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Abstract 

We have experimentally determined the equilibrium talc 3 enstatite + quartz/coesite + H,O to 40 kbar in the system 
MgO-SiO,-H,O (MSH) using both synthetic and nearly pure Mg end-member natural talc and other synthetic starting 
materials for the other solid phases. At 40 kbar, the equilibrium dehydration boundary lies - 150°C higher than that 
calculated using data from the existing internally consistent thermochemical data bases. The reason for this discrepancy lies 
in the erroneous compressibility data of talc in the data bases. We have retrieved the compressibility of talc from the 
experimental phase equilibrium data, and have also calculated several other equilibria in the MSH system involving talc, 
antigorite and the dense hydrous magnesium silicate (DHMS), commonly referred to as phase A. Comparison of these 
equilibria with selected thermal profiles at the leading edge of young and old subducting oceanic slabs, along with the 
dehydration condition of basaltic amphibole and solidus of mantle peridotite, provides an explanation for the observed 
heights of the volcanic fronts above subducting oceanic lithosphere. Further, it is found that in cold oceanic slabs (2 50 Ma 
with subduction velocity of 2 10 cm/y>, antigorite will transform to the DHMS phase A through a vapor conserved 
reaction at a depth of - 200 km. Phase A will then serve as a carrier of water into the deeper mantle. 

1. Introduction whiteschists [3] and in high-pressure crystalline base- 

The system MgO-SiO,-H,O (MSH) has re- 
ment and ophiolitic cover rocks (e.g. the Dora Maira 

ceived considerable attention from petrologists and 
Massif of the Western Alps, [4,5]). It is ubiquitous in 

mineralogists since it was first studied by Bowen and 
metamorphosed ultramafic rocks, in subduction zone 

Tuttle [l]. Among the phyllosilicates whose domi- 
environments [6-81, submarine hydrothermal sys- 

nant end-member compositions belong to the MSH 
terns and surface environments [9]). However, there 

system, talc is a major phase of considerable geolog- 
has been very little experimental study on the stabil- 

ical importance. It occurs in eclogite facies metamor- 
ity relations of talc at P > 13 kbar, even though 

phic rocks, high-grade pelitic blueschists [2], 
many of the interesting applications of the equilib- 
rium relations of talc to geological problems fall in 
much higher pressure regimes (e.g. [IO,1 11). The 
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gap in the experimental database by determining the 
equilibrium talc = 3 enstatite + quartz/coesite + 

H,O to - 45 kbar, and to retrieve a set of thermody- 
namic properties of talc that are consistent with the 
new experimental data. In addition, we have also 

calculated the equilibrium talc + kyanite = pyrope + 

2 coesite + H,O and the approximate stability rela- 

tions of antigorite and of the dense hydrous magne- 

sium silicate (DHMS) Mg,Si,O,(OH),, which is 

commonly referred as phase A. The integrated phase 
diagram in the MSH system has then been applied to 

oceanic subduction processes, specifically to explain 

the height of volcanic fronts above the Benioff zone 

and to understand the conditions under which water 
may be recycled into the deep mantle. 

2. Experimental studies 

2.1. Experimental procedure: P-T measurement 

All experiments were conducted in an end-loaded 
piston cylinder apparatus using l/2’ (1.27 mm) in- 
ternal diameter WC (13% Co binder) cores, WC (6% 
Co binder) pistons, and salt pressure cells similar to 

those used by Bose and Ganguly [21]. The experi- 
mental procedure followed in this work was also 
essentially similar to that in [21]. Detailed analysis of 
the friction characteristics [21] in our experimental 

set up and procedure shows that the friction decays 

almost completely after m 40 h at the temperature of 

our experiments. During this process, there is a 
progressive drop of nominal pressure towards a 

steady-state value, which represents the true sample 
pressure. Thus, except for one, the duration of all 
experiments exceeded 40 h and the final nominal 
pressure was accepted as the true sample pressure. 

Pressure was monitored by a 16 inch (406.4 mm> 
diameter Heise gauge, calibrated to NBS standards, 
and also by an on-line digital pressure transducer. 
The thermocouple (W-3Re/W-25Re) signal was 
pre-amplified by a 100X instrumentation amplifier 
(maximum gain error 0.02%) and the thermocouple 

cold-junction was corrected with a cold-junction cor- 
rection integrated circuit (maximum error 05°C). 

The e.m.f. of the thermocouple was also measured 

before the preamplifier and cold junction correction 
by a calibrated digital voltmeter with a resolution of 
0.01 mV. In the absence of any directly measured 

data, no correction was made for the pressure effect 

on W/Re thermocouples. However, corrections made 

according to Lane and Ganguly [12] suggest that the 

true temperature should be a little higher than the 
nominal temperature, but by no more than 5°C. The 

experiments were quenched by shutting off the power 

to the graphite furnace in the pressure cell. 

