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Abstract: The Weizigou Au deposit in Heilongjiang Province, NE China, located in the southern
Jiamusi Massif, shows similarities to IOCG deposits. To determine the mineralization age, sources
of ore-forming materials and genetic type, pyrite Re-Os dating, S-Pb isotopic analysis, in situ sul-
fur analysis and LA-ICP-MS analysis of trace elements in magnetite, pyrite and pyrrhotite were
conducted. Four pyrite samples yielded a Re-Os isochron age of 197 £ 11 Ma, implying the oc-
currence a metallogenic event in the Early Jurassic. The 534S values of sulfides display a relatively
narrow range from 4.70%o to 12.83%. (mainly 9.90%. to 12.83%.), which may be accounted for the
extensively exposed granitic gneiss and meta-gabbro, with §3S values of 7.44%, to 8.44%. and
4.37 %o to 10.54 %o, respectively. Sulfide lead isotopic compositions have 206pp, /204Pp = 18.605-20.136,
207pp /294Pb = 15.637-15.710 and 2%8Pb /294Pb = 38.534-39.129, indicating that the lead was derived
from a mixed source. Magnetite has the characteristics of a lower Ti content and higher Zn content,
indicating that it should be of hydrothermal origin, which may be related to IOCG-type mineraliza-
tion. Pyrite and pyrrhotite have a Co/Ni ratio greater than 1 and a lower As content, indicating that
they are of magmatic hydrothermal origin. Integrating the above analysis results, we inferred that
the Weizigou Au deposit experienced the IOCG-type mineralization in the Middle-Late Permian,
associated with magmatic-hydrothermal mineralization in the Early Jurassic.

Keywords: Weizigou Au deposit; LA-ICP-MS; pyrite Re-Os dating; S-Pb isotope; IOCG deposit

1. Introduction

Iron oxide-copper-gold (IOCG) deposits are one of the main sources of copper (Cu)
and gold (Au) in the world [1-3]. Since one of the world’s greatest IOCG deposits was
discovered at the Olympic Dam at the Gawler Craton in South Australia in 1975 [4], the
IOCG deposit category has attracted considerable attention [5-14]. Our understanding
of IOCG deposits has gradually deepened over the past two decades [9,12]. Generally,
these deposits contain massive and disseminated iron oxides (magnetite and/or hematite).
The style of mineralization and geometry of the mineralized bodies vary from veins and
stockworks to breccia pipes or discordant bodies [5]. Commonly, IOCG deposits lack a
demonstrated intimate relationship with particular intrusive phases [12].

In recent years, the chemical composition of magnetite, pyrite, pyrrhotite and other
sulfides has been the focus of scholarship in related fields. Decades of research progress
have made the geochemical composition of the above minerals a powerful tool for con-
straining the genesis of deposits, the origin of trace materials, and tracing ore-forming
fluids. [15-20]. At first, electron probe micro-analyzer (EMPA) was used to determine the
contents of several trace elements in minerals, such as Mg, Ca, Ti, V and Cr. However,
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this method is not accurate enough for measuring the data of certain trace elements, and
the results often deviate from the actual situation. With the development of technology,
in situ laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) has
become an effective and accurate method for the analysis of trace elements in oxides and
sulfides [18,21-25].

The Weizigou Au deposit was discovered by the First Detachment of the Gold Head-
quarters of the China Armed Police Force in 2002. Previous studies have determined the
metallogenic conditions, mineralization characteristics, source of metallogenic materials
and ideal prospecting direction, as well as conducting mineral prospecting through explo-
ration geophysics and geochemistry in the orefield. It was considered that the formation
of the Weizigou gold deposit is closely related to the early Paleozoic granitic gneiss and
is a metamorphic-hydrothermal gold deposit directly related to the regional advanced
metamorphism [26-29]. However, despite its small size, based on our field observations
and analyses, we have determined that it shares many similarities with the IOCG deposit,
which is rare in northeastern China. The lack of systematic studies of single minerals
has limited our understanding of the genesis and mineralization processes of the deposit.
Therefore, a detailed study of the Weizigou gold deposit is necessary in order to reveal
whether it is an IOCG deposit.

Therefore, in this study, we conduct an LA-ICP-MS analysis of trace elements in
magnetite, pyrite and pyrrhotite; pyrite Re-Os dating; an S-Pb isotopic and in situ analysis
of sulfur isotopic data, integrating other obtained results, to constrain the sources of ore-
forming materials, determine the ore genesis and, ultimately, reveal the details of the
ore-forming process ultimately.

2. Geological Background

The geotectonic location of the Weizigou mining area is located in the south-central
part of the Jiamusi block, east of the Mudanjiang abyssal fault and north of the Dunhua-
Mishan fault zone (Figure 1a). In addition to Quaternary strata, geological units exposed in
the area include the Mashan complex (former “Mashan Group”), the Heilongjiang complex
(former “Heilongjiang Group”), Paleozoic-Mesozoic granitic rocks and sedimentary rock
(Heilongjiang Bureau of Geology and Mineral Resources [30-34] (Figure 1b).

3500

O

o >
TS0 Laozuoshan Deposit o
\ r - N
Mengjiagang Dspunl> <5 .
\v = /"0“80 o Hulin
Dapandao Deposit M‘

Legend
[ cenozoic Strata Mesozoic granitoid

[ Mesozoic Strata [ Paleozoic granitoid

[ palacozoic Strata Bl Neo-proterozoic granitoid
I Neo-proterozoic Xingdong Group Fault

[ Heilongjiang Complex [©] Typical Deposit

[l Zhangguangcailing Complex [@] Weizigou Deposit

=F [ Mashan Complex 025 50Km

46°00°

28700

Figure 1. (a) Tectonic location map of Northeast China (modified after Wu et al. [35]); (b) regional
geological map of Jiamusi Area (modified after Wang et al. [29]).



Minerals 2021, 11, 1380

30f25

Among these, the Mashan complex is considered to be the metamorphic basement
of the Jiamusi massif. It is composed of a set of khondalite series containing graphite
and phosphorus that is aluminum rich and intercalated with marble, calcium silicate
rocks and quartz schist. This series has undergone amphibolite facies to granulite facies
metamorphism and is mainly distributed in Jixi, Luobei and other areas [34,36-38]. The
Heilongjiang complex is mainly distributed in the north and south of the region and
shows an irregular distribution. Generally, the complex is a set of argillaceous schist,
metamorphic basic rock, ultrabasic rock, metamorphic siliceous rock and marble formed
by the metamorphism of blue schist-green schist facies affected by intense deformation
in the later period. This complex has been considered as ophiolite structural melanges
formed in during the collage of the Jiamusi block and the Songliao block. [32,39-41]. The
sedimentary caprocks of the Paleo-Mesozoic are mainly distributed across the eastern
margin of the region, including two structural layers from the bottom to the top. The
bottom part is the Lower Devonian-Lower Carboniferous marine and marine-terrestrial
clastic rocks, which are unconformized in the Early Paleozoic granite, while the upper part
is developed with Upper Carboniferous-Lower Cretaceous continental clastic rocks and
volcanic rocks. [30,33,34,42].

The faults in this region include the Mudanjiang fault, the Yitong-Yilan fault and
the Dunhua-Mishan fault (Figure 1b). The Mudanjiang fault is divided into two parts:
Tangyuan-Jiayin in the north and Mudanjiang—Yilan in the south. It extends to Russia
through Heilongjiang Province, with a total length of about 500 km and spreads along the
Mudanjiang valley in the SN direction. The Yitong-Yilan fault is one of the most important
branches of the Tancheng-Lujiang super-lithospheric fault zone that extends northward,
running from the northeast to Luobei via Shulan. The Dunhua-Mishan fault is also the
northern extension of the Tancheng-Lujiang fault zone. It enters Jilin via Yingkou-Fushun,
Liaoning and extends northeast [34,43].

