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Abstract. Ensuring adequate, affordable supplies of 
elements critical to green growth and other high 
technology devices is a growing challenge. Many critical 
elements are produced exclusively as byproducts of other 
commodities, meaning that their supply depends on 
recovery of the primary target commodity. Byproduct 
elements tend to be considered collectively, but some 
critical elements travel through ore-processing circuits 
with a primary commodity, making them more amenable 
to recovery, whereas others report to the waste streams. 
This behavior is dictated by the mineralogical hosts of 
critical elements and their deportment during processing. 
For example, germanium, critical in the manufacture of 
fiber optics, is commonly hosted within the lattice of the 
sphalerite that is targeted by zinc extraction; thus the 
potential for recovery is quite high. In contrast, most 
tellurium, which is used in CdTe-based solar panels, 
reports to the waste during the concentration of copper 
sulfide minerals from porphyry copper deposits. This 
contrast highlights the importance of understanding the 
identity and deportment of critical element-hosting 
phases when designing strategies for improving 
byproduct recovery.  

 
1 Introduction  
 
1.1 Elements critical to green growth 
 
The elements identified as critical depend on the 
evaluators’ frame of reference, but critical elements are 
often defined as having an important purpose and being 
subject to risk of supply disruption (e.g., NRC 2008; 
Graedel et al. 2012). Most recent literature on element 
criticality has originated from highly developed 
economies (U.S., E.U., and Japan) and focused on the 
availability of minor elements with specialized 
applications in high technology and green growth (Fig. 1; 
Hayes and McCullough 2018; Fortier et al. 2018). In 
many cases, these technology critical elements (TCE) 
are used in specialized applications without suitable 
substitutes, are geologically scarce or concentrated in a 
few geographic locations, or are not traded on commodity 
exchanges but are instead sold under, often private, 
fixed-price contracts between individual entities (Jaffe et 
al. 2011). Most of the elements that have frequently been 
identified as critical in Figure 1 (often evaluated and 
frequently identified as critical) are TCEs, which find 
application in green growth-related industries, including 
energy generation using solar (Ag, Cd, Te, In, Ga, Se and 
Ge) or wind (Nd, Pr, Dy, and Tb), energy transmission 
and storage (Li, Co, Ni, Sb, and graphite), and other 
technologies that underpin modern society (Nassar et al. 
2016; Fortier et al. 2018).  

Many critical elements are recovered as byproducts 

(Fig. 1), meaning that the economic viability of the mineral 
deposit is determined by production of a different mineral 
target(s) (Schulz et al. 2017). The classification of a 
particular element can change among deposits or as 
economic conditions fluctuate. Recovery of TCE as 
byproducts effectively decouples supply and demand 
because the availability of byproduct elements depends 
on both the production of a primary mineral commodity 
and the availability of a process to profitably recover the 
byproduct elements (Nassar et al. 2015). Sometimes, 
byproduct element-containing wastes are discarded 
without being processed due to the relatively insignificant 
value of the byproduct elements, inconsistent 
concentrations in the product stream, or a fundamental 
knowledge barrier of deportment or extractive 
technologies. Once diluted in a waste stream (e.g., 
tailings, slag, etc.) and decoupled from the value of the 
primary commodity, the potential for recovery from 
reprocessing becomes even more challenging, both from 
an economic and technological perspective. 

 
1.2 All byproducts are not created equal  

 
Although from a criticality perspective, byproducts often 
get treated collectively, the behavior of byproduct TCEs 
during extraction can be very different. The potential for 
increasing byproduct recovery depends on the behavior 
of byproduct TCEs throughout the extraction process of 
the target primary commodity. To date, relatively little 
work exists in the public domain on this topic. Further, our 
understanding of elemental cycling during ore 
beneficiation and processing is based primarily on limited 
studies that capture a snapshot of a mill feed flowing 
through concentration, smelting, roasting and refining 
processes (e.g., Ojebuoboh 2008; Licht et al. 2015). The 
utility of a single snapshot is limited given the 
heterogeneity within and among orebodies, deposit 

Figure 1. Summary of results of 32 comprehensive criticality studies 
published 2005-2018. Background color indicates criticality, 
calculated as the number of studies identifying each element as 
critical by the number of studies evaluating it. The values in the top 
right corner are the number of studies evaluating each element. 
Elements in white bubbles are primarily recovered as byproducts. 
Modified after Hayes & McCullough, 2018. 
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types, and extractive processes.  
Furthermore, byproduct elements may occur in a 

variety of mineral forms, which may or may not travel with 
the primary commodity through the physical and chemical 
separations applied during ore processing. Thus, 
mineralogy controls the deportment of byproducts 
throughout extraction processes.  

 
1.3 This study: A tale of two byproduct elements 

 
Tellurium and germanium are often identified as critical 
elements. Tellurium is used in CdTe-based photovoltaics 
and thermoelectric devices (USGS 2019). Germanium is 
used in fiber optics and other optical devices (USGS 
2019). Both are recovered exclusively as byproducts. 
This study compares and contrasts the behavior of Te 
and Ge during the extraction processes of the primary 
commodities copper and zinc, respectively, to illustrate 
the importance of mineralogy for determining byproduct 
critical element recovery. 

 
2 Methods 
 
The deportment data presented here are from the 
literature (Kavlak and Graedel 2013; Ojebuoboh 2008; 
Licht et al. 2015). Each study reported the flow of a 
byproduct critical element throughout an extraction 
process in order to assess critical element deportment. In 
the Te case, this involved samples from a specific mine, 
mill, smelter, and refinery. Elemental analyses were then 
combined with mass through flux values in order to 
determine Te behavior throughout the process.  The 
germanium flows are based on a global substance flow 
analysis using values mined from the literature. 

Mineralogical characterization of Te- and Ge-bearing 
phases is also based largely on published sources. Te-
bearing minerals have been examined in porphyry copper 
sulfide mill concentrates by electron microprobe using 
energy dispersive spectroscopy (Skidmore 2016). Other 
studies in hydrothermal ores have examined Te 
substitution into sulfides (George et al. 2015; George et 
al. 2016; George et al. 2017; Keith et al. 2018). 
Characterization of Ge in sphalerite has been ongoing 
since the early 1900s by a variety of techniques (Frenzel 
et al. 2014). Recent literature has focused on the 
mechanisms of Ge incorporation into sphalerite using x-

ray absorption spectroscopy (Cook et al. 2015; Belissont 
et al. 2016; Bonnet et al. 2016).  

 
3 Results and Discussion 
 
3.1 Byproduct element deportment and the role of 

mineralogy 
 
Approximately 4.5 % of Te is recovered from the single 
operational stream examined and represents an 
overestimation of global flows because not all extraction 
operations recover Te. On a global basis, 0.5 % of Ge is 
recovered (Fig. 2). Regardless of the different study 
scopes, they highlight differences in the deportment of Te 
and Ge throughout their respective processes. 

During the initial concentration step, 90 % of Te reports 
to the tailings. Additional Te losses of 50 % and 10 % 
occur during smelting and refining, respectively. In 
contrast, essentially all Ge remains with the primary Zn 
concentrate, which is either processed by 
hydrometallurgy (with <1 % loss Zn) or, less commonly, 
sent to a smelter. In contrast to Te, the majority of Ge is 
lost in Zn leach residues that are not processed to recover 
Ge.  

 
3.2 Mineralogy matters! 
 
The divergent behavior of these commodities during ore 
processing is explained by their mineral hosts. Tellurium 
occurs primarily within sulfides: pyrite, galena, and, to a 
lesser extent, chalcopyrite as (nano-)inclusions or in 
direct substitution (George et al. 2015; George et al. 
2016; Keith et al. 2018). A small fraction of Te is present 
in a variety of telluride minerals, mostly of Ag and Bi, or 
sulfosalt minerals (Skidmore 2016). During Cu sulfide 
mineral concentration, most Te is lost because the 
flotation process is designed to send most pyrite and, 
incidentally, other Te-containing minerals to waste.  

In contrast, Ge substitutes directly into the lattice of 
sphalerite, although the exact nature of the substitution is 
still actively debated in the literature (Bonnet et al. 2016; 
Cook et al. 2015; Belissont et al. 2016). Thus, the Ge 
accompanies the Zn through the extraction process until 
the sphalerite is decomposed, thereby decoupling the Zn 
and Ge. The identity and deportment of the mineralogical 
hosts of byproduct critical elements are essential for 

Figure 2. Deportment of tellurium and germanium during the extraction process of their respective primary commodity (values in metric tons). 
Modified after Kavlak and Graedel, 2013; Licht et al., 2015. 
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understanding their behavior and has important 
implications for improving byproduct recovery. 

 
3.3 Implications for future supply of byproduct 

critical elements 
 

The mineralogy and deportment of these elements in ore 
and during processing have important implications for the 
potential to increase recovery of these elements as 
byproducts in the short and long term. Perhaps in the 
near-term, the easiest strategy for recovering additional 
Te and Ge may simply be to increase the percentage of 
mining operations that implement recovery in their 
existing processes. This is identified in Figure 2 as the 
primary limitation to Ge recovery. However, if the 
concentration is below a currently economically viable 
cut-off grade or if adding an additional processing circuit 
is cost-prohibitive, this may not be feasible. Nassar et al. 
estimates that Te production could be increased by a 
factor of 3 by simply initiating more complete processing 
of ores (in prep.). Figure 2 indicates that Ge recovery 
could be increased to 62% percent, a potential huge 
short-term improvement, if all ores were amenable to 
processing by current methods. 

On a longer time scale, improvements to byproduct 
recovery will depend on improvements to current 
recovery strategies, such as the smelting Cu ores that 
results in a 50% loss of Te, and Cu and Zn refining 
processes, in which 10% and 30% of Te and Ge are lost, 
respectively. Without a transformative change in 
extractive technologies, only incremental improvements 
are likely to be made in this way. However, even slight 
improvements to extraction efficiency could make a large 
difference in the industrially available Te or Ge, because 
extraction efficiencies are currently quite low.  

For Te, the most impactful way to increase Te recovery 
would be to address the concentration of Cu minerals, 
where 90% Te is lost (Ojebuoboh 2008; Skidmore 2016). 
One strategy would be adding a secondary flotation 
circuit to target sulfide and Te-bearing minerals, which 
could be beneficial because Te is a penalty metal for 
smelters (Fountain 2013). This is not likely based solely 
on economic factors, but it is conceivable that 
environmentally-motivated regulations could support the 
recovery of byproduct critical elements. For example, if 
mines were required to recover pyrite to mitigate the acid 
generating potential of mine tailings, recovery of Te (and 
other critical elements) could potentially offset some of 
the added cost. Many mines already separate and 
stockpile pyrite to minimize acid mine drainage. 
Understanding the mineralogical hosts of byproduct 
critical elements is an essential first step in being able to 
identify and capitalize on opportunities to increase 
recovery in the future. 

 
3.4 Future directions and challenges 
 
Assessing the potential for byproduct recovery of critical 
elements is hampered by a lack of basic information on 
byproduct critical element behavior during ore processing 
and mineralogical hosts. Challenges include the 

following:  
1. The recovery of byproduct elements is, by definition, 

not critical to economic viability, and may not be of 
keen interest to industrial producers who focus on the 
primary commodity. The difference in scale between 
byproducts and primary commodities is highlighted 
by the 2018 estimated world production (excluding 
U.S.) of 120 and 440 metric tons of Ge and Te, 
respectively when compared with the primary 
commodity production of 21 and 13 million metric 
tons for Cu and Zn, respectively (USGS 2019).  

2. Collection of representative samples is challenging, 
especially if the orebody is heterogeneous, ore 
processing conditions are unstable, or the element of 
interest is concentrated in low abundance phases 
that can contribute a “nugget effect” in chemical 
analysis. Determination of a representative 
distribution of trace phases in bulk ore samples is a 
challenge for both chemical and mineralogical 
analysis. 

3. Challenges remain for the extractive technologies 
needed to profitably recover byproduct critical 
elements at low concentrations. Research is ongoing 
on topics such as the use of ionic liquids (e.g., Jenkin 
et al. 2016), but mainstream extractive technologies 
have not changed for base metals since flotation 
(1900s) and solvent extraction-electrowinning (SX-
EW; 1960s). Tellurium is only recovered from the 
pyrometallurgical extraction of Cu and, as more Cu is 
recovered using SX-EW, the potential to recover Te 
may decrease. Recovery of byproducts may benefit 
from or be reduced by transformative shifts to new 
technologies.  

4. The economics of increasing byproduct element 
recovery is tricky since a dramatic increase in supply 
is likely to result in a decreased market price. This 
complicates the implementation of byproduct 
recovery circuits where economics are initially 
marginal.  Further, demand for these TCEs can be 
capricious as the demands evolve with technology. 

 
Despite these challenges, widespread recent interest 

in critical elements may increase industrial engagement. 
Connection with green growth and high technology 
through recovery of byproduct critical elements could 
increase social license in mining. Recovering byproduct 
critical elements before they become diluted in mine 
wastes and enter the surficial environment could 
potentially limit liabilities from emerging new data on the 
potential toxicity of some critical elements.  

Additional studies of byproduct TCE accumulation or 
loss in the extraction process will facilitate the design of 
extractive technologies to target these elements. This 
research could help bolster proactive measures, such as 
industry incentives or protective trade policies, that may 
be required to supply future industrial demands for 
byproduct critical elements. 
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Abstract. Tellurium is vital to a number of emergent and 
growing technologies, including photovoltaic power and 
thermoelectric devices. It is however, one of the rarest 
elements in the Earth’s crust, and future supply of Te is 
not without challenges. At present, Te is almost 
exclusively sourced from the reprocessing of waste 
materials from copper refining. There is potential for an 
increase in Te production from this source, but production 
statistics indicate that there has actually been a decrease 
in the efficiency of Te supply from this source. 
Alternatives are deposits in which Te is the dominant 
product (e.g. Dashuigou, China; Moctezuma, Mexico), 
mines where Te is a by-product (Kankberg), or mines in 
which Te may be recovered as a by-product. Tellurium 
enrichments are reported from epithermal Au, orogenic 
Au, VMS, IOCG and Carlin-type deposits. In many 
deposits, Te is likely hosted in pyrite – abundant but 
relatively low grade, and not always considered an ore 
phase. Tellurium in pyrite is unlikely to be recoverable 
with current technologies. Where Te occurs as 
stoichiometric component of gold, silver and other 
metal/metalloid minerals, recovery may be targeted. Co-
recovery with precious metals is key to economic supply 
of Te. 
 
1 Tellurium demand and supply 
 
Tellurium is a chalcogen metalloid, with a small global 
demand for a variety of applications, including metallurgy, 
rubber vulcanization and as an additive in glass for 
telecommunication fibre optics. However, the last decade 
has seen a rapid growth in demand for tellurium in the 
electronics industry; Te is an increasingly important 
element in semi-conductors, photovoltaic cells, and 
thermo-electric devices. Photovoltaic power alone now 
consumes about 40% of world Te production (Anderson 
2019). 

