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Abstract: The Jinchang deposit is a large Au deposit in the Yanbian-Dongning region, in Northeast
China, and is the product of magmatic-hydrothermal activities related to Early Cretaceous concealed
igneous intrusions. However, these Early Cretaceous ore-causative igneous intrusions and the ore-
hosting rocks in the Jinchang ore district have rarely been studied, with their magma sources and
tectonic settings being ambiguous. Here, we integrate new geochemical, zircon U-Pb and Hf isotopic
data from the concealed ore-hosting monzogranite and the ore-causative granodiorite to constrain
their magma sources and tectonic settings. Zircon U-Pb dating indicates that the two monzogranites
from the drill holes J;ZKNO1 and J;3ZK0303 have similar crystallization ages of 202.0 £ 1.6 and
200.9 £ 1.2 Ma, respectively, whereas the granodiorite from the drill hole Jx;.1ZK1001 was formed in
the Early Cretaceous period (107.0 & 3.0 Ma). They are all enriched in large-ion lithophile elements
(e.g., Rb, Th, and K) and light rare-earth elements, depleted in high field strength elements (e.g.,
Nb, Ta, and Ti) and heavy rare-earth elements, and yield similar positive eHf(t) values of +4.4 to
+11.5, with their two-stage model ages ranging from 799 to 389 Ma. These results indicate that
the concealed Early Jurassic ore-hosting monzogranite was derived from the partial melting of the
Neoproterozoic-Paleozoic continental crust in a continental arc setting related to the Paleo-Pacific
subduction. The ore-causative granodiorite originated from the partial melting of both the mantle
wedge and the overlying continental crust, most likely caused by the dehydration and metasomatism
of the subducted Paleo-Pacific slab involved in the rollback in the Early Cretaceous period.

Keywords: Jinchang ore district; geochemistry; zircon U-Pb dating; Hf isotope; Northeast China

1. Introduction

The Yanbian-Dongning region, located at the eastern margin of Northeast China
(Figure 1), mainly experienced the final closure of the Paleo-Asian Ocean in the late
Permian—-Middle Triassic [1-7] and the subduction of the Paleo-Pacific Plate in the Mesozoic—
Cenozoic [6,8]. As a typical superposition area of the Paleo-Asian Ocean and Paleo-Pacific
regimes, the Yanbian—-Dongning region contains large-scale magmatic rocks and hosts a
series of endogenous Early Cretaceous Au deposits of various types, including the large
Jinchang porphyry Au deposit [9], the medium Naozhi intrusion-related Au deposit, and
the small Jiusangou epithermal Au deposit [10]. The majority of the Au deposits are geneti-
cally related to the emplacement activities of the Early Cretaceous magmatic rocks, caused
by the Paleo-Pacific subduction [9-11].
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Figure 1. (A) Tectonic subdivisions of NE China (modified from Wu et al. [6]). Abbreviations: F1,
Mudanjiang Fault; F2, Dunhua-Mishan Fault; F3, Yitong-Yilan Fault; F4, Xilamulun-Changchun
Fault; F5, Hegenshan-Heihe Fault; F6, Tayuan—Xiguitu Fault. (B) Geologic map of the Yanbian—
Dongning region, showing a range of representative gold deposits (modified from Wang [12]).

The Jinchang deposit is a large-sized representative Au deposit in the Yanbian—
Dongning region and is characterized by three mineralization styles: the disseminated Au
in granites, Au-bearing breccia pipes, and fault-controlled auriferous veins [9,12,13]. It was
discovered in 1958 and contains a total of 80.947 tons of Au reserves [12]. As a crucial Au
producer in Northeast China, the Jinchang deposit attracted considerable attention, with ex-
tensive studies being undertaken with the goal of documenting the ore fluid characteristics,
mineralization ages, and ore genesis of this deposit [9,12-14]. Fluid inclusion and H-O-S
isotope studies indicated that the ore-forming fluids of the Au mineralization belong to
a high-temperature, high-salinity immiscible system and were derived from magmatic
fluids; the sulfur in the sulfide detected in the Au ores originated from magmas [9,12].
The formation age of the Jinchang Au deposit was constrained to the Early Cretaceous
(ca. 113-100 Ma) by sulfide Re-Os and quartz 40Ar/3Ar dating [9,13,14]. These results
indicated that the Au mineralization was the product of magmatic-hydrothermal activities
related to the Early Cretaceous igneous intrusions, although the widespread Early Jurassic
granitoids acted as wall-rocks to host the three styles of Au mineralization in the Jinchang
ore district. However, the Early Cretaceous igneous intrusions, associated with the Au
mineralization, have received less attention, apart from several inessential porphyritic
diorite dykes [15], with the available information being relatively scarce, probably because
almost none of these intrusions are exposed at the surface. Cai et al. [9] reported that
the concealed Early Cretaceous granodiorite was spatially, temporally, and genetically
related to the Au mineralization. Nevertheless, the magma source of the granodiorite was
unknown owing to a lack of detailed petrographic and necessary isotopic data. In addition,
negligible information is available about the igneous rocks beneath both the largest J1
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Au-bearing breccia pipe and the No. 18 disseminated Au orebodies, with the crystallization
ages, magma sources, and tectonic settings of these concealed rocks being unclear.

