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ARTICLE INFO ABSTRACT

Keywords: The metal source and ore precipitation mechanism of orogenic gold mineralization are not yet well understood,
Orogenic gold deposit partly because ore metals may be derived from different sources. Pyrite is a dominant Au-hosting mineral in the
Pyrite

Ashawayi orogenic gold deposit in the southwestern Tianshan orogen, western China. Petrographic features of
pyrite in host rocks and orebodies define four generations: diagenetic preore (Py1), hydrothermal early-ore
(Py2), main-ore (Py3), and late-ore (Py4) pyrites.

Trace element abundances were analyzed in situ by femtosecond laser ablation inductively coupled plasma
mass spectrometry (fs-LA-ICP-MS) to unravel the pyrite formation history. Preore Pyl contains the lowest Cu,
Mo, Se, Au and As contents, consistent with a diagenetic origin. Py2 has higher Au and As contents than Pyl and
may have formed by the reaction between hydrothermal fluid and preexisting Py1, as indicated by diagenetic
pyrite-like As/Ni and Bi/Au ratios but lower hydrothermal pyrite-like Sb/Au ratios in Py2. Hydrothermal pyrite
(Py3) contains more abundant As (1723-65182 ppm) and Au (0.32-107 ppm) but lower Co and Ni contents than
Py2, suggesting a greater hydrothermal fluid contribution. Oscillatory zoning and abundant mineral inclusions
(e.g., arsenopyrite and chalcopyrite) in porous Py3 indicate that fluid boiling was responsible for gold deposition
during the main-ore stage. Py4 is a relict of hydrothermal pyrite (Py3) but not diagenetic pyrite, as supported by
Py4 and Py3 clustering into a class based on hierarchical cluster analysis. The application of a machine learning
method (i.e., artificial neural network) to the syn-ore pyrite indicates that the Ashawayi gold deposit has affinity
to those from orogenic-type gold deposits worldwide. Our study, therefore, highlights that ore metals in orogenic
gold deposits may originate from different sources, such as Au and As, which are largely sourced from meta-
morphic fluids, while Co and Ni are mainly released from preore sedimentary pyrite, fluid boiling and fluid-rock
interaction triggered precipitation of Au and other metals.

Trace elements
Southwestern Tianshan
Ashawayi (W China)

1 Introduction

Orogenic gold deposits represent a major gold resource globally
(Weatherley and Henley, 2013), and gold bodies are characterized by
quartz-sulfide veins and an intimate relationship between sulfides and
gold (Groves et al., 1998; Goldfarb et al., 2005; Chen, 2006, 2013;
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Augustin and Gaboury, 2019). It is widely accepted that unraveling
metal sources and ore precipitation mechanisms in studies of orogenic
gold deposits is significant for understanding gold mineralization pro-
cesses and helping with developing exploration strategies (Voute et al.
2019; Chinnasamy et al., 2021; Yang et al., 2021). The mechanisms by
which ore metals are extracted from source rocks are unclear. Most
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previously studied ore material sources can be constrained by the sulfur,
lead, strontium and neodymium isotope compositions of sulfide min-
erals. However, pyrite, as a predominant sulfide mineral, can incorpo-
rate a wide range of trace elements (e.g., Au, As, Cu, Zn, Ag and Sb),
which may originate from different sources. For example, Pitcairn et al.
(2006) and Large et al. (2009, 2011) considered that preore stage pyrite
(sedimentary and diagenetic pyrite) could be the source of Au (and As
and S) for orogenic Au mineralization. Alternatively, Li et al. (2020b)
suggested that Au and As come from hydrothermal fluids, while preore
pyrite may supply other constituents (e.g., S, Bi, Mn, Co and Ni). Thus, it
is important to determine the concentrations of Au and other metals in
pyrite from the preore to syn-ore stages. Moreover, gold precipitation
mechanisms have long been controversial, including fluid mixing
(Brown, 1998; Graupner et al., 2001), fluid boiling (Hagemann and
Luders, 2003; Li et al., 2018), fluid immiscibility and mixing triggered
by pressure fluctuations (Matthai et al., 1995; Chen et al., 2012a, 2019),
and fluid-rock interactions (Evans, et al., 2006; Yang et al., 2021).
Located on the northern margin of the Tarim Craton, the south-
western Tianshan orogen is an important component of the south-
western Central Asia Orogenic Belt (CAOB; Fig. 1a; Sengor et al., 1993).
Many large and giant gold deposits have been identified in the south-
western Tianshan orogen in Uzbekistan, Tajikistan, Kazakhstan,

Ore Geology Reviews 157 (2023) 105452

Kyrgyzstan and NW China since the early 1980 s (Fig. 1b), such as the
Muruntau (6137 t Au; Frimmel, 2008), Zarmitan (314 t Au; Abzalov,
2007), Daugyztau (186 t Au; Bierlein and Wilde, 2010), Jilau (110 t Au;
Cole et al., 2000), and Swayaerdun (130 t Au; Liu et al., 2007) deposits.
The Ashawayi gold deposit in the Chinese southwestern Tianshan shows
features similar to those of the large Swayaerdun orogenic gold deposit.
In this paper, we present new data on the deposit geology and fs-LA-
—ICP-MS pyrite trace element geochemistry from Ashawayi. Our aims
are to unravel the (1) formation of the various generations of pyrite and
any genetic link, (2) the source of gold and associated trace elements,
and (3) the mechanism of ore metal precipitation and classification of
the ore deposit type.

2 Regional geology

The Tianshan orogenic belt is bounded by the Junggar Basin to the
north and the Tarim Basin to the south (Fig. 1a; Sengor et al., 1993;
Kroner et al., 2014; Deng et al., 2017). From north to south, three tec-
tonic units (Northern Tianshan, Central Tianshan, and Southern Tian-
shan) are recognized, which are bounded by the North Tianshan,
Nikolave Line-North Nalati, Atbashi-Inlychek-South Nalati, and North
Tarim (Kalatieke) faults, respectively (Fig. 1b; Gao et al., 2009; Zhang
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Fig. 1. a. Schematic map showing the location of the southwestern Tianshan orogen (modified after Sengor et al., 1993). Abbreviation: NCC = North China Craton; b.
sketch map of the southwestern Tianshan orogen and adjacent regions (modified after Zhang et al., 2017); c. geologic map of the Chinese southwestern Tianshan
orogen (modified after Dong et al., 2017).



Z. Zhou et al.

et al., 2017; Chen et al., 2018). The southwestern Tianshan orogen ex-
tends across Uzbekistan, Tajikistan, eastern Kazakhstan, Kyrgyzstan and
Xinjiang (NW China) and was formed by continent-continent collision
between the Tarim and Kazakhstan-Yili blocks (Sengor et al., 1993;
Ding et al., 2014; Zhou et al., 2018, 2019). Our study focused mainly on
the Chinese section of the southwestern Tianshan (Fig. 1c).

The southwestern Tianshan orogen is bounded by the Yili-Central
Tianshan arc to the north and the Tarim and Karakum Cratons to the
south (Fig. 1b; Abuduxun et al., 2021). Since the late Paleozoic, the
southwestern Tianshan has been affected by multiple orogenic events
responsible for closure of the South Tianshan Ocean. The estimated time
of final closure of the South Tianshan Ocean varies from the Middle
Devonian-late Carboniferous (Charvet et al., 2007; Han et al., 2011;
Alexeiev et al., 2015) to the late Permian-Triassic (Xiao et al., 2013;
Sang et al., 2020; Abuduxun et al., 2021; Tan et al., 2022). The Chinese
southwestern Tianshan orogen consists mainly of Precambrian meta-
morphic rocks, a lower Paleozoic sedimentary sequence, and a late
Paleozoic to Mesozoic accretionary wedge and ophiolite belt. These
geological units record the history of Precambrian paleocontinental
nucleus formation and subsequent oceanic crust subduction and colli-
sional orogenic events (Chen et al., 2018, 2021; Abuduxun et al., 2021).
Precambrian units are locally exposed in the southwestern Tianshan
(Fig. 1c), mainly comprising gneiss, schist, granulite and quartzite with
minor tillite and clastic rocks. The lower Paleozoic strata comprise
marine carbonate (limestone and dolomite) and clastic (sand-
stone-slate) rocks and are widely developed in the region. Devon-
ian—Carboniferous rocks comprise submarine volcanic-sedimentary
sequences, including phyllite, sandstone-mudstone, limestone/dolo-
mite/marble, and intermediate-mafic volcanic/volcaniclastic rocks.
The Permian strata are mainly composed of basalt, andesite, tuff,
terrestrial glutenite, and siltstone-mudstone. Mesozoic strata mainly
consist of lacustrine/fluvial clastic rocks with local coal seams and
continental volcanic rocks, probably developed in intermontane and
foreland basins (Yang et al., 2007; Chen et al., 2018). The Paleo-
gene-Neogene sequences are characterized by red gypsum-bearing
fluvial and lacustrine sediments.

