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Abstract

The Dongji (>12.5tAu @ 4.27 g/t) and Maluntou (>5.0 t Au @ 3.70 g/t) gold deposits are the

two largest ones in the Dongkeng Volcanic Basin (DVB), SE China, that are hosted by

volcanic rocks. Mineralization is represented by three stages (i.e., stage 1, 2, and 3) that are

characterized by four types of unzoned hydrothermal pyrite (i.e., pyrite1, 2a, 2b, and 3).

Hydrothermal fluids responsible for pyrite1 deposition are moderate temperatures

(308-377 °C) and low salinity (4.6-9.1 wt% NaCl equiv.). The deposition of pyrite2a and 2b is

related to the stage 2 fluids featured by moderate-low temperatures (253-341 °C) and low

salinity (3.2-9.1 wt% NaCl equiv.). Pyire3 is deposited from the stage 3 fluids with low

temperatures (220-250 °C) and salinities (1.0-6.5 wt% NaCl equiv.). Hydrothermal fluids

potentially have a magmatic origin and experience fluid boiling and mixing of meteoric water.

Scanning electron microscopy and laser ablation inductively coupled plasma-mass

spectrometry were used to investigate the occurrence of visible gold and the distribution of

invisible gold in pyrite from different generations. Visible gold mainly exists as native gold and

electrum within crystal interstices, fractures, and hollows of pyrite2b, and precipitates directly

from the fluids during fluid boiling at ca. 329 °C with pressure of ca.120 bar. Invisible gold

mainly presents in the form of solid solution in all pyrite types. Solid solution gold is also

closely related to pyrite2b as the measured Au concentrations in pyrite2b (up to 27 ppm)

exceed those in other pyrite types (<0.6 ppm) by one or two orders of magnitude. The
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elevated content of invisible Au (together with As, Ag, Zn, and Sb) in pyrite2b is potentially

associated with lattice dislocations.

The Re-Os isochron age of pyrite2b (99 + 10 Ma) and the zircon U-Pb dating of the

volcanic and subvolcanic rocks (95.1-104 Ma) indicate that the formation of gold

mineralization and the igneous activity in the DVB were coeval during the Turonia—Albian.

Geochronology, fluid characteristics, together with low Ni concentrations (<98 ppm) and high

mean Co/Ni ratios (22.0) of pyrite from different generations, support that the Dongji and

Maluntou gold deposits formed in a magmatic-hydrothermal ore system and have an

intermediate-sulfidation epithermal origin.

Keywords: Intermediate sulfidation ore system - Pyrite Re—Os isotopes - Gold - Dongkeng

Volcanic Basin - SE China
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1. Introduction

The Cretaceous epoch, specifically between ~110-90 Ma, was a period of intense

magmatic-hydrothermal activity in the South China Block, which was associated with the

large-scale lithospheric extension and crust-mantle interaction (Li, 2000; Mao et al., 2008).

One of the most important economic manifestations of this activity is the formation of an

epithermal gold metallogenic belt along the Southeastern China Fold Belt (SCFB, Fig. 1a).

Over twenty-two epithermal gold deposits have been currently explored, possessing a total

resource of ~480 t Au (Zhong et al., 2017a) and significant amount of Ag, Cu, Pb, and Zn

(Jiang et al., 2017; Wang et al.,, 2017; Zhong et al., 2017b). Ore-related granites and

volcanic/subvolcanic rocks have been dated at 97-114 Ma and 149-158 Ma based on U-Pb,

Rb-Sr, and Ar—Ar isochron ages (Yu et al., 2013; Zeng et al., 2013; Li, 2016). They generally

possess calc-alkaline or high-K calc-alkaline A- or I-type granite affinities and show the

characteristics of igneous rocks related to continental arc or arc-back tectonic settings (Li et

al., 2011; Li,2016). By contrast, the origin of these epithermal gold deposits and their possible

genetic links to magmatism remain unclear due to the lack of reliable ages and definitive fluid

inclusion and geochemistry data, though limited previous studies proposed that most of these

deposits are potentially temporal associated with Cretaceous magmatism (Li et al., 2011;

Zeng et al., 2013; Jiang et al., 2017; Chen et al., 2020).
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Located in the northeastern SCFB, the Dongkeng Volcanic Basin (DVB) with an area of ca.
310 km? has developed more than seven operational gold deposits, such as the Dongji,
Maluntou, Shangshangang, Baoyan, and Shangshan (Fig. 1c; Chen et al., 2020). Orebodies
in these deposits are mainly hosted by volcanic and/or subvolcanic rocks and related to
quartz vein systems and various styles of mineralized breccias (Wang, 2013; Lu et al., 2017).
Previous studies were controversial about whether magmatic water is involved in the ore
system, as the published data of microthermometry and H-O isotopes are heterogeneous.
Wang and Yan (2019) proposed that hydrothermal fluids are dominated by meteoric water.
Instead, Liu (2016) suggested that ore-forming fluids are more likely derived from the mixture
of magmatic and meteoric water. Moreover, there is no reported chronological data on
mineralization so far. These lead to the poor understanding of the relationship between gold
mineralization and Cretaceous large-scale magmatic activity. Apparently, scientific problems
related to ore genesis at the DVB is consistent with that of other similar deposits in the region.
Therefore, gold deposits in the DVB are representative and are the ideal objects to study
mineralization process. Here, we focus on the Dongji and Maluntou deposits, together with
fluid inclusions petrography and microthermometry data to understand the characteristics and
evolution of the ore-forming fluids. We also discuss trace element compositions of pyrite from
different generations to confirm the correlation between gold and pyrite. Pyrite Re—Os and
zircon U-Pb geochronological data are presented to confirm the timing of gold mineralization

and magmatism in the DVB. Combined the data contribute to the origin of these gold deposits,
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and are potentially helpful to improve our understanding of other gold deposits within the

SCFB that have similar features to the Dongji and Maluntou deposits.

2. Geological setting

The Dongji and Maluntou deposits are situated in the DVB that is controlled by NE-striking

Zhenghe-Dapu fault in the eastern SCFB (Fig. 1). The DVB records multiple volcanic

eruptions and subvolcanic events during the Mesozoic period (Guo et al., 2012; Liu et al.,

2012). Volcanic rocks in the DVB are divided into an upper and lower series by a regional

unconformity (Liu et al., 2016). The lower volcanic series contains the Changlin and Nanyuan

formations. The Changlin Formation is mainly composed of conglomerates and sandstones

with minor volcanic beds (Fig. A.1). Tuffs of this formation with LA-ICP—MS zircon U-Pb ages

of 153-160 Ma (Liu et al., 2016) are the earliest products of Mesozoic volcanism in the region

(Liu et al., 2016). The Nanyuan Formation comprises abundant acidic lava and pyroclastic

rocks and formed between 141-143 Ma (Guo et al., 2012; Liu et al., 2016). The upper

volcanic series, known as the Huangkeng and Zhaixia formations, is the most important

host-rocks for the majority of gold deposits within the DVB. The Huangkeng Formation is

dominated by volcanic breccia, ignimbrite, and rhyolite, with some sandstone at the base of

the succession (Feng et al., 2016). Previous geochronology of the Huangkeng Formation in

eastern SCFB is between 100 £ 1 and 112 £ 1 Ma (Guo et al., 2012; Liu et al., 2016). The

Zhaixia Formation possesses rock associations ranging from dacite to rhyolite, interlayered
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with volcaniclastic units (Fig. A.1). This formation yields U-Pb zircon ages of 93.8 £ 1to 101

1 Ma (Xu, 2011; Guo et al., 2012; Liu et al., 2012; Jiang et al., 2015; Liu et al., 2016) and

marks the cessation of volcanism in the DVB. Both the Huangkeng and Zhaixia formations

are intruded and, locally, thermally metamorphosed by the Xiaoshao syenogranite porphyry

(Fig. 1c). No documented chronological date of this subvolcanic intrusion is known, but gold

mineralization within the DVB is suggested to be associated with the emplacement of the

Xiaoshao syenogranite porphyry (Feng et al., 2016). In addition, the Xiaoshao syenogranite

porphyry locally exhibits intensive limonitization, sericitization, and chloritization alteration

with low Au grades (0.5-2.4 g/t), and is considered to be a promising geological unit for the

exploration of porphyry Au—Ag mineralization (Feng et al., 2016).

Four generations of faulting are identified in the Dongkeng district. Chronologically these

are: 1) NE-SW striking strike-slip faults associated with orebodies (e.g., the Dongji deposit); 2)

NW-SE striking faults also associated with orebodies (e.g., the Maluntou deposit); 3) a

second generation of NW-SE striking strike-slip faults that are bereft of mineralization and cut

all ore-bearing NE—-SW striking faults (Fig. 2a); and 4) a second generation of NE-SW striking

strike-slip faults.

