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Abstract: The Shibaogou pluton, located in the Luanchuan orefield of western Henan Province in
China, is a typical porphyritic granite within the Yanshanian “Dabie-type” Mo metallogenic system.
It is mainly composed of porphyritic monzogranite and porphyritic syenogranite. Zircon U-Pb dating
results indicate emplacement ages of 150.1 £ 1.3 Ma and 151.0 £ 1.1 Ma for the monzogranite and
148.1 & 1.0 Ma and 148.5 £ 1.3 Ma for the syenogranite. The pluton is characterized by geochemical
features of high silicon, metaluminous, and high-K calc-alkaline compositions, enriched in Rb, U, Th,
and Pb, and exhibits high Sr/Y (18.53-58.82), high (La/Yb)y (9.01-35.51), and weak Eu anomalies.
These features indicate a source region from a thickened lower crust with garnet and rutile as residual
phases at depths of approximately 40-60 km. Sr-Nd-Pb isotopic analyses suggest that the magmatic
source is mainly derived from the Taihua and Xiong’er Groups of the Huaxiong Block, mixed with
juvenile crustal rocks from the Kuanping and Erlangping Groups of the North Qinling Accretion Belt.
Combined with geological and isotopic characteristics, it is concluded that the Shibaogou pluton
formed during the compression—-extension transition period associated with the collision between
the Yangtze Block and the North China Craton, reflecting the complex partial melting processes in
the thickened lower crust. The present study reveals that the magmatic-hydrothermal activity at
Shibaogou lasted approximately 5 Ma, showing multi-phase characteristics, further demonstrating
the close relationship between the pluton and the Mo-W mineralization.

Keywords: Shibaogou pluton; Qinling Orogen; trace elements; zircon U-Pb dating; Sr-Nd-Pb isotopes

1. Introduction

Porphyry molybdenum deposits are the primary source of global molybdenum re-
sources. The study of the metallogenic models of these deposits has long been a focus,
particularly concerning the characteristics of ore-forming intrusions. Traditionally, two
major metallogenic models, the Climax-type (back-arc rift-related type) and Endako-type
(continental arc-related type), have dominated research on molybdenum deposits in ac-
cretionary orogenic belts. Climax-type molybdenum deposits generally exhibit high Mo
grades and form in the early stage of back-arc extension induced by oceanic crust subduc-
tion. The process is accompanied by fluorine-rich, highly differentiated rhyolitic-alkaline
magmatism [1,2]. In contrast, Endako-type molybdenum deposits are more common, char-
acterized by low-grade Mo deposits that form in continental margin arc settings. These
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deposits result from partial melting of oceanic crust and mantle wedge, associated with
fluorine-poor calc-alkaline magmatism [3,4].

In contrast, a large number of molybdenum deposits in China are distributed within
intracontinental collisional orogenic belts, where the metallogenic characteristics differ
significantly from those formed in oceanic-continental subduction settings. The ore-forming
fluids of these deposits typically exhibit high F/Cl, K/Na, and CO,/H;0O ratios with the
development of multi-phase CO;-rich fluid inclusions, and the magma source is attributed
to the remelting of ancient crust [5-7]. This distinctive metallogenic model is known as
the “Collision-type” or “Dabie-type” porphyry molybdenum deposit [6,8]. The model
addresses a gap in the understanding of metallogenesis in continental collision zones and
provides a significant complement to the traditional Climax-type and Endako-type models.

Despite this, due to the limited geochemical data on ore-causative igneous rocks, the
understanding of the metallogenic mechanisms and the genesis of intrusions in Dabie-type
molybdenum deposits remains less developed compared to Climax-type and Endako-
type deposits [9]. The Luanchuan orefield in the Eastern Qinling Orogen, known as the
“Molybdenum Capital of China”, hosts four super-large and several large- to medium-sized
molybdenum deposits, with total resources exceeding 4.7 million tons. These porphyry-
skarn-type molybdenum deposits were formed around 145 Ma, and all belong to the
Dabie-type Mo deposit system. However, various hypotheses have been proposed re-
garding the genesis and source of the ore-forming intrusions, including crust-mantle
mixing [10,11], remelting of the lower crust of the Huaxiong Block [12-14], and remelting
of the Yangtze Plate [15]. As for the tectonic setting of magmatism and mineralization,
the main perspectives include the compression—extension transition during the collisional
orogeny [6,13,14,16], post-orogenic extension [17], and subduction of the western Pacific
Plate [10,11,18].

The Shibaogou intrusion is the largest exposed pluton in the Luanchuan orefield and
serves as the ore-causative intrusion for the Shibaogou-Zhuyuangou-Dawanggou Mo-W
deposits. Previous studies on its emplacement age have yielded two groups of results:
156-157 Ma [19] and 145-149 Ma [14,15,20]. Moreover, significant debate exists regarding
its genesis, particularly in terms of whether the intrusion originated from the remelting of
the Huaxiong Block or Yangtze Plate and whether mantle-derived mafic magma mixing
was involved. To address these controversies, the present study provides new geochemical
data for the Shibaogou intrusion, including zircon U-Pb ages, whole-rock major and trace
elements, and Sr-Nd-Pb isotopes. The characteristics, source, and genesis of the intrusion
are discussed based on these new data. These findings offer valuable evidence for further
constraining the genesis and tectonic background of the Yanshanian ore-forming intrusions
in the Luanchuan orefield.

2. Regional Geology

The Qinling Orogen forms the core of the Central China orogen and is the largest
molybdenum metallogenic belt in the world (Figure 1a) [6]. Following the closure of the
Paleo-Tethys Ocean around 200 Ma, a collision orogeny occurred between the Yangtze
Plate and the North China Craton, eventually resulting in the formation of the Qinling
Orogen [21-23]. The Qinling Orogen is bounded to the north by the Sanmenxia-Baofeng
Fault and to the south by the Longmenshan-Dabashan Fault. From north to south, it is
divided into four tectonic units: the Huaxiong Block, the North Qinling Accretion Belt,
the South Qinling Fold Belt, and the Songpan Fold Belt, separated by the Luanchuan
Fault, the Shangdan Fault, and the Mianlve Fault (suture zone), respectively (Figure 1b) [6].
The Luanchuan orefield is located in the southern part of the Huaxiong Block, northwest
of Luanchuan County, and is separated from the North Qinling Accretion Belt by the
Luanchuan Fault.
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Figure 1. (a) Tectonic subdivision map of China, showing the location of the Qinling Orogen (modified

after [24]); (b) tectonic subdivision map of the Qinling Orogen, showing the location of the Luanchuan
orefield (modified after [24]); (c) geological map of Luanchuan orefield, showing the granitoid and
deposits distribution (modified after [25]).

