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Abstract. The copper-gold ore deposit at Gedabek in 
western Azerbaijan is described, together with the 
various processes that are used to extract the gold, silver 
and copper from these ores.  The processes include heap 
leaching, agitation leaching and flotation.  Geometallurgy 
is used to classify the various types of ore found in this 
complex ore body and to determine the optimum 
processing route for each ore type.  Examples of the ore 
classification system are given. 
 
1 Introduction 
 
The Gedabek Au-Cu-Ag deposit is located in the 
Gedabek Ore District in the Lesser Caucasus mountain 
range in north-western Azerbaijan. The Contract Area in 
which the Gedabek mine is situated is approximately 300 
km2 in size and is one of six Contract Areas held by the 
London-listed junior mining company, Anglo Asian Mining 
plc (“AAM”), under a Production Sharing Agreement with 
the Government of Azerbaijan (Figure 1). The AAM 
Contract Areas are located on the Tethyan Tectonic Belt, 
one of the world’s significant Cu/Au-bearing metallogenic 
belts. 

 
Figure 1. Map of Azerbaijan with locations of AAM Contract Areas 
 
Exploitation of the ore at Gedabek has occurred 
intermittently since the Bronze Age. Old workings, adits 
and even pre-historic burial grounds can be identified in 
the region to this day. More recent mining activity began 
around 1849 when the Greek Mekhor Brothers, followed 
by the German Siemens Brothers Company in 1864, 
developed and operated the Gedabek Cu mine under an 
arrangement with Czarist Russian authorities. At least 
five large (>100,000t) and numerous smaller sulphide 
lenses were mined from 1849-1917, with exploitation 
ceasing at the onset of the Russian revolution. 

During the 1990s, exploration work increased 
significantly at Gedabek, alongside attempts to reconcile 
then-current observations with historic production data. 
New adits were driven by Azergyzil (an Azeri government 

mineral resources agency) in 1995 and trenching and 
dump sampling was conducted. 

After signing the Production Sharing Agreements, 
AAM decided to twin four diamond holes (originally drilled 
during the Azergyzil campaign) in order to ascertain the 
validity of previous drilling and assays. This proved 
positive; so too were results from grab and core samples 
taken during due diligence, with the result that, in 2009, 
AAM developed the Gedabek deposit into an open pit 
mine, marking the company as the first Au/Cu producer 
in Azerbaijan in modern times. The satellite mines of Ugur 
(open pit) and Gadir (underground) have since also been 
developed by AAM within the Gedabek Contract Area 
and all three mines are operated by the Azerbaijan 
International Mining Company (“AIMC”), a wholly-owned 
subsiduary of AAM.  
 
2 Geology of the deposit 
 
The Gedabek ore deposit is located within the large 
Gedabek-Garadag volcanic-plutonic system. This system 
is characterised by a complex internal structure indicative 
of repeated tectonic movement and multi-cyclic magmatic 
activity, leading to various stages of mineralisation 
emplacement. The Gedabek ore deposit is located at the 
contact between Bajocian (Mid-Jurassic) volcanic rocks 
and a later-stage Kimmeridgian intrusion (Late Jurassic). 
The mineralisation is dominantly hosted in the local 
rhyolitic porphyry (known onsite as the ‘quartz porphyry’ 
unit), bounded by the volcanics (mainly andesites) in the 
west and a diorite intrusion to the east. The principal 
hydrothermal alteration styles found at Gedabek are 
propylitic alteration (encompassing the orebody) with 
quartz ± adularia ± pyrite alteration (forming the deposit) 
and argillic alteration (confined to the centre of the 
orebody). 
Ore mineralisation is spatially associated with the quartz 
porphyry. Disseminated pyrite occurs pervasively through 
most of the deposit, with high concentrations of fine-
grained pyrite found at its heart. Increased Au grades 
occur in the shallowest levels of Gedabek, predominantly 
in an oxidised zone in contact with the overlying waste 
andesites. A central brecciated zone continues at depth, 
as has been proven through exploratory drilling 
campaigns. Additionally, faulting running through the 
middle of the deposit has been shown to control the 
hydrothermal metasomatic alteration and associated Au 
mineralisation (causing the argillic alteration mentioned 
above). 

The deposit geology was originally considered to be a 
“porphyry” style, whereas the current interpretation is that 
the deposit is HS-epithermal in nature. Mining of the 



 

1491 Life with Ore Deposits on Earth – 15th SGA Biennial Meeting 2019, Volume 4 

deposit since 2009 has provided a vast amount of data 
about the nature of the mineralisation and its structural 
control.  
 
3 Ore processing at Gedabek 
 
When the Gedabek mine started up in 2009, the ore, 
which initially was mainly oxidic in nature, was treated by 
cyanide heap leaching to produce pregnant leach liquor, 
from which gold was extracted by fixed-bed resin ion 
exchange. Resin ion exchange was used at Gedabek, 
instead of conventional activated carbon, because of the 
elevated copper concentrations in the leach liquors from 
the heaps, which typically contained about 1000 ppm Cu. 
In spite of the high Cu/Au ratios in the Gedabek leach 
liquors, which usually ranged from 500 to 1000, the 
excellent selectivity of the Minix resin used in the process 
was such that the Cu/Au ratio on the loaded resin was 
about one. In order to prevent copper from building up in 
the recirculating leach liquors, a SART plant 
(Sulphidisation-Acidification-Recycling-Thickening) was 
incorporated in the circuit to remove copper from solution 
as a copper-silver sulphide concentrate. A description of 
the operations at Gedabek in the early years of the mine, 
prior to the introduction of the agitation leach plant, was 
given in a paper by Hedjazi & Monhemius (2014). 

As mining progressed, the ore became less oxidised 
and harder in texture, with the result that gold recoveries 
in the heaps started to decrease. In 2012, it was decided 
that agitation leaching should be introduced to operate in 
parallel with heap leaching, with high grade ore (>1.5 g/t 
Au) going to agitation leaching and low grade ore (<1.5 
g/t Au) going to heap leaching.  Accordingly, a 100 t/h 
stand-alone agitation leach plant, including resin-in-pulp 
solution processing, was designed, built, and 
commissioned by July 2013.  The way in which the 
agitation leach plant was integrated into the original heap 
leach operation is illustrated by the flowsheet shown in 
Figure 2. 

Following the introduction of the agitation leach plant, 
soluble copper became a much more important issue at 
Gedabek. Grinding the ore to minus 75 µm for agitation 
leaching, instead of crushing it to minus 25 mm for heap 
leaching, exposed much more of the copper minerals to 
direct contact with the cyanide leach solutions, which 
increased the rate and extent of dissolution of copper. 
Furthermore, as the mine went deeper, the copper 
grades of the ore tended to increase.  The result of these 
factors was that the consumption of cyanide and hence 
the overall operating costs for producing gold became 
unacceptably high, so that steps had to be taken to 
modify the process to bring down the costs.  To do this, a 
little-used technique that had been invented at the 
beginning of the 20th century, in the early years of cyanide 
leaching, was adopted. The technique involved the 
addition of ammonia into the cyanide leaching system to 
suppress the dissolution of copper, without adversely 
affecting the extraction of gold.  A full description of the 
agitation leach plant at Gedabek, together with a 
discussion of the effects of adding ammonia into the 
cyanide leach, was published in 2018 (Hedjazi & 

Monhemius, 2018).   
After about one year of operation, ammonia additions 

at Gedabek were discontinued because the amount of 
soluble copper in the leach solutions had decreased 
naturally, due to changes in the ore mineralogy, which 
comprised more chalcopyrite and less cyanide-soluble 
secondary copper sulphide minerals. 

The next development at Gedabek was the 
introduction in 2015 of a flotation plant to treat the tailings 
from the agitation leach plant to recover the copper 
sulphide minerals into a copper concentrate, together 
with some of the undissolved gold in the tailings. This 
additional process step increased the overall recoveries 
of both copper and gold.  The plant was run in this 
configuration until the end of 2016 when, for operational 
reasons, it was decided to treat the stockpile of sulphide-
rich ore that had been accumulated over several years. 
This change of feedstock necessitated a reconfiguration 
of the plant so that ore was first treated  by flotation to 
produce a copper-gold flotation concentrate and then the 
flotation tailings were processed through the agitation 
leach plant to recover the gold remaining in the tailings by 
cyanide leaching.A paper comparing the performances of 
the plant in these two configurations was published in 
2017 (Monhemius, Hedjazi & Saeedi, 2017). 

 

 
 
Figure 2. Flowsheet of the Heap Leaching and Agitation Leaching 
Circuits at Gedabek. (For key to acronyms, see Glossary)  
 

In 2018, a second crushing and grinding circuit was 
installed, which enabled raw ore to be fed directly to the 
flotation plant, thus making flotation independent of the 
agitation leaching plant. The current set-up of the 
leaching operations at Gedabek closely resembles the 
pre-2015 configuration shown in Figure 2, but with the 
addition of an independent flotation plant operating in 
parallel. Furthermore, heap leaching has also undergone 
modification over the years.  As well as using crushed ore 
(-25mm) as feed to the heaps, low-grade, run-of-mine 
(ROM) ore is also leached on separate heaps, without 



The changing face of metal extraction – geology, biology and geometallurgy  1492 

any prior size reduction.   
Thus in the current processing set-up at Gedabek, ore 

coming from the mine(s) has to be directed to one of five 
possible destinations, namely: (i) agitation leaching 
(AGL); (ii) flotation (FLT); (iii) crushed ore heap leaching 
(HLC); (iv) run-of-mine heap leaching (HLROM); or (v) 
stockpile (SPF). These various process routes result in 
three marketable products: (i) gold doré; (ii) copper 
flotation concentrate with significant gold credits; and (iii) 
precipitated copper sulphide with silver credits from the 
SART plant. The metal recoveries achieved in these 
processes are shown in the following table: 

 

 
    
The decision on which of these processing routes is 

optimal for any particular batch of ore is based on 
geometallurgical factors, such as gold grade, copper 
grade, cyanide leaching amenability and consumption, 
and ore mineralogy.  

 
4 The use of geometallurgy 
 
A geometallurgical system has been created to classify 
Gedabek ores, based on geology, oxidation state and 
laboratory assay results. The first stage in the 
classification process involves logging the lithology and 
oxidation state of the material at the drill site. The 
dominant ore-bearing lithologies are ‘quartz porphyry’, 
‘andesite’, ‘gossan’, ‘fault’ and ‘dyke’ and oxidation state 
is classified as either ‘oxide’, or ‘sulphide’.  After 
assaying, samples are assigned their assay result in the 
database; the attributing lithology and oxidation state are 
also allocated. Critical grade ranges of gold and copper 
have been established, and the data are separated into 
these as in the table below: 

 
Au range 

Au ↓ 0.3 - 1 g/t 
Au O 1 - 3 g/t 
Au ↑ 3 - 999 g/t 
Cu range 
Cu ↓ 0 - 0.5 % 
Cu O 0.5 - 1 % 
Cu ↑ 1 - 10 % 

The ore material is then assigned a ‘criteria code’, as 
shown in the example in the following table: 

 
 
The code is set-up in the format of ‘Lithology/Mineral 
Zone/Au&Cu Range’ and this coding can be applied to 
the whole dataset; hence:-  

 
 
For example, a sample comprising of transitional fault 
zone material assaying 2.5 g/t Au and 5% Cu would be 
assigned a criteria code of FT6. Metallurgical responses 
are obtained by subjecting each ore sample to a 
standardised cyanide leaching test to measure its gold 
and copper leaching recoveries and its cyanide 
consumption.  These data are entered into the database 
and given a coding.  By also adding empirical hardness 
(‘soft’, ‘medium, or ‘hard’) to the coding, the classification 
can be used to guide drilling operations. This system 
alerts the driller to potential regions of increased 
hardness or abrasiveness that may impact drilling speed 
or the rate of drill bit replacement. It also has benefits in 
the crushing and grinding operations, where ore 
hardness can be used to estimate rate of steel grinding 
ball replacement (in the SAG and ball mills) or the 
frequency of part replacement or maintenance shutdown. 

Since the introduction of flotation alongside leaching in 
the process plants, which was instigated in 2018, a 
simpler set of geometallurgical criteria was developed to 
determine the optimum process route, in which ore 
classification is based primarily on Au and Cu grades.   

In general, all low gold grade ores are treated by heap 
leaching, either as crushed ore or run-of-mine (ROM) ore, 
except those with significant sulphidic copper grades, 
which are directed to flotation. For ores with higher gold 
grades, there are three processing alternatives, as 
described previously, i.e. 

i) Integrated mode A: with agitation leaching (AGL) 
ahead of flotation (FLT) 

ii) Integrated mode B: with FLT ahead of AGL 
iii) Parallel mode: with the AGL and FLT plants 

operating independently in parallel. This 
configuration almost doubles the total 
throughput of ore. 