3. Geology and Mineralization of the Dongji and Maluntou deposits

Gold was first discovered in the Dongkeng district in 1981 and led to the development of

commercial mine workings in northern SCFB. Over seven gold deposits and numerous gold
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occurrences are developed in the DVB, mostly hosted by the upper volcanic series (Fig. 1c).

The two largest deposits, i.e., Dongji and Maluntou, that are representative of the geology

observed at a large number of artisanal workings were investigated in this study.

3.1. Dongji gold deposit

The measured resource of Au at the currently explored Dongji deposit is more than 12.5 t,

including seven principal orebodies with an average grade of 4.27 g/t (Lu et al., 2017). The

dominant hosts to orebody are the Jurassic Changlin Formation (ca. 153—-160 Ma; Liu et al.,

2016) and a rhyolitic porphyry (154 + 2 Ma; Xiao and Ban, 2015) (Fig. 2). The majority of gold

orebodies are structurally controlled (Liu, 2011) and occur as sulfide-bearing quartz veins with

occurrence of ca. 1.0-km-long and ca. 30-m-wide (up to 45-m), NE-striking (30-60°) and

SE-dipping (30—40°) (Fig. 2a, c). A few less continuous quartz * calcite pyrite veins with

chlorite (+ pyrophyllite) alteration selvage are observed proximal to the boundaries of fault

zone. They mostly fill in a series of fracture cleavages oriented subparallel or oblique (with a

small angle) to the fault zone. Additionally, various styles of breccia mineralization (e.g.,

crackle breccia and breccia veins) are associated with vein systems. A granite porphyry dike

(95.1 £ 0.7 Ma; Fig. 6h) cuts the orebodies, and therefore postdates the gold mineralization.

3.2. Maluntou gold deposit

The Maluntou deposit is located at ca. 4km northeast of the Dongji deposit and ca. 3 km north

of the Xiaoshao syenogranite porphyry (Fig. 1c), has been explored by the Minbei No. 1
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Geological Team (No. 1 G.T.) since 2003. The identified recoverable gold resource is more

than 5.0 t with an average grade of 3.7 g/t (Liu, 2017). The ore system is hosted by

hydrothermally altered volcanic breccia and dacitic-rhyolitic volcaniclastic rocks of the

Huangkeng Formation. Ten subparallel lodes (thickness 1-3 m) and 21 smaller lenticular

veins (thickness <1 m) are recognized at 66—600 m elevations. Similar to the Dongji deposit,

orebodies in the Maluntou deposit are also spatially associated with the fault system (Fig. 2b),

e.g., the tensional NW-striking (310-342°) faults and fractures. The Au2 lode (ca. 420 m in

length and 4—19 m in width) is the largest lode that dips at 60—80° northeast (Fig. 2d). Other

lodes exhibit a similar orientation. The exception is a few lodes located at northeastern end of

the Maluntou deposit (e.g., Au12, Au13, and Au14) that dip at 66—74° northwest (Liu, 2017).

Three alteration zones are recognized in the ore system, especially in proximity to Au2 lode,

ranging from silicification + sericite, silicification + chlorite, and chlorite + argillic alteration

from the centre of ore-vein outwards to the host-rocks (Fig. 2d).

3.3. Paragenetic sequence and mineralization stages

Ores in the Dongji and Maluntou deposits are similar, consist of multiple vein phases filled by

microcrystalline to coarse-grained quartz and sulfides. Sulfide mineralogy is relatively simple

and consists of pyrite with arsenopyrite, chalcopyrite, galena, and sphalerite (Liu, 2011; Lu et

al., 2017). Nevertheless, the genetic significance of mineral associations is tentative, as all of

the observed fault-fill quartz veins, indicators of a vein history, locally possess complex

crosscutting relationships and suggest three stages of mineralization (e.g., Figs. 3 and 4).
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Stage 1: Quartz veins in this stage are characterized by quartz-pyrite-arsenopyrite

assemblage with chlorite-K-feldspar alteration selvages (Figs. 3a, 4a). Quartz veins are

typically ca. 10-50 cm wide and occur at 66—600 m elevations. Quartz (quartz1) is generally

medium- to coarse-grained (>1 mm) white euhedral-subhedral crystal, and exhibits bright

brown fluorescence with growth zones in cathodoluminescence images (Fig. A.2). Euhedral

to subhedral pyrite (pyrite1, <1 mm) and arsenopyrite are disseminated within quartz veins.

Arsenopyrite is generally enveloped by pyrite1 (Fig. 5a). Free gold is not recognized visually

or petrographically.

Stage 2: Quartz veins (Figs. 3b—i, 4b—d) are closely associated with polymetallic sulfide

mineralization, as well as gold mineralization in the Dongji and Maluntou deposits. Quartz

veins predominantly occur between 250 and 500 m elevations and are associated with

intensive alteration phases, e.g., sericite, chlorite, and clay minerals. Individual veins

generally exhibit complex patterns (Fig. 3b) and distinctive grey coloration caused by

fine-grained (<0.5 mm) smoky gray anhedral quartz crystals and sulfide-bearing bands.

Quartz (quartz2) in this stage is significantly different from the one in the stage 1. Quartz2

exhibits blue fluorescence without growth zones (Fig. A.2) and locally surrounds quartz1 or

fills fractures within quartz1. Pyrite, visible gold, chalcopyrite, galena, and sphalerite are

diagnostic component of quartz veins (Fig. 5b—d). Two types of pyrite are recognized,

including cubic, fine-grained (<0.3 mm) pyrite (pyrite2a) and aggregates of pyrite (pyrite2b,

<1.5 mm) with porous texture and corroded edges. Pyrite2b is significantly more abundant

than that of pyrite2a (typically pyrite2b represents >95 % of the total pyrite abundance in the

10
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stage 2 veins). Pyrite2a is generally enveloped by pyrite2b (Fig. 5b, g). In turn, pyrite2b is

replaced by chalcopyrite, sphalerite, and galena as rims and fracture fillings (Fig. 5¢c—d).

Visible gold shows a close relationship with pyrite2b, mainly forms micrometer-sized

inclusions of native gold and electrum within crystal interstices, fractures, and hollows of

pyrite2b (Fig. 5c, g). Textural evidence suggests that gold is coeval with or locally postdates

pyrite2b deposition.

Stage 3: Quartz veins (Figs. 3j—k, 4d) predominantly occur at shallow levels (elevations

greater than ~300 m) and are associated with calcite veins. Quartz (quartz3) occurs as

fine-grained (<0.5 mm) white anhedral crystal quartz and comb quartz without any

fluorescence (Fig. A.2). Sulfides are largely absent, as well as gold, with the exception of

disseminated coarse (>1 mm) euhedral pyrite (pyrite3; Fig. 5e). Green and purple fluorite can

be observed in some veins at 360 m elevation.

4. Samples and methods

4.1. LA-ICP-MS zircon U-Pb geochronology

Hydrothermally unaltered / least altered samples, including the rhyolitic ignimbrite of the

Huangkeng Formation, the rhyolite of the Zhaixia Formation, the Xiaoshao syenogranite

porphyry and the post-mineralization granite porphyry dike, were collected for LA-ICP-MS

U-Pb zircon dating. The detailed sample locations are listed in Table A.1 and shown in Figs.

1c and 2a.

11
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The rhyolitic ignimbrite sample (HK-1) is characterized by pyroclastic material (>70 %),

quartz and feldspar phenocrysts (10-20 %), and pseudo flow texture (Fig. 6a). The matrix is

dominated by volcanic ash, and microcrystalline feldspar and quartz. The rhyolite sample

(ZX-1) shows clear flow texture and comprises quartz (10-20 vol%) and K-feldspar (5-10

vol%) phenocrysts, with a predominantly cryptocrystalline matrix (Fig. 6b). The Xiaoshao

syenogranite porphyry has a porphyritic texture. Phenocrysts are characterized by orthoclase

(30-35 vol%) with minor biotite (<5 vol%) and hornblende (<5 vol%). The matrix is dominated

by microcrystalline feldspar such as orthoclase and plagioclase. The collected sample (XS-1)

possesses minor sericitization (Fig. 6¢). The post-mineralization granite porphyry dike sample

(DJ-1) shows a similar mineral compositions to that of the Xiaoshao syenogranite porphyry,

but phenocryst is dominated by K-feldspar rather than orthoclase (Fig. 6d).

Zircon from the collected whole rock samples were separated at the Laboratory of the

Langfang Regional Geological Survey Institute, Hebei Province, China, using traditional

separation methods (i.e., combination of heavy liquid and magnetic separation techniques,

followed by handpicking under a binocular microscope). To study the morphology and internal

structure of separated zircon, reflected and transmitted light microscopy and

cathodoluminescence (CL) observations were carried out at the electron microprobe

laboratory in the State Key Laboratory of Geological Processes and Mineral Resources

(GPMR), China University of Geosciences, Wuhan.

