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“Forensic Geology?”
◼ The textbook definition of  forensic geology 

focuses on comparison of  soil samples and 

tracking of  geological materials

◼ I’ll be talking more about forensic material 

science, especially tracing rare metals but 

touching on metallurgy, car accidents and more

◼ “Forensic” simply means “for legal purposes”

◼ Higher degree of  certainty required

◼ Science needs to be clear to lay people

◼ Good general knowledge, chemistry, mineralogy 

and stats….



Adding Value? 
◼ Mining seeks to extract a 

valuable commodity from 

a resource

◼ Each level of  processing 

increases the value of  the 

commodity

◼ Certain low volume, high 

value commodities are 

prime targets for theft

◼ Diamonds, gold, 

PGEs

◼ Processed form more 

valuable than 

unprocessed

◼ Coal, Mn, Cr targeted in 

different ways



Gold in South Africa

Witwatersrand 

Goldfields

(“WITS”)

Mined from 1882

Vast majority of  

world’s gold came 

out of  the 

Witwatersand

South Africa still 

produces 3-4% of  

the world’s yearly 

gold production









Gold Theft in South Africa

◼ Gold is stolen at all stages of  production in 
South African mines

◼ Stolen as raw ore, from the rock face

◼ “Pirate mining”

◼ Probably 60% of  all gold stolen

◼ Stolen as concentrate from the mills

◼ Stolen as bullion on the way to Rand Refineries

◼ Generally repatriated into the legal gold system 
via jewellery pawnbrokers



Illegal mining operations:

- “Zama Zamas”

- Operate in both working 

and defunct mines

- Can spend months 

underground (parallel 

economy)

- They extract raw ore 

from the rock face

- “Stealing the eyes of  

the mine”

- Target high value 

reefs, ignore mining 

license conditions

- Preprocessing of  ore 

occurs underground and 

is smuggled out



Illegal processing plants on surface use 

mercury amalgamation and low 

temperature volatilisation to release the 

gold

Everything stolen off  the mines…



Dirty secret: Stolen gold needs to enter the legal chain to be profitable

- Manufacturing jewellers with a smelting license 

- Pawnbrokers

- Small scale refineries

Major income- tax theft (VAT fraud)



How much?

◼ Cost to economy estimated at R4 billion in 2007

◼ 200 million USD

◼ Calculated on mine call factors and on rate of  

seizures

◼ Supports a massive criminal industry based 

around large syndicates

◼ Difficult to judge current situation



What is gold in science terms?



In what form do we extract gold 

from underground?

◼ As native gold

◼ Relatively rare in Wits 

deposits

◼ As sulphide minerals

◼ E.g. as part of  pyrite 

(FeS) 

◼ As arsenides or 

tellurides

◼ Not present in SA



Basic processing

◼ Use explosives to break 

gold-bearing ore from 

the rock face 

◼ Crush the ore to a finer 

fraction

◼ Use density separation to 

separate the lighter 

silicates from the dense 

gold or sulphide



Commercial versus “Illegal” 

processing methods

Commercial

◼ Heavy mineral separate is 

leached in cyanide (CN)

◼ Activated carbon is used to 

remove gold from the 

cyanide

◼ Gold is then smelted into 

“mine bullion” or dore gold

“Illegal” 

◼ Heavy mineral separate is 

dissolved in mercury 

(“mercury amalgamation”)

◼ Mercury is removed by low 

temperature (<1000 deg C) 

heating

◼ Product is then smelted into 

various forms

Final stage of  processing is electrolytic refining,

Which separates out individual metals



“Illegal” vs Artisanal?

◼ In countries outside South Africa, small scale 

manual mining of  gold is allowed/tolerated

◼ Artisanal mines are often in areas without electricity 

and with limited resources

◼ Processing methods still use mercury to amalgamate 

the gold, but additional processing is sometimes 

done to remove base metals

◼ Flux melting with Borax is the preferred method

◼ Probably used by the Romans 2000 years ago 



How does science help us?

◼ Native gold is not pure

◼ Contains major amounts of  silver, copper, lead, 
mercury, bismuth

◼ Directly related to formation of  the gold

◼ Wits gold ranges between 60 and 90% gold

◼ Abundant trace elements including Pd, Pt, Ir, Rh, Fe, 
and many more

◼ In-situ analysis of  the gold particles can yield a 
profile (or fingerprint) which can be compared 
with a database



Other applications

◼ Elemental 

fingerprinting used 

for:

◼ Matching automotive 

glass to hit and run 

accidents

◼ Matching paint from 

cars in hit and runs

◼ Matching paint to 

detect forgeries



The setup

◼ SAPS Forensic Science Labs used a laser 

ablation setup and a high speed Time-Of-Flight 

ICP-MS

◼ Able to sample 260 elements every 40 ms 

(theoretically)

◼ For fingerprinting, 60 elements are sampled

◼ Method development and research was driven 

by the need to satisfy new mining legislation

◼ All producers need to submit regular samples to the 

regulator (but do they?)