Precambrian and lower Paleozoic lithostratigraphic units in the re-
gion are commonly intruded by Permian granitoids, such as the
Chuanwulu (286.4 + 2.5 Ma; Huang et al., 2012), Halajun (278 + 3 Ma;
Zhang et al., 2010) and Baleigon (273 + 2 Ma to 291 + 3 Ma; Wang
et al., 2007; Huang et al., 2015; Huo et al., 2019) plutons (Fig. 1c).
Furthermore, 298-260 Ma granitoids have been reported in the Uzbe-
kistan and Kyrgyzstan sections of the southwestern Tianshan (Solo-
movich and Trifonov, 2002; Mao et al., 2004; Konopelko et al., 2007;
Seltmann et al., 2011). These granitoids represent postcollisional mag-
matism in the southwestern Tianshan, which constrains the timing of the
Tarim—Kazakhstan continent—continent collision, and the southwestern
Tianshan Ocean closure likely occurred before the Permian (Gao et al.,
2011; Seltmann et al., 2011).

During the late Paleozoic, large-scale nappe tectonics and shearing
occurred in the southwestern Tianshan, forming ductile-brittle struc-
tures (Gao et al., 1997). Huo (2019) presented a detailed structural
analysis of these fault systems and concluded that the nappe tectonics
were coeval with the pre-Permian syncollisional crustal thickening. The
nappes were then intruded by granites and diabase, and shearing
developed with Permian postcollisional crustal thinning. Deformation
fabrics in the tectonic zones consist of “M”- and “Z”-type folds, with local
thick top fold and cleavage development, indicating a change from
ductile to brittle deformation. Undeformed diabases (zircon U-Pb age:
295-240 Ma) intruded folds at Biedieli and Kepingduanlong in NW
Xinjiang, suggesting that brittle-plastic deformation occurred before the
late Paleozoic (Huo, 2019). These ductile-brittle shear zones and faults
are the most favorable sites for localizing orebodies and granitoids.

More than ten gold deposits are present in the Chinese southwestern
Tianshan orogen. Zhang et al. (2017) constrained the Sawayaerdun gold
mineralization to be ca. 324-282 Ma, based on pyrite re-Os isochron
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ages of 323.9 + 4.8 Ma (early ore stage) and 282 + 12 Ma (main ore
stage). Zhao et al. (2002) reported a quartz Rb-Sr isochron age of 258 +
15 Ma for the Bulong deposit. Recently, we obtained a quartz Rb-Sr
isochron age of 257 + 1.3 Ma for the Ashawayi deposit (Zhou’s un-
published data). Many world-class gold deposits of similar ages have
been discovered in the southwestern Tianshan orogen outside China,
notably Muruntau (287.5 + 1.7 Ma; Morelli et al., 2007) and Zarmitan
(286 Ma; Goldfarb et al., 2014). This distribution suggests that the
southwestern Tianshan gold belt was intensely involved in a late
Paleozoic tectonic-metallogenic event (Xue et al., 2014, 2020; Chen
et al., 2012a, b; Zhou et al., 2019).

Other types of mineral deposits also developed in the sedimentary
sequences of the Chinese southwestern Tianshan orogen, e.g., Cu and
Pb-Zn deposits (Fig. 1c). Two principal styles of Pb-Zn deposits occur in
the district: Mississippi Valley-type (MVT) and sandstone-type deposits.
The Cu deposits (e.g., Sareke, Jiashi and Dishui) in the district are
mainly sandstone-type systems developed in Mesozoic-Cenozoic sand-
stone-conglomerate strata (Li et al., 2011; Wang et al., 2018a, b; Zhao
et al., 2018).

3. Deposit geology
3.1. Lithologic units and structural geology

The Ashawayi gold deposit is located in the western part of the
southwestern Tianshan gold belt (Fig. 1c). In 2003, the No. 8 team of the
Xinjiang Bureau of Geo-exploration and Mineral Development (BGMR)
carried out regional geological field mapping and lithochemical sam-
pling of the Ashawayi deposit, leading to the discovery of two miner-
alized bodies. Recent geological/geophysical surveys and drilling by the
current owner (Sinomine Resource Exploration Co. Itd.) resulted in the
discovery of 42 gold ore lenses, yielding a total reserve of>5 t Au and an
estimated resource of>10 t Au @ 1.57 g/t. The Ashawayi gold deposit
hosts the Yuqikai and Ashawayi sections in its western and eastern parts,
respectively (Fig. 2). There are approximately 50 gold ore lenses in the
Yugqikai and Ashawayi sections (Fig. 3). Gold ores in the Ashawayi de-
posit can be divided into primary ores and oxidized ores (Zhang et al.,
2020). The oxidized ores are yellow in color and have vuggy or hon-
eycomb structures. They crop out mainly in the eastern part of the de-
posit and are distributed in the upper ~ 150 m below the current ground
surface. The primary ores are mainly composed of quartz—sulfide veins
and occur below a depth of ~ 150 m. Oxidized ores account for < 10 %
of the ore resources (Sinomine Resource Exploration Co. ltd., unpub-
lished report). At present, the Ashawayi gold deposit has not been
exploited.

There are three major sedimentary units at Ashawayi: the lower
Carboniferous Aiktike Formation sandstone-silicolite interbeds, the
upper Carboniferous Kalachirga Formation (main ore host) low-grade
meta-sandstone-mudstone and phyllite interbeds, and Quaternary sed-
iments (Figs. 3, 4).

The Ashawayi deposit is located between the Kalatiebieke and
Kalatieke faults (Fig. 2). NE- and N—S—trending subsidiary faults are
recognized in the sections. The NE-trending faults are consistent with
the regional tectonic pattern and crosscut the strata. These faults have
ductile to brittle features and controlled the gold veining (south-dipping
at a dip angle of 40°). Gold-barren quartz veins occur parallel to the
wallrock schistosity (Fig. 5a), while fractured auriferous quartz veins
occur not only along the phyllite schistosity (Fig. 5a) but also as lenses in
the phyllite (Fig. 5b). In addition, en echelon quartz veins (Fig. 5¢), fault
gouge and breccia (Fig. 5d) are present in the ore-bearing fracture zones
in Adit No. 5 (abbrev. PD5) (Fig. 3).

3.2 Gold orebodies

The Ashawayi gold ores are mainly auriferous quartz vein-type and
minor altered wallrock-type ores. The auriferous quartz veins are hosted
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Fig. 2. Regional geological map of the Ashawayi gold deposit (modified after Chen et al., 2007).

in altered fracture zones (Fig. 4), in which the veins are parallel to or
crosscut the wallrock schistosity (Fig. 5a, b), forming local tectonic
breccia (Fig. 5d). These veins strike NE (NW-dipping with dip angles of
60-86°) and are 100-1000 m long and 0.27-8.91 m thick. The ore lenses
occur as veins or lenses in fractured alteration zones (Fig. 5a-d) and
locally in interlayer fracture zones between the carbonaceous phyllite
and sandstone. High-grade orebodies are preferentially distributed in
jogs, bends, bifurcations, and splays, which indicates that vein inter-
connection played an important role in fluid flow and gold precipitation
(Garofalo et al., 2002).

Microstructural faults also display ductile to brittle deformation in
hand specimens and petrographic thin sections. Microscopic images of
quartz show directional stretching and undulose extinction formed by
ductile deformation (Fig. 5g). Fracturing is observed in smoky gray
quartz veins (Fig. 5e). In some cases, the smoky gray quartz grains have
undergone brittle deformation and are fragmented along their edges,
with weak undulose extinction (Fig. 5h).