2.2. Starting materials and reversal procedure 

We have constrained the equilibrium dehydration 
boundary of talc by ‘reversal’ of the direction of 
reaction. The starting mixture consisted of synthetic 

orthopyroxene plus quartz or coesite (depending on 
the pressure), along with either natural or synthetic 
talc. The natural talc was collected from Gouvemeur, 

New York. Electron microprobe analysis showed it 
to be essentially a Mg end-member, with the chemi- 

cal formula (Mg . 99 Fe *,,i)sSi,O,,(OH),. Talc was 
also synthesized hydrothermally at 2 kbar, 640°C 
(2-4 days) from stoichiometric mixtures of MgO 
(99.99%) and synthetic cristobalite, which were 

sealed with excess water in 0.5’ (12.7 mm) diameter 
Au capsules. Grain sizes of the synthetic talc were 
between 1 and 2 pm. Ortho-enstatite was synthe- 

sized in two stages. Stoichiometric amounts of MgO 
and cristobalite were mixed, pelletized, and heated at 
1450°C for 4 h in a graphite container in an I atm 

furnace. Ar gas was purged through the furnace to 
prevent the graphite container from burning. The 
quenched product was ground in an agate mortar, 
repelletized, and heated for an additional 20 h. X-ray 
diffraction showed the product to be a mixture of 
clino- and proto-enstatite. This product was then held 
at 115O”C, 20 kbar for 4 days, which resulted in its 
complete conversion (within the resolution of X-ray 
diffractometer scans) to 15-20 pm size prismatic 
crystals of pure ortho-enstatite. 

Notes to Table 1: 

Ta = talc; OPx = orthopyroxene; Coes = co&e; 1OA = IOA phase. l Starting material: talc, enstatite, quartz/coesite (an Synthetic) + 

H,O. ‘Starting material: natural talc, synthetic enstatite, quartz/coesite + H,O. f + = Strong (> 90%) growth, - = strong decay. 
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Table 1 
Experimental conditions and results for talc dehydration equilibrium 

111 

Run# T, “C P, kbar Duration, hrs Result 

TLC1 700 38.5 36 

TLC3 740 38 54 

TLC4 770 38 71.5 

TLC11 800 37.9 72 

TLC6 830 38 45 

TLC9 820 36.5 51 

TLC8 800 36.1 45 

TLC12 815 35.9 72 

TLC26 775 43.05 69.25 

TLC27 795 47.02 70 

TLQ13 805 29 71.5 

TLQ14 820 28.3 69 

TLQl5 840 28.7 46 

TLQ22 825 24.5 72 

TLQ23 835 24 118 

TLQ24 840 24 70 

TLQ18 850 21.3 82 

TLQ16 820 20 

TLQ19 830 20 

TLQ17 840 19.7 

TLQZO 815 16.3 

TLQ2 1 830 16.2 

TLQ25 850 16.3 

59 

55 

71 

74.5 

77.5 

70 

* Ta++, OPx--, &es-- 
t Ta++, OPx--, &es-- 

* Ta++, OPx--, &es-- 
t IOA, minor opx, Coes 

* Ta++, OPx--, Coes-- 
t Ta 

* Ta++, OPx--, Coes-- 

t Ta 

* OPx++. cofS++ 
t OPx++, Goes++ 

* OPx++, Goes++ 
t IOA, Opx, Coes 

* Ta++, Coes-- 
t Ta++, OPx--, Coes-- 

* OPx++, Goes++, Ta-- 
t Ta++, Coes-- 

*Ta+, OPx-, Coes- 

*Ta--, OPx++. Goes++ 

* Ta 
t Ta++, minor Qz 

* Ta 
t Ta++, minor Qz. OPx 

* OPx, Qz++, Ta-- 
t Tat+, Qz--, OPx-- 

* Ta 

* OPx++, Qz++, Ta-- 
t Ta 

t OPx++, Qz++ 

* OPx. Qz 
t Tau, no Qz. minor OPx 

* Ta 
t Ta 

* OPx. Qz 

* OPx, Qz 
t OPx. Qz 

*Ta 
t Ta 

* OPx, Qz 
t Ta++, minor OPx. Qz 

t OPx, Qz 
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For determination of the reaction Talc = 3 en- 
statite + SiO, + H,O, a mixture of approximately 

stoichiometric amounts of either synthetic or natural 

talc and enstatite, along with N 10% excess quartz 
or coesite (depending on which polymorph is stable 

at the desired experimental condition), was sealed 

with excess distilled H,O in gold capsules. Excess 

quartz was used to compensate for its dissolution in 

H,O at the experimental P-T conditions. The pres- 

ence of free quartz in the experiments should also 
have ensured that both synthetic and natural talc 

were silica saturated. Each experiment consisted of 
two sealed capsules, one containing N 1.0 pm size 

fraction of natural talc and the other containing 
synthetic talc (l-2 pm). Both capsules were placed 

next to each other at the central segment of the 
graphite resistance furnace, which constitutes its 

‘hot-spot’. Earlier work in our laboratory showed no 

significant temperature gradient across the height of 
the sample capsules within the pressure cells. Reac- 
tion directions were followed by noting the change 

of the relative X-ray peak intensities of the product 
and reactant phases in the experimental product from 

those in the starting material. Only those experiments 
in which the capsules recovered after quenching 
showed the presence of water were considered suc- 

cessful. All reactions reported here showed at least 
25% change in the peak height ratios in the XRD 
pattern between the starting mixture and the experi- 

mental product. 

