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Abstract: The Yuhaixi Mo(Cu) deposit is a new discovery in the eastern section of the Dananhu-
Tousuquan island arc, Eastern Tianshan. However, the genesis of the Yuhaixi Mo(Cu) deposit is still
not fully understood. The Yuhaixi intrusion is composed of monzonitic granites, diorites, granites, and
gabbro dikes, among which disseminated or veinlet Mo and Cu mineralization is mainly hosted by the
monzonitic granites. The LA-ICP-MS zircon U-Pb dating yields emplacement ages of 359.4 & 1.6 Ma
for the monzonitic granite, 298.8 & 1.8 Ma for the diorite, and 307.0 & 2.3 Ma for the granite. The
Re-Os dating of molybdenite hosted by monzonitic granite yields a well-constrained '8”Re-18"0Os
isochron age of 354.1 + 6.8 Ma (MSWD = 1.7) with a weighted average age of 344.5 & 3.1 Ma. The
Mo mineralization is closely associated with the Yuhaixi monzonitic granite. The Yuhaixi monzonitic
granite rocks are characterized by high silica (SiO, > 70 wt.%), low MgO (0.23-0.36), Ni, Cr contents,
and they are enriched in light rare earth elements (LREEs) and large ion lithophile elements (LILEs:
e.g., K, Ba, Pb and Sr), and depleted in heavy rare earth elements (HREEs) and high field-strength
elements (HFSEs: e.g., Nb, Ta and Ti). They are weak peraluminous and have high eHf(t) (11.37-17.59)
and eNd(t) (1.36-7.75) values, and varied initial 8 Sr/86Sr (0.7037-0.7128) values. The Yuhaixi post-
ore granites exhibit similar geochemical and isotopic signatures to the Yuhaixi monzonitic granite.
These characteristics suggest that the Yuhaixi felsic rocks are likely sourced from the partial melting
of the juvenile lower crust. The Yuhaixi diorite has low SiO;, and K,O contents, relatively high
Na,O, MgO (Mg# = 45-53) contents, and depletions in HFSE (e.g., Nb, Ta, and Ti). These geochemical
features, coupled with isotopic data such as low initial 875y /865Gy (<0.7043), high eNd(t) (2.5 to 3.0)
and eHf(t) (>11.6) values, and young Hf model ages, suggest that their parental magmas possibly
originated from the partial melting of the depleted lithospheric mantle that was metasomatized by
hydrous melts or fluids from the subducting oceanic plate. Integrating our new results with previous
works on the Dananhu-Tousuquan island arc belt, we suggest that the Yuhaixi Mo(Cu)deposit is
likely sourced from the juvenile lower crust, which was formed in an arc setting, where the bipolar
subduction of the North Tianshan oceanic slab forms the Dananhu Tousuquan belt to the north and
the Agishan-Yamansu belt to the south. The eastern section of the Dananhu-Tousuquan island arc is
a promising target for late Paleozoic porphyry Mo(Cu) deposits.

Keywords: LA-ICP-MS zircon U-Pb dating; geochemistry; Sr-Nd-Hf isotope; molybdenite Re-Os
dating; Yuhaixi Mo deposit; Eastern Tianshan

1. Introduction

Porphyry ore deposits are the primary source of Cu, Mo, and Au [1-3]. Porphyry-
type deposits commonly form in the young continental and oceanic arcs [4], and they are

Minerals 2023, 13, 1368. https:/ /doi.org/10.3390/min13111368

https:/ /www.mdpi.com/journal /minerals


https://doi.org/10.3390/min13111368
https://doi.org/10.3390/min13111368
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/minerals
https://www.mdpi.com
https://orcid.org/0000-0002-5754-5082
https://doi.org/10.3390/min13111368
https://www.mdpi.com/journal/minerals
https://www.mdpi.com/article/10.3390/min13111368?type=check_update&version=2

Minerals 2023, 13, 1368

2 of 27

usually associated with magmatic-hydrothermal fluids exsolved from relatively oxidized
intermediate-felsic magmas with high oxidation states [1,4]. However, porphyry Mo(Cu)
deposits in the margins of North China Craton mainly occurred in a post-collision extension
setting and the ore-forming magmas stemmed from an old lower crust source [5-14]. There-
fore, the origin and evolution processes of ore-forming magmas and their tectonic setting
are significant for understanding the formation of economic porphyry deposits [1,2,4].

Recently, numerous early Paleozoic porphyry Cu-Mo deposits have been discovered
in the Eastern Tianshan, southern margin of the Central Asian Orogenic Belt (CAOB). These
porphyry-type deposits are closely related to the Paleozoic intermediate to felsic magmatic
hydrothermal activity in the Eastern Tianshan [15-17]. The Dananhu-Tousuquan arc belt
(DTA) is located in the northern part of the Eastern Tianshan, which hosts Tuwu-Yandong,
Fuxing, Linglong, Chihu, Yuhai porphyry deposits. Previous studies are mainly focused
on these porphyry deposits in the middle section, which have revealed that most of the
porphyry Cu-Mo deposits were likely related to the subduction of the North Tianshan
Oceanic plate in the late Paleozoic [4-10]. However, the genesis of the porphyry Mo(Cu)
deposits in the eastern section of the DTA has not been fully understood.

The Yuhaixi porphyry Mo(Cu) deposit is a new discovery in the eastern section of the
DTA, which provides a good opportunity for investigating the generation mechanisms for
the porphyry Mo deposits in this section [10-14]. In this study, zircon LA-ICP-MS U-Pb
dating and trace elements, zircon Hf isotope compositions, whole-rock geochemical data,
and molybdenite Re-Os isotope dating were carried out to constrain the magma origins
and the timing of mineralization in the Yuhaixi Mo(Cu) deposit. This study provides new
insights on the evolution of the DTA and its potential for porphyry Mo(Cu) mineralization
in Eastern Tianshan.

2. Geological Settings
2.1. Regional Geology

The CAOB, which is placed between the European and Siberian Cratons in the north
and the North China and Tarim Cratons in the south, is the largest Phanerozoic accretionary
orogenic belt in the world [8]. The west—east trending Eastern Tianshan orogenic belt is
situated in the southern margin of the CAOB. The Eastern Tianshan is a Paleozoic island arc
system, which is located between the Jungar Basin and the Tarim Craton (Figure 1), charac-
terized by a series of complicated tectonic history, which has witnessed multiple stages of
subduction and collisional events [11-17]. It can be divided into three major tectonic zones
from the north to the south: the Bogeda-Haerlike belt, the Jueluotage belt, and the Central
Tianshan block (Figure 1c). The Eastern Tianshan belt withstands a series of E-W trending
faults, including the Kanggur, the Yamansu, the Dacaotan, and the Aqikekuduke faults [12].
The Dananhu-Tousuquan island arc belt mainly consists of Devonian to Carboniferous
sedimentary—volcanic rocks. The Devonian Dananhu Formation consists of basaltic to
andesitic volcanic rocks, which were overlain by the Carboniferous Gandun Formation
sedimentary rocks and Qie’shan Group basaltic-andesitic volcanic/pyroclastic rocks and
sedimentary rocks. Most of the Cu-Mo deposits in the Eastern Tianshan porphyry are
hosted in the middle section of the Dananhu-Tousuquan island arc belt [15,18-25]. The
Kangguer shear zone mainly comprises volcanic-sedimentary rocks of the Carboniferous
Gandun and Wutongwozi formations, and volcanic and pyroclastic rocks of the Carbonifer-
ous Yamansu Formation [15,16]. Most rocks were metamorphosed and ductile deformed in
the Kangguer shear zone [11,15]. The Agishan-Yamansu belt comprises bimodal volcanic
rocks of the Carboniferous Yamansu Formation, as well as clastic rocks, andesitic tuff, and
the Permian Kula Formation marine and terrestrial clastic rocks [15,25-29].

2.2. Ore Deposit Geology

The Yuhaixi Mo(Cu) deposit is located in the eastern section of the Dananhu-Tousuquan
arc belt, approximately 110 km southeast of Hami City, Xinjiang (Figure 1b). The main lithos-
tratigraphic units in the area include granulite, hornblende schist of the lower Carboniferous



