UNIVERSITY of
TASMANIA

University of Tasmania Open Access Repository

Cover sheet

Title
Gold and trace element zonation in pyrite using a laser imaging technique: Implications for the timing of gold
in orogenic and Carlin-style sediment-hosted deposits

Author
Ross Large, Leonid Danyushevsky, Hollitt, CP, Maslennikov, V, Sebastien Meffre, Gilbert, SE, Stuart Bull,
Robert Scott, Emsbo, P, Thomas, HV, Singh, B, Foster, J

Bibliographic citation

Large, Ross; Danyushevsky, Leonid; Hollitt, CP; Maslennikov, V; Meffre, Sebastien; SE Gilbert; et al. (2009).
Gold and trace element zonation in pyrite using a laser imaging technique: Implications for the timing of gold

in orogenic and Carlin-style sediment-hosted deposits. University Of Tasmania. Journal contribution.
https://figshare.utas.edu.au/articles/journal_contribution/Gold_and_trace_element_zonation_in_pyrite_using_a_
style_sediment-hosted_deposits/22874270

Is published in: 10.2113/gsecongeo.104.5.635
Copyright information
This version of work is made accessible in the repository with the permission of the copyright holder/s under

the following,

Licence.

If you believe that this work infringes copyright, please email details to: oa.repository@utas.edu.au

Downloaded from University of Tasmania Open Access Repository

Please do not remove this coversheet as it contains citation and copyright information.

University of Tasmania Open Access Repository

Library and Cultural Collections

University of Tasmania

Private Bag 3

Hobart, TAS 7005 Australia

E oa.repository@utas.edu.au CRICOS Provider Code 00586B | ABN 30 764 374 782 utas.edu.au


http://doi.org/10.2113/gsecongeo.104.5.635
http://rightsstatements.org/vocab/InC/1.0/
mailto:oa.repository@utas.edu.au
https://figshare.utas.edu.au
https://utas.edu.au

©2009 Society of Economic Geologists, Inc.
Economic Geulug_t/, v. 104, pp. 635-668

Gold and Trace Element Zonation in Pyrite Using a Laser Imaging Technique:
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Abstract

Laser ablation ICP-MS imaging of gold and other trace elements in pyrite from four different sediment-
hosted gold-arsenic deposits has revealed two distinct episodes of gold enrichment in each deposit: an early
synsedimentary stage where invisible gold is concentrated in arsenian diagenetic pyrite along with other trace
elements, in particular, As, Ni, Pb, Zn, Ag, Mo, Te, V, and Se; and a later hydrothermal stage where gold forms
as either free gold grains in cracks in overgrowth metamorphic and/or hydrothermal pyrite or as narrow gold-
arsenic rims on the outermost parts of the overgrowth hydrothermal pyrite. Compared to the diagenetic
pyrites, the hydrothermal pyrites are commonly depleted in Ni, V, Zn, Pb, and Ag with cyclic zones of Co, Ni,
and As concentration. The outermost hydrothermal pyrite rims are either As-Au rich, as in moderate- to high-
grade deposits such as Carlin and Bendigo, or Co-Ni rich and As-Au poor as in moderate- to low-grade deposits
such as Sukhoi Log and Spanish Mountain. The early enrichment of gold in arsenic-bearing syngenetic to dia-
genetic pyrite, within black shale facies of sedimentary basins, is proposed as a critical requirement for the later
development of Carlin-style and orogenic gold deposits in sedimentary environments. The best grade sedi-
ment-hosted deposits appear to have the gold climax event, toward the final stages of deformation-related

hydrothermal pyrite growth and fluid flow.

Introduction

CURRENT theories on orogenic gold deposits maintain that
the gold is introduced from a deeply sourced fluid late in the
deformation history of the deposit (syn- or postkinematic;
Groves et al., 2000; Hagemann and Cassidy, 2000). Our study
of the compositional zoning of pyrite in several sediment-
hosted orogenic and Carlin-style gold deposits, using a new
technique of LA-ICPMS imaging, shows that invisible gold is
concentrated early in the pyrite, along with a specific suite of
other trace elements (As, Ni, Pb, Zn, Mo, Te, V, Se), during
the growth of diagenetic pyrite, and may be remobilized and
reconcentrated late, in the outer growth zones of hydrother-
mal pyrite, toward the final stages of deformation.

Studies of modern sediments in lakes and ocean basins
have demonstrated that Fe sulfides begin to grow within the
first few millimeters of the sediment-water interface at the
bottom of basins as a result of the depletion of oxygen in the
uppermost sediments by biogenic activity (Scholtz and Neu-
man, 2007) and the activity of sulfate-reducing bacteria
(Schieber, 2002; Folk, 2005). The pyrite formed in this envi-
ronment tends to be fine grained and enriched in base metals
and various other trace elements including Zn, Cu, Cd, V, Cr,
Co, and As. These trace elements are considered to be re-
leased from the clasts in the sediments, both before and dur-
ing reduction, and eventually incorporated into the diagenetic
pyrite (Morse and Luther, 1999; Scholtz and Neuman, 2007).
Experimental studies have also shown that low-temperature
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(<150°C) pyrites that formed rapidly are more likely to be fine
grained and framboidal in shape compared to pyrite crystals
that formed more slowly and at a higher temperature
(>200°C) from hydrothermal or metamorphic fluids (Butler
and Rickard, 2000). These metamorphic and/or hydrothermal
pyrites are expected to be coarser grained and less enriched in
trace elements due to the higher temperature and slower
growth of pyrite, which allows the trace elements to be parti-
tioned into separate sulfide phases rather than incorporated
into pyrite in solid solution or as very small (<5um) inclusions.
During metamorphism new pyrite either undergoes recrystal-
lization (Wagner and Boyce, 2006; Heiligmann et al., 2008) or
overgrows earlier pyrite (Large et al., 2007), depending on the
physical and chemical environment during metamorphism.
These textural and chemical differences between pyrite
types, coupled with the laser imaging technique described in
this study, and the tendency for later hydrothermal pyrite to
form growth zones on earlier sedimentary and diagenetic
pyrite crystals, allows Au and other metals to be traced
throughout the history of formation of sediment-hosted Au
deposits. In this study, we have investigated the textures and
compositional trace element zoning of pyrite in selected
pyritic shale samples associated with the following four sedi-
ment-hosted gold deposits: Sukhoi Log in Siberia, Bendigo in
Victoria, Spanish Mountain in British Columbia, and the
northern Carlin Trend in Nevada. The deposits are hosted by
carbonaceous sedimentary rocks, typically black shales, with a
variable carbonate component. Sukhoi Log, Bendigo, and
Spanish Mountain occur in metamorphosed and moderately
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to strongly deformed basins and have been referred to as oro-
genic gold deposits (e.g., Groves et al., 1998). By contrast, the
Carlin deposits occur in a deformed but less metamorphosed
sedimentary environment (Hofstra and Cline, 2000). These
four deposits were selected for study because they are hosted
by carbonaceous sediments and contain disseminated sedi-
mentary and hydrothermal pyrite, which is amenable to LA-
ICPMS trace element mapping. One of the major aims of this
project was to compare the textures and trace element pat-
terns in the sedimentary diagenetic pyrite with those in the
synore, hydrothermal pyrite. A comprehensive study of trace
element distributions in all pyrite generations for each of the
four deposits is beyond the scope of this paper, however, we
aim to provide textural and LA-ICPMS data and comments
on a selected group of pyrite types from each deposit.
Several previous studies of pyrite chemistry have demon-
strated the common zonation of As, Co, and Ni in different
pyrite types, revealed by microprobe analysis and X-ray and
backscatter electron imaging (e.g., Craig et al., 1998; Fleet et
al., 1993). Many trace elements in pyrite (e.g., Au, Ag, Pb, Mo,
Se, Bi, Te) are typically present at levels too low (below about
50 ppm) to be easily detected by microprobe and SEM, and it
has not been until the development of PIXIE, SIMS, and LA-
ICPMS that this suite of elements has been available for study
in pyrite (e.g., Griffin et al., 1991; Huston et al., 1995; Cline et
al., 2003; Emsbo et al., 2003; Reimold et al., 2004; Chouinard
etal., 2005; Benzaazoua et al., 2007; Large et al., 2007; Wagner
et al., 2007). Previous investigations (e.g., Bakken et al., 1989;
Cabri et al., 1989; Cook and Chryssoulis 1990; Fleet et al.,
1993; Deditius et al., 2009) have shown that submicroscopic
gold, termed invisible gold, can be present in arsenian pyrite
and arsenopyrite in solid solution in the crystal structure and/or
as discrete minute particles. Gold is preferentially concen-
trated in arsenic-rich zones of arsenian pyrite in a range of ore
deposit types (e.g., Fleet et al., 1993; Mumin et al., 1994; Cline
et al., 2003). Reich et al. (2005) have shown that the maximum
amount of gold that can be dissolved in the structure of arsen-
ian pyrite depends on the arsenic content of pyrite, according
to the equation: Cay = 0.02 X Cas + 4 X 105, The line de-
scribed by this equation is referred to as the gold saturation line
for pyrite. Below this line, gold can be present as invisible gold
in the structure of arsenian pyrite, whereas above the line, free
gold or gold tellurides are present as blebs within the pyrite.
Imaging of element distribution patterns within minerals
using a multicollector LA-ICPMS technique has recently
been demonstrated (e.g., Woodhead et al., 2007), and in this
paper we provide the first results from a quadrapole LA-
ICPMS imaging technique, which enables a suite of trace el-
ements to be simultaneously measured across the surface of
pyrite grains. The low detection limit and simultaneous cap-
ture of data for up to 20 trace elements make this a powerful
analytical tool for understanding pyrite genesis and evolution.
This technology allows the mapping of both invisible gold and
gold particles within pyrite and thus a comparison of gold dis-
tribution with pyrite texture and the zoning of other trace el-
ements in the pyrite. LA-ICPMS mapping cannot determine
whether invisible gold occurs dissolved in the structure of
pyrite or is present as microinclusions (less than 0.1 um
across) in the pyrite as recently demonstrated by Deditius et
al. (2009). However, irrespective of this limitation, LA-ICPMS
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mapping of trace elements in ores now provides a rapid and
robust technique for determining the place of gold in the sul-
fide paragenesis of gold ore deposits. Previous techniques re-
lied on free gold, which due to its soft and easily malleable na-
ture and tendency to move into late fractures, is an unreliable
informer of paragenetic place and ultimate timing of gold in-
troduction into an ore deposit (Mumin et al., 1994).

Analytical Techniques

The instrumentation used in this study includes a New
Wave 213-nm solid-state laser microprobe coupled to an Ag-
ilent 4500 quadrupole ICPMS housed at the CODES LA-
ICPMS analytical facility, University of Tasmania.

The laser microprobe was equipped with an in-house small
volume (~2.5 cm?) ablation cell characterized by <1-s response
time and <2-s wash-out time. Ablation was performed in an at-
mosphere of pure He (0.7 /min). The He gas carrying the ab-
lated aerosol was mixed with Ar (1.23 I/min) immediately after
the ablation cell and the mix is passed through a pulse-homog-
enizing device prior to direct introduction into the torch.

The ICPMS was optimized daily to maximize sensitivity on
mid- to high-mass isotopes (in the range 130-240 a.m.u.).
Production of molecular oxide species (i.e., 22Th160/232Th)
and doubly charged ion species (i.e., 0Ce?+/1*0Ce*) was
maintained at <0.2 percent. Due to the low level of molecu-
lar oxide and doubly charged ion production, no correction
was introduced to the analyte signal intensities for such po-
tential interfering species. Each analysis was performed in the
time-resolved mode, which involves sequential peak hopping
through the mass spectrum.

Quantitative multielement analysis of sulfides

For this study, the quantitative pyrite analyses were per-
formed by ablating spots ranging in size from 25 to 40 yum.
Laser repetition rate was typically 5 HZ and laser beam en-
ergy at the sample was maintained between 4 and 5 J/cm2
The analysis time for each sample was 100 s, comprising a 30-
s measurement of background (laser off) and a 70-s analysis
with laser on. Acquisition time for most masses was set to 0.02
s, however, major silicate elements (Mg, Al, Si, Ca) and S
were measured for 0.005 s, trace silicate elements (Zr, Ba, La,
Th, U) and Cd for 0.01 s, Se, Mo, and Ag for 0.1 s, Te for 0.2
s, and Au for 0.4 s, with a total sweep time of ~1.5 s. Data re-
duction was undertaken according to standard methods (Lon-
gerich et al., 1996) using Fe as the internal standard. An in-
house Li borate fused glass of a pyrite and/or sphalerite
mixture (Danyushevsky et al., in press) was used as the pri-
mary calibration standard. The standard was analyzed twice
every one and a half hours to account for the instrument drift,
with a 100-um beam and at 10 Hz.

