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Abstract—This study presents a new approach for determining the partial molar volume and its pressure
derivative for a silicate liquid component through an experimental determination of the isothermal pressure
dependence of the solubility in the liquid of a crystalline phase having the composition of the component.
Because this approach allows the determination of partial molar volumes of liquid components at elevated
pressure, it has the potential to detect pressure-induced structural changes associated with particular compo-
nents in silicate liquid through their influence on partial molar volumes. To illustrate the approach, an
experimental determination of the solubility of quartz in a rhyolitic liquid was used to determine the partial
molar volume of SiQ at pressures up to 35 kbar and a temperature of 1350°C. The 1 bar partial molar volume
for SiO, determined in this way, 2.635 0.009 J/bar, is slightly smaller than the 2.68®.006 J/bar
determined by Lange and Carmichael (1987) (all uncertainties @reThe isothermal pressure dependence

of the partial molar volume of SiQat 10 to 35 kbar{8.69 X 107° + 6.1 X 10~ 7 J/bar) is approximately
one-half of the value determined by Kress and Carmichael (1991) at 11ia®6 X 10 >+ 0.2 X 10°°

J/bar). Our high pressure determination can be reconciled with the existing 1 bar volume and compressibility
data if the isothermal pressure dependence of the partial molar volume pfrS#licate liquids decreases
rapidly between 1 bar and 10 kbar, then remains approximately constant to at least 3%kipgright ©

1998 Elsevier Science Ltd

1. INTRODUCTION pressures and temperatures. The data acquired using this ap-
proach represent an important complement to existing 1 bar
data. Because the approach is based on an experimental deter-
mination of the liquid composition, the data can, in princi-
ple, be used to identify pressure-induced changes in liquid
structure without introducing the potential complications com-

Experimental determinations of the physical properties of sili-
cate liquids place constraints on the rates of buoyancy-driven
melt segregation (Stolper et al., 1981; Delano, 1990; Circone
and Agee, 1996), on the structure of silicate liquids (Bottinga
and Weill, 1972; Kushiro, 1976; Rigden et al., 1988, 1989), and . ) i o
on the nature of crystal-liquid differentiation processes (Walker monly. associated with quenchmg or the glass transition
and Hays, 1977 Nisbet and Walker, 1982; Agee and Walker, (Kushl_ro etal., 1976; Kushlro, 1978;_ Stolper and Ahrens, 1987;
1988a, b, 1993). Available experimental data on the density and Br_apdlss and Stebbins, 1988; Rigden et. al., 1988, 1989;
compressibility of silicate liquids comprise primarily high- Williams and Jeanloz, _1988)' The approach_ls based on the fact
temperature partial molar volume and compressibility determi- that the pressure derivative of the chemical potential of a
nations carried out at 1 bar, supplemented by limited measure- €0MPonent in a phase is equal to its partial molar volume.
ments made at higher pressures (Bottinga and Weill, 1970; Using SiQ, as an example, in this study we determined by
Kushiro, 1978; Nelson and Carmichael, 1979: Mo et al., 1982: experiment the pressure dependence of the solubility of quartz
Lange and Carmichael, 1987; Rivers and Carmichael, 1987; in a rhyolitic liquid at 1350°C. It was then possible to derive the
D|ngwe” and Brea”ey, 1988, D|ngwe” et a|_, 1988, R|gden et pal’tial molar volume of S|9|n these qUartZ'SatUrated |IQUIdS
al., 1988, 1989; Agee and Walker, 1988b, 1989; Kress and as a function of pressure given (1) knowledge of the chemical
Carmichael, 1991; Webb et al., 1992; Agee, 1992a, b; Agee and potential of SiQ in the liquids at 1 bar as a function of
Walker, 1993; Knoche et al., 1995; Circone and Agee, 1996; composition, (2) that the chemical potential of Sid the
Dingwell et al., 1996). Although, in principle, density measure- experimentally produced, quartz-saturated liquids can be deter-
ments on liquids covering the appropriate compositional range mined given knowledge of the thermochemistry and equation
could be used to derive the partial molar volumes of oxide of state of the coexisting quartz, and (3) the assumption, vali-
components at elevated pressures, in practice such informationdated at 1 bar (Bottinga and Weill, 1970; Lange and Car-
is not currently available. michael, 1987; Knoche et al., 1995), that the partial molar
Here we describe a new approach to determining the partial volume of SiQ in the liquid is independent of compaosition
molar volumes of silicate-liquid components at elevated over the range of quartz-saturated compositions produced in the
experiments. This approach is equally applicable to other liquid
components (e.g., corundum for &l; rutile for TiO,; hema-
*Present addresepartment of Earth and Environmental Sciences,  tjte for Fe,Q,; forsterite for MgSiO,; etc.) and has promise to

Rensselaer Polytechnic Institute, Troy, New York 12180, USA .. ide accurate and precise information on partial molar vol-
(gaetani@gps.caltech.edu).

"Present addressLamont-Doherty Earth Observatory, Palisades, Umes of oxide and mineral components in silicate liquids at
New York 10964, USA. high temperatures and pressures.

