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ABSTRACT

Gold deposits in Precambrian cratons were mostly generated during the formation and
stabilization of the cratons, but the North China Craton (NCC) is unusual in that its gold
deposits were mainly formed ca. 1.7 billion years after its stabilization. A
magmatic-hydrothermal origin or mantle-derived fluid source has been proposed for the giant

gold deposits of the Jiaodong district in the eastern NCC, but direct evidence is sparse and the
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mineralization processes remain controversial. Here, we present the results of a comprehensive
geological, geochronological, and geochemical study of the gold mineralized Xiejia diorite
beneath the Linglong ore field at Jiaodong to link the gold mineralization to underlying
magmatism. Magmatic zircon and titanite grains from the Xiejia diorite have LA-ICP-MS
U-Pb ages of 121.3 £ 0.9 Ma to 120.8 = 1.1 Ma and 121.7 £+ 3.9 Ma, respectively, which are
indistinguishable from the time of gold deposition throughout the Jiaodong district as
constrained by previous studies. The diorite has a shoshonitic composition and is characterized
by strong enrichment in large-ion lithophile elements (LILE) and light rare earth elements
(LREE) along with significant depletion in high-field-strength elements (HFSE) and heavy
rare earth elements (HREE). Samples of the diorite have high initial *’Sr/*°Sr ratios, but low
end(t) and ep(t) values and low Pb isotope ratios. These geochemical characteristics are akin to
those of contemporaneous mafic dikes in most gold mines at Jiaodong, indicating that the
Xiejia diorite was most likely derived from an enriched lithospheric mantle source. The upper
part of the diorite intrusion is pervasively altered and mineralized, containing an average of
0.32 g/t Au but locally up to 7.59 g/t. Hydrothermal titanite from the mineralized diorite has a
LA-ICP-MS U-Pb age of 122.3 + 4.3 Ma, which is consistent with the gold-bearing pyrite
Re-Os isochron age of 122.5 + 6.7 Ma. Ore-related sericite aggregates from the Dongfeng gold
deposit above the Xiejia diorite have an **Ar/*’Ar plateau age of 122.6 + 1.3 Ma. Pyrite from
the mineralized diorite yielded 534SCDT values of 2.1 to 9.7 %o, which are comparable with
those of pyrite (8°*Scpr = 5.8 to 8.1 %o) from gold ores of Dongfeng. Pyrite grains from both
groups also have similar Pb isotope compositions. The sulfur and lead isotope data are

consistent with values of mafic dikes which are spatially and temporally associated with gold
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veins in the Linglong ore field. The results presented here thus indicate a possible genetic link
between gold mineralization in the Xiejia diorite and underlying magma presumably
represented by the Xiejie diorite. The auriferous fluids exsolved from that magma migrated
upwards along the Potouqing Fault to form the Dongfeng gold deposit above the Xiejia diorite.
The mineralized diorite thus links shallow gold mineralization to deep-seated mantle-derived
magmatism generated during the extensive destruction of the NCC induced by the rollback of

the subducted Paleo-Pacific plate.

INTRODUCTION

The Jiaodong gold province in the eastern NCC contains proven gold reserves of more
than 5,000 tons, being the largest gold producer in China and one of the largest gold provinces
in the world (Li et al., 2003; Goldfarb and Santosh, 2014; Groves and Santosh, 2016; Deng et
al., 2020a; Zhang et al., 2020). Available geochronological data reveal that gold mineralization
throughout the Jiaodong province occurred at ca. 120 Ma (Yang and Zhou, 2001; Li et al.,
2003, 2006; Yuan et al., 2019; Zhang et al., 2020), ca. 1.7 billion years after high-grade
regional metamorphism associated with the formation and stabilization of the NCC (Zhao et al.,
2001; Jahn et al., 2008; Goldfarb and Santosh, 2014). Although gold deposits over the district
have been extensively studied, gold source and ore genesis remain hotly debated (Goldfarb and
Santosh, 2014; Zhu et al., 2015; Deng et al., 2020a; Groves et al., 2020). Mesozoic granitoid
intrusions are widespread at Jiaodong and host a major part of gold resources (Fig. 1). The
granitoid magmatism occurred mainly in the 160-150 Ma and 130-126 Ma intervals (e.g.,
Wang et al., 1998; Hou et al., 2007; Xu et al., 2022), predating the gold mineralization by 6 to

40 Myrs. Thus, neither the Precambrian high-grade metamorphic basement rocks nor the
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Mesozoic granitoid intrusions have largely contributed to the giant gold deposits at Jiaodong
(Goldfarb and Santosh, 2014; Wang et al., 2021; Xu et al., 2022).

Mafic to intermediate dikes are widespread in most gold mines at Jiaodong and have close
spatial relations to ore bodies (Yang et al., 2004; Tan et al., 2012; Zhu et al., 2020).
Geochronological studies have shown that these dikes formed between 135 Ma to 108 Ma
(Yang et al., 2004; Liu et al., 2009; Deng et al., 2017; Wang et al., 2020a; Koua et al., 2022),
broadly coeval with gold deposition and the peak of lithospheric destruction of the NCC (Zhu
et al., 2011, 2021; Yang et al., 2021). This temporal and spatial relationship strongly suggests
that both the gold and ore fluids were likely sourced from deep-seated magmatism triggered by
the lithospheric destruction (Li et al., 2003; Zhu et al., 2012, 2015; Wang et al., 2020b). This
view is partly supported by a large collection of stable and noble gas isotope data (Fan et al.,
2003; Mao et al., 2008; Li et al., 2012; Tan et al., 2018; Deng et al., 2020b). However, some
researchers suggest that the auriferous fluids were mostly derived from devolatilization of the
subducting Paleo-Pacific slab or an enriched mantle source above the slab (Goldfarb and
Santosh, 2014; Groves and Santosh, 2016; Groves et al., 2020). Nevertheless, direct
geological evidence remains scarce for either model. Most notably, no causal intrusive bodies
have been documented to support the magmatic hydrothermal model.

Recent prospective drilling in the Linglong ore field at Jiaodong, which reached depths of
more than 2000 m below the present surface, revealed pervasive gold mineralization in the
unexposed Xiejia diorite (Shandong Zhaojin Group Co. LTD, 2015). This discovery provided
an ideal opportunity to examine a possible genetic relationship between gold mineralization

and magmatism in this ore field. Here we present zircon LA-ICP-MS U-Pb ages, whole-rock
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major and trace element data, and Sr-Nd-Hf-Pb isotopic compositions of the diorite to
constrain its petrogenesis. We then use titanite U-Pb, pyrite Re-Os, and sericite *°Ar/*’Ar
isotopes to constrain the timing of the gold mineralization and its temporal relationship to the
Xiejia diorite. Lastly, we use pyrite S and Pb isotope data to provide information on the source
of sulfur and other components in the ore fluids. These results, when combined with previously
published data, support a genetic link between the magmas derived from the enriched

lithospheric mantle of the NCC and gold mineralization in the Jiaodong province.

