minerals

Article

Genesis of the Daliuhang Gold Deposit, Jiaodong Peninsula,
Eastern China: Constraints from H-O-S-Pb-He-Ar Isotopes,
and Geochronology

Jiepeng Tian 1234*

, Junjian Li 4, Xuan Wu %, Chao Fu %, Zhicai Dang 4, Pengpeng Zhang °, Jiangtao He 7,

Wenlong Tang 4 and Ruicong Tian 8

check for
updates

Citation: Tian, J.; Li, J.; Wu, X.; Fu, C.;
Dang, Z,; Zhang, P; He, ].; Tang, W.;
Tian, R. Genesis of the Daliuhang
Gold Deposit, Jiaodong Peninsula,
Eastern China: Constraints from
H-O-S-Pb-He-Ar Isotopes, and
Geochronology. Minerals 2023, 13,
1339. https://doi.org/10.3390/
min13101339

Academic Editor: Ryan Mathur

Received: 8 September 2023
Revised: 4 October 2023
Accepted: 16 October 2023
Published: 19 October 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Key Laboratory of Building Structural Retrofitting and Underground Space Engineering of Ministry

of Education, Jinan 250101, China

School of Civil Engineering, Shandong Jianzhu University, Jinan 250101, China

Key Laboratory of Gold Mineralization Processes and Resource Utilization Subordinated to the Ministry of
Land and Resources, Jinan 250013, China

Tianjin Center, China Geological Survey, Tianjin 300170, China; fuchaocugb@163.com (C.E);
dangzhicai@163.com (Z.D.); twl011562@126.com (W.T.)

801 Institute of Hydrogeology and Engineering Geology, Shandong Provincial Bureau of Geology & Mineral
Resources, Jinan 250014, China; xuanwu19921004@163.com

Institute of Geophysical and Geochemical Exploration, Chinese Academy of Geological Science,

Langfang 065000, China; zhangpengpeng@mail.cgs.gov.cn

Institute of Geological Surveying, Hebei GEO University, Shijiazhuang 050031, China; jiangtaohe@hgu.edu.cn
School of Geography and Tourism, Qilu Normal University, Jinan 250200, China

Correspondence: tianjiepeng20@sdjzu.edu.cn

Abstract: The Daliuhang gold deposit in the Qipengfu (Qixia—Penglai-Fushan) ore concentration area
is a typical gold deposit of medium-low temperature hydrothermal veins. Uncertainties regarding
the primary sources of ore-forming fluids, as well as whether host rocks contribute materials to
the mineralization of the gold deposits in the Jiaodong Peninsula, are still subject to intense debate.
Hydrogen-oxygen isotope results show that atmospheric water is involved in ore-forming fluids.
According to the results of the helium-argon isotopes of pyrite, it is hypothesized that the initial
fluid source was located in the oceanic crust or upper mantle lithosphere above the Early Cretaceous
Paleo-Pacific Plate, as it was subducted into the eastern part of the eastern North China Craton. In situ
sulfur isotope results show that high 534S values characterize the pyrite in the main mineralization
period. It is inferred that during the thinning and melting process of the lithospheric mantle, the
volatile components enriched in pyrite contributed to the release of §34S. At the same time, when
the fluids ascended to the weak zones, such as fissures of ore-endowed peripheral rocks, the 534S in
the peripheral rocks were extracted, and the two processes acted together to cause high §3*S values
to occur. Similarly, the lead and strontium isotopic compositions indicate a crust-mantle mixing
attribute of the mineralized material source. The zircon U-Pb age of the ore-hosting granodiorite
was 130.35 £ 0.55 Ma, and the Rb-Sr isochron age of the pyrite from the main mineralization period
was 117.60 £ 0.10 Ma, which represents the timing of felsic magmatism and gold mineralization,
respectively, with at least 10 Ma between the magmatism and mineralization. The magma gradually
cooled over time after its formation, and when the granodiorite cooled down to 300 + 50 °C, the
temperature and pressure conditions were most conducive to the precipitation of gold. It is inferred
that gold-rich initial mantle fluids with volatile components, rising along tectonically weak zones,
such as fractures, underwent fluid phase separation in the fractured position of the granite and
extracted the gold from the granodiorite, forming gold deposits.

Keywords: Daliuhang gold deposit; in situ sulfur isotopes; H-O-Pb-He-Ar isotopes; pyrite Rb-Sr
isochron age; zircon U-Pb age
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1. Introduction

The Jiaodong Peninsula is located on the southeastern edge of the North China Craton
(NCC), and it is China’s most productive gold province, with more than 5400 t of gold
resources [1]. The preserved resource reserves exceed 4000 t, which accounts for more than
one-quarter of China’s total. The Jiaodong gold province is the third-largest gold mining
area in the world [2-9]. There are three ore concentration areas in the region: the Jiaoxibei
(Laizhou-Zhaoyuan) ore concentration area, the Qipengfu (Qixia—Penglai-Fushan) ore
concentration area, and the Muru (Muping-Rushan) ore concentration area [8,10]. The
Daliuhang gold field is located in the northern part of the Qipengfu ore concentration
area. It consists of several gold deposits, including Daliuhang, Menlou, Ankou, Hexi, and
other gold deposits. The ore bodies exist in Early Cretaceous granodiorite. They belong to
middle-low-temperature hydrothermal vein-type gold deposits, and they are one of the
most important types of gold deposits in the Jiaodong Peninsula.