2499




2500

2. THEORY

The background to our approach is as follows. The chemical
potential of SiQ in liquid of a given composition at pressure,
P, and temperature, mkg;oz (P,T,X)) is given by:

P
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p, (P,TX)= (1 bar,T,X)+ ng‘,’(k (P,T)dP 1)
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wherepgﬁ‘oz(l bar,T,X) is the chemical potential of Sjan a

liquid of the same composition at 1 bar aﬁdé%z (P,T) is the
partial molar volume of SiQin this same liquid. For a liquid
saturated with3-quartz:
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Substituting Eqgn. 2 into Egn. 1 and rearranging:
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Differentiating both sides of Eqn. 3 with respect to pressure at
constant temperature and liquid composition, we arrive at an
expression for the partial molar volume of Si@ the liquid
that requires a knowledge only of the thermochemistry and
equation of state of quartz and the chemical potential of, 810
the liquid at 1 bar:
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Assuming that_\"goz is independent of liquid composition,
once the compositions of liquids saturated wgkguartz are
determined experimentally over a range of pressures at a single
temperature, the partial molar volume of Sii@ the liquid can
be calculated as a function of pressure from the relationships
given by Egns. 3 or 4. Compilations such as that of Berman
(1988) can be used to calculai&;3%P,T)for each experiment.
Note that this also provides the chemical potential of Si©
the quartz-saturated liquid at the experimental pressure and
temperature/LLg‘i‘o2 (P,T,X)). However, if a liquid of the same
composition is then considered at a pressure of 1 bar and the
temperature of interest, it will be undersaturated with respect to
a crystalline SiQ polymorph. Consequently, the chemical po-
tential of SiQ, in this liquid at 1 bar ,(Lg?c,z (1bar,T,X)) cannot
be calculated from thermochemical data for a crystalline phase,
but it can be calculated using one of the available solution
models for silicate liquids (e.g., Ghiorso and Sack, 1995) or
determined experimentally using Pd-oxide equilibration
(Chamberlin et al., 1994). Once Apgo, Value has been
calculated for each of a series of experiments carried out over
a range of pressures, a functional form for the pressure depen-
dence ofAug;q, is assumed (e.g., a polynomial or an integrated
form of the Birch-Murnaghan equation of state) and the coef-
ficients in this expression are determined by least squares
regression or a nonlinear fitting technique; gyoz is then
determined by differentiating the resulting expression with
respect to pressure.
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Note that this approach need not be limited to oxide com-
ponents or to phases without solid solution. For example, in
principle, it could be used to determine partial molar volumes
of silicate mineral components (e.g., the )8g0, component
in olivine-saturated liquids), although if the component of
interest is present in the saturating crystalline phase as a solid
solution, a solution model describing the mixing properties of
the crystalline phase is needed to extract the components partial
molar volume in the liquid phase.

3. EXPERIMENTAL AND ANALYTICAL METHODS
3.1. Starting Materials

Starting materials for the experiments consisted of fresh, clean pieces
of natural, high-SiQ rhyolitic obsidian from Glass Buttes, Oregon,
USA, that had been powdered in a WC shatterbox, and Johnson-
Matthey® high-purity (99.999%) amorphous SjQhowder. Experi-
ments were performed using either rhyolite powder or a mixture of
rhyolite and amorphous Si(prepared by weighing out each powder
and grinding the mixture under ethanol for 30 min with an agate mortar
and pestle (Table 1). The bulk composition of the rhyolite was deter-
mined by first melting 10 mg of rock powder at 10 kbar and 1500°C
using the experimental techniques described below; the composition of
the resulting glass was then determined by electron microprobe anal-
ysis (Table 2). A chip of the natural rhyolitic glass was analyzed by
FTIR spectroscopy and its @ content was determined to be 0.13
wit%.

3.2. Experimental Methods

Experiments were conducted at 10 to 35 kbar using a 1.27 cm
solid-medium piston-cylinder device (Boyd and England, 1960). 4-10
mg of rhyolite = amorphous SiQpowder were loaded into a graphite
crucible and then placed into a Pt capsule that was open at one end.
Graphite powder was packed on top of the crucible, the Pt capsule was
crimped shut, and the assembly was dried at 400°C for 2 to 6 h. The Pt
capsule was then welded shut and centered in a straight-walled graphite
furnace using crushable MgO spacers that had been dried at 1000°C
for 14 to 138 h. The pressure medium consisted of a Ga¢eve.

Pressure was applied using the cold piston-in technique (Johannes et
al., 1971). The friction correction associated with our experimental
assembly at 12 to 14 kbar and 1300°C was determined tab&bar
through calibration against the Ca-Tschermakite breakdown reaction
(Hays, 1966), and no correction has been applied to the pressures
reported in Table 1. Temperature was measured and controlled using a
W3Rey/W,sRe,s thermocouple, and no correction for the effect of
pressure on thermocouple EMF has been applied to the temperatures
reported in Table 1. Thermocouple oxidation over the course of an
experiment was minimized by flowing Njas over the thermocouple
wires. Temperatures are estimated to be accuratedo 10°C and
pressures ta-0.5 kbar, and the thermal gradient over the capsule is
<5°C (Baker and Stolper, 1994). Experiments were terminated by
shutting off the power.

An experiment was also conducted at 1 bar in a Deltech vertical
quenching furnace. 75 mg of rhyolite amorphous SiQpowder were
packed into a Pt capsule 1.27 cm in length. The top of the capsule was
crimped shut, the assembly was dried4d at400°C, then the capsule
was welded shut. The capsule was suspended in the furnace hot spot for
120 h, then quenched into deionized® Temperature was continu-
ously monitored using a Pt-§2Rh,, thermocouple and is estimated to
be accurate ta-3°C.

3.3. Analytical Methods

The compositions of experimentally produced silicate glasses were
analyzed using the 5-spectrometer JEOL 733 electron microprobe at
the California Institute of Technology. The accelerating voltage was 15



Partial Molar Volume of SiQ

2501

TABLE 1. Experimental conditions, starting mixtures, and phase proportions.

