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We investigated phase equilibria in the six-component system

Na2O^K2O^Al2O3^SiO2^F2O�1^H2O at 100MPa to character-

ize differentiation paths of natural fluorine-bearing granitic and

rhyolitic magmas. Topaz and cryolite are stable saturating solid

phases in calcium-poor systems. At 100MPa the maximum solidus

depression and fluorine solubility in evolving silicic melts are

controlled by the eutectics haplogranite^cryolite^H2O at 6408C and

�4 wt% F, and haplogranite^topaz^H2O at 6408C and�2 wt%

F.Topaz and cryolite form a binary peralkaline eutectic at 6608C,
100MPa and fluid saturation.The low-temperature nature of this

invariant point causes displacement of multiphase eutectics with

quartz and alkali feldspar towards the topaz^cryolite join and

enables the silicate liquidus and cotectic surfaces to extend to very

high fluorine concentrations (more than 30 wt % F) for weakly

peraluminous and subaluminous compositions. The differentiation

of fluorine-bearing magmas follows two distinct paths of fluorine

behavior, depending on whether additional minerals buffer the

alkali/alumina ratio in the melt. In systems with micas or alumino-

silicates that buffer the activity of alumina, magmatic crystallization

will reach either topaz or cryolite saturation and the system solidifies

at low fluorine concentration. In leucogranitic suites precipitating

quartz and feldspar only, the liquid line of descent will reach

topaz or cryolite but fluorine will continue to increase until the

quaternary eutectic with two fluorine-bearing solid phases is reached

at 5408C, 100MPa and aqueous-fluid saturation. The maximum

water solubility in the haplogranitic melts increases with the fluorine

content and reaches�12�5� 0�5 wt % H2Oat the quartz^cryolite^

topaz eutectic composition. A continuous transition between hydrous

fluorosilicate melts and solute-rich aqueous fluids is not documented

by this study. Our experimental results are applicable to leucocratic

fluorosilicic magmas. In multicomponent systems, however,

the presence of calcium may severely limit enrichment of fluorine

by crystallization of fluorite.

KEY WORDS: granite; rhyolite; topaz; cryolite; magmatic

differentiation

I NTRODUCTION
In natural, fluorine-bearing silicic magmas, H2O is an
important volatile constituent (Thomas & Klemm, 1997;
Thomas et al., 2005). Fluorine and water in silicate melts
exert similar effects, and (1) depress the melting tempera-
ture (Manning, 1981; Pichavant et al., 1987; Webster et al.,
1987; Weidner & Martin, 1987), (2) decrease melt density
(Dingwell et al., 1993; Knoche et al., 1995), (3) decrease
melt viscosity (Dingwell et al., 1985; Baker & Vaillancourt,
1995; Giordano et al., 2004) and (4) increase element diffu-
sivity (Baker & Bossa' nyi, 1994). These factors are
capable of extending the differentiation of fluorine-bearing
hydrous granites towards low-temperature mobile residual
liquids whose petrogenetic significance is not yet known.
To understand the liquid lines of descent, we need to know
the stability of fluorine-bearing solid phases, the miscibility
gaps between silicate and fluoride melts and the fluorine
solubility in silicic melts.
Several unclear geochemical features of natural

fluorine-bearing magmatic rocks require experimental
investigation. The rock sequence granite/rhyolite^topaz
granite/ongonite^quartz topazite is characterized by a
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gentle decrease in SiO2 concentrations as a result of the
expansion of the quartz stability field (Korzhinskiy, 1959,
1960; Manning et al., 1980; Kogarko & Krigman, 1981;
Manning, 1981) and, in addition, by alkali depletion.
Topaz rhyolites and ongonites become K-poor (less than
3�5 wt % K2O), transitional topaz trondhjemites are
K-depleted (�0�4 wt % K2O, Kortemeier & Burt, 1988)
and quartz topazites are alkali-free (0�1^0�5 wt %
Na2OþK2O, e.g. Zhu & Liu, 1990; Johnston & Chappell,
1992). The alkali loss can be attributed to separation of
an immiscible alkali^fluoride melt or exsolution of alkali^
halide fluids (Kortemeier & Burt, 1988). The absence of
alkali feldspars in quartz topazites has been explained
by the existence of a peritectic transition albite
þmelt¼quartzþ topazþ cryolite/chiolite (Kovalenko &
Kovalenko, 1976; Kogarko & Krigman, 1981). However,
there is no alkali loss in this equilibrium and thus the
origin of quartz topazites remains unexplained.
In a companion paper to this experimental study

(Dolejs› & Baker, 2007) we investigated melting equilibria
in the quaternary system silica^albite^topaz^cryolite
under anhydrous conditions. The silica^albite^topaz^
cryolite system contains an extensive fluoride^silicate
liquid miscibility gap that spans cryolite and silica liquidus
volumes at temperatures above 9608C. Differentiation
paths of natural fluorine-bearing magmas, however, do
not reach liquid^liquid immiscibility but saturate with
solid cryolite and/or topaz. Under anhydrous conditions
levels of fluorine enrichment are strongly dependent
on the melt alkali/aluminum ratio in the melt. In subalu-
minous compositions at 100MPa and 7408C, fluorine
concentration may be as high as 30 wt %.
Here we study melting equilibria in fluorosilicate sys-

tems under hydrous conditions. First we discuss the effect
of H2O on the sections cryolite^topaz and quartz^
Cry53Tp47. We then show the effect of alkali/aluminum
ratio on the maximum fluorine solubilities in quartz^albitic
and granitic melts. Finally we discuss how the presence of
micas or other phases that can buffer alumina activity has
an effect on the fluorine content of granitic melts.

EXPER IMENTAL METHODS
All experiments were performed at 100MPa in cold-seal
pressure vessels (58508C) or rapid-quench TZM pressure
vessels (48508C) using argon as pressure medium. Starting
materials were synthetic glasses and natural mineral phases
(Tables 1 and 2). Thirty-four base mixes in the albite^
K-feldspar^quartz^topaz^cryolite systemwere prepared by
careful weighing of constituents in the desired proportions
and mixing in an agate mortar for 1h (Table 3). Capsules
were prepared from seamless gold or platinum tubing, dis-
tilled and deionized water was loaded with a microsyringe
and covered with the starting powder. Loaded capsules
were crimped andweldedwith an arcwelder while partially

submerged in a cold-water bath. Random checks of capsules
by piercingandestimatingwatercontentby loss duringheat-
ing revealed no H2O loss during welding within weighing
precision (0�02mg); the total weight loss during welding is
0�04^0�08mg in both anhydrous and hydrous runs and is
attributed to metal loss. The weighed-in H2O contents are
accurate to 0�1 wt %. At the end of each experiment,
the cold-seal vessel was placed in an air jet and quenched at
1508C/min whereas the runs in the TZM pressure
vessels were quenched by free fall into the cooling collar at
1008C/s. Recovered capsules were weighed to check
for leakage, opened immediately and studied by optical
microscopy andelectronmicroprobe.
Attainment of equilibrium is facilitated by the presence

of H2O and fluorine. No evidence for disequilibrium was
encountered in experiments on the hydrous quartz^albite
and haplogranite joins in 7 day runs. This is in agreement
with attainment of equilibrium in the volatile-bearing
systems after 4 days (Candela & Holland, 1984; Williams
et al., 1997; Frank et al., 2003). For further details of experi-
mental techniques and run-product descriptions, the
reader is referred to the first part (Dolejs› & Baker, 2007).

