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Abstract Near-liquidus crystallization experiments have
been carried out on two basalts (12.5 and 7.8 wt% MgO)
from Soufriere, St Vincent (Lesser Antilles arc) to docu-
ment the early stages of differentiation in calc-alkaline
magmas. The water-undersaturated experiments were per-
formed mostly at 4 kbar, with 1.6 to 7.7 wt% H,O in the
melt, and under oxidizing conditions (ANNO = -0.8 to
+2.4). A few 10 kbar experiments were also performed.
Early differentiation of primitive, hydrous, high-magnesia
basalts (HMB) is controlled by ol + cpx + sp fractionation.
Residual melts of typical high-alumina basalt (HAB)
composition are obtained after 30—40% crystallization. The
role of H,O in depressing plagioclase crystallization leads
to a direct relation between the Al,Os3 content of the
residual melt and its H>,O concentration, calibrated as a
geohygrometer. The most primitive phenocryst assemblage
in the Soufriere suite (Fogg ¢ olivine, Mg-, Al- and Ti-rich
clinopyroxene, Cr—Al spinel) crystallized from near-pri-
mary (Mg# = 73.5), hydrous (=5 wt% H,0O) and very
oxidized (ANNO = +1.5-2.0) HMB liquids at middle
crustal pressures and temperatures from ~1,160 to
~1,060°C. Hornblende played no role in the early petro-
genetic evolution. Derivative HAB melts may contain up to
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7-8 wt% dissolved H,O. Primitive basaltic liquids at
Soufriere, St Vincent, have a wide range of H,O concen-
trations (2-5 wt%).

Introduction

Arc magmatism is the key to understanding the formation
of continents and the recycling of material into the mantle.
High-magnesia basalts (HMB, MgO > 10 wt%) form an
important, though volumetrically subordinate, proportion
of arc volcanic rocks (e.g., Nye and Reid 1986; Eggins
1993; Rohrbach et al. 2005). They possibly represent the
primitive, mantle-derived, magmas from which the more
evolved members of the arc sequence (high-alumina ba-
salt-basaltic andesite—andesite—dacite-rhyolite) are de-
rived by fractional crystallization + assimilation + magma
mixing (e.g., Brophy 1989). They also constitute valuable
sources of information on the conditions of partial melting,
volatile content and thermal structure of the mantle wedge
(Pichavant et al. 2002a).

The derivation of the low-MgO (MgO < 5 wt%) high-
alumina basalts (HAB) typical of magmatic arcs by
fractional crystallization of (near-) primary HMB has been
addressed in several studies. Early experiments, performed
under anhydrous conditions (Tatsumi et al. 1983; Gust
and Perfit 1987; Ulmer 1989; Bartels et al. 1991; Draper
and Johnston 1992), produced derivative melts resembling
HAB, although significant differences with natural com-
positions were noted (e.g., Draper and Johnston 1992).
Sisson and Grove (1993a, b) clearly showed that the
derivation of HAB-like residual melts from more primi-
tive basaltic parents requires hydrous conditions. How-
ever, their experiments were performed at pressures of
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1 and 2 kbar. Crystallization of arc basalts may not be
restricted to such shallow depths: the generation of HAB
has been commonly placed at moderate to high pressure,
i.e., in the 8-10 kbar range (e.g., Gust and Perfit 1987).
Therefore, there is a need to examine the crystallization of
HMB in the presence of water at pressures above 2 kbar.
Grove et al. (2003) investigated the phase relations of
primitive (MgO > 9 wt%) basaltic andesite and andesite
from Mt. Shasta under water-saturated conditions at 2 and
8 kbar. A further drawback of some recent papers
reporting experimental data for subduction-related HMB
at high pressures has been that fO, has been unknown or
poorly constrained (Bartels et al. 1991; Draper and
Johnston 1992; Baker et al. 1994), or fixed at values too
low for the likely crystallization conditions of arc rocks
(0 < NNO < 2; Gill 1981; Eggins 1993; Arculus 1994;
Brandon and Draper 1996). Here, we report hydrous
crystallization experiments on two primitive basalts from
the Lesser Antilles arc, including a HMB, at 4 and
10 kbar, and attempt to constrain the melt water content
and fO, conditions under which fractionation to HAB can
proceed.

