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Abstract

Carlin-type gold deposits are one of the most important gold mineralization styles in the world. Despite their
economic importance and the large volume of work that has been published, there remain crucial questions
regarding their metallogenesis. Much of this uncertainty is due to the cryptic nature of the gold occurrence,
with gold occurring as dispersed nanoscale inclusions within host pyrite rims that formed on earlier formed bar-
ren pyrite cores. The small size of the gold inclusions has made determining their nature within the host sulfides
and the mechanisms by which they precipitated from the ore fluids particularly problematic.

This study combines high-resolution electron probe microanalysis (EPMA) with atom probe tomography
(APT) to constrain whether the gold occurs as nanospheres or is dispersed within the Carlin pyrites. APT offers
the unique capability of obtaining major, minor, trace, and isotopic chemical information at near-atomic spatial
resolution. We use this capability to investigate the atomic-scale distribution of trace elements within Carlin-
type pyrite rims, as well as the relative differences of sulfur isotopes within the rim and core of gold-hosting
pyrite.

We show that gold within a sample from the Turquoise Ridge deposit (Nevada) occurs within arsenian pyrite
overgrowth (rims) that formed on a pyrite core. Furthermore, this As-rich rim does not contain nanonuggets of
gold and instead contains dispersed lattice-bound Au within the pyrite crystal structure. The spatial correlation
of gold and arsenic within our samples is consistent with increased local arsenic concentrations that enhanced
the ability of arsenian pyrite to host dispersed gold (Kusebauch et al., 2019). We hypothesize that point defects
in the lattice induced by the addition of arsenic to the pyrite structure facilitate the dissemination of gold. The
lack of gold nanospheres in our study is consistent with previous work showing that dispersed gold in arsenian
pyrite can occur in concentrations up to ~1:200 (gold/arsenic). We also report a method for determining the
sulfur isotope ratios from atom probe data sets of pyrite (+As) that illustrates a relative change between the
pyrite core and its Au and arsenian pyrite rim. This spatial variation confirms that the observed pyrite core-rim
structure is due to two-stage growth involving a sedimentary or magmatic-hydrothermal core and hydrothermal
rim, as opposed to precipitation from an evolving hydrothermal fluid.

Introduction the host grain. Because the gold is dispersed at the nanoscale,

The Carlin-type gold deposits in Nevada make up one of the determining the structural location of the gold within the sul-
largest gold districts in the world (Cline et al., 2005). These fide a1.1d the mechanisms by Whlch it has been prec1p1tated
deposits contain an endowment of ~255 Moz (7,931 tonnes) from its source hydrothermal fluids has. be(?n particularly
of gold, of which 89% occurs in four main clusters of depos- prob.lematlc. The exact nature of Fhe' dlStFlbu‘thIl of the gold
its, including the Carlin trend, Getchell, Cortez, and Jerritt within the .host pyrl.te has substantial implications for the type
Canyon (Muntean, 2018). The deposits occur along north- of processing required to extract thg gold (La Brooy et .al.,
northwest to south-southeast trends in central Nevada and 1.994) and le.ads to a new understandmg of the Au precipita-
are characterized by cryptic gold mineralization in host car- tion mechanisms that r.nade.: these deposits. . .
bonate rocks (Fig. 1). Gold within Carlin-type gold deposit The processes that give rise to the presence of gold in pyrite
tends to occur as ubiquitous trace element- and Au-rich pyrite have been widely debated. It has been known for's'ome time
rims that formed on unmineralized pyrite cores (Palenik et al., (Wolthers et al., 2007; Barker et al., 2009; D?dltlus et .al.,
2004: Barker et al., 2009). 2014) that As and Au tfend to be c:olocated \fVlthHl the py.rlte,
The nature of the gold within the pyrite rims is important in but the causal mechanisms for this correlation lacked direct
determining the economic value of a deposit. Gold can either evidence (Fleet and Mumin, 1997; Reich and Becker, 2006).

occur as dispersed lattice-bound Au* throughout the host Reich et al. (2005) Suggested that'the ratio of Au to As in the
crystal structure or form spherical inclusions of Au® within host sulfide reflects variable solubility as the fluid evolves and

variable concentration ratios in the mineral’s crystal structure
(Deditius et al., 2014). Other authors have argued that it is the

{Corresponding author: e-mail, phillip.gopon@earth.ox.ac.uk precipitation rate, rather than eVOlVing As SOhlbiht}’, that plays
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Fig. 1. Overview map of Carlin-type gold deposits in Nevada, showing the main Carlin-type gold deposit trends and the
location of the Turquoise Ridge mine (shown in enlargement of boxed area in upper right). Inset map in lower left shows the
location of figure area within Nevada. Modified from Cline et al. (2005).

a dominant role in the Au distribution within pyrite (Foug-
erouse et al., 2016).