GEOLOGICAL BACKGROUND

The NCC contains crustal rocks as old as 3.8 Ga (Liu et al., 1992). It consists of the
Eastern and Western Blocks separated by the Trans-North China Orogen (TNCO), which was
produced by a collisional event at ca. 1.85 Ga (Zhao et al., 2001; Fig. 1). This collision led to
the final amalgamation and stabilization of the NCC (Zhao et al., 2001, 2005). Shallow-marine
carbonate platform sediments accumulated on the craton from the late Paleoproterozoic to the
end of the Paleozoic (Yang et al., 1986), whereas multiple Paleozoic to early Mesozoic
orogenic events occurred along its northern and southern margins (Xiao et al., 2003, 2015;
Zhai, 2010; Dong et al., 2011). Late Mesozoic metamorphic core complexes, rift basins,
A-type granites, and bimodal volcanic rocks are widely developed in the eastern NCC, which
are interpreted as the results of extensional tectonism associated with lithospheric destruction
of the NCC (Tian et al., 1992; Ren et al., 2002; Zhu et al., 2010; Charles et al., 2012). The
destruction of the NCC was probably induced by the rollback of the subducted Paleo-Pacific
plate along the eastern Asian margin during the Early Cretaceous (Wu et al., 2005; Zhu et al.,

2012, 2015).
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The Jiaodong gold province is composed mainly of Precambrian metamorphic rocks that
are intruded by large volumes of Mesozoic granitoid intrusions and extensively covered by
terrestrial sedimentary rocks of Cretaceous to Cenozoic ages (Fig. 1). The Precambrian rocks
include the Neoarchean Jiaodong Group, the Paleoproterozoic Fenzishan and Jinshan Groups,
and the Meso-Neo-proterozoic Penglai Group. The Jiaodong Group consists chiefly of TTG
(tonalite-trondhjemite-granodiorite) gneiss and amphibolitic gneiss, whereas the Fenzishan
and Jinshan Groups are composed predominantly of amphibolite facies metasedimentary rocks,
and the Penglai Group consists of metasedimentary rocks (SBGMR, 1991; Tang et al., 2007;
Deng et al., 2020b). Zircon U-Pb dating results have revealed two major magmatic and
metamorphic events at 2.52-2.41 Ga and 2.22-1.81 Ga (Zhao et al., 2001; Jahn et al., 2008;
Zhou et al., 2008).

The Mesozoic granitoid intrusions include the Late Jurassic Linglong suite that comprises
the Linglong biotite granite and Luanjiahe monzogranite with zircon U-Pb ages of 160-150 Ma,
the middle Early Cretaceous Guojialing suite that is dominated by granodiorite emplaced at
130-126 Ma, and the late Early Cretaceous Aishan suite that consists of the Aishan and Yashan
monzogranites dated at 118-113 Ma (Fig. 1; Wang et al., 1998; Hou et al., 2007; Goss et al.,
2010; Yang et al., 2012a). Petrological and geochemical data, along with the presence of
abundant inherited zircons, indicate that the Linglong suite was generated by partial melting of
ancient lower-crustal rocks at depths >50 km, whereas the Guojialing suite was formed by
mixing of eclogite-derived melts, crustal melts, and melts derived from upwelling
asthenospheric mantle (Yang et al., 2003; Hou et al., 2007; Yang et al., 2012a). In contrast,

the Aishan suite resulted from partial melts of lower crustal rocks that subsequently mixed with
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upper mantle-derived materials (Hou et al., 2007; Yang et al., 2012b).

Abundant mafic, intermediate, and felsic dike swarms are widespread in the Jiaodong
province, with zircon U-Pb ages ranging from 135 Ma to 108 Ma (Yang and Zhou, 2001; Liu
et al., 2009; Deng et al., 2017; Wang et al., 2020a). Most of the mafic dikes are enriched in
LILEs and LREEs but depleted in HFSEs, suggesting an enriched lithospheric mantle source
(Liu et al., 2009; Cai et al., 2015; Long et al., 2017; Wang et al., 2020a). Early Cretaceous
volcanic rocks and Cenozoic sedimentary rocks locally overlie both Precambrian basement
rocks and Mesozoic intrusions (Fig. 1; Xie et al., 2012). The volcanic rocks, which comprise a
bimodal mafic-silicic suite, are considered to represent melt products of enriched lithospheric
mantle and ancient lower crust (Ling et al., 2009; Kuang et al., 2012).

The Jiaodong province is structurally dominated by a group of NNE- to NE-trending
faults, which are considered to be secondary and higher-order structures of the continental
Tan-Lu Fault zone (Fig. 1). These faults were originally formed during the Jurassic and then
reactivated in the Early Cretaceous (Deng et al., 2003, 2015). Minor NW-trending faults
locally crosscut the NNE- to NE-trending features (Yang et al., 2014). Most of the gold
deposits are distributed along the Sanshandao, Jiaojia, and Zhaoping Faults, which mostly
developed along favorable lithologic contacts, such as between igneous and metamorphic
rocks or between different igneous bodies (Figs. 1, 2). Gold mineralization throughout the
province consists mainly of quartz-sulfidetcarbonate veins and sulfide disseminations and
veinlets in hydrothermally altered magmatic rocks (e.g., Li et al., 2006; Deng et al., 2020a;

Qiu et al., 2022).
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GEOLOGY OF THE LINGLONG ORE FIELD

The Linglong ore field is the second largest gold concentration in Jiaodong (Fig. 1) and is
lithologically dominated by the Linglong biotite granite and Luanjiahe monzogranite, which
intruded the Neoarchean metamorphic rocks of the Jiaodong Group between 159 =2 to 153 +4
Ma as constrained by zircon U-Pb dating (Fig. 2A; Wang et al., 1998; Yang et al., 2012a). The
Early Cretaceous Guojialing granodiorite (ca. 130 Ma; Wang et al., 1998; Yang et al., 2012a)
occurs mostly in the northwestern and northeastern parts of the ore field (Fig. 2A).

The Linglong ore field is structurally dominated by the Potouqing Fault, which separates
the Linglong biotite granite to the northwest from the Luanjiahe monzogranite to the southeast
(Fig. 2). This fault zone, which is more than 15 km long and 40-320 m wide, strikes 40°-80°
NE, and dips 28°-47° SE. Granitic rocks near the fault zone were subjected to intensive
deformation to form cataclasite or mylonite. Granitic cataclasite, mylonite, and fault gouge
within the fault zone are overprinted by broad zones of hydrothermal alteration (Fig. 2B). The
Linglong Fault strikes 20°-25° NE, dips 65°-85° SE, and cuts through the Linglong biotite
granite and the Potouqing Fault. The NE-trending Jiuqu-Jiangjia Fault is developed on the
footwall of the Potouqing Fault.

Mafic to intermediate dike swarms are common in the ore field, particularly within the
Linglong biotite granite (Fig. 2A). These dikes, mainly consisting of quartz diorite porphyry,
diorite porphyry, and lamprophyre, have whole-rock K-Ar and zircon U-Pb ages of 123.9 £2.5
Ma to 122.3 + 4.3 Ma (Yang et al, 2004; Long et al., 2017). Most of the dikes are
accommodated in the NE-trending faults where they are spatially and temporally associated

with gold veins (Fig. 2A). The mafic to intermediate dikes are enriched in LILEs and LREEs
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and depleted in the HFSEs. They also have relatively high initial *’Sr/**Sr ratios and low exa(t)
values, suggesting derivation from an enriched mantle source (Yang et al., 2004; Long et al.,
2017; Wang et al., 2020a).

More than 1,000 t of gold resources have been discovered in this ore field, with about half
having been mined (Yang et al., 2016; Liu et al., 2019). Several hundreds of gold veins are
hosted in the Linglong granite, where they are controlled by NE-trending faults in the footwall
of the Potouqing Fault. Gold mineralization consists of quartz-sulfide+carbonate veins and
sulfide disseminations in hydrothermally altered granite, both being strictly controlled by the
faults. The quartz-sulfide+carbonate veins are best represented by the Xishan, Dongshan, and
Jiuqu deposits, which are hosted by the Linglong and Jiuqu-Jiangjia Faults and associated
secondary structures (Fig. 2A). The mineralized alteration assemblages are mostly developed
within the Potouqing Fault, with the Taishang, Dongfeng, and Shuiwangzhuang deposits being

the major examples (Fig. 2A; Yang et al., 2016; Liu et al., 2019).

