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ARTICLE INFO ABSTRACT

Keywords: Regolith-hosted rare earth element (REE) deposits are common in South China. The newly-discovered Gucheng
Late Cretaceous granites REE deposit in the western part of Guangdong Province, is characterized by HREE enrichment (with > HREE
Magmatism

oxides of 55%). Three types of granites have been identified in the Gucheng ore district, a REE-fertile coarse-
grained biotite granite (CGBG), a weakly REE-fertile fine-grained biotite granite (FGBG) and the barren medium-
grained biotite granite (MGBG). New LA-ICP-MS zircon U-Pb dating reveals that the MGBG (107.7 + 0.4 Ma),
CGBG (103.2 £ 0.6 Ma) and the FGBG (98.9 4+ 0.7 Ma) were all formed in the Late Cretaceous.

Mineralogical and geochemical data indicate that the CGBG is an unfractionated I-type granite, whereas the
FGBG and MGBG are fractionated I-type granites. The CGBG and FGBG have (®7Sr/%0Sr); and eNd(t) ranging from
0.7121 to 0.7140 and —8.6 to —8.0, and 0.7125 to 0.7131 and —8.2, respectively. The source of these granites
was mainly composed of two end-members: one having 90% Paleoproterozoic basement and another 10%
enriched mantle metasomatized by subduction-related melts. The barren MGBG is also derived from partial
melting of a Paleoproterozoic source with a minor contribution of enriched mantle. The involvement of enriched
mantle can provide REE into the magmas, which plays an important role in REE enrichment. Geochemical data
show that allanite have been crystallized during magma evolution process of all the three types of granites.
However, no allanite has been discovered in the MGBG, and the FGBG contains lower abundance of allanite than
that of the CGBG, which is due to different degrees of fractionation. The crystallization and separation of allanite
has greatly affected the LREE of the three types of granites, which further influences their potential for LREE
mineralization. Lower K/Rb and Nb/Ta ratios of the CGBG, FGBG and MGBG indicate that these three types of
granites were affected by hydrothermal events after their crystallization. Zircon geochemical data show that the
MGBG was formed in a lower oxygen fugacity environment than the CGBG and FGBG. Above all, involvement of
enriched mantle, a relatively high oxygen fugacity, crystallization and separation of allanite as well as
involvement of hydrothermal events after magmatic crystallization are important factors controlling REE
mineralization at Gucheng, of which the hydrothermal events may play the most important role.

Regolith-hosted REE deposit
Gucheng district
South China

1. Introduction

The rare earth elements (REEs), comprising the lanthanide group of
elements from lanthanum (La) to lutetium (Lu) plus yttrium (Y) and
scandium (Sc), are important in a variety of advanced technological
applications. Currently, almost 35% of the REE production all around
the world comes from regolith-hosted REE deposits clustered in South
China, which are also referred to as “ion-adsorption REE deposits”

(Sanematsu and Watanabe, 2016; Jowitt et al., 2017; Li et al., 2017).
>170 regolith-hosted REE deposits have been discovered in South China
(Xieetal., 2016; Li et al., 2017), with a total of >1.3 Mt rare earth oxides
(REOs) resources (Xie et al., 2016). Most of these regolith-hosted REE
deposits can be classified into highly HREE-enriched (with } HREE
oxides >70% of the total REE resources) and highly LREE-enriched
(with Y LREE oxides >70% of the total REE resources) (Li et al.,
2017). It is now accepted that most of regolith-hosted REE deposits are
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Fig. 1. (a) Sketched map showing the location of the South China; (b) The distribution of granites and volcanic rocks in South China (after Li et al., 2019). The
location of the Gucheng deposit is marked with a yellow circle.
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Fig. 2. Geologic map of the Gucheng ore district, showing locations of drill holes of ZK02, ZK03 and ZKO06.

hosted within the weathered crusts of granites and consequently the Granites are widespread in South China, whilst REE mineralization just
parental granite may have influenced the ore formation (Bao and Zhao, occur in the weathered curst of some granites, and some weathered
2003; Murakami and Ishihara, 2008; Li et al., 2017, 2019, 2020). crusts of granites do not host REE mineralization. Detailed
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Fig. 3. A cross-section showing A, B, C and D horizons and a schematic soil profile at Gucheng.

investigations of the geochemical and petrological relationships be-
tween syn-mineralization granites, barren granites and the presence of
REE mineralization are required to enhance our understanding of this
type of deposit.

The Gucheng deposit is a newly discovered REE deposit in South
China. Mineral exploration is ongoing in the Gucheng district, and it is
HREE-enriched with ) HREE oxides of about 55%. Although the
exploration results appear promising, resource estimates have yet to be
publicly disclosed. At Gucheng, three types of granites have been
discovered, a REE-fertile coarse-grained biotite granite (CGBG), a
weakly REE-fertile fine-grained biotite granite (FGBG) and the medium-
grained biotite granite (MGBG) that has no obvious association with REE
mineralization. We studied the geological, ages and geochemical fea-
tures of the three types of granites in this study to investigate the
petrogenesis of three types of granites, and the geochemical and petro-
logical relationships between syn-mineralization granites and barren
granites, as well as to provide information and new insights on the
genesis of the Gucheng deposit.

