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Abstract We designed and carried out experiments to
investigate the effect of H,O on the liquidus temperature of
olivine-saturated primitive melts. The effect of H,O was
isolated from other influences by experimentally determin-
ing the liquidus temperatures of the same melt composition
with various amounts of H,O added. Experimental data
indicate that the effect of H,O does not depend on pressure or
melt composition in the basaltic compositional range. The
influence of H,O on melting point lowering can be described

as a polynomial function (Cﬁzeg in Wt%) : AT (°C) =
40.4(cpes) — 297 (Cgfg)z +0.0761 (cgjgf. This
expression can be used to account for the effect of HO on
olivine-melt thermometers, and can be incorporated into
fractionation models for primitive basalts. The non-linear
effect of H,O indicates that incorporation of H,O in silicate
melts is non-ideal, and involves interaction between H,O and
other melt components. The simple speciation approach that
seems to account for the influence of H,O in simple systems
(albite-H,O, diopside-H,0O) fails to describe the mixing
behavior of H,O in multi-component silicate melts. How-
ever, a non-ideal solution model that treats the effect of H,O
addition as a positive excess free energy can be fitted to
describe the effect of melting point lowering.
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Introduction

It has long been understood that water plays an important
role in magmatic processes. Water has a large effect on
the mantle solidus (Mysen and Boettcher 1975; Grove
et al. 2006) and is responsible for the initiation of
melting in subduction zones, as well as broadening of the
melting zone under mid-ocean ridges (Asimow and
Langmuir 2003). Water also drastically changes the
liquid line of descent of basaltic magmas: it is respon-
sible for the calcalkaline versus tholeiitic differentiation
trend (Grove and Baker 1984), and small amount of H,O
have been argued to have an important effect on the
crystallization of mid-ocean ridges magmas (Michael and
Chase 1987). Significant water contents have been
inferred from primitive magmas in subduction-zone set-
tings (e.g., Anderson 1979; Sisson and Grove 1993b;
Sisson and Layne 1993; Sobolev and Chaussidon 1996),
back-arc basins (Danyushevsky et al. 1993; Stolper and
Newman 1994), intraplate settings (Dixon et al. 1997;
Spilliaert et al. 2006), and even at some mid-ocean rid-
ges (Danyushevsky 2001).

However, even if the qualitative effect of water on
magmatic processes has been long understood, quantitative
estimates are scarce and often incompatible with each
other. This is a consequence of the experimental difficulties
inherent in carrying out hydrous experiments, including the
ability to maintain a constant H,O content, and to quench
water-rich hydrous melts to analyzable glasses. For
example, empirical and thermodynamic models of the
effect of water on the olivine-melt equilibrium show a very
large variability (Fig. 1; Ghiorso and Sack 1995; Falloon
and Danyushevsky 2000; Sugawara 2000; Ghiorso et al.
2002; Ariskin and Barmina 2004). The olivine-melt equi-
librium is of critical importance for the understanding of
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Fig. 1 Calculated olivine liquidus depression as a function of H,O
content in the melt, updated from Falloon and Danyushevsky (2000).
Liquidus depression is calculated as the difference between experi-
mental temperature and a hypothetical dry liquidus temperature
calculated from the Ford et al. (1983) geothermometer. This
thermometer was used because it gave the best agreement between
predicted and measured temperatures for dry experiments on 82—72f
composition. Solid symbols are for basaltic compositions (46-52 wt%
Si0,), circles are the data of Falloon and Danyushevsky (2000, 49—
53 wt% SiO,). Data sources are the ones cited in Falloon and
Danyushevsky (2000), as well as more recent data by Pichavant et al.
(2002), Laporte et al. (2004), Parman and Grove (2004), Kégi et al.
(2005) and Médard et al. (2006). Also plotted are calculated liquidus
depressions for basalt 82—72f using the following models: FD0O
(Falloon and Danyushevsky 2000), SO0 (Sugawara 2000), pMELTS
(Ghiorso et al. 2002), MELTS (Ghiorso and Sack 1995) and
COMAGMAT (Ariskin and Barmina 2004)

magmatic processes: since olivine is the low-pressure lig-
uidus phase in mantle-derived magmas, thermometry based
on the olivine-melt equilibrium provides the primary evi-
dence for estimating melting temperatures in the Earth’s
mantle (e.g., Roeder and Emslie 1970; Ford et al. 1983;
Green et al. 2001; Putirka 2005). Assessing the influence of
H,O is thus critical for the determination of mantle tem-
peratures in subduction zones and ocean islands settings.
Quantification of the influence of H,O on olivine-melt
equilibrium is also required for calculating the liquid line
of descent of primitive H,O-bearing magmas (Danyu-
shevsky 2001). Furthermore, since olivine is the dominant
phase in the upper mantle, the effect of water on the
olivine-melt equilibrium can be used as a first approxi-
mation to parameterize hydrous melting models (Langmuir
et al. 2006).

This paper presents experiments aimed at quantifying
the effect of water on the liquidus of olivine-saturated
primitive basaltic and andesitic melts. We also develop a
thermodynamic model to understand the effect of water
on the olivine-melt equilibrium. Our experimental
approach has been to measure the dry liquidus tempera-
ture, and liquidus temperatures for various amounts of
added H,O, on the same bulk composition. For each
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H,O concentration, we then calculate the liquidus
depression, AT, as the difference between the dry lig-
uidus temperature at a given pressure and the liquidus
temperature for the same melt composition with a known
amount of H>O added. This method allows us to separate
the effect of H,O from other potential influences (e.g.,
melt composition, pressure). Previous studies on the
melting point lowering effect of H,O show a large dis-
persion of data (e.g., Fig. 1). The input data for these
models were made on samples of different composition,
under conditions of variable fO,, different pressures, and
by comparing measured H,O-bearing liquidus values
with estimates of the dry liquidus. Furthermore, accurate
determination of H,O concentration was not always
available.

Here, we determine liquidus temperatures for one melt
composition (basalt 82-72f) under anhydrous conditions
and at a variety of water contents under a restricted range
of oxygen fugacity. Most of the H,O-bearing experiments
were performed under water-saturated conditions and the
water contents were analyzed using a variety of methods.
We will show that pressure and melt composition have
little influence on liquidus depression. The dispersion in
Fig. 1 should thus mainly be attributed to the use of cal-
culated dry liquidus temperatures, analytical uncertainties
for the H,O concentration, and/or interlaboratory
calibrations.

Experimental and analytical procedures
Starting materials

Experiments have been performed on a primitive high-
alumina basalt from the Giant Crater Lava Field, Medicine
Lake Volcano, California (sample 82-72f, Donnelly-
Nolan et al. 1991; Table 1). This fine grained, equigran-
ular, non-porphyritic, dyktitaxitic basalt is the most
primitive lava from Medicine Lake Volcano, and is close
in composition to a low-pressure melt of a mantle lherz-
olite source (Bartels et al. 1991). This composition is also
very close to that of a primitive mid-ocean ridge basalt
(Table 1), except for higher Al,O; contents. Small rock
chips from 82-72f were reduced to homogeneous powders
by grinding in a SPEX WC shatterbox, and used as
starting material.