The precision of trace element analysis by LA-ICPMS is
rarely better than 5 percent (Danushevsky et al., in press). Thus
variations in the internal standard concentrations of 5 percent
are within the noise. Fe concentration in pyrite normally varies
by less than 5 percent of the stoichiometric value. For exam-
ple, 34 electron microprobe analyses of Carlin pyrite from
the Meikle deposit by Embso et al. (2003) show a variation in
Fe content from 43.16 to 46.97 wt percent (stoichiometric
Fe = 45.3 wt %), and As from 0.40 to 7.51 wt percent. The
variation in Fe is within +2.2 wt percent and, thus, less than
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the analytical error of 5 percent. On this basis, no correction
was applied for variations in the Fe internal standard, even
when As content of the pyrite was above 5 wt percent.
Imaging of sulfides

Imaging was performed by ablating sets of parallel lines in a
grid across the samples. Depending on the sample size, lines
were ablated with a beam size of 15 or 25 um. The spacing be-
tween the lines was kept constant at the same size as the laser
beam. The lines were ablated with the repetition rate of 10
Hz, rastering at 15 or 25 um/s, depending on the spot size.
Thus, every position in the sample was ablated 10 times and its
composition contributed to 5 consecutive pixels in the image,
resulting in an unprocessed effective resolution matching the
beam size. Every sweep recorded in the mass spectrometer
forms a separate pixel in the map. For a normal sweep time of
~0.2 s, with an image speed of 25 um/s, one pixel equals 5 gm.

Depth of ablation during mapping was around 5 um. This
is estimated from the known depth of ablation by a single shot
(0.5 um) and the known number of shots in a single point in
pyrite (10), which is determined by the relationship between
the speed with which the sample moves under the laser beam
and the spot size used.

A set of 20 elements was analyzed with acquisition time for
most masses set to 0.002 s, however, to improve their detec-
tion limits, Se was measured for 0.004 s and Ag, Te, and Au
for 0.04 s. The total sweep time was ~0.2 s. To allow for cell
wash-out, a delay of 13 s was used after each line. Background
levels and the primary sulfide standard (Danyushevsky et al.,
in press) were measured before and after each image.

Typically images were analyzed over 1 to 2 h where sensi-
tivity drift was negligible. Standards were analyzed immedi-
ately before and after the image to assess drift. Images were
corrected for drift when necessary, but not routinely, and drift
is assumed to be linear between the two sets of standards.

Image processing involved: (1) ICPMS sensitivity drift was
corrected for each element individually, based on the stan-
dard measurements before and after image acquisition; (2) a
median filter was applied to remove spikes originating from
counting statistics; (3) the average background for each ele-
ment was subtracted from the filtered counts; (4) for each
element, background-corrected counts that were below the
standard deviation on the average background were assigned
the standard deviation value; and (5) images were then pro-
duced for each element using a logarithmic color scale.

The effect of redeposition during mapping was minimized
by preablating each line prior to the main mapping burn.
However, this does not remove the redeposited material com-
pletely. In our experience the redeposition can be a factor
when looking at variation of concentrations of two to three
times in an area where concentration can vary by several or-
ders of magnitude. On images with a concentration scale of
several orders of magnitude (as those presented here), rede-
position is generally not an issue; however, some Au noise is
evident on some maps around large native gold inclusions.

Gold imaging in pyrite

The mapping technique enables gold distribution in pyrite to
be determined; both low-level invisible gold (0.01-5,000 ppm
Au) or discrete inclusions of free gold or gold-bearing telluride
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minerals. Unlike the transmission electron microscope, the LA-
ICPMS mapping technique will not distinguish between gold
present as nano particles in pyrite compared to gold present in
solid solution in the pyrite structure. However, if the gold parti-
cles are of sufficient size, in the micro-, rather than nano range,
they can be identified in the line data and resolved on the pyrite
map. The minimum size of gold inclusions that can be detected
depends on a number of factors: (1) the laser spot size, (2) the
background low-level amount of gold in the pyrite, and (3) the
purity (fineness) of gold in the inclusion. For a standard spot
size of 25 um, gold background of 1 ppm and 100 percent fine-
ness inclusions, a minimum gold inclusion of 0.25 4m can be de-
tected. The three-point filter intended to take out spurious sin-
gle-point spikes may remove some of the smallest inclusions
during processing. However, most inclusions will be analyzed
over multiple data points (as each point on the surface is ablated
10 times) and hence will not be filtered out.
Sukhoi Log Pyrite

Sukhio Log is a 30 plus million ounce (Moz) gold deposit in
the Lena gold province in Siberia, located 850 km northeast
of Trkutsk (Distler et al., 2004; Wood and Popov, 2006; Chang
et al., 2008). The deposit is hosted by Neoproterozoic black
shales, dated by the U/Pb zircon method by Meffre et al.
(2008) to have a maximum age of 600 Ma. The ores are com-
posed of pyritic black shales with folded bedding-parallel
pyrite-quartz veinlets confined to the core of an overturned
anticline (Fig. 1; Distler et al., 2004; Large et al., 2007).

Pyrite types at Sukhoi Log

Five main pyrite types have been defined at Sukhoi Log
(Large et al., 2007) in paragenetic sequence from pyrite 1
(pyl) to pyrite 5 (pyd): (1) pyl (Fig. 2A) is composed of clus-
ters of very fine grained crystals (<3 um) commonly aligned
parallel to bedding, (2) py2 comprises slightly coarser grained
euhedral pyrite from 20 to 50 ym intergrown with pyl, (3) py3
(Fig. 2B) forms coarser grained subhedral to euhedral masses
of pyrite (2-5 mm across) which overgrow pyl and py2, (4)
py4 (Fig. 2C) forms larger (3-40 mm) euhedral crystals which
contain inclusions parallel to the main deformation fabric in
the shales, and (5) py5 is a clear pyrite (Fig. 2D), up to 2mm
across, which overgrows py3 and py4 and was formed after the
main deformation. Pyl and py2 are interpreted by Large et al.
(2007) as diagenetic, py3 as late diagenetic to early metamor-
phic, py4 as peak deformation, and py5 as postpeak deforma-
tion. Sulfur isotope studies (Chang et al., 2008) reveal that pyl
and py2 have a wide spread of S values from -7 to +20 per
mil, with a mean of 10.5 per mil, typical of a reduced seawater
sulfate source. Later sulfide generations (py3-py5) have a nar-
rower 0*S spread, but the same mean, indicating they formed
by the recystallization of previous pyl and py2, accompanied
by homogenization of the S isotopes (Chang et al., 2008).

Pyrite composition and zoning at Sukhoi Log

In previous studies at Sukhoi Log (Large et al., 2007; Mef-
fre et al., 2008), we have undertaken LA-ICPMS spot analy-
ses on over 60 pyrite samples, both within the ore zone and
the surrounding low gold grade halo (Fig. 1A). A selection of
this data is presented in Table 1, with sample locations shown
in Figure 1.
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Fig 1. Schematic geologic section of Sukhoi Log, showing the positions of pyritic sediment samples used in this study

(after Buryak and Khmelevskaya, 1997).

Fig 2. Textures of pyrite types at the Sukhoi Log gold deposit. A. Clusters of syndiagenetic pyrite microcrystals (pyl) in
black shale. B. Euhedral py3 overgrowing framboidal pyl. C. Synmetamorphic py4 overgrowing the deformation fabric
(LHS) and veining (RHS) in the sediment matrix. D. Zoned pyrite, composed of py3 in core and py5 in outer zone, in bed-
ding-parallel pyrite-quartz veinlet.
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GOLD AND TRACE ELEMENT ZONATION IN PYRITE: OROGENIC AND CARLIN-STYLE DEPOSITS
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GOLD AND TRACE ELEMENT ZONATION IN PYRITE: OROGENIC AND CARLIN-STYLE DEPOSITS

Previous LA-ICPMS spot analyses by Large et al. (2007)
have shown that the early diagenetic pyrites (pyl and py2)
contain higher levels of invisible gold (up to 12.5 ppm, means
of 2.5 and 0.4 ppm Au), compared with the later metamor-
phic pyrites (py4 and py5), which contain much less invisible
gold (means of 0.25 and 0.07 ppm Au). However, the late di-
agenetic and hydrothermal and/or metamorphic pyrites con-
tain grains of free gold, which are interpreted to have been
liberated from the early-formed arsenian pyrite during late
diagenesis, metamorphism, and pyrite recrystalization (Large
et al., 2007).

Two pyrite samples were mapped in detail by LA-ICPMS
for this study. Sample SL 156-225 (Fig. 3) is from drill hole
SL 156 at a depth of 225 meters down hole (Fig. 1). The sam-
ple consists of pyritic black carbonaceous shale and siltstone,
within the low gold grade halo to the ore deposit, only a few
meters from the 2 g/t Au ore boundary. Fine-grained dissem-
inated pyrite (up to 1 mm) is concentrated in thin siltstone
layers (<1 cm) within the shale. The LA-ICPMS trace ele-
ment map in Figure 3 covers a cluster of framboidal pyl, with
minor small euhedral py2, adjacent to a large euhedral crystal
of py3. The mapping shows that the pyl framboids are en-
riched in Au, Ni, Ag, Zn, Pb, Cu, Ba, Mn, V, Bi, and Mo. By
comparison the later py3 euhedra is zoned, with concentric
bands of Ni, Co, and As, but contains little detectable invisi-
ble Au or Ag, Pb, Cu, Bi, and Mo.

The second sample (SLK1-A) mapped by LA-ICPMS
(Fig. 4) is from the gold ore zone in the Zapadnoe open cut
at the western end of the deposit (Fig. 1). This sample con-
sists of laminated carbonaceous shale with thin (<3 cm)
folded, discontinuous, pyrite-quartz veinlets. High grades of
gold occur within these folded pyrite-quartz veinlets
throughout Zapadnoe and the main Sukhoi Log deposit.
Buyak and Khmelevskaya (1997) reported average grades of
65 ppm Au for a selection of similar veinlets. This compares
with an average of 27.5 ppm Au reported by Large et al.
(2007). The veinlets are prefolding (Large et al., 2007), con-
sisting of coarse pyrite euhedra (0.5-2 cm), typically aligned
along a central band parallel to bedding, fringed by fibrous
quartz oriented parallel to cleavage. Large et al. (2007)
demonstrated that the pyrite in the veinlets initially nucle-
ated along particular bedding planes in the sediments dur-
ing late diagenesis and was overgrown by later euhedral
pyrite and quartz fibers during deformation. The LA-
ICPMS trace element map in Figure 4 is of a composite eu-
hedral pyrite within one of the veinlets. The core of the
pyrite composite contains porous py3 with small inclusions
of sphalerite, chalcopyrite, pyrrhotite, and native gold. The
Cu and Zn maps highlight the inclusions of sphalerite and
chalcopyrite in the core. However the Pb map indicates in-
clusions of galena that were not visible under the micro-
scope. The elevated and spiky nature of the Ag and Bi in the
core, which mirror the Pb map, suggests that the galena in-
clusions contain elevated Bi and Ag. The Co, As, and Ni
maps suggest that the core is actually a composite of three
different composition pyrites; an anhedral Co-rich phase in
the lower core (Fig. 4F), an anhedral As-Ni-rich, Co-poor
phase in the upper core which contains the galena, chal-
copyrite, and sphalerite inclusions, and a euhedral Ni-
Co—poor overgrowth phase. Although Co is mostly depleted
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in the core, it is strongly enriched in the first band of the
metamorphic overgrowth. Gold is only present in the inclu-
sion-rich py3 core of the pyrite composite, associated with
the microinclusions of chalcopyrite, galena, sphalerite, and
pyrrhotite. In contrast there is no significant gold (<0.05
ppm) in the py5 metamorphic overgrowth.

Chemical distinction of pyrite types at Sukhoi Log

The origin and timing of the pyrite has been interpreted
from textural relationships at Sukhoi Log (Large et al., 2007).
However, based on the LA-ICPMS spot and map data (Figs.
3, 4), it is possible to develop compositional criteria to assist
in the distinction of pyrite types. The data in Table 1, the
maps (Figs. 3, 4), and previously published analyses (Large et
al., 2007) indicate that the early diagenetic pyrites (pyl) gen-
erally have higher levels of Zn, Pb, Ag, Ba, Mn, Ni, Cu, Bi,
Mo, and V compared with the deformation-related hydro-
thermal pyrites (py4 and py5; Fig. 5). For example, the data
in Table 1 show that the early diagenetic pyl has mean values
of 552 ppm Mn, 501 ppm Pb, 208 ppm Ba, 69 ppm Zn, 12.4
ppm Mo, and 12.2 ppm Ag compared with later metamorphic
and/or hydrothermal py4 and py5, which have mean values of
6.3 ppm Mn, 38 ppm Pb, 21 ppm Ba, 1.7 ppm Zn, 1.2 ppm
Mo, and 0.6 ppm Ag. Py3, based on textures, is interpreted as
either late diagenetic or early metamorphic (Meffre et al.,
2008) and has a composition between, but overlapping, the
diagenetic and metamorphic groups (Fig. 5).

