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Abstract: The formation and evolution of the ancient continental crust are crucial issues in solid-
earth geology which are commonly associated with global tectonic events and the formation of
economically valuable magmatic-hydrothermal ore deposits. The Cathaysia Block, one of the ancient
continents in Southeast Asia, can be subdivided into two parts: the West Cathaysia Block and
the East Cathaysia Block. Unlike the East Cathaysia Block, no Precambrian rocks are exposed in
the West Cathaysia Block, constraining further understanding of the formation and evolution of
this block. In this study, a total of four hundred and thirty-three zircon U-Pb dating analyses and
two hundred and eighteen Lu-Hf isotopic analyses on zircon grains from the Jurassic Dengfuxian
granites and Ordovician Tanghu granites, Nanling Range, were carried out. LA-ICP-MS zircon U-Pb
dating yields mean average 2°°Pb /23U ages of 152.6 & 2.2 Ma (MSWD = 1.6) and 442.4 + 1.7 Ma
(MSWD = 3.8), which are regarded as the rock-forming age for the Jurassic Dengfuxian granites and
Ordovician Tanghu granites, respectively. The 27Pb/2%Pb ages of the inherited zircons from the
Jurassic Dengfuxian granites and Ordovician Tanghu granites range from 522 Ma to 3395 Ma, hosting
two major peaks at the 0.9-1.0 Ga and 2.4-2.5 Ga. In contrast to the East Cathaysia Block, the West
Cathaysia Block lacks the age peak of 1.8-1.9 Ga, indicating that the West Cathaysia Block was not
influenced by the assembly of the Columbia supercontinent in the Paleo-Proterozoic. In combination
with the Lu-Hf isotopes, we proposed that the crust evolution of the West Cathaysia Block in Archean
is dominated by juvenile crustal growth events, and dominated by the crustal reworking since the
Proterozoic. The long duration of crustal reworking in the West Cathaysia Block resulted in the
enrichment of lithophile elements (e.g., W, Sn, Nb, and Ta) in the crust of that region. Therefore,
the Jurassic granites in the Nanling Range, which are mainly derived from the partial melting of
Proterozoic basement rocks, became associated with large-scale tungsten polymetallic mineralization.

Keywords: U-Pb ages; Lu-Hf isotopes; inherited zircons; crustal evolution; South China

1. Introduction

Understanding crustal generation and reworking, essential for the formation and
evolution of the global continental crust, commonly depends on the basement rocks of each
continent. The nature of these rocks can provide key information, not only on the forma-
tion and evolution of the crust but also on the origin of polygenetic granites and related
mineral deposits [1-8]. However, these rocks in some early Precambrian cratons might be
overprinted and/or obscured, caused by the intensive thermo-tectonic events [9,10]. The
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Cathaysia Block, one of the important parts of the South China Block, is well-known for its
intensive polygenetic tectonic-magmatism and related rare metal mineralization [11-20].
To date, the Paleoproterozoic Badu Group exposed in the south-western Zhejiang province
and north-western Fujian province are well accepted as the oldest rock unit in the Cathaysia
Block [21-26]. Hence, the Precambrian crust evolution of the Cathaysia Block is poorly
understood due to the absence of Archean rocks. Although no Archean rocks were found
in the Cathaysia Block, abundant Archean and even Hadean ages of the inherited zircon
grains in igneous and detrital zircon grains in sedimentary rocks and/or river sediments
were reported [4,22,23,26-29]. Therefore, several geologists argued that the Archean base-
ment rocks of “Cathaysia old continent” might exist in the Cathaysia Block, however,
they might be broken up into several microplates and/or reworked by the subsequent
tectonic-magmatic events [9,30]. Further studies indicated that the Cathaysia Block can be
subdivided into the West Cathaysia Block and East Cathaysia Block, which consist of the
Yunkai-Nanling and Wuyi terranes, respectively [4,11]. The Precambrian rocks are well
exposed in the East Cathaysia Block, including the Paleo-Proterozoic metasedimentary
rocks and granites [21-23,31]. Conversely, rare Precambrian rocks are identified in the West
Cathaysia Block, constraining the understanding of the formation and evolution of the
Precambrian crust of the West Cathaysia Block.

