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Abstract: The Dahutang tungsten deposit is one of the largest deposits in the Jiangnan tungsten
belt. The Jiningian pluton is widely distributed in the orefield, which is considered an ore-bearing
wall rock and Ca source for scheelite mineralization. The Jiningian granodiorite samples near ore
have high W contents (average 93 ppm). Moreover, their SiO, and P,Os contents are positively
correlated in Harker diagrams, and the A/CNK values vary between 1.18-1.71, suggesting that the
Jiningian granodiorite is high fractionated S-type granites and has the potential for W mineralization.
The zircon U-Pb ages of the Jiningian granodiorite samples (17SWD-1, 17SWD-2) are 845 + 21 Ma
(MSWD =1.7) and 828.7 &+ 7.5 Ma (MSWD = 1.0), respectively, representing the formation ages of
the Jiningian pluton. The U-Pb age of hydrothermal zircons (~140 Ma) in the Jiningian granodiorite
samples is consistent with the mineralization age (150-139 Ma), indicating the strong superimposed
modification of the Yanshanian mineralizing fluids. The positive correlation between Ca and W
molarity in the Jiningian granodiorite samples demonstrates that they provide considerable Ca and
W during Yanshanian mineralization. The W activation migration due to sodium alteration can be
inferred from the inverse correlation between Na and W molarity. The study tries to provide a new
perspective on the origin of mineralized material in the world-class Dahutang tungsten deposit.

Keywords: Dahutang tungsten deposit; Jiningian pluton; Yanshanian ore bodies; superimposed
mineralization; hydrothermal modification

1. Introduction

South China is one of the largest tungsten mineralization provinces in the world, with
several large and ultra-large tungsten deposits, especially in the Nanling region [1,2]. How-
ever, in recent years, a number of porphyry-skarn tungsten deposits have been discovered
and identified in Jiangnan Massif and its adjacent areas, which constitutes a tungsten belt
called the Jiangnan tungsten belt [3,4]. The proven tungsten resources in this belt amount
to nearly 6.06 Mt, among which the typical deposit of Dahutang has reached 1.07 Mt of
tungsten resources [5,6]. The source of such a huge amount of tungsten resources and its
enrichment mechanism have become the focus of geologists.

Previous studies have suggested that Yanshanian granite is the parent rock of the
Dahutang tungsten deposit. The evidence for this is mainly the following four points:
(1) The diagenetic age of Yanshanian granites (153-134 Ma) is more in agreement with
the mineralization age (150-139 Ma [3,5,7-14]); (2) The source area of the Yanshanian
rocks is the shallow metamorphic rocks of the Shuangqiaoshan Group, which is a high
background area for W, with a 3.23-times higher tungsten content than the crustal Clark
value [15,16]; (3) The tungsten content of Yanshanian rocks is 10-100 times higher than the
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crust [3,7,17,18]; (4) The Yanshanian rocks are highly differentiated S-type granites, which
is closely related to the formation of tungsten ore [8]. For the Jiningian rocks in the region,
previous work has considered them as a source of Ca for scheelite (CaWQ,) during the
Yanshanian mineralization event based on their large size and high Ca content [7,19,20].
However, Sr-Nd isotopic characteristics show that the source area of Jiningian rocks is also
the shallow metamorphic rocks of the Shuanggiaoshan Group [20,21]. They are highly
differentiated S-type granites and have tungsten content 9.5 times higher than the crustal
Clark value [16,21]. Moreover, as ore-bearing wall-rocks, the Jiningian rocks have close
contact with the ore body, which implies that they contributed part of the mineralized
material [3]. Unfortunately, the few scholars who have noticed this problem do not give
direct evidence [9,22]. Moreover, how the Jiningian rocks provide mineralized material is
unclear. Therefore, finding out the relationship between tungsten mineralization and the
Jiningian pluton is significant to understanding the source and formation mechanism of
these large tungsten deposits.

In this study, whole-rock major and trace element, zircon CL imaging, LA-ICP-MS
U-Pb dating and trace element studies have been carried out on the near-mine Jiningian
granodiorite of the Dahutang deposit. This study is expected to confirm that the Jiningian
rocks contributed mineralized material during the Yanshanian mineralization event, clarify
the mechanism of this process and provide new insights into the genesis of world-class W
deposits in the Jiangnan tungsten belt.

