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Abstract

The Zhuangzi Au deposit in the world-class Jiaodong gold province hosts visible natural gold, and pyrite as the main ore
mineral, making it an excellent subject for deciphering the complex hydrothermal processes and mechanisms of gold pre-
cipitation. Three types of zoned pyrite crystals were distinguished based on textural and geochemical results from EPMA,
SIMS sulfur isotopic analyses and NanoSIMS mapping. Py0 has irregular shapes and abundant silicate inclusions and was
contemporaneous with the earliest pyrite—sericite—quartz alteration. It has low concentrations of As (0-0.3 wt.%), Au and Cu.
Py1 precipitated with stage I mineralization shows oscillatory zoning with the bright bands having high As (0.4-3.9 wt.%),
Au and Cu contents, whereas the dark bands have low contents of As (0-0.4 wt.%), Au and Cu. The oscillatory zoning
represents pressure fluctuations and repeated local fluid phase separation around the pyrite crystal. The concentration of
invisible gold in Pyl is directly proportional to the arsenic concentration. Pyl is partially replaced by Py2 which occurs
with arsenopyrite, chalcopyrite and native gold in stage II. The replacement was likely the result of pseudomorphic dissolu-
tion—reprecipitation triggered by a new pulse of Au-rich hydrothermal fluids. The §**S values for the three types of pyrite
are broadly similar ranging from +7.1 to + 8.8%o, suggesting a common sulfur source. Fluid inclusion microthermometry
suggests that extensive phase separation was responsible for the gold deposition during stage II mineralization. Uranium—Pb
dating of monazite constrains the age of mineralization to ca. 119 Ma coincident with a short compressional event around
120 Ma linked to an abrupt change in the drift direction of the subducting Pacific plate.
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elements (such as Au, As, Cu) and to probe S isotopes
(**$/328) in individual pyrite grains (Barker et al. 2009;
Chen et al. 2015), thus providing an opportunity to inves-
tigate the temporal evolution of the ore-forming fluids.

The Jiaodong gold district, with a total reserve of
> 4000 tons gold, is the most important gold producing
region in China (Fan et al. 2016). Numerous studies using
isotopes, fluid inclusions and geochronology have been com-
pleted (e.g., Yang and Zhou 2001; Fan et al. 2003; Li et al.
2012; Ma et al. 2017), but few of them investigated the geo-
chemical and microtextural features of pyrite, the main gold-
bearing mineral in the district (Yang et al. 2016). Although it
has been speculated that gold can occur as both “invisible”
(solid solution and nanoparticles) and visible (inclusions or
fracture-filling) grains within pyrites in the district (Mills
et al. 2015; Yang et al. 2016), direct evidence supporting the
existence of “invisible” gold is lacking. Consequently the
temporal and spatial relationships between “invisible” and
native gold, that would provide critical information on the
paragenesis of gold mineralization, remain largely unknown.
Gold in the district is commonly associated with As in
arsenian pyrite, as first recognized by Mills et al. (2015).
The gold—arsenic correlation can not only help constrain
the behavior of these two elements in pyrite, but can also
be used to investigate gold transportation and precipitation
mechanisms (Deditius et al. 2014). It is generally accepted
that As modifies the surface properties of pyrite, favoring the
attachment of Au sulfide complexes (e.g., Reich et al. 2005;
Mikhlin et al. 2011; Deditius et al. 2014); however, the exact
mechanism is enigmatic.

This study investigated the genesis of the quartz-vein
mineralization in the Penglai—Qixia gold belt, which is one
of three large gold belts in the Jiaodong district (Fan et al.
2007). Gold deposits in this belt, such as Heilangou, Daliu-
hang and Zhuangzi, are characterized by the presence of
visible gold grains. The Zhuangzi gold deposit, although
the smallest of the three has a relatively simple mineraliza-
tion style and preserves detailed metallogenic information.
We completed a geochemical and textural study based on
nanometer-scale secondary ion mass spectrometry (Nano-
SIMS) mapping, in situ secondary ion mass spectrometry
(SIMS) and multi-collector laser ablation inductively cou-
pled plasma mass spectrometry (LA-MC-ICPMS) sulfur
isotope analysis, electron probe microanalysis (EPMA),
and backscatter electron (BSE) scanning microscopy analy-
sis on zoned pyrite and pyrrhotite in the Zhuangzi deposit.
In situ monazite U-Pb dating and microthermometry of fluid
inclusions were also employed to constrain the age of miner-
alization and precipitation mechanisms. The results demon-
strate a link between multi-pulse hydrothermal activities and
gold precipitation, and highlight the intimate relationship
between Au and As. Furthermore, “invisible” gold prob-
ably incorporated through solid solution has been identified

@ Springer

visually, representing a pioneering research in the Jiaodong
gold district.

Geologic background

The Jiaodong district is located on the southeastern margin
of the North China Craton (NCC). It comprises the Jiaobei
Terrane in the northwest and the Sulu ultra-high pressure
(UHP) metamorphic belt in the southeast, separated by the
Waulian—Yantai Fault (Zhou et al. 2008; Fig. 1b). The Jiaobei
Terrane is subdivided into the northern Jiaobei Uplift and
the southern Jiaolai Basin. The Jiaobei Uplift is dominated
by Precambrian metamorphic basement, including the Neo-
archean Jiaodong Group, the Paleoproterozoic Jingshan and
Fenzishan Groups, the Neoproterozoic Penglai Group, and
Precambrian gneisses, intruded by widespread Mesozoic
granitoids, whereas the Jiaolai Basin is filled with sedimen-
tary (basal Laiyang Group at ca. 130 Ma and upper Wangshi
Group at ca. 74 Ma) and volcanic rocks (central Qingshan
Group at 124-98 Ma; Liu et al. 2009; Xie et al. 2012). The
Sulu UHP Belt mainly consists of Neoproterozoic granitic
gneisses, Triassic UHP metamorphic rocks and early Meso-
zoic granitoids (Zheng 2008; Xu et al. 2016).

The Jiaodong gold district underwent complex tectonic
transitions due to changes in the direction and angle of sub-
duction of the Izanagi—Pacific plate during the late Mesozoic
(Sun et al. 2007). The stress field changed from transpres-
sion to extension at ~ 140 Ma, and then to transpression at
~125-122 Ma followed by late extension again at ~ 110 Ma
(e.g., Fan et al. 2003; Sun et al. 2007; Zhu et al. 2010;
Deng et al. 2015). The first stage was characterized by the
NE-NNE-trending brittle-ductile shear zones with sinistral
oblique reverse movements in the Late Jurassic. The sec-
ond stage involved reactivation with development of brittle
normal faults and magmatism in the Early Cretaceous. This
was followed by sinistral strike slip due to NW-SE compres-
sion at ~120-110 Ma. The last extensional stage occurred at
~110 Ma due to NNW-SSE tension, and is characterized by
normal faults and pull-apart basins (Sun et al. 2007; Deng
et al. 2015).

Gold deposits in the Jiaodong district are divided into
three belts from west to east, the Zhaoyuan—Laizhou,
Penglai—Qixia and Muping—Rushan belts, which are con-
trolled by second- or third-order NE-NNE-trending faults
of the Tan—Lu fault system (Fig. 1b; Fan et al. 2007). These
deposits, dated at 120 +5 Ma, are hosted by both Meso-
zoic granitoids and Precambrian metamorphic rocks (e.g.,
Yang and Zhou 2001; Fan et al. 2003; Li et al. 2012). Min-
eralization styles in the district, including the Linglong-type
quartz-vein gold mineralization and the Jiaojia-type dissemi-
nated and stockwork gold mineralization, are thought to have
formed in the same tectonic setting, but under different local
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Fig.1 a Simplified geological map of the North China Craton. b Geological map showing the distribution of the basement rocks, UHP meta-
morphic rocks, Mesozoic igneous rocks and gold deposits. Modified after Yang et al. (2012)

stress fields (Qiu et al. 2002; Yang et al. 2018). Compared to
the Zhaoyuan-Laizhou belt which hosts over 85% of min-
eralization in the district, the Penglai—Qixia belt, located
~50 km east of the Zhaoyuan-Laizhou belt (Fig. 1b), has
received much less attention, although the recent discovery
of several gold deposits has resulted in new exploration. The
belt mainly contains auriferous quartz-vein type deposits,
associated with few disseminated-stockwork types (Qiu et al.
2002).

