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ABSTRACT

The Yichun topaz-lepidolite granite is the latest and most evolved unit of the Yichun granitic complex, South China, and is
well known by virtue of its unusual Ta—Nb-Li mineralization. A drill hole down to 300 m has intersected the granite from top to
bottom, and revealed three petrographic zones: K-feldspar-rich facies in the lower part, albite-rich facies in the middle part, and
Ab- and Kfs-rich facies in the upper part. Geochemically, the Yichun granite belongs to the phosphorus-rich type of rare-element-
enriched granite. The phosphorus is concentrated in the feldspars, which contain up to 0.93 wt% P,Os. It is less enriched in
feldspars in the middle part, where primary amblygonite is abundant. Principal accessory minerals include columbite—tantalite,
cassiterite, zircon, and wodginite in all facies, and microlite in the middle facies. The composition of the columbite-group minerals
corresponds to manganocolumbite and manganotantalite. Zircon contains mostly 4 to 8 wt% HfO,, but the HfO, contents may
reach up to 22 wt% at the rim. From the lower part to the middle part of the drill hole, the progressive increases in Ta/(Nb + Ta)
of columbite and Ta-rich cassiterite, and in Hf content of zircon, are strongly suggestive of magmatic differentiation. On the other
hand, in the upper part of the drill hole, the decrease in Ta/(Nb + Ta) of columbite and cassiterite, in Hf content of zircon, and the
increase in Fe of lepidolite, and especially marked enrichment in Fe and W in columbite (5.76% FeO, 7.28% WO3) at the
uppermost part of the drill hole, indicate another environment at the final stage of crystallization of the granite, influenced by fluid
probably derived from the surrounding mica schist.

Keywords: P-bearing feldspar, amblygonite, hafnian zircon, columbite—tantalite, cassiterite, electron-microprobe data, granite,
Yichun, China.

SOMMAIRE

Le granite a topaze—1épidolite de Yichun, I’unité la plus tardive et la plus évoluée du complexe granitique de Yichun, du sud
de la Chine, est bien connu a cause de son enrichissement inhabituel en Ta—Nb-Li. Un trou de forage de 300 m a intersecté ce
granite pour révéler trois zones pétrographiques: facies riche en feldspath potassique en profondeur, facies albitique au milieu, et
facies enrichi dans les deux feldpaths vers le haut. En termes géochimiques, le granite de Yichun fait partie des granites enrichis
en phosphore et en éléments rares. Le phosphore est concentré dans les feldspaths, qui contiennent jusqu’a 0.93% de P,0Os
(poids). La concentration diminue dans le faciés du milieu, qui contient beaucoup d’amblygonite primaire. Parmi les principaux
minéraux accessoires se trouvent columbite—tantalite, cassitérite, zircon, et wodginite dans tous les facies, et microlite dans le
facies du milieu. La composition des minéraux du groupe de la columbite atteint le champ de la manganocolumbite et de la
manganotantalite. Le zircon contient en général entre 4 et 8% de HfO, (poids), mais peut en contenir jusqu’a 22% en bordure des
grains. En passant de la partie inférieure au milieu de I'intervalle échantillonné par le trou de forage, nous documentons une
augmentation progressive en Ta/(Nb + Ta) de la columbite et de la cassitérite tantalifere, et de la teneur en Hf du zircon, qui
témoigne d’une différenciation magmatique. En revanche, vers le haut de la section, la diminution en Ta/(Nb + Ta) de la columbite
et de la cassitérite, en teneur en Hf du zircon, I’augmentation en Fe de la 1épidolite, et I’enrichissement marqué en Fe et W de la
columbite (5.76% FeO, 7.28% WO3), surtout au sommet de la section, témoignent d’un milieu de cristallisation finale du granite
influencé par une phase fluide, qui aurait été dérivée des schistes micacés encaissants.

(Traduit par la Rédaction)

Mots-clés: feldspath riche en phosphore, amblygonite, zircon hafnifére, columbite—tantalite, cassitérite, données de microsonde
électronique, granite, Yichun, Chine.
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INTRODUCTION

The Yichun (or Yashan) granitic complex, located
in Jiangxi Province, southern China, is known for its
unusual Ta-Nb-Li mineralization (exploited in deposit
no. 414, Yin et al. 1995). Many studies have been made
of its mineralogy, petrology, geochemistry, and metallo-
geny (e.g., Lu et al. 1975, Pollard & Taylor 1991,
Schwartz 1992, Yin 1988, Yin et al. 1993, 1995,
Belkasmi ef al. 1991, 2000). Yin ef al. (1995) system-
atically described geological and geochemical charac-
teristics of the Yichun Ta—Nb-Li deposit, and found that
the granites show features of primary crystallization,
with only minor modification by subsequent hydrother-
mal alteration. More recently, Belkasmi et al. (2000)
made a detailed study of the Ta—Nb—Sn—W oxide min-
erals from this pluton, and discussed the magmatic-hy-
drothermal evolution of the host granites. Although the
topaz—lepidolite granite is the most interesting unit at
Yichun owing to its extreme fractionation and Ta—Nb-—
Li mineralization, it has not received due attention in
the earlier investigations. In recent years, some explor-
atory drilling has been done in that unit. These bole
holes, from 100 to 300 m deep, provide a rare opportu-
nity to constrain the genesis of the granite. We report
here the first detailed petrological study on a vertical
section through the mineralized granite, and report de-
tails concerning the feldspars, the phosphates, zircon
and Nb—Ta—Sn—Ti minerals in the topaz—lepidolite gran-
ite. Such information provides insight into both the
magmatic crystallization and the post-magmatic stages
of evolution of this most evolved unit of the Yichun
complex.

GEOLOGICAL SETTING AND SAMPLING

The early Yanshanian (Jurassic) Yichun complex is
situated in the Wugong Mountain migmatite—granite
dome of the Jiangnan paleo-island arc of southern
China. It has an outcrop area of approximately 9.5 km?
(Yin et al. 1995). The complex consists of five intru-
sive units, which are, from oldest to youngest (Fig. 1):
(1) medium- to coarse-grained protolithionite—-musco-
vite granite, (2) fine-grained porphyritic muscovite
granite, (3) medium-grained muscovite granite related
to tungsten mineralization, (4) Li-mica granite, and (5)
topaz—lepidolite granite with Ta—Nb-Li mineralization.
Detailed petrographic information (modal compositions
of minerals, textures, and grain sizes) is given in Yin et
al. (1995). The Yichun complex represents an unusual
example of Li—F-rich rare-metal granites with a com-
plete succession from protolithionite granite to topaz—
lepidolite granite. This study is focused particularly on
the latest unit, which is hereafter named the Yichun to-
paz—lepidolite granite.
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A 300-m-deep vertical hole was drilled in the Yichun
topaz—lepidolite granite (Fig. 1). The drilling intersected
this granite to a depth of about 43 m, which lies on top
of the Li-mica granite (the fourth intrusive unit). Fif-
teen samples of the topaz—lepidolite granite are taken in
the drill hole between —1 and —41.5 m (Fig. 1). Major
rock-forming minerals include quartz, albite, K-feldspar
and lepidolite in these fifteen samples. Petrographic
studies demonstrate three facies in the topaz—lepidolite
granite: (1) K-feldspar-rich facies in the lower part
(samples Zk12-15, Fig. 1), (2) albite-rich facies in the
middle part (samples Zk5-11, Fig. 1), and (3) albite-
and K-feldspar-rich facies in the upper part (samples
Zk1-4, Fig. 1). In all facies, the samples are porphyritic
with phenocrysts of quartz, K-feldspar and topaz 1.5-3
mm in diameter, and a groundmass composed essen-
tially of albite and lepidolite with lower amounts of
quartz, topaz, and K-feldspar. The abundance of K-feld-
spar decreases from the lower part of the section to the
middle part (15-30% and <5%, respectively), then in-
creases in the upper part (7-22%). In a complementary
way, albite increases from the lower part (20-30%) to
the middle part (43-61%), then decreases in the upper
part (30-45%). The proportion of quartz decreases no-
ticeably from the lower part (34—54%) to the middle and
upper parts (16-32%), whereas lepidolite increases from
the lower part (6-10%) to the middle and upper parts
(14-23%). Minor amounts of topaz (<5%) occur in all
samples. The samples contain various kinds of acces-
sory minerals, such as zircon, cassiterite, niobium—tan-
talum minerals, amblygonite (<3% in the middle part)
and an apatite-group mineral. Most of the accessory
minerals occur as inclusions in topaz, lepidolite, and the
feldspars.

ANALYTICAL METHODS

The whole-rock composition of the samples was es-
tablished by wet-chemical analysis at the Center Labo-
ratory of Department of Earth Sciences, Nanjing
University. Concentrations of the trace elements, includ-
ing the rare-earth elements, were obtained by induc-
tively coupled plasma — mass spectrometry (ICP-MS)
at the Guangzhou Institute of Geochemistry, Chinese
Academy of Sciences. Minerals were analyzed with a
JEOL JXA 8800M electron microprobe at the State Key
Laboratory for Mineral Deposits Research of Nanjing
University. We used the following operating conditions
(accelerating voltage, beam current, beam diameter):
15kV, 10 nA, 1 pm for the feldspars and phosphates;
12 kV, 100 nA, 5 pm for lepidolite and topaz; 20 kV,
20 nA, 1 pm for Nb—Ta—-Sn—-U-Zr minerals. To mea-
sure the amount of phosphorus in feldspar, counting
times of 60 s for phosphorus and a P-bearing orthoclase
standard (0.49 wt% P,0s) was used. We used the ZAF
program for data reduction.
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GEOCHEMICAL TRENDS IN THE YICHUN BATHOLITH
Variations in major-element concentrations

In general, from the early to late units of the Yichun
granite complex, the whole-rock SiO, contents decrease
(on average, 75.1 wt% — 74.7% — 74.5% — 74.0% —
68.12%) in contrast to A/NKC values (molar) (on aver-
age, 1.25 — 1.26 — 1.28 — 1.24 — 1.40) (Y1 to Y5,
respectively, Table 1). Both the whole-rock F and P,Os
contents increase with weak fluctuations from the first
to fourth units, and increase strongly in the fifth unit
(on average, 0.27 wt% — 0.35% — 0.44% — 0.43% —
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1.66% F and 0.12 wt% — 0.12% — 0.20% — 0.27% —
0.56% P,0s) (Y1 to Y5, respectively, Table 1). On the
basis of these criteria, the Yichun granite complex may
be considered as an example of an amblygonite-type
granite of Raimbault e al. (1991) or as a high-P sub-
type of F-rich granites as proposed by Taylor (1992).