Magma activity is strong in this area. Early Paleozoic granitic rocks are the product
of Pan-African period (541-484 Ma) magmatism, and together with the Mashan complex
form the metamorphic crystalline basement of the Jiamusi block. The Late Carboniferous-
Permian (305250 Ma) and Late Triassic-Cretaceous (223-88 Ma) magmatic rocks are
considered to be the result of the different evolution stages of the block being affected by
the Paleo-Asian Ocean and Paleo-Pacific tectonic domains [34,35,44-50].

3. Deposit Geology

The Weizigou deposit, located 30 km northwest of Jixi City, Heilongjiang Province,
is a small gold deposit. Geological investigation and preliminary studies have shown
that the strata exposed in the mining area are mainly of the Lower Proterozoic Jiantang
Formation, the Liumao Formation and Quaternary strata (Figure 2a). Influenced by intense
metamorphism including regional metamorphism and migmatization, substantial regional
metamorphic rocks composed of crystalline schist, gneiss and marble were distributed
in the south, while migmatite composed of banded migmatite, porphyritic migmatite
and migmatitic granite was distributed in the central-north regions [27,29]. All orebod-
ies are closely associated with veined meta-gabbro (Figure 2b), which is controlled by
structural fractures.

The profile of ore body exposed to the surface can be seen in the mining area
(Figure 3a,b). From the profile, it is clear that the veined meta-gabbro intrudes into the
granitic gneiss (Figure 3c), the xenolith of granitic gneiss can be seen in the meta-gabbro
(Figure 3d) and the ore body in close contact with the metagabbro (Figure 3e).

The granitic gneiss has a granoblastic metamorphic texture with a massive and banded
structure (Figure 4a). The main minerals present are feldspar, quartz and small amounts of
biotite, monazite, muscovite and garnet, implying a protolith of argillite (Figure 4e). Part of
the biotite has been changed into chlorite (Figure 4e), which may have been caused by the
superimposition of late metamorphism. The meta-gabbro has a granoblastic metamorphic
texture and massive structure (Figure 4b,c). The main minerals are plagioclase, amphibole
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and biotite, with a small amount of sphene (Figure 4f). Associated minerals include fluorite
and titanite.
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Figure 2. (a) Geological map; (b) exploration line of the Weizigou deposit.
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Figure 3. Ore body characteristics: (a) sketch of an outcrop of the ore body; (b) outcrop profile
of the ore body; (c) meta-gabbro intrusion into granitic gneiss; (d) granitic gneiss xenoliths in the
meta-gabbro; (e) boundary between meta-gabbro and the ore body.
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Figure 4. Photos/photomicrographs of migmatitic granite and amphibolite at the Weizigou deposit: (a) hand specimen
of granitic gneiss; (b) hand specimen of ore-bearing meta-gabbro; (c) vein-like pyrite in meta-gabbro; (d) pyrite veinlets
in granitic gneiss; (e) retrogressive metamorphism of biotite into chlorite in the granitic gneiss; (f) sericite and epidote
alteration in the meta-gabbro; (g) euhedral magnetite (Mag-I); (h) disseminated magnetite (Mag-1II); (i) euhedral pyrite (Py-I);
(j) vein pyrite (Mag-III) is distributed along the fracture or edge of magnetite (Mag-II); (k) chalcopyrite, pyrite (Py-II) and
pyrrhotite; (1) lepidocrocite; (m) hypidiomorphic pyrite (Py-II) and pyrrhotite; (n) disseminated magnetite (Mag-II) replaced
by pyrite (Py-III); (o) disseminated magnetite (Mag-II) and pyrrhotite. Am—amphibole; Ccp—chalcopyrite; Chl—chlorite;
Ep—epidote; Mag—magnetite; Pl—Plagioclase; Po—pyrrhotite; Py—pyrite; Qtz—Quartz; Ttn—titanite.
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Four gold ore bodies (I-IV) and four gold mineralized bodies (V-VII) have been dis-
covered in the mining area. The largest ore body (No. II) is 115 m long, 50 m deep, and
0.98-4.11 m thick. It dips at 43° to 45° and has an average grade of 9.17 x 107 g/t. The
reserves of ore body II account for 40% of the Weizigou deposit. The second largest ore-
body (I) is 100 m long, 3.56 m thick on average, and dips at 55° to 75°, with an average
grade of 13.76 x 10~® g/t. Orebody III is 55 m long, 50 m deep, dips at 44°, and contains
287 kg of gold with an average grade of 4.69 x 107°. Orebody IV is 90 m long, dips
at 40°, and, also, contains 287 kg gold with an average grade of 7.22 x 10~°. Metallic
minerals include magnetite, pyrite, pyrrhotite and chalcopyrite. Gold is mainly native
gold and a small amount is electrum, which mainly occurs in magnetite in the form of
intergranular gold [27]. Fe mineralization has a close temporal and spatial relationship
with meta-gabbro, which is not developed in the granitic gneiss, but there are also quartz-
pyrite veins that cut through the granitic gneiss (Figure 4d). According to the mineral
structure and the metasomatic relationship between minerals, two types of magnetite
have been identified. The euhedral magnetite (Mag-I) was replaced by gangue minerals
(Figure 4g) and the hypidiomorphic-xenomorphic granular magnetite (Mag-II) occurs in
the form of dense fine-grained aggregates (Figure 4h). Pyrite occurs in euhedral (Py-I,
Figure 4i), hypidiomorphic-xenomorphic granular (Py-II, Figure 4k) and coarse-veined
forms (Py-I1I, Figure 4j,n). They are metasomatized by xenomorphic chalcopyrite, pyrrhotite
(Figure 4k,m,0) and lepidocrocite (Figure 41). Gangue minerals include quartz and calcite.

The wall rock alteration is mainly made up of potassium-sodium alteration (potas-
sium feldspar—sericite—sodium zoisite), chlorite and epidote. Among them, the chlorite
and potassium alteration developed in the proximal position of mineralization. In the
meta-gabbro around the ore body, plagioclase develops strong sericitization and epidote
alterations, while amphibole develops chlorite and biotization alterations. The sodium
alteration and argillic alteration are developed in the remote position of mineralization.

According to the crosscutting relations and mineral paragenesis, the mineralization can
be divided into magmatic, metamorphic hydrothermal and magmatic hydrothermal stages.
Minor, fine-grained, euhedral pyrite (Py-I) and magnetite (Mag-I) occur in the magmatic
stage. A large amount of hypidiomorphic-xenomorphic magnetite (Mag-1I) occur in the
metamorphic hydrothermal stage, representing the major period of Au mineralization.
The magmatic hydrothermal stage can be classified into two substages: (i) pyrite (Py-II)-
pyrrhotite-chalcopyrite and (ii) pyrite (Py-III)-lepidocrocite-quartz-calcite. Substage I is
mainly characterized by hypidiomorphic-xenomorphic pyrite metasomatized by pyrrhotite
and chalcopyrite. Substage II generates abundant veinlet pyrite, lepidocrocite and quartz-
calcite veins.

4. Samples and Analytical Methods

Eight pyrite (Py-1I) samples (Nos. WZG7-4-10, 10-2), which cut the magnetite (Mag-II),
were collected from the No. 1 and No. 2 orebodies and the open pit for Re-Os isotopic analysis.

Three ore samples (Nos. WZG-12-2, 1-2, 6-5) were collected and used for the in situ
LA-ICP-MS testing of magnetite, pyrite and pyrrhotite. Among them, sample WZG-12-2 is
magnetite (Mag-II-A) ore containing veined pyrite (Py-1II); WZG-1-2 is magnetite (Mag-
II-B) ore containing pyrite (Py-II) near the center of the No. 3 ore body and WZG-6-5 is
sulfide ore containing pyrite (Py-II) and pyrrhotite.

Sulfides (Py-1I, Py-11I, chalcopyrite and pyrrhotite) were collected from the No. 1 and
No. 2 orebodies and the open pits for S-Pb isotopic analysis and in situ sulfur isotopic
analysis. Granitic gneiss and meta-gabbro were collected from Levels 341 and 302, and the
open pits for whole-rock sulfur isotopic analysis.