2.3. Experimental results and discussion 

The experimental results for the reaction Talc = 3 
enstatite + SiO, + H,O, using both synthetic and 
natural talc as starting materials, are summarized in 
Table 1, and illustrated in Fig. la. The equilibrium 
dehydration boundary of synthetic talc has been found 
to be systematically lower than that of natural talc by 

N lo-15°C. The compositions of talc and enstatite 
in the quenched run products, as determined by 
electron microprobe, show that the observed differ- 
ence between the stability of synthetic and natural 
talc cannot be due to the effect of solid solution. 
Thus, the synthetic talc must have had slightly higher 
free energy, which was most likely due to a some- 
what higher defect density compared to that in the 
natural talc, especially since both types of talc had 
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Fig. 1. (a) Experimental data on the equilibrium Talc = 3 Enstatite 

+ SO, +H,O. Triangles indicate experiments with synthetic talc; 

D = talc growth, A = talc breakdown. The arrows indicate exper- 

iments with natural talc with the direction of arrows pointing 

towards the direction of reaction. (b) Summary of selected experi- 

mental data on the stability limit of synthetic talc and comparison 

with calculations of the stability limit from thermochemical data. 

Triangles = this work; circles = Chemosky et al. [14]; squares = 

Holland, quoted in [14]. Open symbols = growth of talc; tilled 

symbols = growth of enstatite + quartz/ccesite. Solid line = 

calculation of the stability of talc according to the thermochemical 

data base of Berman [16]. A very similar result is obtained from 

the data base of Holland and Powell [15]. The large dashed line 

illustrates the effect of changing the heat of formation (from 

elements) of talc to - 5900 kJ/mol, as suggested by Hemingway 

[27]. The small dashed line represents the calculation by Sharp et 

al. [24] by assuming a linear compressibility of talc of 2.42 Mb- ’ . 
The kink on the latter curve near 30 kbar is due to quartz/coesite 

transition. All other kinks are artifacts of the graphics program. 

similar grain size (l-2 pm), which rules out differ- 
ential contributions from surface free energy. The 
measured value of the surface free energy of talc [ 131 
[Giese, pers. commun.] shows that the surface free 
energy contribution has a vanishingly small effect on 
the stability of either natural or synthetic talc at the 
grain size employed in our work. 
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The experimental results for the stability limit of 
synthetic talc, as determined in this work, have been 
compared in Fig. lb with those of Chemosky et al. 

[ 141 and Holland, which was quoted in [ 141 as a 
personal communication. Also shown is the calcu- 

lated P-T location of the equilibrium Talc = 3 en- 

statite + SiO, + H,O according to the widely used 

thermodynamic data of Holland and Powell [15] and 

Berman [16]. It is evident that, according to our 

experimental data, talc has a much higher thermal 
stability than that calculated from these thermody- 

namic data. The unpublished experimental reversal 

of Hoiland at 28 kbar, which seemed to have been 

used as a constraint in the derivation of thermody- 

namic properties of talc in these data bases, is N 70°C 

lower than the equilibrium dehydration boundary of 
talc determined in this study at the same pressure. 

Our data are consistent with those of Kitahara et al. 

[ 171 at 20 kbar and Thompson and Ellis 1181 at 25 
kbar, and show that the thermal maximum on the 

equilibrium dehydration boundary of talc is N 25 

kbar instead of the N 10 kbar that is predicted from 
the thermochemical data. We present below an anal- 
ysis of the thermodynamic properties of the phases 
involved in the dehydration equilibrium of talc, and 
retrieve a set of values which are consistent with our 
‘reversal brackets’. Throughout this work, the stan- 
dard state for the solid phases has been chosen to be 
the pure state at 1 bar, T. 

For H,O, the choice of available high pressure 

equation of state, such as those of Delany and Helge- 
son [8], Belonoshko and Saxena [19] and Brodholt 
and Wood [20], does not affect the position of the 
equilibrium up to 40 kbar by more than 5°C. The 
calculated P-T condition for brucite dehydration 

equilibrium using any of the three equations of state 

is in excellent agreement with the experimental data 

to 40 kbar. The thermochemical properties of en- 

statite, quartz and coesite are well constrained 

[15,16,21]. We, thus, conclude that the discrepancy 
between the experimentally determined and calcu- 

lated P-T conditions of the talc dehydration equilib- 

rium must lie in the thermodynamic properties of 

talc itself. The thermochemical properties of talc 

retrieved by various workers from the phase equilib- 

rium data [ 15,16,22,23] are summarized in Table 2, 
and compared with the calorimetric data [26,27]. 

There is excellent agreement between the retrieved 

and calorimetric values of entropy of talc, except for 
the results of Day and Halbach [22], which used a 

very restricted set of reversal brackets, but that there 
is significant variation in the enthalpy of formation 
(AH,“) values of talc. However, as illustrated in Fig. 
lb, the effect of reducing the AH,” value for talc is 

simply to shift the dehydration boundary to higher 
temperature without significant change of its form, 
including the pressure of the thermal maximum. We, 
therefore, conclude that the reason behind the dis- 
crepancy between the calculated and experimentally 
determined dehydration boundary of talc lies in its 

Table 2 

Enthalpy of formation from the elements (kJ/mol) and third law entropy of talc at 1 bar, 298 K in existing thermochemical databases 
[ 15,16,22,23], and as determined by calorimetric measurements [26,27], along with the values preferred in this work to be consistent with the 

phase equilibrium data 

Source 

Berman [16] 

Holland & Powell [15] 

Day et al. [23] 

Day & Halbach [22] 

Hemingway [27] 

Bose [26] 

AH, (kJ/mol) S (J/mol/K) 

-5897.387 261.24 

-5895.23 k 3.7 260.80 

-5898.217 260.83 

-5906.569 269.53 

-5900 * 2.0 260.83 50. 