The growth of Te consumption in modern technology 
has caused some researchers and analysts to suggest 
that in the future, Te demand could outstrip supply 
coupled with its low crustal abundance, has led to it being 
considered near-critical (Sykes et al. 2016) 

Supply of Te is dominated by the reprocessing of 
anode slimes, waste products from copper refining. 
Crude tellurium is recovered alongside copper, gold, 
platinum group metals and selenium. Additional tellurium 
is sourced from the processing of waste stream from lead 
and nickel smelters. A significant boost in Te supply (Fig. 
1) came from production at the Dashuigou deposit, 
Sichuan Province, China in 2017–8 (Anderson 2019). 
Alongside reprocessing anode slimes, China now 
accounts for over 60% of Te supply based on available 

data. There remains a long term, strategic benefit in 
improving Te supply from a range of sources.  

 
Figure 1. Tellurium production, 1970 – 2017. Data from BGS World 
Mineral Production statistics. 
 
2 Reducing criticality  
 
There are two principal routes to mitigate Te shortages – 
reducing the usage of Te in its applications, and 
increasing the production from existing or novel sources. 
In their review of Te supply risk-mitigation, Bustamante et 
a.l (2018) outlined significant potential for 
“dematerialization” in photovoltaic CdTe thin film 
technologies in particular (e.g. Plotnikov et al. 2011). The 
implementation of end-use efficiencies, alongside 
fluctuations in the photovoltaic market, have contributed 
to Te prices remaining relatively low over recent years, 
after a spike in 2010 (Fig. 2). 
 

 
Figure 2. Tellurium price 1930–2018. Values indexed by US PPI (all 
commodities, NSA, from US Bureau of Labor Statistics). Data from 
USGS Historical Statistics and Mineral Commodity Summaries and 
BGS World Mineral Production Data. 
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Tellurium yield from anode slimes could realistically be 
doubled (Bustamante and Gaustad 2014a). However, the 
economic drivers for this are complex, as the profitability 
of anode slime reprocessing is dominated by the recovery 
of precious metals, not tellurium. Tellurium’s status as a 
“by-product of a by-product” means that its production is 
weakly coupled to price changes. 

A further challenge to Te production as a by-product 
from copper is that the intensity of recovery has declined 
over the last 30 years. This is a function of the changing 
nature of copper production, rather than a decline in the 
efficiency of anode slime reprocessing. A significant 
proportion of global copper demand is now met by heap-
leaching and solvent extraction – electrowinning (SXEW) 
of low grade copper ores. This method offers no potential 
for the recovery of Te (Bustamante and Gaustad 2014b), 
so by-product intensity of production from copper has 
declined since the 1970s (Fig. 3). 

 
Figure 3. By-product intensity of tellurium (ratio of global Te 

production in tonnes to global Cu production in tonnes).  Increase in 
intensity since 2010 reflects direct mining of Te from China, and 
discrepancies between USGS and UK production data (USGS 
withhold production data from 2004 onwards). After Bustamante et 
al. (2018). 

 
Direct mining of Te resources is underway at the Te-Bi 

deposit at Dashuigou, and planned at Kankberg, 
Sweden, where it is a co-product with gold (Voigt 2018). 
These two deposits have or will have significant impact 
upon Te supply, and are likely to keep Te prices low for 
at least the next few years.  

The economics of tellurium therefore make it a high 
risk commodity for producers; it has a growing but small 
market, and a number of potential mechanisms to reduce 
demand and/or increase supply – in some cases 
significantly and abruptly. The consequence of this is that 
increasing supply of tellurium is poorly incentivized from 
an economic perspective.  

 
3 Mineralogy and Ore Deposits 
 
As a chalcogen element, Te is typically associated with 
sulphide-rich ores of base and precious metals. Most 
recovery has been from copper deposits, but as the 
recovery is from refinery wastes, and run-of-mine ores 
are infrequently analysed for tellurium, it is not clear 
which specific styles of copper mineralisation Te is 

particularly associated with (if any). Chalcopyrite cannot 
accommodate significant concentrations of Te; other 
minerals in polymetallic, Cu-rich deposits such as galena 
and arsenopyrite are more likely hosts for Te (Makuei and 
Senanayake 2018 and references therein). 

Keith et al. (2018) reviewed Te concentrations in bulk 
rock and pyrite analyses. In many deposit classes, the 
concentrations of Te in pyrite overlapped with bulk rock 
Te – suggesting that in many cases, pyrite represents the 
main host for Te. In the majority of the deposits reviewed, 
pyrite was abundant but contained relatively low Te. As a 
consequence of this, much of the Te mined during the 
extraction of copper and other base metals is actually 
routed to the tailings (Kavlak and Graedel 2013). 

Gold-silver deposits may also be enriched in tellurium. 
Pyrite is again an important host in terms of Te 
deportment, and is the main host (as with Au) in Carlin-
type deposits (Keith et al. 2018). Tellurium can also occur 
as a stoichiometric component of gold and silver 
minerals, including calaverite (AuTe2), hessite (Ag2Te), 
and sylvanite ([Ag,Au]Te2). Tellurium was recovered from 
the Vatukoula epithermal Au deposit (Fiji) in the late ‘70s, 
and more recently from Dashuigou and Kankberg (Fig. 1).  

 
Figure 4 Tellurium resource potential from anode slimes and 
selected Au deposits. Data from Speirs et al. (2013), Green (2009) 
and Anderson (2019). 
 

Epithermal gold telluride deposits represent a 
particularly attractive target for Te extraction. The 
precious metal tellurides are relatively common in the 
ores, and Te grades are relatively high (up to hundreds 
of ppm; Keith et al. 2018). The gold telluride deposits also 
include some of the largest epithermal deposits by 
contained gold (e.g. Ladolam & Porgera, PNG; Cripple 
Creek, USA). Epithermal gold telluride deposits are 
typically hosted in alkaline igneous rocks (Kelley and 
Spry 2016), and are interpreted to form in extensional, 
post-subduction tectonic environments (Richards 2009). 
The alkaline host rocks support high pH in well-
equilibrated hydrothermal fluids (Smith et al. 2017), 
enhancing the solubility and transport of Te under 
epithermal conditions (Grundler et al. 2013). The 
resulting deposits often have distinctive alteration 
assemblages and gangue (Smith et al. 2017; Jensen and 
Barton 2000; Spry and Scherbarth 2006), with unusually 
vanadium-rich silicates, low amounts of silicification and 
limited quartz (relative to epithermal deposits hosted in 
silica-saturated calc-alkaline compositions) and a paucity 
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of acid-associated alteration (advanced argillic-type 
assemblages). They are therefore a deposit class that 
can be targeted for exploration, and have potential to 
yield both Au and Te.  
 
4 Gold Telluride Metallurgy 

 
Precious metal tellurides are generally refractory to 
hydrometallurgical processes including cyanidation (Dyer 
et al. 2017). As with Carlin-type auriferous pyrite, the 
concentrate is oxidized or roasted prior to leaching or 
cyanidation. Tellurium is typically lost during the pre-
leach roast, and hence there is little to no recovery of Te 
from orogenic, epithermal or Carlin-type gold deposits, 
despite their Te enrichments (Keith et al. 2018).  

Solvents that facilitate co-recovery of Te and Au will 
make gold deposits a major potential resource for Te, 
reducing dependency on anode slime processing and 
direct tellurium mining. Novel extraction techniques that 
show potential for gold-silver telluride processing include 
deep eutectic solvents (Jenkin et al. 2016). These are 
anhydrous salts, liquid at room temperature, that act as 
powerful solvents. As ionic liquids, they offer 
opportunities for electrochemistry, and hence selectivity 
in element dissolution and precipitation. They are 
environmentally benign and cheap to produce, and have 
low energy penalties during ore processing as they are 
effective solvents without pre-leach roasting, and do not 
require high temperatures during leaches to be effective. 

 
5 Conclusions 

 
Tellurium is in increasing demand for applications in 
electronics and clean energy technologies. Existing 
supplies have so far kept pace with demand, but there 
has been an increasing dependency on Chinese 
resources, and few signs that recovery of Te as a by-
product from Cu refining will improve in efficiency. There 
are significant potential resources of tellurium within gold 
deposits (alkaline-associated epithermal, Carlin type and 
orogenic), that are now starting to be mined for gold and 
tellurium. New technologies and solvents in mineral 
processing, such as deep eutectic solvents, may facilitate 
the recovery of Au and Te from gold deposits, where they 
typically reside in refractory minerals such as calaverite 
and pyrite.  
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Abstract. Tellurium (Te) and selenium (Se) are critical 
elements used in the production of photovoltaic solar 
cells. Their criticality is paralleled by a poor 
understanding of their distribution and enrichment in a 
range of ore forming environments. This study aims at 
understanding Te and Se systematics on a range of 
scales in mafic VMS systems. To investigate this, >20 
VMS of the Troodos ophiolite have been sampled. On a 
mineral scale, the distribution of Te and Se is not uniform 
between different sulfide phases; chalcopyrite is 
preferentially enriched in Se, averaging 1147 ppm 
(n=202), whilst pyrite averages 439 ppm (n=1570). In 
contrast, Te is preferentially incorporated in pyrite 
averaging 17 ppm compared to 6 ppm in chalcopyrite. 
Some VMS deposits exhibit evidence of Se 
remobilization leading to enrichment of Se in pyrite up to 
4950 ppm. This demonstrates the significance of 
fluctuating fluid redox in VMS mineralisation and the 
enrichment of Se. Additionally, on an ophiolite scale, 
trace element distribution demonstrates a robust link 
between magmatic volatile influx and Te and Se 
enrichment in mafic VMS deposits.  

 
1 Introduction  
 
Tellurium and selenium are classified as critical in the 
European Union’s Strategic Energy Plan (SET; Moss et 
al. 2013). They are critical components used in the 
production of photovoltaic solar cells. Currently, both Te 
and Se are produced as by-products through the 
electrolytic refining of Cu. The criticality of Te and Se is 
paralleled by a poor understanding of their enrichment in 
a wide range of ore forming systems.  

This study investigates the distribution of Te and Se in 
mafic Volcanogenic Massive Sulfide (VMS) deposits. 
Mafic VMS are important sources of base metals, 
especially Cu (e.g. Galley et al. 2007). They form through 
the interaction of evolved hot (>350°C) seawater with 
oceanic crust in a range of extensional submarine 
environments (e.g. back-arc or MOR).  

The principal source of metals in mafic VMS deposits is 
believed to be through the leaching of igneous rocks and 

the formation of epidosites (e.g. Jowitt et al. 2012). 
However, it has been demonstrated in arc environments 
that a magmatic volatile phase may provide an additional 
source of metal in overlying VMS deposits (Yang and 
Scott 2002). This study presents in situ LA-ICP-MS 
analyses of sulfides from VMS of the Troodos ophiolite, 
Cyprus to constrain the distribution and enrichment of Te 
and Se in mafic VMS deposits.  

 
2 The Troodos ophiolite, Cyprus  
 
The 92 Ma Troodos ophiolite is the principal on-land 
analogue for Cyprus-type, mafic or Cu-Zn VMS 
mineralisation. Exceptional exposure, preservation of 
original seafloor spreading structures, and an apparent 
lack of metamorphic overprint make Troodos the ideal 
locality to investigate processes associated with mafic 
VMS hydrothermal systems (e.g. Hannington et al. 1998; 
Keith et al. 2016; Martin et al. 2019). 

Figure 1: Simplified map of the Troodos ophiolite, Cyprus. Black 
dashed lines represent graben axes. Inset: location of Troodos 
massif within the island of Cyprus (after Martin et al. 2019)  
 

Mafic VMS deposits are spatially associated with faults 
related to three rift structures; the Solea, Mitsero and 
Larnaca grabens (Fig. 1; Varga and Moores 1985). 
Grabens formed at the seafloor during periods of 
magmatic quiescence when spreading was 
accomplished via normal faulting and rotation of the 
upper crustal blocks in a bookshelf manner (Varga and 
Moores 1985).  
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Deposits range in size from <0.5 Mt to >16 Mt with a 
typical grade of ~2 wt.% Cu (Hannington et al. 1998). 
VMS deposits outcrop at the periphery of the ophiolite 
within the extrusive sequence; a series of basaltic to 
andesitic lavas. This study features VMS from across the 
entire ophiolite (Fig. 1), hence samples analysed 
represent a wide range of deposit- and regional-scale 
processes associated with the mafic VMS formation. 
 
3 Mineral scale distribution of Te and Se 
 
Trace elements are incorporated in sulfide minerals as 
either a lattice-bound substitution (stoichiometric or non-
stoichiometric) or as nano- to micro-scale inclusions 
(Cook et al. 2009; Huston et al. 1995). The partitioning of 
Te and Se between different sulfide minerals is not 
uniform. Laser Ablation ICP-MS analyses of pyrite 
(n=1570), chalcopyrite (n=202), sphalerite (n=86) and 
covellite (n=8) have been used to constrain the 
incorporation behavior and mineral scale distribution of 
Te and Se in mafic VMS (after Martin et al. 2019, 2018).  

This study demonstrates that chalcopyrite is enriched 
in Se averaging 1147 ppm (n=202) relative to pyrite at 
439 ppm (n=1570). However, the concentration of Se is 
extremely variable in both minerals, ranging from below 
detection limit (<12 ppm) to 6158 ppm in chalcopyrite and 
4950 ppm in pyrite. Covellite acts a sink for Se containing 
the highest average Se measured in this study at 1969 
ppm, and the second highest Te at 9.6 ppm (n=8). 
Tellurium in pyrite averages 17 ppm (n=1570) compared 
to 6 ppm in chalcopyrite (n=200). 

We demonstrate that the mineral scale partitioning of 
Te and Se is not uniform and will be affected by different 
co-precipitating sulfide phases (Martin et al. 2019; Fig. 2). 
In a pyrite-only system Te and Se will partition equally 
between individual pyrite grains. However, the 
precipitation of chalcopyrite leads to a depletion of Se in 
co-precipitated pyrite (Fig. 2). Sphalerite is a poor host for 
both Te and Se with the majority of analyses below 
detection limit (<12 ppm Se and 0.6 ppm Te). 

 
Figure 2. The effect of co-precipitation on Se during ore formation. 
Selenium is preferentially incorporated in chalcopyrite over pyrite.  
 

Different Te and Se incorporation mechanisms can be 
defined by time resolved Laser Ablation ICP-MS analyses 
combined with the solubility limit of Te as a function of As 
in pyrite. Selenium appears to be uniformly hosted as a 
solid solution in both chalcopyrite and pyrite. A smooth 
time-resolved laser profile that exhibits co-variation with 

S likely suggests its incorporation as a lattice bound 
substitution (Fig. 3; Huston et al. 1995). In contrast, Te 
exhibits different incorporation mechanisms, exhibiting 
both a smooth and jagged time resolved laser profile 
between different pyrite grains analysed. This suggests it 
is incorporated in either a lattice bound substitution or as 
micro inclusions, dependent on the sulfide grain analysed 
(Fig. 3). This is confirmed by the solubility limit of Te as a 
function of As in pyrite. Concentration above the Te 
solubility limit suggest an inclusion-related appearance, 
whereas concentrations below the solubility line indicate 
Te in a solid solution (Keith et al. 2018). Additionally, 
some VMS sulfides exhibit a moderate positive 
correlation between Bi and Te suggesting Te may be 
hosted as Bi-telluride inclusions (Martin et al. 2019).  