A smaller number of experiments have been performed
on two other compositions spanning the compositional
range of primitive mantle melts, in order to investigate the
effect of melt composition on olivine liquidus-depression.
Sample 85—41c (Baker et al. 1994; Table 1) is a primitive
magnesian andesite from Mount Shasta, California, that
may represent the product of fluxed-melting in the mantle
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Table 1 Starting compositions (wt%)

82-72f 140DS1 N-MORB 8541c Bb-107
Si0, 47.73 49.89 49.54 57.80 46.76
TiO, 0.59 1.02 0.90 0.60 1.27
AlLO; 18.51 15.59 16.76 14.46 12.40
FeO 8.21 9.46 8.06 5.74 9.10
MnO 0.15 0.17 0.14 0.11 0.15
MgO 10.51 9.51 9.75 9.14 10.49
CaO 12.01 12.04 12.51 8.17 12.03
Na,O 2.16 2.19 2.18 3.11 3.17
K,O 0.07 0.06 0.07 0.71 3.27
P,0s 0.06 0.07 0.10 0.15 1.36
NBO/T  0.768 0.819 0.779 0.599 1.241

82-72f is from Donnelly-Nolan et al. (1991); 140DS1 is the basalt
used by Almeev et al. (2007); N-MORB is glass average from
Workman and Hart (2005); 85—41c from Baker et al. (1994) and Bb-
107 is an average of four superliquidus experiments on the synthetic
starting material prepared by Holbig and Grove (2007). All analyses
renormalized to 100%

wedge (Grove et al. 2005). Composition Bb107 (Turner
et al. 1996) is a primitive olivine-leucitite from the Tibetan
plateau. Because a natural sample was not available, a
synthetic starting material made from analytical grade
oxides (Holbig and Grove 2007; Table 1) was used for the
olivine-leucitite experiments.

Dry experiments

The dry liquidi for 82-72f, 85—41c, and Bb107 have been
determined at atmospheric pressure using one-atmosphere
gas mixing furnaces, and at high pressure in a 12.7 mm
end-loaded piston-cylinder (Table 2).

The 0.1 MPa liquidus for 82-72f was previously deter-
mined by Bartels et al. (1991). For the two other
compositions, experiments were performed in a Deltech
rapid quench gas-mixing furnace. Oxygen fugacity was
controlled at or near the nickel-nickel oxide (NNO) buffer
using mixtures of CO,—H,, and monitored by CaO-ZrO,
electrolyte cells. The starting material was pressed into
pellets with Elvanol as a binder. The pellets were sintered to a
PtFe alloy loop containing 4-6 wt% Fe designed to mini-
mize the exchange of iron between the silicate charge and the
wire loop (Grove 1981). Experimental durations varied from
1 h (in order to minimize the Na,O loss for Bb107) to 4.7 h.

High-pressure experiments have been performed using a
12.7 mm end-loaded solid-medium piston-cylinder device
(Boyd and England 1960). The assemblies were prepared by
packing ~ 10 mg of powder into a graphite crucible with a
graphite lid. The crucible was then placed in a platinum
capsule that had been triple crimped, welded shut and flat-
tened on one end. Graphite powder was packed in above and
below the crucible, and the loaded capsule was dried at
400°C overnight in a pot-furnace to ensure anhydrous
conditions during the experiment. The top of the outer Pt

Table 2 Dry experiments: summary of experimental conditions and results

Run P (MPa) T (°C) Dur. (h) Phases® AFe© Xy 0l K Kﬁ,[g
82-72f

B994 800 1,320 3.5 lig, ol(tr) 0.001 0.879 0.32 4.42
B988 800 1,310 3.3 lig, ol(1) 0.014 0.871 0.33 4.56
B1043 1,000 1,340 4.0 liq 0.004

B1042 1,000 1,330 4.0 lig, ol(tr) -0.006 0.880 0.31 4.45
85-41c

#13 0.1 1,250 47 lig, sp(tr) 0.003

#14 0.1 1,244 4.5 lig, ol(1), sp(tr) -0.030 0.914 0.28 5.37
Bb-107

#9 0.1 1,278 1.0 lig 0.052

#13 0.1 1,266 4.0 liq, ol(tr) 0.043 0.887 0.25 4.61
B1030 800 1,330 4.2 liq 0.037

B1054 800 1,320 4.2 liq, 0l(2) 0.005 0.869 0.29 4.81
B1051 1,000 1,350 4.0 liq 0.003

B910* 1,000 1,335 3.0 lig, ol(2) 0.025 0.866 0.29 4.82

# Experiment from Holbig and Grove (2007)
® Phase proportions in wt%, tr indicates proportions <0.5 wt%

¢ Relative loss (=) or gain (+) of FeO during the experiment

4 Partition coefficients between olivine and melt: Knmg = MgOqiivine)/ (Mg0mer), Kre = (FeO,tivine)/(FeOmer), Kp = Kre/Kvig
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capsule was then crimped and welded shut. The capsule was
fitted in an alumina sleeve and positioned in the hotspot of a
straight-walled graphite furnace using MgO spacers. The
pressure medium consisted of sintered BaCOs;, which
has been found to have no friction correction through
calibration against the reaction Ca-Tschermak pyrox-
ene = anorthite + gehlenite + corundum (Hays 1966).
Pressures are thought to be accurate to within £0.05 GPa.
The temperature was monitored and controlled using
Wy;Re;—W5sRe,s thermocouples, with no correction for the
effect of pressure on thermocouple emf and was controlled
to within +2°C of the setpoint using a Eurotherm controller.
Temperatures are thought to be accurate to £10°C. The
thermocouple was positioned above the sample in the cooler
upper part of the furnace; a correction of +20°C was added
to the thermocouple temperature. This temperature differ-
ence has been independently determined using two different
techniques: direct measurement with offset thermocouples,
and temperature mapping using the kinetics of the MgO +
Al,O5 = MgAl,0, reaction (Watson et al. 2002). Experi-
ments were pressurized at room temperature, after which
the temperature was raised to 865°C at 100°C/min, held
constant for 6 min, and increased at a rate of 50 °C/min to
the desired experimental conditions. The experiments were
terminated by shutting off the power to the apparatus.
Experimental conditions and results for dry experiments are
presented in Table 2.

Water-bearing experiments

H,O-saturated experiments have been performed between
10 and 200 MPa in a MHC (Molybdenum Hafnium Car-
bide) cold-seal pressure vessel using AuggPd,, outer
capsules and AugoPd;y or AuggPd,y inner -capsules,
depending on the temperature (Table 3). Oxygen fugacity
was buffered by a solid Ni-NiO assemblage contained in Pt
capsules. Inner capsule and buffer capsules were crimped
closed, but not welded, to ensure that the oxygen buffer and
the sample were in contact with the same fluid phase.
Details of the experimental procedure are presented in
Sisson and Grove (1993a). Reported experimental tem-
peratures are precise to +7°C, and pressures to 0.5 MPa.
The difference between thermocouple temperature and
sample temperature was frequently checked during the
course of the experimental study. Most of the inner cap-
sules were preconditioned to avoid Fe-loss during the
experiment. AuggPd,, capsules were filled with 82-72f
powder and placed in a 1 atm furnace at log fO, = QFM
and 1,250°C for 72 h. The melting point of AugyPd;q is
well below the dry liquidus for 82-72f, so AugoPd;( cap-
sules were filled with either a basaltic andesite powder (85—
44, Baker et al. 1994) for experiments with 82-72f or
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Bb107, or with 85-41c powder for 85—41c experiments,
and reacted at log fO, = QFM and 1,170°C for 72 h. The
silicate glass was then removed in a hot HF + HNO; bath.
The conditions and results of each experiment are given in
Table 3. Most experiments were synthesis experiments,
where temperature was increased to the target temperature
and held constant for 1-4 h. Two reversal experiments
(82-72f#13 and 82-72f#18) were performed at 200 MPa
by heating 20-30°C above the target temperature for
30 min to completely melt the starting material, and then
dropping the temperature. Short run durations were
required to avoid H,O-loss from the experiments. At the
end of an experiment, the capsules were drilled under a
stereomicroscope to check for water saturation. Experi-
ments at the lower pressures investigated (10 and 25 MPa)
were not water-saturated, probably as a consequence of
water-loss through the capsule walls due to high tempera-
tures and low initial water-content. However, in these
experiments, H,O concentrations are homogeneous
throughout the entire experimental glasses.

Two water-saturated experiments were performed at
1.0 GPa, using a trash-can setup in a 12.7 mm end-loaded
solid-medium piston-cylinder device. The outer AuggPd,q
capsule was triple-crimped and welded shut on one end, and
the other end was flattened out to obtain a flat horizontal
rind around the rim of the capsule. A pre-conditioned inner
AuggPd;( capsule was filled with ~ 10 mg of the starting
material and placed inside the AugoPd,o capsule together
with a Pt capsule filled with a Ni-NiO buffer and ~25 puL.
of distilled water, a setup similar to that of the MHC
experiments. The outer capsule was then fitted into a
pyrophyllite sleeve and covered with a flat AugoPd,, lid.
The rest of the assembly, and the experimental procedure
were identical to those used for the dry experiments. The
outer capsule sealed successfully during the pressurization
of the experiments, and samples were still water-saturated
after a 5 h run.