GOLD MINERALIZATION IN THE XIEJIA DIORITE

The Xiejia diorite beneath the Linglong ore field has been revealed by deep drilling in the
Luanjiahe area (Shandong Zhaojin Group Co. LTD, 2015; Shen et al., 2016). Two diamond
drill holes (DDH) encountered the Xiejia diorite at depths of 2065 to 2195 m for DDH72-ZK1,
and 2329 m and 2392 m for DDH84-ZK1, but neither of them penetrated the diorite intrusion
(Fig. 2B). The Potouqing Fault was intersected in the two drill holes at less than 200 m above
the Xiejia diorite (Fig. 2B), and is inferred to connect with the diorite along its downward
direction. A representative drill hole with geological log and gold concentration data is shown

in Supplemental Figure S1.
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The Xiejia diorite is medium-grained (Fig. 3A-C) and composed chiefly of plagioclase
(25-40 modal %), biotite (15-30 %), alkali feldspar (10-20 %), amphibole (5-15 %), and quartz
(5 %) (Fig. 4A), with accessory magnetite, titanite, and zircon. The diorite penetrated by both
drill holes exhibits pervasive hydrothermal alteration, especially in the uppermost parts of the
intrusion (Fig. 3C), with chlorite, sericite, titanite, and calcite being the major alteration phases
(Fig. 4B-C). Coarse-grained calcite commonly occurs in miarolitic cavities within the diorite,
and epidote veins are present locally (Fig. 4D).

Both magmatic and hydrothermal titanite are common in the diorite (Fig. 5). Magmatic
grains are euhedral to subhedral, mostly 200 to 500 um long, and display core-rim textures in
BSE images (Fig. 5A-B); these grains generally coexist with amphibole and plagioclase.
Hydrothermal titanite is closely associated with Au-bearing pyrite, chlorite, quartz, and calcite
(Fig. 5C-F), and is divided into two sub-types. Type 1 titanite grains have irregular shapes and
patchy textures in BSE images (Fig. 5C-D), whereas Type 2 titanite varieties show strong
evidence of hydrothermal metasomatism and are associated with secondary rutile and
bastnaesite (REE mineral) (Fig. SE-F).

Bulk-rock analyses show that the Xiejia diorite is enriched in gold (Fig. 2B, Supplemental
Fig. S1). Specifically, most dioritic samples from drill hole 72-ZK1 are mineralized and
contain detectable gold (>0.05 g/t), with grades up to 7.6 g/t Au between 2114.56 and 2115.56
m, and possessing an average of 0.32 g/t Au between 2065 and 2195 m (Supplemental Fig. S1).
Sulfide minerals are abundant in the altered diorite (locally up to 5 vol.%) (Fig. 3A-C), and
mostly occur as disseminations or interstitial infillings between the rock-forming minerals

(Figs. 3A-C, 6A-D). Pyrite is the most abundant sulfide mineral, locally associated with minor
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pyrrhotite and chalcopyrite. The sulfide minerals, along with chlorite and sericite, typically
replace primary amphibole and plagioclase grains (Fig. 6A). Native gold occurs locally as
infillings along microfractures in pyrite or as inclusions in quartz (Fig. 6B). The sulfide
minerals are typically intergrown with other hydrothermal minerals including quartz, calcite,
and titanite (Fig. 6B-D).

Hydrothermal alteration is also pervasive along the Potouqing Fault zone above the Xiejia
diorite (Fig. 2B, Supplemental Fig. S1). The alteration phases are dominated by potassic
feldspar, sulfides, quartz, and sericite (Fig. 3D). Two orebodies (No. 2-2-6 and No. 2-1-3-1) in
the alteration zone around the Potouqing Fault penetrated by drill hole 84-ZK1 have gold
grades of 1.78 g/t and 1.50 g/t, respectively (Shandong Zhaojin Group Co. LTD, 2015), and
these orebodies are deep extensions of the Dongfeng deposit (Fig. 2). Sulfide minerals in the
mineralized alteration zone consist of pyrite, sphalerite, and galena (Figs. 3D, 6E-F), along
with native gold included in pyrite or sphalerite (Fig. 6E). Sericite in the alteration zone is

spatially related to the sulfide minerals (Fig. 6F).

SAMPLES AND ANALYTICAL METHODS

A total of 108 samples were collected from drill holes 72-ZK1 and 84-ZK1 for this study.
Most samples are from the diorite intrusion, but some samples from the auriferous alteration
zone along the Potouqing Fault were also collected (See Supplemental Table S1 for details of
the representative samples; Fig. 2B). Polished thin sections from each sample were examined
under the microscope to characterize their mineralogy, textures, and paragenesis. Whole-rock
major oxides, trace elements, and Sr-Nd-Hf isotopes were determined for six diorite samples.

Zircon grains extracted from two of those samples were dated using U-Pb isotopes by
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LA-ICP-MS. Titanite grains in polished thin sections of the diorite were analyzed for major
and trace element compositions, as well as U-Pb and Nd isotopes. Pyrite grains from seven
mineralized diorite samples were selected for Re-Os dating, whereas sericite aggregates from
an alteration assemblage along the Potouging Fault were used for **Ar/*’Ar geochronology.
Pyrite grains from the mineralized diorite and alteration zone of the Potouqing Fault were both
selected for in situ S and Pb isotope analysis.

Whole-rock major and trace element analyses were carried out at the ALS Laboratory
Group, Guangzhou, China. Whole-rock Sr-Nd-Hf isotope analyses, mineral U-Pb dating and
elemental analyses were carried out at the Wuhan Sample Solution Analytical Technology Co.
Ltd, China. Lead isotopic compositions of plagioclase and pyrite and sulfur isotopes of pyrite
were determined using LA-ICP-MS at the State Key Laboratory of Geological Processes and
Mineral Resources (GPMR), China University of Geosciences, Wuhan. Rhenium-Os isotopes
were determined at the Laboratory for Sulfide and Source Rock Geochronology and
Geochemistry, Durham University, UK by isotope-dilution negative thermal ionization mass
spectrometry (ID-NTIMS). The “°Ar/’Ar dating of sericite was performed at the Key
Laboratory of Tectonics and Petroleum Resources (TPR), Ministry of Education, China
University of Geoscience, Wuhan. The detailed analytical methods are given in Supplemental

Text S1.
RESULTS
Zircon and Titanite U-Pb ages

Thirty-nine and twenty-four spot analyses of zircon U-Pb isotopes were obtained for

samples LJH41 and LIH66, respectively (Supplemental Table S2, Fig. S2). All spot analyses



263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

for sample LJH41 are concordant, with 13 spots forming a coherent group that yields a
weighted mean LA-ICP-MS *Pb/~*U age of 121.3 + 0.9 [+ 2.2 including the
systematic uncertainty] Ma (2o, MSWD = 0.5) (Fig. 7A-B). The remaining 26 spot analyses
have older LA-ICP-MS **°Pb/***U dates ranging from 2263 to 154 Ma, which are interpreted as
inherited grains (Fig. 7A). Similarly, 12 spot analyses on zircon grains from sample LIH66 are
concordant and yield a weighted mean LA-ICP-MS **°Pb/**U age of 120.8 + 1.1 [+ 2.3
including the systematic uncertainty] Ma (26, MSWD = 0.3) (Fig. 7C-D). The remaining
analyses are also concordant or marginally concordant, with **°Pb/***U dates ranging from 871
to 157 Ma that are interpreted as inherited grains. The U-Pb dating suggests that the Xiejia
diorite was emplaced at ca. 120 Ma.