In this study, we present new geochemical, zircon U-Pb, and Hf isotopic data for the
concealed igneous rocks obtained from the Jinchang ore district. These results, combined
with the age, geochemical, and isotopic data of both the Au ores and igneous rocks reported
previously, provide clear constraints on the magma sources and tectonic settings of the
ore-hosting and ore-causative rocks for the Au mineralization in the Jinchang ore district.

2. Geological Background

The Yanbian-Dongning region is located in the southeastern margin of Northeast
China and separates the Khanka Massif from the North China Craton (Figure 1). This
region is composed mainly of three geological units, i.e., the Taipingling continental margin
zone, the Kaishantun accretionary complex zone, and the Seluohe thrusting accretionary
zone [16-18]. Generally, the formation of accretionary zones is considered to be related
to the Paleozoic subduction of the Paleo-Asian oceanic plate, the final closure of the in-
tervening Paleo-Asian Ocean at ca. 250 Ma, and the subsequent collision orogeny along
the Changchun—Yanji zone during the Early-Middle Triassic [6,18-23]. In view of the
complex tectonic evolution, the Yanbian-Dongning region contains inconsistent strati-
graphic units formed before the Middle Triassic. The northeastern Dongning area is mainly
composed of the oldest Neoproterozoic middle-high-grade metamorphic rocks, Paleozoic
terrigenous clastic rocks, and Middle-Lower Triassic volcanic rocks [12]. In contrast, the
stratigraphic units of the southwestern Yanbian area consist of Silurian metasediments of
low-amphibolite, high-green-schist facies, Upper Carboniferous marine limestones, Per-
mian volcano-clastic rocks, and Lower Triassic volcanic rocks. Since the Middle Triassic,
the Yanbian-Dongning region has undergone similar geological processes, with the strata
mainly containing Upper Jurassic medium- and high-K calc-alkalic andesitic rocks and
Cretaceous calc-alkaline basaltic andesite units [10].

The Yanbian-Dongning region has widely distributed large-scale igneous rocks,
which can be divided into four emplacement stages of the late Permian—Early Triassic
(270-240 Ma), Late Triassic (230-210 Ma), Early-Middle Jurassic (205-160 Ma), and Early
Cretaceous (130-100 Ma) according to their zircon U-Pb ages [12]. Extensive Late Triassic—
Middle Jurassic granitoids constitute the principal part of the intrusive rocks in this region
(Figure 1B). In contrast, the Early Cretaceous intrusive rocks mainly occurred as granitoid
and diorite stocks and as dykes that intruded into the pre-existing magmatic rocks. A series
of Au deposits, such as the Jinchang, Xiaoxi'nancha, Naozhi, Ciweigou, and Nongping
Au deposits (Figure 1B) are thought to be related to the magmatic activities in the Early
Cretaceous [9-11,13-16,24-28].

3. Deposit Geology and Sample Descriptions
3.1. Ore District Geology

The Jinchang Au deposit is located ~32 km northwest of the Dongning City in the
Yanbian-Dongning region (Figure 2). The Triassic Luoquanzhan Formation, exposed
in the northwestern and southeastern parts of the ore district (Figure 2), primarily con-
sists volcanic rock series, including dacitic breccia crystal tuff, andesitic crystal tuff, and
hornblende andesite [9,12,13]. Structures in the ore district are dominated by a set of
NE-SW-trending compressive shear faults (F1-F5) formed first, a set of NW-SE-trending
compressive shear faults (F6-F7), a set of E-W-trending tensile faults (F8-F13), and a set of
N-S-trending compressive faults (F14-F17; Figure 2). In addition, a set of well-developed
ring fractures are distributed in the eastern ore district, and hosts a series of Au-bearing
sulfide-quartz veins (Figure 2). The exposed igneous rocks in the ore district can be placed
in six categories according to their petrography and zircon U-Pb ages, composed of a Late
Triassic medium-grained diorite (209.5 & 1.4 Ma) [15], an Early Jurassic medium- to fine-
grained biotite granodiorite, fine-grained syenogranite, medium-grained monzogranite
(206185 Ma) [25,29-31], and the Early Cretaceous porphyritic diorite and granite porphyry
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(Figure 2) [9,12]. The Late Triassic diorite and the Early Jurassic granitoids occupy the
majority of the ore district, whereas the Early Cretaceous porphyritic diorite and granite
porphyry generally occur as small NE-SW-trending dykes that intrude the older intru-
sions (Figure 2). In addition, two concealed igneous rocks, monzonite and granodiorite
near the JO and J11 Au-bearing breccia pipes, are constrained to 115 &+ 3 and 107 & 2 Ma,
respectively [9,12].
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Figure 2. Geologic map of the Jinchang ore district (modified from Wang [12]).

