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ABSTRACT

Compositional data, comprising electron probe microanalysis and laser-ablation inductively coupled
plasma mass spectrometry (LA-ICP-MS) trace element data are presented for common (Cu)-Pb-Sb
sulfosalts (bournonite, jamesonite, tetrahedrite and boulangerite), subordinate semseyite, heteromorphite,
robinsonite and (Cu)-Pb-Bi-Sb sulfosalts, and for accompanying base metal sulfides (BMS) in auriferous
gold veins from the Gutaishan Au—Sb deposit, southern China. The objectives of the study were to:
identify whether these sulfosalts represent overlooked hosts for precious metals and other trace elements
of petrogenetic or economic interest; establish partitioning trends among co-existing sulfosalt species
and between sulfosalts and BMS; and to seek evidence for a genetic link between the abundance of (Cu)-
Pb-Sb sulfosalts and the high-fineness of native gold in the deposit. All (Cu)-Pb-Sb sulfosalts analyzed

were found to be remarkably poor hosts for gold and thus do not contribute to the overall mineralogical
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balance for gold. Trace yet measurable concentrations of Au are, however, noted in the (Cu)-Pb-Bi-Sb
sulfosalts, in agreement with published data indicating that (Cu)-Pb-Bi-Sb sulfosalts may be minor Au-
hosts in some ore systems. Silver is preferentially partitioned into tetrahedrite at the expense of other
sulfosalt phases, and tetrahedrite is thus the major host for Ag in the Gutaishan deposit. LA-ICP-MS
trace element mapping allows partitioning relationships among different sulfosalt and BMS phases to be
determined for several trace elements. Jamesonite concentrates Fe, Zn, Bi, Cd, Ag, Ni, and In over co-
existing bournonite, yet boulangerite is the better host for As, Ag, Sn, Se and Te than jamesonite.
Cadmium and Co are typically enriched in sphalerite relative to any sulfosalt, and when present, pyrite
is always enriched in Au and Co relative to all other phases. A high Au/Ag ratio in the ore-forming fluid,
the presence of abundant tetrahedrite that has sequestered silver during mineral precipitation, and a lack
of evidence for cooling-driven precipitation may be significant reasons for the formation of high-fineness
gold throughout the deposit. Two generations of native gold are documented whereby the first is coarse-
grained, Ag- and Bi-bearing, and is associated with the main (Cu)-Pb-Sb sulfosalts, bournonite,
jamesonite, tetrahedrite and boulangerite). The second generation is fine-grained and has the highest
fineness. Increase in the complexity of sulfosalt assemblages, re-distribution of Ag within coarse native
gold and dissolution-reprecipitation reactions among the sulfosalt-gold association increase the gold
fineness. The present study shows that linking petrographic aspects at the micrometer-scale with
minor/trace element distributions in complex sulfide-sulfosalt assemblages can track a complex history

of Au deposition and enrichment.

Keywords: Sulfosalts, trace elements, high-fineness native gold, gold deposits, Gutaishan

INTRODUCTION

In recent years, significant progress has been made in understanding the role played by different

common sulfide minerals in controlling the distributions of precious metals and other potentially
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economic components within ores of different types (Cook and Chryssoulis 1990; Abraitis et al. 2004;
Cook et al. 2009, 2013; George et al. 2015, 2017, 2018). Furthermore, evidence has accumulated to show
preferential partitioning of key trace elements among the most common sulfide minerals (chalcopyrite,
sphalerite and galena) where they precipitated in equilibrium (George et al. 2016).

Sulfosalts are a large family of minerals, containing more than 220 valid mineral species at the time
of the most recent review (Moélo et al. 2008), with numerous additional species discovered since this
publication appeared. Although many sulfosalt minerals are exceedingly rare, Cu-Pb-Sb, Pb-Sb and (Cu)-
Pb-Bi-Sb sulfosalts are relatively common components in a wide variety of Au-Ag-bearing ore deposits,
where they commonly display a close paragenetic association with native gold (e.g., Wagner and Jonsson
2001; Cook and Ciobanu 2004; Fadda et al. 2005; Ciobanu et al. 2009; 2016, and reference therein). A
genetic relationship between gold and various bismuth minerals is now widely accepted based on both
empirical and experimental data supporting the bismuth scavenger model (Tooth et al. 2008; Ciobanu et
al. 2009, 2016). Ciobanu et al. (2009) have shown that certain Pb-Bi sulfosalts can contain up to several
thousands of ppm Au. In contrast, however, remarkably little is known about the capacity of Sb-dominant
sulfosalts, apart from the better studied tetrahedrite group, to host Au and Ag, or indeed the
concentrations of a broader range of trace elements that may potentially be accommodated within their
structures (Sack and Loucks 1985; George et al. 2017), even though the association of gold with (Cu)-
Pb-Sb sulfosalts is well established and documented.

The Au-Sb deposits in central Hunan Province represent one of the most important Sb—Au
metallogenic belts in China (Hu and Zhou 2012; Mao et al. 2013; Hu et al. 2017; Xie et al. 2018). The
belt hosts more than 170 Sb and Au deposits and prospects (Hu et al. 2017), including the world’s largest
Sb deposit (Xikuangshan), the Gutaishan Au—Sb deposit, and the Longshan Sb—Au deposit. These are

characterized by native gold of high fineness and an abundance of (Cu)-Pb-Sb sulfosalts, notably
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bournonite (Peng et al. 2000; Zhu and Peng 2015, and this study). The mineralogy and paragenesis of
these sulfosalts and their role in ore formation have received scant prior attention in the literature.

This contribution focuses on the slate-hosted Gutaishan Au—Sb deposit, the highest-grade gold deposit
in central Hunan Province (Li et al. 2016, in press). Systematic mineralogical and petrographic textural
examination shows that an abundance of (Cu)-Pb-Sb sulfosalts and subordinate (Cu)-Pb-Bi-Sb sulfosalts,
together with minor base metal sulfides (sphalerite, galena and chalcopyrite; BMS), occur in close
paragenetic association with native gold. Based on compositional data from electron probe microanalysis
(EPMA) and laser-ablation inductively coupled plasma mass spectrometry (LA-ICP-MS), our aim is to:
(1) understand whether the sulfosalts are potential, hitherto-overlooked hosts for precious metals and
other trace elements of interest; (2) establish partitioning trends among co-existing sulfosalt species and
between sulfosalts and BMS; and (3) provide evidence for a genetic link between high-fineness native

gold and sulfosalts.