Alternatively, Simon et al. (1999) determined that signifi-
cant ionically bound Au* was present in ore pyrite at the Twin
Creeks deposit. This indicated that abundant Au* could be
adsorbed by arsenian pyrite from fluids that were not satu-
rated in Au. They further concluded that as much as 50% of
total Au in a deposit could be sourced from undersaturated
fluids. Kusebauch et al. (2019), in an experimental study,
determined that coupled partitioning of Au and As into pyrite
produced high-grade ore and large Carlin-type Au deposits.

A complete understanding of the formation mechanisms of
Carlin-type gold deposit, therefore, requires detailed knowl-
edge of the spatial relationships between Au and concomi-
tant trace elements. This detailed knowledge in turn requires

analytical techniques that possess both nanoscale spatial reso-
lution and the elemental sensitivity required to confidently
identify elemental correlations. To obtain elemental analyses
at micrometer and nanometer scales, we use a combination
of high-resolution electron probe microanalysis (EPMA) and
atom probe tomography (APT). Combined, these techniques
allow us to visualize the elemental distribution of gold and
its associated elements at the required scale and hence elu-
cidate the formation mechanism. High-resolution EPMA is
used to acquire elemental data of both the surrounding sili-
cate matrix and the hosting sulfide, with analytical volumes
of ~300 nm (Gopon et al., 2013). Unlike many other micro-
analytical techniques, EPMA offers high analytical spatial
resolution and fully quantified elemental analyses of all major
and minor elements with atomic mass greater than boron. In
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NANOSCALE INVESTIGATION OF CARLIN-TYPE GOLD

contrast, APT offers major to trace element data, and poten-
tially isotopic information in three dimensions. APT analytical
volumes are generally ~80 nm in width and ~200 nm in depth,
such that the absolute number of atoms measured is generally
below ~100 million (Gault et al., 2012). However, analysis of
the <5-um As/Au-rich pyrite rims in this study would have
been difficult with laser ablation or secondary ion techniques.
By combining these two complementary techniques, we can
determine the chemistry of Carlin-type gold deposit at hith-
erto unexplored scales and, in doing so, better understand the
controls on nanoparticle gold formation.

Geologic setting

Carlin-type gold deposits generally occur in a series of four
main northeast or northwest trends of districts in north-cen-
tral Nevada (Fig. 1). The deposits range in age from 42 to
34 Ma and coincide with the regional switch from a compres-
sional to an extensional setting. Mineralization is structurally
and stratigraphically controlled and disseminated in carbon-
ate host rocks (Muntean et al., 2011). The Carlin-type districts
in Nevada are thought to be associated with old reactivated
basement rift structures (Cline et al., 2005). Carlin-type gold
deposit have also been described in the Yukon Territory,
Canada (Pinet et al., 2016) and in Guizhou, China (Su et al.,
2009), although the China deposits appear to have formed
at somewhat greater depth and higher temperature than the
Nevada and Yukon deposits (Xie et al., 2018). The presence of
only three identified areas of Carlin-type gold mineralization
could be due either to the difficulty in finding disseminated
gold deposits in general or to the rare conditions required to
form these economically important gold deposits.

This study focuses on two representative Carlin-type gold
deposit samples from the Turquoise Ridge and the Cortez
Hills deposits in the Getchell and Battle Mountain trends,
respectively. The Getchell trend deposits strike northeast to
southwest in the Osgood Mountains of north-central Nevada
(Longo et al., 2009). The Turquoise Ridge deposit is located
in the northern portion of the Getchell trend ~50 miles north-
east of Winnemucca and is proximal to an igneous intrusion
and related W-Mo skarn deposits (Kirby and Riley deposits;
Cline and Hofstra, 2000) formed at ~90 Ma. The sample is
taken from a mudstone unit of the Ordovician Comus Forma-
tion, from the hanging wall of the Getchell fault (Longo et al.,
2009). The Cortez Hills deposit, a large, cone-shaped collapse
breccia, is located along the Battle Mountain-Eureka trend.
The sample is from the lower part of the breccia deposit in
the Devonian Roberts Mountains Formation (Maroun et al.,
2017). These samples were chosen because they were deemed
characteristic of the high-grade ore zones of these deposits.
The APT component of this study focuses on the representa-
tive sample (TU664) from the Turquoise Ridge mine.

