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The transition towards zero-CO2 energy generation, storage and transport will require a
range of metals that are often considered critical and are produced as byproducts of the
production of other metals. This means that the reliance of some critical elements on the
production of main metal commodities, such as Cu and Ni, is a significant source of supply
risk. However, how can we evaluate resource scarcity and supply risks for elements that
we do not routinely analyze for and characterize in present day mined ores? Here we
demonstrate a method for exploring for and assessing the byproduct critical element
potential of magmatic sulfide and volcanogenic massive sulfide deposits using a
LA–ICP–MS database. Our results indicate there are significant enrichments of Sb, Bi,
Cd, Co, Se and Te in pentlandite (Ni sulfide), chalcopyrite (Cu sulfide) and sphalerite (Zn
sulfide) within these systems, demonstrating the need for a holistic approach to critical
element research with unrecovered byproducts in existing mining supply chains having the
potential to solve perceived resource scarcity challenges.

Keywords: byproduct proxies, critical elements, LA-ICP-MS, magmatic sulfide deposits, volcanogenic massive
sulfide (VMS) deposits

INTRODUCTION

Modern day exploration for base (Cu–Pb–Zn–Ni) and precious (Au–Ag–platinum group element
(PGE)) metals integrates geological, geochemical and geophysical datasets within a metallogenic
framework to target geographical locations for investigation at a range of scales. A mineral deposit is
defined as a concentration of useful metals, minerals, or rocks whereas an ore deposit is a mineral
deposit that can be exploited for a profit (e.g., Pohl, 2020; Jowitt and McNulty, 2021b). The elevation
of a mineral deposit to a mineral resource or an ore deposit requires the collection and assessment of
multiple datasets by professionally qualified persons to determine the economic feasibility of the raw
materials contained within the deposit (Jowitt andMcNulty, 2021b). Some rawmaterials, such as Cu,
Ni, Zn, and Fe, have well-established metallogenic frameworks (geology) and commodity markets
(economics); in other words, humanity has been successful at finding and developing these needed
resources in the form of main-product mining operations that operate above the mineralogical
barrier (Skinner, 1976). However, there are numerous metaliferous raw materials that have become
increasingly technologically important, such as In (Werner et al., 2017; Jowitt and McNulty, 2021a),
which as yet do not have the market demand to justify industry investment to explore for and develop
into main-product mining operations (e.g., Sykes et al., 2016). This means that the current supply
and demand for these raw materials is met by the extraction of these metals as byproducts during the
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processing of base and precious metals (Figure 1; Nassar et al.,
2015; Huston, 2021). This, combined with the potential for rapid
increases in demand for these rawmaterials (Jowitt andMcNulty,
2021a) means they have higher security of supply risk. This
increased risk has led some governments and organizations to
categorize these raw materials as critical metals and minerals
along with other main and co-product metals and minerals that
have supply chains that are at risk for a number of different
reasons (e.g., McNulty and Jowitt, 2021). Examples of these by-
product critical metal and minerals include Sb, Cd, Co, In, Se, and
Te, which are used in technologies for low-emissions energy
production such as solar panels and wind turbines, and energy
storage, such as batteries (Jowitt et al., 2018; Jowitt and McNulty,
2021a). In comparison, Bi is used as an additive for fusible alloys
and free machining steels, as well as in electronic products such as
a non-toxic replacement for lead in solders (Krenev et al., 2015;
Austrade, 2020). All of these elements are characterized as critical
by various governments and agencies (McNulty and Jowitt,
2021), in part because their supply is predicated on their metal
companionality with the production of base and precious main
metals (Figure 1A) from which they are recovered as by- or
coproducts (Figure 1B).

Magmatic Ni-Cu-PGE sulfide deposits are accumulations of
base and precious metals that form from the segregation of
immiscible sulfide liquids from mafic or ultramafic silicate
magmas (Naldrett, 2010). These deposits contain about one
third of the world’s Ni mineral resources and are also
important producers of the PGEs, Co and Cu (Mudd and
Jowitt, 2014; Nassar et al., 2015). Volcanogenic massive sulfide
(VMS) deposits form from metal-bearing hydrothermal fluids
associated with seafloor and sub-seafloor hydrothermal
convection and are major sources of Zn, Cu, Pb, Ag, and Au,

