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Abstract

Crystallization and melting experiments were conducted with a fluorine-rich granite from the Xianghualing Pluton, South China, in order

to determine its crystallization sequence and melt fractionation trends at 150 MPa and H2O-saturated conditions, which are close to the

crystallization conditions of this pluton. The experimental results showed that quartz is the liquidus phase and is sequentially followed by K-

rich alkali feldspar, zinnwaldite, albite, and topaz. There are obvious evolutionary trends in the compositions of alkali feldspar and residual

melt with decreasing temperature from liquidus to 600 8C. The Or (KAlSi3O8) content in alkali feldspar increases and the contents of Ab

(NaAlSi3O8) and An (CaAl2Si2O8) decrease. The most apparent fractionation trends in residual melt compositions are decreases in the SiO2

and K2O contents and Si/Al ratio, and increases in the contents of Na2O, F, Al2O3, CaO, and the ratios of A/NKC and Na/K. These

experimental results indicate that a low-silica and sodic granitic melt could be derived from a relatively high-silica and potassic F-rich

leucogranitic magma via fractional crystallization. They also shed light on the fractional crystallization and vertical zoning of the

Xianghualing Pluton and other similar high-level, F-rich leucogranite plutons.

q 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Fluorine-rich leucogranitic rocks, such as topaz granites

and their volcanic equivalents, topaz rhyolites, have low Ca,

Fe, Mg, and Ti contents and are usually peraluminous.

These special felsic rocks are highly differentiated and

enriched in fluorine and incompatible lithophile elements

including Li, Be, Rb, Cs, W, Sn, Nb, Ta, U, Th, etc. and may

be associated with ore deposits of various combinations of

these elements. Many F-rich plutons have a characteristic

vertical zonation from a relatively potasssic and siliceous

zone upward to a sodic and silica-poor zone towards the

apex. The fluorine content of these granitic rocks is mostly

in the range of 0.5–1.5 wt% (Bailey, 1977; Burt et al., 1982;

Pichavant and Manning, 1984; Pollard, 1995). Some

extreme differentiates, such as ongonites, topaz rhyolites

and residual melts (trapped within melt inclusions), contain

.2 wt% fluorine (Kovalenko, 1973; Congdon and Nash,

1988; Kortemeier and Burt, 1988; Webster and Duffield,

1991; Webster et al., 1996; Zhu et al., 1993, 2001;

Raimbault and Burnol, 1998; Liu et al., 1999). The special

petrogenesis and melt properties, and the economic

significance of these rocks have greatly stimulated the

experimental investigations of phase equilibria and physical

and chemical properties in F-containing granitic systems.

Experimental investigations have demonstrated that fluorine

strongly lowers the liquidus and solidus temperatures and

enlarges the liquidus fields of quartz relative to the liquidus

field of feldspar (Wyllie and Tuttle, 1961; Koster van Groos

et al., 1968; Kovalenko, 1978; Manning, 1981; Webster

et al., 1987; Weidner and Martin, 1987; London et al., 1989;

Xiong et al., 1999). Fluorine also depolymerizes the granitic

melt structure (Mysen and Virgo, 1985), and greatly reduces

the viscosity and density of silicate melts (Dingwell et al.,

1985, 1993) and increases the diffusion coefficients

(Dingwell, 1985). These experimental results have con-

tributed greatly to the understanding of the genesis of F-rich
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granitic rocks and the transport properties, mobility, and

eruption behavior of such magmas.

In this paper, we selected a natural example of fluorine-

rich granite from Xianghualing Pluton, South China, to

determine experimentally its solidus and liquidus tempera-

tures, crystallization sequence and melt fractionation trends

at 150 MPa and H2O-saturated conditions. These exper-

imental conditions (see below) are approximately equival-

ent to those for the crystallization of this pluton, and

accordingly the experimental results can be related to the

chemical fractionation and zoning of the Xianghualing

Pluton and the other similar F-rich plutons.

2. Xianghualing Pluton and Petrography of the

experimental sample

The Xianghualing Pluton is located near the center of the

EW-trending Nanling Range of South China. It is about

20 km north of Linwu town, Southern Hunan Province. The

pluton was emplaced approximately 155 m.y. ago (Huang

and Du, 1988) at a shallow level in the crust, intruding

Paleozoic limestone, dolomite, and arenaceous and argillac-

eous rocks (Fig. 1). The thickness of these Paleozoic strata is

about 5 km (Huang and Du, 1988), indicating that the

lithostatic pressure is approximately 150 MPa at the top of

the pluton.

The Xianghualing Pluton has an outcrop of 2.2 km2 on

the surface and is characterized by a well-developed vertical

zonation (Hu and Sun, 1984; Huang and Du, 1988; also see

Fig. 4B). From the top downward, the following four zones

in the apical region of the pluton are identified:

1. Pegmatoid stockscheider zone (0.5–3 m thick), consist-

ing of the heterogeneously distributed pegmatitic min-

erals quartz, K-feldspar, topaz, and zinnwaldite.

2. Greisen zone (30–70 m thick), lying directly under the

pegmatoid stockscheider zone. It is predominantly

medium grained (3–5 mm) and equigranular except

that the uppermost part (2–5 m thick) is horizontally

banded, coarse grained and, in places, pegmatitic. The

major constituents are quartz (30–65 vol%), zinnwaldite

(15–35%), and topaz (15–30%). Accessory minerals in

order of relative abundance include fluorite, cassiterite,

wolframite, tantalite, columbite, sulfides and Hf-rich

zircon.

3. Albite granite zone (about 60 to over 100 m thick). It is

usually fine to medium grained (0.5–5 mm). The major

minerals are albite (35–55%), quartz (25–35%), micro-

cline (10–25%), zinnwaldite and lepidolite (3–10%),

and topaz (3–7%). Accessory minerals in relative

abundance-order are fluorite, microlite, tantalite, Hf-

rich zircon, cassiterite, wolframite, and sulfides.

4. Albite–microcline granite zone, which is the dominant

part of the pluton. It is usually medium grained (1–

5 mm) and consists of quartz (30–35%), microcline

(30–35%), albite (25–30%), zinnwaldite (2–8%), and

topaz (2–4%). Accessory minerals are mainly zircon,

apatite, fluorite, rutile, sulfides. The W–Sn, and Nb–Ta

minerals are rare in this zone.