The Huaxiong Block exhibits a double-layered crustal structure. The basement,
Neoarchean to Paleoproterozoic Taihua Supergroup, consists of TTG rocks, marbles, and
migmatites metamorphosed under high amphibolite- to granulite-facies conditions [26].
The Taihua Supergroup formed between 3.0 and 2.1 Ga and underwent metamorphism
during 1.95-1.85 Ga [26-28]. The cover sequences comprise the Paleoproterozoic Xiong’er
Group, Mesoproterozoic Guandaokou Group, Neoproterozoic Luanchuan Group, and
Mesoproterozoic to Early Paleozoic Taowan Group. The Xiong’er Group is mainly com-
posed of andesite to rhyolite with a few sedimentary rocks, formed during 1.78-1.45 Ga
(peak at 1.78-1.75 Ga) [29,30]. Both the Guandaokou and Luanchuan Groups are composed
of clastic-carbonate sedimentary sequences [31]. The Guandaokou Group is mainly dis-
tributed in the northern part of the study area, characterized by dolomitic marbles and
fine-grained clastic rocks. The Luanchuan Group is the main exposed strata in the study
area (Figure 1c) and can be subdivided into four formations based on the sedimentary
sequence (Figure 2): the Baishugou Formation (carbonaceous slate and quartz phyllite),
the Sanchuan Formation (marble, sandstone), the Nannihu Formation (quartz sandstone
and siliceous marble), and the Meiyaogou Formation (dolomitic marble and carbonaceous
slate). The Taowan Group, dominated by limestone, phyllite, meta-sandstone, and quartzite
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lithologies, is widely distributed along the southern boundary zone of the Luanchuan ore-
field, commonly interpreted as an olistostrome zone marking the separation between the
Huaxiong Block and North Qinling Accretion Belt, i.e., the Luanchuan Fault zone [6]. To
the south of the Luanchuan Fault, the North Qinling Accretion Belt mainly consists of the
Qinling Group high-grade metamorphic rocks as the basement and the Kuanping and
Erlangping Groups as the cover. The Kuanping Group represents the Paleoproterozoic ophi-
olite, and the Erlangping Group comprises Neoproterozoic to Early Paleozoic metavolcanic
and sedimentary rocks [32].

The NWW-trending structures, with the Luanchuan Fault as a representation, are the
primary ore-controlling structures in the region (Figure 1c) [12,33]. During the Mesozoic
continental collision, the Luanchuan Fault served as an intracontinental subduction zone,
resulting in horizontal shortening and vertical thickening of the crust. Its subsidiary
NNE-trending faults provided favorable structural space for mineralization.

The exposed igneous rocks in the studied area include Neoproterozoic gabbro, syenite
porphyry, and Yanshanian granites (Figure 1c). The latter, such as Shibaogou, Yuku,
Nannihu, and Shangfanggou, primarily intruded into the Luanchuan Group and were
widely associated with Mo-W mineralization [33].
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Figure 2. Geological map of Shibaogou deposit (modified after [34]). The number of drill holes: 1.
ZK6002; 2. ZK6204; 3. ZK6402; 4. ZK6602.

3. Deposit and Pluton Geology

The Shibaogou molybdenum deposit is located ~8 km west of Luanchuan County,
Henan Province, and is primarily distributed around the Shibaogou pluton (Figure 2).
The main strata in the area consist of marble from the Sanchuan Formation, carbonaceous
slate and siltstone from the Baishugou Formation of the Luanchuan Group. Due to the
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large exposed area of the Shibaogou intrusion, several related deposits have formed,
including the Shibaogou deposit on the east of the intrusion (with five ore bodies, more
than 20 x 10* tons of Mo) [34], the Shibaogou Mo-W ore block on the northwest of the
intrusion (with three ore bodies) [35], the Zhuyuangou deposit in the west of the intrusion
(with proven 14.3 x 10* tons of Mo and 17.1 x 10* tons of WO3) [36], and the Dawanggou
deposit to the southeast of the intrusion [37]. The Shibaogou deposit has proven Mo
reserves that meet the criteria for a large-scale deposit, with further potential for expansion
as deep exploration is ongoing [35]. Samples for the present study were collected from drill
cores in the Shibaogou deposit on the eastern side of the intrusion (Figure 2).

3.1. Feature of Orebody and Alteration

The ore bodies of the Shibaogou deposit are hosted within the outer contact zones
between the intrusion and the wallrocks, as well as in relatively flat areas near the concealed
top of the intrusion. The ore bodies display an irregular elliptical shape in plan view and
appear layered in profile with local thickening. The overall dip is toward the NEE. The
bottom boundary of the ore bodies roughly aligns with the top of the granite porphyry,
with a dip angle generally around 30° (Figure 3) [34]. Preliminary estimates indicate that
the Mo reserves more than 20 x 10* tons, with an average grade of 0.05%-0.10%.
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Figure 3. Geological profiles for prospecting lines L64 (a) and L03 (b) of the Shibaogou deposit [34].

The wallrock alteration is primarily concentrated along the contact zones. The alter-
ation in the outer contact zone is more intense and broader than that in the inner contact
zone. The main types of alteration include potassic alteration, hornfelsing, and skarn-type
alteration, superimposed with silicification, sericitization, fluorite alteration, and late-stage
carbonation. The main ore minerals are represented by molybdenite, scheelite, galena, and
sphalerite, while the gangue minerals comprise quartz, garnet, chlorite, and fluorite. Molyb-
denite occurs in disseminated, vein-like, or massive structures, while scheelite typically
occurs in disseminated structures, coexisting with garnet and other skarn minerals.

3.2. Petrography of Shibaogou Pluton

The main lithology of the Shibaogou intrusion is monzogranite, followed by syenogran-
ite, both of which are closely related to mineralization and commonly exhibit K-feldspar
alteration. The deeper parts of the intrusion contain granodiorite, which shows weaker
alteration and has no obvious connection to mineralization. Below is a description of the
petrography of the monzogranite and syenogranite.
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The porphyritic monzogranite displays a massive structure (Figure 4a). The phe-
nocrysts mainly consist of K-feldspar, quartz, and plagioclase, while the matrix exhibits
medium- to fine-grain with a granitic texture (Figure 4b,c). The K-feldspar (contents ~35%)
is predominantly orthoclase with a small amount of microcline, with grain sizes of 1-2 cm
for phenocryst and 0.2-0.8 cm for that in the matrix. Carlsbad twinning is commonly
observed. Plagioclase (20%-25%) is mainly andesine and oligoclase, subhedral and tabular,
with a grain size of 0.2-1 cm. Quartz has a grain size of ~1 cm for phenocrysts, while that
in the matrix range from 0.2 to 0.5 cm, with a content of 30%-35%. Biotite is euhedral,
with grain sizes of 0.3-0.7 cm and a content of about 5% (Figure 4b). Among the accessory
minerals (<1%), apatite is common, with occasional zircon and titanite observed. Epido-
tization and chloritization are developed in the contact zone between the intrusion and
wallrocks. Sample 6602-7 shows strong hydrolysis alteration, manifested as sericitization
to kaolinization of K-feldspar and plagioclase, with moderate to strong chloritization of
biotite along cleavage planes (Figure 4d). Some samples (6204-49 and 6002-2) exhibit strong
K-feldspar alteration, characterized by the formation of numerous fine orthoclase crys-
tals in the matrix. Some plagioclase phenocrysts have transformed into orthoclase, while
orthoclase phenocrysts remain not affected by alteration (Figure 4ef).