It is currently known that granitic rocks not only play an extremely important role
in the evolution of the Earth’s crust [32-34], they also are commonly accompanied by
migration and/or enrichment of elements and the formation of intense tungsten polymetal-
lic mineralization [34,35]. The inherited zircons from the granites, which are commonly
derived by partial melting of the deep crustal rocks, will elucidate the ages and source of
these deep crust basement rocks and might provide a new perspective for geologists to
unravel the missing geological records of the formation and evolution of the continental
crust [36-39]. Nanling range is one of the important tungsten-tin polymetallic ore belts
in South China and a world-famous tungsten mineralization province, hosting a series of
large to super large tungsten deposits, e.g., Shizhuyuan, Xihuashan, Taoxikeng, Xiangdong,
and Yaogangxian tungsten-tin deposits. In addition, these deposits are genetically linked
to the granitic rocks both in time and space. Therefore, LA-ICP-MS U-Pb dating and LA-
MC-ICPMS Lu-Hf isotopic analyses were carried out on these inherited zircons from the
Mesozoic Dengfuxian and Paleozoic Tanghu plutons, Nanling Range, aiming to provide
some insights into the generation and reworking history, and the relationship between the
crust evolution and tungsten polymetallic mineralization of the West Cathaysia Block.

2. Regional Geology

The South China Block (SCB), composed of the Yangtze Block and the Cathaysia
Block, is one of the largest Precambrian blocks in East Asia and might be formed by
the amalgamation of these two blocks at ca. 820 Ma [12]. It was surrounded by the
Qinling-Dabei orogenic belt to the north, the Songpan-Garze orogenic to the northwest, and
Sibumasu-Indochina orogenic belt to the southwest (Figure 1a). Two blocks were proposed
to be bounded by the Qinzhou-Hangzhou Belt, which starts from Hangzhou Bay to the
northeast and Qinzhou Bay to the southwest (Figure 1b). The Yangtze Block, located at the
northwest SCB, hosts a series of Mesoproterozoic-Archean igneous rocks, e.g., Kongling
Group, Dongling Group, Douling Group, and Cuoke Group [40-45]. The Kongling Group,
commonly regarded as the oldest exposed rock unit in the Yangtze Block, contains the
Archean tonalite-trondhjemite-granodiorite (TTG) gneiss with ages of 3.2-3.3 Ga [41-43].
In addition, two-stage depleted mantle Hf model ages of zircon grains in the TTG gneiss
show a significant peak at 3.3-3.5 Ga. Therefore, it is well accepted that an Archean
basement might exist in the Yangtze Block [41-43]. Meanwhile, the Neoproterozoic igneous
rocks are dominated by the arc-related basic and granitic rocks (820-850 Ma) which are
mainly distributed in the margin area of the Yangtze Block, especially in the Jiangnan
Orogen [46—-49]. It is proposed that the Neoproterozoic oceanic subduction and/or arc-
continent collision event might occur around the margin area of the Yangtze Block, which
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might cause the collision between the Yangtze and Cathysia blocks [12,24,50,51]. The
Mesozoic granodiorite and granites in the Yangtze Block, mainly emplaced in Late-Jurassic
and Early-Cretaceous and related to the regional Cu-Au-W polymetallic mineralization,
are involved in the Pacific subduction event toward the South China Block, for example,
the Cu-Au deposits of the Tongling ore cluster and the Chating ore cluster [52-57].
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Figure 1. The sketch tectonic location of the South China Block (a) and the Geological sketch map
of the South China Block (b), modified from [58]. The inferred boundary between the West and
East Cathaysia Block is modified from [4]. The red box refers to the study regions, whereas the area
between the blue dashed lines refers to the Qian-Hang Belt of SE China. The grey dushed lines refer
to the provincial boundaries.

Unlike the Yangtze Block, the Archean basement rocks are absent in the Cathysia
Block, however, a series of Archean-Hadean detrital zircon ages were reported, indicat-
ing that the Archean basement and/or Hadean fragments might exist in the Cathysia
Block [4,21,26-29]. The Precambrian rocks exposed in this block are mostly distributed
between the NE-trending Qin-Hang Belt and Zhenghe-Dapu fault (Figure 1b), e.g., the
Paleoproterozoic Badu Group and Mesoproterozoic Longquan Group in the Wuyishan
area, the East Cathysia Block, and Neoproterozoic Sibao Group in the Nanling Range, and
the West Cathysia Block. The Badu Group mainly comprises the mica schists, gneisses, and
migmatites, which were mainly formed at ca. 2.5 Ga and subsequently reworked in ca.
1.8 Ga and 250-230 Ma, respectively [21,59]. The Longquan Group is mainly composed of
mica-quartz schist, epidote amphibolite, actinolite schist, and fine-grained biotite gneiss,
showing that the protoliths of mafic volcanic rocks and pelitic-arenaceous—calcareous
sedimentary rocks experienced greenschist to low amphibolite facies metamorphism [21].
Sm-Nd isotopic dating suggests that rocks of the Longquan Group might be formed at
1.4-1.0 Ga, however, detailed age data are lacking [59,60]. The Sibao Group, mainly com-
posed of epimetamorphic shale and volcaniclastic rocks, metamorphosed basalts, spilite,
and keratophyre, might have been formed at ca. 830 Ma [61]. The Paleozoic strata are
widespread in the Cathysia Block, including a series of marine to continental sedimen-
tary rocks. However, they have experienced various degrees of deformation due to the
following tectonic events.