Guided by CL images, zircon U-Pb isotopes were measured on an Agilent 7500 ICP-MS

equipped with a 193 nm laser at the GPMR following published analytical procedures (Liu et

12
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al., 2008). Spot laser ablation of 32 ym and laser pulse repetition frequencies of 8 Hz were

utilized. Off-line inspection, integration of background and analyzed signals, time-drift

correction and quantitative calibration for U-Pb dating were performed using /ICPMSDataCal

(Liu et al., 2008). Concordia diagrams and weighted mean calculations were made using

Isoplot/Ex_ver 4.15 (Ludwig, 2008).

4.2. ID-N-TIMS Pyrite Re—Os

Texture evidence shows a close relationship between native gold and pyrite2b. In this case,

seven pyrite samples from the stage 2 veins were selected to constrain the timing of gold

mineralization. All samples were collected from the Au1 orebody (at 416 m elevation) of the

Dongiji deposit. Some samples were divided into two fractions (Fig. 3), thus there were a total

of 10 pyrite separates. The detailed sample locations are shown in Fig. 2c and Table 1. In

hand specimens, pyrite is mostly massive (Fig. 3) with the exception of sample DK-LP-34 that

possesses disseminated pyrite (Fig. 3h). Microscopic observations show that the pyrite is

predominantly pyrite2b (>98 %) with only minor pyrite2a (Fig. 5b-d). About 1 g of each pyrite

separates was obtained using traditional isolation methods (i.e., crushing, magnetic, and/or

heavy liquid separation and handpicking).

The pyrite Re—Os analyses were conducted at the Source Rock and Sulfide

Geochronology and Geochemistry Laboratory in the Durham Geochemistry Centre at

Durham University. The analytical protocol follows that documented by Selby et al. (2009). In

brief, 400 mg of each separates was dissolved and equilibrated with a known amount of a

13
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mixed Re—Os tracer solution (®°Re + '®°0Os) by inverse aqua regia (3 ml of 11 N HCl and 6 ml
of 15.5 N HNO:3) in a carius tube for 24 h at 220 °C. Osmium was isolated and further purified
from inverse aqua regia by CHCIs solvent extraction and microdistillation. Rhenium was
isolated using anion column chromatography methods. The purified Re and Os were loaded
onto the degassed Ni and Pt filaments, respectively, and analyzed using negative thermal
ionization mass spectrometry (Creaser et al., 1991; Voélkening et al., 1991) on a Thermo
Scientific TRITON mass spectrometer at the Arthur Holmes Laboratory at Durham University.
The Re was measured using static Faraday collectors and Os in peak-hopping mode using a
secondary electron multiplier.

Total procedural blanks were monitored during the course of study. Blanks for Re and Os
were 4.06 pg and 0.36 pg, with an average '80s/'®0s value of 0.19 + 0.04 (1SD, n = 3). The
operational conditions of the spectrometer were monitored by reference solutions DROsS
and Re standard (Selby and Creaser, 2001). The '87Os/'8Q0s values of DROsS are 0.16087 *
0.00026, with the '®Re/'®’Re values of the Re standard being 0.5993 + 0.0006 (1SD, n = 3).
These measured values are in good agreement with those previously reported at Durham
University (e.g., Saintilan et al., 2018 and references therein). Analytical uncertainties are
propagated and incorporate uncertainties related to Re and Os mass spectrometer
measurements, blank abundances and isotopic compositions, spike calibrations, sample
weights, and reproducibility of standard Re and Os isotope values. The Re-Os data of this

study were regressed using the program Isoplot/Ex_ver 4.15 (Ludwig, 2008).

14
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4.3. In-situ trace element analysis of pyrite by LA—-ICP-MS

Trace element analyses of four pyrite types were conducted by LA-ICP-MS at the Wuhan

Sample Solution Analytical Technology Co., China. Detailed operating conditions for the laser

ablation system and the ICP—MS instrument and data reduction are the same as those

described by Zong et al. (2017). Laser sampling was performed using a GeolasPro laser

ablation system that consists of a COMPexPro 102 ArF excimer laser (wavelength of 193 nm

and maximum energy of 200 mJ) and a MicroLas optical system. An Agilent 7700e ICP—MS

instrument was used to acquire ion-signal intensities. Helium was used as the carrier gas.

Argon was used as the make-up gas and mixed with the carrier gas via a T-connector before

entering the ICP. A “wire” signal smoothing device is included in this laser ablation system (Hu

et al., 2014). The spot size and frequency of the laser were 32 ym and 5 Hz, respectively.

Trace element compositions of pyrite were calibrated against various reference materials

(NIST 610 and NIST 612) without using an internal standard (Liu et al., 2008). The sulfide

reference material of MASS-1 (USGS) was used as the unknown sample to verify the

accuracy of the calibration method. Each analysis incorporated a background acquisition of

approximately 20-30 s followed by 50 s of data acquisition from the sample. The trace

element data of pyrite were calculated using an Excel-based software ICPMSDataCal (Liu et

al., 2008).

15
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4.4. Microthermometry and Laser Raman Spectroscopy

Thirteen quartz samples corresponding to the three mineralization stages were collected to

study fluid inclusions, all of which came from the underground mining laneway at the elevation

of ca. 100—400 m. Among these samples, eight were from the Au1 ore-body of the Dongji

deposit, and the rest were from the Au17 ore-body of the Maluntou deposit. The details of

sample location are shown in Table 2. The microthermometric measurements of fluid

inclusions in this study were mainly focused on fluid inclusion assemblages (FIAs) that were

defined as fluid inclusion vacuoles along the same growth zone in a single crystal or along a

single intra-grain fracture/crack (Fig. 8). The examined 13 FlAs (Table 2) consist of primary

and pseudosecondary fluid inclusions that occur as clusters and short trails (Fig. 8). Individual

fluid inclusions generally possess a diameter between 6 and 10 ym with round to sub-round

or polygonal in shape.

Microthermometric analyses were carried out at the Geofluids Research Laboratory, China

University of Geosciences, Wuhan, using a Linkam THMS600 heating-freezing stage on an

Olympus transmitted light microscope. The precision of freezing runs was +0.2 °C and of

heating runs was 12 °C. Synthetic fluid inclusion standards (pure CO2 and pure water) were

used (Baumgartner et al., 2014) to calibrate the stage. The volumetric fraction of phases in

fluid inclusions was estimated at room temperature by reference to the volumetric chart of

Roedder (1984). Bulk salinity was calculated using the equations of Bodnar (1993) and are

shown graphically in Fig. 9, along with homogenization temperatures. The homogenization

16
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condition (e.g., density and capture pressure) of individual FIAs was calculated by Flincor
H>O-NaCl program based on fluid inclusion volumetric data (Brown and Hagemann, 1995).
Gas phases from selected fluid inclusions were identified using a JY/Horiba LabRam
HR800 system at Key Laboratory of Tectonics and Petroleum Resources, Ministry of
Education, China University of Geosciences, Wuhan. Sample excitation was achieved using a
Ventus diode-pumped, continuous wavelength, 532.06 nm laser with a maximum power
output of 45 nW. The detector charge-coupled device area is 20 um?, and the scanning range
for spectra was set between 1000 and 4000 cm-", with an accumulation time of 30 s for each

scan.

5. Results

5.1. LA—ICP-MS zircon U-Pb age
All analytical spots were located on pale, euhedral and prismatic zircon grains with clear CL
zonation (Fig. 6). The zircon morphological and textural features confirm a magmatic origin.
The U-Pb data of the studied volcanic and subvolcanic rocks are listed in Table A.1 and
illustrated in Fig. 6.

For the rhyolitic ignimbrite (HK-1) of the Huangkeng Formation, 23 analyses yield a
weighted mean 2%Pb/?38U age of 104 + 0.7 Ma (MSWD = 1.8; Fig. 6e). This age is in good
agreement with previous published data (100-112 Ma, Guo et al., 2012; Liu et al., 2016) in

the region. Twenty-one spot analyses for the rhyolite sample (ZX-1) show a slightly younger
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weighted mean 2%Pb/?38U age of 101 + 0.4 Ma (MSWD = 0.7; Fig. 6f), representing the
formation age of the Zhaixia Formation. For the Xiaoshao syenogranite porphyry, 2°°Pb/238U
ages obtained from 21 analyses range from 99 + 4 to 102 + 3 Ma, yielding a weighted mean
206pp/238Y age of 101 + 0.6 Ma (MSWD = 0.6; Fig. 6g). In combination with the oscillatory
zoning of zircon, this age is interpreted as the crystallization age. For the granite porphyry
dike, 19 spot analyses form a near coherent cluster and yield a weighted mean age of 95.1 +
0.6 Ma (MSWD = 2.1; Fig. 6h). This result provides the youngest possible age (i.e., ca. 95 Ma)
for the timing of gold mineralization in the DVB, as the granite porphyry dike crosscuts the

orebodies.