Figure 4. Photographs showing petrography of the Shibaogou granite. (a) Hand specimen of mon-
zogranite; (b) monzogranite under plane-polarized light (PPL), with euhedral-tabular plagioclase
phenocrysts and anhedral microcline and quartz; (¢) monzogranite under crossed-nicols light (CN);
(d) sericitized monzogranite (PPL), with chloritized biotite and sericitized—kaolinized orthoclase;
(e) hand specimen of K-feldspar-altered monzogranite; (f) K-feldspar alteration in monzogranite
(PPL), with plagioclase phenocrysts altered to orthoclase, while orthoclase phenocrysts remain unal-
tered; (g) hand specimen of syenogranite; (h) microphotograph of syenogranite (PPL), with anhedral
quartz and orthoclase phenocrysts as the main components; (i) microphotograph of syenogranite (CN).
Mineral abbreviations: Bi. biotite; Mc. microcline; Or. orthoclase; P1. plagioclase; Qz. quartz; Ttn. titanite.
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The porphyritic syenogranite displays a massive structure (Figure 4g). The phe-
nocrysts are mainly composed of K-feldspar and quartz, with fewer plagioclase. The matrix
exhibits a fine-grained granitic texture (Figure 4h,i). The K-feldspar (contents ~40%) is
predominantly orthoclase with a small amount of microcline, with grain sizes of 1-1.5 cm
for phenocryst and 0.2-0.6 cm for that in the matrix. Plagioclase (~15%) is subhedral and
tabular, with a grain size of 0.2-1 cm. Carlsbad-albite twinning, zoning structures, and
sericitization are commonly observed. Quartz is anhedral and constitutes approximately
35%—-40% of the rock. Biotite, with a grain size of 0.2-0.8 cm, accounts for about 2% and
exhibits chloritization and pyritization. Accessory minerals are mainly apatite, with occa-
sional zircon, titanite, and calcite. Epidotization is developed in the contact zone between
the granite and the wallrocks.

4. Samples and Analytical Methods

Six porphyritic monzogranite samples and five porphyritic syenogranite samples were
collected from drill cores in the Shibaogou deposit. The porphyritic monzogranite samples
were taken from drill hole ZK6602 at depths of 720 m and 490 m (sample numbers 6602-11
and 6602-7), drill hole ZK6204 at depths of 360 m, 410 m, and 530 m (sample numbers
6204-25, 6204-49, and 6204-60), and drill hole ZK6002 at a depth of 450 m (sample number
6002-2). The porphyritic syenogranite samples were collected from drill hole ZK6402 at
depths of 520 m, 560 m, and 600 m (sample numbers 6402-34, 6402-35, and 6402-36), drill
hole ZK6002 at a depth of 380 m (sample number 6002-1), and drill hole ZK6204 at a
depth of 490 m (sample number 6204-58). Major and trace elements, as well as Sr-Nd-Pb
isotope analyses, were conducted on these samples, along with zircon U-Pb dating. The
analytical work was carried out by Beijing GeoAnalysis Co., Ltd., Beijing, China, while
data processing was performed by the authors.

Zircon separation and target preparation were conducted for four samples: 6602-11,
6204-60, 6402-36, and 6002-1. Microscopic photography under transmitted light, reflected
light, and cathodoluminescence (CL) was performed. Zircon U-Pb dating was accom-
plished using laser ablation-inductively coupled plasma mass spectrometry (LA-ICPMS),
employing a NWR193UC model laser ablation system (Elemental Scientific Lasers LLC,
Bozeman, MT, USA) coupled to an Agilent 7900 ICPMS (Agilent, Santa Clara, CA, USA).
Detailed tuning parameters followed Thompson [38]. The analysis was performed using
a 30 um diameter spot at 6 Hz and a fluence of 5 J/cm?. Data processing was conducted
using the Iolite software. Generally, 45 s of the sample signals were acquired after 25 s
blank background measurement, and downhole fractionation was corrected using an expo-
nential equation [39]. Isoplot software 3.70 [40] was used for age calculation and Concordia
diagram drawing.

Elemental and isotopic analyses were conducted on 11 samples. Prior to analysis, the
samples were washed and ground to below 200 mesh. Major elements and trace elements
were tested using X-ray fluorescence (XRF-1800, SHIMADZU) and ICP-MS (Agilent 7500),
respectively. The testing accuracy was better than 5% for major elements and better than
10% for trace elements. Detailed procedures can be referenced in Guo [12].

Whole-rock Sr and Nd isotopic analyses were performed using a Nu Plasma I MC-ICP-
MS. Prior to analysis, chemical separation was conducted using anion exchange column
methods, following the procedures described by Yang [41]. The 87Sr/%Sr ratios were
normalized to 38Sr/86Sr = 8.37521 using exponential correction. Repeated precision moni-
toring tests were performed on the Sr isotope international standard NBS 987 to correct
for instrumental drift. The 3Nd/*4Nd ratios were normalized to 1*Nd/*Nd = 0.7219,
with GSB Nd as the internal standard. International basalt standards BCR-2 and Jndi-
1 were used as unknown samples for quality control. The measured 8 Sr/%Sr ratio is
0.710244 + 0.000012 (20) for NBS 987, and 0.704993 + 0.000014 (20) for basalt BCR-2. For
the Nd isotope standards, the measured 143N d /1#4Nd ratio was 0.512445 4 0.000008 (20)
for GSB, and 0.512112 £ 0.000008 (20) for Jndi-1, all within the recommended error ranges.
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Lead isotopes in the samples were separated using BioRad AG MP-1 anion exchange
columns, and the elemental concentrations were measured using an Agilent 7900 ICP-MS.
A diluted solution (50 ppb Pb doping with 10 ppb Tl) was introduced into Neptune XT
MC-ICP-MS (Bremen, Germany) through the Cetac Aridus III desolvating nebulizer system.
The mass fractionation was corrected using 2°T1/23T] = 2.3885, with the international Pb
isotope standard NIST SRM 981 used as an external standard to correct instrumental drift.

