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ABSTRACT

The Xihuashan granitic complex (southern China) is mainly composed of coarse-grained porphyritic biotite granite (G—a),
medium-grained porphyritic biotite granite (G—b), and medium- to fine-grained porphyritic biotite granite (G—). The G-agranite
is characterized by monazite-(Ce) and xenotime-(Y), in addition to commonly observed zircon and uranoan thorite. In the G-b
and G—c intrusive units, monazite-(Ce) becomes very scarce, whereas Y-bearing minerals, including Y -bearing spessartine,
xenotime-(Y), gadolinite-(Y), fergusonite-(Y), and yttrian fluorite (up to 15 wt% Y ,03), are concentrated to various extents.
Spessartine exhibits chemical zoning, which is displayed, in the core, by elevated contents of Y and heavy REE (HREE) (up to
2.32 wt% Y03 and 1.51% HREE,O3) and micrometric inclusions of Y -bearing minerals. Similarly, zircon from the G—b and G-
¢ granites contains polymineralic micro-inclusionsin the core. Overall, the accessory minerals point to a magmatic environment
of crystallization for the G-a granite. In contrast, the crystallization of the G—b and G—c granites involved magmatic and hydro-
thermal stages. Thelate- to postmagmatic fluid isenriched in F and CO,, and appeared as aresult of the final oversaturation of the
granitic melt in afluid phase.

Keywords: yttrian fluorite, yttrium-bearing spessartine—almandine, xenotime-(Y), zircon, electron-microprobe data, granite,
Xihuashan, China.

SOMMAIRE

Le complexe granitique de Xihuashan, dans le sud de la Chine, est principalement composé de granite porphyrique a biotite
agros grains (G-a), agrains moyens (G—b) et a grains de moyens afins (G—). Le granite G—a contient, en plus du zircon et de
la thorite uranifére répandus, deux minéraux accessoires: monazite-(Ce) et xénotime-(Y). Dans les granites G-b et G—, la
monazite-(Ce) devient tres rare, tandis que divers minéraux a yttrium, dont spessartine, xénotime-(Y), gadolinite-(Y), et
fergusonite-(Y), montrent desteneursvariables en yttrium, de méme quelafluorite (jusqu’ a15% en poidsde Y ,O3). Laspessartine
présente une zonation chimique, qui se caractérise au coeur par des concentrations élevéesen Y et terres rares lourdes (jusqu’a
2.32% Y ,03 et 1.51% des oxydes de terres rares lourdes, en poids) et des inclusions micrométriques de minéraux yttriféres. De
méme, le centre des cristaux de zircon des granites G—b et G—c contient auss de petites inclusions de phases yttriféres. Ces
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observations de minéraux accessoiresindiquent un milieu magmatique pour le granite G—a, tandis que lesgranites G—b et G—c ont
cristallisé au cours de stades magmatique et hydrothermal. Ces fluides magmatiques tardifs a post-magmatiques étaient enrichis
en F et CO,, qui proviennent d’ une sursaturation finale du magma granitique en phase fluide.

Mots-clés: fluorite yttrifére, spessartine—almandin yttrifére, xénotime-(Y), zircon, granite, Xihuashan, Chine.

INTRODUCTION

Accessory minerals are considered the principal
hosts of high-field-strength elements (HFSE) and rare-
earth elements (REE) in granitic melts. Many investiga-
tions have shown that assemblages of accessory
minerals are compositionally more variable in granitic
rocks than major minerals. Their crystallization is gen-
erally sensitive to parameters like temperature, f(O,),
and melt composition (e.g., Cuney & Friederich 1987,
Rapp & Watson 1986), and their compositional evolu-
tion typicaly continues below the solidus. Therefore,
accessory mineralsin agranitic rock can serve asasen-
sitive indicator of crystallization histories at the mag-
meatic stage (Robinson & Miller 1999, Dahlquist 2001,
Wang et al. 2001), and during postmagmatic events.

South China is an important area of peraluminous
granitic activity associated with W-Sn—Nb-Ta miner-
alization (Hu et al. 1984). Examples of mineralized
granites include the Xihuashan granite, Jiangxi (W de-
posit, Marugjol et al. 1990), the Xianghualing granite,
Hunan (Sn—Ta-Li deposit, Zhu & Liu 1990), the Yichun
granite, Jiangxi (Nb-Ta-Li deposit, Yin et al. 1995),
and the Limu granite, Guangxi (Ta—Sn deposit, Zhu et
al. 2001). Of these plutons, most are depleted in Y and
the REE (<2 ppm Y, <30 ppm 3REE); however, the
Xihuashan graniteis exceptionally rich in REE and par-
ticularly in Y (98 < SREE < 322 ppm; 91 <Y < 170
ppm). Correspondingly, a series of Y-bearing phos-
phates, silicates, fluorides, and niobotantal ates, and a so
other associated accessory minerals of Zr, U, Th and
Nb, are present in the Xihuashan granitic complex, and
motivated our study. Apart from results of a few wet-
chemical analyses and partial electron-microprobe
analyses of rock-forming and accessory minerals, virtu-
aly no data exist on the mineralogy of the Xihuashan
granites. We here present a detailed description of a
complex assemblage of mineralscontaining Y, REE, Zr,
Nb, W, U, and Th minerals, and provide adiscussion on
their response to magmatic and hydrothermal evolution
during the crystallization and cooling of the pluton.

GEOLOGICAL SETTING

The Xihuashan district is an important part of the
Gannan (southern Jiangxi) tungsten metall ogenic prov-
ince, and is world-famous for its large vein-type tung-
sten deposits. They were discovered in the early 1930s

in the endo- and exocontact zones of the Xihuashan gra-
nitic complex (Hsu 1943). Mining of quartz—ferberite-
type ores started in 1935. The metallogeny of the
deposits and the petrology of associated granites were
described by Hsu (1943), Le Bel et al. (1984), McKee
et al. (1987), Giuliani et al. (1988), Marugjol et al.
(1990) and Shen et al. (1994).

The Xihuashan granitic complex belongs to the
Nanling Y anshanian (Cretaceous-Jurassic) orogenic
metallogenic belt; it islocated 10 km northeast of Dayu
city (Fig. 1). It crops out over an area of about 20 km?
and was emplaced in Cambrian sandstones. Exploratory
drilling allows usto subdivide this complex into at least
three successive pulses of emplacement. The first stage
(ys®® consists of coarse-grained porphyritic biotite gran-
ite (G—a). It occurs as the outermost part of the complex,
and outcrops over an area of 4.8 km?. It consists mainly
of quartz, perthitic K-feldspar, oligoclase (Anyg_12) and
biotite. The second stage (ys%°) consists of medium-
grained porphyritic biotite granite (G—b), which is ore-
producing and hosts tungsten mineralization at the
Xihuashan mine. The surface exposureis about 5.2 km?,
The major rock-forming minerals include quartz,
perthitic K-feldspar, sodic plagioclase (Ang_,), biotite,
and spessartine. The third stage (ys%°) crops out over an
areaof 8 km?in the northern part of the Xihuashan com-
plex. It isamedium- to fine-grained porphyritic biotite
granite (G—c), and hosts tungsten mineralization, ex-
ploited at the Dangping mine. The mgjor mineras are
similar to those of the G—b granite, but fluoriteis rela-
tively more abundant in the G—b granite. A fine-grained
biotite granite (G—d) is considered as a sterile border of
the ys%° granite, and restricted to NW-SE-trending
dykes in the middle part of the pluton.

Chronological studies of the Xihuashan granitic
complex (K-Ar, Sm-Nd and Ar-Ar methods) gave ages
of about 150 Ma (Le Bel et al. 1984, Mc Kee et al.
1987). In Table 1, major- and selected trace-element
contents of the granites at Xihuashan are shown. Val-
ues of A/CNK (defined in Table 1) for the units of the
Xihuashan granitic complex range from 1.04 to 1.07,
and suggest a weakly peraluminous granite, but less
strongly so than other rare-metal-enriched granites in
southern China. The granite samples contain between
91 and 170 ppm Y, and 98-322 ppm REE, strikingly
higher than other comparable Chinese granites, and
demonstrate a marked depletion in LREE from the G—a
granite to the G—b and G—c granites. More detailed
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Fic. 1. Geologica map of the Xihuashan granitic complex, southern China, modified after Li et
al. (1986).
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petrological and geochemical information on the
Xihuashan granitesis described in Li et al. (1986) and
Maruégol et al. (1990).

SAMPLES AND ANALYTICAL METHODS

Polished thin sections of the G-a, G-b and G—c gran-
ites were initially examined using the back-scattered
electron (BSE) mode with a JEOL JXA8800 €electron
microprobe at the Department of Earth Sciences,
Nanjing University, in order to characterize the textural
relationships and to define the mineral paragenesis of
accessory minerals. Compositional analyses of miner-
alswere carried out using the same electron microprobe,
except for spessartine, xenotime-(Y) and monazite-(Ce),
which were analyzed using a Cameca SX50 electron
microprobe at Université Paul Sabatier in Toulouse. The
operating conditions for the JEOL electron-microprobe
analysis were as follows for all accessory minerals ex-
cept the REE minerals: acceleration voltage 20 kV,
beam current 20 nA, and diameter of electron beam |
wm, ZAF correction program. The method outlined by
Williams (1996) was used for analyses of the minerals
of rare-earth elements. Count time of 30 seconds were
used for Y, Laand Ce, 50 seconds for Pr, Nd and Sm,
and 20 seconds for Eu, Gd, Er and Yb. Synthetic Y and
REE pentaphosphates (Y P50y, and REEPsO14) Were
used as standards. The procedures of Amli & Griffin
(1975) and Roeder (1985) were used to correct peak
overlaps between some elements. Europium contents of
REE-bearing minerals are generally below detection
limits (about at 0.02 wt% Eu,0s). The operating condi-
tions for the Cameca electron-microprobe included an
acceleration voltage of 15 kV, abeam current of 20 nA,
abeam diameter of | wm, and PAP correction program.
Synthetic phosphates were used for measurements of
REE and Y (Jarosewich & Boatner 1991).

