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Abstract

Because water dissolves in silicate melts as at least two species, H,O molecules and OH groups, the exsolution
(evaporation) enthalpy of the H,O component from a silicate melt depends on species proportions, which in turn depends on
H,0 pressure. In this short communication, a formal analysis of the exsolution enthalpy of water from a silicate melt is
presented, taking into account of the role of speciation. The exsolution enthalpy from a rhyolitic melt at 850°C is found to
increase with pressure at < 100 bar and this increase is mostly caused by the speciation reaction. Sahagian and Proussevitch
[Sahagian, D.L., Proussevitch, A.A., 1996. Thermal effects of magma degassing. J. Volcanol. Geotherm. Res. 74, 19-38]
also found an increase of the exsolution enthalpy with pressure up to 20 bar for an albitic melt. However, the rate of increase
determined from this work is an order of magnitude less than that determined by Sahagian and Proussevitch. It is concluded
that the strong pressure dependence of the exsolution enthalpy at low pressures they inferred is probably an artifact of their
treatment. The method presented here is general and can be applied to other multi-species components. © 1999 Elsevier
Science B.V. All rights reserved.
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1. Introduction can also be used to investigate the variation of the
exsolution enthalpy or other thermodynamic proper-
The purpose of this short communication is to ties of other multi-species components.
outline a formal analysis for the estimation of the For a volatile component A that can dissolve in a
exsolution enthal py (i.e., heat of e\/aporation) of the ||qu|d, the usual expron for the enthal py of exso-
H,O component from a silicate melt taking into lution from the liquid is:
account the presence of two species (Stolper, 1982), = o = |
molecular H,O (referred to asH,0,,,) and OH groups AHe(T,P) =HI(T.P) _HA(T'P’XA)’ (3)
(referred to as OH). The exsolution enthalpy is im- where the system pressure P is assumed to be the
portant for evaluating the thermal effect of magma ~ S2Me @ the pressure of component A in the gas
degassing and explosive volcanic eruption (Sahagian phase (|I €., the gas phase consists of only component
and Proussevitch, 1996), and for estimating and ex- A),. XA_ is the_ molar fraction of A in _the liquid in
trapolating how the solubility of water changes with equilibrium with the gas phase, HY is the molar

temperature. In addition, the method presented below enthalpy of component A in the gas phase, and A
is the partial molar enthalpy of the dissolved compo-

nent A in the liquid. Because X, at equilibrium is a
" Fax: +1-313-763-4690; E-mail: youxue@umich.edu function of T and P, the exsolution enthalpy is a
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function of T and P only. For an ideal solution, H,A
is independent of X,. The pressure derivative of H,
is V(1 — aAT) where V, is the partiadl molar vol-
ume of component A in the liquid and «, is the
thermal expansivity. Since V' is typically small (2.2
Jmol~* bar! for H,O in magma at 850°C and 1
bar, Ochs and Lange, 1997), H. does not change
significantly from 1 to 2 bars. If this small pressure
dependence is ignored, and if the gasisidea (hence,
enthalpy of the gas is independent of pressure) and
the liguid phase is an ideal mixture (hence, no
mixing enthalpy), the above equation can be simpli-
fied as:
AHg (TP, X4 ) = HIO(T) — HAO(T) = AHS(T),
(b)
where AHS(T) is the standard state exsolution en-
thalpy that is independent of pressure and liquid
composition. Therefore, at low pressures (and hence,
low dissolved concentration of A), the exsolution
enthalpy of a volatile component is roughly indepen-
dent of pressure for an idea gas and ideal mixture.
However, Sahagian and Proussevitch (1996) evalu-
ated the exsolution enthalpy of the H,O component
in the albitic melt and concluded that it varied
strongly even at low pressures (e.g., an increase of
1500 Jmol ~* from 1 to 2 bars at 850°C). Since H,0
in the vapor phase is roughly idea at such low
pressures and 850°C, the large variation with pres-
sure, if real, must be owing to the speciation effect
of dissolved H,O in silicate melts. It is thus of
interest to examine A ﬁex,Hzot by explicitly incorpo-
rating the effect of the two species, H,0O,, and OH,
and to understand whether such large variation in
Aﬁexszot is possible. Since the speciation of dis-
solved H,O is best understood in hydrous rhyolitic
systems, this work concentrates on hydrous rhyalitic
melts.