as well as significant sources of other elements such as Co, Sn, and
Se, amongst others (Galley et al., 2007). This study presents a
method for the assessment of critical element byproduct
resources in magmatic sulfide and VMS mineral deposits, two
key sources of base and precious metals, as an initial step to
enhance the production of these elements. This targeting of areas
of enhanced recovery is a more time- and cost-effective approach
to the improved extraction (and hence sustainability) of these
byproduct metals than undertaking expensive and time-
consuming deportment studies of the majority of mineral
deposits and represents an ideal complement to downstream-
up studies examining smelter and refinery data to identify high
potential mineral deposit systems (McNulty et al., 2022). In
addition, this approach represents a template for the targeting
of specific parts of the minerals industry for enhanced byproduct
critical metal and mineral recovery through deportment and
mineral processing studies to understand the way these
individual elements behave within the mining-smelting-
refining value chain.

Our approach uses a compilation of laser ablation–inductively
coupled plasma–mass spectrometry (LA–ICP–MS) data for
previously published analyses of pentlandite, chalcopyrite and
sphalerite. These data are used to evaluate the chalcophile Sb, Bi,
Cd, Co, In, Se, and Te byproduct critical element resource
potentials of a range of magmatic sulfide and VMS deposits.
Base metal sulfide concentrates are typically liberated from
magmatic and VMS mineral deposits using froth flotation
mineral processing methods with main commodity metals
extracted by a combination of pyrometallurgical and
hydrometallurgical techniques (e.g., Berry et al., 2001). These
techniques produce intermediates and/or byproducts that can
contain significant quantities of critical elements (McNulty et al.,

FIGURE 1 | (A) The wheel of metal companionality for select base and precious metals (after Nassar et al., 2015; Jowitt et al., 2018) which shows the relationship
between primary metal (the central part of the wheel) and by- or coproduct elements and their percentage of production with critical elements highlighted in red. (B)
Critical elements categorized by their byproduct, coproduct and main product nature (adapted from Huston, 2021). The critical elements investigated in this study are
Sb, Bi, Cd, Co, Se and Te.

Frontiers in Earth Science | www.frontiersin.org May 2022 | Volume 10 | Article 8929412

McNulty and Jowitt Exploring for Byproduct Critical Elements

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


2022). This means that sulfide concentrates from these deposits
have the potential to contain recoverable byproduct critical
elements that can be estimated using LA–ICP–MS analytical
data. The proxies developed during this study using this
approach highlight the potential for realizing new streams of
hidden byproduct critical element supplies in sulfide-rich ore
systems which, could in part, meet the forecasted increases in
demand for raw materials vital for non-fossil fuel energy
technologies (Drexhage et al., 2017; Lee et al., 2020).

MATERIALS AND METHODS

The trace element concentrations of pentlandite, chalcopyrite and
sphalerite from magmatic sulfide and VMS deposits from 2,220
compiled LA–ICP–MS point analyses indicate that the sulfide ore
minerals in these systems contain significant amounts of Sb, Bi,
Cd, Co, In, Se and Te (Tables 1, 2; Figure 2; Supplementary
Table S1). To explore for hidden byproduct critical element
resources, proxy inventories of Sb, Bi, Cd, Co, In, Se, and Te
were calculated based on average trace element concentrations in
Ni, Cu, and Zn sulfide ore minerals for four magmatic sulfide and
six VMS deposits. These ten ore deposits were selected for
investigation because: a) mineral resource, ore reserves or
historic production information were available for the main

metal commodities (grade and tonnage data); b) several trace
critical element concentrations were reported for the analyzed ore
minerals from each deposit; and c) each mineral deposit had a
minimum of 30 LA–ICP–MS spot analyses and at least two
samples of sulfide mineralization were analyzed. Contained
chalcopyrite, pentlandite and sphalerite abundances were
estimated based on publicly available mineral resource, ore
reserve or historic production data (Supplementary Table S2).
These estimates assume that Cu, Ni, and Zn are contained in
chalcopyrite (CuFeS2), pentlandite (Ni4.5Fe4.5S8) and sphalerite
(Zn0.5Fe0.5S), a reasonable assumption given the dominance of
these minerals within Cu, Ni, and Zn supply chains. Inferred
contents of byproduct critical elements were estimated by
multiplying the estimated amount of each contained mineral
phase by its average trace element composition. These proxy
byproduct inventories are reported in metric tonnes (t) and
rounded to the nearest integer or base ten (Supplementary
Table S3). Although there are inherent uncertainties in this
proxy approach, specifically the assumptions that Cu, Ni and
Zn grades report to one mineral phase and that the limited
LA–ICP–MS data are representative of each mineral deposit, it
provides an initial assessment for elements that are not routinely
analyzed for and considered in resource calculations. In addition,
unlike whole-rock assay data, this proxy has the benefit of
excluding byproduct elements that might be trapped in gangue

TABLE 1 | Summary of select trace element concentrations (ppm) in chalcopyrite and pentlandite from 22 magmatic sulfide deposits (Supplementary Table 1; data
sources therein).