5. Results
5.1. Zircon U-Pb Geochronology

The analyzed zircons are prismatic, euhedral to subhedral, colorless, and transpar-
ent, with grain sizes ranging from 50 to 200 pm and length-to-width ratios of 2:1 to 3:1.
Cathodoluminescence (CL) images reveal clear oscillatory zoning, a characteristic feature
of magmatic zircons (Figure 5). In addition to these textural features, the Th/U ratios
range from 0.30 to 0.95 (except for a few inherited grains), aligning with typical magmatic
Th/U values [42]. This combination of morphological characteristics, CL patterns, and
Th/U ratios collectively supports the classification of these zircons as magmatic in origin.
Although high-T metamorphic zircons can exhibit variable Th/U ratios, sometimes up to
3.2 [43—-46], this variability generally lacks the accompanying oscillatory zoning observed
here. The detailed results of the zircon U-Pb geochronology analysis are available in
Supplementary Table S1.

Monzogranite 6602-11

153.9+2.5Ma

149.1+£2.1 Ma 149.8 £ 1.7 Ma 150.9 £ 2.4 Ma 148.1+1.9 Ma 148.8+1.7Ma

Monzogranite 6204-60

148.6 £2.2 Ma

Q) E» @/ ) o

=

147.1+£2.2 Ma 152.2+2.3 Ma 148.5+2.1 Ma 51.1+2.2 147.3+ 1.9 Ma

Syenogranite 6402-36

148.1£2.0 Ma

148.1+£2.3 Ma 151.9+2.0 Ma 144.7 £ 2.4 Ma 149.5+ 1.9 Ma 150.1+2.0 Ma

Syenogranite 6002-1

147.3+2.1 Ma

Inherited zircon

283.6 Ma

0

146.2+ 1.9 Ma 146.3+2.4 Ma 146.4 +£2.9 Ma 151.4+2.7Ma 152.4+2.5Ma

268.6 Ma 564.2 Ma 1944.2 Ma 464.5 Ma 2167.1 Ma 2119.9 Ma 242.0 Ma

Figure 5. Cathodoluminescence (CL) images of zircons from the Shibaogou granite. The red circles
indicate the locations of U-Pb dating analyses.
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Monzogranite: For sample 6602-11, a total of 27 zircon grains were analyzed, with
24 spots forming a tight cluster near the Concordia line on the U-Pb Concordia diagram
(Figure 6a). These 24 analyses yielded a weighted average 2°°Pb /238U age of 151.0 4 1.1 Ma
(MSWD = 1.6, 10), representing the crystallization age of the porphyritic monzogranite.
The U, Th, and Pb contents are 854-2604 ppm, 454-1417 ppm, and 32-100 ppm, respectively.
The other three spots correspond to inherited zircons, with 2%°Pb /28U ages of 269 Ma,
284 Ma, and 564 Ma. For sample 6204-60, nineteen zircon grains were analyzed, with
18 spots lying near the U-Pb Concordia line (Figure 6b). The weighted mean 2°Pb /233U
age is 150.1 & 1.3 Ma (MSWD = 1.7, 10), also representing the crystallization age. The
U, Th, and Pb contents are 907-2062 ppm, 413-1109 ppm, and 30-78 ppm, respectively.
One analyzed spot corresponds to an inherited zircon, with a 2%’Pb/2%Pb age of 1944 Ma
(Figure 5).
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Figure 6. Zircon U-Pb Concordia diagram of samples from the Shibaogou granite. Monzogranite
samples: (a) 6602-11, (b) 6204-60. Syenogranite samples: (c) 6402-36, (d) 6002-1.

Syenogranite: For sample 6402-36, a total of 20 zircon-analyzed spots were measured,
with 17 spots falling on or near the U-Pb Concordia line. The weighted mean 2%°Pb /238U age
is 148.1 & 1.0 Ma (MSWD =1.3, 10, Figure 6¢c). The U, Th, and Pb contents are 660-2430 ppm,
385-1227 ppm, and 27-84 ppm, respectively. Three other spots correspond to inherited
zircons, with ages of 465 Ma (***Pb /233U age), 2167 Ma, and 2120 Ma (**’Pb /2%Pb ages)
(Figure 5). For sample 6002-1, twenty-one zircon grains were analyzed, with 20 spots
located near the Concordia line on the U-Pb Concordia diagram (Figure 6d). The weighted
mean 2%Pb /238U age is 148.5 4+ 1.3 Ma (MSWD = 1.5, 10), representing the crystallization
age. The U, Th, and Pb contents are 1117-3504 ppm, 591-1771 ppm, and 39-114 ppm,
respectively. One analyzed spot corresponds to an inherited zircon, with a 2%Pb /233U age
of 242 Ma.
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5.2. Major and Trace Element Geochemistry

The results of the whole-rock major and trace element analyses are shown in Table S2.
There are minimal differences in the major element characteristics between the monzogran-
ite and syenogranite. The SiO, content ranges from 70.49 to 74.34 wt.% in the monzogranite
and from 73.61 to 75.68 wt.% in the syenogranite; the Al,O3 content is 13.09-14.08 wt.% and
12.50-13.31 wt.%, respectively; the K,O content is 3.58-5.07 wt.% and 4.30-5.82 wt.%,; the
NayO content is 3.54-4.65 wt.% and 3.25-4.22 wt.%; the CaO content is 1.60-2.13 wt.% and
1.00-1.43 wt.%,; the total iron (total Fe,O3) content is 0.63-2.67 wt.% and 0.32—-1.55 wt.%;
and the MgO content is 0.33-0.73 wt.% and 0.23-0.48 wt.%. Generally, the studied granites
have high contents of Si and K, low contents of Ca, Mg, and Fe, and are rich in alkali
with K»O + NayO content ranging from 7.60 to 9.07 wt.%. Syenogranites show stronger
differentiation characteristics than monzogranites.

The K;O/Na,O ratios of monzogranite and syenogranite are 0.77-1.39 (average 1.08)
and 1.08-1.79 (average 1.31), respectively. The Rittmann index () is 1.84-2.74, indicating
that both belong to the calc-alkaline series. Almost all samples fall into the high-K calc-
alkaline series field in the SiO,-K,0O diagram (Figure 7a). The aluminum saturation index
(ASI or A/CNK values) is 0.91-0.99 and 0.88-1.04 for the monzogranite and syenogranite,
respectively. In the A/CNK-A/NK diagram, both rock types generally plot within the
metaluminous range (Figure 7b). It is suggested that the ore-forming intrusions are overall
high-K calc-alkaline, metaluminous granites.
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Figure 7. Major elements variation diagrams for the Shibaogou granite: (a) SiO; vs. K,O plots (base
map after [47]); (b) A/NK vs. A/CNK discriminant diagram (base map after [47]).