Deposit geology
The Zhuangzi gold deposit is located in the northern sec-

tion of the Penglai—Qixia belt. Several auriferous quartz
veins have been identified in the deposit, controlled by

NNE-trending fractures (e.g., F1, F8, F9; Fig. 2) and cut by
the NW-trending Xishipeng—Wazi fault. The most economic
Vein I is mainly hosted in the Paleoproterozoic Lugezhuang
formation of the Jingshan Group, which is dominated by
biotite schist and biotite granulite. The other veins are hosted
in the Paleoproterozoic gneisses and Early Cretaceous Guo-
jialing granodiorites (Fig. 2). Ore bodies in the Vein I sys-
tem strike NNE 15°-20°, sub-parallel to lithological layers
(Fig. 3a), and dip NW 44°-52°, with a length of 600 m and
varying thicknesses of 0.2-2.1 m. Gold grades in the ore
bodies are 5.0-7.6 g/t, reaching 104.0 g/t where visible gold
is present in hand specimens (e.g., Fig. 3f).

Vein I comprises a proximal alteration zone of seric-
ite, quartz, pyrite and relict biotite and an inner auriferous
laminated quartz vein. The alteration is associated with a
strong foliation (Fig. 4a), suggesting that the rock underwent
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Fig.2 Geologic map of the Zhuangzi gold deposit, showing the dis-
tribution of the ore veins

pyrite—sericite—quartz alteration followed by or simultane-
ously with mylonitization. The inner auriferous laminated
quartz veins generally enclose lenticular clasts of altered
rocks, and contain laminations of altered minerals or pyrite
(Figs. 3b, d, e, 4b), suggesting synchronous, progressive sin-
istral shear during mineralization (Davis and Hippertt 1998).
Evidence for sinistral shear is also proved by the develop-
ment of slickensides on the lamination planes. The major ore
minerals comprise gold, pyrite and pyrrhotite with minor
accessory arsenopyrite, chalcopyrite and galena, whereas
the main gangue minerals are quartz, sericite, dolomite and
calcite.

A three-stage sequence of vein mineralization can be
recognized at Zhuangzi (Fig. 3a, c—e). Low-grade stage |
is characterized by the assemblage of gold + quartz + pyrite
(Fig. 4e). In this stage, large amounts of euhedral or elon-
gated pyrites occur as pyrite veins or quartz-pyrite veins
with rare fine-grained quartz and submicron gold parti-
cles. These veins were generally altered and overprinted
by the later hydrothermal fluids. Stage II is characterized
by the assemblage of dolomite + arsenopyrite 4+ pyrrho-
tite + pyrite + quartz + gold (Fig. 4b, c, f—i). It is defined by
laminated quartz veins with variable grain sizes. The fine-
grained polygonal quartz grains are adjacent to the lami-
nae or along grain margins, whereas coarse elongate grains
occur in the centre of the veins with their maximum dimen-
sions at high angles to vein margins (Fig. 4c). Some of the
fine-grained quartz has undergone dynamic recrystallization
and occurs as shear lenses (Fig. 4b), suggesting contem-
poraneous deformation. Pyrite grains in this stage display
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different textures, including round compact pyrite, concen-
trically zoned pyrite, and small pyrite grains with euhedral
and subhedral morphologies. Small amounts of arsenopyrite
grains associated with pyrite also precipitated in this stage
(Fig. 4g). Pyrrhotite grains coexist with pyrite or fill in the
fractures and vugs (Fig. 4h, i). Minor chalcopyrite and mon-
azite occur along fractures and grain boundaries of pyrite or
as irregular inclusions. Native gold either associated with
pyrite or between quartz grains results in the high Au grades
of this stage (as much as 104 g/t). Stage III is characterized
by calcite veins which are bedding-parallel or cut earlier
veins, marking the last stage of mineralization (Figs. 3e, 4a).

Sampling and analytical techniques

Petrographic studies were carried out on representative sam-
ples which were mainly collected from the Vein I. Pyrite and
pyrrhotite grains for textural and geochemical analyses were
investigated using field emission scanning electron micro-
scope (FESEM), EPMA, NanoSIMS mapping, and SIMS
and LA-MC-ICPMS sulfur isotope analysis. Necessary fluid
inclusion studies in quartz and LA-ICPMS U-Pb dating on
hydrothermal monazite were also conducted. All the experi-
ments except for LA-MC-ICPMS sulfur isotope analysis on
pyrrhotite were conducted at the Institute of Geology and
Geophysics, Chinese Academy of Sciences (IGGCAS) in
Beijing.

Textural and geochemical analyses

Textural characterization of the mineral phases was per-
formed using a Nova NanoSEM 450 FESEM equipped with
an X-MAXNS8O0 Energy Dispersive X-ray Spectrometer
(EDS). Images were acquired in BSE mode with an acceler-
ating voltage of 15 kV and a primary beam current of 20 nA.

Major element compositions of representative pyrite,
pyrrhotite and gold crystals were collected on a JEOL JXA-
8100 electron microprobe, with a focused beam diameter of
5 um, an accelerating voltage of 20 kV and a beam current of
10 nA. Calibration standards used were pyrite for S and Fe,
chalcopyrite for Cu, galena for Pb, and alloy or pure metal
for As, Co, Ni, Ag and Au. The detection limits for each
element were As (231 ppm), Fe (111 ppm), S (99 ppm), Pb
(598 ppm), Cu (210 ppm), Zn (226 ppm), Co (112 ppm), Ni
(120 ppm), Ag (253 ppm) and Au (614 ppm). Iron, S, As
and Au in oscillatory-zoned pyrite were also mapped using
a Cameca SXFiveFE electron microprobe, with an accelerat-
ing voltage of 20 kV and a beam current of 40 nA.

Trace elemental mapping of pyrite was performed using
a Cameca NanoSIMS 50L. Samples were polished and
coated with carbon for conductivity at high voltage. A Cs*
beam current of ~7-10 pA with a diameter of 250 nm was
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d Quartz-sulfide vein (Stage I1)
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Fig.3 Photographs of ore veins and hand specimens showing vein
mineralization. a Bedding-parallel ore bodies. b Laminations and
shear lenses at the bottom of the ore bodies, indicating a visually
opposite shearing direction. ¢ Stage I quartz-pyrite vein. d Stage II

rastered across the sample surface. Before image acquisition,
the selected area (50 x 50 um?) was sputtered with a high
intensity beam of 1 nA for ~2 min to remove the coating and
to implant enough Cs™ into the sample surface to stabilize
the yield of the secondary ions. Images, with a pixel resolu-
tion of 256 X 256, were recorded simultaneously from the
secondary ions 345, 80ge 03328, A2, 197 Ay, 208ph32s,
Peaks were calibrated using arsenopyrite for AsS, chalcopy-
rite for CuS, galena for PbS, FeSe, for Se, and metallic Au.

quartz-sulfide vein, containing laminations. e Stage III calcite vein,
cutting quartz-sulfide veins and altered rocks. f Visible gold grains at
Stage I1