2. Geological setting

The Gucheng deposit is located at the southwest part of South China
(Fig. 1), a major polymetallic mineralization region. Large volumes of
granitic rocks were emplaced during the Late Permian, Triassic, Jurassic
and Cretaceous in this region. These granites intruded into Proterozoic
to Cambrian mudstones, sandstones, and shales, and Devonian to Early
Permian carbonate rocks (Li et al., 2017; Zhao et al., 2017). The REE
mineralization is temporally and spatially associated with granitic rocks
that formed during the Middle Jurassic to Late Cretaceous. Large
numbers of regolith-hosted REE deposits have been discovered in the
region, such as the Zudong, Zhaibeiding, Bachi, Dabu and Guposhan (Li
et al., 2017, 2019).

The local stratigraphy at Gucheng is composed of Early Devonian
and Quaternary units. The Early Devonian rocks, locally exposed in the
north, are dominated by sandstones and siltstones. The Quaternary
rocks are widely exposed at Gucheng, and mainly consist of diluvium
(Fig. 2). The REE deposit was formed by weathering of the Gucheng
pluton, a granitic stock exposed over an area of 30 km?. At Gucheng,
igneous rocks are extensively developed, including the CGBG, FGBG,
MGBG and quartz diorite porphyry. The CGBG is widely exposed in the
Gucheng deposit with outcrops over 20 km?, whereas the FGBG is less
common but is found in several drill holes. The MGBG and quartz diorite
porphyry are found only in southwestern and northern parts of the

Gucheng deposit, respectively (Fig. 2).

The CGBG, FGBG and MGBG have all been intensely weathered, but
the REE mineralization occurs only in the weathered crust of the CGBG
and FGBG, which has been reported by the Geology Bureau for
Nonferrous Metals of Guangdong Province. Soil profiles at the Gucheng
deposit vary from a few meters to >30 m thick. The soil-bedrock profile
can be divided into four horizons, namely the A horizon, a humic soil
zone; the B horizon composed of a completely weathered zone with
enriched clay minerals; the C horizon composed of incompletely
weathered bedrock and the D horizon of fresh bedrock (Fig. 3). The
economic orebodies are hosted mainly within the B horizon and less
commonly within the C horizon.

3. Petrography of the Gucheng granites

The contact relationships and petrographic characteristic of the three
types of granite at Gucheng are presented in Fig. 4.

3.1. Coarse-grained biotite granite (CGBG)

The CGBG has a pink mottled appearance (Fig. 4a-b), and consists
mainly of K-feldspar (~20 vol%), plagioclase (~30 vol%), quartz (~32
vol%), biotite (~8 vol%) and hornblende (<5 vol%) (Fig. 4c-e). Acces-
sory minerals (<5 vol%) include allanite, titanite, apatite, zircon and Fe-
Ti oxides (Fig. 4c—e). Some allanite and titanite grains have been
partially replaced by hydrothermal fluid and altered into synchysite and
gadolinite, respectively (Fig. 4d—e). As the major ore-causative granite
reported by the Geology Bureau for Nonferrous Metals of Guangdong
Province, the near surface occurrences of the CGBG are intensely altered
and weathered. As a result, in the B horizon the original granitic texture
has been completely destroyed. In the C horizon, the original texture of
the parent granite is largely preserved (Fig. 4b), but the K-feldspar and
plagioclase have been partially altered to clay minerals, and the biotite
and hornblende have been partially altered to chlorite.

3.2. Fine-grained biotite granite porphyry (FGBG)

The FGBG intruded into the CGBG with sharp intrusive contacts
(Fig. 4f). The rocks are grayish-white (Fig. 4g), and contain mainly K-
feldspar (~20 vol%), plagioclase (~32 vol%), quartz (~35 vol%) and
biotite (~8 vol%), with grain sizes <1 mm (Fig. 4h-i). Accessory min-
erals (<5 vol%) include allanite, apatite, zircon and Fe-Ti oxides
(Fig. 4h-i). The abundance of allanite and apatite in the FGBG is lower



Y. Feng et al.

Ore Geology Reviews 148 (2022) 105034

B biotitc]oranitc)

4

; Plagiolase 4
% ’ $

‘&é: g 10t1t€

Fig. 4. Photomicrographs showing the characteristics of the coarse-grained biotite granite (CGBG), fine-grained biotite granite (FGBG) and medium-grained biotite
granite (MGBG). (a) A hand sample of the fresh CGBG with pink mottled appearance and coarse-grained minerals; (b) A hand sample of the weathered CGBG with the
minerals being intensely altered; (c-d) Micrographs showing minerals of plagioclase, quartz, biotite, allanite, apatite and titanite in the CGBG; (e) A back-scattered
image showing that the synchysite occurred in the cave or along the margin of allanite; (f) Sharp intrusive contact between the CGBG and FGBG; (g) A hand sample of
the fresh FGBG with grey appearance and fine-grained minerals; (h-i) Micrographs showing minerals of K-feldspar, quartz, allanite and magnetite in FGBG; (j) A hand
sample of the fresh MGBG with grey appearance and medium-grained minerals; (k-1) Micrographs showing minerals of biotite, plagioclase, K-feldspar and quartz

in MGBG.

than that in the CGBG. The FGBG rocks on the surface have been
intensely weathered, with weak mineralization developed in the
completely weathered zone (B horizon).

3.3. Medium-grained biotite granite (MGBG)

The MGBG is rarely exposed in southwest part of the Gucheng de-
posit, but no obvious contact relationships with the CGBG and FGBG
were observed. These rocks are characterized by intermediate grains,
are grey in color, and are composed of mainly K-feldspar (~25 vol%),
plagioclase (~32 vol%) and quartz (~35 vol%) as well as minor biotite
(~3 vol%) (Fig. 4k-1). Accessory minerals (<5 vol%) include apatite and
zircon. The abundance of apatite is lower than in the CGBG and FGBG.
The granites have been intensely weathered, but no mineralization has

been identified in the weathered profile, which has been analyzed by the
Geology Bureau for Nonferrous Metals of Guangdong Province.