2. Exsolution enthalpy of H,O from a silicate
melt

2.1. The dissolution and speciation of water in sili-
cate melts

By explicitly incorporating the effect of the two
species, H,0,, and OH, the dissolution of H,O

component into magma can be treated as a two-step
reaction:

H,O(vapor) = H,0,,(melt), (1)
and
H,O,(melt) + O(melt) = 20H(melt). (2)

The standard state enthalpy changes (AH) and the
equilibrium constants (K ) for Reactions (1) and (2)
will be referred to as:

AHr(i Hmelt O(T P) vaporO(T), (3)
AH02=2ﬁmelt,O_ﬁomelt,0 HmeItO
r 2 m
= Hi5H%(T.P) —HIG (T, P), (4)
Kl = 1:v:1ponr1 = Klooexp[ —A Hr?./( RT)] ) (5)
H,0
and
(a54)°
K2 = amelct) agelt = K2wexp[ _AHrOZ (RT)]’ (6)

where K, and K,, depend on pressure as
Ky, Aexp[ f Vi dP/(RT) |, (7)

Ko = AzeXp[ PAV,9/( RT)] (8)

where A, and A, are two constants, and the sub-
script 20H—O means two OH groups minus an
oxygen (i.e., 20H—O means part of the H,O compo-
nent that is in the form of OH). In the above
expressions, the standard state is indicated with the
superscript 0. The standard state for H,O in the
vapor phase is the hypothetical ideal gas at 1 bar
(very close to the real gas at 1 bar) and T. The
standard state for each speciesinthemeltat P and T
is the nonexistent hypothetical ideal end member
melt at the activity of 1. If K, (or K,.,) and AH_}
(or AH3) are independent of T at a given P (equiv-
dent to small AC)), thenInK, (or InK,) vs. 1/T is
a straight line. Conversely, if InK; (or InK,) vs.
1/T follows a straight line, AC, cannot be obtamed
from such data, and K, (or sz) and AH? (or
AHJ3) can be viewed as independent of T. Note that
the standard state of H,O in the vapor phaseis at 1
bar and the standard states for dissolved H,0 species
areat T and P. Thiswill bear on later derivation of
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exsolution enthalpy since the exsolution enthalpy is
the enthalpy change for H,O inthemelt at T and P
to exsolve to H,O in vapor at T and P.

Recent experimental work on both speciation and
solubility provides main constraints on the equilib-
rium constants and thermodynamic functions of the
above two reactions. The variations of K,;, K,,
AH?S, and AHS are summarized below.

(i) K, and AHS. Since it takes heat for a compo-
nent in a liquid to vaporize, —AHJ is expected to
be positive at not too high a pressure and K; de-
creases with increasing T (Eq. (5)). Because \_/,j“zec'}m
>0, K, decreases with increasing P (Eq. (7)). The
temperature dependence of AH_S cannot be evalu-
ated at thistime by /C,dT because C,, of H,0,, ina
silicate melt is not well-known. The pressure depen-
dence of AH ] can be estimated from that of HJ<%
because by definition H Vj”‘”o is independent of P.
At 850°C and <100 bars, (9HT®! on/ P x =
meg (1 a e _T). Because Vmelt = V;'“e'ot =221
mol ~ (Ochs and Lange "997) ‘and (1 —

afi%s T) <1, (HJE /dP); isasmall term in any
case Therefore at Iow pressures, the pressure de-
pendence of —AH3 is small.

(i) K, and AHS. Experimental speciation data
show that K, increases with increasing T (Zhang et
al., 1991; Nowak and Behrens, 1995; Romano et d.,
1995; Shen and Keppler, 1995; Zhang et al., 1995,
1997) and decreases only slowly with increasing P
a P <10 kbar. Hence, AH_ is positive (Eg. (6))
and AV issmal at P < 10 kbar. The experimental
speciation data do not show any dependence of AH_
on T, hence, the dependence is ignored. Zhang et al.
(1991, 1995, 1997) investigated the equilibrium in
rhyolitic glasses/melts by measuring glasses
guenched from 400-600°C. From these data, the
experimental speciation data at H,O, < 2.4% can be
expressed as (Zhang et al., 1997):

K, = 6.53exp( —3110/T), (9)

with AHS =259 kJ. Two experimental investiga-
tions of the speciation equilibrium by measuring
infrared band intensities in situ at high temperature
and assuming that extinction coefficients are inde-
pendent of temperature (Nowak and Behrens, 1995;
Shen and Keppler, 1995) reported K, expressions
and AHJ values different from those above. How-
ever, if one assumes that the infrared band intensity