THE CoMPOSITIONS OF THE ACCESSORY MINERALS

The accessory minerals from the Xihuashan gran-
ites were systematically studied and described as fol-
lows in the order of fluoride, silicate, phosphate,
carbonate, oxide and tungstate.

Fluorite

Fluorite is restricted to the G—b and G—c¢ granites.
We recognize three generations. The first (Fluoritel) is
rare, but isinvariably associated with spessartine (Fig.
2a); the second (Fluorite I1) is associated with crystals
of zircon and thorite (Fig. 2b), and located predomi-
nantly as intergranular minerals among rock-forming
minerals such asfeldspar, quartz, biotite and muscovite.
The third (Fluorite 111) coexists with synchysite-(Y)
(Fig. 2¢), and characteristically surround grains of fluo-
ritel (Fig. 2a).
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Representative results of electron-microprobe analy-
ses are shown in Table 2. Fluorite | is compositionally
unusual in that it contains more than 8 wt% Y 03, and
up to 15 wt% (Sample B, Table 2). Concentrations of
REE,O3; vary from 2.42 to 7.87 wt%. Calculation of
structural formulae gives up to 16 mole % of a
(Y,REE)F3 component in solid solution in fluorite, sug-
gestive of an yttrian fluorite (CayY x)F2+x. Fluorite I
has a nearly pure composition, with <0.1 wt% Y ,0s3,
althoughit iscommonly associated with Y -bearing min-
eralsincluding xenotime-(Y) and fergusonite-(Y'). Fluo-
ritelll hasvariableY contents, but invariably lower than
4 wt%. The REE contents in fluorite Il and fluorite [
are generally below the detection limits.

Back-scattered electron images show clearly that
fluorite | is typically rimmed by fluorite 111 and
synchysite-(Y) (Fig. 2a). Textural evidence suggeststhat
the primary yttrian fluorite gave way to Y -poor fluorite
(<4 wt% Y,03) and synchysite-(Y) as crystallization
progressed, the latter being distributed along the cleav-
age in the fluorite I11 (Fig. 2c).

TABLE 1. MAJOR- AND TRACE-ELEMENT CONTENTS OF
THE XIHUASHAN GRANITIC COMPLEX AND COMPARISON WITH
OTHER PERALUMINOUS RARE-CLEMENT-ENRICHED GRANITES

IN SOUTHERN CHINA

XHS YS LM XIIL DFX

Ga  G-b

Gc¢ Ga Gb Ge
Ref. @m o O @ @ @ 6 @ 6 ©

Si0, 74.61 75.74 73.00 7643 73.55 7246 79.90
Tio, 10 003 005 014 001 006 001 002 000 002
ALO, 1332 1317 13.95 12,67 1482 1576 1373
Fe,0,' 167 091 073 0.6
Fe,0, 035 026 022 000 0.00 0.17 021 076
FeO 173 123 100 000 0.00 065 063 103
MnO 007 010 010 007 011 069 014 013 018 0.09
MgO0 045 019 026 027 010 063 010 010 012 019
Ca0 119 060 079 116 046 043 019 031 014 030
Na,0 339 411 384 332 379 409 485 3502 515 384
471 435 470 500 461 417 313 395 357 237

P;z()5 005 005 005 003 <0.01 <¢.0l 036 020 061 027

LOT 1.13 014 €17 161 052 073

I 037 075 071 162 066 100

F-0 016 -006 -0.07 -068 -027 042

Total $9.97 09.83 9954 9955 99,90 9891 99.32 99.79 99.86
A/CNK 104 105 105 107 105 106 142 113 121 145
Y 96,8 1421 1258 91.4 1483 1696 049 072 115 125
LREE 1667 450 386 1282 629 389 044 274 219 32
HREE1552 157.5 189.9 383 594 578 029 108 52 17
u 221 369 3l4 9.9

Th 347 283 211 26 115 00

Nb 235 52 20 14 315 255 488 826 100
Ta 520 305 6 18 18 782 733 87
sroo 200 165 105 107 66 65 254 326 37 153
Hf 71 112 86 43 40 2 15

Granite plutons: XHS: Xihuashan, YS: Yashan, LM: Limu, XHL: Xianghualing, DFX:
Dengfuxian. References: (1) Xu (1986), (2) Marnéjol et al (1990), (3) Huang ef al.
{2002), (4) Zhu e/ ad. {2001), (5) Liu (1990), (6) Xu {1986). Fe,0;": .mtal jron
expressed as Fe, 0, A/CNK = ALO,/(2Ca0 + Na,O - K;0) (molar proportions). The
major-clement composition is reported in wi%, and trace-element concentrations are
expressed in ppm. LREE and HREE represent the total concentrations of the light and
heavy rare-carth elements, respectively.
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Fic.2. Back-scattered electron images of fluorite. (a) Relic of early yttrian fluorite (FI-I) surrounded by later fluoritel 11 (FI-11)
and synchysite-(Y) (Syn). (b) Association of fluorite Il (FI-I) and hafnian zircon (Zrn). (c) Association of fluorite 111 and
synchysite-(Y). Sps: spessartine, Qtz: quartz.
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TABLE 2. REPRESENTATIVE COMPOSITION OF FLUORITE AND ASSOCIATED SYNCHYSITE-(Y)
FROM THE INTRUSIVE UNITS OF THE XIHUASHAN GRANITE

A B C D

FI1 FLTISyn-(Y) FI-I  FHIISyn(Y) FI-1 FLIISyn-(Y) FI1  FIIISyn(Y) FLI FLIL
Y,0, wi%12.98 3.90 27.95 14.97 3.75 2845 1320 554 27.74 1477 2.66 2561 0.06 0.61
La,O, 048 003 1.64 029 002 146 041 00l 132 059 000 332 - 008
Ce,0, 165 011 465 116 008 362 152 015 318 1.63 0.18 785 -  0.04
Nd,O, 084 - 212 07t - 185 057 002 175 119 001 191 - -
Sm,0, 009 - 101 012 089 015 - 117 091 - 091 - -
GdO, 049 - 19 031 - 135 010 216 092 - 176 -
ThO, 024 - 009 007 - 005 002 016 002 - 008 - -
Dy,0, 064 - 18 012 - 179 016 - 217 118 - 1.67 - -
Ho,0, - - 034 - - 035 - - 034 011 - 031 - -
Er,0, - - 161 - - 168 - - 126 118 - 145 - -
Yb,0, 030 - 115 015 - 106 024 - 095 014 - 104 - -
Cal 5481 67.87 19.08 54.97 67.26 19.59 56.09 66.16 19.61 S1.10 68.89 18.91 71.00 70.92
Total 7252 71.90 6345 72.86 TL.E1 62.14 7245 71.87 61.85 73.72 71.74 6481 T1.07 71.64
F 46,59 4790 470 4522 47.94 470 46.13 47.95 S5.14 44.92 4817 4.00 4845 4823
F=0  -1957-20.12 -1,97-18.99-20.13 -1.97-19.38 20,14 -2,16-18.87 -20.23 -1.72-20.40 20.31
Total  99.55 99.68 66.18 99.09 98.91 64.86 99.21 99.68 64.83 99.77 99.68 67.18 99.12 99.56
CO,(cal) 32.73 32.73 32.53 3275
Total  99.55 99.68 98.91 99.09 98.91 97.59 99.21 99.68 97.36 99.77 99.68 99.94 99.12 99.56
Yat% 0103 0.028 0.726 0.117 0.027 0.739 0.103 0.040 0.725 0.120 0.019 0.665 0.000 0.004
La 0.003 0.000 0.030 0.002 0.000 0.026 0.002 0.000 0.024 0.003 0.000 0.060 - -
Ce 0.005 0.001 0.083 0.006 0.000 0.065 0.008 0.001 0.057 0.009 0.00f 0.140 - -
Nd 0004 - 0037 0004 -  0.032 0.003 0.000 0.031 0.006 0.000 0.033 - -
Sm 0.000 - 0017 0.001 - 0015 0.001 - 0020 0.005 - 0015 - -
Gd 0.002 - 0032 0002 - 0022 0.000 - 0035 0.005 - 0029 - -
Tb 0001 - 0001 0000 - 0001 0:000 - 0003 0.000 - 0001 - -
Dy 0.003 - 0029 0001 - 0028 0.001 - 0034 0.006 - 0026 - -
Ho - - 0005 - - 0005 - - 00050001 - 0005 - -
Er - - 0025 - - 002 - - 00019 0006 - 0022 - N
Yb 0001 - 0017 0.001 - 0016 0601 - 0015 0.001 -  00I5 - -
Ca 0.873 0.972 0.998 0.867 0.973 1.025 0.881 0.959 1.032 0.838 0980 0,988 1.000 0.995
Total 0.999 1.001 2.000 1.001 1.060 2.000 1.000 1.000 2.000 1.000 1.000 1.999 1.000 0.999
F 2.190 2.024 0.725 2.106 2,046 0.725 2138 2.052 0.798 2.175 2.023 0.631 1.998

A, B, C, D:association of fluorite I, fluorite Il and synchysite-(Y) in four differcnt samples. F1-II: association with
zircon. Structural formula calculated based on (Ca + Y + REE) = 1 for fluorite and (Ca + Y + REE) = 2 for
synchysite-(Y). The amount of CO, was calculated by steichiometry; -: below detection limits. Electron-

microprobe data.

Soessartine

In the Xihuashan granitic complex, a garnet-group
mineral isvery rarein the G-agranite, but iswidespread
in both the G—b and G— granites. It occurs as euhedral
grains from 100 to 200 wm across. Observations in
back-scattered electron images indicate that most gar-
net crystals contain polymineralic inclusions, dominated
by Y-bearing minerals, including gadolinite-(Y),
xenotime-(), fergusonite-(Y), and lesscommonly, zir-
con, thorite and uraninite. These inclusions, mostly
micrometric, are restricted to the central portion of the
crystals (Fig. 3a).