The rare-earth elements (REEs) distribution patterns for the syenogranite and mon-
zogranite show that both are enriched in light rare earth elements (LREE) and depleted
in heavy rare earth elements (HREE). The total REEs + Y content (}REEs + Y) of the
monzogranite ranges from 78.65 to 258.39 ppm, showing significant fractionation between
LREE and HREE (Figure 8a), with LREE/HREE ratios of 10.14-24.93 and (La/Yb)y ratios
of 9.01-35.51. Except for sample 6602-7 (6Eu = 0.59, slightly deviating from the overall
range), the Eu anomaly of the remaining samples is not significant, ranging from weak
negative to weak positive anomalies (6Eu = 0.81-1.11). The syenogranite shows ) REEs + Y
values ranging from 77.48 to 126.41 ppm, with LREE/HREE ratios of 14.59-17.61 and
(La/Yb)N ratios of 12.66-18.29 (Figure 8c), displaying moderate to weak negative Eu
anomalies (5Eu = 0.69-0.87). Compared to the monzogranite, the fractionation between
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LREE and HREE is slightly weaker, and the negative Eu anomaly is slightly stronger in
the syenogranite.

The chondrite-normalized REE profiles of the Shibaogou intrusion reveal distinct
zigzag patterns, suggesting a potential partial or incomplete tetrad effect. According to
the method provided by Monecke [48], the REEs of the Shibaogou intrusion were divided
into three groups: T; (La, Ce, Pr, Nd), T, (Gd, Tb, Dy, Ho), and T3 (Er, Tm, Yb, Lu). The
tetrad effect values were quantitatively calculated, and the results are listed in Table S3 and
Figure 8. The results show that the T values (total tetrad effect) of the REEs in the Shibaogou
intrusion range from 0.063 to 0.165, indicating the presence of the tetrad effect, which is
stronger in the syenogranite (T = 0.129-0.165, average 0.141) than that in the monzogranite
(T = 0.063-0.144, average 0.102). The T; values range from 0.037 to 0.188, with an average
of 0.129, predominantly exhibiting the M-type and W-type composite tetrad effect of both
type granites. The T, values range from 0.093 to 0.180, with an average of 0.131, mainly
showing a W-type tetrad effect. The T3 values range from 0.024 to 0.161, with an average of
0.072, and this group generally shows a weak M-type tetrad effect.
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Figure 8. Chondrite-normalized REE patterns ((a,c), normalized values are from [49]) and prim-
itive mantle-normalized trace element patterns ((b,d), normalized values are from [50]) for the
Shibaogou granite.

The trace element characteristics of both rock types are similar, with enrichment in
crustal-affinity elements such as Rb, U, Th, Pb, and K, and depletion in Nb, Ta, Ti, Ba, and
P (Figure 8b,d). The Mo and W contents of the Shibaogou intrusion are 0.34-6.95 ppm
(average 2.38 ppm) and 0.52-7.89 ppm (average 2.24 ppm), respectively, which are generally
higher than the average values for the continental crust (0.8 ppm and 1 ppm [51]).

Monzogranite sample 6602-7 is located near the contact zone with the wallrocks
and is strongly influenced by alteration and wall-rock interactions, resulting in higher
contents of minerals like titanite and epidote compared to other samples (Figure 4d).



Minerals 2024, 14, 1173

12 of 24

Consequently, this sample also has higher contents of } REEs, Ti, Fe, and Y. The strong
negative Eu anomaly in this sample may be related to the intense sericitization it has
undergone (Figure 4d), a process known to significantly enhance the negative Eu anomaly
in whole-rock compositions [52].

Samples 6204-49 and 6002-2 exhibit notably higher K,O (5.07 wt.% and 4.92 wt.%,
respectively), Ba (1285 ppm and 992 ppm, respectively), and Rb (175 ppm and 210 ppm,
respectively) contents compared to the average values observed in other monzogranite sam-
ples (3.88%, 577 ppm, and 159 ppm, respectively; see Table S2). This enrichment suggests
that these samples have undergone more intense K-feldspar alteration, as confirmed by
petrographic observations (Figure 4e,f). This alteration may explain the weak positive Eu
anomaly in these samples, given that K-feldspar is typically enriched in Eu. Although these
samples exhibit elevated Mo and W concentrations (6.95 ppm and 0.6 ppm for 6204-49,
respectively; 6.85 ppm and 7.89 ppm for 6002-2, respectively), correlation analysis (see
Supplementary Figure S1) shows no consistent relationship between K,O, Ba, Rb, and Mo,
W levels, indicating that the Mo and W enrichment may result from other geochemical
processes or mineralogical factors within the syenogranite and monzogranite.

5.3. Whole-Rock Sr-Nd-Pb Isotopes

This study obtained 11 sets of Sr-Nd isotope data. The 8 Sr/80Sr ratios range from
0.710084 to 0.720695, and *3Nd/#*Nd ratios range from 0.511734 to 0.511864, with rel-
atively small variations in the results (Table S4). The isotope compositions for the mon-
zogranite and syenogranite were recalculated based on the crystallization ages of 150 Ma
and 148 Ma, respectively. The initial 8 Sr/8Sr ratios (Is;) of the monzogranite range from
0.707051 to 0.708989, with enq(t) values ranging from —15.33 to —13.17, and the two-stage
Nd model ages (Tppmz) range from 2.01 Ga to 2.19 Ga. For the syenogranite, the Ig; values
range from 0.706456 to 0.708062, with eyngq(t) values ranging from —14.04 to —13.24, and
Tpme ranging from 2.01 Ga to 2.08 Ga. These results are consistent with those reported
by Jin [53] for the Shibaogou intrusion, with the Is; of 0.70723-0.70931, eng(t) of —19.25 to
—11.68, and Tppp of 1.9 Ga and 2.5 Ga.

This study also obtained 11 sets of whole-rock Pb isotope data for the Shibaogou
intrusion (Table S5), with 17.885-19.220 of 2%°Pb /2%4Pb, 15.496-15.617 of 2°’Pb /2%*Pb, and
38.415-38.897 of 2%8Pb/204Pb. Based on the Pb isotope ratios; U-Pb ages; and U, Th, and Pb
contents, the Pb isotope ratios were recalculated to the time of intrusion emplacing. For the
monzogranite, the (206Pb /204Pb), ranges from 17.347 to 17.589, (207Pb /204Pb), ranges from
15.479 to 15.594, and (*%®Pb/2%Pb); ranges from 37.996 to 38.411, with average values of
17.506, 15.506, and 38.149, respectively. For the syenogranite, the (*°Pb/2%4Pb); ranges from
17.440 to 17.614, (*“Pb/?"4Pb); ranges from 15.477 to 15.496, and (**®Pb/?%4Pb); ranges
from 37.998 to 38.276, with average values of 17.531, 15.486, and 38.078, respectively. In
the 2%8Pb /2%4Pb vs. 20°Pb /204Pb diagram, the samples fall near the lower crust evolution
line; in the 207Pb /2% Pb vs. 29°Pb /294Pb diagram, the samples fall near the orogenic belt
evolution line (Figure 9) [54].
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Figure 9. Whole-rock lead isotopic composition diagram of Shibaogou granite. (a) 2%Pb /2%4Pb vs.
206pp /204Ph diagram; (b) 27Pb /24Pb vs. 20°Pb /204Pb diagram. The Pb isotope of strata has been
recalculated to 150 Ma, and the initial data are from Taihua and Xiong’er Group [55-58], Luanchuan
and Guandaokou Group [59], and Kuanping and Erlangping Group [60]. The trends for U (upper
crust), O (orogenic belt), M (mantle), and L (lower crust) are from [54].