In situ SIMS sulfur isotope (°%S, *3S and *S) analysis of
pyrites from different mineralization stages was performed
using a Cameca IMS-1280. The Cs™ primary ion beam was
accelerated at 10 kV, with an intensity of 2.5 nA. The beam
was scanned over ~25 um X 25 pm to reduce the depth of
crater during analysis. Each analysis incorporates a pre-
sputtering of 30 s, 60 s of automated centering of secondary
ions, followed by 160 s integrating sulfur isotope signals.
Sonora pyrite was used as a running standard for sulfur
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Fig.4 Thin section microphotographs of Zhuangzi ore. a Mineral
assemblages and foliation in the altered rock cut by a calcite vein. b,
¢ Shear lens and recrystallized quartz crystals in the active zone at
stage II, showing evidence of shear deformation. d Pyrite crystals in

isotope analysis and was analyzed two or three times every
six-to-eight analyses. The quality of the analyses was moni-
tored by comparing to reference values of Sonora standard
(8**Syepr: + 1.61 %o; and 8**Sycpy: +0.83 %o; Farquhar
et al. 2013). Detailed operating conditions, procedures, and
data reduction are described by Chen et al. (2015).

We also chose ten pyrrhotite spots for sulfur isotope
measurements using a Nu Plasma II MC-ICPMS, equipped
with a Resonetics-S155 excimer ArF laser ablation system at
the State Key Laboratory of Geological Processes and Min-
eral Resources, China University of Geosciences, Wuhan.
The diameter of laser beam was 33 um with a repetition
rate of 10 Hz, and the ablation process was set to last for
40 s. Standard-sample bracketing was used to determine the
84S values of samples throughout the analytical sessions.
The true sulfur isotope ratio was calculated by correction
for instrumental mass bias by linear interpolation between
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the pyrite—sericite—quartz alteration stage. e Pyrite crystals in stage
(D) f-i Pyrite, arsenopyrite, breakdown-resulted and vug-filling pyr-
rhotite in stage (II). Otz Quartz, Py pyrite, Ser sericite, Apy arsenopy-
rite, Po pyrrhotite

the biases calculated from two neighboring standard analy-
ses. The analytical precision (16) was about+ 0.1 per mil.
Detailed analytical conditions and procedures can be seen
in Zhu et al. (2017).

Monazite U-Pb dating

Monazite from ores (mainly in stage II) was selected for
in situ LA-ICPMS U-Pb dating with an Agilent Q-ICPMS
equipped with a Geolas 193 nm excimer laser ablation sys-
tem. Analyses were conducted with a spot size of 35 pym
and a repetition rate of 8 Hz. Each analysis incorporated
a background acquisition of approximately 20 s followed
by 45 s data acquisition. Monazite 44069 and Madagascar
1 were used as external and monitor standards to correct
the U/Pb and Th/Pb fractionation and the instrumental mass
discrimination. The corresponding reference ages for these
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two standards are 424.9 +0.5 Ma for 44069 (Aleinikoff
et al. 2006) and 524.8 + 3.7 Ma for Madagascar 1 (Liu et al.
2012). Detailed operating conditions and the data reduction
processes are described by Liu et al. (2012). The software
package GLITTER 4.0 was used to reduce the raw U-Pb
data. Considering the high common Pb compositions of the
analyzed monazite, a Tera—Wasserburg Concordia diagram
was plotted to obtain the 2°Pb/>*®U age (Tera and Was-
serburg 1972). The upper intercept represents the initial
207pp/20%Ph ratios, and the lower intercept presents the age
for monazite formation. Using the 207-correction method,
the calibrated 2*°Pb/>*8U ages were then used to calculate
a weighted average age. All the weighted mean 2°Pb/>*¥U
ages and 2*’Pb/?*Pb—2"Pb/>*8U diagrams were calculated
and plotted with Isoplot (v3.75; Ludwig 2012).

Microthermometry and Raman spectroscopy

Microthermometric measurements on fluid inclusions were
carried out using a Linkam THMS 600 programmable heat-
ing/freezing stage combined with a Zeiss microscope at
IGGCAS. The stage was calibrated using synthetic fluid
inclusions supplied by FLUID INC. through calibration
against the triple-point of pure CO, (—=56.6 °C), the freez-
ing point of water (0.0 °C) and the critical point of water
(374.1 °C). Most measurements were carried out at a heating
rate of 0.2-0.4 °C/min. Carbonic phase melting (Tm¢, ) and
clathrate melting (Tm,,,,,) were determined by temperature
cycling (Roedder 1984; Diamond 2001). A heating rate of
0.1-0.2 °C/min was adopted near phase transformations.
The precision of measurements was + 0.2 °C at temperatures
below 30 °C and +2 °C at temperatures above 30 °C. The
compositions of fluid inclusions, including vapor, fluid and
daughter minerals, were identified using a LabRam HR800
Raman microspectrometer. The exciting radiation was pro-
vided by an argon ion laser with a wavelength of 532 nm and
a source power of 44 mW. The spectral range falls between
100 cm™! and 4000 cm™! for the analyzed CO,, N,, and CH,.

Results
Textures and geochemistry of pyrite and pyrrhotite

Based on optical characteristics, BSE observation and
EPMA, three types of pyrite were recognized. The complete
dataset of major element and sulfur isotopic compositions is
given in Supplementary Table 1.

Pyrite O (Py0) occurs as anhedral, elongated crystals
often parallel to bedding. Numerous randomly oriented
silicate inclusions dominated by sericite and quartz were
observed within Py0. The PyO0 clusters commonly occur in
alteration zones, whereas corroded PyO grains often occur

as inclusion-rich cores overgrown by Pyl and Py2 (Figs. 4a,
d, 5a, b). This suggests that Py0 is the earliest pyrite accom-
panying the pyrite—sericite—quartz alteration. The average
major element composition of Py0 is S=52.9 +0.6 wt.% and
Fe=46.1+0.4 wt.% (Supplementary Table 1; Fig. 6a). Con-
centrations of As are relatively low (0-0.3 wt.%), and most
of Au contents are below the EPMA detection limit although
values up to 0.24 wt.% were observed. The concentrations
of Ag are near or below the detection limit of the EPMA.

Pyrite 1 (Py1), with rare or no silicate inclusions, com-
monly overgrows Py0 and sometimes has rims of Py2. It
occurs as coarse euhedral-subhedral grains with oscilla-
tory zoning (Figs. 5c, 7a), or inherits the anhedral appear-
ance of Py0 with irregular oscillatory zoning (Fig. 5b). The
oscillatory zoning is characterized by a rhythmic alterna-
tion of bright bands with high As (0.4-3.9 wt.%), low S
(49.6-52.0 wt.%) and dark bands with low As (0-0.4 wt.%),
high S (51.9-53.0 wt.%) in BSE images (Figs. 6a, c, 7a—c).
Band with fine arsenopyrite inclusions surrounding the
irregular oscillatory zoning indicates a higher As content in
the hydrothermal fluid. Some Pyl grains without Py2 rims
are accompanied with fine quartz crystals and surrounded by
later coarse quartz veins indicating Pyl precipitated during
stage I mineralization. The average major element composi-
tion of Pyl is S=51.7+1.1 wt.% and Fe=45.6 +0.5 wt.%
(Supplementary Table 1; Fig. 6a). Sulfur and arsenic from
the oscillatory-zoned Py1 show a strong linear negative cor-
relation (Fig. 6a; R>=—0.77), suggesting that arsenic sub-
stitutes for sulfur as Fe(As,S,_,), in the structure of pyrite
(Fleet et al. 1989). The concentrations of Au are mostly
below the detection limit of EPMA but with values reach-
ing up to 0.29 wt.% (Supplementary Table 1).