The greisen and pegmatoid stockscheider, which are

closely associated with W and Sn mineralization, may have

formed by metasomatism during postmagmatic hydrother-

mal alteration (Hu and Sun, 1984), whereas the albite

granite and albite–microcline granite are believed to have

formed dominantly by magmatic processes (Zhu et al.,

1993; Chang and Huang, 1998). There are many melt

inclusions containing aqueous fluid in quartz and topaz

(Chang and Huang, 1998) and miarolitic cavities in these

rocks (Huang and Du, 1988; Chang and Huang, 1998),

indicating that the parent magma was rich in H2O and was

saturated with H2O prior to complete crystallization. The

transition between albite–microcline granite and albite

granite is typically gradational in mineralogy and major

element chemistry. From the lower level upwards, the SiO2

and K2O contents decrease, and the contents of Al2O3, Na2O

and F increase, in agreement with the aforesaid variation of

mineralogy between both zones (Hu and Sun, 1984; Huang

and Du, 1988). Similarly, from albite–microcline granite to

albite granite, there is a systematic increase in the contents

of incompatible lithophile trace elements and ore metals,

including Li, Rb, Cs, W, Sn, Nb, Ta. In places, Ta and Nb

can be enriched to economic concentrations in the albite

granite zone.

The sample was collected from the albite–microcline

granite zone, which can approximately represent much of

the parent magma of the pluton, owing to the much larger

volume of albite–microcline granite relative to its upper

variants. Quartz is anhedral in the sample. Microcline

Fig. 1. Geological map of the Xianghualing area (after Huang and Du

(1988)) showing the major lithologic units and sample location.
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occurs as ‘patch’ microperthite and the K-rich host is turbid

and appears untwinned. Albite appears as discrete euhedral

grains. Zinnwaldite is interstitial and appears largely to be

primary. Topaz occurs as clear, equant, anhedral grains and

is generally included in zinnwaldite flakes. Equant and

anhedral grains of purple fluorite were observed occasion-

ally, and some accessory minerals, such as zircon and

apatite, occur as inclusions in the zinnwaldite. Based on the

inclusion/host and overgrowth relationships of the minerals,

the crystallization of major phases began with quartz and

microcline and was followed sequentially by albite,

zinnwaldite, and topaz (and fluorite).

3. Experimental methods

3.1. Starting material preparation

Two starting materials were used for the experiments;

one was the albite–microcline granite (powder) and another

was its glass. The granite sample was crushed and ground

into powder as large as 20–50 mm and was employed as the

starting material of melting experiments. It was analyzed for

major elements by wet-chemical methods (column 1 in

Table 1). The composition is highly leucogranitic with high

SiO2 (75.31%), slightly peraluminous (A/NKC ¼ 1.14),

moderate Na2O/K2O (1.25), high F (0.95%) and low

concentrations of cafemic constituents (CaO, FeO, MgO,

MnO, and TiO2).

The albite–microcline granite glass was used as another

starting material in crystallization experiments and crystal-

lization–melting experiments. The glass was prepared by

melting the granite powder at 1400 8C in sealed platinum

containers for approximately 4 h; two cycles of melting and

grinding were performed to improve chemical homogen-

eity. The glass was then ground to ,50 mm for use in

experiments. The composition of the glass was analyzed by

both wet chemical techniques and electron microprobe

(columns 2 and 3 in Table 1), and is nearly identical to that

of the original granite, except for the relatively low Na2O

content analyzed by microprobe (discussed below).

3.2. Experimental procedures

Each experimental charge consisted of about 50 mg of

starting solid material and 10 wt% H2O to maintain H2O

saturation. The choice of H2O saturation agrees approxi-

mately with the H2O-rich magma of the Xianghualing

Pluton. Experimental charges were loaded and sealed into

gold capsules (25 £ 4.8 mm, thickness 0.2 mm) by electric-

arc welding. These capsules were weighed before and after

welding to check for leakage. Experiments were conducted

in rapid-quench cold seal vessels at the Key State

Laboratory of Mineral Deposit Research in Nanjing

University. The vessels were pressurized with water and

heated in solid tube furnaces with a horizontal orientation.

The portion of the cold end of the pressure vessel outside of

the furnace was cooled by a water circulating jacket during

Table 1

Compositions of the starting material and some hydrous quenched glasses (wt%)

SG(w)a SGG(w)b SGG(m)c C01(m)d C02(m)d

SiO2 75.31 75.18 75.25 ^ 0.85 71.35 ^ 0.96 70.93 ^ 1.25

TiO2 0.02 0.01 0.01 ^ 0.01 ,0.01 ,0.01

Al2O3 13.76 13.75 13.78 ^ 0.56 13.08 ^ 0.37 13.05 ^ 0.43

FeOe 1.63 1.60 1.62 ^ 0.08 1.52 ^ 0.07 1.49 ^ 0.05

MnO 0.13 0.13 0.10 ^ 0.06 0.08 ^ 0.05 0.09 ^ 0.03

MgO 0.09 0.08 0.08 ^ 0.02 0.08 ^ 0.03 0.07 ^ 0.05

CaO 0.36 0.36 0.37 ^ 0.10 0.34 ^ 0.12 0.33 ^ 0.11

Na2O 3.83 3.86 3.67 ^ 0.13 3.08 ^ 0.32 3.05 ^ 0.36

K2O 4.78 4.75 4.61 ^ 0.11 4.37 ^ 0.17 4.35 ^ 0.16

Li2O 0.16 0.15 n.d.f n.d. n.d.

P2O5 0.05 0.04 0.03 ^ 0.02 0.04 ^ 0.05 0.02 ^ 0.03

H2O 0.20 – n.d. n.d. n.d.

F 0.95 0.96 0.92 ^ 0.15 0.91 ^ 0.13 0.90 ^ 0.18

2FyO 20.38 20.40 20.39 20.38 20.38

Total 100.69 100.47 100.05 94.48 93.91

A/NKCg 1.14 1.13 1.18 1.25 1.27

Na/Kg 1.25 1.22 1.20 1.09 1.07

a Starting granite, analyzed by wet chemical techniques.
b Starting granite glass, analyzed by wet chemical techniques.
c Starting granite glass, analyzed by electron microprobe.
d Hydrous quenched glasses at superliquidus temperatures (see Table 2: C01, 800 8C; C02, 780 8C) analyzed by electron microprobe; The results for electron

microprobe analysis (c and d) are the average of 5 analyses for each sample. The 1-s uncertainties are listed.
e Fe total as FeO.
f Not determined.
g A/NKC and Na/K, respectively, are the molar ratios of Al2O3/Na2O þ K2O þ CaO and Na2O/K2O.
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the experiment. At the end of an experimental run the vessel

was removed from the furnace and tilted vertically allowing

the capsule to slide into the cool end of the vessel; the

charge was quenched to room temperature in a matter of

seconds. After quenching, the capsule was removed from

the pressure vessel, then cleaned, dried, and weighed to

check for leakage during the run.

