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There is an abundance of published trace element data for sphalerite, galena and chalcopyrite in natural systems,
yet for a co-crystallized assemblage comprising these basemetal sulphides, there is no detailed understanding of
the preferred host of many trace elements. Laser-ablation inductively-coupled plasma mass spectrometry trace
element maps and spot analyses were generated on 17 assemblages containing co-crystallized sphalerite and/
or galena and/or chalcopyrite from 9 different ore deposits. These deposits are representative of different ore
types, geologic environments and physiochemical conditions of ore formation, as well as superimposed syn-
metamorphic remobilisation and recrystallization. The primary factors that control the preferred base metal sul-
phide host of Mn, Fe, Co, Cu, Zn, Ga, As, Se, Ag, Cd, In, Sb, Te, Tl and Bi are element oxidation state, ionic radius of
the substituting element, element availability and themaximum trace element budget that a given sulphidemin-
eral can accommodate. Temperature, pressure, redox conditions at time of crystallization and metal source, do
not generally appear to influence the preferred base metal sulphide host of all the trace elements. Exceptions
are Ga, In and Sn recrystallized at high metamorphic grades, when the preferred host of Ga and Sn usually be-
comes chalcopyrite. In more typical lower temperature ores, the preferred host of Ga is sphalerite. Indium con-
centrations also increase in chalcopyrite during recrystallization. At lower temperatures the partitioning
behaviour of Sn remains poorly constrained and shows little predictable pattern among the data here. The results
obtained may be used as a tool to assess co-crystallization. If trace element distributions in a given base metal
sulphide assemblage match those reported here, and assuming those distributions have not been significantly
altered post (re-) crystallization, then it may be suggestive of a co-crystallized assemblage. Such information
provides a foundation for novel attempts to develop trace element-in-sulphide geothermometers.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Application of multi-element microanalytical techniques, e.g., micro-
particle-inducedX-ray emission (μ-PIXE), secondary ionmass spectrom-
etry (SIMS), electron probe microanalysis (EPMA), or laser-ablation
inductively-coupled plasma mass spectrometry (LA-ICP-MS), has be-
come commonplace in many fields of geology, including studies relating
to ore genesis. This is largely due to the accurate in-situ concentration
data these techniques can generate, with both sub-part-per-million
level precision (for μ-PIXE, SIMS and LA-ICP-MS) and micrometre-scale
spatial resolution. As a result, large amounts of trace element data have
been published on many common ore minerals, including the base
metal sulphides (BMS), sphalerite (ZnS), galena (PbS) and chalcopyrite
(CuFeS2) (e.g., McIntyre et al., 1984; Cabri et al., 1985; Foord and
Shawe, 1989; Cabri, 1992; Huston et al., 1995; Larocque et al., 1995;
Moggi-Cecchi et al., 2002; Cook et al., 2009, 2011a; Lockington et al.,
rge).
2014; George et al., 2015). As such, the diversity of trace elements and
ranges of concentration that these sulphides can incorporate has been
relatively well documented. However, the partitioning of trace ele-
ments between co-crystallized BMS in hydrothermal ores is not
well constrained. This is in contrast to the generally well understood
partitioning behaviour of trace elements, including the platinum
group elements and gold, between pyrrhotite, pentlandite, pyrite
and BMS in magmatic sulphide ore deposits (e.g., Holwell and
McDonald, 2010; Dare et al., 2011, and references therein).

Previous work that addresses trace element concentrations within
individual sulphides has demonstrated the need to understand trace
element partitioning patterns in hydrothermal BMS assemblages. This
study aims to identify whether trace element partitioning between co-
crystallized sphalerite, galena and chalcopyrite is predictable, and if
so, to determine the primary controls on this partitioning. Such infor-
mation can underpin tools for assessing whether a given BMS assem-
blage co-crystallized, and also potentially to enable constraints to be
placed on conditions of BMS co-crystallization. In this contribution, we
acknowledge the role that temperature, pressure, redox conditions at
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time of crystallization andmetal source have on partitioning trends, but
will emphasize the important role played by trace element oxidation
state and, closely related to that, ionic radius.

2. Background

George et al. (2015) presented a reconnaissance study of trace ele-
ments in galena and showed that a range of elements are systematically
hosted in solid solution within galena from SEDEX, epithermal, skarn,
VMS, orogenic Au and porphyry BMS ores. A number of these elements
showpredictable behaviourswhen preferentially partitioning into gale-
na togetherwith other elements via coupled substitution (e.g., Bi and Sb
with Ag, Tl and Cu), as well as systematic partitioning between two
coexisting minerals (e.g., Tl between galena and sphalerite). It was,
however, also noted that the presence or absence of other co-existing
sulphides can influence the distributions of some trace elements within
some deposit types (e.g., Sn distribution patterns in galena from recrys-
tallized massive sulphide deposits containing chalcopyrite). It is thus
difficult to make broad conclusions about the partitioning behaviour
of trace elements when galena is largely considered in isolation. In
order to gain a more accurate understanding of the partitioning behav-
iour of trace elements between two or more co-crystallizing BMS in a
given ore system, the chemistry of any sulphide phase needs to be con-
sidered in the context of the complete BMS assemblage. In light of this,
the present study sets out to answer the following question: do trace el-
ements exhibit predictable partitioning behaviours among sphalerite,
galena and chalcopyrite when the three minerals co-crystallize?

One of the outcomes of contemporary in-situ microanalytical inves-
tigation of sulphides is the recognition that many sulphides previously
considered homogenous at the grain-scale, are in fact not always so
(e.g., molybdenite; Ciobanu et al., 2013). Thus some published trace el-
ement datasets, especially those obtained before the 1980s, may simply
represent averages of multiple, compositionally-distinct zones within a
single grain. Recognition of elements present in solid solution, or occur-
ring inmicro-inclusions of distinctmineral phases, has been traditional-
ly gained by carefully assessing all element concentrations and seeking
combinations of elements that suggest inclusions [e.g., proton micro-
probe work of Cabri et al. (1985) or Huston et al. (1995)]. The LA-ICP-
MS technique, however, may provide indirect evidence for the presence
of micro-inclusions. If these are large enough and heterogeneously dis-
tributed, they will be recognized on time-resolved down-hole ablation
profiles (e.g., George et al., 2015). The ability to distinguish a trace
element in solid solution from one occurring as nano- to microscale in-
clusions of a distinct mineral phase is critical for interpretation of such
data since it is likely that only those trace elements that are substituted
into the crystal lattice of a sulphidewould reveal systematic partitioning
patterns. The LA-ICP-MSmapping technique allows for a visual compar-
ison of multiple compositionally-distinct zones within a single grain or
co-existing assemblage. Assuming such zoning occurs at a scale larger
than the spatial resolution, even trace element heterogeneity may be
recognized. LA-ICP-MS also offers advantages over SIMS in that the
technique is more flexible with standards, significantly cheaper to run,
and perhaps most importantly, offers simultaneous analysis of N25
elements.

Despite some of the limitations ofmodernmicroanalysis discussed, a
review of the published literature provides a background to the data re-
ported here. Table 1 summarizes the range of trace elements measured
within sphalerite, galena and chalcopyrite and their typical concentra-
tions as determined from analysis of natural specimens. The table also
lists the experimentally-determined solubility limits of several of
these elements.

3. Sample suite

The study covered 17 BMS-bearing samples from nine different skarn,
epithermal and SEDEX deposits in Australia, Norway and Romania
(Table 2 and references therein). Selected samples contain coexisting
sphalerite and/or galena and/or chalcopyrite, which textural evidence
suggests co-crystallized at equilibrium. SEDEX deposits metamorphosed
at greenschist facies (Fig. 1A) retain primary syn-sedimentary textures
while epithermal (Fig. 1B) and skarn (Fig. 1C) systems commonly display
120° triple junctions between sulphide grains. Such grain boundaries are
similar to those in SEDEX deposits metamorphosed at amphibolite facies
and above (Fig. 1D, E)which display a coarser grain size and characteristic
120° triple junctions developed during equilibrium recrystallization.
Though the sample suite is not representative of entire mineral associa-
tions in each different deposit, the samples were selected because they
represent the same co-crystallized BMS assemblage formed at different
physiochemical conditions in different ore types. They are thus represen-
tative for the purposes relevant to this study.

Skarn ores are represented by 5 samples fromBaita Bihor andOravita,
two deposits located ~350 km apart along the Late Cretaceous Banatitic
Magmatic and Metallogenetic Belt, Romania (BMMB; e.g., Ciobanu
et al., 2002). The BMMB contains a range of magmatic-hydrothermal
mineralization styles relating to the same magmatic event, and formed
in subduction settings during Neotethys closure. The belt is well
known for exotic trace mineral signatures including a most prominent
Bi-mineral signature (e.g., Ciobanu et al., 2002). The Cu–Mo–Pb–Zn
skarn deposit at Baita Bihor boasts the most complex geochemical
signature [Bi–Ag–W–Se–Te–Ni–Co–Sn] among the deposits considered
here. Consequently, this skarn exhibits a diverse sulphidemineralogy, in-
cluding As-, Sb-, and Bi-sulphosalts and Bi- and Ag-tellurides (Cioflica
et al., 1995, 1997; Cook and Ciobanu, 2003; Ilinca et al., 2012; Ciobanu
et al., 2014). The Antoniu orepipe is Cu-dominant and proximal to the
granitoid-derived source fluids. It contains Pb–Zn ores near the marble/
skarn contact and lesser amounts within the Cu zone. The distinctly
Pb–Zn Marta orepipe is a distal zone, ~1.2 km ENE from Antoniu.

Oravita is one of themany Cu–Au skarns that are satellite to porphy-
ry Cu–Mo-intrusionswithin the Banat region (SWRomania and Serbia),
known for its rich deposits (e.g., von Cotta, 1864). As with many Cu
skarns, it also contains base metal ores and minor W-mineralization
(Gheorghitescu, 1975; Cioflica and Vlad, 1981; Constantinescu et al.,
1988). Oravita is one of the few localities where gehlenite skarns are
known along the BMMB (Katona et al., 2003; Marincea et al., 2011). Al-
though such skarns are barren, they provide an upper temperature limit
(~750 °C) for initiation of the skarn system close to intrusion contacts.

Four samples come from Herja and Toroiaga, Baia Mare District,
Romania. Both deposits are polymetallic epithermal vein systems of
Neogene age with a diverse mineralogy, including well-known occur-
rences of Pb–Ag–Sb–As or -Bi sulphosalts. Cu–Au–Pb–Zn veins at
Toroiaga are located 90 km to the east of the Pb–Zn–Ag veins at Herja,
but related to the same regional-scale E–W-trending Dragos Voda
fault (Neubauer et al., 2005 and references therein). Toroiaga is some-
what distinct from other deposits in the Baia Mare District in that its
veins are thought to have formed at higher temperatures (as much as
400 °C; Cook, 1997), i.e., unlike the typical Pb–Zn–Ag veins common
in Baia Mare.

Eight samples have been selected from five SEDEX deposits
(Table 2). These are divided into two groups based on metamorphic
grade. Only those deposits metamorphosed at conditions above
greenschist facies show clear textural evidence for recrystallization of
the BMS assemblage (e.g., coarse annealed textures, commonly with
120° triple junctions between grains; Fig. 1D, E). Recrystallization al-
lows for pervasive re-partitioning of trace elements from the primary
low-temperature SEDEX distributions to the distributions preferred at
high metamorphic temperatures and pressures, followed by slow
cooling. Recrystallized SEDEX deposits (5 samples) can thus be distin-
guished from those of lower metamorphic grades (3 samples).

