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Abstract: One of the most important geological features of South China are the widespread Mesozoic
igneous rocks that play a key role in revealing the tectonic evolution of South China. Due to the thick
covering of vegetation and Quaternary sediments, the early Cretaceous magmatism in southwestern
South China is still not well constrained. In this paper, we report newly identified early Cretaceous
granites in Guangxi, South China. Zircon U-Pb dating results showed that representative fine-grained
and coarse-grained granites in northeastern Guangxi indicate the early Cretaceous ages of 141 + 3 Ma
and 141 + 4 Ma, respectively. Geochemically, both fine-grained and coarse-grained granites had
high 10,000 x Ga/Al ratios and belonged to A-type granite. They had undergone high degrees of
magma differentiation, as evidenced by extremely negative Sr, Ba, and Eu anomalies. They had high
REE (rare earth elements) contents (>451 ppm). The fine-grained granites were characterized by
higher HREE (heavy rare earth elements) contents, lower LREE (light rare earth elements) contents,
and lower LREE/HREE ratios than the coarse-grained granites. Integrated with regional geological
data, the early Cretaceous granites were likely formed in a back-arc extensional environment in
response to the increased subduction angle of the Paleo-Pacific plate. Different REE contents in the
fine- and coarse-grained granites may be a result of fractional crystallization. Magma differentiation
and hydrothermal alteration might have played an important role in REE mineralization of the early
Cretaceous granites in Guangxi.

Keywords: early Cretaceous granites; zircon U-Pb geochronology; REE mineralization; Paleo-Pacific
plate; Xinlu pluton

1. Introduction

The South China Craton, located in Southeast China at the West Pacific, is characterized
by widespread Mesozoic igneous rocks (Figure 1, [1-3]). These igneous rocks provide
important geological records to decipher the Mesozoic geodynamic mechanism of the
South China Craton. Previous studies have shown that oblique subduction of the Paleo-
Pacific plate underneath South China occurred during Late Permian to Early Triassic, as
evidenced by the 254-242 Ma alkaline syenites from the eastern part of the South China
Craton [4]. Some workers argued that initial subduction of the Paleo-Pacific plate beneath
South China took place during the Early Jurassic [5]. In addition, flat-slab subduction of the
Paleo-Pacific plate and subsequent foundering or break-off of the flat slab was proposed to
explain the large-scale and long-term Mesozoic magmatism in the South China Craton [6].
According to magmatism and tectonic records from the southeast coastal areas of China
and other areas in the East Asia, some studies have further suggested that the drifting
direction of the Paleo-Pacific plate had changed several times since early Cretaceous (ca.
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140 Ma) [7-10]. However, it remains unclear as to whether or when the drifting direction
of the Paleo-Pacific plate occurred in the inland areas of South China because of a lack of
early Cretaceous magmatism.

112° 114°

I:lfrt:luct:uus volcanics
I:I Jurassic granites I:l Jurassic volcanics

Fault E Province boundary City

Figure 1. Simplified geological map showing the location of South China (a), and distribution of the
Mesozoic igneous rocks in South China (b).

The Huashan—-Guposhan granitic pluton, located in the northeastern Guangxi Zhuang
Autonomous Region, is an important part of the Mesozoic igneous rocks in the South
China Craton. Previous studies have shown that the major formation age of the pluton
is Jurassic [11-16]. Our study has identified early Cretaceous granites in this pluton.
This provides new evidence to constrain the Mesozoic tectonic evolution of the South
China Craton. Therefore, in this study, we provide laser ablation inductively coupled
mass spectrometry (LA-ICP-MS) zircon U-Pb ages, as well as whole-rock major- and
trace-element contents, alongside chemical composition of biotites for newly identified
early Cretaceous granites in the Huashan—-Guposhan area. Furthermore, we integrated
our results with analysis of the previous Mesozoic geological data in the South China
Craton to discuss the petrogenetic type of the granite, the geodynamics derived by the
subduction of Paleo-Pacific plate, and the relationship between granitic magmatism and
REE mineralization.

2. Regional Geological Setting

The South China Craton is composed of the Cathaysia Block in the southeast and
Yangtze Block in the northwest. The two blocks were amalgamated along the Jiangnan
orogen during the Neoproterozoic, as evidenced by widespread Neoproterozoic igneous
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rocks in the South China Craton [17-19]. After that, the South China Craton underwent
multiple Phanerozoic tectonic events, as recorded by large volumes of Kwangsian (early
Paleozoic), Indosinian, and Yanshanian igneous rocks and deformations [20-24].

Tectonically, the Huashan—Guposhan granitic pluton is located at the joining part
of Cathaysia and Yangtze blocks (Figure 1). The Huashan—Guposhan granitic pluton,
covering an area of approximately 1300 km?, is a composite pluton that is composed of
the Huashan pluton, Niumiao pluton, and Tong’an pluton in the west and Guposhan
pluton, Lisong pluton, Yinping pluton, Wuyangshan pluton, and Xinlu pluton in the east
(Figure 2; [25-27]). Large-scale W-Sn polymetallic mineralization is intimately associated
with the above plutons [13,28-30]. In addition, the Huashan-Guposhan pluton mainly
intruded into the Cambrian, Devonian, and Carboniferous strata. The formation of skarns,
hornhelses, and marbles are common in the surrounding rocks [31].