4.1. Pyrite Re-Os Dating

Eight pyrite samples (Nos. WZG7-4-10, 10-2) were crushed for Re-Os isotopic analysis.
The decomposition and purification of the pyrite, and separation of Re and Os, as well
as the inductively coupled plasma mass spectrometry (ICP-MS) analysis of the Re and
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Os concentrations were performed at the Re-Os Isotope Laboratory, National Research
Center of Geoanalysis, Chinese Academy of Geological Sciences (CAGS). For the detailed
chemical procedure, see Shirey and Walker [51] and Du et al. [52]. Rhenium and Os
concentrations and isotopic compositions were measured by a Thermo Fisher Scientific
Triton Plus mass spectrometer operating in negative ion detection mode [53]. Instrumental
mass fractionation of Os was corrected by normalizing the measured 1920s/1#0s ratio
to 3.08271. The analytical reliability was tested by analyses of the JDC standard certified
reference material GBW04436.The background values of Re and Os in the whole process
were 1.8 pg (uncertainty 0.0003) and 0.26 pg (uncertainty 0.0005), which were much smaller
than the Re and Os contents in the measured samples and the standard samples, so the
effect on the experimental results is negligible.

4.2. LA-ICP-MS Trace Element Analysis of Magnetite

Trace element analysis of magnetite was conducted by LA-ICP-MS at the Wuhan
Sample Solution Analytical Technology Co., Ltd., Wuhan, China. Detailed operating
conditions for the laser ablation system and the ICP-MS instrument and data reduction
are the same as description by Zong et al. [54]. 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 applied as a 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 [55]. The spot size and frequency of the laser were set
to 44 pm and 5 Hz, respectively, in this study. Trace element compositions of minerals were
calibrated against various reference materials (BHVO-2G, BCR-2G and BIR-1G) without
using an internal standard [56]. The actual test results of the standard samples do not
deviate from their standard values, ensuring the accuracy of the data of the test samples.
Each analysis incorporated a background acquisition of approximately 20-30 s followed
by 50 s of data acquisition from the sample. An Excel-based software ICPMSDataCal was
used to perform off-line selection and integration of background and analyzed signals,
time-drift correction and quantitative calibration for trace element analysis [56].

4.3. LA-ICP-MS Trace Element Analysis of Pyrite and Pyrrhotite

The LA-ICP-MS in situ trace element analysis of sulfides was performed at the State
Key Laboratory of Deposit Geochemistry, Institute of Geochemistry, Chinese Academy
of Sciences. The laser ablation system is the ASI RESOLution-LR-5155 laser microprobe
equipped with the Compex-Pro 193 nm excimer laser system produced by Coherent.
ICP-MS is an Agilent 7700x inductively coupled plasma mass spectrometer. Use helium
(350 mL/min) as the carrier gas. Before leaving the ablation chamber, the aerosol and argon
(900 mL/min) are mixed as a transport gas. Each acquisition cycle includes about 30 s of
blank signal and 60 s of sample signal. The diameter of the laser spot beam is 26 microns,
the frequency is 5 Hz, and the laser energy is 3 J/cm?. The internal standard pyrite is used
to calibrate the content of S and Fe. The comprehensive data of the content of other elements
is calibrated by GSE-1G and GSD-1G. The recommended values of element content in these
USGS glasses are based on the GeoReM database (http://georem.mpch-mainz.gwdg.de/
(accessed on 1 January 2021). The sulfide reference MASS-1 was analyzed as an unknown
sample to test the accuracy of the experiment.

4.4. S-Pb Isotope

The S and Pb isotope tests of sulfides were completed at the Research Institute of
Uranium Geology, Beijing. The sulfides were pulverized to 200 mesh before the test
and handpicked under a binocular microscope to ensure a purity of more than 95%. In
the S isotope composition analysis, the sulfides and CuyO were heated under vacuum
to form sulfur dioxide, which was then analyzed by a Delta V Plus gas isotope mass
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spectrometer. 534S values were reported in V-CDT (Vienna standard troilite in Canyon
Diablo meteorite) standard, and the test accuracy was about 4-0.2 %o . For the Pb isotope ratio
analysis, the sulfide samples were first leached with hot acid and then tested on an Isoprobe-
T hot-surface ionization mass spectrometer using the standard sample NBS981. The Pb
isotope test values are 2%Pb/2%Pb = 2.1681 + 0.0008, 2%’Pb/?%Pb = 0.91464 + 0.00033
and 2%Pb/2%Pb = 0.059042 + 0.000037, respectively, and the test accuracy was higher
than 0.08%.

In situ sulfur isotope compositions of pyrite were analyzed using a Nu Plasma II
laser-ablation multi-collector inductively coupled plasma mass spectrometer (LA-MC-ICP-
MS) system, equipped with a Resolution S-155 193 nm ArF excimer laser at the State Key
Laboratory of Geological Processes and Mineral Resources (GPMR), China University
of Geosciences (Wuhan). The laser diameter is 33 pm with a laser repetition rate of 8
Hz for single spot analysis, and the ablation process was set to last for 40 s. The data
calibration method used during the test is the “standard-sample-standard” cross-test (SSB).
An international sphalerite standard NBS-123 (§%*SV-CDT = 17.1%.) and an in-house pyrite
standard named WS-1, consisting of a natural pyrite crystal from the Wenshan polymetallic
skarn deposit in Yunnan Province in South China, is used to calibrate the mass bias for S
isotopes. The §3*SV-CDT values (1.1%» & 0.2%0) of WS-1 were determined with SIMS at
the Chinese Academy of Geochemistry, Guangzhou [57]. To monitor the accuracy of the
data, a pair of laboratory internal standards were tested every 8 sample inserts. The actual
test results of the standard samples do not deviate from their standard values, ensuring the
accuracy of the data of the test samples. The true sulfur isotope ratio of unknown samples
was calculated by correction for instrumental mass bias by linear interpolation between
the biases calculated from two neighboring standard analyses. The analytical precision is
about 0.3 %o.

5. Results
5.1. Pyrite Re-Os Dating

The Re-Os isotopic data of eight pyrite samples from the Weizigou deposit are pre-
sented in Table 1. The Re and '®’Re concentrations range from 0.383 to 9.463 ng/g and
0.241 to 5.951 ng/g, while the common Os and '¥Os concentrations range from 0.0010
to 0.0382 ng/g and 0.0017 to 0.0758 ng/g, respectively. The 18Re/1880s and 1870s /1880s
ratios are 432-6894 and 10.92-33.59, respectively. The eight samples yielded an isochron
age of 196 + 110 Ma (Figure 5a). Excluding four distinct samples, four samples that yielded
a revised isochron age of 197 £ 11 Ma (MSWD (mean squared weighted deviation) = 50)
(Figure 5b) remained, with an (1870s /1880s); of 11.15 =+ 0.79.

Table 1. Re-Os compositions of pyrite from the Weizigou deposit.

