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nium ore fields in South China. The minerals associated with alteration and mineralization can be divided
into two stages, namely syn-ore and post-ore. The syn-ore minerals are primarily quartz, pitchblende,
hematite, hydromica, chlorite, fluorite, and pyrite; the post-ore minerals include quartz, calcite, fluorite,
pyrite, and hematite. The fluid inclusions of the early syn-ore stage characteristically contain O,, and
those of the late syn-ore and post-ore stage contain H, and CHy4. The fluid inclusions in quartz of the
syn-ore stage include H,O, H,O0-CO,, and CO, types, and they occur in clusters or along trails.

Keywords:
Mineralization mechanism
Changjiang uranium ore field

Fluid inclusion Homogenization temperatures (Ty,) for the H,O0-CO, and two-phase H,0 inclusions range from 106 °C
Hydrothermal alteration to >350 °C and cluster in two distinct groups for each type; salinities are lower than 10 wt% NaCl equiv.
H-0 isotopes The ore-forming fluids underwent CO, effervescence or phase separation at ~250 °C under a pressure of

1000-1100 bar. The U/Th values of the altered granites are lowest close to the ore, increase outwards, but
subsequently decrease close to unaltered granites. From the unaltered granites to the ore, the lowest
Fe,03/FeO values become lower and the highest values higher. The REE patterns of the altered granites
and the ores are similar to each other. The U contents of the ores show a positive correlation with total
REE contents but a negative correlation with LREE/HREE ratios, indicating the pitchblende is REE-bearing
and selectively HREE-rich. The 8Eu values of the ore show a positive correlation with U contents, indicat-
ing the early syn-ore fluids were oxidizing. The 3Ce values show a negative correlation, indicating the
later mineralization environment became reducing. The water-rock interactions of the early syn-ore
stage resulted in oxidization of altered granites and reduction of the ore-forming fluids, and it was this
reduction that led to the uranium mineralization. During alteration in the early syn-ore stage, the oxidiz-
ing fluids leached uranium from granites close to faults, and Fe,03/FeO ratios increased in the alteration
zones. The late syn-ore and post-ore alteration decreased the Fe,03/FeO ratios in the alteration zones. The
5'80w_smow Values of the ore-forming fluids range from —1.8%o to 5.4%0, and the 8Dw_smow values range
from —104.4%. to —51.6%o, suggesting meteoric water. The meteoric water underwent at least two stages
of water-rock interaction: the first caused the fluids to become uranium-bearing, and the second stage,
which was primarily associated with ore-bearing faults, led to uranium deposition as pitchblende,
accompanied by CO, effervescence.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction vinces of Guangdong, Jiangxi, and Hunan in South China (Fig. 1)

(Dahlkamp, 2009). This field was discovered in the late 1950s

The Changjiang uranium ore field is located in the Zhuguang and has been mined for decades. Ores at Changjiang are character-

granite massif, which straddles the boundaries between the pro- ized as low to medium grade (0.1-0.5% of U) and are positioned at

shallow depths (some orebodies are close to the surface), which

makes the ores profitable. The pre-mining resource is estimated

* Corresponding author at: No. 10 Xiaoguandongli, Beijing 100029, China. to have exceeded 10,000 tonnes of recoverable uranium.
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Fig. 1. Schematic map of the Cathaysia block showing the geological background and location of the Zhuguang granite massif (modified from Li et al., 2012; Wang et al.,

2013a,b).

The Changjiang uranium ore field is hosted by medium-grained
granites that formed in the Triassic and Jurassic (Wang et al., 2005;
Sun, 2006; Li et al.,, 2010, 2012) (Fig. 2). In Cathaysia, there are
many uranium deposits that occur in granites or volcanic rocks,
such as the Sanerer (Min et al., 1999), Xiangshan, and Xiwang
ore fields (Dahlkamp, 2009). Late Permian-Triassic and Jurassic
granites, and NE-SW-trending fault zones are well developed
throughout Cathaysia, whereas Cretaceous volcanic rocks are
mainly restricted to southeastern Cathaysia (Fig. 1).

A number of Chinese publications have documented the ura-
nium deposits that occur in the Zhuguang granite massif (i.e.,
Chen and Liu, 1990; Deng et al., 2003; Guo et al., 2010); however,
the origin of the deposits remains debated.

Around the study area, there are metamorphic basement rocks,
granites, and sedimentary basins, all of which are characterized by
high uranium contents. Some researchers have suggested that
these rocks were the main sources of uranium mineralization, par-
ticularly Triassic granites (Fig. 2) (Chen et al., 2007), based on rare
earth element and Pb isotopic studies (Du, 1982; Zhang, 1994;
Zhang et al., 2003; Min et al., 1999). According to Hu et al. (2004,
2007), the uranium mineralization, which occurred later than the
formation of regional basins and mafic dikes, was a product of
regional extension. Based on H-0 isotopic studies, some geologists
have proposed that the ore-forming fluids were a mixture of mag-
matic and meteoric water (Du and Wang, 1984; Hu et al., 1993;
Min et al., 1999, 2005), whereas others have argued that the met-
allogenic material and ore-forming fluids were derived from the

mantle (Deng et al., 2003; Jiang et al., 2004; Zhu et al., 2006;
Wang and Li, 2007), though this has been refuted by the fact that
mineralization occurred tens of million years later than the
emplacement of the granites. Many geologists now believe that
the uranium was sourced from the granites (Zhang, 2008), that
the ore-forming fluids were meteoric water that experienced
intense fluid-rock interactions with the granite (Hu et al., 1993),
and that most of the uranium was transported in the ore-forming
fluids as a complex of uranyl with CO, (Zhang, 2008). We note that
the above-mentioned theories are inconsistent with each other,
and that most previous studies have focused on isotope geochem-
istry rather than field data. In this paper, we present new data and
observations that allow us to interpret the geological facts more
reasonably and to test the earlier ideas. We propose a new model
of U mineralization at Changjiang based on mineral paragenesis,
fluid inclusion, geochemistry, and H-O isotope studies.

2. Regional geology

In the Zhuguang area, the metamorphic basement rocks are
unconformably overlain by Cretaceous-Paleogene sedimentary
rocks that were deposited in basins (Fig. 2). The metamorphic
basement is more than 20 km thick (Zhang et al., 2005; Zhang,
2008) and composed mainly of metamorphosed marine sedimen-
tary rocks of Sinian, Cambrian, Ordovician, Devonian, and Car-
boniferous age; Silurian rocks are absent. The Sinian, Cambrian,
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Fig. 2. Geological map of the Zhuguang granite massif showing that uranium deposits occur in granites and that Cretaceous-Paleogene basins are located to the south

(modified from Zhang, 2008).

and Ordovician rocks are characterized by sandstones, mudstones,
and limestones that underwent metamorphism and transforma-
tion to slates or phyllites with uranium contents of 4-10 ppm.
The Devonian and Carboniferous rocks are characterized by
limestones and sandstones with uranium contents of 2-4 ppm
(Zhang, 2008).

The Cretaceous-Paleogene sedimentary rocks are located in the
southern part of the Zhuguang granite massif (Fig. 2), and are com-
posed of clastic rocks and molasse formations that formed in lacus-
trine or intermontane basins of Cretaceous, and Paleogene age.
Their uranium contents are generally 6-10 ppm but locally reach
15 ppm (Zhang, 2008).

In the study area, the structures consist mainly of NE-SW, NW-
SE, ~N-S, and E-W striking faults (Figs. 2 and 3), and in the Chang-
jiang uranium ore field the ~N-S striking faults are the main ore-
bearing structures. In addition to the ore-bearing faults, there are
three NE-SW striking regional faults (Lizhou, Mianhuakeng, and
Huangxishui faults, from north to south; Fig. 3), and one NW-SE
striking Fault (Youdong fault).

The uranium orebodies are hosted by the Zhuguang granite
massif (Fig. 3). The Zhuguang granite massif formed over a long
period from the Silurian to the Cretaceous, and is exposed over
an area of >4000 km?. The granites in the Zhuguang massif are
mainly peraluminous, with lithologies including two-mica granite,
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Fig. 3. Geological map of the Changjiang uranium ore field showing the location of Fig. 4; the nearly N-S striking faults are ore-bearing structures (Zhang, 2008).

biotite granite, monzonitic granite, and granodiorite. The minerals
are commonly K-feldspar, plagioclase, biotite, and quartz, with
accessory uraninite. The SiO, contents are typically 70-75 wt%,
with NayO + K0 contents between 7 and 9 wt% (for details, see
Dahlkamp, 2009). The uranium contents of the granitic rocks are
generally 7-20 ppm (Zhang et al., 2005; Dahlkamp, 2009). Apart
from the granitic rocks, there are mafic dikes that were emplaced
along E-W, NE-SW, and ~N-S striking faults.

3. Mineralization and alteration

The mineralization is concentrated mainly along and adjacent
to the N-S striking faults, and the orebodies are characteristically
hundreds of meters long and several meters thick, with U grades
of 0.1%-0.5%. The total reserves exceed 10,000 tonnes of recover-
able uranium. The ores commonly occur as veins or lenses of
quartz-pitchblende and in brecciated and altered granite. Using
an isochron age deduced from the U-Pb dating of pitchblende, pre-
vious researchers have suggested that the mineralization occurred
at 54-81 Ma, corresponding to the age of formation of the Creta-
ceous-Paleogene sedimentary basins to the south (Ludwig et al.,
1985; Zhang, 2008; Huang et al., 2010).

The alteration around the uranium orebodies can be divided
into outer, middle, and inner alteration zones, according to the
alteration intensity and distance from the ores (Fig. 4). The inner
alteration zones are within 20 m of the uranium ores (Fig. 4), and
in these inner alteration zones the granites underwent advanced
hydromica (illite) and chloritic alteration. At distances of 20-
50 m from the ore-bearing faults, there is a middle zone character-
ized by moderate hydromica (illite) and chloritic alteration. At dis-
tances of 50-100 m from the ore-bearing faults there is an outer
zone where hydromica (illite) and chloritic alteration is weak.
The products of hydrothermal alteration associated with the min-
eralization are fine-grained (Fig. 5) and include the replacement of
the original K-feldspar and plagioclase by hydromica (illite) and
quartz, and the original biotite by chlorite and hematite, with the
hematite occurring in bands along the foliation of the chlorite
(Fig. 5).

Because of the substantial alteration around the uranium ore-
bodies, many studies (Wang and Liu, 1987; Lin, 1990; Zhang,
1994; Zhang et al., 2003; Min et al., 1999) have suggested that
the uranium was sourced from the altered granites, but this idea
is refuted by our most recent research (see details in Section 6.2
Geochemistry).
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Fig. 4. A simplified cross-section of the Changjiang uranium ore field showing the distribution of alteration zones (modified from Zhang, 2008).

4. Mineral paragenesis

Thin section observations reveal that the minerals related to
alteration and mineralization formed in three distinct stages: mag-
matic, syn-ore, and post-ore.

4.1. Magmatic stage

In the study area, the lithologies of the Zhuguang granite massif
include two-mica granite, biotite granite, monzonitic granite, and
granodiorite (Fig. 2). The two-mica granite is widespread in the
south and east of the study area, and generally contains quartz
(20%), K-feldspar (15%), plagioclase (35%), biotite (15%), and mus-
covite (10%), along with minor zircon and apatite; grain sizes vary
from <0.2 to >5 mm. The biotite granite is characterized by por-
phyritic textures with K-feldspar phenocrysts. Its mineral compo-
sition is generally 25% quartz, 20% K-feldspar, 30% plagioclase,
and 20% biotite, with minor amounts of muscovite; grain sizes vary
from <0.2 to >5 mm. The monzonitic granite contains quartz (30%),
K-feldspar (25%), plagioclase (30%), and biotite (10%), along with
minor muscovite and other accessory minerals. The granodiorite
generally contains quartz (15%), K-feldspar (15%), plagioclase
(50%), and biotite (15%), along with minor muscovite and other
accessory minerals. The main mineral species among these gran-
ites are the same, although their proportions vary, and these min-
erals form the basis for the hydrothermal alteration of the syn-ore
stage.

4.2. Syn-ore stage

Around the uranium orebodies, the syn-ore hydrothermal fluids
caused alteration of the magmatic minerals of the granitic rocks.
The products of alteration include chlorite, hematite, hydromica
(illite), and quartz (Fig. 5). The chlorite and hematite replaced bio-
tite, while the hydromica (illite) and quartz replaced K-feldspar
and plagioclase (Fig. 5). The abundance of hydromica increases
with greater intensity of chloritic alteration. The chlorite is charac-
teristically found as pseudomorphs of biotite, and contains bands
of hematite along its foliations (Fig. 5). The hydromica (illite) is
characteristically fine-grained, and together with quartz over-

printed the K-feldspar and plagioclase. The alteration process can
be expressed as follows:

Plagioclase + H,0 + K* + H" — Sericite + Quartz + Na* + Ca**
NaAlSi303 +H,0 + K* + H® — KA13 Si3010(0H)2 + Si0, + Na*
CaAlzsizog +H,0 + Kt +H" — KA13SI3O10(OH)2 + Si0, + C&2+

Plagioclase + H,0 + K* + H*
— Hydromica(illite) + Quartz + Na* + Ca**

NaAlSiz0g + H,0 + K* + H*
— K1_X(H20)X{A12 [Alsl301o](0H)27X(H20)x} + 5102 + Na*

CaAlzsizog —+ H20 + K" + H*
— Ki_x(H20), Al {[AlSi;010)(OH),_(H,0),} + SiO, + CaZ*

K-feldspar + H,0 + H* — Sericite + Quartz + K*
KAIS[;;OS +H,0 + HY — I(AlgSl3O]0(0H)2 + 5102 +K*
K-feldspar + H,0 + H* — Hydromica(illite) + Quartz + K*

KAISi;Og + H,0 + H*
— K],X(Hzo)X{Alz [Alsl3010](0H)27X(H20)x} + 5102 + K*

Biotite + O, (Details in fluid inclusions) — Chlorite + Hematite

K{(Mg.067, Fe-033);[AlSi3010](OH), } + O
— (Mg, Fe)s_g[(Al, Si),010](OH)g + Fe;03 + K*

Corresponding to the alteration, there are veins that contain
quartz, pitchblende, and pyrite in fractures. The quartz and pyrite
grains are usually euhedral or subhedral, with sizes of <10 to
>100 pm, and the pitchblende is made up of aggregates of small
uraninite (UO,.y, X < 1) grains. The pitchblende veins contain small
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500 um

Fig. 5. Photomicrographs of altered granites from the Changjiang uranium ore field. A. Dotted hydromica alteration overprinted on the plagioclase of Jurassic biotite granite
(Sample ZK3-2 170 m, cross-polarized light, outer alteration zone). B. Sparse part of biotite was converted to chlorite (Sample ZK3-2 170 m, cross-polarized light, outer
alteration zone). C. Banded hydromica alteration overprinted on the microcline of monzonitic granite (Sample ZK9-1 100 m, cross-polarized light, intermediate alteration
zone). D. Large part of biotite converted to chlorite with some hematite occurring in the foliations (Sample ZK9-1 100 m, cross-polarized light, intermediate alteration zone).
E. Whole plagioclase altered into fine-grained hydromica and quartz (Sample ZK16-2 197 m, cross-polarized light, inner alteration zone). F. Whole biotite converted to
chlorite with hematite occurring in the foliations (Sample ZK16-2 197 m, plain-transmitted light, inner alteration zone). Hym: hydromica, Bt: biotite, Pl: plagioclase, Hem:

hematite, Chl: chlorite.

pyrite grains, indicating an association between pyritization and
the uranium mineralization (Fig. 6A, D, F, and G). Associated with
the pitchblende veins is a pervasive hematitization, which makes
the thin sections red (Fig. 6B, C).

