
Introduction
Gold is visible in most types of Au deposits as micrometer-
sized grains of native Au or Au-Ag alloys (Goldfarb et al., 
2005; Law and Phillips, 2005; Simmons, 2005). However, in 
Carlin-type Au deposits, which account for ~8% of annual 
worldwide Au production (Frimmel, 2008), Au is predomi-
nantly incorporated in arsenian pyrite and almost always in-
visible under the optical microscope and the scanning elec-
tron microscope (SEM) (Cline and Hofstra, 2000; Cline et 
al., 2005; Reich et al., 2005; Barker et al., 2009; Muntean 
et al., 2011; Su et al., 2018; Xie et al., 2018b), although, Au 
nanoparticles and even visible native Au have been observed 
in a few Carlin-type Au deposits (Bakken et al., 1989; Ho-
chella, Jr., et al., 1998; Palenik et al., 2004; Deditius et al., 
2011; Su et al., 2008, 2012). Knowledge of the deposition and 
evolution of invisible Au is the key to a better understanding 
of the genesis of these massive deposits.

Since Carlin-type Au deposits were recognized as a new 
deposit type in the 1980s, numerous analytical methods have 

been used to investigate the chemical state of invisible Au. 
Several studies using X-ray photoelectron spectroscopy (XPS) 
(Fleet et al., 1993; Li et al., 1995; Maddox et al., 1998), X-ray 
absorption near edge structure (XANES) (Simon et al., 1999a; 
Cabri et al., 2000), and X-ray absorption fine structure (EX-
AFS) (Simon et al., 1999b) indicate that invisible Au most likely 
exists as both Au1+ and Au0 in arsenian pyrite, with Au1+ being 
dominant. These analyses further infer that Au1+ is structurally 
bound in a solid solution. Bakken et al. (1989) and Hochella, 
Jr., et al. (1998) used transmission electron microscope (TEM) 
to identify a few isolated Au nanoparticles in samples from the 
Nevada Carlin deposit. These particles were associated with 
pyrite, quartz, cinnabar, and illite. In addition, Palenik et al. 
(2004) observed large concentrations of Au nanoparticles in 
a high-grade arsenian pyrite sample from the Nevada Betze-
Post deposit using a high-resolution TEM, which led them 
to suggest that Au0 is present in significant abundance within 
nanoparticles in pyrite. However, because traditional TEM 
sample preparation techniques such as the tripod polishing or 
Argon ion milling method fail to prepare a site-specific TEM 
foil, the precise geochemistry of the TEM foil being analyzed 
was unknown, yielding problems in TEM data interpreta-
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Abstract
A significant characteristic distinguishing Carlin-type Au deposits from other Au deposits is the abundance 
of invisible Au in arsenian pyrite. Gold occurs primarily as ionic Au1+ in arsenian pyrite and is unstable 
during subsequent thermal events. In this study, we used the focused ion beam combined with scanning 
electron microscope (FIB-SEM) techniques, and a transmission electron microscope (TEM) to examine 
invisible Au and how it evolved through later geologic events that eventually led to the formation of Au 
nanoparticles. FIB-SEM techniques were used to prepare site-specific TEM foils from four Carlin-type 
gold deposits, including Getchell and Cortez Hills, Nevada, USA, and Shuiyindong and Jinfeng, Guizhou 
Province, China. These samples were analyzed to quantify ore pyrite chemistry and evaluate textures at the  
nanometer scale.

In 17 examined TEM foils, we observed widespread Au-rich domains in high-grade Au arsenian pyrites from 
the Getchell and Cortez Hills Au deposits and the Jinfeng deposit but only 10 Au-bearing nanoparticles, ~10 
to 20 nm in diameter. The Au-rich domains exhibit Au (Sb), (Tl), (Hg), and (Cu) peaks in the energy dispersive 
X-ray (EDX) spectrum without the presence of recognizable nanoparticles. This confirms that Au is invisible 
even at a nanometer scale and is most likely present in the crystal structure of arsenian pyrite. Stacking faults 
and nanometer-sized fluid inclusions were commonly observed in Au-bearing arsenian pyrite from the four 
deposits, implying rapid crystallization. Moreover, unlike the coarsely crystalline arsenian pyrite from Guizhou 
Carlin-type Au deposits, arsenian pyrite from Carlin-type deposits in Nevada consists of fine-grained poly-
crystalline aggregates, further implying rapid crystallization. Additionally, curved dislocations were commonly 
pinned by solid inclusions, reflecting a former annealing process.