3.3 Ore mineralogy

The main ore mineral is pyrite, and other minor metallic minerals
include arsenopyrite, stibnite, chalcopyrite, galena, sphalerite, magne-
tite, and limonite. Nonmetallic minerals include quartz, feldspars, ser-
icite, muscovite, chlorite, ankerite, calcite, apatite, and monazite. Gold
occurs mainly as invisible gold in pyrite. Pyrite is present as thin veinlets
and disseminations in the alteration zones. According to the
morphology, texture, and mineral association, four generations of pyrite
can be identified in the Ashawayi deposit (Table 1): (1) preore fram-
boidal or fine-grained euhedral pyrite (Pyl) is present in the sedimen-
tary rocks of the Kalachirga Formation (Fig. 6); (2) early-ore
subhedral-anhedral fine-/medium-grained pyrite (Py2) cores over-
grown by later main-ore pyrite rims (Fig. 7a, b); (3) main-ore coarse
pyrite (Py3) grains or aggregates associated with gray quartz, arseno-
pyrite, chalcopyrite, and stibnite (Fig. 8); and (4) late-ore pyrite relicts
(Py4) in yellow oxidized ores (Fig. 5f, 9f, g).

Arsenopyrite grains (size: 30-500 pm) are generally acicular,
rhombic, or prismatic (Fig. 8a, b). They are randomly disseminated
throughout the altered rock matrix and in quartz veins. Arsenopyrite
occurs as inclusions in Py3 (Fig. 7c), overgrows Py3, or is overgrown by
stibnite.

Chalcopyrite (size: 10-400 pm) is mainly anhedral to subhedral
(Fig. 8c) and occurs as disseminations or inclusions in Py3 (Fig. 8d). It
also occurs locally around main-ore pyrite and quartz grains or as

fracture infills in these minerals.

Stibnite is generally coarse-grained (size: 0.2-4 mm, up to 3 cm) and
anhedral-subhedral (Fig. 8e, f). It occurs dominantly in quartz veins,
and some stibnite grains are broken and replace pyrite and arsenopyrite
(Fig. 8e, f).

3.4 Hydrothermal alteration

In the Ashawayi deposit, wallrock alteration is widespread and in-
cludes silicic, sericite, carbonate, and sulfide alterations. Gold mineral-
ization is closely associated with pyritization and silicification, the latter
being multistage and the most pervasive (Fig. 5a-d). Early-stage silici-
fication occurred as Au-barren quartz veins along the phyllite foliation,
and the quartz is milky to gray and exhibits ductile deformation features,
such as directional stretching, undulose extinction, and ribbon-like
texture (Fig. 5g). The second-stage silicification occurs mainly as
auriferous quartz veins, and the quartz is smoky gray and precipitated
with coarse-grained pyrite grains/aggregates, arsenopyrite, chalcopy-
rite, and stibnite (Fig. 8). These auriferous quartz veins are parallel to or
cut the phyllite foliation (Fig. 5a, b). Late-stage weak silicification
commonly occurs as quartz—calcite + ankerite veinlets (with trace pyrite
but no gold), which crosscut the earlier-formed quartz veins and altered
wallrocks (Fig. 5j).

Sulfidation occurs as pyrite, along with arsenopyrite, stibnite and
chalcopyrite. The sulfides occur as veinlets (Fig. 5e) or disseminations/
aggregates in the host rocks and quartz veins. Sericite, altered from
plagioclase and K-feldspar, is widely developed in both phyllite and
sandstone and commonly associated with disseminated sulfides
(Fig. 5g). Carbonate alteration mainly occurs as disseminated or veinlets
of calcite and ankerite in the altered wallrocks (Fig. 5i, j).

4. Occurrence and texture of pyrite

Preore stage pyrite (Py1): Pyl is present in the phyllite and sandstone
of the Kalachirga Formation, which is an important host rock. This type
of pyrite can be subdivided into Pyla and Py1b: the former is extremely
fine-grained (0.1-2 pm) and forms framboids that are 5 to 15 pm across
(Fig. 6a, b), whereas the latter is much larger (Fig. 6¢, d), with diameters
between 30 and 160 pm. Pyla is identified only in drill holes (ZK16901
and ZK1602) in this study, and clusters are commonly associated with
pore spaces and with quartz, sericite, and feldspar. Py1b is characterized
by euhedral crystals and homogeneous compositions in scanning elec-
tron microscopy (SEM) and backscattered electron (BSE) images
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Fig. 3. Simplified geologic map of the Ashawayi gold deposit (modified after Chen et al., 2019), showing the surface projections of deep orebodies and faults.

(Fig. 6d). Some Py1b is overgrown by Py3 (Fig. 6¢), which was modified
by later hydrothermal fluid and thus was not selected for fs-LA-ICP-MS
analysis.

Early-ore stage pyrite (Py2): Pyrite 2 has subhedral to euhedral cores
(40-350 pm) (Fig. 7a) with overgrowth Py3a rims (Fig. 7b). Sharp
boundaries and corrosion textures occur between the Py2 core and Py3a
rim (Fig. 7a, b), and the core appears darker in BSE images. Some Py2
grains retain Pyl cubic crystals (Fig. 7a, b).

Main ore stage pyrite (Py3): Pyrite 3 is coarser-grained than both Pyl
and Py2, varying from 50 to 1000 pm and mostly > 100 pm. Py3 shows
associated relationships with gray quartz, arsenopyrite, stibnite and
chalcopyrite (Fig. 7c, d, 8). Many Py3 grains are fragmented and porous

(Fig. 7a), with microfissures (Fig. 7f). Locally, quartz pressure shadows
adjacent to Py3 are observed (Fig. 7e), which suggest that Py3 was
formed during deformation. Py3 can be further subdivided into Py3a,
Py3b, Py3c and Py3d.

Py3a occurs as anhedral to subhedral rims that commonly surround
and overgrow Py2 (Fig. 7a, b). Py3b consists of subhedral grains with
oscillatory compositional zonation and arsenopyrite inclusions (Fig. 7c).
Py3c is present as anhedral to euhedral grains and clusters without
zoning (Fig. 8a, b). These pyrite grains commonly occur parallel to the
early cleavage in phyllite and sandstone (Fig. 9a, b, e) or are randomly
disseminated in carbonaceous phyllite and quartz veins (Fig. 9a-c).

Py3d in the late main ore stage occurs as subhedral-euhedral grains
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Fig. 4. Geologic section of the No. 145 prospecting line at the Ashawayi gold deposit.

(size: 60-250 pm) and is much less porous or fractured than Py3c
(Fig. 9d). It forms veinlets with quartz cutting Py3c (parallel to late
cleavages in the host rocks) and has no quartz pressure shadows (Fig. 9a,
b), suggesting post-tectonic formation. SEM-BSE imaging reveals that
Py3d is relatively homogeneous, without discernible zonation (Fig. 9d).

Late ore stage pyrite (Py4): Pyrite 4 (20-200 pm) in the late ore stage
occurs as relicts of earlier pyrite (Fig. 9f, g) and is disseminated in the
oxidized ores. Py4 is broken and homogeneous in BSE images. Limonite
occurs in fissures of preexisting pyrite.

5. Samples and analytical methods

Samples for textural and chemical analyses were collected from field
outcrops and from drill cores (ZK1602 and ZK1601). Mineralogical and
textural studies were conducted on 11 polished thin sections, on which
261 spots were analyzed by in situ LA-ICP-MS for trace element
geochemistry, and 104 of them were used in the study. The analyses that
showed irregular transiet ablation signals where excluded, because
these analyses are likely affected by mineral inclusions in pyrite. Trace
element concentrations in pyrite were determined with fs—-LA-ICP-MS at
Leibnitz University Hannover (Germany) using He as the carrier gas in
the ablation chamber. The laser ablation system was built based on a
Spectra-Physics Solstice femtosecond laser operating in deep UV light at
194 nm, and the regenerative amplified system was pumped at 500 Hz,
generating a pulse energy of 70 pJ in deep UV. Analytical techniques
followed those described by Horn et al. (2006). A Thermo Element XR
was used for analysis, operating in low-resolution mode without using
the guard electrode. Nickel X-cones and a jet-sampler were also used for
analysis. The total analysis time for each sample was 120 s, including
approximately 45 s background acquisition (gas blank) and 75 s sample
data acquisition (laser on). For this study, all analyses were performed
with spot sizes of 30 to 60 pm. To monitor the quality of the analyses,
reference materials ARM-1 (synthetic glass standard, Chinese Academy
of Science) were analyzed. The calibrations used SRM NIST 610 as
external and Fe as internal standards. For a detailed description, see
Ciazela et al. (2018). Offline selection and integration of background
and analyte signals and time-drift correction and quantitative calibra-
tion were performed by ICPMSDataCal (Liu et al., 2008). The mean
detection limits were 0.01-0.06 ppm for Sc, V, Ag, Sb, W, Au, Tl, Pb, and

Bi; 0.25-0.91 ppm for Mg, Al, Ti, Ni, Mn, Cu, Mo, and Zn; and 1.11-4.52
ppm for Na, Cr, Co, As and Se.