Pyrite 2 (Py2) occurs either as subhedral to euhedral
rims or as anhedral to subhedral clusters without zoning
(Fig. 5b—d). It shows paragenetic relationships with rhom-
bic arsenopyrite grains (Fig. 4g), is associated with stage 11
quartz grains, commonly overgrows Pyl and cements earlier
pyrite grains together. Sharp boundaries and corrosion tex-
tures are present between Pyl and Py2. Pyrite grains within
the shear lens in Fig. 4b have Py2 rims (Fig. 5d). These char-
acteristics suggest that Py2 formed during stage Il minerali-
zation accompanied by shearing deformation. The average
major element composition of Py2 is S=52.7 +£0.6 wt.% and
Fe=46.0+0.3 wt.% (Supplementary Table 1; Fig. 6a). Py2
has lower concentrations of As, causing the dark appearance
in BSE images. Concentrations of Au are near or below the
detection limit of the EPMA.

Rarely PyO0, Pyl and Py2 grains break down into small,
irregular-shaped pyrrhotite (Pol; Fig. 4h). Together with
the quartz vug-filling pyrrhotite (Po2; Fig. 41), it suggests
a change in fluid composition in stage II mineralization.
EPMA results show compositional differences between
the breakdown-resulted Pol and the vug-filling Po2
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Fig.5 BSE images of the three pyrite types. a Py0 with irregular
shape and numerous silicate inclusions. b Pyrite grain comprised of
Py0, Pyl and Py2. Py1 has irregular oscillatory zoning and an outer-
most band with fine arsenopyrite inclusions. ¢ Pyl with characteristic

(Supplementary Table 1; Fig. 6b). On the diagram of S
(wt.%) versus Fe (wt.%), Pol points distribute irregularly
consistent with them having formed by the breakdown of
other minerals, whereas Po2 shows a liner trend consist-
ent with direct precipitation from hydrothermal fluids
(Fig. 6b). The pyrrhotite has remarkably high concentra-
tions of Au with most of data falling between 0.08 wt.%
and 0.34 wt.%.

The 8*S values of all three pyrite generations are
broadly similar with a restricted range from +7.1 to
+9.4 %o, with most data concentrating between + 7.1 and
+ 8.8 %o (Supplementary Table 1; Fig. 6¢). Note that slight
intracrystalline 8°*S variation exists from core to rim
(Fig. 6d). Two-sigma standard error values are between
0.08 %o and 0.18 %o. The &°*S values of pyrrhotite are
slightly lower than that of pyrite with a small variation
from + 6.5 to +7.7 %o (Supplementary Table 1; Fig. 6¢).
The sulfur isotopic composition of pyrite and pyrrhotite is
consistent with pyrite and pyrrhotite that precipitated from
the same hydrothermal fluid (e.g., Li et al. 2017).

@ Springer

zoning overgrown by Py2. Py2 also occurs as independent crystals.
d Pyrite grains present in the shear lens in Fig. 4b have Py2 rims,
indicating the effect of shearing deformation on Py2. Py Pyrite, Ccp
chalcopyrite

Trace element distribution in pyrite

NanoSIMS mapping with submicron resolution shows
that the pyrite has systematic zoning of As, Au and Cu
(Fig. 7d—f), weak variation of **S, but homogeneous or no
Pb and Se. The core of the grain consists of Py0 with low
concentrations of trace elements. Pyl is the main body of
this grain and has oscillatory-zoned As, Au and Cu which
closely mimic each other (Fig. 7d—h). Zoning is sharply
defined and is clearly visible as alternating broad bands of
varying colors. The bright zones are enriched in As, Au and
Cu in comparison to the darker zones, and these elements
reach their highest concentrations in the outermost zone of
Pyl (Pylf) which was corroded by later hydrothermal flu-
ids. Fine zoning is visible inside the bright broad zones and
also shows oscillatory-zoned As, Au and Cu. Py2 forms a
thin, cubic rim, with low concentrations of As, Au and Cu.
A slight increase in Cu concentration toward the margin of
the grain is likely due to “edge effect” during the NanoSIMS
analysis (Fig. 7g).



Contributions to Mineralogy and Petrology (2018) 173:73

Page90f20 73

4.5
a o Py0
4.04 N

AN . o Py1

3.54 ° .\.\\ N Py2
3.0 s

2.5 N e

wt%)

% 2.04
<€

1.5 e o o
& e
8-

0.54 o .

%g o
— —",?.o“. ‘!zz‘x @

52.0 53.0 54.0

1.0+ °

T
51.0
S (wt%)

Po

b Po1

e Po2 .-

60.0- . -
59.5

59.0 T T T

38.0

40.0

7.0

1 2 3 4 5 6 7
core » rim

»

Fig.6 Elemental abundance and **S value diagrams for pyrite and pyrrhotite. a As vs. S plot for pyrite. b Fe vs. S plot for pyrrhotite. ¢ As vs.

534S plot. d 5**S values from core to rim in a zoned pyrite crystal

Gold occurrence and fineness

Textural and geochemical results show that both invisible and
native gold occur as follows: (1) invisible gold occurs in the
bright bands of Py1 (Fig. 7e); (2) native gold is mostly in close
association with Py2, pyrrhotite and dolomite grains, gener-
ally along grain margins, hosted in the associated minerals,
or filling fractures that crosscut pyrite crystals (Fig. 8a—f);
and (3) free gold grains are in quartz veins (Figs. 3f, 8a, c).
In addition, fine silver and arsenopyrite grains are present as
inclusions in the outermost bands of Py1 (Fig. 8f). The native
gold and free gold grains with variable sizes up to centim-
eter long, represent the most economic mineralization. Some
native gold grains have submicron-sized inclusions of As-poor
pyrite. Paragenetic relationships suggest that the precipitation
of native gold grains was near-simultaneous with Py2 crystal-
lization during stage II mineralization. EPMA data indicate
that the gold grains occur mostly as electrum (Ag> 20 wt.%;
Hough et al. 2009) with average Au of 77.4+3.8 wt.% and
Ag of 22.6+3.8 wt.%. The calculated gold fineness [1000Au/
(Au+ Ag)] for electrum grains is 708—834, which is lower than

that typical for orogenic deposits worldwide (>900; Velasquez
et al. 2014).

Monazite U-Pb geochronology

The in situ U-Pb dating analyses of 22 spots on monazite
grains are presented in Table 1. Most of the analyzed mona-
zite grains were intergrown with or enclosed in Py2 grains,
thus their crystallization ages can represent the timing of
gold deposition. The U-Pb data cluster on the Tera—Wasser-
burg Concordia diagram, and give a lower intercept age of
119.4+3.9 Ma (MSWD=0.8). The initial *>’Pb/**Pb data are
0.879 +0.020. The 2’Pb-corrected weighted mean 2°Pb/>38U
ageis 119.0+3.1 Ma (n=22, MSWD =0.7) which is consist-
ent with the lower intercept age (Fig. 9).
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Fig.7 EPMA and NanoSIMS maps of elemental variation in pyrite. a
BSE images of the selected pyrite. b, ¢ As and S variations, revealed
by EPMA maps, respectively. d—f °As>2S, '7Au, and %Cu*’S varia-
tions from PyO core to Py2 rim, revealed by NanoSIMS maps, respec-

Fluid inclusions
Petrography and types of fluid inclusions

Four types of fluid inclusions were distinguished in quartz
based on their petrographic characteristics at room tempera-
ture and laser Raman spectroscopy: vapor-rich (> 90 vol.%
CO, vapor, type I), H,0-CO,-NaCl (type 1I), H,O-NaCl
(type III), and daughter mineral-bearing H,0-CO,—NaCl
(type IV) fluid inclusions.