3.2. Au Mineralization

As mentioned before, the Jinchang Au deposit displays three mineralization styles,
i.e., Au-bearing breccia pipes, fault-controlled auriferous veins, and disseminated Au in
granitoids [9,12,13]. Among these, the Au-bearing breccia pipes are the most important
mineralization style and occur in the intersections of two sets of faults within the Early
Jurassic granitoids and the Late Triassic diorite (Figure 2). At present, the Jinchang deposit
contains JO, J1, J8, J9, J10, J11, J14, and J17 Au-bearing breccia pipes (Figure 2), most of
which show the characteristics of large-scale, high-grade, and “full pipe” Au mineralization.
The J1 Au-bearing breccia pipe is the most representative and largest Au orebody, which
accounts for ~70% of the total Au resources provided by the Jinchang deposit [12]. The
breccia pipe is controlled by the intersection of the F4, F12, and F17 faults within the Early
Jurassic monzogranite (Figure 2), and in three dimensions, it appears as a long cylindrical
body that plunges toward 160-170° at an angle of 80-85° and extends downward for
~540 m [15,32]. The average grades of the Au ores obtained from the J1 breccia pipe at
the surface gradually decrease from 11.68 g/t at the center to 4.94 g/t at the edge [15,32].
The auriferous pyrites from the cement of the breccia-hosted ores yield an Re-Os isochron
age of 102.9 & 2.7 Ma, which represents the formation age of the Au-bearing J1 breccia
pipe [12].

The disseminated Au mineralization occurs mainly in the concealed monzogranite
beneath the ring fracture in the eastern part of the ore district (Figure 2), and was formed at
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99.3 £ 7.9 Ma [12]. It appears as an Au-bearing pyrite that is controlled by the microfrac-
tures in the monzogranite. Four industrial Au orebodies have been delineated in this Au
mineralization zone, namely the No. 18-1, 18-2, 18-3, and 18-4 orebodies [12,32]. A single
Au orebody chiefly occurs in a stratiform-like shape that extends outward for ~800 m and
has an average thickness of ~6.65 m [32].

The fault-controlled auriferous veins are the Au mineralization dominated by the
auriferous sulfide-quartz veins filling the ring fracture systems within the Late Triassic
diorite and Early Jurassic monzogranite (Figure 2). Four ore vein groups, namely Nos. II, III,
XII, and XIII, have been discovered thus far. No. II is the representative vein group, which
contains five sub-parallel-veined Au orebodies that generally have lengths in the range
of 160-1600 m, average thicknesses of 0.53—-1.12 m, and extend downward for 160-220 m,
with average grades varying from 22.2 to 2.1 g/t Au [15]. Wang et al. [12] reported that the
auriferous sulfide-quartz veins occurred at 101.2 &= 4.2 Ma in the Early Cretaceous.

3.3. Sample Descriptions

To find out the ages, magma sources, and tectonic settings of the concealed igneous
intrusions and their relationships with the Au mineralization, 16 igneous rock samples
from the eastern ore district were selected by the drill holes for petrography, geochemistry,
zircon U-Pb dating, and Hf isotopic analysis; the locations of the drill holes are shown in
Figure 2.

The samples, named as GSJ1, J1-1, J1-2, J1-3, J1-4, and J1-5, were collected from the drill
hole J;ZKNO1 at a depth of 670-709 m near the J1 breccia pipe (Figure 2). These samples
were identified as yellowish-brown monzogranites with medium granitic textures and
massive structures, mainly composed of quartz (~35%), plagioclase (~30%), alkali feldspar
(~30%), biotite (~5%), and minor accessory zircon and apatite (Figure 3A).

o a
Py =g . |§
. X

Figure 3. Representative photomicrographs (crossed polarized light) for concealed rock samples in the
Jinchang ore district. (A) Monzogranite (sample GSJ1) from the drill hole J;ZKNO1; (B) monzogranite
(samples GSJ18) from the drill hole J13ZK0303; (C,D) granodiorite (sample GSJ11) from the drill hole
Jx1:1ZK1001. Abbreviations: Afs = alkali feldspar; Bt = biotite; Pl= plagioclase; Qz = quartz.
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The samples GSJ18, J18-1, J18-2, J18-3, J18-4, and J18-5 belonged to a monzogranite and
were collected from the drill hole J13ZK0303 at a depth of 455-506 m below the surface of the
No. 18 disseminated Au mineralization zone (Figure 2). The mineral compositions of these
samples, similar to those of the samples from the J;ZKNO01, mainly contained plagioclase
(~35%), alkali feldspar (~30%), quartz (~30%), biotite (~5%), and minor accessory minerals
(Figure 3B).

