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Abstract

The newly discovered Caijiagou gold deposit is hosted in metasedimentary rocks of the
Silurian Taiyangsi Formation in the West Qinling Orogen (WQO), central China. Three min-
eralization stages are recognized: (1) the quartz-sericite—pyrite stage (Stage I), characterized
by fine-grained, disseminated pyrite (Py1) and arsenopyrite (Apy1) with trace amounts of
native gold; (2) the main ore-stage, the quartz—polymetallic sulfide—ankerite stage (Stage II),
which contains coarse-grained euhedral pyrite (Py2) and arsenopyrite (Apy2) intergrown
with ankerite and native gold; and (3) the post-ore calcite stage (Stage III), which is barren.
Hydrothermal alteration assemblages include silicification, sericitization, pyritization, and
carbonatization. In situ trace element analyses show that gold is mainly hosted in Py2
(avg. 2.86 ppm Au) and Apy2 (avg. 1.95 ppm Au), with consistently low Co/Ni ratios
(<0.6) in ore-stage sulfides, supporting a metamorphic fluid origin. Sulfur isotope values
(534S = +6.47 %0 to +11.96%0) point to sulfur derived from thermochemical reduction of
marine sulfate. Apatite from the main ore stage (Stage II) yields a U-Pb lower intercept
age of 237 £ 4.3 Ma (MSWD = 0.89), placing the mineralization in the Middle Triassic
(Indosinian orogeny). These results are consistent with a sediment-hosted orogenic gold
model, and the geochemical and geochronological signatures provide insights into the
ore-forming process and regional metallogeny of the WQO.

Keywords: Caijiagou gold deposit; orogenic gold; trace element; sulfur isotope; apatite
U-Pb dating

1. Introduction

The Qinling orogenic belt is a key component of the Central Orogenic System of the
Chinese continent. Since the Neoproterozoic, it has undergone polycyclic, multiphase,
and multi-regime orogenesis, resulting in a tectonic framework of “two sutures and three
blocks”. The two sutures are the Shangdan and Mianliie suture zones, and the three blocks
are the southern margin of the North China Block, the Qinling microblock, and the northern
margin of the South China Block (Figure 1a). This framework is the product of multiple

Minerals 2026, 16, 799

https:/ /doi.org/10.3390/min16080799


https://crossmark.crossref.org/dialog?doi=10.3390/min16080799&domain=pdf&date_stamp=2026-07-31
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/minerals
https://www.mdpi.com
https://orcid.org/0000-0003-1408-8149
https://doi.org/10.3390/min16080799

Minerals 2026, 16, 799

2 of 24

episodes of ocean-basin spreading and subduction, ocean—continent subduction orogeny;,
continent—continent collisional orogeny, and superimposed intracontinental orogeny that
involved these blocks, which together make the Qinling orogenic belt a typical composite
continental orogen [1-4]. The Fengxian—Taibai fault zone demarcates the West Qinling
Orogen (WQO) from the East Qinling orogenic belt, with the former located in a transi-
tional zone where major terranes and orogenic belts of the Chinese continent converge
and interact (Figure 1b) [2,5,6]. During the Triassic to Middle Jurassic (250-170 Ma), the
WQO experienced subduction and closure of the Paleo-Tethyan Mianliie oceanic basin.
The South China Block finally collided with the West Qinling microterrane along the
A’nyemagen—Mianliie suture zone, followed by intracontinental deformation character-
ized by large-scale thrust napping, compression, rotation, uplift, and plutonic intrusion of
magmatic activity, culminating in intense tectonic-magmatic-metallogenic events [7-13].
Owing to the migration pathways provided by structural deformation, combined with
abundant ore-forming materials derived from intense magmatic activity and metamorphic
strata, these materials eventually precipitated and enriched at favorable sites, giving rise to
a series of gold deposits in the West Qinling area, including the Zaozigou, Zhaishang, Liba,
Huayagou, Xiangtanzi, Jinchanggou, and Baguamiao deposits [4,9,14-16]. As a result, the
WQO is increasingly recognized as the second-largest gold base in China [17], exhibiting
substantial exploration potential. Regarding the genetic mechanisms of Indosinian gold
deposits in the WQO, most studies have suggested that they are orogenic gold deposits
of predominantly metamorphic hydrothermal origin [2,18,19]. However, recent research
indicates that many of these gold deposits are located near intrusions and are closely asso-
ciated with dykes [16,20-22], and their ore-forming materials show multiple fluid sources
including meteoric water [23], metamorphic fluids derived from dewatering of supracrustal
rocks [17,24,25], magmatic hydrothermal fluids [20-22,26,27], and lower crustal or mantle
fluids [4,28-32]. Consequently, the sources of fluids, sulfur, gold, and other metals in these
gold deposits remain controversial.

The Chaijiazhuang-Taiyangsi Au-Ag-Pb-Zn-Cu polymetallic metallogenic belt is one
of the important ore belts in the WQO [3,33,34]. Regionally, numerous deposits have been
discovered, including the Xiangtanzi gold deposit and the Liushaogou silver—polymetallic
deposit, among which gold is the dominant mineral commodity [35-37]. Gold mineral-
ization in this belt is confined to particular lithological units and structures, and is closely
associated with magmatic activity [4,15,38—40]. In recent years, a new gold occurrence
has been identified at Caijiagou, adjacent to the Liushaogou area, with Au grades rang-
ing from 1.45 to 5.00 g/t. Some ore bodies are relatively thick (0.86-2.68 m), indicating
considerable potential. However, its ore-forming mechanism remains unknown, and the
sources of ore-forming fluids as well as the mineralization age have not been effectively
constrained. Based solely on its proximity to the Xiangtanzi and Liushaogou gold deposits,
it is tentatively inferred to be an Indosinian orogenic gold deposit. Therefore, the Caijiagou
gold occurrence warrants further investigation. The present study aims to characterize the
mineralogical and geochemical features of sulfides from different mineralization stages at
the Caijiagou deposit, constrain the source of ore-forming fluids using in situ sulfur isotope
and trace element data of pyrite and arsenopyrite, determine the timing of mineralization
via apatite U-Pb dating, and establish a genetic model for the Caijiagou gold deposit within
the tectonic framework of the WQO.
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Figure 1. Tectonic division map and distribution of major magmatic rocks in the West Qinling
Orogen [17]. (a) Major tectonic domains of China and the location of the Qinling Orogen. (b) Tectonic
units and major boundaries of the Qinling Orogen. (c) Simplified geological map of the West Qinling
Orogen, showing the Triassic intrusions. 1. Quaternary System, 2. Middle Jurassic to Neogene

South China Block

9 |216Ma| 10
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System, 3. Middle Devonian to Middle Triassic System, 4. Silurian to Lower Devonian System, 5. Late
Triassic magmatic rocks, 6. Middle Triassic magmatic rocks, 7. thrust fault zone, 8. sinistral strike-slip
fault, 9. city names, 10. magmatic age.