6. Results

Except for Pyla grains that are too small to analyze, the trace
element contents of Pylb without evidence of metamorphic and hy-
drothermal influences, Py2, Py3, and Py4 were determined with fs-
LA-ICP-MS, and the results are listed in Table S1 and Table 2. In general,
the Ashawayi pyrite grains have Ti, Co, Ni, Cu, As, Pb and Bi concen-
trations that are above the detection limits, whereas the concentrations
of other trace elements, including Mg, Al, V, Zn, Se, Mo, Ag, Sb, W, Au
and Tl, with a few exceptions are below the detection limits (Table S1).
The reported average and median values for trace elements are calcu-
lated by assigning all the analyses that are below the detection limit
(bdl) to half of the corresponding detection limit values (Table 2). Trace
elements with bdl concentrations are shown as half of the detection limit
values for the LA-ICP-MS instrument on the diagrams (Figs. 10-13). The
elemental correlations for pyrite were determined by principal compo-
nent analysis (PCA) using PAST software. PCA allows the visualization
of multidimensional (multielement) data on particularly useful planes
by identifying orthogonal directions in the data that produce maximum
variance (i.e., linear combinations; Winderbaum et al., 2012; Kerr et al.,
2018; Roman et al., 2019).

Pyl has low concentrations of Au (bdl-0.34 ppm), As (49.4-240
ppm), Cu (1.37-13.2 ppm), and Se (bdl-6.18 ppm) (Table 2; Fig. 10).
PCA confirms that Au is strongly positively correlated with Cu-Pb-Sb-Bi
and weakly associated with As (Fig. 11a). Compared to Pyl, Py2 is rich
in Au (0.02-4.22 ppm), As (35.5-31006 ppm), Cu (9.35-81.0 ppm), Se
(3.98-12.5 ppm), and Bi (5.09-105 ppm) (Fig. 10). Furthermore, unlike
Py1, Py2 contains only two elements (i.e., As and Cu) that show strongly
positive correlations with Au (Fig. 11b).

Py3 has higher and more variable concentrations of most trace ele-
ments than the other types of pyrite (Fig. 10). Generally, for the same
pyrite grain or cluster, the rim (Py3a) is brighter in BSE images and has
higher Au, As, Cuand W (but lower Co, Ni, Bi, and Pb) contents than the
core (Py2) (Table 2; Table S1), suggesting that the rims were formed
from a different fluid from that of the cores. The Au and As concentra-
tions in Py3a are 2.94-26.4 ppm (median of 12.2 ppm) and
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Fig. 5. Photographs of field and hand specimens, showing the Ashawayi gold mineralization and ore textures. a. Barren quartz vein parallel to the schistosity of host
rocks; b. lensoidal auriferous quartz vein in phyllite; c. en echelon quartz veins in phyllite in PD5; d. quartz vein, gouge and tectonic breccia in an ore-bearing fracture
zone in PD5; e. primary ore and stibnite (Sti) veinlets in quartz vein; f. yellow oxidized ore; g. transmitted light (TL; right) image of quartz, showing stretching and
undulose extinction due to ductile deformation; h. cogenetic pyrite, quartz and calcite in the main ore stage; i. quartz—calcite veinlets; j. quartz—calcite veinlets
crosscutting the earlier-formed quartz veins. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

20497-35337 ppm (median of 26068), respectively. As shown in
Fig. 11c, Au in Py3a is positively correlated with Fe but negatively
correlated with As and Cu.

The oscillatory zoned Py3b has significantly higher Au (median of
61.8 ppm), As (median of 38070 ppm), and Cu (median of 344 ppm)
contents than the other types of pyrite (Table 2; Fig. 10). Gold in Py3b is
strongly positively correlated with Cu but weakly associated with As
(Fig. 11d). No systematic trace element difference between Py3c and
Py3a-3b is present (Table 2; Fig. 11e), even though Py3c features pyrite
grains and aggregates that are homogeneous in size and have a strong
Au-As association (Fig. 10e).

Py3d is marked by the lowest Co (<9.4 ppm) and Ni (<32.5 ppm)
contents among all pyrite types (Fig. 10). Compared to Pyl and Py2,

Py3d is high in Au (up to 42.2 ppm) and Cu (up to 244 ppm) but low in W
(<0.43 ppm), Bi (<0.75 ppm), Pb (<19.2 ppm), and Ti (<109 ppm)
(Table 2; Fig. 10). The median As content of Py3d (11604 ppm) is higher
than that of Pyl (88.5 ppm) and Py2 (3836 ppm) (Fig. 10). Generally,
Py3d has lower contents of most trace elements than Py3a-3c. Similar to
Py3a-3c, Py3d also has a strong Bi-Pb-Sb-Ag association. Gold in Py3d
is strongly coupled with As-Cu-Se (Fig. 11f).

Compared with Pyl, Py4 has higher Au (0.83-6.23 ppm), As
(4682-13074 ppm), Cu (9.27-59.0 ppm) and Ti (455-1710 ppm) con-
tents. The As and Cu contents of Py4 are lower than those of Py2, and
Py3, whereas the Au content of Py4 is higher than that of Py2 but lower
than that of Py3. As shown in Fig. 11g, gold in Py4 is strongly associated
with As.
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Table 1
Summary of common textures and formation timing for major pyrite types from
the Ashawayi gold deposit.

Pyrite Textures Stage Evidence for timing
type
Pyl Framboidal and fine- Pre- Typical framboidal texture,
grained euhedral ore framboids with diameter > 11
pm and cubic shapes similar to
diagenetic pyrite
Py2 Medium-grained subhedral Early Intimately related to Pyl; some
to euhedral core ore retain Pyl cubic shape;
overgrown by Py3
Py3a-c Coarse-grained anhedral to  Main Overgrows Py2; quartz

subhedral aggregates with ore
micro-inclusions

recrystallized as pressure
shadows; associated with
arsenopyrite, stibnite and
chalcopyrite; parallel to early
cleavage or disseminated in
host rocks

Py3d Coarse-grained subhedral- Main Crosscut porous Py3c; parallel
euhedral with few sulfide ore to the late cleavage in the host
inclusions rocks, no adjacent quartz-rich

pressure shadow

Py4 Relict of preexisting Late In supergene yellow ores
hydrothermal pyrite ore

Various elements can be incorporated into pyrite from hydrothermal
fluids and occur as solid solutions or micro/nanoinclusions (e.g.,
Thomas et al., 2011; Roman et al., 2019; Chinnasamy et al., 2021). For
example, Na-, Al-, Mg-, Ca- and Si-bearing microinclusions are observed
in the LA-ICP-MS time-resolved profile (Fig. S1a), possibly due to the
occurrence of carbonate and silicate inclusions in pyrite. As shown in
Fig. 12a, all data plot below the Au solubility line (Reich et al., 2005),
and the low Au/As molar ratios (<0.02) suggest that Au occurs mainly as
a substituting cation in the crystal structure and that pyrite forms from
Au-undersaturated fluids. Furthermore, Au spikes in pyrite are not
revealed by LA-ICP-MS measurements (Fig. S1b). This, together with
the narrow range of Au contents in the same type of pyrite from the same
sample (Table 2), implies that Au occurs mainly as a solid solution (Au™)
in pyrite. Copper in the Ashawayi pyrite (up to 1267 ppm) occurs in two
forms, as revealed by reflected-light microscopy and LA-ICP-MS time-
resolved signal profiles (Fig. 8d and S1b-d): (i) structurally bound Cu
and (ii) Cu-bearing microinclusions, including mainly chalcopyrite and
minor Zn-Ag-Sb—Cu-bearing minerals (Fig. S1c). Structurally bound Cu
is displayed in the LA-ICP-MS depth profile as a flat and smooth 63cu
signal (Fig. S1b). The negative correlations and trends between Cu and
Fe in all five types of pyrite (Fig. 11) indicate that substitution between
Fe?* and Cu?* is the most likely mechanism for Cu incorporation into
the pyrite structure. The lead content in the pyrite is moderately high
(up to 558 ppm), and LA-ICP-MS depth profiles show that Pb occurs
occasionally as Pb-bearing inclusions in all pyrite groups. The Bi, Sb and
Pb in pyrite show clear correlations with each other, suggesting that
they may occur as Bi-Pb-Sb micro/nanoinclusions in pyrite, as also
evidenced by the coinciding '2'Sb, 2°°Pb and 2°°Bi peaks in the LA-ICP-
MS depth profile (Fig. S1d).

