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Abstract—Liquidus phase relationships have been determined for a high-MgO basalt (STV30E Mg®

wt%, Ni=250 ppm, C=728 ppm) from Black Point, St Vincent (Lesser Antilles arc). Piston-cylinder
experiments were conducted between 7.5 and 20 kbar under both hydrous and oxidizing conditions. AuPd
capsules were used as containers. Compositions of supraliquidus glasses and mass-balance calculations show
that Fe loss is< 10% in the majority of experiments. Two series of water concentrations in melt were
investigated: (i) 1.5 wt% and (ii) 4.5 wt%J@, as determined by SIMS analyses on quenched glasses and with
the by difference technique. The ¥éFe?* partitioning between Cr-Al spinel and melt and olivine-spinel
equilibria show that oxidizing f@were imposed (NNOt+ 1.5 for the 1.5 wt% HO series, NNO+ 2.3 for

the 4.5 wt% HO series). For both series of water concentrations, the liquid is multiply-saturated with a spinel
Iherzolite phase assemblage on its liquidus, at 1235°C, 11.5 kbar (1.5 w@®pathd 1185°C, 16 kbar (4.5

wt% H,0). Liquidus phases are homogeneous and comparable to typical mantle compositions. Mineral-melt
partition coefficients are generally identical to values under anhydrous conditions. The modal proportion
cpx/opx on the liquidus decreases from the 1.5 wt% to the 4.5 wi® skries. The experimental data are
consistent with STV301 being a product of partial melting of lherzolitic mantle. Conditions of multiple
saturation progressively evolve toward lower temperatures and higher pressures with increasingdmelt H
concentration. Phase equilibria constraints, i.e., the necessity of preserving the mantle signature seen in
high-MgO and picritic arc basalts, and glass inclusion data suggest that STV301 was extracted relatively dry
(~ 2 wt% H,0) from its mantle source. However, not all primary arc basalts are extracted under similarly dry
conditions because more hydrous melts will crystallize during ascent and will not be present unmodified at the
surface. From degrees of melting calculated from experiments on KLB-1, extraction of a 12.5 wt% MgO melt
with ~ 2 wt% H,O would require a HO concentration of 0.3 wt% in the sub-arc mantle. For mantle sources
fluxed with a slab-derived hydrous component, extracted melts may containup.®Bwt% H,O. Copyright

© 2002 Elsevier Science Ltd

1. INTRODUCTION acteristic of those experiments is that experimentgl déndi-
tions generally have been too reducing for arc settings (Tat-

High-MgO (MgO = 8 wt.%) basalts are relatively uncom-
9 90 (Mg ) y sumi, 1982; Tatsumi et al., 1983; Gust and Perfit, 1987; Bartels

mon in modern subduction zone settings. Nevertheless, they i
occur in virtually every island arc and are of great petrological etal., 1991; Draper and Johnson, 1992). Consequently, only a

significance as these basalts possibly represent one type of’€"Y limited number of experimental studies are truly applica-
primary magma in subduction zones (e.g., Tatsumi and Eggins, ble to real conditions of basaltic melt generation in subduction
1995 and references therein). As such, they constitute valuableZ0Nes.
sources of information on the conditions of partial melting and ~ The Lesser Antilles intraoceanic island arc is the surface
the thermal structure of the mantle wedge beneath island arcs.manifestation of the subduction of the American plate beneath
In addition, knowledge of the 40 content of primary arc  the Caribbean plate (Fig. 1). The arc contains a wide range of
magmas is important in assessing processes of volatile andmagma types (Brown et al., 1977; Macdonald et al., 2000),
material recycling in subduction zones. from low-K tholeiites (north), calc-alkaline basalts (central
Information on the conditions of genesis of high-MgO arc islands) to alkalic basalts in Grenada (south). Primitive, high-
basalts has come mainly from experimental studies. Yet, till MgO and picritic basalts occur mainly in the central and
now, most high-pressure experimental studies on high-MgO arc southern parts of the arc. The Soufriere volcano in the northern
basalts have been performed under anhydrous conditions (Tat-part of the island of St Vincent is composed almost entirely of
sumi, 1982; Tatsumi et al., 1983; Gust and Perfit, 1987; calc-alkaline basalts and basaltic andesites (Heath et al., 1998).
Kushiro, 1987; Bartels et al., 1991; Draper and Johnson, 1992; The most magnesian basalts from Soufriere, St Vincent, resem-
Baker et al., 1994; Tatsumi et al., 1994). Water-bearing exper- pje high-MgO and picritic basalts known in other arcs, for
iments have been carried out in only three studies (Tatsumi, example Vanuatu (Eggins, 1993), NE Japan (Kushiro, 1987;
1982; Tatsumi et al. 1983; Baker et al., 1994). Another char- T4isumj et al., 1994) and the Aleutians (Nye and Reid, 1986;
Draper and Johnson, 1992). Heath et al. (1998) have argued

* Author to whom correspondence should be addressed (pichavant@ that the high-MgO basalts exposed at St Vincent represent
cnrs-orleans.fr). primary mantle-derived magmas and are parental to the
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T In this paper, we present a high-pressure experimental study
Atlantic of_ a sample of prim_itive calc-alkaling basalt from Soufriere, St

Vincent. The experiments were designed (1) to test whether the
Ocean composition studied is representative of a primary mantle melt;
(2) to determine the effect of @ on the pressure-temperature
conditions of equilibration of the basaltic liquid with its in-
ferred mantle source; and (3) to provide constraints on tj@ H
content of primitive arc magmas.

|
Lesser
Antilles

St, -Saba
Eustatius™ .
St.Kitts ™,
Nevis ™
2. HIGH-MGO BASALTS FROM SOUFRIERE, ST.
VINCENT

Montserrat™

16° Guadeloupe

At Soufriere, St Vincent, both basalts and basaltic andesites
have erupted throughout the volcano’s history, although basalts
were volumetrically the most abundant in the earlier stages
(Pre-Somma Lavas and Yellow Tuff Formation, see Heath et
al., 1998). The basalts range from microphyric fine-grained
rocks with abundant (up to 30%) microphenocrysts of olivine
(ol), spinel (sp) and clinopyroxene (cpx), to more coarsely
porphyritic rocks also containing phenocrystic plagioclase (pl).

. X - Olivines up to Fgg ,can be found (Marcelot et al., 1981; Heath
Caribbean St.Vincent,};?e Soufriere et al., 1998). The ol-sp thermometer of Ballhaus et al. (1991)
Sea yields temperatures between 1026 and 1130 °C for these basalts
The Grenadmesg‘ (Heath et al., 1998). The higher end of this range is in agree-
00| a” _ ment with older temperature estimates on the same rocks and
. Grenada/ likely corresponds to crystallization temperatures (see Heath et
| » Volcanoes | 0 2O,Okm al., 1998). The St Vincent basalts record fairly oxidizing redox
| | ! conditions (FMQr1.5< fO, < FMQ+1.8, Heath et al., 1998).
64° 62° 60° The most magnesian basaltic lava (STV 301, 12.5 wt.%
Fig. 1. Map of the Lesser Antilles island arc showing location of the MgQ, Table 1; Se_e also Marcelot etal., 1981) from. Black ?9'”‘
Soufriere volcano, St. Vincent. is slightly nepheline normative, a feature shared with the silica-
undersaturated mafic end-members of the Grenada series (e.g.,
Thirlwall and Graham, 1984). More evolved St Vincent basalts
andesites which dominate the eruption products in the central are silica-oversaturated (Heath et al., 1998). Chondrite-normal-
and northern parts of the arc. Therefore, these basalts shed lighized REE patterns for relatively magnesian basalts (Fig. 2) are
on the origin of the calc-alkaline igneous suite in the Lesser flat to slightly LREE-enriched. Mantle-normalized element
Antilles arc. abundances (Fig. 3) show patterns characteristic of arc basalts,

Y
Dominica® !

L

Martinique '

St.Lucia ¢ |

Table 1. Composition of High-MgO Basalt Starting Samples and Glasses.

Sample STV 301 ID 16° 1K85060803 STV 301 glass* STV 301 glass**
whole-rock whole-rock whole-rock (1 atm) (1500°C, 15 kbar)
Sio, 47.01 48.94 49.03 46.86 (35) 45.89 (27)
TiO, 1.07 0.70 0.64 1.08 (3) 1.06 (1)
Al,Oq4 15.28 16.01 13.95 15.29 (15) 15.00 (5)
FeQ 8.79 8.90 8.95 8.96 (17)° 8.71 (14)
MnO 0.16 0.17 0.15 0.17 (3) 0.18 (2)
MgO 12.50 11.42 12.38 11.97 (5) 11.75 (9)
CaO 10.96 10.89 10.75 11.00 (9) 10.71 (13)
Na,0 2.23 221 1.93 2.27(7) 2.19 (4)
K,0O 0.47 0.52 0.27 0.49 (2) 0.50 (3)
H,O nd nd 1.90 0.1b 2.84
total 98.47 99.76 99.95 98.19 98.83
Cr 728 662 820 nd nd
Ni 250 266 nd nd nd

20livine basalt, St. Vincent, Lesser Antilles (Health et al., 1998, this work).

b High-magnesia basalt, Umnak, Aleutians (Draper and Johnson, 1992).

¢ Olivine tholeiite, Ryozen, NE Japan (Kushiro, 1987).

* Average of 41 electron microprobe analyses; numbers in brackets are standard deviations in terms of least unit cited.
** Average of 24 electron microprobe analyses; numbers in brackets are standard deviations in terms of least unit cited.
° FeO = 1.52 wit% and FsD, = 8.26 wit%; Fé*/F&** (at.) determined by Mdssbauer spectroscopy.

"H,0 by Karl-Fischer titration.



High-pressure experiments on St. Vincent basalts 2195

100 1996; Falloon et al., 1999). Phase relations were studied near the
liquidus of the studied composition by means of high-pressure crystal-
lization experiments. If the studied magma is multiply-saturated with
olivine + orthopyroxene (opx}- clinopyroxene on its liquidus, then it
is in equilibrium with a lherzolite and is thus considered primary (e.g.,
Thompson, 1974; Tatsumi et al., 1983, 1994; Kushiro, 1987; Draper
and Johnson, 1992; Myers and Johnson, 1996; Falloon et al., 1999). In
such a case, the P-T conditions of multiple saturation provide an
estimate of the conditions of magma segregation from (or of last
equilibration with) its mantle source (e.g., Tatsumi et al., 1983, 1994;
Falloon et al., 1999). This conclusion also requires, however, that the
phases crystallizing on the liquidus of the study sample have compo-
sitions typical of residual upper mantle rocks. Conversely, the absence
of multiple saturation with a Iherzolite mineral assemblage may indi-
cate either that the composition studied is not a primary mantle melt or

Sample/Chondrite

—&a— STV 301 that a reaction relationship exists between minerals and melt at the P-T
conditions of magma segregation (e.g., Falloon et al., 1999).
SRS, ¥ STV 334 Previously, the inverse experimental approach has been applied to

several primitive high-MgO arc basalts from NE Japan and the Aleu-
tians (Tatsumi, 1982; Tatsumi et al., 1983; 1994; Gust and Perfit, 1987;

=-0---- STV 374 Kushiro, 1987; Draper and Johnson, 1992) and to a primitive high-
1 T T T T T T T T alumina basalt from the Cascades (Bartels et al. 1991). Under anhy-
La Ce Nd Sm Eu T Yb Lu drous conditions, several were shown to be multiply-saturated with

mantle mineral assemblages on their liquidus, in most cases between
Fig. 2. Chondrite-normalized REE abundances in selected basalts 1300 to 1350°C and 10 to 12 kbar (e.g., Kushiro, 1987; Tatsumi et al.,
from Soufriere, St Vincent. After Heath et al. (1998). 1994). Other high-MgO basalt compositions were shown not to be
multiply-saturated with a Iherzolitic mantle assemblage on their liqui-
dus (Gust and Perfit, 1987; Bartels et al., 1991; Falloon et al., 1999).