Two water-undersaturated experiments were also per-
formed at 1.0 GPa, using a mix of 82-72f powder and
hydrous glass from water-saturated experiment 82—72f#1.
The experimental setup was identical to the one used for
dry experiments, except for a pyrophyllite sleeve replacing
the alumina sleeve around the Pt capsule.

Analytical techniques

After each experiment, the entire sample was extracted
from the capsule, broken down into small transparent
pieces in an agate mortar, and examined under an optical
microscope to check for the presence of olivine crystals. In
the glassy material, even a single olivine crystal was easy
to spot due to its high birefringence. All the olivine crystals
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Table 3 Hydrous experiments: summary of experimental conditions and results

Run P (MPa) T (°C) Caps.* Dur. (h) Phases’ AFe¢  SatY H,O concentration (wt%)® Xm0l K5 K,tvlg AT®
SIMS Oxy. Diff. Sol.

82-72f

#19 10 1,230  sAugg 2.1 liq 0.043 0.448) 1.1(5) 1.14) 0.84 38
#3 10 1220 sAug 1.5 lig, ol(1) ~0.001 0.67(10) 03(4) 0.8(4) 0.84 0881 030 4.61 48
#10 25 1213 sAug 2.0 liq 0.042 1.39(13) 1.5(3) 1.5(4) 145 56
#11 25 1,204  sAugy, 2.0 lig, ol(tr) 0.004 1.004) 1.03) 1.3(4) 1.46 0.881 0.30 4.58 65
#9 50 1,199  Augy 2.0 liqg -0.098 Yes  2.28(13) 2.3(4) 2.4(6) 2.18 71
#8 50 1,190  Augy 3.1 lig, ol(tr) -0.127 Yes 2.3(3) 2.2(5) 2.19 0.899 0.30 4.57 80
#6 100 1,189  Augy 2.3 lig -0.123  Yes 344) 3.14) 3.24 84
#7 100 1,173 Augg 2.0 lig, ol(1) -0.054 Yes 3.03) 3.4(4) 3.3(6) 3.26 0.895 0.29 4.51 100
#1 200 1210 sAug, 3.1 liq ~0.068 Yes 4.8(5) 4.6(6) 4.66 70
#12 198 1,170  Augg 3.1 liq -0.085 Yes 4.4(3) 4.69 110
#4 200 1,159  Augy 2.1 liq ~0.055 Yes 5.1(5) 47(5) 474 121
#18 198 1,157 sAug 2.4 liq 20016 Yes 4.4(2)  456) 4.6(7) 472 123
#13 200 1,147  sAugy 2.5 lig, ol(1) -0.060 Yes 4.903) 4.6(5) 4.7(5) 4776 0.891 0.30 4.51 133
#5 200 1,144 Augy 2.5 lig, ol(1) -0.079 Yes 5.05) 5.2(5) 476 0.885 0.33 449 136
B1084 1,000 1,160 sAug, 4.0 lig 0.022  Yes 11.5 172
B1081 1,000 1,140  sAugy 5.0 lig, ol 0.007 Yes 11.5 0.880 0.30 4.63 192
B1065 1,000 1,305 Pt-C 2.0 liq, ol(1) -0.006 0.61(5) 0.880 0.31 459 27
B1064 1,000 1,300 Pt-C 2.0 lig, ol(tr) -0.028 0.78(4) 0.884 0.31 4.52 32
85-41c

#128 197 1,160 sAug, 2.4 lig, sp(tr) -0.034 Yes 6.2(6) 5.6(6) 5.11 101
#127 198 1,150  sAugy 3.3 lig, ol(tr), sp(tr) —-0.024 Yes  6.2(5) 5.7(6) 6.0(6) 5.14 0.909 0.29 542 111
#126 198 1,130  sAugy 2.3 lig, ol(3), sp(tr) —0.047 Yes 6.5(6) 5.5(6) 5.12 0.904 0.29 6.05 131
Bb-107

#4 200 1,179 sAugy 13 liq —0.018 Yes 52(4) 48(5) 45(5) 5.11 109
#3 199 1,170 sAuyy 2.5 liq 0.010 Yes 47(5) 4.1(5) 5.11 118
#1 200 1,147 sAugy 2.6 lig, ol(1) ~0.015 Yes 55(6) 4.8(5) 5.17 0.874 030 4.59 141

4 Capsules are made of AuggPd;( or AugyPd,, s indicate that the capsule has been preconditioned to avoid iron loss
® Phase proportions in wt%, tr indicates proportions <0.5 wt%

Relative loss (-) or gain (+) of Fe during the experiment

4 Indicate if the capsules contained free water at the end of the experiment, i.e. if they were water-saturated

€

H,O concentrations have been analyzed by SIMS, and determined from oxygen (oxy.) analyses and from analytical totals (diff.) with the EMP.
sol. is the solubility calculated with the Moore et al. (1998) model. The numbers in parentheses are uncertainties given in terms of the last unit
cited, thus 6.2(5) should be read 6.2 + 0.5. Uncertainties are a combination of 1¢ standard deviations of the analyses and propagated errors on the
calibration curves

f Partition coefficients between olivine and melt: Knmg = MgOqiivine/(MEO0mern), Kee = (F€Oglivine)/(FeOmer), Kp = Kpe/Kn, (melt components
calculated on an anhydrous basis)

& AT is the difference between the dry liquidus and the experimental temperature, in °C

show euhedral equilibrium shapes. Experimental charges
were then analyzed with the JEOL 733 electron micro-
probes at the Massachusetts Institute of Technology. A
10 nA beam current and 15 kV accelerating potential were
used for all analyses. Beam diameter was set to 2 pm for
olivine, and 20 um for glasses. On-line data reduction was
accomplished using the CITZAF correction package
(Armstrong 1995). Analytical precision is estimated from
replicate analyses of a basalt glass working standard, and
standard deviations are: 1.08% for SiO,, 1.26% for Al,Os,

1.31% for CaO, 1.67% for MgO, 2.4% for FeO, 3.5% for
K50, 8.7% for TiO,, 9.2% for Na,O, 12% for P,0s, 22%
for MnO and 67% for Cr,O5. Analytical results are pre-
sented in Table 4.

H,O concentrations of selected experimental glasses
were determined using the Cameca IMS-3f ion microprobe
at Woods Hole Oceanographic Institution (Table 3).
Samples were mounted in epoxy (H,O content >1.5 wt%)
or indium (H,O content <1.5 wt%), left to degas overnight
at 60°C under vacuum to reduce adsorbed H,O, and
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Table 4 Electron microprobe analyses of run products (wt%)