The choice of which mode is used and for what period 
of time is based on the availabilities of the different type 
of ore and their metal recoveries and production costs in 

Au Cu Ag

AGL 75% 30% 66%

HLC 60% 30% 7%

HLROM 40% 20% 7%

FLT 60% 83% 68%

SPF 60% 83% 68%

Processes
Recovery %

lithology mineral_zone AU range CU range criteria_code

Quartz Porphyry Oxide ↑ ↓ QO1
Quartz Porphyry Oxide ↑ O QO2
Quartz Porphyry Oxide ↑ ↑ QO3
Quartz Porphyry Oxide O ↓ QO4
Quartz Porphyry Oxide O O QO5
Quartz Porphyry Oxide O ↑ QO6
Quartz Porphyry Oxide ↓ ↓ QO7
Quartz Porphyry Oxide ↓ O QO8
Quartz Porphyry Oxide ↓ ↑ QO9

Quartz Porphyry Q Oxide O ↓ 0 - 0.5 % 1
 AHQ-Contact rocks A Transition T O 0.5 - 1 % 2

Gossan G Sulphide S ↑ 1 - 10 % 3
Fault zone F ↓ 0 - 0.5 % 4

Dyke D O 0.5 - 1 % 5
↑ 1 - 10 % 6
↓ 0 - 0.5 % 7
O 0.5 - 1 % 8
↑ 1 - 10 % 9

Au range Cu rangeOxidationLithology

3 - 999 g/t↑

1 - 3 g/tO

0.3 - 1 g/t↓
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the various processes. The overriding objective is to 
maximize the NSR of the operations at any given time 
and this is the criterion that determines the selection of 
the processing route. Clearly, the market prices of gold, 
silver and copper and the selling terms of copper 
concentrates are important factors in this approach.  

Currently, the processing plants are configured in 
parallel mode, with both agitation leaching and flotation 
being operated as independent units.  The decision chart 
for parallel processing, which determines the optimum 
processing route for any particular ore type, as 
characterised by gold and copper assay values, is shown 
in Figure 3. 

5 Conclusions 
 
A geometallurgical system has been created to classify 
Gedabek ores, based on geology, oxidation state, metal 
assay values and cyanide leaching response data.  This 
classification is used primarily to determine the optimum 
processing routes for different classes of ore, through the 
processing options available at Gedabek, which are heap 
leaching, agitation leaching and flotation. Other benefits 
of the ore classification system are manifested in 
improved drilling and blasting performance and in 
reduced costs for comminution. 
 

 
 

 
Figure 3.  Decision chart to determine the optimum route for parallel processing based on gold and copper grade
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Glossary 
 
AAM Anglo Asian Mining plc. 
ADR   Adsorption/Desorption/Recovery plant: where gold is 

eluted from the loaded resin and the stripped resin is 
returned to RIP, while the strip solution is electrowon to 
produce gold doré. 

AGL Agitation Leach plant. 
BLS  Barren Leach Solution: recycled process solution used as 

feed to heap leaching. 
FLT Flotation.  
HLC  Heap leaching of crushed ore.   
HLROM   Heap leaching of run-of-mine ore 
NSR Net smelter return. 
PLS   Pregnant Leach Solution: gold-bearing solution from heap 

leaching. 
RIP   Resin-In-Pulp plant: where gold is extracted from the 

agitation leach pulp and the PLS. 
SART Sulphidisation/Acidification/Recycling/Thickening plant: 

where Cu and Ag are precipitated from the cyanide leach 
liquor to produce a mixed Cu/Ag sulphide concentrate. 

SPF   Ore stockpile 
TMF Tailings Management Facility. 
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Abstract. Geological variability occurs intrinsically in ore 
systems at a range of scales from 10-100s of meters to 
microns. Such variability includes rock type/lithology, 
alteration assemblage zonation and distribution of 
veins/faults. However, mineralogy represents a 
fundamental control on processing attributes (e.g., 
hardness) of different ore types. Such processing 
attributes are rarely confined to individual geological 
variables (such as rock type or alteration assemblage). 
Consequently, geometallurgical domain models built 
solely on lithology or alteration zone distribution are 
unlikely to capture the heterogeneity within an ore 
system. This study highlights the linkages between 
mineralogical variability and rock hardness, a processing 
attribute that influences throughput and energy 
consumption during comminution. Significantly, in the 
geometallurgical context, variables such as hardness 
may operate independently of geological variables. 
Integration of Equotip (impact hardness) and 
hyperspectral mineralogical data in this study highlights 
the co-dependence of these variables and emphasizes 
the benefit of high spatial resolution mineralogical data in 
evaluating processing attribute heterogeneity in 
mineralized systems.   
 
1 Introduction 
 
To meet the future demand for copper, gold and other 
metals, the minerals sector requires a combination of new 
exploration successes, optimisation of 
production/extraction efficiency and the ability to 
economically extract complex ore bodies in an 
environmentally conscientious way (e.g., Valenta et al., 
2019). Economic value needs to be maximised across 
the entire mining chain from exploration to extraction, 
waste disposal and environmental management. An 
understanding of the spatial variability of physical 
processing parameters across an ore body is necessary 
for optimized extraction and scheduling, circuit design 
and waste management. Such approaches can mitigate 
against technical, economic and environmental risk and 
lead to long term cost benefits in an operation. 

There is increasing appreciation that the metallurgical 
performance (e.g., throughput, grindability and flotability) 
of ores may be influenced not by grade alone, but by 
geological variables including lithology, alteration class 
and structure (e.g., Jackson and Young 2016). However, 
prediction of processing attributes based solely on 
geological domain models tend not to account for the true 
physical heterogeneity/variability of processing attributes 

at the deposit-scale (Jackson and Young 2016). 
Emphasis is therefore required on mapping/measuring 
the short-range variability of the rock physical properties 
which influence metallurgical processing attributes. 
These properties include rock hardness (Keeney and 
Nguyen, 2014), mineralogy and 2D/3D texture (e.g., 
Evans et al., 2012; Perez-Barnuevo et al., 2018). To 
statistically measure/sample this variability, high spatial 
resolution analytical tools/techniques are required for 
integration into spatial geometallurgical models. 
Consequently, such tools need to be low cost, rapid and 
have cross-disciplinary applications.  

Here we document the use of the CSIRO HyLogger, 
integrated with Equotip hardness measurements to 
highlight the relationships between material hardness 
and mineralogy at high spatial sampling resolution (<25 
mm). These datasets are of mutual benefit across the 
mining value chain for heterogeneity mapping and have 
implications for predicting processing attributes, 
neutralizing domains and evaluating amenability to 
coarse waste rejection and sortability of complex ores. 
 
2 Sample materials 
 
2.1 Deposit Geology and Mineralisation-style 
 
Two 30 m long drill core intervals were provided for this 
study from an Au-deposit located in the Eastern 
Goldfields of Western Australia. The study site is atypical 
of other shear zone hosted Au deposits in the region. It is 
characterized by a strong relationship between gold 
mineralization and monzonite intrusions which intrude 
volcaniclastic sandstone, conglomerate and sub-volcanic 
intrusions. The alteration is characterized by alternating 
sodic (albite-quartz-carbonate) and potassic (K-feldspar-
quartz-biotite-magnetite) alteration zones ranging 
between 1 and 6 m in thickness. Chloritic alteration 
domains (chlorite-quartz-muscovite-carbonate) occur 
proximal to interpreted fault zones, but are typically 
barren. Although multiple quartz-carbonate vein sets 
occur in the deposit, there is no apparent relationship 
between veining and gold mineralization. Gold 
mineralisation is instead, broadly correlated with 
disseminated pyrite, and higher gold grades occur in the 
sodic alteration zones.    
 
3 Analytical techniques 
 
3.1 CSIRO HyLogger-3 
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The CSIRO HyLogger-3 is a semi-automated 
hyperspectral drill core scanning platform that measures 
spectral reflectance in the near-infrared (NIR), short-
wave infrared (SWIR) and long wave infrared (LWIR; also 
known as thermal infrared, TIR) regions (Mason and 
Huntington 2012). Analysis of the NIR-SWIR spectra 
allows identification of a range of oxide (hematite, 
goethite), clay, phyllosilicate, sulfate, carbonate and other 
hydrous aluminosilicate minerals. The LWIR (or TIR) 
spectra are capable of identifying anhydrous silicates 
(e.g., quartz, feldspar, pyroxene), carbonates and other 
anhydrous aluminosilicates (Mason and Huntington 
2012). During core analysis, the HyLogger acquires a 
high resolution linescan image, a laser profilometer 
surface profile and surface temperature in addition to 
spectral reflectance. The spectral reflectance 
measurements are continuously acquired during 
scanning and outputs are composited to 8 mm intervals 
for mineralogical identification and relative intensity 
estimation. By utilizing both NIR-SWIR and LWIR/TIR 
spectrometers, the HyLogger-3 is capable of identifying 
the majority of rock forming minerals that typically occur 
in zoned hydrothermal systems at high spatial sampling 
intervals.     
 
3.2 PROCEQ Equotip hardness testing 
 
The PROCEQ Equotip (Model-3) is a rebound hardness 
tester used to measure the impact hardness of drill core 
which represents a proxy for more expensive 
metallurgical tests (e.g., A*b) designed to predict the 
impact breakage energy required for different ore types 
(Keeney and Nguyen 2014). Equotip analyses are non-
destructive, rapid (<10 sec. per measurement) and cost 
effective.  

Compared to full-scale impact breakage metallurgical 
tests, the Equotip impact hardness proxy allows coverage 
of a larger proportion of the ore body and captures 
inherent hardness variability at higher spatial resolution. 
In this study, Equotip hardness measurements were 
taken every 24 mm along competent sections of half drill 
core greater than 100 mm in length, avoiding fractures 
and core edges. The sample spacing of 24 mm was 
equivalent to three Hylogger output intervals (IE. 3 x 8 
mm). Raw data acquired by the Equotip are reported in 
Leebs (Ls).    
 
4 Results 
 
Figure 1 shows a compilation log for a 30 m interval of 
drill core showing the down hole variability in i) logged 
lithology; ii) logged alteration; iii) gold grade; iv) Equotip 
hardness (Ls and Cusum); v) HyLogger mineralogy (TIR).   
 
4.1 Downhole geological characteristics  
 
The drill core interval shown in Figure 1, comprises 
variable lithologies including volcaniclastic sandstone 
and conglomerate, felsic intrusives and monzonite. The 
alteration shows some correlation to lithology with 
chloritic alteration constrained to the upper volcaniclastic 

conglomerate and alternating intervals of sodic and 
potassic alteration broadly correlating with subtle 
lithological variations (Fig. 1).  

 

 
 
Figure 1. Graphic sketch log showing lithology, alteration class, Au 
grade, hardness (Ls) and hardness (Cusum) with corresponding 
HyLogger mineralogy.   
 

Alteration intervals range between <1 and 8 m in 
apparent thickness throughout the hole, indicating highly 
heterogeneous lithological and alteration domains exist. 
The correlation of higher gold grades with sodic alteration 
zones is a characteristic observed both at the deposit-
scale and in this drill core interval (Fig. 1). The upper 
chloritic alteration zone (~153 to 158 m) and the lower 
potassic alteration zone (180 to 190 m) are largely barren 
or very low grade (<1 g/t; Fig. 1).   
 



The changing face of metal extraction – geology, biology and geometallurgy  1496 

 
4.2 Equotip hardness variability 
 
Individual hardness point measurements (reported in 
Leebs, Ls) spaced at 24 mm intervals along the drill core 
are shown in Figure 1. The upper 7 m of the intervals has 
less data points due to natural fragmentation of the core 
to individual fragments <50 mm in length, which are 
unsuitable for robust Equotip measurements. 

From the point hardness data, a cumulative sum graph 
was calculated to determine the changes in the prevailing 
mean of the hardness values down hole.  Cumulative 
sum (or cusum) charts are sensitive to deviations from 
the average values (in this case hardness, in Leebs, Ls) 
for a given interval or domain (Napier-Munn, 2014). The 
cusum plots can therefore, be used to identify change 
points from the mean hardness value and identify areas 
of homogenous/heterogeneous mean hardness values.  

The top 3 meters of the interval is characterized by 
variable hardness readings giving an initially erratic 
cusum deviation away from 0 (Fig. 1) indicating a zone of 
heterogeneous hardness. The hardness data gap (155.5 
to 159.0 m) is represented by a line with no slope 
(vertical, parallel to y-axis). The first significant zone of 
constant hardness with low deviation from the mean 
hardness value occurs between 160 and 171 m, 
corresponding to an interval characterized by variable 
lithologies and alternating sodic and potassic alteration. 
This domain is expressed on the cusum plot as a slope 
with near constant gradient (Fig. 1) indicating low 
variability in hardness over this interval. Deviations from 
this slope correspond to changes in hardness as occurs 
at 171 m with a sharp decrease in the hardness value (Ls) 
and the cusum slope direction. The remainder of the 
interval shows variable hardness values and a 
corresponding steep profile on the cusum plot accounting 
for localized variability in the core hardness including a 
hardness decrease at ~184 m depth. Cusum charts are a 
useful tool to identify domains based on variability of the 
feature being measured (in this case, hardness). It can 
be noted that hardness domains do not directly correlate 
to either lithology breaks or changes alteration (Fig. 1). 

