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The E-W-striking Fogang granitic batholith represents the largest composite
batholith in Guangdong Province. To date, the only known uranium deposit,
the Pajiang deposit, has been identified in the southwestern portion of
the Fogang granitic batholith. This deposit is hosted by porphyritic biotite
granite (PBG) and two-mica granites. Nevertheless, the age, petrogenesis, and
genetic relationships between these lithologies and the associated uranium
mineralization remain subjects of ongoing debate. In this study, zircon
U-Pb dating, whole-rock geochemistry, and zircon trace-element analyses of
porphyritic biotite granite and two-mica granites in the Pajiang area of the
Fogang granitic batholith were systematically investigated. The results reveal that
the geochronologies of the porphyritic biotite granite, medium-to-fine-grained
two-mica granite (M-FG TMG), and fine-grained two-mica granite (FG TMG) are
156.7 + 0.7 Ma (MSWD = 0.2, n = 11), 155.3 + 1.6 Ma (MSWD = 0.5, n = 12), and
153.8 + 1.4 Ma (MSWD = 0.6, n = 24), respectively. The porphyritic biotite granite
is characterized by high SiO,, high alkalis, and a metaluminous to peraluminous
composition (A/CNK = 0.95-1.21; mean = 1.08) but low rare earth contents
(YREE: 107 ppm—465 ppm, mean = 183 ppm) and negative Eu anomalies (SEu
= 0.12-0.60, mean = 0.29), indicative of a highly fractionated S-type granite.
The porphyritic biotite granite, medium-to-fine-grained two-mica granite, and
fine-grained two-mica granite all show high Rb/Sr values (1.52-41.7, with a
mean of 8.76), indicating derivation from mature continental crust material. The
porphyritic biotite granite has CaO/Na,O ratios of 0.06-0.70, suggesting that its
source was a mixture of pelitic and clastic rocks. The medium-to-fine-grained
two-mica granite and fine-grained two-mica granite have lower CaO/Na,O
ratios, indicating derivation from predominantly pelitic sources. Zircon trace-
element data indicate that the porphyritic biotite granite has a relatively higher
oxygen fugacity (fO, = —-13.2), followed by the medium-to-fine-grained two-
mica granite and the fine-grained two-mica granite, which exhibit relatively
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lower oxygen fugacities (fO, = —-20.2 and -17.3, respectively). Under low-
oxygen-fugacity conditions, uranium tends to crystallize as independent
uranium-bearing minerals or uranium-rich minerals during the magmatic stage;
in contrast, under high-oxygen-fugacity conditions, uranium is more likely to
be incorporated into refractory accessory minerals (e.g., zircon and monazite).
The crystallization processes of the medium-to-fine-grained two-mica granite
and the fine-grained two-mica granite are thus particularly favorable for
the formation of uranium-bearing minerals such as uraninite and thorite.
These minerals are susceptible to dissolution by hydrothermal fluids during
subsequent Late Cretaceous uranium mineralization, thereby releasing uranium
and providing a substantial source for mineralization. This further suggests that
the two-mica granites serve as significant uranium source rocks for granite-type

uranium deposits and hold favorable implications for mineral exploration.

KEYWORDS

Fogang granitic batholith, zircon U-Pb dating, S-type granites, whole-rock
geochemistry, uranium source, Pajiang area

1 Introduction

In northern Guangdong, there are three nearly east-west-
trending granite belts (Figures 1A,B), which, from north to south,
are the Zhuguang-Jiufeng granite belt, the Guidong-Dadongshan
granite belt, and the Fogang-Xinfengjiang granite belt (Shu et al.,
2006). Many granite-hosted uranium deposits, such as those in
the Chengkou, Changjiang, Baishun, and Xiazhuang uranium ore
fields, have been found in the Zhuguang-Jiufeng and Guidong--
Dadongshan granite belts (Li et al., 2024a). Spatially, these uranium
deposits are closely associated with granites, with mineralization
distributed both within and along the margins of granitic intrusions.

Granite-hosted ~ uranium  deposits in  South  China
predominantly occur within S-type granites, particularly those
formed through crustal anatexis during the Triassic and Jurassic
periods, with subordinate occurrences in A-type granites. These
granitoids are typically enriched in uranium-bearing minerals
such as uraninite, which act as the critical metal source for
subsequent mineralization events (Tao et al, 2025). Extensive
evidence indicates that oxidative meteoric waters effectively leach
uranium from uranium-bearing or uranium-rich minerals through
fluid-rock interactions, thereby facilitating uranium mobilization
and enrichment (Chabiron et al.,, 2003; Cuney, 2009; Qiu et al.,
2015; 2018; ZhangL. et al, 2018; 2021a; Zhang et al, 2019).
Economically significant uranium deposits are notably concentrated
within large composite batholiths characterized by multiphase and
multi-stage emplacement histories (Zhang et al., 2021b; Fan et al.,
2023). A critical unresolved issue pertains to identifying which
specific phase or emplacement stage within these composite
plutons served as the principal uranium source for mineralization
or whether the entire composite body contributed uniformly to
the uranium endowment. Addressing this question is essential
for accurately delineating ore-body distributions and refining
exploration strategies. Consequently, systematic investigations
aimed at pinpointing the uranium-contributing phase or stage
within composite granite plutons represent a key research priority.

The Fogang granitic batholith, a major constituent of
the “Fogang-Xinfengjiang Granite Belt” spans an area of
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approximately 6,000 km?, making it the largest composite
batholith within Guangdong Province (Chen et al, 2002;
Xu et al, 2007; Guo and Huang, 2019; Ding et al, 2022).
This extensive batholith is primarily composed of porphyritic
biotite granite (PBG), medium-to-fine-grained two-mica granite
(M-FG TMG), and fine-grained two-mica granite (FG TMG).
Previous geological surveys (Guangdong Bureau of Geology and
Mineral Resources, Team No.705, 1983; Li et al., 2024b) in the
southwestern part of the Fogang granitic batholith have identified
the Pajiang uranium deposit, three uranium occurrences (No.
402, 407, and 408; Figure 1B), and multiple anomalous zones,
highlighting the considerable potential of the batholith for uranium
exploration. However, significant uncertainties remain concerning
the formation age, magmatic evolution sequence, and polyphase
or multi-stage development of these granitic bodies. Additionally,
the specific lithological units responsible for supplying uranium
to the identified deposits have yet to be clearly determined. As
variations in uranium fertility among different intrusive phases
may critically influence the scale of mineralization, it is essential
to systematically constrain the temporal evolution of PBG, M-FG
TMG, and FG TMG within the Fogang granitic batholith through
integrated geochronological and petrochemical investigations.
These constraints significantly enhance metallogenic models and
exploration targeting efficiency. Controversy also persists regarding
the petrogenetic classification of the Fogang granitic batholith. Some
scholars, through analyses of trace elements, rare earth elements
(REEs), and Sr-Nd-Hf isotopes of the PBG, suggest that it has an I-
type affinity (Li et al., 2007; Chen and Yang, 2015). In contrast, other
researchers argue for an S-type origin based on analyses of elemental
geochemistry and Sr-Nd-Pb-O isotopes (Chen et al, 2002).
Therefore, further geochemical and geochronological investigations
are essential to resolve this debate and establish a more robust
genetic framework for the batholith.

This study, leveraging petrology, zircon U-Pb chronology,
geochemistry, and zircon trace element analyses, aims to constrain
the formation ages, magmatic evolution, and petrogenetic
type of these granitic units. By establishing the link between
magmatic processes (e.g., oxygen fugacity variations) and uranium
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FIGURE 1

(A) Geotectonic position; (B) distribution map of east—west-trending granite belts, northern Guangdong (modified after Zhou, 2007).

B s 1 B s
Changjiang
Chengkou

JUranium
[ | ®

ore-ficld

| Uranium occurrence
and it"s number

Paiiang urani
Pajiang uranium

deposit o

mineralization potential across different granitic units, this study
aims to identify which lithologies (e.g., PBG, M-FG TMG, and
FG TMG) serve as primary uranium sources. This, in turn, will
refine metallogenic models for granite-type uranium deposits in the
region, enabling more targeted and efficient prospecting.

