘smoothing’ effect but this can only be achieved at 
the expense of introducing conditional biases in the individual block valuations. Such 
a practice is completely unacceptable....... Where the effects of smoothing is expected 
to be significant at the first stage, early production and financial planning can be based 
on global adjustments to tonnages and grades. However, individual block estimates 
cannot be adjusted but can either be qualified by estimates of recoverable tonnages 
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and grades for each block or, alternatively, mine planning and financial studies can 
be performed on a series of acceptable simulations in order to define the overall levels 
of uncertainty. 

Goovaerts (1997) textbook – Geostatistics for Natural Resources Evaluation: 
In Practice 10 data values would be a reasonable minimum. The number should be 
larger where data are clustered so that one or two of the nearest data do not screen 
all others. The maximum number of data values to retain depends on the objective 
pursued. When one aims at depicting local features of the attribute, that number 
should be limited; whereas more data and data farther away should be retained to 
depict long range structures. 

Armstrong (1998) textbook – Basic Linear Geostatistics: 
Consequently, the grade and tonnage curve calculated from the kriged blocks is quite 
different from the real one. This shows that kriging should not be used for estimating 
the grades of small blocks from widely spaced data. 

Chiles and Delfiner (1999) textbook – Geostatistics: Modelling Spatial Uncertainty: 
In theory, the minimised mean squared error is achieved when all points are 
included,........ but a global neighbourhood may result in a kriging matrix which is too 
large to be inverted numerically. Typical algorithms work well up to around 100 points. 
Another consideration is that the geostatistical model itself may only be valid over 
short distances......... What is the optimum design of a moving neighbourhood? This 
question turns out to be rather complex. Short of a rigorous theory we can only give 
some guidelines. …..following a strategy that attempts to sample all directions as 
uniformly as possible (Octant search)......... Typically, from 8 to 16 points are 
retained..... 

Olea (1999) textbook – Geostatistics for Engineers and Earth Scientists: 
The second and more serious drawback of dealing selectively with large samplings is 
the lack of tests for determining appropriate neighborhood size. In very general terms, 
the neighborhood must be large enough to contain three observations at a bare 
minimum and anything beyond 25 observations is considered more than adequate 
(Myers, 1991). More precise justification for selection of neighborhood size depends 
upon the measure of performance achieved and fluctuates according to the nature of 
the sampling pattern and the covariance. Lacking theoretical criteria, experimentation 
such as that presented in [Internal reference] is the best alternative. 

McLennan and Deutsch (2002) paper – Conditional bias of geostatistical simulation for estimation of 
recoverable reserves: 

There are two schools of thought related to the conditional bias and smoothing of 
ordinary kriging for mine planning: 1. The ‘conditional bias of block estimates is always 
wrong’ school. ……. Here, one never accepts block estimates known to be wrong in 
expected value. Large search routines retaining many conditioning data are 
implemented to minimize uncertainty and conditional bias. The price, however, is 
block estimates that are smooth and near the mean. 2. The ‘let’s get recoverable 
reserves right’ school……. The idea here is to anticipate the dispersion variance of 
the true block grades. Fewer samples are used in the kriging plan to increase the 
variability of the block estimates in the hope of reproducing the true block grade 
dispersion variance. The price of this approach, however, is block estimates that are 
conditionally biased. 

Sans et al (2002) paper – Conditional simulation at Phosphate Hill: 
The kriging procedure needs to be carried out with a kriging neighbourhood that is 
optimised so that the unavoidable degree of smoothing remains manageable, and the 
equally unavoidable conditional bias in the kriging estimation is well controlled and 
acceptable. This implies that the kriging is completed in such a way that an acceptable 
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balance is achieved between the degree of smoothing (due to the averaging out of 
sample values) and the level of conditional bias. 

Vann, Jackson and Bertoli (2003) paper – Quantitative kriging neighbourhood analysis for the mining 
geologist — A description of the method with worked case examples: 

Ideally, the slope of the regression a should be very close to 1.0 and thus imply 
conditional unbiasedness. In these circumstances, the true grade of a set of blocks 
should be approximately equal to the grade predicted by the kriged estimation. 

Isaaks (2005) – The Kriging oxymoron: A conditionally unbiased and accurate predictor (2nd edition): 
A conditionally unbiased and accurate predictor is an oxymoron. The estimator for a 
long-term mine planning block model may be conditionally unbiased but then the 
histogram of block estimates will be smoothed yielding inaccurate predictions of the 
recoverable tons and grade above cutoff grade. Conversely, if the histogram of block 
estimates provides accurate predictions, then the block estimator is necessarily 
conditionally biased. The estimator for a long-term mine planning block model cannot 
be conditionally unbiased and simultaneously accurate. 

Abzalov (2006) paper – Localised uniform conditioning: A new approach for direct modelling of small 
blocks: 

The advantage of this approach is essentially dependent upon the data available for 
ranking the small blocks within a panel in increasing order of their grade. Ordinary 
Kriging of the small blocks can be used for their ranking providing the kriged estimates 
produce a meaningful indication of the relative grade pattern. Where the data is 
sparse and not close to a panel, or their distribution is characterised by a strong short-
range variability, the advantages of using the Localised Uniform Conditioning 
approach are more limited. 

Deutsch (2007) paper – The slope of regression for kriging estimators: 
Our concern with the slope of regression is conditional bias…….. Conditional bias is 
a serious problem if the estimate is going to be used for a final or near-final decision, 
for example, for grade control in open pit or for stope estimates in underground. It 
would be a serious mistake to have a known bias in estimates used for final decision 
making. On the other hand, we may be interested in estimates for interim planning 
purposes, that is, final estimates will be calculated in the future with additional 
information. We may accept conditional bias in interim estimates if the estimates have 
more desirable properties. The most common desirable property to have is a 
reasonable estimate of global reserves. Kriging with sparse data will lead to estimates 
that are overly smooth. A greater amount of higher and lower final estimates will be 
calculated when the final information is obtained. Thus, it may be a serious mistake 
to use smooth conditionally unbiased interim estimates for planning; we should 
anticipate the information available in the future. In general, there is no universal best 
estimator. ‘best’ must be defined for each situation. The debate should turn from 
conditional bias to the purpose of the estimate and the goals of the study. 

Rossi and Deutsch (2014) textbook – Mineral Resource Estimation: 
There is a direct relationship between the number of samples used and the conditional 
bias vs recoverable resources accuracy debate......... All of these [ search 
neighbourhood] parameters can be modified to a certain extent to obtain a resource 
model that achieves specific goals. Ideally the process of setting up [search 
neighbourhoods] becomes iterative because some kind of calibration procedure is 
being used. The type of calibration that can be used depends on whether the mineral 
deposit being estimated is in production or not. 

Kentwell (2014) paper – Aligning resource estimates with mine planning: 
….the current industry standard default practice of targeting maximum individual block 
accuracy (conditional unbiasedness) using OK at resource stage, without 
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consideration or evaluation of the extent of associated smoothing at SMU scale, can 
lead to significant errors in fundamental mine planning decisions. This then has 
implications for resource classification if the classifications are based heavily on the 
OK quality without consideration of the true SMU distribution. 

Deutsch and Deutsch (2015) lesson – Introduction to choosing a Kriging plan: 
We classify the purpose of estimates into four categories: 1) interim estimates, 2) final 
estimates, 3) visualization and trend models, and 4) probabilistic predictions. Each of 
these estimation purposes has a different set of criteria for choosing the best kriging 
search plan........ Although the slope of regression is often documented, it is of little 
utility when choosing a kriging search plan. In an interim estimation context, the most 
important parameter is matching the desired histogram...... Application of these 
efficiency measures (KSOR and KE] for decision making is challenging due to large 
differences between mineral deposits. 

Nowak and Leuangthong (2016) paper – Conditional bias – let’s keep it!: 
In short, optimising kriged block estimates with slope of regression or kriging efficiency 
measures may lead to block models that do not adequately reflect true block grades. 
It is tempting and easy to use slope of regression and kriging efficiency for validation 
of block estimated grades. Those measures are commonly available in commercial 
software packages. Although theoretically high slope of regression, i.e. low 
conditional bias, is considered necessary for good quality estimates, in practice this 
approach may be outright harmful if the objective of the study is to predict global 
resource quantities above an economic cut off grade. Both measures are a reflection 
of a modelled variogram and data locations and do not take into account actual assay 
values, or their variability in the vicinity of an estimated block. Moreover, it is often 
quite difficult to construct a reliable variogram model, particularly in early exploration 
stages, and relying on its metrics to design "best" resource estimates cannot be 
considered best practice. 

SOFTWARE 
Many of the major mining and geostatistics packages state that targeting a KSOR and KE value of 1 
is the desired goal of KNA. The author did not find any discussion of local versus global entered into 
in any of the major mining and geostatistics packages help files. Is it any wonder that the KSOR is 
mis-understood? 

EXAMPLES/CASE STUDIES 

Local versus global accuracy at planning stage (prediction) 
We will examine three separate real data sets which cover three different situations that are 
encountered during estimation. 
The first case is that of a nickel laterite domain where average drill spacing ranges between 5 m and 
15 m, the block size ids 5 m × 5 m × 4 m, the variogram nugget is approximately 35 per cent and 
anisotropic variogram ranges are between 50 m and 150 m depending on direction. We will call this 
case the Abundant Information case. 
The second case in an open cut gold example where average drill spacing is 25 m × 12.5 m, the 
block size is 25 m × 12 m × 5 m, the variogram nugget is 55 per cent and the anisotropic variogram 
rangers are between 10 m and 50 m depending on direction. We will call this case the Typical 
Information case. 
The third case is an underground gold vein style domain where the drill spacing is highly variable 
ranging between 5 m and 50 m, the block size is 5 m × 5 m × 10 m, the variogram nugget is 
approximately 45 per cent and the anisotropic variogram ranges are between 5 m and 25 m 
depending on direction. We will call this case the Minimal Information case. 
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For each case a number of estimates have been run using increasing maximum sample numbers. 
In some cases, a global theoretical change of support (TCOS) and/or grade control model are also 
available. 
Note that in the sections below a conventional profit curve (or profit curve) is defined as: 

Conventional Profit = Profit metal = tonnage above cut-off * (grade above cut-off – cut-off grade) 

The Abundant Information case 
For the Abundant Information case we can see that globally there is essentially no difference in the 
grade, tonnage, metal and profit curves (Figure 6) for any of the estimates and that the estimates 
are a very close global match with the theoretical change of support curves. However locally there 
are differences at the block scale (Figure 7). 
Table 1 shows that although there is no discernible difference in the curves, locally, the KSOR and 
KE continue to improve with increasing sample numbers and that the theoretical maximum KE of 1 
is still a long way off. 

 
FIG 6 – Grade, tonnage, metal and profit curves for a range of estimates – block size similar drill 

spacing, low nugget long range – KSORs between 0.7 and 1.0. 
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FIG 7 – Abundant Information case scatterplot of 80 versus four sample estimates. 

TABLE 1 
Global statistics for the Abundant Information case estimates. 

Maximum 
samples 

Estimation 
block 
mean 

Estimation 
block 

variance 

Sum of the 
positive 
weights 

KSOR KE Kriging 
variance 

4 1.19 0.09 1.00 0.75 0.47 0.072 

8 1.20 0.08 1.00 0.86 0.55 0.062 

16 1.21 0.08 1.00 0.92 0.62 0.052 

24 1.21 0.08 1.01 0.94 0.64 0.048 

32 1.21 0.08 1.01 0.95 0.65 0.044 

48 1.21 0.08 1.04 0.97 0.66 0.044 

64 1.21 0.08 1.06 0.97 0.67 0.044 

80 1.20 0.08 1.08 0.98 0.67 0.044 

120 1.20 0.08 1.11 0.98 0.67 0.044 

160 1.20 0.08 1.14 0.98 0.68 0.044 

The Typical Information case 
For the Typical Information case we can see that different sample number curves are spread 
(Figure 8). Higher sample number estimates globally display lower grades and metal above cut-off. 
Higher sample number estimates globally show higher tonnages at cut-offs below the mean and 
lower tonnages at cut-offs above the mean. Most interestingly, higher sample numbers display 
globally lower conventional profit. Although difficult to see in the figures, the eight sample estimate 
is closest to the theoretical change of support curves. Most strikingly, the four sample estimate is 
globally closest to the grade control model. 
For the Typical Information case, locally there is a large scatter between the low sample and high 
sample estimates (Figure 9). Comparison with the grade control model at the local block by block 
level shows that the low sample estimates are very poorly correlated whereas the higher sample 
(smoothed) estimates show much better correlation (Figure 10). 
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Table 2 shows the domain average KSOR and KE result for the increasing sample number estimates 
as well as for the grade control model. The actual regression slopes with the grade control model 
are also shown (Scatterplot SOR against grade control). 

 
FIG 8 – Grade, tonnage, metal and profit curves for a range of estimates – block size similar drill 

spacing, medium nugget medium range – KSORs between 0.3 and 0.9. 

 
FIG 9 – Typical Information case scatterplot of 160 versus four sample estimates. 
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FIG 10 – Scatterplot of four sample and 160 sample estimates against grade control. 

TABLE 2 
Global statistics for the Typical Information case estimates. 

Method Nominal 
Maximum 
Samples 

Average 
Samples 

Estimation 
Block Mean 

Estimation 
Block 

Variance 

Sum of 
the 

positive 
weights 

KSOR KE Scatterplot 
SOR 

estimate 
versus 
grade 

control 

GC OK 
80 

80 76 1.58 1.67 1.00 0.89 nr na 

OK 4 4 1.51 1.72 1.00 0.34 -0.44 0.47 

OK 8 11 1.49 0.96 1.00 0.53 0.09 0.74 

OK 16 14 1.49 0.83 1.00 0.57 0.16 0.84 

OK 32 27 1.50 0.69 1.00 0.69 0.29 0.98 

OK 48 39 1.49 0.63 1.00 0.76 0.34 1.08 

OK 64 51 1.49 0.60 1.00 0.80 0.37 1.12 

OK 80 63 1.49 0.59 1.00 0.83 0.38 1.14 

OK 112 85 1.49 0.57 1.01 0.86 0.39 1.17 

OK 160 115 1.50 0.55 1.02 0.89 0.40 1.20 

The Minimal Information case 
For the Minimal Information case, globally, the curves show very large differences between low and 
high sample number estimates (Figure 11). Although not shown in the figures, the 16 sample 
estimate is globally closest to the TCOS curves. Locally, again there is a large scatter when 
comparing the high and low sample estimates against each other. 
As an exercise in extending the theory to its logical extreme, an estimate was run with a unique 
neighbourhood (all samples in the domain are used estimate every block). This produced some 
interesting results (Figure 12). Firstly, the estimated mean now becomes the un-declustered sample 
mean, which for this mixed drill spacing domain, is significantly different to the de-clustered sample 
mean. Secondly, the scatterplot between the 16 sample estimate (as the estimate nearest to the 
TCOS estimate) and the unique estimate shows the tendency of ‘regression to the mean’ (Figure 13) 
of the logical outcome of maximising sample numbers and KSOR for poorly informed domains. Note 
that even with all samples in the Minimal Information case, the KE is barely above zero (Table 3). 
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FIG 11 – Grade, tonnage and metal curves for a range of estimates – small block wide spaced 

drilling, medium nugget short range – KSORs between 0 and 0.1. 

  
FIG 12 – Minimal Information case scatterplot of 128 versus four and unique versus 16 sample 

estimates. 

TABLE 3 
Global statistics for the Minimal Information case estimates. 

Maximum 
Samples 

Estimation 
Block 
Mean 

Estimation 
Bock 

Variance 

Sum of 
the 

Positive 
Weights 

KSOR KE Kriging 
Estimation 
Variance 

Theoretical 
Block 

Variance 

4 3.10 10.28 1.00 0.023 -2.73 11.89 3.20 

8 3.18 7.70 1.00 0.032 -1.79 8.88 3.20 

16 3.32 6.42 1.00 0.045 -1.10 6.70 3.20 

32 3.42 4.80 1.00 0.061 -0.62 5.18 3.20 

64 3.47 4.22 1.00 0.079 -0.35 4.30 3.20 

128 3.59 3.49 1.00 0.098 -0.20 3.82 3.20 

256 3.69 2.97 1.00 0.122 -0.11 nr 3.20 

unique 5.00 0.32 1.00 0.244 0.01 nr 3.20 
 

 0  5  10  15 
Au unique

 0 

 5 

 10 

 15 

A
u
 
1
6

rho (w)=0.572



International Mining Geology Conference 2022 | Brisbane, Australia and Online | 22–23 March 2022 92 

 
FIG 13 – Limits. 

Local versus global accuracy at extraction stage (final selection) 
Performance (Figure 14) should not be confused with prediction. A final selection model’s usefulness 
needs to be judged on how it performs, not how it predicts. This is where selectivity and elimination 
of conditional bias are critical. No model, however well informed, will ever match reality. The 
smoothing that results from attempts to eliminate conditional bias via maximisation of the KSOR is 
the key to achieving the best performance as it will ‘balance’ the mis-classification appropriately. 

 
FIG 14 – Prediction versus performance. 

The example below shows the resulting performance of a model estimated from drill spacing 
approximately the same as bock size, compared to ‘reality’ derived from a model of the same block 
size created from drilling with between four to eight holes within each block. 
Another succinct quote from Chiles and Delfiner (1999) sums up the situation. 
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For a high cut off grade [above zero] there will be a loss due to bad selection. Poor 
blocks are selected because estimated rich. Rich blocks are rejected because 
estimated poor. In all cases [except at zero cut off] this translates into a degradation 
of the value of the exploited ore [compared to prediction]. 

For the Typical Information case we can see that, with the exception of the tonnage curve, the higher 
sample number estimates globally perform closer to the grade control model (Figure 15). This is 
particularly evident in the profit curves. This observation backs up our expected outcome, which is, 
the estimate with the lowest conditional bias, the highest KSOR (the smoothest estimate) is the best 
estimate for final selection both locally and globally. The converse also applies, targeting true block 
variability, is incorrect at final selection stage. 

 
FIG 15 – Performance curves. 

Classification at planning stage 
Many practitioners use either the KSOR or the KE as part of the estimation quality aspect of 
classification procedures. This is often done in conjunction with other parameters such as distance 
to nearest sample, average drill spacing or kriging variance. Some practitioners like to run smoothing 
or closing algorithms or implicit models over the initial estimates at some selected threshold of KSOR 
or KE. Others will simply use the KSOR as a visual guide to create manual volumes in conjunction 
with other mathematical and/or geological parameters. Some practitioners will not use the KSOR at 
all and simple rely on drill spacing. 
The above examples have shown how much the KSOR can vary in absolute terms depending on 
the variogram model, combined sample block geometry and search neighbourhood parameters. 
However, the KSOR is still correct in each case because each case utilises a different set of 
parameters. The KSOR still has an objective meaning in each case. 
One implication of this is that a classification based simply on drill spacing alone ignores the 
variogram and the search neighbourhood used. As we have demonstrated, a fixed drill spacing and 
variogram can have many different KSOR outcomes. 
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The problem that arises is that many practitioners, mostly because the software tells them to, target 
maxim regression slope by maximising sample numbers in the search neighbourhood for Resource 
estimate planning stage models. This has been demonstrated to produce models that may not be fit 
for purpose. These ‘unfit’ models may actually get classified with a higher confidence level (from a 
higher KSOR) than the models (which use less samples and therefore have a lower KSOR) that are 
actually fit for purpose. 
If we have decided to target long-term planning global accuracy and have not maximised the 
regression slope then we have apparently downgraded the quality of our local block by block 
estimate. This is correct, we have deliberately sacrificed local accuracy for global accuracy. So how 
should we interpret the KSOR for classification purposes? The answer, in part, is to interpret it as a 
relative measure, or alternatively not use it at all. 
Clearly, using a fixed threshold, say 0.9 for Measured will be problematic. Deposits could potentially 
be classified as locally Measured but globally Inferred! 
Point 2 of the final item of Section 3 of table 1 of the Australasian Code for Reporting of Exploration 
Results, Mineral resources and Ore Reserves – The JORC Code 2012 Edition, under the criteria 
‘Discussion of relative accuracy/confidence, requires that: 

The statement [of relative accuracy /confidence] should specify whether it relates to 
global or local estimates, and, if local, stat the relevant tonnages, which should be 
relevant to technical and economic evaluation. Documentation should include 
assumptions made and procedures used. 

In practice, this items is rarely completed in any detail. 

SOME COMMENTS ON VARIOGRAPHY 
The KSOR is directly reliant on the variogram. As such any uncertainty on the variogram is also an 
uncertainty on the KSOR. 

Trends and zonal anisotropy 
Zonal anisotropy is characterised by the total sill of an experimental variogram in a particular 
direction leveling out at a value significantly lower or higher than the total variance of the domain 
being examined. It typically reflects a distinct trend perpendicular to that direction. Trends tend to 
manifest themselves in a similar fashion in the experimental variogram but instead of plateauing they 
‘drift’ gradually higher after a sharp rise (Figure 16). Both zonal anisotropy and directional drift 
confuse the concept of the total sill of a variogram because although they can be modelled as long 
range structures, it can often be shown, by sub domaining, that the true local ranges are far shorter. 
Incorrectly fitting a long range second or third structure to a domain that contains zonal anisotropy 
or a directional trend exaggerates the true continuity and in turn exaggerates the apparent KSOR 
that results during estimation. In the authors experience, the estimated values themselves are often 
insensitive to fitting the of the total sill, due to the majority of samples being selected at short 
distances, but that the result of fitting a long range structure to the total sill defined by the trend or 
zonal anisotropy is that the KSOR and KE can be significantly overstated, significant enough in some 
cases to for a change of classification to be required. 
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FIG 16 – Types of experimental variogram encountered in practice. 

EMPIRICAL GEOSTATISTICS – KNA 

What parameters are we trying to target or reproduce? 
How many samples constitute a ‘good’ neighbourhood? At the Resource stage (mine planning), what 
we are targeting when we refine our search neighbourhood is an SMU block distribution estimate 
that retains sufficient aspects of both local and global accuracy to enable reasonable estimates of 
global tonnages and grades that are likely to result from final selection and at the same time provide 
sufficient broad scale local accuracy to enable realistic modelling of potential mining scenarios. 
KNA should be an iterative process. The first obvious target is that the domain mean is close to the 
de-clustered sample mean (de-clustering is an entire topic in itself). The second target is to minimise 
but not eliminate negative weights. (Negative estimates should generally not occur but small 
proportions of negative weights are allowable, even desirable in some circumstances). The third 
target is to approach the block variability and histogram shape observed in either final selection 
outcomes (if available) or a TCOS histogram. The fourth target is to understand the degree of 
smoothing occurring. 
One way to examine the range of possible SMU histograms, without using a TCOS is to simply use 
multiple ordinary kriging runs with a range of different search neighbourhood and high-grade 
thresholding options. 
If either production data or a TCOS model are not available then the technique referred to in Isaaks 
and Srivastava (1989) of reducing sample numbers until distinct variations are observed in the 
estimates is one useful approach. 
A suggested set of steps for carrying out KNA is given below. 

How to carry out KNA 
• Use the entire domain, not one block or a small group of blocks. In some cases, entire domains 

may have areas of very different drill spacing or contain significant zonal anisotropy or 
significant trends. In these cases, consideration should be given to carrying out KNA on 
separate sub domains. 

• Determine the SMU size. Selection of the estimation block size (SMU) is a decision based on 
geology and mining method. We do not optimise block sizes during Resource KNA. The SMU 
size used for each analysis is therefore pre-determined and fixed. 
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• Set the discretisation. Test theoretical block variance [C(v,v)] stability by randomising the 
discretisation locations. Increase discretisation points till the theoretical block variance is 
stable. 

• Drill spacing. The data spacing at the time of analysis is what it is. We do not optimise sample 
spacing during Resource KNA. Drill spacing optimisation is a separate exercise. 

• The fitted variogram at the time of analysis is what it is (but has an associated level of 
uncertainty). The variogram model is fixed. 

• The only remaining choices are then the configuration of the search neighbourhood. 

• Use sectors (typically octants or quadrants) 

• Set the ellipse extents to very large, several times the variogram ranges. 

• Test a wide range of maximum sample numbers, for example 4, 8, 16, 24, 32, 48, 64, 80 and 
128. 

• For each test, and for each block, record the: 
o Estimated value 
o Sum of the positive weights (or some other measure of the negative weights) 
o KSOR 
o KE 
o Number of samples selected 
o Nearest sample distance 
o Mean sample distance 
o Kriging variance. 

• Produce the grade, tonnage, metal and conventional profit curves for all test estimates. 

Interpretation of KNA results 
The KNA and KSOR results are a function of sample spacing, block size, block discretisation, 
variogram model and search neighbourhood. Simply saying that small block kriging is good or bad 
or big block kriging is good or bad is nonsensical without taking the relative block size, sample 
spacing and variogram model configurations into account. It is more useful to consider three broad 
situations: ‘Abundant Information’, ‘Typical Information’ and ‘Minimal Information’ configurations. 
What we are looking for is the extent of change in the grade tonnage etc curves with the different 
maximum sample number scenarios. Table 4 sets out some criteria and observations for 
interpretation of KNA results. 
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TABLE 4 
Analysis of KNA results. 

 Abundant Information Typical Information Minimum Information 

GT curves 
comparisons across 
all tests 

GT curves are effectively the 
same  

GT curves show moderate 
changes. 

GT curves show massive 
changes 

GT curves change 
at economic cut-offs 

<5%  Up to ~50%  Greater than ~50%  

Negative weight 
behaviour 

appear at relatively low 
sample numbers 

appear at high sample 
numbers 

may not occur at all 

KSOR domain 
averages across all 
tests 

KSOR typically >~0.75  KSOR typically 0 to 0.75  KSOR typically ~= 0  

KE domain 
averages across all 
tests 

KE typically >~ 0.5 KE typically between 0 and 
0.5  

KE typically -ve  

TCOS GT curves same as TCOS TCOS curves will typically be 
near the lower sample end of 
the tests range 

TCOS curves will typically 
fall somewhere in the middle 
of the test range 

Can we use OK? OK is good for SMU size OK is good for SMU size if a 
low sample number 
neighbourhood is used. LUC, 
LMIK or some other panel 
based method should be 
considered 

OK cannot be used for SMU 
size. LUC, LMIK or some 
other panel based method 
should be used or more 
samples should be obtained 

Global accuracy (as 
compared to TCOS 
or production data) 

Globally accurate across all 
tests 

Globally accurate only if low 
sample number 
neighbourhood is used 

Globally accurate only if low 
sample number 
neighbourhood is used and 
sufficient samples are 
available to infer the global 
histogram correctly 

Local accuracy (as 
defined by KSOR = 
1) 

Can maximised by targeting 
maximum KE or KSOR and 
will be moderate to good 

Can maximised by targeting 
maximum KE or KSOR with 
high sample neighbourhoods 
but will be poor to moderate 

Local accuracy is non-
existent. 

Potential 
Classification from 
estimation quality 
perspective 

Likely to be able to classified 
as Measured or Indicated 

Likely to be able to classified 
as Measured or Indicated or 
Inferred 

Likely to be able to classified 
as Inferred or Unclassified 

Recommended 
sample numbers for 
long-term mine 
planning (Resource 
estimation) 

Between 32 and 128 before 
negative weights become 
significant 

Between 4 and 32 (or ¼ of 
the sample neighbourhood 
numbers that first produces 
significant weights) 

Not recommended for mine 
planning. Use for scoping 
study or global grade and 
tonnage decisions only 

Recommended 
sample numbers for 
final selection 
(Grade control) 

Between 32 and 128 before 
negative weights become 
significant 

Between 32 and 128 before 
negative weights become 
significant 

Not applicable for final 
selection 

If using LUC or 
LMIK or similar 

NA Analyse panel sized blocks 
in the same way 

Analyse panel sized blocks 
in the same way 

CONCLUSIONS 
SMU block size should be decided by reference to the geology and mining method, not by KNA or 
any estimation criteria. 
Targeting a KSOR of 1 is only valid in two situations, final selection (grade control) and the Abundant 
Information case for Resource estimation. For the Typical Information Resource estimation case the 
actual KSOR is not required to be maximised and KNA should seek to target grade and tonnage 
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curves that match reality derived from existing production or from a rigorously defined TCOS model. 
For the Minimal Information case, where typically the appropriate SMU block size is significantly 
smaller than the data spacing and the effective variogram range is also short in relation to the 
average drill spacing, ordinary kriging should not be used. An alternative panel based method such 
as LUC or LMIK which takes the volume variance effect into account should be used instead. The 
panels for this estimate should then be subject to KNA in the same manner as the SMU would be 
for OK. Ideally, in the Minimal Information case, more data should be acquired prior to estimation. 
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ABSTRACT 
Geological data provides the foundations for the mining value chain. It is used to underpin the 
modelling and planning and consequently optimise downstream business decisions. However, it is 
often forgotten or taken for granted. End users often assume the data to be sound without 
verification. 
Geological data can be considered a company’s number one asset. Subsequently, the storage, use 
and management of this data need careful curation and time invested in preserving and protecting 
it. An established polymetallic mine with 20 000 drill holes could have a data replacement value in 
excess of $500M at 2020 prices, excluding labour and salary costs. 
The Australasian Code for Reporting of Exploration Results, Mineral Resources and Ore Reserves 
(the ‘JORC Code’) provides guidelines for Public Reporting. Within the code, Table 1 requires 
discussion around the different types of geological data, its collection and use. What is needed is 
additional details regarding the validation and integrity of the geological database. 
A comprehensive guideline specifying minimum geological standards for geological databases has 
been developed. This expands on the critical points outlined in Table 1 of the JORC Code. This 
guideline can be used by companies where geological databases are managed in-house or used to 
assess these services’ outsourcing. This guideline will ensure that geological data is reliable and 
unadulterated and can be used with confidence. Using this guideline will assist in preserving the 
investment of geological data in the mining value chain. 

INTRODUCTION 
Geologists collect vast amounts of diverse data every day. The data contains a wealth of information 
however, it needs to be logically organised, stored and compiled in one centralised repository or 
database. Not only does this allow for data to be cleaned and validated, but it allows for it to be 
accessed by many people so it can be used to make optimal business decisions. 

What is a database and database management system? 
A database is a collection of related data, ie data of known facts that can be recorded in a systematic 
manner in a central repository and that have an implicit meaning (Elmasri and Navathe, 2016). The 
database is designed, built and populated with data for a precise purpose. It has a specific group of 
users interested in some predetermined applications. In the case of a geological database, the data 
includes all drilling information, geological and geotechnical logging, sampling and assay data. All 
this data has the purpose of finding and defining and managing a Mineral Resource or Ore Reserve. 
There are various ways to store data, however each method has its limitations and will vary in quality 
and reliability. Figure 1 shows these moving through the maturity level of each method. 

 
FIG 1 – The data storage methods that vary in maturity level. 
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The database management system combines the database, the database management software, 
and the hardware and networks to store, manage, and retrieve the data (Hoffman, 2002). The 
database management software, typically referred to as the user interface, provides the means to 
view, search, import, export and edit the data in the database. Some software products may provide 
additional functionality such as core photo storage, and the software of choice will need to meet the 
user’s specific requirements. 

The importance of databases 
Databases contain substantial amounts of data. Geologists collect large amounts of data daily, and 
it is easy to forget about the costs involved in generating that data. Table 1 shows an example of an 
established polymetallic mine, the proportion of drill holes and metres for each drilling type, the 
number of samples and the costs at 2020 nominal prices. Drilling prices typically vary with the depth 
of the drill holes, however, for the sake of simplicity, the metre cost used is averaged costs. The 
purpose of this is to highlight the value of the data within the database and what it could cost to 
replace that data; note that does not include the labour or salary costs, and therefore, the total of 
$629M is only the estimated minimum cost. 

TABLE 1 
Estimated drilling and assay costs for an established base metal mine; total cost is $629M. 

Drill hole 
type 

No of 
holes 

No of 
metres 

Average 
cost per 

metre 

Metreage 
cost 

No of 
samples 

Average 
cost per 
sample 

Assay 
cost 

Totals 

Diamond 12 500 2 180 100 $250 $545.0M 870 050 $40 $34.8M $579.8M 

RC  3135 181 800 $100 $18.1M 102 200 $30 $3.1M $21.2M 

RAB/AC 10 883 430 600 $60 $25.8M 74 100 $30 $2.2M $28M 

Total $588.9M  $40.1M $629M 
 

The mining value chain (MVC) incorporates all stages from exploration and discovery of the raw 
materials, through to mining and product delivery to the customer. It is vital to highlight that the 
geological data is used throughout the various stages (Figure 2). With this in mind, the geological 
database provides the foundations to the mining value chain and should be considered the 
company’s number one asset. Figure 2 clearly shows the data is used in modelling and planning and 
consequently optimises the downstream business decisions. 

 
FIG 2 – The data types collected by geology and where they are used in the mining value chain. 
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What database data quality requirements exist? 
The Australasian Code for Reporting of Exploration Results, Mineral Resources and Ore Reserves 
(the ‘JORC Code’) provides guidelines for Public Reporting. Within the code, JORC Table 1 provides 
a checklist along with suitable explanations subdivided into five sections. The Competent Person is 
required to assess the quality of the data being used to report the Exploration results or the estimate 
of a Mineral Resource or Ore Reserve. However, while the checklist seeks to discuss each criterion, 
only one under Section 3 – Database Integrity, refers specifically to the database. Database integrity 
is required only when reporting Mineral Resources. The explanation contained in JORC Table 1 
focuses on ensuring the data has not been corrupted from the time the data is collected until its use 
in the Mineral Resource estimation and that validation procedures are in use. By the time a Minerals 
Resource estimation is being reported, the collection, storage and management of this data may not 
have been appropriately considered. This could present unforeseen issues. The underlying data 
quality and consistency may not be truly known, understood or represented. As shown in Figure 2, 
the data is used by several different stakeholders. These stakeholders will expect and assume that 
by the time the data reaches them, the quality has been assessed, validation errors have been 
resolved and that the data is sound and has been verified. 
This is a gap that should be filled by setting out the minimum standard for geological databases. It 
can be used for companies who manage their own geological databases and additionally can be 
applied where the database management function has been outsourced to a third party. This helps 
ensure that the data quality is considered from the outset and continually assessed. 

GEOLOGICAL DATABASES 
As a guide to best practise, the geological database should be a relational database (RDBMS). 
Typical examples include Microsoft SQL Server, Oracle Database, MySQL and IBM DB2. 
Alternatively, cloud-based relational databases (such as Microsoft Azure SQL) are widely available, 
particularly where database maintenance and infrastructure are outsourced (Lutkevitch, 2021). A 
relational database is so named as it contains multiple tables where the records are related or linked 
to associated data in other tables (Figure 3). 

 
FIG 3 – The relational database showing how the relationships between the tables are made. 

The structural integrity of the relational database is maintained by a combination of: 

• Primary Keys – a unique value in the field listed as a primary key field, ie there are no 
duplicates. For example, the Collar table would not contain duplicate drill hole IDs. 

• Foreign Keys – a field or group of fields that provide a means of linking the data between data 
in two tables, ie data for lithology cannot exist for a drill hole that does not appear in the Collar 
table. 
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• Indexes – are specific lookup tables that the database search engine can use to speed up data 
retrieval. 

• Constraints – can be used to limit the type of data that can go into a table to ensure the 
accuracy and reliability of the data entered into a table. 

• Triggers – are database objects that fire when an event occurs in the database. For example, 
a trigger can be created to record in an audit table when data is deleted from a table in the 
database. These allow for notification and auditing of when records are changed. 

There are a number of commercial data models available on the market that provide suitable 
geological data models. These define where, how and in what format the data are stored in the 
database. In these databases, the database schema, including the table structures, should all be 
appropriately and consistently named; indexes and relational rules already set-up, and the 
databases are able to load data. 

Minimum data requirements for geological databases 
For the purpose of exploration and/or mineral resource estimation, there needs to be minimum 
requirements for the geological database that must be met. The database, as well as storing the 
geological data, needs to contain the supporting meta data that quantify the quality and reliability of 
that data. This section will provide more details for some critical data that should exist within the data 
model and, in addition to the checklist outlined in JORC Table 1, helps to support those criteria. 
These points have been converted into a checklist that can be used to ensure the geological 
database meets the minimum requirements and to allow the information to be easily presented to all 
users (Appendix 1). To help the reader compete the checklist, Appendix 2 shows an example of one 
that has been completed. 

Projects 
• Project areas should have clear boundaries, usually defined by tenement boundaries, or by 

distinct geological/geographical features etc. 

• Project areas should not overlap, and therefore, all drill holes must fall within one distinct 
project area. 

Collars 
• All drill holes must have a unique ID, and if multiple databases exist, the ID’s should be unique 

between these databases to prevent confusion. 

• This table may contain additional information, including but not limited to project area, drill hole 
type, end depth, tenement details, amongst other items. 

• This table will ensure that unless the drill hole is recorded in the collar table, no other data in 
the underlying tables will be stored. 

Coordinates 
• All drill holes must have coordinates in an accepted coordinate system to allow them to be 

located and visualised in 3D space. 

• Where local grid systems exist, there must be transformation data held within the database to 
convert to a recognised coordinate system. 

• Each record for the coordinates should have the survey method and accuracy or reliability of 
that method captured. For example, the use of a differential GPS (which has high accuracy) 
versus a hand-held GPS (which has low accuracy). This is important to know the reliability of 
the drill hole location, particularly when planning additional drilling and for mine planning. 

• The database table should be able to store multipole coordinates for each drill hole, ie planned 
versus actual coordinates and ranked in precedence accordingly. 
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Downhole surveys 
• All drill holes must have valid downhole survey data to describe the subsurface position of the 

drill hole in terms of x, y and z (depth). 

• Due to the multiple methods to capture the downhole survey data, the specific method used 
should be captured in the database. For example, Reflex EZ-Trac single shot or Reflex Sprint 
Gyroscopic surveys both provide the drill hole inclination and azimuth data at incremental 
depths. For established operations that have been operating for many years, the quality of the 
downhole survey data may most likely change over time as the survey methods will have 
developed and advanced in accuracy. Where the method is not known, it should be recorded 
as UNKNOWN to indicate the data has the potential for low reliability. 

• Azimuths should be stored in Universal Transverse Mercator UTM or True North. There are 
three types of azimuths: astronomic, geodetic and grid. With astronomic azimuths the origin is 
termed ‘true north’ which closely approximates the meridian passing through the spinning axis 
of the earth. With geodetic azimuths the origin is the meridian passing through the rotational 
axis of the reference ellipsoid. Grid azimuths are generated from map projections ie UTM 
represents the earth as a flat plane over relatively small area (Ferguson, 1991). It is therefore 
crucial to record the correct azimuth method used: 
o Magnetic azimuth data, a defined calculation to convert to UTM or True North, should be 

used. The calculation should reference the magnetic declination particularly in areas where 
it is known to have changed significantly over time and not rely on a hard coded value. The 
magnetic declination values should be stored in a separate table for each project area and 
assigned dates each value was valid for. All magnetic declination calculations should be 
coded in export views to prevent user’s introducing errors to the data. 

o For areas that use a local grid system that includes an azimuth adjustment, the conversion 
value should be permanently stored in the database to allow conversion to UTM or True 
North. In a similar method to storing the magnetic declination values, the conversion for 
local azimuths should also be stored in a separate table and referenced in export views 
when calculation the conversion to UTM or True North. 

o It is essential to specify that only survey data that has been collected should be stored in 
the database table. All calculated values should not be stored. Instead, these can be 
created on export. 

o Only recognised coordinate systems as defined by the European Petroleum Survey Group 
(ESPG) should be used except for very well-defined local grids. For new projects local grids 
shouldn’t be used as modern surveying techniques can work with EPSG systems even 
underground. 

Geology 
• Each drill hole should have the lithology recorded. 

• There should not be overlapping intervals, and the database should have defined processes 
that prevent overlaps from occurring at the point of data entry. 

• No gaps should occur in the lithology data. Any gaps in data must be explained and coded 
appropriately ie core loss due to no recovery. 

• Additional tables may be present to record different interval related data. 

Samples 
• Each sample must have a unique sample number. If multiple databases exist, the sample ID’s 

should be unique between these databases to prevent confusion. 

• No gaps should occur in the sampling data. Any gaps in data must be explained and coded 
appropriately, ie no sample due to core loss or absence of mineralisation. 

• All samples should record the: 
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o Sample type – Core, RC Chips 
o Sample method – Half or Whole Core, RC Split 
o QC type – Routine, Duplicate, Standard. 

• Duplicate samples must reference the parent sample ID and not rely on sequential sample 
numbers. 

• Certified reference materials (CRM’s) must record the specific ID used, ie Oreas-621, G312–
4, Oreas-24B. 

• Samples sent for analysis should record the laboratory they have been sent to, the analysis 
requested, and the date sent, to allow for reconciliation on return of results and turnaround 
times to be monitored. 

Assays 
• The database should store all elements and laboratory methods and full descriptions of all 

analyses used. 

• Assay methods should be ranked to allow the best results to be used in exports. 

• Appropriate database rules should apply to samples reported at the lower and upper detection 
limits. 

• All assay files need to be loaded directly into the database without the need to edit or adjust 
the original data file. 

• All assay results should be loaded to the database capturing the date when they were loaded 
and the user who loaded them. 

• In the event there is an issue with the results, there should be a mechanism to exclude that 
data instead of deleting that data. If the laboratory re-issued an assay file or if re-assays have 
occurred that show improved quality – these are examples of data that could be excluded. It 
is important to be able to demonstrate any changes to the data and record when these changes 
occurred, particularly for auditing purposes. 

• All assay results must undergo quality assurance and quality control (QAQC) checks and be 
approved before use in exports. 

• QAQC processes should allow users to identify mislabelling and deal with samples that need 
to be re-assayed. 

Metadata 
• There should be tables dedicated to specific metadata, which can be used to enforce lookups 

on all tables where practical. The codes used should be from a central code bank, sensible, 
unique and follow existing nomenclature where applicable. 

• Where site-specific codes exist, they should be well described and not have direct equivalents 
in the central code bank. 

• If the site operates in a non-English speaking jurisdiction, then the translation of the codes 
should be in the description and note the codes themselves. 

• Free-format text entries should be limited to description or comments fields only. 

Database interactions and validation 
All interactions with the database should be done through the graphical user interface (GUI) which 
allows data to be viewed, imported, exported and where appropriate, updates made. The interface 
can assist with allowing the correct level of access to each user based on their security level and 
knowledge which ensures data entry is strictly controlled. The user interface can act as an additional 
layer of validation by enforcing lookups, applying range checks, highlighting mandatory fields etc. 
Where possible, data entry should be directly into the database. In remote locations, an off-line 
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solution that aligns with the database should be used to ensure data is valid and will load into the 
database seamlessly. 
The database should cater for the following: 

• A table setting out the different validation rules that are applied to each of the database tables. 

• When data is entered, the database should capture the date and the person who entered the 
data recorded against each record. 

• If a record is edited and/or updated, the date and person who updated the record should be 
recorded against the record but not overwriting the original details. 

• Ideally, a separate table should store all edits, including additions, deletions and edits made to 
any table in the database. This will make it easier to recover and restore data to the pre-edited 
data. 

• If any data is found to be unreliable, the data should not be deleted; instead, the database 
should allow the records to be excluded. The reasons for exclusion should be captured, so all 
users are informed, and if the data can be improved upon, it should be reinstated. 

Database backup and recovery 
All databases should have a backup schedule and recovery plan set-up from the outset. The 
database system provides a separate process and is different from network backups for backing up 
and recovering the data. Should the hard drive fail on which the database resides, the most reliable 
and sometimes only way to recover the database is from a backup. Each company will have different 
requirements for backups, and it will be dependent on a few factors, including: 

• How the data is collected, its complexity and the ability and time needed to re-collect the data 
in the event of data loss. 

• The speed or turnaround time of data from the point of collection to its use ie the time from 
when drilling is completed, samples taken, and assays returned, before mining takes place. 

As a minimum, the following is recommended: 

• Daily backups with recovery mode set to SIMPLE: 
o Typically, these should occur nightly or if the database is in use 24 hours a day, schedule 

the backup to occur at the lowest interaction time. This will result a days’ worth of data may 
be lost, at most. 

SIMPLE will allow for a quick recovery and does not require large amounts of hard drive space, 
particularly for large databases. 

Database management 
Regardless of whether the geological database in managed in-house or by an external provider, 
there need to be guidelines around the experience and knowledge of the person or persons who 
undertake this role to uphold the integrity. Giles (1995) stated the single biggest reason for databases 
failing is due to a lack of a database manager. Too often, geological databases are left to run 
themselves or assigned to a staff member who does not have the experience, technical knowledge 
or support to do the task effectively. This highlights the perceived lack of importance and value 
assigned by companies to the geological databases. This should be changed to protect shareholder 
value. Database management should be given appropriate recognition and levels of competence 
sought. This would be similar to the current JORC code which requires documenting the credentials 
and experience of practitioners. 

Documentation 
An integral part of geological data management is documentation. There should be documentation 
around the database requirements, including: 

• the technical specifications of the database 
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• the defined and standardised data model in use 

• who can make and/or approve changes to the data model 

• validation rules and procedures along with the criteria used to determine those rules 

• data entry, edit and QAQC procedures for users. 
This information should be always available to all users interacting with the database, be reviewed 
yearly at a minimum and for purposes of auditing. 

CONCLUSION 
All exploration and mining companies should consider their geological databases as their number 
one asset, as the geological data it contains provides the foundations to the mining value chain. 
Using an established polymetallic mine as an example, the replacement costs have been 
demonstrated to potentially cost in excess of $500M at 2020 prices, excluding labour and salary 
costs. It is essential that with this level of investment the appropriate steps are taken to ensure the 
geological database is correctly set-up, managed, and the data contained therein assessed to be of 
the highest quality. 
The results of this paper are the development of a comprehensive guideline that can be used to 
supplement and support Table 1 of the JORC code. This will help ensure that geological data is 
reliable and unadulterated and can be used with confidence. The guideline can be used by 
companies where geological databases are managed in-house or can be used to assess the 
outsourcing services. 
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APPENDIX 1 
Checklist to assess the geological database. 

Database requirements 
Criteria  How criteria is met – describe in detail 
What is the database type? 
(Microsoft SQL Server, Oracle Database) 

 
Where is the database hosted? 
(Hosted and managed in-house, hosted and managed by 
X consultancy) 

 
What is the database backup and recovery 
schedule? 
(Daily/weekly backups, transactional logs etc) 

 
Who is the assigned database manager and 
what level of experience do they have? 
(Required info whether managed in-house or be external 
provider.)  
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Is documentation available for review, if so 
where stored? 
(Technical specifications, validation procedures etc)  

 
Minimum data requirements 

Criteria  How criteria is met – describe in detail 
Metadata 
(Dedicated lookups, unique codes, table defining where 
lookups/range checks used etc)   

Controlled User Interface 
(An interface that applies correct level of interaction for all 
users. Describe levels)   

What measures allow users to track data 
changes? 
(Dates/user information gathered when data 
entered/edited, additional table capturing changes etc)    

Project Areas 
(Unique well defined project areas, defined how etc)   

Drill holes 
(Unique nomenclature, defined drill hole type)  

Coordinate Data 
(Data recorded in recognised grid system, local grid 
transformation data held within the database, survey 
method and reliability defined)  

Downhole Survey Data 
(Valid x, y and z for all drill holes, downhole survey 
method and reliability defined, azimuths in UTM or True, 
for local grids with adjusted azimuths transformation data 
held within the database)  

Geology 
(All drill holes have lithology recorded with no gaps or 
overlaps, additional tables available to capture other 
interval type data.)  

Samples 
(Unique sample numbers, no gaps without explanation, 
sample type/method/qc type recorded, duplicates with 
parent id, CRMs correctly recorded etc)  

Assays 
(All elements, lab methods with descriptions recorded, all 
results loaded directly into the database, rules to deal 
with detection limits, QAQC checks completed and 
recorded etc)  
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APPENDIX 2 
Completed checklist assessing a geological database. 

Database requirements 
Criteria  How criteria is met – describe in detail 
What is the database type? 
(Microsoft SQL Server, Oracle Database) 

Microsoft SQL Server 2019 database using Micromine 
Geobank Geological Database Management System. 

Where is the database hosted? 
(Hosted and managed in-house, hosted 
and managed by X consultancy) 

Database hosted on server (SVRSQL04-FDM) located at 
Freedom mine site, Victoria. 
The server is managed by an external IT company however 
the management of the geological database is run internally 
by Freedom Mines Limited. 

What is the database backup and 
recovery schedule? 
(Daily/weekly backups, transactional logs 
etc) 

Nightly backups set to FULL recovery model at 7:00 pm. 
Transactional log backup taken hourly. 
Weekly and monthly backups occur and after three months 
the daily backups a removed. 

Who is the assigned database 
manager and what level of 
experience do they have? 
(Required info whether managed in-
house or be external provider.) 

Shauna Martin – Senior Database Geologist for Freedom 
Mines Limited. 
Shauna is a geologist with experience in both exploration 
and mining and has 11 years’ experience working 
specifically with geological database systems. She has 
experience implementing, managing and maintaining 
multiple databases across a range of commodities. 

Is documentation available for 
review, if so where stored? 
(Technical specifications, validation 
procedures etc) 

The Geological Database Work Quality Requirement (WQR) 
is stored on the shared network and is available for all to 
access. 
This document provides the minimum standard for all 
geological databases held within the company. It defines 
who is accountable for the database, database types, the 
database model used, how integrity is maintained, validation 
procedures, backup and recovery processes and interface 
tools needed for the database users to complete their tasks. 

 
Minimum data requirements 

Criteria  How criteria is met – describe in detail 
Metadata 
(Dedicated lookups, unique codes, table 
defining where lookups/range checks 
used etc) 

The database contains the following: 
• geological codes held in two table, one defining the 

lookup categories and the other containing the codes 
associated with those categories. 

• system look up tables exist for the particular data model 
in use. 

• a validation table records all the tables in the database 
with each field in those table and whether a lookup is 
used, a range check applied, depth checks applied, 
default fields and key fields. 

• Some tables have custom triggers applying additional 
validation rules ie when a standard is selected as the qc 
type but the standard id field has not been filled in, when 
clicking off the record a message appears to remind the 
user to fill in the standard id field. 
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Controlled User Interface 
(An interface that applies correct level of 
interaction for all users. Describe levels) 

The Geobank user interface provides user profiles based on 
position and includes geologist, senior geologist, core 
technician and administrator. Under each profile the tasks 
available to the user are those required for their position. 
There are limited data views that allow full updates to 
existing data and these are provided to a limited number of 
users to prevent accidental updates or deletes. Access to 
the profiles is maintained by SQL Active Directory groups. 
The Senior Database Geologist is the only person with 
Administrator permissions in Geobank and controls the 
access to the profiles. 

What measures allow users to 
track data changes? 
(Dates/user information gathered when 
data entered/edited, additional table 
capturing changes etc)  

All tables within the database contain the followed fields 
which auto populate: 
• Inserted by – records the user who entered the initial 

record. 
• Date inserted – records the date when the initial record 

was entered. 
• Updated by – records the user that makes any change 

to an existing record. 
• Date updated – records the date any updates were 

made to an existing record. 
In addition to this there is a data change log table that 
captures changes that are made, particularly when records 
are deleted, to allow checks on what data is changed or 
deleted and restoration, if necessary, without the need to 
restore previous backups.  

Project Areas 
(Unique well defined project areas, 
defined how etc) 

 A dedicate table contains the project areas at Freedom 
Mine Limited. 
These project areas are defined by tenement boundaries. 

Drill holes 
(Unique nomenclature, defined drill hole 
type) 

All drill holes follow a defined nomenclature ie 
RHDD0120/FMUD0020/RHRC0180: 
• The first two letters indicate the project: 
o RH – Rosehaven 
o FM – Freedom. 

• The next two indicate the type of drill hole: 
o DD – surface diamond hole 
o UD – underground diamond hole 
o RC – reverse circulation hole 
o RD – reverse circulation pre-collar with a diamond tail 
o AC – air core hole. 

• The four digits indicate the hole number. 
A separate table captures the dates the holes have been 
drilled, the exact metreage for each drilling type for each 
hole, the exact core or bit size etc. 

Coordinate Data 
(Data recorded in recognised grid 
system, local grid transformation data 
held within the database, survey method 
and reliability defined) 

The survey table can record multiple surveys for each drill 
hole. These are given an instance and subsequently ranked 
with exports using the best ranked record for each drill hole. 
Each survey records the following: 
• Coordinate system used 
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• Easting, Northings and RL 
• Survey type – whether planned or surveyed 
• Survey method – ie Laser, DGPS, Total Station. If the 

method was not recorded at the time, it is recorded as 
unknown 

• Reliability – low, medium or high 
• Surveyed by 
• Surveyed date. 

Freedom Mines uses a local grid system. The coordinate 
system table records the local grid coordinate data and how 
this can be transformed to UTM. When coordinates are 
required in UTM, these are calculated on export and not 
stored in the database. The exception to this are historic 
holes where the conversion between the local grid and UTM 
at the time are not consistent and cannot be re-created 
using the transformation data. 

Downhole Survey Data 
(Valid x, y and z for all drill holes, 
downhole survey method and reliability 
defined, azimuths in UTM or True, for 
local grids with adjusted azimuths 
transformation data held within the 
database) 

There are two downhole survey tables, header and data. 
The header table allows for multiple survey types to be 
stored, they are given an instance and are ranked with the 
best ranked used in exports. This table captures the 
following: 
• Survey type – whether planned or surveyed 
• Survey method – ie Azi Aligner, Reflex EZ Trac, Sprint 

Gyro. If the method was not recorded at the time, it is 
recorded as unknown 

• Azimuth type – magnetic, true or local 
• Coordinate system – ie local, UTM 
• North Adjust – the value that converts from local azimuth 

to UTM. When magnetic azimuths are used there is an 
additional table that stores the magnetic declination 
values over time. These are then used in export to 
convert from magnetic azimuth to UTM 

• Surveyed by 
• Surveyed date. 

The data table captures the depths, azimuth and inclination 
data for the corresponding survey type and method in the 
header. 

Geology 
(All drill holes have lithology recorded 
with no gaps or overlaps, additional 
tables available to capture other interval 
type data.) 

The lithology table captures the primary lithology, minor 
lithologies, textures, grain sizes, bedding, weathering and 
comments for each interval in drill hole. The primary 
lithology must be filled in and if no core is present a defined 
code is available to be used. The table have validation rules 
ensuring overlapping intervals or gaps cannot be created on 
entry. 
There are additional table to capture alteration, 
mineralisation, geotechnical, magsus and RQD and 
recovery data. 
A point table capturing structural data is also available. 

Samples 
(Unique sample numbers, no gaps 
without explanation, sample 

Samples numbers use a 7-digit number. Pre-printed calico 
bags are ordered ensuring the numbers are consecutive. 
For each sample the following information is captured: 
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type/method/qc type recorded, duplicates 
with parent id, CRMs correctly recorded 
etc) 

• From and to depths – for duplicates the depths are the 
sample as the parent sample, for standards the from and 
to interval are given the same depth ie they create a 0 m 
interval with the depth matching the from depth of the 
previous sample. All routine samples must not have a 
0 m interval and this is managed by the validation rules 
applied to this table. 

• QC type – ROUTINE, CHECK for duplicates, 
STANDARD for CRM’s, BLANK for blank or NOSAMP 
used for core loss or for an interval the geologist has 
chosen not to sample. 

• Sample type – ie Core, Chips, Grab. If the method is not 
known, UNK has been used. 

• Sample method – for diamond holes the size of the core 
ie quarter, half or whole. For intervals of core loss, the 
code ‘Loss’ is used to distinguish from an interval 
selectively not sampled. 

• All duplicate samples must have a parent sample id. 
• The standard must have a standard id selected. 
• All standards must exist in the sample tracker standards 

table. All field standards used must have the certified 
values stored in the standard details table to allow the 
QAQC checks to be completed once the results are 
received. 

Assays 
(All elements, lab methods with 
descriptions recorded, all results loaded 
directly into the database, rules to deal 
with detection limits, QAQC checks 
completed and recorded etc) 

The database has the following tables: 
• Laboratories. 
• Laboratory locations. 
• Elements. 
• Generic methods including the digest, determination and 

method descriptions. 
• Elements associated with the generic methods. 
• Laboratory methods including which lab they belong, the 

elements associated with those methods, units, 
detection limits, upper detection limit and analysis 
precision. 

• Samples are despatched in the database recording the 
laboratory the samples are sent to and the elements and 
methods requested for the analysis. 

• All results are received in SIF file format and the 
Geobank interface has an importer set-up to read the 
file. No adjustments or edits are made to the files 
received. 

• On loading the results each batch is marked as 
‘Pending’ until such time as the QAQC procedure is 
followed. A detailed QAQC WQR outlines the minimum 
standard of work in completing this process. 

• Batches containing standards that are all within the 
acceptable limits ie have passed, are approved using an 
object in Geobank. This allows these results to be used 
in exports. 
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• Batches with standards that have failed undergo further 
assessment to identify potential mislabelling of the 
standard or an issue that needs investigating which will 
prompt re-assaying. 

• The criteria for re-assaying is on a pass to pass criteria 
ie all samples between the most recent passes are 
submitted for reanalysis. 

• No data is deleted from the results table, instead data of 
poor quality that has failed QAQC checks is excluded 
from use. 

• An audit table captures each batch loaded and its QAQC 
status to allow for reporting at any given time period.  
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ABSTRACT 
The sustainability of mining projects is linked to informed investment decisions based on public 
reporting of exploration and mineral resource estimation results. In Australia, public reporting 
guidelines are established by the Joint Ore Reserves Committee reporting code through the JORC 
Code (2012). Although the assessment of uncertainty in the results reported is a requirement, this is 
often communicated qualitatively and evaluated subjectively. This can become a liability particularly 
in the early stages of mining projects when spatial domains of geological interpretation and 
mineralisation envelopes inform resource estimations’ reliability. 
A recent review of JORC reports found no reports used quantitative assessments of the geological 
interpretation or mineral resource estimation envelopes, and 27 per cent of reports did not address 
the question of quality of geological interpretation. Reports that did address the quality used 19 
different terms to communicate quality. 
This work presents methodologies for quantitative uncertainty assessment and communication and 
explores how they could be applied in public reporting practice. Quantitative uncertainty reporting 
would benefit mine planning and financial modelling as they normally assume the geology is 
100 per cent right (since no error is reported or only a single deterministic model is provided). 
The complexity, cost, and additional work of doing a quantitative assessment could hinder a 
straightforward implementation. This could be overcome if mining companies budget for quantitative 
uncertainty assessment and associated professional development. A compulsory requirement for 
the inclusion of uncertainty assessments in public reporting or adopting standardised subjective 
language would improve industry practice. 

INTRODUCTION 
In the minerals mining context, spatial domains are most often used to define geological models that 
define an area of economic importance. Quite often these models are subset into sub domains based 
on one or more features to allow the use of geostatistics to estimate the endowment of the project. 
These are often called Mineral Resource estimation Envelopes (MEEs). In the JORC Code, the act 
of carrying out these subsets is called ‘domaining’. The subsets are needed to provide homogenous 
data that honours the concept of stationarity, an assumption when using geostatistical inference 
(Bárdossy, 1997). 
With each subsequent version of the JORC reporting code, additional layers of quality were required 
with more and more proficiency required of the Competent Person (CompPers) overseeing the 
production of the report. When I first graduated in the early 1990s, the first combined Code and 
Guidelines were released in September 1992, with 15 pages in total. The Table 1 guide took up just 
over half a page. The current guide (as of writing), 2012, was 44 pages and the Table 1 guide now 
spanned 9 pages. In 2021, submissions have been called for the revision of the Code, and it is 
expected that it will grow once more with even more specification and detail. 
Each subsequent version of the code has been a continuous improvement in specifying the required 
standards as well as encouraging excellence in exploration and mining reporting. The Canadian and 
Philippine versions of Reporting codes are much more prescriptive and link performance of the 
CompPers (or Qualified Person QP) to liability as well as specifying how work should be caried out 
through best practise guides, report templates and documents. The JORC code has always left the 
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choice of the appropriate methodology up to the CompPers while requesting that all material 
information is communicated based on the three cornerstones of Transparency, Materiality and 
Competence. Whilst the Canadian system may discourage the use of a simple linear estimator like 
Inverse Distance Weighting (IDW) to estimate grade endowment, the JORC system allows its use, 
but expects the CompPers to make it clear in the supporting documentation why it was used as well 
as any limitations in the study because of the method’s use. 
The JORC Table 1 is a checklist or reference of criteria to be considered by the Competent Person 
developing the underlying documentation and Public Report. Three of the criteria in Table 1 ask the 
CompPers to address the quality of the spatial domains. Specifically, ‘Confidence in (or conversely, 
the uncertainty of) the geological interpretation of the mineral deposit’, ‘The effect, if any, of 
alternative interpretations on Mineral Resource estimation’ and ‘The nature and appropriateness of 
the estimation technique(s) applied and key assumptions… domaining’. These criteria should be 
addressed on an ‘if not, why not’ basis. Assessing the quality of geological models is a complex task 
and thus communicating the quality also becomes complex. The code recognises this and allows for 
the discussion of accuracy and confidence in the Mineral Resource estimate to be qualitative when 
not possible to do so quantitatively. 
For the other criteria in Table 1, we have no problem with communicating a risk, uncertainty or 
confidence interval quantitatively. Since the introduction of the NAT Inst 43–101 code, the mining 
industry has become very good at implementing laboratory QAQC for laboratory analysis, 
measurement of coordinates and downhole surveys. We have implemented industrial strength 
databases to not only validate data as it is entered but with security procedures to stop inadvertent 
edits during reading and use of data. Even small speculative explorers, who may have once called 
all this extra work ‘big company stuff’ in the 1990s, now routinely do this work and address it in their 
Table 1 appendixes. 
So why do we have so much trouble even just answering the question for these three criteria? It’s 
because geological interpretation and the subsetting of the geological models is a complex task, it 
makes use of qualitative and quantitative data as well as expert opinion and conceptual thinking. 
The data is also diverse, including lithology, alteration, chemistry, weathering, structure and density. 
We also don’t have an extensive body of literature of case studies outlining a best industry practise 
for how we do this work or how we might assess its quality. Even when we use a qualitative 
assessment of the quality of the interpretation, we use a range of terms and phrases, in the review 
of 2019 reports, it was found there was 19 different terms used. Is there a difference between, ‘High’, 
‘Significant’, ‘Good’, ‘Elevated’ or ‘Acceptable’? Do they mean the same thing? Or is it some form of 
continuum of ‘good’? 

Why do we need this extra work? 
One question that has been asked of the geological model quality assessment is, ‘is the geological 
uncertainty not already addressed in the Mineral Resource classification?’ 
The classification does indeed reflect on the uncertainty in the geological models, as well as all other 
matters discussed in the Table 1. Whilst in underlying documentation it may include a discussion of 
the criteria and ranking and reasoning behind the classification provided, this is not always apparent 
in the Table 1 appendix of a public report. From the review of ASX reports in 2019 (McManus et al, 
2021), 27 per cent of reports did not address the quality of the Geological model, 94 per cent did not 
address the quality of the MEEs, 3 per cent of reports did not make it clear what geological features 
were used to create the MEEs, and 8 per cent of reports did not discuss the methodology or rationale 
for the classification. So even though there was a resource classification, many reports did not 
address specifically either the geological model quality or the MEE (or Domaining) quality. In this 
case, the user of the public report would have no indication of the contribution of the uncertainty in 
the geological models that may have contributed to the overall classification. These reports would 
also be non-compliant, as they have not answered the questions in Table 1 on an ‘if not, why not’ 
basis. As the geological model is crucial to the MRE, Reserve and mine design being correct, as 
well as contributing to 17 per cent of project failure (McCarthy, 2014), we feel it is important to also 
assess its quality separately to the resource classification. Recently, six projects have been 
highlighted that have failed due to flawed spatial domains and geological modelling (Sterk et al, 
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2019) which suggests that the issue around quality in geological models and spatial domains is still 
problematic. 
Additionally, there is an issue that when simulation of the whole project for risk assessment is carried 
out and no or an incorrect amount of error is assigned to the geology domains. This is because it 
appears the geological and MEE models are deterministic (only one model and no assessment of 
error or uncertainty provided) that those components of the overall project are 100 per cent correct. 
Some modellers will apply a standard or rule of thumb amount of error to the different features of the 
project when running the simulations. However, these values may still underestimate or overestimate 
the uncertainty. Both an underestimation or an overestimation can result in project failure. 
Another question that has been fielded is ‘but there is no other interpretation, this is the correct one, 
all of the geological features support it. Why do an alternative model or assess the uncertainty? This 
model is correct’ or ‘All the geology has been done correctly, and the mapping clearly shows the 
geology, there is no other interpretation possible’. If so, an assessment of uncertainty of this model 
should support these statements. Those that undertake the simulation of the whole project to 
determine the financial risk of the project, can safely use the assessment of uncertainty to correctly 
account for the geological risk in their model. 
The additional Table 1 question related to this is the question of any possible alternative 
interpretations. In the analysis of the 2019 JORC reports, 56 per cent did not address the question 
and only 20 per cent addressed the alternative interpretation and tested it in some way. 14 per cent 
addressed the question but stated, without testing, that the alternative interpretation would not affect 
the outcome and 1 per cent suggested it was possible but did not consider the alterative. In regards 
to the ‘alternative interpretation would not affect the outcome’, by modelling the alternative 
interpretation and comparing them using a simple method like the Lark et al (2013) statistical 
comparison we can quantitatively show that there is a small amount of difference. By modelling we 
can also visually show that if the orientation of the mineralisation is different, even if the endowment 
is the same, the shape and orientation can have impacts on the extraction cost and the mining 
methodology. 
By modelling alternative interpretations, this does provide us with the models needed to compare 
statistically the different geological models and allows us to assess quantitative uncertainty. 
However, if no alternative model seems likely, then other methods need to be used. In some cases, 
it is also not economically feasible to ask different geologists to model the deposit to provide the 
alternative interpretation which will be discussed next section. Which leads us on to the simulation-
based methods of determining uncertainty. 
An example of why we should consider in more detail possible alternative interpretations is shown 
in Figure 1. Although simplified, it highlights how two different interpretation can have very different 
outcomes in mine design and economics. This is often seen in stock exchange reports that have a 
material down grade in resources due to a revised geological model. Gursuren (2018) explored the 
actual differences between models by applying reserve and financial modelling to competing 
alternative models so that the financial difference between models was known and the true impact 
could be stated. 
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FIG 1 – Example of possible alternative interpretations (Noble, 2011). 

How do we implement an uncertainty assessment in our workflows? 
There are a number of ways we can approach this as an industry. With the lack of documentation 
around domaining best practise in general (Sterk et al, 2019) we need to start publishing and 
communicating case studies of applying the workflows for creating the domains, the quality 
assurance of making sure those domains reflect geological credibility, and a methodology for 
communicating quality to ensure that users of the domains understand they are models and not 
deterministic. If we are going to use qualitative assessments, we should agree on the features 
reviewed and use standard terminology. Does ‘the geological interpretation is reflective of the MRE 
classification’ have any meaning? Features we can assess are: 

• How well the model reflects current geological understanding of the mineralisation process. 

• How well the model summarises the important geological factors that influence mineralisation. 

• How well the model honours data. 

• Areas of the model where data is not of sufficient density. 

• Areas of the model where data is of low quality. 

• How well the model subsets data for assumptions of stationarity. 

• How biased is the data and has that affected the model. 

• Propagation of measurement errors from used data. 

• How well modelled data compares to actual data. 
There are a number of ways these questions can be addressed, by providing notes of the evidence 
that relates to each of these points and provide an overall rating, or finding a mathematical method. 
Mathematical methods of assessing uncertainty assess: 

1. Multiple models and statistically compare the differences between the models to provide 
variance. 
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2. Variance between model and actual, such as reconciliation studies. 
3. Variance between some form of simulation to mathematically methods in the above two items. 

When carrying out these methods, we need to understand the limitations. Does our method of 
assessment allow us to consider the uncertainty if the orientation of our model is totally wrong or 
only uncertainty within the thought space that our model is mostly correct? For example, if we use 
some methodology where we take a training image and conditionally simulate that, then the 
realisations of the simulations will not deviate too much from the training image. Similarly, when we 
use a geostatistical simulation method, conditioned by the data and that uses a methodology that 
attempts to minimise the variance, the resultant uncertainty may be underestimated and may not 
consider alternative interpretations that deviate significantly from the current interpretation. Finally, 
if we only simulate the grade element, we are only assessing the spatial uncertainty of the grade 
element within the fixed bounds of the MEE. 

Which method should we use? 
The method to use is dependent on the current stage of the project and available data. For example, 
to carry out geostatistical simulation methods enough data is needed to estimate robust variogram 
parameters. 
It will also depend on what software is available to the project, some advanced features in mining 
software are starting to offer methods of assessing quantitative uncertainty as a by-product of 
available functions such as machine learning options (Sullivan et al, 2019) and uncertainty workflows 
(Meunier, 2013). 
Implicit modelling tools offer time and cost efficiencies that can be utilised to investigate alternative 
models and to model simulated data points. 
In general, almost all mining software packages offer the ability to measure the distance of data to 
wireframe edges so, with some problem-solving, sections of domains can be classified with the 
distance to nearest data as well as the density of the data (Scheidt and Caers, 2009; Siler et al, 
2018). Simple gridding algorithms can be used with search ellipses to determine the density of 
samples that contribute to a segment of a model wireframe. Examples of comparing the statistical 
differences between models is provided in Lark et al (2013) and Witter et al (2016) provide the 
simplest low tech solutions. 
For a project that has production, as well as reconciliation of grade and tonnage, reconciliation of 
statistical differences can be examined between MEEs and final mined shapes by examining 
orientation, morphology and boundaries. Similarly, geological model boundaries, fault locations, 
lithology and alteration can be compared to mapped pit and face surfaces. 
Advanced projects have several options to investigate uncertainty as there is enough data to 
estimate robust variogram parameters. This can include methods such as Multiple Point Statistics 
(Deraisme and Field, 2006; Jones, Douglas and Jewbali, 2013; Mustapha and Dimitrakopoulos, 
2010; Yarus et al, 2012) and Geostatistical Simulation of rock types (Adeli and Emery, 2021; Mery 
et al, 2017), Weights of Evidence (Hill et al, 2014; Nielsen et al, 2019; Peters et al, 2017) and co-
kriging of the potential field (Chiles et al, 2007). The method used should consider the style of 
mineralisation and orientation of the geological fabric. 
Early-stage projects have the least amount of options as there is often not enough data to use the 
previous methods suggested. Data can be generated and modelled and assessed using spatial boot 
strapping methods (Journel and Bitanov, 2004). Bayesian approximation provides a methodology 
for simulating points, the points can then be assessed individually (McManus et al, 2019) for 
interpretation uncertainty, or they can be used to create new models from realisations that provide 
geological sense (Wellmann et al, 2010) with implicit modelling tools to assess orientation and 
morphology uncertainty. 

CONCLUSION 
A full assessment of all uncertainties that affect a project is not a new concept (Dominy, Noppé and 
Annels, 2002; Noppé, 2016). Quantitative assessment of geological models is complex and thus 
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difficult to carry out. The JORC Code is an ‘if not why not’ code, the complexity in these two criteria 
do not excuse authors of Table 1 documents from not answering the question. 
The JORC 2012 code does allow for qualitative assessment; however, care must be taken to ensure 
that standard terms are used to convey the correct message to stakeholders. In other contexts, the 
qualitative communication of uncertainty has led to misunderstanding between professionals 
(Lindley, Gillies and Hassell, 2014). Bles et al (2019) found that communicating uncertainty 
quantitatively scores a 1 on scale from 1 to 9, using predefined terminology scores a 4 and allowing 
free form phrases, such as the case with JORC 2012, would score 5. An 8 indicates uncertainty was 
not addressed whilst a 9 is a denial of uncertainty. 
With each revision of the JORC Code there is a continual improvement in practise and reporting, the 
JORC 2004 code saw an improvement in laboratory QAQC and database management, the JORC 
2012 code saw an overall improvement in reporting with the inclusion of the Table 1 in ASX releases 
and improvement in the tightening up in determining ‘eventual extraction’ of an inferred resource. 
The geological and mineral resource estimation envelopes are one of the few areas left for an 
industry-wide move towards excellence in reporting quantitative uncertainty and error. This is a call 
to improve our minerals modelling to build-up a body of best practise around the creation of 
geological domains, the quality testing of those domains and finally the communication of that quality. 
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ABSTRACT 
Consultants in the mining industry have the opportunity to visit interesting deposits all over the world. 
Each deposit has its own set of challenges to face when it comes to defining and understanding the 
deposit geology and the economics to make it viable for extraction. Some of the challenges can 
include appropriate data capture, sampling techniques, structural characteristics, geochemistry, 
geophysics, lithology definition, and economic boundaries. It is essential that the practices used at 
each deposit (eg drilling, sampling, geological modelling, resource estimation etc) are documented 
and the results obtained are robust and defensible. 
The Competent Person is not always aware of instances where their resource estimation practices 
have not been substantiated. ‘You don’t know what you don’t know’ is a phrase frequently used 
during a mineral resource audit. Technical work to substantiate drilling, sampling, density, assaying, 
geological modelling and estimation processes is not always completed. Audited Competent 
Persons often comment: 

• ‘I was unaware that this was required.’ 

• ‘I have not had training in this area and do not know how to complete the checks required.’ 

• ‘This is how we’ve always done it.’ 
Examples of audits where it was found that geological practices were not substantiated are examined 
here. A discussion is included on why substantiation of these practices is important, and potential 
reasons as to why there are instances of unsubstantiated processes and practices are discussed. 

INTRODUCTION 
The mineralisation style of a deposit strongly determines the methods required to model it. 
Processes that are implemented for one deposit may not necessarily work for another deposit. As 
for any scientific discipline, it is important to substantiate the processes used to define the deposit 
(drilling, sampling, geological modelling etc). 
International reporting codes require the Competent Person (or Qualified Person) to document 
processes used in mineral resource estimation. Simply providing step-by-step methodology is not 
considered sufficient by today’s reporting standards. In particular, the current edition of the JORC 
Code promotes an ‘if not, why not?’ approach (JORC, 2012), requiring the Competent Person to 
discuss each input into the reported mineral resource. Where an item in Table 1 of the JORC Code 
has been omitted when reporting a mineral resource, the Competent Person must provide an 
explanation as to why this is the case. 
Justification for certain processes used as inputs into a mineral resource estimate is often not 
provided in the Public Report. A review of ten randomly selected Public Reports on mineral resource 
estimates highlighted that 70 per cent did not substantiate the selected grade threshold used to 
demarcate the mineralisation domain boundaries. A grade threshold was selected to demarcate the 
mineralisation domain boundaries, but the Competent Persons did not justify why that grade value 
was selected. Using a grade threshold to delineate mineralisation boundaries is not uncommon; 
however, the Competent Person should provide justification to support the selected grade threshold. 
Why is it so important to substantiate the inputs to a mineral resource estimate? The two main 
reasons are: 

1. When reported in accordance with the JORC Code, mineral resource estimates are required 
to be reported transparently. They must include all information that materially affects the 
mineral resource estimate, and be reported by (or under supervision of) a Competent Person. 
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Substantiating each process used as an input into the reported mineral resource estimate is 
good practice and allows the competence of the Competent Person to be assessed. 

2. It is an expectation as a member of the scientific community. Contrary to popular belief, 
geology is a discipline of physical sciences. As geologists, it is expected that our work should 
be substantiated. 

WHAT IS SUBSTANTIATING? 
The Cambridge Dictionary defines substantiation as ‘to show something to be true, or to support a 
claim with facts’. In the context of reporting a mineral resource estimate, substantiation should be 
applied to reporting of all inputs, decisions and processes used to estimate the mineral resource. 
Evidence to support a process used as an input into the mineral resource estimate can be provided 
as tables, graphs, or diagrams, or simply by reference to particular documentation. For example, to 
substantiate the use of an interpreted fault surface to constrain drill hole sample grades, the 
Competent Person may elect to provide physical mapping, core logging evidence, or a contact 
analysis of sample grades on either side of the interpreted fault surface. 
Whilst every process used as an input into the reported mineral resource estimate should be justified, 
this paper provides examples of substantiating drilling, sampling and domaining. 

DRILLING 
The geologist must design and execute an appropriate drilling program to obtain physical samples 
from a mineral deposit. Whilst by no means an exhaustive list, the following items should be 
considered when designing such programs: 

• The orientation of drill holes. A sound understanding of the geological controls must be applied 
when selecting an orientation to drill. As an example, the structures controlling mineralisation 
may be in the same strike orientation as the drill holes and will consequently not be intersected. 
It is better to use an iterative approach, because the way a deposit is drilled in the early stages 
of exploration may not be the best orientation in the later stages. 

• The drill hole type and hole size (diameter). Using a small diameter drill hole such as BQ, which 
produces drill core with a diameter of 36.5 mm, may not produce a sufficient sample volume 
to appropriately account for the degree of inherent natural variability of the mineralisation. 
Similarly, the presence of excessive water at a given deposit may preclude the use of reverse 
circulation (RC) drilling. 

• The spacing of drill hole intersections within the mineralisation. The drill hole intersection 
spacing should be considered when designing drill holes and, where applicable, should be 
considered in the context of mineralisation and geological continuity. 

These items should be substantiated before the development of the drilling program and not at the 
time of reporting the mineral resource estimate. For instance, a drill hole spacing of 10 m may be 
selected based on underground mapping and continuity of grade observed in twinned drill holes. 
The spacing may be justified from the results of a drill hole spacing analysis. Simply stating the drill 
hole spacing for a given deposit is not evidence to support that the spacing is appropriate. When 
processes are not substantiated, auditors or peer reviewers are likely to request further information 
to ensure the processes used as inputs into a mineral resource estimate are appropriate. 
A review by the author of a specific deposit’s mineral resource estimate highlighted the use of 
underground sludge drill hole samples as an input into grade estimation. After completing a detailed 
investigation, the client was unable to state the reason why sludge drill hole samples were used. 
Further investigations identified a grade bias as a function of excessive grade smearing from softer, 
high-grade mineralisation. Lower-grade mineralisation was not sufficiently represented in the sludge 
drill hole samples. The Competent Person failed to understand the risks associated with the sludge 
samples. In this case, the Competent Person’s failure to substantiate the inputs contributed to a 
locally biased estimate. 
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SAMPLE PREPARATION 
There are a number of items that should be considered when designing a sample preparation 
protocol for a given deposit. For instance, when preparing drill core, the geologist must account for: 

• The geological contacts. Care must be taken when delineating the extents of a sample interval. 
If the angle of the geological (or mineralisation) contacts are acute to the core axis, implications 
for including material from the adjacent geological unit should be considered (Figure 1). 

• The volume of the sample. When delineating the extents of a sample, the volume of the sample 
must be considered. Often drill core is cut in half, which means a 0.2 m piece of core will result 
in a sample volume of a 0.1 m piece of core. Depending on the inherent natural variability of 
the mineralisation, this volume is likely to be insufficient and result in excessive variance in the 
data. Conversely, sample volumes may be too large to accurately represent the width of 
mineralisation, as the sample extends across geological or mineralisation boundaries. 

• The recovery of the sample. The recovered quantity of core should be considered when 
demarcating a sample interval. For instance, some of the core may have been washed away, 
potentially increasing (or decreasing) the grade of the sample interval. 

• Subsampling process. Often, drill core is sawn in half or quartered so that a portion can be 
kept for future reference. Before cutting the core, the geologist must be convinced that two 
equally mineralised halves can be obtained otherwise a sample bias could be introduced. In 
some instances, while the structure hosting the mineralisation can be divided equally, the 
mineralisation within the structure may be too patchy or erratic to confidently ensure two 
equally mineralised halves (Figure 2). 

 
FIG 1 – Example of drill core with contact of geological interval at acute angle to core axis. 

 
FIG 2 – Schematic diagram of mineralisation within a structural unit. 

The Competent Person must substantiate the processes used to sample the core, (or RC chips, face 
samples etc). For instance, providing the results of duplicate RC samples may assist to substantiate 
the RC sampling process and determine whether the splitting process was in control, thereby proving 
fit-for-purpose samples. 
In one audit, significant difference (>20 per cent) between the original core sample and the duplicate 
core sample (both of which were half cores) was noted. The auditor requested the Competent Person 
provide evidence to support the use of half core sampling. While the Competent Person had 
completed a detailed assessment of the drill core duplicate sample results, they were not aware that 
the results indicated a potential issue with the core sampling process. In this instance, copper 
mineralisation was easily identifiable within a fault structure; however, the gold mineralisation was 
more erratic within the fault structure. Consequently, it was not possible to produce two equally 
mineralised (Au) halves of core. 

GEOLOGICAL DOMAINING 
Domaining refers to the process of delineating zones that are geologically and statistically 
homogeneous (Duke and Hanna, 2001). While every effort is made to make the process objective, 
domaining is inherently a subjective process. In some deposits, the mineralisation contacts are easily 
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identified in drill holes and mapping. Consequently, minimal interpretation may be required when 
developing the domains; the boundary between mineralised and unmineralised material is clear and 
domained appropriately. In other situations, such as a carbonate replacement polymetallic deposit, 
more subjective interpretation may be required, from considerations of drill hole assay data, 
structural interpretations, geological mapping, geological logging, and geophysical data. 
The nature of the boundary between mineralised and unmineralised material, or between higher and 
lower grade domains, must be assessed. The contact between unmineralised and mineralised 
material is sharp in some deposits, with obvious changes in grade across the contact. In other 
deposits, the grade gradually increases across the boundary between unmineralised and 
mineralised material. 
When developing domains for grade estimation, the Competent Person must consider how to 
demarcate the boundary between mineralised and unmineralised material. If a geological feature 
such as a fault is used to demarcate the domain boundary, evidence should be provided to support 
it. Evidence could include geological mapping, core logging or geophysical methods. Log-probability 
plots are typically used to support a selected grade threshold for delineating mineralisation 
boundaries, however, all information available, including lithology, alteration and (if appropriate) vein 
density, should be incorporated into the interpretation. 
Not only should the Competent Person consider these items, but they should also be substantiated 
to meet the requirements of transparency and materiality (as required by most reporting codes). 
The author completed a mineral resource estimation review of a polymetallic project to support this 
paper. The mineralisation at this deposit was not easily identifiable in drill core or underground backs 
mapping. Consequently, the Competent Person adopted an indicator kriging estimation methodology 
to define the mineralisation boundaries. An indicator attribute in the drill hole data was assigned a 
value of 1 if the assay grade was above 4 per cent zinc or a 0 if the assay grade was below 4 per cent 
zinc. The probability of a block exceeding 4 per cent zinc was then estimated using ordinary kriging. 
The mineralisation domains were developed from blocks with an estimated probability greater than 
or equal to 50 per cent. These mineralisation domains were used to flag drill hole samples and the 
block model for grade estimation. Whilst the process was sound and appropriate, there was no 
justification for why: 

• the selected grade threshold of 4 per cent zinc was used to apply the indicator values 

• the selected probability value of 50 per cent was used to demarcate the mineralisation 
boundary 

• the search estimation method was appropriate. 
These decisions could be substantiated by: 

• using a log-probability plot to demonstrate the selected grade value is coincident with a higher-
grade population 

• providing comparisons of reconciled volumes of mineralisation to the volume as defined by the 
indicator kriging process 

• providing diagrams that compare the indicator kriging domains with drill hole data and 
mapping. Additionally, comparisons to reconciled data would also substantiate the search 
estimation criteria. 

The drilling, sampling and domaining issues highlighted in this review were identified because there 
was a lack of substantiating evidence to support the processes. Further investigation into why there 
was no justification supporting these items revealed familiar responses from the Competent Persons: 

• ‘I was unaware that this was required.’ 

• ‘I have not had training in this area and do not know how to complete the checks required.’ 

• ‘This is how we’ve always done it.’ 
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SUBSTANTIATING THE LACK OF SUBSTANTIATING 
The Competent Person responses have highlighted a disconnect between the geologist graduating 
from university and the geologist becoming (or being considered as) a Competent Person. 
The lack of understanding could be attributed to graduate geologists’ lack of guidance from 
experienced geologists. This sentiment is echoed by Noppé (2017), who noted from recent Mineral 
Resource reviews that people are undertaking tasks they are inexperienced to complete. This would 
be an acceptable practice if they were guided and mentored more closely (Noppé, 2017). 
Typically, university courses offer constant guidance for geology undergraduates, which is in contrast 
to the semi-autonomy required for a mine geology role. It is possible that some graduate geologists 
are not given the underlying reasons for the activities they are requested to undertake. This may be 
exacerbated for operations that are under pressure from production requirements, where time does 
not permit development of detailed procedural documentation for the geologist to refer to. 
Consequently, the geologist continues to complete typical mine geology tasks without questioning 
the reason for doing so. This mentality of unconditional acceptance is potentially maintained 
throughout the geologist’s career and subsequently carried through as a Competent Person. 

CONCLUSIONS 
Recent mineral resource reviews have highlighted that, in some instances, the Competent Person 
is unaware of the issues with an input process because of a lack of understanding of potential issues. 
Succinctly, ‘you don’t know what you don’t know’. Substantiating input processes to a mineral 
resource estimate will not only support the geologist’s decisions, but will also force the geologist to 
critically evaluate the process. By questioning each input into the mineral resource estimate, the 
geologist will understand where potential errors may be introduced in a given process and, 
consequently, be better equipped to provide robust and substantiated mineral resource estimates. 
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ABSTRACT 
The spatial modelling of geometallurgical domains is an important step in the characterisation of an 
ore deposit allowing for the quantification of various rock types, their differing rock properties and 
the overall value of a project. The traditional approach to modelling such features is through the use 
of deterministic models, where a single estimate of the extents and structure of the ore deposit is 
mapped out by geologists based on available data and their interpretation of the geological 
processes. Any uncertainty in the layout of different domains is not accounted for and 
heterogeneities of chemical and physical properties of the orebody are likely underestimated. Spatial 
machine learning techniques can be used to derive geometallurgical categories, or classes, from 
multiscale, multiresolution and high dimensional measured rock properties. Subsequently, 
geostatistical simulations of these classes can be applied to obtain multiple equiprobable realisations 
that define the layout of the geometallurgical classes at unknown locations between boreholes, or 
domains. In-turn these realisations can be used quantify the uncertainties in the location of 
boundaries between different domains. The development of a workflow for defining geometallurgical 
domains and later geostatistically simulating them across the Orebody H; a complex stratabound 
Bedded Iron Ore deposit located in Western Australia’s Pilbara region is demonstrated. This could 
be used to identify zones of high uncertainty where collection of additional data might help mitigate 
or minimise risks and in turn improve forecast production performances. 

INTRODUCTION 
Increasingly mining companies are considering risk as part of the financial evaluation of orebodies 
during scoping and (pre)feasibility studies in order to rank and prioritise potential investments. Critical 
investment decisions like how much and where to drill are made based on limited orebody knowledge 
from sparse observations such as surface mapping, geophysical surveys and borehole sampling for 
various rock properties. Important orebody characteristics that determine viability of the mineral 
resource and ore reserve potential such as physical properties, mineralogical and geochemical 
compositions often vary substantially across an ore deposit and true quantities are unknown. This 
necessitates high resolution stochastic orebody models that present the full range of possible 
scenarios for financial evaluation and the quantification of risk (Chilès and Delfiner, 2012; Rossi and 
Deutsch, 2014). Geometallurgical properties are the material characteristics of ores in response to 
interaction with mechanical and chemical processes during processing in the mill or ore handling 
plant. The task of understanding and predicting the variabilities, overall quantities and spatial layout 
of these secondary properties is known as geometallurgy (Dunham, Vann and Coward, 2011). 
Knowledge of these properties are of equal importance to that of primary geochemical and mineral 
characteristics as this can inform mining and processing decisions that enable the extraction of the 
maximum value from the ore deposit most efficiently (Deutsch et al, 2016). 
An important step in the construction of orebody models is the definition of domains used to establish 
stationary for geostatistical treatment of primary rock properties and control spatial distributions of 
secondary metallurgical responses. Geometallurgical domains are traditionally defined by 
subjectively grouping drill hole samples into domains that represent zones of homogeneous 
(statistically and spatially) rock properties. More recently, this complex and time-consuming task has 
been viewed as a clustering problem. Traditional clustering techniques generate domains with poor 
spatial continuity. Novel spatial machine learning algorithms and geostatistical models have been 
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proven to generate more consistent and reliable domains (Fouedjio, Hill and Laukamp, 2018; Martin 
and Boisvert, 2020; Talebi et al, 2020). 
After defining geometallurgical classes by grouping drill hole samples, a spatial model needs to be 
generated across the entire orebody. Traditionally domains are established deterministically where 
a single estimate of the extents and structure of the ore deposit is mapped out by geologists based 
on available data and their interpretation of the geological processes (Duke and Hanna, 2001). 
Uncertainty in the layout of different domains is not accounted for and heterogeneities of chemical 
and physical properties of the orebody are likely underestimated. Additionally, when data are sparse, 
geology is complex or otherwise not well understood, the likelihood of misclassification increases 
and errors occur (Emery and Ortiz, 2004). Geostatistical simulations of categorical data can be 
applied to obtain multiple equiprobable realisations that define the layout of these geometallurgical 
domains, quantify the uncertainties in the location of boundaries between different domains and in 
their overall proportions. Moreover, these models produce realistic images of the ore deposit that 
mimic the true distribution and variability of domains in space (Chilès and Delfiner, 2012). 
A variety of geostatistical simulation methods have been developed for the modelling of spatial 
domains including sequential indicator simulation (Journel and Alabert, 1990), multiple-point 
statistics (Strebelle, 2002), truncated (Matheron et al, 1987) and plurigaussian simulations (Galli 
et al, 1994; Le Loc’h and Galli, 1997). The truncated and plurigaussian models have proven to be a 
robust and versatile framework for the modelling of geological domains as chronological and 
topological constraints (contact relationships) can be honoured (Madani and Emery, 2015). In 
addition, domain proportions and the spatial correlation structure of the domains is also reproduced. 
The main aim of this contribution is to define and predict geometallurgical domains at Orebody H via 
spatial machine learning and hierarchical truncated Gaussian simulation. The stochastically 
predicted geometallurgical domains can then be used as input into subsequent simulations of 
geochemical and mineralogical properties and estimates of geometallurgical responses which 
account for their heterogeneities and uncertainties. This could be used to identify zones of high 
uncertainty where collection of additional data might mitigate or minimise risks and in turn improve 
forecast production performance. 

METHODOLOGY 
The geometallurgical classes at Orebody H are first derived by an unsupervised spatial random 
forest algorithm (Talebi et al, 2021) using categorical and continuous compositional data describing 
primary and secondary metallurgical test responses as inputs. Hierarchical plurigaussian simulation 
of the resulting geometallurgical categories is then applied to generate realisations of the 
geometallurgical domains across Orebody H. Details of these algorithms are summarised in the 
following sections. 

Compositional data and additivity 
Compositions are vector representations of multivariate data with individual positive components 
summing to a constant representing proportions of a whole, called the D-part Simplex (Aitchison, 
1982; Pawlowsky-Glahn and Olea, 2004; van den Boogaart and Tolosana-Delgado, 2013). 

 𝑆𝑆𝐷𝐷 ≔ {𝑍𝑍 = [𝑧𝑧1, 𝑧𝑧2, … , 𝑧𝑧𝐷𝐷]|𝑧𝑧𝑖𝑖 > 0,∑ 𝑧𝑧𝑖𝑖𝐷𝐷
𝑖𝑖=1 = 𝐶𝐶} (1) 

where 𝐷𝐷 is the number of components that sum to an arbitrary positive constant 𝐶𝐶 for instance, 
proportions (1), percentages (100 per cent) or parts per million (1 000 000 ppm) depending on the 
abundances of desired components. 
Compositions encountered in mining data sets are usually sub-compositions where unimportant or 
trace constituents are not reported. To ensue constituents are accounted for a complementary, or 
‘rest’ variable is included, defined as 𝑧𝑧𝐷𝐷 = 1 − ∑ 𝑧𝑧𝑖𝑖𝐷𝐷−1

𝑖𝑖=1  and interpreted as the totality of elements not 
assayed. This approach has advantages for mining applications as it allows for the calculation of 
mass of each component as well as the combined mass of components not assayed which contribute 
to the total haulage mass. Compositional data convey relative information of components and are 
appropriately represented by means of log-ratio transformations. The log ratio transformation 
referenced in this contribution is the pairwise log ratio (pwlr) transformation (Aitchison, 1982). 
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Quantities are considered additive if the averaged quantity is equal to the average of quantities. 
Additivity is of particular concern when dealing with metallurgical recoveries. Grade recoveries are 
determined by laboratory scale tests where borehole cores are crushed, separated by size fraction 
to provide a lump weight recovery 𝑟𝑟 = 𝑊𝑊𝑙𝑙

𝑊𝑊𝑙𝑙+𝑊𝑊𝑓𝑓
, lump grade 𝑍𝑍𝑙𝑙 and fines grade 𝑍𝑍𝑓𝑓 from which a head 

grade 𝑍𝑍ℎ is calculated. Size fraction weight recoveries are additive quantities. However, size fraction 
grade recoveries are not additive. Their quantities or weights differ from sample to sample and their 
coordinates are associated with their in situ locations, not their locations within either the lump or 
fines product streams. Therefore, these properties need to be expressed using the correct additive 
quantities. In situ lump grade recoveries are used to estimate the metal quantity recovered in lump 
ore and is expressed as: 

 𝑍𝑍𝑟𝑟 = 𝑟𝑟𝑍𝑍𝑙𝑙 (2) 

After estimates of 𝑍𝑍𝑟𝑟 are obtained the lump recovered grade 𝑍𝑍𝑙𝑙 can be back-calculated as a product 
of the recovery by head grade with 𝑍𝑍𝑙𝑙 = 𝑍𝑍𝑟𝑟

𝑟𝑟
. The complement of the lump grade recovery represents 

grade which will report to fines ore 𝑍𝑍𝑓𝑓 = (𝑍𝑍ℎ − 𝑍𝑍𝑟𝑟)/(1 − 𝑟𝑟). The conservation of metal quantities 
allows for estimation of both lump and fines ore grades with a reduced number of variables as fine 
ore grades can be calculated from estimates of head grade and lump qualities alone. There is no 
need to estimate fine ore grades independently. In fact, this system can be considered a composition 
where in situ recovered lump grades comprise a sub-composition closed by the total metal that will 
report to fines and hence treated with compositional data analysis techniques. 

Spatial random forests 
The spatial random forests algorithm (SRF) is based on higher-order spatial statistics and is used 
for analysis and modelling of spatial data (Talebi et al, 2021). Unlike classical machine learning 
algorithms that use pixelwise spectral information as predictors, SRF uses the local spatial-spectral 
information (ie vectorised spatial patterns) to learn intrinsic heterogeneity, spatial dependencies, and 
complex spatial patterns. The local spatial-spectral information is captured by extracting and 
vectorising multivariate spatial patterns and is used during the training process of regressors and 
classifiers. The SRF algorithm can be applied to high-dimensional and nonlinear phenomena with a 
small number of observations and multi-resolution predictors of mixed type (eg continuous and 
categorical covariates). 
The unsupervised SRF generates a spatially aware dissimilarity matrix by measuring the proximity 
between 𝑁𝑁 multivariate spatial patterns. Spatial patterns are modelled by all spatial trees and each 
time a pair of spatial patterns fall into the same terminal node their similarity is increased by 1. The 
principle is that any two similar multivariate spatial patterns will follow the same paths in different 
spatial decision trees. The proximities are averaged across all trees in the SRF classifier to compute 
a 𝑁𝑁 × 𝑁𝑁 proximity matrix. The proximity between two patterns is a measure of how close together 
they are in the spatial predictor space, but it automatically gives more weight to important spatial 
predictors that are useful for identifying the underlying statistical and spatial structures of input 
geoscience data. The proximities between the multivariate spatial patterns are real numbers 
between 0 and 1 (inclusive) and can be reconfigured to construct a dissimilarity matrix 𝐷𝐷 by 
subtracting the proximity matrix from an 𝑁𝑁 × 𝑁𝑁 matrix of 1s. This dissimilarity matrix is useful for 
unsupervised learning analysis such as clustering geometallurgical tests into statistically and 
spatially homogeneous domains. More information regarding the SRF model can be found in Talebi 
et al (2021). 

Truncated and plurigaussian model 
The plurigaussian model is a generalisation of the truncated Gaussian model and allows for more 
complicated boundary configurations between lithotypes and has been applied to complex mineral 
deposits (Madani and Emery, 2015; Maleki et al, 2013; Mery et al, 2017; Talebi, Asghari and Emery, 
2013, 2014, 2015). 
The approach relies on several Gaussian Random Fields (GRFs), upon which a truncation rule is 
formulated by defining a number thresholds in order to produce categories which represent 
geological domains such as lithotypes. For example, two GRFs each with a single threshold could 
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be used to produce a scenario where three lithotypes are in contact with one another. At locations 
where the first Gaussian field (𝑌𝑌1) is less than the first threshold (𝑡𝑡1) lithotype one is found; otherwise, 
we find lithotype two above this threshold when below the second threshold (𝑡𝑡2) on the second 
Gaussian (𝑌𝑌2), or lithotype three when above threshold two. A truncation rule such as this can be 
represented by a two-dimensional image or flag, where each axis represents one Gaussian random 
field and thresholds by colour change boundaries. The truncation rule is multivariate and any number 
of Gaussian variables can be accommodated. However, to simplify parameter inference and 
implementation, the number of GRFs is typically restricted to two or three. 
The flag controls the allowed and forbidden contacts between geological domains whilst the 
thresholds control the domain proportions. Where the stationary case is assumed, truncation 
thresholds are fixed and proportions of various domains will be constant across the modelled space. 
Alternately, thresholds can be allowed to vary spatially to account for the non-stationary case where 
domain proportions change across the modelled space. The spatial behaviour of domains also 
depends on that of the underlying GRFs. 

Hierarchical truncated Gaussian model 
A limitation of the plurigaussian model is the design of the flag representing the truncation rule. Most 
often the flag is specified by partitioning two or three-dimensional space along two or three GRFs in 
rectangles, or unions of rectangles (Emery, 2007), equal to the number of domains. As the number 
of domains increases the number of domains that can be in contact with one another becomes 
increasingly restricted. For example, in the case of five domains, then the use of one GRF results in 
three domains having contact with two others and two with only one. Increasing the number of 
Gaussian random fields allows for an increased number of domains to be in contact with one another. 
However, it is not possible to design a permissible flag where all five domains are in contact with 
each of the other domains. In very complex ore deposits the practitioner may be forced to simplify 
the scenario by combining several different lithotypes. 
The hierarchical approach was proposed (Galli et al, 1994; Le Loc’h and Galli, 1997) to overcome 
limitations in the number of permitted contacts between domains. The method is based on the 
concept that increasing the number of GRFs increases the dimensionality of the truncation rule 
allowing more lithotypes to be in contact altogether, following Xu et al (2006), Emery (2007) and 
Madani and Emery (2015). For example, in the case of five lithotypes, the use of four GRFs 
(𝑌𝑌1,𝑌𝑌2,𝑌𝑌3,𝑌𝑌4) with four truncation thresholds (𝑡𝑡1, 𝑡𝑡2, 𝑡𝑡3, 𝑡𝑡4) leads to a truncation rule where all lithotypes 
are in contact: 

 Domain at location 𝒙𝒙 =  

⎩
⎪
⎨

⎪
⎧
𝟏𝟏 𝑖𝑖𝑖𝑖 𝑌𝑌1(𝑥𝑥) ≤ 𝑡𝑡1                                                                                          
𝟐𝟐 𝑖𝑖𝑖𝑖 𝑌𝑌1(𝑥𝑥) > 𝑡𝑡1 𝑎𝑎𝑎𝑎𝑎𝑎 𝑌𝑌2(𝑥𝑥) ≤ 𝑡𝑡2                                                            
𝟑𝟑 𝑖𝑖𝑖𝑖 𝑌𝑌1(𝑥𝑥) > 𝑡𝑡1 𝑎𝑎𝑎𝑎𝑎𝑎 𝑌𝑌2(𝑥𝑥) > 𝑡𝑡2 𝑎𝑎𝑎𝑎𝑎𝑎 𝑌𝑌3(𝑥𝑥) ≤ 𝑡𝑡3                              
𝟒𝟒 𝑖𝑖𝑖𝑖 𝑌𝑌1(𝑥𝑥) > 𝑡𝑡1 𝑎𝑎𝑎𝑎𝑎𝑎 𝑌𝑌2(𝑥𝑥) > 𝑡𝑡2 𝑎𝑎𝑎𝑎𝑎𝑎 𝑌𝑌3(𝑥𝑥) > 𝑡𝑡3 𝑎𝑎𝑎𝑎𝑎𝑎 𝑌𝑌4(𝑥𝑥) ≤ 𝑡𝑡4
𝟓𝟓 𝑖𝑖𝑖𝑖 𝑌𝑌1(𝑥𝑥) > 𝑡𝑡1 𝑎𝑎𝑎𝑎𝑎𝑎 𝑌𝑌2(𝑥𝑥) > 𝑡𝑡2 𝑎𝑎𝑎𝑎𝑎𝑎 𝑌𝑌3(𝑥𝑥) > 𝑡𝑡3 𝑎𝑎𝑎𝑎𝑎𝑎 𝑌𝑌4(𝑥𝑥) > 𝑡𝑡4

 (3) 

A schematic representation of this truncation rule is provided in Figure 1a alongside one realisation 
of this model (Figure 1b). The first lithotype (green) appears in the foreground, cross-cutting all other 
lithotypes. Blue, red, yellow and magenta lithotypes appear in subsequent layers of the image with 
previous lithotypes overprinting subsequent ones. In this way chronological relationships between 
lithotypes can be honoured whilst restrictions on the number of lithotypes mutually in contact are 
overcome. This approach can be applied to any number of lithotypes simply through increasing the 
number of GRFs. 
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FIG 1 – (a) Schematic representation of the hierarchical truncation rule; and (b) an image of one 

realisation of the lithotypes that might be produced such a hierarchical plurigaussian model. 

CASE STUDY 
The data set for this contribution was supplied by BHP PTY LTD Western Australia Iron Ore. A 
database containing borehole data collected through Reverse Circulation (RC) and Diamond Core 
(DC) drilling and a deterministic model of the orebody geometry as a set 3D wire frame models 
representing geologic boundaries of a Bedded Iron Deposit (BID) was provided. A fictitious name, 
‘Orebody H’ was used in the interest of protecting the company’s intellectual property. 

Regional geology 
The Hamersley Province is an area of about 80 000 km2 and covers the southern third of the Pilbara 
Craton, south of and including the Chichester Range, to the margins of the various Mesoproterozoic 
sedimentary basins to the south (Kepert, 2001). The province contains sediments from late Archaean 
to Lower Proterozoic age (2800–2300 Ma) of the Mount Bruce Supergroup which overly the mid 
Archaean granite-greenstone terrain of the Pilbara Craton unconformably to the north (Figure 2). 
Within the Mount Bruce Supergroup are three subgroups; the Fortescue, Hamersley and Turee 
Creek Groups (Harmsworth et al, 1990). The Hamersley Group hosts all strata-bound Banded Iron 
Formation (BIF) iron ore deposits in the Hamersley Iron Province, with enrichment generally although 
not exclusively occurring within the Brockman and Marra Mamba Iron Formations. 

 
FIG 2 – (a) Pilbara area geological sketch and location plan modified from Harmsworth et al 

(1990); and (b) Hamersley Area Stratigraphic Column from de Oliveira Carvalho Rodrigues, Hinnov 
and Franco (2019). 
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Local geology 
Orebody H is a 3.5 km long east–west striking, 800 m wide zone of continuous iron enrichment of 
the Brockman Iron Formation (PHb). It extends from surface, northwards down dip to a maximum 
depth of 200 m. The bulk of the prospective mineralisation is hosted in an interbedded moderate 
north dipping to near vertical sequence of shales, jaspilites and cherts of the Joffre (PHbj), 
Whaleback Shale (PHbw) and Dales Gorge (PHbd) Members (Figure 3). It is bounded by a 
conformable sequence of interbedded shales and cherts of the Mount McRae Shale (AHr) and Mount 
Sylvia Formation (AHs) to the south and the Weeli Wolli Formation (PHj) to the north. Injection of 
thin metre scale dolerite dykes has been noted although are not of substantial quantity. In places 
this sequence is overlain by unconformable Quaternary re-worked semi-consolidated scree, colluvial 
and alluvial sediments (Qa) associated with erosional processes. 
Mineralisation is a combination of high phosphorous (>0.1 per cent P) martite – goethite (M-G) 
supergene ores and discrete zones of low phosphorous (<0.1 per cent P) martite – microplatey 
hematite (M-mplH) hypogene ores (Morris, 1980, 2012, 2011). Hypogene M-mplH ores appear to be 
associated with bounding fault structures in the central and western parts of the ore deposit. Both 
ore types occur throughout the Dales Gorge (PHbd) and Joffre (PHbj) Members and are similar to 
Brockman type strataform ores throughout the Pilbara. These ore types are both located in the 
oxidised zone or the ore deposit although they can be distinguished by their contrasting geochemical 
and physical properties. Hydrated zone ores are present in surficial zones across the orebody to a 
maximum depth of approximately 40 m and are typically comprised of hydrated variants of primary 
oxidised zone ore mineralogy. 

 
FIG 3 – Perspective view of a subset of boreholes coloured by geology, hydrated and oxidised 

zone ores alongside wire frame models representing a network of faults associated with hypogene 
(M-mplH ores) alteration zones. 

Data 
The borehole data consist of a set of 1030 reverse circulation (RC) and 32 Diamond core (DC) 
boreholes spaced on 25 m × 25 mN to 150 mE × 50 mN separations across the ore deposit. RC 
boreholes were sampled almost exclusively on 3 m intervals whilst DC are cores of rock extracted 
intact from boreholes on intervals between 0.1 m and 7 m in length. RC drill cuttings and diamond 
cores were assayed using X-ray Fluorescence (XRF) to determine oxide compositions Fe, P, SiO2, 
Al2O3, Loss on Ignition (LOI). Mineral compositions were determined (semi)quantitatively using Hi-
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logger™ spectral analysis. Proportions for Hematite, Goethite and Kaolinite are reported. These 
results represent the whole sampled rock mass or ‘head grade’. Other rock properties interpreted by 
geologists including lithofacies and weathering over-print are also reported for all samples. Core 
samples of iron mineralisation from 23 DC boreholes were selected for metallurgical (comminution) 
tests which involved crushing, screening and weighing to determine ore particle size distributions. 
These intervals have additional data reported including a three-part composition representing 
product particle size distribution expressed as lump (+6.3 mm), fines (+150 µm) and ultrafine 
(-150 µm) yields as a proportion of rock mass. In addition to these size fraction weight recoveries, 
oxide grade and mineral compositions by lump and fine (inclusive of ultrafine) size fractions are also 
reported from which a head grade is back-calculated for each metallurgical test sample. The raw 
borehole sample data were composited to 48 466 uniform 3 m intervals using a length weighted 
averaging procedure after calculating the correct additive quantities for metallurgical responses; 
namely, in situ oxide grade and mineral concentration recoveries and rest variables to close 
compositional data. 