 
4.3 Integration of HyLogger downhole mineralogy   
       
A stacked bar chart of the HyLogger mineralogy is shown 
in the far right of Figure 1 as a relative intensity scale of 
mineral abundance normalized to 1, such that a relative 
intensity for albite of 0.5, would infer that albite constitutes 
approximately 50% of the rock mass. Consequently, 
changes in the relative intensity of the identified minerals 
can be used as a guide to down hole mineralogical 
variability.  

The upper part of the drill hole is characterized by high 
dolomite, biotite and chlorite, moderate K-feldspar/quartz 
and low albite (Fig. 1). This corresponds to the low grade 
Au zone with variable hardness values between 600-900 
Ls.  

In contrast, the high-grade Au zone between 159 and 
171 m is characterized by high, but variable albite, K-
feldspar and quartz contents with sparsely distributed 
narrow intervals of carbonate (ankerite) and with no 

significant biotite or chlorite detected (Fig. 1). The 
occurrence of abundant K-feldspar in the sodic alteration 
zones (e.g., 169 – 171 m) highlights the application of 
HyLogger to discriminate minerals that are difficult to 
identify visually or based on physical properties while 
logging. In terms of hardness variation in this zone, there 
is no significant difference in hardness (~900 ±25 Ls) 
between potassic and sodic alteration zones despite 
variations in modal mineralogy. Localised softer intervals 
(750 – 800 Ls) are narrow and correlate directly with 
ankerite identified by the HyLogger (Fig.1).  

The sharp decrease in hardness value at 
approximately 171 m identified in the change in slope of 
the hardness cusum plot coincides with increase in 
biotite, chlorite and ankerite and an absence of albite 
(Fig. 1). This is an unlogged zone marked by a change in 
lithology, but consistent alteration (sodic alteration) 
indicating that visually, this zone is discrete. Notably, this 
is still mineralized (1-4 g/t Au).  

The lower 17 m of the interval shows highly variable 
mineral proportions. Both albite and quartz vary from <0.1 
to 0.6 RI with generally very low relative intensities for K-
feldspar, particularly in the potassic alteration zone 
between 180 and 190 m depth (Fig. 1). Unlike the upper 
sodic-potassic zone, this lower zone contains chlorite, 
dolomite and calcite, as determined by the HyLogger. 
Consequently, the measured hardness is more variable 
in this zone, including localized softer domains. 

 
5 Discussion 
 
5.1 Predicting Hardness from Mineralogy 
 
Equotip impact hardness measurements provide 
hardness data analogous to unconfined compressive 
strength (UCS) of rocks (e.g., Aoki and Matsukura, 2008) 
and is a proxy measurement for standard metallurgical 
tests (e.g., A*b, BMWi; Keeney and Nguyen, 2014) to 
predict energy consumption related to feed material 
hardness.  

The overall hardness of a rock depends on the 
physical properties of the minerals e.g., abrasion 
hardness (Mohs), tensile strength (Vickers hardness) and 
brittle behavior (Hunt and Berry, 2017). Significantly, the 
structural and textural arrangement of these mineral 
grains also affects hardness and comminution 
parameters (e.g., Hilden and Powell, 2017) together with 
the modal abundance of each mineral.  

The hardness domains in the interval studied here are 
shown to be closely defined by mineralogical variations 
that occur at scales of <10 to 100 cm. Softer domains 
contain minerals such as biotite, ankerite/calcite/dolomite 
and chlorite with lower modal proportions of harder 
minerals such as albite, quartz and K-feldspar (Fig.1). 
The converse is true for the harder central potassic and 
sodic domains determined by Equotip measurements, 
these are dominated by hard phases (quartz, albite and 
K-feldspar) with low proportions of softer phases (Fig. 1).         
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Figure 2. Raw Equotip data and cusum distribution plots for 
hardness compared to cusum plots for variation in Relative Intensity 
(RI) for hard and soft mineral phases. Abbrev. qtz, quartz; alb, albite; 
ksp, K-feldspar; dol, dolomite; cal, calcite; ank, ankerite.  
 

Figure 2 compares hardness values (Ls) and cusum 
distributions against cusum distributions for the sum of 
relative intensities (RI) determined by the HyLogger for 
hard silicates (quartz+albite+K-feldspar) and softer 
phases including the sum of carbonate RI, biotite and 
chlorite. The trends in the cusum plots for each mineral 
or mineral class largely mimic the trend of the Equotip 
data cusum values which map harder and softer domains 
down hole. The ability of the HyLogger to determine 
relative intensity of silicate phases known to contribute to 
the overall strength (or hardness) of altered rock domains 
which typically produce lower A*b values and higher 
BMWi values indicating higher energy consumption 
during comminution (e.g., Hunt and Berry, 2017) is 
considered critical for hardness domaining.  

Cusum plots for the Relative Intensity of the softer 
mineral phases (carbonate, biotite and chlorite) similarly 
correspond to changes in domain hardness and in 
conjunction with the hard mineral groups are able to 
delimit harder and softer processing domains (Fig. 2).  

Processing attributes related to hardness can 
therefore be defined based on semi-quantitative 
mineralogical abundance measured using the HyLogger 
at an analytical scale or resolution that captures intrinsic 
variability or heterogeneity across the rock mass. This 
information can be integrated with metallurgical test work 
which whilst carried out on fewer samples, can be used 

to validate both Equotip and HyLogger measurements. 
These later two techniques are lower cost and can be 
readily applied at higher sampling densities across a 
deposit to complement geometallurgical and ore deposit 
knowledge characterization campaigns.    
 
6 Conclusions 
 
The detailed mineralogy determined by HyLogger 
provides high spatial resolution sampling that correlates 
measured hardness with observed variation in 
abundance and distribution of albite, quartz, K-feldspar, 
biotite, chlorite and carbonate. Hardness domains which 
will influence throughput and energy consumption are not 
constrained to specific lithology or alteration domains, 
indicating processing attributes must be mapped and 
modelled independently.  
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Luminescence sorting to reduce energy use during ore 
processing  
Nicola. J. Horsburgh, Adrian. A. Finch 
University of St. Andrews, UK 
 
 
Abstract. Rare Earth Elements (REE) are required for 
the production of all modern technological applications 
e.g. smartphones, televisions, computers, etc. The 
largest markets for REE are in the renewable energy and 
energy efficiency sectors.  For example, REE are an 
essential component of magnets used in wind turbines 
and electric vehicles, also in energy efficient phosphors 
in LCD and LED displays. Although these materials are 
used in ‘green’ technologies the production of the raw 
materials is a major consumer of global energy 
production.  

Comminution of ore in an average mining/processing 
operation accounts for nearly half of all energy used.  
Globally comminution is estimated to consume 
approximately 2% of electricity produced.  With a move 
to responsible sourcing and increasing global demand for 
raw materials, new and innovative solutions are required 
to reduce environmental impacts and improve recovery.  

Sorting of ore prior to grinding would significantly 
reduce energy requirements of processing. Automated 
sorting separates the ore material from gangue. In this 
study we investigate the potential of luminescence to 
fingerprint minerals so that these criteria can be used for 
smart sorting of REE minerals.  
 
1 Introduction 
 
Mineral processing requires ore minerals to be separated 
from gangue. The first stage is comminution, followed by 
beneficiation by gravity, magnetic, electrostatic 
separation or by froth flotation and/or leaching. 
Comminution accounts for 35-50% of total energy and 
mining costs (Curry et al. 2014, Herbst et al. 2003); an 
average mine uses approximately 6,700 kWh/kiloton of 
energy (Jeswiet and Szekeres 2016) and is the largest 
single component of mine energy usage, estimated to 
constitute 1.8% of electrical consumption globally (Naper-
Munn 2015). However, if beneficiation were to separate 
ore from gangue at early stages of comminution, in 
particular prior to grinding (de Bakker 2014) there would 
be significant global energy savings. While grinding is 
done to improve liberation and increase the quality of the 
concentrate, grinding barren rock is energy intensive.  

Sensor based sorting is one method of pre-
concentrating ore. The potential for sensor based sorting 
is high within the mining industry, particularly since its use 
is commonplace within the recycling, food and 
manufacturing industries.  
 
 
2 Sensor sorting 
 

Sensor based sorting of run-of-mine (ROM) allows the 
removal of barren/gangue material and the separation of 
material into separate process streams, ideally 
concentrate and tailings, while at a coarse fraction 
reducing environmental impact by reducing water and 
energy consumption leading to increased productivity, 
yields and profits (Figure 1).  Milling further down the 
processing stream accounts for 40% of mine electricity 
consumption (US Department of Energy Report 2007).  

Automated sorting was first introduced to mining in the 
1940s with the invention of radiometric sorting, followed 
by photometric sorting in the 1950’-70’s (Salter and Wyatt 
1991).  Despite these early uses, showing potential 
applications and a widespread use in other industries, the 
uptake of sorting in mineral extraction has been slow with 
a few exceptions – notably precious metals and 
diamonds – due to the high value of the products. 
Technological advances increasing the resolution of 
detection have seen the adoption of sorting in some 
industrial mineral processing.  

For mining companies to meet the increasing global 
demand for raw materials and technology metals, a shift 
towards more technical solutions that increase 
productivity and efficiency are required. Furthermore, the 
requirements to comply with ever-strengthening 
environmental legislation and the transition to sustainable 
low carbon-energy policies mean that the mining sector 
is under ever-increasing scrutiny. For all of these 
reasons, ‘smart sorting’ of ore offers substantial global 
benefits to mineral processing. 
 

 
Figure 1. The main benefits of automated ore sorting.  
 
3 Luminescence of REE  
 
Emission spectra of REE are distinct and diagnostic due 
to the shielding of f-f energy cascades of lanthanide (Ln3+) 
ions.  Many natural REE bearing ore minerals are 
luminescent and, in this study, we demonstrate the 
viability of luminescence smart sorting of these minerals. 

The luminescence spectrometry system at St Andrews 
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University (Finch et al. 2019) was used to investigate the 
luminescence emissions in response to 
radioluminescence (RL), also known as X-ray excited 
optical luminescence (XEOL), at room temperature and 
also as a function of temperature (-248 to 400°C) on a 
collection of REE minerals chosen to include all REE 
minerals that are being considered as potential REE ores. 
These include monazite, xenotime, eudialyte, fluorite, 
catapleiite, wöhlerite and fluocarbonate minerals such as 
bastnaesite, parisite and ancylite. We present examples 
of the features observed in spectra to provide insights into 
the processes that are present in REE systems below.  

 

 
Figure 2. Spectra of monazite, (Herrebøkasa, Aspedammen, 
Østfold, Norway) from room temperature to 400 °C. Higher 
intensities show hot (red) colours, fading to cold (violet-blue). Note 
the characteristic narrow lines of REE emission which reduce in 
quantum efficiency as temperature increases. Intensity is in arbitrary 
units and blackbody radiation has been removed (top right corner).  

 
Fig. 3. Spectra of ancylite (QEQ195693, Qeqertaasaq, West 
Greenland) from room temperature to 400 °C. Higher intensities are 
hot (red) colours, fading to cold (violet-blue). Note the transfer of 
energy between REE on heating >200 °C. Intensity is in arbitrary 
units and blackbody radiation has been removed (top right corner). 
 
Luminescence studies of REE mineral systems have 
focused on doped synthetic systems (e.g., containing one 
or two REE).  This is not representative of natural mineral 
systems as minerals contain all REE (except Pm). 
Furthermore, elemental substitutions involving other 

elements (potentially including quenching ions, e.g. Fe2+) 
and lattice damage from radiation all influence the energy 
transfer to REE and their quantum efficiency. Intra-ion 
Ln3+ transitions are spin forbidden and so energy transfer 
can only occur though interaction with the crystal lattice. 
The poor quantum efficiency of this process means that 
although there are multiple lanthanides present, only 
those ions that couple most efficiently with the crystal 
lattice are detected, producing sharp lines in the emission 
spectra. Dy3+ (480, 580 nm) dominates in monazite (Fig. 
2) whereas Ce3+ (370 nm) is observed at room 
temperature in ancylite.   

Changes in temperature affect the efficiency of energy 
transfer, particularly if it involves multiple REE. This 
results in temperature-induced, reversible Ln3+ shifts (e.g. 
Fig. 3). Luminescence hysteresis is observed, where 
irreversible changes occur on heating and some 
materials show strong thermoluminescence (light 
emissions associated with heating). 

The luminescence responses are variable within 
mineral systems and by locality, reflecting the 
compositional and structural variations found in natural 
minerals. Characteristic shifts in the dominant lanthanide 
are observed as samples are heated (e.g. Fig. 3). The 
overall conclusion of our work from all of the minerals 
studied (including spectra not shown here) is that REE-
bearing mineral systems give characteristic 
luminescence and that luminescence spectroscopy 
provides a means of fingerprinting the phase of a given 
mineral at a given locality.  
 