The oldest igneous rocks, mainly S- and/or A-type granites, were distributed in the
Wuyishan area, Eastern Cathaysia Block, with ages of 1.8-1.9 Ga [22,23]. However, rare
Paleoproterozoic igneous rocks were identified in the Nanling-Yunkai region. The igneous
rocks in the Cathaysia Block are dominated by the Mesozoic granitoid with few Middle
Paleozoic granitoids (Figure 1b). The Middle Paleozoic granitoids, related to uranium
mineralization, are mainly located in the Nanling Range with peak ages of 444-419 Ma [62].



Minerals 2023, 13, 550

40f19

The Mesozoic granitoids, especially Jurassic granitoids, are widespread in the Cathaysia
Block and are associated with the regional W-5n polymetallic mineralization. These Jurassic
granites, mainly emplaced at 165-150 Ma, are related to the intense magmatic magmatism
which was derived by the partial melting of the Proterozoic basement rocks of the Cathaysia
Block and triggered by the Pacific subduction event [17].

3. Sampling and Analytical Methods
3.1. Sampling and Description

Two fresh samples were collected from the Nanling Range, West Cathaysia Block,
including a two-mica monzonitic granite from the Dengfuxian composite pluton (Figure 2a)
and a biotite monzonitic granite from the Tanghu pluton (Figure 3a). The Dengfuxian
composite pluton, located in Eastern Hunan, is composed of the Triassic biotite mon-
zonitic granite and Jurassic two-mica monzonitic granite, with ages of 225.7 & 1.6 Ma and
151.1 £ 1.5 Ma, respectively [63,64]. A two-mica monzonitic granite sample was collected
from the Dengfuxian composite pluton, and the sampling location was represented in
Figure 2a. In addition, the Jurassic granites, genetically related to the large-scale tungsten
mineralization, belong to the S-type granite and originated from the partial melting of the
Precambrian basement rocks of the Cathaysia Block [65,66]. The Jurassic two-mica mon-
zonitic granites are mostly grey with a fine-grained texture, consisting of K-feldspar (~25%),
plagioclase (~20%), quartz (~35%), muscovite (~12%), and biotite (~8%) (Figure 2b,c). These
granites also contain accessory minerals of apatite, zircon, and titanite.
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Figure 2. Geological sketch map of the Xitian and Dengfuxian plutons (a), modified from [67];
Outcrop (b) and orthogonal polarizing micrograph (c) of the Dengfuxian Jurassic granite. The
location of Figure 2a has been shown in Figure 1b.
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Figure 3. Geological sketch map of the north Zhuguangshan area (a); Outcrop (b) and orthogonal
polarizing micrograph (c) of the Tanghu granite. The location of Figure 3a has been shown in
Figure 1b.

The Tanghu pluton, part of the Zhuguangshan composite pluton which is composed of
Ordovician, Triassic, and Jurassic granites, is located at the junction region between Jiangxi
and Guangdong [68]. The Tanghu pluton is composed of biotite monzonitic granite and
granodiorite with a precise U-Pb age of ca. 440 Ma, indicating that the formation of these
Ordovician granites has a close link with the Caledonian orogeny in South China [68]. A
biotite monzonitic granite sample was collected from the Tanghu pluton, and the sampling
location was shown in Figure 3a. The Tanghu biotite monzonitic granite is mostly grey
with a porphyritic-like texture (Figure 3b). Phenocrysts are mainly composed of subhedral
tabular plagioclase, which commonly hosts a zonary structure (Figure 3c). Mineral assem-
blages are composed of K-feldspar (15%~25%), plagioclase (35%~45%), quartz (20%~25%),
and biotite (5%), with accessory minerals of magnetite, apatite, zircon, and titanite.

3.2. Analytical Methods
3.2.1. Selection and CL Imaging of Zircon

Based on the conventional magnetic and heavy liquid techniques, zircon grains were
first separated from the Dengfuxian Jurassic granites (sample no. 0326-2s2) and Tanghu
Ordovician granites (sample no. 13D40). Second, they were handpicked under a binocular
microscope. Third, they were mounted into epoxy resin blocks and polished to obtain
flat surfaces. Before the LA-ICP-MS U-Pb dating analyses, these zircon grains were pho-
tographed and observed under an electron microscope to avoid inclusions and fractures in
these grains. Finally, these zircon grains were photographed through a scanning electron mi-
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croscope (TESCAN MIRA 3 LMH FE-SEM, TESCAN, Brno, Czech Republic) at the Sample
Solution Analytical Technology Co., Ltd, Wuhan, China, to get the Cathodoluminescence
(CL) images.

