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ABSTRACT

The upper thermal stability of Mg—Al tourmaline (Na-bearing and Na-free) in the presence of H,0, SiO,, H3BOs and HCl has
been investigated experimentally at 200 MPa total pressure between 680° and 850°C as a function of the boron content of the
fluid, using conventional hydrothermal cold-seal vessels and an internally heated gas apparatus, with a mixture of synthetic and
natural minerals and an HCl-bearing hydrous fluid as starting material. In the Na-free system, breakdown of tourmaline + quartz
occurs according to the reaction tur + qtz = crd + sil + B-bearing fluid at T 2 750°C, at B,O3 contents in the fluid between ~0.5
and ~9 wt%. In the Na-bearing system, the reaction tur + qtz = crd + melt occurs at T 2 730°C, at BoO3 concentrations of ~5 to
~8 wt%. The melt contains ~2 wt% B;03. At lower B,O3 concentrations in the hydrous fluid, decomposition according to reaction
tur + qtz = crd + ab + B-bearing fluid was observed at ~700°C. The composition of tourmaline changes systematically as tempera-
ture increases. In the Na-bearing system, an increasing proportion of vacancies on the X-site of tourmaline was found as a result
of the substitution Na_;Mg ;[ JAl, in addition to a certain amount of Al-incorporation by Mg ;H_;Al In the Na-free system, the
latter substitution leads to Al-enriched tourmaline.

Keywords: tourmaline + quartz, upper thermal stability, granite system, cordierite, hydrothermal experiments.
SOMMAIRE

Nous avons déterminé la limite supérieure du champ de stabilité de la tourmaline riche en Mg et Al (avec ou sans Na) en
présence de HyO, SiO,, H3BO; et HCI & une pression de 200 MPa entre 680° et 850°C en fonction de la teneur en bore de la phase
fluide. Ces expériences ont été¢ menées avec autoclaves conventionnels 3 joint froid ou & chauffage interne sur des mélanges de
minéraux naturels ou synthétiques et une phase fluide contenant HCl. Dans le systéme sans sodium, la déstabilisation de
I’assemblage tourmaline + quartz se fait selon la réaction tur + qtz = crd + sil + phase fluide borifere a une température égale 4 ou
dépassant 750°C, et & une teneur en bore de la phase fluide comprise entre ~0.5 et 9% (poids). Dans le systéme avec sodium, la
déstabilisation se fait selon la réaction tur + qtz = crd + liquide silicaté a une température minimale de 730°C et a une teneur en
bore de la phase fluide comprise entre ~5 et ~8% (poids). Le liquide silicaté contient environ 2% de B,O3. A des teneurs inférieures
a ce seuil, la déstabilisation se fait selon la réaction tur + qtz = crd + ab + phase fluide borifere a environ 700°C. La composition
de la tourmaline change de fagon systématique & mesure que la température augmente. Par exemple, dans le systéme avec sodium,
la proportion de lacunes sur le site X résulte de la substitution Na ;Mg ;[TJAL; il y a aussi une certaine mesure d’incorporation
d’aluminium sefon Mg_H_jAl. Dans le systéme sans Na, ¢’est ce dernier schéma qui serait responsable de 1’enrichissement de la
tourmaline en Al

(Traduit par la Rédaction)

Mots-clés: tourmaline + quartz, limite supérieure du champ de stabilité, systtme granitique, cordierite, expériences hydro-
thermales.

$  Present address: Division of Exploration and Mining, CSIRO, P.O. Box 136, North Ryde, NSW 2113, Australia. E-mail
address: gabriela.vongoerne @ dem.csiro.au
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INTRODUCTION

Tourmaline is a common mineral in granitic rocks,
greisen, granitic pegmatites and hydrothermal systems.
The upper thermal stability of the assemblage tourma-
line + quartz is critical to the question of whether tour-
maline has survived as a refractory mineral during
melting of a source rock or appeared as a new mineral
precipitated from the melt or from a hydrous fluid in
these quartz-saturated systems.

The aim of this study is to determine the upper ther-
mal stability in the systems MgO-Al,03-Si0,~B,03—
H>O and Na,0-MgO-Al,03-Si0,-B,03-H,0 in the
presence of acid HCl-bearing solutions. These systems
may serve as a simplified model for granitic systems.
Pressure was kept constant at 200 MPa, a relevant pres-
sure for granitic rocks as well as hydrothermal condi-
tions. We try to answer the following questions: a) What
are the breakdown reactions? b) At what temperature
does the breakdown start and end? ¢) At what tempera-
ture does the first melt occur? d) What is the composi-
tion of the fluid, in terms of its Na and B content and
pH?

BACKGROUND INFORMATION

From previous experimental data, the upper thermal
stability of dravite, NaMg3Als(SisO;5)(BO3);(OH)(OH)s,
and magnesiofoitite (abbreviated as “Mg-foitite”, fol-
lowing the tourmaline classification of Hawthorne &
Henry 1999), [1(Mg>ADAlg(SisO15)(BO3)3(OH)(OH)s,
has been constrained between 700 and 800°C at a pres-
sure between 50 and 500 MPa (Robbins & Yoder 1962,
Werding & Schreyer 1984). Werding & Schreyer (1984)
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showed that in the presence of excess B,Oj3 in the fluid,
magnesiofoitite decomposes at 800°C and 200 MPa to
grandidierite and one or more unknown phases. With-
out excess B,0s3, the upper thermal stability is shifted to
730°C at 100 MPa, and cordierite is the breakdown
product of tourmaline, as was also observed by
Weisbrod ez al. (1986), Wolf & London (1997) and von
Goerne et al. (1997). Al-silicate phases (mullite, B-
bearing mullite, sillimanite) have also been observed
(Werding & Schreyer 1984, Weisbrod et al. 1986). The
influence of boron concentration in the fluid on the sta-
bility of dravite and cordierite was studied in detail by
Weisbrod ez al. (1986) and Wolf & L.ondon (1997).

In a projection from B,0O3, HCI and H,O (Fig. 1a),
the possibly important phases in the system MgO—
Al,03-Si0,-B>03-H,O-HCI are shown. Though our
experiments were performed in the presence of HC], the
absence of detectable amounts of Cl in most of the solid
products indicates that it remains mainly in the fluid
phase. The upper thermal stability of the common as-
semblage tourmaline + quartz may include the minerals
cordierite, sillimanite, dumortierite, kornerupine,
grandidierite, werdingite and sapphirine. From available
experimental data (reviewed by Werding & Schreyer
1996), it can be inferred that B-free and B-bearing
kornerupine are probably not stable at 200 MPa, and
they are therefore not considered further. Dumortierite
breaks down at temperatures slightly above 700°C and
200 MPa to B-bearing mullite and fluid, and is not con-
sidered, because tourmaline is still stable at these con-
ditions. Werdingite is a possible product of low-pressure
breakdown, but the data of Werding & Schreyer (1992)
show that it decomposes to Na-free tourmaline + corun-
dum + grandidierite, i.e., a silica-undersaturated system.
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Selected solid phases of (a) the system MgO-Al,03-Si0,-B,03-H,0 (+HCl) and (b) the sysiem Na,O-MgO-Al,O3—