Chalcopyrite Sb Bi Cd Co In Se Te

n 505 576 596 664 293 475 577

min-max 0.001–22.2 0.002–19.7 0.07–69.7 0.007–64,410.0 0.02–5.3 11.5–353.3 0.01–87.2
average 0.2 0.7 8.8 669 1.5 102.6 4.5
median 0.1 0.1 5.5 1.0 1.3 88.9 1.1
standard deviation 1.3 1.5 9.3 3,828.2 1.1 51.7 9.9
Pentlandite
n 590 702 714 851 273 618 694
min-max 0.01–53.0 0.002–24.3 0.01–63.5 7.0–57,040.0 0.01–3.0 15.5–547.0 0.01–423.8
average 0.4 1.2 0.8 8,301 0.1 154.2 11.3
median 0.1 0.2 0.2 7,291 0.01 0.1 1.4
standard deviation 2.4 2.7 2.9 5,446.2 0.3 114.5 2.7

TABLE 2 | Summary of select trace element concentrations (ppm) in chalcopyrite and sphalerite from 28 volcanogenic massive sulfide deposits (Supplementary Table 1;
data sources therein).

Chalcopyrite Sb Bi Cd Co In Se Te

n 239 331 281 291 124 365 316

min-max 0.01–3,524 0.01–1,763.8 0.04–2,194.4 0–5,237.0 0.002–25.8 0.75–3,956.0 0.02–7,006.0
average 55.6 48.3 50.9 46.8 4.7 457.0 48.3
median 1.3 0.6 5.3 1.1 1.3 157.7 1.9
standard deviation 285.7 163.6 192.4 392.8 6.1 742.1 456.1
Sphalerite
n 72 79 166 81 0 88 79
min-max 0.2–3,715.0 0.002–871.0 70.0–8,956.8 0.002–1,948.0 - 0.13–662.0 0.02–1,630.0
average 475.5 66.7 1,891.8 49.6 - 53.0 66.7
median 289.0 17.6 1,595.0 0.13 - 21.5 17.6
standard deviation 698.9 91.8 1,613.7 273.0 - 103.3 13.3
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minerals and therefore provides an estimate of the potential
abundance of byproducts that would report to base metal
sulfide concentrates. It is also likely that some of the
byproduct elements within the deposits being considered
reside in minerals other than the sulfides considered here, for
example tellurides or bismuth minerals. Although these minerals
are certainly of interest for byproduct critical metal extraction, the
processing approaches used in the base metal mines considered
here may well not concentrate these minerals, meaning that any

incorporation of these analyses might give an erroneous idea of
what critical metals are present in existing metal supply chains
and materials flows. The outcome here is information on the
short-term critical metal potential of existing supply chains
derived from the mineral deposits that form the focus of this
study. It should also be noted that comparing different analytical
protocols, standard reference materials, and performances of the
different LA–ICP–MS systems used to generate the data
considered here is beyond the scope of this paper (e.g.,

FIGURE 2 | Summary of Sb and Te trace element concentrations in ore sulfides from compiled LA-ICP-MS analyses of magmatic sulfide (N = 18) and volcanogenic
massive sulfide (N = 26) deposits (Supplementary Table S1). (A)Chalcopyrite. (B) Pentlandite. (C) Sphalerite. Although Sb, Bi, Cd, Co, In, Se and Te were investigated
in this study here we only show Sb and Te as an example to save space. Mineral Deposits 1, Vorta; 2, Stillwater Complex; 3, Lac des Iles Complex; 4, Bushveld Complex;
5, Mirabela Complex; 6, Great Dyke; 7, Mala; 8, Sulitjelma; 9, Phoenix; 10, Bieluwutu; 11, Alexo; 12, Tash-Tau; 13, Talgan; 14, Kokkinoyla; 15, Aguablanca; 16,
Three Hills; 17, Talnakh; 18, Yangliuping; 19, Duluth; 20, Sudbury Complex; 21, Apliki; 22, Jinchuan Complex; 23, Kharaelakh; 24, Phoucasa; 25, Yubileynoye; 26,
Dergamysh; 27, Alexandrinskoye; 28, Oktyabrskoye; 29; Safyanovskoye; 30, Serranía de Ronda; 31, Norilsk; 32, Çayeli; 33, Beni Bousera; 34, Kutluar; 35, Uzgela; 36,
Buribay; 37, Valentorskoye; 38, Yaman-Kasay; 39, Sultanovskoye; 40, Moldezhnoye; 41, Mathiatis N; 42, Voisey’s Bay; 43, Rosie Nickel Project; 44, Agrokipia B.
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Wohlgemuth-Ueberwasser and Jochum 2015). However, the
analytical conditions and routines used in each study from our
database, along with the obtained detection limits, are
summarized in the Supplementary Table S4 for data quality
assurance purposes.