Samples Samples Re Conc (ppb)  Os Conc (ppb) 187Re Conc (ppb) 187Qs Conc (ppb) 187Re/1880s 18705/1880s
No. Weight (8)  value o Value o Value o Value o Value o Value o
WZG7-4 0.65037 2.222 0.017 0.0249 0.0002 1.396 0.010 0.0401 0.0003 432 4.6 12.40 0.03
WZG7-5 0.65044 1.775 0.013  0.0012  0.0000 1.116 0.008 0.0055 0.0000 6894 77 3359 017
WZG7-6 0.65056 3.669 0.027  0.0127  0.0001 2.306 0.017 0.0199 0.0002 1396 15 12.06  0.03
WzG7-7 0.65038 1.600 0.012 0.0012 0.0000 1.006 0.007 0.0051 0.0000 6370 74 32.23 0.18
WZG7-8 0.30063 1.663 0.012  0.0037  0.0000 1.045 0.008 0.0052 0.0000 2189 23 1092  0.04
WzZG7-9 0.65026 9.463 0.072 0.0382 0.0003 5.951 0.045 0.0758 0.0006 1198 12 15.26 0.03
WZG7-10 0.65020 5.267 0.039  0.0230  0.0002 3.310 0.025 0.0676 0.0005 1108 11 2263  0.04
WZG10-2 0.65065 0.383 0.003 0.0010 0.0000 0.241 0.002 0.0017 0.0006 1946 20 13.36 0.04

5.2. LA-ICP-MS Trace Element Analysis of Magnetite

The LA-ICP-MS test data samples of the Weizigou deposit are shown in Table 2,
with a total of 25 points tested. The concentrations of trace elements in different types
of magnetite are quite different. The elements detected in magnetite include lithophile
elements 5i, Ga, Mg, Mn, Al, Ga, Rb and Sr as well as siderophile elements Ti, Cr, Ni and
V. The contents of siderophile elements Ti, Cr, V and Ni in Mag-II-A are generally lower,
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with a Ti content of 753-1073 ppm with an average of 880 ppm, a Cr content of 77-288 ppm
with an average of 149 ppm, a V content of 16-21 ppm with an average of 18 ppm, a Ni
content of 11-56 ppm with an average of 23 ppm and a Si content of 1400-2987 ppm with
an average of 1973 ppm. The content of lithophile elements such as Mg, Al, Ca, Mn and Na
is significantly lower, with a Mg content of 66-552 ppm with an average of 226 ppm, an Al
content of 2915-5406 ppm with an average of 4152 ppm, a Ca content of 0-1714 ppm with
an average of 227 ppm, a Mn content of 154-277 ppm with an average of 211 ppm and a
Na content of 0-19 ppm with an average of 7 ppm.
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Figure 5. (a) Re-Os isochron age diagram of all samples; (b) Re-Os isochron age diagram after excluding four samples with

large deviations.

Table 2. LA-ICP-MS results of trace elements (in ppm) of magnetite from the Weizigou deposit.

Sample Types No. Mg Al Si Ca Ti v Cr Mn Co Ni Cu Zn

WZG-12-2  Mag-II-A 1 159.51 3154.18 1512.28 19.29 798.7 18.5 288.33 168.92 9.93 13.35 0 81.52
2 348.74 4651.57 2538.21 72.11 922.18 16.73 185.87 240.33 11.59 11.2 073 32528
3 119.82 3060.06 1872.74 0 834.55 16.07 77.62 174.57 8.91 31.97 0 21.92
4 213.89 5422.75 1634.58 15.4 902.78 16.18 189.91 274.49 12.61 55.85 048  189.19
5 168.37 3987.95 1912.87 76.27 934.76 18.33 145.52 203.33 11.35 229 0 60.44
6 208.78 4372.47 138345  630.53 906.17 19 148.72 228.49 11.52 38.38 0 119.77
7 113.41 2918.67 2260.75 0 787.47 19.56 123.73 172.03 10.92 17.28 0 45.44
8 64.34 2427.54 1552.11 0 753.3 18.95 172.48 161.65 10.31 0 1.56 8.57
9 208.17 4169.59 2246.09 0 923.04 18.11 113.86 151.09 10.77 29.74 0 105.48
10 552.32 5066.33 3009.29  225.03 914.92 17.45 144.26 249.5 11.51 3342 113 31478
11 140.13 4483.02 1871.34  333.65 912.78 18.86 159.39 223.25 12.26 0 191  117.63
12 145.44 5146.71 1812.78 0 928.44 16.58 126.84 240.81 13.07 0 0 141.2
13 104.15 3950.7 1716.89 0 769.1 16.41 134.97 195.37 12.43 35.13 0 72.41
14 483.24 4569.37 2147.74 306.6 920.09 17.44 115.8 249.36 12.99 39.05  1.04  302.79
15 349.52 4805.98 220455 171848  1073.44 2141 104.51 229.64 14.12 2357 134  159.92

WZG-1-2 Mag-1I-B 1 397.38 12,372.09 669.4 36.28 4107.69 80.54 9.88 1368.67  15.87 17 026  474.38
2 228.06 8196.11 1977.29 70.82 4216.18 86.01 13.27 1147.33 1334 2.02 0 267.43
3 218.16 9657.02 1504.31 3.04 4120.99 82.91 12.13 1206.15  13.82 124 0 357.02
4 332.15 10,675.81  2537.01 50.74 4153.37 81.92 12.91 1286.17  15.39 1.55 0 390.26
5 243.77 9173.97 2208.96 59.39 4279.17 82.21 13.92 1138.65  14.52 173 0.16 443.5
6 382.92 3802.58 412346 13847  4055.02 87.77 25.83 786.59 9.59 0.98 0.4 72.53
7 370.23 5423.39 3755.84 26.67 4036.41 82.1 22.08 978.09 10.8 1.08 0 94.83
8 389.56 9109.79 2259.98 99.33 4200.97 80.18 15.18 1228.83  14.06 15 0.15  429.13
9 312.84 8380.16 2143.38 25.89 4206.48 87.2 15.47 101538  12.94 17 0.1 409.35
10 114.97 6194.97 1693.53 0 4280.88 95.66 14.27 774.05 10.79 1.19 0.2 201.16

Compared with Mag-II-A, the content of Ti, Mn and V in Mag-II-B is higher, while
the content of Ni and Cr is lower. Nevertheless, there is little difference in the con-
tents of the other elements. The content of each element in Mag-II-B is as follows: Ti,
40364281 ppm with an average of 4166 ppm; Cr, 9.9-25.8 ppm with an average of 15.5 ppm;



Minerals 2021, 11, 1380

10 of 25

V, 80.5-95.7 ppm with an average of 84.7 ppm; Ni, 1.0-2.0 ppm with an average of 1.5 ppm;
Si, 669.4-4123.4 ppm with an average of 2287.3 ppm; Mg, 115.0-397.4 ppm with an average
of 299.0 ppm; Al, 3803-12,372 ppm with an average of 8299 ppm; Ca, 0-138.5 ppm with an
average of 51.1 ppm; Mn, 774-1286 ppm with an average of 1093 ppm; Na, 0.945.7 ppm
with an average of 11.0 ppm.