3.2.2. LA-ICP-MS Zircon U-Pb Dating

Ninety-two and three hundred and forty-two U-Pb dating and trace element anal-
yses of zircons were collectively conducted by LA-ICP-MS at the Laboratory of Isotope
Geochemistry, Wuhan Center of China Geological Survey for the Dengfuxian and Tanghu
granites, respectively. The LA-ICP-MS were assembled by an icapQ ICP-MS instrument
and a resolution laser ablation system. The former was used to obtain ion-signal intensities,
whereas the latter was used to denudate the samples. The helium and argon were used
as the carrier gas and the make-up gas, respectively., which were optimized by ablating
NIST SRM 610 to obtain maximum signal intensity for 2®Uand to keep low ThO/Th
(0.01%—-0.03%) and Ba%*/Ba™ ratios (0.02%-0.03%) to reduce the matrix-induced interfer-
ences. Average intensities of 2OZHg, 204Pp + Hg), 206pp, 207Ph, and 298Pb of the gas blank
were lower than 50 cps at a sensitivity of 0.4 x 106 cps 233U. In this analysis, a spot size
of 29 um and an energy density of 4 ] /cm? were applied. The detailed procedure was as
follows: (1) Each analysis contained approximately 15 s of background acquisition (gas
blank) followed by 45 s of data acquisition; (2) The standard zircon 91500 was analyzed
twice in every eight analyses of the unknowns. In addition, the U-Th-Pb isotopic ratios
were calibrated relative to this standard zircon 91500 whose age is ca. 1064.5 &= 0.6 Ma [69].
Common Pb correcting was followed by using the model proposed by [70]. Further data
processing for zircon U-Pb dating and trace elements were performed by the software
ICPMSDataCal 10.7 [71], while concordia diagrams and age calculations were obtained by
using the software Isoplot v.3.0 [72].

3.2.3. LA-MC-ICP-MS Zircon Lu-Hf Isotope Analysis

Ninety-two and one hundred and twenty-seven in situ Lu-Hf isotope ratio analyses of
zircons were conducted using a Neptune Plus MC-ICP-MS combined with a RESOlution
laser ablation system at the Laboratory of Isotope Geochemistry, Wuhan Center of China
Geological Survey for the Dengfuxian and Tanghu granites, respectively. Helium and
argon were used as the carrier gases during the process. Masses of 71Yb, 173Yb, 7Ly,
76(Hf + Yb + Lu), 77Hf, 178Hf, 7Hf, and '8'Hf were measured by a 60s of ablation sig-
nal acquisition and followed by 30s of wash time. The size of the laser spot diameter
and the energy density were set by 43 um and 6 J/cm?, respectively. The detailed cor-
recting process of the interference of 170Yb/17°Hf and 17¢Yb /177Hf were following the
methods proposed by Thirlwall et al. (2004) [73]. The 76Lu/7Hf ratio was calculated
by using the recommended 7°Lu/17°Lu = 0.02656 [74]. Offline data processing was pet-
formed using the software ICPMSDataCal 10.7 [71]. Reference standard zircons 91500
and Plésovice were analyzed as “unknowns” to control the reproducibility and instru-
ment stability. In this analysis, the 17°Hf /17”Hf of standard zircons 91500 and Plésovice
were 0.282297 £ 0.000002 (MSWD = 1.5, n = 126) and 0.282479 £ 0.000001 (MSWD = 1.4,
n = 134), respectively, and both agree with the reference values of 0.282307 + 0.000031 [75]
and 0.282482 + 0.000013 [76], respectively. The decay constant value 7°Lu was
1.867 x 10~ a~1 for [77], while the ep(t) values were calculated by using the present-
day chondritic ratios of 70Hf/77Hf = 0.282785 and 7°Lu/"7Hf = 0.0336 [78]. The crustal
model age (Tpmc) calculation was assuming that the parental magma was produced from
the average continental crust (\’°Lu/'”Hf = 0.015) that was primarily derived from the
depleted mantle [79]. A detailed analytical procedure was described by [75].

4. Results
4.1. Zircon Characteristics

Zircon grains from the Dengfuxian granites (0326-2s2) are mostly characterized by
regular to irregular prisms with light yellow to colorless, a length of 100250 um, a width of
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80-120 um and aspect ratios of 3:1 to 1:1. Most of these zircon grains exhibit a clear zoning
structure with no cores, however, some zircon grains show a rim-core structure (Figure 4a).
These zircon grains with a rim-core structure contain a clear boundary between the rim and
core with a zoning structure for the rims and a weak zonation for the cores, respectively. In
addition, most of the cores are characterized by bright fluorescence under the CL images.