THE GUTAISHAN AU-SB DEPOSIT

The slate-hosted Gutaishan lode Au—Sb deposit, located in central Hunan Province, contains proven
reserves of 9 tonnes Au and 2,500 tonnes Sb and is notable for its very high gold grade (Li et al. 2016).
Although the average grade is about 13 g/t Au, bonanza grade ores can locally contain as much as 10,000
g/t Au (Li et al. 2016, Li et al. in press). No intrusive rocks are exposed at the surface or intersected by
drilling but hidden intrusions have been inferred at depth within the mining district based on the
interpretation of geophysical data (Rao et al. 1993). Arsenopyrite and pyrite are the main sulfides within
the auriferous quartz veins and host up to several to hundreds of ppm ‘invisible gold’ (Li et al. in press).
The veins also contain different species of (Cu)-Pb-Sb sulfosalts, minor BMS, scarce (Cu)-Pb-Bi-Sb
sulfosalts and Bi-tellurides (Fig. 1). The occurrence of macroscopic sulfosalts can be a good indicator
for high-grade or bonanza-grade gold ores, as they are often accompanied by an abundance of coarse-

grained native gold.
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SAMPLING AND METHODOLOGY

Representative samples were collected from the Gutaishan Au—Sb deposit and prepared as one-inch-
diameter polished blocks. These are described in detail by Li et al. (in press). The analytical work reported
here was carried-out on a sub-set of seven samples with particularly abundant sulfosalts.

All analytical work was performed at Adelaide Microscopy, The University of Adelaide. Samples
were initially examined under a Leitz Laborlux-12-Pol dual reflected-transmitted light polarizing
microscope and FEI QUANTA-450 scanning electron microscope (SEM). EPMA data for sulfosalts and
BMS were collected using a Cameca SX-Five Electron Probe Microanalyser, equipped with five WDS
X-Ray detectors. All measurements were performed at an accelerating voltage of 20 kV, beam current
of 20 nA, and beam size of 1 um. Peak/back ground positions, count times, reference standards and
average minimum limits of detection (mdl) are listed in Supplemental'. Calibration and data reduction
was carried-out in Probe for EPMA, distributed by Probe Software Inc.

LA-ICP-MS spot analysis and element mapping of sulfosalts and BMS were performed using a 213
nm, Q-switched, Nd: YAG New Wave NWR213 laser ablation system and coupled to an Agilent 7900
Quadrupole ICP-MS instrument. Operating conditions, measured isotopes, and data processing routines

are given in Supplemental’.

PETROGRAPHY OF SULFOSALT-BMS ASSEMBLAGES

The following sulfosalt species are identified in approximate order of abundance: bournonite
(PbCuSbS;); tetrahedrite [Cuio(Fe,Zn),SbaS13]; jamesonite (PbsFeSbsS14); boulangerite (PbsSbaSi1);
semseyite (PboSbgS21); heteromorphite (Pb;SbgSi9); and robinsonite (PbsSbeSi3). (Cu)-Pb-Bi-Sb
sulfosalts, galena, native bismuth and Bi-tellurides are additional minor components in Au-rich samples
found as stringers in the quartz veins without (Cu)-Pb-Sb sulfosalts. Simultaneous precipitation of
sulfosalts and native gold is strongly supported by textural observations at the micrometer-scale (Fig. 2).

Galena, chalcopyrite and sphalerite, in different proportions, coexist with, and are intergrown with
5
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sulfosalts (Figs. la, Ic, le, and 2a, 2f). Native gold occurs as coarser, lobate grains (Aul) and as
interstitial, fine-grained aggregates (Au2) intergrown with gangue and/or other phases (Figs. 2a—2b and
2g).

Bournonite is the most common sulfosalt and occurs as patches randomly distributed within quartz
veins (Fig. 1a). On backscatter electron (BSE) images, coarse-grained bournonite (hundreds to thousands
of um in size) are commonly intergrown with or enclose other minerals (e.g. jamesonite) (Figs. 2a-2d).
Tetrahedrite is largely restricted to portions of the veins containing chalcopyrite, with which it is closely
associated (Fig. 1c). Tetrahedrite is observed to be intergrown with native gold, bournonite, sphalerite
and galena, but is clearly replaced by chalcopyrite (Fig. 2a).

Boulangerite occurs as relatively coarse felt-like masses and prismatic crystals intergrown with
bournonite and jamesonite (Figs. 1b and le). Two distinct textural types are recognized: boulangerite as
isolated, generally prismatic grains (Fig. 2e), and anhedral boulangerite along the margins of bournonite
(Figs. 2b—2c¢) or marking the grain boundary between jamesonite and sphalerite. Robinsonite is observed
as fine, acicular crystals enclosed in bournonite (Fig. 2¢). Jamesonite is largely present as irregularly-
shaped inclusions within bournonite (Figs. 2b-2d), or irregularly at grain boundaries between
boulangerite and sphalerite. In addition, other minor/trace sulfosalts occur along the mutual boundaries
between main components such as jamesonite and bournonite (Figs. 2b and 2d). These include semseyite,
heteromorphite, and an additional unidentified Pb-Sb-S phase, all of which show differences in habit
(Fig. 2d). Elongate grains of heteromorphite are intergrown with anhedral semseyite. The unidentified
Pb-Sb-S phase shows a close association with heteromorphite. Although clearly distinct from other (Cu)-
Pb-Sb sulfosalts, stoichiometry could not be accurately measured due to small size.

Trace (Cu)-Pb-Bi-Sb sulfosalts occur within small patches in some quartz veins that notably lack (Cu)-
Pb-Sb sulfosalts (Fig. 1d). At least two distinct (Cu)-Pb-Bi-Sb sulfosalts are identified: an intermediate

member of the giessenite-izoklakeite series; and kobellite. These are conspicuous by their intimate
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coexistence with native gold, galena, trace native bismuth and Bi-tellurides. The crystal chemistry of

these phases is beyond the scope of the present manuscript and will be reported elsewhere.

COMPOSITIONAL DATA

Compositional data (EPMA and LA-ICP-MS) for sulfosalts and BMS are summarized in Tables 1 and 2;

full datasets can be found as Supplemental® Tables S1 and S2.