4.3. Post-ore stage

The pitchblende veins are cut by fluorite and hematite veins,
indicating that fluorite and hematite formed later than the ura-
nium mineralization (Fig. 6A, B, D, and E). In the fluorite veins, that
the quartz grains grew on the crystal surfaces of the fluorite, which
suggests that the quartz formed later than the fluorite (Fig. 6H and
I). The quartz and fluorite grains are usually euhedral or subhedral,
with sizes up to 1 mm. The hematite veins are made up of aggre-
gates of small grains. Based on the above observations, we summa-
rize the mineral paragenesis in Fig. 7.

5. Samples and analytical methods

Sixty-four samples were selected from drill cores and mining
tunnels at the Changjiang uranium ore field, including ores and
altered granites. The thin sections were examined using a
DM2500P (LEICA Microsystems) microscope with transmitted light
to determine the types and occurrence of fluid inclusions. The
microthermometric measurements of the fluid inclusions and the
laser Raman experiments were conducted on doubly polished thin
sections using a Linkam TH600 heating-cooling stage and a
LABHR-VIS LabRAM HR800 Raman microscope, respectively, using
standard techniques (Shepherd et al., 1985) at the Geological Anal-
ysis and Testing Center, Beijing Research Institute of Uranium
Geology, Beijing, China.

In the context of the mineral paragenetic sequence and our
studies of the fluid inclusions, we then conducted studies of H iso-
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Fig. 6. Photographs of uranium mineralization from the Changjiang uranium ore field. A. Ore thin section with hematite matrix featuring parallel pitchblende veins cut
through by hematite veins (Sample MHK-BP-05). B. Ore thin section with hematite matrix featuring rhombus pitchblende veins cross-cut by fluorite veins (Sample MHK-BP-
04). C. Ore thin section with hematite matrix and pitchblende veins (Sample MHK-BP-09). D. Pyrite grains containing pitchblende veins cross-cut by hematite veins (Reflected
light). E. Rhombus pitchblende veins cut through by fluorite veins (Plain-transmitted light). F. Pitchblende vein associated with quartz (Cross-polarized light). G. Pyrite
associated with pitchblende veins (Reflected light). H & I. Quartz grains crystallized on the surface of fluorite in a quartz-fluorite vein (Sample SLQ-ZK18-2, H: Parallel
transmitted light, I: cross-polarized light). Ptc: pitchblende, Fl: fluorite, Py: pyrite, Hem: hematite, Qtz: quartz.

topes in the fluid inclusions of the quartz-pitchblende veins and O
isotopes in the quartz. Before any of this H-O isotopic work was
done, the post-ore veins and surrounding rocks were removed,
and the quartz-pitchblende veins were washed with distilled
water, dried naturally, and subsequently crushed for analysis.
Quartz grains were selected manually from a 20-40 mesh distribu-
tion under a binocular stereo-microscope, and the purity was bet-

ter than 99%. The oxygen isotope compositions of the quartz were
measured using the BrFs method of Clayton and Mayeda (1963),
and the hydrogen isotope compositions of the quartz-hosted fluid
inclusions were determined using the methods of Kyser and O'Neil
(1984). The H-0 isotope compositions were measured using a Fin-
nigan MAT 253 mass spectrometer, and are reported in § notation
in units of per mil relative to the standard VSMOW. Replicate §'80
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Fig. 7. Paragenetic sequences for the Changjiang uranium ore field, including magmatic, syn-ore and post-ore stage.

analyses were reproducible to £0.2%0 and 3D values to +3%.. Oxy-
gen isotope fractionation factors used throughout this paper are
those suggested by Clayton et al. (1972) for water-quartz. Stable
isotope measurements were performed at the Geological Analysis
and Testing Center, Beijing Research Institute of Uranium Geology.
After petrographic examination, ore samples with no alteration
and with weak, moderate, and intensive alteration were selected
for geochemical analysis. Major element oxides were analyzed
using a PHILIPS PW2404 X-ray fluorescence spectrometer, and
trace elements were analyzed using a Finnigan MATHR-ICP-MS
(Element I) at the Geological Analysis and Testing Center, Beijing
Research Institute of Uranium Geology. The calibration lines used
for quantification were produced by bivariate regression of data
obtained from 36 reference materials encompassing a wide range
of silicate compositions (Li et al., 2005), and analytical uncertain-
ties ranged between 1% and 5%. A set of USGS and Chinese national
rock standards, including BHVO-1, W-2, AGV-1, G-2, GSR-1, and
GSR-3, was used for calibrating element concentrations of
unknowns, and the analytical precision was typically 2-5%.

6. Results
6.1. Fluid inclusions

The fluid inclusion research was conducted firstly with optical
microscopy observation which is the base of later microthermom-
etry and Laser Raman Analysis. This work indicated that the types
of fluid inclusions in syn-ore and post-ore minerals are similar to
each other.

6.1.1. Occurrences and types

The primary fluid inclusions in vein samples occur in clusters or
along trails that do not cut through grain boundaries
(Figs. 8A, C, 9A), while in altered granites the fluid inclusions form
numerous trails, most of which cut across grain boundaries. It is
difficult to determine their relative ages, although many secondary
trails intersect each other. Accordingly, we infer that most of the
inclusions along secondary trails were trapped more or less con-
temporaneously, either during or shortly after the syn-ore stage
(Fig. 8B, D, B). Based on the preliminary optical microscopy obser-
vations, three types of fluid inclusion, the H,0, H,0-CO,, and CO,
types, were identified in a single cluster or trail, indicating they
were trapped contemporaneously during the syn-ore stage, as
showing in Fig. 8A, B, C, and D. Inclusions that underwent post-
entrapment changes (i.e., necking down, sharp corners) were
locally observed in the selected samples using conventional micro-

scopy, but only fluid inclusions without these textures were
selected for this study. The sizes of CO, inclusions typically vary
from <3 to >10 um, even within one cluster, and they have oval,
irregular, or negative crystal shapes. Most of the H,0-CO, inclu-
sions consist of three phases (liquid H,O, liquid CO,, and vapor
C0,) but have different amounts of CO fill (from 10% to 90%, even
within one cluster; Fig. 8C). These inclusions generally have oval,
irregular, or negative crystal shapes, with sizes varying from <3
to >15 pm. The H,0 inclusions typically measure <10 pm, and
commonly have a bubble fill (vapor H,0) that is less than 20%; they
generally have oval, irregular, or negative crystal shapes.

The post-ore stage quartz, calcite, and fluorite contain fluid
inclusions useful for inclusion research. In the calcite grains, inclu-
sions consist primarily of H,O (Fig. 8E, one phase), CO,, and H,0-
CO,, types, all of which typically measure <15 pm, have oval, irreg-
ular, or parallelogram shapes, and occur in trails that do not cut
across grain boundaries (Fig. 9C). The inclusions in fluorite are
mainly CO, and H,0-CO, types (Fig. 8F), and they occur mainly
in three-dimensional clusters, but with a few in trails (Fig. 9D).
These inclusions are usually oval, irregular, or triangular in shape,
with diameters generally <15 pm.

6.1.2. Microthermometry

For the microthermometry, we focused on the syn-ore stage,
and selected nine samples, which included altered granite and
quartz-pitchblende veins. Samples 4-150-4, ZN14, ZN3, and
ZN45-1 were collected from the inner alteration zone, and ZN10,
10029-1, 10029-14, 15029-1, and 15029-14 from quartz-pitch-
blende veins. In these samples, the inclusions are dominantly
CO, and H,0-CO, types with CO, contents of 20-80 vol%, and
there are also small numbers of H,O inclusions. Some fluorite
and quartz-calcite veinlets cut through these samples. The
quartz-pitchblende veins contain fewer inclusions than the altered
granite samples, and these inclusions generally measure <5 pm,
which make microthermometry difficult.

Table 1 summarizes the microthermometric characteristics of
the fluid inclusions, and Table 2 summarizes the calculated pres
sure-temperature-compositional data. The full microthermomet-
ric and pressure-temperature—compositional data obtained during
this study are reported in Appendices A and B, respectively. The
CO, melting temperatures in CO, inclusions range from —61.0 to
—57.4 °C, which are lower than —56.6 °C (i.e., the temperature of
the triple point for pure CO,), and the homogenization tempera-
tures of CO, are concentrated between 17.8 and 22.1 °C. The CO,
melting temperatures of H,0-CO, inclusions range from —58.6 to
—56.8 °C, which are slightly higher than those of the CO, inclu-
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Fig. 8. Photomicrographs of fluid inclusions in the Changjiang uranium ore field. A. Overview of thin section of sample 10029-1, showing approximate location of Fig. 8C (red
“+’, wall rock is dark xenolith in granite), suggesting the fluid inclusions in Fig. 8C is syn-ore stage. B. Overview of thin section of sample 4-150-4, showing approximate
location of Fig. 8D (red ‘ +°, wall rock is granite), and suggesting the fluid inclusions in Fig. 8D is probably syn-ore stage. C. Primary fluid inclusions occurring in clusters in
quartz grain of the quartz-pitchblende-pyrite veins, showing that the syn-ore fluid inclusion assemblage includes H,O-type, H,0-CO,-type, and CO,-type (Sample 10029-1,
syn-ore stage). D. Fluid inclusions clusters and along trails in quartz grain of the altered granites, showing the syn-ore fluid inclusion assemblage is containing H,O-type, H,0-
CO,-type, and CO,-type (Sample 4-150-4, syn-ore stage). E. Primary fluid inclusions trails in calcite grain of the quartz-calcite veins (Sample 4-150-6, post-ore stage). F.
Primary fluid inclusions cluster in fluorite grain of the fluorite veins (Sample CJ-QY-17, post-ore stage). (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

sions. In the H,0-CO, inclusions, the clathrate disappearance tem-
peratures range from 4.9 to 8.1 °C, the CO, homogenization tem-
peratures range from 24.5 to 30.0 °C (higher than for the CO,
inclusions), and the total homogenization temperatures range from
198 to 354 °C (Fig. 10). In contrast with the H,0-CO, inclusions,
the homogenization temperatures of H,O inclusions are much
lower and range from 106 to 254 °C (Fig. 10). The melting temper-
atures of ice are concentrated between —0.8 and —3.4 °C.

6.1.3. Laser Raman analysis

We used laser Raman analysis to examine syn-ore samples of
inclusions in quartz-pitchblende veins and altered granites, and
post-ore samples of inclusions in fluorite veins. The results suggest
there are two types of fluid inclusion at the syn-ore stage according
to gas composition: the first type characteristically contains O,
and the second CH4 and H, (Fig. 11). The fluid inclusions of the
post-ore stage are mainly of the second type. In the syn-ore stage,

the second type generally occurs much less frequently than the
first type. It is difficult to determine the relative ages of the inclu-
sions by microscopic observation and laser Raman analysis, but we
infer that the second type occurs later than the first type in the
syn-ore stage, and that a portion of the second type is probably
composed of post-ore stage fluid inclusions (see details in Section 7,
Discussion).

6.2. Geochemistry

6.2.1. U-th

There are two types of ore-hosting granite in the study area:
two-mica granite and biotite granite. In the unaltered granites,
the U and Th contents of these two types differ from each other.
In the two-mica granites, the U contents are 135-162 ppm, the
Th contents are 22.3-38.7 ppm, and U/Th ratios are 4.1-6.1, with
an average of 4.8. In contrast, the biotite granites have lower U con-
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Fig. 9. Schematic diagrams showing the occurrence of fluid inclusions from the Changjiang uranium ore field. A. Schematic diagram of the occurrence of fluid inclusions in
quartz-pitchblende veins, corresponding to Fig. 8 C. B. Schematic diagram of the occurrence of fluid inclusions in altered granites, corresponding to Fig. 8 D. C. Schematic
diagram of the occurrence of fluid inclusions in quartz-calcite veins, corresponding to Fig. 8 E. D. Schematic diagram of the occurrence of fluid inclusions in fluorite veins,

corresponding to Fig. 8 F.

tents (31.9-81.7 ppm), Th contents of 31.1-52.4 ppm, and U/Th
ratios of 1.0-1.6 (average 1.4), which are much lower than in the
two-mica granites (Fig. 12).

6.2.1.1. Altered two-mica granite. As shown in Fig. 12 and Appendix
C, the U contents of samples from the outer, middle, and inner
alteration zones, from close to ores and from the ores themselves
are 265-323, 123-416, 54.8-209, 48.6-223, and 719-
53,581 ppm, respectively; the corresponding Th contents are
47.7-52.2, 41.0-51.1, 24.8-54.9, 48.2-132, and 24.5-51.9 ppm,
respectively, and the U/Th ratios are 5.5-6.2, 3.0-8.8, 1.6-6.8,
1.0-1.7, and 21.5-2187, respectively.

6.2.1.2. Altered biotite granite. For the biotite granite, the U contents
of samples from the outer, middle, and inner alteration zones, from
close to the quartz-pitchblende veins and from the quartz-pitch-
blende veins themselves are 37.1-100, 15.7-55.6, 155-528, 34.2-
52.4, and usually >1000 ppm, respectively; the corresponding Th
contents are 39.7-48.7, 9.8-45.7, 34.3-51, 45.8-72.3, and gener-
ally <50 ppm, respectively, and the U/Th ratios are 0.9-2.2, 1.0-
1.7, 4.0-10.4, 0.7-0.8, and generally >20, respectively.

According to the mentioned above, the U/Th ratios are lowest in
samples close to the ores. From the inner to the middle alteration

zone, the U/Th ratios increase, and in the outer alteration zone the
U/Th ratios are close to those of unaltered granite (Fig. 12).

6.2.2. F** & Fe**

6.2.2.1. Two-mica granite. The samples from unaltered two-mica
granites, from the outer, middle, and inner alteration zones, and
from adjacent to the ores and from the ores themselves that devel-
oped from the alteration of two-mica granite have Fe,03/FeO val-
ues of 0.09-0.30, 0.19-0.32, 0.09-0.29, 0.14-1.4, 0.10-0.12, and
0.09-0.55, respectively (Fig. 13).