Experiment P Temperature Duration Sio,! Phase Proportions (wt%)?
(kbar) O (hr) (wt%) Liquid Crystal

Synthesis Experiments
GBR-26 0.001 1350 120 50 78.0+1.4 22.0£1.2
GBR-3 10 1350 24 30 87.740.6 123405
GBR-5 15 1350 24 30 69.340.5 30.740.4
GBR-2 20 1350 24 30 63.110.4 36.940.3
GBR-6 25 1350 24 30 59.440.5 40.6+04
GBR-11 30 1350 24 0 78.940.6 21.1+04
GBR-10 35 1350 24 0 77.640.5 224403
Reversal and Variable Duration Experiments
GBR-14 15 1450 24 30

15 1350 24 70.240.4 29.840.3
GBR-15 15 1450 24 30 75.540.5 24.510.4
GBR-17 15 1350 3 30 68.140.5 319404
GBR-12 15 1350 8 30 67.840.3 322402
GBR-18 15 1350 48 30 70.0+0.3 30.040.3
GBR-19 15 1350 72 30 69.6+0.4 30.440.3

'Percentage of amorphous SiO, included in starting material by weight For example, 30 means that the
starting mixture consisted of 70% Glass Buttes Rhyolite + 30% amorphous SiO, by weight.
“Phase proportions were calculated using unweighted materials balance. Stated uncertainties are 16.

kV, and the beam current was 2.5 nA. Data were reduced using a each analytical session. On the basis of standard deviations calculated

modified ZAF procedure (Armstrong, 1988). During each analytical

from the distribution of 129 replicate analyses collected over a 15

session, one spectrometer was dedicated to counting only Si X-rays to month period, the relative analytical uncertainties)(associated with

minimize the uncertainty associated with reproducibility of the spec-
trometer position relative to the Si peak (Hanson et al., 1996). A low
beam current (2.5 nA) aha 5 to 10um? raster were used to ensure that
the measured abundance of $ias not influenced by the migration

of Na from the excitation volume during the course of an analysis (Si
“grow-in") (Morgan and London, 1996). Sodium and silicon counts
collected on the natural obsidian starting material for varying durations
(1 to 60 s) demonstrate that these analytical conditions lead to minimal
migration of Na from the excitation volume. The precision and repro-
ducibility of the analyses were assessed by analyzing a chip of the
natural obsidian starting material 11 to 25 times at the beginning of

the major oxides are 0.49% for SjO1.75% for ALO;, 4.20% for
N&a,0, and 3.38% for KO. The low beam current and relatively short
counting times used to minimize Na migration resulted in significant
analytical uncertainties for the minor elements (FiCr,0;, MnO,
MgO). The SiQ polymorph present in the high-pressure experiments
was confirmed to be-quartz on the basis of powder X-ray diffraction
measurements performed on several of the run products (GBR-6, -10,
-11). Itis assumed that the stable polymorph at experimental conditions
was B-quartz. The SiQ polymorph in the 1 bar experiment (GBR-26)
was determined to be cristobalite, which is metastable at the conditions
of this experiment.

TABLE 2. Electron microprobe analyses of experimentally produced silicate liquids.

Experiment P (kbar) Analyses SiO, TiO, Al,O, Cr,0, FeO MnO MgO CaO Na,O K,O Total
Starting Composition '

25 772(3)  0.01(3) 12.4(2) 0.043) 0.71(7) 0.07(4) 0.06(2) 0.50(5) 4.2(2) 4.19(8) 99.38
Synthesis Experiments
GBR-26 0.001 20 85.2(4)  0.09(10) 7.7(2) 0.05(4) 0.4809) 0.04(5) 0.053) 0.32(5) 2.44(16)  2.56(8) 98.93
GBR-3 10 25 81.8(4) 0.02(6) 10.0(2) 0.11(7)  0.63(9) 0.02(3) 0.01(2) 0.37(6) 3402 3.21(10) 99.57
GBR-5 15 25 76.94)  0.06(8) 12.6(3) 0.03(4) 0.79(12) 0.05(6) 0.04(3) 049(5) 4.3(2) 3.96(13) 99.22
GBR-2 20 25 74.6(4)  0.10(11) 13.7(3) 0.01(2) 0.82(8) 0.08(4) 0.05(3) 0.58(7) 4.7(2) 4.43(15) 99.07
GBR-6 25 25 73.03)  0.26(16) 14.6(3) 0.02(4) 0.87(10) 0.02(3) 0.05(3) 0.60(6) 4.98(16) 4.64(16) 99.04
GBR-11 30 25 71.0(6)  0.17(14) 15.5(3) 0.04(5) 1.10(13) 0.04(4) 0.05(5) 0.59(5) 5.32(15) 5.27(17) 99.08
GBR-10 35 26 70.5(4)  0.05(8) 15.8(3) 0.08(6) 1.10(12) 0.07(4) 0.10(3) 0.63(6) 5.35(16)  5.33(17) 99.01
Reversal and Variable Duration Experiments
GBR-14 15 20 77.1(3) 0.05(7) 12.28(10) 0.02(3) 0.67(9) 0.093) 0.07(3) 0.51(4) 4.01(14) 4.11(13) 98.91
GBR-15 15 20 78.7(4) 0.0(0) 11.30(18) 0.01(2) 0.61(8) 0.06(4) 0.04(2) 0.49(5)  3.90(15)  3.84(13) 98.95
GBR-17 15 20 76.4(4) 0.12(13) 12.6(4) 0.01(3) 0.76(10) 0.103)  0.05(2) 0.53(4) 4.16(17)  4.25(14) 98.98
GBR-12 15 25 76.4(5) 0.04(7) 12.88(19) 0.05(3) 0.78(7) 0.09(4) 0.07(3) 0.55(4)  4.22(12)  4.29(9) 99.37
GBR-18 15 25 77.1(3) 0.11(8) 12.3(2) 0.03(3) 0.78(8) 0.07(5) 0.08(2) 048(4) 4.3(3) 4.16(11) 99.41
GBR-19 15 25 77.0(4) 0.139) 12.4(3) 0.06(4) 0.75(9) 0.06(4) 0.06(2) 0.49(4) 442 4.22(13) 99.57

Notes: Analyses are reported in wt%. Units in parentheses represent 1 uncertainties of least units cited on the basis of the distribution of replicate

analyses. Thus, 77.2(3) should be read as 77.2+0.3.
!Analysis of glass produced experimentally at 10 kbar, 1500°C.
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Fig. 1. (a) Plot of wt% SiQ vs. wt% AlLO; comparing the compositions of quartz- and cristobalite-saturated silicate
liquids produced experimentally at pressures of 1 bar to 35 kbar and temperatures of 1350°C and 1450°C (filled circles) with
a quartz control line passing through the bulk composition of Glass Buttes rhyolite (open circle). (b) Plot of wt¥% SiO
pressure illustrating the change in Si€@ntent of quartz-saturated rhyolitic liquids (filled circles) as a function of pressure
at 1350°C. Solid curve represents silicate liquid StOntents calculated using our best fit linear model of the partial molar
volume of SiQ in these liquids. It was determined by first calculatibgg;, at each experimental pressure using Eqn. 5.