4 Luminescence sorting   
 
Current sorting technologies use X-rays and lasers as 
excitation methods, measuring X-ray transmission (XRT) 
and X-ray fluorescence (XRF) of industrial minerals, 
base/precious metals, and diamonds. Usually 
composition is explored by XRF or XRT but visible light is 
also emitted during X-irradiation and hence the upgrading 
of luminescence technology to existing sorting systems is 
viable.  

The luminescence of minerals is sufficiently varied 
that it can be used as a sensitive identification tool. Even 
if an ore mineral does not luminesce strongly (e.g. 
eudialyte), we occasionally find that the associated 
gangue gives a signal. In this case one can remove the 
luminescent gangue material and comminute the ore 
phases without a signal. Hence luminescence-based 
sorting can be a discriminator to underpin smart sorting, 
if the basic characterisation of target minerals is 
determined for the locality of interest.  
 
5 Conclusions  
 
Luminescence is a route that potentially discriminates ore 
from gangue which can, in principal, be used to underpin 
smart sorting. This can be achieved by room temperature 
(RT) spectroscopy, comparing and contrasting RT and 
high temperature spectra and/or seeking TL responses. 
However, as we observe in our census of REE minerals, 
basic characterisation of target minerals is essential for 
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the locality of interest. It is rarely possible to determine 
accurately the luminescence properties of minerals from 
first principles, even in simple mineral systems. 

Mining companies must meet the increasing global 
demand for raw materials and technology metals, 
coupled with an expectation towards more responsible 
mining. Therefore, there is an appetite for technical 
solutions such as this, which increases productivity and 
efficiency and reduces the carbon footprint of mining. 
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Abstract. Geological methods, such as sampling and 
mapping are key components in all mining operations. In 
underground, narrow-vein mines they are of particular 
importance as a small deviation from the ore-zone can 
result in a large loss of ore and be challenging to correct. 
This paper describes protocols for geological sampling 
that can be integrated with mine plans designed for new 
selective underground mining technology. A multistage 
sampling and surveying approach comprise different 
strategies that are tailored to different stages of the 
mining cycle. Collected data will be used to refine 
resource models and mine plans in real-time, providing 
greater geological control, improved grade control, 
enhanced mine planning and increased efficiency of 
selective mining. Continuous mining technology with 
increased geological certainty in high-grade deposits has 
the potential to greatly improve the economic viability of 
small mining operations with the potential to supply raw 
materials within Europe. 

 
1 Introduction 
 
Decreasing rates of discovery of large deposits, declining 
ore grades and increasing environmental costs in global 
mining operations, suggest that the diverse geological 
resource base in Europe can be re-investigated as a 
means to secure sustainable raw material supplies. To 
this end, the IMP@CT project aims to test the viability of 
small, modular, low-impact systems for small deposit 
mining in Europe. The project is developing the concept 
of Switch-On, Switch-Off (SOSO) mining for small, 
currently sub-economic, but well-understood ore 
deposits. These deposits can be extremely high grade, 
but do not provide the returns to justify high capital start-
up costs of large-scale industrial mining. Thus, low-cost, 
high-mobility solutions are being investigated that can 
respond to rapid fluctuations in raw materials markets. 

Selective mining approaches are enabled by the 
development of a reduced scale, prototype selective 
mining tool, with multiple functions, by Metal Innovations 
Ltd. The mining tool negates the need for drilling and 
blasting and can reduce the need for primary crushing. 
The operation of the mining tool facilitates geological 
sampling and mapping to reduce geological uncertainties 
associated with extraction in variable and complex ore 
bodies. In particular, the mine geologist can improve 

resource estimation, short-term mine planning, and grade 
control. 

Here, a sampling and mapping campaign methodology 
is presented, showing how detailed geological 
information can be used to increase recovery and 
decrease dilution through enhanced modelling. The 
methodology will be tested at the Olovo Lead Mine, 
located in the Federation of Bosnia and Herzegovina in 
central Europe, in conjunction with the selective mining 
tool. The results will be used to validate the viability of the 
method in an industrial setting and will demonstrate how 
enhanced mining strategies in real-time compare to 
traditional methods 
 
2 Modern Underground Mining  
 
Modern, industrial mining consists of a number of cycles 
that interlock over the mine life (see Rossi and Deutsch, 
2013; Darling 2001). In underground mining for example, 
a cyclic sequence frequently includes drilling and 
blasting, mucking out (removing blasted material) and 
development for future extraction. Modern underground 
extraction for steeply dipping ore bodies commonly takes 
the form of either short or long-hole stoping methods (Fig. 
1). Development in the ore zone is minimised to reduce 
the amount of dead ground and improve safety in what is 
commonly an unstable area. Lack of access requires that 
samples are obtained from ex-situ sampling points at 
access drives, blast holes or underground draw points. 
Geological sampling is required to ascertain the grade, 
and other properties, of the blocks being extracted. Key 
geological tasks that are linked to the mining cycle 
include resource estimation, short-term mine planning 
and grade control: 

• Resource estimation involves using geological 
information, grade and density at a minimum, to 
calculate the possible mineral resources of a 
deposit. It is a computationally demanding stage, 
requiring modern software and trained users 
(Rossi and Deutsch 2013).  

• Resources are transferred into reserves through 
the design of a mine plan, which details how the 
resources will be recovered and brought to the 
surface for processing (Darling 2011). Short-
term mine planning is the practice of updating 
the original mine plan with increased certainty of 
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the structure and grade of the ore deposit.  
• Grade control is the process by which ore and 

waste is designated at the point of mining so it 
can be dealt with correctly (Hoogvliet, Grieve 
and Sims 2014). This maximises the value of ore 
mined and fed to the mill (Shaw 1990). Grade 
control is ideally performed prior to 
fragmentation, so that ore and waste can be 
separated at an early stage. Ex-situ sampling at 
draw points compensates for lack of access in a 
closed ore stope. 

 

Figure 1. Common underground extraction open stoping methods, 
A) Long-hole or blasthole stoping and B) Sub-level open stoping. 
Common areas for sampling include drill access drives (I), blast 
holes (II) or ore draw points (III). The ore-zone (IV) is commonly 
weaker than the host rocks. Adapted from (Hamrin, 2001 and 
Pakalnis and Hughes, 2011). 
 
3 Mining in a Switch-On, Switch Off context 
 
SOSO mining builds upon traditional mining systems but 
considers that the whole systems approaches are 
required to reduce capital costs and speed up 

deployment of technology to new deposits. A key tool that 
is being developed within the IMP@CT project is the 
Selective Mining Tool, developed by Metal Innovations 
Ltd. Rather than use drilling and blasting to fragment 
material for later processing, a boom-operated road-
header is used within the ore-zone. Rotating picks on the 
road-header are applied to the active face, which 
liberates material from the face in a controlled, 
continuous manner.  

The features of the technology that allow a high 
degree of control are its small-size, manual operation (in 
full view of the active mine-face), changing pick lacing 
and operating conditions. The narrow width of the 
technology further reduces the dilution of waste into the 
ore zone in narrow, high-grade deposits. Ore and waste 
zones can easily be extracted sequentially through 
operator management for increased geological control. 
The pick lacing, pressure and cutting speed can be used 
to control particle size and rate of advance.. 
 
4 Surveying and Sampling Methodology 
 
4.1 Mine Plan 
 
The new mining technology deployed in this project has 
necessitated the development of a specific, new mine 
plan to maximise the ore recovered, develop and respond 
to geological control and minimise potential risks. An 
under-hand, open stoping mining method first cuts in the 
ore-zone at the upper extent of the extraction area, and 
progresses by sequential extraction through horizontal 
slices (Fig. 2).This mine plan allows for a high degree of 
geological control by allowing access to the active faces 
during extraction for sampling and mapping whereas 
other stoping methods do not. Extensive geological 
mapping, sampling, and subsequent resource modelling 
that are performed during mining, reduces dilution and 
haulage costs. 

Figure 2, Schematic diagram of proposed sequential extraction of 
blocks within vein. 1) Horizontal development drive, in vein or 
perpendicular to the vein’s strike. 2) Inclined production drive in vein. 
3) Top cut with individual blocks labelled in order of extraction. 4) 
Second cut with individual blocks labelled in order of extraction. 
Mining would progress through the blue area if the entire stope were 
to be exploited. The grey area is dead ground. 
 
4.2 Sampling and surveying 
 
The multistage sampling and surveying approach is 
tailored to four different stages of the mining cycle.  
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(1). During development through barren waste rock 
(stage 1; Fig 2), there is little need to sample for grade. 
However, density is a key variable in resource estimation, 
for transferring volumetric grade data into mass, and rock 
hardness is key for safety considerations and predicting 
machine wear rates. Density is commonly under-sampled 
in exploration campaigns (Rossi and Deutsch 2013) and 
is included with in-situ analysis of rock hardness.  

(2) Development of an incline within the ore zone 
(stage 2; Fig.2) necessitates a change in the sampling 
strategy. Geological mapping is now a key task as well as 
analysing for grade, via either, in-situ methods such as 
portable X-Ray Fluoresce analysis, or sampling in the 
field followed by analysis in a lab. Channel and grab 
sampling are amenable to narrow, high grade deposits 
(Dominy 2010). The suitability of sampling methods will 
be tested in relation to ore deposit variability in 
conjunction with geological mapping. Focus will be given 
to ore related structures and delineation of ore zones. 

(3) True production will begin on the horizontal levels 
of the deposit (stage 3-; Fig. 2) where discrete blocks of 
material will be extracted. This stage marks the start of 
concentrated sampling activities.  

(4) Sampling will continue on stage 4 (Fig. 2), but with 
greater access to geological faces due to the removal of 
blocks above (Fig. 3). Geological information will here be 
maximised to improve the efficiency of short-term mine 
planning and ore delineation.  

Figure 3. Sketch to show sampling and mapping activity within a 
vertical, high-grade vein, which has been exposed using selective 
mining technology. The red zone delineates the next block for 
extraction and the blue zone the limits of the open stope. 
 
4.3 Real-time updating of geological and resource 

models 
 
Direct access to the stope for generation of geological 
data can be used to update geological and resource 
models much faster and to a higher degree of detail than 
is possible with other narrow vein mining methods. The 
modelling workflow first involves definition of volumes 
and primary structures from initially available geological 

data. Quantitative Kriging Neighbourhood Analysis 
(QKNA) is chosen as the most robust estimator that does 
not require significant computing power (Vann, Bertoli 
and Jackson 2003) for resource models.  

Subsequently, the primary geological model is refined 
using new maps digitised in modelling software, by re-
drawing the component strings of the wireframe and re-
calculating the resulting volumes (Fig. 4). Additionally, the 
primary resource model is enhanced by the incorporation 
of new grade, density and hardness data to improve the 
local estimate. The optimal parameters used to generate 
the QKNA estimate are maintained throughout the 
estimation process from the primary resource model, 
such that the addition of new data and refinement of the 
resource model is expedited. This results in increased 
definition of the ore zone in an enhanced geological 
model and it decreases significantly the time needed to 
produce a robust model. 

 
Figure 4. Schematic demonstrating the refinement of geological 
models with additional mapping data. The top image represents the 
primary wireframe model produced from two identical mapped areas 
and the bottom image the enhanced wireframe resulting when a 
third zone is included between the two previously mapped zones. 
 
5 Case study: Olovo Lead deposit, 

Federation of Bosnia and Hercegovina  
 
The methodology will be tested at the Olovo mine located 
40km north of Sarajevo, the capital of the Federation of 
Bosnia and Herzegovina. The lead ore deposit lies within 
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Triassic limestones of the Internal Dinarides, marine 
sediments uplifted during the Himalayan-Alpine Orogeny 
(Hrvatović 2005). The predominant ore mineral is 
Cerussite (PbCO3), with no primary textures and little 
primary mineralisation present. The structurally-
controlled, vein mineralisation has varying thickness (up 
to 15m) and varies from weakly disseminated to high 
grade ore assaying up to 80% Pb. Gangue mineralogy is 
simple, with calcite, dolomite and quartz being the most 
common minerals, with minor kaolinite observed.  

Lead mining in the Olovo region has a long history, 
indeed the name ‘Olovo’ derives from the Bosnian word 
for lead. Modern exploration started in the 1950s, but 
accelerated in the 1980s. This led to the development of 
numerous exploratory drifts and significant access into 
the ore-zone. Commercial extraction soon followed in the 
early 1990s, but was halted by the start of conflict in the 
region. Whilst the processing plant was completely 
destroyed, the underground workings remained relatively 
intact through very stable limestone. Mineco Ltd. 
acquired the concession in 2012 and has conducted 
intensive exploration works since then, whilst 
simultaneously re-developing infrastructure and 
preparing the project for production scheduled for later 
this year (Wardell-Armstrong 2013). It is an ideal case 
study for SOSO mining in Europe, due to both the stability 
of the underground infrastructure and the high-grade 
mineralisation.  

The Olovo deposit is interpreted as supergene, due to 
the lack of mineral structure and the presence of hydrated 
minerals that are likely to have formed due to the ingress 
of meteoric waters. The monomineralic nature of the non-
sulphide Pb ore has few global parallels. A comparable 
case study that has been well studied is the supergene 
Pb deposits of the Paroo Station Mine (formerly 
Magellan) in Western Australia (Sergeev, Burlow and 
Tessalina 2017). Whilst the classification of non-sulphide, 
vein-type mineralisation into supergene and hypogene 
end-members is relatively straightforward, differences 
remain as to how further classification is structured 
(Hitzman et al 2003 and McQueen 2005).  
 