TERMINOLOGY
Abbreviations for all phases are summarized in Table 1.
The terms liquid, fluid and vapor are used in accordance
with Stalder et al. (2000) andWyllie & Ryabchikov (2000):
liquid represents silicate, fluorosilicate or fluoride melt

Table 1: List of phases, their abbreviations and

compositions

Abbreviation Phase Chemical formula

ab albite NaAlSi3O8

and andalusite Al2SiO5

chi chiolite Na5Al3F14

cry cryolite Na3AlF6

fsp alkali feldspar (Na,K)AlSi3O8

G haplogranite Qz38Ab33Or29

L liquid (melt)

Lfl fluoride melt

Lsil silicate melt

mal malladrite Na2SiF6

mu muscovite KAl2[AlSi3O10](OH)2

ne nepheline NaAlSiO4

qz quartz SiO2

tp fluortopaz Al2SiO4(F,OH)2

V aqueous vapor

vil villiaumite NaF

Phase proportions associated with abbreviations
(e.g. Cry53Tp47) are given in weight per cent.
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Table 2: Chemical composition of starting materials

Symbol n SiO2 Al2O3 CaO Na2O K2O F Total A/NK Notes

(wt %) molar

HPG-2 79�47 11�73 3�90 4�91 1�00

16 78�37(48) 11�53(34) 0�0041(53) 3�74(13) 4�979(94) 98�63(24) 0�999(36) glass

AQ-1 81�56 11�47 6�97 1�00

10 82�10(69) 11�62(59) 0�0091(99) 6�53(35) 0�016(12) 100�32(54) 1�080(80) glass

albite 68�74 19�44 11�82 1�00

18 67�91(34) 19�37(12) 0�078(57) 11�30(12) 0�146(21) 98�80(35) 1�033(13) crystal

topaz 32�65 55�40 20�64

18 32�62(39) 54�64(28) 0�008(10) 0�049(79) 0�0071(84) 20�92(13) 99�44(52) crystal

cryolite 24�28 44�28 54�30 0�3333

10 0�011(21) 25�65(53) 0�012(14) 45�67(12) 0�010(18) 57�29(89) 104�51(19) 0�3414(71) crystal

For each substance, first row indicates theoretical amounts and second row gives analysis by electron microprobe.
Analytical conditions: accelerating voltage 15 kV, beam current 5 nA, beam diameter 20 mm; n, number of analyzed points.
Analytical totals are corrected for the fluorine-equivalent oxygen (the elevated total in the cryolite analysis is related to
the correction procedure and has no effect on the element proportions). Standard deviations are reported as 1�.
A/NK¼molar Al2O3/(Na2OþK2O).

Table 3: Modal and chemical composition of base mixes

Symbol Constituents SiO2 Al2O3 Na2O K2O F2O�1 F Al/(NaþK)

(wt %) (wt %) molar

Silica Topaz Cryolite

TC-06 25�962 74�038 8�476 32�363 32�787 26�374 45�559 0�6

TC-08 38�029 61�971 12�416 36�118 27�443 24�024 41�498 0�8

TC-1 46�714 53�286 15�251 38�820 23�597 22�332 38�576 1�0

TC-12 53�264 46�737 17�389 40�858 20�697 21�056 36�372 1�2

TCQ-1 54�956 21�042 24�002 61�826 17�486 10�629 10�059 17�376 1�0

TCQ-2 28�925 11�075 60 32�541 20�706 26�570 20�183 34�864 0�474

TCQ-3 23�373 35�796 40�832 35�059 29�747 18�082 17�112 29�560 1�0

TCQ-5 10 42�043 47�958 23�726 34�938 21�238 20�099 34�718 1�0

Silica Albite Topaz Cryolite

ATCQ-1 30�688 44�160 11�750 13�403 64�879 18�350 11�154 5�617 9�703 1�0

AQ-1 Topaz Cryolite

AQTC-05 95 2�336 2�664 78�242 12�838 7�804 1�117 1�929 1�0

AQTC-10 90 4�671 5�329 74�926 14�206 8�635 2�233 3�858 1�0

AQTC-40 60 18�686 21�314 55�034 22�410 13�622 8�933 15�430 1�0

AQTC-60 40 28�028 31�972 41�773 27�880 16�945 13�399 23�146 1�0

AQTC-69 30�955 32�254 36�791 35�776 30�354 18�451 15�419 26�635 1�0

HPG-2 Topaz Cryolite

GT-05 95 5 77�124 13�911 3�705 4�662 0�598 1�032 1�249

GT-10 90 10 74�784 16�095 3�510 4�416 1�195 2�064 1�525

GT-20 80 20 70�102 20�462 3�120 3�926 2�390 4�129 2�181

GT-30 70 30 65�420 24�830 2�730 3�435 3�585 6�193 3�025

(continued)
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without or with a limited amount of dissolved H2O
(less than 15 wt % in this study); vapor is a low-density
aqueous phase with a small amount of solutes (less
than 20 wt %); fluid is a general term used for a H2O-
dominated phase with low to high solute concentration.
The term ‘melt aluminosity’ is a synonym for the

aluminum/alkali cation ratio and is used to describe the
relative variations of this ratio. The terms peralkaline, sub-
aluminous and peraluminous are used as defined by Shand
(1927) and Holtz et al. (1992); in the abbreviation
Al/(NaþK) we use molar proportions.
For divariant fields and trivariant volumes, we use stan-

dard labeling (e.g. Lþ cry). For univariant curves and
invariant points, we use the notation of Greig et al. (1955).
For example, L (tp) indicates a phase boundary between L
and Lþ tp fields. Similarly, LþV (cryþ tp) is an invari-
ant point between four fields: LþV, LþVþcryþ tp,
LþVþcry and LþVþ tp. Phases reported in square
brackets are present in all fields of the phase diagram;
for example, [þV] indicates vapor-saturated conditions.
The phase-diagram descriptions refer to the practical
number of components (e.g. haplogranite^topaz binary,
rather than haplogranite^topaz pseudobinary or quartz^
albite^K-feldspar^topaz^H2O quinary).

THE TOPAZ^CRYOL ITE^H2O
SYSTEM
Peralkaline to peraluminous silicic magmas saturate with
topaz and/or cryolite (Dolejs› & Baker, 2004, 2007).

Therefore, we studied the topaz^cryolite binary system
with 10 wt % H2O (Table 4; Fig. 1). At 100MPa, it is char-
acterized by simple eutectic behavior with eutectic point
cryþ tpþL (V) at 6608C and cation Al/Na� 0�7. The
eutectic temperature in fluid-saturated conditions is
depressed by 1108C at 100MPa relative to the anhydrous
system and the cation Al/Na ratio decreases by at least
0�25 (Dolejs› & Baker, 2007; Fig. 1). The occurrence of the
three-phase field cryþ tpþL (Fig. 1) confirms that
the melt in the 10 wt % section is vapor-undersaturated
(see Koster van Groos & Wyllie, 1968), and this implies
that water solubility in the topaz^cryolite melt is greater
than 10 wt % H2O at 100MPa.
The eutectic temperature of the cryolite^topaz^

H2O system is 608C lower and the H2O solubility is at
least three times by weight higher than that of the
haplogranite^H2O system at 100MPa (Tuttle & Bowen,
1958; Burnham, 1997; Holtz et al., 2001). This suggests that
the topaz^cryolite^haplogranite^H2O eutectic may be
displaced to very high fluorine concentrations near the
topaz^cryolite side and water solubility may significantly
increase in residual fluorogranitic melts.