2 Geological setting

The  Fogang batholith ~ (23°30'-24°10'N,
113°00'-114°20"E), primarily controlled by the
Fogang-Fengshun and Enping-Xinfeng faults (Figures2A,B),

granitic
which is

extends in an east-west direction along the Fogang-Heyuan region.
It spans approximately 140 km in length and 40 km in width. This
batholith, a multi-stage composite granitic body (Chen et al., 2002),
is primarily composed of PBG, M-FG TMG, and FG TMG in the
Pajiang area (Figure 2B). Among these, PBG exhibits the widest
exposure, intruding into Devonian and Jurassic strata, while M-FG
TMG and FG TMG show relatively smaller exposures.

Since the 1950s, the Pajiang uranium deposit and multiple
uranium occurrences have been identified within the Fogang
granitic batholith. The Pajiang deposit is situated in the southwestern
portion of the Fogang granitic batholith, with its host rocks
comprising FG TMG and M-FG TMG. The deposit is structurally
controlled by prominent fault systems, notably the nearly east-west-
trending Shegang fault and Zhuyuan fault, which exhibit evidence of
complex stress regimes, including extensional, compressional, and
torsional deformation (Li et al., 2024b; Xu, 2024). These major
faults functioned as key ore-guiding structures, facilitating the
migration of hydrothermal fluids. In addition to these primary
faults, secondary fractures trending sub-NW-SE and nearly N-S
are extensively developed within the shear zones. Hydrothermal
alteration is pervasive, encompassing silicification, hematitization,
fluoritization, and

sericitization, dark purple pyritization,

chloritization. Among these, silicification—characterized by dark
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red microcrystalline quartz—along with dark purple fluorite and
cloudy hematitization, shows a strong spatial and genetic association
with uranium mineralization (Li et al, 2024b). The primary
ore minerals include pitchblende and minor coffinite, whereas
the gangue minerals are dominated by quartz, pyrite, and dark
purple fluorite.

3 Petrography

In this study, fresh granite samples from the Pajiang area
were analyzed using petrological and mineralogical methods. The
primary rock types identified are PBG, M-FG TMG, and FG TMG.

The PBG is grayish-white with massive structures and is
mainly composed of quartz (25-27 wt%), K-feldspar (45-48 wt%),
plagioclase (16-20 wt%), and biotite (7-9 wt%, Figure 3A). The
quartz is grayish-white and euhedral in shape, mostly over
5mm in size, and locally encloses zircon and other accessory
minerals (Figures 3A,B). K-feldspar is mainly euhedral-subhedral
in shape, predominantly microcline, developing lattice double
crystals and stripe structures (Figure 3C), and is slightly altered by
sericitization. Plagioclase is grayish-white with euhedral-subhedral
shapes, exhibiting albite twinning, An = 28, partly altered by
sericitization. Biotite is brown, flaky, 2-5 mm in size, and exhibits
pale yellow to yellow-brown pleochroism. The accessory minerals
include zircon, apatite, and allanite, among which allanite is
relatively more enriched (Figure 3C).

The M-FG TMG is grayish-white with a massive structure
(Figure 3D). It is mainly composed of quartz (25-28 wt%), K-
feldspar (44-48 wt%), plagioclase (15-20 wt%), biotite (5-6 wt%),
and muscovite (5-6 wt%). Quartz is grayish-white and euhedral
in shape, with a particle size of 1-4 mm, and exhibits undulatory
extinction locally (Figure 3E). K-feldspar is predominantly euhedral
to subhedral in form, with a grain size of 2-4 mm, and exhibits slight
alteration by sericitization (Figure 3E). Plagioclase also appears
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FIGURE 2

(A) Geological sketch map of the Fogang granitic batholith. (B) Geological sketch map of the Pajiang area.

mainly as euhedral to subhedral crystals, often occurring in
clustered twin forms, and shows alteration by sericitization and
muscovitization (Figures 3E,F). Biotite, typically ranging from 1 to
3 mm in size, is partially altered to chlorite and locally encloses
certain accessory minerals, such as zircon (Figure 3F). The accessory
minerals include zircon and apatite.

The FG TMG, exhibiting a massive structure (Figure 3G),
is primarily composed of quartz (25-27 wt%), K-feldspar
(45-48 wt%), plagioclase (16-18 wt%), biotite (4-5wt%), and
muscovite (4-5wt%). Quartz is grayish-white and euhedral in
shape, and its particle size is 1-2 mm (Figure 3H); K-feldspar is
mainly euhedral-subhedral in shape, developing lattice double
crystals, and is slightly altered by sericitization (Figure 3H).
Plagioclase is mainly euhedral-subhedral in shape and is altered by
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sericitization and muscovitization (Figure 3H). Biotite, with a size
of 1-2 mm, is partly altered by chlorite and is commonly associated
with pyrite (Figure 3I). The accessory minerals, such as zircon and
apatite, can be found locally.

4 Sampling and analytical methods

In this study, five FG TMG samples (Pj01-Pj05), five M-FG
TMG samples (Pj06-Pjl10), and five PBG samples (Pjl11-Pjl5)
were collected from the Pajiang area for zircon separation and
geochemical analysis.

Laser ablation inductively coupled plasma mass spectrometer
(LA-ICP-MS) analysis, zircon U-Pb dating, and trace element
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FIGURE 3
Hand specimens and photomicrographs of rocks from the Fogang granitic batholith in the Pajiang area. (A) Hand specimens of PBG; (B)

Coarse-grained quartz enclosing zircon in PBG (Cross-polarized light); (C) Sericitization developed in K-feldspar (Plane-polarized light); (D) Hand
specimens of M-FG TMG; (E) Photomicrographs of M-FG TMG (Cross-polarized light); (F) Zircon enclosed in biotite (Cross-polarized light); (G) Hand
specimens of FG TMG; (H) Photomicrographs of FG TMG (Cross-polarized light); (1) Chloritization of biotite (Plane-polarized light). Q, quartz; Kfs,
feldspar; Pl, plagioclase; Bt, biotite; Ms, muscovite; Chl, chlorite; Ser, sericite; Zrn, zircon; Py, pyrite; Aln, allanite.

analysis were carried out on the collected samples from the
Pajiang area. Zircon crystals were separated from bulk rock
samples using standard magnetic and density separation techniques,
followed by manual extraction under a binocular microscope. The
selected zircon grains were embedded in an epoxy mount. Prior
to analysis, cathodoluminescence (CL) and backscattered electron
(BSE) imaging were conducted at the Wuhan Sample Solution
Analytical Technology Company to characterize internal textures
and identify suitable target sites for U-Pb isotopic analysis. Zircon
U-Pb isotope analysis was carried out via LA-ICP-MS at the
Wuhan Sample Solution Analytical Technology Company, using an
Agilent 7900 instrument. A 32 pum spot size was adopted in this
study. Helium was used as the carrier gas to increase the transport
efficiency of the ablated material. Data were acquired for 20 s with
the laser off and 40 s with the laser on. Glass NIST610 was used
as the external calibration standard, while Zircon 91500 served as
the internal standard for U-Pb dating and trace element calibration
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(Huetal,, 2015), respectively. The ages and concordia diagrams were
prepared using ISOPLOT 3.0 (Ludwig, 2003).

Major oxide concentrations were determined using a
PANalytical (formerly Philips) PW 2424 X-ray Fluorescence
(XRF) Spectrometer at American Laboratory Services Chemex
with
uncertainties controlled within < 2 wt%. Trace and REE contents

(Guangzhou) Company Limited, China, analytical
were analyzed at the same facility using an Agilent 7900 Quadrupole
Inductively Coupled Plasma Mass Spectrometer. Approximately
50 mg of each powdered rock sample was utilized for trace element
analysis. All samples underwent digestion in distilled HF and HNO,
within Teflon screw-cap capsules at 190 °C for 72 h, followed by
drying and a secondary digestion in HNO; at 150 °C for 24 h. The
final step was repeated once. The dissolved samples were diluted to
49 mL with 3 wt% HNO; and 1 mL of 500 ppb. Rh was added to
the solution as an internal standard. The analytical uncertainties for
trace elements and REE were generally lower than 10 wt%.
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FIGURE 4

Cathode luminescence images of zircon grains from the granites in the Fogang granitic batholith.