5.2. Pyrite Re—Os data

Blank-corrected Re—Os data of ten pyrite2b dominated separates are reported at the 2 sigma
level uncertainty in Table 1 and are graphically presented in Fig. 7. Eight of ten separates
have Re concentrations of ca. 1 ppb. The remaining two separates (DK-LP-34 and DK-LP-7)
contain only 0.06 and 0.1 ppb Re. Total Os concentrations in all samples are low, ranging
from 4 to 41 ppt. Differing from the typical “low level highly radiogenic” sulfides that are
characterized by low Re and Os concentrations, high radiogenic Os isotope compositions
("80s', typically greater than 90 %) and high '8’Re/'880Os ratios (>5000) (Stein et al., 2000),
pyrite in this study shows low '8’Os" values (<73 %) and '8’Re/'80s ratios (<1693) (Table 1).
This suggests a significant common Os component and indicates that individual model age

calculations are not applicable (Stein et al., 2000). The regression of '8’Re/'8Q0s versus
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1870s/180s compositions yields a Model 3 data (assumes that the scatter about the best-fit
line is due to a combination of the assigned uncertainties, and an unknown but normally
distributed variation in the '8Os/'®80s values; Ludwig, 2008) of 139 + 14 Ma (N = 10, MSWD

= 216; Fig. 7a), with an initial '8’Os/'8Q0s (Osi) value of 0.36 + 0.26.

5.3. Fluid inclusions

Fluid inclusion petrography Fluid inclusions in quartz veins are classified into four types
based on the estimated volumetric proportions of the phases present at room temperature,
phase transitions during heating and cooling runs, and laser Raman spectroscopy. These are:
Type1 — liquid-rich two-phase inclusions (the volume percentage of vapor is 0-30 vol%, Fig.
8d); Type2 — liquid-vapor two-phase inclusions (30-60 vol%, Fig. 8e); Type3 — vapor-rich
two-phase inclusions (60-100 vol%; Fig. 8f); Type4 — saline inclusions (i.e., halite-bearing
fluid inclusions with or without sylvite daughter crystal; Fig. 8g—i).

Traces of gases such as CO. are not observed by clathrate melting nor are they detected
by laser-Raman spectroscopy in vapor bubbles of type1, 2, and 3 inclusions (Fig. 8). The only
nonelectrolyte in these inclusions is H20O, suggesting that fluids are approximated by
H>O—-NaCl system. In addition, halite in saline inclusions is identified by cubic form and optical
isotropy (Fig 8g—i), with sylvite being distinguished from halite by its round form and lower

relief (Fig 8g, h).
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Microthermometry The majority of fluid inclusions homogenize to the liquid phase with the

exception of type3 and a few type2 inclusions that are homogenized by the vapor phase. The

results of the microthermometric data are summarized in Table 2, and plotted in Fig. 9.

In the stage 1 quartz (quartz1), FIAs are dominated by type1 and type2 inclusions and

show a broad range in homogenization temperatures (308-377 °C) but a small variation in

salinities (4.6-9.1 wt% NaCl equiv.) (Fig. 9).

In the stage 2 quartz (quartz2), FIAs are generally two-phase inclusions (e.g., Nos. 5”, 6, 7,

8, and 9 FlAs; Fig. 9) that share similar salinities (3.2-9.1 wt% NaCl equiv.) to the stage 1

fluids, but possess slightly lower homogenization temperatures (253-341 °C, predominantly

between 295 and 340 °C). In addition to two-phase inclusions, a small amount of saline

inclusions are measured. The dissolution of halite in these type4 inclusions generally occurs

earlier than bubble disappearance. Type4 inclusions (i.e., No. 5 FIAs) show final

homogenization temperatures of 345-374 °C with exceedingly high salinities of 40.4-42.4

wt% NaCl equiv. (Fig. 9).

In the stage 3 quartz (quartz3), fluid inclusions (e.g., Nos. 10—-13 FIAs) are homogenized

into the liquid phase at temperatures of 198-329 °C, with low salinities between 1.0 and 6.5

wt% NaCl equiv. (Fig. 9¢). The mean values of homogenization temperature (ca.240 °C) and

salinities (ca. 3.8 wt% NaCl equiv.) of fluid inclusions are slightly lower compared to those of

stage1 and 2 veins, indicating distinct cooling and dilution of the hydrothermal system.
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5.4. Trace element characteristics of pyrite

A total of 68 spot analyses were conducted on the pyrite set, including 14 spots on pyrite1, 18

spots on pyrite2a, 31 spots on pyrite2b, and 5 spots on pyrite3. A summary of trace element

concentrations is given in Table 3. The full dataset is given in Table A.2. The concentration of

trace elements is illustrated by boxplots (Fig. 11).

The time-resolved LA-ICP-MS profiles (i.e., time vs. intensity) of Au, Cu, Pb, Zn, Ag, and

Sb of all analyzed pyrite are fluctuating (i.e., with spikes), although they remain at a relatively

high level (Fig. 10). However, the signal of As is relatively smooth and steady. A parallel

pattern between As and Au is yielded from most pyrite (Fig. 10a, c), especially in pyrite2b. In

addition, the signals of Co and Ni are generally consistent with those of Fe and S (Fig. 10),

supporting that these siderophile elements are commonly distributed in different pyrite types

via isomorphism (Zhao et al., 2011).

Elements such as Co, Ni, Au, Cu, Zn, As, Ag, Sb, Pb, Mn, Bi and Ti are presented to show

similarities and differences between four pyrite types, as the concentration of these elements

is largely above the minimum detection limits (Table 3). Pyrite1 shows a narrow range in trace

element concentrations with the exception of Ti (Fig. 11). The median Au content of pyrite1 is

0.1 ppm (Table 3). Pyrite2a contains a wider range of trace elements at measurable

concentrations compared to pyrite1, notably Cu, Ag, Pb, Zn, and Sb (Fig. 11). The Au

concentration of pyrite2a is also low (<0.2 ppm). Pyrite2b can be clearly distinguished from

other pyrite types as pyrite2b is relatively enrichment in Au (<0.04 to 27 ppm). The

concentration of other elements in pyrite2b, Co, Ni, As, Ag, Zn, Sb and Cu in particular, is also
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higher than those of other pyrite types (Fig. 11). Pyrite3 shows a similar trace element

distribution pattern to that of pyrite1, with Au concentration less than 0.5 ppm.

6. Discussion

6.1. Fluid characteristics and evolution

Fluid inclusions hosted in the stage 1 quartz (quartz1) show intermediate-density,

homogenization temperatures well above 310 °C, and salinities below 10 wt% NaCl (Fig. 9).

These characteristics are comparable to those of fluids in some magmatic-hydrothermal

systems (e.g., porphyry, high- and intermediate-sulfidation epithermal, and hydrothermal

vein-type; Heinrich et al.,, 2004; Redmond et al, 2004). The fluids in these

magmatic-hydrothermal systems generally possess a magmatic origin (Zhong et al., 2017b;

Chang et al., 2018). In addition, the constant decrease in temperatures with minor change in

salinities of the stage 1 hydrothermal fluids (Fig. 9) suggests a cooling process and is

commonly observed in proximal hydrothermal systems related to magmatic intrusions (e.g.

Hedenquist and Lowenstern, 1994)

The low-salinity fluids (3.2-9.1 wt% NaCl equiv.) characterized by moderate temperatures

of 295-340 °C are recorded by abundant two-phase inclusions (Fig. 9) in the stage 2 quartz

veins. This indicates that low-salinity fluids dominate in the stage 2 hydrothermal fluids and

are probably responsible for the deposition of most ore minerals. Texture evidence also

supports that quartz2 and sulfides (e.g., pyrite2b, galena, and sphaerite), and by inference

22



O©CoO~NOUAWNE

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

the gold, formed from the homologous fluids. In figure 9 temperatures of low-salinity fluids of

the stage 2 are slightly lower than those of the stage 1 fluids (Fig. 9), but are broadly

consistent with those of the epithermal deposits, in particular of gold-precipitation-stage in

most intermediate-sulphidation depoists (e.g., wang et al., 2019). Liquid-rich inclusions in

quartz2 commonly coexist with vapor-rich inclusions, e.g., No. 6 FlAs (Fig. 9) and share

similar homogenization temperatures and salinities (Table 2). This indicates that low-salinity

fluids of the stage 2 intersected the solvus and boiled to form low-density vapors (Driesner

and Heinrich, 2007). The occurrence of various styles breccia mineralization (e.g. crackle

breccia, breccia veins) along some stage 2 quartz veins is also accepted as evidence of

boiling (Canet et al., 2011). In this case, fluid characteristics shown by No. 6 FIAs (i.e., boiling

inclusions with salinity of ~5 wt% NaCl and homogenization temperature of ca. 329 °C),

coupled with a pure H.O-NaCl system (Fig. 8), the entrapment pressure for the stage 2

low-salinity fluids is calculated to be approximately 120 bar (Driesner and Heinrich, 2007).