2. Regional and Deposit Geology

The Dahutang porphyry W deposit is located in the western region of the Jiangnan
tungsten belt, south of the Middle-lower Yangtze River belt. On the northern margin
of the Yangtze craton, the Middle-lower Yangtze River belt is located along the middle
and lower Yangtze River basin (Figure 1a). The Xiangfan-Guangji and Tancheng-Lujiang
faults, which separate the belt from the Dabie orogenic band and the North China Craton,
respectively, mark its northern and western boundaries [23]. The Yang-xing-Changzhou
fault zones form the southern boundary of the belt and separate it from the rest of the
Yangtze Craton, which includes the Jiangnan Massif [24]. The Jiangnan tungsten belt lies
south of the Middle-lower Yangtze River belt and extends mainly along the Jiangnan
Massif and its eastern foothills. The strata exposed in Jiangnan Massif and adjacent
areas are Precambrian basement and Phanerozoic cover [4,25,26]. The Neoproterozoic
Shuangqiaoshan Group strata are mainly diorite and metavolcanic sedimentary rocks, and
their age (~830 Ma) represents the formation age of the Jiangnan orogenic belt [27,28]. Since
the Neoproterozoic, it has experienced many tectonic movements, such as the Jinning,
Garidon, Haixi, Indochinese and Yanshan periods, and large-scale fold and overthrust
structures, fracture zones and ductile shear zones have developed in the area [1,29,30].
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Figure 1. (a) Distribution of ore clusters (districts) in the Middle and Lower Yangtze River metallo-
genic belt and deposits in the Jiangnan tungsten belt (the insert shows the general tectonic divisions
of China, the black rectangle indicates the position of (a) and the circled triangle represent the location
of the Dahutang deposit.) (modified after [5]); (b) Sketch geological map of the Dahutang tungsten
polymetallic mine region and the surrounding area in northwestern Jiangxi Province, South China
(modified after [31]).

In recent years, many tungsten deposits have been discovered in the Jiangnan Massif
and its neighboring area [4]. So far, the proven tungsten resources in the Jiangnan tungsten
belt are nearly 6.06 Mt, of which 1.07 Mt are in Dahutang [4,6]. The Dahutang tungsten
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deposit is located in the northwestern part of Jiangxi Province, at the junction of Wuning,
Xiushui and Jingan counties (Figure 1b). The mine region mostly exposes Neoproterozoic
Shuanggiaoshan Group shallow metamorphic rocks that are heavily laminated, with a
general north-east orientation and a south—south-east trend, with a dip angle of 60° to
80° [3,32,33]. The granite group in the mine region is very well developed and consists
mainly of Neoproterozoic granodiorite and Early Cretaceous granite [5]. The former is
produced as a base, and the latter is produced as a small strain, tuber or wall (vein) [19].
The Yanshan-age igneous rocks of the Dahutang tungsten deposit are characterized by
a multi-phase intrusion, including medium and fine-grained biotite granite, porphyritic
muscovite granite and a small amount of granite porphyry [3,19,32,33]. They intruded
the Neoproterozoic granodiorite body and developed strong tungsten mineralization in
the inner—outer contact zone [19]. The mineralization type of the Dahutang deposit is
mainly fine-vein dipping scheelite (wolframite) where scheelite and wolframite co-exist,
accompanied by other types of quartz vein, altered granite, greisen and hydrothermal
breccia [10,12,13]. The Jiningian pluton, which mainly consists of granodiorite, is part of
the Jiuling batholith. It occurs throughout the mine region and is in close contact with the
ore body (Figure 1b). Under the microscope, minerals such as quartz, biotite, potassium
feldspar and andesine can be seen, as well as albite and sericitic alteration (Figure 2). The
quartz is semi-automorphic, with a grain size of about 0.5 mm, accounting for about 50% of
the total rock (Figure 2). The biotite is flaky and has a high interference color, accounting
for about 10% of the total rock. The K-feldspar is approximately 1 mm in grain size, where
significant sericitization occurs (Figure 2d). The albite is characterized by polysynthetic
twin, mostly around the potassium feldspar (Figure 2c—f). Andesine is characterized by
weak ring banding and has a larger grain size of up to 2 mm (Figure 2g,h).

Figure 2. Field (a,b) and microscopic photos (c-h) of Jiningian granodiorite in the Dahutang deposit.
by$2: Jiningian granodiorite; Sch: scheelite; Qtz: quartz; Pl: plagioclase; Kfs: K-feldspar; Bt: biotite;
Ads: andesine.