Si0,-B,05-H20 (+HCl), projected from B,O3 and H,O. Open symbols: B-bearing phases; Na-free tourmaline and dravite
are shown as solid solutions (see text). Abbreviations after Kretz (1983).
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Werdingite is therefore neglected here, though one
should keep in mind that in natural systems it also oc-
curs together with quartz (Grew & Anovitz 1996). How-
ever, the assemblage werdingite + cordierite does not
seem to be stable; rather, the assemblage grandidierite
+ sillimanite appears (Grew & Anovitz 1996), which
may justify the decision to neglect werdingite as a first
approximation. Grandidierite is a possible breakdown-
product of tourmaline because it is stable at 200 MPa in
the temperature range between 600°C and 800°C
(Werding & Schreyer 1996), as applied in our study.
Synthesis experiments on the end-members magne-
siofoitite and dravite (Rosenberg & Foit 1985, Krosse
1995, von Goerne et al. 1997) have shown that tourma-
line is always enriched in Al compared to the theoreti-
cal end-members, and that the composition of
tourmaline is a function of temperature (von Goerne
et al. 1999). We therefore have to consider also a change
in chemical composition of tourmaline, mainly a varia-
tion in the ratio A/(Al + Mg) and the X-site occupancy,
as an important parameter in considerations of the up-
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FiG. 2. Phase relations for reactions involving tourmaline,

grandidierite, sillimanite, cordierite, quartz and fluid. Fluid-
absent reactions are not considered. Tourmaline + quartz is
assumed to be the stable low-temperature assemblage, and
the equilibrium curve for the decomposition is assumed to
have a positive slope.
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per thermal stability. This is indicated in Figure la by
the compositional range of tourmaline as observed in
this study.

Our considerations start from the assumption that
cordierite + sillimanite, the common assemblage at
high-grade metamorphic conditions in the B-free sys-
tem, will react in the presence of a B-bearing fluid phase
to form a B-silicate, either grandidierite or tourmaline.
This is analogous to the system Al,03-Si0»-B;03-
H,0, where kyanite + corundum + B-bearing fluid re-
act to dumortierite (Werding & Schreyer 1996). A
Schreinemakers analysis yields the configuration shown
in Figure 2, projected from B20O3 + HoO (fluid-absent
reactions are not considered). An alternative reaction to
the upper stability of tourmaline + quartz is therefore
the formation of grandidierite + cordierite. In silica-un-
dersaturated systems, tourmaline may break down to
sillimanite, cordierite and grandidierite.

In the system Na;O-MgO-Al;05-Si0>-B,03-H,0
(+ HCI), melting must be considered. Weisbrod et al.
(1986) and Vorbach (1989) showed that the upper sta-
bility of dravite is limited by melting reactions between
730° and 750°C at 100 to 400 MPa. Experiments in a
granitic system at 750°C and 200 MPa by Wolf & Lon-
don (1997) established that the equilibrium between
tourmaline, biotite, cordierite and melt (+ spinel, alumi-
nosilicate or corundum) occurs at ~2 wt% B,0; in
strongly peraluminous melts. Figure 1b shows that the
most likely breakdown reaction in the system Na,O-
MgO-Al,03-Si0-B,03-H,0 (+ HC]) is the formation
of cordierite + melt, and in the subsolidus region, it is
cordierite + albite + fluid. Dravite is shown as a solid
solution according to the experimental results of this
study.

Since boron is very mobile during fluid—rock inter-
actions and is partitioned during vapor-phase separation,
information about the fluid phase in the presence of tour-
maline is of great importance. Therefore, we analyzed
the fluid phase for B after completion of the run. Boron
is bonded to oxygen in the form of tetrahedral com-
plexes such as B(OH),~, or trigonal complexes such as
B(OH); (Palmer & Swihart 1997). The type of bonding
is pH-dependent; a low pH stabilizes trigonal B-com-
plexes, and a high pH stabilizes tetrahedral B-com-
plexes. Tourmaline is stable only at low pH (Morgan &
London 1989), so PIB is assumed to be the dominant
species in solution in equilibrium with tourmaline
(Palmer et al. 1992). Because of the relation of pH and
tourmaline, we also tried to vary the pH of the solution,
although over a restricted range, between ~3 and 4.

In summary, all the previous experimental data and
the phase relations indicate that the upper thermal sta-
bility of tourmaline in the presence of quartz is limited
by cordierite, sillimanite, albite, siliceous melt and hy-
drous fluid, and depends strongly on the boron content
of the fluid as well as its pH. Grandidierite is a possible
breakdown-product also, but only at higher Pand T. We
therefore examined experimentally the reactions involv-
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ing cordierite, sillimanite, albite, siliceous melt and hy-
drous fluid in the Na-free and Na-bearing system, start-
ing from cordierite + sillimanite + B-fluid and cordierite
+ albite + B-fluid, respectively (called “backward runs™;
see Table 1, run series A and B), from tourmaline +
quartz (“forward runs”, run series C and D), and from a
mixture of the reactant and product assemblage (“equi-
librium runs”, run series E and F) and determined the
boron content in the final fluid by leaching.

EXPERIMENTAL TECHNIQUES

Experiments were performed at a constant pressure
of 200 MPa using standard cold-seal hydrothermal tech-
niques for experiments at 750°C or less (run duration
10 days). Uncertainties in temperature (measured with
Ni—Cr—Ni thermocouples closely adjoining the sample)
are estimated to be less than £5°C, and uncertainties in
pressure (measured with a calibrated strain gauge),
+10 MPa. The experiments were quenched by cooling
the bombs with compressed air, resulting in a tempera-
ture drop of 250°C in the first 5 minutes. For experi-
ments at 800° and 850°C, we used an internally heated
pressure vessel mounted vertically, with Ar as the pres-
sure medium (run duration 4 days). Total pressure was
recorded continuously with a strain gauge, and the un-
certainty is +2 MPa. Temperature was recorded with a
chromel-alumel thermocouple, and the uncertainty is
less than +10°C. Quenching was performed by cooling
with Ar, with a drop of 500°C in less than 4 minutes.
Gold and platinum capsules (30 mm long, inner diam-
eter 5 mm) were used. Owing to the high temperature
of the runs, we assume that {O;) was mainly controlled
by the autoclave material, near the NNO buffer. The
exact proportions of the three different mixtures of start-

TABLE 1. STARTING MIXTURES FOR THE
HYDROTHERMAL EXPERIMENTS

Na-  Na- sl crd ab qtz H,BO, fluid pH

free bearing 100

tur  tur nn
Al - - 2037 902 - 1274 788 H,0 6.1
A2) - - 2037 4902 - 1274 788 HCl 20
A3) . - 2037 4902 - 1274 17.88 NH(OH) 10
Ad) - - 2037 4902 - 12,74 17.88 HCl 322
B1) - - - 56.51 1694 1281 1374 NaCl 6.1
B2) - - - 56.51 1694 12.81 13.74 NaCVHCl 2.0
B3) - - - 56,51 1694 1281 1374 NaOH 10
B4) - - - 5651 1694 1281 1374 NaCVHCl 3.2
C4) 9687 - - - - 0385 274 HClL 322
D4) - 7543 - - 2233 202 NaCIVHCI 32
E4) 4852 - 1199 288 - 148 915 HCI 32
F4) - 3944 - 3329 998 1026 704 NaCVHClI 3.2