5 Results

5.1 U-Pb zircon ages and zircon
Ti—temperature calculations

The zircon grains from the three types of granite are mostly
euhedral, transparent, and colorless. CL imaging reveals distinct
core-rim structures with well-defined oscillatory zoning growth
bands (Figure 4). The Th/U ratios of zircon in PBG, M-FG TMG,
and FG TMG range from 0.03 to 0.54 (mean = 0.24), 0.13 to 0.55
(mean = 0.31), and 0.43 to 0.72 (mean = 0.54), respectively (Table 1),
indicating a magmatic origin (Li et al., 2014; Yang et al., 2024).

A total of 12 spots in the PBG samples were analyzed (Table 1).
The results indicate that the 2°°Pb/?®U and 2"’Pb/**U ages are
mostly concordant, with all spots lying on the concordia line. A
data point to the right of the concordia line was excluded as its
deviation was likely due to Pb loss. The remaining 11 data points
show that the 2°°Pb/?*®U ages mainly range from 155 to 158 Ma.
The analyzed grains yield a weighted mean 2%°Pb/*®U age of 156.7 +
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0.7 Ma (MSWD =0.2,n=11) (Figures 5A,B), indicating the product
of Yanshanian magmatic activity.

A total of 12 spots of M-FG TMG zircons were analyzed, with
all data points lying on the concordia line. Furthermore, 2°°Pb/**U
ages were concentrated in the range of 151-158 Ma, with a weighted
average age of 155.3 £ 1.6 Ma (MSWD = 0.5, n = 12) (Figures 5C,D).
A total of 24 spots in the FG TMG samples were analyzed, and
the 2°Pb/**¥U ages were concentrated in the range of 144-157 Ma,
with a weighted mean 2°°Pb/***U age of 153.8 + 1.4 Ma (MSWD
= 0.6, n = 24) (Figures 5E,F). The ages of the M-FG TMG and FG
TMG are consistent with those of the PBG, indicating the product
of contemporaneous intrusion magmatism.

Additionally, the relationship between zircon Ti content and
temperature was utilized, using the formula logTi (ppm) = (5.711 £
0.072)- (4800 + 86)/T (K) -logag;, + logari, (Ferry and Watson,
2007),where T is the temperature in Kelvin, and Ti is the content
of titanium in zircon. Owing to the occurrence of quartz and rutile
as independent minerals in rocks, with ago, = 1 and apg, = 0.6
(Li et al., 2021; Li et al., 2022), zircon Ti-temperature calculations
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FIGURE 5
U-Pb concordia diagrams of zircons from the granites in the Fogang granitic batholith. (A) Concordant age of PBG; (B) 2°°Pb/?*®U average age of PBG;
(C) Concordant age of M-FG TMG; (D) 2°°Pb/?%8U average age of M-FG TMG; (E) Concordant age of FG TMG; (F) 2°°Pb/2%8U average age of FG TMG.
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indicate that the PBG has a crystallization temperature range of
622 °C-775°C, with an average of 714 °C (Table 2). The M-FG
TMG and FG TMG exhibit crystallization temperature ranges of
594 °C-821 °C and 712 °C-842 °C, with average temperatures of
709 °C and 755 °C, respectively.

5.2 Whole-rock geochemistry

5.2.1 Major oxides

The results for the major oxides in PBG, M-FG TMG, and FG
TMG are listed in Table 3. The compositions of the major oxides
in these rocks are similar, with enrichments in SiO,, total alkali
(K,O0+ Na,0), and peraluminous characteristics but depletions in
CaO, MgO, TiO,, and P,0;. The SiO, contents range from 73.2 to
75.9 wt% (mean = 74.4 wt%). The Al,O; contents range from 12.7 to
14.3 wt% (mean = 13.7 wt%). The K,O contents range from 4.60 to
5.52 wt% (mean = 5.21 wt%). The Na, O contents range from 2.65 to
3.32 wt% (mean = 3.01 wt%). The K,0/Na, O ratios range from 1.52
to 1.96 (mean = 1.73).

In the TAS classification diagram (Figure 6A), all sample data
in the Fogang granitic batholith fall in the field of granite. In
the SiO, vs. K,O diagram (Figure 6B), all sample data belong to
the region of the high-K calc-alkaline and shoshonite series. In
the A/CNK vs. A/NK diagram (Figure 6C), most of the sample
data are distributed in the metaluminous and peraluminous granite
fields, indicating that they are metaluminous to peraluminous
granites.

5.2.2 Trace element and rare earth element
contents of granites

The trace element and REE contents of the PBG, M-FG
TMG, and FG TMG are listed in Table 3. Their primitive mantle-
normalized spider diagrams (Figure7A) are similar, showing
enrichment in Rb, Th, and U and depletion of Ba, Nb, Sr, and
Ti, which are consistent with those of S-type granites (Lan et al.,
2020; Xu et al, 2022). The Nb/Ta ratios of the three types of
granites range from 5.25 to 7.56, below the continental crustal
value (Nb/Ta = 11, Green, 1995). In the Nb vs. Nb/Ta diagram
(Figure 8), both the PBG and two-mica granites plot in the field of
partial melting of crustal materials, indicating that they are products
of partial melting of crust-derived materials (Ballard et al., 2002;
Gao et al., 2005).

The YREE contents of PBG, M-FG TMG, and FG TMG
are lower than those of A-type granite (YREE = 336-346 ppm)
in South China (Zhu et al, 2008), ranging from 74.8 to
224.3 ppm, with an average value of 126 ppm. The Light Rare
Earth Elements/Heavy Rare Earth Elements (LREE/HREE) ratios
vary between 3.70 and 13.1, indicating notable differentiation
between LREE and HREE. The chondrite-normalized patterns of
REE are enriched in LREE (Figure 7B). The LREE/HREE ratios
gradually decrease from PBG to M-FG TMG and FG TMG (11.0
> 7.6 > 6.6), indicating a significant increase in the degree of
magmatic fraction. The chondrite-normalized REE patterns exhibit
pronounced negative Eu anomalies and positive Ce anomalies,
with 8Eu values ranging from 0.21 to 0.43 and §Ce values varying
from 0.80 to 1.24.
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5.3 Characteristics of rare earth elements
in zircon

The rare earth element data of zircon are listed in Table 2. The
zircon in the PBG, M-FG TMG, and FG TMG has a high total
amount of rare earth elements (XREE = 10,910-15,313 ppm). The
LREE/HREE ratios vary from 0.00026 to 0.00967, indicating HREE
enrichment. The chondrite-normalized REE patterns of zircons
from the PBG, M-FG TMG, and FG TMG are very similar (Figure 9).

Zircons from all these rocks have positive Ce anomalies (8Ce =
Ce/ VLa" Pr) and negative Eu anomalies (Eu = Eu/ VSm*Gd) (Sun
and Mcdonough, 1989). The 8Ce values of zircon in the PBG, M-
FG TMG, and FG TMG samples range from 34.6 to 130 (mean =
81.0), 8.56 to 21.5 (mean = 14.6), and 1.28 to 218 (mean = 46.5),
respectively. The SEu values of zircon in the three types of granites
range from 0.02 to 0.12 (mean = 0.09), 0.03 to 0.26 (mean = 0.13),
and 0.02 to 0.16 (mean = 0.09), respectively. In general, compared
with M-FG TMG and FG TMG granites, PBG exhibits higher Ce
anomalies. However, their Eu anomaly values are essentially similar.

5.4 Zircon (Ce**/Ce*") oxygen fugacity
barometer

Ce in zircons generally exists in the form of Ce*" and Ce**. In
magmas with relatively high oxygen fugacity, Ce mainly exists in the
form of Ce**; because Ce** and Zr** have similar ionic radii and
the same valency, a large number of Ce** ions easily enter zircons,
resulting in positive anomalies. Therefore, the redox conditions of
magma can be affected by the n (Ce**/Ce®") value of zircon.