Relationship of pyrite types and zonation to
evolution of the Sukhoi Log deposit

The pyrite textures and trace element zonation patterns
suggest a multistage process of ore genesis at Sukhoi Log.
Gold was initially concentrated in fine-grained diagenetic
pyrite (pyl) in the carbonaceous shales and siltstones of the
Komolkho Formation along with elevated As, Ni, Mn, Pb,
Ag, V, Mo, Te, Cu, and Zn. These trace elements either oc-
curred dissolved in the diagenetic pyrite structure or as nano
particles dispersed in the pyrite. During diagenesis and early
metamorphism most of the pyl aggregates recrystallized to
py2 and/or were overgrown by py3. These processes were ac-
companied by release of certain trace elements (Au, Pb, Te,
Cu, and Zn) from pyl to form microinclusions of free gold,
gold-silver tellurides, galena, chalcopyrite, and sphalerite in
the newly formed py3 (Large et al., 2007). During deforma-
tion larger euhedral grains of As-Co-Ni-Se-bearing py4
partly replaced py3 and overgrew the main metamorphic
fabric in the sediments. Finally, euhedral As-Co-Ni-Se-bear-
ing py5 overgrew py3 and py4, both within the sediments,
but more commonly within bedding-parallel folded pyrite-
quartz veinlets enriched in gold. The invisible gold content
of syndeformational py4 and late deformation py5 are very
low compared to the previous pyrite generations, indicating
that the major gold introduction event at Sukhoi Log was
during diagenesis and early metamorphism. The later defor-
mation and hydrothermal pyrite formation led to remobiliza-
tion and reconcentration of gold in the core of the over-
turned Sukhoi Log anticline associated with py3, py4, and
py5. This model is supported by Pb and S isotope studies of
the various pyrite generations (Chang et al., 2008; Meffre et
al., 2008).
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Fig. 3. LA-ICPMS images of trace elements in pyrite Sukhoi Log, sample SL-156-255. A. Fine framboidal diagenetic pyl
and coarse euhedral early metamorphic py3. B. Au distribution in counts showing highest gold (warm colors, yellow and red)
within the sooty framboidal pyrite. C. As distribution, showing highest arsenic (warm colors) in the py3 synmetamorphic
cube, and lower As in the framboidal pyrite. D. Ag is enriched in the framboidal pyrite and lacking from the euhedral pyrite,
except for a narrow rim. E. Co enriched in framboidal pyrite in both the core and thin outer rim of the euhedral py. F. Ni
shows elevated counts in both the synmetamorhic euhedral py3 and syndiagenetic framboidal pyl. G. H. J. M. Pb, Bi, Mo,
and Cu are enriched in frambiodal pyrite. L. Minor Se enrichment in pyrite compared to sediment background, O. Zn is en-
riched in carbonate and Mg-bearing matrix but not in either type of pyrite. I, K, N. Very minor Te, V, and Ti enrichment in
framboidal pyrite, but none in synmetamorphic euhedral pyrite.
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Fig. 4. LA-ICPMS images of trace elements in pyrite Sukhoi Log, sample SLK-1. Zoned pyrite aggregate in pyrite-quartz
veinlet; late diagenetic to early metamorphic py3 core surrounded by late metamorphic and/or hydrothermal py5. The core
contains inclusion of silicate matrix, chalcopyrite, sphalerite, galena, pyrrhotite, and native gold. Au image shows red-yellow
spots in core due to inclusions of native gold. The light blue halo below the gold spots is due to gold splatter caused by the
laser ablation process. The images show that the inclusion-rich pyrite core contains elevated As, Ag, Ni, Pb, Bi, Cu, and Zn.
The euhedral metamorphic and/or hydrothermal overgrowth pyrite shows zoning of As, Ni, and Co.
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Fig. 5. Binary plots of selected trace elements in pyrite types from Sukhoi Log. The early diagenetic pyrite (outlined)
has higher levels of Au, Ag, Pb, Zn, Al, and V compared with the later metamorphic and/or hydrothermal pyrite. The pos-
itive correlation between Al and V suggests that the V is present in Al silicate inclusions in the pyrite, rather than the pyrite

structure.

Bendigo Pyrite

Gold in the Bendigo-Ballarat region of the Victorian gold
province occurs principally in quartz vein saddle reefs devel-
oped in the hinge zones within a folded sequence of Devon-
ian turbidites (Thomas, 1953; Cox et al., 1995; Willman,
2007). These ore deposits are classic examples of structurally
controlled orogenic gold deposits (Groves et al., 1998; Ram-
say et al., 1998), with recent research emphasizing that the
ore fluids were derived from a deep-seated source, late dur-
ing a period of protracted deformation (e.g., Phillips et al.,
2003; Willman, 2007). Wood and Large (2007) favor an alter-
native model that involved gold enrichment in the sediments
early during sedimentation, with later remobilization during
deformation, to form the saddle reefs.

Pyrite types at Bendigo

Gold in the saddle reefs occurs as nuggety free gold, not
commonly associated with pyrite. However previous workers
(e.g., Li et al., 1998) describe the presence of gold-arsenic—
bearing disseminated pyrite in the sediments surrounding the

saddle reefs. Our work has found disseminated pyrite, in the
shale and sandstone units that host the saddle reefs, hundreds
of meters away from the reefs. An important question to solve
in this context is whether the gold-bearing pyrite in the host
sediments is hydrothermal in origin or a mixture of both hy-
drothermal and diagenetic types. Resolution of this will help
determine the timing of gold input into the basin.

Samples have been selected from several drill holes that in-
tersected the Railway Shale, which is an interbedded shale,
siltstone, and sandstone package that hosts the nearby Gill
reef (Fig. 6), the current focus of mining activity. Pyrite in the
sediments displays complex textures but can generally be
grouped into two types: fine-grained pyrite, pyl, which forms
rounded or nodular clusters (0.2-1 mm across) of microcrys-
tals (<10 um; Fig. TA-C), and coarser grained euhedral pyrite,
py3. (0.5-5 mm), which may be internally zoned (Fig. 7D) or
show composite intergrowth or overgrowth textures (Fig.
7E). In some pyrites, a third type of clear nodular pyrite, py2,
occurs between pyl and py3 (Fig. 8A). The first pyrite in the
paragenesis, pyl, is interpreted as diagenetic and the com-
mon euhedral overgrowth, py3, as hydrothermal, developed
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Fig. 6. Schematic geologic cross section of the Bendigo mine, Gill Reef, showing the major carbonaceous shale units and

the locations of samples used in this study.

syn- to postmetamorphism and deformation (Table 2); al-
though it is recognized that some original diagenetic pyrite
may be recrystallized during metamorphism and assume the
character of synmetamorphic or hydrothermal pyrite. The
timing of py2 is not clear; it may be late diagenetic or early
metamorphic.

Pyrite composition and zoning at Bendigo

Two pyrite aggregates in the sediments have been mapped
by the LA-ICMPS imagining technique, including quantified
spot analyses (Figs. 8-10). The first sample (NBD177-377) is
of carbonaceous pyritic shale of the Western Shale in a syn-
clinal position (Fig. 6). The second pyrite sample (NBD171-
545.8) is hosted by a siltstone bed within the Railway shale
120 m downdip from the gold-bearing Gill reef (Fig. 6). The
pyrite imaged in Figure SA (NBD177-377) was selected for
study as it displays, on acid etching, a composite overgrowth
texture interpreted as diagenetic pyrite overgrown by hydro-
thermal pyrite. The core of the pyrite composite shows a
sausage-shaped zone of porous pyl (1 X 0.1 mm), which may
represent replacement of a worm tube or worm burrow (Fig
8A). This is surrounded by relatively clean (less inclusions),
lenticular py2 (2 X 1 mm), with an oval-shaped concretionlike
appearance. The outer edge of the py2 zone is marked by an ir-
regular line of rutile inclusions along the boundary. The outer
zone of pyrite (py3) in the composite has a euhedral shape and

overgrows the inner py2. This outer zone py3 has an internal

fabric, similar to the deformation fabric in the surrounding
shale matrix, indicating that py3 is hydrothermal in origin and
replaced the sediment matrix during or postdeformation. It has
a similar texture and paragenesis to py4 at Sukhoi Log (Large
etal., 2007). A thin rim (<70 gm) is apparent on the outermost
margins of the pyrite composite (Fig. 8A).

LA-ICPMS mapping (Fig. 9) and spot analyses (Fig. 8B,
Table 1) highlight the complex zoning revealed by etching
and shows that each zone has a different trace element chem-
istry. The sausage-shaped core of porous pyl contains ele-
vated Ni (to 2,770 ppm), As ( to 3,950 ppm), Cu ( to 15,000
ppm), Mo (to 32 ppm), Ag (to 17 ppm), Te (to 12 ppm), Au
(to 760 ppb), Pb ( to 4,100 ppm), and Bi (to 105 ppm). The
oval-shaped py2, surrounding the sausage-shaped core, con-
tains elevated Ni but is low in Co and As. This zone also con-
tains many microinclusions of Cu, Pb, Mo, Ag, and Bi, prob-
ably due to ultra small chalcopyrite and galena inclusions. The
outer zone of hydrothermal py3 shows progressive zoning
from an As-Co-Ni-rich inner zone, through a trace element
depleted low As zone, to an outermost rim enriched in As (to
8,500 ppm) and Au (to 6,670 ppb). Detailed imaging (Fig.
8B) shows that the outer Au-As rim is actually composed of at
least three separate rims, each about 20 um thick. The Ti and
V maps (Fig. 9K, N) highlight the rutile inclusions along the
boundary between the oval pyrite core and hydrothermal
overgrowth pyrite. Some As, but not Au, has penetrated along
cracks in the py2 core (Fig. 9C), demonstrating that the
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Fig. 7. Textures of pyrite types at Bendigo. A. Fine-grained diagenetic pyl partly overgrown by coarser euhedral syn-
metamorphic hydrothermal py3. B. Fine-grained oval-shaped patch of diagenetic pyl after marcasite (?). C. Oval-shaped and
zoned diagenetic pyl, with euhedral metamorphic and/or hydrothermal py3 developed in pressure shadow. D.-F. Examples
of porous euhedral metamorphic and/or hydrothermal py3, with poorly developed hydrothermal rims.

immediate zone of As-rich, but Au-poor, overgrowth py3 is
later than the oval core py2. Note that Te (Fig. 91I) is concen-
trated in the inner core diagenetic pyl zone and also through-
out the outer hydrothermal py3, whereas Se (Fig. 9L) is fairly
evenly distributed through all pyrite types with no zonation.
Gold in the inner core pyl is associated with elevated Ag, Te,
As, Pb, Bi, and Mo, in contrast to gold on the outermost hy-
drothermal rim of py3, which is coincident with high As but
no Te, Pb, or Mo.

The second pyrite sample (NBD171-545.8), selected from a
siltstone bed, in the Railway Shale shows a different texture and
metal zonation (Fig. 10). This pyrite grain is smaller than the
previous (500 4m across compared to 3,000 4m) and exhibits an
inner zone of inclusion-rich porous pyrite, surrounded by a eu-
hedral rim of poorly zoned pyrite. This outer euhedral zone is
less porous than the inner zone, suggesting that it is hydrother-
mal in origin (Table 2), however, the core zone of porous pyrite
maybe either hydrothermal or diagenetic (Fig. 10A).
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Fig. 8. A. Composite pyrite (sample NBD177-377) hosted by organic-rich
black shale within the Western Shale, Bendigo mine. The pyrite has been
etched with nitric acid to enhance the growth zones. B. Processed image of
LA-ICPMS gold in the same pyrite composite, with digital enhancement
using ER Mapper. Warm colors indicate higher gold content. Note the high-
est gold occurs on the outermost euhedral rim of py3, with lesser, but signif-
icant gold in the sausage-shaped porous pyl core. Note the gold-rich rim is
revealed by the image enhancement to consist of three closely spaced and
parallel microrims. Gold in the inner pyrite zones and the diagenetic pyl
core has a spotty distribution, which correlates with the Pb, Bi, Te distribu-
tion (Fig. 9), suggesting the presence of invisible microinclusions of Pb-Bi-
Au tellurides with the inner zone pyrite.

The LA-ICPMS map indicates progressive zonation of
trace elements from core to rim of the pyrite. Pb and Ag are
concentrated in the porous pyrite core, followed by elevated
Bi-As-Co-Ni in the surrounding zone, and finally As-Au in the
outermost euhedral rim. Gold is present at low to moderate
levels (around 1-3 ppm) in the inner zones of the pyrite but
is elevated (5-20 ppm Au) in the outermost 40-um-thick As-
Au rim (Fig. 10). Te, V, and Bi are at a maximum in the outer
part of the pyrite core, where Au and As are slightly enriched.

Chemical distinction of pyrite types at Bendigo

The analyses of Bendigo pyrite listed in Table 1, deter-
mined on pyrite grains from five samples of sediments which
host the gold reefs, have been plotted in Figure 11. The Au-
As plot (Fig. 11A) shows that the data forms an elongate pat-
tern with the outermost hydrothermal rim py3 at the Au-
As-rich end of the trend. Diagenetic pyl in the core of
sample 177-377 forms a cluster in the lower part of the Au-As
trend.
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Generally the diagenetic pyl at Bendigo is enriched in Ni,
Cu, Mo, Ag, Bi, and Pb compared to the overgrowth and rim
hydrothermal py3. In contrast the hydrothermal pyrites gen-
erally have lower trace elements but may be strongly enriched
in Co in the innermost zone and show cyclic zonation of Co,
Ni, and As. These patterns are somewhat similar to those
recorded in Sukhoi Log pyrites (Table 3). Both diagenetic and
hydrothermal pyrites at Bendigo contain elevated and spiky
Bi and Te patterns, suggesting the presence of bismuth tel-
luride microinclusions in the pyrite.

The chemical distinction between diagenetic pyl cores and
the hydrothermal Au-As py3 rims are shown in Figure 11B-
D. The elevated Pb and Mo clearly discriminate the diage-
netic pyrite cores from the hydrothermal overgrowths in Fig-
ure 11C. In Figure 11D the positive Au-V trend of the pyrite
core is distinguished from the negative Au-V trend in the Au-
As hydrothermal rims.