changes a¢ < 300°C in the work of Nowak and
Behrens (1995) represent mainly the dependence of
molar absorptivities on temperature, and calculates
molar absorptivities at higher T by extrapolation
(Fig. 2a), the in situ data for the haplogranitic melt
(Nowak and Behrens, 1995) and the quench data for
rhyolitic glasses (Zhang et a., 1991, 1995, 1997) are
in agreement (Fig. 1b). This interpretation is sup-
ported by recent work of Behrens et al. (1998) and
Zhang and Behrens (1998) who found that extinction
coefficients depends on measurement temperature
and that infrared band intensity changes at < 300°C
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Fig. 1. Reinterpretation of the in situ speciation data (Nowak and
Behrens, 1995) and comparison with the quench speciation data of
Zhang et al. (1997). (@) Molar absorptivity (obtained by assuming
that species concentrations do not change in the glass state)
divided by that at 25°C vs. T for the 5230 cm~* and 4520 cm~*
bands. (b) INK (K means K,) vs. 1/T where species contents
from Nowak and Behrens (1995) are recalculated using extinction
coefficients in (a). See the work of Zhang (1998) for details.
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represent mainly the dependence of molar absorptivi-
ties on temperature. Hence, the discussion below
uses the speciation model of Eq. (9). The accuracy of
Eqg. (9) to H,O, > 2.4% is not known. Nevertheless,
using Eq. (9) to approximate speciation at high H,O,
is better than assuming all dissolved water dissoci-
ates into OH (as implicitly assumed in the work of
Sahagian and Proussevitch (1996)), or completely
ignoring speciation.

For hydrous abitic glasses and melts, speciation
data are limited and reported data show large dis-
crepancies (Romano et al., 1995; Zhang et al., 1995).
Hence, these data will not be used.

2.2. The solubility of the H,O component in a sili-
cate melt

The solubility of the H,O component in a melt is
related to the species concentrations as:
XITEB, = XA+ X5 = X[e6 -+ 0.5X5s"
(10)

where X is the molar fraction on a single oxygen
basis (Stolper, 1982), and X;&! | = 0.5XJ". Using
the equilibrium constants defined above, the solubil-
ity of H,O component can be written as:

melt melt\1/2
XH20t=Klf+0.5(K2KlfxO ) (11)
where f is the fugacity of H,O. At low f (below 30
bars), X3 = 1 and X[ < X[, leading to

X7 =~ 0.5( K, K,P)Y2. (12)

The more general expression of the solubility is
obtained by eliminating XJ®" in Eq. (11):

X{res, =Ky f+0.25

X [\/(Klef)2+4KlK2f(1— K,f)

KK, f]. (13)

2.3. The exsolution enthalpy of the H,O component

The enthalpy of the H,O, component in the melt
is:
meIt

= (T, P, X) —x—mHmelt (T,P,X)

melt
H,0,

melt
XZOH -0

melt
XH 204

IS o(T.P.X).

(14)

Ignoring the variation of H of each species with X
by assuming roughly ideal mixing (at least up to
2.4% H,0,, Zhang et al., 1997), and combining with
Egs. (4) and (10), the above equation can be rear-
ranged as:

Hmelt O(T P) Hmelt O(T P)
+|1- 2 |AHY(T,P).
Xi50,
(15)
Therefore, the exsolution enthalpy can be written as:
Ay 1,0(T.P) = S (T,P) — AE°(T.P)
_ ﬁliila;por(-l— P) vaporO(T)
+ H}.\:apoor,O(T) HmeItO(T P)
[Hvapor(-l— P) vapor O(T)]
—AH&(T,P) —|1- xmeh
H,0,
XAHS(T,P) (16)

where AHJ(T,P) is negative and AH3(T,P) is
positive. It is necessary to include the term
[HY%"(T,P) — HY%"°(T)] because the standard
state of H,O in vapor isa T and 1 bar. The term
[H"ap‘“(T P) HySo" 0(T)] can be found from steam
tables (Haar et al 1984) and changes roughly by
—7.6Jmol ™! bar~! a P <600 bar. The last term
in Eq. (16) can be evaluated from speciation data
with AHS =259 kJ. Hence, as long as AH? is
known as a function of T and P, the exsolution
enthalpy can be calculated.
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At low pressures (< 10 bars), Eq. (16) can be
simplified to reveal how the exsolution enthalpy
depends on P. From Egs. (5), (6) and (12), X\ /
XTel =~ 4XT% /K, = 20K, P/K,)Y?, leading to

AHg 1,0, = HY'(T,P) — HYO(T) — AH}
AHr2+4(AHr2)Xme“/K2 (17)

The last term in Eq. (17) can aso be expressed as
HAHY XS [p-1VP /K, where P isin bar and is
owing to the speC|at|on effect. In a small pressure
range (0—10 bars), the variation of AH3 with P is
expected to be small, and [H voo (T,P) —
Hy2%m2(T)] is also small. Hence, the dependence of
the exsolution enthalpy on pressure is mostly re-
flected in the last term in Eq. (17) with AH, o
being roughly proportional to P2, Therefore, the
pressure dependence of AHex,HZOt at low pressures
is well-characterizable, and almost independent of
the values of AH,$ and [HY%"(T,P) — HY¥%"%(T)].