: : _ The few data available under hydrous conditions (Tatsumi, 1982;
namely high LILE/HFSE and LREE/HFSE, negative Nb anom Tatsumi et al., 1983) show that the effect of water is to shift the P-T

a!ies and relatively high Ba/La. Relative 7[0 MORB, the Sou-  conditions of multiple saturation towards lower temperatures and
friere basalts show LILE and LREE enrichment and HREE higher pressures. However,8 concentrations in the quenched melt
depletion (Fig. 3). The geochemical characteristics of the Sou- (glass) were not determined in previous studies and the effect©f H
friere basalts are consistent with generation from a mantle "emains to be established quantitatively.

s . . . . The major difference between this work and previous inverse exper-
wedge similar to, or slightly enriched in HFSE relative to the imental studies on arc basalts is that experimental conditions more

midocean ridge basalt (MORB) source, and metasomatized by relevant to arc settings were imposed, i.e., presence of water and
addition of a fluid phase from the subducting slab (e.g., Heath oxidized fO,. To satisfy these requirements, several aspects of the high
et al., 1998). pressure methodology were adapted, as detailed below.

3. EXPERIMENTAL STRATEGY AND METHODS 3.2. Starting Materials and Capsules

3.1. Strategy
) B ) . . Sample STV 301 (MgO= 12.5 wt.%, Heath et al., 1998) was
To test the possible origin of the St Vincent basalt by partial melting  selected for the experimental study. It hassN250 ppm and Ce= 728
of the mantle, the inverse approach was used (e.g., Myers and Johnstonppm (Table 1), contains olivine, clinopyroxene and spinel microphe-
nocrysts, and has an olivine/whole-rock Kd(Fe-Mg)0.33 (Heath et
al., 1998), indicating no significant crystal accumulation. Two types of

NN W NN U NS RN NN NN SN SRS NN NN SUU NN S glasses with different initial KD contents were used as starting mate
rials. First, a nominally dry glass was prepared by fgsthg of the
Q —4A— STV 301 powdered rock sample in air at 1400°C for several hours (Macdonald

AR et al., 1998). Second, a hydrous glass was synthesized by reacting the
; e Mo STV 334 previous glass plus- 2.6 wt.% H,0 at 1500°C, 15 kbar, for 1 h. Three
batches of hydrous glasses were used in this study. The water concen-
tration of the starting glasses was analyzed by Karl-Fischer titration
(Behrens et al., 1996) with an uncertainty ©f0.1 wt.%. The glass
prepared at 1 atm contains 0.10 wt.%Hand has a F&é/F&" ratio
(at.) of 4.88 (Table 1) as determined by Mdssbhauer spectroscopy. The
hydrous glasses have final,® concentrations (2.84 to 2.91 wt.%)
slightly higher than the amount of water initially present in the capsule,
which suggests that they gained somgdHluring synthesis. Because
! the hydrous glasses were available in small quantities, no Mdssbauer
L oS8R, analysis was performed. Some starting glasses were examined by FTIR
9—~5\§ -’ *SA TR to check for the presence of,8 and absence of C-bearing species.
7

----O---- STV 374

Sample/Primordial Mantle

About 10 mg of glass (either nominally dry or hydrous) was loaded
o/ into a Au,,Pd;, capsule (length: 6 to 8 mm, ID: 2.6 mm, wall thickness:
S 0.2 mm) which was welded shut with a small torch and then placed in

the furnace assembly. The choice of ARd;, capsules was dictated by
T T T T T T T T T T T T the necessity to impose oxidizing conditions (i.e., above graphite sta-
BaRbThKNbTalLaCeSrNdPSmZrHfTiTh Y bility) and to limit the presence of C as an additional component,
therefore eliminating graphite containers. It is shown below that the
Fig. 3. Primordial mantle-normalized trace element plots for selected performances of AyPd,, alloy with respect to Fe loss are reasonably
basalts, Soufriere, St Vincent, and MORB. After Heath et al. (1998). good in the experimental T-fOrange covered in this study (i.e.,
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Table 2. Conditions and Results for Experiments with the Dry Starting Glass.

Run# P T Duration Results HO glass ANNO S AFeC?
(kbar) (°C) (hour) (wt%) (%)
15 7.5 1200 19.25 gl(97) ol(2), sp(1) 1.76° +2.1 0.59 7.4
16 8 1220 16.75 gl(97), ol(2), sp(1) 1.0 +1.7 2.52 -15.8
29 9 1220 18 gl(99), ol(tr), sp(1) 1.3 +0.9 2.18 —-15.4
32 9 1200 18 gl(99), ol(tr), sp(1) 1.8 +1.0 2.28 -15.7
11 10 1240 16.75 gl(100) 0.77 — — 7.4
17 10.5 1230 17.5 gl(97), ol(2), sp(1) 1.26° +1.2 2.76 -17.1
10 10 1220 23.25 gl(87), ol(10), opxQ) 1.5 +1.4 1.56 —12.4
cpx(14), sp(tr)

9 10.5 1200 14.5 gl(90), ol(5) cpx(5), sp(tr) 0.9 +2.6 0.03 -1.6
30 11 1220 17.5 gl(89), ol(4) cpx(6), sp(1) 19 +1.2 0.47 -7.0
19 12 1240 17 gl(100) 1.07 — — -55
39 12 1260 2 gl(53), opx(7) cpx(35), sp(5) 19 +0.6 0.16 -3.5

—1220 —18
35 12 1200 19 gl(85), ol(4) cpx(11), sp? 14 — 3.78 —-204

8 13 1250 21.25 gl(100) 1.77 — — —27.4
20 12,5 1210 18 gl(58), opx(6) cpx(32), sp(4) 1.7 +1.8 0.01 -0.3
23 13 1230 13 gl(77), opx(2) cpx(19), sp(2) 0.9 +0.9 1.05 -10.5
21 14.5 1280 18 gl(100) 1.86 — — —26.4
25 15 1260 12 gl(74), opx(3) cpx(22), sp(L) 1.1 +1.0 0.08 -2.8
24 15 1240 12.5 gl(77), opx(3) cpx(20) 1.6 — 1.55 -11.8
26 17.5 1240 16 gl(54), opx(5) cpx(41) 2.3 — 242 136
28 18 1290 12 gl(100) 0.87 — — -21.0

* Phase proportions calculated by mass balance.

° H,O concentration by ion microprobe; othes® concentration data are estimated with the by difference method.

" ANNO = logfO, - logfO, of the NNO buffer calculated at P and T (Chou, 1987). Experimentalcilculated from olivine-spinel equilibria
(Ballhaus et al., 1991). For olivine-free but spinel-bearing charges, experimentabf€ulated from spinel-liquid equilibria (Maurel and Maurel,
1982; Danyushevsky and Sobolev, 1996; Kress and Carmichael, 1991). See also text.

* Sum of residuals for the mass balance calculations.

8 AFeO is apparent loss or gain of FeO calculated as (wt%) 100* {£€6eQ . ting gia/F€Quiarting giass FOI CTystal-bearing charges, FeQis
concentration of FeO (total Fe as FeO) in the charge calculated by mass balance. For crystal-free chaiges, d&@entration of FeO (total Fe
as FeO) in the glass measured by electron microprobe.

gl: glass, ol: olivine, opx: low-Ca pyroxene, cpx: high-Ca pyroxene, sp: spinel, tr: a trace of.

ANNO > 0 and T < 1300°C), in agreement with previous results of 10 s on peak. Silicate minerals were used as standards. A sample
(Kawamoto and Hirose, 1994). current of 6 nA and beam sizes of 1 tth were employed for mineral
phases and 1@m for glasses. Analysis of the starting glasses revealed
no detectable migration of alkalies under the beam (Table 1) and no
correction was applied to the Ma and K,O concentrations (e.g.,
The high-pressure experiments were performed in three end-loaded, Pichavant, 1987). Analytical errors are: 2% ($i®@l,0;, CaO), 3%
1/2' piston-cylinder apparatuses at the Geophysical Laboratory, Wash- (FeO, MgO, TiQ), 5% (MnO, NgO, K,O) relative. Mass-balance
ington DC, using the hot piston-out technique. The furnace assemblies calculations (Albaréde, 1995) were performed on all major oxides
consisted of graphite tube furnaces, AlSiMag inner parts, and outer except MnO and BD to estimate the proportions of phases coexisting
sleeves of pyrex and talc imposing a H-rich environment in the high- in a given charge and to evaluate quantitatively the extent of Fe loss
pressure cell. In all experiments, the ABd,, capsule was encased in  (Tables 2, 3).
a 0.8 mm thick AlSiMag sleeve that served as a sample holder.  The H,O concentrations in glasses were measured with the Cameca

3.3. Equipment and Run Procedure

Temperatures were monitored using P§gfRh,, thermocouples and IMS-3F ion microprobe of the CRPG, Nancy, using the procedures of
are known to better tharr 10°C. After the experiments, checks were  Deloule et al. (1995). A negative primary oxygen beam with an
made of the position of the thermocouple which needed teldemm intensity of 10 nA was focused to produce a spot ofi38 diameter.

from the top of the capsule. No pressure correction was applied to the The mass resolution was set to 888, 28Si and®°Si were measured;
thermocouple readings. Reported pressures incorporate calibrationspossible interferences or instrumental biases were monitored by check-
performed using standard mineral reactions (quarzcoesite and ing the Si isotope ratio. An energy offset 6f80 eV was applied
calcite = aragonite). The pressure uncertainty 4s 1 kbar. Run (Deloule et al., 1995). Counting times varied betwées ¢H, 3°Si) to
durations ranged between 10 to nearly 24 h, and were around 16 h on2 s ¢®Si). Measurement cycles were accumulated for 10 to 20 min on
average. The samples were quenched in a few seconds by switching offeach spot. Between 5 to 8 spots were analysed for each sample.

the power to the furnace. Standards were the starting glasses analyzed by Karl-Fischer titration,
thus virtually eliminating matrix effects. The uncertainty on the deter-
3.4. Analytical Techniques mined H,O content is better than 10% relative.

For charges that could not be analyzed fgOHdue to the limited

Experimental capsules were sectioned, then mounted in epoxy and size of their glass pools or access limitations to the ion microprobe, the
polished. Phase assemblages were identified by optical and RamanH,O contents were estimated using a “by-difference” method modified
microscopy. Seventeen charges (out of a total of 32) were examined after Devine et al. (1995). The difference to 100% of electron micro-
with scanning electron microscopy (SEM). probe analyses was calibrated against the dissolved glg@3<sbéhtent,

Electron microprobe analysis of the experimental charges was per- the starting glasses being used as standards. These standard glasses
formed with the Cameca SX 50 of the Service Commun BRGM-CNRS were analyzed together with the experimental glasses during each
at Orléans, with an acceleration voltage of 15 kV and a counting time electron microprobe session. Differences if'HE€?* between exper
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Table 3. Conditions and Results for Experiments with the Hydrous Starting Glass.
Run# P T Duration Results HO glass ANNO Sr2x AFeC?
(kbar) (°C) (hour) (Wt%) (%)
13 9.5 1180 16.25 gl(98) 0l(2), sp(tr) 3.71° +2.5 0.66 -75
16 10 1160 17.5 gl(96), ol(3), sp(1) 4.80° +2.4 0.52 -5.2
6 12.5 1200 17.5 gl(100) 3.81 — — -2.0
9 15 1200 23 gl(100) 4.64 — — -8.9
12 14.5 1180 19 gl(97), ol(2), sp(1) 4.95° +1.9 0.37 -5.0
11 15 1160 18 gl(70), opx(5) cpx(23), sp(2) 5.8 +2.8 0.15 -3.5
26 15 1220 2 gl(100) 4.77 — — -17.1
—1180 —18
17 17.5 1180 12 gl(75), opx(5) cpx(20) 5.3 — 259 —17.2
19 17.5 1200 12 gl(75), opx(4) cpx(20), sp(1) 5.2 +1.9 0.38 -5.0
7 19 1250 10.5 gl(100) 3.28 — — -55
18 20 1220 12 gl(100) 3.23 — — -5.7
8 19 1200 19.25 gl(98), opx(1) cpx(1) 376 — 2.56 -16.6

* Phase proportions calculated by mass balance.