Run series A, C and E refer to the Na-free system, run series B, D and F to the Na-
bearing system, A and B are backward runs, C and D are forward runs, E and F are
equilibrium rins, Weights are given in mg; total solid: 100 mg, total fluid: 100 pL.
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ing materials (run series A, C and E; “backward”, “for-
ward” and “equilibrium runs”, respectively) for reaction

1)

magnesiofoitite + quartz = cordierite
+ sillimanite + fluid (1)

and the analogous mixtures for reaction (2)
dravite + quartz = cordierite + albite + fluid )

(run series B, D and F; “backward”, “forward” and
“equilibrium runs”, respectively) are given in Table 1.
Stoichiometric amounts of the powdered solid starting
materials were mixed in an agate mortar by hand to
homogenize the material. Boron (as solid H3BOs3) as
well as quartz and Na (as NaCl-NaOH solution in the
Na-bearing system) were added in 15 mol% excess to
prevent loss into the fluid. The fluid:solid ratio for the
runs is 1:1. Fluids were added as pure H,O or HCI,
NH4(OH), NaCl, NaOH solutions (Table 1) to vary the
pH of the starting solution. However, owing to the pres-
ence of H3BO;3 in the starting material, which decom-
poses into boric acid, this range in pH is only on the
order of 3.5 to 4.2 (calculated from the dissolution of
boric acid at atmospheric conditions).

After the runs, the capsules were weighed to check
for possible leaks. All capsules have lost between 0.74
to 0.98 mg during the experiment, indicating an effec-
tive diffusive transport of H, during the experiment and
thus a control of f{O,) by the vessel material. The cap-
sules were opened in 50 mL distilled H,O at 60°C and
washed for 10 minutes to dissolve possible B-bearing
quench-phases. This method is necessary to get infor-
mation about concentration of B, Na and pH after the
run, though it has the disadvantage that quench phases
cannot be observed directly, as precipitates on the cap-
sule wall, for example. The solid was filtered, dried and
weighed; from the difference in weight, the amount of
fluid remaining at the end of the run was determined.
The pH of the 50 mL of solution after cooling to room
temperature was measured with an conventional pH-
meter and then recalculated to the final fluid of the ex-
periment. Though the pH of the fluid quenched to room
temperature is definitely not the same as at run condi-
tions, the quench pH at least monitors relative differ-
ences for the runs. Boron as well as Na contents of the
final fluids were measured by inductively coupled
plasma — atomic emission spectrometry (ICP-AES).

Synthetic and natural minerals served as starting
materials. Cordierite was prepared from a gel at 1100°C
at atmospheric pressure in 7 days, albite from a gel at
600°C, 100 MPa, 10 days run time with 2 m NaCl solu-
tion in excess. Natural quartz and sillimanite come from
a sillimanite fels (Meidob Hills, Sudan; personal col-
lection of GvG). All minerals were investigated by X-
ray diffraction (XRD) and found to be pure. The
unit-cell parameters are given in Table 2.
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Dravite (with 1 m NaCl solution and H3BOj; in ex-
cess) and magnesiofoitite (H;BOj3 in excess) were pre-
pared from gels, of composition NaMg3;Alg(SigO13)
(BO3)3(OH)4 and L1(Mg>ADAl(Si015)(BO3)3(OH)s,
respectively, at 600°C, 100 MPa in 10 days run time.
The crystals were too small for electron-microprobe
(EMP) analysis, as generally observed for tourmaline
synthesized by this method. Its composition thus was
estimated by comparison of the unit-cell dimensions
with published data on tourmaline of known composi-
tion, in combination with data generated in this study
(Table 2, stars in Fig. 3b). An Al/(Al + Mg) value of 0.7
and 0.8, respectively, can be estimated. The Na-content
of the tourmaline in the Na-bearing system is 20.92 at-
oms per formula unit, apfu (Table 2).

In addition to optical determinations and examina-
tion of run products by scanning electron microscopy
(SEM), reaction progress was determined by analyzing
the change in intensity of the main peaks in the X-ray
powder-diffraction diagram, specifically of (101) of
quartz at 3.34 A, (110) and (222) of cordierite at 8.45
and 3.13 A, respectively, (210) and (120) of sillimanite
at 3.36 and 3.41 A, respectively, (002) and (201) of al-
bite at 3.20 and 4.03 A, respectively, and (051) and
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(122) of tourmaline at 2.58 and 2.97 A, respectively.
Additional phases and unit-cell dimensions of tourma-
line were calculated from X-ray-diffraction data ob-
tained with a Siemens instrument with CoKa radiation,
externally calibrated with Si (NBS 640b) and refined
by Rietveld refinement using the GSAS software of
Larson & van Dreele (1996). The unit-cell dimensions
of tourmaline were refined in space group R3m, cordi-
erite, in space group Cccrm, sillimanite, in space group
Pbnm, and albite, in space group C1.

Solids were analyzed with an automated Cameca
Camebax SX-50 electron microprobe operated in wave-
length-dispersion mode, using PAP correction pro-
grams. Natural minerals (albite for Na and Si, forsterite
for Mg, corundum for Al, danburite for B, vanadinite
for Cl) were used as standards. Standard operating con-
ditions were: accelerating potential 15 kV, beam cur-
rent 12 nA, and 10 seconds counting time. A beam
diameter of 2 wm was used. Accuracy approaching
+0.9% relative is obtained. The relative standard error
for B lies between 10.7 and 14.2%. For low concentra-
tions such as Na in cordierite or Cl in tourmaline, the
relative standard error lies between 7 and 13%, as evalu-
ated from the counting statistics.
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The ratio AI/(Al + Mg + Fe) (a, b) and (Na + Ca) content (c, d) of synthetic and natural tourmaline as a function of unit-

cell dimensions ¢ (a, ¢) and a (b, d). Symbols: O: Na-free tourmaline, ®: Na- bearing tourmaline, natural tourmaline: L1:
Gasharova et al. (1997), X: Grice & Ercit (1993). Unit- cell dimensions of synthetic tourmaline, used as starting material (&),
indicate an Al/(Al + Mg + Fe) value of 0.80 for Na-free tourmaline and 0.72 for Na-bearing tourmaline. The Na content is