The calculated\p.g;0, values were then subtracted frq@é’;z (P, T to determine;,'gi‘OZ (1 bar,T,X) corresponding to each
experimental pressure. The appropriate SiOntents were determined by using the mixing model of Ghiorso and Sack
(1995) to calculatsugffo2 (1 bar,T,X) values for rhyolitic liquids falling along a quartz control line passing through the bulk
composition of Glass Buttes rhyolite, then comparing these values Witﬂg?ggl bar,T,X) values calculated by subtracting
Apsgio, from Mg;g;z (P,T). Dashed curve with crosses represents liquid, 8t@htents predicted as described above using a

4th order Birch-Murnaghan equation of state forced through the data of Lange and Carmichael (1987) and of Kress and
Carmichael (1991) at 1 bar and fit to our data at 10 to 35 kbar. The &ifitents of experimentally produced liquids have

been normalized to 100% for comparison with predicted,Si@ntents. For clarity, only the results from 24 h synthesis
experiments are shown. Compositional error bars in both figurescavallies from Table 2. Pressure error bars afe5

kbar.

4. RESULTS AND DISCUSSION 48 h; 77.0x 0.4 wt% after 72 h) but all of the SiOcontents
overlap at the & uncertainty level, indicating that a constant

4.1. Compositions of Experimentally Produced liquid composition is attained in 24 h or less at these conditions.

Silicate Liquids

The starting mixtures, conditions, and experimental products

for each of the experiments are listed in Table 1. The compo- 80 T T T
sitions of all experimentally produced liquids are listed in Table P =15 kbar
2. The experiments produced homogeneous liquids saturated 79 *1450°C .
with quartz at pressures of 10 to 35 kbar and temperatures of

1350 and 1450°C and with cristobalite at 1 bar and 1350°C. 78 L i

The liquid compositions lie along a quartz control line passing
through the composition of the Glass Buttes rhyolite starting
material (Fig. 1a). The concentrations of $i@ the B-quartz-
saturated liquids produced at 1350°C decrease systematically
from 81.8* 0.4 wt% at 10 kbar to 70.5 0.4 wt% at 35 kbar
(Fig. 1b). The rate of decrease of the Si€dncentration in the v Temperature Reversal
liquids decreases with increasing pressure. The 1 bar experi- 75 T T T T
mental liquid saturated with metastable cristobalite contains 0 20 40 60 80
85.2* 0.4 wt% SiQ.

The approach to equilibrium represented by our experimen-

tally produced .“qu'ds Was evaluz.ited by performing a series of Fig. 2. Plot of wt% SiQ vs. experimental duration showing the $iO
experiments with durations ranging from 3 to 72 h at 15 kbar cqontent of quartz-saturated rhyolitic liquids produced in variable dura-
and 1350°C and by performing a temperature reversal at 15 tion synthesis experiments conducted at 15 kbar and 1350°C (filled
kbar (Tables 1 and 2; Fig. 2). The concentrations of,SiGhe circles). Also shown are the results of a synthesis experiment conducted

liquids produced in the short duration experiments (3 and 8 h) at 15 kbar and 1450°C and of a temperature reversal experiment (filled

: downward-pointing triangles) run first at 15 kbar and 1450°C for 24 h,
m 4 0 -
are systematically lower (76 0.4 and 76.4% 0.5 wt%, re after which the temperature was dropped to 1350°C and the experiment

spectively) than in the liquids produced by the longer duration ¢ontinued isothermally for an additional 24 h. Error bars arevdlues
experiments (76.% 0.4 wt% after 24 h; 77.1 0.3 wt% after from Table 2.

77 L 1350°C + + i
ST,

® Time Series

SiOz2 in Silicate Liquid (wt%)

Experimental Duration (hrs)
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TABLE 3. Thermodynamic parameters for each experimental liquid composition used to calculate the partial molar

volume of SiO,.

BQtz lig

Experiment P Sio, Msio, (Ps T Usio, (1bar, T, X)’ Miso,’

(kbar) (Wt%) (kJ/mol) (kJ/mol) (kJ/mol)
GBR-3 10 81.8(4) -1041.9£1.9 -1067.7£1.6 25.7+1.2
GBR-5 15 76.9(4) -1030.2+1.9 -1068.9£1.6 38.7+1.2
GBR-2 20 74.6(4) -1018.6+1.9 -1069.6£1.6 51.0+1.1
GBR-6 25 73.03) -1007.1£1.9 -1070.1£1.6 63.0£1.2
GBR-11 30 71.0(6) —995.6£1.9 —1070.9£1.6 75.3%1.2
GBR-10 35 70.5(4) —984.2+1.8 -1071.1£1.6 86.9+1.1

Notes: 10 uncertainties calculated using Monte Carlo methods with compositional uncertainties taken from the

standard deviation of the distribution of electron microprobe analyses, and pressure and temperature uncertainties of

+0.5 kbar and £10 °C, respectively.

!Calculated using thermochemical and volume data compiled by Berman (1988).

*Calculated using the mixing model of Ghiorso and Sack (1995).

