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Current State

Flotation concentrates contain ~1500-3000 ppm U;0O4 and associated natural decay products in secular equilibrium.
After concentrate leach, U;04 > 100 ppm with decay products, BUT are no longer in secular equilibrium.

OD copper sulfide concentrates (pre- and post-leach) are classified as radioactive.

EEUDNIGl[=Il Extensive metallurgical test work conducted to produce Cu-sulfide concentrates which can be processed off-site.
Studies Bottom line: lowered the radionuclide activity levels, but not low enough.

WHY?

Simple answer: Uranium minerals don’t host all of the 238U decay chain radionuclides (RNs).
In the OD deposit, RNs are partially to completely decoupled from U at the macro- to nano-scale.
Sulfuric acid leaching then further decouples U from its RNs...

Radionuclide
Mineralogy

We haven’t solved the problem, but at least we now know why.
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Today’s Presentation

Part 1:

Uranium and the uranium decay series

A few definitions - NORM, TENORM, parts per quadrillion (1in 10%)
Part 2:

Uranium and its natural decay products —where they occur MY AR
How does uranium get into our copper concentrates? '
Concentrate leach — removes most of the U, but not much of the RNs

“Metal has no value until it is in a saleable product” (Munro, 2017)

And finally, Why we don’t mine copper separate from uranium!
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Uranium decay series
(238U — 206ppy)
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210RN (419Pb + 21°P0) concentrations?

210pp:
0.000000356 ppm
0.000356 ppb
0.356 ppt

(per 80.7ppm U)

210p@:
0.00000000604 ppm
0.00000604 ppb
0.00604 ppt

(per 80.7ppm U)

NORM
TENORM

TABLE 1
Concentrations of Radionuclides in the Natural Uranium and Thorium Decay Chains for

Uranium Ore containing 1 Bg/g of U-238" and Thorium Ore containing 1 Bg/g of Th-232 in Secular Equilibrium

L-238 Decay Chain

U-235 Decay Chain

Nuchde Concentration (ppm)
U-238 8.07E+01
Th-234 L 17TE-09
Pa234m 3.95E-14
Pa-234 1L.7TTE-14
U-234 4.46E-03
Th-230 1.34E-03
Ra-226 2.75E-05
Rn-222 1.76E-10
Po-218 9.60E-14
Pb-214 8.28E-13
Bi-214 6.15E-13
Po-214 8.43E-20
<Fb-210 3.56E-07 >
B+210 2 19E-10

Po-210 6.04E-09 >

Nuclide Concentration (ppm)
U-235 3.85E-01
Th-231 2.36E-12
Pa-231 2.63E-05
Ac-227 1.73E-08
Th-227 4.02E-11
Fr-223 4.47E-16
Ra-223 2.45E-11
Rn-219 9.03E-17
Po-215 4.25E-20
Pb-211 5.07E-14
Bi-211 2.99E-15
Po-211 3.67E-20
T1-207 6.56E-15

Th-232 Decay Chain
Nuchide Concentration (ppm)
Th-232 2 48E+02
Ra-228 9.96E-08
Ac-228 1.21E-11
Th-228 3.31E-08
Ra-224 1.70E-10
Rn-220 2.94E-14
Po-216 T.80E-17
Pb-212 1.L95E-11
Bi-212 1.85E-12
Po-212 0.97E-23
T1-208 3.31E-14

' An ore containing 1 Bg/g of U-238 contains 1.03 Bg/g of U-234 and 0.0046 Bg/g of U-235,
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Very difficult to measure via
chemical methods when
concentrations < 1 ppb.
Impossible to measure at
the scale of an individual
mineral, ...until recently.




In situ Olympic Dam U-mineralogy provides the clues

HV HFW |mag O] WD det 20 pm
20.00 kV[59.7 ym | 5 000 x |10.9 mm| BSED RX7303
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In situ Olympic Dam U-mineralogy provides the clues

HV HFW |mag O wD det 20 pm
20.00 kV|59.7 pm| 5 000 x 110.9 mm| BSED RX
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Chondrite-normalised?
REY Patterns for OD Uraninites

In situ Olympic Dam U-mineralogy provides the clues

100000 —
10000 - 10000 -
1000 .

sample: RX7989
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100 -
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“Unconformity-related "3 uraninites

sample: RX6763
568 + 33 Ma
470 =+ 13 Ma
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Y Ho Er Tm Yb Lu

1 chondrite values from McDonough and Sun (1995)
2 Meradier et al. (2011), 2 Fremmel et al. (2014)
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_|_1 bl”lOn yrS in the makl ng 1. What is the fate of the RNs when U-minerals dissolve?