Zircon data from the lattice-strain model were screened
according to the La content (< 0.1 ppm) and the lattice-strain model
deviation coefficient (6K < 3) (Zou et al., 2019). After removing La-
, Pr-, and Eu-sensitive elements, zircon melt partition coefficients
chigfm/ melt N Dgffn/meh are calculated (Xin and Qu, 2008); therefore,
we use the Ce**/Ce’* calculation method proposed by Ballard et al.
(2002), in which the Ce**/Ce®* ratios of zircon are calculated based
on a lattice-strain model for mineral-melt partitioning of Ce** and
Ce** cations (Table 2). The ratios of Ce**/Ce** in the PBG, M-FG
TMG, and FG TMG in this study range from 10.7 to 149 (average
60.6), 10.7 to 52.4 (average 32.3), and 0.45 to 1.67 (average 0.96),
respectively.

Additionally, Trail et al. (2011) and Trail et al. (2012) proposed
a novel calibration method for determining the oxygen fugacity of
magmatic melts based on Ce concentrations in zircon combined
with Ti-in-zircon thermometry. This approach is expressed through
the following empirical formula:

13860 + 708
In(Ce/Ce™)p = (0.1156 +0.0050) X In (fO,) + %

—(6.125 +0.484),

* 1/2 1/2
(Ce/Ce )D = (CeZircon/(LaZircon x PrZircon) ! /(Cechondrile/(Lachondrile x Prchondrile) ! ))’

where fO, is the oxygen fugacity. A linear relationship between
the Ce anomaly and the reciprocal of temperature can be
established under specific mineral oxidation buffer conditions, such
as magnetite—hematite (MH), fayalite—-magnetite—quartz (FMQ),
and iron-wustite (IW) buffers. In the 1/T versus §Ce anomaly
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TABLE 3 Major oxides (wt%) and trace element (ppm) compositions of representative samples from the Fogang granitic batholith®.

‘ PBG
Sio, 75.2 74.8 74.2 75.8 74.8 74.0 74.3 75.2 73.6 75.9 73.7 73.6 73.8 73.7 73.2
TiO, 0.12 0.11 0.13 0.07 0.12 0.09 0.08 0.09 0.14 0.09 0.15 0.14 0.14 0.14 0.14
Al O, 13.0 12.7 13.7 13.3 13.9 13.6 14.3 13.6 14.0 13.5 14.2 14.1 14.0 14.0 14.0
Fe203T 1.55 1.70 1.38 1.20 1.48 1.48 1.29 1.37 1.43 1.14 1.57 1.60 1.56 1.58 1.56
MnO 0.04 0.04 0.04 0.03 0.04 0.04 0.04 0.02 0.03 0.02 0.03 0.03 0.03 0.04 0.04
MgO 0.16 0.13 0.21 0.11 0.26 0.14 0.18 0.12 0.23 0.14 0.25 0.23 0.25 0.25 0.24
CaO 0.76 0.82 0.41 0.28 0.33 0.42 0.31 0.19 0.41 0.17 0.58 0.41 0.55 0.64 0.71
Na,O 3.04 2.81 3.17 3.30 2.77 3.26 3.32 2.72 3.01 2.65 3.07 3.03 3.02 3.03 3.02
K,O0 5.02 5.52 5.22 5.02 5.33 5.01 5.17 5.02 5.37 4.60 5.41 5.42 5.31 5.37 5.35
P,0, 0.06 0.03 0.11 0.05 0.11 0.15 0.12 0.07 0.20 0.06 0.19 0.20 0.19 0.20 0.19
LOI 1.11 1.16 0.85 0.67 0.97 0.78 0.73 1.25 0.84 1.10 1.05 0.96 1.00 1.01 0.99
Total 100.0 99.8 99.4 99.9 100.1 99.0 99.8 99.6 99.3 99.4 100 99.6 99.9 99.9 99.5
Ga 20.4 19.2 22.7 20.7 23.1 22.5 20.7 21.9 24.1 22.7 24.0 23.8 23.7 23.4 239
Rb 379 383 420 397 420 397 354 414 393 391 400 393 388 385 393
Sr 45.8 45.7 43.5 26.3 38.1 31.9 51.8 32.1 46.6 25.2 48.5 43.9 44.9 49.0 52.0
Y 31.8 58.2 21.5 34.1 24.0 24.8 20.7 21.5 13.1 20.4 12.9 13.4 14.2 15.6 13.6
Zr 123 126 95.0 56.0 90.0 89.0 69.0 64.0 111 70.0 109 109 111 111 111
Nb 17.8 15.5 18.8 19.3 18.2 20.4 15.7 19.2 19.7 18.6 19.6 19.6 19.6 19.8 19.8
Ba 235 233 269 128 251 151 279 254 417 145 274 263 261 267 272
La 28.4 47.6 24.1 15.6 28.7 22.1 17.9 17.4 27.6 12.5 27.2 24.4 27.1 27.1 25.8
Ce 56.3 76.2 50.8 34.0 58.8 46.2 35.5 34.9 69.8 27.9 58.5 52.4 58.8 57.9 55.3
Pr 6.90 11.5 5.76 3.76 6.62 533 4.10 4.32 6.87 3.64 6.78 6.19 6.93 6.89 6.62
Nd 25.9 44.8 21.5 14.2 25.0 20.1 15.4 17.4 25.2 14.4 249 22.5 25.2 252 24.0
Sm 5.46 9.68 4.53 3.70 5.27 4.66 3.45 4.29 5.81 3.84 5.74 5.30 5.86 5.80 5.61
Eu 0.44 0.65 0.47 0.30 0.46 0.33 0.47 0.41 0.47 0.39 0.48 0.46 0.49 0.50 0.48
Gd 4.82 8.92 3.66 3.95 4.11 4.23 3.21 3.97 4.20 3.97 4.36 4.07 4.54 4.49 4.22
Tb 0.84 1.50 0.62 0.81 0.69 0.75 0.59 0.66 0.60 0.64 0.62 0.60 0.66 0.66 0.61
Dy 4.82 8.91 3.42 5.19 3.86 4.22 3.51 3.43 2.90 3.50 2.93 2.92 3.17 3.35 3.02
Ho 0.99 1.80 0.66 1.07 0.75 0.81 0.66 0.61 0.45 0.60 0.45 0.46 0.50 0.53 0.46
Er 3.00 5.49 1.90 3.34 2.18 2.22 1.85 1.60 1.09 1.55 1.08 1.10 1.16 1.26 1.11
Tm 0.48 0.84 0.31 0.55 0.35 0.33 0.28 0.23 0.14 0.22 0.14 0.15 0.16 0.18 0.15
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TABLE 3 (Continued) Major oxides (wt%) and trace element (ppm) compositions of representative samples from the Fogang granitic batholith®.