Those SEDEX deposits of lower metamorphic grade include Kapp
Mineral and Mt. Isa. Kapp Mineral is a minor occurrence from the
Hecla Hoek Complex, Svalbard Archipelago, Norway. Mineralization is
of an undetermined, possibly late Precambrian age but has clearly



Table 1
Review of relevant literature relating to trace elements in sphalerite, galena and chalcopyrite.

Sphalerite Galena Chalcopyrite

Specific references Cook et al. (2009); Johan (1988);
Lockington et al. (2014); Ye et al. (2011)

Blackburn and Schwendeman (1977); Foord and Shawe (1989);
George et al. (2015)

Bajwah et al. (1987); Harris et al. (1984);
Moggi-Cecchi et al. (2002)

General references Bethke and Barton (1971); Emslie and Beukes (1981); McIntyre et al. (1984); Cabri et al. (1985); Qian (1987); Brill (1989); Cabri (1992); Huston et al. (1995)

Trace
element

Present in solid
solution

Typical concentration
(ppm)

Solubility limit
Present in solid
solution

Typical concentration
(ppm)

Solubility limit
Present in solid
solution

Typical concentration
(ppm)

Solubility limit

Mn Common Hundreds–thousands
(rarely wt.%)

7 mol.% MnS at 600 °C
Bethke and Barton (1971)

Uncommon – 3.5 mol.% MnS at 850 °C
Bethke and Barton (1971)

Uncommon Few –

Fe Common Thousands–wt.% 52 mol.% FeS at 700 °C
Lepetit et al. (2003)

Uncommon – – – – –

Co Occasional Tens–hundreds 41 mol.% CoS at 1000 °C
Becker and Lutz (1978)

No/questionable – – Occasional Tens–hundreds –

Cu Occasional Tens–hundreds 10.7 mol.% CuS at 800 °C
Kojima and Sugaki (1984)

Uncommon Few–tens Extremely low below 200 °C
Craig and Kullerud (1968)

– – –

Zn – – – Uncommon – – Occasional Tens–hundreds 0.9 at.% Zn at 500 °C
Kojima and Sugaki (1985)

Ga Occasional Tens–hundreds 20 mol.% Ga2S3 below
800 °C
Krämer et al. (1987)

No/questionable – – No/questionable – –

Ge Occasional Tens–hundreds – Uncommon – – Occasional Tens–hundreds –
As Uncommon – – Uncommon – – Uncommon Few–tens –
Se Occasional Tens–hundreds 2.7 mol.% ZnSe at 600 °C

Bethke and Barton (1971)
Common Hundreds Complete ss with PbSe below 1050 °C

Liu and Chang (1994)
Occasional Tens–hundreds 0.5 mol.% Cu.526Fe.526Se

at 390 °C
Bethke and Barton (1971)

Ag Occasional Tens – Common Hundreds–thousands Complete ss with Ag(Sb,Bi)Pb2 above
420 °C
Chutas et al. (2008)

Common Tens–hundreds –

Cd Common Hundreds–thousands
(rarely wt.%)

6 mol.% CdS at 600 °C
Chen et al. (1988)

Occasional Few–hundreds – Uncommon Few –

In Common Tens–hundreds
(rarely thousands)

~80 mol.% CuInS2
below 1000 °C
Sombuthawee et al. (1978)

Uncommon – – Occasional Tens–hundreds –

Sn Occasional Tens–hundreds
(rarely thousands)

– Occasional Few–tens – Occasional Few–tens –

Sb Uncommon – – Common Hundreds Complete ss with Ag(Sb,Bi)Pb2 above
420 °C
Chutas et al. (2008)

Uncommon – –

Te Uncommon Few – Occasional Few–hundreds 10 mol.% PbTe at 700 °C
Liu and Chang (1994)

Uncommon Few –

Hg Occasional Tens – Uncommon – – No/questionable – –
Tl Occasional Few–tens – Common Few–tens – No/questionable – –
Bi No/Questionable – – Common Hundreds–thousands Complete ss with Ag(Sb,Bi)Pb2 above

420 °C
Chutas et al. (2008)

Uncommon Few –
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been reworked such that it now alignswith Tertiary faults at the contact
between Late Proterozoic and Palaeozoic sequences. Mt. Isa is, by con-
trast, a large Australian Proterozoic deposit located in the Mt. Isa Inlier,
Queensland. The deposit has beenmetamorphosed to greenschist facies
(Rubenach, 1992; Hannan et al., 1993; Large et al., 2005).

The recrystallized SEDEX deposits metamorphosed at amphibolite
facies and above include Broken Hill, Bleikvassli and Mofjellet. Broken
Hill is a giant Australian Proterozoic deposit located in the Curnamona
Province, New SouthWales (Plimer, 2007). It has experienced granulite
facies metamorphism, and possible partial melting (Frost et al., 2005;
Spry et al., 2008).

Bleikvassli and Mofjellet are located approximately 45 km apart in
the Lower Palaeozoic Norwegian Caledonides.Mofjellet underwent am-
phibolite facies metamorphism whereas Bleikvassli experienced slight-
ly higher upper amphibolite to lower granulite facies metamorphism.
As a result of remobilization during regionalmetamorphic overprinting,
the recrystallized SEDEX deposits exhibit a diverse mineralogy similar
to some epithermal deposits (e.g., Cook et al., 1998).

4. Experimental methods

Each sample was prepared as a polished block of differing size. Sam-
ple characterization and selection of areas free of any noticeable inclu-
sions for trace element analysis and element mapping was conducted
using reflected light microscopy and backscattered electron (BSE)
imaging.

Both LA-ICP-MS element mapping and spot analysis was carried out
on a Resonetics M-50-LR 193 nm Excimer laser attached to an Agilent
7700cx Quadrupole ICP mass spectrometer (Adelaide Microscopy).
The Resonetics laser uses a two-volume ablation cell designed by Laurin
Technic Pty. for outstanding trace element sensitivity, washout and
stability (Müller et al., 2009). Ablation takes place in an atmosphere of
UHP He (0.7 L/min), creating an aerosol mixed with Ar (0.93 L/min)
after leaving the ablation cell. The mix is then passed through a pulse-
homogenizing device or “squid” before being directly introduced into
the torch. Calibration of the ICP-MS is performed regularly in order to
maximize the sensitivity on the isotopes of interest, whilst also keeping
production of molecular oxide species (i.e., 232Th16O/232Th) and doubly
Table 2
Summary of deposits and samples used in this study.

Deposit/type Samples Ore mineralogy

Herja, Romania Epithermal
(Neogene)

Hj13 Gn–Cp–Py–Tet–Sp–Po–Ap–Ss–St

Toroiaga, Romania Epithermal
(Neogene)

TOR191 Cp–Py–Sp–Gn
TOR197 Py–Sp–Cp–Gn–Ss
Emeric2 Py–Cp–Gn–Sp

Baita Bihor, Romania Skarn
Antoniu orepipe — proximal
Marta orepipe — distal
(Cretaceous)

BBH16B (Antoniu) Gn–Sp–Cp
BBH20 (Antoniu) Gn–Sp–Cp
BB55 (Antoniu) Gn–Sp–Cp
BBH32 (Marta) Gn–Sp–Py

Oravita, Romania Skarn
(Cretaceous)

ORV4B Gn–Cp–Py–Sp

Kapp Mineral, Norway SEDEX
(Late Precambrian?)

Kmi2a Gn–Cp–Py
Kmi5 Gn–Sp–Py

Mt. Isa, Australia SEDEX
(Proterozoic)

5985C1 Sp–Gn–Py–Po–Ss

Bleikvassli, Norway Recrystallized
SEDEX (Ordovician)

Bv-1 Py–Sp–Gn–Cp–Po
V598572 Cp–Ap–Gn–Sp–Po–Ss

Broken Hill, Australia Recrystal-
lized SEDEX (Proterozoic)

BH73 Sp–Gn–Cp–Po–Ss
BH218 Gn–Sp–Po–Cp–Ss–Ac

Mofjellet, Norway Recrystallized
SEDEX (Palaeozoic)

Mo2 Py–Gn–Sp–Cp–Po

Mineral abbreviations: Gn= galena, Sp= sphalerite, Cp= chalcopyrite, Py= pyrite, Po= pyr
tetrahedrite–tennantite, St = stibnite.
charged ion species (i.e., 140Ce2+/140Ce+) as low as possible, and usually
b0.2%.

LA-ICP-MS element maps were made on selected areas to provide
trace element concentrations as well as visualization of their distribu-
tions within individual sulphide grains. Mapping was performed by ab-
lating sets of parallel line rasters in a grid across the sample. The laser
spot size varied between 7–10 μm keeping the scan speed at a constant
10 μm/s. This ensured the desired sensitivity of elements of interest, as
well as adequate spatial resolution depending on the size of themapped
area. The spacing between the lineswas adjusted tomatch the laser spot
size. A laser repetition of 10 Hzwas selected at a constant energy output
of 100 mJ. Thirty elements were analysed with the dwell time set to
0.01 s for all elements except for In, Au, and Tl which were set to
0.05 s, resulting in a total sweep time of 0.481 s. Thirty seconds of back-
ground was acquired by the ICP-MS before each raster was ablated,
followed by a delay of 20 s for cell wash-out, gas stabilization, and com-
puter processing time. At the beginning and end of each mapping run
identical rasterswere done on theMASS-1 (formerly PS-1) sulphide ref-
erencematerial (Wilson et al., 2002). Elementmaps were compiled and
processed using the program Iolite, following the method described in
George et al. (2015).

LA-ICP-MS spot analysis was carried out with the laser beam energy
output set at 100mJ at a 26 μm spot size while analysing sphalerite and
chalcopyrite.When analysing galena, the energy outputwas set at 80mJ
and the spot size was set at 8 μm to ensure the ICP-MS was not
oversaturated with Pb. A laser repetition rate of 10 Hz was used in all
cases. Total acquisition time for each analysis was 60 s, comprising
30 s background measurement followed by 30 s of sample ablation. A
40 s delay was allowed after each spot analysis to ensure adequate cell
wash-out, gas stabilization, and computer processing time. The follow-
ing isotope suite was analysed: 34S, 55Mn, 57Fe, 59Co, 60Ni, 65Cu, 66Zn,
69Ga, 72Ge, 75As, 82Se, 95Mo, 107Ag, 111Cd, 115In, 118Sn, 121Sb, 125Te,
182W, 197Au, 202Hg, 205Tl, 207Pb, and 209Bi. Dwell times for each element
were set to 0.01 s except for In, Au and Tl which were set to 0.05 s.
Batches of up to 10 analyses were bracketed by repeat analyses of the
MASS-1 standard. This allowed for the monitoring of, and correction
for, instrumental drift by applying a linear correction based on the
bracketed MASS-1 analyses. Data calculations were carried out using
Conditions of formation or
metamorphism

References

Formed at ~b200 °C Borcos et al. (1975) Lang (1979) and Cook and Damian
(1997)

Formed at ~350 °C Cook (1997) Szöke and Steclaci (1962) and Gotz
et al. (1990)

Formed at ~500 °C (proximal),~375 °C
(distal)

Cioflica et al. (1971, 1977) and
Shimizu et al. (1995) and Ciobanu

et al. (2002)