° H,O concentration by ion microprobe; other® concentration data are estimated with the by difference method.

“ANNO = logfO, - logfO, of the NNO buffer calculated at P and T (Chou, 1987). Experimentalcflculated from olivine-spinel equilibria
(Ballhaus et al., 1991). For olivine-free but spinel-bearing charges, experimentabf€ulated from spinel-liquid equilibria (Maurel and Maurel,
1982; Danyushevsky and Sobolev, 1996; Kress and Carmichael, 1991). See also text.

* Sum of residuals for the mass balance calculations.

$ AFeO is apparent loss or gain of FeO calculated as (wt%) 100* (fre8eQarting glas¥FE€Qutaning glass FOT Crystal-bearing charges, FeQis
concentration of FeO (total Fe as FeO) in the charge calculated by mass balance. For crystal-free charges, deaf@entration of FeO (total Fe

as FeO) in the glass measured by electron microprobe.

gl: glass, ol: olivine, opx: low-Ca pyroxene, cpx: high-Ca pyroxene, sp: spinel, tr: a trace of.

imental and standard glasses were taken into account in the calibration.series of experiments. Several factors contribute to this disper-

The error on the estimation of J@ content with our “by-difference”
method is 25% relative for glasses with4 to 5 wt.% HO, increasing
up to 100% relative for glasses with 1 wt.% H,O.

4. RESULTS

A total of 32 high-pressure near-liquidus experiments were
performed, 20 with the nominally dry starting glass and 12 with

sion, including variations in the proportion of crystals from one
charge to the other and, to a lesser extent, differences in Fe loss
among charges (see below). Part of the dispersion j© H
concentrations is also analytical. The sensitivity of the “by-
difference” method is poor for concentrations2 wt.% H,O.

For the 4.5 wt.% HO series of experiments, the ion microprobe
data and the “by-difference” estimates are within 0.14 wt.%

the hydrous starting glass, in the range 1160 to 1290°C and 7.5HZO from each other on average (9 charges), but the deviation

to 20 kbar. Experimental conditions and results are summarized

in Tables 2 and 3. Most experiments approached their final
(target) temperature from below but 2 experiments were two-
stage runs in which the charge was initially kept above the
liquidus for 2 h before being isobarically cooled to their final
(target) temperature.

4.1. Control of the Melt H,O Content

In this study, no attempt was made to buffer thgOH
concentration of experimental melts. Rather, th®Honcen
tration of the melt in each series was controlled by the com-
position of the starting glasses {8 content and F& /F&*™)
and by the intrinsic properties of the talc-bearing high-pressure
assemblies which promoted a H-rich environment around the
capsules. Experiments performed with the nominally dry start-
ing product have glassJ&® concentrations ranging between 0.9
and 2.3 wt.% (Table 2), 1.4 0.4 wt.% on average. Glasses
from experiments performed with the hydrous starting material
have HO concentrations ranging between 3.3 and 5.8 wt.%
(Table 3), 4.4+ 0.9 wt.% on average. In the following, exper-
iments performed with the nominally dry starting glass will be
designated as the 1.5 wt.% @ experiments and those with the
hydrous starting glass as the 4.5 wt.%0Hexperiments. The
dispersion of HO concentrations between charges is, respec
tively, 29 and 20% relative for the 1.5 wt.% and 4.5 wt. %

increases up to 0.65 wt.%,B for the 1.5 wt.% HO series of
experiments (7 charges).

The data on HO content imply that all charges gained some
H,0O during the experiments. As noted above, the first series of
experiments (Table 2) was performed from an almost dry
starting material (Table 1). Yet, glasses from this series have
average HO concentrations of 1.4 wt.%, indicating an average
gain of 1.3 wt.% HO. This is very close to the average gain of
H,O which can be calculated for the 4.5 wt.%® series of
glasses (i.e..~ 1.5 wt.%), suggesting that the mechanism
responsible for capsules gaining®lis the same whatever the
glass starting material used (Table 1). Gain gOHn piston-
cylinder experiments is commonly explained by the oxidation
of hydrogen diffusing through the capsule walls, in relation to
the reduction of an oxidized component of the charge such as
Fe,O; (e.g., Eggler et al., 1974; Brooker et al., 1998). The use
of strongly oxidized glass starting materials in combination
with talc-bearing assemblies as in this study would promote
such a mechanism. However, calculations of the amount of
H,O generated (assuming an initial glas$ HEE* ratio as in
Table 1 and a final glass F&/Fe*™ ratio of 0.4, as determined
below) yields a maximum of 0.62 wt.%J@, i.e., substantially
less than the monitored increase ig@Hconcentration (1.3 to
1.5 wt.%), which underlines the need for an additiongOH
supply mechanism. Although reduction of*fFeand Fé* to
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metallic Fe by alloying with the AyPd;, capsule could gen
erate more BHO, no correlation exists between the® con
centration and the relative Fe loss (Tables 2, 3). Therefore,
direct infiltration of H,O from the high-pressure assembly to
the charge across the AgPd,, capsule is thought to be the
main additional HO supply mechanism. Recent studies have
documented the possibility of O and,8 migration through
noble metal capsules at high temperatures in piston-cylinder .£
studies (Patifio-Douce and Beard, 1994; Tuckenbrodt et al., %
1997). Therefore, it is likely that not only Jbut also HO, an
were supplied to the charge by the talc-bearing high-pressure
cells used in this study.

glass (Wt %)

S = N W A A 9 ®
.
O
.

(]
o
()
w
N

4.2. Control of fO, ANNO

hNO attebmpt Was ;nade to bluﬁe(; thgﬁ‘@f the (lexper!rEentaI Fig. 4. H,O content of experimental glasses from this study plotted
charges by using, for example, double capsules with Conven- a5 g function of fQ, expressed as deviation from the NNO buffer
tional oxygen buffers. This is because at high temperatures (ANNO). (m): experiments performed with the dry starting glass (Table
these buffers cannot last for sufficiently long durations if the 2); (): experiments performed with the hydrous starting glass (Table
fH, imposed by the high-pressure cell is in strong contrast to 3).
that of the buffer (e.g., Scaillet et al., 1992). Rather, thgifO
this study was controlled by the initial F&/Fe" ratios of the N . )
starting glasses and by the fHand fH,0) imposed by the emglrlcal+ expression of_ Kress and Carmichael (1991). The
high-pressure cells. For charges crystallizing olivine and spinel Fe’ /Fe_’- derived by this method are of 0.4 and~ 0.5,
at equilibrium, experimental fDwas calculated from the for ~ respectively, for the 1.5 and 4.5 wt.%,8 series of expei
mulation of Ballhaus et al. (1991). For charges lacking olivine MENts. F+or ch+arge_s lacking spinel and whosg i€unknown,
but crystallizing spinel, experimental fQvere calculated from ~ Melt F€"/Fe*" ratios were calculated from Kress and Car
melt Fé*/Fe?* ratios (Kress and Carmichael, 1991), assuming Michael (1991), taking the average fGor ef‘Ch series of
that the melt iron redox equilibrium is not affected by the ©Xperiments. By comparison with the%’—*éfez ratio of the
presence of KO (Carmichael, 1991). Melt Fé/F&" ratios starting glass (4.88, Table 1), the *FéFe”" ratios thus ob
were obtained from the composition of Cr-Al spinels crystal- tained indicate that reduction of e occurred during the
lizing in experimental products (Maurel and Maurel, 1982; €XPperiments. However, it is important to point out that a sub-
Danyuschevsky and Sobolev, 1996). Because the data of Mau-Stantial fraction of iron exists as #e in basaltic melts from
rel and Maurel (1982) are for dry basaltic melts at 1 atm, the this study. Melt FeO (and not Fglconcentrations are used
effects of HO and pressure on B&/F€?* partitioning between b_elow to calculate the Fe-Mg mineral-melt partition coeffi-
spinel and melt are unknown and have been assumed to beC€nts.
negligible (see Danyuschevsky and Sobolev, 1926YNO _
(difference in log fQ from that of the nickel-nickel oxide  4.3. Evaluation of Fe Loss
b_uffer, NNO) values_obtained from Ballhaus et al. (1991) ar®  The importance of Fe-loss was evaluated for charges above
hlgher_ by 0.2 log units on average than those calculated_ _W'th the liquidus from glass compositions and for charges below the
tchhee SEITr?Ie-Z]s::]Q?;zcl)tdmoc;r:gg jvzn;?ec;rt]:(;g;?tr?es r?‘):‘df‘(;juds't'li’]re‘"’r‘lquuidus from mass-balance calculations (Tables 2, 3). Fe-loss
e ) - . - “is mostly a function of temperature. Below 1200°C, Fe-loss is
ffg;%)p:;ﬁa;gggén?9?8(\52??;Btsz ?JQHJL?thnag\?e;ZVﬁ?:;O of a few % (relative of the total FeO present), except for three
) : A X runs (#26, 17 and 8, Table 3). Above 1250°C, Fe-loss may be
thf_ E?Iculat;(;nz Off tholse la#thors]; :’hlst, the spIJ_ln_eI-r’r;elt IS 8 more severe, although exceptions exist (#25, Table 2, #7, Table
reliable method of calculation of ¥Dfor our olivine-free 3). Seventeen runs out of the 32 reported experienced Fe
Chi:fjfeg' data in Tables 2 and 3 . 416 the NNO losses= 10% relative, 4 (all from the 1.5 wt.% J@ experi
buffer o alat '3 ?thes 5 an | Taref: ;E erenced 1o X eCh ments) had> 20% loss (Table 2) and none had more than 28%
uffer calculated at the P and T of the experiment (Chou, |ns These results show that Fe-loss has been minimized in this
iSZBZ).OTQeANNO valut_ars kr)?nge _bettr‘]"’eiﬁsc\i\fo}o& 2.6 (+f study. They confirm the relatively good performances of
4= U.0onaverage, Table ) in the 1. /BUISEres o Au,oPdy, capsules with respect to Fe-loss under oxidizing
experiments and between 1.9 to + 2.8 (+ 2.3 = 0.4 on siei :
p ' : o conditions (Kawamoto and Hirose, 1994), at least below

average, Table 3) in the 4.5 wt.%,8 series of experiments.  1500oc. However, Fe-loss has not been totally suppressed.
Therefore, all experiments from this study were equilibrated

under relatively oxidizing conditions, although, on average, the
4.5 wt.% H,0O experiments are more oxidized than the 1.5 wt.%
H,0 (Fig. 4). In this study, we have avoided the use of crystalline starting
Melt Fe**/Fe** ratios were obtained directly from spinel materials because melting experiments involve notoriously
composition (Maurel and Maurel, 1982; Danyuschevsky and sluggish reactions and, as a rule, are more difficult to equili-
Sobolev, 1996) or indirectly, from fOdata, by using the brate than crystallization experiments (e.g., Green, 1976; Gust

4.4. Approach to Equilibrium and Quench Crystallization
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and Perfit, 1987; Bartels et al., 1991; Draper and Johnston,
1992; Scaillet et al., 1995; Scaillet and Evans, 1999; Martel et
al., 1999). Attainment of equilibrium cannot be documented

from reversals, therefore, because all experiments from this
study are of crystallization type. Nevertheless, several lines of
evidence can be used to evaluate the approach to equilibrium.
These are the following:

1. Experimental durations (16 h on average) were relatively
long compared to other studies of this type (Tatsumi, 1982;
Tatsumi et al., 1983; Gust and Perfit, 1987; Kushiro, 1987;
Baker et al., 1994; Tatsumi et al., 1994). Bartels et al. (1991)
found that 6 h were sufficient to obtain reproducible phase
assemblages and proportions in near-liquidus anhydrous
experiments on a partially crystalline high alumina basalt at
1280°C, 12 kbar. Because reaction kinetics are likely to be
faster in presence of JO, experimental durations in this
study were such that equilibrium should have been closely
approached.