2. Regional Geology and Deposit Geology
2.1. Regional Geology

The WQO is located between several tectonic units. Its northern boundary is the
Guide-Linxia—-Wushan-Tianshui-Tangzang Fault, which separates it from the Qilian Oro-
gen. The southern boundary is the A'nyemagen-Mianlue suture zone, bordering the
Songpan—Ganzi Orogen. To the east, the Fengxian-Taibai Fault (approximately marked
by the Baoji-Chengdu Railway) connects it with the East Qinling Orogen, whereas to the
west, the Wenquan-Wahongshan Fault delimits it from the East Kunlun Terrane and the
Qaidam Block (Figure 1) [16,18,22,32,36,41,42]. Situated between the North China and
Yangtze Blocks, the Qinling Orogenic Belt is conventionally separated by the Shangdan
suture zone into the North Qinling Orogen and South Qinling Orogen [10,12]. This suture
represents the closure of the Proto-Tethyan Shangdan Ocean during the Late Devonian.
The southern boundary of the South Qinling Orogen is defined by the Mianliie suture zone,
formed through subduction and closure of the Paleo-Tethyan Mianliie Ocean from the Late
Permian to Early Triassic [1,4,15,18,43,44].
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The study area is located in the southeastern part of Gansu Province, eastern
part of the WQO (Figure 1c). Tectonically, it lies at the junction between the Shang-
dan ophiolitic mélange belt and the southern margin of the North Qinling continental
marginal basin [3,4,33]. In terms of metallogenic affiliation, it belongs to the North Qin-
ling Chaijiazhuang-Taiyangsi Au-Ag-Pb-Zn-Cu polymetallic sub-belt, which is part of the
Changba—Yeshuihe Pb-Zn-Au-Ag metallogenic belt [4,45]. Intense volcanic activity in the
area provided the material basis for the mineralization of elements such as gold, silver, and
lead [4,15,17,38,46,47]. During the Indosinian orogeny, widespread intermediate—acidic
magmatic intrusions supplied the thermal driving force for the activation, migration, and
enrichment of ore-forming materials [35,38,44,48]. The area shows evidence of complex
tectonic activity with faults providing favorable pathways and space for mineralization.

The exposed strata in the region include the Paleoproterozoic Qinling Group, the
Silurian Taiyangsi Formation, the Ordovician Liziyuan Group and Chenjiahe Group, the
Devonian Xihanshui Group, Shujiaba Group, and Dacaotan Group, and the Triassic Huari
Formation (Figure 1c) [33,34,36]. These strata were intensely folded and faulted during
the Permian-Triassic subduction and closure of the Paleo-Tethyan Mianliie Ocean and
subsequent continent-continent collision [49,50]. As a result, they generally strike north-
west to nearly east-west, largely consistent with the orientation of regional fault lines
(Figure 1c), and occur mostly as tectonically controlled structural slices [8,17,48,51]. Among
these, the Devonian formations constitute the primary ore-hosting strata for known gold
mineralization in the region [52,53].

Regionally, the structural framework is roughly east-west, with pervasive faulting
and folding. Four fault sets are recognized [11,33,34,36,51]: (1) early major east-west
faults (e.g., Yuanjiaping and Taiyangsi) with multi-stage activity; (2) secondary east-west
compressional reverse faults, mostly south-dipping, developed later, and serving as the
primary ore-hosting structures; (3) northwest- and northeast-trending compressional-shear
reverse faults, commonly mineralized and altered, representing the most important ore-
bearing structures; and (4) late north-south-trending faults that cut across earlier faults and
strata. The folds are small-scale.

The area has experienced multiphase magmatic activity, with igneous rocks ex-
posed from the Caledonian to the Indosinian (Figure 1c) [12,17,22,43,44,46]. Intense pre-
Caledonian magmatism laid the material foundation for ore enrichment in various de-
posits [10], whereas later magmatism produced abundant intermediate-acidic dykes [46].
The heat from the latter provided the thermal driving force for metal mobilization, ore-fluid
migration, and concentration of useful components [35,46,54]. Three major plutons are
exposed in the region: the Taibai, Tianzishan, and Moshan’gou plutons. The Tianzishan plu-
ton is the largest, with the Tianzishan and Taibai plutons having roughly east-west-trending
long axes, and the Moshan’gou pluton showing a nearly north-south trend [5,54-58].

Intermediate-acidic dykes are widely developed in the area, consisting mainly of
diorite (diorite porphyrite), quartz diorite (quartz diorite porphyrite), and granite por-
phyry [33,34]. Their geometry is predominantly controlled by northwest- and northeast-
trending faults, and to a lesser extent by east-west-trending faults. The dykes are generally
several to several tens of meters wide and typically several tens of meters long, whereas
north-south-trending dykes are relatively rare. Gold mineralization in the area is closely
associated with these intermediate-acidic dykes [4,17,38,39,46].

2.2. Deposit Geology

The Caijiagou gold deposit lies in Liangdang County, Gansu Province, in the eastern
part of the WQO (Figure 1c). To the north are the Shangdan suture zone and the Yuanjiaping
ductile shear zone. The exposed strata in the mining area are simple: all rocks belong
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to the Silurian Taiyangsi Formation (S3_4t), mainly composed of quartz schist (Figure 2a).
The rocks are so intensively deformed that the original bedding (Sy) has been largely
transposed and replaced by pervasive foliation and even mylonitization. This unit is a low-
to medium-grade metamorphosed clastic sequence. A notable feature is its generally high
quartz content. From the lithological assemblage, the protoliths were likely mature quartz
sandstone, fine-grained quartz sandstone, and argillaceous quartz siltstone, pointing to a
stable depositional setting. Regional tectonic data further suggest a passive continental
margin environment for the Taiyangsi Formation. Based on lithological changes, the
formation splits into three members: the first (S34t1), second (Sz4t?), and third (S3_4t3).
Of these, the second member (S3_4t2) is the main ore-host horizon in the area—all five
discovered ore bodies occur within it (Figure 2a).
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Figure 2. Geology of the study (a) and exploration-line cross-section map (b) of the Caijiagou
ore district. 1. Member 1 of the Taiyangsi Formation, 2. Member 2 of the Taiyangsi Formation,
3. Member 3 of the Taiyangsi Formation, 4. diorite porphyrite dyke, 5. diorite dyke, 6. granite dyke,
7. Gabbro dyke, 8. gold orebody (location and designation), 9. fault (location and designation),
10. exploration line (location and designation), 11. drill hole (location and designation), 12. trench
(location and designation).

The mining area contains a well-developed fault system. Multiphase tectonism created
pathways and traps for gold-bearing hydrothermal fluids. The regional F2 fault, trending
northeast (Figure 2a), is a compressional-shear structure with associated acidic dykes.
Secondary faults along its flanks—trending east-west, northeast, and northwest—serve
as the main ore-hosting and ore-controlling structures. The F1 and F3 faults are east-west
reverse faults with compressional breccia zones (Figure 2a). The F4 fault zone, composed
of multiple fault sets and generally dipping south, hosts limonitization, pyritization, and
silicification. This zone is the primary ore-hosting structure in the area, controlling all five
ore bodies and two mineralized bodies.

In the mining area, diorite porphyrite dikes, diorite dikes, and quartz veins occur,
mainly within the second member of the Taiyangsi Formation (S34t?) (Figure 2a). Con-
trolled by faults, the dikes trend roughly east-west or northwest, generally 0.50-11.20 m
wide and 20-180 m long. The diorite (porphyrite) dikes are closely associated with gold
mineralization and serve as an indirect exploration guide. The diorite porphyrite dikes
show a relict porphyritic texture and massive structure, with phenocrysts (5%-12%) of
altered plagioclase (completely carbonatized and chloritized) and corroded quartz, and a
matrix (78%-95%) of plagioclase (strongly carbonatized and sericitized) and hornblende
(carbonatized and chloritized). The diorite dikes have a subhedral granular texture and
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massive structure, consisting of plagioclase (strongly epidotized, chloritized, and weakly
argillized), hornblende (pleochroic), and pyroxene (carbonatized and chloritized), all in-
tensely altered.