– Gheorghitescu (1975) and Cioflica and
Vlad (1981) and Constantinescu et al.
(1988)

Very weakly metamorphosed Flood (1967)

Greenschist facies Large et al. (2005) Mathias and Clark (1975) and Perkins
(1997) and Painter et al. (1999)

Upper amphibolite-lower granulite facies
(570 °C, 7.5–8 kbar) Cook (1993);
Rosenberg et al. (1998)

Vokes (1963, 1966) and Cook et al.
(1998)

Granulite facies (750–800 °C, 5–6
kbar)Bryndzia et al. (1990); Phillips
(1981)

Haydon and McConachy (1987) and
Parr and Plimer (1993) and Plimer

(2007) and Spry et al. (2008)
Amphibolite facies (550 °C, 7
kbar?)Bjerkgård et al. (2001)

Saager (1967) and Cook (2001)

rhotite, Ap= arsenopyrite, Ss = (Cu,Ag)–(Pb)–(Bi,Sb)–sulphosalts, Ac= acanthite, Tet=



Fig. 1. Back-scattered electron images illustrating textural evidence for BMS co-crystallization. (A) Co-deposited sphalerite (Sp) and galena (Gn) in SEDEX horizon from Mt. Isa. Po =
pyrrhotite, Ss = sulphosalt. (B, C, D, E) ~120° triple-junction grain boundaries between sphalerite, galena and chalcopyrite (Cp) at Herja, Baita Bihor, Bleikvassli and Broken Hill,
respectively. Bn = bornite. Note grain boundaries curving towards the triple junction in order to approximate 120°. The grid in (E) has been mapped by LA-ICP-MS. (F) LA-ICP-MS
element map for In corresponding to the area indicated in (E).
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GLITTER data reduction software (Van Achterbergh et al., 2001). Signif-
icant effort was invested using GLITTER off-line to recognise the pres-
ence of inclusions by careful visual inspection of multi-element
concentration patterns in each time-resolved depth profile. If obvious
inclusionswere present (e.g. by interdependencies of Ag and Te, sugges-
tive of hessite inclusions in galena), these analyses were either
discarded or the integrated time intervals restricted to inclusion-free
portions of the ablation profile. We accept that our manual approach
to identifying including-related analyses is imperfect and may permit
the smallest inclusions to be missed. We nevertheless emphasize that
very thorough examination by SEM prior to analysis and detailed
mineralogical knowledge of each sample are sound preventative mea-
sures to avoid this.

The MASS-1 standard (formerly PS-1; Wilson et al., 2002) has a Fe–
Zn–Cu–S matrix in which the concentrations of these elements are suf-
ficiently close to natural sphalerite and chalcopyrite to allow for ade-
quate calibration of sphalerite and chalcopyrite analyses. Even if
Wilson et al. (2002) specifically mention that MASS-1 is not well suited
for analysis of galena, we do not believe the small amount of Pb
contained within MASS-1 compared to galena poses a significant prob-
lem for quantification in this study as discussed in George et al. (2015).
We have chosen to consider MASS-1 homogeneous even if suggestions

Image of Fig. 1
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of possible heterogeneity in the particle size of sulphide phases in
MASS-1 have recently circulated. We have also chosen, for the purpose
of the presentwork, to accept the trace element concentrations given in
the latest MASS-1 certificate of analysis (available on the United States
Geological Survey website). This may carry implications for some ele-
ments given the significant differences in concentration values com-
pared to those given by Wilson et al. (2002) in the original paper.
Irrespective of absolute concentrations, however, we have every confi-
dence that the relative trends identified below are fully correct. As per
the updated certificate of analyses for MASS-1, no value for Ge is
given, precluding quantification of Ge concentrations from LA-ICP-MS
analysis.

5. Results

Of the twenty-four elements analysed, seventeen were found to be
present at measurable concentrations and could be quantified within
sphalerite, galena or chalcopyrite (Table 3). These common 17 elements
can be categorized into 3 groups based on their observed partitioning
behaviours with respect to sphalerite, galena and chalcopyrite.

Group 1 elements include Mn, Fe, Zn, As, Se, Ag, Cd, Sb, Te, Tl and Bi.
These elements are consistently concentrated within the same
sulphide in all examined samples. Some elements also have clear
secondary hosts.

Group 2 elements are Ga and In. These elements are primarily
concentrated in sphalerite in samples that have not been recrys-
tallized, whereas the concentration of these elements in chalco-
pyrite is high in recrystallized samples. This usually makes
chalcopyrite the primary host of Ga, and occasionally of In, in
recrystallized deposits.
Group 3 elements are Co, Cu andHg. These elements display a gener-
ally predictable partitioning trend, usually preferentially incorporat-
ed within sphalerite. This trend is, however, not observed in all
samples. Table 4 summarizes these trends, showing each trace
element with its corresponding BMS host(s).

Tin does not fit neatly into any of the three groups. It displays
behaviour similar to Group 2 elements; the concentration of Sn in
chalcopyrite is higher in recrystallized samples such that chalcopy-
rite is usually the primary host. However, in samples that have not
recrystallized, Sn may be primarily concentrated in sphalerite, gale-
na or chalcopyrite.

Measured concentrations of Au were, in many cases, below min-
imum limits of detection, and are not included in our tabulated
dataset. Despite this, there is published evidence for BMS hosting
invisible gold, notably in seafloor sulphides (e.g., Bortnikov et al.,
2000; Cabri et al., 2000).

LA-ICP-MS trace element maps representative of base metal ores
formed at equilibrium in skarn, epithermal, recrystallized and
primary SEDEX deposits are shown as Figs. 2-8, respectively. These
visually illustrate the preferred BMS hosts for various trace elements
in a range of deposits that, with the exception of skarns, are typical
of base metal ores. The maps test the validity of the above-defined
groups of elements for deposits of contrasting ages, spanning Neo-
gene to Precambrian, and of different tectonic setting, varying
frommagmatic-hydrothermal systems in younger terranes to meta-
morphosed epigenetic ores in older orogens and cratons. The maps
are thus relevant for the intrinsic variability in physiochemical
conditions of ore formation in each specific case, and also across
their representative deposit types.

Fig. 2 shows trace element distributions in a sphalerite–galena as-
semblage hosted by garnet skarn from the proximal Antoniu orepipe
at Baita Bihor which exemplify preferential partitioning of elements in
each sulphide according to the rules in Groups 1 and 3, i.e., sphalerite
primarily hosts Fe, Cd, Mn, In, Co and Cu, whereas galena hosts Ag, Bi,
Sb, Se, Te and Tl. The caries-like textures are indicative of the equilibri-
um conditions between the two sulphides. Low levels of Se are noted
in sphalerite, whereas galena hosts low levels of Fe, Cd and Cu. Grain-
scale zoning of Se is recognised within galena, as are Fe and Mn within
sphalerite. Copper concentrations in sphalerite are sporadic, consistent
with the presence of chalcopyrite disease. There also appears to be a
fracture in galena highlighted by high concentrations of Cu.

A galena-sphalerite assemblage with similar carries texture but
hosted within marble from the distal Marta orepipe at Baita Bihor re-
veals comparable trace element distributions (Fig. 3). Iron, Cd, Mn, In
and Co are all primarily concentrated within sphalerite, whereas Ag,
Bi, Sb, Se, Te and Tl are all primarily concentrated in galena. Moderate
concentrations of Ga and Se are noted in sphalerite, and someCd is pres-
ent in galena. Both Fe andMn display erratic distributionswithin sphal-
erite, which may be indicative of micro-inclusions, zonation or both.
Fractures present in sphalerite concentrate high levels of Sb, Mn and In.

Trace element distributions in tri-component sulphide assemblages
formed at equilibrium in skarn is demonstrated by sphalerite–galena–
chalcopyrite association at Oravita (Fig. 4). Sphalerite primarily hosts
Cd,Mn, In, Sn andGa,with each of these elements zoned to someextent.
The zonation patterns displayed by In, Sn and Ga appear tomatch close-
ly, whereas Cddistributions are inversed to those forMn. A splay of frac-
tures near the boundary between sphalerite and chalcopyrite,
concentrate Ag, Bi, Sb, Se, Te, Tl and Fe. Apart from these fractures, all
these elements (excluding Fe) are primarily hosted in galena, although
Sb concentrations are low and arematched closely by chalcopyrite. Low
levels of Cd are also noted in galena. Notable is that, compared to sphal-
erite and galena, chalcopyrite is relatively barren with respect to trace
elements.

Epithermal ore also comprising tri-component assemblages
(sphalerite–galena–chalcopyrite) from Toroiaga shows trace ele-
ment distributions that are comparable with those in the skarn at
Oravita (Fig. 5). Iron, Cd, Mn, In and Ga are all primarily hosted by
sphalerite and In is zoned at this spatial resolution. Silver, Bi, Sb,
Se, Te and Tl are all hosted by galena, whereas moderate amounts
of Cd are also noted. There is however an increase in Sb in the
epithermal ore. Notable here is also that, whereas Sn is distributed
quite evenly across both galena and chalcopyrite on the map, spot
analysis (Table 3) reveals that galena is the primary host. Indium
is also present in chalcopyrite. Galena is clearly zoned with respect
to Bi, with highest concentrations at the grain rim.

Fig. 6 shows trace element distributions in a co-crystallized sphal-
erite–galena assemblage from Broken Hill where all elements are
concentrated by their preferred host. Sphalerite primarily hosts Co,
Cd, Mn, In, Ga and Cu whereas galena concentrates Ag, Bi, Sb, Se, Tl
and Sn. Modest amounts of In are apparent in galena; low levels of
Cd and Cu are also present. Galena displays weak zoningwith respect
to Ag and Sb; the absolute concentrations of both elements decrease
away from what appears to be fractures.

Fig. 7 reveals the trace element distributions in a sphalerite–ga-
lena–chalcopyrite assemblage from the Bleikvassli recrystallized
SEDEX deposit that are comparable to tri-component assemblages
from skarn and epithermal ores. Here, however, Ga is primarily
concentrated in chalcopyrite. Sphalerite concentrates Fe, Cd, Mn
and In, whereas galena concentrates Ag, Bi, Sb, Se and Tl. Spot anal-
ysis (Table 3) shows that Sn concentrations are highest in galena,
followed closely by chalcopyrite. Modest enrichment of Ag and In
is noted in chalcopyrite, as well as Ga in sphalerite. There appears
to be a poorly defined zonation in galena and chalcopyrite with
respect to Sn.

Trace element distributions in a sphalerite–galena assemblage
from the Kapp Mineral SEDEX deposit are shown in Fig. 8. Sphalerite
primarily hosts Fe, Cd, Mn, In, Sn, Ga, Co, Hg and Cu, whereas galena
hosts Ag, Bi, Sb, Se and Tl. The LA-ICP-MS mapping also shows low
levels of As in galena. Modest amounts of Ag are noted in sphalerite.



Table 3
Trace element concentrations in sphalerite, galena and chalcopyrite determined by LA-ICP-MS spot analysis. Data in ppm (molar).