Methods

Samples for analysis in this study were selected from drill
cores previously collected from the Turquoise Ridge and
Cortez Hills deposits (northern Nevada). Drill core was origi-
nally collected on transects from low- or no-grade into high-
grade ore to examine changes in host-rock mineralogy and ore
and gangue formation related to gold deposition (Longo et
al., 2009; Maroun et al., 2017). For this study, samples were
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prepared for EPMA by mounting in 25-mm cold-cure epoxy
rounds, sectioning, and polishing down to 1-um grit size with
an alumina suspension. Samples were then cleaned in a series
of ethanol and distilled water sonic baths, dried, and vacuum
evaporation coated with 20 nm of carbon.

The epoxy mounts were investigated using a number of dif-
ferent techniques. Scanning electron microscopy (SEM) and
energy dispersive spectroscopy (EDS) using a FEI Quanta
650 FEG SEM was used to get an overall sense of the abun-
dance and distribution of sulfides within the samples. A series
of background-corrected X-ray maps were acquired on 10
randomly selected pyrite grains (five from Cortez Hills and
five from Turquoise Ridge). These maps were acquired on a
CAMECA SX5-FE EPMA (in the Department of Earth Sci-
ence, University of Oxford) using a 25-keV and 200-nA elec-
tron beam. Because of the low abundance of gold in these
samples, all five wavelength dispersive spectrometers (WDS)
were calibrated on the Au peaks (La at 25 keV and Ma at
10 keV) and counts summed together. To improve the count-
ing statistics further, a relatively long dwell time of 0.1 s per
pixel was employed. One zoned grain from the Turquoise
Ridge sample (TU664-G2) was selected for further higher-
resolution mapping because of the stronger nature of the core/
rim zoning as well as evidence of oscillatory zoning present
within the rim. A further X-ray map was conducted at 10 keV
(60 nA 0.2 s dwell time) for improved spatial resolution.

For APT sample preparation, we follow the preparation
methods documented by Thompson et al. (2007). Three 2- X
20-um slices were taken from grain TU664-G2, using a Zeiss
NVision FEG SEM equipped with focused ion beam (FIB)
and a micromanipulator (Department of Materials, University
of Oxford). Two of the lift-outs (APT samples R1 and R2) were
targeted from the relatively Au rich rim of the grain to ensure
the maximum number of APT specimens with enriched Au.
The third lift-out (APT sample C1) was taken from the rela-
tively Au poor core so a core-rim comparison could be made.

Because APT requires a highly sharpened (<80-nm initial
tip radius), needle-shaped sample to be subjected to a very
high electric field while simultaneously exposed to a pulsed
laser, specimens often fracture prior to the collection of a sta-
tistically useful number of ions. Because geologic materials
are predominantly insulators, they are prone to {racturing in
the high electric field of the APT (Gopon et al., 2017). To
ensure that enough needle-shaped specimens were prepared
to get at least one successful APT analysis each from the core
and rim, 14 needle-shaped specimens (six from the core and
eight from the rim) were prepared from FIB lift-outs parallel
to the zoning.

APT analyses were conducted ona CAMECA LEAP 5000XR
(in the Department of Materials, University of Oxford) in
laser pulsing mode with a 355-nm laser. By iterating succes-
sive APT runs, we settled on a two-stage analytical routine to
maximize analytical runtime and minimize sample tip failures.
The analytical conditions were initiated at a specimen tem-
perature of 50 K, 125-kHz laser pulse rate, 80-p] laser energy,
and 1% detection rate. In order to avoid wraparound and to
ensure that the mass spectrum range exceeded 200 Dalton
(Da) (Au* is at 197 Da), a combination of low pulse frequency
and low laser energy was required for analysis. It was, how-
ever, challenging to align the laser to the sample using a low
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laser pulse energy due to the reduced contribution of the laser
to the evaporation process, which results in smaller changes
in detection rate as a function of laser alignment. Therefore, a
higher pulse laser energy of 80 p] was used to align the laser
to the sample, with the laser energy subsequently lowered to
40 pJ for the duration of the analysis.

Out of the 14 prepared APT specimens, three of the analy-
ses were successful: two from the rim and one from the core.
The successful analysis from the core region was stopped once
a data set of 20 million ions was acquired, while in the two
analyses from the rim the specimen fractured at 5 million and
4 million ions, respectively. The APT analyses from sample
TUG664-G2 will hereafter be referred to as rim analyses 1 and
2 (R1, R2) and core analysis 1 (C1).