*Uncertainty in AL, allows for uncertainty of £10 °C in temperature, but assumes that quartz and liquid are at the

same temperature; hence the uncertainty in Aflgq, is smaller than the uncertainty in either ug%zz (P, T) or

ug?o, (1bar, T, X) taken individually.

The temperature reversal was performed by holding the charge
at 15 kbar and 1450°C for 24 h to produce a liquid containing
78.7* 0.4 wit% SiQ (based on the results of GBR-15). The
temperature was then decreased at a rate of 100°C/min to
1350°C, and held at that temperature for an additional 24 h. The
final liquid composition produced in this experiment
(77.1+ 0.3 wt% SiQ) is within analytical uncertainty of the
liquid produced in the direct synthesis experiment, confirming
that 24 h is adequate to achieve a close approach to equilibrium
at these conditions.

4.2. The Partial Molar Volume of SiO, in Silicate Liquids
at Pressures up to 35 kbar

Table 3 lists values of the chemical potential of Si€lcu-
lated for each of the experimentally produced liquids reported
in Table 2. Thermochemical and volume data from Berman
(1988) were used to calculae€3* (P,T), and the mixing
model of Ghiorso and Sack (1995) was used to calculéj?gZ
(1 bar, T,X). At the experimental conditiongs;o, in the liquid
(i.e., Mg;ggz (P,T) in Egns. 2—4) increases monotonically with
increasing pressure, from1041.9+ 1.9 kJ/mol at 10 kbar and
1350°C, t0—984.2+ 1.8 kJ/mol at 35 kbar and 1350°C (Fig.
3). At 1 bar and 1350°Cygc, in the liquid (i.e.,;ug‘?o2 (1 bar,
T,X) in Egns. 3 and 4) calculated using the mixing model of
Ghiorso and Sack (1995) decreases slightly with decreasing
concentration of SiQin the liquid, from —1067.6+ 1.6 kJ/
mol for the liquid composition produced at 10 kbar containing
81.8 + 0.4 wt% SiQ to —1071.1+ 1.6 kJ/mol for the liquid
composition produced at 35 kbar containing 78.9.4 wt%
SiO, (Fig. 3). The Gibbs free energy of tridymite, the stable
SiO, polymorph at 1 bar and 1350°C, from the compilation of
Berman (1988) is—1066.4 kJ/mol, consistent with all of the

experimentally produced liquids being tridymite-undersatu-
rated at these conditions. The difference between the chemical
potential of SiQ in the liquid at the experimental conditions
and at 1 bar fus;o, see Eqn. 3) increases with increasing
pressure (Fig. 4a).

The Apg;o, values were fit to a second-order polynomial in
P:

-980 __;_35 kb T T T T
’—5 30 kb
e -1000 25 kb T=1350°C n
S5 +
3 20 kb
< 1020 15 kb ]
é + 10 kb
Q -1040 [ Ap +
N
c 2
—3‘ -1060 1 bar, 1350°C ]
= +
_1080 I 1 L | | |
70 72 74 76 78 80 82 84

Si0, in Silicate Liquid (wt%)

Fig. 3. Plot of the chemical potential of SjOn silicate liquids
(15o,(P.T.X)) vs. Wt% SiQ. The ulo (P, T,X) values were calculated
for each experimentally produced liquid at (1) the high pressure ex-
perimental conditions at which the liquid is quartz-saturated, based on
the thermochemical and volume data fiquartz of Berman (1988)
(filled circles) and (2) at 1 bar and 1350°C, calculated using the mixing
model of Ghiorso and Sack (1995) (filled triangles). For clarity, only
the results from 24 h synthesis experiments are shown. Compositional
error bars are & values from Table 2. Chemical potential uncertainties
are I values from Table 3.
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Fig. 4. (a) Plot of the difference between the chemical potential of, 8iGxperimentally produced quartz-saturated
silicate liquids at experimental conditions and at 1 bar and 13587, from Table 3 and Fig. 3) vs. pressure comparing
experimental results with a second order polynomial fit to the data (Eqn. 5). Error ellipses &hackrtainties attributable
to liquid composition and experimental temperatutelQ°C) were calculated using Monte Carlo methods. Uncertainty
associated with experimental pressures were determined by calculating the range of chemical potentishsgdgi@ed
with a pressure range af0.5 kbar. (b) Plot illustrating the deviation from linearity of the difference between the chemical
potential of SiQ in experimentally produced quartz-saturated silicate liquids at experimental conditions and at 1 bar,
1350°C Qpsio,) as a function of pressure (i.e., the deviation from a constant partial molar volume 9f i@ solid curve
represents a second-order polynomial fit to the data (Egn. 5), the dashed curve represents the fit to a third-order
Birch-Murnaghan equation of state, the dotted curve represents the fit to a fourth-order Birch-Murnaghan equation of state,
and the dashed curve with crosses represents the fit to a fourth-order Birch-Murnaghan equation of state assuming the 1 bar

values of &S from Lange and Carmichael (1987) and 6¥&lo/9P); from Kress and Carmichael (1991). Error ellipses

are as in Fig. 4a.