Run Phase n SiO, TiO,  Al,O3 FeO MnO MgO CaO Na,O K,0 P,0Os NiO Total
82-72f
B994 liq 7 47.64(15) 0.59(7) 18.67(6) 8.22(13) 0.14(2) 10.71(9) 11.61(10) 2.28(15) 0.08(2) 0.06(2) 99.62
ol 6 40.03) 0.02(2) 0.09(2) 11.6(2)  0.15(3) 47.13) 0.35(3) 0.12(1) 99.45
B988 liq 6 47.73(12) 0.61(8) 18.89(8) 8.29(25) 0.15(2) 10.20(10) 11.76(7) 2.26(12) 0.08(2) 0.04(3) 99.65
ol 6 40.1(3) 0.03(2) 0.10(4) 122(2)  0.15(2) 46.2(3) 0.37(8) 0.102) 99.34
B1043 liq 6 47.72) 0.699) 18.41(5) 8.24(8) 0.14(2) 10.57(23) 11.76(5) 2.33(7) 0.093) 0.05(2) 99.65
B1042 liq 5 47.90(6) 0.66(9) 18.47(13) 8.16(8)  0.13(2) 10.52(9) 11.74(7) 2.28(8) 0.08(3) 0.03(2) 99.46
ol 6 4093) 0.032) 0.12(2) 11.35(11) 0.19(3) 46.72(28) 0.37(2) 0.05(1) 99.76
#19 lig 20 47.3(5) 0.57(6) 18.6(2) 8.57(3) 0.15(2) 10.6(2) 11.73(13) 2.24(11) 0.07(3) 0.06(2) 98.05
#23 liq 7 48.1(2) 0.54(6) 18.61(19) 8.2(2) 0.13(2) 10.22(9) 11.83(10) 2.22(18) 0.08(3) 0.08(2) 99.13
ol 7 41.14)  0.02(2) 0.06(2) 11.5(5) 0.16(3) 47.6(3) 0.37(2) 0.23(2) 101.14
#10 lig 20 47.6(3) 0.53(6) 18.48(13) 8.55(23) 0.16(3) 10.64(10) 11.63(15) 2.21(11) 0.08(3) 0.06(2) 98.08
#11 liq 20 47.9(4) 0.54(8) 18.66(13) 8.24(33) 0.14(3) 10.41(16) 11.68(15) 2.03(15) 0.08(3) 0.04(2) 98.29
ol 7 3992) 0.032) 0.04(2) 11.4(3) 0.19(4) 47.74)  0.38(3) 0.20(4) 99.89
#9 liq 20 48.3(1) 0.56(9) 18.70(12) 7.41(13) 0.15(3) 10.73(10) 11.73(15) 2.30(14) 0.07(3) 0.06(2) 97.18
#8 liq 19 48.4(4) 0.59(7) 18.79(9) 7.16(15) 0.16(3) 10.61(14) 11.76(13) 2.25(13) 0.09(3) 0.04(2) 97.09
ol 8 40.6(5) 0.08(4)  9.8(7) 0.17(3) 48.5(8) 0.37(3) 0.43(9) 99.93
#6 lig 17 48.2(33) 0.58(5) 18.75(11) 7.20(12) 0.15(3) 10.87(19) 11.77(16) 2.32(10) 0.09(3) 0.06(2) 95.55
#7 lig 20 48.0(2) 0.58(7) 18.68(10) 7.77(14) 0.16(3) 10.73(14) 11.70(12) 2.29(12) 0.08(3) 0.05(2) 95.43
ol 9 40.9(5) 0.02(2) 0.08(2) 10.1(3)  0.16(3) 48.4(6) 0.37(4) 0.18(4) 100.56
#1 liq 10 48.05(14) 0.64(4) 18.64(15) 7.6(2) 0.17(2) 10.67(5) 11.70(10) 2.3(2)  0.07(2) 0.06(3) 93.81
#12 liq 10 47.6(2)  0.57(7) 19.30(17) 7.51(10) 0.11(2) 10.60(9) 11.93(9) 2.21(9) 0.07(3) 0.05(2) 94.52
#4 liq 17 47.6(4) 0.65(9) 18.83(14) 7.76(15) 0.16(3) 10.80(8) 11.71(11) 2.30(11) 0.08(3) 0.04(3) 93.73
#18 lig 11 47.533) 0.56(7) 18.68(12) 8.08(8)  0.15(3) 10.84(20) 11.75(16) 2.31(17) 0.08(3) 0.06(2) 93.89
#13 liq 14 48.0(5) 0.59(9) 18.72(16) 7.72(24) 0.17(6) 10.68(13) 11.64(24) 2.32(14) 0.08(3) 0.03(3) 93.75
ol 6 40.43) 0.042) 0.09(2) 10.53) 0.21(2) 48.0(4) 0.31(4) 0.16(6) 99.79
#5 liq 15 482(2)  0.59(7) 18.72(13) 7.56(9)  0.15(4) 10.67(10) 11.68(8) 2.24(13) 0.08(3) 0.06(3) 93.87
ol 11 40.0(3) 0.05(2) 11.0(5)  0.18(3) 47.8(6)  0.30(5) 0.22(4) 99.64
B1084 liq 11 48.5(6) 0.60(8) 18.5(2) 8.4(2) 0.16(2) 10.8(4) 12.1(7)  0.9(2)* 0.04(2) 0.04(3) 81.96°
B1081 liq 9 479(6) 044(7) 1924 834 0.15(2) 10.2(4) 12.4(6) 1.3(2*  0.08(2) 0.06(2) 80.82°
ol 7 404(3) 0.06(3) 11.433) 0.18(3) 46.8(3) 0.32(4) 0.23(3) 9943
B1065 liq 11 47.6(3) 0.59(6) 18.8(2) 8.16(11) 0.17(3) 10.32(10) 11.9(2)  2.31(14) 0.08(2) 0.07(2) 98.86
ol 6 40.03) 0.02(2) 0.10(2) 11.53) 0.122) 47.1(2) 0.34(2) 0.14(4) 99.31
B1064 liq 11 4792) 0.57(6) 18.67(8) 7.98(12) 0.15(3) 10.6(3) 11.8(2)  2.19(12) 0.07(3) 0.04(2) 98.76
ol 7 40.1(2) 0.11(3) 11.1(4)  0.14(3) 47.5(4) 0.36(2) 99.33
85-41c
#13 li 58.1(3)  0.56(6) 14.43(13) 5.76(8)  0.14(3) 9.09(12) 7.9(3) 3.21(6) 0.68(9) 0.12(2) 100.44
#14 liq 58.1(2)  0.63(8) 14.41(8) 5.57(14) 0.11(2) 9.26(7)  8.08(12) 3.04(7) 0.65(3) 0.10(3) 99.41
ol 16 41.2(3) 0.02(1) 0.03(2) 8.34(14) 0.12(2) 49.8(2) 0.22(2) 0.24(3) 100.07
#128  liq 16 57.94) 0.57(6) 14.8(2) 5.55(9) 0.094) 9.07(12) 8.13(13) 3.07(15) 0.67(3) 0.13(4) 94.22
#127  liq 25 57.77(3) 0.56(7) 14.8(2) 5.59(14) 0.104) 9.17(13) 8.23(12) 3.06(17) 0.66(3) 0.14(4) 94.04
ol 9 41.04) 0.01(1) 0.03(1) 8.9(3) 0.16(3) 49.8(4) 0.19(2) 0.04(5) 100.25
#126  liq 12 58.5(4) 0.56(7) 15.1(3) 5.37(16) 0.08(3) 8.16(15) 8.36(15) 3.07(13) 0.68(3) 0.12(4) 94.62
ol 7 40.8(2) 0.02(1) 0.01(1) 9.4(3) 0.14(2) 49.2(2)  0.18(1) 0.08(5) 99.86
Bb107
#9 liq 5 46.4(6) 1.25(5) 12.3(1)  9.6(5) 0.15(3) 10.6(2) 12.1(2)  3.14(16) 3.20(10) 1.36(10) 99.52
#13 liq 6 47.3(2) 1.24(7) 12.54(5) 9.48(7)  0.14(2) 10.34(15) 12.02(18) 2.68(13) 2.99(3) 1.20(11) 99.94
ol 40.5(2)  0.03(1) 0.06(1) 10.76(13) 0.15(3) 47.52) 0.64(3) 99.68
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Table 4 continued
Run Phase n  SiO, TiO, Al,O3 FeO MnO MgO CaO Na,O K>0 P,0s5 NiO Total
B1030 liq 10 46.5(3) 1.23(7) 12.29(13) 9.35(15) 0.14(2) 10.50(13) 12.22(16) 3.27(14) 3.21(14) 1.27(11) 98.62
B1054 liq 7 47.1(2) 1.19(6) 12.52(12) 9.1(2) 0.13(2) 9.74(13)  12.30(13) 3.33(13) 3.27(5) 1.33(5) 99.88
ol 40.04(8) 0.02(1) 0.05(1) 12.6(2) 0.18(2) 47.18(16) 0.57(3) 100.66
B1051 liq 9 46.7(3) 1.249) 12.32(9) 9.05(10) 0.13(3) 10.54(12) 12.06(13) 3.25(16) 3.33(6) 1.32(6) 99.69
#4 li 10 47.03) 1.32(6) 12.41(6) 8.87(18) 0.17(2) 10.44(15) 11.90(8) 3.06(10) 3.28(10) 1.55(10) 93.92
#3 liq 14 46.7(2) 1.27(9) 12.58(15) 9.12(6) 0.15(3) 10.46(11) 11.95(11) 3.08(13) 3.27(7) 1.37(7) 94.37
#1 liq 9 47.04) 1.1909) 12.61(7) 8.93(8) 0.16(2) 10.24(12) 11.98(21) 3.18(12) 3.24(11) 1.43(11) 94.18
ol 13 40.4(3) 0.04(1) 0.01(1) 12.2(6) 0.193) 47.1(4) 0.46(2) 100.39