Major element data

Bournonite 1s compositionally homogeneous with respect to major elements, S, Pb, Cu and Sb, with
only limited solid solution towards seligmannite, PbCuAsS;3 (0.11 to 1.34 wt% As). The general chemical
formula, based on 3 sulfur atoms per formula unit (apfu), can be expressed as: Pbo.9s-0.99Cu1.00-1.03Sbo.92—
1.02A80.00-0.09052.94-3.01. Concentrations of other elements are mainly below mdl.

Tetrahedrite compositions are As-poor in all analyzed samples, with wt% As values varying from
0.41 to 2.88, i.e., limited solid solution away from end-member tetrahedrite. Analyzed grains are Zn-Fe
dominant: 5.16 to 7.42 wt% Zn; and 0.48 to 3.07 wt% Fe, respectively. The average empirical formula
for tetrahedrite based on 13 S apfu is: Cuo.60-10.03F€0.14-0.88Z1n1.27-1.86A80.09-0.625b3.20-3.81512.97-13 39.

Boulangerite displays a very limited range of compositions. Arsenic, Cu, Fe are either below mdl or
up to 0.93, 0.32, and 0.18 wt%, respectively. The contents of Bi show relatively larger ranges, from
below mdl to 0.68 wt%, displaying inverse correlation with the content of Sb. A generalized formula
based on 11 S apfu can be expressed as: Pb4.oo-4.97C00.00-0.09F€0.00-0.065b3.884.14A50.15-0.24510.65-10.80.

Jamesonite contains measurable Bi, Cu, and Zn, ranging from <mdl to 0.60 wt%, 0.04 to 0.17 wt%,
and <mdl to 0.08 wt%, respectively. Major element concentrations are consistent with limited
substitution of As for Sb. An average empirical formula based on 14 S apfu can be calculated as: Pb3 79—

3.87F€0.88-0.97CU0.01-0.065b5.91-6.06A80.19-0.24513.82-14.01.
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Robinsonite has limited compositional variance with respect to S, Pb and Sb, contains 0.83 to 0.90
wt% As, 0.25 to 1.14 wt% Cu and 1.32 to 2.65 wt% Bi. The general chemical formula based on 13 S
apfu can be calculated as: Pbs 84-3.91B10.13-025Cu0.08-0.36Sbs 50-5.79A80.22-0.24512.75-12.86.

Semseyite displays narrow compositional ranges for the major elements Pb, Sb and S. Measurable
trace elements including Fe, Cu and Bi vary from 0.08 to 0.42 wt%, 0.53 to 1.08 wt% and 0.26 to 0.36
wt%, respectively. The general chemical formula based on 21 S apfu can be calculated as: Pbgse-
8.73F€0.05-0.26C110.29-0.59Sb7.89-8.03520.69-20 82.

Heteromorphite shows compositional variation mainly reflected in the trace elements: Fe (0.20 to 1.47
wt%), Cu (0.43 to 1.13 wt%) and Bi (0.32 to 0.50 wt%). The general chemical formula based on 19 S
apfu can be calculated as: Pbe 07-6.68F€0.11-0.76C110.20-0.525b7.86-8.02S 18.77-18.89.

Compositional variation in sphalerite, galena and chalcopyrite is limited. Galena contains minor Sb
(up to 1.89 wt%). Sphalerite is conspicuously Fe-poor (0.52 to 0.98 wt%) but does contain measurable

Hg (<0.17 wt%).

Minor element patterns in native gold: EPMA maps

Two morphological types of native gold are recognizable by differences in trace elements and their
distribution (Fig. 3). Fine oscillatory banding with respect to Ag and Hg is noted at the grain boundaries
in the coarser gold (Aul), whereas these elements are absent from the fine-grained gold (Au2). Higher
concentration of Ag and Hg are noted along the grain boundaries. Bismuth, however, is evenly distributed
throughout the parts of Aul lacking any marginal Ag and Hg enrichment. Lead is instead present
throughout the matrix of the Au2 aggregates. Based on these trace element patterns, it is clear there are

two generations of native gold and these can be related to subtle changes in the sulfosalt assemblages.

LA-ICP-MS trace element data for sulfosalts and associated sulfides
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The LA-ICP-MS dataset shows that all analyzed sulfosalts can incorporate a wide range of trace
elements at concentrations exceeding 1 ppm (Table 2, Fig. 4). The concentrations of different elements
do, however, vary significantly from mineral to mineral. Measurable As, Se, Ag, Te and Bi are noted in
bournonite; As, Se, Ag, Cu and Bi in boulangerite; As, Se, Zn, Ag, Bi, Fe and Hg in tetrahedrite; As, Se,
Ag, Cd, Te, Au, Mn, Zn and Hg in (Cu)-Pb-Bi-Sb sulfosalts; and As, Se, Ag, Cd, Mn, Ni, Cu and Zn in
jamesonite.

Except for (Cu)-Pb-Bi-Sb sulfosalts, in which Au concentrations vary from 5 to 28 ppm, the mean Au
concentrations in other sulfosalts and BMS are generally very low, in decreasing order: galena (2 ppm);
chalcopyrite (0.7 ppm); tetrahedrite (0.3 ppm); sphalerite (0.3 ppm); boulangerite (0.2 ppm); jamesonite
(0.1 ppm); and bournonite (0.1 ppm). Average Ag concentrations decrease in the order: tetrahedrite
(2,666 ppm); Pb-Bi-Sb sulfosalts (2,297 ppm); boulangerite (64 ppm); jamesonite (22 ppm); galena (10
ppm); bournonite (9 ppm); chalcopyrite (3 ppm); and sphalerite (2 ppm).

Bismuth concentrations within Sb-dominant sulfosalts and BMS are generally consistent within and
between samples, except for boulangerite and jamesonite where Bi varies two to three orders of
magnitude across different samples. In boulangerite, the concentration of Bi displays a positive
correlation with As and Ag but a marked antithetic relationship with Se, ranging from 12,250 to 14,560
ppm for Se-poor (30 to 44 ppm) spots, and only 12 to 16 ppm for Se-rich (150 to 165 ppm) spots. In
jamesonite, the Bi concentration displays a positive correlation with In and an antithetic relationship with
As, Se and Cd. Concentrations range from 2,475 to 8,120 ppm for Se-poor (53 to 69 ppm) spots and 14
to 16 ppm for Se-rich (122 to 127 ppm) spots.