The mineralized zone in the area trends roughly east-west, measuring 3400 m long
and 20-50 m wide. It contains one gold—polymetallic ore body (I-1), two gold ore bodies (I-4,
I-5), two low-grade gold ore bodies (I-2, I-3), and three gold-mineralized bodies, all hosted
in the second member of the Taiyangsi Formation (Figure 2a). The gold (mineralized)
bodies are controlled by gently dipping faults trending east-west, northwest, and northeast.
They are vein-like, generally dipping south at 5-32°, but locally steepening to 60-70°
(Figures 2b and 3a). Individual ore bodies are 40-210 m long and 0.86-2.68 m thick, with
Au grades of 1.45-5.00 g/t. Some bodies swell and pinch, with the thicker parts being more
strongly mineralized. Surface alteration is mainly limonitization and hematitization, along
with pyritization, galenization, and malachitization. At depth, pyritization and silicification
dominate, with minor galenization; pyrite occurs unevenly as fine veinlets and small clots.

I :Qtz-Py-
“Apy-Ank

LG

=

g el ®
P/ ik % W

Figure 3. Field photographs of orebodies and drill-core ores. (a) Subvertical orebody exposed in
the field. (b—e) Primary ore from boreholes. (f) Shallow oxidized ore. Qtz—quartz, Ser—sericite,
Py—pyrite, Apy—arsenopyrite, Ank—ankerite, Cal—calcite, Hem—hematite.

3. Petrology and Petrography of the Ore Rocks

The Caijiagou gold deposit is of the tectonically-altered rock type (Figure 3). The ore
has a granoblastic texture, subordinately lepidogranoblastic texture, and massive structure,
with a subordinate schistose structure.

The natural ore types include oxidized ore, mixed ore, and sulfide ore. The oxidized
zone roughly extends from the surface down to 20 m. It is characterized by a porous or
earthy texture and massive structure. The dominant ore minerals are hematite and limonite
(about 20%), with minor pyrite and trace chalcopyrite (Figures 3f and 4d). Hematite occurs
as euhedral to subhedral grains 0.1-2 mm in size, partly altered to limonite, which appears
as a gel-like material mixed with hematite.
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The mixed ore occupies the transitional zone between 20 m and 35 m depth, where
both oxidized and primary sulfide phases coexist. Its texture and structure are intermediate
between those of the oxidized and sulfide ores.

The sulfide ore occurs below 35 m. It has a granoblastic to lepidogranoblastic texture
and massive to schistose structure. Pyrite becomes the main ore mineral (~8%), accompa-
nied by a small amount of arsenopyrite (~2%). Pyrite is isotropic and forms euhedral to
subhedral grains 0.01-0.6 mm across, unevenly distributed as fine veinlets or small clots
(Figure 3b). Arsenopyrite is bright white with a slight cream tint, shows weak pleochroism
and strong anisotropy, and occurs as rhombic, columnar, or spear-shaped euhedral crystals
0.02-1.2 mm in size, locally clustered.

Near the surface, the gangue minerals are mainly quartz (~79%) and sericite (~1%),
whereas at depth, the white mica coarsens to muscovite (25%-30%), accompanied by quartz
(55%-70%), minor feldspar (~5%) and carbonate bands (Figure 3c,d). Quartz is anhedral
granular, displays undulatory extinction, and has serrate grain boundaries with a weakly
elongated, slightly oriented fabric. Muscovite occurs as fine flakes that are aligned. Feldspar
is anhedral tabular granular, turbid from alteration, and distributed as irregular aggregates.

Overall, the Caijiagou gold deposit exhibits a limited range of alteration types, mainly
pyritization, silicification, sericitization, and carbonatization, indicating a low-temperature
hydrothermal alteration assemblage. Products of the early stage are commonly cut and
overprinted by those of later stages, resulting in the coexistence of minerals formed at
different stages.

The samples analyzed in this study were collected from the No. I ore body, including
deep primary sulfide ores and surface oxidized ores. Based on field observations and labo-
ratory identification, three mineralization stages were recognized: (I) the quartz—sericite—
pyrite stage, (I) the quartz—polymetallic sulfide—ankerite stage, and (III) the calcite stage.
Stage Il is the major mineralization stage (Figures 3b-e and 4a—c). Stage I and Stage Il miner-
alization are mainly developed in the primary sulfide ore zone (>35 m depth), whereas the
oxidized and mixed ores represent supergene modification of these primary mineralization
stages. Stage IlI calcite veins are barren and cut across all previous mineralization.

Pyrite is the dominant ore mineral, occurring mainly in the quartz—sericite-pyrite stage
(I) and the quartz—polymetallic sulfide stage (II). It is typically in euhedral to subhedral
cubes (Figures 3 and 4). The distribution of pyrite in the ore is uneven. In the quartz—sericite—
pyrite stage, pyrite (Py1) is fine-grained (0.05-0.2 mm) and occurs as fine disseminations in
quartz and sericite (Figure 4a,b). In the quartz—polymetallic sulfide-ankerite stage, pyrite
(Py2) is euhedral to subhedral granular, with larger crystal sizes (0.3—1 mm). It occurs as
bands or disseminations at the margins of quartz veins and is intergrown with ankerite
(Figure 4a—c). Arsenopyrite typically occurs as subhedral to euhedral grains, with common
cataclastic textures. In the quartz—sericite-pyrite stage, arsenopyrite (Apy1) is relatively
fine, with grain sizes of about 0.05-0.1 mm. In the quartz—polymetallic sulfide—ankerite
stage, arsenopyrite (Apy2) mainly occurs as disseminations in quartz veins, with grain
sizes of about 0.1-0.3 mm, intergrown with ankerite (Figure 4c).

Under microscopic observation and TIMA analysis, native gold is recognized within
pyrite (Py2) of the quartz—polymetallic sulfide—ankerite stage. Apatite and sericite are
also identified in the main mineralization stage, and suitable minerals are planned for
subsequent in situ dating analysis. In surface-oxidized samples, pyrite has been oxidized
to limonite, with native gold grains visible at the oxidation rims of pyrite (Figure 4d).
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Figure 4. Photomicrograph of ore minerals. (a) three mineralization stages and their crosscutting rela-
tionships; (b) the first and second mineralization stages; (c) the second and third mineralization stages;
(d) native gold at the margins of pyrite. Qtz—quartz, Ser—sericite, Py—pyrite, Apy—arsenopyrite,
Ank—ankerite, Cal—calcite, Hem—hematite, Au—gold.