In the topaz-lepidolite granite, the whole-rock SiO,
contents decrease from the lower part to the middle part,
and increases in the upper part. On the other hand, the
whole-rock Al,O3, Na,0, P,0s, and F contents increase
from the lower part to the middle part, and decrease in
the upper part (Table 1).
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The trace elements, including the rare-earth elements

The variations in trace-element concentrations in the
Yichun granite complex are complicated. The contents
of rare alkalis, such as Li and Rb, vary weakly in the
three early stages, but are strongly enriched to 5296 ppm
and 3269 ppm, respectively, in the later two stages
(Table 1), in which lepidolite or Li-mica is abundant.
High field-strength elements, such as Nb and Ta, in-
crease weakly from the first stage to the fourth stage,
and are enriched to 68.9 ppm and 137 ppm, respectively,
in the fifth stage (Table 1). Disseminated tantalite,
microlite, wodginite and Ta-rich cassiterite are relatively

MINERALOGIST

abundant in the topaz—lepidolite granite (Belkasmi et al.
2000, and see below), as is hafnian zircon.

The content of rare-earth elements (REE) of the
Yichun granite complex is very low, and generally de-
creases from the early to late stages. The third stage,
medium-grained muscovite granite, contains the high-
est REE, 53.8 ppm (Table 1), that of the fifth stage is
lowest. The average concentration reported by Yin et
al. (1995) is 5 ppm, whereas the results of ICP-MS
analyses of drill-hole samples are all less than 1.1 ppm
(Table 1). The sum of the REE is variable in the drilled
section also; it decreases from the lower part to the
middle part, then increases in the upper part (Table 1).

TABLE 1. WHOLE-ROCK COMPOSITION OF THE YICHUN GRANITIC COMPLEX, CHINA

units 1 2 3 4 5
Sample Y1 Y2 Y3 Y4 YS Zx2 Zx3 ZKk5 Zk9  Zk12 Zkl13
Number 3 3 3 3 4 1 1 1 1 1 1
SiO, wt% 7512 7473 7447 7400 6812 7143 6792 6932 6891 74.67 7449
TiO, 0.10 005 008 0.05 0.04 0.00 0.00 0.01 0.01 0.01 0.00
,0; 1404 1400 1361 1539 1845 16.18 1888 1730 1753 1483 1533
TFeQ 0.17 0.17 0.15 0.12 0.20 0.14
Fe,0, 0.40 037 047 0.11 0.15
FeO 0.95 096 115 039 0.22
MnO 0.12 031 013 0.16 0.12 0.19 0.13 0.14 0.11 0.16 0.12
MgO 0.22 015 027 0.03 0.02 0.18 0.08 0.00 0.08 0.18 0.08
Ca0 0.46 036 039 0.16 0.09 0.14 0.14 0.08 0.18 0.44 0.14
Na,0 3.48 366 3.13 4.80 6.35 4.14 623 5.01 6.56 3.02 431
K,0 432 4.13  4.43 3.91 245 3.98 2.82 3.28 2,62 327 2.82
P,O; 0.12 012 020 0.27 0.56 0.33 0.23 0.55 0.40 0.49 0.15
Li,0 0.11 0.05 008 0.14 1.14
F 0.27 035 044 043 1.66 1.34 1.07 2.04 1.66 2.04 1.53
LOI 2.05 2.13 2.12 1.59 1.06 0.78
2F=0 -0.11 -0.15 -0.18 -0.18 -070 -056 -045 -086 -0.70 -086 -0.64
Total 99.50 99.07 98.67 99.66 98.64 99.57 9935 99.i4 99.07 9551 99.25
A/NKC 1.25 126 128 1.24 1.40 1.43 1.40 1.45 1.26 1.60 1.48
Li ppm 511 232 372 650 5296 6569 6781 12059 10801 4579 3037
Rb 891 827 754 1786 3269 4589 3072 6423 4656 4180 2996
Sr 26.5 16 18.1 11 6.9 30.0 26.8 19.4 232 96.1 222
Zr 46.4 307 371 233 18.7 202 26.3 253 227 291 289
Nb 43 47 40 62 68.9 413 61.7 50.1 90.2 293 201
Cs 102.7 109.5 360 475 348 1709 743 328 220
Be 147 358 40 246 727 269
Ba 57.9 46.4 50.4 74.1 46.2 56.2
Hf 3.78 5.87 3.58 435 4.25 4.11
Ta 235 164 22 65 137 132 1725 62 1004 108.2 12.9
Th 2.46 336 241 2.12 3.47 291
Y 2.96 nd. nd. 141 147 0464 0358 0233 0442 0862 0.598
La 7.05 4.57 10.23 1.13 1.37 0.080 0.057 0.072 0080 0.104 0.111
Ce 15.78 8.71 2186 2.54 1.61 0.151 0.146 0223 0.146 0.297 0.207
Pr 2.56 226 381 0025 0.015 0.018 0019 0028 0.030
Nd 742 412 995 1.59 0.96 0.101 0.050 0.057 0.069 0083 0.109
Sm 1.86 138 221 0.92 0.47 0.061 0.048 0.039 0.043 0.101 0.094
Eu 0.14 0.03 0.16 0.12 0.05 0.007 0.002 0.002 0.003 0003 0.005
Gd 1.64 097 153 08 052 0093 0070 0.047 0066 0.157 0.144
Th 0.29 036 039 0.030 0.022 0.014 0024 0.055 0.042
Dy 1.38 1.74 1.57 0.116 0.084 0054 0.100 0.202 0.165
Ho 024 035 030 0.011 0.006 0004 0007 0.013 0.011
Er 0.66 0.79  0.65 0.025 0.013 0.010 0.012 0019 0018
Tm 0.15 020 016 0.003 0.002 0.001 0002 0.002 0002
Yb 0.76 1.49 088 0.024 0.011 0.008 0012 0010 0.011
Lu 0.14 018 0.11 0.03 0.03 0.004 0.002 0.001 0.001 0002 0.002
XREE 40.07 27.15 5381 713 501 0.731 0.528 0.550 0.584 1076 0.951

Units: 1: medium- to coarse-grained protolithionite-muscovite granite; 2: fine-grained porphyritic muscovite
granite; 3: medium-grained muscovite granite; 4 Li-mica granite; 5: topaz-lepidolite granite. Y1, Y2, Y3, Y4,

and Y5 are average data from Yin et al. (1995); A/NKC:
expressed as FeO.

Al,0,/(Na,0 +K,0 +2Ca0) (moles). TFeO: total iron
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All the chondrite-normalized REE patterns of the
Yichun granite complex are distinctly of V-shape, with
strong depletion in Eu (Fig. 2). In the drilled section,
Sm and Dy are both enriched, which is very much like
the M-type of REE pattern of the Jiankengli leuco-
granite, in Jiangxi Province, China (Masuda et al. 1987).
This pattern of enrichment results from the lanthanide
tetrad effect, and the strong participation of aqueous
complexes.

MINERALOGY

The Yichun topaz-lepidolite granite consists of
quartz, the feldspars, topaz, and lepidolite, and contains
accessory phosphates (amblygonite, “apatite”, triplite,
herderite, and xenotime), zircon, thorite, oxide miner-
als of Nb-Ta—Sn (columbite, microlite, wodginite, and
cassiterite). The association of accessory minerals in the
Yichun topaz—lepidolite granite is shown in Table 2.

THE FELDSPARS

The feldspars are demonstrated to be important phos-
phorus-bearing phases in P-rich granitic rocks (London
1992, Bea et al. 1994, Kontak et al. 1996, London et al.
1999). Albite and K-feldspar from the Yichun topaz—
lepidolite granite were studied in detail with the elec-
tron microprobe.

K-feldspar

A microscope investigation reveals that K-feldspar
is most abundant in the lower part of the topaz—lepido-
lite granite, and rare in the middle part, where albite
becomes the dominant feldspar phase. Two generations

TABLE 2. SUMMARY OF DISTRIBUTION OF ACCESSORY MINERALS
IN THE YICHUN TOPAZ-LEPIDOLITE GRANITE, CHINA

Facies Depth Phosphate minerals Nb-Ta oxide minerals
Sample (m)
Amb Fap Xnt Tph Hrd Zm Thr Cbt Wdg Mic Cst
mr zZkl 1 +++ o+ ++ 4 +
Zk2 2 ++ ++ o+ +
Zk3 3 ++ ++ 4+
Zk4  4.05 + + +
I Zk5 85 +++ +H o+ +++
Zk6 12 +++ + o+ ++ + o+
Zk7 165 HE—— S AN
Zk8 205  + o+ o+ o+ +
ZKk9 235 4+t 4+ ++ ++ ++
Zk10 27.5 +++ ++ =+ A +
Zk11 32 ++ + +
I Zk12 34 + ++ + ++
Zk13 36.5 + + o+ +
Zk14 39.5 ++ + + + +
Zk15 41.5 ++ + +

Symbols: Amb: amblygonite, Fap: apatite, Xnt: xenotime, Tph: triplite, Hrd: herderite,
Zrn: zircon, Thr: thonite, Cbt: columbite-group minerals (columbite and tantalite),
Widg: wodginite-group minerals, Mic: microlite, Cst: cassiterite. +++: abundant, ++:
present, +: rare. I: Kfs-rich facies, II: Albite-rich facies, III: Albite—Kfs-rich facies.
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of K-feldspar may be clearly recognized. The early gen-
eration occurs as phenocrysts containing fine tabular
albite along growth zones (Fig. 3a), which is generally
named the “snowball” texture (Yin et al. 1995). How-
ever, in the middle part, the K-feldspar phenocrysts were
almost completely transformed into muscovite and
quartz, whereas the fine tabular albite inclusion was
preserved within the pseudomorphs after the K-feldspar
phenocrysts. The K-feldspar of the late generation con-
sists of fine-grained anhedral crystals. Unlike some
grains of K-feldspar from P-high granites (Kontak ez al.
1996), the K-feldspar of the Yichun granite all seems
nonperthitic. Electron-microprobe analyses of K-feld-
spar show the homogeneous development of the end-
member composition (Orgg_g9Ab,_;) in both fine-grained
anhedral crystals and phenocrysts, but great variability
in P,Os contents (Tables 3, 4). For example, in the
sample Zk12, the early K-feldspar contains relatively
low phosphorus (0.23 wt% P,0s, Table 3), whereas the
P content of the late generation is much higher (up to
0.79 wt% P,0s, Table 3). This pattern could be attrib-
uted to an increase in P with magmatic evolution.