6.2.2.2. Biotite granite. Samples of biotite granite from the unal-
tered zone, the outer, middle, and inner alteration zones, adjacent
to the quartz-pitchblende veins, and the quartz-pitchblende veins
themselves have Fe,03/FeO values of 0.19-0.39, 0.28-0.35, 0.14-
0.25, 0.16-0.42, 0.08-0.27, and 0.01-2.25, respectively (Fig. 13).

6.2.3. REEs

The REE data for our samples are shown in Fig. 14. Although
samples were taken from different alteration zones, the REE dia-
grams exhibit similar shapes, except for a few which show small
positive 8Ce anomalies. Significantly, there are no appreciable dif-
ferences between the altered biotite granite, the altered two-mica
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Table 1
Summary of Fluid inclusion Microthermometry data from the Changjiang uranium ore field.
Stage Sample No.  Fluid n Fill Tm(ice) Tm(CO,) Tm(clathrate) Th(CO;) Th(total) Homogenize Salinity
inclusion type intoLorV (wt% NaCl equiv)
Syn- 4-150-4 CO, 2 100 na -61.0 na 17.8-19.2 na L 0
H,0-CO, 8 20-80 na -57.0to —-586 6.6-7.5 28.6-30 198-353  L(V) 4.87-6.46
Syn-  ZN14 CO, 2 100 na -57.4to —-57.5 na 19.4-20 na L 0
H,0-CO, 9 20-90 na -56.9 to —57.8 49-79 24.8-29.2 314-354 L(V) 4.14-9.24
Syn-  ZN3 CO, 3 100 na -57.6to —57.9 na 19.2-22 na L 0
H,0-CO, 7 20-90 na -56.8to —58.0 6.4-8.1 26.8-27.9 264-317 L(V) 3.76-6.81
Syn-  ZN45-1 CO, 3 100 na -57.4to —-58.0 na 19.9-22.1 na L 0
H,0-CO, 12 20-80 na -56.9to —-58.2 59-7.7 24.5-29.8 209-330 L(V) 4.51-7.64
H,0 11 10-15 -0.8to-34 na na na 106-254 L 2.39-5.55
Syn-  ZN10 H,0 3 10-15 -1.7to-3.0 na na na 140-212 L 2.89-4.94
Syn- 15029-1 H,0 4 15 -19to -2.6 na na na 136-230 L 3.21-4.32
Syn- 15029-14 H,0 2 5-10 -18to-3.1 na na na 172-214 L 3.05-5.09
Syn- 10029-14 H,0 7 5-10 -15to -3.0 na na na 153-227 L 2.56-4.94
Syn- 10029-1 H,0 4 15 —-1.6to-22 na na na 137-232 L 2.72-3.69

Syn-: fluid inclusion that captured in quartz of syn-ore stage; n: the number of tested fluid inclusions; For H,0-CO, inclusion, fill is Vol% CO,/(CO, + H,0); for H,0 inclusion,
fill is V/(V + L); Tm(ice): melting temperature of ice in H,O fluid inclusion; Tm(CO,): melting temperature of solid CO, phase in H;0-CO, or CO, fluid inclusion; Tm(clathrate):
melting temperature of clathrate in H,0-CO, fluid inclusion; Th(CO,): homogenization temperature of CO, phase in H,0-CO, or CO, fluid inclusion; Th(Total): finial

homogenization temperature of fluid inclusion.

Table 2

Summary of average calculated compositional and pressure data from the Changjiang uranium ore field.

Stage Sample Fluid n Th XH,0 XCO,  XNaCl wt% NaCl  Bulk Bulk P-T isochors (P in bars; T in °C)
No. inclusion equiv density  molar 100 200 300 400 500
type vol
Syn-  4-150-4 CO, 1 178 0 1 0 1] 0.769 55.3 460.01 956.43 1432.9 1889.85 2331.28
H,0-CO, 6 303  0.809 0.176  0.015 5.68 0.894 25.947 -1565.11 90.58 1517.76  2860.56 4115.54
Syn-  ZN14 CO, 2 197 0 1 0 0 0.779 56.48 432.84 905.16 1359.08 1794.58 2215.32
H,0-CO, 8 332 0.743 0241 0.015 6.29 0.874 28,514 -1171.65 225.13 1434.79  2588.7 3665.67
Syn-  ZN3 CO, 3 209 O 1 0 0 0.768 57.30 415.76 872.29 131142 1732.82 2139.99
H,0-CO, 7 299  0.668 0321 0.011 5.05 0.832 32.211 -870.98 297.95 1298.38 2243.57 312245
Syn-  ZN45-1 CO, 3 208 0 1 0 0 0.769 57.23 417.48 875.63 1316.28 1739.13 2147.69
H,0-CO, 10 292 0.804 0.179 0.016 6.12 0.904 25.819 149447 161.25 1600.15 2962.89 4238.35
H,0 10 219 09883 0 0.0117 3.69 0.869 21.267 -1806.93 -272.39 1262.14 2796.67 4331.2
Syn-  ZN10 H,0 3 187 09873 0 0.0127 4.01 0.911 20432 149098 233.63 1958.23 3682.84 5407.44
Syn- 15029-1 H,0 3 192 09857 O 0.0143 4.48 0.908 20466 155239 146.44 1845.28 3544.12  5242.95
Syn- 15029-14 H,0 2 193 09870 0 0.0130 4.09 0.905 20496 —1560.9 129.07 1819.05 3509.03 5199.01
Syn- 10029-14 H)0 7 192 09878 0 0.0122 3385 0.904 20473 154795 146.06 1840.07 3534.09 5228.10
Syn- 10029-1 H,0 4 200 09901 O 0.0099 3.13 0.889 20.703 -1628.66 12.61 1653.88 3295.16  4936.43

Syn-: fluid inclusion that captured in quartz of syn-ore stage; n: the number of tested fluid inclusions; Th: finial homogenization temperature of fluid inclusion; H,O: mole

fraction of H,0; XCO,: mole fraction of CO,; XNaCl: mole fraction of NaCl.

granite, and the quartz-pitchblende veins. However, the LREEs
contents of the altered granites show richer than the unaltered
granites.

The REE contents of the quartz-pitchblende veins range from
19.2 to 681.75 ppb, the LREE/HREE ratios range from 0.57 to 5.17,
the SEu values (calculated as (Eusampie/EUcichondrite)/[(SMsample/
SmC]Chondrite+ Gdsample/GdClChondrite)/2]) range from 0.21 to 048'
and the 3Ce values (calculated as (Césampie/Cecichondrite)/[(Lasampie/
LaC]Chondrite + PrsamplelprclChondrite)/zl) range from 0.88 to 1.78. As
shown in Fig. 15, ZREE and SEu correlate positively with U content,
while LREE/HREE and 3Ce correlate negatively with U content.

6.3. H-0 isotopes

On the basis of fluid inclusion observations and quartz-water
O-isotopic fractionation (e.g., Clayton et al., 1972), we were able
to determine the §'0\%. values of the ore-forming fluids. Our
results are given in Table 3. The §'®0w%. values of the fluids
involved in the uranium mineralization ranged from —1.8 to 5.4,
with 8Dw%o values ranging from —104.4 to —57.2.

7. Discussion
7.1. P-T conditions of the uranium mineralization

Understanding the pressure and temperature conditions of the
ore-forming fluids provides the foundation for studies of uranium
transport and mineralization. Many researchers have studied the
P-T conditions of uranium mineralization in the Changjiang ura-
nium ore field through microthermometry (i.e.,, Chen and Liu,
1990; Zhang, 2008; Guo et al., 2010), but different conclusions
have been reached. To produce a better analysis of the mineral-
ization mechanisms, we made a series of micro-observations
and conducted microthermometric analyses of the fluid
inclusions.

Although the Laser Raman analysis suggested the occurrence of
CH4, H,, and O,, the microscopy observations and microthermom-
etry work show that these volatiles are barely observed (i.e., the
typical CH, clathrate). Therefore, the fluid inclusions were
regarded as H,O-type, CO,-type and H,O0-CO,-type generally.

The fluid inclusions of the syn-ore stage are characterized by
the occurrence of CO,, H;0-CO,, and H,0 inclusions in one cluster
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Fig. 10. Histograms of homogenization temperatures for H,0-CO,-type (A) and
H,O-type (B) fluid inclusions of syn-ore stage.

or trail, and this could be explained by three possible processes, as
follows.

I Phase separation (or CO, effervescence) followed by hetero-
geneous entrapment of a CO,-rich phase and a H,O-rich
phase as CO, inclusions of H,O-CO, or H,O inclusions,
respectively, as has been suggested for gold deposits in Wes-
tern Australia, Canada, and Egypt (e.g., Sherlock et al., 1993;
Dugdale and Hagemann, 2001; Neumayr and Hagemann,
2002; Zoheir et al., 2008). Requirements of this process are
that the CO,, H,0-CO,, and H,O0 inclusions occur in the same
fluid inclusion assemblage, that they have widely varying
degrees of fill and a small range of homogenization tempera-
tures, and that pairs of liquid- and vapor-rich inclusions with
opposite modes of homogenization (V — L and L — V) occur
in the same assemblage of fluid inclusions (Ramboz et al.,
1982; Lu et al., 2004).

II Mixing of fluids from two different sources, followed by
entrapment of the mixtures as fluid inclusions (Xavier and
Foster, 1999) and/or entrapment of different fluids at differ-
ent times (Neumayr and Hagemann, 2002).

Il Post-entrapment deformation that affects the fluid inclusions
formed by the entrapment of a homogeneous (entirely misci-
ble) phase at an earlier stage. In this process, deformation

causes the inclusions to stretch, leak, or decrepitate, resulting
in the preferential loss of H,O and enrichment of the inclu-
sions in CO, (e.g., Hall and Sterner, 1993; Bakker and
Jansen, 1994; Johnson and Hollister, 1995; Kohtaro et al.,
2008). The leaked H,O-rich fluid is then trapped to form the
H,0 inclusions.

The quartz grains in the veins of the Changjiang uranium ore
field are characterized by a lack of post-mineralization deforma-
tion (e.g., undulatory extinction, banded extinction, and pressure
solution seams), although some post-ore microfractures do occur.
The fluid inclusion assemblage in the quartz veins is also character-
ized by a lack of post-entrapment deformation textures (e.g., neck-
ing down). These characteristics suggest that process Il was not an
option for the Changjiang uranium ore field.

If process Il was active, the mixing of two separate fluids would
have produced an array of fluid inclusions with widely variable
Tm(CO,) and Ty, values (reflecting variable compositions and tem-
peratures of entrapment; e.g., Xavier and Foster, 1999). This is
clearly not the case among the samples studied, which are charac-
terized by uniform T,,,(CO,) values and clustered Ty, values.

We are led, therefore, to propose that process I was solely
responsible for the formation of all types of fluid inclusions
observed in the veins of the Changjiang uranium ore field. This is
consistent with the common homogenization of inclusions
through the disappearance of liquid or vapor phases, coupled with
different degrees of fill for H,0-CO, inclusions, as well as our
observations that CO,, H,0-CO,, and H,0 inclusions commonly
coexist within one cluster or trail, suggesting they belong to the
same fluid inclusion assemblage.

The H,0 inclusions are characterized by a nearly constant vol-
ume of the gas phase, approximately 10-15%, indicating the homo-
geneous entrapment of H,0 inclusions. Within a given sample, the
difference in Ty(ice) of the H,O inclusions is usually <2 °C (with
one exception of 2.6 °C), corresponding to the salinity difference,
which is typically less than 3 wt% NaCl equiv. In general, the salin-
ities of the H,0 inclusions range from 2.39 to 5.55 wt% NaCl equiv.,
and the homogenization temperatures range from 106 to 254 °C,
with peak values between 200 and 220 °C. These characteristics
suggest that the H,O inclusions were trapped within one phase
field and that the pressures and temperatures of entrapment were
not lower than the homogenization temperatures and pressures.
The values of T,,(CO,) are generally between —57.4 and —58.0 °C,
with differences less than 1 °C (although there is one exception
at —61.0°C); the CO, homogenization temperatures span from
17.8 to 22.1°C. These features indicate another homogeneous
trapped fluid inclusion, similar to the H,O inclusions. The CO,
and H,O0 inclusions are end-members of a H,0-CO, fluid, and dur-
ing phase separation (or CO, effervescence), pairs of H,O and CO,
inclusions with different fill volumes of H,0-CO, inclusions were
trapped in a single fluid inclusion cluster or trail (Fig. 16).

The homogenization temperatures of H,O inclusions range from
106 °C to 254 °C that are generally lower than the H,0-CO,, which
range from 198 °C to 354 °C. These wide temperature ranges are
probably due to the reequilibration after heterogeneous entrap-
ment during CO, effervescence (Table 2), which also resulted in
density variations between H,0, CO, and H,0-CO, inclusions. Iso-
chores calculated from these microthermometric results for the
H,0 and CO, inclusions have a consistent pressure when the tem-
perature is between 200 and 300 °C. The average isochores of H,0
and CO, inclusions intersect at ~250 °C, with corresponding pres-
sures of 1000-1100 bar (Fig. 17).

The T, (CO,) of CO, and H,0-CO, inclusions are lower than
—56.6 °C, indicating that there is not only CO, in the gas but also
0,, CHy4, or Hj, consistent with the results of the laser Raman anal-
ysis. The clathrate melting temperatures range from 4.9 to 8.1 °C,
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Fig. 11. Laser Raman analysis of fluid inclusions of the Changjiang uranium ore field. A. Laser Raman analysis of a H,O-type fluid inclusion in a trail in altered granite, showing
03 in the fluid inclusion (Sample 4-150-4, syn-ore stage). B. Laser Raman analysis of a H,0-CO,-type fluid inclusion located in a cluster in a quartz-pitchblende vein, showing
that O, occurs in the fluid inclusion (Sample ZN10, syn-ore stage). C. Laser Raman analysis of a H,0-CO,-type fluid inclusion located in a cluster in a quartz-pitchblende vein,
showing the presence of CO,, H, and CHy4 in the fluid inclusion (Sample 15029-1, syn-ore stage). D. Laser Raman analysis of a H,0-CO,-type fluid inclusion located in a cluster
in a quartz-pitchblende vein, showing the presence of H, in the fluid inclusion (Sample 15029-14, syn-ore stage). E. Laser Raman analysis of a H,0-CO,-type fluid inclusion
located in fluorite vein, showing that Hyoccurs in the fluid inclusion (Sample 4-150-9, CJ-QY-17, post-ore stage).F. Laser Raman analysis of a H;0-CO,-type fluid inclusion
located in a fluorite-quartz vein, showing the presence of H, and CHy in the fluid inclusion (Sample 4-150-9, CJ-QY-17, post-ore stage).

corresponding to salinities between 3.76 and 9.24 wt% NaCl equiv.,
which are slightly higher than those for the H,O inclusions. The
CO, homogenization temperatures range from 24.5 to 30 °C, and
the total homogenization temperatures span from 198 to 354 °C,
with peak values between 300 and 320 °C. The H,0-CO, inclusions
were trapped in a two-phase field, meaning that the entrapment
temperatures and pressures were lower than the homogenization
temperatures and pressures, which indicates that an entrapment
temperature of ~250 °C and a pressure of ~1100 bar are reliable
figures. Based on these observations, we assumed that the miner-
alization temperature was 250 °C, and this value is used in the fol-
lowing H-O isotope study.