Type I consists of mono-phase CO, inclusions and two-
phase H,0-CO,-NaCl inclusions containing > 90 vol.%
vapor (Fig. 10a). They are usually dark with ellipsoidal,
rounded or negative crystal morphologies, ranging from 3
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*As¥S cts

tively. g Variation of counting signals for > As*’S, ’Au, and Cu?2S
by NanoSIMS mapping. h Plot of counting signals for '’Au vs.
75 As32S by NanoSIMS mapping

to 13 um in diameter. Most of these inclusions coexist with
type Ila, IIb, IIc and IIla inclusions in quartz grains from
both stage I and stage II (Fig. 10i-1).

Type II inclusions can be further divided into three
subtypes, containing two-phase with 60-40 vol.% car-
bonic phase (VCO,+ LH,0, type Ila), two-phase with
40-20 vol.% carbonic phase (type IIb) and three-phase
(VCO,+LCO,+LH,0, type Ilc) inclusions at room tempera-
ture with varying sizes from 5 to 22 um. Type II inclusions
commonly occur as assemblages, in cluster or in isolation in
quartz in both stage I and stage II (Fig. 10b—d, h).

Type III inclusions are one-phase (LH,0, type IIla) or
two-phase (LH,0+ VCO,, type IIIb) liquid-rich aqueous
inclusions (Fig. 10e, f). They display irregular, ellipsoidal
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Quartz vein

Altered rock

Fig.8 Reflected light and BSE images showing visible gold grains.
a Free gold in quartz veins. b Native gold inclusion in pyrrhotite. c—e
Native gold in fractures of Py2, at grain margin of quartz or Py2, and

or negative crystal morphologies and range from 3 to 25 um
in length. Type IIIa commonly coexists with type I, type Ila
and/or type IIb fluid inclusions, whereas primary type IIIb
fluid inclusions mainly occur in clustered quartz from late
stage II and distribute as assemblages.

Type IV inclusions are characterized by the presence of
a calcite crystal within the H,0—-CO,—NaCl fluid inclusion
(Fig. 10g). They are irregular or negative crystal in shape

as inclusions in Py2. f Native gold accompanied by dolomite. Qzz
Quartz, Py pyrite, Au gold, Ag silver, Apy arsenopyrite, Po pyrrhotite,
Dol dolomite

with 3—15 um in diameter and occur as clusters or isolated
individuals in samples from stage II.

Fluid inclusion microthermometry and Raman
spectroscopic results

Microthermometric data were obtained from 183 fluid inclu-
sions and in most case the measurements were conducted
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Table 1 Results of in situ LA-ICPMS U-Pb dating on hydrothermal monazite in the Zhuang gold deposit

Spot no. Isotopic ratios 207pb-corr. Age/Ma
207pp206pp lo W7pp/235y lo 206pp238y lo 208pp/232Th lo 206pp,238y lo
1 0.0587 0.0304  0.1530 0.0783  0.0189 0.0015  0.0058 0.00011 119 10
2 0.0508 0.0120  0.1275 0.0296  0.0182 0.0009  0.0056 0.00007 116 6
3 0.1528 0.0179  0.4386 0.0467  0.0208 0.0010  0.0060 0.00009 116 7
4 0.0818 0.0153  0.2346 0.0430  0.0208 0.0009  0.0061 0.00009 128
5 0.2044 0.0351  0.6758 0.1046  0.0240 0.0018  0.0057 0.00006 124 11
6 0.4894 0.0377  2.9860 0.1563  0.0443 0.0026  0.0063 0.00010 132 16
7 0.2594 0.0315  0.8067 0.0825  0.0226 0.0015  0.0057 0.00006 108 10
8 0.5297 0.0269  2.8410 0.0913  0.0389 0.0017  0.0069 0.00010 105 10
9 0.3198 0.0313 1.0727 0.0827  0.0243 0.0015  0.0058 0.00009 105 9
10 0.1351 0.0468  0.3850 0.1267  0.0207 0.0023  0.0056 0.00008 118 14
11 0.2760 0.0311  0.9604 0.0910  0.0252 0.0016  0.0066 0.00011 117 10
12 0.0942 0.0150  0.2469 0.0375  0.0190 0.0010  0.0067 0.00040 115
13 0.0614 0.0131  0.1615 0.0338  0.0191 0.0008  0.0074 0.00148 120 5
14 0.1348 0.0112  0.3858 0.0301  0.0208 0.0006  0.0067 0.00014 119
15 0.5715 0.0183  3.9674 0.0802  0.0504 0.0014  0.0197 0.00035 119 9
16 0.4270 0.0361 22720 0.1394  0.0386 0.0023  0.0061 0.00007 134 15
17 0.3010 0.0181 1.1614 0.0558  0.0280 0.0011  0.0063 0.00011 124 7
18 0.3270 0.0287  1.2561 0.0871  0.0279 0.0016  0.0058 0.00008 118 10
19 0.5113 0.0344 32936 0.1469  0.0467 0.0025  0.0066 0.00009 132 13
20 0.4217 0.0200  1.8789 0.0610  0.0323 0.0012  0.0062 0.00007 114
21 0.2482 0.0206  0.8959 0.0635  0.0262 0.0012  0.0084 0.00022 127
22 0.1358 0.0303  0.3968 0.0840  0.0212 0.0015  0.0063 0.00008 121 9

Mean=119. 0£3.1Ma (n=22)

$ Upper intercept at:
" MSWD=0. 7, probability=0.8

0.8l \7PbPb=0.879+0.020

0.6 H

207Pb/206Pb

0.4+

Lower intercept at:
119. 4+3.9Ma,
MSWD=0. 8

0.2 ¢

N 400 ,
0 20 40 60
238U/206Pb

0.0

Fig.9 a Representative monazite crystals, coexisting with pyrite. b,
¢ The U-Pb Tera—Wasserburg Concordia diagram and the 2*’Pb-cor-
rected 2°°Pb/?*8U weighted mean for monazite
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on fluid inclusion assemblages (FIAs). The results are sum-
marized in Table 2 and described below.

In stage I, type II fluid inclusions are dominant, with
some type I inclusions. The melting temperatures of solid
CO, (Tmg,) for these inclusion types range from —58.2
to —56.6 °C. The melting temperatures for CO, clathrate
(Tm,,) of type Ila inclusions lie between 2.6 °C and 9.5 °C
and the corresponding salinities are 1.0-12.4 wt.% NaCl
equivalent. The total homogenization temperatures (Th,,)
range from 371 to 385 °C (L+ V to V or the critical state).
For type IIb and Ilc inclusions, the CO, clathrates melted at
temperatures from 2.3 to 8.3 °C (Tm,,), corresponding to
salinities of 3.3-12.8 wt.% NaCl equivalent. Partial homog-
enization of CO, liquid and CO, vapor, consistently to liquid
phase, occurred at 21.2-27.0 °C (Th,). The total homog-
enization temperatures (Th,,) range from 279 to 329 °C
(L+Vto L). Most of the type I inclusions have similar total
homogenization temperatures (Th,,) with coexisting type
IIb and Ilc inclusions, varying from 279 to 336 °C (Fig. 10i).