PJ13 PJ14 PJ15

FG TMG
Yb 3.13 5.54 1.98 3.83 2.37 1.97 1.84 1.33 0.86 1.39 0.88 0.90 0.97 1.06 0.94
Lu 0.51 0.86 0.32 0.58 0.36 0.29 0.28 0.21 0.12 0.21 0.13 0.13 0.13 0.15 0.13
Hf 4.20 4.60 3.20 2.50 3.20 3.10 2.50 2.40 3.50 2.40 3.50 3.40 3.60 3.50 3.60
Ta 3.10 2.93 3.17 3.15 3.22 3.32 2.86 3.66 2.79 3.54 2.64 2.74 2.64 2.62 2.65
Th 37.3 53.5 25.6 18.2 24.6 22.6 16.6 16.4 25.3 16.4 25.8 25.5 26.7 25.3 25.8
U 16.3 13.5 17.9 23.3 21.2 8.17 6.92 17.3 15.6 13.5 12.5 13.7 12.0 16.7 14.0
Ti 780 730 770 440 750 590 560 560 840 550 920 850 870 830 900
Pb 73.0 39.3 52.4 65.2 56.7 32.0 37.8 31.3 50.3 29.1 36.2 36.7 36.8 36.5 36.1
A/NK 1.24 1.19 1.25 1.23 1.34 1.25 1.29 1.37 1.30 1.45 1.30 1.29 1.31 1.30 1.30
A/CNK 1.10 1.05 1.17 1.17 1.27 1.17 123 1.33 122 1.40 1.18 1.21 1.20 1.17 1.16
DI 92.9 93.0 94.0 95.1 93.2 93.9 93.8 93.8 93.4 93.4 92.7 93.3 92.7 92.5 92.3
Nb/Ta 5.74 5.29 593 6.13 5.65 6.14 5.49 5.25 7.06 5.25 7.42 7.15 7.42 7.56 7.47
Zr/Hf 29.3 27.4 29.7 22.4 28.1 28.7 27.6 26.7 31.7 29.2 31.1 32.1 30.8 31.7 30.8
YLREE 123 190 107 71.6 125 98.7 76.8 78.7 136 62.7 124 111 124 123 118
YHREE 18.6 339 12.9 19.3 14.7 14.8 12.2 12.0 10.4 12.1 10.6 10.3 11.3 11.7 10.6
YREE 142 224 120 91 140 114 89 91 146 75 134 122 136 135 128
SEu 0.26 0.21 0.35 0.24 0.30 0.23 0.43 0.30 0.29 0.31 0.29 0.30 0.29 0.30 0.30
SCe 0.99 0.80 1.06 1.09 1.05 1.04 1.02 0.99 1.24 1.01 1.06 1.05 1.05 1.04 1.04
1000"Ga/Al 2.97 2.86 3.14 2.93 3.15 3.14 2.74 3.03 3.25 3.17 3.20 3.20 3.19 3.15 3.22
Zr+Nb+Ce+Y 229 276 186 143 191 180 141 140 214 137 200 194 204 204 200
Rb/Sr 8.28 8.38 9.66 15.10 11.02 12.45 6.83 12.90 8.43 15.52 8.25 8.95 8.64 7.86 7.56
Rb/Nb 21.3 24.7 22.3 20.6 23.1 19.5 22.5 21.6 19.9 21.0 20.4 20.1 19.8 19.4 19.8
CaO/Na,O 0.25 0.29 0.13 0.08 0.12 0.13 0.09 0.07 0.14 0.06 0.19 0.14 0.18 0.21 0.24
Rb/Ba 1.61 1.64 1.56 3.10 1.67 2.63 1.27 1.63 0.94 2.71 1.46 1.49 1.49 1.44 1.44
CaO + AL, O, 13.8 13.5 14.1 13.6 14.2 14.0 14.6 13.8 14.4 13.7 14.7 14.5 14.6 14.7 14.7
CaO/Al, 04 0.06 0.06 0.03 0.02 0.02 0.03 0.02 0.01 0.03 0.01 0.04 0.03 0.04 0.05 0.05
Y + Nb 49.6 73.7 40.3 53.4 42.2 452 36.4 40.7 32.8 39.0 32.5 33.0 33.8 35.4 334

15FG 15FG 2KSC | 2KSC | 2KSC 2KSC 2KF  2KF | 2KF  2KF  2KF FG4® FG8-
07# 08# 4a” 4b* 75* 79 400 402* | 403 404" 405" 18

PBG (data from others)

Sio, 71.71 74.3 76.24 73.3 76.94 72.71 71.58 72.66 73.39 75.33 75.15 74.31 73.44 75.62 74.58

TiO, 0.29 0.18 0.11 0.32 0.12 0.18 0.37 0.13 0.11 0.13 0.1 0.16 0.11 0.11 0.25

(Continued on the following page)
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TABLE 3 (Continued) Major oxides (wt%) and trace element (ppm) compositions of representative samples from the Fogang granitic batholith®.

15FG  15FG | 15FG | 2KSC | 2KSC | 2KSC | 2KSC 2KF  2KF 2KF = 2KF = 2KF FG4%| FG8- | FG15-
06# O7# | 08# | 4a* | 4b* | 75" | 79* 400* 402* 403* 404* 405* 18 18

PBG (data from others)

Al, O, 13.41 13.12 12.44 13.07 12.03 13.46 13.51 14.54 13.96 13.55 13.63 13.7 13.57 12.40 13.48
FezO3T 3.01 2.47 1.96 2.52 1.35 2.44 3.46 221 1.83 2.03 1.72 2.34 1.02 1.38 1.92
MnO 0.11 0.13 0.1 0.06 0.03 0.05 0.07 0.05 0.04 0.05 0.04 0.06 0.04 0.03 0.07
MgO 0.43 0.21 0.1 0.56 0.18 0.22 0.43 0.16 0.12 0.14 0.12 0.19 0.28 0.16 0.39
CaO 1.04 0.65 0.17 2.19 1.03 0.76 1.5 1.14 1.01 0.95 0.94 1.18 1.56 0.96 1.56
Na,O 2.94 3.02 2.54 3.15 2.95 3.29 2.68 3.3 3.37 2.94 3.08 3.17 2.95 2.85 297
K,0 5.37 541 5.9 4.29 5.21 5.64 5.58 4.94 5.92 5.06 491 4.63 4.62 5.54 4.62
P,04 0.09 0.05 0.02 0.09 0.04 0.05 0.09 0.04 0.04 0.05 0.03 0.05 0.21 0.02 0.09
LOI 1.16 0.5 0.39 0.71 0.28 0.95 0.7 0.42 0.42 0.44 0.45 0.44 2.03 0.63 0.53
Total 99.56 100.04 99.97 100.27 100.16 99.74 99.95 99.59 100.21 100.67 100.17 100.24 99.83 99.70 100.46
Ga 19.0 18.7 16.4 16.1 13.8 19.2 20.4 19.6 20.2 19.8 19.1 19.7 222 18.6 16.8
Rb 397 453 393 239 294 361 324 403 463 442 403 409 415 366 420
Sr 126 61.7 46.5 157 61.3 49.7 80.8 59.1 64.7 54.8 59.8 59.5 54.8 42.5 116
Y 39.5 43 22.6 27.4 10.6 26.5 24.1 39.1 44.5 29 29.9 42.6 13.0 36.1 23.0
Zr 178 155 117 126 109 183 296 97 114 102 94.2 165 75.5 144 178
Nb 20.8 25.8 13.2 14.5 10.8 21 20.5 37.6 30.4 34.6 19.8 26.2 20.2 15.5 18.2
Ba 410 232 92.4 337 55.7 114 153 156 264 229 195 153 161 204 151
La 58.2 40.1 342 40.1 32.7 51.3 102 34.7 29 38 32.7 50.7 23.8 43.6 28.5
Ce 110.5 79.7 58.2 76 56.5 104.4 217 70.4 58.1 78.2 65.2 98.5 36.3 74.0 46.5
Pr 12.1 10.1 8.72 9.39 5.68 13.91 26 8.73 7.23 9.49 7.94 12.4 4.50 10.3 6.38
Nd 41.4 36 30.4 32 16.1 49.4 84.7 30.7 25.8 329 28.1 40.9 15.9 40.7 23.2
Sm 8.2 8.45 6.14 5.96 1.88 10.4 14.2 6.79 5.81 6.64 5.96 9.11 3.17 8.71 5.22
Eu 0.98 0.59 0.48 0.89 0.36 0.53 0.79 0.43 0.47 0.42 0.44 0.5 0.39 0.52 0.70
Gd 7.49 8 4.96 5.98 1.77 8.5 9.09 6.28 6.06 5.72 533 8.3 3.13 8.28 4.84
Tb 1.06 1.16 0.63 0.79 0.29 1.12 1.12 1.12 1.12 0.97 0.92 1.28 — — —
Dy 6.46 7.14 3.79 4.84 1.72 5.36 491 6.4 7.14 5.09 5.11 6.61 — — —
Ho 1.29 1.51 0.75 1.04 0.35 1.04 0.91 1.34 1.55 1.05 1.05 1.38 — — —
Er 3.6 4.11 2.13 2.86 1.08 2.61 2.06 3.99 4.55 2.96 3.01 3.99 — — —
Tm 0.54 0.62 0.33 0.43 0.2 0.37 0.28 0.63 0.73 0.44 0.47 0.57 — — —
Yb 3.45 4.01 2.17 2.8 1.59 2.35 1.84 4.27 4.98 2.8 3.01 3.74 1.14 4.63 3.33
Lu 0.52 0.61 0.33 0.45 0.3 0.39 0.32 0.68 0.78 0.42 0.45 0.63 0.16 0.67 0.49
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TABLE 3 (Continued) Major oxides (wt%) and trace element (ppm) compositions of representative samples from the Fogang granitic batholith®.