Albite

Three generations of albite are distinguished in the
granite. The first generation consists of sub- to euhedral,
tabular phenocrysts (~0.5 mm wide, ~0.8 mm long;
Fig. 3c). The second generation consists of albite inclu-
sions that occur as fine tabular crystals occupying the
growth zones within K-feldspar or quartz phenocrysts
(the “snowball” texture: Figs. 3a, b). The third genera-
tion of albite consists of fine tabular crystals in the
groundmass of the granite (0.03-0.2 mm wide, 0.2-0.5
mm long: Fig. 3c).

—— First unit
—0— Second unit

—O—Third unit
—>— Fourth unit
—&— Fifth unit

100

Sample/Chondrite

La Ce Pr Nd SmEu Gd Tb Dy Ho Er Tm Yb Lu

Fic. 2. Chondrite-normalized REE patterns of the Yichun
granite complex (data for the first four units from Yin et al.
1995).



1052

FiG. 3. Microphotographs of the feldspars (crossed-polarized
light). The “snowball” texture: fine-tabular crystals of
albite (white) occupying growth zones within K-feldspar
phenocrysts (a) and quartz phenocrysts (b). (c) Tabular
phenocrysts of first-generation albite (Abl) and fine-
tabular crystals of third-generation albite (Ab3).

THE CANADIAN MINERALOGIST

Like the K-feldspar, the albite is chemically homo-
geneous (AbogOrjAny), but variable in phosphorus con-
tent. The early generation of albite contains a lower level
of phosphorus than the later generation (Table 3), such
that the P,Os content of the albite groundmass (i.e., 0.93
wt% in sample Zk2) is distinctly higher than that of the
adjacent early-generation albite phenocrysts (0.35 wt%
in sample Zk2). The distribution of phosphorus in the
different generations of albite indicates that the magma
was initially relatively poor in phosphorus, but became
enriched during magmatic evolution. The P,Os content
is also variable in single crystals of albite, especially
where secondary inclusions of apatite are enclosed (see
below for more detail).

Distribution of phosphorus between the feldspars

Many studies have demonstrated that phosphorus is
significant in both K-feldspar and albite, but the distri-
bution of phosphorus between feldspars is complicated.
London (1992) and Kontak et al. (1996) have shown
that phosphorus prefers to enter the structure of K-feld-
spar relative to that of albite. However, London et al.
(1999) revealed some cases of a distribution coefficient
(DpXPYy Jower than unity.

In the Yichun topaz—lepidolite granite, the P content
of albite is generally higher than that of K-feldspar in
the same sample. The calculated distribution-coefficient
DXl yalues of the samples are almost all lower than
unity except for sample Zk1, with DpXP! value of 2.17
(Table 4). Compared to the adjacent albite, a K-feldspar
typically contains a remarkably lower level of P. As an
example, in sample Zk3 from the upper part of the drill
hole, a K-feldspar crystal contains up to 0.10 wt% P,0s
(0.03 wt% on average, n = 6), whereas the adjacent
albite contains between 0.06 and 0.48 wt% P,O5
(0.29 wt% on average, n = 9). Furthermore, the value of
DpXP displays a decreasing trend from the lower part
to the middle part of the unit, but increases at the top
(Table 4). London et al. (1993) determined a distribu-
tion coefficient (DpX™™) of ca. 1.2 between coexisting
Kfs and Pl in equilibrium, and deviations from this value
reflect a lack of equilibrium between the Kfs—Pl pairs
(London et al. 1999). Whereas albite and K-feldspar of
the Yichun topaz-lepidolite granite are all pure phases,
the various distribution coefficients, which markedly
deviate from ~1.2, must also indicate a lack of equilib-
rium between albite and K-feldspar.

In the case of the “snowball” texture (Fig. 4), the P
content of the early-generation K-feldspar is up to 0.40
wt%, and mostly lower than 0.10 wt% P,0s, with an
average of 0.06 wt%, whereas the albite inclusions have
a higher P content, mostly above 0.10 wt% P,0s. From
core to rim of the “snowball”, the P content of the host
K-feldspar varies irregularly, whereas that of the albite
inclusions has an increasing trend (Fig. 4), which im-
plies that K-feldspar must have re-equilibrated at
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Zk1 Zk2 Zk7 Zk12
Ab Ab Kfs Kfs Ab Ab Ab  Ab Ab Ab Kfs Kfs
Generations First Third Early Late First Second Third First Second Third Early Late
Si0, wt% 6748 6738 64.54 6422 68.47 67.96 67.00 68.82 67.95 67.09 6449 63.23
AlLO, 19.82 2049 1891 19.50 2029 19.86 1997 20.47 19.75 20.53 1942 1943
PO, 0.16 021 018 030 035 038 093 017 024 040 023 0.79
Na,0 1174 11.11 018 0.19 11.21 11.41 11,78 11.09 11.99 10.81 015 012
K,O0 0.03 016 1566 1598 0.15 014 011 007 0.11 020 1515 1589
Ca0 bdl 009 bdl bdl 022 013 020 007 004 009 bdl bdl
BaO 0.08 bdl 017 bdl bdl bdl 004 bdl bdl bdl bdl 002
Total 9930 99.43 99.63 100.17 100.68 99.87 100.02 100.70 100.07 99.11 99.44 9947
Si apfu 2970 2955 2983 2954 2965 2969 2.929 2975 2970 2.949 2972 2928
Al 1.028 1.059 1.030 1.057 1.035 1.023 1.029 1.043 1.017 1.063 1.054 1.060
P 0.006 0.008 0.007 0.012 0.013 0.014 0.034 0.006 0.009 0.015 0.009 0.031
Na 1.002 0.945 0.016 0.017 0941 0.966 0.999 0.929 1.016 0.921 0.013 0011
K 0.002 0.009 0.924 0938 0008 0008 0.006 0.004 0.006 0.011 0.890 0.939
Ca 0.004 0.010 0.006 0.009 0.003 0.002 0.004
Ba 0.001 0.003 0.001 0.000
Or mol.% 02 09 983 982 08 08 06 04 06 12 986 988
b 998 986 1.7 18 981 986 985 993 992 984 14 1.2
An 00 04 00 00 10 06 09 03 02 04 00 00
0.35 TABLE 4. PHOSPHORUS CONTENT IN FELDSPARS IN
THE YICHUN TOPAZ-LEPIDOLITE GRANITE, CHINA
0.30 |
albite (Ab) K-feldspar (Kf5)
4 0.25 / Facies Sample r D™
‘E“ 0.20 average min. / max. average min. / max.
o" 1
o’ 015 m Zk1 0.10(19) bdlL/021  022(15) 007/040 217
Zk2 0.48 (7) 0.28/0.93 0.15(2) 0.10/020 032
0.10 7Kk3 023(45) bdl/048 003(37) bdl/017 0.14
Zk4 0.24 (8) 0.17/0.32
0.05
I ZkS 026(8) 023/029 002(6) bdl/005 007
0.00 Zk6 029 (11) 0.14/0.50 0.04 (3) 0.03/0.06 0.14
- zk7 0.22(25) bdl/051 003(17) bdL/008 014
Zk8 0.16(9) 006/028  003(4  002/004 020
Core Zk9 0.23 (6) 0.15/0.32
Zk10 0.18 (5) 0.10/026
Zk1l  0.18(10) b.dl/030
1 Zk12 0.49 (6) 031/0.82 0.39(8) 0.07/079 0.79
Zk13 0.23 (5) 0.19/0.29 0.21(2) 0.16/0.25 0.88
Zkl4  027(4)  011/040  0.16(1) 0.59
Zk15 0.20 (5) 0.14/0.30 0.08 (5) 0.02/0.18 041

K-feldspar /

host KD g

Albite
inclusion

FiG. 4. Variations in P,Os contents in the host K-feldspar
phenocryst and the albite inclusions in the “snowball”.

Facies: I: Kfs-rich facies, II: Ab-rich facies, III: Ab—Kfs-rich facies. b.d.1. =below the
detection limits. The phosphorus content is expressed as the oxide, P,0; (wt%).

subsolidus conditions, whereas the albite inclusions are
still pristine.

Cases where Dp is much lower than 1 are mostly
interpreted by invoking crystallization of plagioclase
before K-feldspar or by recrystallization of K-feldspar
after depletion of P in the melt (London 1992). How-
ever, the first hypothesis seems unlikely to be suitable
for the Yichun topaz—lepidolite granite. The petro-
graphic characteristics, such as “snowball”-textured K-
feldspar phenocrysts with albite inclusions, and albite
groundmass, suggest that the K-feldspar crystallized

Kfs/Pl
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before, or at least contemporary with, the albite. The
secondary apatite (see below for a detailed discussion)
and the pure end-member composition of K-feldspar all
imply that K-feldspar must have completely re-equili-
brated at a low temperature.

