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Abstract: The Xiejiagou gold deposit located in the Zhaoyuan-Laizhou gold belt is composed of
altered-rock-type gold mineralization and superposed auriferous quartz veins, showing unique
two-stage gold mineralization. Oxygen and hydrogen isotopic analyses yielded the following
results: (5180H20 = 0.8%o to 4.4%0 and 6D = —106 %0 to —85%o for altered-rock-type mineralization,
and 6800 = 3.6%0 t0 5.6%0 and 6D = —98%. to —89%. for auriferous quartz-veins. Combined
studies on Co/Ni, Sb/Bi and As/Ag ratios of pyrites, it can be inferred that the ore-forming fluids
were dominated by magmatic water mixed with very little meteoric water. The fractured altered
rocks in the ore-hosting fault zones are characterized by mylonitization, cataclastic lithification, and
structural lenses, reflecting a compressional (closed) ore-forming system. In contrast, the occurrence
of auriferous quartz veins in fissures of altered-rock-type orebodies and the fact that altered-rock-type
ores commonly occur as breccias cemented by auriferous quartz veins that reflect an extensional
(open) ore-forming system for the vein mineralization. The increase in 534S values from stage I
(5.8%0—7.2%0) to stage II (6.6%0—9.0%0) indicate that the altered-rock-type mineralization was the
result of intense water-rock interaction, while the occurrence of immiscible inclusions in auriferous
quartz veins demonstrates that fluid immiscibility contributes significantly to gold deposition in the
vein-type mineralization. Fluid-inclusion microthermometric data indicate that the fluids for the
altered-rock-type mineralization are characterized by moderate-to-high temperature (262-368 °C),
and low-to-moderate salinity (4.3-10.8 wt.% NaCl equivalent). In contrast, halite-bearing inclusions
are found in auriferous quartz veins, and its fluids are characterized by moderate-to-high temperature
(290-376 °C) and moderate-to-high salinity (5.1-41.9 wt.% NaCl equivalent). From early stages (I
and II) to the late stage (III), homogenization temperature and high temperature element (W, Sn, and
Mo) concentrations in pyrite first decrease and then increase, §*S values and metallization-related
element (Au, Ag, and Bi) concentrations in pyrite first increase and then decrease. Therefore, it can be
inferred that the two distinct types of gold mineralization in the Xiejiagou gold deposit may be two
separate mineralization events. The presence of magnetite in the auriferous veins suggests an increase
in oxidation state during the vein mineralization. Importantly, the Xiejiagou gold deposit preserves
two types of mineralization in a single deposit and uniquely records a metallogenic transition from
a compressional, reduced environment to an extensional, oxidized environment, as a result of a
regional stress field transition that occurred in the Zhaoyuan-Laizhou gold belt at ca. 120 Ma.

Keywords: fluid inclusions; H-O-S isotopes; auriferous quartz veins; metallogenic environment;
regional tectonic shift; Xiejiagou gold deposit
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1. Introduction

Since 2011, major achievements have been made in ore prospecting in the deep part of
the Jiaodong Peninsula in eastern China. Among them are the discovery and evaluation of
about 2958 tons of newly increased gold resources and 12 large gold deposits, as well as
the discovery of two super-giant gold deposits [1]. The Jiaodong Peninsula has cumulative-
proven gold resources of up to more than 5000 tons [2,3], accounting for one-third of
China’s gold reserves [1]. Gold deposits are typically controlled by NE- and NNE-trending
faults and can be divided into the Linglong type and Jiaojia type [4]. The gold deposits
of the Linglong type (also known as the auriferous quartz-vein type) are characterized
by abundant auriferous quartz veins hosted in subsidiary second- or third-order faults
with narrow alteration halos, while the gold deposits of the Jiaojia type (also known as
the altered-rock type) consist of disseminated and stockwork ores and occur in regional
faults with broad alteration halos (e.g., [5-7]). The western Jiaodong gold province is
dominated by altered-rock-type gold deposits, while the eastern Jiaodong gold province
mainly comprises the auriferous quartz-vein-type gold deposits. Recent exploration in
the Jiaodong gold province has shown that many gold deposits contain both altered-rock
and auriferous quartz-vein-type mineralization. The gold mineralization occurs in two
patterns: (1) In the Jiaojia, Taishang, Luoshan, and Fushan gold deposits of the Zhaoyuan-
Laizhou gold belt, quartz-vein-type ores occur commonly at depth, while shallow parts
of the deposits are dominated by altered-rock-type ores [8,9]. (2) In the Hushan gold
deposit of the Penglai-Qixia gold belt, gold mineralization is characterized by an early-
stage altered-rock-type ore superimposed by a late-stage auriferous quartz-vein ore [6].
The Hushan gold deposit is located in the Taigian-Douya Fault zone which seems to act
as the boundary between the western altered-rock-type gold deposits and the eastern
quartz-vein-type gold deposits in the Jiaodong gold province (Figure 1). Does the two-stage
superimposed gold mineralization occur only in the Hushan gold deposit, which was
formed in a somewhat special geological background? Is there any special relationship
between the two-stage gold mineralization and the regional tectonic evolution? These
questions are worth investigating.

Unlike most other gold deposits in the Zhaoyuan-Laizhou gold belt, which host only
a single mineralization type, the Xiejiagou gold deposit in this belt has two distinct gold
mineralization types, i.e., an early-stage altered-rock type (Jiaojia type) and a late-stage,
superimposed auriferous quartz-vein type (Linglong type). Previous studies on the Xieji-
agou gold deposit have shown that (1) the primary ore-forming fluids were of magmatic
origin, and meteoric water was involved in the later metallogenic stage [10,11]; (2) gold was
precipitated as the result of fluid cooling, fluid immiscibility, and/or decrease in fgp [10-12];
and (3) gold mineralization occurred at 122-118 Ma during the Early Cretaceous [11]. How-
ever, the above-mentioned studies ignored the differences in the ore-forming environment
and process between the two distinct mineralization types. This paper presents new re-
sults of a comprehensive study involving ore geology, fluid-inclusion microthermometry,
H-O-S isotopes, and trace elements in pyrite from the Xiejiagou gold deposit. The major
purpose is to examine the difference in geological and geochemical characteristics of the
two types of gold mineralization at Xiejiagou and to provide new insights into the relation-
ship between the two-stage gold mineralization and the regional tectonic evolution in the
Zhaoyuan-Laizhou gold belt of the Jiaodong gold province.
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Figure 1. Simplified tectonic framework of the North China block (a) and geological map of the
Jiaodong area (b) (modified after [13,14]).
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2. Geological Background

The Jiaodong gold province is located in the eastern part of the North China block
(Figure 1a) and is bounded on the west by the NE- to NNE-trending Tan-Lu fault zone and
on the south by the Su-Lu ultrahigh-pressure metamorphic belt (Figure 1b). Exposed rocks
in the area consist of metamorphosed Precambrian basement sequences and a series of
Mesozoic intrusive and volcanic rocks [15]. The Precambrian sequences contain the Archean
Jiaodong Group and the Proterozoic Jingshan and Fenzishan Groups, which are made up of
mafic to felsic volcanic and sedimentary rocks metamorphosed to amphibolite and granulite
facies [16,17]. The Mesozoic volcanic rocks, specifically the Lower Cretaceous Qingshan
Formation, are mainly distributed in the Jiaolai Basin, and were formed between 108 and
110 Ma [18]. The Qingshan Formation comprises two units, with the lower assemblage
composed of trachybasalt, latite, and trachyte, overlain by an upper assemblage dominated
by rhyolite flows and pyroclastic rocks [5,19].