The Lesser Antilles island arc shows an unusual
diversity of mafic eruptive rocks, from island arc tholei-
ites through calc-alkaline basalts to alkali basalts (Mac-
donald et al. 2000; Pichavant and Macdonald 2003). The
Soufriere volcano of St Vincent is composed of calc-
alkaline basalts and basaltic andesites (Heath et al. 1998;
Pichavant and Macdonald 2003; Fig. 1). This volcano is
also known for the frequent occurrence of gabbroic
cumulate blocks (e.g., Lewis 1973a, b; Arculus and Wills
1980; Heath et al. 1998), attesting to the extensive crys-
tallization of basaltic magmas at depth. The most primi-
tive magmas of the Soufriere suite are represented by
olivine + spinel — phyric HMB. Pichavant et al. (2002a)
have shown that these magmas are primary, being at
equilibrium on their liquidus with a spinel lherzolite
mineral assemblage for a fO, between NNO + 1.5 and
NNO + 2.3. Multiple saturation with a lherzolitic mineral
phase assemblage occurred at around 1,235°C, 11.5 kbar,
for a melt with 1.5 wt% H,O, and at around 1,185°C,
16 kbar, for a melt with 4.5 wt% H,O. The Soufriere
rocks offer, therefore, an excellent opportunity to test
experimentally the crystallization behaviour of hydrous
HMB at crustal pressures and, in particular, to test whe-
ther the associated HAB can be derived from HMB par-
ents by fractional crystallization. In the context of the
Lesser Antilles arc, the demonstration that HAB and
HMB are genetically related would strengthen models of
magma generation based on a single, although composi-
tionally variable, mantle source, rather than on multiple
sources occurring at different levels in the mantle wedge
(Westercamp 1988).
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Fig. 1 a Map of the Lesser Antilles arc showing the main islands and
active volcanoes, after Heath et al. (1998). b Variation diagram
showing compositions of selected mafic lavas from St Vincent and
other volcanoes from the arc. STV Soufriere, St Vincent (Pre-Somma
lavas: Heath et al. 1998; 1979 lavas: Graham and Thirlwall 1981); IR
Tlet a Ramiers, Martinique (Westercamp and Mervoyer 1976); SSH
and SH, respectively, South Soufriere Hills and Soufriere Hills,
Montserrat (Zellmer et al. 2003); SG Soufriere, Guadeloupe (Lesne
2004); MP Mt Pelée, Martinique (Pichavant et al. 2002b). STV301
and STV315 are the two compositions investigated in this study

Experimental methods
Starting samples

Two samples from the Soufriere volcano of St Vincent were
investigated in this study. One (STV301) is representative
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of HMB erupted during the early activity of the volcano
(Pre-Somma lavas, Heath et al. 1998; Fig. 1b). It typifies
primitive lavas from the southern part of the Lesser Antilles
arc (e.g., Arculus 1976; Westercamp 1988; Smith et al.
1996; Macdonald et al. 2000; Pichavant and Macdonald
2003). The other (STV315), also a Pre-Somma lava, is
compositionally intermediate between Soufriere HMB and
basaltic andesites (Fig. 1b). It may represent a composition
along the calc-alkaline fractionation trend starting from
HMB. The two samples are more primitive than mafic lavas
or enclaves from recent eruptions along the arc (Fig. 1b).
Recent experimental work on Lesser Antilles volcanic
products has concentrated on andesite (Barclay et al. 1998;
Martel et al. 1998; 1999; Rutherford and Devine 2003;
Poussineau 2005), more rarely on basaltic andesite (Picha-
vant et al. 2002b). The melting phase relations of primitive
lavas from Grenada have been investigated at P < 5 kbar in
the presence of water (Cawthorn et al. 1973; Graham 1981),
and the liquidus phase relationships of STV301 have been
examined at upper mantle pressures (Pichavant et al.
2002a).

Modal data, chemical compositions and norms for the
two starting samples are given in Table 1, and representa-
tive electron microprobe analyses of phenocrysts are de-
tailed in Table 2. STV301 is representative of the most
primitive rocks of the Soufriere suite (Mg# = 77, calcula-
tions at NNO + 1, Kress and Carmichael 1991). It contains
phenocrysts of olivine (ol, Fogo 3_g9.4), spinel (sp, Cr# = 50—
72) and clinopyroxene (cpx, Mg# up to 90, Table 2). Our
interpretation of the textural relationships is that this rock is
close to the point where clinopyroxene became a copre-
cipitating phase with olivine and spinel. STV315 is more
evolved (Mg# = 69 at NNO + 1). Together with olivine
(Fo75.4-83.5), spinel (Cr# up to 84) and clinopyroxene
(Mg# = 70-78), plagioclase (Anss 94) 1S an important
phenocryst phase and orthopyroxene (opx, Mg# = 67-72)
had just joined the phenocryst assemblage (Table 2).

Experimental strategy and parameters

Near-liquidus experiments were performed on STV301 and
STV315 in the presence of added water. Barometric esti-
mates for gabbroic cumulates from the Lesser Antilles,
including cumulates from St Vincent, have yielded a wide
range of pressures, between 4 and 10 kbar (Arculus and
Wills 1980), indicating crystallization of basaltic liquids at
middle to lower crustal depths. In this study, most exper-
iments have been carried out at 4 kbar, mainly because the
equipment employed at this pressure allows (1) fast quench
rates and (2) a sensitive adjustment of experimental fO,.
Our aim was to adjust fO, at or slightly above the NNO
buffer, in agreement with the available estimates of redox
conditions for Soufriere rocks (Heath et al. 1998).