Reconstructions of the APT data sets were conducted in
the CAMECA IVAS software package (v 3.6). Protocols for
mass to charge state ratio peak identification and ranging were
based on Fougerouse et al. (2016). All peaks with a height
greater than twice that of the background level were identified
and ranged (App. Table Al). The resulting mass spectra from
the core and the rim included peaks comprising polyatomic
ions (for instance, S, S3, AsS). To determine the validity of
our APT mass spectra element selection, EPMA measure-
ments of the sample’s sulfides were used to justify these ele-
ment choices (App. Fig. Al). Local elemental concentrations
were then applied to the reconstructed data using the 3Depict
software (Haley, 2018).

Sulfur isotope contents were also investigated with APT.
Because of isobaric interferences on the main sulfur peaks
(Ni** on S* at 32 Da; Ge™ on S*at 36 Da; S3* on all S* at 32,
33, 34, and 36 Da), these were determined from a combination
of the S3 and AsS* peaks. The rim contains enough As to give
substantial AsS peaks, which have no mass to charge state ratio
overlaps, to derive 34S/2S ratios. However, because the core
contains only trace amounts of As, there are no significant AsS
peaks to derive 34S/32S ratios. The relative isotopic difference
between the core and rim can, however, be derived by utilizing
the S3 peaks that exhibit no isobaric interferences. To achieve
this, a spectral deconvolution algorithm was used to obtain the
345/52§ and 338/%2S ratios from the S3 mass spectra as follows.
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First, the integrated area under each peak of interest is
obtained from the APT data set. Peaks are analyzed at 325325
64, 32S33S 65, 335335, and 325345 66, 33534S 67, and 34S34S 68 Da.
The Ss peak at 65 Da is corrected for a minor interference with
Cu based on the natural abundance of Cu and the amount
measured as the %Cu isotope using the equation

S65 cnts
= total 65 cnts — ([total 63 ents X 30.85]/69.15). (1)

Second, an optimization routine was used to find the set of
values for 32§, 33§, 345, 36§ that best reproduces the observed
values for peaks at 64, 65, 66, 67, and 68 Da. This optimiza-
tion routine is performed as a grid search, in which the values
of 32§, 33§, 34§, 36S are systematically changed, and the cor-
responding values for 64, 65, 66, 67, and 68 Da are calculated
for each combination of § isotopes. In calculating the values
of 64, 65, 66, 67, and 68 Da, all combinations of S isotopes
are considered equally probable (e.g., 33 is considered just
as likely as 32534S, and both contribute to 66 Da). We define
the best-fit combination as the one that minimizes the sum of
squared residuals between the observed values and measured
values of 64, 65, 66, 67, and 68 Da (Fig. 2).

An internal check on the validity of the deconvolution at
the Ss peaks is provided by the data sets that contain As,
which independently provide a 3!S/%2S ratio. A thorough
check of the influence of changing the ranging of the S
peaks was undertaken and compared to the S isotope results
from the AsS peaks. Once an area of the peak larger than
full width three-quarters of the maximum was ranged, the
S isotope ratios determined from our program only changed
by 0.02%. Based on this assessment a fixed bin width larger
than the peak width was used and applied to all data sets
(62.84-63.09; 63.68-64.68; 64.74-65.14; 65.68-66.56;
66.76-67.11; 67.74-68.18).

A full determination of the uncertainty of our measure-
ment requires incorporating the full instrumental uncertainty
estimates into our deconvolution script, which is beyond the
scope of the current work. We do note that our signal to noise
ratio is greater than 10:1 (App. Fig. Al), which is the thresh-
old at which previous work deemed the uncertainty from the

25
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Fig. 2. 3-D plot of the misfit between the data and answer generated in the deconvolution script of the 32, 335, and 36S peaks
normalized to 3*S for data set R1. Colder colors (blue) correspond to lower misfit, and warmer colors (red) to a high misfit.
The solution of the algorithm is the intersection of the three misfit planes.
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peak to background measurement to be negligible (Daly et
al., 2018). The uncertainty in our deconvolution algorithm is
similarly low, with a 95% confidence interval of ~0.3% for the
345/328 ratio. A further test of the uncertainty in our deconvo-
lution was provided by the simulation of pyrite mass spectra
using the MATLab script presented in London (2019). We
simulated a series of atom probe mass spectra with variable
input S isotope ratios and assessed the simulated spectrum
with the above-described Sz deconvolution algorithm. Our
deconvolution script is able to generate the starting 345/52S
ratio to within 0.8% for all simulated spectra. A further con-
sideration is the uncertainty added by the deconvolution of
the 65 peak, which is accomplished by assuming natural isoto-
pic abundance for Cu. Removal of the Cu deconvolution step
only modifies the calculated S isotope ratio by 3%, as any real

Cortez Hills
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change in Cu isotopes will be small and will have a negligible
effect on the resulting 34S/%2S ratio.