Representative electron-microprobe data (Table 3)
define the garnet composition from the Xihuashan as
spessartine (spessartine > 50 mole% except for a few
cases), similar to what is found in rare-metal granitic
pegmatites (Cerny & Hawthorne 1982). Analytical data

reveal an enrichment in Y and the heavy REE (HREE),
in particular in the core. The maximum concentrations
of Y503, Gd203, Er,O3, Dy203 and Yb203 are 2.32,
0.26, 0.35, 0.26 and 0.84 wt%, respectively. Although
yttrium and the HREE are particularly compatible with
the garnet structure, compositional datafor the Y -bear-
ing spessartine, surprisingly, are uncommon and incom-
plete. Jaffe (1951) demonstrated a correlation between
manganese content and yttrium content in garnet. Infact,
Y concentrations in excess of 1 wt% Y ,03 are reported
to occur in spessartine associated with pegmatitic envi-
ronments (Jaffe 1951, Wakita et al. 1969). Jaffe (1951)
proposed a coupled substitution of the type Y3+ Al <
Mn2* Si**. However, as demonstrated in Figure 4, there
is no simple correlation between Y + HREE and Mn,
Fe, Caand Mg in spessartine in the Xihuashan granites.
A negative correlation between (Y, REE) and Al sug-
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TABLE 3. COMPOSITION OF ZONED SPESSARTINE CRYSTALS FROM TIHE G-¢ GRANITE
AT XTHUASHAN

1 2 3 4 5 6 7 8 9 10 1] 12 13 14
Rim Core Rim Core Rim Core Rim Rim Core Rim Core Rim Core Rim

MgOwt% - - - 001 - - - - 004 - B X

ALO, 2055 1938 20.46 1936 2058 19.06 2092 2061 1893 20.33 1875 1991 19.12 20.87
Si0, 3621 3543 36.01 3509 36.33 3523 3592 36.22 35.06 3633 34.65 35.60 35.07 36.0i
Ca0 076 137 062 137 077 146 062 066 176 066 222 114 154 063
O, - - - - - 001 - - - - 002 003 - 003
MnO 2235 21.01 22.4C 2279 2278 2224 22.54 2225 2231 23.43 2199 2225 2326 23.24

FeO 20.86 20.40 20.62 17.92 19.95 18.34 2040 21.12 17.64 20.56 1823 19.59 17.35 19.73

733

Y,0, 029 158 0.18 214 012 1.99

Gd,O, 0.14 - 012 011 018 018
Dy,0, 022 004 004 035 - 0.08
Er,0, 0.03 013 009 026 - 0.28
Yb,0, 0.19 053 - 0.79 0.03 054
Total

Mg apfe - - - 0.001 - -

Al 1.985 1.917 1.991 1.921 1.993 1.899
Si 2967 2.973 2.973 2.953 2.985 2.977
Ca 0.067 0.123 0.055 0.123 0.068 0.132
Cr - - - - - 0.001
Mn 1.551 1.493 1.567 1.624 1.586 1.592
Fe 1.429 1431 1.424 1.261 1.371 1.296
Y 0.013 0.070 0.008 0.096 (.005 0.089
Gd 0.004 - 0.003 0.003 0.005 0.005 -
Dy 0.006 0.001 0.001 0.009 - 0.002
Er 0.001 0.004 0.002 0.007 - 0.007
b 0.005 0.013 - 0.020 0.001 0.014

Total 8.028 8.025 8.024 8.018 8.014 8.014

0.05 006 232 006 217 091 1.71 021
- - - - 017 - 026 -

- 009 013 004 - 015 025 015
- - 0.19 - 0.19 0.09 015 0.06
010 0.18 084 010 048 033 039 020

101.61 99.88100.54100.17100.74 99.41100.55101.19 99.21101.49 98.87 99.81 99.31101.14

- 0.005 - - - 0.001 -

2.030 1.993 1.892 1.963 1.883 1.958 1.907 2.020
2.958 2,972 2.972 2.977 2.952 2.971 2967 2.956
0.055 0.058 0.160 0.058 0.202 0.102 0.139 0.056
- - - - 0.002 0.002 - 0.002
1.572 1.546 1.602 1.626 1.587 1.573 1.667 1.616
1.405 1.449 1,250 1.409 1.299 1368 1.241 1335
0.002 0.003 0.104 0.003 0.099 0.040 0.077 0.009
- - - 0.005 - 0.007 -

- 0.002 0.003 0.001 - 0.004 0.007 0.004
- - 0.005 - 0.005 0.002 0.004 0.002
0.002 0.004 0.022 0.002 0.012 0.003 0.010 0.005

8.024 8.027 8.015 8.039 8.046 8.023 8.027 8.025

Sps 5090 49.00 51.43 53.97 52.43 52.71 51.85 30.65 53.09 5258 51.40 51.70 54.67 53.40
Alm 46.90 46.96 46.75 41.91 4534 42.91 46.34 47.46 41.44 45.55 42.05 4494 40,72 4476

Pyr 0.00 000 002 003 000 0.00
Grs 220 404 180 409 223 437

0.00 000 018 0.00 000 000 005 0.00
1.80 1.89 530 187 655 336 457 184

Structural formulas are calculated based on O =12 atoms per formula unit (apfus). All Fe is expressed as Fe?". Sps:
spessartine; Alm: almandine; Pyr: pyrope; Grs: grossular. -: below detection limits. Electron-microprobe data.

gests an aternative scheme of substitution in the struc-
ture, possibly more simply, (Y, REE)3* < Al3*,

The core of the spessartine is (Y,HREE)-rich
and contains Y-bearing minerals

Back-scattered electron images generally show a
brighter core and a darker rim (Fig. 3a). An inclusion-
free, (Y, HREE)-poor rimis clearly indicated by analy-
ses along aline (Fig. 3b). Spot analyses carried out on
zoned crystals gives concentrations of Y and HREE up
to 2.32 and 1.51 wt% of the respective oxides in the
core, but lessthan 0.3 and 0.6 wt% at therim (Table 3).
In contrast, Al exhibits a core-to-rim increase, although
variability isonly at alevel of 1-2 wt%, in accordance
with a (Y, HREE) < Al substitution. Variations in Fe
and Mn are less obvious. Such zoning was documented
by several authors, e.g., Hickmott et al. (1987),
Lanzirotti (1995), Stowell et al. (1996), and Pyle &
Spear (1999).

The spessartine also contains many micro-inclusions
of Y-bearing minerals, such as gadolinite-(Y), fergu-
sonite-(Y) and xenotime-(Y), restricted to the core (Fig.
3a). A combination of Y-mineral inclusions and enrich-

ment in'Y in the spessartine core suggests that the early
melt that led to the G—b and G— units was very en-
richedin.

Gadolinite-(Y)

Thisminera isvery scarce and found exclusively in
form of inclusions in the central part of garnet grains,
commonly in association with micrograins of xenotime-
(Y), fergusonite-(Y) and uraninite, although some dis-
crete grains are also observed. The inclusions of
gadolinite-(Y) areirregular in shape, typically 5-20 pm
in size, wheresas the discrete grains are commonly 0.5
mm across.

Zircon

Zircon is present in al units of the Xihuashan gran-
ites. In the G—agranite, small dipyramids (~20 um) are
included randomly in rock-forming minerals (e.g., feld-
spar, biotite). In the G—b and G— granites, zircon oc-
curs mostly as intergranular crystals among quartz,
feldspar or biotite. Micro-inclusions are commonly
found, but are restricted to the typically inclusion-
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Fic. 3. (a) Back-scattered electron image of zoned grain of spessartine. Small inclusions

of gadolinite-(Y) and xenotime-(Y) (bright dots) are restricted to the spessartine core.
(b) Line analysis for yttrium along the traverse shown in Figure 3a, illustrating a core

enriched in Y relative to therim.

riddled core, which is mostly enclosed by an outer in-
clusion-free zone (Figs. 5a, b). Common polymineralic
inclusions consist of anhedral xenotime-(Y), thoriteand
uraninite. Zircon may be also associated with xenotime-
(Y), thorite and uraninite (Figs. 5b, ¢). Such aggregates
may be observed in association with fluorite 1 (Fig. 2b).
Zircon containing a microcrystal of thorite is included
in spessartine (Fig. 5d), and provides information about
the sequence of saturation of these mineralsin the melt.

We have analyzed forty crystals of zircon. The crys-
tals from the G—a unit are relatively homogeneous
(Table4). Thelevelsof Hf range from 1.66 to 3.68 wt%
HfO,. The proportion of the hafnon end-member
(HfSiO,), indicated by the atomic ratio 100Hf/(Zr + Hf)
(Hf#in Table4), variesfrom 1.7 to 3.35, indicating that
these crystals are normal zircon according to the termi-

nology proposed by CorreiaNeveset al. (1974). Zircon
from the G-b and G— granitesis more enriched in Hf.
The levels of Hf in zircon vary from 1.6 to 20.3 wt%
HfO, (Nos. 3, 6a, Table4). The Hf#isvariable, between
1.42 t0 19.97. These crystals are hafnian.