Orebody H geometallurgical classes 
Samples data were separated into two subsets on the basis of whether metallurgical test work results 
were available or otherwise. The subset of 1072 samples containing the full suite of primary and 
secondary rock property compositions were transformed to pairwise log ratios; 55 variables in total, 
as these present the greatest amount of information regarding multivariate relationships of the data. 
These along with two categorical covariates describing lithofacies and weathering over-print were 
used in training the SRF in unsupervised spatial learning to establish geometallurgical classes. As 
SRF requires regularly gridded data, only vertically oriented local spatial patterns are admissible due 
to the sparse and irregularly configured distribution of boreholes subjected to metallurgical tests 
(Figure 4). The spatially aware dissimilarity matrix produced by the SRF in unsupervised mode was 
used for a clustering to define the natural underlying geometallurgical classes. In this study 
discrimination of the of the individual geometallurgical classes and the optimal number of classes 
was computed from a recursive procedure of Partitioning Around Medoids (Reynolds et al, 2006) 
selecting the number of classes generating the highest mean silhouette distance (Rousseeuw, 
1987). 

 
FIG 4 – Spatial distribution of gridded metallurgical test work data coloured by in situ lump Fe 

grade recoveries in relation to other data (white boreholes) where only primary rock properties are 
reported. 
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Six classes of statistically and spatially consistent primary rock properties and secondary 
geometallurgical responses were established. Statistical summaries for these classes provided in 
Table 1 and represent materials given in the following descriptions. 

• Unmineralised silicious (US): Parent or host rock of iron mineralisation representing an 
interbedded sequence of shales, jaspilite and cherts located distal to and immediately below 
the rock types influenced by mineralising events (hyopogene and supergene). These are 
generally competent rock types characterised by high SiO2 and low Fe contents. Amorphous 
silicates are dominant that unreliably distinguished by hyperspectral logging which report to 
the rest variable for mineral concentrations (MREST). If mined these rock types will have a 
diluting effect increasing deleterious constituents and hence are of low economic interest. 

• Hard goethite high-grade (HGH): Supergene (M-G) enrichment of banded iron formation 
(BIF) dominated by more competent mine habits of Fe oxide minerals goethite and hematite. 
P and LOI grades and elevated and variable. Other contaminant oxide grade components such 
as SiO2 and Al2O3 are in low concentrations relative low-grade and unmineralised siliceous 
rock types. Dominant in the PHbd to the south-eastern region of the ore deposit these ores are 
situated at intermediate depths of the ore deposit. 

• Hard hematite high-grade (HHH): Early hypogene enrichment of BIF dominated by various 
habits of Fe rich hematite ranging from martite to microplatey-hematite (M-mplH). These are 
rock types of moderate competency producing some elevated lump product yields. Hypogene 
alterations can be distinguished by their characteristically low P and LOI concentrations 
typically below 0.1 per cent and 4.5 per cent, respectively. SiO2 and Al2O3 are in low 
concentrations similar to other high-grade enrichment rock types. This class exhibits a cross-
cutting relationship with other rock types in the PHbd and PHbj related to north-north-west 
oriented fault structures. It is interpreted that subsequent overprint by supergene alteration has 
produced an irregular transitional boundary between these ore types. 

• Soft hematite-kaolinite (SHK): Supergene (M-G) enrichment of BIF with elevated kaolinite 
content representing shale dominated zones of the PHbj and PHby lithofacies in the BIF 
sequence. Dominated by more friable rock types lump yield from these ores are relatively low 
whilst SiO2 and Al2O3 are elevated relative to other high-grade ores. 

• Soft hematite high-grade (SHH): Supergene (M-G) enrichment dominated by very friable 
habits of Fe rich hematite. Like other supergene ores SHH has elevated and variable P and 
LOI values whilst SiO2 and Al2O3 are in very low concentrations. These ores are almost 
exclusively located in the BIF dominated zones of the PHbj and PHby in the north of the ore 
deposit. 

• Low-grade aluminous (LGA): Near surface weathering and redeposition products constituted 
of leached and hydrated variants of supergene (M-G) and hypogene (M-mplH) ores described 
above. These are lower Fe grade ores with high Al2O3 and SiO2 concentrations. Solution and 
reprecipitation of goethite and amorphous SiO2 minerals during the weathering process 
produce competent rock types often referred to as ‘hard cap’ characterised by high lump yields. 
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TABLE 1 
Compositional means of the six SRF geometallurgical classes for head oxide grades, head mineral 

concentrations, comminution product weight recoveries, in situ lump oxide grade and mineral 
concentration recoveries with lithofacies and weathering over-print category proportions. 

Variables US HGH HHH SHK SHH LGA 

Head oxide 
grades 

FE 41.0 60.6 62.2 59.7 64.0 54.3 

P 0.10 0.15 0.05 0.16 0.13 0.09 

SIO2 33.8 3.9 5.4 4.7 1.3 9.4 

AL2O3 3.5 3.1 3.2 4.0 2.9 6.2 

LOI 3.4 5.6 2.1 5.2 3.7 5.8 

OX_REST 18.2 26.6 27.1 26.3 28.0 24.3 

Head mineral 
concentrations 

HEM 37.4 46.3 78.7 49.9 68.8 48.6 

GOE 23.7 45.0 11.5 39.4 25.2 32.6 

KAO 6.1 7.2 5.7 7.4 1.4 13.6 

MREST 32.9 1.5 4.1 3.3 4.6 5.2 

Size fraction 
weight recoveries 

ACLUMP 0.54 0.57 0.42 0.23 0.30 0.65 

ACFIN 0.32 0.31 0.42 0.42 0.34 0.28 

ACUF 0.15 0.13 0.17 0.35 0.37 0.07 

In situ lump oxide 
grade recoveries 

ZrFE 20.1 34.7 25.9 13.2 18.6 36.3 

ZrP 0.04 0.08 0.02 0.04 0.04 0.06 

ZrSIO2 21.6 1.8 2.5 1.2 0.4 5.3 

ZrAL2O3 1.5 1.5 1.4 1.1 1.1 3.6 

ZrLOI 1.5 3.3 0.9 1.5 1.2 3.6 

ZrOX_REST 8.9 15.2 11.3 5.9 8.1 16.2 

ZrOX_FINES 46.3 43.4 58.0 77.0 70.4 35.0 

In situ lump 
mineral 
concentration 
recoveries 

ZrHEM 17.7 24.8 33.4 9.5 21.9 35.1 

ZrGOE 12.6 27.4 5.0 10.4 8.3 21.7 

ZrKAO 2.4 3.5 2.6 2.2 0.4 7.6 

ZrMREST 18.4 0.8 2.0 0.6 1.8 2.8 

ZrMFINES 48.8 43.6 57.0 77.3 67.6 32.9 

Lithofacies 

AHr 4% - 1% - - - 

PHbd 26% 27% 82% 1% - 39% 

PHw 3% - - - - 6% 

PHbj 64% 70% 17% 86% 95% 33% 

PHby 4% - - 13% 5% 10% 

Qa - 2% - - - 12% 

Weathering 
alteration 

Fresh Rock - 2% - - - 11% 

Oxidised Zone 100% 88% 100% 100% 96% 44% 

Hydrated zone - 9% - - 4% 45% 
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Geometallurgical classes established on DC cores where then predicted at the larger set of RC 
boreholes where geometallurgical tests are not available using the SRF algorithm in supervised 
mode. On these boreholes only head oxide grade and mineral concentration compositions and 
categorical variables describing lithofacies and weathering over-print information are available. 
Generalisation error for prediction the of geometallurgical classes, estimated from out of bag 
samples during the training of the supervised model, were satisfactory at approximately 11 per cent. 
Misclassification for individual classes ranged from 3.8 per cent (SHH) to 18.1 per cent (HGH). 
The classes (Figure 5) are consistent with geological interpretation for the Orebody H deposit in that 
the main geologic processes and structure of the ore deposit are represented in the classification 
generated by the spatial machine learning procedure. US and LGA dominate the study area with 
36.2 per cent and 21.4 per cent of sample data, respectively (Table 2). US is more abundant at depth 
near end of hole locations whilst LGA is almost exclusively at near surface locations. High-grade 
rock types dominate intermediate levels of the ore deposit and exhibit a complex arrangement. 
Friable rock types of the SHK and SHH classes are more abundant in the north and represent 
11.0 per cent and 12.7 per cent of data respectively. More compact rock types are dominant in the 
south represented by the HGH (13.4 per cent) and HHH (5.2 per cent) classes. HHH is only located 
adjacent to interpreted fault structures and exhibits a cross-cutting relationship with other high-grade 
domains consistent with its interpreted hypogene origin. 
The SRF classification was compared with that of the standard non-spatial implementation as well 
as with that of geological (ie that of Figure 3) and randomly assigned categories to assess the 
‘goodness’ using metrics for spatial contiguity and separation of clusters in multivariate space 
measures; Within Cluster Sum of Squares (WCSS), outlined by Martin and Boisvert (2018, 2020). 
SRF out performed other schemes for spatial entropy and WCSS measures for geometallurgical 
recoveries when WCSS scores are averaged (‘balanced’) overall compositions to account for the 
heterotopic data (Figure 6). 

 
FIG 5 – (a) Geometallurgical classes (GEODOMsrf) established at DC cores subjected to 

metallurgical tests; (b) alongside those geometallurgical classes predicted at RC boreholes where 
only primary rock properties are available. 
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TABLE 2 
Sample statistics for geometallurgical domains in input and validation data sets. 

Spatial random forest geometallurgical classes 
Tag US HGH HHH SHK SHH LGA 

Encoding 1 2 3 4 5 6 

Training data 
Count 6008 2230 868 1833 2112 3557 

Percentage 36.18% 13.43% 5.23% 11.04% 12.72% 21.42% 

Validation data 
Count 1943 553 234 421 233 1092 

Percentage 43.41% 12.35% 5.23% 9.41% 5.21% 24.40% 

 
FIG 6 – Assessment of clustering "goodness" for geostatistical treatment after Martin and Boisvert 
(2018, 2020) for various approaches for assigning domains to the Orebody H data set. Results for 

individual compositions are compared with the arithmetic average of WCSS for separate 
compositions (‘Balanced’), taken to represent the most appropriate solution. This is because under 
sampled compositions (geometallurgical tests) are given equal weighting unlike where variances 

for all compositional data are summed (‘Overall’). 

HIERARCHICAL TRUNCATED GAUSSIAN SIMULATION OF 
GEOMETALLURIGCAL CLASSES 
A subset of resource definition borehole samples from the eastern half of Orebody H data set was 
taken for geostatistical modelling. Data cover volume 1250 m in length in the east, 900 m in the north 
and 219 m in the vertical directions. Selected boreholes consist of 21 084 samples and carry 
information on the location of the six geometallurgical classes. These were subdivided into a training 
data set of 356 boreholes (16 608 samples) for model construction and a subset of 98 boreholes 
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(4476 samples) reserved for model validation purposes (Figure 7). Summary statistics of 
geometallurgical classes for training and validation data sets are provided in Table 2. 

 
FIG 7 – Borehole collar location plan, simulation data are represented by blue circle and boreholes 

reserved for validation purposes are represented by red circles. Simulation zone of interest is 
presented as a section slice ant the 495 m elevation and is coloured green. 

Truncation rule 
In Orebody H deposit data, all six geometallurgical classes are in contact as observed in the 
transition statistics given in Table 3. Therefore, we chose hierarchical truncated Gaussian simulation 
with five GRFs. Classes were ordered in a sequence that first minimises differences between 
proportions of hierarchical indicators, ie positioning truncation thresholds toward the centre of the 
GRF distribution, then considering chronology as a secondary constraint. The aim of this strategy 
was to obtain more accurate domain proportions in the simulated model ensuring large volume 
domains were not paired with small volume domains for any given GRF to avoid any potential 
increase in uncertainty, in their modelled proportions. The six-domain truncation rule was 
constructed based on a total of five underlying Gaussian random fields (𝑌𝑌1,  𝑌𝑌2,𝑌𝑌3,𝑌𝑌4,𝑌𝑌5) with five 
thresholds (𝑡𝑡1,  𝑡𝑡2, 𝑡𝑡3, 𝑡𝑡4, 𝑡𝑡5): 

 Geometallurgical class at location 𝒙𝒙 =  

⎩
⎪⎪
⎨

⎪⎪
⎧
𝑼𝑼𝑼𝑼 𝑖𝑖𝑖𝑖 𝑌𝑌1(𝑥𝑥) ≤ 𝑡𝑡1                                                                                                                           
𝑳𝑳𝑳𝑳𝑳𝑳 𝑖𝑖𝑖𝑖 𝑌𝑌1(𝑥𝑥) > 𝑡𝑡1 𝑎𝑎𝑎𝑎𝑎𝑎 𝑌𝑌2(𝑥𝑥) ≤ 𝑡𝑡2                                                                                           
𝑼𝑼𝑺𝑺𝑺𝑺 𝑖𝑖𝑖𝑖 𝑌𝑌1(𝑥𝑥) > 𝑡𝑡1 𝑎𝑎𝑎𝑎𝑎𝑎 𝑌𝑌2(𝑥𝑥) > 𝑡𝑡2 𝑎𝑎𝑎𝑎𝑎𝑎 𝑌𝑌3(𝑥𝑥) ≤ 𝑡𝑡3                                                            
𝑼𝑼𝑺𝑺𝑺𝑺 𝑖𝑖𝑖𝑖 𝑌𝑌1(𝑥𝑥) > 𝑡𝑡1 𝑎𝑎𝑎𝑎𝑎𝑎 𝑌𝑌2(𝑥𝑥) > 𝑡𝑡2 𝑎𝑎𝑎𝑎𝑎𝑎 𝑌𝑌3(𝑥𝑥) > 𝑡𝑡3 𝑎𝑎𝑎𝑎𝑎𝑎 𝑌𝑌4(𝑥𝑥) ≤ 𝑡𝑡4                               
𝑺𝑺𝑳𝑳𝑺𝑺 𝑖𝑖𝑖𝑖 𝑌𝑌1(𝑥𝑥) > 𝑡𝑡1 𝑎𝑎𝑎𝑎𝑎𝑎 𝑌𝑌2(𝑥𝑥) > 𝑡𝑡2 𝑎𝑎𝑎𝑎𝑎𝑎 𝑌𝑌3(𝑥𝑥) > 𝑡𝑡3 𝑎𝑎𝑎𝑎𝑎𝑎 𝑌𝑌4(𝑥𝑥) > 𝑡𝑡4 𝑎𝑎𝑎𝑎𝑎𝑎 𝑌𝑌5(𝑥𝑥) ≤ 𝑡𝑡5 
𝑺𝑺𝑺𝑺𝑺𝑺 𝑖𝑖𝑖𝑖 𝑌𝑌1(𝑥𝑥) > 𝑡𝑡1 𝑎𝑎𝑎𝑎𝑎𝑎 𝑌𝑌2(𝑥𝑥) > 𝑡𝑡2 𝑎𝑎𝑎𝑎𝑎𝑎 𝑌𝑌3(𝑥𝑥) > 𝑡𝑡3 𝑎𝑎𝑎𝑎𝑎𝑎 𝑌𝑌4(𝑥𝑥) > 𝑡𝑡4 𝑎𝑎𝑎𝑎𝑎𝑎 𝑌𝑌5(𝑥𝑥) > 𝑡𝑡5

 (4) 
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TABLE 3 
Transition probability matrices for 16 231 input data pairs calculated in the downhole direction. 

Direct contacts refer to situations where row class is situated immediately above column class in 
the downhole direction whilst indirect contacts refer to the opposite situation. 

Transition probabilities Pairs US HGH HHH SHK SHH LGA 

Direct contacts 

US 5677 0.98 0.005 0.003 0.002 0 0.01 

HGH 2225 0.042 0.841 0.004 0.073 0.026 0.014 

HHH 862 0.115 0.002 0.855 0.005 0.014 0.009 

SHK 1821 0.068 0.055 0.003 0.812 0.024 0.038 

SHH 2106 0.005 0.007 0.016 0.05 0.919 0.003 

LGA 3540 0.027 0.06 0.018 0.019 0.015 0.862 

Indirect contacts 

US 5985 0.93 0.016 0.017 0.021 0.002 0.016 

HGH 2228 0.012 0.84 0.001 0.045 0.007 0.096 

HHH 865 0.02 0.009 0.852 0.007 0.038 0.074 

SHK 1826 0.005 0.089 0.002 0.81 0.058 0.037 

SHH 2101 0 0.027 0.006 0.02 0.921 0.025 

LGA 3226 0.018 0.01 0.002 0.022 0.002 0.945 

Definition of conditioning data and thresholds 
In accordance with the design of the truncation rule outlined in Equation 2, input or ‘hard’ data at 
sample locations were encoded as indicators representing the prevailing geometallurgical class at 
each location. During the encoding the existence of categories at previous levels of the hierarchy 
are ignored (Table 4). 

TABLE 4 
Encoding geometallurgical domains as indicators used for each Gaussian variable (𝑌𝑌1 −  𝑌𝑌5). 

Geometallurgical 
domain 𝑰𝑰𝑰𝑰𝑰𝑰 𝒀𝒀𝟏𝟏 𝑰𝑰𝑰𝑰𝑰𝑰 𝒀𝒀𝟐𝟐 𝑰𝑰𝑰𝑰𝑰𝑰 𝒀𝒀𝟑𝟑 𝑰𝑰𝑰𝑰𝑰𝑰 𝒀𝒀𝟒𝟒 𝑰𝑰𝑰𝑰𝑰𝑰 𝒀𝒀𝟓𝟓 

US 1 N/A N/A N/A N/A 

LGA 0 1 N/A N/A N/A 

SHH 0 0 1 N/A N/A 

SHK 0 0 0 1 N/A 

HGH 0 0 0 0 1 

HHH 0 0 0 0 0 
 

Thresholds were allowed to vary to match the local proportions of class indicators within a moving 
window whilst the design of the truncation rule remains fixed. Local proportions were computed via 
a moving window of dimensions 405 m × 405 m × 63 m in the X, Y and Z directions (81 × 81 × 21 
blocks) centred over each block of a grid of block size 5 m × 5 m × 3 m covering the training data 
(Figure 8). 
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FIG 8 – Isometric views of local proportions (in percent) from hierarchical indicators for Gaussian 

random fields 1 to 5 (a–e). 

Variogram analysis 
Variogram models for the underlying GRFs were derived based on the experimental indicator 
variograms using the method by Desassis et al (2015). Strong anisotropies between the main, 
orthogonal and vertical directions for each Gaussian random field are evident (Figure 9) and are in 
agreement with the steeply dipping bedded structure of the host lithofacies units of the ore deposit. 
Models were fitted in accordance with the basic nested structures implied by the experimental data 
with consideration of the expected boundaries between geometallurgical domains and are given in 
Table 5. 
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FIG 9 – Experimental (dot-dash) and fitted (solid lines) variograms for underlying Gaussian random 
fields 1 (top left) to 5 (bottom centre), along the main anisotropy directions: N115° (orange), N205° 

(green) and vertical (blue). 

TABLE 5 
Variogram model specifications. 

Gaussian 
random field 

Basic nested 
structure Sill Range (m) 

along N115° 
Range (m) 

along N205° 
Range (m) 

along vertical 

1 
Gaussian 0.35 100 40 100 

Exponential 0.65 375 100 100 

2 

Cubic 0.35 220 150 60 

Exponential 0.48 600 150 60 

Exponential 0.17 Infinity 150 Infinity 

3 

Cubic 0.20 100 60 35 

Spherical 0.40 250 60 110 

Exponential 0.40 500 100 Infinity 

4 

Gaussian 0.45 50 30 30 

Spherical 0.52 400 110 90 

Exponential 0.03 Infinity 110 90 

5 Cubic 1.00 380 220 120 

Simulation of geometallurgical domains 
A total of 100 realisations of the Orebody H geometallurgical domains were produced. The results 
depicted in Figure 10 agree with input data at data locations, in global proportions (Figure 11) and 
in respect to understanding of geological processes. Each realisation represents an alternate 
possible scenario of the layout of geometallurgical domains at unsampled locations between 
boreholes as the geostatistical properties of the of the actual geometallurgical classes are 
reproduced. Strong anisotropies in the layout of domains observed in sample data and experimental 
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indicator variograms are reproduced for simulated domains (omitted to conserve space). As far as 
possible the chronology and contact relationships between domains are honoured as controlled by 
the truncation rule. Younger domains like LGA cross-cut older domains such as the high-grade ores 
SHH, SHK, HHH and HGH and all domains are in contact with one another. Local proportions are 
reproduced because of the varying truncation thresholds. LGA is dominant at near surface locations, 
US at depth, friable ores SHH and SHK at intermediate elevations to the north whereas competent 
ores HGH and HHH are to the south. Some uncertainty in the layout of domains can be observed by 
comparing differences between individual realisations. Indeed, uncertainties in the global proportion 
of most domains range in the order of less than plus or minus 10 per cent (relative) between 
realisations. The proportions for one domain (SHK) appears to have overestimated by approximately 
10 per cent in the simulated realisations in comparison with declustered sample proportions. 

 
FIG 10 – Isometric 3D view of the 1st realisation for (a) simulated geometallurgical domains; (b) 

plan views of the 1st; (c) 50th; and (d) 100th, realisations for simulated geometallurgical domains 
at the 495 m elevation. 
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FIG 11 – (a) Comparison of raw (red) and weighted (green) sample proportions and boxplots of the 
simulated proportions; and (b) relative errors between weighted sample and simulated proportions. 

The probability of occurrence for each geometallurgical domain at each block was calculated over 
the 100 realisations to produce probability maps shown in Figure 12. These maps complement maps 
of simulated domains and allow an assessment of the risk of encountering a specific domain. For 
example, the risk of encountering unmineralised siliceous (US) rock types at the 495 m elevation is 
low except in the central and western areas (Figure 12a). The uncertainty in the location of US rock 
types is higher in the west given broad zone of intermediate probabilities close to 50 per cent. Low-
grade aluminous (LGA) rock types generally exhibit low uncertainty in the location of their boundary 
with other rock types given the steep gradient from high to low probabilities over short distances 
(Figure 12f). Higher probabilities for each domain are located in regions near sample locations for 
each respective domain. The most probable geometallurgical domain at each location (Figure 12g) 
and a quantification of the uncertainty of this classification in terms of entropy (Shannon, 1948) 
(Figure 12h) further support quantification of risk. The presence of high uncertainty values forming 
cross-cutting linear features oriented approximately N200° and N160° appear to correspond to the 
abrupt change between the hypogene ore HHH and other high-grade ore classes. This might be 
indicative of the locations of underlying geological structures that influence the layout of some of the 
geometallurgical domains. 
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FIG 12 – Probability of occurrence in percent for geometallurgical domains and input sample 

locations for (a) US; (b) HGH; (c) HHH; (d) SHK; (e) SHH; and (f) LGA; (g) most probable 
geometallurgical domain; and (h) entropy calculated from geometallurgical domain probabilities at 

the 495 m elevation. 

(a) (b) 

(c) (d) 

(e) (f) 

(g) (h) 



International Mining Geology Conference 2022 | Brisbane, Australia and Online | 22–23 March 2022 144 

Validation of simulation results 
The accuracy of the plurigaussian model was assessed using the validation data set reserved from 
modelling. Across all validation data locations, the proportion for each geometallurgical domain was 
calculated over the 100 realisations and compared to the true domain proportions of the validation 
data. The simulated domain proportions shown as boxplots in Figure 13 suggest that the simulated 
model recreate validation data proportions reasonably well for most domains. The model 
overestimated the proportions of the SHH high-grade domain at validation data locations in contrast 
to the training data where the SHK high-grade domain appears overestimated (Figure 11). This can 
be explained by the large change in proportions of these two domains between the training data and 
validation data (Table 2). Their relative proportions reverse with the proportion of SHH reduced from 
12.72 per cent to 5.21 per cent in the validation data set. This may indicate that there are highly 
complex relationships in the layout of these two domains. 

 
FIG 13 – Comparison of validation data domain proportions (red) and boxplots of the simulated 

proportions (a); and relative errors between validation data and simulated proportions (b). 

The frequencies of correctly predicted true geometallurgical domain by domain at the validation data 
in Figure 14 show that the simulated model correctly predicted the true domain at the validation data 
with an accuracy ranging from a minimum of 57.8 per cent to a maximum of 64.1 per cent across 
the range of realisations for an average accuracy of approximately 61 per cent. The high-grade SHK 
and HHH domains are most frequently misclassified by the model with error rates in excess of 
61 per cent whilst US and LGA exhibited lowest misclassification rates of 24 per cent and 
31 per cent, respectively. The same comparison repeated using the most probable model 
(Figure 12g) in place of the 100 realisations is provided in Table 6 in the form of a confusion matrix. 
As to be expected accuracy of this model is higher than that of the individual realisations. True 
domains are correctly predicted at 2277 of a total of 3195 observations. Overall, an acceptable result 
considering the complex geology of the ore deposit with an accuracy in excess of 70 per cent. 
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FIG 14 – Misclassification rates and overall accuracy of the plurigaussian model measured at 

validation data locations across 100 realisations. 

TABLE 6 
Confusion matrix for validation data calculated from the most probable model. 

Domains 
Predicted False 

negative 
HGH HHH LGA SHH SHK US  

O
bs

er
ve

d 

HGH 235 3 56 43 47 90 50.4% 

HHH 7 111 43 6  64 51.9% 

LGA 80 13 484 8 7 35 22.8% 

SHH 5 16 28 144 27 8 36.8% 

SHK 41 10 25 42 143 78 57.8% 

US 59 40 18 7 38 1134 12.5% 

False positives 45.0% 42.5% 26.0% 42.4% 45.4% 19.5% 70.5% 

DISCUSSION 
Unsupervised spatial machine learning was shown to be successful at discovering relationships 
between high dimensional multivariate categorical and compositional data such as lithofacies, over-
print alterations, head oxide grades, mineral concentrations and metallurgical responses. These 
relationships were important for discriminating real from synthetic data and establishing six 
statistically and spatially consistent geometallurgical classes. In supervised mode SRF uncovered 
relationships between primary rock properties and the classes themselves to make predictions at 
samples where only primary rock properties were available. Generalisation error for the prediction 
of geometallurgical classes was acceptable overall. Differing error rates for individual classes 
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indicate some (HGH) are more difficult to predict than others when only primary rock property 
information is available. These inaccuracies might be reduced with the addition of textural 
information describing rock fabric from primary rock property data sets. 
The realisations of the geometallurgical domains obtained from the hierarchical plurigaussian model 
can be considered a satisfactory representation of the layout of the input geometallurgical domains 
within Orebody H. Each realisation recreates the global and local statistics of the input data, honour 
contact relationships between geometallurgical domains and are in agreement with current 
geological knowledge of the ore deposit. Together these realisations are used to quantify uncertainty 
in the layout of geometallurgical domains identifying zones of high uncertainty (entropy) at boundary 
locations between certain geometallurgical domains; HHH or US for example. This knowledge could 
be used to assess uncertainties in ore quality specifications or risks associated with encountering 
rock types represented by these domains. In turn, knowledge gained from these analyses could 
further inform decisions regarding the collection of additional samples in these zones through further 
resource definition drilling and metallurgical testing. 
The imbalance between proportions of the US domain relative to all others, motivated a decision to 
accept compromise in the construction of the chronological constraints of the truncation rule. The 
consequence of this was that the oldest domain US, representing host rock of the ore deposit was 
simulated in the first layer of the hierarchy, effectively over-printing all younger domains associated 
with mineralising alterations, weathering and redeposition products. Artefacts related to the 
calculation of local proportions of geometallurgical domains can also be observed. Abrupt transitions 
in probabilities for the HGH and HHH domains (Figure 12b and Figure 12c) are a consequence of a 
fixed dimension moving window over sparce and irregularly configured indicators for later GRFs in 
the hierarchical truncation rule as shown in local proportions for indicators of GRFs 4 and 5 
(Figure 8d and Figure 8e). It is possible other parameters or methods for calculating local proportions 
may more readily produce smooth transitions in the presence of irregular indicators for such complex 
geological settings. 

CONCLUSIONS 
Spatial machine learning using the Spatial Random Forest was able to uncover multivariate spatial 
patterns of mixed categorical and compositional data. Complex non-linear relationships between 
primary rock properties and secondary metallurgical responses were captured from a limited number 
of metallurgical tests at Orebody H. The geometallurgical classification scheme derived from these 
relationships was predicted at the majority of samples where information on secondary metallurgical 
responses is not available. The task of manual interpretation in the presence of under sampled 
metallurgical tests was addressed and the resultant classification was shown to outperform that of 
non-spatial clustering and geologic categories using spatial contiguity and multivariate measures. 
Using the hierarchical truncated Gaussian model geostatistical simulations of the complex 
geometries of predicted geometallurgical domains were produced. The hierarchical approach was 
successful in producing realistic realisations of the geometallurgical domains in that they honour the 
geostatistical characteristics of the layout geometallurgical classes predicted. Complex boundary 
relationships between predicted geometallurgical domains were recreated. These realisations allow 
for the quantification of uncertainties in the proportions and layout of each geometallurgical domain 
within the ore deposit through the calculation of probability maps that could inform decisions on 
collection of additional data or to improve forecast production performances. 
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ABSTRACT 
IGO Ltd’s (IGO’s) Nova-Bollinger Deposit (Nova-Bollinger) is a magmatic nickel-copper-cobalt (Ni-
Cu-Co) sulfide deposit found 160 km east-north-east of the town of Norseman in Western Australia 
(WA). The deposit is hosted by the Mesoproterozoic rocks of the Fraser Zone, which is part of the 
Albany Fraser Orogen (AFO). Since mining commenced in 2016, IGO’s Nova Operation (Nova) has 
mined and processed to 31 December 2020, 5.63 Mt of ore grading 2.04 per cent Ni, 0.86 per cent 
Cu and 0.07 per cent Co. 
Nova’s mine geology team (MGT) has used commercially available implicit modelling (IM) and 
general-purpose resource modelling (RM) industry software systems, to prepare the 31 December 
2020 (CY20) update of Nova-Bollinger’s JORC Code reportable Mineral Resource estimate (MRE). 
This CY20 MRE update was predominantly based on ~386 km of diamond core drilling, with the drill 
holes having a nominal grid spacing of 12.5 by 12.5 m throughout the mineralised zones of the 
deposit. Using IM tools, Nova’s MGT interpreted and modelled 22 separate domains from the drill 
hole logging, assaying results, and the MGT’s underground mapping. These IM closed volumes were 
then used to control the estimation of MRE variables into conventional industry digital block models 
using RM and other ancillary software systems. 
During 2021, a commercial machine learning (ML) software was trialled by Nova’s MGT for preparing 
block models of Nova-Bollinger’s MRE domains. The motivation for the trial was that the ML process 
could expedite modelling through the direct creation of a domain coded block model from the drill 
hole logging. Compared to the industry standard approaches of wireframing or IM, where the 
modeller usually makes many subjective choices to produce the domain model, ML offers a more 
objective ‘hands-off’ process for determining the connectivity of domains defined in drill holes. 
Additionally, the ML process provides a quantitative confidence metric associated with its output that 
may have utility in mine production and resource classification. 
In this paper, the results of the Nova-Bollinger ML modelling trial are compared to the MGT’s current 
workflow for MRE work. The MGT’s conclusions as to the advantages and disadvantages of the IM 
and ML methods for preparation of MRE domains are discussed. The ML software was also tested 
as a method of rapidly interpreting geology outside the principal zones of MRE interest. These testing 
results are also presented in this paper. 

INTRODUCTION 
IGO’s Nova is 160 km east-north-east of the town of Norseman in WA, and mines and processes 
Ni-Cu-Co sulfide ore from an underground mine developed on Nova-Bollinger (Figure 1). The deposit 
is hosted by the high-grade metamorphic rocks of the Fraser Zone of the AFO. A chonolith-like 
gabbroic intrusion is interpreted to the be the source of Nova-Bollinger’s magmatic sulfide 
mineralisation (Barnes et al, 2020). 
During 2021, Nova’s MGT trialled a new commercial ML software system that expedites domain 
block modelling by direct inference from coded drill hole data (Maptek – DomainMCF, 2021). 
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FIG 1 – Nova-Bollinger location and regional geology. 

To test whether an ML approach could produce a model like IM for the Nova-Bollinger’s CY20 MRE, 
the MGT provided the ML software with the same zone coded drill hole data that was used for the 
CY20 estimate. The resulting ML block model was then interrogated, and the advantages and 
disadvantages of both methods assessed. 
Compared to the industry standard approaches of wireframing or IM, where the modeller usually 
makes many subjective choices to produce the domain model, ML offers a more objective ‘hands-
off’ process (Sullivan et al, 2019). This paper details the results of the ML modelling trial at Nova and 
learnings of the MGT, along with ideas for future work. 

GEOLOGY 
Nova-Bollinger is in the southern part of the Mesoproterozoic Fraser Zone of the AFO. The Fraser 
Zone is fault bounded by the Biranup Zone to the north-east and the Nornalup Zone to the south-
east (Figure 1). The Arid Basin forms the basement to the Fraser Zone and the Snowys Dam 
Formation of the Arid Basin, is the basement package to the intrusion complex in the Nova-Bollinger 
area (Spaggiari et al, 2014). 
Mafic, ultramafic and granitic intrusions were emplaced in the region during the first phase of the 
AFO formation at ~1.30 Ga ago. Later, intense tectonic events from 1.14 Ga to 1.12 Ga ago, 
metamorphosed the Fraser Zone rocks to granulite facies. The Fraser Zone is now characterised by 
gneissic fabrics, complex refolding and major mylonitic zones. 
The Snowys Dam Formation rocks within the Nova-Bollinger region include pelitic to psammitic 
gneisses, a local carbonate unit, along with metamorphosed mafic-ultramafic and volcanoclastic 
rocks. Nova-Bollinger’s host mafic-ultramafic sill complex is a doubly plunging synform, with the 
deposit lying on the western side of the structure (Figure 2). 
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FIG 2 – Nova-Bollinger local regional geology. 

RESOURCE MODELLING PRACTICE 
Nova’s MGT prepared the Nova-Bollinger CY20 MRE using an ensemble of software systems. 
(Hetherington and Murphy, 2019). Like many companies in the industry, IGO has identified preferred 
software systems for different stages of the MRE process, rather than adopting a preferred system 
for all processes. 
Briefly, the drill hole data, once verified was exported from IGO’s centralised database and the 22 
domains of the deposit were modelled in 3D using a commercial IM oriented software system 
(Leapfrog Geo, 2021). The interpretation process involved preparing non-overlapping and nested 
3D closed volumes for each domain by applying radial basis functions to the interpreting geologist’s 
manual interpretation of the presence (or absence) of each domain in the drill hole paths. 
Where deemed necessary, manual control strings were digitised to augment the drill hole data 
domain coding, with some strings interpreted from underground mapping, other strings were 
prepared to control implicit modelling artefacts, and sometimes strings were prepared to enforce a 
geologist’s assessment of narrow zone connectivity. During this process it was common practice for 
the modelling geologists to modify the IM digital drill core logs of domains, after assessing the 
connectivity in the IM software and reassessment of core photographs and/or from litho-geochemical 
assay results. However, these changes were not back coded into central drill hole database. 
When finalised, the IM 3D closed volumes were ported into a general purpose RM software system 
(Studio RM, 2021), where the drill hole data was coded in the RM software according to the domains 
interpreted in the IM. The coded drill hole assay intervals from each domain were then exported as 
text files for ‘pre-composite statistical analysis’ and missing density multivariate regression 
imputation using customised statistical software scripts (R Project, 2021). The drill data was then 
imported back into the RM software and composited to uniform lengths along with calculation of 
estimation service variables. The composites were then exported to text files again for statistical 
analysis and parallel continuity modelling in a specialised geostatistical software (Supervisor, 2021). 
Over several years, the annual Nova-Bollinger MRE update has been used as an opportunity to train 
MGT’s senior geologists in the MRE process under the supervision of the site-based Competent 
Person and senior technical management. The full MRE estimation workflow summarised above 
involved several months of (part time) work for several senior geologists amongst their other daily 
mine work duties. 
As discussed above, a large proportion of the modelling time was spent in the process of the coding 
of the drill hole data into the 22 separate domains and associated iterative manipulation of the IM 
model results (Figure 3). The block estimation process also took several weeks (full time) to estimate 
and fully validate the model. Several more weeks of part time commitments were then required to 
prepare the detailed MRE modelling documentation. 
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FIG 3 – Nova-Bollinger CY20 MRE long section zone-coded composites looking north on 

6 479 700 mN (window ±10 m). 

Whilst Nova’s MGT has interpreted 22 domains for MRE estimation purposes, the samples outside 
the Waste Halo limit, were assigned to a single bounding outer background domain. This domain is 
assigned a default density and grade. As such, the CY20 MRE model is effectively a sulfide only 
model. No fully integrated attempt has yet been made to prepare a full geological model of deposit 
and its surrounds using the 99 unique lithological logging codes and the 11 codes recorded for 
different sulfide mineralisation styles. 

MACHINE LEARNING TRIALS 
With the increase in computing power in recent years, the application of ML algorithms to the 
challenges of mining industry resource and ore reserve estimation have progressed past the point 
of academic experimentation. Several algorithms have now been demonstrated to work in a practical 
manner on real-world problems (Dutta et al, 2010; Nezamolhosseini, Mojtahedzadeh and 
Gholamnejad, 2017; Sullivan et al, 2019; Kaplan and Topal, 2020). 
The ML application tested by Nova’s MGT in 2021, is a ‘black-box’ system that runs from a simple 
local interface, which ports the input data files to cloud servers, where the model is prepared by high 
performance computers. The commercial in confidence back end of the system is understood to be 
a deep learning neural network approach that uses the user supervised classification of the drill hole 
data to prepare a block model of the 3D connectivity of domains (Sullivan et al, 2019). 
The ML tool tested at Nova only requires three input files as follows: 

• A comma delimited text file containing the composite coordinates and domain coding. 
Optionally, sample assay data or other numeric assay-like fields can also be provided to 
augment the ML training process. While the domain coding needs to be present for all records, 
the accessory training data can contain incompletely populated variables. 

• A wireframe closed volume (or alternatively upper and lower surfaces), which are used to limit 
the spatial extents of the block model to be created using ML. 

• A block model definition that specifies parameters such as the block model origin, the total 3D 
spatial extents of the model space, and parent and sub block dimensions. 

Nova’s MGT ran three ML trials as follows: 

• Test 1: The ML software was provided with the drill hole composite files used to estimate Nova-
Bollinger’s CY20 MRE with the 22 domain codes (as per the legend of Figure 3), provided as 
the ML’s supervised categories. The purpose of this test was to determine the agreement (or 
not) of the ML model to the CY20 MRE’s IM zones. The density metal accumulation service 
variables of six chemical elements (Ni, Cu, Co, Fe, Mg and S) were also provided to assist 
with the training phase of the ML algorithm. 
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• Test 2: The ML software was provided with a drill hole file containing the domain coded 
composites used for the CY20 MRE, as per Test 1. However, this data was augmented with 
additional lithology coded data from the drill hole information from outside the estimation limits. 
Six chemical variables (Ni, Cu, Co, Fe, Mg and S) were also provided to assist with the training 
of the ML model. The MGT’s primary purpose of this test was to assess the utility of the ML-
prepared geological model outside the limits of the CY20 MRE. The auxiliary purpose was to 
assess whether the additional lithology coded samples resulted in any material changes in 
domain shapes and volumes compared to the Test 1 and IM model results. 

• Test 3: The ML software was provided with a drill hole file that contained only mineralisation 
codes and the grouped lithology used for Test 2. Specifically, this test did not use any of the 
domain codes used in Test 1. This test examined if a ‘hands off’ approach would produce a 
model comparable to a manually domain coded model and whether the resulting model had 
some utility in the MRE modelling process. 

TEST 1 – CY20 MRE SULFIDE MODEL 
The ML Test 1 model was prepared using the CY20 MRE’s parent block size of 6 m by 6 m in the 
horizontal plane, with blocks 2 m high. Sub-blocks were specified to be permitted down to one 
quarter of the parent block size, which is akin to the CY20 MRE model specifications. 
The ML process prepared a domain coded block model in its cloud process platform in 18 minutes 
and returned a block model of 2.4 million cells including sub blocks. The total workflow time to 
prepare the model was ~40 minutes, with this time including the time to set-up the input files in the 
correct format, the time taken to download the model, and the time to port the result into the RM 
software. 

Volume comparisons 
Figure 4a is a cross plot of 21 of the domain volumes from the Test 1 ML compared to the respective 
domain volumes from the CY20 IM modelling. The values plotted are in thousands of cubic metres. 
Note that the log10 horizontal axis is with respect to the ML estimated domain volumes and the log10 
vertical axis is with respect to the CY20 MRE domains. The large Waste Halo domain has been 
excluded from this analysis as the focus is on the target mineralised domains. Figure 4b is a bar plot 
of the percentage ratios returned when dividing the volume of the ML model by the CY20 MRE for 
the respective domains. 
These plots reveal that the comparative volumes of the two alternative MRE model preparation 
methods are generally similar for all but a few of the small domains. The most noticeable difference 
between the two modelling methods is the 7157 domain, where the ML approach created only 
8 per cent of the CY20 volume. However as discussed further below, the contribution of this domain 
to the total resource is very minor and the certainty in the CY20 IM interpretation is low. The more 
surprising result is the larger volumed 5201 domain, where the ML process returned 67 per cent of 
the CY20 volume. This is also discussed further below. 
In contrast, in many of the larger volumed domains, the ML approach returned larger volumes than 
the CY20 MRE model, especially the internal gabbros and the lower net domain. Overall, summing 
the volumes for all 21 estimation domains, the ML approach returned 104 per cent of the volume of 
the CY20 MRE. Figure 5 contains an example long section of the two models. These plots reveal 
some of the local differences between the modelling approaches, with the overall impression that 
the ML method is more conservative in terms of connectivity on the smaller volumed domains. 
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(a) 

 
(b) 

FIG 4 – CY20 versus ML volumes – Test 1. (a) Tonnage comparison; (b) Ratio comparison. 
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(a) 

 
(b) 

FIG 5 – Comparative IM and ML models on long section 6 479 700 mN (±10 m) looking north. 
(a) Model section prepared using implicit modelling for CY20 MRE; (b) Model section prepared 

using machine learning for Test 1. 

A closer on-screen inspection of the 7157 domain volume anomaly discussed above, revealed that 
the differences between the ML and IM methods appear to be a function of domain geometry. 
Importantly, most of the intercepts defining the 7157 breccia lode structure are very thin (Figure 6a). 
For the CY20 MRE, where the modeller connected the 7157 domain intercepts using IM tools, the 
subsequent block fill was largely discontinuous, even when specifying sub blocks down to a 
resolution of 1 mE × 1 mN × 0.5 mElev (Figure 6b). In contrast, using the ML approach, the only 
zone where connectivity occurred for the 7157 domain was for a small pod around a cluster of thicker 
intercepts (Figure 6c). 
The finding here is that, as expected, the ML approach is more conservative in domains where the 
data support is thin and the interpretation more tenuous. Part of the issue here is that at Nova-
Bollinger, experience has encouraged modellers to attempt to constrain any narrow high-grade 
intercepts within broader low-grade domains. This is to help prevent interpolation ‘smearing’ of higher 
isolated grades into broader low-grade domains. As such modellers must make subjective decisions 
between ‘lumping’ data together or ‘clumping’ out higher grades. The 7157 domain is a case in point 
(as is 8101 domain), where the domain was prepared to isolate high-grades, but then it was assigned 
an Inferred Resource JORC Code confidence due to the understood uncertainty of the interpretation. 
However, this approach is problematic when Inferred Resource pods end up within domains of 
Measured and Indicated Resources, which are then used for ore reserve conversion. For the 7151 
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domain the ML result appears to make more sense in this situation and perhaps grade cutting or 
distance constraining the interpolation (or both) of thin isolated high-grades makes more sense. 

 
(a) 

 
(b) 

 
(c) 

FIG 6 – 7157 domain IM wireframe and block fills – CY20 and ML Test 1. (a) CY20 MRE IM 
wireframe; (b) Block fill of IM wireframe; (c) Intercepts and MLA blocks. 

The other estimation domain with a significant volume difference between the CY20 MRE and ML 
models is the 5201 Footwall Stringer domain (Figure 7a). The 5201 domain has much more drilling 
and intercepts are generally thicker than in the 7157 domain. However, the ML output appeared to 
be somewhat erratic with connectivity occurring between wider spaced intercepts in some areas but 
no connectivity occurring in areas of closed spaced drilling intercepts (Figure 7c). However, again 
the 5201 domain represents only a small portion of the resource, and the ML modelling of the larger 
domains was generally consistent with the IM results. 
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(a) 

 
(b) 

 
(c) 

FIG 7 – 5201 domain IM wireframe and block fills – CY20 and ML Test 1. (a) CY20 MRE IM 
wireframe; (b) Block fill of IM wireframe; (c) Intercepts and MLA blocks. 

Data classification comparison 
Conventional practice when dealing with ‘hard-boundary’ estimation domains, is to only use 
composites within an estimation domain to estimate the variable of interest within that domain. This 
was the approach applied in the Nova-Bollinger CY20 MRE. As the ML approach had defined 
different spatial volumes for the domains, a new ML-domain class field was added to the composite 
file to reflect the different ML volumes. A parallel ML domain field was coded into the drill hole file for 
each composite according to the location of the composite’s centre relative to the block defined 
domain boundaries of the ML block model. The purpose of this exercise was to prepare a proxy 
confusion matrix for the ML results (Fawcett, 2006). 
Figure 8a is a cross plot comparing the number of composites in each domain in the CY20 MRE and 
the ML recoded field. The horizontal axis is with respect to the CY20 MRE composite file and the 
vertical axis is with respect to the ML recoded file. Figure 8b is a bar plot of the ratio of the ML to 
CY20 MRE composites for each domain subtracted from unity, which serves as a ‘reclassification 
index’. For this metric a positive value represents the proportion of composites reclassified to a 
different domain from what was originally in the CY20 MRE domain coding, and conversely, a 
negative value indicates the proportion of composites from a CY20 MRE domain moved to a recoded 
ML domain. 
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(a) 

 
(b) 

FIG 8 – ML/CY20 MRE composite reclassification. (a) Composite count comparison; 
(b) Reclassification of composites. 

As expected from the volume comparison results discussed above, the numbers of composites 
reclassified is greatest for the small volumed domains such as 7157, 8101, and 8201. However, for 
the larger volumed estimation domains the reclassification of composites was relatively fewer by 
proportion, despite the sometimes larger volumes returned in the ML model for these domains. The 
hypothesised explanation here is that the margins of these larger zones often have wider spaced 
drilling and are spatially more distant to other domains, so a small change in the boundary position 
may have only a minor effect in terms of reclassification of surrounding composites. 
Of interest is the moderately high reclassification index of the composites from several breccia 
domains, with values ranging from 7 per cent to 17 per cent in Figure 8b. If these higher grades end 
up in adjacent zones that are low-grade, these values will invoke problems of grade ‘smearing’ in 
the model, which may not be appropriate. As such, further testing is needed to assess the grade 
interpolation outcome of using the ML domained model and recoded composites. This is part of an 
ongoing study, and results should be available by the time this paper is published. 
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Estimation confidence 
The ML application prepares a standard confidence metric, which is in the range zero to 100, for 
each block in the model. Figure 9 is a long section through the Nova-Bollinger Test 1 ML model 
where the model’s blocks have been colour-coded according to the ML confidence inset legend and 
the drill holes are coded according to the domain legend. The section northing is the same as that 
used for Figure 5. 

 
FIG 9 – Machine learning confidence metric on long section 6 479 700 mN (±10 m) looking north – 

Test 1. 

The pattern generated by the ML’s confidence metric on the long section included in Figure 5 
appears to be similar to the boundary uncertainty quantification, which can be prepared through 
stochastic simulation or jack-knife estimation of a signed distance function for the boundaries of the 
modelled estimation zones (Amarante, Rolo and Costa, 2019). 
The estimation confidence appears to decrease symmetrically towards a given boundary, and where 
the local geological complexity is high the overall confidence is lower. For example, the Nova Upper 
area, and the lower parts of Nova and Bollinger in Figure 9a, where there are multiple relatively thin 
domains have lower confidence in the boundary locations. Anecdotally, the Nova’s MGT have found 
that these types of mining areas are more likely to be correlated with poor short-term reconciliation. 
This metric may assist in targeting additional drilling to increase the confidence of these domains. 
Interestingly, there is a moderate log-log correlation between the volume of a domain and the ML 
confidence (Figure 10). This trend is consistent with the observation that domains with higher surface 
area to volume ratios have lower overall ML confidence as the uncertainty is often higher when 
approaching the interpreted boundary. The ranges and mean ML confidence values for each domain 
are depicted in the violin plots of Figure 11. 
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FIG 10 – ML volume versus confidence – Test 1. 

 
FIG 11 – ML confidence by zone – Test 1. 

The shapes of the distributions in Figure 11, highlight the risker domains such as 7157, but also 
reveal the more interesting result that many of the thin breccia domains such as domains 7152 to 
7156, have a large proportion of blocks with low ML confidence values. Nova’s MGT plan to 
investigate this metric in relation to mine reconciliation results to determine its utility in forecasting 
reconciliation issues that are currently thought to reflect local domain complexity. 

Locally varying angle field 
Nova’s MGT prepared a locally varying angle (LVA) vector field to facilitate the CY20 MRE estimation 
of block grades and density using a dynamic anisotropy (DA) sample search methodology. DA 
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requires that every block in the model have a defined plunge vector (dip and dip direction) of the 
major axis of the sample search ellipsoid (Machuca-Mory, Rees and Leuangthong, 2015). 
The ML process also prepares a LVA field, which potentially could be used to replace the time 
consuming and somewhat subjective methods used to prepare the LVA field in kriging estimation. 
Figure 12a contains images of the LVA dip variable as interpolated from estimation wireframe 
boundary surfaces for the CY20 MRE, and Figure 12b is the LVA dip variable from the ML model. 
The dip fields for the ML and DA methods are quite different. The DA dip field is generally less steep 
in the range 10° to 30°, compared to the ML equivalent blocks. Figure 12b demonstrates that the ML 
dip field tends to have broad areas of very steep dip (>70°), which seems counter to the MGT’s 
understanding of the geological and grade continuity in many areas of the deposit. Nova’s MGT plan 
to run an estimate using the ML LVA field, but initial impressions are that the field is unlikely to be a 
substitute for the standard DA approach. Certainly, a better understanding of how and why the ML 
LVA field is created would be helpful prior to additional testing work. 

 
(a) 

 
(b) 

FIG 12 – LVA field dip on long section 6 479 700 mN (±10 m) looking north – Test 1. (a) CY20 
MRE true dip; (b) ML plunge angle. 

TEST 2 – SULFIDE AND FULL GEOLOGY MODEL 
For the CY20 MRE, Nova’s MGT restricted its modelling to sulfide domains within the bounds of the 
all-encompassing but spatially constrained ‘Waste Halo’ domain. The purpose of the Waste Halo 
was to prepare a waste dilution model with robust grade and density estimates, which would be 
required in the ore reserve estimation process. The model space outside of the Waste Halo was 
assigned to the background model. 
Nova’s MGT prepared the ‘Test 2’ model to assess how well the ML application might model the 
geology of the model space outside the 21 sulfide domains. Additionally, Test 2 facilitated the 
assessment of whether having additional information outside the sulfide domains might have any 
material difference to the Test 1 ML model results. 
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To prepare the Test 2 ML model, Nova’s MGT first grouped the 120 alphanumeric codes into a more 
tractable 25 categories using the team’s current understanding of the geology outside mineralisation. 
An example of this was to combine several of the internal hanging wall sedimentary logging codes 
that represent different mineral proportions within the same unit. For example, the unit SQQ (quartz 
dominated) and SQG (quartz and garnet dominated) were combined into a single ‘HW Sediments’ 
domain. Another example included combining the 15 different logging codes for felsic intrusive into 
a single ‘Granite’ domain code. These 25 categories were then combined with the sulfide model’s 
codes and the ML model was prepared from 51 separate geology and domain codes. The ML model 
was also provided with the grades of six chemical variables (Ni, Cu, Co, Mg, Fe and S) to augment 
the ML training. The Test 2 ML model specifications in terms of model extents, dimensions of parent 
and subblocks, were set to be the same as used in Test 1. The total workflow time to prepare the 
model was ~1.5 hours. 

Volume comparisons 
Figure 13a is a cross plot of the volumes of the Nova-Bollinger CY20 MRE domains compared to 
the Test 2 ML model – akin to the analysis above prepared for Test 1 in Figure 8. Figure 13b is a 
bar plot of the percentage ratios returned when dividing the volume of the ML model and grouped 
geology model by the CY20 MRE for the respective domains. 

 
(a) 

 
(b) 

FIG 13 – CY20 versus ML volumes – Test 2. (a) Volume comparison; (b) Ratio comparison. 
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The bar plot that is Figure 15, where each bar represents the percentage ratio of the respective 
domain volumes in Test 2 compared to Test 1, reveals that including the geology coding in the ML 
training, increases the volume assigned to the smaller volumed destination zones, such as the 7157 
zone (Figure 14). While the change in approach did not fill the volume as much as the IM approach 
as depicted previously in Figure 6c, there were significantly more blocks allocated to the 7157 zone 
in Test 2. Additionally, the Test 2 model had smaller volumes created in Bollinger Net domain (6151) 
and the Bollinger C5 domain (7260) when compared to Test 1. 
The addition of the grouped geology in Test 2 had a direct influence upon the ML software’s ability 
to further define the 7157 and 5201 domains compared to the Test 1 model. Figure 14 shows the 
increased volume of 7157 produced with addition of the grouped geology and Figure 16 shows the 
increased volume of the 5201 domain compared to depicted previously in Figure 7c. 

 
FIG 14 – 7157 domain block fills – Test 2. 

 
FIG 15 – ML Test 2/Test 1 percentage ratio. 

 
FIG 16 – 5201 domain block fills – Test 2. 
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Due to the black box nature of the ML software, understanding the drivers that increase the narrow 
lode volumes in Test 2, compared to the Test 1 results, is difficult. The reason may be that the 
additional samples surrounding these composited domains increase confidence in larger volumetric 
estimations, whilst constraining the thicker volumed domains. Nova’s MGT plan to investigate this 
effect with further experimentation. 

Test 2 – model cross-section 
Figure 17, which is a cross-section through the Test 2 ML model, has a strong similarity in geometry 
and connectivity of the sulfide domains when compared to both the CY20 MRE and Test 1 models 
(as previously depicted in Figure 5). There is, however, significantly higher geological complexity 
modelled in the waste domains, both inside the Waste Halo limit (Figure 17), and outside this limit of 
the CY20 MRE model (Figure 18). 

 
FIG 17 – Test 2 long section 6 479 700 mN (±10 m) looking north – domains only. 

 
FIG 18 – Test 2 long section 6 479 700 mN (±10 m) looking north – lithology only. 

When compared to a Nova-Bollinger geological interpretation prepared by one of IGO’s geochemical 
experts as depicted in Figure 19, the Test 2 model has modelled sedimentary domains in the area 
to the east of C5 as opposed to gabbro domain being interpreted in the manually interpreted 
geological model. Test 2 modelled sediments in this area display complex folding structures, and 
this is supported by underground mapping observations in the area. 
The Test 2 model has increased lithological complexity in the intrusive complex in the hanging wall 
of the deposit when compared to the geological model. This is due to the intended scale of definition 
the geological model was produced at (50–120 m intervals) and having used drilling with full 
geochemical data only. 
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The fault zone domain modelled in Test 2 is often discontinuous and dipping in the direction of the 
surrounding geology. This result disagrees with the orientations of known faults, where the faults are 
observed to be cross-cutting structures in face mapping. Spatially, Test 2 did however, model fault 
zones in similar areas to the known structures. Further investigation is required to determine how 
structural data could be correctly modelled using ML or if a different approach is necessary. 

 
FIG 19 – Nova Bollinger CY20 MRE hinged cross-section 6 479 710 mN looking north (manual 

geological interpretation Ben Cave). 

TEST 3 – MINERALISATION ONLY CODING 
For ML Test 3, Nova’s MGT provided the program with a (pre-domaining) major lithology component 
and assay result drill hole file. The major component lithology was designated the supervised domain 
variable. The goal of this test was to determine if a ‘hands off’ approach would produce a model that 
could be used for early-stage development or estimation prior to undertaking a mineralisation domain 
rationalisation similar to that applied for the CY20 MRE. 
The mineralisation codes logged in the Nova-Bollinger drill hole database are shorthand 
alphanumeric abbreviations. For example, ‘$X’ is used for net textured mineralisation and ‘$S’ for 
stringer. In these cases, the codes were recast as ‘net texture’ and ‘stringer’ respectively for the 
purposes of the test. Many similar adjustments were made for other shorthand mineralisation codes. 
All other non-mineralisation lithology codes were grouped into the same 34 grouped geological 
codes using the same assumptions as applied in Test 2. The workflow time to prepare this model 
was ~1.5 hours. 
As expected, removing the CY20 MRE domain coding to train the ML model, resulted in more 
complex relationships between the ML interpreted domains. For example, Figure 20 is a bar plot of 
the proportions of Test 3’s ML domains inside the wireframe of the CY20 MRE 7151 Lower Breccia 
domain. This plot confirms that within this CY20 MRE domain, there are near equal proportions of 
breccia, massive and stringer mineralisation that have been grouped into breccia style, reflecting the 
variability of logged lithologies with corresponding grades that have been ‘lumped’ into the unit. 
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FIG 20 – Test 3 proportions of the Lower Breccia. 

Test 3 – model cross-section 
Figure 21 is a cross-section through the Test 3 ML model showing mineralisation and geology. Like 
Test 2, there is again, an increase in the complexity in the waste domains outside of the CY20 MRE 
Waste Halo limit compared to the Test 2 model shown in Figure 17. The mineralisation domains are 
also significantly more complex compared to Test 2, with some of the Test 3’s mineralisation 
occurring outside the CY20 MRE Waste Halo limit. 

 
FIG 21 – Test 3 long section 6 479 700 mN (±10 m) looking north. 

Compared to the Test 2 model, the Test 3 model typically has larger volumes of stringer 
mineralisation interpreted to occur in place of breccia domains. For example, this effect occurs for 
the Lower Breccia and Upper Breccia domain, which contain most of the nickel metal in the Nova 
Bollinger. This effect likely indicates a tendency for geologists to model stringer material into the 
primary breccia domains when highly mineralised or when stringer xenoliths occur near, or internal 
to, the breccia boundary. 
The Test 3 domains also contain less breccia mineralisation compared to Test 2 in the hanging wall 
of Nova. Where breccia is modelled in Test 2 in the hanging wall, this is often interpreted to be 
gabbroic and net textured mineralisation in the Test 3 model. The net textured mineralisation in 
Test 3 is also more steeply dipping compared to the Test 2 model. This may be a function of the high 
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dip angles present in the ML model’s LVA field but could equally be a valid connectivity effect. More 
investigation is needed. 
The Test 3 model also contains significant amounts of disseminated and blebby mineralisation that 
is not present in the Test 2 model, particularly in the hanging wall of Bollinger. The gabbroic 
mineralisation frequently contains disseminated very low-grade sulfides in the location where this 
extra mineralisation is defined in the Test 3 model. This effect is likely explained by subeconomic 
mineralisation not being modelled separately to the Leucogabbro in the CY20 MRE. 

LEARNINGS FROM NOVA 
The ML software trial has provided Nova’s MGT with an opportunity to test several different 
hypotheses on how to model the geology and mineralisation of Nova-Bollinger. The trial has also 
provided an opportunity to understand if ML techniques can be applied to enhance the current MRE 
workflow. 

Drill hole file 
Moving to ML software from using manual or IM software for domaining, highlights the criticality of 
having a robust method of drill hole logging. Nova is a relatively young operation, with only one 
change of ownership since its discovery in 2012 (Bennett et al, 2014). However, the logging 
methodology and lithology coding has changed several times, which has resulted in 99 different 
lithologies being interpreted to occur within the CY20 MRE drill hole file. Unfortunately, multiple 
codes are often used for the same lithology and inaccuracies also often occur in the logged lithology. 
These issues highlight the problems of inadequate training, and mentoring junior staff tasked with 
logging drill core. As such, a robust quality control stage is needed to review the logging before MRE 
work can commence. 
The MGT’s use of IM modelling tools has allowed logging errors within the input drill hole files to be 
noticed and corrected during MRE preparatory work. However, this approach is time-consuming and 
rarely are the changes updated in the primary drill hole database due to the time-pressure to 
complete the estimate and subsequent MRE documentation. 
Increases in the speed of modelling in ML compared to the current MRE workflow, could provide 
additional time for the senior and resource geologists to mentor junior staff and better review drill 
core logging activities. ML results, however, provide a different opportunity to pick up on logging 
anomalies by using cross-section checks compared to 3D checks in IM modelling. 

Modelling 
ML challenges the traditional methodology of modelling mineral deposits. As demonstrated in the 
example of Test 1, continuous domains modelled using IM sometime do not maintain the same 
connectivity in an ML model. However, the addition of the geology ‘samples’ to the domain 
composites in Test 2 showed that providing additional information to the ML produced greater 
connectivity in thinner domains. While the reasons for this improvement are not yet fully understood, 
the important observation is that a better model was returned by not truncating the information for 
the ML approach. 
The Test 3 example using mineralisation codes showed that without the influence of geologist-
modelled domains, the ML software could create a comprehensive spatial model of all mineralisation 
styles and geologies. The utility of this type of model needs more assessment and testing, 
particularly when considering subsequent grade and density estimation. 
Test 3 also highlighted that the CY20 MRE breccia domains often contain many different types of 
mineralisation logged within a MRE grouped domain. Intuitively, this variability is due to the mixed 
nature of brecciated orebodies where a drill hole can pass through several xenoliths exhibiting 
different lithologies located within the same mineralised envelope. 

Estimation 
In an iron ore deposit, the ML software has been tuned to estimate block grades for multiple 
variables, in conjunction with the geological domaining, with grade estimation and geological 
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domains both determined by an ML algorithm (Sullivan et al, 2019). Given the early-stage of 
development of the ML software at the time of the trial, calibration to estimate metal grade for a Ni-
Cu-Co deposit such as Nova had not been completed. However, the MGT tested an internal process 
to use the domain coded Test 2 ML model blocks and apply the standard ordinary kriging CY20 MRE 
estimation process. The results of this first pass estimation were highly comparable to the CY20 
MRE. 
Hopefully, future development of the ML software will involve the calibration of the grade estimation 
algorithms for Ni-Cu-Co deposits and thereby remove the need for the current estimation stage. 
However, the authors of this paper consider that developing a clearer understanding of how these 
ML estimates are generated will be required before these estimations can be routinely accepted and 
adopted by the industry. 

Future work 
One of the key areas of investigation for future work is to understand how the ML software can be 
improved to model thin domains. The results of Test 1 raised the question whether Nova’s MGT 
were overly optimistic with the connectivity of thin domains. The results from Test 2 showed that 
connectivity improved with additional drill hole information. Further work to determine how to optimise 
how the ML software models thin domains is required so that meaningful comparisons can be made 
between manual and ML interpretations. 
Given the large number of lithology codes within the CY20 MRE drill hole file, grouping of lithology 
codes in Tests 2 and 3 was completed out of necessity to help produce a reasonable result. Future 
work will investigate if data conditioning can be improved and expanded to include the use of spatial 
or geochemical data contained within the drill hole file. This may lead to defining different groupings 
or domains for testing using pre-process ML analysis or rules based domaining, without the need for 
3D modelling work. 
The LVA angles contained within the ML models were significantly different to the DA LVA field 
prepared for the CY20 MRE. Future work will investigate how this effects the resultant grade models. 

Advantages and disadvantages 
What follows is a list of what Nova’s MGT interpreted to be the current advantages of ML over IM 
modelling: 

• The ML pay-by-use business model may be more cost-effective than maintaining IM software 
systems. 

• The simple ML inputs can be readily prepared in most commercial general RM software 
systems. 

• The ML modelling times are relatively short, albeit the update times are longer than updating 
a model for a few new holes in IM systems because the ML entire model needs to be re-run 
when new data is appended. 

• The ML model returns an objective measure of uncertainty in the geological model, which is 
likely to have some utility in mineral resource classification and mining reconciliation work. 

• Multiple different geological models can be prepared in parallel to assess the JORC Code 
Table 1 item (Section 3) as ‘The effect, if any, of alternative interpretations on Mineral 
Resource estimation’(Joint Ore Reserves Committee, 2012). 

The MGT’s assessment as to the current IM advantages over ML modelling are as follows: 

• The ML black-box technology can only be judged on the utility of its results. Currently there 
appears to be limited user scope to tune the ML’s control parameters to a geologist’s expert 
understanding. In contrast the theory and practice of IM modelling is well documented in the 
scientific literature and the mature technology is now appearing in most general purpose RM 
software systems. 
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• The IM method is currently better able to model thin domains with complex geometry and 
permits a geologist to enforce connectivity even if the confidence is low, which may be 
acceptable for Inferred Mineral Resource modelling. 

• IM provides capability to model structural offsets, which appears to require estimations into 
different fault blocks in the ML process based on some preliminary tests (Maptek – Machine 
learning for fault identification, 2021). 

• IM accommodates string data more simply, such as face mapping boundaries and permits 
local adjustments based on a geologist expert assessment of continuity. 

CONCLUSION 
Advancements in the application of ML algorithms to resource modelling, has returned focus to the 
fundamental importance of the accuracy of the foundational drill hole file. IM methods of modelling 
have provided a set of tools to help overcome errors in logging but have also resulted in them being 
continually retained within drill hole databases. Errors contained within the drill hole file inevitably 
propagate within current models and will also affect ML models. This highlights the criticality of 
developing robust logging processes and training junior staff in the importance of accurate logging. 
Moving from an interpretive 3D domain-based process to a drill hole file data process, capable of 
building multiple interpretations within the same model, represents a fundamental shift in the way 
geologists can model a mineral deposit. However, having the ability to build multiple conditioned 
interpretations within ML models requires robust and rapid methods of model reconciliation to assist 
in testing different ML scenarios. 
Nova’s MGT considers that the maturity of the ML software trialled at Nova is not yet currently at a 
stage that allows for complete substitution of current MRE processes. Notwithstanding this 
conclusion, as further developments in the ML modelling capability are made, the authors consider 
that it is likely that ML will become the preferred modelling method for mineral deposits. ML will 
become particularly attractive if the process can not only model geological domains, but also return 
reliable grade estimates for mine planning across for the full range of mineralisation styles, while 
also providing a well understood confidence measure that can assist in risk quantification of both 
geology and grade. 
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ABSTRACT 
An estimation geologist has many tools in their kit and using the correct one for the job is vital for 
creating a useful model. Reconciliation is a key step to monitor the performance of a resource model 
and to ensure the correct tools have been selected and appropriate parameters are set. This paper 
presents an example of refining the estimation methodology for a Channel Iron Deposit (CID), 
resulting in an improved model. 
Rio Tinto Iron Ore (RTIO) CIDs are unique iron ore deposits located in the Pilbara region of Western 
Australia and contribute a significant volume to the world’s seaborne iron ore market. A problematic 
feature of these deposits is the irregular dispersion of clay pods that cannot be delineated with 
confidence within the resolution of the exploration drilling. 
Resource to grade control reconciliation showed an over-prediction of high-grade material in the 
resource model. A fresh approach was required to improve grade and tonnage predictions. 
Historically, clay pods were delineated using traditional wireframing techniques and estimated using 
ordinary kriging with hard boundaries. The new method utilised indicator kriging to estimate the 
probability of clay. Probabilities generated from the indicator kriging estimate were used as an 
additional weighting following the ordinary kriging of grades. 
Results showed indicator kriging improved global high-grade tonnes reconciliation, however, as 
expected, it did not improve the spatial prediction of clay. Based on improved reconciliation results 
indicator kriging has now been adopted as a suitable alternative for analogous CIDs at RTIO. These 
improvements benefit the mine planning process, but do not replace grade control models. 

INTRODUCTION 
The Pilbara’s Channel Iron deposits have been exploited for the majority of the second half of the 
20th century and the entire 21st century thus far. CIDs provide a consistent grade and significant 
volume to customers. In order to extract CIDs, sampling and subsequent estimation of grades and 
tonnage are required. It is important that these estimates are as accurate and precise as possible in 
order to give justice to these non-renewable natural resources. 
CIDs are currently being mined by numerous companies in Western Australia, which require 
resource estimates to be completed. The overall workflow between companies is generally similar 
and is documented at a high level to meet ASX and JORC code requirements within Australia. Some 
subtleties in estimation methods between companies are generally not reported and may be 
considered intellectual property that provides a competitive advantage. 
This study documents a change in estimation methodology that has resulted in an improvement in 
reconciliation between a resource model and grade control model. Although the geology and 
estimation methods have been around for some time, the application of them coming together has 
not been documented extensively and the aim of this paper is for this method to be considered 
throughout the industry as a possible method to aid in extracting CIDs as effectively as possible. 

GEOLOGY 
Channel Iron Deposits (CIDs) are a rare form of iron ore deposit located in the Pilbara region of 
Western Australia. CIDs formed within palaeochannels and were deposited in the mid-Miocene 
Epoch, approximately 11 million to 15 million years ago. The source of material for CID is from the 
weathering and erosion of the Hamersley Group Stratigraphy. Geomorphology of CIDs range from 
partial to complete topographic inversion, gorges and partial to complete burial by overburden. 
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CID deposits are dominated by goethite-hematite rich ooids and pisoids ore, (Morris and 
Ramanaidou, 2007). The ore of a CID deposit is hard, compact goethite-hematite rock with a matrix 
consisting of brown vitreous goethite (Andrews et al, 2010). The ore comprises of a haematitic 
nucleus encompassed by a goethite rich rim. The diameters for ootliths range from 1 mm to 2 mm 
whilst the pisolites range from >2 mm to 5 mm. Also found within CID deposits are small-scale joints, 
cavernous zones, vuggs and fossilised wood. These vuggs and cavernous zones range in size from 
millimetre to >30 cm wide depending on where in the deposit they are found with areas infilled with 
clay and/or goethite. 
Due to erosion, the deposit thickness can vary from <1 m to over 80 m dependant on the CID (Morris 
and Ramanaidou, 2007). A typical CID is comprised of fluvial material presented as horizons of 
varying iron rich pisolites and ooliths, Figure 1, which can extend for several kilometres. Throughout 
the breadth of the channel is a basal sediment layer. Dependent on the local erosion level, clay is 
interspersed throughout the deposit, presenting as irregular pods of varying sizes through to a 
continuous layer across the channel. Another form of clay formation within a CID deposit is presumed 
to occur from the infill of cast roots by clay, this is mainly noted in the upper regions of the deposit. 

 
FIG 1 – Cross-section of a typical Pilbara channel iron deposit (Andrews et al, 2010). 

RECONCILIATION 
Reconciliation is widely recognised as a fundamental governance process in any mining operation. 
It is necessary to assess if the operation is in control of its product along the whole value chain 
(Macfarlane, 2015). It is key that when reconciliation metrics identify differences, that steps are taken 
to understand the cause. As outlined by Fouet et al (2009), if the underlying cause is known and 
understood then decisions can be made as to what appropriate action may be taken to enable 
systems or process improvement which will improve efficiency at a site. 
Rio Tinto has a rigorous end to end stepped reconciliation process developed by Cook (2008) 
(Figure 2) to monitor and react to reconciliation deviations along the value chain, triggering process 
changes where necessary to maintain control of its products. R factors are calculated to describe 
how different models and/or measurements along the value chain reconcile. 
Equation 1 provides an example of how these factors are calculated for the Rio Tinto R2 
Reconciliation Factor (grade control model to reserve model reconciliation). 

  (1) R factor = 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑔𝑔𝑐𝑐𝑐𝑐 𝑚𝑚𝑐𝑐𝑔𝑔𝑔𝑔𝑐𝑐 𝑣𝑣𝑔𝑔𝑔𝑔𝑣𝑣𝑔𝑔𝑣𝑣𝑐𝑐𝑔𝑔
𝑔𝑔𝑔𝑔𝑟𝑟𝑔𝑔𝑔𝑔𝑣𝑣𝑔𝑔 𝑚𝑚𝑐𝑐𝑔𝑔𝑔𝑔𝑐𝑐 𝑣𝑣𝑔𝑔𝑔𝑔𝑣𝑣𝑔𝑔𝑣𝑣𝑐𝑐𝑔𝑔
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FIG 2 – Rio Tinto Reconciliation Factors (Cook, 2008). 

PROBLEM 
Various geological modelling and geostatistical techniques have been implemented in the past to 
forecast the spatial distribution of clays within Pilbara CIDs. Clay pods can be interpreted in a three-
dimensional model using wireframes and, recently, techniques used to create wireframes have been 
categorised as either explicit or implicit modelling as described by Cowan et al (2003). Explicit 
modelling is where cross-sections of the drill holes are created and the drill holes are annotated with 
data that has been collected downhole. Geologists then interpret each section by digitising polygons 
around the clay pods. These two-dimensional polygons are then wireframed together to create a 
three-dimensional volume. Implicit modelling on the other hand is carried out by utilising the data 
implicit within the drill holes themselves (Boyle and Latscha, 2013). A geologist interprets drill hole 
data and sets the intervals of the clay boundaries on the drill hole. The geologist then uses these 
boundaries to interpolate a wireframe of the geological boundaries. Various algorithms can be used 
for the interpolation with the radial basis function being a common example. 
More advanced geostatistical methods can also be used to define the distribution of clay within CIDs. 
Examples of these include: De-Vitry (2013), where categorical indicator simulation was utilised and; 
Osterholt and Dimitrakopoulos (2007), where multiple point simulation was employed. 
Explicit modelling, implicit modelling and geostatistical simulation techniques are all methods that 
can be used to domain clay pods within a block model ready for estimation. These domains are 
subsequently used to estimate analyte grades commonly using hard boundaries. 
Wireframing was used to domain clay pods at Rio Tinto for certain CID deposits. It is the presence 
of irregularly shaped and dispersed clay pods in CIDs that are the source of most reconciliation 
deviations. This is because widely spaced exploration drilling fails to accurately delineate clay pods 
that are then picked up in grade control drilling, which can result in significantly reduced high-grade 
(HG) tonnes in the grade control model compared to the reserve model. 
It was the R2 reconciliation step that identified the overprediction of reserve model HG tonnes, 
prompting an investigation into the root cause of this deviation and subsequent resource modelling 
and estimation process change outlined in this case study detailed in this paper. Although 
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geostatistical simulation methods could be a reasonable alternative to mitigate this problem, a 
simpler technique was trialled and proved to be viable. 

SOLUTION 
Indicator kriging is a method of estimation first introduced by Journel (1983). The use of established 
estimation methods was proving insufficient for non-uniform ore deposits, thus a new approach was 
required. In the circumstance of a deposit having a variable that has a spread of data which is highly 
skewed, with high tail values, problems using traditional estimation methods such as Ordinary 
Kriging can occur. 
The use of the indicator function requires the coding of the deposit data file using 0 and 1, with the 
cut-off value of interest predetermined. The cut-off value can be based on a variety of factors 
including grade, economic, legal requirements or processing constraints. The coding required 
follows the equation outlined in Equation 2 (Indicator coding function (Journel, 1983)). 

 𝑖𝑖 (𝑥𝑥; 𝑧𝑧) = �
1, 𝑖𝑖𝑖𝑖 𝑧𝑧(𝑥𝑥) ≤ 𝑧𝑧

0, 𝑖𝑖𝑖𝑖 𝑛𝑛𝑛𝑛𝑛𝑛  (2) 

Another function of indicator kriging is to code data files using categories instead of thresholds. 
Categorical indicator kriging, by way of estimation can either assist in determining the likelihood of 
an area containing a set attribute such as lithology, or the likelihood of an area being higher or lower 
than a set grade. The likelihood of a categorical variable to be present at a certain location is 
determined by 𝑝𝑝 (𝑢𝑢; 𝑠𝑠𝑘𝑘) where p = probability, u = location and sk = categorical variable (Goovaerts, 
1997). 
Precedents for the use of categorical indicator kriging to determine the probability of features of 
interest have been demonstrated throughout the mining industry. This approach was used at Gwalia 
mine by means of estimating the probability of alteration or vein type which may be located within a 
block (Maturana and Browne, 2019). The estimated proportions represented the proportions of 
alteration or vein type and the subsequent block grades were based off the weighted averages of 
these (Maturana and Browne, 2019). Prior to this indicator kriging had been used to improve the 
estimation of high-grade ore locations with the hydration region of bedded iron ore deposits (Savory, 
2012). 
Probabilities generated from the categorical indicator kriging estimate can be used as an additional 
weighting following the ordinary kriging of grades or a probability weighted average (PWA), shown 
in Equation 3. This equation is written as x = location and ck = category with the addition of K 
representing mutually exclusive categories. This is useful for CIDs as the clay pods are known to be 
within the deposit, yet their location and size remains unpredictable due to the nature of their 
formation (Equation 3 – Probability assigned to grade for categorical indicator kriging (Maturana and 
Browne, 2019)). 
 0 ≤ 𝑝𝑝(𝑥𝑥; 𝑐𝑐𝑘𝑘) ≤ 1 𝑘𝑘 = 1, … .𝐾𝐾 (3) 

 

� = 1 𝑝𝑝 (𝑥𝑥;  𝑐𝑐𝑘𝑘 

𝐾𝐾

𝑘𝑘
) = 1 

CASE STUDY 
To quantitively asses the PWA technique, two geological models were created on an active mine 
site where reconciliation could be completed. Both models used the same drill hole data set that 
contained survey, assay, geological logging and downhole geophysical information. A geological 
interpretation was also flagged onto the drill hole data which contained clay pod intervals within CID 
stratigraphy. 
To begin construction of the two models, wireframes were initially created. Both geological models 
utilised the implicit method to generate the major stratigraphic wireframes. The CIDs clay pods for 
one model were also delineated with wireframes using the implicit method. Clay pods were not 
modelled in the second model however in readiness for the PWA method to be used. 
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The sets of wireframes were then used to build two block models. The two block models generally 
had the same construction parameters including spatial limits and block size. Both block models 
implemented sub-blocking to better define the resolution of the domains on their boundaries but 
during estimation these blocks were treated as parent blocks. The sub-blocks around the clay pods 
that contained clay pod wireframes was the only difference between the two models when they were 
built. 
Exploratory data analysis was completed on the drilling data to validate that the data aligns the 
geological understanding of the deposit and identify any erroneous or outlier values. Fe, SiO2, Al2O3, 
P and density were among the variables estimated into the model. Semi-variogram models were 
then made for each domain and analyte to be estimated. An indicator semi-variogram model was 
also built to complete the categorical indicator estimate for the distribution of the clay pods. 
A kriging neighbourhood analysis was completed prior to analyte estimation in the intention of dialling 
in optimal results. The same neighbourhood parameters were used for the two models but some 
additional permutations were required for the model where PWA of the clay pods was going to be 
completed. Additional variables were required to be added to the PWA model to facilitate the 
categorical indicator estimate and the estimate of the mineralised pisolite and clay pod analyte 
grades prior to the post-processing value of grades. 
For the first model, analytes were estimated using ordinary kriging with hard boundaries between 
the clay pod and pisolite domains within the CID units. 
A categorical indicator ordinary kriging estimate of the clay pods was initially completed within the 
CID units for the second model. Next, analytes were estimated using ordinary kriging into the CID 
units in the second model in two instances. One used drill hole samples that were flagged as clay 
pods and the other drill hole samples that were flagged as pisolite. The final grade of the second 
model was post-processed using the equation given in Equation 4. In addition it is important to note 
that density is also utilised as a weighting in this equation as clay has a significantly lower density 
compared to that to that of pisolites, and this enables a mass weighted average of the final analyte 
grades to be achieved. 

 𝐺𝐺 =
(PTPC × 𝐺𝐺∗TPC× DTPC)+ ((1−PTPC)× 𝐺𝐺∗TP× DTP)

(PTPC × DTPC)+ ((1−PTPC)× DTP)
 (4) 

Equation 4 – formula for post-processing of PWA model, where: 
G = estimate grade 
P = probability 
G* = ordinary kriged grade 
D = density 
TPC = Tertiary Pisolite – Clay 
TP = Tertiary Pisolite 

In order to visualise the main difference between the two models, Figure 3 displays the wireframes 
used in the first model to domain the clay pods and the categorical indicator estimate used as a 
weighting in the second estimate. 
Both models’ estimates were validated using a comparison of summary statistics of the samples 
versus the estimate, swath plots and an assessment of smoothing via global change of support. 
Validation proved both models’ estimates were reasonable and were then compared by their 
reconciliation performance against mining data. 
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Reconciliation was undertaken using Rio Tinto Grade Block Reconciler software, and the resource 
models were regularised prior to reconciliation comparison. R2 reconciliation (reconciling the 
resource models against the grade control (GC) model) was undertaken for both the wireframed and 
the PWA models for the mined period Jan 2018 to Jan 2021. HG tonnes and R factors for tonnes 
and grade were compared. 
The PWA model reconciled markedly better than the wireframed model for HG tonnes, at both global 
(Figure 4) and pit (Figure 5) scale analysis. Major analyte grades for HG material were very similar 
between the two models. Spatial reconciliation however was similarly poor between the two models 
– with only 64 per cent (wireframed model) and 67 per cent (PWA model) of the grade control HG 
tonnes presenting in reserve HG block space (Figure 6). 
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CONCLUSION 
This paper provides an example of how using robust reconciliation processes and subsequent 
refinement of resource modelling and estimation methods provides a better product to stakeholders. 
The case study showed that adjusting estimation methods – utilising PWA modelling – provides a 
better estimate compared to the traditional wireframed model, as demonstrated by improved R2 HG 
tonnes reconciliation. 
It is important to note that there are limitations to what can be achieved within a resource model. 
Spatial reconciliation is not improved with a change of modelling method for the case study, with size 
and distribution of the clay pods unresolved without additional input data. Grade control modelling 
and ore spotting will still be required to define clay pods locally and to extract the ore without clay 
contamination. 
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Based on the reconciliation outcomes in this case study it is recommended that the indicator 
approach is undertaken in analogous CIDs to provide better Mineral Resource and Reserve 
estimates and to better inform the mine plan. 
It is important to remember the many tools available to a resource geologist to continuously improve 
models and provide a better product to downstream users. 
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ABSTRACT 
With traditional grade control processes, geological models are created by geologists at the 
completion of the data collection stage and wireframe construction is closed off at a set date to allow 
for time to complete the estimation process. Any issues identified at earlier stages or the addition of 
new data requires the estimation process to be started again. Alternative interpretations are explored 
only if time allows and often in a limited fashion. An alternative workflow has been developed at the 
Waihi Underground Gold Mine utilising Leapfrog Edge and Seequent Central. Geological and grade 
control models are created, dynamically linked, and saved as separate branches. A project geologist 
is able to work on the grade control model and a mine geologist on the geological model 
simultaneously. This allows for a non-linear modelling workflow with continual review and feedback. 
The introduction of new data can occur right up to the model due date, with data collection, validation, 
alternate interpretation, and review happening incrementally. Models are categorised and stored in 
Seequent Central according to project status. An approved version of the geological model and 
grade control estimate are uploaded at the time of release and transparently capture all data used 
at a point in time, as well as the review process. Dynamically updating models for grade control has 
reduced turnaround time while increasing accuracy and quality. Estimates of individual domains are 
vastly improved from being able to rapidly evaluate the effects of model parameter changes in real 
time and 3D. Development and stope design directly benefit from these streamlined processes, with 
higher quality, timely production occurring as a result. 

INTRODUCTION 
Geological modelling and estimation at the Waihi Underground Gold Mine had previously followed 
industry standard practices with a linear workflow. This began with data collection from diamond drill 
holes, face chip samples, and geological mapping, followed by geological modelling of lithological, 
structural and ore contacts and surfaces. Finally, a series of data validation steps and exploratory 
data analysis were conducted to produce a grade control estimate in the form of a block model. This 
workflow creates a rigid structure that in most cases requires one step to be completed prior to the 
next one being started. 
The Seequent software suite has been used to develop a new grade control workflow that allows 
work to be completed at any point along the process, independent of the final outcome. For example, 
often the final channel data is received, and the geological model wireframe updated only moments 
before the final model is run. The model typically takes less than half a day to run, during which time 
the final validation checks and model documentation can be completed. 
Leapfrog Geo is used to create geological models, Leapfrog Edge is used for grade control 
estimation, and Seequent Central is a cloud-based application for the storage and dynamic linking 
of models created with the Leapfrog applications. 

GEOLOGICAL SETTING 
The Hauraki Goldfield comprises approximately fifty epithermal deposits (Braithwaite and McKay, 
1989) and lies within a NNE-trending Miocene to Pliocene calc-alkaline arc (the Coromandel 
Volcanic Zone). Gold mineralisation is localised within moderately- to steeply-dipping quartz veining, 
breccias and vein stock working. 
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HISTORY OF MINING IN WAIHI 
Gold was first discovered near Coromandel township in 1852 but economic gold was not discovered 
in the Waihi area until 1878. Mining operations were transferred to the Waihi Gold Mining Co. in 
1890 and mining activity continued until the close of the mine in 1952. During this time, ~5.5 Moz Au 
and 38.4 Moz Ag (McAra, 1988) were extracted (~174 t Au and 1193 t Ag). Operations 
recommenced in 1988 with the opening of the Martha open pit mine. Underground operations at 
Favona began in early 2005 and several additional orebodies have since been identified and mined. 
More than 3.2 Moz Au have been extracted by the combined open pit and underground operations 
since mining recommenced in 1988. 

GRADE CONTROL WORKFLOW 

Geological modelling in Leapfrog Geo 

Importing data 
The inputs required for geological model wireframes and grade control model estimations are 
diamond drill hole data and underground ore control channel data. These exist in separate acQuire 
databases. The data is exported from the two acQuire databases and combined in an Access 
database, which Leapfrog then connects to via an ODBC link. 

Interval selection 
Grade control modelling is done solely in Leapfrog geological software using face channels, drill hole 
data and polylines. Correctly registering the 3D.obj files is paramount to this process working 
correctly as the photo scans, which replace traditional paper face sketches, become one of the focal 
points in which decisions influencing the model are made (Whaanga, Vigor-Brown and Nowland, 
2019). The face mapping process has evolved further at Waihi, where ore control geologists now 
sketch polylines of features such as footwall and hanging wall contacts and minor veins onto photos 
at the face (Figure 1). Textures and rock types are represented with points digitised onto photos into 
a texture or lithology layer. This data is imported into Leapfrog Geo to aid the project geologist in 
modelling the orebody. 

 
FIG 1 – Polylines digitised underground at the face define the footwall and hanging wall contacts. 

Points representing rock types and textures are digitised into lithology or texture layers. 
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The footwall and hanging wall contacts are digitised directly into Leapfrog on the face, back and wall 
of the scan. Combined with the channel data these give highly accurate polylines defining the 
geological contacts used to create and update the wireframes (Figure 2). 

 
FIG 2 – A 3D scan and level asbuilt file (orange mesh), overlain by the horizontal channel data, 

and footwall and hanging wall polylines (dashed) of a vein structure (Whaanga, Vigor-Brown and 
Nowland, 2019). 

Using the interval section tool, channel data can be selected using Au values, lithology, or any other 
field to assign that portion of the channel into the correct domain (Figure 3). Validation of the data 
can be done quickly in section view by comparing the selected intervals with the channel data, 
footwall and hanging wall polylines, scan and level asbuilt to ensure the correct spatial location of 
scans, channel polylines and drill holes (Whaanga, Vigor-Brown and Nowland, 2019). 

 
FIG 3 – The same image as Figure 2 after the interval selection tool has assigned the channel 
interval to the correct domain. The wireframe has been refined using interval selection along 

channel and footwall and hanging wall polylines (Whaanga, Vigor-Brown and Nowland, 2019). 
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Resource and production geological models 
The Martha Underground project currently has more than 90 domains. Drilled portions of some 
domains with higher confidence are actively being mined, whilst at the same time other parts of these 
domains are still being drilled and the model updated by the resource development department. The 
project requires a resource development geological model as well as an underground production 
geological model. Although the two models use the same diamond drill hole data set and historic 
data, there are some differences to their inputs and use: 

• The resource geological model data exists in a single acQuire database. Wireframes and 
large-scale resource and reserve estimates generated from the data are currently completed 
in Vulcan and used for medium to long-term mine planning. 

• The production geological model uses the same diamond drill hole data as the resource 
model but has the addition of underground channel data and footwall and hanging wall 
polylines obtained from 3D scans. The production model requires a high spatial accuracy for 
short-term mine planning and design of ore drives and stopes. 

The models constantly diverge as each one is continuously updated with the addition of new data. 
However, additional functionality in Leapfrog Geo and Seequent Central means that data can be 
imported and added, and in some cases linked, so that the models update dynamically from one 
another. 

Interval selections from model to model 
Both the resource development and production teams model data that needs to be added to the 
other model. Interval selections of drill holes are one of the main examples of this. Resource and 
reserve drill hole interval selections need to be added to the production model, and grade control 
drill hole interval selections need to be added to the resource model. 

Interval selections are exported from one model and imported into the other in a csv format, with 
hole ID, from, to, and interval selection fields copied into an interval selection merge table. The 
interval selections can then be displayed for single domains, selected en masse and assigned to the 
correct domain. The wireframe will update automatically using the new data. 

Polylines from model to model 
The resource model does not incorporate the underground ore control channel data for wireframing 
or estimation, and therefore cannot use those selections for spatial location. Instead, the footwall 
and hanging wall polylines created in the production model are linked to the resource model via 
Seequent Central. When polylines are updated in the production model and the model is uploaded 
to Seequent Central, the polylines simply need to be reloaded into the resource model. The resource 
model wireframes then dynamically update using the new data. 

Model linking using Seequent Central 

Uploading models 
Resource and production models are uploaded and stored in Seequent Central (Figure 4). Using 
this data storage application, models can be shared between different team members and 
multidisciplinary teams from anywhere with an internet connection, making the models accessible 
and collaborative. Models can be uploaded at any stage of progress, from preliminary models where 
modelling requires peer review, to final versions that are peer reviewed, validated and approved for 
estimation, mine planning and design. Seequent Central is cloud-hosted so teams have instant 
access to projects and access permissions can be managed. 
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FIG 4 – The central user interface in Seequent Central showing the project history, including 

project stage, date of upload, user that uploaded and revision notes. 

Version control 
Previously to maintain reliability, geologists worked solo on a model, finalising, checking, and having 
work reviewed once the model was complete. Seequent Central’s model branching functions and 
clear timestamps have eliminated the need to manually track model versions, meaning teams can 
also work concurrently with confidence that each model is reliable with the version status captured 
at upload. 
Engineers utilise Deswik CAD software for resource evaluation, short- and long-term mine planning. 
Models valid for mine design are captured in a ‘block model extents’ layer. Attributed triangulations 
cover zones of domains and attributed fields include ‘valid model’, a step implemented to ensure 
valid models are used for mine design (Figure 5). 

 
FIG 5 – Deswik block model extents layer with model attributes displayed. 

Prior to the introduction of the Seequent software suite, the grade control workflow used multiple 
software packages for unique parts of the modelling and estimation process. Data relating to a model 
existed on a file server. Geologists were required keep track of model versions and currency to 
maintain reliability. Now the data exported and stored on files servers is limited to output wireframes 
and block models to the engineers, with everything else stored in Seequent Central. 
Periodic backups of models mean previous versions are accessible if there is a need to re-visit or 
check for errors or other issues. The backup can be downloaded to a local computer drive and 
deleted once the review is complete. 

Model relationships 
The Martha Underground Mine can be grouped into several principal areas, each with distinct 
geological characteristics. Grade control models are created for these mine areas and dynamic links 
are established to the master model. Seequent Central’s model branching functions separate each 
model and show their relationship to master model (Figure 6). Kriging neighbourhood analysis (KNA) 
is completed for each model and saved as a separate model branch. 
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FIG 6 – The dynamically linked relationships between the Leapfrog Geo geological model and 

Leapfrog Edge grade control and sensitivity models. 

Grade estimation in Leapfrog Edge 

Dynamic model updating 
Leapfrog Edge has a similar workflow structure to Leapfrog Geo. Each step in the estimation process 
is dynamically linked, from initial composite data built from assays within a wireframe domain, 
through to block model calculations that create combinations of first and second passes and 
resource classifications. 
Exploratory data analysis is conducted on partially completed wireframe domains stored in the 
master model branch, utilising all the current available validated assay data. Once the model is set-
up, all the steps stay dynamically linked and each step has a final check once the last validated data 
is uploaded. When a change is made at any step in the process all subsequent steps automatically 
update, effectively create a new model each time. 
The non-linear modelling workflow means that multiple users can be working on different part of the 
process simultaneously. For example, one geologist can be updating the geological wireframes 
whilst another geologist is working in the grade control model. Once the geological model is uploaded 
the grade control model just needs to reload the linked data which results in a dynamic update of the 
grade control model. 
Ability to have multiple iterations of a block model and domained estimators within a project enables 
dynamic, fast sensitivity analysis and block model optimisation. Parent and sub-blocking sizes can 
be changed between models and compared. Multiple estimators for a single domain can test 
parameters around sample numbers and search ranges. Results are compared and scrutinised, the 
result is a final model of a higher quality than that produced through the previous linear workflow. 
The ability to test multiple model scenarios at a faster pace means that issues can be addressed 
immediately, and management can be given advanced warning about grade control risk and losses. 
Seequent Central’s model branching functions are used to separate and timestamp sensitivity 
projects. Sensitivity models maintain the dynamic links established from the grade control model and 
are accessible to be reviewed, dynamically updated, and collaborated on. 

Ability to run models with relative ease prior to return of final assay data enables a process where 
engineers are provided with interim models. Using interim models, the engineers at OceanaGold are 
also able to create different scheduling and planning scenarios. With the final release engineers 
validate the earlier part of the design and complete the final part (Figure 7). This decreases the time 
to produce stope designs and increases productivity. 
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FIG 7 – Long section of estimated domain with full width composites, development drives and 

stope design shape in Leapfrog Edge. 

Unlike the traditional linear workflow where the return of the final data marked the start of the 
modelling process, the dynamic workflow turnaround time of models is dictated by return of final 
assay data. When this data is received, the wireframes, domain stats and exploratory data analysis 
are already complete. The final assay data is added to the drill hole database and reloading 
dynamically updates the grade estimate. Validated models can be released only hours after the final 
data is received. 

DISCUSSION 
Introduction of the Seequent software suite that integrates 3D photogrammetric imagery data has 
resulted in a multisystem workflow to create a dynamic grade control modelling process. Geological 
and grade control models are now dynamically linked, and Seequent Central’s model branching 
functions allows for multiple relationships to the master model. 
Workflow structures within the software have helped to move away from the traditional linear 
workflow. The non-linear grade control modelling process has advantages to team efficiency and the 
broader business. The software has provided a way in which multiple team members can work 
concurrently on models. Model review is no longer confined to the end of the process but can now 
occur easily throughout the process, resulting in a higher level of collaboration and an improved 
result. 
Version control is more manageable with cloud-based Seequent Central. The application’s model 
branching function and central upload function timestamps and backs up models, mitigating the risk 
of lost data. 
The dynamic process and the ability to provide interim models has had direct benefits to 
development and stope design. Rapid evaluation of model parameters has resulted in improved 
estimates of individual domains. Sensitivity analysis is now dynamic and can be undertaken quickly, 
resulting in a higher quality estimate. 
Final approved versions of block models can now be run as soon as the final data is returned. This 
faster turnaround time means that an approved final block model can be released hours after the 
point of final data return. 
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FURTHER WORK 
Currently mapping is imported from Deswik.MappingTM as a picture file and registered on to survey 
asbuilts. Improved integration would allow the import of major vein contacts into a Leapfrog project 
as polylines with vein attributes. 
A future step in making the workflow even more dynamic will be to improve functionality around 
multiple drill hole database connections, enabling the user to select fields from tables across the 
connected data sets to be combined in merge tables, thus allowing all data to be available for interval 
selection. 

CONCLUSIONS 
Geological modelling and estimation at the Waihi Underground Gold Mine has evolved from a linear 
workflow to a non-linear workflow. This is a result of the of introduction of the Seequent software 
suite that integrates 3D photogrammetric imagery data. Data acquisition for modelling still mainly 
adheres to traditional drill hole and underground sample data with addition of 3D scan data. Leapfrog 
Geo and Edge with the linking capabilities of central provide the tools and functionality to dynamically 
model and estimate orebodies. This has led to increased efficiency within the geology team and 
wider operation. The workflow is now an integral part the day-to-day operation at the Waihi 
Underground Mine. 
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ABSTRACT 
Open pit mining commenced at Lihir Island in 1997 and is undertaken using a conventional drill, 
blast, load, haul methodology. Unique challenges at the operation include an active geothermal 
system, a well-developed advanced argillic blanket in the upper portions of the orebody and high 
rainfall. 
Grade control is effective utilising routine blast cone sampling. While this provides ‘just in time’ grade 
information for mill blending, there are opportunities to improve scheduling of mill feed, based on 
material classification of clay types and sulfur grades. The nature of the clay can impact on the 
handling properties while the sulfur grade is an important guide for autoclave blending, required for 
refractory gold. 
Drilling below the pit floor introduces hazards from the identified geothermal field. A trial Reverse 
Circulation (RC) program was implemented with the aim of defining four benches below the active 
mining bench. A comprehensive risk analysis, including the geothermal environment, was 
undertaken to design a drill collaring procedure with pressure diversion equipment. Operator 
exposure was minimised through ‘nil on foot’ principles with the driller located in an onboard cab, 
utilising remote rod handling. Sampling personnel operate in an elevated platform with access to 
protective covering. 
Samples from blastholes and the RC holes are processed at two site laboratories. One provides 
conventional Au fire assays with additional Infrared Combustion (Leco style) S analysis. The second 
laboratory collects material classification details from portable XRF (pXRF), near infra-red 
spectrometry (ASD) and Hardness Indicator Testing (HIT). An existing workflow was updated by the 
site to deal with the additional samples and ensure production ‘turn around times’ were retained for 
short-term planning. This required some changes to drying temperatures, compositing and screen 
sizing for the material classification. All results from the two laboratories are loaded into a centralised 
acQuire database for estimation into a single block model that informs the 13 week medium term 
planning (MTP) schedule. 
This paper describes some of the logistical issues faced when drilling in a geothermal area. It also 
discusses the selection and commissioning Quality Assurance of the sampling equipment and drill 
rig. Integration of the resulting assay data with existing resource models is also explained. 

GEOLOGICAL SETTING 
Niolam Island is often referred to as Lihir Island, however that name is derived from the mining 
operation. The island is located within the New Ireland Province of Papua New Guinea and is 
comprised of a volcanic sea mount that rises steeply to approximately 600 metres above sea level. 
It is part of the alkalic Tabar-Lihir-Feni volcanic island chain. The Ladolam gold deposit is located 
within the central portion of the Plio-Plesitocence Luise Caldera, one of three mapped calderas on 
the island. The mineralisation is classified as having porphyry and epithermal relationships defined 
by differing mineralogical assemblages, overlain by a zone of intensely weathered and altered 
‘Argillic clay blanket’. 
The geology of the area has been mapped during a number of research projects undertaken by 
CODES (University of Tasmania including Blackwell, 2010). The deposit is considered to be an early 
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alkalic porphyry system with a later telescoped low-sulfidation epithermal overprint (Corbett, 2000) 
and has substantial metal endowment that has been the subject of many technical papers. The 
deposit includes four main orebodies; Minifie, Lienetz, Coastal and Kapit, with the Lienetz orebody 
the current focus of mining and the subject of this work. The volcanic host rocks to the deposit include 
clastic and coherent facies, intrusions, breccias and veins. Gold is hosted in refractory pyrite. The 
host rocks have undergone extensive alteration with two major alteration episodes identified 
(Jackson et al, 2005): 

1. An earlier and deeper ‘porphyry style’ event resulting in potassic alteration grading laterally 
into propylitic alteration. 

2. A later and higher level epithermal event producing argillic, advanced argillic, phyllic, and lower 
temperature potassic alteration. 

MINING 
The mine has been in operation since 1997 and Newcrest Mining Limited (2021) reported Mineral 
Resources and Ore Reserves as shown in Table 1, Mineral Resources are reported inclusive of Ore 
Reserves. 
The information in this document that relates to Lihir Mineral Resources and Ore Reserves has been 
extracted from the release titled Lihir PFS supports gold production growth to 1 Moz pa+ from FY24 
dated 12 October 2021 (the original release) and has been prepared in accordance with the 
requirements of Appendix 5A of the ASX Listing Rules by Competent Persons. The original release 
is available to view at <www.asx.com.au> under the code ‘NCM’ and on Newcrest’s SEDAR profile. 
Newcrest confirms that it is not aware of any new information or data that materially affects the 
information included in the original release referred to above and that all material assumptions and 
technical parameters underpinning the estimates in the original release continue to apply and have 
not materially changed. Newcrest confirms that the form and context in which the Competent 
Person’s findings are presented have not been materially modified from the original release. 

TABLE 1 
Newcrest Mining Limited. 

 

Mineral 
Resource Gold 

  Mt g/t Moz 
Measured Mineral Resource 63 2.0 4.0 

Indicated Mineral Resource 530 2.3 39 

Total Measured and Indicated 590 2.2 43 

    

 

Mineral 
Resource Gold 

 Mt g/t Moz 
Inferred Mineral Resource 67 2.3 4.9 

    

 

Ore 
Reserve Gold 

  Mt g/t Moz 
Proved Ore Reserve 63 2.0 4.0 

Probable Ore Reserve 250 2.4 19 

Total Proved and Probable 310 2.3 23 
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Mining is undertaken using a conventional drill, blast, load, haul methodology. Unique challenges at 
the operation include the presence of a well-developed advanced argillic blanket in the upper 
portions of the orebody, high rainfall and the presence of a modern geothermal system. 
In 2021 a program of in-pit RC drilling was commissioned at the Lihir gold mine in order to provide 
inputs into a 13 week mine and geometallurgical planning model. The purpose of this model was to 
improve the delineation of gold domains including ore characterisation (hardness and mineralogy). 
The ultimate goal was to be able to use this model to optimise the mine plan and blending strategy 
to account for grade, geometallurgical and material handling properties. This would support mine 
productivity, compliance to plan, and the full realisation of the Mine to Mill potential through its link 
to metallurgical performance – comminution, flotation and autoclave performance. 

DRILLING 
Lihir’s location in a geothermally active region (Figure 1) poses some unique challenges to drilling in 
the pit environment. Geysers pose a risk to personnel working within the pit. Newcrest has adopted 
a ‘nil-on-foot’ approach to some areas of the operation requiring changes to conventional RC 
sampling procedures. To implement change, Newcrest embarked on a project of innovative solutions 
to modify RC drilling and sample collection methods to minimise risk to drilling personnel. In 
partnership with a drilling contractor, modifications were made to a Schramm 685 track-mounted rig 
(Figure 2). This included a stuffing box and diverter to minimise risks of over-pressuring events and 
the provision of a sample cyclone on an extendable arm. This cyclone was able to be positioned 
over a specially designed support truck on which sampling could be safely carried out off the pit floor. 
The support truck also contained a cabin to house the samplers during drilling operations who were 
only required to exit the cabin periodically to change the sample bags. The truck also serviced as a 
safe means for the drilling crew to traverse to and from the rig over the restricted pit areas. 

 
FIG 1 – Lihir open pit mine access ramp showing the port as well as steam from the power station, 

generating power from the geothermal field. 
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FIG 2 – Modified track mounted Schramm 685 showing protective cab and extendable arm for 

cyclone and splitter. 

After consultation on geothermal risks, the decision was made to drill vertical holes to a depth of 
48 m, thus covering four 12 m benches. As geysering risk was deemed to be highest after drilling 
was completed (ie no restraining air pressure from the compressor), a decision was made to 
selectively insert downhole geothermal monitoring tools, with the data feeding into the mine 
geothermal model. Upon completion of the drilling each day, each hole was backfilled with stemming 
material using a specially designed loader. Another consideration taken into account when drilling 
was the preparation of suitable drilling pads with adequate drainage to divert any surface run-off. 
Ponding rainwater entering drill collars was deemed to increase the risk of geysering events. Holes 
were generally drilled on a nominal 20 m by 20 m pattern with collar savers placed in each hole upon 
completion. These assisted in the recognition of any geysering events and also aided in the 
monitoring of hole collars by drone. 

Sampling and analysis 
For each 48 m vertical hole, two separate streams of samples were obtained from a cyclone 
collection system that fed into a twin gated ‘drop box’, effectively isolating the splitter below, from 
high velocity air (Figure 3). Regular rig inspections confirmed that the twin gates can cause 
significant clay build-up and ongoing monitoring is required. 
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FIG 3 – Twin gated drop box (left) selected and single gate (right) option. Note change in cyclone 

capacity (figures courtesy of Ox Engineering, Perth, Western Australia). 

The splitter selected was a rotating type with upward facing ‘vizens’ (Figure 4). Once again, clay 
build-up was a concern but it has not been observed as an issue during regular inspection. Samples 
are collected at 2 m intervals for Au fire assay and Leco S analysis. In addition, after each 6 m rod 
was drilled, the resulting reject pile is sampled by spear for use as a geometallurgical sample. 

 

 

 

FIG 4 – Rotating Cone Splitter showing vizens (top right) and lower feed chutes (bottom right). 

The returned pulps from the fire assay samples were tested using pXRF. Geometallurgical samples 
were dried in a low temperature oven overnight to prevent the breakdown of clays at higher 
temperatures. After drying, each sample was screened. The coarse fraction was tested by a HIT 
device to map material hardness. The fines fraction was tested using the ASD device to determine 
clay speciation. All data was imported into the site acQuire database for further modelling. 
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QAQC during commissioning and routine drilling 
During the initial commissioning phase, all of the reject sample was weighed every 2 m. This was 
undertaken for the first holes and then subsequently on a few holes every month for QAQC purposes. 
Data was plotted (Figure 5) comparing the combined weight of three bags (reject and two calicos) 
versus the planned weight from the bit diameter, ie hole volume. This demonstrated a common 
problem for in-pit RC sampling impacted by blast fragmentation (sub-drill) with low recovery in the 
first rod. Figure 6 provides a 1 hole example, demonstrating the acceptable variability between the 
primary and duplicate sample. 

 
FIG 5 – Single hole example of sample weight measurements (note depth grid in 6 m increments 

to visualise rod changes). 
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FIG 6 – Single hole example of split sample weight measurements (note depth grid in 6 m 

increments to visualise rod changes). 

The first holes drilled had all split samples collected in duplicate and assayed to test for bias of the 
cone splitter ports labelled ‘primary’ and ‘duplicate’. This ensured tracking of the individual ports. In 
addition, precision was assessed based on industry practice metrics (Abzalov, 2016). 

