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On the stability relations of hydrous minerals in water-undersaturated magmas
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ABSTRACT

Reaction of a hydrous mineral with a water-bearing silicate melt is analyzed in terms of the sto-
ichiometry of (in)congruent dissolution. Application of the law of mass action provides an explana-
tion for the presence of an isobaric thermal maximum that manifests itself in terms of enhanced
stability of the phase under conditions of water undersaturation. It is shown that the water content of
the melt at which the maximum develops is independent of pressure and water speciation, but is
strongly dependent on the identity of other (“anhydrous”) melt species and upon the stoichiometric
numbers of additional solid phases involved in the reaction. Utilizing MELTS, the analysis is applied
to the cummingtonite-bearing rhyolitic magmas of the Taupo volcanic zone of New Zealand.

INTRODUCTION contain HO in the formula unit, that restriction does not nec-

Yoder and Kushiro (1969) first observed that in the is@SSarily apply to th&. The law of mass action relates an equi-
baric incongruent melting of hydrous phlogopite, the temperdrium constant ) to the activities of thermodynamic
ture stability limit reaches a maximum under conditions whef@mPonents in the phases involved in a reaction. For the reac-
the resulting liquid isindersaturateavith respect to a volatile t10n in Equation 1:
phase of pure ¥D. Similar experimental observations on the _ o M aa
melting of zoisite (Boettcher 1970) and pargasite (Holloway K= 'T'as maL‘ aHZO/aH _ @)
1973), as well as related experimental work on amphibole sygerell denotes a product of terms amdenotes the activity
bility in water-undersaturated Paricutin andesite (Eggler 1972f,the i"component raised to the power. Equation 2 may be
led Eggler (1973) to utilize Schreinemakers’ rules (e.g., Z&xpanded for further analysis by writing the activities of liquid
1966) to develop an explanation for these stability relatiorgmponents in terms of the products of activity coefficients
The Schreinemakers’ approach was later extended by Egdirand mole fractionsxX):
and Holloway (1977) to include qualitative prediction in sys-
tems inyolving more than two thermodynamic components. g = a—l [ ijvﬁ, O/aﬂg_l X (1_ X O)axkx'(fg)u 3)

In this paper, an alternative thermodynamically based analy- i i : k : :
sis of the conditions for a temperature maximum in the melt- . o o
ing of hydrous phases in water-undersaturated magma'i&duation 3, the coefficiest(0< 3< 1) is included to allow
developed. This analysis is readily extendible to systemszfr the speciation of water in the melt in tgrms of molecular
arbitrary numbers of thermodynamic components, and can | (8,0 U X0 3= 0) and hydroxyl species.(o [ Xfyo;

to quantitative predictions, if suitable activity-compositiof? = 1)- The term (1%.,0)°, which modifies the,,, is required
models are available for the phases involved. to satisfy Gibbs-Duhem relationships wheis non-zero (see

Appendix 3 of Ghiorso et al. 1983). To proceed with analysis
THERMODYNAMIC ANALYSIS of Equation 3, it will be assumed that the liquid components,

Consider a hypothetical chemical reaction that embodib@ have anhydrous compositions; i.e,(Hs not a constituent
the crystallization or melting of a hydrous phase in a watdf. the formulas of these components. ConsequentlyXthe

bearing magmatic system: may be written:

H o 30,S+YAL +aH,0 (1) Xy, =YLK(1—XHZO) (4)
‘ ]

whereH denotes a hydrous phase, reacting to form other s

phases (with componen®) and a liquid, described in terms

of components;, and HO. In Equation 1, the;, A;, anda are

stoichiometric reaction coefficients. Wherdég assumed to

owgere they,, may be regarded as projected mole fractions of
the liquid components on an anhydrous basis. With the defini-

tion of Equation 4, Equation 3 transforms to:

- Cf A Ay (1+6)ZM (1+8)a
K= a5 I_l Yy, I:l YLk yHgo/aH 1- XHZO XHZO . (5)
i j

The first parenthetical term on the right-hand side of Equation
5 is a function oK, only through the activity coefficients of
liquid components. Therefore to first order, it is reasonable to
*E-mail: ghiroso@u.washington.edu assume that most of the variationkimvith water content should
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arise from the terms in Equation 5 involviXg,, explicitly.  considered under the assumption of equilibrium between lig-
Designating the parenthetical termlasEquation 5 may be uid and (Mg,F&)-cummingtonite, the variation iK implied
simplified to: by Figure 1 must translate into variation of tamperatureof
(1+8)5 equilibrium between liquid and solid. As the entropy change
K= F(l— XHzO) k XSE)G' (6) associated with the reaction in Equation 7 is positive (gener-
This last equation may be used to explore quantitatively tAly the case for melting reactions in magmatic systems), a
experimental observation of enhanced stability of hydromaximumin K implies amaximumin T, i.e., the solid phase
phases in the presence of melt under water undersaturated ®éh-exhibit maximal thermal stability at a water mole fraction
ditions. ( XHB) corresponding to the maximumket. Whether or not
For illustrative purposes, consider a reaction describing tHds thermal maximum is observed experimentally or in nature
crystallization of (Mg,F&)-cummingtonite from a multicom- will depend on the total pressure on the system. This is be-
ponent silicate melt. Utilizing the melt component choice sfause the amount of water the melt can hold at saturatiggX
Ghiorso and Sack (1995), this reaction may be written (in th¥creases with increasing pressure (Burnham 1994). If the pres-
form of Eq. 1) as: sure is low, thenxs < X[ and the thermal maximum ap-
pears at water saturation. If the pressure is sufficiently high
M0y, Fe, 51,0, (OH), :MM92304+ 7Y e si0,+250,+H,0 Such thatxs, > X[, the thermal maximum occurs at water
2 2 undersaturated conditions. In the next section it will be dem-
solid liquid liquid liquid liauignstrated thatxT s is little affected by changing pressure, with
the consequenée that the ral;iqzmg/ Xt decreases with in-

from which the law of mass action according to Equation 6 feasing pressure.
K = (1= Xu0)*(Xuo) - ®) DISCUSSION

It should be readily apparent from examination of Equation Bffect of melt speciation onX,

thatK exhibits an extremum over the intervat X,.o < 1. To . o . -
. . . . 2 . . Before turning to a quantitative calculation of the significance
illustrate this point, the mole fraction product in Equation 8 is,

A : f the th I i in a bulk iti di
plotted (ask* = K/T) in Figure 1 as a function Ofu. The of the thermal maximum in a bulk composition corresponding

) . 0 a magmatic liquid, it is instructive to explore aspects of Equa-
maximum occurs &0 equals 0.11 (1/9). How does this resul g 4 P P d

translate into a condition of enhanced stability of cumminatoni ign 6 that depend on the correspondence between melt species
' 1o lity cummingtonit, 4 thermodynamic components. On the assumptior tist
at low water contents in the melt? The connection arises in ¥

fependent oK, o, it can be shown from Equation 6 that
interpretation of the meaning of variationtofvith X,.o. If the ependent 0o, It can be Shown from Equation a

usual convention for the standard state is chosen, that being unit _— 1 9
activity of the pure component at any temperattiyafid pres- X = ﬁ ©)
sure P), thenK can only be a function d@fandP, as the equilib- 1+

rium constant is related directly to thiandard stat&ibbs free a

energy change of the reaction (i.e. Kn= ~AG? /RT). Conse- from which it is clear that the position of the thermal maxi-

quently, if the isobaric variation of water contents in the meltf§UMm isnotrelated to the speciation of watéj but is depen-
dent upon the stoichiometric numbers of other melt components

involved in the reactiongxk). For example, to describe the
stability relations of cummingtonite and melt, the reaction could
have been written as:

151 7 MOruyFe,SisOn(OH),= 7 (1-y) MgO+ 7y FeO+ 8 SiG+ H,O
solid liquid liquid liquid  liquid
(10)
*
cz 1 1 which, from the perspective of thermodynamics, is equivalent
—l

to Equation 7, but results iZ)\k equal to 15 rather than 8.
Alternatively,

05| 4 M7a.,Fe,Sig0:5(OH),= (1-y) Mg;SigOxs+ y F&SisO,s+ H,O
solid liquid liquid liquid
(11)
! ! ‘ : which results inpkequal to 1. All of Equations 7, 10, and 11
0.1 0.3 0.5 0.7 0.9 : : e -
XH 20 are equally valid reactions utilizing different sets of melt com-
2

ponents, yet in terms of actual melt species, one of these reac-
FIGURE 1. Variation of a modified equilibrium constar¢) for ~ tlons more closely embodles.r.eallty t.han the other two.