5.3. LA-ICP-MS Trace Element Analysis of Pyrite and Pyrrhotite

The LA-ICP-MS test data of two different types of pyrite are shown in Table 3. A total
of 43 points were tested. The results show that the concentrations of most elements in the
two types of pyrite are higher than the minimum detection value, while the concentrations
of V, Cr and Mn in some pyrite particles are lower than the minimum detection value
values. The contents of most trace elements in the two pyrites showed regular changes
(Figure 6). Among them, Co is the element with the highest content in all pyrites. Its
content in Py-II is 125.0-1777.2 ppm, with an average of 692.7 ppm; in Py-III, its content is
320.4-437.8 ppm, with an average of 375.4 ppm. Ni and Mn are enriched in Py-II and Py-III
(the content of Ni in Py-I is 15.3-620.7 ppm, while the content of Mn is 0.0-449.0 ppm).
In addition, all pyrites contain Ti (1.9-26.5 ppm in Py-II; 1.7-2.4 ppm in Py-III) and Ge
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Figure 6. Box and whisker plots of trace element concentrations (Ti, Cr, Mn, Co, Ni, Cu and Zn) determined using LA-ICPMS
for different types of pyrite in the Weizigou deposit.
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Table 3. LA-ICP-MS results of trace elements (in ppm) of pyrite and pyrrhotite from the Weizigou deposit.
Types Sample No. Ti A\ Cr Mn Co Ni Cu Zn Ga Ge As Se Pb Bi
Py-II WZG-1-2 1 9.25 0.18 0.31 9258 21764 1534 1267 3.63 1.82 119 1733  16.6 844 4131
2 7.86 0.08 0.43 63.76 17077 4161 1584 22 0.09 1.25 6.8 0 7.22 5.87
3 1.91 0 217 2904 29815  59.85 8.62 0.94 0.07 1.23 2.6 0 5.16 4.16
WZG-6-5 4 12.93 0.09 0 0.87 891.72 196.49 0.33 0.83 0 9.05 6.41 414 0.95 0.01
5 13.62 0 0 0.93 649.65 1454 4.36 0.78 0 9.61 6.17 5.75 0.92 0.03
6 13.3 0 0 0.91 886.46  200.16  3.08 1.99 0.03 916 518 4.85 447 0.02
7 1245  0.09 0 0 396.65 11278 0 0.64 0.1 9.4 6.32 0 0.72 0.02
8 1472 012 0 1.9 22036 8455 9.27 4 0.06 9.8 6.24 435 2.13 1.09
9 12.98 0.12 0 1.11 124.98 40.05 20.7 3.03 0.03 9.92 5.81 0 0.44 0.08
10 12.48 0.13 1.61 0.88 579.92 175.69 0 0.95 0.02 9.79 5.42 4.81 0.51 0.03
11 1113 0.12 0 0 441.03 14449 0.3 2.93 0.02 9.72 538 3.97 0.51 0.03
12 11.01 0 0 4.58 809.54 18471  11.14 1.16 0.06 954 614 5.28 4.61 0.12
13 12.59 0 0 3456 54817 14023 81233 474 0.27 999  11.34 0 8.02 0.13
14 12,5 0.1 0 1.08 393.18 103.34 2.52 0.39 0.07 9.52 6.95 5.24 0.77 0.04
15 13.25 0.09 0 0.91 654.48 171.1 9.76 0 0 9.3 4.85 5.04 3.04 0.03
16 13.2 0 0 0 864.18  241.04  0.99 0 0.04 948 649 6.27 6.34 0.03
17 14.1 0.13 478 0 14023 4442 33.08 482 0 951 758 432 3.92 457
18 24.6 0.84 0 449 18486 6372 4616 5.87 162 1029 694 0 974 1578
Py-1I WZG-6-5 19 11.03 0.14 0 1.37 1333.6 329.65 13.14 2.68 0.08 9.37 743 7.62 9.9 3.88
20 2653 084 2087 7957 80736 18754 4284  14.76 2.44 964 1013 491 9.83  21.08
21 14.6 0 0 453 1053 25512 3.92 1.56 0.1 985 694 6.55 415 248
22 13.19 0 3.11 5.98 61234  150.6 3.09 1.27 0.12 919 673 5.12 2.71 12
23 9.14 0.52 17.4 4478 52946 12274 1078 7.56 1.67 963 559 5.64 531  13.98
24 11.03 0 0 0 845.52 208.81 1.99 0.42 0.02 9.49 4.73 5.62 5.66 0.06
25 11.18 0 0 0.73 15319 36042  10.97 1.02 0 937 498 1147 3893 023
26 11.2 0.08 0 151  1346.88 39566  5.75 0.87 0.07 927 652 8.81 5.73 4.01
27 1012 0.14 1.75 857 143122 40841 2674 1.67 03 882 733 6.11 953 2458
28 9.43 0 0 0.99 1253.1 320.06 191 0 0 8.28 5.64 6.75 2.68 0.17
29 10.34 0 9.48 1.14 1777.16 620.72 10.67 1.52 0.07 9.05 6.53 8.1 12.51 0.56
30 12.73 0 0 1.19 46461 1071 4.49 1.84 0.05 943 829 3.76 3.61 1.19
31 8.9 0.08 0 0.78 331.08  59.12 0.52 0.58 0 868 326 1.93 0.73 0.01
32 113 0.08 1.57 0 278.04  79.78 0.8 0.28 0.03 9.01 419 2.26 1.03 0.07
33 13.14 0.19 0 0 273.81 63.42 1.14 13 0.03 9.53 4.04 4.76 0.95 0.06
Py-III WZG-12-2 1 2.05 0.02 10.44 7.75 423.13 105.83 0.43 1.84 0.06 1.25 0.25 1.52 223 4.54
2 2 0 2.36 424 398.84 10599 023 1.67 0.02 14 0.16 45 1.31 425
3 2.11 0.02 48 59826 43775 12094 055 1.84 0.19 1.1 0.59 20.9 1.49 298
4 1.86 0.01 3.21 64.7 365.09  72.14 0.08 1.61 0.03 1.07 038 4.65 0.61 2.19
5 2.15 0.01 25.11 7.71 410.13 117.09 0.33 222 0.01 1.45 0.49 0 3.56 8.09
6 1.84 0.01 1.18 3873 38377 11218  0.84 7.55 0.02 1.09 0.4 455 0.79 1.77
7 1.93 0 118 35436 36393  106.07 0.2 1.52 0.13 099 052 1214 39 6.68
8 1.73 0.01 1.75 15.11 387.2 88.66 0.09 1.57 0 119 0.09 1.98 0.7 1.52
Po WZG-6-5 18 11.13 0 0 0 484.55 156.2 3.25 1.24 0.06 1097 13.47 6.88 0.91 1.15
19 6.86 0 0 294 525.22 159.17 5.87 1.36 0.06 10.98 13.62 8.75 0.82 0.51
20 1499 028 0 0 52098 16127 657 15.81 0.1 1223 1671 1152 084 0.6
21 9.01 0 4.65 0 506.15 16123  7.33 1.92 0 1129 1338 542 1.01 0.62
22 6.57 0.27 0 3.07 533.83 160.21 5.29 0 0 12.39 13.16 5.82 1.16 091
23 8.02 0 0 0 539.96 164.98 7.81 0 0 12.42 15.13 7.94 0.72 0.51
24 7.52 0 0 0 498.43 158.24 5.7 7.74 0.07 11.18 15.14 791 1.05 1.15
25 1532 033 0 0 51059  159.13  2.05 0 0.09 107 1463 634 1.35 1.57

The LA-ICP-MS test data of pyrrhotite from the Weizigou gold deposit are shown in
Table 3. A total of 25 points were tested. The content of some elements in pyrrhotite changes
as follows: Co, 481.2-554.0 ppm with an average of 518.3 ppm; Ni, 148.8-242.5 ppm with an
average of 165.5 ppm; Cu, 1.5-41.1 ppm with an average of 9.5 ppm. The content of some
elements, such as Ti (3.6-15.3 ppm with an average of 9.0 ppm), Zn (0.0-15.8 ppm with an
average of 3.0 ppm), As (9.3-20. 9 ppm with an average of 16.0 ppm) and Se (0.0-12.1 ppm
with an average of 5.0 ppm), is relatively uniform.

5.4. Sulfur and Lead Isotopes

The sulfur and lead isotopic compositions of pyrite are listed in Table 4. The §**SV-CDT val-
ues range from 4.70%o to 11.80%o (avg. 8.84%o). Pyrite has values of 2°°Pb/2Pb = 18.605-20.136
(avg. 19.211), 2%Pb /2Pb = 15.637-15.710 (avg. 15.657) and 2*8Pb /2%4Pb = 38.534-39.129
(avg. 38.777). The 534SV-CDT values of granitic gneiss and meta-gabbro range from 7.44 %o
to 8.44 %o (avg. 7.96%0) and 4.34 %o to 10.54%. (avg. 6.55%0), respectively.
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Table 4. Sulfur and lead isotopic compositions from the Weizigou deposit.