The samples GSJ11, 17]11-3, 17]11-4, and 17]J11-5 were collected from the drill hole
Jx1:1ZK1001 at a depth of 427-468 m near the J11 breccia pipe in the southeastern Jinchang
ore district (Figure 2). These samples exhibited a light gray color, fine granitic textures,
and massive structures, mainly consisting of plagioclase (~40%), quartz (~35%), biotite
(~15%), alkali feldspar (~10%), and minor accessory minerals (Figure 3C,D) and were thus
identified as fine-grained granodiorites. These are concealed intrusions beneath the Late
Triassic diorite within the southeastern part of the ore district.

4. Analytical Methods
4.1. Zircon U-Pb Dating

The zircon grains were separated from the three crushed whole-rock samples GSJ1,
GSJ18, and GSJ11 using the combination of conventional heavy-liquid and magnetic tech-
niques (Supplementary Table S1). The zircons with euhedral crystals from each sample,
after being handpicked under a binocular microscope, were mounted in epoxy mounts and
then polished to expose their internal structures. The polishing was performed to select
potential target sites for laser ablation inductively coupled plasma mass spectrometry (LA-
ICP-MS) U-Pb analyses, using transmitted and reflected lights, and cathodoluminescence
(CL) images. The CL images were collected using a CL spectrometer (Garton Mono CL3+)
on a Quanta 200F ESEM system with 2 min scanning time under conditions of 15 kV and
120 nA beam current at the laboratory of the Sample Solution Analytical Technology Co.,
Ltd. in Wuhan, China. The zircon U-Pb analysis was performed using an Agilent 7500a
ICP-MS equipped with a GeoLas 2005 laser ablation system at the State Key Laboratory
of Geological Processes and Mineral Resources of the China University of Geosciences,
Wuhan, China. The laser spot size was set to 32 um under the operation conditions of
~107J/ cm? energy density and 8 Hz repetition rate, with He as the carrier gas. Zircon 91500
and silicate glass NIST 610 were used as the external reference materials for calibrating
the U-Pb isotope data and trace element contents, respectively. The detailed instrument
settings, analytical procedures, and data reduction were reported by Yuan et al. [33] and
Liu et al. [34,35]. Concordia diagrams and weighted mean calculations were obtained
using Isoplot/Ex ver. 3.0 [36]. The uncertainties in individual analyses in the data table are
reported at the 1o level; pooled ages are quoted with a 95% (20) confidence interval.

4.2. Whole-Rock Major and Trace Element Analyses

A total of 13 unaltered rock samples from the concealed igneous intrusions in the
eastern part of the Jinchang ore district were collected by the drill holes J;ZKN01, J;3ZK0303,
and Jx1.1ZK1001 for whole-rock geochemical analyses at the ALS Chemex (Guangzhou)
Co., Ltd., Guangdong, China. The major and trace element contents, after these samples
were crushed and powdered in an agate mill to ~200 mesh and were determined using
X-ray fluorescence (MEXRF26) and ICP-MS, respectively (Supplementary Table S2). The
analytical precision was better than 5% for the major elements and 10% for the trace
elements, as estimated using the international standards BHVO-2 and BCR-2, and national
standards GBW07103 and GBW07104.

4.3. Zircon Hf Isotope Analyses
After the zircon U-Pb dating, the GSJ1, GSJ18, and GS]11 zircons were used for in situ
Hf isotopic analyses using a Neptune multicollector (MC)-ICP-MS system with a 193 nm

laser at the laboratory of the Tianjin Center of Geological Survey, China Geological Survey
(Supplementary Table S3). The raw count rates for 172y, 173Yp, 175Lu, 176 (Hf + Yb +Lu),
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1771, 178H¢, 179Hf, 180Hf, and 132W were simultaneously detected by nine Faraday cups.
He was used as the carrier gas and was merged with Ar (makeup gas) after the ablation cell.
All the data were acquired on the zircons in a single-spot ablation mode with a spot size of
50 um and under the operating conditions of ~10 J/cm? energy density and 8 Hz repetition
rate. Each measurement consisted of 20 s of acquisition of the background signal followed
by 50 s of ablation signal acquisition. The zircon standard PLE was measured to correct and
monitor the Hf isotopic values. Off-line selection and integration of the analyte signals and
mass bias calibrations were performed using ICPMSDataCal [35]. The detailed analytical
technique, procedures, and Hf model age calculations were described by Wu et al. [37],
Griffin et al. [38], and Nowell et al. [39].