Combining nanoscale textures with geologic information previously reported for Carlin-type deposits, invis-
ible ionic Au was initially incorporated into the crystal structure of arsenian pyrite during rapid precipitation. 
Subsequent post-ore magmatic events in both districts initiated the annealing of the ionic Au-bearing arsenian 
pyrite, leading to the redistribution of trace elements and formation of Au-bearing nanoparticles in the arsenian 
pyrite. The presence of predominantly ionically bonded Au in arsenian pyrite confirms that ore fluids were not 
saturated in Au when Au-bearing arsenian pyrite formed, as previously reported for Carlin-type deposits. Ionic 
Au that was scavenged from an undersaturated ore fluid and incorporated into the arsenian pyrite crystal struc-
ture formed the giant Carlin-type Au deposits.
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tion. Reich et al. (2005) and Deditius et al. (2014) compiled 
the Au and As contents of Au-bearing pyrite from numerous 
hydrothermal Au deposits, and these components plot in a 
wedge-shaped zone with an upper compositional limit de-
fined by the line: CAu = (0.02) (CAs) + 4 · 10–5. Combining this 
function with TEM observations, they predicted that Au in a 
solid solution is dominant in arsenian pyrite in Carlin-type Au 
deposits. Moreover, Gopon et al. (2019) recently used atom 
probe tomography to investigate the atomic-scale distribu-
tion of trace elements in a sample from the Turquoise Ridge 
Carlin-type deposit in the Getchell, Nevada, district. They did 
not observe Au nanonuggets and instead observed dispersed 
Au, which led them to suggest that Au occurs as diffuse atoms 
within arsenian pyrite. Furthermore, Reich et al. (2006), in an 
experimental study, directly observed small Au nanoparticles 
(~4 nm) that had begun to coarsen into larger particles above 
~370°C and determined that Au nanoparticle would coarsen 
by Ostwald ripening. Metal remobilization in host minerals in 
response to post-ore metamorphism was also demonstrated by 
the observation of nanoparticle coarsening at a chromite de-
posit (González-Jiménez et al., 2015). In summary, previous 
studies determined that the invisible Au of Carlin-type depos-
its largely occurs as ionic Au1+ in arsenian pyrite, although Au 
nanoparticles were occasionally observed, and indicated that 
Au nanoparticles became unstable and coarsened during later 
thermal treatments.

Transmission electron microscopy allows us to observe mi-
crostructure and analyze the chemical composition of phases 
at the nanometer scale. Recent advances in TEM sample 
preparation techniques, especially the focused ion beam 
(FIB) combined with SEM, allow us to prepare a site-specific 
TEM foil from sample volumes in which the Au concentration 
has been precisely quantified by electron probe microanaly-
sis (EPMA), laser ablation-inductively coupled plasma-mass 
spectrometry (LA-ICP-MS), or secondary ion mass spec-
trometry (SIMS) (Wirth, 2004; Wirth et al., 2009). This com-
bination of SEM, FIB, and TEM techniques provides in situ 
chemical and microstructure analyses from the micrometer to 
the nanometer scale.

In this study, we utilized SEM-FIB techniques to pre-
pare site-specific TEM foils. We present chemistry and mi-
crostructure data from four classic Carlin-type Au deposits, 
including two from the United States and two from China. 
Widespread Au-rich domains without Au nanoparticles were 
identified within Au-bearing arsenian pyrite at a nanometer 
scale, suggesting that invisible ionic Au in the studied Carlin-
type deposits is most likely dominant in the arsenian pyrite 
crystal structure. A few Au-bearing nanoparticles in arsenian 
pyrite were observed. Nanoscale textures combined with geo-
logic information suggest that these Au nanoparticles evolved 
from ionic Au in the arsenian pyrite during an annealing pro-
cess associated with magmatic thermal events sometime after 
deposit formation.

Geologic Background

Key characteristics of Carlin-type deposits

The vast majority of Nevada Carlin-type Au deposits occur in 
four areas, including the Carlin, Cortez, and Getchell trends, 
and the Jerritt Canyon district (Hofstra and Cline, 2000; Cline 

et al., 2005; Muntean, 2018). These deposits remarkably share 
features that include the following:

1. Ore deposits are controlled by old, reactivated basement 
rift structures, and occur in clusters or are aligned along 
with these structures (Hofstra and Cline, 2000; Cline et al., 
2005; Muntean et al., 2011; Muntean, 2018). 

2. Orebodies are preferentially hosted by carbonate-bearing 
rocks and controlled by faults associated with a regional 
thrust (Cline et al., 2005; Muntean, 2018). 

3. Au mineralization formed in response to water-rock reac-
tion and was followed by post-ore orpiment, realgar, and 
lesser stibnite and calcite precipitation in open space as the 
system cooled and collapsed (Hofstra et al., 1991; Cline, 
2001; Cline et al., 2005; Muntean et al., 2011). 

4. The majority of Au is invisible and in arsenian pyrite, which 
is formed by sulfidation of Fe-bearing carbonate host rock 
(Muntean, 2018; Kusebauch et al., 2019). In addition to 
Au, the arsenian pyrite is enriched in Hg, Tl, Cu (Te), and 
Sb, with low to absent Ag and base metals (Simon et al., 
1999b; Kesler et al., 2003; Reich et al., 2005; Barker et al., 
2009; Maroun et al., 2017). 

5. Hydrothermal alteration associated with auriferous pyrite 
precipitation includes both dissolution and silicification of 
carbonate minerals, and argillization of silicate minerals 
in the host rocks to form vuggy open space/jasperoid and 
clay minerals, respectively (Hofstra and Cline, 2000; Cail 
and Cline, 2001; Cline, 2001; Cline et al., 2005; Muntean, 
2018). 