The numbers in parentheses are 1o standard deviations, given in terms of the last unit cited, thus 8.16(8) should be read 8.16 = 0.08. Glass

compositions have been renormalized to 100% anhydrous, original totals are reported in the last column

n is the number of analyses per phase. All Fe is reported as FeO

* The melt quenched to a fine-grained mix of glass, crystals and bubbles that has been analyzed with a 30 pm defocused beam. Na,O
concentrations are low due to Na diffusion during analyses of the H,O-rich “glasses”

sputter-coated with 30 nm of Au. The primary '°O~ ion
beam, accelerated through 8 keV, was focused on the
sample to a spot with a diameter of 8-12 um that was
centered in the 150 pm diameter area imaged by the sec-
ondary ion optics. The areas of glass to be analyzed were
cleaned of Au and surface contamination by rastering the
primary beam over a square area slightly greater than
50 um on a side for 5 min. Following raster cleaning, the
secondary sputtered ions from the spot area were extracted
into the mass spectrometer through a nominal accelerating
potential of 4.5 keV. A sample offset voltage of —90 eV
(x15 eV) was used to filter out low-energy background 'H*
desorbed from the raster-cleaned area. Secondary ions were
detected by an electron multiplier in pulse-counting mode
and were counted using eight cycles of sequential peak
switching (background, 'H*, *°Si*), following an additional
2 min burn-in to allow secondary ion sputtering to reach a
steady state. Intensity ratios, 'H*/*°Si*, were converted to
total H,O concentrations using calibrations curves con-
structed from the measurement of standard natural and
synthetic basaltic glasses. Two different sets of standards
were used: D20-3 (W.G. Melson, personal communica-
tion), JED17H (Dixon et al. 1995), and 87s35a#14 (Sisson
and Grove 1993b) for glasses with H>O content >1.5 wt%,
and D20-3, D51-3 and D52-5 (Simons et al. 2002) for
glasses with H>O content <1.5 wt%. The composition of
the basaltic standard glasses is close to the composition of
starting materials 82—-72f and Bb107, so no correction was
applied for matrix effects on 82-72f and Bb107 glasses.
Andesitic glass standard 81-T-116 (Sisson and Grove
1993b) gives a higher H,O value (6.60 wt% instead of
6.17) when analyzed using the basaltic glass calibration
curve, and the H,O concentration for unknown andesitic
glass 85-41c#127 was adjusted accordingly. Two to four
spots were analyzed on each sample; errors reported in

Table 3 were obtained by combining standard deviation for
different analyses on the same sample and errors propa-
gated from the calibration curves.

The H,O concentration of the glasses was also esti-
mated with the electron microprobe, using two different
techniques (Table 3): by analyzing oxygen, and with the
“by-difference” method (Devine et al. 1995). Oxygen in
glasses was analyzed with the electron microprobe using a
LDEI crystal. Primary calibration was done on a single
crystal of gem quality Al,O3 carbon-coated together with
the samples. H,O concentrations were then deduced from
the oxygen content of the glass. H,O concentrations were
also estimated from the difference between the electron
microprobe totals and 100%. For more accurate results,
both techniques were calibrated using a set of basaltic and
andesitic secondary standards including glasses 81-T-116,
1140mf#18 (Sisson and Grove 1993b), 82-72f#7, #9, #10,
#18 (this study), and 0.1 MPa anhydrous glasses. Cali-
bration curves were obtained by plotting H,O
concentrations obtained by difference or by analyzing
oxygen against the more accurate H,O concentrations of
the standards (determined by FTIR or SIMS). All the
experimental glasses and secondary standards were
repolished and carbon-coated at the same time before the
analytical session. The use of secondary standards has
three different purposes: (1) avoiding matrix effects by
using glasses with compositions close to the unknowns,
(2) avoiding systematic uncertainties caused by different
carbon-coat thicknesses, and (3) taking into account the
effect of Fe** on microprobe totals and oxygen contents,
since all experimental and standard glasses have been
synthesized under the same oxygen fugacity (NNO). The
three analytical techniques are in good agreement
(Table 3; Fig. 2), although SIMS values are more
accurate.
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Experimental results
Liquidus determination

The dry experiments (Table 2) have been used to para-
meterize the dry olivine-liquidus temperature as a function
of pressure. Our high-pressure experimental procedure
insures near-anhydrous conditions, as shown by three
SIMS analyses on experiment B1042, which contains
0.01 = 0.05 wt% H,O. For pressures up to 1.0 GPa, the dry
liquidus for 82-72f can be expressed by the equation:
T(°C) = 1,267 + 65 x P(GPa). The pressure dependence
of 65°C/GPa is significantly higher than the ~25°C/GPa
previously determined by Bartels et al. (1991). Differences
can be explained by the presence of H,O, and the use of
different assemblies and thermocouples. Our new preferred
value is more consistent with other studies on primitive
basalts (e.g., Gust and Perfit 1987; Draper and Johnson
1992). For Bbl07, the equation of the dry liquidus is:

7.0 : : : : : :

6.0 |- 4
5.0 - 4
4.0 - 4
3.0 |- 4
2.0 |- 4

ol 4 _
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H20 (wt%) by SIMS

H20 (wt%) from oxygen analysis

Fig. 2 Comparison of H,O concentration obtained with the electron
microprobe (by difference, and by analyzing oxygen) with H,O
concentrations analyzed by SIMS. Open symbols indicate experiments
that were used to calibrate the electron microprobe measurements.
Solid symbols are experiments that were not part of the calibration.
Errors bars are the 1o errors as reported in Table 3
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T(°C) = 1,275 + 65 x P(GPa). No high-pressure experi-
ment has been performed on 85-4lc, since olivine is
expected to be the liquidus phase only at low pressures.
Assuming that the pressure dependence is similar to that of
82-72f and Bb107, the dry liquidus can be parameterized
as: T(°C) = 1,248 + 65 x P(GPa). The uncertainty varies
between less than 5°C at atmospheric pressure up to 10°C
at 1.0 GPa. Below 200 MPa, where most water-saturated
experiments have been performed, the uncertainty on the
dry liquidus is estimated at +5°C. The oxygen fugacity in
the graphite-capsule high-pressure dry experiments is
lower than for all the other experiments that were buffered
at NNO. However, variations in oxygen fugacity over this
range have little effect on the dry olivine liquidus (e.g.,
Gust and Perfit 1987).

The water-saturated liquidus for the basaltic composi-
tion 82-72f has been bracketed between 0.1 and
1,000 MPa. Assuming an experimental uncertainty of +7
and 10-15°C wide brackets, the uncertainty can be esti-
mated to +14°C for each bracket. The water-saturated
liquidus drops quickly during the first 200 MPa, then levels
out at about 1,150°C.