— decouple from U at the mineral scale?

— precipitate immediately?

— migrate a short distance and then reprecipitate?
— are some transported along with U*6?

2. Do other minerals carry RNs which have become
decoupled from U over 1.6 Ga?

3. Which minerals are the RNs likely to reprecipitate onto?
4. Relative solubility of RNs under acidic conditions?

HV | HFW |mag O| WD det

5. What can be learned about the RNs during processing?

20.00 kV[59.7 pm| 5 000 x |10.9 mm | BSED |
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Very Simplified Olympic Dam process flow

Separate Reduce Convert Cu-
sulfides & U;O0g, F & sulfides into
gangue Fe pure Cu metal
_ Sulfide Sulfide
Ore from UG mine _| Milling and | concentrate Concentrate |concentrate | Smelter &
~ +2% Cu flotation J ~ 36-40% Cu leach J~ 40-46% Cu refinery J
600ppm U,0q 1500ppm U,04 150ppm U;04
U;04 & Cu Cu liquors
in leach 'ﬁergoée feed into Lépgrqde
liquor o EW refiner PLT
Cu y U30g
Flotation tailings Tailings ]Leach liquor g?D 8:: U-liquors
~ 0.15% Cu leach JLeach residué olven J
<
170ppm U;0q lFinaI residue
Tailings
disposal
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OD radionuclide balance*

Flotation Flotation Tails leach CCD UF Unleached Leached
feed tails discharge Cu-conc Cu-conc
(Ba/g) (Bd/g) (Ba/g) (Ba/g) (Ba/g) (Ba/g)
U 600 ppm 533 ppm 160 ppm 105 ppm 2100 ppm 145 ppm
Th <50 ppm 70 ppm <50 ppm <50 ppm <50 ppm <50 ppm
=i 7.4 6.6 2.0 1.3 26 1.8
230Th 7.5 7.5 4.4 4.5 30 2.5
226Ra 7.0 6.8 6.2 5.8 24
210pp 6.6 7.2 57 |7 5.3 30 ?
210pg 7.6 6.3 6.8 6.1 30
secular secular non-secular non-secular secular non-secular
equilibrium equilibrium equilibrium equilibrium equilibrium equilibrium

*Radionuclide balance in the processing of copper and uranium at Olympic Dam:
ANSTO (2008), also reported in the 2009 EIS

What does the mineralogy show?

Beyond the limits of technology until ~ 5 years ago.
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WORLD FIRST (right here in Australia on OD samples):
nanoSIMS used to map RN distribution at the mineral scale

nanoSIMS — University of Western Australia, Perth

« sSeven isotopes at one time
* to 40nm lateral resolution

« excellent mass resolution

« O or Cs*ion source

* to ppb detection limits

« only ~40 worldwide, 2 at UWA
* isobaric mass interferences
* not currently quantifiable (minerals)
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ARC Research Hub for Australian Copper-Uranium
THE UNIVERSITY

ADELAIDE

Government of South Australia
\* Department of State Development

i Australian Government

BHP
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Mark Rollog was a PhD student (now completed) within the Hub. He identified the possibility of using
nanoSIMS to map the distribution of radionuclides at the mineral scale. nanoSIMS was never used to map
RNSs prior to this project. He also produced the RN maps presented here. Once the method was established,
other members of the Hub team started using nanoSIMS. All of this work has been published.
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Mineral hosts of uranium and the radionuclides

Mineral hosts of uranium Mineral hosts of the radionuclides

* uraninite, coffinite, brannerite * uraninite, coffinite, brannerite

* hematite * hematite, barite, REE minerals

* sulfide minerals » sulfide minerals (along grain boundaries)

* REE minerals, sericite, chlorite * APS minerals, molybdenite, fluorite
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Mineral hosts of uranium and the radionuclides