6. The deposits generally formed at depths of less than ~3 km  
and at temperatures of 180° to 240°C, from moderately 
acidic (pH ≤5), reduced, and non-boiling fluids (Cline and 
Hofstra, 2000; Hofstra and Cline, 2000; Cline, 2001; Lub-
ben et al., 2012). 

7. The deposits formed from ~42 to 34 Ma, coincident with 
a southwest-trending magmatic event. Subsequent to Au 
deposition, explosive bimodal volcanism accompanied 
basin extension and faulting in the Great Basin, with some 
volcanism within or near the Au deposits (Hofstra and 
Cline, 2000; Cline et al., 2005; Ressel and Henry, 2006; 
Muntean et al., 2011). 

Guizhou Carlin-type Au deposits share many character-
istics with Nevada deposits, including tectonic setting, Au 
mineralization controlled by lithology and structure, invis-
ible Au in arsenian pyrite, ore-stage minerals including 
quartz and illite, and late ore-stage sulfosalt minerals (Cline 
et al., 2013; Su et al., 2018; Xie et al., 2018a). Significantly, 
Guizhou ore pyrite rims are different from Nevada rims. 
The Guizhou rims are texturally identical to the pyrite cores 
and are not visible under a petrographic microscope. The 
pyrites are commonly subhedral to euhedral and contain sig-
nificantly less Au, As, Hg, Tl, Cu, and Sb than Nevada ore 
pyrite (Xie et al., 2018a).

Another similarity is the occurrence of magmatism accom-
panying basin extension subsequent to Au mineralization, with 
some of the magmatism spatially related to Au deposits, al-
though extension and magmatism in the Youjiang Basin, China, 
were much weaker compared with the Great Basin, USA (Xie 
et al., 2018a). Despite the similarities, Guizhou deposits formed 
at higher pressure, temperature, and pH conditions compared 
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with Nevada deposits, which resulted in less intense decar-
bonatization, silicification, and argillization (Xie et al., 2018a).

In this study, we focus on the Getchell and Cortez Hills 
deposits in Nevada, USA, and the Shuiyindong and Jinfeng 
deposits in Guizhou Province, China. The two Nevada de-
posits have characteristics typical of Nevada Carlin-type de-
posits described above. The stratabound Shuiyindong deposit 
is the largest Carlin-type Au deposit in China, with proven 
and probable Au reserves of 294 tonnes (t). The Jinfeng de-
posit is a typical fault-controlled Carlin-type deposit, with Au 
resources of 109 t. These two deposits are representative of 
Guizhou Carlin-type deposits (Xie et al., 2018a).

Sample selection and descriptions

Prior to TEM foil preparation, we quantified pyrite chemistry 
using EPMA and LA-ICP-MS (Xie et al., 2018a, 2018b) and 
then selected medium- and high-grade Au areas (82–5,318 
ppm Au) for TEM analysis. Seventeen site-specific TEM foils 
from the four deposits were prepared (Table A1). Appendix 
Figures A1, A2, and A3 show the precise locations of the 
TEM foils in arsenian pyrites.

Briefly, Au-bearing arsenian pyrite from Guizhou depos-
its typically forms 1- to 30-μm-thick rims on pre-ore pyrites 
(Fig. 1A) or occurs as individual pyrite crystals with high re-
lief, bright reflectivity, and a good polish (Fig. 1A; Figs. A1, 
A2A-C). This pyrite does not display the low relief and fuzzy 
texture typical of Au-bearing arsenian pyrite from Nevada de-
posits (Fig. 1B; Figs. A3A, B).

Arsenian pyrite from Guizhou deposits contains < ~130 ppm  
(EPMA detection limit) to 2,180 ppm Au, ~0.4 to 8.3 wt % 
As, ~316 to 3,190 ppm Cu, ~32 to 2,130 ppm Sb, <~56 ppm 
(EPMA detection limit) to 1,232 ppm Hg, <~4 ppm (LA-ICP-
MS detection limit) to 690 ppm Tl, and ~21 to 50 ppm Pb 
(Tables A2, A3). In contrast, arsenian pyrite from Nevada con-
tains higher concentrations of these elements: 1,350 to 5,318 
ppm Au, ~1.5 to 10.6 wt % As, ~2,134 to 15,754 ppm Cu, ~284 
to 7,617 ppm Sb, ~908 to 5,134 ppm Hg, ~9,290 to 37,378 
ppm Tl, and ~94 to 665 ppm Pb (Appendix Tables A2, A3). 
Note that although arsenian pyrites from both Guizhou and 
Nevada are enriched in these elements, no visible particles of 

these elements were observed using optical microscopy and 
SEM analyses in this study. Gold and As concentrations in the 
ore-stage arsenian pyrite from the four deposits all plot below 
the solubility limit defined by Reich et al. (2005) (Fig. 2).