In stage II, all four types of fluid inclusion have been
found, generally occurring as FIAs or coexisting with each
other (Fig. 10j-1). Carbonic fluid inclusions in this stage
have Tm¢, between —64.7 °C and —56.6 °C, indicating
the presence of some impurities in the CO, phase. Laser
Raman spectroscopy showed the impurities to be CH,. Type
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Type | Type lla
I8 LHyg Vco

Fig. 10 Transmitted-light images of fluid inclusions. a Type I vapor-
rich inclusion. b Type Ila two-phase H,0—-CO,-NaCl inclusion with
60—40 vol.% carbonic phase. ¢ Type IIb two-phase H,0-CO,-NaCl
inclusions with 40-20 vol.% carbonic phase. d Type Ilc three-phase
H,0-CO,-NaCl inclusion. e Type Illa one-phase H,0-NaCl inclu-

I fluid inclusions have Tm,,,,, between 6.9 °C and 8.7 °C,
corresponding to salinities of 2.6-5.9 wt.% NaCl equivalent,
and Th,, between 302 °C and 346 °C (L+V to V). Type

sion. f Type IIIb two-phase H,O-NaCl inclusion. g Type IV daughter
mineral-bearing H,0-CO,—NaCl inclusion. h Type Ila FIAs. i Three
various fluid inclusion types occurred in the same plane of quartz
from stage 1. j-1 Different fluid inclusion types coexist in quartz from
stage 11

IIa fluid inclusions have Tm,,,,, between 6.9 °C and 9.7 °C,
corresponding to salinities of 0.6-5.9 wt.% NaCl equivalent.
Two groups of Th,,, are observed in these inclusions ranging
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Table2 Summary of

microthermommetric data for Stage Type TmcoZ Tm,, (°C) Tm,q (°C) Thco2 (°C) Thy,, (°C) Salinity (wt.%)

fluid inclusions in quartz from I 1 —57.5t0—56.6 5.3-8.0 279-336  3.9-8.5
the Zhuangzi gold deposit 2a  —582t0—56.6 2.6-9.5 371-385  1.0-12.4
2b/2c —57.2t0 —56.8 2.3-83 212-27.0 279-329  33-12.8

il 1 —63.5t0 —57.0 6.9-8.7 302-346  2.6-5.9

2a —62.1t0-576 8.9-9.9 348-367  0.2-2.2

—62.9t0 —56.7 6.9-9.7 292-343  0.6-5.9

2b/2c —62.7t0 —56.6 5.1-9.4 28.8-30.6 284-346  1.2-88

3b —-58t0-0.6 141269  1.1-8.0

4 —64.7t0 —57.2 5.0-8.8 348-368  2.4-9.0

from 348 to 367 °C (L+ V to V or the critical state) and
292-343 °C (L+Vto V, few L+ V to L), respectively. Type
IIb and Ilc fluid inclusions have Tm,,,, between 5.1 °C and
9.4 °C, corresponding to salinities of 1.2-8.8 wt.% NaCl
equivalent. CO, generally homogenized to the liquid phase
at 28.8-30.6 °C (Thcg ). The total homogenization tempera-
tures (Th,,,) vary from 284 to 346 °C, concentrating around
300-336 °C (L+ V' to L). Type IIIb fluid inclusions from the
clustered quartz, forming in late stage 1I, yielded final ice
melting temperatures (Tm;.) of —5.8 to —0.6 °C, corre-
sponding to salinities of 1.1-8.0 wt.% NaCl equivalent. The
temperatures (Th,,) of homogenization to the liquid phase
are between 141 °C and 269 °C. In type IV inclusions, the
daughter minerals persisted even at temperature as high as
600 °C (limit of the Linkam thermometric apparatus). They
are carbonates, as determined by laser Raman spectroscopy,
and likely represent accidental entrapment of the coexisting
minerals. Nevertheless, the gas bubble disappeared at tem-
peratures from 348 to 368 °C.

Discussion

Gold mineralization in the Jiaodong district is contempo-
raneous with a major tectonic transition from extension
to transpression, associated with the abrupt change in the
drifting direction of the subducting Pacific plate (Sun et al.
2007). Based on overgrowths, corrosion textures and mor-
phological features of pyrite formed during gold miner-
alization period of Zhuangzi deposit, a clear paragenetic
sequence for three types of pyrite can be defined, as well
as their relationships with gold, quartz veins, pyrrhotite,
arsenopyrite, and minor chalcopyrite. The geochemical and
textural features of pyrite preserve evidence for the evolution
of the hydrothermal fluids and physicochemical environment
over time. Furthermore, these characteristics, together with
fluid inclusions in the laminated quartz veins, can provide
information about the mechanisms of gold precipitation.
The following discussion will address the formation mecha-
nism of the different pyrite generations, the trace elemental

@ Springer

variations, the relationship between gold and other minerals,
sulfur isotopic characteristic and fluid inclusions studies, as
well as the age of mineralization, in order to elucidate the
evolution of ore-forming fluids.

Pyrite formation and ore-forming fluid evolution

The Py0 grains with irregular or elongated shape, silicate
inclusion-rich and trace element-poor characteristics pre-
cipitated contemporaneously with the earliest pyrite—seric-
ite—quartz alteration (Fig. 11). These pyrite grains are typi-
cally parallel to the strong foliation (Fig. 4a). The above
observations indicate that the initial hydrothermal fluids
would have had low concentrations of As, Au and Cu, and
the Py( was precipitated in a compressive condition or expe-
rienced later shearing deformation.

After Py0O formation, oscillatory-zoned Py1, accompanied
by a few fine quartz grains, precipitated during stage I min-
eralization (Fig. 11). Oscillatory zoning in pyrite has been
documented in many gold deposits, where it was attributed
to crystallographic incorporation of trace elements con-
trolled by growth rate (Barker and Cox 2011; Fougerouse
et al. 2016), and to chemical evolution of the hydrothermal
fluid (Barker et al. 2009; Peterson and Mavrogenes 2014).
In general, growth-rate-controlled incorporation would not
cause changes in major elements during a single hydrother-
mal event, inconsistent with the zoning of S in Py1 (Fouger-
ouse et al. 2016; Fig. 7¢). Variations in the bulk fluid com-
position from multiple hydrothermal events usually cause
several stages of sulfide precipitation with distinct sulfur
isotopes, irregular boundaries and/or corrosion textures
between alternating bands (Barker et al. 2009; Peterson and
Mavrogenes 2014). None of these features is observed in the
oscillatory zoning of Pyl, arguing against the model of mul-
tiple stages of precipitation. A number of physico-chemical
changes in the fluid likely contributed to the formation of
oscillatory zoning in pyrite, such as varying pressure, tem-
perature and pH during boiling of the hydrothermal fluid
(Velasquez et al. 2014). It provides a novel idea to discuss
the formation of alternating bands in Py1.
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Fig.11 A cartoon illustrating a model for pyrite formation at the
Zhuangzi gold deposit. Py0 formed in the early pyrite—sericite—quartz
alteration stage. It was followed by initial precipitation of Pyl at
stage I. Progressive shear strain tends increased the fluid pressure in
excess of the lithostatic pressure, creating an open space. A sudden
drop of fluid pressure occurred, causing localized fluid phase sepa-
ration, facilitating the formation of the As—Au—Cu-rich bright bands

Progressive shear strain tends to increase the fluid pres-
sure in excess of the lithostatic pressure, creating open space
or hydraulic fractures around the PyQ grains. This would
have increased fluid flow forming quartz-pyrite veins and
generated a sudden drop in fluid pressure, which, in turn,
triggered localized phase separation of the hydrothermal
fluids. The fluid phase separation is supported by the coex-
isting aqueous and carbonic inclusions with a significant
variation in density (Fig. 10i). Recent studies have shown
that arsenic, gold, and most other metallic elements largely
favor partitioning into the liquid phase over the vapor phase
at moderate temperatures like those of this study (<400 °C;
Kouzmanov and Pokrovski 2012, and references therein).
Fluid phase separation would increase the concentrations of
dissolved As, Au and Cu in the liquid phase and oversaturate