There are three possible explanations for the observed phase
separation (or CO, effervescence): 1) a decompression effect in
which the pressure dropped below the boiling pressure with con-
stant temperature, 2) the injection of a low-temperature fluid, or 3)
a combination of these two. The Changjiang uranium ores occur
mainly along ~N-S striking faults that are characterized by exten-

sion, and the phase separation or CO, effervescence probably have
resulted from the decompression effect of that extension (Sibson,
2004; Faleiros et al., 2007). The decompression would have
resulted in a drop in confining pressure of the ore-forming fluid,
and this would have been reflected in a decrease in the homoge-
nization temperature. The different amounts of CO, fill in CO,-
bearing inclusions whereas constant H,O fill in H,O inclusions sug-
gest that the confining pressure after decompression could proba-
bly be lower than the pressure point of CO, effervescence, but
higher than H,0 boiling (Sibson, 2001). In general, such a decom-
pressional event would have led to a large variation in the range
of homogenization temperatures for fluid inclusions in the Chang-
jiang uranium ore field.

7.2. Geochemical properties of ore-forming fluids

In addition to the P-T conditions, the geochemical properties of
the ore-forming fluids are also important in controlling uranium
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Fig. 12. U and Th contents, and U/Th values of unaltered and altered granite and ore. Al. U and Th contents of mineralized, altered, and unaltered two-mica granite. A2. U/Th
value diagrams of mineralized, altered, and unaltered two-mica granite. A3. Detailed view of the area marked by a rectangle in A2. B1. U and Th contents of altered and
unaltered biotite granite and quartz-pitchblende vein. B2. U/Th value plots of altered and unaltered biotite granite and quartz-pitchblende vein. B3. Detailed view of the area
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transportation, hydrothermal alteration, and mineralization mech-
anisms. Jin and Hu (1987) proposed that the Changjiang ore-
forming fluids were characteristically oxidizing and acidic, but this
statement was questioned by Ni et al. (1994), who suggested the
fluids were reducing, as indicated by CH4-containing fluid inclu-
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sions. These opposing views motivated us to focus on the geo-
chemical characteristics of the fluid inclusions. Bearing in mind
the mineral paragenesis outlined above, we attempted to deter-
mine the geochemical properties of the ore-forming fluids and
the post-ore hydrothermal fluids by conducting laser Raman and
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Fig. 13. A. Fe,05/FeO value plots of mineralized, altered, and unaltered two-mica granite. B. Fe,05/FeO value plots of altered and unaltered biotite granite and quartz-

pitchblende vein.

microthermometry analyses of fluid inclusions from quartz-pitch-
blende veins, fluorite-quartz veins, and altered granites adjacent to
the ore-bearing faults.

The Laser Raman analysis of fluid inclusions in syn-ore stage
minerals indicates the presence of two types of fluid inclusion. In
the first type, the fluid inclusions contain O,, indicating the entrap-
ment of oxidizing fluids in the inclusions, whereas the second type
contains CH4 and H,, which indicate the presence of reducing flu-
ids. It seems at first to be a contradiction that these two types of
fluid inclusion could occur in the same mineral unless they were
entrapped at different times. There are, however, four possible
explanations for this phenomenon, as follows.

I Both types of fluid inclusions were entrapped simultaneously,
and were the mixing result of two types of fluid (one contain-
ing O, whereas the other CH4 and H;) during the mineraliza-
tion event. In this mixture, there is at least one type of
inclusion that contains CO,. This mixture could explain the
occurrence of CO,, H,0-CO,, and H,O0 fluid inclusions in one
cluster or trail, with the CO, contents ranging from 20 to
80 vol% in the H,0-CO, inclusions. In such a mixture, one
phenomenon should be observed: in any one cluster or trail,
there should be two types of inclusions, one containing O,
the other H,-CHy, but this was not observed. The homoge-
nization temperatures should vary widely, with different
salinities and pressures, but the microthermometry results
do not indicate such variations. Thus, this explanation can
be rejected with respect to the Changjiang uranium ore field.

Il The two types of fluid inclusion were entrapped at different
substages, but all within the syn-ore stage. The inclusions
that contained O, would have formed earlier than those con-
taining CH4 and Hj, and both fluids would have been charac-
terized by high CO, contents. There are many possible
reasons for a change from an oxidizing to a reducing fluid,
such as water (oxidizing)-rock (reducing) interactions or
the injection of a reducing fluid.

Il The inclusions that contained H, and CH4 formed earlier than
those containing O,, and both fluids were characterized by

high CO, contents. Because of the reducing property of the
wall rock, it is difficult for a reducing fluid to become oxidiz-
ing through water-rock interactions, but the injection of an
oxidizing fluid could be a possible explanation for such a
change.

IV The syn-ore stage inclusions that contain H, and CH4 could
possibly be derived from post-ore stage fluids that were over-
printed on syn-ore minerals, or through the H, and CH, diffu-
sion under a chemical gradient between trapped fluid (syn-
ore stage) and an external circulating fluid (post-ore stage,
re-equilibration of fluid inclusions) (Dubessy et al., 1988),
and evidence of this might be provided by the inclusions (sec-
ond type) that occur in the post-ore stage. Because of the sim-
ilar CO, contents and fluid inclusion assemblages in the syn-
ore and post-ore stages, and the fact that some of the assem-
blages occur in microfractures in the altered granites and
veins, we consider it is possible that some fluid inclusions
of the second type were entrapped during the post-ore stage.

To further explore explanations I, III, and IV, we collected sam-
ples with and without post-ore veins (fluorite veins, calcite-quartz
veins), and subjected them to laser Raman analysis. The results
show that the samples with post-ore veins contain more second
type inclusions than those without post-ore veins, which suggest
that most of the CH4- and H,-containing inclusions formed in
post-ore stage with a few others probably forming in syn-ore stage
or through H, and CH,4 diffusion of post-ore fluid into syn-ore
inclusions (Dubessy et al., 1988).

The fluid inclusions of the second type from the syn-ore stage
were probably entrapped later than the first type, and at a time
that can be considered to be the post-ore stage. The foregoing
results indicate that the ore-forming fluids were oxidizing in the
early syn-ore stage but changed to reducing during the late syn-
ore and post-ore stages. This would have resulted in a decrease
in uranium solubility in the ore-forming fluids, thus implying an
end to the uranium mineralization. This deduction is supported
by a geochemical analysis of the hydrothermal alteration, as
detailed in the following section.
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7.3. Hydrothermal alteration

Following on from our determination of the physical and geo-
chemical characteristics of the ore-forming fluids, a study of the
hydrothermal alteration would be possible after determining the
chemical constituents of the unaltered and altered wall rocks.
Hydrothermal alteration is the result of interactions between the
rocks and hydrothermal fluids (ore-forming fluids), and under-
standing the nature of this alteration is essential for studies of
mineralization mechanisms, because the reactions during alter-
ation cause variations in the chemical properties of the hydrother-
mal fluid, which might lead to ore deposition (Robb, 2005).
Previous studies examined the process of hydrothermal alteration
in the Changjiang ore field (Gao et al., 2011a, b; Wang and Ding,
2007), but failed to consider the properties of the ore-forming
fluids and lack a thorough analysis. Moreover, their conclusions
are contradictory.

The fluid inclusion studies outlined above have provided clues
to the process of hydrothermal alteration in the Changjiang ura-
nium ore field. The wall rocks near ore-bearing faults have under-
gone two stages of alteration: syn-ore and post-ore. The early syn-
ore alteration was characterized by interactions between oxidizing
ore-forming fluids and the granite, and the late syn-ore and post-
ore alterations were characterized by interactions between reduc-
ing fluids and altered granite. To understand the alteration pro-
cesses and the mineralization mechanisms more clearly, we have
analyzed the geochemical data (presented in Appendix C) pertain-
ing to the wall rocks in the Changjiang uranium ore field.

7.3.1. Uranium migration

In the Changjiang ore field, uranium is the most important ore
element, therefore, we have subjected it to analysis first. The aque-
ous geochemistry of U is unusual in that U is generally more sol-
uble in oxidizing and carbonate-rich water than in reducing
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Table 3
Oxygen and Hydrogen isotopic compositions of quartz-pitchblende veins from the Changjiang uranium ore field.
Sample No. Petrology Mineral 5Dy_smow 5'80y._ppp 5'80y-smow SDw-smow 5'%0w-smow Resources
ZN3 Quartz-pitchblende vein Quartz —84.2 —22.2 8 —84.2 -0.9 This study
ZN3-1 Quartz-pitchblende vein Quartz -73.9 -19.8 10.5 -73.9 1.6
ZN10 Quartz-pitchblende vein Quartz -734 -231 71 -734 -1.8
ZN14 Quartz-pitchblende vein Quartz -57.2 -19 113 -57.2 2.4
ZN33-1 Quartz-pitchblende vein Quartz -104.4 -16.1 14.3 -104.4 5.4
ZN42-6 Quartz-pitchblende vein Quartz -85.2 -18.8 115 -85.2 2.6
ZN45-1 Quartz-pitchblende vein Quartz —58.5 -23.1 7.1 —58.5 -1.8
15029-1 Quartz-pitchblende vein Quartz -779 -21.5 8.7 -779 -0.2
5008-3 Quartz-pitchblende vein Quartz -71.6 -20.1 10.2 -71.6 1.3
10041-1 Quartz-pitchblende vein Quartz -92.2 -204 9.9 -92.2 1.0
10029-1 Quartz-pitchblende vein Quartz -51.6 -20.6 9.7 -51.6 0.8
04C-2 Quartz-pitchblende vein Quartz -71.5 -19.5 10.8 -71.5 1.9
3-62 Quartz vein Quartz -74 11.2 -74 2.3 Zhang (2008)
2-04 Quartz vein Quartz -76 99 -76 1.0
2-71 Quartz vein Quartz -85 10.1 -85 1.2
2-75 Quartz vein Quartz -83 9.8 -83 09
2-78 Quartz vein Quartz —88 10.6 —88 1.7

Note: 1000 In oty.w = 3.38 x 10° T2 - 3.40 (200-500 °C; T = 250 °C) (Clayton et al., 1972).

water. This peculiarity is due primarily to the tendency of U%* to
form strong complexes in oxidizing fluids, regardless of tempera-
ture (Cuney and Kyser, 2008). Thorium, which has the same ionic
radius as uranium and exists only in a tetravalent state in natural
systems, behaves in a similar way to uranium in all magmatic frac-
tionation processes. Uranium is characterized by a high solubility
in fluids with high oxygen fugacities, but a low solubility in fluids
with low oxygen fugacities. In contrast to uranium, the solubility of
thorium is low in both oxidizing and reducing hydrothermal fluids.
These observations suggest that we should use U/Th ratios to eval-
uate the variations in uranium when granites are affected by
hydrothermal alteration.

One significant characteristic of the ore-forming fluids in the
Changjiang uranium ore field that differentiates them from most

other modern systems, but is shared with unconformity-type ura-
nium deposits, is their high oxidation state, as indicated by the O,
contents in fluid inclusions of the early syn-ore stage. In contrast to
the ore-forming fluids of the early syn-ore stage, the late syn-ore
and post-ore fluids were reducing, as indicated by the H, and
CH,4 contents of the fluid inclusions. These characteristics suggest
that the U contents of the Changjiang ores were affected mainly
by oxidizing fluids of the early syn-ore stage, and only slightly by
later reducing fluids, and that the Th contents of the altered gran-
ites were controlled mainly by the formation of the granites, with
little effect from the later oxidizing and reducing hydrothermal flu-
ids. Regarding the U contents of the altered granites, there are two
factors that should be considered: the formation of the granites,
and the alteration due to oxidizing fluids.
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In the alteration profile of the two-mica granite, changes in U/
Th values occur regularly from the unaltered to the mineralized

granite zone (Fig. 12). The U/Th values of the outer alteration are
slightly higher than those of the unaltered two-mica granite, but
through the middle and inner alteration zones, and closer to the
ore, they become increasingly lower. The U/Th values in the unal-
tered two-mica granite are ~4.8 on average, and this represents
the U/Th value without any later hydrothermal alteration. The U/
Th values in the altered granites that lie close to the ore are much
lower than 4.8, indicating loss of uranium during hydrothermal
alteration. With respect to the middle and outer alteration zones,
the U/Th values are slightly higher than 4.8, meaning uranium
was added during the hydrothermal alteration. These observations
suggest that the ore-forming fluids of the early syn-ore stage trans-
ported uranium from the two-mica granite close to the faults and
deposited it in the middle and outer alteration zones during the
process of alteration.

In contrast to the U/Th values in the two-mica granite, the val-
ues in the outer and middle alteration zones of the biotite granite
are nearly the same as those measured in the unaltered granite,
which is ~1.4 on average, and the U/Th values in the inner alter-
ation zone are much higher than those in the outer and middle
alteration zones, indicating the addition of uranium during
hydrothermal alteration. When close to the quartz-pitchblende
veins, the U/Th values become much lower than those observed
in the inner alteration zone, which are slightly lower than 1.4, sug-
gesting the loss of uranium. These observations suggest that the
ore-forming fluids of the early syn-ore stage transported uranium
from the biotite granite close to the faults, and deposited it in
the inner alteration zones.

Comparisons between the altered two-mica granite and altered
biotite granite show that both types of granite share some similar-
ities, such as the loss of uranium in the altered granites close to the
faults, and deposition of uranium in the alteration zones located
close to the zone of uranium loss. Comparisons of the U and Th
content, and U/Th values of the unaltered and altered granites indi-
cate that some uranium was derived from the altered granites
close to the faults, but that more uranium resources were added
to the altered granites during alteration, which implies that the
oxidizing ore-forming fluids carried uranium from other areas.

7.3.2. Temporal variations in oxidation state

The ore-forming fluids of the early syn-ore stage were charac-
terized by high oxidation states, and the fluids of the late syn-ore
and post-ore stages were characterized by being reducing. This
switch suggests that the variations in oxidation of the altered gran-
ites when they underwent hydrothermal alteration could be repre-
sented by variations in Fe**/Fe?".

In the Changjiang ore field, there are four main types of miner-
als containing Fe: biotite, chlorite, pyrite, and hematite. These min-
erals have two different valency states: Fe>* and Fe?*. Biotite is a
magmatic mineral, while the others are the products of alteration.
When the granites underwent oxidizing (early syn-ore) alteration,
the biotites were at least partially altered to chlorite, and this alter-
ation was accompanied by the development of hematite and the
conversion of some Fe?* to Fe>*. After this oxidizing alteration,
the wall rocks underwent a reducing alteration, and pyrite was
developed in the ores and altered granites. During the alteration,
some of the hematite was transformed to pyrite, which means that
some Fe®* was converted to Fe?*, according to the reaction shown
below.