Locality Sample/sulphide Element

Herja Hj13 Mn Fe Co Cu Zn Ga As Se Ag Cd In Sn Sb Te Hg Tl Bi
Romania Sphalerite (10) Mean 2392 88022 76 585 IS 1.7 0.05 3.6 1.4 1045 4.4 38 0.32 0.02 0.60 0.00 0.00

St. Dev. 362 8400 24 1150 0.48 0.05 3.6 1.8 139 9.1 51 0.63 0.03 0.06 0.00 0.00
Galena (10) Mean 9.0 50 0.09 5.0 19 0.18 1.1 258 1574 16 0.02 2.0 1509 10 0.06 0.21 179

St. Dev. 4.1 26 0.17 8.3 10 0.23 0.50 289 254 4.4 0.01 1.3 299 14 0.03 0.06 343
Chalcopyrite (10) Mean 43 245967 3.3 IS 1120 0.06 0.04 5.0 71 3.1 0.69 3.9 0.53 0.00 0.04 0.01 0.00

St. Dev. 11 14061 1.1 491 0.03 0.03 4.4 25 1.1 0.31 1.3 0.78 0.01 0.01 0.03 0.00
Toroiaga TOR191
Romania Sphalerite (10) Mean 1035 70815 0.02 47 IS 1.4 1.7 1.0 0.54 4109 27 0.22 0.06 0.01 8.2 0.00 0.00

St. Dev. 169 3795 0.02 36 0.49 0.89 0.77 0.32 481 31 0.30 0.09 0.02 4.7 0.00 0.00
Galena (10) Mean 7.9 55 0.17 5.4 4.5 0.07 27 56 2791 311 0.13 3.0 822 – 5.7 0.41 1687

St. Dev. 5.5 44 0.19 3.9 3.4 0.05 21 58 2206 49 0.09 1.5 433 – 3.0 0.30 2185
Chalcopyrite (10) Mean 0.83 246711 0.03 IS 1451 0.22 0.46 0.75 54 17 14 11 0.30 0.01 39 0.00 0.00

St. Dev. 0.34 9312 0.03 1020 0.10 0.21 0.71 53 11 8.2 7.4 0.23 0.02 14 0.00 0.00
TOR197
Sphalerite (10) Mean 1004 75230 0.05 52 IS 1.3 1.6 0.74 0.39 4337 19 0.23 0.05 0.01 8.0 0.00 0.00

St. Dev. 151 5397 0.09 44 0.62 1.3 0.58 0.16 407 15 0.24 0.10 0.01 7.0 0.00 0.00
Galena (10) Mean 7.6 344 0.33 6.8 11 0.37 118 828 1292 171 0.10 6.2 1321 14 4.7 0.35 190

St. Dev. 6.9 940 0.29 2.7 12 0.51 102 727 328 26 0.04 1.7 291 4.9 3.5 0.20 119
Chalcopyrite (10) Mean 0.94 256250 0.02 IS 2213 0.08 0.73 0.80 94 24 8.2 4.2 0.53 0.04 95 0.00 0.00

St. Dev. 1.2 9148 0.03 2971 0.06 0.58 0.69 59 27 1.8 1.7 0.49 0.04 41 0.00 0.00
Emeric2
Sphalerite (9) Mean 831 62553 – 7207 IS 3.6 0.24 3.3 6.9 2657 89 0.35 0.88 – 2.3 0.00 0.01

St. Dev. 121 8523 – 8088 0.82 0.26 1.9 6.8 309 79 0.23 1.3 – 0.37 0.00 0.01
Galena (6) Mean 5.0 31 0.04 7.8 28 0.08 1.8 – 2177 37 0.06 1.4 1756 63 0.07 0.84 863

St. Dev. 2.5 4.1 0.04 7.1 18 0.11 1.1 – 391 4.7 0.04 0.70 391 10 0.04 0.53 536
Chalcopyrite (9) Mean 15 266804 – IS 5790 1.3 0.16 11.0 41 24 13 16 4.2 – 0.39 0.00 0.05

St. Dev. 10 16234 – 3115 0.94 0.19 7.8 25 9.4 5.2 9.5 3.5 – 0.46 0.00 0.07
Baita Bihor BBH16B
Romania Sphalerite (10) Mean 358 1525 285 616 IS 0.62 0.04 2.4 0.25 1634 7.8 0.20 0.01 0.04 1.4 0.00 0.11

St. Dev. 122 764 6.6 640 0.30 0.03 2.2 0.18 79 0.91 0.12 0.01 0.05 0.12 0.00 0.24
Galena (10) Mean 4.6 103 0.20 13 53 0.06 1.7 343 813 41 0.03 0.52 2.1 – 0.01 2.6 844

St. Dev. 4.3 74 0.52 12 47 0.15 1.8 468 71 15 0.03 0.29 1.7 – 0.00 0.37 112
BBH20
Sphalerite (10) Mean 3218 10333 192 27 IS 0.22 0.09 4.2 0.08 1842 3.9 0.05 0.19 0.02 1.2 0.00 0.01

St. Dev. 525 599 10 30 0.16 0.06 3.2 0.01 118 0.42 0.02 0.38 0.04 0.19 0.00 0.01
Galena (10) Mean 12 110 0.17 65 39 0.06 2.7 322 3383 71 0.02 1.2 18 411 0.06 8.4 4619

St. Dev. 6.7 96 0.29 50 17 0.10 2.5 561 368 20 0.01 0.92 9.3 65 0.04 2.0 248
BB55
Galena (10) Mean 74 139 0.14 527 32 0.04 2.1 395 19986 156 0.21 2.4 90 – 0.02 15 38096

St. Dev. 133 103 0.23 615 4.8 0.08 1.3 – 7159 233 0.59 1.7 245 – 0.02 2.1 60466
Chalcopyrite (10) Mean 31 224552 69 IS 523 0.04 0.35 4.6 22 5.1 42 47 0.28 0.05 0.02 0.02 0.36

St. Dev. 77 11508 134 149 0.03 0.45 2.3 49 5.2 3.5 7.2 0.41 0.05 0.01 0.03 0.78
BBH32
Sphalerite (10) Mean 1608 6558 241 15.0 IS 1.5 0.67 6.0 0.13 2834 7.0 0.20 0.20 0.02 2.4 0.00 0.01

St. Dev. 335 1037 21 7.9 3.1 0.54 4.1 0.04 69 1.6 0.44 0.42 0.02 2.7 0.00 0.01
Galena (10) Mean 19 116 0.12 4.1 1.7 0.13 10 443 3694 167 0.01 0.24 33 475 11 6.4 4410

St. Dev. 34 253 0.09 2.5 1.2 0.11 2.7 135 173 41 0.01 0.11 8.6 121 4.7 1.0 546
Oravita ORV4B
Romania Sphalerite (10) Mean 551 1841 0.02 1490 IS 14 0.71 4.5 4.1 1409 1.6 1.3 0.04 0.06 3.3 0.00 0.37

St. Dev. 215 314 0.04 305 11 0.44 3.1 2.2 121 3.9 2.2 0.08 0.11 2.0 0.00 0.49
Galena (10) Mean 2.5 17 0.07 4.4 1.6 0.07 8.6 1155 856 39 0.01 0.22 1.3 175 24 0.47 956

St. Dev. 3.2 8.6 0.06 3.8 1.3 0.05 7.6 261 214 6.0 0.00 0.17 1.0 38 15 0.11 267
Chalcopyrite (10) Mean 0.12 249624 0.00 IS 6.6 0.23 0.54 8.1 0.44 0.13 0.37 0.16 0.13 0.14 2.9 0.03 1.2

St. Dev. 0.16 7350 0.00 1.7 0.10 0.60 10 0.37 0.09 0.40 0.11 0.10 0.12 1.4 0.09 0.72
Kapp Mineral Kmi2a
Norway Galena (10) Mean 2.4 46 0.17 7.4 4.8 0.16 8.7 300 129 39 0.02 0.41 46 – 5.7 0.07 96

St. Dev. 1.6 34 0.08 6.4 2.7 0.14 6.0 194 38 13 0.01 0.27 14 – 5.7 0.02 53
Chalcopyrite (10) Mean 241 261971 0.42 IS 194 0.13 1.2 13 90 1.6 0.64 6.4 13 0.02 32 0.02 4.0

St. Dev. 493 13155 0.87 80 0.04 1.4 29 33 1.2 0.21 1.6 7.7 0.02 40 0.01 10
Kmi5
Sphalerite (10) Mean 5.7 10619 5.0 250 IS 2.5 0.07 2.2 18 253 0.76 8.1 0.69 0.01 7.0 0.00 0.01

St. Dev. 1.9 1788 1.7 224 3.9 0.06 1.2 9.5 22 0.33 11 0.79 0.02 0.75 0.00 0.00
Galena (10) Mean 3.9 77 0.17 6.8 54 0.07 1.6 20 192 4.9 0.02 0.69 254 – 0.01 0.03 7.1

St. Dev. 1.9 33 0.36 5.4 53 0.14 0.75 11 31 3.7 0.01 0.70 39 – 0.02 0.01 2.6
Mt. Isa 5985C1
Australia Sphalerite (5) Mean 116 38989 0.16 15 IS 2.0 3.4 0.70 3.0 1351 7.0 0.11 1.8 0.02 10 0.01 0.00

St. Dev. 15 1062 0.04 1.5 1.2 1.3 0.54 1.1 54 0.12 0.12 0.86 0.02 5.4 0.01 0.00
Galena (4) Mean 5.4 224 0.25 6.4 4.3 0.13 1700 4.6 499 86 0.21 2.1 748 0.27 7.1 14 3.4

St. Dev. 3.1 361 0.28 2.5 1.9 0.19 846 0.73 122 154 0.37 0.49 146 0.18 4.4 3.1 0.09
Bleikvassli Bv–1
Norway Sphalerite (10) Mean 255 51984 0.05 48 IS 13 0.17 2.2 1.0 509 23 1.5 0.41 0.01 4.0 0.01 0.00

St. Dev. 102 1134 0.04 7.4 0.75 0.19 1.5 1.1 20 0.51 1.1 0.79 0.02 0.18 0.01 0.01

(continued on next page)
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Table 3 (continued)

Locality Sample/sulphide Element

Galena (10) Mean 3.8 82 0.10 6.7 26 0.27 1.6 9861 1093 8.2 1.0 290 966 0.26 0.09 130 534
St. Dev. 4.3 72 0.22 3.2 20 0.56 0.56 24503 161 6.2 0.30 87 209 0.84 0.08 6.8 41

Chalcopyrite (5) Mean 1.8 224617 0.01 IS 261 16 0.03 1.3 254 0.34 7.5 275 2.8 0.00 0.09 0.14 0.01
St. Dev. 1.7 5678 0.02 46 9.1 0.01 1.1 125 0.10 1.4 221 1.6 0.01 0.07 0.15 0.01

V598572
Sphalerite (5) Mean 1766 49536 0.35 28 IS 2.8 0.28 8.1 0.18 778 20 0.47 0.09 0.00 7.3 0.00 0.01

St. Dev. 137 684 0.08 3.3 1.6 0.21 3.3 0.04 15 2.6 0.15 0.08 0.00 1.0 0.00 0.00
Galena (10) Mean 6.3 65 0.06 8.0 13 0.06 4.8 172 1042 26 0.32 98 309 – 0.04 62 1312

St. Dev. 4.4 80 0.08 5.2 2.9 0.08 2.5 102 102 7.1 0.11 19 170 – 0.03 8.4 129
Chalcopyrite (9) Mean 47 221422 0.23 IS 344 1.1 0.24 7.8 5.2 2.3 10 393 1.2 0.05 0.19 0.01 0.01