Sediments in the studied area are mainly Cambrian, Devonian, Carboniferous, and
Jurassic (Figure 2). The Cambrian mainly consists of sandy shales of neritic facies interbed-
ded with lenses of limestone. The thickness of the Cambrian is more than 3000 m. The
Devonian, showing a thickness greater than 3500 m, is in angular unconformable contact
with the underlying Cambrian. The lower Devonian is mainly composed of purple-red
sandstone and gray-black sandy shale. The northern part of the upper Devonian is a suite
of carbonates that is mainly composed of medium-thick limestones, muddy limestones, and
dolomitic limestones, whereas the southern part of the upper Devonian mainly consists of
siliceous rocks. The lower Carboniferous mainly consists of dark gray dolomites, dolomitic
limestones, and limestones with a thickness greater than 200 m. The middle Carbonifer-
ous, more than 540 m in thickness, is mainly composed of yellow calcareous shales and
gray-black cherty limestones, whereas the upper Carboniferous is mainly composed of
light gray dolomites and gray-white limestones with a thickness greater than 200 m. The
Carboniferous is in conformable contact with the underlying Devonian. The Jurassic is
mainly composed of purple-red breccia, manganese shale, siltstone, shale, and argillaceous
sandstone with a thickness more than 460 m [32,33].
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Figure 2. Schematic geological map showing the Xinlu pluton and its surrounding areas in
northeastern Guangxi. 1—Palaeogene; 2—Jurassic; 3—Devonian—Carboniferous; 4—Cambrian;
5—Niumiao pluton; 6—Tongan pluton; 7—Huashan pluton; 8—Yinping pluton; 9—Wuyangshan plu-
ton; 10—Xinlu pluton; 11—Guposhan pluton; 12—Lisong pluton; 13—Guiling pluton; 14—Daning
pluton; 15—fault; 16—sampling location.

The major fault in the study area is the NNW-trending Honghuayuan—Xinlu Fault,
which extends over 100 km and cuts through the Devonian—Carboniferous strata and
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Guposhan and Xinlu plutons (Figure 2). Cataclastic, folded, and silicified zones are common
in the fault zone [34,35].

Weathering crusts, with a thickness of 2-60 m, are well-developed in the Huashan—
Guposhan area. They are generally composed of thick regolith and a small number of
exposed bedrocks. Ion-adsorption REE deposits are widespread in the Huashan-Guposhan
area [36]. The type of these REE deposits is mainly LREE deposit. REE contents of the
weathering crust can reach up to 2365 ppm [36].

The Xinlu pluton studied in this paper is located in the southeastern part of the
Huashan-Guposhan pluton (Figure 2) and is about 48 km? in area. Samples HZ12A and
HZ13A were collected from Xinlu pluton. The sample HZ12A is a fine-grained biotite
granite (Figure 3a) and is mainly composed of quartz (around 45%), plagioclase (around
35%), K-feldspar (around 10%), and biotite (around 10%). The accessory minerals are
mainly sphene, zircon, apatite, chlorite, epidote, magnetite, and ilmenite. The quartz shows
melting corrosion structure (Figure 3c). The sample HZ13A is coarse-grained porphyritic
potassium granite (Figure 3b) and mainly consists of quartz (around 45%), K-feldspar
(around 25%), plagioclase (around 20%), and biotite (around 10%). The accessory minerals
include zircon, apatite, magnetite, and ilmenite. The plagioclase and k-feldspar always
contains inclusions of quartz. The K-feldspar is brown, due to alteration, and shows two
directions of cleavage (Figure 3d). The quartz shows rounded margins (Figure 3d). The
biotite always alters to chlorite and epidote (Figure 3c).

(c)HZ12A

Figure 3. Field photos and photomicrographs of representative samples from Xinlu pluton. Pl
plagioclase. Kfs: K-feldspar. Qtz: quartz. Bt: biotite. Chl: chlorite. Ep: epidote. (a) Field photos
of fine-grained biotite granite, (b) field photos of coarse-grained porphyritic potassium granite,
(c) photomicrographs of fine-grained biotite granite, and (d) photomicrographs of coarse-grained
porphyritic potassium granite.
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3. Analytical Methods

Zircons separated from samples HZ12A and HZ13A for U-Pb analyses were conducted
by conventional heavy liquid and magnetic techniques, and were further hand-picked
under binocular microscope. The hand-picked zircon grains, together with standard sample
(Temora), were mounted in epoxy resins. Finally, we polished and sectioned the zircon
grains in half for analysis. Zircon U-Pb analyses were performed using laser ablation
multiple collector inductively coupled plasma mass spectrometry (LA-MC-ICP-MS) at the
Guangxi Key Laboratory of Hidden Metallic Ore Deposits Exploration, Guilin University
of Technology. Sample mounts were placed in a two-volume sample cell flushed with Ar
and He. Laser ablation was operated at a constant energy of 80 mJ and at 8 Hz, with a
spot diameter of 32 um. The ablated material was carried by He gas to the Agilent 7500cx
ICP-MS. Element corrections were made for mass bias drift, which was evaluated by
reference to standard glass NIST 610 [37]. The zircon Temora was used as the age standard
(206Pp /238 = 416.8 Ma) [38]. The detailed analytical procedure followed [39]. 207pp /206
and 2%Pb /238U ratios were calculated using the ICPMSDataCal8.0 [40] and were then
corrected using zircon GJ-1 as the external standard. The 27Pb /23U ratios were calculated
from the values of 27Pb/20Pb and 2%Pb /?3U. Apparent U-Pb ages were computed by
the Isoplot program [41].