the reaction of cummingtonite with silicate melt plotted as a functidaXperimental measurements defining the isobaric thermal maxi-

of the mole fraction of wateK(,o) in the liquid. Reaction stoichiometry mum as a function oXy,0 have the potential to discriminate

is given by Equation 7 arié* is defined a&/I" via Equation 8. alternative reaction stoichiometries and identify an internally
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103 K*
103 K*

0.1 0.2 0.3 0.4
XH 20 XH 20

FIGURE 2. Variation of a modified equilibrium constark¥X) for FIGURE 3. Variation of a modified equilibrium constari¥) for
the reaction of cummingtonite with silicate melt plotted as a functidhe reaction of cummingtonite with silicate melt plotted as a function
of the mole fraction of water (X #@) in the liquid. Reaction of the mole fraction of water (¥o) in the liquid.K* is defined as
stoichiometry is given by Equation 7 aKd is defined as K* % = K* =k; = (1_ XHZO)Z?*(XHZO ? and curves are plotted for variable

(1 =Xi1,0)84*9(Xi,0)*. Isopleths oK* are labeled by. reaction stoichiometry (e.g., Egs. 7, 10, and 11), \Ziihequal to 1,
2, 3, 4, 6, 8, 10, 15The dashed line defines the locus of thermal
maximum for the range: 4 Y’ < 15.

consistent set of melt species appropriate to the temperatihe-model dependeit,o. DefiningK* from Equation 6 ak/
pressure conditions of the experiment. To illustrate, Figure 2/isand takingv to denote the wt% 4 dissolved in the melt,
a plot ofK* vs. X,,, for reaction 7 for six cases involving dif- differentiation yields:

ferent assumptions regarding the speciation of water in the melt.

The case o0 O (Xu,0)? (0 = 1) is reproduced for reference Sk s _—

(e.g., Fig. 1), and the caseaf, O X0 (0 = 0) represents the 98" _ v5 (1_ BOFAAL, HO
other extreme of water dissc%lved ezntirely as a molecular sp@w Xo(L=Xuo) % ZEJH%M%(H@E ow

cies. Intermediate cases are plotted correspondid@i®.2, (12)
0.4, 0.6, and 0.8. Note thak(l =)does not shift witl® (e.g.,

Eq. 9), but that the value &* at this maximum increases sig-AS the derivativedX,o/ow, must be positiveX.o is & mono-
nificantly (a factor of 20), with variation & This pronounced i~ function ofw), Zeroes in Equation 12 cérresponding to
increase inK* translates into the magnitude of the therm%xtremairK* are given by, oequal 0, 1, an(yghzhk o (e.g.,
maximum that, consequently, is considerably more pronounced gy Translation of the 2position of the ‘thermal maximum
when water behaves predominantly as a molecular speciesf;rgpn mole fraction to wt% kO is consequently straightfor-

the melt. The ce:se of varyirg, is explored in Flggreﬁ& Varia- ward and only involves expressingl as a function ofv.
A - . 2
tion in 3. results in an even more-pronounced effect on KZ "oy he written:

andmoves the thermal maximum to higher water conténts
practice, both variation idand 3 may occur simultaneously, w

and of course the weak dependencé ain Xis will affect m
the position and extent of the thermal maximum, but the poten- X, = W < (13)
tial exists to use experimental results of this kind to constrain m+ ZW
and possibly distinguish alternate hypotheses of melt specia- ' '
tion. In this respect, the analysis of isobaric thermal maxima i%e

analogous to the perhaps more familiar analysis of the vari rei\/IV\/id;jenfotesttht(; moleculatr V‘;.e'gh.t of tﬁer:]ntelt com-t f
tion of mineral solubility with pH, which yields insight into ponent and refers to the concentration, in weight percent, o

the stoichiometry of congruent dissolution of mineral phas%%eIt corrlpontents otrfler than watter. hen tEq;J.atlor! 13.may

into coexisting aqueous solution. e recast in terms of component concentrations iacaiva-
lent anhydrous me(tc™™ =, 100/[100—w])1