2. To test the reactivity of our glass starting materials and
check for reproducibility, 2 two-stage runs (one for each
series of melt BO concentrations) were performed. Exper
iments were first kept at superliquidus conditions for 2 h.
Temperatures were then dropped isobarically and main-
tained for 18 h (Tables 2, 3). Results from these two-stage
runs agreed with those from the other experiments within
uncertainties (Fig. 5), which supports the conclusion that our
results are reproducible and independent of how experimen-
tal temperatures are approached.

3. In a given charge, mineral phases and glass have homoge-
neous compositions. This is best documented by examining
the standard deviations of the electron microprobe analyses

P (kbar)
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Fig. 5. Near-liquidus phase relations for STV301 with 1.5 wt.%©H

(to

p) and 4.5 wt.% HO in the melt (bottom). Symbolsa( L + Ol +

(Tables 4, 5), which are in the same range as the analytical 5p; @) L + Opx + Cpx +/- Sp; @) L + Ol + Cpx + Sp; O) L
dispersion. The only exception is spinel which is slightly (above liquidus). Abbreviations: Ol: olivine, Opx: orthopyroxene; Cpx:
heterogeneous in some of the 1.5 wt.%CHcharges, as clinopyroxene; Sp: Cr-Al spinel; L: glass. The cross shown in both

revealed by standard deviatiors1 wt.% for CL,O,, Al,O,

diagrams represents the experimental uncertainty. The slightly negative
slope of the low pressure liquidus for the 4.5 wt.%0Hdiagram is also

aqd FeQ, (Table 4). , constrained by additional experiments at 4 kbar (Macdonald et al.,
4. Mineral-melt Kd calculated from the experimental data are 1998; in preparation) that have determined a liquidus temperature of

in agreement with results from the literature under compa- 1200°C for STV301 with~ 4.5 wt.% HO in the melt.

rable P-T conditions (see below for details) and suggest a
close approach to chemical equilibrium.

5. Results of the mass-balance calculations are detailed on
Tables 2 and 3. All charges but one (#10, Table 2) could be
successfully mass-balanced. However, sums of residuals of
the mass-balance calculations vary widely, from 0.02>to
3 and strongly correlate with Fe loss (Tables 2, 3). Charges
with Fe losses< 10% relative haveR? < 1 (0.31 on
average), which compares favourably with residuals from
other studies (e.g., 0.02 to 0.13, Gaetani and Grove, 1998;
0.2, Falloon and Danyushevsky, 2000), and demonstrate
that a constant bulk silicate composition was maintained. In
contrast, those with Fe losses10% relative are character-

6. The crystalline phases obtained in this study are euhedral

and have homogeneous sizes, up to 109 for olivine, in

the 10 to 30um range for orthopyroxene, 1pm for
clinopyroxene and< 10 um for spinel. The presence of
quench crystals is common in the 4.5 wt.%Hseries of
experiments. The proportion of materials crystallized during
the quench is variable, but never important enough to pre-
vent large glass pools being preserved for analysis SIRre
values (Table 3) indicate that the amount of quench crystals
is never high enough to affect the mass-balance calculations.

To summarize, we believe that the experimental data pre-

ized bySR? > 1, thus indicating deviation from a constant sented here closely approach equilibrium phase assemblages
bulk silicate composition. Charge #10 has a calculated neg- and compositions. The main problem is the presence of some
ative proportion of opx (Table 2), suggesting that an equi- dispersion in bulk silicate composition (and,®l content, see
librium phase assemblage was not obtained. Because thisabove) between charges. Nevertheless, it should be emphasized
charge is the only one containing the 4-phase assemblagethat this dispersion is never large enough to affect the phase
ol + cpx + opx + sp, it has been kept in Table 2 but is equilibria. For example, results from run #35 (Fe loss of 20.4%
neither plotted on, nor taken into account in the construction relative) are consistent (see Fig. 5) with run #9 and #20 (both
of, the phase diagram (Fig. 5). with relative Fe losses< 5%, Table 2).
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Table 4. Compositions of phases in the the 1.5 wt¥®tseries of experiments.

Run# Phase SiO TiO, AlL,Oq Cr,0,4 FeQq: MnO MgO CaO NaO K,O total

15 gl*(4)848.28 (26) 1.04 (5) 16.17 (21) 0.03(4)  8.42(49) 0.26 (10) 11.41 (11) 11.58 (14) 2.33 (6) 0.47 (6) 98.76 Mg#79.1°
ol(2) 41.47(5) 0.03(3) 0.04(2) 0.10(2) 7.42(26) 0.21(5) 50.67 (39) 0.28(3) 0.02(2) 0.00 (0) 100.24 F092.4
sp(6) 0.49(33) 0.43(7) 38.92(83) 17.73(76) 21.93(48) 0.17 (13) 19.13(25) 0.19(9) 0.03(2) 0.03(2) 99.05 Cr#23.4

16 gl(4) 4852 (11) 1.14 (7) 16.11(15) 0.05(6) 7.56(38) 0.20(14) 11.79 (9) 11.80 (23) 2.33 (14) 0.50 (4) 97.90 Mg#80.1
ol(4) 41.16(39) 0.02(2) 0.23(10) 0.06(4) 7.52(23) 0.16(4) 50.25(19) 0.28(6) 0.03(3) 0.01(1) 99.72 Fo92.4
sp(6) 0.26 (10) 0.86 (28) 38.80 (176) 20.05 (149) 18.74 (261) 0.07 (9) 19.40 (38) 0.12(4) 0.02 (3) 0.02 (2) 98.34 Cr#25.7

29 gl(4) 48.49(10) 1.13(5) 15.87(26) 0.03(5) 7.71(33) 0.14(10) 12.30(48) 11.41 (12) 2.36(8) 0.50 (6) 97.69 Mg#78.7
ol(2) 40.91(39) 0.00(0) 0.11(13) 0.00(0) 7.24(9) 0.08(11)50.14(11) 0.26 (1) 0.01(1) 0.02(2) 98.77 F092.4
sp(1) 0.21 0.44 42.76 20.71 14.64 0.15 19.97 0.15 0.01 0.03 99.07 Cr#24.5

32 gl(4) 48.66(43) 1.10(4) 15.68(12) 0.06(10) 7.63(26) 0.18(7) 12.37(9) 11.38(22) 2.42(9) 0.53(2) 97.14 Mg#79.3
ol(3) 41.29(21) 0.01(1) 0.10(1) 0.09(8) 7.34(34) 0.16(3) 49.93(50) 0.34(7) 0.02(2) 0.02(1) 99.30 F092.4
sp(2) 0.62(62) 0.28(5) 43.99 (31) 18.22(76) 15.32(45) 0.19(6) 19.82(6) 0.23(27) 0.01(1) 0.04 (1) 98.72 Cr#21.7

11 gl(4) 48.03(40) 1.16(3) 15.50(9) 0.14(11) 8.45(4) 0.18(18) 12.43 (13) 11.31 (21) 2.29 (13) 0.51 (4) 97.92 Mg#78.5

17 gl(4) 4857 (43) 1.15(6) 16.21(21) 0.12(9) 7.52(8) 0.17 (10) 11.78 (26) 11.62 (38) 2.37 (11) 0.51 (3) 98.67 Mg#78.9
ol(3) 41.94(49) 0.01(1) 0.11(3) 0.07(8) 7.77(42) 0.26(4) 50.06(49) 0.31(6) 0.02(2) 0.00(0) 100.55 F091.8
sp(6) 0.18(5) 0.49 (13) 41.74 (173) 20.26 (191) 16.94 (139) 0.18 (15) 19.96 (42) 0.12(3) 0.05(7) 0.01(2) 99.93 Cr#24.6

10 gl(4) 48.76(12) 1.32(5) 18.05(29) 0.02(2) 8.02(27) 0.19(10) 9.45(23) 10.57 (13) 2.97 (18) 0.65(5) 97.46 Mg#74.2
ol(3) 40.85(53) 0.03(1) 0.07(2) 0.12(4) 10.26(39) 0.26 (7) 48.22(98) 0.20 (4) 0.02(3) 0.00 (0) 100.03 F089.4
opx(2) 51.33(13) 0.25(10) 8.00(11) 0.10(9) 8.27(16) 0.18(1) 28.83(71) 2.35(18) 0.06(1) 0.00(0) 99.37 En83.5W04.9
cpx(3) 49.54 (36) 0.53(6) 8.31(38) 0.08(12) 6.56 (10) 0.17 (5) 17.26 (44) 17.38 (71) 0.71(3) 0.01 (1) 100.55 En53.4W039.1
sp(1) 0.37 0.28 51.51 8.35 17.94 0.11 20.11 0.13 0.00 0.01 98.81 Cr#9.8

9 gl(4) 48.28(57) 1.18(6) 16.88(39) 0.04(3) 9.05(33) 0.19(12) 9.75(8) 11.55(14) 2.50 (14) 0.57 (1) 97.93 Mg#75.9
ol(5) 40.40(55) 0.01(2) 0.12(5) 0.04(6) 8.09(25) 0.29(10) 49.33(37) 0.26(7) 0.02(2) 0.01(2) 98.57 Fo91.5
cpx(7) 47.55(82) 0.55(14) 8.30(131) 0.26(12) 6.85(72) 0.12(13) 16.56 (69) 17.36 (94) 0.55 (8) 0.06 (7) 98.16 En52.0W039.5
sp(5) 0.26(12) 0.44(6) 35.96 (149) 13.65(107) 27.91 (68) 0.16 (13) 17.90 (48) 0.24 (4) 0.01(1) 0.03(3) 96.56 Cr#20.3

30 gl(4) 4857 (24) 1.20(5) 16.65(14) 0.07(8) 8.60(15) 0.12(11) 10.41(7) 11.28(17) 2.58(4) 0.53 (1) 97.06 Mg#74.2
ol(3) 40.85(27) 0.00(0) 0.12(2) 0.03(5) 8.85(5) 0.13(15)49.05(9) 0.20(9) 0.00(0) 0.02(2) 99.25 F090.9
cpx(4) 49.04 (39) 0.40 (16) 7.96(36) 0.33(9) 5.74(28) 0.06(8) 17.35(9) 16.99 (41) 0.59(8) 0.01(2) 98.47 En54.2W037.9
sp(4) 0.97(49) 0.29(8) 49.16(49) 9.69(121) 17.77(27) 0.15(7) 19.95(15) 0.38(14) 0.04 (2) 0.02 (2) 98.42 Cr#11.7

19 gl(4) 48.19(25) 1.15(9) 15.41(21) 0.12(9) 8.62(17) 0.18(14) 12.28 (32) 11.20 (16) 2.33 (18) 0.51 (4) 99.00 Mg#78.1

39 gI(5) 50.07(46) 1.55(7) 18.84(22) 0.03(5) 8.03(11) 0.19(16) 7.51(6) 9.21(21) 3.70(12) 0.88(4) 97.08 Mg#67.5
opx(7) 51.21 (72) 0.27(8) 8.17(75) 0.12(7) 8.79(92) 0.17 (11) 27.99 (56) 2.14 (54) 0.10 (4) 0.00 (0) 98.96 En81.8Wo4.4
cpx(5) 48.72(54) 0.59(7) 8.97(29) 0.07(7) 6.87(38) 0.22(7) 15.56(35) 17.27 (52) 0.72(9) 0.01(1) 99.00 En49.7W039.3