Early studies have suggested several genetic types of gold deposits in the Jiaodong
Peninsula, but its genesis remains enigmatic. Studies have indicated that the gold min-
eralization in Jiaodong Peninsula, and even eastern North China, is closely related to
the destruction of the eastern North China Craton, and it is proposed that the eastern
North China gold deposits belong to the “Decratonic gold deposits” [11]. During the
Early Cretaceous, against a strong extensional tectonic background, the Paleo-Pacific plate
was subducted beneath the eastern North China Craton. The lithospheric mantle, which
was strongly metasomatized, underwent large-scale partial melting [11,12]. The produced
basaltic magma reacted with the strongly enriched mantle and the lower crust, and the in-
teraction between the fluids and crustal-source felsic magma formed gold-rich magma [11].
The auriferous fluids were exsolved from the magma and uplifted along the deep faults,
which were mineralized by filling in the subtectonic levels [11]. Other works believe that
the gold deposits formed during the dehydration and metamorphism of the subducting
slab of the Paleo-Pacific Plate. Gold may have come from the devolatilization of stalled
subducting slabs and oceanic crustal sediments [7,13,14]. Tectonic stress conversion re-
sulted in ultra-high pressure gold-rich fluids, which migrated along the abyssal fault and
other crustal hierarchical rupture systems and were further deposited to form the minerals,
thus being considered “orogenic gold deposits” [7,15]. Additionally, some other studies
also suggest that these gold deposits belong to the greenstone belt gold deposit, and its
mineralization is likely related to the Mesozoic granitic magmatism. This indicates that
the Jiaodong gold deposit may represent post-magmatic hydrothermal deposits [14,16].
However, some recent studies suggest that the gold deposits in this area are “Jiaodong-type
gold deposits”, in contrast to all the above types [6,17-20]. One of the focal points of the
various genetic models mentioned above is the origin of gold-bearing fluids. Therefore, the
study of the geological characteristics, the origin of the ore-forming fluids and materials,
and the mineralization chronology of the Daliuhang gold deposit can enrich the theoretical
study of medium-low temperature hydrothermal vein-type gold deposits, enhance our
understanding of the origin of ore-forming fluids in the Qipengfu (Qixia—Penglai—Fushan)
ore concentration area, and provide a theoretical basis for prospecting work on the same
types of gold deposits in this area.

In this study, the Rb-Sr ages of pyrite in ores were obtained to determine the precise
timing of gold mineralization in the Daliuhang gold deposit. In addition, the U-Pb ages
of zircon from ore-hosting granodiorite were obtained to determine the timing of felsic
magmatic events. In situ sulfur isotopic analyses of gold-hosted pyrite, hydrogen—oxygen
isotopic analyses of quartz, lead isotopic analyses of pyrite, and helium-argon isotopic
analyses of primary ore-forming fluids entrapped in pyrite were conducted in order to
place constraints on the sources and temporal evolution of the ore-forming fluids, as well
as on the probable origins of the sulfur and ore metals. The integrated results contribute to
a better understanding of the genesis of the Daliuhang deposit.
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2. Regional Geology

The Jiaodong Peninsula consists of three parts: the Jiaobei Terrane in the north, the
Weihai Terrane in the east, and the JiaoLai Basin in the south. The Qipengfu ore con-
centration area is located in the north-central part of the Jiaobei Terrane, which mainly
consists of Precambrian basement rocks and Mesozoic igneous intrusions (Figure 1).
The Precambrian basement rocks mainly include the Archean granite-greenstone belt
(Tonalite-Trondhjemite-Grandiorite (TTG) gneisses, known as the Jiaodong Group) and
Paleoproterozoic metamorphic strata. The Mesozoic igneous intrusions are divided into
the following groups: Late Jurassic (165-150 Ma) granite (Linglong granite), Early Creta-
ceous (132-123 Ma) porphyritic granodiorite (Guojialing granodiorite), Early Cretaceous
(118-110 Ma) granite (Weideshan granite) [21-24], and various kinds of dikes dominated
by lamprophyres and diorite—porphyrites. The structures in the area are mainly fault
structures, divided into three groups: NNE-, NE-, and NNW-trending crustal-scale fault
zones. The NNE- and NE-trending fault zones are the most developed and the main
ore-controlling structures in the area, including the Sanshandao, Jiaojia, Zhaoyuan-Pingdu,
Qixia, and Muping-Rushan fault zones.
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Figure 1. Map showing the regional geology in the Jiaodong Peninsula (modified after [9,10]).
(1) Quaternary sediments; (2) Cretaceous sedimentary basin; (3) Paleoproterozoic and Neoproterozoic;
(4) Neoproterozoic bearing eclogite granitic gneiss; (5) Archean granite-greenstone belt; (6) Late
Cretaceous granite (Laoshan granite); (7) Early Cretaceous granite (Late, Weideshan granite); (8) Early
Cretaceous granite (Early, Guojialing granite); (9) Late Jurassic granite (Linglong granite); (10) Triassic
granitoid; (11) geological boundary of conformity /unconformity; (12) fault.

3. Ore Deposit Geology

The Daliuhang deposit mainly developed from the Late Jurassic biotite granite and
Early Cretaceous porphyritic granodiorite (Figure 2). Ultramafic to intermediate dikes are
also developed, including granite pegmatite, lamprophyre, and quartz—diorite porphyrite.
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Figure 2. Geological map of the Daliuhang deposit. (1) Quaternary sediments; (2) Neoproterozoic;
(3) Early Cretaceous porphyritic granodiorite (Guojialing granodiorite); (4) Late Jurassic granite
(Linglong biotite granite); (5) quartz diorite porphyrite; (6) lamprophyre; (7) granite pegmatite;
(8) fault; (9) ore vein; (10) occurrence.