Results
EPMA results

Figure 3 shows the results of a select number of X-ray maps
(conducted at 25 keV) from the Turquoise Ridge (TU664) and
Cortez Hills (CHUE-019) deposits. As evident in these images,
there is a correlation between arsenic abundance and the pres-
ence of gold. All but two grains mapped show at least two
distinctive regions (core and rim), with core being relatively
devoid of gold and arsenic, while the rim is comparatively rich
in arsenic and gold. All of the maps from the Turquoise Ridge
sample showed some evidence of oscillatory zoning in the rim,

Turquoise Ridge
1

Au

Fig. 3. EPMA X-ray maps for As showing the five grains from Cortez Hills (top) and Turquoise Ridge (bottom). Turquoise

Ridge grain 2 was chosen for the following APT investigation.
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while the Cortez Hills samples do not show evidence for oscil-
latory zoning in the rim, or the zoning is too fine to be seen
by EPMA. Turquoise Ridge grains 2 and 4 showed the best
examples of submicron-scale concentric oscillatory zoning.

Oscillatory zoning in arsenian pyrite,
surrounding As/Au-poor core

The oscillatory zoning is of particular interest, as it suggests
either pulsed fluid flow and/or variable physicochemical con-
ditions of metal precipitation, presumably over a relatively
abbreviated time span. In order to resolve which mechanism
was dominant, a second set of higher-resolution maps was
acquired (at 10 keV) for the same grains. Figure 4 shows the
higher-resolution maps for grain TU664-G2, showing the sub-
micron oscillatory zoning present in the rim. There appears to
be at least nine distinct As zones in the rim of grain TU664-G2
compared to only two Au zones over the same rim interval
(Fig. 4). It should be noted that at 10 keV the gold X-ray yield
is low, and we may not have the signal required to see zon-
ing. However, when comparing the 25-keV As and Au maps
(where we have more signal) there does not seem to be a 1:1
correlation between As-rich areas and high Au. This does not
seem to be the case when looking at the S versus As maps
(Fig. 4), where a significant anticorrelation seems to be pres-
ent. It also appears that the first few increments (labeled as
7,8, and 9 on Fig. 4b, c) of arsenian pyrite crystal growth in
the rim contained an appreciable amount of gold (~200 ppm
from APT).

The core of the grain, while not as intricately zoned as the
rim, does show at least three distinct zones. The interior is
devoid of As and is surrounded by a region slightly enriched in
As, with an outer As-absent region that borders the As-rich rim.

APT results

Three out of the 14 APT needle-shaped specimens that were
prepared from TU664-G2 generated successful APT data sets
(Fig. 5). Two of the smaller data sets (R1, R2) were obtained
from the gold-rich rims, and the largest data set (C2) came
from the core of the pyrite grain (Fig. 4). APT confirms that
the core of pyrite grain TU664-G2 is devoid of gold as well as
arsenic. The data sets R1 and R2 came from gold-rich bands
directly adjacent to the core. The core of TU664-G2 is pure
pyrite with no detectable arsenic, gold, potassium, or mercury.
The rim of this grain contains ~200 ppm gold and >5 at. %
arsenic (Fig. 5). The rim is also noteworthy, because it con-
tains a notable suite of trace elements, including potassium
(60 ppm; detected using the K* peaks) and mercury (80 ppm;
detected using the Hg* peaks). The average maximum back-
ground level for the three data sets is ~40 counts; this trans-
lates to a detection limit of ~3 ppm.

The trace elemental signature of the rim is much more com-
plex than the core (Fig. 4) and contains appreciable amounts
of arsenic, gold, potassium, and mercury. However, in our
sample there was no obvious atomic clustering and a near-
est neighbour analysis (conducted with the IVAS software)
found no statistical evidence for gold clustering in either the
core or the rim of this particular grain. Previous studies have
reported nanospheres of gold within arsenian pyrite (Palenik
et al., 2004; Reich et al., 2005), so the absence of such Au
nanospheres in our samples is noteworthy.

GOPON ET AL.