-5897 f 1.7 
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volumetric property as a function of P and T (also 
see [24,25/l, which has not been constrained by any 
experimental data on the thermal expansion and 
compressibility in the existing data bases. 

3. Retrieval of thermodynamic properties of talc 

equilibrium between 500” and 12OO”C, and using the 
thermochemical properties of quartz from Berman 
[16]. The G, o data were taken from Delany and 
Helgeson [8] in order to be consistent with the data 
base of Berman [16], although the use of the water 
property from either Belonoshko and Saxena [19] or 
Brodholt and Wood [20] would have had no signifi- 
cant effect on our calculations, as noted above. 

3. I. Procedure 

At equilibrium, the following equation must be 
satisfied for the dehydration of talc in the MSH 
system. 

AG(P,T)=AH;(l,T)-TA,“(l,T) 

(2) We have assumed that, for talc, the thermal 
expansion coefficient C(Y) and compressibility ( p> 
can be expressed as linear functions of T and P, 
respectively (a = (~a + a,T;P = PO + &T), and that 
a(T) # f(P) (which also implies that p(P) # f(T)) 
so that: 

+l;‘( AV,o),dP + GLIO( P,T) =0 

(1) 

where the subscript s stands for solid phases, the 
superscript o denotes pure phase, and ( AVTo)s stands 
for the stoichiometric volume change of the solid 
phases in the reaction at the temperature of interest, 
T. Using this relation, a self-consistent set of thermo- 
dynamic parameters for talc, which are compatible 
with our experimental ‘reversal brackets’, was re- 
trieved as follows: 

V( P,T) = V( 1,298) [ 1 + (Y,,( T - 298) 

+OSa,( T2 - 29g2) - p,( P - 1) 

-OS&( P2 - l)] (2) 

where oo, aI, PO and p, are constants. Integrating 
(2) and rearranging terms, we obtain: 

(1) The thermodynamic properties (Ho, S”, Cp”, 
V”(T,P)) of enstatite and p-quartz (which is the 
stable polymorph formed by the dehydration of talc) 
were taken from Berman [16], whereas the H” and S” 
values for coesite were from the recent work of Bose 
and Ganguly [211, who retrieved these properties 
from a careful determination of the quartz-coesite 

=co~o+c,~I-c2Po-c3P, (3) 
where: Co = T- 298, C, = (T2 - 29g2)/2 and C, 
= (P - 1)/2, C, = (P + 2XP - 1)/6. 

(3) For talc, values of AH”,,, and AS”,,, are taken 
to be equal to their calorimetric values [26,27] (see 
Table 1). We have chosen not to use the values 
retrieved from phase equilibrium data for the sake of 

Table 3 

Volumetric parameters of talc and antigorite (Atg) that are compatible with the phase equilibrium data 

a&W a,W) P&bar*‘) P,(bai*) AH“(298) S”(298) 

Talc 2.606(10’J) 0.0 2.552(10”) -4.514(10”) -5891.381 261.24 

talc 5.503(W) 0.0 4.664(W6) -1.336(10-I”) -5900.000 260.83 

Atg 2.261(N5) 7.885(10-y 2.831(10’4 -4.37(10-“) -71364.15 3603 

The last two columns are the enthalpy (kJ/mol) and entropy (J/mol-K) values which go along with the thermal expansion and 

compressibility parameters. For talc, row 1: Bose et al. [26] for AH$298 K) and Hemingway [27] for S’(298 K); row 2: Hemingway, [271 

for both. Our preferred values are those in row 1 (see text). AHF(298 K) and PC298 K) for antigorite are from Berman [16]. 
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internal consistency, since we have not used the 

earlier phase equilibrium data in the retrieval of V as 
a function of P and T (see below for further discus- 
sion). Along with the other thermochemical proper- 
ties discussed above, these values have been used to 

solve for the /VdP term for talc, which was then 

converted to I), as defined in Eq. (3). Instead of 
choosing an arbitrary point within a ‘reversal bracket’ 

as an equilibrium P,T condition, the extrema of a 

reversal bracket were chosen to represent equally 
probable equilibrium conditions taking into account 

the uncertainties of P,T determinations ( f 5°C and 

+ 0.2 kbar, respectively). 
(4) The calculated values of Cc, were subjected to 

multiple linear regression, using an SPSS proprietary 
software package [28], against the parameters C,, 
C,, C, and C,, to retrieve oO, (Y,, /I,, and /l,. In 

order to be compatible with the form of Eq. (31, the 
regression was constrained to pass through the ori- 

gin. 

3.2. Results and discussion 

The retrieved thermal expansion and compress- 

ibility values of synthetic talc are summarized in 
Table 3. Vaidya and Kennedy [29] and Vaidya et al. 
[30] determined the compressibility of natural talc to 
30 kbar in a piston cylinder apparatus. The V-P 

relation dictated by the compressibility behavior of 
talc, as retrieved above, is compared with the experi- 
mentally determined V-P relations in Fig. 2. Also 
shown for comparison are the V-P relations re- 
trieved by Berman [ 161. We find that the compress- 
ibility of talc, which has been constrained by its 
AH”,(298) value from Bose et al. [26] and S”(298) 
value from Hemingway 1271, lies within the range of 
its experimentally determined values. Consequently, 
we accept these thermochemical values (which are 
essentially the same as in the data base of Berman 
[16]), and the associated values of cr and /3 (first 
row, Table 3) constrained by our experimental rever- 
sal brackets as the most reasonable self-consistent 

thermodynamic data set of talc. (Since this paper was 
submitted, we became aware of a new set of com- 
pressibility measurement of talc by Pawley et al. [31] 
and Pawley [pers. commun.] to 50 kbar, which are in 
excellent agreement with our preferred V-P relation, 
as illustrated by a solid line in Fig. 2.) 