  
Following commissioning of the drill rig the implemented Quality Control system included: 

• duplicate samples taken at a frequency of 1:20 

• certified reference materials standards inserted at a frequency of 1:20 

• blanks inserted at a frequency of 1:40 

• additional laboratory QAQC. 
Regular QC monitoring of these metrics has allowed issues to be addressed as soon as possible. 

Medium term model 
The Medium Term Model (MTP) created from the RC workflow has been used for two purposes: 

• short to medium term mine planning in areas of narrow cutbacks 

• ore characterisation. 
The MTP utilises infill data to update the resource model, increasing confidence in the short and 
medium term mine schedules. In addition, the RC data and MTP model bridge the gap between the 
wide spaced resource model and ‘just in time’ blasthole grade control models. The MTP model 
provides finer grade resolution, particularly in areas of narrow cutbacks, where there is likely to be 
greater grade variability. The grade estimates include not just Au, but sulfur and carbonate estimates, 
critical decision points for optimising processing plant performance and waste management. 

Precision 
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At times, mining at Lihir has phases of narrow cutbacks, this has increased the risk of encountering 
greater Au grade variability on shorter time frames, including monthly and quarterly periods. 
Focusing on RC drilling of these areas has provided more detail for the MTP model. 

CONCLUSIONS 
Open pit mining requires a comprehensive monitoring of material characteristics in conjunction with 
the grade control modelling. Closer spaced sampling has allowed better informed scheduling of 
material hardness, sulfur and clay speciation as well as Au grade. The first bench patterns with RC 
coverage (medium term) were completed in August 2021 and ongoing comparison to blasthole 
(short-term) and diamond drill (long-term) planning models is in progress. 
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ABSTRACT 
Using new technology to create optimised infill drill programs in underground or open pit settings, it 
is possible to quantify the value of a drill program. The computer designed programs are optimised 
to uplift the most amount of resource possible into the specified resource classification, while 
honouring geological, spatial, equipment and budgetary constraints. 
When designing ‘by hand’ balancing all these factors is a time-consuming effort with no real way to 
determine metrics on ‘how good’ a program will be. The optimisation considers many factors allowing 
geologists to apply critical thinking and domain knowledge to constrain the optimisation, letting the 
computer do the heavy lifting of determining hole placement. 
Once programs have been created, they can be integrated into a production schedule. This is a 
critical step in determining the correct sequencing and balancing of resource availability and seeing 
how a program will interoperate with other tasks in the mine. For example, if drill drives are a 
requirement for part of the program, will they be developed in a time frame that is useful for the goals 
of the program? Do we risk drilling infill holes too late to add value? Do we put production at risk by 
not classifying parts of the model ahead of time, thus adding to uncertainty? 
Using software to assist with optimising and scheduling of drilling is a useful technique to save the 
geologists from the mundanity of manually designing drill programs and puts metrics around the 
effectiveness of a program and has the potential to add quantifiable value to a program. 
Examples will be presented that demonstrate the effective use of drill hole optimisation, comparing 
manual designs with optimised designs, as well as the examples that show the effective use of 
scheduling. 

INTRODUCTION 
Drill programs are generally designed to gain a better understanding of one or more aspects of the 
nature of the geology of the area. In mining specifically, geologists aim to improve their confidence 
in their understanding or the geology by providing more data on which to estimate a model. 
When designing drill programs, especially infill drilling, the overall objective is to reduce resource 
uncertainty. When designing infill programs, mine geologists will often make use of a pre-defined 
drill spacing to layout drill holes in the areas of interest, as well as designing holes to that determine 
the extent of the mineralisation. Designs are typically made in a 3D CAD environment where the 
geologist can consider other factors such as existing drilling, geological and mineralisation domains, 
existing mining activities and so on. Once a program is designed, quantifying the cost is relatively 
simple, but quantifying the value is much more difficult. 
This paper presents alternative methods of designing optimised drill programs using a computer 
program called Deswik.DHOTM (The Drillhole Optimiser) This software is an integration of an 
algorithm developed by Resource Modelling Solutions Ltd, and the mine planning software 
Deswik.CADTM developed by Deswik. This software ultimately produces a drill program to set 
budgets using all available drilling and resource model data, and geological behaviour (such as 
mineralisation domains and anisotropy). On completion of the program, the software calculates a 
value of that program, giving the geologist a metric by which the program can be evaluated. 
To understand the approach that The Drillhole Optimiser takes to defining value for a drill program, 
this paper will first examine standard approaches to understanding value in block models, as 
resources models are typically the beneficiary of any data gathered from drilling. 
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Drill programs that are created either manually, or through use of the optimiser, are just a snapshot 
in time, and do not consider factors that make the program practical, such as how long the program 
will take, when drill pads will be available, how much equipment is available and so on. 
Deswik.SchedTM is used to bridge the gap between the 3D drill hole design and the time domain by 
creating schedules. The complexity of schedules allows the geologist to see when the drill program 
can be executed and how that interacts with the surrounding mining activities. Moreover, the 
schedule can be used to adjust a drill program to suit time constraints, make alternate decisions and 
model likely outcomes of the drill plan. 
This paper is divided into three main parts: part 1, understanding the value of a drill program, part 2, 
creating optimised drill program designs and part 3 scheduling drill programs. 

PART 1 – UNDERSTANDING THE VALUE OF A DRILL PROGRAM 
How we know whether a drill program is ‘good’ is a question all geologists designing drill programs 
need to be able to answer. Often, infill drill program design is made to meet ‘spacing’ criteria that 
has been pre-determined to reflect resource confidence requirements. Given the same data and the 
same budget, much like with other geological interpretation, geologists will most likely devise a 
slightly different program of drilling. There are currently few commercially available, user friendly, 
quick methods of determining the value of the program itself, it is challenging to compare one design 
against another beyond examining the costs, or by a subjective review. 
For a computer to create a drill program that is of any value to a geologist, we need to first consider 
a metric that determines that value that a program creates. If we can define a value metric, one 
program design can be directly compared to another. Given that same metric, we can also test how 
a computer created design compares. Once we are confident thar the computer can create valid drill 
program designs that can be measured with a value metric, the computer software is free to generate 
many million iterations of a drill program, varying parameters such as dip and azimuth, or location, 
and compare all the iterations to find the one that creates the most value. 

Classifying the value of a block model 
After drilling is completed, core or chips logged, assay data received and used to create a resource 
model, a typical way to convey the confidence in a model is to classify all parts of that model based 
on a scoring system, for example measured, indicated, inferred, and other. Noppé (2014) describes 
how geologists, under various national codes are required to define their confidence in a resource 
model and how that relates to accuracy, confidence, and quality. The principles that define these 
classifications can be used as a measure to quantify the value a drill program will create, by 
assessing the impact the new drilling will have on the classification of the block model. 
Deciding on a classification scheme is not a straightforward process, nor something that should be 
considered ‘set and forget’. There are many factors that contribute to deciding on a classification 
scheme, and these factors may change over time as more orebody knowledge is gained. 
A detailed discussions of resource classification schemes is presented by Parker and Dhom (2014). 
Their presentation describes various considerations, a review of best practice and some worked 
examples. Their examples focus on ensuring that the resource classification relates to reconciliation 
performance in operating mines. Compared to some traditional techniques of classifications, being 
able to relate reconciliation performance with classification on a continual basis cements the 
classification scheme in a practical, realistic and measurable lens. 
However, there is no ‘standard’ way to classify a model though resource classification is something 
that most jurisdictions insist must be reported on. For example, in relation to what must be disclosed 
for a measured classification status, the Australian Joint Ore Reserves Committee 2012 guidelines 
states: 

Mineralisation may be classified as a Measured Mineral Resource when the nature, 
quality, amount and distribution of data are such as to leave no reasonable doubt, in 
the opinion of the Competent Person determining the Mineral Resource, that the 
tonnage and grade of the mineralisation can be estimated to within close limits, and 
that any variation from the estimate would be unlikely to significantly affect potential 
economic viability. (JORC, 2012) 
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The key point here is ‘in the opinion of the Competent Person’. The guidelines do not state by which 
mechanism that (or any other) classification should occur – for example, nowhere in any guidelines 
from a regulatory body will you find a statement such as: Measured classification is any block within 
20 m of a drill hole. 
However, for any given site that is required to report their resources, the classification criteria will be 
known and will potentially change with more orebody knowledge over time. An example taken from 
a 2021 resource statement issued to the ASX by Metals X Limited, for Renison refers to its 
classification criteria as follows: 

..material classified as Measured must have development (with face samples) within 
20 m. Indicated Mineral Resource must have sufficient grade and geological 
continuity with drill hole intersections generally between 40 m and 20 m apart. Inferred 
Mineral Resource is material that is defined by drill hole intersections between 120 m 
and 40 m apart. (Metals X Limited, 2021) 

Using this approach, the same report details that the Renison Bell operation 1.78 Mt of material that 
is measured, containing 31.8 Mt of tin. This is an easy, and concise way for the reader of the report 
to understand how the site is classifying the material in its model. 

Applying classification to planned drill holes 
How does resource classification relate to drill hole planning? Using a similar classification approach, 
it is possible to assess a planned set of drill holes and analyse the expected impact on the resource 
model those holes have on classification. This gives the geologists a metric to apply to the program. 
However, this process of manual design and determining classification is very laborious, and seldom 
carried out, especially in infill drill programs where time frames are shorter. Even without a custom 
process to determine classification of a planned set of drill holes, running multiple designs for a drill 
program can be a very time-consuming task. 
When designing a drill hole automatically, The Drillhole Optimiser has the objective of creating as 
much classified tonnes of ore as possible given a cost and geological constraints. Multiple scenarios 
can be run, and examined, and compared by cost and classified material. 

Mechanisms of classification 
Typically, there are four common ways that geologists determine resource classification, which are 
presented here in order of increasing sophistication: 

• Manual definition: A geologist will create 3D shapes in software based on their interpretation 
of the drill hole/sample spacing, continuity and practicality and apply that to classify a model. 

• Neighbourhood search: A simple geometric approach based on distance to nearby samples. 

• Drill hole spacing: Based on spacing between drill holes near the block. Drill hole spacing for 
classification can be determined in a number of ways, including being based on reconciliation 
performance where supporting data is available (Parker, 2014). 

• Geostatistical: Classification is based on geostatistical artifacts, including Kriging Variance, 
Kriging efficiency, slope of regression, and other more advanced use of Kriging artifacts. 

According to Silva (2015), a study of NI 43–101 reports from 2011 and 2012, half of all reports used 
classification based on a neighbourhood technique (geometric), a quarter using drill hole spacing 
(which were mainly limited to deposits drilling on a regular spacing), while the rest used a 
combination of geostatistical techniques including Kriging variance, regressions slopes, kriging 
efficiency and manual methods. 
Currently, most available software does not include classifications such as these ‘out of the box’. In 
most cases, geologists rely on custom scripts or macros to perform the necessary actions to 
calculate the desired classification. 
However, recent advances in software have not only made this possible, but also fast to run. The 
Drillhole Optimiser provides options to assess classification of drill holes against a model, giving 
geologists a simple and rapid way to determine the value of the drill program. 
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PART 2 – OPTIMISING DRILL PROGRAMS 
Since we have discussed that we can use standard methods of resource classification to determine 
a value metric, the next step is to apply the same classification against a block model using not only 
the resource drilling used to define the model, but also the planned drilling. This allows users to 
directly observe the difference in classification a drill program will make. 
In order to optimise a drill program, many millions of combinations of drill programs must be designed 
to allow an optimisation algorithm to find the optimal solution. Being able to create and run millions 
upon millions of variations of drill placement is beyond the capability of even the most dedicated 
geologist but is precisely the kind of task a computer program is built for. However, a computer 
algorithm is not a geologist, therefore geological factors also need to be considered to guide the 
computer software towards a realistic result. 
If the computer can design the holes, and determine the classification automatically, it can run many 
combinations of drill hole placement for us, and, given an objective function (eg an uplift in 
classification), can choose the result that returns the highest potential value. Not only does this 
approach allow geologists to choose the highest potential value program out of millions of options, 
but it also provides the opportunity to try out different scenarios. For example, would developing a 
drill drive with the additional cost involved produce a pay-off, compared to drilling longer holes from 
established locations? The process can become iterative as drilling data is received and incorporated 
into a model, or the base assumptions change. 

The algorithm 
The Drillhole Optimiser applies techniques that are modelled after research by Silva (2015), and 
described in further detail by Silva et al (2018) and case studies presented by Jewbali et al (2017). 
The production versions of the algorithms within The Drillhole Optimiser were created by Resource 
Modelling Solutions (RMS), Alberta Canada, and were integrated into Deswik Suite in 2020. 
In order for the algorithm to come to a solution that is useful it requires a certain amount of data and 
configuration as defined in Table 1. Of high importance is the definition of the method of 
classification. 

Table 1 
Details of inputs required to run Deswik.DHOTM. 

Data inputs Classification Behaviour Costs 

Resource model 
Geological/mineralisation 
or other domains 
Existing classification 
Resource drilling 

Domain 
classification rules 

Geological anisotropy 
Rig capabilities 
Rig behaviour 
Drilling locations 
No drill areas 

Drill meterage 
Mobilisation 
Pad preparation 

Classification 
The first thing for geologists to decide on is how the classification of a block will be determined. 
Based on research into typical classification methods outlined previously, the software supports 
classification by a search for nearby drill holes (either within the specified domain boundary, or using 
soft boundaries), ellipse-based searches, and classification based on Kriging efficiency, Kriging 
Variance and Slope of regression. 
A very simple set-up might be that a block is considered classified if it can see two drill holes within 
50 m. Figure 1, Example A, shows a block (blue square) under consideration. The search distance 
within which to look for drill holes is drawn as a dashed circle around the block. Drill holes A and B 
are found within the search area, but C and D are not (in this case, having the criteria set to classify 
on two drill holes within the search, this example would be classified.) Example B shows a case 
where the same criteria are not met, only finding one drill hole, E, within the search area causing the 
block to remain unclassified. 
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Example A – classified block 

 

Example B – unclassified block 

 

FIG 1 – Examples of a simple classification based on drill holes being within a set search distance 
from a block. Given the criteria of finding two drill holes within a search area, example A will meet 

that criterion, and example B will fail. 

Classification can vary by domain, so that domains with higher confidence can have less strict criteria 
than those with high variability. As well as the simple case presented in Figure 1, the software allows 
much more complex criteria to be set-up for classification. Search ellipses including octants search 
areas can be defined in order to meet minimum sample counts in order to classify. The final method 
available for classification is Kriging classification, which is the most complex and computationally 
expensive of all the classification methods. Spatial covariances are inferred from a variogram model, 
then, Kriging calculates a variety of parameters relating to the uncertainty of an estimate for each 
block. For the parameter select, eg Kriging Variance, a threshold can be defined to determine 
whether a block is classified, or not. 

Behaviour and cost 
To generate realistic drill plans, several behaviours must be established in order to ensure the 
resulting programs are achievable. Firstly, the geologist must define drill rigs placement which can 
either be points anywhere in 3D space, or polylines. When using polylines to place drill rigs, the 
software is free to choose where to place a rig along the length of the polyline. As well as geographic 
location of rigs, there can be costs, access approvals processes and safety considerations 
associated with rig placement. For example, drill pads located next to established surface roads on 
a site may be cheaper to construct than pads on a steep mountain side. These factors can be built 
into the cost of drill pad set-up, and can be applied to drill locations as a whole, or individually. 
Drill locations are configurable with a variety of behaviours to ensure realistic results, for example, 
the number of holes that can be drilled from that location, or the closest distance it can be from 
another pad. As for the rigs themselves, geologists can define the typical rig behaviour that is 
required that will control the azimuth and dip range, depth capabilities and costs for mobilisation and 
metres drilled. 
The final piece of geological control that can be applied is though specifying anisotropy vectors for 
each domain in the model. As drill holes are planned though the domains, they must meet the 
anisotropy requirements, allowing drilling perpendicular to a vein for example to be preference over 
holes that might otherwise be planned within the vein. 
There will be areas in an operating mine that are prohibited to drill through, and the software accounts 
for these, making sure no drill holes pass through those areas. 
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Optimisation 
Conceptually, The Drillhole Optimiser is a simple process as outlined in Figure 2. Drill pads and drill 
holes are created in 3D space until a budget is reached. The resulting program is evaluated using 
the defined classification, and the contribution to the result of each drill hole is stored. The algorithm 
will continue creating iterations of drill holes and evaluating them until it is unable to improve the 
result, or until it hits a limit on iterations. 

 
FIG 2 – Highly simplified flow chart to demonstrate the interactions of the major functions in the 

Drillhole Optimiser. 

To make the iterations smarter, each iteration builds on the previous. On each new iteration, a 
decision is made on whether to keep a hole or replan it. The decision is made on a random basis, 
although a weighting is applied to holes based on their contribution to the classification This way, 
holes that give less contribution are more likely to be replanned than those that provide a higher 
contribution. This approach assists in converging towards the optimal solution more efficiently than 
a completely random approach. 
The optimisation algorithm uses a heavily modified version of the differential evolution algorithm 
(Storn and Price, 1997), which works well for very large problem spaces. It allows for large chunks 
of the solution (holes that are uplifting lots of resource, well distributed, and cheap) to be shared 
between optimal runs. This is combined with several heuristics to make the problem space 
manageable; consider planning ten holes from 100 potential pad locations at 100 000 potential target 
blocks. The problem space is very large, even for this small example – imagine scaling this up to the 
typical problem space of a deposit. The heuristics allow the algorithm to plan decently optimal holes 
quickly, while the stochastic optimisation continues to refine the result as the program runs. 
Rather than planning solely on a mathematically optimal basis, geological understanding is also fed 
into the algorithm so that adjustments are made to the holes to make them better reflect their ultimate 
intended purpose. For example, holes planned that drill straight along a vein or stopping a hole 
halfway through a deposit may mathematically uplift more but would not be as useful from a geologic 
modelling perspective. The detail of the algorithm is laid out in extensive terms by Jewbali et al 
(2017). 

CASE STUDY 
To understand how a computer-generated drill program can compare to a human planned program, 
the following example based on fabricated data is provided. 

Manual versus Optimised drill plan 
The first example is an underground gold mine, where a 6600 m drill program was designed as part 
of an underground extension. The design consisted of three drill locations and 52 holes in total, 
designed in a traditional manner targeting gaps in drilling in the domains of interest, targeting grade 
in the model and aiming for a drill hole spacing of around 35 m. To understand the value of the 
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program, it was run through the same classification process as the Drillhole Optimiser, showing a 
potential uplift in classification of ~690 000 ounces of gold. 
The same program, with the same drill pad locations was run through the optimiser with a variety of 
constraints to make a fair comparison. Drill hole length and drill angle ranges were set to be the 
same as the manual design. The optimised run for a similar cost as the manual program design, 
created less holes (43) and would potentially uplift 65 000 additional ounces. The output designs 
were similar in appearance to the manual design. 
A benefit of using an optimiser is that it allows the testing of alternate designs very easily. To test 
whether the arrangement of drill pads was optimal, another run was carried out where the limit on 
fixed pad locations was removed. Instead, the entire length of the proposed drill drive would be 
considered by the optimisation. 
When allowed to select its own drill pad locations anywhere along the drill drive, for the same cost 
as the manual program, the optimiser planned holes that would potentially classify 180 000 additional 
ounces. To achieve a similar result of uplift as the manual program, the optimisation only needed to 
drill 27 holes, and only 3000 m in distance. Consequently, this plan could reduce the cost of the 
program significantly. 
This example shows the value of exploring different options by using computer designed drill 
programs, allowing geologists to focus on high value options. 

PART 3 – INTEGRATING A DRILL PROGRAM WITH A MINE SCHEDULE 
Having a well-designed drill program that adds value to the mining operation is always the intention 
of the planning geologist. Using the Drillhole Optimiser, such an outcome is quite achievable having 
allowed the geologist to consider many options and refine a design and select a design that meets 
their objective and adds value based upon input assumptions. 
However, an optimised drill program remains a design only, since at that stage has not been planned 
into mine operations. Since the drill program has the objective of providing more confidence in the 
areas to be mined, then the program needs to be completed, modelled and the results assessed by 
engineering teams before any mining should happen. There are other deadlines that operations and 
resource teams must meet, so having a good understanding of the time involved in a program is 
important to understand the feasibility and value of the program. 
Using a mining task-based scheduler such as Deswik.SchedTM allows mines to create Gantt based 
schedules of all the mining tasks that need to be carried out in an area. Users define rules about 
task dependencies so that tasks occur in the correct order – eg blasting a round must occur before 
bogging, bogging before ground support and so on. Users provide information about resources 
(equipment) that determine how much work can be done in a given period of time. Consequently, 
highly detailed production schedules can be built up in software very easily. Drilling is an important 
part of mine operations and should be included in a production schedule to ensure adequate time 
for the activities to occur around the myriad of other activities. However, during the design stage, it 
is not common practice to review drill programs against a production schedule, rather deferring such 
reviews to planning meetings. One reason why this is not an everyday practice for a mine geologist, 
is the difficulty in integrating 3D drawings of drill holes with a mine schedule. Probably the largest 
obstacle for mine geology teams is that they do not look after, or sometimes do not have easy access 
to up to date short/mid-term production schedules, and if they do they do not often have the tools or 
the skills to drive the scheduler to assess the newly designed drill program 
Scheduling drill holes and combining with a mine schedule is not a simple task, however, advances 
in computer software and integrated products allows drill holes created in The Drillhole Optimiser to 
be simply incorporated into a mine schedule. Because the drill optimiser is aware of the drill pads, 
drill behaviour as well as an understanding of the value each hole adds to a program it is possible 
to automatically create a drilling order and dependency configuration. During the definition of drill 
rigs and pads, users also provide information about development, drill rates and stand up time. 
These can all be used to automatically schedule to drill holes. 
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Examples 
Dowling et al (2019) highlight a process at BHP’s Olympic Dam site where the geology team use 
scheduling to effectively plan out their entire diamond drilling process from exploration targeting 
through to grade control programs and run different scenarios to determine the best outcome. In 
production, they also note that incorporating the drill plan in the mine schedule enabled great team 
collaboration and better planning and decision-making. 
Sandery and Light (2014) presented a drill planning workflow developed for Oz Minerals Prominent 
Hill mine. They had identified that there were significant risks involved in not having their drill program 
planned within their mine schedule. The risks were around interactions with the many other 
underground activities, however another major risk of not scheduling drilling was the potential for 
areas to be mined out before drilling took place. To mitigate the interactions between activities, the 
scheduling software allowed rules to be created that would prevent other activities in close proximity 
from occurring while the drilling was taking place. The on-site process had a target of 30 days to 
turnaround the drilling from core to an updated model ready for re-planning. Sandrey and Light 
(2014) note that the success of their process was how the scheduling enabled a better understanding 
and communication of activities across engineering and geology. 
To illustrate some of these concepts in a simple data set, Figure 3 shows a drill program that has 
been scheduled, and is showing the state of progress of the program on a specific date. The 
schedule in this example has been set-up with dependencies so that the drill pad (1) is not able to 
be used until the development it is on has been excavated. Secondly there is also a dependency 
and time standoff between the hole being drilled, and the stopes (2) being mined. Using these simple 
dependency rules, alongside resource leveling (ie making sure that the amount of drilling is within 
the capability of the equipment), a valid drilling sequence can be determined automatically. 

 
FIG 3 – Drill pad location (1) and drill hole target (2) shown in a schedule animation. 

To demonstrate how this simple dependency chain can be useful, an example is presented that 
demonstrates how a well-intentioned manual drill program and sequence, when analysed in a mine 
schedule is not scheduling holes in time for them to be useful, and in fact allows unclassified tonnes 
to be mined. The material that is mined before drilling is possible is classified as ‘tonnes at risk’, the 
risk being that the material being mined will not have had close inspection by the geology team, and 
consequently may not be of a suitable classification. 
To illuminate the issue, a drill program was designed and run through Deswik.SchedTM according to 
the order defined by The Drillhole Optimiser, and levelled so that the available equipment was able 
to drill all the holes in a practical sequence. Once the schedule order was understood, the model 
was reclassified one hole at a time, that is to say, after drilling the first hole, what is the updated area 
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of the model that is considered classified. This would produce a 3D solid representing the newly 
classified material. Figure 4 (left) shows the areas of classification after three holes were drilled, and 
Figure 4 (right), after all holes were drilled. As the next hole is added, a new 3D solid would be 
created, receiving a date of classification and the process was repeated for each hole in the program.  

  
FIG 4 – Reviewing the contribution to classification of a drill program as holes are completed. Left, 
after three holes. Right after all holes the shaded areas present the classification growing as more 

holes are added. 

Using these solids to interrogate the mining activities over time, it is possible to determine which 
mining activities occurred before the area was classified. Figure 5 shows a schedule animation 
paused at a specific date to show the classified areas (pale green irregular solid) and the stoping 
activities in bright green and pale pink (also highlighted by a red rectangle). 

 
FIG 5 – Mined areas before infill drilling was able to classify the model in the stopes (highlighted in 

red rectangles). 

In this case, there were multiple stopes mined before drilling was able to classify them. The material 
in the stopes would be considered unclassified and was labelled as ‘tonnes at risk’ and could be 
reported on presented to the user. Figure 6 shows a report as presented to the user in 
Deswik.SchedTM that makes the tonnes at risk very obvious, which is only possible by connecting 
the spatial layout of the drill program with a time dimension that is coordinated with the mining 
activities. 
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Without tools that are able to automatically classify, schedule and report on drilling activities and the 
interactions with other mining tasks, such information is not easily accessible nor easy to quantify. 
While this example is contrived to prove the point, it is a reasonably common anecdote that 
sometimes drilling does not occur in time in order to affect production. 

 
FIG 6 – A report defining the tonnes mined from stopes, highlighting the tonnes at risk coloured in 

red. 

CONCLUSIONS 
The status quo in drill planning is for manual design which is difficult to apply a ‘value’ to in advance 
of their creation. Using common resource classification schemes, this paper has shown that modern 
advances in computer software can allow geologists to calculate the potential value of a planned drill 
program. Also presented is a method of creating drill programs automatically that use classification 
to create drill programs that are optimised to uplift the classification of ore material. Because planning 
manually is a time-consuming task, allowing a computer process to design programs allows 
geologists to test out a wide variety of options quickly and, critically, allows them to compare the 
options based on value. 
To make a designed drill program practical, it is useful to include them in a mine schedule where 
interactions with other mining activities can be examined and controlled. Deswik.DHOTM allows for 
the automated drill programs to be automatically inserted into a schedule, using much of the 
configuration provided to the optimisation to control the scheduling of the drill holes. Once the 
program is in a time domain with other mining tasks, the scheduler allows geologists to consider how 
the progress of a drill program can be shaped to ensure mining activities do not occur in areas that 
are not adequately classified. A ‘Tonnes at Risk’ process was examined that highlights in the 
schedule where such cases might occur. 
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ABSTRACT 
The Monty Copper Gold Deposit is an ultra-high grade mine in Sandfire Resource’s Doolgunna 
region which was completely drilled out and developed within two years of commencing mine 
development. During this period, a total of 986 grade control diamond drill holes were completed, 
assayed, and validated, 15 levels developed, and 3136 faces mapped. 
The aggressive schedule meant a high flow of geological data was produced, validated, and 
incorporated into regular geological model updates. To process this data at a rate which allowed for 
timely use, more robust data processing methodologies needed to be generated. A new validation 
system was implemented which required two levels of validation being applied to any diamond 
drilling update. Step one was the validation of initial physical data including survey pick-ups and 
logging. This was done prior to new drill data being added to the geological model. Step two was the 
validation of assay data which was required prior to resource estimation. 
The implementation of Seequent’s Leapfrog Geo modelling software also allowed for a more 
seamless and efficient modelling workflow. The use of the Leapfrog Geo vein systems allowed for 
more rapid generation of geological models which then afforded more time for stringent assessment 
of the mineralisation system. An example of this was the introduction of cross-shift peer reviews in 
which opposing rosters of geologists would rigorously evaluate the previous rosters work prior to 
reporting. 
This additional level of validation resulted in more robust geological models and the identification of 
new ore trends. This presentation will detail the evolution of the Monty Geological model from a 
simple tabular indicated resource into a complex highly refined measured resource. Themes will 
include how the model was produced using workflows developed and optimised to meet key 
deliverables. 

INTRODUCTION 
The Monty Deposit is an ultra-high grade copper deposit located approximately 900 km north of 
Perth, in the south-eastern side of the Doolgunna region, in Western Australia. The discovery hole 
TLDD0004A (Leaver, 2015) was drilled on 27th of June 2015 with the resource definition drill out 
completed 31st of July 2018. 
The decline was started 2nd of August 2017, the first underground hole being drilled 29th of 
September 2018 and the last drill hole being completed 29 July 2020. There were 1032 holes drilled 
in total, averaging three holes every two days. Completion of mining activities is expected to be 
September 2022. Monty engaged an aggressive schedule to allow the life-of-mine completion to 
coincide with the main DeGrussa life-of-mine completion to optimise the return on investment of both 
operations. 
The schedule for the diamond drilling of Monty was equally aggressive. The Mine Geology 
department successfully managed the three diamond rigs at Monty with a very high level of 
utilisation, which resulted, on average, 1.5 holes finished every day during the entire drill campaign. 
Underground mining was rapid, with two jumbos at the operation during this time, much of the 
development completed by August 2020. 



International Mining Geology Conference 2022 | Brisbane, Australia and Online | 22–23 March 2022 208 

This resulted in a high level of data being produced for the Mine Geology team to validate and 
incorporate into the resource daily. 
Although the workflows at the main DeGrussa mine site were efficient in producing resources in a 
timely manner. It was identified prior to the mining of Monty that these were not appropriate for the 
Monty mine and would risk timely delivery of robust geological models. 

THE INITIAL WORKFLOW 
The modelling workflow for the DeGrussa mine site, shown below in Figure 1, was the main process 
for producing Geological Models since the mine started production. The next section of this paper 
will detail important steps and the reasonings relevant at the time. 

 
FIG 1 – Initial DeGrussa geological modelling workflow. 

Mapping data 
The geotechnical requirement of shotcrete in the ore drives at the DeGrussa Deposit prevented the 
geological team to do drive scale backs mapping campaigns. As a result, the main source of mapping 
data was in cycle face mapping and the campaign wall mapping of the wall exposures which were 
not shotcreted (floor to 1 m–2 m). As the face mapping was not feasible to be displayed effectively 
in Surpac, it was decided to use ‘Pseudo Drillholes’, shown in Figure 2a, to display the mapped 
geology. This was achieved by reducing the geology in the face across the backs to a 2D line. This 
line was then incorporated into the database as a short drill hole with the lithology in the face being 
converted to a lithology log for the Pseudo Drillhole. This allowed for a large amount of geological 
data to be displayed during the mapping process. A disadvantage is that this resulted in data 
resolution loss and distortion of the lithology intervals, reducing the confidence of the contacts. The 
pseudo holes were also blind to ore contact orientation, so no dip/apparent dip data was available. 
The faces maps along with the wall mapping, were used to create 1:250 A0 scale level maps 
(Figure 2b). The data that these maps contain were highly valuable but proved difficult to incorporate. 
The level maps were in a constant state of being updated, with levels being active for years at a 
time. The constant handling of the A0 maps caused the paper to degrade from wear and tear. 
Additionally, the means to scan these maps was not available on-site, requiring the maps to be sent 
off-site for scanning by third party businesses. This resulted in a slow turnaround of data becoming 
available for georeferencing and direct utilisation in the modelling software. 
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Once the scanned mapping was available, and loaded into Surpac, a dtm (digital terrane model) of 
the level is used to drape the mapping on. Figure 2d shows an example of where a A0 level map 
has been draped onto a dtm, to check the trends of the orebody modelled. 

 
FIG 2 – (a) Tray of diamond core typical of DeGrussa. (b) Level asbuilt with pseudo holes plotted. 
(c) Cross-section diamond holes and segments required to model explicitly. (d) A georeferenced 
level map compared with the geological model. (e) The end result, an explicit model of the C1E 

orebody at DeGrussa. 

Explicit modelling 
Due to the timing of the commencement of mining at DeGrussa, the geological modelling started 
prior to the creation of the implicit modelling currently offered by Seequent’s Leapfrog Geo. 
Dassault’s Surpac was the software package used by the technical services team, Surpac was used 
to explicitly model the DeGrussa Deposit. 
As the ore zones, although complex, were relatively wide and generally consistent with trends, most 
of the ore at DeGrussa could be modelled effectively with explicit modelling. The orebodies were 
modelled east–west using polylines on 10-metre sections (Figure 2c). 
As there were areas with complex geometries and bifurcations present, additional modelling time 
was used to ensure that these areas were modelled appropriately. A large allotment of time was 
made to ensure that the surface of the models was trending correctly and there were no jagging or 
unusual volumes created (Figure 2e). 

Drilling data 
The Sandfire database is SQL based and managed by Maxwell’s Datashed. On-site this was 
managed by database administrators who loaded the data daily. The drill hole database, an access 
database in the case of Surpac, was automatically exported every 24 hours by a SQL script. As this 
drill hole export was used by the whole technical services team, no filtering was applied to the export 
and this drill hole data was considered live. The exported drill hole data included the validation status 
and it was a responsibility of the geologist modelling at the time to filter for the validated holes. 

Assay validation 
As DeGrussa is a copper gold mine, the drill hole samples were first assayed for copper on-site 
using XRF of fused discs. The turnaround time of this data was between two and six days depending 
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on laboratory throughput. A second split was sent to Perth for gold fire assaying, the turnaround for 
this was approximately two weeks. 
The returned assay data was validated using a SQL based reporting system; the assay batch would 
be loaded to a buffer and if the Certified Reference Material (CRM) results were outside one std or 
if the blanks exceed ten times the lower detection limit in any of the major elements being checked, 
then this job was reported as a failure. 
These batches would remain in the buffer until either the batch re-assayed and passed or 
permanently failed via the SQL report manager. No sample data was available for export until it had 
been passed. 

Drill hole validation 
The drill hole validation was controlled using a Microsoft Access Database, linked to the company 
database using SQL scripting, it was used solely to update the validation status of the new drilling 
data. 
Once a diamond hole had been completed, it was assigned the validation code of UV (unvalidated). 
Validation did not commence until the assay data had been returned, at this stage, the validation 
status would be changed to MD (missing data). 
To fully validate the hole for resource modelling, the following properties would need to be checked 
to make sure that they are compliant to the relevant requirements. Surveyed collar position verse 
planned collar position; surveyed drill hole trace verse planned drill hole trace. Lithology intervals 
verse sample intervals, lithology logging verse core trays. Lithology verses the assay values. 
Any changes required to make the hole valid would be raised via the SQL application and once 
complete, the hole would be given a ‘V’ for valid. The hole could be used for geological modelling 
and estimation. 

Geological model review 
Review of the geological models were generally planned around the resource updates which were 
three to six months apart. The models were typically reviewed by the Senior Geologist on-site and 
once the corrections were implemented, were the geological models forwarded onto the Principal 
Geologist for final review. Any issues or errors would be reported back to the modeller and the 
process would start again. 
As the explicit modelling process is a time intensive task, any corrections or change in interpretation 
could potentially result in hours of remodelling. This resulted in delays and geological models were 
at times delivered later than planned. 

MONTY WORKFLOW 
As the bottom-up mining methodology has been applied at Monty and level extraction plans required 
the most up to date approved geological models available, this necessitated short turnaround for 
geological model updates. Given the short time allowed for updates, 10 m × 10 m drill spacing and 
the complex nature of the deposit; it was decided to do a high-level review of the entire workflow. 
The review identified several issues which could cause delays and issues with geological model 
delivery. 

1. The Monty Deposit had several elements present which needed to be included in the grade 
control drilling which were not included at DeGrussa, these include but not limited to bismuth, 
selenium, tellurium, antimony, and silver. It was determined to be more cost effective to use a 
4-acid digest with ICP-MS and ICP-AES, fire assay was retained for gold analysis. These 
assay methods could not be conducted by the site laboratory and required the sample pulps 
to be sent off-site for analysis. As a result, this increased the turnaround time for the samples 
from two to six days, to two to three weeks. The use of assays as a final validation check for 
modelling would delay the availability of the drilling from under week to potentially three weeks 
and more when including re-assays. 
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2. The use of explicit modelling would be very difficult for a deposit like Monty. In the resource 
definition drilling, it was shown there is a very large number of narrow (>2 m) veins of an 
anastomosing nature which frequently showed orientation changes over short distances. Any 
attempted to explicitly model the deposit using the methodology applied to the DeGrussa 
Deposit would result in wireframes which would be hard to validate and would poorly represent 
the volumes present. 

3. The validation process at the DeGrussa Deposit was effective but given the Monty Deposit’s 
requirement for fast model updates, it was decided that the process required updating to 
reduce the delay between data availability and completion. 

4. The mapping data from the development drives needed to be available more promptly and 
needed to be of a higher quality. Long delays for the scanning and of referencing of level 
mapping which was typical for the DeGrussa Deposit was unacceptable at Monty, due to the 
short LOM. Additionally, due to the anatomising nature of the narrow high-grade veins at 
Monty, representing faces as pseudo drill holes would result in a loss of data that was not 
acceptable 

5. Each geological model review could result in a substantial number of time intensive edits and 
corrections, the review process was found to be a substantial risk to delivery. 

Final workflow 
Based on the review, the Monty workflow, shown in Figure 3, has been changed to address the 
issues identified. This section of the paper will focus the changes that addressed the forementioned 
issues. 

 
FIG 3 – Final Monty geological modelling workflow. 

Validation process 
The validation of new drill hole data is a critical step that cannot be circumvented for the sake of 
geological model delivery. However, given that the increased turn around for assay data and the 
demand for reduced turn around for geological model, the process needed to change. 
The solution for this was an introduction of a new validation step and a new validation code. PV or 
the ‘physical validation’ step is the validation of a drill hole in absence of the assay data. All the steps 
of validation, plan collar versus survey collar, plan survey versus survey, lithology versus core tray 
photography could be completed. Once those checks were completed, the hole was given the 
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validation status of ‘physically validated’ (PV) and made available for export/use in the geological 
modelling. The database team updated the SQL code to create daily csv exports of the drilling data 
which was filtered to only export diamond drilling with the validation status of PV and V. 
Once the drill hole assays were returned, the data was used to validate the diamond drilling and 
given the validation status of valid ‘V’ once all criteria had been met. Only diamond drilling with the 
validation status of V was allowed to be used for estimation. 
The introduction of this step saved a considerable amount of time for the model delivery. 

Mapping integration 
As the quality of data from face mapping pseudo holes was insufficient and potentially misleading, it 
was decided to discontinue the use of face mapping pseudo holes. As Seequent’s Leapfrog Geo 
was introduced as the main modelling software package for the Mine Geology Department, the 
option to drape face photos in three-dimension space was explored (Seequent, 2020). The process 
was found to be efficient and allowed high quality data to be available to the modeller. The referenced 
face photos were used to directly inform the geological models using polylines. 
The backs photography was also referenced to show additional strike data to help with the modelling 
of the model. 
Additionally, the technical services team purchased a new plotter and A0 scanner which allowed 
regular scanning of level maps on-site. As previously mentioned, the level maps were based off 
backs of the face mapping and this data was used to validate the ore trends during the overall review. 

Modelling software 
The review of the DeGrussa Deposit workflows showed that the explicit modelling process was not 
appropriate for the modelling of the Monty Deposit. Seequent’s Leapfrog Geo implicit modelling 
package was chosen to be the primary geological modelling software. The vein system tool was the 
preferred method to model the ore volumes. As the Leapfrog Geo modelling dynamically updated 
when new data was loaded, the process of incorporating new drill data was much more efficient than 
explicit modelling (Figure 4c). Additionally, Leapfrog Geo was very good with creating volumes 
around the narrow ore lenses present at the Monty Deposit and no validation issues were created 
when these lenses abruptly changed orientation. 

 
FIG 4 – (a) Tray of diamond core typical of Monty. (b) Referenced face photography with digitised 

ore contacts. (c) Cross-section showing diamond holes and Leapfrog Geo implicit veins. 
(d) A Leapfrog Geo vein system shown with reference backs mapping. (e) The end result, an 

implicit model of Monty. 
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Geological model review 
The use of ad hoc model reviews for the DeGrussa Deposit could not be applied to the review 
process for the Monty Deposit as this would jeopardise model delivery. This resulted in the concept 
of weekly peer review, where each panel would review the previous panel’s work, correct any issues 
found and provide feedback. During this phase of the mine life, new information was constantly being 
added to the model and the weekly peer review created a positive environment for improving the 
quality of the geological models. 
As the drilling schedule was planned around the LOM, this allowed the senior team to schedule in 
the model reviews for timely delivery. The modelling team would primarily focus on the data updates 
while checking the quality of recent geological model updates. The senior team would prioritise 
reviewing the different areas of the mine using the mine schedule, the reviews were then given back 
to the modelling team. As a result, model updates were up to date in areas required by the technical 
services department. By the time that the model reached final review prior to estimation, numerous 
internal reviews had been conducted. 
As a result, the geological team was very successful at producing high quality models for estimation 
and mine planning with short lead times. 

Discovery of N-S ore lenses 
During the development of the lower levels, in May 2020, ore was observed changing orientation by 
as much as 90 degrees over a distance of a few metres. The ore in these drives were modelled to 
continue towards the east and to steadily pinch out. 
As this had implications for stope designs, the investigation of this was prioritised. What was found 
that this phenomenon did not relate to the accepted structural regime and no causative structures 
could be identified the mapping and the core photography. As shown in Figure 5a, the February 
geological model did honour the drilling but was contradicted by the level mapping. 
The face photography and the level mapping identified two areas found to have strong trend 
changes, one in the south-eastern area of Monty and another in the north-eastern area. These two 
areas identified north south trending ore zones in areas modelled to be east–west orientations. As 
the drilling is in the same orientation as the new ore orientations and these ore zones are smaller 
than the drill spacing. It was unlikely that these ore orientations would have ever been discovered 
by drilling alone. 
The new ore orientations resulted in many ore zones requiring remodelling. As the workflow is teams-
based process, the discovery of the orientation trend change was documented by one panel and 
presented to the next panel to fly to site. The updated model (Figure 5b) was completed within two 
weeks of the new trends being identified, a great improvement on the previous workflow. 

 
FIG 5 – (a) Monty Geological Model, February 2020; (b) Monty Geological Model, June 2020. 
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CONCLUSIONS 
The successful resource update at the Monty Deposit was made possible with the Mine Geology 
team being able to provide robust valid models in a timely manner to the tech services team and 
senior resource geologist. This was achieved by Mine Geology team reviewing the accepted 
workflow prior to starting the Monty project and instating the necessary changes crucial to success. 
The increase in the organisation of the mine geology team with the validation and the review 
processes increased the quality of the data and geological model. This had immediate and positive 
impacts on geological model team, it shows the importance of high-quality communication and 
organisation in any team. 
The introduction of implicit modelling allowed the Mine Geology team to make quick updates to the 
model with the large volumes of data being produced. The addition of implicit modelling and the 
incorporation of large volumes of data was only part of the story as the fundamentals of geology was 
still applied at every layer to ensure a high quality and robust model was delivered. 
Based on the success of the introduction of implicit modelling and the change in the review process, 
the workflow was applied back to the DeGrussa Deposit. All five orebodies have been converted to 
Seequent’s Leapfrog Geo and the use of pseudo drill holes have been made redundant, with 
referenced face photos now the standard for geological modelling. 
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ABSTRACT 
Cadia East Mining operations have employed geometallurgical techniques to advance the 
understanding of the in situ rock hardness variability across existing Panel Caves (PC). 
Geometallurgy advances the understanding of variability across an orebody through the integration 
of geology, mineralogy and processing response and therefore enhances spatial mapping of 
comminution or separation properties. Spatially extensive geometallurgical measurements are 
necessary so that continuous rock properties can be generated and used for the development of 
comminution and processing domains using geostatistical modelling. Standard testing protocol 
across geological and mineralogical domains is vital to understand the variability in deposit wide 
comminution and separation properties. 
The high cost and large sample requirements associated with metallurgical test work typically results 
in insufficient data density and distribution, making it difficult to model and map deposit scale 
variability. Quantitative hardness proxy tools are useful to measure in situ rock hardness, however 
this data is typically either sparse or missing within advanced mining operations. In recent years, 
mineralogy and multi-element assay data has often been collected as part of the standard geological 
data set and is generally coincident with metallurgical test work. 
In this paper relationships between mineralogy and comminution parameters have been applied to 
multi-element assay data with coincident measured Bond Work Index (BWi) data to generate a 
predicted BWi using linear regression. The predicted BWi is intended to supplement existing 
measured BWi data to enable better extrapolation across the deposit. Geostatistical Conditional 
Simulation methods have then used the predicted and measured BWi data to produce a BWi variable 
as a new input to the resource model. The simulated BWi can be used as an input for specific energy 
models to predict required grinding energy consumption across a deposit. 

INTRODUCTION 
Analysis of the multi-element assay data was conducted with the primary aim to predict hardness 
variability and anticipate economic attributes such as throughput. The multi-element assay data has 
been identified as the most suitable variable for predicting BWi due to its spatial coverage and 
coincident measured BWi samples. All other available quantitative hardness proxies, sonic velocity, 
density or magnetic susceptibility measurements have been assessed, though these were found to 
be disparate and have poor spatial coverage. 
Currently measured BWi results are used to generate an average value for hardness in each panel 
cave at Cadia East, where the variation within each panel cave is largely unknown. A study into 
using the multi-element assay data was initiated, where the current BWi measurements were used 
to train the multi-element assay data through robust multi linear regression, allowing BWi values to 
be predicted elsewhere across the deposit. These values would then be available to combine with 
the measured BWi results, providing sufficient data to enable population of BWi into the resource 
model update. A simple workflow to incorporate additional multi-element assay data could then be 
developed. 
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SAMPLES ANALYSIS 
The measured BWi samples and corresponding composited geology assay samples (none of which 
were assayed for SiO2) was used as a training data set to develop a linear regression calculation 
which could be applied to the assay data set. 46 samples were used to develop the model. 
Only assay samples which had been analysed using a four-acid digest or fused bead XRF were 
included in the investigation. As various laboratories and methods have historically been used to 
analyse samples, split probability plots were used to validate the data sets before combining. Si is 
typically not analysed as part of the standard multi-element suite. For the study, SiO2 has been back 
calculated assuming major elements are present as oxides, with a constant reduction of 5 per cent 
to account for Loss On Ignition (LOI) and minor elements. Cross validation of the calculated SiO2 
values with actual SiO2 measured on a batch of samples with available measured SiO2 and show a 
strong correlation between measured and predicted SiO2. Assay intervals were composited to 30 m 
to align with the metallurgical test work sample size. Predicted BWi could be calculated for a total of 
1089 × 30 m composite intervals. 

RESULTS 
Initial observations of the relationships between rock-type/alteration and the BWi highlights a 
systematic variation in hardness from dense volcanic (basalt-andesite) lavas to less dense 
monzonite intrusions. Viewing the data in this way assists with understanding mineral and chemical 
influences on hardness and assisted with initial selection of input variables for a linear regression 
model. 

INPUT VARIABLE SELECTION 
Extensive analysis of sample data is required to statistically identify key parameters for use in 
developing a predictive model for BWi. Variables that show correlation with BWi need to be 
statistically determined and tested to ensure a systematic approach to linear regression modelling. 
Fundamental geological and mineralogical observations of the metallurgical samples have been 
used to help identify a preliminary list of input variables. Following initial observations, a more data 
driven approach using data mining software (Orange and/or ioGAS) was used to quantify 
mineralogical and chemical correlations with measured BWi. 
Modal mineralogy obtained using mineral liberation analyser (MLA) has good spatial coverage 
across the Cadia East deposit and covers 59 BWi measurements. Low BWi results correlate well 
with MLA determinations of high quartz. This is counter intuitive however it is likely to be related to 
texture and composition, as the volcanic lavas have less quartz than the monzonite though are 
harder due to smaller more densely packed crystals (due to faster cooling rates). High BWi results 
correlate with higher MLA determinations for chlorite, epidote and sphene. Sphene has the strongest 
relationship with the measured BWi and is mostly present as an alteration mineral phase. 
Observations made from the mineralogy data set have been used to assist with initial selection of 
the elemental inputs. 
Observed relationships between mineralogy and BWi measurements can be applied to chemical 
assays. Multi-element geology assays have been composited to 30 m to overlap with 46 BWi 
measurements. All samples have drill core logging data, ie they have been assigned lithology and 
alteration categories, plus chemical analyses that include major elements (ie Al, Ca, Fe, K, Na, Mg, 
Mn, P and Ti). As noted from the MLA data, Si also shows a negative correlation with BWi while 
positive correlations were observed with K, Fe, Ca, Ti and to a lesser degree, Al, P and Mg. 

MODELLING BWI VARIABLES 
From the list of observed chemical relationships, each variable was passed through an input 
selection criterion using the correlation coefficient (R2) and Student T-test to statistically identify the 
most appropriate list of input variables for the proxy BWi model. The student t-test calculates two 
values that provide guidance. 

• T-values are the measure of the likelihood that the actual value of the parameter is not zero. 
The larger the absolute value of t, the less likely the actual value of the parameter could be 
zero. 
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• P-value is the probability that the coefficient is zero. 
Modelling was carried out using robust multiple linear regression in ioGAS. Robust regression 
determines regression equations that model the bulk of the data by down-weighting the influence of 
samples with large residuals (ie outliers). The algorithm used was the multiple ‘Ordinary Least 
Squares Regression’ (OLS) method or linear regression. The OLS method corresponds to 
minimising the sum of square differences between the observed and predicted values and 
determines a regression equation for each subgroup. The equation that is retained is the one that 
yields the minimum squared residual. Several iterations are used to give samples a weight or 
coefficient. Initially all variables identified during the data analysis phase were modelled. The number 
of variables was reduced step by step by examining model results (eg t and p values and R2) after 
each step. 
The best result using this method for the composited geology assay samples gave estimated BWi 
values with average relative errors of ±5 per cent (1 kWh/t) where the predicted BWi is a function of 
Fe, Ti, Si and Ca concentration: 
 BWi = ∫(Fe2O3, TiO2, SiO2, CaO) 
Measured verses predicted BWi values are shown in Figure 1 and show that all except six data 
points fall within the 95 per cent prediction intervals. The model returned an R2 of 0.86 with an 
average error of 0.058 kwh/t. 

 
FIG 1 – Parity plot showing measured verses predicted BWi with 95 per cent prediction and 

confidence intervals. 

MODEL SELECTION AND VALIDATION 
To ensure that the best regression technique was used, several other models were created using 
Orange, a multi-variate data analysis software program. Three separate regression techniques were 
chosen, using the same input variables. Initial observations indicate that the AdaBoost and Tree 
regression techniques would give a better overall fit to the measured BWi data, with a higher 
coefficient of determination and lower mean absolute error (MAE). Also, looking at the training data 
distribution for each technique, it is evident that both AdaBoost and Tree both closely replicate the 
histogram of the measured BWi. However, upon further investigation it shows that these two 
techniques are ‘over-fitting’ the data due to the small training data set available to develop the models 
used. 
Looking at the histograms of measured BWi and the output regression models histograms (Figure 2), 
it is clear that the linear regression best fits the measured BWi training data set and reproduces a 
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range equal to the distribution of the measured BWi data. When each technique is plotted spatially, 
we see again that AdaBoost and Tree both match the training data set very well, however they don’t 
predict values outside of the training data set range. 

 
FIG 2 – Distributions of (a) measured BWi, (b) predicted BWi using Adaboost regression, 

(c) predicted BWi from linear regression and (d) predicted BWi from Tree regression. Note: 
AdaBoost and Tree both ‘over-fit’ the data and are poorly distributed while the linear regression 

model is normally distributed. 

SEQUENTIAL GAUSSIAN SIMULATION 
Simulation is a term that evokes different meanings for individuals working in different disciplines. It 
may be deterministic in character (eg numerical solution of a differential equation), or it may be 
probabilistic (eg Monte Carlo methods). Simulation is used for a variety of problems and applications 
and is particularly useful when it is difficult or costly to obtain measured data. For example, 
geostatistical simulation is well accepted in the petroleum industry as a method for characterising 
heterogeneous reservoirs. 
Sequential Gaussian Simulation is a relatively simple simulation method that relies on the 
transformation of the input data to standard Gaussian space (ie a Normal Distribution with mean = 0 
and variance = 1), which is suited to continuous variables. Sequential Gaussian Simulation requires 
the probability distribution as well as the spatial model (ie variogram) of the data to be known and 
generates multiple equiprobable realisations for one or more variables. 
In general, Sequential Gaussian Simulation method comprises the following steps: 

1. Transform the original data to normal-score data with zero mean and unit variance. 
2. Assign transformed data into simulation grid. 
3. Generate a random path through the grid nodes. 
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4. Visit a node in the random path and use kriging to estimate a mean and standard deviation at 
that node based on surrounding data and variogram, it generates a local conditional probability 
distribution. 

5. Select at random a value from local conditional probability distribution and set the node value 
to that number. 

6. Include the newly simulated value as part of the conditioning data. 
7. Repeat steps 4 to 6 until all grid nodes have values. 
8. Back-transform the realisation into the original space. 

At Cadia East, Sequential Gaussian Simulation has been used to simulate the hardness variability 
by using the measured (46 samples) and predicted (1016 samples) BWi input variables. The line 
histogram in Figure 3 shows that each of the equiprobable realisations for the simulated BWi closely 
matched the input BWi. Further comparisons between the input and output BWi are detailed in 
Appendix 1 using swath plots. Based on interactions with existing lithological and structural domains, 
the mean output was selected as the most suitable to be populated into the Cadia East resource 
model. 

 
FIG 3 – Line histogram showing the difference between the input BWi and selected output 

simulated BWi (5 of the 100 simulations shown). 

A spatial representation of the simulated BWi details greater visibility of the hardness variability 
across each panel cave at Cadia East. From Figure 4, we can see that panel cave 1–2 broadly 
contains material with a BWi of 20.5–23 kWh/t with discrete regions where the material has a higher 
BWi (>23 kWh/t) or lower BWi (18–20 kWh/t). The output simulated model behaves as expected with 
fault and lithological domains where changes in hardness are largely controlled by changes in rock-
type. This type of information will be useful when reconciling SAG mill performance and improving 
mine block scheduling options. BWi is not currently used at Cadia East to predict throughput 
performance, though it is envisaged that having BWi populated as a block model variable will be a 
first step towards incorporating the BWi with other variables to develop a more robust method of 
predicting energy requirements and plant throughput. 
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Validation of the mean simulated model results against measured BWi averages for each panel cave 
shows that the error between them is within the standard 5 per cent error margin for BWi, however 
greater local variability within each panel cave can be quantified using the simulated model. 

 
FIG 4 – Cross-section (100 m thick) looking north-west – 21500 mN showing major faults and 

modelled BWi, highlighting where variation in grinding performance is expected. 

DISCUSSION 
Spatially extensive geometallurgical measurements are needed so that continuous downhole 
profiles can be generated and provide vital data for the development of processing domains through 
geostatistical modelling. However, as traditional comminution tests are high cost and/or require large 
sample mass, current practice typically results in insufficient data density and distribution of 
comminution indices making it difficult to model and map deposit scale variability. The aim of this 
work was to find a method to predict the BWi based on data that is widely available. 
This work shows that the BWi can be successfully modelled using multi-element assay data at Cadia 
East. The resulting predicted BWi has successfully been combined with the measured BWi and 
modelled using Sequential Gaussian Simulation to produce a simulated BWi output model. The 
intention of the simulated model is to allow existing measured BWi data that is already being 
collected on-site to be populated across the deposit, not to replace comminution testing. A good 
spatial spread of measured and predicted BWi data has been demonstrated to be invaluable for 
mapping inherent variability and interact with other geometallurgical domains such as lithology and 
faults. Inclusion of geometallurgical variables such as the BWi into resource block models will in time 
lead to improvements in mine planning and optimisation initiatives. As this model predicts in situ 
hardness only, further work is required to integrate BWi with draw cone modelling. 
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ABSTRACT 
Mine operators use grade control to determine the destination of each block of material in the mine. 
In polymetallic mines, grades are best expressed in dollars: the Net Smelter Return, NSR, per tonne. 
To estimate NSRs, geologists working on grade control develop models for each geometallurgical 
domain in the mine. These models may incorporate observations on the mineralogy and grain sizes 
of the material being examined. The site’s mill operators contribute to the models by providing 
geologists with statistical analyses that relate assay results and mineralogical compositions to 
metallurgical parameters, such as the rates of recovery of each economic metal to each of the 
concentrates produced, and the compositions of those concentrates. The team responsible for sales 
and marketing of the site’s products contributes to the NSR models by providing details of the costs 
of shipping concentrates to smelters and refineries; and by providing figures that are specified in the 
smelter contracts, such as the payability of the metals in each concentrate and the fees charged by 
the smelter. 
The mill operators also provide, for the NSR models, equations to estimate the rates of recovery of 
deleterious materials to each concentrate. Deleterious materials comprise mostly halogens and 
amphoteric elements, both of which reduce the efficiency of smelters. Furthermore, deleterious 
materials such as antimony and arsenic may be poisonous to people and to the environment. The 
sales and marketing team provide specifics of the penalties that smelters impose upon deleterious 
materials. These penalties may reduce NSRs by tens of percent, possibly to levels below the cut-off 
grade. Thus, in the blocks that are subject to grade control, mine geologists monitor not only the 
concentrations of economic metals, but also the presence and abundance of deleterious materials. 
The preparation and maintenance of models, to estimate NSRs and to assess changes in the levels 
of potentially toxic materials to be mined, requires close and continuing consultation between 
corporate departments. There must be strong communication of mine geologists with the mill 
operators; with the people who market the mine’s concentrates; and, should there be a risk of 
encountering toxic levels of deleterious materials, with the mine’s health, safety and environmental 
officers. This co-operation could require radical changes in the structure of many organisations. 
However, experience suggests that such changes can significantly improve the profitability of a mine. 

INTRODUCTION 
At the Annual General Meeting of Sherritt International Corporation in Toronto, Canada in May 2021, 
David Pathe, who was about to retire, reviewed his accomplishments as CEO at Sherritt. He said 
that he hoped that part of his legacy would be the successful development of hydrometallurgical 
technology to remove arsenic from the copper concentrates that mines send to smelters (Figure 1). 
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FIG 1 – A project unveiled at Sherritt International Corp’s AGM in Toronto, Canada, May 2021. 

As illustrated in Figure 2, there are other proposals that compete with Sherritt’s project. 

 
FIG 2 – Proposed treatments to mitigate arsenic in copper concentrates (from Tayebi-Khorami, 

and Edraki, 2018; Greenhalgh, 2017; Creagh, 2017; respectively). 

Why has Sherritt taken this on? The answer lies in one of Sherritt’s key points: that arsenic ‘renders 
many copper mines uneconomic’. The presence of arsenic can turn copper ore into toxic waste. 
The purpose of this paper is to show how mine geologists can and should work with other 
professionals to incorporate, into the mine plan, the economic effects of the presence of arsenic and 
other deleterious materials. The focus of this paper is on polymetallic sulfide deposits whose ore is 
milled in a concentrator, or mill, located near the mine. In the concentrator, the ore is crushed, ground 
and then treated to separate and concentrate the valuable minerals. The end products of the 
concentrator are concentrates and tailings. Concentrates are products that contain economic metals 
at grades that are generally higher than those in the ore, and which can be sold to smelters (a ‘zinc 
smelter’ is more properly called a ‘zinc reduction plant’). 

USE OF NSRS IN MINE PLANNING 
Lane (1988) pointed out that mining companies historically defined the limits of their orebodies on 
the basis of arbitrary, unchanging cut-off grades. Typical justifications for this approach included: 

‘We have always worked to 0.3 per cent,’ or 
‘Head office decided 5 per cent combined metals some years ago,’ or 
‘I think several cut-offs were examined in the feasibility study and 1 per cent seemed best’. 

Lafleur (1988) reports that, in 1988, Audrey Resources Inc. decided to define cut-off grades, at its 
Mobrun polymetallic mine in Quebec, in terms of Net Smelter Returns (NSRs). Lafleur argues that  
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‘it is standard practice in polymetallic mines to convert grade into one metal 
equivalent… the problem is that, once the transformation is done, people tend to 
forget that the conversion is based on fluctuating metal prices and recoveries, and 
that the dollar is the only true common denominator for any grade conversion’.  

Note also that the use of metal equivalents is inaccurate because it fails to allow for different 
payability of metals. For example, 100 ounces of silver recovered to a zinc concentrate would 
generate less revenue than 100 ounces of silver recovered to a lead concentrate. 
Downie (2019) reports that operators of polymetallic mines may continue to employ cut-off grades 
that result in suboptimal mine plans. For example, he says that it is common to select cut-off grades 
so as to maximise the production of whichever metal has the greatest contribution to site revenue. 
Thus, until 2015, operators at the Rosebery polymetallic mine in Tasmania selected cut-off grades 
to maximise the production of zinc in zinc concentrate, even though only half of the mine’s net 
revenues had come from the sale of zinc. Downie shows that, in the three years after Rosebery 
switched to adopting NSR models to determine cut-off grades, ‘an additional 36 million [Australian] 
dollars was attributed to the application of the described methods’. 
Goldie and Tredger (1992) define the NSR of a polymetallic mineral deposit as the value of the 
products from that deposit’s mine and mill after they cross the mine gate:  

‘The Net Smelter Return of a tonne of ore is equal to the proceeds from the sale of 
mineral products derived from that ore, after deducting all related charges incurred 
outside the mine property. Such charges include concentrate transportation costs, 
smelting, refining, insurance and marketing costs’. 

BUILDING NSR MODELS 

Copper reporting to copper concentrates 
As noted above, Lafleur (1988) and Downie (2019) recommend that a mining team define its cut-off 
grades as NSRs. This requires the mine’s grade-control team to be able to estimate NSRs. 
Consider, as an example of how this can be done, the copper in the ore that reports to the copper 
concentrate. The contribution to the NSR, of that copper, is as follows, with the values expressed in 
dollars per tonne of ore: 
Contribution to NSR = (Cu grade of ore) × (proportion of Cu recovered to concentrate) × (proportion 

of the Cu in concentrate that the smelter pays for) × (the price of copper 
per tonne) 
minus smelting fees 
minus penalties imposed by the Cu smelter 
minus refining fees charged by the Cu refinery to which the smelter sends 
its smelted Cu 
minus freight, insurance, marketing and physical losses of concentrate 
en route to the smelter 

To determine this contribution, the mining team first needs to estimate the proportion of the copper 
in the ore that is recovered to the copper concentrate. The mining team also needs to be able to 
estimate the grade of copper in the copper concentrate because: 

• in smelter contracts, the proportion of the copper contained in copper concentrate that the 
smelter will pay for is usually determined as a function of the grade of copper in the 
concentrate: the higher the grade of the concentrate, the higher the percentage of copper that 
the smelter will pay for. 

• smelting fees and freight fees are levied per tonne of dry concentrate. Calculation of these 
fees, per tonne of ore, requires knowledge of the copper grade of the dry concentrate. 
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Based on the feasibility study of the project and subsequent experience with the mine’s mill, the mill 
operators can provide the mining team with equations to estimate both the recovery rate and the 
grade of the resulting concentrate. 
Here is an illustration of the first step in the process of estimating equations that relate the 
composition of ore to the properties of concentrates derived from that ore. Figure 3 shows how mill 
recoveries of copper vary with the copper grade of the ore being treated. It also shows the recoveries 
that would be estimated from a regression analysis of these recovery rates versus the logarithms of 
the copper grades in the ore. 

 
FIG 3 – based on a completion of data in technical reports (mostly reports prepared under NI 43–

101, filed on Canada’s SEDAR) from 299 mine concentrators from around the world, 1981 to 2021. 

Figure 3 illustrates two points: firstly, ores with high-grades of copper generally have better rates of 
recovery than low-grade ores. Secondly, mill recoveries vary with ore grades in a non-linear fashion. 
The correlation coefficient, ṝ2, of the regression results illustrated in Figure 3 is only 0.135. However, 
note that Figure 3 represents a broad set of global data. The regression equation illustrated in 
Figure 3 could be of use to an exploration geologist working on a greenfield project, but the data are 
too fuzzy for use in grade control of an operating mine. The regression analyses produced by mines’ 
mill teams have a much closer fit to the data than the regression equation illustrated in Figure 3 
because they are derived from observations on specific concentrators operating on ores from 
specific mines. Furthermore, one of the mining team’s contributions to establishing and maintaining 
the regression equations is to provide the mill operators with information to improve the explanatory 
power of those equations. For example, the coefficients in the regression models may vary according 
to: 

• the geometallurgical domain in which a block of rock occurs 

• the average grain size of the ore 

• the influence of other materials (such as the ratio of copper to zinc in the ore, and the presence 
or absence of particular minerals). 

Here are two examples of the effects that gangue minerals may have on the rates of recovery of 
economic metals to concentrates: 

• at the Gamsberg zinc deposit, South Africa, the presence of alabandite (MnS) is ‘extremely 
detrimental’ to the rate of recovery of sphalerite to a zinc concentrate (Schouwstra et al, 2010). 

• at the Mt Keith, WA nickel mine, the fibrous structure of chrysotile crystals can cause 3D log 
jams that reduce the rate of recovery of nickel sulfides to a nickel concentrate (Senior and 
Thomas, 2005; Ndlovu et al, 2011). 
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The contribution, to NSR, of other metals 
The most important concentrates that may be produced by a polymetallic mine are copper 
concentrates, lead concentrates, molybdenum concentrates, nickel concentrates, zinc concentrates, 
and precious metal concentrates. 
Precious metal concentrates derived from polymetallic mines usually comprise gold and silver in 
sulfides or metal alloys; or complex compounds of gold, silver, platinum group elements (PGE) and 
amphoteric elements. 
Other concentrates are named for their predominant metal, and each usually contains other metals 
for which a smelter may give by-product credits. For example: 

• in copper concentrates: gold and silver 

• in lead concentrates: silver and gold 

• in molybdenum concentrates: rhenium 

• in nickel concentrates: copper, cobalt, gold and PGE 

• in zinc concentrates: germanium and indium. 
For inclusion in the NSR models, the mill operators carry out regression analyses to estimate the 
uptake of the predominant metals and the by-products into each concentrate, and to estimate the 
grades of the predominant metals in each concentrate. 

SMELTING AND REFINING FEES 
The preceding discussion of copper reporting to a copper concentrate illustrates that the factors that 
determine the contributions to the NSR of each concentrate include: 

• the fees charged by the smelters 

• the refining fees charged by the refineries to which the smelters send their products to be 
refined into pure metals 

• the freight, insurance, marketing and physical losses of concentrate en route to the smelters. 
Downie (2019) points out that the mill operating team at Rosebery are able to provide this information 
to the mining team because the mill operators are ‘empowered [to collaborate] with the sales and 
marketing team to maximise value of the ore. The shared understanding of contract terms, future 
ore, and mineralogy facilitated informed contract negotiations’. 

DELETERIOUS MATERIALS 

Penalty clauses in smelter contracts 
In the fees that they charge, smelters may include penalties for deleterious materials. These 
penalties can be significant. For example, from the Silver zone of the former Samatosum copper-
silver-gold mine in British Columbia, Canada, Samatosum’s mill produced concentrates that 
contained so much arsenic and antimony that their NSRs were reduced by as much as 50 per cent 
(Goldie and Tredger, 1992). 
There are about 20 substances, commonly present in sulfide concentrates, that can result in penalty 
fees being charged by the smelter that treats those concentrates. The deleterious materials that 
have the greatest economic importance are mostly amphoteric elements, such as arsenic and 
antimony; and halogens. Table 1 presents a compilation of deleterious materials in concentrates, 
the arithmetic means of the ‘deductibles’ (ie the percentage of each material that is allowable without 
penalty); the arithmetic means of the penalties that smelters charge; and the level of deleterious 
materials that may result in the rejection of a concentrate by smelters. 
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TABLE 1 
Penalty Substances in Sulfide Concentrates (Source: compilation of companies’ technical reports 

and financial statements, 1981 to 2021, by Raymond Goldie). 

 

Quantity Penalty, %age level Location of
allowable US$/tonne for at which smelter(s)
without each %age some rejecting
penalty point above the smelters such

(%age points: allowable level reject this concentrates
'the deductible') concentrate

COPPER CONCENTRATES
-alumina plus magnesia 5.50 $4.50
-antimony 1.93 $37.50 5.00
-arsenic 0.93 $38.40  0.5       *
-bismuth 0.07 $202.27
-cadmium 0.02 $266.67 0.05 China
-chlorine 0.045 $87.50
-cobalt plus nickel 0.50 $6.50
-fluorine 0.028 $133.64  0.100     * China
-lead 1.580 $2.50 6.00 China
-mercury 0.0015 $3,499.05 0.010 China
-nickel 0.49 $27.50 1.00 Canada
-selenium 0.037 $312.50
-silica 10.000 $1.00
-tellurium 0.025 $450.00
-zinc 3.500 $1.95
LEAD CONCENTRATES
-alumina 0.50 $0.72
-antimony 0.36 $20.98
-arsenic 0.38 $18.70
-bismuth 0.14 $296.43
-chlorine 0.03 $150.00
-fluorine 0.03 $90.75 0.13 Canada
-iron 11.62 $2.82
-magnesium 0.50 $15.00
-mercury 0.0056 $1,127.50
-selenium 0.08 $200.00
-thallium 0.02 $1,500.00
MOLYBDENUM CONCENTRATES
-copper 0.50 $8.30
NICKEL CONCENTRATES
-arsenic no data no data 0.20 Canada
-chromite 1.00 no data
-magnesium 3.00 $15.00 4.22 Canada
ZINC CONCENTRATES
-antimony 0.175 $20.00
-arsenic 0.20 $20.56
-bismuth 0.125 $150.00
-cadmium 0.29 $10.67
-chlorine no data no data *
-cobalt 0.10 no data 0.003 Peru
-fluorine 0.014 $9.00 0.025 Brazil
-iron 7.5 $1.49
-magnesium 0.86 $9.08
-manganese 0.875 $15.00 1.50 Europe
-mercury 0.007 $587.50 0.030 Europe
-selenium 0.04 no data
-silica 1.95 $5.57
-tellurium 0.001 $1,500.00  0.005     * Europe
PRECIOUS METALS CONCENTRATES
-arsenic 0.50 $15.00
-mercury 0.05 $800.00
* Recent technical reports indicated that China was considering imposing the following limits: 
    in copper concentrates: 0.4% on As and 0.06% on F; 
    in zinc concentrates: 0.02% on Cl and 0.005% on Te 
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Why do smelters penalise or even reject concentrates that contain deleterious materials? 
In some cases, it is because the deleterious materials increase the costs, to the smelter, of 
processing those concentrates. For example: 

• halogens can corrode smelter components 

• magnesium in a nickel concentrate, and zinc or silica in a copper concentrate can make the 
slag more viscous, forcing furnaces to operate at higher temperatures (OECD et al, 2017) 

• according to McClung and Viljoen (2011), a ‘high manganese content makes the zinc 
concentrates unsuitable for processing by conventional smelting methods’ 

• Nell (2004) reports that the presence of 1.92 per cent chromium, in the form of chromite, in a 
nickel-copper-PGE concentrate results in difficulties for a nickel smelter that attempts to 
separate the economic metals from the chromium. 

In most cases, however, smelters impose penalties not only because deleterious materials may 
increase operating costs or reduce the recovery rates of economic metals, but also because these 
materials are toxic to human health and to the environment, and they must be handled and disposed 
of in ways that are costly and require great care. 
As an example, consider arsenic in a copper concentrate. The most common copper-arsenic 
minerals are enargite and tennantite (respectively: Cu3AsS4, which is 48.4 per cent copper; and 
Cu12As4S13, which is 51.6 per cent copper; Long, Peng and Bradshaw, 2012). Removal of these 
minerals from the concentrate removes copper, which reduces the NSR of the ore. However, if these 
minerals are not removed from the concentrate before it is smelted, two problems arise. Firstly, the 
copper produced by the smelter may not be able to meet physical specifications (OECD et al, 2017). 
Secondly, enargite and tennantite release arsenic when they break down during smelting. 
Smelters have a fiscal incentive to collect and responsibly dispose of the arsenic in the concentrates 
that they treat: as of 28 May 2021, the operators of the East Helena smelter in Montana, USA, had 
spent US$61.4 million in remediation of ‘arsenic contamination to groundwater’ by that smelter 
(Drake, 2021). 

Trends in penalty fees 
Table 1 presents average levels of penalty charges reported in the period 1981 to 2021. Because of 
inflation during this period, it may appear questionable to aggregate data from smelter schedules 
that may be up to 40 years old (in fact, during this period, the US ‘CPI-U’ measure of inflation rose 
208 per cent, according to the US Bureau of Labor Statistics). 
To investigate the relationship between inflation and penalty fees, Figure 4 depicts the penalty fees 
that, because of the presence of arsenic, would have been charged by copper smelters in the 
Western world over the period 1989 to 2020. 
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FIG 4 – penalty fees per tonne of copper concentrate charged by copper smelters in the Western 

world to compensate for the presence of 0.4 per cent arsenic in the concentrate; based on a 
completion of data in technical reports (mostly reports under NI 43–101, filed on Canada’s 

SEDAR). 

For the purposes of this chart, the grade of arsenic in the copper concentrate is chosen as 
0.4 per cent, because this is the level that China’s smelters are reported as considering to be the 
level above which no copper concentrate can be accepted for treatment. 
Figure 4 illustrates that: 

• the penalties imposed on arsenic in a copper concentrates vary significantly over time and 
from smelter to smelter (this is true of all smelter terms; thus, the sales and marketing team 
should continuously monitor which smelters are currently best suited to treating the 
concentrates from their mine). 

• the penalty fees depicted in this chart move independently of the inflation of consumer prices 
in the global economy. 

These conclusions also apply broadly to historic trends in the penalties imposed on other substances 
and in other concentrates (oddly enough, charges for refining precious metals also show little 
relationship to inflation as measured by America’s CPI-U). Thus, although the averages of historic 
penalty terms are useful as a rough guide to an exploration geologist, it is essential, in constructing 
NSR models to determine cut-off grades at an operating mine, that the mill operators be, as Downie 
(2019) put it, ‘empowered [to collaborate] with the [concentrate] sales and marketing team’. NSR 
models used in determining cut-off grades must include terms and specifications that are in the 
mine’s smelter contracts. 

Modelling penalties 
In the NSR models, the mill operating team should include regression analyses that estimate the 
recoveries of penalty materials to each concentrate, and hence the grades of penalty materials in 
each concentrate. 
And the sales and marketing team should provide to the site’s NSR models: 

• deductibles 

• penalties, in dollars, that the smelters will levy for every percentage point of each of the 
deleterious materials present in the concentrate 

• any levels of deleterious materials at which a smelter would reject concentrates. 
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How to mitigate penalties and address NSRs of zero 
Mine site teams should construct their NSR models to designate the value of a concentrate as zero, 
should the estimated grade of a penalty material in a concentrate be so high that the concentrate 
would be rejected by the smelter. The estimation of an NSR of zero would certainly generate 
discussion amongst different teams at the mine/mill operations. The teams can address this issue in 
several ways: 

• Changing the mine plan. The mine operators could change the mine plan. They could 
stockpile ore that is high in penalty materials, to be fed to the mill with other ore as diluent; or 
they could mine the high-penalty ore more slowly. 
At the Ok Tedi copper-gold mine in Papua New Guinea, the skarn ore contained as much as 
3000 ppm (0.3 per cent) fluorine. Smelters penalised Ok Tedi for fluorine in the copper 
concentrate, with deductibles of only 500 ppm fluorine. The mill operators figured out that most 
of the fluorine was in talc and phlogopite. The mine’s geologists then mapped out the skarn 
ore rich in these two minerals so that the mill could blend them with porphyry ore that was poor 
in talc and phlogopite, thereby reducing the peak fluorine content of Ok Tedi’s concentrates 
(Goldie and Tredger, 1992). 

• Leaching the concentrate. The mill operators could install processes, such as those cited in 
Figures 1 and 2, to leach deleterious materials from the concentrates. 
For example, in ore from the Southern Tail zone of the Equity Silver mine in British Columbia, 
78 per cent of the antimony and 21 per cent of the arsenic reported to the copper concentrate. 
As a result, this concentrate graded 7.0 per cent antimony and 4.0 per cent arsenic, making it 
unsaleable. Equity Silver constructed a leach plant that, with varying degrees of success, 
reduced the grades of the concentrate to 0.8 per cent antimony and 2.0 per cent arsenic. 
Although it was still subject to penalties, Equity Silver was able to find a copper smelter that 
would accept it (Goldie and Tredger, 1992). 
At Vale SA’s Sossego IOCG deposit in Brazil, from 2008 to 2010, a partnership of Teck 
Resources Ltd. and Aurubis AG successfully operated a small industrial scale plant using 
CESL technology to remove arsenic from copper-gold-silver ores. 

• Finding a more suitable smelter. As shown in Table 1, smelters may levy penalties on both 
cobalt in a copper concentrate and cadmium in a zinc concentrate. However, in both cases. 
the sales and marketing team may be able to find smelters that, rather than levying penalties, 
could give credits. For example: 
o smelters in Zambia and the Democratic Republic of Congo have been constructed to treat 

copper concentrates from the African Copperbelt, which are often rich in cobalt. These 
smelters include circuits to leach cobalt from slag, and the smelter may give cobalt credits 
to a mine that supplies copper concentrates rich in cobalt. 

o Tolcin (2020) reports that zinc reduction plants in Tennessee, USA and Hobart, Tasmania 
produce and sell cadmium as a by-product. A mine’s sales and marketing team could inquire 
if such reduction plants would give credits to cadmium in zinc concentrates supplied to them. 

Similarly, if, because of their projected content of arsenic, copper concentrates would be 
rejected by Chinese smelters, the sales and marketing team could find a copper smelter, 
elsewhere in the world, that accepts arsenic-rich concentrates. The sales and marketing 
people need to continually monitor concentrate markets because the availability of such 
smelting capacity is always changing. 

• Tweaking the mill. The mill operators could change the settings of the concentrator in order 
to reduce the amount of deleterious material that reports to the concentrates. 
For example, Barns, Colbert and Munro (2009) outlined how OZ Minerals Limited addressed 
a fluorine issue at its Prominent Hill IOCG deposit in South Australia. Initial metallurgical work 
indicated that copper concentrates could contain as much as 0.57 per cent fluorine. However, 
OZ’s marketing team reported that copper smelters were rejecting copper concentrates with 
more than 0.1 per cent fluorine. So, OZ set up a group, that included members of the geology 
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department, to investigate ways around this problem. The group found that most of the fluorine 
was contained in fluorite, sericite and apatite, and that these minerals would often report to 
sulfide concentrates because they were attached to sulfide minerals. The solution was to grind 
the ore more finely, thereby separating copper and gangue mineral grains, before subjecting 
the ore to differential flotation. The OZ mill operators also had to adjust downstream 
components of the concentrator to cope with ore particles that would be finer than had 
previously been planned. 

• Blending out. The operators could mine and mill the ore high in deleterious materials while 
the concentrate sales and marketing team arrange to have the resulting concentrate blended 
with another producer’s concentrate that is low in that particular deleterious material. Cochrane 
(2020) pointed out that the world had had the capacity to blend over 5.5 Mt per annum of 
concentrates and that this capacity had been growing, largely in order to satisfy China’s 
demand for copper concentrates that are low in arsenic. He did not cite the costs of blending 
copper concentrates, but he did point out that it cost US$10 to US$30 per tonne to blend zinc 
concentrates. 

Sometimes a zero value for an NSR is unavoidable. For example, at the Samatosum mine in British 
Columbia, the Discovery zone had a mineral inventory of 240 000 tonnes grading 72 g/t silver plus 
other metals. The Discovery zone also contained 6.0 per cent arsenic, and it has never been mined. 
Although high concentrations of arsenic might be worth special treatment in a larger deposit (such 
as Samatosum’s Silver zone), they generally destroy the economics of a small deposit (Goldie and 
Tredger, 1992). 

THE GRADE CONTROL GEOLOGIST – A CANARY IN THE (POLYMETALLIC) 
MINE 
The following materials may be found in polymetallic ores, and may be harmful to humans, to the 
environment, or to both: antimony, arsenic, cadmium, chromium, cobalt, lead, manganese, mercury, 
nickel, selenium and thallium. For at least four of these elements (chromium, cobalt, nickel and 
selenium), the relationship between exposure and toxicity is U-shaped: trace amounts of each metal 
are essential to life, yet large amounts are toxic. 
Mine geologists should be alert to changes in the concentrations of potentially toxic elements in the 
ore about to be mined. By monitoring such changes, mine geologists can function as an early 
warning system, keeping in touch with the site’s health, safety and environmental officers. If 
necessary, the health, safety and environmental officers would be responsible for: alerting other 
employees; recommending use of personal protective equipment; measures to mitigate airborne 
dust and to control the movement of groundwater; monitoring the chemistry of discharged water; and 
being aware of the possible toxicity of the tailings. 

• Although ‘the biogeochemical behaviour of [antimony] is still largely unknown’ (Shtangeeva, 
Bali and Harris, 2011), ‘antimony trioxide is possibly carcinogenic to humans’ (Sundar and 
Chakravarty, 2010). As shown in Table 1, smelters may penalise the presence of antimony in 
copper, lead or zinc concentrates, and may reject copper concentrates containing more than 
5 per cent antimony. 

• Human ingestion or inhalation of arsenic can result in arsenicosis, a serious disease 
(Bhattacharya et al, 2007), and arsenic is ‘the most potential human carcinogen’ (Roy and 
Saha, 2002). Arsenic may also be toxic to many animals and plants. Most of the arsenic that 
is derived from mining and that enters the environment is dissolved in groundwater, or is in 
smelters’ emissions of dust and gases. If a smelter were to accept concentrates rich in arsenic, 
the smelter’s only option might be to remove the arsenic and sequester it somewhere safe and 
isolated from the rest of the world. 
As shown in Table 1, smelters may penalise arsenic in copper, lead, nickel, zinc or precious 
metals concentrates, and may reject copper concentrates containing over 0.50 per cent 
arsenic, and nickel concentrates containing over 0.20 per cent arsenic. 

• ‘Human exposure to [cadmium] occurs chiefly through inhalation or ingestion’, and cadmium 
has a ‘destructive impact on most organ systems’ Bernhoft (2013). 
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As shown in Table 1, copper smelters may penalise cadmium in copper concentrates and 
reject copper concentrates containing over 0.05 per cent cadmium. 
Zinc reduction plants may penalise cadmium in zinc concentrates. However, as outlined above, 
a sales and marketing team may be able to find a zinc reduction plant that actually pays the 
mine for some of the cadmium contained in its zinc concentrates. 

• Chromium ‘is an element significant to the life of plants and animals’ (Barałkiewicz and 
Siepak, 1999), although in large concentrations, it ‘is considered a serious environmental 
pollutant’ (Shanker et al, 2005). There may also be a correlation between lung cancers and 
exposure to chromates (Norseth, 2009). 
Nickel smelters may penalise chromium that occurs in a nickel concentrate in the form of 
chromite. 

• Although cobalt ‘has a biologically necessary role… excessive exposure has been shown to 
induce various health effects’ (Leyssens et al, 2017). 
Copper smelters usually penalise cobalt in copper concentrates; although, as outlined above, 
a sales and marketing team may be able to find a smelter that actually pays the mine for some 
of the cobalt contained in its copper concentrates. 
Zinc reduction plants may penalise cobalt in zinc concentrates, and may reject zinc 
concentrates containing over 0.003 per cent cobalt. 

• Lead ‘is the most important toxic heavy element in the environment… its effects on the human 
body are devastating’ (Wani, Ara and Usmani, 2015). However, because galena is ubiquitous 
in polymetallic ore deposits, protocols for managing most of the materials that contain lead are 
well established and widely practised. 
Most of the smelters that penalise lead in concentrates are copper smelters. Copper smelters 
may reject copper concentrates containing over 6 per cent lead. 
A widely-publicised mass death of parrots in Esperance, Western Australia in 2006 and 2007 
has been attributed to a lead concentrate that was ‘inappropriately transported’ (Reid et al, 
2011). That concentrate was composed of lead carbonate, a material unfamiliar to many 
people responsible for packaging and transporting it. 
Geologists who work on IOCG deposits that contain uranium and thorium should be aware of 
the possible presence of 210Pb, which is both radiogenic and radioactive (Rollog et al, 2019). 

• Miners and mill workers exposed to high levels of manganese may display a syndrome known 
as manganism, whose symptoms resemble those of Parkinson’s disease (Roth and Garrick, 
2003). 
As shown in Table 1, zinc reduction plants may penalise manganese in zinc concentrates, and 
may reject zinc concentrates with more than 1.5 per cent manganese. 

• According to Holmes, James and Levy (2009), mercury ‘has long been recognised as toxic, 
principally in relation to its effects on humans following acute or prolonged high-level 
occupational exposures and, in the latter half of the last century, from a number of 
environmental incidents’. 
Yin et al (2012) observed that zinc smelting is regarded as one of the most important sources 
of atmospheric emission of mercury. 
Geologists should note that Yin et al (2012) also report that mercury contents vary with the 
type of deposit in which they occur. Zinc concentrates from SEDEX deposits contain an 
average of 0.0048 per cent mercury, which is higher than the mercury contents of zinc 
concentrates that are extracted from VMS, MVT or intrusion-related deposits. 
As shown in Table 1, zinc reduction plants may penalise mercury in zinc concentrates, and 
reject zinc concentrates that contain over 0.03 per cent mercury. 
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Copper smelters may penalise mercury in copper concentrates and reject those containing 
over 0.01 per cent mercury; lead smelters may penalise mercury in lead concentrates; and 
precious metals treatment plants may penalise mercury in precious metals concentrates. 

• Although nickel ‘is a bioessential trace metal’ (Li et al, 2021), compounds of nickel have ‘long 
been known to be an important human toxicant’ and their ‘toxicity to plants is well documented’ 
(Macomber and Hausinger, 2011). However, as is the case with lead, protocols for managing 
materials that contain nickel are well established and widely practised. 
Most of the smelters that penalise nickel in concentrates are copper smelters. Copper smelters 
may reject copper concentrates containing over 1.0 per cent nickel. 

• Selenium may replace sulfur in the crystal lattices of sulfide minerals. It may be liberated 
during mining and milling, resulting in significant dissolution of selenium in waters that are 
discharged with tailings or as wastewater. In Alaska, government agencies monitor the 
selenium contents of waters discharged by metallic mines and mills (Khamkash et al, 2017). 
Selenium ‘is an essential trace element for animals and humans...[but] is also very toxic’ 
(Tinggi, 2003). This U-shaped relationship has made it ‘difficult for the United States 
Environmental Protection Agency … to quantify permissible selenium content in water’ 
(Khamkash et al, 2017). 
As shown in Table 1, smelters may penalise copper, lead and zinc concentrates for the 
presence of selenium. 

• According to Saha (2005), thallium is highly toxic, and human exposure ‘occurs by oral, 
dermal and inhalation routes’. Karbowska et al (2014) reported that zinc-lead ores are the 
major source of thallium dispersion in the environment, and that during differential flotation in 
a concentrator, the lead and zinc concentrates are significantly enriched in thallium. As shown 
in Table 1, a lead smelter may penalise thallium in lead concentrates. 
CBC News (2001) reported that, at the Trail, British Columbia lead smelter of Teck Cominco, 
workers had been exposed to thallium and that ‘several [had] been made ill’. The company 
subsequently committed ‘to avoid any similar occurrences in the future through a strong 
emphasis on health and safety at all of its operations’ (Teck Cominco, 2002). 
None of the reports that were surveyed to produce Table 1 mentioned penalties for thallium in 
zinc concentrates. 

CONCLUSIONS 
Geologists responsible for grade control at a polymetallic mine are in the risk management business. 
It is the grade-control team’s responsibility to assign a destination for any block of material that is to 
be mined: the mill, a stockpile or a waste dump. Grade-control geologists are in a position to provide 
early warning of forthcoming changes in the concentrations of toxic materials in the ore to be mined 
and milled: such changes may require action by the mine’s health, safety and environmental officers. 
The grade-control team is also in a position to alert the mill operators to forthcoming changes in the 
presence of materials that may have significant effects on the mill’s recoveries of economic metals. 
In making optimal decisions about the destination of material that is about to be mined, geologists 
should employ cut-off grades expressed, in dollars, as NSRs per tonne of material. To calculate 
whether or not the grade of a block of material exceeds or is below the cut-off, the geologist computes 
NSRs using models based on the mineralogy and geometallurgy of the material under consideration, 
the grades of the economic metals, the modelled metallurgical properties of those metals, the smelter 
contracts that govern the treatment fees and payability of concentrates produced from that material, 
and other off-site costs. 
An important part of the smelter contracts is the penalty clauses: how much the smelter will charge 
the mine for the presence of deleterious materials, especially halogens, amphoteric elements and 
mercury. 
Smelter contracts often give the smelter the ability to reject entirely any concentrate that contains 
penalty materials that exceed critical levels of concentration. Effectively, the NSR of rejected 
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concentrates is zero, and grade-control geologists can provide their colleagues with early warning 
of the possibility of such an outcome. 
The preparation and maintenance of models to estimate the NSRs of blocks of material, and 
assessment of the significance of changes in the levels of potentially toxic materials to be mined, 
require close and continuing consultation between grade-control geologists, mill operators, the sales 
and marketing team and the mine’s health, safety and environmental officers. Companies that are 
daunted by the need to bust silos to facilitate such consultation should be aware that a program to 
encourage inter-departmental co-operation at the Rosebery mine, Tasmania, provided a significant 
increase in Rosebery’s profitability (Downie, 2019). 
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ABSTRACT 
Brownfields geoscience measurement such as drilling and surface geophysics can be costly and it 
is often difficult to weigh the cost of data collection and processing against the value it unlocks at the 
time of extraction. This makes it difficult to prioritise geoscience expenditure and find the optimum 
intensity of geoscience activity across competing assets. 
There are multiple options for managing resource uncertainty and spatial variability through mine 
planning and resource engineering such as varying marketing strategy, adjusting stockpile or other 
infrastructure design and product blending. Consideration of these alongside increased data 
collection further complicates finding a comparable value of geoscience programs to determine the 
right blend of geoscience measurement and engineering controls. 
Concepts similar to Value of Information (VOI) analysis which is applied to strategic planning can be 
used to estimate the value of geoscience measurement and pit sequencing at tactical planning and 
operational timescales. This involves the quantification of resource uncertainty and prediction of how 
it will affect resource extraction. This paper outlines this process and demonstrates its use to 
prioritise geoscience at BHP Coal Assets. The value of infill drill programs in enabling operational 
stability is quantified and compared the value of engineering controls like increased stockpile 
capacity. 
This study supports that idea that the application of VOI methods to bulk mining at tactical time 
horizons has potential to inform geoscience planning and resource engineering not just separately, 
but as part of a unified strategy for managing resource uncertainty. 

INTRODUCTION 
The design in infill drill programs to support tactical and short-term mine planning is a balance 
between information provision to inform scheduling and extraction, and the cost incurred to gather, 
process and deliver that information. 
While the value of applying geoscience to the short and medium term decision horizons is often 
implicitly understood by those intimately involved in those disciplines, quantifying and articulating 
that value to a wider business audience continues to be a challenge. 
In this context, effective communication of the value delivered by infill drilling is critical to enable 
appropriate prioritisation of geoscience effort. This means choosing effective language, metrics and 
visualisation that are understood by both geoscientists, mine planning engineers and their collective 
business customers. 
Previous work has explored the application of the VOI method, a well-known method in decision 
science extensively used in petroleum and other industries (Eidsvik, Mukerji and Bhattacharjya, 
2015; Laxminarayan, and Macauley, 2012; Froyland et al, 2018). This work looked at strategic time 
horizons, where we examine how resource certainty affects strategic decision-making (Haase et al, 
2019). 
Principles which are applied to strategic decision-making are often not applicable at shorter time 
horizons where the focus is more likely to be on mitigating the possibility for off-specification product 
delivery and minimising operational instability rather than maximising long-term NPV. The metrics 
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used to describe the value of increasing geological certainty must therefore be relevant to mine 
operations and articulated in unambiguous, audience-appropriate language. 
This paper discusses the application of resource uncertainty and VOI methods to coal mining at 
tactical time horizons, with a focus on coal quality estimation and its effect on blend planning and 
stockpiling. 

QUANTIFICATION OF GEOLOGICAL UNCERTAINTY 
The quantification geological uncertainty in tonnes and grade is a mature field with well-established 
solutions (Journel and Huijbregts, 1978; David, 2012; Goovaerts, 1997; Goodfellow and 
Dimitrakopoulos, 2016). For this paper a multiple realisation approach through conditional 
simulations was used to determine uncertainty for given seam/domain/parameter combinations. The 
application of this method to coal mining in the Bowen Basin is described in more detail in (Saha, 
2022). 
Uncertainty estimates must be quantified both before and after proposed future measurement. For 
a proposed drill program, n potential outcomes for each hole are simulated. For each of these n 
potential values are simulated onto a regular grid. The spread of values on the grid for each potential 
drilling outcome represents uncertainty after future drilling. This method provides an estimate of 
future uncertainty after proposed drilling, as well as a range of potential future resource estimates 
each with estimated residual uncertainty. Figure 1 gives a representation of this process. 
This can be shown on a map or overlaid on plan blocks as in Figure 2. This by itself can to some 
degree inform geoscience planning and highlight risks in the plan, however it may not be obvious 
what effect this uncertainty will have on extraction outcomes. 

 
FIG 1 – The uncertainty estimation process shows updated estimate and residual uncertainty for 

multiple drilling outcomes. 
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FIG 2 – Resource uncertainty for parameters of interest are represented both by block (a); or 

spatially in plan view (b). 

ESTIMATING THE EFFECT ON EXTRACTION 

Comparing planned volumes to uncertainty thresholds 
A simple way to highlight where resource uncertainty is likely to impact extraction through 
comparison of quantified uncertainty to agreed uncertainty threshold values. 
These thresholds are agreed with customers of the geological model and set at a level which typically 
can cause issues in planning and production. As an example, an experienced coal blend planner 
may know what level of error in the geological model would result in shipped product to deviate from 
market specification or cause operational instability such as excess rehandle or blending. This 
method has the advantage of engaging stakeholders in the process by using their experience as an 
extraction model. This approach is suitable where sufficient experience and understanding of 
required resource certainty exists and processing is not so complex that it is difficult to trace 
uncertainty from in situ to product. 
Thresholds should relate to a constant volume support, in this case a standard mining unit (SMU) is 
used. These volumes are then aggregated into extraction windows to show where the plan is at risk 
from uncertainty and how potential drill programs may mitigate this. 
Figure 3 gives an example how this is used to inform geoscience planning by showing how different 
measurement programs affect the how much planned volume is within these targets, and what 
drilling intensity is required to bring this to an acceptable proportion of the plan. 
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FIG 3 – Uncertainty versus threshold applied to mine blocks. 

Effect on plan compliance 
Where extracted resource is subject to complex processing or blending, understanding uncertainty 
for individual seam and parameters independently may not provide insight into how this uncertainty 
translates to plan risk or product variability. In some cases, blending may mean that high uncertainty 
brings little extraction risk or vice versa. This can be overcome by simulating the result following the 
current mine plan under each resource realisation used to estimate uncertainty. 
Figure 4a shows several hundred realisations of Coal Phosphorus multiple seams imprinted on a 
coal blend plan developed around a mid-case estimate. This shows the range of product quality 
outcomes which can be expected if no mitigating actions or refinement to the current plan are taken. 
This is more effective than Figure 2 for highlighting where we have risk due to resource uncertainty 
as the effect of processes like blending and stockpiling can be taken into account and the result can 
be compared directly to marketing specifications. 
At this stage it is still not clear how effective future action such as further drilling will be in addressing 
these risks. This can be seen in Figure 4b, for each potential drilling outcome uncertainty is reduced 
however unless this increased certainty is used in plan refinement or fed back into decision-making 
the risk of exceeding product specification remains the same. 
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FIG 4 – (a) Bars indicate range of potential values before future drilling; (b) After proposed drilling 
uncertainty is reduced however base plan remains unchanged; (c) If plans are updated after future 
drilling the risk of plan deviation is reduced and can be measured and communicated per planning 

period. 

Showing the value of increased certainty to decision-making 
As shown in Figure 4b, increasing resource certainty will not improve extraction outcomes unless it 
is linked to some kind of decision iteration. The value of new information to decision-making can be 
estimated by simulation of decision-making for all potential future resource estimates. Figure 4c 
demonstrates this by showing the production profiles of the realisations shown in Figure 4b, however, 
this time each realisation is imprinted on a blend plan optimised to an updated estimate after drilling. 
This is done using BHPs in-house blend optimisation tools (Stone et al, 2018; Grobler, 2015). 
Now it is possible to show extraction outcomes improving with resource certainty, value of further 
information can be expressed in terms of the probability of uncertainty induced production issues 
which is readily understood across disciplines. This allows comparison of drilling intensity and the 
targeting of drilling to where it is most likely to add value to tactical planning and decision-making. In 
some scenarios this may highlight that the amount of drilling required to control product variability 
through geoscience is prohibitive, this is particularly likely in domains with very low spatial continuity. 
In this case other options to uncertainty reduction must be considered. 
After this step the value of infill drilling can be communicated in terms of reduced risk (eg ‘in period 3 
the risk of out of specification product delivery is reduced from _% to _%). This is more easily 
understood than resource uncertainty measures and can be used to determine acceptable risk 
thresholds. 
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Effectiveness of engineering controls compared to value of information 
Infill drilling is not the only strategy to reduce risk due to resource uncertainty. Other controls include 
redesign of strips and mining blocks, stockpile size and rehandle strategy, marketing strategy and 
pit sequencing. 
It is possible to show the effectiveness of these controls and compare their effectiveness to the 
expected effect of further geological data collection. This is shown in Figure 5e, where extraction of 
all resource scenarios shown in Figure 4a are simulated as in Figure 4c, however with increased 
stockpile capacity. It is evident in this scenario that increasing stockpile capacity is as effective as 
infill drilling for controlling product quality outcomes. 

 
FIG 5 – Further data collection and engineering controls such as increased stockpile capacity can 

both be used to mitigate resource risk, it is useful to compare effectiveness of both. 

CONCLUSION 
This paper shows that value of information for geoscience workflows can be applied to tactical and 
operational time horizons, where the focus is often on enabling stable extraction and compliance to 
plan rather than informing strategic decision-making. 
This is achieved through the adoption of metrics suitable to these time horizons, quantification of 
geological uncertainty before and after future data collection, engagement with customers of 
geoscience as well as automated decision simulation systems. 
Results of this type of analysis can be communicated in metrics suitable to short-term time horizons 
such as the risk of adverse events such as product quality deviations which are readily understood 
across different stakeholder groups. 
This study supports that idea that the application VOI methods to bulk mining at tactical time horizons 
has potential to inform geoscience planning and resource engineering not just separately but as part 
of a unified strategy for managing resource uncertainty. 
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ABSTRACT 
The Yandicoogina Channel Iron Deposit (CID) is an accumulation of iron pisolites cemented by a 
goethite-rich matrix. The Yandicoogina CID’s are found in a palaeochannel that meanders within a 
broad structural basin of the Yandicoogina Syncline in Pilbara region of Western Australia. 
RTIO Yandicoogina Mine Geology team contributed to a number of strategies maximising the iron 
ore reserves mined by Rio Tinto. Two strategies are discussed: the replacement of the Batter-Berm 
final pit walls by contour dozing; and upgrading the lower grade material to crusher feed. 

1. Contour dozing – traditional Batter-Berm pit final wall configuration left kilometre long wedges 
of ore sterilised around bench margins. Contour dozing final walls (ie dozing of ore down the 
ore-waste contact) as internally defined by RTIO Yandicoogina Mine Geology (Mine Geology), 
enabled recovery of additional crusher feed. 

2. Upgrade of lower grade material – the lower ore domain (GVL) within the Yandicoogina 
orebody contains numerous clay pods. Contaminant Al2O3 inherent within clay pods can result 
in CID material outside of crusher feed grade specifications, causing it to be flagged as ‘internal 
waste’ in mining models and permanently lost to waste dumps. In 2011, after multiple tests, 
Mine Geology demonstrated that this material could be upgraded to crusher feed via wet 
processing. With the support of the RTIO Metallurgical Development team new grade 
specifications were defined. The resulting material has been used to supplement higher grade 
ore. 

While increasing the mining ore output, these ongoing value-adding strategies also promote more 
sustainable mining via better use of the non-renewable iron ore commodity. The initiatives extend 
mine life, reduce waste movement, improve strip ratio and increase productivity. 

INTRODUCTION 
Over the last few years a significant portion of Rio Tinto’s revenue has been coming from mining iron 
ore in Pilbara, Australia. This, together with the fact that mineral resources are limited and non-
renewable, highlights the need for mine geologists and the mining operations to optimise ore 
recovery in-pits. 
This paper demonstrates how Yandicoogina Mine Geology, with the support of other groups 
(eg Mine Operations), changed the way we look at the Yandicoogina orebody by developing more 
sustainable mining practices that maximise the orebody value. 

LOCATION AND GEOLOGICAL SETTING 
Yandicoogina Channel Iron Deposit (CID) meanders through the structural basin of the Yandicoogina 
syncline in the East Pilbara region of Western Australia (Figure 1). The orebody is an ancient river 
channel that contains pisolithic iron ore and is approximately 80 km long, 600 m wide and up to 50 m 
thick. 
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FIG 1 – Geographical location of Yandicoogina CID deposit. 

Overburden consists of alluvium, conglomerates (that are occasionally lateritised) and weathered 
CID. The orebody comprises iron pisolites cemented by goethite-rich matrix in upper and lower CID 
ore zones. It is underlain by limonithic-goethitic CID clay, basal conglomerates and Weeli Wolli 
Formation (Figures 2 and 3). 

 

FIG 2 – Schematic geological cross-section through Yandicoogina orebody. 
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FIG 3 – Geological zones and chemistry of Yandicoogina orebody. 

FROM BATTER-BERM TO CONTOUR DOZED FINAL WALLS 
The concept of replacing Batter-Berm mining (‘Batter-Berm Final Walls’ Figure 4) by more effective 
Contour Dozing (‘Contour Dozed Final Walls’ Figure 4) was initiated by Yandicoogina Mine Geology 
in 2009 (Halilovic, 2020a). Favourable geotechnical characteristics of the orebody and surrounding 
basement supported the concept. 

 
FIG 4 – Batter-Berm versus Contour Dozing final wall configuration. 
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Once fully implemented contour dozing enables recovery of ‘out-of-design’ ore sterilised by pit slopes 
in traditional Batter-Berm pit designs as shown in mining block in Junction SE, RIDC Pit (Figure 5). 

 
FIG 5 – Geological cross-section through JSE Pit showing advantage of Contour Dozing over 

Batter-Berm mining along final pit walls. 

A contour dozing trial was successfully completed in November 2009 (Figure 6). Full implementation 
of the concept commenced in 2010 in what proved to be a challenge to geology and mining teams. 
Efforts to accurately delineate the ore-waste contact from 100 m by 50 m spaced exploration drilling 
and interpreting probe holes were not always successful. Waste was often inadvertently dozed down 
the final wall and had to be hauled out of the pit which unnecessarily increased total material 
movement (TMM). 

 
FIG 6 – (historic) Trial Contour Dozing in RIDC/480RL. 

The ore-waste contact is not perfectly sloping as shown in Figure 4 but undulating resulting in dozer 
operators inadvertently shaving off some waste underneath the contact thus contaminating the ore 
already dozed down the final wall. 
Efforts to educate dozer operators to distinguish between ore and waste were unsuccessful due to 
the difficulty in visually distinguishing between ore and waste, and the undulating nature of the 
contact. 
These issues prompted the team to reassess the Contour Dozing strategy in late 2014. As a result, 
decision was made to discontinue the interpretation of the ore-waste contact based on 50 m spaced 
probe holes. The spacing was too wide to accurately define the ore-waste contact undulations. 
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A new strategy was implemented in early 2015 whereby the Mine Geologist would do detailed 
logging of the production blastholes (7–8 m spacing) allowing for reinterpretation of the contact and 
adjustment of the pit design. The updated pit design was loaded onto the dozer’s control display 
enabling the dozer operators to avoid the waste, thus maximising crusher feed. Positive effects of 
strategy change are shown in Figure 7. 

 
FIG 7 – 210 kt of waste left in the final wall (contour floor) for the first eight months of 

implementation of Mine Geology detailed ore-waste contact logging, with corresponding 327 kt of 
additional ore salvaged. 

Batter-Berm final wall configuration is still used when: 

• cutting the upper waste benches of each pit to limit the pit perimeter 

• in close proximity of ramps  

• in buffer zones against creeks.  
Contour Dozing has been used for final wall configuration everywhere else. 
Northern final wall of JWA2 pit (Figure 8) provides an example of contour dozed final wall. 

 
FIG 8 – Contour Dozed final wall configuration in JWA2 pit. 
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UPGRADING LOWER GRADE MATERIAL TO CRUSHER FEED 
The lower mineralised domain of the Yandicoogina orebody (GVL in Figures 2 and 3) contain small 
clay pods. They cause Al2O3 of the ore volume to increase to over 1.9 per cent resulting in sizeable 
portion of crusher feed to be of low-grade (LG) ore specifications (Halilovic, 2020b). 
The wet plant has been used to beneficiate this LG ore, by washing out the clay pods. As a result, 
level of Al2O3 and associated SiO2 would drop in the ore coming out of the wet plant. This way LG 
ore is upgraded to high-grade (HG). 
Similarly, some of the CID orebody material also located in the lower benches of pits (GVL in 
Figures 2 and 3) historically used to have grades outside of the existing grade specifications. This 
was due to presence of larger clay pods causing contaminant alumina in the orebody volume to 
increase. 
In 2011, the Mine Geology team suspected that much of this material had upgrade potential as most 
of the contaminant alumina was contained in larger clay pods (Figure 9) and could be washed out 
via wet plant processing. Beneficiation of this material through the wet plant would result in gaining 
LG crusher feed and occasionally HG (Halilovic, 2020b). 
By defining limits of this additional crusher feed material, Mine Geology, with the support of the Rio 
Tinto Iron Ore Metallurgical Development Team, captured additional quantities of the orebody. 

 
FIG 9 – Clay pods in lower benches ore (UNIS/460RL), in 10 m production face. 

The new crusher feed material is typically stockpiled and used to supplement plant feed when 
needed. Modelling shows that potential exists for this category of crusher feed in the mine’s current 
and future planned pits. 