Minerals 2023, 13, 1368

3 0f27

Yanchi Formation, and glutenite of the Tertiary Putaogou Formation (Figure 2A; [5]). The
intrusive complex at Yuhaixi is intermediate to felsic in composition (Figure 2B). In the
middle and eastern area, various granitoid intrusions occur as stocks and dikes that cover
an area of approximately 3 km?. These intrusions are composed of monzonitic granite,
granite, diorite (Figure 2B). The monzonitic granites host most of the Mo and Cu mineral-
ization at Yuhaixi. Postmineralization plutons comprising granite and diorite intruded the
mineralized monzonitic granite. The gabbro dikes mark the final stage of magmatic activity,
having intruded the monzonitic granite and the Yanchi Formation (Figure 2B). In the study
area, the monzonitic granite and granite generally exhibit low or moderate degrees of
alteration. The monzonitic granite is primarily composed of plagioclase (~25%), K-feldspar
(~35%), quartz (~25%), and biotite (~5%), with accessory apatite and zircon (Figure 4A,D).
The diorite is light gray to gray-white in color and has a microgranular or aphanitic ground-
mass. It mainly consists of plagioclase (~45%), hornblende (~20%), quartz (~15%), and
biotite (~15%), with minor accessory minerals (Figure 4B,E). The granite is coarse-grained
and shows typical equigranular texture. It consists of plagioclase (~35%), quartz (~30%),
and biotite (~5%), with negligible magnetite, apatite, and zircon (Figure 4C,F). The Yuhaixi
intrusive complex has been affected by subordinate faults associated with the regional-scale
Kanggur fault [27-37]. The early NE-trending fault dips 65° to 85° and is inferred to be the
predominant structure in the Yuhaixi area (Figure 2A). Geologic surveying defined that
the ore zone consists of 6 orebodies, which is based on the drill hole ZK3201 and ZK3601.
Each individual orebody is about 2-10 m thick (Figure 3A,B). The monzonitic granite have
a genetic relationship with disseminated molybdenite and chalcopyrite (Figure 4G-I) and
associated hydrothermal alterations (Figure 41-K).
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Figure 4. Field, hand specimen, and microscope photos of magmatic intrusions in the Yuhaixi
area. (A-C) Hand specimen of the monzonitic granite (A), diorite (B), granite (C). (D) Photomi-
crograph of the monzonitic granite, showing K-felspar, quartz, and muscovite phenocrysts under
cross-polarized light. (E) Photomicrograph of the diorite, showing plagioclase, quartz, and horn-
blende phenocrysts under cross-polarized light. (F) Photomicrograph of the granite, showing biotite,
quartz, and plagioclase phenocrysts under cross-polarized light. (G) Photomicrograph of the anhedral
chalcopyrite and euhedral molybdenite assemblages under reflected light. Abbreviations: Group;
Qtz, quartz; Pl, plagioclase; Bt, biotite; Mus, muscovite; Kfs, K-feldspar; Ccp, chalcopyrite; Mo, molyb-
denite. (H,I) The molybdenite in the monzonitic granite hand specimen, with potassic alteration.
(J) The Carboniferous Yanchi Formation rocks and the monzonitic granite in the exploratory trench.
(K) Propylitic alteration in the exploratory trench. (L) The gabbro dike intruded into early

monzonitic granite.

3. Materials and Methods
3.1. Sampling

Three representative intrusive samples (YHX-ZK-1, ZK001-412, 721-6) from the Yuhaixi
outcrops (granite) and drill holes (monzonitic granite, diorite) were collected for zircon
LA-ICP-MS U-Pb dating, trace element and Hf isotope analyses. Nine samples, including
monzonitic granite (Sample No. YHX-ZK-14, YHX-ZK2, YHX-ZK3), diorite (Sample No.
ZKO001-25, ZK001-350, ZK001-396), and granite (Sample No. 721-1, 721-3, 721-5), were
chosen for major and trace element analysis and Sr-Nd isotope analyses. In addition, nine



Minerals 2023, 13, 1368

6 of 27

molybdenite samples from Mo orebodies of the Yuhaixi deposit were collected from the
disseminated ores for Re-Os isotope analyses.

3.2. Zircon U-Pb Dating and Trace Elements

Three samples, including one monzonitic granite (sample YHX-ZK-1), one diorite
(sample ZK001-1), and one granite (721-6), were chosen for the zircon LA-ICP-MS U-Pb
dating and trace element analysis.

The zircon grains were separated by conventional density and magnetic techniques
and then carefully hand-picked under a binocular microscope. Subsequently, they were
mounted on epoxy resin discs and polished to expose the crystal cross-sections at the
Langfang Regional Geological Survey. The selection of potential target sites for the U-Pb
dating of all the mounted zircons were based on photomicrographs of both transmitted
and reflected light, as well as cathodoluminescence (CL) images. Zircon U-Pb dating and
trace element analyses were conducted using an Agilent 7500 a inductively coupled plasma
mass spectrometer (ICP-MS) simultaneously coupled with a GeoLas 2005 at the Tianjin
Institute of Geology and Mineral Resources. The analytical procedures were described
in [38]. Laser ablation was operated at a constant energy of 60 mJ, with a repetition rate of
4 Hz and a spot diameter of 32 um. Zircons 91500 and GJ-1, NIST SRM 610 [30] were used
as external standards. Zircon 91500 was analyzed twice for every six analyses in order to
calibrate the isotope fractionation. NIST SRM 610 was analyzed once every eight analyses
to make the instrumental drift and mass discrimination correction of the trace element
analysis. Individual errors in analyses were cited at the 10 level, and the weighted mean
206pPb /2381 ages were quoted at the 95% confidence level. The ICPMSDataCal software
GeoLas 2005 were used for the adjustment of background and ablation signals, time drift
correction [38]. Concordia diagrams and weighted mean calculations were determined
using Isoplot 3.0 [39]. Zircon Ce anomalies were calculated using the method of the lattice
strain model [17].

3.3. Zircon Hf Isotopes

In situ Hf isotope analyses were conducted using a Neptune MC-ICP-MS and New
Wave UP 213 ultraviolet LA-MC-ICP-MS at the National Research Center for Geoanalysis,
Beijing, China. The analysis was undertaken on the adjacent spots used for the LA-ICP-MS
zircon U-Pb dating to match the Hf isotope data with the U-Pb ages. The ablated samples
wrapped in helium were transported from the laser ablation chamber to the ICP-MS torch
via a mixing chamber of Argon. Based on the zircon size, the stationary beam spot size was
set to either 40 or 50 um. During testing, GJ-1 international standard [30] zircon samples
were used as a reference for the instrumental mass bias correction. The weighted average
of the 76Hf/77Hf of the GJ-1 zircon samples was 0.281017 = 0.000007 (2 SD, n = 10), which
is consistent with the values reported by [18]. More detailed operating conditions for the
MC-ICP-MS instrument, the laser ablation system, and the analytical method are given
in [39,40].

3.4. Whole-Rock Major and Trace Elements

Whole-rock major and trace elements analyses were performed at the National Re-
search Center for Geoanalysis, Beijing, China. The samples were powdered to approx-
imately 200 mesh before testing. The major elements were determined using a Philips
PW 2404 X-ray fluorescence (XRF) spectrometer with a rhodium X-ray source. The trace
elements and the rare earth elements were determined using an Element-I plasma mass
spectrometer (Finnigan-MAT Ltd., Bremen, German); two national geological standard
reference samples, GSR-3 and GSR-15, were used for the analytical quality control purpose.
The analytical precision for the major elements is better than 1% and for the trace elements
is better than 5%, and the analytical procedures were described by [19].
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3.5. Whole-Rock Sr-Nd Isotopes

Sr—Nd isotopic analyses were carried out using a Neptune multi-collector ICP-MS at
the National Research Center for Geoanalysis, Beijing, China, using analytical procedures
described by [40]. The Separation of the Sr and REE were performed using cation columns,
and the Nd fractions were further separated using HDEHP-coated Kef columns. The
measured 37Sr/8Sr and 1*3Nd /1#4Nd ratios were normalized to 80Sr/8Sr = 0.1193 and
146N d /1#4Nd = 0.7217, respectively. The reported 8 Sr/80Sr and *3Nd /144Nd ratios were
adjusted to the NBS SRM 987 standard %Sr/80Sr = 0.71027 and the Shin Etsu JNdi-1
standard *Nd/#4Nd = 0.512116 [11], respectively.

3.6. Re-Os Isotopic Analyses

Nine molybdenite samples were collected from the Yuhaixi porphyry Mo(Cu) deposits
for Re-Os isotope analyses. Among them, five molybdenite samples came from drill holes
ZK3601. Four molybdenite samples came from drill hole ZK3201. The photographs and
photomicrographs of the representative samples are shown in Figure 4. Molybdenite occurs
as disseminations in monzonitic granite or quartz veinlets and molybdenite is cogenetic
with chalcopyrite (Figure 4H). The molybdenite was magnetically separated and then
handpicked under a binocular microscope at the Langfang Regional Geological Survey.
Fresh, nonoxidized molybdenite powders (<0.1 mm in size and purity >99%) were used
for Re-Os isotope analyses. '8’Re and '8”Os concentrations of molybdenite were measured
using a TJA PQ ExCell ICP-MS at the Re-Os Laboratory of National Research Center of
Geoanalysis, Chinese Academy of Geological Sciences, Beijing. The chemical separation
of the Re and Os and the analytical procedure were in accordance with [18]. The weighed
molybdenite samples were loaded into a Carius tube through a thin-neck long funnel.
The mixed 1°0s and 18°Re spike solutions and 2 mL HCl and 4 mL HNO, were loaded,
while the bottom part of the tube was frozen at —50 °C to —80 °C in an ethanol-liquid
nitrogen slush, and the top was sealed using an oxygen—propane torch. The tube was
then placed in a stainless-steel jacket and heated for 24 h at 230 °C. After 24 h and upon
cooling, the sample-bearing tubes were opened to transfer the supernatants out and the
Os was separated using the method of direct distillation from the Carius tube for 50 min
and trapped in 2 mL of water that was used for the ICP-MS (X-Series) determination of the
Os isotope ratio. After that, the residual Re-bearing solution was saved in a 150 mL Teflon
beaker for Re separation. The residual Re-bearing solution was heated to near-dryness.
The acetone phase was transferred to a 150 mL Teflon beaker that contained 1 mL of water.
Finally, the solution was picked up in 2% HNOj3, which was used for the ICP-MS(X-Series)
determination of the Re isotope ratio.

The average blanks for the method were ca. 3 pg Re and ca. 0.5 pg Os. The working
conditions of the instrument were controlled by the reference material JDC, which produced
a measured value of 139.8 + 2.0 Ma, which is consistent with the recommended value of
139.6 £ 3.8 Ma [41]. The analytical uncertainty in the Re-Os model ages includes 1.02%
uncertainty (at 95% confidence level) for the !%’Re decay constant. The Re-Os model ages
were calculated following the equation: t = [In(1 + 87Os/!8"Re)] /A, where A is the decay
constant of ”Re (A 1¥Re = 1.666 x 107! year~!; [41]) and denotes the age. The Re-Os
isochron ages were calculated using the least-squares method [42], employing the program
ISOPLOT 3.0 [23].