Based on textures alone, it is not possible to determine
whether the core of the pyrite in Figure 10 is of hydrothermal
or diagenetic origin. The porous inclusion-rich nature, high
Ag/Au ratio, and elevated Pb, Ni, V, and Te in the inner core
support the interpretation of a diagenetic origin. Elevated Co
and Bi in the outer part of the core zone suggest a hydrother-
mal origin. Thus the boundary between diagenetic and hy-
drothermal processes is tentatively suggested between the
inner Pb-Ag-Te-V core and the outer Co-Bi zone (Fig. 10).

In both pyrite samples (Figs. 8-10) the main gold deposi-
tion event is the outermost pyrite rim, indicating that gold
was concentrated at the final stages of deformation and hy-
drothermal pyrite growth. However in both cases, minor Au
is also concentrated in the inner pyl core (with Ag-Pb-Bi-Te-
Cu + Mo), suggesting an early synsedimentary to diagenetic
gold concentration event for Victorian orogenic gold deposits,

as previously proposed by Wood and Large (2007).

Relationship of pyrite types and zonation to
evolution of Bendigo

As with Sukhoi Log, the pyrite textures and trace element
zonation suggest a multistage process in the formation of the
Bendigo quartz-gold saddle reefs. Diagenetic pyrite aggre-
gates (Fig. TA-C) with enriched gold from 0.1 to 2 ppm (Fig.
11) occur in the most carbonaceous shale units in the host
sediments at Bendigo. This early gold enrichment in the
pyritic carbonaceous shales is accompanied by enrichment in
As, Ni, Pb, Co, Cu, Mo, Ag, Sb, and Bi (Fig. 9, Table 3). The
late diagenetic and early metamorphic and/or hydrothermal
overgrowth pyrites contain only minor Au and As (Table 1),
indicating that the initial fluids generated during folding car-
ried little gold. However, these fluids were initially enriched
in Ni and Co with minor Bi and Te (Fig. 9E-F, H-I). The
strong Au and As enrichment on the outermost rim of the hy-
drothermal pyrites (Figs. 8-10) indicates a climax in gold-ar-
senic transport and deposition late during deformation-re-
lated fluid flow in agreement with previous workers (Schaubs
and Wilson, 2002; Willman, 2007). This late Au-As event is
accompanied by minor Ni but relatively low levels of Ag, Co,
Pb, Bi, Te, Mo, and Cu compared to the early diagenetic gold
event. The enhanced gold-pyrite image in Figure 8B indi-
cates at least three pulses of gold enrichment on the hydro-
thermal pyrite rim. These pulses may relate to fold lock-up
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TABLE 2. Textural and Chemical Criteria to Assist in the Distinction between Diagenetic and Metamorphic and/or
Hydrothermal Pyrites in Sediment-Hosted Gold Deposits!

Criteria

Early diagenetic pyrite

(Bendigo, Spanish Mountain,
Sukhoi Log, and Carlin Trend0

Hydrothermal pyrite
(Bendigo, Spanish Mountain,
and Sukhoi Log)

Hydrothermal pyrite

(Carlin Trend main stage)

Texture: Size and shape

Texture: Internal

Composition of pyrite:
General

Outermost pyrite rims

Silver
Vanadium
Nickel

Zinc
Molybdenum
Selenium
Manganese
Arsenic

Gold

Fine-grained (<5 um), stratiform,
clusters of microeuhedral crystals
(50-150 wm), framboidal, sooty or
microneedles (after marcasite);
rounded shapes are common

Abundant inclusions of sediment
matrix material randomly oriented

Abundant trace elements; commonly,
but not always, As, Ag, Ni, V, Pb,
Mn, Zn, Cu, Mo, Se, Te

Rarely present

1 < Ag < 400 ppm

3 <V < 10,000 ppm
100 ppm < Ni < 2 wt %
2 < Zn < 5,000 ppm
0.4 < Mo < 3,000 ppm
2 < Se < 5,000 ppm

1 < Mn < 3,000 ppm
400 < As < 7,000 ppm
0.01 < Au < 200 ppm

Coarse-grained (0.5-50 mm),
strata bound or crosscutting,
euhedral with cubic shape,
may be zoned

Commonly clear, inclusion-free;
etching with INO3 may reveal
deformation fabric of sedimentary
host rock replaced by pyrite

Low levels of most trace elements,

except As, Co, Ni, Se

Two types of rims:
Au-As—rich in high-grade ores;
Co-Ni-rich in low-grade ores

0.01 < Ag < 10 ppm
0.01 <V < 60 ppm

5 < Ni < 1,000 ppm
0.1 <Zn < 20 ppm

0.01 < Mo < 4 ppm

2 < Se < 140 ppm

0.1 < Mn < 50 ppm

60 ppm < As < 1.6 wt %
0.01 < Au < 30 ppm

Fine-grained; rims (2-20 ym) on
preexisting pyrite, cubic, or needle
shapes, porous spongy aggregates

Abundant inclusions; etching with
HNOj3 gives brownish coloration
due to high As content

Enriched in As, Sb, TI, Cu,
Hg, Ag, Pb

High enrichment in Au and As

50 < Ag < 1,000 ppm
0.1 <V < 60 ppm

5 < Ni < 100 ppm

0.1 <Zn < 30 ppm

4 < Mo < 150 ppm

4 < Se < 220 ppm

0.5 < Mn < 60 ppm
1wt % < As < 10 wt %
50 < Au < 2,000 ppm

! Based on data in this study from Bendigo, Spanish Mountain, Sukhoi Log, and northern Carlin Trend

and fault-enhanched fluid flow toward the end of deforma-
tion (e.g., Willman, 2007).

Spanish Mountain Pyrite

Spanish Mountain is a large gold resource hosted in Upper
Triassic black shales and graywackes at the base of the Ques-
nel trough, a continental margin sequence in central British
Columbia (Panteleyev et al., 1996). Recent drilling by Sky-
gold has defined a zone of disseminated pyrite, carbonate al-
teration, and minor quartz veining within a strongly deformed
sequence of shales, phyllites, and meta-volcaniclastics (Fig.
12). A measured plus indicated resource of 102 Mt at 0.8 g/t
Au was released by the company in 2009. In this study we
investigated pyrite textures and geochemistry from one drill
hole (DDH-252, Fig. 12) passing through the main mineral-
ized zone.

Spanish Mountain geology consists of shale, siltstone, and
graywacke sequences with minor intrusive and volcanic fa-
cies. These units are generally interbedded, folded, thrust
“stacked,” or repeated. The dominant structural features are
isoclinal to recumbent folding and open large-scale warping
and extension, with associated faulting and veining. Alter-
ation consists primarily of ubiquitous iron carbonate and
sericitization with local silicification and albitization. The
widespread disseminated low-grade gold-pyrite mineraliza-
tion is generally strata bound, being hosted in carbonaceous

shale, siltstone, and graywacke sequences; for example, hole
06-DDH-252 (Fig. 12), from which samples for this study
were taken, intersected 109.5 m of 1.20 g/t gold.

Pyrite types at Spam'sh Mountain

Pyrite in the carbonaceous shales and phyllites in DDH 252
through the center of the mineralized strata, typically occurs
in euhedral cubic crystals from about 1 mm to 1 cm across, as
isolated euhedra, clusters of euhedral crystals, or bands of eu-
hedral crystals. Quartz pressure shadows and coarse euhedral
form indicates that most of the pyrite grew (or recrystallized)
during deformation. Some pyrite bands are folded, others
crosscut the bedding and metamorphic fabric. Quartz veins
cut the pyrite bands and occur later. These relationships sug-
gest multiple growth phases of pyrite from diagenetic to hy-
drothermal, all cut by late-stage quartz veining.

Under the microscope, pyrite textures are complex and
suggest three main stages of pyrite growth (Fig. 13). Pyl in
the cores of pyrite aggregates form irregular anhedral
rounded or elongate shapes. These textures suggest corrosion
of pyl before the deposition of py2. Py2 contains abundant
dark inclusions of matrix and organic matter(?) and displays a
subhedral outline. Py3 overgrows py2, with a strong euhedral
shape and clear pyrite texture with minimal inclusions. Based
on these textural relationships pyl is interpreted to have
grown during diagenesis and py3 is a hydrothermal pyrite that
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Fig. 9. LA-ICPMS images of trace elements in Bendigo pyrite, sample NBD177-377 (see Fig. 6 for details of pyrite tex-
ture). The sausage-shaped diagenetic pyl core is enriched in Au, As, Ag, Pb, Bi, Te, Mo, V, and Zn compared with the sur-
rounding oval-shaped py2 zone. Py2 contains microinclusions enriched in Pb, Ag, and Cu. The outermost euhedral py3 zone
has a rim enriched in Au and As. Note Ti and V are concentrated in a narrow zone of rutile inclusions developed between

py2 and py3.

formed during metamorphism. Py2 may have developed late
during diagenesis, as indicated by the abundant inclusions, or
early during metamorphism, as suggested by the euhedral
outline. The boundary between pyl and py2 (Figs. 11A, 13B-
C) is marked by inclusions of rutile, similar to those observed
in some Bendigo pyrites (Fig. 8). Minor grains of free gold
were observed in py3 in some samples.

Pyrite composition and zoning at Spamsh Mountain

Trace element LA-ICPMS images and spot analyses (Figs.
14-16) of gold-bearing composite pyrites in sample SM1-
79.8 from DDH 252 commonly exhibit all three zones (pyl,
py2, and py3). The imaging shows that the diagenetic pyl
cores are generally enriched in Ni, Zn, As, Ag, Au, and Pb
compared to the outer hydrothermal py3. The latter shows a
gradual decrease in As toward the pyrite rim, with two zones
of elevated Co and Ni, one on the inner margin and the other

on the outer rim. Py2 in Figure 14 is too narrow to interpret
the chemistry. The boundary between pyl and py2 is marked
by elevated Ti and V, due to inclusions of rutile. Quantitative
LA-ICPMS spot analyses of the same pyrite (Fig. 15, Table 1)
indicate that the diagenetic cores contain consistently ele-
vated Au, As, and Ni, up to 19,570 ppb Au, 15,900 ppm As,
and 2,900 ppm Ni. The hydrothermal py3, by comparison, has
much lower values of these elements (up to 170 ppb Au,
5,570 ppm As, and 670 ppm Ni). Similar patterns are evident
in another complex pyrite composite from Spanish Mountain
(Fig. 15B). This sample shows a thick zone of py2, which has
intermediate gold values between those of pyl and py3. The
uniform nature of the gold image in Figure 14B and the con-
sistent values in the spot analyses suggest that gold in the
diagenetic cores may be present as gold dissolved in the
arsenian pyrite structure, however, further analysis by high-
resolution transmission electron microscopy (e.g., Deditius et
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Fig. 10. LA-ICPMS trace element images of pyrite (NBD 172-545.8) from a sandstone unit in the Railway Shale, Bendigo
mine. This pyrite contains a porous core of possible (?) diagenetic origin, surrounded by a 35-um-thick pyrite rim of meta-
morphic and/or hydrothermal origin. The LA-ICPMS maps show zonation of various elements from the core to rim. The
pyrite core is enriched in Pb and Ag. In contrast the outermost metamorphic and/or hydrothermal rim is enriched in Au and
As. A transition zone between the core and rim shows enrichment in Bi, Te, Au, Co, and Ni.

al., 2009) is required to verify this interpretation. The spotty
Pb (Fig. 14E) and Zn images, on the other hand, indicate
submicroscopic inclusions of galena and sphalerite in the
core zone. One grain of free gold has been imaged (Fig.
13B) on the right-hand side of the sample near the edge of

the hydrothermal py3. This may be free gold liberated from
the recrystallization of pyl containing invisible gold.

A second pyrite map from the same sample (SM1-79.8) is
shown in Figure 16. This map shows an Au-As-Ni-rich core
of porous inclusion-rich pyrite, surrounded by cyclic Co-Ni
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Fig. 11. Binary plots of selected trace elements in pyrite types from Bendigo. Diagenetic pyl group (outlined) generally
has higher levels of Ni, Mo, and Pb, but lower As and Au, than the hydrothermal py3 rims. Pb and Mo show the best dis-

crimination between the diagenetic and hydrothermal groups.

zones, with a general decrease in As to the outermost euhe-
dral hydrothermal pyrite rim. As with the previous pyrite
map, the core is strongly enriched in gold, plus inclusions of
Cu (chalcopyrite), Zn (sphalerite), and Pb-Ag (galena). The
early Au-rich pyrite core is totally devoid of Co. By contrast
the hydrothermal overgrowth pyrite is Co bearing (Fig. 16).

Chemical distinction of Spanish Mountain pyrite types

The LA-ICPMS maps (Figs. 14, 16) and the spot analysis
data from Table 1, plotted in Figure 17, show that the
pyrite cores (pyl) in the Spanish Mountain deposit are gen-
erally enriched in Au, As, Ag, Ni, Pb, and Zn compared to

the later euhedral synmetamorphic hydrothermal pyrite
overgrowths. The trace element composition of the cores
support our previous interpretation, based on textures, that
they are diagenetic in origin (Table 2). The pyrite zone (py2)
developed between the pyl core and py3 hydrothermal rim
shows intermediate trace element values (Fig. 17).