The collected samples were sawed into slabs, and the central fresh parts were se-
lected for pulverizing to 200-mesh in preparation for elemental analyses. Major oxide for
whole rocks was analyzed by wavelength X-ray fluorescence spectrometry using a Rigaku
ZSX Primus II spectrometer (Tokyo, Japan) with the relative standard deviations of <5%.
Glass discs were made by melting dehydrated sample powders. Calibration lines used in
quantification were produced by bivariate regression of data from 36 reference materials
encompassing a large range of silicate compositions [42]. Trace element concentrations were
measured using an Agilent 7500cx (Santa Clara, CA, USA) inductively coupled plasma
mass spectrometer (ICP-MS). The specified sample preparation and analytical method were
based on [43]. An internal standard solution containing the single element Rh was used to
monitor signal drift during counting. Analytical precision is typically better than 5%.

Fresh biotite from the granite samples was selected for the electron probe microanalysis.
The instrument used for the electron probe microanalysis was the JXA-8230 Electron
Probe Microanalyzer produced by Oxford Instruments, Oxford, UK. The analysis and test
conditions were accelerating voltage of 15 kV; the current was 30 nA, and the beam spot
diameter was 1 um. The main elements tested included SiO,, TiO,, MgO, FeO, Na,O, K,0,
Al,O3, CaO, and P,0s, etc. The detection limit of oxides is 0.01%.

4. Results
4.1. Geochemical Characteristics

Six samples HZ11 (24°31'20” N, 111°36'46"” E), HZ12A (24°31'18" N, 111°36/38" E),
HZ12B (24°31'21" N, 111°36'23" E), HZ13A (24°31'19" N, 111°36'55" E), HZ13B (24°31'25" N,
111°36/38" E), and HZ14 (24°31'35" N, 111°36/05” E) from the Xinlu pluton had 72.38-74.80 wt %
of SiO,. The coarse-grained granite samples had 0.06-0.07 wt % of TiO,, 1.00-1.14 wt %
of Fe;O3T (total Fe;O3), and 13.47-14.50 wt % of Al,Os, whereas the fine-grained granites
showed higher TiO; (>0.13 wt %) and Fe;OsT (3.60-3.64 wt %) contents and lower Al,Os3
(11.86-12.12 wt %) contents (Table 1). All the samples showed A/CNK values of 0.90 to
1.27, indicating they were metaluminous-peraluminous (Figure 4a). Their K,O contents were
3.52-5.48 wt %, indicating they were high-K calc-alkaline rocks (Figure 4b). On the Harker
variation diagrams, Fe;O3T, CaO, NayO, and TiO, had some degree of negative correlation with
5i0,, whereas MgO and P,O5 were relatively constant, irrespective of SiO, (Figure 5).
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Figure 4. Plots of (a) A/NK versus A/CNK and (b) K,O versus SiO, for the granites from the Xinlu
and Guposhan plutons. A/NK = Al/(Na + K), A/CNK = Al/(Ca + Na + K) (molar ratio). Detailed
data information is shown in Table 1.
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Figure 5. Plots of SiO; versus (a) MgO, (b) Fe,O3T, (¢) Al,O3, (d) CaO, (e) K70, (f) NayO, (g) TiO,,
and (h) P,Os for the granites from the Xinlu and Guposhan plutons.
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Table 1. Major element (wt %) and trace element (ppm) compositions of the granite from the Xinlu

and Guposhan plutons.