4. Results
4.1. Zircon U-Pb Dating and Zircon Trace Elements

The Yuhaixi monzonitic granite sample (YHX-ZK-1), diorite sample (ZK001-412), and
granite sample (721-6) were selected for LA-ICP-MS zircon U-Pb dating, and the analytical
data are listed in Table 1. Most of the zircon grains are euhedral-subhedral and show
prismatic forms (100-200 um long) with aspect ratios of 3:1 to 3:2 and characterized by
clear oscillatory growth zoning in the CL images (Figure 5). All samples have varying
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U(58-453 ppm) and Th (30-417 ppm) contents with high Th/U ratios (>0.3), which is
consistent with a magmatic origin [21].

Table 1. Whole-rock geochemical data of the studied intrusive rocks in the Yuhaixi Mo(Cu) deposit

(major elements: wt.%; trace elements: ppm).

Rock Type Monzonitic Granite Diorite Granite
Sample No. YHX-ZK-1 YHX-ZK-2 YHX-ZK-3  ZK001-25 ZK001-350 7ZK001-396 721-1 721-3 721-5
5i0, 742 76.57 74.64 53.55 54.58 54.16 7416 7379 7375
TiO, 0.17 0.18 0.14 0.95 0.94 0.8 0.2 0.18 0.18
Al O3 13.57 12.42 12.9 17.98 17.33 17.59 13.77 1415 1417
TFe;O3 1.23 1.31 1 8.69 8.37 7.9 1.49 1.4 1.39
MnO 0.03 0.06 0.03 0.17 0.16 0.14 0.08 0.06 0.06
MgO 0.28 0.36 0.23 4.06 4.84 5.06 0.45 0.39 0.39
CaO 1.23 1.12 1.9 7.97 7.8 7.61 1.65 1.63 1.64
Na,O 3.33 3.39 2.77 3.86 411 4.11 4.46 4.57 4.55
KO 4.97 3.75 4.53 1.15 0.9 1.14 2.65 2.7 2.81
P,05 0.04 0.05 0.04 0.24 0.16 0.25 0.07 0.07 0.07
LOI 0.63 0.73 1.82 1.12 0.8 1.02 0.5 0.47 0.5
TOTAL 99.68 99.94 99.98 99.74 99.99 99.77 99.48 9941 99.52
N}Z% " 8.3 7.14 7.29 5.01 5.01 5.25 7.11 7.28 7.37
Mg 28.87 32.88 29.08 45.44 50.76 53.31 35 33.18  33.34
A/CNK 1.04 1.05 1.06 0.81 0.79 0.81 1.04 1.05 1.05
A/NK 1.25 12 1.29 2.37 224 2.2 1.35 1.35 1.27
Li 5.44 6.67 1.31 8.67 10.66 8.71 1379  16.67 1295
Be 0.89 2.39 0.94 0.97 1.02 0.96 1.05 1.52 1.04
Sc 2.15 3.53 1.14 19.92 24.87 23.37 1.38 2.6 1.38
\% 10.66 12.16 9.27 201.07 241.97 116.9 8.35 8.39 7.22
Cr 19.13 0.78 10.53 22.33 67.75 129.44 5.68 8.87 4.1
Co 1.97 1.01 0.56 22.83 30.73 29.04 1.01 1.03 0.88
Ni 0.11 0.73 0.86 18.48 46.27 81.17 0.26 1.81 1.52
Cu 114.22 37.2 10.2 65.43 132.91 55.89 2.01 1.23 2.88
Zn 15.83 74.89 27.69 103.43 102.49 105.55 68.29 44.17 49.97
Ga 14.88 15.67 11.72 22.98 23.43 24.02 1515 1625 1512
Rb 64.57 75.8 64.65 252 17.69 25.25 45.6 6297 4583
Sr 188.36 168.2 137.76 833.76 784.8 940.51 379.1  400.17 371.33
Y 7.83 14.27 5.77 28.58 25.65 24.64 1957 1859  19.64
Zr 94.78 114.16 89.03 364.46 160.19 23.13 120.58 110.57 114.79
Nb 5.35 12.47 5.34 4.52 526 4.15 54 6.28 493
Cs 0.24 0.4 0.4 0.51 0.5 0.57 0.39 1.39 0.38
Ba 853 592 598 369 314 436 1248 1277 1333
La 27.76 27.03 17.31 18.18 19.09 15.35 2076 ~ 3515 2757
Ce 51.7 59 38.94 45.57 47.45 41.31 4529  68.09 5325
Pr 5.86 6.19 3.93 6.63 6.78 6.23 4.71 8.11 6.57
Nd 21.54 22.74 14.66 30.25 30.26 28.08 18.11 30.56  25.29
Sm 3.39 4.1 2.56 6.66 6.09 5.78 3.35 5.4 4.51
Eu 1.15 0.86 0.82 191 1.57 1.58 14 1.54 151
Gd 2.94 3.4 2.14 5.46 5.05 4.69 2.99 4.43 3.96
Tb 0.36 0.49 0.27 0.9 0.83 0.79 0.49 0.64 0.6
Dy 1.64 2.58 1.16 5.67 4.84 4.65 2.98 3.42 3.47
Ho 0.3 0.52 0.22 12 0.99 0.94 0.67 0.67 0.71
Er 0.81 1.43 0.6 3.3 2.77 2.57 1.97 1.87 1.97
Tm 0.11 0.22 0.08 0.49 0.41 0.37 0.3 0.28 0.29
Yb 0.67 1.45 0.53 3.12 2.71 2.42 1.99 1.73 1.95
Lu 0.11 0.24 0.08 0.48 0.44 0.39 0.33 0.28 0.32
Hf 2.77 3.64 2.5 8.98 4.93 1.27 3.67 3.46 3.54
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Table 1. Cont.

Rock Type Monzonitic Granite Diorite Granite
Sample No. YHX-ZK-1 YHX-ZK-2 YHX-ZK-3  ZK001-25 ZKO001-350 ZK001-396 721-1 721-3 721-5
Ta 0.3 1.34 0.29 0.32 0.34 0.25 0.31 0.48 0.3
Tl 0.21 0.24 0.19 0.09 0.06 0.08 0.18 0.2 0.16
Pb 15.31 11.3 11.69 6.2 5.45 8.02 8.42 9.44 8.78
Bi 0.05 0.03 0.03 0.12 0.1 0.26 0.02 0.04 0.02
Th 5.77 8.18 5.8 3.06 3.35 1.18 5.21 9.97 7.37
8] 1.13 1.95 0.99 2.19 1.46 0.83 1.19 1.82 1.46
(La/Yb)N 27.9 12.55 21.98 3.92 4.74 4.28 7.02 13.71 9.54
(Tb/Yb)N 2.37 15 2.24 1.29 1.36 1.45 1.1 1.63 1.36
(La/Sm)y 5.15 4.15 4.26 1.72 1.97 1.67 3.9 4.09 3.84
Th/Ce 0.11 0.14 0.15 0.07 0.07 0.03 0.12 0.15 0.14
Th/U 5.12 4.2 5.84 14 2.29 1.42 4.39 5.48 5.05
Ce/Pb 3.38 5.22 3.33 7.35 8.7 5.15 5.38 7.22 6.06
YREE 118.34 130.24 83.29 129.82 129.29 115.14 10533 162.16  131.97
Eu 1.09 0.68 1.05 0.94 0.84 0.9 1.33 0.94 1.07
Sr/Y 24.05 11.78 23.88 29.17 30.59 38.17 19.38 2153 1891

Note: Mg* = 100 x (MgO/40.3044)/(MgO/40.3044 + 0.8998 x Fe, O3 T/71.8440).
& 8 8

Monzonitic granite

= - < -

364t8Ma  359+8Ma 36 & 362

Granite

307+5Ma  308+3Ma  306+6Ma  306+4Ma 309t6Ma 307+4Ma
Diorite

= g & & b €3

306x9Ma  299+7Ma 304*9Ma 302+t6Ma 303x6Ma 296t8Ma 299+6Ma 294+7Ma 297+6Ma

O LA-ICP-MS U-Pb dating analysis spots 300um
{» Hfisotope analysis spots I /

Figure 5. Cathodoluminescence images of representative zircon grains of the Yuhaixi showing the
inner structures and analyzed spots.

Except for two discordant spot (02, 05), the remaining 17 analyses from the mon-
zonitic granite sample (YHX-ZK-1) yielded concordant 206pp /238y ages varying from
352 to 362 Ma (Figure 6), with a weighted mean age of 359.4 £ 1.6 Ma (MSWD = 0.89), which
is interpreted as the best estimate of emplacement age for the Yuhaixi monzonitic granite.
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Figure 6. U-Pb concordia diagrams and weighted average ages of the zircons from monzonitic

granite, diorite, and granite in the Yuhaixi porphyry Mo(Cu) deposit.

Except for three discordant spots (07, 09, 11), the remaining 12 analytical spots from
the granite sample (721-6) had 2°°Pb /23U ages ranging from 306 to 309 Ma (Figure 6), with
a weighted mean age of 307.0 £ 2.3 Ma (MSWD = 0.037).

Except for three discordant spots (03, 07 and 16), the remaining 19 analytical spots
from the diorite sample (ZK001-412) had 2%°Pb /23U ages ranging from 296 to 306 Ma.