4. Sampling and methods

In this study, the least altered samples were collected from the CGBG,
FGBG and MGBG, mostly from the drill core but with a small number
from outcrops. Three samples from each of the fresh CGBG (ZK03-1),
FGBG (ZK02-1) and MGBG (GC03) were chosen for zircon U-Pb dating.
Four fresh CGBG samples from drill cores of ZK03 and ZK06 and three
fresh FGBG samples from drill core of ZKO2 and three fresh MGBG
samples from outcrops were chosen for major and trace element ana-
lyses. Four fresh CGBG samples from drill cores of ZK03 and ZK03, three
fresh FGBG samples from the drill core of ZK02 and two fresh MGBG
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Table 1
Sample location and features of the main magmatic rocks at Gucheng.
Sample Drilling or Lithology Location
No. outerop Easting Northing  Depth
(m)

7ZK03-3 ZK03 Coarse-grained 37595.8  2671.4 51.0
granite

ZK03-6 ZK03 Coarse-grained 37595.8 2671.4 59.0
granite

ZK06-6 ZK06 Coarse-grained 37599.2  2669.1 29.0
granite

7ZK06-8 ZK06 Coarse-grained 37599.2  2669.1 33.0
granite

ZK02-1 ZK02 Fine-grained 37596.9  2670.2 16.0
granite

7ZK02-3 ZK02 Fine-grained 37596.9  2670.2 18.0
granite

ZK02-4 ZK02 Fine-grained 37596.9 2670.2 22.0
granite

GC01 Outcrop Medium- 375941  2668.5 148.0
grained granite

GCO02 Outcrop Medium- 37594.1 2668.4 150.6
grained granite

GCo3 Outcrop Medium- 37594.1  2668.4 150.6

grained granite

samples from outcrops were collected for Sr-Nd isotopic analyses.
Sample locations and lithologies are presented in Table 1.

4.1. Zircon U-Pb dating

Zircon grains were separated from samples using conventional heavy
liquids and magnetic separation techniques, and handpicked under a
binocular microscope. Zircon CL images were obtained using a TESCAN
MIRA3 field-emission scanning electron microprobe (FE-SEM) at the
Testing Center, Tuoyan Analytical Technology Co. Ltd. (Guangzhou,
China). Working conditions of the CL imaging have been described in
detail by Zhang et al. (2019). Zircon U-Pb dating of was conducted by
LA-ICP-MS at the Guangzhou Tuoyan Analytical Technology Co., Ltd.,
Guanzhou, China. Laser sampling was performed using a NWR 193 laser
ablation system. An iCAP RQ ICP-MS instrument was used to acquire
ion-signal intensities. Helium was used as a carrier gas. Argon was used
as the make-up gas and mixed with the carrier gas via a Y-connector
before entering the ICP. The spot size and frequency of the laser were set
to 30 um and 8 Hz, respectively, in this study. The energy was 5 J/cm?.
Zircon 91,500 (Wiedenbeck et al., 1995) and glass NIST610 (Reed,
1992) were used as external standards for U-Pb dating and trace element
calibration, respectively. Each analysis incorporated a background
acquisition of approximately 30 s followed by 40 s of data acquisition
from the sample. The Excel-based software ICPMSDataCal was used to
perform off-line selection and integration of the background and anal-
ysis signals, time-drift correction and quantitative calibration for U-Pb
dating and trace element analysis (Liu et al., 2008). The results of zircon
U-Pb dating of three types of granites are listed in Supplementary Ap-
pendix 1 and illustrated in Fig. 5.

4.2. Whole-rock major and trace element compositions

Whole-rock major and trace element analyses were conducted at the
Sample Solution Co. Ltd. (Wuhan, China). Major oxide contents were
determined by XRF spectrometry. Fused glass disks with Lithium Borate
were used and the analytical precisions were better than +0.1%, based
on repeated analyses of the standards GSR-2 and GSR-3. Trace element
concentrations were determined by ICP-MS. Analyses of USGS rocks
standards (BCR-2, BHVO-1 and AGV-1) reveal that the precision and
accuracy were better than +5% for the trace elements studied. Detailed
analytical methods and procedures are reported in Zhang et al. (2019).
Whole-rock geochemical data for the four CGBG samples, three FGBG
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samples and three MGBG samples are listed in Supplementary Appendix
2.

4.3. Whole-rock Sr-Nd isotopic analyses

Sr and Nd isotopic analyses were undertaken with a Micromass ISO-
probe MC-ICP-MS at the Sample Solution Co. Ltd. (Wuhan, China), using
the analytical methods described by Zhang and Hu (2020). Strontium
was separated using cation columns, and Nd fractions were further
separated using HDEHP-coated Kef columns. Measured 8 Sr/%0Sr and
13Nd/1**Nd ratios were normalized to 8°sr/%8Sr — 0.1194 and
146Nd/'*Nd = 0.7219, respectively. The reported 873r/85sr and
143Nd/1*Nd ratios were adjusted to the NBS SRM 987 standard of
143Nd/1**Nd = 0.512115. The Sr-Nd isotopic compositions of the CGBG,
FGBG and MGBG are shown in Table 2.

5. Results
5.1. Zircon U-Pb ages

At Gucheng, all the zircons of the three types of granites analyzed are
colorless to light gray in CL images, euhedral to subhedral, and show
fine-scale oscillatory igneous growth zones. Meanwhile, the zircon
grains of the CGBG, FGBG and MGBG have high Th/U ratios ranging
from 0.45 to 0.99, 0.34 to 1.32 and 0.15 to 1.32, respectively, indicating
an igneous origin (Koschek, 1993).