Figure 3. Time resolved analysis profile in pyrite for S, Se and Te. 
Selenium exhibits a smooth ablation profile whilst Te is more 
variable with a jagged profile. 
 
4 Extreme Se enrichment  
 
The Apliki VMS in western Troodos exhibits an unusual 
enrichment in Se (Martin et al. 2018). The South Apliki 
Breccia Zone (SABZ) is located between two normal 
faults in the lower Apliki ore body. The zone is 
characterised by co-existing hematite, chalcopyrite and 
pyrite (Fig. 4). Laser ablation ICP-MS of sulfides from the 
SABZ identified late euhedral pyrite as being notably 
enriched in Se (Martin et al. 2018). Paragenesis of 
sulfides from the SABZ demonstrate the dissolution of 
stage I subhedral pyrite and formation of hematite 
followed by the later precipitation of euhedral stage III 
pyrite (Fig. 4). Hematite is not capable of incorporating Se 
in its mineral structure, therefore the dissolution of early 
stage I pyrite leads to release of Se to solution which is 
then readily incorporated in later stage III pyrite.  

Laser ablation analysis of different paragenetic stages 
of pyrite reveals an addition of ~1400 ppm Se between 
stage I and III pyrite (Fig. 4). The enrichment of Se could 
relate to a late stage, Se-rich fluid pulse in the SABZ that 
may be responsible for Se enrichment in stage III 
euhedral pyrite. To elucidate the addition of a late stage 
Se-rich fluid pulse, isotope analysis of stage I and III 
pyrite was undertaken to assess if the enrichment of Se 
relates to an additional magmatic volatile (Se) rich fluid. 
Sulfur isotope ratios (δ34S) of pyrite (n=19) and 
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chalcopyrite (n=10) between stage I and III samples are 
indistinguishable at +4.2‰ (σ= 1.2‰) and +3.6‰ (σ= 
2.8‰) respectively. Both values are consistent with the 
sourcing of metals from thermochemical or biogenic 
seawater sulfate reduction (Cretaceous seawater 17-
19‰; Keith et al. 2016) and the leaching of Troodos 
igneous rocks (0-1‰; Alt 1994). 
 
Figure 4. Paragenesis summary of Se enrichment at the SABZ. 1. 
Selenium is enriched in pyrite and chalcopyrite, 2. Hematite 
formation, Se is displaced, 3. Euhedral stage III pyrite acts as a sink 
for Se (after Martin et al. 2018).  
 

5 Te and Se in mafic VMS 
 

Using magmatophile trace element signatures (Te, Se, 
Bi, Au) and Se/S ratios of pyrite, we suggest that Te and 
Se enrichment in mafic VMS may be associated with 
increased magmatic volatile influx to the hydrothermal 
system. To assess this variation on a regional scale, we 
compare structural domains in the Troodos ophiolite; the 
Solea and Mitsero grabens (Fig. 1) and their associated 
VMS deposits.  

Selenium/Sulfur (Se/S * 106) ratios have been used as 
a proxy for magmatic influx in hydrothermal ore deposits 
(Huston et al. 1995; Layton-Matthews et al. 2013). A Se/S 
ratio >500 in pyrite indicates an increased magmatic 
influx in the VMS hydrothermal system, and all sediment 
starved ridges (e.g. Troodos) are expected to fall below 
1500 (Layton-Matthews et al. 2013).  

Selenium/Sulfur ratios for all Troodos pyrite (n=1570) 
range from 3 to 9238. The average Se ratio for the Solea 
graben is 481 (n=362) corresponding to an average Se 
concentration in pyrite of 251 ppm. In contrast Se/S ratios 
in the Mitsero domain are lower averaging 286 (n=183) 
with average Se concentrations of 183 ppm in pyrite. This 
suggests that the Solea and Mitsero structural domains 
could have experienced different amounts of magmatic 
volatile influx during VMS formation. We preliminarily link 
this to the spreading evolution of the Troodos ophiolite as 

the Mitsero graben may have formed in an ‘off axis’ 
position or as a propagating ridge tip. In contrast, Solea 
is interpreted as representing a full magmatic-tectonic 
spreading ridge (Varga and Moores, 1985) and therefore 
experienced a relatively higher ingress of magmatic 
volatiles.  

 

6 Comparison with modern SMS  
 
Compared with modern mafic-hosted VMS deposits, 
Troodos sulfides are enriched in Te and Se. For example, 
maximum Se concentrations in pyrite from the TAG 
deposit, Mid Atlantic Ridge, are 10 ppm Te and 180 ppm 
Se (Grant et al. 2018; Fig. 5). In contrast, in Troodos 
maximum values in pyrite reach 332 ppm and 4950 ppm 
for Te and Se respectively (Martin et al. 2019). Perhaps 
more meaningful are median values; pyrite from TAG at 
20 and 1.7 ppm for Se and Te respectively whilst Troodos 
VMS are 47 and 5.2 ppm (Grant et al. 2018; Martin et al. 
2019).  

This apparent enrichment in magmatophile elements, 
Te and Se in Troodos VMS relative to TAG suggests that 
TAG, on a trace element level, is not a comparable 
analogue to Troodos VMS as suggested by previous 
studies (e.g. Hannington et al. 1998). Data from Troodos 
VMS exhibit significant scatter, spanning almost the 
entire known range for back-arc, arc and MOR 
hydrothermal sulfides (Fig. 5). We suggest this reflects a 
variable magmatic influx into the Troodos VMS 
hydrothermal system on a regional scale, with the most 
enriched deposits experiencing an additional volatile 
source of Te and Se or in the case of Apliki, localized Se 
remobilisation. For example, elevated Te and Se at the 
Brothers caldera is attributed to an increased magmatic 
flux (e.g. de Ronde et al. 2011).  

Figure 5. Tellurium vs. Se for Troodos and modern SMS in 
pyrite/marcasite. Grey dashed line is continental crust ratio for Te 
and Se (1/26; Keith et al. 2018). Data from: Grant et al. 2018; Keith 
et al. 2016b; Martin et al. 2019. 
7 Summary and conclusions 
 
This study demonstrates the complex distribution and 
enrichment of Te and Se at a range of scales in the mafic 
VMS hydrothermal system. On a mineral scale Se 
preferentially partitions into chalcopyrite and is probably 
incorporated in the sulfide crystal lattice in a solid 

Chalcopyrite  Hematite Pyrite Covellite 



Mineral Resources for Green Growth  1660 

solution. In contrast Te is preferentially enriched in pyrite 
and may occur as both mineral inclusions and a lattice 
bound solid solution. This highlights the effect of co-
precipitating sulfide phases on the Se budget of a mafic 
VMS mound (cf. Martin et al. 2019). 

On a deposit scale we identify fluctuating redox and 
the dissolution of pyrite and formation of hematite as a 
key process in the localised enrichment of Se. The 
displacement of Se from early pyrite during oxidization to 
hematite and subsequent incorporation in later pyrite 
highlights the importance of seafloor oxidisation in the 
mobilisation and enrichment of Se.  

Finally, we suggest that Troodos VMS preserve 
evidence of a variable magmatic volatile influx between 
different structural grabens (i.e. Solea and Mitsero). 
Furthermore, when compared with modern, mid-ocean 
ridge, mafic hosted analogues such as TAG, Troodos 
VMS are enriched in Te and Se, in some instances to 
levels comparable to volatile rich arc environments (e.g. 
Brothers). This demonstrates that whilst physicochemical 
ore-forming parameters and local remobilisation (e.g. 
SABZ) are important on a deposit scale, ultimately 
systematic regional enrichment of Te and Se is related to 
a magmatic volatile influx into the overlying hydrothermal 
system. 
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Abstract. The geological factors controlling the 
mineralisation of basic layered Ni-Cu-PGE intrusive 
deposits are often complex and debated at length. Many 
models of Ni-Cu deposit formation rely on assimilation of 
carbonaceous continental crust to reach sulphide 
saturation for ore formation, rather than through 
fractionation of the melt alone. The Ordovician ‘Newer 
Basic Intrusions’ in NE Scotland have historically been 
targeted for their Ni, Cu and minor precious metal 
enrichments (up to 700 ppb Au+Pt+Pd). The distribution 
of PGEs within these intrusions is variable, with the 
highest concentrations associated with sulphide-rich 
graphitic pyroxenites. The host rocks for these enriched 
intrusions are the sulphidic pelites and diamictites of the 
Dalradian Argyll Group. Sulphides within these strata are 
often enriched in tellurium, selenium and gold relative to 
average crustal values and there is considerable 
evidence for assimilation of this country rock within the 
ultrabasic intrusions. We propose here an ore formation 
model of Dalradian country rock assimilation, sulphide 
saturation and semi-metal enrichment of the intrusive 
melt. Tellurium enrichment within the melt resulted in 
localised PGE-telluride mineral formation, associated 
with graphitic xenoliths. It is possible that more extensive 
PGE mineralisation exists in similar settings in NE 
Scotland and globally. 
 
1 Introduction 
 
Ultramafic intrusive complexes are a major source of 
nickel (Ni), copper (Cu) and platinum group elements 
(PGE) globally (Bushveld Complex, Duluth, Vammala 
Nickel Belt, Aguablanca) (Thériault et al. 1997; Naldrett 
1999; Pina et al. 2006; Ihlenfeld and Keays 2011; 
Makkonen et al. 2017; Samalens et al. 2017). As well as 
gold (Au), these deposits are often relatively enriched in 
other rare ‘critical elements’, including tellurium (Te) and 
selenium (Se), which are vital for the production of green 
technologies, such as photovoltaic cells. Understanding 
the mechanisms controlling accumulations of these 
elements is vital to identifying new deposits and securing 
their supply in the future. Current global production of Te 
and Se is primarily as a by-product of copper (Cu) 
refining, which limits future supply growth (Lu et al. 2015). 

Here we investigate a model of PGE mineralisation in 
graphitic basic intrusions in NE Scotland, through crustal 
assimilation of sulphidic metasedimentary basement. 
Tellurium reserves within the metasediment-hosted 
Cononish Au deposit, Scotland, have recently been 
reexamined (Spence-Jones et al. 2018) and it is 
conceivable that other overlooked or unidentified 
enrichments in critical elements associated with 
metasediments may prove important as demand for 
these commodities increases. Accurate identification of 
the different mineralisation mechanisms in these complex 

systems is key in targeted exploration. 
 
2 Geological setting 
 
The Grampian Highlands terrane of north-east Scotland 
(Fig. 1), bordered to the south by the Highland Boundary 
Fault and the north-west by the Great Glen Fault, can be 
split into three simplified units - Proterozoic basement, 
Devonian sedimentary rocks and Ordovician to Devonian 
intrusives. The Proterozoic metasedimentary Dalradian 
Supergroup (deposited c. 800–595 Ma; Halliday et al. 
1989; Thomas et al. 2007), the stratigraphy of which has 
been well-characterized (Fig. 2), underlies and outcrops 
across the region. The intrusive units of the Grampian 
Terrane (granites and basic-ultrabasic layered 
sequences) formed during the Caledonian orogeny (475–
400 Ma; Oliver et al. 2008), during subduction and 
closure of the Iapetus Ocean. This orogenic event also 
caused widespread regional metamorphism of the 
Dalradian Supergroup (Oliver et al. 2008). The Devonian 
‘Old Red Sandstone’ in the north of the terrane comprises 
clastic sedimentary deposits, associated with the 
formation of the Orcadian basin to the north as a result of 
orogenic events in the Grampian Terrane (Kendall 2017). 

 
Figure 1. Simplified geological map of the Grampian Highlands 
terrane, NE Scotland: Illustrating the distribution of Proterozoic 
Dalradian metasediments, Caledonide intrusions and Old Red 
Sandstone. Intrusions: K = Knock; H = Huntly; I = Insch. Geological 
map after (Droop et al. 2003; Stephenson et al. 2013b). Dating ages 
(Halliday et al. 1989; Dempster et al. 2002; Thomas et al. 2007). 
 
 
3 Caledonide PGE enrichment, NE Scotland 
 
Platinum (Pt), palladium (Pd), Ni, Cu and minor Te, Au 
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and Co enrichments have previously been identified 
within the ‘Newer’ basic intrusive bodies in NE Scotland 
(Fletcher 1989; Gunn and Styles 2002; McKervey et al. 
2007). These are basic-ultrabasic layered cumulate 
intrusions of Ordovician age, emplaced within the 
Dalradian Supergroup metasedimentary sequence. 
Timing of these ultrabasic intrusions was roughly coeval 
with the wider S-type granitoid emplacement in the region 
c. 470±9 Ma (Dempster et al. 2002; Oliver et al. 2008).  

Two Ni-Cu (+minor PGE and Au) deposits of the 
Newer Basic Intrusions were identified as potentially 
prospective in the late 1960s and have been extensively 
studied since (Fletcher 1989; Fletcher et al. 1989; Gunn 
and Shaw 1992; Gunn and Styles 2002; McKervey et al. 
2007). They compromise the Huntly and Knock intrusions 
(Fig 1) with values of 0.003–3.02% Ni, 0.002–6.46% Cu 
and maximum values of 584 ppb Pt and 381 ppb Pd 
across the two intrusions (Fletcher 1989; McKervey et al. 
2007), though these are highly variable. Au 
concentrations vary between 1–179 ppb, with most 
values <20 ppb. The Ni, Cu, PGE and minor Au 
enrichments are primarily associated the sulphides 

pyrrhotite, chalcopyrite and pentlandite, within sulphidic 
gabbronorite and graphitic pyroxene pegmatites 
(Fletcher 1989). Occurrences of the PGE-bismuth-

telluride, merenskyite, have been identified historically 
and are thought to be the main phase of PGE enrichment 
in these deposits (Fletcher 1989; Gunn and Styles 2002). 
The graphitic pyroxenites have Au+Pt+Pd concentrations 
up to 700 ppb (Gunn and Styles 2002). 

The intrusions are layered basic and ultrabasic 
cumulates, gabbros and serpentinites with extensive 
disseminated sulphides, thought to be of magmatic origin. 
Localised deformation and sulphide mineralisation 
occurs along xenolithic shear zones, with common, but 
discordant pyroxene porphyritic mineralisation, abundant 
in graphite and sulphides (McKervey et al. 2007).  