These pyrite trace element patterns show some similarity to
those recorded at Sukhoi Log and Bendigo (Table 3), except
that the early pyrite at Spanish Mountain shows no enrich-
ment in Mo, Se, or V. Unlike Bendigo, but similar to Sukhoi
Log, the Spanish Mountain pyrite shows no As-Au-enriched
hydrothermal rims.

TABLE 3. Summary of Enriched Trace Elements (>100 ppm) in Major Pyrite Types at Sukhoi Log, Spanish Mountain, Bendigo,
and Northern Carlin Trend (elements in order from maximum to minimum)

Trace elements enriched
in diagenetic pyrite

Trace elements enriched in
outermost pyrite rim

Trace elements enriched in
metamorphic and /or hydrothermal

Deposits (>100 ppm) pyrite (>100 ppm) (>100 ppm)

Sukhoi Log As, Ni, Mn, Pb, Co, Ti, Cu, Zn As, Ni, +Co Ni, +Co

Spanish Mountain As, Ni, Cu, Pb, Se, Ti As, Ni, Se, +Co Ni, Co

Northern Carlin Trend Cu, As, Ni, Se, V, Mo, Sb, Mn, Pb, Tl, Ag, Ti As, Sb, Tl, Cu, +Ag, Pb As, Au, Cu, Sb, Tl, +Pb, Ag
Bendigo As, Ni, Pb, Co, Ti, Cu, Sb, Bi As, Ni, +Co, Pb, Sb As, Pb, minor Au




654

LARGE ET AL.

Fig. 12. Schematic geologic cross section of Spanish Mountain gold deposit, showing the major carbonaceous shale unit

and the locations of samples from drill hole 252.

Relationship of pyrite types and zonation to
evolution of the Spanish Mountain deposit

Only a small number of samples have been studied from one
drill hole at Spanish Mountain, and thus it is not possible to
draw any definitive conclusions from the pyrite textures and
composition concerning the evolution of the deposit. Based on
our samples, the main gold enrichment appears early, associ-
ated with As, Ni, Cu, Pb, and Se within corroded pyrite grains
interpreted as diagenetic, within the carbonaceous shales. In-
visible gold up to 20 ppm, As up to 1.6 wt percent, and Ni up
to 3,100 ppm have been measured in the diagenetic pyrite
cores. The synmetamorphic overgrowth euhedral hydrother-
mal pyrite is As rich (4,000-6,000 ppm), contains much lower
invisible gold (<1 ppm), but has minor free gold along cracks in
the pyrite. The hydrothermal pyrite has no rims enriched in Au
or As. This may be interpreted to indicate that the hydrother-
mal event has remobilized gold from earlier pyrite generations
but has not introduced new gold from an external source.

Carlin Pyrite

The Carlin deposits of Nevada contain over 50 Moz of gold,
contained in over 40 separate deposits (Teal and Jackson,
1997). The gold is refractory, occurring as invisible gold in
fine-grained arsenian pyrite (Bakken et al., 1989; Fleet et al.,
1989), hosted in a Siluro-Devonian continental margin se-
quence of carbonaceous mudstones and silty limestones. The
main gold mineralization event was in the Tertiary between
42 and 36 Ma associated with basin inversion (Cline et al.,
2005). Emsbo et al. (1997, 1999) have also recognized a syn-
genetic gold event in the Devonian at the Rodeo and Meikle
deposits. The origin of the gold ore fluids has not been re-
solved, with magmatic, metamorphic and meteoric fluids
being proposed by different researchers (Cline et al., 2005).

Pyrite types in Carlin deposits

Gold-bearing pyrite in the Carlin deposits is arsenic rich,
very fine grained, and commonly comprises only 4 to 10 wt
percent of the carbonaceous sedimentary host rock. There
are several generations of pyrite in the Carlin deposits, which
have been described in detail by previous workers (e.g., Wells
and Mullins, 1973; Hofstra and Cline, 2000; Kesler et al.,
2003; Scott et al., in press). Scott et al. (in press) outlines cri-
teria for the interpretation of pyrite timing based on relation-
ships to (1) soft-sediment deformation, (2) early sulfate dia-
genetic nodules, and (3) widespread hydocarbon veinlets. On
this basis they classify the pyrite as (1) syngenetic to very early
diagenetic, (2) early diagenetic, and (3) late diagenetic to hy-
drothermal. The early diagenetic pyrite (Fig. 18A-D) typically
occurs as very fine grained clusters of microcrystals aligned
parallel to bedding to form elongate patches (0.1-5 mm long),
in some cases (Fig. 18A) affected by soft-sediment deforma-
tion. In contrast the pyrite related to the main Tertiary gold
event occurs as discrete, very fine grained anhedral or needle-
shaped grains (after marcasite), thin pyrite rims (commonly
2-20 um thick) on preexisting pyrite (Fig. 18E) or porous
spongy aggregates (Fig. 18F).

The pyrite samples mapped by LA-ICPMS for this study
were specifically selected to enable a comparison of the com-
position and zonation of pyrite from the Devonian sedex gold
horizon defined by Emsbo et al. (1997), with pyrite from typ-
ical Tertiary gold mineralization of main-stage Carlin type.

Pyrite composition and zoning in Carlin deposits

We have undertaken over a thousand LA-ICPMS analyses
of pyrite from the northern Carlin Trend as part of another
study (Scott et al., 2008). For this study, we report repre-
sentative LA-ICPMS analyses of two pyrite types (Table 1):
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Fig. 13. Textures of pyrite types at Spanish Mountain. Irregular-shaped
diagenetic core (pyl) is outlined in green. Surrounding inclusion-rich pyrite
(py2) is outlined in red. Euhedral, clear metamorphic and/or hydrothermal
pyrite (py3) forms the outermost zone.

gold-bearing diagenetic (sedex) pyrite in strongly carbona-
ceous mudstones in two samples (R11-156M-4-224 and R11-
156M-4-225) from a drill hole within the Rodeo deposit, and
gold-bearing main-stage pyrite rims and porous aggregates
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related to the Tertiary mineralization from Gold Quarry (sam-
ple QC 1489-890.5) and Meikel (samples M-DOL and M-
EX92-904).

Only a small percentage of diagenetic pyrite in the Carlin
district is gold bearing, and most of this comes from the or-
ganic-rich metalliferous horizon in the Upper Mud Member
of the Popovich Formation (Scott et al., in press). Previous
analyses by Emsbo et al. (1997, 1999) showed that the De-
vonian sedex gold mineralization is enriched in Zn, Pb, Cu,
Ag, and Sb, compared to the Carlin Tertiary gold mineraliza-
tion, which has higher levels of As, T, W, and Te. Our data in
Tables 1 to 3 and Figures 19 and 20 confirms these patterns
and shows the importance of some other critical elements.

Figure 19 is an LA-ICPMS image of a cluster of diagenetic
pyrite microcrystals in an unaltered organic-rich mudstone in
the Upper Mud Member of the Popovich Formation from the
Rodeo deposit (sample R11-156-4-255). The whole-rock sam-
ple interval analyzed 28 ppm Au and 215 ppm As and showed
none of the alteration typically associated with Carlin main-
stage mineralization, such as decarbonatization, argillization, or
silicification (Cline et al., 2005). The pyrite cluster in Figure 19
is only 300 #m long and 60 ym wide. The image shows that the
diagenetic pyrite is strongly enriched in Ni, Cu, As, Se, Mo, Ag,
Te, Au, and Pb compared with the sediment matrix. From the
analyses shown in Table 1 and Figure 18, it is apparent that the
trace metal content of the diagenetic pyrite in the metalliferous
horizon at Rodeo varies from 10 to 322 ppm Au, 2,085 to 6,575
ppm As, 113 to 343 ppm Ag, 133 to 3,410 ppm Zn, and 266 to
577 ppm Pb. Also of interest are the very high levels of Ni
(1,170-9,600 ppm), Se (2,735-4,250 ppm), Mo (450-2,660
ppm), and V (860—4,540 ppm) in the diagenetic pyrite. These
latter four elements form strong organometallic bonds and are
indicative of enrichment by organic processes during diagene-
sis (e.g.,Wood, 1996; Coveney, 2000).

Figure 20 is an LA-ICPMS image of porous pyrite related to
the main-stage Tertiary Carlin mineralization at Gold Quarry
in the northern Carlin Trend. The sample comes from drill
hole QRC 1489 at 271.5 m in the mineralized Roberts Moun-
tain Formation at Gold Quarry. The core interval that con-
tained this sample varied from 7 to 10 ppm Au. The multiele-
ment image in Figure 20 shows that the porous pyrite has a
complex metal-zoned “lacy” texture surrounding small-zoned
subhedral pyrite cores. The small pyrite cores are zoned Co-
Ni-Pb from center to rim. These are surrounded by the
spongy main-stage Carlin pyrite, which is complexly enriched
in Au-As-Cu-Pb-Ag to give the lacy texture. Quantified spot
analyses of this and other Carlin main-stage rim pyrite (Table
1) indicates gold from 50 to 1,860 ppm and arsenic from 1.5 to
7.4 wt percent. The lacy nature of the Au and As distribution
in Figure 20C and D indicates that the high gold and arsenic
is not evenly distributed through the spongy pyrite but occurs
as very thin rims on the spongy pyrite (e.g., Kesler et al., 2003).
Copper, Te, Tl, and W are also generally elevated in the
spongy pyrite, but other elements (particularly Ni, Zn, Se, Mo,
and V) are commonly well below the levels found in the dia-
genetic pyrite of the metalliferous horizon at Rodeo.

Chemical distinction of Carlin pyrite types

Scott et al. (in press) provides a detailed discussion on the
trace element differences between early syngenetic and/or
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Fig. 14. LA-ICPMS images of trace elements in a composite pyrite aggregate from Spanish Mountain, sample SM-78.9.
More detailed textural relationships are shown in Figure 10A. The rounded diagenetic pyrite cores contain uniformly ele-
vated Ni, As, Au, and Ag, suggesting that these elements may be either dissolved in the pyrite structure or present as
nanoparticles. Pb shows a spikey distribution due to microinclusions of galena in the cores. The outer metamorphic and/or
hydrothermal pyrite zone contains uniformly elevated As but no Au. Ti and V are enriched in rutile inclusions, which form
a narrow ring around the pyrite cores and along a central crack (Fig. 11H). The thin outermost rim on the metamorphic
and/or hydrothermal pyrite is enriched in Ni and Co, but depleted in As, compared with the outer zone pyrite generally.

diagenetic pyrite in the Upper Mud Member of the Popovich
Formation and later hydrothermal main-stage gold-enriched
pyrite of Tertiary age, and only a brief summary is given here.
The main chemical feature of the diagenetic gold-bearing
pyrite in the metalliferous horizon at Rodeo is the very high
levels of Ni, Se, Mo, and V, all greater than 500 ppm and com-
monly over 1,000 ppm. Chromium and Zn are also enriched
over 1,000 ppm in some diagenetic pyrites. In contrast the
main-stage Tertiary Carlin pyrite is strongly enriched in As

and Au, with lesser enrichment in Cu, Sb, Pb, Ag, Te, Tl, and
Bi but showing a lack of significant Ni, Se, Mo, and V (Tables
1,3, Fig, 21).

Relationship of pyrite types and zonation to
evolution of Carlin deposits

The pyrite textures and chemical zonation revealed by this
study support the previous work of Emsbo et al. (1997, 1999),
which demonstrated an early phase of synsedimentary gold
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Fig 15. Spot LA-ICPMS analyses of selected pyrites from Spanish Moun-
tain. Position of the laser spot analyses is shown in red. Note the pyrite cores
have higher Au and As ppm values than the overgrowth zones.

enrichment in the Devonian carbonaceous sediments re-
ferred to as “sedex gold,” followed by the main-stage Carlin
gold event during the Tertiary, related to deformation and/or
felsic igneous intrusions at depth (Seedorff, 1991; Johnston
and Ressel, 2004; Cline et al., 2005). The Devonian gold
event is confined to one or more metalliferous horizons in the
strongly carbonaceous mudstones of the Popovich Formation
(Emsbo et al.; Scott et al., in press). The diagenetic gold en-
richment in the pyrite (up to 320 ppm Au, Fig. 18) is accom-
panied by strong enrichments in As, Cu, Ni, Mo, Se, V, Sb,
Mn, Pb, and TI (Tables 1, 3). The much later Tertiary hy-
drothermal event produced very fine grained pyrite, and thin
pyrite rims on the preexisting pyrite, with Au up to 2,000 ppm
and As to 7.4 wt percent. This later hydrothermal gold event
was accompanied by Sb, Tl, Cu + Pb, Ag enrichment in the
overgrowth pyrite. The cause of this late-stage, very intense,
gold enrichment is unknown, however, the thin nature of the
pyrite rims (2-20 ym), and their exceptionally gold-arsenic
rich nature, indicates that the hydrothermal fluid was espe-
cially enriched in Au (probably over several ppm), and the
fluid pulse was short-lived.
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Discussion

Comparison of trace element patterns in
gold-bearing pyrite from four deposits

In comparing the chemistry of the early diagenetic and
later hydrothermal pyrites across all four deposits there are a

number of common features, which are summarized in Ta-
bles 2 and 3, Figures 22 and 23, and discussed briefly below.