The Huluxian Fault exerts full control over the ore veins in the area, and the occur-
rence of ore veins is in complete alignment with it. The ore veins consistently strike 20-30°
and dip 59-78° SE, with a gentle upward slope and a steep downward slope. The ore-
hosting enclosing rocks mainly consist of pyrite—seritic cataclastic rock and porphyritic
granodiorite. The width of quartz—pyrite veins is generally more than ten to dozens of
centimeters (Figure 3a), with uneven development. The gold grade is generally higher in
the areas where quartz—polymetallic sulfide veins are well-developed (Figure 3b). The
mineral composition of the ore comprises two main parts: metallic minerals and non-
metallic minerals. Sulfides, including pyrite, and a small amount of galena, dominate
the metallic minerals. The non-metallic minerals include quartz, feldspar, calcite, sericite,
chlorite, etc. (Figure 3c—f). The main ore textures are automorphic granular, pressure,
and hypidiomorphic-itomorphic granular, etc. (Figure 3e,f), and they exhibit veinlet-
disseminated, mottled, massive, and other structures (Figure 3e,f). The main alterations
of the surrounding rocks include potashization, pyriteization, silicification, and sericitiza-
tion, followed by carbonatization, chloritization, and kaolinization. Sericitization of the
surrounding rocks is the most developed alteration phenomenon in the deposit. The width
of its alteration zone ranges from tens of centimeters to several meters. The alteration is
more substantial closer to the main fault surface and gradually weakens on both sides.

Based on the interpenetration relationship of ore veins, mineral assemblage charac-
teristics, and observations using backscattered electron (BSE) images, the mineralization
can be roughly divided into four stages: Stage I consists of pyrite and quartz, with a
small amount of medium and fine-grained pyrite. Stage II contains quartz and pyrite,
where white-grey quartz fills cavities, and pyrite occurs as coarse euhedral cubes (Py2),
displaying a smooth surface and a single component in the backscattered electron (BSE)
images (Figure 4a,b). Stage IIl is characterized by gold, quartz, and polymetallic sulfide
phases. The quartz is grey to pale with relatively coarse particles, and the pyrite (Py3) and
galena are medium-coarse-grained and more automorphic. Locally, Stage III minerals are
superimposed on Py2, forming an irregular, dark inner core (Py3a) with a bright outer rim
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(Py3b) in the BSE images (Figure 4c,d). Milky carbonate—quartz veins represent Stage IV.
Stages II and III represent the main gold mineralization episodes.

2o &5
Figure 3. Photographs of major wall rocks and various mineralized veins in the Dalivhang gold
deposit. (a) Pyrite sericite cataclastic rock and quartz—pyrite veins (Stage II); (b) quartz vein (Stage II)
and its adjacent quartz—galena—pyrite vein (Stage III); (c) representative specimens of quartz—pyrite
veins (Stage II); (d) representative specimens of quartz—galena—pyrite veins (Stage III); (e) euhedral
pyrite and gold grains occur inside pyrite crystals; (f) pyrite with an automorphic-semi-automorphic
structure. Au, gold; Gn, galena; Py, pyrite; Qtz, quartz.

Figure 4. Reflected light photomicrographs (a) and backscattered electron (BSE) images (a—d) showing
textural features of pyrite from main mineralizing stages II and III. (a) Cataclastic texture of pyrite,
pyrite intergrowth with galena; (b) Py2 from quartz—pyrite veins (Stage II) is homogeneous in
composition; (c) regular Py3a is overgrown by zoned and brighter Py3b from quartz polymetallic
sulfide veins (Stage III); (d) irregular Py3a is overgrown by zoned and brighter Py3b from quartz
polymetallic sulfide veins (Stage III). Gn, galena; Py, pyrite; Qtz, quartz.
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4. Sampling and Analytical Methods

A total of 23 samples were collected from the pit at a depth of +200 m of the Daliuhang
gold deposit, including pyrite, galena, and other sulfides, which were intergrown with
quartz veins.

4.1. Isotopes Analysis

Quartz grains were crushed into 40-60 mesh and handpicked from under a binocular
(purity > 99%). Hydrogen and oxygen isotopic composition analyses were performed at
the MLR Key Laboratory of Metallogeny and Mineral Assessment, Institute of Mineral
Resources, CAGS. The samples were heated to approximately 500 °C in an induction
furnace to release moisture. The samples were heated to 180-200 °C until the vacuum
degree was less than 10! Pa, and then the volatile substances in the sample were degassed.
At a temperature of 400 °C, water was converted into hydrogen gas by a heated zinc
powder, which was then analyzed with a MAT-253 mass spectrometer. The analysis results
of the standard water samples show that the accuracy of the 8D was +2%.. The pure
mineral was crushed into 200 mesh, and then the crushed material was reacted with BrF5
at 500-600 °C for 14 h to produce O,, and then reacted with graphite at 700 °C to produce
CO; under the action of a platinum catalyst. The carbon dioxide’s oxygen isotopes were
then measured using a MAT-253 mass spectrometer. The reproducibility of the isotopically
homogeneous pure quartz was approximately £0.2%.. More detailed analytical conditions
and procedures are described by previous researchers [25].

In situ sulfur isotopic compositions of four pyrite samples from Stage I in thin sections
were analyzed using a 193 nm ArF excimer laser ablation system (RESOlution 5-155)
connected to an MC-ICP-MS (Nu Plasma II) at the State Key Laboratory for Geological
Processes and Mineral Resources at the China University of Geosciences (Wuhan), China.
Helium delivered the ablative material into the plasma at a gas flow rate of 0.4 L/min.
Argon (0.8 L/min) and a small amount of nitrogen (~4 mL/min) were mixed with the
carrier gas before entering the MC-ICPMS. The addition of a small amount of N, gas is
effective in removing polyatomic interferences (e.g., °O,*) from 325 [26,27]. The laser
diameter was 23 pm, and the laser repetition frequency was 8 Hz for single-site analysis.
The energy flux of the laser was about 3-4 J/cm?. The internal pyrite standard (WS-1)
consisted of natural pyrite crystals from the Wenshan polymetallic deposit in Yunnan
Province, southern China, and was used to calibrate the mass bias of the S isotopes. The
534Sycpr value of WS-1 (1.1 4 0.2%0) was determined by SIMS at the China Institute
of Geochemistry, Guangzhou [28]. The analytical precision was evaluated to be better
than 0.5%o.