Table 1 Major element compositions

Sample STV301 STV315 PAR1 PAR2
Whole- Glass®  Whole- Glass®
rock® rock®
SiO; (wWt%) 47.01 46.94) 5120 51.3(3) 48.05 48.44
TiO, 1.07 1.08(3) 0.82 0.77(8) 1.17 1.15
AlL,O3 1528 153(2) 16.88 16.9(1) 16.51 17.01
FeO, 8.79 8.96(17)* 8.06 8.43(31) 9.07 8.65
MnO 0.16 0.173) 0.16 0.16(9) 0.16 0.13
MgO 1250  12.0(1) 7.76 7.64(11) 9.90 10.55
CaO 1096 11.0(1) 1055 10.6(2) 11.88 10.99
Na,O 2.23 227(7) 233 2.59(12) 245 233
K,O 0.47 0.49(2) 033 0.34(5) 0.52  0.53
H,O ND 0.10° ND ND 0 0
Total 98.47  98.27 98.09 98.73 99.71 99.78
Cr (ppm) 728 680 303 140
Ni 250 ND 75 ND
CIPW norm
q - 1.29 - -
or 2.78 1.95 3.07 3.13
ab 18.48 15.54 14.04 14.99
an 29.64 38.80 37.59 39.11
ne 0.56 - 0.88 -
di 19.32 14.37 21.34 16.21
hy - 22.77 - 4.29
ol 23.67 - 18.53 17.92
mt 2.13 1.94 219 2.09
il 2.03 1.56 222 218
Vol% phenocrysts
Olivine 22.0 11.2
Spinel 4.3 3.0
Clinopyroxene 6.2 5.1
Plagioclase - 45.9
Orthopyroxene — Trace

* XRF spectrometry (Heath et al. 1998)

® Average of 41 electron microprobe analyses (Pichavant et al.
2002a); numbers in brackets are standard deviations in terms of least
unit cited

¢ Average of 10 electron microprobe analyses

9 FeO = 1.52 wt% and Fe,0; = 8.26 wt%; Fe**/ Fe** (at.) deter-
mined by Mossbauer spectroscopy (Pichavant et al. 2002a)

¢ H,O by Karl-Fischer titration

For all CIPW calculations, at. Fe**/total Fe = 0.15. PAR1 and PAR2
are calculated compositions of liquids parental to the Soufriere suite
(see text)

Exploratory experiments were also conducted at 10 kbar.
Although the equipment used at this pressure did not allow
rapid quench and fine fO, adjustments, one experiment is
reported in this paper, to contrast the type of phase
assemblages observed at 10 kbar (amphibole present) from
those documented at 4 kbar (amphibole absent).
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Estimates of magmatic water contents in Soufriere St
Vincent basalts have yielded conflicting results. On one
hand, the high Wo contents of clinopyroxene phenocrysts
(Heath et al. 1998) and the presence of amphibole in
gabbroic cumulates (Arculus and Wills 1980) are consis-
tent with melt H,O concentrations >5-6 wt%. On the other
hand, glass inclusion studies (summarized in Heath et al.
1998; Pichavant et al. 2002a), pseudo-ternary diagrams
(Heath et al. 1998), high pressure phase equilibria (Picha-
vant et al. 2002a) and phenocryst assemblages (relatively
early appearance of plagioclase and presence of orthopy-
roxene in basalts, Heath et al. 1998) suggest melt H,O
concentrations of 2—4 wt% maximum. Accordingly, H,O
was added so as to generate concentrations <6 wt% melt
H,O in most experimental 4 kbar charges, the 10 kbar
charges being distinctly more hydrous (melt H,O concen-
trations ~10 wt%).

Charges, containers and equipment

About 8 g of each crushed rock (grain size ~50 pm) was
fused twice for =3 h at 1,400°C in air in Pt crucibles and
with grinding in between. The glasses were ground to
around 20 pm. Electron microprobe analyses of the glasses
are in good agreement with the XRF whole-rock data
(Table 1). All experiments used these glasses as starting
materials and were thus crystallization experiments.

Charges consisted of about 20-30 mg (exceptionally
50 mg) of finely ground glass plus added water. For each
experiment, 3—4 charges differing in the mass of added
water were prepared for each starting material. Therefore,
the melt H,O content was the main experimental parame-
ter. Water (distilled and deionised) was added with a mi-
crosyringe. Melt HO concentrations (Table 3) are lower
than saturation values for the melt composition and P and T
of interest (Burnham 1979). Therefore, no vapour phase
was present in the charges and all experiments are H,O-
undersaturated (aH,O < 1, Table 3).

Charges were loaded in containers made either of Au
(run 4) or, for temperatures above 1050°C, Ag70Pd30 (runs
3,6,7, 1, Table 3) tubing. Pt was used for one charge (run
1, Table 3). Container capsules (20 mm length, 2.5 mm
internal diameter and 0.2 mm wall thickness) were welded
shut. After welding the capsules were checked for leaks by
immersion in an oil bath at 120°C and then weighed. They
were placed in an oven for several hours before each run to
distribute the water evenly in the capsules.

All experiments were performed at ISTO, Orléans, using
two internally heated pressure vessels working vertically.
The 4 kbar experiments used Ar-H2 mixtures as pressu-
rising media, obtained by sequential loading of H, and Ar
at room temperature (Scaillet et al. 1992). An initial H,
pressure of around 2 bar was applied, followed by an Ar
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pressure of around 2 kbar. Total pressure was recorded by
a transducer calibrated against a Heise Bourdon tube gauge
(uncertainty + 40 bar, including daily fluctuations). A
double winding furnace assembly was used, consisting of a
main Kanthal furnace and an auxiliary Pt furnace placed
within each other (Roux et al. 1994). Temperature was
measured using three thermocouples (either type S or K)
and recorded continuously (uncertainty + 5 °C). Near iso-
thermal conditions in the 2-3 cm long hot spot were ob-
tained (gradient < 5°C/cm). The 10 kbar experiment was
pressurized with pure Ar. Total pressure was recorded by a
transducer calibrated against a Heise Bourdon tube gauge
(uncertainty +100 bar, including daily fluctuations). A
double winding Kanthal furnace assembly was used.
Temperature was measured using four type K thermocou-
ples and recorded continuously (uncertainty +5°C). Ther-
mal gradients were <2°C/cm.