Methods

Site-specific TEM foil preparation

The FIB technique combined with SEM imaging was used for 
site-specific TEM foil preparation at the Institute of Geochem-
istry, Chinese Academy of Sciences (IGCAS), and the German 
Research Centre for Geosciences (GFZ). Figure 3 shows the 
steps in the preparation of a site-specific TEM foil. First, we 
select medium- and high-grade sample sites for the site-spe-
cific TEM foil (Fig. 3A). We then cut TEM foil from the target 
area using FIB (Fig. 3B), removed the foil from its excavation 
site (Fig. 3B, C), and mounted the foil on the Cu- or Mo-grid 
(Fig. 3D). Commonly, the Mo-grid was used so that we could 
track changes in the Cu content of our samples. A typical foil 
has a dimension of ~12 × 10 × ~0.06 μm (Fig. 3D).

TEM analysis

The FEI Tecnai G2 F20 TEMs at the IGCAS, GFZ, and 
Nanjing University (NJU) were used for measuring pyrite 
chemistry and microstructure investigation at the nanometer 
scale. Both TEMs are equipped with a field emission gun as 
an electron source, a Gatan imaging filter GIFTM, an EDAX 
X-ray analyzer (at IGCAS), or OXFORD X-MaxN (at NJU) 
with an ultrathin window and a Fischione high-angle annu-
lar dark-field (HAADF) detector. The HAADF images were 
acquired using a camera length of 75 mm, which avoids col-
lecting Bragg scattered electrons. Bright-field, dark-field, and 
high-resolution TEM images were acquired as energy-filtered 
images, applying a 20-eV window to the zero-loss peak of 
the electron energy loss spectrum. Energy dispersive X-ray 
(EDX) analysis was performed with the TEM in scanning 
transmission (STEM) mode. The foil was tilted ~15° toward 
the detector prior to analytical electron microscopy data ac-
quisition. The acquisition time was 120 to 240 seconds. Low 
GaK and GaL X-ray intensities in the spectra are due to Ga 

Fig. 1. Backscattered electron (BSE) images showing Au-bearing arsenian pyrite rimming pre-ore pyrite at Jinfeng, China (A) 
and Getchell, USA (B). A. Gold-bearing arsenian pyrite from the Jinfeng deposit exhibits narrow, bright oscillatory As-rich 
sub-bands. B. Getchell Au-bearing arsenian pyrite has irregular fuzzy rims. Py = pyrite.
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Fig. 2. The plot of Au-As EPMA analyses of ore-stage arsenian pyrite from Guizhou Shuiyindong and Jinfeng deposits, and 
Nevada Getchell and Cortez Hills deposits (log-scale, in mol %, the data sources are listed in Table A2). All analyses plot 
below the solubility limit, after Reich et al. (2005).

Fig. 3. Process of site-specific TEM foil preparation. (A) First, select the target area for TEM foil (marked with Line a-a′), (B) 
then cut the target area, (C) remove the foil from its excavation site, and (D) mount it onto the Mo-grid.
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ion implantation during TEM foil preparation. The detection 
limit of EDX for Au is ~0.08 at % (~0.2 wt %) according to 
Wirth et al. (2013).

Results

Gold-rich domains in arsenian pyrites

Nanoscale Au-rich domains were observed in high-grade ar-
senian pyrites from Getchell and Cortez Hills, Nevada, and 
Jinfeng, China (Table 1). These domains are characterized by a 
weak AuL line at 9.7 keV in the EDX spectrum (Fig. 4B), and 
no nanoparticles have been observed at the nanometer scale 
in the HAADF image (Fig. 4A). In addition to Au, the domain 
occasionally contains detectable Sb, Tl, Hg, and Cu. Com-
monly, the Au-rich domains exhibit no significant difference 
in appearance from the matrix where Au is below the EDX 
detection limit, ~0.2 wt %, in HAADF imaging (Fig. 4C).

In the Getchell pyrite sample, an Au-rich domain larger 
than 34 μm2 is indicated by up to 16 EDX spot analyses across 
high-grade (~5,318 ppm Au) arsenian pyrite. The EDX spec-
trum shows peaks for Au, Sb, Tl, and Hg but shows no visible 
nanoparticles at the location of the analysis (Fig. 4A, B; Table 
1). In the Cortez Hills high-grade arsenian pyrite (~1,990 
ppm Au), the Au-rich domain is a porous band with an area 
of ~0.06 μm2 (Fig. A4A; Table 1). In this arsenian pyrite, the 
Au-rich domain is slightly brighter in the HAADF image than 
the matrix in which Au is below the EDX detection limit. The 
increased brightness might be a result of a higher concentra-
tion of As in this Au-rich domain.

High-grade Jinfeng arsenian pyrite contains up to 2,180 
ppm Au and has an Au-rich domain larger than 0.16 μm2 
(right half side of Fig. 4C; Table 1) where both Au and Sb 
are detectable by EDX analyses. Gold-rich domains were not 
identified in the Shuiyindong arsenian pyrite and the Jinfeng 
medium-grade arsenian pyrite because Au concentrations 
were below the EDX detection limit.