The experimental pressure was 150 MPa, correspond-

ing to about 5 km of emplacement depth of the

Xianghualing Pluton. Pressure was monitored by

Bourdon tube pressure gauges, which were periodically

calibrated against factory-calibrated Heise gauges. Run

temperatures were in the range of 500–800 8C and were

measured by platinum–rhodium thermocouples cali-

brated against certified thermocouples and the melting

point of NaCl at 1 atm. Pressure is believed to be

accurate to ^3 MPa. Temperature is believed to have

an uncertainty of ^3 8C including the error in the

thermocouple calibration and the uncertainty due to the

temperature gradient along the capsules. The fugacity of

oxygen in the experiments was not explicitly controlled,

but was buffered close to nickel–nickel oxide by the

Ni-rich pressure vessel and the pressure medium

(water). Runs lasted about 7–30 days for the crystal-

lization experiments and the crystallization–melting

experiments and 10 – 15 days for the melting

experiments.

Crystallization experiments and crystallization–melting

experiments were performed on both sides of equilibrium to

determine the liquidus temperature and crystallization

sequence (the order of the crystal appearance temperature).

The crystallization experiments approached the liquidus and

crystal appearance temperatures from the high-temperature

side at decreasing temperature intervals of approximately

20 8C using crystal-free glasses as the starting material. The

crystallization–melting experiments approached the liqui-

dus and crystal appearance temperatures from the low-

temperature side at increasing temperature intervals of

10 8C. These crystallization–melting experiments consisted

of two-stage runs (similar to those of Pichavant (1987)). In

the first stage (crystallization stage), the run temperature

was one known from the crystallization experiments to

produce partial crystallization. In the second stage (dissol-

ution or melting stage), the run temperature was raised

isobarically to the final temperature and kept steady. The

second stage run therefore is a melting experiment of

crystals formed in the first stage run to examine if crystal

dissolution took place. Each of the liquidus and crystal-

appearance temperatures was located between the

temperature of either a crystallization experiment or a

crystallization–melting experiment showing evidence of

crystal growth and that of a crystallization–melting

experiment showing evidence of crystal dissolution or

disappearance.

Melting experiments were used to determine the solidus

temperature. The initially crystalline granite powder was

used as a starting material, and the solidus temperature is

that at which glass first appears in the quenched run product.

3.3. Identification and analysis of the run products

The run products were examined by petrographic

microscope, X-ray diffraction, SEM, and electron microp-

robe. The major phases encountered include crystals

(,50 mm, mostly ,30 mm) of quartz, alkali feldspars (K-

feldspar and albite), mica and topaz, a quenched glass

(silicate melt) and an aqueous fluid (vapor). The major

crystalline phases and assemblage are almost identical to

those in the initial granite sample. Quartz, mica and topaz

were easily identified optically, whereas K-feldspar and

albite were distinguished based on electron microprobe and

X-ray diffraction analysis. Crystal percentages (Table 2) of

the run products were estimated by optical microscope, and

checked in some cases by point counting of BSE images.

These two estimates agree within an error of 5 vol%.

Accessory phases such as zircon and fluorite were found in

some run products.

The glasses produced in crystallization experiments and

crystallization–melting experiments were always colorless

with fluid inclusions in homogeneous distribution. No

evidence for any quench or equilibrium liquid–liquid

immiscibility was found. Crystallization seemed to cease

at T # 560 8C despite the long run durations of up to 30

days, under which approximately 15–25 vol% metastable

melt was still present in each run product (with total of

crystals 75–85 vol%, Table 2). As demonstrated by

Piwinskii and Martin (1970), Pichavant (1987), and London

et al. (1989), we believe that the presence of metastable

melts at near-solidus is due to slow nucleation and growth of

quartz and feldspar from granitic melts. Crystal dissolution

rate is thought faster than crystal growth rate (Kuo and

Kirkpatrick, 1985), and melting experiments are usually

considered to approach equilibrium more rapidly (e.g.

Pichavant, 1987; London et al., 1989). The solidus

temperature, therefore, was determined using the melting

experiments. Glasses produced in the melting experiments

were examined under an optical microscope using oil

immersion techniques and a gypsum plate, which can detect

less than 10 vol% of glass.

The compositions of crystalline phases and quenched

glasses were analyzed using the Japan-made JXA-8800 M

electron microprobe at Nanjing University. The operation

conditions were: acceleration voltage, 15 kV; sample

current, 6 nA; counting time on peak, 6 s; beam diameter,

2 mm. The crystalline silicates and topaz were used as

analytical standards for major elements and fluorine,

respectively, and ZAF correction procedures were used in

the analysis. When analyzing the glass composition, the

beam was defocused up to a diameter of 20 mm and the

counting time was reduced to 2 s to minimize the loss of Na

and K during analysis. The data in Tables 1 and 3–6 are

averages of multiple analyses (glass: between 2 and 6 spots
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each; crystalline phases: between 1 and 5 crystals analyzed

per sample). In order to check the quality of the microprobe

analysis for glass composition, comparisons were made

between microprobe analysis and wet chemical analysis

(Table 1). For the dry starting glass, there is excellent

agreement between these two analyses within 3% of relative

variation for most constituents except for the trace

components TiO2 and P2O5. If the deviation of the total

from 100% is considered to be an estimate of the H2O

content of the melt and the analyses are normalized to

100%, the microprobe analysis of the superliquidus hydrous

glasses is also in good agreement with the wet chemical

analysis of dry glass for most constituents, except for Na2O,

K2O and F with relative errors within ,20, ,10, and

,10%, respectively. The loss of alkali during microprobing

leads to a slight increase of the calculated A/NKC and a

slight decrease of the Na/K for the hydrous glasses (Table

1). These comparisons, and the fact that two analyses of the

superliquidus glasses (C01 and C02 in Table 1) are nearly

identical, demonstrate the reliability of our microprobe

analysis for the hydrous glasses.

The aqueous vapor phase is present in all runs as

indicated by release of a small amount of aqueous solution

when opening the capsules, by swollen capsules that hissed

when punctured, and by the presence of numerous fluid

inclusions trapped in glass. No attempt was made to analyze

the vapor phase. The amount of vapor in most runs is very

small, and the melt composition in these runs is not

considered to be modified significantly by incongruent

dissolution. But the quantity of melt in runs near the solidus

is small and the quantity of vapor (relative to the melt) is

larger than in other runs. The roughly estimated amount of

aqueous vapor phase in a run with 80% crystallization

accounts for up to 36 wt% of the total residual melt þ

vapor. Such an aqueous fluid may modify indispensably the

composition of residual melt by incongruent dissolution.

Trace amounts of low index isotopic solids (,5 mm) were

observed on the surface of quenched charges of near-solidus

runs. Scaning electron microscopy revealed that these solids

consist mainly of Na, K and F, probably the mixture of NaF

and KF precipitated from aqueous fluids during quenching.