Pluton Xinlu Guposhan
Rock Type Fine-Grained Granite Coarse-Grained Granite Granite
Sample HZ11 HZ12A HZ12B HZ13A HZ13B  HZ14 10131  1007-1 308 250 227 352
Si0, 7321 73.97 72.38 74.80 73.90 73.64 73.83 7599 7416 7318 7445 7522
TiO, 0.14 0.14 0.14 0.07 0.06 0.06 0.10 013 018 035 017 028
ALO; 11.97 12.12 11.86 14.50 13.51 13.47 12.11 1226 1252 1329 1336 1186
Fe,051 3.62 3.64 3.60 1.00 114 114 0.68 084 116 044 092 043
MgO 0.10 0.11 0.10 0.09 0.09 0.10 0.41 015 013 042 015 031
CaO 1.65 1.65 1.64 0.88 1.03 1.03 0.61 074 087 177 096 110
K,O 3.54 358 352 465 5.48 5.47 5.16 520 500 486 504 387
Na,O 3.94 403 3.92 291 352 351 5.40 328 345 310 377 286
MnO 0.09 0.09 0.09 0.04 0.04 0.04 0.02 003 004 006 004 007
P,0s / 0.01 0.01 0.01 0.01 0.01 0.03 002 005 009 007 007
LOI 110 0.54 0.74 0.82 0.44 0.76 / / /055 041 178
Total 99.36 99.89 98.00 99.77 99.24 99.23 98.35 98.66 9756 9812 9934 97.85
Ga 442 43.1 43.6 34.0 305 303 337 295 237 215 243 201
Rb 624 610 614 559 496 493 365 391 / 242 348 234
Sr 474 468 470 474 418 417 123 378 563 994 573 366
Zr 749 728 735 440 395 417 172 166 87 106 113 750
Nb 322 289 281 157 146 138 114 100 60.8 292 328 286
Cs 71.0 68.4 70.2 26.1 234 23.0 / / /183 145 941
Ba 7.13 6.81 691 1.08 0.94 0.93 74.7 183 187 298 227 284
La 184 172 16.1 411 39.7 39.8 190 513 516 512 536 519
Ce 56.1 53.2 491 96.6 85.6 84.6 126 102 103 113 122 137
Pr 10.6 10.2 9.3 12.9 115 112 476 133 127 122 129 122
Nd 535 51.4 47.3 472 424 40.8 170 463 418 407 386 440
Sm 26.9 25.7 238 146 135 12.7 40.8 108 857 943 831 974
Eu 0.02 0.02 0.02 0.03 0.02 0.02 0.72 052 058 096 062 072
Gd 35.6 33.7 322 182 16.7 15.7 34.9 13 907 945 756 104
Tb 102 9.68 9.18 435 4.00 3.76 5.98 211 175 152 119 181
Dy 80.4 76.4 72.8 317 29.4 27.6 33.4 13.6 109 882 679 110
Ho 18.4 175 16.7 6.98 643 6.14 6.04 282 217 169 133 214
Er 643 61.8 58.8 25 20.8 20.0 15.9 828 627 459 381 592
Tm 114 11.0 10.6 3.60 331 3.18 242 132 095 070 064 084
Yb 81.9 79.7 754 23.4 214 20.8 142 825 586 472 455 536
Lu 12.2 11.9 113 332 3.04 3.00 1.88 116 076 074 075 088
Y 550 533 510 183 167 161 156 718 471 474 350 565
Hf 20.9 189 18.7 13.0 115 123 5.42 5.68 /426 453 3.6
Ta 327 237 21.0 129 116 11.0 7.48 811 <10 354 474 358
Th 137 145 117 79.4 615 72.6 67.0 665 578 334 530 182
U 134 161 158 53.1 69.5 714 175 248 /110 143 74
YHREE 864 834 797 297 272 262 270 1206 849 796 616 949
TLREE 166 158 146 212 193 189 575 224 218 228 236 256
S REE 1030 992 943 510 465 451 846 344 303 307 298 351
%{%EEE/ 0.19 0.19 0.18 071 071 0.72 2.13 186 257 286 38 270
Zr+Nb + Ce + Y 1678 1603 1575 877 793 801 568 440 297 296 303 298
10,000 x Ga/Al 6.85 6.68 6.75 438 421 418 5.17 448 349 298 340 307

LOIL: loss on ignition. Guposhan data are from [33].

On chondrite-normalized and multi-element primitive mantle-normalized plots (nor-
malized values are from [44]), the samples were enriched in Rb, Th, U (Figure 6a), and
REE (rare earth elements, except Eu; Figure 6b), and depleted in Ba, Sr, and Ti (Figure 6a).
They were characterized by high 10,000 x Ga/Al ratios (4.18-6.85) and (Nb + Ce + Zr + Y)
contents (793-1678 ppm) (Table 1), as well as extremely negative Eu anomalies (Figure 6b),
with §Eu (8Eu = Eu/+/(Sm x Gd)) less than 0.1. The fine-grained granites had HREE (heavy
rare earth elements) contents of 797-864 ppm, LREE (light rare earth elements) contents
of 146-166 ppm, and LREE/HREE ratios of 0.18-0.19. The coarse-grained granites had
lower HREE contents (262-297 ppm), higher LREE contents (189-212 ppm), and higher
LREE/HREE ratios (0.71-0.72) (Figure 6b, Table 1).