1
Apsio, = 2635+ 0.009(P— 1) ~ 58.69-10°° = 6.1
“107(P— 173 (5)

where P is in bars. The value of the fit is 0.999986 and the
X value is 4.01 (Fig. 4; Table 4). Th¢ value is not improved
significantly by fitting to a third-order polynomiajt = 3.79).
The derivative of Eqn. 5 with respect to pressure gives the
partial molar volume of SiQin the liquids as a function of
pressure:

dA usio,
oP

= V!9 = 2635+ 0.009— 8.69-10° + 6.1

<1077 (P— 1) J/bar (6)

based on Eqn. 4. The 1 bar partial molar volume for SiO
(Vi9.2) determined in this way, 2.635 0.009 J/bar, similar to
but lower than the ¥ value of 2.690+ 0.006 J/bar given by
Lange and Carmichael (1987) and the value of 2.675 J/bar
given by Bottinga et al. (1982). The isothermal pressure de-
pendence of the partial molar volume of Si@V&4T) given

by Eqgn. 6,—8.69X 107 ¢+ 6.1x 10”7 J/baF, is approxi-
mately one-half of the 1 bar value given by Kress and Car-
michael (1991)€1.96 X 10~° + 0.2 X 10~ ® J/baF) (Fig. 5a).
The “bulk modulus” of the Si@ component in the liquid
(which we define as=K(P) = —V&l, (dP/dVil,);) calcu-

The uncertainties reported in Table 3 are based only on
electron microprobe measurement statistics and experimental
temperature and pressure uncertainties (assumed to be Gauss-
ian). There is, however, the potential for an additional system-
atic error due to the use of the mixing model of Ghiorso and
Sack (1995) to calculatmg‘?oz(l bar,T,X) for each of the
experimentally produced liquids. There are no data that inde-
pendently constrain the values qxfg?oz(l bar,T,X) for our
experimental liquids, so it is difficult to assign precise values to
the systematic errors that may be associated with the mixing
model. Comparison to other experimental datasets (e.g.,
feldspathoid-feldspar-liquid equilibria) suggests that the chem-
ical potential for SiQ given by the mixing model of Ghiorso
and Sack (1995) is reasonable for rhyolitic liquids (Sack and
Ghiorso, 1998). A comparison of the chemical potential of
SiO, in our 1 bar experimental liquid calculated using the
mixing model (-1066.8 kJ/mol) with the Gibbs free energy of
cristobalite at these conditions-1066.4 kJ/mol) from the
compilation of Berman (1988) indicates a relatively small but
nonnegligible discrepancy of 440 60 J/mol. However, the 1
bar cristobalite-saturated liquid has significantly higher SiO
(85.2+ 0.4 wt%) than the high pressure quartz-saturated lig-
uids used to determine the partial molar volume of SiO
(70.5%= 0.4 to 81.8* 0.4 wt%); since the compositional range
of the high pressure liquids overlaps with the data used to
calibrate the mixing model of Ghiorso and Sack (1995) (where-

lated using the extrapolation of our high pressure data to 1 bar as the 1 bar cristobalite-saturated liquid falls outside of this

is 303+ 21 kbar, while a value of 138 1 kbar is obtained

range), this value of~400-500 J/mol probably overestimates

using the 1 bar data of Lange and Carmichael (1987) and Kressthe systematic uncertainties associated with the calculated val-

and Carmichael (1991) (Table 4).

ues ofuli9. (1 bar,T,X). As described in the next paragraph, for
o,
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TABLE 4. One bar partial molar volumes and elastic parameters for SiO , component in silicate liquid derived by
assuming different functional forms for the relationship between partial molar volume and pressure.

2

Functional form Vsl,%’: KT KT Kt V4
(I/bar) (bar) (barD
Linear' 2.635£0.009  303+21x10° — — 4,01
. +0.02 +67 3 +6.6
3rd Order Birch-Murnaghan 2.625 o013 354 T1sx10 2.0 112 — 3.82
4th Order Birch-Murnaghan 2.626 002 326 545x10° 113348 2.1 %§%x10* 381
4th Order Birch-Murnaghan?  2.690£0.006  138%1x10° 0.6 '§3 20 H¥x10° 8.09

Notes: x? values reflect goodness of fit of AfL,-P pairs to assumed functional forms for the integral of volume with

respect to pressure (i.e., equation (3)). Uncertainties for the linear fit and for Vg;3 )

17lig,0

and KT from the 4th order

Birch-Murnaghan equation of state in which the 1 bar data of Lange and Carmichael (1987) and of Kress and

Carmichael (1991) were used were calculated from 16 uncertainties associated with Vi@,

Vb, and (aVad, /o).

All other uncertainties were calculated by varying the parameter and best-fitting the remaining parameters until a

Ay 2 =1 was achieved.

157lig,0
Vsio,

is Vi Tl _ghao (xo)(py)
pressure1s Vgin, = Vsio, — VsiO, |51 -
217lig,0
Vsio,

and (avslig)z / 0 P)T from equation 6 were used to calculate KT. The relationship between Véii%z and

and KT values were forced to the 1 bar values of Lange and Carmichael (1987) and Kress and Carmichael

(1991), then K1 and K were derived using the minimization routine described in the text.

the purposes of the current exercise we prefer to constrain theWe also tested a series of synthetic fits where it was assumed

maximum systematic error ong?oz(l bar,T,X) by using the
goodness-of-fit of our data to volume functions, which in turn
allows an estimate of the uncertainty in the fitted volume
parameters due to systematic error.

Because our data were fit to the integral of volume from 1
bar to P (i.e., Egn 3), the fitted curve in Fig. 4a must pass
through zero at 1 bar (i.eAusio, must equal zero at 1 bar).
Furthermore, linear, quadratic, or Birch-Murnaghan fits to vol-
ume yield smooth functions ipg;o,-P space (e.g., Fig. 4a). If
all the Auso, values were systematically offset from those
reported in Table 3, it would become increasingly difficult to fit

that the systematic error due to the mixing model of Ghiorso
and Sack (1995) is zero for a pure Sil@uid and increases as

a linear function (100— wt% SiQ,). Again, x* increases
quadratically with the slope of the offset and has a well-defined
minimum at a slope of zero (i.e., no systematic error). The
Ax? = 1 half-width for these fits is an uncertainty in slope of
+15 Jwt% SiQ, or =300 J/mol for the 35 kbar datum,
resulting in I uncertainties of+0.03 J/bar in &S and

