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ABSTRACT

The South Zhuguang uranium (U) ore field in South China, which was discovered in the 1950s, contains an
estimated > 20,000 t of recoverable U. The U ore is hosted by the Zhuguang granite massif, which is located in
the South China Block. The main uranium-bearing mineral, pitchblende, is found mainly in veins along high-
angle normal faults, associated with hematite, quartz, fluorite, calcite, and locally pyrite. The hydrothermal
alteration is generally silicification, illitization, hematization, and chloritization that developed adjacent to the
ore-bearing faults and outwards over hundreds of meters into the unaltered granites.

The ore-forming fluids in the South Zhuguang U ore field can be classified into two stages. Stage I fluids were
acidic and oxidizing, with fluoride and sulfate complexes of UO,2* being the dominant species in the fluid. Stage
1I fluids were alkaline and oxidizing, with carbonate and hydroxide complexes of UO,2* being the dominant
species. 8'%0 values of syn-ore quartz range from +6.29%o to +14.30%o, with calculated 8'®0y_gmow values
from —1.85%o to +5.35%o. 8Dw.smow Values of the ore-forming fluids were —104.4%o to —23.1%o. 880 values
of the altered granites increase gradually from ~ +4%o close to ore, to ~ +12%o in the nearly unaltered
granites. The §'>C and 8'®0 values for syn-ore calcite range from —10.3%o0 to —4.3%0 and —22.41%o to
—16.8%o relative to Pee Dee Belemnite, respectively, with calculated 580 and 8*3C values for water and CO,, of
—2.97%o to +2.83%o0 and —11.2%o to —5.2%o, respectively. The §>*Sy_cpr values of syn-ore pyrite range from
—17.1%o0 to — 3.4%o. Initial 8”Sr/%®Sr ratios of syn- and post-ore fluorite vary from 0.719250 to 0.721327 and
0.714598 to 0.716299, respectively.

The ore-forming fluids in the South Zhuguang U ore field were sourced primarily from Cretaceous-Paleogene
redbed basins in the south, and initially derived from meteoric waters. Hydrothermal alteration associated with
stage I fluids released considerable amounts of Ca®>* and F~ into the ore-forming fluids, increased the fluid pH,
decreased the stability of the dominant fluoride complexes, and lowered the saturation solubility of the uranyl
ions. Reduction of the ore-forming fluid converted U®* into U**, which resulted in the deposition of pitch-
blende-fluorite—quartz veins of the stage I ore in fractures along with pyrite. During stage II, the U miner-
alization was controlled mainly by CO, degassing, which resulted in decomposition of the carbonate complex
U0,(CO3)*, and deposition of U in pitchblende—calcite-quartz veins as the ore-forming fluid was reduced.

1. Introduction

2010). The ore field has estimated recoverable U reserves of > 20,000 t
(CNG and BRIUG, 2010). Given that the ore-hosting rocks are pre-

The South Zhuguang uranium (U) ore field was discovered in the dominantly granites, this U ore field has always been classified as of the
late 1950s and has been mined for decades. It occurs in the Zhuguang granitic type (e.g., Du et al., 1982; CNG, 2005; Huang et al., 2005). The
granite massif, which crops out in Guangdong, Jiangxi, and Hunan U ores within the South Zhuguang area are characteristically low-to

provinces, South China (Fig. 1; Dahlkamp, 2009; CNG and BRIUG, medium-grade (0.1%-0.5% U) and found at shallow levels (even at the
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Fig. 1. Sketch map showing the approximate location of South Zhuguang uranium ore field (A), and the spatial relationship between uranium deposits, granite
massif, major faults, and adjacent Cretaceous-Paleogene basins (B) (Deng et al., 2003b; Hu et al., 2008; Luo et al., 2015).

surface), which make these ore deposits economically viable (Zhang
et al., 2017). Since the 1980s, numerous studies have considered the
genesis of the South Zhuguang U ore field (e.g., Du and Wang, 1984; Li,
1989; Gong, 1990; Jin and Liu, 1993; Liu and Jin, 1993, 1994; Zhang
et al., 2007; Zhang, 2008; Zhang et al., 2017, 2018a). However, the
origins of the ore field remain controversial.

Various models have been proposed to explain the formation of
granite-related U deposits, including the supergene (e.g., Li, 1990; Li
et al., 1995), magmatic-hydrothermal (e.g., Deng et al., 2003a), hot-
spot or mantle-derived (e.g., Liu and Jin, 1994; Wang et al., 1999;
Zhang et al., 2005), and basin (Zhang et al., 2017, 2018a) models.
Combinations of these models have also been proposed (e.g., Hu et al.,
2008, 2009; Zhang, 2008; Luo et al., 2015). The diversity of these ge-
netic models is largely due to different interpretations of H, C, O, S, He,
and Ar isotopic data (e.g., Li et al., 1995; Wang et al., 1999; Hu et al.,
2009), with results from different isotopic systems resulting in con-
flicting interpretations.

2. Geological setting

In South Zhuguang, the geological units can be generally classified
into three types according to lithology and age: granite massif, meta-
morphic basement, and red conglomerates (Zhang et al., 2017, 2018a).
The Zhuguang granite massif is the dominant ore-hosting unit, covers
an area of > 4000 km?, and has been the focus of most previous studies
of the region (e.g., Du et al., 1982; Chen and Jahn, 1998; Chen et al.,
1998a; Shu, 2004; Zhang et al., 2005; Sun et al., 2010) (Figs. 1 and 2).
This granite massif consists mainly of granodiorite, monzonitic granite,
biotite granite, and two-mica granite, all of which have U contents of ~
ppm, locally up to 20 ppm (Zhang, 2008). The massif formed from 416
to 105Ma, but mainly 244-155Ma (Shu et al., 2004; Zhang, 2008;
Deng et al., 2011), which corresponds to the Indosinian and Yanshanian
tectonic events (Faure et al., 2017). In addition to the granite massif,
mafic dikes along E-W-striking faults were emplaced in three stages at
139-143,103-110, and 82-88 Ma (Li et al., 1997; Luo et al., 2015). The
dike intrusion events coincide with regional extension that resulted in
the formation of Cretaceous-Paleogene redbed basins (Chen et al.,
1998b; Hu et al., 2008; Luo et al., 2015).

The Zhuguang granite massif is surrounded by Sinian—Carboniferous

marine sedimentary rocks that are 20 km thick (Zhang, 2008). These
rocks form the basement of the later redbed basins (Jiangxi BGMR,
1984; Guangdong BGMR, 1988; Hunan BGMR, 1988) and are separated
from the latter by a Jurassic-Cretaceous disconformity (Figs. 2 and 1S).
The geology of this area comprises three stratigraphic sequences that
are separated by disconformities between the Ordovician-Devonian
and Permian-Triassic (Fig. 1S). The lowest sequence includes Sinian,
Cambrian, and Ordovician strata that were originally intercalated
sandstone, mudstone, and limestone (Jiangxi BGMR, 1984; Guangdong
BGMR, 1988; Hunan BGMR, 1988). This sequence experienced weak
metamorphism and was transformed to slate and phyllite, with U
contents of 4-10 ppm (Zhang, 2008). The middle sequence comprises
Devonian, Carboniferous, and Permian limestone, sandstone, mud-
stone, and minor coal seams, with U contents of 2-4 ppm (Jiangxi
BGMR, 1984; Guangdong BGMR, 1988; Hunan BGMR, 1988). Unlike
the lowest sequence, which formed in a shallow marine environment,
the middle sequence formed mainly in a deep marine environment
(Zhang, 2008). The upper sequence, which is mainly exposed to the
south of the Zhuguang granite massif, includes Triassic and Jurassic
strata that are typically clastic rocks (i.e., molasse and redbed forma-
tions), all of which formed in lacustrine, graben, or intermontane basin
settings (Jiangxi BGMR, 1984; Guangdong BGMR, 1988; Hunan BGMR,
1988).

The Cretaceous-Paleogene redbeds, which comprise dominantly
conglomerate and sandstone, were formed in graben or intermontane
basin environments (Wan, 2004). The basin infill was sourced mainly
from the surrounding granite massif and basement, and also contains a
minor biodetrital component. The U content of the basin infill is gen-
erally 6-10 ppm, locally up to 15 ppm (CNG, 2005; Zhang, 2008).

In the South Zhuguang area, the most important faults are NE-SW-
to NNE-SSW-striking brittle extensional faults that controlled the for-
mation of post-Jurassic redbed basins (Figs. 1 and 2). Most of the U
deposits lie close to these faults, suggesting they played an important
role in controlling U mineralization (Zhang et al., 2017). In addition,
NNW-SSE-striking faults were important because they are the primary
ore-hosting structures and typically contain vein- or breccia-type ores.
The E-W-striking faults are usually the dike-hosting structures (CNG
and BRIUG, 2010).
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Fig. 2. Simplified geological map for South Zhuguang uranium ore field, showing the distribution of uranium deposits, granite massif, metamorphic basement, and

redbed basins (Hu et al., 2008; Zhang, 2008).

3. Ore deposit geology

There are ~20 U deposits in the South Zhuguang area, which from
west to east are named the 2408, 2405, 2401, 363, 305, 302, 306, 301,
308, 362, 201, 231, 361, 235, 233, 238, and 234 deposits (Fig. 2). The
deposits comprise predominantly vein-shaped ore bodies in the granite
massif, although a small number of deposits are hosted in adjacent
Cretaceous-Paleogene redbed basins (Figs. 1 and 2S). A detailed de-
scription of these deposits has been given by Zhang et al. (2017, 2018a)
and Dahlkamp (2009), and so they are only briefly described here. The
vein-type ore bodies are found in silicified, high-angle normal faults,
are generally 50-1000m in length along strike, and tens of meters
wide. Typically, the major ore bodies have vein, breccia, or stockwork
textures, with a relatively high-grade core surrounded by lower-grade
mineralization (Zhang et al., 2017, 2018a).