Galena incorporates relatively high concentrations of both Bi (1,940 to 4,710 ppm) and Sb (3,010 to
17,100 ppm), as well as measurable Se (110 to 318 ppm) and Te (up to 33 ppm). We note that Sb

concentrations vary greatly across the sample suite. Although low on average, measured Au
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concentrations in galena above 10 ppm are likely associated with mineral inclusions beneath the sample
surface, based on the irregular Au signals on the time-resolved LA-ICP-MS depth profiles.

Concentrations of most trace elements in sphalerite vary greatly across the sample suite. Cadmium
concentrations (317 to 4,558 ppm) tend to positively correlate with Fe. Both In and Hg display an inverse
correlation with Fe content, and range between 1 to 18 ppm and 45 to 128 ppm, respectively.

The trace elements at concentrations measurable by LA-ICP-MS within chalcopyrite are Au, As, Zn
and In. In all cases, the highest values for those elements are most likely associated with micro-to
nanoscale inclusions, considering the irregular time-resolved signals. Other elements are typically lower

than 5 ppm in chalcopyrite, if above mdl.

LA-ICP-MS element mapping

Representative assemblages containing both sulfosalts and BMS were mapped by LA-ICP-MS (Figs.
5-7 and Supplemental® Figures 1-3) to visualize the preferred partitioning of elements among co-existing
minerals.

Assemblages of bournonite and jamesonite (Fig. 5 and Supplemental® Figure 1), demonstrate how Fe,
Zn, Bi, Cd, Ni, Ag and In, are preferentially partitioned into jamesonite, whereas the preferred host for
Cu and As is bournonite. Element distribution maps for an assemblage of jamesonite—boulangerite—
sphalerite (Fig. 6) shows that jamesonite hosts Bi, whereas boulangerite primarily concentrates As, Ag,
Sn, Se and Te. Cadmium and Co are enriched in sphalerite relative to the sulfosalts. Maps for a
bournonite—tetrahedrite—sphalerite—chalcopyrite—native gold assemblage are shown in Fig. 7. Note here
that chalcopyrite replaces tetrahedrite and is thus later. Silver, Cu, Co and Fe are mainly concentrated in
tetrahedrite; As, Sb, Pb, Bi and Se occur preferentially in bournonite; and In is hosted within sphalerite.
Partitioning of elements between bournonite and tetrahedrite is further confirmed in Supplemental’
Figure 2, which also shows that, in the absence of sphalerite, Cd, Zn and Hg are mainly located within

tetrahedrite.
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A last map (Supplemental® Figure 3), including sulfosalts, BMS, and pyrite, shows that pyrite is
enriched in Au and Co relative to all other phases. Tetrahedrite contains the most Ag, bournonite the

highest concentrations of Bi, and sphalerite is distinguished by its enrichment in Cd.

DISCUSSION

Au and Ag concentrations in sulfosalts and BMS

Available data on equilibrium partitioning behavior between sphalerite, galena, chalcopyrite and
tetrahedrite—tennantite shows that Ag is primarily hosted in the latter mineral (George et al. 2017). In
contrast, concentrations and partitioning behavior of Au and Ag among different sulfosalts and between
Pb-Sb sulfosalts and BMS are poorly constrained, although an association of native gold, sulfosalts and
BMS is common in many gold deposits.

The measured mean Au concentration in (Cu)-Pb-Bi-Sb sulfosalts is comparable with those in Pb-Bi
sulfosalts from elsewhere (Ciobanu et al. 2009). Such concentrations are in the same range as those in
pyrite and arsenopyrite (mean values of ~3 and 38 ppm, respectively; Li et al. in press), the most efficient
minerals to lock-in invisible gold in gold deposits (Cook and Chryssoulis 1990). This preferred Au
partitioning behavior is confirmed by the elemental maps (Supplemental® Figure 3), showing Au hosted
in pyrite. LA-ICP-MS data show that Au concentrations in other sulfosalts and BMS are generally <1
ppm, suggesting that they are poor gold carriers. Due to the low Au concentration, no striking differences
are seen on the element maps (Supplemental® Figures 1 and 3). Hence, combined with the published data
for fahlore and BMS (Ciobanu et al. 2009; Cook et al. 2009; George et al. 2016, 2017, 2018, and
references therein), we conclude that (Cu)-Pb-Sb sulfosalts and BMS play negligible roles in gold
distribution.

Compositional data and LA-ICP-MS element mapping further confirm that Ag is primarily hosted in

sulfosalts relative to BMS. Tetrahedrite contains the highest Ag content, reflecting the fact that Ag readily
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enters the fahlore crystal structure (Pattrick and Hall 1983; Sack and Loucks 1985; Johnson et al. 1986).
Lower temperatures and oxidized conditions are said to favor substitution of Ag for Cu in tetrahedrite
(Pattrick and Hall 1983; Huston et al. 1996). We present the first data for Ag concentrations in other
(Cu)-Pb-Sb sulfosalts; all are characterized by a low concentration (mostly <30 ppm). It seems that
sulfosalts with higher Ag contents tend to also have higher Au concentrations (Fig. 4a), a feature which
may be principally controlled by Goldschmidt's substitution rules. This also raises the question of
whether Ag exhibits a similar ‘catalyst’ role for incorporation of Au in sulfosalts (Ciobanu et al. 2009),

as As does in pyrite (Reich et al. 2005). Additional research is needed to constrain this.

Partitioning of other elements

Thorough petrographic and (micro) textural examinations are necessary to convincingly interpret
apparent element partitioning behavior, since the effects of superimposed, non-equilibrium
remobilization and overgrowth processes may significantly mask the true partitioning coefficients among
minerals. In the Gutaishan deposit, the relative lack of deformation seen in quartz veins and the generally
good preservation of trace element zonation patterns in pyrite and arsenopyrite (Li et al. in press) preclude
significant post-crystallization re-distribution of trace element among minerals.

The correlation patterns for Bi and Ag show different trends between the different assemblages. In the
jamesonite-bournonite assemblages (Fig. 5 and Supplemental® Figure 1), the As-deficient jamesonite
hosts more Bi and Ag than coexisting bournonite. The relatively As-enriched boulangerite hosts lesser
Bi but higher Ag than coexisting jamesonite (Fig. 6). Bournonite hosts more Bi but less Ag than
coexisting tetrahedrite with an inhomogeneous distribution of As (Fig. 7 and Supplemental® Figure 2).
LA-ICP-MS element maps show that Pb-Sb sulfosalts are preferred hosts for trace Bi compared to
sulfides (Supplemental® Figure 3), consistent with trends observed for tetrahedrite (George et al. 2017).