5. Analytical Results
5.1. Zircon U-Pb Dating

LA-ICP-MS zircon U-Pb data for the samples GSJ1, GSJ18, and GSJ11 are listed in
Table S1 and shown in Figure 4, along with their representative zircon CL images. Zircons
obtained from these samples (GS]J1, GSJ18, and GSJ11) were colorless to brown colored,
transparent, and euhedral, with grain sizes generally varying from 90 to 180 um, along with
aspect ratios between 1:1 and 4:1. In the CL images, the zircon grains exhibit an obvious
rhythmic oscillatory zoning. These features, combined with their high Th/U ratios of 0.31
to 1.27 (Table S1), indicate the magmatic origin of the zircons [40,41].
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Figure 4. Zircon LA-ICP-MS U-Pb concordia diagrams (A—C) and representative zircon CL images
(D) for the concealed rock samples GSJ1, GSJ18, and GSJ11 in the Jinchang ore district. The weighted
mean age and MSWD are shown in figures (A-C).
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Six analyses with high discordance degrees (>10%) among 29 spots of zircons obtained
from the sample GS]1 and the remaining 23 zircons of discordance degrees of <10% yielded
206pp /2381 ages of 208 to 194 Ma (Table S1). All the U-Pb data are plotted in the concordia
diagram, with the > 10% discordance degree data shown in black (Figure 4A). The data for
the 23 U-Pb of low discordance degrees (<10%) have a weighted mean 2°°Pb /233U age of
202.0 & 1.6 Ma (MSWD = 1.7; Figure 4A).

Data for U-Pb for the 28 samples from GSJ18 are plotted in the concordia diagram,
with only one zircon with a high discordance degree (18%; GSJ18-8), marked in black
(Figure 4B). The 2%Pb /23U ages of 27 spots (discordance degree < 10%) range from 208
to 196 Ma (Table S1), and yielded a weighted mean age of 200.9 £ 1.2 Ma (MSWD = 1.2;
Figure 4B).

For the sample GSJ11, almost all the zircon U-Pb age data (111-100 Ma) exhibited a
high discordance degree (>20%), except the three inherited zircons (215, 209, and 204 Ma)
captured from the wall-rocks (Table S1). U-Pb data for 23 samples are plotted in the
concordia diagram, with the ones of both higher (>25%) discordance degree and inherited
zircons shown in black (Figure 4C). The U-Pb data for samples with a <25% discordance
degree were treated as near-concordant data for the concordant age and weighted mean age
calculations. Six 2%Pb /23U ages of a discordance degree of <25% are concentrated in the
interval of 111 to 104 Ma. They yielded a concordant age of 104.0 £ 3.7 Ma, which coincides
with the errors with a weighted mean 2%°Pb /238U age of 107.0 + 3.0 Ma (MSWD = 0.5;
Figure 4C).

5.2. Major and Trace Element Geochemistry

The major and trace element analytical data for 13 rock samples collected from the drill
holes J;ZKNO1, J15Z2K0303, and Jx;1.1ZK1001 from the concealed igneous intrusions in the
Jinchang ore district are listed in Table S2. The monzogranite samples from the drill holes
J1ZKNO1 and J;13ZK0303 have similar geochemical features and contain higher SiO, contents
of 71.03-72.91 wt%, Al,O3 contents of 13.02-13.94 wt%, MgO contents of 0.35-0.43 wt%,
Fe, O3 contents of 2.36-3.10 wt%, and a total Na,O + K,O content of 6.75-7.90 wt%, with
the A/CNK values of 0.99-1.07 (Table S2). Geochemically, these rock samples are classified
as high- to medium-K calc-alkaline series on the K;O vs. S5iO, diagram (Figure 5A) and
show weakly peraluminous features on the A/NK vs. A/CNK diagram (Figure 5B). They
have total rare-earth element (REE) abundances ranging from 113 to 147 ppm (Table S2)
and are enriched in light rare-earth elements (LREEs) and large-ion lithophile elements
(LILEs; e.g., Rb, Th, U, and K) but are relatively depleted in heavy rare-earth elements
(HREEs) and high field strength elements (HFSEs; e.g., Nb, Ta, and Ti), P, and Sr, with
negative Eu anomalies (Figure 6A,B).