Typical ores consist of pitchblende, hematite, quartz, fluorite, cal-
cite, and locally pyrite (Fig. 3S). The pitchblende is usually present in
fractures and was deposited in multiple substages, as indicated by the
intergrown hematite and uraninite (Fig. 3S A, B, and E) and associated
pyrite (Fig. 3S B, C, and F). The quartz, fluorite, calcite, and hematite in
the veins can be divided into three associations. The first includes
quartz and fluorite (Fig. 4S A), both of which are associated with
pitchblende and pyrite. The second is superimposed on the first (Fig. 3S
B), and generally comprises pitchblende, quartz, calcite, and occasional
pyrite (Fig. 4S B). The third formed during the post-ore stage (Fig. 4S
C). The types of hydrothermal alteration in the South Zhuguang U ore
field have been described in previous studies (i.e., Li, 1990; Li et al.,
1996; Zhang, 2008; Gao et al., 2011a, b) that divided the alteration into
pre-, syn-, and post-ore stages. The pre-ore alteration is predominantly
albitization that developed extensively in the ore-hosting granites
(Zhang et al., 2018b). The syn-ore types of alteration include silicifi-
cation, hydromicazation, hematization, and chloritization that
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developed adjacent to ore-bearing faults, and outwards for hundreds of
meters into the unaltered granites (Zhang et al., 2018a). The post-ore
alteration was typically hematization, fluoritization, and carbonatation
that occurred along fractures and veins (Zhang et al., 2018b). In sum-
mary, these three stages include a pre-ore magmatic stage that formed
the rocks that were later affected by hydrothermal alteration, syn-ore
hydrothermal stages that formed quartz—pitchblende—fluorite (stage 1)
and quartz-pitchblende—calcite (stage 2), and a post-ore stage that
formed quartz, hematite, fluorite, and calcite (Fig. 4S).

4. Genesis of granite-related uranium mineralization: a review

Du et al. (1982) proposed the supergene model, whereby U is de-
rived from uraniferous granites (Li, 1990; Li et al., 1995; Zhang, 2008)
and fracture zones provide the pathways and sites for post-magmatic
hydrothermal processes involving meteoric waters, resulting in the
formation of ore-bearing veins.

Given that the ore-hosting rocks are predominantly granites, some
studies have proposed that the ore-forming fluid is dominantly mag-
matic water (i.e., the (residual) magmatic-hydrothermal model), pos-
sibly contaminated by meteoric water. This fluid then extracts U from
the granites and deposits it along fractures (Zhou, 1996; Min et al.,
1999, 2005; Deng et al., 2003a, b; Zhou et al., 2003). Zhou (1996)
proposed a model that involves at least two stages of U mineralization.
In the first stage, the ore-forming fluid is a residual, uraniferous mag-
matic fluid. The second stage involves mainly supergene processes,
whereby meteoric waters extract U from uraniferous granites and then
migrate and deposit pitchblende in fault zones (i.e., the supergene
model). Min et al. (1999) proposed a more detailed genetic model that
combined the (residual) magmatic-hydrothermal and supergene
models. During magma intrusion, magmatic fluids separate from an
oversaturated magma, resulting in the chloritization, argillization, and
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damouritization of ore-hosting granites, which facilitates leaching of U
by later, deeply circulating meteoric waters. Uranium deposition is then
probably triggered by CO loss from the ore-forming fluid due to flui-
d-rock interaction.

Li (2006) suggested that granite-related U deposits were genetically
related to a mantle plume (i.e., a hot-spot or mantle-derived model)
that was active from 220 to 50 Ma in southern China. The long duration
of magmatism resulted in numerous granitic intrusions and mafic dikes,
enriched the crust in U, and ultimately led to U mineralization.

Hu et al. (2008) proposed that Cretaceous-Tertiary crustal exten-
sion in South China, associated with the intrusion of abundant mafic
dikes, resulted in the upward migration of mantle-derived CO, that
reacted with meteoric water to form CO,-rich hydrothermal fluids (Hu
et al., 1993). Heat from the mafic magmas drove the circulation of CO,-
rich hydrothermal fluids within fault systems in U-bearing source rocks
(surrounding volcanic rocks, granites, and black shales) and re-
mobilized the U as soluble UO,(CO5),%~ and UO,(CO3)s*~. Subse-
quently, pressure release and CO, degassing resulted in the dissociation
of the uranyl carbonate complexes, which is a key factor in the for-
mation of many U deposits.

Luo et al. (2015) reported in situ U-Pb uraninite ages for the Xianshi
deposit (Taoshan-Zhuguang belt) of 135, 113, and 104 Ma, all of which
coincide with the ages of three generations of mantle-derived mafic
dikes. Consequently, the authors suggested that the Xianshi deposit had
experienced at least three hydrothermal events responsible for U mi-
neralization, which were genetically related to the emplacement of
these mafic dikes (i.e., the mantle-derived model).

Based on a comparison of U-bearing and barren granites in southern
China, Zhao et al. (2011, 2016) proposed that U mineralization was
genetically related to reduced and strongly peraluminous granites, and
was derived from U-rich pelitic rocks. Zhang et al. (2017, 2018a) sug-
gested a genetic model similar to that proposed for unconformity-re-
lated deposits (i.e., a basinal model; Kyser et al., 2000; Cuney et al.,
2003; Cuney and Kyser, 2008), based on a detailed investigation of fluid
inclusions and hydrothermal alteration, and H-O isotopic data. In this
model, the ore-forming fluids were derived initially from meteoric
water, and became U- and CO»-bearing fluids through water-sediment
interactions in the Cretaceous-Paleogene basin, which made them si-
milar to basinal fluids in terms of their H-O isotopic compositions. The
U-bearing fluids then flowed into the Zhuguang granite massif through
regional faults. When the ore-forming fluids entered faults, they reacted
with the granites adjacent to the faults, and this would have reduced
the oxidation state, converted U®* to U**, and produced a decrease in

Table 1
Ion and gas compositions of fluid inclusions in different stages and minerals.
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the saturation solubility of U. In addition to this alteration, CO, de-
gassing or phase separation led to the release of CO, and the decom-
position of uranyl carbonate complexes (UO.(CO3),), thereby pro-
moting U deposition.

Granite-related ore bodies are generally found in fracture zones that
crosscut the granites, which suggests that the U mineralization is much
younger than the granites (Zhou et al., 2003; CNG, 2005; Dahlkamp,
2009; Wang et al., 2014). This also means that little magmatic fluid
would have remained during U mineralization, and the ore-forming
fluid would therefore have been amagmatic. The occurrence of U ore
bodies in Paleogene basins indicates the mineralization in the South
Zhuguang area is no older than 65Ma (Fig. 2S D). Using a U-Pb iso-
chron age of pitchblende, previous studies have suggested the miner-
alization in the South Zhuguang area occurred at 70-56 Ma, which
coincides with the formation of the Cretaceous-Paleogene redbed ba-
sins in the south (Zhang, 2008; Huang et al., 2010). In addition, U-Pb
dating of pitchblende by Zhang et al. (2018a) produced three isochron
ages that correspond to the syn- and post-ore stages. The syn-ore stages
I and II occurred at ca. 57 and 53 Ma, respectively, and the post-ore
stage at ca. 49 Ma (Zhang et al., 2018a).

Previous studies have argued that the ore-forming fluid was initially
meteoric water, which extracted U from altered granites. However, this
is inconsistent with the fact that the altered granites are typically richer
in U than the unaltered granites, indicating that alteration is generally a
U addition process (CNG and BRIUG, 2010; Zhang et al., 2017). With
regards to the hot-spot or mantle-derived model, the extremely low
mantle U content and low U solubility in reducing fluids (Robb, 2005)
appear to rule this out as a viable genetic model. Moreover, mafic—ul-
tramafic magmatism in the South Zhuguang area is tens of millions of
years older than the U mineralization, meaning that it could not have
been responsible for the pervasive U mineralization in this region.

The differences in the previously described genetic models are due
mainly to varied interpretations of stable isotope data. For example,
Zhang et al. (2017) suggested the ore-forming fluid was sourced from
the redbed basins, based on H-O isotopic data. However, Zhang et al.
(2008) proposed that mantle-derived CO, had an important role in the
ore-forming process, although the authors did not consider the effects of
various geological processes on stable isotopic data. In the present
study, we propose a new model for U mineralization that is consistent
with the multiple stable isotopic systems.