6. Discussion
6.1. Categorization of the Shibaogou Granite

The Shibaogou intrusion is a composite pluton, primarily composed of porphyritic
monzogranite and porphyritic syenogranite, locally including mafic enclaves [19]. The
characteristics of mineralogy and geochemistry of the Shibaogou granites are consistent
with the KCG-type (K-rich and K-feldspar porphyritic calc-alkaline) granitoids defined by
Barbarin [61]. This type of granite typically forms during the tectonic transition period
in continental collision, reflecting crustal remelting processes [61,62]. In the (Y + Nb)-Rb
tectonic diagram, the samples fall into the post-collision granites zone and near the syn-
collision granites zone ([63] Figure 10a). The trend from monzogranite to syenogranite
is consistent with the trend of continent—continent collision in the Rb-(Y + Nb) diagram,
suggesting these granites are closely related to the collisional orogeny [63]. In the Hf-
Rb/30-Ta x 3 diagram, the samples fall within the late- to post-collision granites field ([64]
Figure 10b).

The origin of the biotite-bearing granitoids, including the Shibaogou granite, remains
complex due to the absence of diagnostic amphibole for I-type and cordierite for S-type
granites [22]. The Is, values range from 0.7065 to 0.7090 (average 0.70746), indicating a
significant contribution from an older crustal source. The ASI values (0.88 to 1.04) are
typical of I-type granites, yet the K,O/NayO ratios (0.77 to 1.79) and low enq(t) values
(—15.33 to —13.17) suggest an involvement of deeper crustal materials, often associated
with S-type characteristics [65,66]. This combination of features likely reflects a mixed or
complex source [22]. Additionally, Pb isotopic data support a lower crustal origin. Together,
these characteristics align with collision-type granites, as defined by Chen [65], suggesting
formation during a collisional orogenic event.
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Figure 10. Discriminant diagrams for tectonic environment of Shibaogou granite. (a) Granite (Y + Nb)-
Rb tectonic diagram (base map from [63]). (b) Granite Hf-Rb/30-Ta x 3 tectonic diagram (base map
from [64]).

6.2. Tectonic Characteristics of the Magmatic Source

The Shibaogou intrusion exhibits low Sr, low Y (Yb), and high Sr/Y (Yb) characteristics,
which are generally considered indicative of partial melting of the thickened lower crust [67].
This study employed the Sr/Y ratio and (La/Yb)y ratio method to quantitatively estimate
the depth of the magma source region. The formulas used for the calculation are as
follows [68]: Dg;/y =0.675r/Y +28.21, Dy 4 /v, = 27.78In [0.34(La/Yb)N], where D represents
the source region depth (in km). The calculated results show that the source depths are
41-51 km and 41-69 km, with average values of 51 km and 48 km, respectively (excluding
the strongly altered sample, Table S2). The depths significantly exceed the normal thickness
of continental crust (~35 km), confirming that the magma source is located in the thickened
lower crust. This finding is consistent with the tectonic background of the Qinling Orogen,
which experienced intense compression and crustal thickening during the Mesozoic [6,69].

The REE patterns of the Shibaogou intrusion provide important insights into the resid-
ual mineral assemblage in the magmatic source, as the studied granites conform to a partial
melting model with minimal influence from fractional crystallization (Figure 11a [70,71]).
The intrusion is generally enriched in LREE and depleted in HREE, with high (La/Lu)y ra-
tios (7.9-33.2, 15.7 on average, Table 52) and low Yby and Luy values (mainly <10, Table S3),
suggesting the presence of garnet as a residual phase in the magmatic source [72-74]. Al-
though there are Gd—Er convex profiles in the normalized REEs pattern of syenogranites
(Figure 8c), this does not suggest that the amphibole is a dominant residual in the magmatic
source, as the depletion of Gd-Er is not significant in the earlier monzogranites (Figure 8a).
The monzogranite in Shibaogou pluton is more representative of the characteristics of initial
magma than the syenogranite. Therefore, there may be a small amount of amphibole resid-
ual in the magmatic source, but it is not the main residual phase. In the La-La/Sm diagram,
a fractional crystallization trend is observed from monzogranite to late-stage syenogranite,
corresponding to the stronger evolvement characteristic of the syenogranite. However, the
Sr-Ba diagram does not show the fractional trend of amphibole (Figure 11b, [71]). Therefore,
the apparent Gd-Er depletion observed in the syenogranite may be related to the early
crystallization of other Gd-Er-rich accessory minerals, such as titanite and apatite [75,76].
The REEs tetrad effect indicates the enrichment of volatile components (such as F, Cl, and
H,O) during the magmatic differentiation process, suggesting that apatite may be the
primary early fractional phase [75].
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Figure 11. (a) La/Sm vs. La plot shows a batch partial melting trend [70]; (b) Ba vs. Sr plot shows the
trend of mineral fractionation phase (arrow direction are after Rollinson [71]), ruling out the influence
from the fractionation of plagioclase and hornblende. Bi = biotite, Hb = hornblende, Kf = K-feldspar,
Ms = muscovite, P1 = plagioclase.

Although the Shibaogou intrusion has a relatively low Sr content, the absence of a
significant negative Eu anomaly suggests that plagioclase was not a residual phase in
the magma source, and plagioclase did not undergo significant fractional crystallization
(Figure 11b) [77,78]. Additionally, the high magmatic oxygen fugacity (AFMQ +1.25 to
+3.56, calculated by Yang [20]) indicates that Eu primarily existed as Eu®*, reducing the
likelihood of a pronounced Eu anomaly due to the low compatibility of Eu®* in plagioclase.
In terms of trace elements, characteristics of the depletion of Nb, Ta, Ti, and the high
Nb/Ta ratios (11.2-17.9, 14.6 on average) indicate the presence of Ti-Fe oxides (such as
rutile) as residual phases, further supporting the high-pressure characteristics of the source
region [79].