CONCLUSIONS 
Two value adding strategies have been discussed: 

• Replacement of traditional Batter-Berm with Contour Dozing final pit wall 

• Upgrading of lower grade material to crusher feed. 
They are result of Mine Geology years long quest to improve the mine’s ore recovery wherever 
possible, without compromising safety of mining (Halilovic, 2020c). 
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Contour mining enabled the mine to gain additional crusher feed by increasing accuracy of the ore-
waste contact definition along final pit walls and implementing contour dozing as more productive 
yet safe mining practice. 
Changing the thinking on the upgrade potential of lower grade material relative to what has been 
defined by the grade destination charts, resulted in additional crusher feed. This in turn optimised 
mine ore production, boosted total volumes of ore recovered and enhanced company financial 
parameters. 
Ongoing value adding strategies strongly promote more sustainable mining via better use of non-
renewable iron ore commodity. 
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ABSTRACT 
A material aim when feeding ore blends into a processing facility is to reduce the variability of the 
properties of the feed material and to maximise the output, or throughput. At the Mining Geology 
conference of 2019, we presented a paper on optimal blending of coking coal given geological 
variability. The paper introduced integer-programming techniques to both maximise value and 
minimise feed or product variability. We discussed an application where the geological uncertainty 
is characterised using a normal distribution and exact solutions are readily obtainable using second 
order conic constraints in the mathematical model. 
Geological uncertainty is not always normally distributed, many properties will be characterised as 
log normal or some other skewed distribution. For example, copper can be some form of lognormal 
and Fe in Iron ore has a left skewed distribution. In this paper, we discuss some distribution free 
techniques to optimise the blends of plant feed or output given a quantified geological uncertainty. 
We discuss the sample average approximation method and how to set-up and apply the method to 
an ore blending problem. 
Evaluating a case study demonstrates that the explicit use of non-normally distributed geological 
uncertainty can better optimise feed into an ore processing facility and potentially add significant 
value. The approach is equally applicable to all mining and processing operations that blend material 
into a processing facility or directly into a saleable product. 

INTRODUCTION 
There is increasing focus among the major mining and mineral processing companies across the 
world to maximise the efficiency and profitability of their operations. This effort also reduces the 
environmental footprint of their activity. There is little coverage in the mathematical and mining 
literature on using mathematical programming to optimise the short-term planning of mineral 
processing. Several software development and service companies are progressing to develop tools 
that can support this but all of that work is propriety as is that data that they work with. 
There is little publication of any work that gives a practical implementation of the use of chance 
constraints in the context of geological uncertainty. Almost all previous work considering geological 
uncertainty in a planning capacity uses multiple simulations as the basis of stochastic programming 
models for project NPV evaluations. There is minimal work on blending ore into a processing plant 
at an operational level and there is no public data set to use as an evaluation test case that we are 
aware of. 
At the 2019 AusIMM Mining Geology Conference we presented a paper titled ‘Optimal Blending of 
Coking Coal Given Geological Variability’. The same material is also presented in some more detail 
in Jeuken, Forbes and Kearney (2021). In both papers we describe a method to account for 
uncertainty in the properties of a material when blending into a processing plant, using chance 
constraints. We demonstrate with a case study that variability of feed or product properties can be 
constrained to a limit. At the same time, by carefully selecting the ore feed, we still maintain the value 
or throughput rate. 
An underpinning assumption in the models of 2019 is that the uncertainty is distributed normally. 
Thus, the selected ore property is represented as a normal random variable. The values of ore 
properties taken from different locations are also assumed to be independent. In practice this 
assumption can be incorrect. Geological uncertainty can be right-skewed and represented as log-
normal (such as gold or copper), left-skewed (Fe in iron ore) or even any arbitrary distribution 
determined empirically from sampling. The assumption of independence may not be universally true 
either. 
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The approach we take now is to extend the idea, or method, to allow for material with any arbitrary 
distribution of uncertainty. We apply the mathematical programming technique of Sample Average 
Approximation (SAA) to chance constrained programming. We describe a generic blending model 
and demonstrate how to improve over methods such as the one we presented in 2019. 

PREVIOUS WORK 

Geological uncertainty in mine planning 
Geological uncertainty is often considered for planning of open pit mining. For example, many 
authors such as Dimitrakopoulos and Ramazan (2006) present a problem of mining and blending 
ore as a stochastic programming model. The uncertainty is incorporated through the use of scenarios 
– each of which uses a different realisation of a geological model. These orebody realisations are 
equally probable models of combined ore and waste generated using the geostatistical technique of 
conditional simulations. The use of conditional simulations is a popular method to account for 
geological uncertainty in mine planning contexts. 
When blending material into a processing facility a traditional approach is to use an offset against 
the desired limit (of a property). The average standard deviation of the materials available to blend 
is calculated. Then using the inverse normal probability function an offset is determined to ensure 
that, say, 95 per cent of the blended material is compliant to the limit. Alternatively, using popular 
‘rules of thumb’ methods may be conservative or not strong enough. The method depends on the 
volume each individual material contributes to a blend, which is usually not known a priori. 
Our previous work (Jeuken, Forbes and Kearney, 2021) reforms thinking about geological 
uncertainty in the context of mine planning. We use chance constrained mathematical programming. 
A chance constraint is a limit in some mathematical representation of a problem that constrains to a 
probability, rather than a fixed amount. A useful representation of a chance constraint is: 
 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃(𝑓𝑓(𝑥𝑥) ≥  𝛼𝛼) ≥  1 − 𝜖𝜖 (1) 

The expression in Equation 1 says that the probability of my blend, f(x), being greater (can also be 
less) than some value α is greater than 1-ϵ. For example, I would like my ore concentrate to contain 
more than 1 per cent of Property A, with a probability of 95 per cent that this is the case. Or, similarly, 
I am willing to accept a 5 per cent probability that my mineral processing output is outside some 
tolerance. 
Examples in the literature describe the use of chance constraints (eg Pagnoncelli, Reich and Campi, 
2012; Stuhlmacher and Mathieu, 2020). The goal in our context is to maximise the value while 
adhering to some set of constraints when blending from multiple sources into a processing plant. 
One can easily solve chance constrained problems exactly when the uncertainty is normally 
distributed. Other distributions require a different approach. One can use the SAA method to solve 
chance constrained problems where the uncertainty is of any arbitrary distribution. 

The SAA method for chance constraints 
The SAA method is a well understood and documented approximate approach to stochastic 
programming (eg Shapiro, Dentcheva and Ruszczyń, 2009). In the context of chance constraints, 
the SAA method replaces a single probabilistic constraint with 𝑁𝑁 independent identically distributed 
scenarios. Each scenario is a distinct sample from the random part of the problem. This method is 
useful when there is no exact solution available, eg if the random variables do not have a ‘nice’ 
Gaussian distribution. The single constraint (Equation 1) is replaced by a set of N constraints, ie: 
 |{𝑛𝑛 = 1, … ,𝑁𝑁|𝑓𝑓(𝑥𝑥𝑛𝑛) < 𝛼𝛼}| ≤ 𝑘𝑘 (2) 

Campi and Garatti (2008) define a minimum number of scenarios to ensure with a minimum 
likelihood that the solution of the approximation is feasible to the true problem, ie 𝑘𝑘 in Equation 2 is 
zero. Pagnoncelli, Ahmed and Shapiro (2009) show it is a conservative approach to select 𝑁𝑁 
scenarios and satisfy them all. Feasibility to the true problem is certain at a low risk, however the 
realised objective values are generally poor. 
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Campi and Garatti (2011) then extend the approach of replacing a chance constraint with a minimum 
number of scenario constraints. Instead of honouring all constraints, a select number can fail. They 
established that, if using 𝑁𝑁 scenario constraints and allowing 𝑘𝑘 to fail, the solution satisfying the 
remaining constraints is feasible to the true problem with confidence (1-β) so long as 𝑁𝑁 and 𝑘𝑘 satisfy 
the condition: 

 �𝑘𝑘 + 𝑛𝑛 − 1
𝑘𝑘 �∑ �𝑁𝑁𝑗𝑗 � 𝜖𝜖

𝑗𝑗(1 − 𝜖𝜖)𝑁𝑁−𝑗𝑗𝑘𝑘+𝑛𝑛+1
𝑗𝑗=0 ≤ 𝛽𝛽 (3) 

Here β∈(0,1) is any small confidence parameter value, 𝑛𝑛 is the number of dimensions of 𝑥𝑥 and ϵ is 
the risk factor. 

The relationship in Equation 3 effectively tells us that we can choose to remove any 𝑘𝑘 constraints 
from 𝑁𝑁 scenarios so that 𝑘𝑘/𝑁𝑁 approximates the required ϵ at some desired β. As 𝑁𝑁 goes to infinity 
then we can choose 𝑘𝑘/𝑁𝑁 arbitrarily close to ϵ with feasibility to the original problem. 

One can now solve the problem as a SAA problem using binary variables. The binary variables 
control which of the constraints are the best ones to discard. For the solution of these SAA problems, 
one would naturally like the best objective value obtainable. The objective value improves as 𝑁𝑁 
increases and this comes at the expense of tractability. Adding 𝑁𝑁 binary variables into a 
mathematical programming model is NP hard and quickly becomes unrealistic to solve. One can 
then approximate the SAA problem and obtain good results in a reasonable time. This approximation 
of an approximation is the approach of Kudela and Popela (2020) and Jeuken and Forbes (2021) 
and the detail is left to these sources. 

AN EXAMPLE BLENDING PROBLEM 
The example that we use to construct our argument is based around a coal blending problem. The 
data is a subset of the data in Jeuken, Forbes and Kearney (2021). We have six source coals, each 
with known and uncertain properties. The six coals are available to blend into a processing facility 
with a set of constraints on the output, the produced coal. 
Each coal has a value for the ash content and the volatile matter content (Table 1). In this example 
we will consider these as known, without uncertainty. Each coal also has an estimated value for the 
coke strength after reaction (CSR). The CSR is an estimated property that predicts the strength of 
the coke that the coal will produce. CSR is used here simply as an example. The uncertain property 
could equally be the sulfur content or other product property, or some property that influences 
processing. 

TABLE 1 
Ash and volatile matter content of the six coals available to blend in our example. 

 Product ash (%) Product volatile matter (%) 
Coal 1 16.5 23.8 

Coal 2 13.7 24.2 

Coal 3 10.7 18.6 

Coal 4 8.2 19.8 

Coal 5 8.3 18.8 

Coal 6 7.4 19.6 
 

The actual value for CSR of each of the six coals is unknown. We use the block values in a 
neighbourhood of the feed block to estimate the distribution of the source block. In doing this, for the 
distribution of the random variable, we assume permanence of shape in regions that are small 
relative to the range (Chiles and Delfiner, 2012). Equally these distributions can be the variance of 
estimation determined using log-normal kriging, probability indicator kriging or some other non-
Gaussian estimation. The distribution of blocks of CSR is given in Figure 1, along with a best fit 
normal curve. 
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FIG 1 – Distributions of the estimated value for CSR for each of the six coal types. Included best fit 

Gaussian distributions and values for each mean and standard deviation. 

The mean standard deviation of the CSR of the six source coals is 2.47. Using the inverse of the 
standard normal distribution for 95 per cent we obtain an estimated offset of approximately 4. Using 
an offset of 4 will then ensure that 95 per cent of our material above the required limit. 

THE MATHEMATICAL BLENDING MODEL 
A general mathematical programming model is written to determine how much of which coal is 
optimal to feed into our processing plant. Again, much literature is available on these methods and 
in particular our previous work serves as a useful introduction to modelling ore to plant blending. We 
here provide the technical details but one can skip these without loss if one assumes the model does 
what it should. With appropriate modifications this model is equally applicable to all ore blending 
problems. 
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The modelled decision is how many tonnes of coal from source c feed into a plant to produce a 
product. This decision is quantified with the variable, 𝑋𝑋𝑐𝑐, typically in tonnes although using the 
proportion of feed is equivalent. The variables required are in Table 2. 

TABLE 2 
Variable List for the formulation of the Mathematical Programming model. 

Variable Description 
𝑿𝑿𝒄𝒄 Amount of coal 𝑐𝑐 to feed. 

𝓒𝓒 Set of all available coals. 

𝒀𝒀𝒄𝒄 Yield of coal 𝑐𝑐. 

𝑽𝑽𝒄𝒄 Volatile matter content of coal 𝑐𝑐. 

𝑽𝑽𝒑𝒑− Minimum allowable volatile matter content of product coal. 

𝑽𝑽𝒑𝒑+ Maximum allowable volatile matter content of product coal. 

𝑨𝑨𝒑𝒑+ Maximum allowable ash content of product coal. 

𝑪𝑪𝒄𝒄 Mean CSR value for coal 𝑐𝑐, taken from distribution. 

𝑪𝑪𝒑𝒑− Minimum allowable CSR of the product coal. 

𝑶𝑶 Offset applied in deterministic model. 

𝝐𝝐 Maximum acceptable risk of produced coal being below CSR threshold. 

𝝈𝝈𝒄𝒄𝟐𝟐 Variance of CSR for coal 𝑐𝑐.  
 

The formulation of the optimal blending model is as follows. 

The objective is to maximise the produced volume of coal ie., the proportion of each feed coal 𝑋𝑋𝑐𝑐 
multiplied by the yield of each coal, 𝑌𝑌𝑐𝑐. The total of the proportion is naturally required to sum to one. 

max�𝑋𝑋𝑐𝑐𝑌𝑌𝑐𝑐
𝑐𝑐∈𝒞𝒞

 

𝑠𝑠. 𝑡𝑡 �𝑋𝑋𝑐𝑐
𝑐𝑐∈𝒞𝒞

= 1 
(4) 

There are two volume constraints, (Equations 5a and 5b). The first ensures that no coal can 
contribute more than half of the feed. The second ensures that if a coal is fed then it will contribute 
at least 5 per cent of feed. These examples and constraints of this nature can reflect loader/truck 
capacities and other practicalities. 

𝑋𝑋𝑐𝑐 ≤ 0.5 ∀ 𝑐𝑐 ∈ 𝒞𝒞 (5a) 

𝑋𝑋𝑐𝑐 ≥ 0.05 𝑃𝑃𝑃𝑃 = 0 ∀ 𝑐𝑐 ∈ 𝒞𝒞 (5b) 

The volatile matter content of the produced coal is required to be above and below limits, thus: 

𝑉𝑉𝑝𝑝−  �𝑌𝑌𝑐𝑐 𝑋𝑋𝑐𝑐
𝑐𝑐∈𝒞𝒞

 ≤  �  𝑉𝑉𝑐𝑐 𝑌𝑌𝐶𝐶  𝑋𝑋𝑐𝑐
𝑐𝑐∈𝒞𝒞

 ≤  𝑉𝑉𝑝𝑝+�𝑌𝑌𝑐𝑐 𝑋𝑋𝑐𝑐
𝑐𝑐∈𝒞𝒞

 (6) 

The ash content of the produced coal is required to be below a limit, ie. 

�𝐴𝐴𝑐𝑐𝑌𝑌𝑐𝑐𝑋𝑋𝑐𝑐
𝑐𝑐∈𝒞𝒞

≤  𝐴𝐴𝑝𝑝+�𝑌𝑌𝑐𝑐 𝑋𝑋𝑐𝑐
𝑐𝑐∈𝒞𝒞

 (7) 

There are several ways to model the CSR constraint to achieve a probabilistic outcome. In the 
notation of Equation 1 we require the likelihood of the produced CSR to be greater than some 
minimum limit, 𝐶𝐶𝑝𝑝−, to be greater than 1 − 𝜖𝜖.  
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𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 ��𝐶𝐶𝑐𝑐𝑌𝑌𝑐𝑐𝑋𝑋𝑐𝑐
𝑐𝑐∈𝒞𝒞

≥  𝐶𝐶𝑝𝑝−�𝑌𝑌𝑐𝑐 𝑋𝑋𝑐𝑐
𝑐𝑐∈𝒞𝒞

� ≥ 1 − 𝜖𝜖 (8) 

Constraint (8) can be modelled as a deterministic constraint, a second order conical (SOC) constraint 
which requires the assumption of normality or using an SAA constraint informed with Equation 2. 

1. Deterministic constraint using an offset that is derived from the standard deviation. This offset 
can be zero: 

(𝐶𝐶𝑝𝑝− + 𝑂𝑂)�𝑌𝑌𝑐𝑐 𝑋𝑋𝑐𝑐
𝑐𝑐∈𝒞𝒞

≤  �𝐶𝐶𝑐𝑐
𝑐𝑐∈𝒞𝒞

𝑌𝑌𝑐𝑐 𝑋𝑋𝑐𝑐. (9) 

2. SOC constraint which relies on the assumption of normality and uses the mean and variance 
of the best fit Gaussian distribution to the uncertainty. The 𝐹𝐹−1(1 − 𝜖𝜖) term is the inverse 
normal cumulative distribution function for probability 1 − 𝜖𝜖. We require 1 − 𝜖𝜖 > 0.5, to 
ensure 𝐹𝐹−1(𝛼𝛼) ≥ 0: 

�(𝐹𝐹−1(1 − 𝜖𝜖) 𝜎𝜎𝑐𝑐 𝑌𝑌𝑐𝑐 𝑋𝑋𝑐𝑐)2
𝑐𝑐∈𝒞𝒞

≤ ��𝐶𝐶𝑐𝑐𝑌𝑌𝑐𝑐𝑋𝑋𝑐𝑐
𝑐𝑐∈𝒞𝒞

− 𝐶𝐶𝑝𝑝−�𝑌𝑌𝑐𝑐𝑋𝑋𝑐𝑐
𝑐𝑐∈𝒞𝒞

�
2

. (10) 

3. The SAA introduces a pair of constraints. A set of 𝑁𝑁 simulated values of 𝐶𝐶 for each coal 𝑐𝑐 
informs the scenario constraints. Binary variables, 𝑍𝑍𝑠𝑠 ∈ {0,1}𝑁𝑁, control how many of the 
scenarios can fail. Big 𝑀𝑀 is a number greater than the worst possible failure. The formulation 
of the set of scenario constraints is:  

�𝐶𝐶𝑐𝑐𝑠𝑠𝑌𝑌𝑐𝑐𝑋𝑋𝑐𝑐
𝑐𝑐∈𝒞𝒞

≥ 𝐶𝐶𝑝𝑝− − 𝑀𝑀𝑍𝑍𝑠𝑠 𝑠𝑠 = 1, … ,𝑁𝑁 (11) 

The second constraint counts how many scenarios are allowed to fail and thus breach the limit. 
The value 𝑘𝑘 is determined using Equation 3 to align with the desired 𝜖𝜖, 𝑁𝑁 and number of coal 
sources, ie. 

�𝑍𝑍𝑠𝑠

𝑁𝑁

𝑠𝑠=1

≤ 𝑘𝑘, (12) 

APPLYING THE MATHEMATICAL MODEL TO THE BLENDING PROBLEM 
We demonstrate that we can apply the mathematical model to the example problem of six coals that 
are available to us. The required specifications of the output coal are in Table 3 and we aim to 
produce as much compliant coal as possible. 

TABLE 3 
Required product properties of our coal after blending. 

Property Outcome 
Ash ≤ 9 

Volatile Matter 20.3 – 21.8 

CSR ≥ 60, 95% Likely 
 

We evaluate the outcome of applying the three types of constraint on CSR to achieve the aim of 
being greater than 60 with a 95 per cent likelihood. The base model, Equations 4–7, is combined 
with the deterministic constraint (9). The base model is evaluated using offsets of 0 and 4.0, as 
determined from the mean standard deviation. Evaluating the base model with the conical constraint 
(10) gives an exact solution based on the assumption of normality. Finally, we test the base model 
with the SAA of the chance constraint using the base model and Equations 11 and 12. 
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The SAA model requires some selections of 𝑁𝑁 and 𝑘𝑘, to model the desired likelihood of failure, 𝜖𝜖, 
which is 5 per cent in this example. Table 4 provides several solutions to (2). The 𝛽𝛽 values are very 
small, ensuring that the solution of the SAA problem will be a realistic solution to the original, or true 
problem. Solving the SAA problem as an integer programming model becomes unrealistic for large 
values of 𝑁𝑁. For 𝑁𝑁 ≥ 1 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑃𝑃𝑛𝑛 we apply an Active Set method, fully described in Jeuken and Forbes 
(2021). 

TABLE 4 
Selections of 𝑁𝑁, 𝑘𝑘 and 𝛽𝛽 that satisfy Equation 2 with 𝜖𝜖 = 0.05. 

𝑵𝑵 𝒌𝒌 𝛃𝛃 

20 000 727 4.24E-10 

50 000 2043 3.90E-10 

100 000 4330 4.16E-10 

1 000 000 47 660 3.81E-10 

2 000 000 96 610 3.87E-10 

5 000 000 244 568 3.85E-10 
 

For model solutions we can evaluate the quality of the solution by testing them against a set of 
simulated outcomes. We evaluate one hundred thousand test scenarios and the proportion of these 
where the CSR value is below the threshold is our empirical test of each method. All methods use 
the same set of test scenarios. We call the proportion of tests that fail and produce an out of spec 
solution the ‘Probability of Violation’. 
The trials use an ordinary desktop computer. We implement and solve all models on an Intel i7–
6700 CPU @ 3.4GHz with 8 threads and 16GB of RAM. The scenarios were evaluated using Gurobi 
9.1.2 via Python scripting. When applicable, all problems are solved to optimality (tolerance set to 
zero). 

RESULTS 
The aim of our problem is to find the optimal blend of material to feed into a processing plant. Optimal 
in this case is to return the maximum amount of material as product coal, the yield. This is subject to 
the requirement that there is a 95 per cent likelihood that the produced material is within tolerance 
for a property, selected in this case to be CSR. 
Figure 2 shows the probability of violation (of the CSR limit) for the methods trialled. We see that 
simply using the mean values in the deterministic model means that the actual likelihood of 
exceeding the spec limit is more than allowable. This result is not unexpected as uncertainty is not 
considered. If we use the prescribed offset of 4.0 then the likelihood of exceeding the limit is zero, 
which is a very conservative solution. 
If we assume normality then using the method of second order cones provides a solution that is also 
very conservative, we are much less likely to breach the spec limit. Finally, applying the SAA method 
shows that as we increase the scenario count, the risk increases while still remaining below the 
acceptable threshold of 5 per cent. 
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FIG 2 – Comparing the Probability of Violation for all of the solutions. The dotted line is the 

acceptable failure threshold of 5 per cent. Note that the Probability of Violation for the Det(4.0) 
column is ~0. 

Figure 3 shows the yield of coal through the plant. It is immediately clear that the yield goes up as 
the probability of violation increases. This fact is not unexpected as it says that value increase with 
risk, as is often the case. The conservative solution obtained using the Second Order Cone method 
does not give the best yield outcome. Using the SAA method determines, in this case, the highest 
value choice, constrained to the acceptable level of risk. 
One can note that an alternative solution in a single instance blending model is to use an offset and 
iteratively change the offset until the probability of violation is on the required limit. This is feasible 
because each solution time is fast and good results are obtainable. This method effectively mimics 
weighting the standard deviations by the contribution of each material into the blend. This is not 
however so useful when considering multiple material types spread across multiple time periods 
while holding inventory across time periods. In these larger instances an automated process is best 
and using offsets is not satisfactory, see Jeuken, Forbes and Kearney (2021). 



International Mining Geology Conference 2022 | Brisbane, Australia and Online | 22–23 March 2022 258 

 
FIG 3 – Showing the expected yield for each of the solutions. Note that the yield for the Det (4.0) 

method is ~78.9, far below the other methods. 

Table 5 lists the solution times for all of the models. The non-compliant and low value cases solve 
in shorter time, while the higher value/risk trade-off cases typically take longer to solve. When the 
Active set method is used to solve the SAA problem for 𝑁𝑁 ≥  1 million tonnes here is a speed up in 
solution time. This is because the ASM method is a heuristic solution and thus really an 
approximation of an approximation. The results demonstrate that better solutions are obtainable in 
realistic times. For 𝑁𝑁 > 100 000 the SAA method becomes completely intractable. 

TABLE 5 
Time taken to solve the problem for all of the methods trialled. 

Method Solution Time (s) 
Deterministic <1 

SOC <1 

SAA-20k 19 

SAA-50k 117 

SAA-100k 484 

ASM-1 m 57 

ASM-2 m 112 

ASM-5 m 287 

CONCLUSION 
In this fairly brief paper, we have skimmed over some potentially very powerful methods to improve 
the solutions of ore blending problems. In particular we have demonstrated a method that is 
independent of any assumptions of the distribution random variable that models the uncertainty. This 
opens up the methods of mathematical programming to blending ores with properties characterised 
empirically, or have non-Gaussian distribution. When coupling these methods with explicit real-life 
problems, such as our paper at the last Mining Geology Conference, a complete methodology is 
exposed. 
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The demonstration shows a small improvement in the yield when we allow ourselves to increase the 
risk that material is out of tolerance. When the uncertainty is more skewed or non-normal that the 
improvements will be larger. Sometimes one may find that when modelling with the Deterministic or 
SOC methodology the risk of breaching tolerance is far greater than acceptable. The SAA method 
properly accounts for any distribution so over or under estimating the risk relative to the limit is 
correctly modelled. 
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ABSTRACT 
Material characterisation, ore sequencing and process capability are commonly regarded as the key 
parameters to consider in designing and operating an effective pit to plant supply chain. Therefore, 
an understanding of rock mass properties is the starting point for controlling the presentation of 
problematic material to the ore handling plant and optimising process utilisation. 
There are different methodologies for characterising problematic material and ore handleability 
which exist across a spectrum of sophistication. At one end of this spectrum are simple indices built 
using first principles geology and at the other are complex algorithms developed using advanced 
analytical methods, machine learning and ore traceability. Regardless of the method, without an 
integrated process for careful management of problematic ore, material handling delays (ie blocked, 
bridged, blinded and buried events) will interrupt the stable flow of production. The ability of the ore 
control geologist to mitigate these delays is central to the ore handleability challenge. 
This paper describes a quick and easy solution that links the presentation of ore to the operating 
window at the crusher. This operating window is based on material characterisation, using the 
physical, textural and mechanical properties of the rock mass, and crusher performance. It also 
describes how a basic problematic ore index (POI) can be developed using ore tracking to the 
production face, petrographic studies of ore texture and mineralogy, and existing variables in the 
geological model. 
Finally, this paper will demonstrate that by coding the POI into the geological model for mine 
planning, together with performance monitoring through compliance to plan routines, material 
handling delays at the crusher can be reduced, unlocking significant resource value. 

INTRODUCTION 
Located in the Pilbara region of Western Australia, Whaleback Mine lies approximately 5 km west of 
the Newman town site. The orebody is a mix of both supergene and hypogene mineralisation styles. 
The supergene mineralisation occurs near surface, reflects the shape of the original topographic 
surface and has largely been mined out. The hypogene mineralisation occupies a doubly-plunging 
syncline of Brockman Iron Formation (IF) with a footwall comprising Mt McRae Shale and an upper 
surface that is sub-horizontal and cross-cuts the stratigraphy. Both the Dales Gorge and Joffre 
Members of the Brockman IF are mineralised (Powell et al, 1999; Webb, Dickens and Oliver, 2004). 
Commencing in Q4FY19, high-grade (HG) material from a new cut back was being fed in high 
volumes. This resulted in multiple material handling events (blocked, bridged, blinded and buried 
events, known as 4B delays) occurring in the main HG crusher (Crusher 2 or CR2) and main Ore 
Handling Plant (OHP4) at the Newman Hub. The most significant event occurred in July 2020 
resulting in an estimated loss of ~4 Mt ore for rail per annum (OFR per annum), based on an average 
of 4 hrs lost time per day. 
Previous work completed on CR2 provided high level guidance of feed type appropriate to avoid 4B 
delays (70 percent Brockman IF, 30 per cent Marra Mamba IF). However, it has been recognised in 
the past that guidance built on stratigraphic unit alone can be misleading, since it is the physical 
attributes that are most important in materials handling and these can vary with complexities in the 
ore-genetic pathway. 
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DEVELOPMENT OF POI 

Geological observations 
The new cutback being mined at the start of FY21 was ACS3 (Across Strike 3 pit extension) and ore 
was being sourced from a much higher level in the orebody (in terms of RL) compared with the 
previous main ore sources in ACS2 at the time. In contrast to the majority of banded iron formation 
(BIF) – hosted orebodies of the Pilbara region, Mt Whaleback hypogene mineralisation has a density 
profile that increases with depth (Figure 1), resulting in a predicted increase in Lump percentage with 
depth. This also results in a predicted higher proportion of Fines (<6.3 mm) and Ultra-fine (<150 μm) 
material associated with the high-grade material at the top of each cut back. An analysis of plant 
throughput for the period July 2019 to November 2020 reveals that the onset of ACS3 feed being 
delivered to the plant resulted in a steady increase in proportion of Fines in the feed material and a 
gradual decrease in the average monthly rate (Figure 2). 

 
FIG 1 – Plot of bench RL versus density showing the negative correlation between RL and density 
for ACS2 and ACS3, and the ~150 m contrast in RL between the active benches in ACS2 (322 m) 

and ACS3 (478 m). 

 
FIG 2 – Plot of plant throughput rate and feed type (Lump versus Fine) with time showing the 

increase in the proportion of Fine feedstock associated with the onset of mining ACS3. 
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Petrographic analysis sheds further light on the relationship between rock texture, which is controlled 
by ore genesis, and materials handling behaviour. Hematite-rich ores display a range of textures and 
porosities. Well-developed hypogene, martite-microplaty hematite (M-mplH) ore is relatively dense. 
Martite grains (the term martite refers to hematite pseudomorphing magnetite) display an annealed 
internal texture and are so extensively overgrown by micro-platy hematite that the original grain 
boundaries are difficult to distinguish (Figure 3a, 3b). This material is dense and exceptionally hard 
and is representative of material mined at depth in ACS2. In contrast, ore from the upper parts of the 
deposit is more porous and less dense. Annealed martite grains may have fringing overgrowths of 
microplaty hematite but an interlocking framework is more rarely developed (Figure 3c, 3d). Since 
the constituent grains are generally in point contact and have a grain size of less than 150 μm, this 
type of ore is liable to disintegrate into powdery Fines during mining. The less dense ore with a high 
ultrafine component that is encountered in the upper levels of ACS3 is of this type. 

 
FIG 3 – Photographs of end-member hypogene M-mplH ores: (a) and (b) Dense and extremely 

hard; (c) and (d) Porous and more friable. (a) and (b) are hand specimens, (c) and (d) are 
photomicrographs. 

Selecting proxies for problematic ore 
The Mine Geology team decided to try to ameliorate the material handling issues and reduce the 
number and duration of 4B delays by developing a POI. This would be incorporated into the short-
term geology models (STGMs), which are routinely updated to provide the most accurate local grade 
estimate by incorporating all available grade control sample data, tactical infill drilling and pit mapping 
into a kriged geological model. The POI was developed as a simplistic material risk ranking metric, 
populated as a single model variable. 
The Whaleback POI was primarily based on the results of investigations into reduced plant rate and 
significant bogging events that occurred at OHP4 (December 2019) and CR2 (March and July 2020). 
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Analysis of the mining fleet management system enabled an accurate account of the problematic 
feed sources from dig face positions and pre-crusher stockpiles. 
The relationships of material feed sources were analysed based on geometallurgical and material 
characteristics coded into the STGM. Stratigraphy, mineralogy and chemistry were initially reviewed, 
however these were seen to introduce considerably more complex relationships than the initial POI 
material risk ranking metric required. Investigations therefore focused on determining key physical 
properties of the material feed that impact the plant performance. 

Lump percentage and ultrafines percentage 
The crusher processing design thresholds for As Dropped Lump percent (ad_lump_pct) and As 
Dropped Ultrafines percent (ad_uf_pct) were provided by the Whaleback Plant Processing teams. 
By tracing ex-pit material movements though stockpile build sequencing, stockpile reclaim and 
digger face positioning, clear relationships were seen with a reduction in plant rate as source material 
approached the upper operation thresholds. Where combined feed sources exceed the identified 
operating thresholds for either Lump percentage or Ultrafines percentage, the plant was at high risk 
of bogging delays. Through back reconciliation, a target operating window for Lump percentage and 
Ultrafines percentage was identified outside the high-risk thresholds. 

Hardness number 
Ore friability had significant potential to impact Fines percent during processing and was identified 
as the third POI material risk indicator. Autonomous Drill and Blast drill rigs record drill penetration 
rates at 10 cm intervals for all blastholes. This data is used to create a locally estimated penetration 
rate value, ‘penrate’, in the STGM. A material hardness designation, ‘hardnum’, is assigned to 
penrate bins in the STGM and routinely used by Blast Engineers in designing blast powder factors. 
Analysis of the sources of plant feed during the June 2020 investigations identified a high correlation 
between low modelled hardness and reduced plant rate and high risk of bogging events. Applying 
the same methodology as for the Lump percentage and Ultrafines percentage factors, an upper 
material risk threshold and a target operating window was identified for material hardness. 
Penetration rate was considered as a robust additional risk indicator. Since it is estimated 
independently to geometallurgical data it has the potential to identify problematic material textures 
not identified by grade and density. 

Final index 
The identified material risk variables were combined into a single Problematic Ore Index. Each 
physical risk indicator had potential to independently flag material delays at the plant, therefore the 
final index used a simple ‘OR’ statement for the identified thresholds. 

TABLE 1 
Parameters for the Whaleback CR2 problematic ore index. 

POI value Variable thresholds Plant 4b delay risk 
rating 

  ad_lump_pct < 35%   

3 ad_uf_pct > 30% High 

  hardnum ≤ 2 (penrate ≥ 1.5 m/min)   

  ad_lump_pct < 40 ≥ 35%   

2 ad_uf_pct > 20% and ≤ 30% Medium 

  hardnum = 3 (penrate ≥ 1.17 m/min and < 1.5 m/min)   

  ad_lump_pct < 40%   

1 ad_uf_pct < 20% Low 

  hardnum > 3 (penrate < 1.7 m/min)  
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IMPLEMENTATION 
Following the development of the index, the variable was coded into the STGM and the grade control 
model (GCM), which is developed by the Mine Geologist to characterise the Reserve into ore and 
waste. This, in turn, enabled the variable to be derived as an output of the mine plan at various 
horizons from the two-year forecast through to the daily production schedule, providing visibility 
around the extent of problematic material being scheduled as ore supply to CR2. 
During implementation, the performance of the POI versus 4B delays was monitored to determine 
the optimal operating window for CR2. This provided a simple forward view of low, medium and high-
risk ore and the likely triggers to lost-time events during execution of the annual mine sequence. 

VALUE 
Based on this forward view of problematic ore a number of short trials were executed to verify the 
operating window at the crusher. This was based on feeding a particular parcel of ore with known 
‘problematic’ classification, monitoring crusher performance using an automated dashboard tracking 
shift-by-shift plan versus actual POI in feed, and measuring throughput and lost time due to 4B 
events. Through a series of these trials, and a rigorous plan-do-check-act cycle involving 
approximately 7 Mt of crusher feed, the operating window at the crusher was established enabling 
an optimum blend of POI material during production scheduling. 
Using this forward view of risk to lost production, the POI unlocked significant value in a number of 
ways including: i) identification of high risk versus low-risk feed throughout the mine sequence, 
ii) improved optionality based on available feed to the crusher triggering more optimum blending 
during weekly and daily scheduling, and iii) monitoring of blending choices over time to ensure long-
term value was balanced against scarce reserves of low-risk ore. By measuring process 
performance, using a delay accounting system before and after the introduction of the POI, the 
magnitude of the value unlocked could be verified. 
Using the delay accounting system, it was estimated that approximately 1.2 Mt of additional 
throughput was attributable to the introduction of the POI. Ultimately this was a rather conservative 
estimate of value given the challenges associated with isolating changes to throughput rate due 
specifically to the POI. However, a tangible and measurable outcome was the reduction in 4B events 
which decreased by ~75 per cent from 3.9 hours to 1 hour per day over the three months post-
implementation. 
A number of intangible benefits were also realised including: i) stronger relationships across 
interfaces between planning and execution teams resulting in ‘one language’ that linked ore 
properties from pit to plant, ii) more informed engagement during compliance to plan routines using 
material handling metrics to visualise and manage performance (eg planned versus actual POI and 
relationship to 4B events), and iii) the establishment of plan to execution routines to enable rapid 
introduction of more sophisticated methods to better manage materials handling risk for the long-
term. 

CONCLUSIONS 
Basic indices like the POI can be developed using ore tracking to the production face, petrographic 
studies of ore texture and mineralogy, and existing variables in the geological model. These basic 
indices can be effective short-term solutions to problematic ore, capable of mitigating process 
interruption and shortfall against production targets. This can be particularly useful where rapid 
intervention and a simple first principles approach is required. The POI methodology outlined in this 
case study has proven to unlock significant resource value. 
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ABSTRACT 
The Goonyella Riverside Mine is located 30 km north of Moranbah in Central Queensland, Australia. 
Recent mining activities have exposed the north–south striking Kenya and Zimbabwe thrust Faults. 
These faults vertically offset coal seams by up to 25 m and locally thicken coal packages through 
imbrication of coal seams. The presence of back-thrusts add to the geotechnical complexity of 
maintaining highwall stability. 
The Kenya and Zimbabwe Faults have provided multiple challenges to the mining operation, with an 
unplanned additional 240 kt of coal tonnes being mined from imbrication of coals seams or from the 
refinement to local scale geological models. These additional coal tonnes have been either identified 
during the mining of the coal seam or just prior to overburden removal above the coal seam. These 
faults can also negatively impacted highwall stability with highwall failures, lowering the overall slope 
angle for pit designs and increasing stand-off distances for hazardous highwall conditions. 
Unmanned Aerial Vehicles are used to scan exposed highwalls and enable geological mapping via 
high-quality 3D images. Measure while drill data from drill and blast rigs can provide local-scale 
intersections of the faults and coal seams. Mine Geologists utilise these and other data sets to create 
localised geological models refined position of the fault planes and coal seams. These models are 
utilised by relevant mine site teams to ensure the safe and efficient mining of coal around these 
faults. 

INTRODUCTION 
Goonyella Riverside Mine (GRM), in the Bowen Basin of Central Queensland, has a reputation for a 
lack of geological complexity compared to other nearby coal deposits. Historically, faulting with small 
vertical offsets of less than 5 m have been observed at GRM. Recently, two large thrust faults (Kenya 
and Zimbabwe) with vertical offsets of up to 25 m were exposed in the mine’s highwalls, making 
them the largest known faults in the operation’s history. This change in geology has led to several 
challenges for the on-site Operations, Mine Planning, Geotechnical and Mine Geology teams, 
including: 

• Unknown/unplanned additional coal tonnes identified during mining resulting in reactive 
schedule changes. 

• Changes to fault and seam positions observed during drilling and blasting of overburden 
material. 

• Increased highwall instability associated to the structural characteristics of these thrust faults 
and their associated back thrusts. 

This paper explores the specific impacts the Kenya and Zimbabwe thrust faults have had on the 
mining operation. 

BACKGROUND 
GRM is located in the Bowen Basin of Central Queensland, Australia. GRM is 30 km north of 
Moranbah (Figure 1) and 1000 km NW of Brisbane. GRM operates as a dragline, truck and shovel 
operation, and has two coal handling and preparation plants. All coal from the GRM operation and 
the adjacent underground Broadmeadow Mine is processed through these two plants. Goonyella 
was opened in 1971 by Utah Development Corporation, while the adjacent Riverside mine was 
opened in 1982 by Theiss Dampier Mitsui and managed by BHP. Goonyella mine was sold to BHP 
in 1984, creating the combined Goonyella Riverside Mine. Mining is currently occurring along a 
12 km strike length and up to a maximum depth of 200 m below natural ground surface. GRM is 
currently operating under an equal share (50 per cent) joint venture between BHP and Mitsubishi 
(ie BMA). 
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FIG 1 – Location Map of BHP joint venture mine sites in Central Queensland. 

GEOLOGICAL SETTING 
The stratigraphic sequence for GRM consists of poorly consolidated Tertiary-aged sediments 
unconformably overlying an irregular erosion surface of Permian sediments of the Moranbah Coal 
Measures. The Tertiary sediments are generally between 20–40 m in thickness but can reach up to 
80 m in thickness and primarily consist of interbedded river channel gravels and sands separated by 
silts and clays. Carbonaceous and lignite bands are often observed where the thickness of Tertiary 
sediments is greater than 40 m. Highly weathered remnants of Tertiary Basalt flows are common in 
the northern half of GRM. 
The Moranbah Coal measures are mid-late Permian in age and are characterised by several laterally 
persistent, relatively thick coal seams interspersed with several thin minor seams. The interburden 
between coal seams consists primarily of bedded siltstones, sandstones and claystones. 
There are three main coal seams at GRM, which include the ~5 m thick Goonyella Upper Seam 
(GUS), ~9 m thick Goonyella Middle Seam (GMS), and ~8 m thick Goonyella Lower Seams (GLS) 
(Figure 2). These main seams commonly exhibit decreasing ash content and increasing vitrinite 
content towards their base. These seams are recognised for their superior coking properties. 
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FIG 2 – Schematic stratigraphic column for Goonyella Riverside Mine. 

Intrusions are common in the northern pits, which can result in complete replacement of coal seams 
for up to 1.5 hectares in area. Dykes are occasionally exposed in the mine workings and are often 
thin (<0.5 m width). 
GRM stratigraphy is characterised by minimal structural deformation and a shallow eastward dip 
towards the boundary between the Collinsville Shelf and Nebo Synclinorium (approximately 10 km 
east of the mine site). This boundary, known as the Burton Downs Fault Range, is marked by a 
system of complex thrust faults. Within the GRM mine site, a continuation of this thrust faulting is 
expressed in NNW- to SSE-trending, east over west structures as shown below. Consistent normal 
faulting trending E to NE is also present throughout the mine (Brooks and Babaahmadi, 2019). 
The normal faults typically trend ENE to WSW to NE to SW, with vertical offsets less than 15 m but 
frequently between 3–6 m. The more extensive normal faults are up to 5 km in length and may 
display a component of strike-slip movement (Sliwa, 2012). Normal faults may occur as single 
discrete faults or as swarms. The formation of the normal faults was prior to the Hunter-Bowen 
Orogeny compressional event when thrust fault formation occurred (Sliwa, Babaahmadi and Esterle, 
2018). 
The laterally extensive thrust faults generally strike N to S to NNW to SSE and dip to the east with 
an east-over-west displacement. The thrust faults currently exposed in highwalls have vertical offset 
of up to 25 m and horizontal offsets up to 60 m. However, thrust faults with vertical offsets up to 70 m 
have been observed 3 km to the east of current mining activities (Sliwa, 2012). 

THRUST FAULTS 
The Kenya and Zimbabwe Thrust Faults are currently exposed in the highwalls of Ramp 10, 12 and 
14 (Figure 3). These two faults are the largest faults to be exposed in GRM’s 50-year mining history 
and have presented some exciting and different challenges to the on-site Operations, Mine Planning 
and Scheduling, Geotechnical and Mine Geology teams. The Kenya Fault was also one of the major 
contributing factors to a significant multi-bench highwall failure in 2016 which required substantial 
mitigation before coal mining could recommence in Ramp 12, and at a significant cost to GRM. 
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FIG 3 – Oblique view (looking east) of the Kenya, Zimbabwe and Congo Faults within the current 

GRM pit. 

The Kenya and Zimbabwe Faults are subparallel, with the Kenya Fault having a comparatively 
shallower dip and it is likely that these two faults merge approximately 50 m below the GLS, which 
is the lowermost mined coal seam mined (Figure 4). However, there is limited drilling data and/or 
seismic data to verify this theory currently as resource definition drill holes generally terminate 20–
30 m below the GLS. 

 
FIG 4 – Schematic cross-section of the Kenya and Zimbabwe Faults in Ramp 14. 

The Congo Fault is the only significant fault which intersects with the Kenya Fault, as exposed in 
Ramp 14 (Figure 3). The normal Congo Fault strikes on average at 045° and dips 50° to the SE, with 
an average vertical offset of 4 m between coal seams. The Kenya Fault is offset vertically between 
10–25 m across the Congo Fault. It is theorised that the Kenya Fault has propagated along the 
Congo Fault plane during the Kenya Fault formation as there is evidence of both normal and reverse 
movement within the same highwall exposure. There have been no clean exposures of the 
Zimbabwe and Congo Fault intersection to confirm the vertical offset distances of the Zimbabwe 
Fault. However, a 2 m vertical offset is observed in the GMS across the Congo Fault within the 
current highwall, which is ~25 m below where these two faults are projected to intersect. 
Prior to these faults being exposed by mining activities, these faults were defined by resource 
definition drill holes and historical 2D seismic programs. The spacing of resource definition drill holes 
is between 200–500 m along strike and between 60–200 m across strike. The overlap of the seams 
was not targeted for further definition with closer spaced drill holes. This led to insufficient drill hole 
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coverage to characterise the position of the faults and coal seams on either side of the faults to 
enable accurate mine planning and scheduling activities. Resource definition drilling at closer spaced 
intervals was unable to be completed due to various reasons, however, the quantification of the 
mining impacts will provide justification for closer spaced drilling of similar faults in the future. Due to 
overburden removal activities and historical dumps on the natural surface it was difficult to achieve 
consistent and reliable 2D seismic lines to assist in refining these thrust faults and their impact on 
the coal seams. 

Kenya Fault 
The Kenya Fault is exposed in the Ramp 14, Ramp 12 and the inactive Ramp 10 pits (Figure 3), and 
is 5.8 km in length, striking between 355–005° and dipping between 18–25° to the E. The fault 
appears to become bedding parallel below the GLS seam further down dip from current mining 
activities. The GLS and GMS coal seams are offset vertically between 4–6 m by the Kenya Fault 
with a horizontal overlap of up to 20 m (Figure 4). This often results in coal seams being locally over 
thickened where the coal seam has been thrust upon itself. 
In Ramp 12, the Kenya Fault has developed into an imbricate thrust system within the GMS which 
resulted in a coal seam thickness of 13 m instead of the average of 9 m. The imbricate thrust system 
occurs over a 500 m long and 40–80 m wide area. Coal seams are generally weaker than the 
overlying burden lithologies (predominantly sandstone) and are more likely to develop an imbricate 
thrusting system. The imbricate thrust system was only identified during the mining of the GMS coal 
seam as existing resource definition drill holes were not sufficiently close-spaced to intersect or 
define the over-thickened coal. 
Minor splays and back-thrusts from the Kenya Fault have also been observed within endwall and 
highwall exposures. These back-thrusts generally have offsets <0.5 m and have caused minor 
highwall instability where the back-thrusts dip towards the open pit. Back-thrusts are difficult to target 
and delineate with resource definition drill holes and are difficult to identify in seismic data as they 
are characterised by small offsets and occur within an already disrupted rock mass due to the thrust 
fault propagation. 

Zimbabwe Fault 
The Zimbabwe Fault is located within Ramp 14 and the northern end of Ramp 12 (Figure 3) and is 
2.1 km in length, striking between 335–012° and dipping at 40° to the E. The GLS and GMS are 
offset vertically up 25 m in the middle of Ramp 14 and the vertical offset reduces to the north and to 
the south. The GMS and GLS coal seams have horizontal overlap up to 60 m (Figure 4). Currently 
there has not been any evidence of imbricate thrust faulting, which may be due to the steeper dip of 
the Zimbabwe Fault (040°) compared to the Kenya Fault (18–25°). Minor splays and back-thrusts 
from the Zimbabwe Fault have also been observed within highwall and endwall exposures. The back-
thrusts generally have offsets <0.5 m. 

GEOLOGICAL MODELS 
Mine Geologists create localised geological models (equivalent of a grade control model in a metals 
environment) for each Ramp (pit), which provides a more accurate representation of the thrust faults 
and coal seams than defined in the resource models. The mine geologists utilise additional data from 
highwall mapping, Measure While Drill (MWD) data from drill and blast drill rigs and in-pit 
observations during the creation of the localised geological models. 
Highwall mapping occurs for every 60 m strip as the mine advances down-dip. Highwall mapping is 
undertaken digitally utilising high-quality 3D images. Intersections of the thrust faults with the 
highwall are mapped and used to update 3D triangulations/surfaces of the thrust faults (Figure 5). 
Any changes to the characteristics of the faults planes are captured in a digital database. The 
limitations to highwall mapping are that highwalls may be softwalled for geotechnical reasons. 
Softwalls are where an overburden blast is undertaken as per normal, but some blasted overburden 
material (often from the pit/bench crest down at 45°) is left against the in situ highwall to mitigate the 
occurrence of any rock mass failures. This blasted material covers any in situ exposures, making it 
difficult to identify any in situ geological features during highwall mapping. For softwalls, faults can 
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be observed within the exposed coal seam as that is not blasted. The faults can be extrapolated 
from the coal seam into the blasted overburden material but will be of lower accuracy. 

 
FIG 5 – Example of Kenya Fault within highwall exposures and lithological mapping. 

In-pit observations can provide guidance on the fault’s location between strips. However, the veracity 
of this, is dependent on how cleanly the fault has been uncovered during the overburden removal. 
In-pit observations are also utilised to update the 3D triangulations/surfaces of the thrust faults where 
appropriate. 
Measure While Drill (MWD) data is obtained from Drill and Blast rigs during drilling of the overburden. 
MWD data including rate of penetration (ROP), torque (TOR), and weight on bit (WOB) is 
interrogated by Mine Geologists to identify the contrast between the harder sandstone and mudstone 
overburden material against the softer coal seams. Fault planes can also be observed within the 
MWD data as a zone of weakness resulting in an increase in ROP and a decrease of TOR and WOB 
compared to the surrounding lithologies. Interpretation of MWD data relies on consistent data 
capture across the drill and blast pattern to allow for consistent interpretation. 
To aid in seam definition, Mine Geologists identify several drill and blastholes within each pattern to 
be extended deeper to target the coal seams on the hanging wall and footwall sides of the fault 
where they are expected to overlap. This data is then utilised to update the coal seam and fault plane 
positions within the localised geological models (Figure 6). These models are utilised by site 
stakeholders such as Mine Planning and Geotechnical Engineers. 
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FIG 6 – Cross-section of MWD data in Ramp 14 and local localised geological models. 

MWD is primarily utilised to identify the top of the coal seam and requires mine geologists to identify 
drill and blastholes to be drilled deeper to target any repeated seams. Identifying the bottom of the 
coal seam can be challenging and is dependants on the underlying lithology’s hardness. Bottom of 
coal seam definition by MWD should be verified by downhole geophysical logging to confirm the 
accuracy and ensure that the coal seam thickness is not over- or underestimated. 
Updates to the localised geological models often occur just prior to coal exposure and may result in 
changes to the estimated coal tonnages and/or coal seam geometry. These refinements then need 
to be effectively incorporated into mine design, mining and equipment schedules, blending and 
stockpile plans and product marketing. Closer spaced resource definition drilling would minimise 
significant changes to the coal seam tonnages and/or coal seam geometry, which can then be 
refined further with highwall mapping, in-pit observations and MWD data. 

IMPACTS OF THE THRUST FAULTS ON THE MINING OPERATION 
The Kenya and Zimbabwe Faults provided new challenges for GRM which had not been 
encountered in its mining history. Two examples are provided: 

• Additional coal tonnages related to imbricate faulting. 

• Improvement in the thrust fault and coal seam positions from updated localised geological 
models. 

Fortunately, these challenges provided an additional 240 kt of coal for the mining operation (potential 
revenue from the marketable product was between $20-$40 M), however, these additional coal 
tonnes were unscheduled. These unscheduled coal tonnes extended the coal mining duration, 
therefore impacting on the subsequent mining activities which had been scheduled and sequenced 
precisely. Hence, these additional unscheduled coal tonnes may actually be mined at a higher unit 
cost compared to the unit cost than if these tonnes had been defined and scheduled appropriately. 

Additional coal tonnages due to imbricate faulting 
An imbricate thrust system associated with the Kenya Fault was identified during pit inspections 
undertaken by Mine Geologists. Within one 60 m wide strip of Ramp 12 GMS, the imbricate thrust 
system created a coal seam with a thickness up to 13 m (instead of 9 m) for 500 m of the strip. The 
imbricate thrust system was not identified prior to the mining of the GMS coal. MWD data targeting 
the top of the GMS indicated that the seam position had moved, however the bottom of the coal 
seam was not targeted with MWD to confirm the coal seam thickness. This imbricate thrust system 
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provided an additional 130 kt of coal, however these tonnes were unscheduled. Table 1 outlines 
some of the specific impacts to GRM from these additional coal tonnes mined above the detailed 
mine plans. 

TABLE 1 
Impacts to Mine Operations Teams from additional coal tonnes mined above schedule. 

Mine Operations 
Team Impacts 

Coal mining • 130 kt of additional coal needed to be mined which pushed out the 
scheduled completion date by six days. 

• Delays to the following processes such a drill and blast prep and the 
drilling of the overburden above the GLS seam. 

Drill and blast  Drill and blast activities were scheduled to be undertaken for the GLS 
overburden material after the completion after coal mining was completed. 
The delay of coal mining completion by six days resulted in: 
• Three unplanned drill relocations and out of sequence bench preparation 

undertaken by Mine Services. This resulted in impacts to the Mine 
Services schedule to accommodate these late changes. 

• Drilling date for the bench was pushed out by seven days compared to the 
schedule. 

• The blast date was pushed back by ten days. An extra three days delay 
due to blasting interactions resulting from delay). 

• Drill and blast rigs were park up for a total of 19 shifts. Alternative patterns 
were identified and completed). 

• Drilling spatial compliance for the month dropped by 33% due to the delay 
and alternative patterns being drilled 

• Blasting spatial compliance for the month dropped 36% due to the ten day 
delay in the blast. 

There is also potential for blast damaged coal should the top of coal surface 
not adequately defined.  

Draglines  A dragline was scheduled to move into R12 once the GLS overburden 
material was blasted. The specific impacts of the ten day delay to the blast 
resulted in: 
• Dragline coal uncovery of the GLS was delayed by 12 days. 
• Dragline spatial compliance dropped 8.5%. 
• Site stripping compliance dropped 1.5%. 
• Dragline re-sequenced to establish a ramp into R14 and to establish 

access into R12 whilst waiting for the blast.  

Coal scheduling 
and processing  

• Stockpile plans adjusted to accommodate the additional unplanned 
tonnage. 

• Coal Handling and Processing Plant schedules (CHPP) were modified to 
accommodate the additional tonnage. The GMS seam is of high quality 
and often blended with other seams mined at GRM. 

• Adjustments were required for the product stockpiles scheduling to 
accommodate the additional coal tonnage. 

Marketing and 
logistics 

The additional 130 kt of raw GMS coal converts to ~100 kt of product tonnes 
once processed through the CHPP. This GMS coal is then blended with 
processed GLS and GUS coal to make ~130–160 kt of final product. These 
additional product coal tonnes impacted on: 
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Mine Operations 
Team Impacts 

• Stockpile management considerations of the additional product tonnes at 
the CHPP and port. 

• Implications in logistics scheduling for transportation of the product coal to 
the port. 

• Identification of customers for the additional product tonnes. 
• Any potential delay of delivery for any other products produced by GRM.  

 

For the next few strips of Ramp 12, MWD will be utilised to target the base of coal seams where 
there is potential for an imbricate thrust system to exist create a thickened coal seam. MWD has not 
previously been utilised to identify the base of the coal seam, and hence trials will be required to 
verify the methodology. Downhole geophysical logging of blastholes may be required to accurately 
define the base of the coal seam, and the MWD holes will need to be drilled on pattern design will 
need to ensure appropriate data coverage. These extra activities will require additional collaboration 
between Mine Geologists and Drill and Blast Engineers to ensure these activities are scheduled and 
communicated to the stakeholders. 

Updated fault and coal seam position 
The Kenya and Zimbabwe Faults have not been well defined by resource definition drilling and 
therefore have significant previously unidentified offset (±10’s of metres) of the coal seams proximal 
to location of the fault plane. The new data often results in changes to the position of the thrust fault 
planes and the coal seams on either side of the faults, which needs to be communicated to the Mine 
Planning team members effectively. Localised geological models have been created to capture these 
changes; however, these models are generally updated with MWD data when the overburden of coal 
seam is being drilled for blasting. This often results in reactionary changes to mine planning activities 
just prior to execution. One update a localised geological model for Ramp 14 resulted in in an 
increase in a 11 per cent (110 kt) of GMS coal tonnes for one strip. Some impacts of the 
improvements to the localised geological models are outlined within Table 2. 

TABLE 2 
Impacts to Mine Operations Teams from updated localised geological Models. 

Mine Operations 
Team 

Impacts 

Mine planning • Pit designs required re-work to ensure the maximum coal recovery of the 
coal with additional stages being incorporated into the design. 

• Mine schedules (weekly and monthly) needed to be refreshed with the 
additional stages added into the pit design.  

Drill and blast • Drill and blast designs and sequencing was modified to accommodate 
two blasts instead of one. 

• Localised Geological Models were utilised to minimise and coal loss and 
dilution during blasting of the burden material and during coal mining. 

• Blast designs were optimised to consider the weaker rock mass near 
faults planes. 

Geotechnical  • Existing geotechnical design guidance was refreshed with the updated 
fault plane and coal seam positions. 

• The new pit designs and sequencing were reviewed to ensure stability of 
the highwall.  

 

When updating localised geological models, Mine Geologists need to communicate to Mine Planning 
Team members what the changes are between the new and the previous models. This includes 
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quantification of any changes to the estimated coal tonnes and to the position of the fault planes and 
coal seams. The Mine Planning Team members can then assess whether any pit design and 
scheduling needs to be refreshed with the new localised geological model. Updated fault planes can 
be utilised by the Drill and Blast Engineers during blast design. 
Thrust faults further down-dip will be the target of more future resource definition drill holes and/or 
3D seismic programs to assist in the definition of the thrust faults and associated features prior to 
being exposed by mining activities. 

IMPACTS OF THE THRUST FAULTS ON HIGHWALL STABILITY 
Although the Kenya and Zimbabwe Faults dip into the highwall they still have a significant impact on 
highwall stability and the safety of coalmine workers. In 2016, there was a multi-bench highwall 
failure for overburden material above the GMS. The highwall failure was ~1 km long and up to 
~250 m wide in Ramp 12 (Figure 7). The highwall failure required substantial mitigating activities, 
such as a buttress at the base of the failure before further remediation activities and coal mining 
could recommence. These remedial works and delay in coal mining resulted in a multi-million-dollar 
cost to GRM. Geotechnical back-analysis of the highwall failure identified that when including back 
thrusts from the Kenya Fault the calculated Factor of Safety reduced from >1.2 to 0.95 (ie high 
likelihood of highwall failure). Without the back-thrusts the back-analysis identified a Factor of Safety 
of >1.2 (ie low likelihood of highwall failure). 

 
FIG 7 – Isometric view of the Ramp 12 highwall failure in 2016. Image acquired from Mining One 

Consultants (2016). 

The highwall failure was located above the Kenya Fault where it had developed into an imbricate 
thrust system within the GMS. Imbricate thrust systems have an increased number of back-thrusts 
developed at different orientations, when compared to a thrust fault with a single fault plane. In 2016 
back-thrusts were not evident in the exposed highwalls or within any nearby resource definition drill 
holes. However, with mine progression down-dip, back-thrusts have been observed associated with 
the Kenya Fault in the exposed endwalls. Since the 2016 highwall failure additional controls have 
been incorporated in the pit designs and pit sequencing, such as wider benches (resulting in lower 
overall slope angle for the highwall) and softwalls where the Kenya and Zimbabwe faults are present 
within the burden above coal seams. 
Lipping has also been observed where the Kenya and Zimbabwe Faults and any minor splays 
intersect with the highwall. Lipping is the lateral shearing along a thin discrete plane of weakness, 
typically aligned with sedimentary bedding or other planes of weakness such as faults. Figure 8 
depicts the Kenya Fault and one splay fault observable in the temporary end wall. Lipping is observed 
at the intersection of these two faults and the previous highwall. Lipping often results in a highwall 
stand-off being established to keep coalmine workers safe and equipment from being damaged. 
Excavators need to sit outside of this exclusion zone and reach inside the exclusion zone to mine 
the coal. 
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FIG 8 – Annotated photograph of the lipping from the Kenya Fault and splay in Ramp 14 highwall. 

CONCLUSIONS 
The Kenya and Zimbabwe Faults have provided an additional 240 kt of coal for the GRM Operation. 
However, these additional coal tonnes created complications for GRM’s Operations, Mine Planning, 
Geotechnical and Mine Geology teams. The Kenya Fault was also a contributing factor to a 
significant multi-bench highwall failure in 2016. 
The Kenya and Zimbabwe Faults are subparallel, striking approximately NS and dipping at 18–25° 
and 40° to the E, respectively. Vertical offsets of up to 25 m occur between coal seams with 
horizontal overlap of up to 60 m. Both faults were not well defined with resource definition drill holes 
or within 2D seismic data. 
An unplanned additional 130 kt of coal tonnes associated with the development of the imbricate 
thrust system of the Kenya Fault in Ramp 12 resulted in immediate delays to the mining schedule of 
up to ten days for subsequent blasts and dragline moves. Longer term implications of these 
additional tonnes included stockpile management, processing and logistics schedules and 
adjustments to marketing plans to sell the additional tonnes that were produced ahead of schedule. 
Mine geologists undertake highwall mapping, pit inspections and interpret MWD data to create 
localised geological models which provide improved accuracy for the fault location and coal seam 
positions. These models then are subsequently handed over to site stakeholders for utilisation in 
mine design and scheduling. 
Changes to the fault and coal seam position within localised geological models may require rework 
of pit designs, mining schedules and drill and blast designs/schedules to be adjusted. These changes 
unfortunately occur just prior to execution due to the data collection via MWD on blasthole rigs. 
Large thrust faults need to be characterised by close spaced resource definition drill holes at regular 
intervals and/or seismic data to accurately define the fault plane and coal seam characteristics on 
either side of the faults. The faults and coal seam position can be defined by MWD data and highwall 
mapping where further definition is required. 
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ABSTRACT 
The Ernest Henry Iron Oxide Copper Gold deposit is hosted in a large dilation between two 
moderately dipping shear zones found in the footwall and hanging wall of the deposit. These shears 
are controlled by a large diorite intrusion to the north-east and south-west of the deposit, formed 
~1660 Ma. 
A shear zone dubbed the ‘Interlens’ uncovered through underground workings truncates the main 
orebody into two lenses, and is hypothesized to have formed in conjunction with the Hanging Wall 
Shear Zone and Footwall Shear Zone. All three shears dip moderately to the SSE (50–140) from 
open cut exposures through to the current mining horizon approximately 800 m below the surface. 
Routine geological work and a capital drilling campaign has identified a significant flexure in these 
sub parallel ore bounding shears with increasing depth. A shift in shear orientation in the Interlens 
over approximately 100 m vertically from ~50° to the SSE to a steep, easterly trend (~85° to the east) 
is observed in both drill core and exposures in the underground workings. It is hypothesized the 
diorite intrusive to the south-west of the deposit controls the shear zone geometries at depth. The 
geometry of the Interlens mirrors the surface expression of the Proterozoic package of the ore-
bounding shears to the south-west of the deposit, suggesting the surface geometries of the shear 
zones are consistent with depth. 
Additional drilling to explore the validity of this hypothesis is planned for the near future to better 
understand the structural controls on the Ernest Henry mineralisation with increasing depth. 

INTRODUCTION 
The Ernest Henry Iron Oxide Copper Gold (IOCG) deposit is located approximately 38 km north-
west of Cloncurry in NW Queensland. With a total production of 6.9 Mt at 1.1 per cent Cu and 0.6 g/t 
Au, Ernest Henry is the largest IOCG deposit in the Proterozoic Eastern Mount Isa Inlier. The 
resource was recovered using open cut mining methods from the surface at 2160 RL to 1700 RL 
from 1996, until operations moved to underground sublevel caving with production commencing in 
2011 (McGrath, Campbell and Tucker, 2014). 
Conjecture exists around deposit genesis models for Ernest Henry, ranging from tectonic dominant 
(Laing, 2002) to purely hydrostatic pressure dominant explosive breccia (Mark, Oliver and Williams, 
2006). Understanding the structural controls on mineralisation is crucial to understanding 
mineralising fluid pathways for IOCG genesis (Hitzman, Oreskes and Einaudi, 1992). 
This study aims to document recently identified changes in the pre-ore structural controls of the 
Ernest Henry deposit at depth, locally termed Footwall (FWSZ), Hanging Wall (HWSZ), Interlens, 
South-west (SWSZ) and Marshall Shear Zones (MSZ) to better identify structurally controlled fluid 
pathways to target mineralisation at depth. Findings are consistent with previous models suggesting 
a pre-existing shear zone architecture primed the metavolcanic sequence for the D3 NE–SW 
compressional mineralising event (Valenta, 2000; Coward, 2001). This allowed a dilational jog with 
oblique dextral movement along these shears to open between the bounding structures, acting as 
conduits for mineralising fluids. 

GEOLOGICAL SETTING 
The Ernest Henry deposit is hosted in the Mt Fort Constantine Volcanics within the Eastern 
Succession of the Mount Isa Inlier in north-western Queensland, under ~70 m of Phanerozoic cover 
(Twyerould, 1997). The interlayered sequence of metavolcanics and metasediments (ca. 1746–
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1742 Ma) hosting the deposit are intruded by a diorite (~1660 Ma) located to the north-west and 
south-east of the orebody (Page and Sun, 1998; Mark, Oliver and Williams, 2006). Peak regional 
metamorphism coincident with the Isan Orogeny D2 event altered the Mt Fort Constantine Volcanics 
and diorite bodies to lower amphibolite facies ca. 1585–1595 Ma (Page and Sun, 1998; Rubenach 
et al, 2008). The magnetite dominant breccia hosting copper and gold mineralisation is generally 
accepted to have formed late in the regional D3 NE–SW shortening event (Coward, 2001; Laing, 
2002; Keys, 2008), coincident with emplacement of the nearby Williams–Naraku batholiths (1550–
1500 Ma) (Page and Sun, 1998; Mark, Oliver and Williams, 2006). A late regional D4 SE–NW 
compressional event is recognised in carbonate emplacement throughout the mineralisation system. 

Structural-based deposit controls 
The Ernest Henry deposit is hosted in an inferred zone of dilation between two shears which 
moderately dip (~50°) to the south-east (~140°) found in the footwall and hanging wall of the deposit, 
Figure 1. Several genetic models postulate east–west shortening during the regional D2 deformation 
event generated the ore-bounding FWSZ and HWSZ through deformation of the volcanics around 
the pre-existing diorite body to the north-west and south-east of the deposit (Valenta, 2000; Coward, 
2001; Keys, 2008). A pervasive S2 foliation found throughout the deformed metavolcanics is 
subparallel to the ore bounding shear zones (Coward, 2001), supporting a syn-D2 genesis for the 
FWSZ and HWSZ. 

 
FIG 1 – Local structural setting of Ernest Henry relative to the 1660 Ma metadiorite and bounding 

Hanging Wall Shear Zone (HWSZ), Footwall Shear Zone (FWSZ) and Marshall Shear Zone (MSZ) 
(adapted from Keys (2008) after Valenta (2000)), and site location relative to the Mt Isa Inlier 

(grey). 

Both the FWSZ and HWSZ display evidence of activation during the regional D3 NE–SW 
compressional event in the form of S3, a biotite-magnetite cleavage steeply west dipping with a NNW 
strike (Keys, 2008), interpreted as a precursor to the mineralising event. Valenta (2000) noted a 
possible shift in shear zone deformation regime from oblique dextral to pure reverse during D3, citing 
this as the reason for the visible dilation seen in plan view hosting the ore deposit. Interestingly, this 
was also suggested as a cause for a potential steepening of deposit plunge at depth. 
The regional-scale Marshall Shear Zone (MSZ) lays to the south of the HWSZ, and has been inferred 
from surface magnetics as steeply dipping (~70°) to the south (Hayward, 1992). Various 
interpretations exist for timing of this structure, from post FWSZ and HWSZ formation (Laing, 2003, 
after Mawer, 1994) to possibly coeval with mineralisation (Coward, 2001; Laing, 2003). It has 
previously been proposed as the mineralising fluid conduit for the deposit (Laing, 2003). 
Mineralisation is recognised as associated with late D3 NE–SW regional compression, hypothesised 
to have occurred post-ductile deformation as a result of hydrothermal fluid from emplacement of the 
Williams and Naraku batholiths (Mark, Oliver and Williams, 2006). The lack of mineralisation in these 
shear zones and the documented S3 cleavage indicates they were likely still active during the main 
syn-D3 mineralising event (McLellan and Miller, 2017). 
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The Interlens shear zone is a relatively newly identified ductile structure (first mined through circa 
2014), truncating the deposit into the main orebody, and the South-east Lens (SE-Lens) in the 
underground workings. Apatite dates coeval with regional D2 (Cave, 2017), coupled with the 
subparallel plunge to the FWSZ, HWSZ, and orebody, suggest Interlens formation is synchronous 
with the ore-bounding shears, (although recent work suggests apatite dates may be dubious due to 
likely post-D3 activation (personal communications, R Lilly, 2019)). The few detailed studies 
conducted on Interlens paragenesis have drawn differing conclusions, proposed as both a pre-
mineralisation structure (O’Brien, 2016; Cave, 2017), and possible formation post-ore deposition 
(McLellan and Miller, 2017). The Interlens displays subeconomic mineralisation, with the 1–2 m 
gradational contact often exhibiting minor sulfide ‘bleeding’ into the shear zone, the Interlens hosting 
clasts of brecciated volcanics, and the adjacent orebody occasionally clearly foliated with the typical 
Interlens S2 fabric. 
A recent extension drilling campaign uncovered a new (identified 2021) ore-divisive shear zone, 
dubbed the South-west Shear Zone (SWSZ), present in the workings from ~1275 RL down. This 
structure appears to be controlling ore through the segregation of the main orebody into a new, third 
lens, the South-west Lens (SW-Lens). A characteristic biotite-garnet foliation dominates the SWSZ, 
variably overprinted by chlorite and sulfides. 

DATA COLLECTION 
Ore contacts and structural measurements were routinely recorded from the Interlens and SWSZ 
exposures in the underground openings and from core obtained from a drilling campaign, targeting 
possible orebody extensions to ~400 m below the current mining horizon. Analysis of these contacts 
and structural data identified a substantial shift in orebody and Interlens geometry and trend. 
A review of the existing diamond drilling data set was also conducted for the identification of meta-
diorite intervals in proximity to the orebody and bounding shear zone information. 
Surface geophysical information in the form of a first vertical derivative aeromagnetic survey was 
utilised by prior authors (Mark, Oliver and Williams, 2006) for structural interpretation, and this 
interpretation was reviewed through the course of this study. 

FINDINGS 
A significant change in the geometry of the Interlens was recorded from an average of 50° toward 
150° at 1500 RL to approximately 85°–90° toward 110° at 1200 RL. Underground mapping through 
development on the 1200 level provided detailed structural readings, and identified complex 
foliations accompanying the overall shift in geometry. The orebody has mirrored this orientation 
change in the Interlens, Figure 2. The dominant pervasive S2 foliation is subparallel to the overall 
trend and plunge of the structure, the shift in geometry is clearly recorded in dominant foliation 
measurements in drill core and mapping data, Figure 3. Reliable lineations on the S2 foliation are 
notoriously difficult to obtain in the Interlens due to multiple overprinting alterations, subsequent 
foliations and mineral growth. Measurements to date recorded on the 1200 level average ~20° to 
192°, consistent with dextral shear movement. 
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FIG 2 – Plan view slices (2 m thick) through the EH orebody (grey) and controlling structures. 

Note: 1100 RL slice not displaying SE-Lens or SW-Lens as these are yet to be drilled. 

 
FIG 3 – Equal area Schmidt stereonet displaying poles of foliations in the Interlens (left), coloured 

by nearest 50 m RL increment (warm colours are exposures higher in the workings, cool are 
deeper), as seen on right. 

The additional ore-dividing shear zone, termed the South-west Shear Zone (SWSZ) identified 
through drilling was found to further segregate the main ore shoot into a SW-Lens. The highest 
elevations of this present in the mine (~1275 RL) are reminiscent of the earliest intersections of the 
Interlens underground in terms of texture and schistosity (Philippa, 2021). A strong biotite foliation 
overprinted by various alterations and sulfide bleeding was found to be similar in orientation to the 
Interlens S2 foliation, Figure 4. 
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FIG 4 – Equal area Schmidt stereonets displaying poles of foliation planes and point density 

contours for (a) Interlens and (b) the SWSZ, from 1275 RL to ~975 RL. 

A large, late stage dilational carbonate breccia vein with a strike >800 m and width of up to 40 m has 
been identified as plunging subparallel to the main ore shoot, largely following the Interlens footwall 
contact sub 1200 RL. This breccia generation is clearly consistent with the late carbonate flooding 
visible throughout the deposit associated with the regional D4 event, with the vein containing clasts 
of all breccia generations (both mineralised and non-mineralised), the Interlens and variably altered 
volcanics, trending subparallel to both the Interlens and the SWSZ, Figure 5. 
Wireframe modelling of the ore-controlling HWSZ and FWSZ was conducted as a guide for diamond 
drilling to locate these structures at depth, with Proterozoic surface interpretations and Interlens 
geometry as reference, Figure 6. The current deepest drilling intersections of the HWSZ also suggest 
orientation shift to a more N–S trend from ~1400 level. Both the FWSZ and HWSZ are yet to be 
located below ~1175 RL and ~1400 RL respectively, wireframes displayed in Figures 2, 5 and 6 are 
interpretation only below these levels. 
It is of note that the location of the Marshall Shear Zone (MSZ) was reviewed through the course of 
this study, with the finding from mapping and drilling in the open cut operations, the MSZ plunged 
subparallel to the HWSZ and FWSZ, and is not steeply dipping as inferred from magnetics by 
Hayward (1992), Figure 2. King (2010) found the MSZ is ‘gently dipping’ in the open cut, and flagged 
a series of steeply dipping, N–S striking magnetite bearing faults in the hanging wall as a boundary 
to a different structural domain in the south of the deposit. Underground workings and drilling are yet 
to locate the MSZ at depth, which may support the ‘gently dipping’ geometry proposed earlier. 

 
FIG 5 – Left: large scale carbonate breccia vein visible in a south-facing drive with contact marked 

in dashed black; Right: vein modelled from drilling intercepts (blue) with subparallel trend to the 
Interlens and SWSZ relative to 1200 level design (looking down and east). 
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FIG 6 – Left: ore-bounding FWSZ and HWSZ model, relative to open cut extents and the regional 

shears Rhea and Erebus as modelled by McLellan and Miller (2017). Clear shift in orebody 
geometry with increasing depth, mirroring surface shear expressions. Right: lithology interpretation 

of Proterozoic basement adapted from O’Brien (2016) showing shears coalescing in blue to the 
south-west of the deposit. 

INTERPRETATION 
The geometry of the Ernest Henry orebody at depth is increasingly mirroring surface Proterozoic 
expressions of the HWSZ and FWSZ to the south-west of the deposit. The Interlens shear zone is 
becoming a significant control on mineralisation, and the newly identified SWSZ is observed to 
control orebody mineralisation from at least 1275 RL (Figures 2 and 4). The relationship between 
the SWSZ and its influence with increasing depth is yet to be fully investigated, and requires further 
delineation. 
The shift from moderate south-easterly plunge in mineralisation and controlling structures too steep 
to subvertical south-western (Figures 3 and 4) appears consistent with the early hypothesis of an 
initial oblique dextral D3 movement shifting later into pure reverse to ‘pop open’ the jog hosting 
mineralisation seen in plan view (Valenta, 2000), Figure 7. The metadiorite to the north-west and 
south-east is assumed to control this structural geometry, consistent with findings by Coward (2001), 
Laing (2002) and McLellan and Miller (2017). The shift of all ore-bounding structures so far located 
at depth (Interlens, SWSZ, carbonate breccia vein) and the mineralisation itself to a steeply dipping 
south-westerly trend support this hypothesis (Figure 5). The HWSZ and FWSZ are hypothesized to 
mirror these ore-controlling shears below ~1200 RL in a manner reflective of the Proterozoic surface 
structural interpretations of previous authors, based on the initial aeromagnetic structural 
interpretation (Coward, 2001; Mark, Oliver and Williams, 2006). 
The assumption of mineralising fluid ingress from below is still applicable as the deposit appears to 
transform into separate, structurally controlled ‘fingers’ of mineralisation at depth, in comparison to 
the massive mineralisation observed in upper extents (Figure 7). Mineralisation at higher levels in 
the deposit (~1600 RL to 1275 RL) often displayed zones within the main orebody with slightly 
differing mineralogy (for example, the south-west of the deposit was known to consistently contain 
pyrite >10 per cent, in comparison to ~5 per cent average). With increasing depth, it has become 
apparent these zones are in fact the upper expressions of these ‘fingers’ of ore seen in deeper levels. 
The pyrite-rich south-west is the SW Lens at depth, divided from the main orebody by the SWSZ 
(Figure 2). It is anticipated that further ‘fingers’ of mineralisation will become apparent with depth due 
to increasing heterogeneity displayed in the ore breccia at depth. 
The hanging wall meta-diorite, MSZ, HWSZ and FWSZ are yet to be located at depth in relation to 
mineralisation. The probable syn-D2 formation of the Interlens and reactivation during the 
mineralising event, and significant shift in both Interlens geometry and mineralisation geometry, 
consistent with Proterozoic surface expressions of the ore-bounding shear zones suggest the HWSZ 
and FWSZ are likely to mirror this geometry at depth also, and they have been modelled as such 
(Figure 6). 
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FIG 7 – Conceptual diagrams of left; the D3 NE–SW compressional event resulting in reverse 

dextral movement on the structural architecture hosting the deposit; and right, ‘fingers’ of 
mineralisation becoming apparent with increasing depth, overlain in the main orebody by similar 

mineralogy and segregated by schistose volcanics, looking NNE. 

Understanding the regional Proterozoic HWSZ and FWSZ surface expressions and the location of 
these spatially with respect to the shear zones at the local mine scale was important, as it provided 
part explanation of some of the orebody geometry changes initially observed with mine expansion 
activities in the deeper parts of the deposit (below ~1275 RL). Understanding the changing Interlens 
geometry from the upper portion of the underground workings at 1575 RL to 1275 RL as well as 
SWSZ from 1275 RL and below is at a minimum, equally important, and arguably more important, 
for short to mid-term mine design and planning activities. Data collected from the aforementioned 
shear zones coupled with regular mineralisation and structural modelling from each preceding 
sublevel, was incorporated into future sublevel designs below, which in turn were incorporated into 
particle flow as well as drill and blast models. The new shear zone data presented here lead to 
improvements in copper recovery from mining activities within the sublevel cave footprint. 
Although any assumptions regarding the change in geometry continuing uniformly at depth below 
1275 RL proved to be limiting, understanding the probable location of these structures using the 
recent changes served as a start point to guide the decision-making process for early drill design 
phases for resource definition and near mine exploration purposes. 
Observations and interpretations presented within by the author will provide future mine geology 
teams with an overview and understanding of the interdependent relationship between regional 
shears with those observed on the mine scale, and how recent structural geometry changes affect 
the distribution of copper mineralisation in deeper extension of the deposit. 
Future work should include provision for some diamond holes to be drilled which specifically target 
these deposit scale structures to confine their approximate location. Doing so will provide the mining 
teams with higher level of spatial understanding of the area or potential available space for 
mineralisation to be hosted, prior to significant mine expansion drilling works being undertaken. This 
should then lead to an optimised drill campaign to be designed, avoiding unnecessary money spent 
on diamond drilling and mining activities in areas of poor geological understanding. 
Ongoing analysis and updating of the structures and associated models presented here is required 
to ensure continued deposit understanding, which will lead to optimised drilling campaigns, resource, 
and particle flow models to be generated for future mining activities. 
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CONCLUSIONS 
The change in geometry of the Ernest Henry orebody with increasing depth mirrors a shift in 
orientation of the Interlens shear zone, interpreted to have formed synchronous with the ore-
bounding FWSZ and HWSZ. This steepened plunge with a near N-S strike mirrors the Proterozoic 
basement surface interpretations of a proposed dilational jog generated from the pre-existing shear 
architecture providing an opening for the D3 mineralising event (Valenta, 2000; Coward, 2001; Laing, 
2002; Keys, 2008). This geometry is also consistent with the early deposit genetic models of 
(Valenta, 2000; Coward, 2001; Keys, 2008) suggesting the meta-diorite body encasing the deposit 
has partitioned strain in the metavolcanic sequence prior to ore emplacement, and it is expected this 
geometry will continue to be reflected with increasing depth in the deposit. 
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ABSTRACT 
Blackwater Mine is in the central-southern Bowen Basin, immediately south of the township of 
Blackwater on the Capricorn Highway. The current open cut operation extracts coal from three main 
seams, designated Top, Middle and Lower, in the Late Permian Rangal Coal Measures cropping out 
on the eastern flank of the Comet Ridge. 
Complex geological structures, dominated by E-W normal faults and N-S reverse faults, have 
significant detrimental effects on coal mining operations. 
Historical exploration before 2010 involved several types of drilling only to understand structure, coal 
quality and washability. Hence, although drilling data was combined with limited pit mapping and 
observation, unknown structures were still often encountered during excavations and led to mining 
surprises. In 2010 BHP completed 200-line km of closely spaced 2D seismic survey to capture gross 
and detailed structures followed by fit for purpose structural drilling to confirm major structures in the 
northern part of the mine. 
In 2018 a high density 9.2 km2 3D seismic survey was completed in the southern part of the mine. 
Subsequently, a 17.2 km2 survey was completed in 2020 to cover the northern active mining area. 
It allowed geoscientists to successfully map previously unknown major faults and seam splits, which 
could potentially impact the mineability of the area. It is important to note, that faults interpreted using 
modern high-density 3D data can be interpreted with dramatically higher confidence in the fault dip 
and azimuth orientation in comparison to the legacy 2D data. Along with targeted drilling, pit mapping 
and structural interpretation, the outcome adds value to mine planning and operations. 
This paper outlines recent successful seismic 3D data acquisition and interpretation. In detail, the 
paper presents case studies on how the data can be incorporated into a structural model to improve 
geological knowledge, enable geotechnical assessment, and support safe and efficient coal mining 
in a large and structurally complex mine. 

INTRODUCTION 

Location 
Blackwater Mine (BWM) is located 24 km south of the township of Blackwater and 80 km east of 
Emerald on the Capricorn Highway, Central Queensland (Figure 1). The deposit has a strike length 
of over 100 km with a current active mining strike length of 80 km, making it the longest coalmine in 
the Southern Hemisphere. The nearest port is Gladstone located 315 km away, coal is transported 
from the mine to the port via the Aurizon operated Blackwater railway corridor. The first exploration 
drilling campaign commenced in the early 1960s and the mine was established in 1967 by Utah 
Development Corporation and was acquired by BHP in 1985. Since 2001, Blackwater Mine has been 
under the alliance between BHP and Mitsubishi (BMA). It operates as a dragline, and truck/shovel 
operation, and has two coal handling and preparation plants, which process all the coal mined at 
BWM. 
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FIG 1 – Bowen basin scale map showing location of Blackwater in relation to central Queensland. 

Geology and mine operation 

Geology 
Blackwater is situated within the Bowen Basin, a geological basin that extends over 1000 km and 
has a maximum width of ~250 km (Figure 2). The geometry of the basin is defined by a series of 
troughs and ridges. The Taroom and Denison troughs are the most prominent troughs, including the 
thickest stratigraphic units, separated by the Comet Ridge. 
Blackwater Mine resides within the central-southern Bowen Basin on the eastern flank of the Comet 
Ridge anticline, a major regional anticline. Geology dips gently to the east towards the western limb 
of the Mimosa Syncline with average bedding dips of 3–5° (although there are significantly steeper 
areas associated with faulting). 
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FIG 2 – Structural elements of the Bowen Basin and Blackwater Deposit (red rectangle). The 

background image is the OZ SEEBASETM by SRK (Source: Draper, 2013). 

The geology at Blackwater Mine comprised of the Upper Permian Rangal Coal Measures and 
Burngrove Formation as the major stratigraphic units. The economic coal seams are contained within 
the Rangal Coal Measures of the Late Permian Blackwater Group. The Rangal Coal Measures have 
been overlain by the Burngrove Formation which are overlain by the Early Triassic Rewan Formation 
(Macpherson and Gupta, 2013). At the southern end of the mine the Rangal Coal Measures are 
unconformably overlain by up to 45 m of partially consolidated Tertiary sands, gravels, basalts, and 
clays. Elsewhere on the mine, Tertiary cover is usually less than 5 m thick. 
The Coal Measures consist of coal, mudstone, siltstone, claystone, and sandstone and include three 
major low ash coal horizons, which split and recombine along strike of the mine. Figures 3 and 4 
show cross-sections view of coal seams and general stratigraphic unit at Blackwater Mine. 
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FIG 3 – Geology of Blackwater Mine. Cross-sections are from Stephens (1997). 

 
FIG 4 – Stratigraphic units of Blackwater Mine. Lithology from Macpherson and Gupta (2013). 

Structural geology 
Blackwater is located on the western limb of the Mimosa Syncline and to the west of the Jellinbah 
Thrust Zone, indicating that the area is less affected by the Hunter Bowen Orogeny (Sliwa et al, 
2018). 
Stratigraphic units at Blackwater mine gently dip to the east and are displaced by a series of faults. 
Structures involve normal and reverse faults with throws from <10 to 30 m (Macpherson and Gupta, 
2013) with most of the faulting seen in the pits as <10 m throw. 
Normal faults are dominantly E-W, but there is also some NE and NNW-striking normal faults. 
Several stages of extensional and compressional deformation have resulted in complex faulting in 
certain areas of the deposit. 
Thrust faults strike north and NW which are parallel to the major trend of Jellinbah Fault Zone in the 
Bowen Basin. Normal faults may have been either synchronous to the thrusting events and may 
have acted as accommodation structures (Gillam, Flottmann and Hillis, 2004) or younger Cenozoic 
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structures (Sliwa, Babaahmadi and Esterle, 2018). Deformation is brittle rather than ductile and most 
faulting has associated accommodational fault structures rather than dragging or folding of the strata. 

Coal geology 
Four main seams are mined at Blackwater: Tops Rider (TR) (<1 m thick), Tops (T) (1–1.2 m thick), 
M54 (1–3 m thick) and Lowers (3–5 m thick). These seams are further divided into eight plies. 
Total coal resources of Blackwater are ~1879 Mt noted in Blackwater Mineral Resources as of 
30 June 2020. 

Mine operation 
Blackwater Mine applies strip mining method using draglines, truck and shovel, bulk dozer push fleet 
and excavators. Coal mining uses excavators and loaders. Contractor’s fleets operate pre-strip and 
post strip operations. Coal from these plies is mined as either a washed or bypass coal (bypass coal 
is not processed through the Coal Handling and Processing Plant). Annual production averages 14–
15 Mt mainly consist of coking coal. 

HISTORICAL SEISMIC EXPLORATION 
BHP has a long history of seismic acquisition with the first data, a seismic refraction survey, acquired 
in 1985. The first large-scale 2D reflection seismic survey was acquired in 1997 and 2D acquisition 
continued steadily for the next 20 years (Dean, Grant and Pavlova, 2021a). The first 3D surveys 
were acquired in 1998, 2001, 2007, and 2011. Since 2011 a further 21 3D seismic surveys have 
been acquired (Figure 5). 

 
FIG 5 – A graphical summary of BHP’s 3D seismic survey history, each survey is plotted as an 
individual rectangle with the size of the rectangle proportional to the survey area (adapted from 

Dean, Grant and Pavlova, 2021a). 

Within the northern Blackwater region, an extensive 2D survey was acquired in 2010 consisting of 
31 lines with a total length of 202 km (Figure 6). The 2020 3D survey covered an area of 18.5 km² 
encompassing about 30 per cent of the 2D survey area. Table 1 contains a summary of the 
acquisition parameters for the two surveys. Although differences between 2D and 3D surveys are 
expected, the differences also reflect the movement away from limited channel count cable surveys 
to high-capacity light-weight nodal surveys (Dean, Tullett and Branwell, 2018; Dean et al, 2021b). 
For a minor increase in the number of staff-days, the 3D survey acquired five times as many source 
points and over 200 times as many traces. The resolution of the 3D data is higher due to the 
increased bandwidth (2.6 versus 7.2 octaves), higher maximum frequency (180 versus 220 Hz) and 
smaller bin size (2.5 versus 5 m). Overall, the cost of the 3D survey was about twice that of the 2D 
survey. 
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FIG 6 – Map showing the 2010 2D seismic surveys lines in green and the outline of the 2020 3D 

survey in black. 

TABLE 1 
Summary of the acquisition parameters for the 2010 2D and 2020 3D surveys. Only includes areas 
that could be accessed, the boundary of the survey itself was larger. Does not include initial/final 

pickup/layout (an extra 10 days with a reduced crew size). Crossline offset; inline offset was 
unlimited (ie the full width of the block). 

Parameters 2010 – 2D 2020 – 3D 
Area 106 (line km) 191 (km2) 

Receiver point spacing (m) 10 5 

Receiver line spacing (m)  20/40 

Receiver points 20 200 101 744 

Source point spacing (m) 10 5 

Source line spacing (m)  20/40 

Source points 20 180 100 516 

Offset (m) 700 3203 

Live channels 140 28 000 

Sweep bandwidth 15–180 Hz 1.5–220 Hz 

Sweep length 6 14 

Receivers 3 × 30 Hz 1 × 10 Hz 

Recording length (days) 47 252 

Traces 2 825 186 642 411 952 

Crew size 20 42 

2020 3D SEISMIC SURVEY 
The Blackwater survey was acquired with an ultra-high-density source and receiver geometry 
(Table 1; Dean, Grant and Pavlova, 2021b). In the western area of the survey, where the target 
seams were shallowest, the line spacing was 20 m, in the east this was increased to 40 m to reduce 
the cost of the survey. The bandwidth of seismic surveys acquired using hydraulic vibrators is 
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typically limited by the performance of the hydraulic system and the vibrators interaction with the 
ground. To improve the bandwidth, we employed the Maximum Displacement sweep technique 
(Bagaini et al, 2008; Dean et al, 2016) which utilises a custom designed drive-level/frequency 
relationship to allow for the vibrator’s performance across a wide-bandwidth allowing the 
transmission of a sweep with a bandwidth of more than seven octaves. Single Envirovibes with a 
peak force of 66 kN were employed for the survey emitting a single 14 sec sweep at each source 
point. SmartSolo nodes with a natural frequency of 10 Hz were used for recording data. The 4 sec 
record length is obviously much longer than required for identifying the shallow reflectors but enables 
the recording of the full ground-roll wave-train which is inverted during processing to give a shear-
velocity map of the near-surface. 
To enable the survey to be acquired efficiently the Managed Spread and Source (MSS) technique 
(Quigley, Holmes and O’Connell, 2013) was employed. MSS consists of a set of rules that determine 
how closely vibrators can sweep in time based on their spatial separation; the closer they are 
together the larger the time separation needs to be. If the standard ‘flip-flop’ acquisition technique 
was employed (each sweep being separated by the sweep length and the record length, so in this 
case 18 sec) then the maximum productivity for the survey would have been 200 points/h. Figure 7a 
shows the daily production achieved and the maximum conventional production and Figure 7b 
shows their ratio. The maximum production achieved in a single day was 5683 points (an Australian 
record), three times that possible with conventional acquisition. Over the duration of the survey the 
use of MSS allowed us to acquire the survey in 42 per cent of the time if it had been acquired 
conventionally. 

 
FIG 7 – (a) Daily production achieved and maximum production possible if conventional acquisition 

techniques had been applied. (b) Ratio between achieved and conventional acquisition rates. 

Comparison 
Significant improvements in seismic data quality with 3D imaging, (rather than 2D) has long been 
recognised in the industry, with 3D seismic entirely replacing 2D surveys, except in specific 
circumstances such as reconnaissance surveys or areas of difficult terrain (Biondi, 2006). 
Figures 8 and 9 show direct comparisons of 2D lines acquired in 2010 (Figures 8b and 9b) with the 
corresponding 3D seismic images from the 2020 survey (Figures 8c, 8d, 9c and 9d). The key 
differences noted are sharper imaging of the fault locations, more continuous reflectors, and 
improved imaging of reflectors in both the shallow and deep areas. Fault characterisation is also 
improved as evident in Figure 10, the fault on the right-hand side is subvertical (Figure 10c and 10d), 
however in 2D this is ambiguous (Figure 10b). Furthermore, the 3D seismic images help geologists 
in resolving complex fault relationship such as crossing, branching, fault zones, and assist structural 
geologist to define primary and secondary structures (tectonic history). 
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FIG 8 – Comparison of Seismic Data – line 20 (a) Location Map with 3D fault interpretation 

overlaid, (b) 2D data from 2010, (c) 3D pre-stack time migration from 2020, (d) 3D pre-stack depth 
migration from 2020. Seismic sections show 2 km width with approximately 500 m depth. 

 
FIG 9 – Comparison of Seismic Data – line 21 (a) Location Map with 3D fault interpretation 

overlaid, (b) 2D data from 2010, (c) 3D pre-stack time migration from 2020, (d) 3D pre-stack depth 
migration from 2020. Seismic sections show 2 km width with approximately 500 m depth. 
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FIG 10 – (a) Seismic variance image of T Seam surface highlighting faults mapped faults (black) 
and designed bridges (pink), (b) post 3D seismic perspective view of Ramp 30 Bridge (pink) and 

McCartney Fault (yellow). 

PSTM versus PSDM 
The 2020 3D Seismic data was processed using both Pre-stack Time Migration (PSTM) and Pre-
stack Depth Migration (PSDM) which has allowed for direct comparisons (Figure 8c and 8d). The 
smoothed velocity applied in PSTM provides a less focused image when compared to the additional 
velocity detail captured in PSDM, this can be seen on the left-hand side of Figure 9. In areas of 
complex velocities (ie variable weathering horizons, complex overburden scenario or thrust faults) 
the improvement provided by PSDM is even more obvious. 
Additional benefits of PSDM include having the seismic interpretation in-depth domain, for direct 
comparison with borehole data or mining information without the need for time-to-depth conversions. 

INTERPRETATION 
Interpretation was completed using Petrel Software. To aid with the interpretation of faults and seam 
splits various seismic derived attributes were utilised. For faulting, the variance attribute was the 
most successful to identify structures, the variance volume was utilised to slice through the faulted 
area to ensure the correct dip and dip direction was applied to the fault interpretation. The variance 
attribute is calculated in 3D and represents the trace-to-trace variability over a sample interval which 
produces interpretable lateral changes in acoustic impedance. Other derivative seismic attributes 
were also used including curvature and dip deviation to further define structures and flattening on 
key horizons. 
Seam horizon interpretation techniques included utilising the auto tracking feature in Petrel in areas 
where key seam reflectors are very clear to track, this reduces human error and ensure the same 
position on the reflector is interpreted. Mid-burden checking is another way to ensure the correct 
reflectors are followed across the seismic volume, creating surfaces of horizon interpretations and 
checking that mid-burden thickness are uniform, taking into consideration seam splitting and 
structure. This can also be checked by using mid-burden thicknesses seen in borehole intercepts. 
The use of borehole data is another important step in checking seismic horizon interpretations are 
of best quality, utilising borehole seam intercepts and validating differences compared to seismic 
horizon interpretations. The boreholes are then utilised to ‘tie’ the seismic horizon to borehole seam 
intercepts. This process ensures the seismic volume utilised by other stakeholders is of best quality 
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and seam surface depths are as close to known data points as possible. The seismic volume can 
be further improved with target exploration drilling, with surface improved with additional ‘tie’ points. 

CASE STUDIES 

Fault characterisation and R30 bridge design 
R30N in situ bridge demonstrates the value add that seismic data brings to mining operations and 
mine design. The reinterpretation of a fault at Blackwater following seismic acquisition, lead to a 
change in fault orientation away from a designed bridge (Figure 10). 
Better characterisation of this fault changed the approach to soft walling around the bridge within 
this area from a 45° which is required to manage the structural integrity and safety of the bridge to a 
less conservative 65° design. The result in this design change significantly sterilises less coal 
potentially leading to an additional ~106 kt of coal in the next five years. 

R54N fault interpretation confidence to unlock 30 kt 
Less exploration boreholes data density in R54N impacted the geological model accuracy. Selected 
blastholes have been geophysically logged to confirm repeated seams and characterise reverse 
faults, however there is no nearby exploration holes and highwall mapping to further constraint the 
fault zone. 
3D seismic interpretation was brought in, with a fault identified by seismic aligning perfectly with the 
logged blasthole intersection. This allowed geologists to confidently determine fault and extend to 
produce an accurate fault model. The model was successfully reduced 30 kt coal tonnage at risk 
due to blast damage and hard dig (Figure 11). 

 
FIG 11 – (a) R54N are where no extra data to interpret fault and improve model, (b) seismic data 

(points) incorporated to the model to better characterise fault and generate accurate model. 

Coal seam surface interpretation and model generation 
When comparing the accuracy and confidence in interpretations between 2D and 3D seismic 
(Figure 12) it was found that the 2D data is moderately successful at detecting faults. Overall, 
68 per cent of faults which were found in 3D to intercept the 2D lines were showed in 2D 
interpretations, 26 per cent of interpreted fault intercepts were not picked up in 2D, and 6 per cent of 
faults were only picked in 2D and are considered false positive identifications. 

No extra data to support or interpret 
fault here, no previous fault modelled 

Low offset faults just visible in 
HW 

Wireline blastholes (PS118 
missing M Seam) 

Seismic data points & fault interp. brought in, 
aligns perfectly with faulted wireline hole. 

New fault ~8m throw able to be added 
to model with confidence 

The Solution  Problem Solution 
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FIG 12 – Comparison of 2D and 3D fault interpretations. 

The interpretations of 3D seismic surfaces have also allowed continuous control over the coal seam 
roof to be applied. Exceptional detail has been provided and added to the surfaces, compared to 
drilling surfaces with 2D fault interpretations (Figure 13). 

 
FIG 13 – Comparison of Coal Surface details (a) coal Surface from model using drilling and 2D 

seismic data, (b) coal surface from 3D seismic tied to borehole data. 

The main downfall noted in the 2D interpretation it is ability to characterise faults and correctly map 
the fault locations between lines. Of the ten fault connections interpreted in 2D only two match the 
observations made in 3D. 

DISCUSSION AND CONCLUSION 
The use of 3D seismic survey data and interpretation in a structurally complex open cut coal mining 
to optimise mine plan is proven. 
The benefit of 3D seismic acquisition at Blackwater has started to be realised, the benefits to the 
data can be seen from all time frames. From utilising fault interpretations close to current workings 
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to better understand structures seen in the current highwall as described in R54N, to changing mine 
designs within the five year plan time frame shown in the R30N bridge redesign, right to the LOA 
timescale where targeting drilling on structures not yet identified and optimisation of LOA scale mine 
plans. 
From a data acquisition standpoint, current technology can image structural elements in an open cut 
mining environment despite the survey area being in the vicinity of an active mining environment 
with multiple noise sources. The use of seismic exploration aligns with BHP’s constant approach to 
reduce data acquisition cost and improve data to interpretation turn-around time while keeping the 
quality. The flow on affect to having seismic data is that exploration drilling is now targeted to inform 
areas of structural complexity. It also allows for Coal Quality type drilling to be targeted in areas of 
less structure reducing the need for redrills due to core loss. 
Blackwater’s long history of various seismic acquisition types demonstrates that 3D seismic supplies 
a higher confidence interpretation of structural elements compared to what can be achieved from 
the borehole and 2D seismic survey. 
Additional geological information can be obtained from seismic volumes. Using velocity inversions 
methods (Dean et al, 2021a; Strobbia et al, 2021), to image data of the near surface (<50 m), 
exploration drilling to confirm seismic interpretation and quantitative analysis as seismic processing 
technologies improve. 
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ABSTRACT 
The Argyle deposit in the Kimberley region of Western Australia was the world’s largest accumulation 
of natural diamonds. Following its discovery in 1979, the mining of associated alluvial diamonds 
commenced in 1983, followed by the pipe in late 1985. Over the life of the mine to its closure in 
November 2020, Argyle produced approximately 900 million carats of diamonds. Argyle diamonds 
are distinctive in having a predominance of brown colours and rare highly-prized pink diamonds, 
which are a signature of the deposit. 
The 3D geological model developed from mining and deep drilling shows that Argyle is a composite 
pipe formed by the coalescence of several steep-sided diatremes, each with their own feeder zones 
at depth, that were erupted along a NNE-trending fault. The ~1.2 Ga Argyle pipe is comprised of 
diamondiferous olivine lamproite volcaniclastic rocks and intruded by sparse olivine lamproite dykes. 
The volcaniclastic rocks are predominantly comprised of unconsolidated quartz-rich lapilli and 
coarse ash deposits formed by numerous phreatomagmatic eruptions of olivine lamproite magma 
through Mesoproterozoic water-rich sands and silts. Post-emplacement deformation has tilted the 
orebody 30° to the north and regional strike-slip faulting has offset, segmented, and elongated the 
orebody. 
Recent significant modifications of the geological model resulted from underground block cave 
operations, producing several critical lessons learnt. Diamond grade and quality reconciliation issues 
warranted a geological investigation which resulted in the recognition of new volcaniclastic olivine 
lamproite domains with a broad range of diamond grades, including some very high-grade units. The 
new lamproite domains had a significant effect on the block cave mining and resultant recovery of 
diamonds. The new findings enable a more coherent and detailed geological understanding of the 
volcanic emplacement and paragenetic sequence of the Argyle AK1 pipe. Structural modelling of the 
deposit also played a major role in the block cave mining tonnage recoveries and daily operations. 
The re-examination of the geology of the Argyle pipe and the results of this new information 
reinforces the need for ongoing robust geological work both in the early stages of mining a deposit 
and continued during the life of the mine. 

INTRODUCTION 
The Argyle diamond mine in the east Kimberley region of Western Australia was the world’s largest 
source of natural diamonds (Figure 1). The deposit lies 110 km south of the town of Kununurra and 
is hosted by the ~1.2 Ga Argyle (AK1) lamproite pipe. 
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FIG 1 – Location map and simplified regional geology of the Kimberley Craton showing the location 

of the Argyle diamond mine (modified after Boxer, Jaques and Rayner, 2017). 

The Argyle deposit was discovered in 1979 during a 200 000 km2 wide program of reconnaissance 
stream sampling of the Kimberley region (Atkinson et al, 1990; Smith et al, 2018). Mining of the 
associated alluvial diamonds commenced in 1983 and at the AK1 pipe in late 1985. Over the life of 
the mine to its closure in November 2020, Argyle produced approximately 900 million carats of 
diamonds. At peak production in the 1990s the Argyle deposit produced some 40 million carats per 
annum, approximately 50 per cent of world rough diamond production. Argyle diamonds are 
distinctive in having a predominance of brown colours but include rare highly-prized pink diamonds, 
which are a signature of the deposit. 
The Argyle diamond deposit has been described in several papers including the recent summary by 
Boxer, Jaques and Rayner (2017). Comprehensive accounts of the Argyle deposit and its diamonds 
are given in a series of thematic papers in the Society of Economic Geologists Special Publication 
20 with papers describing the discovery (Smith et al, 2018), evaluation (Roffey et al, 2018), geology 
(Rayner et al, 2018a), mantle chemistry (Jaques et al, 2018), diamonds (Stachel et al, 2018), and 
diamond colours (Bulanova et al, 2018). Here we summarise revisions to the geological model and 
knowledge of diamond grade distribution with lithology based on deep mining of the deposit and the 
lessons learnt from recent geological investigations of the deeper sections of the pipe. 

GEOLOGY 
The Argyle AK1 lamproite diatreme complex (‘pipe’) lies within the Halls Creek Orogen at the south-
eastern margin of the Kimberley craton where it was emplaced in the Palaeoproterozoic Revolver 
Creek Formation, and the overlying shallow-marine siliciclastic sedimentary sequences of the 
Mesoproterozoic Carr Boyd Group. The pipe is infilled by volcaniclastic olivine lamproite and cut by 
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sparse late thin dykes of olivine lamproite. The volcaniclastic rocks are predominantly comprised of 
quartz-rich lapilli tuffs and coarse ash tuffs formed by numerous phreatomagmatic eruptions of 
olivine lamproite magma through water-rich unconsolidated sands and silts of the Carr Boyd Group 
(Jaques, Lewis and Smith, 1986; Rayner et al, 2018b). West of the mine the sedimentary sequence 
dips at about 30° north, but east of the mine the sedimentary rocks have been strongly deformed by 
sinistral strike-slip movements on the Halls Creek Fault. 
Geological mapping and drilling showed that prior to mining the Argyle pipe was an elongated body 
~2 km long and 150 to 500 m wide, with a surface area of ~47 ha (Figure 2). The 3D geological 
model of AK1 developed from open pit and underground mapping, and extensive drilling shows that 
the Argyle pipe comprises at least three and possibly four steep-sided, coalesced and overlapping 
diatremes, that were erupted along a NNE-trending fault. The diatremes each have their own feeder 
zones which narrow markedly with depth (Figure 3). 

 
FIG 2 – Geological map of the Argyle AK1 lamproite pipe (after Jaques, Lewis and Smith, 1986; 

Boxer, Jaques and Rayner, 2017). 
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FIG 3 – 3D geological model of the Argyle AK1 pipe (red) superimposed on photograph of the 

Argyle mine. The extent of underground block cave mine is shown in yellow and mine tunnels are 
shown in grey. 

The northern diatreme is separated from the southern diatreme, which has two feeder systems 
suggesting two partially overlapping diatremes. Post-emplacement deformation has tilted the 
orebody 30° to the north and regional strike-slip faulting, notably the Gap and Razor Ridge faults, 
has offset, segmented and elongated the orebody. The sinistral NNW-trending Gap fault separates 
the northern diatreme from the southern diatreme which may itself comprise two overlapping 
diatremes. South of the main body of AK1 a narrow offshoot (southern tail) is displaced to the west 
by the dextral Razor Ridge fault (Figure 4). 

 
FIG 4 – 3D geological model of the Argyle AK1 pipe (red) superimposed on photograph of the 
Argyle mine. The northern diatreme is separated from the southern diatreme by the Gap Fault 

West which has two feeder systems suggesting two partially overlapping diatremes. The 
southernmost offshoot of the pipe (southern tail) is displaced from the main body of the pipe by the 

Razor Ridge fault. 

The volcaniclastic lamproite rocks have been divided into two main types based on the abundance 
of entrained accidental quartz grains from the country rocks. The dominant lithology is quartz-rich 
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olivine lamproite tuff (‘sandy’ tuff) comprised of variable amounts (generally (<35 vol per cent) of 
juvenile lapilli and ash fragments of olivine lamproite set in a matrix of lamproite ash and abundant 
(up to 80 vol per cent) accidental, rounded detrital quartz grains, quartz splinters and fine lithic 
fragments of disaggregated and comminuted country rock (Jaques, Lewis and Smith, 1986; Boxer, 
Lorenz and Smith, 1989; Rayner et al, 2018a). The other main lithology consists of crystal−lithic 
olivine lamproite tuffs typically free of accidental quartz grains (‘non-sandy’ tuff) and is mainly 
confined to the centre of the northern diatreme. The ‘non-sandy’ tuff appears to cross-cut ‘sandy’ tuff 
sequences and is inferred to be a later volcanic phase. 
The basic lithological types were further divided into five domains for the purposes of mining: the 
south ‘sandy’ tuff (subdivided by grade into high and low domains) forms the main body of the 
deposit, the low-grade ‘non-sandy’ tuff north and higher grade ‘sandy’ tuff comprising the northern 
diatreme, and a small high-grade domain referred to as the southern tail to the south-west. Erosion 
of the Argyle pipe, commencing in the Miocene, resulted in deposits of alluvial diamonds in coarse 
terrace gravels and Holocene floodplain gravels in the Smoke Creek and Limestone Creeks draining 
into Lake Argyle. 