U-Pb isotope data of titanite are presented in Supplemental Table S3 and shown in
Supplemental Figure S3. Twenty-three spot analyses on magmatic titanite define a lower
intercept LA-ICP-MS age of 121.7 + 3.9 [+ 4.4 including the systematic uncertainty] Ma (2o,
MSWD = 0.3) in the Tera-Wasserburg diagram, with a Y-intercept of common **’Pb/*"°Pb at
0.810 = 0.060 (Fig. 7E). In comparison, the lower intercept LA-ICP-MS age of hydrothermal
titanite is 122.3 + 4.3 [+ 4.8 including the systematic uncertainty] Ma (26, MSWD = 0.3) with

a Y-intercept of common **’Pb/2**Pb composition at 0.800 + 0.030 (Fig. 7F).
Pyrite Re-Os and sericite YAr/PAr dates

Total Re abundances in pyrite grains of seven samples range from 0.75 to 1.50 ppb,
whereas Os abundances are from 2.18 to 13.52 ppt (Supplemental Table S4). Radiogenic Os

(**’Os") dominates the osmium budget for the majority of the samples, and as a result the blank

188

for ""Os comprises a significant component of the measured value (16.7-62.5 %). The samples
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have '"*"Re/"**Os ratios of 361 to 4648 (mostly between 1070 and 4648); they also have
radiogenic '*’0s/"**Os compositions (1.4 to 9.2) and exhibit highly correlated uncertainties
(tho = 0.298 to 0.995, mostly between 0.945 and 0.995). Collectively, the '*'Re/'**Os,
'870s/'%80s, and rho data yielded a Model 3 Re-Os date of ca. 114.5 + 13.2 Ma with an initial
70s/"80s 0f 0.52 + 0.68 (**’0s/'*0s dispersion 0.38 + 0.38 / - 0.16; 26, MSWD = 11; Fig.
8A). The Re-Os data exhibit considerable scatter (overdispersion) about the linear regression,
which is masked by the error correlation in a conventional isochron diagram, but is more
clearly visible on an inverse '*’Re/"*’Os versus '**Os/'*’Os isochron plot, whereby the
imprecise values (those with highly correlated errors) no longer dominate the plot (Fig. 8B; Li
and Vermeesch, 2021). The Re-Os data for three samples (LJH48, LJH61-1, and LJH61-2)
yielded a Model 1 Re-Os date of 122.5 + 6.7 [+ 6.8 including the decay constant] Ma with an
initial "*"0s/'®0s of 0.66 + 0.19 (26, MSWD = 0.005; Fig. 8C), which is consistent with the
inverse isochron age of 122.5 + 6.8 Ma (26, MSWD = 0.005; Fig. 8D).

The “°Ar/Ar dating results for the hydrothermal sericite from sample LIH109 are
summarized in Supplemental Table S5. The sample yielded a plateau age of 122.6 + 1.3 Ma (20,
MSWD = 2.4), consisting of five contiguous steps that account for 60 % of the total **Ar
released (Fig. 9A). The spectra are characterized by young apparent ages in the initial several
steps, which reflect minor argon loss after crystallization of the sericite (e.g., Li et al., 2006).
Partial argon loss is also implied by the integrated age, which is ca. 1 Myr younger than the
corresponding plateau age (Fig. 9A). The argon loss from the sericite may have been caused by
later tectonothermal events associated with the evolution of the Linglong metamorphic core

complex (Wu et al., 2020). The plateau-age steps form a well-defined isochron in the **Ar/*Ar



307  versus *°Ar/*Ar diagram (Fig. 9B), with an isochron age of 121.3 + 2.8 Ma (26, MSWD = 1.9)

308 that is indistinguishable within uncertainty from the plateau age.
309 Major and trace element compositions of whole-rock diorite samples

310 Diorite samples commonly have large loss on ignition (LOI) ranging from 3.56 to 7.39 wt.%
311 (Supplemental Table S6), which reflects the variable degrees of hydrothermal alteration (Fig.
312 4B-D). These samples contain 46.98-54.32 wt.% SiO, and 5.22-6.32 wt.% total alkalis (Na,O
313  + K,0), and plot in the fields of gabbro and syeno-diorite in the SiO, vs. (Na,O + K,0)
314 diagram (Fig. 10A). In the Nb/Y vs. Zr/TiO, diagram (Fig. 10B), the rocks plot in the andesite
315 and dacite fields. All the samples are shoshonitic and metaluminous (Fig. 10C-D), significantly
316  enriched in LILEs, and depleted in HFSEs (Fig. 10E). The XREE contents of the samples range
317  from 203 to 338 pg/g, and all samples are characterized by LREE enrichment relative to
318  HREEs, with (La/Yb)y ratios of 15.8-37.5 (Fig. 10F) and weak Eu anomalies (0.85-1.04; 0Eu =
319  2[Eu]y/ ([Sm] n + [Gd] n). The geochemical characteristics of the Xiejia diorite compare
320 closely to those of the Early Cretaceous mafic dikes in the Linglong ore field and throughout

321  Jiaodong province (Yang et al., 2004; Ma et al., 2016).
322  Whole-rock Sr-Nd-Hf and plagioclase Pb isotopes

323 Whole-rock Sr-Nd-Hf isotopes for the Xiejia diorite are listed in Supplemental Table S7.
324 All samples show relatively uniform initial *’Sr/**Sr ratios of 0.70722 to 0.70780 at 120 Ma
325  and have exg(t) (t= 120 Ma) values of —13.2 to —14.7 (Fig. 11A). The samples have '"°Hf/'""Hf
326  ratios of 0.28218 to 0.28225 that correspond to calculated ey(t) (t = 120 Ma) values of —16.9

327 and —-19.3 (Fig. 11B). Lead isotopic ratios of plagioclase are relatively uniform at
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16.695-16.899 for *"Pb/*Pb, 15.377-15.453 for *“’Pb/’*'Pb, and 36.949-37.198 for
208pp2%ph (Supplemental Table S8). They all plot above the Northern Hemisphere Reference

Line (NHRL) in the **°Pb/***Pb vs. **’Pb/***Pb and ***Pb/***Pb diagrams (Fig. 11C-D).
Major and trace element compositions of titanite

Magmatic titanite from the Xiejia diorite (» = 23) contains 56.23-60.77 wt.% CaO+TiO,
and 2.31-4.10 wt.% Al,Os+Fe;03, whereas the hydrothermal variety (n = 19) has higher
Ca0O+TiO, (60.83-63.83 wt.%) and lower Al,O3+Fe,O3 (1.97-3.13 wt.%) (Supplemental Table
S9; Fig. 12A). The magmatic titanites have moderate to high concentrations of U (36-558 ppm),
Th (94-964 ppm), Zr (210-5,114 ppm), Y (1,876-9,217 ppm), Nb (842-4,796 ppm), Ta (29-468
ppm), and > REEs (16,069-34,380 ppm; Fig. 12B). In chondrite-normalized REE patterns, they
are characterized by large and variable LREE/HREE ratios (5.0-16.6) and (La/Yb)y ratios
(4.1-16.6) (Fig. 12C), with negative Eu anomalies (0.35-0.64) and positive Ce anomalies
(3.6-4.6) (Fig. 12D). In sharp contrast, the hydrothermal varieties contain much lower U
(2.8-79 ppm), Th (7.3-500 ppm), Zr (37-3,008 ppm), > REEs (785-12,270 ppm), Y (209-2,605
ppm), Nb (26-1,432 ppm), and Ta (1.0-107 ppm) (Supplemental Table S9; Fig. 12B). In
chondrite-normalized REE patterns, the hydrothermal titanite displays relatively low
LREE/HREE ratios of 1.1-9.0 and (La/YDb)y ratios of 0.1-5.1 (Fig. 12C), with highly variable
Eu anomalies (0.66-1.97) and weak positive Ce anomalies (2.1-3.8) (Fig. 12D). The gradual
decrease in REEs (notably for LREEs) from magmatic titanite to its hydrothermal variety (Fig.
12B-C) suggests that the REEs might have been released to the hydrothermal fluids during the

alteration of the magmatic titanite to form REE-rich minerals such as bastnaesite (Fig. 5SE-F).
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Nd isotopes of titanite