(Figure 6), with a weighted mean age of 298.8 £ 1.8 Ma (MSWD = 1.3) (Table 2).
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Table 2. LA-ICP-MS zircon U-Pb data for the studied intrusive rocks in the Yuhaixi Mo(Cu) deposit.
Spot Element (x10-9) Isotope Ration Apparent Age (Ma)
Pb Th U 207pp/20Pb 10 207pp/B5U 1o 206pp/38U 10 27pb/2%Pb 1o 27pp/BSU 1o 206pp/B8U 1o
Monzonitic granite
YHX-1-1 97 849 1156 0.0547 0.0034 0.4414 0.0273 0.0581 0.0012 398 173 371 19 364 8
YHX-1-2 23 174 302 0.0539 0.0033 0.4362 0.0264 0.0581 0.001 369 134 368 19 364 6
YHX-1-3 26 108 348 0.0525 0.0071 0.4269 0.0573 0.0578 0.0023 309 281 361 41 362 14
YHX-1-4 20 137 265 0.0543 0.0043 0.4309 0.0348 0.0562 0.0013 383 180 364 25 352 8
YHX-1-5 14 120 173 0.0558 0.006 0.4258 0.0401 0.0579 0.0017 456 275 360 29 363 11
YHX-1-6 74 835 840 0.0532 0.0035 0.4319 0.0259 0.058 0.001 345 145 365 18 364 6
YHX-1-7 7 41 89 0.0568 0.006 0.4393 0.0366 0.0573 0.0013 487 236 370 26 359 8
YHX-1-8 8 46 102 0.0548 0.0056 0.4404 0.0449 0.0565 0.0016 406 227 371 32 354 10
YHX-1-9 13 69 182 0.0561 0.0038 0.4465 0.027 0.0576 0.0011 457 155 375 19 361 7
YHX-1-10 90 535 1167 0.0559 0.0033 0.4573 0.0267 0.0576 0.0011 450 127 382 19 361 7
YHX-1-11 20 144 245 0.0546 0.0059 0.436 0.0369 0.0571 0.0019 398 210 367 26 358 12
YHX-1-12 16 95 218 0.0531 0.0032 0.4203 0.0234 0.0571 0.0009 345 144 356 17 358 5
YHX-1-13 18 106 232 0.059 0.005 0.4598 0.0328 0.0578 0.0015 565 183 384 23 362 9
YHX-1-14 12 68 157 0.0571 0.0092 0.448 0.0673 0.0574 0.0023 494 356 376 47 360 14
YHX-1-15 104 1050 1184 0.0577 0.0022 0.4602 0.0181 0.0572 0.0008 517 83 384 13 359 5
YHX-1-16 14 92 182 0.0564 0.0038 0.4436 0.0279 0.0575 0.001 478 146 373 20 360 6
YHX-1-17 235 1618 3001 0.0594 0.002 0.471 0.0151 0.0568 0.0007 583 74 392 10 356 4
YHX-1-18 25 241 307 0.0543 0.003 0.4322 0.0234 0.0569 0.0008 389 122 365 17 357 5
Diorite
zk001-1 4 30 60 0.0498 0.0057 0.3316 0.0297 0.0487 0.0014 187 244 291 23 306 9
zk001-2 5 40 85 0.0559 0.0052 0.3636 0.0288 0.0475 0.0011 450 207 315 21 299 7
zk001-3 5 47 72 0.0584 0.0059 0.3712 0.0311 0.0482 0.0015 543 222 321 23 304 9
zk001-4 7 72 108 0.055 0.0048 0.3695 0.0304 0.048 0.0011 413 196 319 23 302 6
zk001-5 8 79 128 0.052 0.0046 0.3458 0.0274 0.0481 0.001 283 199 302 21 303 6
zk001-6 6 69 93 0.0604 0.0077 0.3636 0.0356 0.0471 0.0013 617 275 315 26 296 8
zk001-7 9 85 133 0.0502 0.0037 0.3193 0.0181 0.0474 0.001 206 168 281 14 299 6
zk001-8 8 72 128 0.0499 0.0053 0.3111 0.0249 0.0476 0.0012 191 230 275 19 300 7
zk001-9 5 49 87 0.0568 0.0055 0.3463 0.026 0.0466 0.0012 483 213 302 20 294 7
zk001-10 4 28 58 0.0597 0.0061 0.3772 0.0304 0.047 0.0012 591 222 325 22 296 7
zk001-11 5 47 69 0.0506 0.0055 0.3367 0.0377 0.048 0.0019 233 224 295 29 303 11
zk001-12 10 91 149 0.0481 0.004 0.3198 0.0212 0.0487 0.0011 106 181 282 16 306 7
zk001-13 8 85 118 0.0581 0.0045 0.3758 0.0265 0.0469 0.001 600 170 324 20 296 6
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Table 2. Cont.
Spot Element (x10-6) Isotope Ration Apparent Age (Ma)

Pb Th U 207Pp/2%Pb 10 27pp/APU 1o 206pp/28U 10 207Pp/2%Pb 10 W7pp/AU 1o 26pp/28U 1o
zk001-14 9 86 127 0.0489 0.0045 0.3209 0.025 0.0473 0.001 143 200 283 19 298 6
zk001-15 6 57 84 0.0485 0.0038 0.3079 0.017 0.0471 0.001 124 174 273 13 297 6
zk001-16 8 90 117 0.0505 0.0037 0.3377 0.0227 0.0471 0.001 217 177 295 17 296 6
zk001-17 6 46 101 0.0554 0.0049 0.3534 0.0275 0.0466 0.0009 428 198 307 21 293 6
zk001-18 11 102 153 0.0461 0.004 0.3058 0.0245 0.0479 0.0014 400 -202 271 19 302 9
zk001-19 5 41 83 0.053 0.0054 0.3352 0.029 0.0469 0.0011 328 230 294 22 296 7
zk001-20 4 36 67 0.0533 0.0082 0.3365 0.0437 0.0482 0.0021 343 315 295 33 303 13

Granite

721-6-01 6 106 87 0.0584 0.0021 0.3884 0.0141 0.0487 0.0008 546 84 333 10 307 5
721-6-02 26 475 350 0.0534 0.001 0.3608 0.0079 0.0489 0.0005 346 44 313 6 308 3
721-6-03 30 369 453 0.0559 0.0014 0.3752 0.012 0.0486 0.001 456 56 323 9 306 6
721-6-05 20 177 327 0.0525 0.001 0.3526 0.008 0.0486 0.0006 306 46 307 6 306 4
721-6-07 16 131 258 0.0529 0.0012 0.3582 0.0108 0.049 0.0009 324 52 311 8 309 6
721-6-08 16 248 216 0.0522 0.0011 0.3511 0.0082 0.0488 0.0007 295 50 306 6 307 4
721-6-11 17 198 269 0.0513 0.0015 0.3449 0.0108 0.0487 0.0006 254 67 301 8 306 4
721-6-13 12 178 170 0.0553 0.0014 0.3714 0.0096 0.0489 0.0008 433 57 321 7 308 5
721-6-16 5 63 62 0.0536 0.0023 0.3594 0.0151 0.0488 0.0007 367 96 312 11 307 5
721-6-21 21 204 338 0.0542 0.001 0.3656 0.0078 0.0488 0.0006 376 38 316 6 307 4
721-6-22 12 193 162 0.0559 0.0017 0.3772 0.0122 0.0488 0.0005 450 64 325 9 307 3
721-6-23 33 417 478 0.0553 0.0012 0.3721 0.0087 0.0486 0.0007 433 51 321 6 306 4
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The calculated results of zircon Ce** /Ce?* and Ti-in-zircon thermometer have been
used to estimate the magma temperatures and oxidation states [17], with the detailed
calculation procedures being presented by [17]. In this study, the zircon Ce**/Ce®* values
of the monzonitic granite, diorite, and granite were calculated to be ~6-248 (avg. 60),
11-182 (avg. 54), and 6-241 (avg. 85), respectively (Table 3). Ti-in-zircon temperatures
were calculated to be 590-954 °C (avg. 744 °C) for the monzonitic granite, 698-775 °C
(avg. 728 °C), for the diorite and 653-917 °C (avg. 712 °C) for the granite (Table 3). The zir-
con REE patterns are commonly featured by HREE enrichments with positive Ce anomalies
and negative Eu anomalies (Figure 7).
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Figure 7. Chondrite-normalized REE patterns for zircon grains from the Yuhai intrusions. Chondrite
values are from [20].
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Table 3. Trace element abundance (in ppm), Eu anomalies, and Ce*t/Ce%* in zircon and

Ti-in-zircon temperature.