+1 X 10 °J/baf in (3VE/0P);) for this assumed form of the
error. Note that the uncertainties indicated by either assumed
form for the systematic error are in the range indicated by the

a smooth curve that passes through zero at 1 bar to all of theresults from our 1 bar experiment.
data. Itis possible that the systematic errors associated with the The uncertainties associated with either assumed form of the

mixing model of Ghiorso and Sack (1995) are large and yet
vary with composition in such a way as to yield a smooth curve
in Fig. 4a, but this would be fortuitous. The requirement that

systematic error are considerably larger than the uncertainties
due to random error alonex(.009 J/bar in S5 and +6
X 107 J/baf in (9V&o/0P);). However, these uncertainties

our data fit a smooth volume function can, therefore, be used to are small enough that our data overlap the Lange and Car-

constrain the magnitude of simple forms for the systematic

michael (1987) value for 5 only for uncertainties close to

error. We tested the strength of this constraint with a series of 20 when both random and systematic errors are considered.

synthetic fits in which a constant offsetdug;o, was added to
each of our six PAusg;o, pairs, and they were refit to second-
and third-order polynomials (e.g., Eqn. 5). Tevalue of the
second-order polynomial fit in Eqn. 5 is 4.01. This goodness-
of-fit parameter increases with the square of Ape;;o, offset,

for either positive or negative offsets; i.e., there is a well-
defined minimum at an offset of zero (Fig. 6). An offset of
+400 J/mol increases th¢& value by one, which is equivalent

The (V&lo/0P), value at 10 to 35 kbar indicated by our results

is significantly lower than the 1 bar value of Kress and Car-
michael (1991) even when both systematic and random errors
are considered. Hence, in the absence of experiments that
directly constrain the quality of thgabgfi‘oZ (1 bar,T,X) values
obtained for our experimental liquids from the mixing model,
the current data are most consistent with systematic errors that
are less thar~0.5 kJ/mol, making it improbable that the

to a one standard error confidence interval. The correspondingdifferences between our fitted volume function and the 1 bar

1o uncertainty in \&XS is + 0.04 J/bar and ind/ &lo/0P), is
+ 210 ° J/baf (i.e., about 25% relative ind{/ &o/0P),).

results of Lange and Carmichael (1987) and of Kress and
Carmichael (1991) are due solely to systematic errors in the
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Fig. 5. (a) Plot of the partial molar volume of Si@ silicate liquids as a function of pressure at 1350°C from the 1 bar
determinations of Lange and Carmichael (1987) and of Kress and Carmichael (1991) and the high pressure determination
presented in this study (10 to 35 kbar). Dashed line represents an extrapolation of Eqn. 6 to 1 bar. The 1 bar data have been
extrapolated to higher pressures for clarity. Shaded regions represemncertainties calculated on the basis of the
regression parameter uncertainties. (b) Plot illustrating the deviation from linear pressure dependence of the partial molar
volume of SiQ in silicate liquids (i.e., deviation from the partial molar volumes predicted by Eqn. 6) calculated by assuming
different functional forms for the relationship betwe&pg;o, and pressure. The dashed curve represents a fit of our data
to a third-order Birch-Murnaghan equation of state, and the dotted curve represents a fit of our data to a fourth-order
Birch-Murnaghan equation of state. The dashed curve with crosses represents a fit of our data to a fourth-order
Birch-Murnaghan equation of state in which théﬁ'{g and K calculated from the 1 bar data of Lange and Carmichael
(1987) and of Kress and Carmichael (1991) were assumed (2-68006 J/bar and 138 1 kbar, respectively). Shaded
region is the same as in (a).

mixing model of Ghiorso and Sack (1995) unless the variation the fact that their values are based on 1 bar data whereas our
of such errors with composition fortuitously conspires to force data are all from pressures of 10 kbar or higher where the liquid
our data to a smooth curve that passes through zero at 1 bar. is less compressible. The isothermal pressure derivative of the
Given these results, the differences between our extrapolatedpartial molar volume of Si9may thus decrease with increas-
1 bar partial molar volume for SiCand its isothermal pressure  ing pressure from the 1 bar value of Kress and Carmichael
dependence and the values given by Lange and Carmichael(1991) to the approximately constant value we have deter-
(1987) and by Kress and Carmichael (1991) plausibly reflect mined: if this is the resolution of the apparent discrepancies
between these determinations, the approximately constant high
pressure value would be achieved~at kbar; i.e., the pressure

40 — T at which the partial molar volumes for Sj@om the different
—— 2nd Order Polynomial Fit
— — 3rd Order Polynomial Fit

approaches converge (Fig. 5a). This would imply that the
compressibility of the Si@ component decreases rapidly be-
tween 1 bar and 10 kbar. Such a change in compressibility is
similar to that proposed for albitic liquid by Navrotsky et al.
(1982) in order to reconcile 1 bar thermochemical and volume
data for NaAISjO4 with the Clapeyron slope of the fusion
curve at 10 to 30 kbar. Further experiments in the pressure
range 1 bar to 10 kbar are needed to reconcile fully the
differences between the high- and low-pressure volume data for
the SiQ, component in silicate liquids. It is possible, for ex-
0 P RO T S R R ample, that these differences reflect, in part, failure of the
-2000 -1000 0 +1000 +2000 assumption that the partial molar volume of $i® indepen-

An sio Offset (J/mol) dent of cgmpgsition over the range _of. qu.uid_compositions

2 produced in this study, or some other limitation in the assump-

Fig. 6. Plot ofy® vs. Aug;c, Offset showing the results from a series tions und.e.rlylng ogr data anaIyS|§.
of synthetic fits in which a constant offsetdug;o, was added to each In addition to simple polynomlal. forms for th? pressure
of our six (P,Aug,) pairs, which were then refit to second- and ~dependence afug;o,, our data were fit to P-&}'Oz relationships
third-order polynomials. This illustrates the effect of one possible form  corresponding to third-order and fourth-order Birch-Mur-

of systematic error associated with using the mixing model of Ghiorso - ;
and Sack (1995) to calculatell,(1 bar,T,X) for our experimental naghfin equations of state for a homogeneous phase (Birch,
liquids . An increase in of 1 is equivalent to a one standard error  1978; Meade and Jeanloz, 1987) (Fig. 4b). In contrast to the

confidence interval. linear least-squares fitting method recommended by Birch

30

10
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(1978), which requires data in the form of pressure-volume or
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compressibility with increasing pressure) is intriguing and

pressure-strain pairs, we used a nonlinear multidimensional should be evaluated in future studies.