The granodiorite samples from the drill hole Jx1.1ZK1001 contain an SiO; content of
65.57-67.73 wt%, Al,O3 content of 14.57-16.14 wt%, MgO content of 1.42-1.57 wt%, Fe;Os
content of 4.69-5.52 wt%, and a total Na,O + K,O content of 5.90-7.56 wt% (Table S2).
They are classified as the medium-K calc-alkaline series on the K,O vs. SiO, diagram
(Figure 5A) and belong to the metaluminous to weakly peraluminous granites on the
A/NKvs. A/CNK diagram (Figure 5B). Similarly, the trace element compositions of these
samples are characterized by the enrichment of the LREEs and LILEs (e.g., Rb, Ba, Th, U,
and K) and the depletion of the HREEs, HFSEs (e.g., Nb, Ta, and Ti), and P (Figure 6C,D).
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Figure 5. Plots of (A) K;O vs. SiO, (after Peccerillo and Taylor [42]) and (B) A/NK [molar ratio
Al,O3/(NayO + K,O)] vs. A/CNK [molar ratio Al,O3/(CaO + Na,O + K,0)] (after Maniar and
Piccoli [43]) for the concealed granitoids in the Jinchang ore district. Data of two granodiorite samples
are quoted from Cai et al. [9].
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Figure 6. Chondrite-normalized REE patterns (A,C) and primitive mantle (PM) normalized trace
element (B,D) diagrams for the concealed granitoids in the Jinchang ore district. Normalizing values
are from Sun and McDonough [44]. Data of two granodiorite samples are quoted from Cai et al. [9].
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5.3. Zircon Hf Isotopes

In this study, we focused on the primary zircons that were formed from magma
crystallization. Inherited zircons, captured from the wall-rocks, were not used for work on
Hf isotopic analysis. The in situ Hf isotopic results of the zircons obtained from the samples
GSJ1, GSJ18, and GSJ11 are presented in Table S3 and Figure 7. The 7°Hf/!77Hf ratios and
eHf(t) values of the zircons obtained from the sample GSJ1 range from 0.282850 to 0.282960
and +7.1 to +10.9, respectively, with the two-stage model ages (Tppz) of 712 to 500 Ma
(Table S3). Additionally, sample GSJ18 exhibits similar 7°Hf/177Hf ratios of 0.282808 to
0.282969, ¢HIf(t) values of +5.6 to +11.2, and Tpyp of 799 to 481 Ma (Table S3). The zircons
from sample GSJ11 yielded 176Hf /177Hf ratios of 0.282833 to 0.283037 and eHf(t) values of
+4.4 to +11.5, with Tpyp ranging from 787 to 389 Ma (Table S3).

20 B
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Figure 7. (A) Plots of zircon eHf(t) vs. T (Ma) for the concealed granitoids in the Jinchang ore district.
(B) Close-up view of the distribution of samples in Figure 7A.