Lead isotope analysis was performed at the Beijing Research Institute of Uranium
Geology, Beijing. Pb isotope samples were taken from pyrite and galena in Stage III
mineralization. After dissolution and separation of the samples, the lead isotope analyses
were conducted using a thermal ionization mass spectrometer (ISOPROBE-T) produced
by GV, UK, at a relative humidity of 36% and a room temperature of 20 °C. The measured
Pb isotopic ratios of the international standard NBS981 are approximately 0.2%.. The
analytical results of the standard NBS981 are as follows: 2°°Pb/2%Pb = 16.937 + 0.002,
207Pb /204Pb = 15.457 + 0.002, and 2%Pb/2**Pb = 272 36.611 =+ 0.004.

Helium-argon isotope analyses were performed at the MLR Key Laboratory of Metal-
logeny and Mineral Assessment, Institute of Mineral Resources, CAGS. The samples were
taken from pyrite in Stage III mineralization. The Helix SFT™ Split Flight Tube noble gas
mass spectrometer was used. The system consists of crushing, purification, and mass spec-
trometry systems. Tests were performed under high-vacuum conditions, with the vacuum
of the crushing and purification systems at 5 x 107°~10 x 10~° mbar and the vacuum of the
mass spectrometry system at 7 X 1077-9 x 10~ 'Y mbar. The mass spectrometry ion source
was Nier, with a sensitivity better than 2 x 10~4 amps/Torr for helium at a trap current
of 800 nA, and 1 x 103 amps/Torr for argon at a trap current of 200 pA. The static rate
of rise was less than 1 x 10712 cm3 STP/min for *°Ar, and the background was less than
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5 x 10~1% cm3 STP for 3 Ar. The Faraday background was less than 5 x 10~1* STP/min for
36 Ar, the static rate of rise was less than 1 x 10712 cm3 STP/min, and the 3°Ar background
was less than 5 x 10~1* STP/min. The Faraday cup resolution was >400 and the ion counter
resolution was >700, which allowed for complete separation of the 3He, *He, HD + H3, and
3He peaks. A program blank was performed before each measurement. The blanks for both
helium and argon were negligible *He < 3 x 107 cm3 STP, *°Ar <4 x 10~ cm3 STP),
approximately 0.1% of the sample signal. The sample test results were corrected using the
test results of the day’s air standards and the air standard values. The standard value of
3He/“He for air was 1.4 x 107° (Ra). The “°Ar/3Ar and 3¢ Ar/38Ar standard values were
adopted as 295.5 and 5.35, respectively.

4.2. Zircon U-Pb Dating

Zircon crystals for U-Pb dating were separated from the ore-hosting porphyritic gran-
odiorite (Early Cretaceous granodiorite). Zircon LA-ICP-MS U-Pb dating was conducted
using a Resonetics—-M50 laser ablation system equipped with a 193 nm ArF excimer laser
connected to a multi-collector inductively coupled plasma mass spectrometer (Neptune),
at the Tianjin Center, China Geological Survey, Tianjin. Helium was used as the carrier gas
to enhance the transport efficiency of the ablated material. The spot diameter was 35 um,
and the ablation frequency was 9 Hz. The silicate glass standard NIST SRM 612 was used
to calibrate U, Th, and Pb concentrations. All measurements were performed using zircon
GJ-1 as the external standard, with a recommended 2%°Pb /238U age of 609 Ma [29]. In con-
trast, the Plesovice zircon standard = 337.13 & 0.37 Ma [30] was used as a blind sample to
monitor the data quality. The raw data were processed using ICPMS DataCal software [31],
and the 2°8Pb method was used for the common Pb correction [32]. Concordia diagrams
and weighted mean ages were generated using the ISOPLOT program version 3.75 [33].
Errors for individual analyses were at the 20 level, and deviations of the pooled analyses
are given at the 95% confidence level.

4.3. Rb-Sr Dating

The Rb-Sr isotope system was used to date five samples of pyrite from Stage III
mineralization. The Rb-Sr isotope analysis was performed in the Laboratory of Isotope
Chronology at the Tianjin Center, China Geological Survey, Tianjin. The pyrite samples
were accurately weighed and dissolved with HNO3; + HCIO4. The dissolved sample
solution was evenly divided into two parts. One part was mixed with Rb + 8Sr diluent.
After separation and purification, the rubidium and strontium contents were determined.
The other portion was purified and used for strontium isotope ratio determination. To
determine the 87Sr/%Sr isotope ratio, a mass fractionation correction was made using
885y /86Gr = 8.375209, and the instrumental state was monitored using the international
SRM987 standard solution: the ratio obtained was 8/Sr/80Sr = 0.710242 + 0.000008 (20).
The reliability of the analytical method was monitored using the international rock standard
BCR-2, which gave a ratio of 8Sr/%Sr = 0.705015 =+ 0.000009 (20). For the full-flow blank,
the rubidium content was less than 103 pg, and the strontium content was less than 276 pg.
The detailed experimental separation process and instrument test parameters followed
those of previous researchers [24,34], and the ISOPLOT program was used to calculate the
isochron age.

5. Results
5.1. Hydrogen and Oxygen Isotopes

This paper conducted H-O isotope analysis on quartz samples from the Daliuhang
gold deposit during its main gold mineralization episodes and collected previous research
results on the Jiaojia and Jingingding gold deposits (Table 1). The §!80 values of the hy-
drothermal quartz (6"8O0gnmow %o) ranged from 15.8 to 18.3 %o, with a median value of 16.5%o.
The hydrogen isotope composition §Dsmow Value varied from —101.0 to —84.0%o, with an
average value of —89.0%. (Table 1). Assuming that quartz is isotopically equilibrated with
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the ore-forming hydrothermal fluids, the oxygen isotope composition of the ore-forming
hydrothermal fluids can be estimated following the temperature-dependent quartz—water
oxygen isotope fractionation equation: 1000In,Q-W = 3.38 x 10°/T? — 2.90 [35], that is,
518020 = 6'80smow — 1000In Q-W. The 5800 value ranged from 7.63 to 10.90%., with
an average of 8.52%o. The hydrogen and oxygen isotope values of the Daliuhang gold
deposit are relatively similar to those of the Jiaojia and Jinqingding gold deposits (Figure 5).