Apart from low-salinity fluids, high-salinity fluids (>40 wt% NaCl equiv.) are recorded by a

small amount of saline inclusions in the stage 2 veins (Fig. 9). The absence of coexisting

saline inclusions and vapor-rich inclusions makes it plausible to rule out the role of fluid

immiscibility (Heinrich et al., 2004). In addition, homogenization temperatures of saline

inclusions (>345 °C) are higher than those of other fluid inclusion types (<340 °C) in the stage

2 veins (Fig. 9). Given that most of saline inclusions are homogenized by bubble

disappearance rather than dissolution of halite, fluid pressure (ca. 125 bar) at the temperature

of bubble disappearance (ca. 361 °C; Table 2) generally represents the minimum fluid
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trapping pressure (Roedder and Bodnar, 1980). This estimated minimum pressure is slightly

higher than the ones of the stage 2 low-salinity fluids (ca. 120 bar). By inference, the

presence of abundant low-salinity fluids and a much smaller amount of high-salinity fluids

during the stage 2 may be related to the pressure fluctuation due to faulting or seismic

pumping (Roedder and Bodnar, 1980). This is consistent with the observation that the

mineralization at the Dongji and Maluntou is apparently associated with fault systems (Fig. 2)

and the development of comb structures in quartz veins (Fig. A.2). The faulting or seismic

pumping mechanism may have caused inflow of fluids with different characteristics (Sibson et

al., 1988). In fact, faulting or seismic pumping is commonly observed in mesothermal

gold-quartz deposits formed at high pressure about 2 to 4 kbar (Sibson et al., 1988), whereas

Chi et al. (2017) suggested that such process could also occur in a shallow environment

(<200 bar).

The formation of quartz3 associated with calcite and pyrite3 marks a waning stage of the

hydrothermal system. Quartz3 deposited from the late-stage (stage 3) fluids with low

temperatures (220-250 °C) and low salinities (1.0-6.5 wt% NaCl equiv.) (Fig. 9). Such

temperatures and salinities are similar to the ones of fluids in typically low-sulfidation

epithermal system within the SCFB, which possess a mixed origin of magmatic and meteoric

water (Zhong et al., 2017b). In addition, the larger temperature difference (~43 °C) between

each FIAs within the stage 3 veins compared to ~24 °C shown in other mineralization stage

veins potentially supports a rapid cooling process related to the collapse of the heat system

and incursion of near-surface meteoric water (Hedenquist and Lowenstern, 1994).
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Overall, the hydrothermal fluids in ore system are dominated by low salinity fluids. Fluid

inclusions from the stage 1 quartz veins are most likely to represent the initial fluids that

potentially have a magmatic origin. These initial fluids possess moderate temperatures

(308-377 °C) and low salinities (4.6-9.1 wt% NaCl equiv.). Subsequently, fluid boiling took

place at pressure of ca.120 bar and most sulfides precipitated during the deposition of

quartz2, forming the stage 2 sulfide-bearing quartz veins. The temperatures of boiling fluids

(295-340 °C) decreased from the initial fluids but the salinities were still low (3.2-9.1 wt%

NaCl equiv.). Finally, the fluids characterized by lower temperatures (220-250 °C) and lower

salinities (1.0-6.5 wt% NaCl equiv.) may be related to the mixing of magmatic and meteoric

water and then formed the quartz3 in the late-stage veins.

6.2. Correlation between gold and pyrite

Both invisible gold and visible gold occur in the Dongji and Maluntou deposits.

Invisible gold and pyrite LA-ICP-MS analyses of the four pyrite types from the Dongji

and Maluntou deposits yield a positive correlation between Au and As (Fig. 12a), which is

consistent with the characteristics of invisible gold-bearing pyrite in epithermal gold deposits

(e.g., Cook and Chryssoulis 1990; Sung et al. 2009). A parallel pattern between the signals of

As and Au from most pyrite (Fig. 10) also supports the presence of invisible gold. Therefore,

the Reich et al. (2005) Au-saturation line in figure 12a could be used to recognize the

occurrence of invisible gold (solid solution or nanoparticles; Ciobanu et al., 2012). Apparently,

all data fall below the gold solubility limit line (Fig. 12a), suggesting that invisible gold occurs
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mainly as solid solution (i.e., Au'*) in a structurally bound Au complex within the pyrite lattice.
In fact, it needs to be noted that small amount of invisible gold occurring as nanopatrticles (e.g.,
submicroscopic inclusions of discrete Au-bearing phases) cannot be excluded, because the
presence of sharp spikes on Au distribution pattern for LA-ICP—MS spot analyses of pyrite2a
and pyrite3 (Fig. 10b, d). The positive correlation of Au-As (Fig. 12a) rather than Au—-Cu (Fig.
12c¢) indicates the coupling relationship between Au and As and the insignificant influence of
chalcophile elements on the Au concentrations in pyrite (Hazarika et al., 2017). By inference,,
substitution of As for Fe or S creates lattice dislocations that facilitate Au'* entering into the
crystal structures of pyrite (Cook and Chryssoulis, 1990; Huston et al., 1995; Deditius et al.,
2008), which can reasonably explain the lattice-bound form. In addition, the measured
invisible Au concentrations in pyrite2b from the stage 2 quartz veins generally exceed those in
other pyrite types by one or two orders of magnitude (Table 3), indicating that the stage 2 is
the important period of invisible gold precipitation.

Visible gold and pyrite Visible gold mainly forms micrometer-sized inclusions of native
gold and electrum within crystal interstices, fractures, and hollows of pyrite2b (Fig. 5) in stage
2 veins. This kind of occurrence of the visible gold is identical to that of the previously reported
in the Shuiyindong and Gutaishan gold deposits (Liu et al., 2018; Li et al., 2019). The
deposition of visible gold in the Shuiyindong and Gutaishan gold deposits is attributed to the
remobilization of invisible gold in earlier formed pyrite (Liu et al., 2018; Li et al., 2019). Such
remobilization model (Mumin,1994), however, may be not the case for the visible gold in the

Dongji and Maluntou deposits based on the following evidences. Apparently, the insufficient
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invisible gold content of earlier formed pyrite (less than 1 ppm, Table 3) argues against the

remobilization process according to the mass balance grounds (Yang et al., 2016). In addition,

pyrite2b shows the homogeneous texture without compositional zoning, which is different

from that of the visible gold-bearing pyrite in the Shuiyindong and Gutaishan gold deposits

(Liu et al.,, 2018; Li et al., 2019). The absence of remobilization related minerals (e.g.,

pyrrhotite or arsenopyrite) coexisting with remobilized pyrite (Fig. 5) is added as a line of

unsupported evidence. In such situation, visible gold is more likely to precipitate directly from

hydrothermal fluids (Li et al., 2019) and an efficient mechanism must have operated to

produce the visible gold. In fact, fluid boiling is commonly observed in porphyry-epithermal

and epithermal gold deposits within the SCFB (Zhong et al., 2017b and references therein).

Significant loss of the sulfide ligand into the vapor during fluid boiling potentially results in gold

saturation and the great precipitation of visible gold (Mikucki, 1998). Fluid boiling has been

carefully assessed in the Dongji and Maluntou deposits, and is apparently supported by

boiling inclusions assemblages (discussed above), the existence of hydrothermal brecciation

related to mineralization and the presence of bladed calcite. By inference, the deposition of

visible gold to form the high-grade orebodies in the study area is more likely to be triggered by

fluid boiling. The texture relationship between visible gold and pyrite2b (Fig. 5) further

suggests the progressive influx of hydrothermal fluids during gold mineralization, as corroded

interiors and margins of pyrite2b indicates postdepositional dissolution.

The variation of Au (Ag, As, Zn, Sb) among different pyrite generations Although trace

element concentrations in pyrite from different generations show obvious variation, we note
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that the concentration of Au exhibits an increasing trend from pyrite1, pyrite2a to pyrite2b, and

then decreases significantly during pyrite3 precipitation. The similar distribution pattern is also

shown by Ag, As, Zn and Sb elements (Fig. 11). Such trend is consistent with that previous

reported in the Lihir gold deposit (Sykora et al., 2018). For the Lihir deposit, the low level of

most trace elements in the early stage pyrite is related to slow growth rate of pyrite and high

solubility of trace elements in aqueous solution due to high temperatures. The suite of trace

elements enriched in the middle stage pyrite results from disequilibrium precipitation of pyrite

(Sykora et al., 2018).