Water solubility

H,O concentrations in 82-72f water-saturated experiments
are in excellent agreement with previous solubility experi-
ments on alkali-poor basalts in the range 0-600 MPa
(Fig. 3; Table 3; Hamilton et al. 1964; Dixon et al. 1995;
Moore et al. 1998). Empirical models (Dixon et al. 1995;
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~
”~
A ”
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H P
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260 Z .
<>/ <> Hamilton et al. 1964
O Dixon et al. 1995
4.0 < Moore et al. 1998 n
@ this study
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Fig. 3 H,O solubility in basaltic melts. Symbols represent measure-
ments from Hamilton et al. (1964), Dixon et al. (1995), Moore et al.
(1998), and this study. Solid line and dashed line are extrapolated
solubilities for basalt 82—72f, from the solubility models of Moore
et al. (1998) and Dixon et al. (1995), respectively. For 82—72f, the
solubility at 1.0 GPa is estimated between 10.5 and 12.5 wt%
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Fig. 4 a Experimental determination of liquidus depression for high- p

Al basalt 82—72f. For each experiment, the difference between the dry
liquidus temperature and the experimental temperature (Table 3) is
plotted as a function of H,O concentration determined by SIMS.
When no SIMS measurement was available, concentration for an
experiment with the same melt composition and at the same pressure
was used. Olivine-free and olivine-bearing experiments bracket the
liquidus depression curve. The black curve is a best fit through the
data calculated using Eqs (8), (9), and (16), with melt components
calculated after Bottinga and Weill (1972). Experiment 82-72f#19, in
grey, has been excluded from the model (see text). b Comparison
between the experimental data, similar experimental data by Almeev
et al. (2007), and calculated liquidus depressions for experimental
dataset comprising high (>3 wt%) H,O content experiments (Gaetani
and Grove 1998; Parman and Grove 2004). Calculation scheme
FDLD, as described in Fig. 1. ¢ Comparison between experimental
data and published models of liquidus depression (see Fig. 1). The
black curve is the best fit through the data from Fig. 4a

Moore et al. 1998) extrapolate to a solubility of 10.5—
125 wt% H,O at 1.0 GPa (Fig. 3). Water-saturated
experiments at 1.0 GPa did not quench to a homogeneous
glass, but to a mix of bubbles, glass, and quench crystals,
making it impossible to determine H,O concentrations. In
the following analysis, the H,O content of the 1.0 GPa
experiments is assumed to lie between 10.5 and 12.5 wt%,
the range spanned by the two empirical models.

Measured water-solubility in the 85—41c andesitic glasses
at 200 MPa is significantly higher than the value predicted
by the Moore et al. (1998) model (Table 3), but consistent
with measurements by Hamilton et al. (1964; ~6 wt% at
200 MPa). This discrepancy might be explained by the
strong compositional difference between the andesitic melts
used to calibrate Moore’s model and 85—41c, which has
much higher MgO and FeO and lower Al,O5.

Comparison with previous studies

For each near-liquidus hydrous experiment, the difference
between the dry liquidus temperature and the experimental
temperature has been calculated (Table 3) and plotted as a
function of H,O in the melt (Fig. 4a). Olivine-bearing and
olivine-free experiments bracket the liquidus, and thus
constrain the amount of liquidus depression. Experiment
82-72f#19 is in disagreement with other experiments, and
we choose not to include it in the model. The predicted
H,0 concentration from solubility calculations in this
10 MPa experiment is 0.84 wt%, in contrast to the mea-
sured 0.44 wt%. Experiment 82-72f#19 could thus have
initially been entirely melted, and then moved into the
olivine stability field due to H,O-loss during the experi-
ment. Depending on the timing of H,O-loss, olivine-
nucleation could have been delayed, and the experiment
remained melted. The excellent agreement between our
data and similar data by Almeev et al. (2007, Fig. 4b)
reinforces our choice to exclude experiment 82—72f#19.
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The experimental data indicate a stronger effect of water
at small water concentration, which progressively weakens
at higher water concentration. This non-linear effect is
consistent with the model of Falloon and Danyushevsky
(2000; Fig. 4c), but of much smaller magnitude. Although
its use is not recommended for low-pressure crystallization,
the pMELTS thermodynamic model (Ghiorso et al. 2002),
gives reasonable results, within 10-30°C of the experi-
mental constraints, and partially accounts for the non-
linearity. On the other hand, widely used thermodynamic
models such as MELTS (Ghiorso and Sack 1995) and
COMAGMAT (Ariskin and Barmina 2004) do not
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reproduce the experimental effect of water on the olivine
liquidus temperatures.

Falloon and Danyushevsky (2000, Fig. 1) estimated the
liquidus depression from the temperature of hydrous
experiments, and a dry liquidus temperature calculated
from the Ford et al. (1983) geothermometer. This technique
will be referred to as FDLD in the following discussion.
Successful application of this method requires (1) that the
experiments be as close to equilibrium as possible, (2) that
the empirical Ford et al. (1983) geothermometer give
accurate results over the compositional range investigated,
and (3) that the H,O content of the glass is accurately
known. In Fig. 4b, the FDLD treatment has been applied to
a selected number of high-H,O content, high-melt fraction
experimental data (Gaetani and Grove 1998; Parman and
Grove 2004). Melt compositions in these two studies are
high-alumina basalts similar to 82—72f, for which the dry
liquidus temperature agrees with the Ford et al. (1983)
geothermometer. H,O contents have been analyzed in all of
the experiments, and experiments have been performed at
MIT, so there is no interlaboratory bias with our experi-
mental dataset. Calculated liquidus depressions using the
FDLD method are in good agreement with the experi-
mental determination on the 82-72f high-alumina basalt
(Fig. 4b). Thus the FDLD method can be used on selected
experimental datasets. Most of the dispersion on Fig.1 is
probably due to systematic interlaboratory biases or non-
applicability of the Ford et al. (1983) thermometer for the
investigated composition, or poorly known water concen-
trations (or even disequilibrium experiments).

Most of our experiments have been performed between
0 and 200 MPa, whereas data by Gaetani and Grove (1998)
and Parman and Grove (2004) are in the 1.2-2.0 GPa
pressure range. The good agreement between both datasets
suggests that pressure has little influence on liquidus
depression.

Influence of melt composition

Experiments at 200 MPa indicate that the liquidus
depression for alkali-rich melt Bb107 is within error of the
liquidus depression for high-alumina basalt 82-72f (Fig. 5)
and primitive MORB 140DS1 (Almeev et al. 2007
Fig. 4b). This suggests that for basaltic melts the compo-
sitional dependence of the liquidus depression is too small
to be resolved by available experimental techniques. As a
consequence, the parameterization of liquidus depression
for 82—72f can be applied to other basaltic compositions.

Experiments on magnesian andesite 85—41c, however,
indicate a much smaller effect of H,O on liquidus tem-
peratures (Fig. 5). Calculations using the FDLD method
also predict smaller liquidus depression for andesitic
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Fig. 5 Effect of composition on liquidus depression. Comparison
between high-Al basalt 82-72f (black curve from Fig. 4a), alkali-rich
leucitite Bb107, and high-Mg andesite 85-41c. Also plotted are
calculated liquidus depressions using the FDLD technique for
published H,O-saturated experiments on andesites 85-41c and
1140mf (Grove et al. 1997and 2003; Krawczynski et al. 2006). For
these calculations, results of the Ford et al. (1983) thermometer are
corrected for a 30°C offset determined from the dry 0.1 MPa
experiments

compositions (Fig. 5). This might be related to the reaction
between H,O and polymerized melt species, producing
isolated silica species, and thus stabilizing olivine, a nes-
osilicate. Lower NBO/T (Table 1) suggests that andesitic
melts like 85—41c would be more polymerized than basaltic
melts. Since 85—41c has a much higher silica concentration
than 82-72f or Bb107, the different effect could also be
due to non-ideality in the H,O-SiO, interactions.

Thermodynamic model of liquidus depression
Thermodynamic treatment

The effect of H,O on the olivine/liquid equilibrium can be
expressed in terms of partitioning of olivine end-member
components. At equilibrium, the chemical potentials p of
each component i are equal in all phases such that:

olivine melt ( 1 )

K =k

‘u?,olivine +RT In (aolivine) — M?,melt +RT In (amelt) (2)

i i
which can be rearranged into:

olivine fusion
a; AG;
In ( et ) " RT G)

1

This equation can be written for any olivine end-member
component, however, only the Mg,SiO,4 (Fo) and Fe,SiO4
components are known with enough accuracy to be useful
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for liquidus depression calculations. Since the Mg,SiO4
component is the one that shows the largest variations, it
will be exclusively used in the model.