downhill minimization routine (Press et al., 1992) to fit the
P-Ausio, pairs to Eqn. 3 (the integral of VdP was obtained
from the Birch-Murnaghan expression for P(V) using integra-
tion-by-parts). The best-fit ¥ for a third-order Birch-Mur-
naghan equation of state is 2.6252, J/bar and the best-fit
zero-pressure “bulk modulus” for the liquid Sji@omponent
(K9) is 354757 kbar (Table 4). These values are not signifi-
cantly different from the W& (2.635+ 0.009 J/bar) and K
(303 = 21 kbar) of the linear fit to volume in Eqn. 6 despite the
difference in the functional forms of the fits (Fig. 5b). The
third-order fit gives a negative pressure derivative fqi(l)
Ky = —2%%9, while the fourth-order fit give a 1 bar K-
value of 1.1"3%%and second pressure derivative fof(R) that

is negative (K = —2.173-9,% 10~ “ bar %) such that K(P)

decreases with increasing P over the experimental range of 10

to 35 kbar for both the third- and fourth-order fits. Tlyé

5. CONCLUSIONS

The partial molar volume of an oxide component in silicate
liquids and its pressure derivative can be determined at high
pressures and temperatures from an experimental determination
of the isothermal pressure-dependence of the solubility in the
liquids of a crystalline phase having the composition of the
oxide, given (1) the assumption that the partial molar volume of
the oxide component is independent of composition over the
range of liquid compositions, (2) knowledge of the thermo-
chemistry and equation of state of the crystalline phase, and (3)
knowledge of the 1 bar activity-composition relationship of the
liquid component. This approach can, in principle, also be used
to determine the partial molar volume and compressibility of
silicate mineral components such as forsterite in the liquid.
Because this approach allows the determination of partial molar

values of the three-parameter (3.82) and four-parameter (3'81)volumes of liquid componentat elevated pressuret has the

fits, however, are not significantly better than the simple two-
parameter linear fit (4.01) of Eqn. 6 (Table 4). Moreover, use of
the 3rd or 4th order Birch-Murnaghan equations of state pro-
duces nearly identical fits to thiug;o, vs. P data that are, in
turn, essentially identical to the polynomiaig;e, vs. P func-
tions (Fig. 4b). The same can also be said of the P vs. V fits
(Fig. 5b). Finally, we fit our data to a fourth-order Birch-
Murnaghan equation of state assuming tHg:/and K cal-
culated from the 1 bar data of Lange and Carmichael (1987)
and of Kress and Carmichael (1991) (2.6900.006 J/bar and
138+ 1 kbar, respectively). This yields values-60.6" 5 2and
2.0°12 X 1072 bar * for the first and second pressure deriv-
atives of Ki(P), respectively (Table 4; Figs. 4b and 5b) with an
unsatisfactoryy® value of 8.09. This fit extrapolates poorly to
high pressure because of the large positivie #&d misses our
10 kbar datum folug;e, by >20 (Fig. 4b). Therefore, if the

1-bar and high-pressure data are consistent, the body of avail-

able results indicates that neither simple low-order polynomials
in P nor low-order functions derived from finite-strain theory
appear to be entirely appropriate for fitting partial molar vol-
ume data for silicate liquid components. Additional data and
more theoretical studies of the volume properties of silicate
liquids may be required to find a more suitable equation of state
formalism.

Note that the negative Kgiven by the 3rd-order Birch-
Murnaghan fit is a well-established feature of both Sabd
pyrex glassesat low pressure and temperature (Bridgman,
1925, 1939; McSkimin, 1957; Bogardus, 1965; Peselnick et al.,
1967; Kondo et al., 1981; Meade and Jeanloz, 1987). Although
it may be coincidental (in particular, there should not neces-

sarily be any correspondence between of the properties of glass
at room temperature and those of liquids at high temperatures),

the values of K for the SiQ, glass (365 to 371 kbar from the
studies cited above) and the Si€bmponent in the liquid (303
to 354 kbar depending on functional form) are also similar. We
do not wish to place too much weight on the Birch-Murnaghan
fits in preference to the simple polynomial fit, but this similarity

between the pressure dependence of the partial molar volume

of SiO, based on the fit to our data and the seemingly anom-
alous bulk properties of SiGrich glasses (i.e., the increase in

potential to detect pressure-sensitive structural changes associ-
ated with particular components in silicate liquids through their
influence on the partial molar volumes of these components.
We have applied this approach to Si®y measuring the
pressure dependence of quartz solubility in a rhyolitic liquid at
10 to 35 kbar and 1350°C. Extrapolation of our results to 1 bar
results in a partial molar volume for Sj@hat is similar to, but
lower than, the values determined by Lange and Carmichael
(1987) and by Bottinga et al. (1982). The isothermal pressure
derivative of the partial molar volume of Sj@t 10 to 35 kbar
given by our experiments is significantly lower than the 1 bar
determination of Kress and Carmichael (1991). The low- and
high-pressure data can be reconciled if the pressure derivative
of the partial molar volume of SiOdecreases rapidly between
1 bar and 10 kbar, then remains approximately constant to at
least 35 kbar. Although these differences will have to be
explored in future work, this new approach has promise to
provide accurate and precise information on the partial molar
volumes of oxide or mineral components in silicate liquids at
high pressures.
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