23

21
25

24

26

28

sp(5) 0.15(5)
gl(4) 48.97 (31)
ol(3) 41.05 (46)
cpx(3) 49.81 (31)
gl(4) 49.09 (41)
gl(2) 49.80(33)
opx(1) 50.49
cpx(1l) 48.78
sp(4) 0.20(17)
gl(4) 48.25(33)
opx(2) 52.65 (38)
cpx(2) 50.09 (8)
sp(7) 0.29(9)
gl(4) 49.40 (26)
gl(4) 47.99(31)
opx(3) 52.36 (99)
cpx(2) 48.79 (59)
sp(4) 0.36(17)
gl(4) 48.28 (43)
opx(1) 51.07
cpx(2) 49.61 (83)
gl(4) 49.46 (21)
opx(2) 50.54 (7)
cpx(3) 48.29 (35)
gl(4) 48.67(32)

0.76 (16) 35.85 (203)
1.18(8) 17.71(32)
0.00 (0) 0.09 (1)

0.58(6) 8.14 (42)
1.10 (4) 15.85 (19)

1.33(3) 18.55 (19)
0.28 9.05
0.62 8.68

0.67 (7) 33.32(156)
1.36 (11) 17.51 (14)
0.17 (6)  8.09 (69)
0.40 (9) 8.15(13)
0.34 (5) 41.77 (153)
1.10(9) 15.80 (11)
1.39(7) 17.52(12)
0.18(6) 7.26(119)
0.44 (2) 9.30 (43)
0.44 (6) 37.83(97)
1.35(12) 17.77 (7)
0.18 9.05
0.41(9) 8.52(71)
1.67 (7) 18.90 (40)
0.20 (1) 10.58 (4)
0.58 (5) 11.01 (6)
1.07 (4) 16.10 (14)

19.03 (63) 27.02 (219) 0.25 (7) 14.75(68) 0.20(5) 0.01 (1) 0.02(3) 97.79 Cr#26.3

0.06(6) 7.49(12) 0.19(7) 10.32(7) 10.70(23) 2.76(8) 0.63 (8) 97.59 Mg#77.1
0.04(4) 9.70(63) 0.10(6) 48.66(35) 0.19(6) 0.01(2) 0.02(1) 99.86 F089.9
0.31(18) 5.88(17) 0.19 (14) 17.79 (52) 16.22 (89) 0.59 (13) 0.03 (2) 99.54 En55.4W036.0
0.02(8)  6.62(37) 0.14(10) 12.74 (43) 11.44 (18) 2.47 (21) 0.52 (4) 97.98 Mg#82.7
0.00(0) 8.48(25) 0.19(7) 7.98(20) 9.37(6) 3.52(17) 0.79(1) 97.15 Mg#70.4

0.03 9.38 0.08  28.82 169 016  0.00  99.98 En83.9W03.3
0.13 7.37 043 1580 1754 0580 002  99.87 En50.3W039.9

19.35 (150) 27.85 (17) 0.18 (12) 15.91(39) 0.12(5) 0.01(1) 0.05(3) 97.66 Cr#28.1

0.02(3) 856(12) 0.12(8) 10.16 (16) 10.44 (18) 2.92 (17) 0.66 (5) 98.13 Mg#72.9
0.23(8) 7.18(35) 0.20(7) 29.73(1) 2.32(21) 0.12(3) 0.00 (0) 100.69 En84.2W04.9
0.38(4) 5.82(35) 0.21(11) 18.31(17) 16.42(9) 0.68(4) 0.00 (0) 100.46 En56.2W036.4

18.83 (177) 18.58 (82) 0.13 (11) 18.82 (33) 0.20 (9) 0.00 (0) 0.02(2) 98.98 Cr#23.2

0.04(6) 6.71(33) 0.23(15) 12.38 (12) 11.42 (22) 2.40 (7) 0.52 (3) 98.58 Mg#82.2
0.04(6) 9.30(52) 0.08(12) 10.07 (23) 10.11 (12) 2.86 (6) 0.63 (5) 97.87 Mg#70.9
0.08(1) 7.80(12) 0.11(10) 29.36 (61) 2.05(3) 0.16(2) 0.02(2) 99.38 En84.6Wo4.4
0.16 (2) 6.81(47) 0.14 (4) 16.64 (23) 16.80 (28) 0.94 (8) 0.05 (4) 100.07 En53.8W039.1

20.68 (108) 21.01 (26) 0.28(6) 17.35(34) 0.14 (10) 0.03 (4) 0.01 (1) 98.13 Cr#26.8

0.07(6) 8.75(12) 0.14(12) 9.91(23) 10.07(8) 3.01(6) 0.65(3) 97.30 Mg#72.9
0.21 7.82 027  28.88 222 014 000  99.85 En85.3W04.5
0.20 (13) 5.87(6) 0.17(8) 17.27 (81) 15.94 (68) 0.82 (4) 0.02(3) 98.83 En54.3W036.4
0.00(0) 851(22) 0.20(9) 7.88(5) 8.68(17) 3.61(15) 1.11(4) 96.63 Mg#68.5
0.17(3) 8.86(25) 0.14(1) 28.11(1) 1.59(1) 0.16(4) 0.04(3) 100.31 En82.6W03.4
0.11(11) 7.28(4) 0.10(3) 15.60 (20) 15.12 (37) 1.18 (14) 0.02 (3) 99.29 En51.8W036.0
0.12(9) 7.21(11) 0.10(11) 12.51 (28) 11.45 (10) 2.26 (9) 0.49 (4) 97.26 Mg#81.2

* Glass analyses normalized to 100% anhydrous, with all Fe as FeO. Unnormalized total is reported.
S Number of microprobe analyses.
" One standard deviation in terms of least unit cited.

° Mg# calculated as molar MgO/(MgbFeO). See text for calculations of FeO. Fo at Mg/(Mg+Fe). Cr# = at. Cr/(Cr-Al). En

at.

Mg/(Mg+Fe+Ca), Wo= at. Ca/(Mg+Fe+Ca) with Fe as F&.
= Spinel population with heterogeneous Cri{@y).
Abbreviations as in Table 2.
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Table 5. Compositions of Phases in the 4.5 wtY®HSeries of Experiments.

FeQOt

8.52(29) 0.09(7) 11.61(22) 11.38 (14) 2.36(4) 0.52(5) 95.00 Mg#79.9°

Run# Phase MnO CaO total

Sip
gi*(4)® 47.89 (35§ 1.18 (4) 16.39 (6)

TiO, AlLO5 Cr,04 MgO NaOo K,O0

13 0.06 (2)

ol(3) 41.37(45) 0.00(0) 0.07(2) 0.14(16) 7.60(20) 0.14 (12) 50.18 (24) 0.23(4) 0.00(0) 0.01(2) 99.74 F092.2
sp(4)  0.30(18) 0.53(7) 35.97 (49) 18.34 (53) 24.82 (62) 0.08 (10) 16.41(17) 0.18(3) 0.02(3) 0.01(l) 96.67 Cr#25.5

16 gl(4) 47.95(57) 1.16 (3) 16.53(15) 0.07(8) 8.47 (10) 0.20 (16) 10.92 (26) 11.79 (41) 2.40 (11) 0.51(4) 94.58 Mg#78.6
ol(2) 41.76(16) 0.00(0) 0.03(2) 0.04(5) 7.40(12) 0.23(7) 50.14(25) 0.21(1) 0.01(1) 0.00(0) 99.82 F092.3
sp(5)  0.28(20) 0.48 (4) 34.14 (74) 19.52 (10) 24.20 (20) 0.16 (8) 18.17 (60) 0.17 (11) 0.03(3) 0.01(1) 97.20 Cr#27.7

6 gl(4) 47.69(75) 1.13(3) 15.64(6) 0.03(3) 8.95(53) 0.20(2) 12.47 (26) 11.18(22) 2.18 (11) 0.51(5) 95.42 Mg#79.1

9 gl(4) 48.26(20) 1.13(7) 15.79(16) 0.07(8) 8.31(17) 0.12(5) 12.38(5) 11.21(29) 2.21(6) 0.50 (3) 94.55 Mg#79.9

12 gl(4) 4852(22) 1.13(6) 15.96 (13) 0.03(3) 8.66(24) 0.12(6) 11.60(22) 11.20 (25) 2.27 (2) 0.51(6) 94.99 Mg#77.2
ol(4) 41.65(21) 0.03(3) 0.08(3) 0.01(2) 7.68(19) 0.08(2) 49.90(37) 0.27 (3) 0.02(3) 0.01(2) 99.73 F092.1
sp(3)  0.43(49) 0.30 (3) 40.69 (48) 17.19 (72) 19.95 (66) 0.11(0) 19.19(55) 0.13(6) 0.03(5) 0.00 (1) 98.02 Cr#22.1

11 gl(4) 48.81(48) 1.44(6) 18.02(19) 0.01(2) 9.23(26) 0.23(6) 9.50(9) 9.70 (16) 2.89 (22) 0.82(6) 92.83 Mg#74.6
opx(2) 51.69(11) 0.18(2) 6.76(35) 0.19(13) 7.68(11) 0.22(4) 30.25(11) 1.35(12) 0.09(4) 0.00(0) 98.41 En87.0W02.7
cpx(2) 48.35(47) 0.53(9) 7.97(32) 0.27(23) 6.39(1) 0.22(6) 15.75(16) 18.75(31) 0.68 (10) 0.01 (1) 98.92 En49.7Wo42.9
sp(5)  0.28(24) 0.36 (6) 49.64 (85) 2.31(64) 25.41(39) 0.13 (13) 19.14 (36) 0.16 (7) 0.02(2) 0.01(2) 97.46 Cr#3.0

26 gI(5) 48.28(41) 1.07 (7) 16.47(24) 0.12(7) 7.56(30) 0.17 (7) 12.27 (15) 11.12(25) 2.43(6) 0.51(5) 93.79 Mg#81.3

17 gl(4) 48.01(26) 1.38(5) 18.53(41) 0.04(7) 8.13(26) 0.14 (10) 10.24(7) 9.91(16) 2.91(6) 0.70(2) 93.45 Mg#76.6
opx(1) 51.55 014  7.85 0.18 756 005  29.83 155 014 000  98.85 En86.3W03.3
cpx(1) 49.08 038  8.46 0.43 583 023 1588  17.98 094 006  99.27 En50.9Wo041.5

19 gi(4) 48.06(27) 1.39(7) 17.76 (17) 0.07(6) 9.20(19) 0.21(7) 10.32(30) 9.92(9) 2.39(7) 0.67 (1) 93.59 Mg#73.2
opx(1) 52.04 012 = 826 0.00 799 028 2984 166 001 001 100.21 En86.1W03.3
cpx(1) 48.74 049  8.96 0.31 6.74 019 1559  17.87  0.80  0.00  99.69 En50.3W040.9
sp(l)  0.19 0.28 5381 3.76 1937 014  20.16 016 000 002  97.87 Cr#45

7 gl(4) 47.85(15) 1.14(6) 15.78 (11) 0.12(7) 8.63(28) 0.14 (10) 12.53 (14) 11.06 (19) 2.24 (12) 0.51 (4) 95.26 Mg#79.5

18 gl(4) 47.75(23) 1.10(8) 15.85(13) 0.07(7) 8.61(29) 0.05(7) 12.38(20) 11.37 (26) 2.35(3) 0.47(2) 95.46 Mg#79.4

8 gl(4) 48.21(55) 1.14(7) 16.37 (14) 0.11(9) 7.72(8) 0.20(8) 12.10(23) 11.25(13) 2.36 (8) 0.54 (3) 94.51 Mg#80.3
opx(2) 52.38(86) 0.10(4) 8.11(77) 0.35(3) 6.70(35) 0.13(11) 30.08(3) 1.73(8) 0.12(3) 0.03(1) 99.73 En86.2W03.3
cpx(2) 48.61(18) 0.37 (1) 9.96 (43) 0.25(16) 5.40(13) 0.12(4) 15.81(16) 17.99 (26) 0.97 (7) 0.03(3) 99.51 En50.9W042.0

* Glass analyses normalized to 100% anhydrous, with all Fe as FeO. Unnormalized total is reported.