Table 1. Hydrogen and oxygen isotope compositions in the Daliuhang gold deposit.

Stage Mineral SDSMOW (%0) 818 OSMOW (%0) 618 OHZO (%0) Th-TOT (°C) Source
Quartz —87 15.90 7.63 265
Quartz —87 16.20 7.93 265 This study
Quartz —84 16.10 7.83 265
Stage III
Quartz —101 16.60 8.40 280
Quartz —88 18.30 10.90 300 [32]
Quartz —87 15.80 8.40 300
0
204
404 " Metamorphic water
2 o
5 o *
% 80 ’ .
U m}
e =4
Daliuhang gold deposit | A
~100 A Sanshandao gold deposit | 4/
Jiaojia gold deposit
Linglong gold deposit | @
120 Jingingding gold deposit [[]
-20 10 20

618OHZO(%O)
Figure 5. Isotopic compositions of oxygen and hydrogen in the Daliuhang gold deposit.

5.2. In Situ Sulfur Isotopic Compositions

The in situ sulfur isotopic compositions of pyrite from the ores are listed in Table 2.
The §%*S values of the pyrite ranged from 4.82%. to 7.04%. (average of 6.12%.), which were
all positively biased away from meteoric sulfur and had a narrow variation, with a high
degree of sulfur homogenization characterized by a mild enrichment of §3S (Figure 6).
Based on the backscattered electron (BSE) images (Figure 4c,d), the pyrite can be divided
into a dark inner core (Py3a) and a bright outer rim (Py3b). As shown in Figure 4c,d,
the core (Py3a) had 534S values of 4.82-6.78 %o (average of 5.37%.), with an increase to
5.10-7.04%o (average of 6.33%o) on the rim (Py3b).

5.3. Lead Isotope Compositions

The analytical results of the lead isotopes of ten sulfides separated from the Daliuhang
gold deposit during Stage III mineralization are presented in Table 3 (attached at the end
of the article). For comparison, five published Pb isotopic data of sulfides [36,37] are also
listed in Table 3. The pyrite had 2%Pb /2%Pb ratios ranging from 17.365 to 17.566 (mean of
17.493), 207Pb /204Pb from 15.514 to 15.576 (mean of 15.536), and 2%8Pb /2%4Pb from 38.118 to
38.462 (mean of 38.258). The galena had 2%°Pb/2%Pb ratios ranging from 17.503 to 17.577
(mean of 17.532), 297Pb /2%4Pb from 15.515 to 15.60 (mean of 15.548), and 2°®Pb /2%*Pb from
38.272 to 38.548 (mean of 38.374).
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Table 2. In situ sulfur isotopic analyses in the Daliuhang gold deposit.

Stage Sample Serial Number Mineral 834Scpr (%0)

Stage IT SD45B1-1 Pyrite 6.81
SD45B1-2 Pyrite 5.08

SD44B1-5 Pyrite 6.78

SD44B1-6 Pyrite 6.76

SD44B1-7 Pyrite 6.52

SD44B1-8 Pyrite 5.78

Stage III (Py3a) SD46B1-3 Pyrite 6.64
SD46B1-4 Pyrite 6.59

SD47B1-1 Pyrite 4.87

SD47B1-2 Pyrite 4.82

SD47B1-3 Pyrite 497

SD44B1-1 Pyrite 6.39

SD44B1-2 Pyrite 6.79

SD44B1-3 Pyrite 6.81

Stage TNl (Py3b) SD44B1-4 Pyrite 5.93
SD46B1-1 Pyrite 7.04

SD46B1-2 Pyrite 6.49

SD47B1-4 Pyrite 5.10

SD47B1-5 Pyrite 6.05

Primary Mantle

— Stage 11
Pyrite in the Daliuhang deposit
Stage III

Intermediate-basic diles

Guojialing granite
Linglong granite
Jingshan Group

= Jiaodong Group

|
0 5 10 15
34
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Figure 6. Sulfur isotopic composition of pyrite from the ore deposits in the Daliuhang gold deposit
and regional rocks.