Among BMS, LA-ICP-MS data results show that the preferred host for Ga is sphalerite, and galena

incorporates higher Sb, Ag, Se and Bi (Table 2), coincident with reported relationships in chalcopyrite—
12
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sphalerite—galena assemblages (George et al. 2016). High Bi and Sb contents in galena may be explained
by Ag(B1,Sb)S,-PbS solid solution. The measured Sb concentrations in Gutaishan galena are generally
two or more times higher than typical values measured in galena from different types of deposits (George
et al. 2015). This may represent additional evidence for the high Sb content of ore-forming fluids. The
LA-ICP-MS data show that galena is the preferred host for Tl (1 to 5 ppm) among all minerals, also
consistent with George et al. (2015). Concentrations of Se in galena (ranging from 110 to 318 ppm) are
similar to those of bournonite and boulangerite within the same sample, but always at least one order
magnitude higher than in tetrahedrite. Mercury is generally <mdl in galena but measurable in sphalerite
at concentrations between 45 and 128 ppm. Indium concentrations are low but the element occurs

preferentially within low-Fe-sphalerite, consistent with published data (Cook et al. 2009).

Formation of high fineness native gold and implications for ore genesis

In nature, gold occurs as a metal or alloyed with silver, and gold fineness is expressed as
1000xAu/(AutAg) by weight. Gold fineness has practical significance for gold recovery and theoretical
implications for genetic modelling (Fisher 1945; Svetlitskaya et al. 2018). Values of gold fineness for
the Gutaishan deposit range from 952 to 1,000 (authors unpublished data), in good agreement with quartz
vein-type gold deposits hosted within metamorphosed rocks, which are generally characterized by native
gold with high and consistent fineness (Morrison et al. 1991).

To our knowledge, most studies have focused on the role played by physicochemical parameters in
governing gold fineness (Morrison et al. 1991; Huston et al. 1992; Pal'yanova 2008). In contrast, few
systematic studies have been conducted to investigate partitioning coefficients for Au and Ag between
coexisting host phases, which may be a critical factor in controlling gold fineness (Sack and Brackebusch
2004). Together with data given by Li et al. (2016), the new information presented here enable us to
evaluate the most probable factors governing formation of high-fineness native gold in the Gutaishan

deposit.
13

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2019-6674

(1) Measured fluid inclusion data (Li et al. 2016) indicate that ore-forming fluids were mesothermal
(200 to 320 °C) with moderate- to low-salinity (0 to 13 wt% NaCl equiv.). The mineral assemblage
(pyritet+ankerite) indicates that the ore-forming fluid had the capacity to transport Ag as AgCl-and Au
as Au(HS)> (Fig. 8a) (Gammons and Williams-Jones 1995). The absence of any Ag-Sb- or Ag-Pb-Sb
sulfosalts may indicate the relatively Ag-poor character of the ore-forming fluid, as the availability of
Ag is the principal controlling factor, irrespective of physicochemical conditions (temperature, pH, or
redox state) and the speciation of Ag in the fluid (Shikazono and Shimizu 1987). A high Au/Ag ratio in
the ore-forming fluids would have contributed to the formation of high fineness native gold (Fig. 8b).

(2) Silver is mainly incorporated into minerals other than native gold. The EPMA data reveal that
fahlore species at Gutaishan are close to end-member tetrahedrite, which tends to incorporate more Ag
than tennantite (Wu and Petersen 1977). Although the Ag concentrations measured by LA-ICP-MS are
relatively modest (2,293-2,943 ppm), scavenging by tetrahedrite may promote the formation of high-
fineness native gold (Sack and Brackebusch 2004). Besides tetrahedrite, some Ag is also seen to be
hosted in (Cu)-Pb-Bi-Sb sulfosalts, boulangerite and others, albeit at lower concentrations. It is therefore
reasonable to link the presence of high fineness native gold with an abundance of sulfosalts, and to
propose that enrichment in Sb will elevate native gold fineness in Au deposits, an interpretation consistent
with data from Au—Sb deposits worldwide (e.g., Dill et al. 1995; Kontak et al. 1996).

(3) The lack of distinct homogenization temperatures for fluid inclusions within quartz from different
depths in the Gutaishan system (Li et al. 2016), indicates that the effects of cooling-induced gold
precipitation are insignificant. No obvious temperature decrease will keep AgClo” complexes in solution,
permitting transport over considerable distances, a phenomenon invoked to explain distal vein-type Pb—
Zn—Ag mineralization on the peripheries of porphyry-skarn deposits (Sillitoe 2010; Mao et al. 2011).
Therefore, precipitation of native gold through sulfidation of wallrock (Morrison et al. 1991) may have

facilitated formation of high fineness native gold in the case of the Gutaishan deposit.
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There is nonetheless evidence for a later, superimposed redistribution of trace elements at local scale
in the Gutaishan ores. This is shown by re-distribution of Ag in coarse-grained native gold (Aul) (Fig.
3) which is not followed by Bi. We choose to interpret these patterns as indicating either: (1) Ag/Au ratios
in fluid increased during the final stages of crystallization; or (i1) remobilized silver (possibly from break-
down of tetrahedrite or other minerals) reacted with native gold and diffused into the latter along grain
margins. The highest Au fineness is seen in the fine-grained aggregates (Au2) which lack both Ag and
Bi (Fig. 3). Nucleation of Au2 can be associated with the formation of more complex sulfosalt
associations (semseyite, heteromorphite, unnamed sulfosalt; Fig. 2d). Whereas solid state diffusion can
be invoked for such changes in the sulfosalt assemblage or for formation of the Ag-rich rim in Aul,
formation of Au2 is instead attributable to fluid-driven reactions leading to dissolution of Aul and
reprecipitation as Au2. Arguments for this interpretation are the contrasting size and chemistry of the

two gold generations, as well as the presence of minute sulfosalt grains between the Au2 aggregates.

Plausible sources for Au, Sb, Bi, and Te

The enrichment of Au, Sb, Bi, and Te in the Gutaishan deposit is difficult to explain solely by a model
involving leaching of wallrock, due to the low content of these elements in fresh wallrock (<1 ppb, 0.38
to 1.25 ppm, 0.03 to 0.31 ppm, and <0.05 ppm for Au, Sb, Bi and Te respectively; Ma et al. 2002, and
authors unpublished data).