RESULTS

Byproduct critical element inventory proxies based on trace
element concentrations in pentlandite, chalcopyrite and
sphalerite (Table 3) were calculated for magmatic sulfide (n =
4) and VMS (n = 6) deposits. These data show the variance in
critical element supply potential in these deposit types as well as
sulfide mineral deportment (Table 4). Magmatic sulfide deposits

are considerably enriched in Co, with ~2,260–20,910 t proxy
inventories, compared to VMS deposits, which have lower Co
but significant proxy inventories of Sb, Bi and Cd: up to ~1,460 t
Sb, ~170 t Bi and ~8,790 t Cd (Table 4). In comparison, Se and Te
are present in significant quantities (by proxy) in both mineral
deposit types (Table 4). For instance, Vale’s Sudbury magmatic
sulfide deposits have proxy inventories of Se and Te of ~670 t and
~100 t, respectively, whereas the Çaylie VMS deposit potentially
contains ~120 t Se and ~80 t Te in base metal sulfide ores. In
addition, VMS deposits can also contain sulfide ore minerals that
are only enriched in Se, as exemplified by the Sultijelma deposit,
which has a Se proxy inventory of ~280 t, or the Yaman-Kasay
deposit that is enriched in Te relative to Se with a Te proxy
inventory of ~340 t (Table 4). These results are consistent with
previous research examining the concentrations of these elements

TABLE 3 | Average byproduct critical element concentrations (ppm) in pentlandite, chalcopyrite and sphalerite from select magmatic sulfide and volcanogenic massive
sulfide deposits.

Deposit Deposit
type

Status Sulfide Sb [n] Bi [n] Cd [n] Co [n] In [n] Se [n] Te [n]

Lac des Ilse* Magmatic Sulfide; Layered mafic
intrusiona

A cpy 0.05 [85] 0.38 [85] 2.46 [85] 194.82 [85] na [0] 141.35 [20] 3.50 [85]
pn 0.05 [90] 0.31 [89] 0.15 [92] 9,671.73

[92]
na [0] 92.91 [52] 2.13 [92]

Stillwater* Magmatic Sulfide; Reef-typeb A cpy 0.02 [57] 0.35 [57] 4.41 [71] 63.51 [71] 0.57
[57]

162.42 [57] 1.49 [57]

pn 0.07 [57] 0.25 [57] 1.23 [96] 8,045.96
[97]

0.02
[57]

313.75 [57] 18.30 [57]

Sudbury (Vale)* Magmatic Sulfide; Impact-
relatedc

A cpy 0.22 [58] 1.45 [58] 15.65 [54] 1.62 [54] na [0] 123.40 [58] 5.38 [56]
pn 0.54 [85] 3.74 [88] 1.26 [86] 8,144.67

[88]
na [0] 131.87 [88] 35.89 [87]

Voisey’s Bay* Magmatic Sulfide; Troctolite-
Anorthosite-Granite relatedd

A cpy na [0] na [0] na [0] na [0] na [0] na [0] na [0]
pn 0.06 [34] 0.44 [34] 0.08 [34] 11,731.76

[34]
na [0] 48.67 [34] 1.46 [34]

Çayeli* VMS; Kuroko-typee A cpy 178.02
[67]

146.20
[69]

163.62 [69] 9.36 [69] na [0] 126.38 [69] 84.54 [69]

sp 495.09
[40]

73.80
[37]

3,586.73
[40]

0.78 [40] na [0] 11.28 [40] 11.60 [37]

Sultijelmâ VMS; Besshi-typef C cpy 1.34 [113] 1.27
[118]

17.48 [120] 2.10 [114] 4.83
[120]

213.44
[120]