3. Sampling and Analytical Techniques

After conducting a detailed geological survey of the Dahutang porphyry W deposit,
we collected typical samples of the Jiningian pluton located near the scheelite ore body
from the Shiweidong mine of the Dahutang deposit. Then, LA-ICP-MS zircon U-Pb dating,
whole-rock major and trace element analysis and zircon trace elements determinations
were performed on the Jiningian granodiorite samples.
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3.1. Major and Trace Elements

The testing of whole-rock major and trace elements was completed at the Guangzhou
Aoshi Mineral Laboratory (Guangzhou, China). Whole-rock major elements were analyzed
by X-ray fluorescence spectrometry. Firstly, the granodiorite samples collected in the field
were crushed and ground to 200 mesh indoors to obtain powder samples. Then, three
samples were weighed. One sample was acid-dried, dissolved and fixed, and the S-Ca-
Fe-Mn-Cr content was measured roughly using an Agilent 5001 ICP-AES. The second
specimen is dried, weighed accurately, mixed with lithium tetraborate-lithium metaborate-
lithium nitrate in a platinum crucible and melted at 1050 °C in a melting machine. The
molten slurry was made into molten flakes whose major elements were determined using a
PANalytical PW2424 XRF spectrometer. The third specimen was dried and weighed in a
certain amount, then aerobically scorched in a muffle furnace at 1000 °C. After cooling, it
was accurately weighed, and the mass difference between the two weights was calculated
as Loss on Ignition (LOI). The lower limit of detection for major elements is 0.01%, with an
error of less than 2%.

Two powder samples were weighed for trace element analysis. One sample was
digested with perchloric, nitric and hydrofluoric acid, then evaporated, dissolved, spiked
and analyzed by Agilent 5001-type ICP-AES and Agilent7900-type ICP-MS. The other
specimen is added to the lithium tetra-borate melt mixed well and melted in a furnace
above 1025 °C. After the melt was cooled, we fixed it and analyzed the trace elements by
Agilent 7900-type ICP-MS. The final trace element results are based on a combination of
the digestion results and the actual conditions of the samples. The error in trace element
testing is less than 10%.

3.2. Zircon U-Pb Dating and Trace Elements Analyses

Zircon sorting and target making were carried out at Langfang Shangyi Rock and Min-
eral Testing Technical Services (Langfang city, Hebei province, China). Zircon grains were
separated from bulk samples by conventional density and magnetic separation techniques.
The representative zircon particles were selected manually under the binocular microscope.
The selected zircon grains were embedded in epoxy resin and polished until they were
ground to the near central section of zircon crystal, and then the transmitted and reflected
light images were taken under the optical microscope.

Zircon U-Pb dating and trace element analyses were carried out at the Key Laboratory
for the study of focused Magmatism and Giant ore Deposits, MLR. Xi’an Center of Geo-
logical Survey, CGS, Xi’an, China. Before analysis, the cathodoluminescence (CL) image
of zircons was obtained by TESCAN MIRA3 Scanning Electron Microscope with Mono
CL System in Key Laboratory of Crust-Mantle Materials and Environments, University of
Science and Technology of China, Chinese Academy of Sciences. After selecting the analysis
points by CL images, using an Agilent 7700x ICP-MS with a GeoLas Pro laser to analyze
the uranium to lead ratio in the zircon microregion. Helium is used as the carrier gas to
avoid the air wear of the selected single crystal. Each measurement point was analyzed
for 50 s, including 10 s of blank signal and 40 s of sample signal. The offline processing
of the analysis data is conducted using the software Glitter 4.4 [34]. Detailed instrument
parameters and test procedures have been provided by Li et al. (2015) [35]. Zircon standard
91,500 was used as an external standard for isotopic fractionation correction in the U-Pb
isotope dating. U-Pb age harmonic mapping and age-weight averaging of zircon samples
were conducted using Isoplot/Ex_ver 3 [36]. Zircon trace element contents were quantified
using the reference standard NIST610 glass as a multiple external standard and Si as an
internal standard.