X, expressed as wt% HO dissolved in the melt

Given the potential for utilizing the position of the isobaric —
thermal maximum to document melt speciation, there is some X, , = MW, ——. (14)
motivation to recast the analysis in terms of experimentally w ,100-w_c™
determined quantities such as wt% dissolve® Father than MW, 100 T MW

w
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Equating Equations 9 and 14, ) 7 ) 9 .
Mg,Si,0,,(OH), = 5Mg,SI0, +280, +H,0 (21)

1 1
X% = = — (19 solid liquid liquid  liquid
T
a ' ' illustrating the reaction of end-member magnesio-
gives the relation cummingtonite and silicate melt with two different choices of
melt speciation. If the melt composition lies in the system MgO-
SiO-H,0, then Equation 19 may be written:

SN MW, (100 —wme) _
= (16) MW,
a 100wmax T MW w" =
MW, + (M1,902 +M, 50, )8+ (Ml,MgO + Mz,Mgo)7
. - : : 100 5o e o
from which the position of the thermal maximum, in terms of alM, g0, z.aoz)W+ Mimgo + Mamgo Mvs{;,’* 0
wt% H,O (W™, is given by: © © B
(22)
wmex = MW, ) (17) Assuming “oxide” melt species are chosen (e.g., Eqg. 20), Equa-
MW, oA« tion 22 reduces to
+__ K
100 as c™ MW,
T MW wm = MV, . 15 . (23)
anhy,ox anhy,ox
For further analysis, it is convenient to introduce the linear trans- 100 O(DCS'Oz + g0 B

formation, A« = 3 My, which maps stoichiometric coefficients WES, MW 5§
. ]

for oxide components\%; to those of the component set cho-
sen. This same linear transformation relatepart, moles of Alternatively, if melt species corresponding to the reaction in
oxides to moles of melt components. It is an incomplete magduation 21 are chosen, thiéhis given by
ping however, because all melt components may not be involved 1
in the reaction of the hydrous mineral with the melt (e.g., the M ot oD

. . . Myg,s0, Mgo so,mgo I [ 2 O
mineral-melt reaction may be given by Eq. 7 an® knay be M 709 O
present in the melt). Therefore, the more general linear trans- & M%:50:S0: §0,.50, [] E)_E l%
formation

and Equation 22 reduces to:

C_anhy C_anhy.ox C_anhy,ox

i _ ] ]
TR MW, 2N MW, () W = MW, (24)
MW, | (2+18+(1+0)7
is adopted, where the second term accounts for those melt com- 100 Lq oo™ +(1+0 G O
ponents not participating in the mineral-melt reaction. These o= )M 932 (5 )M\Mﬁ;o%
definitions allow Equation 17 to be written as:
— MW, . (19) Equation 24 iddentical to Equation 23; the position of the
MW, S5 MA¥ thermal maximum, expressed in terms of wty@Hs not dis-
+ k) placed by changing * from 15 (Eq. 20) to 8 (Eq. 21), unlike
100 O e ¢ 0 T (Fig. 3). It can be shown that any choice of melt specia-
az M|17+ZN|17 ?(HZO ( 19 ] y ) p
i E; "M T MV\/j°XH tion model that can be expressed in terms of a linear transfor-
] o ) ) mation of oxides yields a similar conclusion. Mie~ related
This expression is the “wt% equivalent” of Equation 9. to melting of magnesio-cummingtonite in the system MgO-

Itis apparent from inspection of Equation 19 that alteringjo, 4,0 is insensitive to melt speciation. Interestingly, this is
the concentration of any oxide in the met"**) will move oy the whole story in an extended chemical system. Consider
the position of the thermal maximum*). This result is in- 5 second example of the reaction of magnesio-cummingtonite
tuitive and consistent with experimental observations (e-%ccording to Equations 20 and 21 with a melt composition in

Yoder and Kushiro 1969). The effect of changing melt specigye system MgO-AD,-Si0,-H,0. Equation 19 now becomes
tion however, is more subtle. Two simple examples will illus-

trate. . MW,
Consider the pair of equations: WS MW, . 15 -
100 chwhy,ox Cs‘why,ox c/i?h;(/),ox D ( )
O, g0 203
Mg;Sis0(OH),= 7 MgO + 8 SiQ+ H,0 (20) U M T mwe, g

solid liquid liquid liquid
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: 0.05 010 015 0.20 0.25 0.30 0.35
for the case of Equation 20 and ; ; ; : n ‘ ‘