These quenched solids prove that the effect of the vapor

Table 2

Experimental results for Xianghualing fluorine-rich leucogranite at 150 MPa (PH2
O)

Run no.a Temperature (8C) Duration (h) Phases (þvapor)b Ctxc (vol%) LSCTd (8C)

C01 800 242 L –

C02 780 195 L –

C03 760 192 L –

CM01 730–760 240–192 L – Qz-in 750 ^ 10 (liquidus)

CM02 730–750 186–224 L þ Qz(diss.) ! 1

CM03 730–740 196–288 L þ Qz 1

C04 740 168 L þ Qz 1

C05 720 192 L þ Qz þ Afs 3

CM04 710–730 217–165 L þ Qz þ Afs(diss.) ,2 Afs-in 730 ^ 10

CM05 700–720 233–171 L þ Qz þ Afs 3

C06 700 266 L þ Qz þ Afs 25

CM06 680–700 178–215 L þ Qz þ Afs 28 Ms-in 690 ^ 10

C07 680 326 L þ Qz þ Afs þ (Mc) 35

C08 660 267 L þ Qz þ Afs þ (Mc) 42

C09 640 358 L þ Qz þ Afs(t) þ (Mc) 58

CM07 630–640 235–278 L þ Qz þ Afs(t) þ (Mc) 55 Afs(t)-in 645 ^ 5

CM08 630–650 296–232 L þ Qz þ Afs þ (Mc) 55

CM09 630–660 246–321 L þ Qz þ Afs þ (Mc) 45

C10 620 356 L þ Qz þ Afs(t) þ Mc 70

C11 600 295 L þ Qz þ Afs(t) þ Mc 72

C12 580 372 L þ Qz þ Afs(t) þ Mc 75

C13 560 285 L þ Qz þ Afs(t) þ Mc 75 Top-in 550 ^ 10

C14 540 721 L þ Qz þ Afs(t) þ Mc þ (Top) þ (Ft) 80

C15 520 668 L þ Qz þ Afs(t) þ Mc þ Top 75

M01 500 246 No glass 100

M02 520 265 No glass 100

M03 540 368 ,15 vol% glass .85

M04 520 276 No glass 100 Solidus 530 ^ 10

M05 540 286 ,20 vol% glass .80

a Run no.: C01–16, crystallization experiments; CM01–09, crystallization–melting experiments with two-stage durations; M01–05, melting experiments.
b Phases (þvapor): Qz ¼ quartz, Afs ¼ alkali feldspar solid solution, Afs (t) ¼ two alkali feldspars (one K-rich, the another Na-rich), Mc ¼ mica,

Top ¼ topaz, Ft ¼ fluorite, ( ) ¼ trace-small amount ( ! 1 vol%), diss. ¼ crystals dissolving, L ¼ silicate melt, vapor phase present in all runs.
c Ctx (vol%): content of crystalline phases.
d LSCT: liquidus, solidus and crystalline phase appearance (-in) temperatures.
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Table 3

Electron microprobe analyses of feldspars (wt%)

Run C05 CM05 C06 CM06 C08 CM09 CM08 C09 C09 CM07 CM07 C11 C11 C14 C14

T (8C) 720 700, 720 700 680, 700 660 630, 660 630, 650 640 640 630, 640 630, 640 600 600 540 540

N 1 2 4 5 4 3 5 2 2 3 1 3 5 1 3

SiO2 66.59 66.81 66.38 65.87 65.16 65.18 65.32 66.69 67.13 66.98 67.16 67.15 69.56 70.12 67.02

Al2O3 18.06 18.69 18.17 18.23 17.69 17.72 17.81 18.54 19.32 18.43 19.25 18.66 18.73 17.65 17.63

K2O 11.92 11.89 13.34 13.16 14.86 15.41 14.92 9.42 2.21 9.74 2.42 10.28 1.76 1.65 10.51

Na2O 2.93 3.14 2.49 2.54 0.91 1.1 0.97 4.87 10.37 4.82 10.08 4.76 10.37 10.86 4.63

CaO 0.36 0.51 0.21 0.16 – 0.01 – – – – – – – – –

Total 99.86 101.04 100.59 99.96 98.62 99.42 99.02 99.53 100.03 99.97 98.91 100.85 100.42 100.28 99.79

Si 6.05 6.02 6.04 6.02 6.07 6.04 6.05 6.03 5.98 6.04 5.98 6.02 6.07 6.13 6.08

Al 1.93 1.98 1.94 1.96 1.93 1.94 1.95 1.97 2.02 1.96 2.02 1.97 1.93 1.82 1.88

K 1.38 1.36 1.55 1.54 1.77 1.82 1.77 1.09 0.26 1.13 0.28 1.17 0.20 0.19 1.22

Na 0.51 0.55 0.44 0.46 0.17 0.20 0.18 0.86 1.69 0.84 1.74 0.83 1.75 1.84 0.82

Ca 0.07 0.05 0.02 0.02 – – – – – – – – – – –

Or 70 69 77 76 91 90 91 56 13 57 14 59 10 9 60

Ab 26 28 22 23 9 10 9 44 87 43 86 41 90 91 40

An 2 3 1 1 – – – – – – – – – – –

N ¼ number of microprobe analyses; uncertainties are 0.6% (SiO2), 1.5% (Al2O3) and 5% (Na2O and K2O); structural formulae are calculated on the basis of 16 O atoms.
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phase on the modification of melt composition is not

negligible in the near-solidus experiments. This effect will

be addressed in detail in Section 4.2.

4. Experimental results

Experimental results are given in Table 2. Analytical

data for the crystalline phases and coexisting quenched

glasses are presented in Tables 3–6.

4.1. Liquidus, solidus, and the characteristics and

composition of crystalline phases

The liquidus temperature was determined by crystal-

lization experiments and crystallization–melting exper-

iments to be 750 ^ 10 8C, and the solidus temperature

was located at 530 ^ 10 8C by melting experiments (Table

2). The crystallization/melting interval between liquidus

and solidus is 220 8C.

Quartz is the first crystalline phase to appear at the

liquidus temperature. It crystallized at 740 8C and did not

melt completely at 750 8C in the crystallization–melting

experiment (Table 2). However, the morphology of quartz at

750 8C shows a characteristic of resorption, indicating

dissolution of quartz. Because the temperature intervals are

20 and 10 8C, respectively, for the crystallization exper-

iments and crystallization–melting experiments, the upper

stability temperature of quartz is estimated to be

750 ^ 10 8C. Quartz crystals were always distributed

homogeneously in the glass as euhedral or subhedral grains

with mostly hexagonal bipyramids (b-quartz morphology).