Dengfuxian granites (0326-2s2) (a)
161 Ma 152 Ma 2459 Ma
= 2 2
3252 Ma 2690 Ma 2402 Ma
@
1146 Ma 954 Ma
Tanghu granites (13D40-1) (b)
443 Ma 433 Ma 1759 Ma
@ Cdy
3395 Ma 1998 Ma 1052 Ma
2466 Ma 2781 Ma 920 Ma

Figure 4. Cathodoluminescence (CL) images of zircons from the Dengfuxian (a) and Tanghu granites
(b). The red circle is the location for the LA-ICP-MS dating. The red circle diameter, marked on zircons,
is ca. 29 um. The numbers under the zircon grains represent the U-Pb ages of the corresponding zircon.
The selected ages in this study followed the procedure that the young ages (lower than 1000 Ma) and
old ages (higher than 1000 Ma) used 2°°Pb /238U ages and 207Pb /2%°Pb ages, respectively.

Zircon grains from the Tanghu granites (13D40) are mostly stubby prismatic with light
yellow to colorless, a length of 100400 um, a width of 100-200 pm, and aspect ratios of 4:1
to 1:1. Most of these zircon grains exhibit a rim-core structure with a clear zoning structure
for the rims and a weak zoning structure for the cores in the CL images (Figure 4b). In
general, the cores show different features to the Dengfuxian zircon grains, since the Tanghu
zircon grains mainly show a dark fluorescence under the CL images.
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4.2. Zircon U-Pb Isotopic Ages

Ninety-two U-Pb dating analyses were carried out on ninety-two zircon grains from
the Dengfuxian granites (0326-2s2). These zircon grains from the Dengfuxian granites have
variable U and Th contents of 18-1294 ppm and 27-3320 ppm, respectively (Table S1). The
corresponding Th/U ratios range from 0.03 to 1.60 (mean = 0.59), however, most of them
are over 0.1, suggesting a magmatic origin for most of these zircon grains (Figure 5) [80].
After rejecting a small number of analyses (concordance < 90%), the isotopic ages vary
from 137 to 3252 Ma, hosting five major peaks at 150-160 Ma, 900-1000 Ma, 1100-1200 Ma,
1500-1600 Ma and 2300-2500 Ma. In addition, these zircon grains are mostly plotted on or
near the concordant curve and can be subdivided into five populations which have ages of
152.6 & 2.2 Ma (MSWD = 1.6), 966 + 12 Ma (MSWD = 1.2), 1115 4 23 Ma (MSWD =1.7),
1558 + 76 Ma (MSWD = 3.2) and 2382 £ 72 Ma (MSWD = 1.4), respectively (Figure 6).
These prismatic zircon grains with an age of 152.6 4+ 2.2 Ma, which is the same as the
previously reported ages, are regarded to be formed during the emplacement of the Jurassic
Dengfuxian granites.

1045 = 101
‘ [ b
@) ®) [J Dengfuxian Jurassic granites
/\ Tanghu Ordovician granites
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_ F 10°
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= > | N
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Figure 5. U versus Th (a) and age versus Th/U diagrams (b) of zircons from the Dengfuxian and
Tanghu granites.

A total of three hundred and thirty-two zircon U-Pb dating analyses were carried
out on three hundred and thirty-two zircon grains from the Tanghu granites (13D40-1).
The U and Th contents for the zircon grains from the Tanghu granites were 19-3600 ppm
and 5-5214 ppm, respectively (Table S1), with corresponding Th/U ratios of 0.01-2.67
(mean = 0.48), indicating a magmatic origin for most of these zircon grains (Figure 5) [80]
(Table S1). After rejecting a small number of analyses (concordance < 90%), the isotopic
ages vary from 367 Ma to 3395 Ma. Three major peaks at 400-500 Ma, 800-900 Ma, and
1000-1100 Ma were identified. In addition, these zircon grains are mostly plotted on or
near the concordant curve (Figure 7a), yielding weighted mean ages of 442.4 + 1.7 Ma
(MSWD =3.8), 896.2 &+ 8.8 Ma (MSWD =0.31) and 1043 £ 18 Ma (MSWD = 2.5), respectively
(Figure 7b,d). These prismatic zircon grains with an age of 442.4 4+ 1.7 Ma, which is the
same as the previously reported ages, are regarded to be formed during the emplacement
of the Tanghu Ordovician granites.
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Figure 6. Concordia plots of zircon dating results for the Dengfuxian granites. (a) shows concordia

plot of the whole data; (b,c) show concordia plot and mean average ages of Jurassic and Neoprotero-

zoic, respectively. (d,e) show concordia plot and mean average ages of Mesoproterozoic zircons of ca.