Fe,03 + H, + CH4 + S*~ — FeS, + H,0 + CO,

As shown in Fig. 13, the minimum values of Fe;03/FeO decrease
as the maximum values increase from the unaltered granites to the
ores, suggesting that granites near the faults underwent oxidation
first and reduction second, in agreement with our studies of the
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fluid inclusions. During the alteration that occurred at the early
syn-ore stage, the biotites in the granites were altered to chlorite
and hematite (the latter forming layers along the foliations of the
chlorite), indicating that most Fe?* in the biotite was converted
to Fe3* so that the values of Fe,05/FeO increased with the degree
of alteration. During the late syn-ore and post-ore alterations, the
granites near the faults underwent a reducing alteration, charac-
terized by the development of pyrite in the altered rocks. This
implies that either some Fe** was converted to Fe** and/or that
new Fe?" was introduced into the system, and the values of
Fe,03/FeO consequently decrease with the increasing degree of
alteration. The Fe,03/FeO values vary significantly among samples,
even within a single alteration zone, and this probably indicates
that even in a single alteration zone the rocks underwent varying
degrees of alteration.

7.3.3. Variations in REE contents

In addition to U, Th, and Fe, the REE variations during uranium
mineralization and alteration should also be analyzed. The REE
contents of the two-mica granites and biotite granites show some
differences. With regard to the two-mica granites, the altered sam-
ples are richer in LREEs than are the unaltered samples, but for the
biotite granites the REE diagrams are similar for both unaltered
and altered types. Variations in the REE contents of the altered
granites were generated as a result of syn-ore and post-ore alter-
ation, and by way of contrast, the REE contents of the quartz-pitch-
blende veins (formed during the syn-ore stage) only experienced
the effects of post-ore alteration. The post-ore fluids were reducing
and are likely to have had only a minimal effect on the quartz-
pitchblende veins, leaving their REE contents fairly constant during
later periods of alteration.

The early syn-ore oxidizing fluids played an essential role in
establishing the REE patterns for the pitchblende veins, which
are made up mainly of REE-hosting minerals that were only
slightly affected by the later reducing fluids. The REE patterns for
the quartz-pitchblende veins can be divided into two groups: pat-
terns of the first group are similar to those of altered granites, and
can be characterized as LREE-rich, whereas the second group can
be characterized as HREE-rich (Fig. 14).

As shown in Fig. 15, XREE increases but LREE/HREE ratios
decrease with increasing U content. The positive correlation
between U contents and XREE suggests that the REEs are concen-
trated mainly in the pitchblende. The negative correlation between
U contents and LREE/HREE ratios indicates that the pitchblende is
relatively rich in HREEs. Compared with pitchblende from else-
where with higher REE abundances (x10* chondritic abundance
for most of the REEs, due to the increased substitution of REEs into
the uranium oxide crystals at high temperatures), the pitchblende
veins at Changjiang are characterized by relatively low total REE
abundances (<1000 chondritic abundance for most of the REEs),
implying that the Changjiang veins crystallized at relatively low
temperatures (Bonhoure, 2007; Cuney, 2010), which is consistent
with our analyses of fluid inclusions.

The REE patterns of the quartz-pitchblende veins with low
YREE show a typical magmatic signature, while the high ~REE
ones show a pattern similar to average seawater and river water
(Elderfield and Greaves, 1982), which suggest that the ore-
forming fluid should be genetically related to ground water, in
accordance with H-0 isotopes (see details in 7.4). Compared with
the pitchblende in unconformity-related deposits that crystallized
at lower temperatures, the one in Changjiang should have been
deposited at low-moderate temperatures, as shown by fluid inclu-
sion research (Bonhoure, 2007; Cuney, 2010).

The altered granites, especially those close to the faults, under-
went two stages of alteration: an early syn-ore oxidizing stage and
a late syn-ore and post-ore reducing stage. The REE diagrams of the

altered granites are the result of a combination of magmatism and
syn-ore and post-ore alteration, but it is difficult to identify the
roles of each geological event.

Eu is an element with variable valency, although usually triva-
lent along with other REEs, and this allows it to migrate with the
other REEs; however, in a reducing environment, some Eu>" is con-
verted to Eu?* and separated from the other REEs, which would
produce an Eu anomaly. In contrast to Eu, Ce>* would be converted
to Ce**, which would form CeO, in an oxidizing environment and
result in its separation from the other REEs (Han et al., 2003). As
shown in Fig. 14, in pitchblende-quartz veins, 3Eu has a positive
correlation with U whereas 5Ce has a negative correlation, imply-
ing the mineralization environment changed from oxidizing to
reducing (Han et al., 2003), in agreement with our fluid inclusion
research. However, the positive 3Ce anomalies of some altered
granites probably resulted from late syn-ore and post-ore alter-
ation, or an anomalous La enrichment (Planavsky et al., 2010).

7.4. Origin of the ore-forming fluids

With regard to the origin of the ore-forming fluids in the Chang-
jiang ore field, previous researchers have suggested they were a
mix of magmatic and meteoric waters (Du and Wang, 1984; Hu
et al., 1993; Min et al., 1999, 2005), or sourced from the mantle
(Deng et al., 2003; Jiang et al., 2004; Zhu et al., 2006; Wang and
Li, 2007), based on H-O isotopic studies. Furthermore, previous
researchers identified four ages (U-Pb dating of pitchblende) for
the uranium mineralization in the Changjiang ore field: 127 Ma
(Zhang, 2008), 82-87 Ma (Zhang, 2002), 73-75 Ma (Zhang, 2002),
and 54 Ma (Zhang, 2008), all of which suggest that the uranium
mineralization occurred mainly during the Cretaceous-Paleogene,
and may have extended over tens of millions of years. During the
Cretaceous-Paleogene, intermontane sedimentary basins were
formed in the region, but there was practically no magmatism or
metamorphism, which means it is difficult to infer whether the
ore-forming fluids were a mixture of magmatic and meteoric flu-
ids. The 8D%o values of meteoric water in the study area during
the Cretaceous—Paleogene range from -30 to -70, and the §'80%.
values range from —5 to —10. The §'80w%. values for the ore-
forming fluids range from —1.8 to 5.4, and the 8Dw%o values range
from —104.4 to —57.2, and these values are vastly different from
those measured for meteoric water, but similar to those measured
for basinal fluids (Fig. 18). The 880 values of the ore-forming fluids
were too low for them to have been sourced from metamorphic
fluids, and normal magmatic sources are ruled out by the 3D values
(Taylor, 1987), thus ruling out a basement-derived ore-forming
fluid. Fluid inclusions of the syn-ore stage always contain certain
amounts of O,, which suggests that the ore-forming fluids were
exposed to the atmosphere (as would have been the case with
meteoric water or basinal fluids). However, the H, that in syn-
ore stage inclusions could not be explained by the exposure to
the atmosphere. According to Dubessy et al. (1988), the H, could
be produced in the presence of water and/or organic matter when
chain fission reactions occur, or generated by redox processes dur-
ing interactions between ground water and strong reducing matter
(i.e., Hy is commonly found in oil fields, Zinger, 1962; Nechayeva,
1968; Neal and Stranger, 1983). Considering the nonexistence of
chain fission reactions and the presence of CH4-containing inclu-
sions in Changjiang, the redox processes are preferred to be the
best explanation for the H, occurrence, the reducing matter is
probably the black shale which is present intercalated with red
beds in basins and ore-hosting granites, in both of which have
the regional faults acted as channel ways for fluids.

During discussing the origin of the ore-forming fluids, the inter-
actions between those fluids and the ore-hosting rocks should also
be considered. The geochemical data related to the ores and altered
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granites indicate that only granites close to the ores underwent
loss of uranium, and altered granites that are close to uranium-
loss zones are richer in uranium after alteration. Clearly, the loss
of uranium from the altered granites cannot match the known
reserves of uranium in the Changjiang ore field. All these observa-
tions indicate that the syn-ore alteration involved the addition of
uranium, and that the altered granites were responsible for only
a small proportion of the uranium present in the ore field. More-
over, the fluids contained uranium, as indicated by the O, contents
of fluid inclusions, indicating that the fluids had a high uranium
solubility.

The water-rock interactions during the syn-ore stage occurred
mainly along ~N-S striking faults, indicating that this system
was probably an open, naturally buffered system. We suggest that
the mineralization required a lasting input of uranium-bearing flu-
ids, even though the solubility of uranium in the oxidized ore-
forming fluids was high at this stage. A naturally buffered system
is indicated by the H-O isotopes, shown as trend B on Fig. 18. In
such a system, when the oxidized uranium-bearing fluids were
transported into the ~N-S trending faults, they would have
reacted with the granites, resulting in the transformation of biotite
to chlorite together with hematite. This reaction was characterized
by the conversion of Fe?* to Fe** and the consumption of O, in the
ore-forming fluids, thus leading to a decrease in oxygen fugacities,
and this would have decreased the solubility of uranium in the flu-
ids, allowing for the precipitation of uranium.

If the ore-forming fluids were initially meteoric water, this
water must have experienced at least one stage of water-rock
interaction to obtain the uranium dissolved in the fluid before
the syn-ore alteration, for there would have been no uranium in
the original meteoric water. As a result of the low H contents but
high O contents of the rock, as indicated by trend A in Fig. 18, this
pre-ore stage water-rock interaction would have produced a pos-
itive change in 8'80%. with a small change in the D%, value of
the ore-forming fluids. In the pre-ore stage of water-rock interac-
tion, the meteoric water would also have obtained substantial
amounts of dissolved CO,, which would have made it different
from the original meteoric water.

The ore-forming fluids could also have been basinal fluids, as
supported by the fact that the H-O isotopes plot in the basinal fluid
field in Fig. 18. The formation of an inter-continental sedimentary
basin during the Cretaceous—Paleogene indicates that this infer-
ence is reasonable. Initially, the basinal fluids would have been

mainly meteoric water, characterized by high oxygen fugacities
that would have enabled the fluids to easily extract uranium from
terrigenous clasts through water-rock interactions (Kyser et al.,
2000), because the clasts would have been characterized by high
surface areas of 5-7 orders of magnitude higher than that of the
granite body. From the sedimentary basin to the location of miner-
alization, the ore-forming fluids may have traveled through meta-
morphic basement rocks (Fig. 2), where they could have obtained
uranium and CO, through water-rock interactions (Cuney et al.,
2003).

7.5. Mineralization mechanism

Here we provide a discussion of the mineralization mechanism,
based on our determination of the P-T conditions, the geochemical
properties and origins of the ore-forming fluids, and our under-
standing of the interactions between the ore-forming fluids and
the ore-hosting rocks.

It is unlikely that the granite was the source of the uranium.
Previous studies have indicated that low-to medium-K calc-
alkaline granites are never associated with U mineralization
(Cuney and Kyser, 2008), because most of the U is hosted by refrac-
tory accessory minerals. Similarly, high-K calc-alkaline granites,
which have high U (12-20 ppm) and Th (30-60 ppm) contents,
are not directly associated with U deposits (Pagel, 1982), because
the U is mainly hosted in uranothorite (U, Th)SiO4 that is highly
resistant to leaching when hydrothermal circulation takes place
some tens of millions years after granite emplacement (Pagel,
1982; Cuney and Friedrich, 1987).

Uranium is immobile in reducing groundwater with pH levels
between 4 and 8, and low Eh values, and it has a minimal temper-
ature dependence from 100 to 300 °C (Parks and Pohl, 1988; Shock
et al., 1997). However, in environments with higher Eh values, oxi-
dation of uraninite and coffinite can increase solubility by several
orders of magnitude, particularly when phosphate and carbonate
are present (Cuney and Kyser, 2008). In basinal brines, uranyl car-
bonate complexes (UO,(C0O5)?~) are dominant under relatively oxi-
dizing and near-neutral pH conditions, and UO,Cl- is dominant in
fluids under acidic conditions at temperatures up to 200 °C
(Romberger, 1984; Kojima et al., 1994). As temperatures increase,
carbonate complexes become less important, while hydroxide
complexes become dominant (Romberger, 1984). In the Chang-
jiang uranium ore field, uranyl carbonate complexes UQ,(C03)*~
probably dominated under a relatively oxidizing environment with
near-neutral pH conditions, which is indicated by the high O, and
CO, contents of the fluid inclusions. There are two mechanisms
that can lead to uraninite precipitation: the release of CO, and
the reduction of U%". Based on the analysis given above, we know
that CO, effervescence occurred during the uranium mineraliza-
tion, which would have resulted in a marked fall in the CO, content
of ore-forming fluids and a decrease in the solubility of U®*. In
addition, the reduction of U®* through reaction with Fe?* (biotite
in granite) could also be the mechanism of uraninite precipitation,
according to the following reactions.

Biotite + 0, + U%* — Chlorite + UO,(|) + Fe;03(])

K{(Mg_67. Fe.037)3[AlSi3010](OH), } + 0% + U®*
— (R*+,R%")5_g[(Si, Al),O10](OH)g + U0, (1) + Fe;03(1)

(R** = Mg?* Fe?*,Mn*" Ni*";R*" = AP’" Fe** Cr’+ Mn>")

If the pH were low, UO,Cl~ would have been dominant in the
fluids, and therefore U®* reduction by reaction with Fe?* would
be the most likely mechanism that led to the precipitation of urani-
nite. In summary, the mechanism of mineralization in the Chang-
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Fig. 19. Ore genesis model of the Changjiang uranium ore field.

jiang ore field involved the reduction of U®* by reaction with Fe?*
through hydrothermal alteration, and was probably accompanied
by CO, effervescence which would have broken apart the UO,(-
C05)?>~ complexes.