The level of U generadly is in the range of 0.08 to
4.81 wt% UO,, notably lower than contents found in
zircon from the Beauvoir granite (up to 10.73 wt% UO,:
Cuney & Brouand 1987) or the Yichun granite (up to
9.94 wt% UO,: Huang et al. 2002). Thoriteincorporates
uranium relative to zircon. Where zoned, the rim of the
zircon is distinctly poorer in U than the core. The con-
centration of Thvaries generaly in the range from less
than the detection limit to 1.89 wt% ThO,, and that of Y
isfrom 0.13 to 4.56 wt% Y ,0s.
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Zonation in zircon

Zircon generally displays oscillatory zoning, and was
studied with BSE images and WDS analyses. As seen
in Figure 6, the grains generally exhibit a brighter rim
of variable width on BSE images. The map of Hf distri-
bution shows a striking enrichment in Hf at the rim of
the crystal. In all cases where multiple analyses could
be performed in heterogeneous crystal's, guided by BSE
images, a systematic core-to-rim increase in Hf was
found (Table4, Fig. 7), in contrast to U, Thand Y, which
are depleted at the rim. The phenomenon of outward
enrichment in Hf has been described in many granites
and granitic pegmatites, e.g., the Beauvoir granite,
France (Wang et al. 1992), the Suzhou granite, China
(Wang et al. 1996), the Laoshan granite, China (Wang
et al. 2000), the Homolka granitic pegmatite, Czech

Fic.4. Plotsof concentrationsof Y + REE versusAl, Mnand
total of Mn, Fe, Caand Mg in the spessartine (in atoms per
formula unit).

TABLE 4. COMPOSITION OF SELECTED ZIRCON CRYSTALS
FROM THE XIHUASHAN GRANITIC COMPLEX

G-a G-b G-¢
1 2 3 4 5 Ga 6b 7a 7b 8a 8c 9a 9b
R C R C R C R C
Si0, wi% 32,16 32.03 32.23 30.18 27.64 29.00 31,10 29.06 29.96 30.80 31.89 2925 30.83
710, 63.97 62,13 66,70 56.95 51.10 47.62 61.58 4844 5522 5637 61.69 49.64 61.75
HfO, 191 368 164 528 1.55 2029 502 1950 506 11.19 416 1964 476
U0, 030 081 018 097 481 057 029 045 307 027 037 027 041
ThO, 010 001 014 068 141 016 003 019 041 002 - 009 0.11
Y,0; 047 034 026 310 151 1.14 074 119 236 080 0.67 070 083
La,0, - - - - 0.00 - 002 - - - - - -
Ce,0, 0.07 002 003 006 000 007 002 004 004 003 002 003 0.03
P.O; 023 026 030 210 118 108 064 093 106 054 048 085 075
AlLO, - - - 0.04 0.14 - - - - - - 0.01 -
Total 99.21 99.29101.48 99.36 89.34 99.93 99.44 99.80 97.18100.02 99.29100.47 99.49
Siapfu 0.998 1.001 0.981 0,953 0.981 0.970 0.978 0.971 0.979 0.986 (1.996 0.970 0.970
Zr 0.968 0.947 0.990 0.877 0.884 0.777 0.944 0.789 0.880 0.880 0.940 0.802 0.947
Hf 0017 0.033 0.014 0.048 0.016 0.194 0.045 0.186 0.047 0.102 0.037 0.186 0.043
u 0.002 0.006 0.001 0.007 0.038 0.604 0.002 0.003 0.022 0.002 0.003 0.002 0.003
Th 0.001 0.000 0.001 0.005 0.011 0.001 0.000 0.001 0.003 0.000 - 0.001 0.001
Y 0.008 0.006 0.004 0.052 0.028 0.020 0.012 0.021 0.041 0.014 0.011 0.012 0.014
La - - - - 0.000 - 0.060 - - - - - -
Ce 0.001 0.000 0.000 0.001 0.000 0.001 0.000 0.000 0.000 0.00¢ 0.000 0.000 0.000
P 0.006 0.007 0.008 0.056 0.035 0.030 0.017 0.026 0.029 0.015 0.013 0.024 0,020
Al - - - 0.602 0.006 - - - - - - 0,000 -
Total 2.001 2.000 1.99% 2.001 1.999 1.997 1.998 1.997 2.001 1.999 2.000 1.997 1.998
#HE 1.7 34 14 352 17 200 46 191 51 104 3.8 188 43

R: rim. C: core. Structural formulac were calculated based on O = 4 atoms per formula unit (apfis). —: below
detection limits. #Hf = 100 x HE/(Zr + Hf). Electron-microprobe data.
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Republic (Uher et al. 1998), and likely isagenera fea-
ture in rare-metal-enriched granites.

On other hand, some grains are marked by a highly
U-enriched core (Fig. 8), up to 4.81 wt% UO,, but also
by the presence of numerous micro-inclusions of ura-
ninite. In contrast, therim containsonly 0.79-1.21 wt%
UO..

In addition, the composition of the core from the G—
b and G—c units almost overlapsthat of zircon from the
G-aunit (Fig. 7). In fact, zircon from the G—a contains
on average 2.5 wt% HfO,, 0.38% UO,, 0.10% ThO, and
0.49% Y ,03. Similarly, concentrations of Hf, U, Th and
Y for the zircon core from the G-b granite average 3.81,
0.89, 0.16 and 1.13 wt% of the respective oxides. Over-
all compositional characteristics suggest that zircon
from the G—b and G—c units may be formed initially
under conditions similar to those in the G—a granite.

THE CANADIAN MINERALOGIST

Thorite

Thorite is present in all units of the Xihuashan gra-
nitic complex, but differsin its mode of occurrence. It
forms inclusions in monazite-(Ce) or xenotime-(Y) in
the G—a granite. However, three generations of thorite
may be recognized in the G-b and G—c granites: thefirst
generation (thorite 1) occurs as micro-inclusions en-
closed in zircon commonly in association with
xenotime-(Y) (Fig. 53). Thorite Il consists of anhedral
grains, generally in contact with zircon in association
with xenotime-(Y) or uraninite (or both; Figs. 5b, c).
Grains of thorite Il are typically small and anhedral,
and are associated with apatite and fluorocarbonates of
LREE (probably bastnésite), derived from the alteration
of monazite-(Ce) (Fig. 9).

Representative el ectron-microprobe results (Table 5)
show that the U content is generally more than 11.48

A5 TS >

(ﬁ.-— Zircon
Xenotime I = >
T -'\?:g.j 3
. 3 ) ‘\
24/

Thorite 1

Zircon —-

<«— Spessartine

Fic. 5. Back-scattered electron images of zircon and associated minerals. (&) Porous zircon with inclusions of xenotime | and
thorite |. (b) Porous zircon with small inclusions of xenotime |. Zircon is outside associated with larger euhedral crystals of
xenotime Il and thorite I1. (c) Association of zircon with xenotime Il and thorite I1. (d) Zircon with inclusion of thorite |

contained within spessartine.
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wt% UO, (>13 mol. % USiOy,), indicating that the thor-
ite is uranoan (Fig. 10). The maximum content of U
(32.8 wt% UO,, No. 12, Table 5) approachesits experi-
mentally established maximum, which is on the order
of 33.1 wt%, or 40 mol. % USiO,4 (Zimmer 1986). The
inclusions of thoritein zircon commonly incorporate the
highest amounts of uranium, whereas the lowest con-
tents of U (<17 wt% UQOy) typify the discrete grains
(e.g.,, Nos. 4, 9, Table 5).

Thorite contains also Y, but generally below 5 wt%
Y 203. Contents as high as 16 wt% Y Oz invariably per-
tain to small grains coexisting with xenotime-(Y), and
may well be due to overlap problems owing to grain
size.

Thorite derived from the ateration of monazite is
compositionally characterized by 24.5-26.5 wt% ThO,
and 1-4 wt% Y 03, and exhibits extensive metamic-
tization, as demonstrated by low analytical totals (<93
wt%), probably due to the presence of H,0.

28 . 8K
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Xenotime-(Y)

Xenotime-(Y) is particularly abundant in Ca-poor
peraluminous granites accounting for alarge fraction of
the Y and heavy REE (HREE) contents in the whole
rocks (Wark & Miller 1993, Bea 1996, Forster 1998b).

Xenotime-(Y) isobserved throughout the Xihuashan
complex, and represents the most important carrier of
yttrium. In the G—aunit, it occurs asthe only mineral of
yttrium, in association with monazite-(Ce) containing
thorite inclusions. Two generations are distinguished in
the G—b and G—¢ granites. Xenotime | consists of mi-
cro-inclusions enclosed in the core of zircon, commonly
accompanied by anhedral thorite, suggesting a primary
mineral having the composition (Zr,Th,Y)(Si,P)O4
(Figs. 5a, b). Anhedral crystals also are observed as
micro-inclusions in the Y-rich core of garnet crystals.
Xenotime |1 forms larger euhedral crystals, and gener-
ally surrounds zircon (Figs. 5b, c).

"®R2
BH

23 20, BKUY. -

Fic. 6. Back-scattered electron images of zoned zircon (a, ¢). Images of distribution of Hf (b, d) reveal a pattern of Hf enrich-

ment toward the margin.
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TABLE 5. REPRESENTATIVE COMPOSITIONS OF THORITE FROM THE XIITUASHAN GRANITIC COMPLEX, CHINA

G-a G-b G-¢

4 5 6 7 8 9 10 1 12 13 14 15 16 17 18
17 D D D wZ 1z 1z WZ D D VA 1Z IZ Sec Sec Sec Sec IZ

$i0, wi% 16.53 1438 14.82 14.82 1441 1656 17.41 15.64 1590 15.50 16.82 1602 14.97 1652 16,64 18.22 16.72 15.48
Uo, 25.00 15.59 1669 15.05 25.01 27.55 20.91 15.28 1148 1527 26,30 32.83 3006 2622 2647 24.49 25.58 22.58
ThO, 40.88 61.68 55.06 6138 51.78 50.61 4844 58.27 60.68 5335 48.18 45.45 4323 47.09 46.13 45.14 46.98 49.74
P,0, 189 149 272 135 298 170 119 129 142 211 232 146 332 128 137 025 118 093
Y,0, 310 290 417 282 441 219 159 376 262 530 354 179 403 102 129 184 102 1.03
PO 108 021 028 016 020 110 110 018 022 0.7 033 108 080 013 021 0.14 018 030
La,0, S 7 om - O 008 006 - 003 - 006 - 001 - - -