Nanoparticles of Au-bearing and sulfophilic elements

Ten Au-bearing nanoparticles in arsenian pyrite were identi-
fied in 17 TEM foils from the four deposits (Table 2). These 
Au-bearing nanoparticles have a darker contrast in the bright 
field (BF) image (Fig. 5A) and a brighter contrast in the 
HAADF image (Fig. 5B) compared to the arsenian pyrite 
matrix. Two Au-bearing nanoparticles displaying character-
istic AuL X-ray intensity (9.7 keV) and without distinguish-
able peaks of other elements, suggesting they are Au-only 
nanoparticles, were identified in Shuiyindong high-grade ar-
senian pyrite (~1,960 ppm Au). One particle, ~10 nm in di-
ameter (Fig. 5A), is spherical, and the other nanoparticle, ~15 
nm in diameter, is anhedral. Other Au-bearing nanoparticles 
in arsenian pyrite have a diameter of ~10 to 20 nm and ex-
hibit AuL peaks and also peaks of Sn (Shuiyindong), Sb-Hg 

(Jinfeng), Sb-(Tl)-(Hg) (Getchell), and Tl-(Sb)-(Cu) (Cortez 
Hills) in the EDX spectrum (Table 2). The Au concentration 
of the surrounding matrix at the four studied deposits is below 
the EDX detection limit.

Minor sulfophilic-element nanoparticles with Au below 
detection were also identified in arsenian pyrite from the 
four deposits (Table A4). They are commonly 10 to 50 nm 
in diameter, locally up to 100 nm in diameter, and anhedral 
in shape. Among these nanoparticles Cu-, Sb-, Pb-, and Hg-
bearing nanoparticles are the most common. This is consis-
tent with high concentrations of these elements in arsenian 
pyrite from EPMA measurements (Table A2) and/or LA-
ICP-MS (Table A3). Thallium-Cu-(Hg)-(S) nanoparticles 
occur only in arsenian pyrite from Nevada deposits possibly 
because of relatively higher Tl, Cu, and Hg concentrations 
(Tables A2, A3).

Crystallization and crystal defects in arsenian pyrite

Arsenian pyrite from Guizhou deposits is coarsely crystal-
line and exhibits oscillatory As zoning parallel to the growth 
surface (Fig. 1A; Fig. A4D). In contrast, arsenian pyrite from 
Nevada deposits exhibits a fine-grained polycrystalline ag-
gregate, and individual microcrystals have widths of ~50 
to 250 nm and lengths of ~1 to 1.5 μm (Fig. 6B). Arsenian 
pyrite rims at Getchell consist of two zones (Fig. 6A) with 
the outer zone exhibiting an irregular, fuzzy crystal surface  
(Fig. 6A).

Dislocations are common in the Au-bearing arsenian py-
rite, especially in a sample from the Jinfeng deposit. The dis-
location lines are ~100 to 200 nm in length, and are curved, 
with trace element-rich nanoparticles at the turning site (Fig. 
7D). These trace element-bearing nanoparticles have pinned 
the dislocations during their movement by dislocation climb, 
which is a thermally activated process and suggests annealing 
at an elevated temperature during post-ore events.

Stacking faults occur as thin narrow platelike features in 
TEM BF and HAADF images (Fig. 7A-D). Note how the 
stacking fault (Fig. 7B) offsets microtextures visible in Fig-
ure 7A. Streaks in fast Fourier transform (FFT) diffraction 
patterns from HRTEM images further confirm the stacking 
faults (Fig. 7B). These faults have a width of ~3 to 8 nm 
and lengths of ~500 to 1,000 nm and are typically parallel to 
the (100) or (200) lattice planes of the arsenian pyrite (Fig. 
7B-C). The stacking faults are commonly terminated by 
fluid inclusions (Fig. 7A). Some amorphous nanoparticles, 
such as a Pb-S nanoparticle, are hosted in the stacking faults  
(Fig. 7C).

Nanometer-sized fluid inclusions (~50 nm in diameter) are 
commonly observed, especially in Jinfeng high-grade arsenian 
pyrite. Fluid inclusions are darker than the arsenian pyrite ma-
trix in HAADF images (right half of Fig. 4C). Some fluid inclu-
sions are elongated, with the long axis parallel to the stacking 

Table 1. Gold-Rich Domain in Arsenian Pyrite Confirmed by TEM-EDS Analysis

Deposit Foil number Gold-rich domain Area (μm2) Note
Jinfeng HDDS-0154B-767A Au-(Sb) > 0.06 The boundary was not defined
Getchell GZ-16-14-A1 Au-Sb-Tl-Hg ~34 The entire area of arsenian pyrite in this foil con-

tains Au above the detection limit of EDX
Cortez Hills DC-215-1423A Au ~0.16 The Au-rich domain is a porous band
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fault (Fig. A4B). Locally, the fluid inclusions contain Pb-Ni-
Cu-(Zn)-(Sb)-(Bi)-(Hg)-(Sn)-(S) nanoparticles (Fig. A4C).