4. Results
4.1. Major and Trace Elements

The present study of Dahutang Jiningian granodiorite has a SiO, content of 65.87% to
68.21%. In the TAS diagram, the projection points of seven samples fall in the granite and
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granodiorite zone in agreement with previous authors (Figure 3). The A/CNK values of
the samples range from 1.18 to 1.71, and the subpoints in the diagram of the Al saturation
index all fall within the peraluminous granite zone (Figure 4). In addition, the Hacker
diagram shows that Al,O3, MgO, CaO, TiO; and Fe;O3T show a negative correlation with
510, while NayO and KO have the opposite, which is in high agreement with the previous
data (Figure 5a—f,h). P,Os is positively correlated with SiO, (Figure 5g), reflecting the
characteristics of S-type granites.
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Figure 3. TAS diagram of rock classification of Jiningian granodiorite in the Dahutang deposit
(modified after [37]). Previous data from [20,21,38,39], as shown in Supplementary Table S2.
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Figure 4. Diagram of Al saturation index of Jiningian granodiorite in the Dahutang deposit (modified
after [40]). Previous data from [20,21,38,39], as shown in Table S2.
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Figure 5. Major element Harker diagrams for Jiningian granodiorite in Dahutang deposit. (a) Al,O3
vs. S5i0y; (b) CaO vs. SiOy; (¢) Fe;O3T vs. SiOy; (d) KoO vs. SiOy; (e) MgO vs. SiO»; (f) NaO, vs. SiOy;
(g) P2Os5 vs. SiOy; (h) TiO, vs. SiO;. Previous data from [20,21,38,39], as shown in Table S2.

The REE contents of Dahutang Jiningian granodiorite range from 74.29 ppm to
162.66 ppm, with an average of 99.48 ppm. Among them, XLREE ranges from 61.4 ppm to
141.3 ppm, and ZHREE ranges from 6.8 to 21.4 ppm, with light rare earths being relatively
enriched and heavy rare earths being deficient. Moreover, our samples have significant
negative Eu anomalies (Eu* = 0.10-0.19) and positive Ce anomalies (Ce* = 4.30—4.49). Major
and trace elements results are listed in Supplementary Table S1.

4.2. Zircon Chronology and Trace Elements

In the CL diagram, most zircon grains are greyish white, long columnar, about 150 to
250 um long, with a length /width ratio of about 1:3. However, the Th/U ratio of zircons
ranges from 0.12 to 2.06, plenty of which are less than 0.4 (Figure 6), indicating that these
zircons are not of typical magmatic origin [41]. Some zircons have oscillatory zonation
inside but dark rims as well, especially zircons in granodiorite samples 17SWD-5, 177SWD-6
(Figure 7). The upper intersection ages of the zircon samples 17SWD-1, 17SWD-2 are
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845 £ 21 Ma (MSWD = 1.7) and 828.7 = 7.5 Ma (MSWD = 1.0), respectively (Figure 8).
Harmonic plots were not plotted as the data points for some samples of 17SWD-5 and
17SWD-6(such as 17SWD-5-2, 17SWD-6-3, 17SWD-6-15 in Figure 7) deviated from the U-Pb
harmonic line. Zircon U-Pb dating results are presented in Supplementary Table S3.
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Figure 6. Th, U content and Th/U ratio of different zircon samples in the Dahutang deposit.
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Figure 7. Representative CL images of Dahutang deposit zircons. Shown are the apparent
206fipp /2381 ages with a 1o confidence interval; values under each grain correspond to analyti-

cal data in Table S3, and the concordance of each spot is noted in the same table.

The zircons in the Jiningian granodiorite have a total rare earth element content of
339.56 to 4415.60 ppm, with an average of 1863.61 ppm. ZLREE ranges from 2.46 ppm to
2205.42 ppm, and XHREE ranges from 337.10 to 3719.67 ppm, which is characterized by an
enrichment of heavy rare earths with the exception of some samples with a high content
of light rare earths. In addition, our zircon samples have moderate to strong negative Eu
anomalies (Eu* = 0.01-0.57) and intense positive Ce anomalies (Ce* = 0.99-97.72). Detailed
zircon trace elements data are shown in Supplementary Table S4.
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Figure 8. U-Pb concordance diagram of zircons from Jiningian granodiorite (a) Samlple 177SWD-1
and (b) Sample 17SWD-2.

5. Discussion
5.1. Zircon Geochemistry

Zircon is a geochemically stable accessory mineral with a high U-Pb closure tempera-
ture [41,42]. However, zircons are susceptible to alteration under fluid interaction, bringing
“hydrothermal mineral” characteristics to the original zircons, called “hydrothermal zir-
con” [43-47]. Hydrothermal fluids account for zircon edges, resulting in the rounding of
zircon grain edges or the appearance of other corrosion structures and altering the trace
element characteristics of zircon. Moreover, the formation of the wide alteration edge and
the reset of zircon U-Pb systems can also be caused by hydrothermal alteration [48,49].