5.4. Helium-Ar Isotopes of Pyrite

The results of the He and Ar isotope analyses of fluid inclusions in pyrite are listed in Table 4
(attached at the end of the article). The contents of *He varied from 0.28 x 1078 cm3/ gSTP to
8.63 x 1078 cm3/gSTP, and the *He/*He ratios ranged mainly from 1.43 to 1.92 Ra, where
Ra represents the standard value of helium in air (3He /*He =14 x 10’6). The 40Ar /36 Ar
ratios were in the range of 446.30-753.80.
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Table 3. Pb isotope compositions of sulfides from the Daliuhang gold deposit.
Safl‘\‘]fll;s:rﬁal Mineral ~ 26Pb2%phL  27ppRYpL,  25pLR0pL  26PL2TPL  t (Ma) " w Th/U Vi V2 AB Ay Source
SD44B1-1 Pyrite 17.560 15.573 38.462 1.1276 741 9.53 41.53 4.22 84.65 414 15.85127 28.39572 This study
SD44B1-1a Galena 17.516 15.515 38.272 1.1290 708 9.41 40.34 4.15 76.1 38.1 12.06784 23.31551 This study
SD44B1-2 Galena 17.577 15.600 38.548 1.1267 758 9.58 42.10 4.25 88.62 42.89 17.61252 30.69519 This study
SD44B1-2a Galena 17.532 15.542 38.361 1.1280 726 9.47 40.92 418 80.18 39.55 13.82909 25.69519 This study
SD46B1a Pyrite 17.533 15.576 38.340 1.1256 763 9.54 41.18 4.18 82.70 42.75 16.04697 25.13369 This study
SD46B1b Pyrite 17.510 15.545 38.248 1.1264 745 9.48 40.58 4.14 78.34 40.87 14.02479 22.67380 This study
SD46B1-1 Pyrite 17.465 15.527 38.118 1.1248 757 9.45 40.09 411 74.89 40.32 12.85062 19.19786 This study
SD46B1-2 Pyrite 17.566 15.535 38.307 1.1307 695 9.45 40.37 4.13 77.26 39.98 13.37247 24.25134 This study
SD46B1-3 Pyrite 17.513 15.522 38.245 1.1283 718 9.43 40.31 4.14 76.16 38.98 12.52446 22.59358 This study
SD46B1-4 Pyrite 17.532 15.520 38.258 1.1296 702 9.42 40.22 4.13 75.70 38.85 12.39400 2294118 This study
DL-9-1 Pyrite 17.477 15.527 38.267 1.1256 749 9.45 40.70 4.17 78.24 38.79 12.85714 23.17647 [36]
DL-9-1 Galena 17.503 15.536 38.314 1.1266 740 9.46 40.84 4.18 79.36 39.24 13.40509 24.42781 [36]
DL-9-3 Pyrite 17.398 15.522 38.172 1.1209 798 9.45 40.75 4.17 77.76 38.51 12.51142 20.65241 [36]
DL-3-5 Pyrite 17.504 15.532 38.296 1.1269 736 9.45 40.72 4.17 78.63 39.19 13.20287 23.95989 [36]
DL-8-6 Pyrite 17.365 15.514 38.125 1.1193 813 9.44 40.67 4.17 76.93 38.08 12.01566 19.38235 [36]
Note: t (Ma): model age; p: initial 238 /2%4Pb; w: initial 22Th/2%4Pb; t, u, w, Th/U, AB, Ay parameters were all calculated by Geokit software [37].
Table 4. The He-Ar samples analysis results in the Dliuhang gold deposit. Note: “0Ar*(%) = [(**Ar/36 Ar)gample — 295.51/(**Ar/® Ar)gumpie x 100.
Deposit Mineral 36 Ar/8 Ar (108 i:ﬁ"rSTP /o) (105 :}:f STP/g) 40Ar/*He YA/ Ar SHe/*He (10-°) R/Ra  %0Ar* (%)  “0Ar*/4He hfgﬂf:;ize h&:::};;ize
Pyrite 5.33 0.05 0.28 19.57 753.80 1.92 1.37 60.80 11.90 21.55 14.29
Daliuhang gyr%te 5.35 0.29 7.51 3.89 473.10 1.53 1.09 37.54 1.46 16.79 11.13
yrite 5.36 0.28 7.87 3.53 461.20 1.58 1.13 35.93 1.27 17.48 11.59
Pyrite 5.39 0.38 8.63 4.40 446.30 1.43 1.02 33.79 1.49 15.67 10.39
Magnanimity (Rare gases in saturated air rainwater [38]) 295.5 1
Mantle (Rare gases in the mantle [38]) >40,000 6~9
Crust (Radiogenic rare gases in the Earth’s crust [38]) >45,000 <0.1
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5.5. Zircon U-Pb Age of Granodiorite

Zircon crystals from the Early Cretaceous porphyritic granodiorite are generally euhedral,
pale yellow, and translucent. Most of them are equiprismatic to prismatic, with a few short
columnar grains. Most of the grains are 100 to 200 um in diameter, but a few grains are 300
to 400 um in diameter. Based on cathodoluminescence (CL) images (Figure 7), magmatic
oscillatory zoning is present in most grains. However, some zircon cores are residual. Many of
the residual cores show signs of partial melting and are clearly bounded by oscillatory zones.
A total of 26 spots were analyzed in the regions with oscillatory zoning. All analyses agree on
a weighted average 2%°Pb /238U age of 130.35 4 0.55 Ma (Figure 7).

QMa 127Ma 131Ma

0.0218
137
0.0214
135
0.0210
= 133
< 0.0206
= 131
= 0.0202
129
0.0198
127
0.0194
SN 4 Mszlﬁm%ii";fé‘ﬁ'ﬂ“y e 2 lwia{gi‘lg():;;;oljz{gﬁi:\J:%s;:conf J
0.08 0.10 0.12 0.14 0.16 0.18 123 (error bars are 24)

E(W"Pb/ljf U
Figure 7. Representative zircon crystals and U-Pb Concordia diagram for granodiorite.

5.6. Pyrite Rb-Sr Age

The mass fractions and isotope ratios of Rb and Sr in pyrite from the Daliuhang gold
deposit are listed in Table 5. The Rb and Sr mass fractions were 0.1369-6.2452 ppm and
0.9369-19.8666 ppm, respectively. The 8Rb /8Sr ratios ranged from 0.0446-5.6666, and
the 87Sr /80Sr ratios ranged from 0.71340 to 0.72280. The graphs of Rb/3¢Sr and 87Sr /8¢Sy
for pyrite in the Daliuhang gold deposit show an excellent linear relationship. ISOPLOT
software was used to calculate the isochron age, which was t = 117.60 & 0.10 Ma, and the
initial 8Sr/80Sr (Isr) value was 0.713319 4 0.000028 (Figure 8).

Table 5. The mass fractions and isotope ratios of Rb and Sr in pyrite from the Daliuhang gold deposit.

Sample Serial Number Ore Type Rb (ppm) Sr(ppm) 8"Rb/%0Sr 878r/86Sr  StdErr (%)
SD44B1-1 Coarse-grained pyrite 0.1369 8.8797 0.0446 0.5 0.71340 0.0006
SD44B1-2 Coarse-grained pyrite 6.2452 12.5817 1.4373 0.5 0.71571 0.0010
SD44B1-4 Coarse-grained pyrite 2.3568 19.8666 0.3435 0.5 0.71390 0.0012
SD46B1-1 Coarse-grained pyrite 1.8323 0.9369 5.6666 0.5 0.72280 0.0010
SD46B1-2 Coarse-grained pyrite 1.1963 0.9697 3.5734 0.5 0.71930 0.0012
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Figure 8. Rb-Sr isotope data and isochron ages of pyrite from the Daliuhang gold deposit.