Coarse-grained biotite granite: Twenty zircon grains yielded
206p, /238 ages ranging from 97.2 + 2.0 to 107.3 + 1.1 Ma, with the
concordia age of 103.2 + 0.6 Ma (MSWD = 1.5; Fig. 5a) and a weighted
mean age of 103.2 + 0.3 Ma (MSWD = 3.8; Fig. 5b), indicating that the
CGBG granite was formed in the Late Cretaceous.

Fine-grained granite: The 2°°Pb/238U ages of twenty analytical spots
ranged from 95.3 &+ 1.6 to 101.6 + 1.3 Ma, yielding a concordia age of
98.9 + 0.7 Ma (MSWD = 1.1; Fig. 5¢) and weighted mean age of 98.7 +
0.3 Ma (MSWD = 1.5; Fig. 5d), indicating that the FGBG granite was
formed in the Late Cretaceous.

Medium-grained granite: The 2°°Pb/238U ages of twenty analytical
spots range from 101.0 + 1.6 to 113.2 + 2.5 Ma, yielding a concordia
age of 107.7 + 0.4 Ma (MSWD = 3.6; Fig. 5e) and weighted mean age of
107.6 £+ 0.3 Ma (MSWD = 4.0; Fig. 5f), indicating that the MGBG was
formed in the Late Cretaceous.

5.2. Major and trace element compositions

Coarse-grained biotite granite: The samples have SiO2 = 70.94-75.41
wt% (avg. 73.07 wt%), Total FeoO31 = 2.41-3.08 wt% (avg. 2.68 wt%),
(NagO + Ky0) = 6.76-8.86 wt% (avg. 8.66 wt%), (K20/ Nay0) =
1.09-1.82 (avg. 1.41) and a differentiation index (DI) of 85.50-87.80
(avg. 86.57). In the Q’ vs. ANOR diagram (Fig. 6a; Irvine and Baragar,
1971) and K0 vs. SiO, diagram (Fig. 6b; Peccerillo and Taylor, 1976),
the CGBG samples were plot in the monzogranite and high-K calc-
alkaline and shoshonite fields. Their A/CNK values (0.98-1.00) suggest
they are metaluminous (Fig. 6¢; Maniar and Piccoli, 1989). The CGBG is
enriched in LREE [(La/Yb)y = 4.00-10.65] as well as Th (35.6-50.6
ppm), U (10.9-15.9 ppm), K (29225-47406 ppm), Pb (28.5-40.8 ppm),
Zr (146-216 ppm) and Hf (4.75-6.30 ppm), but depleted in HREE, Ba
(162-643 ppm), Nb (17.4-25.3 ppm), Sr (98.3-132 ppm), P (410-472
ppm) and Ti (1914-2466 ppm) (Fig. 7). The rocks have Rb/Sr ratios of
2.02-2.57, Sr/Y of 2.45-4.60, Nb/Ta ratios of 5.29-13.39 and 104 x
Ga/Al values of 2.36-2.59, with negative Eu anomalies (8Eu
0.31-0.61).

Fine-grained biotite granite: The samples have SiOy = 76.02-77.32 wt
% (avg. 76.64 wt%), Total Fe;O3p = 1.20-1.53 wt% (avg. 1.37 wt%),
(Naz0 + Kp0) = 8.08-8.30 wt% (avg. 8.22 wt%), (K20/ Nay0) =
1.38-1.79 (avg. 1.56) and DI of 92.74-94.26 (avg. 93.46). The rocks are
syenogranite (Fig. 6a) and (high-K) calc-alkaline (Fig. 6b). Their A/CNK
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Fig. 5. Concordia diagrams and weighted mean zircon U-Pb ages for the CGBG, FGBG and MGBG granites.

values vary from 1.01 to 1.02, suggesting that the fine-grained granite is
weakly peraluminous (Fig. 6¢). Similar to the CGBG, the FGBG is also
enriched in LREE [(La/Yb)y = 3.09-4.38], Th (44.8-47.6 ppm), U
(18.5-22.5 ppm), K (38909-44194 ppm), Pb (40.7-45.1 ppm), Zr
(110-153 ppm) and Hf (4.52-5.92 ppm), and depleted in HREE, Ba
(58.5-289 ppm), Nb (18.9-26.5 ppm), Sr (26.4-54.1 ppm), P
(96.1-165.9 ppm) and Ti (684-924 ppm) (Fig. 7). The rocks have more
intensely negative Eu anomaly (§Eu = 0.21-0.36). Meanwhile, the rocks
have similar 10000 x Ga/Al values (2.48-2.57) as the CGBG, but have
higher Rb/Sr ratios (6.97-15.25) as well as lower Sr/Y (0.75-1.62) and
Nb/Ta ratios (4.93-5.93).