Mesozoic intrusions are widespread in this area, including the rock masses of Linglong,
Luanjiahe, Guojialing, Queshan, Sanfoshan, Duogushan, Wuzhaoshan, Washan, Liudusi,
Aishan, and Weideshan [20,21]. They are roughly grouped into four types: Linglong biotite
monzogranite, Luanjiahe medium- to coarse-grained granite, Guojialing granodiorite, and
Aishan monzogranite. The Linglong biotite monzogranite occurs mainly as batholith, bear-
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ing xenolith of the Jiaodong Group and locally showing a gneissic texture [22]. Originating
from the partial melting of the Neoarchean lower crust [23], it shows a zonal distribution
in the NNE-trending direction between the Jiaojia and Zhaoping faults, with the U-Pb
zircon ages of 165-155 Ma [24-26]. The Luanjiahe granite shows zonal distribution in the
NNE-trending direction in the middle of the Linglong granite rock masses, with the U-Pb
zircon ages of 160-147 Ma [24,27]. The Guoajialing granodiorite intruded the Linglong
granitic batholith and metamorphic rocks of Jiaodong Group in stocks in the nearly EW-
trending direction with the U-Pb zircon ages of 130-126 Ma [23,28,29], and is divided into
the rock masses of Sanshandao, ShangZhuang, Beijie, Congjia, and Guojialing from west to
east [17,30]. A wealth of geochemical evidence indicates that the Guojialing granodiorite
was sourced from partial melting of the lower crust and mixed with a majority of the mantle
material [31]. The Aishan monzogranite intruded the Guojialing granitic pluton in the
nearly NE-trending direction with the U-Pb zircon ages of 118-114 Ma [17,29,32].

The Jiaodong gold province is divided into three metallogenic belts, i.e., the Zhaoyuan-
Laizhou gold belt in the west, the Penglai-Qixia gold belt in the middle, and the Muping-
Rushan gold belt in the east (Figure 1b). The Zhaoyuan-Laizhou gold belt is the largest and
contains more than 90% of the Jiaodong Peninsula’s gold reserves [6]. Meanwhile, gold
deposits in the Zhaoyuan-Laizhou gold belt are mainly hosted in the Mesozoic granitoids
or along the contacts between the granitoids and metamorphic rocks, and are typically
controlled by NNE- and NE-trending faults that cut the Mesozoic granitoids. There are
three ore-controlling fault zones in the Zhaoyuan-Laizhou gold belt, i.e., the Sanshandao-
Cangshang, Jiaojia-Xincheng, and Zhaoyuan-Pingdu fault zones from west to east.

3. Geology of the Xiejiagou Gold Deposit

The Xiejiagou gold deposit is located in the Zhaoyuan-Laizhou gold belt (Figure 1),
with a reserve of more than 50 t Au [11,33]. The deposit is mainly hosted in the Linglong
granite and contains eight discontinuous orebodies (Figure 2). In general, the orebodies
strike NNE (15° to 30°), steeply (70° to 80°) dip to SE, and are pinched out and reappeared
along both strikes and dips. The average gold grades of the eight orebodies range from
1.62 to 8.90 g/t [34]. The largest orebody, Zone 3, extends about 1500 m in length and
more than 500 m in depth, in which pyrite is the most abundant ore mineral, followed by
chalcopyrite, galena, natural gold, and electrum, while quartz, sericite, K-feldspar, and
calcite are the primary gangue minerals. The lodes are mainly controlled by the NE-trending
faults and are cut by the NW-trending fault. The ore-hosting faults are characterized by
multiple phases of activity with a compressional metallogenic environment in the early
stage and an extensional metallogenic environment in the late stage, presenting an S-shape
in plan. The fractured altered rocks in the ore-hosting fault zones are characterized by
mylonitization, cataclastic lithification, and structural lenses (Figure 3a,b), reflecting a
compressional fracture metallogenic system. Auriferous quartz veins occur usually in
fissures of altered-rock-type orebodies (Figure 3c,d). Locally, altered-rock-type ores occur
as breccias and were cemented by auriferous quartz veins (Figure 3e,f).

Hydrothermal alteration is widespread in the Xiejiagou gold deposit, mainly including
potassic, sericitic, pyritic, and silicic alterations. These alterations are characterized by
distinct zonations from orebodies to wall rocks: quartz-pyrite veins — silicification +
sericitization + pyritization — K-feldspathization — fresh granite (Figure 4). Based on
mineral paragenesis and crosscutting relationships (Figure 5), three stages of mineralization
can be distinguished as follows:
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Figure 2. Geological sketch of the Xiejiagou gold deposit (modified after [10]).

Auriferous quartz vein

% %
e

Figure 3. Mineralized types of the Xiejiagou gold deposit. (a,b) Fractured altered rocks. (c,d) Aurif-
erous quartz veins interpenetrating fractured altered rocks. (e,f) Fractured altered rocks in form of
breccia cemented by auriferous quartz veins.
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Figure 4. Sketch of mineralized alteration zones in the Xiejiagou gold deposit.
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Figure 5. Paragenetic sequence for representative hydrothermal minerals of the Xiejiagou gold
deposit. The width of the solid lines denotes relative abundance of minerals.

Stage I is characterized by the assemblage of K-feldspar + quartz + pyrite (Figure 6a).
Plagioclase in country rocks is metasomatized by fresh red and blocky K-feldspar (Figure 6a).
Quartz (Qz,) is typically milky white, and occurs mostly as veinlets associated with K-
feldspar. Pyrite (Py1) occurs as coarse-grained cubic crystals sparsely disseminated in
quartz. Gold is scarcely precipitated.

Stage Il is characterized by the assemblage of sericite + quartz + pyrite (Figure 6b).
Sericite is lepidoblastic in texture (Figure 6d,e) and has fully replaced plagioclase and
K-feldspar (Figure 6d,e). Quartz (Qz,) is typically smoky gray to milky white, and occurs
mostly coarse grained and disseminated in altered ores (Figure 6b). Pyrite (Py,) occurs
as fine-grained subhedpral particles disseminated in altered ores. Disseminated ores with
strong sericitization, silicification, and pyritization are the major ore type of this stage,
defined as altered-rock-type gold mineralization in this study.

Stage Il is characterized by the assemblage of quartz + pyrite £ magnetite. Quartz
(Qz3) is typically smoky gray, and occurs mostly as veins or veinlets (Figure 6¢c). Pyrite
(Py3) occurs as fine-grained subhedral particles disseminated in quartz (Qz3). Magnetite
is widely developed(Figure 6fh,i). Visible gold occurs as individual grains situated on
pyrite margins (Figure 6g). Mineralization of this stage occurs predominantly at meter- to
millimeter-scale veins or veinlets, which are defined as auriferous quartz-vein-type gold
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mineralization. Gold grades in the auriferous quartz veins are typically higher than their
surrounding altered-rock-type ores.

Figure 6. Mineralization-alteration features of the Xiejiagou gold deposit. (a—c) The hand specimen
showing typical K-feldspathization, pyrite-sericitesilicate alteration rock, auriferous quartz veins,
respectively. (d) Typical pyrite-sericitesilicate alteration rock, including sericite, quartz (Qz,) and
pyrite (Pys). (e) K-feldspar was metasomatized by sericite. (f) Skeleton texture with pyrite (Py1)
metasomatized by magnetite. (g) Visible gold associated with pyrite (Py3). (h) The coexistence of
pyrite (Py3) and magnetite with chalcopyrite. (i) Pyrite (Py3) metasomatized by magnetite. (d,e) Photo
taken in cross-polarized light. (f-i) Photos taken in reflected light. Abbreviations: Kf, K-feldspar;
Qz;, quartz of stage I; Qz, quartz of stage II; Qz3, quartz of stage III; Ser, sericite; Mt, magnetite; Py,
pyrite of stage I; Py, pyrite of stage II; Pys, pyrite of stage III; Au, gold.