THE QUARTZ^TOPAZ^CRYOL ITE^
H2O SYSTEM
The liquidus relations in the quartz^topaz^cryolite system
under hydrous conditions (Table 5) provide a general illus-
tration of the liquid line of descent and describe variations

Table 3: Continued

Symbol Constituents SiO2 Al2O3 Na2O K2O F2O�1 F Al/(NaþK)

(wt %) (wt %) molar

GC-05 95 5 75�492 12�355 5�919 4�662 1�572 2�715 0�836

GC-10 90 10 71�519 12�983 7�938 4�416 3�143 5�430 0�728

GC-20 80 20 63�572 14�239 11�977 3�926 6�286 10�859 0�594

GC-60 40 60 31�786 19�262 28�130 1�963 18�859 32�577 0�398

GTC-05 95 2�336 2�664 76�255 13�082 4�885 4�662 1�117 1�929 1�0

GTC-10 90 4�671 5�329 73�044 14�437 5�870 4�416 2�233 3�858 1�0

GTC-20 80 9�343 10�657 66�622 17�146 7�839 3�926 4�466 7�715 1�0

GTC-30 70 14�014 15�986 60�201 19�855 9�809 3�435 6�670 11�573 1�0

GTC-40 60 18�686 21�314 53�780 22�565 11�779 2�944 8�933 15�430 1�0

GTC-50 50 23�357 26�643 47�358 25�274 13�749 2�454 11�166 19�288 1�0

GTC-60 40 28�028 31�972 40�937 27�983 15�718 1�963 13�399 23�146 1�0

GTC-70 30 32�700 37�300 34�515 30�692 17�688 1�472 15�632 27�003 1�0

GTC5-30 70 5�393 24�607 57�386 17�173 13�627 3�435 8�379 14�474 0�657

GTC8-30 70 11�409 18�591 59�350 19�045 10�963 3�435 7�207 12�450 0�875

GTC12-30 70 15�979 14�021 60�842 20�467 8�939 3�435 6�317 10�912 1�111

GTC15-30 70 18�162 11�838 61�555 21�146 7�972 3�435 5�892 10�177 1�256
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in SiO2 and F concentrations in residual fluorosilicate
liquids. Figure 2 presents the isobaric section from SiO2

to Cry53Tp47 at 10 wt % H2O, which is the subaluminous
section through the system. The pseudobinary solidus is a
piercing point cryþV (qzþ tpþL) and the sequence of
liquidus fields indicates that the location of ternary eutectic
departs from the join to weakly peraluminous conditions.
This is in contrast to the weakly peralkaline composition

of the quartz^topaz^cryolite eutectic under anhydrous
conditions (Dolejs› & Baker, 2007). In addition, the
eutectic composition is more SiO2-rich and F-poor than
at anhydrous conditions (Fig. 2; Dolejs› & Baker,
2007, fig. 14).
The residual liquids in the quartz^topaz^cryolite system

have compositions close to nepheline with fluorine. The
location of the nepheline^F2O�1 join is marked byTCQ-3
(Fig. 2, Table 3), and we have determined H2O solubility
for this composition at 100MPa. Melts of this composition
cannot be quenched owing to their very high fluorine con-
tent (29�6 wt % F) and the water solubility must be esti-
mated from the temperature^X(H2O) section (Fig. 3).
The location of the vapor saturation, i.e. L (V) univariant
curve, is given by the inflection on the topaz and
topazþ cryolite liquidus curves. This defines maximum
H2O content in the melt 12�5�0�5 wt % and this value
represents a threefold increase by weight, in comparison
with the fluorine-free haplogranitic minimum at the same
pressure (Burnham, 1975; Holtz et al., 2001). This measure-
ment also agrees with the vapor undersaturation of
the cryolite^topaz cotectic with 10 wt % H2O (Fig. 1).
These observations are in agreement with the increase in
water solubility in granitic melts with increasing fluorine
contents described by Holtz et al. (1993) and Webster
& Rebbert (1998). Those workers determined experimen-
tally an increase by 0�5 and 0�8 wt % H2O for each wt %
F at 200MPa, but only for fluorine concentrations less
than 5 wt % in the melt.
Our experimental results suggest that the common

presence of fluorine and H2O in the melt does not result
in F� and OH� site competition, which would lead to
a decrease in water solubility with increasing fluorine
concentration. Rather, additional fluorine in the melt
promotes incorporation of hydroxyl species and/or molecu-
lar H2O.This effect is possibly explained by decreasing ion
polarizability when fluorine is added to silicate melts
(Duffy, 1989) and this promotes hydroxylation of network
modifiers and aluminosilicate tetrahedra. Increase in
H2O solubility in fluorosilicate melts can also be described
by Lewis acid^base interactions (see London, 1987).
Addition of F2O�1 (strong Lewis acid; Duffy, 1989) leads
to strong short-range order with low-field strength cations
(Lewis bases) forming alkali^F and (alkali,Al)^F
complexes. High-field strength cations and highly polariz-
able oxygen atoms remain associated (Si^O; Schaller et al.,
1992; Zeng & Stebbins, 2000). The added H2O (a weak
Lewis base) is expected to more extensively form alkali^
OH bonds and replace bridging oxygens by hydroxyl
groups than it does in fluorine-free compositions (Oglesby
& Stebbins, 2000; Schmidt et al., 2000). Such mechanism
of increasing proportion of hydroxyl species in the melt
can explain the increase in the H2O solubility observed
in experiments.

Table 4: Experimental results in the system cryolite^topaz^

H2O (100MPa)

Run Mix H2O Temperature Duration Assemblage Notes

(wt %) (8C) (h)

608 TC-06 10 670 171�2 Lþ cry

607 TC-06 10 650 166�2 subsolidus no melting

459 TC-08 10 720 173�3 Lþ cry quench crystals

482 TC-08 10 670 167�9 Lþ cryþ tp

606 TC-08 10 650 166�2 subsolidus no melting

460 TC-1 10 720 173�3 Lþ tp quench crystals

345 TC-1 10 700 327�6 Lþ tp

481 TC-1 10 670 167�9 Lþ tp

605 TC-1 10 650 166�2 subsolidus no melting
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Fig. 1. Phase diagram of the cryolite^topaz system with 10 wt %
H2O at 100MPa. The eutectic temperature decreases from an anhy-
drous eutectic at 7708C (Dolejs› & Baker, 2007) through the L
(cryþ tp) piercing point at 6708C and 10 wt % H2O to the H2O-
saturated eutectic 6608C (more than 10 wt % H2O). Abbreviations
are listed inTable 1.
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THE ALBITE^QUARTZ^TOPAZ^
CRYOL ITE^H2O SYSTEM
In the quinary albite^quartz^topaz^cryolite^H2O system,
we experimentally studied the pseudobinary join that
connects the quartz^albite eutectic, Qz41Ab59 (8008C,
100MPa and H2O saturation; Tuttle & Bowen, 1958) with
the subaluminous topaz^cryolite composition, Cry53Tp47
(Table 6). The resulting temperature^composition section
at 100MPa is presented in Fig. 4.
Addition of topaz and cryolite causes depression of

both quartz and albite liquidi, with quartz exhibiting a
steeper dT/dx drop than albite (Fig. 4). This effect probably

stems from a decrease in the bulk SiO2 content (by adding
topaz and cryolite) and from NaAl^F short-range order in
the melt structure (Manning et al., 1980; Schaller et al.,
1992; Zeng & Stebbins, 2000). This depression of both
quartz and albite liquidi is in contrast to the findings of
Wyllie & Tuttle (1961) and Wyllie (1979), who observed
decreasing liquidus temperature of albite and increasing
liquidus temperature of quartz, with addition of fluorine.
This difference is a result of adding fluorine in the form of
HF, i.e. comparing two distinct phase diagram sections.
Addition of hydrofluoric acid to the Qz41Ab59 eutectic
composition reaches composition Qz73�4Cry14�2Tp12�4,
which has also been investigated in this study. It plots at

Table 5: Experimental results in the system silica^cryolite^topaz^H2O

Run Mix H2O Pressure Temperature Duration Assemblage Notes

(wt %) (MPa) (8C) (h)