S Number of microprobe analyses.

" One standard deviation in terms of least unit cited.

° Mg# calculated as molar MgO/(MgEFeO). See text for calculations of FeO. Fo at. Mg/(Mg+Fe). Cr# = at. Cr/(CHAl). En = at.
Mg/(Mg+Fe+Ca), Wo= at. Ca/(Mg+Fe+Ca) with Fe as F&.

Abbreviations as in Table 2.

4.5. Phase Equilibria spinel crystallize simultaneously below the liquidus where
SEM observations show the presence of both isolated spinel
crystals and spinel inclusions in olivine. At higher pressure,
both cpx and opx £ sp) appear together on the liquidus.
Neither a cpx+ liquid nor an opx+ liquid field has been
found. For both series of meltJ® concentrations, the propor
tion of cpx crystallizing on or near the liquidus largely exceeds
that of opx. In detail, the cpx:opx ratio is about 8:1 (by
weight) for the 1.5 wt.% HO and~ 4:1 for the 4.5 wt.% HO
series of experiments, respectively. Thus, increasing @ H
‘content of the melt (and varying the P-T-f@onditions of the
gliquidus accordingly) significantly changes the relative propor-
tions of cpx and opx crystallizing on the liquidus.

Tables 2 and 3 list phase assemblages and proportions of
phases for the two series of experiments. Phase equilibria are
represented on P-T diagrams (Fig. 5). These diagrams were
constructed by taking into consideration all the experimental
data points available for each series of mejOHoncentration
(except charge #10, see above). Liquidus phase assemblage
are divided into three groups: (1) el sp, (2) ol+ sp + cpx
and (3) cpx+ opx = sp. Plagioclase and garnet were not found.
Spinel is present at the lowest pressures investigated (7.5 kbar
Table 2) but there is no sp liquid field. Spinel is absent in a
number of charges especially at high pressures (e.g., #24, 2
from the 1.5 wt.% HO series of experiments, Table 2; #8, 17

from the 4.5 wt.% HO experiments, Table 3). The 4-phase
ol + cpx + opx + sp assemblage has been found only in
charge #10, which, however, is thought to be out of equilibrium

For the 1.5 wt.% HO phase diagram (Fig. 5), the high
pressure liquidus (above that where olivine is a liquidus phase)
and field boundaries delimiting the &l cpx + sp phase field

are well constrained. The low pressure liquidus is less well
constrained. On Figure 5, it has been drawn with a slightly
positive slope, in agreement with previous studies under anhy-
at high pressures. The ot cpx + sp field is found in an drous conditions (e.g., Gust and Perfit, 1987; Kushiro, 1987;
intermediate pressure domain and only in the 1.5 wt.9@H  Bartels etal., 1991; Draper and Johnston, 1992; Tatsumi et al.,
experiments. This assemblage was not detected in the 4.5 wt.%61994). In contrast, the low pressure liquidus for the 4.5 wt.%
H,O experiments, probably because of the smaller number of H,O phase diagram is drawn with a slightly negative slope
data points and larger spacing between experiments for this (Fig. 5). This is because additional experiments (Macdonald et
series of melt BO concentrations. At low pressure, olivine and al., 1998; in preparation) constrain the liquidus temperature of

(see above).
In both phase diagrams (Fig. 5), the 6lsp assemblage is
located at low pressures and the cpopx +/- sp assemblage
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STV301 in presence of- 4.5 wt.% HO in the melt to be
1200°C at 4 kbar. In both diagrams, the intersection of the low
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rich charges from the 4.5 wt.% J® experiments (#11, 19),
spinel has very low Cr#<5, Table 5). The Cr/(CrAl) of the

and high pressure liquidus fields defines multiple saturation spinel in charge #10 is heterogeneous (Table 4). Average/Fe
points where the study composition would be simultaneously XFe of spinel is 48% for the less oxidized 1.5 wt.%C0Hand

saturated with an ok cpx + opx + sp phase assemblage.
These points are located at 1235 °C, 11.5 kbar and 1185 °C, 1
kbar for 1.5 and 4.5 wt.% O in the melt respectively, (Fig. 5).

In terms of phase equilibria, varying the melt® concentra
tion mainly changes the P-T location of the multiple saturation
points.

4.6. Phase Compositions

Olivine compositions range betweengsq and Fqg oin the
1.5 wt.% H,O series of experiments, and between,Jpand
Fog, ,in the 4.5 wt.% HO series of experiments (Tables 4, 5).
The Fe/Mg olivine-melt partition coefficient (Fe/Mg)Fe/
MQ)giassiS 0.32+ 0.03 for 1.5 wt.% HO (calculated with glass
FeO concentrations), indistinguishable from that for 4.5 wt.%
H,0 (0.31* 0.02). Values identical within error were found in

59% for the more oxidized 4.5 wt.% @ experiments (F&
6calculated by assuming 32 O and 24 cations in the formula
unit). The Fe/Mg partition coefficient between spinel and melt
is 0.98+ 0.14 (calculated with Fe= F&", both in spinel and
melt) or 0.69+ 0.10 (calculated with Fe= 3Fe), the latter
being in good agreement with values in the literature (Gt54
0.06, Kinzler, 1997; 0.60G: 0.13, Gaetani and Grove, 1998).
The experimental glasses obtained in this study are all ba-
saltic in composition and are characterized by a narrow range
of SiO, contents, from~ 48 to 50 wt.%. With progressive
crystallization below the liquidus, glass SiOAI,O,, TiO,,
Na,O and KO increase whereas CaO, MgO and CaQmA|
decrease. FeQncreases slightly and glass Mg# decrease from
82 to 68 as crystallization proceeds. The most evolved glasses
(i.e., the less MgO-rich) have Sj@ontents near 50 wt.% and
Al,O; near 19 wt.% (Table 4) at 7.5 wt.% MgO. In other words,

the recent literature for comparable compositions and P-T these glasses approach the composition of certain high-alumina

conditions (0.26 to 0.30, Hirose and Kawamoto, 1995; 034
0.01, Gaetani and Grove, 1998; 0.34 0.01, Falloon and

Danyushevsky, 2000). The achievement of consistent Fe-Mg

olivine-melt partition coefficient provides an a posteriori veri-
fication of the fQ determinations since the Kd calculations use
melt FeO concentrations computed from experimental(&@e
above).

Orthopyroxenes (W97 «, 4.6 Me1s o 87 S10.2 1o 13.4 NaVe
elevated AJO, (6.8 to 10.6 wt.%), AV (0.16 to 0.23 pfu, 6 O
basis) and Al' (0.12 to 0.21 pfu). The TiQcontents are< 0.3
wt.%. Orthopyroxenes from the 4.5 wt.%,@ series of exper
iments tend to be slightly richer in En, and poorer in Wo,@J
and TiG, than those from the 1.5 wt.% J@ series of experi
ments (Tables 4, 5). The Fe/Mg partition coefficient between
orthopyroxene and melt is 0.34 0.04, in agreement with
results from recent literature (0.32 0.02, Gaetani and Grove,
1998; 0.31+ 0.02, Falloon and Danyushevsky, 2000).

Clinopyroxenes (W& o 42.6 Mo 7 10 565571 10 123 are
Ca-rich with Wo contents increasing from the 1.5 to the 4.5
wt.% H,O experiments (Gaetani et al., 1993). They have high
AlLO, (8.0 to 11.0 wt.%), AV (0.18 to 0.23 pfu, 6 O basis) and
AIV' (0.15 to 0.25 pfu). TiQ contents are~ 0.5 wt.%. NgO
concentrations (0.55 to 1.18 wt.%) increase with pressure (Ta
bles 4, 5). Clinopyroxenes from this study have a substantia
proportion of Fe present as Fe(Fe** />Fe = 22% on average
in the 1.5 wt.% HO experiments, 30% in the 4.5 wt.%,8
experiments; F& in cpx calculated from Lindsley, 1983). The
Fe/Mg partition coefficient between clinopyroxene and melt,
calculated with Fe in cpx F€™ (i.e., as for orthopyroxene),
is 0.45+ 0.07 for the 1.5 wt.% HO and 0.49+ 0.05 for the
4.5 wt.% HO experiments, respectively. These values are
higher than results from the literature (e.g., 0:39.05, Hirose
and Kawamoto, 1995; 0.36 0.04, Kinzler, 1997; 0.33% 0.02,

Gaetani and Grove, 1998), although the data overlap in part.

These high Fe-Mg clinopyroxene-melt partition coefficients are
attributed to the oxidizing conditions of our experiments.
Spinels are Cr-Al spinels with Cr#Cr/(Cr + Al) ranging
mostly between 20 and 28 and Mg# (calculated with Fe irsp
Fe&#™) between 63 and 81 (Tables 4, 5). In cpx-bearing crystal-

basalts (Gust and Perfit, 1987; Draper and Johnson, 1992).

5. DISCUSSION

5.1. A Lherzolitic Mantle Source for the St. Vincent Arc
Basalts

The experimental data presented in this paper demonstrate
that STV301 is multiply-saturated on its liquidus with a lher-
zolitic mantle phase assemblage for both 1.5 and 4.5 wt,@ H
in the melt. The compositions of near-liquidus phases are
comparable to upper mantle minerals. This evidence suggests
that the studied basalt is a product of partial melting of a
Iherzolitic mantle.

One may question how robust this conclusion is or, in other
words, to what extent it is dependent of the conditions of the
experiments. In this study, no experiments were performed
under anhydrous conditions which leads to the question
whether STV301 would be multiply-saturated with a Iherzolite
assemblage in absence of® Several high-MgO and picritic
basalts compositionally close to STV301 have been found to be
multiply-saturated with a Iherzolite phase assemblage under
dry conditions (e.g., Kushiro, 1987; Tatsumi et al., 1994 and

- see above). However, there are examples of similar high-MgO
| basalts which are not multiply-saturated under the same con-
ditions, essentially because orthopyroxene is not present on the
liquidus (Gust and Perfit, 1987; Bartels et al., 1991; Falloon et
al., 1999). Although the absence of orthopyroxene on the
liquidus has been attributed to its sluggish growth kinetics
(Gust and Perfit, 1987; Falloon et al., 1999), it could alterna-
tively be the consequence of the anhydrous conditions in those
experiments. In the present study, the proportion of orthopy-
roxene (relative to clinopyroxene) crystallizing on the liquidus
was found to decrease with decreasing th®Honcentration

in the melt. This observation is consistent with the fact that
Iherzolite melting reactions between 10 to 20 kbar consume

a larger proportion of opx under hydrous than under anhydrous
conditions (Gaetani and Grove, 1998; Falloon and Danyush-
evsky, 2000). Therefore, experiments performed on anhydrous
STV301 would be expected to have a modal proportion of opx
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lower than in the 1.5 wt.% kO series of experiments. Orthopy  results for both dry and hydrous conditions (only two studies
roxene is, thus, expected to be either present in very small available, including the present one) and are for basalts with
amounts or absent on the anhydrous liquidus of STV301, a MgO concentrations ranging between 10 and 13 wt.%. The two
conclusion consistent with observations for other similar high- multiple-saturation points from this study are in quite good
MgO basalt compositions experimentally studied under dry agreement with the data of Tatsumi (1982), both for basalts
conditions (Gust and Perfit, 1987; Bartels et al., 1991; Falloon very close to each other in MgO content (12.5 and 11.7 wt.%
et al., 1999). We stress the point that the absence of opx on theMgO, respectively). Interpolation and extrapolation of the
anhydrous liquidus of high-MgO basalts does not necessarily available multiple saturation points defines a P-JGHocus
preclude an origin by melting of a lherzolite source under along which STV301 would be in equilibrium with a lherzolitic
hydrous conditions. phase assemblage. By increasing th®Honcentration of the