Li et al. (2018) have inferred that a magmatic-hydrothermal origin for the Gutaishan deposit may be
reasonable based on three lines of evidence. Firstly, available stable isotope signatures collectively
indicate likely derivation from a magmatic source: ankerite with 6'*Cppg=—10.3%0 ~ —8.6%o, 5'*Ov.smow=
13.9%o ~ 15.7%o; fluid inclusions within quartz with §'*0v.smow= 15.6%0 ~ 17.9%o, 6'*Om20= 4.5%0 ~ 8.3%o;
and arsenopyrite with §°**S=-2.7%o ~ —0.7%o. Secondly, geophysical evidence suggests a hidden intrusion
may exist at depth around the Gutaishan Au—Sb deposit (Rao et al. 1993). In this study, the presence of

Bi, Se and Te as discrete minerals may provide additional evidence to define a magmatic signature for
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the Gutaishan deposit. Although the genetic link between Au-Bi-Te-(Se) mineralogy and "magmatic"

signature is still a topic of debate (Ciobanu et al. 2006), the fact remains that Bi-Te-Se sulfosalts or

sulfides are persistently present in intrusion-related deposits, 1.e., Au skarns deposits (Meinert 2000),

epithermal gold deposits (Jensen and Barton 2000) and intrusion-related gold deposits (Lang and Baker

2001).

CONCLUSIONS

The data presented allow the following conclusions to be made.

All (Cu)-Pb-Sb sulfosalts analyzed in this study are found to be poor hosts for gold and thus do not
contribute to the overall mineralogical gold balance. Trace yet measurable gold concentrations are
noted in (Cu)-Pb-Bi-Sb sulfosalts, concordant with published data indicating that these minerals may
be minor Au-hosts in some ore systems.

Silver is preferentially partitioned into fahlore at the expense of other sulfosalt phases. Tetrahedrite
is likely a major Ag-host in the Gutaishan deposit.

Several partitioning relationships for minor elements among different sulfosalt and BMS phases are
identified. Jamesonite is identified to preferentially incorporate Fe, Zn, Bi, Cd, Ni, Ag and In over
bournonite. Boulangerite is however a better host for Ag, Sn, Se and Te than jamesonite, and will
also have a higher As-component. Cadmium, Co and In are typically enriched in sphalerite relative
to the sulfosalts, although Cd will be concentrated in tetrahedrite where no sphalerite is present. When
present, pyrite is enriched in Au and Co relative to all other phases.

A high Au/Ag ratio in the ore-forming fluid, the presence of abundant tetrahedrite that has
sequestered silver, and the lack of evidence for precipitation driven by cooling may be significant

reasons for the formation of high-fineness native gold throughout the deposit.
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e Local scale remobilization is marked by (i) an increase in the complexity of sulfosalt associations;
(11) redistribution of minor elements in gold associated with the main (Cu)-Pb-Sb sulfosalts; and (iii)

precipitation of a second gold generation with highest Au fineness.
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FIGURE CAPTIONS

FIGURE 1. Hand specimen photographs showing the occurrence of sulfosalt minerals in auriferous quartz veins.
(a) Assemblage of bournonite (Bnn) and galena (Gn) as patches intergrown with native gold (Au). (b)
Assemblage of bournonite and boulangerite (Bou) associated with coarse-grained native gold. (¢) Tetrahedrite
(Ttr) within quartz veins, coexisting with ankerite (Ank) and chalcopyrite (Ccp). (d) (Cu)-Pb-Bi-Sb sulfosalts
coexisting with native gold. (e¢) Semi-massive sphalerite (Sp) intergrown with jamesonite (Ja) and boulangerite.
FIGURE 2. Representative BSE images showing aspects of sulfosalt mineralogy. (a) Euhedral bournonite (Bnn)
intergrown with sphalerite (Sp), tetrahedrite (Ttr) and native gold (Aul). Native gold is enclosed by galena (Gn),
and chalcopyrite (Ccp) replaces tetrahedrite. This assemblage occurs as patches within quartz veins. (b)
Bournonite intergrown with jamesonite (Ja), showing direct contact of both minerals with coarse native gold
(Aul). Note that Aul is homogeneous and surrounded by a porous rim (Au2). (¢) Complex assemblage
comprising bournonite (Bnn), boulangerite (Bou), jamesonite (Ja) and robinsonite (Rob). Acicular robinsonite
and anhedral jamesonite are enclosed in bournonite. (d) Detail of area shown in b, with heteromorphite (Het),
semseyite (Sem) and a third, unidentified Pb-Sb-S phase at contact between jamesonite and bournonite. (e)
Prismatic boulangerite (Bou). (f) Mineral assemblage showing the relationship between bournonite, galena and
chalcopyrite. (g) Co-existing bournonite, arsenopyrite (Apy) and coarse native gold (Aul).
FIGURE 3. EPMA map of an aggregate of native gold, in which the margins of individual gold grains are richer in
Ag and Hg, corresponding to darker areas on the BSE image (bottom left). Units on scale are arbitrary.
FIGURE 4. Binary plots of trace elements in sulfosalts and BMS, showing the range of absolute concentrations and
key inter-element relationships. (a) Au vs. Ag. (b) Au vs. Sb. (¢) Bi vs. As. (d) Ag vs. As. (¢) Ag vs. Bi. (f) Ag
vs. Sb. Bnn=bournonite, Bou=boulangerite, Ccp=chalcopyrite, Gie/lzok=giessenite-izoklakeite, Gn=galena,
Ja=jamesonite, Sp=sphalerite, Ttr=tetrahedrite.
FIGURE 5. LA-ICP-MS element maps of an assemblage comprising bournonite (Bnn) and jamesonite (Ja). Scales
in counts-per-second.
FIGURE 6. LA-ICP-MS element maps of an assemblage comprising boulangerite (Bou), jamesonite (Ja) and

sphalerite (Sp). Scales in counts-per-second.
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FIGURE 7. LA-ICP-MS element maps of an assemblage comprising bournonite (Bnn), tetrahedrite (Ttr) and
sphalerite (Sp). Small particles of native gold (Au) and chalcopyrite (Ccp) are also present. Scales in counts-
per-second.

FIGURE 8. (a) Gold solubility expressed on a logfO, vs. pH diagram based on Phillips and Powell (2010). (b)
Variation in gold fineness with temperature in equilibrium with fluids with different Au/Ag ratios, after

Pal'yanova (2008). Grey regions incorporate data from this study.
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TABLE S1. Elements analyzed, peak/background positions, count times, standards used and average minimum
limits of detection for sulfosalts analysis by EPMA
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FIGURE 1. LA-ICP-MS element maps of an assemblage of bournonite (Bnn) and jamesonite (Ja). Scales in counts-
per-second.