182 TCQ-1 10 100 800 174�1 Lþ qzþV

148 TCQ-1 10 100 700 169�3 Lþ qzþV

269 TCQ-2 10 100 700 163�1 Lþ qzþ cry quench crystals

284 TCQ-2 10 100 650 165�5 Lþ qzþ cry quench crystals

637 TCQ-2 10 100 600 167�0 Lþ qzþ cry quench crystals

601 TCQ-2 10 100 580 171�6 subsolidus no melting

277 TCQ-3 0 0�1 900 167�5 L

412 TCQ-3 0 100 840 22�5 L relics of crystals

273 TCQ-3 0 100 800 169�5 L

492 TCQ-3 2 100 680 173�3 L (þqz)þ tpþ cry quench crystals

491 TCQ-3 5 100 680 173�3 Lþ tpþ cry quench crystals

496 TCQ-3 7 100 700 171�8 Lþ tp quench crystals

497 TCQ-3 8 100 700 171�8 L quench crystals

498 TCQ-3 9 100 700 171�8 L quench crystals

342 TCQ-3 10 100 700 327�6 L quench cryolite

490 TCQ-3 10 100 680 173�3 L quench crystals

483 TCQ-3 10 100 670 167�9 Lþ tp quench crystals

477 TCQ-3 10 100 650 163�7 Lþ tp quench crystals

421 TCQ-3 10 100 620 173�4 Lþ tp quench crystals

636 TCQ-3 10 100 600 167�0 Lþ tpþ cryþV quench crystals

602 TCQ-3 10 100 580 171�6 subsolidus no melting

515 TCQ-3 11 100 680 173�6 L quench crystals

516 TCQ-3 12 100 680 173�6 L quench crystals

603 TCQ-3 12 100 650 169�6 L quench crystals

604 TCQ-3 13 100 650 169�6 L quench crystals

635 TCQ-3 13 100 630 166�5 Lþ tpþ cry quench crystals

634 TCQ-3 15 100 630 166�5 Lþ tpþ cryþV quench crystals

343 TCQ-3 25 100 700 327�6 LþV quench crystals

484 TCQ-5 10 100 670 167�9 Lþ tp quench crystals

478 TCQ-5 10 100 650 163�7 Lþ tpþ cryþV quench crystals

JOURNAL OF PETROLOGY VOLUME 48 NUMBER 4 APRIL 2007

812

 at K
ainan U

niversity on M
arch 22, 2015

http://petrology.oxfordjournals.org/
D

ow
nloaded from

 

http://petrology.oxfordjournals.org/


73�4 wt % SiO2 and 26�6 wt % Cry53Tp47 (Fig. 2) and
the quartz liquidus temperature has increased to approxi-
mately 10008C. This is in agreement with the extended
liquidus trend of Wyllie & Tuttle (1961) andWyllie (1979).
The Ab59Qz41^Cry53Tp47 section illustrates that crystal-

lization temperatures are depressed from the fluid-
saturated albite^quartz eutectic at 8008C (Tuttle &
Bowen, 1958) through piercing points LþV (abþ cry)
and LþV (cryþ tp) at 600^6108C and to the quinary
albite^quartz^topaz^cryolite eutectic at 5808C (100MPa,
H2O saturation; Fig. 4). The cryolite and topaz liquidus
curves intersect at the LþV (cryþ tp) piercing point and
the sequence of stability fields implies that the cryolite^
topaz cotectic curve passes from peralkaline to peralumi-
nous space. Below the LþV (abþ cry) and abþLþV
(qzþ cry) piercing points, residual melts have a peralumi-
nous composition.

THE HAPLOGRANITE^TOPAZ^
CRYOL ITE^H2O SYSTEM
Addition of K2O to the previous system completes
the senary composition space Na2O^K2O^Al2O3^
SiO2^F2O�1^H2O necessary for the description of
haplogranitic melts and full interpretation of the
liquid lines of descent of natural silicic magmas. This
system was studied in four temperature^composition sec-
tions and two isothermal sections through the haplogranite
(Qz38Ab33Or29)^topaz^cryolite^H2O space.The composi-
tions of the starting mixes are presented in Fig. 5, and
experimental results are listed inTable 7.
The temperature^composition sections for the two

limiting binaries: haplogranite^topaz and haplogranite^
cryolite at 10 wt % H2O, are shown in Fig. 6. The
fluorine-free haplogranitic minimum occurs at 7208C,
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Fig. 2. Temperature^composition section SiO2^Cry53Tp47 with 10 wt % H2O (100MPa).This join represents a subaluminous isopleth through
the quartz^topaz^cryolite ternary with added H2O and intersects two joins: albite^F2O�1 and nepheline^F2O�1. The quaternary quartz^
topaz^cryolite^H2O eutectic occurs at 5908C, close to the cryþV (qzþ tpþL) piercing point (43 wt % SiO2, 26 wt % F); the position of the
anhydrous eutectic can be compared with fig. 14 of Dolejs› & Baker (2007). The H2O-saturated tridymite melting occurs between 1190 and
12408C (Kennedy et al., 1962; Ostrovsky, 1966).

DOLEJS› & BAKER PHASE EQUILIBRIA OF F-BEARING SILICIC MAGMAS

813

 at K
ainan U

niversity on M
arch 22, 2015

http://petrology.oxfordjournals.org/
D

ow
nloaded from

 

http://petrology.oxfordjournals.org/


100MPa and H2O saturation (Tuttle & Bowen, 1958).
In the haplogranite^topaz pseudobinary, the solubility of
topaz in the H2O-saturated haplogranitic melt is low,
corresponding to less than 2 wt % F below 7008C. In the
haplogranite^cryolite pseudobinary, the solubility of cryo-
lite is higher, about 4 wt % F. The pseudobinary eutectics
are located at 6408C (100MPa and H2O saturation, Fig. 6),
i.e. both fluorine-bearing minerals cause a solidus depres-
sion of 808C, relative to the H2O-saturated haplogranite
minimum (Tuttle & Bowen, 1958). These eutectics and
saturation limits represent limiting cases for strongly per-
alkaline or strongly peraluminous granitic melts,
respectively.
Addition of either topaz or cryolite to the haplogranite

system causes distinct depressions of quartz and feldspar
liquidi, i.e. topaz and cryolite affect stabilities of quartz
and feldspar differently (Fig. 6). In the haplogranite^
cryolite pseudobinary, the alkali-feldspar liquidus is more
depressed than that of quartz. Such increase in the activity
of quartz compared with alkali feldspar is probably a
result of strongly positive deviations from mixing in the
silica^cryolite binary, manifested by liquid^liquid
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Fig. 3. Temperature^X(H2O) section for the determination of water
solubility in the TCQ-3 composition (100MPa). The maximum H2O
solubility (12�5�0�5 wt %) is defined by the L (V) univariant curve,
located at the inflection of the topaz and cryolite liquidus curves.