4. Sampling and Analytical Methods

Samples in this study were collected from No.3 orebody at the levels of —430 m,
—310 m, —350 m, and —230 m above the sea level. Sampling was carried out by taking into
account the lateral zonation of alterations and the three-stage evolution of mineralization.

Petrographic and microthermometric studies of fluid inclusions were carried out on
12 quartz samples from three mineralization stages. Microthermometric measurements
were performed using a LinkamTHMS600 heating/ freezing stage attached to a carl zeiss
microscope (Axio Scope Al). After a temperature calibration using artificially synthesized
reference samples of fluid inclusions supplied by the American company FLUID INC, the
measurement precision of the stage was determined to be £0.5 °C, 0.2 °C, and £2 °C in
the temperature ranges of —120 °C to —70 °C, —70 °C to +100 °C, and 100 °C to 500 °C,
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respectively. The salinity of CO,-bearing three-phase inclusions was calculated using the
formula proposed by Roedder [35]: Wiacp = 15.52022 — 1.02342 x T — 0.05286 x T2, where
Whniacr is the mass fraction of NaCl in water solution and T is final melting temperature of
the clathrate phase (—9.6 °C < T < +10 °C). Salinities of liquid—vapor aqueous inclusions
and halite-bearing inclusions were calculated using the formulas proposed by Hall et al. [36]
and Sterner et al. [37], respectively. Fluid densities of aqueous inclusions and halite-bearing
inclusions were calculated using the empirical formulas of Bodnar [38] and Bischoff [39],
respectively. The trapping pressures of CO,-H,O inclusions were estimated using the
program Flincor based on the CO,-HyO-NaCl system [40].

Quartz and K-feldspar grains were handpicked from crushings of 40-60 mesh under
binocular (>99% purity). Hydrogen—oxygen isotope analysis was performed on the MAT
253 EM mass spectrometer at the Analytical Laboratory of Beijing Research Institute of
Uranium Geology (BRIUG), adopting Standard Mean Ocean Water (SMOW) as a standard.
Hydrogen isotope analysis was performed through acquisition of the water in inclusions
by decrepitation and generation of hydrogen using zinc, with a precision of £2 %o for D.
Oxygen isotope analysis was performed by determining oxygen isotope composition in
quartz by fluorination (BrFs) [41], with a precision of +-0.2%. for 5'80.

In situ sulfur isotope analysis of pyrite was performed by laser ablation and micro-
analysis at the State Key Laboratory of Continental Dynamics (Northwest University), dur-
ing which fs-LA-MC-ICP-MS was employed. This instrument’s laser model is Quantronix
Integra-He, Ti: Sapphire, triple frequency, an output wavelength of 266 nm, a denuda-
tion beam spot of between 15 and 65 um, a laser frequency of between 5 and 50 Hz, a
denudation mode of 3 um/s line scan, and an HE gas of 0.7 L/min. The sulfur isotope
reference materials NBS123, IAEA-S-2, and IAEA-S-3 were used, and their V-CDT values
were 534Sypsio3 = 17.44 + 0.28%0 (25d), 634Siapa-so = 22.67 4 0.22%0 (25d), and 6%#SiaEa-s3
= —32.15 £ 0.37%o (2sd), respectively.

In situ trace-element analysis of pyrite was performed using LA-MC-ICP-MS at Wuhan
SampleSolution Analytical Technology Co., Ltd. The trace element composition was
calibrated against the glass reference materials BHVO-2G, BCR-2G, and BIR-1G without
using an internal stand, and each resolution-based analysis includes about 20 to 30 s of
blank signals and 50 s of sample signals. Offline processing (including sample signals
and blank signal selection, instrument sensitivity drift calibration, and element content
calculation) of the analytical data was performed by ICPMSDataCal software [42].

5. Results
5.1. Fluid Inclusions
5.1.1. Petrography

Based on the petrographic and compositional features of fluid inclusions at room
temperature, there types of primary inclusions are recognized in the studied quartz samples,
including CO,-H,O inclusions (type i), aqueous inclusions (type ii), and daughter mineral-
bearing inclusions (type iii).

CO,-H,0 inclusions (type i) are the most common inclusion type in all quartz sam-
ples and contain three or two phases (Lcop + Lupo = Vcop) at room temperature, with
the volumetric proportion of carbonic phases ranging between 15 and 85 vol% (mostly
25-45 vol%). They are typically ellipsoidal, tubular, and negative in shape, and vary in size
from 5 to 15 um (Figure 7a,c,d,f-h). Inclusions with a CO, volumetric proportion between
15 and 45 vol% typically homogenized by CO,-phase disappearance, while inclusions
with a CO; volumetric proportion between 55 and 85 vol% homogenized by H,O-phase
disappearance.

Aqueous inclusions (type ii) are characterized by a liquid phase and a vapor bubble
(Lo + Vo), vary in size from 5 to 15 um, and are usually ellipsoidal and tubular in shape
(Figure 7b,e). Most aqueous inclusions are liquid-rich (type iia) with a vapor volumetric
proportion of 10-45 vol% and homogenized to the liquid phase, while others with a vapor
proportion of 55-85 vol% (type iib) homogenized to the vapor phase. In addition, a small
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amount of pure-liquid inclusions (type iic) and pure-vapor inclusions (type iid) are also
observed.

b

T —tt

Figure 7. Fluid inclusions in the Xiejiagou gold deposit. (a) CO,-H,O two-phase inclusion (type i)
of stage I. (b) Vapor-rich aqueous solution inclusions (type iib) of stage I. (c) CO,-H,O three-phase
inclusion (type i) of stage I. (d) CO,-H,O two-phase inclusions (type i) of stage II. (e) Liquid-rich
aqueous solution inclusions (type iia) of stage II. (f) CO,-H,O three-phase inclusion (type i) of stage
II. (g) CO,-H,O three-phase inclusion (type i) of stage III. (h—i) Daughter mineral-bearing inclusion
(type iii) of stage III. (j k) Clustered co-existing liquid-rich aqueous solution inclusions (type iia),
CO,-H;0 inclusions (type i) of stage III.
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Daughter mineral-bearing inclusions (type iii) consist of a liquid aqueous phase, a
vapor bubble, and a solid phase of daughter mineral (Ly0+VH20 +5) at room tempera-
ture and vary in size from 5 to 7 pm. The daughter minerals are typically colorless and
transparent, cubic in shape, and 1 to 2 um in diameter (Figure 7h,i), indicating that these
daughter minerals should be halite (NaCl). Among six measurements during heating, five
daughter minerals were dissolved between 209 °C and 345 °C prior to final homogenization
(disappearance of vapor bubble) (Table 1).

Table 1. Microthermometric data of fluid inclusions in the Xiejiagou gold deposit.