Deposit Sample No. Stage Mineral Ion composition in liquid phase (ug/g) Gas composition (ul/g)
F~ cl- NO;~ SO, Na* K* Mg?*  Ca®*  H, N, co CH, CO, Hy0

302 P29 I Quartz 5.539 0.319 0.187 223.1 2.770 3.279 1.2800 44.91 0.0981 0.4753 0.0656 0.0547 1.333 1.960 x 10°
302 P31 I Quartz 4.602 0.198 0.163 147.4 2.107 2.605 1.0572 30.78 0.2357 0.5523 0.1271 0.0172 1.414 1.352 x 10°
301 027-3 I Quartz 3.932 0.278 0.168 206.3 1.921 1.392 1.9476 19.74 0.0379 0.3118 0.0943 0.0937 1.043 3.131 x 10°
302 P35 I Quartz 4.228 0.267 0.120 1125 2.743 2.037 1.0208 20.82 0.2918 0.7412 0.1025 0.0551 1.171 2.110 x 10°
301 025-1 I Fluorite 9.224 0.174 0.176 41.6 1.091 2.404 0.2011 26.56 0.4436 0.1667 0.1924 0.0541 1.037 1.381 x 10°
301 025-2 I Fluorite 12.116 0.408 0.160 90.7 2.914 2.511 0.3998 20.36 0.0524 0.4716 0.1338 0.0383 1.088 1.582 x 10°
302 ZK2-2-1 II Quartz 0.460 0.860 2.487 99.2 10.690 9.873 0.4115 27.38 0.4005 0.2711 0.1984 0.1001 2.350 6.708 x 10°
302 P30 I Quartz 0.623 0.715 2.093 107.2 17.800 6.201 0.4831 74.14 0.4726 0.1414 0.0927 0.1273 2.139 4.693 x 10°
302 P33 I Quartz 0.713 0.814 1.885 719 6.810 7.346 0.3166 30.22 0.2473 0.3402 0.0316 0.1926 2.750 2.329 x 10°
302 ZK4-2-3 1I Calcite 0.383 0.730 0.350 105.9 8.250 0.515 0.6269 89.73 0.3863 0.2623 0.1252 0.0836 0.956 3.516 x 10°
302 P27 I Calcite 0.216 1.014 0.828 84.4 11.920 0.316 0.5327 104.25 0.4155 0.2043 0.0817 0.1082 0.779 1.284 x 10°
302 P32 I Calcite 0.069 0.648 0.343 144.4 13.280 0.729 0.5739 85.48 0.4835 0.2190 0.1759 0.1884 0.961 1.521 x 10°
301 —10006 II Calcite 0.333 0.553 0.287 122.3 1.023 0.256 0.5580 70.13 0.1536 0.3761 0.0441 0.0140 0.738 1.634 x 10°

Br—,NH,*, Li", Cs™, Sry*, Ar,, O, and C H,, (n = 2; m = 4) are below detection limit.

HCO;~ and CO32~

contents were not measured with using ion chromatographic analytical methods separately.
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5. Samples and analysis

Samples of ores, altered and unaltered granites, and fluorite veins
were mostly collected from drilling cores and tunnels in the 301, 302,
305, 306, and 308 deposits of the South Zhuguang U ore field
(Table 18S). Polished thin-sections were prepared from all samples and
examined under transmitted and reflected light to determine the mi-
neral paragenesis and contents of secondary fluid inclusions, using a
polarizing microscope (DM2500P, LEICA Microsystems) at the La-
boratory of Rock and Mineral Identification, Division of Geology and
Mineral Resources, Beijing Research Institute of Uranium Geology,
Beijing, China. Only the samples in which secondary fluid inclusions are
relatively rare (<5%) were selected for subsequent analyses.

After petrographic examination of each sample, the host rock material
was removed, and pitchblende + quartz * calcite *+ fluorite + pyrite
veins were washed with distilled water, dried naturally, and crushed into
fine grains for later mineral separation. Quartz, calcite, pyrite, and fluorite
grains were handpicked under a binocular stereo-microscope to obtain
representative fractions weighing =1 g for chemical and isotopic analyses.

The types of fluid inclusions in the quartz, calcite, and fluorite from
the syn- and post-ore veins, as well as microthermometry data and laser
Raman analyses, have already been described in detail (Zhang, 2008;
Zhang et al., 2017), and thus are only briefly descried here. Bulk vo-
latile and ionic compositions of fluid inclusions were analyzed by
combined gas and ion chromatography (Bray et al., 1991; Channer
et al.,, 1999) using PE.Clarus600 and DIONEX-500 gas and ion chro-
matography systems, respectively, at the Geological Analysis and
Testing Center, Beijing Research Institute of Uranium Geology. Ana-
lyses were conducted on seven quartz, four calcite, and two fluorite
samples from the 301 and 302 deposits (sample mass ~2g). Br™,
NH,", Li*, Cs*, Sr2*, Ar,, O,, and C,H, (n = 2; m = 4) were all
below detection limits, and HCO3;~ and CO532~ contents were not se-
parately measured with the ion chromatographic analytical methods.

In addition to the isotopic data presented by Hu (1984), Li et al.
(1995), Huang (1996), Zhang (2008), and Zhang et al. (2017), we ob-
tained further data for a series of samples that were collected from
different deposits: (1) 15 pitchblende—quartz veins were analyzed for
the O-H isotopic composition of quartz and quartz-hosted fluid inclu-
sions (5 and 10 samples from the 308 and 305 deposits, respectively);
(2) 28 altered and unaltered granites were analyzed for their whole-
rock O isotopic compositions (8, 9, and 11 samples from the 306, 301,
and 302 deposits, respectively); (3) 6 pitchblende-calcite vein samples
from the 302 deposit were analyzed for the C-O isotopic composition of
calcite; (4) 17 pyrite-rich ore samples were analyzed for the S isotopic
composition of pyrite (4 and 13 samples from the 306 and 302 deposits,
respectively); and (5) 5 pitchblende—fluorite and 4 pure fluorite vein

Table 2
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samples from the 302 deposit were analyzed for the Sr isotopic com-
position of fluorite.

Oxygen isotopic compositions of quartz, and altered and unaltered
granite were measured using the BrFs method of Clayton and Mayeda
(1963). The results are reported relative to VSMOW, and the analytical
precision and accuracy are both + 0.2%o, as assessed by analysis of Chi-
nese national quartz standards GBW-04409 (8’0 = 11.11%o0 + 0.06%o)
and GBW-04409 (8'%0 = —1.75%0 + 0.08%o). Hydrogen isotopic com-
positions of quartz-hosted fluid inclusions were determined using the
methods of Kyser and O'Neil (1984). The results are reported in 8 notation
in units of per mil (%o) relative to VSMOW. Replicate 8D analyses were
reproducible to + 1%o. Two standards were analyzed throughout the
course of this study: Peking University (8Dy.syow = —64.8%0) and
Lanzhou (8Dy.gsyow = — 84.55%0).

Oxygen and C isotopic compositions of calcite were measured using
the method of Mccrea (1950). The results are reported in 8 notation in
units of per mil (%o) relative to the VPDB standard. Replicate 8'Cy_ppg
and 8'®0y.ppp values were reproducible to + 0.1%o and + 0.2%o, re-
spectively. Two Chinese national rock standards were analyzed
throughout the course of this study: GB04416 (8"3Cy.ppg = 1.61%0 +
0.03%0; 8'®0y.pps = —11.59%0 * 0.11%0) and GB04417 (8'3Cy.
ppB = —6.06%0 = 0.06%0; 8'®0y ppg = —24.12%0 = 0.19%o). All the
O, H, and C isotopic analyses were performed using a Finnigan MAT
253 mass spectrometer.

Sulfur isotopic compositions of pyrite were measured using the
methods of Robinson and Kusakabe (1975) and a Finnigan MAT 251 mass
spectrometer. The results are reported in 8 notation in units of per mil
(%o) relative to the CDT standard. Replicate 8*Sy.cpr values were re-
producible to = 0.2%o0. Two Chinese national standards were analyzed
throughout the course of this study: GB04414 (8%*Sy.cpr = —0.07%0 *+
0.13%0) and GB04415 (8>*Sy.cpr = 22.15%0 + 0.14%o).

Rubidium and Sr isotopic compositions of fluorite were measured
using the methods of Nakamura et al. (1976) and an ISOPROBE-T mass
spectrometer. Estimated uncertainties at the 2 sigma level are + 1% for
the 8Rb/%°Sr concentration ratio and + 0.02% for the 87Sr/®°Sr ratio.
Analysis of the NBS987 standard from the US National Institute for
Standards and Testing (NIST) yielded 87Sr/%°Sr = 0.710250 + 7. The
Rb-Sr isotopic analyses were performed at the Geological Analysis and
Testing Center, Beijing Research Institute of Uranium Geology.

6. Results and interpretations
6.1. Bulk volatile and ionic compositions of fluid inclusions

The results of the gas and ion chromatographic analyses are sum-
marized in Tables 1 and 2. The volatile components are generally

Comparison of F~/Cl~, %(F~ + ClI~ + NO3;~ +250,%27), Z(Na* +K* +2Mg?* +2Ca?"), H,/N,, and CO,/CH, ratios between Stage I and 1L

Deposit Sample No. Stage Mineral F~/Cl™ (F~ + Cl™ + NO3™ +250,%7) I(Na* +K* +2Mg?* +2Ca**) Hy/N, CO,/CH,
(umol/g) (umol/g)

302 P29 I Quartz 32.407 4.951 2.555 2.890 8.862
302 P31 I Quartz 43.365 3.321 1.784 5.975 29.894
301 027-3 I Quartz 26.390 4515 1.267 1.702 4.048
302 P35 I Quartz 29.501 2.576 1.297 5.512 7.728
301 025-1 Fluorite 98.681 1.361 1.454 37.255 6.970
301 025-2 I Fluorite 55.393 2.541 1.242 1.556 10.330
302 7K2-2-1 il Quartz 0.999 2.155 2121 20.682 8.537
302 P30 i} Quartz 1.625 2.321 4.680 46.792 6.110
302 P33 il Quartz 1.634 1.588 2.022 10.177 5.192
302 ZK4-2-3 il Calcite 0.979 2.253 4.910 20.618 4.158
302 P27 il Calcite 0.397 1.811 5.783 28.473 2.618
302 P32 i} Calcite 0.200 3.035 4.917 30.909 1.855
301 —10006 il Calcite 1.125 2.586 3.603 5.718 19.169
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present in the following order of abundance:
H,O > CO, > N, > H, > CO > CH,4. However, in a few cases, Hy
was slighter less abundant than CO and CH,. Water is the predominant
volatile species. CO, contents vary from 1.043 to 1.414 uL/g for quartz-
hosted fluid inclusions and 1.037-1.088 uL/g for fluorite-hosted fluid
inclusions from syn-ore stage I. CO, contents vary from 2.139 to
2.750 uL/g for quartz-hosted fluid inclusions and 0.738-0.961 uL/g for
calcite-hosted fluid inclusions from syn-ore stage II. N,, Hy, and CH,4
contents are 0.3118-0.7412, 0.0379-0.2918, and 0.0172-0.0937 pL/g,
respectively, for stage I quartz-hosted fluid inclusions; 0.1667-0.4716,
0.0524-0.4436, and 0.0383-0.0541 uL/g, respectively, for stage I
fluorite-hosted fluid inclusions; 0.1414-0.3402, 0.2437-0.4726, and
0.1001-0.1926, respectively, for stage II quartz-hosted fluid inclusions;
and 0.2043-0.3761, 0.1535-0.4835, and 0.0140-0.1884, respectively,
for stage II calcite-hosted fluid inclusions.