1.02 [90]

sp na [0] na [0] na [0] na [0] na [0] na [0] na [0]
Yaman-Kasy◆ VMS; Urals-typeg A cpy 216.00 [3] 285.84

[3]
na [0] 39.53 [3] na [0] 58.47 [3] 2,468.67

[3]
sp 1,217.33

[3]
1.07 [3] 2.633.33

[3]
9.47 [3] na [0] 8.60 [3] 90.00 [3]

Yubileynoe◆ VMS; Urals-typeg A cpy 3.93 [3] 2.28 [3] na [0] 0.68 [3] na [0] 183.33 [3] 11.20 [3]
sp 468.50 [2] 2.26 [2] 2,850.00

[2]
0.01 [2] na [0] 21.50 [2] 7.45 [2]

Safyanovskoye◆ VMS; Urals-typeg A cpy 23.00 [3] 19.80 [3] na [0] 22.02 [3] na [0] 530.00 [3] 16.40 [3]
sp 1,398.33

[3]
69.68 [3] 4,800.00

[3]
0.80 [3] na [0] 173.33 [3] 7.03 [3]

Apliki◆ VMS; Cyprus-typeh E cpy 1.09 [6] 0.61 [49] 2.82 [5] 8.72 [17] na [0] 1,607.50
[55]

4.87 [55]

sp na [0] na [0] na [0] na [0] na [0] na [0] na [0]

◆Not code compliant mineral resources; *code compliant mineral resources and ore reserves; ĥistoric production; na=no analysis.
aNaldrett (2010)
bZientek (2012)
cTherriault et al. (2002)
dNaldrett et al. (1996)
eEyuboglu et al. (2014)
fSmith et al. (1990)
gMaslennikov et al. (2017)
hSolomon (1976)
Abbreviations: A, active mine; C, closed mine; E, exploration project; VMS, volcanogenic massive sulfide; cpy, chalcopyrite; pn, pentlandite; sp, sphalerite.
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within copper anode slimes derived from both magmatic and
VMS deposits (McNulty et al., 2022). Of the analysed trace
elements, there is limited data for In and as such it is unclear
if there is preferential enrichment of In in the evaluated magmatic
and VMS deposits. This is perhaps unsurprising given the
seeming preference for In to be present in systems enriched in
Pb and Zn rather than Cu (e.g., Werner et al., 2017).

Sulfide mineralogy also appears to be a significant factor for
the deportment of these critical elements. Proxy inventories for
magmatic sulfide deposits indicate that Co is significantly higher
in pentlandite and when present Bi and Cd appear to
preferentially be incorporated into pentlandite and
chalcopyrite, respectively. In comparison Se is enriched in
both chalcopyrite and pentlandite and Te, when present,
appears to be preferentially incorporated into pentlandite
rather than chalcopyrite. Proxy inventories for VMS deposits
suggest that Sb and Cd are enriched in sphalerite compared to
chalcopyrite whereas Bi and Co, when present, appear to
preferentially be incorporated into chalcopyrite. Although Se
and Te can be present in elevated concentrations in both

chalcopyrite and sphalerite in VMS deposits, they both tend
to be more enriched in chalcopyrite (e.g., Yubileynoe). All of the
above relationships between inventory proxies and host
minerals provide insights into potential opportunities to
target specific areas of existing supply chains (e.g.,
chalcopyrite derived from VMS systems for Bi, Co, Se, and
Te) to increase the supply (and security of supply) of these
byproduct critical elements.

Although data to validate the proxy inventories are generally
lacking, the Sudbury and Voisey’s Bay operations include grades
for Co in their code compliant ore reserve estimates (Vale, 2020).
Sudbury has 58.1 Mt of ore at 0.4% Co and Voisey’s Bay has
28.9 Mt of ore at 0.13% Co for total contained reserves of 23,240 t
and 37,570 t of Co, respectively. Our Co proxy inventories for
Sudbury and Voisey’s Bay are ~19,090 t and ~20,910 t,
respectively, suggesting that the proxy approaches used here
may yield conservative rather than overly optimistic estimates
of contained Co (and likely other critical metals). For the Lac Des
Iles and Stillwater deposits Co is not reported in the mineral
resource and ore reserves estimates despite the proxies calculated

TABLE 4 | Proxy byproduct critical element inventories (t) for select magmatic sulfide (n=4) and volcanogenic massive sulfide deposits (n=6).