St. Dev. 10 13003 0.48 49 0.66 0.40 5.8 1.7 1.2 1.5 73 2.4 0.07 0.09 0.01 0.01
Broken Hill BH73
Australia Sphalerite (10) Mean 16606 90076 128 71 IS 2.6 0.05 1.7 0.82 884 0.69 0.21 0.04 0.03 0.86 0.00 0.00

St. Dev. 633 2537 10 3.2 0.12 0.04 1.0 0.27 24 0.01 0.07 0.04 0.02 0.05 0.00 0.00
Galena (10) Mean 36 73 0.09 2.6 16 0.09 1.3 32 249 13 0.15 39 631 0.24 0.05 0.43 4.0

St. Dev. 17 45 0.06 1.4 8.1 0.08 0.61 20 72 3.5 0.04 5.2 615 0.33 0.04 0.11 0.77
Chalcopyrite (5) Mean 196 235552 1.3 IS 550 3.9 0.05 1.6 473 0.74 0.70 119 3.1 0.03 0.01 0.02 0.00

St. Dev. 253 8084 1.1 242 0.86 0.01 0.22 110 0.68 0.10 20 3.6 0.03 0.01 0.03 0.00
BH218
Sphalerite (10) Mean 1420 61926 47 33 IS 4.8 0.05 2.0 0.71 688 1.4 0.14 0.08 0.03 0.55 0.00 0.01

St. Dev. 35 2316 7.8 14 0.58 0.02 1.2 0.75 30 0.05 0.13 0.10 0.05 0.06 0.00 0.02
Galena (10) Mean 2.3 65 0.12 3.9 30 0.05 2.2 93 237 10 0.21 72 57 – 0.05 0.09 35

St. Dev. 1.4 44 0.11 3.4 33 0.14 2.0 167 336 5.8 0.05 8.7 107 – 0.04 0.02 2.6
Mofjellet Mo2
Norway Sphalerite (10) Mean 460 25051 0.10 4.3 IS 0.39 0.65 2.9 0.65 1156 0.76 0.02 0.08 0.01 23 0.00 0.02

St. Dev. 43 2452 0.05 1.0 0.09 0.46 1.1 1.2 34 0.08 0.02 0.13 0.01 8.7 0.00 0.05
Galena (10) Mean 2.3 33 0.12 7.5 4.6 0.14 17 319 1116 100 0.01 0.51 1750 39 333 0.33 124

St. Dev. 1.7 10 0.07 5.6 3.0 0.07 4.6 59 348 33 0.01 0.37 325 6.0 326 0.06 24

IS: This element was used as the internal standard; Zn in sphalerite, Cu in chalcopyrite and Pb in galena.
The 17 elements displayed were commonly detected above the mdl in sphalerite, galena or chalcopyrite. S, Ni, Mo, W and Pb were measured but are not commonly detected as trace el-
ements. Ge could not be quantified (see text). Au was measured but found to be below minimum detection limit in the majority of analysed spots. We choose not to present these data
given the high levels of uncertainty and concerns about the homogeneity of Au in the MASS-1 standard (Wilson et al., 2002).
(X) = number of individual spot analyses on that sulphide in that sample. Dash= insufficient data to perform calculation (all analyses bmdl). Other bmdl values were treated as mdl/2.
*Ag concentration in galena in BH73 reduced due to secondary leaching post recrystallization (see text).
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Indium, Sn and Ga all appear to be zoned in the same way within
sphalerite; Bi distributions in galena are patchy.

6. Discussion

6.1. External factors on trace element partitioning

The rich exotic trace element signature of the BMMB is well docu-
mented, in particular in the Baita Bihor skarn system, where Bi, Ag, W,
Se, Te, Ni, Co and Sn are all present, and are primarily concentrated
within Pb-(Cu,Ag)-Sb- or Bi-sulphosalts, and as Bi- and Ag-tellurides
and selenides (Cioflica et al., 1995; Cioflica et al., 1997; Ilinca et al.,
2012; Ciobanu et al., 2014). It has, however, recently been shown that
many of these trace elements are also present at high concentrations
within common sulphides (e.g., galena; George et al., 2015). Oravita, lo-
cated approximately 350 km fromBaita Bihor, has a similar geochemical
signature as a consequence of related ore fluids associated with Late
Cretaceous calc-alkalinemagmatism. From these two deposits, it is pos-
sible to directly compare the partitioning behaviour of trace elements
Table 4
Base metal sulphide hosts of various trace elements as determined from LA-ICP-MS analysis.

Trace element Mn Fe Co Cu

Primary BMS host Sp1 SpNGn1 SpNCp3 SpNGn

Trace element Ag Cd In Sn

Primary BMS host Gn1 SpNGn1 SpNCp2 ?⁎

Abbreviations: BMS = base metal sulphide. Sp = sphalerite, Gn = galena, Cp = chalcopyrite.
1 Group 1 elements. Trend observed in all examined samples.
2 Group 2 elements. Recrystallization increases element concentration in Cp and may make
3 Group 3 elements. Trend generally, yet not always, true.
⁎ Recrystallization increases Sn concentration in Cp such that Cp is usually primary host in r
between co-crystallizing BMS in skarns formed from similar hydrother-
mal fluids at high temperature (~N450 °C) conditions proximal to a por-
phyry granitoid-derived source of fluids (Baita Bihor, Antoniu orepipe;
Fig. 2), low temperature (~b200 °C) conditions distal to a porphyry
hosted in carbonate (Baita Bihor, Marta orepipe; Fig. 3), and a shallow
Cu skarn satellite to a porphyry (Oravita; Fig. 4). In each case, the
trace element distributions in the BMS assemblages from these systems
are almost identical; all Group 1 and 2 trace elements present are pri-
marily hosted in the same minerals (Fe, Cd, Mn, In, Sn, Ga, Co and Cu
in sphalerite, Ag, Bi, Sb, Se, Te and Tl in galena).

Similar to the BMMB, both the Toroiaga and Herja epithermal sys-
tems in the Baia Mare District, Romania, boast similar geochemical sig-
natures expressed in part by the presence of Pb–Ag–Sb–As or lesser -Bi
sulphosalts. This is a result of their common association with relatively
young magmatic-hydrothermal systems, which produced comparable
ore fluids at both deposits. Despite the similarities however, Toroiaga
is a relatively deep system, crystallizing BMS at high temperatures
(~b400 °C; Cook, 1997), whereas Herja is shallow and relatively cool
(~b200 °C; Borcos et al., 1975). Thus Toroiaga (Fig. 5) and Herja (see
Zn Ga As Se

3 Cp1 Sp2 GnNSp1 Gn1

Sb Te Hg Tl Bi

GnNCp1 Gn1 SpNCp3 Gn1 Gn1

Cp primary host.

ecrystallized samples. Below recrystallization conditions, no trend is observed.



Fig. 2. LA-ICP-MS element maps (Ag, Bi, Sb, Se, Te, Tl, Fe, Cd, Mn, In, Co, Cu) of an assemblage comprising co-crystallized sphalerite (Sp) and galena (Gn) from the Antoniu orepipe, Baita
Bihor skarn deposit (sample BBH16B). Note preferential concentration of Fe, Cd, Mn, In, Co and Cu in sphalerite and of Ag, Bi, Sb, Se, Te and Tl in galena. Concentration scales in parts-per-
million (weight).
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figure 6 in George et al., 2015) allow direct comparison of the
partitioning behaviour of trace elements between two epithermal
systems with similar ore fluids yet different physical conditions of ore
formation. In both systems, trace element distributions in the BMS as-
semblages are almost identical; all Group1 and 2 trace elements present
are primarily hosted in the same BMS phase.

Even higher temperatures and pressures only slightly alter the pri-
mary BMS hosts. The recrystallized SEDEX Broken Hill deposit situated
in the Curnamona Province, Australia, was regionally metamorphosed
to granulite facies (750–800 °C, 5–6 kbar, Phillips, 1981; Bryndzia
et al., 1990). This caused a complete recrystallization of the ore, allowing
for pervasive re-partitioning of trace elements from the low tempera-
ture SEDEX distributions to the preferred distributions at these high
metamorphic temperatures and pressures. Some have also argued that
extensive melting of the BMS assemblage took place at peak metamor-
phic conditions (Mavrogenes et al., 2001; Frost et al., 2002, 2005). This
too would cause a redistribution of trace elements as new sulphides
crystallize from melt at high temperatures. Despite the granulite facies
metamorphism however, Group 1 trace elements at Broken Hill are all
hosted by the same BMS phases as the skarn and epithermal systems
discussed above (Fig. 6). Only the primary hosts of Group 2 elements
and Sn seem to be altered by the temperatures and/or pressures associ-
ated with upper amphibolite to granulite facies metamorphism. The
preferred BMShost for Ga at lower temperatures is sphalerite, almost al-
ways becoming chalcopyrite in recrystallized assemblages. Despite In
concentrations also increasing in chalcopyrite during recrystallization,
sphalerite almost always remains the primary host. Tin exhibits a com-
parable relationship toGa as chalcopyrite typically becomes the primary
Sn host at high temperatures/pressures that cause recrystallization.
Thus, as a result of recrystallization chalcopyrite usually contains more
Sn than galena which, in turn, contains more Sn than sphalerite, so
that Snchalcopyrite N Sngalena N Snsphalerite.

Like Broken Hill, the Bleikvassli deposit (Norway) also underwent
high-grade (upper amphibolite) metamorphism. Peak conditions
reached 7.5–8 kbar, and 570 °C (Cook, 1993; Rosenberg et al., 1998). De-
spite a lower peak temperature than Broken Hill, these temperatures
were still adequate for complete recrystallization of the BMS assem-
blage. The Bleikvassli system is oxidized, evidenced by large pyrite
metablasts, and a distinct syn-metamorphic sulphidation–oxidation
halo enclosing the ore (Rosenberg et al., 2000). In contrast, Broken
Hill is a strongly reduced system, as evidenced by the stability of pyr-
rhotite, lack of pyrite, and the Eu enrichment of proximal exhalites

Image of Fig. 2


Fig. 3. LA-ICP-MS elementmaps (Ag, Bi, Sb, Se, Te, Tl, Fe, Cd,Mn, In, Co, Ga) of an assemblage comprising co-crystallized sphalerite (Sp) and galena (Gn) from theMarta orepipe, Baita Bihor
skarn deposit (sample BBH32). Note preferential concentration of Fe, Cd, Mn, In, Co and Ga in sphalerite, and of Ag, Bi, Sb, Se, Te and Tl in galena. Concentration scales in parts-per-million
(weight).
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(Lottermoser, 1989; Leyh and Conor, 2000). Yet in both recrystallized
SEDEX deposits, all Group 1 trace elements are hosted primarily within
the same phases, galena, sphalerite and chalcopyrite (Figs. 6 and 7),
strongly indicating that redox conditions have little to no effect on pri-
mary BMS hosts.

The Kapp Mineral SEDEX occurrence (Svalbard Archipelago,
Norway) lacks any enhanced trace element geochemical signature
such as that found in the BMMB or the Baia Mare District, and has not
been significantly reworked since initial deposition. Yet despite the dif-
ferences compared to deposits of more complex geochemistry and/or
geological history, all Group 1 trace elements are primarily hosted by
the same phases as in all other samples from all deposits, and Group 2
elements are primarily hosted by the same minerals as in all samples
from non-recrystallized deposits (Fig. 8). This again strongly points to
the conclusion that different ore types, deposit ages, host terrains and
physiochemical conditions of ore formation do not alter the preferred
host for almost all trace elements.