Analysis Ti Y La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu EwEu* T
YHX-ZK-1 38 1860 9.55 101 11 635 349 757 63 155 154 567 257 55 525 114 052 732
YHX-ZK-2 81 3041 315 991 34 255 153 462 70 221 261 108 466 105 918 200 0.56 745
YHX-ZK-3 52 2093 004 322 03 273 759 257 39 126 159 653 298 649 606 130 045 747
YHX-ZK-4 59 1501 02 334 04 321 553 18 23 864 112 492 245 547 521 125 041 748
YHX-ZK-5 27 383 125 137 15 881 571 111 118 333 356 138 601 128 1137 252 049 677
YHX-ZK-6 61 1496 035 329 04 39 636 177 29 104 128 508 236 525 526 108 047 715
YHX-ZK-7 62 1879 024 286 04 512 943 232 41 132 167 64 299 638 597 135 0.35 631
YHX-ZK-8 13 2846 138 136 14 116 158 342 59 204 257 979 431 909 84 187 037 815
YHX-ZK-9 12 2797 0.69 659 1 691 841 2 43 172 232 942 452 978 925 206 041 745
YHX-ZK-10 6 1867 0.14 43 01 115 461 129 26 11 138 627 310 683 629 148 036 637
YHX-ZK-11 17 208 231 531 08 662 119 334 53 157 175 746 350 721 694 151 070 731
YHX-ZK-12 1.6 1329 0.02 227 0 098 379 095 22 839 111 445 223 502 473 103 052 884
YHX-ZK-13 22 2186 092 467 11 824 948 281 38 129 160 659 305 682 674 140 042 955
YHX-ZK-14 24 1112 054 281 02 27 387 132 22 698 98 401 178 389 357 83 0.48 693
YHX-ZK-15 17 5436 176 178 20 124 763 168 177 491 527 185 800 168 1441 298 041 692
YHX-ZK-16 33 2710 051 38 07 762 112 3.02 58 193 227 852 377 813 747 159 064 626
zk001-412-1 91 95 002 989 01 349 543 125 26 773 87 317 146 308 277 57 047 799
zk001-412-2 84 515 011 8.09 0 122 1.07 034 76 34 41 16.8 762 187 182 38 043 741
zk001-412-3 62 820 0.01 123 0 085 237 057 17 593 69 279 124 279 259 54 0.40 799
zk001-412-4 6.7 907 001 115 01 183 409 06 19 6.5 78 301 132 292 275 60 035 787
zk001-412-5 59 809 0.04 121 0 075 268 04 13 512 66 259 123 264 256 56 0.40 778
zk001-412-6 88 574 0.01 101 0 071 19 052 12 417 51 188 859 189 177 37 030 749
zk001-412-7 94 446 0.01 737 0 053 101 036 79 28 34 143 668 157 149 33 030 782
zk001-412-8 98 658 001 7.69 0 161 352 074 16 521 58 219 962 204 189 39 023 757
zk001-412-9 8.7 1111 0 121 03 4.6 69 126 31 923 101 367 163 343 308 63 022 745

zk001-412-10 14 1237 001 112 02 391 72 152 31 101 112 409 182 376 336 69 037 783
zk001-412-11 86 649 0.01 897 0 098 279 043 12 438 52 215 987 221 216 48 042 790
zk001-412-12 11 1265 0 125 03 406 662 142 31 951 110 42 191 418 354 77 032 794
zk001-412-13 58 552 0.01 8.09 0 029 113 024 91 327 42 175 88 192 189 41 028 766
zk001-412-14 6.7 1109 002 117 01 315 528 116 29 881 103 377 161 36 324 65 0.26 766
7216-1 64 1636 005 269 02 38 668 307 36 113 134 528 256 562 555 131 055 752
7216-2 93 3942 051 95 06 655 113 51 77 268 330 131 610 129 1234 276 048 789
7216-3 63 3785 119 582 11 702 966 363 58 226 299 125 600 130 1255 272 046 733
7216-4 53 3706 0.16 462 03 323 803 37 61 226 297 121 577 127 1200 265 045 739
7216-5 56 3438 0 437 01 151 539 245 42 18 253 111 558 127 1250 279 044 666
7216-6 24 3024 0 17.6 0 1.5 47 216 39 162 224 973 495 112 1110 252 045 776
7216-7 82 2765 002 57 01 248 669 297 49 173 223 901 431 941 890 208 050 771
7216-8 94 3352 186 774 19 13 131 535 64 226 273 109 517 113 1072 241 045 747
7216-9 11 3309 384 779 36 234 208 818 76 25 285 109 489 103 973 215 056 772
7216-10 48 7715 236 227 21 141 951 376 228 69.6 704 248 1096 220 2021 419 0.63 695
7216-11 6.1 1957 0.02 42 02 201 507 216 35 122 155 645 308 686 672 156 057 742
7216-12 11 3451 228 111 88 494 253 875 79 253 291 111 506 110 1044 235 049 712
7216-13 79 1906 008 377 02 207 513 262 33 115 148 621 301 691 693 158 051 730
7216-14 34 720 0 116 01 163 286 143 14 439 55 226 113 27 300 77 0.46 753
7216-15 58 1816 002 349 01 193 462 252 32 114 143 595 281 64 620 144 048 731

1 (Eu/Eu*) = Eu/(Sm x Gd)'/2 [18]. ? Ti-in-zircon temperatures are calculated using the equation proposed by [22]: log
(ppm Ti-in-zircon) = (5.711 & 0.072) — (4800 £ 86)/T(K) — logaSiO, + logaTiO,, where «SiO, =1, «TiO; = 0.6

are used in the calculation.

4.2. Whole-Rock Major and Trace Elements

The representative whole-rock geochemical data for the Yuhaixi intrusive samples

are presented in Table 1. The Yuhaixi monzonitic granite, granite and diorite samples plot
inside the granite, granite and monzodiorite fields, respectively on the Na,O + K,O vs. 5iO;
diagram (Figure 8a; [37]). The Yuhaixi monzonitic granites are characterized by high SiO,
(74.20~76.57 wt.%) and total alkali contents (KO + NayO = 7.14-8.30 wt.%), but low MgO
(0.23~0.36 wt.%), TiO, (0.14-0.17 wt.%), and P,Os (0.04-0.05 wt.%), with low Mg* = 28-32
[100 x molecular Mg?*/(Mg?* + Fe?*)], which belong to the high-K calc-alkaline series
(Figure 8b). The Yuhaixi post-ore granite exhibited similar major element compositions,
but they show relatively high Nay,O and low K;O contents relative to the monzonitic
granites. These rocks are characterized by high SiO, and K,O + Na,O (7.11-7.37 wt.%)
contents, which suggests that they are high-K calc-alkaline series rocks (Figure 8b). The
Yuhaixi diorite is chemically different from the Yuhaixi monzonitic granite and granite,
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and has SiO,, Al,O3, Na,O, K,O, TFe,O3, TiO,, and P,Os5 contents of 53.55-54.58 wt.%,
17.33-17.98 wt.%, 3.86—4.11 wt.%, 0.90-1.15 wt.%, 7.90-8.69 wt.%, 0.80-0.95 wt.%, and
0.16-0.25 wt.%, respectively. The Yuhaixi diorite belongs to the calc-alkaline series (Figure 8b).
In the A/NK vs. A/CNK diagram, the Yuhaixi monzonitic granite and granite samples
are metaluminous to weak peraluminous (Figure 8c), with an aluminum saturation index
(Al,O3/(NazO + K70 + Ca0)) ranging from 0.66—-1.07.
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Figure 8. Classification and series diagrams of intrusions in the Yuhaixi porphyry Mo(Cu) deposit.
(a) NayO + KO vs. SiO; plot diagram [43]. (b) KO vs. SiO, diagram [44]. (c) A/NK vs. A/CNK
plot diagram [45]. (d) FeOt/(FeO+MgO) vs. SiO, diagram.

As for the chondrite-normalized REE patterns, the Yuhaixi diorite samples are moder-
ately fractionated ((La/Yb)n = 4.19-7.64), with light rare earth element (LREE) enrichment
and heavy rare earth element (HREE) depletion in the absence of clear Eu anomalies
(Eu/Eu* = 0.92-1.27) (Figure 9A). The overall rare earth content is low (XREE = 32.1~162.16)
in Yuhaixi, among which the rare earth content of granite is the lowest (ZREE = 32.1~78.49).
The granite samples show a slight positive Eu anomaly (8Eu = 0.94~1.33). The diorite
samples show weaker negative Eu anomalies (6Eu = 0.84-0.94) (Figure 9A). In the primitive
mantle-normalized trace element spider diagram (Figure 9A; [30]), different magmatic
rocks show different characteristics, which are generally characterized by enrichment of
large-ion lithophile elements (LILE: Rb, Ba, K, U) and relative depletion of high-field-
strength elements (HFSE: Nb, Ta, Zr). The monzonite granite is enriched in Rb, Ba, U, K,
Pb, and depleted of Nb, Ta, Sr, Ti, P. Compared with granite, the LILE enrichment and the
HFSE depletion in monzonitic granite and diorite are more significant (Figure 9A).

4.3. Zircon Hf Isotopes

Zircon Hf isotope analysis results are listed in Table 4. The monzonitic granite, diorite,
and granite yielded eHf(t) values of 11.37-17.59, 11.59-13.46, and 11.73-14.76, respectively.
The zircon Hf single- and two-stage model ages are 280-538 Ma and 240-637 Ma for the
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monzonitic granite, 399-472 Ma and 458-578 Ma for the diorite, and 354-478 Ma and
377-572 Ma for the granite, respectively (Table 4).
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Figure 9. (A) primitive mantle-normalized trace element abundance spider diagram and
(B) chondrite-normalized REE of the intrusions in the Yuhaixi porphyry Mo(Cu) deposit. (nor-
malization values are from [20]). The N-MORB, E-MORB, and OIB patterns are from [20].

4.4. Whole-Rock Sr-Nd Isotopes

The initial 8 Sr/80Sr (Isr) isotope ratios and eNd(t) were calculated using the 875y /865y
ratios, Nd values, and zircon U-Pb ages analyzed in this study (Table 5). All rock sam-
ples from the Yuhaixi Mo(Cu) deposit (e.g., monzonitic granite, diorite and granite) are
characterized by low (8Sr/8Sr)i values with obviously varied ranges (e.g., 0.7043-0.7128,
0.7037-0.7041, and 0.7042-0.7043, respectively). They show positive and narrow ranges
of eNd(t) (1.36-3.4, 5.16-7.75, and 4.62-6.44, respectively), corresponding to Tpy» ages of
832-1002 Ma, 430-642 Ma, and 545693 Ma, respectively (Table 5).