Using ion chromatographic analysis of liquids from the same sam-
ples (Bray et al., 1991; Channer et al., 1999), Ca®* and SO,>~ were
determined to be the principal ions in all samples (Table 1). In addition,
smaller amounts of F~, C1~, NO;~, Na*, K*, and Mg®* were detected
in all samples. All other ions were below detection limits, or their
blanks values were > 25% of those in the sample leachates.

The previous determination of the types of fluid inclusions in
quartz, calcite, and fluorite from syn- and post-ore veins in this study, as
well as microthermometry data and laser Raman analyses (Zhang,
2008; Zhang et al., 2017), enable a robust interpretation of the bulk
volatile and ionic compositions of the fluid inclusions. The fluid trapped
in the syn-ore stage is probably CaSO4-dominated, low to intermediate
salinity (Zhang, 2008; Zhang et al., 2017), and CO,-rich. However, the
bulk volatile and ionic compositions of fluid inclusions from the dif-
ferent stages are variable (Tables 1 and 2). The F~/Cl™ ratios are
26.4-98.7 for syn-ore stage I and 0.20-1.63 for syn-ore stage II. The
S(F~ 4+ Cl- + NO;~ + 2S0,27) values are 1.36-4.95 ug/g and
1.59-3.04ug/g for syn-ore stages I and II, respectively, and
I(Na® + K* + 2Mg®* + 2Ca®") values are 1.24-2.56 ug/g and
2.02-5.78 ng/g for syn-ore stages I and II, respectively. H,/N, ratios for
syn-ore stage I are generally < 6 (1.56-5.98), with one anomalous
value of 37.255, whereas for syn-ore stage II the values are gen-
erally > 10 (10.18-46.79), with the exception of one anomalous value
of 5.72. CO,/CH, ratios are 4.05-29.89 and 1.86-19.17 for syn-ore
stages I and II, respectively (Table 2; Fig. 3).

The high F~ contents of syn-ore stage I provide insights into the
formation of fluorite, whereas the low F~ contents of syn-ore stage II
correspond to higher contents of Ca>", due to the following reaction:

Ca?* + 2F~ = CaF, (})

The fluid trapped in quartz veins of the syn-ore stage has variable
CO,/CHj, ratios (Fig. 3), and the range of stage II is smaller than that of
stage I. CO, is the major non-H,O volatile component in all fluid in-
clusions. As suggested by Zhang et al. (2017) and Zhang (2008), the
ore-forming fluid of the syn-ore stages experienced CO, degassing
(phase separation), which probably resulted in the wide range of CO,/
CH, ratios. Hy/N, ratios of the fluid in syn-ore stage I are generally
constant, but were more variable during stage II. The N contents of the
ore-forming fluid were generally constant (Table 2), whereas the H,
content in syn-ore stage II was much higher than that in syn-ore stage I,
which indicates that the ore-forming fluid became more reduced over
time (Zhang et al., 2017).

The ore-forming fluids mainly contained eight types of ions. A plot
of X(F~ 4+ CI° + NO3~ + 250.*7) s
Z(Na* + K* + 2Mg?* + 2Ca®") shows that the total anion valence is
generally higher than that of cations for syn-ore stage I, but is lower for
stage II (Fig. 3). HCO;~ and CO52~ contents were not measured by ion
chromatography. For syn-ore stage I, there are two possibilities re-
garding the HCO;~ and CO3>~ contents: (1) little HCO;~ and CO3%~
were present, meaning that H* supplemented the cation shortage and
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the ore-forming fluid was acidic; or (2) there was some HCO3;~ and
CO32~ present, meaning that the total anion valence was higher than
that determined. In the latter possibility, even more H* is necessary to
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balance the valence difference. However, in this situation the HCO3™~
and CO5%~ would react with H* to form H,0 and CO,, respectively. In
summary, during syn-ore stage I there was little to no HCO;~ or CO32~
in the ore-forming fluid, and the fluid was acidic.

For syn-ore stage II, there are three possibilities regarding the HCO3; ™~
and CO52~ contents: (1) the HCO;~ and CO32~ contents are not suffi-
cient to balance the valence difference between
N(F~ + Cl~ + NO3~ + 250,27 )and ¥(Na* + K* + 2Mg?* + 2Ca®™")
(Fig. 3), which means there must have been OH ™ present to supplement
the shortage of anions, and the ore-forming fluid was alkaline; (2) the
HCO; ™~ and COs2~ contents were high enough to precisely balance the
valence difference between L(F~ + Cl- + NO3~ + 2S0,27) and
Y(Na® + K* + 2Mg?* + 2Ca®") (Fig. 3), which means the ore-forming
fluid was alkaline, because HCO;~ and CO52~ form weak acids; or (3)
%(HCO5~ +2C0s*” +F~ +Cl™ +NO3~ +250,%7) > I(Na* +K™ +2M-
g®* + 2Ca®"), which means that H* supplemented the shortage of ca-
tions and the ore-forming fluid was acidic. However, in this latter possi-
bility, the H* would have reacted with HCO3~ and CO52~ to form H,0
and CO,, respectively, until H* was almost exhausted, which indicates
that %(HCO3~ + 2C05%~ + F~ + CI™ + NO3~ + 250427) cannot have
been greater than Z(Na® + K* + 2Mg?** + 2Ca®*). As such, during
syn-ore stage II the ore-forming fluid was alkaline.

6.2. Oxygen and hydrogen isotopic data for syn-ore quartz

The 8'0y.gmow values vary from +7.3%o to +12.1%o and + 7.4%o
to +12.8%o for quartz in the syn-ore stage I and II veins, respectively.
8Dw.smow Vvalues of HoO in fluid inclusions from quartz of syn-ore
stages I and II range from —53.4%o0 to —97.8%0 and —48.6%o to
—94.3%o, respectively (Table 1S). These O-H isotopic ranges are si-
milar in each syn-ore stage. In combination with previously reported
data, 8'®0y.syow values are generally in the range of +6.29%o0 to
+14.3%o for quartz in syn-ore stage veins (Table 1S). The 8'80w.smow
values of water in equilibrium with quartz were calculated using the
fractionation equation of Clayton et al. (1972) and the average en-
trapment temperature during U mineralization of 250 °C from Zhang
et al. (2017). The calculated water 8'®0w.smow values range from
—1.85%0 to +5.35%0. 8Dw.smow Values of water in fluid inclusions
from quartz of the syn-ore stages range from —104.4%o to —23.1%eo.
The O-H isotopic data from the pre- and post-ore stages are from Zhang
(2008). The SISOv_SMow, SIBOW_SMow, and SDW-SMOW values for the pre-
ore stage are +11.4%o to +12.0%o0, +1.67%o0 to +4.34%o, and
—81.0%o to —74.0%o, respectively, and those for the post-ore stage are
+6.6%0 to +13.3%0, —9.4%0 to +2.4%0, and —99.0%o to — 74.0%o,
respectively (Table 1S).

The data of Zhang (2008) (302 deposit), Zhang et al. (2017) (306,
301, and 302 deposits), and Li et al. (1995) (201 deposit) are plotted in
Fig. 4, along with our new data. Similar O-H isotopic compositions are
evident for the different mineralization stages from the South Zhuguang
U deposits, apart from some post-ore data from the 302 deposit. The O
isotopic compositions of syn-ore fluids in equilibrium with quartz fall
mainly between the values typical of meteoric water and primary
magmatic and metamorphic waters, but closer to the latter (Fig. 4).
Hydrogen isotopic compositions of syn-ore fluids vary widely across the
range of primary magmatic and metamorphic waters, but are slightly
higher than values for meteoric water, although within the range of
meteoric waters in South China during the Cretaceous to Paleogene
(Zhang et al., 1995).

The O-H isotope plots of Zhang (2008) for post-ore fluids show that
the data are concentrated in the lower-left field for primary magmatic
water, close to the center of the syn-ore O-H isotopic data (Fig. 4). The
O-H isotopic compositions of post-ore fluids plot much closer to data
for meteoric waters of South China during the Cretaceous to Paleogene,
and form a general linear trend (A in Fig. 4). These data generally plot
in the basinal fluid field and are parallel to the extension of H-O iso-
topic data from Alberta, Michigan Basin, and Gulf Coast. This indicates
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that the post-ore fluid was derived from the Cretaceous-Neogene ba-
sins, despite the wide range of isotopic values. The post-ore fluid had a
local meteoric origin in general (Clayton et al., 1966; Taylor, 1974),
which is consistent with the data plotting close to the meteoric water
line. Continental redbeds generally form in arid environments, and the
strong evaporation results in the residual water becoming enriched in
80 and D (Craig and Gordon, 1965; Sofer and Gat, 1975), which may
explain the displacement of 8D and §'®0 values away from the meteoric
water line toward the field of metamorphic waters. Other isotopic
fractionation processes might also have occurred, including isotopic
exchange with '®0-rich sedimentary minerals and D enrichment due to
membrane filtration, as well as exchange with H,S, hydrocarbons, and
hydrous minerals (Hoefs, 1997).