10.3389/feart.2025.1588243

15FG | 15FG 15FG 2KSC | 2KSC 2KSC 2KSC | 2KF | 2KF 2KF 2KF | 2KF FG4® FG8- |FG15-
06# | O7# O08# 4a* | 4b* 75 79* | 400* | 402* 403* 404* | 405 i 18
PBG (data from others)

Hf 5.4 5.5 4.1 4.71 4.85 6.81 8.01 3.23 3.67 3.26 3.11 6.01 2.72 6.16 6.04

Ta 34 3.1 1.8 2.13 1.57 2.16 1.34 34 3.08 3.37 1.95 5.8 4.43 2.16 3.26

Th 54.8 66.4 57.4 36.6 443 68.2 39 41.8 36.1 43.4 37.2 51 20.6 51.0 53.6

19) 11.7 17.2 9.4 8.1 12.8 221 17.4 19.9 14.8 15.2 11.7 17.7 29.5 15.3 12.9

Ti 19.0 18.7 16.4 16.1 13.8 19.2 204 19.6 20.2 19.8 19.1 19.7 222 18.6 16.8

Pb 397 453 393 239 294 361 324 403 463 442 403 409 415 366 420

A/NK 1.26 1.21 1.18 1.33 1.14 1.17 1.29 1.35 1.17 1.31 1.31 1.34 1.38 1.16 1.36

A/CNK 1.07 1.09 1.14 0.95 0.97 1.04 1.02 1.13 1.01 1.12 1.13 1.11 1.07 1.00 1.06

DI — — — — — — — — — — — — — — —

Nb/Ta 6.12 8.32 7.33 6.81 6.88 9.72 15.30 11.06 9.87 10.27 10.15 4.52 4.57 7.15 5.57

Zr/Hf 33.0 28.2 28.5 26.8 225 26.9 37.0 30.0 31.1 31.3 30.3 27.5 27.8 233 29.4

YLREE 231 175 138 164 113 230 445 152 126 166 140 212 84.0 178 111

YHREE 244 27.2 15.1 19.2 7.3 21.7 20.5 24.7 26.9 19.5 194 26.5 — — —

YREE 256 202 153 184 121 252 465 176 153 185 160 239 — — —

SEu 0.38 0.22 0.27 0.46 0.60 0.17 0.21 0.20 0.24 0.21 0.24 0.18 0.38 0.19 0.43

8Ce 1.02 0.97 0.83 0.96 1.02 0.96 1.03 0.99 0.98 1.01 0.99 0.96 0.86 0.86 0.85

1000*Ga/Al 2.68 2.69 2.49 2.33 2.17 2.69 2.85 2.55 2.73 2.76 2.65 2.72 3.09 2.83 2.35

Zr + Nb + Ce 349 304 211 244 187 335 558 244 247 244 209 332 145 269 265
+Y

Rb/Sr 3.15 7.34 8.45 1.52 4.80 7.26 4.01 6.82 7.16 8.07 6.74 6.87 7.56 8.63 3.62

Rb/Nb 19.1 17.6 29.8 16.5 27.2 17.2 15.8 10.7 15.2 12.8 204 15.6 20.5 23.7 23.1

CaO/Na,O 0.35 0.22 0.07 0.70 0.35 0.23 0.56 0.35 0.30 0.32 0.31 0.37 0.53 0.34 0.53

Rb/Ba 0.97 1.95 4.25 0.71 5.28 3.17 2.12 2.58 1.75 1.93 2.07 2.67 2.57 1.80 2.78

CaO + Al O, 14.5 13.8 12.6 153 13.1 14.2 15.0 15.7 15.0 14.5 14.6 149 15.1 13.4 15.0

CaO/Ale3 0.08 0.05 0.01 0.17 0.09 0.06 0.11 0.08 0.07 0.07 0.07 0.09 0.11 0.08 0.12

Y + Nb 60.3 68.8 35.8 41.9 214 47.5 44.6 76.7 74.9 63.6 49.7 68.8 33.3 51.5 41.2

PBG (data from others)

FG20-1°

Sio, 73.4 75.6 74.6 77.6 717
TiO, 0.1 0.1 025 0.09 031
ALO, 13.6 124 135 124 13.9
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TABLE 3 (Continued) Major oxides (wt%) and trace element (ppm) compositions of representative samples from the Fogang granitic batholith®.

FG20-1°

PBG (data from others)

Fe,0," 1.02 1.38 1.92 0.73 2.46
MnO 0.04 0.03 0.07 0.07 0.05
MgO 028 0.16 0.39 0.00 0.47
CaO 1.56 0.96 1.56 037 1.46
Na,O 2.95 2.85 2.97 3.82 259
K,0 462 5.54 462 433 6.20
P,0, 021 0.02 0.09 0.02 0.10
LOI 203 0.63 0.53 0.36 091
Total 99.8 99.7 100.5 99.8 100.2

Ga 18.6 19.7 17.0 14.9 17.0
Rb 266 370 322 259 178
Sr 637 130 27.5 51.1 51.7
Y 226 324 37.5 28.3 23.7
Zr 98.8 241 174 109 156
Nb 227 18.8 211 21.2 123
Ba 35.5 880 95.4 132 276
La 34.6 101 39.2 195 421
Ce 55.9 153 79.6 410 71.1
Pr 6.82 175 10.6 458 7.67
Nd 216 64.5 46.9 17.6 26.2
Sm 4.04 110 12,5 452 4.82
Eu 0.24 1.16 0.43 0.44 0.59
Gd 4.15 11.0 103 474 4.40
Tb — — — 0.75 0.63
Dy — — — 5.12 420
Ho — — — 111 091
Er — — — 3.39 2.79
Tm — — — 0.50 0.43
Yb 411 4.14 424 337 2.98
Lu 0.65 0.59 0.63 0.54 0.49
Hf 5.69 7.59 7.53 338 421
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TABLE 3 (Continued) Major oxides (wt%) and trace element (ppm) compositions of representative samples from the Fogang granitic batholith®.

FG18-1°

FG20-1°

PBG (data from others)

Ta 3.20 3.85 2.68 2.39 1.62
Th 349 69.4 79.3 30.7 31.0
19) 10.2 11.7 18.3 11.4 8.82

Ti — — — — _

Pb — — — — _
A/NK 1.13 1.27 1.27 1.25 1.22
A/CNK 1.06 1.02 1.05 1.02 1.02

DI — — — — —
Nb/Ta 7.11 4.89 7.85 8.85 7.62
Zr/Hf 17.4 31.7 23.1 324 37.0
>LREE 123 348 189 87.6 152
YHREE — — — 19.5 16.8
>REE — — — 107 169
SEu 0.18 0.32 0.12 0.29 0.39
dCe 0.89 0.90 0.96 1.06 0.97
1000*Ga/Al 2.83 2.67 2.61 222 2.28
Zr+Nb+Ce+Y 200 445 312 200 263
Rb/Sr 41.70 2.85 11.69 5.08 3.44
Rb/Nb 11.7 19.6 15.3 12.2 14.5
CaO/Na,O 0.10 0.56 0.44 0.44 0.39
Rb/Ba 7.49 0.42 3.37 1.97 0.65
CaO + AL, O, 12.8 15.4 13.4 13.9 15.4
CaO/AlL,O4 0.03 0.10 0.09 0.10 0.09
Y + Nb 45.4 51.3 58.5 49.5 36.0

¢ ACNK, molar (Al,05/(Ca0 + Na,O + K,0)); A/NK, molar [Al,05/(Na,O + K,0)]. “—” indicates missing data for this item.