Figure 6 shows the distribution of relative local concentra-
tions for a radius of 2.5 nm surrounding each individual gold
ion in the APT reconstruction (blue). To enable interpretation,
a complementary data set was generated by randomizing the
spatial distribution of all elements in the original APT recon-
structions, and the local concentration analysis was reapplied
(red). The Y axis shows the number of Au ions that contain a
given relative concentration of As. Relative concentration is
defined as the ratio As/(Fe + As). The distribution for the real
data is broader with more regions of higher concentrations
compared to the randomized data set. These statistics indicate
that there is a higher arsenic concentration surrounding each
gold ion compared to the bulk (randomized data set).

The results of our S isotope study corroborate the differ-
ences in trace elements noted between the core and rim
and show a 0.0057 shift (12.8%) in 345/32S between the core
(0.0503) and rim (0.0446) (Fig. 5).

Discussion

Major elemental zoning

Of particular note is the presence of weakly zoned core and
markedly oscillatory zoned rims in terms of As and Au con-
tents. This zonation reveals that the pyrite core and rim could
have formed in at least two, and up to 12, discrete increments.
Oscillatory zoning in pyrite has been noted by Wu et al. (2019)
to be caused by diffusion-limited self-organization of a single
continuous fluid pulse, and we cannot rule out this mecha-
nism as the cause of our zoning.

The rim of the pyrite core is enriched in As and Au, as well
as other fluid mobile trace elements (Fig. 5); the presence of
K as a trace element reflects the possible presence of a saline
fluid. The lack of As and Au in the core does not point as
strongly to a fluid source—or at the very least not a sulfur- or
gold-carrying fluid. This leaves us with a number of alterna-
tives for the source of the Aw/As-poor core of the grain; it
could be interpreted as sedimentary, diagenetic, magmatic-
hydrothermal, or hydrothermal. The sample TU664 was
obtained from a laminated tuffaceous mudstone unit inter-
bedded with limestones (Longo et al., 2009), suggesting the
pyrite is sedimentary in origin and grew during diagenesis in
reduced pockets of the mudstone. Although we favor a dia-
genetic origin for the pyrite cores, the presence of a region
of increased As (zone 11, Fig. 4) is problematic, as sedimen-
tary pyrite typically contains low trace element concentrations
(Seal, 2006; Gregory et al., 2015). Magmatic-hydrothermal
pyrite can show zoning if the fluid composition changes over
time. It is possible that the increased As in zone 11 of the
core is related to an earlier pulse of fluid migration, related
to the same intrusion that formed the nearby 90 Ma W-Mo
Kirby and Riley skarn deposits (Cline and Hofstra, 2000). Our
current EPMA and APT data cannot further discriminate the
source of the pyrite core, and the origin of this generation of
pyrite in Carlin-type gold deposits remains enigmatic; how-
ever, the geologic evidence can place further constraints.

Evidence from trace elements

In comparison to the core, the rim is highly enriched in As,
and the presence of Hg and K (which is often associated with
saline hydrothermal fluids) indicates a hydrothermal origin
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for the rim of the grain—an origin likely to have been differ-
ent from that of the cores. At least nine chemically distinct
submicron zones are present within the rim, suggesting rela-
tively short-lived pulses of hydrothermal fluids rather than
a single, long-lived one. The absence of fluid-mobile trace
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Fig. 4. Backscattered electron image (a), a linear As/Au profile (b), and EPMA X-ray intensity maps (c-f) from sample TU664
grain 2. Note the improvement in spatial resolution in the 10-keV versus 25-keV map. The 10-keV As map shows the transect
line shown in (b) and outlines the approximately nine oscillatory zones in the As pyrite rim. Black bars on top left image are
the regions that were lifted out by FIB-SEM and prepared for APT, and the approximate locations of APT samples C1, R1,
and R2 are marked.
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elements, especially As, Au, Hg, and K, in the core as com-
pared to their presence in the rim, either attests to significant
changes in fluid composition between core and rim deposi-
tion or suggests that the core is magmatic-hydrothermal or
sedimentary in origin and is not related to the ore-forming
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Fig. 5. APT reconstructions of R1, R2, and C1 showing only the As and Au ions. The table shows chemistry and 34S/32S ratios
determined from the atom probe data sets, using the AsS peaks (labeled AsS) and the deconvolution algorithm on the S2

peaks (labeled S2).

process. Although the low levels of core-hosted trace ele-
ments do not allow us to positively identify the pyrite’s
formation mechanism, the order of abundance of trace met-
als in the core (Ni > Zn > Co > Cu > Sn > Au > Pb) does
not match with sedimentary pyrite (Gregory et al., 2015).
Field relationships might suggest a magmatic-hydrothermal
source linked to nearby W-Mo skarn mineralization (Cline
and Hofstra, 2000); however, both of these links are tenu-
ous. For this reason, we examined S isotopes, which helps
us further discriminate the source of the core of the pyrite.