6. Discussion
6.1. Evolution of Ore-Forming Fluid

The hydrogen and oxygen isotope compositions of the ore-forming fluids in the
Daliuhang gold deposit in this study had a limited range of variation. The oxygen isotope
composition 8180mow values ranged from 15.80%o to 18.30%o, and the 51800 values
ranged from 7.63%o to 10.90%.. The hydrogen isotope composition dDsmow Values ranged
from —101.0%o to —84.0%.. The magmatic water had typical hydrogen isotope compositions
of —80.0%0 and —40.0%. and oxygen isotopes of 5.0%o to 10.0%o0 [39—42]. The results of this
study do not entirely fall into the category of magma water (Figure 5). According to the
isotopic compositions of oxygen and hydrogen in the Daliuhang gold deposit (Figure 5), it
can be seen that the projection points of each group of data were mainly concentrated in
the lower part of the metamorphic water and magma water side, which was closer to the
magma water, indicating that magma fluids dominated the fluids in the initial period of the
gold deposits. With the advancement of mineralization, there is a mixing of meteoric water.

Generally, after the formation of the deposit, the fluid inclusions in the ore sulfides
were susceptible to diffusive loss, which may have been affected by later geological pro-
cesses. However, if the host minerals were sulfides, the inert gases inside them were
generally not significantly lost after being captured [43,44], and the U and Th contents of
sulfides such as pyrite are very low, which can rule out the adverse effects caused by late
diffusion loss. In addition, noble gas isotopes will not produce obvious isotope fractiona-
tion during the capture and extraction process of inclusions [43,45,46]. Therefore, the He
isotope analysis results of pyrite can represent the initial value when fluid inclusions were
captured. The He and Ar isotopic compositions of the fluid inclusions in pyrite are shown
in Figure 9. The proportions of mantle fluids (Rm) and crustal fluids (Rc) in the binary
mixing model can be deduced by using the 3He/“He ratio with the following equation:
Mantle *He (%) = [(R — Rc)/(Rm — Rc)] x 100, where Rc, Rm, and R represent the 3He /*He
ratio of crustal fluid, mantle fluid, and the sample, respectively [47]. According to the
calculations, the mantle fluid participation ratio in the Daliuhang gold deposit is only 10.39
to 21.55%, with an average value of 14.86% (Table 4). The above data indicate that the
ore-forming fluids are mainly from crustal sources, with mantle fluids mixed in.
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Figure 9. (a) Helium isotopes of pyrite from the Daliuhang gold deposit. A-C From Mamyin and
Tolstikhin (1984) [48]; (b) He (R/Ra) vs. °Ar/3¢Ar diagram for fluid in pyrite from the Daliuhang
gold deposit. Values of crustal and mantle end-members [47,49-51].

The pyrite “* Ar/3® Ar ratio of the Daliuhang gold deposit ranged from 446.30 to 753.80
(Table 4), which is higher than the “°Ar /3¢ Ar ratio in the atmosphere of 295.5, but much lower
than the 4 Ar/% Ar ratio of the mantle (generally greater than 40,000), suggesting that the argon
in the fluid is not from a single source. Atmospheric argon and radiotracer “’Ar* in the crust
have both contributed to mineralization, but the mantle argon participation ratio is low and can
be nearly negligible [38]. The radioactive origin ** Ar* (%) in the crust can be obtained accord-
ing to the formula: OAr* (%) = [(*0Ar/ 36Ar)sample —2955]/(*Ar/ 36Ar)sample x 100 [49,52].
The calculated “°Ar* (%) is 33.79-60.80%, with a wide range, and atmospheric Ar also had a
particular contribution. There was an addition of an atmospheric noble gas component to the
mantle through subduction [53-56].

It is speculated that the ore-forming fluids were produced during the dehydration
and decarbonization of the overlying sediments during the subduction of the Paleo-Pacific
plate beneath the eastern North China Craton in the Early Cretaceous, and the atmospheric
components were also mixed in during this process.

6.2. Sources of Ore-Forming Material

Earth has three main sources of sulfur: sulfur in the mantle, seawater, and continental
crust. The average value of §%S in the mantle is close to zero, with a variation range of
0 4 3.0%0, and it mainly exists in a reduced state. The average value of 534S in seawater is
+20.0%o. In addition, the sulfur in crustal sources is affected by its original rock, and its 534S
may be greater or less than the value of the above two sources. The in situ sulfur isotope
results of pyrite in this study show that the 534S values were all greater than 4.82 %0, and
the test results generally show higher §3S values (Figure 6), indicating that the possibility
of sulfur only coming from mantle-derived magma is relatively tiny. Sulfur in ore-forming
fluids mainly comes from §%*S-rich magmatic rocks [57] or mantle degassing with high
oxygen fugacity in the subduction zones [11]. The results of these two processes will have
the characteristics of high §34S values. According to previous research results, the 5°*S
value of pyrite in the Jiaodong Group ranges from 6.10%o. to 7.80%. [58,59], in the Jingshan
Group, it ranges from 5.60%o to 9.80%. [58,60], in the Late Jurassic granite, it ranges from
6.10%o to 10.70%. [59-61], in the early Early Cretaceous porphyritic granodiorite, it ranges
from 2.7%o to 11.8%. [59,61], and in the intermediate-basic dike rocks, it ranges from
5.30%o to 10.80%o [62]. The §3S values of pyrite from the Daliuhang gold deposit overlap
somewhat with the §34S values of all types of rocks, and in general, overlap more with the
Jingshan Group, Early Cretaceous porphyritic granodiorite, and intermediate-basic dike
rocks. The 534S value of pyrite (Py3) in Stage III is slightly higher than the pyrite (Py2) in
Stage II, which indicates that new sulfur was added to the mineralized hydrothermal fluids
as mineralization proceeded. A large number of isotopic exchanges were presumed to exist
between the mineralized fluids and host rocks. It can be assumed that during the thinning
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and melting of the lithospheric mantle, the enriched volatile fraction promoted the release
of 6**S. In contrast, the 534S in the surrounding rock was extracted when the fluid rose to
the location of the enclosing rock, and the two effects resulted in the generation of high
534S values.