6. Discussion
6.1. Magma Sources

Two concealed monzogranites (GSJ1 and GSJ18) yielded zircon U-Pb ages of
202.0 £ 1.6 and 200.9 £+ 1.2 Ma, respectively (Figure 4A,B), which represent the crys-
tallization ages of the monzogranites at a depth of 670-709 m near the J1 breccia pipe and
455-506 m beneath the surficial ring fracture systems within the disseminated Au miner-
alization zone (Figure 2). These crystallization ages of the monzogranites are consistent
with the those of the large-scale ore-hosting granitoid wall-rocks exposed in the Jinchang
ore district (206-185 Ma) [25,29-31] but are obviously earlier than the Early Cretaceous
Au mineralization (114-100 Ma) [9,13,14]. This suggests that the Au mineralization was
not genetically associated with the monzogranite. The dating results of the monzogran-
ites (Figure 4A,B), combined with their similar geochemical and Hf isotopic compositions
(Tables S2 and S3; Figures 5-7), indicate that they are cogenetic. The monzogranite sam-
ples have much higher Rb/Sr (0.55-1.32), La/Nb (3.54-5.21), Th/Nb (1.48-1.86), and
Th/La (0.29-0.49) ratios (Table S2) compared to the average ratios of the mantle (Rb/Sr:
0.030; La/Nb: 0.94; Th/Nb: 0.117; Th/La: 0.125) [44,45]. Moreover, the low Mg# values
(19.68-24.66) for the monzogranites support a crustal (Mg* < 40) rather than mantle magma
source [46]. Furthermore, the zircons of the monzogranites yielded positive e Hf(t) values
of +5.6 to +11.2 (Figure 7) with the Tpyp of 799 to 481 Ma (Table S3), which indicates
the absence of the contribution of any ancient continental crust materials (older than ca.
1000 Ma) [47]. Collectively, these data show that the Early Jurassic monzogranite was
derived from the partial melting of the Neoproterozoic-Paleozoic continental crust.
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The zircons from the concealed granodiorite (GSJ11) yielded a U-Pb age of
107.0 £ 3.0 Ma (Figure 4C), which is interpreted as the crystallization age of the gran-
odiorite at a depth of 427-468 m near the J11 breccia pipe (Figure 2). Previous studies
suggested that the Au mineralization of the Jinchang deposit occurred in the Early Cre-
taceous (ca. 114-100 Ma), and the ore materials were mainly sourced from the magmatic
fluids closely related to the fractional crystallization of monzonite and granodiorite [9,13,48].
The concealed granodiorite samples were found to contain many disseminated sulfides,
including pyrite and sphalerite (Figure 8), and exhibited significantly higher metal contents
compared to the Early Jurassic barren monzogranite. This, combined with the crystal-
lization age of 107.0 = 3.0 Ma for the granodiorite, supports concealed Early Cretaceous
granodiorite as the ore-causative rock for the Au mineralization at Jinchang. The Early
Cretaceous granodiorite yielded lower Rb/Sr (0.11-0.17), Th/Nb (0.63-1.04) and Th/La
(0.22-0.23) ratios and higher Mg* values (34.07-39.87) than those of the Early Jurassic
monzogranites (Table S2). These Rb/Sr, Th/Nb and Th/La ratios and Mg values move
toward the average mantle composition [44,45,49]. Some mafic microgranular enclaves
occur in the granodiorite (Figure 8b) and are most likely linked to the mantle materi-
als [5,19]. A combination of the trace elemental ratios, petrographic feature, and eHf(t)
values (+4.4 to +11.5) with the Tpyp of 787 to 389 Ma (Table S3; Figure 7) indicate that
the mixture of the Neoproterozoic-Paleozoic continental crust and mantle materials may
have provided magmas for the granodiorite. Additionally, we cannot ignore the sources of
the sulfide minerals deposited from ore-bearing magmatic fluids related to the fractional
crystallization of the granodiorite. Mao et al. [50] suggested that the Re abundance in
molybdenite decreases when going from a mantle source to mixtures between the mantle
and the crust, and then to crust, with the mantle-derived Re abundances as high as 171
to 1280 ppm. The molybdenites in the Au ores at Jinchang have high Re abundances,
ranging from 241 to 410 ppm [9,12], reflecting an upper-mantle source for the molybdenite.
Moreover, 15 auriferous pyrites from the J1 breccia pipe, the fault-controlled veins, and
the No. 18 orebody yielded an average initial 1¥”Os /8Os value of 0.71 + 0.23 [12]. This
value is higher than the initial '3’Os/!80s values of the various materials obtained from
the mantle (0.105-0.152) [51], but much lower than those of the continental crust (average
value: 3.63) [52], indicating that the Fe and Au may have been derived from the mixture
of the mantle with some continental crust materials. Furthermore, the whole-rock Is, and
eNd(t) values of the coeval porphyritic diorites in the Jinchang ore district range from
0.70472 to 0.70516 and 1.8 to 2.5, respectively [15], revealing that the rock-forming materials
originated from the upper mantle [53]. Finally, combined with the petrographic, element
geochemical, and isotopic results, we conclude that the Early Cretaceous ore-causative
granodiorite had mixed magma sources that originated from the partial melting of both the
Neoproterozoic-Paleozoic continental crust and upper mantle materials. The upper mantle
contributed significantly to the sources of the ore-forming materials (such as Fe, Au, and
Cu) in the Early Cretaceous magmas that formed the granodiorite.

6.2. Tectonic Setting and Implications for Au Metallogeny

The monzogranite samples from the eastern Jinchang ore district belonged to the high-
to medium-K calc-alkaline series of the weakly peraluminous granites (Figure 5A,B), similar
to those of the igneous rocks in the active continental margins [6,8,20,54]. Moreover, all
the samples can be plotted into the field of the volcanic arc granites on the granite tectonic
discrimination diagrams (Figure 9A-D), which suggests that these rocks were linked to
the magmatic arc setting. Based on the studies of the Early-Middle Jurassic calc-alkaline
volcanic rock assemblage and the coeval bimodal igneous rock assemblage in the eastern
margin of Northeast China, Xu et al. [§] demonstrated the subduction of the Paleo-Pacific
Plate beneath the Eurasia in the Early-Middle Jurassic. Thus, we infer that the Early Jurassic
monzogranite in the Jinchang ore district formed in the continental arc setting related to
the Paleo-Pacific subduction.
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Figure 8. Photographs (A,B) and photomicrographs (C,D) of representative ore-causative gran-
odiorite from the drill hole Jx1.1ZK1001, showing disseminated pyrite and sphalerite and mafic
microgranular enclaves. Abbreviations: Py = pyrite; Sp = sphalerite.