The measured '**Nd/"*'Nd ratios of magmatic titanite range from 0.511822 t0 0.511902 (n
= 10), which correspond to calculated exq(t) (# = 120 Ma) values of —13.3 to —14.6. These
values are indistinguishable from the eng(t) values of the whole-rock diorite samples
(Supplemental Table S10; Fig. 13A). Both type 1 and type 2 hydrothermal titanites show
restricted '*Nd/"**Nd values of 0.511833-0.511888 (n = 8) and 0.511835-0.511934 (n = 9),
respectively. The calculated eng(t) (t = 120 Ma) values are —13.5 to —14.5 for type 1 titanites
and —12.8 to —14.7 for type 2 grains, consistent with those of the magmatic titanite and

whole-rock samples of the Xiejia diorite (Fig. 13A).
In situ S and Pb isotopes of pyrite

Gold-bearing pyrite from the mineralized Xiejia diorite has 8**Scpr values ranging from
2.1 to 9.7 %o (mean of 5.3%o, n = 32), whereas grains from the auriferous hydrothermal
alteration zone along the Potouqing Fault vary from 5.8 to 8.1 %o in 8°*Scpr (mean of 7.2 %o, n
=12) (Supplemental Table S11). The pyrite sulfur isotope data overlap those of gold deposits in
the Linglong ore field (Fig. 13B).

The low contents of total Pb in pyrite from the Xiejia diorite led to large uncertainties in
the Pb isotopic ratios, which are 16.989-17.413 for *°Pb/***Pb, 15.386-15.649 for ’Pb/***Pb),
and 37.535-38.313 for ***Pb/***Pb (Supplemental Table S12). Pyrite from the alteration zone of
the Potouqing Fault has 2pp/2%ph  ratios of 17.362-17.449, *’Pb/*”Pb ratios of
15.460-15.483, and *°®Pb/***Pb ratios of 37.931-38.042. There is no obvious difference in Pb
isotope ratios between pyrite from the alteration zone of the Potouqing Fault and the gold

deposits in the Linglong ore field (Fig. 13C-D).
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DISCUSSION
Ages of the diorite intrusion and associated gold mineralization

Most of the zircon grains dated in this study have high Th/U ratios and are characterized
by oscillatory zoning in CL images (Supplemental Table S2, Fig. S2), indicating a magmatic
origin (Hoskin and Schaltegger, 2003). Thus, zircon LA-ICP-MS U-Pb dates obtained here
(121.3 £ 0.9 Ma and 120.8 £ 1.1 Ma) are interpreted as the best estimate for the time of
emplacement of the Xiejia diorite. This emplacement age is further confirmed by the
LA-ICP-MS U-Pb date of 121.7 &+ 3.9 Ma of the magmatic titanite (Fig. 7E).

Hydrothermal titanite associated with Au-bearing pyrite (Figs. 5C-D, 6B, D) yielded a
LA-ICP-MS U-Pb age of 122.3 + 4.3 Ma (Fig. 7F), which is interpreted as the time of
disseminated gold mineralization in the Xiejia diorite. This age overlaps the pyrite Re-Os
isochron age of 122.5 + 6.7 Ma (Fig. 8A, C) and the sericite **Ar/*’Ar plateau age of 122.6 +
1.3 Ma (Fig. 9A). The good agreement of the dating results by different methods confirms the
reliability of the Re-Os and AP Ar analyses when interpreted as the time of gold deposition,
although both datasets are small. The similar ages of the ore mineral and associated alteration
phases from the Potouqing Fault further confirm that gold mineralization within and above the
Xiejia diorite occurred broadly coevally during the Early Cretaceous, penecontemporaneous
with the formation of known gold deposits in the Linglong ore field and other locations in the
Jiaodong province at ca. 120 Ma (Yang and Zhou, 2001; Li et al., 2003; Zhang et al., 2020;
Deng et al.,, 2020a). It is noteworthy that the age of gold deposition constrained from
geochronological data of ore and gangue minerals is indistinguishable from U-Pb ages of

magmatic titanite and zircon grains from the Xiejia diorite (Fig. 14). This consistency suggests
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a likely genetic relationship between the gold mineralization and deep-seated magmatism

represented by the Xiejia diorite (further discussed below).
Genesis of gold mineralization in the diorite

Sulfur and Pb isotope data presented here provide useful information on the origin of the
gold mineralization in the Xiejia diorite. Because pyrite is the predominant sulfur-bearing
mineral in the mineralized diorite, it is reasonable to assume that the pyrite 834SCDT values
represent the bulk sulfur isotopic composition of the ore fluids (Ohmoto and Rye, 1979).
Gold-bearing pyrite grains from the diorite have §**Scpr values ranging from 2.1 to 9.7 %o with
an average of 5.3%o (Supplemental Table S11), which overlap the sulfur isotopic compositions
of the Early Cretaceous intermediate-mafic dikes in the Jiaodong province (8°*Scpr = 0.8 to
10.8 %o0; Huang, 1994; Zhang et al., 2014). These values are slightly to moderately higher than
those typical of magmatic sulfur, likely reflecting: (1) derivation from an oxidized magma
(Deng et al., 2020b; Zhu et al., 2015), which is partly supported by the presence of abundant
magnetite, high ferric iron contents, and positive Ce anomaly of magmatic titanite in the Xiejia
diorite (Supplemental Table S9, Fig. 12; King et al.,, 2013), (2) partial melting of a
metasedimentary lower crustal source as partly supported by the abundant inherited zircon
with a broad spread of ages, and/or (3) mixing with meteoric water which had leached heavy S
isotope from the Jiaodong Group (e.g., Yuan et al., 2019). The 8**Scpr values of pyrite from
the alteration zone along the Potouqing Fault vary from 5.8 to 8.1 %o (Supplemental Table S11,
Fig. 13B), which overlap values of gold deposits in the Linglong ore field (6.4 to 8.6 %) (Hou
et al., 2000) and are consistent with those from the mineralized Xiejia diorite (Fig. 13B). Thus,

the sulfur isotope data suggest a common magmatic sulfur source for gold mineralization both
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in the Xiejia diorite and in the Linglong ore field.

Pyrite from the Xiejia diorite has Pb isotope ratios (Supplemental Table S12) consistent
with those of pyrite from the mineralized alteration zone of the Potouqing Fault and partly
overlapping the coeval mafic dikes in the Linglong ore field (Fig. 13C-D). This observation
suggests a similar magmatic lead source. There is a linear trend of Pb isotopes from plagioclase
and pyrite in the diorite to pyrite in the alteration assemblages in the Potouqing Fault and the
gold deposits in the Linglong ore field (Fig. 13C-D), suggesting that progressive partial
alteration of plagioclase in the intrusion could have played a key role in fractionation of the Pb
isotopes. Collectively, the S and Pb isotope data indicate a magmatic origin for the gold
mineralization in the diorite. This view is confirmed by the age similarity between gold
mineralization and the Xiejia diorite.

The close spatial and temporal relationships and similar isotopic compositions between
the diorite and the alteration zone along the Potouqing Fault (Fig. 2B) suggest two possible
scenarios for the origin of the disseminated gold mineralization in the diorite: (1) deep-seated
magmatic hydrothermal fluids ascended along the Potouqing Fault and then altered the
pre-existing Xiejia diorite, or (2) hydrothermal fluid originating from the Xiejia diorite and/or
an underlying magma chamber gradually altered and mineralized the upper part of the intrusion,
and subsequent migration of this fluid along the Potouqing Fault caused extensive alteration
and gold mineralization.