Equation (3) can be used to link changes in equilibrium
temperature to changes in melt/olivine properties, includ-
ing the changes caused by the addition of H,O. The right-
hand side of the equation can be written as a function of
intensive variables P and 7, and experimentally determined
thermodynamic properties of pure Mg,SiOy4: T}, the melt-
ing point of forsterite at P = P, = 10° Pa, ACpg,, the
difference in molar heat capaci}y between forsterite melt
and crystalline forsterite, AiH{:’Of, the molar enthalpy of
melting of forsterite at 7 and P,, and A_V;O, the molar
volume change during melting of forsterite:

oT

Gf 5 (A_Gﬁo(T.P))
RT
d(A F;(TT’P)> = dr

. (4)

T
Assuming, as a first approximation, that Aij;o =a+bT

and that mo is independent of T and P within the
investigated P, T conditions, Eq. (4) leads by substitution
to:

RT RT? RT 2R

f

SGur)_ " <arf+%rz—A—H{;§f a b>dT
T

AV}
+ /P R;OdP (5)

These assumptions are justified by the numeric values of
A—Q)Jl;o and A_V;O at 0.1 MPa, and the fact that the
compressibilities of forsterite and forsteritic melt are
identical within uncertainty under the investigated
pressure range (e.g., Ghiorso 2004). Equation (5) can
then be integrated to Eq. (6):

AGL(T,P) 1 [~ b\ (1 1
7—E(AH{:O —an——Tf><T—Tf>

RT 2
- %m (Tzf) - % (T —Tp) (6)
AVL, (P~ P.)
* RT

Similar expressions have been widely used to build
olivine-melt thermometers (e.g., Ford et al. 1983).
Equation (3), with the right-hand side substituted by

Eq. (6) can be written for an olivine crystal on the
liquidus of a dry melt, at temperature Ty and pressure P.
The same equation can be written for an olivine crystal on
the liquidus of a H,O-bearing melt with the same major
element composition, at temperature 7T, and the same
pressure P. Subtracting the two equations gives Eq. (7):

wet melt olivine, T4
i [ AR
dry melt olivine, Ty,

Fo dg,

:%(A_H;’on —an—ngz-i—A_‘/];O(P—PO)) (7)

1 1 T
c(LoDy_ap () 2 q
Td Tw R Tw 2R

The liquidus depression AT as defined in the introduction is
equal to the difference between T4 and T,. Experiments on
82-72f demonstrate that the composition of the olivine
crystals on the liquidus of a basaltic melt is not influenced
by the amount of water dissolved in the melt. For example,
the average partition coefficient for Mg (Ky,) for all the
experiments is 4.53 + 0.07 (1o), within the uncertainty for
each individual experiment (1o = £0.10) and the Fe-Mg
exchange distribution coefficient (Kp = Kg/Kyg) is
constant over the range of H,O contents investigated
(Tables 2, 3). The use of partition coefficients rather than
raw olivine compositions accounts for the fact that
individual experiments are not exactly on the liquidus,
and also eliminates the effect of small amounts of Fe loss in
a few experiments. The small deviation from ideality in the
olivine solid solution can be neglected (Wiser and Wood
1991). Therefore, the activity of olivine on the liquidus of
the dry melt is identical to the activity of olivine on the
liquidus of the H,O-bearing melt Eq. (8):

wet melt . .
In <"F> _! <A—H’;OT' —aT; —%TE +A_V;O(P—PO)>

dr 1t
oary me R

Fo
w (Lo a (Y b g
Td Tw R Tw 2R
(8)

The right hand-side of Eq. (8) can be calculated from
experimentally determined thermodynamic properties, and
the liquidus temperatures experimentally determined in this
study. These known parameters can then be compared to
thermodynamic models of the effect of water on silicate
melts, as expressed by the left-hand side of the equation.
Or, given a thermodynamic model of the effect of water on
silicate melts, AT can be calculated from Eq. (8) and
compared to experimental determinations.

At 0.1 MPa, pure forsterite melts at 7y = 2,163 K
(Robie and Hemingway 1995). The enthalpy of fusion
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E;()Tf has been determined as 142 = 14 kJ mol™' from

calorimetric measurements (Richet et al. 1993). A—ij;-o can
be calculated from the heat capacity of crystalline Mg,SiO4
(Gillet et al. 1991), and the temperature-independent heat
capacity of liquid Mg,SiO, (252 J mol™' K™, extrapolated

from the model of Richet and Bottinga 1985). ACp};O varies
linearly over the 1nvest1gated temperature range according

to the equation ACpFO = a+bT, witha = 100 Jmol™" K,

and b = —0.0242 J mol™' K2, AV, = 3.25 cm® mol™ has
been calculated from the Clapeyron slope of the Mg,SiO4
melting reaction (David and England 1964) and is in
general agreement with a 3—7 cm® mol™ estimate made
from the molar volumes of solid Mg,SiO, (Robie and
Hemingway 1995) and liquid Mg,SiO, (extrapolated from
the model of Courtial and Dingwell 1999).

Non-ideal behavior of H,O in silicate melts

The activity of the Mg,SiO4 component in the melt can be
calculated from the concentrations of MgO and SiO;:

MgO Si0, MgO SiO;
ako (X wet ) Xivet (ywel Vwel
wet melt __
afo -
A4y melt MgO Sio, (,MgO SlOz
Y (X dry X dry ydw ydry

, ()5
() 3

The first part of Eq. (9) is the simple dilution effect
caused by the addition of H,O to the melt. The second
part quantifies the non-ideality of H,O solution, either due
to modification of the melt structure or configurational
excess energy of mixing. In a first step we assume that
this effect is negligible, i.e. that the addition of water
follows an ideal solution model. Although the predicted
effect is close to the experimental results (Fig. 6), this
ideal solution model fails to explain the non-linearity of
the liquidus depression.

The effect of H,O on the melt structure has been suc-
cessfully quantified in simple systems (albite-H,O,
diopside-H,O, quartz-H,O) by Silver and Stolper (1985).
In their model (see also Toop and Samis 1962), hydrous
silicate melts are modeled as mixtures of three quasi-
chemical oxygen species: oxygen atoms O, hydroxyl
groups OH and water molecules H,O. Water molecules
H,O react with the oxygen atoms to produce hydroxyl

groups through the following homogeneous equilibria
(Silver and Stolper 1985):

= (1 —XHZo)

wet

HZO(mell) + O(mell) = 2OH(melt)~ (10)
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Fig. 6 Thermodynamic models of olivine liquidus depression assum-
ing ideal mixing of H,O in silicate melts (activity = concentration).
The model represented by the black line uses the thermodynamic
values described in the text. The two grey lines show the influence of
the molar volume change A_Fo, varying between O (lower line) and
7 cm® mol™'. The dashed lines delimit the range of models allowed
by the uncertainties on enthalpy and heat capacity determination.
Experimental data are from Fig. 4a. T, is calculated using Egs. (8)
and (9), AT = Ty — T,. Melt fractions are derived using the calculation
scheme of Bottinga and Weill (1972)

This equilibrium is controlled by the dissociation constant:

(agll:ll) ’

(aer) (amert)

Following the model of Silver and Stolper (1985), we
assume ideal mixing (i.e., activity coefficients equals to 1)
and calculate the concentration of oxygen atoms Xmelt as a
function of water concentration and the dissociation
constant K;. The activity of the Mg,SiO, component in

the silicate melt is then defined by:

K, =

(11)

F 0 4
aw(ét melt — adry melt (Xwel melt) ( 1 2)