7. Discussion
7.1. Pyrite genesis

On the basis of petrographic observations, pyrite is divided into four
types according to morphological characteristics and overgrowth re-
lationships. Geochemical data further strengthen these distinctions and
indicate that Py1, and Py2, Py3, Py4 pyrite were formed under different
geochemical conditions, i.e., diagenetic and hydrothermal, respectively.
Generally, pyrite framboids can be divided into syngenetic and diage-
netic framboids, which were deposited in the water column and pore
water, respectively (Raiswell and Berner, 1985). Compared with
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syngenetic framboids, diagenetic framboids are larger (diameter > 11
pm) (Rickard, 2019). Furthermore, euhedral pyrite deposited in sedi-
ments is usually thought to be of diagenetic origin (Large, et al., 2007;
Taylor and Macquaker, 2011). Therefore, the framboids and euhedral
pyrite (Pyl) in this study may be diagenetic. In addition, diagenetic
pyrite has distinctive trace element ratios of 0.1 < As/Ni < 10, Bi/Au >
1, and Sb/Au > 100 (Gregory et al., 2015). For our samples, Pyl has
median As/Ni (0.34), Bi/Au (12.9), and Sb/Au (149) ratios that are
within the diagenetic pyrite ranges. Py3 and Py4 have significantly
higher median As/Ni ratios (>34.3) but lower Sb/Au (<12.5) and Bi/Au
(<1, except for two samples) ratios than Pyl (Table 3), indicating that
these pyrites are not sedimentary/diagenetic but rather are hydrother-
mal. Py2 is transitional between Pyl and Py3 and has diagenetic pyrite-
like As/Ni (2.96) and Bi/Au (11.7) ratios but hydrothermal pyrite-like
low Sb/Au ratios (47.3). On the binary Au vs As and As/Ag vs Sb/Bi
plots (Fig. 12), Pyl data plot in the diagenetic pyrite field (Fig. 12a),
while most Py3 and Py4 data plot in the hydrothermal pyrite field
(Fig. 12b). Moreover, the Py2 data plot between the Pyl and Py3-Py4
fields (Fig. 12).

Based on the above discussion, it is suggested that the Ashawayi
pyrite was formed in different environments. To further discriminate the
Ashawayi pyrite classes and their genetic relationships, hierarchical
cluster analysis (HCA) was conducted. Generally, selecting useful
source-related parameters (instead of using all available parameters) is
important for HCA (Peters et al., 2000, 2007; Hao et al., 2009). Nickel-
related elemental ratios (e.g., Co/Ni, Zn/Ni, and As/Ni) are often used to
determine the pyrite origin (hydrothermal vs syngenetic/diagenetic;
Bajwah et al., 1987; Gregory et al., 2015; Ulrich et al., 2011) because
they are not strongly affected by metamorphism or hydrothermal
overprinting (Large et al., 2007). Furthermore, gold-related elemental
ratios are useful, although probably less robust than Ni ratios because
the Au content is often near or below the detection limit. However,
pyrite in different geochemical environments often contains Au that
shows distinctly different trace metal/Au ratios (Me/Au) (Large et al.,
2007, 2009,2011; Thomas et al., 2011; Deditius et al., 2014). Therefore,
the Sb/Au, Bi/Au, Se/Au, Co/Ni and Zn/Ni ratios were chosen for the
HCA (Table 3). One sample (ZK1602-3B in Table 3) lacks Zn/Ni pa-
rameters due to its very low Zn content (bdl) but was still included in the
HCA by assigning the Zn content to half of the detection limit.

Fig. 13 shows the dendrogram using the Euclidean distance and
between-group linkage method by IBM SPSS Statistics. HCA discrimi-
nates the analyzed pyrite samples into three classes. Class A pyrite
(Fig. 13) is characterized by relatively high Sb/Au, Bi/Au and Se/Au
ratios but low Co/Ni and Zn/Ni ratios, and all data plot within the
diagenetic pyrite field (Fig. 12a), suggesting a sedimentary formation
environment. Class B pyrite has a relatively high Co/Ni ratio and in-
termediate Sb/Au, Bi/Au, Se/Au, and Zn/Ni ratios between classes A
and C (Table 3) and plots in the diagenetic and hydrothermal pyrite
fields (Fig. 12). Therefore, class B pyrite was likely formed by hydro-
thermal reworking of diagenetic pyrite but shows more hydrothermal
characteristics, as revealed by class B and class C clustering into a group
(Fig. 13). Class C pyrite has the lowest Sb/Au, Bi/Au and Se/Au ratios
but more varying Co/Ni and Zn/Ni ratios than classes A and B (Table 3)
and plots in the hydrothermal pyrite field (Fig. 12b). Therefore, class C
pyrite is also hydrothermal. Hence, the HCA results support petro-
graphic observations and available geochemical data.

7.2. Source of Au and other trace elements

Sedimentary pyrite can effectively release gold and arsenic during
greenschist-facies or higher-grade metamorphism of sedimentary rocks
and could play an important role during mineralization of some
orogenic Au deposits (Pitcairn et al., 2006; Large et al., 2009; Wilson
et al., 2013). Synsedimentary and diagenetic pyrites in the host rocks
have been reported to provide Au and As for these orogenic Au deposits,
such as the Sukhoi Log deposit in Russia and the Bendigo deposit in
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Fig. 6. Textural features of diagenetic preore pyrite (Pyl). a. Reflected-light image of Pyla clusters in phyllite; b. backscattered electron (BSE) image of Pyla
framboids/clusters in phyllite; c. reflected light image of randomly distributed Py1b in phyllite; d. BSE image of Pylb, showing a homogeneous composition; e.

subhedral Pyl overgrown by Py3.

Australia (Large et al., 2011). However, some researchers have sug-
gested that gold in orogenic Au deposits is not derived from precursor
sedimentary pyrite and comes from hydrothermal fluid (Li et al.,
2020b). Accordingly, it is important to know whether Pyl provided Au
in the Ashawayi deposit. The key to resolving this problem is to deter-
mine the Au concentrations of Pyl to Py3. The Au concentration in Pyl
is lower than 0.34 ppm (median of 0.10 ppm), which is much lower than
those in Py2 and Py3 (Fig. 10). The Au concentration in Pyl is very low,
and hence is unlikely to be the source for the gold in the Ashawayi de-
posit. It is more likely that the Au was added by external hydrothermal
fluids. Similar to gold, As, Cu, Se and Tl show an increasing trend in

concentration from Pyl to Py2 to Py3, which supports the hypothesis of
hydrothermal fluids adding these trace elements (Fig. 10). Principal
component analysis of trace element data shows that syn-ore pyrite has
no correlation between Au and Ag-Sb-Bi-Pb (Fig. 11b-e) and only a
simple positive correlation between Au and As + Cu in Py2, Py3c and
Py3d (Fig. 11b, e, f), which is a common elemental association in
metamorphic systems (Kerr et al., 2018). Previous H and O isotope
studies have indicated that hydrothermal fluids were mainly meta-
morphic fluids in the Au mineralization stage (Zhang et al., 2021). Ac-
cording to the inferred fluid source for the hydrothermal fluid and
elemental association of pyrite, the Au and As in Py2 and Py3 were most
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Fig. 7. Textural features of Py2 and its relations to Py3. a. Backscattered electron (BSE) image of subhedral porous Py2 overgrown by porous Py3a rims (with
stronger reflectance), indicating higher average atomic mass (Au-/As-rich in this case); b. BSE image of the corrosion texture between porous Py2 and Py3a,
indicating no direct overgrowth of Py3a on Py2; c. BSE image of porous Py3b with irregular oscillatory zoning and fine arsenopyrite inclusions; d. reflected light (RL;
left) and transmitted light (TL; right) images of subhedral Py3c in a quartz vein; e. TL image of subhedral Py3c surrounded by a quartz pressure shadow; f. RL image

of Py3c fractured/deformed by microshearing in phyllite.

likely sourced from metamorphic fluid.