0.95 apfu.
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TABLE 2, UNIT-CELL PARAMETERS OF STARTING MATERIALS (*)
AND OF TOURMALINE, EITHER SYNTHETIC OR NATURAL

sample a(d) 5(A) c (&) V(&)
* Na-free tourmaline 15 8891(2) 7.1497(3)  1563.16(2)
* dravite 15.9624(2) 72021(1) 1585.14(3)
* cordierite 9.7142(3) 17.805(1) 93382(2) 1549.50(3)
* sillimanite 7.4846(4) 7.6714(2) 5.7688(3)  33123(3)
* albite 8.140(3) 12.7891(2) 93382(3) 1549.50(3)
A1-680°C 15.9005(4) 712122) 1559.22(4)
A2-680°C 15.9001(2) 7.1220(1)  1559.24(2)
A3-680°C 15.9005(1) 712283) 1559.57(2)
C4-680°C 15.900(2) 7.1181(3) 1558.50(3)
B1-680°C 15.9029(4) 72029(1) 1577.53(2)
D4-680°C 15.8941(2) 7.1785(4) 1570.45(3)
F4-680°C 15.8976(5) 7.1809(4)  1571.67(5)
A4-715°C 15.8966(2) 71212(3) 1558.57(3)
C4-715°C 15.8995(4) 71214(3)  1559.08(4)
EA4-715°C 15.8980(3) 71202(3) 1558.51(4)
B4-715°C 15.8959(3) 7.1782(2)  1570.74(3)
F4-715°C 15.8959(2) 718113)  1571.37(5)
A1-730°C 15.9024(4) 7.1311(2) 1561.75(4)
C4-7130°C 15.8983(1) 7.1321(2) 1561.18(3)
E4-730°C 15.9012(2) 71287(3)  1560.95(3)
B2-730°C 15.9049(4) 7.1748(4)  1571.77(5)
B3-730°C 15.9015(5) 7.1867(2) 1573.71(4)
D4-730°C 15.8971(3) 7.1788(1)  1571.11(2)
F4-730°C 15.8996(3) 7.1853(1) 1573.02(4)
C4-750°C 15.8991(4) 7.1268(2) 1558.16(3)
Gasharova (Nag,Cag 4Mgo0s0,5) (M1 35F€” 6 5F€™05,Tig )
(Mg, 35Fe™)5,Al, 75) (Sis 0, Tin 0gO14) (BOy); Oy 5(OH),
16 031 7242 1611.797
Gasharova (Nag 6iCag 1K ey 25) (Mg, 12FE™ 5 2F6™ 3 6AL 59)
Al (8i(015) (BOy); 0,5(0H),,
15.967 7.202 1590.121
Grice N2y 77Cag 15000 05) (M8 6P 6FE” 0 50)
Ee™'o 54Al 47) (Sis 73 T 035018) (BO317)s O 4(OHDs 6
15,960 7.238 1597
Grice (N2 55Cag 35Edg 04y 06) (M3 €™ g 4gF €™ 1)
(Fe"'g.44Als 17) (Sis54Tig 05015) (BO3); Fo, 1400 4(OH)s
15.981 7210 1595
Grice (Nag,Cag Koon) (Mg, Fe?'y )
(Fe™s 9L 29} (Sis 4T 07018) (BO3); Fo42005(0H)3 2
15.999 7236 1604
Grice (Nag 5,Ca o530 05) (Mg, 73FE™ 4 Al 25)
(Fe® 05l g5) (SissTip1,018) (BOs gy)s Fo 1700.25(0H)s 55
15.941 7201 1585
Grice (Nay ,,Cay sy 00) Mgs
(Mo 54Als ) (Sis 05Tl 06016) (BO3)s Fos00 (OH)s 56
15.973 7213 1594
Grice (Nag ;Ca Ko 1) Mgty Fe'o51)
(Fe™y g9ALs 50} (Sis 4 Tig 7015) (BO3)3 Fy 4200 3(OH)5 25
15.967 7202 1590.121

Gasharova: Gasharova et al. (1997), Grice: Grice & Ercit (1993).

EXPERIMENTAL RESULTS
Na-free system (mixtures A, C, E)

At680°C, tourmaline (fine-grained aggregates of up
to 70 pm in length) and quartz are the major phases
(Table 3). All runs contain small amounts of cordierite
(Fig. 4a) with a porous surface, and over- and inter-
grown with tourmaline. Cordierite appears also in the
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TABLE 3. EXPERIMENTAL RESULTS

sample run products reaction B,0, N0 pH dissol.  precip

progress starting  new
(XRD) (wt% final fluid) tur (%) tur (%)

680°C/200 MPa

Al tur, qtz, ord - 503 39 45

A2 tur, qtz, crd = 1.57 4.1 76

A3 tur, qtz, crd £ 7 - 319 64 62

C4 tur, crd, qtz = ? i 236 41 12

E4 tur, qtz, crd = 318 40 21

B1 tur, qtz, crd - 250 284 23 47

B2 tur, qtz, ¢rd £ chl = 3.05 6.83 44 42

B3 tur, b, qtzz ord  © 407 193 42 33

D4 tur, qtz ad 1.55 3.18 3.7 30

F4 tur, gtz + ab = 2.40 308 4.0 13

715°C/200 MPa

Ad tur, qtz, crd - 4.88 41 38

C4 tur, crd, qtz =5 1.26 3.6 2

E4 tur, crd, qtz - 419 35 33

B4 crd, qtz, tur = 3.68 3.46 34 36

D4 crd, ab, tur, qtz =4 2.00 nd 37 34

F4 crd, ab, qtz, tur 2 4,86 215 37 8

730°C/200 MPa

Al sil, erd, qtz, tur - 576 39 39

A2 crd, sil, qtz, tur L 1.83 4.6 74

A3 sil, crd, tur, gtz p nd

C4 crd, tur, qtz+? =¥ 0.42 37 10

E4 crd, sil, tur = gtz oy 0.43 4.0 10

B1 crd, gtz, melt + 7 S 6.51* 10.18 4.5

B2 erd, melt, qtz - 7.16* 140 46

B3 crd, qtz, tur, melt < 4,76 627 44

D4 tur, qtz+ 7, + ab Ind 2.80 2,81 4.1 41

F4 crd, tur, gtz + ab - 6.07 7.02 38 76

750°C/200 MPa

A4 crd, sil, qtz = tur - 447 4.5 50

[eZ3 crd, sil, tur £ 7 =2 731 29 57

E4 crd, sil, tur £ qtz <2 4,65 3.9 8

B4 melt, crd, qtz Ad 557 702 21

D4 tur, qtz, ab, ? - 224 374 35 36

F4 crd, qtz, melt +tur 784* 596 36

800°C/200 MPa

A4 crd, sil, = qtz S 6.23 4.0 (34)

Cc4 crd, sil, qtz + tur nd nd

Ea crd, sil, qtz, tur =2 6.15 35 61

850°C/200 MPa

A4 sil, crd £ qtz < 8.36 38 (15)