Li-RicH Mica

In the Yichun topaz—lepidolite granite, the mica usu-
ally occurs as fine tabular crystals in the groundmass,
and is represented by Li-rich members, whose compo-
sition, like that of the feldspar, differs depending on the
petrographic facies. In the lower part of the granite, mica
corresponds to Fe-bearing lepidolite (1.44 wt% FeO,
sample Zk15). Nearly pure lepidolite is observed in the
middle part, where FeO is generally below 0.20 wt%.
The occurrence of zinnwaldite instead of lepidolite is
noteworthy in the near-surface sample of the upper part
(up to 7.39 wt% FeO in sample Zk1). Representative
electron-microprobe analyses allowed us to calculate the
structural formulae of the micas based on 11 atoms of
oxygen and assuming stoichiometry: upper facies, Zk1:
(Ko0.9090Na.020) (Al 300Li0.082Fe* 0 30:Mno 051)[(Si3.414
Al 586)010](F1.5560H0 444), middle facies, Zk6: (Ko .gs4
Nag 024Cs0.013Rbo.005) (Al 287L11 450Fe**0.002Mng 003)
(Si3.615Al0.385)O010](F1.786H0.214), lower facies, Zk15:
(Ko0.908Na,053) (Al 342L1i1.155Fe?*0.074Mng 052) [(Si3.464
Alps36)010](F1.647 OHg 353). It is interesting to note that
lepidolite in the middle part is commonly rimmed by
Cs-rich mica (up to 22.71 wt% Cs,0, detailed study in
progress). The occurrence of a cesian lepidolite rim

TABLE 5. REPRESENTATIVE COMPOSITION OF FLUORAPATITE
FROM THE YICHUN TOPAZ-LEPIDOLITE GRANITE, CHINA

1 2 3 4 5 6 7 8 9
PO, wt% 3990 4091 39.99 39.53 40.60 42.61 4184 4244 41.79
CaO 5027 51.73 50.09 51.50 51.67 52.02 53.63 52.19 53.66
FeO 003 002 004 bdl 002 bdl 002 002 bdl
MnO 429 202 382 361 302 250 029 245 021
ALO, bdl 009 bdl bdl 004 002 001 002 001
Sio, 0.01 023 bdl 003 015 004 001 001 004
Na,0 006 005 004 007 015 005 bdl 001 001
St0 022 022 018 019 025 001 bdl bdl bdl
F 357 330 334 314 243 281 297 312 348
Cl bdl bdl bdl 002 bdl bdl bdlL 001 bdl
2F,2CI=0 -1.50 -1.39 -140 -132 -1.02 -1.18 -125 -1.31 -146
Total 96.85 97.19 96.10 96.74 9731 98.88 97.52 9895 97.70
P apfu 2.970 2.995 2986 2943 2.973 3.043 3.026 3.037 3.025
Ca 4736 4.794 4.733 4.852 4788 4.701 4909 4.726 4913
Fe 0.002 0.001 0.003 0.001 0.001 0.001
Mn 0320 0.148 0.286 0.269 0221 0.179 0021 0.175 0015
Al 0.009 0.004 0.002 0.001 0.002 0.001
Si 0.001 0.020 0.003 0.013 0.003 0.001 0.001 0.003
Na 0.010 0.008 0.007 0.012 0.025 0.008 0.002 0.002
Sr 0.011 0.011 0.009 0.010 0.013 0.000
F 0.993 0.902 0932 0872 0.665 0.748 0.801 0.834 0.540
C1 0.003 0.001

b.d.L: below detection limits. The structural formulae are calculated on the basis of
twelve atoms of oxygen; apfu: atoms per formulaunit. Columns 1-5: Zk1. 1: anhedral
grain, interstitial between Ab and Kfs. 2: secondary fluorapatite, in Ab. 3-5: euhedral
inclusion in Ab, composition of the core (3), subrim (4) and rim (5). Columns 6 and
7. Zk9. 6: anhedral grain, interstitial among Ab grains. 7: secondary fluorapatite, in
Ab. Columns 8 and 9: Zk10. 8: anhedral grain, interstitial between Ab and Kfs. 9:
secondary fluorapatite, in Ab.
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implies the presence of a Cs-rich late-magmatic fluid,
which reflect the very high Cs content of whole rock,
i.e., 1709 ppm in sample Zk5 (Table 1).

Toraz

Topaz is present in the Yichun topaz—lepidolite gran-
ite. Euhedral to subhedral phenocrysts enclose mag-
matic accessory minerals such as columbite and zircon,
and may be considered as one of the early phases of
crystallization. Electron-microprobe results show that in
all cases, the topaz is fluorine-dominated in the anion
site (17.43 < F < 18.78 wt%), also suggestive of a mag-
matic origin for this mineral (Rosenberg 1972).

THE PHOSPHATES

In the Yichun topaz-lepidolite granite, both “mona-
zite” and “xenotime” are rarely observed, whereas “apa-
tite” and amblygonite are essential phosphate minerals,
but in low modal proportion. “Apatite” is present in all
facies, and amblygonite occurs only in the middle part
of the drilled section (Table 2).

Apatite-group phase

“Apatite” is observed mainly in the middle and up-
per facies, but only sporadically in the lower facies. On
the basis of back-scattered electron images, three types
of “apatite” are recognized: (1) anhedral “apatite” fills
the interstices among the grains of feldspar, quartz and
lepidolite, mainly in the middle and upper parts of the
drilled section; (2) euhedral inclusions (~80 pm) in al-
bite in the upper part of the drill hole, and (3) fine-
grained (~10 pm), anhedral grains of secondary origin
distributed along the cleavages of feldspar. This type is
infrequently observed in all facies.

Electron-microprobe results indicate that the apatite-
group mineral is fluorapatite, but it shows major com-
positional variations, particularly in Mn content. The
anhedral fluorapatite (type 1) contains elevated contents
of Mn (up to 4.29 wt% MnO, Table 5). Inclusions of
euhedral fluorapatite enclosed in albite are also enriched
in Mn, and generally are compositionally zoned, with a
slight core-to-rim decrease in Mn (nos. 3-5, Table 5).
These euhedral crystals are products of early-stage crys-
tallization. In contrast, the inclusions of fluorapatite are
relatively poor in Mn (Table 5). Note that the P content
of the host feldspar has dropped sharply at its contact
with the apatite (Zk10, Table 6). This pattern suggests a
release of P from the feldspar structure as it undergoes
Al-Si ordering in the presence of the fluid medium car-
rying Ca, leading to in situ formation of an apatite-group
mineral (Kontak et al. 1996). Therefore, this type of
“apatite”, present as inclusions, seems to be of second-
ary origin.
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Amblygonite group

Although the concentration of lithium cannot be de-
termined by electron microprobe, amblygonite was eas-
ily recognized in the middle part of the section. It occurs
notably as anhedral crystals interstitial with respect to
feldspars and lepidolite (Figs. 5a, b), and is also charac-
terized by turbidity due to micro-inclusions. The com-
position of the amblygonite at Yichun is nearly constant
(Table 7), with an analytical total generally below 90
wt%.

The phosphorus content of albite adjacent to the
amblygonite is distinctively higher than average, and
there is a Ca-poor, P-rich filling along the cleavages in
albite (Figs. 5c¢,d).

Triplite

Triplite is only observed as interstitial anhedral
grains in the upper part of the drilled section. Represen-
tative electron-microprobe results on triplite are listed
in Table 7, and the calculated structural formula based
on four atoms of oxygen is (Mn; 779Feq 131Cag 098)3.2.008
[(P0.993510.005)50.998041(F, OH).

Other phosphates

“Monazite” and “xenotime” are both widespread
accessory minerals in granites or granitic pegmatites.
The former is the main reservoir of the light rare-earth
elements (LREE), Th, and U in peraluminous granites,
whereas the latter is an important reservoir of Y and the

TABLE 6. COMPOSITIONAL VARIATION OF ALBITE CONTAINING
SECONDARY APATITE, YICHUN TOPAZ-LEPIDOLITE GRANITE, CHINA

Albite A Albite B

Point No. Al A2 A3 A4 B1 B2 B3 B4
Si0, wt% 68.94 67.69 67.90 6899 6781 68.75 68.69 68.55
ALO, 1930 19.10 19.88 1920 1911 19.07 1969 19.59
Na,O 1142 1136 1138 11.60 1169 1075 11.11 11.39
K,0 0.06 014 007 007 0.03 0.13 010 0.12
Ca0 006 004 011 008 007 bdl 002 009
P,0, 001 005 025 011 002 008 011 026
BaO bdl 012 bdl 039 020 022 bdl bdl
Total 99.79 98.50 99.59 100.44 98.93 99.00 99.72 100.00
Si apfu 301 3.00 297 301 300 302 300 299
Al 099 100 103 099 100 09 101 1.01
Na 097 098 097 098 100 092 094 09
K 000 000 000 000 000 000 000 0.00
Ca 000 000 001 000 000 000 000
P 000 000 001 000 000 000 000 001
Ba 0.00 001 000 0.00

Total 498 499 498 499 500 494 49 498
Ab mol.% 99.62 99.60 9937 99.52 99.63 99.80 99.75 9939
Or 009 020 010 010 004 020 015 0.17
An 029 019 053 038 033 000 010 043

The sequences Al to A4 and B1 to B4 indicate distance away from the secondary
apatite in two host crystals of albite in sample Zk-10, respectively. b.d.1.: below
detection limits. The structural formulae are calculated on the basis of eight atoms of

oxygen.
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heavy rare-earth elements (HREE) (Wark & Miller
1993, Hinton & Paterson 1994, Bea et al. 1994, Bea
1996, Forster et al. 1998a, b). But they are rarely found
in the Yichun topaz—lepidolite granite, and mainly oc-
cur at the early stage of crystallization in the complex.
The “xenotime” observed in the drill core occurs as very
fine-grained (<10 wm) anhedral crystals.