#Data from Ding et al., 2022; "Data from Li et al., 2007; & Data from Chen et al., 2002; $ Data from Ling et al., 2006.

diagram, distinct oxygen fugacity fields are delineated, allowing for
the estimation of magmatic redox conditions. In the 1/T vs. 8Ce
anomaly diagram (Figure 10), the PBG mainly falls in the region
between the MH and FMQ fields, showing high oxygen fugacity
with Ig (fO,) values ranging from —16.1 to —9.8 (mean = —13.2).
The oxygen fugacity values of M-FG TMG and FG TMG are mainly
below the FMQ region, with 1g (fO,) values ranging from —26.3 to
—13.1 (mean =-20.2) and —28.6 to —7.8 (mean = —17.3), respectively,
which are significantly lower than that of PBG.
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6 Discussion
6.1 Geochronology

The LA-ICP-MS zircon U-Pb age of the PBG in the Pajiang area,
located in the southwestern part of the Fogang granitic batholith, is
156.7 £ 0.7 Ma (MSWD = 0.2, n = 11). This is broadly consistent
with the crystallization age of 158 + 17 Ma (MSWD = 2.79, n =
5) obtained by Bao and Zhao (2003) using the Rb-Sr method,
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which falls within analytical uncertainty and suggests that the
Fogang granitic batholith is a product of early Yanshanian magmatic
activity. Additionally, the LA-ICP-MS zircon U-Pb ages for the
M-FG TMG and FG TMG are 155.3 + 1.6 Ma (MSWD = 0.5, n
= 12) and 153.8 + 1.4 Ma (MSWD = 0.6, n = 24), respectively.
These ages indicate that these granites formed during the early
Yanshanian period and experienced multiple stages during the
same period.

The Pajiang deposit is the only uranium deposit found in the
Fogang granitic batholith. The LA-ICP-MS U-Pb dating result
for the pitchblende in the deposit is 49.70 £ 0.1 Ma (MSWD =
0.16, n = 9) (Li et al,, 2024b). A significant temporal discrepancy
exists between the mineralization and the emplacement of the
host rocks (PBG, M-FG TMG, and FG TMG), indicating that
the deposit is of epigenetic hydrothermal origin. Additionally,
the PBG is characterized by significant enrichment in uranium
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(average uranium content = 14.6 ppm) and thorium (average
thorium content = 43.0 ppm). In contrast, the M-FG TMG and
FG TMG exhibit higher uranium content (average 15.3 ppm) but
lower thorium content (average 25.6 ppm), with Th/U ratios <3.
The high U-Th characteristics of PBG may correlate with allanite
(Figure 3C), which is in line with previous studies that reported
significant allanite enrichment in these granites (Jayananda et al.,
2000; Cuney, 2014). In contrast, the M-FG TMG and FG TMG
exhibit elevated U but depleted Th contents and serve as the host
rock for the Pajiang uranium deposit. It is inferred that uranium
is probably present in more leachable uranium-bearing minerals,
such as uraninite. Uraninite is more susceptible to leaching by
later hydrothermal alteration, which could provide metallogenic
material for subsequent uranium mineralization events (Qi et al.,
2014; Qiu et al,, 2018; Zhang et al., 2021b). This is consistent
with the characteristics of granite-type uranium deposits in South
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100

China, where mineralization typically postdates the formation of the
host rocks (Zhang et al.,, 2021b).

6.2 Petrogenetic type

In the Harker diagram (Figure 11), the PBG, M-FG TMG, and
FG TMG display a pronounced negative correlation between SiO,
content and MgO, CaO, Fe,0,", and Na,0, indicating a genetic
relationship driven by magmatic evolution. The M-FG TMG and FG
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TMG exhibit higher differentiation indices (DI = 92.9-95.1) than
the PBG (DI = 92.3-93.3). This geochemical trend, coupled with
the elevated DI values, suggests that the M-FG TMG and FG TMG
represent late-stage fractionated products derived from the parental
magma. Given that magmatic differentiation significantly modifies
the primary chemical composition, the geochemical characteristics
of the M-FG TMG and FG TMG cannot be used to directly infer the
original composition of the parent magma (Chen and Yang, 2015).
As a result, neither M-FG TMG nor FG TMG is appropriate
for constraining the petrogenetic classification of the Fogang
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granitic batholith. Only PBG is viable for distinguishing the
petrogenetic types of the Fogang granitic batholith. A-type granites
are characterized by Zr + Nb + Ce + Y > 350 ppm and Zr >
250 ppm (Whalen et al.,, 1987). The Zr + Nb + Ce + Y and Zr
contents of the PBG in the Fogang granitic batholith range from
88 to 349 ppm and from 75.5 to 241 ppm (except for sample No.
2KSC79*, F18-1), respectively, which are significantly lower than
those of A-type granites. In the 10,000 Ga/Al versus Zr diagram,
data points for the PBG fall within the overlapping field of A-type
granites and highly fractionated I- and S-type granites (Figure 12A).
However, the zircon crystallization temperatures of this granite
range from 622 °C to 775 °C, with an average of 714 °C (Table 2),
which is significantly lower than the mean temperature of A-type
granites (839 °C, n = 55) reported by King et al. (1997). Moreover,
the total REE concentrations in this granite range from 107 to
465 ppm, with an average of 183 ppm—substantially lower than
those reported for Nanling A-type granites (XREE = 336-346 ppm)
(Zhu et al,, 2008). Additionally, the chondrite-normalized REE
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pattern of the studied granite differs markedly from that of typical
A-type granites (Lan et al., 2020). Collectively, these geochemical
characteristics suggest that the PBG does not represent an A-type
granite but more likely corresponds to a highly fractionated I- or
S-type granite (Figure 12B).

Petrogenetic discrimination studies by Chappell (1999) have
shown that the covariation between P,O5 and SiO, in granites serves
as a key geochemical indicator. Within his genetic classification
framework, I-type granites typically display a pronounced
negative correlation between P,O5 and SiO,, reflecting magmatic
fractionation processes. In contrast, S-type granites exhibit no
significant correlation as apatite saturation in crustal melt-residue
systems constrains phosphorus behavior. In the PBG from the
Fogang granitic batholith, the analytical results reveal P,O5 contents
ranging from 0.02 wt% to 0.21 wt% and SiO, contents ranging
from 71.0 wt% to 77.6 wt%, with no statistically significant linear
correlation observed (R? = 0.13). This geochemical signature aligns
well with the diagnostic criteria for S-type granites, indicating
a crustal origin through partial melting of metasedimentary
protoliths. In the Rb versus Y diagram (Figure 12C), the majority
of PBG samples plot within the evolutionary field characteristic of
S-type granites. The zircons from these granites exhibit elevated Pb
levels (60.7-360 ppm) and pronounced negative §Eu anomalies
(0.02-0.12) (Table2), which are similar to the geochemical
characteristics of zircons in typical S-type granites (Wang et al.,
2012; Lietal.,, 2021). In the Pb vs. Th plot (Figure 12D), zircon data
points are also present in the S-type granite field, which further
proves that the PBG are highly fractionated “S”-type granites.

6.3 Origin of granitic magma

Previous studies have demonstrated that the enrichment levels of
Rb, Sr, and Nb, along with their ratios in granitic rocks, are closely
related to the nature of the source rock and thus serve as valuable
indicators of magma origin.

The Rb/Sr and Rb/Nb ratios of the PBG, M-FG TMG, and
FG TMG range from 1.52 to 41.7 and 10.7 to 29.8, respectively,
both of which are significantly higher than the corresponding
values for the upper continental crust (0.32 and 4.5, respectively),
as reported by Taylor and McLennan (1995). These rocks may
have originated from continental crust material with high maturity.
Sylvester (1998) reported that the CaO/Na,O ratios were lower than
0.30 when magma was derived from pelitic source rocks, whereas
the CaO/Na,O ratios were higher than 0.30 when magma was
derived from clastic source rocks. The CaO/Na,O ratios of the PBG
range from 0.07 to 0.70; this broad range likely results from partial
melting and mixing processes between pelitic and clastic source
rocks. The CaO/Na,O ratios of the FG TMG and M-FG TMG
range from 0.06 to 0.29, with an average value of 0.14, which is
lower than 0.30. This indicates that the source rocks of these two
types of two-mica granites are mainly pelitic. In the Al,O5/TiO, vs.
CaO/Na,O (Figure 13A) and Rb/Sr vs. Rb/Ba (Figure 13B) bivariate
plots, the data points of PBG are located in the mixed pelitic and
clay-rich source areas, whereas those of M-FG TMG and FG TMG
are mainly clustered in the pelitic source rock areas. These results
imply that the source of PBG is a mixture of pelitic and clastic rocks,
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whereas the sources of M-FG TMG and FG TMG are predominantly
pelitic rocks.