FIGURE 2. LA-ICP-MS element maps of an assemblage of bournonite (Bnn), tetrahedrite (Ttr) and galena (Gn).
Scales in counts-per-second.

FIGURE 3. LA-ICP-MS element maps of an assemblage of bournonite (Bnn), tetrahedrite (Ttr), sphalerite (Sp),

pyrite (Py) and chalcopyrite (Ccp). Scales in counts-per-second.
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TABLE 1. Representative EPMA results of (Cu)-Pb-Sb sulfosalts and BMS from the Gutaishan deposit (data in wt%)

Bournonite Tetrahedrite Boulangerite Robinsonite Jamesonite Heteromorphite Semseyite Galena Sphalerite Chalcopyrite

sample 110-2 201-7 221-2 221-3  209-3 209-11 233-10 233-11 110-6 213-1 115-1 115-2 115-4 115-5  134-3  134-7 221-9  221-10 134-4  209-6

S 1948 19.74 25.64 2571 18.11 18.24 20.60 20.77 21.76 2186 20.25 20.57 19.27 1940 1328 1352 32.79 32.73 35.34  35.63
Pb 4129 40.71 0.10 <mdlI 53.97 54.13 40.78 40.09 38.93 38.20 46.59 44.89 51.36 5154 86.01 86.15 0.10 0.08 <mdl <mdl
As 0.77 0.38 0.58 0.52 0.72 0.81 0.88 0.90 0.82 0.70 <mdl <mdl <mdl <mdl <mdl <mdl <mdl <mdl <md| <mdlI
Fe <mdlI 0.39 0.61 0.58 <mdl| 0.05 <mdl <mdl 2.64 2.53 0.20 0.78 0.41 0.42 0.04 <mdlI 0.52 0.63 30.18  29.90
Cu 13.25 13.08 38.53 38.60 <mdl 0.32 0.60 0.25 0.11 0.06 0.66 1.13 0.54 0.53 0.15 <mdl 0.06 <mdl 3462 34.19
Sb 25.03 2472 27.82 27.95  26.36 26.35 35.46 35.51 35.35 3593 3284 32.67 28.30 28.33 <mdlI 0.92 0.04 <mdl <mdlI <mdlI
Bi <mdl  <mdl  <mdl <mdl  <mdl  <mdl 1.32 1.80 0.29  <mdl 0.50 0.32 0.36 026  <mdl <mdl <md| <md| <mdl  <mdl
Hg <mdl  <mdl 0.12 <mdl 0.16 <mdl 0.20 0.12 <mdl  <mdl n n n n 0.12 <mdl <mdl <mdl <mdl| 0.12
Zn <mdl  <mdl 7.16 7.24 <mdl <mdl <mdl <mdl 0.05 0.05 <mdl <mdl <mdl <mdl <mdlI <mdlI 66.59 66.85 0.06 <mdlI
Se <mdl  0.04 <mdl <mdl <mdl <mdl <mdI <mdl <mdl  <mdl <mdlI 0.05 0.04 <mdl 0.04 <mdlI <mdl 0.04 <mdl <mdlI

Ag <mdl <mdl  0.34 034 <mdl <mdl <mdl <mdl  <mdl <mdl <mdl <mdl <mdl <mdl <mdl <mdl <mdl <mdI <mdl  <mdl
Te <mdl  <mdl  <mdl <mdl  <mdl  <mdl <mdl <mdl  <mdl <mdl 0.06 <mdl <mdl <mdl  <mdl  <mdl <mdl <mdl <mdl  <mdl
Cd <mdl  <mdl <mdl <mdl  <mdl <mdl <mdl <mdl <mdl  <mdl 0.11 <mdl <mdl 0.08 0.12 <mdl <mdl <mdl <mdl <mdlI

Total 99.82 1 99.06 100.90 101.10 99.31  99.90 99.84 99.47  99.94 99.33 101.20 100.44 100.32 100.60 99.76 100.62 100.22 100.36 100.21  99.89

Calculated formulae

S 2.96 2.99 13.12 13.13 1074  10.70 12.75 12.86 13.92 14.00 18.77 18.80 20.78 20.82 0.99 1.00 1.00 0.99 2,01 2.03
Pb 0.97 0.96 0.01 - 4.95 491 3.91 3.84 3.85 3.79 6.68 6.35 8.57 8.56 0.99 0.98 0.01 0.01 - -
As 0.05 0.02 0.13 0.11 0.18 0.20 0.23 0.24 0.22 0.19 - - - - - - - - - -

Fe - 003 018 017 - 0.02 - - 097 093 011 041 025 026 001 - 001 001 099 098
Cu 102 100 995 994 - 009 019 008 004 002 031 052 029 029 001 - 0.01 - 100 098
Sb 100 099 375 376 411 407 578 579 595 606 802 7.8 803 801 - 002 001 - - -
Bi - - - - - - 013 017  0.03 - 007 004 006 004 - - - - - -
Hg - - 0.01 - 0.01 - 002 001 - - n n n n 0.01 - - - - 0.01
Zn - - 180 181 - - - - 001 001 - - - - - - 099 099 001 -
Se - 0.01 - - - - - - - - - 002 002 - 0.01 - - 0.01 - -
Ag - - 005  0.05 - - - - - - - - - - - - - - - -
Te - - - - - - - - - - 0.01 - - - - - - - - -
cd - - - - - - - - - - 0.03 - - 002 001 - - - - -

Note: Chemical formulae are calculated based on 3 S atoms for bournonite, 13 S for tetrahedrite, 11 S for boulangerite, 14 S for jamesonite, 13 S for robinsonite, 19 S for heteromorphite, 21 S for semseyite, 1S for galena and sphalerite. and

2 S for chalcopyrite. <mdl: below minimum limit of detection, n: not analyzed.
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TABLE 2. LA-ICP-MS trace element data for sulfosalts and BMS from the Gutaishan deposit (data in ppm)