Table 6: Experimental results in the system silica^albite-cryolite^topaz^H2O (100MPa)

Run Mix H2O Temperature Duration Assemblage Notes

(wt %) (8C) (h)

236 AQTC-05 10 700 172�4 Lþ abþV

237 AQTC-10 10 700 172�4 LþV

246 AQTC-10 10 660 168�4 Lþ abþV

260 AQTC-10 10 620 171�3 Lþ abþV

329 AQTC-10 10 580 167�4 solidus incipient melting

235 ATCQ-1 10 700 172�4 LþV quench microlites

247 ATCQ-1 10 660 168�4 LþV

256 ATCQ-1 10 620 171�3 Lþ abþV

325 ATCQ-1 10 580 167�4 solidus incipient melting

544 AQTC-40 4 750 173�2 L

545 AQTC-40 6 750 173�2 L

566 AQTC-40 10 750 168�0 LþV

238 AQTC-40 10 700 172�4 LþV quench microlites

248 AQTC-40 10 660 168�4 LþV quench microlites

259 AQTC-40 10 620 171�3 L

327 AQTC-40 10 580 167�4 Lþ abþ cry (þtp)

454 AQTC-50 10 800 163�5 LþV

546 AQTC-60 4 750 173�2 Lþ tp (rare)

547 AQTC-60 6 750 173�2 L

567 AQTC-60 10 750 168�0 LþV

267 AQTC-60 10 700 163�1 LþV quench crystals

249 AQTC-60 10 660 168�4 Lþ tpþV

261 AQTC-60 10 620 171�3 Lþ cryþ tpþV

330 AQTC-60 10 580 167�4 Lþ cryþ tpþV small amount of glass
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Table 7: Experimental results in the system haplogranite^cryolite^topaz^H2O (100MPa)

Run Mix H2O Temperature Duration Assemblage Notes

(wt %) (8C) (h)

169 GT-05 10 660 166�9 Lþ fsp (þtp)þV

191 GT-05 10 650 164�2 Lþ fspþ tpþV small amount of glass

168 GT-05 10 630 166�0 subsolidus no melting

463 GT-10 10 720 173�3 Lþ tpþV

160 GT-10 10 660 187�9 Lþ fspþ tpþV

192 GT-10 10 650 164�2 Lþ fspþ tpþV

584 GT-20 0 800 169�4 Lþ tp no equilibrium

613 GT-20 10 850 164�8 Lþ tpþV

583 GT-20 10 800 169�4 Lþ tpþV

138 GT-20 10 720 193�7 Lþ tpþV

139 GT-30 10 720 193�7 Lþ tpþV

167 GC-05 10 660 166�9 Lþ qzþV

189 GC-05 10 650 164�2 Lþ qzþ cryþV

166 GC-05 10 630 166�0 subsolidus no melting

89 GC-10 10 720 188�2 Lþ cryþV

161 GC-10 10 660 187�9 Lþ qzþ cryþV

190 GC-10 10 650 164�2 Lþ qzþ cryþV

370 GC-20 0 800 167�2 Lþ cry

609 GC-20 10 850 164�8 LþV quench crystals

582 GC-20 10 800 169�4 Lþ cryþV quench crystals

90 GC-20 10 720 188�2 Lþ cryþV

592 GC-60 0 1040 2�8 Lsilþ Lfl

165 GTC-05 10 660 166�9 Lþ fspþV

164 GTC-05 10 630 166�9 Lþ fsp (þ qz)þV

185 GTC-05 10 540 167�6 Lþ fspþV small amount of glass

371 GTC-10 0 800 167�2 Lþ ab no equilibrium

455 GTC-10 10 800 166�0 LþV

159 GTC-10 10 660 187�9 LþV

179 GTC-10 10 600 169�2 Lþ fspþV

205 GTC-10 10 570 170�4 Lþ fspþ cryþV

186 GTC-10 10 540 167�6 Lþ fspþ cryþV small amount of glass

372 GTC-20 0 800 167�2 L (metastable) no equilibrium

456 GTC-20 10 800 166�0 LþV

177 GTC-20 10 630 169�6 LþV

178 GTC-20 10 600 169�2 LþV quench microlites

206 GTC-20 10 570 170�4 incipient melting

187 GTC-20 10 540 167�6 subsolidus no melting

209 GTC-20 10 520 171�2 subsolidus no melting

466 GTC-30 0 850 145�3 L

373 GTC-30 0 800 167�2 L

457 GTC-30 10 800 166�0 LþV quench crystals

207 GTC-30 10 570 170�4 Lþ fspþ cryþ tpþV

210 GTC-30 10 520 171�2 subsolidus no melting

374 GTC-40 0 800 167�2 L

181 GTC-40 10 800 174�1 LþV quench microlites

(continued)
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immiscibility (Dolejs› & Baker, 2007). In the haplogranite^
topaz pseudobinary, the effect is reversed, i.e. the quartz
liquidus is more depressed than that of feldspar. This
means that topaz does not cause, but rather suppresses
positive deviations from ideal mixing in the melt. Such
behavior is in agreement with the disappearance of
liquid^liquid immiscibility in the silica^cryolite system
and with the strong quartz liquidus depression when
topaz is added (Dolejs› & Baker, 2007). In addition, the
greater depression of the quartz liquidus (Fig. 6a) is pro-
moted by a decrease in bulk SiO2 content upon addition
of topaz.
The phase relations along the subaluminous

haplogranite^Cry53Tp47 join at 10 wt % H2O (Fig. 7) are
very similar to those in the quartz^albite-cryolite^topaz

system (Fig. 4). Addition of topaz and cryolite causes a
depression in granite crystallization temperatures to the
quaternary eutectic at 5408C (100MPa and H2O satura-
tion). Intersection of the topaz and cryolite liquidus
curves defines the LþV (cryþ tp) piercing point, whose
presence indicates that melt compositions change from per-
alkaline to peraluminous along the topaz^cryolite cotectic.
The LþV (cryþ tp) piercing point is located at signifi-
cantly higher fluorine concentration (11 wt % F) than
individual solubilities of fluorine at topaz or cryolite
saturation (Fig. 6). This means that fluorine solubility is
much higher in subaluminous melts than in peralkaline or
peraluminous systems. That is, the melt alkali/aluminum
ratio has a significant effect on fluorine solubility.

Table 7: Continued

Run Mix H2O Temperature Duration Assemblage Notes

(wt %) (8C) (h)

175 GTC-40 10 630 169�6 LþV

174 GTC-40 10 600 169�2 Lþ cry (þ tp)þV

208 GTC-40 10 570 170�4 Lþ fspþ cryþV

188 GTC-40 10 540 167�6 Lþ fspþ tpþ cry (þ qz)

211 GTC-40 10 520 171�2 subsolidus

439 GTC-50 0 800 175�2 Lþ tp

458 GTC-50 10 800 166�0 LþV quench crystals

467 GTC-60 0 850 145�3 L

449 GTC-60 0 800 164�5 Lþ tp

469 GTC-70 0 800 164�8 L quench crystals

562 GTC-70 6 800 167�7 L

563 GTC-70 10 800 167�7 L

533 GTC5-30 0 800 166�2 Lþ cry

532 GTC5-30 6 800 166�2 Lþ cryþV

611 GTC5-30 10 850 164�8 Lþ cryþV quench crystals

579 GTC5-30 10 800 169�4 Lþ cryþV

577 GTC5-30 10 720 170�0 Lþ cryþV

470 GTC8-30 0 800 164�8 Lþ cry

520 GTC8-30 6 800 173�8 Lþ cry (very rare)þV

521 GTC8-30 10 800 173�8 LþV quench crystals

461 GTC8-30 10 720 173�3 Lþ cryþV

471 GTC12-30 0 800 164�8 Lþ tp

522 GTC12-30 6 800 173�8 Lþ tpþV

523 GTC12-30 10 800 173�8 Lþ tpþV

462 GTC12-30 10 720 173�3 Lþ cryþV

534 GTC15-30 0 800 166�2 Lþ tp

535 GTC15-30 6 800 166�2 Lþ tpþV

612 GTC15-30 10 850 164�8 Lþ tpþV

581 GTC15-30 10 800 169�4 Lþ tpþV

580 GTC15-30 10 720 170�0 Lþ tpþV
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The effect of the melt aluminum/alkali ratio on fluorine
solubility can be interpreted from the topology of cryolite
and topaz saturation surfaces. The saturation isotherms,
L (cry) and L (tp), at 8008C and 100MPa are shown in
Fig. 8. Under both anhydrous and hydrous conditions the
liquid field is strongly elongate and it extends to very high