Cc4 sil, erd + qtz, £tur 338 40 21

E4 sil, ord & qtz - 8,08 3.8 78

Reaction progress determined by shift of XRD peak intensities (- toward crd + sil or
ab, - toward tur + qtz, - no progress). Mass-balance caiculation for tourmaline
formation or dissolution based on the concentration of B. For runs that yielded melt
(*), no mass balance is possible. Starting mixtures: A: sil + ¢rd + qtz, B: crd + ab +
qiz, C: Na-free dravite + gtz, D: dravite + qtz, E: Na-free dravite + sil + erd + qtz, F:
dravite + crd + ab + qtz. Abbreviations after Kretz (1983): tur: tourmaline, crd:
cordierite, ab: albite, sil: sillimanite, chl: chlorite, ?: unidentified phase)
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FiG. 4. SEM photo of run products. a. Run A2, 680°C: cordierite with a porous surface is intergrown with and overgrown by
tourmaline up to 40 wm in length. b. Run A4, 715°C: well-shaped cordierite up to 280 wm in diameter is overgrown by
tourmaline up to 30 pm in length, ¢. Run A3, 730°C: coexisting tourmaline up to 25 pm in length + sillimanite + quartz +
cordierite. d. Run B2, 680°C: tourmaline up to 30 pm in length, albite, quartz, resorbed cordierite and chlorite. ¢. Run B4,
715°C: tourmaline up to 40 um in length + cordierite. f. Run D4, 730°C: large crystals of cordierite are intergrown with and
overgrown by tourmaline up to 30 wm in length. Abbreviations after Kretz (1983). Scale bars: 20 wm in 4¢ and 4e, 50 wm in
4a and 4b, and 100 pwm in 4d and 4f.
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forward run C, which started from tourmaline and quartz
only. Sillimanite has disappeared completely, but small
amounts of a phase similar to mullite were observed,
with main peaks at (210) = 3.40 A and (110) = 5.40 A.

At 715°C, tourmaline and quartz are the major
phases; they grew as small single crystals or radial ag-
gregates. Cordierite appears in all runs in well-shaped,
relatively large crystals up to 280 pm in size (Fig. 4b).
Its euhedral faces are overgrown with tourmaline
needles. Sillimanite has disappeared completely in all
runs, and no other Al-silicate was found.

At 730°C, sillimanite occurs together with tourma-
line, quartz and cordierite (Fig. 4c). However, starting
from tourmaline + quartz only, a mullite-like phase ap-
peared instead of sillimanite.

At 750°C, small amounts of tourmaline were formed
from cordierite and sillimanite in the backward (A) run.
Breakdown of tourmaline produced both sillimanite and
a mullite-like phase besides cordierite, whereas in the
equilibrium run, no significant change of phases was
found.

At 800°C, no new tourmaline was observed by X-
ray determination, but small amounts of tourmaline are
still present in the forward and equilibrium runs.

At 850°C, no tourmaline was found in the equilib-
rium run. No mullite-like phase was observed.

The results are shown together with the determined
B,0; content in the fluid after the run (Table 3) in Fig-
ure Sa. Itis clear that at B,O; contents exceeding 5 wt%
and a T above 750°C, the assemblage cordierite + silli-
manite + B-bearing fluid is stable. The small amounts

wit% B20s final fluid

m+

gl fur+ = =
—
qtz o=
6 - = crd
= = il
4 = %
. E=%
2 C%
—
S
c=

2 = T°C
50 700 750 800 850 900

FiG. 5.
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of tourmaline present at 800°C are interpreted to be
relict crystals. At 680° and 715°C, the assemblage tour-
maline + quartz is stable, as indicated by the disappear-
ance of sillimanite at B,O3 contents between 1.75 and
5 wt%. The new formation of cordierite in the forward
runs is interpreted to result from an adjustment of the
tourmaline toward a more Al-rich composition (see be-
low). At 730°C, the XRD-based determination of reac-
tion progress in the equilibrium run, as well as the
formation of new tourmaline in all backward runs, indi-
cate the stability of tourmaline and quartz. Also at
750°C, we found new tourmaline formed from silliman-
ite + cordierite (but no reaction in the equilibrium run),
and therefore we place the upper stability limit of the
assemblage tourmaline + quartz slightly above 750°C
(Fig. 5a). Most forward runs (label C in Fig. 5a) yielded
an unidentified phase, possibly a metastable mullite-like
phase similar to those described by Werding & Schreyer
(1984); this phase could not be characterized defini-
tively because of its low abundance in the run products.
These runs thus do not contribute evidence for the place-
ment of the equilibrium.

In order to check results concerning the reaction
progress, we performed a mass-balance calculation us-
ing the concentration of boron determined in the final
fluid. A decreasing amount of tourmaline should result
in an increase in the B content of the fluid (Table 3) and
vice versa. From the total amount of fluid and the con-
centration of B, the amount of newly formed or dis-
solved tourmaline was calculated, assuming that no
other B phase is present. This is a questionable method

wt% B203 final fluid

A b
10 -
¥ A
tur 3
6 + = A
qtz crd
<= A +
4r — — melt
— -
2 E 2 = i F—
o
: = T°C
650 675 700 725 750

a. Experimental results for the Na-free system in terms of run temperature versus wt% B,Os in the final fluid. Runs

labeled “C” (forward runs) started from tourmaline + quartz and yielded unidentified phases. b. Experimental results for the
Na-bearing system, in terms of run temperature versus wt% B,Os in the final fluid. Runs labeled “D” (forward runs) started
from tourmaline + quartz and showed no consistent results. In both cases, the experiments were run at fluid saturation at a

pressure of 200 MPa.



UPPER THERMAL STABILITY OF TOURMALINE + QUARTZ

for runs in which mullite or similar phases were formed,
since these Al-silicates are known to contain B, and it is
uncertain how much undissolved quench phases re-
mained in the capsule. We assume that these calculated
values of dissolved or newly formed tourmaline are
likely to be accurate only above ~10%, but they are
consistent with our observations derived from XRD
analyses (Table 3) and thus corroborate our interpreta-
tion. Figure 6 shows that for the equilibrium runs, there
is a systematic, almost linear increase of B,O3 content
in the final fluid with run temperature; the crossover of
the line with the line connecting the starting composi-
tion indicates an equilibrium temperature of 770°C.

Na-bearing system (mixtures B, D, F)

At 680°C, tourmaline was formed from cordierite
and albite, in both the backward (mixture B) and in the
equilibrium runs (mixture F). Depending on the com-
position of the starting fluid, either small or large
amounts of albite are left over; in one case, an additional
chlorite-like phase was found (Fig. 4d). In the forward
run (mixture D), tourmaline and quartz remained stable.

At 715°C, all runs yielded the same result: the as-
semblage tourmaline + quartz + cordierite + albite is
found, which is a strong indication that this assemblage
is stable. The amount of tourmaline is less than at 680°C,
and cordierite in grains up to 150 pm across is the domi-
nant phase (Fig. 4e).

10
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At 730°C, the amount of tourmaline is less than
10 vol.%, and cordierite is the major phase (Fig. 4f). In
addition, an optically isotropic and clear phase, indica-
tive of a melt, was found in the backward run. No hints
for melting could be found in the equilibrium and for-
ward runs. However, tourmaline and quartz did react,
because new albite plus an unidentified phase were
formed in the forward run.

At 750°C, melt was formed in the backward run from
cordierite + albite and in the equilibrium run, where
small amounts of tourmaline are still present. The melt
forms as isolated clear spheres with a diameter of up to
500 pm and, in some cases, as irregular patches with
sharp edges. Again, no melting occurred in the forward
run, though the starting assemblage tourmaline + quartz
reacted to form albite and an unidentified phase.