Sample No. Mineral 5%4Sv.cpT (%) 206Pb/2%PDb 20 207pp/204pp 20 208pp/204pp 20
WZG-7-4 Pyrite 11.8 18.634 0.002 15.638 0.001 38.591 0.004
WZG-7-7 Pyrite 9.9 18.605 0.004 15.648 0.005 38.671 0.01
WZG-7-8 Pyrite 7.9 19.963 0.003 15.653 0.003 39.129 0.007
WZG-7-10 Pyrite 47 20.136 0.002 15.71 0.002 38.962 0.005
WZG-10-2 Pyrite 9.9 18.718 0.002 15.637 0.002 38.534 0.004
WZG-2-1 Granitic gneiss 7.44
WZG-2-4 Granitic gneiss 8.44
WZG-2-5 Granitic gneiss 7.99
WZG-5-5 Meta-gabbro 4.74
WZG-11-1 Meta-gabbro 10.54
WZG-20-3 Meta-gabbro 4.37

In situ sulfur isotopic compositions are presented in Table 5. The §3*SV-CDT values of
pyrite (Py-1I), pyrrhotite, and chalcopyrite range from 11.41%o to 12.89 %o (avg. 12.05%o),
11.60%o to 12.08 %o (avg. 11.93%0) and 12.24%. to 12.83%. (avg. 12.59%.), respectively.

Table 5. In situ sulfur isotopic compositions of sulfides from the Weizigou deposit.

Sample No. Mineral 534Sy.cpT (%0)
WZG-7-1-01 Pyrite 11.58
WZG-7-1-02 Pyrite 12.31
WZG-7-1-03 Pyrite 11.9
WZG-10-1-01 Pyrite 11.79
WZG-10-1-02 Pyrite 12.89
WZG-10-1-03 Pyrite 11.82
WZG-10-1-01 Chalcopyrite 12.83
WZG-10-1-02 Chalcopyrite 12.76
WZG-10-1-03 Chalcopyrite 12.52
WZG-10-1-04 Chalcopyrite 12.24
WZG-10-1-05 Chalcopyrite 12.58
WZG-12-1-01 Pyrite 11.41
WZG-12-1-02 Pyrite 12.04
WZG-12-1-03 Pyrite 12.19
WZG-12-1-04 Pyrite 12.48
WZG-12-1-05 Pyrite 12.14
WZG-12-1-06 Pyrite 12.04
WZG-10-1-01 Pyrrhotite 11.99
WZG-10-1-02 Pyrrhotite 12.08
WZG-10-1-03 Pyrrhotite 12.02
WZG-12-1-01 Pyrrhotite 12.01
WZG-12-1-02 Pyrrhotite 11.6
WZG-12-1-03 Pyrrhotite 11.87

6. Discussion
6.1. Magnetite Genetic Type

Magnetite is widely present in magmatic, metamorphic, and sedimentary rocks, as
well as various types of mineral deposits [58,59]. The analysis of the composition of
magnetite can reveal the physical and chemical conditions of its formation. In addition to
iron, the trace elements that are usually present in the structure of magnetite also include
Mg, Al, Sc, Ti, V, Cr, Mn, Co, Ni, Zn, Ga, Ge, Y, Hf, Nb, Mo, Ta and Zr [60-64]. These
trace elements can be used to explain the genesis of rocks and can be indicative of mineral
exploration [64-72]. The concentration of trace elements in magnetite depends on many
factors, including the similarity of the ionic radius and cation valence, oxygen fugacity
(fo2), magma/fluid composition and temperature [63,73-76].
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Al+Mn (wt%)

Temperature is the main factor controlling the composition of magnetite. Under high-
temperature conditions, elements such as Al and Ti are more likely to enter magnetite. The
content of these elements is directly related to temperature in both magmatic magnetite
and hydrothermal magnetite, so the formation temperature is an important indicator of the
change in composition of magmatic and hydrothermal magnetite. The (Al + Mn)—(Ti + V)
diagram can be used to determine the formation temperature of magnetite [75,77]. The
Ti content of Mag-II-A and Mag-II-B is very stable, between 753 and 1073 ppm and 4036
and 4281 ppm, respectively, indicating that their mineralization temperatures are relatively
concentrated. We collected the Ti content data of magnetite from other types of deposits
(shown in Table 6) and added them to the (Al + Mn)—(Ti + V) diagram (Figure 7). It can be
seen that the typical magmatic origin magnetite mineralization temperature falls within the
range of 300-500 °C and >500 °C; the mineralization temperature Mag-II-A, Mag-II-B and
IOCG-type magnetite and other hydrothermal origin magnetite falls within the range of
300-500 °C; and the mineralization temperature of metamorphic magnetite falls within the
range of 200-300 °C. This feature implies the hydrothermal origin of the two. At the same
time, the higher Ti content of Mag-II-B compared to Mag-II-A indicates that the formation
temperature of the former is slightly higher than that of the latter, and the formation time
is earlier.
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Figure 7. Magnetite (Al + Mn)—(Ti + V) formation temperature diagram (modified after Nadoll et al. [75]).
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Table 6. Trace element contents of magnetite in different types of deposits.

Average Element Content (ppm)

. . . Analysis
Deposit Type Typical Deposit Method Mg Al Mn - Ca v Cr Co Ni 7n References
Magmatic Emeishan Taihe deposit LA-ICP-MS 7109 3617 3277 107,520  337.7 3758 23 225 80 205.5 Liu et al. [78]
Emeishan Panzhihua deposit LA-ICP-MS 21,587 18,565 3218 85,668 62.9 3808 5248 165.9 863 4399 ’
Fenghuangshan Cu-Fe-Au deposit LA-ICP-MS 760.6 1957 1713 4324 2588 22.5 — 58.8 — 1504  Huangetal. [79]
Skarn Tengtie skarn Fe deposit LA-ICP-MS 77.2 1402 2057 587.2 173.3 59.7 31.1 88.5 27.3 1439 Zhao et al. [80]
VMS Erik Fe deposit LA-ICP-MS 203.7 865.5 1019 632.2 143.4 3527 6.5 4.2 541 1039 Ding et al. [81]
BIF Canada Sokoman Fe deposit LA-ICP-MS 138 162 390 19 73 26 6.6 6.5 1.5 7.7 Chung et al. [82]
Thanewasna Cu-(Au) deposit LA-ICP-MS 180.8 816.7 2543 341.7 958.3 25,337 1382 895.1 3548 839.3 Dora et al. [24]
10CG Weizigou deposit Mag-II-A LA-ICP-MS 225.3 4146 210.8 885.5 226.5 18 1488 11.6 235 1378
Weizigou deposit Mag-II-B LA-ICP-MS 299 8299 1093 4166 51.1 84.7 15.5 13.1 15 314
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Second, the oxygen fugacity has a significant effect on magnetite composition [83-85].
Toplis and Corgne [86] determined that under the same magma conditions, as the oxygen
fugacity decreases, the V,03 content in magnetite increases. Additionally, divalent cations
such as Ca, Co, Ni, Mn and Mg have no systemic dependence on oxygen fugacity, meaning
that the content of V is closely related to the oxygen fugacity (fop). V ion substitution
generally occurs under low oxygen fugacity conditions. Normally, V mainly exists in
magnetite as V3*, with only a small amount of V4* present, and it is difficult for V to enter
magnetite under high oxygen fugacity conditions. Dare et al. [62] studied the Bushveld
laminated Fe-Ti-V deposit and found that magnetite with a higher V content generally
crystallized in the early stage, with a lower oxygen fugacity in the early stage, meaning
that conditions were favorable for V to enter the magnetite, while the magnetite formed in
the late stage of magmatic differentiation had a higher oxygen fugacity and was generally
poor in V. The V content of Mag-II-A and Mag-II-B (16.1-21.4 ppm and 80.5-95.7 ppm,
respectively) is two orders of magnitude different from that of typical magmatic magnetite
such as Emeishan Taihe iron ore magnetite (3465-4250 ppm). However, it is not much
different from the hydrothermal origin of IOCG-type deposits such as the magnetite
(190-283 ppm) of the Laoshankou Fe-Cu-Au deposit in Xinjiang, which also indicates its
hydrothermal origin. The slightly higher V content of Mag-II-B compared to Mag-II-A also
indicates that its formation time is earlier.