In summary, this study suggests that the residual mineral assemblage in the magmatic
source of the Shibaogou intrusion consists of garnet + rutile & amphibole, similar to the
amphibolite eclogite source of adakitic rocks. This points to a high-pressure thickened lower
crustal source [67]. Considering the calculated source depth (approximately 40-60 km)
and assuming an average crustal density of 2.8 g/cm?, the pressure conditions in the
source region can be inferred to be around 1.1-1.65 Gpa. The stable presence of garnet
and rutile typically requires pressures greater than 1.0-1.5 Gpa [79,80], consistent with the
above quantitative estimation result. This pressure range corresponds to the conditions
under which partial melting of the lower crust generates adakitic rocks, as demonstrated in
experimental petrological studies [80,81].

6.3. Magma Origin

The Sr-Nd isotopic composition of the Shibaogou intrusion falls in the lower part
of the fourth quadrant in the Ig-eng(t) diagram (Figure 12), indicating that its origin is
predominantly derived from ancient crustal material [82]. Potential magma source regions
include the Taihua Supergroup, Xiong’er Group, Luanchuan Group—-Guandaokou Group,
Erlangping Group, Kuanping Group, and Qinling Group. Some researchers have also
proposed contributions from the Yangtze Plate, suggesting that the Kongling and Yudongzi
Groups could be potential source regions [83,84]. Based on the previous analysis, the
magma is inferred to originate from depths exceeding 40 km, corresponding to the lower
crust, thus ruling out the shallower crustal units, such as the Luanchuan and Guandaokou
Groups, as primary magma sources.

When recalculating the Sr-Nd isotopic compositions of potential geological end-
members (Taihua Supergroup, Xiong'er Group, Erlangping Group, Kuanping Group, Qin-
ling Group, Yudongzi Group, and Kongling Group) to t = 150 Ma, a wide variation range
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is observed. As shown in Figure 12, the Taihua Supergroup, Xiong’er Group, Yudongzi
Group, and Kongling Group all fall within the range of ancient crustal material, making
them the primary magma sources for the Shibaogou intrusion. However, geophysical
models show that the Qinling Orogen underwent complex nappe structures during the
Mesozoic collision between the Yangtze Plate and the North China Craton [6,85]. The
Luanchuan Fault served as an intracontinental subduction zone, with the North Qinling
crust subducting along the Luanchuan Fault, while the Huaxiong Block was thrust upward.
These units wedged into each other in the middle-lower crust [59,85]. Since the Yudongzi
and Kongling Groups are mainly distributed in the western section of the South Qinling
and the northwestern area of the Yangtze Craton and are not present in the North Qin-
ling Accretion Belt, it is unlikely that basement rocks from the Yangtze Plate contributed
significantly to the magma source of the Shibaogou intrusion.
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Figure 12. The Ig,-eng(f) diagram of Shibaogou granite (t = 150 Ma). The Sr-Nd isotope of strata has
been recalculated to 150 Ma, and the initial data are from the Taihua Supergroup [57,86,87], Xiong’er
Group [58,88,89], Qinling Group [90], Kuanping Group and Erlangping Group [60], Yudongzi Group,
and Kongling Group [84,91].

The Taihua Supergroup, forming the crystalline basement of the Huaxiong Block, is
consistent with previous analyses suggesting a magmatic origin derived from lower crust
remelting, making it an ideal magma source for the Shibaogou intrusion. The Tpp(INd)
ages (~2.1 Ga) and inherited zircon ages (1.9 to 2.2 Ga) of the Shibaogou intrusion are
consistent with the formation ages of both the Taihua Supergroup and the Xiong’er Group.
However, the Xiong’er Group and Taihua Supergroup exhibit relatively higher 8Sr/8Sr
ratios (averages values of 0.71736 and 0.71888 for the Xiong’er Group and the Taihua Super-
group at t = 150 Ma, respectively) and lower engq(t) values (averages values of —24.93 and
—28.36 for the Xiong’er Group and the Taihua Supergroup, respectively). This suggests the
need for a mixing end-member with lower 8”Sr/86Sr and higher exg(t) values to reconcile
the isotopic composition of the Shibaogou granite. Whole-rock Pb isotopes indicate that a
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high-radiogenic Pb isotope end-member is required to mix with the Taihua Supergroup
and Xiong'er Group (Figure 9).

According to the Sr-Nd isotopic mixing model by DePaolo [82], the younger crustal
rocks from the Kuanping Group and Erlangping Group in the North Qinling are ideal
mixing end-members (Figure 12). Both groups exhibit low 8 Sr/86Sr ratios (average values
of 0.70438 and 0.70614 for the Kuanping Group and Erlangping Group, respectively) and
relatively higher engq(t) values (average values of —0.11 and —0.70 for the Kuanping Group
and Erlangping Group, respectively), while the higher 8Sr/%Sr ratios observed in the
Qinling Group suggest that it is not a significant mixing end-member.

Previous zircon Hf isotopic studies on the Shibaogou intrusion have shown epy(t)
values ranging from —28 to —11, higher than those of the Taihua Supergroup and Xiong’er
Group (epyf(t) values ranging from —35 to —25). The North Qinling juvenile crustal rocks
(in the Kuanping Group and Erlangping Group) provide a suitable high epy¢(t) end-member
(Figure 13). In addition, the ery(t) values of the inherited zircons (1.5-2.5 Ga) are consistent
with the Hf isotopic compositions of these end-members (Figure 13), further confirming
that these geological units are the main sources of the Shibaogou intrusion.
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Figure 13. Zircon Hf isotopic diagram of Shibaogou granite (t = 150 Ma). Data on Shibaogou granite
are from Table S6. Data of strata are from the Guandaokou Group [92], Kuanping and Erlangping
Group (the crustal material of North Qinling) [92,93], Qinling Group [93], Xiong'er Group [89,94],
and Taihua Supergroup [26,95-97].

Although mantle-derived material could potentially provide a low 8Sr/86Sr, high
end(t), and high epg¢(t) end-member [11,53], there are no Yanshanian basic rocks being
observed in the eastern Qinling. The mafic enclaves in the Shibaogou intrusion have
consistent Sr-Nd isotopic compositions (t = 150 Ma, Is;: 0.70718 to 0.70843, 0.70761 on
average; enq(t): —15.20 to —11.62, —13.45 on average [53]) with its host, suggesting that
they are more likely to be cumulate enclaves of the same source rather than products
of mixing with mantle-derived mafic magma [98]. The geochemical characteristics of
the Shibaogou intrusion show high SiO; contents (>70%) and enrichment in large ion
lithophile elements, Pb, and LREE, while high field strength elements and HREE are
depleted, indicating a typical continental crust origin [6,22,65]. Although the Nb/Ta ratios
have been increased by the rutile or other Fe-Ti oxide as residual in the source, most of the
values (mainly 11-16, with 14.6 on average) are lower than a typical mantle-derived feature
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of ~17.5, aligning with the crustal origin [99]. The very low Ni (1.9-4.0 ppm, 2.9 ppm on
average) and V (5.1-29 ppm, 13 ppm on average) contents of the studied granites also rule
out the involvement of any significant mantle material [22]. Furthermore, geophysical data
show that major faults in the region, such as the Luanchuan Fault, are obviously shallower
than the Moho discontinuity, indicating that the Mesozoic magmatic rocks in this area are
unlikely to have originated predominantly from the mantle [59].