4. Samples and Analytical Methods

The TIMA (TESCAN Integrated Mineral Analyzer) analysis was performed to identify
mineral phases and their textural relationships in the ore samples. The test was completed
by Nanjing Hongchuang Geological Exploration Technology Service Co., Ltd. The instru-
ment model used was the field emission scanning electron microscope TESCAN Mira3
LMH (TESCAN, Brno, Czech Republic), equipped with TESCAN'’s original BSE probe
and energy-dispersive spectrometer detector (EDAX Element 30 EDAX Inc., Mahwah, NJ,
USA). The voltage used by the instrument during the testing process was 25 kV, the current
was 9 nA, and the working distance was 15 mm. Before TIMA testing, use a platinum
Faraday cup to calibrate the BSE signal and a metal Mn to calibrate the EDS signal. The
standard sample type used was MAC: 12925. During the test, dissociation mode was used
to simultaneously obtain BSE images and EDS data, with an X-ray count of 1000 for each
point. The BSE unit pixel size was 2.5 pm, and the energy-spectrum testing step size was
7.5 pm.

Sulfur isotopic ratios of sulfides (pyrite, pyrrhotite, arsenopyrite, chalcopyrite, spha-
lerite) were determined by LA-MC-ICP-MS at Nanjing Hongchuang Geological Exploration
Technology Service Co. Ltd. A Resolution SE laser-ablation system (Applied Spectra, West
Sacramento, CA, USA) and Neptune XT (Thermo Fisher Scientific, Braunschweig, Ger-
many) were combined for the experiments. An MC-ICP-MS was operated at medium
mass resolution with the magnet positioned off-peak on the low-mass side to monitor
325 free of O-O interferences. The deep UV laser beam generated by the quasi-molecular
laser was homogenized and focused onto the sulfide surface with a fluence of 4 J/ cm?.
Background gases were measured for 20 s prior to 30 s of ablation using a 50 um spot at
5 Hz. The aerosol was carried by a He gas stream to be mixed with Ar before introduction
into the MC-ICP-MS. Sulfur isotope measurements were corrected for mass bias using
the sample-standard bracketing method with Wenshan pyrite (6345 = +1.5%0 V-CDT) as
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the external standard. NIST SRM 123 sphalerite particles (634S = +17.1%o0) were analyzed
periodically as a secondary reference material to monitor data quality [59].

In situ trace element analyses of sulfide minerals were performed on pyrite (Pyl and
Py2) and arsenopyrite (Apyl and Apy2) from both Stage I and Stage II mineralization
using LA-ICPMS at Nanjing Hongchuang Geological Exploration Technology Service Co.,
Ltd. The Resolution SE model laser-ablation system (Applied Spectra, West Sacramento,
CA, USA) was equipped with an ATL (ATLEX 300) excimer laser and a Two-Volume S155
ablation cell. The laser ablation system was coupled to an Agilent 8900 ICPMS (Agilent,
Santa Clara, CA, USA) [60]. LA-ICPMS tuning was performed using a 50-micron-diameter
line scan at 3 um/s on NIST 612 at ~3.5 J/cm? with a repetition rate of 10 Hz. The gas flow
was adjusted to get the highest sensitivity (?*¥U~6 x 10°cps) and the lowest oxide ratio
(ThO/Th < 0.2%). P/ A calibration was conducted on the NIST 610 using a 100-micron-
diameter line scan. Other laser parameters were the same as those of the tuning: »Na,
25Mg, 77 Al, 29Si, 31P, ¥K, 43Ca, #5Sc, 47T, 51V, 52Cr, 5Mn, Fe, ¥Co, ®Ni, %Zn, ©°Ga, 3Rb,
865y, 89y 97y BNb, 133Cs, 137Ba, 13914, 140Ce, 141py, 146Nd, 147Sm, 151Ey, 157Gd, 159Tb,
163Dy, 165Ho, 166Fr, 169Tm, 173YDb, 175Lu, 78Hf, 181Ta, 208Pb, 232Th, 238U, with a total sweep
time of ~0.31 s. Thin sections were fixed onto the sample holder and cleaned prior to the
analysis using AR-grade methanol. Pre-ablation was conducted for each spot analysis using
5 laser shots (~1 pum in depth) to remove potential surface contamination. The analysis was
performed using a 50 um diameter spot at 5 Hz and a fluence of 4 J/cm?. The iolite software
package (3D Trace Element’, iolite v4.8.2) was used for data reduction [61,62]. Reference
materials were bracketed among multiple groups of 10 to 12 sample unknowns. Typically,
40 s of sample signals was acquired after a 20 s gas background measurement. A total of
32 LA-ICP-MS spot analyses were performed on two types of pyrite and arsenopyrite from
the Caijiagou deposit, including 14 analyses of Py1, 7 analyses of Py2, 4 analyses of Apyl,
and 7 analyses of Apy2. The results are presented in Table 1.

Apatite U-Pb dating was conducted using LA-ICPMS at Nanjing Hongchuang Geo-
logical Exploration Technology Service Co. The Resolution SE model laser-ablation system
(Applied Spectra, West Sacramento, CA, USA) was equipped with an ATL (ATLEX 300)
excimer laser and a Two-Volume 5155 ablation cell. The laser-ablation system was coupled
to an Agilent 8900 ICPMS (Agilent, Santa Clara, CA, USA) [60]. LA-ICPMS tuning was
performed using a 50-micron-diameter line scan at 3 um/s on NIST 612 at ~3.5 ]/ cm?
with a repetition rate of 10 Hz. The gas flow was adjusted to get the highest sensitivity
(®8U~6 x 10° cps) and the lowest oxide ratio (ThO/Th < 0.2%). P/A calibration was
conducted on NIST 610 using a 100-micron-diameter line scan. Other laser parameters were
the same as those of the tuning. 31p 43Cq, 45S¢, 49Ty, 86Sr, 89Y, 07y, BNDb, 1391, 140Ce, 141Py,
16Nd, 147Sm, 151y, 157Gd, 59Tb, 163Dy, 165Ho, 19°Ex, 169Tm, 173Yb, 175Lu, 178H, 1817,
202Hg, 204pp, 206p}, 207pp 208pp 232Th, and 238U were mass-analyzed with a total sweep
time of ~0.26 s. Apatite was mounted in epoxy discs, polished to expose the grains, cleaned
ultrasonically in ultrapure water, then cleaned again prior to the analysis using AR-grade
methanol. Pre-ablation was conducted for each spot analysis using 5 laser shots (~0.3 pm
in depth) to remove potential surface contamination. The analysis was performed using a
30 um diameter spot at 5 Hz with a fluence of 2 J/cm?. The iolite software package was
used for data reduction [61]. Madagascar and Durango apatite were used as primary and
secondary reference materials, respectively [63,64]. Triplets of Madagascar and Durango
were bracketed among multiple groups of 10 to 12 sample unknowns. Typically, 35-40 s
of sample signals were acquired after a 20 s gas background measurement. Using the
exponential function to calibrate the downhole fractionation [62]. NIST 610 and 43Ca were
used to calibrate the trace element concentrations as the external reference material and
internal standard element, respectively.
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Table 1. Trace elements (ppm) of pyrite (Py1, n = 14; for Py2, n = 7) and arsenopyrite (Apyl, n = 4; Apy2, n = 7) from Stage I and Stage II mineralization in the

Caijiagou gold deposit.