The granodiorite samples were enriched in LILEs and LREEs, depleted in HREEs and
HEFSEs (Figure 6C,D), and classified as medium-K calc-alkaline series of metaluminous
to weakly peraluminous granites (Figure 5A,B). These samples, combined with the co-
eval monzonites [9], plot into the field of the volcanic arc granites (Figure 9A-D). These
geochemical features are indicative of the formation of the Early Cretaceous granodior-
ite in the continental arc setting. According to previous studies, the widespread Early
Cretaceous magmatic rocks with an eastward younging trend in Northeast China were
formed in the extensional setting of the back-arc area [6,19,57-59] and are interpreted to
reflect the rollback of the subducted Paleo-Pacific slab [6,9,14,19,47,60-63]. Considering the
ore-causative granodiorite at Jinchang from the crust-mantle mixed magmas, we infer that
the Early Cretaceous subducted slab rollback most likely caused the partial melting of both
the mantle wedge and overlying continental crust through fluid release, which is supported
by the following points. (1) No anomalies for the ore-causative granodiorites with the
precipitation of abundant metal minerals, including pyrite, magnetite, chalcopyrite, and
galena [9,12-15,48] reflect that the separation of the plagioclase as residue phases in the
source was insignificant, with the metals being mainly enriched in the magmatic fluids.
This is most likely attributed to the water-rich magma sources [64]. (2) The granodiorite
samples fall near the range of fluid metasomatism on the Nb/Y vs. La/Yb and Ba/Yb vs.
Nb/Yb diagrams (Figure 10A,B), which indicates that the formation of the magmas was
related to the fluid metasomatism in the source area. Based on this these combined points,
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we propose that the Early Cretaceous ore-causative granodiorite of the Au mineralization
at Jinchang was formed in the continental arc setting. Additionally, this Early Cretaceous
ore-causative granodiorite was derived from the partial melting of the mantle wedge and
the overlying Neoproterozoic—Paleozoic continental crust, which was possibly caused by
the dehydration and metasomatism of the subducted Paleo-Pacific slab involved in the
rollback (Figure 11). The geodynamic setting of the subducted slab rollback supported
the widespread Early Cretaceous magmatic-hydrothermal Au mineralization, not only
for the Jinchang Au deposit, which formed in the continental arc environment, but for all
the other coeval hydrothermal Au deposit formations in the Yanbian-Dongning region
in Northeast China, including the Xiaoxi'nancha, Naozhi, Ciweigou, and Jiusangou Au
deposits (Figures 1B and 11).
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Figure 9. Tectonic discrimination diagrams for the granitoids in the Jinchang ore district. (A) Rb
vs. (Yb + Ta); (B) Rb vs. (Y + Nb); (C) Ta vs. Yb (after Pearce et al. [55]). (D) Ternary (Rb/30)-Hf-
(Tax3) (after Harris et al. [56]). The data from the monzonites and two granodiorites are quoted
from Cai et al. [9]. Abbreviations: VAG = volcanic arc granites; ORG = ocean ridge granites;
WPG = within-plate granites; syn-COLG = syn-collision granites; post-COLG = post-collision granites.
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Figure 10. Plots of (A) Nb/Y vs. La/Yb (after Hoffer et al. [65]) and (B) Ba/Yb vs. Nb/Yb (after
Chen et al. [66]).
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Figure 11. Schematic diagram illustrating a proposed genetic model and geodynamic setting for the
Early Cretaceous granodiorite at Jinchang in the Yanbian-Dongning Region, NE China.

7. Conclusions
(1) The zircon U-Pb dating results indicated that the crystallization ages of the concealed
monzogranites (GSJ1 and GSJ18) near the J1 auriferous breccia pipe and the No.
18 disseminated Au mineralization in the Jinchang ore district are 202.0 & 1.6 and
200.9 £ 1.2 Ma, respectively. The concealed granodiorite near the J11 auriferous

breccia pipe yielded a younger crystallization age of 107.0 & 3.0 Ma.
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(2) The Early Jurassic monzogranite was derived from the partial melting of the Neopro-
terozoic—Paleozoic continental crust, whereas the Early Cretaceous granodiorite orig-
inated from the mixing magmas of the mantle wedge and the overlying continen-
tal crust.

(3) The Early Jurassic ore-hosting monzogranite was formed in the continental arc setting
related to the Paleo-Pacific subduction. In contrast, the formation of the ore-causative
granodiorite was most likely related to the dehydration and metasomatism of the
subducted Paleo-Pacific slab involved in the rollback in the Early Cretaceous.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/min12060708/s1, Table S1: LA-ICP-MS zircon U-Pb data of the
concealed monzogranites (GSJ1 and GSJ18) and granodiorite (GSJ11) from the Jinchang ore district;
Table 52: Major (wt.%) and trace element (ppm) contents of the concealed granitoids in the Jinchang
ore district; Table S3: Zircon Hf isotope data of the concealed granitoids in the Jinchang ore district.
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