Evidence from sulfur isotopes

The S isotopes derived from the APT data sets are limited
due to the relatively low counting statistics inherent in APT,
as well as the interferences on the main S peaks. Our decon-
volution method for the Ss peaks eliminates the interference
issue. Our samples were not run against standards and there-
fore cannot be used to determine absolute d34S numbers. We
acknowledge the absolute uncertainty of our measurements
and seek only to present relative differences between the core
and rim. Moreover, the AsS peaks present in the rim pyrite
provide an independent method to measure the 345/32S ratio
(Fig. 5). This 345/%2S ratio measured at the AsS peaks is similar

to that measured at the Sy peak, which validates our deconvo-
lution algorithm and suggests that the 12.8% relative differ-
ence in 345/32S between the core and the rim reflects different
S sources for the different parts of the pyrite.

The 345/32S ratios in the pyrite core are significantly heavier
than the rim, which is inconsistent with formation by an evolv-
ing fluid. Moreover, this pattern of heavier core versus rim
is the same as that found via nanoscale secondary ion mass
spectrometry (nanoSIMS) by Barker et al. (2009) from simi-
lar samples from the Turquoise Ridge and Banshee Carlin-
type gold deposit mines, supporting our isotopic findings. It
should be reiterated that we are only reporting relative dif-
ferences in 34S/32S between the core and rim. Further work is
required before this relative difference in 3S/32S can be used
to constrain whether the 434S of the core fits with a magmatic-
hydrothermal or sedimentary pyrite source.

Implications of lack of gold nanospheres

The initial aim of this study was to investigate nanoscale gold
clustering, so the lack of clustering within the arsenic-rich
pyrite rim is noteworthy. We acknowledge that the lack of
evidence for clusters does not necessarily prove its absence,
but according to Palenik et al. (2004) we should have seen at
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Fig. 6. Local concentration surrounding each Au ion, for data set R1 (a) and
R2 (b). Y axis shows the number of Au ions that contain a given relative con-
centration of As. Relative concentrations given as concentrations As/(Fe +
As).

least some gold nanoclusters within a ~50-nm area. We have
sampled a region twice that large and have seen no evidence
of gold nanoclusters. Our APT analyses of As content of pyrite
rims is in keeping with the values reported by laser ablation-
inductively coupled plasma-mass spectrometry by Large et al.
(2011) and those in Appendix Table Al. Our gold values are,
however, higher (10-170 ppm vs. our 178-268 ppm), which
we attribute to the variability in the sulfide’s gold content at
the spatial resolution of the laser ablation technique used
(>10 um). The nanoscale resolution afforded by the APT tech-
nique allows the analysis of representative samples of both the
host’s core and the host’s rim. This allows us to observe sig-
nificant changes in the elemental concentration across these
regions, which reflects the processes by which arsenian pyrite
was formed and the gold concentrated within it.

The manner in which the gold occurs within arsenian pyrite
is important for the recovery process of gold from these
phases, and it is therefore important to understand why it
occurs in different ways. Fougerouse et al. (2018) argue that
the distribution of Au within arsenopyrite is controlled by the
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rate of crystallization, i.e., the faster the crystallization rate the
less likely nanoclusters are to form. Reich et al. (2005), on the
other hand, suggest that a ratio of gold to arsenic within arse-
nian pyrite determines the point at which nanoclusters should
start forming (Fig. 7). Arsenic-free systems also reduce Au* to
Au®, so more Au' is available in an As-rich system to be incor-
porated in the lattice (Kusebauch et al., 2019). Since arsenian
pyrite has a pyrite and not arsenopyrite crystal structure, the
presence of arsenic will generate lattice defects. In this case,
then, Au* is hosted as diffuse atoms within the small lattice
defects. However, at the stage where the gold content of the
crystal exceeds the 1:200 Au/As ratio, there is more Au® versus
Au* available, and there are fewer lattice defects available to
host gold, so gold will form Au® nanonuggets.