6.2. Intrinsic factors on trace element partitioning

The primary factors that control trace element partitioning
identified in this study are intrinsic to the trace elements and
BMS in question. These factors include element oxidation state,
ionic radius of the substituting element, element availability and
the maximum trace element budget that a given sulphide mineral
can accommodate.

Image of Fig. 3


Fig. 4. LA-ICP-MS elementmaps (Ag, Bi, Sb, Se, Te, Tl, Fe, Cd,Mn, In, Sn, Ga) of an assemblage comprising co-crystallized sphalerite (Sp), galena (Gn) and chalcopyrite (Cp) from theOravita
skarn deposit (sample ORV4B). Note preferential concentration of Fe, Cd, Mn, In, Sn and Ga in sphalerite, of Ag, Bi, Se, Te and Tl in galena, and also the modest enrichment of Sb in galena
over chalcopyrite. Concentration scales in parts-per-million (weight).

107L.L. George et al. / Ore Geology Reviews 77 (2016) 97–116
Sphalerite and galena are both ionic crystals, thus the incorporation
of trace elements into them is governed by Goldschmidt's rules of sub-
stitution (Goldschmidt, 1954), and Ringwood's subsequent modifica-
tions (Ringwood, 1955). These state:

1. The ions of one element can extensively replace those of another in
ionic crystals if their radii differ by less than approximately 15%.

2. Ions whose charges differ by one unit substitute readily for one an-
other provided electrical neutrality of the crystal is maintained. If
the charges differ by more than one unit, substitution is generally
slight.

3. When two different ions can occupy a particular position in a crystal
lattice, the ion with the higher ionic potential forms a stronger bond
with the anions surrounding the site.
4. Substitutions may be limited, even when the size and charge criteria
are satisfied, when the competing ions have different electronegativ-
ities and form bonds of different ionic character.

Sphalerite and galena bothhave simple formulae:M2+S2−, whereM
is Zn or Pb, respectively. All metallic trace elements considered here
substitute into this M site in both minerals. Thus, as per Goldschmidt's
second rule, only metals in the 1+, 2+ or 3+ oxidation state will sub-
stitute extensively into the M site. A small number of tetravalent ions
may also substitute into sphalerite or galena (e.g., Ge4+ in sphalerite;
Cook et al., 2015), although such substitutions are likely to involve the
creation of lattice vacancies to maintain charge balance.

Chalcopyrite differs from sphalerite and galena in that it is not a fully
ionic structure, nor is there consensus on the principal oxidation states

Image of Fig. 4


Fig. 5. LA-ICP-MS element maps (Ag, Bi, Sb, Se, Te, Tl, Fe, Cd, Mn, In, Ga, Sn) of an assemblage comprising co-crystallized sphalerite (Sp), galena (Gn) and chalcopyrite (Cp) from the
Toroiaga epithermal deposit (sample TOR197). Note preferential concentration of Fe, Cd, Mn, In and Ga in sphalerite, of Ag, Bi, Sb, Se, Te and Tl in galena, and also the modest
enrichment of Sn in both chalcopyrite and galena. Concentration scales in parts-per-million (weight).
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of its constituents. Hall and Stewart (1973) described stereochemical
evidence for a “strong covalently-bonded configuration with an effec-
tive ionic state between Cu+Fe3+S2−2 and Cu2+Fe2+S2−2”. Todd and
Sherman (2003), Todd et al. (2003), and Mikhlin et al. (2005) claim
that the chemical structure and nominal oxidation states in chalcopyrite
are Cu2+Fe2+S22−. Thiswas questioned by Pearce et al. (2006),whopre-
sented X-ray absorption spectroscopic (XAS) evidence that the Cu in
chalcopyrite is nominallymonovalent and that Fe is nominally trivalent;
i.e., Cu+Fe3+S22−. Pearce et al. (2006) also note that a nominally diva-
lent character in copper sulphides is very rare, and energy peaks associ-
ated with Cu2+ can be explained by contamination by Cu2+ species.
There is continued debate over whether the oxidation state of iron in
chalcopyrite varies between Fe2+ and Fe3+. Nevertheless, it seems
trace element substitution into chalcopyrite is restricted to ions be-
tween 1+ and 4+.

For divalentmetallic trace elements substituting into either sphaler-
ite or galena, the primary factor affecting substitution is the ionic radius
of the trace element and that of the corresponding Zn2+ or Pb2+ ion re-
spectively. As per Goldschmidt's first rule, extensive substitution will
take place if these ionic radii differ by less than approximately 15%. If
wholly true however, this first rule seems to excludemost elements, di-
valent or otherwise, from substituting into either sphalerite or galena
(Fig. 9A, B), despite broad evidence that many of these excluded ele-
ments are present in solid solution within these sulphides. Thus it can
be assumed that at higher temperatures, elements with an ionic radius
discrepancy N15% may still be substituted into an ionic lattice; indeed
Goldschmidt's first rule does not take temperature into account
(Philpotts, 1978).

There are several divalent transition metal ions that have ionic radii
similar to Zn2+ (0.60 Å) in tetrahedral coordination — as in sphalerite
(Fig. 9A). Iron2+ (0.63 Å), Mn2+ (0.66 Å), Co2+ (0.58 Å) and Cu2+

(0.57 Å) are within 15% of the Zn2+ ionic radius, whereas Cd2+

(0.78 Å) is slightly larger than this ±15% ‘window’. This provides the
basis for the exceptionally high concentrations of Fe, Mn, and Cd that
are often measured in sphalerite (e.g., Cook et al., 2009; Ye et al.,
2011). Divalent Cu and Co may also be significantly incorporated into
sphalerite, although this is usually limited due to the relative rarity of
Cu2+ in sulphides, and the substitution of Co into Cu-(Fe)-sulphides

Image of Fig. 5


Fig. 6. LA-ICP-MS elementmaps (Ag, Bi, Sb, Se, Tl, Sn, Co, Cd,Mn, In, Ga, Cu) of an assemblage comprising co-crystallized sphalerite (Sp) and galena (Gn) from the BrokenHill recrystallized
SEDEX deposit (sample BH218). Note preferential concentration of Co, Cd, Mn, In, Ga and Cu in sphalerite, of Ag, Bi, Sb, Se, Tl and Sn in galena, and also the modest enrichment of In in
galena. Concentration scales in parts-per-million (weight).
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and pyrite. Thus the presence or absence of other sulphides may signif-
icantly affect the substitution of Co into sphalerite, and this is likely the
reason why Co is a Group 3 trace element; having a generally predict-
able partitioning trend that does not hold on all occasions. In addition,
the classification of Co and Cu as a Group 3 trace elements may also re-
flect the tendency for these elements to be present as micro-inclusions
of distinct phases in sphalerite and galena. Due to their favoured incor-
poration in sphalerite, galena is relatively barren of most divalent cat-
ions. However, if sphalerite is not present, or if the total number of
divalent cations is greater than the trace element budget that sphal-
erite can accommodate, some of the surplusmay substitute into galena if
temperatures are high enough. This likely explains the significant
amounts of Cd occasionally measured in galena (e.g., sample TOR191;
Table. 3).

For metal ions that differ in charge from the 2+ oxidation state, sub-
stitution into sphalerite and galena is governed not only by ionic radius,
but also the availability of other ions to participate in coupled
substitutions. Fig. 9B clearly shows why galena typically hosts high con-
centrations of Ag andBi, asAg+ (1.15Å) andBi3+ (1.03Å) are bothwithin
15% of the Pb2+ (1.19 Å) ionic radius in octahedral coordination - as in ga-
lena. This provides the basis for the well-established coupled substitution
Ag+ + (Bi3+, Sb3+)↔ 2Pb2+ which permits substantial incorporation of
Ag and Bi into galena (Chutas et al., 2008; Renock and Becker, 2011). Due
to its smaller ionic radius, substitution of Sb3+ (0.76 Å) tends to occur to a
lesser extent than Bi3+. In a similar way, ionic radius constraints restrict
significant substitution of As3+ (0.58 Å) into galena, except perhaps at
very high temperatures and in the absence of Bi and/or Sb. Incorporation
of In3+ (0.80 Å) via the same coupled substitution together with Ag+ is
minimal, despite the ionic radius of Pb2+ being closer to In3+ than
Sb3+. This is likely to be due to the preferred substitution of this ion
into sphalerite, when that mineral is also present. Fig. 9A illustrates this,
with the In3+ (0.62 Å) ion within 15% of the Zn2+ (0.60 Å) ionic radius
in tetrahedral coordination. Similar to In3+, Ga3+ (0.47 Å) also substitutes
into sphalerite. However, in order for such substitutions to take place,

Image of Fig. 6


Fig. 7. LA-ICP-MS element maps (Ag, Bi, Sb, Se, Tl, Sn, Fe, Cd, Mn, In, Ga, Cu) of an assemblage comprising co-crystallized sphalerite (Sp), galena (Gn) and chalcopyrite (Cp) from the
Bleikvassli recrystallized SEDEX deposit (sample Bv-1). Note preferential concentration of Fe, Cd, Mn and In in sphalerite, of Ag, Bi, Sb, Se and Tl in galena, and of Ga in chalcopyrite.
Tin is distributed relatively evenly across galena and chalcopyrite. Modest amounts of Ga are noted in sphalerite, as well as Ag and In in chalcopyrite. Concentration scales in parts-per-
million (weight).
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a monovalent ion would be necessary to accompany these trivalent
ions. Commonly, Cu+ (0.60 Å) plays the accompanying role (Cook
et al., 2009; Cook et al., 2011b, 2012), as may Ag+ (1.00 Å) on rare
occasions. In the absence of sphalerite, it can be assumed that In3+

could potentially substitute into galena, yet no supportive evidence
has been found.
Small amounts of Tl+ and Cu+ may substitute into galena along-
side Ag+ in the coupled substitution (Ag+, Cu+, Tl+) + (Bi3+,
Sb3+) ↔ 2Pb2+ (George et al., 2015). Fig. 9B shows that Tl+ (1.50 Å)
is likely to be preferred over Cu+ (0.77 Å) in this substitution as it is clos-
er in ionic radius to Pb2+ (1.19Å) in octahedral coordination. Conversely,
the Cu+ ion in tetrahedral coordination ismuch closer to the ionic radius

Image of Fig. 7


Fig. 8. LA-ICP-MS elementmaps (Ag, Bi, Sb, Se, Tl, As, Fe, Cd, Mn, In, Sn, Ga, Co, Hg, Cu) of an assemblage comprising co-crystallized sphalerite (Sp) and galena (Gn) from the KappMineral
SEDEX deposit (sample Kmi5). Note preferential concentration of Ag, Bi, Sb, Se and Tl in galena, of Fe, Cd, Mn, In, Sn, Ga, Co, Hg and Cu in sphalerite, and also a slight enrichment of As in
galena. Concentration scales in parts-per-million (weight).
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of Zn2+ (Fig. 9A), and as such, would be preferentially incorporated
into sphalerite via the coupled substitution Cu+ + X3+ ↔ 2Zn2+,
where trivalent X is commonly In. Higher concentrations of Cu in ga-
lena, as occasionally reported, may therefore only occur when In or
other trivalent ions are not present to facilitate coupled substitutions
into sphalerite, or if sphalerite and other Cu sulphides are absent. Al-
ternately, high Cu values in galena may be the result of substitution
of Cu2+ directly for Pb2+, however the Cu2+ ion would prefer sphal-
erite, and is generally rare; Cu+ is generally preferred in sulphide
minerals (e.g., Goh et al., 2006). Only minor amounts of Ag+ can be
expected in sphalerite due to its preferential incorporation into gale-
na when present.