4.5. Re-Os Isotopic Ages

The Re-Os isotopic data for nine molybdenite samples from the Yuhaixi porphyry Mo
deposit are listed in Table 6 and are plotted in an isochron diagram in Figure 10. The concen-
trations of 18”Re and 187Os ranged from 93.9 to 322.9 pg/g and from 539.5 to 1889.2 ng/g,
respectively. Nine samples yielded model ages ranging from 337.9 £ 6.7 to 350.2 &+ 6.1 Ma
and a well-constrained '8 Re-'%"Os isochron age of 354.1 + 6.8 Ma, with MSWD = 1.7 and
an initial 1% Os of 24 + 17ng/g (Figure 10A). The data also yields a weighted average age
of 344.5 & 3.1 Ma (MSWD = 2.1) (Figure 10B). These ages are concordant within the errors,
indicating that the Yuhaixi Mo(Cu) deposit was formed in the Carboniferous.

B 360
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- 348
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= 344
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o
§ 340
Age =354.1£6.8 Ma
Initial'87Os ng/g = 336 Mean = 344.5+3.1 [0.91%]
24417 95% conf.
= 332 MSWD = 2.1, probability =
. MSWD.—1.7 iy
328
0 100,000 200,000 300,000 400,000

187Re ng/g

Figure 10. Re-Os isochron diagram and weighted average model age diagram for four molybdenite
samples in the Yuhaixi porphyry Mo(Cu) deposit.
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Table 4. In situ zircon Hf isotopic data on the studied intrusive rocks in the Yuhaixi Mo(Cu) deposit.
Sample No. Age (Ma) 176 17T HE 1o 176 Lu/177Hf 1o 176Yb/1 77 Hf 1o eHf (0) eHf (T) ToMm Tpmc fs
Monzonitic granite
YHX-ZK-1 364.07 0.283072 0.000014 0.004346 0.000038 0.125695 0.000845 10.61 17.59 279.05 240.34 —0.87
YHX-ZK-2 364.28 0.282921 0.000016 0.002443 0.000049 0.068981 0.001428 527 12.71 487.64 553.83 —0.93
YHX-ZK-3 362.36 0.282939 0.000013 0.002261 0.000021 0.062658 0.00063 591 13.34 458.91 511.47 —0.93
YHX-ZK-4 352.34 0.282972 0.000017 0.002645 0.000092 0.076706 0.002935 7.09 14.23 414.25 446.94 —0.92
YHX-ZK-5 362.89 0.282947 0.000014 0.001811 0.000013 0.051511 0.000516 6.18 13.74 442.01 486.6 —0.95
YHX-ZK-6 363.7 0.282929 0.000015 0.002913 0.000044 0.085132 0.001176 5.56 12.87 481.81 542.82 —-0.91
YHX-ZK-7 358.97 0.282965 0.000014 0.001719 0.000046 0.048263 0.001292 6.83 14.32 414.48 445.98 —0.95
YHX-ZK-8 354.4 0.282978 0.000016 0.003775 0.000091 0.106083 0.002773 7.3 14.22 418.43 449.15 —0.89
YHX-ZK-9 361 0.282947 0.000013 0.001313 0.000006 0.035821 0.000127 6.21 13.84 435.14 478.51 —0.96
YHX-ZK-10 361.26 0.282985 0.000016 0.003241 0.000026 0.088301 0.000827 7.54 14.72 401.89 422.3 -0.9
YHX-ZK-11 358.08 0.282945 0.000016 0.002979 0.000054 0.083992 0.001507 6.12 133 459.23 511.2 —091
YHX-ZK-12 358.06 0.282903 0.000013 0.002089 0.000038 0.056193 0.001068 4.62 12.01 509.8 593.52 —0.94
YHX-ZK-13 361.99 0.28288 0.000014 0.001761 0.000034 0.046745 0.000888 3.82 11.37 538.24 637.96 —0.95
YHX-ZK-14 359.72 0.282956 0.000014 0.001655 0.000009 0.046342 0.000231 6.52 14.05 426.25 464.2 —0.95
YHX-ZK-15 358.69 0.282968 0.000016 0.003117 0.000047 0.087435 0.001308 6.93 14.08 426.66 461.17 —-0.91
YHX-ZK-16 360.35 0.282957 0.000016 0.001848 0.000006 0.048001 0.000285 6.53 14.03 427.98 466 —0.94
YHX-ZK-17 356.41 0.283007 0.000014 0.003289 0.000063 0.097506 0.001856 8.3 15.37 369.99 376.79 -09
YHX-ZK-18 356.81 0.282927 0.000018 0.003289 0.000045 0.096394 0.001396 5.49 12.57 490.31 557.13 -09
Diorite
zk001-412-1 306.4 0.282943 0.000014 0.000731 0.00001 0.02065 0.000259 6.04 12.64 434.94 513.32 —0.98
zk001-412-2 298.94 0.282967 0.000014 0.000688 0.000001 0.01916 0.000048 6.9 13.34 400.38 462.42 —0.98
zk001-412-3 303.67 0.282969 0.000016 0.000888 0.000002 0.026311 0.000066 6.95 13.46 400.35 458.66 -0.97
zk001-412-4 302.43 0.282938 0.000016 0.001176 0.000012 0.033611 0.000286 5.87 12.29 447.19 532.71 —0.96
zk001-412-6 303.05 0.282944 0.000012 0.000827 0.000005 0.023606 0.00012 6.09 12.59 434.22 513.67 —0.98
zk001-412-7 296.45 0.282927 0.000012 0.000631 0.000004 0.018343 0.000149 55 11.9 455.47 553.11 —0.98
zk001-412-8 298.79 0.282937 0.000014 0.000837 0.000016 0.024897 0.000592 5.85 12.26 443.87 531.68 -0.97
zk001-412-9 299.82 0.282946 0.000014 0.000701 0.000003 0.020066 0.000103 6.16 12.62 430.05 509.63 —0.98
zk001-412-10 293.73 0.282967 0.000011 0.000607 0.000005 0.017496 0.000137 6.91 13.26 398.9 463.59 —0.98
zk001-412-11 295.9 0.282925 0.000013 0.000574 0.000001 0.016515 0.000039 5.41 11.81 458.27 558.37 —0.98
zk001-412-12 302.54 0.282914 0.000015 0.000449 0.000011 0.012607 0.000408 5.02 11.59 472.15 577.62 —0.99
zk001-412-13 306.43 0.28294 0.000013 0.00094 0.000005 0.027755 0.000198 5.95 12.51 440.87 521.65 -0.97
zk001-412-14 295.58 0.282937 0.000012 0.00096 0.000001 0.02861 0.000066 5.83 12.14 446.22 536.6 -0.97
zk001-412-15 297.65 0.282955 0.000012 0.000885 0.000003 0.025982 0.000121 6.48 12.86 419.08 492.32 -0.97
zk001-412-16 296.55 0.282953 0.000013 0.000649 0.000003 0.018522 0.000146 6.41 12.81 419.37 494.69 —0.98
zk001-412-17 296.48 0.282952 0.000014 0.001076 0.000004 0.032282 0.000155 6.38 12.69 425.56 502.38 -0.97
zk001-412-18 293.48 0.282934 0.000013 0.000679 0.000002 0.019199 0.000088 5.73 12.05 446.96 540.9 —0.98
zk001-412-19 301.64 0.282966 0.000017 0.000677 0.000003 0.018615 0.000083 6.87 13.38 401.16 462.08 —0.98
zk001-412-20 295.72 0.282931 0.000011 0.000607 0.000005 0.016322 0.000143 5.62 12.01 450.39 545.54 —0.98
zk001-412-21 303.2 0.282938 0.000015 0.000835 0.000009 0.024164 0.000315 5.87 12.38 442.95 527.54 -0.97
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Table 4. Cont.
Sample No. Age (Ma) 176 17T HE 1o 176 Lu/177Hf 1o 176Yb/177Hf 1o eHf (0) eHf (T) ToMm Tpmc fs
Granite
7216-1 306.63 0.282925 0.000034 0.00212 0.000015 0.052126 0.000742 5.41 11.73 477.66 571.8 —0.94
7216-2 307.95 0.28298 0.000027 0.004211 0.000022 0.108632 0.000672 7.36 13.28 421.22 473.44 —0.87
7216-3 305.7 0.283025 0.000023 0.004513 0.000057 0.114445 0.001314 8.94 14.76 354.81 376.83 —0.86
7216-4 306.15 0.282992 0.000019 0.004137 0.000074 0.106852 0.002601 7.78 13.68 401.84 446.26 —0.88
7216-5 308.54 0.282968 0.000014 0.003326 0.000032 0.088744 0.001145 6.94 13.06 428.42 488.23 —-0.9
7216-6 307.07 0.282947 0.000021 0.002676 0.000013 0.07104 0.000482 6.19 12.41 452.27 528.74 —0.92
7216-7 306.32 0.282989 0.000019 0.004237 0.000041 0.110844 0.001475 7.69 13.58 406.88 453.14 —0.87
7216-8 308.07 0.282945 0.000019 0.0022 0.000039 0.05607 0.001128 6.11 12.44 449.83 527.37 —0.93
7216-9 307.16 0.282962 0.00002 0.001427 0.000076 0.033621 0.001796 6.71 13.18 416.07 479.25 —0.96
Note: eHf(0) = [(7eHf/77Hf)s /(VHf /7" Hf)crrurp — 1] - 10,000; eHE(t) = ([(7HE/ 77 Hf)s — (PoLu/ 7" Hf)s - (M — 1)]/[(7eHE/"H)cauro — (7°Lu/" Hf)cpurp - € — 1] — 1} - 10,000;
Tow = 1/A - In{1 + [(76HE/ 77 HE)s — (Y6HE/ "7 Hf)pm]/ [(V°Lu/Y"HE)s — (7°Lu/"Hf)pm]; Tomz = Tomr — (Tomt — 1) - (Fee — f5) - (Fee — foM); frums = [(7Lu/7"Hb)s /(7°Lu/""Hf)crurol — 1,
where (76Hf /177Hf)g and (17°Lu/”Hf)g are the measured values of the samples, s = sample, and t = crystallization time of zircon; 7L/ 177Hf)CHUR,0 =0.0332and (7°Hf/ 177Hf)CHUR/0 =0.282772 [23];
(OLu/77HfDM = 0.0384 and (7eHf/77Hf)DM = 0.28325 [24]; foc = —0.55 and fpy = 0.16; and A = 1.867 x 10712 /yr~! [46] were used in the calculation.
Table 5. Sr-Nd isotopic compositions of the studied intrusive rocks in the Yuhaixi Mo(Cu) deposit.
Sample No. Rock Type Age (Ma) Rb Sr S7Rb/%6Sr 87Sr/86Sr Is; Sm Nd 17 Sm/14Nd MBNJA/T4Nd Sm/Nd Ing eNd(0) eNd(t) Tom
YHX-ZK-1 MG 359.4 30.9563 107 0.8371 0.711 0.7062 4545 13.95 0.197 0.5127 0.326 0.5122 1.3655 1.3597 3992
YHX-ZK-2 MG 359.4 28.9275 68.65 1.2193 0.711 0.7043 1.948 6.905 0.171 0.5127 0.282 0.5123 1.4045 2.6103 1555
$3201-20 GNG 364 58.6 289 0.5866 0.706 0.7032 1.64 10.4 0.095 0.5126 —0.68 4.03 705
$3201-26 GNG 364 69.9 203 0.9964 0.709 0.7037 2.56 14.9 0.104 0.5126 —0.76 3.56 765
ZK001-25 DI 298.8 11.6175 657.9 0.0511 0.704 0.7037 1.996 17.47 0.069 0.5128 0.114 0.5127 2.887 7.7512 386
ZK001-350 DI 298.8 8.715 648.6 0.0389 0.704 0.7037 1.968 19.86 0.06 0.5128 0.099 0.5126 2.4969 7.7096 382
ZK001-396 DI 298.8 11.9025 749.4 0.046 0.704 0.7041 3.966 17.23 0.139 0.5128 0.23 0.5125 2.9651 5.1618 739
721-1 GR 307 14.9663 212.8 0.2035 0.705 0.7043 1.443 9.591 0.091 0.5128 0.151 0.5126 2.2823 6.435 493
721-3 GR 307 14.2313 194.2 0.212 0.705 0.7043 2,673 12.85 0.126 0.5127 0.208 0.5125 1.8337 4.6214 727
721-5 GR 307 14.5125 209 0.2009 0.705 0.7043 1.739 12.24 0.086 0.5127 0.142 0.5126 1.9507 6.3017 493
Abbreviation: MG, monzonitic granite; GNG, gneissic granite; DI, diorite; GR, granite. ®7Gy/ 86Sr), = (37Sr/%0Sr)s — (Rb/%Sr); x (eM — 1); 8Sr/86Sr = (Rb/Sr) x 2.8956;
Arbsr = 142 x 10M/a; (Nd/™Nd); = (BNA/™Nd)s — (¥Sm/M™Nd)s x (€M), ¥Sm/M™Nd = (Sm/Nd) x 0.60456; Agmng = 6.54 x 1072/a; eNd(t) = 10,000
[(**Nd/*Nd)i/(**Nd/"Nd)crurg — 11; (*Nd/™Nd)cpurey = (PNd/*Nd)cpure) — (¥Sm/™Nd)crur x € — 1); (P*Nd/*Nd)cpurg) = 0.512638; (*4Sm/*Nd)crug = 0.1967;
Tom = 1/A x In{1 + [(Nd/™Nd)s — “3Nd/"™Nd)om]/[(*Sm /™ Nd)s — (*Sm /™ Nd)pml); (*7Sm/ ™ Nd)pam = 0.21357; (BNd /™ Nd)pv = 0.51315; (47Sm /1 Nd) rust = 0.118.
Table 6. Molybdenite Re-Os isotopic data for the Yuhaixi Mo(Cu) deposit.
Re/ug-g—1 Os/ng-g_ 187Re/ug-g—1 1870s/ng-g—1 Model Age (Ma)
Sample No. Weight (g) Ores Type Occurrence 88 881 X 58 8
Measured 20 Measured 20 Measured 20 Measured 20 Measured 20
Mo-01 0.00306 Mo mineralized MG Dissemination 206.7 1.8 0.0072 0.2 129.9 1.1 741 4.2 3414 49
Mo-02 0.00516 Mo mineralized MG Dissemination 223.4 3.4 0.0022 0.1 140.4 2.2 793.4 5.8 338.2 6.7