6 Conclusions and future work 
 
We have determined the opportunities for changes to 
mapping and sampling protocols that are afforded by 
mine plans designed for selective small-scale mining 
tools. We have determined how new protocols can be 
incorporated into geological and resource models. We 
will test the application of this real-time data acquisition 
and modelling methodology in an industrial context 
(Olovo). We will discuss whether greater efficiency, 
recovery of the ore and reduction of unnecessary dilution 
of waste into the ore-stream are realised through better 
targeting as part of a mining strategy. 
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Abstract. Platinum extraction from sulfide copper-nickel 
ores is a multistage process. To make changes in the 
process technology to reduce metal loss the form in 
which platinum occured in the matte and the slag is 
studied. The materials chosen for this study were 
compact Cu-Ni and impregnation sulphide ores. Polished 
sections of smelted products were studied using an 
optical and scanning electron microscope equipped with 
an energy dispersive console. The research work reveals 
that platinum in the matte occurs in the form of chemical 
compounds containing iron (tetraferroplatinum) and in 
that of intermetallic compounds containing Fe and Ni. 
Tetraferroplatinum represents needle-like formations with 
the length of 20 to 500 microns and with the thickness of 
up to 10 microns. It is located in the shell of intermetallic 
compounds. The discovered size effect establishes that 
the content of impurities in tetraferroplatinum (Cu and Ni) 
increases with the decrease in its thickness. The slag 
contains only Pt – Fe – Ni –based intermetallic 
compounds with a size of no more than 5–7 μm and 
floated from the matte by gas bubbles. 
 
1 Introduction 
 
The world’s main platinum reserves are contained in the 
layered intrusions of ultrabasic rocks and in sulfide 
copper-nickel ores. Platinum extraction from sulfide 
copper-nickel ores is a multistage process. It includes 
smelting of a prepared concentrate in electric ore 
smelting furnaces, where the melt is separated into the 
sulfide matte and oxide slag. Although platinum is 
concentrated in the matte, a significant part of it remains 
entrapped in the slag, which results in loss of metal. To 
make changes in the process technology to reduce metal 
loss, it is necessary to study the form in which platinum 
occurs in these phases. This task appears to be important 
since platinum mineralogy has mainly been studied in 
mature slag dumps resulting from copper and nickel 
production (Makarov et al. 2016). 

This research work aims at carrying out an 
experimental study of the forms in which platinum occurs 
in the matte and slag resulted from the ore smelting 
process in order to increase its extraction. 

 
 

2 Materials and Methods 
 
The materials chosen for this research work were 
compact Cu-Ni sulfide ore and impregnation copper 
sulfide ore. According to the data obtained from the 
research, the former consisted of 42.8 wt % pyrrhotite, 
20.0 wt % chalcopyrite, 11.3 wt % pentlandite, 16 wt % 
magnetite, 9.9 wt % silicates as well as 1.5 g/t Pt. 
Impregnation ore contained 8 wt % sulfides in the form of 
chalcopyrite and pyrrhotite, with the Pt content amounting 
to 0.5 g/t. 

Samples of ore were heated and melted in corundum 
crucibles placed in the resistance furnace with a graphite 
heater at a temperature of 1300 ° C for 2 hours. The 
atmosphere in the furnace is carbon combustion 
products. Holding time is 1 hour, cooling with the furnace 
is 1 hour. Products discharged from the furnace were 
separated into the matte and slag. Polished sections (10 
pieces) were prepared to study the mineral composition 
by means of an Axio Image optical microscope and a 
Tescan Vega 3 scanning electron microscope equipped 
with an Oxford Instruments X-act energy dispersive 
console. The electron beam with diameter of 2–3 μm 
made it possible to determine the chemical composition 
with micron accuracy. The elemental content was 
determined with the accuracy of 0.01-0.02 wt %. In some 
cases, in order to facilitate the microscopic analysis of 
particles containing platinum, Pt was added to the ores 
under examination in a specially prepared spongy form 
with a particle size not exceeding 100 μm in the amount 
of 2500-4800 g/t. The added platinum interacts with the 
ore components during heating, holding at high 
temperatures and cooling. The chemical composition of 
the sampling materials was determined by means of a S4 
EXPLORER X-ray fluorescence spectrometer. 
 
3 Results and Discussion 
 
While being smelted, ore is separated into sulfide and 
oxide parts. 

After copper-nickel sulfide ore with a natural platinum 
content (1.5 g/t) was smelted at the temperature of 1300 ° 
C and held for 15 minutes, its sulfide part revealed 
skeletal tetrataenite crystals (FeNi) which contained 
single drop-shaped platinum-bearing intermetallic 
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particles with the size of less than 0.5 μm. 
The addition of platinum to the ore made it possible to 

study the forms of its release in more details. The 
behaviour was similar to behaviour of natural platinum. 

The research work reveals that Pt in the matte occurs 
in the form of intermetallic compounds and chemical 
compounds containing Fe and Ni and representing 
needle-like formations with the length from 20 to 500 μm 
and the thickness of up to 10 μm, Fig. 1. According to 
data obtained from chemical analysis (conducted with the 
help of an energy dispersive console) and X-ray phase 
analysis these formations are intergrowths of prismatic 
crystals which appear to be tetraferroplatinum. The 
crystals are in a double shell which is made up of Pt – Fe 
– Ni- based intermetallic compound with the thickness not 
exceeding 1 μm and with the Pt content ranging from 
33.55 to 56.55 wt % and which in its turn is rimmed with 
Fe – Ni alloy. The latter is a chemical compound of 
tetrataenite. It can also occur separately from Pt 
compounds in the form of skeletal crystals.   

 

 
Figure 1. Needle –like tetraferroplatinum extractions (PtFe) in the 
shell made up of Pt, Fe, Ni and tetrataenite (FeNi) in the total sulfide 
melt (matte) consisting of troilite (FeS), bornite (Bo) and magnetite 
(Mt). Compact Cu-Ni ore melted at the temperature of 1300ºС. BSE 
image. 

 
Tetraferroplatinum contains Cu (0.79-2.64 wt %) and 

Ni (1.86-5.06 wt%) impurities, which is typical for this 
compound (Vatolin et al. 2016). As has been noted (Cabri 
et al. 1975), their content grows in a manner similar to 
that of dispersed Au particles with the decrease in 
tetraferroplatinum thickness (Fig. 2). The intermetallic 
compound (Pt, Fe, Ni) contains Cu (1.97-2.56 wt %) and 
Co (0.27-0.69 wt %) impurities. 

According to the results of X-ray phase analysis, the 
slag consists of 72.4 wt % troilite  10.1 wt% bornite, 7.0 
wt % tetratenite, 4.9 wt % magnetite, 0.32 wt % 
tetraferroplatinum. Iron as a separate phase in metallic 
form is not detected. 

The research makes it possible to trace the stages of  

Figure 2. The relationship between the platinum content in the 
needle-like tetraferroplatinum formations and their thickness. 
 
mineral crystallisation in the process of matte cooling. 
Tetraferroplatinum is the first to be extracted from the 
melt due to the high melting temperature. Its needle-like 
crystals penetrate all the mineral phases in the matte and 
are evenly distributed throughout the sulfide ingot. Then 
a thin metal shell of the alloy (Pt, Fe, Ni) crystallises on 
the tetraferroplatinum surface. Other platinum 
occurrences even in the form of impurities are not 
detected. Finally, tetratenite also crystallises around 
platinum alloys. The last ones to be extracted from the 
melt are sulfides: troilite (with isometric, rounded grains) 
comes first and bornite comes last, thus occupying the 
remaining space and forming irregular grains. Magnetite 
occurs in small amounts in a thin shell of wustite, formed 
together with troilite, both of them having similar grain 
forms. 

During the process of copper-nickel ore smelting, the 
oxide melt (slag) above the matte becomes porous due 
to the release of sulphurous gas bubbles. As can be seen 
from the micrograph (Fig. 3), these bubbles float matte 
drops up to 1.5 mm in diameter as well as irregular 
particles of Pt, Fe and Ni intermetallic compounds with a 
size of between 5 and 7 μm. Consequently, the drops 
appear in surface layers of the slag. 

The oxide melt forms when the impregnation copper 
ore melts. The research reveals that a significant part of 
sulfide beads are present in the upper layers of the oxide 
melt, and all of them are attached to gas bubbles (Fig. 4). 
This fact also indicates that the flotation process is 
complete. The diameter of sulfide beads ranges from 8 to 
170 μm while the diameter of gas bubbles reaches 300 
μm. These beads as well as those in the matte are 
composed of troilite and bornite. Platinum metal added to 
the ore in the amount of 4.8 kg / t does not oxidise and 
occurs in the form of Pt-Fe intermetallic compounds of 
irregular shape. They are associated with sulfide beads. 
Since tetraferroplatinum is not formed, the Pt content is 
lower than that in the metallic phases in the matte, and it 
varies within the range of 55-63 wt %. The composition of 
even individual particles varies on the cross section. 
Impurities are represented by Cu (3.53-3.88) and Ni 
(0.95-2.52). The Fe-Ni shell is not detected due to the low 
nickel content in the ore under examination. 
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Figure 3. An intermetallic particle (Pt, Fe) on the surface of the oxide 
melt amid octahedral and skeletal crystals of Fe and Cu oxides. BSE 
image. 
 
4 Conclusion 
 
The research work reveals that platinum in the matte 
occurs in the form of chemical compounds containing iron 
(tetraferroplatinum) and in the form of intermetallic 
compounds containing Fe and Ni. Tetraferroplatinum 
represents needle-like formations with the length of 20 to 
500 μm and with the thickness of up to 10 μm. It is located 
in the shell of intermetallic compounds. The discovered 
size effect establishes that the content of impurities in 
tetraferroplatinum (Cu and Ni) increases with the 
decrease in its thickness. The slag only contains Pt – Fe 
– Ni – based intermetallic compounds with a size of no 
more than 5–7 μm and floated from the matte by gas 
bubbles containing sulfur. The bubbles also float the 
matte drops with the diameter of up to 1.5 mm into the 
slag. Flotation leads to the loss of valuable metals 
including platinum. 
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Figure 4. Sulfide droplet trapped by a gas bubble (Gas) in the oxide 
melt (Melt). The droplet consists of troilite (FeS), bornite (Bo), and 
Pt-Fe alloy (Pt, Fe). BSE image. 
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Abstract. Parisite-rich rare earth element (REE) ores 
from the Nam Xe deposit in northern Vietnam were 
beneficiated on a lab scale. Beneficiation experiments 
included, amongst others, sensor-based sorting, 
magnetic separation and flotation. Particular analytical 
focus during all experiments was set on the grain size, 
association and intergrowth of of the main REE carrier 
mineral parisite, which is finely intergrown with minerals 
of the barite-celestine solid solution series. All 
experiments were accompanied by mineral liberation 
analysis and chemical assays in order to be able to 
provide direction towards an optimal beneficiation 
strategy for this REE ore with its rather unique 
mineralogy. Special focus was set on the grain 
characteristics of the main REE carrier mineral parisite, 
which is finely intergrown above all with minerals from the 
barite-celestine solid solution series. 

A multi-stage flotation technique was developed that 
uses an ambient rougher and a hot cleaner stage. 
Concentrates with 40% TREO grade with a total recovery 
of about 80% were achieved. It was shown that a 
combination with a sensor-based pre-sorting prior to the 
flotation can increase the input grade for flotation 
considerably by a nearly loss-free rejecting of virtually 
barren bed rock. The process combination developed 
holds good potential for further improvements. 
 
1 Introduction  
 
Nam Xe in northern Vietnam is a large REE deposit that 
can be subdivided in two geographic parts, located to the 
north and the south of the Nam Xe river and Ban Man-
Phong Tho fault, respectively (Vlasov 1961; Nyugen et al. 
2014; Heinig et al, 2019). This study is focused on ores 
from the southern part of the Nam Xe deposit. Here, 
mineralization comprises of up to 70 sub-parallel 
carbonatite dykes and lenses with an overall dimension 
of approx. 200 x 1000m and thicknesses of 0.3 to 2.5 m 
within basaltic rocks of Triassic age (Heinig et al. 2019). 

Fong-Sam (2013) reported proven reserves at Nam Xe 
South to be 199,300t of REO and probable reserves to 
be 3.0 Mt of REO.  REE concentrations reported for the 
Nam Xe South carbonatites are as follows: TREE from 
3,400 to 6,100 ppm in calciocarbonatites, and from 
43,200 to 163,900 ppm in ferrocarbonatites, respectively 
(Nguyen 2013; Nguyen Thi et al. 2014). 