Since chalcopyrite is not a fully ionic structure, Goldschmidt's rules
cannot be readily used to adequately predict partitioning patterns. Nev-
ertheless, some inferences can be made from observed results and the
partitioning of trace elements into sphalerite and galena. Compared to
both sphalerite and galena, chalcopyrite is a relatively poor trace ele-
ment carrier. Yet its ability to include trace elements is clearly increased
at higher temperatures and/or pressures, where chalcopyrite can host
high concentrations of Ga, In, Sn and sometimes Ag (authors as-yet

Image of Fig. 8


Fig. 9. Plots showing the ionic radius of various trace element ions in: (A) tetrahedral coordination (as in sphalerite) compared to Zn2+; and (B) octahedral coordination (as in galena)
compared to Pb2+ (data from Shannon, 1976).
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unpublished data). Chalcopyrite may also become a more noteworthy
trace element host in the absence of sphalerite and/or galena, or other
carriers, notably chalcocite and bornite (e.g. chalcopyrite hosts signifi-
cant Co and In in sample BB55, and Mn in sample Kmi2a in the absence
of sphalerite). Despite this however, Harris et al. (1984) report analyses
of high Ag-bearing chalcopyrite from two deposits (Izok Lake and Hil-
ton), both of which contain galena.
6.3. Anomalies and exceptions

The authors are unaware of data for the ionic radius of Sn2+,
precluding prediction of the partitioning behaviour of this ion
from Goldschmidt's rules. Indeed, Shannon (1976) states that it is
impossible to define the ionic radius of Sn2+ since it varies depend-
ing on the degree of distortion of the host compound. In lower temper-
ature (non-recrystallized) ores, sphalerite, galena and chalcopyrite are
all primary Sn carriers in different samples. The partitioning behaviour
of Sn below recrystallization conditions is thus likely to vary as a func-
tion of multiple parameters, whose relative influence differs from case
to case. If Sn2+ is the typical cation hosted in these sulphides, then its
erratic partitioning behaviour may be due to differences in sulphide
crystal distortion.

The question remains why Hg is largely absent from galena, while
sometimes present within co-crystallized sphalerite, considering that
the Hg2+ ion falls within 15% of the Pb2+ ionic radius in octahedral co-
ordination, while outside 15% of the Zn2+ ionic radius in tetrahedral co-
ordination (Fig. 9A, B). Assumingboth sphalerite and galena are present,
preferential substitution of Hg2+ into sphalerite may be aided through
direct solid solution with Hg-minerals. Metacinnabar (HgS), tiemannite
(HgSe) and coloradoite (HgTe) are fully isostructural with sphalerite
and complete solid solution has been reported between ZnS and
HgS for example (Kremheller et al., 1960). Thus these minerals may
contribute to the somewhat erratic partitioning behaviour of Hg
across the sample suite, leading to its classification as a Group 3
trace element.

6.4. Implications

This study presents a tool that may be helpful in determining
whether a given BMS assemblage co-crystallized. According to
the factors considered here, if the BMS hosts of various trace
elements in a given assemblage do not match the typical hosts de-
scribed here (Table 4), it can then be suggested that the BMS did
not co-crystallize. However, if the primary BMS hosts do match
the typical hosts described here, then it may be suggestive of a
co-crystallized assemblage. If both Ga and Sn, and possibly In, are
primarily hosted in chalcopyrite in preference to either sphalerite
or galena, then this may indicate that the BMS assemblage has re-
crystallized. Given the common association of sphalerite, galena
and chalcopyrite in different ore types and geological environ-
ments (Bowles et al., 2011), the predictive understanding reached
in this work has potentially wide application to a range of ore
systems.

This tool may prove powerful in assessing co-crystallization of the
BMS assemblage in systems with simple geological histories. However
in systems that have more complex geological histories (i.e. where mo-
bilization of trace elements occurs after BMS (re-)crystallization), it is
conceivable for various trace elements to be hosted by a BMS mineral
not normally preferred, even if those BMS co-crystallized. For example,
in a limited number of LA-ICP-MS maps from Broken Hill, there is clear
evidence that some Ag and Sb, as well as Co, has been leached out of ga-
lena and sphalerite respectively. The galena and sphalerite appear
zoned as they are depleted in trace elements at grain boundaries and
adjacent to fractures (Fig. 10; see also the Ag and Sb maps in Fig. 6).
Growth zoning is exceptionally rare in recrystallized deposits due to
high temperatures and ample time for grain-scale re-equilibration of
trace elements. Thus the zoning in the Broken Hill samples is
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Fig. 10. LA-ICP-MS element maps (Ag, Sb, Co) of an assemblage comprising co-crystallized sphalerite (Sp), galena (Gn) and chalcopyrite (Cp) from the Broken Hill recrystallized SEDEX
deposit (sample BH73). Note depletion of Ag and Sb in galena and Co in sphalerite at grain boundaries and adjacent to fracture. Concentration scales in parts-per-million (weight).
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interpreted as the result of secondary sub-solidus leaching along grain
boundaries and fractures as a result of fluid-rock interaction post re-
crystallization. In the Broken Hill samples studied here, the apparent
preferred sulphide host of Sb and Co is unchanged, whereas chalcopy-
rite now hosts more Ag than galena in sample BH73, contrary to what
is normally preferred. It is thus apparent that such leaching, diffusion,
or analogous sub-solidus processes, may markedly alter the trace ele-
ment distribution patterns in a given BMS assemblage away from
what is preferred during (re-) crystallization. Thus, a BMS assemblage
that co-crystallized, but has since had trace elements mobilized and
re-distributed within (or even outside) the assemblage, may now
have a trace element distribution pattern that suggests the assemblage
did not co-crystallize.

Although this work is principally concerned with the preferred BMS
hosts for various trace elements rather than specific concentrations of
trace elementswithin those sulphides, the data and interpretations pro-
vide an important foundation for future quantification of partitioning
coefficients for trace elements in BMS pairs formed at equilibrium.
Even if this work suggests that these ratios for many trace elements
may not depend so heavily on external factors like temperature and
pressure, it is nonetheless feasible that the partitioning of some trace el-
ements between co-crystallizing BMS pairs has potential for quantita-
tive geothermometry.

Various attempts have, in the past, been made to develop functional
sulphide geothermometers utilizing trace element concentrations. Ex-
amples include using the chemical composition of Ag-rich tetrahedrite
solid solutions (Sack, 2000, 2005; Gallego Hernández and Akasaka,
2010), or distributions of Cd and Mn between sphalerite/wurtzite and
galena pairs to determine the temperature of ore formation (Bethke
and Barton, 1971; Bortnikov et al., 1995). Analogous techniques have
been established to calculate conditions of metamorphism using acces-
sory minerals, for example using Ti in zircon or Zr in rutile or titanite
(Watson et al., 2006; Ferry and Watson, 2007; Hayden et al., 2008) —
methods that also have potential application in ore systems (Ismail
et al., 2014).

Although encouraging results were obtained during the devel-
opment of some trace element sulphide geothermometers, reliable
calibration and routine application of such geothermometers was
severely limited by the inability, at that time, to precisely quantify
trace element concentrations at fine spatial resolutions in-situ. The
site-specific sampling offered by modern microanalytical tech-
niques opens the door for these approaches to be revitalized, and
we would anticipate that useful BMS geothermometers will be
developed in the future. Nevertheless, successful application of a
geothermometer depends on analysing minerals that have co-
crystallized at equilibrium. The identification of co-crystallized
minerals can often be difficult and in many cases cannot be unequiv-
ocally confirmed and thus must be assumed from textural evidence; a
critical problem in calibration of sulphide geothermometers, especially
those based on natural samples. Trace element predictability as intro-
duced here can be readily used for assessing co-crystallization of a
BMS assemblage, and thus provides significant underpinning for future
application of potential BMS geothermometers.

7. Conclusions

• The primary factors controlling the preferred BMS host for Mn, Fe, Co,
Cu, Zn, Ga, As, Se, Ag, Cd, In, Sb, Te, Tl and Bi are element oxidation
state, ionic radius of the substituting element, element availability
and trace element budget of a given sulphide mineral.

• Temperature, pressure, redox conditions andmetal source, do not ap-
pear to alter the preferred BMShost ofMn, Fe, Co, Cu, Zn, As, Se, Ag, Cd,
Sb, Te, Hg, Tl and Bi.

• When sulphide recrystallization takes place at high metamorphic
grades (amphibolite facies or above), the preferred BMS host for Ga
and Sn usually becomes chalcopyrite. This is distinct from the
favoured hosts in lower temperature regimes which, in the case of
Ga, is sphalerite. During recrystallization, chalcopyrite may also be-
come the preferred host for In, as distinct from sphalerite at lower
temperatures.

• Thepartitioningbehaviour of Sn below recrystallization conditions re-
mains poorly constrained and shows little predictable pattern among
the data presented here. Partitioning of Sn is likely to vary as a func-
tion of multiple parameters, the relative influence of which differs
from case to case.

• Although general partitioning trends are identified for Co, Cu and Hg,
these trends are not universally observed.

• Compared to sphalerite and galena, chalcopyrite is typically a poor
trace element carrier, and generally only carries significant concentra-
tions of trace elements in the absence of other BMS, or when formed
at higher temperatures.

• Secondary leaching, diffusion, or analogous sub-solidus processes,
may markedly alter the preferred trace element distribution patterns
in a given sulphide assemblage post (re-) crystallization.
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Appendix A. Mean minimum detection limits (99% confidence). Data in ppm (molar).
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erja
 Hj13
 Mn
 Fe
 Co
 Cu
 Zn
 Ga
 As
 Se
 Ag
 Cd
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 Sn
 Sb
 Te
 Hg
 Tl
 Bi

omania
 Sphalerite (10)
 0.11
 3.1
 0.01
 0.13
 0.99
 0.00
 0.06
 2.7
 0.00
 0.06
 0.00
 0.02
 0.01
 0.04
 0.01
 0.00
 0.00
Galena (10)
 3.3
 76
 0.17
 4.4
 28
 0.29
 1.8
 83
 0.12
 1.6
 0.02
 0.66
 0.18
 1.9
 0.05
 0.01
 0.03

Chalcopyrite (10)
 0.06
 1.6
 0.00
 0.12
 0.47
 0.00
 0.03
 1.8
 0.00
 0.03
 0.00
 0.01
 0.00
 –
 0.00
 0.00
 0.00
oroiaga
 TOR191
 Mn
 Fe
 Co
 Cu
 Zn
 Ga
 As
 Se
 Ag
 Cd
 In
 Sn
 Sb
 Te
 Hg
 Tl
 Bi

omania
 Sphalerite (10)
 0.10
 2.3
 0.01
 0.28
 0.18
 0.01
 1.4
 0.68
 0.00
 0.03
 0.00
 0.02
 0.00
 0.03
 4.8
 0.00
 0.00
Galena (10)
 4.0
 75
 0.25
 7.3
 4.3
 0.19
 51
 6.2
 0.14
 1.9
 0.02
 0.49
 0.11
 –
 10
 0.01
 0.02