Salinity .
Sample  Type FIA (N) 7("{,“83 T(lgg)’z Tmice O Thtot CO  Tms CC) . (Wt% ?g‘;g:g’ P{ﬁ;‘;)re
aCleqv)
fia FIAL (3) —46--33  311-325 6492 076077 -
iib FIA2 (3) _45-39 339351 7690  071-0.75 -
i FIA3(3)  5.0-58  29.0-30.0 353-368 7891  087-0.88  320-335
i FIA4(5) 5372  29.9-309 327-338 5486  087-090  307-348
i FIA5(5)  5.0-63  30.4-309 306-319 7091  086-090  294-312
i FIA6(4) 5861  29.1-305 299-313 7378  089-090  303-317
i FIA7(6)  57-65  30.1-309 273-285 6.6-80  081-0.83  303-337
Qz i FIA8 (5) 5559  30.3-309 293-308 76-83  089-091  288-314
iia FIA9 (5) _39--37 305320 7276 076-0.79 -
i FIAI0(3)  57-59  30.5-30.7 323-337 76-80  085-0.88  291-319
iib FIAL1 (3) 5.1-—45 323-335 9.0-103  0.77-0.78 -
i FIAI2(6)  47-57  30.4-30.9 319-331 80-95 085090  284-331
iia FIA13 (3) _53-—48  338-341 9.6-108  0.75-0.77 -
i FIAl4(3)  55-69  30.1-30.9 347-359 59-83  0.85-0.86  308-320
i FIAI5(3)  57-69  308-309 280-293 59-80  0.89-091  291-301
fia FIAL6(4) —43-39 300303 7685  0.79-0.80 -
iia FIA17 (3) _35--33 335348 64-68  070-0.72 -
iia FIA18(4) _33--32 285204 62-64  0.79-0.80 -
i FIAI9(3) 6871  29.4-29.7 285-297 56-61  091-093  304-317
iia FIA20(4) _38--34 262072 6674  083-085 -
i FIA21(3) 5870  289-30.8 304-309 5878  0.89-092  309-317
Q2 i FIA22 (3) 6771  305-306 273-285 56-63  091-092  296-309
i FIA23(3) 4853  30.6-30.8 309-323 8694 085088  276-290
i FIA24(3) 5678  30.6-30.8 278-289 4381 088090  280-286
i FIA25 (4)  60-72  304-307 291-303 5475  089-091  299-315
i FIA26 (4) 5970  30.8-30.9 298-307 5876  088-089  298-305
i FIA27 (4) 5878  302-309 313-327 4378 086088  296-311
iia FIA28 (5) _35--30  312-327 5868  073-0.76 -
i FIA293)  59-65  30.8-30.9 311-323 6676 084087  272-287
i FIA30 (4)  58-66  305-30.8 318-325 6578  081-085  238-275
i FIA31(3) 4859  306-309 343-351 7694 078081  234-253
iia FIA32 (5) _51-—46 319333 92-103  0.76-0.79 _
i FIA33(3)  49-53  30.6-30.7 351-363 8692  079-081  237-266
iib FIA34 (3) 4542 340-35 83-90  072-0.74 -
iia FIA35 (3) _47-—45 331345 9.0-94  0.74-0.77 -
) FIA36 (4)  40-63  30.7-308 291-304 59-83  086-0.88  270-279
iib FIA37 (4) _47--42 364376 83-94  0.68-071 -
i FIA38(4)  51-61  30.7-309 353-367 73-89  079-082  263-280
iia FIA39 (4) _52-—47 330338 94-105  0.77-0.78 -
Qz i FIA40 3)  40-47  30.7-30.8 348-359 95-106  080-0.84  257-280
iia FIA41 (3) _32--30  362-369 5862  0.65-0.66 -
iia FIA42 (3) _52--50  332-340 101-105  0.76-0.78 -
i FIA43 (4) 5868  30.1-308 327-342 61-78  081-0.87  258-294
i FIA44(3)  56-61  30.6-30.9 331-344 73-81 074081  241-249
i FIA45 (3)  51-70  305-30.7 306-318 5889  0.87-0.91 -
i FIA46 (4) 6874  30.6-30.9 290-303 51-61  0.83-0.89  253-288
i FIA47 (3) 5864  305-30.7 325-329 68-78  085-0.86  278-285
i FIA48 (4) 5657  304-30.7 314-328 80-8.1  086-0.88  281-301
i FIA49 (3) 5574  305-30.6 329-339 51-83  073-085  288-291
iia FIA50 (3) 4342 342-356 83-85  0.71-0.74 -
iii ®) 206-371  209-345 324419  1.07-1.11 -

T cla—Final melting temperature of the clathrate phase for type i fluid inclusions; Ty co,—Temperature of
CO, (L+V) to CO;, (L) or CO; (V) for type i fluid inclusions; Ty, i.e—Final ice melting temperature; Ty, 4o Total
homogenization temperatures; T, s—Solid dissolution temperature for type iii fluid inclusions.
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Assemblage A

Assemblage C

Assemblage B

5.1.2. Microthermometry

In this study, microthermometry was focused on two groups of fluid inclusion as-
semblages (FIAs), occurring either along quartz growth zones (Figure 8a,b) or as random
individuals within quartz grains (Figure 8a). FIAs distributed along a crystal growth
zone are used to constrain the homogenization temperature of the inclusions, while fluid
inclusion assemblages distributed in an unordered way are considered quasi FIAs [43].
Variations in homogenization temperature for quasi FIAs of this study are relatively small
(within 15 °C) and should be acceptable. In addition, for microthermometric measurement,
the fluid inclusions are all primary inclusions and develop in undeformed quartz or beside
pyrite (Figure 7), and are basically regular in shape with no occurrence of “necking down”.

Assemblage C

Assemblage A

Figure 8. Fluid-inclusion assemblages in the Xiejiagou gold deposit. (a) Photomicrograph showing
typical assemblage A, B, C; (b) Photomicrograph showing typical assemblage B. (Assemblage A), a
secondary inclusion assemblage distributed along a healed microfracture; (Assemblage B), a primary
inclusion assemblage distributed along a crystal growth zone; (Assemblage C), primary inclusions
distributed in an unordered way.

Stage I quartz (Qz;): This stage comprises mainly primary type i inclusions
(Figure 7a,c) and a small number of primary types iia and iib inclusions (Figure 7b). Type i
inclusions have a partial homogenization temperature of CO, phase (Ty, cop) ranging from
29.0 to 30.9 °C to liquid, a total homogenization temperature ranging from 273 to 368 °C, a
salinity ranging from 5.4 to 9.5 wt.% NaCl equivalent, and a density ranging from 0.81 to
0.91 g/cm?3, and a pressure ranging from 284 to 348 Mpa. Type iia inclusions have a homog-
enization temperature ranging from 305 to 341 °C, a salinity ranging from 6.4 to 10.8 wt.%
NaCl equivalent, and a density ranging from 0.75 to 0.79 g/cm?>. Type iib inclusions have
a homogenization temperature ranging from 323 to 351 °C, a salinity ranging from 7.6
to 10.3 wt.% NaCl equivalent, and a density ranging from 0.71 to 0.78 g/cm? (Figure 9,
Table 1).
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Figure 9. Homogenization temperature, salinity and pressure histograms of fluid inclusions in the
Xiejiagou gold deposit. (a) Homogenization temperature histogram of fluid inclusions at Stage I. (b)
Salinity histogram of fluid inclusions at Stage I. (¢) Pressure histogram of fluid inclusions at Stage I.
(d) Homogenization temperature histogram of fluid inclusions at Stage II; (e) Salinity histogram of
fluid inclusions at Stage II. (f) Pressure histogram of fluid inclusions at Stage II. (g) Homogenization
temperature histogram of fluid inclusions at Stage III. (h) Salinity histogram of fluid inclusions at
Stage III. (i) Pressure histogram of fluid inclusions at Stage III.

Stage II quartz (Qz;): This stage contains inclusion types similar to those of Qz;
but is less in inclusion quantity. Type i inclusions have a T}, cop ranging from 28.9 to
30.9 °C to liquid, a total homogenization temperature ranging from 273 to 327 °C, a salinity
ranging from 4.3 to 9.4 wt.% NaCl equivalent, a density ranging from 0.85 to 0.93 g/cm?,
and a pressure ranging from 276 to 317 Mpa. Type iia inclusions have a homogenization
temperature ranging from 262 to 348 °C, a salinity ranging from 5.8 and 8.5 wt.% NaCl
equivalent, and a density ranging from 0.70 to 0.85 g/cm3 (Figure 9, Table 1).