As Sb Ni Co Cu Mn Cr Pb Zn Se Ag Tl Au v Mo Cd Bi
14,772.77 6.45 130.69 31.24 12.07 512 2.39 101.65 0.55 23.19 2.33 0.01 1.84 0.44 - 0.01 1.56
12,303.98 4.99 102.50 46.03 8.65 499.99 6.45 58.88 4.86 19.46 3.51 0.17 0.79 1042 0.02 - 0.96
15,568.04 5.42 119.57 18.79 20.77 - 5.54 37.51 0.87 - 1.39 0.00 1.52 7.70 0.45 - 0.72
16,377.88 10.12 276.82 27.17 56.98 091 6.93 95.86 1.59 - 271 - 1.72 221 - - 1.59
16,177.76 18.07 691.99 71.46 77.30 0.70 6.60 241.28 1.79 16.48 27.10 0.09 2250 1.99 - 0.18 2.63
16,078.50 14.21 139.61 24.27 23.84 0.80 1.35 338.41 0.93 11.84 4.38 0.03 5.57 0.75 - 0.09 1.36

Pyl 14,726.28 14.70 699.54 126.99 40.23 3.53 12.87  2444.63 4.40 26.76 16.34 0.11 2.93 6.35 - 0.16 19.27
10,218.63 150.42 7.67 5.59 182.28 2.07 10.85  1183.94  29.28 - 52.45 - 5.58 0.31 - 0.44 44.82

7892.39 2.81 100.03 189.82 77.14 2.92 19.24 199.79 5.59 - 7.10 - 0.55 0.26 045 0.05 57.49

9112.80 37.06 8.64 3.91 120.52 0.70 4.18 1106.26  13.30 - 24.46 0.01 2.45 0.05 0.04 028 65.35

2386.70 45.44 12.54 19.46 73.76 - 1.34 2567.94 3.44 - 45.61 0.01 9.67 - 029 022 51.54

9725.58 0.83 23.37 46.24 84.80 - - 17.98 0.37 - 2.79 - 0.39 - 0.04 0.03 22.71

1006.55 7.23 33.83 109.34  104.25 - 2.86 428.06 4.52 - 25.43 0.03 1.58 - - 0.08  165.65

3422.96 171.91 42.02 109.66  278.35 - 3.21 780.26 13.42 19.96 27.25 0.01 2.15 - 643 0.79 30527
13,497.81 1.06 36.40 20.47 2.85 3.40 4.31 7.00 3.05 17.24 0.19 0.02 1.10 3.02 - - 0.17
10,415.12 6.24 705.46 200.12 13.13 9.00 8.76 58.67 5.35 18.95 232 0.12 2.73 1073 0.07 - 2.07
13,755.73 6.12 96.98 27.46 14.23 25.57 16.59 110.89 14.74 29.14 4.49 0.04 1.34 3.44 - 0.04 5.80
Py2 15,241.01 8.14 139.31 19.60 19.15 560.92 31.62 208.08 14.07 20.09 4.59 0.06 7.46 7.51 0.14 0.05 5.77
17,522.90 7.39 38.79 2.75 17.17 2.70 291 172.56 2.03 - 4.59 0.03 3.58 1.13 - 0.06 2.34
2602.39 7.03 31.60 13.23 13.38  2377.53 0.85 70.12 9.08 18.75 2.57 0.03 0.32 0.94 005 0.13 0.76
12,567.32 10.01 117.74 28.29 32.06 2.45 2.38 137.78 1.60 - 3.78 0.02 3.50 0.74 - 0.05 1.39
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Table 1. Cont.
As Sb Ni Co Cu Mn Cr Pb Zn Se Ag Tl Au A" Mo Cd Bi
24454030 31356  128.56 34.15 3.48 1.36 12.15 21.46 2.18 0.00 1.01 0.03 1.81 1598 038 0.03 0.63
Apyl 228,338.13  376.20 14.68 3.86 2.93 16.81 7.54 9.33 1.93 0.00 0.79 0.03 0.31 1540 124 0.02 0.84
241,833.62 29525 10.24 1.62 0.96 0.98 1.85 2.30 0.41 0.06 0.24 0.01 0.22 1.90 198 0.01 0.33
239,951.13  405.41 101.52 54.75 2.08 0.30 1.71 18.93 0.48 0.23 0.59 0.01 0.68 0.79 454 0.03 1.41
248,764.01  308.00 99.51 14.57 7.31 66.06 0.69 510.95 2.02 0.30 5.63 0.03 1.00 0.26 134 0.04 4.35
248,023.89 21213 15.25 412 1.52 0.12 0.78 14.67 0.33 0.01 0.93 0.00 0.87 0.04 0.86  0.00 0.54
257,318.05  172.80 31.84 7.47 4.61 1.93 0.55 99.34 0.35 0.45 3.30 0.03 4.06 0.13 0.20 0.04 1.27
Apy2 258,372.15 240.07  176.15 43.80 3.91 0.13 0.60 51.58 0.46 0.28 0.99 0.00 1.79 0.00 0.06  0.02 0.88
250,945.45 19499  370.00 75.51 2.63 0.44 4.89 13.17 0.81 0.34 1.16 0.03 2.34 1.10 113  0.04 0.57
253,761.62  204.96 14.59 2.40 3.82 0.97 1.43 16.87 0.61 0.51 1.32 0.01 0.55 0.32 1.05 0.03 0.58
252,106.74 11491  406.92 68.65 5.55 0.36 1.15 20.14 0.97 0.17 1.45 0.05 3.04 0.75 0.56  0.01 0.96
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5. Analytical Results
5.1. Trace Element Composition of Pyrite and Arsenopyrite

The main trace elements in pyrite include As, Cu, Pb, Zn, Ag, Au, and other trace
elements. Pyrite in the mining area generally has high As contents. Early-formed pyrite
tends to have similar or higher trace element contents than late-formed pyrite (Figure 5).

Gold concentrations in Pyl range from 0.39 to 22.5 ppm (average ~4.0 ppm). Among
the elements analyzed, Ag, Pb, Cu, Zn, Sb and Co show moderate concentrations with
highly variable ranges: Ag 2.3-52.4 ppm (average ~17.0 ppm), Pb 18.0-2567 ppm (average
~637 ppm), Cu 8.6-278 ppm (average ~87 ppm), Zn 0.37-29.3 ppm (average ~6.8 ppm),
Sb 0.83-172 ppm (average ~35.3 ppm), and Co 3.9-190 ppm (average ~69 ppm). Of
the two pyrite types, Pyl has the highest As concentrations (1006-16,377 ppm, aver-
age ~10,697 ppm), along with elevated Ni (7.7-700 ppm) and Bi (0.03-166 ppm) (Table 1,
Figure 5).

Gold concentrations in Py2 range from 0.32 to 7.46 ppm (average ~2.86 ppm). Com-
pared with Pyl, most trace elements in Py2 (e.g., Au, Cu, Pb, Ag, Sb) are markedly
depleted. However, Py2 contains very high Mn (2.4-2378 ppm, average ~425 ppm) and
Se (17-29 ppm, average ~21 ppm), together with moderate As (2602-17,522 ppm, average
~12,229 ppm), Ni (31.6-705 ppm, average ~166 ppm), Co (2.8-200 ppm, average ~44 ppm)
and Cu (2.85-32.06 ppm, average ~15 ppm). Overall, from the early stage (Py1) to the late
stage (Py2), Au, As, Pb, Zn and Ag in pyrite decrease, whereas Mn and Se become relatively
enriched (Table 1, Figure 5).