At T , 600 8C; the prism faces of quartz crystals (a-quartz

morphology) were observed. The volume proportion of

Table 4

Electron microprobe analyses of micas (wt%)

Run no C07 C08 CM09 CM08 C09 C10 C11 C12 C14

T (8C) 680 660 630 660 630 650 640 620 600 580 540

N 1 1 2 1 2 2 3 1 2

SiO2 38.66 48.11 45.88 43.55 39.35 41.44 39.91 40.34 40.74

Al2O3 20.60 20.12 22.60 24.77 21.31 13.82 13.54 12.12 16.61

FeO 26.53 20.51 18.54 17.44 25.84 29.08 30.73 31.40 25.96

MnO – 0.40 0.38 0.51 0.04 0.13 0.10 0.08 0.10

MgO 0.31 0.42 0.41 0.93 0.34 0.62 0.58 0.56 0.33

K2O 8.10 7.13 7.84 8.34 8.37 7.73 7.85 7.86 8.48

Na2O 0.22 0.75 0.52 0.46 0.02 0.29 0.28 0.18 0.20

F 2.48 2.64 2.82 3.97 4.12 4.44 5.59 4.44 5.58

2FyO 21.05 21.11 21.19 21.67 21.74 21.87 22.36 21.87 22.35

Total 95.85 98.97 97.80 98.30 97.65 95.68 96.22 95.11 95.65

Si 6.05 6.98 6.73 6.36 5.99 6.48 6.24 6.43 6.30

Al(IV) 1.95 1.02 1.27 1.64 2.01 1.52 1.76 1.57 1.70

Al(VI) 1.85 2.42 2.64 2.62 1.80 1.03 0.74 0.71 1.33

Fe(VI) 3.12 2.24 2.05 1.92 2.95 3.42 3.62 3.76 3.02

Mn(VI) – 0.05 0.05 0.06 – 0.02 0.01 0.01 0.01

Mg(VI) 0.07 0.09 0.09 0.20 0.08 0.15 0.12 0.13 0.08

Li(VI)a 0.96 1.20 1.17 1.20 1.17 1.38 1.51 1.39 1.56

K 1.62 1.32 1.47 1.55 1.62 1.54 1.57 1.60 1.67

Na 0.07 0.21 0.15 0.13 0.01 0.09 0.09 0.06 0.06

F 1.23 1.21 1.31 1.83 1.98 2.20 2.27 2.23 2.73

OHb 2.77 2.79 2.69 2.17 2.02 1.80 1.73 1.77 1.27

N ¼ number of microprobe analyses; uncertainties are 1.2% (SiO2), 0.5% (Al2O3 and FeO), 3% (K2O and F), 5% (Na2O, MnO and MgO); structural

formulae are calculated on the basis of 24 (O, OH, F) atoms.
a Li is assumed present. Li(VI) was estimated by the assumption that the number of cations in the octahedral site of mica is 6, and the

Li(VI) ¼ 6 2 [Al(VI) þ Fe(VI) þ Mn(VI) þ Mg(VI)].
b F is assumed to substitute OH in the mica. OHy4-F.

Table 5

Electron microprobe analyses of topaz (wt%)

Run no C14 C15 C16

T (8C) 540 520 500

N 1 1 2

SiO2 32.03 31.22 32.51

Al2O3 57.63 57.65 56.91

F 20.10 19.71 20.20

2FyO 28.46 28.30 28.50

Total 101.30 100.28 101.12

Si 0.97 0.95 0.98

Al 2.05 2.07 2.03

F 1.91 1.90 1.93

OHa 0.09 0.10 0.07

N ¼ number of microprobe analyses; uncertainties (C16) are 0.5%

(SiO2and Al2O3), 0.6% (F); Structural formulae are calculated on the basis

of 5 O atoms.
a OHy2-F.
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quartz in crystalline phases increased with decreasing

temperature.

Alkali feldspar appeared at 720 8C in the crystallization

experiments and its complete resorption was observed at

730 8C in the crystallization–melting experiments (Table 2).

Thus, the upper stability temperature of alkali feldspar is

estimated to be 730 ^ 10 8C. Feldspars usually occurred as

tabular grains without zoning, twins, patchy intergrowth or

graphic structure. The species of feldspar crystals were,

therefore, not distinguishable based on their morphologies.

Microprobe analysis and X-ray powder patterns show that
Fig. 2. Compositional variation of alkali feldspars with decreasing run

temperature at 150 MPa (PH2
O).

Fig. 3. Compositional variation trend of quenched glasses with decreasing run temperature at 150 MPa (PH2
O). (A) SiO2 variation trend; (B) Al2O3 variation

trend; (C) Na2O, K2O, CaO, FeO and F variation trends; (D) Si/Al, Na/K and A/NKC variation trends.

Table 6

Electron microprobe analyses of quenched glasses (wt%)

Run C01 CM02 C05 CM05 C06 CM06 C07 CM08 C10 C11 C12 C13 C14

T (8C) 800 730, 750 720 700, 720 700 680, 700 680 630, 650 620 600 580 560 540

Ctx % – ! 1 3 3 25 28 35 55 70 72 75 75 80

N 5 6 5 4 3 5 4 3 2 3 2 2 3

SiO2 71.35 70.76 69.86 69.52 68.53 68.74 68.12 67.63 67.15 66.96 66.33 65.84 65.73

Al2O3 13.08 13.12 13.23 13.31 13.85 13.94 14.52 15.37 16.26 16.95 16.92 17.21 17.05

FeO 1.52 1.45 1.49 1.53 1.72 1.92 1.73 1.52 1.34 1.16 0.71 0.63 0.55

CaO 0.34 0.35 0.34 0.35 0.46 0.44 0.49 0.55 0.63 0.66 0.59 0.65 0.56

Na2O 3.08 3.12 3.25 3.28 3.56 3.61 3.83 4.13 4.38 4.57 4.61 4.74 4.82

K2O 4.37 4.45 4.41 4.39 4.03 4.08 3.85 3.41 3.35 3.22 2.95 2.87 2.78

F 0.91 0.92 0.94 0.95 1.21 1.26 1.31 1.92 2.67 2.82 3.02 3.15 3.03

2FyO 20.38 20.38 20.39 20.4 20.51 20.53 20.55 20.81 21.12 21.18 21.27 21.32 21.27

Total 94.27 93.79 93.13 92.93 92.85 93.46 93.3 93.72 94.66 95.16 93.86 93.77 93.25

Si/Al 4.64 4.58 4.49 4.44 4.21 4.19 3.99 3.74 3.51 3.36 3.33 3.25 3.28

A/NKC 1.25 1.24 1.23 1.23 1.25 1.25 1.28 1.34 1.36 1.39 1.43 1.42 1.42

Na/K 1.09 1.06 1.12 1.13 1.34 1.34 1.51 1.84 1.98 2.15 2.37 2.50 2.63

N ¼ number of microprobe analyses; uncertainties are 1.8% (SiO2), 2% (Al2O3 for runs with T . 600 8C), 6% (Al2O3 for runs with T # 600 8C), 5% (FeO,