Existing models for the PGE-Ni-Cu mineralisation in 
the Younger Intrusions are complex and propose a 
magmatic sulphur source, with re-mobilisation and 
enrichment of sulphides associated with subsequent 
shear deformation and hydrothermal processes. While 
localised graphitic pyroxenites are known to have the 
highest precious metal concentrations in these deposits, 
previous works have discounted the influence of 
carbonaceous crustal assimilation on PGE mineralisation 
(Fletcher 1989; McKervey et al. 2007). The local host 
rock for these intrusions is the Dalradian Argyll Group 
(Fig. 1; Fig. 2), which is widely carbonaceous and 
sulphidic, with the potential to alter the bulk sulphur and 
trace element content of the melt during magmatic 
emplacement. 
 
4 Dalradian crustal assimilation 
 
Sulphides within carbonaceous schists, pelites and 
glacial diamictites in the Dalradian Argyll Group have 
been shown to contain anomalously high concentrations 
of Te, Au and Se (Parnell et al. 2017, 2018). Laser 
ablation inductively coupled plasma mass spectrometry 
(LA-ICP-MS) analysis of Argyll Group diamictites shows 
discrete Se and Te mineralisation within pyrite in these 
deposits (Fig. 3). SEM analysis has identified several 
discrete Te and Se mineral phases, including lead 
selenide, lead telluride, nickel telluride and bismuth 
telluride (Fig. 4). Given this mineralisation, these strata 
have the potential to act as protoliths for trace element 
enrichments during orogenic and magmatic 
processes.Partial melting of the country rock has long 
been recognized as a factor during the emplacement of 
the Ordovician intrusive suites in NE Scotland (Ashworth 
1976; Droop et al. 2003; Johnson et al. 2015). Carbon (C) 
isotopic analysis of graphite from Bin Quarry, Huntly 
intrusion (Fig. 1) provide δ13C values of -25.0 to -18.0‰, 
which are distinct from mantle derived values of -5‰ ± 3 
(Horita and Polyakov 2015). Organic C is isotopically 
light, with an average δ13C of -25‰ (Luque et al. 2012), 
indicating that the graphite in the Newer Basic Intrusions 
is derived from crustal contamination by organic C. The 
Argyll Group metasediments into which the Huntly and 
Knock intrusions were emplaced (Fig. 1), consist 
primarily of deep marine, carbonaceous schists and Figure 2. Simplified Dalradian stratigraphy in NE Scotland. After 

(Stephenson et al. 2013a, b). 
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pelites, which are abundant in organic C (Fig. 2). Given 
the widespread graphitic mineralisation within the 
younger intrusions at Knock and Huntly, it is likely that 
localised crustal assimilation of the Argyll Group was 
significant during their emplacement.  

Isotopic studies have previously concluded that the 
sulphur source within these intrusions is magmatic in 
origin, with δ34S values between -1.7‰ and +6.5‰, which 
is comparable to typical magmatic values of 0±3‰ 
(Fletcher 1989). Given the variable nature of Argyll Group 
δ34S compositions in Scotland, ranging from -15.5‰ to 
+11.8‰ (Parnell et al. 2017), distinguishing crustal 
sulphur input from primary magmatic sulphur can be 
difficult, as discussed in these previous studies. 
The average S/Se ratio of sampled graphitic pyroxenites 
at Bin Quarry is 8440 (Table 1), which is significantly 
higher than the mantle maximum of 4350, indicating 

contamination of the melt by crustal sulphur (Queffurus 
and Barnes 2015). These S/Se values are in agreement 
with previous studies from the ultrabasic intrusions in the 
region (McKervey et al. 2007). While the predominant 
sulphur source in these systems may be magmatically 
derived, a minor or localised Dalradian crustal component 
cannot be discounted. Tellurium and Se concentrations 
in the graphitic pyroxenites average 0.86 ppm and 
7.1 ppm respectively, which is significantly higher than 
crustal averages of 0.03 and 0.09 ppm (Rudnick and Gao 
2003; Hu and Gao 2008). 
 
Table 1. Bulk rock ICP-MS data for graphitic pyroxenite samples, 
Bin Quarry, Huntly intrusion. 

ID Te 
(ppm) 

Se 
(ppm) 

S/Se S 
(%) 

Pt 
(ppb) 

Pd 
(ppb) 

A 0.34 3.8 7658 2.91 2 11 
B 1.26 8.9 8236 7.33 3 26 
C 0.99 8.6 9000 7.74 <2 43 

 
5 Semi-metal input & PGE scavenging 
 
Many models from comparable PGE-enriched Ni-Cu 
deposits (Duluth, Vammala, Aguablanca) propose that 
the assimilation of carbonaceous country rock increases 
the sulphide saturation in the melt, leading to precipitation 
of sulphides (Peltonen 1995; Pina et al. 2006; Samalens 
et al. 2017). Some of these models also propose that 
semi-metal enrichment from the country rock resulted in 
crystallization of accessory mineralised phases including 
graphite and PGE-tellurides. 

Partial melting and assimilation of crustal sulphur from 
Dalradian sulphides is likely to have resulted in 
assimilation of the sulphide-hosted semi-metals (Te, Se 
and Au) within the Argyll Group, which would readily enter 
a sulphide under-saturated melt. Alternatively, partial 
melting of sulphidic, semi-metal enriched strata by a 
sulphide-saturated melt would result in semi-metal 
precipitation and potential scavenging of other 
chalcophile elements (Holwell and Mcdonald 2010). 

It is conceivable that the partial melting of sulphidic 
Dalradian strata during emplacement of the Newer Basic 
Intrusions increased the trace element composition of the 
melt, particularly in the vicinity of the with an increase in 
sulphide saturation, is proposed here as a key 
mechanism for PGE scavenging and mineralisation in 

Figure 3. LA-ICP-MS maps of Fe, Te and Se concentration across sulphidic Argyll Gp diamictite sample. Te and Se enrichment within pyrite. 

Figure 4. SEM imagery of discrete telluride mineralisation in 
glacial diamictite samples, Argyll Gp. 
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these intrusions. By comparison, precious metal 
concentrations at Knock and Huntly are significantly 
higher (max. 700 ppb Au+Pt+Pd) than those found at the 
Insch intrusion (Fig. 1), with a maximum of 13 ppb (Gunn 
and Shaw 1991). Cumulate sequences here are 
comparable with those at Knock and Huntly, with similar 
levels of shear deformation, though graphitic 
mineralisation is not a significant feature. The 
emplacement of the Insch intrusion, primarily within the 
Southern Highlands Group Dalradian strata (Fig.1–2), 
which is lacking in trace element enriched carbonaceous 
or sulphidic lithologies, suggests that differences in PGE 
content of these intrusions may relate to the varying trace 
element content of assimilated host rock. Therefore, 
crustal assimilation of Te-rich Argyll Group strata at the 
Huntly and Knock intrusions likely contributed to the 
formation of PGE minerals (specifically merenskyite) in 
these deposits. It is feasible that similar or more 
significant enrichments may be found in other intrusions 
emplaced within Te-enriched Dalradian country rock. 
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Abstract. Minor and trace elements can be extracted 
from sphalerite and galena as by-products of Zn and Pb 
respectively. Some of them (e.g. Ga, Ge, In in sphalerite) 
are essential for green technologies and have been 
classified as critical raw materials by many countries 
because of their high risks of supply shortage and impact 
on the economy (Hayes and McCullough 2018). In 
addition to their economic significance, trace elements in 
sphalerite and galena can be useful petrogenetic 
indicators for ore-forming processes (Frenzel et al. 2016). 
Here, sphalerite and galena from the giant HYC deposit 
and nearby prospects or deposits (Caranbirini and Myrtle) 
within the Batten Fault Zone in the Proterozoic McArthur 
Basin (Australia) have been analysed for the first time by 
LA-ICP-MS in order to determine their minor and trace 
element content. The comparison between data from the 
different ore lenses at HYC and the two nearby prospect 
and deposit and the calculation of temperatures derived 
from the composition of sphalerite (between 90 and 
200°C) highlight both the potential critical element 
resource and the variable dynamics of the ore-forming 
systems in the study area.  
 
1 Introduction 
 
The Paleo- to Mesoproterozoic McArthur Basin (Northern 
Territory, Australia) is exposed over an area of about 
180 000 km² and unconformably overlies 
Paleoproterozoic basement units. The basin hosts world-
class and minor Pb-Zn resources that belong respectively 
to the stratiform Sediment Hosted Massive Sulphide 
(SHMS) and vein categories, especially within the Batten 
Fault Zone (Ahmad and Munson 2013, Figs. 1 and 2). 

In an attempt to document the minor and trace element 
variability of Pb-Zn occurrences located at different 
places in a major fault system, the HYC and Myrtle 
deposits and the Caranbirini prospect located in the 
Batten Fault Zone have been sampled (Fig. 2) and 
analysed for major, minor and trace element content of 
sphalerite and galena by EPMA and LA-ICP-MS.  

 
2 Sampling 

 
 

Figure 1. Simplified geological map of the McArthur Basin (Northern 
Territory, Australia). The crystalline basement, the McArthur Basin, 
the more recent sedimentary cover and the major faults and faults 
zones are indicated including the Batten Fault Zone (studied area). 
Modified after Ahmad and Munson (2013). 
 

The sampled Pb-Zn deposits/prospects are all within 
15 km from the Emu Fault, a major strike-slip basement- 
rooted crustal structure reaching 10 km in depth 
(Rawlings et al. 2004; McGoldrick et al. 2010). The HYC 
deposit is a world-class SHMS stratiform deposit with 
current JORC resource of 188 Mt @ 9.6% Zn, 4.5% Pb, 
46g/t Ag (2018). It is located 2 km from the Emu Fault and 
is composed of eight different ore lenses (Fig. 3, Large et 
al. 1998). Here, five of the eight ore lenses were sampled 
together with one sample located below the main ore 
sequence, covering most of the ore sequence at HYC 
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(Fig. 3). HYC samples consist of laminated sulphide-rich 
shales, with sphalerite-galena-pyrite rich bands 
interlayered with mudstones and quartz-carbonate 
turbidites (Large et al. 1998, Fig. 4). 

The Myrtle deposit is located 19 km south-southwest 
of HYC. Much of the resource mineralisation comprises 
stratiform laminated sulphides (sphalerite, galena and 
pyrite) layers, as well as disseminations in stratabound 
dolomite alteration lenses. The inferred resource are 43.6 
Mt @ 4.09% Zn and 0.95% Pb (Rox Resources 2010). 

The Caranbirini prospect is located within the Emu 
Fault, about 20 km north-northwest of the HYC deposit. 
Stratiform sulphides as well as sphalerite and galena in 
late carbonate veins have been sampled.  

 
Figure 2. Structural map of the Batten Fault Zone and emplacement 
of the sub-basins and sampled locations (modified from McGoldrick 
et al. 2010 and Mukherjee and Large 2017). 
 
2 Methods 
 
All petrographic and geochemical analyses were carried 
out at GeoRessources Lab (Vandoeuvre-lès-Nancy, 
France). Petrographic investigation by was carried out 
using reflected light optical microscopy and SEM. 
Sulphides were analysed first by EPMA in order to 
establish major and minor element concentration (Fe, Zn, 
Pb and Cu) including internal standards (Pb and Zn) for 
further LA-ICP-MS analysis. LA-ICP-MS analysis was 
carried out to determine the major, minor and trace 
element concentration of sulphides. The analysed 
elements were V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, Ge, As, 
Se, Mo, Ag, Cd, In, Sn, Sb, Te, Au, Hg, Tl, Pb and Bi in 
sphalerite, and Mn, Fe, Co, Ni, Cu, Zn, Ga, Ge, As, Se, 
Ag, Cd, In, Sn, Sb, Te, Tl, Pb and Bi in galena. Detailed 
mineral mapping was carried out in order to select the 
most favourable zones within the grains (i.e. large 
enough to avoid contamination by surrounding minerals 
and devoid of mineral inclusions). 

For LA-ICP-MS analyses, the spot size was from 24 to 
44 µm for sphalerite and from 24 to 60 µm for galena, 
depending on the grain size and homogeneity of the 

minerals. The limits of detection (LODs) were calculated 
according to the 3 σ criterion of Longerich et al. (1996). 
All data points <LOD were assigned the value of LOD/2. 

 

 
 
Figure 3. Simplified stratigraphic succession of the HYC deposit 
with location of the different ore lenses (Large et al. 1998). The 
sampled ore lenses (galena, lenses 2, 3, 4, 5 and 7) are identified 
by different colours reported accordingly in Fig. 5, 6 and 7. 
 
3 Results 
 
3.1 Sulphide petrography 
 

Figure 4. Examples of galena and sphalerite assemblages from the 
different studied areas. Left: sulphide-rich lamina from lens 2 at HYC 
showing the texture of galena (PbS), sphalerite (ZnS) and pyrite 
(FeS2) (SEM). Right: sphalerite and galena cut by carbonate (cb) 
vein from sample Caranbirini 679.2m (reflected light). The blue dots 
are for sphalerite analyses and the red ones for galena. 
 
No growth, recrystallization, zoning or alteration textures 
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in sphalerite and galena were observed. At HYC, the 
coarser galena grains show a poecilitic texture where 
galena crystals up to 1 mm show smaller (10 µm) 
inclusions of pyrite, sphalerite, carbonates and silicates 
(Fig. 4). At Myrtle and Caranbirini, sphalerite and galena 
are coarser (50 µm – 2mm). 
 
3.2 Minor and trace element in sphalerite 

 
Fe, Cu and Pb abundances have been cross-checked by 
EPMA to verify that the high contents were not due to the 
analysis of small inclusions. Figure 5 shows the 
composition results for Ga, Ge and In (used in green 
technologies and for temperature calculation), Mn and Fe 
(used for the temperature calculation) and Tl (due to the 
presence of a Tl anomaly at HYC).  

 
Figure 5. Box-and-whisker plots showing Fe, In, Ga, Ge, Mn and Tl 
concentration in sphalerite at the HYC and Myrtle deposits and 
Caranbirini prospect (this study) and various deposit types (Frenzel 
et al. 2016). Lower whiskers, bottoms of boxes, central lines, tops of 
boxes and upper whiskers represent 5th, 25th, 50th, 75th and 95th 
percentiles respectively; circle represent outlier. The black dots are 

for the mean. Numbers above the whiskers are the number of 
analysed spots (only written for Fe). The numbers below the 
whiskers are the percentage of analyses with values > LOD (=100% 
when not reported). 
 
3.3 Minor and trace elements in galena 
 
Galena at HYC shows high apparent concentrations of Fe 
(up to 4 %) and Zn (up to 10%) probably due to minor 
contamination by small inclusions of sphalerite and pyrite. 
Detailed investigation of element systematics indicate 
that the elements presented below are not affected by 
sphalerite contamination (Fig. 6).  

 

 
Figure 6. Ag, Bi, Sb and Tl concentration in galena at the HYC and 
Myrtle deposits and Caranbirini prospect (see Fig. 5 for the legend). 
 