There is no obvious correlation between the O and H isotopic
compositions of syn-ore water. The 8'80 data are concentrated mainly
between —1.85%0 and + 3.89%o0, whereas the 8D data have a wide
range of values. Given that all the 8Dy syow Values were measured on
fluid inclusions in quartz, the differences in 8Dyw.spmow Values cannot be
an artifact of different Ty, values (Hoefs, 1997; Graupner et al., 2001). In
the South Zhuguang area, there has been little deformation and mag-
matism after U mineralization. Moreover, later secondary fractures in
quartz from syn-ore veins are not observed, which means the H isotopic
compositions are not the result of multiple hydrothermal stages (Zhang
et al., 2017, 2018a).

6.3. Oxygen isotopic data for altered and unaltered granites

The §'®0 values for altered granites gradually increase from ap-
proximately +4%o close to the ores to approximately +12%o in nearly
unaltered granites (Table 3; Fig. 5) and, as such, the depletion of %0 in
the altered granites is negative correlated with distance to the ore-
bearing faults. This suggests that hydrothermal alteration was re-
sponsible for the 80 depletion of the altered granites (Zhang et al.,
2017).

6.4. Carbon and oxygen isotopic data for calcite

8'3Cy.ppp and 880y ppp values for calcite from syn-ore stage II veins
range from —10.3%o0 to —4.3%0 and —22.4%o0 to —16.8%o, respec-
tively. The 8'%0 and 8'3C values for water and CO,, respectively, in
equilibrium with calcite were calculated using the fractionation equa-
tions of O'Neil et al. (1969) at a formation temperature of 170 °C
(Zhang, 2008). The 8®Ow.pps and 83Ccoppps values vary from
—2.97%o0 to +2.83%0 and —11.2%o to —5.2%o, respectively (Table 4).

The average 8'80y.pps composition of syn-ore fluid in equilibrium
with carbonate is 0.5%o, which is within the range of syn-ore fluid in
equilibrium with quartz (—1.85%0-5.35%o). The average 8'3Ccoa.ppp Of
syn-ore fluid in equilibrium with carbonate is —8.6%o. Zhang (2008)
interpreted these values to reflect a mantle origin for the ore-forming
fluid, which experienced CO, degassing during U mineralization. The
880 values of syn-ore fluid in equilibrium with carbonate are generally
negative and correlated with §'3C values of CO, in the syn-ore fluid
(Fig. 6), apart from sample 1-25 from Zhang (2008). The §'3C values of
syn-ore CO, are generally close to those of the atmosphere and river,
lake, and ocean waters, which means that identification of the CO,
source based only on C isotopic ratios is difficult (Hoefs, 1997).

6.5. Sulfur isotopic data for syn-ore pyrite

The 83*Scpr values of syn-ore stage I and II pyrites range from
—3.2%0 to —16.7%o0 and —8.1%o to —17.1%o, respectively. These two
stages have a similar wide range of %S values, with three peaks at
—17.0%0 to —16.0%o0, —11.0%o0 to —10.0%o, and —4.0%o to — 3.0%o
(Table 5).

In general, the 83*S values of the syn-ore pyrites are similar to those
for volcanic gas (—20%0—0%o; Zheng and Chen, 2000), which obviously
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Table 3

Oxygen isotope ratios for altered and unaltered granites of South Zhuguang uranium ore field.
Deposit Sample No. Petrology Distance to orebody 8'%0y.smow(%0) Reference
302 P22-1 Altered granite Om 4.8 This paper
302 P22-2 Altered granite 1m 6.7
302 P22-3 Altered granite 2m 6.2
302 P22-4 Altered granite 10m 7.7
302 P22-5 Altered granite 15m 7.9
302 P22-6 Altered granite 20m 8.0
302 P22-7 Altered granite 30m 8.7
302 P22-9 Unaltered ~100m 13.4
306 392-3 Altered granite Om 3.8
306 3924 Altered granite 0.5m 5.8
306 392-6 Altered granite 3m 8.3
306 392-7 Altered granite 5m 8.4
306 392-8 Altered granite 10m 9.6
306 392-10 Altered granite 20m 9.4
306 392-15 Altered granite 30m 10.8
306 392-70 Altered granite 50m 11.0
306 392-73 Unaltered ~100m 12.9
301 ZK01 Altered granite Om 4.7
301 ZK02 Altered granite 0.5m 6.0
301 ZKO03 Altered granite 1.0m 6.8
301 ZK04 Altered granite 2.0m 7.7
301 ZKO05 Altered granite 5.0m 8.7
301 ZK06 Altered granite 10m 9.3
301 ZK07 Altered granite 15m 9.2
301 ZK08 Altered granite 20m 9.6
301 ZK09 Altered granite 30m 9.8
301 ZK10 Altered granite 50 m 11.2
301 ZK11 Unaltered ~100m 11.8
201 L2-54 Altered granite Om 3.2 Li et al. (1995)
201 L2-101 Altered granite Om 4.2
201 L2-53 Altered granite 0.5m 3.9
201 L2-55 Altered granite 1m 4.7
201 1L2-103 Altered granite 1.5m 4.3
201 L2-105 Altered granite 6.9m 4.7
201 L2-61 Altered granite 20m 6.3
201 12-108 Altered granite 70m 6.9
201 L2-111 Altered granite 100 m 8.1
201 L2-202 Unaltered 200m 11.4
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Fig. 5. Plots of oxygen isotopic composition of altered granites vs the distance to ore-bearing faults, South Zhuguang uranium ore field. Data are from Table 3.

Table 4
The Oxygen and carbon isotopes of syn-ore stage II calcite, 302 deposit, South
Zhuguang uranium ore field.

Sample No. §%0y.  8Cy.  8'%0y. 8'3Ccop.  Temp. (°C) Reference
PDB(%O) PDB(%D) SMOW(%O) PDB(%D)

10029-1 —-18.2 -9.9 1.33 -10.8 170 This

04C-2 —-18.0 -9.9 1.63 —-10.8 170 paper

10029-14 -19.3 -7.6 0.23 -85 170

04C-1 —-22.0 -4.3 —-2.57 —-5.2 170

ZK11-2-2 -17.9 —-8.2 1.63 -9.1 170

ZK4-4-2 -16.8 -10.3 2.83 —-11.2 170

2-14 —-20.09 -69 -0.57 -7.8 170 Zhang

2-15 —-22.41 -43 —-2.97 —-5.2 170 et al.

2-21 —22.32 —-43 —-2.87 —-5.2 170 (2008)

3-15 —22.03 -—-4.6 —-2.57 —-55 170

3-26" —-21.15 -44 -1.67 -5.3 170

1-25 —-17.08 -49 2.53 —-5.8 170

1-21 —22.32 -—-44 —-2.87 -5.3 170

1-29 -17.66 -7.6 1.93 -85 170

3-18 —-18.24 -7.2 1.33 -8.1 170

3-33 —-19.79 -6.7 -0.27 —-7.6 170

3-13 -18.15 -8.8 1.43 -9.7 170

3-27 —-19.02 -9.0 0.53 -9.9 170

3-26 —-18.15 -9.2 1.43 —-10.1 170

2-71 -17.95 -9.3 1.63 —-10.2 170

2-65 —-18.05 -8.7 1.53 -9.6 170

2-18 -17.18 -94 2.43 -10.3 170

1-43 —-17.47 -9.3 2.13 —-10.2 170

1-37 -17.56 -9.3 2.03 —-10.2 170

1-38 —-17.56 —-9.8 2.03 -10.7 170

1-47 -17.66 —9.7 1.93 —-10.6 170

10001N Qcalcite - 20 = 2.78 X 10° T2 - 3.39 (0-500 °C) (O;Neil et al., 1969).

is not a plausible S source, given there was no magmatism in the South
Zhuguang area during U mineralization (Zhang et al., 2018a). The
identification of the S source is difficult using only S isotopic data.
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Our data indicate that in the ore-forming fluid, S existed mainly as
$0,2~ and not S~ or HS™. The SO,2~ was reduced to $>~ and then
formed pyrite (FeS,). This inference is supported by laser Raman ana-
lyses of fluid inclusions, which identified SO, but almost no H,S
(Zhang, 2008; Zhang et al., 2017). 834Scpr values for pyrite are < 0%o
and span a wide range (Fig. 7), which suggest that isotopic equilibrium
between SO42~ in the hydrothermal fluid and pyrite was not attained or
that there was considerable fractionation of S isotopes between fluid
S04%~ and pyrite (Ohmoto and Rye, 1979; Ohmoto and Goldhaber,
1997).