Discussion
Although a few Au-bearing nanoparticles were observed, 
widespread Au-rich domains of high-grade Au arsenian pyrites 
indicate that nearly all Au in arsenian pyrite is invisible even at 
a nanometer scale. We suggest that invisible Au was primar-
ily incorporated into the crystal structure of arsenian pyrite, 
although the presence of some near atomic-scale clusters of 
Au0 cannot be completely ruled out. This is consistent with 
the plotting of Au and As concentrations in the arsenian pyrite 
(Fig. 2), which also suggests that Au is present in a solid solu-
tion. Additionally, our TEM observations are consistent with 
previous studies using Mössbauer spectroscopy (Friedl et al., 
1995; Genkin et al., 1998), EXAFS (Simon et al., 1999a), and 
XPS techniques (Maddox et al., 1998), which infer that most 
invisible Au in the Guizhou and Nevada Carlin-type deposits 
is incorporated in the arsenian pyrite crystal structure as Au1+. 
Furthermore, our TEM results suggest that Au-rich domains 

in arsenian pyrite are heterogeneously distributed at a nano-
meter scale. This variability of Au in pyrite could have been 
caused by locally variable Au concentrations in the ore fluid 
when the Au-bearing arsenian pyrite precipitated.

Table 2. Gold and Au-Bearing Nanoparticles in Arsenian Pyrite  
Confirmed by TEM-EDS Analysis

Deposit Foil number Nanoparticle
Size  

(diameter, nm)
Shuiyindong SYD17-2-7 Au-Sn-(S) ~10

Au ~10
Au ~15

Jinfeng HDDS-0154B-767A Au-Sb-Hg-(S) ~10
Au-Sb-Hg-(S) ~20

Getchell GZ-16-14-A1 Au-Sb-Tl-Hg-(S) ~20
Au-Sb-(S) ~20

Cortez Hills DC-215-1423B Au-Tl-(S) ~10
Au-Cu-Sb-Tl-(S) ~10

Au-Tl-(S) ~10

Note that owing to abundant S in the pyrite matrix, S abundance in the 
nanoparticle is uncertain

Fig. 5. An Au nanoparticle in arsenian pyrite from the Shuiyindong deposit (A) and Au-bearing nanoparticle in arsenian pyrite 
from the Cortez Hills deposit (B, C). A. Bright field (BF) image shows an Au nanoparticle (dark spot) in arsenian pyrite. B. 
A high-angle annular dark-field (HAADF) image shows an Au-Sb-Tl-Cu-(S) nanoparticle, which is documented by peaks in 
the energy-dispersive X-ray spectroscopy (EDX) spectrum (C). The white circle and red rectangle in images A and B, respec-
tively, indicate the spot size of EDX analyses. Abbreviations: NP = nanoparticle.
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Initial occurrence of invisible Au in arsenian pyrite

Growth stacking faults and nanometer-sized fluid inclusions 
are common in arsenian pyrite of the four deposits, especially 
in pyrite from the Jinfeng deposit, suggesting that arsenian 
pyrite is formed by rapid crystallization (Hannay and Girifal-
co, 1975). Additionally, unlike the China Carlin-type deposits, 
arsenian pyrite in the Nevada deposits is polycrystalline, and 
the individual microcrystals are not equant (Fig. 6B), further 
implying rapid crystallization (Hobbs et al., 1981; Drury and 
Urai, 1990). Thus, it is concluded that ore-stage arsenian py-
rites in Guizhou and Nevada Carlin-type deposits formed 
during rapid crystallization.

Trace element incorporation into a mineral is, under equi-
librium conditions, controlled by the element’s partition coef-
ficient (Kusebauch et al., 2018, 2019). Rapid crystallization 
indicates a nonequilibrium reaction between the mineral and 
the hydrothermal fluid and generally a nonequilibrium parti-
tion coefficient is larger than an equilibrium partition coeffi-
cient (Xu, 2000). In addition, several studies have demonstrat-
ed that a high As concentration in pyrite would significantly 
enhance the Au partition coefficient and promote Au parti-
tioning into the pyrite (Reich et al., 2005; Chen et al., 2013; 
Kusebauch et al., 2019; Xing et al., 2019). Hence, more Au 
and trace elements would be incorporated into arsenian pyrite 
during rapid nonequilibrium crystallization.

In Carlin-type hydrothermal systems, Au is principally 
transported as or Au(HS)0 in more acidic fluids (Seward, 
1973; Stefánsson and Seward, 2004; Williams-Jones et al., 
2009; Liu et al., 2014) and the Au-HS complexes were ad-
sorbed onto the growing arsenian pyrite surface, which has 
a small negative charge (Widler and Seward, 2002). Two 
key characteristics of Carlin-type mineralization, including 
ore formation from water-rock interaction and a lack of evi-
dence for ore fluid boiling (Cline and Hofstra, 2000; Hofs-
tra and Cline, 2000; Cline et al., 2005; Su et al., 2009, 2018), 
are consistent with Au concentrations in the ore fluid below 

saturation when pyrite precipitated. This is in agreement with 
a recent thermodynamic modelling and experimental study 
by Kusebauch et al. (2019), which also indicates that the ore 
fluid was undersaturated concerning native Au. Gold was 
most likely adsorbed onto the pyrite crystal structure from an 
undersaturated fluid. The experimental study (Kusebauch et 
al., 2019) and density functional theory calculations (Chen et 
al., 2013, 2014) suggest that Au was readily incorporated into 
interstitial lattice sites or at S–2 vacancy sites of arsenian py-
rite where As substituted for S (Cook and Chryssoulis, 1990; 
Simon et al., 1999a; Savage et al., 2000). Our TEM analyses 
of Au-rich domains in arsenian pyrite and the rarity of Au-
bearing nanoparticles are consistent with the presence of Au 
in the crystal structure of the arsenian pyrite as the primary 
state of Au in Carlin-type Au deposits, and this ionic Au most 
likely occurs as Au1+(Simon et al., 1999a).