Detailed mineralogical studies (Heinig et al. 2019) 
revealed that parisite Ca(REE)2[CO3]3(F,OH)2 is the main 
REE- bearing mineral in the ores of Nam Xe South.  Other 
rare earth fluoro-carbonates, such as bastnäsite 
(REE)[CO3](F,OH) and synchysite 
Ca(REE)(CO3)2(OH,F) occur only in minor amounts. The 
ore also contains considerable amounts of baryto-
celestine, i.e. minerals of the baryte-celestine solid 
solution series (Hanor 2000), calcite, biotite and 
magnetite. Especially the baryto-celestine is finely 
intergrown with parisite on a sub 100µm-scale (Heinig et 
al. 2019).  

The dominance of parisite as REE ore mineral and the 
close association between parisite and baryto-celestine 
render the mineralogy and mineral association of the 
REE ores of the Nam Xe South deposit as rather unique. 
Little is known about the mineral processing 
characteristics of parisite – as compared to the much 
more common bastnäsite (Pradip & Fuerstenau 2013) 
and monazite (Lucas et al. 2015). Extensive lab-scale 
beneficiation test work was thus carried out in order to 
assess possible processing routes for these ores. 
 
2 Materials and methods  
 
For processing experiments material from surface 
outcrops and two diamond drill cores (0512, 0709) of the 
Nam Xe South deposit was used.  

Initial sensor-based sorting experiments were carried 
out to differentiate groups of host rocks and ores. “Red 
ore” represented carbonatite ore with the highest 
expected REE content; this was distinguished from REE-
poor portions of the carbonatite dykes (including baryto-
celestine and carbonates), “yellow ore” representing 
fenitised but barren host rocks, and “dark green” host 
rock. Sensor-based sorting (SBS) including different 
sensor set ups (optical, NIR, X-ray transmission, X-ray 
fluorescence) were used to separate these groups of 
materials. A second series of tests was made to separate 
host rock (“dark green” and “yellow ore”) from dyke 
material. For this final feasibility test we used a blend of 
ore material and host rocks (~50kg) with a ratio of 1:4, 
respectively. Experiments were done using the size 
fraction 16-31.5mm at the facilities of TOMRA, Hamburg, 
Germany. 

For post-sorting comminution and beneficiation tests 
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host rocks and carbonatite dykes were mixed in an 
approximate 1:1 ratio to obtain a blend similar to an 
expected feed material from an eventual sensor sorted 
material from the mine. Material from more than ten 
individual carbonatite dykes and basaltic host rocks was 
mixed to form a total of 400 kg of sample blend that was 
available for beneficiation experiments including 
magnetic separation (MS), particularly wet high intensity 
magnetic separation (WHIMS), classification and 
desliming. Another comprehensive set of experiments 
was done with special focus on flotation.   

To evaluate both the success and optimization 
potential of the above-described beneficiation test work a 
number of analytical methods were applied, including 
SEM-based image analysis on a Mineral Liberation 
Analyzer (MLA) and X-ray powder diffraction for 
mineralogical analysis, and X-ray fluorescence 
spectrometry and ICP-MS for chemical assays. MLA data 
was also used to determine the degree of liberation, grain 
size distributions, mineral associations, etc. These data 
were used in iterative steps to optimize parameters of 
subsequent flotation tests. 

Up to now, no reference is known about beneficiation 
tests on REE-ores with parisite as main REE-mineral 
using SBS, MS and flotation. 

 
3 Results and discussion 

 
Custom beneficiation for unique, small scale deposits and 
mining operations typical aims for mass flow reduction 
and high recovery rate. This can be achieved by various 
methods, e.g., selective mining, sensor-based sorting 
before or in between comminution, magnetic separation, 
selective grinding and custom flotation. However, a deep 

understanding of the deposit and the mineral properties 
is needed to select and design the suitable beneficiation 
methods. 

Petrographic observations and MLA data of drill core 
surface rock samples reveal that the REE fluorcarbonate 
parisite is more abundant than bastnäsite. Parisite is fine-
grained (10-300 µm) with typical euhedral and pyramidal 
crystals and is intimately associated with barytocelestine 
and calcite. Sample sections containing parisite display 
reddish colors and are optical distinguishable from the 
surrounding carbonatite minerals. 

This sharp contrast between ore and gangue material, 
which not only applies to color but also to average 
electron density is used by XRT (X-ray transmission) 
sensor to presort the sample material. At a particle size 
of 16-31.5 mm, a sorting approach resulted in 88% 
product to product and 90% waste to waste rate for a 
0.1% TREO cut-off and 100% product to product and 
81% waste to waste rate for a 0.5% TREO cut-off. Almost 
all material from the host rock and barren gangue went 
into the waste fraction. With the final feasibility test on 
bigger scale, a very little REE-loss  
of less than 3 % in the virtually barren rejected host rock 
was confirmed.  

Therefore, we conclude that a pre-enrichment via SBS 
is possible and favorable reducing the mass stream 
significantly and upgrading the beneficiation feed. 
Gangue mineral which have similar average electron 
densities are the remaining challenge of XRT sorting. In 
case of Nam Xe, barytocelestine and barite display no 
significant different signal compared to parisite and are 
part of the sorting concentrate. 

Lab scale grinding tests were carried out to deal with 
the parisite-barytocelestine association of the XRT 

Figure 1: MLA mineral composition and liberation data of the final concentrate and rougher feed. All bars of the mineral group sum 
up to 100%. 
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product and to evaluate an optimal size-liberation fraction 
for batch flotation test series. Sieving and MLA data 
reveal an expected parisite liberation increase from the 
particle sizes fraction +180 µm where only 30 % of the 
parisite grains are >70 % liberated to – 10 µm where 
98.8 %of the parisite grains are >70 % liberated. For the 
medium size fractions, the values of parisite showed 
elevated liberation for each of the fractions, starting with 
the 63-90μm fraction where approximately 75% of the 
parisite display high liberation. For further beneficiation, 
this would mean an optimal composition after grinding 
and no further grinding down to <32μm, since the fraction 
of 63-90μm is already indicating elevated liberation 
values for the main target mineral with a particle size that 
is suitable for both flotation and magnetic separation. 

A series of wet high intensity magnetic separation 
(WHIMS) experiments did not deliver conclusive results. 
On the one hand, a good separation was observed with 
magnetite deporting to the 1st product (low intensity 
magnetic product) and the majority of barytocelestine to 
the non-magnetic product. On the other hand, ankerite, 
the phyllosilicates, and Fe-silicates deported 
unspecifically. Even if the REE contents were almost 
doubled in the 3rd product (high intensity magnetic), no 
clear separation of parisite into one product could be 
achieved as they appear to deport in all products 
including the non-magnetic product. Although magnetic 
separation is described as feasible tool in bastnäsite 
beneficiation (e.g. Jordens et al. 2014, 2016) we could 
not find a suitable separation parameter. 

In an experimental matrix on a 1:1 model blend of 
about 7 % REE-input grade, more than 50 flotation 
experiments were done. Thereby, the flotation reagents 
were chosen from a limited array of oleyl sarcosines, 
hydroxamtes, and lingo-sulphonates based on individual 
experience and literature for comparable bastnäsite 
flotation (Pradip & Fuerstenau 2013). Other parameters 
like pH, grain size (including de-sliming), and temperature 
were changed systematically. 

The first flotation test series was setup as two-step 
rougher flotation with a scavenger followed by a 3 step 
cleaner flotation and a cleaner scavenger. MLA and bulk 
chemical analyses were carried out on the products of the 
flotation experiments, and evaluated with special regard 
to the rare earth carbonates and their grain 
characteristics. The data displayed an enrichment of REE 
fluorcarbonates by a factor of 2.2 in the rougher stage and 
3.4 from feed to final cleaner concentrate. Furthermore, 
MLA data of the flotation stages reveal a problem with the 
parisite-barytocelestine association as barytocelestine 
reached similar enrichment factors like parisite and data 
of the cleaner tailing revealed a lack of parisite liberation 
(Fig. 2). 

Due to these observations, flotation tests were 
redesigned with a two-step rougher flotation and a 
scavenger where the concentrate is re-feeded into the 
wet milling followed by a wet re-grind of the rougher 
concentrate to minus 40 µm feeding into a 3 step cleaner 
flotation with a the scavenger of the first cleaner tailing. 
The cleaner scavenger concentrate is re-feeded into the 
regrinding stage before the cleaners. MLA data revealed 
a REE fluorcarbonate enrichment by the factor of 2.5 in 

the rougher stage and 4.4 (Table 1) from feed to final 
concentrate, respectively.  

 
Table 1: MLA mineral composition data (wt%) of all REE 
fluorcarbonates and barytocelestine of the initial (first) and the final 
(last) flotation setup. 

 
 
Finally, TREO concentrate grades of more than 40 

wt% were reached in the cleaner stage. The most 
effective way turned out to be a combination of cold 
(rougher) flotation on de-slimed ore at a coarser grain 
size (minus 100µm), and a subsequent hot (cleaner) 
flotation after regrinding down to minus 40 µm. The REE 
loss of the de-sliming procedures was found to be below 
8 %. In contrast to the initial liberation evaluation, the 
regrinding step was a need to get a better grade than 
35 % REO. 

Further tests including intensive screening of further 
collectors and additional depressants are supposed to 
reveal potential for further improvement of these results – 
particularly with respect to the parisite-barytocelestine 
separation.  

 
4 Conclusion 

 
We have shown for the first time that it is possible to 
beneficiate an uncommon parisite containing ore. In this 
case, a combination of sensor based sorting and 
subsequent two-step flotation setup led to concentrates 
with more than 40% TREO contents. Our experiments 
also revealed that parisite shows different beneficiation 
characteristics than common bastnäsite in terms of 
magnetic separation techniques and also flotation 
methods. 

Physical Separation of the REE fluorcarbonates and 
barytocelestine will be the next challenge to further 
improve the concentrate, preliminary leaching tests of the 
achieved concentrates revealed promising results, 
nevertheless. Locked cycle tests or mini piloting is 
necessary to verify the lab scale results and unveil further 
optimization potential. 
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Abstract. Gold concentrates often contain significant 
enrichments of scarce or critical elements such as Te, Bi 
and Sb, but there are few financial incentives for recovery 
of these elements as by-products. Deep eutectic solvents 
(DES) may provide novel processing opportunities – 
these are a form of ionic liquid that are mixtures of salts 
such as choline chloride with hydrogen-bond donors such 
as urea. DESs are environmentally benign and the 
components are already produced in large quantities at 
low cost. 

We have demonstrated that gold is rapidly dissolved in 
DES by iodine oxidation, whereas many base metal 
sulfides are unreactive or react only slowly. However, we 
show that trace minerals that host the majority of Te, Bi 
and Sb in a concentrate, such as native Te and Bi, 
tellurides, and Bi- or Sb-sulfosalts, are rapidly dissolved 
at similar rates to gold, suggesting routes to recovering 
gold and critical elements. 

The etching rate shows systematic patterns in 
homologous mineral series, e.g. Ag2Te leaches faster 
than Ag2S which leaches faster than Ag2Se. In all cases 
the selenide leaches the slowest. These observations, 
together with liberation analysis, enable us to predict and 
quantitatively model the bulk leaching behavior of ore 
concentrates and design bulk leach tests. 

1 Introduction 

Mineral deposits are geochemical anomalies where 
useful elements become highly concentrated by 
geological processes to the extent that they are 
economically exploitable. As well as concentrating target 
elements, such as gold, PGE or copper, these processes 
often enrich the ore deposit in a suite of geochemically 
related elements - a feature that is used in mineral 
exploration. For example, orogenic gold deposits can 
also be variably enriched in Te (Spence-Jones et al. 
2018), Sb, W, Se, or Bi. Importantly, these associated 
elements are often categorized as critical or near-critical 
elements that are essential for modern technology, in 
particular environmental technologies, but may be 
subject to supply restrictions. However, recovery of 
critical elements as by-products alongside the main 
commodity (product) is either very inefficient or not 
carried out at all. This is because such by-products 

contribute little value to the deposit due to low price 
combined with low volumes (e.g. Te, despite being nearly 
as rare in the Earth’s crust as Au, has a monetary value 
~400x less), and the prices of small commodities such as 
Te may fluctuate wildly, which deters a producer from 
investing in dedicated recovery circuits. One possible 
scenario is shown in Fig. 1a. Here much of the potential 
by-product is sent to tailings because it is not the focus of 
beneficiation. Even if some or all of the by-product is 
carried into the concentrate sent for refining generally the 
revenue returned from the refiner to the producer does 
not include any value for the by-product – even though 
the refiner may recover it and indeed make some profit 
on it. In some cases, a potential by-product may be 
classed as a penalty element by the refiner and actually 
reduce the revenue for the producer. Hence, in this 
example and many other scenarios, there is no financial 
incentive for the producer to optimize the recovery of the 
by-product, although for Se and Te sending them to the 
tailings may risk creating a future environmental liability. 

Figure 1. a. Scenario where critical element by-product containing 
minerals are not the focus of beneficiation and are dominantly sent 
to waste. Even if recovered by refiner no revenue is returned to 
producer. b. Possible change in processing if by-product elements 
can be recovered along with the primary product using DES. Product 
= Au, by-product = Bi, Te, Sb. 