Deposit Main
Metals

Tonnage
(Mt)

Sulfide
proxy

Sb (t) Bi (t) Cd (t) Co (t) In (t) Se (t) Te (t)

Lac des Iles Pd, Pt, Ni, Cu 122.9a cpy 0.01 0.08 0.5 41.5 na 30.1 0.7
pn 0.01 0.08 0.04 2,431.9 na 23.4 0.5
TOTAL <1 <1 <1 ~2,740 na ~50 <2

Stillwater Pd, Pt, Au, Ni, Cu 95.6b cpy <0.01 0.07 0.9 12.3 0.1 31.4 0.3
pn 0.02 0.07 0.3 2,248.1 0.01 87.7 5.1
TOTAL <1 <1 <2 ~2,260 <1 ~100 <6

Sudbury (Vale) Pd, Pt, Au, Ni, Cu, Co 58.1c cpy 0.7 4.3 46.0 4.8 na 362.4 15.8
pn 1.3 8.8 3.0 19,085.9 na 309.0 84.1
TOTAL <3 ~10 ~50 ~19,090 na ~670 ~100

Voisey’s Bay Pd, Pt, Au, Ni, Cu, Co 28.9c cpy na na na na na na na
pn 0.1 0.8 0.1 20,909.0 na 86.7 2.6
TOTAL <1 <1 <1 ~20,910 na ~90 <3

Çayeli Cu, Zn, Au, Ag 12.3d cpy 160.0 131.4 147.1 8.4 na 113.6 76.0
sp 250.3 37.3 1,813.6 0.4 na 5.7 5.9
TOTAL ~410 ~170 ~1,960 <9 na ~120 ~80

Sultijelma Cu, Zn, Au, Ag 25.0e cpy 1.8 1.7 23.2 2.8 6.4 283.6 1.4
sp na na na na na na na
TOTAL <2 <2 ~20 <3 <7 ~280 <2

Yaman-Kasy Zn, Cu, Pb, Au, Ag 1.7f cpy 27.6 36.5 na 5.1 na 7.5 315.1
sp 328.6 0.3 710.7 2.6 na 2.3 24.3
TOTAL ~360 ~40 ~710 <8 na ~10 ~340

Yubileynoe Cu, Zn Au, Ag 108.8f cpy 17.3 10.0 na 3.0 na 806.5 49.3
sp 1,445.1 7.0 8,790.9 <0.01 na 66.3 23.0
TOTAL ~1,460 ~20 ~8,790 <3 na ~870 ~70

Safyanovskoye Cu, Zn, Pb, Au, Ag 19.4f cpy 28.4 24.4 na 27.1 na 653.3 20.2
sp 538.4 26.8 1,848.0 0.3 na 66.7 2.7
TOTAL ~570 ~50 ~1,850 ~30 na ~720 ~20

Apliki Cu 1.6g cpy 0.08 0.05 0.2 0.6 na 118.8 0.4
sp na na na na na na na
TOTAL <1 <1 <1 <1 na ~120 <1

aMDO (2022)
bSibanye (2018)
cVale (2020)
dFirst Quantum (2020)
eEMX RoyaltyCorp (2022)
fMaslennikov et al. (2019)
gMartin et al. (2018)
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in this study indicating that these magmatic sulfide deposits could
contain significant Co in base metal sulfides; ~2,740 and ~2,220 t
of Co, respectively (Table 4). All of these data demonstrate that
the use of LA–ICP–MS data in the development of byproduct
proxies for a variety of mineral deposits is a potentially effective
way of targeting areas for enhanced byproduct production within
existing or soon-to-be developed metal supply chains.

DISCUSSION

The demand for technologies that improve energy storage and
transport and deliver renewable energy solutions is increasing as a
result of a worldwide movement to reduce CO2 emissions and
mitigate climate change (Drexhage et al., 2017; Lee et al., 2020).
Many of the raw materials required for these technologies are
classified as critical (Grandell et al., 2016) and will likely require
innovation in recycling (Fröhlich et al., 2017; Tabelin et al., 2021),
mining (Lee et al., 2021), and the extraction of these materials
from mine tailings as well as other mine waste reprocessing
(Whitworth et al., 2022) in order to secure future supply.
Another complementary solution to resolving these supply
chain issues is to identify hidden byproduct critical element
supply potentials within existing mining value chains and
associated materials flows (Moats et al., 2021; McNulty et al.,
2022).