Ce,0, - - 024 015 009 0.04 003 024 001 001 - - 004 004 - 004 - 003
Ca0 0.17 038 036 037 031 - 007 039 059 040 078 056 045 024 025 015 023 209
Total 97.65 96.63 9433 96.16 99.19 99.75 99.73 95.13 92.97 92.11 98.28 99.19 97.85 92.53 92.36 90.28 91.90 92.18
Si apfu 0.003 0.833 0.833 0.855 0.787 0.899 0.943 0.889 0.916 0.878 0.901 0.896 0.815 0.949 0.953 1.043 0.963 0.942
U 0.304 0.201 0209 0.193 0.304 0.333 0.361 0.193 0.147 0.192 0.314 0409 0.375 0.335 0.337 0.312 0.328 0.306
Th 0.620 0.812 0.703 0.805 D.643 0.624 0.597 0.753 0.795 0.687 0.587 0.578 0.535 0.616 0.600 0.588 0.615 0.688
P 0.087 0.073 0.129 0.066 0.138 0.079 0.054 0.062 0.069 0.101 0.105 0.069 0,153 0.062 0.066 0.012 0.057 0.048
Y 0.090 0.089 0.125 0.087 0.128 0.063 0.046 0.114 0.080 0.160 0.101 0.053 0.117 0.031 0.03% 0.056 0.031 0.033
Pb 0.016 0.003 0.004 0.002 0.003 0.016 0.016 0.003 0.003 0.003 0.005 0.016 0.012 0.002 0.003 0.002 0.003 0.005
La ST T ey S 2 0 o002 0001 - 0.000 - 0001 - 0.000 - - -

Ce 0.005 0.004 0.002 0.001 0.001 0.005 0.000 0.000 0.001 0.001 0.001 0.001

Ca 0.010 0.024 0021 0023 0.018 0.004 0.023 0036 0.024 0.045 0.034 0.026 0.015 0.015 0.009 0.014 0.136

Total 2.030 2.035 2.029 2,036 2.023 2.015 2.022 2.044 2.047 2.045 2.058 2.055 2.035 2.011 2.013 2,023 2011 2.159
Usio, 31.06 18.46 2036 17.92 28.42 33.63 36,94 18.33 14.65 18.73 31.63 40.23 37.16 34.26 34.73 32.77 33.84 30.08
ThSi0, 60.18 73.44 6727 7373 59.53 60.21 5851 7040 77.38 6593 58.31 34.72 5142 6249 6125 6129 62.95 66.61
YPO, 8.76 8.10 1237 835 1205 6.16 4.55 11.27 797 1535 10.06 5.05 11.42 324 403 594 321 331

Structural formula caleulated on the basis of0Q =4 atoms per formula unit (apfis). - below detection limits. IZ: inclusion in zircon; D: discrete grain, WZ:
associated with zircon, Sec: Secondary crystal. Electron-microprobe data.
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Hf U+Th+Y:

Fic. 7. Plot of compositions of zircon in the triangular diagram Zr —Hf — (U + Th+Y +
REE) (atom %).
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An accurate composition of the micro-inclusions of
xenotime-(Y) could not be determined owing to their
very small dimension (generaly less than 2 pm in di-
ameter). Representative electron-microprobe results on
xenotime Il are shown in Table 6. The LREE oxide con-
centrations are mostly below 1 wt%; however, the
HREE concentrations are variable, ranging from 8.4 to
25.18 wt% of the respective oxides. Both of the actinide
elements, U and Th, are present in concentrations less
than 1 wt% UO, or ThO,, although one analysisdid give
a maximum Th content of 2.04 wt% ThO, (no. 7,
Table 6), and several spots gave U contents of 1-1.5
wt% UO,. CaO concentrations are mostly less than 1
wt% CaO.

Monazte-(Ce)
Monazite-(Ce) isthetypical carrier of thelight rare-

earth elements (LREE) in S-type granites (Broska et al.
2000), and in the Xihuashan complex. It isrestricted to

TABLE 6. REPRESENTATIVE COMPOSITIONS OF XENOTIME-(Y)
FROM THE XTHUASIIAN GRANITIC COMPLEX, CIIINA

Gb Ge

1 2 3 4 5 6 7 & 9 10
PO, wi% 343 3375 34.87 34.45 33.68 3542 33.17 34.62 34.87 3500
sion ST T T Toas T Toze TosT T Tam
ThO, 008 039 - 014 069 004 204 015 - 047
U0, 068 048 - 087 110 022 257 068 - 04
¥,0, 40.35 39.30 4046 4144 41.04 46.06 33.67 44.59 40.46 43.29
La,0, 013 - 032 009 - 002 - 008 032 -
Ce,0, 011 011 058 067 015 020 003 001 058 0.08
Nd,0, 066 048 - 017 - - 03 - - 028
Sm.0, 091 079 006 109 052 047 085 -  0.06 035
Gd,0, 560 543 45 4645 463 224 300 091 441 491
Tb,0, 074 0.69 074 066 059 047 1.3 029 0.74 058
DY.0, 695 715 625 561 532 356 660 274 5625 4.70
Ho,0, 137 096 069 061 117 101 105 075 069 -
60, 443 518 509 385 424 302 638 425 509 4.87
Tm,0, 044 044 045 053 040 081 034 084 045 064
Vb0, 343 415 444 435 397 490 632 603 444 417
Lu,0, 02° 001 008 035 - 016 035 008 0.08 048
Cal - 006 001 - 001 006 005 0.07 0.0 004
PhO 035 032 046 032 067 030 046 1.81 046 038
Total  100.73100.68 99.00 99,25 98.83 99.86 98.73 98.4]1 98.29 99.82
P apfu 1.000 1.000 1.000 1.000 0.984 1.000 0.990 0.983 1.000 0.999
i S T T 006 - 0010 0017 - 0001
Th 0.001 0.003 - 0001 0.005 0.000 0.016 0.001 -  0.004
U 0.005 0.004 - 0007 0.008 0.002 0.020 0.005 -  0.003
% 0739 0.734 0.729 0.756 0.754 0.817 0.631 0.796 0.729 0.776
La 0.002 - 0004 0001 - 0000 - 0.000 0.002 -
Ce 0.001 0.001 ©.007 0.001 0.002 0.002 0.00¢ 0.000 0.007 0.001
Nd 0.008 0.006 - 0002 - - 0004 - - 0003
Sm 0.011 0.010 0.001 0.013 0.006 0.005 0.012 -  0.001 0.004
Gd 0.064 0.063 0,051 0.053 0.053 0.025 0.035 0.010 0.049 0.045
Th 0.008 0.008 0.008 0.007 0.007 0.005 0.013 0.003 0.008 0.006
Dy 0.077 0.081 0.068 0.062 0.061 0.038 0.075 0.030 0.061 0.051
Ho 0.015 0.011 0,007 0.007 0.013 0.011 0012 0.008 0.007 -
Er 0.048 0.057 0.054 0.041 0.046 0.041 0.071 0.045 0.054 0.051
T 0.000 0.000 0.000 0.006 0.004 0.008 0.000 0.009 0.005 0.007
Yb 0.036 0.044 0.046 0.045 0.042 0.050 0.068 0.062 0.046 0.043
Lu 0.000 0.000 0.000 0.004 - 0002 0,00 0.001 0.001 0.005
Ca -7 0002 0,000 - 0000 0.002 0.002 0.003 0.000 0.001
Pb 0.003 0.003 0.004 0.003 0.006 0003 0.004 0.016 0.004 0.003
Tatal 1.018 1.027 0.979 1.009 1.007 1.011 0.963 0.989 0.974 1.003
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the early stage of granite crystallization (the G—a gran-
ite), where it may form aggregates with xenotime-(Y)
[much less abundant than monazite-(Ce)], zircon and
thorite. In the G—b granite, monazite-(Ce) is only spo-
radically observed, with secondary thorite + bastnésite-
(Ce) + fluorapatite in aggregates (Fig. 9). Compositions
of monazite-(Ce) are characterized by 0.65-2.06 wt%
SiO;, 4.06-10.73% ThO;, 0.2-0.43% UO,, 0.69-1.74%
Y03 and 0.12-0.83% CaO (Table 7). Monazite from
S-type granites generally contains 6-12 wt% ThO,
(Cuney & Friedrich 1987) or 4-12 wt% ThO, (Forster
19984). In fact, concentrations of Th in monazite-(Ce)
from the G—agranite fall near or within thisrange. The
positive relationship between Th and Si indicates the
existence of the huttonite component in solid solution
up to 10 mol. % (No. 4, Table 7).