2.4. The relation between constant-pressure solubil-
ity and exsolution enthal py

Experimental solubility data at constant pressure
and variable temperatures can be used to constrain
AHg ,0,- At 1 bar, from Eq. (12), X% = (0.25
K, K, P)1/2 leading to InXMell = 0.5In(0.25
P)+ 05IN(K,K,) = 0.5In A~ 05(AHO + AH2)/
(RT)=0.5InA+ 0.5A Ha,HZOl/( RT), where A (in-
cluding 0.25P and K., and K,,) is independent of
temperature. Hence, using the standard thermody-
namic approach, the slope in |nxg§g‘ vs. 1/T dia
gram at a given low P (close to 1 bar) gives
0.5A Hg y,0,/R. That is, at 1 bar, AH,, ,, o can be
directly obtained from constant-pressure solubility
data at variable T.

At high pressures, however, no such simple rela-
tion exists because of the complex expression of
X(7e8, in Eq. (13). Given a speciation model (that is,
given K, as a function of T and P) and assuming
ideal mixing, AH, , o can be inferred using the
following procedure.

() From T and Py, ., o can be calculated from
the equation of state of H,O (Pitzer and Sterner,
1994).

(ii) From measured H,0, at agiven T, X, o can
be solved from H,O, and K, vaue (Eg. (9)) by
combining K, = [OH]?/{[H,0,, 10}, [H,0,]1+

0.5[0OH] =[H,0,] = X, and [H,0,,]+ [OH] + [O] =
1, leading to
XHzom

8Xx?2

gx+ Ka(1—2X) +{Ko(1—2X)}2 + 16K, X(1— X) '
(18)

(i) Ky (=Xy,0_/fu,0, @sSUMing ideal mixing)
can then be calculated at each T.

(iv) By plotting InK; vs. 1/T at constant P,
AHJS a P can be obtained from the slope (see Eq.
(5)). This AH?S depends on the assumed speciation
model and hence, on AHJ.

(V) AHg, |, o, @ P asafunctionof T can then be
obtained usmg Eq. (16). This A Hee 11,0, turns out to
be roughly independent of the assumed speciation
model and hence, on AHJ.

The above discussion shows that obtaining
AHg .0 Using high-pressure solubility data is
complicated and somewhat model-dependent,
whereas low-pressure solubility data are especially
useful in directly constraining H,O exsolution en-
thalpy from a melt. Because low-pressure (such as 1,
10 or 100 bars) solubility data as a function of
temperature are not available, and because obtaining
AHS a high P may introduce uncertainties, the
absolute values of AH_2 from high-pressure solubil-
ity data are not used in the following discussion.
Only the relative variations of the evaporation en-
thalpy with pressure will be considered.

2.5. Other thermodynamic properties of a multi-
species component

Other thermodynamic properties can be treated in
a fashion similar to that of H. For example, the
chemical potential ( ) and partial molar volume (V)
of the H,O component at (T, P, X) can be written
as.
XEG, e L XS0

melt
Xmelt MH,0,
H,0,

melt —  melt _
Xmen I“LZOH (o}
H,O,

MH,0 = MHy0, =

(19)
Vl-rinzeg = VszeIOtt = X melt ﬂ%[m X melt Vzrge'!'t (o
H,0, H,0,
(20)
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At equilibrium, AG for Reaction (2) is zero, mean-

; A It It _ It :

iNg w36H-0=2Mon — Mo = Kin0,, l€ading to
melt — melt _  melt _ melt

MH,0 = MH,0, = MH,0,, = M20H-0" (21)

Hence, for chemical potential, the result is very
simple. If AV for Reaction (2) is small (at P <10
kbar), then an equation similar to Eq. (21) holds for
the partial molar volumes. At higher pressures, how-
ever, this may no longer be true (Zhang, 1994).