For the Dongji and Maluntou deposits, temperatures of the stage 1 hydrothermal fluids (up

to 377 °C) are comparable with the ones of the Lihir gold deposit (Sykora et a. 2018),

probably suggesting a connection between the high-temperature environment and the low

concentrations of trace elements in pyrite1. The possible scenario responsible for high

concentrations of Au, Ag, As, Zn, and Sb in pyrite2b are various (e.g., temperature, absorption

properties of pyrite, fluid composition, precipitation rate, and availability of Fe and/or S;

Sykora et al., 2018 and references therein). We suggest that the rapid precipitation of pyrite2b

due to fluid boiling probably play a key role, although other parameters should also be

carefully considered. Disequilibrium precipitation of pyrite is enhanced under conditions of

rapid precipitation (Huston et al., 1995 and references therein), and helps to incorporate trace

elements into pyrite as a solid solution (e.g., Au) or as a micro- to nanoscale inclusion (e.g.,

Ag, Zn, Pb, and Sb). The concentration of most trace elements in pyrite3 decreases evidently

compared to that of pyrite2b (Fig. 11), which may imply that the ore-forming elements (e.g.,
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Au) and associated chalcophile elements (e.g., As, Ag, Cu, Pb, Zn, and Sb) in hydrothermal

fluids have been consumed during the precipitation of pyrite2b. Additionally, the influx of

meteoric water during the late stage of the hydrothermal ore system may further dilute the

fluids. In summary, the differences in trace element composition of pyrite from different

generations are related to the complicated process, and the close relationship between gold

(both invisible and visible gold) and pyrite2b is well defined.

6.3. Timing of gold mineralization

Previous geochronology, on the bases of Rb—Sr (on quartz and whole-rock), K-Ar (on alunite,

sericite, and adularia), Ar-Ar (on alunite and adularia), Re-Os (on molybdenite) and TIMS

U-Pb (on zircon) dating methods, shows that gold mineralization in the SCFB are of

Oxfordian-Toarcian (ca. 157-181 Ma) and Turonian-Albian (ca. 91-110 Ma) (Li, 2016; Zhong

et al.,, 2017b and references therein). In the DVB, the indirect timing constraints of gold

mineralization are given by the age of host-rocks and post-mineralization dikes. For example,

the age of 104 + 2 Ma (Fig. 6) obtained from the rhyolitic ignimbrite (in which orebodies in the

Maluntou deposit are hosted, Fig. 1c) indicates a maximum date for mineralization at

Maluntou. Similarly, the rhyolitic porphyry (154 + 2 Ma; Xiao and Ban, 2015) hosting

orebodies in the Dongji deposit (Fig. 2a), together with a post-mineralization granite porphyry

dike (95.1 £ 0.7 Ma; Fig. 6) bracket the timing of gold mineralization at Dongji between

Cenomanian and Tithonian.
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All of the Re—Os data of pyrite2b dominated separates from the stage 2 veins in the Dongji
deposit yield a Model 3 age of 139 + 14 Ma (N = 10, MSWD = 216, initial '8’Os/'80s [Osi] =
0.36 + 0.26; Fig. 7a). This date within the uncertainty broadly conforms to that of geological
constraints (ca. 95-154 Ma) from the host-rocks and post-mineralization dikes, but is not
compatible with time patterns of gold mineralization in the region. The percentage of deviation
from the best-fit line of all of the Re—Os data is illustrated in Fig. 7b, which shows that six of
ten pyrite separates (DK-LP-5, -7, and -34, DK-JX-351, -353, and -354) exhibit a deviation
greater than 5 % and up to 50 %. A Model 3 age, large uncertainty, an MSWD much higher
than 1, and significant deviation from the best-fit line suggest that scatter about the linear
regression is related to geological factors rather than purely analytical uncertainties (Ludwig,
2008). For example, the entire sample set does not represent contemporaneous formation, or
possess identical Osi, or that the Re-Os isotope system has been disturbed (Stein et al.,
2000; Selby et al., 2007; Cumming et al., 2014). Calculating the Osi for each pyrite separates
at 139 Ma (Osi139), which is based on the Re-Os date of all separates, shows that the Osi
values are heterogeneous (0.11-0.65; Table 1). Therefore, we suggest that the variation in
the Osi may be a potential cause of scatter about the best-fit line.

As stated above, the ca.139 Ma date is obtained from pyrite separates with variable Osi.
Therefore, a Re—Os date based on homogeneous Osi compositions was attempted to yield in
this study. When the Osi values are calculated at 95 Ma (which is the youngest possible for
mineralization based on the emplacement age of the post-mineralization granite porphyry

dike in the Dongiji deposit), distinct Osi data clusters are evident (Table 1). Six of ten samples
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possess similar Osigs of 1.41-1.51, with the remaining samples possessing lower and

dispersed Osigs of 0.28-0.70 (N = 4). Calculation of the Osi at 110 Ma (representing the oldest

known gold mineralization time in the region; Zhong et al., 2017b) yields a similar outcome

(Table 1). For example, six samples yield Osiio values of 1.01-1.17, with the remaining

samples showing scattered Osiio values of 0.26-0.68 (N = 4). The difference in Osi clusters

may be related to samples that include different generation ages or have experienced

disturbance to the Re—Os isotope system (Stein et al., 1998; Schaefer et al., 2010). The Osigs

and Osiq10 data demonstrate that the calculation at an older age yields slightly less radiogenic

Osi (Table 1), but this does not change the relationship of pyrite separates to each other and

therefore does not adversely affect geochronology based on the Osi composition (Cumming

et al., 2014).

Regression of the Re-Os data based on Osi data groupings, six pyrite separates

characterized by similar and high Osi (>1) yield a Model 1 (which considers that only the

assigned uncertainties produce the scatter about the best-fit line; Ludwig, 2008) Re—Os date

of 99 + 10 Ma (MSWD = 0.47, Osi = 1.35 + 0.26; Fig. 7c). The remaining four samples with

lower and scattered Osi (<0.7) do not give a valid isochron. The age of 99 £ 10 Ma agrees

well with the general temporal understanding of gold mineralization (91-110 Ma) in the SCFB

(Zhong et al., 2017b and references therein). The data also enters the indirect gold

mineralization age window (<ca. 104 Ma; Fig. 6) indicated by host-rocks in the Maluntou

deposit. Therefore, although the data shows large uncertainty, it is considered to represent

the best estimate for the timing of gold mineralization in this study. The large age uncertainty
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may be related to the variability in the Osi (Osigo = 1.32—1.41; Table 1). The Turonian to Albian

is a key period for gold mineralization in the DVB.

6.4. Origin of gold deposits

LA-ICP-MS zircon U-Pb data (Fig. 6) of the rhyolitic ignimbrite from the Huangkeng

Formation, the rhyolite from the Zhaixia Formation, the Xiaoshao syenogranite porphyry, and

the post-mineralization granite porphyry dike bracket the duration of volcanism-subvolcanism

in the Dongkeng district between 95.1 and 104 Ma (Cenomanian-Albian). The pyrite Re—Os

age of 99 + 10 Ma is shown to record the bulk Au mineralization in the DVB (Fig. 7). By

inference, magmatism and gold mineralization in the DVB are comparable in time with the

Cretaceous magmatism and metallogenesis in the SCFB at 110-80 Ma (Mao et al., 2008).

During this period, the SCFB is considered to be under an extensional tectonic setting based

on the wide distribution of the coeval A- and I-type composite granites (e.g., Li et al., 2014;

Zhao et al., 2016), bimodal continental margin arc basalts and rhyolites (Xia et al., 2016), and

pull-apart basins (Shu and Zhou, 2002). In this case, gold mineralization at Dongji and

Maluntou is potentially occurred in the regional extensional setting. Apparently, this inference

is strongly supported by the presence of comb quartz and cavities in the stgae 2 veins (Fig.

A2).

Open-space filling, comb structures, various styles breccia mineralization at shallow levels,

together with moderate-low temperature, low salinity fluids and low pressure (ca. 120 bar,

discussed above), indicate an epithermal environment for ore system. In addition, the
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chemistry of pyrite is also used to constrain the origin of gold deposits. Generally, pyrite

formed in epithermal stage is characterized by high As concentration (10%-10* ppm) with Au

concentration of 0.5-100 ppm (Sykora et al., 2018 ). The As and Au concentrations of pyrite2b

range from 12 to 31528 ppm (average of 3457 ppm) and 0.11 to 27 ppm (average of 3.49 ppm)
(Table A.2), and therefore well support the epithermal condition.

Cobalt and Ni contents, and Co/Ni ratios of pyrite are controlled by physical and chemical
conditions of gold mineralization, and are considered to be empirical indicators to study the
formation conditions (e.g., Li et al., 2015; Zhao et al., 2011). Co/Ni ratios for pyrite1, pyrite2b,
and pyrite3 range 0.2-10.7 (mean = 4.3), 0.1-8.7 (mean = 2.2), and 0.4-4.9 (mean = 2.0)
(Table A.2), are typical of magmatic-hydrothermal pyrite (Bajwah et al., 1987). The low Ni
concentration (less than 98 ppm; Table 3) of pyrite from different generations also suggests a
magmatic-hydrothermal origin, as pyrite from granite-related deposits is expected to contain
negligible Ni (Rudnick and Gao, 2003). In this case, the formation of the Dongji and Maluntou
gold deposits is potentially related to an epithermal magmatic-hydrothermal system. This
suggestion is similar to the origin of most epithermal gold deposits in the SCFB (e.g., Zhong
et al., 2017b; Chen et al., 2020).