Synchysite-(Y)

Thisminera is found only as bladed elongate crys-
talsin an assemblage with fluoritelll, inwhichitisdis-

TABLE 7. REPRESENTATIVE COMPOSITIONS OIF MONAZITE-(Ce)
FROM THE G-a GRANITE AT XIHUASHAN, CHINA

1 2 3 4 5 6
P,0; wi% 30.55 29.23 2833 2683 28.11 28.53
Si0, 0.65 1.03 1.40 2.06 173 0.74
ThO, 4.06 6.95 787 10,73 687 657
U0, 0.26 0.43 0.31 0490 0.20 0.30
v,0, 0.95 0.98 0.80 0.99 1.74 0.69
14,0, 13.26 12.79 14.53 9.97 12.35 12.22
Ce 0, 28.83 25.30 28.18 23.06 27.15 2531
Pr,0, 0.78 0.65 0.58 - - -
Nd,0, 12.85 11.99 10.68 1420 12.68 11,70
$m,0, 282 3.06 223 472 2.51 478
Gd,0, 2.12 226 1.76 234 1.43 269
Th,0, 0.12 0.00 0.0 0.09 0.02 0.19
Dy, 0, 0.54 0.63 0.50 0.84 0.69 0.74
Ho,0, 0.28 0.00 0.07 - 0.1 -
Er,Q, 0.15 0.07 0.01 0.13 0.30 .
Tm, 0, 032 0.04 0.12 0.21 0.04 0.40
Yb,0, 0.11 0.04 021 0.68 0.02 -
Lu,0, 0.01 - 0.02 - - -
Cal 024 0.32 0.31 0.16 0.12 0.83
PhOY 0.08 - 011 0.10 0.04 -
Total 98.98 95.77 98.02 97.50 96.11 95.69
P apfu 0.976 0.960 0.943 0.917 0.532 0.970
Si 0.024 0.040 0.055 0.083 0.068 0.030
Th 0.035 0.061 0.071 0.099 0.061 0.060
U 0.002 0.004 0.003 0.004 0.002 0.003
Y 0.019 0.020 0017 0.021 0.036 0.013
La 0.184 0.183 0211 0.148 0.178 0.181
Ce 0.398 0359 0.406 0.341 0.389 0.372
Pr 0.011 0.009 0.008 - - -

Nd 0.173 0.166 0,150 0.205 0.177 0.168
Sm 0.037 0.041 0.030 0.066 0.034 0.066
Gd 0.027 0.029 0.023 0.031 0.019 0.036
b 0.001 0.000 0.000 0.001 0.000 0.003
Dy 0.007 0.008 0.006 0.011 0.009 0.010
Ho 0.003 0.000 0.001 - 0.001 -

Et 0.002 0.001 0.000 0.002 0.004 -

Tm 0.075 0010 0.030 0.053 0.010 0.100
b 0.001 0.000 0.003 0.008 0.000 -

Lu 0.000 - 0.000 - - -

Ca 0.009 0.013 0.013 0.007 0.005 0.036
Ph 0.001 - 0.001 0.001 0.000 -
Total 0.985 0.504 0.973 0.998 0925 1.05

Structural formula calculated based on P + Si = 1 atom per formula unit (ap/is).
-: below detection limits. Electron-microprobe data.

Structural formula calculated based on P + Si= 1 atoms per formula unit aplu).
-: below detection limits. Electron-microprobe data.
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XR2
XM2B864 28.0KU.

+ : 5 : : KR2 T
CRRI L | A _KM2B66 20.08KU-
XM2B65 20 BKY X700 ‘ :

Fic. 8. Zoned crystal of zircon. (a). Back-scattered electron image. (b—d). Distribution maps of Y, U and Th. Note that the
porous core has up to 4.81 wt% UO,, and contains micro-inclusions of uraninite. The rimisrelatively rich in Hf. Around the
zircon are the associated xenotime |1 and thorite I1. e. Map of the crystal, with results of analyses.

TABLYE 8. REPRESENTATIVE COMPOSITIONS OF URANINITE
FROM THE XIHUASHAN GRANITIC COMPLEX, CHINA

G-b G-¢

WF WN WF WwZ WI WF WF 17 WZ W7, WZ

U0, wt% 7990  83.69 8327 8077 8381 8064 8418 7500 8351 8662 8401

Tho, 833 743 545 693 558 699 689 637 566 727 596
P,0 - 001 - - - - - - - - -
Y0, 340 097 283 387 225 313 149 633 124 041 174
PHO 2011 199 204 190 222 212 221 194 202 196 210
Ce,0, 036 007 003 000 014 003 006 013 037 015 027
Total 9410 9417 9363 9353 9400 9291 9482 8976 92.80 9643 94.08
U apfis 0.844 0901 0889 0852 0897 0866 0899 0809 0911 0915 0901
Th 0090 0082 005 0075 0061 0077 0075 0076 0063 0078 0465
p - 0001 - - - - - . - - -

Y 008 0025 0072 0098 0058 008¢ 0038 0163 0032 0010 0045
Pb 0027 0026 0026 0024 0029 0027 0028 0.025 0027 0025 0027
Ce 0006 0001 0000 0000 0002 0001 0001 0002 0007 0003 0005
Total 1053 1.036 1047 1049 1047 1051 1041 1.069 104 1031 1043

Structural formula calculated on the basis of O = 2 atoms per formula mmit (asfi). -+ below detection limits, WF:
intergrown with fergusonite-(Y); W7: intergrown with zircon; IZ: inclusion in zircon. Electron-microprobe data,
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6. Zircon T
Si0, =31.38
Zr0O, = 62.62 10. Xenotime
HfO, =2.16 Si0, = 0.38
U0, =151 Zr0, =0.00
ThO,=0.20 HFO, = 0.00
Y,0;=0.54 U0,=0.34
La,0; =0.00 ThO, =0.31
Ce,05=0.00 Y,0, =41.43
P05 =0.03 La,05 = 0.00
Ce,0,=0.03
P,05 = 29.96

tributed along cleavage planes (Fig. 2c). Representative
electron-microprobe data for synchysite-(Y) are shown
in Table 2. Owing to small dimensions of the grains, it
is difficult to assess the compositional homogeneity on
back-scattered electron images. However, electron-mi-
croprobe analyses demonstrate compositional variabil-
ity from one spot to another with respect to the
proportion of the Y, LREE and HREE. Concentrations
of LREE oxidevary from 0.72 to 13.99 wt%, and that of
the HREE oxide, from 4.08 to 16.74 wt%. Uranium and
thorium are very low in synchysite-(Y), generally less
than 0.3 wt% in terms of the oxides.

Uraninite

In the Xihuashan granitic complex, uraninite is
present as an important accessory mineral in the G-b
and G—c granites. Uraninitedid not crystallizein the G—
a granite, because uranium was incorporated in the
uranoan thorite (25 wt% UQ,), which ismore stable than

8. Xenotime 4. Zircon
Si0, = 0.63 Si0, =31.33
Zr0,=4.99 Zr0, = 63.00
HfO, =0.08 HfO,=2.17
U0, =0.44 U0, =1.08
ThO, =0.15 ThO, =0.14
Y,0;=35.98 Y,0;=0.56
La,0;=0.00 La,0;=0.00
Ce,0;=0.00 Ce,0;=0.00
7. Zircon P,0:=22.83 P,05=0.19
SiO, = 30.87
Zr0,=59.37
HfO,=2.85
U0,=0.79
ThO, =0.12
Y,0;=2.40
La,0;=0.00 B
Ce,0;=0.00 L
P,05=10.14 fee "
L] -
o,
«®
oot s
- ”
5. Zircon Cp
Si0, = 27.64
Zr0,=51.10
HfO,=1.55
U0, =481 o
ThO,=1.41
Y,0;=1.51
La,0;=0.00
Ce,0;=0.00
P,0s=1.18
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3. Zircon
Si0, = 31.02
Zr0, = 60.81
HfO,=1.87
U0,=1.25
ThO,=10.18
Y,0;=0.54
La,0;=0.04
Ce,0;=0.02
P,0s=0.11

2. Zircon
Si0, =30.95
Zr0, =60.21
HfO,=3.54
U0, =1.21
ThO, =0.09
Y,0; =0.56
La,0;=0.00
Ce,0;=0.01
P,05=0.20
. Zircon
SiO, = 31.87
Zr0, = 60.90
HfO,=4.59
U0,=0.83
ThO, =0.00
Y,0;=0.38
La,0;=0.09
Ce,0;=0.03
P,05=0.00
11. Thorite
Si0, = 15.64
Zr0,=0.12
HfO, =0.00
U0,=15.28
ThO, =58.27
Y,0,=3.76 FiG. 8e.
La,0;=0.00
Ce,0;=0.04
P,0s=1.29

uraninite at temperatures above 350°C (Cuney &
Friedrich 1987). It occurs in three different modes in
the G—b and G-c granites: (1) intergrown with
fergusonite (Fig. 11), (2) as micro-inclusions in zircon
or spessartine (Fig. 8), and (3) associated with zircon.

Representative compositions of uraninite are re-
ported in Table 8 and Figure 10. Thorium is the major
trace element in the structure; irrespective of the min-
eral association, uraninite has commonly incorporated
Thin the range of 2.71 to 8.38 wt%, mostly more than
5 wt%. Th-rich uraninite may crystallizein equilibrium
with uranoan thorite, as demonstrated in phase assem-
blages in the system SiO,~UO,-ThO, (Zimmer 1986).
Yttriumisinvariably present in uraninite, with from 0.4
to 6.33 wt% Y 03, but generally in the range of 1-3
wit% Y ,03. The P content is generally much less than
0.1 wt% P,Os, and in some cases even below the level
of detection. Uraninite contains around 2 wt% PbO
(1.85 < PhO < 2.27 wt%).
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Apatite

Fic.9. Back-scattered electronimage showing association of
thorite |11, apatite and bastnasite-(Ce), derived from the
breakdown of monazite.

Pyrochlore-group mineral

A pyrochlore-group mineral is only found in asso-
ciation with thorite in the G—b granite. Its composition
is characterized by (wt%): 27.39-31.46 Nb,Os, 2.86—
5.25 Tay0s, 23.62-30.33 PhO, 2.75-3.37 WO3, 4.49—
5.68 Y ;03, 4.95-5.61 (REE),03, 2.57-2.89 wt% ThO,
(Table9). The elevated content of Pb allowsusto define
it as plumbopyrochlore. This mineral has been recently
noted in the Rutherford #2 pegmatite, in Virginia
(Lumpkin 1998) and in the Laoshan A-type granite,
China (Wang et al. 2001). In rare-metal-enriched gran-
ites, uranmicrolite may be present where the granite has
ahigh TaU ratio, e.g., in the Beauvoir granite (Cuney
etal. 1992) or inthe Yichun granite (Huang et al. 2002).
In contrast, when Ta/U is low, a pyrochlore-group
mineral forms instead, as in the case of the Xihuashan
granites (0.27 < Ta/U < 0.57).

Fergusonite-(Y)

Fergusonite-(Y) is the major depository for Nb in
the Xihuashan granites. It occurs commonly as discrete
crystalsin the G-b granite, but aso as micro-inclusions
in spessartine from the G—b and G—c granites. In both
cases, it is ubiquitous in its association with uraninite
(Fig. 11). Representative compositions of fergusonite-
(Y) aregivenin Table 10. Analytical dataindicate that
fergusonite-(Y) from the Xihuashan granite contains as
much as 1.2-5.53% WOj3, 1.32-4.19% Ta,0s, 0.28—
3.17% ThO,, and 0.55-2.23% UO:.