CaO, K2O and F), 10% (Na2O); the concentrations of TiO2, MnO, MgO and P2O5 are, respectively, ,0.1 wt% and not listed; Si/Al is the molar ratio of

SiO2/2pAl2O3; A/NKC and Na/K, respectively, are the molar ratios of Al2O3/Na2O þ K2O þ CaO and Na2O/K2O.
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all the alkali feldspars forming above 645 ^ 5 8C are K-

feldspar (K-rich alkali feldspar). Albite (Na-rich alkali

feldspar) coexisted with K-feldspar below 645 ^ 5 8C

(Tables 2 and 3). The structural formulae calculated on

the basis of 16 O atoms mostly agree with their

stoichiometry, and the anomalously high Si contents in a

few analyses (C08, C11 and C14 in Table 3) may result from

the partial analysis of the surrounding glass matrix. Above

the solvus of alkali feldspar (approximately 645 8C in this

experimental system), the Or (KAlSi3O8) content in alkali

feldspars increased and the An (CaAl2Si2O8) and Ab

(NaAlSi3O8) contents decreased with decreasing run

temperatures (Table 3 and Fig. 2).

Mica appeared at T ¼ 690 ^ 10 8C (Table 2) and was

usually in the form of hexagonal plates or small flakes. The

amount of mica was ! 1 vol% above approximately 600 8C

and increased as the temperature decreased. The mica was

rich in FeO (total Fe), Al2O3 and F, and apparently

increased in the content of F with decreasing temperature

(Table 4). For the mica in runs with temperatures less than

620 8C, there is an abrupt and notable decrease in Al2O3

content and an increase in FeO content, probably indicating

disequilibrium for the compositional diffusion in the melts.

The structural formulae of mica, calculated on the basis of

24 oxygen atoms, indicate that the number of cations in the

octahedral sites is fewer than six. Therefore, we infer that

there is Li in the mica, indicating that the species of mica is

probably zinnwaldite. The estimated number of Li(VI)

increased and OH decreased with decreasing temperature

(Table 4).

Topaz appears as euhedral, prismatic or acicular crystals

and its upper stability temperature is approximately 20 8C

above the solidus temperature of 530 8C (Table 2). The

compositions of topaz were homogeneous and constant

(Table 5). The structural formulae, calculated on the basis of

five oxygen atoms, are close to the stoichiometry of F-topaz

(Table 5).

The above results show that quartz is the liquidus

crystalline phase and is sequentially followed by K-rich

alkali feldspar, zinnwaldite, albite and topaz. The exper-

imental crystallization sequence is consistent approximately

with that seen in the corresponding natural sample, implying

the experimental conditions may approach the crystal-

lization conditions of the Xianghualing Pluton.

4.2. Composition of quench glass and fractionation trend of

residual melt

The chemical compositions of the quenched glasses are

presented in Table 6. The H2O-saturated melts are

homogeneous with regard to all measured components up

to approximately 75 vol% of crystallization with T .

600 8C as indicated by the small analytical uncertainties in

the same run product. The H2O content of quenched glasses

was not directly determined. However, the total of analyzed

oxides for the quenched glass suggests the H2O concen-

tration is between 5 and 7 wt%. This is approximately in the

range of H2O solubility of fluorine-bearing haplogranitic

melt measured by Holtz et al. (1993), whose P–H2O

diagram (Fig. 1 in Holtz et al., 1993) shows that the H2O

solubility of haplogranitic melt with ,3.11 wt% fluorine

ranges from approximately 5.2 to 6.0 wt% at 150 MPa and

superliquidus temperature. In consideration of the similar

range of fluorine content in the melts (with 0.92–3.15 wt%

fluorine, Table 6) and the highly leucogranitic composition

for our experimental sample, we believe the H2O content

(solubility) of quenched glasses should be in this range.

The major components of the melt phase are

consistent with the starting granite sample, but their

contents varied with progressive crystallization and

decreasing run temperature. The variation- or fraction-

ation-trends of residual melts are largely independent of

the run paths. The residual melts of all crystallization

experiments or crystallization – melting experiments

evolved to similar compositions at a given final

temperature. The most notable fractionation trends in

residual melt compositions are the decrease in the SiO2

and K2O contents and the Si/Al ratio, and the increase

in the contents of Al2O3, CaO, Na2O, F, and the

A/NKC and Na/K ratios (Table 6 and Fig. 3) as run

temperature decreases. These fractionation trends of

residual melt compositions are mainly controlled by the

crystallization sequence and the compositions and

proportions of the individual crystalline phases in

crystalline assemblages. Because F is incompatible in

felsic phases and the (K þ Na þ Ca)/Al ratio in the

alkali feldspar is 1:1, fractional crystallization of felsic

phases in an initially aluminous F-bearing melt should

result in an increase of F content and A/NKC ratio in

residual melts. The increasing crystallization of quartz

and K-rich alkali feldspar decreases the contents of

SiO2 and K2O as well as Si/Al ratio, and increases the

Na2O content and Na/K ratio. The content of CaO

increased with decreasing run temperature due to the

crystallization of Ca-free alkali feldspar at the advanced

crystallization stage. Although mica is rich in Al2O3 and

F, the crystallization of trace-small amounts of mica at

relatively high temperature ( ! 1 vol% above 600 8C,

see Table 2) has little effect on the fractionation trend

of Al2O3 and F in the residual melts.

Though the sequential crystallization of minerals

undoubtedly resulted in the observed fractionation trends

of residual melts, the aqueous vapor phase may also exert an

influence on the compositional variation of residual melt.

The modification of melt composition by the vapor phase

may be negligible in most high-temperature runs owing to

the relative low extent of crystallization and the low starting

fluid/solid ratio. However, the amount of residual melt

decreases and the ratio of vapor/residual melt increases with

increasing crystallization in the near-solidus runs. The large

proportion of aqueous fluid at the late stage of crystal-

lization may have modified the composition of the melt by
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incongruent dissolution. Although the solubility of melt

components in a vapor phase decreases with decreasing

temperature (London et al., 1988), the experiments in the

topaz rhyolite–H2O system (Webster, 1990) revealed that

increasing activities of fluorine in magmatic systems

increase the solubility of melt components in F-bearing

fluid phases. The increase of fluorine in the residual melt at

the late stage may therefore increase the partition of

fluorine, and accordingly increase the partition of other

melt components, into the aqueous fluid (Webster, 1990).

The solubility of alkalis in the F-bearing fluid phase is large

relative to other melt components. This was proved by the

trace amount of Na and K-bearing precipitates on the

surface of quenched glass cylinders in the near-solidus

experiments. The fluids at the late stage of near-solidus runs

may therefore cause an increase in the A/NKC of residual

melt and decrease the amount of Na2O and K2O. The

observed increase in the A/NKC of residual melt in these

runs may be caused by the F-bearing fluid phase at the late

stage of crystallization in addition to the crystallization of

minerals at the early stage.