Inferring the S isotopic composition of a hydrothermal fluid from
834Scpr values of hydrothermal sulfides requires a number of factors to
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Table 5
The Sulfur isotopes of South Zhuguang uranium ore field.
Sample No. Deposit Mineral Description 8%Sy.cpr(%0)  Reference
10002-3 306 Pyrite Syn-ore stage I -9.6 This paper
10002-4 306 Pyrite Syn-ore stage II  —14.0
15002-3 306 Pyrite Syn-ore stage II  —10.6
15002-2 306 Pyrite Syn-ore stage II —8.3
GZN201-1 302 Pyrite Syn-ore stage I  —3.2
ZK4-2-8 302 Pyrite Syn-ore stage I -35
199-1 302 Pyrite Syn-ore stageI  —16.7
201-11 302 Pyrite Syn-ore stageI =~ —9.7
ZK11-2-2 302 Pyrite Syn-ore stage I -10.7
GZN201-03 302 Pyrite Syn-ore stage I —9.1
GZN201-05 302 Pyrite Syn-ore stage II —17.1
198-1 302 Pyrite Syn-ore stage II —16.5
ZN43-2 302 Pyrite Syn-ore stage II  —16.3
ZN47-1 302 Pyrite Syn-ore stage II —8.2
ZN47-2 302 Pyrite Syn-ore stage II —8.1
ZN47-4 302 Pyrite Syn-ore stage I  —10.1
ZN47-5 302 Pyrite Syn-ore stage I  —9.9
3-31 302 Pyrite Syn-ore -10.1 Zhang (2008)
3-72 302 Pyrite Syn-ore -11.9
3-78 302 Pyrite Syn-ore —-14.4
3-79 302 Pyrite Syn-ore -13.2
3-34 302 Pyrite Syn-ore -15.5
3-43 302 Pyrite Syn-ore -15.3
DZ-S204 302 Pyrite Syn-ore —-10.2 Huang
DZ-S205 302 Pyrite Syn-ore —-10.2 (1996)
DZ-S207 302 Pyrite Syn-ore -8.9
DZ-S221 302 Pyrite Syn-ore -9.8
DZ-S220 302 Pyrite Syn-ore -8.0
DZ-S113 302 Pyrite Syn-ore -7.8
DZ-S209 302 Pyrite Syn-ore -9.5
No.1 302 Pyrite Syn-ore -7.0 Hu (1984)
No.2 302 Pyrite Syn-ore —4.6
1L2-303 201 Pyrite Syn-ore —-8.9 Li et al.
12-304 201 Pyrite Syn-ore -7.3 (1995)
L2-244 201 Pyrite Syn-ore -10.2
L2-250 201 Pyrite Syn-ore —-11.3
L2-267 201 Pyrite Syn-ore —-12.3
L2-302 201 Pyrite Syn-ore -10.1
L2-280 201 Pyrite Syn-ore —14.5

be considered, including: (1) the temperature of deposition; (2) the
chemical composition of the dissolved element species, as well as the
pH and fO,, at the time of mineralization; and (3) the relative amount
of the mineral deposited from the fluid (Zheng and Hoefs, 1993; Zheng
and Chen, 2000). Previous microthermometric studies have determined
that sulfides were generally deposited at 200-300 °C from the ore-
forming fluid (Zhang, 2008; Zhang et al., 2017), which means the
8%4Scpr values of pyrite might generally represent the §**Scpr values of
H,S in the ore-forming fluid (Ohmoto and Goldhaber, 1997), but not
the isotopic composition of SO42~. In the ore-forming fluid, SO4>~ was
the dominant S species, and it experienced pH and fO, variations
(Zhang, 2008; Zhang et al., 2017), which transformed the SO42~ into
H,S. The reasons for the pH and fO, variations are considered in Section
7.2. During U mineralization, the ore-forming fluid was subjected to an
increase in pH and decrease in fO, (Zhang et al., 2017). Hoefs (1997)
showed that an increase in pH leads directly to an increase in the
8%4Scpr values of precipitated sulfides, and a decrease in fO, has a much
stronger effect on the 834Scpr values than a pH change, because of the
large S isotopic fractionation between sulfate and sulfide. When high
fO, values allow the proportion of sulfate species to become significant,
mineral §*Sgpy values can be very different from the 8**Scpy values of
the fluid, and small changes in pH or fO, may result in large changes in
the S isotopic composition of sulfide or sulfate (Ohmoto and Rye, 1979;
Ohmoto and Goldhaber, 1997). In addition, when sulfide minerals
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precipitate from fluids, S isotopic fractionation occurs between dis-
solved S species and sulfide minerals. The removal of sulfide from fluids
in a closed system can cause a measureable isotopic fractionation in the
H,S remaining in the fluids. In summary, the three aforementioned
factors are responsible for the §**Scpr variations of sulfides from the
South Zhuguang U field (Drummond and Ohmoto, 1985; McKibben and
Eldridge, 1990).

6.6. Strontium isotopic data

The 87Sr/%6Sr values of ore-hosting granites, and syn-ore stage I and
post-ore fluorites are 0.780939-0.954319, 0.719250-0.721327, and
0.716299-0.714598, respectively, with 8Rb/2Sr values of 17.6-109.0,
0.0387-0.0524, and 0.0120-0.0446, respectively. The 8”Sr/%°Sr values
of pitchblende are 0.719771-0.723121, but only one 8’Rb/2®Sr analysis
(0.6551) was provided by Zhang (2008) (Table 6).

The initial 37Sr/2°Sr ratios (calculated at 54 Ma) of syn- and post-ore
fluorites vary widely from 0.719250 to 0.721327 and 0.714598 to
0.716299, respectively. Plots of initial 87Sr/%°Sr values against 1/Sr
suggest mixing between syn- and post-ore fluorites (Fig. 8; trend C in
Fig. 9; Faure, 1986), even though the analyzed fluorites were hand-
picked. This mixing trend may reflect the overprinting of post-ore fluids
on syn-ore fluorite, although this is not evident from microscopic ob-
servations. The initial 8”Sr/®°Sr ratios of syn- and post-ore fluorites are
generally ~0.7215 and ~0.7145, respectively. 37Sr/®6Sr ratios of
pitchblende have a wider range than these initial ”Sr/%°Sr ratios
(~0.7211-0.7217; Fig. 9), which likely results from the high Rb con-
tents of the pitchblende (trend A in Fig. 9) and overprinting by post-ore
fluids (trend B in Fig. 9). In addition, sample 2-70-1 (Zhang, 2008) has a
higher initial 8Sr/%°Sr than the syn-ore fluorites, which probably re-
flects the incorporation of granite fragments during pitchblende de-
position. The initial 87Sr/®Sr ratios of the ore-hosting granites are
much higher than those of the syn-ore fluorites (Fig. 8), which rules out
the possibility that the ore-forming fluids were sourced directly from
the granites.

7. Discussion
7.1. Uranyl complexes in the ore-forming fluid

The identification of O, in fluid inclusions by laser Raman analyses
indicates that the ore-forming fluid had a high oxygen fugacity (Zhang
et al., 2017). At temperatures of > 200 °C, theoretical calculations in-
dicate that in relatively oxidizing brines, U®* exists mainly as carbo-
nate complexes at high pH, phosphate complexes at neutral pH, fluoride
and chloride complexes at low pH, and sulfate complexes at very low
pH (Cuney and Kyser, 2008). As the temperature increases, hydroxyl
complexes become dominant, particularly at high pH, but phosphate
complexes remain dominant at neutral pH despite the emergence of
important hydroxyl complexes (Romberger, 1984; Cuney and Kyser,
2008). In the South Zhuguang U ore field, bulk volatile and ionic
compositions, and microthermometric and laser Raman analyses of
fluid inclusions suggest that the uranyl complexes in the ore-forming
fluid were somewhat different to those documented in previous studies.

During syn-ore stage I, the ore-forming fluid was acidic, which rules
out the presence of carbonate or hydroxide complexes. The dominant
anionic species were S0,2~ and F~, and the content of C1~ was much
smaller than that of F~ (Table 1), which suggests that UO.F;™,
UO,F,2~, UO,F,, and UO,SO, were the main uranyl complex species.
In syn-ore stage II, the ore-forming fluid was alkaline, which means that
carbonate and hydroxide complexes (UO5(OH)5;~ and UO,(OH),) were
probably the dominant uranyl species at temperatures of 200-250 °C
(Romberger, 1984; Kojima et al., 1994; Bernhard et al., 2001).
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Fig. 7. Sulfur isotope histogram for the syn-ore pyrites in South Zhuguang uranium ore field (A), 306 deposit (B), 302 deposit (C), 201 deposit (D). Data are from

Table 5.

7.2. Water-rock interactions between fluid and ore-hosting granites

Before considering the source of the ore-forming fluids, water-rock
interactions between the fluids and ore-hosting granites need to be
considered. For example, the progressive ‘80 depletion of altered
granites (Fig. 5) indicates that a large amount of 0 was transported
into the ore-forming fluid during mineralization, which would have
increased the 880 values of the ore-forming fluid.