Berman ‘08 

Measured Range 

12.4 
Calculated 

Shorp et al. ‘93 

12.0 1 I I I 
0 10 

P (%or) 
30 40 

Fig. 2. Comparison of the retrieved (Berman [16], Sharp et al. 

[24], and this work) and measured [29,30] compressibility data of 

talc. Heavy solid line and dashed line (labelled as ‘calculated’) = 

this work - retrieved from the phase equilibrium data illustrated 

in Fig. la and thermochemical data (see text). Short dashed 

lines = measured range by Vaidya et al. [30] (upper line) and 

Vadiya and Kennedy [29] (lower line). 

In an attempt to reconcile the differences between 
the thermodynamically predicted phase equilibria and 
existing experimental data involving talc (Ta = En + 
SiO, + H,O; Ta + Ky = Py + Coes + H,O; Chl + 

Ky + Ta = Py + H,O) at P > 20 kbar, Sharp et al. 
[24] proposed that the compressibility of talc be 
changed to 2.42 Mb-‘. Although they were qualita- 
tively correct in identifying the problem with the 
compressibility of talc in the data bases, their calcu- 
lated equilibrium (using the database of Holland and 
Powell, 1151) for the reaction Talc = OPx + 
Qz/Coes + V does not match our experimental de- 
termination (Fig. lb). Also, the resulting compress- 
ibility is well outside the experimental range [29,30], 
as illustrated in Fig. 2. 

The calculated equilibrium boundary for the dehy- 
dration reaction Talc = 3 enstatite + SiO, + H,O, 
using the preferred set of thermodynamic data of talc 
along with the properties of enstatite and quartz from 
Berman [ 161, of H,O from Delany and Helgeson [8] 
and coesite from Bose and Ganguly 1211, are com- 

pared with the experimental reversal brackets deter- 
mined in this work and by Chemosky et al. [14] in 
Fig. 3. Our calculated equilibrium is in good agree- 
ment with the low pressure (0.5-2.0 kbar) hydrother- 
mal reversal data of Chemosky et al. [ 141, but misses 
their data at lo- 13 kbar, which were determined in a 
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50 

40 

y30 
0 

P 

a20 

10 

Fig. 3. Comparison of the calculated dehydration boundary of talc 

(talc = 3 enstatite + quartz + H,O) according to the retrieved ther- 

mochemical data with the experimental data of this work (trian- 

gles) and Chemosky et al. [14] (circles). The data at P I 2 kbar 

are shown as an inset using an expanded scale for pressure. Open 

symbols = growth of talc; filled symbols = growth of enstatite + 

quartz. The solid line represents the result of calculation using the 

AH,” and S” of talc from Bose et al. [26] and Hemingway [27], 

respectively, along with the retrieved a and p functions (Table 

3). Kinks on the calculated equilibrium boundaries do not repre- 

sent invariant points, but calculated points which are not smoothed 

out by the graphics program. The quartz-coesite equilibrium is 

according to Bose and Ganguly [21] (solid line) and Bohlen and 

Boettcher [46] (dashed line). 

piston cylinder apparatus, by w lo- 15°C. The rea- 

son for this discrepancy is not clear, but may partly 
be related to the calibration of the pressure gauge 
and much smaller resolution of thermocouple e.m.f. 
reading in the latter study. We do not recommend 
optimization of our data with those Chemosky et al. 
[14] with equal weight since the two sets of data 

were collected with significantly different levels of 
resolution of P-T reading. 

The fit to the experimental reversal brackets for 

the dehydration of natural talc requires 600-900 
J/mol reduction in the AH”, value from that of 
synthetic talc. This is, however, too small a differ- 
ence to be detected by calorimetric measurements. If 
the nature and density of defects of the synthetic and 
natural crystals used in this study can be charac- 
terized by TEM studies, then the difference in their 
enthalpies of formation, as required by the phase 
equilibrium data, can be used to constrain the defect 

formation energies. 

50 

40 

x30 

5 

a20 

10 

0 
E 3 700 800 5 

T ("0 
30 0 

Fig. 4. Calculated locations of the equilibrium talc+kyanite = 

pyrope + 3 coesite +H20 (TKPCV) according to the thermody- 

namic properties of (a) talc derived in this work; (b) coesite from 

Bose and Ganguly [21]; and (c) the other phases from Berman [16] 

(dashed line) and Saxena et al. [32] (solid line). Also shown are 

the quart-coesite transition from Bose and Ganguly [21] and the 

upper thermal stability of talc, as determined in this work. The 

circles represent the experimental data of Chopin [33] on the 

TKPCV equilibrium; open symbol = talc growth; filled symbol = 

talc breakdown; half-tilled symbol = no reaction. The kink on the 

talc dehydration equilibrium at - 30 kbar is due to the 

quartz/coesite transition. All other kinks are represent calculated 

points which are not smoothed out by the graphics program. 