Stage III quartz (Qz3): Compared to Qz; and Qz,, inclusions at this stage are char-
acterized by more types, a larger quantity but smaller sizes. This stage is dominated by
have a T}, cop ranging from 30.1 to 30.9 °C to liquid, a total homogenization temperature
ranging from 290 to 367 °C, a salinity ranging from 5.1 to 10.6 wt.% NaCl equivalent, a
density ranging from 0.73 to 0.91 g/cm?, and a pressure ranging from 234 to 301 Mpa.
Type iia inclusions have a homogenization temperature ranging from 319 to 369 °C, a
salinity ranging from 5.8 to 10.5 wt.% NaCl equivalent, and a density ranging from 0.65 to
0.79 g/cm?3. Type iib inclusions have a homogenization temperature ranging from 342 to
376 °C, a salinity ranging from 8.3 to 9.4 wt.% NaCl equivalent, and a density ranging from
0.68 to 0.74 g/cm?3. Type iii inclusions have a homogenization temperature ranging from
296 to 371 °C, a melting temperature of daughter minerals ranging from 209 to 345 °C, a
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salinity ranging from 32.4 to 41.9 wt.% NaCl equivalent, and a density ranging from 1.07 to
1.11 g/cm?® (Figure 9, Table 1).

It is worth noting that fluid immiscibility likely occurred at stage 111, as indicated by
the widely coexisting type i inclusions with a wide range of Ly»0/Lcop ratios and type
iia inclusions in the same perspective at room temperature (Figure 7j,k, Table 1) and both
having similar homogenization temperatures. For example, the FIA42, FIA43, and F1A44
have narrow homogenization temperatures between 327 and 344 °C (Figure 7k, Table 1).
Meanwhile, the assemblages of CO,-H,O inclusions with a wide range of Lyp0/Lcop ratios
have different homogenization forms, see above.

5.2. H-O Isotopes

The H-O isotopic values of 15 quartz samples and 2 K-feldspar samples from the three
mineralizing stages in the Xiejiagou deposit are listed in Table 2. The §'8Oy,0 values of
quartz and K-feldspar were calculated using the formulas 1000In Xquartz—water = 3.38 x

19? — 3.40 [44] and 1000In A _feldspar—water = 291 X 1% — 3.41 [45], where T represents the
homogenization temperature of primary Fls from the corresponding hydrothermal stages.
As for the quartz of stage I, the 6D values vary from —106%. to —85%. (average —95%.);
the 81800 values vary from 3.3 %o to 4.4%o (average 3.8%o). As for the K-feldspar of stage
I, the 6D values vary from —100%o to —98%. (average —99%o); and the 51800 values
vary from 2.7 %o to 3.1%o0 (average 2.9 %o). As for the quartz of stage II, the 6D values vary
from —95%o to —85%o (average —90%o); and the 518040 values vary from 0.8%o to 3.5%o
(average 2.3%o). As for the quartz of stage III, the /D values vary from —98%o to —89 %o
(average —94%o); and the 6800 values vary from 3.6%o to 5.7 %o (average 4.5 %o).

Table 2. Oxygen and hydrogen isotopes data in the Xiejiagou gold deposit.

Sample Stage Mineral D (%o) 0180y .gspmow %) 518020 (%0)
XJG04-4 1 K-feldspar —100 5.7 2.7
XJG35-1 1 K-feldspar —98 6.1 3.1
XJG19 I Qz —106 102 3.8
XJG33-2 1 Qzy —-92 9.9 3.5
X]jG22 I Q7 85 10.8 44
X]JG12 I Qz —9% 9.7 33
XJG28 II Qz; -89 9.4 2.5
XJG07 II Qz, —-95 7.7 0.8
X]JG42 1 Q2 85 10.4 35
XJG23 111 Qz3 —-92 11.3 5.7
XJG37 111 Qz3 —98 10.3 4.6
XJGO03 111 Qz3 —-93 10.4 4.7
XJG04-3 111 Qz3 -89 10.5 4.8
XJG06 111 Qz3 —96 9.6 3.9
X]JGO8 0 Qz —98 9.3 3.6
XJG10 111 Qz3 —-92 10.9 5.2
XJG11 III Qz3 —-93 99 4.2

5.3. In Situ Sulfur Isotope

The in situ sulfur isotope results of 42 point analyses in eight pyrite samples taken
from the Xiejiagou deposit are shown in Table 3. The 63*S values are relatively concentrated,
mainly ranging from 5.7 %o to 9.0%.. Specifically, the 6°*S values of pyrite vary from 5.8 %o
to 7.2%o (average 6.4%o) for stages I, 6.6%o t0 9.0%0 (average 7.4%o) for stage 1I, and 5.7 %o
to 7.2%o (average 6.6%o) for stage III.
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Table 3. Sulfur isotope data in the Xiejiagou gold deposit and other typical deposits in the Zhaoyuan-
Laizhou gold belt of the Jiaodong gold province.

34
Name Sample Stage Mineral J (SOZ;)CDT S(])?.litcaes
X]JG34-2-1-Py I Py 5.8
X]JG34-2-2-Py I Py 5.8
XJG34-2-2-Py-2 I Py, 5.9
X]JG34-2-3-Py I Py 6.3
X]JG34-2-3-Py-2 I Py, 6.7
XJG34-2-4-Py I Py, 6.0
XJG34-2-4-Py-2 I Py 6.0
XJG50-1-Py I Py, 6.4
XJG50-1-Py-2 I Py, 6.8
XJG50-2-Py I Py 72
XJG50-2-Py-2 I Py, 7.0
XJG42-1-Py I Py, 6.7
XJG42-1-Py-2 11 Py, 6.6
XJG42-1-Py-3 I Py, 7.3
XJG42-2-Py I Py, 7.0
XJG42-2-Py-2 11 Py, 7.1
XJG42-3-Py I Py, 7.0
XJG42-3-Py-2 I Py, 7.1
XJG21-1-Py 11 Py, 7.3
XJG21-1-Py-2 I Py, 6.7
Xiejiagou XJG14-2-Py-2 I Py, 8.7 .
gold deposit XJG14-1-Py 1l Py, 9.0 This paper
XJG48-1-Py 11 Py, 7.9
XJG48-1-Py-2 I Py, 7.9
XJG48-2-Py 11 Py, 7.9
X]G48-2-Py-2 I Py, 7.3
XJG48-2-Py-3 I Py, 6.7
XJG05-1-Py | Py; 6.7
XJGO05-1-Py-2 1T Pys 7.2
XJG05-1-Py-3 I Py, 6.6
XJGO6-Py 111 Pys 6.4
XJG06-Py-2 I Pys 6.9
XJG06-Py-3 I Py, 6.9
XJG06-2-Py | Py; 7.0
XJG06-2-Py-2 I Pys 6.7
XJG06-2-Py-3 I Py; 6.5
XJG52-1-Py 111 Pys 6.7
XJG52-1-Py-2 I Pys 6.5
XJG52-1-Py-3 I Py; 6.8
XJG52-2-Py 111 Pys 6.2
XJG52-2-Py-2 I Pys 6.4
XJG52-2-Py-3 I Py; 5.7
Sagzk;zrslictao Altered-rock type Py 9.4—13.0 [3]
Jiaojia gold Al
deposit tered-rock type Py 8.7-11.2 [3]
Xincheng Al
gold deposit tered-rock type Py 5.7-10.6 [46]
ggg“fef;r;fi . Altered-rock type Py 5.7-10.6 [47]
Jiuqu Altered-rock type Py 7.5-7.8
gold deposit Auriferous Py 73-82 3]

quartz-vein type
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Table 3. Cont.