Gold concentrations in Apy1 range from 0.22 to 1.82 ppm (average ~0.76 ppm). Apyl
has extremely high As (22.8-24.4 wt%, average ~23.8 wt%), together with moderate Sb
(295406 ppm, average ~348 ppm), Ni (10-129 ppm, average ~64 ppm), Co (1.6-54.8 ppm,
average ~23.6 ppm) and Bi (0.33-1.41 ppm, average ~0.8 ppm). Of the two arsenopyrite
types, Apy1l shows relatively low Cu (0.96-3.48 ppm, average ~2.4 ppm), Zn (0.41-2.18 ppm,
average ~1.3 ppm) and Pb (Pb 2.30-21.5 ppm, average ~13 ppm) (Table 1, Figure 5).
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Figure 5. Comparison of trace element content characteristics of pyrite from Pyl, Py2, Apyl, and
Apy?2 in the Caijiagou gold deposit.

Gold concentrations in Apy2 range from 0.55 to 4.06 ppm (average ~1.95 ppm). Apy2
also has very high As (24.8-25.8 wt%, average ~25.4 wt%), but relative to Apyl, it is
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significantly enriched in Pb (13.2-511 ppm, average ~110 ppm), Ag (0.93-5.63 ppm, av-
erage ~2.0 ppm), Cu (1.52-7.31 ppm, average ~4.2 ppm) and Bi (0.54—4.35 ppm, average
~1.3 ppm), whereas Ni and Co show large variations (Ni 14.6—-407 ppm, average ~129 ppm;
Co 2.4-75.5 ppm, average ~30.9 ppm). In addition, Mn contents in Apy2 are generally
higher than in Apy1 (average ~10 ppm in Apy2 vs. ~5 ppm in Apy1). From the early stage
(Apyl) to the late stage (Apy2), ore-related elements such as Au, Pb, Ag, Cu and Bi are
markedly enriched in arsenopyrite. This trend is opposite to that observed in pyrite, im-
plying that different sulfide minerals have distinct controls on trace element incorporation
(Table 1, Figure 5).

5.2. In Situ Sulfur Isotope Analysis of Pyrite

Table 2 presents the results of sulfur isotopic ratios of sulfides obtained by laser
ablation-inductively coupled plasma mass spectrometry (LA-MC-ICP-MS).

The §**S values of 21 pyrite samples from the Caijiagou gold deposit are all posi-
tive, ranging from 6.47 %0 to 10.62%. (V-CDT), with a mean of 8.27%.. The data are rel-
atively clustered, and the sulfur isotope compositions from the early to late stages are
broadly consistent. For the Stage I mineralization (quartz-sericite-pyrite stage), 5>*S values
range from 6.47%o to 10.62%., with an average of 8.12%o.. For the Stage II mineraliza-
tion (quartz—polymetallic sulfide-ankerite stage), 5>*S values range from 7.65 %o to 9.23%,
averaging 8.56 %o (Table 2).

Table 2. Sulfur isotopic compositions of pyrite (Pyl, n = 14; Py2, n = 7) and arsenopyrite (Apyl, n = 4;
Apy2, n =7) from Stage I and Stage II mineralization in the Caijiagou gold deposit.

Sample No. Minerals 534Sy cpT, (%0)
74Py1-1 8.66
74Py1-2 9.60
74Py1-3 7.73
74Py1-4 8.48
74Py1-5 10.62
74Py1-6 8.10
74Py1-7 9.36
100Py1-1 6.47
100Py1-2 7.65
100Py1-3 8.17
100Py1-4 Pyrite 8.01
100Py1-5 7.18
100Py1-6 6.85
100Py1-7 6.87
74Py2-1 8.70
74Py2-2 9.23
74Py2-3 8.12
74Py2-4 7.65
74Py2-5 8.65
74Py2-6 9.05
74Py2-7 8.52
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Table 2. Cont.

Sample No. Minerals 534Sy cpT, (%0)
74Apyl-1 10.34
74Apyl-2 10.29
74Apyl-3 11.96
74Apyl-4 11.30
74Apy2-1 6.71
74Apy2-2 Arsenopyrite 9.33
74Apy2-3 9.01
74Apy2-4 9.93
74Apy2-5 8.58
74Apy2-6 8.24
74Apy2-7 9.39

The 84S values of 11 arsenopyrite samples from the Caijiagou gold deposit are all
positive, ranging from 6.71%o to 11.96%. (V-CDT) with an average of 8.56%o. The 534S values
show a clear decreasing trend from the early to the late stage. For the Stage I mineralization
(quartz-sericite-pyrite stage), the 5§3*S values range from 10.34 %o to 11.96%., averaging
10.97 %o . For the Stage II mineralization (quartz—polymetallic sulfide-ankerite stage), the
534S values range from 6.71%o to 9.93%., averaging 8.74%. (Table 2).

5.3. In Situ Apatite U-Pb Dating

A total of 29 apatite grains were selected for U-Pb dating from the gold-bearing
quartz—polymetallic sulfide-ankerite stage (Table 3). Because of high common Pb content
in the samples, the data define a discordant array in a Tera-Wasserburg concordia diagram,
yielding a lower intercept age of about 237 Ma (MSWD = 0.89) (Figure 6). This age is
interpreted as the crystallization age of apatite and thus represents the timing of the main
ore-forming event. The results are internally consistent within uncertainty, supporting that
the Caijiagou gold deposit formed during the Indosinian orogeny.
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Figure 6. Concordia diagram of apatite U-Pb ages.
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Table 3. U-Pb isotopic data for apatite from the main ore-stage (Stage II) of the Caijiagou gold deposit.
Contents/ppm Isotope Ratio Age/Ma
Samp No Sample Total Pb 232Th 28]  Th/U 297pp/235y 20 206 ppy/238) 20 tho 2V7pp206pp 20  207pp/235y 20 206 py/238) 20 207pp206p, 20
DZ-74-1 apatite 49.09 89.43 3.92 22.84 341.77 19.07 3.72 022 097 0.68 0.01 5920 57 9926 278 4676 24
DZ-74-3 apatite 40.01 418.33 3.85 108.65 163.66 12.75 1.83 015 0.87 0.65 0.03 5168 74 6650 341 4624 65
DZ-74-4 apatite 31.23 38.16 8.03 4.75 105.11 4.27 1.14 0.05 093 0.66 0.01 4723 38 4875 132 4654 26
DZ-74-5 apatite  136.07 275.16 32.97 8.35 572.34 16.53 6.04 1.75 1.00 0.67 0.01 5964 351 10,642 1700 4675 19
DZ-74-6 apatite 30.08 171.31 2.89 59.32 341.90 35.31 3.65 038 0.99 0.67 0.01 5708 136 9186 586 4668 22
DZ-74-7 apatite 16.45 49.07 1.05 46.77 398.95 21.52 4.36 027 0.99 0.67 0.01 6059 53 10,641 259 4653 25
DZ-74-8 apatite 31.08 82.43 2.03 40.64 434.27 30.66 4.54 030 093 0.69 0.02 6158 75 11,117 296 4697 34
DZ-74-9 apatite 39.58 42.22 1.92 21.95 585.51 23.14 6.10 020 091 0.68 0.01 6461 40 12,603 186 4696 23
DZ-74-10 apatite 17.09 59.80 2.83 21.10 169.61 8.53 1.77 0.08 0.85 0.69 0.02 5196 50 6516 190 4688 38
DZ-74-11 apatite 46.65 266.47 2.10 126.74 586.25 22.16 6.16 023 093 0.68 0.01 6463 37 12,638 205 4686 23
DZ-74-12 apatite 16.03 162.87 2.48 65.65 165.59 4.26 1.75 0.04 042 0.68 0.02 5188 26 6514 104 4655 37
DZ-74-18 apatite 39.92 54.87 1591 3.45 105.03 7.63 1.14 0.10 0.93 0.67 0.02 4721 75 4852 299 4654 48
DZ-74-22 apatite 72.98 38.01 3.02 12.58 634.59 28.01 6.68 030 0.97 0.68 0.01 6522 48 12,986 270 4696 16
DZ-74-25 apatite 57.18 42.96 2.17 19.76 738.63 38.81 7.87 043 096 0.67 0.01 6695 55 14,007 326 4683 20
DZ-74-26 apatite 15.37 2.00 0.54 3.68 790.87 36.42 8.32 0.35 0.90 0.69 0.01 6752 47 14,258 242 4694 29
DZ-74-28 apatite 30.52 6.41 1.94 3.30 432.25 19.39 4.67 023 0.88 0.68 0.02 6143 43 11,038 253 4668 28
DZ-74-29 apatite 33.22 7.08 1.59 446 574.32 25.91 6.08 028 094 0.69 0.01 6428 47 12,500 259 4696 24
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6. Discussion
6.1. Source of the Ore-Forming Fluid