Medium-grained biotite granite: The samples have SiOy = 77.15-77.75

wt% (avg. 77.38 wt%), FeoO3r = 1.04-1.14 wt% (avg. 1.07 wt%),
(Nag0 + Kg0) = 7.97-8.18 wt% (avg. 8.07 wt%), (K20/ Nay0) =
1.23-1.33 (avg. 1.27) and DI of 94.98-95.17 (avg. 95.06). The MGBG
samples plot in the syenogranite field (Fig. 6a). These rocks are (high-K)
calc-alkaline (Fig. 6b) and weakly peraluminous (Fig. 6¢) with A/CNK
values varying from 1.03 to 1.04. The rocks are characterized by a
weaker enrichment of LREE [(La/Yb)y = 1.51-1.76] than the CGBG and
FGBG, and have relatively high Th (41.8-44.2 ppm), U (17.2-19.3 ppm),
K (36909-37805 ppm), Pb (55.9-57.7 ppm), Zr (97.5-103 ppm) and Hf
(4.79-5.21 ppm), and low Ba (21.1-23.0 ppm), Nb (39.7-51.7 ppm), Sr
(10.3-11.5 ppm), P (39.3-43.7 ppm) and Ti (330-438 ppm) (Fig. 7). The
MFBG has the largest negative Eu anomalies (§Eu = 0.06-0.07), Rb/Sr
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Table 2
Whole rock Sr-Nd isotopic compositions of the granites at Gucheng.
Sample Lithology 875r/%6sr  2SE Rb Sr Isr 143Nd/'*Nd  2SE Sm Nd 179m/1Nd  eNd Tapm
No. ® (Ma)
ZK03-3 Coarse-grained 0.722536 0.000007 248 123 0.713970 0.512164 0.000005 7.53 30.20 0.15 -8.6 1605
granite
ZK03-6 Coarse-grained 0.722848  0.000008 248 98.3 0.712129  0.512163 0.000004 6.71 36.60 0.11 -8.1 1564
granite
ZK06-6 Coarse-grained 0.724711  0.000007 337 132 0.713862  0.512154 0.000004 526 26.20 0.12 -8.5 1590
granite
ZK06-8 Coarse-grained 0.723118  0.000006 289 112 0.712154  0.512169 0.000005 577 31.30 0.11 -8.0 1556
granite
ZK02-1 Fine-grained granite ~ 0.753282  0.000008 352 357 0.713100 0.512179 0.000010 4.89 21.10 0.14 -8.2 1569
ZK02-3 Fine-grained granite = 0.774822  0.000008 403  26.4 0.712477  0.512173 0.000006 4.63 2210 0.13 -8.2 1565
GCo01 Medium-grained 0.512244 0.000004 6.33 20.10 0.19 -7.6
granite
GC02 Medium-grained 0.512232 0.000004 598 20.80 0.17 -7.6
granite
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Fig. 6. Plots of Q" vs. ANOR (Streckeisen and Le Maitre, 1979) (a) SiO; vs. KO (b, Irvine and Baragar, 1971) and A/CNK vs. A/NK (c, Peccerillo and Taylor, 1976)
for the CGBG, FGBG and MGBG granites. Q" = Q/(Q + Or + Ab + An) * 100; ANOR = An/(Or + An) * 100.
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from Huang et al., 1989).

ratios (39.3-43.7), and 10* x Ga/Al values (2.89-3.09).

5.3. Whole-rock Sr-Nd isotope data

In our study, the initial 8Sr/%Sr ratios of the three types of granites
were calculated on the basis of their corresponding weighted mean ages.
The CGBG samples have (87Sr/868r)i ratios, eNd(t) values and Topy of
0.7121 to 0.7140, —8.6 to —8.0 and 1556 to 1605 Ma, respectively. The
FGBG samples have (87Sr/86Sr)i, eNd(t) values and two-stage Nd model
ages (Topm) of 0.7125 to 0.7131, —8.2 and 1565 to 1569 Ma, respec-
tively, which are similar to those of the CGBG. The MGBG samples have
relatively high Rb/Sr ratios (36.11-41.49), meaning that the initial

875y /865y ratios could not be calculated (Jahn et al., 2000). The eNd(t)
values Topy and of two samples are calculated both to be —7.6 and 1524
to 1525 Ma.

6. Discussion
6.1. Petrogenesis of the Late Cretaceous magmatism at Gucheng

In our study, samples of the three types of granites all have low LOI
(0.22-0.79), suggesting that the compositions of the three types of

granites have not been greatly mobilized (Asadi et al., 2014) and are
valid to reveal their petrogenesis. Most granitoids in South China were
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Fig. 8. (K20 + Nay0)/CaO vs. (Zr + Nb + Ce + Y) classification diagrams of
Whalen et al. (1996). The CGBG granites are typical of I-type, and the FGBG and
MGBG granites are fractionated I-type.