To find a mineral deposit, develop it, mine and crush 
ore, and extract the product metal, involves a substantial 
amount of energy (that translates to CO2 footprint) and 
cost. Therefore, once ore is mined, the resource use is 
more efficient and has less impact on the environment if 
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the largest possible range of by-products can be 
extracted. This however requires a change to the current 
paradigm of resource use by making it economic to 
recover a greater range of by-products. 

A notable feature of the elements Bi, Te, and Sb in 
many gold deposits, it that these elements tend to 
combine to form discrete minerals, rather than substitute 
into sulfides. Although these minerals are usually only 
present in trace concentrations this presents an 
opportunity for by-product recovery by targeted leaching 
of these minerals. It has previously been shown that DES 
have the potential to rapidly leach gold in a low-energy 
environmentally-benign process (Abbott et al. 2015; 
Jenkin et al. 2016). Here, we show that Bi, Te and Sb 
minerals are also rapidly leached in DES, opening the 
potential for their recovery along with the gold. 

2 Methodology 

Measurement of the etching rate of a range of minerals in 
a DES was carried out using the in situ method described 
in detail by Jenkin et al. (2016). In brief, target mineral 
grains were identified in polished blocks and thin sections 
and immersed in the DES for leaching. The depth of 
etching vs. time was determined by imaging the samples 
before and after etching with an optical profiling 
microscope and measuring the difference in surface relief 
across the mineral grain. Ideally, two or three leaching 
steps were measured, and etching was shown to be 
linear with time within error. Where only one 
measurement was possible the rate determined is a 
minimum. The DES used was Ethaline (1 mol choline 
chloride: 2 mol ethylene glycol) containing 0.1 molar 
iodine as the oxidizing agent. Experiments were run at 
50°C unless otherwise stated and leach steps varied from 
5-60 minutes.

3 Results 

Measured etching rates vary over two orders of 
magnitude from 0.01-1 µm/minute (Fig. 2). The lower 
value is the practical limit of the method, and some slower 
etching may be occurring in other minerals, although 
usually visual observation shows no change suggesting 
they are unreactive. Previously it has been shown that 
silicate and carbonate gangue minerals are unreactive, 
as is pyrite under these conditions (Jenkin et al. 2016). 

Our new data confirm that Au, as native gold and 
electrum, dissolves very rapidly, with electrum tending to 
dissolve faster. Jenkin et al. (2016) reported a minimum 
rate for electrum of 0.17 µm min-1, whereas we show here 
rates ranging from that value (for an isolated grain in a 
placer sample) up to 0.56 µm min-1. For comparison, the 
maximum rate of etching of gold by cyanide at 25°C is 
~0.004 µm min-1 (Wadsworth et al. 2000) – gold leaching 
rates with DES are 40-130 times faster. Our dissolution 
rate is at 50°C vs. 25°C used by Wadsworth et al. (2000) 
but room temperature dissolution with DES at realistic 
rates looks perfectly feasible. Our rates translate to 
complete leaching of even coarse gold grains in 1-2 hours 
in DES providing  

Figure 2. Etching rate data for a range of base metal and by-product 
bearing minerals in Ethaline with iodine oxidizing agent at 50°C 
(unless labelled otherwise). Homologous series of minerals are 
colour coded. 

the potential as an alternative lixiviant to cyanide. 
A range of Ag-, Bi- and/or Te-bearing minerals, 

including tellurides, sulfides, sulfosalts and native Bi and 
Te, are shown to etch as rapidly, and in some cases 
faster, than electrum. In contrast, Sb-bearing minerals 
tend to etch at slower rates, and selenides and copper 
minerals rather more slowly still – although still 
significantly faster than the cyanidation rate of gold and 
thus still a potentially viable leaching process. 

Crystal chemical controls on etching rate can be 
identified by examining homologous series of minerals. In 
general either the sulfide or the telluride etches most 
rapidly, whereas the selenide is always the slowest. For 
example, Ag2Te (hessite) etches much more rapidly than 
Ag2S (argentite) which in turn is more rapid than Ag2Se 
(naumannite). The same pattern is observed for mercury 
chalcogenides – with etching rates HgTe >> HgS > HgSe. 
For Bi chalcogenides etching rates are 
Bi2S3>Bi2Te3>>Bi2Se3. Interestingly there may be a 
distinction between the two polymorphs of Bi2Se3 with 
guanajuatite recording a 50% higher rate than 
paraguanajuatite. A possible alternative explanation for 
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the range of data for Bi2Se3, and for some other minerals, 
is that different crystallographic faces may be etching at 
different rates in anisotropic structures – Jenkin et al. 
(2016) suggested a difference of 50% in the etching rate 
for tellurobismuthite (Bi2Te3) with etching parallel to the c-
axis being faster than perpendicular to it. In general, it is 
difficult to precisely determine the crystallographic 
orientation of individual grains and so be definitive as to 
whether it is crystal structure or grain orientation that is 
causing the difference for Bi2Se3. 

Crystal chemical effects likely also explain the etching 
rate difference between the sulfosalts proustite Ag3AsS3 
and pyrargyrite Ag3SbS3 which etches twice as fast. 

4 Case study – Bi leaching from gold ore 

The in situ etching rate data can be used in combination 
with grain size and liberation data obtained from 
automated mineralogy to understand and ultimately 
predict bulk leach data with DES for specific ore 
concentrates. An example of bismuth leaching from a 
Colombian gold ore sample with DES is described here 
(Khan 2018).  

4.1 Ore mineralogy and Bi and Se deportment 

The ore is geochemically complex, containing significant 
concentrations of Bi and Se, along with Au and Ag. This 
is reflected in the mineralogy, with Se hosted completely 
within paraguanajuatite Bi2Se3, but Bi is distributed 
among a range of phases in addition to paraguanajuatite 
including, bismuthinite Bi2S3, native bismuth, matildite 
AgBiS2 and cosalite Pb2Bi2S5 (Fig. 3). 

Figure 3. Bismuth elemental deportment in Colombian gold ore 
sample. 

4.2 Bulk leaching methodology 

Aliquots of 100 g of sample was added to 300 ml of 
Ethaline with 0.1M I2 on a hotplate at 50°C. This amount 
of iodine represents a large over excess (~10x) of the 
amount required to oxidize the soluble metals in the 
sample. The solution was stirred for times ranging 
between 20 and 300 minutes and then the reaction was 
quenched by adding 300 ml of sodium thiosulfate at a 
concentration of 2M to convert the remaining iodine to 
non-reactive iodide (control tests have shown that 
thiosulfate does not react with gold under these neutral to 

slightly acidic conditions). The residue was separated 
from the solution by centrifuge, washed 3 times with 
water to remove residual solvent, and then analyzed to 
determine the concentration of elements remaining. 

Predicted leach-time curves for relevant minerals are 
calculated from the mineral etch rate data and maximum 
and minimum grain sizes using a shrinking sphere model 
and assuming that the minerals are perfectly liberated. 
No etch rate measurements have been possible on 
cosalite so it was assumed to etch at the same rate as 
matildite. 

4.3 Bulk leaching results 

Bismuth release is rapid in the first 20-30 minutes of 
leaching, with nearly 70% of Bi being released in these 
first steps (Fig. 4). Thereafter Bi release is negligible, and 
all data are within experimental error. 

Figure 4. Bismuth leaching from two size fractions of Colombian 
gold ore in Ethaline with iodine oxidizing agent. Black dashed lines 
are measured leaching data, coloured curves are maximum and 
minimum predicted leach-time curves for different minerals from 
etch rate data and grain size estimates. Bismuthinite is fine grained 
and lies behind the lower cosalite curve. Initial Bi = 537 ppm <100 
µm fraction, 689 ppm 100-150 µm fraction. 

The remarkable dog-leg shaped release curve for Bi is 
actually well-explained from our knowledge of the etch 
rates of the component minerals and their liberation.  Se 
is contained only in paraguanajuatite which is relatively 
coarse-grained and relatively slow to etch (Fig. 2). As a 
result, Se-release (not shown) is slow and is still leaching 
at ~90 minutes – as well as very incomplete (only 10-20% 
released in 300 mins). The latter is an effect of the slow 
etching rate, but also the poor liberation with ~56% being 
classed as locked and therefore unavailable for leaching. 
Approximately half the Bi is also contained in 
paraguanajuatite (Fig. 3) and so the slow/negligible 
release of Bi after 20-30 minutes can also be explained 
by the slow leaching and locked nature of the Bi2Se3. In 
contrast, the other Bi minerals have leaching rates about 
10x faster (Fig. 2), and bismuthinite, which contains about 
25% of the Bi is the sample, is also much finer grained. 
In combination, this means that these phases leach 
rapidly and account for the early steep part of the Bi-
release curve. 
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5 Implications 
 
Our new data not only confirm that gold will be leached 
very rapidly with a DES solvent, but also demonstrate that 
a range of Bi, Te and Sb-bearing minerals will also be 
leached on similar timescales, subject to liberation. In 
contrast, major gangue phases including pyrite will be 
unaffected. This behavior presents the opportunity to 
leach not only the valuable gold product, but 
simultaneously extract the critical elements that have 
already been pre-concentrated into discrete trace 
minerals. This enables alternative processing scenarios 
such as that shown in Fig. 1b. Here, by-product elements 
can be extracted from concentrates along with gold using 
environmentally benign ionometallurgy with DES. This 
generates an additional revenue stream that can benefit 
the producer as it can be done in a smaller scale process 
in-house. Because the producer has a financial incentive 
to also focus on the by-products as well as the gold, the 
recovery of by-product bearing minerals in beneficiation 
circuits can be optimized. This in turn leads to greater 
resource use efficiency and diversifies supply of critical e-
tech elements. 
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Abstract. The continued upsurge in global demand for 
metals, both in scale and in the range used for industrial, 
domestic and “green” technologies, means that vast 
amounts of untapped primary resources will have to be 
exploited well into the foreseeable future. Traditional 
metal mining is a major consumer of energy and producer 
of carbon dioxide and has the reputation, often deserved, 
of having permanently degraded large areas of the 
terrestrial environment. The conflict of society’s hunger 
for metals but its increasing alarm of the environmental 
consequences of how they are obtained requires urgent 
resolution. Biotechnologies that can effectively extract 
metals from minerals and recover them, often selectively, 
from process liquors, have been used for over 50 years, 
but remain very much niche technologies. The potential 
for using the unique abilities of microorganisms for metal 
production is vast, but to realize this requires paradigm 
shifts in how mining industries operate.   
 
1 History and modus operandi of biomining 
 
Using microorganisms to extract and recover metals from 
ores has a long history. In the middle ages, miners at 
copper mines in Spain, China, Wales, and probably 
elsewhere, learned that, if they allowed shafts and adits 
to flood periodically, released the water into lagoons, and 
then added metallic iron to ponds, it was possible to 
recover metallic copper. The “transformation” of iron to 
copper was often perceived as a form of alchemy, but the 
same electrochemical reaction is still used widely to 
produce “cement copper” from pregnant leach solutions 
generated at dump biomining operations. The modern 
era of biomining began within a decade of the discovery 
of a bacterium that was shown to catalyse the oxidation 
of ferrous to ferric iron in low pH water bodies and the 
demonstration that this isolate and some related bacteria 
could accelerate the oxidative dissolution of pyrite (FeS2), 
the most abundant sulfide mineral in the lithosphere. 
These bacteria have the ability to indirectly harness the 
energy “locked up” in sulfide minerals (as reduced sulfur 
and metals) and, in, degrading these they release metals 
that are integral to or associated with these minerals, 
most of which are retained in solution in low pH bioleach 
liquors, facilitating their downstream capture. Many 
commercially-important transition metals, such as 
copper, cobalt, nickel and zinc, occur either 
predominantly or in significant amounts in the lithosphere 
as sulfide minerals, whereas others, such as native gold 
and uranium (in uraninite) are associated with sulfidic 
minerals (pyrite, arsenopyrite, etc.) in some ore deposits. 
Depending on the nature of the target metal, these are 
either solubilised (bioleaching) or made accessible to 

chemical extractants (bio-oxidation) in biomining 
operations. 

Microorganisms involved in the bioleaching/ 
bio-oxidation of sulfidic ores, and the mechanisms by 
which they accelerate their oxidative dissolution, are now 
well known (Schippers and Sand, 2013; Johnson, 2014; 
Harrison, 2016). Rather than this being the remit of a 
unique bacterium, >30 species are now known to play 
direct and indirect roles in biomining, and the key to their 
success is the fact that they operate as microbial 
consortia, rather than as individuals. A fundamental 
characteristic of all these species is that they are 
extremely acidophilic (i.e., they grow optimally at pH 3 or 
less) as biomining is carried out using low pH lixiviant 
solutions. Three groups of acidophilic microorganisms 
have been found in all biomining environments: (i) the 
“oxidant manufacturers”, acidophiles that oxidise ferrous 
to ferric iron, which acts as the primary chemical oxidant 
of pyrite and other sulfidic minerals; (ii) the “acid 
generators”, that oxidise the sulfur moieties in the 
minerals, generating sulfuric acid and thereby help to 
maintain acidity levels in the range that are suitable for 
biomining consortia (generally below pH 2) and the 
chemical attack of the minerals by soluble ferric iron; (iii) 
the “janitors”, which degrade organic carbon compounds 
exuded by active prokaryotes and lysed from dead cells, 
which would otherwise potentially accumulate and inhibit 
groups (i) and (ii).  
 