Ferberite-hibnerite

Ferberite-hiibnerite is observed in the G—a granite
and also inthe G—b granite. It isincluded in scheelitein
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the G—b granite. That in the G—a granite exhibits a pro-
gressive core-to-rim zoning characterized by increasing
amounts of Fe together with decreasing amounts of Mn.
Nb content reaches up to 1.18 wt% Nb,Os (No. 5,
Table 11).

Unidentified Nb-Ta—W mineral

An unidentified niobotantalate mineral (~30 pm in
size) has been found in association with uraninite and
zircon in the G—b granite (Fig. 12). A representative
compositionisgivenin Table 9 (No. 4). Nb, Ta, W, Y,
U and Th are major components of thismineral. It con-
tains exceptionally up to 15 wt% WOs3. Thisminera is
most likely a pyrochlore-group mineral, but because of
the lack of X-ray data, this hypothesis cannot be con-
firmed.

Scheelite

Scheelite appears in the G—b granite, whereit is as-
sociated with ferberite. It is also found as one of the
assemblage of alteration products of yttrian fluorite in
the G— granite (Fig. 13). Apart from low contents of
Fe and Mn, the el ectron-microprobe results correspond
well to the stoichiometry of scheelite (Table 11). A high
tungsten-carrying capacity in the granitic melt or

TABLES. REPRESENTATIVE COMPOSITIONS OF PLUMBOPYROCHLORE
AND UNDETERMINED Nb-Ta—W MINIRAL
FROM THE XTHUUASHAN GRANITIC COMPLEX, CITINA

Plumbo- Nb-Ta-W Plumbo-  Nb-Ta-W
pyrochlore phase pytochlore phase
1 2 3 4 1 2 3 4

Y,0,wi% 449 322 568 652 Yapiu 0308 0356 0428 0410
La,0, - - 006 0.15 A 0.079 0.043 0.049 0.007
Cel)y 1.76 097 100 013 Ce 0.000 0.000 0.000 0.006
Nd,0, 047 068 032 020 Nd 0.020 0.030 90.015 0.008
Sm, 05 - - - 040  Sm ¢.000 0.000 0.000 0.016
Gd,0, 105 142 167 212 Gd ¢.043 0057 0.074 0.083
I'b.0, 010 002 006 027 b 0.004 0001 ©.003 0.010
Dy,0, 034 070 093 238 Dy 0.013 0027 0.040 0.091
Ho,0, 014 027 031 09 Ho 0.005 0.010 0.013 0.036
Er,0, 0.03 022 - 290 Er 0.001 0.009 0.000 0.108
Tm,0, 018 - - 0.56  Tm 0.007 0.000 0.000 0.02]
Y05 083 L1l 111 278 Yb 0.031 0.041 0046 0.100
Lu,(), 005 021 915 - Iu 0.002 0.008 0.006 -
ThO, 264 257 289 126 Th 0.074 0.071 0.088 0.034
U0, 6.03 565 780 723 U 0.165 0.153 0233 0.190
CaQ) 041 035 048 042 Ca 0.054 0.045 0.069 0.053
FeO 605 556 1090 509 Fe 0.623 0.565 1.222 0.503
MnO .01 005 005 134 Mn 0.001 0.005 0000 0.134
PbO 30.33 29.08 23.62 050 Db 1.006 0.951 0.853 0016
Si0, 381 336 376 076 St 0469 0.408 0.504 0.0%0
PO, 007 005 010 - P 0.007 0.005 0.011
Nb,O; 3146 31.92 27.39 2613
Ta,0; 354 286 525 1837  Toml 2912 2785 366 1916
Ti0, 045 051 040 009 Nb 1.752 1.753 1.660 1.395
WO, 275 337 311 1422 Ta 0.118 0.094 0.191 0.597
¥ 125 021 06l 008 T 0.000 0.000 0.003 0.008
-F=0 052 009 026 003 W 0.485 0.081 0.259 0435
Tatal 97.68 9626 9738 95.02 T 0.042 0.046 0.040 0.030

Structural formula are calculated on the basis of Nb + Ta + Ti + W = 2 atoms per
formula unit (apfi). -: below detection limits. Electron-microprobe data.
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TABLE 10. REPRESENTATIVE COMPOSITIONS OF FERGUSONITE-(Y) FROM THE G-b AND G-¢ UNITS
OF THE XIHUASHAN GRANITIC COMPLEX, CHINA
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G-b G-¢ G-b G-
1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9

Nb,O, wt¥% 42.20 4236 41.60 41.14 39.95 41.81 42.05 4025 4120 Nbapfu 0.890 0.881 0.868 0.876 0.841 0.886 (.872 0.856 0.861
Ta,0; 405 393 419 157 1.64 252 293 132 161 Ta 0.051 0.049 0.053 0.020 0.021 0.032 ¢.037 0.017 0.020
Y,0, 27.07 27.31 27.65 31.54 32.83 27.98 26.68 2851 2975 Y 0.672 0.668 0.679 0.790 0.813 0.698 0.651 0.714 0.732
La, 0, - 01l 002 - - 0.05 003 - - La - 0.002 0.000 - - 0.001 0.001 - -

Ce,0, 0.57 - 002 052 053 063 073 080 096 Cc 0.010 0.000 0.000 0.009 0.00% 0.011 0.012 0.014 0.016
Nd,0, 0.14 - 057 074 079 175 0.67 107 0.85 Nd 0.002 0.000 0.009 0.012 0.013 0.029 0.011 0.018 0.014
Sm,0, 0.09 1.15 037 065 0356 097 012 025 029 Sm 0.001 0.018 0.006 0.011 0.009 0.016 0.002 0.004 0.005
Gd,04 441 315 3.82 3.04 300 517 479 373 412 Gd 0.068 0.048 0.058 0.047 0.046 0.080 0.073 0.058 0.063
Th,0, 016 078 064 030 032 038 037 037 033 1b 0.002 0.012 0.010 0.005 0.005 0.006 0.006 0.006 0.005
Dy, 0, 3.55 466 477 366 361 58 521 3.19 3.30 Dy 0.053 0.069 0.071 0.056 0.054 0.088 0.077 0.048 0.049
Ho,O; 0.68 109 085 076 083 087 076 087 097 Ho 0.010 0.016 0.012 0.011 0.012 0.013 0.011 0.013 0.014
Er, Oy 3.68 3.48 379 324 350 210 339 399 270 Er 0.054 0.050 0.055 0.048 0.051 0.031 0.049 0.059 0.039
Tm,0, 024 041 0451 031 039 045 054 038 065 Tm 0.003 0.006 0.007 0.005 0.006 0.007 0.008 0.006 0.009
Yb,O, 217 244 270 208 2.00 228 233 287 232 Yb 0,031 0.034 0.038 0.030 0.028 0.033 0.033 0.041 0.033
Lu,0, 093 093 043 072 049 089 023 035 042 Lu 0.013 0.013 0.006 0.01¢ 0.007 0.013 0.003 0.005 0.006
ThO, 2.14 064 029 247 263 136 089 3.17 052 Th 0.023 0.007 0.003 0.026 0.028 0.014 0.009 0.034 0.005
uo, 1.14 223 204 122 130 078 055 16l 059 U 0.012 0.023 0.021 0.013 0.013 0.008 0.006 0.017 0.006
Ca0 055 042 031 093 063 042 044 050 035 Ca 0.027 0.021 0.015 0.047 0.031 0.021 0.022 0.025 0.017
FeO 0.17 - - 069 063 044 1.02 0.64 1.28 Te 0.007 0.000 0.000 0.027 0.025 0.017 0.039 0.025 0.050
MO 002 0.03 004 012 014 004 186 095 174 Mn 0.001 0.001 0.002 0.005 0.005 0.002 0.072 0.038 0.068
PO 0.50 044 062 067 077 064 056 066 058 Pb 0.006 0.005 0.008 0.009 0.010 0.608 0.007 0.008 0.007
P,O; 009 - - 0.01 009 0.03 001l 009 - P 0.004 0.000 0.000 0.001 0.004 0.001 0.000 0.004 -

w0, 401 514 553 120 287 198 431 358 424 W 0.048 0.061 0.066 0.015 0.035 0.024 0.051 0.044 0.051
Total 98.56100.70100.76 97.57 99.47 99.40100.48 99.14 98.74 Total 1.988 1.984 1.987 2.073 2.066 2.039 2.052 2.054 2.07

Structural formula caleulated on the basis of O = 4 atoms per formula unit (apfi). -: below detection limits. Electron-microprobe data.

(Y,La,Ce),0;
S f
® .
o Thorite
o Zb %° %88 o

100
U0,

Fic. 10. Plot of compositions of thorite and uraninite in the triangular diagram ThO, —
uo; — (Y ,La,Ce)203 (Wt%)

postmagmatic fluid at Xihuashan is also indicated by
the presence of W-bearing niobotantalates and associ-
ated ferberite-hUbnerite.

Discussion

From trace-element and isotopic data, Marugjol et
al. (1990) have suggested that the different units of the
Xihuashan complex appear to be cogenetic, and further
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Uraninite

Fic. 11. Intergrowth of fergusonite-(Y) and uraninite. Back-
scattered electron image.

pointed out a magmatic evolution from the G-a granite
to the G-b and G—c¢ granites by simple fractionation,
with alater overprint of hydrothermal alteration in the
G-b granite. In this study, we give mineralogical evi-
dence for the magmatic—hydrothermal evolution of the
Xihuashan granitic complex.