8. Genetic model

Our studies of the fluid inclusions, H-O isotopes, and geochem-
istry of the Changjiang uranium ore field suggest a genetic model
for the uranium mineralization that is similar to the model pro-
posed for unconformity-related deposits (Kyser et al., 2000;
Cuney et al., 2003; Cuney and Kyser, 2008). The ore-forming fluids
were initially derived from meteoric water, and they became
uranium- and CO,-bearing fluids through interactions of the water
with sedimentary in the Cretaceous-Paleogene basin, which made
them similar to basinal fluids in terms of their H-O isotopes. The
uranium-carrying fluids flowed into the Zhuguang granite massif
through regional faults, and might have reacted with metamorphic
basement rocks from which they extracted uranium and CO,.
When the ore-forming fluids entered the ore-bearing faults, they
reacted with the granites adjacent to the faults, and this would
have reduced the oxidation state, converted U®* to U#*, and pro-
duced a decrease in the saturated solubility of uranium. During this
hydrothermal alteration, the Fe?* in the granites close to the ore

was converted to Fe**. In addition to this alteration, CO, efferves-
cence or phase separation took place at ~250 °C and at pressures
of 1000-1100 bar, leading to the release of CO, and the decompo-
sition of uranyl carbonate complexes (UO,(CO5)?>"), thereby pro-
moting the deposition of uranium. We propose, therefore, that
this hydrothermal alteration and the CO, effervescence were the
processes that led to the uranium mineralization in the Changjiang
uranium ore field (Fig. 19). After the uranium mineralization, the
Changjiang uranium ore field underwent further hydrothermal
alteration under reducing conditions.
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See Appendix A-C.
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Appendix A

Microthermometry data.
Sample Fluid Fluid Fill Melting  TmCO, Th(CO,) Tm(ice) Homogenize Ty Homogenize into  Salinity
No. inclusion No.  inclusion type TCO, (clathrate) intoLor V CO, or H,0 (wt% NaCl equiv)
4-150-4 Groupl-a H,0-CO, 80 -57 7.2 29.1 L 353 CO, 5.41
4-150-4 Group1-b H,0-CO, 50 -574 6.9 28.6 L 316 H,0 5.94
4-150-4 Groupl-c H,0-CO, 70 na na 30 \% 245 CO, na
4-150-4 Group1-d CO, 100 -61.0? 17.8? L 0
4-150-4 Groupl-e CO, 100 na 19.2? L 0
4-150-4 Group1-f H,0-CO, 20 -57.1 7 29.4 L 318 H,0 5.77
4-150-4 Groupl-g H,0-CO, 70 -58.6 ? 30 \% 198? CO, na
4-150-4 Group1-h H,0-CO, 20 -57.3 7.5 28.9 \% 291 H,0 4.87
4-150-4 Groupl-i H,0-CO, 30 -57.3 7.1 28.6 L 320 H,0 5.59
4-150-4 Groupl-j H,0-CO, 30 -57.7 6.6 28.9 L 220? H,0 6.46
ZN14 Groupl-a H,0-CO, 30 -56.9 6.5 24.8 L 327 H,0 6.63
ZN14 Group1-b H,0-CO, 90 -57.1 6 253 L 342 CO, 7.48
ZN14 Group1-c H,0-CO, 80 -57.7 6.8 28.1 \Y 340 CO, 6.12
ZN14 Group1-d H,0-CO, 80 -574 49 26.2 \Y 336 CO, 9.24
ZN14 Group2-a H,0-CO, 10 na na 25.2 L 350 H,0 na
ZN14 Group2-b H,0-CO, 30 -57.8 7 29.2 L 323 H,0 5.77
ZN14 Group2-c H,0-CO, 20 -57.2 7.9 28.4 \Y 354 H,0 414
ZN14 Group2-d CO, 100 -574 194 L 0
ZN14 Group2-e CO, 100 -57.5 20 L 0
ZN14 Group2-f H,0-CO, 50 -56.9 7.4 26.7 L 314 H,0 5.05
ZN14 Group2-g H,0-CO, 40 -57 7.1 27.9 L 323 H,0 5.59
ZN3 Groupl-a H,0-CO, 40 -56.8 6.4 279 L 317 H,0 6.81
ZN3 Group1-b H,0-CO, 80 -57.1 8.1 26.8 L 264 CO, 3.76
ZN3 Group1-c H,0-CO, 90 -57.1 7.9 27.2 L 299 CO, 4.14
ZN3 Group1-d H,0-CO, 20 -57.3 6.9 274 L 302 H,0 5.94
ZN3 Groupl-e H,0-CO, 30 -57.2 7.5 27.1 L 315 H,0 4.87
ZN3 Group1-f H,0-CO, 80 -58 74 27.7 \Y 288 H,0 5.05
ZN3 Groupl-g H,0-CO, 50 -57 7.7 274 L 311 H,0 4.51
ZN3 Group1-h CO, 100 -57.9 214 L 0
ZN3 Groupl-i CO, 100 -57.6 22 L 0
ZN3 Groupl-j CO, 100 -57.6 19.3 L 0
ZN45-1 Groupl-a H,0-CO, 50 -58.2 5.9 29.5 L 330 H,0 7.64
ZN45-1 Group1-b H,0-CO, 70 -57.9 6.3 29.8 \Y 304 H,0 6.97
ZN45-1 Groupl-c H,0-CO, 40 na na 28.6 L 266 H,0 na
ZN45-1 Group1-d H,0-CO, 80 -56.9 6.9 27.5 L 248 CO, 5.94
ZN45-1 Groupl-e H,0-CO, 80 na na 27.2 L 209? CO, na
ZN45-1 Group1-f CO, 100 -57.4 221 L 0
ZN45-1 Group2-a H,0-CO, 30 -58 74 26.4 L 293 H,0 5.05
ZN45-1 Group2-b H,0-CO, 30 -57.3 7.7 279 L 314 H,0 4.51
ZN45-1 Group2-c H,0-CO, 70 -57.6 7.1 27.5 \% 328 CO, 5.59
ZN45-1 Group2-d H,0-CO, 90 -57 7.3 27.8 L 241 CO, 5.23
ZN45-1 Group2-e CO, 100 -57.5 203 L 0
ZN45-1 Group2-f CO, 100 -58 19.9 L 0
ZN45-1 Group2-g H,0-CO, 20 -57 6.2 27.6 L 262 H,0 7.14
ZN45-1 Group2-h H,0-CO, 50 -57.2 6.6 26.3 L 310 H,0 6.46
ZN45-1 Group2-i H,0-CO, 50 -57.2 6.7 24.5 L 290 H,0 6.29
ZN45-1 Group3-a H,0 15 -2.4 L 223 H,0 4.01
ZN45-1 Group3-b H,0 15 ? L 106? H,0 na
ZN45-1 Group3-c H,0 15 -34 L 271 H,0 5.55
ZN45-1 Group4-a H,0 15 -0.8 L 254 H,0 1.39
ZN45-1 Group4-b H,0 10 -23 L 220 H,0 3.85
ZN45-1 Group4-c H,0 15 -2.2 L 199 H,0 3.69
ZN45-1 Group4-d H,0 15 -1.6 L 208 H,0 2.72
ZN45-1 Group4-e H,0 15 -2.7 L 193 H,0 4.48
ZN45-1 Group4-f H,0 15 -29 L 196 H,0 4.79
ZN45-1 Group4-g H,0 15 -1.5 L 237 H,0 2.56
ZN45-1 Group4-h H,0 15 -2.2 L 191 H,0 3.69
ZN10 Groupl-a H,0 15 -2.6 L 212 H,0 4.32
ZN10 Group1-b H,0 10 -1.7 L 140 H,0 2.89
ZN10 Group1-c H,0 15 -3 L 209 H,0 4.94
15029-1 Groupl-a H,0 15 -2.6 L 230 H,0 4.32
15029-1 Group1-b H,0 15 -1.9 L 136 H,0 3.21
15029-1 Group1-c H,0 15 -2.3 L 211 H,0 3.85
15029-1 Group1-d H,0 15 na L 190? H,0 na
15029-14  Groupl-a H,0 10 -1.8 L 214 H,0 3.05
15029-14  Groupl-b H,0 5 -3.1 L 172 H,0 5.09
10029-14 Groupl-c H,0 10 -2.4 L 205 H,0 4.01
10029-14  Groupl-d H,0 10 -3.0? L 179 H,0 4.94
10029-14  Groupl-e H,0 5 -2.6 L 153 H,0 4.32
10029-14  Groupl-f H,0 5 -23 L 180 H,0 3.85
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Appendix A (continued)

Sample Fluid Fluid Fill Melting  TmCO-, Th(CO;) Tm(ice) Homogenize Ty Homogenize into  Salinity

No. inclusion No.  inclusion type TCO, (clathrate) into L or V CO; or H,0 (wt% NaCl equiv)
10029-14  Group2-a H,0 10 -1.9 L 208 H,0 3.21

10029-14 Group2-b H,0 5 -1.5 L 227 H,0 2.56

10029-14  Group2-c H,0 5 -2.4? L 192? H,0 4.01

10029-1 Groupl-a H,0 15 -2.2 L 137 H,0 3.69

10029-1 Groupl-b H,0 15 -1.6 L 232 H,0 2.72

10029-1 Group1-c H,0 15 -1.9 L 220 H,0 3.21

10029-1 Group1-d H,0 15 -1.7 L 210? H)0 2.89

Syn-: fluid inclusion that captured in quartz of syn-ore stage; For H,0-CO, inclusion, fill is Vol% = CO,/(CO, + H,0); for H,0 inclusion, fill is V/(V +L); Tm(ice): melting
temperature (°C) of ice in H,0 fluid inclusion; Tm(CO,): melting temperature (°C) of solid CO, phase in H,0-CO; or CO-, fluid inclusion; Tm(clathrate): melting temperature
(°C) of clathrate in H,0-CO; fluid inclusion; Th(CO,): homogenization temperature (°C) of CO, phase in H0-CO, or CO; fluid inclusion; Th(Total): finial homogenization
temperature (°C) of fluid inclusion.

Appendix B
Calculated compositional and pressure data.
Sample Fluid Fluid Bulk Bulk XH20 XC02 XNacCl P-T isochores (P in bars at 100 °C, 200 °C, 300 °C, 400 °C, 500 °C and Th)
No. inclusion inclusion  density = molar P at Th 100 °C 200 °C 300 °C 400 °C 500 °C
No. type vol

4-150-4 Groupl-a H,0-CO, 0.75 42.972 0.457 0.535 0.008 1426.28 —225.96 489.56 1109.7 1702.86 2255.7
4-150-4 Group1-b H,0-CO, 0.865 28.454  0.754 0.231 0.015 1545.66 —1255.87 147.63 1357.53 2505.07 3575.2
4-150-4 Groupl-c H,0-CO, na na na na na na na na na na na
4-150-4 Group1-d CO, 0.769 55.3 0 1 0 460.01 956.43 14329 1889.85 2331.28
4-150-4 Groupl-e CO, 0.784 56.16 0 1 0 439.54 917.91 1377.51 1818.39 2244.34
4-150-4 Group1-f H,0-CO, 0.964 21.661 0.899 0.084 0.017 2713.93 -1971.47 339.75 236096  4251.54  6033.81
4-150-4 Groupl-g H,0-CO, na na na na na na na na na na na
4-150-4 Groupl-h  H,0-CO, 0.874 22.662 0.9 0.086 0.014 1519.03 —2288.69 -142.97 1678.62 3356.24  4926.88
4-150-4 Group1-i H,0-CO, 0.933 23.458 0.86 0.124 0.016 2231.69 -1834.17 165.23 1895.67 351524  5034.9
4-150-4 Group1-j H,0-CO, 0.936 23.449 0.859 0.123 0.018 515.99 -1761.44 165.68 1865.26  3474.1 4987.28
ZN14 Groupl-a H,0-CO, 0.953 23.25 0.851 0.13 0.019 2573.8 -1613.54  364.48 2117.62 3784.13 5353.69
ZN14 Group1-b H,0-CO, 0.755 49.789 0.25 0.744 0.006 1413.2 143.78 712.66 1210.21 1690.94 2141.95
ZN14 Groupl-c H,0-CO, 0.411 65.072 0.444 0.548 0.009 645.86 -118.54 229.25 529.41 818.12 1086.89
ZN14 Group1-d H,0-CO, 0.4 66.464  0.433 0.554 0.014 628.77 -98.13 240.51 526.65 809.44 1070.66
ZN14 Group2-a H,0-CO, na na na na na na na na na na na
ZN14 Group2-b H,0-CO, 0.931 23.485 0.861 0.123 0.016 2235.57 —1834.56 141.54 1857.87 3467.52  4978.45
ZN14 Group2-c H,0-CO, 0.873 22.556  0.903 0.085 0.012 2679.47 -2369.64  -126.83 1744.53 3451.96 5046.5
ZN14 Group2-d CO, 0.782 56.29 0 1 0 436.61 912.34 1369.46 1808 2231.68
ZN14 Group2-e CO, 0.776 56.58 0 1 0 428.19 896.26 1346.22 1777.92 2195.02
ZN14 Group2-f H,0-CO, 0.871 28.518 0.743 0.245 0.012 1626.19 —1221.46 222.63 1456.43 2615.51 3695.12
ZN14 Group2-g H,0-CO, 0.899 25.867 0.806 0.179 0.015 1903.39 —1537.04 1411 1586.61 2946.04  4216.76
ZN3 Groupl-a H,0-CO, 0.905 25.832 0.804 0.178 0.018 1808.82 —1455.6 158.09 1576.11 2931.18 420091
ZN3 Group1-b H,0-CO, 0.77 42256 0444 0.55 0.005 974.95 -193.88 552.34 1203.06 1817.38 2389.83
ZN3 Group1-c H,0-CO, 0.733 51.005 0.257 0.739 0.003 1126.01 116.12 652.69 1130.29 1583.62 2009.91
ZN3 Group1-d H,0-CO, 0.971 21.609 0.896 0.087 0.017 2516.13 —1880.42 439.68 2479.05 4392.73 6198.49
ZN3 Groupl-e H,0-CO, 0.935 23.405 0.859 0.128 0.014 2262.93 —1839.77 241.23 2017.7 3666.89 5211.61
ZN3 Group1-f H,0-CO, 0.763 42.578 0.447 0.546 0.007 1093.63 -197.54 533.66 1169.19 1775.49 2340.98
ZN3 Groupl-g H,0-CO, 0.865 28.551 0.749 0.24 0.011 1554.36 -1272.93 184.84 1421.51 2574.97 3647.65
ZN3 Groupl-h  CO, 0.763 57.65 0 1 0 409.01 859.18 1292.32 1708.02 2106.69
ZN3 Group1-i CO, 0.758 58.09 0 1 0 400.94 843.34 1269.2 1677.97 2072.95
ZN3 Group1-j CO, 0.783 56.22 0 1 0 437.6 914.23 1372.19 1811.53 2235.98
ZN45-1 Groupl-a H,0-CO, 0.863 28.719 0.75 0.231 0.019 1629.76 -1177.5 136.72 1290.67 2409.49  3453.82
ZN45-1 Group1-b H,0-CO, 0.505 48.789 0.578 0.408 0.013 605.54 —422.04 122.24 586.75 1036.14 1452.1
ZN45-1 Groupl-c H,0-CO, na na na na na na na na na na na
ZN45-1 Group1-d H,0-CO, 0.408 64.999 0.445 0.546 0.009 373.47 -121.33 227.07 527.95 816.89 1085.88
ZN45-1 Groupl-e H,0-CO, na na na na na na na na na na na
ZN45-1 Group1-f CO, 0.757 58.17 0 1 0 399.37 840.25 1264.67 1672.08 2065.74
ZN45-1 Group2-a H,0-CO, 0.938 23366  0.857 0.129 0.014 1929.66 -1801 276.61 2057.62 3715.43 5269.44
ZN45-1 Group2-b H,0-CO, 0.93 23.455 0.861 0.126 0.013 2200.29 -1911.18 183.47 1956.92 3594.72 5126.43
ZN45-1 Group2-c H,0-CO, 0.483 49914  0.57 0.42 0.01 703.77 —404.29 127.08 580.92 1013.39 1413.94
ZN45-1 Group2-d H,0-CO, 0.727 51.383 0.259 0.737 0.004 835.06 109.47 639.86 1109.45 1557.68 1979.16
ZN45-1 Group2-e CO, 0.774 56.88 0 1 0 423.65 887.55 1333.58 1761.58 2175.06
ZN45-1 Group2-f CO, 0.777 56.62 0 1 0 430.04 899.8 1351.33 1784.55 2203.1
ZN45-1 Group2-g H,0-CO, 0.978 21.584  0.893 0.086 0.021 1684.1 —1750.55 443.23 2431.94 43275 6122.62
ZN45-1 Group2-h H,0-CO, 0.879 28.43 0.741 0.243 0.016 1597.67 —1144.99 257.72 1475.2 2639.5 3726.63
ZN45-1 Group2-i H,0-CO, 0.888 28246  0.736 0.249 0.015 1458.68 1099.79 338.07 1585.23 2776.52 3889.37
ZN45-1 Group3-a H,0 0.866 21384 0.9873 0 0.0127 23.96 —1841.63 -327.4 1186.82 2701.05 4215.27
ZN45-1 Group3-b H,0 na na na 0 na na na na na na na
ZN45-1 Group3-c H,0 0.812 23.08 0.9822 0 0.0178 53.97 —2097.65 —840.68 416.26 1673.24  2930.21
ZN45-1 Group4-a H,0 0.799 22.779 0.9957 0 0.0043 42.19 1973.29 —666.98 639.33 1945.64  3251.95