The first scenario can be excluded because the alteration minerals show a progressive
decrease in temperature from the intrusion to the above fault zone, consistent with the cooling

of an intrusion-derived fluid as it altered the wall rocks. Alteration assemblages in the diorite,
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including hydrothermal titanite with temperatures mostly above 300°C (e.g., Browne, 1978,
Cao et al., 2015), attest to higher fluid temperatures in the most altered part of the diorite. In
contrast, alteration assemblages along the Potouqing Fault have relatively low-temperature
hydrothermal mineral assemblages that mainly formed below 300°C (Yang et al., 2016).
Thus, we favor the second model, in which gold mineralization formed from
hydrothermal fluids exsolved from the Xiejia diorite and/or underlying magma chamber,
which was the feeder of the Xiejia diorite. This conclusion is supported by several lines of
evidence: (1) miarolitic cavities in the diorite are commonly filled with hydrothermal minerals
such as coarse-grained calcite (Figs. 3A-B, 4D). Such cavities are generally considered to
reflect abundant volatiles during the late stages of magma evolution (Candela, 1997). (2) Gold
mineralization accompanied by hydrothermal alteration occurs both in the diorite and the
overlying Potouqing Fault (Figs. 2, 3). The close tempo-spatial relationships between
mineralization in the diorite and the Potouqing Fault and the similar S-Pb isotopic signatures

suggest a common fluid source.

Petrogenesis of the gold-mineralized diorite

The Xiejia diorite is geochemically and isotopically consistent with the Early Cretaceous
mafic to intermediate dikes that are widely distributed in the Linglong ore field (Fig. 2A) and
throughout the Jiaodong province. These dikes consistently display arc-like trace element
patterns and Sr-Nd-Pb isotopic compositions, and are thought to have been derived from an
enriched lithospheric mantle source (Liu et al., 2009; Cai et al., 2015; Long et al., 2017; Wang
et al.,, 2020a). The emplacement age and geochemical signatures of the Xiejia diorite are

comparable to those of the mafic to intermediate dikes (Figs, 10, 11, 14), permitting the
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inference that the Xiejia diorite was most likely derived from the same source.

The Xiejia diorite contains Archean to Late Jurassic inherited zircons (Supplemental
Table S2, Fig. 7). The presence of Neoproterozoic zircons in the Xiejia diorite likely reflects
deep subduction of the Yangtze craton beneath the NCC or insertion of rocks of the Yangtze
craton into the nearby crust of the NCC by thrusting and folding (Zhai, 2010). This
interpretation is supported by the general absence of Neoproterozoic rocks in the NCC and
their abundance in the Yangtze craton (Zheng et al., 2004). However, the Xiejia diorite cannot
be explained simply by significant contamination of mafic magmas by crustal materials. Such a
process would have led to significant increases in the initial *’St/*®Sr ratios of the diorite and a
progressive decrease in eng(t) values with increasing SiO, (Ma et al., 2014a). Instead, the
Xiejia diorite is characterized by relatively constant Sr-Nd isotopes that do not vary with
changes of SiO, but are consistent with those of coeval mafic dikes in the Jiaodong province
(Fig. 11E-F). Such homogeneous Sr-Nd isotopes suggest that the assimilation of crustal
materials from the Yangtze craton was too subtle to affect the isotope signature of the diorite
magma. In addition, the diorite has much higher Sr (844-1220 ppm), Rb (63.5-126.5 ppm), and
Ba (1090-1945 ppm) contents than those of crustal rocks from the NCC and Yangtze craton (Sr
=254-350 ppm; Rb = 59-79 ppm; Ba = 633-688 ppm) (Gao et al., 1998). Thus, the enriched
Sr-Nd isotopes and negative Nb-Ta-Ti-Zr-Hf anomalies of the Xiejia diorite represent original
features of the metasomatized mantle source rather than having been caused by crustal
contamination (Thirlwall et al., 1994).

Other geochemical characteristics of the Xiejia diorite, such as LILE enrichment and

HFSE depletion, are similar to those of Aleutian arc basalts derived from partial melting of a
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mantle peridotite metasomatized by slab fluids (Kelemen et al., 2014). However, the Xiejia
diorite has much higher initial *’St/*°Sr ratios than normal slab fluids (*’Sr/*Sr = 0.7041;
Tatsumi, 2001). Aqueous fluids from the altered oceanic crust (87Sr/868r = 0.7092; Tatsumi,
2001) and/or marine sediments (*’Sr/*°Sr = 0.7053-0.7312; Plank and Langmuir, 1998) are the
most likely source of the high initial Sr isotopic ratios of the Xiejia diorite. The oceanic crust
has higher exg(t) and eyg(t) values (e.g., MORB > 0; Hofmann, 2004) than those of the Xiejia
diorite (Fig. 11A-B), which means that a metasomatic agent derived merely from subducted
oceanic crust cannot explain the low exq(t) and epe(t) values of the Xiejia diorite. Chemical
modeling of Tatsumi and Hanyu (2003) showed that only a small amount of sediment-derived
fluid (<0.1%) would suffice to modify the isotopic signature of subduction-related magmas.
Thus, fluids released from subducted marine sediments may have played an important role in
metasomatizing the mantle source of the Xiejia diorite magma. Recent studies have proposed
that subduction of the Yangtze Craton beneath the NCC may also have led to
metasomatization of the sub-continental lithospheric mantle (SCLM) beneath the Jiaodong
province (Wang et al., 2020a; Xiong et al., 2020, 2021).

In summary, the Xiejia diorite was most likely derived from an enriched lithospheric
mantle source that was modified by melt/fluid liberated from a subducting oceanic slab
containing marine sediments and/or continental crust associated with subduction of the
Yangtze Craton beneath the NCC. In addition to the Xiejia diorite, many other coeval mafic
rocks including lamprophyres, gabbros, and basalts occur in the Jiaodong province, all of
which were most likely derived from a similar enriched lithospheric mantle source (Xu et al.,

2004; Yang et al., 2004; Gao et al., 2008; Wang et al., 2020a; Koua et al., 2022). The
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presence of these magmatic rocks, together with coeval faulted basin and metamorphic core
complexes in the eastern NCC are regarded as shallow responses to the destruction of the NCC

during the Late Mesozoic (Zhu et al., 2012, 2015; Wu et al., 2019).

Implications for the origin of decratonization-related gold deposits

Numerous geochronological studies have shown that gold mineralization in the Jiaodong
district occurred at ca. 120 Ma (Yang and Zhou, 2001; Li et al., 2003, 2006; Yuan et al., 2019;
Zhang et al., 2020), coincident with the peak of destruction of the NCC (Zhu et al., 2011,
2012). Accordingly, these gold deposits have been defined as decratonization-related gold
deposits, and their genesis has been interpreted to be related to mantle-derived magmatism in
an extensional setting associated with lithospheric destruction (Li et al., 2003; Zhu et al., 2012,
2015). Some previous researchers proposed that the mineralizing fluids were derived directly
from the subducting Paleo-Pacific slab or dehydrating metasomatized mantle (Goldfarb and
Santosh, 2014; Groves and Santosh, 2016; Groves et al., 2020). In either model, it is uncertain
how gold was extracted from the mantle and finally deposited in the upper crust at Jiaodong.