Equation (12) can then be plugged into Eq. (8) to calculate
the amount of liquidus depression. This model assigns a
special role to water, which is not considered as a regular
component of the melt but only reacts with the oxygen
atoms, decreasing the activities of the other components.
This quasi-ideal mixing model gives results extremely
similar to the previous ideal model, and does not explain
the non-linearity of the experimental results (Fig. 7). A
very similar approach based on H,O speciation has been
developed by Maksimov (2003). As with the model pre-
sented in Fig. 7, the calculated liquidus depression is in
general qualitative agreement with our experimental data,
but cannot give a quantitative explanation. In particular, it
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fails to account for the strong temperature—lowering effect
at low water concentration, and the leveling out observed at
high water concentration. Maksimov (2003) shows that
there is a good agreement between experiments and model
predictions for the water-saturated basalt liquidus. His
model indeed agrees with the old and poorly constrained
data—relative to modern experimental standards—of Yo-
der and Tilley (1962), but does not fit with our
experimental determination of the water-saturated basalt
liquidus. It is possible that in the work by Silver and
Stolper (1985), the thermodynamics of the relatively sim-
ple silicate melts (NaAlSiz;Og, CaMgSi,Og, SiO;) can be
accounted for by a limited number of network-former
species, and the single depolymerizing reaction Eq. (10). In
more complex silicate melts, however, the presence of
different polymer species, and interaction between H,O
and other network modifiers like Na,O, may require a more
complicated set of speciation reactions. Alternatively, non-
ideal terms linked to the configurational entropy of mixing
could preclude the use of a simple thermodynamic
parameterization of water solution. It is also possible that
there are discrepancies between dry liquidus determina-
tions and H,O-saturated melting experiments. For example
the liquidus of pure albite has been difficult to determine
accurately (Bohlen et al. 1982). In our analysis the low-
H,O content experiments at low pressure strongly influence
the model.

Another approach to this problem, similar to the one
adopted by Nicholls (1980) is to use Margules parameters
to account for the non-ideality of H,O dissolution in sili-
cate melt. We assume that upon dissolution of H,O, most
of the non-ideality is due to interactions between H,O and

250 T T T T g
200 // i
~ ///w - - -
o e e
< 150 e -7 b
)] P <y -
< L _-702 T
100 F + e .
S
S0k :* */{/’ L 1
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H0 in melt (wt%)

Fig. 7 Thermodynamic models of olivine liquidus depression using
ideal mixing of quasi-chemical oxygen species (Silver and Stolper
1985; Toop and Samis 1962). Numbers on the curves are values of the
K, equilibrium constant. Experimental data are from Fig. 4a.
Calculation uses Egs. (8) and (12) and equation 5.3 of Silver and
Stolper (1985)

SiO, and that interactions between H,O and MgO are ideal
(YMeo = yﬂ,[réo, see Gaetani and Grove 1998). The activity

coefficient for SiO, can be expressed as:

2
RTd In (3@:%2) = Z WSiOz,j (}(Jdry) (13)
J
2
RTyIn (Vgi%z) =D WSiOz.j(ijet) + Wsi0,. 1,0 (Xi0)°
J

2
=(1- XHZO)ZZ Wsio,,i (X;iry) + WSiOz,HZO(XHZO)z
J

(14)

In these equations, j stands for melt components other than
5102 and Hzo,

Z = ZWSio”‘(X}j)z (15)

takes into account the interactions between the SiO,
component and other melt components in the dry melt,
and W = Wsio, n,0 takes into account the interaction
between H,O and SiO, components. It is assumed as a
first order-approximation, that the interactions between
melt components are independent of each other. Equations
(13) and (14) can be rearranged to:

I (”/‘sﬁm) _ W+ Z)(Xﬂzo)z_% H20+% (i_i>

Vgioz RT,,

(16)

This quadratic equation can be solved for W and > using
the experimental data, and gives >, = 28.9 kJ mol ™" for the
basaltic melt 82-72f, and W = 129 kJ mol™. Using these
two values, it is possible to get an excellent fit of the
experimental data from Eqs. (8) and (16) (Fig. 4a). The
values obtained here for W and X are highly dependent on
the values of the thermodynamic properties (enthalpy, heat
capacity) and on the choice of melt components, and cannot
easily be transposed to other models (like pMELTS).

Influence of pressure and melt composition

The thermodynamic model can be used together with
experimental data to investigate the effect of pressure and
melt composition on the olivine/melt equilibrium. Com-
parison between our polybaric experimental data, the
200 MPa experiments of Almeev et al. (2007), and liquidus
depression estimates using the FDLD method (Fig. 4b),
suggest that pressure has little influence on liquidus
depression. The effect of pressure increases with H,O

@ Springer



430

Contrib Mineral Petrol (2008) 155:417-432

concentration. However, for pressures between 0 and
2.0 GPa, the thermodynamic model predicts only a 3.4°C

variation at 5.0 wt% H,0O. Changing the value of A_V{:O
within the experimentally permitted range (3—7 cm® mol™)
does not significantly change the effect. The effect of
pressure on liquidus depression can thus be neglected.
Experiments indicate that, within uncertainty, the liq-
uidus depression is the same for high-alumina basalt 82—
72f, alkali-rich leucitite Bb107, and the primitive tholeiitic
basalt studied by Almeev et al. (2007, Fig.4b, 5). This
suggests that for primitive basaltic compositions, the effect
of melt composition is negligible and the liquidus depres-
sion can thus be approximated by the pressure- and
composition-independent power series:

2 3
AT (°C) = 40.4( et ) = 2.97(cpet) ™+ 0.0761 (Cies)
(17)

where Cﬁz"'})‘ is in weight percent. The linear approximation
is valid within 5°C up to 1.3 wt% H,O and can thus be
used in models pertaining to the crystallization of MORB.
For higher H,O contents, the second order polynomial can
be used up to 4.0 wt% H,O, and the third order polynomial
stays within 1°C of the thermodynamic model over the
entire experimental range.

Equation (17) is expected to be valid for most olivine-
saturated magmatic compositions, with the exception of
silica-rich compositions similar to 85—41c, which includes
very low degree mantle melts (Baker et al. 1995; Hirose
1997), and some silica-rich primitive subduction-zone
magmas (high-Mg andesites, boninites). For composition
85—41c, experimental data suggest that the effect of H,O is
smaller than for a basaltic melt, and closer to linearity
(Fig. 5). This could be qualitatively explained by two
competitive effects of H,O in silicate melts: (1) H,O
interacts with Si-O-M bonds (where M stands for any
network-modifier cation, including Mg?*), producing
Si-OH species, and thus reducing the stability of crystalline
silicate phases, including olivine; (2) H,O also breaks Si—
O-Si bonds in polymerized species, reducing the overall
degree of polymerization of the melt, and thus favoring the
crystallization of non-polymerized minerals like olivine.
This second effect is responsible for the enhanced stability
of olivine relative to other silicate phases in hydrous melts
(e.g., Kushiro 1969), and should be more important for the
most polymerized melts, like 85—41c (NBO/T = 0.6).

Conclusions

For primitive basaltic melts, the influence of H,O on
liquidus temperature appears to be independent of
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composition, but there is a compositional effect for high-
SiO; liquids. The non-linearity of the liquidus depression
as a function of H,O content cannot be explained by an
ideal solution model, nor by a speciation model involving
ideal mixing of oxygen quasi-chemical species as devel-
oped in simple systems like albite-H,O or diopside-H,O
(Silver and Stolper 1985). A better fit is obtained with a
non-ideal solution model that treats the effect of H,O
addition as a positive excess free energy. This indicates
that incorporation of H,O in silicate melts is non-ideal, and
involves interaction between H,O and other melt compo-
nents. Experiments and thermodynamic calculation also
indicates that there is no pressure effect on the liquidus
depression, and that it levels out at high H,O contents
(>10 wt%). This may have implications for the shape of
the liquidi of silicate melts at high pressure, as well as for
the P/T slope of the wet solidus in subducted basalts and
mantle lherzolites. Finally, since the composition of
liquidus olivine does not change with H,O content of the
melt, liquidus temperatures of hydrous magmas can be
determined by using a dry olivine-melt thermometer, and
then correcting for the effect of H,O using Eq. (17).
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