In the South Zhuguang U ore field, the alteration adjacent to the ore-
bearing faults resulted in plagioclase and K-feldspar being altered into
fine-grained sericite (hydromica) and quartz, and biotite being altered
into chlorite and hematite, according to the following chemical reac-
tions (Robb, 2005):

plagioclase + K* + H' — sericite + quartz + Na® + Ca®*
(pH increase and Ca®™ release into the ore-forming fluid)

3NaAlSisOg + K* + 2H" — KAl3Siz0,0(OH), + 6SiO, + 3Na™

3CaAl,Si,Og + 2K* + 4H' — 2KALSi;0,0(0H), + 3Ca%*

plagioclase + H,0 + K™ + H* — illite + quartz + Na* + Ca®"

(pH increase and Ca®™ release into the ore-forming fluid)

3NaAlSi;0s + xH,0 + (1 - xK' + (@2 +
K1 _x(H20)x{Al>[AlSi30,0]1(OH),_x(H20),} + 6SiO, + 3Na™

XHT —

3CaAlSi,0s + 2xH,0 + (2-20K* + (4 + 20H' —
2K; _x(H20),{Al5[AlSi30,0](OH),_,(H,0),} + 3Ca>*

K-feldspar + H* — sericite + quartz + K*
(pH increase)
3KAISi30g + 2H' — KAI5Siz040(0H), + 6Si0y + 2K
K-feldspar + H,0 + H" — illite + quartz + K*
(pH increase)

3KA181308 + XHzo + (2 + X)H+ d K]_X(HQO)X{AIQ[AISigolo]
(OH), «(H20),} + 6Si02 + (2 + K™

biotite + O, (details in fluid inclusions) — chlorite + hematite

(oxygen fugacity decrease that resulted in reduction of U°* to U**)

K{(Mg < 0.67,F€ > 0.33)3[AlSi3010](OH)2} + O, — (MgFe)ss
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Table 6
Rb-Sr isotopes for South Zhuguang uranium ore field.
Mineral Deposit ~ Sample No.  Rb(ppm)  Sr(ppm)  *Rb/%°Sr  ®7Sr/%°Sr(20)  (*’Sr/%°Sr);  Rb(ppm);  Sr(ppm); (®’Rb/%%sr); Reference
Syn-ore 301 025-0 0.422 47.1 0.0401 0.720558(11) 0.720527 0.422 47.1001 0.0401 This paper
Stage I 025-1 0.517 43.6 0.0387 0.720901(12) 0.720871 0.517 43.6001 0.0387
Fluorite GZN202-2 0.527 43.7 0.0419 0.721359(12) 0.721327 0.527 43.7001 0.0419
—15005 0.625 52.8 0.0524 0.71929(10) 0.71925 0.625 52.8001 0.0524
203-3 0.754 42.3 0.0453 0.721038(12) 0.721003 0.754 42.3002 0.0453
Post-ore ,9C04 0.906 90.2 0.0446 0.715045(14) 0.715011 0.906 90.2002 0.0446
Fluorite 9C12 0.834 92.4 0.0184 0.715036(11) 0.715022 0.834 92.4002 0.0184
ZK4-3-17 0.526 87.8 0.0296 0.715986(12) 0.715963 0.526 87.8001 0.0296
ZK4-3-8 0.553 74.5 0.0317 0.716323(14) 0.716299 0.553 74.5001 0.0317
Syn-ore 302 3-02 1.27 89.7 0.0409 0.715364(11) 0.715333 1.270 89.7003 0.0409 Zhang (2008)
Stage I 3-28 0.749 47.3 0.0459 0.720285(15) 0.72025 0.749 47.3002 0.0459
Fluorite 3-21 0.863 59.5 0.0420 0.714630(15) 0.714598 0.863 59.5002 0.0420
3-48 0.346 83.8 0.0120 0.715905(13) 0.715896 0.346 83.8001 0.0120
3-49 0.526 93.7 0.0162 0.715391(13) 0.715379 0.526 93.7001 0.0162
3-50 0.769 94.5 0.0235 0.715403(14) 0.715385 0.769 94.5002 0.0235
Pitchblende 302 2-70-1 16.1 71.0 0.6551 0.723056(12) 0.722554 16.097 71.0035 0.6556
2-70-2 - - - 0.723121(13)
3-31 - - - 0.719771(12)
3-34 - - - 0.722754(12)
3-78 - - - 0.721754(12)
Ore-hosting granite 302 3-57 379 63.0 17.6 0.780939(14) 0.767443 378.918 63.0822 17.6135
3-56 391 59.6 19.1 0.791201(14) 0.776555 390.915 59.6848 19.1146
2-24 464 12.7 109 0.954319(15) 0.870738 463.899 12.8007 109.0836
3-37 481 45.7 30.8 0.818082(13) 0.794465 480.896 45.8044 30.8236
2-38 422 39.7 31.0 0.790208(13) 0.766437 421.908 39.7916 31.0238

(87Sr/%Sr);: the 7Sr/%°Sr ratios at 54 Ma; Rb(ppm);: the Rb contents at 54 Ma; Sr(ppm);: the Sr contents at 54 Ma; (]7Rb/%°Sr);: the 87Sr/%0Sr ratios at 54 Ma.
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Fig. 8. Plots of initial (¥7Sr/%Sr) ratios vs the Sr contents and 1/(Sr contents) showing the mixing of syn-ore and post-ore fluorites (part data sourced from Zhang,
2008). Data are from Table 6.
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the mix of syn-ore and post-ore fluorites (Trend C). Data are from Table 6.

[(ALS1)4010](OH) + Fe,03 + K™

The above chemical reactions suggest the ore-forming fluid was
oxidizing and acidic (at least for syn-ore stage I), and its pH and
chemistry would have changed significantly during hydrothermal al-
teration, with the exception of its O-H-Sr isotopic compositions.
Illitization, chloritization, and hematization would have increased the
pH and decreased the oxygen fugacity of the ore-forming fluid, and
released large amounts of Ca*>* and probably F~ from the ore-hosting
granites (Robb, 2005; Deng et al., 2013, 2014).

The O and H isotopic compositions of the syn-ore fluids were in-
fluenced by alteration (Fig. 4). Fractionation factors between sericite,
illite, chlorite, and water are all <1 (Sheppard, 1986; Hoefs, 1997;
Zheng and Chen, 2000) at mineralization temperatures of 200-300 °C
(Zhang, 2008; Zhang et al., 2017).

Unlike O-H isotopes, the C and S isotopic compositions of syn-ore
calcite and pyrite, respectively, are only influenced to a small extent by
hydrothermal alteration. This means the C-S isotopic data might
broadly represent the syn-ore fluids, given the much lower C-S contents
of the ore-hosting granites relative to the ore-forming fluid. However,
the 87Sr/%®Sr ratios of the syn- and post-ore fluids were probably sig-
nificantly affected by hydrothermal alteration, due to the wide range of
initial 8Sr/%Sr ratios and high Sr contents of the ore-hosting granites.
Although accurate ®Sr/®Sr ratios for the syn- and post-ore fluids
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cannot be obtained, these were likely lower than the measured fluorite
values.

7.3. Mineralization processes

The ore-forming fluids in the South Zhuguang U ore field can be
divided into two stages: (1) stage 1 fluids that were acidic and oxi-
dizing, containing fluoride and sulfate complexes of UO,>" as the
dominant species; and (2) stage 2 fluids that were alkaline and oxi-
dizing, containing carbonate and hydroxide complexes of UO,>* as the
dominant transport species. The mineralization mechanisms varied in
each stage, due to the different types of ore-forming fluid.

During stage I, hydrothermal alteration (illitization, hematization,
chloritization, and silicification) played a key role in controlling U
mineralization and was probably associated with the reduction of
SO4%~ in the ore-forming fluid by Fe** and CO, degassing, as follows:

8H,0 + S042° + 8Fe®' =4Fe,04(]) + H,S(! with CO,
vapor) + 14H" (neutralized by illitization).

Hydrothermal alteration would have released large amounts of
Ca®* and F~ into the ore-forming fluid (Li and Jiang, 1992; Robb,
2005; Deng et al., 2013, 2014) and increased the pH of the hydro-
thermal fluid. The increase in the pH and Ca®>* contents of the ore-
forming fluid would probably have resulted in the formation of fluorite
veins, due to which the uranyl complex species of UO5F3 ™, UO,F42~,
and UO,F, would have decomposed and lowered the saturation solu-
bility of uranyl. The reduction of the ore-forming fluid was also re-
sponsible for the conversion of U®* to U*", both of which led to a
drastic decrease in U solubility and the formation of pitchblende—-
fluorite—quartz veins of syn-ore stage I, as follows:

H™ + UO,(SO,) + Fe?*' (biotite) + Ca?™ + UO,(F ), 2 —
UO5(}) + Fe,03()) + CaFo(]) + FeSo(]) + H,S(1 with CO,
vapor) + H,0.

However, the pitchblende-quartz—calcite veins of syn-ore stage II
imply another U mineralization process. Uranyl carbonate
(U05(CO3)?) and hydroxide complexes (UO5(OH);~ and UO»(OH),)
were dominant in hydrothermal fluids of syn-ore stage II (Romberger,
1984; Kojima et al., 1994), which experienced relatively oxidizing and
high pH conditions at temperatures of ~200°C. Zhang (2008) and
Zhang et al. (2017) suggested CO, degassing during hydrothermal al-
teration. Carbon dioxide (and H,S) loss leads to a pH increase in the
residual fluids, which causes calcite precipitation (Franco, 2009). In
addition, during syn-ore stage II there was also reduction of the ore-
forming fluid, as indicated by the occurrence of pyrite, which resulted
from the reduction of SO4>~ in the ore-forming fluid. The CO, degas-
sing would have decomposed the carbonate complexes (UO5(CO3)*")
and led to the deposition of pitchblende-calcite—quartz veins
(Langmuir, 1978; Tripathi, 1979; Romberger, 1984; Kojima et al.,
1994), as follows:

Ca?* + UO,(CO3) + SO42~ + UO,(OH);” + Fe?* + HCO;~ —
UOz(l,) + FeZOg(l) + FCSZ(,L) + CaC03(l,) + OH™ + COz(T)