5. Discussion

5.1. Evaluation of equilibrium

There are three main reaction processes in our exper-

iments: (1) incorporation of H2O from the aqueous phase

into initially dry glass to produce a homogeneous hydrous

melt, (2) nucleation and growth of crystals from the hydrous

melt (in case of crystallization experiments), and (3)

dissolution of crystals (in case of crystallization–melting

experiments and melting experiments). In order to discuss

the attainment of equilibrium during these experiments, it is

important to evaluate the kinetics of each of these three

processes.

With a grain size of ,50 mm for the starting ground

glass, a few tens of minutes are sufficient for H2O to diffuse

throughout (DH2
O ¼ 3 £ 1028 cm2 s21, Shaw, 1974). This

suggests that production of a homogeneous hydrous melt is

rapid. Evidence of a homogeneous distribution of H2O in

the melt is supported by the homogeneous distribution of

fluid inclusions (with respect to phase assemblage and

volumetric proportions). During the analysis of glasses,

significant variations for summation deficiencies were not

found, also suggesting a homogeneous distribution of H2O

in the melts.

Crystallization experiments involve nucleation and

growth of crystalline phases from the homogeneous hydrous

melt. Fenn (1977), Swanson (1977), and Swanson and Fenn

(1986) have shown that the nucleation of quartz and feldspar

in granitic systems at subliquidus temperatures requires

durations ranging from several hours to a few days. In this

study, the liquidus and appearance temperatures of quartz,

feldspar and mica determined in the crystallization exper-

iments at relatively high temperatures were reversed by

crystallization–melting experiments. This is an indication

that equilibrium is approached, and that supercooling and

nucleation difficulties of these crystalline phases were

negligible in these experiments. The generally homo-

geneous compositions of feldspars, mica and glass (Runs

with T . 600 8C in Tables 3, 4 and 6) also suggest an

approach to phase equilibrium and diffusion equilibrium

between melt and crystals. However, for the low-tempera-

ture experiments, disequilibrium is obvious. This is

indicated by the presence of 15–25 vol% metastable melts

in the runs with T # 600 8C (Table 2), and by the chemical

heterogeneity of minerals and melts in these runs. As

mentioned in Section 3.3, crystallization seemed to cease at

T ¼ 560 8C (although the run temperature further

decreased), indicating incomplete nucleation and growth

of crystals and disequilibrium. The chemical compositions

of micas in low-temperature experiments also indicate

diffuse disequilibrium in the melts. The Al2O3 contents of

micas in the runs with T # 620 8C are obviously low and

there is significant variations in Al2O3 and FeO contents

(Table 4). The residual melt compositions in these runs are

very peraluminous, but the micas are relatively Al-depleted,

which may indicate that the diffusion of Al in the melt in

low-temperature experiments was slow and did not reach

equilibrium. The diffuse disequilibrium of Al is also

indicated by analytical uncertainties of melt composition

in low-temperature experiments. Analytical uncertainty for

the Al2O3 content in a low-temperature run with T #

600 8C is always larger than in a high-temperature run (see

the note in Table 6).

In the absence of direct experimental information on

the rates of crystal dissolution in a granitic melt, it is

difficult to evaluate precisely the time required for

dissolution equilibrium of crystals in our crystalliza-

tion–melting experiments and melting experiments.

However, most previous authors agree that crystal

dissolution is kinetically controlled by diffusion of

crystal components in the melt (Donaldson, 1985; Kuo

and Kirkpatrick, 1985) and that crystal dissolution rates

are faster than crystal growth rates (Kuo and Kirkpa-

trick, 1985; Piwinskii and Martin, 1970). Considering

that (1) the small sizes (,50 mm) of the crystalline

phases of run products and the starting granite powder

of the melting experiments, and (2) the H2O saturation

in experimental charges which promotes the melting

(dissolution) rate, superheating should not occur in our

experiments. There is general agreement in the phase

assemblages and the compositions of crystals and

glasses between crystallization–melting experiments

and crystallization experiments with the same run

temperature. There is also agreement between melting

experiments with the same run temperature but different

run durations (Table 2). These general agreements

suggest an approach to the equilibrium of crystal
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dissolution in both the crystallization–melting and

melting experiments.

From the above discussion, we can conclude that the

liquidus and solidus temperatures, the crystallization sequence

and the melt-fractionation trends at T . 600 8C are reliable.

For the low-temperature crystallization-experiments with

T # 600 8C; however, the experimental results need to be

treated carefully.

5.2. Crystallization sequence and melt fractionation

The experimental results show that quartz and K-rich

alkali feldspar are preferential crystalline phases relative to

albite in the F-rich leucogranitic melt; the Or content in

alkali feldspar increases and the An and Ab contents

decrease with decreasing run temperature. The most

obvious fractionation trends of residual melt composition

are the decreases in SiO2 and K2O contents and Si/Al ratios,

and the increases in the contents of Al2O3, CaO, Na2O, and

F in addition to A/NKC and Na/K ratios. We believe that

these results are mainly caused by the progressive increase

in the abundance of fluxing components in the residual melts

during crystallization. In the experimental charge, the

probable fluxing components include F, H2O and Li.

Considering the H2O-saturated condition and the low Li2O

content in the starting material, we believe that the increase

in fluorine content in the residual melt is the most important

factor influencing the experimental results.

As discussed by London et al. (1989) and London (1992)

for the H2O-, B-, P-, and F-rich macusanite system, we

believe the observed crystallization sequence and melt

fractionation trends stem from selective speciation of the

volatile component F (and partly H2O) with the melt

components Si, Al, Ca, Na and K. Spectroscopic studies of

F-bearing glasses have shown that F preferentially com-

plexes with Al, Na, and Ca in the melt relative to Si and K

(Mysen and Virgo, 1985; Luth, 1988; Kohn et al., 1991;

Schaller et al., 1992). Such a behavior for fluorine could

increase the activities of SiO2 and KAlSi3O8 (Or) and

decreases in the activities of NaAlSi3O8 (Ab) and CaAl2-

Si2O8 (An) in the melt, implying the preferential crystal-

lization of quartz and K-rich alkali feldspar and sodic and

silica-poor fractionation trends of the residual melt.

6. Summary and applications

The liquidus and solidus temperatures, crystallization

sequence and melt fractionation trends of the F-rich

leucogranite from the Xianghualing Pluton have been

experimentally determined at 150 MPa (PH2
O). The main

results include:

1. The liquidus and solidus temperatures are 750 ^ 10 and

530 ^ 10 8C, respectively, and the crystallization/melt-

ing interval is 220 8C. Quartz is the liquidus phase and is

sequentially followed by K-rich alkali feldspar, zinn-

waldite, albite and topaz.