Mineral Ag Au As Se Cd In Sn Te TI Bi Zn Fe Mn Co Ni Cu Ga Mo Hg Sb*
. 0.6 7.7 0.3 132,01 243,81
Bournonite n=24 mean 9.00 0.15 4,409 115 * * 1,402 106 29.5 * * * * * *
9 9 0 6 3
1.1 217. 0.4 132,40 304,40
max 30.9 0.19 11,890 240 * * 3,015 194 29.5 * * * * * *
5 5 8 0 0
. 0.8 0.1 131,40 198,00
mlﬂ * * 944 556 * * * 172 * * * * * * * *
8 1 0 0
std. 03 93 0.1
10.1 0.03 3,282 54.8 * * 823 47.2 - * * * 317 * * * 29,890
dev. 4 1 1
. 2.5 0.0 6.5 386,80 24, 306,27
Tetrahedrite n=7 mean 2,666 0.34 7,720 6.37 134 0 * * 5 183 88,686 5,644 * 3 4.70 0 * * 1 1
3.0 0.0 73 386,80 34. 369,80
max 2,943 0.50 11,570 8.90 155 * * 246 93,300 6,080 * 4.70 * *
3 5 7 0 0 0
. 2.0 5.7 386,80 20. 237,40
min 2,293 * 6,290 * 124 * * * * 86,200 5,100 * * * *
2 1 0 5 0
std. 0.4 0.0 0.7 4.6
285 0.14 1,781 1.67 10.9 * * 57.4 2,374 355 * * 0 * * 60,392
dev. 4 1 5 2
. 0.8 5.6 6.6 0.7 0.9 0.1 0.0 231,32
Boulangerite n=14 mean 64.1 0.22 2,619 91.5 141 6,940 159 * * 6.29 345 *
0 4 2 6 2 4 5 9
3.3 6.9 10. 1.6 2.7 0.2 0.0 291,00
max 159 0.41 5,480 165 4.28 14,560 770 * * 21.8 98.0 *
6 6 6 9 0 9 5 0
. 0.3 203,10
min 12.7 * 727 30.1 * * * * 12.1 * * * * * * * * *
7 0
std. 1.1 25 44 04 11 0.1 0.0
45.6 0.11 1,589 56.6 1.42 6,729 273 * * 7.83 29.5 * 28,334
dev. 6 3 0 3 9 2 1
Giessenite-1zoklakeit 3.2 1.1 189,80 34 0.3 65.
n=4 mean 2,297 11.2 628 662 320 * 635 238 * 8,230 220 11,683 * 68,275
e 2 5 0 1 3 1
12. 1.5 199,80 2250 6.5 05 93
max 3,220 27.8 879 774 371 * 701 840 * 420 12,750 * 75,000
0 9 0 0 0 1 5
. 0.0 0.6 184,60 46.
min 1,503 5.08 487 610 296 7 * 553 6 0 19.7 * * * * 9,540 * * 3 64,400
std. 5.8 66. 0.4 12,37 43 0.2 20
705 111 172 76.2 34.9 * 6,845 402 * 28.2 1,456 * 4,660
dev. 6 7 2 2 7 5 2
. 7.6 1.7 17 0.1 0.9 0.1 20 301,66
Jamesonite n=31 mean 27.4 0.30 294 65.0 97.7 3,897 533 24,939 15.7 106 601 *
6 6 8 3 1 6 0 1
20. 3.8 6.0 01 2.7 1,02 03 33 32810
max 136 0.70 948 127 430 14,520 619 29,210 43.0 5,700 *
8 5 3 7 8 9 0 0
min * * 149 29.6 32.9 * * * * 13.6 * 17,010 * * * * * * 286,50
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0
std. 5.5 0.7 2.5 0.0 0.5 0.1 0.7
419 0.19 174 24.5 122 3,033 45.0 2,223 7.22 248 1,145 * 10,997
dev. 6 6 3 2 4 1 9
i 2,23 8.1 0.1 664,61 15. 10. 76.
Sphalerite n=11 mean 1.52 0.30 1.83 147 * * 0.32 15,362 175 0.47 50.6 * 41.8
3 5 7 8 6 6 7
4,55 17. 0.5 667,20 29. 51.
max 3.15 0.65 2.88 5.80 * * 1.27 25,880 76.1 0.55 94.0 * 128 125
8 6 2 0 0 8
. 1.0 00 663,10 5.0 45,
min * * * * 317 * * * * 1.77 * * * * *
0 5 0 9 0
std. 201 68 01 8.4 18. 30.
0.79 0.19 0.75 1.86 * * 0.54 1,507 7,988 24.5 0.10 32.2 * 47.8
dev. 0 3 3 7 7 1
0.1 15. 1.9 0.5
Galena n=17 mean 104 1.69 4.66 206 1.48 8 * 4 4 2,966 * * * * 1.33 170 * 8 * 9,667
0.2 33. 53 0.9
max 26.2 8.10 9.00 318 2.80 3 * 0 8 4,710 * * * * 9.90 277 * 7 * 17,100
. 0.7
min 1.02 * * 110 * * * * 6 1,940 * * * * * * * * * 3,010
std. 0.0 12. 15 0.5
8.24 2.56 2.49 785 0.79 * 898 * * * * 2.52 61.9 * * 5,653
dev. 5 9 9 5
. 5.2 1.1 09 00 300,40 323,68 0.2
Chalcopyrite n=17  mean 2.79 0.73 67.0 * 1.70 * 17.9 117 * 0.39 * *
6 0 2 7 0 2 1
1. 45 10 01 300,40 345,00 0.3
max 4.73 2.01 220 * 4.80 * 30.9 1.76 * 0.90 * *
8 8 9 9 0 0 6
. 300,40 313,90
mln * * * * * * * * * * * * * * * * *
0 0
std. 49 1.4 02 00 0.1
2.13 0.50 76.5 * 1.70 * 7.44 0 0.60 * 0.30 7,626 * * *
dev. 1 5 7 6 0

Note: * signifies that measured data are either below the minimum detection limits or unreliable due to bad time-resolved signals. Internal calibration used measured wt. % EPMA data: Fe served for chalcopyrite; Cu for
tetrahedrite and bournonite; values of Pb for giessenite-izoklakeite, jamesonite, robinsonite, boulangerite and galena are 48.98 wt%, 38.82 wt%, 40.40 wi%, 53.87 wt% and 85.91 wi%, respectively; Zn for sphalerite. Sb* is a
major element in many sulfosalts; the degree of correspondence between EPMA and LA-ICP-MS data is reasonable but not perfect in all cases, as is common when using a reference material containing trace amounts of a given

element to measure major element concentrations.
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