fluorine concentrations. The cryolite and topaz saturation
isotherms follow a course similar to alkali/aluminum ratio
isopleths. In this system, fluorine concentration in the melt
and the alumina saturation index are not independent
and are dictated by the location of the liquid on the
cotectic curve. With progressive fractionation, fluorine
contents in the melt increase and the alkali/aluminum
ratio is constrained by the cryolite and topaz saturation
surfaces to fall within a narrow range.
The symmetric location of cryolite and topaz liquidus

isotherms (Fig. 8) around the subaluminous isopleth
has implications for the speciation of fluorine in the
melt structure. It suggests short-range order between
alkali, aluminum and fluorine, where Na:Al�1.
The relevant melt species is NaAlF4 and its existence in
fluorine-bearing aluminosilicate melts has been
confirmed by spectroscopic investigations (Zeng &
Stebbins, 2000).
The field of silicate liquids at high fluorine concentra-

tions forms a narrow prismatic wedge with decreasing
temperature (Fig. 9). Its boundaries are the cryolite and
topaz liquidus surfaces, respectively. These surfaces
constrain the alkali/aluminum ratio in the melt to a
progressively narrower range with decreasing tempera-
ture. Finally, the liquid [þvapor] volume closes at a
subaluminous composition, Al/(NaþK)¼ 1, at an invar-
iant point LþV (cryþ tp) at �5908C. The sequence of
phases at this point implies that the pseudoternary
haplogranite^cryolite^topaz eutectic is located at less than
30 wt % cryoliteþ topaz.
Near-solidus crystallization of fluorine-rich granitic

melts is illustrated in two isothermal^isobaric sections of
the central portion of the haplogranite^cryolite^topaz^
H2O system. At 5808C, 100MPa and 10 wt % H2O
(Fig. 10a) the presence of the L [þV] field indicates that
the liquid compositions still remain within the ternary
plane and exhibit no quartz or feldspar enrichment
compared with the hydrous haplogranitic minimum.
The liquid field is located between 6 and 10 wt %
Fand has a narrow span of aluminum/alkali cation ratios,
0�94^1�08. The L [þV] field closes at 5508C (Fig. 10b) and
is replaced by the fspþL [þV] field, indicating
the departure of melt composition towards quartz-rich
compositions. The eutectic melt composition is located in
the quartz^feldspar^cryolite^topaz tetrahedron, more
specifically in its quartz^haplogranite^cryolite^topaz
subspace. The fspþL [þV] field closes as an
invariant point fspþL (cryþqzþ tp) [þV] at 3�6 wt %
F and a weakly peraluminous composition (cation
Al/(NaþK)¼ 1�05). This invariant point is a piercing
point on the ternary plane of a tie-line connecting the
eutectic melt composition in the quartz^feldspar^cryolite^
topaz tetrahedron with the feldspar apex. By chemo-
graphy, the eutectic melt composition is bracketed
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between G90Cry4�7Tp5�3 [by weight, 3�6 wt % F,
Al/(NaþK)¼ 1�05] and Qz83�9Cry7�6Tp8�5 [5�9 wt % F,
Al/(NaþK)¼ 1�18].
The experimental design imposes some constraints on

interpretation of the results. As the amount of residual
melt in the experimental charges decreases with decreasing
temperature, the melt becomes fluid-saturated (the total
H2O content in the system is constant) and the fluid/melt
ratio increases. As a result of incongruent dissolution
of aluminosilicates in aqueous fluid (Manning, 1981;
Dingwell, 1985; Webster, 1990), the composition of the
near-eutectic melt departs from its projected position
on the phase diagram. On the basis of our preliminary
partitioning experiments and results of thermodynamic
calculations, it is expected that the eutectic melt becomes
slightly depleted in SiO2 and F and that its aluminum/
alkali ratio increases.

PETROLOGICAL IMPL ICAT IONS
The behavior of fluorine in silicate melts (see also
Manning, 1981; Webster, 1990; Mysen et al., 2004) stands in
remarkable contrast to the effects of other volatile elements
(Cl, S, B, P; Carroll & Webster, 1994). The very high
solubility of fluorine in silicate melts (Koster van Groos &
Wyllie, 1968; Webster, 1990; Carroll & Webster, 1994) is a
consequence of fluorine^oxygen substitution in the melt
structure (Mysen et al., 2004) because of the similarity of
ionic radii of fluorine (1�29A‡) and oxygen (1�35A‡;

Shannon, 1976). Formation of fluorosilicate and fluoro-
aluminate tetrahedral and octahedral complexes (Schaller
et al., 1992; Zeng & Stebbins, 2000; Mysen et al., 2004) is
responsible for a decrease in the activities of silicate melt
components (Manning et al., 1980; London, 1987).
Therefore, liquidus and solidus temperatures are depressed
and compositional shifts of haplogranite minima occur
(Manning, 1981). Upon fluid saturation, incongruent
fluid^melt partitioning is responsible for selectively seques-
tering elements from residual melts (Dingwell, 1985).
In addition, the presence of rock-forming elements such as
calcium or lithium may stabilize new fluorine-bearing
phases, e.g. fluorite (Dolejs› & Baker, 2006) or lithium
micas.

Differentiation mechanisms of
leucocratic silicic melts
The solidus temperatures of hydrous albitic and
haplogranitic melts decrease with increasing fluorine
contents to less than 600^6308C at 275 and 100MPa,
respectively (Wyllie & Tuttle, 1961; Koster van Groos &
Wyllie, 1968; Manning, 1981). Experimental studies
on natural fluorine-bearing silicic compositions with
0�9^1�2 wt % F demonstrate that solidus temperatures
range between 675 and 5008C at 100^150MPa and
aqueous-fluid saturation (Webster et al., 1987; Weidner &
Martin, 1987; Xiong et al., 2002). Our experimental deter-
mination of a solidus temperature of 5408C in the haplo-
granite^topaz^cryolite^H2O system at 100MPa falls
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within this range of solidus temperatures. It is noteworthy
that differences among previous studies must partly be due
to variable fluorine concentrations in the system and in the
residual melt.
Silicate^fluoride liquid^liquid immiscibility (Kogarko &

Krigman, 1981; Veksler et al., 2005; Dolejs› & Baker, 2007)
does not propagate to the low-temperature fluorosilicate

systems studied here. In fluorine-bearing hydrous silicic
systems, cryolite and topaz are the saturating solid phases.
The low eutectic temperature in the hydrous topaz^
cryolite join (6608C) causes displacement of ternary and
quaternary eutectics towards this join and thus enables
the silicate-precipitating surfaces to extend to elevated
concentrations of fluorine in residual melts. The relevant
invariant points at 100MPa and aqueous-fluid saturation
are quartz^topaz^cryolite at 5908C, quartz^albite^topaz^
cryolite quaternary eutectic at 5808C and quartz^alkali
feldspar^topaz^cryolite quaternary eutectic at 5408C.
Phase relations in these systems define differentiation
paths of Li-, Ca- and Fe-poor fluorine-bearing granites,
rhyolites, ongonites and their differentiates (quartz topa-
zites, xianghualingites, elvans). We compare natural
whole-rock compositions with experimental liquidus rela-
tions in the schematic Ja« necke projection (Ja« necke, 1906)
on the quartz saturation surface (Fig. 11). Fluorine-bearing
natural rocks are moderately to strongly peralumi-
nous, whereas peralkaline types are nearly absent.
Fluorine-bearing granites and ongonites cluster close to
the feldspar^aluminosilicate (mica, andalusite)^topaz
[þquartz] cotectic curves and represent magmatic liquids.
The scatter most probably reflects effects of additional
minor components on the phase relations and/or variable
accumulation of crystallizing solids. On the other hand,
compositions of quartz topazites and xianghualingites
plot on the topaz [þquartz] surface, consistent with their
biminerallic assemblage; importantly, topazites do not
appear to represent liquid compositions at reasonable tem-
peratures. We propose that natural occurrences of fine-
grained quartz topazites with magmatic flow banding and
trapped xenoliths are crystal assemblages produced by
alkali-bearing melts (see Kortemeier & Burt, 1988).
Coarse-grained and miarolitic quartz topazites and topaz
silexites can be interpreted as products of the disequilib-
rium crystallization of pegmatite-forming melts after vola-
tile loss or were affected by hydrothermal alteration
(Birch, 1984; Kleeman, 1985; Johnston & Chappell, 1992;
see Hervig et al., 1987) and are not comparable with
experimental data. Importantly, the fluoride^silicate
liquid^liquid immiscibility is located at very high fluorine
contents, beyond the feldspar^topaz^cryolite [þquartz]
eutectic, and is not approached by any whole-rock
compositions (Fig. 11).