Revisions to the geological model and controls on grade distribution 
Recent significant modifications of the geological model have resulted following the underground 
block cave operations in the southern diatreme. Block caving operations found diamond grade and 
quality fluctuations which were inconsistent with the historical simplistic single source lamproite 
model for the southern diatreme (Roffey et al, 2018). The diamond grade and quality reconciliation 
issues prompted further geological investigations which identified new volcaniclastic olivine 
lamproite domains with widely varying diamond grades. 

Recognition of new lithofacies within the pipe 
A re-examination of the geology of the pipe has resulted in the recognition of at least five distinct 
volcaniclastic lamproite lithofacies with differing diamond grades (Rayner et al, 2018b). The new 
lithofacies are distinguished by differences in the nature and shape of the lamproite pyroclasts, the 
amount of included accidental free quartz grains from the country rock, the abundance of accidental 
lithic fragments, and the amount of discrete altered former olivine xenocrysts. 
The predominant lithofacies in the Argyle pipe (lamp1a) is well-bedded to massive to chaotic 
pyroclastic olivine lamproite containing abundant rounded accidental quartz grains and minor 
sandstone, siltstone and mudstone country rock xenoliths (Figure 5). Individual beds in the bedded 
tuffs are typically thin (mm to <10 cm) thick, and mostly poorly sorted but some well-bedded units 
show graded bedding. This lithofacies is distinguished from other Argyle lithofacies by its well-
bedded and disrupted rock fabric, and high proportion of accidental rounded quartz. This unit is 
inferred to have formed by multiple low-volume phreatomagmatic eruptions when olivine lamproite 
magma erupted through water-saturated, poorly consolidated sand and sandstone units of the Lower 
Carr Boyd Group forming a maar-diatreme (Boxer, Lorenz and Smith, 1989; Rayner et al, 2018a). 
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FIG 5 – Long-section of the Argyle pipe facing west showing schematic location of new lamproite 

lithologies and domains. Most of the southern diatreme is comprised of Lamp1a. Lamp2 is found in 
isolated small sub-domains of the diatreme. The central high-grade zone (outlined by red line) of 
Lamp1h (in green) forms a feeder to Lamp1h of the ‘South Sandy High’ domain (light blue). Note 

the bedded nature of Lamp1h deep within the pipe and also in the upper ‘South Sandy High’ 
domain. Lamp1b (in yellow) units are shown schematically as late discordant units and may be 

formed by feeder conduits of tephra jets. Lamp4 occurs within and below the block cave but its full 
distribution in the pipe is yet to be determined (modified after Rayner et al, 2018b). 

The most significant of the newly recognised lithofacies (lamp1h) has high diamond grades of 
>10 carats per t as displayed in Figure 5. This lithofacies comprises lamproite lapilli tuffs and coarse 
ash tuffs with low abundances of accidental quartz grains (5−20 vol per cent) and a high proportion 
(10−30 vol per cent) and larger size (up to 10 mm) of the discrete olivine (now altered) grains. These 
altered grains are inferred to be olivine xenocrysts derived from disaggregated garnet peridotite and, 
therefore, provide a measure of entrained mantle components (Rayner et al, 2018b). This lithofacies 
appears to occupy a narrow central column within the southern diatreme, connecting to the long-
recognised high-grade zone at the former surface (‘south sandy high’). Lapilli tuffs and ash tuffs with 
fine-scale graded and cross-bedding extend to depths of ~1500 m below the original eruptive surface 
of the diatreme. These features suggest that eruption and infilling of the diatreme crater by 
pyroclastic debris from the phreatomagmatic volcanism was accompanied by ongoing subsidence 
of the tephra which maintained a steep-walled diatreme in the water-saturated country rock 
sediments. The shape and disposition of the bedded diamond-rich lithofacies, deep within the 
southern diatreme, suggests that it may be part of a (younger) nested diatreme within the large 
southern diatreme. This implies that the younger diatreme may include an as yet unrecognised 
unbedded feeder conduit(s) that gave rise to the thick bedded diamond-rich lithofacies at upper 
levels. 
A subordinate but significant lithofacies (lamp2) typically found at the margins on all sides of the pipe 
and depths ranging to >1000 m below the pre-mining surface in the north lobe of the southern 
diatreme comprises massive to crudely bedded volcaniclastic olivine lamproite rich in quartz grains 
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and country rock xenoliths but poor in juvenile fragments (Figure 5). The few juvenile pyroclasts are 
typically poorly crystalline and have a ragged or wispy shape. This lithofacies has fewer altered 
olivine xenocrysts and other mantle components: chromite xenocrysts and garnet peridotite xenoliths 
are either rare or lacking. This lamproite lithofacies is commonly disturbed and/or dislocated creating 
a chaotic appearance and typically occurs at the margins on all sides of the pipe and depths ranging 
to >1000 m below the pre-mining surface in the north lobe of the southern diatreme. These 
occurrences are inferred to be remnant (‘unstoped’) portions of the original eruptive phase that have 
escaped disruption and/or removal by the later lamproite eruption sequence. 
A minor lithofacies (lamp1b) comprised of massive to chaotic textured pyroclastic olivine lamproite 
characterised by wispy, ragged and vesiculated juvenile pyroclasts is restricted to the southern 
diatreme where it occurs mostly as narrow intervals (0.3−2.5 m) within the main lithofacies (Figure 5). 
Other features of this lithofacies are the white oxidised rims on the pyroclasts (due to abundant 
leucoxene), a quartz-rich interclast matrix, and minor country rock xenoliths. This lithofacies is 
distinct from other lithofacies in AK1 due to its massive rock fabric and occurrence in narrow intervals 
within or cross-cutting other lithofacies. Collectively these features suggest an origin as feeder 
conduits or fragments of former feeder conduits for tephra jets that may have reached the crater floor 
and deposited tephra outside and on top of the main lithofacies. Alternatively, the feeder conduits 
only intruded the main lithofacies to the margins of the pipe and did not reach the crater floor. 
The lamp4 lithofacies is characterised by a diffusely- to well-bedded pyroclastic olivine lamproite 
similar to the dominant lithofacies but characterised by distinctly higher proportions of juvenile 
lamproite pyroclasts relative to free olivine grains and rounded quartz grains and a low proportion 
country rock xenoliths. This lithofacies has to date only been found in isolated parts of the southern 
diatreme below the block cave. Bedding is defined by changes in the size of juvenile pyroclasts with 
individual beds typically >10 cm thick, with subtle normal and/or reverse grading. 

Volcanological and structural complexity 
The basic geological model for the formation of the Argyle pipe by olivine lamproite magma intruded 
through narrow conduits along or controlled by faults through the Proterozoic basement rocks and 
erupted through wet unconsolidated sands and poorly consolidated quartz-rich sediments of the 
overlying Lower Carr Boyd Group to form the thick diatreme fill of bedded and massive quartz-rich 
lapilli tuffs remains (Jaques, Lewis and Smith, 1986; Boxer, Lorenz and Smith, 1989; Rayner et al, 
2018a). However, the new lithofacies and the revised 3D geological model showing multiple nested 
diatremes reveal the volcanological complexity resulting from multiple small, short-lived 
phreatomagmatic eruptions erupting from different vents. Accumulation of the bedded tephra on the 
crater floor was accompanied by subsidence of the tephra sequence along ring-faults thereby 
maintaining steep walls of the diatreme in the poorly consolidated sediments during ongoing 
volcanism (Rayner et al, 2018b). Subsidence was likely succeeded by post-eruptive compaction and 
induration of the diatreme fill (Rayner et al 2018a). 
In addition to the volcanological complexity, deep mining revealed further structural complexity 
resulting from post-emplacement faulting. The elongated nature of AK1 is due primarily to the 
coalescence of the adjacent diatremes but has been compounded by sinistral movements on the 
NNW-trending Gap fault system and dextral movements on the ENE-trending Razor Ridge faults 
that cut the pipe (Figures 2 and 4). The Gap fault was originally thought to be a single fault separating 
the rocks of the northern diatreme from those of the southern diatreme but mining showed the Gap 
fault to be a series of en-echelon brittle-fracture step faults (Rayner et al, 2018a). Displacement by 
the Gap fault step system has extended the length of the orebody and resulted in irregular faulted 
margins with ‘saw-tooth’ structures on both sides. As a consequence, these structures are generally 
fault bounded on one side, and have primary contacts on the other. The post-emplacement 
movements on the Gap and Razor Ridge faults are thought to be due to the ~560 Ma King Leopold 
orogeny, which reactivated shear zones associated with Proterozoic strike-slip faulting in the Halls 
Creek orogen and generated some associated S-directed thrusting (Tyler, Hocking and Haines, 
2012). 
The pre-deformation horizontal extent of AK1 is estimated to have been ~1400 m rather than the 
current 2100 m, with the true north–south length estimated to be about ~1200 m after allowing for 
displacement on the Razor Ridge fault (Rayner et al, 2018a). The pre-erosional size of AK1 at the 
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syn-eruptive surface is likely to have been larger, as the uppermost parts of the crater and associated 
rim rocks have been eroded. 

Diamond grade variations 
The Argyle diamond population is characterised by a small diamond size with a log-normal 
distribution and high stone frequency (Hall and Smith, 1985; Deakin and Boxer, 1989; Roffey et al, 
2018). Extensive microdiamond sampling of AK1 showed a relatively constant mean stone size in 
composites, suggesting that the diamond size frequency distribution is similar throughout the body 
and effectively homogeneously distributed at the mining scale (Roffey et al, 2018). This allows local 
diamond grades to be estimated from microdiamond distribution and abundance. 
The grade distribution, however, varies considerably within the orebody, with lower grades in the 
northern diatreme (typically ~2 ct/t) and higher grades (6−9 ct/t) in the southern diatreme, yielding 
an average production grade of 3 to 4 ct/t (Roffey et al, 2018). Variations in grade within the orebody 
are due to variations in stone frequency which can reflect either varying proportions of country-rock 
dilution or elutriation of volcanic ash during eruption. Despite these differences, homogeneity of the 
diamond size-frequency distribution at the mine scale allowed continued production of high-grades 
(average 3.5 ct/t over 36 years) with a homogeneous size (Roffey et al, 2018). Block cave mining, 
however, showed smaller scale grade variations with geology with distinct differences between the 
newly recognised lithofacies and that the diamond grade variation across AK1 is not simply related 
to dilution and mixing of diamonds from a single common lamproite magma. Rather, the variations 
in diamond grade and quality within the pipe indicate that Argyle was formed by at least two distinct 
magmas with unique diamond contents. 

CONCLUSIONS 
Recent significant modifications of the geological model have resulted following the commencement 
of underground block cave operations, producing several critical lessons learnt. Diamond grade and 
quality reconciliation issues warranted a geological investigation which resulted in numerous new 
volcaniclastic olivine lamproite domains with a large range in diamond grades being recognised. The 
new lamproite domains had a significant effect on the block cave mining and resultant recovery of 
diamonds. The result of the study was a more coherent and detailed geological understanding of the 
volcanic emplacement and paragenetic sequence of the Argyle AK1 pipe. Structural modelling of the 
deposit also played a major role in the block cave mining tonnage recoveries and daily operations. 
The remapping of the distribution of lithofacies throughout the Argyle pipe provides the basis for a 
more complete understanding of the complex eruptive history of the Argyle pipe, the world’s largest 
accumulation of diamonds. 
An important lesson from the mining at Argyle is that geological studies should continue throughout 
the life-of-mine and that early assumptions of geological models should continue to be tested and 
refined as more data become available. Geology is key to every mineral deposit and failing to fully 
understand the geology and mineralisation puts the operator at significant risk. 
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ABSTRACT 
The DeGrussa copper-gold deposit is located 900 km North of Perth. Copper-gold bearing massive 
sulfide lenses occur in lower greenschist facies meta-sedimentary and mafic volcanics of the Bryah 
Basin. Regional folding, faulting, and tilting of the stratigraphy primarily occurred during the Capricorn 
Orogen (Johnson, 2013). 
The Shiraz Fault and Merlot Fault are regional oblique-sinistral faults that offset the DeGrussa 
massive sulfides lenses into three fault blocks by ~350 m and ~120 m, respectively. A network of 
deposit-scale brittle-ductile faults splay from, and in one example are cut by, the Shiraz and Merlot 
faults. This results in localised ore displacement, selvage alteration and degradation of the rock mass 
integrity. 
Historically, only the Shiraz and Merlot Faults were modelled and validated during mining and grade 
control. The requirement for a comprehensive structural model became more relevant as mining 
became advanced and confining stresses on local rock mass became more complicated. The 
DeGrussa Structural Model has been developed to delineate areas of structural complexity and is 
an important tool in mitigating rockfall risk through well informed technical design. During this 
process, every accessible excavation was walked and structurally mapped. New workflows in 
Leapfrog Geo and new technology, including an app that runs on mobile phones streamlined the 
validation process. Drill hole orientation was a limiting factor during validation. At the time of writing 
this submission, the DeGrussa Structural Model consists of 34 faults, and is now an important tool 
for the Technical Service team when developing mine plans and schedules. 
Applied structural geology is often seen as exclusive to those with a PhD in the field. Faults at 
DeGrussa have been modelled and reconciled by a Mine Geologist and Geotechnical Engineer, 
using first principles geological characterisation. This is a simple process that demonstrates any 
geologist can contribute to a structural model, provided they understand the fundamentals of 
unbiased structural measurements and consistent record of observation. 

INTRODUCTION 
The purpose of structural modelling at DeGrussa is to inform ore and deformation zone modelling. 
Faults cutting the ore domains and stratigraphy at DeGrussa have the potential to cause offset 
between ore domains and can be detrimental to local rock mass integrity. This understanding helps 
maximise the safe and efficient extraction of ore during the mining process. Between June and 
October 2020, the working DeGrussa Structural Model (Structural Model) was developed campaign-
style in a collaboration between delegates of the Geology and Geotechnical departments. The Mine 
Geology team at DeGrussa have since improved their skills in structural modelling, which has been 
integrated into weekly model update workflows. Before the program started there were two faults 
(Shiraz and Merlot) modelled at DeGrussa. The upskilling, mapping and modelling campaign has 
paid dividends with the latest model containing an entire ‘vineyard’ of 34 faults and splays. 
The Structural Model is now a cornerstone of information used by the Technical Services team at 
DeGrussa. It is interrogated during all stope design stages, mine plan approvals, schedules and 
plans as a potential hazard. Faults in the Structural Model are used by the geotechnical department 
to predict and reconcile overbreak profiles and are integral in the issuance of ground support design. 

WHY BOTHER? 
Faults (unless well annealed) compromise rock mass integrity. This can lead to fall of ground, with 
possible catastrophic physical and monetary risk. In addition, ore discontinuity, dilution, water ingress 
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and scheduling discrepancies from fault interaction pose monetary risk to the operation. Risks from 
rock mass deformation at DeGrussa can be negligible to catastrophic. The Structural Model provides 
confidence in constraining and understanding these deformed rock mass hotspots. The Structural 
Model has been developed to communicate areas of structural concern underground which might 
otherwise have been overlooked, helping to mitigate risk throughout the mine with well informed 
decisions. 
At DeGrussa, the Geotechnical department undertake rigorous forward and back analyses on stopes 
and stoping profiles. Reconciling CMS (Cavity Monitoring System) data against faults can provide 
useful learnings to how certain faults impact drill and blast design and overbreak/underbreak. 
Ore geometries and contacts at DeGrussa are often structurally influenced or controlled. A greater 
understanding of fault geometries has proved valuable when modelling ore domains, as ore/waste 
contacts that are structurally controlled are more effectively defined. Ore lenses that are structurally 
constrained on the hanging wall and footwall pinch and swell as the fault system anastomoses along 
strike, forming complex concave/convex, and boudinage ore geometries. 
Open structures act as conduit for fluid flow. Having a high confidence on characterisation and 
granularity on faults can help predict and explain water ingress or connectivity through underground 
excavations. 
Where wet structures converge and cross-cut the orebody, mobile elements such as zinc are found 
in elevated concentrations trending in either the same direction as the associated structure, or in an 
enriched domain constrained by faults. Figure 1 illustrates how in the Conductor Five (C5) ore 
domain, anomalously high zinc grades are constrained to two main fault blocks. Processing ore with 
elevated levels of zinc can impact recovery and/or incur sales penalties. 

 
FIG 1 – Isometric section looking down 54 degrees, toward the south-west of massive sulfide 

domains of the C5 lode. Three dimensional planes are modelled faults; intervals are Zn per cent 
assay, constrained >5 per cent. Slice is 120 m thick. Note some less relevant faults to the image 

have been omitted to reduce clutter. 

Remnant mining opportunities can be technically challenging. The exact position of each fault and 
its characteristics are important to understand when carrying out recovery risk assessments. Low 
confinement, and high localised stress is typical of these remnant mining areas. Understanding 
structural influence is imperative to making a well-informed decision on risk and failure potential. 
As understanding of the structural setting of a mine increases, so does potential near mine extension 
opportunities. When faults are understood to offset or enrich mineralisation, they can be investigated 
for areas which may have had reduced drill spacing or be inadvertently left open at peripheries. The 
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better understanding of geological framework at a deposit level helps build prospectivity or target 
maps for near mine exploration, or the trigger to seek more, or higher quality data from structurally 
complex areas. 

GEOLOGY 
The DeGrussa copper-gold deposit is located 900 km north of Perth, Western Australia. Copper-
gold bearing massive sulfide lenses occur in lower greenschist facies meta-sedimentary and mafic 
volcanic rocks of the Bryah Basin. Regional folding, faulting, and tilting of the stratigraphy primarily 
occurred during the Capricorn Orogen (Johnson, 2013). 
Sulfide mineralisation consists of massive and semi-massive sulfide lenses hosted in 
siltstone>sandstone turbidite sequences which are interleaved with mafic volcanic and intrusive 
rocks of the Karalundi Formation (Adamczyk, 2013). Primary sulfide minerals present in order of 
abundance are pyrite, chalcopyrite, pyrrhotite, and sphalerite with localised magnetite and trace 
galena. Gold is associated with the chalcopyrite rich zones and occurs as a high silver electrum. 
Mineralisation is often associated with strong chlorite +/– carbonate +/– talc alteration, which can be 
found internal or external to the sulfide domains. 
The DeGrussa deposit is made up of four copper-rich massive sulfides domains (see also Figure 2): 

• The DeGrussa (DG) lode has a strike length of 220 m, is ~20 m thick and dips steeply south 
to subvertically. It has a vertical extent ~300 m. 

• Conductor One (C1) sits stratigraphically below DeGrussa and dips moderately to the south-
west. It has a strike length of 540 m and a vertical depth of 400 m. C1 is modelled in two 
discrete domains, C1 main and C1E. 

• Conductor Four (C4) lies ~200 m east of both DeGrussa and C1 and stratigraphically below 
C1 due to offset by the regional-scale Shiraz Fault. It has a strike length of ~420 m, dips south 
south-east and has an average thickness of ~25 m. 

• Conductor 5 (C5) is ~80 m east of C4, strikes over ~300 m and dips south south-west. C5 is 
offset from C4 by the regional-scale Merlot Fault C5 has an average thickness of ~20 m. 

 
FIG 2 – Plan view of massive sulfide lodes: C1 lode being lilac, DeGrussa lode blue, C1E lode 

indigo, C4 lode orange and C5 lode red. 

Apart from the DeGrussa lode, all other massive sulfide domains are comprised of multiple discrete 
lenses and pods. The nomenclature prefix, Conductor, pertains to the ore domains’ discovery by 
electromagnetic survey techniques. Conductors Two and Three were reportedly a product of native 
copper in the regolith profile and did not materialise into ore lodes. 
The Shiraz Fault and Merlot Fault are regional oblique-sinistral faults, that offset the DeGrussa 
massive sulfides lenses into three fault blocks, offsetting massive sulfide domains by ~350 m and 
~120 m, respectively. A network of deposit-scale brittle-ductile faults splay off, or are cut by the 
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Shiraz and Merlot Faults, resulting in localised ore displacement, selvage alteration and degradation 
of the rock mass integrity. There is some evidence to suggest that some of the faults have introduced 
a volumetric increase in contained metal at DeGrussa (Figure 3). 

 
FIG 3 – (a) plan slice looking down; and (b) cross-section looking east – Suppliment to Figure 2, 

showing apparent thickening of C5 lode massive sulfides to the east/footwall of Corvina Fault. Note 
any offset in stratigraphy due to Corvina Fault is disproportionate to thickening in sulfides, 

providing evidence for mineralisation syn/post-fault. 

Mineralisation and country rock have been subject to deep weathering and a heterogeneous regolith 
profile has been established. Troughs of intensified oxidation are found through fault zones, 
especially those transecting meta-sediments and chlorite +/– carbonate +/– talc altered zones. 
These troughs of intensified oxidation have several key impacts on the production cycle: 

• Degradation to rock mass is increased and accentuated, imposing requirement for higher 
levels of engineering controls and tighter stoping parameters. These domains often incur 
greater amounts of overbreak and have higher intrinsic risk of fall of ground than general 
country rock, especially in fault intersection zones. 

• The flotation circuit in the processing plant can be affected negatively by oxidised materials, 
clays, and altered pH. Such factors have impacted flotation kinetics, lowered recovery, and 
accentuated zinc activation. 

• Functionality of conventional paste-cemented backfill products are often compromised when 
using highly oxidised tails; change the recipe of the cake, expect a different result. 

BACKGROUND 
Up until 2020, only the Shiraz and Merlot Faults were regularly modelled and validated during mining 
and grade control. Updated periodically, modelling of these faults was reviewed by the Perth-based 
Principal Geologist. 
In November 2014, a large aquifer adjacent to DeGrussa was intersected, flooding the lower levels 
of the mine. Subsequently, a structural geologist was contracted to map structures which may act 
as a conduit for further water ingress. The model provided at the completion of this project was 
comprehensive, but poorly validated against drill data. It became known as the Unvalidated 
Structural Model. Once complete, the project was not continued or updated on-site and the fact 
mapping data was lost. The model was used by the Geotechnical Engineers for stope design but, 
as it was based on mapping data from limited development, it often reconciled poorly, and faults 
modelled as continuous would frequently not be present at all. There was no clarity between Geology 
and Geotechnical Departments as to where the jurisdiction lay for updating the deposit-scale faults 
at DeGrussa, so until 2020, deposit-scale faults were never validated. The reliance on the 
unvalidated model resulted in poor understanding of structural characteristics, leading to critical 
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mining decisions being made on unvalidated information. Only the Shiraz and Merlot Faults were 
maintained to a high level of confidence and reconciled well with mining. 
Historically, point data of the Shiraz and Merlot Faults would be added to a master points polyline 
file in Geovia Surpac (Surpac) by site based Mine Geologists. New points would then be reviewed 
by a senior member of the on-site geology team, and the models subsequently updated by the Perth 
based Principal Geologist using Seequent Leapfrog Geo (Leapfrog). Leapfrog was not used on the 
mine site at this time. 
During earlier stages of mining at DeGrussa, several structural mapping campaigns were 
undertaken. Although the data was ad hoc across the mine, this mapping often provided valuable 
structural data in areas that had already been mined, by providing important insights that could be 
used in unmined areas. 
Legacy data was captured and stored in several different formats. Multiple versions of models 
resulted, used by members of technical services, which often led to confusion and ill-informed 
decisions being made for design and ground support. There was no standardised process for 
capturing and storing structural data underground or in diamond core. For example, faults were 
delineated when intersected underground and surveyed, however unless they belonged to the Shiraz 
or Merlot faults, the data was left unused. However, these structural pickups became important when 
the Structural Model was being build. 
One of the contributing factors for not actively modelling faults pre-2020 was a lack of structural 
training in the mine geology team. Most of the DeGrussa orebody is situated in the ‘medium stress’ 
field, which is favourable for stoping, creating a false sense of structural security. The accepted 
doctrine was that small-scale structures were not relevant enough to mining to actively model. In 
reality as mining progressed and confining stresses were redistributed, geotechnical instability 
became increasingly difficult to predict and posed a much higher risk. 
Numerous instability occurrences have been unquantifiable with respect to cause and occurrence. 
As a result, accurate and precise explanations were lacking. The Structural Model has improved 
stability evaluations resulting in more accurate and precise explanations when reconciling instability 
assessment. 
In 2018, the Mine Geology team prepared for the grade control drill out of Monty Copper Mine 
(satellite deposit to DeGrussa). It became clear that using explicit modelling techniques in Surpac 
would not be appropriate. Monty has complicated, bimodally oriented massive sulfide domains with 
intricate geometries. It was decided that implicit modelling techniques would be the best option to 
keep up with six diamond drill shifts per day and an aggressive mining schedule. The structural 
model at Monty was also generated in Leapfrog and updated dynamically on-site as data was 
generated. This set the benchmark for a new structural modelling workflow at DeGrussa. 
The Monty Structural Model was the derivative for the DeGrussa Structural Model, with initial drill 
data indicating the deposit was structurally controlled. Understanding structures spatially and their 
characteristics through data collection and modelling is a crucial component to identifying risks to 
safety, and allows more efficient use of drilling capital. The structural model workflow used at Monty 
has been a strong influence in the DeGrussa Structural Model. 
When the DeGrussa Structural Model was commissioned in June 2020, the DeGrussa Structural 
Modelling Procedure was drafted using the Monty modelling workflows as a template. The major 
difference between modelling faults at DeGrussa and Monty, was that at Monty, the data generation 
was done synchronous with grade control and development. At DeGrussa, grade control and 
development were mostly completed, with over 2700 diamond drill holes and approximately 60 km 
of excavated development to be reviewed. The largest challenge at DeGrussa was deciding how to 
address the large volume of legacy data. Another major consideration was validating faults with 
enough spatial continuity to produce a robust product, without spending too much time validating 
faults in areas that had already been mined. So, when building a model retrospectively – where do 
you start? 
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BUILDING WORKFLOWS 
All faults at DeGrussa are named after red wine varieties. This convention began during the early 
exploration of the Bryah Basin, and has continued through to the most recently modelled, deposit-
scale fault. As there are now 34 modelled faults and splays, it is fortunate that there are hundreds of 
varietals and not all are unpronounceable to your average Australian miner. 
The first major task in the Structural Model was campaign mapping underground. This was done to 
gain a consistent spatial, textural, and kinematic understanding of the faults from the beginning. 
Every accessible level underground was walked and inspected for structures. Notes and sketches 
were taken at all structural outcrops after discussing observations and agreeing on its deformation 
regime. Structural measurements taken (eg dip/dip direction of gouge planes/vein surfaces/foliation, 
mineral lineation plunge and trend) kinematic indicators logged, and notes about characteristics and 
context of faults (eg hanging wall (HW)/footwall (FW) lithology, deformation zone intensity and 
aperture, brittle/ductile features). 
Measurements were taken both traditionally with a compass clinometer and digitally, utilising the 
FieldMove Clino iPhone application (app). A series of comparison tests were undertaken between 
the two methodologies and found the FieldMove app to be as reliable as the compass. There is 
argument for less bias using this method, as it eliminates potential parallax error, and data entry 
error. The FieldMove app saved many hours of time, both underground and in the office. Multiple 
measurements of a plane could be taken in a short space of time, and all measurements could be 
transferred to a computer, post-mapping, with no data entry required. Once mapping data had been 
collated in the office, structural disks were created in Leapfrog, which were then used to create beta 
planes of discrete faults to be correlated. 
At each mapped structural outcrop, the location was recorded on a mine level plan with a mapping 
ID, which was also recorded in the physical notes and in FieldMove. At each outcrop, the HW, FW, 
and master planes of fault deformation were marked out in green mark-out paint. Mark-ups were 
then sent to the Survey Department, who would pick-up the contacts for review in Surpac. The pick-
up strings were then extracted from the level file and imported into Leapfrog for modelling. Over 500 
structural measurements were recorded during the mapping campaigns from July to October 2020. 
At DeGrussa, high resolution photos of the face, walls, and backs are taken during mapping, for 
every development cut that is excavated (~3.8 m advances). These photos and maps were originally 
logged as ‘pseudo-drill holes’ in Surpac, representing the horizontal line from shoulder-to-shoulder 
of the development face. In 2018, new workflows in Leapfrog allowed mine geologists to 
georeference the face photos themselves. This was a considerable improvement as all faces of a 
development drive could be displayed in space, making three dimensional trends much easier to 
follow. A combination of pseudo-drill holes and georeferenced faces were utilised to integrate historic 
face mapping data, to inform the planes of mapped faults. Referred to on-site as ‘the 5 × 5 m drill 
hole’, these data sets quickly became integral tools in validating faults, as plane orientation and 
continuity is clear. 
Early in the project, a Structural Observations Tracker was developed to capture information, 
observation, and occurrences of notable fault interactions from the departments, past and current 
and rolled out to the Technical Services Department. The tracker proved useful in capturing data 
from mining over the years and 63 entries were made to the register. The tracker is a simple Excel 
spreadsheet, saved in the same global directory as the Structural Model. 

FAULT VALIDATION 
During the validation process, faults are characterised by style of deformation, kinematic indicators 
and alteration. These characterisations help assign any potential intersections of a fault in each 
search ellipse to the correct structure, a process that is especially important in zones of fault 
convergence. In lower C1 for example, there are eight faults which pass within 30 m of each other. 
Figure 4 shows two examples of contrasting fault characterisations at DeGrussa. 
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FIG 4 – (a) Example of Grenache Fault in NQ diamond drill core from hole DGUG0611 The 

Grenache Fault is classified by strong brittle deformation with quartz-calcite shear and breccia 
veining. Shear fabric is typically overprinted by cataclasite however ductile fabric in shear-veining 

is preserved. Moderate to strong chlorite alteration is imposed as selvage to veining and is 
particularly strong in zones of cataclasite. 

 
FIG 4 – (b) Example of Zinfandel Fault in NQ diamond drill core from hole DGUG2034. The 
Zinfandel Fault imposes strong to complete calcite-talc replacement ±sericite-chlorite-sulfide 

(Mason, 2020). It is always associated with strong-to-intense shearing which in some intersections 
is overprinted by cataclasite and erratic gouge zones. Veining is present through all interpreted 

phases of deformation forming large shear, folded and boudinage geometries. Talc-altered 
intersections tend to be deformed to mylonite, while phyllosilicate-altered rocks commonly display 

well-formed c-s-c’ fabric. 

Once faults are classified underground and in drill core photography, face and backs photography 
was used for desktop fault validation. While diamond core at DeGrussa is orientated, it often has 
poor-to-no ori-line confidence in fault zones due to poor rock mass quality, flowing on to very few 
structural measurements logged in diamond core in deformation zones. 
For a fault to be classed as valid, it must contain a reasonable level of resolution, for effective 
production planning. Reasonable is defined on a case-by-case basis by the modeller. At the start of 
the project, when a fault reached a reasonable level of validation, the modeller would take the 
Geology Manager or Superintendent underground to physically review fault outcrops to ensure 
consistent characterisation and realistic continuity. An example of realistic continuity is to ensure 
faults are not modelled as continuous through a package of undeformed rocks. Once they were 
satisfied that the fault was of significance to production, the reviewer would then conduct a desktop 
study of the fault in Leapfrog. When the review was completed, and changes flagged in the review 
amended, the fault would be classed as ‘valid’ and released to Technical Services. Once several 
faults were reviewed underground, less emphasis was put on the underground validation phase and 
faults were released to Technical Services as they were modelled at the discretion of the modeller. 
This early process of validation was important for the modeller to refine judgement of production 
significance, and to establish faith with all stakeholders that modelled faults were robust. The 
evolution into modeller’s discretion and autonomy streamlined the process significantly and serves 
as a strong example of empowerment opposed to micromanagement. 
Faults have been validated with point data resolution increasing with the orientational variability of 
its plane. For example, the earliest fault system at DeGrussa, the Rioja/Zinfandel/Barbera system 
has been subject to post-formation folding and deformation and as such have a very heterogenous 
granularity. This fault system requires all data to be reviewed when validating to be considered as 
reliable for evaluation in engineering design. Some simple, planar splays however have a 
homogenous granularity and require a much lower level of resolution to maintain confidence in the 
master plane. The process of determining resolution is subjective to the modeller and is often 
interrogated by the geotechnical engineers. 
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Some petrology work was done by Dr Douglas R Mason of Mason Geoscience Pty Ltd, from selected 
fault zones during the project. The outcomes from the petrology work validated kinematic indicators 
and to help piece together paragenesis. The petrology report findings suggest that three phases of 
sulfide crystallisation occurred in the paragenesis of at least one of the fault zones, the 
Rioja/Zinfandel/Barbera system, at DeGrussa. The first generation of sulfides were fine-grained, syn-
sedimentation. Most samples had an abundant crystalline sulfide phase which is interpreted to be 
re-crystallisation of primary sulfides syn-greenschist metamorphism. It was noted that there were 
euhedral, undeformed sulfides associated with late-stage vein alteration (Mason, 2020). Although a 
strong ductile fabric was developed through this domain, there was no observable asymmetry on 
sulfides phases in the fault zone; all sulfides in these fault zones were a product of re-crystallisation. 
An interesting learning given the proximity of massive sulfide ore domains to the faults. 
In some rare occasions, faults could be seen cross-cutting, or offsetting each other in development. 
However, many faults are not seen to interact underground making inter-fault relationships difficult 
to determine. Initially an assumption was made that all faults either splay off, or are offset by, the 
Shiraz and Merlot Faults. Additional data has confirmed this hypothesis appears and the current 
understanding is that these regional-scale faults are the most recently activated. Local scale fault 
interactions are difficult to determine, as the deformation zone of these faults often pinch and swell 
drastically over short distances. In the upper levels of the mine for example, it is common for brittle 
faults to form braided networks, and dry cataclasite zones would form around seemingly undeformed 
lozenges of country-rock, especially in massive dolerite. A minimum of three consecutive examples 
of discontinuity along strike from a cross-cutting fault is required to determine if one was terminated 
or offset by the other. 
As the project progressed, characterisations of faults were built upon, and more faults identified and 
modelled, it became clear that one set of faults were cut and offset by the Shiraz and Merlot Faults 
(Figure 5a). It can be shown that when C4 and C5 are unfaulted to C1, the fault system was 
continuous through the whole deposit, pre-Shiraz/Merlot activation (Figure 5b). This fault system 
contained a much larger ductile component and the faults themselves have an erratic granularity, 
due to suffering multiple phases of deformation post initial activation. This has become an important 
observation in the Structural Model, as this fault set has been identified as one of the earliest tectonic 
fingerprints of the deposit. All other faults at DeGrussa are interpreted as splays of the Shiraz and 
Merlot Faults. 

 
FIG 5 – (a) Shows all massive sulfide domains modelled at DeGrussa, offset into fault blocks by 

the Shiraz and Merlot Faults. The Rioja, Zin, and Barbera Faults are also constrained to these fault 
blocks but transect similar paths through the respective massive sulfide bodies. (b) shows the fault 

blocks moved and tilted to ‘unfault’ the Shiraz and Merlot Faults. This shows the Rioja, Zin and 
Barbera linking up as a continuous structure through the reconstructed massive sulfide bodies. 
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FAULT MODEL USABILITY 
A working model in a single, global source is key in ensuring consistent and up-to-date information 
is planned to and presented in documentations. Prior to the DeGrussa Structural Model, there was 
poor document control for faults. The Shiraz and Merlot Faults were stored in the Geology file 
directory, the Unvalidated Structural Model was kept in several locations across the Engineering 
directories, and some local scale faults, were stored in the geotechnical file directories. This often 
led to confusion of members of the Technical Services department, and poor utilisation of data. When 
the DeGrussa Structural Modelling Procedure was drafted, a single, global location for the Structural 
Model was created in the geotechnical directory. The Shiraz and Merlot Faults were moved to this 
directory, and the Unvalidated Structural Model was permanently archived. 
During the process of creating one model in a global location, it was also necessary to make faults 
easily identifiable to any user when viewing the exported faults in Surpac (as this is the common 
mine production software at DeGrussa). Each fault was attributed a unique object and trisolation 
number, which corresponded to a supporting document in the Master Structures directory. 
Furthermore, each plane was individually exported and named in a subfolder, so fault planes could 
be interrogated independently of the combined model. This process was acceptable, but it required 
the user to navigate between documents and was open to user error. Streamlining occurred by 
creating a unique styles file for the Structural Model and linking it by a looping macro, which added 
the fault name to each trisolations’ description field. When a user updates the Structural Model, the 
naming macro is then run to re-loop the naming of faults. Once completed, each fault in the Structural 
Model can be displayed by name via the command bar. 
The Structural Modelling Procedure was created as one of the earliest tasks in the Structural Model 
project. This was done in part to consolidate data sources, set standards for naming convention and 
file storage, and refine modelling workflows. The procedure also assisted the Geology Manager and 
Superintendent to understand how the model was built to assist in reviewing the faults. 
When the Structural Model was released to Technical Services, the responsibility of model curation 
was broadened to the Mine Geology department. To assist in specifics of modelling workflows, an 
easily digestible flow chart was drafted. The flow chart defines various modelling workflows. This 
way any geologist proficient in Leapfrog is able to download the Structural Model project and update 
it even if they have limited prior exposure to the process. The flow chart has proven a valuable 
resource in upskilling the broader geology department in curation of the Structural Model. It allows 
training sessions to focus on the interpretation and characterisation of the fault domains and less 
time spent re-explaining software or workflow mechanics. It is important to have well documented 
workflows so that if the primary modeller is not available, time critical updates can be completed 
independently. 

COMMUNICATION 
Project duration was four months and had two deliverables outlined in the scope of work: a working, 
combined structural model, and technical presentation to be delivered to DeGrussa mine 
management and technical staff. Part of the presentation comprised a movie which focused on each 
ore domain and the evolution of its associated faults. The ability to see the faults in 3D and how they 
interact with each ore domain was well received. After this presentation the geotechnical engineer 
took a step back from the Structural Model project for the mine geologist to upskill the rest of the 
geology team in the ongoing interpretation and updates of the model. 
When a fault, or series of faults have had new updates or resolution infill, the Structural Model is 
updated in Surpac, and updates communicated to key stakeholders via email. Model 
communications are released when faults have updates to resolution in areas with potential to impact 
the mining cycle. Each time the Structural model is updated, the superseded model and 
corresponding individual planes are archived with a date stamp for clear document control. Email 
communications are saved in the directory for significant updates for future reference. 

MINE PLAN INTEGRATION 
A big success of the Structural Model was reinforcing interdepartmental relationships and opening 
lines of communication. Engineering is responsible for ensuring all structures are captured on all 
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mining plans used by Technical Services team and contractors. Mine plan approvals, mine 
instructions, Weekly and Quarterly plans are automatically displayed with the latest model version 
each time the level plan recall macro is run. The macro was created in house as a collaboration 
between engineering and geology, with its primary function to look up the latest version of the 
structural model and slice each fault at the relative level for each plan. The faults are displayed as 
red hatched lines in the centre plane of the layer and fault names clearly displayed for each fault 
string. Each time a new fault is released, engineering update the macro in accordance with the new 
structure. The prompt to update the macro is included in the model release email. 
Geology and geotechnical engineering worked in collaboration to achieve a common goal; project 
data was constantly shared, updated and executed. The implementation of underground data 
collection was effective, positive communication and pre-planning allowed more time for 
troubleshooting and discussion at underground localities where the structural characterisation was 
particularly challenging. 
The geotechnical team utilise the Structural Model during stope reviews, reconciliation, and 
development planning. Stopes are concepted several months prior to any production activities. The 
current process has the Geotechnical Engineer review any faults in the immediate vicinity; particular 
attention will be given to the number of points used to inform the fault planes surface. If the resolution 
is low, ie the number of points used with respect to drill holes, then a review request to increase the 
data resolution will be sent to geology who will assess local fault granularity and infill resolution 
accordingly. 
Geotechnical assessment of structures during the stope note assessment is critical to the stability 
evaluation of the brows and stope walls. Structures at brows will warrant specific cable bolt designs 
where two or more structures have the potential to form blocks and wedge formations. The 
Geotechnical Engineer will review each brow individually, and drill holes informing the fault positions 
will be cross referenced. Diagrams are captured for the stope, highlighting each structure in relation 
to the brow position with cable bolt design pattern. Brows at DeGrussa are ~5 m wide the tolerance 
for error in fault position is low when considering the potential for wedge or block formations see 
Figure 6 – example of a wedge forming brow at DeGrussa. 

 
 FIG 6 – Looking west at wedge formation at C1_2125_695 stope brow, with cable bolt design for 

effective support. 
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Fault characterisation influences the overbreak predictions, but qualitative geotechnical categories 
from fault characterisation were beyond the initial scope of work. Part of the proposed continuous 
improvement program is to ascertain a spatially variable fault severity rating; deformation is not 
homogeneous along strike or down dip. The concept uses a sliding scale for each of the following 
variables: fault type, damage zone width, infill material, and geometry. A severity value would then 
be incorporated into the Equivalent Linear Overbreak Sloughing (ELOS) calculation, rather than 
each faults influence being based on engineering judgement. Previous stope performance and fault 
characterisation is used in the engineering judgment assessment which has worked with a 
reasonable degree of success. However, there were previously notable inconsistencies when 
considering fault characterisation due to subjective bias. Local characterisation of faults was open 
to individual interpretation, giving rise to variability in overbreak estimations. This made quantifying 
the faults’ physical and economic impact with a high degree of accuracy challenging between 
individuals. Standardising the classification process has helped eliminate these inconsistencies 
between individual’s interpretations. 
Stope back analysis compares the CMS to the design shape; overbreak and underbreak are 
calculated from volume differences on each face. Mathews stability number (N‟) and the hydraulic 
radius (Mathews et al, 1981) are calculated for each stope at concept design stage. The stability 
number represents the competency of the rock while the hydraulic radius accounts for the geometry 
of the surface by dividing the area of the stope surface by the perimeter of the stope surface. When 
plotted together the location of the point on the chart provides the user with an indication of the likely 
performance. At the design stage, faces are assigned a depth of overbreak value derived from a set 
of rock mass parameters and stope face dimensions (Potvin, 1988). Generally, faults interacting with 
faces will have a larger overbreak value than those without any structural interaction, and typically 
the rock mass is poorer because of faulting. When stability assessments are carried out for each 
stope, structures will be cross referenced against the CMS as a qualitative measure of failure depth. 
Quantifying the actual overbreak against design overbreak provides a data pool for the facilitation of 
continuous improvements. 
Crown pillar instability at DeGrussa is largely influenced by the Rioja Fault system and its associated 
deformation zones. As such, all crown pillar stopes were reviewed against the model when it was 
released. Those stopes which have two fault planes intersecting are deemed high risk for failure 
propagation. The C1_2375_S1 stope in Figure 7 is an example of unravelling occurrence between 
the Rioja system. Within the Rioja system there is a variable level of deformation on the HW and 
FW. These zones were modelled with a very high resolution specifically for the crown stability 
assessment review. The deformation zones provide a means of calculating an expected depth of 
failure where the stope faces interact. The rock mass in these deformation zones is described as 
non-self-supporting. When a free face is exposed, and passive support removed, and the likelihood 
of failure is high. 
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FIG 7 – Looking east at CMS showing unravelling of C1_2375_S1 stope (blue) along the Rioja 

system. 

BROADER APPLICATION 
Studying the structural setting of DeGrussa massive sulfide deposit, or any hard rock mineral 
deposit, is integral to understanding the formation and evolution of the deposit. Defining the structural 
setting of a deposit can also assist in targeting exploration campaigns to find ‘another one,’ and 
closing out the deposit peripheries properly. The extent of structural control on a deposit such as 
DeGrussa is often overlooked. Some may even argue that the structural controls on such deposits 
can explain their existence more realistically than the syngenetic Volcanic Massive Sulfide (VMS) 
model (Cowan, 2020). Whether the evidence for structurally controlled mineralisation is interpreted 
as local only to the visible selvages of the fault zone, or as representing the fundamental building 
blocks of the mineralised system, it is irrefutable that these mineralised faults can be traced beyond 
the extremities of the main mineralised body. It is proposed that careful geochemical classification 
of these faults may be done to act as a proxy for other mineralised systems. It is reasonable to 
assume that these mineralised structures are repeated throughout the Bryah Basin, as they are 
prevalent at both DeGrussa and Monty copper mines. The next step of the Structural Model is to 
classify the structural evolution of DeGrussa, tying in which deformation events are associated with 
mineralising/remobilising sulfides and using these understanding to study other fault systems 
intersected in the basin to highlight a vector path that may have previously been missed. 

CONCLUSIONS 
The best time to start building a deposit-scale structural model is during the study phases of resource 
definition. By characterising fault systems early in the project, developing a fault model becomes a 
more organic process. An early understanding of the deposit-scale structural geology will pay 
dividends during grade control and capital development planning. Grade control and development 
then flow into higher resolution of the model. The scope of the task is iterative and can be worked 
on alongside ore and lithological modelling. Work done on the DeGrussa and Monty Structural 
models has consolidated Sandfire geologists’ understanding of scale and relevance, and provide 
sound structural goal posts to aim toward in future projects. The DeGrussa Structural Model has 
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proven that a mature data set and effective workflows can generate a robust, fit for purpose model. 
This paper showcases the process, implementation, uses, and benefits of a structural model and 
aims to encourage other mining companies to de-risk their operations by undertaking a similar 
process. 
Increased understanding of the deposit-scale faults decreases risk through better informed 
geotechnical and geological decisions. Ground support and surface support can be designed with a 
higher probability of success as a result of more accurate and precise structural interpretation. 
Reconciling ground response to development and stoping is also now possible with a higher degree 
of confidence. 
It is worth reiterating that several attempts to understand the fault systems at DeGrussa have been 
made over the period of mining activities, but without comprehensive workflows and follow-through, 
none of them succeeded to produce a robust, cohesive model. Ultimately, starting with first principles 
observation and characterisation, and applying the use of multiple sources of data creates a rigorous 
validation process. You don’t have to have a PhD in structural geology to use measurement, 
mineralogical and textural observation skills that are taught in undergraduate geology. Applied 
structural geology is not difficult, provided a well-constructed and consistent classification system is 
used. 
A robust, comprehensive structural model, which focuses on faults and fault zones with the potential 
to influence rock mass stability and offset ore domains will mitigate risk by allowing well-informed 
decisions. Such a model benefits the greater operations, from raise bore, longhole or cable bolt 
designs, through to stoping stability analysis; modelling of ore resources and exploration targeting, 
as well as a more robust geometallurgical classification for ore processing. 
An important consideration to make when developing a structural model is the deliverables of the 
project and who the key stakeholders are. Collaboration and open lines of communication are 
imperative through the whole process. The DeGrussa Structural Model has not just provided another 
tool in the technical services’ toolkit, it has also established a culture of technical excellence within 
the geology team and strengthened interdepartmental relationships through collaboration. 
A comprehensive structural model isn’t just for geologists, it’s for the benefit of the entire operations, 
enhancing value throughout the mine value chain. 
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ABSTRACT 
Oyu Tolgoi copper and gold mine in the southern Mongolia holds mineral resources that make it one 
of the largest known copper and gold deposits in the world. The project is operating an open pit mine 
on the near surface of Southern Oyu deposit and developing underground block-caving mine at the 
Hugo Dummet North where 80 per cent of total resources exists. 
Oyu Tolgoi (OT) commenced open pit mining in 2011 and implemented an industry standard 
blasthole sampling, and ordinary kriging grade control estimation with block-out process. Since 2017, 
grade control improvement projects have successfully completed that have led to the implementation 
of current, improved grade control system. Geological model is updated by blasthole logging on 
Leapfrog® and used for daily grade estimations. GC estimation is proceeded solely on Vulcan® by 
running Lava script and integrating with a relational database. Combination of block-out procedure 
produces GC model which is updated in Vulcan® and as well as in the database simultaneously. 
Switching to the integrated database eliminated many manual processes such as importing and 
exporting data and enabled access to the database anytime, anywhere and from any device. 
Thereby, these improvements allowed to increase an efficiency, create a comprehensive 
reconciliation system and reduce operational risks. We are looking forward to expanding applications 
of integrated grade control data stored in the database. 
This paper outlines how the grade control system was developed at OT’s open pit mine, and how it 
is integrated into the short range mine planning, mine reconciliation workflow and ultimately enabled 
development of various automated reporting systems. 

INTRODUCTION 
Since open pit mine commenced in 2011, OT has implemented its very first grade control system 
(Gleeson and Allegakoen, 2012). After continuous development, in 2017, we successfully 
implemented a Grade Control (GC) Lava script estimation with a manual GC block-out procedure 
via Grade Control Optimiser (GCO) tool in Vulcan 3D software (Amar-Amgalan et al, 2019). 
By 2019, open pit GC system has fully turned into Vulcan only system which improved efficiency in 
grade estimation process integrating with a relational database (Amar-Amgalan et al, 2019). 
Although data generated in Vulcan® and GC data and GCBM (Grade Control Block Model) data 
updating were completed simultaneously in relational database, outputs from these processes still 
required manual work to be connected to other systems such as manually exporting data as 
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spreadsheets for mine planning engineers who them import them in their integrated planning tool – 
Minesight®. Resource/reserve block models and Mine to Mill value chain reconciliation system were 
also only done in 3D Vulcan software with combination of the various spreadsheet-based reports. 
Therefore, closing the mismatch between GC system and other mine planning and Mine to Mill value 
chain systems then became the next focus for continuous GC improvement in open pit. Thus, 
additional solutions were introduced and enabled integration Vulcan 3D software and SQL database 
(or relational database) in GC systems. Geology team now manages separate block models namely 
one block model for open pit deposits and three block models for nine ore stockpiles. Transferring 
these separate block models into SQL format was a major step towards closing the upper mentioned 
gap in ore control system and other processes down the value chain. 

METHODOLOGY 
Open pit GC Process flow used prior to 2019 is shown on Figure 1. Manual processes such as 
importing, formatting and exporting data were necessary for this system. Substantial measurements 
were taken to eliminate these manual processes and lead to the implementation of an improved 
workflow in Figure 2. 
Following GC steps are introduced for this process improvement: 

1. GCBM estimation became completed in Vulcan software simultaneously stores estimated data 
in SQL database known as sql50_OTVulcan under GCModel table. 

2. Task-specific Lava script was developed for GCModel in SQL database for converting it into 
3D Vulcan® software and completing GC block-out step Vulcan. This is achieved whilst 
updated data gets stored SQL database known as sql50_OTVulcan under GBTable. 

3. Task specific Lava script developed for GCModel in SQL database and it re-uploads GCModel 
into GBTable in database. 

4. Similar Lava script is also used for GBTable in SQL database to convert it back to Vulcan® 3D 
software and so that blocks can be flagged using survey as build files. This process provides 
‘actual-mined’ percentages and stores the data in SQL database known as sql50_OTVulcan 
under the Plan Conformance table. 

In addition to the three SQL database creations above, two more databases were developed by our 
colleagues in open pit. 

• Conversion and storage of existing 3D block models into an SQL database known as 
Resource/Reserve model. 

• Creation of Sql11_MTS in table of Actual Data – a SQL database developed to serve as a 
centralised database for all activities in Mine Technical Services department. 
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FIG 1 – Process flow of grade control system In Oyu Tolgoi Open pit mine that was used until 

2019. Notice the steps where manual processes were inevitable due to this process are highlighted 
in dashed, red square. 
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FIG 2 – Current process flow of SQL-based Grade Control system. Notice, the elimination of 

manual steps by this new design. Automated steps are highlighted in red arrows and red notes. 

RESULTS 
The introduction of a common SQL database has resulted in improvements in other processes down 
the value chain with powerful data visualisation options. 

• Mine Planning – Ore control database written and stored in SQL enabled its effortless use in 
mine planning platforms such as Minesight® as they also use SQL database and resulted in 
seamless flow of necessary data between the two tools, ultimately integrating different 
databases into single source database in Mine Technical Services department. 

• Daily Ore Control – Direct connection with actual mine data has provided opportunities for 
geologists to better perform ore control duties in real time with data-driven confidence and 
minimise ore dilution or loss. It also helps mine monitoring and dispatch team to act more 
autonomously in certain cases. 

• The versatility of SQL database and data visualisation applications enables geologists to 
compare of GCBM with Reserve BM by mining phase, bench levels and blast patterns. 

• Reconciliation – the primary objective of reconciliation is to understand variances between 
planned and actual-mined ore so that, where required, adjustments can be made to achieve 
closer agreement between planned and actual performance. The secondary objective is to 
identify opportunities for process improvement which is greatly aided through continued 
improvement of the grade control system. 
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• It also provides reliable information such as an actual Mine to Mill data which help ore control 
and concentrator personnel to cooperate and solve problems on timely manner to optimise ore 
blending ratio which ultimately maximises metal recovery in flotation cells downstream. 

CONCLUSIONS 
Newly implemented grade control system improvements bring following benefits to Oyu Tolgoi’s 
open pit: 

• The grade control block model resides in the SQL server which allows multiple users connect 
to the same data source at the same time and use the data for comprehensive reporting. 

• Transferring the block model into SQL server delivers many opportunities including the ability 
to integrate reconciliation and monitoring tools such as Tableau®. 

• It allows easier connections for other solutions such as Blast induced movement etc. 
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ABSTRACT 
Mine value chain reconciliation (MVC) is a necessary procedure to evaluate a mine’s performance 
against the assumptions and models used to plan mining and processing operations. Using 
nomenclature from Parker (2012), F2 reconciliation is the ratio between material received at the mill, 
compared with material sent to the mill, commonly reported in terms of tonnes, grade and metal. 
Measurements of material sent to the mill can be estimated in many ways, including: fleet 
management system (FMS) records, truck counts, or volume reduction. Most time-based 
reconciliations (for example, month-end reconciliation) use short-term model depletions of in situ 
rock measured by periodic topographic scans or surveys. 
There are three main problems with existing reconciliation practice: 

1. Delineated in situ material is used to estimate the tonnes and grade of material sent to the mill, 
despite blasting causing the material to change (dip/strike/location/density). The disconnect 
between achievable value pre-blast and achievable value post-blast is not respected, nor is 
the swell for each individual blast used to determine the mass inside any grade control polygon. 

2. An in situ model cannot accurately represent a partially mined blast. 
3. Material can occupy different locations at different times. 

In attempting to solve these problems, two solutions were investigated: 
1. Creating an In situ Diluted Polygon Block model (IDPB) 

o Post-blast polygon block model moved back to the in situ locations. 
o Solves problem 1 but does not solve problems 2 or 3. 

2. Creating a Model in Time (MIT) 
o Assembling long-term, short-term and moved block models into a single time-dependent 

model. 
o Swelled densities are measured and applied to blasted rock. 

As no existing software could create an MIT, OrePro® Recon was purpose-built to perform these 
functions, and to provide more accurate reconciliation. Building on Parker’s (2012) methods, an F2’ 
(F2 prime) reconciliation (ratio of post-blast delineation to what the mill receives) is proposed. A 
blasting factor Fb is proposed as the ratio of F2 and F2’, to evaluate the change caused by blasting. 

INTRODUCTION 
Reconciliation is a core mining process that has progressed significantly over the last 20 years. 
Coincidentally the knowledge of blast movement dynamics has also greatly increased. Blasting 
dislocates ore from its modelled location, inherently changing its structure and in turn the value that 
can be mined from the blast. Methods exist for evaluating blast movement and applying that data by 
either sliding polygons or a creating a moved model. These methods are not equal, and it is critical 
that quality grade control processes exist and can be audited as part of the reconciliation process 
(Isaaks, 2019; Poupeau, Hunt, and La Rosa, 2019). A common accounting method for blast 
movement as part of reconciliation calculations is assigning the attributes of the post-blast dig 
polygons to the short-term model, referred to as an In situ Diluted Polygon Block model (IDPB). 
There are limitations to this method, such as: 



International Mining Geology Conference 2022 | Brisbane, Australia and Online | 22–23 March 2022 327 

• blasts are handled as discrete events that do not interact 

• the in situ model cannot accurately represent a partially mined blast 

• different blasted material can occupy the same space over time. 
Starting with a review of reconciliation in the context of blast movement, this paper assesses existing 
grade control and reconciliation practice and proposes a new concept to enable rapid and accurate 
reconciliations. Two new factors are proposed to assess the impact of blast movement and grade 
control practice as part of the reconciliation process. For consistency and clarity: 

• a long-term model refers to any block model that is used as a resource model 

• a short-term model refers to a grade control block model that is in situ and used for determining 
grade control for mining operations 

• a moved model is used to refer to a short-term model moved to reflect blast movement. 

RECONCILIATION 
Mine reconciliation is a key statistic used to monitor the operational performance of a mine 
(Schofield, 1998). The most common reconciliation measures are in terms of mass and grade, over 
discrete time periods, such as months or years. Morley (2003) summarises the goals of 
reconciliation. They are to: 

• measure performance of the operation against targets 

• ensure valuation of mineral assets is accurate 

• confirm grade and tonnage estimation efficiency 

• provide key performance indicators – in particular, for grade control predictions. 
Further to these, Hargreaves, Pattenden and Pettit (2016) demonstrate through a case study that 
reconciliation can be used to evaluate the efficacy of business improvement initiatives. These points 
are not necessarily limited to internal organisation reporting, as accurate reconciliation is also 
important in compliance with reporting standards. These include the Australasian Code for reporting 
of Mineral Resources and Ore Reserves (JORC Code, 2012), the South African Code for Reporting 
of Mineral Resources and Mineral Reserves (SAMREC, 2016), the Canadian National Instrument 
43–101 (2011) and legislative requirements such as the Sarbanes-Oxley Act (SOX) (Morley and 
Thompson, 2006). In some cases reconciliation can even result in police intervention (Schofield, 
Moore and Carswell, 2012). 
Over the last 20 years, reconciliation methods have improved and become standardised, as mine 
operators sought to improve their processes and yield the benefits from the points listed above. 
Organisations with multiple commodities have unified reporting standards to create comparable 
metrics between mines. Fouet et al (2009) and Parker (2012) proposed three universal reconciliation 
factors, F1, F2 and F3: 

𝐹𝐹1 =  
𝑠𝑠ℎ𝑜𝑜𝑜𝑜𝑜𝑜 𝑜𝑜𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑚𝑚𝑜𝑜𝑚𝑚𝑟𝑟𝑚𝑚 𝑚𝑚𝑟𝑟𝑑𝑑𝑚𝑚𝑟𝑟𝑜𝑜𝑑𝑑𝑜𝑜𝑟𝑟𝑠𝑠
𝑚𝑚𝑜𝑜𝑟𝑟𝑟𝑟 𝑜𝑜𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑚𝑚𝑜𝑜𝑚𝑚𝑟𝑟𝑚𝑚 𝑚𝑚𝑟𝑟𝑑𝑑𝑚𝑚𝑟𝑟𝑜𝑜𝑑𝑑𝑜𝑜𝑟𝑟𝑠𝑠

 

𝐹𝐹2 =  
𝑜𝑜𝑟𝑟𝑟𝑟𝑟𝑟𝑑𝑑𝑟𝑟𝑟𝑟𝑚𝑚 𝑟𝑟𝑜𝑜 𝑚𝑚𝑑𝑑𝑚𝑚𝑚𝑚
𝑚𝑚𝑟𝑟𝑚𝑚𝑑𝑑𝑟𝑟𝑟𝑟𝑜𝑜𝑟𝑟𝑚𝑚 𝑜𝑜𝑜𝑜 𝑚𝑚𝑑𝑑𝑚𝑚𝑚𝑚

 

𝐹𝐹3 = 𝐹𝐹1 × 𝐹𝐹2 
The F2 factor described by Parker (2012) represents a logical ratio between two nodes in the mining 
value chain. An F2 value less than one indicates the mining operations had greater expectations 
than occurred. Conversely, an F2 value greater than one indicates that mining operations exceeded 
expectations. While a high F2 value may represent a financial boon for a mining operation, any 
deviation of the F2 factor from one indicates unexpected variation. Multiple F2 values may be 
calculated to account for tonnes and each grade variable (eg F2 Au g/t, F2 Ag g/t). Variations of 
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these metrics exist, such as those used by Anglo American (Morley and Arvidson, 2017; Macfarlane, 
2013; Hargreaves and Morley, 2014). 
Parker (2012) calculates ‘delivered to the mill’ from short-term model depletions and describes 
‘received at mill’ as either direct feed into the mill or from truck or stockpile reclaim. Stockpile 
sampling and modelling is covered elsewhere (Morley and Arvidson, 2017) and is not expanded on 
here. The nodes in the mining value chain between the short-term model and mill feed include the 
core processes of drill and blast. 
Coincident with the popularisation of standardised reconciliation factors preceding Parker’s 2012 
paper, technological advancements were made in the field of blast movement. Thornton (2009) 
provides a thorough overview of blast dynamics and lists examples of vertical and horizontal 
displacement data. Thornton rightly notes the challenge for grade control is not tracking movement, 
but measuring the differential movement of ore. Ore concentration and dissemination induced by 
blast movement is a significant challenge for reconciliation that must be addressed to ensure the 
goals of reconciliation can be met with increasing precision. Additionally, for a mine to understand 
the accuracy of its modelling practices, there must be a way to reconcile back to the short-term 
model, even though the material mined has changed location and shape. Isaaks, Barr and 
Handayani (2014) identified a 5.2 per cent reduction in achievable value between the pre and post 
blast states and suggested that blast movement is a likely source of error in Mine to Mill (F2) 
reconciliation. Despite the increasing body of knowledge on blast induced movement, it appears to 
get limited consideration in contemporary reconciliation practices. 
There are a few possible causes for this. One is that blasting is an intermediary, in-line process in 
the mining value chain. In this context, it has the misleading appearance of not influencing ore loss, 
dilution or misclassification. Another possible cause for the lack of change in reconciliation methods 
is the assumption that the reconciliation equation accounts for all sources of error made in ore 
selection (Schofield, 1998) and without sampling waste, it is possible to have perfect reconciliation 
and high ore loss. Adofo (2017) suggests that reconciliation, and any variations that arise, are the 
responsibility of the geologist to explain. This unnecessarily excludes blasting and blast practice from 
the reconciliation locus. 
Ignoring blast movement may not be as significant an issue in homogenous ores, or in deposits 
where ore is visually disctinct and ore destinations can be accurately delineated in the muck pile. 
Where blast induced movement does occur it is probable that it will have a significant impact on 
reconciliation. Macfarlane (2013) identifies poor blasting as a source of error, and Shaw (2014) notes 
that sophisticated reconciliation practice is futile if the grade cannot be accurately located post-blast. 
It is likely that blast movement was a cause of the strong negative reconciliation reported in 
Berryman’s (2003) second case study of an open pit mine with very narrow structures, 0.2–
1.2 metres wide, transitioning from oxide to fresh rock. A similar narrative is described by Hargreaves 
and Morley (2014) in Case Study 1; reconciliation in fresh rock was improved with a focus on blasting 
practices, among other issues. In almost all cases, fresh rock is more competent than its oxide 
equivalent, and requires blasting with greater energy. As Thornton (2009) describes, powder factor 
(blast energy) is positively correlated with blast movement magnitude. 

BLAST MOVEMENT 
Research into rock movement induced by blasting was limited until the early-1990s. Yang and 
Kavetsky (1990) modelled post blast surface movement, Favreau (1993) proposed a solution to 
predict post-blast swell. Preece and Scovira (1994) used discrete element methods to model blast 
movement induced in stratified overburden in two dimensions, and Zhang et al (1994) measured 
blast movement with markers located pre and post blast, confirming blast movement to be 
perpendicular to the timing contours. The concepts in these early papers describe the elemental 
concepts of blast movement: 

• post-blast topography profile 

• augmentation of in situ density 

• movement in the body of the blast 

• inference of blast movement without measurement. 
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The evaluation of blast movement took a step change with the invention and commercialisation of 
the transmitting blast vector indicator (BVI). Thornton, Sprott and Brunton (2005) first reported using 
transmitting BVIs to determine blast movement in the body of the blast in 2005. The transmitter 
enables the location of the post-blast BVI to be determined without excavation which can then be 
compared to its initial location to determine the blast movement vector. Data from transmitting BVIs 
determined the fundamentals of blast dynamics, shown in Figure 1. Specific zones of the blast have 
been identified to feature local and unique characteristics, such as a choked face, free face, back of 
the blast and centrelines (Thornton, 2009). 

 
FIG 1 – Simplistic overview of blast dynamics (after Thornton, 2009). 

The error of transmitting BVIs described by Thornton, Sprott, and Brunton (2005) was reported to be 
between ± 0.1 m and ± 0.5 m, increasing with depth. The relationship of that error to depth and the 
degree of error at greater depths was not listed. Further, the initial vertical location of the transmitting 
BVI is critical to the resultant vector in both vertical and horizontal axes. There are limited examples 
of action taken to ameliorate these constraints. Fitzgerald et al (2011) mentions placing the 
transmitting BVIs in locations representative of the blast pattern, but does not provide detail. Loeb 
and Thornton (2014) recommend using a large number of transmitting BVIs; from a sampling 
viewpoint this merits consideration. Their argument is predicated on applying an increasing number 
of vectors to slide polygons horizontally and then taking the difference with the solution that used the 
largest number of transmitting BVIs, which is presumed to be most accurate. This is a demonstration 
of standard error, a statistical metric, and does not provide any evidence of increased efficacy of 
increased transmitting BVI use from site reconciliation results to validate their argument, as 
recommended by Isaaks (2019). 
An alternative to using transmitting BVIs uses a reactive model to generate movement vectors 
(Poupeau, Hunt, and La Rosa, 2019; Hall and Hunt, 2019). The blast design is used to evaluate the 
intended blast movement, and the post-blast topography is used as the limit of all movement. A fluid 
dynamic model then links the two together with movement vectors, using multiple characteristics 
from the blast design and post blast topography to determine vector length, bearing and azimuth. 
This approach has the benefit of more accurately applying the correct blast dynamics in each zone 
and adapting to heave and cast variations. 

Utility of movement vectors 
There are two key methods of using blast vector data in contemporary practice: move polygons or 
move the short-term model. 
Sliding polygons involves creating polygons using the short-term model. The vector data is used to 
map the polygon nodes to a post-blast location. This is a fast and computationally simple method. 
The key issues with sliding polygons are: 
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• vertical movement is disregarded 

• mass, grade and geochemistry are not conserved 

• the post blast polygon shape depends on the number of polygon vertices and interpolation 
method 

• the curved horizontal movement profile is aggregated to a single magnitude at each node. 
These are critical flaws that can result in substantial error. For example, there is a report showing 
polygon tonnage changes between pre- and post-blast from minus 90 per cent, to over positive 
100 per cent. Such variability is undesirable in any reconciliation process. 
The computational simplicity of sliding polygons also applies to their reconciliation. As the polygons 
were generated on the in situ short-term model, when the slid polygon has been mined the in situ 
voxels can be assigned as mined also. This process is straightforward with a completely mined 
polygon, however a partially mined polygon presents a challenge. Further to this is the handling of 
the polygon mass and grade errors. Fitzgerald et al (2011) presented an improvement in 
reconciliation variance after implementing transmitting BVIs and sliding polygons. However the 
improvement is difficult to quantify as an exact figure is not stated. From the data presented in 
Fitzgerald’s case study it is estimated that the F2 variance at KCGM of total metal and ore tonnes 
was reduced to 8 per cent, and grade average was limited to fluctuating between ±5 percentage 
points. In the case studies identified that assessed the efficacy of sliding polygons, only hypothetical 
results were calculated using average polygon grades and assuming no vertical movement (Silveira 
and Loeb, 2017; Watson, 2017; Eshun and Dzigbordi, 2016; Loeb and Thornton, 2014; Hunt and 
Thornton, 2014; Mwijage, 2012; Rogers et al, 2012; Thornton and La Rosa, 2011). 
The alternative to sliding polygons horizontally is to move the short-term model and generate mining 
polygons on the moved model. Isaaks, Barr and Handayani (2014) describe moved model created 
from a stochastic movement model using a database of transmitting BVIs and the post-blast 
topography. The moved model was used to create grade control polygons. It is not clear how 
accurately the stochastic model replicated blast movement dynamics or if the generated polygons 
were subsequently employed for mining. 
The OREPro® 3D software can determine blast movement vectors, move the short-term model and 
generate optimised grade control polygons. The short-term model is moved using the reactive vector 
field previously described and bound by the post blast topography. The designed blast floor and pre-
blast topography can also be used as the lower bounding limit to increase the accuracy of the 
movement and moved model. The density of the moved model and the attributes of each moved 
voxel are augmented to conserve mass and geochemistry. Using the mining parameters: mining 
height, width, length and angle; polygons are generated and optimised to create the greatest value. 
It is critical that the mining parameters are used, as material mined from a polygon from different 
directions will vary due to the mining angle. The efficacy of OREPro® 3D at Kinross’s Tasiast mine 
resulted in the F2 reconciliation for grade, tonnes and volume reducing to less than 1 per cent error 
from 18 per cent over a three month period (Poupeau, Hunt, and La Rosa, 2019). 
Using the moved model that is analogous in shape, grade and tonnes to the muck pile enables 
reconciliation depletions to be calculated using topographic scans, or if the fleet management system 
is suitably equipped, the mining locations. The challenge is to deplete the mined blocks from the 
short-term model. This is presently handled in OrePro® 3D by creating polygon block models. A 
polygon block model is a block model with the attributes of the mining polygon applied to each voxel 
bounded by that polygon. Several polygon block models can be created, including a pre-blast 
polygon block model (pre-blast polygons coded to the short-term model), post-blast polygon block 
models (post-blast polygons coded to the moved model), or the IDPB (in situ diluted polygon block 
model). The IDPB is created by coding the voxels of the short-term model with the polygon block 
model data from the moved model by in situising the moved voxels. 
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FIG 2 – The block model is imported and classified (LHS). A moved model is created using the 

blast design, the post-blast topography and a fluid dynamics engine (RHS). 

  
FIG 3 – Optimised dig blocks are generated using the mining constraints and entered mining 

direction (LHS). The attributes of the generated polygons are used to generate a post blast diluted 
polygon block model (RHS). 

 
FIG 4 – An in situ diluted polygon block model (IDPB) can also be generated. 

1. partially mined polygons and blasts cannot be easily reconciled to the short-term model 
2. for moved models, the same space can be occupied by different material as mining progresses 
3. blasts are treated as discrete events that do not allow for any mixing of material between blasts. 

For example, one blast is fired onto another blast, mined together. 
A solution that addresses these three points needs control over both the spatial and temporal change 
that each voxel experiences. 
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DIGITAL TWIN AND MODEL IN TIME (MIT) 
A digital twin is a virtual representation of a physical object or system across its life cycle, using real-
time data to enable understanding, learning and reasoning (IBM, 2021). This definition is expanded 
by Nazari and Cristonffanini (2019), and modified here to define a digital twin as having: 

• replication as the core functionality of the process 

• the entire life cycle mapped 

• direct linkage to the operation. 
Digital twins are a nascent technology in the mining industry. Two examples of digitals twins used in 
mineral processing are Newcrest’s Telfer mine (Oliver and Tooher, 2018) and Oceania Gold’s Haile 
Gold project (Schug et al, 2018). In both examples a digital twin operated in parallel with the plant, 
with models to replace processes that could not be monitored. Deviations between the digital twin 
and plant performance were used to create alerts. Mineral processing lends itself to digital twinning 
as processing plants have a dedicated control room, a large array of sensors and electronic 
infrastructure, and the plant is static. 
For the purposes of this paper, the life cycle is considered from the long-term model to delivery of 
ore to the mill. A digital twin enables a voxel to be tracked from the long-term model, through iterative 
modelling changes to the short-term model, the moved model and mining. Unlike mineral processing, 
the voxel life cycle is much more complex spatially and temporally. There are two key challenges 
with creating a digital twin in the mining environment: the data linkage (real time supply of spatial 
data) and data volume. 
Mining environments can be extremely large. In the case of iron ore mines, the mining footprint can 
exceed the area of small cities. Complicating this is the presence of multiple mining faces. To meet 
the definition of a digital twin, real time spatial data must be collected and processed to create a 
direct link to all working faces in real time. This represents a significant challenge. Gaps in sensor 
data could be met using simulations, as per the mineral processing examples. To simplify data 
requirements and reduce complexity, lower frequency supply of topography from the survey 
department with a frequency ranging from daily to intra-weekly may be used. An alternative to 
topographic data is the use of high precision GPS data to determine where the bucket teeth have 
and have not mined. A low frequency link is a departure from the definition of a digital twin and it is 
proposed such a model is described as a Model in Time (MIT). The reduction in data processing and 
volume achieved by using an MIT over a digital twin is considerable, however the data processing 
and storage requirements remain significant as every block model and topography must be saved 
and remain accessible for the entire mining environment for substantial periods of time. To navigate 
this cloud hosting or co-located server hardware can be used. The latter minimises latency and 
connectivity risk. 

OREPRO® RECON 
A platform to demonstrate the MIT concept called OREPro® Hub was developed by OreControl 
Blasting Consultants with support from Anglo American. The user interface features both a spatial 
viewing window and a timeline, giving the graphic user interface the appearance of a video editor. It 
is designed to support various data formats, including block models, moved models, spatial data, 
orthographic imagery, drill holes and fleet management system integration. All must be spatially and 
temporally located. Each data type is imported into a layer and timestamped. Where coincident data 
exists, the newest data replaces the old data. An example of this is shown in Figures 5 and 6, which 
shows the progress of mining. A playhead is shown in the time bar, which can be scrolled through 
time. Doing so changes the active layers and how they intergrate to replicate the state of the mine 
at that time. The spatial window can be moved with the standard mouse zoom and pan controls. The 
model in this example has been generated with 0.5 m × 0.5 m × 0.5 m voxels and has a maximum 
of 800 billion available voxel positions. 
Real-time depletion is also possible in this environment. For example, if a muck pile is only partially 
mined before an adjacent blast is fired, the resultant moved models can be evaluated together to 
determine the appropriate material destination. 
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FIG 5 – A preliminary view of the graphic interface. A moved model is shown in orange. Note the 

location of the playhead in the timeline. 

 
FIG 6 – Progression of mining. The playhead has progressed, depleting old layers, and revealing 

new ones. 

Data relating to the relocation of material from the moved model to a destination is supplied via 
integration to the site’s fleet management system. The material type can be assigned using the 
mining location against the moved model or the mining polygons, with the actual destination 
confirmed via the FMS. 
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CALCULATING RECONCILIATIONS 
OREPro® Hub is a platform that amalgamates all data required to calculate reconciliation. The key 
reconciliation metrics, such as those specific to Anglo American (Morley and Arvidson, 2017), and 
those described by Parker (2012), can be readily calculated: 

• F1 Report: Performance of the long-term model 

• F2 Report: Performance of the short-term model 

• F3 report: Efficiency of the entire system (F1×F2). 
Further to these, additional metrics can be calculated: 

• F2’ Report (F2 Prime): Performance of the moved model 

• Digging Accuracy: Compliance of mining plant to dig lines 

• Dynamic Routing: Accurate classification of what is inside a haul truck when it is loaded 

• Voxel life cycle tracking. 
As part of this project, the requirement for a new metric, F2 Prime was identified, denoted as F2’. 
The F2 Prime is proposed to evaluate the performance of the moved model against what was 
received at the mill. A high F2’ factor indicates conservatism by the moved model, and a low F2’ 
factor indicates optimism. This was proposed as blasting inherently changes the distribution of 
mineralisation (Isaaks, Barr and Handayani, 2014), which can result in ore being disseminated or 
concentrated. This result confirms blasting to be an economic risk that must be evaluated as part of 
the reconciliation process. A blast factor Fb is also proposed, calculated as the ratio of F2 and F2’ to 
provide insight into the change caused by blasting. A high Fb factor indicates the generation of value, 
while a low Fb factor indicates value loss. 

𝐹𝐹2 𝑃𝑃𝑜𝑜𝑑𝑑𝑚𝑚𝑟𝑟 =  𝐹𝐹2′  =  
𝑜𝑜𝑟𝑟𝑟𝑟𝑟𝑟𝑑𝑑𝑟𝑟𝑟𝑟𝑚𝑚 𝑟𝑟𝑜𝑜 𝑚𝑚𝑑𝑑𝑚𝑚𝑚𝑚

𝑚𝑚𝑟𝑟𝑚𝑚𝑑𝑑𝑟𝑟𝑟𝑟𝑜𝑜𝑟𝑟𝑚𝑚 𝑜𝑜𝑜𝑜 𝑚𝑚𝑑𝑑𝑚𝑚𝑚𝑚 (𝑚𝑚𝑜𝑜𝑟𝑟𝑟𝑟𝑚𝑚 𝑚𝑚𝑜𝑜𝑚𝑚𝑟𝑟𝑚𝑚)
 

𝐹𝐹𝑏𝑏  =  
𝐹𝐹2′
𝐹𝐹2

 =  
𝑚𝑚𝑟𝑟𝑚𝑚𝑑𝑑𝑟𝑟𝑟𝑟𝑟𝑟𝑜𝑜𝑟𝑟𝑚𝑚 𝑜𝑜𝑜𝑜 𝑚𝑚𝑑𝑑𝑚𝑚𝑚𝑚 (𝑚𝑚𝑜𝑜𝑟𝑟𝑟𝑟𝑚𝑚 𝑚𝑚𝑜𝑜𝑚𝑚𝑟𝑟𝑚𝑚)

 𝑚𝑚𝑟𝑟𝑚𝑚𝑑𝑑𝑟𝑟𝑟𝑟𝑜𝑜𝑟𝑟𝑚𝑚 𝑜𝑜𝑜𝑜 𝑚𝑚𝑑𝑑𝑚𝑚𝑚𝑚 (𝑠𝑠ℎ𝑜𝑜𝑜𝑜𝑜𝑜 𝑜𝑜𝑟𝑟𝑜𝑜𝑚𝑚 𝑚𝑚𝑜𝑜𝑚𝑚𝑟𝑟𝑚𝑚)
 

A preliminary Fb can be calculated by evaluating the maximum value mining polygons on the short-
term model (F2), then replicating the process on the moved model (F2’). This metric should be an 
important key performance indicator for all hard rock drill and blast engineers and bring blast design 
and implementation into the locus of reconciliation. The relationships of the reconciliation factors are 
summarised in Figure 7. 
The last two points represent a powerful development in reconciliation. Locating all the information 
during the life cycle of a block model voxel enables tracking and reconciliation of a single voxel 
through space and in both directions of time. This could have significant consequences by ensuring 
blends are on specification, and, if the blend specification was not met, act as an auditing tool to 
determine why. 
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FIG 7 – Relationships of reconciliation factors (after Parker, 2012), with the addition of F2’ and Fb. 

ANGLO AMERICAN TRIAL 
Anglo American trial data was successfully processed to demonstrate OrePro® Hub as a model in 
time, capable of handling large volumes of data and calculating the reconciliation metrics proposed 
by Parker (2012) and Morley and Arvidson (2017). At the time of writing, trials are underway at 
multiple large mining operations. 

Reconciliation is a critical operational metric. It can be used to drive site improvement and comply 
with reporting requirements. Advances in reconciliation practice over the last 20 years have not 
accounted well for the concurrent advances in blast movement knowledge. Blasting dislocates the 
rock mass from its in situ modelled location. This change can change the ore distribution, due to 
variable, three-dimensional blast movement. The practice of horizontally sliding polygons generated 
on the short-term model disregards vertical movement and does not conserve mass or grade. A 
literature review undertaken to evaluate the effect of sliding polygons on reconciliation performance 
showed that in all but one case, hypothetical results were reported. Moving the short-term model has 
been investigated and shown by multiple authors to conserve mass and grade. Importantly, blasting 
was also identified to result in a change in the achievable value. Blasting is therefore presented as 
an economic risk to the operation and must be effectively accounted for with grade control 
processes, audited as part of the reconciliation process. 
A digital twin is an ideal solution for processing reconciliation as it enables all key spatial data to be 
plotted in one repository, temporally. The sensor requirements and data demand for a digital twin 
are significant, so a prototype model in time (MIT) was developed by OreControl Blasting 
Consultants with support from Anglo American. OrePro® Hub handles large volumes of spatial data 
in time and was successfully used to calculate the reconciliation metrics proposed by Parker (2012) 
and Morley and Arvidson (2017). These metrics were expanded to address the effect of blasting on 
grade control by suggesting two new factors: 

• F2 Prime (F2’) to evaluate the performance of the moved model compared to what was 
received 

• Fb (blasting factor), to evaluate the change due to blasting between the short-term and moved 
models by comparing F2 and F2’. 

OrePro® Hub is now advancing to field trials. 
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ABSTRACT 
Significant value can be added to ore supplied from the mine to the mill by measuring its quality in 
real time and performing grade control additional to that within the mine. Responsibility for ore quality 
between the mine and mill stockpiles is not always clear due to operational siloes so geologists and 
mining engineers need to be involved collaboratively with metallurgists to optimise ore value prior to 
processing. Sensors, such as the GEOSCAN-M which utilises high specification Prompt Gamma 
Neutron Activation Analysis (PGNAA), that measure conveyed ore flow representatively (continuous 
and fully penetrative) and in real time have been used in the minerals sector since 2003 and have 
been successfully applied in multiple commodities. Quality can be measured within the mine where 
material is conveyed underground or in-pit. Bulk ore sorting is used to divert increments of waste 
from the ore stream to upgrade material sent to the crushed ore stockpile (COS) as well as to create 
run-of-mine (ROM) stockpiles of different qualities to maximise blending opportunities and 
accommodate processing priorities, eg blending out deleterious content. The real time composition 
measurement can be combined with moisture and fragmentation analysis data for improved ore type 
characterisation, to control ore blending, for feedback to the mining schedule and block model 
reconciliation, and feed forward control for grinding and processing operations. The paper discusses 
various parameters measured and derived in existing operations that are used to maximise coarse 
waste rejection and metal recovery, optimise plant feed quality consistency, and reduce 
consumables; power, grinding media, water, reagents, and minimise fine tailings generation. 
Innovative geometallurgy applications are also discussed. 

INTRODUCTION 
Ore quality is an important consideration for process operations with grade and its consistency 
(variability) having major effects on process performance in addition to other characteristics. It is 
largely the role of the mine geologist to control the grade of the material leaving the mine, with waste 
being segregated as much as possible from the ore. Sampling of coarse blasted rock is rarely 
representative and assay results from the laboratory are needed in many cases before decisions on 
categorising material can be made. Responsibility for waste and ore leaving the mine finishes once 
the material is despatched in respective trucks or loaded onto conveyors. 
The block model typically contains many parameters relating to chemical composition, mineralogy, 
physical rock strength, processing amenability, deleterious content, and ore value in addition to the 
tonnes allocated to each block. Geometallurgical parameters can be used in scheduling ore supply 
to ensure process operators receive forecast ore quality and quantity and are able to optimise 
process performance. Grade control at the mine can include screening before loading trucks or 
sensing in shovels or trucks. Opportunities are available to influence ore quality after leaving the 
mine and before arriving at the mill through pre-concentration processes. Pre-concentration can be 
done using bulk diversion (bulk ore sorting), particle sorting, heavy medium separation or other 
processes prior to the crushed ore stockpile. 
Technologies applied to mined material can be used to automate grade control so that ore and waste 
separation is optimised and more importantly that metal recovery to the process feed is optimised. 
This paper discusses some examples where such technologies have been applied and how real 
time measurement data can be used more extensively to benefit both mining and processing 
operations. 

ORE QUALITY MEASUREMENT 
One of the first questions to resolve is what the purpose of measurement will be. Unless the quality 
of the material is measured there is no opportunity to control it or improve it. 
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Relatively fast sensing is needed if decisions need to be made in real time. Representative 
measurement is needed for there to be high confidence in response actions. Measurements should 
have good precision if they are needed for optimising metal recovery. Capital and operating costs 
should be as low as possible per unit of material measured. Design should ensure robustness, fit for 
purpose, and ease of integration, and operating costs should factor in maintenance, consumables, 
any related downtime and opportunity cost implications. 
Many sensor technologies providing useful measurements are available in the market with some 
suited to point solutions, eg sensors used in: downhole probes; in particle sorting systems; in shovels 
or trucks, etc. Data collected is intended for a single activity and the quality of the data is usually 
suited to its primary purpose. Other measurement systems are used to provide data concurrently for 
multiple purposes and some can customise output data to suit each of these purposes. It is important 
to know the limitations associated with the quality of the measurement data so that any decisions 
are made in the appropriate context; deciding which technologies to select for a desirable outcome 
and the impact of measurement error on that outcome. 
GEOSCAN-M utilises high specification Prompt Gamma Neutron Activation Analysis (PGNAA) to 
measure conveyed ore flow multi-elemental content representatively (continuous and fully 
penetrative) and in real time, as shown in Figure 1. The system has been used in the minerals sector 
since 2003 and successfully applied in multiple commodities. Quality can be measured within the 
mine where material is conveyed underground or in-pit. PGNAA is described in detail in other 
publications such as Kurth (2019). 

 
FIG 1 – Cross-section through GEOSCAN-M showing components of the system and why it is 

representative measurement. It includes a neutron source beneath the conveyor and multi-detector 
array above. Neutrons are absorbed by elemental nuclei in the material conveyed through the 
analyser tunnel. Gamma rays are emitted from the elemental nuclei at energies unique to each 
element. The combined spectral response over each analysis increment is broken down into the 

proportion of each element detected and belt weigher input is used to produce a tonnage weighted 
result for each element for that increment (real data shown for a 30 second increment). The 

technique is continuous, penetrative and measures elements randomly due to the instantaneous 
nature of the technique and penetration of 0.5 metres of the neutron and gamma energies. 

Representative measurement using high specification PGNAA allows higher measurement 
precisions to be achieved than other techniques such as X-ray fluorescence (XRF), particularly when 
compared over short measurement times (Scott et al, 2020) which has implications for benefits 
where measurement precisions are critical for outcomes. Other technologies applied to conveyed 
flows include laser induced breakdown spectroscopy (LIBS) which has similar limitations to XRF 
being a surface only measurement technology. LIBS data, like other elemental data, can be used to 
determine mineralogy, but requires the mineralogy of a deposit to be well known in advance. 
Magnetic resonance can also be used on some conveyed materials and it is fast and penetrative but 
measures only one mineral, typically the main ore mineral of interest and generally can be 
considered a point solution also. 
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High variability in grade such as shown in Figure 2 is typical of that seen in multiple commodities 
and mineralisation styles and despite being on a primary crushed conveyed flow still provides ample 
opportunity for responses such as for bulk ore and waste diversion. Goodall (2021) discusses the 
large negative impact ore variability can have on process performance in reducing metal recoveries 
by up to ten percent as well as inefficiencies in power, water and reagent use. 

FIG 2 – Copper grade in a porphyry copper-gold mine on primary crushed ore showing typical 
variability in real time on a 1150 t/hr flow. 

The data set used to generate Figure 2 is summarised in Table 1 and used to demonstrate other 
sensor performance outcomes and comparisons in the following sections. Extensive testing both 
pre-installation and post-installation of a GEOSCAN-M confirmed 0.03%Cu measurement precisions 
over the calibrated range of 0–2%Cu. Similar performance was achieved for sulfur over a similar 
range. Grade variability over similar magnitudes is apparent in porphyry and other copper-gold 
deposits in Canadian, Chilean, Peruvian and Australian operations suggesting ores are less 
homogeneous at measurement increment scales than sites had expected. Significant variability is 
measured in primary crushed conveyed streams of many other mineral ores including, lead-zinc, 
nickel, iron ore, phosphate rock, platinum-palladium, gold, manganese, chromium, limestone, and 
diamonds. 

TABLE 1 
Data used in Figure 2 comprises 2000 increments at an average of 9.55 t each with a copper 

grade standard deviation of 0.273%Cu and applying a 0.3%Cu cut-off grade. 

No. of increments Tonnes %Cu 
Ore 1728 16 496 0.685 

Waste 272 2602 0.192 

Total 2000 19 098 0.618 

APPLICATION EXAMPLES 
Representative elemental measurement of ore on a conveyed flow enables data to be used 
concurrently for multiple applications as previously outlined in Kurth (2017). Ore domains and types 
can be fingerprinted through chemical composition analysis although characteristics such as ore 
texture cannot be measured directly. Distinct variations in chemistry can be used to track ore types 
being conveyed. The real time composition measurement can be combined with moisture and 
fragmentation analysis data for improved ore type characterisation. Operational geometallurgy 
applications of real time conveyed ore quality measurement has been previously discussed in Kurth 
(2018). Data can be used to divert different ores to stockpiles or to feed forward the information to 
process operators so that required process changes can be made at the appropriate time. This has 
significant benefits over in-stream analysis of slurry streams where data provided is used in feedback 
loops only and opportunities to optimise process performance cannot be made proactively. 
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Bulk diversion of ore, waste or high deleterious content increments of conveyed flow provide high 
selectivity (minimising misallocation of ore and waste) compared to upstream processes such as 
manual grade control, shovel or truck sensing, and enables higher metal recovery into plant feed. 
This is demonstrated in Figures 3 and 4, where Figure 3 explains the basic characteristics of the 
graphs. 

 
FIG 3 – Actual copper grade plotted against modelled grade using a precision (error) based on 

worst case GEOSCAN-M performance, ie RMSD of approximately 0.05%Cu, showing the 
increments (blue dots) that ideally would be selected in bulk ore sorting, ie left of the ‘Desired cut-
off’ line, against those that would be based on the analyser data, ie below the ‘Cut-off grade used’ 

line. 

 
FIG 4 – Each dot on the left graph represents the equivalent of a shovel load of 57 t using a best 
case precision estimate and the dots on the right are 9.55 t using a 30 second conveyed analysis 
period at worst case precision estimate. The same initial total tonnage and grade variation is used 

in both. 

The data used was actual GEOSCAN-M data over 2000 consecutive increments in a conveyed flow 
of copper ore to a plant and that was assumed to be actual composition data for that material. To 
model a GEOSCAN-M response a random error was applied that had resulted in an RMSD of 
0.05%Cu to be conservative, as GEOSCAN-M has achieved better than 0.03%Cu RMSD relative to 
laboratory assays. To model other sensor techniques, a larger random error was applied to show 
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increased RMSD relative to the original data set, based on experience at multiple sites where 
GEOSCAN-M and other sensors had been evaluated. 
Tonnes and grade from six consecutive 30 second increments were tonnage weighted averaged to 
produce a grade for a shovel sized increment of approximately 57 t. The grade of each composite 
increment was plotted against the tonnage weighted average grade of the equivalent six consecutive 
increments at the original grades. This is shown via the red dots in Figure 4. The difference in RMSD 
used between the techniques was approximately 0.05%Cu, which is conservative given the small 
amount of material measured over a few seconds of surface analysis per bucket. Little published 
data is available showing shovel sensing data compared to representative subsampling of buckets 
with laboratory assays to quantify the actual RMSD. 
In Figure 4, the graph shows expected results of less precise measurement (eg lower specification 
system or unrepresentative technology) and allocates a grade to an increment size six times larger 
than the comparison graph. Table 2 summarises the results when increments are diverted based on 
these two options. This equates to the differences between a shovel bucket and a conveyed flow for 
a mining operation. The only cost assumptions involved in the graphical representation and 
comments are the assumed copper metal value at USD10 000 per tonne. It should also be noted 
that any technology that is used as the basis for diverting ore and waste increments should also 
include a systematic process for verifying waste and ore are correctly designated. Confirming quality 
of product and reject streams for conveyed diversion systems is usual practice as each stream can 
be routinely sampled and quality verified. 

TABLE 2 
Modelled allocation of rejected and recovered proportions comparing a short conveyed increment 

to six times larger upstream decision increment. The shorter more precise measurement recovered 
a net 3.5 per cent more Cu metal to the mill, valued at approximately USD21 million per annum. 

 30 seconds conveyor flow Bulked up to shovel bucket size  
No. of 9.55 t 
increments 

Tonnes %Cu No. of 57 t 
increments 

Tonnes %Cu 

Waste as waste 241 2299 0.181 30 1812 0.199 

Ore as waste 28 269 0.335 22 1265 0.419 

Total to waste 269 2569 0.197 52 3077 0.290 
% Reject  13.4%   16.1%  
       

Ore as ore 1699 16 227 0.691 275 15 647 0.692 

Waste as ore 32 303 0.275 6 354 0.210 

Total sent to mill 1731 16 529 0.683 281 16 001 0.681 
% Recovery  86.6%   83.9%  
% Cu metal to mill   95.8%   92.3% 

 

While the actual values shown for copper metal recovered to the mill feed are quite high in both 
cases, it is the differences that create value add opportunities. The techno-economic evaluation 
should also consider trucking distances, infrastructure, and materials handling costs of diverting 
conveyed flow increments. 
In another comparison of conveyed flow sensing, a less precise measurement using a smaller 
increment (eg faster analysis technique, maybe XRF or LIBS) can be compared with a more 
representative and precise measurement over a longer time increment and the results are shown in 
Figure 5 and Table 3. The impact of measurement precision is an important consideration when a 
comparison is made between different sensing capabilities. 
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FIG 5 – Each dot on the left graph represents the equivalent of a ten second conveyed increment, 

or 3.2 t using a best case precision estimate and the dots on the right are composited to 9.55 t 
representing a 30 second conveyed analysis period at worst case precision estimate. The same 
initial total tonnage and grade variation is used in both. The example on the right recovered a net 
2.5 per cent more Cu metal to the mill than the example on the left, valued at some USD15 million 

per annum. 

TABLE 3 
Modelled allocation of rejected and recovered proportions comparing a short conveyed increment 

to increments one third of the size. The more precise measurement (despite being a larger 
increment) recovered a net 2.5 per cent more Cu metal to the mill, valued at approximately 

USD15 million per annum. 

 30 seconds conveyor flow 10 seconds conveyor flow  
No. of 9.5 t 
increments 

Tonnes %Cu No. of 3.2 t 
increments 

Tonnes %Cu 

Waste as waste 210 2009 0.187 617 1976 0.175 

Ore as waste 35 333 0.325 333 1067 0.414 

Total to waste 245 2342 0.207 950 3043 0.259 
% Reject  12.3%   15.9%  

       

Ore as ore 1727 16 494 0.681 4822 15 429 0.704 

Waste as ore 25 242 0.271 196 626 0.246 

Total sent to mill 1753 16 736 0.675 5018 16 055 0.686 
% Recovery  87.7%   84.1%  
% Cu metal to mill   95.8%   93.3% 

 

The difference in recovered metal value was relatively small (USD1 million per annum) when the 
same precisions were used and only measurement time was different, indicating the relative 
importance of measurement precision over increment size in considering selectivity at this scale and 
frequency of variability. 
The efficiency of the diversion mechanism has not been discussed and therefore not accounted for 
in data in this paper. The impact of a diversion system response time increases as measured 
increment size becomes shorter and smaller. As an example, the speed of a diverter gate moving 



International Mining Geology Conference 2022 | Brisbane, Australia and Online | 22–23 March 2022 344 

from one position to another will determine the proportion of material misallocated during each 
diversion position change. 
Bulk sorting has been used to divert material of product quality to bypass unnecessary processing 
stages in a number of iron ore and coal operations. Early coarse waste diversion reduces power, 
grinding media, water and reagents used in processing and minimises fine tailings otherwise 
generated from processing the waste with the ore. Real time measurement also enables control over 
ore blending from multiple sources to blend out contaminants and manage plant feed variability, 
which as noted above improves metal recoveries through more stable plant operations. Sepon 
copper-gold operation implemented an analyser to control ore feed and additives blending, and used 
acid consuming gangue content to control acid addition for leach circuit optimisation (Balzan et al, 
2016). 
High precision measurement of plant feed provides opportunities for real time feedback to mining 
and pre-concentration operations and a unique capability for high quality reconciliation and metal 
accounting such as the 0.4 per cent metal accounting error achieved at Sepon copper-gold operation 
(J Vagenas pers. comm.) and ore reconciliation to mining (Matthews and du Toit, 2011). 
Geometallurgy applications include the use of high quality elemental measurements to identify ore 
types, indicate hardness variation in plant feed to control mill feed rate, and monitor levels of 
deleterious components such as talc, clays or undesirable heavy metals in the ore. The benefits are 
limited by the site’s knowledge of the ore and waste mineralogy as well as the processing 
implications of potential feed composition and variability. High quality real time measurement data 
has major benefits in digital twin applications as feed quality can be precisely identified and its 
process performance modelled with optimal resolution. 
A major advantage of high specification sensing systems is the flexibility to customise measurement 
data to each application. Customising the equipment specification and calibration ensures the data 
is presented to the plant with sufficient integrity and proven measurement precision for required 
parameters over useful time frames. Sensing systems are affected by load variation so a reliable 
belt weigher input is needed to ensure correct tonnage weighting of analysis results. Some sensing 
systems (eg XRF) are also affected by air gaps between sensor and material and may require 
correction factors or other assumptions on material homogeneity, each of which can contribute to 
measurement error. 
Measurement speed is not the primary consideration where selectivity is important, and must be 
balanced with precision, which is far more critical. Precision cannot be achieved through 
measurement that is not representative and measurement will not be representative if not all the 
material in an increment has an equal probability of being sensed. 
The advantage of conveyed flows is the consistent presentation of material to sensors and the 
sensor’s ability, in the case of high specification PGNAA, to measure through the full conveyed cross-
section continuously at very high spectral accumulation rates irrespective of particle size, belt speed, 
segregation (which occurs in all materials handling), mineralogy, moisture or dust. 

CONCLUSIONS 
Current methods to assess material grade and mineralogy that utilise samples and laboratory assay 
techniques are not suitable for real time measurement, control and improvement. Handheld fast 
measurement devices use predominantly surface analysis techniques and, similar to grab samples, 
are unable to provide representative results. Poor quality data leads to poor decision-making. 
Selection of sensors should be based on application and operational needs. High quality 
measurements enable data to be used for multiple simultaneous applications which can include ore 
reconciliation, ore blending, bulk diversion, feed forward control to processing, and metal accounting. 
As all mined material must be moved it makes sense to measure it as best as possible to optimise 
its allocation. It is important to understand measurement capabilities of the various sensor 
technologies available on the market to assist with grade control so that the effects of these on 
decision outcomes are clearly understood. Modelling using ore variability in actual ore flows is used 
to determine the impact of measurement precision and increment size on metal content recovered 
to the process feed. This approach can be used to compare relative benefits of different technologies 
and measurement strategies. 
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Sensors offering representative measurement at higher precisions and for smaller increment size on 
conveyed flows of blasted material containing a mixture of ore and waste at full production rates will 
optimise ore/waste separation compared to grade control decisions based on less precise 
measurements either on conveyors or at the mine. 
Process performance is optimised through higher average quality feed material and improved ore 
quality consistency. Improved efficiency in early coarse waste rejection optimises consumption of 
power, water, reagents, and reduces fine tailings generation. 
Average ore grades are falling in the mining industry and this provides justification for appropriate 
measurement technologies to optimise recovery of contained metal and waste removal to process 
feed. Optimising metal recovery through automated grade control and pre-concentration improves 
mineral resource utilisation, process plant efficiency, conservation of process consumables and 
improved overall sustainability of operations. 
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ABSTRACT 
Every day, around the world, thousands of tons of ore are loaded onto ships completing the mining-
production process and starting a multimillion-dollar economic transactions process. These 
transactions are based on the supply of tons of a commodity with certain specifications of assays of 
the main element (or physical properties) and concentration of contaminants, which are finally 
verified and evaluated by buyers, and also are considered ‘as true’ during Reconciliation process. 
On Sample Stations, this ‘true’ is based on a few kilograms of sample, often representing thousands 
of tons, that are sent to laboratories for further sample preparation and chemical analysis, where 
finally assay information is obtained from a few grams of pulverised sample, and are used for further 
production, planning, operational and financial-marketing decisions. 
Different International Standards (depending on the commodity) are used to establish the 
methodology to be followed, to set-up and obtain samples from the Sample Stations, and the 
specifications are visually inspected to give an estimation on the performance of the sampling point. 
This paper seeks to highlight with examples, the importance of the implementation of a continuously 
monitored Quality Program (QAQC and QM) on Sample Stations, focused on the parameters that 
directly affect the quality and representativeness of the samples. By this implementation, a proactive 
approach and better-informed decisions can be taken for mining companies to: a) quantify/improve 
production and reconciliation results, and b) to supply the right specifications of shipped ore, 
increasing the value of the Resources. 
Finally, laboratory results are normally used as an indication of the quality of the information applied 
for the economic transaction, but it should be considered, clarified and highlighted that the laboratory 
will only process and analyse a sample obtained from a Sample Station, and potential problems on 
bias or precision may occur in stages prior to the laboratory reception. Hence the importance of the 
implementation of a quality assurance program that protects multi-million dollar decisions. 

INTRODUCTION 
Every day around the world, thousands of tons of ore are loaded onto ships completing the 
exploration-mining-production process and starting a multi-million dollar economic transactions 
process. These transactions, that also are performed on Processing Plants, are based on samples 
normally collected from Sample Stations (Figure 1). 

 
FIG 1 – Mining chain of value. Red rectangle shows the processes where information is collected 

from Sample Stations. 
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Sample Station data is often considered/assumed ‘as true’ for Processing Plants, Reconciliation, 
and economic transactions at Port, but it needs to be remembered that ‘this true’ is based on a few 
kilograms of samples normally representing thousands of tons. The samples collected are sent to 
laboratories for further preparation and analysis, where assay information is obtained from less of 
one gram of pulverised sample … But, are we certain: a) that those primary kilograms collected and 
delivered to the lab, and b) the grams analysed in the laboratory, truly represent the original 
thousands of tons for the main elements and contaminants? Do we have implemented a robust 
Quality Assurance/Quality Control (QAQC) and Quality Management (QM) process to monitor and 
quantify the uncertainty (expressed as error/variability and absence of bias) in this information 
supporting production and the multi-million dollar financial transactions (Figure 2)? And also, what 
do we need to control/monitor? 

 
FIG 2 – Schematic diagram showing a generalised process and quality requirements for samples 

collected from Sample Stations. It needs to be considered, clarified and highlighted that the 
laboratory will only process and analyse a sample collected and received from a Sample Station, 
and any potential gap occurring during the sample collection, involving bias or variability, can’t be 

determined and fixed in the laboratory. 

Let’s put the information above in context: If we have a mine producing 50 Mt/a, with the strategy of 
collecting samples from a Sample Station every 5000 t, the whole year production is based on 
10 000 samples. Then, if the final analytical part at the laboratory is performed over 0.5 g, the 50 Mt 
annual production is going to be based on just five kg analysed!! … So the question/challenge is: 
how do we know the 10 000 samples collected really represent the 50 Mt? Or, how do we know 
those 5 kg really represent the whole year production? Another example as context, Holmes (2021) 
quantified in US$23 M the potential value loss for just a 0.1 per cent Fe bias in an iron ore mine 
exporting in a year 250 Mt… 
This paper seeks to highlight the importance of the implementation of a continuously monitored 
Quality Program (QAQC and QM) on Sample Stations, focused to quantify the performance of the 
parameters that directly affect the quality and representiveness of Sample Stations samples, and to 
enable the compliance to International Standards. Through the implementation of QAQC and QM, 
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a proactive approach and better-informed decisions can be taken: a) for mine sites to send the ore 
according the plan requirements, b) for mining companies to supply the right specifications of 
shipped ore, and c) for buyers to obtain the expected quality agreed by contract. 

STANDARD REQUIREMENTS ON SAMPLE COLLECTION 
Current benchmark practices (Holmes, 2019) to verify the performance of Sample Stations are based 
on frequent visual inspections targeting normally: the size and geometry of cutter apertures, cutter 
speed and uniformity while cutting the full ore stream, condition of cutter lips, absence of build-up 
and/or blockages, reflux at high flow rates and ingress of extraneous material when the cutter is 
parked, between others (Figure 3). 

 
FIG 3 – Examples of visual inspections on sampling points. Because they are qualitative 

observations, the impact on the samples collected on variability or as a source of bias can’t be 
quantified. 

Recognising the value of visual inspections as a source of awareness for gaps in the performance, 
they normally failed in the quantification of the impact in the process and quality, but importantly in 
the financial/risk impact to support a business case when Capital investment is required, creating 
unfortunately the perception that ‘quality is expensive’. 
Commodity specific, International Standards are used to establish the preferred/standard 
methodology to set-up and obtain samples from the Sample Stations. These standards generally 
define the mass of increment to be collected as a function of a desired precision to be achieved, the 
nominal top size (grain size) and the sampling intervals (tonnes sampled on mass-basis or time-
basis). For example, ISO3082 in Iron Ore and ISO13909–2 in Coal, describe the ‘minimal general 
requirements’ for sampling from moving streams and the specifications contained in those 
documents that needs to be implement and comply by mining companies. Figure 4 contains part of 
the Table 4 on ISO3082 (Iron Ore) showing the minimum mass required to achieve a desired 
standard deviation (error) of 0.1 per cent Fe and 0.05 per cent Fe, for a typical nominal top size: if 
samples collected are 10 mm top size (in red), 10 kg is the minimal mass required to achieve a 
0.1 per cent standard deviation on Fe; or, if samples collected are 22.4 mm top size (in blue), 75 kg 
is the minimal mass required to achieve a 0.1 per cent standard deviation on Fe. 
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FIG 4 – Table 4 on ISO3082 (Iron Ore) showing the minimum mass of divided gross sample for a 

division standard deviation (error) of 0.1 per cent Fe and 0.05 per cent Fe and a typical nominal top 
size. 

On a variability perspective, and in order to have a desired sustainable, consistent, low variability 
and higher market valued product, it is clear from Figure 4 that the parameters impacting the product 
variability during sample collection at Sample Stations are: Nominal Top Size and Sample Weight. 
ISO3082 also states that ‘when a sampling installation is newly constructed, when principal parts of 
the installation are modified, or when a new ore is being sampled, check experiments for precision 
(ISO3085) and bias (ISO3086) shall be carried out for the installation as a whole, and for each stage 
when possible’. The most basic concept on sampling theory is that ‘a sample is part of the lot and to 
be called representative it needs to include all the element of the lot in the same proportion’. What 
the Bias Test does, is compare the normal samples obtained against the original source of the 
material at the conveyor belt. The comparison includes grades, but also grain size distribution in 
order to confirm if the ‘lot DNA’ has been preserved in the sample collected (Figure 5). 

 
FIG 5 – Example of a Sample Station structure and what is searched by performing a Bias Test by 

comparing the ‘Lot DNA’ versus the ‘sample DNA’. If differences are determined in the 
Grade/Grain Size distribution profile, a Bias is expected. 
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QUALITY CONTROL (QAQC) and QUALITY MANAGEMENT (QM) PROGRAMS 
ON SAMPLE STATIONS 
With the aim of ensuring a sustainable compliance to International Standards (normally audited on 
annual basis) and complementing the current visual inspection practices, a Quality Program QAQC 
and QM shall be implemented to monitor/quantify the performance/status of the key parameters that 
can impact the quality (variability and bias) of the samples collected at Sample Stations: nominal top 
size, sample weight, samples collected and tonnes sampled. 