3. Comparison with the results of Sahagian and
Proussevitch

Fig. 2 compares the shape of the exsolution en-
thalpy as a function of pressure for rhyolitic melts
from this work with that for albitic melt obtained by
Sahagian and Proussevitch (1996). Because AHJS is
not accurately known, the solid curve in Fig. 2 may
be moved up or down, but the shape stays the same.
The AH,, o, increase with pressure (solid curve)
can be identified to be mostly caused by the specia
tion reaction (the last term in Eq. (16) or Eq. (17)).
Compared with the dashed curve (result of Sahagian
and Proussevitch, 1996), both reveals that AH,, ,, o,
increases with P at low P. However, the rate of
increase of Aﬁex‘Hzot with increasing P is much

P T T T

/' S&P, 1996, albite ™~

This work, rhyolite

A H ex, H20t

850°C

0 20 40 60 80 100
P (bar)

Fig. 2. AHo 1,0, vs. (Pu,0)"/?. The dashed curve is from the
work of Sahagian and Proussevitch (1996) for albitic melt. The
solid curve is from this work for Aﬁex,HZO, for rhyolitic melts.
Each division in the vertical axis represents 1 kJ. Because of an
uncertain constant for the solid curve, absolute exsolution en-
thalpy values are not shown on the vertical axis and the solid
curve can be moved up or down without changing its shape.

smaller in my treatment than that obtained by Saha-
gian and Proussevitch (1996). For example, from 1
bar to 2 bars, they obtained that AH,, o of hy-
drous abitic melt increases by 1500 Jmol ™=, whereas
my results show that AH,, , o of hydrous rhyolitic
melt increases by 170 J mol %, a factor of nine less.

Sahagian and Proussevitch (1996) tried different
ways to estimate the exsolution enthalpy of water
from an abitic melt but found that most methods
they came up with did not work. They settled for
using the estimated A S as a function of temperature
at 2 kbar by Burnham and Davis (1974) and then
estimating how this AS changes with P and H,O,,
also using resultsin Burnham and Davis (1974). This
approach of Sahagian and Proussevitch (1996) suf-
fers from several possible problems: (i) the composi-
tional dependence of the partial molar entropy is
clearly not well-known and they had to arbitrarily
adjust the numbers to make their relations (30a) and
(30b) self-consistent; (ii) the partial molar entropy
equation implicitly assumes that all H,O, is dis-
solved as OH (no H,0,,), which is clearly an over-
simplification. Use of Eq. (9) as the speciation model,
although still not perfect especialy at high H,0,, is
expected to yield more reliable results; (iii) the very
complicated expression of partial molar volume of
H,O, in abitic melt by Burnham and Davis (1974)
has been shown to be inaccurate (Ochs and Lange,
1997); and (iv) they relied heavily on the AS esti-
mate as a function of temperature at 2 kbar by
Burnham and Davis (1974). The need for revision of
the AS and AV results of Burnham and Davis
(1974) (even though some of the original experimen-
tal data are of high quality) is not surprising since
progresses in the field in the last 20+ years are
major. Furthermore, in my opinion, in deriving how
the exsolution or evaporation enthalpy depends on
pressure, it is much easier to work with the partial
molar enthalpy itself (as in this work) rather than to
detour from partial molar entropy (as in the work of
Sahagian and Proussevitch (1996)) because the par-
tial molar enthalpy does not depend on the molar
fraction of the component in the solution for an ideal
solution and does not depend on the pressure of the
gas for an idea gas, whereas the partial molar en-
tropy for ideal (and nonideal) solutions (or gases)
depends on these. That is, use of gas-solution en-
tropy difference to obtain the enthalpy difference at
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two different pressures depends on how well the
small difference between two large numbers (the
large entropy changes in the gas and solution states
from one pressure to another) can be determined.

The formal approach in this work does not have
such uncertainties. Although AHS is difficult to
obtain, the dependence of A H,, ,0, On P is well-
characterizable (Egs. (16) and (17)) Therefore, for
rhyolitic melts, the exsolution enthalpy does not
increase with pressure as rapidly as that in the work
of Sahagian and Proussevitch (1996). It is possible
that the large difference between this study and that
of Sahagian and Proussevitch (1996) is owing to
difference between albitic and rhyolitic melts. More
likely, however, the discrepancy suggests that the
results of Sahagian and Proussevitch (1996) are in-
correct because of the several complications dis-
cussed above. Whichever is the explanation, their
results cannot be used to infer thermal effects of
H,O exsolution from a rhyolitic magma at low
pressures.

In conclusion, the formal analysis presented in
this work shows how to treat thermodynamic proper-
ties of a multi-species component. This study also
revedls that the increase of A H,, ,0, With P at low
P is mostly owing to the effect of speC|at|on of H,O
component and the rate of increase in a rhyolltlc
melt is a factor of nine less than that of Sahagian and
Proussevitch (1996) for hydrous abitic melt. Hence,
thermal effect during gas-driven volcanic eruptions
needs to be re-evaluated. More experimenta effort,
especialy at lower pressures, is necessary to further
constrain the exsolution enthalpy of water from sili-
cate melts.
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