3.4 Temperature estimate from sphalerite 
 
Temperature of sphalerite precipitation was estimated 
using the Ga, Ge, Mn and In (in ppm) and Fe (in %) 
concentrations and the following equation (Frenzel et al. 
2016):  

𝑇𝑇 (°𝐶𝐶) = (−54.4 ± 7.3) × 𝑙𝑙𝑛𝑛 �
CGa0.22 ∗ CGe0.22

CFe
0.37 ∗ CMn

0.20 ∗ CIn
0.1�+ (208 ± 10) 

 
The calculated temperature ranges from 133°C to 

257°C with a median value of 182°C at HYC, from 38°C 
to 179°C with a median value of 105°C at Myrtle and from 
21°C to 144°C with a median value of 84°C at Caranbirini 
(Fig. 7). The geothermometer is calibrated between 90 
and 400°C and the temperatures under 90°C should not 
be taken into account. 

  
 
Figure 7. Estimated temperatures in sphalerites from HYC, Myrtle 
and Caranbirini calculated with the equation above (see Fig. 5 for 
the legend; Frenzel et al. 2016). Temperatures below the calibration 
range are highlighted in red. 
 
4 Discussion and conclusions 

 
The temperatures at HYC are consistent with what is 
expected (Large et al. 2005; Huston et al. 2006). At Myrtle 
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and Caranbirini, the low Fe, low In and high Ga content 
induce very low calculated temperatures. Even if some of 
the data are not in the calibration range, it is possible to 
infer a lower temperature at Myrtle and Caranbirini 
(stratiform and vein-type) than at HYC (stratiform only). 
This highlights significant variations in space and time 
(stratiform and later veins). Differences between the 
deposits may relate to fluid temperature and fluid flux, 
which in turn may relate to how well feeder fault conduits 
tap deep fluid reservoirs. 

Sphalerite compositions are constant in the stratiform 
HYC deposit, meaning constant conditions of ore 
formation. Stratiform sphalerite present similar 
concentrations at Myrtle (except in Fe). At Caranbirini the 
stratiform sphalerite varies only in Mn concentration. 
Between all stratiform deposits/prospects, significant 
variations are observed, and only Ge content is similar in 
all of them. For vein-type sphalerite, compositions are 
constant at Myrtle and Caranbirini (with exception of Fe 
and Ge). When comparing stratiform and vein-type 
sphalerite, the variation magnitude and the orders of 
magnitude are similar. The trace element in sphalerite are 
compared to Mississippi Valley-type (MVT), SHMS and 
vein-type deposits (Fig. 5; Frenzel et al. 2016). For 
stratiform sphalerite, the grades obtained in this study are 
compatible with the one expected for Fe, Ga and Ge from 
SHMS deposits and slightly higher for Mn. In vein-type 
sphalerite Fe content is low and Ga content high. In all 
deposits, the In values are low and often < LOD (~0.04 
ppm). It is interesting to note that in a sample with both 
stratiform and vein sphalerite the Fe content varies, which 
is expressed by different colours under the microscope. 

The Ag, Bi and Sb content in galena is different 
depending on the lenses or deposits (Fig. 6). The highest 
Ag content are observed at Caranbirini and HYC, and 
high Bi values (>10 ppm) are present in two samples from 
Myrtle and one from Caranbirini. Trace elements in 
galena can be compared to the ones in the Mount Isa 
deposit (George et al. 2015) located in the adjacent 
sedimentary basin. The Bi values in the McArthur basin 
are lower than in Mount Isa (12–29 ppm) except from one 
sample at Myrtle and one at Caranbirini, very low for Ag 
and Sb compared to the 693–2355 ppm and 888–3032 
ppm respectively in Mount Isa.  

The Tl halo at HYC surrounding the deposit and 
extending at least 250 m into the hangingwall and 100 m 
into the footwall of the Emu Fault (Large et al. 2000) is 
visible through the composition of sphalerite and galena, 
where Tl content is 2–200 ppm compared to 4–230 ppm 
in pyrite (Mukherjee and Large 2017).  

Even if the concentration trace elements in sphalerite 
and galena at HYC is in the average of these kind of 
deposits, the tonnage is so significant that the total 
amount of trace elements may reach a large tonnage. 
Yellishetty et al. (2017) estimated a potential stock of 10.9 
kt Sb at HYC, consistent with the approximate values that 
can be calculated from the results present here and 
representing 3 times the 2018 production of Australia 
(U.S. Geological Survey 2019).  
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Abstract. Germanium (Ge) is often found as trace 
element in undeformed sphalerite (ZnS). However, the 
presence of Ge-minerals (oxides, chloritoids and/or 
sulphides with up to 70 wt% Ge) is remarkable in Pb-Zn 
deposits from the Variscan Pyrenean Axial Zone. Their 
abundance is controlled by the chemical and/or the 
mechanical processes that affect rare element 
concentration from sulphides which have undergone 
deformation and metamorphism. In this study, we 
document the microstructures and chemical 
heterogeneities in sphalerite, based on EBSD (electron 
backscatter diffraction) coupled to LA-ICPMS in situ 
analyses. Deformation induces the dynamic 
recrystallization of sphalerite. Recrystallized domains 
have low Ge contents (1–50 ppm Ge) whereas 
porphyroclastic sphalerite grains commonly show higher 
Ge concentrations (up to 650 ppm Ge). Ge-minerals (up 
to 70 wt% Ge) are exclusively hosted by the Ge-poor 
recrystallized domains. We propose that Ge was 
removed from the sphalerite crystal lattice during 
sulphide recrystallization, and was subsequently 
concentrated in Ge-minerals, leaving behind a Ge-
depleted fine-grained recrystallized sphalerite matrix. 
Numerous sulphide ore types enriched in rare elements 
like Pyrenean deposits may present recrystallization 
features and we suggest evaluating the potential of such 
deposits by integrating chemical and structural 
informations at the micrometer scale using state-of-the-
art analytical techniques in exploration methods. 

 
1 Introduction 
 
Critical metals like Germanium (Ge), Gallium (Ga) or 
Indium (In) are often accommodated by the sphalerite 
lattice (Cook et al. 2009). These elements are presently 
exploited as by product in base metal deposits in low 
concentrations (up to several 1000s ppm ; Höll et al. 
2007) as commonly observed in non-deformed sulphides 
(Cugerone et al. 2018a).  However, the highest 
concentrations of zinc sulphide are hosted in 

deformed/metamorphosed environments (Wilkinson 
2013), but the presence of critical metals in these deposit-
type has been poorly explored.  

The impact of recrystallization on sulphide composition 
has been mostly studied in pyrite or arsenopyrite (Cook 
et al. 2013; Dubosq et al. 2018) and only few studies are 
available for sphalerite (e.g. Lockington et al. 2014; 
George et al. 2016). Lockington et al. (2014) compare 
diverse sphalerites that naturally endured different 
metamorphic imprints. A loss of trace elements like Pb, 
Bi, Ag is commonly observed associated to a re-
incorporation of Fe, Cd, Mn, In. Homogenization of Cu in 
the sphalerite lattice is observed but data concerning Ge 
incorporation in sphalerite are lacking. 

The studied sphalerites are located in the Pyrenean 
Axial Zone (PAZ) Pb-Zn district deposits. These Pb-Zn 
mineralizations were sampled from deposits mined in the 
past and represent an interesting natural material for 
studying the impact of orogenic deformation on sphalerite 
texture and chemistry. The occurrence of Ge-minerals 
such as brunogeierite [GeFe2O4], briartite 
[GeCu2(Fe,Zn)S4] or carboirite [GeFeAl2O5(OH)2] hosted 
in sphalerite has been reported in the PAZ (Johan et al. 
1983; Cugerone et al. 2018a)  

Combining textural (EBSD) and chemical (EPMA and 
LA-ICP-MS) analyses, our study aims at investigating the 
role of deformation/recrystallization on the behavior of 
trace elements in sphalerite, and, in particular the 
formation process of Ge-minerals. 
 
2 Methods 
 
Electron-BackScattered Diffraction (EBSD) maps were 
performed with a Camscan Crystal Probe X500FE SEM-
EBSD at Geosciences Montpellier (CNRS-University of 
Montpellier, France). Operating conditions were 20 kV for 
the accelerating voltage and ~5 nA for the probe current 
with a working distance of 25 mm under 2 Pa low 
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vacuum. Samples were positioned horizontally and at the 
standard 70° angle of the EBSD detector. EDS maps 
were acquired simultaneously with electron backscatter 
pattern data. The measurement step was systematically 
below 5 µm. Oxford Instruments Aztec and Channel 5 
softwares were used to generate EDS and EBSD maps. 

Electron microprobe analyses (EMPA) were carried 
out using a Cameca SX100 (at the Service Inter-Regional 
Microsonde-Sud; Montpellier). Major, minor and trace 
elements were measured with a beam current of 100 nA 
and accelerating voltage of 20 kV. 14 elements were 
analyzed: standards, spectral lines, and spectrometers 
were as follows: Zn (Zn, Lα, TAP); S  (FeS2, Kα, PET); Fe 
(Fe2O3, Kα, LLif); Cd (CdS, Lα, LPET); Ge (Ge, Kα, LLif); 
Sb (GaSb, Lα, LPET); Cu (CuS, Kα, LLif); Ga (GaSb, Kα, 
LLif); Ag (Ag, Lα, LPET); Mn (Mn, Kα, LPET); Sn (Sn, Lα, 
PET); Pb (Pb, Mα, PET); As (GaAs, Lα, TAP); Si (CaSiO3, 
Kα, TAP). Peak counting times ranged from 30 to 240 s 
(240 s for Ge). Germanium is analyzed on 2 LLif 
monochromators. The limit of detection for Ge and Cu, 
calculated by internal Cameca procedures, is reduced to 
84 ppm and 110 ppm respectively. Ga, As, Ag, Pb, Sn, 
Sb, and Mn were below detection limit. 

Laser ablation inductively coupled plasma-mass 
spectrometry (LA-ICP-MS) was used to determine trace 
elements concentrations in sphalerite. Analyses were 
carried out using an Excimer CompEx 102 coupled with 
a ThermoFinnigan Element XR available at the OSU-
OREME AETE platform at the Montpellier University. 

Laser ablation was performed at constant 5 Hz pulse 
rate with 140 mJ laser energy. Each measurement 
comprises 180 s of background measurement and 60 s 
of sample ablation (signal measurement), followed by a 
60 s retention time to ensure a proper cell washout. Data 
were processed using the Glitter 4.0 software package. 
The following isotopes were measured: 29Si, 34S, 55Mn, 
57Fe, 59Co, 61Ni, 63Cu, 65Cu, 64Zn, 69Ga, 71Ga, 74Ge, 75As, 
77Se, 95Mo, 105Pd, 107Ag, 109Ag, 110Cd, 111Cd, 115In, 118Sn, 
119Sn, 120Sn, 121Sb, 123Sb and 208Pb. Zn contents in 
sphalerite measured with EPMA were used as internal 
standard of the LA-ICP-MS analyses. MASS-1 reference 
was used as external standard (Dr. Stephen Wilson, 
personal communication) with a corrected 57 ± 1.75 ppm 
value for Ge. NIST SRM 610 was used as secondary 
external standard to identify possible instrumental drift. 
Ni, As, Mo, Se, Pd and Si concentrations were 
systematically below detection limits. Only Ge and Cu 
contents measured in sphalerite will be discussed in this 
paper. 
 
3 Pb-Zn deposits in the Pyrenean Axial Zone 
 
Pyrenean Pb-Zn deposits are hosted in the deformed 
Variscan (~325-290 Ma) Pyrenean Axial Zone exhumed 
during the collision between the Iberia and Eurasian 
plates since the Lower Cretaceous. Foliation trajectories 
exhibit a monotonous N080-N110°E trend with variable 
dip angles. Two main Variscan deformation events are 
recorded in the host-rock. A poorly expressed S1 
cleavage is often parallel to original stratification S0 and 
is associated to regional M1 Medium-Pressure Low-

Temperature (MP-LT) metamorphic conditions. A well-
expressed S2 cleavage is sub-vertical and superimposed 
to the previous structures. S2 axial planar cleavage is 
associated to M2 contact (HT-LP) metamorphic 
conditions, marked in the studied area with the 
appearance of cordierite. 

Three Pb-Zn types of mineralization types are present 
in the PAZ and fully described in Cugerone et al. (2018b). 
In Figure 1, a schematic 3D sketch is shown and 
illustrates the major types of mineralization types. Type 1 
corresponds to a minor disseminated mineralization, 
probably syngenetic and from an exhalative source. Type 
2a is a stratabound mineralization, epigenetic and 
synchronous to the Variscan D1 regional deformation 
event and (III) while Type 2b is a vein mineralization, 
epigenetic and supposed synchronous to the late 
Variscan D2 regional deformation event.  

Herein, we will only focus on the Type 2b Ge-rich 
mineralization and more precisely on Arre deposit 
(Cugerone et al. 2018b). Type 2b is an epigenetic sub-
vertical vein-type mineralization (Fig. 2A) which has 
endured at least one deformation event, probably 
Variscan in age (D2 in Cugerone et al. 2018b). These 
veins are composed of sphalerite and galena, with a 
small amount of pyrite, chalcopyrite, arsenopyrite and 
gangue of quartz-carbonate (Fig. 2B). Numerous Type 2b 
deposits are present in the Axial Zone (Cugerone et al. 
2018b) and in this paper, we will focus on the Arre 
deposit. This Pb-Zn(-Ge) mineralization is hosted in 
Devonian calc-schist and marble rocks. Veins are 
oriented N070 E with sub-vertical dip (Fig. 2A). 
 
4 Microstructural study 
 
EBSD has been performed on Type 2b mineralizations 

Figure 1: Schematic 3D sketch presenting the three main types of 
mineralization which are typically observed in the studied area and 
related to each studied deposit. Type 2b vein mineralizations appear 
in intensely S2 deformed domains. Location of Arre deposit is noted 
(modified from Cugerone et al., 2018b) 
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(Fig. 3A and 3B) to obtain textural and microstructural 
information. Sphalerite occurs with diverse grain size 
(from 10 μm to > 1 mm). Coarse grains are parent grains 
and are internally deformed. Smaller grains (< 100 µm) 

mantled parent grains and also locally occur in twin 
boundaries. Three different textures are distinguished in 
sphalerite: dark domains and light domains that are 

Figure 2: A: Pb-Zn Type 2b Vein in Arre deposit. B: Typical Pb-Zn 
Type 2b ore mineralization with color zonation in sphalerite and 
presence of superimposed S2 cleavage (modified from Cugerone et 
al., 2018b; S0-S1: S0-S1 foliation; S2: S2 foliation; Qtz: quartz; Sph: 
sphalerite.   

Figure 3. A: EBSD grain size map in sphalerite (Arre sample) with 
location of Ge and Cu rich phases. These minerals are preferentially 
located in recrystallized sphalerite domains. B: Corresponding area 
in transmitted light with LA-ICP-MS spot analyses associated to Ge-
contents (in ppm). Note that the contrasts in color observed in Sph 
correspond to variations in Ge content. (S2: S2 foliation; Qtz: quartz; 
Sph: sphalerite). 
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observed in coarse parent grains and recrystallized 
domains that are composed of newly formed smaller 
grains.  