Run durations ranged between 13 and 25 h, around 20 h
on average. The 4 kbar experiments were all rapid-quen-
ched by using a drop-quench device, modified after Roux
and Lefévre (1992). Experimental capsules plus the fH,
sensor capsule were placed together in a thin alumina tube
that served as a sample holder. The alumina tube was hung
in the furnace hot spot by a thin (0.2 mm) Pt wire. At the
end of the experiment, the Pt wire was fused electrically,
allowing the sample holder to fall into the cold part of the
vessel. With this device, nearly isobaric quench rates of
~100°C/s were achieved (Di Carlo et al. 2006). The
10 kbar experiment was quenched by switching off the
power supply, resulting in a quench rate of ~100-200°C/
min (Prouteau and Scaillet 2003).

Control of redox conditions

Each experiment included a Ni-Pd-O sensor capsule,
which served to determine the ambient fH,. These con-
sisted of two pellets of NiPd metal mixtures (each with
different Ni/Pd ratio) plus NiO, placed in a Pt capsule in
the presence of excess H,O (Taylor et al. 1992). Analysis
of the composition of the metal phase after the experiment
allows the fO, of the sensor system to be determined
(Pownceby and O’Neill 1994). The fH, of the sensor (and
by inference of the experiment since fH, is identical for all
capsules) is then obtained from the water dissociation
equilibrium, using the fO, determined above, the dissoci-
ation constant of water (Robie et al. 1979) and the fugacity
of pure water at the experimental P and 7 (Holloway
1987). Table 3 lists sensor compositions (mole fraction of
Ni in the metallic phase, Xy;) and the corresponding fH, of
each experiment.

For a given experiment (i.e. constant P-T-fH,), the fO,
of each individual charge is not constant but varies along
with aH,O. The latter was determined for each charge from
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Table 2 Representative electron microprobe analyses of phenocrysts

Sample Phase SiO, TiO, AlLO; Cr,0; FeO, MnO MgO CaO Na,O K,O NiO Total Mg# mol%

STV301 Ol(c) 408 0.02 0.03 0.03 11.4  0.19 485 0.17 0.01 NA 022 1014 883 Foggs
Ol(ry 389 002 001 0.01 209 048 402 0.25 0 NA  0.09 1009 774 Fosr4
Cpx 48,6 091 642 0.69 543 0.09 14.2 222 0.23 NA 002 989 85.0  Eng3Woyg
Sp 009 049 176 43.0 296 045 897 0.10 NA NA  0.08 1005 428 Cr#gs

STV315 Ol(c) 408 0.03 0.02 0.04 11.3 022 487 0.18 0.01 NA  0.17 101.5 884 Fogga
Ol(x) 393 004 0.02 0.04 20.1 036 407 0.19 0.01 NA  0.09 1009 783 Fosss
Cpx 51.8 044 219 0.03 997 041 1529 1932 0.27 NA  0.04 997 75.0  EngsWoy,
Plag 449 NA 359 NA 045 na 0.05 18.61 0.73 000 NA 1006 19.0 Ang;
Opx 53.6 023 096 0.02 194 076 245 1.63 0.04 NA 002 101.2 704 EneWos
Sp 0.03 427 6.77 20.5 59.2 042 441 0.00 NA NA  0.10 957 21.3  Cr#g

Ol olivine, Plag plagioclase, Opx orthopyroxene, Cpx clinopyroxene, Sp, Cr—Al spinel; ¢ core, r rim, NA not analyzed Mg# = 100* at. Mg/
Mg + Fe?"), Fo = 100%*at. Mg/(Mg + Fe) in olivine, Cr# = 100*at; Cr/(Cr + Al) in spinel, En = 100*at. Mg/(Mg+Fez++Ca), Wo = 100*at. Ca/
Mg + Fez++Ca) in pyroxene, An = 100*at. Ca/(Ca + Na + K), Or = 100*at. K/(Ca + Na + K) in plagioclase

the H,O content of the quenched glass, using the thermo-
dynamic model for H,O solution in multicomponent melts
of Burnham (1979). The oxygen fugacity of each charge
was then calculated from the water dissociation equilib-
rium, using the fH, and fH,O determined above, and the
dissociation constant of water (Robie et al. 1979). The
uncertainty on log fO, is less than 0.25 log units (e.g.,
Scaillet et al. 1995; Martel et al. 1999; Scaillet and Evans
1999; Costa et al. 2004; Di Carlo et al. 2006). In this study,
fO, values (Table 3) are expressed as deviations from the
NNO buffer (ANNO values), calculated at the P and T of
interest.