Other phosphate minerals have been identified. In
the middle and lower parts of the section, we have iden-
tified herderite on the basis of electron-microprobe data
(Table 2); it is similar to the herderite in the Beauvoir
granite, France (Charoy 1999; Table 8). The presence
of very high levels of beryllium in the Yichun topaz—
lepidolite granite (up to 727 ppm, Zk12: Table 1) indi-
cates the possibility of the existence of beryllium-bear-

TABLE 7. PARTIAL COMPOSITIONS OF AMBLYGONITE AND TRIPLITE
FROM THE YICHUN TOPAZ-LEPIDOLITE GRANITE, CHINA

Amblygonite Triplite

Zks Zké Zk7 Zk8  Zk9
1 2 3 4 5

PO, wt% 5040 5169 5193 5127 5125 4794 3129 31.29
Ca 0.03 007 002 001 005 002 232 245
FeO bdl bdl bdl bdl bdl bdl 439 416
MnO bdl bdl 001 bdl 004 004 5598 35602
ALO, 3597 3554 3688 3536 3635 3547 004 000
SiO, 006 006 005 002 024 042 007 014
Li,O* 1064 1073 1095 1062 10.80 1025
629 454 427 466 753 779 nd nd

2F=0 -3.64 -263 -248 -270 437 -451
Total 99.75 100.00 101.63 99.24 101.89 9742 94.08 94.06
P apfu 1001 1.015 1.003 1.015 1001 0984 0993 0993

a 0.001 0002 0.000 0000 0001 0.001 0.093 0.098
Fe 0.138 0.131
Mn 0.000 0.001 0.001 1779 1.779
Al 0995 0972 0992 0974 0989 1.013 0.002 0.000
Si 0.001 0001 0.001 0.001 0006 0.010 0.003 0.005
Li* 1.004 1.001 1.005 0999 1.002 0.999
F 0467 0.333 0308 0345 0550 0597

* The amounts of Li,0 and Li are calculated by stoichiometry. b.d.1.: below detection
limits; n.d.: not detected. The structural formulae are calculated on the basis of four
atoms of oxygen. apfu: atoms per formula unit.

TABLE 8. PARTIAL COMPOSITION OF HERDERITE FROM
THE YICHUN TOPAZ-LEPIDOLITE GRANITE, CHINA

Yichun granite (Zk6) Beauvoir granite  Theoretical
compositions
1 2 3 4 5 B.S B2 Hrd
P,0, 44,61 4298 4252 4235 4164 43.63 4239 4352 44.06
Ca0 33.34 32.17 32.50 3258 3230 34.65 31.58 3439 3482
FeO bdl bdl bdl bdl 011
MnO 002 001 009 ©bdl 003
ALO, bdl 002 bdl bdl bdl
8i0, 010 028 017 007 025
F 531 7.03 591 728 519 405 418 11.65
2F=0 -223 -295 -248 -3.06 -2.18 -170 -1.76 -4.89
BeO* 1576 1527 1505 1496 1478 1563 16.74 1533 15353
H,0* 501 355 435 324 484 360 375 5.59
Total 10192 9836 9811 9742 9694 99.86 96.88 100.00 100.00

*: The amounts of BeO and H,0 are calculated by stoichiometry. Samples 5 and 2
from the Beauvoir granite are from Charoy (1999). b.d.1.: below detection limits. The
compositions are reported in wi%. Symbols: Hrd: herderite, Hhrd: hydroxylherderite.
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FiG. 5.
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(a) Amblygonite (Amb) interstitial to feldspars or lepidolite. Plane-polarized light. (b) Back-scattered-electron image of

amblygonite (Amb) filling the interspace between albite (Ab) and lepidolite (Lpd). (c) Enlargement of (b). (d) Phosphorus X-
ray scan image of (c), showing the relatively higher phosphorus content in a cleavage and at the rim of the albite relative to

the body of the albite.

ing minerals such as herderite. Herderite is considered
as a secondary mineral in rare-metal-bearing granites,
and crystallizes at relatively low temperatures (~250°C)
(Charoy 1999). Thus, herderite may be the result of
postmagmatic alteration.

In addition, qualitative analysis shows an unknown
P, Sn, and Bi-bearing phase along cleavage of albite and
K-feldspar from the middle and lower parts of the sec-
tion. As in the case of herderite, this P-bearing phase
results from postmagmatic alteration.

ZIRCON

Zircon is an accessory mineral present throughout
the Yichun granite. It occurs as subhedral to euhedral
crystals from 2 to 100 wm across, with well-developed
tetragonal dipyramids. It is usually enclosed in lepidol-
ite or topaz, but becomes interstitial between quartz and
feldspars in the upper part of the section, as observed in

other rare-element granites (e.g., Wang et al. 1992,
1996). The zircon is commonly zoned, with one type
characterized by a progressive increase in brightness
(BSE imaging) from the core to the rim of crystals
(Fig. 6a). Another pattern of zonation is shown by a po-
rous core and relatively intact rim (Fig. 6b). Striking dif-
ferences in composition (e.g., Hf and U contents) are
observed between the intact rim and the porous core,
which suggests that the core represents a relic of the
zircon, and the rim overgrows it during crystallization
of the host granitic magma. Crystals of zircon without
zoning are homogeneous in chemical composition, and
are all euhedral. Zircon is generally intergrown with
other accessory minerals such as columbite, cassiterite,
thorite (Figs. 6¢, d), and may contain small inclusions
of thorite (Fig. 6d).

Fifty-nine analyses of twenty grains of zircon reveal
a complex chemical composition (Table 9).
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FI1G. 6. Back-scattered-electron image of zircon. (a) Zoned zircon with a progressive increase in Hf content from core to rim. (b)
Zircon with a porous relict core (low in Hf) and overgrown by a Hf-rich rim. (¢) Zircon (Zrn) intergrown with cassiterite (Cst).
(d) Zircon (Zrn) intergrown with thorite (Thr). Insets in (a) and (b) correspond to Hf counts along lines A-B and C-D,

revealing an enrichment in Hf at the rim.

Hafnium

The hafnium content varies from 2.66 to 21.98 wt%
HfO,, but mostly from 4 to 8 wt% (Fig. 7a). According
to the nomenclature proposed by Correia Neves et al.
(1974), most of the compositions pertain to hafnian zir-
con, which is similar to zircon of other rare-element-
enriched granites, such as the Beauvoir granite, Massif
Central, France (Wang et al. 1992), the Suzhou granite,
eastern China (Wang et al. 1996), and the Xihuashan
granite, southern China (unpubl. data of Ru Cheng
Wang). The Hf content of zircon is variable on both the
single-crystal and drill-hole scales. First, a core-to-rim
increase in Hf content is observed in single crystals.
Where zoning is evident, the rim generally contains
more Hf than the core (e.g., sample Zk7: Fig. 6a). A
traverse across a zoned crystal of zircon (sample Zk5)

reveals a sharp increase in Hf toward the rim (Fig. 6b).
The relict core of this zircon contains 4.53 wt% HfO,,
whereas the rim contains up to 21.98 wt% HfO; (no. 2
and 3, Table 9). Second, the Hf content of zircon varies
on the scale of the drill hole, and tends to increase from
the lower part to the middle part, then to decrease up-
ward (Fig. 8a).

Uranium and thorium

The Yichun zircon generally contains of 0.11 to
4 wt% UO, (Fig. 7b), in some cases reaching 9.94 wt%
UO; (no.11, Table 9), a value very close to the theoreti-
cal maximum UQO, value of 10.7 wt% in the zircon struc-
ture (Cuney & Brouand 1987). Where zoned, the rim
contains distinctly less U than the core. As an example,
in sample ZkS5, one zoned crystal contains 3.99 wt%
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TABLE 9. REPRESENTATIVE COMPOSITIONS OF ZIRCON FROM
THE YICHUN TOPAZ-LEPIDOLITE GRANITE, CHINA

1 2 3 4 5 6 7 8 9 10 11

Sample Zk1 Zk5 Zk5 Zk6 Zk7 Zx7 Zk8 Zk9  Zk10 Zk12  Zk13
SiO, wt% 28.80 24.75 28.04 2846 2921 29.13 2904 30.16 2856 28.76 27.11
Zr0, 5542 5249 4389 53.87 5147 5731 53.01 5685 4826 5494 5099
HfO, 5.37 453 2198 646 1458 496 980 824 485 538 454
P,0; 1.84 2.63 0.75 131 0.51 203 246 023 3.22 1.19 1.12
CaO 0.28 bdl 011 0.21 0.11 045 041 0.03 039 007 bdl
TiO, 0.18 012 055 018 028 024 0.13 0.21 0.13 014 0.04
FeO 1.01 0.00 033 bdlL 005 bdl bdl bdl 005 008 bdl
uo, 1.57 399 011 4.07 128 1.80 1.80 199 400 443 9.94
ThO, 0.05 007  0.11 002 bdlL 000 002 014 027 008 069
MnO 0.58 043 bdl 055 bdl 058 051 029 087 091 0.01
Y,0, 0.92 148 047 075 bdl 074 014 005 215 1.40 1.12
AlLO, 0.26 1.03  bdl 033 004 022 054 037 034 029 bdl
Total 9629 9323 9859 9620 9753 9746 97.85 98.57 93.07 9767 9556
Si apfu 0937 0.861 0976 0947 0980 0934 0940 0979 0.948 0942 0941
Zr 03879 0891 0.745 0874 0842 0896 0837 0900 0781 0877 0863
Hf 0.050 0.045 0218 0061 0.140 0045 0.091 0076 0.046 0.050 0.045
P 0.051 0.078 0022 0.037 0014 0055 0068 0006 0.0950 0.033 0.033
Ca 0.010 0.004 0.007 0.004 0016 0014 0.001 0014 0002

Ti 0.004 0.003 0.014 0.004 0007 0006 0003 0005 0.003 0.004 0.001
Fe 0.027 0.000 0.010 0.001 0.001 0.002

U 0011 0031 0.001 0.030 0010 0013 0013 0014 0.030 0032 0.077
Th 0.000 0.001 0.001 0.000 0.000 0.000 0001 0002 0.001 0.005
Mn 0.016 0.013 0.015 0.016 0.014 0.008 0024 0.025 0.000
Y 0.026 0045 0014 0022 0.021 0.004 0002 0.063 0.040 0034
Al 0010 0.042 0.013 0002 0.008 0.020 0014 0013 0.011

b.d.1.: below detection limits. The structural formulae are calculated on the basis of four atoms of oxygen.

UO; in the core, but only 0.11 wt% at the rim (nos. 2
and 3, Table 9). In addition, in such uranium-enriched
domains, the analytical total is usually clearly lower than
99.0 wt%, probably owing to the presence of H,O in
the structure, as is generally observed in partly metamict
crystals. However, the content of Th is low, varying
from below the detection limit to 0.69 wt% ThO,, and
mostly less than 0.40 wt%.

Yttrium

Yttrium varies from below the detection limit to 2.15
wt% Y,0s3 (on average, 0.85 wt%: Table 9, Fig. 7c).