34
Name Sample Stage Mineral J ?,/V')CDT S(]))uartcaes
Altered-rock type Py 45-8.6
Taishang : [3,9]
gold deposit Auriferous Py 59-9.0
quartz-vein type
Wangershan Altered-rock type Py 6.3—-8.7
gold deposit Aurlfeljous Py 6.6—8.6
quartz-vein type [9]
Luoshan/ Altered-rock type Py 43-75
Fushan gold Auriferous Py 47-72

deposits quartz-vein type

5.4. In Situ Trace Elements

The trace elements values of pyrite determined by LA-ICP-MS in the Xiejiagou deposit
are listed in Table 4. Twenty-four point analyses were conducted, including seven Py, six
Py,, and eleven Py3. With the exception of metallization-related elements (Au, Ag, and Bi),
the contents of other elements (Cu, Pb, Zn, Co, Ni, As, Sb, Te, W, Sn, and Mo) are generally
higher than their detection limits. Au contents in Py, Py, and Py3 are <DBL-0.061 ppm,
0.001-0.729 ppm and <DBL-0.363 ppm, respectively. As contents in Py;, Py,, and Pys
are 0.153-305 ppm, 10.8-29.3 ppm, and 1.81-15.0 ppm, respectively. Co/Ni ratios in Py,
Py, and Py are 0.90-1.73, 0.11-8.39 and 1.04-36.46, respectively. Sb/Bi ratios in Py, Py,
and Pys are 0.079-1964, 0.002-0.093 and 0.001-0.526, respectively. As/Ag ratios in Py,
Py, and Pyj3 are 1.89-3626, 1.34-171 and 3.12—433, respectively. As shown in the trace
elements correlation diagram (Figure 10), Au does not correlate with As, Pb, Zn, and Cu,
but positively correlates with Ag and Bi, suggesting that Au is most closely related to Ag
and Bi in the Xiejiagou deposit. As shown in the comparative box plot (Figure 11), from Py,
to Py, to Pys, the contents of Au, Ag and Bi tend to initially increase and then decrease; As,
Cu and Zn gradually decrease; and W, Sn and Mo tend to first decrease and then increase.
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Figure 10. Correlation diagram of trace elements of pyrite in the Xiejiagou gold deposit. (a) Au vs.
As, the formula of gold saturation curve: Cpy =0.02 X Cpg +4 X 10~2 [48]; (b) Au vs. Ag; (c) Auvs.
Bi; (d) Au vs. Pb; (e) Au vs. Zn; (f) Au vs. Cu. the values in gray areas are less than detection limits.
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Figure 11. Comparative box plot of trace element concentrations of pyrite in the Xiejiagou gold

deposit.
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Table 4. Trace elements composition of pyrite determined by LA-ICP-MS in the Xiejiagou gold deposit.
Sample Stage  Mineral Au Ag As Sb Co Ni Cu Pb Zn Bi W Sn Mo Co/Ni  Sb/Bi  As/Ag
values/the detection limit ppm/The lower limit of detection values 0.001 ppm
XJG14-01 I Py DBL 0.227 130 0.362 4.33 4.10 18.0 48.6 20.4 4.61 0.011 0.299 0.022 1.06 0.079 572
XJG14-02 I Py, 0.011 0.081 0.153 0.021 4.57 4.81 0.857 3.58 1.53 0.247 0.014 0.118 0.001 0.95 0.085 1.89
XJG14-03 I Py 0.039 0.727 255 0.864 1.89 2.09 60.0 94.1 2.23 7.06 0.012 0.232 0.014 0.90 0.122 350
XJG14-04 I Py 0.061 0.794 305 1.71 5.14 3.74 38.3 136 8.70 11.2 0.010 0.216 0.012 1.37 0.153 384
XJG30-01 I Py, 0.052 1.12 38.3 0.454 8.94 518 149 359 3.06 0.215 BDL 0.055 0.006 1.73 2.112 34.2
X]JG27-1-01 I Py, DBL 0.019 68.9 9.82 BDL BDL 0.255 360 10.5 0.005 0.097 0.115 2.01 - 1964 3626
XJG27-1-02 I Py DBL BDL 55.9 9.04 BDL 95.7 0.116 319 247 0.004 0.112 0.035 1.41 - — —
XJG21-01 1I Py, 0.063 8.45 11.3 0.178 104 12.4 46.2 1619 8.20 16.1 BDL 0.095 BDL 8.39 0.011 1.34
XJG21-02 1I Py, 0.001 0.228 12.5 0.069 64.7 20.8 2.14 6.14 0.973 0.743 BDL 0.126 BDL 3.11 0.093 54.8
XJG42-01 I Py, 0.576 421 29.3 0.031 89.5 12.3 2.07 166 0.835 4.19 0.004 0.032 BDL 7.28 0.007 6.96
XJG42-02 1I Pyy 0.729 5.34 10.8 0.005 162 118 2.03 55.6 1.06 2.72 BDL 0.146 0.00 1.37 0.002 2.02
XJG42-03 1I Py, 0.045 0.161 27.6 0.026 22.4 22.7 1.31 727 0.571 0.295 BDL BDL BDL 0.99 0.088 171
XJG42-04 I Py, 0.032 6.83 22.5 0.059 4.47 40.7 0.248 1227 1.15 15.1 BDL 0.065 BDL 0.11 0.004 3.29
XJG50-01 111 Pys 0.122 0.334 6.77 0.027 378 365 1.17 3.71 1.21 242 0.005 0.059 36.3 1.04 0.011 20.3
XJG50-02 111 Pys 0.093 0.088 1.81 0.003 624 79.8 0.760 0.77 1.18 3.30 2.62 0.202 5.49 7.82 0.001 20.6
XJG50-03 I Pys 0.256  0.311 9.54 0.015 1344 116 0.520 1.57 0.886 5.06 0.016  0.182 223 11.59 0.003 30.7
XJG50-04 I Pys 0.163  0.553 10.3 0.004 533 156 0.465 2.06 0.818 2.95 0.018  0.192 2.32 3.42 0.001 18.6
XJG05-1-01 111 Pys 0.091 0.065 14.6 DBL 1907 52.3 0.218 0.14 1.10 1.30 0.002 0.072 BDL 36.46 - -
XJG05-1-02 I Pys 0.008  0.009 3.90 0.010 449 10.4 BDL  0.009 0905 0.019 BDL 0.073  0.005 4.32 0.526 433
XJG05-1-03 111 Pys DBL BDL 7.39 0.002 381 97.4 0.001 BDL 1.08 0.016 BDL 0.079 BDL 391 - -
XJG06-01 111 Pys 0.083 0.071 4.38 0.001 439 38.1 0.259 0.055 0.971 1.09 0.003 0.130 BDL 11.52 0.001 61.7
XJG06-02 I Pys 0.363  0.289 15.0 DBL 1739 350 0.789  0.448 1.33 6.63 0.002 0101  0.004 4.97 - -
XJG06-03 I Pys 0.083 3.46 10.8 0.036 768 262 0.417 3.51 1.05 1.08 BDL  0.069  0.005 2.93 0.033 3.12
XJG06-04 111 Pys 0.003 0.016 522 DBL 676 231 0.114 0.037 1.17 0.200 0.004 0.076 0.009 2.93 - -

DBL: not detected.
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6. Discussion
6.1. Origin and Evolution of Ore-Forming Fluids