Minerals 2023, 13, 1368 19 of 27
Table 6. Cont.
Re/ug-g—1 Os/ng-g_ 187Re/ug-g—1 187Qs/ng-g—1 Model Age (Ma)
Sample No. Weight (g) Ores Type Occurrence &8 561 88 88 g

Measured 20 Measured 20 Measured 20 Measured 20 Measured 20
Mo-03 0.00141 Mo mineralized MG Dissemination 226 1.8 0.008 0.1 142.1 1.2 820.5 5.7 345.7 5.0
Mo-04 0.00311 Mo mineralized MG Dissemination 411.5 5.0 0.0071 0.2 258.6 3.1 1510.8 9.3 349.6 5.9
Mo-05 0.00205 Mo mineralized MG Dissemination 204.1 1.8 0.0087 0.3 128.3 1.1 737.7 45 344.2 5.0
Mo-06 0.00051 Mo mineralized MG Dissemination 513.7 5.4 0.0087 0.4 3229 34 1889.2 18.7 350.2 6.1
Mo-07 0.0031 Ccp-Mo-Qz veinlet Veinlet 330.7 3.2 0.0072 0.2 207.8 2.0 1206.3 7.2 3474 5.2
Mo-08 0.00509 Ccp-Mo-Qz veinlet Veinlet 149.3 1.9 0.0023 0.1 93.9 1.2 539.5 33 344.1 5.8
Mo-09 0.00511 Ccp-Mo-Qz veinlet Veinlet 182.6 29 0.0021 0.1 114.8 1.8 648 4.0 337.9 6.7

Abbreviation: MG, monzonitic granite. Decay constant: A\'¥Re = 1.666 x 1071 year~! [46]. Uncertainty in the Re and Os concentrations includes errors associated with the weighing of
the sample and diluent, the calibration error of the diluent, the mass spectrometry analytical error, and the measurement error of the isotope ratios for the test sample; the confidence
level is 95%. Uncertainty in the Re-Os model ages includes the uncertainty of the ¥ Re decay constant, with a confidence level of 95%. Uncertainties for ages are absolute (20).
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5. Discussion
5.1. Timing of Magmatism and Mineralization of Yuhaixi Mo(Cu) Deposit

Multiple magmatic activities were documented in the eastern segment of the Dananhu-
Tousuquan island arc belt [25-29]. Our study reveals that at least two stages (~359 Ma
and ~307-299 Ma) of magmatic activities occurred in the Yuhaixi area. Zircon U-Pb
dating showed that Yuhaixi monzonitic granite, granite, and diorite were emplaced at
~359 Ma, ~307 Ma, and ~299 Ma, respectively. However, other intrusive rocks near the
Yuhaixi orefield were reported to form at ~443-430 Ma, earlier than that of Yuhaixi intru-
sive rocks. For example, Wang et al. (2016) obtained the age of the rocks in the Yuhai
Mo(Cu) deposit to be 441.6 £ 2.5 Ma, 430.3 £ 2.6 Ma for the diorite and granodiorite,
respectively [5]; Wang et al. (2015) obtained the age of the Sanchakou pluton to be 443 Ma;
Wang et al. (2016a) obtained the age of the felsic intrusion in the Sanchakou mining area to
be 440-426 Ma [30]; and Wang et al. (2018) obtained the age of the Yuhai quartz diorite to
be 443.5 + 4.1 Ma [12]. Overall, at least three stages of magmatic activities were identified
and recorded in the eastern segment of the Dananhu-Tousuquan island arc belt, namely
~430-443 Ma, ~359 Ma, and ~307-299 Ma.

The molybdenite Re-Os dating shows that the Yuhaixi Mo(Cu) deposit was formed
at 354 £ 6.8 Ma (Figure 10), which is approximately coeval with the emplaced ages of the
Yuhaixi monzonitic granite (359.4 &= 1.6 Ma). Previous studies have shown that the Yuhai
molybdenite age [5] and the Sanchakou molybdenite age are concentrated in 370-350 Ma
(Figure 11 [30]), which are consistent with the molybdenite Re-Os age of Yuhaixi Mo(Cu)
deposit. So, the Yuhaixi Mo(Cu) deposit is suggested to form at ~354-360 Ma. The Yuhaixi
granite and diorite rocks are post-ore intrusive plutons. Field investigations revealed
that Yuhaixi Mo(Cu) deposits are characterized by disseminated or veinlet ores, and Mo
mineralization mainly occurs in the potassic alteration zone (Figure 41I). It is highly likely
that the monzonitic granite contributed to the generation of the Yuhaixi deposit.
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Figure 11. Summary of geochronological data of major porphyry Cu deposits in the Eastern-Tianshan.
Error bars are 20 [5-7,9,12,47-58].