Effects of aluminum/alkali ratio
In the haplogranite^topaz^cryolite system with H2O,
the individual solubilities of topaz or cryolite in their
pseudobinaries are very low, �2 and 4 wt % F,
respectively (Fig. 6). The solubilities of both phases,
however, rapidly increase in the central subaluminous por-
tion of the pseudoternary haplogranite^topaz^cryolite
system (Fig. 8). When the isopleths of aluminum/alkali
ratio and fluorine concentrations in the melt are imposed
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Fig. 8. Isothermal sections of the haplogranite^cryolite^topaz system
at 8008C, 100MPa at anhydrous conditions (a) and with 10 wt %
H2O (b). The liquid field, L [þV], is elongate because of the low
melting temperatures of the haplogranite minimum and the cryolite^
topaz eutectic (Dolejs› & Baker, 2007). The cryolite and topaz
saturation isotherms approach isopleths of the Al/(NaþK) ratio and
intersect fluorine isopleths. As the alumina/alkali ratio changes in
the ternary, the isothermal fluorine solubility increases from 4 wt %
(haplogranite^cryolite join) to more than 39 wt % at the subalumi-
nous composition and decreases to 2 wt % F (haplogranite^topaz
join). �, experiments with lack of equilibrium.
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on this system (Fig. 5) these two variables are not indepen-
dent in topaz- or cryolite-precipitating melts. That is, the
fluorine concentration in the melt at topaz or cryolite
saturation is not unique, but it strongly depends on the
alumina/alkali ratio of the silicate melt.
Granitic and rhyolitic magmas evolve by crystal

fractionation along the quartz^feldspar cotectic surface
and become enriched in fluorine. Once the melt is
saturated in topaz or cryolite and, if a(Al2O3) is not
buffered by other solid phases, the residual melt will
evolve to higher fluorine concentrations along the quartz^
feldspar^topaz or quartz^feldspar^cryolite cotectic. These
cotectics dictate the alkali/aluminum ratio of the melt,
which will converge to a subaluminous value. All melts
completely crystallize at the quaternary eutectic, where
saturation with a second fluorine-bearing mineral occurs.
In multicomponent systems, the presence of other

phases (micas, andalusite, cordierite, garnet, amphibole)
buffers a(Al2O3) in the melt. For example, an aluminosili-
cate mineral (andalusite, sillimanite) in the presence

of quartz determines a(Al2O3) by the following
equilibrium:

Al2O3ðmeltÞ þ quartz ¼ andalusite=sillimanite: ð1Þ

Similarly, the muscovite component in dioctahedral mica
coexisting with quartz and alkali feldspar at fluid satura-
tion dictates a(Al2O3):

muscovite ¼ K� feldsparþ Al2O3ðmeltÞ þH2O: ð2Þ

Numerous similar equilibria involving cordierite, garnet,
amphibole and pyroxene and involving a(Al2O3) were
listed by Barton et al. (1991) and Barton (1996). Therefore,
if a(Al2O3) in the melt is buffered by additional precipitat-
ing mineral phases, the liquid line of descent on the
quartz^feldspar cotectic surface will follow a specific
isopleth of alkali/alumina ratio in the melt. When the
cotectic curve with topaz or cryolite is reached, the assem-
blage becomes invariant. At this point, the melt completely
crystallizes, without further evolving to high fluorine con-
tents and without crystallization of a second fluorine-bear-
ing phase.
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The first differentiation sequence with no external
buffering is applicable to leucogranitic and leucorhyolitic
magmas, comparable with highly evolved topaz rhyolites
and ongonites, whereas biotite-bearing, two-mica or
aluminosilicate-bearing granites will follow a buffered
sequence.

Effects of additional components
Additional rock-forming elements (Ca, Mg, Fe, or Li) or
volatile constituents (B, P) will affect the differentiation

model described above. The fluorine solubilities may be
limited by saturation in new fluorine-bearing phases.
These may include fluorine-bearing minerals (lithium
fluoromicas, viliaumite, fluorite; Burt & London, 1982;
Dolejs› & Baker, 2004, 2006), immiscible fluoride liquids
(Kogarko & Krigman, 1981; Veksler, 2004) or fluorine-rich
aqueous fluids (Webster, 1990). In natural peralkaline and
calc-alkaline magmas, fluorite becomes the stable solid
phase (Hogan & Gilbert, 1995; Marshall et al., 1998).
Furthermore, Dolejs› & Baker’s (2006) thermodynamic
calculations demonstrate that fluorite is also stable in
Fe-, Mg- and Ti-bearing silicic rocks. Fluorite buffers
fluorine concentrations to low levels, the values of
which are determined by the calcium content in the
melt (Price et al., 1999; Scaillet & Macdonald, 2004;
Dolejs› & Baker, 2006). The widespread stability and
low solubility of fluorite prevents melt enrichment in
fluorine concentrations above 0�5^1 wt % F in most
calcium-bearing igneous systems (see Price et al., 1999;
Dolejs› & Baker, 2006).
Fluorine behavior in Li-, B- and P-rich granitic and

pegmatitic melts remains, however, much less understood.
These suites are Ca-poor (C› erny¤ , 1998; Stilling, 1998)
and fluorite stability is suppressed to near-solidus condi-
tions (Webster et al., 1987; Weidner & Martin, 1987).
The presence of lithium in many evolved granites
(Cuney et al., 1992; Charoy & Noronha, 1996; Fo« rster et al.,
1999; C› erny¤ et al., 2005) stabilizes lithium micas
and amblygonite^montebrasite solid solutions that
may act as sinks for fluorine during prolonged differentia-
tion (London, 1997) because fluorine preferentially parti-
tions into these mineral phases (Icenhower & London,
1995; London et al., 2001). The amount of precipitating
solids is limited by the low amounts of lithium and
phosphorus available in the melt. Thus, these minerals are
unlikely to inhibit the fluorine enrichment in residual
melts. Another effect is the significant depression of crystal-
lization temperatures by lithium. The solidus temperature
in the system LiAlSiO4^NaAlSi3O8^SiO2^H2O is lowered
to 6408C at 200MPa (Stewart, 1978), and with
addition of Li2B4O7 it further decreases to 5008C at
200MPa (London, 1986). These depressions are 100 and
2408C relative to the NaAlSi3O8^SiO2^H2O ternary
at the same pressure (Tuttle & Bowen, 1958). Similar
solidus depressions occur in the feldspar-free but
fluorine-bearing systems. In the quartz^trilithionite
pseudobinary join, Munoz (1971) determined a solidus
temperature of 6008C at 200MPa and fluid saturation.
These observations suggest that lithium, unlike
calcium, significantly suppresses the crystallization tem-
peratures in lithium-rich granitic and pegmatitic
melts and that the occurrence of Li^F micas does not
prevent high enrichment in fluorine in residual melts
(Munoz, 1971).
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H2O solubility and fluid saturation
Depolymerization of silicate melt by fluorine appears to
promote water solubility (Holtz et al., 1993; Webster &
Rebbert, 1998). In contrast to the results of Dingwell
(1985) and Webster (1990), who documented a decrease or
minimal change of the H2O solubility up to 8 wt % F,
numerous other studies reported positive correlation
between the fluorine content and the H2O solubility in
the melt. For example, Holtz et al. (1993) found that at
200MPa addition of 4�5 wt % F to synthetic granitic
melts increases H2O solubility by 2�2 wt %. Similarly,
Webster & Rebbert (1998) found that addition of 1�1 wt %
F to a natural rhyolite increases water content by 0�9 wt %.
These increases and the presence of melt inclusions
in topaz-bearing granites that contain up to 10 wt % H2O
(Thomas & Klemm, 1997) are consistent with our
experimental results.
The knowledge of H2O solubility in silicate melts is