Although it is less likely that Au and As were derived from Py1, other
metals from Pyl possibly contributed to the formation of the Ashawayi
deposit and are important to evaluate. Co/Ni ratios have long been used
to distinguish hydrothermal and syngenetic/diagenetic pyrites (Bralia
et al., 1979; Bajwah et al., 1987; Large et al., 2014), and Co/Ni < 1 is
usually considered to indicate a sedimentary origin (Bajwah et al.,
1987). No significant difference is observed in Co/Ni ratios between Pyl
and other types of pyrite, all of which have consistent Co/Ni ratios < 1,
except for two spots in Py2 and one spot in Py3 with Co/Ni ratios > 1
(Fig. 12c). These results may indicate that Co and Ni in Py2 and Py3
from the Ashawayi deposit have main contributions from sedimentary
origins. Ni concentrations significantly decrease from Pyl (up to 4749

10

ppm) to Py3 (with a maximum of 32.5 ppm). A similar decrease is
observed for Co concentrations from the early to the main Au mineral-
ization stage, i.e., from Py2 to Py3 (Fig. 10), indicating that these ele-
ments were mainly sourced from Pyl rather than from the deep
metamorphic fluid. This observation is supported by recent findings (Li
et al.,, 2020b) that metamorphic fluids from the metamorphism of
sedimentary rocks do not alter low sedimentary Co/Ni ratios.

It is likely that pyrite dissolution-reprecipitation was responsible for
metal release from sedimentary pyrite. Such an argument is based on the
following evidence: (1) Py2 has diagenetic pyrite-like As/Ni and Bi/Au
ratios but a low Sb/Au ratio, similar to that of hydrothermal pyrite
(Table 3); (2) many voids occur in some Pyl, which most likely were
caused by leaching some of the trace elements from Pyl during
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Fig. 8. Textural features of Py3 and its relations to other minerals. a. Backscattered electron (BSE) image of Py3c coexisting with arsenopyrite; b. BSE image of Py3c
intergrown with arsenopyrite (Apy); c. reflected light (RL) image of Py3c and chalcopyrite (Cpy) in a quartz vein; d. RL image of fractured Py3c with a chalcopyrite
inclusion; e. RL image of Py3c inclusions in stibnite (Sti); f. RL image of Py3c and arsenopyrite inclusions in stibnite.

dissolution-reprecipitation, and some Py2 grains retain Pyl cubic
crystals (Fig. 7a, b); and (3) the corroded boundary of Pyl and Py2 is
surrounded by Py3 (Fig. 6e, 7b), which is indicative of Py3 crystalliza-
tion during or after the dissolution of early-formed pyrite. Such a
proposition is also supported by the Co and Ni concentrations decreasing
from Pyl to Py3; it is expected that dissolution-reprecipitation would
result in lower trace element contents in the recrystallized grains
(Chinnasamy, et al., 2021; Qiu et al., 2021). For Co, its remobilization
under greenschist-facies conditions is related to fluid-mediated dis-
solution-reprecipitation of early-formed pyrite (Qiu et al., 2021).

Due to the similar ionic radii between Ni and Co, in this case, the
relevant reaction for Ni released from sedimentary pyrite is as follows:

(Fe, Ni)Sy + 3Cl™ - FeSy + NiClz + HaS + Oa.

This dissolution-reprecipitation process also likely led to the liber-
ation and remobilization of gold and arsenic from the structure of Pyl

11

into the metamorphic fluid. However, given the small pyrite/quartz
ratio by mass, partial replacement of Py1 by dissolution-reprecipitation
and concentrations of Au and As in Pyl (Au < 0.34 ppm, As < 239.81
ppm; Table 2), the quantity of gold and arsenic remobilized from Pyl is
not sufficient to form economic mineralization. Thus, an increase in Au
and As contents in syn-ore pyrite is observed, most likely due to the
intermittent fluctuation in the fluid composition, which can be attrib-
uted to the injection of a new hydrothermal fluid during episodic fault-
valve action (Cox et al., 2001).

Based on the discussion above, the sedimentary pyrite (Pyl) in the
host sedimentary rock (Carboniferous Kalachirga Formation) mainly
contributed to the budget of some trace elements, such as Co and Ni;
however, the deep metamorphic fluid likely provided Au, As, Cu, Se and
TI to the Ashawayi gold deposit.

Taken together, the Carboniferous sedimentary pyrite from the host
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Fig. 9. Textural features of Py3 and Py4. a. Thin section image of Py3c parallel to the early cleavages in phyllite and crosscut by Py3d (which precipitated along late
cleavages), suggesting post-tectonic Py3d formation; b. reflected light (RL) image of Py3d crosscutting Py3c and disseminated Py3c; c. backscattered electron (BSE)

image of disseminated Py3c; d. BSE image of homogeneous Py3d, with a few pores and fractures; e. BSE image of banded Py3c; f. RL image of Py4 of earlier pyrite
relicts in quartz vein; g. BSE image of homogeneous Py4 and limonite in fissures of earlier pyrite.

12



€1

Table 2
LA-ICP-MS data summary of pyrite from the Ashawayi gold deposit. N.B. Data below the detection limit are assigned to half of the corresponding detection limit to calculate the average and median values.

Pyrite Mg Al Ca Ti A Co Ni Cu Zn As Se Mo Ag Sb w Au Tl Pb Bi

Pre-ore stage (n = 11); Diagenetic pyrite

Pyl Median 6.57 10.01 12.04 2361.55 7.95 59.65 341.09 7.79 3.20 88.45 2.45 0.06 0.04 16.50 3.91 0.10 0.01 18.49 1.05
Ave 9.14 15.09 32.13 2481.32 9.69 72.06 772.78 7.29 3.53 104.47 2.66 0.61 0.06 14.26 3.98 0.11 0.02 17.90 1.29
Min 1.95 4.18 bdl 6.25 0.17 17.46 144.44 1.37 2.40 49.40 bdl bdl bdl 0.34 0.00 bdl bdl 2.63 0.08
Max 34.76 42.98 92.37 4191.40 26.17 225.03 4749.18 13.22 5.77 239.81 6.18 6.05 0.18 24.70 11.32 0.34 0.04 31.23 3.06

Early ore stage (n = 7); Pyrite showing intermediate features between diagenetic and hydrothermal origin

Py2 Median 14.76 285.88 38.68 568.45 2.21 215.33 732.89 18.02 4.03 3836.18 6.52 0.06 0.26 23.99 1.06 0.61 0.05 63.79 6.15
Ave 45.06 485.73 60.88 792.30 2.47 684.49 1019.17 31.73 4.57 10541.56 7.62 0.08 0.26 21.99 1.27 1.55 0.07 59.84 8.87
Min 2.07 34.01 bdl 26.69 0.27 0.51 3.77 9.35 2.14 35.49 3.98 bdl 0.09 0.85 0.11 0.02 bdl 5.09 0.56
Max 152.92 1945.53 234.46 1787.99 5.88 3041.40 2854.88 81.01 6.59 31006.10 12.45 0.25 0.45 40.87 3.92 4.22 0.14 104.94 18.78

Main ore stage (n = 77); Hydrothermal pyrite; Py3a occurs as rims on Py2, while Py3b and Py3c with oscillatory compositional zonation and without zoning, respectively; Py3d crosscuts Py3c