Chalcopyrite (10)
 0.07
 1.6
 0.00
 0.27
 0.09
 0.00
 0.84
 0.49
 0.00
 0.02
 0.00
 0.01
 0.00
 0.03
 4.3
 0.00
 0.00

TOR197
 Mn
 Fe
 Co
 Cu
 Zn
 Ga
 As
 Se
 Ag
 Cd
 In
 Sn
 Sb
 Te
 Hg
 Tl
 Bi

Sphalerite (10)
 0.09
 2.0
 0.01
 0.26
 0.18
 0.01
 1.1
 0.71
 0.00
 0.05
 0.00
 0.02
 0.00
 0.03
 7.1
 0.00
 0.00

Galena (10)
 6.2
 114
 0.43
 13
 7.5
 0.34
 –
 384
 0.16
 2.1
 0.04
 0.91
 0.22
 0.73
 6.5
 0.02
 0.03

Chalcopyrite (10)
 0.09
 1.9
 0.01
 0.31
 0.12
 0.01
 0.90
 0.63
 0.00
 0.02
 0.00
 0.02
 0.00
 0.03
 9.4
 0.00
 0.00

Emeric2
 Mn
 Fe
 Co
 Cu
 Zn
 Ga
 As
 Se
 Ag
 Cd
 In
 Sn
 Sb
 Te
 Hg
 Tl
 Bi

Sphalerite (9)
 0.13
 3.3
 –
 0.19
 1.8
 0.01
 0.07
 3.5
 0.00
 0.12
 0.00
 0.03
 0.01
 –
 0.01
 0.00
 0.00

Galena (6)
 2.5
 63
 0.15
 4.0
 26
 0.22
 1.5
 –
 –
 1.7
 0.02
 0.55
 0.19
 –
 0.04
 0.01
 0.02

Chalcopyrite (9)
 0.19
 1.3
 –
 0.12
 2.2
 0.01
 0.12
 4.5
 0.00
 0.12
 0.00
 0.02
 0.01
 –
 0.01
 0.00
 0.00
aita Bihor
 BBH16B
 Mn
 Fe
 Co
 Cu
 Zn
 Ga
 As
 Se
 Ag
 Cd
 In
 Sn
 Sb
 Te
 Hg
 Tl
 Bi

omania
 Sphalerite (10)
 0.09
 2.3
 0.01
 0.14
 1.7
 0.01
 0.05
 2.8
 0.00
 0.09
 0.00
 0.02
 0.01
 0.06
 0.01
 0.00
 0.00
Galena (10)
 5.6
 136
 0.33
 7.3
 62
 0.36
 2.0
 65
 0.16
 2.6
 0.04
 0.72
 0.23
 –
 0.01
 0.02
 0.04

BBH20
 Mn
 Fe
 Co
 Cu
 Zn
 Ga
 As
 Se
 Ag
 Cd
 In
 Sn
 Sb
 Te
 Hg
 Tl
 Bi

Sphalerite (10)
 0.09
 2.4
 0.01
 0.13
 1.6
 0.01
 0.05
 2.3
 0.00
 0.10
 0.00
 0.02
 0.01
 0.06
 0.01
 0.00
 0.00

Galena (10)
 3.9
 103
 0.28
 5.2
 51
 0.21
 2.0
 102
 0.14
 2.7
 0.03
 0.93
 0.29
 –
 0.06
 0.02
 0.06

BB55
 Mn
 Fe
 Co
 Cu
 Zn
 Ga
 As
 Se
 Ag
 Cd
 In
 Sn
 Sb
 Te
 Hg
 Tl
 Bi

Galena (10)
 7.3
 178
 0.52
 11
 65
 0.37
 2.4
 82
 0.20
 2.2
 0.06
 1.1
 0.35
 –
 0.02
 0.02
 0.06

Chalcopyrite (10)
 0.06
 1.3
 0.00
 0.13
 0.58
 0.01
 0.04
 1.8
 0.00
 0.04
 0.00
 0.01
 0.00
 0.03
 0.00
 0.00
 0.00

BBH32
 Mn
 Fe
 Co
 Cu
 Zn
 Ga
 As
 Se
 Ag
 Cd
 In
 Sn
 Sb
 Te
 Hg
 Tl
 Bi

Sphalerite (10)
 0.06
 2.3
 0.02
 0.24
 0.13
 0.00
 0.57
 0.43
 0.00
 0.01
 0.00
 0.01
 0.00
 0.02
 2.0
 0.00
 0.00

Galena (10)
 1.8
 40
 0.11
 7.1
 3.0
 0.13
 16
 12
 0.08
 0.68
 0.02
 0.41
 0.20
 0.72
 18
 0.01
 0.05
ravita
 ORV4B
 Mn
 Fe
 Co
 Cu
 Zn
 Ga
 As
 Se
 Ag
 Cd
 In
 Sn
 Sb
 Te
 Hg
 Tl
 Bi

omania
 Sphalerite (10)
 0.07
 1.4
 0.00
 0.18
 0.16
 0.01
 0.48
 0.45
 0.00
 0.02
 0.00
 0.01
 0.00
 0.02
 3.5
 0.00
 0.00
Galena (10)
 1.2
 26
 0.07
 3.3
 1.8
 0.07
 11
 8.1
 0.05
 0.41
 0.01
 0.24
 0.06
 0.33
 52
 0.01
 0.01

Chalcopyrite (10)
 0.08
 1.5
 0.00
 0.28
 0.13
 0.00
 0.52
 0.51
 0.00
 0.02
 0.00
 0.02
 0.00
 0.02
 5.3
 0.00
 0.00
app Mineral
 Kmi2a
 Mn
 Fe
 Co
 Cu
 Zn
 Ga
 As
 Se
 Ag
 Cd
 In
 Sn
 Sb
 Te
 Hg
 Tl
 Bi

orway
 Galena (10)
 3.9
 58
 0.35
 10
 6.9
 0.19
 12
 15
 0.10
 2.7
 0.03
 0.50
 0.08
 –
 5.5
 0.01
 0.02
Chalcopyrite (10)
 0.09
 31
 0.01
 10
 0.32
 0.01
 0.96
 0.70
 0.10
 0.07
 0.00
 0.03
 0.02
 0.04
 10
 0.00
 0.00

Kmi5
 Mn
 Fe
 Co
 Cu
 Zn
 Ga
 As
 Se
 Ag
 Cd
 In
 Sn
 Sb
 Te
 Hg
 Tl
 Bi

Sphalerite (10)
 0.10
 2.1
 0.01
 0.17
 1.8
 0.01
 0.08
 3.3
 0.00
 0.07
 0.00
 0.02
 0.01
 0.05
 0.01
 0.00
 0.00

Galena (10)
 6.6
 131
 0.48
 7.9
 60
 0.27
 2.6
 15
 0.15
 1.4
 0.03
 0.64
 0.31
 –
 0.01
 0.01
 0.04
t. Isa
 5985C1
 Mn
 Fe
 Co
 Cu
 Zn
 Ga
 As
 Se
 Ag
 Cd
 In
 Sn
 Sb
 Te
 Hg
 Tl
 Bi

ustralia
 Sphalerite (5)
 0.11
 3.3
 0.01
 0.29
 0.17
 0.01
 1.5
 0.88
 0.00
 0.03
 0.00
 0.03
 0.01
 0.03
 4.6
 0.00
 0.00
Galena (4)
 5.2
 87
 0.35
 8.0
 6.3
 0.23
 2804
 9.2
 0.11
 1.5
 0.03
 0.76
 0.17
 0.71
 9.3
 0.01
 0.03

leikvassli
 Bv-1
 Mn
 Fe
 Co
 Cu
 Zn
 Ga
 As
 Se
 Ag
 Cd
 In
 Sn
 Sb
 Te
 Hg
 Tl
 Bi

orway
 Sphalerite (10)
 0.09
 2.0
 0.01
 0.12
 0.96
 0.01
 0.11
 1.7
 0.00
 0.06
 0.00
 0.03
 0.01
 0.05
 0.01
 0.00
 0.00
Galena (10)
 3.9
 80
 –
 5.4
 35
 –
 3.2
 1902
 0.14
 2.3
 0.04
 0.90
 0.35
 –
 0.07
 0.01
 0.06

Chalcopyrite (5)
 0.06
 1.2
 0.00
 0.09
 0.52
 0.00
 0.06
 1.0
 0.00
 0.03
 0.00
 0.02
 0.01
 0.03
 0.00
 0.00
 0.00

V598572
 Mn
 Fe
 Co
 Cu
 Zn
 Ga
 As
 Se
 Ag
 Cd
 In
 Sn
 Sb
 Te
 Hg
 Tl
 Bi

Sphalerite (5)
 0.13
 3.3
 0.01
 0.22
 1.3
 0.01
 0.24
 4.5
 0.01
 0.07
 0.00
 0.03
 0.01
 –
 0.01
 0.00
 0.00

Galena (10)
 2.9
 67
 0.26
 4.1
 23
 0.15
 4.7
 52
 0.12
 1.4
 0.03
 0.59
 0.20
 –
 0.04
 0.01
 0.04

Chalcopyrite (9)
 0.06
 1.6
 0.00
 0.14
 0.55
 0.00
 0.09
 1.8
 0.00
 0.03
 0.00
 0.02
 0.01
 0.02
 0.00
 0.00
 0.00
roken Hill
 BH73
 Mn
 Fe
 Co
 Cu
 Zn
 Ga
 As
 Se
 Ag
 Cd
 In
 Sn
 Sb
 Te
 Hg
 Tl
 Bi

ustralia
 Sphalerite (10)
 0.12
 3.7
 0.01
 0.16
 1.1
 0.01
 0.07
 2.3
 0.00
 0.06
 0.00
 0.03
 0.01
 0.05
 0.01
 0.00
 0.00
Galena (10)
 3.1
 90
 0.13
 4.2
 26
 0.15
 1.9
 34
 0.09
 1.1
 0.03
 0.81
 0.29
 1.2
 0.05
 0.02
 0.07

Chalcopyrite (5)
 0.17
 5.3
 0.01
 0.29
 1.5
 0.01
 0.10
 3.2
 0.01
 0.09
 0.00
 0.05
 0.02
 0.10
 0.02
 0.00
 0.00

BH218
 Mn
 Fe
 Co
 Cu
 Zn
 Ga
 As
 Se
 Ag
 Cd
 In
 Sn
 Sb
 Te
 Hg
 Tl
 Bi

Sphalerite (10)
 0.10
 2.5
 0.01
 0.14
 1.5
 0.01
 0.07
 3.2
 0.00
 0.09
 0.00
 0.02
 0.01
 –
 0.01
 0.00
 0.00

Galena (10)
 3.4
 75
 0.27
 3.9
 38
 0.24
 2.5
 162
 0.10
 2.4
 0.02
 0.74
 0.18
 –
 0.05
 0.01
 0.04
ofjellet
 Mo2
 Mn
 Fe
 Co
 Cu
 Zn
 Ga
 As
 Se
 Ag
 Cd
 In
 Sn
 Sb
 Te
 Hg
 Tl
 Bi

orway
 Sphalerite (10)
 0.05
 1.1
 0.01
 0.21
 0.16
 0.00
 0.47
 0.39
 0.00
 0.01
 0.00
 0.01
 0.00
 0.02
 2.4
 0.00
 0.00
Galena (10)
 3.2
 66
 0.24
 12
 6.5
 0.27
 31
 17
 0.15
 1.3
 0.02
 0.61
 0.22
 0.96
 363
 0.01
 0.05
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