Pyrite, galena, and other ore minerals are generally free of U and Th, or their contents
are low enough to be negligible. The composition of lead in the ore is mainly affected by
the initial Pb, u (38U /2%4Pb), w (332Th/2%4Pb) in the source area and the initial formation
time. It has little impact on the geochemical environment after its formation. Therefore,
the lead isotope composition was analyzed to obtain information about the source of the
minerals [63]. Previous studies have believed that lead with p values of <9.74 [64] or
<9.58 [65] is derived from the lower crust or upper mantle, respectively. Samples from the
Daliuhang deposit have Pb p values of 9.41-9.58 (average of 9.476), suggesting a lower
crust or upper mantle source. It is generally believed that the 2°Pb /2% Pb ratio between
0.89 and 1.20 belongs to the range of normal lead, while a range between 1.20 and 1.95
belongs to the content of abnormal Pb (J-type Pb). It is known that the lead source of the
Daliuhang gold deposit is normal lead according to the 2°°Pb/207Pb ratio. According to the
lead isotopic tectonic environment model of the deposit (Figure 10), it can be seen that the
injection points mainly fall within the lower crust and are close to the upper mantle, which
indicates that the sources of the ore-forming materials have the characteristics of a mixed
crust-mantle source.
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Figure 10. 207pp /204pp ys. 206pp /204Ph diagram (a) and 208pp, /204, s, 206pp /204P) diagram (b)
of sulfides from the Daliuhang gold deposit (after [66]). Abbreviations: LC, lower crust; UC, upper
crust; M, mantle; OR, orogenic belt.

The 87Sr/36Sr initial value is an essential indicator for determining the diagenetic source
of ore-forming materials. The determination of the Sr isotope composition can be used in
deposit geology research on sources to trace the deep origins or crust-mantle mixing of
magmatic fluids and the source of ore-forming fluids. Generally, values of 8Sr/%Sr > 0.710
are considered to reflect a crustal source, whereas values of 8Sr/#Sr < 0.705 are considered
to reflect a mantle source [13,36,67,68]. The initial value of pyrite in the Daliuhang gold
deposit was lower than the continental crust, but significantly higher than the mantle. The Sr
isotope composition also shows that the source of the minerals has the attributes of a mixed
crust-mantle source.

6.3. Relationship between Gold Mineralization and Ore-Hosting Intrusions

The LA-ICP-MS zircon U-Pb age of the granodiorite was 130.35 &= 0.55 Ma, which is
consistent with the results of previous studies [69-71]. The Rb-Sr isochron age of the pyrite
from the main mineralization period was 117.60 & 0.10 Ma, representing the ore formation age
of the gold deposit belonging to the Early Cretaceous. This is consistent with the metallogenic
age of gold deposits in the Jiaodong Peninsula (120 £ 5 Ma) [17,72-74], indicating that the
gold mineralization in the Jiaodong Peninsula was accomplished in the same structure
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within a short period of time. Microscopic thermometry data of fluid inclusions in the
Jiaodong gold deposits show that the maximum temperature of the mineralizing fluids
was about 350 °C [75,76]. The granite of the Late Jurassic and Early Cretaceous cooled to
300 £ 50 °C at 123 Ma =+ [77,78], indicating that the P-T conditions of the granite in this
period were most conducive to the beginning of gold precipitation. The diagenetic time of
the surrounding rocks (granodiorite) was more than 10 Ma earlier than the mineralization
time. There is no direct association between magmatism and mineralization in terms of
time [79]. However, more than 90% of the gold deposits in the Jiaodong Peninsula are
hosted between the Late Jurassic and Early Cretaceous granite, and there is a particular
connection between the magmatism and the mineralization in terms of spatial location. The
geochemical composition of Guojialing granodiorite shows that its origin was crust-mantle
mixing, which is related to the subduction of the North China Craton by the Paleo-Pacific
Plate in the Mesozoic [80-82]. The lead and strontium isotopic compositions also show
that the source of gold mineralization has the attribute of crust-mantle-mixed source, and
the isotope composition is highly similar to the surrounding rocks. The tectonics of the
Jiaodong Peninsula changed from compressional to extensional tectonics in the Jurassic—
Cretaceous [83,84]. It is inferred that gold-rich initial mantle fluids containing volatile
matter followed structural weak zones, such as faults. During the ascent and intrusion, a
large amount of crustal sulfur was mixed, forming mixed sulfur dominated by crustal sulfur.
The fluid carried the minerals and continued to rise. The fluid had the mineralized material
and continued to rise, and in the crushed zone of the granite with increased tectonic space,
fluid phase separation and sulfidation occurred, and the gold in the surrounding rock was
extracted, thus forming the gold deposits.

7. Conclusions

The ore-forming fluids were the result of the dehydration and decarbonization of the
overlying sediments during the subduction of the Paleo-Pacific plate beneath the eastern
North China Craton in the Early Cretaceous. The magma fluids dominated the formation
of the gold deposits in the early stages, with atmospheric components mixed in during
later stages.

The LA-ICP-MS zircon U-Pb age of the granodiorite was 130.35 & 0.55 Ma. The Rb-Sr
isochron age of the pyrite from the main mineralization period was 117.60 £ 0.10 Ma,
representing the ore formation age of gold deposits, belonging to the Early Cretaceous.

The mineralization of the gold deposits originated from the fluid of mantle magma
mixed with a large amount of crustal material during their ascent. Fluid phase separation
and sulfidation occurred under suitable temperature and pressure conditions, leading to the
extraction of gold from the granite and the formation of gold deposits in the Early Cretaceous.
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