4. Calculations of additional equilibria and phase 
diagram in the MSH system 

4.1. Equilibrium talc + kyanite = pyrope + 3 coesite 
f H,O (TKPCV) 

The coexistence of talc plus kyanite, with or 
without pyrope and coesite has been reported from 
the high pressure metamorphic terrains of the west- 
em Alps [4,5,7]. We have calculated this equilibrium 
using the thermodynamic properties of talc and co- 
esite retrieved in this study and by Bose and Gan- 

guly [21], respectively, along with the optimized 
thermodynamic data of kyanite and pyrope from the 
data bases of both Berman [ 161 and Saxena et al. 
[32], and of H,O from Delany and Helgeson [8]. The 
results are illustrated in Fig. 4, along with the equi- 
libria talc (synthetic) = 3 enstatite + quartz + H,O, 
as determined in this work, and quartz = coesite [21]. 
Also shown for comparison are the experimental 
results by Chopin [33] on the TKPCV equilibrium. 
The calculated equilibrium using the thermochemical 
values of pyrope and kyanite from Saxena et al. [32], 
which is illustrated in Fig. 4 as a solid line, is in very 
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good agreement with the experimental constraints, 

whereas that using the pyrope and kyanite values 
from Berman [16], which is illustrated by a dashed 
line, violates the experimental data. 

4.2. Equilibria involving antigorite and ‘phase A’ 

Besides talc, antigorite (Mg,8Si34085(0H)62) is 

another hydrous sheet silicate of interest in the MSH 

system, especially in subduction zone environments. 
In view of the invalidity of the linear compressibility 

of talc reported in the self-consistent data bases 
[ 15,161, as discussed above, it is highly unlikely that 

the equilibrium relations of antigorite, calculated with 

the same type of linear compressibility data reported 

in these data bases, would be reliable. We have, thus, 
calculated the equilibrium relations of antigorite (Atg) 

in the MSH system making two alternative assump- 
tions about its compressibility; namely, that: (a> it 

has a compressibility similar to that of talc, and (b) 

its compressibility, as deduced by Berman [16], has 
the same error as that of talc. In the second case, the 
compressibility of antigorite is represented by a com- 
bination of the compressibility given by Berman and 

a correction factor (Table 3). It is found, however, 
that the calculated P-T location of the equilibrium 
Atg = Fo + Ta + H,O according to assumption (a) 
is incompatible with the experimental determination 
of this equilibrium by Evans et al. [34], whereas that 
according to assumption (b) is in excellent agree- 
ment with these experimental results. We have, thus, 
accepted the results of the calculation of antigorite 
phase equilibria based on assumption (b) about its 

compressibility behavior. The calculated equilibria, 
which radiate from the phase A- and quartz-absent 
invariant point at low pressure, are as follows: 

31Ta+45Fo=Atg+ 135En (A,Q,v) 
Atg = 18 Fo + 4 Ta + 27 H,O (A,Q,En) 
Atg=20En+ 14Fo+31 H,O (A,Q,Ta) 
Atg+ 14Ta=90En+45HZ0 (.4,Q,F0) 

Ta+Fo =5En+3H,O &Q&d 

At high pressures, water is known to be stabilized 
in what are collectively referred to as ‘dense hydrous 
magnesian silicates’ (DHMS). For the lack of com- 
plete information on their structural data, various 
members in this group have been called phase A, B, 
C, D, etc. Phase A, which has the stoichiometry 

Mg,Si,O&OH),, appears at the lowest pressure 

among the DHMS phases. Luth [35] determined the 
equilibrium 5 Fo + 3 H,O = Phase A + 3 clino-en- 

statite (Ta,Q,Atg) in a multi-anvil apparatus. The 
P-T trajectory of this equilibrium intersects the 

dehydration equilibrium of antigorite (A,Q,Ta) at 
N 70 kbar, almost immediately after inversion of 

otho- to clino-enstatite. This intersection represents 

the Ta- and quartz-absent invariant point (Ta,Q) in 

the MSH system. According to the Schreinemaker’s 
principle, each invariant point in the MSH system 

must define the intersection of 5 non-degenerate 
univariant equilibria. Following simple algebraic 

procedure, one obtains the three other univariant 
equilibria meeting at (Ta,Q) as follows: 

5Atg= 14PhaseA+ 142OEn+ (Ta,Q,Fo) 
113 H,O 
3Atg+20PhaseA = 142Fo+ (Ta,Q,Ed 
153 H,O 
3Atg+ 113Fo=31 PhaseA+ 

153 OEn 
(Ta,Q,A) 

In order to calculate the above equilibria involv- 

ing phase A, the thermodynamic functions (H”, S”, 
Cp”, cy and p) of phase A need to be known. Since 

thermochemical data of phase A are not available, 
we have retrieved the Gibbs’ free energy of forma- 

tion (from elements) of phase A as function of 
pressure and temperature over the range 700- lOOO”C, 

70- 100 kbar from the experimental reversal brackets 
of Luth [35]. In this procedure, we used the thermo- 
chemical data for forsterite and high-pressure clino- 
enstatite from Saxena et al. [32] and water properties 
from Belonoshko et al. [36]. The retrieved Gibbs free 
energy value of the phase A along the equilibrium 