1115 Ma and 1558 Ma, respectively; (f) show concordia plot and mean average age of Paleoproterozoic

zircons. The red circle, bule solid lines and bule dashed lines represent the radius error for a single

spot, concordant curve and unconcordant curve, respectively.
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Figure 7. Concordia plots of zircon dating results for the Tanghu granites. (a) shows concordia plot
of the whole data; (b—d) show concordia plot and mean average ages of Ordovician, Neoproterozoic
and Mesoproterozoic zircons, respectively. The red circle, bule solid lines and bule dashed lines
represent the radius error for a single spot, concordant curve and unconcordant curve, respectively.

4.3. Zircon Lu-Hf Isotopes

Ninety-two Lu-Hf isotopic analyses were carried out on these zircon grains from the
Dengfuxian granites (0326-2s2) which have been analyzed by U-Pb dating, and the results
are represented in Table S2. In general, these zircon grains have variable 76Hf /17 Hf ratios
of 0.28087-0.28256 with corresponding egy(t) values of —12.9 to 10.8 and crustal model
ages (Tpmc) of 1081-3583 Ma, respectively (Figures 8 and 9). Based on age populations
of 150-160 Ma, 900-1000 Ma, 1100-1200 Ma, 1500-1600 Ma, and 2300-2500 Ma, they have
eye(t) values of —11.3 to —5.8, —10.9 to 10.8, —12.9 to 10.5, —11.6 to 9.1, and —10.0 to
8.9 Ma, respectively. Their corresponding Tpymc ages are 1572-1918 Ma, 1081-2336 Ma,
1301-2779 Ma, 1615-3055 Ma, and 2602-3583 Ma, respectively.

One hundred and twenty-eight zircon Lu-Hf isotopic analyses were carried out on
these zircon grains from the Tanghu granites (13D40-1) which have been analyzed by U-Pb
dating, and the results are represented in Table S2. These zircon grains also have variable
176Hf /177 Hf ratios of 0.280223-0.282509 with corresponding ey(t) values of —35.2 to 13.8
and crustal model ages (Tppic) of 1306-4234 Ma, respectively (Figures 8 and 9). Based on
age populations of 400-500 Ma, 800-900 Ma, and 1000-1100 Ma, they have ey(t) values of
—10.1 to 0.06, —6.8 to 4.02, and —35.2 to 10.5, respectively. Their corresponding Tpyic ages
range from 1431 to 2060 Ma, 1596 to 2189 Ma, and 1494 to 4061 Ma, respectively.
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20

Depleted Mantle
e

pe N s
E DA% & Chondrite
A

[T] Dengfuxian Jurassic granites

=20 :

=30
[ A Tanghu Ordovician granites

|
|
|
|
|
|
I
|
: Detrital zircon in West Cathaysia Block|
|

I

I

S R S S S T

2000 3000 4000
Age (Ma)

,50-.

Figure 9. Zircon ey(t) values versus U-Pb ages diagram. The data of the detrital zircons in the west
Cathaysia Block are from [4,29,81,82], respectively.