The epithermal gold deposits in the SCFB are distinguished on the basis of the sulfidation
state of the sulfide mineralogy, alteration zones, and geochemical associations as belonging
to three sub-types: (1) high sulfidation (HS, e.g., Zijinshan, Li et al., 2017), (2) intermediate
sulfidation (IS, e.g., Ancun, Li et al., 2018), and (3) low sulfidation types (LS, e.g., Yueyang

and Shangshangang, Zhong et al., 2017b; Chen et al., 2020). The Dongji and Maluntou gold
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deposits potentially show many features in common with IS epithermal deposits (Heald et al.,

1987; White and Hedenquist, 1995). For example, gold mineralization typically has a close

temporal and spatial relationship with rhyolitic-dacitic volcanic-subvolcanic rocks (Chen et al.,

2020), which is different from the LS ore system. In addition, the hydrothermal fluids

generating gold deposits contain significant magma components and therefore with

moderate-low temperatures (198-377 °C). Such temperatures are higher than the ones of

typically LS deposits (e.g., Chen et al., 2020) but similar to some IS deposits (e.g., Wang et al.,

2019). Einaudi et al. (2003) peoposed that the average Ag/Au concentration ratio in IS ore

system should be more than 10. The ratio in this study is of 22 and thus supporting an IS

epithermal origin. Moreover, hydrothermal alteration at Dongji and Maluntou is featured by

assemblage of quartz-sericite-chlorite-illite, which is apparently different from

kaolinite-adularia alteration in LS gold deposit in the DVB (Chen et al.,, 2020) and

alunite-dickite alteration in HS gold deposit in the SCFB (Zhong et al., 2017).

Therefore, on the basis of our field and petrographic observations, LA-ICP-MS analysis

results, pyrite Re—Os data, fluid inclusion studies, and characteristics of trace elements in

pyrite, a possible scenario is proposed herein to explain the formation of IS epithermal gold

deposits in the DVB. Volcanism-subvolcanism related to the regional extensional tectonic

setting occurred during the 95-104 Ma and formed numerous pull-apart volcanic basins in the

SCFB (e.g., the DVB). Hydrothermal fluids (H.O-NaCl system) derived from the underlying

magma chamber ascended along the volcanic vent to the epithermal environment and

migrated to NE-trending faults at Dongji and NW-trending faults at Maluntou during ca. 99Ma.
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The reaction between hydrothermal fluids and host rocks led to extensive hydrothermal

alteration, e.g., sericitization and chloritization. However, the most important process was fluid

boiling at ca. 329 °C with pressure of ca.120 bar, which potentially triggered the precipitation

of massive ore-forming elements to form the sulfide quartz veins in the study area.

The Huaixi (Li et al., 2011), Jinjiyan (Zhong et al., 2017b), and Longtoushan (Wang, 2011)

epithermal gold deposits within the SCFB (Fig. 1) possess similar characteristics with those

exhibited by the Dongji and Maluntou deposits, and thus may also have an

intermediate-sulfidation epithermal origin. The latter potentially proposes an entire

metallogenic belt of intermediate-sulfidation epithermal deposits in the SCFB.

7. Conclusions

1. Hydrothermal fluids potentially had a magmatic component at high temperature (up to

377 °C; stage 1), and boiled at ca. 329 °C (stage 2), and mixed with infiltrating meteoric water

during the late-stage (stage 3).

2. Visible gold and invisible gold are both closely associated with pyrite2b. Visible gold forms

native gold and electrum and precipitates directly from the fluids during fluid boiling. Invisible

gold is in the form of solid solution and related to lattice dislocations.

3. Gold mineralization in the Dongji deposit formed at ca. 99 Ma, which is coeval with

volcanism-subvolcanism (95-104 Ma) related to the regional extensional tectonic setting.
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4. Gold mineralization is related to an epithermal magmatic-hydrothermal system. The Dongji

and Maluntou gold deposits have an intermediate-sulfidation epithermal origin.
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Figure captions

Fig. 1 a Tectonic map of China showing the location of the Southeast China Fold Belt (SCFB).
Revised after Zhong et al. (2017a). b Simplified geological map of the SCFB with Cretaceous
volcanic basin, intrusions, and gold deposits. Modified after Chen et al., (2020). ¢ Geology
and distribution of gold deposits in the Dongkeng volcanic basin, showing the location of the
Dongji and Maluntou deposits. Modified from Chen et al., (2020). NCC = North China Craton,

YZC = Yangtze Craton, CB = Cathaysian Block, QHF = Qinzhou-Hangzhou Fault, ZDF =
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Zhenghe-Dapu Fault, SYF = Shanghang-Yunxiao Fault, CSF = Chong’an-Shicheng Fault,

CNF = Changle-Nan’ao Fault

Fig. 2 Geological maps of the Dongji (a) and Maluntou (b) gold deposits. Simplified and
revised from Liu (2011) and Wang (2013). ¢ Geological ichnography of the Dongji deposit at
416 elevations, showing the structurally controlled orebodies and post-mineralization granite
porphyry, and locations for pyrite samples for Re—Os dating. d Typical hydrothermal alteration

and zonation proximity to quartz-sulfide veins (the Maluntou deposit)

Fig. 3 Photos showing three mineralization stages and alteration characteristics of the Dongji
gold deposit. a-b The stage 1 quartz veins are cut by the stage 2 sulfide-bearing quartz veins.
c-i Ten pyrite separates collected from the stage 2 veins for Re—Os analyses. j The stage 2
quartz vein with chlorite and epidote halos is cut by stage 3 quartz vein. k The stage 3 barren

quartz vein

Fig. 4 Photos showing three mineralization stages and alteration characteristics of the
Maluntou gold deposit. a The stage 1 quartz vein with fine-grained pyrite (pyrite1) and
K-feldspar halos. b Cross-cutting relationship between the stage 1 vein and stage 2 vein. ¢
Mineral assemblage of the stage 2 quartz veins. d The stage 2 quartz vein with

sulfide-bearing bands is cut by the stage 3 quartz vein

Fig. 5 Photomicrographs and scanning electron microscope (SEM) images illustrating the
petrographic characteristics of sulfides in gold deposits. a Euhedral arsenopyrite is enveloped
by pyrite1 in the stage 1 veins. b Pyrite2a is enveloped by pyrite2b within the stage 2 veins. c
The relationship between pyrite2b and native gold. d Sulfide mineralogy of the stage 2 veins,
including pyrite2b, chalcopyrite, galena, and sphalerite. e Coarse pyrite3 grains in the stage 3

veins. f—h. Unzoned texture of all types of pyrite
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Fig. 6 Petrography, zircon CL images and LA—-ICP—MS zircon U-Pb ages of early
Cretaceous volcanic units at the DVB. a and e Rhyolitic ignimbrite (HK-1). b and f Rhyolite
(ZX-1). ¢ and g The xiaoshao syenogranite porphyry (XS-1). d and h The post-mineralization

granite porphyry (DJ-1)

Fig. 7 a '®’Re/'®0s vs. 870s/'80s plot for all data. b Plot of the percentage of deviation from
the 139 Ma best-fit line. ¢ Pyrite Re—Os best-fit lines based on initial '8’0Os/'%0s data clusters
and 99 Ma reference lines. See text for discussion. Data-point ellipses shown with 2s

absolute uncertainty. MSWD = mean squared weighted deviation

Fig. 8 Distribution and characteristics of fluid inclusions in quartz veins. a Growth zone of
quartz. b Distribution of primary and pseudosecondary fluid inclusions. ¢ Linear distributed
pseudosecondary fluid inclusions. d Liquid-rich two-phase FIA (type1). e Liquid-vapor
two-phase FIA (type2). f Vapor-rich two-phase FIA (type3). g-i saline FIA (type4). j-I Laser

Raman spectra for different fluid inclusion types.

Fig. 9 Homogenization temperature vs. Salinity, and histograms of homogenization
temperatures of fluid inclusions from the different mineralization stages. Numbers with
different colors indicate the FIA number discussed in the text. The fields of vein-type deposits,

epithermal deposits, and porphyry deposits are modified from Wilkinson (2001)

Fig. 10 Representative time-resolved depth profiles showing distribution pattern of Fe, S, Co,

Ni, Au, As, Cu, Zn, Ag, Sb, and Pb elements in four pyrite types. a Pyrite1. b Pyrite2a. ¢

Pyrite2b. d Pyrite3
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Fig. 11 Box and whisker plots of Co, Ni, Au, Cu, Ag, As, Pb, Zn, Sb and Ti contents in four
pyrite types. The horizontal line represents the median, the solid black dot represents the
mean, and the box represents the 25" to 75" percentile of the data. Whiskers are drawn to
the last data point that is 2 times the length for the box from the maximum and minimum.