Analytical methods

All run products were studied petrographically and exam-
ined by scanning electron microscopy (SEM). Two Cam-
eca electron microprobes at the Service Commun BRGM-
CNRS-UO, Orléans, were used for determining the com-
position of starting glasses and experimental phases. Typi-
cal analytical conditions were 15 kV (acceleration voltage),
6 nA (sample current), 610 s (counting time on peak) and
1-2 pm (beam size). For glass analyses, the beam was
defocussed to 8—10 um. For metallic sensor phases, the
acceleration voltage was 20 kV and the sample current
20 nA. Silicate and oxide standards, and ZAF and PAP
correction procedures were used. Analytical uncertainties
are estimated at 2% for SiO,, Al,O3 and CaO, 3% for FeO,
MgO and TiO,, and 5% for MnO, Na,O and K,0. Mass-
balance calculations were performed for each charge, using
a linear algorithm adapted from Albarede (1995). Con-
centrations of all major oxides (except Cr,O3;, MnO and
H,0) were simultaneously mass-balanced between all
phases present, using the composition of starting glasses
and experimental phases as input parameters. The phase

proportions, bulk composition and sum of residuals (ZR?)
were computed, the calculated FeO, concentration (FeO-
calc, Table 3) serving to estimate the amount of Fe loss.

The H,O concentration of three experimental glasses
(6-1, 7-2, 7-3, Table 3) was measured with the Cameca
IMS-3F ion microprobe of CRPG, Nancy, using procedures
described by Pichavant et al. (2002a). One glass (74,
Table 3) was analyzed for H,O by Karl Fischer titration
(KFT) at ISTO, Orléans (Pichavant et al. 2002b). For the
other experimental glasses, the H,O content was estimated
by electron microprobe using the by-difference method
(Devine et al. 1995; Di Carlo et al. 2006). Glasses of
known H,O concentrations (i.e., the starting glasses and
those analyzed by SIMS and KFT) were used as secondary
standards. These served to calibrate, for each electron
microprobe session, the H,O concentration of the glass as a
function of the difference between 100% and the glass
major element analytical totals. Standard deviations of
glass analytical totals indicates that H,O with this method
is determined with an uncertainty <0.6 wt% (13 charges),
and between 0.8 and 1 wt% (four charges).

Experimental results

A total of 22 experimental charges are reported on Table 3,
11 for STV301 and 11 for STV315. At 4 kbar, the exper-
iments cover a temperature range from 1,200 to 1,050°C.
Melt H,O concentrations range between 1.7 and 7.7 wt%
H,O for STV301, and between 1.6 and 5.1 wt% H,O for
STV315. The experimental fO, range is identical for the
two starting samples (ANNO = — 0.8 to +2.4; Table 3). The
10 kbar experiment was performed at a temperature near
1,050°C (run 1), thus allowing direct comparison with the
4 kbar, 1,050°C, experiment (run 4). However, the two
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0y g = 4 10 kbar charges are more H,O-rich (9.4 and 9.7 wt% for
] g 3 .
A~ EZ o % STV301 and STV315 respectively, Table 3) than the
g 3 '§) % 8 4 kbar charges.
z v x| 2 2 S
K] o < o o
X o s |log = o L.
_ 55” < CE: % Phase assemblages and quench crystallization
\ s =
X sV 9 ©
o — T
Q ;;E 8 g Olivine, clinopyroxene, amphibole, plagioclase and mag-
E = g é E netite occur as stable phases in both the STV301 and
¥ £ 2 = g STV315 charges (Table 3). Olivine forms large crystals
_ % 2 S5 g (>100 pm) at high temperatures (7 > 1,150°C), while, at
é % @ E» 2 lower temperatures (run 4, 1,050°C, Table 3), it tends to be
Ec%) g 3 é § smaller and/or have an irregular, rounded/embayed shape.
8 i g 2 S Clinopyroxene usually occurs as small, numerous equant
kel L . . . .
> £ ‘: § s crystals, typically 10-15 pm in size. Amphibole (10 kbar
o g E = X experiment only) crystallizes to abundant euhedral pris-
= © }'é £ = matic phases of around 20 um. Plagioclase is usually
17} < . . . . . . .
E e g & © 5-10 pm in size, difficult to distinguish optically from the
on < . . . .
< S8 Pl 3 glass, and its presence was ascertained from SEM imaging.
" g = % & Magnetite was found only in the two 10 kbar charges
5 §§ 5 = (Table 3). Cr-spinel, exclusive to the STV301 charges,
= P = 2 g crystallizes to grains up to 10 pm at 1,200°C. At lower
= 15) § ot = temperatures, its size reduces to 1-2 pm and detailed SEM
-2 & 8|27 S g examination is necessary to confirm its presence in run
W S S gg g é: products. Orthopyroxene, present in three STV315 charges
= RS g = only, forms euhedral prisms larger (20-30 um) than clin-
(5]
§ E/ 23 & £ opyroxene.
< . . . .
. ~ 8 z g g Despite the use of the rapid-quench device in the 4 kbar
1 < qza § ] 2 experiments, quench phases were recognized by SEM in
o, o £ .
@) Olg 2 2 = more than half of the charges (Table 3). At high tempera-
« ~ = |3 <2 2 .
% 3 213 oS g ture, small (1-5 pm) amphibole crystals nucleate around
g £ £15% § . Cr-spinel (STV301 charges 7-2, 7-3, Table 3), the propor-
2 5 E g z 3 % tion of quench crystals increasing with the melt HO con-
. NS R § § tent, i.e., in the order 7-2 > 7-3 (Table 3). One additional
] Q) L ] .
é 5 © § g 5 £ 1,200°C STV301 charge, not reported in Table 3 and con-
xg £ = taining an initial amount of ~7 wt% H,O, quenched to a fine
= oS = = »n . .
S| w *8 = intergrowth of 5-10 pm amphibole crystals. At lower
- S b .
% ﬁ _ ~ | E & < £ temperatures, ~1 pum needle-like crystals are present.
: ! =] = . . .
4 > Q 9| E g < B8 Nevertheless, no significant influence of quench crystalli-
N ol o % 3 E zation on the composition of the melt has been detected.
21 = B 8 2 The very low residuals of the mass-balance calculations
o = 3= 2 = Y
%D ; R I = %‘ ks g P 3 indicate that there is no need to include the quench phases in
2| 8 ‘ ! E S% o E’ the chemical budgets. Fe—-Mg partition coefficients between
%} o _ .. . . .
ol & o - fo“;) g < g 3 melt and olivine or pyroxenes vary significantly neither
o o =2 = . .
E: " pe p § T B 2 S 5 E between charges with and without quench phases (compare
& =53 EB £ ° for example the Kd"*™#_ | between charges 3-5 and 3-6,
QL I3 — < |72] Q . .
B w2 S '2, 5 Table 3), nor between charges with different amounts of
=3 <+ O o © [5) g
—_ = o 2 ]
=13 = 8 g é) n 2 K quench phases present (compare the Kde MgoH between
< g = EQ £ s zs % ;_‘3 Es 7-2 and 7-3, Table 3). Overall, quench crystallization was
- 3] o ] = . . . . .
E oy g > o % 4 ‘é g fé‘ ‘é 2 g z of negligible importance in the 4 kbar experiments.
= o~ = .. = - .
g = SX oxaeg g B The two charges from the 10 kbar experiment totally
3t ) S|32A82 2 58 8§ £ 8 . o
“l.] <z " % g T 973 8 % % g % lack textural features attributable to quench crystallization,
- oy S 35 g . .. .
% %‘J = E = E % OZ g é % e &35 5 on the basis of SEM examination. The explanation for an
FIOlIl2un ~u~1Z&« 2s o 5 o « apparently efficient quench despite the relatively slow
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quench rate (see above) is probably the high SiO, contents
of the two glasses, around 64.5 wt%, much higher than
the SiO, contents of the 4 kbar glasses (48.7-56.5 wt%,
Table 4).