5. Discussion
5.1. Precambrian Crust Evolutionary History of the West Cathaysia Block
5.1.1. Archean (4000~2500 Ma)

Although no Archean rocks were exposed in the Cathaysia Block, geologists tend
to believe that an Archean basement might be unexposed, although limited information
on the Archean rocks was identified in the Cathaysia Block [9,23,30]. Recently, more and
more geologists regarded that the Neo- and Meso-Archean (3200~2500 Ma) might be one
of the key crustal generation periods of the Cathaysia Block since plentiful detrital zircon
grains have an apparent age peak at ca. 2500 Ma in both the East and West Cathaysia
Blocks (Figure 10) [10,15,28]. In addition, most of these zircon grains have positive e (t)
values, indicating a mantle origin for the magma from which these zircons crystallized
(Figure 9). Meanwhile, the difference between the zircon Hf model ages and the U-Pb ages,
defined as the crustal incubation time [83,84], also have a cluster at ca. 2500 Ma, unraveling
that the juvenile materials were involved in these zircons (Figure 11). In this study, both
the Dengfuxian and Tanghu granites contain Neo- and Meso-Archean zircons with ages
over 2500 Ma, positive ey¢(t) values, and the consistent Hf model ages, further supporting
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the perspective of a juvenile crust growth event for the West Cathaysia Block during the
Neo- and Meso-Archean. However, it’s worth noting that a considerable amount of Neo-
and Meso-Archean detrital zircon grains have negative ey(t) values and Hf model ages
of 2600~3600 Ma, signifying that crustal reworking is also a crucial aspect of the West
Cathaysia Block crust evolution (Figure 9).
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Figure 10. Relative probability density plots of detrital and inherited zircons from rocks of the
WestCathaysia Block (a) and the East Cathaysia Block (b). In addition to the data in this study, the
data of the West Cathaysia Block are from [4,11,28,29,81,82,85], respectively. The data of the East
Cathaysia Block are from [22,25,31], respectively.
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Figure 11. The plot of crustal incubation time versus crystallization ages of the detrital and inherited
zircons from the (meta)sedimentary rocks in the Cathaysia Block. Crustal incubation time is defined
by the difference between the zircon Hf model age and U-Pb crystallization age [83,84]. The data of
the detrital zircons in the West Cathaysia Block are from [4,29,81,82], respectively. Green square, blue
triangle and buff circle in this figure represent the inherited zircons from the Dengfuxian Jurassic
granites, Tanghu Ordovician granites, and meta-sediments of the West Cathaysia Block, respectively.
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The Paleoarchean crustal evolution of the West Cathaysia Block (4000~3200 Ma) is
poorly understood since rare detrital zircon grains were identified in comparison to the
Neo- and Meso-Archean. It was proposed that the Mesoarchaean (~3.3 Ga) was one of the
major magmatic periods in the Nanling-Yunkai terrane of the West Cathaysia Block [4]. In
addition, the Mesoarchaean magmatic event was both involved in the juvenile input and
the reworking of older crustal materials [4]. A previous study by Wang et al. (2018) [82]
also reported a Paleoarchean detrital zircon grain of 3534 Ma with an ey (t) value of 0.54
and Hf model age of 3774 Ma, demonstrating that juvenile materials should be involved in
the formation of the Paleoarchean crust. In this work, a zircon grain from the Dengfuxian
granites (#25) has a 2”Pb/2%Pb age of 3252 Ma with a positive ep(t) value of 3.7 and a
Hf model age of 3357 Ma, which is similar to the zircon grain from the Tanghu granites
(#3-13) with a 207Pb /206Pb age of 3395 Ma, epy¢(t) value of 3.09 and Hf model age of 3505 Ma.
These data were nearly plotted along the evolutionary line of the depleted mantle in the
age vs. eyy(t) diagram (Figure 9). Additionally, the crustal incubation time for these zircon
grains is within the range of 150 Ma, indicating a juvenile crustal growth event (Figure 11).
In conclusion, juvenile crustal growth might be predominant in the Archean for the West
Cathaysia Block, however, limited crustal reworking events occurred in the Neo- and
Meso-Archean.

5.1.2. Paleoproterozoic (2500~1600 Ma)

It is well accepted that the 1.8-1.9 Ga magmatism is related to the assembly of the
Columbia supercontinent [10,86,87]. Based on these exposed 1.89-1.86 Ga S-type granitoids,
1.85~1.83 Ga A-type granites, and ~1.77 Ga amphibolites in the Cathaysia Block, it was
regarded that these rock units recorded a complete geodynamic process from collisional
orogeny to intracontinental rifting during the Late Paleoproterozoic time, coinciding with
the timing of final assembly and initial rifting of the Columbia supercontinent [22]. How-
ever, it is noteworthy that these Paleoproterozoic rocks are mainly hosted in the Wuyishan
region of the East Cathaysia Block. Unlike the East Cathaysia Block, rocks with Paleo-
proterozoic ages have not been identified in the West Cathaysia Block so far. In addition,
rare detrital zircon grains with Paleoproterozoic ages were discovered in the metamorphic
rocks and fluvial sediment [4,22,28,82]. A remarkable difference with the East Cathaysia
Block is that the peak ages of 1.8-1.9 Ga are absent in the West Cathaysia Block (Figure 10).
It was proposed that the Nanling-Yunkai terrane of the West Cathaysia Block and the
Wuyishan terrane of the East Cathaysia Block were separated from each other before the
Neoproterozoic and finally united during the Grenvillian orogeny [4]. Therefore, the West
Cathaysia Block might be unaffected by the assembly of the Columbia supercontinent in the
Paleoproterozoic. Additionally, the crust generation and reworking of the West Cathaysia
Block in this period is likely stagnant, due to the lack of coeval igneous/magmatic activities.