The zircon U-Pb dating results for the Jiningian granodiorite samples (17SWD-1,
17SWD-2) are 845 + 21 Ma (MSWD = 1.7) and 828.7 & 7.5 Ma (MSWD = 1.0), respectively
(Figure 8). The result agrees with the previous dating results within the margin of error
(819 Ma [20]), representing the formation time of the Jiningian granodiorite. However, we
noticed that some zircon grains have corrosion structures and accretionary edges, which
are the characteristics of hydrothermal zircons (Figure 6). Among them, there are three
zircons with 20°Pb /238U ages of 137 + 2.5 Ma, 148 4 2.8 Ma and 148 =+ 2.7 Ma (17SWD-
5-2,17SWD-6-3 and 17SWD-6-15 in Figure 7), which are more consistent with the age of
Yanshanian orogenic hydrothermal activity (150-139 Ma [3,5,7-14]). Hydrothermal zircons
usually have a high content of rare earth elements (especially light rare earth elements)
and possess low (Sm/La)y ratio and Ce positive anomaly values [50-52]. The (Sm/La)n
vs. 8Ce (Figure 9a) and La vs. (Sm/La)n (Figure 9b) diagrams suggest that zircons in
Jiningian granodiorite are influenced by hydrothermal fluids to different degrees. In
Figure 10, the zircon REE patterns are not uniform, and parts of them are similar to typical
hydrothermal zircons, especially the enrichment of LREEs, which implies heterogeneity in
the hydrothermal alteration of zircons.
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Figure 10. Chondrite-normalized REE patterns for different zircon samples in the Dahutang deposit.
Chondrite values are from [53], and typical zircon is from [47].

Based on the CL images, REE patterns, U-Pb age and trace elements discriminatory
charts, the presence of hydrothermal zircons can be confirmed. Hydrothermal zircons
can record the age of hydrothermal activity [45,48]. In our study, the firstly discovered
~140 Ma hydrothermal zircons, whose age is more consistent with the age of mineralization
(150-139 Ma [3,5,7-14]), imply a strong superimposed modification of the Jiningian rocks
by mineralizing fluids during the Yanshanian mineralization event. Additionally, they
verify the view that the Jiningian pluton provides part of the W [9,22,54]. Moreover, zircons
in the Jiningian rocks previously studied show typical magmatic zircon characteristics
(Figure 9). The difference between them and ours is that our samples are closer to the
ore body, which confirms that the overlay renovation of the Jiningian pluton is caused by
Yanshanian mineralizing fluids.

5.2. Whole Rock Geochemistry

The Jiningian granodiorite in the Dahutang deposit is part of the famous Jiuling
batholith, which is the most extensive Neoproterozoic granitoid intrusion in South China [21].
Previous studies have revealed that the Ca content of the Yanshanian rocks is too low for
large-scale scheelite mineralization, and the large-scale, Ca-rich Jiningian rocks solve this
problem precisely [7,19,20]. However, based on the high W content of the Jiningian rocks
(93 ppm on average), it is difficult to deny their contribution to the mineralized material,
which has often been overlooked by previous scholars.

In the TAS diagram (Figure 3) and Harker diagrams (Figure 5), the granodiorite in
this study and the previous samples belong to the Jiuling Jiningian batholith. Moreover,
the near-mineralized Jiuling granodiorite we firstly discovered with SiO, content between
72.27% and 73.81% fills a gap in previous studies. SiO, and P,Os are positively correlated,
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which is an important feature of S-type granite [55]. In the A/CNK diagram (Figure 4), our
samples not only have peraluminous characteristics but also fall in the range of A/CNK
greater than 1.1, as studied before, which also display S-type granite features. In addi-
tion, the differentiation index (DI) of the Jiningian granodiorite averages 89 (Table S1),
suggesting that the granite has undergone a high degree of segregation and crystallization.
Highly differentiated S-type granites are closely associated with the formation of tungsten
deposits [1,4,18]. These characteristics of the Jiningian granodiorite indicate that it has a
high W mineralization potential. Moreover, the trace element W contents of our samples
amount up to 93 ppm, which has also been reported previously (27 ppm [16]), indicat-
ing that the Jiningian granodiorite is able to provide mineralized material in Yanshanian
metallogenic events.