At the same time, elements such as Mg, Ti, V, Cr, Ni and Zn can be used to distinguish
the genesis of magnetite from magma and hydrothermal fluid [75]. The Ti content of
most hydrothermal magnetite is less than 20,000 ppm, while the Al content is less than
10,000 ppm [87]. Compared with typical magmatic magnetite, Mg-II-A and Mag-II-B (here-
inafter referred to as Mag-II together) have a relatively low Ti and Al content (average Ti
content is 2197 ppm, average Al content is 5804 ppm), which indicates that Mg-II may be of
hydrothermal origin. In the Fe-V/Ti diagram, Mag-II falls in the hydrothermal magnetite
area (Figure 8a). The Ga-V diagram further proves that Mag-II should be a low-temperature
hydrothermal magnetite (<500 °C, [63], Figure 8b). The characteristics of the concentration
of Mg and Zn can also determine the genesis of magnetite. In the hydrothermal envi-
ronment, Zn is preferentially distributed in magnetite at low temperatures [88], and the
concentration of Mg will also have a wide range (usually <2300 ppm, [64]). Mag-Il has a
relatively high Zn concentration (9.0-474.0 ppm) and a wide range of Mg concentrations
(64.3-552.3 ppm), which further proves that it has a hydrothermal origin.

100
[a ] I« Mag-nn G000 b | * Mag-1I
10l I 5000 r high-temperature
| (magmatic)
I 4000
- I =
| 23000 F
0.1+ | > low-temperature
’ | 2000 - (hydrothermal)
magmatic magnetite "t A .
0.01F I high-temperature
- 1 hydrothermal 1000 (hydrothermal)
magnetite
0.001 1 1 . 0 T “ud ¢+ wee, ; i
72 L 63 70 75 0O 10 20 30 40 50 60 70 80
Fe(wt%) Ga(ppm)

Figure 8. (a) Fe (wt %) vs. V/Ti discrimination diagram for magnetite proposed by Wen et al. [89]; (b) V vs. Ga content in
magnetite and data for high-temperature magmatic, high-temperature hydrothermal and low-temperature hydrothermal

magnetite collected by Salazar et al. [90].
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6.2. Pyrite and Pyrrhotite Genetic Type and S-Pb Sources

Sulfides (such as pyrite, pyrrhotite and chalcopyrite) are common minerals found
in various deposits. More and more studies have shown that sulfides formed in dif-
ferent periods and under different conditions often contain information on the genesis
of multiple periods, multiple stages and multiple generations. Their complex internal
structure, morphological characteristics and multi-stage growth phenomena often corre-
spond to the distribution and composition of their trace elements, especially elements
that enter the crystal lattice of the main mineral in the form of a solid solution. The
amounts of elements they replace are restricted by certain geological, physical and chemical
conditions [16-18,20,22,90-95]. In addition, the S-Pb isotopic composition of sulfide plays
an important role in constraining the source of metals [96-98].

Co and Ni are the most common trace elements found in pyrite. Many authors use
Co/Ni in pyrite as an indicator of the formation environment [16,99-101]. The changes in
Co and Ni content are mainly controlled by the physical and chemical conditions present
when the pyrite is formed. Therefore, pyrites of different genetic types usually have
different Co/Ni ratios [20,82,93-95]. For example, the Co/Ni ratio of magmatic pyrite
is usually less than 1, the Co/Ni ratio of volcanic pyrite is usually between 5 and 100,
and the Co/Ni ratio of hydrothermal pyrite varies widely, but is generally greater than 1.
The content of Co and Ni in pyrrhotite also has certain characteristics, and it can be used
as a composition standard to distinguish the genesis of the deposit [102]. For example,
the pyrrhotite in a copper—nickel sulfide deposit is rich in Ni and poor in Co, while the
pyrrhotite in the magmatic hydrothermal deposit is rich in Co and poor in Ni.

The Co and Ni contents of Py-II vary widely, but the Co/Ni ratio of Py-II is between
2.6 and 5.6, with an average value of 3.8, both greater than 1. Py-III has a relatively
concentrated Co and Ni content, and its Co/Ni comparison is also relatively uniform,
ranging from 3.0 to 5.1. The Co and Ni content of Po is relatively uniform, and its Co/Ni
ratio is between 2.0 and 3.5, both greater than 1. All of these fall into the hydrothermal
area of the Co-Ni covariance diagram (Figure 9a), indicating that their genesis is related to
magmatic hydrothermal fluid.
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Figure 9. (a) Co-Ni discriminant diagram (after Bralia et al. [100]); (b) Co-Ni-As discriminant diagram (I-magmatic

hydrothermal type; II-Carlin type; Ill-metamorphic hydrothermal type, after Yan et al. [93]).

The Co-Ni-As system of pyrite and pyrrhotite is also indicative of the genesis of ore
deposits. The content changes in gold deposits of different genetic types are closely related
to their respective geological effects [93,103]. The As in pyrite can replace S through iso-
morphism, and As as a low-temperature element tends to be enriched at low temperatures.
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In magmatic hydrothermal gold mines, the source of hydrothermal fluid is a mixture of
magmatic water and atmospheric water, and the content of As depends on the ratio of
atmospheric water to magmatic water. The larger the ratio is, the closer the point to the
As vertex area in the Co-Ni-As discriminant chart is (Figure 9b). Py-II, Py-III and Po fall
into the magma hydrothermal area in the Co-Ni-As discriminant chart, which is close to
the Co apex area. This indicates that the As content of Py-II, Py-IIl and Po in the Weizigou
deposit is relatively low, and the atmospheric water in the hydrothermal fluid accounts for
a relatively small proportion.

The §%*S values of coexisting fluids can be calculated from the §**S values of sulfides.
Previous studies have shown that the origin of sulfur in ore deposits can be thought of in
terms of the calculated isotopic composition of total sulfur in the hydrothermal solution
(6%*Syxg) [104]. In the Weizigou deposit, sulfide minerals include pyrite, chalcopyrite and
pyrrhotite, with no trace of sulfates, indicating relatively low—fo, conditions [96]. Therefore,
the §%4S values of sulfide minerals could represent bulk-fluid values [96]. There are three
major sulfur reservoirs on Earth that have uniform sulfur isotopic compositions: (1) mantle
or magmatic (0 £ 3%, [104]); (2) seawater (20%), in which sulfur is present as SO42~ [98];
(3) reduced (depositional) sulfur or biogenic sulfur, which are characterized by negative
534S values [105]. The §%S values from sulfides display a relatively narrow range from
4.70%o to 12.89 %0 (Figure 10), with an average of 11.55%. (1 = 28), which is higher than the
range in magmatic fluids and lower than the range in seawater. The narrow range of sulfur
isotopic data is likely a single source. In hydrothermal deposits, such isotopic features
are usually attributed to fluids related to evaporate [2]. However, no evaporate has been
discovered in the orefield before. The §*S values of granitic gneiss and meta-gabbro in
the orefield range from 7.44 %o to 8.44%. (avg. 7.96%o) and 4.37 %o to 10.54%o (avg. 6.55%0),
which are slightly lower than the values found in sulfides. Therefore, the 534S values of
sulfides may be due to the interaction of magmatic fluids and seawater.
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Figure 10. (a) Sulfur isotopic compositions of sulfide from the Weizigou deposit. (b) Comparison of Sulfur isotope values in

different regions.

The Pb isotopic compositions of sulfides reflect the sources of ore-forming miner-
als and initial Pb isotopic compositions [97]. We can use 2/Pb/2%4Pb-20°Pb /204Pb and
208pp /204pp-206Ph /204Ph diagrams to observe and analyze mineral distribution character-
istics and correlations, in order to make conclusions concerning the sources of ore-forming
metals. Stacey et al. [106] summarized that, in the tectonic discriminant diagram, if sam-
ples are located above the evolution line of the orogeny, lead is contained in the upper
crust component; a location near the evolution line indicates that the lead has a mixed
character and a location below the evolution line indicates that the lead was derived
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from the mantle or the lower crust. Sulfide lead isotopic compositions for the Weizigou
deposit have values of 2%°Pb/2%Pb = 18.605-20.136, 2”Pb/?™Pb = 15.637-15.710 and
208pp /204Pb = 38.534-39.129, plotted near the orogenic belt and close to the upper crust
on the 27Pb /2%4Pb vs. 29°Pb /2%4Pb and 2%Pb /2%Pb vs. 2%Pb /2%Pb diagrams (Figure 11),
indicating that the lead was derived from a mixed source.
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Figure 11. Lead isotopic compositions of pyrite from the Weizigou deposit (modified after Zartman and Doe, [107]).
(a) 206Pb/204Pb-207Pb/204Pb; (b) 206Pb/204Pb-208Pb/204Pb.