Fe loss and mass-balance calculations

Fe losses range from +1% (i.e., Fe gain) to —10%, with an
average of —2% for the 22 charges reported (Table 3). The
highest Fe loss (-10%) is for charge 3-3 whose glass could
not be reliably analyzed (composition estimated in Ta-
ble 4) because of the high proportion of crystals present
(61%, Table 3). The four supraliquidus charges 6-4, 7-4,
7-5 and 7-6 (STV315) have Fe losses from —4 to —7%, the
average Fe loss for the STV315 4 kbar charges being —4%,
slightly higher than for the STV301 4 kbar charges (-1%).
This difference most probably comes from the method of
calculation of Fe loss, because an increased proportion of
Fe-rich phases (spinel or magnetite) is calculated to com-
pensate for Fe loss to the capsule. Thus, any potential Fe
loss in STV301 charges is hidden in increased amounts of
calculated spinel, explaining why STV315 charges (which
lack spinel) have slightly higher Fe losses. In other words,
—4% is probably more representative of the actual Fe loss
in STV301 charges than the —1% value calculated. These
small deficits (< —10% except for charge 3-3) indicate that
Fe loss has been successfully minimized in the 4 kbar
charges.

In the two magnetite-bearing 10 kbar charges, no Fe
losses were detected (Table 3). To check the possibility of
underestimation of Fe loss, the proportion of magnetite was
calculated by mass-balancing Cr,O3 between the starting
glass, magnetite and the experimental glass. For the
STV301 charge 1-9 (ran in Pt capsule, Table 3), the pro-
portion of magnetite obtained (5.7%) is in agreement with
that calculated with the eight major oxide algorithm
(5.2%), thus suggesting no underestimation of Fe loss. For
charge 1-5 (ran in AgPd capsule), a nil proportion of
magnetite was obtained, the sensitivity of the glass Cr,O3
analyses being insufficient to detect magnetite crystalliza-
tion in this low bulk Cr STV315 charge. Therefore, the
possibility of a non-zero Fe loss for charge 1-5 can not be
excluded.

Residuals of the mass-balance calculations (ZRZ, Ta-
ble 3) are generally very low, ranging from 0.02 to 1.04
(0.26 on average). Only three charges have TR* > 0.5 if
charge 3-3 is excluded. This compares favourably with
residuals from other studies (e.g., 0.02-0.13; Gaetani and
Grove 1998; 0.01 to >3, Pichavant et al. 2002a), and
indicates that constant bulk silicate compositions have been
essentially maintained in the two sets of experimental
charges. Residuals strongly correlate with Fe loss, thus

@ Springer

indicating that quench crystallization is not the main factor
responsible for the observed chemical dispersion.