In the same area, an EDS chemical map is performed 
simultaneously to the EBSD acquisition, and so that the 
locations of Ge-minerals are reported (Figure 3A, yellow 
dots). Ge-minerals mainly consist of brunogeierite 
(GeFe2O4) and carboirite (GeFeAl2O5(OH)2); they are 
preferentially hosted in the small recrystallized sphalerite 
grain or located close to twin boundaries.  
 
5 Ge and Cu in sphalerite  
 
The location of LA-ICP-MS spot analyses was based on 
the EBSD grain size map so that chemical and textural 
information can be link each other. LA-ICP-MS spots are 
indicated in Figure 3B associated to their Ge-contents in 
zoned sphalerite as observed in transmitted light. 
Germanium distribution is highly zoned. In dark and light 
domains, the median content reaches 433 ± 21 ppm and 
46 ± 2 ppm, respectively. In recrystallized domains, Ge 
content is typically low, with median Ge content is much 
lower with a median concentration of 4 ± 2 ppm. 
Heterogeneous Ge in sphalerite is positively correlated to 
Cu, especially in the dark and light domains with Cu 
median contents of 1012 ± 75 ppm and 102 ± 7 ppm 
respectively. Cu content is lower in recrystallized grains 
with a median value of 29 ±9 ppm. 

A mass balance calculation performed between the 
different Ge-bearing phases observed reveals an 
“equivalent” Ge concentration in primary non-deformed 
sphalerite of 700 ppm in average (Cugerone et al., in 
prep). 
 
6 Discussion and conclusions 
 
The studied sphalerites from the Arre deposit in the PAZ 
show remarkably heterogeneous sphalerite textures and 
related major and trace chemistry. The formation of Ge-
rich minerals is mainly observed in close association with 
recrystallized sphalerite, so that deformation (supposed 
Variscan D2) and recristallization mechanisms are likely 
to play a major role in the Ge concentration process (Fig. 
3a); leaving behind a Ge-depleted fine grained 
recrystallized sphalerite matrix. 

Several textural and chemical analogues to these 
sphalerites may be present in Chinese deformed-MVT 
deposits (Ye et al. 2011), in Kipushi deposits (Belissont 
et al. 2016; Horn et al. 2018) but also in other sulphide 
minerals like chalcopyrite from VHMS deposit (Reiser et 
al. 2011; Belissont et al. 2019). Ores affected by 
recrystallization are likely to contain accessory minerals 
that can be potentially enriched in rare metals. 
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Abstract. The increasing demand for high tech related 
trace elements and the high concentration of their supply 
supports the need for systematic investigations on Ge, 
Ga and In occurrences in ore deposits. The present work 
focuses on high tech trace element characteristics of 
historic hydrothermal base metal vein deposits of the 
Ruhr and the Bergisches Land districts (Germany). The 
mineralogy of 66 ore samples from 22 historic mine sites 
was determined by µ-EDXRF. High-resolution EMPA 
mapping and quantitative analysis of trace elements by 
LA-ICP-MS reveal incorporation mechanisms of high tech 
trace elements in the sphalerite structure. Despite the 
observed natural variability for minor and trace elements, 
low iron-bearing sphalerite of both studied vein districts 
contains moderate Ga concentrations incorporated in 
growth zoning structures. Indium occurs restricted to 
small grain domains outlining growth zoning structures in 
a few samples. Germanium is incorporated into the 
sphalerite structure in sector zoning patterns restricted to 
hydrothermal veins from the Ruhr district. Correlation 
trends and EMPA maps indicate coupled substitution 
processes in sector zoning involving Cu, Ag, (As, Pb) and 
Sb. Assessments on physicochemical fluid properties 
and possible metal sources suggest an influence of 
organic rich host rocks (Ruhr district) on the observed Ge 
enrichment.  

 
1 Introduction 
 
The rising resource demand, the high concentration of 
supply of strategic metals and the advancing 
development of modern technologies places new 
demands on the exploration and production of raw 
materials. So-called high tech trace elements such as 
germanium (Ge), gallium (Ga) and indium (In) gain rising 
importance for modern technologies (e.g. infrared optics, 
fibre optic cables, solar applications, LEDs) due to their 
characteristics as semiconductor elements and their 
infrared transmission properties.  

Several studies indicate that these trace elements are 
occasionally incorporated in economically relevant 
concentrations in the base metal sulfides sphalerite and 
chalcopyrite (Cook et al. 2009). However, the transport, 
distribution and incorporation processes are poorly 
understood and systematic studies are missing. 

 
During the recently completed research project “HTMET”, 
a mineralogical-geochemical database on samples from 
historic German base metal mining districts was set up to 
evaluate the high tech trace element potential of these 
ores. It became apparent that differences in the trace 
element specialization of ores are dependent on the 
genetic deposit type. This is in agreement with 
economically oriented papers and case studies, where In-
enriched sulfides in skarn and SHMS deposits, or Ge-
specialized collomorphic sphalerite from MVT deposits, 
were investigated (Seifert and Sandmann 2006; Pfaff et 
al. 2011). 

However, trace element concentrations in sulfides 
from hydrothermal vein deposits vary significantly 
depending on formation conditions, structural control of 
the deposits and metal sources. In order to reveal the 
reasons for differences in trace element concentrations, 
this study focuses on trace element distribution and 
incorporation mechanisms into sulfides of the two 
adjacent historic German base metal mining areas, the 
Ruhr and the Bergisches Land districts. The focus of this 
study are new insights into incorporation, distribution and 
transport mechanisms of Ge, Ga and In in hydrothermal 
systems. Besides textural and mineralogical 
investigations (µ-EDXRF, optical and scanning electron 
microscopy), quantitative trace element analysis (LA-
ICP-MS) and high-resolution element mapping (EMPA) 
were carried out. Assessments of physicochemical fluid 
characteristics were used to constrain trace metal 
sources and will be complemented by fluid inclusion 
measurements and isotopic analysis.  
 
2 Geological setting 
 
The Ruhr Basin region is located in North Rhine-
Westphalia in the Western part of Germany. The bedrock 
of the Ruhr area consists of alternate bedded and closely 
folded layers of Carboniferous mud- and sandstones. 
Fossil organic substances are embedded either as high-
ash bituminous shale or as coal seams. Intensive post-
Carboniferous tectonics led to a folding and faulting of the 
sedimentary rock sequences resulting in a complex 
block-faulting structure. In the course of this process, 
hydrothermal fluids were able to rise up and lead to the 
formation of hydrothermal base metal ore deposits 
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preferentially at the intersection of anticlinal axis of the 
Carboniferous mud- and sandstone and the normal faults 
(Richter 1997). 

The adjacent Bergisches Land district is part of the 
Rhenish Massif that forms the southernmost part of North 
Rhine-Westphalia. The bedrock of the hydrothermal 
veins consists mainly of Devonian rocks. The strong-
fissured Paleozoic rocks of the Rhenish Massif enabled 
the hydrothermal fluids to rise up and to form base metal 
ore veins with an intense accumulation in several ore 
districts. The base metal veins are mostly restricted to 
voids resulting of Northwest-Southeast to North-South 
trending cross faults (Ribbert 2012). 
 
3 Mineralogical and textural properties 
 

 
Figure 1. False color µ-EDXRF mineral distribution map showing 
textural properties of a typical ore sample (Lüderich, Bergisches 
Land district); i) sulfide minerals: sphalerite (green; color shades 
indicate varying Fe contents from dark (high) to light (low)), galena 
(magenta), chalcopyrite (yellow), iron sulfides (orange); ii) gangue 
minerals: quartz (white) and carbonates (purple); iii) silicified host 
rock (grey). 
 
False color mineral distribution maps obtained for 66 ore 
samples out of 22 deposits by µ-EDXRF analysis (Flude 
et al. 2017) reveal a relatively simple mineral paragenesis 
for veins of both districts. Sphalerite (green) occurs either 
as bulky massive aggregates with a variable shape (Fig. 
1) or on small fissures. Growth zoning structures are 
indicated by varying iron contents. The second most 
common sulfide in the analyzed samples is galena 
(magenta) that can occur as small inclusions up to large 
and nearly mono-mineralic lode fillings in both districts. 
Chalcopyrite (yellow) occurs as small phases in most 
samples, commonly embedded in, or associated with, 
sphalerite and galena, but not showing typical 
chalcopyrite disease. Massive chalcopyrite is more 
frequent in samples of the Bergisches Land district. Iron 
sulfides, either pyrite or marcasite (orange), occur in 
nearly all investigated hydrothermal veins as ubiquitous 
minerals in small amounts. However, the occurrence of 
massive marcasite minerals is typical of the Ruhr district. 
Quartz (white) is the main gangue mineral in most 
samples often occurring as rims around brecciated mud-, 
shale- and sandstone fragments or infiltrating and 
replacing the host rocks (grey). Carbonates (purple) such 
as siderite, ankerite or calcite were observed in many of 
the investigated samples of the multi stage 
mineralizations as well. Late stage barite does only 
appear in a few samples of the Ruhr district and is lacking 
in samples of the Bergisches Land district. Based on the 
mineral distribution maps, 3x3 cm sized polished sections 

were prepared for further investigations on trace element 
concentrations.  
 
4 Quantitative analysis of trace element 

concentrations in sphalerite 
 

The major, minor and trace element concentrations in 
sphalerite and chalcopyrite grains were measured by LA-
ICP-MS with up to 60 spots for each polished section. 
Measurements of sphalerite were quantified using a 
calibration method based on the matrix-matched 
sphalerite reference material MUL-ZnS-1, which has 
similar composition, ablation behavior and element 
fractionation behavior as typical natural sphalerite (Onuk 
et al. 2017). The concentrations of Ge and Ga in 
sphalerite from selected deposits of both districts are 
illustrated in figure 2 as box plot diagrams. Except for 
sphalerite 2 of the Auguste Victoria mine, sphalerite from 
the Ruhr district is characterized by elevated high tech 
trace element concentrations (median Ge: 24–81 ppm; 
Ga: 97–185 ppm) compared to the Bergisches Land 
district (median Ge: 1–6 ppm; Ga: 14–26 ppm). In both 
districts In occurs only in less than 5% of the 
measurements in detectable concentrations. The results 
of LA-ICP-MS analysis were validated by bulk ore 
geochemistry measured using ICP-OES/MS. 
 
5 Distribution of trace elements in sphalerite 
 
5.1 High resolution compositional mappings  
 
Distribution and incorporation processes of high tech 
trace elements in sphalerite were investigated by high-
resolution EMPA mapping of 2x2 mm large areas for 
selected samples. Semi-quantitative results for Ge and 
Ga are shown in figure 3. Germanium (Fig. 3a) is 
clustered in sector zoning patterns. These zones are 
enriched in Cu, Ag and Sb and depleted in Fe (not 
shown). In contrast to that, Ga (Fig. 3b), Cu and, to a 
minor extent, In are enriched in narrow bands (<50 µm) 
outlining the sphalerite growth zone structures.  

The heterogeneous distribution of trace elements in 
the sphalerite explains the high variability of the trace 
element concentration data obtained by 40 µm laser 
spots shown above. These compositional zoning 
structures are explained by microscale crystallographic 
controls on the element fractionation along with 
alternating compositional variations in the fluid 
composition at the crystal fluid interface. According to  
Johan (1988), the growth zoning structures are related to 
110 crystal faces whereas the sector zoning patterns 
exist at 111 planes of sphalerite crystals and may overlap 
the growth zoning structures.  
 
5.2 Incorporation mechanisms  
 
Correlation trends of LA-ICP-MS data illustrate the 
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incorporation mechanisms of the high tech elements. Our 
data support the hypothesis of direct substitution of 
divalent cations (e.g. Fe2+, Cd2+, Mn2+) against Zn2+ in the 
sphalerite structure (Cook et al. 2009). However, figure 4 
shows that tri- and tetravalent cations (Ge4+, Ga3+, In3+, 
Sb3+ and Sn3+) need monovalent cations (Cu+, Ag+) to be 
incorporated into the sphalerite structure in both districts 
(Fig. 4a). Figure 4b shows the strong positive correlation 
of Ge and Cu (LA-ICP-MS) for sphalerite 1 of the Auguste 
Victoria mine (Ruhr district), which was also observed in 
the EMPA data. The further strong positive correlation of 
Ge with Ag, Sb, (As, Pb) is in agreement with a coupled 
substitution process related to the sector zoning patterns 
(Johan 1988). 

Due to the enrichment of In and Ga in narrow bands 
the correlation trends of LA-ICP-MS data of these areas 
are not as good as those for the sector zoning areas in 
the sphalerite. However, a distinct correlation of In3+, Sn3+ 
and Cu+ was observed.  

 
6 Fluid characteristics and metal sources 
 
The incorporation of major, minor and trace elements into 
the sphalerite structure is related to crystallographic 
control. But differences in trace element concentrations 
of the Ruhr and the Bergisches Land district cannot be 
explained by crystal growth alone as they show no 
significant differences in the incorporation mechanisms 
(Fig. 4a). Therefore, general variations in the sphalerite 
compositions may rather result from varying fluid 
properties and metal sources (Belissont et al. 2016). 

Vitrinite reflectance analysis on associated hard coal 
samples and application of the “GGIMFis sphalerite 
geothermometer” (Frenzel et al. 2016) on trace element 
data indicate rather low temperatures for ore forming 
fluids in the Ruhr district (<200 °C). These results are in 
accordance with fluid inclusion literature data (Topp 
1988). Calculated temperatures of hydrothermal fluids 

Figure 3. High-resolution EMPA 
mappings of sphalerite grains for a) Ge 
and b) Ga indicating incorporation in 
sector zoning patterns (Ge) and growth 
zoning structures (Ga) in the Ruhr 
district from blue (low) to green (high) 
concentrations (25 kV, 40 nA, 500 ms, 
4 µm probe diameter). 
 

Figure 2. Box plot diagrams illustrating 
results of LA-ICP-MS trace element data 
for a) Ge and b) Ga for sphalerite from 
selected deposits of the Ruhr (orange) 
and the Bergisches Land (blue) districts; 
number of samples are shown in 
brackets and the median values are 
shown in the diagrams; results for 
Auguste Victoria mine were separated 
for two sphalerite generations.  
 

Figure 4. Correlation trends of LA-ICP-
MS data indicating that a) tri- and 
tetravalent charged trace elements 
need monovalent cations to be 
incorporated into the sphalerite 
structure; b) strong positive correlation 
of Ge and Cu (Ag, Sb, (As, Pb)) was 
observed in samples from the Auguste 
Victoria (AV) mine in the Ruhr district 
indicating a coupled substitution 
process for sector zoning structures.  
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from the Bergisches Land district (GGIMFIS) are only 
slightly higher (<255 °C) compared to those of the Ruhr 
district. The salinity of the fluids plays an important role in 
terms of metal transport. Fluid inclusion data indicate 
generally high, but variable salinities (up to 30 wt.% NaCl 
equiv.) and an increased amount of CaCl2, for ore 
formation in both districts (Topp 1988).  