The results show a field for cordierite + melt at B,O3
contents in excess of 4 wt% and T = 730°C (Fig. 5b).
There is one run where no melt was found; we believe
that either small amounts of melt have been overlooked
in the sample, or the temperature uncertainty of the run
is just within the position of the equilibrium boundary.
A field for tourmaline + quartz was found at B,O3 con-
tents less than 4 wt% and T < 730°C. In combination
with the mass-balance calculations of the B,O3 contents
in the starting and the final fluid (Fig. 6b), the equilib-
rium temperature was placed at 715 £ 5°C. Owing to
the presence of unidentified phases, the discrepancy in
the determination of reaction progress by XRD and by

10
b Na-bearing
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a. Experimental results of equilibrium runs E and F, in terms of run temperature versus wt% B,Qj in the starting fluid

(O) and in the final fluid (). a. Alkali-free system: crossing of the lines of wt% B,Os in starting and, final fluid indicate an
equilibrium temperature of 775°C. b. Na-bearing system: crossover of the lines of wt% B,Oj3 in starting and final ftuid
indicates an equilibrium temperature of 710°C.



1034

the mass-balance calculation, and the uncertainty in the
unit-cell parameters (see below), products of the forward
run (D in Fig. 5b) cannot be interpreted. As in the Na-
free system, these results demonstrate that experiments
of this type are not useful to determine phase relations
in this system.

CoMmPOSITION OF RUN PrODUCTS
Tourmaline

Results of EMP measurements of products in all runs
that yielded large crystals are shown in Table 4. The
compositions differ from the ideal end-members of
magnesiofoitite [J(Mg,Al) AlgSisO1g (BOs)s (OH), and
dravite NaMgj3 AlcSigO15 (BO3)3 (OH)4 in having higher
Al contents and lower calculated (OH) contents:
(Mg 5Al;5) Alg (SigO15) (BO3)3 Ogs (OH)s 5 in run
Al,730°C, and Nagg (Mg2.1Alg9) Als (SigO15) (BO3)3
O¢7 (OH)3 3 in run B3, 730°C.

The marked Al-enrichment, with Al up to 7.5 atoms
per formula unit (apfis), is due to the proton-loss substi-
tution (pls) AILIMg_;H_; in the Na-free system and to a
combination with the substitution AIMg ;Na_; in the
Na-bearing system. In the Na-bearing system, the pro-
portion of vacancies on the X site increases slightly with
temperature (Fig. 7).

Comparison of the lattice constants of the run-prod-
uct tourmaline with those of the synthetic starting mate-
rial shows that in both the Na-bearing and the Na-free
systems, lattice constants differ significantly (Fig. 8),
indicating that also for those runs where the crystals are
too small for EMP analyses, tourmaline did re-equili-
brate. In run D4, the cell parameter c is excluded from
the interpretation.

TABLE 4, ELECTRON-MICROPROBE DATA ON

NEWLY GROWN TOURMALINE
sample B1 B4 ¥4 Al B3 D4
T°C 680°C 715°C 715°C  730°C  730°C 750°C
Si0, 37.43 37.94 3829 38.63 37,79 37.28 37.07 38.08 37.72 36,14 37.30
ALO, 36.24 35.80 37.29 36.27 37.46 36.05 39.07 36.90 37.34 36.55 36.22
Mg0O 896 924 855 953 919 908 658 851 866 802 8.05
Na,0 276 278 267 267 271 256 000 254 254 224 237

Ci 003 0.00 007 004 000 000 003 002 000 0.00 0.00
sum 85.42 85.76 86.87 87.14 87.15 B4.97 8275 86.05 86.26 82.95 83.94

Cation proportions (apfu) based on 15 cations (excluding Na),

(OH) calculated by charge balance

Si 600 606 605 606 593 599 598 606 598 595 608
Al 685 674 694 671 693 683 743 692 698 709 696
Mg 214 220 201 223 215 218 158 202 204 197 196
Na 0.86 0.86 0.82 0.81 082 080 0.00 078 078 0.72 0.75
Cl 002 000 002 002 000 000 001 00l 000 0.00 0.00
(OH) 329 328 314 336 337 339 363 318 328 379 313
Al/(Al + Mg)

0.762 0.754 0.775 0.751 0.763 0.759 0.825 0.774 0.773 0.783 0.781

The electron-microprobe data are reported in wi%.
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Cordierite

Results of the EMP analysis of cordierite are pre-
sented in Table 5. The analytical totals do not reach a
sum of 100%, indicating the presence of up to 4 wt%
H,0 in the channels of the structure. Na atoms, also
located in the channels, reach 0.125 £ 0.06 apfu at
715°C, decreasing to 0.094 £ 0.02 apfu at 750°C.

Glass

The composition of the glass is summarized in Table
6. It is thyolitic, with only 0.24-0.50 wt% MgO, slightly
increasing with temperature. NayO also increases from
1.85 wt% at 730°C to 2.55 wt% at 750°C. The glass is
rather homogeneous, except for B,Os. The scatter of B-
concentrations of approximately +0.5 wt% between in-
dividual spot-analyses in one sample exceeds the
precision of the B-determination (& 0.25 wt%). The av-
erage B-concentrations are close to 2 wt% B,0Oj3 for runs
where all tourmaline was consumed, and between 3 and
4 wt% for runs where tourmaline is still present
(Table 6). No correlation of B-concentration with other
elements could be found. The total of the EMP analysis
lies between 88 and 89 wt%, indicating rather constant

TABLE 5. ELECTRON-MICROPROBE DATA ON CORDIERITE
PRODUCED BY THE BREAKDOWN OF TOURMALINE

semple B4 D4 B3 D4 E4 F4
715°C 715°C 730°C  750°C  750°C  750°C
Sio, 4928 5003 5075 5176 5045 4991 5023
Al O, 33.49 34.45 34.43 34.04 33.39 33.57 34.62
MgO 13.04 12.89 13.47 13.29 12,57 13.31 13.51
Na,0 054 0.63 0.72 0.68 0.47 001 0.51
Ct 0.00 0.00 0.00 0.07 0.00 0.03 0,01
sum 9635 9800 9937 9983 9688 9683 9888