Phosphorus

The P content varies from 0.17 to 4.45 wt% P,0s,
but is mostly greater than 1 wt% (Table 9, Fig. 7d).
By comparison, zircon from P-poor granites contains
generally less than 0.1 wt% P,0s. For example, zircon
from the P-poor Suzhou granite, China, contains less
than 0.5 wt% P,0s5 (Wang et al. 1996).

THE Nb-Ta OXIDES
Minerals of the columbite group
Minerals of the columbite group are present through-
out the drill hole, but most abundant in the upper part of

the cupola. Petrographically, columbite is preferentially
included as small tabular crystals of up to 50 pm in

length in lepidolite, topaz, and albite in the lower part,
but is interstitial to major minerals in the upper part of
the section, where the crystals are characterized by com-
plex zoning.

Compositions of columbite are presented in Table 10,
and they are plotted in the columbite—tantalite quadri-
lateral in Figure 9. All points plot in the field of
manganocolumbite — manganotantalite, with Ta/(Nb +
Ta) varying from 0.14 to 0.95 and with a restricted Mn/
(Fe + Mn) value, in the range 0.72 to 0.99. The crystals
also contain minor amounts of Sn, Ti, and Sc. Tungsten
is distinctly enriched in sample Zk1 at the top of the
drill hole, up to 7.28 wt% WOs3 (Table 10).

The extent of chemical zoning was studied with
back-scattered electron images, and confirmed by quan-
titative spot analysis. As shown by Belkasmi et al.
(2000), the crystals exhibit two types of zonation: one
with simple core-to-rim enrichment of tantalum
(Fig. 10a, Table 11), another with a Ta-rich “inclusion-
like” core with Ta/(Nb + Ta) of up to 0.9 (Fig. 10b,
Table 11). In addition, we have demonstrated a replace-
ment-induced patchy zoning in some crystals from the
uppermost part of the section (Zk1, Fig. 10c, Table 11).
Zonation of this type is characterized by an Fe-rich com-
position relative to the remainder of the crystal
(Table 11). Patchy zoning is probably produced when
columbite is subjected to alteration by later fluids.

From the point of view of vertical chemical varia-
tion of the columbite-group minerals, the Ta/(Nb + Ta)
and Mn/(Fe + Mn) values along the vertical section have
been compared (Fig. 8b). From bottom to top, the
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Mn/(Fe + Mn) value remains nearly constant (0.91-
0.99), but enrichment in Fe has been observed at the
uppermost part (Zk1), where the Mn/(Fe + Mn) value
of the columbite decreases to 0.72 (FeO up to 5.76 wt%,
Table 10). Enrichment in tungsten is also observed at
the same depth (Fig. 8b). The figure also shows evidence
of a progressive enrichment in Ta from the bottom to
the middle part, but a weak decrease in Ta/(Nb + Ta)
at the top.

Microlite

Microlite appears mainly in the middle part of the
section (samples Zk5-Zk8), and is mostly associated
with columbite—tantalite. Electron-microprobe data
show that the microlite-group minerals are greatly vari-
able in composition (Table 12). At the B site, tantalum
is dominant relative to niobium; Ta,Os varies from
67.15 to 79.89 wt% with an average of 75.77 wt%,

whereas Nb,Os is much lower at up to 3.43 wt%, and
1.32 wt% on average; TiO; is present in minor amounts.
The A site is mainly occupied by Na, Ca, U, Th, and Pb.
Fluorine is present in significant amounts, up to 3.74
wt%. Compositions are recalculated assuming that the
sum of B-site cations is 2 (Table 12).

Back-scattered electron images (BEI) show evidence
of two generations of growth. Further electron-micro-
probe analyses reveals that the variation in color (a light
core and a dark rim) is attributed to the variation in con-
centrations in the A-site cations. The A site is dominated
by uranium in the core, whereas sodium and calcium
occupy this site in the rim (Table 12). The U content
attains 14.79 wt% UO; in the core of the crystals, corre-
sponding to uranmicrolite (3C of Zk5, Table 12),
whereas it varies in the range from 0 and 6.01 wt% at
the rim. The abundance of uranium leads to meta-
mictization of the microlite, as shown by the low total,
about 90 wt%. The calculated structural formula of two
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representative domains of microlite and uranmicrolite
(No. 1 and 3C, Sample ZkS, Table 12) are given, re-
spectively, as: (Naj gosCai.og0F€0.004U0.007Sn0.019)
(Nbo.039Ta1.961)O06.000[Fo.822(OH)o.178) and (Nag.oo7
Cag 000 Mg 002F€0.001U0.316510.032Pb0.020) (Nbo. 149 T 1 849
Ti0.002)O06.000(0H)1.000)-

Wodginite-group minerals

To date, wodginite-group minerals have only been
identified in granitic pegmatites (Tindle et al. 1998).
However, they were identified by electron-microprobe
analysis in our samples Zk8, Zk12, Zk13 and Zk14.
Their occurrence in the Yichun topaz—lepidolite granite
thus provides a first description of this mineral in gra-
nitic rocks. The wodginite-group minerals occur in as-
sociation with columbite—tantalite and zircon. Our
electron-microprobe data, plotted on a classification
diagram (Ercit ef al. 1992, Tindle et al. 1998), indicate
that two subtypes exist: wodginite (SnO, up to 17.08
wt%) and titanowodginite (TiO; up to 8.47 wt%)
(Table 13, Fig. 11). Titanowodginite is restricted to the
lower part of the granite, where it coexists with
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FiG. 10. Back-scattered-electron images of columbite-group minerals. (a) Columbite with a core-to-rim enrichment in Ta. (b)
Columbite with a Ta-rich “inclusion-like” core. (c) Columbite with replacement-induced patch zoning. (d) Needle-like crystal
of columbite. Numbers in (b) and (c) correspond to those in Table 11.

wodginite (Fig. 12). In this case, wodginite and
titanowodginite display very different SnO, and TiO,
concentrations, suggestive of a possible miscibility-gap
between (Fe,Mn)Sn Ta;Og and (Fe,Mn)TiTa,Og end-
members, an aspect that is worthy of further study.

CASSITERITE

Most of the drill-hole samples contain cassiterite as
the main mineral of tin (Table 14). Overall, the cassiter-
ite has a limited range of compositions, and there is
considerable overlap between any two facies of the sec-
tion in FeO, MnO, Nb,0s, and Ta,0s5 contents. Of these
elements, Ta concentrations are highest and range from
0.60 to 3.38 wt% Ta,0Os5 in the lower facies, 0.23 to 5.49
wt% in the middle facies, and 0.09 to 1.8 wt% in the
upper facies. Crystal-chemical calculation of cassiterite
based on two atoms of oxygen per formula unit indicates
that there is a good 1:2 correlation between Fe + Mn

and Nb + Ta, corresponding to the ideal coupled substi-
tution 3 Sn** < 2 (Nb, Ta)’* + (Fe, Mn)** in the cas-
siterite structure (Fig. 13). Plots of cassiterite in the
columbite quadrilateral indicate that they are Ta-domi-
nant, with a Ta/(Nb + Ta) value mostly in the range
0.50-0.90 (Fig. 9), the same as for cassiterite from gra-
nitic pegmatites (Cerny & Ercit 1989). However, Ta/
(Nb + Ta) and Mn/(Fe + Mn) both have the tendency to
increase from the lower part to the middle part, and to
decrease in the upper part of the section (Fig. 8c).

DiscussioN
Mineralogical variation in the drill-hole section
According to the criteria of Taylor (1992), the
Yichun topaz—lepidolite granite may be classified in the

P-rich family of rare-element-enriched granites such as
the Beauvoir granite, France (Cuney et al. 1992,
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Raimbault et al. 1995), the Argemela granite, Portugal
(Charoy & Noronha 1996), the evolved members of the
South Mountain Batholith, Canada (Kontak et al. 1996),
and the Podlesi stock, Czech Republic (Breiter et al.
1997). We recognize three petrographic facies of the
topaz—lepidolite granite in the drilled section, with a
trend from K-feldspar-rich facies at the lower part
through albite-rich facies at the middle part, to an al-
bite—K-feldspar-rich facies at the upper part. Corre-
sponding to various facies in the section, the varieties,
compositions, and abundance of minerals all changed
at different depth. Although the phosphorus in magmatic
minerals is mainly concentrated in feldspars in the
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Fic. 11. Composition of wodginite-group minerals expressed

in terms of the Mn/Total A site versus Ti/Total B site
quadrilateral (after Ercit ef al. 1992).
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Yichun granite, like in other P-rich rare-element-en-
riched granites (London 1992, Kontak et al. 1996,
Breiter et al. 1997), it is relatively less enriched in feld-
spars in the middle part, where primary amblygonite is
abundant.

Ercit et al. (1992) suggested that as magmatic frac-
tionation progresses in granitic pegmatites hosting
wodginite-group minerals, there is an increase in Sn
with respect to Ti prior to an increase in the chemical
potential of Ta. In the Yichun drilled section, the distri-
bution and composition of Ta—Nb—Sn-Ti oxide minerals
also reflect their evolutionary pattern. Titanowodginite
is only found in the lower part, whereas wodginite ap-
pears both at the lower part and at the middle part, and
microlite is restricted to the middle part of the drill hole.
Furthermore, columbite—tantalite displays a variable
composition from the lower to the upper facies. The Ta/
(Nb + Ta) value of columbite increases from the lower
part to the middle part, and decreases in the upper part;
whereas the Mn/(Fe + Mn) value of columbite is re-
stricted to a narrow range, 0.91-0.99, except for the
sharp decrease at the top of the drill hole. In addition,
triplite occurs only at the top of the drill hole, consistent
with the relative enrichment in Fe of columbite, which
is formed in the latest facies of the granite, accompa-
nied by an enrichment in tungsten (WO; content reach-
ing up to 7.28 wt%). The Hf content of zircon shows a
tendency to increase from the lower part to the middle
part, but to decrease in the upper part of the section.

Magmatic-to-hydrothermal evolution
of the Yichun topaz—lepidolite granite

The Yichun topaz—lepidolite granite is highly spe-
cialized, with economic concentrations of disseminated
rare elements such as Li, Ta, Nb and Be. It shows an
enrichment in alkalis and halogens. The minerals con-
taining these rare elements are very sensitive to the
physicochemical conditions of their environment of
crystallization in the leucogranitic magma.