The results presented here indicate that the gold in the Xiejia diorite and the Linglong ore
field was deposited from magmatic hydrothermal fluids exsolved from the diorite magma
and/or a deeper-seated magma chamber (Fig. 15). The Xiejia diorite and coeval mafic dikes
were both derived from parental magmas generated from the enriched lithospheric mantle,
which was extensively modified by slab-derived melts/fluids prior to destruction of the NCC
(Ma et al., 2014b; Deng et al., 2017; Wang et al., 2020a). Gold may have been preferentially
extracted by volatile-rich, shoshonitic, mafic magmas from the metasomatized mantle source

(Wang et al., 2020b; Wang et al., 2022), comparable to the metal enrichment seen in alkali
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basalts in partially melted xenoliths of metasomatised mantle (Rielli et al., 2022). Minor
amounts of such magmas rose rapidly due to their low viscosity and were emplaced into
shallow fractures to form the extensive mafic dikes (best represented by lamprophyres) as a
prelude to the gold mineralization. With extensive thinning of the NCC and associated melting
of the lithospheric mantle, large volumes of mafic magma accumulated in the lower crust
where it evolved through assimilation and fractional crystallization (AFC). If gold and sulfides
were present in the lower crustal materials, it is possible that the mantle-derived magmas were
further enriched during the AFC processes (e.g., Tomkins and Mavrogenes, 2003). The
remaining magma then migrated upward and was emplaced into the overlying fault system in
the shallow crust as represented by the Xiejia diorite intrusion. Auriferous fluids exsolved from
the cooling magma altered the upper part of the diorite leading to the disseminated gold
mineralization. Further migration of the fluids along the Potouqing Fault and its subsidiary
structures caused extensive alteration and gold mineralization at Dongfeng. By inference, other
gold vein deposits in the Linglong ore field may have also formed by a similar process.
Destruction of the NCC in the Early Cretaceous, accompanied by lithospheric thinning
and extensional tectonism, caused significantly elevated heat flow and produced voluminous
mafic magmas from the SCLM (Wu et al., 2005; Zhu et al., 2012, 2020; this study). In this
setting, the mantle and lower crust underlying the Jiaodong gold province were too hot for
fluids to pass through without causing melting (Tomkins and Grundy, 2009; Weinberg and
Hasalova, 2015; Phillips, 2022). Thus, it is highly improbable that fluids generated from a
subducting slab or metasomatized mantle beneath Jiaodong were able to migrate directly to

the sites of ore formation in the upper crust (e.g., Goldfarb and Santosh, 2014; Groves and
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Santosh, 2016). Our study therefore not only confirms that the giant Jiaodong gold province
originated from mantle-derived magmas, but also supports the incorporation of gold and
sulfur into the hydrothermal fluids exsolved from an upper crustal magma chamber. This
model addresses most of the controversies discussed in recent literature and emphasizes the
key role of both metasomatized mantle and tectonic evolution in the formation of
decratonization-related gold deposits. Moreover, the gold metallogenic model from the
Jiaodong province may have important implications on the source and process of other gold
systems, which are hosted in ancient cratons that have undergone destruction or deformation
like the NCC, e.g., Nevada’s Carlin-type gold deposits in the western North America Craton

(Cline et al., 2005; Muntean et al., 2011).
CONCLUSIONS

Our results provide strong evidence that mantle-derived magmatism played an important
role in the formation of the giant gold deposits of the Jiaodong province. The main conclusions
are summarized as follows:

(1) Results of zircon LA-ICP-MS U-Pb, titanite LA-ICP-MS U-Pb, pyrite ID-NTIMS
Re-Os, and sericite *Ar/*’ Ar dating consistently indicate that disseminated gold mineralization
in the Xiejia diorite occurred at ca. 120 Ma, coevally with emplacement of the intrusion and
gold mineralization in the Linglong ore field.

(2) Gold-bearing pyrite grains from the Xiejia diorite have 5**Scpr values and Pb isotopic
ratios that are consistent with those of the contemporaneous mafic dikes in the Linglong ore
field, suggesting a magmatic source for the gold. The ore fluids were derived from the diorite

magma and/or a deeper magma chamber beneath the diorite.
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(3) The Xiejia diorite is shoshonitic and metaluminous in composition and is
characterized by LILE and LREE enrichment and HFSE depletion. In addition, it has negative
Nb, Ta, and Ti anomalies, high initial 7Sr/%Sr ratios, low end(t) and ep(t) values, and low Pb
isotopic ratios. These geochemical signatures are similar to those of the mafic dikes closely
associated with gold veins in the Jiaodong province, suggesting that both originated from an
enriched lithospheric mantle source.

(4) Mafic magmas, which were generated by partial melting of the enriched lithospheric
mantle beneath the NCC due to its thinning and destruction in the Early Cretaceous, extracted
gold, sulfur, and other volatiles from the source region. The parental magmas not only
produced extensive mafic magmatism in the Jiaodong district, but also accumulated in the
lower crust where they were modified by MASH processes, and then migrated to a magma
chamber in the upper crust. Auriferous hydrothermal fluids exsolved from the cooling magma,
leading to the deposition of gold and sulfide minerals in shallow fractures associated with

regional faults, finally forming the giant gold deposits in the Jiaodong province.
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FIGURE CAPTIONS

Fig. 1 Geological map of the Jiaodong province showing the distribution of the main Au
deposits in this district (modified from Li et al., 2003; Yang et al., 2014). Also shown in the
insert map is the location of the Jiaodong gold province in the eastern margin of North China
Craton. Abbreviations: TNCO: Trans-North China Orogen, UHP: ultrahigh pressure.

Fig. 2 A. Geological map of the Linglong ore field (modified from Yang et al., 2016; Shandong
Zhaojin Group Co. LTD, 2015), showing the distribution of major faults and representative
gold deposits, and providing the location of the drill holes (72-ZK1 and 84-ZK1) which
intersected the mineralized diorite. B. Cross-section along prospecting line 72 (modified from
Shen et al., 2016) and simplified geological column for 72-ZK1 (Supplemental Fig. S1) in the
Xiejia area.

Fig. 3 Photographs showing features of the Xiejia diorite (A-C) and the alteration zone along
the Potouqing Fault (D) intersected by the drill holes. Locations of the samples are shown in
Fig. 2B. A and B. Typical rocks of the Xiejia diorite, which are comprised of amphibole,
plagioclase, biotite, and quartz. Note the distribution of disseminated pyrite and calcite. C. Top
of the Xiejia diorite. Note the appearance of hydrothermal minerals including epidote and
pyrite. D. Silicification and sericitization in the Potouqing Fault zone. Note the common
presence of sulfide minerals including pyrite, sphalerite, and galena in all the samples.
Abbreviations: Am = amphibole, Bt = biotite, Pl = plagioclase, Kfs = K-feldspar, Ep = epidote,
Qtz = quartz, Py = pyrite, Sp = sphalerite, Gn = galena, Ser = sericite, Cal = calcite.

Fig. 4 Photomicrographs under crossed polarized light (CPL) showing minerals and textures of

the Xiejia diorite. A. Fresh rock showing the dominant compositions of the diorite: plagioclase,
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biotite, amphibole. B. Amphibole and plagioclase of the diorite replaced by chlorite and
sericite, respectively. C. Core of a plagioclase grain replaced by sericite and calcite. Note the
large pyrite grain. D. Coarse-grained epidote and calcite in the diorite. Abbreviations: Chl =
chlorite, others as in Fig. 3.