T T T
Mole fraction HoO

max _ MW, 26 800
T MW, 15 (26)
100 O a"gz,: 2 ci?“é . 7901

V\éio2 M go MV\(Man E

~ 780

for the case of Equation 21, including the simplifying assumﬁi
tion that ALO; is the sole Al-bearing melt species. It is appar'-_ 770
ent that Equations 25 and 26 are not identical and, consequently,

it follows thatw™*shifts with melt speciation in the system 760
containing alumina. This example generalizes to the conclu-

1kbars HZO saturauon

sion that melt speciation will affect the valuews®* if the re- 750 500 bars

action involving mineral and melt is examined in a supersystem e
of the composition-space of the mineral. Thus, for minerals 2t 4 6 8 10 12
crystallizing from magmatic composition melts, the dependence Grams H20/100 grams

of w">on melt speciation is to be expected. o
FIGURE 4. Liquidus temperature for Mg,Fe-cummingtonite in bulk

Effect of incongruent melting on XJ e compositions corresponding to rhyolites from the Taupo volcanic region

of New Zealand (see text), calculated as a function of water content

The. results dISpI,ayed Ir,] Flgure.3. algo demonStr,ate the élng MELTS (Ghiorso and Sack 1995). The calculated water saturation
fect of incongruent dissolution/precipitation (non-zerm Eg. curve from MELTS is also plotted for reference. Vertical bars correspond

1). Additional solid phasesS] involved in the reaction dff {5 \ater contents of typical amphiboles (centered around 2) and micas
with melt will modify the stoichiometric coefficients and (centered around 4jax*points to the theoretical maximum calculated
possiblya, thereby shifting the position and extent of the thefrom Equation 9 anthaxpoints to the maximum calculated by MELTS;
mal maximum. In the typical case of incongruent reaction ithe difference between the two demonstrates the dependence of melt
volving the production of “anhydrous” solid phases, the shigpmponent activity coefficients on,@ content.

in X5 will be toward higher water contents and more pro-

nounced temperature extrema (i.e., smaiér Fig. 3).

Figure 4 is thatx = is essentially independent of pressure.
AN EXAMPLE UTILIZING MELTS This result could have been anticipated, as it follows from the
A quantitative example of the significance of the water-uexperimental observation that the partial molar volume of dis-
dersaturated thermal maximum with respect to the stability blved HO is independent of melt composition (Lange 1994).
cummingtonite in rhyolitic magmas can be constructed witHowever, because of this invariance and the strong effect of
the aid of the MELTS software package (Ghiorso and Sapkessure ONXst, , the thermal maximum will appear at higher
1995). For this example, a magma bulk composition correspouigigrees of water-undersaturation as pressure on the system is
ing to an average cummingtonite-bearing rhyolite lava froncreased, and the magnitude of the thermal maximum will be
the Taupo volcanic region of New Zealand (Table 11-6, no. ®more significant the higher the pressure.
p. 554 of Carmichael et al. 1974) was chosen for analysis. Es-It should be noted that the calculated thermal maximum in
timation of the thermal maximum for cummingtonite satura=igure 4 could be shifted to higher water contents (and prob-
tion is made by calculating with MELTS the liquidusably higher temperatures) if the precipitation of cummingtonite
temperature for that phase at specified water content and tdtain the magma involves a reaction with some other solid phase.
pressure. All other solid phases are suppressed from formirtgs shift can be accomplished by altering the reaction stoichi-
so that liquid-cummingtonite stability relations for this bullometry to correspond to smaller valueszjfk (e.g., Fig. 3).
composition can be analyzed unambiguously. Results for fiyastification for this interpretation follows from the petrographic
isobars are displayed in Figure 4. Also shown is the water sadbservation that hornblende and cummingtonite are rarely found
ration limit for a magma of this bulk composition as modeletgether in the phenocryst assemblages of the Taupo lavas
by MELTS. (Ewart et al. 1971), whereas other phases are equally likely to
There is a striking similarity between the isobars shown bbe found with either amphibole. The formation of
Figure 4 and thi&*-X,,, curve drawn in Figure 1, both in termscummingtonite in this magmatic system probably involves a
of overall shape and in the position of the thermal maximumraaction of hornblende with melt, which may be represented in
Xu,0=0.11. This is due in large part to the fact that in MELTShe form of Equation 1 with non-zefor the cummingtonite
the chemical reaction for cummingtonite saturation is given lepmponent in hornblende and with consequently sm@ller
Equation 7, witha,,o 0 X#,0. The similarity also confirms the This line of reasoning may provide an explanation for the sta-
assumption made above that compositional variation in acthility of cummingtonite at elevated pressures mdperatures
ity coefficients for melt components contribute only second magmatic systems that are close to water saturation. In the
order effects with respect to the major features of the thernaddlsence of some form of incongruent reaction between
maximum. The most notable aspect of the results displayeccinimmingtonite, melt, and some additional solid phase,
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cummingtonite will breakdown as temperature and/or water stitution of Washington, Yearbook 72, 491-495.