5.2. Petrogenesis

The Yuhaixi monzonitic granite is characterized by high SiO, and K,O + NaO con-
tents, low Al,O3 content, and the depletion of aluminum-rich minerals (e.g., muscovite,
tourmaline, and garnet). They have a weak peraluminous character (1 < A/CNK < 1.1),
and they exhibit low Sr (<188 ppm) and Y contents with relatively low Sr/Y ratios (<25).
These features suggest that the Yuhaixi intrusion can be classified as the I- or A-type
granite [21]. In addition, the Yuhaixi monzonitic granite shows low FeOt/(FeOt + MgO)
ratios, Zr content, and 10* x Ga/Al ratios (2.1-2.4), excluding the possibility of A-type
granite (Figure 8d). Therefore, the Yuhaixi monzonitic granite likely belongs to I-type
granites [59]. The Yuhaixi post-ore granite is a high silica granite and exhibits similar geo-
chemical signatures to the causative monzonitic granite. The Yuhaixi post-ore granite also
has relatively low A/CNK (<1.1) and Ga/Al ratios, which is consistent with the features of
I-type granites.
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Generally, the Mg* values of magmatic rocks formed by the partial melting of the
basaltic lower crust are less than 40 regardless of the degree of melting [43,44,60]. If mantle
material was involved in the origin of ore-forming felsic rocks, Mg* values of these rocks
will be higher than 40 [60]. Thus, the Mg* values can be used as an important indicator
to track the addition of mantle-derived magma. Overall, the Yuhaixi felsic rocks both
show high silica and low MgO, Cr, Ni contents, which is in favor of the crust origin. They
both are enriched in LREE and LILE and depleted in HFSE elements (e.g., Nb, Ta) in the
primitive mantle-normalized diagram (Figure 9). The Yuhaixi mozonitic granite samples
have significant variable 87Sr/%Sr ratios, ranging from 0.7041-0.7127, and high ¢Hf(t)
(11.37-17.59) and eNd(t) (1.36-3.4) values, suggesting that it may have formed by melting
the juvenile crust with the involvement of crustal components [43—45,60]. In addition,
the Yuhaixi monzonitic granite is high silica granite and is lithologically homogeneous,
arguing against the significant upper crustal contamination and fractional crystallization
of basaltic magmas [40]. The studied monzonitic granite is characterized by high K,O
(3.8-5.0 wt.%) and K,O/Na,O (1.1-1.6) ratios and shows relatively low Rb/Sr (0.34-0.47)
and high K/Rb (396-615) ratios without obvious Eu-negative anomaly, indicating that it
is less evolved than high-K granites. Thus, we proposed that Yuhaixi monzonitic granite
likely originated from the partial melting of the juvenile lower crust with the involvement
of hydrous melts or fluids sourced from continental crustal components (e.g., subducting
sediments). However, Yuhaixi post-ore granite shows high Na,O (4.5-4.6 wt.%) contents
and low K,O/NayO (~0.6) ratios and it has low initial 8”Sr/8¢Sr ratios (0.7042-0.7043) but
high eHf(t) (11.7-14.8) and eNd(t) (4.6-6.4) values, which suggests that Yuhaixi granite
likely originated from the partial melting of the juvenile crust with the addition of ocean
crustal components (e.g., subducting oceanic slab) [45].

Compared to the Yuhaixi felsic rocks, Yuhaixi diorites have relatively low silica
(53-54 wt.%) and high MgO (4.1-51 wt.%), NayO (3.94.1 wt.%), and Al,O3
(17.3-18 wt.%) contents with high Cr, V, and Ni contents. Their high MgO (Mg* > 45)
and high transition metal (e.g., Cr, Ni, V) contents suggest the Yuhaixi high-Al diorites may
be derived from the depleted lithospheric mantle source [20,23,25]. They have relatively
low initial 8Sr /8Sr ratios, and high eNd(t) (5.16-7.75) and ¢Hf(t) values (11.59-13.46),
further supporting the depleted mantle origin. However, the Yuhaixi diorite samples are
enriched in LREEs and LILEs, depleted in HREEs and HFSEs, and exhibit high Sr con-
tents (785-941 ppm), Ba/La, Ba/Th ratios, but low Th/Yb, and Th/Nb ratios. Plank and
Langmuir (1998) pointed out that the magma formed from the source area metasomatized
by the slab dehydration fluid usually has high Sr, Ba content and Ba/Th ratio (>170) [45].
Therefore, the Yuhaixi diorite is likely derived from partial melting of the metasomatized
mantle wedge (Figure 12) [31].
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Figure 12. (A) Zircon eHf (t) vs. U-Pb ages (T) diagram for the Yuhaixi intrusions. (B) eNd(t) vs. Ig,
diagram for the Yuhaixi intrusions.
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In a word, the Yuhaixi felsic intrusive rocks are high silica (SiO; > 70 wt.%) and are
characterized by high total alkali and low MgO, Cr, Ni contents and high eNd(t) and eHf(t)
values. These characteristics suggest that their melts are mainly derived from the partial
melting of the juvenile lower crust. However, the post-ore diorite has a feature of high
Al>O3, NayO contents with depleted isotopic signatures, indicating that diorite melts likely
originated from the partial melting of depleted lithospheric mantle metasomatized by
fluids or hydrous melts from the subducting slabs [5,9,12,21,23].

5.3. Implication for Tectonic Evolution and Porphyry Mineralization in Eastern Tianshan

The tectonic evolution of the Dananhu-Tousuquan arc belt has been widely addressed
in previous studies [5,12,27-29], and a growing number of Paleozoic arc-related magmatic
rocks have been reported in the Dananhu-Tousuquan island arc belt [11-16,25-30]. As
reflected by the tectonic discrimination diagrams (Figure 13), Yuhaixi intrusive rocks
including felsic and intermediate rocks all fall within the volcanic arc granitoid field,
suggesting that they were formed in a subduction tectonic setting during Paleozoic era.
Stratigraphic [29] and tectonic [30] studies indicated that the early Paleozoic Dananhu-
Tousuquan island arcs were formed by the N-dipping subduction of the North Tianshan
oceanic plate [5,12,27,29]. In the early Paleozoic, the partial melting of the low-angle,
young subducted North Tianshan oceanic slab probably generated the Sanchakou adakite
rocks (ca. 443 Ma—430 Ma; Unpublished data) (Figure 14A). The Carboniferous bipolar
subduction of the North Tianshan Ocean formed the major Dananhu-Tousuquan island arc
belt to the north and the Agishan-Yamansu arc belt to the south (Figure 14B; [9,27,34-36,40]).
During this period, asthenosphere upwelling triggered by the roll back or retraction of the
subduction plate resulted in the partial melting of the juvenile lower crust to generate the
Yuhaixi monzonitic granite (~360 Ma; Figure 14B). Meanwhile, with the emplacement of
these magmas, the arc-related porphyry Mo mineralization was formed in the Dananhu-
Tousuquan island arc belt (Figure 14B). The Eastern Tianshan bimodal magmatism, e.g., the
Baiyanggou gabbro (295.8 + 2.8 Ma) and rhyolite (293 & 1.7 Ma) [61,62], the Cheguluquan
rhyolite (294.5 &+ 3.6 Ma) and basalt (293.6 £ 2.3 Ma) [63], and the youngest Hongshishan
ophiolite in this belt (~310 Ma), suggest that the Eastern Tianshan tectonic setting was
dominated by extension, which implies that the collision between the Dananhu-Tousuquan
and Agishan-Yamansu belts likely occurred during the late Carboniferous to early Permian
periods [38,41]. This idea is also favored by the occurrence of diorite (298.0 £ 1.8 Ma) and
granite (307.0 & 2.3 Ma) in the Yuhaixi area. Moreover, many extension-related magmatic
Cu-Ni sulfide deposits that occurred in the post-collisional setting were documented and
reported in ca. 300-275 Ma [64], which also support the view of the collision between the
Dananhu-Tousuquan and Agishan-Yamansu belts [65-67].
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Figure 13. Tectonic discrimination diagrams for the Yuhaixi intrusions. (A) Rb vs. Ta + Yb dia-
gram [33]; (B) Ta vs. Yb diagram [33]. Syn-COLG = Syn-collision granites; WPG = Within plate
granites; ORG = Ocean ridge granites; VAG = Volcanic arc granites.
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Figure 14. Schematic cartoons illustrating the tectono—magmatic-metallogenic evolution model

of the Yuhaixi porphyry Mo(Cu) deposit in eastern Tianshan. (A) N-dipping subduction of the

North Tianshan ocean plate gave rise to the Bogeda-Haerlike and Dananhu-Tousuquan island arcs

in the early Paleozoic period. (B) Bipolar subduction of the North Tianshan ocean plate gave

rise to the Dananhu-Tousuquan and Agishan-Yamansu arcs in the Carboniferous period, forming

Yuhaixi monzonitic granite and granite. (C) The Permian period post-collisional extension forming

Yuhaixi diorite.

6. Conclusions

(1) Zircon LA-ICP-MS U-Pb dating suggests that the emplaced ages of the Yuhaixi
monzonitic granite, diorite, and granite are 359.4 £+ 1.6 Ma, 298.8 &+ 1.8 Ma, and

307.0 £ 2.3 Ma, respectively.

(2) The Re-Os dating of molybdenite hosted by Yuhaixi monzonitic granite yields a

well-constrained '8”Re-!87Os isochron age of 354.1 + 6.8 Ma (MSWD = 1.7).

(8) Whole-rock geochemical characteristics and Sr-Nd-Hf isotopic compositions indicate
that the Yuhaixi monzonitic granite and granite were formed via the partial melting
of the juvenile crust. The post-ore diorite was formed via the partial melting of the

metasomatized mantle wedge.

(4) The eastern section of the Dananhu-Tousuquan island arc is a promising target for
late Paleozoic porphyry Mo(Cu) deposits.
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