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REE patterns for the granites from the Xinlu and Guposhan plutons.
4.2. Compositions of Biotite
The chemical composition of biotites is listed in Table 2. Biotites from the fine-grained
granites had TiO;, contents of 0.94%-1.92%, Al,O3; contents of 14.1%-15.2%, FeOT (total
FeO) contents of 34.7%—-36.4%, and MgO contents of 0.05%—0.16%. Biotites from the coarse-
grained granites were characterized by lower TiO, contents (0.12%—-1.53%) and higher Al,O3
(18.5%-19.3%), FeOT (41.0%—43.8%), and MgO (0.26%-0.44%) contents (Table 2). In contrast to
the biotites from the Xinlu pluton, the biotites from the Guposhan pluton showed the highest
TiO;, (2.69%-3.59%) and MgO (2.94%-3.23%) contents and lowest FeOT (25.8%-31.1%) contents
(Table 2). Biotites from both the fine-grained granites and coarse-grained granites had high
Ige values (>0.98; Ig, = Fe?* /(Fe?* + Mg)) and low Iyg values (<0.02; g = Mg/ (Fe?* + Mg)),
whereas the Guposhan pluton showed lower I, values (<0.83) and higher Iyiy values (>0.17)
(Table 2). These data indicated that the biotites from both the Xinlu and Goposhan plutons
were iron-rich biotites that are similar to siderophyllite [45].
Table 2. Compositions of biotite of the granites from the Xinlu and Guposhan plutons.
Pluton Xinlu Guposhan
Sample Fine-Grained Granite Coarse-Grained Granite Granite
SiO, 343 345 344 340 345 336 343 335 344 340 332 342 340 353 329 359 315 349 362
TiO, 1.01 094 103 104 107 121 192 154 035 039 053 044 012 3.00 281 338 269 332 359
AL, O3 149 152 150 150 150 149 144 141 187 185 187 193 190 143 145 144 129 135 141
FeOT 354 357 351 355 354 364 348 347 438 434 410 423 427 293 311 295 258 301 305
MnO 033 031 029 032 034 021 021 020 039 032 071 046 037 014 014 020 012 019 0.19
MgO 010 0.05 0.09 011 011 016 008 020 037 037 044 028 026 294 323 3.00 302 320 3.19
CaO 028 010 o011 010 010 010 002 004 0.07 007 007 009 035 003 008 0.09 009 0.08 0.03
Na,O 015 0.08 012 011 009 012 007 027 014 011 013 012 0.08 02 016 017 020 018 0.10
K,O 919 925 925 897 881 834 964 900 008 007 004 009 003 983 794 999 765 9.70 10.00
Total 959 965 957 954 957 953 957 938 986 976 950 976 971 950 928 966 84.0 953 979
FeO 328 329 323 327 323 334 320 322 415 411 387 399 404 262 279 261 224 272 271
Fe, O3 286 310 3.09 3.06 349 328 314 280 256 254 253 272 258 348 355 375 374 329 376
Si 589 589 591 587 590 582 590 58 561 560 557 559 560 592 568 591 591 588 590
ALY 211 211 209 213 210 219 210 211 239 240 243 241 240 208 233 209 209 212 210
AV 091 095 094 092 093 084 081 081 120 120 127 131 128 073 063 070 076 057 0.60
Ti 013 012 013 013 014 016 025 020 004 005 007 005 0.02 038 037 042 038 042 044
Fe3+ 037 040 040 040 045 043 041 037 031 031 032 033 032 044 046 046 053 042 046
FeZ* 472 469 465 472 462 484 460 473 566 566 544 545 557 3.67 403 359 351 383 370
Mn 0.05 0.04 0.04 005 005 003 003 003 005 004 010 0.06 005 002 002 003 002 003 0.03
Mg 0.03 0.01 0.02 003 003 004 002 005 009 009 011 0.07 0.07 074 08 074 084 080 0.78
Ca 0.05 0.02 0.02 002 002 002 / 0.01 0.01 0.01 0.01 002 006 001 001 002 002 001 0.01
Na 005 0.03 004 004 003 004 002 009 004 003 004 004 002 009 005 005 007 0.06 0.03
K 201 201 203 198 193 184 212 202 002 001 001 002 001 210 175 210 183 208 208
Ire 099 1.00 1.00 099 099 099 100 099 098 098 098 099 099 083 083 083 08 083 0.83
Img 0.01 / / 0.01 0.01 0.01 / 0.01 0.02 002 002 001 o001 017 017 017 019 017 0.17
T (°C) 409 376 419 422 434 480 592 549 / / / / / 670 664 686 670 686 693