It might be also questioned whether STV301 would remain melt, conditions of multiple saturation progressively evolve
multiply-saturated with a lherzolite phase assemblage @ H  toward lower temperatures and higher pressures. The data lead
concentrations> 4.5 wt.% in the melt, which is the maximum  to the suggestion that the first 1 wt.% of addegDHhas quite
average melt O concentration investigated in this study. a dramatic effect on the temperature of the multiple saturation
Near-liquidus experiments by Nicholls and Ringwood (1973) point (Fig. 6), but comparatively little effect on the pressure.
have shown that the addition of water markedly increases the
maximum pressure of olivine stability for olivine tholeiite
compositions. The displacement of the multiple saturation point
toward higher pressures, as observed in this study when in- Knowledge of the P-T-ED locus of Figure 6 permits dis
creasing the melt 5O concentration from 1.5 to 4.5 wt.%, is  cussion of the conditions of extraction of STV301 from its
consistent with these results. Nicholls and Ringwood (1973) mantle source and to evaluate theQHcontent of primary
found olivine to be present on the liquidus of olivine tholeiite melts. For a primary basalt such as STV301 to preserve its
up to 27 kbar, 1090 °C for water-saturated conditions. Perido- status as a primary magma, it is necessary that olivine crystal-
tite melting experiments have demonstrated that basaltic meltslization is prevented or limited during magma ascent. Basaltic
with H,O concentrations between 7 and 12 wt.% can coexist magma ascent in the subarc mantle is commonly viewed to
with spinel Iherzolite phase assemblages at around 1100 °Coccur via dykes and, consequently, is thought to involve little
(Hirose and Kawamoto, 1995; Gaetani and Grove, 1998). or no chemical reaction with wall-rocks, and is adiabatic (e.g.,
Therefore, although the pressure/temperature coordinates ofTatsumi and Eggins, 1995). Basalt adiabats are shown on
individual phase volumes likely depend on thgQHcontent, Figure 6, calculated with a constant slope of dTAIR °C/km
increasing the melt KD concentration beyond 4.5 wt.% is not  (McKenzie and Bickle, 1988). Melt crystallization during as-
expected to change the liquidus phase assemblage for STV301cent will be controlled by the relative slopes of the adiabat and
This will remain true until amphibole appears on the liquidus, of the low pressure liquidus (ot liquid = liquid). If the slope
presumably for temperatures 1100 °C (Nicholls and Ring- of the low pressure liquidus is flatter than the adiabat, the melt
wood, 1973; Hirose and Kawamoto, 1995; Gaetani and Grove, may ascend unmodified. Alternatively, if the low pressure
1998). Note that for a STV301 melt to be multiply saturated liquidus has a negative slope, olivine crystallization will occur
with a Iherzolitic assemblage at temperatused4100°C, very during ascent. The former situation is the one expected for
high melt H,O concentrations would be needez 10 wt.%) anhydrous basaltic melts while the latter is typical of hydrous
from the extrapolation of the multiple saturation P-T locus (Fig. systems, either D-saturated or at equilibrium with a B-
6). In the same way, previous studies have found that pres- rich fluid, which have liquidi with negative slopes (e.g., Ni-
sures= 20 kbar are necessary for garnet to crystallize on the cholls and Ringwood, 1973; Yoder, 1976). It follows that a
liquidus of olivine tholeiite compositions (Nicholls and Ring- STV301 melt, if extracted from the mantle under anhydrous
wood, 1973; Falloon et al., 1999). Although garnet has not been conditions, will have the ability to reach the surface unmodified
found in experiments from this study, it is expected that garnet and will thus preserve its primary geochemical characteristics.
replaces spinel on the STV301 liquidus above 20 kbar. Assum- Conversely, if last-equilibrated with its mantle source under
ing a minimum pressure of 20 kbar for the crystallization of H,O-rich conditions, a STV301 melt will crystallize a signifi
garnet in STV301, extrapolation of the multiple saturation P-T cant amount of ol during ascent and thus will not reach the
locus (Fig. 6) yields a minimum meltJ® concentration of- surface unmodified. Therefore, phase equilibria considerations
7 wt.% for STV301 to be multiply saturated with a garnet suggest extraction of STV301 from the mantle under relatively
Iherzolite. Therefore, very high J® contents are needed for  dry conditions. There should exist a maximum mejCHcon
arc basalts to be last-equilibrated with a garnet-bearing lherzo- tent beyond which the respective positions of the liquidus and
lite source. To summarize, we consider that the conclusion that adiabat prevent STV301 to reach the surface unmodified. How-
STV301 is a product of partial melting of a Iherzolitic source is  ever, for this maximum to be precisely defined, the slope of the
robust, and does not depend significantly of the experimental low pressure liquidi would need to be better determined, both

5.2.1. Constraints from phase equilibria

melt H,O concentrations imposed in this study. for 1.5 and 4.5 wt.% BO and for higher melt O concentra
tions. Therefore, although it is not presently possible to more
5.2. H,O Content of Primitive Arc Basalts from St. precisely constrain the J@ content of STV301 from phase

equilibria considerations, the general conclusion from the
above analysis is that high-MgO and picritic arc basalts erupted

The P-T conditions of multiple saturation for several high- at the surface must have been extracted from the mantle under
MgO basalts are summarized on Figure 6. The data include relatively dry conditions.

Vincent
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Fig. 6. P-T conditions of multiple saturation for several high-MgO and picritic arc basalts with MgO concentrations
between~ 10 and 13 wt.%. Source of data, anhydrous conditions: Kushiro (1987), Bartels et al. (1991), Draper and
Johnston (1992), Tatsumi et al. (1994); hydrous conditions: Tatsumi (1982) and this study. The heavy dashed curve yields
the P-T-HO in melt conditions of equilibrium of STV301 (12.5 wt.% MgO) with a spinel Iherzolite source, constructed
from the data of Tatsumi (1982) and of this study. Numbers along the curve@edhcentrations in the melt. A and B
are two different examples of P-T»,B in melt conditions of last equilibration/extraction of the 12.5 wt.% MgO basalt with
its mantle source. Adiabatic ascent paths are calculated from these two points (see text). The low pressure liquidi for
STV301 with 1.5 and 4.5 wt.% }O in the melt (light dashed lines) are drawn for comparison with the adiabats. The two
geotherms, drawn schematically through points A and B, illustrate the relation betweepQheohtentration of primary
melts and the thermal regime of the mantle.
5.2.2. Evidence from glass inclusions (Sisson and Grove, 1993; Macdonald et al., 1998), a value of

. ) ' ) ) 1.8 wt.% H,O is obtained for the primitive liquids. For cem

The direct analysis of water in glass inclusions trapped in parison, Devine (1995) and Devine and Sigurdsson (1995) have
phenocrysts has been a powerful way to constrain th® H  suggested that the & contents of relatively magnesian (close
concentration of primitive arc basalts. Glass inclusions in prim- tg primary) basalts of Grenada were 1 to 2 wt.% and that the
itive arc magmas have averagg®iconcentrations between 1.5 melts parental to the Kick'em Jenny basalts initially con-
and 2.0 wt.% (Sobolev and Chaussidon, 1996), althougb H  tained ~ 2 wt.% H,O. By using 2 wt.% as the 4 concen
contents up to 6 to 7 wt.% have sometimes been found (Sissontration of primary STV301 melts, experimental data from this
and Layne, 1993; Roggensack et al., 1997). No glass inclusion study suggest- 1230°C and~ 13 kbar as the conditions of
data are available for the primitive St. Vincent basalts. There is, melt extraction from the mantle, corresponding to point B (Fig.
however, a large body of data available for products of the 1979 6). We conclude that the glass inclusion data provide evidence
eruption (Devine and Sigurdsson, 1983; Bardintzeff, 1992; for relatively low melt HO concentrations in the primary

Toothill, 1999). Basaltic inclusions trapped in olivine have mantle-derived magmas erupted at St. Vincent, consistent with
average HO concentrations of-3 wt.% (Macdonald et al., the phase equilibria analysis above.

2000). These glass inclusions do not represent primitive liquids
but rather correspond to derivative compositions (i.e., MgO
3 to 4 wt.%). By taking 3 wt.% as the J@ content of the
derivative liquids and assuming that they represent products of One interesting aspect of Figure 6 is the sensitivity of the
40% closed-system fractionation from parents such as STV301 temperature of multiple saturation on mel;® content. This

5.2.3. Other considerations
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relationship could provide a method of evaluating thgOH tion of relatively dry (- 2 wt.% H,O) primary melts, it is worth
concentration of primary arc basalts, by determining their mag- emphasizing that this range of,8 concentration applies to
matic temperatures. In the case of the St. Vincent basalts, primitive basalts that have the ability to erupt virtually unmod-
thermometric estimates for the most primitive rocks have ified at the surface. Because originally more hydrous melts will
yielded values between 1026 and 1130 °C (see above andcrystallize during ascent and will not be present unmodified at
Heath et al., 1998). A basalt adiabat consistent with the upper the surface, it should not be concluded that all primary arc
end of this temperature range must originate from the P;0-H  basalts are extracted from their mantle source under similarly
multiple saturation locus for STV301 at 1160 °C, 18.5 kbar, dry conditions. Therefore, determining trenge of H,O con
corresponding to a melt J® content of~ 6.5 wt.% (point A, centrations of primary basalts across a given arc really becomes
Fig. 6. This is a HO concentration markedly higher than the important issue. It remains to be evaluated whether rela-
suggested from the glass inclusion data and phase equilibriatively dry melts such as STV301 represent the exception rather
analysis. The most likely explanation of these conflicting ob- than the rule.
servations is that the thermometric data significantly underes-
timate _the liquidus temperature of STV301. Th_e presence of 53 Thermal Regime of the Mantle Wedge
cpx microphenocrysts (Heath et al., 1998) indicates that
STV301 crystallized down to temperatures significantly below  Conditions of magma extraction in Figure 6 yield the P-T
its liquidus. Therefore, to be applied to the determination of the conditions of the mantle source and consequently constrain the
melt H,O concentration, a precise evaluation of the liquidus mantle geotherm beneath the volcanic arc (e.g., Kushiro, 1987,
temperature of the primary magma is required. Tatsumi et al., 1983; Tatsumi and Eggins, 1995). Two geo-
Inversion of the incompatible trace element concentrations in therms have been drawn schematically on Figure 6, each being
STV301 could constitute another possible approach to estimat- constrained by the conditions of melt extraction discussed
ing the water content of the source mantle and, by inference, of previously for STV301 (points A and B). The important point
the basaltic products (Stolper and Newman, 1994). Recent to be stressed is the direct relation between th® EHontent of
studies have shown that there are three components reflected irprimary melts and the temperature in the mantle wedge. Cur-
the trace element and isotopic compositions of primitive basalts rent thermal models for the subarc mantle are heavily influ-
of the Lesser Antilles. These are the mantle wedge, an aqueousenced by experimental studies performed under anhydrous con-
fluid and a component derived from subducted sediment (Thirl- ditions (Fig. 6), which imply temperatures in excess of 1350 °C
wall et al., 1996; Smith et al., 1996; Turner et al., 1996; in the mantle wedge (Tatsumi et al., 1983; Kushiro, 1987;
Macdonald et al., 2000). Using the method of Turner et al. Tatsumi and Eggins, 1995). However, were primary basalts
(1996), which assumednter alia, that Th in the subduction more hydrous, the mantle wedge could be much cooler, as
component is derived solely from the sediment component, we illustrated in Figure 6.
estimate sediment addition to the wedge to be around 6 wt.%.
The propo_rtion of fluid, _estima_ted by mass-balance from the g 4 Degrees of Melting and H,O Content of the Mantle
concentrations of the fluid-mobile elements such as Rb and Ba, Source
varies from 30 wt.% to over 100 wt.%. Added uncertainties are
assumptions about the water content of the fluid and the num-  Another possible approach is to constrain th®©Hontent of
ber of fluid pulses represented by the trace element abundancesprimary arc melts from the viewpoint of the source, i.e., by
It must be concluded, therefore, that the water content of the using information available on the,B® content of the subarc
source mantle of STV301 cannot be sensibly constrained by mantle. Melting in the mantle wedge commonly assumes@ H
this method. Concerning the REE, Macdonald et al. (2000) content of 0.2 wt.% (e.g., Kushiro, 1987), which would yield a
have shown that calc-alkaline magmas from the central islands basalt melt with 2 wt.% BO for 10% melting if it is assumed
of the Lesser Antilles arc bear no garnet signature which, given that H,O is perfectly incompatible. However, more precise
the conditions necessary for high-MgO basalts such as STV301 estimates of the kD content of the subarc mantle are now
to be multiply-saturated with a garnet lherzolite assemblage on becoming available. The amount of subducted hydrous com-
their liquidus (see above), would imply melt,®@ concentra ponent (fluid and/or melt) added to the source region of arc
tions less than- 7 wt.% for the primary, mantle-derived, melts.  basalts has been evaluated from oxygen isotopes (Eiler et al.,
2000). From theéd*®0 values of primitive arc lavas from Vanu
atu-Fiji-New Caledonia, Eiler et al. (2000) concluded that their
mantle sources were fluxed with0.5 to 1.0 wt.% (2.5 wt.%
Several approaches have been used to constrain jfe H was suggested in some cases) of slab-derived hydrous compo-
content of primary, mantle-derived, melts from St. Vincent and nent. By using the composition of the slab-derived component
elsewhere in the Lesser Antilles arc. Phase equilibria con- given by Eiler et al. (2000), this corresponds to a manty©H
straints, and in particular the necessity of preserving the mantle content of~0.45 to 0.9 wt.%. Although these B estimates
signature seen in high-MgO and picritic arc basalts, dictate are model-dependant and may not be directly applicable to the
relatively dry conditions of extraction from a spinel lherzolite Lesser Antilles arc, they constitute a useful basis for further
mantle source. This conclusion is corroborated by the available discussion.
glass inclusion data. Other approaches that may yield valuable Since the inverse experimental approach is incapable of
results include use of the thermometric data and inversion of constraining the degree of melting at the level of magma
the incompatible trace element concentrations of primitive ba- extraction (e.g., Falloon et al., 1999), we have used the peri-
salts. Although the conclusion is strongly in favour of extrac- dotite melting experiments of Hirose and Kushiro (1993) and