critical for interpreting the timing of fluid saturation.
An increase in H2O solubility allows extensive magmatic
fractionation, and suppresses saturation with aqueous
fluid phase and dispersal of economically important
elements. As a consequence, residual magmas attain high
fluorine and H2O concentrations and exhibit significant
enrichments in lithophile elements (Li, Rb, Cs, Sn, Nb,
Ta; Cuney et al., 1992; Webster et al., 1997, 2004).
This enrichment is observed in topaz rhyolites and
ongonites (S› temprok, 1991; Dergachev, 1992) but quartz

topazites are remarkably depleted in alkalis (51 wt %
Na2OþK2O), lithophile elements and ore metals
(Kortemeir & Burt, 1988; Johnston & Chappell, 1992).
This suggests that saturation in aqueous fluid and seques-
tration of incompatible elements occurs at the ongonite^
topazite transition (see also Birch, 1984; Kortemeier &
Burt, 1988; Johnston & Chappell, 1992).

Hydrothermal fluids in fluorosilicate
systems
With increasing fluorine concentration in the melt,
the coexisting aqueous fluid becomes rich in aluminosili-
cate solutes (Dingwell, 1985; Webster, 1990). The presence
of SiO2-rich melt or gel inclusions in quartz topazites
and greisens (Eadington & Nashar, 1978; Williamson
et al., 1997, 2002) is in agreement with very high solubility
of quartz in fluorine-bearing aqueous fluids (Dolejs› , 2006).
Consequently, the solvus between hydrous fluorosilicate
melts and solute-rich aqueous fluids contracts with increas-
ing fluorine concentrations. Although a continuous
magmatic^hydrothermal transition has been advocated
by previous researchers (e.g. London, 1986), we found that
fluorine-rich haplogranitic melts had a finite water content
under the conditions we studied.
We can draw several important conclusions about fluid^

melt partitioning at high fluorine concentrations from
phase-diagram topology. Figure 12 is a schematic quatern-
ary projection with the end-members aluminosilicates
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(Al2O3þ SiO2), alkalis (Na2OþK2O), fluorine (F2O�1)
and water (H2O). Phase relations in the tetrahedron
define the geometry and tie-line orientation of the liquid
(melt)^vapor (fluid) solvus.
The front edge of the tetrahedron is the silicate^H2O

binary showing immiscibility between hydrous silicate
melt (�4�2 wt % H2O at 100MPa; Burnham, 1997; Holtz
et al., 2001) and an aqueous vapor with very small fraction
of aluminosilicate solutes (Eugster & Baumgartner, 1987;
Paillat et al., 1992). The miscibility gap between hydrous
silicate melts and aqueous fluid shrinks as it propagates
into the tetrahedron interior. In peralkaline systems,
which plot at the tetrahedron base, the solubility of H2O
in the melt increases (Dingwell et al., 1997) and alkali
silicates are extensively soluble in the aqueous fluids (Luth
& Tuttle, 1969). Complete miscibility between peralkaline
silicate melts and aqueous fluids occurs at low pressures
(Mustart, 1972); that is, the liquid^vapor solvus closes
in the tetrahedron base. In systems containing fluorine,
which plot on the front face of the tetrahedron, solubility
of aluminosilicates in aqueous fluid increases as a result
of the formation of aluminosilicofluoride complexes
(Dingwell, 1985; Haselton et al., 1988; Aksyuk &
Zhukovskaya, 1998; Tagirov et al., 2002). HF and SiF4,
which plot in the central portion of the tetrahedron front
face, are low-density fluids at high temperatures
(Franck & Spalthoff, 1957; Devyatykh et al., 1999) and
form supercritical mixtures with H2O. Therefore,
the liquid^vapor gap in the front face has to close before
reaching the H2O^HF^SiF4 tie-lines. An additional con-
straint on the extent of melt^fluid immiscibility arises
from the phase equilibria along the alkali fluoride^H2O
binary. This join is represented by a line from the left
front apex to the centre of the back edge (NaF). If the
relationship between alkali fluoride and H2O is super-
critical, the melt^fluid gap must completely close
within the tetrahedron body. On the other hand,
if the alkali fluoride^H2O join is subcritical, there is no
continuous miscibility between hydrous fluorosilicate
melts and aqueous fluids and the liquid^vapor solvus
remains open. The NaF^H2O system exhibits subcritical
behavior at less than 400MPa (Ravich & Valyashko, 1965;
Koster van Groos & Wyllie, 1968; Kotelnikova &
Kotelnikov, 2002), whereas the KF^H2O system exhibits
a continuous transition from molten salt to aqueous
vapor with a maximum vapor pressure of 190MPa
(Urusova & Ravich, 1966). This observation implies that
the supercritical transition from hydrous fluorosilicate
melts to solute-rich aqueous fluids may occur in
potassium-rich systems only.
We illustrate petrological applications of these features

by projecting the melt^fluid miscibility gap on the
silicate^(Na,K)F^H2O plane (Fig. 12b). During magmatic
differentiation volatile-bearing magmas will evolve from

the lower right apex along the silicate liquidus and
eventually reach cotectic with a fluoride solid phase
(for example, topaz or cryolite) or will exsolve aqueous
fluid. The liquid line of descent depends on the initial
F/H2O ratio in the melt. When the melt is fluid-saturated,
the composition of the coexisting aqueous vapor
is determined by LþV tie-lines between the vapor-
saturated silicate liquidus and LþX-present vapors
(Fig. 12b). On the vapor side, tie-lines project close to
the H2O apex, implying that the fluorine-bearing
fluids are not acidic HF-rich or SiF4-dominated solu-
tions, but rather contain alkali^aluminofluoride and
silicofluoride complexes. Because the stoichiometry of
the predominant aqueous complexes differs from bulk
composition of the melt, one can expect moderate
departures from congruent partitioning of elements
between melt and fluid. This is in agreement with
results of previous fluid^melt partitioning and solubility
studies (Dingwell, 1985; Haselton et al., 1988; Tagirov
et al., 2002).
All crystallization paths converge to the vapor-saturated

eutectic with silicate and fluorine-bearing minerals.
This invariant point is labeled XþL (V) in Fig. 12b.
The composition of the aqueous fluid coexisting with
the eutectic hydrous fluorosilicate melts is located at
the invariant point on the vapor surface labeled as XþV
(L). The continuous transition from volatile-rich silicate
melts to solute-rich fluids is expected to appear only
at high alkali, high K/Na and/or fluorine concentrations.
In natural conditions, formation of residual melts
extremely rich in alkalis and fluorine will be inhibited
by crystallization of fluoride minerals (topaz, cryolite and
villiaumite) and in these systems the continuous melt^fluid
transition is unlikely to occur.
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