Py3a Median 3.81 24.59 21.68 882.44 2.67 11.54 66.47 58.60 2.26 26067.93 4.80 0.07 0.14 16.08 4.16 12.21 0.08 23.21 1.65
Ave 4.66 38.75 19.92 928.18 3.32 38.61 303.94 61.19 2.41 26709.45 4.61 0.32 0.19 21.42 5.05 13.44 0.10 30.66 1.68
Min 0.80 4.70 bdl 87.93 0.10 2.56 21.60 39.12 1.51 20497.40 1.21 bdl 0.08 2.28 0.42 2.94 bdl 5.79 0.36
Max 10.51 134.08 27.86 2048.78 7.25 246.14 2185.47 85.64 3.69 35337.02 7.78 2.13 0.43 54.21 12.15 26.36 0.48 65.04 3.20

Py3b Median 9.05 4.25 59.67 15.93 0.16 38.11 158.94 344.87 2.98 38070.23 16.23 0.28 0.42 24.82 0.42 61.75 0.21 26.75 1.40
Ave 21.79 149.41 67.04 673.43 2.81 39.67 175.70 364.11 2.96 39849.62 15.64 2.38 0.73 41.19 5.50 62.26 0.24 48.22 1.84
Min 1.80 1.18 bdl 7.95 bdl 2.62 36.17 125.60 1.73 23872.73 10.75 0.06 0.17 6.43 0.06 17.67 0.05 11.77 0.47
Max 97.16 1130.34 222.78 3790.16 14.20 93.28 353.05 617.12 4.42 65182.07 18.84 11.55 2.07 86.06 28.39 106.83 0.49 100.43 4.56

Py3c Median 4.06 14.27 28.29 840.38 2.73 18.62 97.42 59.74 2.63 18818.26 6.17 0.00 0.25 17.08 4.15 8.36 0.09 28.87 213
Ave 14.75 128.34 42.66 886.95 3.04 34.45 141.36 144.35 4.79 21983.38 7.83 0.13 0.53 36.86 5.52 16.89 0.13 58.57 4.02
Min bdl bdl bdl 5.55 bdl 0.16 3.36 5.07 bdl 5973.15 bdl bdl bdl 1.98 bdl 0.32 bdl 4.04 0.16
Max 410.51 3662.52 583.56 2812.65 16.27 166.70 575.40 1082.16 79.32 37207.01 21.25 2.45 4.88 221.59 44.16 102.72 0.87 557.85 18.82

Py3d Median 6.88 2.30 13.48 21.49 0.11 3.04 14.38 113.20 3.27 11604.89 10.40 0.10 0.05 2.79 0.10 22.40 0.04 2.81 0.20
Ave 70.34 2.72 16.41 35.41 1.78 3.92 17.58 111.08 3.99 12639.92 10.31 0.13 0.08 4.76 0.16 22.43 0.04 5.27 0.32
Min 1.25 bdl bdl 9.19 bdl 0.75 10.19 3.70 2.27 1723.11 6.50 bdl bdl 0.73 bdl 0.34 bdl 0.73 0.14
Max 391.77 5.92 34.85 108.99 0.12 9.40 32.54 244.15 8.05 21471.55 13.68 0.23 0.21 16.13 0.43 42.16 0.07 19.20 0.75

Late ore stage (n = 9); Hydrothermal pyrite; Relict of preexisting pyrite in the oxidized ores

Py4 Median 3.58 20.41 41.77 911.69 1.73 47.19 221.39 17.14 3.38 7362.97 5.63 0.08 0.05 8.97 3.14 1.68 0.04 14.04 1.54
Ave 8.68 19.14 93.49 927.90 2.49 56.29 237.42 23.22 4.72 7949.89 5.68 0.30 0.14 8.75 3.05 2.26 0.05 13.42 1.87
Min 1.10 3.46 bdl 455.28 1.04 12.80 46.24 9.27 1.74 4682.37 3.16 bdl bdl bdl 1.51 0.83 0.03 8.03 1.19
Max 35.32 48.49 497.67 1709.70 6.15 117.15 427.84 59.01 12.11 13074.30 8.03 1.53 0.84 0.04 5.48 6.23 0.09 17.70 3.63
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are assigned to half of the corresponding detection limit.

rock was not the main source of Au during economic mineralization in
the Ashawayi deposit. However, as the Au contents of pyrite in other
sedimentary rocks of the southwestern Tianshan orogen have not yet
been reported, we cannot confirm which sedimentary rocks may have
had the potential to contribute some Au and As to the Ashawayi deposit
during regional metamorphism.

7.3. Pyrite evolution and mechanisms of ore precipitation

Py1 is characterized by low Au (median of 0.10 ppm, except for one
analysis that falls below the detection limit) and As (median of 88.5
ppm), together with a median Co/Ni ratio of 0.15, which is comparable
to that of diagenetic pyrite from the Qiuling orogenic gold deposit in the
Qinling orogen, where deposition occurred in a sulfate-limited envi-
ronment (Li et al., 2020b). Median contents of Ni (341 ppm) and Co
(59.7 ppm) in Py1 from the Kalachirga Formation carbonaceous phyllite
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and sandstone are lower than those of Hamersley Basin sedimentary
pyrites (median values of 813 ppm Ni and 465 ppm Co), and the median
Mo content (0.06 ppm) is also lower than that in the Kapai Slate sedi-
mentary pyrite (1.91 ppm), which was deposited under anoxic to euxinic
conditions (Gregory et al., 2016). Hence, Pyl was formed by diagenesis
in an anoxic to euxinic environment.

After Pyl formation, Py2 formed at the first introduction of the hy-
drothermal fluid and may have reacted with Py1, presumably during the
early phase of shearing. As previously mentioned, Py2 has geochemical
features of both sedimentary and hydrothermal pyrites, and some of
them retain Pyl cubic crystals (Fig. 7a, b), suggesting hydrothermal
overprinting (Table 3; Fig. 13). The gold contents of Py2 (0.02-4.22
ppm) are lower than those of Py3 (0.32-107 ppm). A similar trend is also
shown for the contents of As and Cu (Fig. 10), which indicates that the
early-ore-stage fluid carried low amounts of As, Au and Cu, as reflected
by the darker appearance of the core in BSE images (Fig. 7a, b).

Following this early gold introduction episode, the majority of the
anhedral to euhedral Py3 with high As, Au and Cu contents, accompa-
nied by many small quartz grains, precipitated during progressive
shearing. Since no replacement textures are identified between Py3a,
Py3b and Py3c, these pyrite grains may have formed successively or
almost simultaneously from an evolving ore fluid. The last sulfide
inferred to have formed during this main ore stage is Py3d, which dis-
plays a crosscutting relation with Py3c and is depleted in Au, As, Cu, Sb,
Co, Ni, W and Pb relative to Py3a-Py3c. Compared with Py3a-Py3c,
Py3d has much fewer pores and microfissures (Fig. 9d) and no quartz-
rich pressure shadows. We therefore suggest that the low metal con-
tents in Py3d are associated with its late precipitation, likely from the
residual ore fluids accompanied by the weakening of shearing motion.

After the formation of Py3, abundant oxidized and cool meteoric
water incursion may have occurred in the metallogenic system, as sup-
ported by H—O isotope data (Zhang et al., 2021), and consequently
caused the gradual oxidation of former pyrite and the formation of Py4
and limonite (Fig. 9f, g). Py4 shares similar chemical features with Py3,
suggesting that Py4 originated from hydrothermal pyrite but not
diagenetic pyrite, as supported by Py4 and Py3 clustering into a class
based on hierarchical cluster analysis (Fig. 13). Therefore, Py4 is the
relict of Py3 and has lower contents of ore-forming materials (such as
Au, As, and Cu) than Py3 (Fig. 10), which is likely associated with
leaching of Py3 during gradual oxidation.