+ Apy + Ccp + native gold

of Pyl. With hydrothermal fluids supplement, the conditions became
less favorable for phase separation, precipitating the As—Au—Cu—poor
dark bands of Pyl. Repeating this process resulted in the formation
of oscillatory-zoned Pyl. A new pulse of hydrothermal fluids was
responsible for the formation of Py2, accompanied by arsenopyrite,
chalcopyrite and native gold

the liquid with pyrite, forming the As—Au—Cu-rich bright
bands of Pyl which commonly overgrows Py0. In addi-
tion, rapid decompression and fluid phase separation would
decrease the temperature under adiabatic conditions, result-
ing in Au and As enrichment in pyrite. This is supported
by thermodynamic equilibrium calculations reported by
Pokrovski et al. (2002), Perfetti et al. (2008), and Kouz-
manov and Pokrovski (2012). These calculations suggested
that a decrease in temperature from 350 to 300 °C in ore-
forming fluids would result in both Au and As enrichment
in pyrite by a factor of 2-5. With more hydrothermal fluids
supplied, the conditions became less favorable for phase
separation and more similar to the primitive state in which
the Py0 precipitated. The As—Au—Cu-poor dark bands of
Pyl precipitated during this period, until the open space
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was filled. Successive shearing deformation would have trig-
gered precipitation of new As—Au—Cu-rich/As—Au—Cu-poor
sequences. Consequently, formation of oscillatory-zoned
Pyl was controlled by repeated opening and closing of the
space around the already formed pyrite under a successive
shearing deformation. According to this pattern, the chem-
istry of dark bands with low concentrations of As, Au and
Cu in Pyl can approximately represent the initial signature
of hydrothermal fluids in stage I, whereas the bright bands
are the result of fluid phase separation. The gradual increase
of trace elements in the bright bands from core to rim, and
the presence of fine arsenopyrite inclusions in the outer-
most bands (Figs. 5, 7) are related to the accumulation of the
residual fluid phase around the precipitating site.

Corrosion textures between Pyl and Py2 suggest episodes
of dissolution and preclude the simple overgrowth of the
pyrite from Py1 to Py2 (Fig. 7d). Similar textures have been
documented by Fougerouse et al. (2016) who attributed them
to fluid-mediated pseudomorphic dissolution—reprecipita-
tion. This model can also explain the corrosion textures of
pyrite in the Zhuangzi deposit. The Pyl cycling was fol-
lowed by stage II mineralization with a new pulse of hydro-
thermal fluids, involving the pseudomorphic replacement
of Pyl by Py2 (Fig. 11). The hydrothermal fluids in stage II
also precipitated independent anhedral-subhedral clusters
of Py2. The fact that Py2 usually contacts with the stage
IT quartz grains instead of altered rocks is consistent with
the time of pseudomorphic replacement at stage II (Fig. 8e).
Replacement of Au—As-rich Pyl by Au—As—poor Py2 might
release gold and arsenic from Pyl into the hydrothermal
fluids, and re-precipitate several arsenopyrite and native gold
grains as inclusions in the same pyrite crystal, as well as
just a short distance away. However, given the small pyrite/
quartz ratio by mass, partial replacement of Pyl and con-
centrations of Au in Pyl (mostly below the detection limit of
EPMA, <614 ppm), the quantity of gold remobilized from
Py1 is not enough to form economic mineralization. Abun-
dant native and free gold grains co-precipitated with Py2
and quartz in stage II mineralization are likely the result of
oversaturation and crystallization of Au-rich stage II ore-
forming fluids in a later favorable condition. In addition,
the presence of Pol and Po2 after pyrite formation suggests
a later decrease of sulfur fugacity (fy,) in stage II miner-
alization (Lusk and Calder 2004). The high gold contents
(0.08-0.34 wt.%) of pyrrhotite are consistent with Au-rich
stage II hydrothermal fluids.

As noted earlier, laminations and clasts within the veins
both contain altered minerals or clustered pyrite and are sub-
parallel to the quartz vein margins which were emplaced
subparallel to the lithological layers. This suggests that
emplacement of the stage II veins due to preferential break-
age along the altered rock layers resulted in the alignment of
clasts and clustered pyrite under a shearing force. Successive
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shearing-enhanced dissolution has removed most of the orig-
inal quartz grains (Davis and Hippertt 1998), and led to the
recrystallization of the residual quartz grains. This in turn
resulted in the development of laminations within the vein.

Incorporation of arsenic and gold in pyrite

As discussed above, with the increasing concentration of
dissolved As, Au and Cu during fluid phase separation,
direct adsorption of these elements by Pyl can take place
in unsaturated hydrothermal solutions. Simon et al. (1999a)
proposed that arsenic in arsenian pyrite probably occurs as
As™, substituting for sulfur in the S%‘ units. The substitution
of As for S in the pyrite structure is supported by EPMA
data which show a linear negative correlation (Fig. 6a).
Considering the consistent variations of As, Au and Cu and
homogeneous distribution of invisible gold in each band
except the corners, Au most likely behaves similarly to
As™ in the lattice of pyrite, where it is incorporated as solid
solution (Au%) instead of discrete or clustered nanoparti-
cles. The high As—Au contents in the corners of the pyrite
crystals are remarkable (Fig. 7b, d, e), accompanying with
low S contents (Fig. 7c). This localized As—Au enrichment
cannot be related to the intragrain diffusion model where
major element compositions remain unchanged, instead it
may be due to distinct crystallographic orientations within
pyrite (Reddy and Hough 2013; Fougerouse et al. 2018).
However, the exact mechanism(s) of Au incorporation into
pyrite is still poorly understood. The contents of invisible
gold show a positive relationship with arsenic in the As-rich
overgrowth zones, while the As-poor zones contain less or
no gold. This phenomenon supports the common opinion
that As-rich sulfides play a role in scavenging Au* (e.g.,
Fleet and Mumin 1997; Simon et al. 1999b).

Several mechanisms explaining the significance of arse-
nic have been invoked: (1) gold and arsenic might be present
in dissolved Au—As—S complexes, such as Au(AsS3)2_ or
Au(AsSz)O, and be adsorbed together (Clark 1960; Simon
et al. 1999b and references therein); (2) the nonstoichio-
metric substitution of AsS*~ for S%‘ in the pyrite lattice,
causing the entry of an Au™ ion into the distorted Fe?* site or
deficiency (Simon et al. 1999a, b); (3) surface electrochemi-
cal reactions facilitated by As coatings (e.g., Maddox et al.
1998); (4) chemisorption of Au complexes [e.g., Au(HS)" or
Au(HS),”] on As-rich and Fe-deficient pyrite surface (e.g.,
Fleet and Mumin 1997). The absence of hematite and sul-
fate in this study indicates that the hydrothermal fluid was
H,S dominated during pyrite crystallization; therefore, gold
was likely transported as bisulfide complexes [e.g., Au(HS)"
or Au(HS),™; Williams-Jones et al. 2009]. Thus, the incor-
poration of Au as Au—As—S complexes can be ruled out,
but the applicability of other mechanisms still needs to be
investigated. Nevertheless, all the mechanisms are consistent



Contributions to Mineralogy and Petrology (2018) 173:73

Page170f20 73

with As modifying the surface properties of pyrite, making
it more amenable for the incorporation of gold.