emplaced during the Mesozoic, with I-, S- and A-types all having been
recognized (Li et al., 2007a). At Gucheng, the CGBG is likely I-type
granite, given the presence of amphibole and titanite. The CGBG has A/
CNK values below 1.1, in contrast to the felsic S-type granites that are
usually strongly peraluminous with A/CNK values much higher than 1.1
(Chappell, 1999). As previous studies suggested, the I-type granites have
P,0s5 contents below 0.14%, because apatite reaches saturation in
metaluminous and mildly peraluminous magmas (A/CNK < 1.1), but is
highly soluble in strongly peraluminous melts (Wolf and London, 1994;
Chappell, 1999). Therefore, P2Os contents is also an important criterion
for distinguishing I-type granites from S-type granites. At Gucheng, the
CGBG has P20Os5 contents of 0.09 to 0.11 wt%, further indicating that the
CGBG is I-type granite. The FGBG and MGBG are also high K calc-
alkaline and have A/CNK values below 1.1 and lower P,Os contents
(<0.14 wt%; Wolf and London, 1994), indicating that these rocks are
also I-type granites. On the other hand, the CGBG has low (K20 +
Nay0)/CaO (3.42-5.63) and Zr + Nb + Y + Ce (279-365 ppm) values,
falling into the unfractionated granite field (Fig. 8), indicating that the
CGBG are unfractionated I-type. However, the FGBF and MGBG are
plotted into the fractionated granite field, indicating that these two
types of granites are fractionated I-type.
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As previous studies suggested, the high-K calc-alkaline I-type gran-
itoids can be produced by advanced assimilation fractional crystalliza-
tion of mantle-derived basaltic magmas (Singer et al., 1992; Soesoo,
2000; Clemens et al., 2011) or by partial melting of infracrustal mafic to
intermediate igneous sources in the lower continental crust (Chappell
et al., 1987; Chappell, 1999; Kemp et al., 2006, 2007; Hawkesworth and
Kemp, 2006). The former process can be excluded due to that (1) the
mafic or intermediate rocks are not discovered in the Gucheng district
and (2) the mafic microgranular enclaves are absent in all the three types
of granites. Therefore, the three types of granites at Gucheng are derived
from infracrustal igneous sources. The three types of granites at
Gucheng have Tapy values of 1524 to 1605 Ma, indicating that they are
derived from the Meso- or Paleoproterozoic rocks. The Paleoproterozoic
(1.8-2.2 Ga; Bao and Zhao, 2003) is an important timing of crustal
growth in South China, and the Paleoproterozoic rocks have been
proved to be source of the most Mesozoic granitic rocks in South China
(Li et al., 2007a). However, the Mesoproterozoic rocks have not been
reported in South China (Chen et al.,, 1999; Bao and Zhao, 2003).
Therefore, the three types of granites at Gucheng are likely derived from
partial melting of the Paleoproterozoic rocks. On the other hand, the eNd
(t) values of the CGBG (—8.6 to —8.0), FGBG (—8.2) and MGBG (-7.6)
are higher than those of the Paleoproterozoic rocks (<—10; Li et al.,
2007a), indicating that the mantle-derived components have been also
involved in magma source. The Sr and Nd isotopic compositions of the
CGBG and FGBG granites suggest that source materials are composed of
two end-members, including ninety percent of Paleoproterozoic
component with Nd model ages (Tapy) of (®7sr/%%sr); = 0.726589 and
eNd(t) = —9.88 (Zhou, 2015), and ten percent of enriched mantle-
derived component with (87Sr/86Sr)i and eNd(t) of 0.705420 and —1.9
(Li et al., 2004), respectively (Fig. 9a). Therefore, we can infer that the
CGBG and FGBG are mainly derived from partial melting of the Paleo-
proterozoic basement with minor involvement of enriched mantle. A
role for enriched mantle in the source has also been proposed for many
other Mesozoic granites in South China, including the Bachi granite
(zircon U-Pb age: 153.0 &+ 1.0 Ma; Zhao et al., 2021), Fogang granites
(zircon U-Pb age: ~160 Ma; Li et al., 2007a), Mantoushan granites
(zircon U-Pb age: 163.8 &+ 2.1 Ma; Zhang et al., 2015) and Xinfengjing
granites (zircon U-Pb age: 160.6 + 1.5 Ma; Zhang et al., 2015) all of
which are associated with REE mineralization. Therefore, the enriched
mantle has played an important role in the formation of the Mesozoic
granites in South China. Meanwhile, the U-Th and Pb-Ce contents of the
CGBG and FGBG suggest that the mantle source was metasomatized by
melts from the subducted Paleo-Pacific oceanic slab and its sediments
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Fig. 9. Initial eNd(t) vs. (4”Sr/%°Sr); of the CGBG, FGBG and MGBG granites (data of Fogang, Bachi, Mantoushan, Shigushan and Xinfengjing granites are from Li
et al., 2007a, Zhang et al., 2015, Zheng, 2016; Zhao et al., 2021). The mixing model of two end-members: the data for depleted mantle-derived basaltic component
(®7sr/%%sr = 0.702, Sr = 200 ppm, eNd(t) = +8, Nd = 15 ppm) are from Wu et al. (2015), the enriched mantle basaltic component (®¥7Sr/%%sr = 0.70542, Sr = 772
ppm, eNd(t) = -1.9, Nd = 34.5 ppm) are from Li et al. (2004), and the Paleoproterozoic basement compositions are characterized by 8”Sr/%Sr = 0.726589, Sr = 67.4

ppm, eNd(t) = -9.88 and Nd = 22.7 ppm according to Zhou, 2015.
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forming minerals.

(Fig. 10; Othman et al., 1989; Hawkesworth et al., 1997). The MGBG has
close space-time relations with the CGBG and FGBG, suggesting a
possible genetic link. The MGBG has similar eNd(t) values as the CGBG,
FGBG and many other late Mesozoic granitoids in South China (Man-
toushan, Shigushan, Xinfengjing and Shilu; Fig. 9b), indicating that it
was also likely sourced from partial melting of the major Paleoproter-
ozoic rocks with minor involvement of an enriched mantle. The U-Th
and Pb-Ce contents of the MGBG also suggest that the subduction-
related melts from the subducted slab and its sediments have been
involved in the enriched mantle (Fig. 10).