Open circles are outliers

Fig. 12 Binary plots of As vs. Au (a). Co vs. Ni (b). Cu vs. Au (c). Ag vs. Sb (d). Pb vs. Sb (e).
and Ag vs. Au (f) for different pyrite types. The trace element concentrations are from Table
A.2, and all measurements below minimum detection limit are discarded. The Au-saturation
line in (a) is defined by the equation Ca, = 0.02 x Cas + 4 x 107, based on the study of Reich
et al. (2005) that showed the maximum amount of Au that can be contained in the pyrite

lattice is dependent on the As content

Fig. A.1 Summarized stratigraphic column for the Dongkeng volcanic basin

Fig. A.2 Plane polarized light (PPL) and cold-cathodoluminescence (CL) image of quartz
formed in three mineralization stages (i.e., quartz1, 2, and 3). a—b Euhedral quartz crystals
(quartz1) with bright brown fluorescence and growth zone are surrounded by anhedral quartz
(quartz2) that shows blue fluorescence without growth zone. c—f The relationship between

quartz2 and quartz3 (without any fluorescence)
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15
16
17
18
19

2fhble 1

—Os isotopic data of pyrite2b dominated samples from the stage2 veins in the Dongji deposit.
Collected Ore type (;)\p\i- Os
elevation RN (ppt-total)
ABK-LP-35 Au1 orebody 416 m Massive  996.0 3.6 4.3 0.1 66.7 1693.0 71.9 412 020 089 019 144 1.01 1.33
AOK-LP-35 Au1 orebody 416 m Massive  963.0 35 4.4 0.1 66.1 1608.5 68.3 404 019 089 0.31 150 1.09 1.39
2IK-JX-35 Aul orebody 416 m Massive 10105 3.6 5.3 0.1 61.4 1331.0 46.0 352 014 085 043 141 1.08 1.32
39K-JX-35 Au1 orebody 416 m Massive 1023.1 3.7 5.6 0.1 60.4 1248.1 41.4 342 013 084 053 145 113 1.36
-JX-35 Au1 orebody 416 m Massive 8029 29 5.1 0.1 56.0 1058.8 43.4 311 015 082 065 143 1.17 1.36

-JX-35 Au1 orebody 416 m Massive  916.5 3.3 41 0.1 65.4 1623.5 90.2 409 026 087 032 151 111 1.41

g\iample ne Location %1%70s" "¥'Re/0s + 90s/®0s + Rho Osijzg Osigs Osijg Osigg

32
43K-LP-5 Au1 orebody 416 m Massive 874.3 3.2 408 0.2 35.0 1084 1.1 051 0.01 062 026 034 0.31 0.33
JAK-LP-7 Au1orebody 416 m Massive 115.0 1.0 5.9 0.0 23.6 96.8 2.1 043 0.01 068 021 028 0.26 0.27
IK-JX-35 Au1 orebody 416 m Massive 11114 5.0 128 0.1 72.7 4778 6.5 122 0.02 074 011 046 0.34 043
36
gK—LP—34 Aul orebody 416 m )isseminater 62.8 0.9 41 0.0 21.0 80.9 2.6 0.83 0.03 0.75 0.64 0.70 0.68 0.69

Apbreviations: %'®’Os" = the percentage of radiogenic '*’Os in '®’Os budget; Osi,o = initial '®’Os/'**Os ratio at 139 Ma; Osigs = initial '®’Os/'**Os ratio at 95

4a; Osiy o = initial '870s/"®80s ratio at 110 Ma; Rho = error correlation of the '®’Re/'®0s and ' 0s/'®®0s.
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15

16
17
18
19
20
21
22ble 2

icrothermometric data of different fluid inclusion assemblages in quartz veins from three mineralization stages at the Dongkeng volcanic basin.
o5 Sample details Microthermometry ( °C)
26Stage  FlAs No. i Mineral Characteristics Classification Mode
27 Sa’\T;pIe Ele(vr:;lon Lode Tm,H T m,ice T h,total (n)
;g 1 DJ-40-1 145  Au1 Quartz1 Liquid-rich two-phase _quid inclusions Type 1 L -6.0to0 -3.5 353-377 (20)
3@tage 1 2 DJ40-2 145 Aul  Quartzl [ HEVEPOTIWOTRHESE T Type 2 L -5.2t0-3.6 347-369 (12)
31 g 3 MLT-19 360 Aul17 Quartz1 Liquid-rich two-phase fluid inclusions Type 1 L -5.11t0-2.9 320-342 (15)
32 4 DJ-32 100 Au1 Quartz1 Liquid-rich two-phase fluid inclusions Type 1 L -5.1t0-2.8 308-328 (24)
gz 5 DJ-35-1 145  Au Quartz2 Liquid-rich two-phase fluid inclusions Type 1 L -5.6to -2.7 306-335 (13)
35 and Halite-bearing fluid inclusions Type 4 L 327-359 345-374 (9)

Liquid-rich two-phase tluid Inclusions T 1 L ) 21 28-341 (11

36 DJ-35-2 145 Aul  Quartz2 and Vapor-rich two-phase fluid ype 3.3t0-2 328-341 (1)
3Btage 2 inclusions Type 3 \% -3.8t0 -2.1 318-340 (15)
gg 7 DJ13 100 Aul  Quartze -'IMIIVAPOrIwo-pnase i Type 2 L 3910 -2.1 298-320 (9)
40 8 MLT-2 300 Au17 Quartz2 liquid-rich two-phase fluid inclusions Type 1 L -3.6 to -2.1 268-290 (12)
41 9 MLT-17 360 Au17  Quartz2 liquid-rich two-phase fluid inclusions Type 1 L -291t0-1.9 253-269 (6)
42 10 DJ-29 145 Aul  Quartz3 o o oror o PHESE T Type 2 L -4.0t0-1.6 300-329 (12)
jfita e3 11 DJ-40 200 Auf Quartz3 liquid-rich two-phase fluid inclusions Type 1 L -3.5t0-1.5 271-300 (15)
45 9 12 MLT-9 300 Au17 Quartz3 liquid-rich two-phase fluid inclusions Type 1 L -2.810-0.6 223-249 (21)
46 13 MLT-16 260 Aul17  Quartz3 liquid-rich two-phase fluid inclusions Type 1 L -2.410-0.9 198-215 (9)
a7
48

49| temperatures in °C. Salinity expressed as wt% NaCl equivalent. Mode, fluid inclusion totally homogenized to liquid (L) or vapor (V) phase; Tm,H, melting temperature ¢
5ln,ice, temperature of final ice melting; Th,total, temperature of total homogenization; n, number of individual fluid inclusions measured within a sample.
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25 Salinity

é@/\/t% NaCl equiv.)

28

5.7-9.1
29 8-8.2
31 4.8-84

32 46-84

SO 4.1-9.1
34
35 40.4-424
36 3.6-54
37 35-62
38

3.5-6.3
39
20 35759

41 3.2-48

42  27-65

43

a4 2.5-5.7
45 1.0-5.1
46 1.5-41
47

48

4fhalite dissolution;
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Z,Summary of LA-ICP-MS data on elemental concentrations in four pyrite types (in ppm).
o5, No. analysis As Au Ag Pb Zn Cu Ti Co Ni Mo Sb Bi Tl
d:’yrite1 14
eometric Mean Values 478 0.13 69 748 1.9 20 91 17 39 74 15 049 0.09
Zé\/ledian Values 375 010 74 37 1.5 4.0 10 11 26 23 12 031 0.09
d\/laxVaIues 1710 038 713 6305 5.3 165 606 54 14 26 46 20 0.18
3d\/lin Values bdl bdl bdl bdl bdl 0.14 0.61 bdl bdl  bdl bdl bdl bdl
31 .
fyrlteZa 18
eometric Mean Values 306 0.08 32 30 48 7.7 1.3 014 13 079 12 0.03 6.5
edian Values 192 0.07 6.8 3.3 0.21 3.3 1.3 008 1.0 0.34 0.60 0.01 0.06
ax Values 952 0.14 203 119 451 35 19 044 35 34 46 0.07 51.9
3é\/lin Values bdl bdl bdl bdl bdl bdl 0.98 bdl bdl  bdl bdl bdl bdl
3éDyriteZb
eometric Mean Val 31 3457 3.5 78 11520 101 116 21 31 21 65 43 0.56 2.8
%edianValues 404 14 38 52 8.1 14 1.3 20 10 0.06 6.4 024 0.09
4 ax Values 31528 27 589 #HHEHH 1419 852 14 150 98 1217 341 38 559
4é\llin Values bdl bdl bdl bdl bdl bdl 0.57 bdl bdl  bdl bdl bdl bdl
jj?yrite3 5
eometric Mean Values 1134 020 128 829 2.3 11 9.0 10 63 79 19 048 0.08
edian Values 1403 0.09 14 50 1.9 78 38 52 32 20 21 027 0.07
ax Values 1807 060 574 3967 4.7 26 34 23 16 19 28 12 0.20
4é\/linVaIues 455 0.04 438 15 bdl 5.8 1.3 059 0.90 0.01 0.90 0.01 0.02
verage minimum 0.277 0.036 0.051 0.124 0.246 0.071 0.186 0.017 #H ### #4# ### 0013

detection limit

gil'he values of “bdl” mean the contents are below minimum detection limits
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