Nominal top size 
Figure 6 shows an example on how nominal top size can be monitored. If a specific grain size is 
required, for example 10 mm, sizing test shall be continuously performed and monitored in order to 
ensure samples are processed according Standard requirements. 

 
FIG 6 – Example of how to monitor sizing test results In this example, during 3 months the samples 

were coarser than the specification. This issue can be detected by monitoring the information to 
investigate the cause of the problem and triggering the impacts on the uncertainty (error) in the 

production/port results. 

Sample weight 
Figure 7 shows an example on how the sample weight from individual Sample Stations can be 
monitored. This example is showing how sample weights have been underperforming during a period 
of time and the performance has been worst in the last months of the analysis. 

 
FIG 7 – Example of how to monitor the sample weight for individual Sample Stations. 

Sample station coverage – tonnes moved versus tonnes sampled 
Figure 8 shows an example of how the number of samples collected on individual Sample Stations, 
can be translated in the tonnes sampled and compared against the tonnes moved. This can be 
relevant in terms of risk, because in this example, if ~75 per cent of the tonnes produced are 
sampled, then 25 per cent of the annual production has no data to manage quality. 
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FIG 8 – Example of Sample Stations Coverage (Tonnes Moved versus Tonnes Sampled). 

QUALITY QUANTIFICATION – REACTIVE VERSUS PROACTIVE APPROACH 
Current reconciliation practices, in general, can be considered ‘reactive’ because they only reflect 
results of a period of time (monthly, quarterly, annual etc), and the effects of gaps determined in 
production (with economic impact) have already been consummated (for example, shipments 
already made, recovery problems or feeding problems that already affected the specifications of the 
products). For this reason, and with the aim of reducing production-business risks, ‘proactive’ quality 
programs focused on continuously monitored data quality quantification are required. 
As a way of complementing the current visual inspections of Sample Stations, this publication is 
highlighting the value of implementing practices and controls, from a sampling and QAQC 
perspective to proactively quantify the quality of the sample information, specifically, the sample 
collection step. 
To this end, this publication highlights the opportunity to use information normally available in the 
processing stages, but from a sampling perspective and intent to quantify the parameters of 
variability and bias (ideally absence of bias), two different and independent concepts. 

Variability 
Several papers have been published regarding the applicability of variograms as a useful tool to 
quantify variability (Minnitt and Pitard, 2008) (Figure 9) and also new development with variograms 
targeting the continuous monitoring of measurement system performance (Wikstron and Engstrom, 
2019). 
The ‘proactive approach’ includes the use of daily production grade information in variograms for 
control process to quantify the variability of each of the sampling points in the metallurgical process. 
The biggest advantage of this methodology is the use of the available information, without extra 
budget requirements, because this can be performed more frequently and the results will reflect the 
‘day-to-day’ variability in the process. 
The aim is to calculate V0, where ‘a sample is compared against itself’, representing the total 
sampling/measurement variance. 
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FIG 9 – Component of the variogram indicating V[j=0] as the variance including sampling and 

measurement. 

Bias (absence of bias) 
Although bias tests are normally suggested to compare the sample obtained against the material it 
represents at the control point, these tests require the interruption of the production process in order 
to extract the material from the conveyor belt. For this reason, bias tests are not very popular and 
usually not performed. Because of this, companies are exposed to high risks because they simply 
assume their process does not present a bias. As a result, data quality-representiveness remains 
unknown. Despite this, company’s still assume the data represents the ‘truth’ for the process. 
Under the concept that a representative sample must preserve the ‘DNA of the Lot’, the ‘proactive 
approach’ includes the use of grade-grain size distribution curves of the samples on which a ‘sample 
DNA’ from the material is processed daily can be defined and used as a reference for process 
control. These comparisons will show if the samples collected over a period of time have the same 
profile against this DNA (ideally), or whether there are differences with preferential sampling on grain 
size, which will generate a bias in the process. For example, copper is preferentially located in the 
finer fractions, so if sampling includes a larger proportion of the fine material, a high potential for 
positive bias or over-estimation of the grade is generated. Since particle size tests are normally 
collected for process control, the implementation of this proactive, sample-based approach does not 
require extra budget for its implementation. 
A similar approach can be used when comparing the results of a processing plant against the 
material finally shipped at port. In this case, a curve of the material at the port can be used as a 
reference (assuming port sample stations samples are correct) (Figure 10). 

 
FIG 10 – Grain size distribution analysis comparing the profile of site sample station versus the 

same material sampled at port. Site sample station collecting finer material than port generating a 
biased result. In the case of copper, site results will be higher than port. Differences in grade and 

the impact in the process can be quantified. 
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A REAL EXAMPLE 
A real example is presented below, where a QAQC and QM program has delivered quality and 
quantification after visual inspection had identified gaps. 

The problem 
Field visual inspection on a Sample Station consistently highlighting gaps in the operations 
(Figure 11): a) Primary cutter too narrow for coarse material, b) Secondary cutter not working, 
sample goes straight to bucket, c) Lump material not crushed, d) Samples not been collected at the 
time required (electrical issues), and e) Expected Nominal Top Size: 10 mm. Real Nominal Top Size: 
60 mm. 

 
FIG 11 – Field evidence collected after a visual inspection on-site Sample Station. 

Despite the gaps being correctly reported, site team was struggling in the communication of these 
gaps and getting the attention of senior levels, because the impact for the business couldn’t be 
quantified. 

The remedial action 
Variogram analysis was performed over the three Sample Stations existing in the site (Figure 12), 
and the error of the failing Sample Station was three times bigger than the other two Sample Stations: 
the impact on sample’s variability was quantified and, in consequence, the risk of non-compliant 
product specifications for the business has been increased. It needs to be highlighted that by using 
all the operative data, a more robust analysis can be performed to quantify the variability of Sample 
Stations samples. 

 
FIG 12 – Variograms performed over the three Sample Stations. Sample Station 3, highlighted as 

having gaps after visual inspection, showing three times more variability. Variogram analysis 
consistent with inspection. 

The result 
In terms of Bias, the grain size distribution of the failing site Sample Station was compared against 
the same material sampled at Port, and it was determined that site demonstrated a preferential trend 
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toward collecting more fine material. This in turn, translated to an underestimation of the grades 
reported in this Sample Station (Figure 13). 

 
FIG 13 – (a) Normal Grade/Grain Size Distribution profile (‘Sample DNA’). Graph showing the 

impact in the sample grade if a preferential trend over fine or coarse fractions can generate bias. 
(b) Grain Size Distribution Analysis performed on faulty Sample Station and compared against 
same material sampled at Port. Site Sample Station collecting more fine fractions creating a 

negative bias (underestimation). 

After Variogram and Grain Size Distribution analysis were performed, impact of the gaps determined 
on-site inspection were quantified and also the impact for the business. 
Finally, by having objective information, the communication with the organisation and get the budget 
required to fix the issues, was easier. 

CONCLUSIONS 
Every day around the world, thousands of tonnes are sampled on-site and Port Sample Stations, 
generating multimillion-dollar transactions in the mining industry. 
At Port, transactions are based on results reported by laboratories, which normally are assumed as 
representative of the thousands of tonnes contained in specific ships. 
On Sample Stations, different International Standards (depending on the commodity) are used to 
establish the methodology to be followed, to set-up and obtain the samples and these requirements 
are visually inspected or audited, representing a qualitative assessment of sample stations 
performance. 
The risk for companies implementing only visual, qualitative assessments is the creation of a 
potentially ‘false sense of security’. In this state, no issues are detected, nor when major defects are 
detected. Causes, impacts and risks are also very hard to quantify to develop a ‘business case’ for 
required change. 
This paper presented examples and suggestions highlighting the importance of implementing an 
objective QAQC and QM program in Sample Stations samples: a) as a complement or enabler of 
the International Standards compliance, b) but also the opportunity of quantifying the performance 
on quality of Sample Stations to monitor and provide a proactive approach to the production process 
and obtain objective data to create a business case if budget is required … and finally, to have known 
quality data supporting mining operation and port/marketing transactions. 
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ABSTRACT 
Benchmark practices in the mining industry include the establishment of Quality Programs — Quality 
Assurance and Quality Control (QAQC) — to monitor the correct execution of sampling protocols 
and control each stage of the ‘Sample Cycle’: Sample Collection, Preparation (comminution) and 
Analysis. 
QAQC reports commonly include statistical-numerical results that quantify performance of QAQC 
controls (field duplicates, preparation duplicates, blanks, standards etc). Graphics such as scatter 
plots, QQ plots, histograms and cumulative frequencies are used to represent the results. Statistical 
values including relative difference, absolute difference, relative variance, averages, T-test, and Z-
scores are used to quantitatively express the relationship between duplicate pairs ... but is an 
effective quality program just a statistical exercise? 
This paper aims to highlight the concept of ‘Quality Management’ (QM) as the precursor of 
continuous monitoring (ideally in real time) of QAQC results on Exploration, Production, Processing 
and Port samples, determined by trend analysis performed on a time and/or grades basis. Currently, 
there is a paradigm in the process of quality assurance that if individual data points fall within a 
predetermined acceptance limit then they are ‘acceptable’ and therefore suitable for informing 
operational and investment decisions. However, what is stated with respect to QM is that sometimes 
results found within the acceptance limits can indeed be internally biased, or show material 
deviations over a period of time, thereby impacting reconciliation results and/or potentially creating 
discrepancies with the final buyers. 
QM refers to the proactive detection of these ‘anomalous tendencies’, the approach and 
communication with the source of the information, the understanding of the reasons that cause the 
deficiencies, and the generation of agreed action plans to remediate the situation and ensure the 
consistency of results, in other words: continuous improvement on proactive manners. 

INTRODUCTION 
The most basic concept on sampling theory is that ‘a sample is part of the lot, and to be called 
‘representative’ it needs to include all the elements of the lot in the same proportion (‘Lot DNA’). In 
the mining industry, decisions in exploration, mine planning, mine geology, mining operations, ore 
processing and port/marketing are based on samples collected across the value chain (Figure 1). 
Where analytical results (normally performed on few grams) are supposed to represent the original 
thousands of tons (the ‘lot’)…based on this context, it is clear that the compound, complex lot-to-
analysis pathway must be representative (‘Lot DNA’ ≈ ‘Sample DNA’), quality quantified (variability 
and absent of bias) and proactively monitored in all stages. 

 
FIG 1 – Mining chain of value shows the different samples used to support business decisions. 
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Reconciliation is a process normally performed through a series of factors to indicate the ‘health’ of 
the process/plan from Exploration to Port (Figure 2). These factors are calculated to compare actuals 
and predictions, are assessed on a predetermined frequency basis and actions are taken when 
deviations are identified. 

 
FIG 2 – Reconciliation Factors across the mining value chain and samples supporting the process. 

Corrective actions from an issue identified from reconciliation results could be considered as 
‘reactive’, because they only reflect results for an already elapsed period of time (month, quarter, 
year etc) – the effects of gaps identified (with economic impact) have already been released. For 
example, non-compliant shipments have already sailed, recovery or plant feed problems have 
already affected the specifications of the products. For this reason, and with the aim of reducing 
production-business risks, a ‘proactive’ quality program, focused on a continuously monitored data 
quality quantification, is required. 
In this context, QAQC programs have been developed to monitor the correct execution of sampling 
protocols and control each stage of the ‘Sample Cycle’: Sample Collection, Preparation 
(comminution) and Analysis (Figure 3). QAQC reports commonly include statistical-numerical results 
that quantify performance of QAQC controls (field duplicates, preparation duplicates, blanks, 
standards etc). Graphs such as scatter plots, QQ plots, histograms and cumulative frequencies are 
used to graphically represent the results. Statistical values including relative difference, absolute 
difference, relative variance, averages, AMPD, T-test, and Z-scores are used to quantitatively 
express the relationship between duplicate pairs... however, is an effective quality program just a 
statistical exercise? 
The discussion that follows will consider this question, in the context of a Quality Program standard 
as outlined by the JORC Code (2012) and attempts to highlight the call to return to the basics during 
this era of new technological applications and advanced statistical analysis. 
This paper aims to highlight the concept of Quality Management (‘QM’) as: 

• The precursor of monitoring all the potential sources impacting samples/data quality (bias and 
variability) in the sampling cycle. 

• The precursor of appropriate corrective actions to close gaps determined by the execution of 
a Quality Programs, especially trend analysis (by ranges time and/or grades). 

• To proactively determine control performance deviation and thus proactively rectify the source 
of deviation in the samples/data used for production decisions. 
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FIG 3 – The Sample Cycle: Sample Collection, Preparation and Analysis along with QAQC 

programs to assess/quantify sample representivity. 

THE CASE FOR PROACTIVITY 
There is sometimes confusion among those accountable for quality assurance, and even among 
auditors, that if individual data points fall within a predetermined acceptance limit, then they are 
considered acceptable (and therefore suitable) for informing operational and investment decisions. 
A similar situation is that tabular summary of statistics is enough to demonstrate acceptability of 
quality control outcomes. However, what is stated with respect to QM, is that sometimes results 
found within the acceptance limits can indeed be internally biased, or show material deviations over 
a period of time, thereby impacting operational performance and reconciliation results: an unstable 
process, which happens to plot within arbitrary acceptance limits, is nevertheless an unstable 
process. Thus, true process control requires something more. 
QM refers to the proactive monitoring and detection of these ‘anomalous tendencies’; that is, the 
trend over time/grade of a given statistic. QM also includes the process by which these trends are 
understood, communicated, and rectified. Some businesses refer to this process as ‘continuous 
improvement’ or part of the ‘Plan, Do, Check, Act’ cycle. This proactive approach in the mining 
industry can have material impact on financial outcomes through sequence optimisation, contract 
negotiation and Reconciliation results (Dominguez, 2021). 
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Below are examples that illustrate how QM can be implemented through the mining value chain 
using a proactive approach as guided by JORC Code (2012) Table 1, and how results are typically 
presented in QAQC report or audits. 

Sample collection 
Sample Collection, at any sampling methodology, is normally the highest error contributor to the 
global sampling error; any bias introduced during this step cannot be fixed during the next steps at 
laboratory (Sample Preparation and Sample Analysis). For this reason, the implementation of QAQC 
and QM during Sample Collection is critical: controls while drilling, on blasthole sampling and 
sampling on Sample Stations. 

Reverse Circulation drilling (RC) 
JORC (2012) Table 1 provides requirements that drilling campaigns shall deploy measures to 
maximise sample recovery and representivity. The collection of the sample weight on a drilled RC 
sample provides fundamental information to be used for Quality Management: 
By comparing the sample weights measured in the field against a theoretical ‘ideal’ drilling recovery, 
as a function of material density, rod length and diameter and aperture size of the sample shoot, 
allows the direct assessment of potential issues with recovery (Figure 4). 

 
FIG 4 – Example of theoretical 100 per cent and 80 per cent recovery, per geological units, 

expressed on sample weight, to be used for monitoring drilling process in the field. 

It is expected to have some level of variability in the samples collected, yet databases are commonly 
assumed as ‘bias-free’. Based on this, it is important to determine (while drilling) if there are 
preferential grain sizes in the samples that are lost or over sampled, because this may be a source 
of bias (over/under estimation). 
Figure 5 shows the Grade/Grain Size Distribution (GSD) of a sample that can represent the ‘sample 
DNA’ of a geological unit. Based on these graphs, as an example, by having a preferential sampling 
of the coarse fractions, the grade of the sample will be overestimated for Element 1 (left), but the 
Element 2 (right) will be underestimated. Hence it is important to verify the sampling process to 
preserve the GSD and ensure there is no preferential collection of certain size fractions. Any gap in 
this point will generate a bias in the data supporting decisions and reconciliation. 

 
FIG 5 – Examples of Grade/Grain Size Distribution that can be considered as the ‘sample DNA’. It 

is important to know the distribution in the elements with economic value in order to understand 
potential issues generating bias. For example, for some elements the high-grade will be located in 

the finer fractions, but in others, the opposite may occur. 
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Where field duplicate samples are collected during RC drilling, each is expected to have similar (if 
not identical) sample weights. This is an indication that the rig set-up, sampling devices and 
drilling/sample collection process are operating according to design. 
Figure 6a, shows a scatter plot which compares the sample weight of the primary sample versus the 
duplicate sample where a bias has been determined: sample weight Duplicate > Primary. 
Unfortunately scatter plots don’t allow us to perform Quality Management – we do know there is a 
bias, but on this type of graphs we don’t when the gap started. For this reason, relative difference 
plots are suggested (Figure 6b), because it shows when the gap commenced and was rectified. As 
was mentioned before, in these situations is important to determine there is no preferential sampling 
to avoid biased samples/data. 

 
FIG 6 – (a) Scatter plot with duplicate samples. Despite a clear bias in the data, it is not possible to 
manage this information to develop actions. (b) Relative difference graph by date, which shows the 

performance of duplicate samples. Monitoring process can be performed and where gaps are 
identified, and actions can be taken to fix it. 

Figure 7 presents an example of how QM principles can proactively improve sample collection by 
monitoring rig sampling set-up and comparing the weight of duplicate samples: This graph can be 
interpreted as follows: 

• Monitor: Gap identified during the first two weeks of drilling in February, weight differences 
reported for samples taken from rig 1 were not within accepted thresholds (relative difference 
>20 per cent). 

• Action: A conversation with the drill crew and drilling company supervisor is conducted in the 
field to explain the importance of drilling to inform a geological models, communicate the 
sources of this poor performance, develop an action plan to improve the sample collection 
process and obtain their commitment to increase the quality of the samples. 

• Close the gap: Improvement is achieved and performance returns to expected thresholds. 
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FIG 7 – Example of sample weight monitoring on duplicate samples. Quality Assurance (QA): 

Collect sample weight on duplicate samples. Quality Control (QC): Sample weight within 
+20 per cent relative difference. Quality Management (QM): Continuous monitoring of the 

information and actions were results are outside expected thresholds. 

Through QM, corrective actions are taken by continuously monitoring results over time. This 
proactive approach can save thousands of dollars by ‘doing things right the first time’, rather than 
review QAQC performance en masse once the drilling campaign is already finished, by which time 
it is too late! 

Sample collection on blasthole sampling 
Figure 8 is an example on blasthole sampling, where reconciliation results showed a consistent bias 
toward to the over-estimation in the Grade Control model supported by blasthole sampling. A 
sampling assessment was performed in the field and it was determined a preferential trend of 
collecting the finer fractions of the cone and the overestimation trend was consistent with the 
comparison against the element Grade/Grain Size Distribution (‘sample DNA’), where the finer 
fractions a higher grade was found. 

 
FIG 8 – Example on biased blasthole sampling impacting Reconciliation results. 

Sample preparation 
Following the same criteria as Sample Collection, the JORC Code (2012) Table 1 benchmark 
requires evidence that ‘quality control procedures are adopted for all sub-sampling stages to 
maximise representivity of samples’. 
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Usually, blanks and duplicate samples and sizing tests are used as a QA tool to monitor the 
performance of crushers and mills. Results are included on QAQC reports where the performance 
of crushers and mills are summarised (for example) as shown in Figure 9. 

 
FIG 9 – Examples of how duplicate sample performance is presented in QAQC reports. 

While these graphs and summary tables are typical, this information doesn’t allow us to apply QM to 
monitor the information in real time and proactively improve the results. 
Figure 10 shows an example where a trend analysis is performed on a time (date) and grade basis: 
In Figure 10a the absolute difference of duplicate samples is plotted against the date the laboratory 
reported the results. The graph doesn’t show major issues over a specific period of time, but if the 
data is assessed on a grade basis as shown on Figure 10b a trend can be interpreted (the grade of 
the primary sample is greater than the duplicate sample). The action here will be to discuss with the 
drilling company if these are field duplicates; with the team performing the core cutting, or with the 
laboratory if they are crusher or pulp duplicates, to find the source of this bias, and develop an action 
plan to fix and close the gap. This real-time assessment and management steps are the basis for a 
proactive approach. 

 
FIG 10 – Examples of trend analysis performed on a time and grade basis for duplicate samples 
(applicable for field, crusher and pulp duplicates). These graphs highlight the value of performing 

QM on a date and grade basis: the analysis by date doesn’t show any major issue in terms of bias 
and the results look consistent, but the analysis performed on a grade basis highlight a bias at 

high-grades that needs to be reviewed, understood and fixed. 

Chemical determination 
Certified Reference Materials (CRMs), also known as Standards, are used to monitor laboratory 
performance. Changes in the lab results or consistent biases across time are best detected by a 
company’s internal team who are accountable for QM in order to highlight issues with the lab, analyse 
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the sources of deviation and consequences to production, generate an action plan and apply lessons 
learned to avoid repetitive issues. 
Usually statistical analysis considers ‘average values’, which sometimes lead to inaccurate 
conclusions that assume a process is ‘on average’ controlled or ‘fit for purpose’. QM applies a 
different approach, assessing data in real time, thereby escaping the need for averages, and keeping 
a business focus with the aim to ensure consistent results supporting sustainable business 
decisions. 
Figure 11 demonstrates the differences between an approach reliant on averages and QM applied 
to CRM results (QA = CRMs, QC = +3 SD and QM = trend analysis). Figure 11a shows 10 months 
performance of a CRM. Because results have been performing mostly within three standard 
deviations, the company might infer the process is well controlled and feel confident (given the global 
average is close to the certified value). However, Figure 11b shows the variability which the 
laboratory (period average) is observing over time. This lack of consistency gives rise to operational 
instability, exposing the company to risks of under or over performing at production, processing and 
compliance to plan results, or variable products such are cases where QM becomes important by 
monitoring information in real-time and detecting changes in the performance of the laboratory 
proactively, thereby ensuring consistency and sustainability of business results. 

 
FIG 11 – Certified Reference Material performance show results mostly within three expected 

standard deviations. (a) Global average is very close to the certified value which can be interpreted 
as results being considered valid. (b) Period average has been included, showing the big variability 

on lab performance during months. 

Figure 12 is an example on how reconciliation results can be impacted/correlated with the 
performance of site laboratory (underestimation in this case), supporting the value of continuously 
implementing QM across the sample cycle. In this example, Element C and F were underestimated 
by the laboratory (charts on right) and that trend was consistent with the Reconciliation results (chart 
on left). Very often, the financial value of these differences is underestimated by interpreting this as 
‘just a small difference’, but due to the big number of tonnages produced, those ‘small differences’ 
may represent significant financial value. For example, Holmes (2021) quantified in US$23 M the 
potential value loss for just a 0.1 per cent Fe bias in an iron ore mine exporting in a year 250 Mt. 
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FIG 12 – Example showing how F1 Reconciliation results can be correlated with the performance 

of site laboratory. 

FUTURE TECHNOLOGIES 
In a world where technological advances are abundant and progressive in their application, it is 
critical to ensure the QM methodologies described above apply. Many companies are pushing to be 
part of a new era of technological applications (eg sensors) and data analysis (machine learning, 
conditional simulations etc) in an attempt to provide real-time data for immediate business decision-
making. These advancements will only be successful if the measurements and inputs used on 
sensor’s calibrations are utilised with robust QAQC and QM practices supporting their use, and 
effective implementation across the value chain. 

CONCLUSIONS 
This paper aims to highlight that a Quality Program is not just a statistical exercise, where global 
averages or standard deviations assure sustainable and consistent QAQC results. Examples 
provided in this paper demonstrate the value of Quality Management to complement routine QAQC 
processes and statistical analysis. Where a proactive approach and data monitoring more effectively 
ensure consistent results across time, or a range of grades, and reduce resource and operational 
risks. 
Indirectly, this paper highlights the value and necessity of having a centralised team accountable for 
governance and performing quality-related activities (QAQC and QM) across exploration and 
production, particularly with respect to timely action implementation. 
Finally, this paper highlights that no matter what new technology or advanced statistical techniques 
are engaged by a company; all measurements need to be based on good quality sample/data 
supporting a robust calibration. Only representative data should be incorporated into simulations or 
advanced statistical tools or the outcome may lead to poor business decisions. 
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ABSTRACT 
Whereas mine reconciliation is a well-established month-end process for most modern mining 
operations, the resource sector has yet to endorse uniform reporting factors against which model 
accuracy and metal recovery can be formally assessed. Logically, any comprehensive reconciliation 
framework should facilitate comparison between period reserve, mine and mill and production 
figures. Historically, Parker’s F Series ratios (Parker, 2012) are often used in some form by mine 
operators, although they are rarely shared externally, as formal definitions have yet to be accepted. 
This paper presents a structural extension to the reconciliation process, wherein resource ratios (R 
Series factors) are used to quantify the long-term impact of the information effect, together with 
dilution and ore loss. A case study from the El Limón Guajes (ELG) Mine Complex in Mexico is used 
to demonstrate how an R Factor Series can be implemented to facilitate operation optimisation, over 
and above conventional F Series reconciliation treatments. This approach is applicable to any mining 
operation. 

INTRODUCTION 
Reconciliation has long been recognised as a key governance issue at most mine sites, 
acknowledged through the requisite reporting of monthly metal accounting information. Traditionally, 
it is meant to facilitate the comparison of estimates (ie resource, reserve, grade control, actual and 
scheduled metal) and actual metal production (survey, plant metal (Wild, 1998; Shaw, 1991; Sides, 
1992; Gover and Assibey-Bonsu, 1996; Schofield, 2001; Morley, 2003; Morley and Moller, 2005; 
Fouet et al, 2009; Helm, Hargreaves and Morley, 2013). 
Numerous case histories report how robust reconciliation techniques add value to mining operations 
(eg Coles, Hadlow and Levy, 1993; Westley, 1986; Morley and Arvidson, 2017). These reinforce the 
importance of regularly comparing tonnage, grade (quality) and contained metal (product) data from 
disparate and independent sources. From this process, ratios or factors are generated, which 
facilitate identification of production underperformance, with their links to estimation, ore loss, 
dilution, surveying and metallurgical recovery inaccuracies. 
These are not meant to be confused with ‘Mine Call Factors’ (Gover and Assibey-Bonsu, 1996) 
which compare recovered and unrecovered metal/product post-processing with ore estimated from 
sampling. With multiple characterisations in use, what constitutes an ‘undercall’ versus an ‘overcall’ 
often requires reference to ‘the mine’ or ‘the mill’. 
To formalise this process, prescribed reconciliation factors have been recommended by numerous 
investigators (eg Parker, 2006, 2012; Hargreaves (née Riske) et al, 2009; Shaw et al, 2013), 
employing standard ratios to compare resource, reserve and mill production data when tracking 
metal losses or gains across a given deposit (Hargreaves and Booth, 2019). 
While the absence of internationally recognised reconciliation factors continues to impede industry 
and commodity-wide comparisons, Parker’s F factors (Table 1, Figure 1) offer enduring standards, 
in keeping with his pioneering work on subject principles. 
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TABLE 1 
F Series Factors Framework (Parker, 2006, 2012). 

Factor Ratio Significance 

F1 
Mine Production 

Reserve 

Production and reserve models are contrasted to test 
orebody geometry, interpolation and modifying factor 

estimates. 

F2 
Mill Received 
Mill Delivered 

Mine production and mill delivered comparisons offer a 
valuable analysis of a reserve’s modifying factors 

(eg dilution and ore loss). 

F3 
Reserve 

Mill Received 
Operational capacity to recovery tonnage, grade and 

metal content of a given reserve. 

 
FIG 1 – F Series framework (Source – Modified after Parker, 2012). 

Meanwhile, enhanced factor awareness permits direct fiscal evaluation of mine performance, with 
Tier 1 operations reporting factors typically ranging from 0.8–1.2, with little monthly variation. In this 
paper, the authors propose a revised guidance for standardised factor reporting and operational 
optimisation, using R (Resource) Series, rolling reconciliation statistics. 

FACTOR GENERATION 
To estimate and ultimately reduce error, metal must be balanced at various nodes, using tonnage 
and grade measurements or estimates. The first step of any reconciliation process is to formally 
select and define all measurement points (Figure 2). 

 
FIG 2 – Typical Mine Value Chain reconciliation measurement points. 

The reconciliation measurement points (metrics) shown in Figure 2 and defined further in Table 2. 
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TABLE 2 
Reconciliation metric definitions. 

Reconciliation metric Definition 
Resource model  Depletion (tonnes, grade) 

Reserve model  Depletion (tonnes, grade) 

Grade control model  Depletion (tonnes, grade) 

Mine production  Ore control polygons (tonnes, grade) 

Mine delivered  Ore deliveries (tonnes, grade) 

Comminution  Crusher/conveyor weightometer (tonnes +/- grade) 

Plant feed  Plant weightometer feed (tonnes +/- grade) 

Plant production  Metal (tonnes, ounces) 
 

In a well-managed operation, supported by a robust reserve model, over time the F Series factors 
should hover around 1. Accordingly, achieving near unity ratios means a Reserve Model predicts 
both Mine Production and Plant Feed production well. 
However, while such results build operational confidence, do they necessarily reflect a fully optimised 
mine? The answer is often obscured by poor mining practices, including excessive dilution and ore 
loss, which are not well predicted. 

R SERIES FACTORS 
What appears missing from the F Series framework is any reference to an underlying Resource 
Model as a prospective starting point for planning and forecasting reconciliation estimates. In this 
paper we propose its inclusion into an R Series framework (Figure 3), including the following new 
reconciliation reporting parameters. 

 
FIG 3 – Extension of R Series factors within the F Series framework. 

• R1 = Reserve Model/Resource Model: By directly comparing models, this factor helps 
measure to what extent modifying factors are changing either spatially or temporally. 

• R2 = Mine Production/Resource Model: This factor measures the cumulative impact of the 
information effect, dilution and ore loss by demonstrating how well a Resource Model 
predicts operational mining practices. It helps in understanding the impact of 
geostatistical adjustment factors that make assumptions about mining selectivity. 

• R3 = Plant Feed/Resource Model: This factor remains useful for planning purposes as it 
tracks a cumulative operational (short-term) modifying factor for comparison with a long-
term planning modifying factor (ie R1). 
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The framework extension also provides some interesting additional comparisons, including: 

• R3 = R2 × F2 = R1 × F3: The factor between Plant Feed and Resource Model may follow 
two paths. It tracks actual modifying factors (R2 × F2) or the planned modifying factors, 
adjusted for performance (R1 × F3). 

• R2 = R1 × F1: This factor comparing Mine Production and the Resource Model is equivalent 
to the factor between the Resource Model and Reserve Model (F1) and the comparison 
of the Reserve Model to Mine Production (R1). 

Any of these factors can be further subdivided, to offer additional operational insights. For example, 
the R2 factor can be split into two by the introduction of the grade control model: 

• R2a = Grade Control Model/Resource Model 

• R2b = Mine Production/Grade Control Model 

• R2 = R2a × R2b 
This enables the information effect and dilution/loss to be better identified, allowing separate 
optimisation analysis. 
Similar subdivisions are likewise possible at a plant processing plant: 

• F2a = Crusher Received/Mine Delivered 

• F2b = Plant Feed/Crusher Received 

• F2 = F2a × F2b 
Unsurprisingly, R series factors are highly unlikely to be near unity for tonnes, grade and metal, and 
rarely concurrently. A Mineral Resource will not necessarily be mined as modelled, unless the 
deposit is such that selective mining is strongly controlled by geological boundaries, or the lack of 
controls on the cut-off grade are such that bulk mining emulates a highly smoothed resource 
estimate. In such cases the Mineral Resource and Ore Reserve (Mineral Reserve under some 
Codes) would be very similar within the volume planned for mining. Significantly, such factor trends 
may help demonstrate how well a Mineral Resource approximates its grade distribution, as infill 
drilling is completed or as dilution or ore loss wanes. 

CASE STUDY 
Torex Gold Resources Inc. (Torex) is a Canadian gold producer engaged in mining, developing and 
exploring the highly prospective Guerrero Gold Belt, located 180 kilometres south-west of Mexico 
City, Mexico. 
The principal assets include the El Limón Guajes (ELG) Mine Complex, which is comprised of the El 
Limón, Guajes and El Limón Sur open pits, the El Limón Guajes Underground Mine and the 
Processing Plant, which started commercial production on April 1, 2016. Most ore is sourced by the 
El Limón and Guajes open pits with a smaller portion from our El Limón Sur open pit (see 
https://torexgold.com/site/assets/files/7852/torex_gold_-_corporate_presentation_-_august_2021–
1.pdf); (Figures 4 and 5). 

 
FIG 4 – View of El Limon Guajes Mining Complex (photo courtesy of Torex Gold). 
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FIG 5 – Aerial view of El Limon Guajes Mining Complex loadout facility and plant (photo courtesy 

of Torex Gold). 

Ore from the mining operations is treated in the centralised Processing Plant (Figure 5) which utilises 
carbon-in-pulp milling technology with an associated cyanide leach to produce gold doré (see 
https://torexgold.com/assets/operations-elg-complex/). 
The ELG material movement flow chart is shown in Figure 6 with standard metrics of modelling, mine 
production, mine delivered, crusher received, plant feed and plant product defined. 

 
FIG 6 – Torex Gold ELG Material Movement Flowchart defining the standard metrics. 

With a view to continuous improvement, Torex Gold strives to achieve leading industry standards in 
sustainable performance, disclosure and reporting and has successfully incorporated the F Series 
reconciliation factors into their monthly reporting. 
This case study focuses on the open pit reconciliation of the operation, but similar processes are 
followed for the underground operation. 

F Series reporting at ELG 
Torex has implemented a robust F1-F2-F3 reporting system, with historical three month rolling 
average data plotted from 2019 for the following mine value chain nodes (Figure 7). 
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FIG 7 – Mine value chain at ELG with Factors F1-F2-F3 mapped. 

Figure 8 depicts F Series ratios with F1 and F2 factors trending above unity over the longer-term, 
suggesting reserves forecasts have been slightly conservative, with an F2 chart plotting a metal 
reconciliation factor. This reflects a series of tonnage adjustments made after reconciling stockpiles. 
As Mine Production tonnes matched Plant Feed tonnes, F2 and F1 factors tend to emulate each 
other. 

 
FIG 8 – F Series results for ELG since production started in 2019. 

R Series Extension at ELG 
Whereas F Series reporting depicts how well a mine can monitor Reserve, Mine Production and 
Plant Feed data, the addition of an R Series framework into the ELG mine value chain and 
reconciliation reporting facilitates further estimation and mining practice understanding (Figure 9). 
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FIG 9 – Mine value chain at ELG with F and R Factors mapped 

To start, with a constant R1 factor, a global dilution and ore loss factors for long-term planning is 
readily observed (Figure 10). 

 
FIG 10 – R1 Comparing the depleted Resource to Reserve by month. 

Comparing the Resource Model to Mine Production (R2 – Figure 11), production exhibits a three-
fold shift. To September 2019, tonnes, grade and metal produced by the mine were all greater than 
the Resource Model, reflective of its relative conservatism. 
This changed from September 2019 to May 2020 when production tracked comparable tonnes but 
lower grade than the Resource Model. After May 2020, tonnes and grade have re-aligned with the 
Resource Model with tonnes marginally greater and grades marginally lower than 1. 

 
FIG 11 – R2 Comparing the depleted Resource to the Ore Control (Mined Production) by month. 
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Figure 12 breaks R2 into two components: R2A (Resource Model to Grade Control) and R2B (Grade 
Control to Mine Production) to better understand the source of variation in the R2 trend. 
R2A tracks significantly higher in tonnes over most of the pit life with lower grades after grade control. 
Over time the grades gradually align with the Resource Model, indicating that estimates have 
improved over time. A contrary R2B trend indicates the operation is consistently producing and 
reporting lower tonnes and higher grade than the Grade Control Model. This is indicative of 
conservative mining practices to maintain the grade with an avoidance of excessive dilution, planned 
or otherwise. 

 
FIG 12 – Breaking the R2 factor down to measure the accuracy of the grade control model. 

These factors coalesce into the R3 factor (Figure 13). When comparing R3 to R1 we can see the 
difference between assumed (R1) and actual (R3) mining factors. As the assumed mining factors 
haven’t changed over the last three years any variation in the F1 factor is due to prevailing outcomes 
in the open pit operations. 

 
FIG 13 – R3 comparing the depleted Resource to the Plant Received by month. 

In examining the resulting reconciliation trends in the F Series and R series data, site personnel 
noted (Torex Gold Resources, 2021, personal communication) that the estimation of tonnes and 
grade in the modelling has been improved by: 

• Adding information from the infill drilling programs (8000 m in 2020 at 15 m spacing) 

• The separation of the El Limon pit skarn into two different structural domains with different 
strike and dip, improving the estimation parameters. 

It was also noted that the heterogeneity of the skarn deposits tends to reduce when mining reaches 
the centre of the deposit, which may have contributed to more reliable predictions. While a dollar 
value is not presented for the improvements seen in this case study, it is evident (eg Figure 13) that 
more reliable prediction of metal while keeping grade and tonnes in control builds confidence in the 
budget and forecast predictions, and creates operating efficiencies. 
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DISCUSSION AND CONCLUSIONS 
Whereas numerous attempts have been made to introduce global reconciliation standards, only 
where they offer actionable insights, are they likely to be uniformly adopted by the mineral sector. 
With the use of an ‘R’ Factors series, enabling tracking of the information effect, dilution and ore 
loss, new opportunities for standardisation are now available. 
Further enhancements may be possible: 

• Outlier analysis: As lithology and other spatial changes often complicate reconciliation factors, 
outlier analysis may offer a rapid filtering option to identify data combinations of interest; 

• Statistical analysis: The ability to statistically investigate reconciliation data both temporally 
and spatially will undoubtedly expose new pathways to improve modelling, forecasts and 
mining practices. 

Hopefully, with the introduction of such extended frameworks, a more nuanced and united discussion 
involving metal reconciliation benchmarking will eventuate. 
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ABSTRACT 
Reconciliation is a powerful tool used by mining operations to compare the mass and grade of ore 
produced with what was estimated before mining. The primary objective of reconciliation is to verify 
that the estimated planned metal production is achieved during processing, allowing issues to be 
identified for which adjustments can be made throughout the mining value chain to improve recovery 
and maximise efficiency. 
Traditionally, the mine plan is based on estimated mine grades using sampled exploration drill hole 
or blasthole grades. Reconciliation discrepancies between the mine plan and mill are common due 
to such factors as insufficient or non-representative sampling, poorly conceived models, or 
unrecognised blast movement. 
MineSense Technologies Limited® (MTL) has developed an X-ray fluorescence (XRF) sensor-based 
ore classification system that is installed on mining equipment to provide real-time grade estimates 
of run-of-mine material at bucket, truck, or belt-scale. Bucket level grade estimates provide insights 
into grade variations at the mine face that were never before available. This data set eliminates some 
of the leading causes of reconciliation discrepancies and enables tracking of tonnages and grades 
from the mine face to the processing plant at bucket resolution with confidence. 
Bucket-by-bucket grades at the mine face enable dynamic optimisation of the mine plan to stabilise 
the mill feed grade through blending of mine and stockpile loads. Beyond stabilising feed grade, 
Mine to Mill reconciliation combined with the full XRF spectrum response can generate proxy 
relationships to ore characteristics like hardness and recovery. These properties can then be 
predicted at the mine face, enabling further optimisation of the downstream mill feed, not only for 
grade, but also for power and water consumption, reagent addition, and recovery. This paper 
presents the benefits of MTL technology for grade reconciliation and mill performance optimisation 
at a Cu Mine in BC (Canada). 

INTRODUCTION 
Copper Mountain Mine, located in southern British Columbia, Canada, produces approximately 
50 000 t of copper equivalent per annum. Copper Mountain operates five excavators of which two 
hydraulic shovels and one front-end loader are equipped with MineSense Technologies Limited’s 
(MTL’s) ShovelSense® technology to provide real-time grade estimates of each bucketload of 
material. Not only does this measurement allow for live diversions of trucks to recover additional ore 
from waste and prevent waste from being processed in the mill, it also provides high-resolution, post-
blast grades at the mine face which can be used in Mine to Mill reconciliation. 
Reconciliation involves the collection and comparison of tonnage, grade, and contained metal data 
from various sources, such as exploration resource estimations, short-term ore control models and 
measurements taken in the processing plant. Traditionally, these data are compared by factors 
referred to as the F1, F2, and F3. The F1 factor relates short-term ore control tonnages and grades 
to long-term predictions of ore reserves, while the F2 factor relates the tonnages and grades that 
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were predicted through ore control against what was produced by the mill. The F3 factor is F1 × F2 
and measures a mine’s ability to recover the metal content estimated in the ore reserves (Parker, 
2006, 2012). 
There are many sources of error in the estimation of tonnage, grade, and contained metal being fed 
into the processing plant. These errors can relate to unrecognised blast movement and 
unrepresentative or insufficient sampling that result in non-representative models, among other 
factors. ShovelSense grade data is sampled post-blast at bucket-resolution, overcoming many of 
the limitations faced by standard mill feed estimates and providing the best estimate of grades 
received by the mill to be used in calculation of the reconciliation factors. This paper outlines the 
methodology and results of Mine to Mill reconciliation relating to the F2 factor, using ShovelSense 
data to generate a primary crusher feed grade to be compared against grade measurements from 
within the mill at Copper Mountain Mine. 

METHODOLOGY 

ShovelSense technology overview 
ShovelSense measures the elemental grade in each bucket by scanning the rocks with X-ray 
fluorescence (XRF) sensors as they are loaded into the bucket. Each bucket can have up to four 
XRF sensors installed in the brow of the bucket. The responses of these sensors are transmitted to 
a processing computer in the shovel housing, where they are transformed by proprietary algorithms 
into elemental grade predictions. 
The ShovelSense system can be installed onto front-facing excavators, shovels, and front-end 
loaders, as shown in Figure 1. The system does not interfere with standard operation and has 
negligible impact on expected equipment production rates and usage. 

 
FIG 1 – ShovelSense systems installed; left: in a hydraulic Shovel (two heads); middle: in a cable 

shovel (three heads); right: in a front-end loader (four heads). 

In a typical set-up, the fleet management system (FMS) informs ShovelSense of the buckets that 
were combined in each truck, as well as the material classification of that truck, based on the grade 
estimate from the mine plan or blasthole data (eg ore or waste). ShovelSense subsequently 
aggregates the selected ShovelSense bucket grade predictions to the truck of interest and 
determines the material classification from the predicted grades. The predicted material classification 
is transmitted back to the FMS. If it is different from the original estimated material classification, the 
FMS can redirect the truck to the correct destination. 

Primary crusher feed grade estimation using ShovelSense 
The ShovelSense predicted grades at bucket-resolution are averaged for each truck and paired with 
the unloading destination of that truck to produce the hourly primary-crusher feed grade. Thus, the 
data from every truck that is designated to unload at the primary crusher is grouped and averaged 
to the hour, based on the unloading time stamp assigned to that truck. This average includes trucks 
that come directly from the pit, as well as those coming from stockpiles. 
For this study, the primary-crusher hourly feed grade at Copper Mountain Mine is estimated using 
the ShovelSense Cu grade information delivered through its FMS for each truck that was filled by an 
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excavator equipped with ShovelSense and each truck contains approximately 220 t of material. 
Therefore, the tonnage of material being fed into the primary crusher that received a ShovelSense 
grade is also estimated. 
A blasthole estimation of the primary-crusher feed is also generated for comparison. For this 
comparison, each bucketload is assigned an estimated blasthole grade and carried through to the 
point of crusher feed using the same logic described for the ShovelSense grade. The bucket-
estimated blasthole grade is obtained using inverse distance weighting from all blasthole data within 
a 20 m radius of the bucket position, limited to one domain. Only material coming from the pit can 
be linked to blasthole data. Material coming from stockpiles is given the average grade of the 
stockpiles (0.2 per cent Cu, in this case) in the blasthole grade estimation of the primary crusher 
feed. 

Mine to mill reconciliation comparison 
The primary crusher Cu feed grade estimation from ShovelSense was compared against the Cu 
grade measured by the On-Stream X-ray Analyser (OSA) within the mill from 18 May to 2 June, 
2021. 
The ShovelSense and blasthole hourly primary-crusher feed grades were smoothed with a 4-hour 
moving average before comparing to the OSA Cu grades. A smoothing filter was applied to account 
for material mixing that occurred as the material was transferred between the stockpiles and the 
belts before being analysed by the OSA. Under the assumption that it takes material approximately 
3.5 hours to reach the OSA from the primary crusher, the hourly averaged OSA grades were adjusted 
forward by that amount of time. 
Following this methodology, a direct comparison of ShovelSense predicted grades and blasthole 
predicted grades can be made against the OSA measured grades. The Spearman method of 
correlation is used to assess how well the relationship between the mine and mill data can be 
described using a monotonic function. The results of this comparison are discussed in the following 
section. 

RESULTS 
The results of this study revealed that the ShovelSense estimated Cu grades, aggregated to the 
hour at the point of the primary-crusher feed, had a stronger correlation and less bias to the OSA 
grades measured within the mill, than the blasthole estimated Cu grade from the mine plan. 
Figure 2 displays this data over the ~2-week period that this study was conducted. The upper plot 
shows the comparison of grades between all three data sources, while the lower plot displays the 
approximate tonnage of material that was measured by each method. ShovelSense tonnages tend 
to be lower than total OSA tonnage data, because not all shovels that are feeding the mill are 
equipped with ShovelSense technology at Copper Mountain Mine, and not all ShovelSense runs 
generate a valid grade. When filtering ShovelSense and Blasthole data from this period for hours 
where these results are available for at least 10 per cent of the total tonnage processed in the mill, 
ShovelSense grades have a Spearman correlation of 0.69 to OSA grades, while blasthole grades 
have a Spearman correlation of 0.56 to OSA grades. Thus, ShovelSense data displays a 19 per cent 
stronger correlation with the OSA grades than blasthole data. 
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FIG 2 – Primary crusher feed hourly Cu grade comparison between mine grades from blasthole 

estimates, ShovelSense averaged truck grades, and grades from the OSA in the mill. Grades from 
the OSA are offset by 3.5 hours to match with the time that material flows into the primary crusher, 

and blasthole and ShovelSense grades have been smoothed by a 4-hour moving average to 
account for material mixing. 

ShovelSense primary crusher feed grades also show the least bias relative to the OSA. Of the hours 
from 18 May to 2 June, 2021, where ShovelSense and Blasthole data was available for at least 
10 per cent of the total tonnage, the OSA average Cu grade was 0.208 per cent while the 
ShovelSense and Blasthole average Cu grade was 0.199 per cent and 0.176 per cent, respectively. 

CONCLUSION 
In conclusion, the results of this case study at Copper Mountain Mine reveal that ShovelSense data 
can be used to generate an hourly primary-crusher feed grade with stronger correlation and are less 
bias to the OSA measured Cu grades from the mill, than the more traditionally used blasthole data. 
These results have significant implications for Mine to Mill reconciliation – a key process used to 
determine the ability of a mining operation to produce the tonnage, grade and contained metal that 
were estimated in the ore reserve. 
Successful reconciliation relies heavily on the accuracy of data used in calculating reconciliation 
factors. ShovelSense Technology reduces error associated with the data used in reconciliation in 
two primary ways: 

1. Enhanced efficiency in the mining process to segregate ore and waste as planned by ore 
control (relating to the F1 factor). 

2. Improved estimation of ore grades entering the processing stream (relating to the F2 factor). 
Additionally, ShovelSense measures the concentration of many elements in addition to Cu, including 
Fe, Zn, Pb, and Sr, and the raw spectrum that can be used to develop proxy relationships to ore 
characteristics such as density. These features can be carried downstream to provide estimates of 
elements, predicted rock properties and plant performance indicators, such as recovery, at the point 
of the primary crusher feed. 
This enhanced visibility of ore grades and material characteristics enables further optimisation of the 
downstream mill feed, and in turn, improves energy and water efficiency, as well as recovery of 
metals. 
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ABSTRACT 
The world-class Golden Mile gold deposit in the Eastern Goldfields of Western Australia is part of 
the Kalgoorlie Consolidated Gold Mines (KCGM) operation, which is wholly owned by Northern Star 
Resources Limited. Current mining operations across the Golden Mile is dominated by the large 
Fimiston Open Pit, which is over 4 km long, 1 km wide and 600 m deep. It is part of a larger 
mineralised system that stretches over 8 km and includes the Mt Charlotte Underground Mine, which 
is also operated by KCGM, as well as numerous historical open pit and underground mines. This 
mineralised system has been continuously mined for over 125 years and is set to continue well into 
the future. 
The Golden Mile deposit is in the Norseman Wiluna Greenstone Belt which is made up of a series 
of mafic volcanic and sedimentary rocks that have been structurally deformed and intruded by 
granitic rocks. There are two main styles of mineralisation across the Golden Mile. Firstly, the 
Fimiston style, which consists of shear hosted Golden Mile lodes with abundant sulfides and 
tellurides and secondly, the Charlotte style that comprises younger stockwork veins. Fimiston style 
mineralisation is the primary style of mineralisation within the Fimiston Open Pit. 
Historically, in excess of 3500 m of underground development and over 755 stopes were mined prior 
to the consolidation of the area and the commencement of Fimiston Open Pit operation. Old 
underground workings, known as voids, are either empty or backfilled and extend to more than 
1.2 km below surface. Although they are a routine part of mining operations at KCGM, voids pose a 
significant challenge for the geology team in terms of planning and executing exploration and grade 
control drilling, geological modelling, grade and tonnage estimation, drill and blast design and 
execution, marking up ore block designs, mining, and reconciliation. 
This paper will discuss the various challenges faced by the geology team due to the presence of 
voids, solutions used to overcome some of these challenges and the results of these activities. 

INTRODUCTION 
The Golden Mile has produced over 60 million ounces since gold was first discovered in 1893. The 
area has been mined with a variety of underground methods from small scale handheld mining to 
large scale stoping and open pit mining have been utilised since it’s discovery. Prior to the 
commencement of the Fimiston Open Pit in 1989, mining methods were selective in nature due to 
the relatively high head grade requirements of the time. More recently, strong commodity prices 
combined with a high volume, low-cost approach has allowed KCGM to mine lower grade ores 
profitably. Although some primary mineralisation is still present, the bulk of ore mined today is from 
lower grade halos surrounding the high-grade core. This mostly remnant ore has formed the basis 
of a highly successful open pit business over the last 30 years and will do for many years to come. 
The ASX reported Mineral Resources and Ore Reserves for the KCGM operations as at 31 March 
2021 are 527 Mt @ 1.6 g/t for 26.3 Moz and 271 Mt 1.3 g/t for 11.6 Moz respectively. 
All mines, regardless of age, size, commodity, or mining methods pose challenges to the geology 
teams mining them. These challenges can range from geological and estimation complexity to 
commodity prices or government regulations. Fimiston Open Pit is no different. This paper will focus 
on the unusual but not unique challenges for the mine geologists around extensive historic workings 
or voids. All stages of the Mine to Mill geology process are impacted by the presence of voids, from 
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designing, accessing, and drilling holes, geology and grade modelling, drill and blast processes and 
ore mark ups to reconciliation. 

Regional geology 
The Golden Mile is part of the Kalgoorlie Goldfields located within the Norseman-Wiluna Greenstone 
belt in the Yilgarn Craton of Western Australia. It is hosted within the Kambalda Sequence of the 
Kalgoorlie Terrain. The Kalgoorlie Terrain is bounded by the Ida and Mount Monger faults to the 
west and east respectively (Figure 1). This NNW trending Archaean greenstone belt is made up of 
mafic volcanic and volcaniclastic sediments that have been successively deformed and regionally 
metamorphosed to grades varying from lower green schist to amphibolite facies (Clout, Gleghorn 
and Eaton, 1990). 

 
FIG 1 – South-western Australia Regional Geology (Czarnota, Blewett and Goscombe, 2010). 

Local geology 
The host stratigraphic sequence, dated at circa 2710 to 2660 Ma, comprises lower ultramafic and 
mafic lava flow rocks, upper felsic to intermediate volcaniclastic, epiclastic and lava flow rocks 
intruded by highly differentiated dolerite sills such as Golden Mile Dolerite as seen in Figure 2. 
Multiple sets of NNW-trending, steeply dipping porphyry dykes intrude this sequence. The sequence 
has been deformed in four main deformation and alteration events with mineralisation associated 
with D3 and D4 events. 
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FIG 2 – (a) Camp-scale geologic map of Golden Mile with stereonets of bedding, foliation and 

litholigic contacts. (b) Stratigraphic column of Golden Mile (McDivitt et al, 2020). 

Gold mineralisation 
Gold mineralisation is present in all stratigraphic units however, the Golden Mile Dolerite is the 
principal host within the Fimiston Open Pit. Gold mineralisation is distributed along an 8 km × 2 km, 
NNW-trending corridor which corresponds to the Boulder Lefroy-Golden Mile fault system (McDivitt 
et al, 2020). Mineralisation style and lode geometry is controlled by a complex structural history, 
rheological and chemical contrasts within host lithologies and intrusive dykes (Nixon et al, 2014). 
There are two predominant styles of mineralisation: Fimiston and Mt Charlotte styles, with Fimiston 
style the most common in the Fimiston Open Pit. 
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Fimiston style mineralisation 
Fimiston style mineralisation is characterised by steeply west dipping lodes of silica-sericite-sulfide-
telluride bearing quartz-carbonate veinlets, crackle, and cockade breccias, banded chalcedonic 
quartz carbonate veins, breccias and cataclasites. These lodes are associated with brittle-ductile 
shears forming broad low-grade haloes that extend >1 km both laterally and vertically. 
There are four main lode types within the Fimiston style of mineralisation: main, caunter, cross and 
oblique. This style of mineralisation is the most common style of mineralisation within the Fimiston 
Open Pit. The Golden Mile Fault, which strikes subparallel to the main lodes, bisects the pit and 
lodes into East and West as seen in Figure 3. 

  
FIG 3 – Fimiston Style mineralisation lode types, the Sam Pearce decline and public lookout are 

shown for reference. 

500m 
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Mt Charlotte style mineralisation 
Mt Charlotte style ore is a stockwork of locally coarse grained, open-spaced textured, dilational, 
quartz-carbonate-albite and scheelite bearing sheeted veins with distinct alteration haloes (Ridley 
and Mengler, 2000). Vein thickness ranges from a few millimetres to several metres and can contain 
multiple generations of quartz growth (Clark, 1980). The mineralisation is developed preferentially 
within the coarse-grained, granophyric Unit 8 of the Golden Mile Dolerite but is also present in other 
mafic and intermediate units within the stratigraphy. The veins form a network of extension and shear 
fractures that generally dip in two preferred orientations: moderate (45°) and steep (70°) to the north-
north-east. 

Brief mining history 
Gold was discovered near Kalgoorlie by Irish prospectors Paddy Hannan, Thomas Flanagan and 
Dan Shea in June 1893, soon thereafter a gold rush commenced in the then known ‘Hannan’s Find’. 
The Golden Mile however was named and first pegged by Sam Pearce and William Brookman a few 
weeks after Paddy Hannan made his discovery (Figure 4). Within five years the Golden Mile had 
yielded half a million ounces of gold and the twin towns of Kalgoorlie Boulder were established. In 
the ten years after the initial discovery there were 49 operating mines, 42 mining companies, 100 
headframes and more than 3.5 km of underground workings. By 1950, four major companies owned 
most of the Golden Mile leases, then by 1970, this reduced to just two with only the Mt Charlotte 
Underground Mine at the northern end of the field still in operation. 

 
FIG 4 – Golden Mile Smokestacks circa 1940, with Great Boulder in Foreground and Kalgoorlie 

Townsite in background (Eastern Goldfields Historical Society). 

In 1971, the price of gold was deregulated on the world market; within three years the price of gold 
had tripled. During the following decade, a major technological development occurred within the 
industry with the advent of the carbon in pulp gold extraction process. However, it was not until the 
late 1980s that the Golden Mile was reborn. During this decade, Alan Bond began consolidating 
leases within the Golden Mile with the aim of creating one company to extracting the gold via a large 
open pit mine at a much lower cost. However, Bond was unable to purchase all the leases and ended 
up creating a Joint Venture with Homestake Gold under which a management company called 
Kalgoorlie Consolidated Gold Mine was formed. Soon afterwards, the Bond companies faced 
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liquidity problems and sold their share of the Golden Mile Joint Venture to Normandy Mining and 
mining of the Fimiston Open Pit began. 
In late 2001, Barrick Gold Corporation merged with Homestake and a few months, later Normandy 
Mining merged with Newmont Mining Corporation and both companies I maintained the KCGM JV 
until late 2019. In late November 2019, Saracen Mineral Holdings purchased Barrick’s 50 per cent 
interest in the KCGM joint venture followed by Northern Star Resources purchasing Newmont’s 
50 per cent interest in early December 2019. 
In February 2021, the merger of equals finalised between Saracen Mineral Holdings and Northern 
Star Resources resulted in the Golden Mile coming under a single owner for the first time in its 
history. 

Voids 
It is estimated that there is over 3500 km of underground development across the Golden Mile 
(Figure 5). There are currently 755 historic stopes modelled and these extend to over 1200 m from 
the surface. Of these, 210 stopes have been backfilled with a variety of material such as rock fill, 
tailings and rill material and are flagged as ‘filled’ to differentiate them from the empty stopes in the 
block model. Rock fill is generally from a period where cut-off grades were significantly higher than 
today and based on periodic sampling can carry grades over 5.0 g/t gold. Given the difficulty in 
producing a reliable and representative sample from a stockpile, this data is used for high level 
verification purposes only and does not contribute to any estimate. Tailings are generally calcine 
slimes that are red in colour and easily distinguishable on the pit floor and typically grade between 
1.0 g/t and 2.0 g/t. Rill material can originate from a variety of sources such as low-grade stope 
halos, collapsed high-grade pillars and fired ore from the pit floor. Due to the prevalence of ore grade 
material in voids and the proximity of these to remnant mineralisation, it is assumed that all material 
within voids is mineralised so is included in ore blocks and mined as ore. Nominal conservative 
grades are assigned for this material with any positive reconciliation captured as part of the 
reconciliation process. 

 
FIG 5 – Long section of known underground workings within and under the Fimiston Open Pit. 

Due to the extensive mining history of the Golden Mile, occasionally unsurveyed voids are 
encountered during drilling. These voids may have been mined illegally and never recorded, due to 
subsequent rilling/self-mining of existing voids or simply due to incomplete surveying in the past. 
Although the existence of voids and the potential for fall of ground events is a safety concern for pit 
personnel, diligent processes and procedures have been established to mitigate these risks. A team 
of void engineers and technicians model the voids and ensure all personnel can work safely in and 
around the pit. Exploration, resource definition, grade control and probe drilling are vital in 
determining the exact location of voids. Cavity auto-scanning laser system (CALS) units are 
deployed to survey large voids within 50 m of the pit floor and provide excellent data on void fill and 
geometry. Voids are captured in an extensive database that is regularly updated with all available 
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data. As mining processes and drilling density increases, the void’s location, fill status and extents 
are updated. 
Each void is analysed individually with the level of broken and unbroken cover above the void. If a 
void is deemed to have insufficient cover, an exclusion zone is put in place to restrict access to 
personnel. An example of an open void within the pit is seen in Figure 6. Various levels of exclusion 
zone exist; where a historic shaft exists, no access is available to either personnel or machinery, 
some zones may allow access to shovels or vehicles with roll over protection systems while other 
zones may only exclude access to personnel. All exclusion zones are marked up by the survey 
department on the ground and void maps are updated and distributed daily to all pit personnel and 
must be carried by each person while in the pit. 

 
FIG 6 – Large void under working area within the Golden Pike section of the Fimiston Open Pit. 
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CHALLENGES FACED BY THE GEOLOGY TEAM 

Drilling 
Voids impact every facet of the drilling cycle, from planning, to gaining access to drill sites through 
to execution. Achieving target depths can be as difficult for a 12 m grade control hole as a 1200 m 
exploration hole. Nonetheless, KCGM has a long history of successfully drilling across voids with 
drilling contractors now capable of drilling through multiple voids in a single drill hole. 
When planning drill holes, the current void maps and models are used to ensure planned collars are 
not within exclusion zones and that access to the drill collar is available. Numerous drill holes have 
been designed and discarded due to collar positions close to or within exclusion zones. Once a collar 
is established, the geologists will often design the hole to target pillars around the known voids to 
increase the likelihood of achieving the planned target. Where this is not possible, the drill plans will 
include information as to what depth a void may be intercepted and how wide the void is expected 
to be. 
All surface diamond drill holes are completed using HQ (88.9 mm) size equipment. The larger 
diameter rods are stronger and stiffer than the smaller NQ (69.9 mm) rods that are more broadly 
used when voids are not present. The stronger rods can span larger voids with less sag and have a 
higher success rate with collaring on the opposite wall. 
Once a void is intersected, outside water return is generally lost into the void. As the outside water 
return lubricates the rod string to reduce hole friction, this is substituted by greasing the full rod string 
with each drill bit or configuration change. If the driller suspects that hole friction is still too great, 
they will take measures to prevent rods becoming stuck and ultimately may stop the hole before the 
designed target depth. 
Rod strings can fail, separate, or become stuck when drilling through unconsolidated rock fill, timber 
ground support or where the rod string sags as it traverses a void. Unconsolidated fill and timber 
create issues as they can shift, gripping the rod causing it to lock-up and become stuck. Timber also 
tends to swell once intersected which increases rod friction and can also result in stuck rods. Large 
voids or low intersection angles can cause the angle of incidence becoming too acute for the drill bit 
to re-collar on the opposite rock face of a void resulting hole deviation, rod separation or rod failure. 
These holes can sometimes be recovered depending on ground conditions and hole depth, but these 
issues often result in holes being terminated before reaching the designed target depth. 
Not all drill holes are successful with stuck rods being the most common problem encountered by 
the drillers. In these cases, the supervising geologists must be aware of how the drilling contract has 
been constructed to determine whether time spent retrieving equipment is justified or cut the rods 
and pay for the lost equipment. They must then consider whether the hole is collared a second time 
and attempted again, or whether the hole should be redesigned to avoid specific voids. 

Geological modelling 
A unique challenge for the geologists at KCGM is the sheer volume of data available to them. The 
Golden Mile has been studied intensely since discovery with scientific papers, technical reports and 
geological mapping dating back to the late 1800s. Over this time volumes of data have been 
published and many theories and interpretations generated. 
Data exists in many formats from paper maps through to the various software and hardware systems 
that have been in use at the operation since the 1980s. Selected maps and digital files have been 
converted to modern digital formats that are able to be accessed by current personnel. The volume 
of data can be overwhelming, so utilising the best data by the most efficient means is an ongoing 
consideration. Some historical data does not have sufficient information, such as assaying QA/QC 
or drill hole collars that cannot be validated, to be included in estimating mineral resources so is 
either discarded or used in a limited capacity as determined by the Competent Person (Dominy et 
al, 2009). 
The Fimiston Open Pit and Underground resource is primarily defined and estimated by a 
combination of diamond (DD) and reverse circulation (RC) drilling over the course of 125 years of 
production. Other less reliable drilling techniques that include air core and rotary air blast (RAB) are 
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not used in the resource estimate but are used as a guide where appropriate. As many of the DD 
and RC drill holes were completed prior to the advent of modern surveying techniques and practices, 
the spatial accuracy of these holes cannot always be verified due to inaccessibility of collar positions 
and inaccurate/absent downhole surveys. Subsequently, erroneous drill holes (known or suspected) 
are flagged with a confidence attribute that reflects spatial reliability and are removed from the model 
and estimate. 

Mapping 
Pit walls more than 600 m high provide excellent exposures of structure, lithology, and voids that, 
when combined with historical underground mapping and drilling data, enable the extrapolation and 
development of robust geology models laterally and at depth below the current open pit. Drones and 
high-resolution photogrammetry are utilised to capture data from areas unsafe to access on foot and 
map using more traditional methods. 
Underground mapping has been completed for most historical development, an example is seen in 
Figure 7 from the Chaffers Gold Mine. These map sheets have been scanned and registered and 
can be viewed in the various 3D software platforms used across the operation. These maps contain 
observations, descriptions and measurements of lode style, lode continuity, faulting, folding, cross-
cutting and linking structures, and stratigraphy (Dominy et al, 2009). These maps are an excellent 
source of data and are used in conjunction with drilling and mapping data to inform the geology 
models. Mine geologists can take a map with the ore blocks overlaid on top of the grade control 
model and historical mapping into the pit to assist with the ore block set out and alter it where 
appropriate and for mapping of the geology outside of the underground workings. In places this data 
extends into the walls and is a valuable tool in adding context to observations on the pit floor when 
adjusting mark ups or spotting ore. 

 
FIG 7 – Underground mapping from Chaffers Gold Mine 30 Level. Level plans are scanned into 3D 

software for use in geological model interpretation. 
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Resource estimation 
Voids are used to assist in creating the ore domains. It is assumed that all stopes that are coincident 
with modelled lodes have mined the same mineralisation and often just the high-grade core. In these 
cases, wireframes are snapped to wholly include the stopes as seen in Figure 8, or are adjusted to 
reflect circumstances where lodes bifurcate, terminate, or change in dip or strike. This is particularly 
useful on the footwall of areas with stacked voids where reaching drill target depths was not achieved 
or data is sparce. 

 
FIG 8 – With increased drilling information and the confirmation of the void model, the 

mineralisation interpretations are adjusted to envelop the voids. 

The Fimiston Open Pit resource and grade control models utilise categorical indicator kriging (CIK) 
and ordinary kriging (OK) methods to estimate gold and sulfur. Estimation of the lodes by either OK 
or CIK is dictated by the descriptive statistics of each domain and the volume of samples. Due to 
lodes being interpreted on geological parameters and the nuggetty nature of mineralisation, nearly 
all require subdomaining due to mixed sample populations. In many of the poorly supported domains, 
insufficient samples exist currently to adequately inform the indicator estimate and are subsequently 
estimated using conventional OK. 
Due to the bi/multi-modal grade populations in most lodes and complexity of the controls on high-
grade mineralisation emplacement, no single geological feature can be used to subdomain the lodes. 
Subsequently, an indicator estimation based around grade cut-off has been utilised to replicate the 
intricate subdomains. 
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Voids present a challenge during the indicator process in the CIK estimate given that they occur 
primarily in high-grade zones. Drilling data is mostly post underground mining and in many cases 
the presence of voids has restricted the drilling coverage. This creates large data gaps that impact 
the continuity of grade when defining the high-grade subdomain. The result was that some high-
grade areas supported by selective stoping were flagged as low-grade and the model was under-
calling grade. To enable a more representative subdomaining process, ‘simulated’ drill holes are 
used where stoping intersects modelled lodes and drill data is sparse. These holes are constructed 
on a 10 m × 10 m YZ grid and are coded with high-grade to enable the indicator process to model 
continuity of the high-grade system more accurately and flag the high-grade subdomains 
appropriately. After this step, these temporary holes are excluded and do not contribute to the 
estimate. Once the subdomains have been defined by Indicator Kriging, the grade is estimated into 
each subdomain using Ordinary Kriging. Assay data within a void that is not primary mineralisation, 
such as fill, is also excluded from the estimate. 
When a sample is collected from the fill, it is logged, assayed, and recorded within the geological 
database as fill. Often voids flagged as open are filled when the pit floor reaches them, however it is 
often unclear what the grade of the material is within the void. Samples are periodically collected to 
test the grade with assays generally above the mineable cut-off grade of 0.5 g/t and occasionally 
returning grades above 5.0 g/t. This material is either included in ore blocks or spotted out during 
mining and sent to the ore stockpiles. Ore Spotting is when the geologists or technicians visually 
identify mineable ore outside of ore blocks and send to an appropriate ore stockpile. Ore is 
occasionally observed outside of the block due to imprecise adjustments of the ore blocks due to 
blast movements, or when small cross lode structures are not identified in grade control drilling. 
Compounding this, prior to 2019, the open voids were flagged in the geological estimate as zero 
tonnes and zero grade. This resulted in the mine planning process not effectively scheduling the 
total tonnes and grade, resulting in additional tonnes and ounces being mined than planned, which 
in turn impacted the processing schedule and the stockpiling strategy. To facilitate more accurate 
mine and processing planning, voids within modelled lodes are allocated conservative properties 
with a relative density of 1.5 ρ and a grade of 0.5 g/t. Where stopes are flagged as being filled, they 
are coded with a grade of 0.9 g/t. These assumptions are reviewed monthly and annually as part of 
the reconciliation process to ensure their validity and can be altered when appropriate. 

Blasting and mining 
Blasting and mining within Fimiston Open Pit is completed in 10 m benches. Production drilling 
around the voids poses a major obstacle for the engineering and drill and blast teams. Each drill 
pattern design must consider size and depths of the voids within and directly under the bench being 
mined. Probe holes are drilled before blasthole drilling commences to define a void’s size and depth 
of cover above it. Blast patterns that have voids extending beyond the 10 m bench have deeper 
blastholes specifically designed to collapse them. This is problematic for ore control and 
reconciliation, as there is no way of knowing how the material has broken and where the ore and 
waste has moved to. Holes designed in restricted zones are drilled with a long reach or remote-
control rig. The explosive loading is completed following a specific working at heights procedure 
where a member of the blast crew is harnessed to a manitou telehandler and can work inside the 
restricted area. 
Each blast pattern design is reviewed by the geology team to ensure point of initiation (POI), direction 
and movement are considered and are appropriate for the orebody. Blast movement is monitored 
using the Blast Movement Technology (BMT) system where additional holes are designed and drilled 
within blasts that contain ore. A blast monitor (BM or blast ball) is placed at incremental depths down 
the hole. The position of the BM is recorded before the blast and detected after blasting. Blast monitor 
holes need to be designed in strategic locations to ensure they are not drilled into or close to a void 
as the geologists may not be able to access the location prior to or after blasting, may be lost during 
installation or may move too deep during blasting resulting in poor signal strength for post blast 
detection. 
The movement information is used to translate the designed ore blocks to a post-blast location. The 
loss of blast monitors into voids can impact the ore movement tracking and result in poor ore block 
translations and incorrect post-blast ore block position. Some blast monitor vectors show movement 
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towards known voids as seen in Figure 9, indicating that ore and/or waste is also moving into or 
down the void, resulting in ore loss down the void and dilution from waste material moving in from 
the sides. This can be challenging when accounting for dilution and ore loss in the reconciliation 
process. Ore spotting is prioritised for these areas and is an effective means of reducing ore loss 
and dilution and improving reconciliation. Material that appears low-grade is given a reduced grade 
or sent to a stockpile for further inspection and sampling. 

 
FIG 9 – Blast 610–2318 showing blast monitor movements, all BMMs can be seen to move in the 
same trajectory as the blast direction, except for 14 and 15 which were placed higher in the drill 

hole and moved towards the void. 

Voids play a significant part in the size of equipment utilised for mining within Fimiston Open Pit. 
Usually, the size and characteristics of an orebody govern the smallest mining unit (SMU) and 
equipment selection but due to the size of the voids and safety considerations, however large 
shovels are better designed to mine around the voids and straddle voids where appropriate. Voids 
also have a big impact on mining direction, some areas of the orebody must be mined sub optimally, 
such as from footwall to hanging wall or ‘end on’, to navigate around large exclusion zones. This can 
have a significant impact on dilution and ore loss in designed ore blocks (Cooke and Fitzgerald, 
2011). 

Ore mark up 
Ore blocks are designed in Datamine, translated using blast movement vector information and 
marked on the ground using surveyed point locations, flagging tape and coloured paint. The mining 
equipment has high precision GPS capability with the use of the Wenco Benchview system, where 
ore blocks can be viewed digitally by the machine operators, however the depth of the pit creates 
satellite communication issues and therefore the ore is still marked on the ground. 
As some of the exclusion zones over voids have no access for personnel, some sections of the ore 
block mark-up result in tapes being ‘thrown’ to approximate the ore block boundaries, the scale of 
which can be seen in Figure 10. This results in inaccurate ore block mark ups and may result in 
overmining or undermining of the originally designed ore block. The geologists prioritise these areas 
for spotting to ensure the ore is mined as accurately as possible. 
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FIG 10 – Ore blocks surrounding historic voids and subsequent loss of material into voids after 

blasting. Geologists are also unable to access the markup due to exclusions zones and can result 
in throwing flagging tape and use of GPS tracking on shovel. 

Reconciliation 
The Mine to Mill reconciliation, as well as reconciliation against all predictive models is an essential 
part of the KCGM geology process as it provides an insight into the spatial and quantitative accuracy 
of estimation models. 
Reconciliations are completed monthly, analysing all stages of the process: 

• Resource Modelling – the raw geologically interpreted inventory model for the entire deposit. 
This model is produced once per annum and is used for annual mineral resource and ore 
reserve declarations to the market and for budgeting and LOM scheduling. It includes all 
relevant data available at the time. 

• Reserve Modelling – the resource model modified for mining parameters including but not 
limited to minimum mining widths and cut-off grades. This model is produced once per annum 
and is used for annual mineral resource and ore reserves declarations to the market and for 
budgeting and LOM scheduling. 

• Grade Control Modelling – the raw geologically interpreted inventory model for the entire 
deposit. This model is updated throughout the year and includes all data available at the time. 

• Schedule Modelling – the latest grade control model including modifying factors such as 
minimum mining width, used to provide a best estimate for medium term planning of mining 
and processing. A density and grade is assigned to the empty voids in this model. 

• Grade Control Design – the ore blocks designed by the geology team and set out in the field 
for mining. These designs consider minimum mining width, SMU, and planned dilution, but do 
not account for unplanned dilution. 

• Claimed mined – material recorded as being mined by production tracking (trucking plods and 
movements to stockpiles and waste dumps. 

• Declared Ore Mined (DOM) – Actual Ore Production – the ore mined during a period based on 
measured milled tonnes and back-calculated head grade. It is calculated as the mill reported 
throughput adjusted for change in milled stockpiles. 

DOM = Mill throughput + (Closing stockpile – Opening stockpile) 
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• Metal Call Factor (MCF) – is the ratio of mill throughput metal against the mine claim metal 
processed for the month: 

A = Mill Throughput Au = Au produced + Au in circuit + Au tails 
B = Claimed Au = As Mined Au +/– stockpile changes 
Metal Call Factor = A/B, expressed as a percentage 

Reconciliations are completed on both a whole mine and local cutback scale. By analysing 
reconciliations on both long- and short-term time scales, the geologists can identify both positive and 
negative trends and alter all stages of the process where necessary (Donaldson, Ferguson and 
Murray-Hayden, 2014). 
The MCF at KCGM over 17 months is shown in Figure 11. MCF variability may be due to several 
reasons, this paper will deal only with those relating to the presence of voids. These are 
predominantly attributed to: 

• Loss of material into voids during blasting and subsequent movement of waste into ore blocks 
(grade dilution). 

• Gain of ounces at the bottom of open voids from blasting above (under claimed during mining). 

• Unplanned Dilution due to thrown tapes or dig direction changes. 

 
FIG 11 – Metal Call Factor tracking over a 17-month period with a 3-month moving average as a 

dotted line, the orange lines reflect the accepted variance each month. 

In periods where the MCF is negative it has been identified that mining was predominantly at the top 
of an empty void within the sill pillar, while months with positive factors are at the base of a void. 
When the sill pillar is broken, ore falls from not only the sill, but also the surrounding waste rock. At 
the base of the voids, the ‘lost’ ore from benches above is reclaimed, resulting in a positive MCF. 
RFID technology is being investigated to better track the movement of material within and around 
the voids. This involves the installation of RFID tags that are inserted into blastholes within the ore 
blocks and the surrounding waste. Each tag location is picked up by survey and recorded in a 
database. A scanning system is installed onto the conveyors at the mill alerting the geology team 
when they are picked up. The tags will indicate whether waste has moved into the ore stream, or 

Metal Call Factor

Blocks within Sill Pillar 

Reclaimed ore at 
base of void 
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when ore within the voids that has fallen from levels above has been mined and sent to the mill 
(Figure 12). This will allow the geologists to apply a better claim grade to the milled material and 
reduce the variability of the MCF monthly. This system can be used for other improvement projects 
within the mine, for example, understanding the sources of dilution and associated training and 
awareness for mining operators. 

 
FIG 12 – The mechanism of material movement into voids: A, the unmined lode with a high-grade 
core, B, the high-grade core is mined out using longhole stoping, C, open pit mining advances to 

the sill above the void, D, the blast moves both ore and waste into the void. 

CONCLUSIONS 
That an orebody has been continuously mined for over 125 years is testament to the truly giant 
nature of the system. However, for the geologist working in a mine with such an extensive mining 
history, the experience brings certain benefits and challenges that are not present in younger or 
virgin deposits. 
The extensive void network and how it impacts on data collection, model generation, mining and 
processing must be understood for the operation to be successful. The challenge of mining not a 
whole mineral system but what has been left behind changes the way data is collected and models 
generated with as much effort placed on estimating and managing what has already been mined as 
what is remaining. Mine geologists must consider these points when collecting data to ensure the 
deposit is able to be represented sufficiently by the model and estimate. The model and estimate 
are the foundation for all activities in any mining operation and as such the role of the Mine geologist 
is critical. Well-developed, supported and continually improving geological and resource estimation 
practices ensure that positive outcomes prevail and all data, new and old, support the model. 
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ABSTRACT 
IGO Ltd’s (IGO’s) Nova Operation (Nova), which is 160 km east-north-east of the town of Norseman 
in Western Australia (WA), mines and processes nickel-copper-cobalt (Ni-Cu-Co) sulfide ore from 
the magmatic Nova-Bollinger Deposit (Nova-Bollinger), which is hosted by the Mesoproterozoic age 
high-grade metamorphic rocks of the Albany Fraser Orogen. Over its 56-month life-of-mine (LOM) 
operations to 31 December 2020, Nova has processed 5.63 Mt of ore grading 2.04 per cent Ni, 
0.86 per cent Cu and 0.07 per cent Co from its underground mine. 
At the end of 2020, both the Nova-Bollinger JORC Code reportable Mineral Resource estimate 
(MRE) and Ore Reserve estimate (ORE) were >90 per cent classified in the highest JORC Code 
confidence categories of Measured Mineral Resource and Proved Ore Reserve respectively. The 
high JORC Code classification confidences assigned to the Nova-Bollinger MRE and ORE results 
from the 386 km of surface and underground diamond drill testing of the deposit to a nominal 12.5 
by 12.5 m pierce point spacing in mineralisation. The close spaced high-quality drilling and bulk 
mining method employed at Nova has effectively removed the need for any grade control modelling 
outside of the MRE process. Importantly, having only the one fully drilled out deposit being mined 
and only the one process plant, Nova’s reconciliation process is in the fortunate situation of not being 
confounded by issues such as external ore sources and constant updates as new grade control 
information becomes available. 
IGO’s Nova reconciliation processes are focused on reconciliation ratios that quantify operational 
period differences between the MRE and ORE head grade and tonnage forecasts and the process 
plant head actuals. These metrics have been used to identify key reconciliation issues and have 
initiated several studies into the causes for specific reconciliation results, which are discussed in the 
paper. In late 2020, a period of sustained poor reconciliation results led to the recognition that 
increasing the understanding of risk between the MRE and ORE should be investigated. To assist 
with modelling stope level risk within the mine plan and subsequent reconciliation, an attempt was 
made to develop a formula to quantify ‘stope risk’ from MRE metrics such as sample spacing, kriging 
efficiency and so on. 

INTRODUCTION 
IGO’s Nova, which is 160 km east-north-east of the town of Norseman in Western Australia, 
processes Ni-Cu-Co sulfide ore from an underground mine developed on the magmatic Nova-
Bollinger deposit (Figure 1). The deposit is hosted by the high-grade metamorphic rocks of the 
Fraser Zone of the Albany Fraser Orogen. A chonolith-like gabbroic intrusion is interpreted to the be 
the source of the sulfide mineralisation (Barnes et al, 2020). 
Over its LOM 56-month period to 31 December 2020, Nova has mined and processed 5.63 Mt of 
ore grading 2.04 per cent Ni, 0.86 per cent Cu and 0.07 per cent Co. At the end of 2020, the Nova-
Bollinger JORC Code (JORC, 2012) reportable MRE was classified as ~90 per cent Measured 
Mineral Resource with ~96 per cent of the Ore Reserve estimate (ORE), classified as Proved Ore 
Reserve (IGO, 2021). 
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FIG 1 – Nova-Bollinger location and regional geology. 

The high JORC Code classification confidences assigned to nearly all the Nova-Bollinger MRE and 
ORE is supported by the 386 km of high quality and close spaced, surface and underground diamond 
testing of the deposit. Additionally, the precision of the MRE geological model prepared from this 
drilling has been thoroughly confirmed year on year by Nova’s routine high-quality 3D laser scanning 
mapping of development headings – refer Figure 2 (Boyce and Barnes, 2017). 

 
FIG 2 – MRE cross-section and face mapping 1885 XC K drive. 

Combined with the bulk stoping methods employed at Nova, grade control modelling outside of the 
MRE process is now considered unnecessary. Additionally, with the deposit now fully drilled out and 
having only the one process plant, Nova’s reconciliation process is in the favourable situation of not 
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being confounded by issues such as external ore sources and/or constant MRE updates as new 
information becomes available. 

GEOLOGY 
Nova-Bollinger is in the southern part of the 425 km by 50 km wide, Mesoproterozoic age Fraser 
Zone of the Albany-Fraser Orogen. The Fraser Zone is fault bounded by the Biranup Zone to the 
north-east and the Nornalup Zone to the south-east. The Arid Basin forms the basement to the 
Fraser Zone and the Snowys Dam formation of the Arid Basin is the basement package in the Nova-
Bollinger area (Spaggiari, 2014). 
Mafic, ultramafic and granitic intrusions were emplaced in the region during the first phase of the 
Albany-Fraser Orogeny (~1.30Ga). Later, intense tectonic events (1.12 to 1.14Ga), metamorphosed 
the Fraser Zone rocks to granulite facies grade. The Fraser Zone is now characterised by gneissic 
fabrics, complex refolding and major mylonitic zones. 
The ensemble of rocks within the Nova-Bollinger region are consistent with the regional descriptions 
of the Snowy's Dam formation and include pelitic to psammitic gneisses, a local carbonate unit, along 
with metamorphosed mafic/ultramafic and volcanoclastic rocks. The Nova-Bollinger mafic-ultramafic 
sill complex that hosts Nova-Bollinger is a doubly plunging synform (Figure 3). 

 
FIG 3 – Nova-Bollinger local geology and mine layout. 

MINERALISATION AND GEOMETALLURGY 
For MRE modelling purposes, IGO’s geologists have identified and modelled eight different styles of 
sulfide mineralisation in Nova-Bollinger (Figure 4). However, over half of the pre-mining MRE 
tonnage (and most of the payable metal value) occurs in the breccia style. IGO’s geologists have 
identified 22 separate estimation zones, each having a separate mineralisation style, including a 
catch-all ‘waste-halo’ zone of disseminated mineralisation that generally bounds and interfingers with 
the other estimation zones (Figure 5). 
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FIG 4 – Pre-mining tonnages and grades by ore type. 

 
FIG 5 – Nova-Bollinger main estimation zones. 
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The Nova-Bollinger sulfide assemblage is simple comprising dominantly pyrrhotite, with lesser 
pentlandite and chalcopyrite as the principal value metal minerals. 
Nova’s net textured mineralisation is the only ore that requires special grade control attention 
because its high magnesia content (due to high olivine) needs to be managed in the mill feed blend 
to ensure that Nova’s saleable nickel concentrate’s Fe:MgO ratio is maintained at levels acceptable 
to customers. As such the net textured ‘MET’ ore is stockpiled separately and blended with Nova’s 
other ore types to avoid magnesia spikes in the process stream. Otherwise, all other mineralisation 
types are stockpiled in set grade range stockpile ‘fingers’ on the run-of-mine (ROM) pad in front of 
the crusher. The ROM loader then uses these fingers to facilitate blending of the nickel grade into 
the crusher at levels consistent with operational targets. 

MINERAL RESOURCE ESTIMATE 
Over the last few years, Nova’s geology and mine engineering staff have updated the Nova-Bollinger 
MRE and ORE annually as the deposit has been progressively drilled out using high-quality diamond 
core wire lined drilling (DD) to a nominal 12.5 m by 12.5 m mineralisation pierce point spacing. Using 
implicit modelling tools and a variety of software systems, Nova’s resource geologists interpreted 
the Nova estimation zones described above and used the interpretations to control the ‘hard-
boundary’ estimation of MRE block grades of nickel, copper, cobalt, iron, magnesium, sulfur and 
density using ordinary block kriging (OBK) and oriented sample search methods (Hetherington and 
Murphy, 2019). 
Due to the wide range of densities both within and between the MRE estimation zones, Nova’s 
geologists estimated the Nova-Bollinger MRE model block grades by interpolating accumulation 
service variables, each calculated as the density × grade for each chemical variable for each sample. 
This indirect grade estimated method correctly addresses the need for equivalent sample support 
when sample density variations are high. However, indirect grade estimation also requires density 
to be interpolated from homotopic density data so the chemical variable grades can be back 
calculated from the accumulations (Dias et al, 2012). This was possible for the Nova-Bollinger data 
set as nearly all samples have density measurements and missing densities were readily imputed 
by using multivariate regression predictors prepared from the chemical assays. Table 1 is a listing 
of the Nova-Bollinger MRE depleted for mining to the end of 2020 (CY20). 

TABLE 1 
CY20 Mineral Resource estimate (IGO, 2021). 

Source JORC Code  
Class 

Nova-Bollinger at ≥A54.5/t NSR 

Mass  
(Mt) 

Nickel Copper Cobalt 

% kt % kt % kt 

Mine Measured 10.4 1.88 196 0.76 78 0.06 6 
 Indicated 1.3 0.81 10 0.37 5 0.03 <0.1 
 Inferred 0.1 1.26 1 0.47 <1 0.04 <0.1 

Subtotal mine 11.8 1.76 207 0.71 84 0.06 7 

Stocks Measured 0.04 1.62 1 0.65 0.3 0.06 <0.1 

Total Measured 10.4 1.88 196 0.75 79 0.06 6.4 
 Indicated 1.3 0.81 10 0.37 5 0.03 <0.1 
 Inferred 0.1 1.26 1 0.47 <1 0.04 <0.1 

Total MRE 11.8 1.76 208 0.71 84 0.06 7 
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MINERAL RESOURCE RECONCILIATION 
In a mining context, the word reconciliation usually describes the processes applied, and results 
achieved by period, when comparing the forecasts from an operation’s predictive models to actual 
head grades and tonnages reported by the processing plant (Morley, 2003). Nova’s reconciliation 
process is completed as being effective at month’s end when Nova’s geology team use the mine’s 
cavity monitoring surveys (CMSs) of development headings and stopes, to report the mining 
depletion from the prevailing MRE and ORE digital models. The process requires that the geology 
team maintain a set of files with the end-of-month (EOM) digital solids representing the volumes of 
each month of mining over the LOM. This is a relatively simple task when the files are updated 
monthly. 
For stopes in the process of being mined at the end of month, some of which can take several months 
to be fully depleted, Nova’s geologists prepare approximated depletion 3D volumes based on stope 
design shapes, firings completed and bogging depletion assessments. These approximated 3D 
volumes are updated in subsequent EOM assessments to actual CMS information when the final 
surveys are available. As such, EOM reconciliation results will vary over time as the base information 
is updated, which for some months can also include annual updates to the predictive models. In this 
way LOM the reconciliation reported is always with respect to the most up to date information at the 
end of each month. Additionally, the system can be readily adapted to compare the reconciliation 
results of an updated model with prior estimates. 
At the end of each EOM, Nova’s geology team prepares a software script driven EOM summary 
report that lists the prior 12-months reconciliation results in by-month detail (Figure 6). This EOM 
summary additionally lists the reconciliation results for the prior quarter, half-year and LOM results 
effective to the prevailing EOM date. For transparency purposes, the EOM summary report contains 
all the information required to compute the EOM reconciliation factors including the model depletion, 
the process plant results, the ROM stockpiles and the forecast grade from the model and stockpiles. 
The reconciliation factors listed on the summary EOM report are simply the ratios of the actual 
(process plant) metrics divided by the respective forecast metrics reported as a percentage. 

 
FIG 6 – Nova-Bollinger EOM summary reconciliation report for December 2020. 

Nova’s EOM reconciliation summary report is supported by a more detailed document that describes 
the ore mining activities completed during the month, ore sources and other observations that a 
relevant to the items included in the summary report. For example, this more detailed report includes 
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Figure 7, which is a dashboard type summary that depicts where ore has been sourced over the 
month, which estimation zones provided the ore (ranked by tonnage) and the payable metal grades 
mined from the model for each estimation zone. The report also lists the tonnage of waste (below 
NSR cut-off) mined during the month, which provides a report of the total planned and unplanned 
dilution. Truck tally estimates of tonnage and grade are also included as a ‘reality’ cross-check on 
the reports of tonnes and grade mined by survey volumes. 

 
FIG 7 – Nova-Bollinger EOM ore source and dilution summary December 2020. 

Nova’s EOM reconciliation report has multiple purposes. Primarily the report has the role of focusing 
attention to reconciliation at an operational level as part of Nova’s routine EOM reporting, with the 
summary report being of principal interest to IGO’s technical on-site and head office technical 
management. The secondary purpose is to always have at hand an up-to-date reconciliation 
document to support corporate activities, which often involve external party reviews of Nova’s 
reconciliation performance to support merger and acquisition financing activities. The third purpose 
of the report is to provide reconciliation modifying factors for ORE model updates. 
A key observation from Figure 6 is that the Nova-Bollinger MRE model has tended to under-forecast 
the (weightometer) tonnage received by the process plant by from 3 to 5 per cent depending on the 
reconciliation period considered. Of equal interest is that the nickel grade has been over-forecast by 
8 to 9 per cent relative for the 12-months ending 31 December 2020 and for the LOM 56-month 
period. Copper, cobalt and metallurgical recovery reconciliation factors are considered good, 
especially over the 12 months period to 31 December 2020. 
Over the last few years, Nova’s geologists have initiated several studies to investigate the tonnage 
and nickel reconciliation factors as discussed below. 

Mass reconciliation – density study 
In 2019 Nova’s geologists (with the help of the whole mine team) completed an investigation to test 
the hypothesis that the Nova-Bollinger MRE density estimates, which were interpolated into the 
model from both Archimedes Principle core and gas pycnometer pulp measurements, were biased 
too low. The ‘density’ study, involved the mining, surveying, and weighing of 32, 130 to 140 m3 ore 
and waste parcels from 4 m long ‘cuts’ of development headings (Figure 8). 
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FIG 8 – Density study development cut locations and grades. 

The test cut locations were selected in an approximate random stratified manner, in terms of both 
location and grade, across the Nova-Bollinger mine, but with some limitations due to mine access 
and operational constraints. The process for this study involved three stages (Laming, 2020). Prior 
to blasting the target cut leading face was surveyed using a 3D laser scanner to establish its position 
and face geometry. Following blasting, the cut was mined under geological supervision with each 
ore load hauled directly to the mine’s weighbridge for (wet tonnage) weighing. On the completion of 
mining the cut, the excavated volume was 3D laser scan surveyed and the resulting survey merged 
with the pre-blast face survey to provide and accurate 3D volume model of each cut’s volume. The 
density of each cut was then calculated as the dry tonnage (assuming a static moisture content of 
1.15 wt  per cent). Table 2 is a listing of the study results grouped by grade class, with mean results 
listed in the last line of the tabulation. Figure 9 is a scatter plot of MRE predicted versus (deem to 
be) true density measurements from the study. 
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TABLE 2 
Density study results. 

Grade 
class Cut # Nickel 

(%) 

Density (t/m3) 

Study MRE 
Study – MRE 
∆  %∆  

VHG 
8 5.83 4.38 4.33 0.05 1.3% 

17 4.61 4.67 4.49 0.18 4.0% 

HG 

28 3.89 3.63 3.81 -0.18 -4.6% 

27 3.57 3.43 3.71 -0.28 -7.4% 

29 3.40 3.71 3.65 0.06 1.7% 

10 3.24 4.07 3.72 0.35 9.4% 

20 3.21 4.10 3.93 0.17 4.3% 

4 3.11 4.02 3.72 0.30 8.0% 

MG 

22 2.63 3.37 3.60 -0.23 -6.4% 

11 2.30 3.47 3.54 -0.07 -2.1% 

9 2.07 3.28 3.50 -0.22 -6.3% 

12 2.07 3.38 3.40 -0.02 -0.6% 

3 2.06 3.64 3.44 0.20 5.7% 

31 2.02 2.88 3.42 -0.54 -15.8% 

LG 

1 1.75 3.68 3.46 0.22 6.4% 

13 1.55 3.52 3.50 0.02 0.7% 

30 1.48 3.43 3.35 0.08 2.4% 

2 1.46 3.32 3.47 -0.15 -4.2% 

32 1.4 3.16 3.39 -0.23 -6.7% 

25 1.33 3.25 3.34 -0.09 -2.9% 

15 1.10 3.15 3.29 -0.14 -4.3% 

19 1.10 4.30 3.37 0.93 27.5% 

24 1.09 2.47 3.30 -0.83 -25.2% 

VLG 

23 0.95 3.41 3.26 0.15 4.6% 

18 0.65 2.95 3.20 -0.25 -7.9% 

21 0.52 2.97 3.13 -0.16 -5.0% 

14 0.44 3.17 3.09 0.08 2.8% 

16 0.43 2.97 3.33 -0.36 -10.7% 

PAF 
5 0.05 3.31 3.06 0.25 8.1% 

26 0.36 2.89 3.11 -0.22 -7.1% 

Means 3.47 3.50 -0.03 -1.02% 
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FIG 9 – Density study MRE versus measured cut density. 

Nova’s interpretation of the results in listed in Table 2 and is that on average the MRE estimated and 
measured cut density values are unbiased with the mean MRE forecast density only 0.03 t/m3 higher 
(about 1 per cent relative) than the cut study’s measured mean density. Nova’s geology team 
considers that this result confirms that the density values in the MRE model are globally accurate 
and unbiased and therefore not likely the cause of the MRE model’s tonnage under-call relative to 
mill weightometer records. 
The scatterplot that is Figure 9 hints that density of high and very high-grade ore may be understated 
in the MRE model as more points fall above than below the X=Y line for these ore types, but this 
observation is based on few results so must be considered a tentative conclusion. The converse 
seems to apply for results below the mean with the MRE model possibly overstating the density for 
low-grade. However, neither of these observations support the hypothesis that the MRE model 
density values are material biased predictors that would result in an under call of the tonnage 
received by the process plant from the MRE forecast tonnages. 

Mass reconciliation – paste mining study 
In the first few years of mining, most of Nova’s ore production was sourced from development 
headings and primary stopes. However, as the chevron mining sequence progressed over time 
Nova’s geologists have started to observe more paste mixed with the ore. Paste comprises non-
sulfide process tailings mixed with binder and is used to geotechnically support stope voids after ore 
extraction. As such paste is a low density waste material. Paste tends to mix with ore from secondary 
stopes adjacent to paste filled stopes, particularly when blasting is not designed or executed carefully 
to minimise paste ingress. While Nova’s reconciliation scripts are designed not to double count ore 
depletion, when adjacent stope CMSs surveys overlap, the process does not consider that prior 
voids are filled with paste, and that the overlap of two CMSs likely indicates the ingress of paste into 
the ore of subsequent adjacent stope being mined out. 
To quantify the paste dilution tonnage, Nova’s mine geologists developed a modified reconciliation 
process were mined out stopes were digitally filled with paste as part of the EOM reconciliation 
process, thereby providing a means to account for paste dilution over reconciliation periods of 
interest. In detail the process involves coding each stope CMS volume with a unique field and then 
cycling through the stope mining order to determine where adjacent stope CMS overlap volumes 
occur. These volumes indicating that paste has been mined with ore within the reconciliation period 
of interest. 
Figure 10 is an example image produced in Nova’s EOM reconciliation report where the LOM paste 
locations are presented in a plan, cross and long section projection and the monthly paste mined is 
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reported at the base of the plot. In the example shown the paste mined over Nova’s 56-months LOM 
operation is approximately 70 kt, which represents about 1.2 per cent of the total 5.7 Mt of ore mined 
over the same period. This paste therefore effectively accounts for at least this tonnage of extra ore 
recorded by the process plant and accounts for a grade dilution effect of a similar amount given 
paste is barren. 

 
FIG 10 – Paste mining graphic report for December 2020. 

The process has a few current limitations. Firstly, paste in ore development is not addressed, as the 
tonnages are small. Secondly the process does not address cases where the same void volume 
could be filled with paste more than twice and mined more than twice, but again the cases where 
this occurs are few and not considered material. As such, the paste dilution report is marginally 
conservative. 
As the Nova mine matures with ore sourced from secondary and tertiary stopes, the monthly paste 
reconciliation process will become increasingly more important as a quality control on drill and blast 
process that ideally should limit the ingress of backfill into the ore stream to the process plant. 
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Grade reconciliation – check sampling 
Nova’s MRE over-forecast of nickel and to a lesser degree copper grade, has been a consistent 
reconciliation trend for several years. As the MRE model input composite and output block grades 
compare favourably on both a global and moving window basis as demonstrated in the swath plot 
for the Upper Breccia Zone that is Figure 11, a possible cause that would explain the grade over-
forecast would be that the MRE sample assay grades are biased high. 
Following sample preparation by crushing and pulverising the core, the Nova-Bollinger MRE analysis 
lots were digested using a glass bead fusion method (F), with the bead analysed by X-ray 
fluorescence (XRF). A concern with this method is that despite the use of a pre-digestion process to 
preclude sulfur volatile losses during fusion, some sulfur may still be lost in sulfide rich samples. The 
concern is most relevant for high-grade samples that are almost entirely composed of massive 
sulfides. 

 
FIG 11 – Upper Breccia swath plot. 
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As part of Nova’s 2018 MRE quality assurance work, Nova submitted a selection of ‘check-assay’ 
samples comprising pulp reject samples from the primary laboratory to an alternate ‘umpire’ 
laboratory. The check-assays were digested using a mixed four acid-digestion (MA) and inductively 
coupled plasma optical emission spectroscopy (ICP) analysis rather than F-XRF. The goal of the 
check assay work was to confirm the accuracy of the F-XRF results using both an alternate analysis 
method and laboratory. 
The results of the check-assay work appear to support the hypotheses that an analysis high bias 
occurs when F-XRF is used on massive sulfide samples. As an example, Figure 12 contains a 
section projection of the locations of check-assay pulp rejects and a nickel grade pair difference plot 
for the 188 check-assay results from the high-grade Upper Breccia zone. In these plots the labelling 
‘routine’ refers to the F-XRF assay from the primary laboratory and ‘replicate’ refers to the MA-ICP 
replicated assay from the umpire laboratory. 

 
FIG 12 – 188 check-assays Upper Breccia Zone. 
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As can be noted in the statistics listed below the replicate location plot in Figure 12, the check assay 
subset is selected from higher grade intercepts because the mean F-XRF nickel grade of all samples 
in the Upper Breccia is 0.97 per cent Ni, while for the check assay subset the mean F-XRF nickel 
grade is 2.86 per cent Ni. The mean check assay nickel grade of the MA-ICP results is 2.67 per cent 
Ni, which is 6.7 per cent relative below the mean of routine nickel assays for the zone. Inspecting 
the pair-difference plot in Figure 12 reveals that for F-XRF results having nickel grades less than 
~1.0 per cent Ni, there is no material bias between F-XRF and MA-ICP results. However above 
~1.0 per cent Ni there is a nonlinear systematic trend of increasing bias whereby the F-XRF nickel 
grade is increasingly higher than the MA-ICP result. This trend highlighted by the dashed blue loess 
line fitted to the plot. 
At the time the results were received, Nova’s interpretation of the check-assay results was that the 
bias observed for the above 1.0 per cent Ni results likely related to some problem with the MA-ICP 
assay because the certified reference materials (CRMs) submitted with the check-assays were 
deemed acceptable. Nova’s hypothesised explanation for the observed bias was that the umpire 
assay laboratory would have been unaware of the vary high sulfur content of some of the samples, 
and as such incomplete digestion of the sulfides likely occurred in the preparation stage. However, 
with the later recognition of the reconciliation nickel grade bias the accepted explanation of the check 
assay bias deserved confirmation through further testing. 
To further test the check-assay incomplete digestion hypothesis at the umpire laboratory, Nova’s 
geologists collected 50 × 2 kg (single) rock specimens from mining drawpoints. The reason for 
selecting fresh specimens from the mine rather than re-sampling the MRE original core, was that the 
sulfides in the MRE core had oxidised over time and as such, may not provide a valid test of the 
conditions at the time of the original MRE work. These specimens were then used to compare F-XRF 
and MA-ICP analyses, but this time at the same laboratory to avoid having the confounding issues 
of both a different laboratory and a different assay method. 
Nova prepared the 50 specimens at Nova’s site laboratory using the following protocol: 

• Laboratory jaw-crushing each specimen to a particle size distribution (PSD) of 100 per cent 
passing 5 mm. 

• Pulverising the entire crushed lot to a PSD of 90 per cent passing 75 µm. 

• Pass the pulverised lots slowly through a riffle splitter twice to maximise particle mixing. 

• Split the 2 kg pulp into 4 × 500 g paper packets using an eight-sector rotary splitter, with two 
pans randomly selected for each packet. 

The packets from each specimen where then treated as follows: 

• One set of packets were dispatched to the MRE assay laboratory and analysed using the 
P-XRF analysis as used for the MRE input data. This first submission (S1) dispatch included 
five different CRMs with range of certified grades. 

• A second set of packets was dispatch at the same time (as S1) to the MRE laboratory an 
analysed using a four-acid digestion and MA-ICP analysis, again with five different CRMs 
included in the dispatch. 

• The pulp rejects from both dispatches were retrieved to Nova, where they were randomly 
reordered and renumbered with new sample numbers. 

• The reordered reject samples were then sent in a second submission (S2) to the MRE 
laboratory, but the analysis methods specified were swapped so that the samples that had first 
been analysed by P-XRF in S1 were analysed by MA-ICP in S2, and the samples that were 
analysed by MA-ICP in S1 were analysed by P-XRF in S2. 

Table 3 is a listing of selected summary statistics of the check-assaying as described above and 
includes both the P-XRF and MA-ICP with separate results listed for the S1 and later S2 sample 
submissions. The ratios in the three rightmost columns of Table 3 give a sense of the degree of bias 
(or not) for the different submission phases and the comparison of F-XRF and MA-ICP analyses for 
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the 50 specimens tested. Figure 13 contains cross plots of the check assay results where the results 
of all 100 comparisons are plotted for nickel and copper respectively. 

TABLE 3 
Check assay study results. 

Stat Var 
(%) 

Acid-ICPOES 
submission 

Fusion-XRF 
submission Ratios 

S1 S2 S1 S2 ICP 
S1/S2 

XRF 
S1/S2 

ICP/ 
XRF 

Mean Ni  2.80   2.77   2.84   2.80  101% 101% 99% 

 Cu  1.28   1.28   1.31   1.31  100% 100% 98% 

 Co  0.09   0.09   0.09   0.09  103% 100% 96% 
 

 
FIG 13 – Check assay cross plot for nickel and copper grade. 

Nova’s key interpretation of Table 3 and Figure 13 is that results indicate a slight bias whereby the 
MA-ICP analysis has a marginally lower grade than for fusion and F-XRF. However, the degree of 
bias is only a few percent and only 1 per cent relative for nickel grade. As such, Nova’s original 
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supposition that the original umpire check assay results were biased due to incomplete digestion 
seemed to be confirmed by the experimental results above. Additionally, the hypothesis that a bias 
in analytical assaying was the principal cause of the observed grade reconciliation bias was 
considered unlikely. 

Grade reconciliation – grade by size study 
To assess the potential for assay bias phenomena to have occurred during the laboratory 
preparation of Nova’s MRE core samples, Nova’s geologists carried out two grade-by-size (GBS) 
experiments using fresh specimens collected from Nova’s very high-grade, low-grade and ‘MET’ 
ROM ore stockpiles. Again, fresh rock specimens were collected rather than using stored MRE 
cores, due to the oxidation of the sulfides in the retained core over time. 
The two more common bias phenomena that can occur in laboratory sample preparation stages are 
fine fraction losses to air currents and sifting-segregation effects that occur when scooping or 
spooning subsamples from crushed or pulverised lots. The fine fraction losses typically invoke a bias 
effect when the fine fraction has a materially higher or lower grade than other lot fractions and the 
fines losses are reasonably significant in terms of the total lot mass (Reid, 2017). The sifting-
segregation effects are strongest in lots that have a non-uniform PSD and/or elevated density and/or 
grade contrasts between fragments (Gy, 1979). Nova’s high-grade ores are a good example of this 
type of material being a highly heterogeneous mixture of high density sulfide minerals and lower 
density silicate minerals. 
The GBS ‘crusher’ experiment described below was aimed at testing the potential for grade bias 
during laboratory scale crushing and splitting. The second GBS ‘pulveriser’ experiment, also 
described further below, was aimed at quantifying the potential for bias effects when scooping the 
~250 g analysis lot into a packet from several kilograms of pulverised core as well as the spatula 
spooning of the ~0.25 g assay aliquot from the analysis packet. 

Crusher – grade by size: Experiment 1 
The ~3 kg specimens of the three ore types described above were separately crushed in a laboratory 
jaw crusher to a PSD of 100 per cent passing 5 mm, which mimic the first stage of sample 
preparation used at the principal MRE laboratory. Each crushed lot was then passed through a riffle 
splitter twice to ensure complete mixing. The mixed lot was then riffle split to prepare two lots of 
~1.5 kg for each ore type, with the jaw-crushed halves designated Lot 1 and Lot 2 respectively. 
For each of the three Lot 1 ore types, the ~1.5 kg crusher splits were screen separated into nine size 
fractions in a vibrating stack of sieves having apertures of 6.7 mm, 4.75 mm, 1.7 mm, 1.18 mm, 
500 µm, 150 µm, 106 µm and 75 µm. As the masses reporting to the fractions below 1.18 mm were 
found to be relatively small, all <1.18 mm fractions were combined into a single <1.18 mm sublot. 
For each ore type, the resulting five sieve fractions, which were designated +6.7 mm, +4.75 mm, 
+1.7 mm, +1.18 mm and -1.18 mm, where then individually pulverised to a PSD of 90 per cent 
passing 75 µm and then an analysis packet was collected by scooping increments from the 
pulverised lot. A laboratory scale and spatula were then used to collect a ~0.25 g aliquot, which was 
then assayed by F-XRF method. Figure 14 is a graphical summary of the nickel and copper results 
for the crusher GBS experiment. 
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FIG 14 – Crusher grade by size experiment results. 