5.1.3. Mesoproterozoic-Neoproterozoic (1600~540 Ma)

A consensus is that the SCB became a part of the supercontinent Rodinia in the
Neoproterozoic, caused by the amalgamation of the Yangtze and Cathaysia Blocks during
the Sibao orogeny, however, the timing of this amalgamation and the paleo-position of the
SCB in Rodinia are still hotly debated [10,12,15,20]. Previous studies have indicated that the
Neoproterozoic is one of the important crust accretion periods for the Cathaysia Block since
the Precambrian detrital zircon ages from several (meta)sedimentary samples and river
sands yield significant peaks at ca. 1.0 Ga and 0.8 Ga [4,10,19,82]. At the same time, these
peak ages are consistent with the formation of igneous rocks of 1.0-0.9 Ga and 0.8-0.7 Ga,
respectively [4,85,88-90]. As shown in Figure 10, zircon ages in the West and East Cathaysia
Block both yield the two peaks at ca. 0.9-1.0 Ga and 0.8-0.9 Ga, respectively. The age
spectrum of the West Cathaysia Block hosts a major peak at 0.9-1.0 Ga and a subordinate
peak at 0.8-0.9 Ga, whereas the East Cathaysia Block shows the opposite data (Figure 10).
This phenomenon might record the subducted—collisional process between the Yangtze and
Cathaysia Blocks from northwest to southeast since the Wuyi-Yunkai arc-back-arc system
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was proposed to be finally closed at ~920 Ma in the West Cathaysia Block, which was
earlier than the closure age of 830-820 Ma for the Shuangxiwu arc or back-arc system in the
Jiangnan Orogen Belt [89,91-94]. The Hf isotopes of these Neoproterozoic zircons contain
both positive and negative ey¢(t) values, indicating that ancient and/or juvenile materials
might be involved (Figure 9). However, the vast majority of corresponding Hf models” ages
for these zircons are significantly older than the U-Pb ages, resulting in high values of crust
incubation time (Figure 11). Consequently, it is inferred that the reworking of the juvenile
and ancient crust might be predominant in the Mesoproterozoic-Neoproterozoic for the
West Cathaysia Block.

5.2. Implications for the Regional Tungsten Mineralization

Tungsten is one of the strongly incompatible lithophile elements and tends to be en-
riched in crustal rocks. Therefore, the melting of abundant crustal rocks is necessary to form
economically significant tungsten deposits [95-97]. In most cases, the formation of these
tungsten deposits is commonly related to the granitic rocks which were involved in the
ancient crustal materials, since tungsten has a high solubility in silicate melts [18,96,98,99].
In addition, tungsten becomes enriched in the late stage of these melts through intense
fractional crystallization, supported by the fact that tungsten mineralization is commonly
hosted in these highly fractionated granites [17,34,100-102]. However, tungsten mineraliza-
tion is not exclusive to these highly fractionated melts. Lowly differentiated melts can also
generate the formation of tungsten deposits, if the source of these melts is particularly rich
in tungsten [96]. As discussed above, the crust evolution of the West Cathaysia Block is
dominated by crustal reworking since the Proterozoic. Therefore, the long-term crustal re-
working of the West Cathaysia Block enhances the enrichment of the economically valuable
lithophile elements (e.g., W, Sn, U, Nb, and Ta) in the crust of the West Cathaysia Block.

The large-scale tungsten mineralization in the Nanling Range, explosively occurring
in the Middle to Late Jurassic, was caused by the coeval granitic magmatism [103-106].
The formation of these granites and tungsten deposits in the Nanling Range is one of the
hot issues in the last three decades, reaching a consensus that these granites are mostly
highly fractionated granites and generated by the partial melting of the Cambrian basement
rocks [17]. The Dengfuxian Jurassic granites related to the large-scale Xiangdong tungsten
deposit host a series of ancient zircons which are mainly Proterozoic to Archean, indicating
that complicated ancient sources were involved in the formation of the Dengfuxian Jurassic
granites. In addition, almost all the Jurassic zircons have negative ey(t) values and old Hf
model ages, suggesting that the Dengfuxian Jurassic granites were likely derived from the
Proterozoic basement rocks of the West Cathaysia Block. In addition, this property is one of
the favorable factors for the generation of economically valuable metal-enriched magma
and related deposits.

6. Conclusions

Inherited zircons from the Mesozoic Dengfuxian and Paleozoic Tanghu plutons, the
Nanling Range of the West Cathaysia Block, have U-Pb ages from the Neoproterozoic to
the Archean. Together with the previously reported data, we conclude as follows: (1) The
Hadean crust fragment might exist in the West Cathaysia Block and might have experienced
the reworking event since at least 4100 Ma; (2) Archean zircons mainly originated from the
depleted mantle and the juvenile crust generation was predominant in the Archean for the
West Cathaysia Block; (3) The Proterozoic zircons mostly originated from the crustal source,
and the crust evolution of the West Cathaysia Block has been dominated by the crust rework-
ing since the Proterozoic. The Jurassic granites in the Nanling Range, formed by the partial
melting of these Proterozoic rocks, are enriched in the metalliferous lithophile elements W,
Sn, U, and Nb, causing the intense regional tungsten polymetallic mineralization.
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