(Ta,Q,Atg) between 70 kbar, 730°C and 95 kbar, 
910°C can be expressed as: 

G( J/mol) = - 701,4414.4 - 463.869(T) 

- 323,8228( 10-6)( T2) 

+ 159,34641( lo-6)( P) 

where T is in degree Kelvin and P is in bars. 
The equilibrium relations among talc, antigorite, 

phase A, forsterite, enstatite, quartz, coesite and 
H,O in the MSH system are illustrated in Fig. 5. Of 
the equilibria involving hydrous phases, only the 
equilibria Ta = En + 3 SiO, + H,O and Fo + H,O 
= A + En have been constrained experimentally. 
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Fig. 5. Experimentally determined and calculated equilibrium 

relations of talc (Ta), antigorite (A@, phase A (‘A’), enstatite 
(En), forsterite (Fo) and SiO, in the system MgO-SD-H,O 
(MSH). The P-T location of the equilibrium Fo +V = ‘A’ +En 

is from Luth [35]. 

Others are calculated, as discussed above. The 
quartz-coesite equilibrium is taken from Bose and 

Ganguly 1211. Even though the volumetric properties 
of antigorite and the thermodynamic properties of 

phase A are approximate in nature, the calculated 
phase diagram is still very instructive in the evalua- 

tion of the role of antigorite and phase A during 
subduction of oceanic crust. as discussed below. 

5. Applications to subduction processes 

We discuss below some applications of the equi- 
librium relations of talc, antigorite and phase A to 
the evaluation of the role and fate of structurally 
bound water subducted by oceanic crust. Along with 
the phase relations in the MSH system, as deduced 
above, Fig. 6 shows the stability limits of amphibole 
in basaltic composition [37], the H,O-saturated 

solidus of peridotite [37] and the thermal profiles at 
the leading edge of old (50 Ma) and young (5 Ma) 
oceanic plates, each subducting at rates of 3 cm/y 
and 10 cm/y at an average angle of 26.6” ([38] and 
Peacock, pers. comm.). In calculating these profiles, 
which cover a wide range of age and subduction 
velocities of the oceanic lithosphere, it was assumed 
that the subducting oceanic crust was characterized 

by a thermal boundary layer (TBL) with a tempera- 
ture of 1480°C at a depth of 95 km [39], and that the 
mantle wedge above the subducting layer was sub- 

jected to convection at depths greater than that of the 
1000°C isotherm, which is at a depth of w 65 km. 
The sudden increase in temperatures of the thermal 

profiles at _ 20 kbar pressure (Fig. 6) is a conse- 
quence of the subduction-induced mantle convection. 

As shown by Peacock et ai. [38], the thermal 

structure of the hanging walls has relatively minor 

effects on the P-T path of the leading edge of the 

subducting slab. They further showed that changing 

the temperature of the TBL to 1000°C did not signif- 
icantly affect the temperature at the leading edge of 

the slab after it had penetrated beyond the depth at 

which the mantle wedge began to convect. We have 

chosen to use the temperature profiles calculated 

numerically by Peacock et al. [38] because these 

have been shown to agree [4Ol with the analytical 
solution at shallow depth within which the mantle 

wedge does not convect [42] (no analytical solution 

0 200 400 600 800 1000 1200 
T ("'3 

Fig. 6. Comparison of the selected phase relations (MSH) system 
(Fig. 5) with the thermal profiles (dashed lines) along the leading 

edge of 50 Ma and 5 Ma old oceanic crust, each subducting at 10 

cm/y and 3 cm/y velocities. The P-T location of the equilib- 

rium Fo+ V = ‘A’ + En is from Luth [36]. The thermal profiles are 

from Peacock et al. [38] and Peacock [pers. commun.]. The sudden 

change in the slopes of the thermal profiles at - 20-25 kbar is 

due to subduction-induced convection in the mantle wedge. Also 
shown are the stability limits of basaltic amphibole (AmB) and 

wet peridotite solidus (WPS), as generated by Davies and Steven- 

son [37] from the data of Green [42] and Wyllie [47]. The dashed 

line on WPS represents extrapolation. The range of pressure for 

the dehydration of amigorite, which is considered to be the major 

source of water contributing to the partial melting of the mantle 

wedge, is emphasized by encircled points on the dehydration 

curve. The vertical ascent path of water released from a dehydrat- 

ing slab has a P-T slope of - 30”C/kbar ( - lO”C/km), which 

is shown by a heavy arrow. 
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has been possible for the problem involving a con- 

vecting mantle wedge). 
The following observations can be made from the 

phase relations and thermal structure summarized in 
Fig. 6. (a) Talc that forms at the surface of the 
oceanic slab will not be carried beyond - 25 kbar 

pressure ( - 75 km depth) because of the presence of 

excess Mg-rich olivine in the oceanic basalt, which 

will react with talc to form Atg + En according to 

the vapor conserved reaction 31 Ta + 45 Fo = Atg 
+ 135 En. (b) Antigorite formed by the above pro- 

cess will dehydrate according to Atg = 20 En + 14 

Fo + 31 H,O between - 25 and 65 kbar pressure 

( - 75-200 km depth), depending on the age and 

subduction velocity of the slab. In colder slab (2 50 

Ma), the temperature profile at the leading edge will 
intersect the vapor conserved equilibrium 3 Atg + 
113 Fo = 31 phase A + 153 CEn, and the DHMS 