A large number of studies in recent years show that the initial fluids of gold deposits
in the Jiaodong area are mainly magmatic water and contain some meteoric water in the
middle and late metallogenic stages [5,10,13,49-53]. As shown in the 6D-6'80 diagram
(Figure 12), the H-O isotopes of quartz and K-feldspar fall between the magmatic water
zone and the meteoric water line, but closer to the magmatic water line, indicating that
the ore-forming fluids in the Xiejiagou gold deposit were dominated by magmatic water
and mixed with minor meteoric water. Secondary fluid inclusions generally can result in
inaccurate 6D and JO values for the fluids, causing the calculated 6D and 6O values to be
slightly lower than those of the original ore-forming fluids [54,55]. Quartz samples in the
Xiejiagou gold deposit contain a small amount of secondary fluid inclusions (Figure 8a).
Therefore, the true 6D and 5O values of the ore-forming fluids in the Xiejiagou gold deposit
are closer to the range of magmatic water. It also further indicates that the ore-forming
fluids are mixed with very little meteoric water. This inference for the origin of the fluids
is also supported by the following evidences. (1) The S13Cppp (—4.5%0 to —5.4%0) ratios
and 6'80gyow values (4.2%o to 6.5%0) of calcite in the Xiejiagou gold deposit [11] are
primarily in the range of magmatic-derived carbon [56,57]. (2) Sulfides in the Xiejiagou
gold deposit show Pb isotope composition (2*°Pb/2%Pb = 17.251-17.315, 297Pb/2Pb
= 15.486-15.519, and 2%8Pb/2%Pb = 37.904-38.029), overlapping with the composition
of whole rocks from Mesozoic granites and dikes, indicating a similar Mesozoic lead
reservoir [58] and suggesting that the ore-forming fluids are closely related to the deep-
sourced magmatic fluids. (3) Although the low salinity and high CO, content in the
fluid inclusions show strong similarities to metamorphic fluids [59,60], the fact that late
Archean to early Proterozoic regional metamorphism identified in the study area [61-63]
significantly predates the formation of the Xiejiagou gold deposit and the lack of early
Cretaceous metamorphism strongly precludes the involvement of metamorphic fluid. This
conclusion is consistent with previous studies that the Precambrian metamorphism has no
genetic role to play in the formation of the Mesozoic gold mineralization in the Jiaodong
area [64,65]. (4) As shown in the Ni-Co and Sb/Bi-As/Ag diagram, most pyrite samples
of the Xiejiagou gold deposit fall between magmatic-related and hydrothermal-related
pyrites (Figure 13a) or magmatic-related pyrite (Figure 13b), rather than metamorphic
hydrothermal-related pyrite [66—68]. Therefore, it can be inferred that the Xiejiagou gold
deposit belongs to intrusion-related gold deposits.
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Figure 12. 6D and 6'80 characteristics of the ore-forming fluids in the Xiejiagou gold deposit [69].
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Figure 13. (a) Co vs. Ni in pyrite, modified after [66-68]; (b) As/Ag vs. Sb/Bi in pyrite, modified
after [67].

Microthermometric data show that the ore-forming fluids of altered-rock-type min-
eralization (stages I and II) have moderate-to-high homogenization temperature (262 to
368 °C) and low-to-moderate salinity (4.3 to 10.8 wt.% NaCl equivalent). From stage I to
stage II, the homogenization temperature gradually decreases, while the salinity changes
only a little. In contrast, daughter mineral-bearing inclusions (32.4 to 41.9 wt.% NaCl
equivalent) are found in auriferous quartz-vein mineralization (stage III). The ore-forming
fluids of stage III have slightly higher homogenization temperature (290 to 376 °C) and
obviously higher salinity (5.1 to 41.9 wt.% NaCl equivalent) than fluids from stages I and
II (Figure 9). Variations in the bulk fluid composition from multiple hydrothermal events
usually cause several stages of sulfide precipitation with distinct sulfur isotopes, irregular
boundaries and/or corrosion textures between alternating bands [71,72]. Therefore, it can
be inferred from the following facts that the two distinct gold mineralization types in the
Xiejiagou gold deposit may reflect two separate mineralization events. (1) H-O isotopes do
not exhibit the trend of moving towards the meteoric water line from early stages (stages I
and II) to the late stage (stage III), and are even closer to the magmatic water zone at stage
III (Figure 12). (2) Homogenization temperature and high-temperature element (W, Sn, and
Mo) concentrations in pyrite first decrease and then increase (Figures 9 and 11). (3) 6%4S
values and metallization-related element (Au, Ag, and Bi) concentrations in pyrite first
increase and then decrease (Figures 11 and 14). (4) Late-stage (III) auriferous quartz veins
usually superimpose on the early-stage (stages I and II) altered-rock-type mineralization
(Figure 3c,d), and there are corrosion textures between the two distinct mineralization types
(Figure 6f).

6.2. Transition of Metallogenic Environment from Early to Late Stages

Altered-rock-type mineralization (stages I and II) in the Xiejiagou gold deposit is
characterized by fractured altered rocks with mylonitization, cataclastic lithification, and
structural lenses (Figure 3a,b), typical of a compressional fracture metallogenic system [73].
In contrast, auriferous quartz veins typically occur in fissures of altered-rock-type orebodies
(Figure 3c,d). Locally, the altered-rock-type ore breccias were cemented by the auriferous
quartz veins (Figure 3e,f), reflecting an extensional metallogenic system in the late-stage
mineralization (stage III). Chen et al. [74] proposed that, as responses to the continuous
shifts in the drifting direction of the Pacific Plate, the Jiaodong Terrane had experienced
an extensional regime between 135 and 122 Ma, a brief compressional transitional period
around 122 to 120 Ma, and a return to the extensional regime between 120 and 110 Ma
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(e.g., [6,75,76]). Mineralization of the Xiejiagou gold deposit occurred in 122 to 118 Ma [11].
Therefore, the deposit may have undergone a transition from a compressional environment
to an extensional environment during mineralization, resulting in an apparent superim-
position of auriferous quartz veins on altered-rock-type orebodies (Figures 3c,d and 6c).
This inference is also evidenced by the instantaneous pressure fluctuation from early to late
stages in the Xiejiagou gold deposit. As indicated by the estimated trapping pressures of
inclusions (Figure 9c¢,f h), stage 11l formed at obviously lower pressure (234-301 MPa, aver-
age = 271 MPa) than stage I (284-348 MPa, average = 308 MPa) and stage II (276-317 MPa,
average = 301 MPa).

Along with the metallogenic transition from a compressional environment to an
extensional environment, the hydrothermal system of the Xiejiagou gold deposit also
experienced a transition from a relatively reduced to a relatively oxidized state. The
occurrence of magnetite in the auriferous quartz veins (Figure 6h,i) is strong evidence
supporting the increasing oxidation state of the ore-forming fluids (e.g., [6,77,78]).

6.3. Comparison of Gold Occurrence State and Deposition for the Two Distinct
Mineralization Types

In terms of occurrence state, two types of gold are recognized in the Xiejiagou gold
deposit: invisible and visible gold. As revealed by LA-ICP-MS analysis of trace elements in
pyrite, invisible gold distributes in Py, Py;, and Pys;. However, the gold content in all of
them is low (Table 4) and below the gold solubility line in the Au-As correlation diagram
(Figure 10a) [48,79], indicating that invisible gold in pyrite likely presents as solid solution
(Au'*). Comparatively, visible gold grains can only be observed in Py3 (Figure 6g) from
the auriferous quartz veins. Combined with research on visible gold occurring primarily in
fissures formed at the stage of pyrite-quartz veins in the Xiejiagou gold deposit [80], it can
be concluded that the visible gold was mainly formed from the auriferous quartz-vein-type
mineralization.