6.3. Ore Deposit Mineralization Age and Genetic Type

Previous studies have supposed that the gold orebodies in this area are associated with
the widely exposed migmatitic granite. No intrusions have been discovered in the orefield,
and gold mineralization has a close relationship with magnetite-pyrrhotite-chalcopyrite.
Therefore, the crystallization age of migmatitic granite can represent the ore-forming age
(481 £ 10 Ma) [28]. However, based on our field research, the gold orebodies in this area
are associated with amphibolite and magnetite (Figure 2b), which are crosscut by later
sulfides. The part in which iron grade is high is also enriched in gold. Thus, we suppose
that the Au-Fe mineralization as well as the later Cu mineralization are due to different
metallogenic events.

Pyrite Re-Os dating can be used to determine the metallogenic age of a deposit;
however, the margin of error and MSWD of pyrite isochron ages can be larger than +10 Ma
(maximum =+ 148 Ma) and 10 Ma (maximum 184 Ma), respectively [108]. This is caused by
the low Re and Os contents in pyrite and pyrite contamination [108,109]. For the Weizigou
deposit, the Re and Os contents in pyrite are low and close to the detection limit, thus
increasing the error of the calculated isochron age [110]. The isochron age of 196 & 110 Ma
(MSWD = 13,608; Figure 5a) obtained from eight pyrite samples is similar to the isochron
age of 197 & 11 Ma (MSWD = 50; Figure 5b) obtained from four pyrite samples. Given that
the latter isochron age has a smaller MSWD and a higher reliability, it might be able to, more
accurately, represent the timing of the matallogenic event. Therefore, the sulfides (pyrite,
pyrrhotite and chalcopyrite) may have formed in the Early Jurassic. Additionally, the
meta-gabbro from the Weizigou deposit yielded two age peaks of 292 Ma and 271-259 Ma,
representing the crystallization and metamorphic ages, respectively. Therefore, based
on field observation and mineral paragenesis, we consider that all gold orebodies are
associated with magnetite formed in the metamorphic hydrothermal stage in the Middle-
Late Permian, earlier than later sulfides such as pyrite, pyrrhotite and chalcopyrite in the
magmatic hydrothermal stage.

When considering the genetic type of the deposit, we found that the surrounding rocks
of the ore body are granitic gneiss and meta-gabbro and that there are no carbonate rocks
or typical skarn minerals, so the possibility that the deposit is skarn-type mineralization
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can be ruled out. The ore bodies occur in meta-gabbro in the veined form and no hematite
or replacement of clastic sulfides can be seen, which does not support the halmyrolysis
model [111], so BIF and VMS-type mineralization can be excluded. The in situ LA-ICP-MS
test results also show that the content of Ti and V in Mag-II is two to three orders of
magnitude different from that of magnetite in magmatic deposits. This shows that the
Weizigou deposit is also not related to the magmatic deposit.

When we compare the Weizigou deposit with the IOCG-type deposit, we can find that
it has some characteristics of IOCG-type mineralization. For example: (1) Veined IOCG-
type orebodies mainly formed within the intrusions, notably equigranular gabbro and
diorite [1]. The residual minerals and textures in the meta-gabbro imply that the original
rock was gabbro; (2) All orebodies produced in the meta-gabbro were, mainly developed
from potassic alteration including biotite, sericite and minor sodic alteration with apatite,
albite, and chlorite, similar to the alteration characteristics of IOCG deposits [1,12]; (3) A
large amount of low-Ti magnetite was developed. We use the Ti + V—Ca + Al + Mn
diagram (Figure 12a) to determine the genesis of Mag-II deposits. In this diagram, Mag-
II falls within the area of skarn-type deposits, IOCG-type deposits, and porphyry-type
deposits. In addition, the Cr and V concentrations of magnetite can be used to distinguish
IOCG from other deposit types—that is, magnetite with Cr < 1000 ppm and V < 300 ppm
is usually associated with IOCG deposits [112]. The low V concentration is caused by the
crystallization of magnetite at a relatively low temperature. The Mag-II in the Weizigou
deposit contains similar V and Cr concentrations to the IOCG-type magnetite, and falls
into the area close to the IOCG-type deposit in the V-Cr diagram (Figure 12b). In these
two diagrams, the magnetite sample points do not fall in the relatively close area, because
the formation time of Mag-1I-B was earlier than that of Mag-II-A, and the mineralization
temperature and oxygen fugacity were relatively high, resulting in only a small difference
in the Ti and V contents [75,77].
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Figure 12. (a) Ti + V vs. Ca + Al + Mn (wt. %) discriminant diagrams (modified from Dupuis and Beaudoin. [67]); (b) Cr
vs. V diagram for magnetite to distinguish different deposit types (modified after Knipping et al. [112] with typical IOCG
magnetite compositions from Carew [65] and Dare et al. [63]).

To sum up our findings, we propose the genetic model of the Weizigou deposit to be
follows: In the Late Carboniferous, as the Paleo-Asian Ocean continued to subduct into the
Jiamusi massif, intermediate-basic magma enriched in Fe ascended into the shallow crust
and intruded into the granitic gneiss. Due to the decrease in pressure and the rapid decrease
in temperature, crystallization differentiation resulted in the formation of gabbro. The
hydrothermal fluids in the late magma phase extracted and metasomatized the previously
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formed gabbro, which led to the initial precipitation of Fe and a small amount of euhedral
magnetite (Figure 13a).
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Fe and Au and generat orebodies; (c) magmatic-hydrothermal mineralization in the Early Jurassic.
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The closure of the Paleo-Asian Ocean resulted in regional medium-low grade metamor-
phism occurring in the Late Permian, which generated the meta-gabbro. Later, metamor-
phic fluid eluviated and extracted Fe and Au from the meta-gabbro, generating abundant
magnetite and Fe-Au orebodies. (Figure 13b).

Finally, in the Early Jurassic, magmatic fluid from the deep rock mass precipitated
in the fractures, forming later sulfides (Figure 13c). In conclusion, two-phase mineraliza-
tion namely IOCG-type mineralization in the Late Permian and magmatic-hydrothermal
mineralization in the Early Jurassic can be identified in the Weizigou gold deposit.

7. Conclusions

1. There are four ore bodies in the Weizigou deposit, all of which are vein-like closely
co-existing with meta-gabbro. The mineralization of gold and iron only develops
in meta-gabbro. Wall rock alteration is developed, mainly chlorite, epidote and
biotite. The main metal minerals developed in the deposit include magnetite, pyrite,
pyrrhotite and chalcopyrite.

2. Four pyrite samples yielded a Re-Os icochron age of 197 &= 11 Ma and Osi values are
similar to that of the lower crust.

3. Sulfur maybe derived from the granitic gneiss and meta-gabbro exposed in the orefield
and lead has a mixed source. Carbon mainly derived from the granitic gneiss.

4. The in situ LA-ICP-MS trace element analysis results show that the formation of
magnetite is closely related to IOCG-type mineralization, and the formation of pyrite
and pyrrhotite is related to magmatic hydrothermal fluid.

5. The Weizigou Au deposit experienced two-period mineralization, namely the IOCG-
type mineralization in the Late Permian and the magmatic hydrothermal mineraliza-
tion in the Early Jurassic.
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