The origin of the ore-forming fluid is fundamental to understanding the genesis of
the Caijiagou gold deposit. Multiple independent geochemical tracers—including sulfur
isotopes, trace element compositions and Co/Ni ratios of pyrite and arsenopyrite—provide
robust constraints on fluid provenance.

The 34S values of all analyzed pyrite and arsenopyrite from both early and late stages
range from +6.47 %o to +11.96%o0, with a narrow cluster around +8.7%o. (Table 2). These
values are significantly higher than those of typical mantle or magmatic sulfur (5**S ~ 0%o)
and do not constitute the strongly negative values that would characterize bacterial sulfate
reduction [30,38,65,66]. Instead, this range is consistent with sulfur generated by thermo-
chemical sulfate reduction (TSR) of marine or evaporitic sulfate in sedimentary sequences
at elevated temperatures (>100-150 °C) [67]. Similar 534S values (+5%o to +15%o) are widely
reported from sediment-hosted orogenic gold deposits worldwide, including the Sukhoi
Log deposit in Russia [68] and the Betze-Post deposit in Nevada [69], both of which are
hosted in sedimentary sequences, although their specific genetic models differ from the
orogenic type proposed here. The similarity in sulfur isotope signatures across these sys-
tems suggests comparable sulfur source mechanisms (thermochemical reduction of marine
sulfate) operating in different tectonic settings. Recent studies in the WQO have docu-
mented comparable §**S ranges for orogenic gold systems, such as the Liba gold deposit
(8%4S = +5.9%o to +12.4%0) [20,22,26] and the Baguamiao gold deposit (534S = +6.2%0 to
+11.3%o) [4,38]. These values are highly similar to those of the sulfur isotopic compositions
of sulfides from Indosinian gold deposits hosted in Devonian and Carboniferous strata
in the WQO (Figure 7), reinforcing the regional applicability of this signature [35,47,48].
The 534S values of pyrite (Py2) and arsenopyrite (Apy?2) in the quartz—polymetallic sulfide—
ankerite stage are lower than those in Stage I. This decrease may be attributed to the influx
of cooler, oxidized meteoric water during the late stage of mineralization, which altered the
physicochemical conditions (e.g., temperature, oxygen fugacity, and pH) of the ore fluid
and thus affected sulfur isotope partitioning. Alternatively, the shift could reflect mixing
with a fluid component that had undergone sulfate reduction in a more open system or
that was derived from isotopically lighter sedimentary sulfides. However, regardless of the
exact mechanism, the overall §*4S range remains consistently positive and falls within the
field characteristic of crustal sulfur sources (Figure 7).

The Co/Ni ratios of pyrite and arsenopyrite provide additional discrimination. It has
long been established that magmatic-hydrothermal pyrite typically exhibits Co/Ni > 1,
whereas sedimentary/diagenetic pyrite has Co/Ni < 1 [9,12,14,34,70,71]. In the present
deposit, the late-stage, gold-bearing pyrite (Py2) shows Co/Ni ratios uniformly below 1,
ranging from 0.07 to 0.56 (average 0.28), and both generations of arsenopyrite (Apy1 and
Apy?2) also yield Co/Ni ratios < 1. The early pyrite (Pyl) displays a wider range, with
most values < 1 but five grains exceeding 1 (1.9-3.2, average 2.25) (Figure 8). This scatter is
interpreted as reflecting local kinetic effects, micro-scale heterogeneity, or incorporation of
relict diagenetic pyrite in the early fluid pathway, rather than indicating a separate high-
Co fluid pulse. Crucially, arsenopyrite—which forms under low sulfur fugacity—never
records Co/Ni > 1, confirming that the main ore-forming fluid was persistently depleted
in Co relative to Ni. Such a signature is characteristic of metamorphic or sedimentary
basinal fluids that have extensively interacted with Ni-rich crustal rocks [72,73]. A global
compilation of trace element data from 67 orogenic gold deposits indicates that Co/Ni
ratios in these systems typically fall within the range of 0.2-1.5 [72], consistent with the
observations here.
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Figure 8. Co/Ni ratio scatter plot of pyrite from ores of the Caijiagou and neighboring gold deposits.
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Trace element geochemistry further characterizes the fluid and gold enrichment pro-
cesses. Both generations of arsenopyrite contain extremely high As contents, typically
exceeding 240,000 ppm, with As/Ni ratios on the order of 103~10%, reflecting strong As-Ni
decoupling under low sulfur fugacity [74,75]. Gold concentrations in arsenopyrite reach
several ppm, with Au/As ratios of ~10~5 to 10~#, comparable to values reported for gold
deposited from reduced, low-salinity bisulfide complexes [76,77]. The low Ag/Au ratios in
late pyrite and arsenopyrite (mostly <10) indicate that gold precipitated as native metal
rather than electrum, consistent with deposition from a reduced, CO,-rich fluid where
gold-bisulfide complexes were destabilized by sulfidation or cooling [78,79]. The presence
of ankerite as a vein mineral throughout the main ore stage further supports a CO,-rich,
reduced fluid composition, as ankerite is a diagnostic gangue in orogenic gold systems
worldwide [80,81].

Collectively, the 53*S values, Co/Ni ratios and trace element signatures converge on
a single, coherent conclusion: the ore-forming fluid was a crustal, moderately reduced,
CO;y-bearing fluid with no significant contribution from magmatic or mantle sources. The
minor Co/Ni > 1 signature in early Pyl may record a transient pulse of magmatic fluid, but
the overwhelming evidence points to a dominantly metamorphic or sedimentary basinal
fluid for the main gold event.

6.2. Timing of Mineralization

The timing of mineralization is critical for placing the Caijiagou deposit in its re-
gional tectonic context and for understanding its genetic relationship with surrounding
magmatic and metamorphic events. Apatite from the gold-bearing quartz—polymetallic
sulfide—ankerite stage (main ore stage) was selected for in situ U Pb dating. Twenty-nine
apatite grains were analyzed, and despite high common Pb contents, the data define a
well-constrained discordia on the Tera-Wasserburg concordia diagram, yielding a lower in-
tercept age of 237 Ma (MSWD = 0.89) (Figure 6). This age is interpreted as the crystallization
age of apatite and thus represents the timing of the main gold mineralization event.