Mineral hosts of uranium Mineral hosts of the radionuclides

e uraninite, coffinite, brannerite e uraninite, coffinite, brannerite

 hematite hematite, barite, REE minerals

» sulfide minerals sulfide minerals

* REE minerals, sericite, chlorite APS minerals, molybdenite, fluorite

covellite, sulfates

grain edges, pores, cracks, etc

HV | HFW |mag O] WD | det 30 pm
20.00 kV|74.6 ym| 4000 x | 9.7 mm | BSED 1212-1800+53

Mineralogical hosts of radionuclides I I 1| ~
Technically notlg)ossmle until ~ 5 years ago BHP
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How does U (and RNs) get into Cu concentrates at OD?

Copper sulfide flotation reagents are not selective for uranium
minerals. However, uranium is recovered in copper concentrates.

* sulfide-uranium mineral composites

sulfide-gangue-uranium mineral composites

entrained gangue-uranium mineral composites

entrained fully liberated uranium minerals

entrained hematite containing sub-um sized or lattice substitution U

Uranium recovery (or upgrade) to flotation concentrates is a function
of the U-grade in the feed. As the U-grade decreases, so does the U-
recovery to concentrates.
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Upgrade of uranium into copper concentrate
Max U308 content in mill feed to produce a ‘non-radioactive’ concentrate?

U;04 grade in concentrate at target sulfides in unleached concentrates
2000

i| data source: OD geomet samples o

1800
] 80% sulfides//

1600 - /

c 1400
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< 1200 /

3 P

S 1000 NA/
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c

3 800 /

O°° _/—(

= 600 /—0— s _
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smelted = — . - - —— —— — e ——

<10 ppm U,0, 0 1\ 200 400 600 800 1000 1200 1400
100 ppm U,0q U;Og in feed (ppm)

Vanessa Liebezeit produced this graph
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Why we don’t mine copper separate from uranium.

Mineralogical hosts of radionuclides
20 February, 2020

19

100000

10000

counts

1000

100 -

10

15

20

25

30
time (seconds)

35 40 45 50 55 60




Why we don’t mine copper separate from uranium.

Deposit-scale association of U and Cu minerals

Cu: -400mRL

36000 N

35000 N

32000 N

31000 N

56000 E 57000 E

58000 E

59000 E

57000 E
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Why we don’t mine copper separate from uranium.
Deposit-scale association of U and Cu minerals

Ct
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Why we don’t mine copper separate from uranium.
Deposit-scale association of U and Cu minerals

Cu: -400mRL
>2 4% CUEQ

36000 N

& <100ppm U504

35000 N
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1,800
32000 N

Millions

1,600 /

1,400 /’ eee

o]

1,200 L

4]

-

Cu Grades (wt%)

w

33000 N
g 1,000 N -
© o’
f o .
: \ /
S 800 \\ -
32000 N 600 /
- UG tpnnes & gfade (>2.4% CuEq)
57000 E 58000 £
- 400 = —— UG tonnes |
— N Y UG (<100 ppm U308) tonnes
BLOCK : CU_LITE . N\ UG GCu Grade
31000 N \ ----- UG (<100 ppm U308) Cu grade

0.000 <= [ < 0.500 j !

0.500 <= [_] < 1.000 o : 2 3 4 5 6

56000 E 57000 E 58000 E 59000 E Cutoff Grade %Cu
1.000 <= ] < 2.000 '

Mineralogical hosts of radionuclides 2.000 <= I:I < 4.000 BHP

20 February, 2020 4.000 <= [} < 99.000 29



Conclusion: Understanding the Minerals does Matter

The chemistry of 238U, 230Th, 2?6Ra, 22?Rn, 210Ph, 219P¢ is different, so the mineralogy will be different

Extensive metallurgical test work conducted to produce marketable copper sulfide concentrates
Bottom line: lowered the radionuclide activity levels, but not low enough
“Metal has no value until it is in a saleable product” (Munro, 2017)

Metallurgical
Studies

SEGIINGI[N Uranium minerals don’t host all of the U238 decay chain radionuclides (RNs). TRANSFORMATIONAL
WILTEIEUeIe)Al In the OD deposit, RNs are partially to completely decoupled from U at the macro- to nano-scale.

Cob
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