Fig. 5 Photomicrographs under transmitted light (A), reflected light (C, E) and corresponding
BSE images (B, D, F) showing the characteristics of different types of titanite in the Xiejia
diorite. A, B. Magmatic titanite (Ttn-M) coexisting with amphibole, plagioclase, and biotite
from a fresh diorite rock. The titanite is euhedral to subhedral, showing a core-rim texture in
the BSE image (B). C, D. Hydrothermal titanite of type 1 (Ttn-H1) intergrown with pyrite and
quartz from an altered sample of diorite. The titanite is irregular with a patchy texture in the
BSE image (B). E, F. Hydrothermal titanite of type 2 (Ttn-H2) displaying a typical replacement
texture and coexisting with chlorite and calcite. Note the rutile and bastnaesite that occur in the
relict texture of titanite. Abbreviations: Ttn = titanite, Bsn = bastnaesite, Rt = rutile, Others as
in Figs. 3-4.

Fig. 6 Photomicrographs showing the characteristics of sulfide and gold minerals in the Xiejia
diorite (A-D) and alteration zone of the Potouqing Fault (E-F). A and F are under transmitted
light, whereas others are under reflected light. A. Pyrite and chlorite have replaced an
amphibole grain. B. Native gold occurs as infillings of microfractures in pyrite, and as
micro-inclusions hosted in quartz. Note that titanite is intergrown with pyrite. C. Coexisting
pyrite, pyrrhotite, and chalcopyrite. D. Coexisting pyrite and hydrothermal titanite, which are
replaced or cut by pyrrhotite. E. Sulfide aggregation including pyrite, sphalerite, chalcopyrite,

and galena in the alteration zone. Note that native gold occurs as micro-inclusions in the
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sphalerite F. Hydrothermal sericite in close association with pyrite in the alteration zone.
Abbreviations: Au = native gold, Ccp = chalcopyrite, Po = pyrrhotite, others as in Figs. 3-5.
Fig. 7 LA-ICP-MS U-Pb Concordia diagrams (A, C) and corresponding 206pp 238y weighted
mean ages (B, D) for zircons of the Xiejia diorite. LA-ICP-MS U-Pb Tera-Wasserburg
diagrams for magmatic (E) and hydrothermal (F) titanite of the Xiejia diorite. [+ *] shows the
total uncertainty including the systematic uncertainty.

Fig. 8 Re-Os isochron diagram (A) and inverse isochron diagram (B) for pyrite from the
mineralized Xiejia diorite. Three of those pyrite samples (LJH48, LJH61-1, and LJH61-2)
yield consistent Re-Os isochron (C) and inverse isochron (D) dates.

Fig. 9 A. *"Ar/”’Ar age spectra of hydrothermal sericite from the alteration zone along the
Potouging Fault. B. **Ar/*’ Ar normal isochron of the hydrothermal sericite.

Fig. 10 Major and trace-element plots for the rocks of the Xiejia diorite. A. SiO; vs. Na,O +
K,0 (after Cox et al., 1979). B. Nb/Y vs. Zr/TiO; (after Winchester and Floyd, 1977). C. SiO,
vs. K,O (after Peccerillo and Taylor, 1976). D. A/CNK vs. A/NK. E. Chondrite-normalized
REE patterns. F. Primitive mantle-normalized immobile trace element patterns. All major
element contents were normalized to 100% on a LOI-free basis before plotting in the diagrams.
Data for the coeval mafic dikes in the Linglong ore field are shown for comparison in E and F
(Yang et al., 2004).

Fig. 11 A. Initial 781/*%Sr vs. end(t) diagram for the Xiejia diorite. B. T vs. ep«(t) diagram for
the Xiejia diorite. C, D. 2*Pb/***Pb vs. 2**Pb/***Pb and **°Pb/***Pb vs. 2"Pb/***Pb plots for the
plagioclase of the Xiejia diorite. E. SiO5 vs. initial *’St/**Sr diagram for the Xiejia diorite. F.

Si0; vs. eng(t) diagram for the Xiejia diorite. Data sources: Fields for MORB, OIB, and NHRL
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(north hemisphere reference line) are from Hart (1984). Fields for the lower and upper crust of
the NCC are from Jahn et al. (1999). Cretaceous mafic dikes in Jiaodong are from Yang et al.
(2004), Liu et al. (2009), Ma et al. (2014a, 2014b), Cai et al. (2015), Deng et al. (2017), and
Wang et al. (2020b); Granites in Jiaodong are from Yang et al. (2003), Hou et al. (2007), Yang
et al. (2012a), and Liu et al. (2014).

Fig. 12 Major and trace-element plots for magmatic and hydrothermal titanite of the Xiejia
diorite. A. CaO+TiO; vs. Al,Os+Fe,Os. B. Chondrite-normalized REE patterns. C. (La/Yb)N
vs. LREE/HREE. D. Eu* vs. Ce*.

Fig. 13 A. Histogram of exq(t) for the whole-rock diorite and titanite. The eng(t) data for the
mafic dikes from the Linglong ore field are from Yang et al. (2004) and Long et al. (2017). B.
Sulfur isotopic histogram for pyrite from the Xiejia diorite and alteration zone along the
Potouqing Fault. The S isotopic data of pyrite from a gold deposit in the Linglong ore field are
from Hou et al. (2006). C and D. Thorogenic (C) and uranogenic (D) diagrams for the
plagioclase and pyrite from the Xiejia diorite and pyrite from the alteration zone along the
Potouqing Fault. The Pb isotopic data of pyrite from gold deposits in the Linglong ore field are
from Hou et al. (20006).

Fig. 14 Diagram illustrating the ages of magmatism and gold mineralization in the Linglong
ore field. Ages of the Xiejia diorite and gold mineralization in/above the diorite are from this
study. Ages of the Linglong, Luanjiahe, and Guojialing magmatic rocks and the mafic dikes in
the Linglong ore field are from Yang et al. (2004) and Yang et al. (2012a). Ages of gold
mineralization in the Linglong ore field are from Yang and Zhou (2001) and Zhang et al.

(2020).
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Fig. 15 A proposed cartoon illustrating the genesis of the Early Cretaceous mafic magmatism

and the process of gold mineralization in the Linglong ore field.

'Supplemental Material. Supplemental Material including one text file (analytical methods),
three figures, and twelve excel files. Please visit https://doi.org/10.1130/XXXX to access the

supplemental material and contact editing@geosociety.org with any questions.

Supplemental Text S1. Analytical methods

Supplemental Figure 1. Geological log showing the detailed rock characters and corresponding
gold grade of the drill hole 72ZK1. The gold concentration data is from Shandong Zhaojin
Group Co. LTD (2015). Note the anomalous gold grade of diorite deep in the drill hole.
Supplemental Figure 2. CL images of zircon grains with corresponding **°Pb/***U dates from
the Xiajie diorite.

Supplemental Figure 3. Photomicrographs of representative titanite grains for U-Pb dating
from the Xiajie diorite.

Supplemental Table S1. Locations and descriptions of representative samples in this study
Supplemental Table S2. LA-ICP-MS zircon U-Pb data of the Xiejia diorite

Supplemental Table S3. LA-ICP-MS titanite U-Pb data of the Xiejia diorite

Supplemental Table S4. Re-Os isotopic compositions of pyrite from the Xiejia diorite
Supplemental Table S5. PAr/ P Ar isotopic compositions of sericite from the altered zone of the
Potouqing Fault

Supplemental Table S6. Major and trace element compositions of the Xiejia diorite
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Supplemental Table S7. Sr, Nd, and Hf isotopic compositions of the Xiejia diorite
Supplemental Table S8. In situ Pb isotopic compositions of feldspar from the Xiejia diorite
Supplemental Table S9. Major and trace element compositions of titanite from the Xiejia
diorite

Supplemental Table S10. In situ Nd isotopic compositions of titanite from the Xiejia diorite
Supplemental Table S11. In situ S isotopic compositions of pyrite from the Xiejia diorite and
alteration zone of the Potouqing Fault

Supplemental Table S12. In situ Pb isotopic compositions of pyrite from the Xiejia diorite and

alteration zone of the Potouqing Fault
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