Ige = Fe?* /(Fe?* + Mg), Inig = Mg/ (Fe?* + Mg).
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4.3. Zircon U-Pb Geochronology

LA-ICP-MS U-Pb dating results are listed in Table 3. Fifteen zircon grains were
analyzed for sample HZ12A. Four analyses deviated from concordia, indicating a late Pb
loss due to subsequent tectonothermal event(s). Ten spots yielded a coherent group with
the 2%Pb /238U weighted mean age of 141 + 3 Ma (MSWD = 0.8) (Figure 7a), interpreted
as the crystallization age of the sample. One older spot analysis was calculated as 244 Ma,
likely representing the age of inherited or captured zircons. Nineteen grains were analyzed
for sample HZ13A. Six spots deviated from concordia, suggestive of a Pb loss due to
subsequent tectonothermal event(s). Ten analyses yielded a coherent group with the
206pp /238y weighted mean age of 141 &+ 4 Ma (MSWD = 0.43) (Figure 7b), interpreted as
the crystallization age of the sample. Three older spots were calculated as 732 Ma, 502 Ma,
and 244 Ma, respectively, likely representing the ages of inherited or captured zircons.

Table 3. LA-ICP-MS zircon U-Pb isotopic analyses of the granites from the Xinlu pluton.

Spot Isotope Ratio Age (Ma)
po 207pp/2%pb +1o  27Pb”SU 1o 29Pb2BU  +1o W7PL/ABU t1o  20Pb/B8U flo
HZ12A fine-grained granite
1 0.0473 0.002 0.1453 0.01 0.0222 0.0009 138 6 142 6
2 0.0518 0.002 0.1612 0.01 0.0225 0.0007 152 5 144 4
3 0.0527 0.002 0.1000 0.00 0.0137 0.0004 97 3 88 3
4 0.0531 0.002 0.1203 0.00 0.0164 0.0005 115 4 105 3
5 0.0522 0.002 0.1617 0.01 0.0225 0.0007 152 5 143 4
6 0.0512 0.002 0.1487 0.01 0.0211 0.0007 141 4 134 4
7 0.0555 0.004 0.2778 0.02 0.0386 0.0039 249 14 244 24
8 0.0508 0.002 0.1508 0.00 0.0215 0.0006 143 4 137 4
9 0.0545 0.002 0.1729 0.01 0.0230 0.0007 162 5 147 4
10 0.0498 0.002 0.1551 0.00 0.0226 0.0007 146 4 144 4
11 0.0514 0.002 0.1560 0.01 0.0222 0.0007 147 4 141 5
12 0.0525 0.002 0.1618 0.01 0.0224 0.0007 152 5 143 4
13 0.0531 0.002 0.1255 0.01 0.0171 0.0006 120 5 109 4
14 0.0530 0.002 0.1075 0.00 0.0147 0.0007 104 3 94 4
15 0.0512 0.002 0.1517 0.00 0.0215 0.0006 143 4 137 4
HZ13A coarse-grained granite
1 0.0589 0.007 0.1606 0.02 0.0221 0.0026 151 18 141 16
2 0.0632 0.021 0.0827 0.01 0.0100 0.0017 81 14 64 11
3 0.0589 0.002 0.1775 0.01 0.0226 0.0009 166 5 144 6
4 0.0530 0.002 0.1497 0.01 0.0223 0.0016 142 5 142 10
5 0.0561 0.004 0.1663 0.01 0.0221 0.0017 156 12 141 10
6 0.0602 0.002 0.0861 0.00 0.0104 0.0003 84 3 66 2
7 0.0516 0.003 0.1146 0.01 0.0161 0.0011 110 10 103 7
8 0.0520 0.002 0.0994 0.00 0.0139 0.0005 96 3 89 3
9 0.0581 0.007 0.6587 0.09 0.0810 0.0034 514 55 502 20
10 0.0536 0.003 0.1581 0.01 0.0220 0.0012 149 9 140 7
11 0.0520 0.002 0.1597 0.01 0.0222 0.0007 150 5 142 5
12 0.0532 0.007 0.2748 0.04 0.0386 0.0041 247 32 244 26
13 0.0589 0.006 0.1748 0.02 0.0221 0.0018 164 19 141 11
14 0.0484 0.002 0.1527 0.01 0.0228 0.0008 144 5 145 5
15 0.0509 0.002 0.1589 0.01 0.0226 0.0007 150 4 144 4
16 0.0589 0.003 0.1153 0.01 0.0142 0.0010 111 5 91 6
17 0.0625 0.004 1.0321 0.07 0.1203 0.0082 720 37 732 47
18 0.0503 0.002 0.0908 0.00 0.0130 0.0004 88 3 83 3
19 0.0608 0.002 0.1776 0.01 0.0211 0.0007 166 5 135 4
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Figure 7. Zircon U-Pb age concordia diagrams of the fine-grained biotite granite (a) and coarse-
grained porphyritic potassium granite (b) from the Xinlu pluton.

5. Discussion
5.1. Formation Age of the Huashan—Guposhan Pluton

The South China Craton is characterized by widespread Mesozoic igneous rocks
and coeval large-scale W-Sn polymetallic mineralization [29,46]. The Huashan-Guposhan
pluton, an important part of Mesozoic igneous rocks in the South China Craton, consists of a
series of small plutons such as Xinlu pluton, Niumiao pluton, and Lisong pluton (Figure 2).
Previous studies have conducted some geochronological work on these plutons and have
shown that the major formation age is Jurassic. For instance, the Huashan and Wuyangshan
plutons were considered to be formed during the early Yanshanian, whereas the other
small plutons intruded during the late Yanshanian [31]. Detailed geochronological studies
have shown that the Huashan pluton formed at 162 + 1 Ma, the Niumiao pluton formed
at 163 & 4 Ma, and the Tong’an pluton formed at 160 & 4 Ma (SHRIMP zircon U-Pb age),
whereas the Yinping pluton formed at 148 + 4 Ma (LA-ICPMS zircon U-Pb age) [27,47,48].
The Guposhan and Lisong plutons in the eastern part of the Huashan-Guposhan pluton
were also regarded as being formed in the Jurassic (165-162 Ma) (Table 4; [15,27]).

Table 4. Geochronological data of igneous rocks from the Huashan-Guposhan pluton.

Pluton Age (Ma) Method Reference
Xinlu pluton 141 4+3,141 + 4 LA-ICPMS zircon U-Pb This study
151 +7 LA-ICPMS zircon U-Pb [27]
Huashan pluton 165 Rb-Sr isochron [47]
162 +1 SHRIMP zircon U-Pb [26,27]
Guposhan pluton 163 +4 LA-ICPMS zircon U-Pb [27]
161 £2,165 +2 LA-ICPMS zircon U-Pb [15]
Niumiao pluton 163 + 4 SHRIMP zircon U-Pb [14]
161 Hornblende Ar/Ar [48]
Tong’an pluton 160 + 4 SHRIMP zircon U-Pb [14]
163 Hornblende Ar/Ar [48]
Yingping pluton 148 +4 LA-ICPMS zircon U-Pb [27]
Lisong pluton 163 +1 LA-ICPMS zircon U-Pb [15]
162+2,162+3 SHRIMP zircon U-Pb [27]
Dark enclaves 162 +2 SHRIMP zircon U-Pb [26,27]

In this study, zircon LA-ICP-MS U-Pb analysis results showed that two granite
samples from the Xinlu pluton yielded formation ages of 141 £+ 3 Ma and 141 + 4 Ma,
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respectively. This indicates that early Cretaceous magmatism, in addition to the Jurassic
magmatism, occurred in the Huashan-Guposhan areas in Northeast Guangxi.

5.2. Rock Type

Granite can be subdivided genetically into A-, S-, I-, and M-types according to their
protolith nature [49]. These different types of granite have been widely studied because of
their special compositions and particular tectonic settings [49-53].