2 Current status of mineral bioprocessing 
 
The modern era of biomining began in the mid-1960s with 
the dump leaching of run-of-mine copper waste rocks in 
mines operated by the (then) Noranda corporation in the 
USA. Dump leaching is still commonly practised to 
recover copper, but the more precise engineering design 
of thin layer heaps has emerged as often more efficient 
(certainly in the time required to complete an operation) 
and has been used widely in Chile and elsewhere to bio-
process mineral concentrates as well as crushed ore 
(Brierley and Brierley, 2013). In situ bioleaching, which 
essentially operates in the same way to the mediaeval 
practices, was used to extract residual uranium from 
worked out mines in Canada in the 1970s, and contrasts 
with tank leaching, used primarily as a preliminary stage 
to liberate gold from refractory ores, which is highly 
engineered but relatively rapid. However, despite its 
apparent “green credentials”, biomining has remained a 
niche rather than mainstream technology in the metal 
mining sector. Current estimates are that biomining 
accounts for ~15% of global copper production, 5% of 
gold, and smaller percentages of other metals (e.g., zinc, 



 

1517 Life with Ore Deposits on Earth – 15th SGA Biennial Meeting 2019, Volume 4 

nickel, and uranium). There are, however, a number of 
reasons for this, one being the relative slowness of the 
process compared with pyrometallurgical and alternative 
hydrometallurgical (e.g., pressure leaching) options. 
Bioprocessing in tanks generally takes several days to 
complete, heap leaching takes 1–3 years, while dump 
leaching can last up to or even well beyond five years. 
Other reasons include, as mentioned, the current 
limitation of bio-processing, at full-scale, to reduced ores 
only, the occasional mistrust of “bio”-based processes in 
some parts of the mining sector, and the need to 
maximise the use of existing large-scale investments, 
such as smelters, rather than to diversify into alternatives. 
There have also been a few situations where biomining 
has failed or has been linked with environmental 
problems. Protagonists of biomining have often also 
overplayed its green credentials. Many of the 
energy-demanding and CO2-generating processes 
involved in conventional (smelting-based) mining are 
also, by necessity, used in biomining operations, in 
particular, tank leaching of mineral concentrates. 
Although the main microbial players in conventional 
biomining are autotrophic bacteria (i.e., they capture 
carbon dioxide) this minor advantage in net carbon 
budget is more than offset by the CO2-producing 
pre-processing steps required. However, some of the 
emerging applications of mineral bioleaching, described 
below, can minimise or avoid some or all of the ore 
processing stages and thereby have potential major 
advantages in terms of carbon/energy budgets. 
 
3 Niche applications for biomining 
 
There are a number of existing situations where 
biomining has significant advantages over conventional 
mineral extraction and processing, such as bioleaching 
primary and secondary copper sulfide ores in sites where 
solvent extraction-electrowinning (SX-EW) plants have 
previously been installed for processing pregnant leach 
solutions (PLS) from acid-leaching of copper oxide ores. 
Bio-processing is also a feasible alternative in situations 
where producing a mineral concentrate is problematic, as 
with the polymetallic black schist ore at Talvivaara, 
Finland, where the high (~10%) graphite content of the 
deposit precluded the production of a suitable 
concentrate. Metal sulfide ores often contain significant 
concentrations of arsenic, which occurs in arsenopyrite 
(FeAsS), orpiment (As2S3), realgar (AsS/As4S4) and other 
minerals. Smelting mineral concentrates that contain high 
levels of arsenic incurs a penalty, which is often 
circumvented by blending these with other concentrates 
with lower arsenic contents, though the net amount of the 
metalloid released in gas plumes is ultimately 
unchanged. In hydrometallurgical mineral processing 
(which includes biomining), the arsenic released by 
oxidative dissolution of sulfide minerals is retained in 
solution (principally as arsenate, H2AsO4-) and can be 
effectively removed downstream by, for example, the 
adsorption onto positively charge ferric iron minerals or 
as the mineral scorodite (FeAsO4·2H2O) (though the 

latter has to be crystallized to enhance its stability, which 
adds to costs). 

One particular area where bioleaching can be highly 
effective, both in terms of metal recovery and 
environmental protection, is for processing solid mine 
wastes in general, and mine tailings in particular. Due to 
the fact that mineral separation techniques in the past 
were not as efficient as they are at present, historic 
tailings may still contain significant concentrations of 
valuable metals. These may be the original metal(s) that 
was mined or one or more other metals that were not 
considered at the time, on economic grounds, to warrant 
extraction. Since tailings deposits have already been 
through the cycle of extraction and haulage, grading, 
comminution, and froth flotation, bio-processing of these 
has particularly strong “green” credentials. 

 
4 Recent innovations in mineral 

bioprocessing 
 
Current biomining operations focus exclusively on 
reduced (sulfidic) ores and concentrates, where 
specialized microorganisms are used to accelerate the 
destruction of metal-containing minerals by the process 
of oxidative dissolution. Many commercially important 
metals also occur is significant abundance in oxidized ore 
bodies, such as laterites (e.g. an estimated 72% of 
terrestrial Ni reserves are thought to be found in laterites, 
though most of the metal currently comes from sulfidic 
ores). Nickel in limonite is associated mainly with ferric 
iron minerals, such as goethite (FeO(OH)). Consortia of 
acidophilic bacteria have been demonstrated to couple 
the oxidation of an electron donor to the reduction of ferric 
iron, promoting the dissolution of goethite and leading to 
the release of nickel from limonite ores (du Plessis et al., 
2011; Johnson and du Plessis, 2015). This involves two 
processes: (i) abiotic acidic dissolution of goethite, and 
bacterially-catalysed reduction of the ferric iron liberated 
to ferrous. In order to do this, the bacteria require an 
energy source (electron donor) which, depending on the 
species used, can be organic (e.g. glucose) or inorganic 
(hydrogen or zero-valent sulfur). The latter (ZVS) is the 
most suitable, both in terms of cost and practical 
application. Cobalt in limonitic ores, together with some 
nickel, is chiefly deported in manganese (IV) minerals 
such as asbolane ((Ni,Co)xMn(O,OH)4·nH2O). The 
ferrous iron generated by the bacteria can accelerate the 
reductive dissolution of asbolane, leading to the 
solubilisation of both manganese (as Mn2+) and cobalt, 
which have been shown to be closely synchronised. 

The microbially-catalysed reductive dissolution of 
oxidized ores (sometimes referred to as “biomining in 
reverse gear”) is one application of what has been 
labelled “sulfur-enhanced bioleaching” (SEB). Sulfur is 
one of the most abundant elements in the lithosphere and 
ZVS is produced in vast quantities as a waste material, 
for example, in removing hydrogen sulfide from natural 
gas reserves. ZVS is used by many species of acidophilic 
microorganisms as an electron donor, and more rarely as 
an electron acceptor. In aerobic environments, ZVS 
oxidation is coupled to the reduction of molecular oxygen, 
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generating sulfuric acid while in the absence of oxygen, 
some acidophiles can couple the oxidation of ZVS to the 
reduction of ferric iron, as described above. The oxidative 
dissolution of many sulfide minerals, such as chalcopyrite 
and chalcocite, is net consumptive of proton acidity, 
which can be provided, at least in part, by the oxidation 
of minerals such as pyrite. Large concentrations of 
soluble iron tend to be generated as a consequence of 
this and, although ferric iron is required as the primary 
oxidant involved in the oxidative dissolution of sulfide 
minerals, excess amounts can be problematic, requiring 
removal and precipitation in bleed streams. SEB avoids 
this problem and can be used where acid-generating 
minerals are present in relatively small amounts in ores 
and tailings. SEB also provides the potential for ultra-low 
pH (<1.5) bioleaching, and the opportunity to change 
redox potential rapidly in bioleach liquors, which can be 
rapidly achieved by removing aeration of tanks or 
bioheaps, since sulfur-oxidising bacteria rapidly consume 
the remaining dissolved oxygen before switching to ferric 
iron as the alternative electron acceptor. Ferrous iron-rich 
leachates are less aggressive chemically and are more 
readily accessible for recovering soluble metals by 
solvent extraction or sulfide precipitation. 

 
5 Using biotechnology to exploit currently 

untapped mineral and metal reserves 
 
5.1 Deep in situ biomining  
 
The term “deep in situ biomining” (DISB) has been used 
to describe an emerging approach for extracting and 
recovering base metals buried 1–2 km in the lithosphere 
(Johnson, 2015; 2018). DISB combines indirect 
bioleaching, where the abiotic dissolution of a sulfidic ore 
or concentrate by an acidic, ferric iron-rich lixiviant and 
the biological regeneration of oxidised iron following the 
stripping of the target solubilised metal(s), are spatially 
separated. In situ leaching (ISL) has been used for 
recovering uranium since 1959, and estimated to account 
for 51% of global U production in 2014, copper was also 
recovered using ISL in, e.g., Nevada and Arizona in the 
latter part of the 20th century. Major differences between 
DISB and conventional ISL are the depths of the target 
ore bodies and the techniques used to expose surfaces 
to flowing lixiviant solutions when this is necessary. 
Current ISL recovery of uranium involves extracting the 
metal from porous sediments and rock strata at relatively 
shallow depths, whereas hydrofracturing would be 
required to open up flow channels in a deep-buried 
massive sulfide deposit. While a paradigm shift would be 
required in both the mining industry and society, in 
general, to get to the point where DISB is both technically 
feasible and accepted, the potential advantages of this 
approach are enormous. Most high-grade base metal 
ores located close to the land surface have been worked 
out, but can still be found deep within the lithosphere. The 
green credentials of DISB are also strong: it avoids 
haulage and comminution, and therefore incurs greatly 
reduced energy costs and carbon-footprints, material of 
no value (~99% of a typical ore body) would remain 

buried, leading to a vast reduction in waste material 
generated and dumped on the land surface, in contrast 
with current mining practices. The land surface area 
(“footprint”) required by a DISB operation would also be a 
fraction of that required by a conventional opencast metal 
mine. 
 
5.2 Recovering metals from “natural biomines” 
 
The term “solution mining” has been used to include both 
abiotic (e.g. acid leaching of Cu oxide ores and in situ 
leaching of U) and biologically-catalysed metal ore 
processing, as both involve the extraction of metals into 
acidic liquors and the downstream recovery of metals 
using SX-EW, ion-exchange or alternative methods. 
However, the microbially-catalysed dissolution of metal 
sulfides also occurs, advertently, both at operating mines 
and, more significantly, at abandoned mine sites. Natural 
biomines (as differentiated from engineered heap and 
dump biomines) are relic features (e.g., underground 
mines, mine wastes such as rock dumps and tailings) that 
generate run-off waters that contain concentrations of 
base metals that are high enough to make their recovery 
economically viable, and which require zero or minimal 
engineering to achieve this (Johnson, 2018). Sites of this 
kind are widespread throughout Europe and the USA, as 
well as other parts of the world that have historic mining 
operations. Although they can give the impression of 
being devoid of life, being often sparsely colonised, if at 
all, with vegetation, they are actually hot-spots of 
microbiological activity, particularly chemo-lithotrophic 
(“rock eating”) microorganisms that thrive by oxidising 
sulfide minerals made accessible by mining operations. 
Recovering metals from waters draining natural biomines 
has particularly strong green credentials, as not only are 
metal resources recovered without recourse to the usual 
energy-demanding steps, but environmental pollution is 
also simultaneously abated. Using biosulfidogenesis (the 
generation of hydrogen sulfide by some species of 
anaerobic bacteria) is particularly appropriate for 
recovering transition metals from streams draining 
natural biomines, as this can often be done selectively 
(e.g. by controlling solution pH) and this approach is also 
more suitable for efficient capture of metals when their 
concentrations are relatively small.   

 
6 Perspectives on expanding 

biotechnologies in the mining sector 
 
Although biomining is established as a proven 
biotechnology, it has not, as many had thought during its 
inception, revolutionised the mining industry but rather 
has remained as a more specialised, and often 
peripheral, application. Since its introduction, biomining 
has mostly focused on fine-tuning sulfide mineral 
bioleaching than more blue sky thinking and finding 
radically new directions and opportunities for using 
biological processing in the mining sector. Even so, areas 
of (mostly) laboratory-based research, such as reductive 
mineral bio-processing, have suggested how 
bio-processing could be used outside of conventional 
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bioleaching and bio-oxidation of sulfide ores and 
concentrates. By combining low carbon/energy solutions 
for metal extraction with environmental protection (e.g., 
considering the natural biomines as resources rather than 
wastes) in approaches that are economically sound, 
biotechnology has the potential to bring about major 
changes in the direction of how the 21st-century global 
community wins and recycles metals. 
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