6.2. Fractional crystallization process and implications for geodynamic
settings

At Gucheng, the CGBG, FGBG and MGBG have relatively high DI
values (85.50-95.17) and SiO5 contents (70.94-77.75 wt%), indicating
that these three types of granites may have experienced intense frac-
tional crystallization, which is also supported by the pronounced de-
pletions of Ba, Sr, Rb, P, Ti and Eu. The depletion of Sr, Ba, Rb and Eu of
CGBG, FGBG and MGBG is interpreted as fractionation of biotite,
plagioclase or K-feldspar during the magmatic evolution (Fig. 11a-b).
The depletion of Ti and P contents of the three types of granites indicates
fractionation of Ti-bearing minerals (titanite and/or ilmenite) and
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Fig. 12. Zircon Zr/Hf ratios (a), Ce*t/Ce®* vs. SEu diagram (b) and box plot of crystallization temperatures (c) of the CGBG, FGBG and MGBG granites.
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apatite, respectively. Decreasing crystallization of allanite may account
for the decreasing (La/Yb)y ratios from the CGBG through FGBG to
MGBG (Fig. 11c).

Potassium (K) and Rb, Nb and Ta as well as Zr and Hf are considered
to be “geochemical twins” because these three pairs of elements have the
same charge and a similar ionic radium (Goldschmidt, 1937; Taylor and
Mclennan, 1985). As a result, these three pairs of elements have similar
geochemical properties and should not be fractionated during most
geological processes (Goldschmidt, 1937; Taylor and Mclennan, 1985).
It has been proposed that most magmatic rocks have K/Rb, Nb/Ta and
Zr/Hf ratios of 195 to 433, 11 to 17.5, and 34.3 to 36.7, respectively
(Shaw, 1968; Green, 1995; Miinker et al., 2003; Rudnick and Gao,
2004). At Gucheng, the three types of granites have K/Rb, Nb/Ta and
Zr/Hf ratios of 118 to 141, 5.3 to 13.4 and 30.9 to 34.3, 109 to 111, 5.0
to 6.0 and 23.5 to 25.9, and 88 to 90, 7.0 to 7.9 and 18.7 to 20.9,
respectively, which have unusually low K/Rb, Nb/Ta and Zr/Hf ratios.
Some authors have demonstrated that the K/Rb, Nb/Ta and Zr/Hf ratios
would decrease in granites during fractional crystallization (Halliday
et al., 1991; Raimbault et al., 1995; Chen and Yang, 2015; Ballouard
etal., 2016). Therefore, the unusually low K/Rb, Nb/Ta and Zr/Hf ratios
of these three types of granites may be due to intense fractional crys-
tallization. It is noted that there is a decreasing trend of Zr/Hf and K/Rb
ratios from the CGBG through the FGBG to the MGBG, indicating that
MGBG is probably more evolved. Zr/Hf ratios in zircon is also one of the
most reliable indicators of granitic magma evolution (Cerny et al., 1985;
Breiter et al., 2014). Previous studies have shown zircon from granitoids
always contains some Hf and a general rule is that an increase in the Hf
content coupled with a decrease in the Zr/Hf ratios in zircon is one of the
most reliable indicators of granitic magma evolution (Cerny et al., 1985;
Breiter et al., 2014). At Gucheng, the MGBG zircons have lower Zr/Hf
values (27-53, avg = 37) than those of CGBG (38-51, avg = 43) and
FGBG (32-52, avg = 44) (Fig. 12a), also indicating that the barren
MGBG is more evolved (Cerny et al., 1985; Breiter et al., 2014).

On the other hand, previous studies have discovered that hydro-
thermal events could also decrease K/Rb and Zr/Hf ratios, and param-
eters of K/Rb < 150 (Shaw, 1968) and Zr/Hf < 26 (Bau, 1996) could
distinguish granites affected by hydrothermal event after their crystal-
lization. At Gucheng, the three types of granites all have K/Rb ratios
lower than 150, and the FGBG and MGBG have Zr/Hf ratios lower than
26, indicating that the three types of granites all experienced hydro-
thermal events after their crystallization.

At Gucheng, the CGBG, FGBG and MGBG formed in the Late Creta-
ceous all have relatively high Nb and Y contents, and samples of these
three types of rocks fall in the within-plate granite field (Fig. 13), also

10

Ore Geology Reviews 148 (2022) 105034

indicating that the three types of granites were formed in an extensional
setting. This is consistent with that Cretaceous A-type granites (i.e.,
Ejinao, Dongpin and Nagin) occurred in the central and west part of the
Guangdong Province, which are considered to be formed in an exten-
sional setting associated with break-off of the Paleo-Pacific oceanic slab
(Zhou, 2015).

6.3. Implications for REE enrichment in granite and mineralization

As discussed above, the enriched mantle metasomatized by melts
associated with the subducted Paleo-Pacific oceanic slab was involved in
magma source of CGBG, FGBG and MGBG as well as some other granites
related to REE mineralization in South China (Fig. 8a). It has been
suggested that the seafloor sediments contain significantly high REE
abundance (up to 2200 ppm in the eastern Pacific Ocean; Kato et al.,
2011), and melting of this sediment layer has a high potential for REE
enrichment for the metasomatized mantle (Xu et al., 2017), and thus
involvement of this enriched and metasomatized mantle in magma
source of CGBG and FGBG at Gucheng has a great potential for REEs
mineralization. Therefore, we can infer that the enriched mantle has
played a primary role in REE mineralization, in which condition it can
supply REE into magmas. On the other hand, the enriched mantle has
also been involved in magma source of the MGBG, whilst it has no
relation with REE mineralization, indicating that the REE mineralization
has also been controlled by other factors.