The key observation from the top row of bar plots in Figure 14 is that for all three types of jaw crushed 
ore, the highest grades of nickel and copper occur in the fine fraction, albeit only marginally so for 
the MET ore type. Additionally, when the fractional mass proportions and metal proportions are 
considered, which are depicted in the middle and lower row of bar plots of Figure 14, the finest 
fraction is found to contain either the highest or second highest proportion of metal. The interpretation 
here is that any significant loss of fines during core crushing and/or splitting could result in an 
upgrade of the sample particularly for the low-grade ore type, where the fine fraction contains most 
of the metal. Loss of fines from the MET ore could also have a material bias effect, but for the VHG, 
the bias effect should be less given the more equal distribution of metal across the bins (an ignoring 
the small mass and metal in the +1.18 mm bin). 
While the crusher GBS experiment indicates there is a potential for a crusher and/or splitter induced 
preparation bias due to the potential loss of fines, very few of the MRE samples at Nova were 
crushed and split, with most wholly pulverised following jaw crushing of the core. As such, Nova’s 
geologists concluded that the magnitude of any grade biases resulting from crushing and splitting 
related preparation errors should be low. 

Pulveriser – grade by size experiment 
For each of the three ore types tested in this second experiment, the Lot 2 jaw crusher lots were 
pulverised to a PSD of 80 per cent passing 75 µm to mimic the second stage of preparation applied 
in the principal MRE sample laboratory. Each of the pulverised lots were then riffle split into two 
~750 g lots. One split was retained as a backup and the second split was screened through a 
vibrating sieve stack with the sieves having 106 µm, 75 µm, 53 µm and 38 µm apertures. A ~250 g 
analysis packet was then collected by scooping increments from the pulverised lot and a laboratory 
balance weighed ~0.25 g aliquot was then collected from each lot by spatula and submitted for 
F-XRF assay. Figure 15 is a graphical summary of the nickel and copper results for the pulveriser 
GBS experiment. 
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FIG 15 – Pulveriser grade by size experiment. 

Like the GSB crusher experiment, the copper and nickel grades are highest in the finer fractions. 
This intuitively makes sense as the softer sulfide minerals are ground more finely by the harder 
silicates in a pulveriser. However, the mass and metal proportions of the size fractions are quite 
different to the crusher experiment results. Of note is the low metal proportions in the two coarsest 
fractions and the more equivalent metal distribution to the three finest fractions. 
Nova’s interpretation of the results in Figure 15 is that as the mass and metal is well distributed 
across the three finest fractions preparation biases due to fines losses and/or segregation effects 
should be minor, albeit the heterogeneity of high-grade material is likely to result in ‘noisy’ repeat 
results. These conclusions are supported by pulp replication results depicted in Figure 16, which do 
demonstrate both low global or conditional bias across the nickel grades in this high-grade zone. 
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FIG 16 – Upper Breccia Zone – laboratory pulp replicate results. 

DEALING WITH A GRADE SHORTFALL 
Despite careful planning and constant grade control vigilance Nova, like most mining operations has 
at times experienced periods of poor short-term reconciliation that are not readily explained by 
changes in ore sources or management practices. In the last quarter of 2020, Nova experienced a 
head grade crisis, where for several weeks the head grade forecast from (diluted) ore sources were 
significantly higher than actual head grades. The gap between forecast and actual feed grades was 
to some extent ignored for several weeks as the ROM stockpile tonnage were high and the 
expectation was that the differential would reduce once the ROM stocks were consumed. However, 
by November the high-grade stopes and stockpiles were consumed and the plant was reliant on 
large stocks of low-grade and MET ore as the major ore types available. The ensuing investigation 
resulted in the preparation of a new ‘dashboards’ of information that could be used to facilitate the 
investigation as to the possible causes of the short-term poor reconciliation. 
The first dashboard was designed to present the daily forecast nickel feed grades and actual nickel 
feed grades against a background of the stockpile loader blend to the mill, and the mix of ore types 
available on the ROM (Figure 17) on a daily basis. This plot revealed, after fitting a smoothed 
trendline to the forecast and actual grades (with ±10 per cent relative limits), that the grade gap 
between forecast and actual had commenced in late September, but due to the available high-grade 
feed and stocks, the actual head grade was close the short-term target, as indicated by the ‘3MRS’ 
dashed line in Figure 17. However, when high-grade feed was no longer available in the last week 
of October, the effect of the grade gap came into focus as the actual head grade drifted well below 
the target. 
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FIG 17 – Forecast and actual feed grades and ROM stockpiles. 

The second dashboard plot produced depicted the stopes being mined over the period of interest 
and their respective tonnage grades estimated by truck tallies and geology assignments from mining 
each stope again plotted against the actual head grade (Figure 18). This plot also revealed that the 
bogging forecast grades generally coincided with head grades during October but were significantly 
higher than head grades in November and December after the completion of mining of the high-
grade Bollinger K79 (B.K79) stope. This plot also revealed that the build of low-grade on the ROM 
largely related to the high tonnage mined from the Nova K42 stope and several other lower grade 
ore sources. Of particular interest was that the high-grade Nova M39 stope, which was responsible 
for high bogger predicted grades, did not in fact lift the head grade until well into January 2021. 

 
FIG 18 – Daily mean bogging (mining) grades and head grades. 
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IGO’s interpretation of these trends were as follows. Firstly, the relatively high ROM stocks combined 
with high-grade feed sources had likely masked the grade of low-grade ore, which was much lower 
than forecast from the ore reserve model. Secondly, one or more stopes seemed to have reconciled 
poorly when they became major ore sources, while others seemed to have effected head grade 
changes consistent with expectations of the ore reserve forecasts. These interpretations led to the 
hypotheses that underlying cause of short-term reconciliation issues are likely related to yet 
unidentified risks associated with local areas of the MRE model, even though all mining areas are 
almost solely designed on Measured Mineral Resources and Proved Ore Reserves. 

MODELLING STOPE UNCERTAINTY 
The quantification of local MRE uncertainty is usually attempted through application of estimation 
metrics ranging from simple measures such as data spacing and estimation search pass metrics, 
through to more sophisticated assessment of estimation kriging metrics such as kriging variance or 
regression slope, through to more complicated approaches such as conditional simulation (Emery, 
Ortiz and Rodríguez, 2006). While conditional simulation is preferred uncertainty quantification 
approach, the method is not often applied in complex deposits such as Nova because of the many 
zones, multivariate estimation requirements, and the need to not only simulate grade uncertainty, 
but also the need to simulate the geological interpretation uncertainty for the probabilistic approaches 
to be meaningful (Barnett, Murphy and Deutsch, 2019). The time taken to prepare these types of 
models requires expert knowledge, considerable budgets and time. 
In CY20 Nova-Bollinger MRE, several estimation metrics were captured as part of the estimation 
process, including: 

• Kriging efficiency (KE) which a measure for the degree of grade smoothing (Deutsch, 
Szymanski and Deutsch, 2014). The higher the kriging efficiency the better the 
correspondence between the histogram of OBK block grade estimates with the theoretically 
true block grade values. A KE = 1 equates to perfect matching of the estimate and true block 
histograms. 

• Kriging theoretical slope of regression (SR), which is a measure of an estimate’s theoretical 
conditional bias (Rivoirard, 1987). This is a measure of how much (true) high-grades tend to 
be understated and (true) low-grades tend to be overstated as a function of weight averaging 
selected composites using the semivariogram model applied in the OBK estimates. A SR = 1 
indicates that on average the estimates have no conditional bias. 

• A categorical search volume (SV) metric whereby blocks are coded with integers depended 
on the distance to the nearest estimation composites (NC) with: ‘1’ = ≤12.5, 12.5 m >‘2’ ≤ 25 m, 
25 m >‘3’ ≤ 50 m and ‘4’ >50 m. As such, a higher value of SV equates to higher uncertainty 
in the estimate and greater risk. As a classification and uncertainty measure, this type of metric 
does not deal well with isolated drill holes and can result in ‘spotted dog’ type patterns in the 
estimate (Stephenson et al, 2006). However, where close spaced drill patterns occur the metric 
is more useful. 

• Estimation search pass (SP), which is record of the search distance and composite selection 
controls applied, usually with wider and less rigorous selection control in wider secondary and 
tertiary passes. Typically, blocks estimated in the first composite search pass are deemed to 
have higher confidence in estimation that later passes. This is yet another geometric 
classification method commonly used to quantify uncertainty in estimates (Owusu and 
Dagdelen, 2019). 

• Numbers of composites (NC), which quantifies the statistical support for each block estimate. 
A common industry rule-of-thumb is that a block should be estimated from at least 32 or more 
composites, ideally from the nearest eight holes (assuming a regular spaced grid and selecting 
for composites), albeit these criteria are usually relaxed to fewer samples for secondary and/or 
tertiary estimation passes. Additionally, kriging neighbourhood analyses (KNAs) can be 
prepared to theoretically optimise the number of composites and sample searches selected 
(Vann, Jackson and Bertoli, 2003), but the results of these studies are not always conclusive 
(Boyle, 2010). 
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• Zone risk (ZR) is a categorical value between 1 to 1.5 is applied in accordance with the 
complexity of the geology and mineralisation in estimation zone. For example, stringer style 
mineralisation is considered to have high zone risk as do discrete footwall massive sulfide 
lenses. Larger more continuous zones, such as the major breccia zones or the disseminated 
gabbro are considered less risky, albeit the variable composition of breccias is still more risky 
than the more continuous low-grade mineralisation. 

Figure 19 is a stacked trend plot depicting in the top two plots Nova’s monthly mass (M_RF) and 
nickel grade (Ni_RF) reconciliation factors over the life-of-mine for mine designs (not actual surveys). 
There reason for selecting designs rather than actuals in the analysis was to assess the ability to 
predict risk in planned stoping designs. 

 
FIG 19 – Reconciliation and estimation metrics. 

A loess smoothing line, with a span of 0.25, has been fitted to the month reconciliation points and 
the grey shaded area region represents the 90 per cent confidence interval of the fitted loess line 
(Jacoby, 2000). On each of these top two plots the 100 per cent reconciliation line is plotted as a 
black horizontal line. Below these top two reconciliation trend plots are the respective trend plots for 
the estimation metrics discussed above, also fitted with loess smoothed lines with 90 per cent 
confidence intervals. 
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There are several trends of interest apparent on Figure 19 as follows. Firstly, in the Nova ramp-up 
period from mid-2016 to mid-2017, there is nickel reconciliation factor (Ni_RF) trended up from 
initially quite low levels, and it was not until the beginning of 2018, that the reconciliation trend started 
to stabilise around the 100 per cent reconciliation line, albeit with a somewhat cyclic trend of the 
LOM since. This poorer nickel grade reconciliation is linked to most early ore being source from the 
narrow more vein-like lodes in the shallower part of Nova. Combined, with more dilutive mining 
methods such as Avoca mining, the trend over the early mining life reflects the transition from narrow 
vein mining into more bulk open stoping. 
The ramp-up trend in nickel reconciliation factor is clearly signalled by all the estimation metrics and 
the geologist zone risk factor. The kriging metrics of KE and RS stabilise around the beginning of 
2019, approximately coinciding of a more stable trend in the nickel reconciliation factor. The 
geologist’s zone risk (ZR) factor also corresponds the trends even though this has no direct linkage 
to the estimation process. However, ZR does quantify the amount that risker estimation zones 
influence the production plan and appears to be a useful metric to include in the analysis. The curious 
dip in the mass reconciliation factor in the second half of 2019 is not yet understood and required 
more forensic investigation. 
Of particular interest is that the trends in Figure 19, being based on designs, appear to forecast the 
grade crisis as the end of 2020, with all indicators pointing toward poorer nickel grade reconciliation. 
The metrics with the more abrupt changes in the loess trends the number of composites (NC), search 
volume (SV) and search pass metrics (SP). However, a review of the stopes mined in the latter part 
of 2020, revealed that on a stope by stope basis, not all metrics are indicative of local risk as 
demonstrated in Figure 20, where the MRE blocks Bollinger K79 is well informed composites in the 
first search pass, in part of the stope the wider average drill spacing (as indicated by the SV and 
KE), and including of a narrow high-grade sliver of Footwall Massive at the base of the stope, 
significantly increased the uncertainty of achieving the planned grade. 

 
FIG 20 – Bollinger K79 risk analysis. 
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Nova’s MGT are still experimenting and assessing the idea of combining the various risk metrics into 
one overall risk factor. However, the practical application of this work, that the trend analysis can be 
applied to the medium and longer terms mine design schedule to identify risk periods, and which 
stopes are likely to generate grade crisis-like results. The plan could then be adjusted to avoid 
concurrent mining of too many risky stopes in the same period, are alternatively identify the need for 
more drilling to reduce the risks. 

CONCLUSIONS 
The Nova-Bollinger MRE effectively acts as the grade control model for Nova due to its complete 
definition by high quality drilling and mine face mapping. The MRE model is complex with multiple 
estimation zones, each with different geological/mineralogical characteristics, which impart different 
risk factors to production reconciliation when mined in bulk, as has occurred over much the LOM. 
Nova’s MGT regular monitor the reconciliation performance of mass, payable metals and 
metallurgical recovery variables, and reconciliation factors are prepared annually to calibrate the 
modifying factors in the Ore Reserve estimation process. The in-house monthly reconciliation system 
includes dashboard style reports to facilitate brief overview reconciliation assessment of key metrics, 
while a more detailed report supports longer terms auditability and corporate requirements. 
Over the last few years, Nova’s MGT have executed several studies to understand and improve 
reconciliation results, including bulk testing of density, testing, development of in-house systems to 
assess paste dilution, and sampling experiments designed to test for the potential for grade bias in 
the original MRE samples. The result of this work indicated that the original MRE inputs in terms of 
grades and density, appear to be reliable, and that paste is responsible for a material portion of the 
reconciliation mass difference. 
Nova’s MGT analysis of grade shortfall period in late 2020, resulted in the realisation that some 
stopes in the mine plan were not performing in accordance with expectations, and this spawned and 
investigation into whether the MRE estimation metrics could somehow be applied to forecast 
production risks. The outcome of this study was that trends in metrics recorded in the MRE model, 
such as kriging efficiency and regression slope, number of informing samples, distance to nearest 
sample, and estimation search pass, appeared to be good indicators of reconciliation performance 
for the mine design planned extraction volumes. An additional geological risk factor also augmented 
the trends observed in the estimation metrics. 
Going forward, Nova’s MGT plan to continue to develop the reconciliation forecast methods and 
apply them to the future mine plans to improve future production outcomes. 
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ABSTRACT 
Collecting geological data in a mine production environment, whether open pit or underground is a 
core activity of most mine geology departments. It is an activity that usually requires a very fast 
turnaround and feeds into key decision-making. To ensure geological data is recorded consistently, 
efficiently and is available to all stakeholders, many sites have turned to digital mapping. 
Often, mine geologists see the change to digital mapping as simply swapping out ‘drawing on paper’ 
to drawing on a digital device. However, digital mapping provides the opportunity for significant 
enhancement. For example, digital data at the face allows geologists to see previous mapping, 
sampling, drilling and what the orebody interpretation expects us to see. Access to this data while 
standing at a rock face allows geologists to really think about the geology and its true three-
dimensional context. Since digital mapping also means that the face data is captured at the time, 
within a digital model of the mine, it frees up time otherwise spent in the office rehandling and 
registering paper maps in desktop software. 
The journey to digital mapping is not always easy though, and there can be challenges along the 
way. These challenges can include technical (access to hardware, software, and data), 
organisational (access to training), and individual (adapting to change). Suddenly, there are many 
moving parts required to map a face! 
Digital data collection when inter department data sharing is easy can significantly improve inter 
group collaboration and open new opportunities for better decision-making and efficiencies. 
Drawing from several case studies, this paper will examine examples of digital mapping a successes, 
the benefits that were realised, pitfalls that were encountered on the way and how they were 
overcome. 

INTRODUCTION 
William Smith is credited as the father of modern geology owing in part to his work creating what is 
known to be the first geological map of Great Britain (Winchester, 2001) published in 1815. A simple 
internet search for ‘First Geological Map’ will present a portrait of William Smith, images of a 
geological map of Great Britain, and many articles about William Smith. Consequently, readers could 
be forgiven for assuming that geological mapping was a relatively new endeavour. 
However, Smith’s maps are not the first known maps of geological significance. That credit goes to 
an ancient Egyptian known as ‘Scribe of the Tomb’ Amennakhte, son of Ipuy (McMahon, 1992). 
Amennakhte created maps of the geology of the Wadi Hammamat (‘Valley of Many Baths’) in the 
central part of Egypt’s Eastern Desert. These maps were made on Papyrus and are known as ‘The 
Turin Papyrus Map’ containing the earliest known examples of mapping geology for mining. These 
have been dated back to 1150 BCE (McMahon, 1992) and were created for quarrying expeditions 
ordered by King Ramesses IV (1156–1150 BC) with the purpose of finding blocks of bekhen stone 
for carving into gods, kings and other notables. Amennakhte is only known however because the 
mapping survived and is legible. 
Clearly, mapping geology for the purpose of mining has been with us for millennia and while ancient 
evidence is scant, clearly our ancestors knew where to go to find minerals of interest to mine, even 
in complex environments. For example, there is evidence as far back as Neolithic times of complex 
underground mining of flint at Grimes Grave in the UK (Ambers, 1998) where miners were required 
to sink shafts 15 m deep and dig radiating galleries in order to find and follow deposits of flint, 
allowing them to extract an estimated 14 000 t of flint over the life of the ancient mine. 
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These examples serve to remind us that mining, and the importance of understanding the geology 
to find valuable material is not a new science. However, we do live in a modern age, with modern 
tools and techniques available. Mining operations have evolved in complexity and efficiency since 
the days of Stone Age Britons, and ancient Egyptians. Mine geology and mapping the geology of a 
developing mine is a crucial part of the day-to-day activity of a mine. However, there still lay 
resemblances between the mapping of Amennakhte on Papyrus, and modern mine mapping – 
changing only the Papyrus for paper. 
Given modern mapping tools and methods, the general trend towards digitalisation, and current 
general requirements for digital information there are more options available for geologists to 
improve their processes than ever before. For example, there is much to be gained from digital 
mapping for the geologist doing the mapping, as well as the broader team and mine as a whole. This 
paper will examine prevailing methodology in mining operations as observed through many hundreds 
of interactions with geology teams by the author, examining the benefits that modern methods and 
technology can bring, as well as the process of change itself. 

MAPPING IN MINING 
In mine workings, it is common practice to map every new piece of uncovered rock. Usually there is 
a very limited time frame in which to observe the geology of a freshy cut face before it is gone or 
covered by ground support. The typical purpose of recording the geology in these situations is often 
not to fully report the minute geological characteristics of the exposed face, but to assist in the 
decision-making for the ongoing operation of the mine. For example, determining ore/waste 
boundaries, estimating the grade of a round or whether to stop development or slash in a particular 
direction etc. Mapping data is also often used to influence the ongoing understanding of the 
geological nature of the mine, for example, vein contacts may be recorded and fed back into the 
modelling process to further refine the geological modelling. 
Mapping in a mining situation is often carried out in very differently one might approach mapping 
outcrops during an exploration program, for example. Time in an active mine is limited by many 
factors. Often, a geologist has the lowest priority at an underground face, competing with drill and 
blast crews, ground support crews, bogging and other operators. Typically, geologists need to get in 
and out of the face in a very brief time frame to avoid delaying the mine operation. In this environment 
and under this sort of pressure it is imperative that the geologist collects the right amount of data, 
accurately and safely. 

Capturing the raw data 
Commonly, geologists draw the geology at the face in a notepad or on a face sheet, including 
sketching, written notes, and a record of all pertinent location information. Mapping sketched in 
notebooks would subsequently be drawn up neatly when back in the office and stored appropriately. 
Indeed, many geologists reminisce about updating large format plots on map tables, particularly 
espousing the opportunity this gives the team to collaboratively review the geology. 
With the introduction of computer software and 3D CAD into many organisations, geology teams 
would transfer their mapping from their notebooks (or neat face sheets) to a digital format. By the 
1970s, digitiser tables became more available, allowing geologists to electronically ‘trace’ their 
mapping into a digital format; as optical scanners became more cost-effective and easy to use, 
geologists could scan mapping sheets into a digital format. Once 3D graphics became more 
powerful, it became possible to register scanned drawings directly into 3D space. 
Having to digitise mapping after the fact added a new, sometimes time-consuming step into the 
geologist’s workflow. As with any data transcription activity, it also adds the risk of incorrect 
transcription. 
In more recent times with the availability of mobile computing devices, geologists can now replace 
the paper step completely by drawing directly into the 3D model of the mine, while at the rock face 
or outcrop. 3D scanning is also an up-and-coming technology that has enabled geologists to capture 
a record of a geological outcrop with unprecedented accuracy. 3D scanners can be attached to 
Unmanned Aerial Vehicles to access faces and places previously out of reach. As technology has 
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evolved it is even possible to use consumer electronic devices to capture 3D scans using Lidar or 
Photogrammetry. 

Using geological mapping 
Understanding the geology at the face and capturing it into a digital format is now more than ever a 
critical step in the mapping process. For geological mapping to be useful in a mining operations 
sense, and more than just knowledge, it must be able to be acted upon rapidly as well as be available 
for downstream modelling at a later date. The geological information must be made available for all 
departments to consume, and usually the simplest way is by the means of digital communication. 
For mines under geological control, decisions based on accurate mapping are made daily. The raw 
mapped data needs to be accurate, correct, and available as soon as possible. 
As well as operational requirements on mapping, there are other demands on this data necessitates 
digitisation. For example, geological models are frequently updated in many mines, which is a 
process that must consider all available mapping to create a reliable model. Models built that do not 
consider the latest mapping information – effectively the ground truth of the geology – will potentially 
be flawed. 
Modern computer software has high demands on geological data. A polyline drawn in 3D space that 
represents a fault is not entirely useful in of itself, other than as a visual cue to the fact a fault is 
present. To make that fault polyline useful, it must contain data about the fault, such as dip and dip 
direction, sense of movement etc. Equally, a single geological symbol representing the lithology of 
an area is also not altogether useful for downstream modelling. More useful is a polygon representing 
the area of the specific lithology, along with other data such as the lithology codes and so on. Since 
computers can be used for so much more than just displaying a map, the raw information must be 
collected in such a way as to meet the requirements of downstream processes. 

Common issues 
Without useful data collected with mapping, generally the mapping is not very useful downstream 
(this applies equally to mapping on paper and mapping digitally). A particularly common issue 
encountered is that a large backlog of data transcription work can accrue, where paper maps and 
notebooks do not transition it into a digital model for a long period of time. It is not uncommon in the 
last hours of a hitch to see mine geologists scrambling to finish off their mapping before their flight 
out. Left unchecked, this can generate large backlogs of work. Dowling et al (2019) estimated that 
by the end of 2017, they had accrued a 25 km backlog of mapping work yet to be digitised at the 
Olympic Dam underground mine! 
As with all human endeavours, the quality of geological mapping will vary between individuals, their 
level of training, diligence, and other factors. Mapping geology is no different. Given the same rock 
face to map, and plenty of time, most geologist on a site will end up with a very similar map. While 
the overall drawings are often capture essentially the same data, human factors come into play more 
with collecting accurate data. 
There are three levels of data usually associated with geology mapping in an underground mining 
context: information about the location, drawings of geological features, and notation about 
observations of the features. 
For example, in the case of a face, it is necessary to record information about the location in space 
of that face. Particularly in underground settings, which is a GPS denied location, faces need to be 
recorded by relative positioning. Usually this will involve recording the ID of a survey station, 
distance, azimuth, and dip to the face. This information can be used in various software packages 
to position a face in true 3D space. However, if one of these elements is missing, it is not possible 
to position the face. If the positioning information is recorded incorrectly, the mapping will be 
registered to the wrong location in 3D space. 
Aside from the raw positioning information, there is other critical information that plays into spatial 
systems that needs to be considered, for example, coordinate system, compass settings, mine zone, 
pit, bench, or level etc. All these pieces of information about a particular mapping job become critical 
when retrieving data – if this data is missing it can potentially exclude it from being retrieved later. 
For example, if a database is searched for all face mapping on Level 200, using the Level attribute 
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as recorded by the mapper, any mapping recorded without this information will be overlooked on 
retrieval. If the wrong coordinate system was used, the geology mapping will not be found where it 
is expected. 
Moving on to the drawings themselves, modern systems allow data to be recorded against the points, 
lines, polygons, and solids that represent the observed geology. Lithology codes are a very classic 
example where mistakes are frequent. For example, when recording lithology, logging incorrect 
codes is a well-known issue for most geologists. When trying to retrieve data for specific lithology 
codes, when multiple codes are present for the same lithology unit, it can be difficult to manage and 
will often result in a lot of time spent cleaning up data. 
Missing data is a very common occurrence, where critical information is omitted from geological 
maps. Simple and common examples are the lack of orientation written on structure, only dip 
indicators, missing lithology codes etc. In a mining context, these errors can be critical, and without 
a way to remedy one the rock face is mined or covered in ground support. 

REMEDIES TO COMMON DATA CAPTURE ISSUES 
Geological mapping data is a primary data source and has a significant impact on downstream 
processes. It is quite typical that the consumers of the geological mapping are not the same people 
who record the raw data, and there is often no way for the downstream users to validate mapping. 
This is especially true in an underground operation where face mapping may have disappeared the 
day after mapping or be covered with ground support. A second chance at mapping geology in some 
settings therefore is not an option, and sites must therefore rely on data being recorded accurately 
and fully at the time. 
With modern computer-based mapping systems that allow mapping at the face, many of the human 
factors that impeded quality data collection can be avoided. The following remedies to poor data 
collection will be discussed: data coding, mandatory data collection, automatic data assignment, 
photography, and photogrammetry. 

Coordinate reference system 
Depending on the software technology used, the potential for mapping in the wrong coordinate 
systems can be alleviated. Upon initial set-up of the mapping templates, most modern mapping and 
CAD software allow the coordinate reference system to be set-up in advance. Users do not need to 
concern themselves with setting this up for every map while in the mine, and when reference data is 
present (eg existing mine survey), it is very simple to ground truth any observations to nearby 
features. 

Data coding 
To be useful downstream, data must be reported in a consistent and reliable way. For example, 
when recording lithology, rules can be set in software that require users to select only from a specific 
list of codes. This ensures that mappers are only able to enter valid codes for their site, negating the 
common situation where there are four codes in the mapping for granite (GRA, Gr, Granite and 
GRANITE for example). 

Mandatory data 
Some data is critical, and software can enforce its collection to avoid it being omitted. It is difficult for 
humans to recall information accurately when there is a time delay between observation and data 
utilisation, which make the raw map potentially unusable. 
For example, when recording a lithology, users can be required to enter a rock code, or when 
positioning a face, entering the location parameters (survey station, distance to face etc) can be 
mandated. Rules are generally unique to each site, and each team, regardless, most mapping 
systems allow the administrators to set-up fields in the data collection that are mandatory. 
Mandatory fields ensure that critical information is collected by prompting or warning the user that 
the data must be collected in order to continue mapping. Figure 1 shows a paper face map that was 
collected with no location information such as survey station, distance to face, level, drive information 
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was recorded. If this face map was not digitised immediately after mapping and left for someone 
else, it could have seen the information lost. 

 
FIG 1 – Example of a face map where no location information was recorded. 

In modern digital mapping systems, the location information that was missing in Figure 1 can be 
made mandatory (and often automatically determined if mapping using reference data) ensuring that 
the location information is captured. 

Automatic data assignment 
With some 3D mapping systems, it is possible to infer much of the required attribute data when 
creating geological maps. For example, if mapping using a survey station as a reference point by 
selecting it on screen, it is possible to automatically record the station ID. If the station is also 
attributed with the mine area, level and drive – that information can also be applied to the mapping 
drawings, too. Other automatic data can be applied, such as the person conducting the mapping 
(inferred by their computer login), the time and date that the mapping was completed, and distance 
to the face etc. 
As well as providing useful information to assist in mapping, automatic assignment of such data 
ensures that no data transcription errors are made, as well as saving the geologist time at the face. 

Incorporating photography and photogrammetry 
Incorporating photography, or photogrammetry into digital mapping to use as a reference for markup 
is a modern technique that is gaining traction. Photography has long been employed as a reference 
for geology and can be used underground or in an open pit, while at the face and be brought instantly 
into the 3D model and spatially referenced. Not only is a photo, or 3D shape derived from 
photogrammetry or LiDAR scans ideal to map against, it has significant advantages for being able 
to validate the mapping after the fact with colleagues who may not have access to the face, or for 
later referral after the geology has been covered. 3D data from photogrammetry also offer the users 
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the capability to measure features on the 3D surfaces directly which can greatly improve the 
accuracy of measurements especially in areas that are out of reach. 

GENERAL BENEFITS OF DIGITAL SYSTEM 
There are multiple benefits that can be achieved by adopting a digital mapping process. 

Visual validation 
Mapping in a true 3D context provides geologists with the opportunity to ‘sanity check’ the data they 
are entering. Simple data transcription errors can be avoided by selecting survey stations in 3D 
space, rather than relying on entering numbers (and potentially transcribing incorrectly). Immediate 
visual feedback can show geologists the positioning of faces based on their measurements and can 
be ground truthed on the spot. 
As well as being useful for positioning, with modern systems geologists can access previous 
geological mapping, geological solids, drilling and other useful information while at the face. For 
example, when mapping a new round, having the previous mapping visible can assist in providing 
geological context, so that they are not mapping from first principles, but rather have a broader 
picture of what to expect. Geologists can also bring in a variety of other data to use while mapping, 
such as existing geological interpretations, drilling, face sampling etc, all of which can expand 
geological understanding while underground, in turn, improving the mapping quality. 

Alleviating data transcription errors 
With digital mapping, there is no data transcription required going from a notebook to a face sheet, 
to digital. There are common transcription errors that occur whenever someone has to copy data 
from one place to another, and for mapping this can be as simple as dirt obscuring or smudging 
notes so that for example, the dip direction is no longer legible. In some operations, parts of this 
process may be delegated to other individuals, for example, the final digitisation and registration of 
a face sheet may be done by someone other than the mapper, which may add some assumptions 
into the raw mapping that were unintended and could lead to data being misunderstood. Even 
handwriting legibility is a common issue, where face sheets observed by the author have had illegible 
information written, from face names (which can potentially be recovered by other routes eg working 
it out by distance from survey stations etc) to dip directions which cannot be recovered or guessed. 
While most geologists would assume that they would remember any missing data from recent 
mapping activities, human memory is shown not to be particularly reliable. The unreliability of the 
human memory has long been studied in the psychology discipline through a range of different 
experiments, ranging from eyewitness testimony, to the effect the order of information being recalled 
is presented. As early as 1966, Glanzer and Cunitz demonstrated that people tend to remember the 
first (or primary) and last (secondary) items in a series, and while their original experimental design 
was focused on word recall, it has since been widely generalised. Similarly, based on cognitive 
research over the last 30 to 40 years, it is a widely held view among psychologists that memory is 
fundamentally unreliable (Wixted, Mickes and Fisher, 2018). It is logical therefore to apply this lens 
to the data recollection capability of geologists. Consequently, information added after the primary 
mapping activity, based on recall, should be generally considered unreliable. 

Reducing data delays 
When transcription from paper is required, a backlog can often build-up; the longer time between 
mapping and transcription, the harder it is for individuals to recall specifics including whether there 
are any issues on the paper maps. Delays in transcribing data can lead to delays with actions that 
may be required. Lower et al (2019) suggest that their face mapping process would take 20 mins 
underground, and a further 30 mins on surface to register and digitise. If a geologist has mapped 
five faces a day, this is an additional 2.5 hours back in the office to digitise the work. During a recent 
proof of concept work at an underground gold mine in Western Australia, the time to wash and 
digitally map a face effectively was found to take on average only two minutes longer than on paper. 
The time trials were carried out on newly trained users, and speed was expected to improve as 
familiarity with the technology evolved. Given that the digital mapping time was comparable to paper 



International Mining Geology Conference 2022 | Brisbane, Australia and Online | 22–23 March 2022 428 

mapping time, the geologists were able to make a significant saving in office time, given that no data 
transcription was required. 

Geological data publishing 
With mapping existing in a digital form as soon as it is mapped, that data becomes available for other 
stakeholders as soon as users can publish their data. One very common workflow is that mapping 
data is consumed by modelling packages such as Seequent’s Leapfrog Geo and can inform a 
geological model. If the system is set-up well, and has the right controls (eg a suitable workflow for 
approving mapping) it is possible to automatically push data into downstream systems. The benefits 
for the geology team then becomes one where the data flows automatically through to the modelling 
stages without the need to manually transfer and manipulate files and jump between different file 
formats. 
With a fully end-to-end digital system, geology can be mapped digitally at the face, reconciled, 
approved, and become part of a geological model update – without any data transcription, file 
transfer, file format wrangling or paperwork. 

General advantages 
Many of the advantages to digital mapping were outline by Dowling et al (2019), in relation to the 
digitalisation process that occurred at BHP’s Olympic Dam site. Digital geological mapping was part 
of a broader program of work that aligned the whole of mine’s data access and platforms. Dowling 
et al (2019) assert that compared to their previous mapping processes. Some of the following 
outcomes were achieved: increased accuracy and quality, transcription errors were eliminated, 
standardisation of attribute data, having up-to-date safety information present and string 
collaboration between teams. 
The same paper also outlines some of the challenges that were encountered, and how they were 
handled. For example, mention is made that for more accurate digitising, a specific type of digitising 
mechanism (Active Digitiser) was preferred over passive digitisers, as well as the weight of devices 
being considered. Passive digitisers do not allow the required level of accuracy or previewing of pen 
behaviour (such as snap-to previews) that is required for detailed drawing. 

CHANGING TO DIGITAL MAPPING 
As outlined in the previous section, there are potentially many advantages to mapping digitally while 
at the face. Realising the advantages however can be organisationally challenging. Some of the 
common challenges are outlined below. 

Hardware 
To map digitally, computer hardware is required; usually, conditions within a mine are far from ideal 
for high performance computers, so ruggedised hardware that is resistant to moisture, dust, heat, 
and impact is essential. Observed challenges in organisations have included ensuring that IT 
departments are able to properly support the hardware with operating system images, supplying 
correct hardware drivers and approving the use of the hardware on their network. 
Other hardware issues have been experienced where geology teams have wanted to visualise large 
quantities of geology data on low specification hardware. This has seen performance impacted, and 
performance of basic tasks such as loading and saving data files to be impacted. 
Being able to digitise accurately on computer hardware is also a consideration, with many options 
on the market available, and hardware vendors obscure about how their technology works. 
Generally, ‘active’ digitisers that provider a high level of accuracy when drawing on screen are 
considered essential to produce high quality mapping. 

Software 
There are a variety of software vendors providing tools to allow geologists to map off-line, at the face 
on tablet hardware. Ensuring the software is capable of the specific mapping requirements is 
essential, for example can the software perform the kind of mapping required, eg highwall open pit 
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with GPS, underground faces, back mapping, photogrammetry etc. The software used must be 
compatible with all incoming data sources such as survey and mine planning as well as providing 
output suitable for use downstream. For example, if vein contacts are to be used in implicit modelling, 
the veins must be transferable from the mapping software into the modelling software without losing 
fidelity. 
The most useful software is that which is tightly integrated with the required reference data, such as 
design and survey that changes daily, ensuring that every time geology is mapped, the most up-to-
date reference data is available. 

Processes 
Converting to digital mapping is not usually a simple swap of paper for tablet. Digital systems offer 
the opportunity to collect a different quality of data, potentially more than previously possible, and 
allowing mappers to have access to a huge quantity of additional information while mapping. The 
set-up of what is being mapped, and what reference data is required, must be carefully considered 
to ensure the right data is being captured. Ensuring that the data being used while mapping is 
appropriate for the hardware, and the features being mapped are well defined will improve the 
experience for the mapping geologist. Geologists need to be able to simply update any reference 
data (as built, engineering, survey stations) before mapping underground to ensure they have the 
latest information available, and on return, the data must be accessible to downstream processes. 
Having a simple process for mapping allows the geologists to benefit from digitalisation. 
Some software environments provide workflow management, such that before mapping is made 
available more widely, it must go through approval steps first. For example, on completion of a 
mapping job, the senior geologist might then have to digitally sign that the mapping is of suitable 
quality before other teams are able to view that data. 

Culture 
For most people, change is not a comfortable process. ‘If it ain’t broke, don’t fix’ is a common adage. 
Disrupting what someone does day in, day out, is bound to cause some friction and is a process that 
should be carefully managed, rather than ignored. A very common pitfall is failing to provide 
adequate information about coming changes and the subsequent benefits that the changes provide 
to the organisation. If mapping geologists are aware of the positive impact of the new process, and 
the importance of their role in that process, they are far more likely to adopt the new process gladly. 
Another common pitfall that falls into this category is not providing sufficient training to users on the 
new technology or the new process, leading to frustration, and consequently reduces the acceptance 
of the process. 

Common misconceptions 
Two of the most common misconceptions that have been encountered over many mapping 
digitalisation implementations are: 

1. ‘Digital mapping will slow me down.’ 
2. ‘Digital mapping can never capture the level of detail required.’ 

Transitioning to digital mapping itself can be a process, and is never an instant ‘swap out’, however 
with sufficient planning and training, teams can get up to speed with the new technology and 
ultimately deliver a faster turnaround of mapping data for consumers than ever before. As discussed 
already, the actual time taken to map at the face is similar to the time taken to do paper mapping but 
the biggest time saving comes from not having to transcribe the maps from paper to a digital system. 
If a digital mapping solution is planned suitably, any level of detail can be captured. With modern 
tablet system that have good a digitising stylus, drawings of lines are comparable with paper. 
Because of how software stores data associated with the drawings, a very high level of detail about 
features can be captured without overcrowding drawings. 
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Ownership 
The change process usually needs to be driven by someone in an organisation with authority to 
implement and mandate the necessary updates to processes and procedures. Where mapping 
implementations have worked well, a leader in the organisation has been driving the change. That 
leader must have the authority to take the change process through the entire team and make it 
happen. 

CASE STUDIES 
A successful mapping implementation across multiple sites was carried out in Sudbury Ontario for a 
major underground copper producer. The sites assessed the software solutions from multiple 
vendors, with field trials before choosing on Deswik.MappingTM. The trials considered the 
compatibility with existing systems in the mines, such as survey and engineering, the capacity to 
absorb historical geological mapping and the types of drawings that could be accomplished in the 
tool. 
Before any implementation on-site was started, the chief geologist ensured that a viable set of 
mapping features could be captured with the tool, and that it was suitable for use underground with 
field trials. An implementation was planned and rolled out across six sites in total over a six-month 
period. For each site, full training on the new software was provided to the geology teams, firstly in 
the classroom, then underground at their own sites. The training was provided ahead of the ‘go live’ 
for the software, allowing the teams sufficient time to upskill and feel confident with the tool and 
process. 
However, there were still some challenges, the main concern being that many of the team felt that 
the new process was slower than their existing process. This was short lived, with most of the site 
users able to learn the new system and get up to speed very quickly and realise the benefits of 
saving time later not transcribing data, despite it initially taking longer at the face during the learning 
phase. One lesson from the changeover was that when the go-live dates were set to coincide with 
production shutdowns, teams were provided more time to become familiar with the tools. A minority 
of the mapping team felt that their underground environment was too hectic to carry out mapping on 
a digital device, preferring to continue mapping in notebooks and digitising on the surface. For them, 
the digital mapping experience would have to be much faster and simpler than paper for them to 
consider a change. 
Overall, the mapping implementation across the six sites was considered a success and added value 
to the team. 
An example where an implementation proved difficult was for an underground metals site in South 
Australia. A proof of concept for underground mapping was created for the mine, and tested on-site, 
and limited training provided to a site champion. The proof of concept was limited in scope to prove 
that the mapping features required could be represented and was not a study of the implementation 
requirements and did not provide full and detailed training to the team. The client rolled out the proof-
of-concept work into production and there were some issues encountered by the team that held up 
their workflows significantly and gave them a poor impression of digital mapping. There were three 
categories of concerns: 

1. lack of user training 
2. less than optimal construction of reference data (too much data for the hardware) 
3. software issues causing failures. 

Each of the issues identified compounded the next. Too much data caused performance issues and 
lockups in some features of the software. A lack of training and understanding about the software 
exacerbated these issues as the site team were unable to put in strategies and remedies to avoid 
the issues. To help alleviate the issues, additional training and data reviews were provided to the 
site team that managed to solve all the issues and improve the user experience. 
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PATHWAY TO SUCCESSFUL MAPPING DIGITALISATION 
Over the course of creating mapping digitalisation projects all over the world, and in a variety of 
mining contexts, the following considerations should be made when preparing for mapping 
digitalisation. 

Prepare for digital mapping 
It is important for a site to carefully consider all the information that needs to be mapped and how 
should be represented digitally. Is the information going to be used? What is the appropriate level of 
detail to capture? As most sites already digitise their mapping from notebooks into software at some 
stage, this step is usually reasonably straightforward and site teams have a comprehensive 
understanding of their mapping requirements. However, digital mapping allows sites to embrace new 
technologies, and automatic data collection, so potential improvements should be considered with 
an open mind. 

Make the new workflow work for the geology team 
Making the digital mapping workflow smooth is an important step both for the entire team, and for 
the success of the digitalisation process. In order for a new process to be accepted, the teams need 
to feel the benefit of the process. Keeping a process simple and reliable is essential. Reference data 
needs to come in effortlessly, data reconciliation needs to be easy and getting the resulting data to 
downstream users must be straightforward. Any steps that appear unnecessary, or require 
significant user effort, for example, creating multiple different exports for different software through 
a series of manual steps adds a burden to the task of mapping decreasing both the experience and 
the likelihood of acceptance. 
Involving the geology team in the design of the mapping process is also a very important part of 
acceptance of that new process. Without a process that works for the team, the mapping process is 
likely to receive resistance. 

Ensure hardware is appropriate 
Using appropriate hardware is a critical for a successful implementation of digital mapping. The 
mapping software needs to operate optimally, and there are many factors that can impede this. For 
example, low memory and process speeds will affect file load/save. Too much data can also affect 
performance. Poor stylus interaction will affect accuracy. Ergonomics is also a consideration with 
hardware. Geologists will need to be holding the hardware for extended periods, so weight is a factor, 
as are straps, handles and so on that aid the use of the hardware. 
Hardware that is not designed for harsh mining conditions can also cause problems. In open pit 
environments the graphical display needs to be sufficiently bright when used in sunny conditions, 
and sufficiently waterproof to be able to operate in rain. In underground mines that are hot, humid 
and dusty, the hardware must operate without overheating, or being affected by moisture. 

Upskilling staff 
Ensuring that staff have all the required skills to operate the software and hardware is essential in 
reducing friction to digital mapping. Users finding mapping software complex, or difficult to use, or 
the operating systems difficult, will become barrier to adoption. 

Post implementation support 
Providing close support to any new work process enhances the likelihood of success. Not only does 
it provide the team support for queries, it ensures that the team are carrying out the new process as 
expected. Any issues can be addressed quickly and avoid any negative perceptions of the new 
process. 

CONCLUSION 
Mapping of geology is a task that is central to miners and has been for millennia. Until very recently, 
sharing of geological knowledge has been by physical means. Recent advances in technology have 
introduced the capability to capture geological mapping digitally, introducing many advantages and 
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opportunities. Both data quality and accuracy can be enhanced using simple, well known, digital 
means. Geologists can have access to far more data than ever before while they are mapping. A 
significant and measurable amount of time can be now saved as the time that would have been 
spent digitising mapping in an office from field notes is gone. In combination, these factors allow the 
geologists themselves to have more time to apply critical thinking to their mapping tasks. Better 
geological understanding results in better geological mapping, which in turn has improved outcomes 
for all downstream data dependant activities. 
The process of changing from paper mapping underground to digital mapping, in isolation, may be 
simple, since it merely represents a change in medium from paper data entry to digital data entry. 
Implementing digital geological mapping as a process for mine geology departments, and integrating 
a new workflow is more sophisticated. During many implementations of mapping digitalisation, the 
author has observed that the primary challenges have concerned the process of integrating digital 
mapping into an organisation’s existing workflows, rather than around the simple drawing of geology 
in software. Further, an organisation’s willingness to include the geology team in the design of the 
program, as well as their willingness to provide adequate training and support have been noted as 
some of the most significant factors for success that allow geology teams to reap the real benefits of 
digitalising the geology mapping process. 
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ABSTRACT 
Variogram modelling is a critical component of resource modelling, it provides an insight into the 
spatial continuity of a deposit as well as being a necessary component of all Kriging-based 
algorithms. Although important, it is a tedious, laborious, and difficult task that requires specialised 
knowledge from the modellers. 
This paper will present a novel approach and software to variogram modelling that is constructed 
around the automatic fitting. Auto-fitting is an optimisation process in which a variogram model that 
matches the data is found algorithmically. Instead of adding the autofitting algorithm to the traditional 
modelling workflow, our approach redesigns the entire modelling workflow around the autofitting 
requirements. First, the application can work with several domains and grade attributes at once, it 
efficiently computes the experimental variograms in hundreds of directions for each combination of 
domains and attributes. These experimental variograms are then passed to an optimisation process, 
the auto-fitting, that will search for the anisotropy, the ranges, the contributions, and the nugget of 
the 3D model. Once completed, the models are then presented in a dashboard where each model 
has a fitting error associated with it. The modeller can then quickly review each model and manually 
refine any models that are deemed unsatisfactory through a rich and interactive user interface. 
Through that visualisation, the modeller can inspect the model fit quality in hundreds of directions to 
ensure that the model properly captures the anisotropy of the data. 
The application also allows the updating of existing models when new data is added to a project. A 
modeller can then quickly update all the variogram models whenever new data becomes available 
ensuring that the resource model reflects the sampled data. 
Finally, the application is completely parallelised and can be run on the desktop or natively on the 
cloud. 

INTRODUCTION 
Geostatistics techniques are routinely used to characterise and map the spatial distribution of grades 
within a mineral deposit. The Kriging family of algorithms is the most used in the industry. Kriging 
works by linearly combining samples into an estimate. That linear combination is a function of the 
spatial heterogeneity of the data: for a given data configuration, grades that are smoothly varying in 
space are combined differently than grades that are spatially erratic. The measure of spatial 
continuity is given by the variogram model, a mathematical function that relates distance and 
direction of two locations to their dissimilarity. Estimating the variogram model is one of the most 
important and consequential parts of a geostatistical study. Although important, it is a tedious, 
laborious, and difficult task that requires specialised knowledge from the modellers. It merges 
qualitative and quantitative information about a deposit into the mathematical realm. For large 
deposits with multiple domains and attributes, a modeller may have to create and maintain hundreds 
of variogram models. 
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On a fundamental level variogram modelling has not significantly changed in 30 years. It is now 
faster, with a prettier and more interactive software interface but the workflow itself still largely follows 
the recipe given in early geostatistical textbooks such as in Isaaks and Srivastava (1989). Although 
current software makes the traditional workflow easier to use, variogram modelling is still a difficult 
exercise. 
We believe that the current workflow does not take advantage of the computational resource 
currently available. This paper proposes a novel approach and workflow to variogram modelling that 
is constructed around the auto-fitting of variogram modelling. Auto-fitting is an optimisation process 
in which a variogram model that matches the data is found algorithmically. Instead of adding the 
autofitting algorithm to the traditional modelling workflow, our approach redesigns the entire 
modelling workflow around the autofitting requirements and the modelling need of large deposits. 
By building a new workflow with the autofitting of the variogram model as the centrepiece, we can 
provide several benefits to the modeller such as speed and ease of use. The modeller is now tasked 
with evaluating and adjusting the models found by the machine and does not need as much expertise 
as currently required. Our experience shows that we can significantly decrease the time and effort it 
takes to model variograms while keeping and even improving the quality of the resulting models. 
The application can work with several domains and grade attributes at once, it efficiently computes 
the experimental variograms in hundreds of directions for each combination of domains and 
attributes. These experimental variograms are then passed to an optimisation process, the ‘auto-
fitting’, which will search for the anisotropy, ranges, contributions, and the nugget of the 3D model. 
The anisotropy relates to the change of continuity relative to directions. For instance, in a 
sedimentary setting the grade may be more continuous along the stratigraphical units than across 
them. The ranges refer to the distance at which two locations in space informed each other. Knowing 
about a grade at one location does not inform the grade at another location past that distance. A 
variogram model is typically the result of the linear combination of several basic variogram functions 
(eg spherical or exponential type); each of these functions are then combined according to their 
contributions into a final model. Finally, the nugget represents the erratic behaviour of the grade, that 
is the amount of spatially uncorrelated variability. 
Once completed, the models are presented in a dashboard where each model has a fitting error 
associated with it. The modeller can then quickly review each model and manually refine any models 
that are deemed unsatisfactory through an interactive user interface. Through that visualisation, the 
modeller can inspect the model fit quality in all directions to ensure that the model properly captures 
the anisotropy of the data. Variogram models can then be exported in several formats or as a report. 
As new data is added to a project, the existing experimental variograms and the models can be 
easily updated thus reducing the lag between the numerical resource model and drilling information. 
This project was a partnership between Advanced Resources and Risk Technology, LLC, and BHP 
resource geology teams. The objective of the collaboration was to develop an application that fits 
within our current modelling pipeline while significantly reducing the time to compute, interpret and 
model hundreds to thousands of variograms required for the large deposits within the BHP resource 
portfolio. A further objective is to reduce the level of expertise required to perform variogram 
modelling. The current workflow demands a lot from the modeller, requires extensive training and 
forces the modeller into mathematical concepts such as orthogonality. 
The resulting software and workflow provide the following benefits: 

• Assist the modeller with variogram modelling. 

• Leverage the latest in technology and computing. 

• Speed up overall modelling workflow. 

• Conform to a typical project life cycle with updating. 

• Free the modellers time for more high-level tasks. 
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AUTOFITTING-CENTRIC WORKFLOW 
The traditional approach to variogram modelling consists of finding the three orthogonal directions 
of anisotropy; spatially these directions define the axis of an ellipsoid. Once the type of variogram 
model has been determined (eg spherical, exponential etc) these directions are then independently 
fitted (ranges and contributions). The objective is to transform a 3D problem into three 1D problems 
that are much easier to tackle from a modelling perspective. The contribution of the nugget effect is 
then, typically, found with a combination of downhole variography and by considering all the 
directions together. 
The anisotropy of a variogram model while being the most consequential parameter of a model is 
also the most difficult to estimate. The modeller would typically search the direction of anisotropy 
through a sequence of experimental variogram maps. These maps are often partial, coarse, and 
smoothed out. The resulting directions may not be optimal from a 3D or global perspective. 
It is important to consider the distinction between the mathematical constraint of a variogram model 
and the actual anisotropy of spatial distribution of grades within a deposit. There is no reason that 
the physical anisotropy would be ellipsoidal in nature; this is a mathematical constraint that is 
required to solve a Kriging system of equations. From that perspective, a good variogram model 
would be a model that fits all the experimental directions, not just the three directions defining the 
axis of an ellipsoid. This is difficult to do manually, as one would need to compute the experimental 
variogram in dozens or hundreds of directions and adjust them. It brings back the task of variogram 
modelling as a 3D problem. 
This application rests on a complete review of the variogram modelling workflow to reflect how state-
of-the-art technology can assist a modeller to be more productive, speed up the modelling process 
and provide models of equal or better quality than the traditional approach. It aims at avoiding 
overfitting three directions at the expense of hundreds. The result is a model that globally fits the 
attributes spatial distribution without a pre-selection of the direction of anisotropy. 
The ar2variogram application is based on the full 3D fitting of experimental variograms using the 
following steps: 

1. Compute experimental variogram in hundreds of directions. 
2. Fit one 3D model that best fits all directions. 
3. Evaluate and, if necessary, manually adjust the variogram models. 
4. Update models whenever new data is available. 

1 – Experimental variograms 
The modeller selects the domains and attributes from a CSV file. By default, the experimental 
variograms are computed in hundreds of directions (256) for each domain-attribute pair. These 
directions cover half a sphere by regularly stepping over the azimuth and dip. The user can also 
select to compute the downhole experimental variogram for subsequent nugget estimation or add 
specific directions that are deemed consequential. 
The application is using a novel approach to compute the experimental variogram that is significantly 
faster than traditional approaches. It also takes advantage of calculating the variogram for several 
attributes for a given domain at once to decrease the computing time. 
The traditional approach of binning the experimental variograms with lag distance, lags tolerance 
and horizontal and vertical bandwidth (Journel and Deutsch, 1992) is still used. 
The benefit is that the user does not have to worry about searching for directions of anisotropy. The 
experimental variograms are computing in enough directions such that the machine can find the 
ellipsoids that best match the geological anisotropy. 

2 – Autofitting 
Once the experimental variograms are computed for all directions and for all pairs of domain-
attribute, the autofitting process is launched automatically. Autofitting is the optimisation process of 
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programmatically finding the best 3D variogram model. A model is considered ‘best’ once it 
minimises an error function. 
At the core of any optimisation is an error function that represents the mismatch between the model 
and the experimental variogram. The quality of a 3D model can then be summarised with a single 
value. In this case, the error function considers the distance from the origin, the number of pairs, the 
relative distance to the plateau of the sill, outliers and more. It is a complex function that tries to 
capture how a modeller would assess the quality of a model. 
The autofitting algorithm implemented in the application allows to: 

• quickly provide good results 

• be flexible enough to accept geological constraints 

• be generic enough to be applied across different deposits and assets. 
The program uses an algorithm that iteratively searches for a model that minimises the error function 
as schematised in Figure 1. First, it creates an initial population of models that span the possible 
values for anisotropy and ranges. Then all the models are evaluated and ranked based on their 
objective function. The program iteratively refines a model based on an initial population of models 
to find a better model. The algorithm then intelligently searches amongst azimuth, dip, rakes, and 
ranges values. This is an iterative process that continues until the objective function stabilises or it 
reaches a predetermined number of maximum iterations. 

 
FIG 1 – In the variogram parameter space, each dot corresponds to a candidate model. Each of 
the models are evaluated with the error function to determine which ones best fit the data. The 

better models are refined into the next generations of variogram models. The new models share 
characteristics with the model they were derived from. The error functions for each of the new 

models are calculated and are ranked with the previous candidate models. The second generation 
of models is created from the better candidate models. As the generation progresses, the new 

models are more similar to their seed model. 

As efficient as an auto-fitting algorithm can be, it is still limited by the information contained in the 
data. As the machine is not aware of the geological context of the samples, it needs a mechanism 
to integrate the geologist’s knowledge into the models. In several situations, especially important for 
sparse data sampling, a geologist may have knowledge about the model parameters either from the 
geological context (for example in a stratigraphic setting) or from similar deposits. In that situation, 
the modeller can constrain the algorithm within ranges of values for all parameters. 
Such soft information could be: 

• ‘The grade continuity typically follows the orientation of the stratigraphy’ 

• ‘These types of deposit do not have spatial continuity past 500 metres’ 

• ‘Continuous at very short scale’. 
This soft information can then be passed to the autofitting algorithm by constraining the model 
parameterisation and refinement. For instance, the user could limit the dip to be below 15 degrees 
to reflect the stratigraphy of a deposit or input that the maximum range cannot exceed 500 metres. 
The autofitting algorithm will then ensure that all candidate models honour these constraints. This 
guarantees that the geologist’s knowledge of the deposit is not ignored by the application. 
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Once completed, the program offers a page with all the results as well as some information about 
the model optimisation profile. 

3 – Evaluation and adjustment 
Anytime a model is created or modified a normalised error metric is calculated to represent the match 
between the models and the experimental variogram. A metric of zero indicates a perfect fit and one 
being of no better than a pure nugget effect. 
Each model also has a status that reflects its maturity. A model produced by autofitting will be marked 
as Draft, it can then be moved to In Review or Completed depending on if the model needs to be 
further analysed later. All the model statuses are then compiled to provide the progress of the project 
toward completion. The models can then be filtered by status, allowing the modeller to track the 
completion state of a variogram project. By default, all domain-attribute pairs are started at the ‘No 
Model’ status. Once autofitting has been run for a given domain-attribute, its status is elevated to 
‘Draft’. ‘Review’ and ‘Completed’ status labels must be assigned manually with the application. 
To navigate potentially hundreds or even thousands of variogram models, the program is built around 
a dashboard, as shown in Figure 2, that offers direct access to all the relevant information and 
visualisation of any model. From the dashboard, modellers can search, edit, analyse, remove, or 
export their work. 
From that dashboard, the modeller can go through each model for validation, preferably starting with 
the low error models. If a model is of good quality, its status is then changed to Completed. If that 
model needs further validation the status is then set to In Review. A user can then quickly view the 
fit of the model through the dashboard, hence providing a quick overview of the quality of the fit. 

 
FIG 2 – View of the dashboard with all the searchable domain-attributes. Note that each domain-

attribute has an error and a status (No Model, Draft, in Review, Completed) that is then aggregated 
at the project level. The variogram model of a domain-attribute can then be selected for preview. 

Most actions are accessible from the dashboards. 

When a model created by autofitting is not deemed satisfactory it can be adjusted with the Model 
Analysis capability of the software (Figure 3). Within the Model Analysis page, the modeller can 
interactively adjust the range, type, and anisotropy of the model. Any time the model is changed the 
error metrics are automatically recomputed. The error is shown globally, per direction and per 
experimental lags. The modeller can then look at the fit based on directions, weights, or errors. The 
ellipsoid defining the model anisotropy can be seen on top of the relevant samples to provide a 
spatial context. 
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FIG 3 – Software environment to manually adjust a variogram model. The ranges and sill can be 

adjusted either on the charts or from their parameters. The anisotropy ellipsoid for each structure is 
displayed on top of the samples to provide a spatial context. The fit is shown on several at once, 
the fitting error is shown by experimental variogram pairs (coded by colours), by directions or for 

the 3D model. 

Manually fitting a variogram model is done differently than with traditional applications where each 
axis is treated as a 1D problem. The application shows the model in up to a dozen of directions at 
once. Note that the axis of anisotropy does not have to coincide with one the direction used to 
calculate the experimental variogram; what matters is that the global fit, that is all directions at once, 
is good. To help the users evaluate the quality of the fit, they can select which directions to be shown, 
or use one of the pre-programmed policies such as: 

• Directions that are closer to one of the axes of the anisotropy. 

• Directions with the lowest or highest errors. 

• Directions that contain more data pairs. 

• Random directions. 
With these display policies, the user can quickly navigate through hundreds of directions and 
evaluate the fit of the variogram model. Figure 4 shows an example of the directions sorted from 
their angular distance to the major and minor axis of the ellipsoid anisotropy. The user can quickly 
transition between the view through shortcuts or through the graphical user interface. 
Once the model is adjusted, it is saved, and its status is changed accordingly. 

 
FIG 4 – Sorting of the directions based on the proximity of the major axis (left) or the minor axis 

(right). These views allow the users to quickly assess the fit on hundreds of directions. 
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4 – Updates and data life cycle 
As a mining project evolves, more data becomes available. Unfortunately, this additional information 
is often ignored since updating the variography is time and resource consuming. The data life cycle 
is explicitly taken into consideration to help keep the numerical resource models up to date. When 
new data are available. the application creates a new project that is based on an existing one while 
updating the models wherever the underlying data changed. The program automatically detects 
which domains or attributes are modified and automatically updates the experimental variograms 
and associated models 
For each domain-attribute pair that exists in both the old project and the new data set four autofitting 
options are available: 

1. Import the existing model for this domain-attribute with no changes. 
2. Update the existing model as a seed model and re-run the autofitting optimisation. 
3. Recalculate the variogram model from scratch; ignore any pre-existing information about the 

model from the template project. 
4. Skip the optimisation, that is load the data from this domain-attribute pair with no model. 

Once a project is updated, the modeller can then evaluate the results and, if necessary, adjust the 
models accordingly. The updated models are constrained to remain similar to the previously audited 
models. If needed, the user can fix some model parameters, such as ranges or angles, that would 
not be updated. By only providing adjustment from the existing models, the workflow ensures that 
the validation can be completed quickly. Updating an existing project can save the modeller a 
substantial amount of time and limit the amount of fine-tuning required for any updated domains by 
building upon pre-existing knowledge of the variography. 
To support the communication of the results, the models can be exported as a pdf report. The report 
contains the fit along the three major directions of anisotropy, the model parameters, and the ellipsoid 
of anisotropy on top the data. 

UTILITIES FOR DATA ANALYSIS AND FILTERING 
To support the workflow, several utilities are available to explore or filter the data or the results. In 
addition to classical statistical analysis, the modeller can compare variogram models across 
attributes and domains and remove outliers from experimental variograms. 

Model comparison 
As well as being necessary for subsequent geostatistical algorithms, variogram models also provide 
an insight into the spatial behaviour of grades. With available models for all the domains and 
attributes, the application provides exploration tools (Figure 5) to investigate the similarity between 
the spatial organisation between attributes or domains. 
With the model comparison page, the user can superimpose multiple models and their anisotropy 
ellipsoids. For instance, by overlapping the anisotropy ellipsoid of a given attribute across all 
domains, one can quickly evaluate the change in spatial continuity in a deposit. This can also be 
used to refine the estimation or simulation domains. 
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FIG 5 – Selected models can be visually compared along specific directions or with their anisotropy 

ellipsoid. One purpose of the Model Comparison is to look for patterns in the variogram model 
parameters through space or attributes. 

Experimental variogram filtering 
Experimental variogram values are related to the variance of the difference between grade at two 
locations. All variance measurements are sensitive to outliers, and experimental variograms are no 
exception. The experimental variograms can be noisy and difficult to fit both for a machine or a 
modeller. To support the modelling process, the application provides a set of multivariate tools to 
remove outliers, as shown in Figure 6. Anytime outliers are selected from the charts, the 
experimental variogram is automatically updated. The outlier selection can be done iteratively for 
better control. 

 
FIG 6 – Rapid filtering of the experimental variogram by removing outliers. The outliers can be 

chosen from a multivariate context and can be remove incrementally. Anytime a selection is done, 
the experimental variogram is updated. The user can also launch the auto-fitting algorithm on the 

filtered experimental variogram. 
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The updated experimental variogram points are then superposed on the original points to appreciate 
the effect of the outlier’s removal. The modeller can launch the autofitting directly from that panel to 
see the change in the variogram model. The unsatisfactory experimental variogram candidates can 
be removed, and a better one can be selected as default. 

PERFORMANCE 
On an undisclosed iron ore deposit, computing the experimental variogram on 12 attributes and 
58 domains for 256 directions takes around 5 minutes. The subsequent auto-fitting of the 
696 variogram models takes around 5 hours. 
The validation of the models can then be done quite efficiently. Our experience is that the errors are 
a good indicator of the quality of the fit. On some deposits, our experience has been to cut the 
variograms modelling time by weeks. 
The application can also deal with very large data set by approximating the experimental variograms. 
A large data set, typically above 100 000 samples will be divided into smaller sub-data set for 
experimental variogram calculation. The final experimental variogram is created by a weighted 
aggregation of the calculated experimental variograms. 

CONCLUSIONS 
Through a close collaboration between geologists, geostatisticians and software developers, a new 
workflow and application has been developed to re-imagine variogram modelling. It is not disruptive 
for the larger resource modelling workflow as the input (composite data) and outputs (variograms 
models) are unchanged. It does however significantly speed up the variogram modelling step by 
(a) providing faster computing, (b) reducing the manual exploration to find the axis of anisotropy, 
(c) providing good quality models by default, (d) providing efficient tools to adjust these models. 
The application also helps in keeping the variogram models updated as new data are gathered from 
the deposit. New information can then be quickly passed downstream for better decision-making. 
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ABSTRACT 
Multiple data sources can be fused to improve boundary modelling in stratified deposits such as the 
banded iron formation (BIF) hosted deposits in the Pilbara Region of Western Australia. Accurate 
boundaries are essential to produce high quality geological models. Initial models are based on the 
widely spaced exploration hole data. This creates a high level of uncertainty in areas between the 
holes, with different interpretations of the boundary equally probable. Including directional 
information collected in these holes in the models can reduce the number of possibilities. Including 
data collected during mining, such as blastholes and bench measurements, can further guide the 
model. This research demonstrates a Gaussian Processes based method of fusing these disparate 
data sources to better inform the boundaries. Our results demonstrate that when only exploration 
points are used the model creates a smooth boundary with minimal variation between the holes. 
Each additional data source refined the model and added additional detail to the boundary. For the 
blast data, the new detail projects down to the bench below the current bench to allow for a better 
prediction before mining commences on that bench. 

INTRODUCTION 
Fusing multiple data sources can greatly improve boundary modelling in stratified deposits. In the 
banded iron formation (BIF) hosted deposits in the Pilbara Region of Western Australia accurate 
boundaries are essential to produce high quality geological models (De-Vitry, Vann and Arvidson, 
2010). These BIF hosted iron ore deposits consist of layered bands of iron oxides, chert and shales. 
In some locations the BIF has been enriched to produce a high-grade iron ore (Harmsworth et al, 
1990; Thorne et al, 2008). The rock is divided into geological units based on changes in mineral 
composition. For example, two adjacent units may be divided due to one unit containing more shale 
or a different mix of iron minerals to the other unit (Trendall and Blockley, 1970). The changes may 
be subtle but are important for mining and processing. The region has undergone multiple periods 
of extension and compression, causing folding and faulting in the deposits that can cause 
complicated structures that are represented in the boundaries (Dalstra, 2006; Dalstra and Rosiere, 
2008). 
Initial geological models are created using only exploration data, based primarily on the data from 
the widely spaced (up to ~50 m) exploration holes (De-Vitry, Vann and Arvidson, 2010). Multiple 
types of data are collected from these holes, including geophysical logging (eg natural gamma, 
density and magnetic susceptibility), chemical assays and manual geological interpretation of the 
rock chips or core. These exploration holes are interpreted to provide information about the depth of 
each boundary, with a high vertical resolution (~2 m). However, while the accuracy at the holes is 
high, the wide spacing of the data allows for many different interpretations of the boundary to be 
equally probable. When manually drawing these boundaries, geologists can include additional 
information such as directional data to reduce the number of possibilities. Therefore, when 
automating the production of these boundaries it is important to include this data. 
As mining progresses, production data is collected that can also be used to improve the boundary 
models. Particularly, many shorter blastholes are drilled for each bench. These production holes 
have a much higher horizontal resolution (~5 m), but a lower vertical resolution (~10–12 m) 
compared to the exploration holes. Typically, for each hole a manual interpretation of the materials 
present in the holes is done by looking at the cone of material excavated during drilling. A single 
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geochemical assay may also be collected for some holes. Measure while drilling (MWD) data may 
also be collected while drilling the production holes. MWD data has previously been used to identify 
boundary points that can be used to update an exploration based surface model to include more 
local detail (Silversides and Melkumyan, 2021). Additionally, directional information based on 
measurements taken on the bench surface may be provided by the site geologists. These data 
sources can be used to progressively refine the boundary models as they become available. 
Our research focuses on integrating three different types of mining data to produce a consistent 
model of the boundary between two geological units. This model can be updated as more information 
becomes available and provides an indication of the uncertainty associated with the boundary at 
each location. The data types can be considered point, interval and directional data. We integrate 
these data sources using a probabilistic Gaussian Processes (GP) model. 

MATERIALS AND METHODS 

Data 
Our synthetic data set was created to mimic a typical cross-section in a stratified iron ore mine. Three 
types of data were used, exploration data, blasthole data and directional data. 
The exploration holes consist of point data down longholes that are relatively far apart, 40 m in this 
case. For each hole three points were included, a point above the boundary at the top of the hole, a 
point on the boundary, and below the boundary at the base of the hole for the lower unit. These 
points are assigned labels of 1, 0 and -1 respectively. 
The blastholes are 12 m long intervals and are spaced 5 m apart on two different heights that mimic 
the benches that are used in production. Intervals that are completely within a unit are labelled as 
belong to the higher or lower unit, with values of 1 and -1 respectively. Intervals that contain both 
units are labelled 0, indicating that the boundary should cross somewhere within that 12 m. 
The directional data is split into two types, exploration and production. As this is a 2D model, all 
directional data is provided as a single angle, with 0° indicating a horizontal boundary. The 
exploration directional data is in the exploration holes, at the boundary. This is created to be similar 
to the data collected by a downhole geophysical tool such as a televiewer. The production directional 
data consists of measurements made at the top of each bench, near where the boundary would 
cross the bench. This is representing measurements taken by site geologists. 

Gaussian Processes for machine learning 
This study used Gaussian Processes (GPs) to probabilistically model a function that represents the 
boundary between two units. Mathematically, a GP is an infinite collection of random variables, 
where any finite number of variables has a joint Gaussian distribution (Bishop, 2006; Rasmussen 
and Williams, 2006). Machine learning using GPs consists of two steps: training and estimation. A 
GP model requires a covariance function that partially describes the relationship between the inputs 
and outputs and defines the hyper-parameters required by the model. The training step is aimed at 
optimising those hyper-parameters to result in a probabilistic model that best represents the training 
data. In a Bayesian framework this can be performed by maximising the log of the marginal likelihood 
(lml). The lml incorporates both data fit and complexity penalty to avoid possible overfitting of the 
data set. 
Once the hyper-parameters are identified at the training stage, they can then be used to estimate 
the values of the function of interest at new locations. For further information on GPs and detailed 
mathematical derivations refer to Bishop (2006) and Rasmussen and Williams (2006). 

Covariance function for incorporation of the directional information 
Multi-source data fusion via GPs requires enabling the use of different types of data as an input for 
a GP. In this study there are three types of data: point data, interval data and directional data. 
Therefore, to enable the incorporation of the directional information into the boundary fusion process, 
a unified representation of the data is needed. We will consider a general case of the D –dimensional 
space. For all the three types the data can be represented by 
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To be able to use these data in the GPs framework, the covariances between all the possible pairs 
need to be computed: 
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Here pointA , intA  and dirA  stand for point, interval and directional data, respectively. 

Consider the function ( )x : Df R R→  and assume that a covariance function between ( )xf  and ( )xf ′  
has the form (Robinson, Melkumyan and Chlingaryan, 2016): 
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where ml  is a length-scale hyper parameter along the corresponding axis and ( )ϕ ⋅  is the GP kernel 
defining the properties of the function ( )xf . 

Using (4), the covariances (3) have been computed and they have the following forms: 
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In this study we used Squared Exponential and Matern 3/2 kernels for ( )ϕ ⋅ . Their forms, the first 
and the second derivatives are: 
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Models description 
The data was added to the boundary model sequentially, in the order that it would typically be 
available. Model 1 used only the boundary depths from the exploration holes. Model 2 used both the 
boundary depths and the directional data associated with these points. Model 3 then added blasthole 
intervals to the data from model 2. Model 4 used all data, with the addition of the directional data 
from the bench. For each model a GP was trained using the covariance function as described above. 
The trained models were used to predict the location of the boundary. 

RESULTS AND DISCUSSION 
When only the exploration hole point data was used, model 1 produced a smooth even boundary 
with minimal variation between the holes (Figure 1). When directional information was added to four 
of the holes (Figure 2) the behaviour of the model changed (model 2). On the right side the directional 
data was reasonably consistent with the boundary from model 1 and the two models are similar. 
However, on the left side the directional information reveals that there is more folding than was 
estimated in model 1. This demonstrates the value of adding the additional data to reveal features 
such as smaller folds that are not necessarily detected when using only exploration points. While 
these changes may not be important on the larger scale, it can make relatively large difference to 
the composition of an individual bench. Even a small boundary change can alter the predicted 
composition of a mining block, which may also change the value and product destination that it is 
assigned. 

 
FIG 1 – Boundary modelling using only point data (model 1). Three classes are used: above the 

boundary (green), boundary (red) and below the boundary (black). 
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FIG 2 – Boundary modelling using point data and directional information (model 2). Three classes 

are used: above the boundary (green), boundary (red) and below the boundary (black). The 
directional data is indicated by the blue lines. 

Models 1 and 2 can be constructed during the exploration stage, however once mining commences 
blasthole information can be added to refine the model. Model 3 includes blastholes from two 
benches (Figure 3). The higher bench (green blastholes) occupies an area that has already been 
mined and the lower bench (red blastholes) is the one currently under consideration. Blastholes are 
only labelled if they can be confidently assigned to a class. If they have a top or base close to the 
boundary they are not included. Comparing Figure 2 to Figure 3, the blastholes have added 
additional detail to the model. The impacted region extends below the current bench, giving an 
improved prediction of the boundary location in the next bench to be mined. 

 
FIG 3 – Boundary modelling using point data, directional information and blastholes (model 3). 
Three classes are used: above the boundary (green), boundary (red) and below the boundary 

(black). The points are from the exploration holes and the vertical lines represent the blastholes. 
The directional data is indicated by the blue lines. 

Model 4 includes additional directional data that is obtained from the bench (Figure 4). This additional 
data increases the changes seen in Figure 3, flattening out the area around the point A and 
increasing the change in the boundary near the exploration point to the right from the point A 
(Figure 4a). As it can be seen from Figure 4b to 4c, having more directional information around the 
point A and the exploration point, results in further adjustments to the boundary model. 
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(a)  

(b)  

(c)  
FIG 4 – Boundary modelling using point data, exploration directional information, blastholes and 
bench directional information (model 4). Three classes are used: above the boundary (green), 

boundary (red) and below the boundary (black). The points are from the exploration holes and the 
vertical lines represent the blastholes. The directional data is indicated by the blue lines. 

Each additional data source has further restricted the modelling and added more detail to the 
boundary. This demonstrates the importance of including these data sources when modelling a 
deposit to improve the accuracy of the predictions. Future work will extend this research to create 
three dimensional models, as well as applying these methods to real data. 

CONCLUSIONS 
Four models were produced by adding data in the order it would typically be available for a working 
iron ore mine. Each new model containing additional information that restricted the model and added 
detail to the boundary. Simply adding in the directional information as well as the points for the 
exploration data had a significant impact on the boundary. The bench data sources added further 
localised detail that is important for mining as it can change the classification, and therefore product 
destination, of a block. Therefore, it is important to include additional information sources when 
creating boundary models to improve the accuracy of the predictions. 

ACKNOWLEDGEMENTS 
This work has been supported by the Australian Centre for Field Robotics and the Rio Tinto Centre 
for Mine Automation. 

REFERENCES 
Bishop, C M, 2006. Pattern Recognition and Machine Learning (Springer: Berlin). 

0 50 100 150 200 250

-20

-10

0

10

20

30

40

50

0 50 100 150 200 250

-20

-10

0

10

20

30

40

50

0 50 100 150 200 250

-20

-10

0

10

20

30

40

50

A 

A 

A 



International Mining Geology Conference 2022 | Brisbane, Australia and Online | 22–23 March 2022 448 

Dalstra, H J and Rosiere, C A, 2008. Structural controls on high-grade iron ores hosted by banded iron formation: a global 
perspective. in Banded Iron Formation-Related High-Grade Iron Ore (ed: S Hagemann, C Rosiere, J Gutzmer and 
N J Beukes), Rev Econ Geol 15, pp 197–221. 

Dalstra, H J, 2006. Structural controls of bedded iron ore in the Hamersley Province, Western Australia – an example from 
the Paraburdoo Ranges, App. Earth Sci. (Trans. Inst. Min. Metall. B), 115(4):139–145. 

De-Vitry, C, Vann, J and Arvidson, H, 2010. Multivariate iron ore deposit resource estimation – a practitioner’s guide to 
selecting methods, Trans Inst Min Metall, Sect B, 119(3):154–165. 

Harmsworth, R A, Kneeshaw, M, Morris, R C, Robinson, C J and Shrivastava, P K, 1990. BIF-derived iron ores of the 
Hamersley province. in Geology of the mineral deposits of Australia and Papua New Guinea (ed: Hughes F E). The 
Australasian Institute of Mining and Metallurgy, Melbourne, pp 617–642 

Rasmussen, C E and Williams, C K I, 2006. Gaussian Processes for Machine Learning, (Springer Science+Business 
Media, LLC: Heidelberg). 

Robinson, D K, Melkumyan, A and Chlingaryan, A, 2016. Estimating Material Properties, US Patent Application 
US2016/0033676A1. 

Silversides, K L and Melkumyan, A, 2021. Boundary Identification and Surface Updates Using MWD. Math Geosci, in 
press, doi:10.1007/s11004–020–09891–0 

Thorne, S W, Hagemann, S, Webb, A and Clout, J, 2008. Banded iron formation-related iron ore deposits of the Hamersley 
Province, Western Australia, in Banded Iron Formation-Related High-Grade Iron Ore (ed: S Hagemann, C Rosiere, 
J Gutzmer and N J Beukes), Rev Econ Geol 15, pp 197–221. 

Trendall, A F and Blockley, J G, 1970. The iron formations of the Precambrian Hamersley Group, Western Australia with 
special reference to the associated crocidolite. vol 119. Bulletin. Geological Survey of Western Australia, Perth. 
403 p. 



International Mining Geology Conference 2022 | Brisbane, Australia and Online | 22–23 March 2022 449 

ShovelSense measuring grade at bucket resolution – the new tool in the 
mine geologist toolbox 

M Haest1, K Hume2, M Bradshaw3, H Lang4, F Faraj5 and M Pal6 

1. Vice President GeoScience, MineSense Technologies Limited, Vancouver BC V5X 3E8. 
Email: mhaest@minesense.com 

2. Geoscience Data Analyst, MineSense Technologies Limited, Vancouver BC V5X 3E8. 
Email: khume@minesense.com 

3. Geoscience Data Analyst, MineSense Technologies Limited, Vancouver BC V5X 3E8. 
Email: mbradshaw@minesense.com 

4. Geoscience Data Analyst, MineSense Technologies Limited, Vancouver BC V5X 3E8. 
Email: hlang@minesense.com 

5. Geoscience Data Analyst, MineSense Technologies Limited, Vancouver BC V5X 3E8. 
Email: ffaraj@minesense.com 

6. Geoscience Data Analyst, MineSense Technologies Limited, Vancouver BC V5X 3E8. 
Email: mpal@minesense.com 

ABSTRACT 
MineSense Technologies Ltd. is revolutionising grade control at mining operations by installing 
ShovelSense® sensors on buckets that measure the grade of every load before it is dumped in the 
truck. This allows the mine to exploit grade variations at a resolution that was not available before, 
reducing the amount of ore loss to the waste stream and removing waste from material destined for 
processing. These changes dramatically improve the profitability and sustainability of mining 
operations. 
ShovelSense relies on X-ray fluorescence analysis of the rocks as they flow in the bucket and is 
integrated with fleet management to direct the trucks to the right destination. Lab simulations of 
ShovelSense measurements on porphyry copper ores show correlations between predictions and 
lab measurements at 0.98 r-squared with a coefficient of variation of 10 per cent. 
Visualisation of copper grade predictions in three dimensions shows a reasonable match with the 
dig plan, but with local changes in the ore-waste contact due to more accurate contact identification, 
related to blast movement and other mining factors. Correct delineation of these contacts ensures 
ore trucks are not sent to the waste dump and waste trucks are diverted from the crusher, creating 
enormous value for the operation and the environment. 

INTRODUCTION 
Routine grade control at mining operations relies heavily on the measurement of element grades 
from blasthole samples. Blastholes are drilled on a grid with a spacing that can range from 5–15 m. 
The grades of these drill hole samples are estimated into a block model from which a dig plan is 
generated. The sparsity of grade measurements, the difficulty of accurately sampling a blasthole, 
smoothing introduced through estimation and material displacement due to blast movement, can 
limit the performance of the current grade control process. This leads to ore being lost to waste and 
waste diluting the ore stream, reducing the efficiency of downstream processes. 
The current grade limitations are well understood. MineSense Technologies Ltd. has developed 
ShovelSense® to challenge the status quo. ShovelSense combines sensors on the bucket with on-
board processing and analytics to measure the grade of every bucket load in real-time. Direct fleet 
management system (FMS) integration ensures that each truck is delivered to the right location, 
thereby significantly improving the profitability and sustainability of mining operations. Copper 
Mountain mine (British Columbia – Canada) for example reported that ShovelSense enabled a 
4 per cent improvement in selective recovery of ore from the waste stream and an equal 4 per cent 
improvement of rejection of waste from the ore stream (Klue et al, 2020). 
This manuscript provides a brief introduction to the ShovelSense system and outlines a case study 
that demonstrates the accuracy and value of this system to mining operations. 
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METHODS AND RESULTS 

ShovelSense overview 
ShovelSense measures the elemental grade of each bucketload by scanning the rocks with X-ray 
fluorescence (XRF) sensors. Up to four XRF sensors are installed on the brow of the bucket. The 
sensors collect XRF spectra at a 100 ms frequency covering the different sides of the rocks as they 
roll into the bucket. A typical bucket fill cycle takes 2–10 seconds, generating 80 to 400 individual 
XRF spectra on different rock faces during each bucket fill. The ShovelSense XRF data collection 
workflow thus has a field of view that goes deep into the bucket, with rocks being sensed across that 
field of view as the bucket fills. This ensures a representative XRF sensor response is collected for 
each bucket to mitigate the surface nature of XRF sensing. 
The XRF spectra are processed to (element grade) predictions on a processing computer in the 
shovel housing and the predictions are aggregated per bucket. The ShovelSense system is equipped 
with a real time bucket positioning system that allows to augment the ShovelSense predictions with 
local mine estimates, such as grades estimated from local blastholes. Estimates can include 
elements that cannot be derived from ShovelSense data, such as light weight elements below the 
ShovelSense detection range (eg Si, Al, P) or elements that typically have a concentration below the 
limit of detection of the ShovelSense system (eg Au, Ag). Realtime fusion of ShovelSense 
measurements and local mine grade estimates allow the ShovelSense system to accurately classify 
mined material in many operations. 
In a typical set-up, the FMS informs ShovelSense which buckets should be combined to a truck and 
the classification of that truck from the mine plan (eg ore or waste). ShovelSense aggregates the 
selected bucket grade predictions to the truck of interest and transmits the measured material 
classification back to the FMS. If it is different from the original estimated material classification, the 
FMS can redirect the truck to the correct destination (Figure 1). 

 
FIG 1 – Overview of the ShovelSense system installed on a Bucyrus 495 cable shovel. 

The ShovelSense system can be fitted to shovels, front facing excavators and front-end-loaders. 
The system does not interfere with standard operation and should have negligible impact on 
expected equipment production rates. 

ShovelSense lab accuracy 
The accuracy of the ShovelSense XRF system is impacted by several factors, grouped into 
instrumental, heterogeneity and sampling errors by Li et al (2021). Li et al (2021) found the 
heterogeneity factor to have the largest impact on the accuracy of an XRF-based bulk ore sorting 
system. ShovelSense Technology partially mitigates the effects of heterogeneity by having two to 
four independent sensors scanning the rocks as they roll into the bucket, with wide-angle X-ray 
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emitters and detectors, allowing the system to gather the XRF response across a large number of 
rock surfaces. The Cu grade is determined for each sensor and averaged per bucket, which 
averages out some of the random error inherent to any geophysical sensing tool. In addition, 
diversions tend to be made at truck level for which the grade is the average of two to seven bucket 
grade predictions, further smoothing out random errors at the individual measurement level. 
The accuracy of the ShovelSense XRF system was estimated in the laboratory using a set-up that 
mimics the rock filling profile as it is observed on buckets of digging equipment in the field. 
ShovelSense predictions shown in Figure 2 are the average of two randomly selected 
measurements to simulate two XRF sensors on the brow of the bucket. 

 
FIG 2 – Plot comparing ShovelSense predicted and laboratory measured copper (Cu) grades for a 
set of copper porphyry run-of-mine samples. Red bars show the range in duplicate lab measured 

grades for the same sample. Box plots show the range in ShovelSense predicted grades. 

Repeat measurements on a set of run-of-mine copper (Cu) porphyry samples show that predicted 
ShovelSense Cu grades correlate with measured Cu grades with an R-square (R2) of 0.98, while the 
Coefficient of Variation (CoV) of the differences between predicted and measured grades is 
10 per cent. 

ShovelSense value example 
ShovelSense technology is being applied at Cu, Zn, Pb, Ni and Fe mines. Each of these metals can 
be identified and quantified simultaneously thanks to characteristic peaks in the energy range 
analysed by ShovelSense. Other elements with characteristic fluorescence peaks in the detection 
range include for example Mo, As, Sr, Rb and Zr. Precious metals can usually not be detected with 
ShovelSense due to their commonly low concentration. However, correlations to elements with a 
response in the ShovelSense spectrum can be used to try and predict the precious metal contents 
or their content can be estimated from local blastholes in real-time thanks to the onboard bucket 
positioning system of ShovelSense. 
Figure 3 shows a dig plan for a front facing excavator at a porphyry copper mine, for which a 
significant amount of ShovelSense diversions where identified. The excavator was scheduled to dig 
through mostly ore, with some smaller patches of waste. Points on the dig map are the actual bucket 
locations as the excavator worked through the area and these have been colour-coded against the 
ShovelSense predicted Cu grade. 
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FIG 3 – Daily dig plan comparing planned ore and waste areas against ore and waste as identified 
by the ShovelSense system, highlighting two areas where ShovelSense recovered ore from waste 

and one where ShovelSense diverted waste from the ore stream. 

ShovelSense predictions mostly align with the dig plan. However, part of the area that was delineated 
as ore in the dig plan contains waste (orange dotted outline in Figure 3) and small planned waste 
areas do contain ore (solid orange polygons in Figure 3). Having ShovelSense on the excavator 
allowed ore that was destined for the waste dump to be recovered to the ore stream and waste to 
be diverted from that ore stream. 
The ore-waste contact on the north side is predicted by ShovelSense to be roughly 10 m south of 
where it was estimated to be. This displacement could be the result of blast movement (brown arrow 
in Figure 3), but this has not been verified. 

CONCLUSIONS 
The ShovelSense system enables grade to be determined at the mine face in real-time, providing 
insight into what is ore and waste at a resolution that was not available before. ShovelSense recovers 
ore from material destined for the waste dump and diverts waste that was planned to be processed. 
Both changes increase the amount of ore recovered, improve the head grade that is sent to the 
processing plant, improve processing efficiency, reduce water and energy consumption and limit the 
amount of acid mine drainage. As confidence in resource extraction efficiency improves with 
ShovelSense, these benefits can lead to a reduction in the cut-off grade, increasing the size of the 
resource and lengthening the life-of-mine. 
MineSense Technologies Ltd. has also developed a commercial BeltSense® solution, placing the 
same XRF sensors over conveyor belts. The BeltSense system can be used to divert ore and waste 
in the processing plant, or to identify and optimise mill feed according to processing parameters of 
interest. Current development is focused on underground sensing solutions and novel sensors. 
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ABSTRACT 
Geochemical data from drill core samples is used in mineral exploration to enable geologists to 
understand subsurface geology. However, it is challenging to analyse these data sets rigorously and 
consistently. Manual data interpretation relies on the knowledge and experience of logging 
geologists. When multiple geologists are involved, it is possible to introduce inconsistencies in 
logged lithology type and scale of logging (‘splitters’ versus ‘lumpers’). Machine learning (ML) is a 
powerful tool for analysing high dimensional data (ie data with many variables) and large data sets 
(ie data with many samples). However, ML methods applied to drill hole samples do not incorporate 
spatial information and this can result in high misclassification rates and small-scale ‘noisy’ results. 
We demonstrate the use of multiscale spatial analysis (wavelet tessellation) as a pre-ML step to 
analyse spatial information. This step helps reduce misclassification and filter out unwanted small-
scale variation in the data. 
In an experiment, we used wavelet tessellation and supervised ML to predict litho-geochemical rock 
types from geochemistry data. The data set is from the Valhalla uranium deposit near Mount Isa, 
northern Queensland. First, geochemical knowledge and statistical analysis was used to select 
appropriate geochemical elements for litho-geochemical classification. Second, the elements were 
processed using multiscale spatial analysis. Third, we trained a Random Forest model with the data 
set and found that the model performs worse in predicting rare rock samples than common ones. 
We applied over-sampling and down-sampling methods in aim to overcome this issue. As a 
conclusion, the combination of multiscale spatial analysis (to define rock unit boundaries) and 
Random Forests (to classify rock units) is a good method for rapid and accurate analysis of drill hole 
geochemistry. 

INTRODUCTION 
The past decade has seen great advancement in computer science and mathematics research, 
especially in research related to Machine Learning, Deep Learning (DL), and Artificial Intelligence 
(AI). This advancement has benefitted many science disciplines. One famous example is that Google 
DeepMind recently developed an AI system called AlphaFold (Senior et al, 2020; Jumper et al, 2021) 
to solve the ‘50-year-old grand challenge in biology’: predicting protein 3D structures quickly with 
high accuracy. While there are applications of ML and DL in geosciences, including geophysics 
(Araya-Polo et al, 2018; Yu and Ma, 2021), palaeogeology (Ptáček, Dauphas and Greber, 2020), 
experimental geochemistry (Barbier et al, 2020), and ore deposit geology (Zuo et al, 2019; Zhang 
and Zuo, 2021), the power of ML is still underutilised in drill hole data analysis. One of the key 
reasons that ML provides disappointing results is because there is no easy way to incorporate spatial 
information and control scale of analysis. These are both essential components of geological 
interpretation. Adequate pre-processing of data can also be a challenge, especially when dealing 
with compositional data. 
In this study, we outline a workflow for analysing drill hole geochemical data using supervised ML. 
The workflow includes pre-processing the data, multiscale spatial analysis using wavelet 
tessellation, selection of training data and training the ML classifier. We will discuss the challenges 
and limitations of using ML with drill hole geochemistry data. 

GEOLOGICAL BACKGROUND AND DATA 
The data used in the current study is from the Valhalla uranium deposits at Mount Isa, Queensland, 
Australia. The Mount Isa district hosts several based-metal and uranium deposits and the Valhalla 
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one is an albitite-type uranium type deposit, and the detailed geological information can be found in 
Wilde et al (2013). The Valhalla data set contains 66 drill holes with 7333 metre of cores in total. The 
multi-element geochemistry data were collected by four-acid digest and ICP-MS (Wilde et al, 2013), 
which contain 18 major and trace elements, and geologists assigned 13 rock types at metre scale in 
the logging. 

DATA AND MODEL PREPARATION 

Dealing with imbalanced data 
The Valhalla data set contains 27 rock types and is very imbalanced, ie the number of samples of 
each rock type is widely varying. The most common rock type, Albitite, has 3974 samples whereas 
the least common type, Vein, only has eight samples. If we train a ML model directly with these data, 
the model will very likely perform much better in predicting Albitite than Vein because the model 
captures more variance in Albitite samples. There are two ways to overcome the imbalances: over-
sampling and under-sampling. 
Over-sampling methods use statistical or ML models to synthesis extra data based on the distribution 
of existing data. One widely used over-sampling method is called Synthetic Minority Over-sampling 
Technique (SMOTE) (Chawla et al, 2002). The original SMOTE and several variant versions, 
including Borderline, SVM, and Kmeans-SMOTE, have been tested on the Valhalla data set. The 
difference among these versions is how the ranges of new synthetic data points are defined and how 
the data points are created. 
Under-sampling methods reduce the number of common samples to match the number of the rare 
samples, usually via random selection. However, if we reduce the 3974 Albitite samples to eight (the 
number of the least common type, ie Vein) then we will lose most of the samples and hence most of 
the information. 
A third approach it to ignore rare rock types and only predict the most common ones. For this 
experiment we selected five rock types with the largest number of samples: Chlorite-Carbonate 
schist (542 samples), Chlorite-Albite Schist (464 samples), Siltstone (518 samples), Basalt (1350 
samples) and Albitite (3974 samples). Our model will be expected to perform well with these limited 
rock types due to that large number of samples. However, the trade-off is that we have lost the ability 
to predict rare rock types. After selecting the drill cores of the top five rock types, the total number of 
samples has decreased from 7333 to 6848. Then the data set is divided into training (80 per cent) 
and testing (20 per cent) sets randomly: the training data set is used for training the model and test 
data set is reserved to use as an independent test to evaluate the performance of the model. 

Data pre-processing 
It is beneficial to decrease the number of geochemical variables for computational efficiency and to 
reduce data sparsity caused by working in very high dimensions and to remove variables which do 
not reflect the underlying geology. Variables can be reduced by selecting only those which influence 
the lithological classification. Variables can be further reduced by removing those which contain 
redundant information (ie information already carried by another variable which behaves similarly). 
A compositional biplot (Aitchison and Greenacre, 2002) is useful to inspect the distribution of 
geochemical data and select a suitable variable subset (Figure 1). The biplot is constructed using a 
Singular Value Decomposition (SVD) to decompose the high-dimensional data into several different 
components and then project the data into a 2D space on the Principal Component (PC) of selection. 
Because geochemical data is compositional data, the Centred Log Ratio (CLR) transform is applied 
to the data before calculating the SVD. In Figure 1a, we can see that the PC1 and PC2 combined 
explains 40.1 per cent + 21.1 per cent = 61.2 per cent of the total variance, and in Figure 1b that 
PC1 and PC3 explain 50.2 per cent of total variance. The biplot contains the projection of the 
element axes (rays) and the input data (points), which facilitates visualisation of the influence of each 
element on the separation of logged rock types. The longer the ray of an element, the higher the 
contribution of the element to the principal components in its direction. For example, Cu has a long 
ray and is important in PC2 but not PC1, while K, Ba, Rb all have similar large importance in PC1 
and slightly less importance in PC2. The close co-location of K, Ba, Rb indicate that they behave 
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similarly to each other in this system and therefore provide redundant information. These 
observations can help us select a representative subset of elements for ML training. 

 
(a) 

 
(b) 

FIG 1 – Compositional biplots of Valhalla geochemistry data set: (a) PC1 versus PC2 and (b) PC1 
versus PC3. 



International Mining Geology Conference 2022 | Brisbane, Australia and Online | 22–23 March 2022 456 

Random Forest model 
Merembayev et al (2021) recently reviewed the performance of five popular ML algorithms for 
predicting lithofacies using well log data and concluded that Random Forest model has the best 
score. Therefore, we chose Random Forest model (Breiman, 2001) as our primary algorithm to train 
models. A Random Forest model is an ensemble algorithm that combines multiple decision tree 
models and make predictions based on the voting results from each individual tree model. A decision 
tree is constructed by estimating threshold values for each variable which separate the classes, 
these threshold decisions form the branches. The classification is reached in the leaf node. While 
decision tree models are powerful, they are very easy to overfit. Random Forests combines multiple 
trees together, which helps overcome the overfitting issue and is more robust. 
In the current study, we used a Random Forest classifier to construct a multi-class prediction model. 
A classifier is a type of predicative model whose output is a label (eg rock type label) instead of a 
numerical value, and we have more than one rock types, thus a multi-class prediction. The code is 
written in python and the packages used for building the model include Scikit-learn v0.23.2 
(Pedregosa et al, 2011), pandas v1.1.3 (McKinney, 2010), numpy v1.19.2 (Harris et al, 2020), 
jupyterlab v2.2.6 (Kluyver et al, 2016), and pyrolite v0.2.8 (Williams et al, 2020). The Random Forest 
classifier is composed of 1000 decision tree estimators with max_depth, min_samples_split, 
min_samples_leaf, max_features, bootstrap of 20, 5, 2, ‘sqrt’, and True, respectively. 

RESULTS AND DISCUSSIONS 

Selection of elements 
We have done two experiments to see if we can use less data to train a model. The motivation to 
use fewer variables is that ML models become complicated and hard to explain when there are too 
many variables. In the first experiment, we used all 18 elements to train the model. and the accuracy 
given by the test data set is 0.786. In the second experiment, we selected a subset of elements 
based on Figure 1. The selection criteria are: 1) find the elements with longer rays (ie higher 
contributions to the principal components) and 2) reduce the elements with rays in the same direction 
(to avoid redundancy). A subset of nine elements was selected: Pb, K, Cu, Ti, V, Zn, Al, Na and Sr. 
Trained with these elements, the Random Forest model’s prediction accuracy on the test data set is 
0.763, slightly lower than 0.786. If the elements are selected based on both statistical and geological 
knowledge, it is possible that the model accuracy could be improved while requiring less elements. 
For data sets with many elements, this step is critical because it can significantly reduce the 
complexity of results interpretation. 

Rare samples training 
As discussed in the Imbalanced Data section, we have tried to over-sample the rare rock types, but 
the results showed no significant improvement in the model accuracy. We suspect that insufficient 
information is contained in the rare samples and the synthesised data still do not contain enough 
information to generalise the description of these classes. Therefore, in the final experiment, we only 
kept the top five most common rock types. These data are still imbalanced, for example, Chlorite-
Albite Schist has is 1/10 of the number of Albitite samples. However, the magnitude of the imbalance 
is one degree less and this smaller imbalance makes the application of down-sampling methods 
more practical. We used random down-sampling method to reduce the test data set (80 per cent of 
total samples) rock samples from 3192 (Albitite), 1068 (Basalt), 435 (Chlorite-Carbonate Schist), 409 
(Siltstone), and 374 (Chlorite-Albitite Schist), to 374 for each rock type. The results are plotted as 
confusion matrices in Figure 2a (all data) and 2b (down-sampled data). The confusion matrix is an 
effective visualisation for displaying ML classification accuracy for each rock type. In Figure 2, the x-
axis represents the predicted label of rock types from the model, and the y-axis refers to the true 
label assigned by geologists. The numbers in each box are the fraction of true rock type on the y-
axis that is predicted as the rock type on the x-axis. For example, in Figure 1a, 0.18 of basalt samples 
got predicted as Albitite by the model. If the model works perfectly, the diagonal line should be 1 for 
all rock types. 
We can see in Figure 2a that when using all data, the model has a higher accuracy in predicting the 
most abundant rock type: 0.93 for Albitite, but the accuracy is low in predicting rarer rock types: 0.20 



International Mining Geology Conference 2022 | Brisbane, Australia and Online | 22–23 March 2022 457 

for Chlorite-Albitite Schist and 0.45 for Chlorite-Carbonate Schist. By contrast, Figure 2b shows that 
model trained with down-sampled data has a more consistent accuracy among all rock samples: 
rare samples are at 0.6 accuracy and abundant samples close to 0.8. The ML models are likely to 
perform better with more common rock types and worse with less common ones. If identifying the 
rarer samples is important, then down-sampling can balance the difference to a certain extent. 

Mixed samples 
The model predicts the siltstone relatively well though it is the second rarest sample. To understand 
this, we can go back to Figure 1: the green data points representing Siltstone are in a separate 
cluster to all other four rock types. Hence it is much easier for the model to differentiate Siltstone 
samples. However, the pink, red, and orange samples have overlapping distributions, therefore, it is 
harder for the model to make predictions for Basalt, Chlorite-Albitite Schist and Chlorite-Carbonate 
Schist samples. This can be seen on Figure 2b as well: for each one of the three rock types, the 
misclassified labels are more likely to be the other two than Albitite or Siltstone. 

Geological loggings problems 
The discussion above brings out a dilemma: ML models use geological loggings as ‘ground-truth’ 
labels to train a machine learning model, but geological loggings are not perfect because geologists 
log the drill cores visually based on colour and texture without knowing the chemical composition. 
This creates discrepancies between visual logged labels and the geochemically defined clusters, as 
shown in Figure 1 for the pink, red, and orange samples. This problem is not easily solvable unless 
geologists have access to geochemical composition data whilst doing the logging. 
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(a) 

 
(b) 

FIG 2 – The confusion matrices of the Random Forest model prediction on test data set with: (a) all 
training data and (b) down-sampled training data. 
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Data Mosaic multiscale analysis 
Data Mosaic is a technology that uses continuous wavelet transform on numerical data to identify 
boundaries and then determine the boundary strengths based on wavelet coefficients, which can be 
used on multivariate data by combining individual boundaries (Hill, Robertson and Uvarova, 2015; 
Hill, Pearce and Stromberg, 2021). By using Data Mosaic, we can find boundaries in the drill core at 
different scales and apply our ML classifications to the sections to reduce noise and misclassification 
(Figure 3). 
Figure 3a shows the centred log-ratio transformed geochemistry data along the drill hole VR0239 
and we can see the changes in geochemical data aligns well with the identified boundaries. Figure 3b 
shows the results of the ML classification applied to each sample from the drill hole. Figure 3c shows 
the ML classification applied to multiscale domains. We observe that increasing the scale of analysis 
(using Data Mosaic) results in fewer rock units because small rock units, which result from localised 
changes, are re-classified. A scale between 0 to 10 gives the best match between the multiscale 
Data Mosaic plot compared to the geological log (Figure 3d). The main differences around the 
Chlorite-Albite Schist (red) and Albitite (blue) boundaries may be due to the difficulty of accurately 
locating a boundary in what is probably a gradational change. Similar trends can be seen in 
Figure 3e-3h panels for the drill hole VRD0116. 
The holes shown in Figure 3 are just two random ones among 66 analysed. The mosaic plots of drill 
holes match reasonably well with the geological logs given the uncertainty in the ML predictions. 
These results all indicate the data mosaic and supervised classification ML can be used to assist 
geologists to log cores with confidence. However, due to a lack of geospatial information in our data 
set, 3D modelling of the orebody was not achievable in the current study but is worth pursuing in 
future studies. 
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 (a) (b) (c) (d) 

 
 (e) (f) (g) (h) 

FIG 3 –The data mosaic plots: (a) & (e) centred log-ratio transformed geochemistry data;  
(b) & (f) ML classification applied to each sample; (c) & (g) Domain classification using identified 

boundaries; and (d) & (h) Geological logging. (a)–(d) panels are for drill hole VR0239 and  
(e)–(h) for VRD0116. 
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CONCLUSIONS 
Though Machine Learning is powerful and has been successful in many fields, it is not magic. Before 
applying Machine Learning models, we need to take care of the imbalanced data and mixed samples 
by incorporating geological knowledge and examine the geological loggings with care. Otherwise, 
the ML results may not be what you expect. Moreover, by combining ML classification with multiscale 
analysis, we can produce classifications with less noise and more useful information, which can be 
used to assist geologists in the logging process. 
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ABSTRACT 
Geostatistical simulations are the best practice for uncertainty quantification in non-linear systems. 
Simulations are currently undertaken on an ad hoc basis in the mining industry due to high 
requirements in computing environments and advanced geostatistics. In contrast to the estimation 
process, multivariate simulations can be performed using different methods, tools, and 
computational environments, similar to data science. For large companies with multiple commodities 
it is important to have a standard framework to test, build, and run workflows using different methods, 
applications and computational environments. This work presents an auditable, modular and 
scalable framework to create geostatistical simulation workflows where the workflow is abstracted 
from the implementation. Key aspects: automation – workflows should be able to run automatically 
given updated data (if hands on modelling is not required); auditability – workflows should document 
key considerations and parameters; modularisation – workflows should permit swapping out 
components, for example substituting domaining in Leapfrog software with automated domaining 
using machine learning scripts; scalability – easy, repeatable, portable deployments on diverse 
infrastructure (for example, experimenting on a laptop, then moving to an on premise cluster or to 
the Cloud); reproducibility – parameters should be archived to permit re-running and reproduction of 
workflows in future years; and sensitivity analysis – any component of a workflow should be able to 
run with multiple scenarios of parameters and data to enable global uncertainty quantification and 
sensitivity analysis. The presented framework can be used to create different workflows for 
geostatistical simulations in multiple assets to quantify uncertainty in the value chain for resource 
categorisation, reserves uncertainty, value of information and robust mine planning amongst others. 

INTRODUCTION 
The mineral value chain is a complex system with thousands or millions of parameters and decisions 
that operate across differing process streams and time horizons from daily operations to life-of-mine, 
eg 100 years. In such a complex system with variable bottlenecks, uncertainty and variability play a 
critical role. One of the major sources of uncertainty is a resource model which is a best 
representation of in situ resources constructed from a limited number of sparse drill hole samples. 
Resource models are basically the most upstream process of the value chain and used as an input 
for all the downstream processes and decisions. Due to complexity of the mineral value chain, the 
uncertainty of in situ resources when expressed as a block model, eg standard deviation per block 
of an attribute of interest or resource category model, cannot be transferred through the mine 
planning, processing, and closure processes. The only feasible solutions are Monte-Carlo based 
geostatistical simulation or conditional simulations. 
Conditional simulations produce a set of equi-probable realisations of possible values of in situ 
resources which are consistent with observations, eg drill hole samples, geophysical data, and 
spatial statistics of data, eg continuity of grades. The conditional simulation approach has been 
known and used in the industry for decades (Journel and Alabert, 1990). However, it has not found 
much application in the mining industry due to three main reasons: inability to be used in the mine 
plan optimisation process; computational complexity; and complexity of geostatistical tools together 
with difficulty in trialling different combinations of geostatistical tools within a reasonable time frame. 
Recent advances in stochastic optimisation (Goodfellow and Dimitrakopoulos, 2017) and application 
of theory of constraints (Bloss et al, 2020) provide promising results to overcome the first limitation. 
This work addresses the second and third obstacles. The computational requirements can be 
addressed by utilising cloud computing environments which are becoming more popular and 
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applicable. The third limitation is proposed to be resolved by building a simple, flexible and scalable 
framework to create conditional simulation workflows with the following key requirements: 

• Automation – for workflows that do not require hands on modelling (such as manual 
interpretation in a CAD software), the workflow should be able to run automatically given 
updated data. 

• Auditability – the workflow followed should document key considerations as it executes to 
facilitate internal or external audits. 

• Modularisation – where possible the workflow should permit the exchange of scripted 
components. For example substituting Minimum/maximum Autocorrelation Factors (MAF from 
Desbarats and Dimitrakopoulos, 2000) for Projection Pursuit Multivariate Transformation 
(PPMT from Barnett, Manchuk and Deutsch, 2014) as the multivariate decorrelation step in a 
workflow. 

• Scalability – the workflow should be designed for heavy computational components to be run 
on the cloud as required. 

• Reproducibility – parameters should be archived to permit re-running and reproduction of the 
workflow in future years. 

• Abstraction of storage – storage should be interchangeable permitting local storage, database 
storage, or blob storage on the cloud. 

The proposed framework was developed internally in BHP and tested on iron-ore deposits from the 
Pilbara region, Western Australia. 
The purpose of the paper is to introduce a framework/platform that allows plug-in/plug-out of most 
of the available tools into a workflow that is fit-for-purpose and efficiently to run on the cloud. For 
example, Maptek’s DomainMCF can be used as a domaining step in the complex modelling workflow 
with Isatis.Neo’s TBSIM as the Gaussian simulation technique. 
It should be noted that the case study in this paper’s Application section is shown only for illustration 
purposes as one of the possible ways to perform conditional simulations. 
The paper is organised as follows. First, current limitations in existing software applications and the 
overall industry are outlined. Next, the final desired state is described. Subsequently, a high-level 
overview of key components is presented. Finally, the application to a specific business case is 
shown. Discussion and conclusions follow. 

GAP ANALYSIS 
Conditional simulations are not widely used in the mining industry even though the tools and 
applications exist. One of the key complexities is that there is no well-defined workflow or algorithms 
that are applicable to every deposit. Some deposits with basic geometry and homogenous grade 
distribution can simply substitute the kriging method with Sequential Gaussian Simulation (SGS) 
(Journel and Huijbregts, 1978) or Turning Bands methods (Mantoglou and Wilson, 1982), whereas 
complex multi-metallic deposits such as Olympic Dam require a combination of advanced algorithms 
such as PPMT, Pluri-Gaussian simulations (Silva and Deutsch, 2019), and non-stationary Gaussian 
simulation. 
The next two sections outline the current and future states to identify the main gaps and the problem 
statement. 