Our analysis of compiled trace element LA–ICP–MS data from
sulfide ore minerals provides a method to explore for byproduct
critical elements supply potentials in existing supply chains. These
data confirm that somemagmatic sulfide deposits contain significant
quantities of Co as well appreciable amounts of Se and Te. In
comparison, some VMS deposits contain potentially recoverable
quantities of Sb, Bi, Cd, Se, and Te. These elements are chalcophile in
nature, which means they associate with sulfur and, as the above
analysis shows, can be concentrated in a number of different base

metal sulfide ore minerals. Table 2 outlines the range of
concentrations of these critical elements in base metal sulfides. In
some cases the variation in element concentration is significant and
this is an important point of consideration for future work. In this
study, LA–ICP–MS data were used to estimate the abundance of a
suite of elements for which whole-rock assay data were not available.
However, an ideal sampling and analytical procedure would utilize
whole-rock assay results to target styles of mineralization with
elevated critical elements of interest and then LA–ICP–MS
analysis to determine the deportment of those critical elements
within base metal sulfides. This integrated analytical approach could
be completed on in situ ore types or onmineral processing andmetal
extraction products produced during mining to understand
materials flows (i.e., elemental abundances in sulfide concentrates
vs. mineral processing tailings) and the likelihood of recovery. In
addition, the mineralogical deportment of critical element
concentrations in sulfides needs to be reconciled. For instance,
critical elements occurring as crystal lattice substitutions versus
discrete mineral inclusions in sulfide minerals will likely have
different geometallurgical behaviors, which will influence the
liberation and concentration deportments of these potentially
recoverable byproducts.

Recent research in critical element deportment has focused on
assessing mine tailings (Araya et al., 2020) however; in general,
there is a need to characterize ores in active mines. These data can
also be linked (and provide input) to mineral exploration and the
analysis of known mineralization. For instance, a rapid and
sustained increase in the demand for Co, an element
commonly used in Li-ion batteries, may perhaps warrant
mineral exploration that focuses on magmatic sulfide systems
that concentrate this element rather than those that are relatively
Co-depleted. This compilation-based analytical approach allows
the comparison of mineralization between mineral deposits with
similar affinities, providing insight into the deportment and
distribution of metals within mineralizing systems. This

FIGURE 3 | Generalized major materials flows by process in the mining-smelting-refining value chain with each process representing an opportunity to transport
critical elements for downstream byproduct recovery as well as the challenge of integrating critical element deportment across multi-step, often global and multi-
company value chains. The color polygons illustrate the potential, present-day silos between different operations in the value chain. Mineral processing liberates and
concentrates economic metals and minerals from mined mineral resource (Lottermoser, 2010) for metal extraction, which collects metals from mineral
concentrates and removes gangueminerals andmetals (Jiang, 2017). Depending on the structure of themining operation these two steps can occur inside themine gate
or both inside and outside the mine gate. Metal recovery purifies the mixture of extracted metals and compounds into a sought after chemical form (Spooren et al., 2020)
with impurities, such as chalcophile critical elements, reporting to metallurgical wastes and residues that than can be recovered (i.e. valorization; Binnemans et al., 2015).
Depending on the refinery both primary metal recovery and byproduct metal (i.e., Au) semi-metal (i.e., Te) or chemical compound (i.e., sulfuric acid) recovery will occur
within an operation or metallurgical wastes/residuals are sold to an external operation for processing and recovery of byproducts (i.e., saleable copper anode slimes).
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approach therefore outlines of areas for further investigation in
terms of the temporal and spatial distribution and geological
processes involved in the generation of deposits enriched in
certain byproduct metals (Mudd et al., 2013; Holwell et al.,
2019).

There is also a need to characterize extracted sulfide
concentrates for elements beyond the current payable metals
and penalty elements that are often defined in mine-smelter
industry contracts or are deemed as environmentally
dangerous (i.e., Cd; Scoullos et al., 2001; Lokanc et al., 2015).
For instance, Te is rarely routinely measured in sulfide metal
concentrates although other chalcophile elements that Te often
naturally associates with, such as Bi and Se, are. As a result, there
is very little code compliant Te data that can be used to estimate
potential mineral resources (USGS, 2021) and although current
Te is sourced as a byproduct of Cu, our analysis indicates that Ni
and Zn sulfide metal concentrates could, in fact, contain
significant recoverable quantities of this critical element,
representing areas of current supply chains that remain
unexamined for their Te potential. The above instance is not
unique to Te, as many of the byproduct critical elements share the
same fate, leading to a situation where a lack of data means there
is an artificial scarcity of resource and therefore potentially a
perceived rather than actual supply risk.