As discussed above, crystallization of allanite occurred during for-
mation of the CGBG, FGBG and MGBG (Fig. 11c). However, allanite is
absent in the MGBG, and abundance of allanite of the FGBG is lower
than those of the CGBG. Variation of abundance of allanite of these three
types of granites is in contrast with degrees of magma evolution as
discussed above, which is likely caused by crystal-melt segregation.
Allanites were probably completely separated from magma associated
with the most evolved MGBG (Romer and Siegesmund, 2003). Allanite is
an important LREE-bearing mineral, and separation of allanite from
magma could preferentially incorporate large volumes of LREE, result-
ing in relative depletion in LREE in the residual magma (Romer and
Siegesmund, 2003). The abundance of crystallization and separation of
allanite from melts is consistent with variations of LREE of the CGBG,
FGBG and MGBG, also supporting this view (Fig. 7a).

Allanite is an important LREE-rich magmatic mineral in CGBG and
FGBG, which suggests their great potential for LREE mineralization. The
CGBG and FGBG associated with REE mineralization have DI values of
85.50-87.80 and 92.74-94.26, respectively, which is consistent with
those of most LREE-enriched deposits (Li et al., 2017). Meanwhile, REE
patterns of the CGBG and FGBG are characterized by enrichment of
LREE, which is also consistent with granites associated with highly
LREE-enriched deposit (Fogang; Bao and Zhao, 2003), but different from
granites associated with highly HREE-enriched deposit (Zudong; Huang
etal., 1989) (Fig. 7a). Li et al. (2017) have summarized that most of REE
patterns of regolith are inherited from the parent rocks. These evidences
all suggest that the Gucheng is very likely a LREE-enriched deposit,
whilst HREE is more enriched in the regolith. Therefore, we can infer
that despite of characteristics of the parent rocks, other factors can
impose a significant control on the REE mineralization. As previous
studies suggested, most of the granites associated with REE minerali-
zation in South China were affected by a hydrothermal fluid after
crystallization of granites (Li et al., 2017, 2019). At Gucheng, the CGBG
and FGBG were also affected by a hydrothermal fluid, and the primary
magmatic allanite and titanite grains in the CGBG and FGBG have been
commonly replaced by hydrothermal fluid and altered into synchysite
(LREE-rich) and gadolinite (HREE-rich), respectively (Fig. 4d-e). In
these replacement processes, the hydrothermal fluid has transformed
abundant LREE out of the allanite and HREE out of the titanite that have
subsequently accommodated by synchysite and gadolinite, respectively.
The LREE-rich synchysite and HREE-rich gadolinite are susceptible for
chemical weathering (Li et al., 2017). Decompositions of synchysite and
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Fig. 14. A simple model showing magmatic evolution of the CGBG, FGBG and MGBG granites and associated REE mineralization.

gadolinite could contribute much of the LREE and HREE to the weath-
ered crust, which is an important mechanism for both LREE and HREE
mineralization at the Gucheng deposit as well as other regolith-hosted
REE deposits in South China (Huang et al., 1989; Li et al., 2017).

Zircon is a common accessory mineral in igneous rocks and can
incorporate REE in its lattice, of which Cce*t/ce®t and Eun/Eun® can be
used to estimate magma oxidation state (Ballard et al., 2002; Dilles et al.,
2015; Zhang et al., 2017). The measured zircon trace element concen-
trations and calculated Ce**/Ce3" ratios and Euy/Euyn* of CGBG, FGBG
and MGBG are listed in Supplementary Appendix 1. In our study, the
CGBG and FGBG both have several Ce**/Ce3* ratios (24.6 to 249.3 and
3.4 to 238.8) and Euy/Euy* values (0.06 to 0.32 and 0.04 to 0.38) over
100 and 0.3, respectively (Fig. 12b), which is consistent with those of
most porphyry Cu and Mo deposits (Shu et al., 2019). It has been pro-
posed that porphyry Cu and Mo deposits are typically produced by
oxidized magmas (Richards, 2003), and thus we can infer that the CGBG
and FGBG granites were formed at a relative high oxygen environment.
The MGBG have Ce**/Ce3* ratios (7.4 to 93.0) and Euy/Euy* values
(0.01 to 0.29) <100 and 0.3, respectively, indicating that this type of
granite was formed at a low oxygen environment, which is likely due to
less involvement of enriched mantle in magma source than the CGBG
and FGBG.

Above all, we can infer that an extensional environment may have
caused asthenosphere upwelling in South China in the Late Mesozoic (Li
et al., 2007b). The melts with abundant REE (produced by partial
melting of an enriched lithosphere mantle metasomatized by
subduction-related melts) ascent into the lower continental crust,
inducing partial melting of the lower crust (Paleoproterozoic basement).
This melt with abundant REE has experienced complete crystallization
and separation of allanite during its ascending, forming the barren
MGBG without significant REE enrichment. Intrusions of the CGBG and
FGBG are closely associated with REE mineralization occurred subse-
quently during continuous extension, with higher oxygen fugacity
induced by more involvement of enriched mantle (Fig. 14). This melt
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also with abundant REE has experienced relatively low crystallization
and separation of allanite due to its less evolution, and abundant allanite
remain in the melt, resulting in relative enrichment of LREE in the CGBG
and FGBG. The hydrothermal event together with the replacement of
magmatic allanite and titanite for the enrichment of both LREE and
HREE reported in this study may play a more important role for REE
mineralization at Gucheng.

7. Conclusions

(1) At Gucheng, the CGBG, FGBG and MGBG were all formed in the
Late Cretaceous. These three types of granites are all formed in an
extensional setting.

(2) The CGBG, FGBG and MGBG are all I-type granites, but the FGBG
and MGBG are more fractionated and less evolved.

(3) Involvement of enriched mantle, crystallization and separation of
allanite as well as involvement of a hydrothermal fluid during the
latest stage of magmatic crystallization are important factors
controlling REE mineralization at Gucheng.
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