Cation proportions (apfu) based on 18 atoms of oxygen

Si 4.99 4.96 498 5.06 5.06 502 497
Al 4.00 4.03 399 3,92 396 398 402
Mg 1.97 198 197 194 1.96 2,00 2.01
Na 0106 0.125 0.136 0,128 0,092 0.00 0.095
Cl 0.00 0.00 0.00 0,01 0,00 0,00 0.00
The electron-microprobe data are reported in wt%.
TABLE 6. ELECTRON-MICROPROBE DATA ON GLASS

sample B1-730°C B3-730°C B4-750°C F4.750°C
Si0, 731.07 70.89 71.26 7125 71.86 7042 70.63 7091 7051 70.81 70.37
ALO, 1255 12,68 12.33 1244 1243 1241 12.29 1152 1244 12,74 12.47
MgO 027 026 029 027 024 028 032 036 051 050 047
Na,0 198 195 203 181 188 177 236 248 261 263 259
B,0, 218 220 200 333 300 390 210 190 329 270 380
Cl 003 003 005 006 008 007 001 005 003 003 004

sum 8808 88.01 87.96 89.16 8949 88.85 87.71 87.22 8939 89.51 89,74
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FiG.7. Composition of tourmaline (results of EMP analyses). The solid line connects end

members of ideal dravite — Na-free tourmaline (substitution AIlrIMg_;Na ;), and dotted
parallel isolines for (OH):O proportion show the effect of the AICIMg_;H_; substitu-
tion. All tourmaline compositions are enriched in Al compared to the ideal end-mem-
bers, and in the Na-bearing tourmalines, the proportion of vacancies increases with
temperature of the run. Symbols: Na-bearing system (B,D.F): @ (680°C), % (715°C),
(730°C), O (750°C); alkali-free system (run A1, 730°C): A; end-members dravite (dra),
dravite—dt (dra—dt) and alkali-free dravite (af—dra): H.

H,0 contents of 11 to 12 wt%. No difference in compo-
sition between melt spheres and irregular patches could
be observed.

Fluid

After quenching, the boron concentration and the pH
of the final fluid were measured (Table 3). All values of
pH lie between 2.1 and 6.4, with the majority in the in-
terval 3—4. Calculation of pH of the final solution by
dissociation of H3BO; at atmospheric conditions yielded
similar results as the measured pH. This indicates that
the pH of the fluid is controlled by the boric acid. The
boron concentration in the final fluid spans a wide range,
from 1.6 to 8.4 wt% B»O3. A systematic increase of B
with increasing temperature is observed in the equilib-
rium runs E and F (Figs. 6a, b). The lines cut the B con-
centration of the starting mixtures at 778°C in the
alkali-free system and at 715°C in Na-bearing system.
Lower temperatures and B concentrations indicate
growth of tourmaline, higher temperatures and B con-
centrations indicate dissolution of tourmaline.

The Na content of the fluid ranges between 1.9 and
7.1 wt% Na,O. It is higher where the fluid coexists with
melt (e.g., run B4, 750°C, with 6.27 wt% Na,O) and

lower where the fluid coexists with albite (e.g., run F4,
715°C, with 2.15 wt% Na,0). In every assemblage
(fluid — melt — tur — crd, fluid — ab — tur — crd), a system-
atic increase of Na in the fluid with temperature is ob-

15.98
15.96 X
15.94 Na-bearing
< 1592 Na-free
3 | o0 D4
159/ @SB~ e’
I *
15.88
588 6 71 742 714 746 748 72 722
c(A)
FiG. 8.  Unit-cell parameters of synthetic starting tourmaline

(%) compared to the unit-cell parameters of the run-prod-
uct tourmaline. Symbols: O: Na-free system, @: Na-bear-
ing system. Run D4 started from tourmaline + quartz and
cannot be interpreted.
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served. With increasing Na content in the fluid, the Na
contents in tourmaline, cordierite and melt decrease
slightly (Fig. 9).

Discussion AND CONCLUSIONS

The EMP data of the re-equilibrated tourmaline af-
ter the runs show that it has a higher Al/(Al + Mg) value
than the ideal end-members dravite and magnesiofoitite.
The substitution involves mainly the substitutions
AlMg H_; and Al Mg Na_; (Fig. 7). Other substitu-
tions, such as Al,Mg_;Si | (Tschermaks), are of minor
importance (Table 4), as Si is mostly near 6. The change
in composition of tourmaline can be described by equi-
libria (3) and (4) with cordierite in a B-bearing fluid:

Na-free tourmaline; + quartz + fluid = Na-free
tourmaliney + cordierite + B-bearing fluid

[IMg:AlL) Alg (SigO15) (BOs); (OH),

+1.5 Si0, + 0.65 H,O =0.67 D(Mg1_5A11_5) A16
(SigO15) (BO3)3 (OH)3 5 Og 5 + 0.5 Al;Mg,
(SI5A1013) + B(OH)3 + 02 (3)

and

draviter + quartz + fluid = dravitey + cordierite
+ B-bearing fluid

NaMgs Alg (Si6018) (BO3); (OH)4 + 0.675 SiO,

+ 0.8 H,O + 1.66 HC1

= 0.3 Nags(MgoAly) Alg (SigO15) (BO3)3

(OH)3, Ogs + 0.975 AlsMgy(SisAlO1g)

+ B(OH)3 + 0.76 NaCl + 0.45 MgCl, 4)

*
25 * * O

1.5+

Na solids [wt% Na20]

0.5 &)

0 1.5 3 4.5 6
Na fluid [wt% Naz0]

7.5

FiGc. 9. Nacontents (wt% Na,O) in final fluid and in the solid
phases tourmaline (%), cordierite (C1) and melt (O).
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The simplified reaction (3) was written in this way to
show that because of the deprotonation of tourmaline,
this equilibrium will depend on the f{O,) of the system.
Though in our experiments f{O;) was not controlled, we
assume that at the high temperature of the runs, it was
probably buffered by the NNO of the vessel material.
Reaction (3) also shows that cordierite buffers the Al/
(Al + Mg) ratio of tourmaline (in the presence of quartz
and a fluid). Reaction (4) is written with a chloride-bear-
ing solution as used for the experiments, which is prob-
ably also a realistic case in nature, since many
hydrothermal and magmatic fluids contain Cl, to give
an example for such a type of reaction. Reaction (4)
clearly shows that the concentration of Na and Mg chlo-
rides (and possibly other species) are important param-
eters in this equilibrium.

Even at conditions of excess Na in the fluid, the Na
content of tourmaline is below the ideal value of 1.0
apfu, which is also commonly observed in natural tour-
malines, as reviewed by Henry & Dutrow (1996) and
London et al. (1996). Reaction (4) shows the depen-
dence of the concentration of Na in the fluid, but the
experiments also showed (Fig. 9) that cordierite con-
tains considerable amounts of Na, and that albite can be
present as an additional phase (which is also a common
assemblage for tourmaline in nature). Thus, the Na con-
tent of tourmaline will be a function of fluid composi-
tion and the solid assemblage, in addition to P and T.
From our experiments, we can speculate that dravite
with Na = 1.0 apfu will be stable at a relatively low tem-
perature, and that with increasing temperature, the pro-
portion of vacancies at the X site will increase. This
inference is supported by further experimental investi-
gations in the Na-bearing system (von Goerne et al.
1999).

In the complex granitic system, Wolf & London
(1997) also found synthetic tourmaline with ~0.8 Na
apfu at an Mg/(Mg + Fe) value of about 0.74, calculated
from their Table 5, an indication that this parameter is
not strongly influenced by the addition of Fe to the sys-
tem. However, the Al/(Al + Mg + Fe,) value of these
tourmaline crystals, 0.71, is significantly lower than the
values in the range 0.83 to 0.76 reported here. This dif-
ference probably results from the fact that a certain
amount of Fe will be Fe3*, and thus these values are not
strictly comparable.