Another oxide showing significant deficits is Na,O,
especially in charges from experiments 1, 4 and 3 (Ta-
ble 3). Na,O losses > —10% were commonly observed in
the mass-balance calculations. In comparison, charges
from experiments 6 and 7 yielded Na,O losses between +2
(i.e., Na,O gain) and —8%. Therefore, Na,O loss appears
specific to the lowest temperature, most H,O-rich charges.
These are also the charges that contain the most SiO,-rich
glasses and the lowest glass volume fractions, sometimes
making necessary the use of an electron beam smaller than
10 um. All these characteristics favour alkali migration
during analysis of the glass. Consequently, Na,O values for
glasses 4-1, 4-2, 4-3, 4-5, 3-2, 3-6, 1-5 have been ad-
justed upwards by applying correction factors determined
from the electron microprobe analysis of hydrous basaltic
andesite glasses (Pichavant et al. 2002b).

Equilibrium

All experiments from this study are of crystallization type
and attainment of equilibrium has not been tested from
reversals. However, several lines of evidence can be used
to evaluate the approach toward equilibrium in our exper-
iments.

1. Experimental durations (20 h on average) are in the
range of previous phase equilibrium studies on hy-
drous basalts (Sisson and Grove 1993a, b; Barclay and
Carmichael 2004; Di Carlo et al. 2006). Phase
assemblages and proportions of crystals vary in a
systematic and consistent way with experimental
conditions. One exception is provided by charge 4-6
(1,050°C, 2.2 wt% H,0 in glass, 23 h) which has a
negative proportion of opx (Table 3), probably the
result of an insufficient experimental duration.

2. Textural evidence (crystal morphologies, distribution
of mineral phases) suggests no difficulty of nucleation
and growth. The occurrence of quench phases indicates
that, when oversaturated with mineral components, the
hydrous melt readily crystallizes.

3. Crystals and glasses are compositionally homogeneous
for a given charge. Standard deviations for hydrous
glasses, olivines, amphiboles and plagioclases are in
the same range or lower than analytical dispersions
(Table 4). For pyroxenes, standard deviations for
Al,0O3, SiO, and MgO may slightly exceed the ana-
Iytical dispersion (both pyroxenes in charge 4-6,
clinopyroxene in charge 3-2, orthopyroxene in charge
3-6). Spinel is slightly heterogeneous in charge 4-3.
Experimental compositions vary in a systematic and
consistent way with T, H,O melt and fO,, except
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Cr—Al spinels in the low-temperature charges, as de-
tailed below.

4. Crystal-liquid exchange coefficients (K4) for olivine,
clinopyroxene, orthopyroxene, amphibole and plagio-
clase (Table 3) agree with values from the literature
under comparable conditions (discussed in detail be-
low). This suggests that equilibrium phase composi-
tions were obtained.

5. The low residuals from the mass-balance calculations
and the lack of large (>—10%) Fe losses in the exper-
iments show that bulk silicate compositions were kept
essentially constant. We conclude that all experiments
reported in Table 3, except probably charge 4-6, have
closely approached equilibrium.

Four kilobar phase relationships

The 4 kbar phase relationships for the HMB STV301 are
represented on a 7-H,O in melt section (Fig. 2). Spinel is
present in most charges, irrespective of the phase assem-
blage, but absent from the two driest and most reduced
charges (3-3 and 6-2, Table 3). In 6-2, a large (20 um)
grain of high-Cr spinel, with a lower-Cr rim, probably
represents refractory material left after preparation of the
starting glass and partially reacted during the experiment.
Olivine and spinel are the liquidus phases. The phase
diagram is characterized by a large primary ol field
(compare Graham 1981). At 1,200°C, the ol saturation
curve is bracketed by charge 7-2 (4.7 wt% H,0), and by
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Fig. 2 Near-liquidus 4 kbar T-H,O in melt phase diagram for high-
MgO basalt STV301 showing experimental data points, saturation
curves and stability fields. / liquid (silicate melt); ol olivine; cpx
clinopyroxene; plag plagioclase; sp Cr—Al spinel. Presence of spinel
indicated by sp adjacent to the data points. The proportion (3, 8,
11 wt%) of crystals present in the 1+ ol field is contoured. Data
points are labelled with the Fo content of olivine. All data in Tables 3
and 4
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the charge with 7 wt% H,O added which could not be
satisfactorily quenched but revealed that no phase other
than melt was present at run conditions. Using the high
pressure data of Pichavant et al (2002a), the ol saturation
curve is constrained to be relatively flat in T-H,O in melt
space (Fig. 2). Saturation curves for the other phases are
steeper, and in the order plag > cpx. These two phases co-
saturate over a small temperature interval and their satu-
ration curves are expected to cross for a melt H,O con-
centration around 1.5 wt% (Fig. 2). Saturation in cpx is
reached once around 12 wt% ol has crystallized, irrespec-
tive of temperature.

The T-H,O in melt 4 kbar isobaric section for basalt
STV315 has been constructed by using all the experimental
data points available, including charge 4-6. Cr—Al spinel is
absent, a result of the relatively low bulk Cr concentration
of the starting material (Table 1). STV315 is nearly mul-
tiply saturated with respect to ol, opx, cpx and plag for H,O
in melt and temperature around 3 wt% and 1,120°C. For
melt H,O concentrations > 3 wt%, olivine is the liquidus
phase, followed by cpx and plag. Saturation in cpx is
reached once a maximum of 5 wt% ol has precipitated.
Cpx and plag are both more abundant than ol (maximum
proportion <10 wt%). For melt H,O concentrations
<3 wt%, opx replaces ol through the ol + 1 = opx peritectic
reaction. The phase diagram is drawn with opx as the
liquidus phase (Fig. 3). Opx is always subordinate in
abundance to cpx and plag (charges 3-6 and 6-5, Table 3).