How to present data for court

◼ Next few diagrams are picked to be “clear”, not 

to be scientific

◼ I use multivariate statistics (PCA and others) to 

identify statistical trends

◼ However, I use the results to determine which 

analytes to use for clear images

◼ Must be understandable to the lawyers and the 

judge, and ideally unquestionable by the defence

◼ Lawyers often try to obfuscate and hide the impact 

of  forensic reports



Legal vs Illegal Gold





“Stolen Brazing Rods”







Identifying processes…

◼ We can clearly distinguish between refined gold 
used in jewellery and mine bullion

◼ A third group of  samples does not match either 
group

◼ Gold smelted at lower temperatures

◼ Mercury or lead amalgams

◼ “Illegal” in the general context

◼ This work allows hand-held XRF to be used in 
raids

◼ Roberts, Richard J., Roger D. Dixon, and Roland KW Merkle. "Distinguishing between legally and illegally 
produced gold in South Africa." Journal of  Forensic Sciences 61 (2016): S230-S236



Wits vs. Others



Identifying Gold Source (OES)



Free State Goldfields



West Wits Goldfields



Conclusions

◼ Difficult to prove beyond doubt that illegally 

processed gold came from a particular mine

◼ We would need to process samples from all mines 

via illegal method to compare like for like

◼ However, possession on mine property and 

other indicators can work

◼ Not so good on raids on pawnbrokers

◼ Distinguishing between “illegal” South African 

gold and “artisanal” gold from elsewhere in 

Africa can be tricky



Comments on other 

forms of  mining theft



Platinum 

processing

◼ Mining

◼ 10 ppb per ton

◼ On-site concentration

◼ Crushers 

◼ Cyclones

◼ Froth flotation

◼ Concentrate running at 1-

10ppm per ton

◼ Precious metal refinery

◼ Electrowinning circuits

◼ Pure metals (Pt, Pd, Rh, Ru, Ir, 

Os, Au, Ag)

International (Swiss) refineries 

take concentrate with fake origins

- Internationally sensitive

Point of  theft



Endless stories



Diamond theft

◼ Small, high value items

◼ Stolen from beach sand and raw rock

◼ Workers can spot and remove stones before crushers 

(and are expected to do so to save large stones)

◼ The trick is how to get the material off  site

◼ Pigeons

◼ Body cavities

◼ Other sneaky methods





Chromite

◼ “Victimless” crime- removing ore from 

currently unmined localities

◼ Differs in that no money has been spent to expose 

the seams

◼ Probably should be licensed as artisanal mining

◼ “Wild West”

◼ Illegal miners move from site to site

◼ Ore collected by carriers at night

◼ Ore amalgamated with legal ore at smelters 





An ongoing scourge



Other cases

◼ I’ve worked with SARS on royalties

◼ Identifying the value of  material produced

◼ Recalculating survey figures

◼ Dumping of  radioactive and hazardous waste

◼ Characterisation of  mineralogy in samples

◼ Distinguishing between products of  processing and 

unprocessed waste

◼ Never yet landed up in court….



Unexpected results….

Or how we reduced gold theft by 

half…



Sample Set

◼ Three bags of  prills collected in 2005 from West 

Wits mine

◼ Carbon Leader 

◼ VCR

◼ Main Reef

◼ Each bag had approximately 500 prills

◼ Each prill was individually mounted, and several 

hundred have been analysed





Results

◼ Excellent regression curves

◼ Glass standards used to calibrate

◼ Detection limits low ppb’s or below

◼ Data recalculated into percentages

◼ Au is not measured directly, but done by 

difference

◼ Assume we’ve measured everything else, so

 %Au= 100- everything else



0

5

10

15

20

25

30

35

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100

Au (%)

N
o

. 
o

f 
S

a
m

p
le

s

0

5

10

15

20

25

30

35

40

45

50

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100

Au (%)

N
o

. 
o

f 
S

a
m

p
le

s

Driefontein Carbon Leader

Driefontein VCR



0

10

20

30

40

50

60

0 5 10 15 20 25 30 35 40

Ag (%)

N
o

. 
o

f 
S

a
m

p
le

s

0

20

40

60

80

100

120

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 >5

Pt (%)

N
o

. 
o

f 
S

a
m

p
le

s

0

20

40

60

80

100

120

140

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Pd (%)

N
o

. 
o

f 
S

a
m

p
le

s

0

5

10

15

20

25

30

35

0 5 10 15 20 25 30 35 40

Ag (%)

N
o

. 
o

f 
S

a
m

p
le

s

0

5

10

15

20

25

30

35

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Pt (%)

N
o

. 
o

f 
S

a
m

p
le

s

0

5

10

15

20

25

30

35

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Pd (%)

N
o

. 
o

f 
S

a
m

p
le

s



BUT…



Lead Collection Problems

◼ Nearly 30% of  the prills contain more than 1% 

Pb

◼ Some prills are 50% Pb

◼ Other elements are associated with these prills

◼ Bi, Hg, Tl

◼ Prill is effectively “overweight”
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Pb Problem cont…

◼ Pb content is independent of  size

◼ These prills are effectively “overweight” for 
sampling

◼ Average gold content in both CL and VCR 83% 
(RSD= 14%)

◼ CL average 80%, VCR 84% 

◼ Average content of  other precious metals (Ag, Pd, 
Pt, Rh) is 13.7% (RSD=50%)

◼ Prills with high Pb will increase the apparent 
gold mass 



Possible causes

◼ Incorrect or incomplete cupellation

◼ Pb and associated elements are not properly 

removed during fire assay

◼ May be a temperature distribution problem within 

the furnaces, or a preparation problem

◼ Probably causing overestimation of  gold 

content in some stopes

◼ Only take a few “overweight” prills to alter the 

valuation of  a stope

◼ Required complete reassessment of  gold 

reserves
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