2. The Or content in alkali feldspar increases and the Ab

and An contents decrease with decreasing temperature.

At least in the range of temperature from liquidus to

600 8C, the fractionation trends in residual melt compo-

sitions include decreases in the SiO2 and K2O content

and Si/Al ratio, and increases in the contents of Na2O,

Al2O3, CaO, F, and ratios of A/NKC and Na/K.

These experimental results shed light on the crystal-

lization process and vertical zonation of the Xianghualing

Pluton and other H2O-rich, high-level, F-rich leucogranite

plutons. This also illustrates the enrichment processes of

incompatible elements and ore metals during fractional

crystallization of F-rich magma.

Fig. 4. Examples of vertical zonation of F-rich leucogranite plutons in South China. (A): Xianghualing Pluton, located in South Hunan Province; (B):

Xianghuapu Pluton, located in South Hunan Province; (C): Hailuoling Pluton, located in Southeastern Jiangxi Province; (D): Limu Pluton, located in North

Guangxi Province;(A, B, and C from Ren et al. (1993); (D) modified after Zhu et al. (2001)). (I): topaz-bearing albite–microcline granite or two mica

leucogranite; (II): topaz–albite granite or topaz–Li–mica–albite granite; (III): topaz greisen; (IV): pegmatoid stockscheider; (V): metamorphic sandrock

(wallrock).
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6.1. Fractional crystallization and vertical zonation of F-

rich leucogranitic pluton

F-rich leucogranites occur extensively in South China

and elsewhere, and can generally be shown from field

relations to have been emplaced as high-level and late stage

plutons of a composite granite body. Vertical zonation

usually occurs in such highly evolved granite plutons. From

base to top, the following zones can be clearly recognized

(see Fig. 4: four examples from South China): (1) topaz-

bearing albite–microcline granite zone or topaz-bearing

two mica granite zone, (2) topaz–albite granite zone or

topaz–Li–mica–albite granite zone, (3) topaz greisen zone,

and (4) pegmatoid stockscheider zone. Some Russian

geologists suggested that the vertical zones in F-rich plutons

were formed by the metasomatism of postmagmatic fluids

(Beus et al., 1962; Beus and Zalashkova, 1964).

Much progress has been made regarding the petro-

genesis of F-rich granitic rocks in recent years: (1)

There usually exist melt inclusions in the quartz and

topaz of albite granites and albite–microcline granites

(Xia and Chen, 1984; Chang, 1985; Chang and Huang,

1998). (2) The volcanic and subvolcanic analogues of

topaz albite granite such as topaz rhyolites (Burt et al.,

1982; Congdon and Nash, 1988; Raimbault and Burnol,

1998) and ongonites (Kovalenko, 1973; Huang and Du,

1988; Kortemeier and Burt, 1988; Zhu et al., 1993) are

found in many places of the world. (3) Experimental

investigations of phase equilibria and physical and

chemical properties in F-containing granitic systems

demonstrated that granitic magmas rich in fluorine and

other volatiles have solidus temperatures of less than

600 8C (Manning, 1981; Webster et al., 1987; London

et al., 1989; Xiong et al., 1999), and low viscosity and

density (Dingwell, 1985; Dingwell et al., 1993). These

results increasingly suggest that magmatic crystalliza-

tion may be the major process at least for the formation

of topaz-bearing albite granite and albite–microcline

granite (Zhu et al., 1993, 2001; Pollard, 1995; Xiong

et al., 1999), although there remain disputes as to the

origin (magmatic or hydrothermal) of topaz greisens and

pegmatoid stockscheiders in the apical zones (Hu and

Sun, 1984; Zhu et al., 1993). The experimental data

presented in this paper provide new insights into the

evolution and development of zonation in F-rich granite

plutons. The low solidus temperature and large crystal-

lization/melting temperature interval suggest that F-rich

granitic magma has a prolonged crystallization history.

The preferential crystallization of quartz and K-rich

alkali feldspar causes sodic and silica-poor differen-

tiation trends in the residual melt. The extreme increase

of fluorine content at the advanced crystallization stage

results in strong depolymerization and decrease in

viscosity and density of the residual melt, and accel-

erates crystal fractionation and chemical and miner-

alogical zonation of the F-rich granitic plutons. The

experimental results also have important applications for

understanding the derivation of ongonite and topaz

rhyolite melts, which are compositionally analogous to

topaz albite granites. Such F-rich, sodic residual melts

were probably formed at depth by fractional crystal-

lization of initially potassic granitic magmas, which

then ascended and were injected into surrounding rocks

to crystallize as ongonite dykes, or erupted onto surface

as topaz rhyolite magmas.

6.2. Enrichments of incompatible elements and ore metals

F-rich leucogranitic rocks usually contain elevated

concentrations of incompatible elements and ore metals,

such as Li, Be, Rb, Cs, W, Sn, Nb, Ta, U, and Th.

Some of them can be enriched to economic concentrations

in the apical part of a pluton. Magmatic differentiation may

have a significant effect on the enrichment of these

elements.

Biotite and accessory phases, such as zircon, monazite,

sphene, and rutile, are the major carriers of incompatible

elements and ore metals in many granitic rocks. They may

cause enrichment or depletion of trace elements in residual

melts during fractional crystallization. Ore metals may be

removed from melts by the precipitation of accessory phases

and by substitution into biotite, thus reducing the potential

for incompatible element mineralization. However, F-rich

granitic rocks are usually highly leucogranitic. Biotite in

such granitic rocks is rarely abundant, and usually occurs at

the late crystallization stage, as in the case of the

Xianghualing granite, Pleasant Ridge zinnwaldite–topaz

granite (Taylor, 1992) and Cornwall granite (Weidner and

Martin, 1987). It may not significantly change the

differentiation behavior of trace elements in F-rich leuco-

granitic systems. Our experimental data also prove that the

mica in F-rich leucogranite systems is not a preferential

crystallization phase. The preferential crystallization of

felsic phases in F-rich leucogranitic systems will cause an

apparent increase in incompatible components, such as

volatiles and trace elements, in the residual melt. In

addition, the progressive enrichment of fluorine during

crystallization will significantly decrease the activity

coefficients of trace elements in granitic melts via formation

of F-complexes or changing melt structure. Such an effect

may drastically increase the solubility of accessory phases

and decrease the biotite/melt and accessory phase/melt

partition coefficients of trace elements, and may therefore

result in the enrichment of ore metals in residual melts.

Some experimental studies (Keppler, 1993; Linnen, 1998)

have demonstrated that fluorine may significantly

increase the solubility of accessory phases in granitic

melts. More experimental investigations are necessary to

understand the effects of fluorine on trace-element partition-

ing behavior of biotite/melt and accessory phase/melt in

granitic systems.
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