Belkasmi et al. (2000) distinguished two stages of
evolution of the Yichun granitic complex based on
chemistry of Nb—-Ta—Sn oxide minerals. Firstly,
fractionational crystallization occurred in magma cham-
ber at depth, which is reflected by the increase in the
Ta/(Nb + Ta) value of Nb—Ta—Sn minerals from the
muscovite—zinnwaldite granite to the lepidolite granite
and the topaz-lepidolite granite. Secondly, magmatic
differentiation occurred after intrusion of each stage,
mainly reflected by increases in Ta/(Nb + Ta) and Mn/
(Fe + Mn) during the growth of zoned crystals of colum-
bite. Our findings provide further information on the
crystallization history of the Yichun topaz-lepidolite
granite.

Based on observation of variations of minerals in the
vertical section, we propose, a “two-substage” model
for the Yichun topaz—lepidolite granite. Magmatic dif-
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FiG. 12. Back-scattered-electron images (a, b, c¢) of coexisting wodginite (lighter) and titanowodginite. Ti X-ray image (d)
corresponds to BSE image of (c).

TABLE 10. REPRESENTATIVE COMPOSITIONS OF COLUMBITE-GROUP MINERALS FROM
THE YICHUN TOPAZ-LEPIDOLITE GRANITE, CHINA

1 2 3 4 5 6 7 8 9 10 11 12 13
Zkl Zk2 Zk3 ZkS Zk6 Zk7 Zk8 Zk8 Zk9 Zk10 Zkll Zk12 Zk13

TiO, wt% 1.52 009 0.17 008 0.07 061 053 012 075 158 044 021 051
Nb,O, 5546 46.03 2730 33.24 32.50 53.86 51.50 5.35 5587 53.80 54.43 43.57 5831
FeO 576 045 042 039 044 050 053 031 065 068 050 048 054
SnO, 033 005 004 009 001 018 106 018 022 041 010 002 0.18
MnO 1493 17.23 1551 1670 16.14 18.02 17.92 1421 18.46 18.06 17.86 17.40 1881
Ta, 05 15.55 34.22 55.15 47.66 49.38 24.77 27.33 7883 23.15 22.08 2526 36.60 2038
WO, 728 082 033 062 bdl 100 106 036 137 231 029 119 143
Sc,04 012 018 042 043 037 023 021 072 0.8 019 017 033 016

Total  100.94 99.05 9935 99.23 9892 99.18 99.24 100.07 100.64 99.10 99.05 99.78 100.32

Tiapfu 0069 0.004 0010 0004 bdl 0029 0025 0.008 0.034 0.074 0.021 0.010 0.023
Nb 1.518 1.368 0.893 1.052 1.038 1529 1479 0.187 1.552 1.513 1.547 1300 1.608

Fe 0.292 0.024 0.026 0.023 0.026 0.026 0.028 0.021 0.033 0.035 0.026 0.026 0.027
Sn 0.008 0.001 0.001 0.003 0.000 0.005 0.004 0.006 0.005 0.010 0.003 0.001 0.004
Mn 0.767 0.960 0.951 0.992 0.966 0.960 0.966 0.984 0962 0953 0951 0974 0973
Ta 0.256 0.612 1.085 0.908 0.949 0423 0472 1751 0387 0384 0432 0657 0338
w 0.114 0.014 0.006 0.011 0.000 0.0l16 0.017 0.008 0022 0.037 0.005 0.020 0023
Sc 0.006 0.010 0.026 0.026 0.023 0.013 0.012 0.051 0.009 0.010 0.009 0.019 0.008
Mn* 072 098 097 098 097 097 097 098 097 09 097 097 097

Ta* 014 031 055 046 048 022 024 09 020 020 022 034 017

Atomic ratios: Mn* = Mn/(Fe + Mn), Ta* = Ta/(Nb + Ta). b.d.I:. below detection limits.
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TABLE 11. COMPOSITIONS OF SELECTED ZONED COLUMBITE CRYSTALS,
YICHUN TOPAZ-LEPIDOLITE GRANITE, CHINA

Nb,O, Ta,0;, FeO MnO TiO, $n0, WO; Sc,0; Total Ta* Mn*
Simple progressive zoning. C: core, R: rim
1C 58.12  17.56 277 1636 1.53 0.21 2.56 0.14 9925 0.15 0.86
1R 3859 4195 240 1584 025 bdl 056 031 9989 040 087
2C 4753 3025 257 1578 065 0.16 1.54 024 9872 028 0386
2R 39.34 4047 3.00 1441 033 0.08 0.43 031 9837 0.38 0.83
3C 5410 2377 0.68 1857 059 0.11 0.88 018 9887 021 0.97
3R 11.53  70.71 032 149 012 014 035 069 9881 0.79 098
4C 5456 2324 0.68 18.83 0.47 0.10 0.81 0.17 98.85 0.20 0.97
4R 18.16 64.59 033 15.28 0.09 0.09 0.72 0.50 99.76 0.68 0.98
5C 4889 3170 042 1795 008 016 049 025 9993 028 098
5R 7.53 7541 041 1465 007 006 052 07t 9936 086 097
Zoning with Ta-rich “inclusion-like” core, Zk7 (Fig. 11b). 1: core, 3: rim
1 1699 6500 034 1668 0.16 000 018 055 9990 070 098
2 5425 23.89 0.61 19.84 0.34 0.06 0.80 0.18 99.97 0.21 0.97
3 19.46 63.09 043 16.05 0.18 0.11 0.53 0.51 100.36 0.66 097
Patchy zoning, Zk1 (Fig. 11¢c)

1 4529 2995 408 1446 217 025 361 015 9997 029 078
2 4725 2547 337 1512 319 029 443 017 9928 025 082
3 5895 1576 333 1670 205 018 268 021 9985 014 084
4 2363 5672 291 1409 077 0.18 1.18 043 9992 059 0383
5 4129 3886 248 1603 020 bdl 064 031 9980 036 0.87
6 2442 5495 261 13.89 1.10 028 094 043 9861 058 0.84
7 3529 4325 280 1513 047 0.04 071 032 98.01 042 085
8 20.54 5871 267 1272 142 039 1.13 047 9804 0.63 0.83
9 19.00 61.17 271 13.23 1.01 024 1.04 054 9893 066 083
10 40.93 39.86 330 15.23 0.68 0.05 1.17 031 101.52 037 0.83

Atom ratios: Mn*

expressed in wt%.

TABLE 12. REPRESENTATIVE COMPOSITIONS OF MICROLITE FROM
THE YICHUN TOPAZ-LEPIDOLITE GRANITE, CHINA

= Mn/(Fe + Mn); Ta* = Ta/(Nb + Ta). b.d 1.: below detection limits. The compositions are

ZkS Zk6 Zk7 1 2 3R
3C 4R 4C 1R 1C 2 3R 3C 1 2

Nb,0; wt% 093 267 138 343 068 156 078 144 066 072 147 062 140
Ta, 05 77.66 67.44 76.13 70.82 78.82 73.91 78.30 73.78 79.00 79.10 74.16 79.11 73.13
TiO, bdl 003 bdl 003 bdl bdl bdl bdl bdl 006 004 bdl bdl
Na,O 560 030 456 004 666 527 679 487 679 649 504 673 521
CaO 10.86 4.63 841 009 1091 7.01 1082 820 11.02 10.82 7.57 1085 7.64
MnO bdl 005 006 003 003 bdl 005 003 bdl bdl 003 002 002
FeO 0.05 bdl 001 001 002 bdl 003 bdl bdl 003 bdl 002 bdl
U0, 034 1339 601 1479 bdl 847 016 621 008 022 766 bdl 790
ThO, 0.02 bdl 002 bdl 003 007 001 bdl bdl bdl bdl 006 014
SnO, 051 087 049 083 043 056 050 073 045 045 069 045 072
PbO bdl 026 016 078 bdl 039 bdl 025 007 bdl bdl bdl 011
F 280 131 1.69 bdi 308 190 275 218 233 177 065 119 015
2F=0 -1.18 -0.55 -0.71 -1.29 -0.80 -1.16 -092 -0.98 -0.74 -0.27 -0.50 -0.06
Total 97.59 90.4 9821 90.85 9935 98.32 99.02 96.76 99.43 98.93 97.03 98.54 96.37
Nb apfu 0.039 0.123 0.058 0.149 0.028 0.068 0.033 0.063 0.027 0.030 0.064 0.026 0.062
Ta 1.961 1.874 1,942 1.849 1.972 1932 1.967 1.937 1.973 1.966 1.933 1974 1.938
Ti 0.002 0.002 0.004 0.003

B 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000
Na 1,008 0.059 0.829 0.007 1.188 0.982 1216 0.911 1.209 1.150 0.937 1.197 0.984
Ca 1.080 0.507 0.845 0.009 1.075 0.722 1.071 0.848 1.084 1.059 0.777 1.067 0.798
Mn 0.004 0.005 0.002 0.002 0.004 0.002 0.002 0.002 0.002
Fe 0.004 0.000 0.001 0.001 0.002 0.002 0.002 0.002