Fluid boiling and phase separation can be inferred to occur in hy-
drothermal systems based on pyrite textures and trace element distri-
butions, as described by Li et al. (2018) and Roman et al. (2019). In the
Ashawayi deposit, Py3a-3c pyrite grains display zones with porous
textures and abundant mineral micro- to nanoinclusions (mainly arse-
nopyrite and chalcopyrite) (Figs. 7, 8), with the development of oscil-
latory zoning in Py3b (Fig. 7c), suggesting rapid metal deposition under
boiling. Additionally, Py3a and Py3b display negative to weakly positive
correlations between Au and As, respectively (Fig. 11c, d), which are
caused by rapid pyrite crystallization (Fougerouse et al., 2016). Recent
experimental results show that decoupling of Au and As occurred at the
colloform mantles of cement pyrite from the Daqiao orogenic Au de-
posit, central China; this is attributed to mantle formation related to
rapid disequilibrium precipitation from a highly FeS,-supersaturated
fluid, where Au incorporation into pyrite was controlled mostly by lat-
tice defects produced by rapid nucleation (Wu et al., 2021). As reported
by Zhang et al. (2021), the existence of three different fluid inclusions in
the main-stage quartz in the Ashawayi deposit and their divergent ho-
mogenization behaviors at very similar temperatures also indicate that
fluid boiling rapidly discharged their transported elements due to
decreasing pressure. Thus, we infer that Au and As are decoupled in
pyrite in the Ashawayi deposit, most likely due to rapid pyrite crystal-
lization, which can be attributed to depressurization-induced fluid
boiling.

However, some examples show irregular contact boundaries be-
tween Py1 and Py3 (Fig. 6e) and the existence of hydrothermal minerals
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Table 3

Trace element ratios used in hierarchical cluster analysis for pyrite from the
Ashawayi gold deposit. N.B. Trace element ratios assigned by the median values
in pyrite for every sample.

Sample no. Pyrite Sb/Au Bi/Au Se/Au Co/Ni Zn/Ni
K16143-1 Pyl 149.31 12.86 19.97 0.15 0.01
7ZK1602-3B Py2 47.32 11.75 12.15 0.40 0.00
7ZK1602-3B Py3a 2.10 0.13 0.40 0.13 0.03
ZK1602-10 Py3b 0.55 0.02 0.27 0.20 0.02
ZK1602-3B Py3c 0.65 0.06 0.40 0.11 0.10
7ZK1602-8 Py3c 12.49 10.31 8.89 0.31 0.07
1601-4 Py3c 4.89 2.38 2.75 0.22 0.02
1601-9 Py3c 1.66 0.18 0.43 0.20 0.01
1601-10a Py3c 2.23 0.25 0.82 0.25 0.02
ZK1602-10 Py3c 293 0.14 0.24 0.08 0.10
1601-10a Py3d 0.14 0.01 0.53 0.16 0.29
1601-6 Py4 4.51 0.91 2.98 0.22 0.02

(arsenopyrite, chalcopyrite, quartz, and calcite) in Py1, suggesting the
interaction between fluid and sedimentary pyrite. Furthermore, the
decreasing trend in the concentrations of Co and Ni from Pyl to Py3
(Fig. 10) indicates that Pyl may have contributed some of these trace
elements to Py2 and Py3. The contribution of trace elements cannot
occur if there is no interaction between Pyl and the ore-forming fluid.
The cogenetic pyrite and arsenopyrite, chalcopyrite, and hydrothermal
calcite in the sedimentary rocks (Fig. 6h, 8a-c) suggest that the ore fluids
also reacted with the Fe carbonate in the sedimentary rocks. Fluid —
wallrock/mineral interactions have been documented in many orogenic-
type gold deposits, such as the Golden Mile deposit in Western Australia
(Evans, et al., 2006), Qiuling deposit in China (Li et al., 2020b), and
Chan’an deposit in SW China (Yang et al., 2021).

7.4. Metallogenic type of the Ashawayi gold deposit

Recently, supervised machine learning methods, such as random
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forests and artificial neural networks (ANNSs), have been used to indicate
ore deposit types based on pyrite geochemical data (Gregory et al., 2019;
Zhong et al., 2021). We applied LA-ICP-MS pyrite trace element data
with the assistance of a trained ANN-based classifier by Zhong et al.
(2021) to determine the genesis of the Ashawayi deposit. The trained
algorithms show that many Py2, Py3, and Py4 pyrite samples have af-
finities to those of orogenic deposits worldwide (71.4 %, 90.9 % and
66.7 % for Py2, Py3, and Py4, respectively, Fig. 14; Table S2). This result
is also consistent with geological and geochemical observations. The
orebodies in the Ashawayi deposit are strictly controlled by ductile—
brittle shear zones and faults. The mineralization styles are dominated
by auriferous quartz veins. The hydrothermal alterations include sul-
fidization, sericitization, silicification, and carbonation. Most of the syn-
ore pyrite lacks a positive correlation between Au and Ag-Sb-Bi-Pb. The
hydrothermal fluid had low salinity, was rich in CO; and evolved from a
metamorphic to a meteoric origin (Zhang et al., 2021). These features
support the interpretation of the Ashawayi deposit as an orogenic gold
system (Chen and Fu, 1992; Kerrich et al., 2000; Groves et al., 2003;
Hagemann and Luders, 2003; Chen, 2006, 2013; Chen et al., 2012b;
Zhou et al., 2014a, b, 2015, 2022; Kerr et al., 2018). The Ashawayi
deposit is located between the Sawayaerdun and Bulong deposits. The
Sawayaerdun and Bulong deposits are constrained to have formed from
323.9 + 4.8 to 282 + 12 Ma through pyrite re-Os dating (Zhang et al.,
2017) and at 258 + 15 Ma through quartz Rb-Sr dating (Zhao et al.,
2002), respectively. Quartz from the Ashawayi deposit yields an Rb-Sr
isochron age of 257 + 1.3 Ma (Zhou’s unpublished data). These ages
strongly suggest that the time of the Ashawayi mineralization is
consistent with the time of strike-slip movement that was likely related
to postcollisional crustal thinning in the southwestern Tianshan orogen
(295-240 Ma; de Boorder, 2012; Huo, 2019; Li et al., 2020a), and it may
be best classified as a tectonic regime of postcollisional strike-slip
extension rather than the usual compressional to transpression re-
gimes (Groves et al., 1998; Goldfarb et al., 2001, 2005). This argument is
supported by the field structural measurements and analysis of conju-
gate shear joints and mineralized veins in the Ashawayi deposit,
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suggesting that the main principal stress in the ore stage was NE-SW-
directed, which is consistent with the regional shear direction (Zhou
et al., unpublished data). Therefore, it is reasonable to deduce that the
Ashawayi deposit was an orogenic-type system formed in association
with regional strike-slip deformation and metamorphism during post-
collisional crustal thinning.

During the collision between the Tarim and Kazakhstan cratons in
the late Paleozoic, the crust was rapidly uplifted and eroded, leading to
dextral strike-slip extensional deformation along NE-trending faults.
Deep-seated metamorphic ore fluids may have ascended along these
faults, decompressed, and then reacted with Pyl in the Kalachirga
Formation to generate early-stage Py2 (Fig. 15). During the main ore
stage, the fluid system depressurization caused boiling and rapid gold
precipitation, mainly in the form of Py3a, Py3b and Py3c, with high gold
and arsenic contents. Because of the gradual exhaustion of the ore fluid,
the resulting Py3d has low levels of metals (e.g., Au, As, Co, and Ni)
relative to Py3a to Py3c (Fig. 10). Finally, due to oxidation of the ore-
forming system, previously formed pyrite was partly or completely
oxidized to limonite, and only some relicts (Py4) were retained in the
late ore stage.

8. Conclusions

Diagenetic pyrite (Pyl) and three hydrothermal pyrite (Py2, Py3,
and Py4) generations were identified in the Ashawayi gold deposit. The
fs-LA-ICP-MS trace element analysis indicates that Pyl was formed by
diagenesis in an anoxic to euxinic environment. The early-ore pyrite
(Py2) has intermediate geochemical compositions that are between
those of typical diagenetic and hydrothermal pyrite and was formed at
the incipient introduction of hydrothermal fluid with low As, Au and Cu
contents. This hydrothermal fluid may have then reacted with preex-
isting Pyl. The high concentrations of Au and As in Py3 may have come
largely from the main ore stage metamorphic fluid, while other trace
elements (such as Co and Ni) were released from Pyl. Late-ore Py4 oc-
curs as relicts of Py3. The application of a trained artificial neural
network classifier to the Ashawayi deposit indicates that the syn-ore
pyrite has affinities to other orogenic gold deposits in the world. Fluid
boiling and fluid-rock/pyrite interactions were the two most important
factors for ore metal deposition. This study can serve as a case for
exploring the source and precipitation mechanism of ore metals, pyrite
classes and their genetic relationships in hydrothermal ore deposits (e.
g., epithermal, orogenic and Carlin Au deposits).
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