Hydrothermal alteration is widespread in the altered-rock-type mineralization (stages
I'and II), and much more intense than that in the auriferous quartz-vein-type mineralization
(stage III) in the Xiejiagou gold deposit. It can be observed that feldspar of Linglong granite
was transformed into K-feldspar during hydrothermal K-feldspathization, and K-feldspar
was transformed to sericite and quartz during hydrothermal sericitization and silicification
(Figure 6d,e). This implies that intense water—-rock interaction occurred between ore-
forming fluids and wall rocks in the altered-rock-type mineralization, which is supported
by sulfur isotope and fluid inclusions petrography. 634S values of pyrite in the Xiejiagou
gold deposit for altered-rock-type and auriferous quartz-vein-type mineralization ranging
from 5.8%o t0 9.0%0 and 5.7%o to 7.2%o, respectively. No sulfates are found at Xiejiagou,
and pyrite is the predominant sulfur-bearing mineral in altered-rock-type and auriferous
quartz-vein-type mineralization. The §°*S values of pyrite at each stage are relatively
concentrated (Figure 14). Specifically, there is a very slight variation of sulfur isotopic
compositions (within 1.5 %) in a single pyrite grain (Table 3). Therefore, it can be inferred
that isotopic fractionation between sulfide pairs would have been negligible during the
mineralization processes and the 534S values of pyrite can represent the bulk sulfur isotopic
compositions of the ore-forming fluids in the Xiejiagou deposit [81-83]. Although we
could not determine the nature of the sulfur reservoir from the isotopic data from the
Xiejiagou gold deposit, the §3*S values of pyrite from altered-rock-type mineralization
and auriferous quartz-vein-type mineralization in the Xiejiagou gold deposit are similar
to those of other similar gold deposits in the Zhaoyuan-Laizhou gold belt (Figure 14). It
is proven that the increasing of 6°4S values for the altered-rock-type gold deposits in the
Zhaoyuan-Laizhou gold belt is mainly controlled by water-rock reaction (e.g., [1,5,7]) and
sulfur isotopic composition equilibrating between ore-forming fluids and country rocks
(634S values of Linglong granites: 6.1%0—10.1% [84]; 534S values of Guojialing granites:
2.7%0—10.0%0 [85]; Figure 14a). Accordingly, the gradually increasing 54S values (from
5.8%0—7.2%o t0 6.6%0—9.0%o) for altered-rock-type gold mineralization in the Xiejiagou gold
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deposit can also be explained by water-rock interaction and gradually equilibrating with the
534S values of country rocks (Linglong granites) (Figure 14). In addition, altered-rock-type
gold mineralization is characterized by type i fluid inclusions and immiscible inclusions
that have not been observed, indicating that there was no widespread phase separation
or boiling in this mineralization. In contrast, the occurrence of immiscible inclusions in
auriferous quartz veins shows that fluid immiscibility was an important factor controlling
gold precipitation. In general, when CO,-rich ore-forming fluids entered an open space
and were affected by fault-valve or hydraulic fracturing, phase separation took place and
resulted in fluid immiscibility. The stability of the fluids was disrupted when H,S and
CO, were released from the liquid phase to the vapor phase (e.g., [47,86-89]. Subsequently,
Au precipitated from the ore-forming fluids. This is evidenced by the transition of the
metallogenic environment from early to late stage in the Xiejiagou gold deposit.

In summary, the altered-rock-type mineralization resulted from intense water-rock
interaction between the fluids and wall rocks, while the precipitation of gold in auriferous
quartz veins was caused by fluid immiscibility in response to pressure fluctuations in the
open space.
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Figure 14. Comparative characteristics of sulfur isotopic composition of typical gold deposits and
main geologic blocks in the northwest Jiaodong Peninsula (a) and sulfur isotopic composition of
pyrite in the Xiejiagou gold deposit (b). The data of Jiaodong Group, Jingshan Group, Linglong
Granite, Guojialing Granite, and intermediate-basic dykes are derived from [84,85,90].

6.4. Implications for a Two-Stage Superimposed Gold Mineralization

During the mineralization process, some early-stage pyrite grains (Py;) were dissolved
by the late-stage magnetite (skeleton texture) (Figure 6f), which was strong evidence
that previously crystallized pyrite was reworked by the late-stage ore-forming fluids.
Mills et al. [91] proposed that fluid-assisted dissolution and reprecipitation of previously
crystallized Au-bearing pyrite can remobilize Au and drive it into structurally and/or
chemically favorable sites. In particular, the oxidation state of the late-stage mineralizing
fluids is high, which will transfer Au® into Au'* or Au®*, promoting further enrichment
of gold in fluids to form high-grade gold mineralization [73]. Therefore, the fact that
gold grades in the auriferous quartz veins are typically higher than their surrounding
altered-rock-type ores in the Xiejiagou gold deposit reflects a late-stage superimposed gold
mineralization on the early stage, with oxidizing ore-forming fluids reworking previously
crystallized pyrite and remobilizing its internal gold for further enrichment of gold.

Although some gold deposits in the Zhaoyuan-Laizhou gold belt also host both altered-
rock-type and auriferous quartz-vein-type gold mineralization in one single deposit, these
two types of mineralization typically spatially separate. The altered rocks are in deeper
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space, whereas the quartz veins are in upper space [92]. This distribution pattern can be
attributed to local fault attributes, such as the dip angles of the faults [73] or the properties
of the faults (first-order regional faults, or subsidiary second-order faults) [47], indicating
that both occurrences of altered rocks and quartz veins in a single deposit were the result
of a faulting system on a single mineralization event [6]. However, altered-rock-type min-
eralization and auriferous quartz-vein-type mineralizations in the Xiejiagou gold deposit
are spatially superimposed and reflect two separate mineralization events that should
be in response to the temporal transition of the regional stress field from compression to
extension (discussed in detail in Section 6.2). This metallogenic feature also responds well
to an abrupt change in drift direction of the subducting Pacific Plate [75,76]. Consequently,
by recording a transition of a compressional-extensional (closed-open) metallogenic en-
vironment and a two-stage superimposed gold mineralization at the Xiejiagou suggest
that the regional tectonic shift at ca. 120 Ma previously reported in the gold deposits of
the Penglai-Qixia gold belt [6] may have played a key role in gold mineralization in the
Zhaoyuan-Laizhou gold belt.

7. Conclusions

(1) The Xiejiagou gold deposit shows unique two-stage gold mineralization, with an
early-stage altered-rock-type mineralization (Jiaojia type) superimposed by a late-stage
auriferous quartz-vein-type mineralization (Linglong type).

(2) The ore-forming fluids were of magmatic origin, and very little meteoric water
was involved in the formation of the Xiejiagou gold deposit. The discontinuous evolution
trends of H-O isotopes, sulfur isotopes, homogenization temperatures, metallization-related
element (Au, Ag, and Bi) concentrations, and the differences in salinity of fluid inclusions
from early stages (I and II) to the late stage (III) show the two distinct types of gold
mineralization in the Xiejiagou gold deposit may be two separate mineralization events.

(3) The altered-rock-type mineralization resulted from intense water—rock interaction
between the fluids and wall rocks, while the precipitation of gold in auriferous quartz
veins was caused by fluid immiscibility. In addition, oxidizing ore-forming fluids in the
auriferous quartz reworked early stage crystallized pyrite and remobilize its internal gold
for further enrichment of gold.

(4) The Xiejiagou gold deposit uniquely records a metallogenic environmental transi-
tion from compressional, reduced to extensional, oxidized at ca. 120 Ma, which corresponds
well with the regional tectonic shift during this time period. It can be inferred that the
regional tectonic shift at ca. 120 Ma may have played a key role in gold mineralization in
the Zhaoyuan- Laizhou gold belt.
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