Lithologically, there were no aluminum-rich minerals (e.g., garnet) in both fine- and
coarse-grained granite samples from the Xinlu pluton, in contrast to S-type granites that
usually contain aluminum-rich minerals and aluminum enclaves [51]. Scarce occurrence of
hornblende in these samples suggests that they are different from I-type granites [50,51,54].
Chemically, the granites of the Xinlu pluton showed very low P,Os5 contents (Table 1) and
are mostly metaluminous (Figure 4a), in contrast to S-type granites that are high in P,Os
contents and strongly peraluminous [53,55]. They showed obvious negative Eu, Sr, and Ba
anomalies (Figure 6) and had high 10,000 x Ga/Al ratios and (Zr + Nb + Ce + Y) contents.
These geochemical characteristics were similar to A-type granites but were different from
I-type granites [50,54,56-59]. In addition, the obviously high HREE and HFSE (high field
strength elements, e.g., Ga, Y, Zr, Nb) concentrations and (K,O + NayO)/CaO ratios of the
granites from the Xinlu pluton further indicated that they belong to A-type granites [33]. In
the Nb versus 10,000 x Ga/Al diagram [51], the samples plot in the A-type granite field

(Figure 8a).
1000F
E (a)
100k A-type granite % O
- O
= i m:,l:l
10? : 0l'inc'-grainccE granite
- I, S—type granite : (Xinlu pluton) 3.
- (=) " . . D ..
B : ¥ coarse-grained granite O
B : (Xinlu pluton)
: [0 Guposhan pluton A2
1 L . L 1 1 1 i | / .
L 10,000 x Ga/Al (I 3 x Ga

Figure 8. Plots of (a) 10,000 x Ga/Al versus Nb and (b) Nb-Y-3 x Ga for the granites from the Xinlu
and Guposhan plutons.

It is worth noting that the fine- and coarse-grained granites showed different geo-
chemical characteristics (Table 1, Figure 6). This indicates that their magma source has
undergone different degrees of fractional crystallization.

Taking the above mineralogical and geochemical evidence into consideration, the
granites from the Xinlu pluton likely belong to A-type granite.

A-type granites can be further divided into two chemical types, namely, Al- and
A2-types, which showed obviously different sources and tectonic settings [50]. The Al-type
granite was characterized by trace element ratios and magma sources similar to those
observed for OIB (oceanic-island basalts) [50]. This type always emplaces in continental
rifts or during intraplate magmatism [50]. The A2-type granite is distinguished by trace
element ratios that vary from those observed for island-arc basalts (IAB) to those observed
for continental crust [50]. This type represents magmas originated from continental crust or
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underplated crust that has been through a cycle of continent-continent collision or island-
arc magmatism [50]. Y/Nb, Ce/Nb, and Yb/Ta ratios of the granite samples from the Xinlu
pluton were similar to A2-type granites. In the Nb-Y-3 x Ga diagram [50], the granites plot
in the A2-type field (Figure 8b), further implying that they belong to A2-type granites.

5.3. Tectonic Significance

Zircon LA-ICP-MS U-Pb analysis of this study shows that the granites from the Xinlu
pluton formed at ca. 141 Ma, indicating that Early Cretaceous magmatism existed in the
northeastern part of Guangxi. Actually, regional geological data have shown that extensive
Mesozoic magmatism occurred in South China. These Mesozoic igneous rocks mainly
formed at 195-170 Ma, 170-155 Ma, 140-120 Ma, and 110-90 Ma [5,21,29,60-67].

In addition, two stages of early Mesozoic fold structures have been identified in South
China, i.e., early EW-trending fold system and late NNE-trending fold system [68]. These
two superimposed fold systems record two different tectonic compressional events, i.e.,
far-field effects of the Indosinian collisional orogeny and the northwestward low-angle
subduction of the Paleo-Pacific plate during the early Yanshanian (ca. 170 Ma) [68,69].
This indicates that the transition time between the Indosinian tectonic regime and the
Paleo-Pacific tectonic regime in South China likely occurred at ca. 170 Ma. This means that
low-angle subduction of the Paleo-Pacific plate underneath the Eurasian plate took place
at ca. 170 Ma [5,21,48,64—67]. At the same time, tectonics and magmatism of South China
began to be dominated by the Paleo-Pacific tectonic regime, which resulted in numerous
middle-late Jurassic (170-155 Ma) igneous rocks and NNE-trending fold systems in South
China [21,60,61]. The subduction angle of the Paleo-Pacific plate slowly increased after
ca. 155 Ma [21,70,71]. However, detailed timing of the increased subduction angle is
still unclear.

In this study, ~141 Ma granites were identified in the northeastern part of Guangxi
(Figure 7). The granites were enriched in large ion lithophile elements (LILE, e.g., Rb,
K) and showed no obvious negative Nb-Ta anomalies (Figure 6a). These geochemical
features are different from typical “island arc” igneous rocks. So far, there is no evidence
that island arc magmatism or ophiolite has been observed in inland areas of South China
during the early Cretaceous [21,29,72,73]. Therefore, the Xinlu pluton is unlikely to have
formed in an island arc environment. The granite samples belong to A2-type granites, which
commonly represent post-collision or back-arc extensional environment [50,51]. In addition,
in eastern and central South China, voluminous Cretaceous (140-120 Ma) volcanic rocks
occurred in the Cretaceous extensional basins that were regarded as resulting from back-arc
extension [70,74]. In the Rb versus Y + Nb and Ta versus Yb discriminant diagrams [75],
the granites plot in the within plate granite field (Figure 9). The above evidence suggests
that the granites in this study formed in an extensional environment, probably in a back-arc
extensional setting. Combined with the widespread 135-92 Ma A-type granites [60-62] and
140-120 Ma igneous rock belt in Southeast Coastal Areas in South China [5,21,29,74], we
propose that the increased subduction angle of the Paleo-Pacific plate might have occurred
at ca. 141 Ma.