1. The early diagenetic pyrites commonly contain a wide
range of enriched trace elements compared with the later
metamorphic or hydrothermal overgrowth pyrites. They
also may contain a greater abundance of sulfide and silicate
inclusions. The LA-ICPMS output patterns suggest that some
of the trace elements in porous diagenetic pyrite (e.g., V, U,
Ba, Cr) are probably concentrated in silicate and organic ma-
trix inclusions within the pyrite.

2. Arsenic is the most abundant trace element in gold-
bearing diagenetic pyrites in the four deposits, followed by Ni
and Cu. Arsenic levels are in the range 500 to 14,000 ppm, Ni
levels are 20 to 10,000 ppm, and Cu levels are 30 to 12,600

m.

3. As observed by many previous workers (e.g., Cook and
Chryssoulis, 1990; Fleet et al., 1993; Mumin et al., 1994; Sav-
age et al., 2000; Cline, 2001; Reich et al., 2005), there is a pos-
itive correlation between gold and arsenic in the pyrite of
many gold deposits. The positive Au-As correlation exists for
both diagenetic and hydrothermal pyrites in this study (Fig.
22A). The gold-bearing diagenetic pyrites have a more re-
stricted range on the As-Au plot, compared to the hydrother-
mal pyrites. All analyzed pyrites plot below the gold saturation
line for arsenian pyrite as determined by Reich et al. (2005).

4. All four deposits exhibit elevated gold in the early (dia-
genetic) pyrite; in the range 200 ppb to 200 ppm. Two of the
deposits (Bendigo and Carlin) exhibit Au-As rims on the later
hydrothermal pyrites. The other two deposits (Sukhoi Log
and Spanish Mountain) have Ni-Co rims on the hydrothermal
pyrite, which are depleted in As and carry no detectable Au.
However these late hydrothermal pyrites at Sukhoi Log and
Spanish Mountain contain inclusions of free gold associated
with cracks and silicate inclusions in the pyrite.

5. The diagenetic pyrites commonly contain higher mean
values of Ni, Cu, Ag, Pb, Zn, Mn, and V compared to hy-
drothermal pyrites (Table 3), however, the two populations
show considerable overlap (Fig. 22). The diagenetic pyrites
may also show elevated Mo, Se, Bi, and Te, but this appears
to be province specific. For example, the Carlin district diage-
netic and/or sedex pyrites are enriched in Mo and Se, whereas
Bendigo diagenetic pyrites are enriched in Bi and Te.

6. The early diagenetic pyrites commonly show broad pos-
itive relationships between Au-Ni and Au-V contents (Fig.
22B-C). In contrast, the later metamorphic and/or hydrother-
mal pyrites commonly have lower levels of Ni and V, neither
of which show a positive relationship to Au. In fact, Ni in late-
stage hydrothermal pyrites shows a negative relationship to
gold in the Bendigo and north Carlin samples.

Origin of chemical patterns in pyrite

The consistent trace element patterns in the early and late
pyrites in the orogenic and Carlin-style deposits discussed here
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Fig. 16. LA-ICPMS images of trace elements in a pyrite composite from Spanish Mountain, sample SM1-79.8. The core
of this pyrite is strongly enriched in Au, As, and Ni, with spikey inclusions of Cu, Zn, and Pb related to chalcopyrite, spha-
lerite, and galena microinclusions. Similar to the pyrite in Figure 11, the outermost hydrothermal rim is enriched in Ni and
Co, but depleted in As and totally lacking in gold.
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Fig. 17. Binary plots of selected trace elements in pyrite types from Spanish Mountain. Note that the diagenetic pyrite
cores have elevated Au, Ag, Zn, and Pb compared with the metamorphic and/or hydrothermal rims. The highest Ni values

(>1,000 ppm) occur in the center of the diagenetic cores.

indicate that common processes have occurred during pyrite
formation and gold concentration for these four deposits.

The trace element suite of Ni, V, Zn, Pb, Ag, Mo, and Se in
the early pyrite is the same suite of elements that are typically
concentrated by organic processes during sedimentation and
diagenesis of organic-rich sediments in euxinic environments
(Coveney and Martin, 1983; Wood, 1996; Coveney, 2000; Ale-
gro and Maynard, 2004; Rimmer, 2004). These elements form
strong organometallic bonds, which lead to their capture from
seawater onto organic matter, on and immediately below the
sea floor. The weak positive correlations between Ni-Au and
V-Au for our dataset of early diagenetic pyrite (Fig. 22B-C)
suggests the possibility that gold was also concentrated by
similar organic processes, probably involving extraction from
seawater onto sedimented organic matter. During diagenesis,
and growth of diagenetic arsenian pyrite, gold and many
other trace elements (particularly Ni, Pb, Ag, Mo, Te, and Se)
were likely partitioned from the organic matter into the ar-
senian pyrite, where they became trapped within the sedi-
mentary rock. We speculate that not only is the concentration
of As in the pyrite important in controlling the uptake of gold
into the structure of the diagenetic pyrite (e.g., Reich et al.,

2005), but it appears from our data that the concentration of
Ni may also play a role. Nickel contents in diagenetic arsenian
pyrite above 1,000 ppm may be required to accommodate Au
in the pyrite structure in the range 3 to 200 ppm (Fig. 22B).
The change in trace element composition of the later hy-
drothermal pyrites, compared to the diagenetic pyrites, is
probably due to a number of factors, including the ability of
the trace elements to substitute for Fe2+ and S?- in the pyrite
structure and metal availability and solubility in the hy-
drothermal fluid. Our data show that, except for the Carlin
deposits, Pb, Zn, Cu, Ag, Ni, and Mo are commonly present
at much lower levels in metamorphic and hydrothermal
pyrite compared to early diagenetic pyrite. This suggests that
recrystallization of diagenetic pyrite, to produce euhedral
metamorphic pyrite, is accompanied by a release of certain
trace elements in the pyrite structure (Large et al., 2007). At
Sukhoi Log, invisible gold was released by this process to
form free gold and gold telluride inclusions in later pyrite
generations (Large et al., 2007). Mumin et al. (1994) reported
similar remobilization of invisible gold during metamorphism
in orogenic gold deposits in the Bogosu-Prestea district,
Ghana. Our data suggest that the trace elements which have
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Fig. 18. Textures of pyrite types in the northern Carlin Trend, red circles indicate LA-ICPMS spots with Au analysis. A.
Typical bedding-parallel cluster of diagenetic (sedex) microcrystal of pyrite in the Upper Mud Member, Popovich Forma-
tion. B.-D. Diagenetic pyrite clusters with LA-ICPMS spot analysis for Au. E. As-Au-rich main-stage 2- to 10-um hy-
drothermal pyrite rims (brownish) on clear anhedral pyrite (etched with nitric acid). F. Porous, inclusion-rich, main-stage hy-
drothermal pyrite, surrounding 50- to 100 um cores of less spongy pyrite. Because of the large LA-ICPMS spot size of 25
um relative to the thin Au-As rims on the spongy pyrite, the gold value of 184 ppm has been diluted by the preore stage
pyrite. Electron microprobe analyses show that the gold contents of the pyrite rims are up to >1,000 ppm, in line with re-

sults from previous workers (e.g., Kesler et al., 2003).

the ability to form limited solid-solution series with pyrite (Ni,
Co, As, and Se) are not released during pyrite recrystallization
and tend to concentrate in most euhedral metamorphic and
hydrothermal pyrites, forming discrete growth zones in the
pyrite (Figs. 3, 4, 16), possibly related to metal diffusion or
fluid flow during recrystallization. This is not the case for
most other trace elements (e.g., Pb, Cu, Zn, Ag, Te, and Au),
due possibly to their larger ionic size and/or different charge,
which leads them to form discrete mineral inclusions (galena,
chalcopyrite, sphalerite, tellurides, and free gold) within the
later metamorphic and/or hydrothermal pyrite.

At Sukhoi Log, Bendigo, and Spanish Mountain, the first
hydrothermal pyrite to form is commonly Co rich (Figs. 4, 9,

16), followed by Co-poor pyrite. At the relatively low gold
grade Sukhoi Log and Spanish Mountain deposits, the As
content of the hydrothermal pyrite generally decreases to-
ward the outer pyrite rim, whereas Ni and Co increase on the
rim, and there is little concentration of invisible gold in the
pyrite on the rim (Fig. 23). This contrasts with the higher
gold grade Carlin and Bendigo deposits, where As and Au in-
crease dramatically on the pyrite outer rim, but Co is de-
pleted or absent. This suggests a fundamental difference in
gold concentration and timing based on trace element zona-
tion patterns in the pyrite from the two lower grade (<2.5 g/t
Au mean grade) and two higher grade (>3 g/t Au mean
grade) deposits.
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Fig. 19. LA-ICPMS images of trace elements in diagenetic pyrite from the metalliferous horizon in the Upper Mud unit,
Rodeo mine, Carlin Trend, sample R11-156-4-255. Bedding-parallel diagenetic aggregate of pyrite microcrystals 300 gm
long by 90 um wide. The pyrite aggregate is enriched in Au, As, Ag, Ni, Pb, Te, Mo, Se, and Cu, typical of sedex-Au diage-
netic pyrite. Zn, V; and Au are also enriched in the organic-rich sediment matrix surrounding the pyrite aggregate. Another
parallel zone of Fe, Au, Pb, Ni, Mo, and Cu enrichment at the base of the frame is related to a diagenetic pyrite nodule de-
tected by the LA-ICPMS but below the surface of optical imaging.

Although all four deposits show an early concentration of
gold in diagenetic arsenian pyrite within the organic-rich sed-
iments, gold concentration associated with basin inversion,
metamorphism, deformation, and hydrothermal fluid flow has
been different. At Sukhoi Log and Spanish Mountain defor-
mation and metamorphism has led to the release of invisible

gold from early diagenetic arsenian pyrite, to form free gold
and gold tellurides in later generations of metamorphic and/or
hydrothermal pyrite, which show a decrease in As content to-
ward the end of the hydrothermal event. At Carlin, the later
hydrothermal pyrite becomes progressively enriched in ar-
senic and gold, with the most gold-arsenic rich pyrite forming
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Fig. 20. LA-ICPMS images of trace elements in pyrite Gold Quarry, sample QRC 1489-890.5. Spongy network of pyrite
from the gold-rich main-stage Carlin event surrounding preexisting subhedral pyrite cores. The 200-um pyrite cores show
Co-Ni-Pb enrichment and zonation but are lacking in Au and As. The thick spongy pyrite rims exhibit a complex “lacy” tex-
ture and are enriched in Au, As, Cu, Pb, and Ag.
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Fig. 21. Binary plots of selected trace elements in pyrite types from northern Carlin Trend. Diagenetic sedex pyrite con-
tains elevated V, Se, and Ni but less As and Au, compared with the main-stage hydrothermal pyrite.

the outer rim, indicating an intense gold climax probably
close to the final stages of deformation and related hy-
drothermal fluid flow. At Bendigo, hydrothermal pyrite in the
sedimentary host rocks also has an Au-As rim, again suggest-
ing gold climax toward the end of deformation, similar to Car-
lin. However, gold in the quartz vein saddle reefs at Bendigo
is nuggety free gold, probably due to a lack of Fe for sulfida-

tion in the quartz-rich reef structures.

Pyrite trace element evolution and gold refining

The LA-ICPMS spot data and maps show a systematic
trace element evolution in the pyrite paragenesis for the four
deposits. Three main stages are recognized:

Stage 1: Early sediment diagenesis; most trace elements
(Cu, Pb, Zn, Co, Ni, Mn, V, Mo, As, Bi, Au, Ag, Se, Te) are
“invisible” being locked in diagenetic pyrite as (1) nano-scale
particles, (2) within the pyrite structure, or (3) within organic
matter intimately intergrown with the pyrite. These pyrites
commonly have a high Ag/Au, V/Al, and Ni/Co ratio.

Stage 2: Late diagenesis to early metamorphism leads to
recrystallization of most stage 1 pyrite, and deposition of new
overgrowth stage 2 pyrite. Some of the Cu, Pb, Zn, Mn, V, Ni,
Mo, Au, Ag, and Te are released from stage 1 pyrite during

recrystallization to form discrete mineral phases (chalcopy-
rite, Ag-Bi galena, sphalerite, Ni pyrrhotite, free gold, Au-
bearing tellurides), which develop as inclusions within or
around the margins of stage 2 pyrite. This process of cleaning
or refining the pyrite leads to different trace element ratios
between stages 1 and 2 pyrites. The stage 2 event could not
be recognized in the north Carlin samples.

Stage 3: Hydrothermal fluid flow late during deformation
leads to further recrystallization of previous pyrite stages,
with growth of stage 3 pyrite over some of the preexisting
stages 1 and 2 pyrites. Except for Carlin, these stage 3 pyrites
are commonly course grained, euhedral, and trace element
poor, but may exhibit zonation in As, Co, and Ni. At Sukhoi
Log and Spanish Mountain, As contents of the hydrothermal
stage 3 pyrite vary from 980 to 5,500 ppm, with a mean of
3,300 ppm As. Invisible gold contents are correspondingly
low (0.01-1 ppm), suggesting that the late metamorphic hy-
drothermal fluids were relatively low in As and Au. This con-
trasts with Carlin and Bendigo where the late-stage hy-
drothermal fluids were As-Au-rich and precipitated strongly
enriched pyrite rims (e.g., over 5,000 ppm Au on the pyrite
rims at Screamer; Kesler et al., 2003).