Formation of the Au-bearing nanoparticles

There are two possible scenarios for the origin of Au-bearing 
nanoparticles in Carlin-type ore deposits: (1) the Au concen-
tration at the pyrite growth surface locally exceeded the Au 
solubility limit during arsenian pyrite crystallization, resulting 
in the crystallization of an Au particle, which was subsequent-
ly enclosed by the growing pyrite; or (2) the Au (and other 
heavy elements) in the metastable arsenian pyrite were redis-
tributed during later geological events (Palenik et al., 2004; 
Reich et al., 2005; Deditius et al., 2011).

If the first mechanism for the formation of Au-bearing 
nanoparticles is correct, nanoparticles more likely would have 
formed in Au-rich domains. However, this is not what we ob-
serve. Additionally, the plotting of Au and As concentrations 
confirms an absence of Au nanoparticles (Fig. 2), which sug-
gests that the ore fluid was undersaturated with respect to na-
tive Au (Reich et al., 2005; Deditius et al., 2011). This is con-
sistent with a lack of geological or microstructural evidence 
showing Au saturation in the ore fluids.

Fig. 6. High-angle annular dark-field (HAADF) image (A) and bright-field (BF) image (B) showing textures of Au-bearing 
arsenian pyrite from Getchell. A. The arsenian pyrite consists of two microcrystalline bands, with boundary indicated by the 
dashed line; the outer band exhibits an irregular fuzzy edge. The white spots on the image (arrows) are dust contamination 
during foil storage. B. The BF image shows the inner band consists of a polycrystalline aggregate, and the individual micro-
crystals are not equant. Selected area diffraction pattern (SADP) indicates that the crystals in the yellow cycle have strong 
preferred orientation relationships. They are slightly misoriented, which is documented by the smeared out strong reflections 
of pyrite. Abbreviations: Aspy = arsenopyrite, Py = pyrite, Qz = quartz.
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Our results favor the second mechanism of formation of Au-
bearing nanoparticles that involves Au redistribution in Au-
rich metastable arsenian pyrite due to annealing. An experi-
mental study by Reich et al. (2006) determined that heating 
would lead to remobilization of invisible Au and formation and 
coarsening of Au nanoparticles. This interpretation is further 
supported by demonstrated coarsening of mantle Ru-Os-Ir 
nanoparticles interpreted as related to later thermal metamor-
phism (González-Jiménez et al., 2015). The annealing process 
resulted from a heating treatment during which crystalline 
materials lower their free energy by reducing defects in the 
crystal structure (Hummel, 2004; Shackelford, 2016).

Generally, dislocations form during deformation, but they 
also form during crystal growth as growth defects (Putnis, 
1992; Hirth and Kubin, 2010). To reduce the free energy of 
the crystal, the dislocations will migrate into grain or phase 
boundaries or crystal surfaces during later thermal annealing 
by dislocation climb (Hobbs et al., 1981; Vukmanovic et al., 
2014; Shackelford, 2016; Dubosq et al., 2018). Such a process 

could have been recorded by ore-stage pyrite. In our observa-
tion, dislocations are curved and commonly pinned by solid 
inclusions. This suggests that dislocations were mobile during 
dislocation climb, which is a thermally activated process and 
indicates annealing (Putnis, 1992; Pettifor, 1996; Panigrahi 
and Jayaganthan, 2010; Hull and Bacon, 2011). During the 
recovery stage of the annealing, the migrating dislocations 
concentrate heavy elements such as Au and other sulfophilic 
elements at grain boundaries (Hobbs et al., 1981; Vukmanovic 
et al., 2014; Shackelford, 2016; Dubosq et al., 2018). During 
later recrystallization, while annealing at higher temperatures, 
arsenian pyrite recrystallized to equant polycrystals,  and the 
migrating grain boundaries acted as a sink for heavy elements 
and commonly formed nanoparticles (Smith, 1964; Lawrence, 
1972; McClay and Ellis, 1983; Yoon et al., 2002; Panigrahi and 
Jayaganthan, 2010; Dubosq et al., 2018). 