Current state 
There are a lot of different Geomodelling applications available on the market, eg Isatis.Neo 
(Geovariance), Leapfrog (Sequent), Vulcan (Maptek). However, there are several limitations with 
geostatistical simulation in those software packages: 

• They do not have all the tools required to perform each part of a geostatistical simulation 
between the drill hole data and final set of realisations. For example, Leapfrog software is great 
for modelling geology and structure, but does not have the capability to create geostatistical 
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realisations. Isatis.Neo has great tools to perform statistical analysis and utilise common 
methods for geostatistical simulations, however it lacks Leapfrog’s ability to model geology and 
structure. 

• Most of the applications are designed to run on a laptop and cannot be effectively run on the 
Cloud. 

• There are many sources of uncertainty associated with the final model: uncertainty in data 
quality and measurements; uncertainty due to different types of algorithm, eg SGS versus 
Turning Bands; uncertainty in parameters, eg variogram parameters, search window; 
assumptions on global parameters, eg global mean, proportion of ore to waste; and 
interpretation uncertainty. Most software applications cannot incorporate these uncertainties 
into their workflows. 

• They do not have, or have a complicated set-up to perform trial and error studies or experiment 
with differing combinations of methods. These are essential for defining the best combination 
of methods for a particular model. Currently, experimenting with different algorithms takes the 
majority of time, eg to create a workflow that produces geostatistical simulations that are 
consistent with all observations and statistics might take three months, whereas the actual run 
of the final workflow might take a couple of days. 

• They have very limited ability to extend their tools and data architecture to a third-party written 
library or software, eg calling data from Leapfrog to Isatis.Neo and back. 

• The python libraries and toolboxes for geostatistical modelling that resolve most of the issues 
above do not have proper 3D visualisation capabilities and require advanced programming 
skills. 

Future state 
The desired state addresses all the limitations above with some additional benefits: 

• Ability to build a custom workflow that can utilise different software applications in separate 
modules with interoperability between components. 

• Scalability – the workflow can be designed for heavy computational components to be run on 
the cloud as required. 

• Multiple instances of data – any input data, parameter, assumption can be presented as a set 
of possible scenarios or multiple instances to perform full uncertainty quantification and 
sensitivity analysis. 

• Modularisation –the workflow permits swapping out components/applications in a plug-in/plug-
out fashion to perform trial and error studies or define the best fit-for-purpose workflow for a 
particular deposit within a limited time frame. Any third-party libraries can be plugged-in as a 
component. 

• Automation – for workflows that do not require hands on modelling (such as manual 
interpretation in a CAD software), the workflow can be run automatically. 

• Auditability – the workflow followed has key considerations documented as it runs to facilitate 
internal or external audits. 

• Reproducibility – parameters can be archived to permit re-running and reproduction of the 
workflow in future years. 

• Abstraction of storage – storage can be interchangeable permitting either local storage, 
database storage, or blob storage on the cloud. 

Some examples of workflows are shown in Figure 1. Each component performs a specific operation 
in a specific software application, eg ‘Simulation/RMSP’ means that Turning Bands simulation is 
done in the Resource Modelling Solutions Platform (RMSP) python library. ‘Domaining/Leapfrog’ 
means that spatial domain construction is done in Leapfrog software. Each pin on the right and left 
side of a component’s box represents data input and outputs for that component. 
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FIG 1 – Conditional simulation customisable workflows examples. 

Depending on deposit complexity, deposit features, assumptions, or the final application of 
simulations, different workflows can be created that are fit-for-purpose. Moreover, any input can be 
perturbed or represented as a set of possible values to capture as many sources of uncertainty as 
required. Finally, most computationally expensive components can be sent to the Cloud or a High 
Performance Computing environment. 

FRAMEWORK DESCRIPTION 

General description 
To achieve the future state above, a python based platform, called Simulation Based Risk Evaluation 
(SBRE), was created with several abstraction layers: 

• data lake manages interfacing with storage, either as a file on disk or database. 

• operations are key algorithms or tools implemented in a specific software, such as variogram 
modelling in Isatis.Neo, Domaining in Leapfrog. 

• adapters are defined to convert between objects, such as grids or composites, from different 
data formats. They provide interoperability between operations. Adapters automatically 
convert outputs from one operation to inputs of another operation. 

• workflow is a list of operations executed sequentially in a specific computing environment, 
eg laptop, powerful desktop, High Performance Computing or Cloud. For each operation, 
inputs and outputs are defined from the data lake file or database. 

It should be noted that terms ’data lake’ and ‘workflow’ are the concepts of the framework, rather 
than commonly used terminology. To avoid confusions they are highlighted with italic font. 
There is no graphical user interface (GUI) implemented yet, however, it is considered to be essential 
in future developments of the platform. 

Key components 

Adapters 
An adapter defines methods to convert between data formats, eg CSV, Vulcan ISIS Database, DXF 
format, for a given data type, eg Point Data, Grid Data, Variogram Data. 
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Data lake 
A data lake is basically a database, which contains metadata as well as a list of data elements which 
can be accessed during a workflow. The data lake base object defines an interface around adding, 
getting and listing data elements in the lake. Thus, it is designed to be extensible to arbitrary back-
ends; SBRE currently permits a dictionary (memory), JavaScript Object Notation (JSON) or SQLite 
backend. 
Each entry into the data lake is called a ‘Data Item’. The Data Item formalises the storage of metadata 
for specific data sets that will be contained in the data lake. For example, a Data Item that represents 
samples point data with attributes of locations, eg the x, y, z fields, grades, and possibly a drill hole 
id field, will have a specific data type, Point Type, and a specific format, eg CSV format. When an 
operation requests a Data Item from the data lake in a specific format, the corresponding adapter or 
set of adapters are retrieved and used to perform the conversion. 

Operations 
The operation is the basic unit of the workflow in SBRE where the details of specific implementations 
are contained. Operation objects require specific input and outputs presented as key names that 
exist in the data lake or are written into the data lake, respectively. Within an operation, data is 
converted to a requested format using adapters. An operation could be a python script which 
implements an algorithm, or a thin wrapper around an application. In the case that a software 
application is to be called via command line, like Isatis.Neo or Vulcan, an operation will prepare data 
to a format required by the application and execute the command line argument. If the software 
application can only be run as an executable, eg Leapfrog, the operation will prepare data in a 
temporary folder and will call the executable of the application. The workflow will halt until the 
application is closed and all data outputs are written to the temporary folder. 
Due to the abstraction of inputs and outputs as key names in the data lake, eg ‘composites-OD-
2020’, ‘variogram-cu-OD-2020’, the swapping of the components can be done simply by changing 
operation names in the workflow file. However, that requires an operation already created in the 
global library of operations. 

Workflows 
A workflow is essentially an orchestration mechanism to run complex geostatistical simulation 
processes. Currently, the workflow is presented as a JSON-file describing a list of operations with 
input and output names of data in the data lake, as well as specification of the computing 
environment. The workflow connects together the data lake and operations into a linear process. 
Figure 2 shows a schematic representation of the SBRE framework. The workflow is built using the 
operations: Data preparation, Domaining in Python scripts, Variography in Isatis.Neo software, 
Turning bands simulation in Isatis.Neo software, and Validation in Isatis.Neo software. All operations 
are taken from the global operations library represented in the central-top ‘operations’ box. 
First, Data preparation takes a data samples file, performs data cleaning on it and records a Data 
Item in the data lake under the key ‘Samples’ with a specific file path, ‘C:\data.csv’. The path can be 
relative and be a path to cloud blob storage or a network drive. Next, the ‘Domaining/Py-script’ 
operation retrieves data samples by its key ‘Samples’ from the data lake and cut-off based rules for 
mineralised/non-mineralised domains using the key ‘Rules’. The ‘Domaining/Py-script’ works with 
GSLIB format only, therefore the adapter ‘Points/CSV to Points/GSLIB’ automatically converts the 
samples from CSV to GSLIB format. The ‘Domaining/Py-script’ operation creates a 3D block model 
of spatial domains and records a Data Item in the data lake with a path to the pickle format file under 
the key ‘Domains’. This process continues until validations are done by calling a journal file in 
Isatis.Neo using the ‘Validation/Isatis’ operation. 
In the case that a better simulation method is available, or for the possibility to run Turning Bands 
simulation on Cloud, the operation ‘Simulation/Isatis’ can be substituted with ‘Simulation/RMSP’ 
which is a Cloud-friendly operation, by simply changing the operation name in the workflow JSON 
file. 
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FIG 2 – SBRE framework: workflow, data lake, operations, and adapters. 

APPLICATION 
The SBRE framework was used to perform value of information analysis of a new downhole 
geophysical assay tool for grade control decisions. The detailed description of the study is available 
in the separate paper ‘Value of information: Blast Hole Assay Tool spacing analysis using 
geostatistical simulations’ (Ashford and Minniakhmetov, 2022). 

Workflow 
Although conditional simulations are done for a bench scale model area, the workflow utilises a 
complex combination of geostatistical tools. The workflow consists of the following modules: 

1. Domain definition at samples operation. Defining modelled domains as combinations of 
mineralisation and stratigraphy. Tools: scripted in python. 

2. Simulation of mineralised and un-mineralised zones: 
o Trend operation. Local category proportion calculation using moving window average. 

Tools: scripted using RMSP python library. 
o Variogram modelling operation. Tools: done in Autovariogram software. 
o Truncated Gaussian simulation operation. Tools: scripted using RMSP python library. 
o Filtering short-scale noise operation. Removing salt and pepper noise. Tools: scripted 

using RMSP python library. 
3. Simulation of Fe, SiO2, Al2O3, LOI and P grades into previously simulated mineralised domains: 

o Declustering operation using nearest neighbour method. Tools: can be swapped between 
Isatis.Neo and RMSP python library. 

o Normal score operation. Transformation of grades to Gaussian variables using normal 
scores transformation. Tools: scripted using RMSP python library. 

o Trend modelling operation using moving window average and residuals calculation. Tools: 
scripted using RMSP python library. 

o PPMT operation of residuals to uncorrelated Gaussian variables called factors. Tools: 
scripted using RMSP python library. 

o Variogram modelling operation. Tools: done in Autovariogram software. 
o Gaussian simulation operation variables using Turning Bands. Tools: can be swapped 

between Isatis.Neo and RMSP python library. 
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o Back-PPMT operation. Transformation of factors to residuals using back-PPMT method. 
Tools: scripted using RMSP python library. 

o Detrending operation. Adding trend back to simulated residuals. Tools: scripted using 
RMSP python library. 

o Back-normal score operation. Transformation of simulated Gaussian variables back to raw 
grades using back-normal scores transformation. Tools: scripted using RMSP python 
library. 

4. Validation operation. Statistical and spatial validation of final simulations. Tools: scripted 
internally in python. 

5. Visualisation. Results visualised in 3D. Tools: automatically uploaded to Isatis.Neo. 
As from above, various calculations are performed in different software: Autovariogram, Isatis.Neo, 
RMSP library, internal py-scripts. The whole workflow runs automatically from end-to-end. Users 
have the option to run it locally or on cloud. 
Examples of resulting simulations are shown in Figure 3. 

 
FIG 3 – Conditional simulation realisations. Top row is mineralisation domains realisations, blue 
colour represents mineralised domain, orange colour – waste domain. Bottom row is Fe grades 

realisation. Red colour represents high Fe values, blue colour – low Fe values. 

During workflow construction, different options were explored: 

• Deterministic mineralisation domains; variography; MAF; Gaussian simulations; back-MAF. 

• Deterministic mineralisation domains; variography; PPMT; Gaussian simulations; back – 
PPMT. 

• Deterministic mineralisation domains; variography; PPMT; Trend modelling; Gaussian 
simulations; Detrending; back-PPMT. 

• Same as above but swapping PPMT and Trend modelling. 

• Up until the final workflow presented above. 

CONCLUSIONS 
This work presents a simple, flexible and scalable framework to perform conditional simulations for 
uncertainty quantification. It utilises a modularised approach with plug-in/plug-out capabilities to 
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address key limitations in current tools and applications. In addition to flexibility and interoperability 
of components, the SBRE framework allows the running of computationally expensive modules on 
Cloud or HPC environments. 
The SBRE framework was applied to real business applications and allowed the performance of a 
complex value of information analysis within a limited time frame by exploiting flexibility of the 
workflow construction process and cloud capabilities. 
Further developments will be focused on creating an exhaustive library of operations, adapters, 
improving parallel computing performance, and creating a simple GUI. 
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ABSTRACT 
Conditional simulation (CS) has been extensively used in metal industry to assess uncertainty of geo 
metallurgical variables to build robust distributions around grade tonnages across different time 
horizons. Coal’s entry to nonlinear stochastic modelling is relatively new and this paper summarises 
the work done at BHP to enable its practical usage from production time frames to Life of Asset 
planning. CS in coal using Sequential Gaussian Simulation (SGS) is used to understand resource 
confidence around specific variables within pre-defined boundaries of spatially continuous domains 
for each coal seam. The variation between simulations for a given parameter reflects uncertainty. 
This paper demonstrates the use of CS to profile resource based upon agreed seam/parameter 
uncertainty thresholds which affect planning, forecasting, extraction and inform identification of key 
production risks and defining mitigation strategies. The end goal is to de-risk long-term plans by 
optimising infill data collection and improve stability in short-term planning through increased 
understanding of confidences locally rather than at global resource definition stages. 
The paper also briefly discusses the use of automated workflows and systems to minimise the time 
spent on the process to enable use in decision-making. 

INTRODUCTION 
Resource confidence is used widely in the mining industry to categorise resources for reporting 
purposes and are designed to reflect the degree of geological certainty in relation to prospects of 
economic extraction. The conformance and sensitivities around product compliance vary within 
specific strategic and tactical time horizons. 
In context of coal it may be reasonable to envisage eventual economic extraction as covering times 
more than 30 to 50 years covering the Life of Asset (LoA). Resource Classification used to inform 
the entire LoA are not necessarily appropriate when the aim is to control the production profile, and 
often more granular estimation is required. 
This paper outlines the approach taken by BHP Coal in its various coal assets across Bowen Basin, 
to determine resource confidence for different seam/parameters and its application to understand 
the risks, inform infill data acquisition plans and communicate strategies across the value chain 
through a visualisation platform. This article also describes how a complex iterative geostatistical 
process has been automated to streamline the outputs generated minimising time spent and reap 
productivity benefits. 

DEPOSIT DESCRIPTION 
BHP along with its joint venture partners operates eight open cut and one underground metallurgical 
coalmine in the Bowen Basin of Central Queensland. The coal assets location plan is represented 
in Figure 1. 
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FIG 1 – BHP Coal Queensland asset plan. 

The Bowen Basin extends for more than 250 km north to south and up to 200 km east to west and 
is related to group of Permo-Triassic basins in eastern Australia that includes the Sydney and 
Gunnedah Basins. A generalised stratigraphic column of the Bowen Basin is represented in Figure 2 
the economic coal seams mined in the Bowen Basin primarily occur within the Rangal and Moranbah 
Coal Measures. 
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FIG 2 – Generalised stratigraphic column of the Bowen Basin. 

Within the Rangal and Moranbah Coal measures, different seams/seam groups exist which are 
distinctly heterogeneous in their inherent characteristics, like spatial continuity, thickness, rank, and 
related coal quality attributes (ash, volatiles, sulfur, phosphorous, ash chemistry etc). The 
heterogeneity is attributed to different depositional environments, provenance characteristics, post 
and syn tectonic and structural regimes. 
Heterogeneity at individual seam/seam group level drives an enormous effort in characterising a 
given deposit, to understand extraction strategies, stockpiling, blending and ultimate meeting product 
characteristics within a very narrow domain of tolerances for critical parameters. 

GEOLOGICAL DATA 
Geological data used in this process comprised of collar (hole id, easting, northing, elevation), seam 
information (hole id, seam, thickness, coal quality attributes), fault maps, line of oxidations and seam 
limit polygons. To ensure data consistency and reduce rework, quality assured and validated data 
obtained from existing geological modelling process are used. This data is loaded into ISATIS, which 
is the primary geostatistical package used for the exercise. 

Coal unique challenges 
• Thickness 

Thickness of a coal seam in Bowen Basin, generally (exceptions are there) varies from a 
minimum of 0.5 m to maximum 6 m, with average around 3 m. Being coking coal, there are 
more than 40+ parameters which are required to be tested to understand coking (metallurgical) 
properties. In most of the cases downhole sampling is restricted to primarily two to three 
composites, covering the thickness of the coal, and analytical data is aggregated to one value 
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depicting the seam/parameter. Coal is a 2D problem with spatial continuity taking more 
precedence than downhole variability for a given seam/parameter. 

• Seam splitting 
Due to depositional factors, post and syn structural changes, a coal seam can split into different 
sub-branches, and can again coalesce across the length of the deposit. A typical section is 
given in Figure 3. 
Owing to this complex splitting and merging, both thickness and analytical properties of coal 
change. This makes further sub-domaining of data sets necessary to enable each domain to 
be treated as stationary. 

• Sparse data points and variography 
Most of the coal quality due to their enormity of analytical requirements coupled with the 
number of coal seams (parent and child) coupled with optimum budget spend result in sparse 
data sets compared to other commodities. This makes sample spacing a challenge, most coal 
quality holes ranges between 200 m to 500 m spacing from their nearest neighbour. It is well 
understood experimental variogram can vary in variance for different high lag distances as per 
the study by Hadi and Oy (2006), meaning for coal we are not immune to the problem of 
variogram uncertainty. 

• Derivative quality parameters 
Some of the coal quality parameters are not direct analytical measurements, but are indirect 
derivatives built on relationships between multiple parameters and inter-dependencies through 
an empirical formula. Examples of this include Yield, Basicity Index, Coking Strength after 
Reaction (CSR) etc. These parameters are important to coal marketing and understanding 
their uncertainty is as important as in situ coal quality parameters like ash. It may be onerous 
to perform analysis on all the inputs to these calculated properties, and it is challenging to 
preserve inter-dependencies. To circumvent this these parameters are analysed and simulated 
directly. 

• Sample points around geological domains 
Due to the sparsity of input data mentioned in c, there can be significant distance between the 
outermost measurements of adjacent domains. This means there can be relatively large areas 
uncertainty in which domain they should belong to. 
This can be addressed by either simply assigning blocks to the domain with the nearest 
measurement, however these risks hiding domain uncertainty from stakeholders. Domain 
uncertainty can be included by using indicator simulation to combine domain uncertainty with 
value uncertainty. 

 
FIG 3 – Typical seam splitting behaviour in the Bowen Basin. 
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WORKFLOW 
The uncertainty estimation workflow consists of the following steps. 

Domaining 
Domaining is a crucial step which significantly impacts the results. This process which has been 
outlined by Haase and Saha (2019) involves the partition of the seam sample non-stationary data 
set into stationary (or potentially stationary after trend modelling) subsets. It can become an iterative 
process since the number of units within a seam is unknown and sometimes the partition in different 
domain is not directly or there may be sub domains inside a bigger domain that did not become 
visible until the split was done. Therefore, every time a partition is performed, every unit must be 
checked to be stationary for all variables. As a key guidance to the domaining, geological framework 
in regard to faults and other structures, seam splitting are taken into consideration to understand the 
alignment and validity of the geostatistical domains in reference to the geological setting. 
Since, it is a multivariate problem, where the samples have a variable support equal to the seam 
thickness, the domaining process must be led mainly by the seam thickness behaviour in order to 
maintain the sample support as constant as possible within a domain. 
Figure 4 shows an illustration of a typical thickness domains, scatter plot shows the samples of a 
seam had been partition into four domains. 
A combination of these process are used to determine stationary domains for each seam/parameter 
in study. 

  
FIG 4 – Illustration of typical seam thickness domains. 

An important requisite to perform Gaussian geostatistical simulation is the assumption of stationarity. 
Figure 5 shows a swath plot with two variables, where the top variable has a constant mean and 
variance over the space, on the other hand, bottom variable the mean is variable across the space 
and therefore has to be fitted with a trend model in order to transform this non-stationary variable 
into a stationary variable. 
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FIG 5 – Swath plot comparing variables with and without trend. 

This trend process involves the fitting of a function 𝑓𝑓(𝑥𝑥) to the sample values, where 𝑥𝑥 is the 
coordinate vector (East, North). It is possible to decompose the variable of interest by means of this 
function, called trend. This can be represented by the expression: 

𝑍𝑍(𝑥𝑥) = 𝑅𝑅(𝑥𝑥) + 𝑓𝑓(𝑥𝑥) 

Where 𝑍𝑍(𝑥𝑥) is the variable of interest (also named Raw variable), 𝑅𝑅(𝑥𝑥) is the residual and 𝑓𝑓(𝑥𝑥) is 
the trend. If the residual is stationary, then all the subsequent calculations will be performed on this 
residual variable, and the raw simulated variable will be reconstructed near the end of the workflow. 

Exploratory data analysis 
Comprising of basic statistics and charts that may help on determine the statistical behaviour of the 
variable. The histogram and the Q-Q (and N-P) plots are very useful to detect if there are more than 
one statistical population within a set of samples. 

Experimental directional variography 
By calculating experimental variograms, it is possible to determine whether a variable shows non-
stationarity or there are a mix of population with different spatial behaviour. 

Swath plots 
Different combination of plots are very useful to understand their spatial continuity and characteristics 
and trends, an example is given in Figure 6. 
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Geostatistical modelling 

De-clustering 
The de-clustering stage has a crucial impact on the results of the simulation since it modifies the 
shape of both the histogram and the variogram, therefore the de-clustering mesh should be selected 
carefully. During this process it is important to consider the area of interest where the results of the 
simulation are going to be evaluated (eg mine plan polygons). 

Weighted Gaussian anamorphosis modelling 
This step involves the modelling of the histogram of the variable of interest and the computation of 
its Gaussian values to be used in the simulation. 
Where residuals exist, it is necessary to perform Weighted Gaussian Global Trend Modelling. This 
step must be performed for all the variables that are going to be simulated as residuals. The input 
variable will be Gaussian and de-clustered weights will be used. 

Weighted experimental Gaussian variography 
The experimental variograms of the Gaussian transformed variable are calculated, in case of 
bivariate co-simulation, both the simple and cross-variogram must be calculated at the same time. If 
the variable is intended to be modelled with a trend, then the Gaussian transform of the residual 
must be considered. During this calculation, it is important to compute the variogram map to detect 
a possible anisotropy and its direction. 

Conditional simulation 
The process of simulation is same whether we use to understand the sensitivities of different 
regularised drill spacing’s or a set of non-regularised drill hole plan pattern developed to enable de-
risk mine plan. 
Uncertainty following a future drill program is ascertained with nested simulations, first from current 
drill data onto planned drill samples, then onto a grid with mesh size of the Selective Mining Unit 
(SMU). In this way current uncertainty can be compared to future uncertainty and the value of future 
drilling acquired. 
Consider number of drill plans tested to be P, and for each drill plan number of synthetic drill holes 
generated S and for each synthetic drill holes, number of grid realisations run is N, then total 
Simulations performed is: P × S × N 
In BHP coal we generate 25 possible values for each synthetic and corresponding 25 grid 
realisations. Hence for a given drill plan, we generate S × N (25 × 25) ie 625 simulations. This is 
represented in Figure 7. 

 

A brief underlying of the process used is given below: 

• Start with either we want to test with a series of custom drill hole plan or a regularised pre-
pattern (P). 
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• Within the test area, synthetics drill holes are generated. 

• Run Turning band Gaussian simulation, with S realisations with the calculated Gaussian 
variogram to populate values at each synthetic grids. At this stage the synthetic drills will be 
populated with simulated Gaussian values of the variable of interest, conditioned to the 
Gaussian data. 

• Check SGS variogram for consistency, variogram model should be close to those generated 
through simulation. 

• As a result of the previous sections the synthetic drill holes have been filled with simulation of 
Gaussian values that represent the variable of interest (synthetic values). For each seam, 
spacing, variable a set of simulated Gaussian values have been generated. 

• Calculate E-type(average) and standard deviations for scenarios ie ensemble average. 

• Compare the Gaussian Variable (points) with the e-type variable surface. The points should 
honour data points and variance around the drill holes should also be smaller. 

• Combine Simulated Synthetic Data and Gaussian Samples (real data) together. 

• Creating SMU Grid across the Study area (100 × 60) and discretisation. 

• Constrain the SMU grid by Mining Polygon to reduce sim time computation by fresh polygon 
extents. 

• Now the Gaussian simulations (N) of the variable of interest will be performed over the seam 
grid, conditioned to the synthetic values along with the real values. Sequential Gaussian 
simulation is run at SMU level for uncertainty quantification for each scenario. 

• Back Transformation is used to get real values from Gaussian. At this stage the seam grid will 
be populated with simulated Gaussian values of the variable of interest, conditioned to the 
Gaussian synthetics and the Gaussian real data. This process is done for each seam, spacing, 
synthetics, domain, variable. 
Now the seam grid has been filled with simulation of Gaussian values that represent the 
variable of interest (synthetic values). For each seam, spacing, synthetics, domain, variable a 
set of simulated Gaussian values have been generated over the seam grid. 
The final step of the process is validation, comparing experimental variogram of the simulations 
with the variogram model. Comparison of SGSIM histogram with the data points histogram, is 
also important. There could be difference in variance, so simulation histogram will look tighter 
and smoother. But common shapes and average values should be quite close to statistics from 
drill holes. 
A simplified process map is shown in Figures 8 and 9 respectively. Note domain simulation 
has been added into the process but not discussed above. It is an option to consider 
uncertainty in seam domain boundaries. 
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AUTOMATION 
In order to effectively inform drill planning, results need to be generated for each parameter and 
domain for multiple seams several times as the drill plan is iterated. 
To facilitate this, the process described in this paper is been automated where possible. It is 
necessary to have suitably qualified humans interact with domain creation, transforms and 
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variography however once this is done the process can run automatically on proposal of new drilling. 
The following steps are automated (as captured in Figure 10): 

• Simulation set-up 

• Domain simulation (optional) 

• Gaussian simulation 

• Post-process 

• Validation. 

 
FIG 10 – Schematic of automation process. 

This also enables the use of remote processing and different simulation engines which may increase 
speed and reduce license restrictions. With ever increasing data size, and in increase of parameters 
to be run, the entire code base was run on high computing servers. Optionality workflows in other 
packages like RMSP has also been used using the same concepts as discussed above to improve 
the computing and processing speed of the simulations. 

APPLICATION 
The process described above gives uncertainty estimate for seam thickness and coal quality 
parameters of interest. This by itself is not enough to inform exploration decision-making, for this 
further context must be considered. BHP coal must conform to strict product compliance specification 
pertaining to coal quality parameters to meet customer specifications. Considering these market 
specifications together with the experience of coal blenders, uncertainty thresholds for each 
parameter are set defining the amount of allowable deviation (+/-) on a specified value. 
Calculated uncertainty values are compared to these thresholds to give an indication of how 
‘production ready’ a volume is in terms of resource definition for a given seam/parameter. This 
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combined with a measure of existing sample density allows volumes to be plotted on the grid shown 
in Figure 11. 

 
FIG 11 – Drill planning action decision diagram. 

In the above action decision figure possible four scenarios can happen for a given 
seam/domain/parameter: 

• Scenario 1: High Uncertainty and Low Sample Density, they are the immediate targets for 
investigation and infill drilling is expected to be valuable to inform extraction. 

• Scenario 2: High Uncertainty and High Sample Density, these sample points have high 
inherent variability and further drilling beyond coal economics will not reduce uncertainty 
except for a limited volume surrounding the drill hole itself. Hence options on blending or 
different marketing and engineering mitigation options need to be considered. 

• Scenario 3: Low Uncertainty and Low Sample Density, they are the targets for additional 
investigations which needs to be tested to establish conformance. 

• Scenario 4: Low Uncertainty and High Sample Density, these samples are well defined, less 
variable and requires little further definition. 

This process enables a calculated decision on data gaps which influence uncertainty. Mining 
volumes be then sorted into these categories to give a spatial understanding of where infill drilling 
should be targeted as shown in Figure 12. 
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FIG 12 – example of mining blocks plotted on an action decision diagram. 

Additional insight into how different infill program design options are expected to affect ‘production 
readiness can be gained through the creation of sensitivity charts like that shown in Figure 13. This 
shows how drill programs are expected to move mining volume into the ‘low uncertainty’ half of 
Figure 11, and additionally how this is affected by what the threshold for that zone is set at. This 
enables a comparison of drill expenditure and the amount of volume it brings to target uncertainty 
levels. 

 

 
FIG 13 – Sensitivity profiles of two different seams and parameters. 

Further application in practical and optimisation within mine production context has been previously  
cited  by Goodfellow and Dimitrakopoulos (2016) and has also been discussed within the paper by 
Haase and Saha (2022). 
To enable users for ease of access to the simulation maps and sensitivity charts, an online portal 
has also been developed as part of Goldilocks framework as referenced by Haase et al (2019). The 
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portal gives users, the flexibility to visualise uncertainties for each mine site, seam/parameters 
through spatial maps, upload custom drill plans and visualise real time the outcome of the same. 

CONCLUSIONS 
The existing paper is an attempt to summarise the work done in BHP coal to enable use of 
Geostatistics simulation and its downstream application in mine production scenarios. The process 
illustrated in this paper has been developed by years of continuous work undertaken by BHP with 
multiple interdisciplinary collaborations. 
The work is proactively being used by Geologists to understand the resource confidence and 
articulate its metrics across the value chain. Optimum drill hole planning is also facilitated backed by 
simulated algorithms justifying the operating expenditure to de-risk the production volumes. SMU 
scale representation gives the flexibility to map the uncertainty into mine production blocks and drive 
appropriate mitigation strategies. 
Considering metallurgical coal variability pertaining to both linear and non-linear analytical 
parameters, the existing process, domain definitions and robust linkages from geology to mine plan 
and reconciliation encourages a sustainable application. 

ACKNOWLEDGEMENTS 
The authors would like to acknowledge ex BHP employee Esteban Jimenez who was instrumental 
in developing the process map and scripting the initial configurations of the project. A big shout out 
to Jayant Ashford, WAIO Geological Modelling who has also helped in improving the workflow and 
carry out some of the geostatistical work as discussed in the paper. We would also like to thank 
Geovariances for their support. 
This project also would not have been a reality without the mentorship and technical stewardship of 
Ilnur Minniakhmetov, Principal Geoscientist BHP Coal, Centre of Excellence. 
We would also like to express thanks to Troy Herbert and Adam Webb, Head of Geoscience WAIO 
and Coal respectively for supporting this work. 

REFERENCES 
Goodfellow, R and Dimitrakopoulos R, 2016. Global optimization of open pit mining complexes with uncertainty, Applied 

Soft Computing, 40(292–304). 

Haase, B and Saha, R, 2019. Resource Uncertainty using ConSIM, BHP Coal Internal Procedure. 

Haase, B and Saha, R, 2022. Goldilocks – value of information for geoscience applied to coal in tactical time horizons, in 
Proceedings International Mining Geology Conference 2022, pp 236–242 (The Australasian Institute of Mining and 
Metallurgy: Melbourne). 

Haase, B, Gillam, B, Rigby, A, Minniakhmetov, I, Jimenez, E, Joyce, L and Saha, R, 2019. Goldilocks: Value of information 
for geoscience in bulk mineral mining, in Proceedings Mining Geology 2019, pp 367–374 (The Australasian Institute 
of Mining and Metallurgy: Melbourne). 

Hadi, D and Oy, L, 2006. Impact of Data Spacing on Variogram Uncertainty, Centre for Computational Geostatistics, 
University of Alberta. 



International Mining Geology Conference 2022 | Brisbane, Australia and Online | 22–23 March 2022 483 

Harnessing data complexity – how machine learning applies all project 
data for accurate resource modelling 

S Sullivan1 

1. FAusIMM, Senior Technical Sales Specialist, Maptek Pty Ltd, Adelaide SA 5065. 
Email: steve.sullivan@maptek.com.au 

ABSTRACT 
A recent review of resource reports lodged to statutory bodies found geological models with 
oversmoothed or unrealistic lithological boundaries, many of which do not represent geological 
appearance in the field, pit or underground drive. The underlying data is often too complex or messy 
to be incorporated into the resource model and is thus a simplification of reality, to the detriment of 
the mining operation and its shareholders. Volumes can be over- or underestimated and subsequent 
grade predictions can be misplaced, combining to cause over- or understatement in resource 
reporting to stakeholders and statutory authorities. 
Domain models can be improved with new modelling techniques such as machine learning. 
However, with poor data or improper use of machine learning techniques, the conclusions can be 
just as misleading as with current techniques. Machine learning rarely offers a single ‘right’ outcome, 
rather a range of possible outcomes from the data provided. But importantly it can take advantage 
of the full richness of data for more informed models. Machine learning also provides confidence in 
its predictions so that uncertainty in the resultant models can be quantified and passed through for 
risk assessment during mine planning and operation. 
This paper will discuss the factors accentuating complexity in deposit modelling: data diversity, 
structural controls, chemistry, data volumes, process workflows and external non-geological 
constraints. A case study illustrates the risk of reducing or ignoring complexity, which can result in 
an overly simplified geological model. 

INTRODUCTION 
All ASX listed companies are compelled to produce geological models and ore resource statements 
using the guidelines established in The JORC Code (2012). The code is not prescriptive, allowing 
the Competent Person to use their knowledge and experience to generate relevant content for 
resource statements. Table 1 of the JORC Code is used as a template for ease of presentation of 
the key observations and assumptions used for the resource report. This covers a wide range of 
subjects including: database integrity; geological interpretation; estimation and modelling 
techniques; mining, metallurgical and environmental factors; classification; audits and reviews; and 
a discussion on the relative accuracy or confidence in the report. 
In this paper, we concern ourselves with several aspects of the modelling and interpretation aspects 
of the process which include: confidence in the interpretation; the use of geology to guide and control 
grade estimation; factors affecting the continuity of grade and geology; generation of domains; 
interpolation parameters; extrapolation away from sample data; and the validation of the model 
against the input data. 

CONSIDERING DATA 
Firstly, we will briefly consider six aspects of data which need to be considered prior to interpretation 
and modelling – data diversity, structural controls, chemistry, data volumes, process workflows and 
external constraints. 

Data diversity 
Models are built to represent the underlying geology for use in resource estimation, reporting, 
geotechnical studies, geometallurgical work and mine planning. Relevant data can be sourced from 
a range of technologies such as field mapping, geological logging, geochemistry, geophysics, 
geotechnical, hyperspectral, pXRF, photography and lidar. Each source uses different data formats 
and provides differing levels of accuracy and relevance. Data interpreted from remotely sensed 
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sources should be checked and calibrated against factual and observable features in the rocks 
themselves. As well as merging data from different backgrounds, an environment for analysis, 
interpretation and modelling must be able to process this complex array of disparate data. 

Structural controls 
Many mineralised systems have been formed by controlling structures while others have been 
modified since emplacement by post-mineralising events such as folding, faulting and/or shearing, 
sometimes of multiple generations. The sequence or hierarchy of complex events such as post-
deposit faulting or cross-cutting dyke emplacement will impact geotechnical competency and mine 
planning studies. Understanding the structural framework is important in deposit modelling. 

Chemistry 
Mineral deposits are natural enrichments of elements or compounds of economic interest. Deposits 
can be simple in geometry but complex in mineralogy and chemical composition. This complexity 
can prevail in the economically important minerals where they are locked in refractory mineral 
species. Additionally, where deleterious elements are intimately entwined within the mineralisation 
their distribution also needs to be understood. 

Data volumes 
The increased availability and variety of sensors collecting data for geological modelling has led to 
a significantly greater volume of data. A decade ago, input data sizes may have been measured in 
megabytes or gigabytes; the current generation of core imagery from hyperspectral sensors can 
generate terabytes in minutes. Managing the validation, integration and usefulness of this data is a 
significant challenge for operations and adds to the complexity matrix. 

Process workflows 
Many mining companies use a lot of different software to manage and process their geological data. 
In the author’s experience, across hundreds of mine sites, the most prolific usage observed at a 
single mine site was the use of eight different geological software vendors for managing data from 
capture to final resource model. There is increased potential for error as data transfers between 
software programs, which rarely share a common data model or platform. Additionally, learning 
multiple new software interfaces with their own method of operating can be confusing, so it requires 
more effort to induct new personnel into the geological team. 
Complex software interactions also add an overhead for IT application management and data flow, 
requiring validation that the process is not broken by individual software components and/or 
operating system upgrades. Data security can also be compromised through the use of a diverse 
array of applications. Each data transfer or interaction can be a point of weakness, open to 
unauthorised hacking. 

External constraints 
In addition to technical constraints, external complexities can impact the production of geological 
models. Continuity of geological staff is a principal concern for many operations. Multi-generational 
mines require stewardship through the hiring/firing cycles that follow the highs and lows of 
commodity prices. Shorter lived or remote operations using fly-in fly-out staff can experience an 
inconsistent and distracted workforce. The use of company geologists in comparison to short-term 
contractors or consultants also needs to be managed to maintain consistent standards. 
It is most important to maintain geological data integrity, regardless of who is collecting, recording 
and managing the data. 

GEOLOGICAL INTERPRETATION 
Geological interpretation is subject to personal decisions by the practising geologist on how particular 
pieces of observational data are linked in three dimensions. We can never see the entire rock mass 
at any time during the mining cycle. Initial interpretation may come from field mapping, where 
historically it was easy to draw lines around outcrop extents in solid lines and then use dashed or 
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dotted lines between observations to indicate the uncertainty in interpretation between the known 
data. In three dimensions, as drilling or mining progresses, the uncertainty is extended below the 
surface as interpretations go from physical data points into areas of incomplete and often sparsely 
spaced data. 
Sometimes the sample data is combined with proxies such as geophysical or chemical information 
to assist in the interpretation of highly weathered or altered material. Anecdotally it could be said that 
if you provide your data to three different geologists, you will get four different results. This theory 
was discussed by Sullivan, Oldham and Buchanan (2020) and then further analysed by Sullivan 
(2021) using a simple 2D section of five drill holes with two different rock types as shown in Figure 1. 

 
FIG 1 – Cross-sections of geological interpretations from a single hypothetical section of five drill 

holes (lower right), (Sullivan, 2021). 

From a sample population of over a hundred participants in the interpretation challenge conducted 
by Sullivan there were at least 20 different outcomes, all of which were geologically possible. Several 
respondents declined to make any interpretation at all, indicating that there was insufficient 
information to make a unique geological interpretation. That is a sound judgment and justifies further 
expenditure to acquire more information to reduce the uncertainty to a level at which a geological 
interpretation would be possible. 
Analysing this outcome, which was expected but not to the degree in which it manifested itself in the 
study, allows us to conclude that the interpretations being made are potentially a reflection on one’s 
experience. If the interpreter has spent a lot of time working in narrow vein deposits, the mineralised 
intercepts will be easily joined to reflect that prior bias. A geologist highly experienced in systems 
with folds, may intuitively choose that route to interpret the cross-section. Recognition of our personal 
experience and biases is important and the use of peer and third-party review is essential, especially 
when working on new projects, where open cut or underground exposures do not yet exist to 
substantiate the geological model. 

GEOLOGICAL MODELLING 
Reflecting on the generation and use of models, in 1987, statisticians Box and Draper wrote: 

‘Essentially, all models are wrong, but some are useful. However, the approximate 
nature of the model must always be borne in mind...’ 

And they followed this up in 1997 (Box and Luceño): 
‘It has been said that ‘all models are wrong but some models are useful’. In other 
words, any model is at best a useful fiction—there never was, or ever will be, an 
exactly normal distribution or an exact linear relationship. Nevertheless, enormous 
progress has been made by entertaining such fictions and using them as 
approximations.’ 

And further refined it in 2009 (Box, Luceño and del Carmen Paniagua-Quiñones): 
‘All models are approximations. Assumptions, whether implied or clearly stated, are 
never exactly true. All models are wrong, but some models are useful. So the question 



International Mining Geology Conference 2022 | Brisbane, Australia and Online | 22–23 March 2022 486 

you need to ask is not "Is the model true?" (it never is) but "Is the model good enough 
for this particular application?" 

So why are we quoting statisticians in a geological context? Many, if not all, of the 3D geological 
models we now produce are derived using underlying mathematical algorithms driven by parameters 
and assumptions. Kentwell (2019) summarised the progress of geological volume modelling from 
the days of paper-based interpretations from hand drawn sections through unconstrained block 
models, digitised strings and wireframes to algorithmic implicit modelling. His accompanying 
presentation noted that to control implicit algorithms in an attempt to approximate geological 
scenarios requires the use of up to 50 different parameters. Even with this over-parameterisation, 
accompanied by simplification of the ‘warts and all’ data, generating results which are credible to an 
external geological auditor can sometimes be challenging 
An example is shown in Figure 2 whereby an implicit model is presented by Devlin et al (2021) in 
their resource report. This deposit is hosted in an ultramafic structural setting where the stress 
regimes generally create elongate mineralisation envelopes with steeply plunging shoots. This 
geological environment is highly unlikely to host spherical to lobate ore geometries as shown in 
Figure 2. Field mapping and core logging provide evidence to use when synthesizing the geological 
setting. In this type of setting, you expect to see slickensides in the field or in drill core, which are 
highly anisotropic in dimensions with strong shear fabric. In the author’s experience, this type of 
microstructure provides clues (as well as red herrings) as to the macro geological setting and these 
should be used as input when building any geological model to produce credible results, as shown 
in Figure 2. 

 
FIG 2 – Potential ore shoot geometry of the Western Flank gold mineralisation at Beta Hunt in 

Western Australia (Devlin et al, 2021). 

In summary it is important to ensure that your computer-generated model(s) firstly, honour(s) your 
input data and secondly, represents your best understanding of the mineralising system and its host 
setting. 

CASE HISTORY 

Introduction 
The Lisheen mine in County Tipperary was mined for 17 years, from 1999 until mine closure in 
December 2015. It produced 22.4 Mt at 11.63 wt% Zn and 1.96 wt% Pb (Torremans et al, 2018). 
Mineralisation at Lisheen consists of several, largely stratiform, massive sulfide orebodies at or within 
thirty metres of Lower Carboniferous Waulsortian transgressive marine carbonates and breccias. 
The mineralisation is manifest by semi-massive, disseminated, and vein-hosted sulfides in a complex 
of laterally discontinuous normal faults (Hitzman, 1999). The deposit comprised six distinct orebodies 
as shown in Figure 3 after Kyne et al (2019). These orebodies are referred to as Main Zone (MZ, 
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MZW, MWE), Derryville, Island Zone, and Bog Zone West, Bog Zone Central, and Bog Zone East. 
E-W fault zones shown in red and labelled using abbreviations, eg DF refers to the Derryville Fault. 

 
FIG 3 – Location of the Derryville South orebody in context with neighbouring orebodies at Lisheen 

(after Kyne et al, 2019). 

A comprehensive 3D synthesis of the Lisheen orebodies was put forward by Kyne et al (2019) using 
a combination of traditional sectional interpretation, wireframing and fault interpolation to define 
geometric and kinematic links between faulting, structure and mineralisation. This paper documents 
building an analogous 3D model using the latest commercial machine learning engine, Maptek 
DomainMCF. For the initial project, one of the orebodies, Derryville South was selected for 
modelling, analysis and comparison with previous work. 

Data analysis 
The Derryville South deposit contains 1149 published holes, mostly drilled from surface during 
exploration and project evaluation and subsequently added to during production with underground 
delineation drilling. Holes were geologically logged with 34 different codes being used to describe 
the host rocks and mineralised intervals. The drill data was imported from csv format into Maptek 
Vulcan GeologyCore software for investigation and analysis. The frequency of the most common 
lithologies is shown in Figure 4. 
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FIG 4 – Derryville South domain frequency from combined exploration and production drilling. 

Chemical analysis of mineralised intervals and surrounding host rocks includes determinations for 
Zn, Pb, Fe, As, Mg, Mn, Ag, Cu, Cd, Hg, Ba, Co, Ni and Tl. Specific gravity measurements were also 
performed on selected samples. This analytical data identified zinc-lead mineralisation in almost half 
the logged geological codes, with the majority of economic value lying in the MSA (LM_S) massive 
sulfide unit as shown in Figure 5. 

 
FIG 5 – Derryville South mineralised interval frequency per domain from exploration and 

production drilling. 

Geological modelling 

Previous modelling 
Modelling during the operation of the Derryville mine used sectional interpretation of exploration 
and production drilling and underground channel sampling/mapping observations. Explicit 
wireframes were created for the footwall and hanging wall of each mineralised horizon. These two 
surfaces were then combined to make a solid model of each horizon, which was then used to flag 
an ore code into a 3D block model as shown in Figure 6. 
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FIG 6 – Section on 220810E displaying Derryville South zinc-lead mineralisation wireframe and 

consequent domain coding into the mine production block model. 

The Derryville mine geologists would update their resource model on a 6 or 12 month cycle. 
Interpretation and correlation between drill holes on a sectional basis and update of wireframes was 
a manual process which would take at least a week (Colin Badenhorst, personal communication). 
The comprehensive 3D modelling and structural synthesis by Kyne et al (2019), did not document 
the time involved in building their models. A plan view from their work is shown in Figure 7. 
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FIG 7 – Plan view of the 3D model generated by Kyne et al (2019) with the Derryville deposit (DF) 

in the centre of the screen. The white E-W trending shapes are interpreted faults and are 
equivalent to the faults marked and annotated in red in Figure 3. The contours represent the 

elevation above sea level (which is equivalent to the 1000 m Z value on the mine grid displayed on 
the cross-sections in Figure 6 and Figures 8 to 13). 

Modelling using machine learning 
The origin of the concept of data driven modelling is discussed in detail by Solomatine, See and 
Abrahart (2009) and summarised in Montánsa et al (2019). The rapid advance of computing power 
facilitates computer-based discovery and analysis. In the geological context this allows us to 
generate a documented workflow which updates the model when the input data changes. This could 
be a manual process but the most benefit is derived from an automated system which is triggered 
by a change in state in the underlying data. 
The Derryville South mine data was processed using the commercially available DomainMCF 
machine learning engine that was launched from collaborative research and development with the 
mining industry as described in Sullivan et al (2019). The DomainMCF system processes the input 
geological data using multi-threaded cloud computing with cyber secure data transfer for data upload 
and model download. 
Before data is uploaded, it needs to be validated. There are hosts of simple rules which can be 
applied in this process: checking the validity of collar x, y, z coordinates; checking from and to sample 
intervals are not missing or overlapping; and checking that analytical data uses the same units of 
measurement. Data validation rules are inbuilt into DomainMCF so that data going through to the 
modelling process is as clean as required. This process is critical as the output models will be directly 
impacted by erroneous input data. 
In the Derryville South data, several drill holes were pre-collared through the overburden and were 
not geologically logged. When composited, these intervals are given the default code of NONE. If 
unlogged intervals remain in the data driven process, a domain model will be generated for NONE 
as per Figure 8. 
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FIG 8 – A cross-section through Derryville South overburden showing the impact of leaving 

unlogged intervals in the input data to machine learning. 

To remedy the unlogged intervals, the geologist can either manually enter appropriate logging codes 
based on surrounding drill holes, or preferably, delete all unlogged intervals in the input data and 
allow the machine learning to predict and interpolate relevant domains into the unlogged space as 
shown in Figure 9. 

 
FIG 9 – A cross-section of Derryville South overburden showing the machine learning prediction for 

domain codes where pre-collars of surface drill holes were not logged. 

A second observation from modelling straight from the geological codes is the use of the code W_MS 
to denote the mineralised horizon in some of the exploration holes and the code L_MS in others. 
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These are shown in yellow and red respectively in Figure 10. The underground production data 
exclusively uses the code L_MS. 

 
FIG 10 – Section on 220810E displaying Derryville zinc-lead mineralisation modelled using 

DomainMCF and the explicit wireframe from mine production used for context. Note the alternating 
codes of domain W_MS (yellow blocks) and domain L_MS (red blocks). 

A new field was added to the drill hole database and the W_MS and L_MS domain codes were 
unified to a single L_MS domain code for remodelling as shown in Figure 11. 
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FIG 11 – Section on 220810E displaying unified Derryville zinc-lead mineralisation modelled using 

DomainMCF and the explicit wireframe from mine production used for context. 

Once a model has been created it is important to compare it with the input data. For domain codes 
this is most easily accomplished by viewing cross-sections in two perpendicular orientations and 
also in plan view. Data driven modelling can be brutal as it will honour intervals of inliers and outliers 
in the data, which otherwise would be glossed or smoothed over during manual interpretation. 
Examples of this are seen in Figures 12 and 13, whereby internal waste intervals in the mineralised 
zone are encompassed by the manual wireframes resulting in incorrect flagging of domain codes for 
subsequent grade estimation. 

 
FIG 12 – Cross-section on 220892E showing DomainMCF block domain codes in the background 

with drill data and the manual interpretation in red wireframes. The mineralisation is coloured red in 
the drill holes and red in the block model slice. The manual wireframes have ignored the internal 

waste bands (shown in green and medium blue between 1000 and 1200RL). 
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FIG 13 – Cross-section on 166870N showing DomainMCF block domain codes in the background 

with drill data and the manual interpretation in red wireframes, which ignores the internal waste 
bands (shown in light and dark blue). Mineralisation is shown in red in both the drill hole traces and 

the block model slices. 

A comprehensive review across all sections and plans shows that the DomainMCF data driven 
model honours the mineralised data and its surrounding host rocks better than the manual 
interpretation and consequent wireframe models. The data driven model is providing finer 
discrimination of ore and waste domains, resulting in more relevant volumetric reports for resource 
statements. 

DISCUSSION 
The Derryville mine data has been subjected to a data driven modelling process and the resultant 
models appear superior in mapping the input data compared with a manually controlled process. 
The correlation between drill data has been derived purely from the input data without bias from the 
operator. Another advantage of adopting the data driven modelling approach at Derryville is the 
speed at which results are generated. The modelling of all mineralised and host rock domains from 
the raw input data occurred in less than 30 minutes. As this is now an automated process, as new 
data is collected, a model update can be triggered by a change in the data state and the model can 
always be up to date, no matter the speed or frequency of data collection. 

CONCLUSIONS 
Data driven geological modelling has not yet been adopted by mainstream mine and resource 
geologists but as the benefits of its use become widespread, we will look back and wonder why it 
took so long to embed into our daily processes. Machine learning is not just for traditional mines, as 
shown in Kapageridis et al (2021), which discussed the application of machine learning for domain 
classification in the quarrying environment. The new approach will become ubiquitous in our world, 
just as mobile phones and the internet have changed the way we work. 
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ABSTRACT 
As Olympic Dam rapidly expands into the Southern Mine Area (SMA) the Mine Geology team has 
concurrently ramped up underground diamond drilling to sustain rates of above 175 km/a. With >10 
underground rigs double-shifting, traditional paper sections used for the management of drill 
programs were no longer optimal due to scale of operations. An opportunity was identified to 
modernise monitoring of all underground diamond drill programs, through the integration of logged 
copper sulfide estimates with Olympic Dam’s first-fully integrated deposit-scale geological model in 
Leapfrog Geo. This paper describes the transition within the Mine Geology team from reliance on 
2D paper sections, towards near-real time 3D geological modelling for optimising end-of-hole 
decisions in the field. This transition was enabled by innovative database solutions informing locally 
constrained implicit models, limited by a distance buffer around active underground fan drilling. 
Due to the high volume of historic drilling, there were significant computational challenges with the 
implementation of daily production style implicit models at Olympic Dam and initial testing of regular 
updates to implicit gradeshells and sulfide domains required in excess of 12 hrs to run. The enabling 
solution was to optimise the interfaces between the AcQuire database, Deswik MDM and Leapfrog 
Geo to create a dynamic, streamlined workflow that was easily completed by Mine Geologists in 
accordance with daily production duties. Geologists are now building rapid implicit models for a range 
of variables from an integrated data set of logged sulfide estimates and existing assays, spatially 
constrained by 150 m buffers around active drilling using a unique drill fan identifier flagged during 
the planning phase. Once the live-implicit models are updated, they are exported for visualisation on 
field tablets to be used during logging and core checks at the start and end of every shift. To manage 
the risk of ‘going digital’ interpretation remains at the forefront of the drill section close-out process, 
with Mine Geologists critically reviewing the finished sections on a standardised template with new 
learnings wireframed and communicated to stakeholders. 
The Live Field Model has enabled a step-change in the geological effectiveness of diamond drilling, 
reducing over – and under-drilling ore-waste at Olympic Dam continuing to push drilling effectiveness 
towards 20 per cent of intercepts >2 per cent Cu. In addition, upside or risk identified during the 
proactive management of drilling execution can be rapidly capitalised or mitigated. 

INTRODUCTION 
The Olympic Dam iron oxide Cu-U-Au-Ag deposit is the fifth largest copper, third largest gold and 
single largest uranium resource in the world (Ehrig, McPhie and Kamenetsky, 2012). The deposit 
was discovered in 1975 (Reeve, 1990) representing one of the pre-eminent exploration success 
stories of the past century. Ore production using underground sublevel open stoping (SLOS) 
commenced in 1988 with current production rates around 10 Mt/a (Badenhorst, O’Connell and Rossi, 
2016). 
Mineralisation at Olympic Dam is observed at two scales (Clark, 2020): 

• Bulk-tonnage largely isotropic low-grade disseminated chalcopyrite (-pyrite) with disseminated 
sulfides up-to ~1 wt per cent Cu, representing the bulk of the total Mineral Resource (c. 10 Bt). 
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• Lower-tonnage, high-grade structurally-focused, discrete bornite-chalcocite ‘ore shoots’ 
representing a smaller portion of our total Ore Reserves (c. 0.5 Bt). High-grade zones 
(>2 wt per cent Cu) exhibit strong anisotropies reflecting the underlying structural control on 
brecciation and fluid-rock interaction. 

It is the relatively low-tonnage high-grade zones of the northern mining area (NMA) which have been 
the focus for the past 25 years of underground production – a geologically simple orebody, 
characterised by linear, sub-vertically dipping structurally focused hematite-rich breccia bodies with 
an overall strike of approximately 2.5 km. 
Main ore shoot (>2 per cent Cu) trends are displayed as stereonets on an oblique view of the 
Olympic Dam deposit in Figure 1. The NMA has a consistent sub-vertical north-west trend, whereas 
ore shoots in the SMA have a diverse range of orientations. 

 
FIG 1 – Consistent sub-vertical north-west trend of NMA compared to the diverse range of 

orientations to ore shoots in the SMA (modified after Clarke and Ehrig, 2021). 

Underground diamond drill effectiveness for a particular period has been historically difficult to 
measure due to a range of platform availabilities and changing operational strategy. An empirical 
baseline of 20 per cent of samples >2 per cent Cu has long been used as the standard for effective 
infill of indicated to measured resource at Olympic Dam (Figure 2). 

 
FIG 2 – Percentage of samples above multiple cut-off grade against time. The two key periods of 
comparison are the NMA delineation of the early 1990s and the SMA expansion of 2016–2021 as 
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both periods are predominately underground fan-style drilling. LFM implementation shown in 
2017–2018. 

NMA drilling during the 1990s was initially executed using north trending horizontal fan style drilling 
from the shallow levels of the deposit to define the direction and lateral extents of mineralisation. 
Mine Geologists were subsequently able to consistently achieve 80 m spaced drilling, then infilling 
to 40 m spacing and then 20 m spacing from perpendicular exploration drives designed from the 
initial fan drilling (Ehrig, pers comm). Geologists would typically stop holes about 20 metres into 
chalcopyrite once they crossed the high Cu:S bornite-chalcopyrite interface, a very prominent feature 
in the NMA (this practice was stopped ~1995–1996). The highly continuous geometry of the NMA 
orebody enabled effective conversion rates for infill programs and successful drill hole monitoring 
through direct observation of the core, or 2D sectional interpretations, there was little need for 3D 
interrogation. However by 2015, the depletion of the NMA and decision not to progress with an open 
pit expansion resulted in the need to source alternate sustaining tonnes for the underground SLOS 
operation. 
Olympic Dam begun rapid lateral expansion into the structurally and lithologically complex Southern 
Mine Area (SMA). In order to provide the required level of resource confidence at relevant planning 
horizons, the Mine Geology team concurrently ramped up underground diamond drilling from 
70 km/a to sustained rates of above 175 km/a by 2018. The traditional pattern-type drilling of the 
continuous NMA orebody was no longer effective at delineating the multiple, complex orebodies of 
the SMA and percentage of 2 per cent Cu samples dropped below 10 per cent. 
In order to improve drilling effectiveness and resolve the additional geological complexity of the SMA, 
paper sections were re-introduced (Figure 3). Drilling plans began to incorporate target and max 
depths into drill plans allowing geologists to control end of hole max depths. Paper sections were 
highly effective when completed in a standardised and timely manner and where then referenced in 
3D space. However, there was commonly time-consuming rework when mineralisation for logged 
holes was not updated on the section before the next hole was completed. Sections were often 
misplaced between office and core farm and fans with less than two or three holes may have no 
section at all. In addition, if end-of-hole decisions were ambiguous geologists would need to load 
data in 3D, utilising only drill holes which had approved assay data. 

 
FIG 3 – Historic section template showing binned sulfide species and geological interpretation. 

There was a high degree of re-work manually drawing logged intervals onto sections directly from 
AcQuire. 
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During 2018–2019, the height of the SMA expansion, >10 underground rigs were double-shifting 
and traditional paper sections were no longer practical due to the amount of manual rework. An 
opportunity was identified to modernise the management of underground diamond drill programs by 
integrating live, logged copper sulfide estimates with Olympic Dam’s recently completed first-fully 
integrated deposit scale geological model in Leapfrog Geo (Taylor, 2019). This ensured end-of-hole 
decisions were being made utilising real-time 3D through the implementation of a Live Field Model 
(LFM). 
It is evident that Mine Geology are now executing diamond drilling as effectively (close to the 
20 per cent of samples >2 per cent Cu) in the geometrically complex SMA as previous teams were 
able to execute the linear NMA, with a strong continued upwards trend as they continue to seek 
further efficiencies (Figure 2). These improvements are in part attributed to the implementation of 
the LFM. 

OVERVIEW 
The LFM is an interactive 3D tool (Leapfrog Viewer Scene), used in the field to make fast, sound 
decisions using the most up-to-date geological logging and wireframes to support effective drill hole 
execution. It provides a single location where all current assays, logged information and planned 
holes are stored and numeric grade interpolants updated daily. Whilst, the data density had 
previously been a significant barrier to rapid implicit model updates, the use of numeric models inside 
buffers has enabled only the area of interest to be updated, significantly reducing runtimes (in 
Leapfrog Geo) and could be seamlessly integrated into daily drilling duties (Figure 4). 

 
FIG 4 – Process workflow for daily update of the Live Field Model and Monthly Section report. 

The intent of the LFM is to facilitate improved drilling effectiveness through proactive extension of 
holes where mineralisation upside is identified, ensuring orebodies are closed out in 3D and ensuring 
high confidence waste areas are not over-drilled. The LFM is not intended to redesign dip and 
azimuth of drill strings fans during the execution phase. 
There were significant computational challenges with the implementation of daily production style 
implicit models at Olympic Dam and initial testing of regular updates to gradeshells and sulfide 
domains required in excess of 12 hrs to run making it unfeasible as a solution. 
The key enabling developments included; 

• Development of a ‘Visual Cu Grade variable’ where a best-estimate assay value was 
determined from new logging, integrated (in Acquire) with existing assays and reloaded into 
Leapfrog models daily. 
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• Leveraging existing planned drill hole attributes from Deswik CAD (stored in AcQuire) to assist 
with generating dynamic distance buffers around active drill fans to limit model extents and 
reduce model run-times. This ensured that models could easily be updated daily in conjunction 
with other production duties. 

• Development of a standardised 2D section template through the implicit model, sections can 
be used to communicated to the broader business whether a drill fan has successfully achieved 
it intent. Sections are already georeferenced and form an important component of detailed 3D 
modelling. 

Copper sulfides are the primary focus for logging, they are mappable in the core and there is a spatial 
correlation between Fe, Cu, U3O8, Au, Ag (Ehrig, McPhie and Kamenetsky, 2012). As such, visually 
estimated copper sulfides are a reasonable proxy for other economic minerals and total copper 
equivalency. When logging, geologists bin the presence of each individual sulfide species based on 
their modal abundance (Figure 5). 

 
FIG 5 – Assays versus Logging for RU48–15485A showing binned visual sulfide estimation and 

calculated Cu_est (right) versus assayed Cu (left). There is generally a strong positive correlation 
between logging and final assay results for copper, ensuring the logging is fit for use in the LFM. 

The major sulfide minerals at Olympic Dam are pyrite (FeS2), chalcopyrite (CuFeS2), bornite 
(Cu5FeS4) and chalcocite (Cu2S) (covellite and digenite are estimated in the bornite-chalcocite 
domain and not estimated separately). The Cu ± Fe sulfides display a distinct upwards and inwards 
deposit scale zonation from pyrite → chalcopyrite-pyrite → chalcopyrite-bornite → bornite-chalcocite 
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→ chalcocite (Ehrig, McPhie and Kamenetsky, 2012). Sulfide pairings chalcopyrite-bornite, bornite-
chalcocite and chalcocite-digenite represent exsolution from primary solid solutions in the Cu-Fe-S 
system (Ehrig, McPhie and Kamenetsky, 2012). 
A numeric copper grade variable referred to as ‘Copper Estimate’ (Cu_est), is the key variable from 
which the implicit models are updated. The Cu_est grade is calculated from visual estimates of 
copper sulfides recorded during logging, using the stoichiometric ratio of copper to sulfur (Table 1). 
Once assays are returned (typically six weeks after hole completion), they are given priority and 
overwrite the logged copper estimates, this ensures that the most accurate and precise data is 
always used in the LFM. 

TABLE 1 
(a) Formula for the calculation of estimated copper percentage from logged abundance of each 

sulfide species; (b) Calculated copper percentage utilising the midpoint of each bin used in 
geologist logging. 

 
(a) 

 
(b) 

GENERAL METHODOLOGY 
The process of visualising logging on cross-sections has been significant streamlined. Rather than 
measuring and hand drawing logged sulfide intervals downhole across numerous active sections, 
automated database exports ensure rapid, spatially accurate visualisation of copper grade, lithology, 
structures and sulfide species downhole. This means greater effort is place on critically reviewing 
new drilling in 3D ensuring program objectives have been achieved. The following steps detail the 
daily workflow within Mine Geology to update the Live Field Model for end of shift core checks: 

1. Prework – Authorisation to Drill (ATDs) plans are created using process maps within 
Deswik.CAD and typically have a ‘geocontrol’ interval (a portion of the hole where the expected 
target lies, geocontrol intervals can vary in length depending on the confidence of the target) 
(Dowling, 2019). Upon approval of the ATD, attributes are exported (holeid, ATD_id, collar 
location, dip, azimuth, target depth, max depth) from Deswik and are loaded into AcQuire. 

2. Daily – ATD commences drilling and all core for all rigs is brought to surface at end of every 
shift. As PLOD data is entered into AcQuire it updates drill hole status from planned to 
progressive, or progressive to complete, this attribute is used to flag active drill holes in the 
LFM. 

3. Geologists log all core on the surface directly into toughbooks ensuring no backlog builds-up. 
All available Cu_est information is included in the daily AcQuire export for completed drilling. 
Logging is prioritised in the morning to ensure all logging information is available before the 
2:00 pm data cut-off. 

4. 2:00 pm daily drill hole export from AcQuire of all drilling within the deposit; collars, survey, 
lithology, calculated Cu_Est. This data is then reloaded into the LFM in Leapfrog Geo. This is 
important as the process for drill holes selection during reload is standardised and includes all 
data, regardless of where the fan is drilled within the deposit footprint. 

0.80 0.63 0.35 0
Modal 

Abundance Chalcocite Bornite Chalcopyrite Pyrite

Tr-0.5% 0.20 0.16 0.09 0
0.5-1% 0.60 0.47 0.26 0
1-3% 1.60 1.26 0.70 0
3-5% 3.20 2.52 1.40 0

5-10% 6.00 4.73 2.63 0
>10% 8.00 6.30 3.50 0
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5. The ‘active ATD’ query filter, responsible for informing lateral extent distance buffers around 
active drilling is updated based on the drilling schedule. 150 m distance buffers are built around 
the active drill fans (Figure 6), which provides sufficient context for determining end of hole 
depths, without increasing implicit interpolation times unnecessarily. 

6. The implicit numeric interpolants for copper grade dynamically update within the buffer zones 
and run to completion (approximately 20 mins compared to >12 hrs without buffers). Static 
lithology and key alteration assemblage wireframes. This controls model size, ensuring models 
are useable with minimal computing power on handheld tablets. 

7. Leapfrog Viewer scenes (section views) are created for each active fan, and include the 
necessary geological wireframes inside the 150 m buffer zone (Figure 7). These include grade 
shells, key lithological, alteration and structural wireframes providing all required context for 
determining an appropriate end-of-hole depth. 

8. Leapfrog Viewer scenes are loaded onto the Toughbook and critically reviewed in the Core 
Farm during end of shift core-checks (Figure 8). Having the LFM readily available has 
transformed the end-of-hole decision process from 1D decision based only on the last few 
trays of core to a truly 4D assessment with all logging for the current holes and assays for 
historic holes included in the same model. 

9. Review – Generation of drill sections once a fan is complete using the sections tool within 
Leapfrog Geo (Figure 9). This is key in the ongoing monitoring of drilling effectiveness ensuring 
targets are reached and findings are communicated throughout the business. Each section is 
reviewed to determine if objectives were achieved and whether additional drilling is required. 
In addition, any major structures which are intersected are digitised as structural discs in 
Leapfrog and integrated into existing structural models. 

 
FIG 6 – Planview showing the locally constrained implicit models, updated within 150 m buffer 

around active drill fans. 
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FIG 7 – Output visualised in Leapfrog Viewer where Logged Cu_est, existing returned assays and 

planned holes are loaded against the updated implicit model. 

 
FIG 8 – Geologists in the Core Farm comparing observed sulfides in the core with modelled 

gradeshells in the LFM on the Toughbook. 3D reviewed enables them to make informed EOH 
decisions. 
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FIG 9 – Monthly LFM Section template with copper grade modelled using the Cu_Est field, existing 

assays, 5YP Stopes and current MIKOK Model grade overlaid. 

IMPROVED DRILLING EFFECTIVENESS 
Olympic Dam Mine Geology’s transformation from reliance on the use of 2D paper sections for 
making end-of-hole decisions towards the implementation of daily production style implicit models 
for near-real time copper gradeshells and sulfide models has brought increased accountability and 
transparency to drilling control. 
The key value driver to the Olympic Dam operation is the opportunity to improve the geological 
effectiveness of diamond drilling, including reducing over – and under-drilling ore-waste intervals, 
ultimately achieving a target of >20 per cent of samples are above 2 per cent Cu. The LFM is used 
to optimise drill sequencing and improved geological control for every hole. Metres saved on drilling 
are able to be repurposed for other priority drill programs, or near-mine exploration drilling. 
The purpose of running the LFM is to use all available data to inform end of hole decisions every 
shift, every day! Cost savings may be small initially, but compound quickly. 
Positive case study examples include: 

1. Proactive extensions to drill holes where additional, previously unknown mineralisation is 
intercepted and observed during the core check process 

2. Real time recognition of extended areas of waste allowing for future holes in the sequence to 
be cancelled and metres to be cut from the program resulting in a cost saving. 

3. Where mineralisation remains open, additional drill designs can be planned using LFM data 
and issued to capitalise on upside before drill rigs are moved. 

Sub-optimal case study examples (when the LFM was not used) include: 
1. Additional metres drilled into footwall alteration or through barren areas, as there was no 

context or 3D visualisation of these areas prior to completing core checks 
2. Holes ended in mineralisation or before key hard ore-waste contacts, which result in block 

model grade blowouts 
3. Holes in a fan were not sequenced effectively resulting in overdrilling known, non-prospective 

areas. 



International Mining Geology Conference 2022 | Brisbane, Australia and Online | 22–23 March 2022 505 

CONCLUSIONS 
As Olympic Dam rapidly expands into the highly complex Southern Mine Area, Mine Geology through 
utilising the Live Field Model, are executing underground diamond drilling as effectively as previous 
teams had in the highly continuous and linear Northern Mining Area. 
The LFM has allowed drilling effectiveness to improve through real-time data driven decisions. The 
LFM allows for effective drill scheduling, extensions of holes where mineralisation upside is identified 
and ensures high confidence waste is not over-drilled. Ongoing monitoring of drilling effectiveness 
through Leapfrog drill sections communicates risk and uncertainty to the broader business and 
ensures accountability for project objectives and results. 

ACKNOWLEDGEMENTS 
The authors would like to thank the management of BHP Olympic Dam for permission to publish this 
paper. Many geologists, too numerous to mention, have contributed to the implementation and 
evolution of the Live Field Model; they are acknowledged. 

REFERENCES 
Badenhorst, C, O’Connell, S and Rossi, M, 2016. ‘New Approach to Recoverable Resource Modelling: The multivariate 

case at Olympic Dam’, Geostatistics Valencia QGAG, 19:131–149. 

Clark, J M and Ehrig, K J, 2021. Olympic Dam Geoscience — Impact of SMA geology on the operation. Graduate lunch 
and learn invited talk: Adelaide. Internal BHP presentation. 

Clark, J M, 2020. The Olympic Dam Cu-U-Au-Ag Deposit. Internal Presentation 2020: Olympic Dam. Roxby Downs. 

Dowling, L, 2019. ‘Transforming Geoscience through integrated workflows at Olympic Dam’. Paper presented at 11th 
International Mining Geology Conference 2019 (The Australasian Institute of Mining and Metallurgy: Melbourne). 

Ehrig, K J, McPhie, J and Kamenetsky, V, 2012. ‘Geology and mineralogical zonation of the Olympic Dam iron oxide Cu-
U-Au-Ag deposit, South Australia’, (M Harris and F Camus eds), J W Hedenquist. in Geology and Genesis of Major 
Copper Deposits and Districts of the World: A Tribute to Richard H Sillitoe (Society of Economic Geologists, Littleton 
CO) Special Publication 16: 237–268. 

Reeve, J S, 1990. ‘The discovery and evaluation of the Olympic Dam deposit’, Geological Aspects of the Discovery of 
Some Important Mineral Deposits in Australia (eds: K R Glasson and J H Rattigan), pp 125–133 (The Australasian 
Institute of Mining and Metallurgy: Melbourne). 

Taylor, J, 2019. ‘BHP Olympic Dam’s Transformation to Live Implicit Modelling and Innovative Solutions to Working in Data 
Dense Environments’, Paper presented at 11th International Mining Geology Conference 2019 (The Australasian 
Institute of Mining and Metallurgy: Melbourne). 



International Mining Geology Conference 2022 | Brisbane, Australia and Online | 22–23 March 2022 506 

From paper to bytes – digital mapping implementation 

A Whaanga1 

1. MAusIMM(CP), Senior Geologist, OceanaGold, Waihi 3610. 
Email: abe.whaanga@oceanagold.com 

ABSTRACT 
The use of photogrammetry has greatly increased the accuracy of 3D mapping underground. 
However, this has not reduced the need or desire for geologists to produce plans and sections 
showing an interpretation of the mapped geology. At the Waihi Underground Gold Mine, a hybrid 
solution has been developed that utilises the accuracy of photogrammetry and mapping onto face 
photos with the CAD-based Deswik.MappingTM functions to create plan and section maps. These 
have the benefit of looking like traditional paper maps but are more spatially accurate and richly 
attributed with metadata that can be filtered and exported to downstream processes. 
Deswik.MappingTM is a tablet-based solution that allows the geologist to map digitally with a stylus. 
Automation is utilised for the updating of survey as-builts, approved designs, drill holes, geological 
mapping, vein interpretations and mine work areas, reducing the requirement to print out maps at 
various locations and scales. Having 3D mine software on a tablet device provides a wealth of 
features not available when using paper: scaling is a problem of the past; information can be turned 
on and off; features can be viewed in 3D; and measurements between points of interest can be 
calculated in 3D space, for example, between vein wireframes and drill hole sample information. A 
suite of custom scripts has been developed that take the spatially accurate, registered and attributed 
polyline data from photogrammetry scans and converts them to a geological mapping legend with 
vein textures, structural information, and lithological boundaries. These 3D maps can be plotted in 
plan or section view and satisfy the requirements of the most ardent paper map supporter. 

INTRODUCTION 
Mapping is a fundamental skill for a geologist and is taught at all levels of an undergraduate geology 
degree. Producing a quality geological map is often one of the first tasks undertaken to build a picture 
of sub surface geology and underpins the lithological, structural and geochemical model of an area 
of interest. Surface mapping was traditionally done on paper using a compass and topographical 
map, but now routinely utilises GIS programs with GPS capability to create detailed maps with 
attributed layers. Smartphone applications exist that can take outcrop strike and dip measurements 
with photos and comments, all spatially located using GPS. Creating maps for a geologist has never 
been easier. 
However, many underground mines still use paper face mapping sheets and back maps printed from 
the digital master copies (Doyle and Whaanga, 2017). At the Waihi underground gold mine 
photogrammetry has now replaced paper face mapping sheets. Reviewing the current face position 
against the interpreted vein direction with associated drill hole and level information is crucial for an 
underground geologist to make an informed decision as to the direction of the next cut. The last 
piece of the mapping puzzle to solve was the requirement to map areas not covered by 
photogrammetry and to add detail to a traditional 2D back map. 

GEOLOGICAL SETTING 
The Hauraki Goldfield comprises approximately fifty epithermal deposits (Braithwaite and McKay, 
1989) and lies within a NNE-trending Miocene to Pliocene calc-alkaline arc (the Coromandel 
Volcanic Zone). Gold mineralisation is localised within moderately to steeply dipping quartz veining, 
breccias and vein stockworking. 

HISTORY OF MINING IN WAIHI 
Gold was first discovered near Coromandel township in 1852 but economic gold was not discovered 
in the Waihi area until 1878. Mining operations were transferred to the Waihi Gold Mining Co. in 
1890 and mining activity continued until the close of the mine in 1952. During this time, ~5.5 Moz Au 
and 38.4 Moz Ag (McAra, 1988) were extracted (~174 t Au and 1193 t Ag). Operations 
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recommenced in 1988 with the opening of the Martha open pit mine. Underground operations at 
Favona began in early 2005 and several additional orebodies have since been identified and mined. 
More than 3.2 Moz Au have been extracted by the combined open pit and underground operations 
since mining recommenced in 1988. 

MAPPING PROCESS 

Deswik.MappingTM project set-up 
A master geological mapping project is set-up in Deswik.CAD with mapping configured as shown in 
(Figure 1). Through extensive customisation options, features such as colours, line types, custom 
feature symbols and structural information can be set-up to represent any aspect of mapping, 
including classic lithological mapping, hydro-geological, and geotechnical mapping. 

 
FIG 1 – Mapping configuration screen with custom draw feature symbology. 

The master mapping project exists on a surface file server into which daily mapping is imported from 
different sources, validated, attributed, and integrated. Reference layers in the project are used to 
assist with entering mapping, including survey as built files, diamond drilling, and face chips. When 
drives and continuous mapping are imported, an incrementally updated ore drive map of the mine is 
created. This is then utilised by those in the technical services department, who create dynamic links 
from their own templates and master files. The geology mapping data are automatically updated on 
an overnight schedule or can be reloaded manually. 

Underground tablet set-up 
A geology mapping template is set-up with the same reference layers as the master mapping project. 
This template is kept as minimal as possible to reduce file sizes and load times. As with the master 
mapping project, this template is backed up each night and automatically updated on the surface file 
servers. Final mapping completed in the master mapping project is updated in this template so the 
geologist begins the day underground with the updated drive mapping and survey as builts from the 
previous shift, ensuring that everyone has the latest data available to inform their work. 

Plane definition set-up 
A plane definition is a CAD concept that is used to save a custom view of an area to be mapped. It 
can be thought of like a 3D bookmark. The geologist opens the template on a desktop computer and 
moves the centre point of a working plane to the next portion of the orebody along strike, fixing the 
elevation to the new back height. Plane definitions exist for all active ore drives and are updated as 
required. This replaces the act of shuffling multiple maps in a mapping folder and is similar to a 
scaled paper map process with surveyed laser points (Doyle and Whaanga, 2017). 
A plane definition contains a default layer pre-set with specific reference information displayed in a 
precise manner. Vein wireframes are clipped at the plane height. Existing mapping only contains the 
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mapped vein outlines, drill holes, and survey lasers and as builts for spatial location. However, 
multiple layer pre-sets exist that can be turned on to view reference data that provide insight into 
geological and grade continuity. When it is time to spatially locate the current face and input vein 
information, the reference data can be removed leaving an uncluttered workspace to draw on. This 
is vastly improved from the use of paper where all data are static and a balance must be struck with 
providing enough information and having space to draw and annotate. In addition, data on the tablet 
can be rotated in three dimensions to line up vein positions along dip and strike. 

Create new job 
Prior to heading underground, the ore control geologist opens Deswik.MappingTM on the tablet and 
creates a new job with the current day as the job name. The updated and refreshed geology template 
is used as the base project and is saved locally on the tablet along with all the drill hole information 
(Figure 2). 

 
FIG 2 – Plan view geology mapping template on a tablet showing veins (red), andesite host rock 
(green), diamond drill holes (grey), modelled vein positions (blue), approved design boundaries 

(dashed red), approved design centrelines (white). 

Ore drive mapping with Metashape 
Face and back mapping lines and symbology are sketched directly on to photos with the 
photogrammetry software Metashape (Whaanga, Vigour-Brown and Nowland, 2019). An example 
of a mapped and annotated face is shown in Figure 3. As this data are spatially located through 
surveyed points, there is no requirement to manually sketch this into Deswik.MappingTM. 
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FIG 3 – Underground face (REX5 F20210812–07) in Metashape showing sketched vein contacts 

(red and pink), faults (blue), textural and lithological features (black). 

Process maps 
Process maps is the Deswik scripting tool, allowing customisation of repetitive tasks. Sketched vein 
information is attributed in Metashape with a duplicate legend that exists in Deswik.MappingTM. Once 
this has been spatially referenced through the photogrammetry process the data are exported from 
Metashape and imported to Deswik.MappingTM, automatically creating completed ore drive mapping 
in three dimensions, with vein texture, type and lithology symbology converted in one step (Figures 4 
and 5). 
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FIG 4 – Imported mapping showing channels, orebody (red), lithology (green), veining (red) and 

structural measurements. 

 
FIG 5 – Deswik.MappingTM process map. 

Previously, interpreted sketch data had to be manually transferred from paper mapping to either a 
master level plan or digital surface map, effectively duplicating the underground mapping task on the 
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surface. With the new process the mapping is completed at the face onto digital photos and is 
automatically transferred into the master map, greatly reducing the time from hours to minutes whilst 
increasing spatial accuracy. 

Mapping with Deswik.MappingTM 
Photogrammetry and survey pick-ups are not required for every face. In the absence of these the 
approximate spatial position of a face can be calculated from survey lasers and offsets, and mapping 
completed manually. 

Working plane creation 
A face section view can be created and oriented in Deswik.MappingTM using distances measured at 
the face. The distance from a known survey laser, an offset to the left or right side of face, face width 
and azimuth are all that is required to locate a face position using the ‘face from laser line’ function 
(Figure 6). 

 
FIG 6 – Working plane creation process in Deswik.MappingTM. 

The back outline of the drive and any other geological information are sketched in plan view. The 
face can also be sketched in two dimensions using the working plane. 

Structural and vein measurements 
Vein orientation information is entered at this point with a measurement of the main mineralised 
veins as a minimum. Any fault and shear information with orientations can be entered and these 
attributes customised in the template. These measurements help to ensure that the face mark-up 
and ore drive direction are correct. 

MAPPING SYNCHRONISATION 
The geology master project contains a validated and clean version of the geology mapping template 
and is dynamically linked to the engineering, survey and geotechnical departments’ master files. A 
master set of current geology, vein and structural wireframes is also contained in this project for use 
by the technical services department. 
The geology mapping project contains reference data as well as all validated and unvalidated 
mapping information. This project exists on the server and is used to import, update and clean up 
mapping data from both Metashape and Deswik.MappingTM. 
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The geology mapping template refreshes overnight from the geology mapping project and is the 
base template used for mapping underground. Plane definitions are created and kept up to date in 
this project for spatial location underground. 
The daily tablet job is created using the geology mapping template to map areas not covered by 
photogrammetry and to input orientation data. This project is synchronised using a process map that 
merges all daily mapping data into the geology mapping project. 
Any data created in Metashape is imported via a.dxf and merged with the geology mapping project. 
The tablet job is independent of the ore mapping process so multiple geologists can map different 
areas using several tablets underground whilst another geologist is updating and validating ore drive 
mapping from Metashape on the surface. 
Once the data are checked and validated the Geology master project can be refreshed and mapping 
is available for other departments to use. 
The flow chart in Figure 7 illustrates the interaction between the different components of the process. 

 
FIG 7 – The different components of the digital mapping process. 

MAPPING OUTPUTS 
Deswik.MappingTM has excellent plotting functions. As the data exists in 3D, maps of any shape, 
size or orientation can be generated, from A0 level plans through to individual face sections. 
Structural data has vein domain information and is spatially located and can be analysed as a 
stereonet in structural programs. All vein linework is imported into Leapfrog software and, along with 
interval selection of channels, creates detailed vein wireframes. Mapping is reviewed against 
planned drive outlines and rolling schedules and utilised as a discussion point at weekly planning 
meetings for short interval control. 

EVALUATION OF DIGITAL MAPPING PROCESS 

Advantages 
There are many positive aspects of using digital mapping at Waihi: 

• It is spatially more accurate than traditional paper mapping, increasing the quality of work. 

• It saves geologists time whilst mapping underground as well as during the data processing 
phase, as data entry only occurs once. 

• It allows the ability to review mapping from 3D scans and re-map areas when required. This is 
particularly useful when faces are obscured by fibre/shotcrete or otherwise inaccessible, or 
when a face is unable to be mapped before the cut is taken. 

• Tough computer tablets are more waterproof than paper. 
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• It provides geologists with a wealth of additional 3D information in an easily useable format 
that is not possible with paper mapping. This information can be used to better inform drive 
direction decisions. 

Limitations 
Digital mapping does have some disadvantages: 

• Tablet hardware limitations mean that manipulation of large amounts of data are not possible, 
so a balance must be found between having all the available data and tablet speed. 

• There is a steep learning curve to using a digital device underground. Familiarity with paper 
mapping requires a re-learning process, with similar tasks being completed in different manner. 

• Sketching on a tablet is typically slower than drawing on a paper map. 

• Unlike digital devices, paper is always available and does not crash or require a network 
connection to transfer data. 

CONCLUSIONS 
Customising digital mapping offerings to integrate into existing production workflows at the Waihi 
underground gold mine has had a number of positive impacts, including time savings and increased 
data quality. It has enabled geologists to utilise a larger amount of 3D information, ultimately creating 
greater confidence and accuracy in the ore control direction process. Although there are some 
limitations associated with the digital mapping process, these are far outweighed by the benefits. 
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ABSTRACT 
International mineral disclosure standards and guidelines aligned with the CRIRSCO (Committee for 
Mineral Reserves International Reporting Standards) template were developed to inform 
stakeholders about the relative accuracy and confidence levels of publicly reported information and 
to support investment decisions, particularly when advancing projects through different development 
stages. The traditional stages range from early to advanced exploration, through pre-development 
(with Mineral Resources and pre-feasibility and/or feasibility levels of study) before the final 
development stages, where a decision to proceed with construction or production (or both) is made. 
The traditional definition of Mineral Resource and Ore/Mineral Reserve classification categories and 
techno-economic study levels (including Preliminary Economic Assessment (PEA), Scoping Study 
(SS), Pre-Feasibility Study (PFS) and Feasibility Study (FS)) were defined with pre-development 
project assessment in mind. As such, these definitions are not necessarily well aligned to the 
reporting structures required by operating mines which need to consider a range of timelines 
spanning short to long-term operating conditions. However, the same terminology and definitions 
are used, or expected to be used, by both project developers and mine operators when reporting 
resources, reserves and techno-economic study outcomes. 
This paper discusses how various stakeholders in the minerals industry (including 
competent/qualified persons, mining company leaders, investors, lenders and regulators), generally 
interpret the definitions of Mineral Resource and Ore Reserve categories in terms of the relative 
accuracy of the estimates, their link to techno-economic study levels and their contribution to life-of-
mine (LOM) schedules. The paper examines the degree to which mining companies recognise, and 
apply, enhanced operational knowledge to reflect short-term views of the relative accuracy and 
confidence levels associated with publicly reported Mineral Resource and Ore Reserve estimates 
and forecasts. Furthermore, this paper explores how this knowledge is applied to support ongoing 
Mineral Resource, and particularly Ore Reserve, generation and reporting. 
This paper is informed by public data and responses to an internal survey prepared by the authors 
and completed in 2021 by several mining companies. 

INTRODUCTION 
This paper is intended to provide feedback on recent mining industry practice with respect to 
corporate approaches to disclosures relating to Mineral Resource and Ore Reserve classification 
and how this relates to techno-economic studies. In particular, this paper will explore how mining 
companies generally interpret the intended meaning of the definitions associated with Mineral 
Resource and Ore Reserve classification categories in terms of the relative accuracy of the 
estimates, their link to techno-economic study levels and their contribution to life-of-mine (LOM) 
schedules. 
For further context, international mineral disclosure standards and guidelines aligned with the 
CRIRSCO reporting template (such as the JORC Code, SAMREC Code, PERC Reporting Standard, 
CIM guidelines, SEC S-K 1300 rule etc) were designed to inform stakeholders (investors, lenders 
and project developers) about the relative accuracy and confidence level associated with exploration 
results, as well as resource and reserve estimates. In particular, they were designed to instil 
confidence in mineral disclosures and to support investment decisions associated with the 
advancement of projects through increasingly detailed and complex development stages. 
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In reality, the definitions of resource and reserve classification categories and techno-economic 
study levels within these standards were predominantly designed to facilitate the assessment of pre-
development projects and disclosures focused on medium to long-term strategic, LOM timelines. As 
such the terminology is not necessarily aligned with the levels of accuracy required at operating 
mines which must reflect operational data and shorter-term mine planning and forecasting timelines 
to meet these operating performance requirements. 
The feedback now presented regarding recent industry practice has been derived from public data 
and an international benchmarking survey compiled by the authors, supplemented with the authors’ 
exposure to these topics through direct work experience and involvement in relevant industry forums. 
This knowledge seeks to address the following key topics: 

• The relative proportions of Measured, Indicated, and Inferred Mineral Resources reported by 
mineral companies prior to, or at advancement, of a project to PFS and/or FS levels of study, 
as well as the relative proportions of Proved and Probable Reserves, which result from such 
techno-economic studies. 

• The typical development status of projects prior to finalising techno-economic studies and 
progression towards a final investment decision. In particular, this paper outlines how public 
reporting may be influenced by project status, which in turn may impact subsequent resource 
and reserve classification. 

• Recommendations for handling varying resource and reserve categories in mine schedules, 
particularly how resource and reserve confidence is managed or dealt with by companies over 
time in their LOM schedules. 

INDUSTRY PRACTICE – SURVEY 

Survey design and participants 
The questions within the survey provided to several mining companies were designed to be 
somewhat generic, rather than to be overly specific. This design was deliberate, as the authors 
considered the open nature of the questions would encourage invitees to share their respective 
company’s operational practices, rather than being led by the line of enquiry. 
The survey was to be completed online, with results automatically submitted upon completion. 
Submissions were anonymised (unless invitees specifically added their details in which case details 
were not be linked to individuals or companies). 
The survey was circulated to Competent Persons/Qualified Persons, resource/reserve managers 
and technical governance professionals at 21 international precious and base metal mining 
companies with open pit and underground operations employing selective and bulk mining 
extractions. Responses were received from 14 companies, representing mining companies with 
operations predominantly in Australia, Africa, north and south America and reporting mainly in 
accordance with the JORC Code, SAMREC Code and CIM guidelines, as well as SEC regulations. 
Invitees were expected to provide their company’s view on the topics surveyed, and not their own 
individual or personal opinions. Based on the responses received, the authors consider this has 
largely been the case. 

Survey responses 
The key questions and results of the survey are summarised in Table 1. 
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TABLE 1 
Company benchmarking survey summary results. 

Survey question Responses 
proportions 

Summary responses 

Does your company have internal guidelines 
on the required proportion of Measured and 
Indicated Mineral Resources to support a PFS 
and FS? If yes, what are the proportions? Do 
the guidelines cover a set period? 

7/14 (50%) say 
‘No’ 

Only 3 of the 7 ‘Yes’ respondents have 
clear guidance on proportion of Measured 
Resources expected to support a FS (or 
initial mining area or payback period from 
FS); the remaining ‘Yes’ respondents 
require Indicated or Measured+Indicated 
(M+I) or a ‘significant’ portion of 
Measured. 

Does your company insist that Proved 
Reserves are only possible after an FS level 
of detail has been completed? 

11/14 (79%) 
say ‘No’ 

One of the 11 ‘No’ respondents did not 
report Proved Reserves from a FS 
(resource continuity too poor), another 
downgrades the Measured component to 
Probable Reserves for mining 
assumptions (block cave). 10/14 allow 
Proved Reserves from a PFS; while only 3 
insist a FS be completed to support 
Proved Reserves reporting. 

Does your company recognise that some 
deposits or mineralisation styles are more 
difficult to assign to a Measured level of 
resource confidence with resource definition 
drilling alone at PFS or FS stages? 
[Clarification: ie without having exposure and 
access to the resource through open pit or 
underground development to allow for 
additional mapping and sampling]. 

10/14 (71%) 
say ‘Yes’ 

Several respondents refer to the use of 
benchmarking comparisons, sensitivity 
profiling, and/or simulation to compare 
risks/classification across projects. None 
refer explicitly to a requirement for 
orebody access/additional mapping/bulk 
sampling etc to improve orebody 
knowledge, however the authors 
recognise some do this. 

Does your company have guidelines to 
quantify or semi-quantify what is meant by 
Measured and/or Indicated Mineral Resource 
categories (and Proved and Probable 
Reserves)? If so, please elaborate. 

7/14 (50%) say 
‘Yes’ 

While 7 say ‘Yes’, only 5 respondents 
provided relevant examples as outlined in 
the paper. 

Does your company have its own detailed 
standard for PFS and FS content, or rather 
refer to an industry guideline for this detail? 

9/14 (64%) say 
‘Yes’ 

Those responding ‘No’ follow various 
industry guidelines without an internal 
standard. 

Do you consider that other peer companies 
and Competent Persons have the same or 
similar meanings for Measured and Indicated 
Mineral Resources as within your company? 

11/14 (79%) 
say ‘Similar’ 

Those 3 responding ‘No’ considered peers 
had a materially different interpretation or 
meaning for Measured and Indicated 
Resources. 

Do you consider that other peer companies 
and Competent Persons have the same or 
similar meanings for PFS and FS as your 
company? Or are they more or less 
conservative? 

8/13 (62%) say 
‘Similar’ 

4 companies consider that peers are 
materially less conservative and 2 slightly 
less conservative. Only 1 considers peers 
are materially more conservative. 

REVIEW OF PUBLIC DATA 
Research of public company disclosures indicates that a majority of companies consider the relative 
proportions of Measured, Indicated, and Inferred Mineral Resources prior to, or at advancement of 
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the project to PFS and/or FS levels. Consideration is also given to the relative proportions of Proved 
and Probable Reserves that are defined as outcomes from such studies. 
As well as publicly available literature, the April 2021 review considered a private database collection 
of public reporting data. Unfortunately, the database used to support this research does not 
separately report material in the Measured and Indicated Resource categories. The unfiltered data 
set contains details of several thousand projects at various stages of development. For comparison 
purposes, this was reduced by filtering to match companies with a market capitalisation (MCap) less 
than US$200 billion. Of the selected companies, MCap was not reported for 40 per cent of the 
companies, 40 per cent had a MCap of less than US$1 billion. Only 1 per cent had a MCap in excess 
of US$50 billion. 
Figure 1 shows the percentage of Measured plus Indicated (M+I) Resource material for various 
commodities at differing levels of techno-economic study. These results suggest there is little 
increase in the proportion of M+I to total resources as the techno-economic study level increases 
from PEA to FS or mine plans (MP). ‘UNK’ refers to data for which the study level has not been 
provided. These results are summarised in Table 2. 
Figure 2 shows the proportion of M+I to total resources has not increased on an annual basis 
between 2005 and 2021. The results show an increase in the number of studies completed, or at 
least reported, in recent years. 
Figure 3 suggests there is no relationship between MCap and the percentage of M+I to Total 
Resources reported. 

 
FIG 1 – Averages of percentage Measured+Indicated (M&I) of total resources by study type. 
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TABLE 2 
Company benchmarking survey summary results (‘UNK’ – study level not reported). 

Study 
level 

No. 
Studies % M+I 

PEA 374 51 

PFS 182 56 

FS 356 56 

MP 161 58 

UNK 2896 33 

 
FIG 2 – Trends by Year. 

 
FIG 3 – Trends by MCap. 

Based on the Mineral Resource criteria for advancement of a project, the resource varies widely 
from deposit to deposit, and relatively few identified projects have significant percentages of M+I 
material relative to the total declared resource, and several have none. Further, it appears that the 
amount of geologic de-risking that occurs is unique to each project and company. 
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The authors observe that amongst private companies, the criteria for advancement of a project is 
sometimes even more nebulous and inconsistently applied than for public companies. 

SURVEY DISCUSSION 

Relative proportions of Measured, Indicated, and Inferred Mineral Resources 
informing PFS and/or FS levels of study and expectations for proportions of 
Proved and Probable Ore Reserves as outcomes from such studies 
Half of the companies surveyed do not have a defined proportion of Measured and/or Indicated 
Mineral Resources to support a PFS or FS study. 
The authors note the very point of embarking on a PFS or FS is to confirm the technical feasibility 
and economic viability of the resource and define a reserve estimate, namely to determine and apply 
the modifying factors ‘in sufficient detail to support mine planning and evaluation of the economic 
viability of the deposit’. The next point talks to this matter of determining whether an Ore Reserve 
can be defined and reported. 
Companies that provide guidance on the relative proportions for Measured and/or Indicated Mineral 
Resources required to advance a project to techno-economic study level, typically link these 
proportions to the payback period/initial mining areas in some way. Some companies note that the 
proportion is linked to the source of funding, whether internal or external, implying they may be more 
willing to accept lesser proportions of high-confidence material if the project is funded internally. 
Where required, the proportion of Mineral Resources required to support a PFS is generally 
considered to be best targeted toward those projects where Indicated material represents the 
majority of the resource (>50 per cent or >80 per cent) over the payback period. For FS levels, the 
majority of invitees consider this is best supported by either a majority of Measured or combined 
Measured+Indicated Mineral Resources over the payback period. 
While a number of invitees expect the payback period evaluated at a FS level to be supported largely 
by Proved Reserves, others simply refer to ‘total reserves’ (ie Proved+Probable). 
Some companies allow the reporting of Proved Reserves following the completion of a PFS, while 
others require a FS to be completed before reporting any reserves. Others require a final ‘board-
approved’ FS, while two invitees do not report Proved Reserves at all, as discussed below. 
Those invitees who do not report Proved Reserves at all disclosed that this is because of either: 
1) the inherently lower confidence (continuity) in the Mineral Resource (no Measured component); 
or 2) the selectivity of the adopted mining method (in case of block cave) is such that it is inherently 
less confident for the prediction of the grade and tonnage (metal content) than they would expect for 
a Proved Reserve. 
Even where there is an expectation for certain levels of confidence to be reflected in the classification 
for Mineral Resources and/or Ore Reserves supporting or being reported from PFS and FS studies, 
most companies recognise this aspect is deposit and project specific. As such, companies focus on 
understanding the relative confidence/risk over the payback period or, in the authors’ experience, 
extended over the ‘payback period plus a safety margin’ period. 
The safety margin period is subjective but typically can be as much as the payback period plus 
another 50 per cent of time. It is generally introduced as investors and lenders recognise there is 
uncertainty in certain key technical and external assumptions (such as commodity price, recovery, 
ramp up, commissioning etc) supporting the PFS or FS analysis. This is particularly the case over 
the initial production period, which may then mean this initial period is a not simply the payback 
period. The authors are aware of a company which has adopted a study key performance indicator 
of ‘how many payback periods inform the envisaged LOM period’. This approach recognises that the 
assumptions may not all align in the initial mining period, particularly the commodity prices, and use 
this simple metric to assess the likelihood of achieving payback over the expected project life. 
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Typical project development status prior to finalising studies 
The majority of companies surveyed recognised resource definition drilling on its own is not 
necessarily sufficient to define and assign the highest levels of resource confidence classification to 
support the project status, in this case for a ‘development project’ status. The authors have used the 
project development status terms outlined in the VALMIN Code (2015) for ‘Development Projects, 
namely: 

Tenure holdings for which a decision has been made to proceed with construction or 
production or both, but which are not yet commissioned or operating at design levels. 
Economic viability of Development Projects will be proven by at least a PFS. 

In the case of open pit and underground projects, some companies require direct access to the 
deposit to conduct bulk sampling and infill ‘grade control’ drilling and mapping in the initial start-up 
mining areas or test areas, and other related assessments prior to completion of the FS or as part 
of the preparation for the final or definitive engineering design and construction phase. The definitive 
engineering phase typically follows approval of the FS supported by funding for final studies and/or 
construction. 
Most companies carry out benchmarking of their deposit/orebody against other similar deposits 
and/or past production to assess consistency, resource and reserve classification, confidence and 
risk. This is generally an important part of their stage-gating process within the overall project 
development framework. 
As mentioned previously, even with additional levels of sampling, assessment and benchmarking, 
some deposit styles do not advance to the Measured Resource (or Proved Reserve) categories, 
regardless of the level of techno-economic study. The additional level of technical uncertainty 
inherent in these deposits and styles is recognised by the respective companies and their investment 
panels. However, the authors consider this is more often the case where companies have extensive 
operational experience in these styles of deposits and their extraction, for example for diamond 
projects and certain precious metal projects. 
As noted previously, some companies permit the reporting of Proved Reserves upon completion of 
a PFS, while others require a FS to be completed before public disclosure of any reserves. 
Furthermore, others require a final ‘board-approved’ FS to be completed prior to such declarations. 
In contrast, two invitees noted they do not report Proved Reserves at all, regardless of the level of 
study completed or project status. 
The authors note the majority (but not all) of those surveyed stated their company had its own 
detailed standard outlining the content of PFS and FS level studies. Most companies considered 
their peers had adopted similar resource/reserve definitions and held similar expectations regarding 
the preparation of techno-economic studies, particularly those at a PFS and FS level, and 
subsequent public disclosure/reporting. 

TREATMENT OF RESOURCE AND RESERVE CATEGORIES IN MINE 
SCHEDULES 
This topic was not the subject of the company benchmarking survey, however, the following 
comments below are based on the authors’ experiences and industry observations. 
With regard to resource and reserve categories, mine schedules and how these reflect the 
company’s estimates of confidence or accuracy over time, the authors note that international mineral 
disclosure standards provide comprehensive guidance. As an example, the JORC Code (2012), 
Clause 33, provides the following guidance for the discussion of accuracy and confidence levels: 

Competent Persons are encouraged, where appropriate, to discuss the relative 
accuracy and confidence level of the Ore Reserve estimates with consideration of 
both underlying estimation and Modifying Factor uncertainties. The statement should 
specify whether it relates to global or local estimates, and, if local, state the relevant 
tonnage. Where a statement of the relative accuracy and confidence level is not 
possible, a qualitative discussion of the uncertainties should be provided in its place. 

Table 1 in the JORC Code (2012) expands this as follows: 
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Where appropriate a statement of the relative accuracy and confidence level in the 
Ore Reserve estimate using an approach or procedure deemed appropriate by the 
Competent Person. For example, the application of statistical or geostatistical 
procedures to quantify the relative accuracy of the reserve within stated confidence 
limits, or, if such an approach is not deemed appropriate, a qualitative discussion of 
the factors which could affect the relative accuracy and confidence of the estimate. 
The statement should specify whether it relates to global or local estimates, and, if 
local, state the relevant tonnages, which should be relevant to technical and economic 
evaluation. Documentation should include assumptions made and the procedures 
used. Accuracy and confidence discussions should extend to specific discussions of 
any applied Modifying Factors that may have a material impact on Ore Reserve 
viability, or for which there are remaining areas of uncertainty at the current study 
stage. It is recognised that this may not be possible or appropriate in all 
circumstances. These statements of relative accuracy and confidence of the estimate 
should be compared with production data, where available. 

More recently, it has become common for companies to report the proportion of material from each 
Mineral Resource category (and/or Ore Reserve category) informing the LOM schedule. This is 
typically completed on an annual basis, by way of tables or graphs, even if only for internal purposes 
(Figure 4). In some cases, for example investor reporting, these categories may be grouped or 
consolidated as Inferred and Measured+Indicated Mineral Resources and/or Ore Reserves. In some 
cases, the LOM schedule may include exploration potential (or Exploration Target) material in these 
production targets for internal assessment purposes rather than for public disclosure. 

 
FIG 4 – Example of a LOM schedule with resource category proportions. 

Companies subsequently discuss, or are expected to discuss, this breakdown of annual schedule 
mix in terms of the payback period, plans to further define and upgrade the classification, 
replenish/replace the Ore Reserves, etc. Similarly, the use of Inferred Resources or other material 
in the LOM plan requires a discussion on its materiality and the extent to which the project economics 
rely on such material. Companies generally present the sensitivity of the project to the inclusion or 
exclusion of this material. 
As noted previously, most companies make use of benchmarking, including against production data 
and reconciliation where possible, to assess, explain and report on the reliability of their forward-
looking production projections. Here, companies are expected to discuss the expected accuracy and 
confidence limits for Indicated/Measured Resources or Probable and Proved Reserves and some 
companies do so with reference to an annual production basis. 
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In a few cases, the authors are aware of companies quantifying the uncertainty in the annual 
schedule estimates by way of conditional simulation to attempt to define the potential accuracy of 
the estimates within the annual mine plan and schedule. 
In other cases, companies use conditional simulation to assess the estimation accuracy for the 
resource model, either to help inform the allocation of the resource classification or in other cases to 
quantify the accuracy within previously classified category volumes. This simulation work is often 
performed only over test sub-areas within the broader modelled mineralised zone to provide an 
indicative measure of accuracy. This approach provides a comparison or benchmarking between 
different deposit types. Some companies also use this approach to internally compare between 
projects/operations. 
In order to compare the results of these simulation results across different deposits, the accuracy 
needs to be reported within similar time periods or over similar volumes/tonnages. Some of the 
examples presented from the survey were as follow: 

• ‘It is company policy that Mineral Resource classification is to be based on a definitive and 
auditable process and is to adhere to the ±15% Rule; namely, for a Measured Resource should 
be expected to be within ±15% of the metal estimated at least 90% of the time (on a three-
month period), for an Indicated Resource estimate the annual estimate should be within ±15% 
of the metal estimated at least 90% of the time (over yearly periods)’ 

• ‘±10% accuracy in contained metal over a 1-year period for material classified as Measured’ 

• ‘For Indicated Resources: ±15% accuracy at 90% confidence over 1-year of production’ 

• ‘±15% accuracy in tonnes and contained metal (at 90% confidence) over 1-year production 
period for Indicated material and over a 1-quarter production period for Measured material’ 

• ‘Indicated material to be within 10% annually and Measured material somewhat less (by 
annually we mean for a tonnage that reflects something close to annual mill feed, for example 
for Open Pit operations) 2 Mt or 3 Mt’. 

The authors note an example for a company with diamond, precious metal and base metal 
operations. When this company used condition simulation to compare what its Competent Persons 
meant for the accuracy in Measured or Indicated Resources, they determined that their diamond 
operations would never be better classified than Inferred Resources at the time. However, their 
experience was that the diamond project forecasts could be estimated with reasonable accuracy but 
over different, typically longer production scales to the other operations. As such, they could report 
at best an Indicated Resource over an annual production period, or indeed over a different, perhaps 
longer production period/tonnage (such as a mining bench/level). 
The authors consider this application of conditional simulation should be interpreted similarly to mine 
reconciliation reporting, namely the assessment expected variation between estimates and actual 
results over say monthly, quarterly and annual production periods to monitor that they are within 
acceptable control limits. 

CONCLUSION 
Review of public data for resource and reserve confidence categories and levels of techno-economic 
studies indicates that the disclosed information supports the feedback from the industry survey, 
namely there is a degree variability, perhaps inconsistency, in the approaches applied and 
subsequent outcomes. This variability is perhaps not surprising given the reporting standards and 
guidelines are typically principles-based and not overly prescriptive and so the competent 
persons/qualified persons and their companies determine the approach that applies to their situation. 
The authors note that even where there is an expectation for certain levels of confidence 
classification for Mineral Resources and/or Ore Reserves supporting or being reported from PFS 
and FS studies, most companies recognise the actual decision is deposit and project specific. As 
such, companies focus on understanding the relative confidence/risk within the payback period or, 
in within the ‘payback period plus a safety margin period’. 
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The authors interpret the survey invitees fall into three groups based on their responses, namely a 
risk averse end-member group (four companies), a risk tolerant end-member group (five companies), 
and the remaining companies which were not obviously in either category. Further, it appears each 
company’s position is conditioned on the nature of their primary mineral assets, as to whether their 
portfolio comprises projects with high geological and/or mining complexity or not. 
The ‘risk averse group’ held predominantly bulk commodity deposits, have internal guidelines for 
Measured and Indicated Resource levels for PFS and FS and generally require Proved Ore 
Reserves over the payback period. Further, they typically have internal detailed standards for PFS 
and FS content and believe industry peers from other companies have the same or similar meanings 
for resource categories and PFS and FS levels. 
The ‘risk tolerant group’ typically held projects with greater geological complexity or acknowledges 
that different levels of project complexity exist, none of the invitees had stipulated payback periods 
within their consideration. This group generally has detailed internal standards for PFS and FS 
content, and believe peers have materially different meanings for resource categories and PFS and 
FS levels. 
The authors propose that a further influence on the approaches adopted by industry to resource and 
reserve classification and reporting from techno-economic studies is driven by the evaluations 
applied by lenders and investors. While not covered in this paper, the approach to valuations and 
how the variable mineral asset inputs are interpreted and applied may warrant further review. As an 
example, it is interesting to note that from a valuation perspective the confidence and weighted 
contributions for resource and reserve categories are generally simplified into broader categories of: 
1) Inferred Mineral Resources, 2) Indicated+Measured Mineral Resources, and 3) total Ore 
Reserves. Similarly, in the case of Ore Reserves the authors’ experience is that there does not 
appear to be a particular uplift in values ascribed to projects reported at a FS versus a PFS level of 
assessment. In part, this may reflect that such studies are addressing the selection of options and 
project risk mitigation, where the most appropriate development option is still being finalised at PFS 
level, while the FS is concerned with optimising the option and less about risk. 
The authors conclude that this practical outcome to the approach to value, and therefore confidence, 
perhaps drives the variable approaches by the industry to the proportions of various Mineral 
Resource categories informing PFS and FS studies, as well as the current approach by industry that 
the level of study, namely PFS or FS, does not necessarily inform the classification of reserves as 
either Proved or Probable Reserves. 
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