7.4. Source of the ore-forming fluid

The O-H-C-S isotopic data for the South Zhuguang U ore field can
be interpreted in a number of ways, particularly if the geological
background and mineralization processes are not considered. The mi-
neralization ages of 52-57 Ma (Zhang, 2008; Zhang et al., 2018a) ob-
tained from U-Pb isochron dating of pitchblende rule out the possibi-
lities that the fluid was sourced from the ore-hosting granites or weakly
metamorphosed country rocks, given the U mineralization is tens or
hundreds of millions of years younger than granite emplacement and
regional metamorphism.
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The measured 80w syow and 8Dw.smow values of the ore-forming
fluid are the result of modification of the original U-bearing fluid by
fluid-rock interactions with the ore-hosting granites and CO, degassing
during U mineralization (Zhang, 2008; Zhang et al., 2017). The flui-
d-rock interactions would have increased the §'%0 and 8D values of the
ore-forming fluid by isotopic exchange with the granites, and given the
isotopic fractionation factors (< 1; Zheng and Chen, 2000) between the
main igneous-alteration minerals and water at the temperatures of U
mineralization (generally 150-350 °C; Zhang, 2008; Zhang et al., 2017).
The effects of CO, degassing on 8'%0 and 8D values of the ore-forming
fluid depend on the temperature. During CO, degassing, there would
have been a large amount of H,O vapor associated with CO, loss. This
process would have increased the §'%0 values of the ore-forming fluid,
whereas the effect on 8D values would have depended on temperature
(Horita and Wesolowski, 1994; Hoefs, 1997). If temperatures were <
220 °C, then the fractionation between the vapor and liquid phase of
water would have increased the 8D values of the ore-forming fluid,
whereas at 230-350 °C the fluid would have become more depleted in
D, and at 220-230 °C there would have been little D/H fractionation.
Considering this, the scatter in the O-H isotopic data for the ore-
forming fluid can be readily understood. In Fig. 4, trend B represents
CO, degassing at temperatures of < 220°C, and trend C reflects the
combined effects of fluid-rock interactions and CO, degassing at tem-
peratures of > 230 °C. The ore-forming fluid had a close resemblance to
basinal fluids, particularly those formed in extensive evaporitic en-
vironments (Fig. 4; Gat, 1984), consistent with a Cretaceous-Paleogene
redbed basin source (trend A in Fig. 4), when the effects of later al-
teration are taken into account.

Without the H-O isotopic evidence from the ore-forming fluids, the
linear correlation between 8'°Cy ppp and 820y ppp values of syn-ore
calcite could be interpreted in three ways: (1) subequal mixing of two
different fluids; (2) a decrease in 8'®0y gyow values associated with a
8'3Cy.ppp increase; or (3) an increase in 8'®0y.gyow values associated
with a 8'3Cy_ppp decrease, due to some geological process (Zheng and
Hoefs, 1993; Hoefs, 1997). Given that the %0 content of the ore-
forming fluid generally increased during U mineralization, we prefer
the explanation outlined in (3). The variations in §'*Ccozpps Were
caused mainly by CO, degassing, which was a common process during
formation of the South Zhuguang U ore field (Zhang, 2008; Zhang et al.,
2017). The C-bearing components in the ore-forming fluid probably
contained FeCO3, CaMg(COs3),, CaCO3, and HCO3 ~, but given that only
the fractionation factor between HCO3;~ and CO, is smaller than 1 at
the mineralization temperature, the C-bearing component must have
been predominantly HCO3; ™ in addition to CO, (Zheng and Hoefs,
1993). Accompanied by the release of Ca®>* into the ore-forming fluid
from the ore-hosting granite during alteration, the CO, degassing would
have led to calcite deposition with pitchblende, as follows:

Ca?* + 2HCO;~ = CaCO3(|) + HyO + CO(D).

After accounting for the effects of CO, degassing, the 8'°C values of
syn-ore stage II CO, are nearly the same as those of a basinal fluid
(—5%o; Zheng and Chen, 2000). This is again consistent with a Creta-
ceous—Paleogene redbed basin source for the ore-forming fluids (Fig. 6).

The S-bearing component in the original ore-forming fluid sourced
from the redbed basins is likely to have been predominantly SO4>~,
given the high oxygen fugacity inferred from the O in the syn-ore fluid
inclusions (Zhang et al., 2017). As such, the 834Scpr values of the syn-
ore pyrites are the result of at least two processes: (1) the transforma-
tion of SO42~ into S*~ by a redox process; and (2) equilibrium isotopic
fractionation between S?~ in the hydrothermal fluid and pyrite at mi-
neralization temperatures of 150-350°. The redox process (1) was as-
sociated with chloritization of biotite and CO, degassing, which means
the S%~ was probably lost as HS along with CO, vapor, because the pH

Applied Geochemistry 100 (2019) 104-120

of the ore-forming fluid was low (syn-ore stage I), as follows:

H* + S04~ + Fe?* (biotite) — Fe,05(|) + H,S(1 with CO, vapor).

The release of H,S vapor would have prevented isotopic equilibrium
in the hydrothermal fluid between $2~ and SO,2~, as well as between
the S~ in the hydrothermal fluid and pyrite (2). This is consistent with
the wide range of 8>*Scpr values of syn-ore pyrites (Fig. 7). Given the
increase in pH and decrease in oxygen fugacity of the ore-forming fluid
during alteration, the syn-ore pyrites should have &**Scpr values
22.8%o higher than those of SO, in the ore-forming fluid, if isotopic
equilibrium was attained at 250 °C (Ohmoto, 1972; Hoefs, 1997). The
8%%Scpr values of the pyrites range from —17.1%o to —3.2%o, and
therefore the §4S¢py values of SO4>~ in the original ore-forming fluids
were +5.7%o to +19.6%o, similar to the values in river and ocean
waters (Zheng and Chen, 2000). As such, basinal fluids sourced from
the Cretaceous-Paleogene redbed basins were also responsible for
pyritization in the South Zhuguang U ore field.

The fluorite Sr isotopic data were unaffected by CO, degassing, but
were affected by hydrothermal alteration. The (5”Sr/2®Sr); ratios of syn-
ore stage I and post-ore fluorites are generally 0.719250-0.721327 and
0.714598-0.716299, respectively (Figs. 8 and 9), much lower than
those of the ore-hosting granites. Clearly, the (8”Sr/%°Sr); ratios of syn-
ore stage I and post-ore fluorites are the result of interactions between
the ore-forming fluid and ore-hosting granites (Faure, 1986), which
suggests the (®7Sr/%Sr); ratios of the original fluids were even lower
than the above values. In the South Zhuguang area, only the Si-
nian—Carboniferous limestone has lower (8Sr/2°Sr); ratios (~0.70967)
than the fluorites (Wu, 1985; Li, 1992). The (¥”Sr/%Sr); ratios of the
nearby granites, sandstones, mudstones, and conglomerates are gen-
erally 0.76164-0.870738, much higher than the (¥Sr/®Sr); ratios of
the fluorites. The Cretaceous-Paleogene redbed basins provide a sui-
table setting for the interaction between basinal fluids and Si-
nian-Carboniferous limestone, particularly given the soluble nature of
the limestone, and this accounts for the low (¥7Sr/%°Sr); ratios of the
basinal fluids and syn-ore stage I and post-ore fluorites.

Initially, the basinal fluids would have been mainly meteoric water,
characterized by high oxygen fugacities (Zhang et al., 2017) that would
have enabled the fluids to easily extract U, other ions (e.g., F~, Cl™,
NOs3 ™, Mg2+, and K™*), and gases (e.g., CH4 and CO,) from terrigenous
clasts through water-rock interactions (Maynard, 1991; Kyser et al.,
2000; Cuney et al., 2003). These clasts would have originated mainly
from the surrounding granites and metamorphic basement, and had a
high effective surface area, which was five to seven orders of magnitude
greater than that of the granite body. The ore-forming fluids might have
migrated through the metamorphic basement rocks (Fig. 10), along
regional faults, to sites of mineralization in the sedimentary basins.

Previous studies have proposed that ore-forming fluids in some
hydrothermal-type U deposits in South China contained mantle-derived
gaseous components, based on He, Ar, and C isotopic analysis (e.g., the
Xiangshan U district; Hu et al., 2008, 2009). If the ore-forming fluid of
the Xiangshan U district was also sourced from the Gan-Hang redbed
basin, which contained clastic sediments composed of mantle-to crust-
derived volcanic rocks (Jiang et al., 2005; Yu et al., 2006; Yang et al.,
2011), granites, and metamorphic rocks, then the ore-forming fluid
would show a partial mantle signature after water-rock interactions
between the basinal fluids and clastic sediments.

8. Conclusions

The ore-forming fluids in the South Zhuguang U ore field were
sourced primarily from Cretaceous-Paleogene redbed basins in the
south, and derived initially from meteoric water. The sediments in these
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Fig. 10. Ore genesis model of the South Zhuguang uranium ore field (Modified from Zhang et al., 2017).

basins were sourced mainly from the surrounding granites and meta-
morphic rocks. The meteoric water became U- and CO,-bearing through
interactions with sediments in the Cretaceous-Paleogene basins, which
converted the waters into basinal fluids in terms of H-O-C-S-Sr iso-
topic compositions. The U-bearing fluids flowed into the Zhuguang
granite massif through regional faults, and reacted with the granites
adjacent to the faults. The ore-forming fluids can be classified into
acidic and oxidizing (stage I), in which fluoride and sulfate complexes
of UO,2" were the dominant species, and alkaline and oxidizing (stage
II), in which carbonate and hydroxide complexes of UO,2" were the
dominant species.

During stage I, hydrothermal alteration released considerable
amounts of Ca®>* and F~ into the ore-forming fluid, increasing its pH,
decomposing the dominant fluoride complexes, and lowering the sa-
turation solubility of uranyl. Reduction of the ore-forming fluid led to
the conversion of SO42~ to S~ and U°* to U**, and formation of the
pitchblende—fluorite-quartz veins of syn-ore stage I along fractures.
During stage II, the U mineralization was controlled mainly by CO,
degassing, which would have decomposed the carbonate complexes
(UO5(CO3)*) and resulted in U being precipitated in pitch-
blende—calcite-quartz veins as the ore-forming fluid became more re-
duced (Fig. 10).
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