Taking the above into account, the granites in this study likely formed in a back-arc
extensional environment in response to the increased subduction angle of the Paleo-Pacific
plate during the early Cretaceous (ca. 141 Ma).
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Figure 9. Plots of (a) Rb versus Y + Nb and (b) Ta versus Yb for the granites from the Xinlu and
Guposhan plutons. Abbreviations: WPG, within plate granite; syn-COLG, syn-collision granite; VAG,
volcanic arc granite; ORG, ocean ridge granite.

5.4. Granitic Magmatism and REE Mineralization

Trace element analysis results show that the granites from the Xinlu pluton had high REE
contents (>451 ppm), but LREE and HREE contents were significantly different in different
types of granites (Table 1). The fine-grained granites were characterized by higher HREE
contents (XHREE = 797-864 ppm), lower LREE contents (XLREE = 146-166 ppm), and lower
LREE/HREE ratios (0.18-0.19) than the coarse-grained granites (XHREE = 262-297 ppm,
YLREE = 189-212 ppm, LREE/HREE = 0.71-0.72) (Figure 6b). These characteristics are
generally similar to the granites from the south Jiangxi province, where HREE deposits are
widespread (Table 5; [76-78]). This indicates that the Xinlu pluton shows good HREE mineral-
ization potential. Previous studies have shown that HREE-rich granites are characterized by
high SiO; contents and high degrees of magma crystallization and differentiation [55,76,79].
All the granite samples display high SiO; contents (>72 wt %) (Table 1); extremely negative
Sr, Ba, and Eu anomalies (Figure 6); and a linear relationship between SiO, contents and
some major oxides (Figure 5b,d,f), suggesting that high degrees of magma differentiation
occurred during the process of magma evolution. Early crystallization of LREE-rich minerals
(e.g., allanite, titanite, and monazite) can lead to relative enrichment in HREE in the residual
melt [76]. In the plots of SiO; versus REE (Figure 10), ZHREE showed a negative correlation
with SiO; contents, whereas 2LREE had a positive correlation with SiO; contents. These data
indicate that magma differentiation might have played an important role in REE enrichment
and that different REE contents in the fine- and coarse-grained granites may be a result of
crystallization and differentiation.

Table 5. REE contents of the Xinlu pluton and some representative granites related to REE deposits
in Jiangxi province, South China.

Pluton

Rock Type

LREE (ppm)

HREE (ppm)

REE (ppm)

LREE/HREE

References

Xinlu
Xinlu

Zhaibei

Zhaibei

Zudong
Dabu
Dabu

fine-grained granite
coarse-grained granite
fine-grained muscovitic
alkali-feldspar granite
coarse-grained biotite
syenogranite
medium-grained granite
fine-grained granite
medium-grained granite

156
198

53

276

84.5
58
128

832
277

140

112

179
141
149

988
475

194

389

264
199
278

0.19
0.72

0.4

2.86

0.52
0.46
1.26

This study
This study

[76]
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Figure 10. Plots of SiO, versus (a) ZHREE, (b) ZLREE, and (c) ZREE for the granites from the Xinlu
and Guposhan plutons.

Biotite is the most common mafic mineral in granite and generally shows higher
REE contents relative to other rock-forming minerals in granite. It thus becomes an ideal
indicator to reveal the relationship between granitic magmatism and REE mineralization.
Previous studies have shown that the compositions of biotite can be used to estimate
formation temperature of biotite [81]. Henry et al. (2005) further proposed a formula to
calculate the formation temperature of biotites [82]. The results show that biotites from
the Guposhan pluton had a crystallization temperature of 664-693 °C (average = 678 °C)
(Table 2), whereas biotites from the fine-grained granites showed a much lower tem-
perature (376-592 °C; average = 460 °C). In view of the biotites from the fine-grained
granites showing the features of alteration as evidenced by chloritization and epidotization
(Figure 3c) and low TiO, and MgO contents ([83]; Table 2, Figure 11), the temperature
of 376-592 °C likely represents the temperature of hydrothermal alteration. REE min-
erals, such as thorite, bastnasite, thorite-(Y), and synchysite-(Y), can be formed during
hydrothermal alteration [76]. These hydrothermal REE minerals are easily weathered and
thus become important suppliers of ion-exchangeable REEs in regolith [84-86]. Therefore,
hydrothermal alteration might have played an important role in REE mineralization of the
Xinlu pluton.
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Figure 11. Plot of 10 x TiO-FeOT + MnO-MgO for the biotites of the granites from the Xinlu and
Guposhan plutons.

6. Conclusions

(1) LA-ICP-MS zircon U-Pb dating results showed that granites from the Xinlu pluton
in northeastern Guangxi signaled an early Cretaceous age (ca. 141 Ma), indicating
that early Cretaceous magmatism occurred in inland areas of South China.

(2) The granites belong to A-type granite and likely formed in a back-arc extensional
environment in response to the increased subduction angle of the Paleo-Pacific plate.

(3) They had high REE contents (>451 ppm), especially the fine-grained granites showing
higher HREE contents, lower LREE contents, and lower LREE/HREE ratios than the
coarse-grained granites.

(4) Strong hydrothermal alteration and magma differentiation, which can affect activation
and mobilization of REE, might have played an important role in REE enrichment.
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