Fluid properties as well as transport and incorporation 
processes are relatively similar in both districts. Further 
studies on fluid inclusions in ore and gangue minerals, 
the age of the mineralization (Rb/Sr), and the origin of 
sulfur (δ34S) are planned in order to reveal differences in 
the formation conditions of the two ore districts. 

However, distinct differences in the host rocks of the 
ore deposits are obvious and may have resulted in 
significant differences of trace element enrichment for 
both districts. The moderate to high Ga concentrations in 
both districts may be explained by alteration of feldspar 
and mica in the host rocks as Ga3+ and Al3+ have the 
same charge and similar ionic radii.  

As Ge compared to Ga is not enriched in all districts, a 
ubiquitous available source like release from silica 
mineral weathering (similar properties of Ge4+ and Si4+) 
does not seem to be very probable for the local Ge 
enrichment. The presence of coal seams in the 
Carboniferous layers and their immediate contact to the 
hydrothermal vein deposits is a distinct feature of the 
Ruhr district. As Ge is commonly enriched in peat, lignite 
or organic enriched environments, the coal seams may 
be a potential metal source. Horse tail plants that were 
widely distributed in the Ruhr district during 
Carboniferous are known to enrich Ge in their roots 
(Delvigne et al. 2009). Trace element studies on hard 
coal from the Ruhr district indicated concentrations of 
1.20-1.98 ppm Ge, which are higher than those of the 
Saar area and other locations. As peat and lignite often 
have very high trace element concentrations and 
anthracite is known for very low trace element contents, 
it is expected that the trace elements were released 
during coalification. According to the massive silification, 
displacement, brecciation and the occurrence of coal 
debris in the hydrothermal veins from the Ruhr district, 
the presence of large volumes of matured coal seams 
may have a significant influence on the enrichment of Ge 
in sphalerite and chalcopyrite. The enrichment of Ge 
triggered by organic matter is discussed for MVT and 
Tsumeb-type deposits as well (Sahlström et al. 2017). 
 
7 Conclusions 
 
Mineralogical and geochemical investigations 
demonstrate that the distribution of high tech trace 
elements within sphalerite grains is highly 
inhomogeneous. High-resolution EMPA mapping 
indicate a preferential enrichment of Ge in sector zoning 
patterns. Correlation trends with other metals point to a 
Ge incorporation in the sphalerite lattice via coupled 
substitution of Zn. The enrichment of Ga, In, Sn and Cu 
appears in narrow growth zoning structure bands of the 
sphalerite grains. Sphalerite of hydrothermal vein 
deposits from the Ruhr district is characterized by clearly 

elevated high tech trace element concentrations 
compared to sphalerite from the Bergisches Land district. 
We propose the silicified coal seams in the Carboniferous 
host rocks of the Ruhr district as the source for elevated 
Ge concentration in the cutting base metal veins. 
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Abstract. The Ánimas – Chocaya – Siete Suyos district 
in SW Bolivia hosts a Bolivian-type polymetallic vein 
mineralization composed mostly of cassiterite, sphalerite, 
pyrite, galena, stannite, lead sulfosalts, tin sulfosalts and 
silver sulfosalts. In addition to base (Zn, Sn, Pb) and 
precious (Ag) metals, important concentrations of In have 
been described. Systematic EPMA analyses have 
revealed that the highest concentrations are found in an 
early generation of sphalerite (up to 9.66 wt% In) and in 
stannite (up to 4.11 wt% In). Although In-bearing 
sphalerites are relatively Fe-rich (mostly between 6.0 and 
18.1 mol % FeS), the atomic concentrations of these two 
elements do not yield any correlation. In contrast, In is 
positively correlated with Cu mostly along a Cu/In = 1 
proportion pointing to a (In3+ + Cu+) ↔ 2Zn2+ coupled 
substitution. A relatively high activity of Cu during the 
crystallization of In-rich sphalerite is also supported by 
exsolutions of chalcopyrite and stannite. 
 
1 Introduction 
 
Indium (In) is currently considered a critical raw material 
because of its high market demand coupled to a high 
supply risk (European Commission 2017; Schulz et al. 
2017). It is an essential component in modern 
technologies such as flat touch panels (as indium-tin 
oxide – ITO) and in the so-called green technologies such 
as photovoltaic cells. There are not mines that host 
indium as a primary commodity. This technological 
element, and others such as Ge, are mostly recovered as 
by-products from the production of other metals, chiefly 
zinc in sulfide minerals (i.e., sphalerite) even if important 
resources are described in tin ore as well (Schwarz-
Schampera and Herzig 2002).  

Important concentrations of In are described in the 
metalliferous belts in the Central Andean region (Fig. 1), 
particularly in the Andean tin belt (Schwarz-Schampera 
and Herzig 2002; Ishihara et al. 2011; Murakami and 
Isihara 2013).  

Mines in the Ánimas - Chocaya- Siete Suyos district 
are currently operated by several mining cooperatives. 
Isihara et al. (2011) studied the concentration of trace  
 

metals in 5 composite ore samples from Siete Suyos and 
Ánimas mines and reported whole rock In concentrations 
as high as 2510 ppm. Nevertheless, ore mineral 
chemistry has not been reported previously for this district 
and the mineralogical expression of In is hence unknown. 

Here we present new data on the mineralogy and ore 
mineral geochemistry, with a particular focus on the 
critical metal In, to better understand its distribution at the 
district scale and along the paragenetic sequence. 

 
2 Materials and methods 
 
A total of 50 samples were examined for mineralogical 
and geochemical determinations. The distribution of the 
samples embraces the three deposits and for each, 
several veins and mining galleries at different depths in 
order to ensure a complete 3D representability at the 
district scale.  

Forty polished thin and thick sections have been 
studied by optical and scanning electron microscopy 
(SEM) using an environmental Quanta 200 FEI, XTE 
325/D8395 equipment with an INCA Energy 250 EDS 
microanalysis system at Centres Científics i Tecnològics 
of the Univeristy of Barcelona (CCiT-UB). 

Mineral chemistry analyses of sulfide minerals and 
cassiterite were performed using a five-channel JEOL 
JXA-8230 electron microprobe (EPMA) at the CCiT-UB, 
operated at 20 kV acceleration voltage, 20 nA beam 
current, with a beam diameter of 5 µm. 
 
3 Geological setting 
 
The Ánimas – Chocaya – Siete Suyos district is located 
in the Potosí Department, 150 km south of the city of 
Potosí and near the town of Atocha. Physiographycally, it 
sits in the western flank of the Eastern Cordillera, close 
to the Altiplano. The Eastern Cordillera is composed 
mostly of thrusted, folded and variably metamorphosed 
Paleozoic marine sedimentary rocks, overlain by marine 
and non-marine Cretaceous sedimentary rocks (Suarez-
Soruco 2000). 

The district is included in the Quechisla mining group 
and belongs to the Andean (or Bolivian) tin belt, one of 
the metalliferous belts distinguished in the Central Andes 
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(Fig. 1; cf. Mlynarczyk and William-Jones 2005; Fontboté 
2018). The Andean tin belt is confined to the Eastern 
Cordillera and extends along more than 1000 km from 
southern Peru to northern Argentina through Bolivia. In 
this belt, mineralization was triggered by reduced, 
peraluminous magmatism. In its southern portion, where 
the Ánimas – Chocaya – Siete Suyos district is located 
(Fig. 1), Sn, Sn-W and Sn-polymetallic mineralization is 
of late Oligocene and Miocene age (Arce-Burgoa 2009) 
and related to porphyritic intrusions and dome complexes 
including hydrothermal breccia pipes and collapse 
calderas (Heuschmidt et al. 2002; Arce-Burgoa 2009). 

Mineralization in the Ánimas – Chocaya – Siete Suyos 
district is genetically associated to the Chocaya volcanic 
caldera complex of Miocene age (ca. 14–12 Ma; 
Heuschmidt et al. 2002). A lava and pyroclastic pile of dacitic 
composition is protruded by a central dome of the same 
composition. The volcanic complex is hosted by 
Ordovician sandstones and slates. 

 

 
 
Figure 1. Schematic map of the Central Andes with the main 
mineralized belts and representative ore deposits. Modified from 
Fontboté (2018). 

 
Volcanic and basement metamorphosed sedimentary 

rocks are crosscut by a NE-SW oriented network of veins 
that extends for more than 5 Km from the Siete Suyos 
mine (to the NE) to the Chocaya mine (to the SW); some 
veins have been exploited to depths of ∼900 m (e.g., 
Burto and Colorada veins).  
 

4 Mineralogy 
 
The district has a zoned distribution of the ores, with a 
complex ore association in the central parts of the district, 
particularly at depth (Figs. 2–5), and chalcedony-barite 
veins, with lesser amounts of galena and sphalerite, in 
the marginal parts of the district.  

The main ores in the central part of the district are 
sphalerite, pyrite and galena, accompanied by a gangue 
largely composed of quartz and siderite, with minor 
proportions of apatite, zircon and Al-rich phosphates. 
Other important phases usually found in the central and 
deep part of the mineralization include cassiterite, 
pyrrhotite, arsenopyrite, stannite, chalcopyrite and 
tetrahedrite.  

Minor phases scattered in the central part of the 
deposit, which may account for most of the silver content,  
include native silver, acanthite and silver-rich sulfosalts 
such as miargyrite, oscarkempffite, owyheeite, andorite, 
diaphorite, pyrargyrite, terrywallaceite, franckeite, 
staročeskéite and zoubekite; in addition, minor amounts 
of jamesonite, boulangerite, heteromorphite, semseyite, 
stibnite, wolframite, scheelite,  and wurtzite also occurs. 

Supergene products include minerals of the jarosite 
group, goethite, anglesite and smithsonite. 

Hydrothermal alteration of the host rocks consists 
largely of silicification accompanied with argilitic and 
sericitic alterations in the central part of the district, and a 
propylitic halo with abundant chlorite at the margins.  
 
5 Textures and paragenetic sequence 
 
Vein infilling shows drusy or cockade growths of quartz 
and ore, often displaying banding or colloform 
arrangements, suggesting open space crystallization. In 
addition, late minerals may also occur as veinlets that 
crosscut earlier phases. Different generations of a same 
mineral species are revealed by changes in the textural 
patterns. Some minerals, in particular pyrite, arsenopyrite 
and sphalerite, show oscillatory zoning. 

Early phases in the studied veins include quartz, 
cassiterite, arsenopyrite, a first generation of sphalerite, 
stannite and pyrite (Fig. 2). Cassiterite crystallized 
synchronously with quartz, even if the later formed during 
most of the mineralization lifespan in variable amounts. 
Arsenopyrite is largely replaced by pyrite suggesting a 
general earlier precipitation (Fig. 3). Sphalerite, the chief 
ore mineral in the district, probably crystallized during a 
protracted period. Early sphalerite is observed to form 
colloform bands overgrowing quartz and arsenopyrite, 
and by hosting myriads of chalcopyrite and stannite 
exsolutions. The abundance of these exsolutions 
decreases toward inner, younger sphalerite bands giving 
way to interspersed bands with stannite (Fig. 2). Later 
generations of sphalerite are largely free of both 
chalcopyrite and stannite exsolutions and intergrowths 
with stannite (Fig. 4). Galena is observed mostly as 
anhedral grains often replaced by late sphalerite (Fig. 5). 
Chalcopyrite is rather scarce in the studied ore and, in 
addition to forming exsolutions in sphalerite, is observed 
veining this mineral (Fig. 4), suggesting later 
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crystallization. 
 

 
Figure 2. Microphotographs of ore mineralization from the Siete 
Suyos mine using reflected, plane polarized light. A) Colloform 
growths of sphalerite (sl) bands interspersed with stannite (stn) 
bands overgrew quartz (qz) and arsenopyrite (apy). B) The density 
of exsolutions of stannite and chalcopyrite (cpy) in sphalerite 
decreases toward younger growth bands. 
 

 
Figure 3. Arsenopyrite (apy) crystals were extensively replaced by 
pyrite (py), and both were replaced by a late generation of 
exsolution-free sphalerite (sl) in ore from the Siete Suyos mine 
(reflected, plane polarized light). 

 
Figure 4. Arsenopyrite (apy) crystal replaced by pyrite Py), the 
second replaced in turn by sphalerite (sl). Chalcopyrite (cpy) veins 
sphalerite (sample from the Ánimas mine; reflected, plane polarized 
light image). 
 

 
Figure 5. Galena (gn) grains are conspicuously replaced by a later 
generation of exsolution-free sphalerite (sl) in ore from the Ánimas 
mine (reflected, plane polarized light image). 
 

Later phases include sulfosalts, mostly tetrahedrite 
(locally found in equilibrium with a second generation of 
stannite) and Pb sulfosalts that are almost synchronic 
with the crystallization of Ag sulfosalts. These phases 
crystallized in equilibrium with late sphalerite and a 
second generation of galena and Fe-carbonates (Fig. 6) 
In a few samples, late wurtzite has been identified. 

 
Figure 6. General, simplified paragenetic sequence of hypogene 
mineralization in the Ánimas and Siete Suyos mines. 
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6 Geochemistry of In-bearing ore minerals  
 
Remarkable concentrations of In have been detected 
only in sphalerite and stannite. Contrasting compositions 
for sphalerite have been observed depending on the 
generation or in the vein system in which they 
crystallized. First-generation sphalerite is characterized 
by the highest In concentrations (up to 9.66 wt% in a 
sample from the Siete Suyos mine, up to 2.94 wt% in a 
sample from the Ánimas mine and up to 1.82 wt% in a 
sample from the Chocaya mine). In Siete Suyos and 
Ánimas ore, In-bearing sphalerite crystals are 
characterized by high Fe contents so that for sphalerite 
grains with In > 1.5 wt%, FeS is between 6 and 18 mol % 
in the Siete Suyos mine, and between 8 and 16 mol % in 
the Ánimas mine. In contrast, for sphalerite grains from 
the Chocaya mine with In > 1 wt%, the concentration of 
Fe is low, between 0.1 and 0.3 mol % FeS. A correlation 
between atomic proportions of In and Fe is not observed. 
In contrast, the atomic proportions of In yield a strong 
positive correlation with those of Cu, mostly at Cu/In=1. 
Some of the studied sphalerite grains yield a limited solid 
solution with stannite (up to 4 mol % Cu2FeSnS4). 

Studied stannite yields a maximum content of In of 
4.11 wt% in a sample from the Ánimas mine, whereas 
maximum concentration in stannite grains from the Siete 
Suyos mine is of 1.73 wt%. The concentration of In in 
stannite does not shows clear correlation with other 
analyzed elements. 

Analyzed cassiterite crystals yield only minor 
concentrations of In, up to 0.65 wt%. 
 