The Au/As ratios of the samples measured in this study
(Fig. 7) are just below the threshold predicted by Reich et
al. (2005) at which nanoclusters should begin to form. The
combined chemical and 3-D information of the APT data
set means that this is strong evidence that the Au/As ratio
indeed controls the nanoscale distribution of gold in pyrite.
Because we do not have an estimate of the growth rate of
the Au-rich rim of the pyrite, we cannot totally dismiss the
possibility that rapid growth rate (Fougerouse et al., 2016)
was responsible for the lack of nanoclusters in the rim. How-
ever, the crystallographic differences between arsenopyrite
(monoclinic) and arsenian pyrite (cubic) means that caution
should be taken when drawing comparisons in their poten-
tial gold-hosting mechanisms.

Arsenic and gold colocalization

As shown in Figure 3, there is a relationship between
gold and arsenic within the data sets that contain appre-
ciable arsenic and gold. Where gold ions occur, there is an
increased concentration of arsenic surrounding them (Fig.
6). This is of note, since it has previously been observed
by Reich et al. (2005) and Deditius et al. (2014) that there
seems to be a ratio of Au/As (~1:200; Fig. 7) below which
gold is dispersed throughout the crystal structure and above
which gold forms nanonuggets. Furthermore, Fleet and
Mumin (1997) hypothesized that Au solid solution in pyrite
could be accommodated by a combination of vacancies in
nearest neighbor cation sites and fixed by soft Lewis bases
(AsS, Asz). Our nanotextural evidence not only supports
Reich’s assertion that it is the ratio of Au/As that controls
gold nanoparticle formation but also validates the mecha-
nism hypothesized by Fleet and Mumin.

Arsenian pyrite’s crystal structure is broadly that of pyrite
(cubic) and not that of arsenopyrite (monoclinic). Arsenic in
arsenian pyrite generally occurs as an anion (As!-) and substi-
tutes for S. It follows that the presence of arsenic replacing
S results in the breaking of S-S bonds and will result in point
defects and local charge within the crystal structure, which
may accommodate Au (Fleet and Mumin, 1997). Thus, the
more arsenic locally present, the greater the defect density
surrounding the arsenic and, hence, the more gold that may
be accommodated within these As-rich regions and dispersed
throughout the arsenian pyrite crystal. While atom probe data
does not give true crystallographic information, the data in
Figure 6 combined with the findings of Reich et al. (2005)
suggest that for roughly every 200 arsenic ions there can be
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edge structure.

up to one gold ion accommodated within the defects gener-
ated. At yet higher local Aw/As concentrations, however, the
Au concentration is in excess of the available vacancy sites,
such that the formation of Au nanoparticles becomes ener-
getically favorable.

Conclusion

Although understanding the nanoscale nature of Carlin type
gold mineralization has been fraught with difficulties, by visu-
alizing the distribution of gold within pyrite at the micro- and
nanoscales we can place additional constraints on the forma-
tion processes that led to this world-class gold district.

EPMA microanalysis reveals that, at the Turquoise Ridge
deposit, the gold was deposited and formed from either nine
discreet pulses of arsenic-rich fluids or a single pulse of an
evolving As-rich fluid. The initial pyrite cores, which acted
as substrates for the arsenian pyrite gold host, were sourced
from a barren fluid related to either sedimentary or mag-
matic-hydrothermal processes. Trace elements from EPMA
and APT suggest that this arsenic-rich, gold-bearing fluid was
saline and contained appreciable amounts of potassium.

APT shows that gold is absent in the core of the pyrite and
in this deposit does not form nanoclusters of gold in the rim
but is dispersed, with a local atomic Auw/As ratio at or below
1:200. This supports the argument of Reich et al. (2005) that
an important control on the distribution of gold within arse-
nian pyrite is the ratio of Aw/As (Fig. 7). Furthermore, our Aw/
As colocalization data (Fig. 6) suggest that the defects gener-
ated by the arsenic within the pyrite crystal structure are likely
the reason a given amount of gold can be accommodated

within the crystal without the need to form nanoparticles. We
do not have an estimate of pyrite growth rate so cannot dis-
miss growth rate (Fougerouse et al., 2016) as a control on Au
distribution.

Sulfur isotopes and trace elements are both significantly
different in the core and the rim, with the 34S/32S ratios in
the core of the pyrite 12.8% heavier than the rim. Although
further work is required to better constrain the relative 34S/32S
and to determine the 6%S of the gold-bearing rims to see if
they have a magmatic or sedimentary signature, the presence
of trace element enrichments, sulfur isotope compositions,
and field-based relationships suggests hydrothermal deposi-
tion of arsenian pyrite around existing sedimentary or hydro-
thermal-magmatic pyrite cores.
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