A number of key questions are yet to be resolved, in partic-
ular, why do Carlin and Bendigo hydrothermal pyrites have
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Fig 22. Binary plots of selected trace elements in pyrite from Sukhoi Log, Bendigo, Spanish Mountain, and northern

Carlin Trend. A. Au-As. B. Au-Ni. C. Au-V. D. Pb-Zn.

late-stage Au-As rims, whereas Sukhoi Log and Spanish
Mountain pyrites do not? and why are Carlin pyrite rims so
thin and gold-arsenic enriched compared with other sedi-
ment-hosted ores? The answers most likely relate to a combi-
nation of factors, including (1) the As-Au content of the pri-
mary diagenetic pyrite-bearing sedimentary source rocks, (2)
the mechanisms of release of Au and As from the sediments,
(3) the nature of deformation and fluid flow, and (4) the

chemistry of the hydrothermal fluids and related Au and As
transport mechanisms. In the Carlin district, injection of
gold-rich fluids from Tertiary intrusions may also be a signifi-
cant factor not considered here (e.g., Cline et al., 2005).

Gold mass-balance considerations

Another key question to emerge from this study is whether the
gold concentrated in diagenetic pyrite within the carbonaceous
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Fig 23. Comparison of Au, As, and Co zonation in sediment-hosted pyrite from (A) Bendigo, (B) Gold Quarry, Carlin, (C)
Spanish Mountain, and (D) Sukhoi Log. Pyrite from Bendigo and Gold Quarry has rims enriched in Au-As but depleted in
Co. In contrast pyrite from Spanish Mountain and Sukhoi Log has Au-As enriched toward the core of the pyrite, rather than
the metamorphic and/or hydrothermal rim. The rims exhibit lower As but elevated Co.

shales associated with each of these four deposits could actu-
ally be the ultimate source for gold in the deposits. Our data,
based on 26 gold-bearing diagenetic pyrites in selected car-
bonaceous shales from the four deposits (Table 1), shows a
range from 0.26 to 169 ppm Au with a mean of 15.2 ppm and
median of 6.2 ppm Au. If we assume the sediments prior to
deformation and hydrothermal activity contained only 0.4 wt
percent diagenetic pyrite (the content for average shale,
Wedephol, 1995) and that the pyrite had the median value of
6 ppm Au measured in our samples, then the average initial
whole-rock gold content of the sediments would have been 24
ppb Au. Assuming 80 percent of this gold is leached from the
sediments during deformation and hydrothermal fluid flow,
1.54 Moz of gold could be generated per cubic kilometer of

sediments. Based on the gold resources of the four deposits
and/or districts considered here, the total volumes of sedi-
ment required to source the gold in each district is shown to
range from 1.7 km? for Spanish Mountain to 32.5 km? for
the deposits on the north Carlin Trend (Table 4). These vol-
umes of sediments are not unreasonable and only represent
a small percentage of available sediments in the four sedi-
mentary basins concerned. For example, the Early to Mid-
dle Ordovician turbidite package in the Bendigo zone in
central Victoria constitute over 80,000 km? of potential gold
source rocks, compared with a volume of 11.7 km? required
to form the quartz gold reefs in the Bendigo deposit, given
the above assumptions about primary gold content of the
sediments.



666

TABLE 4. Volume of Sediments Needed to Form Some Major
Sediment-Hosted Gold Deposits and/or Districts,
Assuming Gold is Sourced from Sediments

Gold Sediment Volume of
resource Au (content required source
Deposit/district (Moz) in ppb) sediments (km3)
Sukhoi Log 30 241 19.5
Bendigo district 18 24 11.7
Spanish Mountain 2.6 24 1.7
North Carlin Trend 50 24 32.5

1 Based on 0.4 wt percent diagenetic pyrite carrying 6 ppm Au (or, e.g., 2.0
wt % diagenetic pyrite carrying 1.2 ppm Au).

In making these mass-balance estimates, the assumptions
above may be considered to be somewhat conservative, in
particular the low primary diagenetic pyrite content of 0.4 wt
percent assumed for the sedimentary rocks. Carbonaceous
shales commonly contain considerably more diagenetic
pyrite, for example, the USGS standard black shale SDO-1
contains about 10 wt percent pyrite (Huyck, 1989). Strongly
pyritic carbonaceous sediments of this type may have the ca-
pacity to be far better source rocks for gold.

Conclusions

This study demonstrates the power of LA-ICPMS trace
element imaging of pyrite as a rapid and robust method of
providing information on the timing of gold mineralization
in relationship to diagenetic, metamorphic, and hydrother-
mal pyrite growth for sediment-hosted gold deposits. The
study of pyrite trace element zonation highlights the impor-
tance of multistage concentration of gold in the genesis of
major sediment-hosted gold deposits (e.g., Hutchinson,
1975, 1993). The concentration of invisible Au, with Ni, in
early diagenetic arsenian pyrite in carbonaceous black
shales, as described in each of the four study areas, is pro-
posed as a fundamental process in the later generation of
orogenic and Carlin-style gold deposits. During black shale
sedimentation, regional and local exhalation of Au-As—bear-
ing basinal fluids (Emsbo et al., 1999; Wood and Large,
2007) can lead to the elevation of gold and arsenic in seawa-
ter and subsequent capture by organic matter on the sea
floor. The synsedimentary gold concentrated in this manner,
becomes the source for later gold reconcentrated by meta-
morphic and/or hydrothermal processes during basin inver-
sion. Rather than gold being sourced from considerable
depth due to metamorphic devolatilization (Kerrich and
Fryer, 1979; Phillips et al., 1987) from the mantle (Perring
etal., 1987; Barley and Groves, 1990) or from deep magmas
(Burrows and Spooner, 1985; Goldfarb et al., 2004), we sug-
gest that the source of the gold is organic-rich black shales
and turbidites within the basin, below or lateral to the ore
deposits. During deformation, the gold is remobilized from
organics and diagenetic arsenian pyrite in the black shales to
become concentrated in structural sites such as saddle reefs,
breccia zones, and shear zones to form orogenic or Carlin-
style deposits.

LARGE ET AL.

Acknowledgments

Part of this research was undertaken in an AMIRA Inter-
national-Australian Research Council (AMIRA-ARC) project
(P923) on Trace Element Signatures of Sediment-Hosted
Gold Deposits. The sponsor companies, Barrick, Newcrest,
Newmont, St. Barbara, Perserverence, and Golden Gryphon
are thanked for their support and commitment to the project.
Bendigo Mining and Skygold Ventures are also thanked for
their support of research at Bendigo and Spanish Mountain.
Jean Cline, Artur Deditius, Larry Meinert, and an anonymous
reviewer are thanked for their very detailed and valuable
comments on the manuscript. This research was conducted
under the ARC Centre of Excellence funding program.

REFERENCES

Algeo, T.J., and Maynard, ].B., 2004, Trace-element behaviour and redox fa-
cies in core shales of Upper Pennsylvanian Kansas-type cyclothems: Chem-
ical Geology, v. 206, p. 289-318.

Bakken, B.M., Hochella, M.F., Jr, Marshall, A.F., and Turner A.M., 1989,
High resolution microscopy of gold in unoxidized ore from the Carlin mine,
Nevada: ECONOMIC GEOLOGY, v. 84, p. 171-179.

Barley, M.E., and Groves, D.I., 1990, Deciphering the tectonic evolution of
Archaean greenstone belts: the importance of contrasting histories to the
distribution of mineralization in the Yilgarn craton, Western Australia: Pre-
cambrian Research, v. 46, p. 2-20.

Benzaazoua, M., Marion, P., Robaut, F., and Pinto, A., 2007, Gold-bearing ar-
senopyrite and pyrite in refractory ores: Analytical refinements and new un-
derstanding of gold mineralogy: Mineralogical Magazine, v. 71, p. 122-142.

Burrows, D.R., and Spooner, E.T.C., 1985, Generation of an Archean HyO-
COs fluid enriched in Au, W and Mo by fractional crystallization in the
Mink Lake intrusion, NW Ontario [abs.]: Geological Society of America
Abstracts with Porgrams, v. 17, p. 536.

Butler, IB., and Rickard, D., 2000, Framboidal pyrite formation via the oxi-
dation of iron (II) monosulfide by hydrogen sulphide: Geochimica et Cos-
mochimica Acta, v. 64, p. 2665-2672.

Buyak, V.A., and Khmelevskaya, N.M., 1997, Sukhoy Log, one of the great-
est gold deposits in the world: Genesis, distribution patterns, prospecting
criteria, Vladivostok: Dalnauka, 156 p. (in Russian).

Cabri, L.J., Chryssoulis, S.L., Devilliers, J.P.R., Laflamme, J.H.G., and
Buseck, PR., 1989, The nature of invisible gold in arsenopyrite: Canadian
Mineralogist, v. 27, p. 352-362.

Chang, Z., Large, R.R., and Maslennikov, V., 2008, Sulfur iotopes in sedi-
ment-hosted orogenic gold deposits: Evidence for an early timing and a
seawater sulfur source: Geology, v. 2008, December issue, p. 971-974.

Chouinard, A., Paquette, J., and Williams-Jones, E., 2005, Crystallographic
controls on trace-element incorporation in auriferous pyrite from Pascua
epithermal high-sulfidation deposit, Chile-Argentina: Canadian Mineralo-
gist, v. 43, p. 951-963.

Cline, ].S., 2001, Timing of gold and arsenic sulfide mineral deposition at the
Getchell Carlin-type gold deposit, north central Nevada: ECoNomiC GEOL-
OGY, v. 96, p. 75-89.

Cline, ].S., Shields, D., Riciputi, L., Fayek, M., Copp, T.L., Muntean, J., and
Hofstra, A.H., 2003, Trace element and isotope microanalyses support a
deep ore fluid source at the Getchell Carlin-type gold deposit, northern
Nevada [abs.]: Geological Society of America Abstracts with Programs, v.
35, no. 6, p.358.

Cline, |.S., Hofstra, A., Munteau, J., Tosdal, D., and Hickey, K., 2005, Car-
lin-type gold deposits in Nevada: Critical geologic characteristics and viable
models: ECONOMIC GEOLOGY 100™ ANNIVERSARY VOLUME, p. 451-484.

Cook, N.J., and Chryssoulis, S.L., 1990, Concentrations of invisible gold in
the common sulfides: Canadian Mineralogist, v. 28, p. 1-16.

Coveney, R.M., 2000, Metalifferous shales and the role of organic matter,
with examples from China, Poland, and the United States: A review: Eco-
NOMIC GEOLOGY, v. 95, p. 251-280.

Coveney, R.M., and Martin, S.P., 1983, Molybdenum and other heavy metals
of the Mecca Quarry and Logan Quarry shales: ECONOMIC GEOLOGY, v. 78,
p. 132-149,

Cox, S.F., Sun, S.S., Etheridge, M.A., Wall, V.]., and Potter, T.F., 1995, Struc-
tural and geochemical controls on the development of turbidite-hosted



GOLD AND TRACE ELEMENT ZONATION IN PYRITE: OROGENIC AND CARLIN-STYLE DEPOSITS

gold quartz vein deposits, Wattle Gully mine, central Victoria, Australia:
Economic GEOLOGY, v. 90, p. 1722-1746.

Craig, J.R., Vokes, FM., and Solberg, T.N., 1998, Pyrite: Physical and chem-
ical textures: Mineralium Deposita, v. 34, p. 82-101.

Danyushevsky, L.V., Robinson P., Gilbert, S., Norman, M., Large, R., Mc-
Goldrick, P, and Shelley, ] M.G., A technique for routine quantitative
multi-element analysis of sulphide minerals by laser ablation ICP-MS:
Geochemistry: Exploration, Environment, Analysis (in press).

Deditius, A. P, Utsunomiya, S., Ewing, R.C., and Kesler, S.E., 2009,
Nanoscale “liquid” inclusions of As-Fe-S in arsenian pyrite: American Min-
eralogist, v. 94, p. 391-394.

Distler, V.V., Yudovskaya, M.A., Mitrofanov, G.L., Prokof’ev, V.Y., and Lish-
nevskiy, E.N., 2004, Geology, composition and genesis of the Sukhoi Log
noble metals deposit, Russia: Ore Geology Reviews, v. 24, p. 7-44.

Emsbo, P, Hutchinson, RW., Hosftra, A.H., Volk, J.A., Bettles, K.H.,
Baschuk, G.J., Collins, TM., Lauha, E.A., and Borhauer, ].L., 1997, Newly
discovered Devonian sedex-type base and precious metal mineralization,
northern Carlin Trend, Nevada: Society of Economic Geologists Guide-
book Series, v. 28, p. 109-118.

Emsbo, P, Hutchinson, RW., Hosftra, A.H., Volk, J.A., Bettles, K.H.,
Baschuk, G.J., and Johnson, C.A., 1999, Syngenetic Au on the Carlin
Trend: Implications for Carlin-type deposits: Geology, v. 27, p. 59-62.

Emsbo, P, Hofstra, A.H., Lauha, E.A., Griffin, G.L., and Hutchinson, R.W.,
2003, Origin of high-grade gold ore, source of ore fluid components, and
genesis of the Meikle and neighboring carlin-type deposits, northern Car-
lin Trend, Nevada: ECONOMIC GEOLOGY, v. 98, p.1069-1105.