(continued on next page)
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Appendix B (continued)

Sample Fluid Fluid Bulk Bulk XH20 XC02 XNacl P-T isochores (P in bars at 100 °C, 200 °C, 300 °C, 400 °C, 500 °C and Th)
No. inclusion inclusion  density = molar P at Th 100 °C 200 °C 300 °C 400 °C 500 °C
No. type vol

ZN45-1 Group4-b H,0 0.869 21293 09878 0 0.0122  22.66 —1816.63 —286.45 1243.72 27739 4304.08
ZN45-1 Group4-c H,0 0.895 20.665 09883 0 0.0117 14.89 -1622.78  28.85 1680.47  3332.1 4983.73
ZN45-1 Group4-d H,0 0.876 20.95 09915 O 0.0085 18.03 —1702.83 -112.18 147848  3069.14  4659.79
ZN45-1 Group4-e H,0 0.907 20492 09857 O 0.0143 13.03 -1563.71 129.29 1822.28 351528  5208.27
ZN45-1 Group4-f H,0 0.906 20.566 09847 0 0.0153 13.87 —1599.31 78.64 1756.6 3434.55 5112.51
ZN45-1 Group4-g H,0 0.835 21.961 0.992 0 0.008 31.26 —1915.42 —497.01 921.39 2339.8 3758.2
ZN45-1 Group4-h  H,0 0.904 20448 09883 O 0.0117 12.54 —1535.5 163.19 1861.88  3560.56  5259.25
ZN10 Groupl-a H,0 0.883 21.028 09863 0 0.0137 19.33 —1754.23 -173.25 1407.73 2988.7 4569.68
ZN10 Group1-b H,0 0.952 19319  0.9909 0 0.0091 3.55 —794.66 1203.42 3201.5 5199.59  7197.67
ZN10 Groupl-c H,0 0.892 20922 09842 0 0.0158 18.13 —1732.78 —128.93 1474.91 3078.76  4682.6
15029-1 Groupl-a H,0 0.86 21.604 09863 O 0.0137  27.24 —1895.56 —418.87 1057.82  2534.51 4011.2
15029-1 Group1-b H,0 0.957 19254 09899 0 0.0101 3.16 —723.99 1299.62 3323.22 5346.83 7370.43
15029-1 Group1l-c H,0 0.881 21.011 09878 0 0.0122 19.01 —1740.65 —157.98 1424.68  3007.35  4590.02
15029-1 Group1-d H,0 na na na 0 na na na na na na na
15029-14  Groupl-a H,0 0.871 21129 09904 O 0.0096  20.28 —1759.02 —200.93 1357.16 291525  4473.35
15029-14  Groupl-b H,0 0.934 19984 09837 O 0.0163 8.05 —1303.56 516.5 2336.56  4156.62 5976.68
10029-14  Groupl-c H,0 0.89 20.829 09873 0 0.0127 16.83 —1685.95 —66.85 1552.24 317134 479043
10029-14  Groupl-d H,0 0.926 20.143 09842 0 0.0158 9.5 —1396.8 381.34 215949  3937.63 5715.78
10029-14  Groupl-e H,0 0.948 19583 09863 0 0.0137 5.02 -1016.39 91091 283822  4765.52 6692.82
10029-14  Groupl-f H,0 0918 20.169 09878 0 0.0122  9.79 —1403.66  361.04 2125.75  3890.45 5655.15
10029-14  Group2-a H,0 0.88 20938 09899 O 0.0101 17.98 —1707.27 -1125 1482.26  3077.03  4671.8
10029-14  Group2-b H,0 0.85 21.589  0.992 0 0.008 26.07 —1583.29 —376.14 1101.01 2578.17  4055.32
10029-14  Group2-c H,0 0.905 20.471 09873 0 0.0127 12.79 —1549.08 146.16 1841.39  3536.62 5231.85
10029-1 Groupl-a H,0 0.959 19279 09833 0 0.0117 3.24 —742.75 1276.9 3296.56  5316.21 7335.86
10029-1 Group1-b H,0 0.844 21.762 09915 O 0.0085  28.55 —1887.94  —-438.64 1010.67  2459.98  3909.29
10029-1 Group1l-c H,0 0.864 21318 09899 0 0.0101 22.75 —1809.57 —285.28 1239.02  2763.31 4287.6
10029-1 Group1-d H,0 0.875 21.008 09909 O 0.0091 18.75 —1722.54 —142.27 1438.01 3018.28  4598.56

Syn-: fluid inclusion that captured in quartz of syn-ore stage; Th: finial homogenization temperature (°C) of fluid inclusion; XH,0: mole fraction of H,0; XCO,: mole fraction
of CO,; XNaCl: mole fraction of NaCl.

Appendix C
Geochemical data for granites and ores from the Changjiang uranium ore field.
Sample No. P16 P28 P08-2 P26 P23 MH-01 392-4 P37 P41
(1) (1) (1) (2) (2) (3) (3) (3) (4)
Sio, 76.13 75.83 72.18 71.12 68.87 72.46 79.97 72.19 80.13
Al,05 13.51 12.95 14.38 14.44 15.35 13.84 8.09 14.15 9.76
Fe,04 2.32 2.8 1.45 2.29 2.15 2.11 2.79 243 2.38
MgO 0.47 0.54 0.38 1.14 0.6 0.76 0.65 0.31 0.8
Ca0 0.47 0.31 145 1.13 2.86 1.09 1.6 1.22 0.58
Na,O 0.25 0.16 0.26 0.24 0.15 0.21 0.16 0.41 0.15
K>,0 4.23 4.58 6.62 5.71 4.26 5.22 3.52 5.48 3.1
MnO 0.029 0.063 0.034 0.054 0.079 0.057 0.069 0.065 0.056
TiO, 0.035 0.014 0.013 0.076 0.084 0.022 0.13 0.066 0.076
P,05 0.013 0.013 0.012 0.017 0.021 0.013 0.037 0.017 0.018
LOI 2.35 2.6 3.01 3.62 5.38 4.06 2.62 3.49 2.61
FeO 1.65 2.3 1.2 1.6 1.65 1.75 2 2 1.6
Fe,05/FeO 0.29 0.11 0.10 0.32 0.19 0.09 0.28 0.10 0.38
La 7.52 121 10.3 28.2 47.8 7.65 394 30.2 26.3
Ce 18 27.1 235 60.7 83.9 20.4 77.2 64.7 51.5
Pr 2.54 3.12 3.33 7.51 10.1 2.98 9.3 8.1 6.22
Nd 11.8 13.1 154 30.7 38.8 14.2 329 32.1 229
Sm 4.14 4.57 6.85 8.47 7.33 7.21 6.32 8.81 4.89
Eu 0.14 0.262 0.331 0.411 0.29 0.141 0.453 0.61 0.244
Gd 4.7 4.99 8.3 7.7 5.78 8.99 4.72 8.14 4.49
Tb 1.15 1.21 2.14 1.74 1.01 2.32 0.766 1.77 0.864
Dy 7.72 8.09 13.5 10.4 5.69 15.6 3.83 11.1 5.25
Ho 1.53 1.6 2.7 1.98 1.12 3.29 0.694 2.23 1.02
Er 4.71 4.96 8.1 5.96 341 10.2 2.11 7.11 3.09
Tm 0.829 0.917 1.33 0.981 0.591 1.76 0.379 1.23 0.532
Yb 5.03 5.74 8.45 6.19 3.85 10.7 2.38 8.39 3.46
Lu 0.811 0.881 1.15 0.937 0.639 1.53 0.376 1.29 0.526
Y 443 38.6 59.9 50.2 33.2 88.2 204 63.2 28.7
ZREE 70.62 88.64 105.38 171.88 210.31 106.97 180.83 185.78 131.29
LREE 4414 60.25 59.71 135.99 188.22 52.58 165.57 144.52 112.05
HREE 26.48 28.39 45.67 35.89 22.09 54.39 15.26 41.26 19.23
LREE/HREE 1.67 2.12 1.31 3.79 8.52 0.97 10.85 3.50 5.83

Lan/Yby 1.07 1.51 0.87 3.27 8.91 0.51 11.87 2.58 5.45
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Sample No. P16 P28 P08-2 P26 P23 MH-01 392-4 P37 P41

(1) (1) (1) (2) (2) (3) (3) (3) (4)
SEu 0.10 0.17 0.13 0.15 0.13 0.05 0.24 0.22 0.16
3Ce 1.01 1.06 0.98 1.00 0.89 1.05 0.96 0.99 0.95
Th 34.7 38.7 223 52.2 47.7 41 51.1 47.5 309
§) 142 162 135 323 265 123 176 416 209
U/Th 4.09 4.19 6.05 6.19 5.56 3.00 3.44 8.76 6.76
Sample No. P11 P36 P02 P05 P40 392-70 ZK-03 P19 P21

(4) (4) (4) (4) (4) (5) (5) (6) (6)
Sio, 779 74.79 77.14 76.99 78.88 73.42 83.6 73.33 76.63
AlL,03 11.32 14.73 11.14 11.97 9.48 12.45 8 14.57 11.94
Fe,05 2.81 1.95 2.07 242 2.07 3.07 2.92 2.08 2.84
MgO 0.52 0.62 0.53 0.5 0.56 1.41 0.39 0.71 0.62
Ca0 0.28 0.4 0.17 0.33 1.54 0.27 13 0.24 0.27
Na,O 0.13 0.41 0.23 0.27 0.11 0.25 0.16 0.18 0.15
K0 3.94 6.53 7.39 527 429 6.19 2.97 5.89 4.86
MnO 0.067 0.036 0.03 0.042 0.077 0.057 0.057 0.045 0.054
TiO, 0.13 0.045 0.061 0.086 0.064 0.15 0.026 0.064 0.069
P,05 0.045 0.014 0.02 0.018 0.017 0.043 0.012 0.016 0.017
LOI 2.6 0.37 1.02 1.89 2.59 2.51 0.32 2.76 2.34
FeO 1.15 1.45 1 1.55 1.65 2.5 2.4 1.25 2.05
Fe,03/FeO 1.33 0.23 0.96 0.45 0.14 0.12 0.11 0.55 0.27
La 19.5 18.2 7.92 24.1 214 33.1 83 18.8 32
Ce 75.6 424 29.5 51.4 43.1 64.3 162 324 50.9
Pr 4.51 5.24 2.29 6.58 55 7.51 20.7 3.77 6.2
Nd 16.7 21.8 8.8 26.1 19.8 25.7 74 15 243
Sm 331 7.09 2.6 6.48 4.75 5.11 15.8 4.28 5.78
Eu 0.368 0.447 0.264 0.37 0.34 0.516 0.755 0.362 0.362
Gd 3.1 6.89 2.38 4.95 4.2 43 12.7 4.15 491
Tb 0.651 1.65 0.544 0916 0.815 0.792 2.32 0.983 0.939
Dy 4.09 9.92 3.36 4.61 4.92 4.26 12 6.21 5.66
Ho 0.779 2.01 0.65 0.784 0.927 0.768 2.16 1.22 1.15
Er 2.49 5.89 2.05 2.33 3.1 2.44 6.34 3.77 3.29
Tm 0.476 1.04 0.341 0.343 0.515 0.43 1.01 0.681 0.573
Yb 3.24 6.34 2.39 2.37 3.62 2.74 6.2 439 3.74
Lu 0.478 0.911 0.364 0.345 0.528 0.415 0.937 0.664 0.626
Y 18.4 49.4 17.5 22.7 27.2 224 62.5 31.9 32.1
>REE 135.29 129.83 63.45 131.68 113.52 152.38 399.92 96.68 14043
LREE 119.99 95.18 51.37 115.03 94.89 136.24 356.26 74.61 119.54
HREE 15.30 34.65 12.08 16.65 18.63 16.15 43.67 22.07 20.89
LREE/HREE 7.84 2.75 4.25 6.91 5.09 8.44 8.16 3.38 5.72
Lan/Ybn 4.32 2.06 2.38 7.29 4.24 8.67 9.60 3.07 6.14
SEu 0.35 0.19 0.32 0.19 023 0.33 0.16 0.26 0.20
3Ce 1.90 1.05 1.68 0.98 0.95 0.96 0.93 0.89 0.83
Th 332 24.8 51.6 54.9 30.1 48.2 132 335 51.9
§) 152 64.6 82.1 100 54.8 48.6 223 719 2312
U/Th 4.58 2.60 1.59 1.82 1.82 1.01 1.69 21.46 44.55
Sample No. 232-11 GPO1 P10 P27 ZK-05 P33 P04 P15 ZK-02

(6) (6) (7) (7) (7) (8) (8) (8) (9)
Si0, 78.34 76.59 74.57 75.25 76.64 73.11 75.28 70.7 70.19
Aly05 9.51 7.28 12.15 11.76 10.74 13.64 12.15 15.32 14.02
Fe,03 3.55 2.65 2.55 3.14 3.2 2.72 2.32 247 3.48
MgO 0.91 0.35 0.35 0.084 0.039 0.13 0.17 0.14 0.24
Ca0 0.57 1.2 0.86 0.95 0.83 0.7 0.82 0.18 0.68
Na,O 0.25 0.15 3.17 3.06 2.54 3.05 2.73 4.92 2.92
K,0 4.48 2.7 4.64 5.12 5.83 5.75 55 5.7 7.86
MnO 0.065 0.053 0.061 0.084 0.039 0.069 0.058 0.051 0.052
TiO, 0.19 0.023 0.13 0.1 0.047 0.1 0.089 0.081 0.12
P05 0.059 0.012 0.033 0.019 0.012 0.016 0.02 0.016 0.028
LOI 1.82 2.44 1.28 0.34 <0.10 0.65 0.72 0.31 0.32
FeO 2.75 2.2 1.7 2.4 24 1.95 1.65 1.7 2.6
Fe,03/FeO 0.18 0.09 0.39 0.20 0.22 0.28 0.29 0.34 0.23
La 25.9 12.9 26.5 35.9 111 244 23.9 22,5 7.23
Ce 47.5 31.6 54.3 749 24.6 52 50.8 50.6 19.6
Pr 5.55 4.99 7 10.2 3.05 6.96 6.57 6.26 1.79
Nd 203 20.6 29.1 385 11.7 25.5 259 25.8 6.44
Sm 5.05 6.25 7.05 104 3.03 6.67 6.52 7.09 1.63
Eu 0.354 0.338 0.599 0.511 0.458 0.396 0.489 0.347 0.427
Gd 4.28 6.44 6.66 9.15 2.58 5.81 5.45 7.03 1.58
Tb 0.83 1.46 1.36 1.79 0.499 1.13 1.05 1.51 0.325
Dy 4.81 9.48 8.42 10.1 2.75 6.67 5.78 9.03 1.95
Ho 0.877 1.95 1.64 1.86 0.547 13 1.01 1.78 0.383
Er 2.78 6.18 4,94 5.42 1.67 3.96 3.1 5.13 1.26