6.4. Tectonic Setting and Metallogenic Significance

The Indosinian movement at the end of the Triassic in the Qinling Orogen was charac-
terized by the subduction, consumption, and eventual closure of the Paleo-Tethys Ocean
(around 200 Ma), followed by the convergence and collision between the Yangtze Plate
and the Qinling-North China Craton along the Mianlve suture zone (195-155 Ma). After
155 Ma, the tectonic regime gradually shifted from compression to extension, eventually
transitioning into an extensional setting after 130 Ma [6,21,22,100-102]. The Shibaogou
intrusion, which emplaced around 150 Ma, occurred approximately 50 Ma after the closure
of the Paleo-Tethys Ocean, during the compressional-extensional transitional environment
of the collisional orogeny (Figure 14). The magma was derived from partial melting of the
thickened lower crust, consistent with crustal shortening and vertical thickening caused by
continental collision. The primary magma source included the crystalline basement of the
Taihua Supergroup and the overlying Xiong’er Group of the Huaxiong Block, as well as the
Kuanping Group and Erlangping Group from the North Qinling Accretion Belt (Figure 14).
This origin aligns with the “lateral sources” concept in the CMF model, suggesting that
some of the material for magmatism and mineralization originated from the subducted
continental crust [103].

Longmenshan San-Bao
-Dabashan Fault Fault
Mian-Lve Shang—Dan Luanchuan i

Fault Fault | Fault,

Southern i North
Qinling Qinling

Songpan Huaxiong Block

Continental crust

Lithospheric mantle

QL-Qinling Gp.

ELP-Erlangping Gp. KP-Kuanping Gp. LC-Luanchuan Gp. GDK-Guandaokou Gp.

@ Zhuxia Fault @ Waxuezi Fault ® Machaoying Fault

Figure 14. Yanshanian tectonic model of Qinling orogen and genesis model of the Shibaogou pluton
(modified after [9]).

During the compressional-extensional transition period of the collisional orogeny, par-
tial melting occurred in the middle-lower crust of the Huaxiong Block (Taihua Supergroup
and Xiong'er Group) and the subducted North Qinling (Kuanping and Erlangping Groups),
under conditions of increasing temperature and decompression. The resulting magma
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gradually coalesced to form a magma chamber, which was emplaced multiple times be-
tween 151 and 148 Ma, ultimately forming the Shibaogou intrusion (Figure 14). The zircon
U-Pb ages of the Shibaogou intrusion cluster between 151 and 148 Ma, aligning with pre-
vious results: Bao [15] reported a SHRIMP zircon U-Pb age of 147.2 & 1.7 Ma, Zhang [14]
obtained LA-ICP-MS zircon U-Pb ages ranging from 149.1 £ 0.8 Ma to 147.4 £ 0.8 Ma,
and Yang [20] reported LA-ICP-MS zircon U-Pb ages of 147.0 & 1.0 Ma to 146.9 &+ 1.1 Ma.
These ages suggest that the magmatic activity of the Shibaogou intrusion was concentrated
between 151 and 146 Ma, with multiple emplacement events. Previous Re-Os isotopic
dating of molybdenite from the Shibaogou deposit shows ages between 151.2 Ma and
146.3 Ma [104], indicating that the mineralization closely matches the intrusion age, con-
firming a genetic link. The presence of REEs tetrad effect of the Shibaogou intrusion
indicates the high differentiation characteristics of the magma, forming residual melts en-
riched in F, Cl, and water [48,105]. The process created a fluid-melt coexistence system and
resulted in significant fluid—melt interactions [48,105], greatly facilitating the mineralization
of W and Mo. The overlap between the emplacement age and mineralization age also
suggests that in the late stage of magmatic activity, magmatic and metallogenetic processes
occurred synchronously.

Based on these chronology results, the magmatic-hydrothermal activity at the Shibao-
gou deposit lasted for approximately 5 million years. This duration is comparable to
other well-known magmatic-hydrothermal systems globally, such as the Chuquicamata
deposit in Chile and the Butte deposit in Montana, USA, where activity persisted for
3-5 million years [106-108]. These examples suggest that prolonged, multi-stage magmatic—
hydrothermal activity is crucial for the formation of large deposits. In addition, high oxygen
fugacity (fO,) conditions likely influenced the mobility and deposition of W and Mo in
the Shibaogou intrusion. Under oxidizing conditions, W and Mo become more soluble in
magmatic-hydrothermal fluids, enhancing their transport and concentration in mineral-
ized zones [109]. This oxidizing environment may thus contribute to the observed W and
Mo mineralization.

7. Conclusions

1. The ore-causative lithology of the Shibaogou intrusion consists of porphyritic biotite
monzogranite and porphyritic biotite syenogranite, with characteristics of both S-type
and I-type granites.

2. Zircon U-Pb dating indicates an emplacement age of approximately 151-148 Ma,
corresponding to the compressional-extensional transition in the collisional orogeny
between the Yangtze Plate and the North China Craton.

3. Geochemical data suggest a significant continental crust origin, with garnet and rutile
as residual phases, indicating that the magma was derived from partial melting of
thickened lower crust at depths of 40-60 km.

4. Sr-Nd-Pb isotopic analyses reveal a mixed source, primarily from the Taihua and
Xiong'er Groups of the Huaxiong Block, with contributions from juvenile crustal rocks
in the Kuanping and Erlangping Groups of the North Qinling Accretion Belt.

5. The Shibaogou deposit underwent prolonged magmatic-hydrothermal activity lasting
approximately 5 million years. Elevated oxygen fugacity conditions facilitated the
mineralization of W and Mo, similar to other large hydrothermal systems globally.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/min14111173/s1, Figure S1: The correlation diagrams for K,O, Ba, and Rb
vs. W and Mo. Table S1: LA-ICP-MS zircon U-Pb data for the Shibaogou granite. Table S2: Major
(wt.%) and trace elements (ppm) of Shibaogou granite. Table S3: REEs tetrad effect calculation results
of Shibaogou granite [48]. Table S4: Whole-rock Sr-Nd isotopic compositions of the Shibaogou granite.
Table S5: Whole-rock Pb isotopic compositions of the Shibaogou granite. Table S6: Zircon Hf isotopic
compositions of the Shibaogou granite [14,15,19].
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