6.4 Tectonic setting

Intense magmatic activity occurred in South China after the
Early Jurassic, resulting in multiple stages of tectonic deformation
and the formation of large areas of granites, volcanic rocks, and
mafic rocks (Mao et al., 2015; Ji et al, 2018; Zhang D. et al,
2018). Many geologists propose that lithosphere extension and
thinning, coupled with asthenosphere upwelling, are the main
mechanisms responsible for large-scale Mesozoic magmatism in
South China (Li et al., 2007; Jiang et al., 2015; 2017; Wang et al., 2015;
Xing et al., 2009).

Petrogenetic studies indicate that distinct magma series form in
different tectonic environments: shoshonitic rocks typically develop
in extensional settings, whereas high-K calc-alkaline magmas are
genetically associated with post-collisional processes (Wang et al.,
2019). The PBG, M-FG TMG, and FG TMG display transitional
geochemical characteristics between high-K calc-alkaline and
shoshonitic series, suggesting that their emplacement occurred
within a post-collisional extensional regime. This interpretation
is further supported by systematic geochemical discriminators,
as shown in the Rb vs. Y + Nb and SiO, vs. Al,O; tectonic
setting diagrams (Figures 14A,B), where all analytical data from
PBG, M-FG TMG, and FG TMG consistently plot within the post-
collisional field.

Previous studies have demonstrated that the South China
plate experienced post-orogenic extension during 160-150 Ma
(Hua etal., 2005). Under these tectonic conditions, extensive magma
ascent led to the formation of granitic bodies (Hua et al., 2005). The
Fogang granitic batholith, comprising PBG, M-FG TMG, and FG
TMG, formed during this period and is interpreted as a product
of post-collisional extensional tectonics. Post-collisional extensional
regime not only caused the formation of widespread granites but
also exerted a significant influence on the spatial distribution and
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geochemical characteristics of uranium mineralization across the
region. The lithospheric thinning and asthenospheric upwelling
caused by the extensional stress likely played a crucial role
in these processes, facilitating the partial melting of crustal
materials and generating metaluminous to peraluminous felsic
magmas. These magmas crystallized to form S-type granites, which
became significant sources for subsequent uranium mineralization.
This process may have subsequently been facilitated by tectonic
events or regional stress field reorganizations that reactivated pre-
existing fractures, creating preferential pathways for hydrothermal
fluid migration and ultimately contributing to the genesis of
uranium deposits.

6.5 Redox conditions of magmas and
implications for uranium mineralization

Zircon trace and rare earth elements can be used to reveal
the initial oxidation conditions and temperatures of magma due
to their stable chemical properties, which remain unaltered during
hydrothermal alteration (Green, 1995; Li et al, 2022). It has
been proposed that Y/Ho ratios in zircon can be utilized to
assess whether alteration by late-stage hydrothermal fluids has
occurred (Zhang et al.,, 2011; Jiang et al., 2024). The Y/Ho ratios
of the zircons from PBG, M-FG TMG, and FG TMG range from
26.5 to 31.3 (Table 2), which fall into the field without hydrothermal
alteration (Y/Ho =24-34), indicating that the zircons in the PBG, M-
FG TMG, and FG TMG in this area were unaffected by hydrothermal
fluids after their crystallization. Therefore, the oxygen fugacity
recorded in zircon grains can serve as a reliable proxy for the
whole-rock oxygen fugacity of granites.

Existing studies indicate that magmatic oxygen fugacity is
generally insufficient to stabilize uranium in the hexavalent state
(U, with uranium predominantly occurring as tetravalent U*".
During the early stages of magmatic evolution, U** exhibits
a weaker oxygen-binding capacity than Si and Al, owing to
its lower ionic potential (Chen et al., 2009). Consequently, the
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FIGURE 11
Harker diagram of the Fogang granitic batholith. Other data sources are the same as detailed in Figure 6.

formation of uranium oxides is limited, and uranium tends
instead to associate with Th**, Zr**, and Y*>* to form uranium-
bearing accessory minerals, such as monazite, thorite, and zircon.
These accessory minerals are notably resistant to alteration during
subsequent hydrothermal processes (Hu et al., 2012; Qi et al., 2014;
Zhang et al., 2022; Xu et al,, 2023).
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Progressive magmatic evolution into the middle to late
stages induces compositional changes characterized by decreasing
temperature and oxygen fugacity, accompanied by increasingly
reducing conditions and reduced isomorphous substitution.
The consumption of REEs during earlier accessory mineral
crystallization establishes geochemical conditions favorable for
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Syn-COLG, syn-collisional granite; WPG, within-plate granite; VAG, volcanic arc granite; ORG, ocean ridge granite; Post-COLG, post-collisional
granites; IAG, island arc granitoid; CAG, continental arc granitoid; CCG, continental collision granitoid; POG, post-orogenic granitoid; RRG, rift-related
granitoid; CEUG, continental epeirogenic uplift granitoid. Other data sources are the same as detailed in Figure 6.

uranium-oxygen bonding, ultimately leading to the precipitation
of uraninite. Crystalline uranium minerals are highly susceptible
to alteration by late-stage fluids, which promotes the release
of uranium into these fluids, enabling its accumulation
and creating favorable conditions for subsequent uranium

mineralization (Zhang et al., 2022).

As previously noted, the oxygen fugacity of PBG (Ig fO,
-16.1 to —9.8, with an average of —13.2) is significantly higher
than that of M-FG TMG and FG TMG (Ig fO, = —-28.6 to 7.8,
averaging —18.2). This trend indicates that, as the magma evolved
from PBG to M-FG TMG and FG TMG, its oxygen fugacity
decreased, thereby promoting the crystallization of uranium in two-
mica granites in the form of uraninite. Furthermore, the uranium
content in two-mica granites (15.3 ppm) is 0.7 ppm higher than
that in PBG (14.6 ppm). The combination of lower oxidation states
and higher uranium enrichment in two-mica granites suggests that
they likely represent the primary uranium source rocks for the
Pajiang uranium deposit. This interpretation is consistent with the
prevailing view that two-mica granites constitute major uranium
source rocks for granite-type uranium deposits in South China
(Lietal, 2023; Tao et al., 2025). Therefore, regions containing two-
mica granites should be prioritized in future exploration efforts
targeting granite-type uranium mineralization.

7 Conclusion

Based on the major oxide and trace element compositions, ages,
and zircon trace-element data of the porphyritic biotite granite and
two-mica granites, the following conclusions are drawn:

1. The rock-forming ages of the PBG, M-FG TMG, and FG TMG,
as determined by LA-ICP-MS zircon U-Pb dating, are 156.7
+ 0.7 Ma, 155.3 = 1.6 Ma, and 153.8 + 1.4 Ma, respectively,
indicating a single magmatic event.

. The PBG of the Fogang granitic batholith features high
silicon, alkali, potassium, and aluminum supersaturation; a
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high fractionation index; low REE contents; and high Rb/Sr
ratios, which are characteristic of highly fractionated S-type
granites. The source rocks of PBG are a mixture of pelitic and
clastic rocks, whereas those of M-FG TMG and FG TMG are
pelitic rocks.

. The oxygen fugacity is the highest in the PBG of the Pajiang
area, followed by the M-FG TMG, with the FG TMG exhibiting
the lowest values. The M-FG TMG and FG TMG represent
potential uranium source rocks. Two-mica granites should be
prioritized in future exploration efforts targeting granite-type
uranium mineralization.

. 'The granites in the Pajiang area, including PBG, M-FG TMG,
and FG TMG, are classified as high-K calc-alkaline granites.
Their formation is predominantly attributed to post-collisional
extensional tectonics.
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