The accessory-mineral associations of the Xihuashan
granitic complex are summarized in Table 12. Early
accessory phases crystallizing at the magmatic stage are
principally yttrian fluorite, spessartine, zircon, mona-
zite-(Ce), xenotime-(Y), fergusonite-(Y), gadolinite-
(Y), uraninite and uranoan thorite. However, these
minerals experienced further evolution at the late-mag-
matic and hydrothermal stage.

The G—-agraniteismostly composed of quartz, feld-
spars and biotite. The REE possess very low partition
coefficientsfor these minerals. Monazite-(Ce) isastable
minera phasethat fractionates very early because of its
very low solubility in peraluminous melts, which leads
to amagmarapidly depleted in LREE, but enriched in
HREE (Rapp & Watson 1986, Wark & Miller 1993).
Crystallization of abundant monazitein the G—agranite
caused the depletion in LREE in the G—b and G— gran-
ites, as demonstrated by the scarcity of monazite-(Ce).
This mineral may be surrounded by bastnésite-(Ce),
thorite and fluorapatite in the G—b and G— granites. The
work of Ayers& Watson (1991) and of Williams-Jones
& Wood (1992) indicates that monaziteis significantly
soluble at very low pH and high fluoride activity, and
the stability of bastnésite increases with increasing ac-
tivity of CO3“~. Thus, the textural relationship between
monazite-(Ce) and bastnésite-(Ce) may be attributed to
hydrothermal alteration of magmatic Th-bearing mona-
zite in presence of fluid enriched in F and CO, via the
following reaction:

THE CANADIAN MINERALOGIST

e -

<«— Uraninite

Unknown

Fic.12.  Unidentified niobotantal ate. The back-scattered el ec-
tron image illustrates its intimate association with zircon
and uraninite.

(01

Scheelite

Fic. 13. Back-scattered electron image showing small crys-
tals of scheelite associated with fluorite 111 (FI-11) and
synchysite-(Y) (Syn). Qtz: quartz, Sps: spessartine.

3(Cel—aT ha) (F)l—asi a) 04

Thorian monazite-(Ce)

+ (5-5a)Ca?* + (3-3a)COs% + (4-4a)F-
Hydrothermal fluid

= (3-3a)Ce(CO3)F + 3aThSIO4
Bastnésite-(Ce) Thorite
+ (1-a)Cas(PO4)sF
Fluorapatite

In peraluminous magmas, Zr, REE, Th, U, Y, P pos-
sess a very high solubility, and therefore have strong
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TABLE 11. COMPQOSITION OF TUNGSTEN MINERALS
FROM THE XIHUASHAN GRANITIC COMPLEX, CHINA

745

Scheelite Ferberite-hiibnerite
1 2 3 4 5 6 7 8C S8R 9C 9R 10 1L
Nb.O; wt¥% - - 0.02 - 1.18 061 1.0l 022 051 018 038 058 051
Ta, 0 002 003 - 0.05 016 015 030 011 01 - 011 - 0.11
WO, 80.52 80.59 80.53 80.30 74.64 75.09 74.60 75.66 75.88 77.06 75.20 7593 76.12
FeO 0,17 026 009 0.03 1425 573 1074 1522 16.18 15.71 10.44 1558 15.57
MnO 021 026 009 007 922 1764 1248 762 683 793 695 810 7.8%
CaO 19.31 1923 1875 18.82 0.02 0.04 003 - - 0.04 005 007
Total 100.22100.37 99.48 99.27 9946 99.26 99.16 98.82 99.53100.89 99.12100.24100.26
Nb apfu - - 0.000 - 0.027 0,014 0.023 0.005 0.012 0.004 0.009 0.013 0.012
Ta 0.000 0.000 - 0.001 0.002 0.002 0.004 0.002 0.002 - 0.002 - 0.001
W 0.998 0.998 1.007 1.006 0.977 0.986 0.980 1.001 0.996 0.999 0.991 0.983 0.991
Fe 0.007 0.010 0.003 0.001 0.602 0.243 0.455 0.650 0.686 0.657 0.699 0.655 0.654
Mn 0.009 0.011 0.004 0.003 0.394 (.757 0.536 0.330 0.293 0.336 0.299 0.344 0336
Ca 0.990 0.985 0.970 0.975 0.001 0.002 0.002 - - - (.002 0.003 0.004
Total 2.004 2.004 1984 1986 1.976 1.99 1977 1.983 1.977 1992 1.993 1.99 1986
Fbr 0.66 1.04 035 0.14 6035 24.24 4587 66.35 70.06 66.16 69.88 6534 65.85
Ibn 0.85 1.05 039 030 39.54 75.53 53.96 33.65 29.94 33.84 29.92 34.38 33.79
Scl 98.49 97.91 99.25 9957 ¢.11 024 0.17 000 0.00 000 020 028 036

C: core, R 1im; 10 and 11: inclusions in scheelite. Structural formula calculated on the basis_of() =4 atoms per
formulaunit (apfu). All Feisexpressed as Fe?'; -: below detection limits. Symbols: Fbr: ferberite, Hbn: hubnertie,

Scl: scheelite. Electron-microprobe data.

TABLE 12. ASSOCIATIONS OF ACCESSORY MINERALS IN
THE XITUASHAN GRANITIC COMPLEX, CHINA

Unit G-a G-b G
Fluorite T + 1
Fluarite 1] + +
Fluorite 111 + +
Spessartine + +
Gadelinite-(Y) + +
Zircen + + -
Thorite | + +
Thorite II + + +
Xenotime-(Y) I + +
Xenotime-(Y) 1{ + + +
Monazite-(Ce) + H?) ?)
Synchysite-(Y) -+ +
Bastnisite-(Ce) 4 +
Uraninite + +
Tergusenite-(Y) + +
Pyrochlore (s.7) b

Ferherite-hiibnerite + +

‘W-Nb-Ta mineral +

Scheelite + +

lithophile behavior (Linnen 1998). Thus large amounts
of awide variety of accessory minerals crystallize more
or less simultaneously in most differentiated magma, as
in the case of the G—b and G—c granites at Xihuashan.
Magmatic zircon crystallized with minute inclusions of
xenotime and thorite, which are commonly associated.
These phases, with fergusonite-(Y) and gadolinite-(Y),
may also occur as inclusionsin spessartine. Apart from

uranoan thorite, uranium formed significant amounts of
uraninite. Commonly, the elevated content of Th deter-
mined in uraninite is attributed to equilibrium crystalli-
zation of uranoan thorite.

In addition to minute inclusions of Y-bearing min-
erals, spessartine contains a striking amount of Y and
HREE in its structure, particularly in its central area.
This fact suggests that the melt was enriched in Y and
HREE at an early stage during crystallization of the G—
b and G— granites, as a result of LREE depletion by
crystallization of monazite in the G-a granite. The con-
sumption of Y and HREE leads to a decrease in these
elements in the melt, the crystal being impoverished in
(or even free of) Y and HREE at the rim.

Fluorite | (yttrian fluorite) is one of the earliest de-
positories of Y and REE in the G—b and G—c granites; it
containsup to 15wt% Y ,03. However, this phase seems
to be unstable in the later fluid-rich environment. Evi-
dence for subsequent alteration of yttrian fluoriteis seen
as a peripheral association of Y-poor fluorite 111 and
synchysite-(Y) in the G—b and G—c granites (Figs. 2a,
¢). This process may be possibly described by the fol-
lowing reaction:

Cay_aY aFoia +aCa? + 2C032_ =
Yttrian fluorite  Hydrothermal fluid
(Fluorite 1)

Cak, + aY Ca(COs),F

Fluorite Synchysite-(Y)
(Fluorite I11)
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Zircon is a common accessory mineral present
throughout the Xihuashan granites, but it variesin com-
position. In the G—agranite, zircon contains on average
2.5 wt% HfO,, 0.38% UO,, 0.1% ThO, and 0.49%
Y203, and does not exhibit any textural evidence of
zoning. Zircon from the G—b and G—c granites exhibits
zoning, represented by the presence of polymineralic
micro-inclusions of xenotime-(Y'), thorite and uraninite
in the core, and enrichment in Hf at the rim. Significant
mobility of Hf was postulated as resulting from hydro-
thermal transfer induced by melt degassing (Raimbault
et al. 1995). This phenomenon, already cited in studies
of other granites (Suzhou: Wang et al. 1996, L aoshan:
Wang et al. 2000, 2001), may be described as follows:

[Zr1-a6-cHfaY u(U, Th)] (Si1-5Pp)Os —
Zircon (Core of zircon)

Zr1abcHf2)Si1 5 cOsap-ac + BYPO,4 + ¢(U,Th)SIO,
Hafnian zircon Xeno- Uranoan
(Rim of zircon) time-(Y)  thorite

In summary, observations based on accessory min-
erals point to amagmatic environment for the G-agran-
ite. In contrast, the G—b and G—¢ granites experienced a
degassing process during their crystallization. Primary
mineral s such asyttrian fluorite and monazite-(Ce) may
have broken down to secondary phases in fluid-rich
environments. This type of late- to postmagmatic fluid
must have been enriched in F and CO,, and derived from
thefinal oversaturation of the granitic melt (Maruéjol et
al. 1990). On the basis of results from mine geology,
the mineralization in tungsten at Xihuashan is consid-
ered to berelated to the granites G-b and G— (Hu et al.
1984, Li et al. 1986). Similarities regarding the nature
of the ore-forming fluidsin the Xihuashan tungsten de-
posit have been investigated by Giuliani et al. (1988).
These authors have identified the earliest fluid phases
as CO,-bearing aqueous solutions circulating at tem-
perature up to 420°C. The CO,-rich fluids played im-
portant role in the transport of the tungsten. The
formation of the extensive tungsten mineraization in
Xihuashan may be therefore interpreted to be caused by
a stable and long-lasting flow of hydrothermal fluid
through the granites.

Finally, we conclude that the pattern of evolution of
Y, REE, Zr, U, Th and Nb in the Xihuashan pluton was
a complex, multi-stage process, and involved primary
magmatic crystallization and late-stage hydrothermal
alteration.
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