Potential source of sulfur in sulfides

Sulfides in the Zhuangzi gold deposit are dominated by
pyrite with only minor pyrrhotite, chalcopyrite and arse-
nopyrite. Therefore, isotopic fractionation between sulfide
pairs would have been negligible. Given the temperature
range (279-385 °C), low f, [the pyrite—pyrrhotite buffer in
Ohmoto (1972)] and weak acidity (pH 3-5, Li et al. 2013)
of hydrothermal fluids, the sulfur isotopic signature of pyrite
can reasonably represent the bulk sulfur isotopic composi-
tion of ore-forming fluids (Ohmoto 1972). The narrow range
(+7.1 to +9.4 %o) and similarities of the sulfur isotopic
compositions among Py0, Pyl and Py2 indicate that the
multiple pulses of hydrothermal fluids were likely derived
from a common reservoir. The isotopic data from Zhuangzi
do not allow us to determine the nature of sulfur reservoir,
but the 8**S compositions are similar to other deposits in the
Jiaodong gold district (Mao et al. 2008), suggesting a similar
sulfur source. Previous research suggested that the sulfur and
metals were directly exsolved from the same magma source
(Fan et al. 2003; Li and Santosh 2014). Goldfarb and Santosh
(2014) argued against this based on the spatial and temporal
relationship of ores and magmatic rocks, comparison of sul-
fur values between ore-related sulfides and Mesozoic grani-
toids, alteration zoning, and ore fluid chemistry, proposing
that the sulfur and gold could be sourced from either oceanic
sediments or the serpentinized mantle. Using fluid composi-
tion and systematic C—-D—-O-S-Sr isotopic data, Deng et al.
(2015) proposed that the source could be constrained to the
enriched mantle wedge associated with the dehydration and
desulfidation of the subducted paleo-Pacific slab. However,
lead isotope signatures, much less radiogenic relative to the
Phanerozoic mantle and plotted to the left of the Geochron,
of ore sulfides elaborated by Tan et al. (2012) are inconsist-
ent with such a model of the Mesozoic mantle wedge, and
strongly imply that the source of Pb, by inference that of
Au and possibly S, is the metasomatized Paleoproterozoic
subcontinental lithospheric mantle. Importantly, the initial
207pp/2%Pp ratio of the studied monazite (0.879 +0.020;
Fig. 9b) overlaps within error with the 2°’Pb/?°°Pb =0.896
measured on ore sulfides by Tan et al. (2012), making the
Paleoproterozoic source more convincing.

There is a slight variation of sulfur isotopic compositions
(8**S=+7.9 to +9.4 %o) in a single pyrite grain (Fig. 6d).
Except for the high value (+9.4 %o) from the Py0 core, other
data from the Pyl and Py2 bands have a very narrow range
(+7.9 to +8.4 %0), suggesting a systematic decoupling
from the trace elemental composition variations of which
were controlled by localized pressure fluctuation and fluid
phase separation as discussed above. Numerous studies have

revealed that the sulfur isotopic compositions of hydrother-
mal sulfides are strongly affected by f,,, pH, temperature
and the composition of the parental fluids, but the pressure
effect is minimal (e.g., Ohmoto 1972; Seal 2006). Conse-
quently the localized pressure fluctuations and fluid phase
separation were not enough to generate sulfur isotopic frac-
tionation in oscillatory pyrite zones. Therefore, given the
constant fq,, pH and mineralization temperatures, the &3S
values in the Zhuangzi gold deposit are mainly controlled by
the sulfur isotopic compositions of the parent fluids.

Metallogenic environment and mechanisms of gold
precipitation

It has been well established that the tectonic regime in the
NCC was dominated by extension during the Early Creta-
ceous, associated with the formation of extensive magmatic
rocks, rift basins and metamorphic core complexes (e.g.,
Fan et al. 2003; Zhu et al. 2012). Around 120 Ma, a short
compressional event has been proposed in the Jiaodong area,
as a response to an abrupt change in the drifting direction
of the subducting Pacific plate (Sun et al. 2007; Deng et al.
2015; Yang et al. 2018). This compressional event is coeval
with ages of most gold deposits in the Jiaodong gold dis-
trict. Monazite associated with peak gold mineralization at
Zhuangzi constrains the age of mineralization to ca. 119 Ma.
The field and microscopic textural evidence, including lami-
nated quartz veins, slickensides on the lamination planes,
shear lenses, strong foliations and recrystallized quartz
assemblages, are all consistent with the mineralization being
controlled by a sinistral shearing deformation. Recent stud-
ies on the Hushan gold deposit which is also located in the
Penglai—Qixia gold belt revealed a transition from compres-
sion to extension at ca. 120 Ma (Yang et al. 2018), suggest-
ing that the short compressional event may have played a
unique role in gold mineralization in the Penglai—Qixia belt
as a whole and needs to be investigated further.

Fluid inclusion studies suggest that Py1 and fine-grained
quartz in stage I were mainly precipitated between 279 °C
and 385 °C from a H,0—CO,—NaCl dominated hydrothermal
system with moderate salinity. In stage I, three types of fluid
inclusions were identified within the same plane (Fig. 10i)
and showed similar homogenization temperatures from 279
to 336 °C, interpreted to be products of fluid phase separa-
tion. This is consistent with the alternating precipitation of
oscillatory-zoned Pyl and incorporation of invisible gold
into the bright bands. In stage II, type Ila fluid inclusions
with high temperatures (348-367 °C) record a new pulse
of hydrothermal fluid. Evidence of fluid phase separation
was more common in quartz grains from stage II, where
primary type I, Ila, IIb and/or Illa fluid inclusions coexist
and have similar salinities, gaseous compositions and total
homogenization temperatures of 300-336 °C (Fig. 10j-1).
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The precipitation of pyrrhotite in late stage II suggests a
decrease of H,S activity and indirectly proves the occurrence
of fluid phase separation. Studies of the Au—As—Fe-S system
indicate that decreasing H,S activity and oxygen fugacity,
caused by fluid phase separation, can facilitate native gold
precipitation (Zhang and Zhu 2017). Consequently we pro-
pose that the incorporation of invisible gold into Pyl was
linked to local fluid phase separation in stage I and facili-
tated by arsenic, whereas the deposition of abundant native
gold was induced by a new volume of Au-rich ore-forming
fluids and triggered by more extensive fluid phase separation
during stage II.

Conclusions

The Zhuangzi gold deposit in the Jiaodong district formed
at ca. 119 Ma based on monazite U-Pb dating, and was con-
trolled by sinistral shearing deformation. Both the minerali-
zation age and shearing structures are associated with a short
compressional event around 120 Ma, which was caused by
the abrupt change in the drifting direction of the subducting
Pacific plate and likely triggered gold mineralization in the
Jiaodong gold district.

The textural and geochemical characteristics of zoned
pyrites from the Zhuangzi gold deposit indicate that multi-
ple pulses of hydrothermal fluids, derived from a common
sulfur source, were involved in the mineralization. Three
types of pyrite with distinct textures and geochemistry were
identified. PyO with low contents of As, Au, and Cu is con-
temporaneous with the early pyrite—sericite—quartz altera-
tion and commonly occurs as cores of pyrite crystals. Pyl
with characteristic oscillatory zoning of As, Au, and Cu
formed at stage 1. The oscillatory zoning is interpreted to
be the result of pressure fluctuation and repeated local fluid
phase separation around the pyrite crystal. Py2 commonly
overgrows Pyl and is likely the product of pseudomorphic
dissolution—reprecipitation at stage II.

During stage I, invisible gold was incorporated into
the Py1 structure probably as solid solution (Au™), which
was facilitated by As™. Repeated As—Au—Cu-rich and
As—Au—Cu-poor bands were the results of periodic opening
and closing of the space around pyrite, causing pressure fluc-
tuation and local fluid phase separation in the hydrothermal
fluid. Subsequent gold remobilisation caused by replacement
of Au-rich Pyl by Au-poor Py2 attributed to part of the gold
mineralization, but the largest mass of gold was introduced
by the ore-forming fluids in stage II. The deposition of native
gold was triggered by extensive fluid phase separation in
ore-forming fluids under successive shearing deformation.
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