phase A will then serve as a carrier of water deep 
into the mantle. (c) Except in a very hot slab, water 

released from the dehydration of amphibole in basalt 
will also lead to the formation of antigorite in the 
overlying mantle wedge, since the intersection of the 

thermal profile of the leading edge of the slab with 
the (extrapolated) amphibole dehydration boundary 

lies at a lower temperature than that of the equilib- 
rium Atg = 20 En + 14 Fo + 31 H,O. Since the 
depth of its formation by the above process lies just 
within the domain of convection of the mantle wedge, 
antigorite will be dragged downwards, as schemati- 
cally illustrated in Fig. 7, and would eventually 

dehydrate between - 25 and 65 kbar pressures, 
depending on the thermal structure of the slab. 

Superposition of the P-T condition of wet peri- 
dotite solidus (WPS) on the folded thermal structure 
of the mantle wedge shows that the wet solidus 

would be folded subparallel to the boundary of the 
wedge (e.g. [37]), as illustrated schematically in Fig. 
7. As a consequence, water released below a certain 
depth from a subducting slab would reach the wet 
solidus and induce partial melting of the wedge. This 
critical depth depends on the details of the thermal 
structure, which are governed primarily by the age 

and velocity of subduction. Examination of the sta- 
bility of amigorite and wet solidus of the mantle 
wedge in relation to its thermal structure [37] sug- 
gests that the depth of release of water from the 
dehydration of antigorite ( - 75-200 km) would fall 

Fig. 7. Schematic illustration of selected dehydration of reactions 

and magma generation in the subduction zone environment. The 

mantle wedge convects below the depth ( - 65 km) indicated by 

arrows. Release of water at shallower depths does not contribute 

to partial melting of the wedge. At greater depths, water released 

from the dehydration of basaltic amphibole (AmB) in the sub- 

ducted slab leads to the formation of antigorite (Atg) in the mantle 

wedge, which is then dragged downwards by the subduction-in- 

duced mantle convection. The reaction boundary En+Fo+H,O 

F? Atg is schematically illustrated by heavy dash-dot line. Antig- 

orite is also brought in by the hydrated oceanic crust and can form 

within the convecting mantle water released by the dehydration of 

talc in relatively cold slab. The water ascending from the dehydm- 

tion of antigorite, which takes place between 75 and 200 km, 

depending on the thermal structure of the leading edge of the slab 

(Fig. 61, meets the wet solidus of peridotite (WPS) and causes 

partial melting of the mantle wedge (patterned area), leading to 

the formation of the volcanoes. 

below this threshold depth for the partial melting of 
the wedge (Fig. 7). Water released from the dehydra- 
tion of minerals such as chlorite, epidote, brucite, 
prehnite, etc. [8,43], whose stability limits are ex- 
ceeded in the leading edge of a subducting slab at 
shallower depths than that at which the mantle wedge 

begins to convect would (mostly) escape upwards 
without either intersecting the P-T condition of the 
wet solidus or leading to the formation of antigorite 

within the convecting mantle. Thus, these minerals 
would have no significant contribution towards 
magma generation. 

If continental sediments that pile up at the conti- 
nental margin are dragged down to considerable 
depths by the subducting oceanic lithosphere, as 
suggested by the “Be/ 9Be ratio of mineral sepa- 

rates of volcanic arcs [44], then talc in these sedi- 
ments may be stabilized until the reaction Ta = En 
+ Qz + H,O is encountered. Subsequent dehydra- 
tion of talc would lead directly to the process of 
partial melting of the silicic subducted sediments, 
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since the wet solidus of these sediments, that is, the 
wet granite solidus (not shown in Fig. 6), lies at 

much lower temperatures than that at which the talc 
dehydration reaction is encountered by the leading 
edge of the hot slab. In a cold slab ( 2 50 Ma), 

however, water may be released by the dehydration 

of talc in the subducted sediments at a lower temper- 

ature than the wet solidus of sediments and, conse- 

quently, lead to the formation of antigorite in the 

convecting mantle wedge, which will eventually de- 
hydrate and contribute to the partial melting of the 

wedge, as discussed above. 

Gill [45] made the interesting observation that the 

height of the volcanic fronts above the Benioff zone 

falls mostly in the range of 90-158 km and does not 
exceed the range of N 75-200 km. It is now be- 
lieved that it is the partial melting of the mantle 

wedge, rather than that of the subducting slab, that is 

primarily responsible for the magma generation lead- 
ing to the formation of the volcanic fronts [37,38]. It 

is interesting to note that the limiting depths for the 
release of water through the dehydration of antig- 
orite, which should cause partial melting of the 
mantle wedge (Figs. 6 and 71, closely matches the 

range of the observed heights of the volcanic fronts 
above the Benioff zone. It may be recalled that, in 
our model, antigorite is not only brought along by 
the subducting slab but that it also forms in the 
mantle wedge by the reaction of water released by 

other hydrous phases, most notably amphibole (which 
is the most abundant hydrous phase), with the peri- 
dotite mantle rock. Dilution of water in the vapor 
phase and solid solution effects would modify the 

depths of intersection of the thermal profiles of the 
leading edge of subducting slabs with the dehydra- 
tion reactions somewhat, but the above scenario 

seems to provide a 
observed height of 
Benioff zone. 
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