There are uncertainties involved in these approaches as
mentioned above. Some of these can be reduced by increasing
the number of LA–ICP–MS spot analysis and the number of
mineralized samples analysed from a single mineral deposit. In
addition, the incorporation of mass balance-type approaches
where the deportment of a given metal or metal within all
elements of a mineralized system, or at least within the
appropriate stage of a mineralizing system, is analyzed before
being compared to whole-rock concentrations to understand the
deportment of selected metals within all minerals in a sample or
mineralizing system (e.g., Frenzel et al., 2019). This would include
the LA–ICP–MS analysis of gangue minerals that could
potentially be hosts to byproduct metals within mineralizing
systems. However, this approach is cost prohibitive, is time
consuming, and can be problematic for a number of reasons,
including the presence of small minerals that cannot effectively be
analyzed using this approach given the diameter of the laser
beam, a lack of suitable matrix matched standards with well-
characterized byproduct contents (e.g., Yang et al., 2021), and the
question of how representative sample materials are relative to an
entire system. Even the use of techniques such as nano-secondary
ion mass spectrometry (nano-SIMS) that analyze far smaller
volumes of material cannot overcome issues such as a lack of
matrix-matched standards and would also significantly increase
costs. As such, an approach using previously determined or
estimated (e.g., using Goldschmidt’s rules of substitution)
partitioning behavior where data are missing or are
unavailable may be one way of reducing but not eliminating
this uncertainty, and would certainly be one potential approach to
mass balancing. Despite these uncertainties, the data produced by
these studies are certainly crucial for deportment studies and
furthering our understanding of the materials flows of byproduct
metals from mine to concentrate to smelter and refinery and the

behavior of these metals during this flow (Figure 3; i.e., lost to
waste, residing in anode slimes, produced as a byproduct, etc.).

The approaches outlined above are a crucial step in the
development of key target areas within existing supply chains
for enhanced byproduct mineral and metal production and are
vital for ensuring the security of supply of these commodities for
the energy transition. These upstream-down studies that focus on
the deportment of metals within mineral deposits are also ideal
complements to downstream-up studies like McNulty et al.
(2022), which examine smelter data and determine the likely
source of certain byproducts and hence areas to target for
enhanced critical byproduct production. All of this clearly
demonstrates the value of a holistic approach to metal
deportment, where upstream LA–ICP–MS studies and
collations such as this study can be combined with
downstream data to identify individual mineral deposit types,
camps, and deposits that represent high- but as yet-unrealized
sources of critical byproduct elements.

The next steps to fully utilize LA–ICP–MS analysis in assessing
byproduct critical elements are: a) increase number of samples
from defined main metal product ore domains; b) compare
whole-rock assay results with LA–ICP–MS results on a sample
by sample bases to understand mineralogical deportment of the
critical elements; and c) expand this characterization from in situ
ore studies to characterize critical element abundance in main
product mineral processing and metal extraction produced
materials.

CONCLUSION

LA–ICP–MS is a powerful tool for the in situ analysis of elements
in sulfides, an approach that has been frequently used in ore
deposit research to better understand the physiochemical
conditions involved in different ore forming systems and the
generation of mineral deposits. The results presented in this
contribution serve as a first pass at exploring for critical
element supplies associated with base metal sulfide ores with
LA–ICP–MS datasets. Although the proxies developed in this
study are compelling, additional datasets in combination with
LA–ICP–MS analysis are needed to explore for and evaluate
byproduct critical element supply potentials in existing base
metal mineral deposits. Securing supply of byproduct critical
metals is challenging because, unlike Cu, Ni or Zn, they are
present in ores at low concentrations that often barely constitute
payable byproducts at smelters, meaning that the presence of
these critical metals is generally not quantified by mining
operations. The integration of whole-rock assay data with
trace element concentrations in sulfide ores provides a method
to link critical element abundance with mineralogical
deportment. The fact that there are few natural examples of
economically feasible concentrations of Sb, Bi, Cd, Co, Se, and Te
means that these energy critical metals need to be recovered from
main metal production waste streams. This demonstrates that
current approaches to evaluating and recovering these critical
metals need to evolve. The realization of supply streams for
byproduct critical elements requires ore characterization
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studies and the transfer of this orebody knowledge across global,
multidisciplinary and multi-company supply chains. At this
stage, proxies are vital to explore active mines for high priority
starting points to initiate collaborative research to achieve short-
and long-term critical element supply goals.
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