In general, two possibilities—including later magmatic-
thermal and compressive tectonic-thermal events—provide 
heat-initiating thermal annealing of pyrite. In both Nevada 

Fig. 7. Microstructures of Au-bearing arsenian pyrite from the Jinfeng deposit. A. A bright-field (BF) image shows stacking 
faults that highlight planar defects and associated fluid inclusions in Au-bearing arsenian pyrite. The endpoint of the stacking 
fault is usually decorated by a fluid inclusion. B. A high-resolution transmission electron microscopy (HRTEM) image shows 
a stacking fault parallel to the (100) plane of arsenian pyrite. The inserted image is the fast Fourier transform (FFT) image 
from the white rectangular area. FFT was indexed as arsenian pyrite. C. An HRTEM image shows a stacking fault parallel 
to the (200) plane of arsenian pyrite and an amorphous nanoparticle in the stacking fault. The FFT image from area 2 (FFT 
2) shows streaking of the diffraction spots caused by the very thin plane of the stacking fault. The FFT from area 1 (FFT 1) 
indicates crystalline pyrite. D. A BF image shows dislocations and stacking faults in Au-bearing pyrite. Some dislocations that 
bend around a nanoparticle are highlighted by white dashed lines. NP = nanoparticle.
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and Guizhou districts, there are no compressive tectonic 
events subsequent to Au mineralization (Hofstra and Cline, 
2000; Cline et al., 2005; Xie et al., 2018a). Additionally, the 
pyrites in both districts did not record any textures related 
to post-ore tectonism, such as pressure shadow and brittle 
deformation structures. Thus, we do not favor a compressive 
tectonic-thermal model. Instead, post-ore magmatism, some 
associated with basin extension, did occur within or near the 
four studied deposits. For example, post-ore bimodal volca-
nism (~15 Ma) occurred 3 to 4 km from the Cortez Hills de-
posit (Arbonies et al., 2011), and ~41 Ma post-ore rhyolite and 
dacite lavas and tuffs crop out within ~6 km of the Getchell 
deposit (Ressel and Henry, 2006). Post-ore alkaline ultramafic 
dikes (88 –85 Ma) are present ~20 km from the Shuiyindong 
and Jinfeng deposits (Liu et al., 2010). Additionally, Huang 
et al. (2019) identified evidence for a post-ore thermal event 
of ~88 Ma corresponding to alkaline ultramafic magmatism 
at the Shuiyindong deposit using zircon fission-track analyses. 
The temperature of this thermal event is estimated as ~170° 
to 200°C, approximately equal to the sealing temperature of 
zircon fission-tracks. This heat would have initiated annealing 
of arsenian pyrite because of the abundant low melting-point 
chalcophile elements such as Hg, Sb, Te, and Bi in arsenian 
pyrite that would have depressed its melting temperature to 
below 300°C (Tomkins et al., 2004, 2007) and lowered the 
initial annealing temperature to below 200°C, about one-half 
to two-thirds of the initial melting temperature (Lawrence, 
1972; Shackelford, 2016). For the two Nevada deposits, Mio-
cene dikes occur near Cortez Hills, and ~41 Ma lavas are 
present near the Getchell deposit. Thus, magmatism could 
have triggered arsenian pyrite annealing.

Based on the described geology, we propose that the post-
ore Late Cretaceous magmatism in the Youjiang Basin, Chi-
na, and Eocene and Miocene magmatism in the Great Basin, 
USA, provided the heat that initiated arsenian pyrite anneal-
ing in the Guizhou and Nevada deposits, respectively. The ob-
served Au-bearing nanoparticles in this and previous studies 
may have formed during the annealing process.

Conclusions and Implications
This study identified widespread, Au-rich domains in high-
grade Au arsenian pyrites from the Getchell and Cortez Hills 
deposits in Nevada, and the Jingfeng deposit in Guizhou, 
and confirms that invisible Au was initially and principally in-
corporated into the crystal structure of arsenian pyrite dur-
ing rapid crystallization (Reich et al., 2005; Kusebauch et al., 
2018, 2019; Muntean, 2018). Post-ore thermal events related 
to post-ore magmatism in both Nevada and Guizhou Carlin-
type districts-initiated annealing of ionic Au-bearing arsenian 
pyrite. This led to a redistribution of trace elements and ulti-
mately the formation of Au-bearing nanoparticles in arsenian 
pyrite. We infer that the closer the post-ore magmatism was 
to the Au deposits, the more Au-bearing nanoparticles will 
be observed because a higher temperature would more likely 
have led to greater recrystallization of arsenian pyrite and for-
mation of Au-bearing nanoparticles.

The presence of original ionic Au in arsenian pyrite confirms 
that Carlin-type ore fluids were not saturated in Au when Au-
bearing arsenian pyrite formed. If Au saturation was required, 
only Au in excess of the Au solubility limit would have pre-

cipitated, with potentially significant Au remaining in the ore 
fluids. Alternatively, Au deposition from undersaturated ore 
fluids resulted in the transfer of a tremendous amount of Au 
from the ore fluid to arsenian pyrite. Even though ore fluids 
were not highly enriched in Au, giant Carlin-type Au deposits 
formed because of the efficient mechanism of Au deposition. 
We support a model in which Au scavenging by arsenian py-
rite and adsorption into the pyrite crystal structure from an 
undersaturated fluid is the key mechanism for the formation 
of giant Carlin-type Au deposits.
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