5.3. Ore Formation Mechanisms and Models

For massive development of fine-vein dipping scheelite in the Jiningian granodiorite,
two conditions must be met: firstly, sufficient tungsten in the mineralizing fluid and, sec-
ondly, a large amount of calcium in the fluid [6]. For the source of the mineralizing fluid,
evidence from hydrogen, oxygen isotopes of HpO in fluid inclusion and wolframite oxygen
isotopes reveal that it is derived from Yanshanian magma, and trace element studies of
scheelite prove the addition of Jiningian granodiorite in the late evolution of mineralizing
fluids [56,57]. The development of many alteration types such as the potassic and sodic alter-
ation in our samples (Figure 2), together with the firstly reported Yanshanian hydrothermal
zircons, verifies the strong material exchange between the mineralizing fluids and Jiningian
granodiorite. Under the influence of Yanshanian hydrothermal fluids, the calcium-rich
plagioclase in the Jiningian pluton de-composed, releasing large amounts of Ca?* into the
hydrothermal fluids and taking part in the formation of scheelite [7]. In this process, part
of the W in the Jiningian pluton is also released into the hydrothermal fluid, which can
be proven by the positive correlation of W and Ca in Jiningian granodiorite (Figure 11a).
However, the disintegration of plagioclase does not result in the release of W into the
fluid. According to the study before, the alkaline account, such as K-feldspathization and
albitization, can further activate the transfer of tungsten, which is important for tungsten
mineralization, while rocks with alkali feldsparization show depletion of W [15]. There
is a wide range of variation in the W content of our samples (13-172 ppm, Table S1), the
depletion of W in part of our samples may result from the alkali feldsparization. The
significant negative correlation between Na and W and no correlation between K and W
(Figure 11b,c) indicates that albitization is the major mechanism of releasing W [57].
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Figure 11. Ca-W, K-W and Na-W correlation diagram. The molarity of Ca, K and Na is obtained by
dividing the major and trace elements (CaO, KO, Na,O and W) by their respective relative molecular
or atomic masses. (a) Ca vs. W, (b) K vs. W and (c) Na vs. W. The blue arrow indicates the trend
of correlation.

Based on our research and combined with previous results, we propose a mineraliza-
tion model for porphyry scheelite in the Dahutang deposit (Figure 12). In the context of
Yanshanian lithosphere stretches after a strong squeeze, granite and mudstone in the Pre-
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cambrian basement underwent remelting to form granitic magmas [3,9]. With the intrusion
of Yanshanian magma into the Jiningian rocks, Yanshanian hydrothermal fluids were able
to make full contact with the Jiningian pluton and undergo strong water-rock reactions.
Under the action of hydrothermal fluids, the calcium-rich plagioclase in the Jiningian
pluton decomposed, releasing a large amount of calcium into the hydrothermal fluids to
participate in the formation of scheelite. During this period, sodic feldspathic alteration by
hydrothermal action caused activation and release of W in the Jiningian pluton [58], which
allows the Jiningian pluton with high W content to provide part of the tungsten element
for mineralization.

Neoproterozoic Shuangqiaoshan Group

Jiningian granodiorite

magmatic

zircons
(~830Ma)\n i

Altered Jiningian granodiorite
(K-feldspathization, albitization)
hydrothermal ..
zircons —>0
(~140Ma) 2%

......... >
e Scheelite

ore body

Figure 12. Mineralization model for porphyry scheelite in the Dahutang deposit (modified after [58]).

6. Conclusions

(1) The U-Pb age of the Jiningian granodiorite samples (17SWD-1, 177SWD-2) are
845 + 21 Ma (MSWD = 1.7) and 828.7 & 7.5 Ma (MSWD = 1.0), respectively, which can
represent the formation age of Jiningian pluton.

(2) The discovery of the Yanshanian hydrothermal zircons (~140 Ma) proves that the
Jiningian pluton was strongly modified by the Yanshanian hydrothermal fluids.

(3) In the ore-forming process, the Jiningian pluton acts as a source of calcium while
also providing part of the W. Albitization is the main controlling factor for this procedure
in the alkaline account.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/min12040428/s1, Table S1. Major elements (wt%) and trace
elements(ug/g) in Dahutang granodiorite, Table S2. Previous major elements (wt%) and trace
elements(ug/g) in Dahutang granodiorite, Table S3. LA-ICP-MS zircon U-Pb isotopic dating of
Dahutang granodiorite, Table S4. Trace element composition of zircons (in ppm) for granodiorite
from the Dahutang deposit.
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