This Middle Triassic age coincides precisely with the Indosinian orogeny, the colli-
sional event between the North China and South China Blocks [9,31,43,44,81,82]. During
this period, large-scale crustal thickening and subsequent exhumation generated volumi-
nous metamorphic fluids through prograde devolatilization of carbonaceous and pyritic
sedimentary sequences—exactly the fluid type identified from the isotopic and trace el-
ement data. Numerous gold deposits in the WQO have been dated to the Triassic, with
ages clustering between 240 and 220 Ma [2-4,16,27,32,38,46,83,84]. For example, rutile
U-Pb dating of the Liba gold deposit in West Qinling gave an age ranging from 235 to
228 Ma [84], and the Huayagou gold deposit yielded a Late Triassic age of ca. 225 Ma [17].
The Dashui gold deposit has been dated to the Late Triassic to Early Cretaceous [85]. The
237 Ma age obtained here is therefore fully consistent with a metamorphic—devolatilization
model during the Indosinian orogeny.

Importantly, there is no known Triassic magmatism of sufficient scale in this immediate
area to drive an independent magmatic-hydrothermal gold system. The regional Indosinian
granitoids (e.g., Tianzishan pluton) are largely coeval with or slightly older than the
mineralization [31], but the absence of direct spatial association between the ore bodies and
any large intrusion, together with the crustal sulfur and lead isotopic signatures, argues
against a magmatic-dominated model. Instead, the heat from these intrusions may have
enhanced metamorphic fluid circulation and metal leaching from the sedimentary pile, but
the fluids themselves were predominantly of metamorphic origin [2,23,24].
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6.3. Integrated Ore-Forming Model

Integrating all lines of evidence—the crustal source of sulfur and metals (534S = +6.5%o
to +12.0%0; Co/Ni ratios < 1 in main ore-stage sulfides), the Middle Triassic apatite age
(237 £ 4.3 Ma), the systematic trace element evolution from early to late sulfides, and the
mineral paragenesis (pyrite + arsenopyrite + ankerite + native gold)—a coherent genetic
model for the Caijiagou gold deposit is proposed.

During the Middle Triassic Indosinian orogeny, collision between the North China
and South China Blocks caused intense crustal thickening and regional metamorphism of
the Silurian Taiyangsi Formation metasedimentary rocks (Figure 9) [4,33-35]. Prograde
devolatilization of buried carbonaceous and pyritic sedimentary sequences generated large
volumes of reduced, CO,-rich metamorphic fluids (Figure 9). These fluids carried gold
and inherited a §3S signature of +6.5% to +12.0%. from the sedimentary pile [67,68]. The
fluids also extracted Co, Ni, Pb and other metals from the same sedimentary rocks. Due to
the reducing, low-fS, conditions, Ni was preferentially incorporated into sulfides relative
to Co, resulting in the consistently low Co/Ni ratios observed in all ore-stage sulfides [72].

South China Block

West Qinling terrane

Magmatism

4

A

Reducing, CO,-rich
metamorphic fluid

\\

_/L/\\//\ \(/

Reducing, CO,rie ) zone of regional / Faults
metamorphic fluid \ ) metamorphism
Orebody
e e
Gold deposit

Figure 9. Metallogenic model of the Caijiagou gold deposit [17].

As the fluids ascended along crustal-scale fault zones (the F4 fault and its secondary
structures), they encountered and interacted with the Taiyangsi Formation. This interaction
caused sulfidation—the reaction of H,S with ferrous iron to form pyrite and arsenopyrite
(Figure 9). This process consumed H,S, reducing the solubility of gold-bisulfide complexes
and triggering rapid precipitation of native gold [78]. The gold is primarily hosted as
invisible gold in pyrite and arsenopyrite, with minor native gold inclusions visible in
oxidized samples at the margins of altered pyrite grains. The appearance of ankerite
indicates that the fluid was also saturated with respect to carbonate, which precipitated
as the CO, concentration decreased due to pressure release or cooling. The decreasing
Co/Ni ratios from early Pyl (some >1) to late Py2 (all <0.6) record progressive cooling
and reduction of the fluid. The low Ag/Au ratios throughout the main stage confirm that
gold precipitated as native metal rather than electrum, consistent with an orogenic gold
system [4,14,17,78].
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The proposed model satisfies all the defining characteristics of orogenic gold de-
posits [80,81]: spatial and temporal association with an orogenic belt (Indosinian); forma-
tion from reduced metamorphic fluids; mineral assemblages including pyrite, arsenopyrite,
ankerite and native gold; crustal sulfur and metal sources (non-magmatic); and formation
at moderate temperatures during convergent tectonics. The Caijiagou deposit is there-
fore classified as a sediment-hosted orogenic gold system formed during the Indosinian
collisional orogeny.

From an exploration perspective, positive §**S values (+6%o to +12%o), low Co/Ni
ratios (<0.6) in ore-stage sulfides, and Triassic apatite ages constitute diagnostic fingerprints
for targeting similar deposits within the WQO. The close spatial relationship between gold
mineralization and intermediate-acidic dykes observed in the Caijiagou deposit, as well
as in other West Qinling gold deposits such as Liba and Huayagou [2,17,83,84], suggest
that dyke swarms may serve as an indirect exploration guide, indicating areas of enhanced
fluid flow and structural preparation.

7. Conclusions

The Caijiagou gold deposit in the WQO was investigated through systematic petrog-
raphy, in situ trace element and sulfur isotope analyses of pyrite and arsenopyrite, and
apatite U-Pb geochronology. The following conclusions are drawn.

(1) The ore-forming fluid is of crustal origin. Sulfur isotopes (534S = +6.5%o to +12.0%o)
indicate sulfur derived from thermochemical reduction of marine sulfate within the sedi-
mentary sequence. The consistently low Co/Ni ratios (<0.6) in main ore-stage pyrite and
arsenopyrite, together with low Ag/Au ratios and the presence of ankerite, support a
metamorphic or sedimentary basinal fluid source rather than a magmatic-hydrothermal
origin. The early pyrite (Pyl) shows mixed Co/Ni ratios, with few grains > 1, which
may record a transient magmatic fluid pulse, but the overwhelming evidence points to a
dominantly metamorphic fluid for the main gold event.

(2) Apatite from the main ore stage yields a U-Pb lower-intercept age of 237 + 4.3 Ma
(MSWD = 0.89), placing the gold mineralization in the Middle Triassic. This age coincides
with the Indosinian orogeny, consistent with numerous other gold deposits in the West
Qinling belt.

(3) During the Middle Triassic Indosinian, crustal thickening and metamorphism of
the Silurian Taiyangsi Formation generated reduced metamorphic fluids. These fluids
transported gold as bisulfide complexes and precipitated it when sulfidation of Fe-rich
wall rocks consumed H,S, destabilizing the gold complexes. The deposit is classified
as a sediment-hosted orogenic gold system. These geochemical and geochronological
features—positive 5°*S values, low Co/Ni ratios in ore-stage sulfides, and Triassic apatite
ages—support an orogenic genesis for the Caijiagou deposit in the WQO.
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