L . . ler, D.H. and Holloway, J.R. (1977) Partial melting of peridotite in the presence
content of the melt is increased. Persistence of Cummmgtorjﬁ?@of H,O and CQ@: Principles and review. In H.J.B. Dick, Ed., Magma Genesis.

under these conditions implies a shift in the thermal maximum Bulletin, State of Oregon, Department of Geology and Mineral Resources, 96,
that is more likely driven by reaction stoichiometry changes 15-36. _ .
. . . . vY?rt A., Green, D.C,, C_grmlchael, I._S.E., and Brown, F.H.l(1971) Volur_nlnous
induced by incongruency rather than dramatic changes in meltioy temperature rhyolitic magmas in New Zealand. Contributions to Mineral-
speciation, ogy and Petrology, 33, 128-144.
Ghiorso, M.S. and Sack, R.O. (1995) Chemical mass transfer in magmatic pro-
ACKNOWLEDGMENTS cesses IV. A revised and internally consistent thermodynamic model for the
interpolation and extrapolation of liquid-solid equilibria in magmatic systems
As usual, after having accidentally stumbled upon the effect analyzed in at elevated temperatures and pressures. Contributions to Mineralogy and Pe-
this paper by experimenting with MELTS, Bernard Evans introduced me to the trology, 119, 197-212.
literature on this subject. | am grateful as well to Victor Kress, who offered h&hiorso, M.S., Carmichael, I.S.E., Rivers, M.L., and Sack, R.O. (1983) The Gibbs
usual enthusiasm and thoughtful criticism. Helpful reviews by Bernard Evans, free energy of mixing of natural silicate liquids; an expanded regular solution
Tim Grove, Michel Pichavant, and Victor Kress resulted in improvements to the approximation for the calculation of magmatic intensive variables. Contribu-
manuscript and the incorporation of an analysis of the movement of the thermal tions to Mineralogy and Petrology, 84, 107-145.
maximum as a function of wt% 8. Material support was provided by the Holloway, J.R. (1973) The system pargasit®+CO,: a model for melting of a

National Science Foundation (OCE-9529790). hydrous mineral with a mixed-volatile fluid - I. Experimental results to 8 kbar.
Geochimica et Cosmochimica Acta, 37, 651-666.
REFERENCES CITED Lange, R.A., (1994) Densities and viscosities of water-bearing silicate liquids. In

. Mineralogical Society of America Reviews in Mineralogy, 30, 123-129.
Boettcher, A.L. (1970) The system CaO@4H.O at high pressures and tempera-yoder Jr., H.S., and Kushiro, I. (1969) Melting of a hydrous phase: Phlogopite.
tures. Journal of Petrology, 11, 337-379. o American Journal of Science, 267-A, 558-582.
Burnham, C.W. (1994) Development of the Burnham model for predictiop®f H zen, E-an (1966) Construction of pressure-temperature diagrams for multicompo-
solubility in magmas. In Mineralogical Society of America Reviews in Miner-  nent systems after the method of Schreinemakers —A geometric approach.

alogy, 30, 123-129. Bulletin of the United States Geological Survey, 1225, 56 p.
Carmichael, I.S.E., Turner, F.J., and Verhoogen, J. (1974) Igneous Petrology.

McGraw-Hill, New York, 739 p.
Eggler, D.H. (1972) Amphibole stability in,8-undersaturated calc-alkaline melts. MANUSCRIPTRECEIVED DECEMBER 12, 1997
Earth and Planetary Science Letters, 15, 28-34. MANUSCRIPTACCEPTEDMAY 24, 1999
(1973) Principles of melting of hydrous phases in silicate melt. Carnegie IPAPER HANDLED BY ROBERT W. LUTH