U 0.007 0.304 0.125 0.316 0.181 0.003 0.133 0.002 0.004 0.163 0.171
Th 0.000 0.000 0.001 0.002 0.000 0.001 0.003
Sn 0.019 0.035 0.018 0.032 0.016 0.021 0.018 0.028 0.016 0.016 0.026 0.016 0.028
Pb 0.007 0.004 0.020 0.000 0.010 0.000 0.006 0.002 0.000 0.000 0.000 0.003
X4 2.118 0.918 1.827 0.388 2.283 1.918 2.315 1.930 2.312 2.232 1.906 2.285 1.989
F 0.822 0.423 0.501 0.896 0.577 0.803 0.665 0.676 0.512 0.197 0.345 0.046

b.d.L: below detection limits; C: core, R: rim. The structural formulae are calculated assuming X cations at the
B site is equal to 2.
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ferentiation occurred in the first substage of crystalliza-
tion of the magma, corresponding to the lower and
middle parts of the granite. Increases in Ta/(Nb + Ta)
and Mn/(Fe + Mn) of Nb-Ta oxide minerals and in Hf
content of zircon with differentiation of the magma are
well known both in granitic pegmatites (Cerny ef al.
1986, Mulja et al. 1996, Tindle & Breaks 2000) and in
rare-element-enriched granites (Wang et al. 1987, 1992,
1996, 1997, Belkasmi et al. 2000). In fact, columbite
and zircon from the Yichun topaz—lepidolite granite dis-
play progressive increases in Ta/(Nb + Ta) and Hf con-
tent, respectively, from the lower part to the middle part
of the drill hole, suggestive of magmatic differentiation
at the beginning of crystallization after the intrusion of
the magma at a shallow level. Crystallization is followed
by increase in volatile contents, as shown in Figure 14:
F and P contents increase from the lower part to the
middle part. The high fluoride concentration and in-
creased wHF modified the mineralogy of Nb, Ta oxides
strongly in favor of microlite and also led to the crystal-
lization of phosphates (Cerny 1989). The presence of
primary microlite, amblygonite, and fluorapatite in the
middle facies of the Yichun topaz—lepidolite granite are
strong indicators of advanced fractionation. In addition

TABLE 13. COMPOSITION OF WODGINITE-GROUP MINERALS FROM
THE YICHUN TOPAZ-LEPIDOLITE GRANITE, CHINA

Wodginite Titanowodginite
Zk8 ZKk12 Zk13 Zk12
n 5 12 21 5 6 13 17 20 24 33
Nb,Os wt% 3.09 504 446 499 679 807 11.15 934 921 1014

Ta,0; 69.56 64.26 64.96 66.33 62.26 66.04 65.55 65.64 64.86 64.85
3 041 026 002 024 041 0.17 002 035 018 022
Fe,0, 154 1.11 098 145 080 068 072 070 072 023
Ti0, bdl 074 073 071 162 770 8.00 792 755 812
$nO, 13.85 15.78 16.99 14.36 1632 5.05 3.73 434 507 440
Sc,0, 049 047 032 050 045 044 050 047 048 047
FeO 007 072 119 0951 1. 057 056 045 036 074
MnO 10.43 1025 9.86 10.11 10.15 11.04 11.18 11.20 11.30 10.62
Total 99.43 98.62 99.52 99.58100.00 99.76101.41100.41 99.72 99.79
C site
Nb apfi 0.608 0.980 0.863 0961 1.277 1.443 1.930 1.646 1.638 1.791
“Ta 7.346 6.992 7.134 7.013 6.679 6.540 6.068 6.319 6.344 6.187
w 0.046 0.028 0.003 0.026 0.044 0.017 0.002 0.036 0.018 0.022
Total 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000
B site
"Ta 0.900 0.522 0.429 0.679 0.370 0.562 0.757 0.639 0.595 0.701
Fe* 0.507 0.359 0.315 0.467 0.251 0.202 0.207 0.205 0.214 0.068
Ti 0.000 0.240 0.236 0.228 0.508 2.290 2.301 2.321 2234 2.385
Sn 2.406 2705 2.900 2.441 2709 0.796 0.569 0.675 0.795 0.686
Sc 0.187 0.175 0.120 0.185 0.162 0.151 0.165 0.160 0.163 0.160
Total 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000
A site
Fe* 0.025 0.260 0.426 0.323 0.421 0.189 0.180 0.147 0.118 0.240
Mn 3.848 3.731 3.574 3.650 3.578 3.698 3.626 3.697 3.763 3.512
Total 3.873 3.991 4.001 3.973 3.999 3.886 3.806 3.845 3.882 3.752

Fe?* / Fe* is calculated following the method of Ercit ez al. (1992). b.d.L: below
detection limits The structural formulae are calculated on the basis of thirty-two atoms
of oxygen. »: number of electron-microprobe analyses made.
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to this type of enrichment in P in the middle facies with
magmatic crystallization, there is also substantial sec-
ondary enrichment. Inclusions of secondary apatite are
related to subsolidus recrystallization of P-bearing
K-feldspar in presence of a fluid phase. Cs-rich lepido-
lite, occurring as a rim on earlier lepidolite, reflects the
existence of Cs-rich fluid at the middle to upper part.
Also, the occurrence of herderite implies a beryllium-
rich late-magmatic fluid at the lower to middle part. The
effect of fluids on the Yichun granite was also observed
in the tetrad shape of the REE patterns.

At the second substage, the crystallization of the
upper part of the granite is influenced by fluid, prob-
ably originating from the surrounding mica schist. The
decrease in Ta/(Nb + Ta) of columbite and in Hf con-
tents of zircon indicates a different environment of
growth. At the contact of the magma with the surround-
ing rocks, in particular, the columbite shows a drastic
decrease in Mn/(Fe + Mn). The enrichment in Fe and
also in W is probably due to the fluids derived from the
wallrock, which is Precambrian mica schist enriched in
Fe and W. Accordingly, the lepidolite of the uppermost
sample contains abundant Fe. At the top of the Beauvoir
granite, knots of cassiterite + columbite have been
found, in which columbite and lepidolite exhibit patchy
zoning with enrichment in Fe relative to Mn (Monier et
al. 1987, Fonteilles 1987, Wang 1988). A similar phe-
nomenon has also been observed in the Yichun topaz—
lepidolite granite, and patchy zoning characterizes
columbite in the upper part of the section.
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Al,O3/ (NayO + K,0 + 2Ca0) (molar).

Comparison with the Beauvoir granite,
Massif Central, France

The Yichun topaz-lepidolite granite and the
Beauvoir topaz-lepidolite granite (France) are typical
of rare-element-enriched granites in the world. The
Beauvoir granite is divided, from the top to the bottom
over its 800 m interval, into three facies: BI, BII, BIII
(Cuney et al. 1992, Raimbault et al. 1995). Although
there are many similarities, some characteristics are also
distinctive in these two granites. Therefore, it is inter-
esting to make comparison in mineralogy between them.

Albite, quartz, K-feldspar, and lepidolite are the
major rock-forming minerals both in the Yichun topaz—
lepidolite granite and in the Beauvoir granite (Raimbault
et al. 1995). High phosphorus contents are typical of
feldspars from two granites. In the Beauvoir granite, the
P contents of feldspars reach up to 1.07 wt% P,Os (Lon-
don et al. 1990, London 1992), slightly higher that those
of feldspars from the Yichun topaz—lepidolite granite.
Enrichment in P is also marked by abundant amblygo-
nite occurring as an interstitial mineral between major
minerals in the two granites compared.

The rare-element-enriched minerals include colum-
bite—tantalite, microlite, cassiterite and zircon in the
Beauvoir topaz—lepidolite granite; in addition to these
minerals, wodginite-group minerals are found in the
Yichun granite. The Nb-Ta minerals of the Beauvoir
granite illustrate the paragenetic sequence from
ferrocolumbite through manganocolumbite to mangano-

TABLE 14. COMPOSITION OF CASSITERITE FROM
THE YICHUN TOPAZ-LEPIDOLITE GRANITE, CHINA

Sample 7Zk2  7k6 7k7 7k8 7Zk9 Zk10 Zk11 Zk12 Zk15
n 3 5 10 4 6 3 3 6 S
Nb,O,wt%e 032 078 062 071 048 085 069 072 064
Ta)0, 072 353 215 262 141 404 206 292 186
FeO 012 037 022 027 017 039 029 037 030
MnO 007 035 023 026 015 038 023 025 020
TiO, 027 025 012 035 018 016 042 022 034
$n0O, 94.46 9224 9470 93.21 9477 91.16 9561 94.26 9699
WO, 035 0.01 005 bdl 004 002 042 001 044
Total 96.30 97.53 98,10 97.41 97.19 97.01 9971 98.74 100.78
Nb apfu 0.004 0.009 0.007 0.008 0.006 0.010 0.008 0.008 0.007
Ta 0.005 0.025 0.015 0.018 0.010 0.028 0.014 0.020 0.013
Fe 0.003 0.008 0.005 0.006 0.004 0.008 0.006 0.008 0.006
Mn 0.002 0.008 0.005 0.006 0.003 0.008 0.005 0.005 0.004
Ti 0.005 0.005 0.002 0.007 0.003 0.003 0.008 0.004 0.006
Sn 0.978 0.945 0.965 0.954 0973 0940 0955 0.954 0.959
w 0.002 0.000 0.000 0.000 0.000 0.003 0.000 0.003
Total 0.999 1.000 0.999 0.999 0.999 0.997 0.999 0.999 0.998

b.d.L; below detection limits. The structural formulae are calculated on the basis of
two atoms of oxygen. #: number of electron-microprobe analyses made.

tantalite, whereas the composition of the columbite—tan-
talite-group minerals of the Yichun granite changes
along the restricted vertical profile [0.72 < Mn/(Fe +
Mn) < 0.99, 0.14 < Ta/(Nb + Ta) < 0.95] from
manganocolumbite to manganotantalite.

Cassiterite is abundant throughout the Beauvoir
granite, particularly in the apical facies. Inclusions of
manganocolumbite, commonly oriented and attributed
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to exsolution, have been observed in the cassiterite in
the middle to lower facies, but are absent in those of the
upper facies. Overall, the Nb and Ta contents of cas-
siterite also increase upward, then decrease in the api-
cal part; this pattern is probably due to late-magmatic
fluids in the upper facies (Wang et al. 1987). In the
Yichun lepidolite granite, cassiterite is less abundant and
free of columbite inclusions, but yet the Nb, Ta con-
tents in cassiterite similarly increase from the lower part
to the middle part, and decrease in the upper part. A highly
Hf-enriched rim is observed on zircon both at Beauvoir
and at Yichun; in fact, hafnian zircon is one of accessory
minerals typical of rare-element-enriched granites.

A comparative study demonstrates that rare-element-
enriched granites such as at Yichun and Beauvoir dis-
play similar mineralogical compositions. P-bearing
feldspars is a sign of high-P granites. Overall, acces-
sory minerals containing the rare elements indicate
that this type of granite crystallized in an evolving
magmatic-to-hydrothermal system, and shows charac-
teristics of granitic pegmatites (Wang et al. 1992).
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