(continued on next page)



250 C. Zhang et al./Ore Geology Reviews 86 (2017) 225-253

Appendix C (continued)

Sample No. 232-11 GPO1 P10 P27 ZK-05 P33 P04 P15 ZK-02
(6) (6) (7) ) (7) (8) (8) (8) (9)
Tm 0.477 1.11 0.853 0.943 0.307 0.651 0.457 0.82 0.23
Yb 3.14 6.92 5.45 5.67 2.06 4.25 3.42 5.02 1.53
Lu 0.431 1.04 0.865 0.902 0.34 0.641 0.458 0.756 0.227
Y 24.4 61.1 48.9 54.9 17 30.7 283 439 115
ZREE 122.28 111.26 154.74 206.25 64.69 140.34 134.90 143.67 44.60
LREE 104.65 76.68 124.55 170.41 53.94 115.93 114.18 112.60 37.12
HREE 17.63 34.58 30.19 35.84 10.75 24.41 20.73 31.08 7.49
LREE/HREE 5.94 222 4.13 4.76 5.02 4.75 5.51 3.62 4.96
Lan/Ybn 5.92 1.34 3.49 4.54 3.87 4.12 5.01 3.21 3.39
SEu 0.23 0.16 0.26 0.16 0.49 0.19 0.24 0.15 0.80
3Ce 0.93 0.97 0.96 0.95 1.02 0.96 0.98 1.03 1.30
Th 37.5 24.5 40.8 52.4 31.1 39.7 46.2 48.7 9.79
U 1109 53581 63.6 81.7 31.9 37.1 100 724 15.7
U/Th 29.57 2186.98 1.56 1.56 1.03 0.93 2.16 1.49 1.60
Sample No. P25 P30 P34 P35 P06 P38 P39 P24 P32
9) (9) 9) 9) (10 (10) (10) (10) (amn
Si0, 75.49 76.11 75.42 75.67 73.79 74.81 76.64 76.27 71.87
Al,03 12 11.34 1231 12.04 13.11 11.66 11.53 11.49 12.2
Fe,03 23 3.29 2.93 2.26 2.84 2.92 2.56 2.36 2.92
MgO 0.24 0.24 0.28 0.086 0.34 0.24 0.37 0.49 0.13
Cao 0.68 0.41 0.33 0.18 0.34 0.94 0.27 0.46 1.09
Na,0 2.54 233 242 29 2.26 242 1.73 231 3.68
K,0 5.4 5.07 5.12 5.7 6.12 4.88 5.06 4.93 4.22
MnO 0.062 0.062 0.067 0.047 0.057 0.075 0.062 0.06 0.075
TiO, 0.076 0.068 0.099 0.048 0.085 0.09 0.084 0.072 0.11
P,05 0.018 0.017 0.019 0.015 0.022 0.02 0.019 0.017 0.017
LOI 1.03 0.92 0.88 0.91 0.94 1.71 1.48 1.34 3.33
FeO 1.7 2.5 2.2 1.8 2.2 2.1 2 1.55 245
Fe,053/FeO 0.24 0.20 0.22 0.14 0.18 0.28 0.17 0.41 0.08
La 18.5 25.8 31.6 16.4 27.2 28.2 26.9 26.8 28.6
Ce 43.7 54.7 66.6 40.9 57.6 60.4 55.8 57.8 63.7
Pr 5.28 7.1 8.33 5.24 7.47 7.38 7 7.41 7.69
Nd 21.1 28.1 313 23.1 28.2 279 26.8 29 29.5
Sm 5.34 7.93 7.62 9.01 6.83 6.97 6.6 7.74 7.55
Eu 0.331 0.392 0.388 0.351 0.511 0.477 0.456 0.406 0.343
Gd 4.21 7.79 6.43 10.5 5.46 6.24 6 6.75 6.69
Tb 0.826 1.67 1.16 2.6 0.991 13 1.33 1.53 1.37
Dy 4.82 10.1 6.7 16.4 5.05 7.69 8.13 9.31 7.84
Ho 0.919 2.04 1.23 3.29 0.853 1.58 1.62 1.81 1.5
Er 2.6 6.2 3.68 10.3 2.7 4.99 5.02 5.56 4.71
Tm 0.441 1.09 0.631 1.96 0.381 0.876 0.887 0.921 0.75
Yb 2.92 6.88 3.95 12.3 2.79 5.79 5.55 5.9 4.95
Lu 0.438 1.05 0.604 1.88 0.392 0.856 0.86 0.929 0.75
Y 23 59.7 328 112 24.2 46.3 44.8 46.2 395
2REE 111.43 160.84 170.22 154.23 146.43 160.65 152.95 161.87 165.94
LREE 94.25 124.02 145.84 95.00 127.81 131.33 123.56 129.16 137.38
HREE 17.17 36.82 24.39 59.23 18.62 29.32 29.40 32.71 28.56
LREE/HREE 5.49 3.37 5.98 1.60 6.87 4.48 4.20 3.95 4.81
Lan/Yby 4.54 2.69 5.74 0.96 6.99 3.49 3.48 3.26 4.14
SEu 0.21 0.15 0.16 0.11 0.25 0.22 0.22 0.17 0.14
8Ce 1.07 0.97 0.98 1.07 0.97 1.00 0.97 0.99 1.03
Th 384 44.1 45.7 29.6 46.8 343 383 51 45.8
U 41.9 55.6 57 47.6 208 200 155 528 342
U/Th 1.09 1.26 1.25 1.61 4.44 5.83 4.05 10.35 0.75
Sample No. ZK-01 PO1 P07 P09 P13 P18 P20 P22 P31
(11) (12) (12) (12) (12) (12) (12) (12) (12)
Sio, 68.6 93.62 93.29 87.44 92.59 92.2 90.1 86.8 90.05
Al,05 9.64 2.6 1.67 5.14 2.01 297 3.16 3.94 5.23
Fe,03 3.52 1.94 2.86 3.02 2.55 2.08 2.5 2.86 1.01
MgO 0.45 0.1 0.15 0.59 0.16 0.25 0.2 0.31 0.17
Cao 6.6 0.19 0.35 0.32 0.8 0.29 0.98 2.07 0.19
Na,0 1.04 0.066 0.07 0.11 0.087 0.066 0.079 0.074 0.077
K;0 4.04 0.86 0.26 0.97 0.37 0.31 0.97 1.18 0.97
MnO 0.18 0.025 0.14 0.05 0.053 0.027 0.047 0.12 0.017
TiO, 0.19 0.017 0.019 0.033 0.013 0.017 0.014 0.024 0.029
P,05 0.053 0.013 0.047 0.013 0.015 0.023 0.01 0.013 0.011
LOI 5.63 0.55 1.08 2.27 1.26 1.55 1.78 2.26 1.79
FeO 2.55 1.1 1.9 0.9 2 1.45 1.6 1.65 0.6
Fe,03/FeO 0.27 0.65 0.39 2.24 0.16 0.32 0.45 0.62 0.57
La 51.1 1.73 10.1 13.1 8.88 348 20.6 29.8 6.58

Ce 101 6.58 47.5 55.4 241 71.5 60.1 73.9 13.3
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Appendix C (continued)

Sample No. ZK-01 PO1 P07 P09 P13 P18 P20 P22 P31
(11) (12) (12) (12) (12) (12) (12) (12) (12)
Pr 12.6 0.656 4.24 6.36 3.18 9.82 8.13 9.51 1.57
Nd 44.5 2.56 17.5 28.2 13.5 43.2 34.9 384 5.92
Sm 9.77 0.97 6.47 9.29 4.97 15.2 13 109 1.75
Eu 0.678 0.096 0.716 0.846 0.539 1.55 1.28 0.908 0.118
Gd 8.2 1.07 7.25 11.2 7.14 214 14.3 11.2 1.63
Tb 1.51 0.285 2.08 2.64 2.56 6.45 4.38 2.83 0.42
Dy 8.33 1.7 14.3 17.5 22 50.7 324 19.7 2.86
Ho 1.56 0.388 3.03 3.85 5.42 11.8 7.21 4.06 0.595
Er 4.72 1.18 10.2 12.2 20.7 415 23.7 13.4 2.04
Tm 0.792 0.228 1.91 193 3.99 8.17 4.61 2.52 0.374
Yb 5.2 1.53 14.3 12.5 30 54.7 32.6 18.3 2.59
Lu 0.784 0.225 2.05 2.09 4.79 8.92 5.03 2.81 0.412
Y 46.9 121 87.1 140 167 351 164 118 16.9
~REE 250.74 19.20 141.65 177.11 151.77 379.71 262.24 238.24 40.16
LREE 219.65 12.59 86.53 113.20 55.17 176.07 138.01 163.42 29.24
HREE 31.10 6.61 55.12 63.91 96.60 203.64 124.23 74.82 10.92
LREE/HREE 7.06 1.91 1.57 1.77 0.57 0.86 1.11 2.18 2.68
Lan/Ybn 7.05 0.81 0.51 0.75 0.21 0.46 0.45 1.17 1.82
SEu 0.23 0.29 0.32 0.25 0.28 0.26 0.29 0.25 0.21
8Ce 0.95 1.51 1.78 1.48 1.11 0.93 1.14 1.07 0.98
Th 72.3 7.89 5.94 12.2 3.47 4.99 8.37 10.8 17.4
U 524 766 1942 623 2506 4995 2382 3888 252
U/Th 0.72 97.08 326.94 51.07 722.19 1001.00 284.59 360.00 14.48
Sample No. P42 392-7 392-8 392-10 232-12 MH-02 MH-03 MH-04 GP02
(12) (12) (12) (12) (12) (12) (12) (12) (12)
Sio, 87.81 88.53 85.47 84.1 89.85 88.08 80.28 79.49 90.65
Al,05 4.81 2.19 3.55 2.34 2.59 3.9 3.12 1.58 1.73
Fe,03 2.59 244 3.74 2.86 3.2 2.7 3.84 2.42 43
MgO 0.33 0.82 1.4 0.39 0.65 0.43 0.35 0.13 0.16
Cao 0.31 1.63 1.85 4.65 1.18 1.22 4.92 6.94 0.23
Na,0 0.097 0.06 0.38 0.065 0.075 0.2 0.084 0.082 0.1
K>0 1.72 0.17 0.45 0.73 0.67 1.02 03 0.3 0.39
MnO 0.089 0.13 0.13 0.12 0.057 0.053 0.08 0.1 0.025
TiO, 0.03 0.025 0.16 0.035 0.05 0.019 0.018 0.032 0.019
P,05 0.013 0.013 0.029 0.015 0.023 0.015 0.016 0.031 0.015
LOI 1.72 2.8 2.7 4.45 1.59 23 4.5 3.84 2.14
FeO 1.6 2.1 3.2 2.55 2.7 1.9 3.1 1.6 14
Fe,03/FeO 0.51 0.05 0.06 0.01 0.07 0.31 0.13 0.40 1.96
La 19.5 10.8 12.3 10.5 13.8 20.5 213 44.7 2.73
Ce 56.8 21.6 215 20.6 28.2 57.4 67.4 130 8.62
Pr 9.1 2.93 2.65 233 3.34 7.94 9.34 21.2 1
Nd 37 11 10.2 8.42 12.8 32.7 38.6 88.1 4.02
Sm 13 2.87 2.68 1.83 2.92 11.7 14.7 37.7 1.39
Eu 1.11 0.33 0.43 0.151 0.251 0.907 1.55 3.75 0.14
Gd 125 2.98 2.76 1.71 2.81 14.4 18.9 41.6 1.71
Tb 3.42 0.732 0.702 0.329 0.603 3.76 5.64 13.2 0.499
Dy 218 4.86 4.6 2.14 3.63 24.9 40.7 94.5 3.69
Ho 4.47 1.12 1 0.441 0.688 5.5 8.61 19.6 0.807
Er 14.4 3.54 337 1.47 2.16 17.6 29.1 67.3 2.93
Tm 2.66 0.643 0.611 0.249 0.378 3.12 5.59 131 0.569
Yb 18 4.37 4.26 1.84 2.47 21 38.9 93.1 3.78
Lu 248 0.635 0.656 0.3 0.332 3.25 5.8 139 0.569
Y 124 40.6 36.1 17.7 20.9 183 230 413 252
~REE 216.24 68.41 67.72 52.31 74.38 224.68 306.13 681.75 3245
LREE 136.51 49.53 49.76 43.83 61.31 131.15 152.89 325.45 17.90
HREE 79.73 18.88 17.96 8.48 13.07 93.53 153.24 356.30 14.55
LREE/HREE 1.71 2.62 2.77 5.17 4.69 1.40 1.00 0.91 1.23
Lan/Ybn 0.78 1.77 2.07 4.09 4.01 0.70 0.39 0.34 0.52
SEu 0.26 0.34 0.48 0.26 0.26 0.21 0.28 0.29 0.28
8Ce 1.04 0.92 0.88 0.98 0.99 1.10 1.17 1.03 1.28
Th 15.5 7.35 3.93 13.6 11.2 12.8 6.48 2.38 6.86
U 721 7829 3076 905 2830 3923 17,924 37,056 1216
U/Th 46.52 1065.17 782.70 66.54 252.68 306.48 2766.05 15,569.75 177.26

Oxides and loss-on-ignition (LOI) are in wt%; rare earth elements are in ppb; U and Th are in ppm; Fe,03/FeO = [Fe,03 — (10/9) * FeO]/FeO. (1): Unaltered two mica granite;
(2): Altered two mica granite, from outer alteration zone; (3): Altered two mica granite, from middle alteration zone; (4): Altered two mica granite, from inner alteration
zone; (5): Altered two mica granite, close to ore; (6): Mineralized two mica granite; (7): Unaltered biotite granite; (8): Altered biotite granite, from outer alteration zone; (9):
Altered biotite granite, from middle alteration zone; (10): Altered biotite granite, from inner alteration zone; (11): Altered biotite granite, close to ore; (12): Quartz-
pitchblende.
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