5.2.4. Summary
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Fig. 7. Dependance of the degree of melting with th®©Hontent of the melt for three MgO concentrations in the melt
(10, 12.5, 14 wt.%) at 11.5 kbar, 1235 °C and 16 kbar, 1185 °C, i.e., for the P-T conditions of multiple saturation of STV301
with respectively 1.5 and 4.5 wt.%,8 in the melt. The calculations are based on empirical regressions of the experimental
data of Hirose and Kushiro (1993) and Hirose and Kawamoto (1995) on peridotite KLB-1 (see text). Note the small
dependance of the degree of melting with thgoHcontent for a given MgO content of the melt. Degrees of melting for
STV301 are estimated from the KLB-1 partial melting grid by taking the melD ltontents appropriate for multiple
saturation (1.5 and 4.5 wt.%,8). Note that the two STV301 points (12.50 wt.%, Table 1) plot close to the 12.5 wt.% MgO
points calculated for the KLB-1 partial melts. A and B are the estimated degrees of melting for the two examples of multiple
saturation conditions shown in Figure 6. The light curves are partial melting curves for 4 concentratios@ of tHe
mantle source (0.3, 0.45, 0.9, 1.2 wt.%), calculated by assuming @tdperfectly incompatible during melting.

Hirose and Kawamoto (1995), both performed on the KLB-1 with a spinel lherzolite at 11.5 kbar, 1235°C and 16 kbar,
starting peridotite material, to estimate degrees of melting for 1185°C, respectively. Under these conditions, degrees of melt-
STV301. Data on KLB-1 were selected for internal consistency ing calculated with the KLB-1 regression are 14.6 and 17.7%,
because it is the only peridotite composition that has been and the calculated MgO concentrations of partial melts are
subjected to systematic partial melting experiments under both 11.47 and 12.98 wt.%, respectively (Fig. 7). The fact that the
anhydrous and hydrous conditions. The experimental degreesMgO concentrations calculated for the KLB-1 partial melts and
of melting and MgO concentrations of the partial melts (recal- of STV301 (12.50 wt.%, Table 1) agree within 8% or better
culated on an anhydrous basis) have been fitted with two lends confidence to the approach and indicates that KLB-1 can,
empirical quadratic equations, each being a function of pres- in first approximation, be taken as a model peridotite source for
sure, temperature and melt,® content. Degrees of melting  STV301. One aspect of general significance in Figure 7 is that
and MgO concentrations of partial melts calculated with our degrees of melting are nearly constant along the multiple sat-
regressions are within 15 and 6% relative, respectively, of the uration P-T-HO in melt path (Fig. 6). This comes directly from
experimental values. These regressions enable the degree othe results of Hirose and Kawamoto (1995), which show de-
melting and MgO content of the partial melt to be calculated for grees of melting to be almost independant of th®©Hontent
any set of P, T, BO in melt conditions covered in the studies for a given MgO content of the melt. Therefore, the melt MgO
of Hirose and Kushiro (1993) and Hirose and Kawamoto concentration is a very robust indicator of the degree of melt-
(1995). ing, even in presence of water. The results (Fig. 7) suggest a
A STV301 melt with 1.5 and 4.5 wt.% JO is in equilibrium degree of melting of 14 to 18% for STV301 (assuming #OH



High-pressure experiments on St. Vincent basalts 2207

concentration comprised between 1.5 and 4.5 wt.% in the melt),  conditions of extraction of primary basaltic melts, it is
consistent with previous estimates based on trace elements important to point out that the detailed conditions of melt

(Heath et al., 1998). generation in the mantle remain unexplored. Macdonald et
Different contours for the KD concentration of the mantle al. (2000), for example, proposed that the various magmatic
source are also shown in Figure 7. The calculations assume suites in the Lesser Antilles have all been derived from
perfectly incompatible behavior of J& during melting. For picritic, silica-undersaturated magmas. A view that would
illustration purposes, two of the J& concentrations (0.3 and be more consistent with the new experimental results is that

1.2 wt.% H,0O) generate contours that pass very close to the  the different suites originated from compositionally distinct
points A and B (Fig. 6). For a STV301 melt to be extracted mantle melts.

under conditions of point B, the mantle source would have to

contain less than 0.3 wt.%J® (Fig. 7), which seems perfectly  AcknowledgmentsThis study was supported by PICS no. 419 be-
feasible if 0.2 wt.% is taken as the,@ content of normal tween CNRS and the Carnegie Institution of Washington and partially
subarc mantle (Kushiro, 1987). If extracted under conditions PY NSF grants EAR-961443 and EAR-9901886 to BOM. MP wants to
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the amount of subducted hydrous component added to the

source region. For a mantle source withHcontents between

0.45 and 0.9 wt.% (see above and Eiler et al., 2000Q H

concentrations betweerr 2.5 to ~ 5.5 wt.% would be ex-

pected for a melt with 12.5 wt.% MgO (Fig. 7). Therefore, if

this range of source J© concentrations is accepted for the Albaréde F. (1995) Introduction to Geochemical Modelling. Cam-

Lesser Antilles subarc mantle, it is in fact quite possible that _ bridge University Press, Cambridge. o

some high-MgO primary melts have,8 concentrations as Baker M. B., Grove T. L. and Price R. (1994) Primitive basalts and

. . . . andesites of the Mt. Shasta region, N. California: products of varying
high as 5.5 wt.%, i.e., well exceeding that of STV301 (i-e., melt fraction and water contenContrib. Mineral. Petrol. 118,

2 wt.% H,0). 111-129.
Ballhaus C., Berry R. F. and Green D. H. (1991) High pressure
experimental calibration of the olivine-orthopyroxene-spinel oxygen
6. CONCLUSIONS barometer: implications for the oxidation state of the upper mantle.
. . . . Contrib. Mineral. Petrol.107, 27—-40.

1. High-pressure piston-cylinder experiments have been con- gardintzeff J.-M. (1992) Magma mixing processes in volcanic con-
ducted on a sample of primitive high-MgO basalt from St. texts, a thermodynamic approach with the examples of St. Vincent
Vincent, Lesser Antilles arc, under both oxidized and hy- Soufriere Volcano, West Indies and Cerro Chiquito, Guatemala.
drous conditions. The experimental results demonstrate that _, ! ¢'ra Nova4, 553-566.

i, S . e Bartels K. S., Kinzler R. J. and Grove T. L. (1991) High-pressure phase
the composition studied is multiply-saturated on its liquidus ejations of primitive high-alumina basalts from Medecine Lake

with a spinel lherzolite phase assemblage, at 1235 °C, 11.5 volcano, northern CaliforniaContrib. Mineral. Petrol.108, 253—
kbar for 1.5 wt.% HO in the melt, and at 1185 °C, 16 kbar 270.

for 4.5 wt.% HO in the melt. The composition of the Behrens H., R_omano C., Nov_vak_M., Holtz F. an_d D_ingwell D. B.
liquidus mineral phases is similar to typical upper mantle (1996) Near-infrared determination of water species in glasses of the

_ ) - system MAIS;Og (M = Li, Na, K): an interlaboratory studyChem.
minerals. This observation demonstrates that the basalt may Geol. 128, 41-63.

represent a primary melt extracted from the subarc mantle. Brooker R., Holloway J. R. and Hervig R. (1998) Reduction in piston-
2. Constraints from phase equilibria, glass inclusion data, and ~ cylinder experiments: the detection of carbon infiltration into plati-
estimates of degrees of melting and ofCHcontents of the num capsulesdm. Mineral.83, 985-994.

- Brown G. M., Holland J. G., Sigurdsson H., Tomblin J. F. and Arculus
mantle source all favor extraction of the basalt under rela- g~ ;" (1977) Geochemistry of the Lesser Antilles island arc.
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1230 °C and pressures 13 kbar in the Lesser Antilles Carmichael I. S. E. (1991) The redox states of basic and silicic
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. . ; Petrol. 106, 129-141.
basalts in the Lesser Antilles arc necessarily were extracted Chou I.-M. (1987) Oxygen buffer and hydrogen sensor techniques at

under these conditions because only the driest melts will  gjevated pressures and temperatureHyrothermal Experimental
erupt. The more hydrous melts will crystallize during ascent ~ Techniquegeds. H. L. Barnes and G. C. Ulmer), pp. 61-99. John
and can not appear unmodified at the surface. Determination _ Wiley, New York. _ _
of therangeof H,O concentrations of primary basalts across Danyuschevsky L. V. and Sobolev A. V. (1996) Ferric-ferrous ratio

. . . . . . and oxygen fugacity calculations for primitive mantle-derived melts:
a given arc remains an important issue which, to be imple-  cajipration of an empirical techniquMlineral. Petrol.57, 229-241.

mented, requires a broader perspective on both derivative Deloule E., Paillat O., Pichavant M. and Scaillet B. (1995) lon micro-
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vant et al., 2002) and primitive magmatic products, as well — e - 2 (1995) Petrogenesis of the basalt-andesite-dacite assocl-

! ation of Grenada, Lesser Antilles island arc, revisit&dVolcanol.
on the HO concentration of the mantle source. Geotherm. Res59, 1-33.

3. Although this study has placed tight constraints on the Devine J. D. and Sigurdsson H. (1983) The liquid composition and
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