7 Discussion  
 
The strong correlation found between Cu and In in 
sphalerite grains from the Ánimas – Chocaya – Siete 
Suyos district at Cu/In=1 points to incorporation of In via 
a (Cu+ + In3+) ↔ 2Zn2+ coupled substitution, which has 
been amply identified in other districts worldwide for In-
bearing sphalerite (Cook et al. 2011, and references 
therein). On the other hand, the occurrence of In in 
studied stannite favors a contextualization of the In 
mineralization in the (Zn,Fe)S – Cu2FeSnS4 – CuInS2  
pseudoternary system described by Oen et al. (1980), 
with a limited solid solution between the three 
endmembers (i.e., sphalerite, stannite and roquesite). 
The fact that In strongly correlates with Cu in the structure 
of sphalerite and is systematically found in first-
generation sphalerite texturally characterized by hosting 
abundant chalcopyrite and stannite exsolutions suggests 
that Cu played a major role in the concentration of In. In 
contrast, the concentration of Fe in sphalerite is 
apparently disconnected of the initial concentration of In 
in this mineral. Nevertheless, high concentrations of FeS 
in sphalerite are described to favor diffusion of elements 
such as In in the structure of this sulfide and hence might 
have promoted local diffusion fronts enriched in roquesite 
solid solution (Schwarz-Schampera and Herzig 2002). 
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Abstract. The Ayawilca Zn-In-Ag-Sn-Cu project is 
located in the Central Andean polymetallic belt of Peru. 
It is a carbonate replacement deposit with strong 
similarities to porphyry-related epithermal polymetallic 
(“Cordilleran”) deposits in the Central Andes. Forty-two 
ore samples were studied for petrographic and ore 
mineral chemistry determinations. Within an early low 
sulfidation stage, the most important economically and 
volumetrically, three generations of Fe-rich sphalerite 
were identified, the second being characterized by fine 
disseminations of chalcopyrite and the highest indium 
contents (up to 1.58 wt% In). Although In-bearing 
sphalerite is characterized by high iron contents 
(between ~ 9 and 32 mol. % FeS), atomic 
concentrations of In and Fe do not show any visible 
correlation. In contrast, In and Cu correlate at Cu/In = 
1 (at. proportions), which is compatible with a solid 
solution between sphalerite and roquesite. 

 
1 Introduction 
 
Indium (In) is a highly malleable post-transition metal, 
with a relatively low melting point and good electrical 
conductivity. This metal is considered a high-tech 
metal critical for the global economy (European 
Commission 2017). Its most valuable application is in 
the manufacture of LCD screens in the form of indium-
tin oxide – ITO (Shanks et al. 2017). However, its uses 
also extend to the production of electroluminous 
panels, transistors, nuclear medicine, and alkaline 
batteries, among others. Indium is a trace element in 
the continental crust (~56 ppb; Rudnick and Gao 2014) 
and virtually absent in its elemental form. Although it 
forms some discrete minerals (e.g., roquesite 
[CuInS2]), it mostly occurs in the structure of sulfides 
(chiefly in sphalerite, but also in stannite and 
chalcopyrite) or in tin oxides like cassiterite (Schwarz-
Schampera and Herzig 2002; Cook et al. 2009). This 
fact explains its strong dependence on zinc production 
(Nassar et al. 2015). 

Peru is currently the 7th largest producer of indium 
(European Commission, 2017) whose extraction is 
obtained mostly from sphalerite recovery, present in 

most of Central Andes “Cordilleran” polymetallic 
deposits (e.g., Cerro de Pasco, Uchucchacua, and 
Colquijirca; Fontboté 2018). In 2012, Tinka Resources 
Ltd. discovered the Ayawilca zinc deposit (Fig.1) with 
a current estimated indicated resource of 11.7 Mt with 
6.9% Zn, 0.16% Pb, 15 g/t Ag and 84 g/t In containing 
983 t In and an additional estimated inferred resource 
of 45.0 Mt with 5.6% Zn, 0.23% Pb, 17 g/t Ag and 67 
g/t In containing 3,003 t In as of November 26th, 2018 
(CIM definition standards). 

The goals of this work are 1) to define the ore 
mineralogy and assemblages to draw comprehensive 
paragenetic sequences and 2) to determine the 
chemistry of ore minerals, with special attention to the 
distribution of In. 

 
Figure 1. Map with the location of the Ayawilca project, the main 
Mesozoic and Cenozoic mineralized belts in the Central Andes 
and examples of representative ore deposits (modified from 
Fontboté 2018). 
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2 Geological setting 
 
The Ayawilca deposit is located in the Department of 
Pasco, Peru, at 4,200 masl. It is interpreted to either 
belong to the Miocene polymetallic belt of Central Peru 
that includes the world-class porphyry-related deposits 
of Toromocho, Cerro de Pasco, Antamina and 
Yanacocha, or to the Eocene-Oligocene belt including 
Quicay, Atacocha, and Rondoní also related to calc-
alkaline arc magmatism (Noble and Mckee 1999; 
Sillitoe 2004; Fontboté 2018). Main host rocks are 
Upper Paleozoic phyllites and Triassic to Cretaceous 
clastic, evaporitic and carbonate rocks that were 
deformed between the Upper Cretaceous and the 
Eocene, giving rise to the Marañón fold and thrust belt 
as the most important structural feature in the region 
(Cobbing and Sanchez 1996). Post deformation calc-
alkaline arc-magmatism of Eocene-Oligocene and 
Miocene age occurs in the region although it has not 
been found in the Ayawilca project itself. The deposit 
consists of a blind zinc and tin mineralization mainly 
hosted by Upper Triassic to Lower Jurassic Pucará 
Group limestone. Mineralization occurs as 10 to 30-m-
thick stacked lenses (“mantos”) associated with argillic 
alteration within the carbonate rocks (El-Rassi and 
Ross 2019). In addition, Zn-rich steep-dipping veins 
and minor high-grade mantos are found in the 
overlying Goyllarisguizga Group sandstones-siltstones 
of Cretaceous age.  

 
3 Methodology 
 
Forty-two polished sections were examined using an 
OLYMPUS BX51 optical microscope. A selection of 
these samples was examined on an environmental 
scanning electron microscope (SEM) Quanta 650 FEI, 
equipped with an EDAX-Octane Pro EDS 
microanalysis system at Centro de Caracterización de 
Materiales of the Pontifical Catholic University of Peru 
(CAM-PUCP). Operating conditions were 20 kV 
accelerating voltage and 5 nA in backscattered 
electron mode (BSE). Mineral chemistry analyses of 
sulfide minerals were performed using a five-channel 
JEOL JXA-8230 electron microprobe (EPMA) at the 
Centres Científics i Tecnològics of the University of 
Barcelona, operated at 20 kV acceleration voltage, 20 
nA beam current, with a beam diameter of 5 µm. 
 
4 Results 
 
4.1 Ore mineralogy and textures 
 
The main hypogene ore minerals in the Ayawilca 
project include pyrrhotite, sphalerite, chalcopyrite, 
pyrite, magnetite, cassiterite and arsenopyrite and 
lesser amounts of stannite, tetrahedrite, freibergite, 
bismuthinite, native bismuth, galena, marcasite, 
mackinawite, herzenbergite [SnS], Pb/Ag sulfosalts 
(mainly stephanite and pyrargyrite) and intermediate 
product (a transition of pyrrhotite to mainly marcasite; 
Ramdohr 1969; Figs. 2 and 3 herein). At the deposit 

scale, mineral assemblages define three stages of 
evolution similar to those recognized at the Cerro de 
Pasco Cordilleran deposit by Rottier et al. (2016, 2018) 
and other Cordilleran polymetallic deposits (Fontboté 
2019). Stage A is the economically and volumetrically 
most important and consists of a low sulfidation 
assemblage of pyrrhotite, magnetite, Fe-rich 
sphalerite, chalcopyrite, arsenopyrite and, 
occasionally, cassiterite and stannite. It is frequently 
overprinted by coarse euhedral/subhedral pyrite that 
forms the main part of Stage B. An intermediate 
sulfidation assemblage including siderite, galena, a 
Fe-poor sphalerite, Pb-Ag sulfosalts, kaolinite and 
dickite forms Stage C. 

Figure 2 shows a paragenetic sequence for the ore 
mineralization in “mantos”, which are essentially 
composed of an early Fe-As sub-stage, with 
magnetite, pyrrhotite and arsenopyrite, a subsequent 
sub-stage of Sn-Cu-Zn sulfides, followed by Stage B 
with pyrite and a later mineral assemblage of Ag-Pb 
sulfosalts. Three generations of sphalerite, all rich in 
Fe, have been observed in the Stage A: 1) star-shaped 
inclusions in massive chalcopyrite (high temperature; 
Fig 3a), 2) aggregates of anhedral to subhedral 
crystals, with fine-grained chalcopyrite, mackinawite 
and pyrrhotite disseminations and 3) grains with only 
local Cu-Fe sulfide disseminations. Both the second 
and the third generations of sphalerite were replaced 
by stannite (Stage A) and, in places, by chalcopyrite. 

Samples from veins located in the northeastern 
area have a mineralogy that is largely equivalent to 
that described for “mantos” ore. In veins from the 
northwestern part of the deposit, Ag and Cu sulfosalts 
are conspicuous and associated with abundant galena 
and sphalerite. Iron-poor sphalerite postdating Fe-rich 
sphalerite occurs in phyllite-hosted veins, suggesting 
reopening of the fluid pathways. 
 

MINERALOGY                  STAGE A (LS)                 STAGE B    STAGE C (IS) 

Magnetite  
Pyrrohtite 

Quartz  

Arsenopyrite  
Chalcopyrite  

Fe-rich sphalerite  
Mackinawite  
Cassiterite  
Stannite  

Herzenbergite  
Cu sulfosalts 

Fe-poor sphalerite 
 

Bismuthinite  
Native Bismuth  

Galena  
Pb/Ag sulfosalts  

Pyrite  
I.Product/Marcasite 

Siderite 
 

  
Figure 2. Paragenetic sequence for “mantos” hypogene ore 
mineralization. Intermediate P = intermediate product (see main 
text); LS = low sulfidation; IS = intermediate sulfidation. 
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Figure 3. Photomicrographs of ore mineralogy in “mantos”: a) 
Pyrrhotite occluded in chalcopyrite; the latter with fine inclusions of 
sphalerite “stars” (1st generation). b) Arsenopyrite crystals with 
microfractures filled by a 2nd generation of sphalerite (with fine 
disseminations of chalcopyrite). Pyrite + marcasite (intermediate 
product) c) Cassiterite with interstices filled by stannite and 
herzenbergite. d) Pyrrhotite replaced by pyrite from their edges. e) 
Sphalerite included in pyrite and replaced by a third generation of 
chalcopyrite. f) Magnetite grains (slightly brownish gray) 
disseminated in arsenopyrite and clean sphalerite. 
Photomicrographs of distal veins: g) Chalcopyrite with inclusions of 
sphalerite “stars” and stannite in pyrrhotite which has been partially 
altered to intermediate product. h) Galena replaced by stephanite. 
i) Galena (gn) with remains of sphalerite and replaced by argentian 
tetrahedrite, stephanite and pyrargyrite, taken with SEM, BSE 
mode. Abbreviations: aspy: arsenopyrite; cpy: chalcopyrite; cst: 
cassiterite; gn: galena; hrz: herzenbergite; I.P: intermediate 
product; mc: marcasite; mt: magnetite; po: pyrrhotite; py: pyrite; pyr: 
pyrargyrite; sl: sphalerite; stn: stannite; stph: stephanite; td_Ag: 
argentian tetrahedrite; RL: reflected light. 
 
4.2 Ore mineral geochemistry 

 
Relatively high In concentrations have been obtained in 
Stage A sphalerite and stannite. The highest In 
concentrations are recorded in sphalerite grains of the 
second generation in “mantos” (up to 1.58 wt% In) with 
relatively high Fe (9 to 32 mol. % FeS at In > 0.20 wt%). 
In Stage C sphalerite in “mantos”, with FeS as low as 3  
mol. %, In is below its detection limit. Analyzed Stage A 
sphalerite grains from NE veins have concentrations of In 
between 0.20 and 0.50 wt% and FeS between 17 and 18 
mol. %. Sphalerite grains from NW veins are In-free at 
any FeS (between 1 and 33 mol. % FeS). Therefore, In-
bearing sphalerite is systematically rich in Fe, but Fe-rich 
sphalerite is not always enriched in In. On the other hand, 
the atomic proportions of In and Fe do not show any 
visible correlation. In contrast, in the binary diagram in 
Fig. 4b, most sphalerite grains with In values above the 
detection limit fall along the Cu/In=1 line. In the ternary 
diagram in Fig. 4a, analyzed sphalerite shows a relatively 
low dispersion along the sphalerite-chalcopyrite, 
sphalerite-stannite and sphalerite-roquesite tie-lines. 
Stannite yields up to 0.49 wt% In in “mantos” and up to 
0.32 wt% In in NE veins.  

Tetrahedrite group minerals (Stage C) from Ayawilca 
yield relatively high silver contents, between 11.38 and 
20.04 wt% Ag, and Ag/(Ag+Cu) ratios in the range 

between 0.33 and 0.56. The As/(As+Sb) ratios are 
between 0.004 and 0.030. Accordingly, tetrahedrite group 
minerals correspond to argentian tetrahedrite, with 
structural formula 
(Cu5.96Ag3.77)(Zn0.62Fe1.48)(Sb4.00As0.01)S12.78 and 
freibergite, with structural formula 
(Cu4.57Ag5.45)(Zn0.43Fe1.60)(Sb4.00As0.05)S12.2. 

 
5 Conclusions and final remarks 
 
Ayawilca Zn-In-Ag-Sn-Cu Stage A low sulfidation 
mineralization is mostly composed of pyrrhotite, Fe-rich 
sphalerite, chalcopyrite, pyrite, magnetite, cassiterite and 
arsenopyrite and lesser amounts of stannite and 
herzenbergite. Idiomorphic coarse-grained pyrite and 
marcasite replacing pyrrhotite (Stage B) are postdated by 
siderite, Fe-poor sphalerite, tetrahedrite, freibergite, 
bismuthinite, native bismuth, galena, stephanite and 
pyrargyrite. 

The highest values of In are found in a second 
generation of Fe-rich sphalerite within Stage A, 
characterized by fine disseminations of chalcopyrite. In-
rich sphalerite grains are systematically rich in Fe, but the 
reverse is not true; the atomic proportions of these two 
elements do not correlate. Indium is positively correlated 

Figure 4. a) Cu+Ag - Zn+Fe+(Cd+Mn) - In+Sn ternary plot 
of sphalerite and stannite minerals from the Ayawilca 
project. b) Cu – In binary plot of sphalerite from the Ayawilca 
project. Abbreviations: cpy: chalcopyrite; rqs: roquesite; sl: 
sphalerite; stn: stannite.   
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with Cu mostly at Cu/In=1 suggesting a (Cu+In3+)↔2Zn2+ 
coupled substitution, and an incorporation of In as a solid 
solution with roquesite (Schwarz-Schampera and Herzig 
2002). 
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