In addition, all these reactions are a function of the
B content in the fluid. Boron is partitioned between the
fluid and a solid. At a certain P and T, B will be dis-
solved in the fluid up to a saturation value, and at higher
concentrations a solid phase (e.g., tourmaline) will form.
This could be expressed as increasing chemical poten-
tial wpo3™9, but since we are not able to calculate
o3¢ for our experiments, we use simply wt% B,0;
plotted against run temperature (at constant pressure of
200 MPa) to represent our results (Fig. 5). Note that this
is similar to a T-X diagram for mixed-volatile equilib-
ria, the only difference being that for mixed-volatile
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equilibria, X is normally expressed as a molar fraction.
Since the B-bearing fluid will probably also contain
large amounts of Si and other species, it is more conve-
nient to use wt%. Our results for the Na-free system
indicate that tourmaline is stable over a large range of
B,0; concentrations, between 0.5 and ~9 wt%. They
are not compatible with those of Weisbrod et al. (1986)
for the Na-bearing system, who found a minimum value
of ~2 wt% B,0; dissolved in the hydrous fluid, in the
presence of tourmaline, cordierite, albite, andalusite and
quartz at 100 MPa and 700°C.

The upper thermal stability of Na-free tourmaline
can be written as:

Na-free draviteg + fluid = cordierite
+ sillimanite + B-bearing fluid

LI(Mg, sAl 5) Alg(SigO15) (BO3)3 (OH)35 Og s
+ 2.75 H0 = 0.75 AlsMg; (Si5AlOq)
+2.25 AlzSiOs5 + 3 B(OH); &)

In view of the colinearity of cordierite, sillimanite
and tourmaline of this composition (Fig. 1a), the reac-
tion is quartz-absent (i.e., the grandidierite- and quartz-
absent reactions in Fig. 2 coincide).

In the Na-bearing system, the upper thermal stabil-
ity can be written as:

draviteg, + quartz + fluid = cordierite
+ albite + B-bearing fluid

Nay g (MgAly) Alg(SigO1g) (BO3)3 (OH)32 Op g
+2.5 8102 +2.9 Hzo = A13Mg2 (S15Alolg)
+ 0.8 NaAlSiz;Og + 1.1 ALSiOs + 3 B(OH); (5

Whether the equilibrium temperature for reaction (5) has
been reached in our experiments is not clear, because
the forward runs (“D” at low concentrations of boron in
the fluid; Fig. 5b) produced unidentified phases. How-
ever, the reaction boundary as shown in Figure 5b is
consistent with the previous results at 100 MPa total
pressure by Weisbrod ef al. (1986). Between 600° and
700°C, they found a strong increase in the concentra-
tion of B in the hydrous fluid.

At 730° and 750°C, melting was observed at high
concentrations of B in the hydrous fluid. Though the
number of experiments for a complete interpretation of
the melting behavior as a function of boron concentra-
tion, pH and temperature is not sufficient, our results do
show that melting starts near 730°C and is favored by
high concentrations of boron (Fig. 5b). This also is in
agreement with the results of Weisbrod et al. (1986),
determined at 100-300 MPa total pressure.

The first appearance of melt at ~730°C at 200 MPa
is of the same order of magnitude as in the B-free sys-
tem albite + quartz + fluid = melt (Tuttle & Bowen 1958,
Johannes 1980). The relatively small effect of B,O3 in
the solution, which does not decrease the melting tem-
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perature by more than 10 to 20°C, must be due to the
extremely refractory behavior of tourmaline and its in-
congruent melting. This is confirmed by the fact that in
the Na-free system, melting was not observed at tem-
peratures up to 850°C, even at 8 wt% B,03 in solution.
Werding & Schreyer (1984) also reported that in the
presence of excess B,Oj3 in solution, Na-free tourma-
line remains stable up to 810°C at 200 MPa.

The high SiO; content and constant composition of
the glasses (Table 6) indicate the presence of a siliceous
melt and not a quench product from a hydrous fluid.
The H,0 content of this melt, 11 to 12 wt%, estimated
by the wt% difference of the analytical total (EMP
analyses) from 100%, is much higher than the H>O con-
tent of a B-free melt at 200 MPa (~7 wt%, measured on
a melt of albite or granitic pegmatite composition:
Burnham 1979). Similarly high H,O contents were re-
ported by Wolf & London (1997) in a complex B-bear-
ing granitic system. The absence of melting in the
Na-free system, even at 850°C (also observed by
Werding & Schreyer 1984), and the similar melting tem-
peratures in the Na-bearing system to the melting of
albite + quartz + H,O, show that the network-forming
B does not lower the melting point significantly; instead
it can be speculated that the presence of B substantially
increases the solubility of H,O in a felsic melt. How-
ever, neither in our experiments nor in those of Wolf &
London (1997) is there a clear correlation between B
and H,O content of the glasses. How much H,O is actu-
ally dissolved in the siliceous melt, and how much Si (+
other cations) is dissolved in the hydrous fluid, and
where the solvus between the two fluids might eventu-
ally close, can only be answered by in situ measure-
ments, and must be left open here. It is obvious that there
will be severe problems in quenching, even if the quench
time of the run could be reduced strongly.

The experimental observation that tourmaline is a
liquidus phase is consistent with the widespread occur-
rence of tourmaline in pegmatite-forming and granitic
melts. Tourmaline can be formed by the reaction cordi-
erite + melt = tourmaline + quartz + fluid, or melt =
tourmaline + albite + quartz + fluid.

A high concentration of approximately 3 to 5 wt%
B,0;5 in the fluid is required for both reactions, as well
as a high concentration of B in the melt. Run products
from our experiments that contain tourmaline + melt
(Table 3) have B,O3 concentrations above approxi-
mately 2.3 wt% B,0;. Similar results were obtained by
Wolf & London (1997) for the complex granitic sys-
tem. They found that at 750°C, melts with less than 2
wt% B,03, which is the B equivalent of 20 wt% tour-
maline in a rock or melt, are still undersaturated in tour-
maline, unless the melt is strongly peraluminous.
Pichavant et al. (1987) observed that in rhyolite with
0.64 wt% B,03, no tourmaline was formed, but the only
Mg-Fe mineral is biotite.

Though the assemblage of coexisting cordierite +
tourmaline occurs in natural rocks such as the Hercynian
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granites of western Europe (e.g., Luxulyan, Cornwall;
D. London, pers. commun.), it has not yet been de-
scribed in detail in the literature. Documentation of their
coexistence and of their chemical composition is
needed, and we here draw attention to this assemblage.
From the distribution of Na between cordierite and tour-
maline (Fig. 9), the temperature of crystallization could
potentially be inferred (Knop ez al. 1998). Also, in rocks
with plagioclase (albite) + cordierite + sillimanite +
tourmaline, the chemical composition of tourmaline in
terms of X-site occupancy and Al/(Al + Mg) value
should be determined and may also give an indication
of the temperature of crystallization and the composi-
tion of the fluid phase.
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