Fleet, M.E., Maclean, PJ., and Barbier J., 1989, Oscillatory-zoned As-bear-
ing pyrite from strata-bound and stratiform gold deposits: An indicator of
ore fluid evolution: ECONOMIC GEOLOGY MONOGRAPH 6, p. 356-362.

Fleet, M.E., Chryssoulis, S.L., Maclean, PJ., Davidson, R., and Weisener,
G.G., 1993, Arsenian pyrite from gold deposits—Au and As distribution in-
vestigated by SIMS and EMP, and color staining and surface oxidation by
XPS and LIMS: Canadian Mineralogist, v. 31, p. 1-17.

Folk, R.L., 2005, Nannobacteria and the formation of framboidal pyrite: Tex-
tural evidence: Journal of Earth System Science, v. 114, p. 369-374.

Goldfarb, R.J., Ayuso, R., Miller, M.L., Ebert, S.W., Marsh, E.E., Petsel,
S.A., Miller, L.D., Bradley, D., Johnson, C., and McClelland, W., 2004, The
Late Cretaceous Donlin Creek deposit, southwestern Alaska—controls on
epithermal formation: ECoNOMIC GEOLOGY, v. 99, p. 642-671.

Griffin, W.L., Ashley, PM., Ryan, C.G., Sie, S.H., and Suter, G.F.,, 1991,
Pyrite geochemistry in the North Arm epithermal Ag-Au deposit, Queens-
land, Australia—a proton microprobe study: Canadian Mineralogist, v. 29,
p. 185-198.

Groves, D.I, Goldfarb R. J., Gebre-Mariam, M., Hagemann, S.G., and
Robert, F., 1998, Orogenic gold deposits: A proposed classification in the
context of their crustal distribution and relationship to other gold deposit
types: Ore Geology Reviews, v. 13, p. 7-27.

Groves, D L, Goldfarb, R.J., Knox-Robinson, C.M., Ojala, J., Gardoll, S., Yun,
G.Y., and Holyland, P., 2000, Late kinematic timing of orogenic gold deposits
and significance for computer-based exploration techniques with emphasis
on the Yilgarn Block, Western Australia: Ore Geology Reviews, v. 17, p.1-38.

Hagemann, S.G., and Cassidy, K.F., 2000, Archean orogenic lode gold de-
posits: Reviews in Economic Ceology, v.13, p. 9-68.

Heiligmann, M., Williams-Jones, A.E., and Clark, J.R., 2008, The role of sul-
fate-sulfide-oxide-silicate equilibria in the metamorphism of hydrothermal
alteration at the Hemlo gold deposit, Ontario: ECONOMIC GEOLOGY, v. 103,
p. 335-351.

Hofstra, A.H., and Cline, J.S., 2000, Characteristics and models for Carlin-
type gold deposits: Reviews in Economic Geology, v. 13, p. 162-221.

Huston, D.L., Sie, S.H., Suter, G.F., Cooke, D.C., and Both, R.A., 1995,
Trace elements in sulfide minerals from eastern Australian volcanic-hosted
massive sulfide deposits: Part 1. Proton microprobe analyses of pyrite, chal-
copyrite and sphalerite: EcoNomIC GEOLOGY, v. 90, p. 1167-1196.

Hutchinson, R.W., 1975, Lode gold deposits: the case for volcanogenic de-
rivation: Gold and Money Session and Gold Technical Session, 5%, Pacific
Northwest Metals and Minerals Conference, Portland, Oregon, Proceed-
ings, p. 64-105.

——1993, A multi-stage, multi-process genetic hypothesis for greenstone-
hosted gold lodes: Ore Geology Reviews, v. 8, p. 349-382.

Huyck, H.L.O., 1989, When is a metalliferous black shale, not a black shale?:
U.S Geological Survey Circular 1058, p. 42-36.

Johnston, M.K., and Ressel, M.W., 2004, Controversies on the origin of world-
class gold deposits, Part 1: Carlin-type gold deposits in Nevada-Carlin-type

667

and distal disseminated Au-Ag deposits: Related distal expressions of
Eocene intrusive centers in north-central Nevada: Society of Economic
Geologists Newsletter, v. 59, p. 12-14.

Kerrich, R., and Fryer, B.J., 1979, Archacan precious-metal hydrothermal
systems, Dome mine, Abitibi greenstone belt: II. REE and oxygen isotope
relations: Canadian Journal of Earth Sciences, v. 16, p. 440-458.

Kesler, S.E., Fortuna, |., Ye, Z., Alt, ].C., Core, D.P,, Zohar, P., Borhauer, J.,
and Chryssoulis, S., 2003, Evaluation of the role of sulfidation in deposition
of gold, Screamer section of the Betze-Post Carlin-type deposit, Nevada:
Economic GEoLOGY, v. 98, p.1137-1157.

Large, R.R., Maslennikov, V., Robert, F., Danyushevsky, L.V,, and Chang, Z.,
2007, Multistage sedimentary and metamorphic origin of pyrite and gold in
the giant Sukhoi Log deposit, Lena gold province, Russia: ECONOMIC GE-
OLOGY, v. 102, p. 1232-1267.

Li, X., Kwak, TA.P, and Brown, RW.,, 1998, Wall-rock alteration in the
Bendigo gold ore field, Victoria, Australia: Uses in exploration: Ore Geol-
ogy Reviews, v. 13, p. 381-406.

Longerich, H.P., Jackson, S.E., and Gunther, D., 1996, Laser ablation induc-
tively coupled plasma mass spectrometric transient signal data acquisition
and analyte concentration calculation: Journal Analytical Atomic Spec-
trometry, v. 11, p. 899-904.

Meffre, S., Large, R.R., Scott, R., Woodhead, J., Chang, Z., Gilbert, S.E.,
Danyushevsky, L.V., Maslennikov, V., and Hergt, J., 2008, Age and pyrite
Pb-isotopic composition of the giant Sukhoi Log sediment-hosted gold de-
posit, Russia: Geochimica et Cosmochimica Acta, v. 72, p. 2377-2391.

Morse, J.W.,, and Luther, G.W.,, 1999, Chemical influences on trace metal-
sulfide interactions in anoxic sediments: Geochimica et Cosmochimica
Acta, v. 63, p. 3372-3378.

Mumin, A.I., Fleet, M.E., and Chryssoulis, S.L., 1994, Gold mineralisation
in As-rich mesothermal gold ores of the Bogosu-Prestea mining district of
the Ashanti gold belt, Ghana: Remobalization of “invisible” gold: Mineral-
ium Deposita, v. 29, p. 445-460.

Panteleyev, A., Bailey, D.G., Bloodgood, M.A., and Hancock, K.D., 1996,
Geology and mineral deposits of the Quesnel River-Horsefly map area,
central Quesnel trough, British Columbia (NTS map sheets 93A/5, 6, 7, 11,
12, 13; 93B/9, 16; 93G/1; 93H/4): BC Ministry of Energy, Mines and Pe-
troleum Resources, Geological Survey Branch, Bulletin 97, 156 p.

Perring, C.S., Groves, D.I., and Ho, S.E., 1987, Constraints on the source of
auriferous fluids for Archaean gold deposits: Geology Department and Ex-
tension Service, University of Western Australia Publication, v. 11, p.
287-306.

Phillips, G.N., Groves, D.I., and Brown, 1]., 1987, Source requirements for
the Golden Mile, Kalgoolie: Significance to the metamorphic replacement
model for Archean gold deposits: Canadian Journal of Earth Sciences, v. 24,
p. 1642-1651.

Phillips, G.N., Hughes, M.]., Arne, D.C., Bierlein, F.P., Carey, S.P, Jackson,
T., and Willman, C.E., 2003, Gold—historical wealth, future potential: Ge-
ological Society of Australia Special Publication 23, p. 377-432.

Ramsay, W.R.H., Bierlein, F.P, Arne, D.C., and VandenBerg, A.T1.M., 1998,
Turbidite-hosted gold deposits of central Victoria, Australia: Their regional
setting, mineralising styles, and some genetic constraints: Ore Geology Re-
views, v.13, no.1-5, p.131-151.

Reich, M., Kesler, S.E., Utsunomiya, S., Palenik, C.S., Chryssoulis, S.L., and
Ewing, R., 2005, Solubility of gold in arsenian pyrite: Geochemica et Cos-
mochimica Acta, v. 69, p. 2781-2796.

Reimold, W.U., Przybylowicz, W.J., and Gibson, R.L., 2004, Quantitative major
and trace elemental mapping by PIXE of concretionary pyrite from the Wit-
watersrand Basin, South Africa: X-ray Spectrometry, v. 33, p. 189-203.

Rimmer, S.M., 2004, Geochemical paleoredox indicators in Devonian-Mis-
sissippian black shales, Central Appalachian basin, USA: Chemical Geol-
ogy, v. 206, p. 372-391.

Savage, K.S., Tingle, TN., O’Day, PA., Waychunas, G.A., and Bird, D.K.,
2000, Arsenic speciation in pyrite and secondary weathering phases,
Mother lode gold district Tuolumne County, California: Applied Geo-
chemistry, v. 15, p. 1219-1244.

Schaubs, PM., and Wilson, C.J.L., 2002, The relative roles of folding and
faulting in controlling gold mineralization along the Debora anticline,
Bendigo, Victoria, Australia: ECONOMIC GEOLOGY, v. 97, p. 351-370.

Schieber, J., 2002, Sedimentary pyrite: A window into the microbial past: Ge-
ology, v. 30, p. 531-534.

Scholz, F., and Neumann, T., 2007, Trace element diagenesis in pyrite-rich
sediments of the Achterwasser lagoon, SW Baltic Sea: Marine Chemistry,
v. 107, p. 516-532.



668

Scott, R.J., Large, R.R. and Bull, S., 2008, Controls on the formation of sul-
fide trace element signatures of sediment-hosted gold deposits: Final Re-
port and Data Compilation DVD, Hobart, CODES, University of Tasma-
nia, AMIRA P923.

Scott, R.J., Emsbo, P, Large, R.R., Harris, A., Bull, SW., Gilbert, S.E.,
Robinson, P., Danyushevsky, L.V. and Rae, A.J., 2009, Timing and charac-
ter of early gold enrichment on the northern Carlin Trend: Insights from
stratigraphic setting, paragenesis, and trace element composition of pyrite
in the Upper Mud Member, Devonian Popovich Formation: ECoONOMIC
GEOLOGY, v. 104, in press.

Seedorff, F., 1991, Magmatism, extension, and ore deposits of Eocene to
Holocene age in the Great Basin—mutual effects and preliminary genetic
relationships: Geology and Ore Deposits of the Great Basin Symposium,
Geological Society of Nevada, Reno, Nevada, Proceedings, p. 132-178.

Teal, L., and Jackson, M., 1997, Geologic overview of the Carlin Trend gold
deposits and descriptions of recent deep discoveries: SEG Newsletter 31,
p.l,12-25.

Thomas, D.E., 1953, Mineralisation and the relationship to the structure of
Victoria, in Edwards, A.B., ed., Geology of Australian ore deposits: Aus-
tralasian Institute of Mining and Metallurgy, p. 971-985.

Wagner, T., and Boyce, A.J., 2006, Pyrite metamorphism in the Devonian
Hunsruck Slate of Germany: Insights from laser microprobe sulfur isotope
analysis and thermodynamic modeling: American Journal of Science, v.
306, p. 525-552.

LARGE ET AL.

Wagner, T, Klemd, R., Wenzel, T., and Mattsson, B., 2007, Gold upgrading in
metamorphosed massive sulfide deposits: Direct evidence from laser-abla-
tion-inductively coupled plasma-mass spectrometry analysis of invisible
gold: Geology, v. 35, p. 775-778.

Wedepohl, K.H., 1995, The composition of the continental crust: Geochim-
ica et Cosmochimica Acta, v. 59, p. 1217-1232.

Wells, ].D., and Mullins, T.E., 1973, Gold-bearing arsenian pyrite deter-
mined by microprobe analysis, Cortez and Carlin gold mines, Nevada:
EcoNomic GEOLOGY, v. 68, p. 526-537.

Willman, C.E., 2007, Regional structural controls of gold mineralization,
Bendigo and Castlemaine goldfields, central Victoria, Australia: Mineral-
ium Deposita, v. 42, p. 449-463.

Wood, B.L., and Large R.R., 2007, Syngenetic gold in western Victoria: Oc-
currence, age and dimensions: Australian Journal of Earth Scences, v. 54,
p. 711-732.

Wood, B.L., and Popov, N.P., 2006, The giant Sukhoi Log deposit, Siberia:
Russian Geology and Geophysics, v. 47, p. 315-341.

Wood, S.A., 1996, The role of humic substances in the transport and fixation
of metals of economic interest (Au, Pt, Pd, U, V): Ore Geology Reviews, v.
11, p. 1-33.

Woodhead, ].D., Hellstrom, J., Hergt, ].M., Greig, A., and Mass, R., 2007,
Isotopic and elemental imaging of geological materials by laser ablation in-
ductively coupled plasma-mass spectrometry: Geostandards and Geoana-
lytical Research, v. 32, p. 331-343.



	University of Tasmania Open Access Repository
	Cover sheet