Ten kilobar phase relations

Results of the two 10 kbar charges (one for each starting
composition) are detailed in Table 3. Both are character-
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I(II) ' L L L L ' L L
0 2 4 6 8

H20 in melt (wt'%)

Fig. 3 Near-liquidus 4 kbar T-H,O in melt phase diagram for basalt
STV315 showing experimental data points, saturation curves and
stability fields. Opx orthopyroxene, other abbreviations as in Fig. 2.
All data in Table 3
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ized by the presence of amphibole as a major phase, with
proportions exceeding 30 wt% in the STV315 and 60 wt%
in the STV301 charge (Table 3). The melt at equilibrium
with amphibole in the two charges is very H,O-rich
(>9 wt%; Table 3) and silicic (>64 wt% SiO,, Table 4).
Amphibole is accompanied by cpx and mt, but ol and plag
are both absent. These results are consistent with previous
work on amphibole crystallization in hydrous basalts
(Cawthorn et al. 1973; Holloway and Burnham 1972;
Miintener et al. 2001; Barclay and Carmichael 2004; Grove
et al. 2003). They provide further evidence that amphibole
can reach saturation in high-MgO basalts.

The absence of amphibole in the 4 kbar phase assem-
blages (Table 3) underlines the marked contrast between
the 4 and 10 kbar results. However, amphibole is present in
STV301 experiments performed at 4 kbar, 1,000 and
1,025°C (Pichavant et al., in preparation), and is conse-
quently a subliquidus phase at this pressure. In contrast, at
10 kbar and for our specific H,O-rich conditions, amphi-
bole is closer to the STV301 liquidus. Therefore, increas-
ing pressure under near H,O-saturated conditions stabilizes
amphibole closer to the liquidus of high-MgO basaltic
melts (Holloway and Burnham 1972; Grove et al. 2003).

Compositions of experimental crystalline phases

Olivine has Fo contents ranging from 90.5 to 75.7, gener-
ally higher in STV301 (80-90.5) than in STV315 charges
(75.7-84.6, Table 4). On average, olivine contains
0.28 wt% CaO (range 0.17-0.43 wt%) and 0.25 wt% MnO
(range 0.14-0.37 wt%). The olivine-liquid exchange
coefficient (K5*™2 ) is 0.32 + 0.04 (Table 3, n = 14),
calculated with Fe as FeO, the glass FeO being determined
from Kress and Carmichael (1991), using data in Tables 3
and 4. This Ky is similar to those found in recent experi-
mental studies of hydrous basaltic compositions (0.27-
0.33, Sisson and Grove 1993a; 0.31-0.32, Pichavant et al.
2002a; 0.28 + 0.06, Barclay and Carmichael 2004;
0.36 + 0.04, Di Carlo et al. 2006). Olivine Fo contents
systematically decrease with decreasing melt fraction and
increasing ol mass fraction in the charge. Therefore, ol
proportion contours (e.g., Fig. 2) are correlated to olivine
Fo contours. For STV301, olivine crystallizing near the
liquidus has Fo between 90 and 91 (charge 7-2, Table 4;
Fig. 2). At the beginning of cpx crystallization, Fo is
around 86 (charges 6-1, 3-1 and 4-1, Table 4), decreasing
to 80-83 when plagioclase joins ol and cpx (charges 6-2, 3-
2, 3-3, 4-2, 4-3, Table 4). For STV315, Fo contents are
around 85 for near-liquidus olivines, 84 for cotectic
ol + cpx, and 80 for ol + cpx + plag (Table 4).
Clinopyroxene has Wo contents ranging from 48.5 to
31.6%, Fs from 5.4 to 14% and En from 42.8 to 54.4%
(pyroxene end-members calculated with Fe = Fe®*, Fe**

and Fe’* being computed after Lindsley 1983). Experi-
mental cpx is aluminous (4.92-8.32 wt% Al,053), Ti-poor
(0.44-1.20 wt% TiO,) and Cr-bearing (Table 4). On
average, both Al,O3 and TiO, are higher, and Cr,O; lower,
in STV301 than in STV315 charges. The 4 and 10 kbar cpx
compositions are similar. The clinopyroxene-liquid ex-
change coefficient (K§°™2.,,), calculated by averaging
the data for all cpx-bearing charges, is 0.29 = 0.08 (Ta-
ble 3, n = 13, calculations performed with Fe* in clino-
pyroxene and with glass FeO determined from Kress and
Carmichael 1991). This K4 overlaps with those from recent
experimental studies of hydrous basaltic compositions
(0.25-0.28, Sisson and Grove 1993a; 0.35 + 0.07, Di Carlo
et al. 2006).

The Ca atomic content in cpx (expressed here as Wo)
progressively decreases with decreasing H,O in the coex-
isting melt (see also Gaetani et al. 1993; Di Carlo et al.
2006). The decrease in Wo is best seen at constant tem-
perature, for example in the 6 charges at 1,050°C, 4 kbar
(run 4, Table 3). Mg# (calculated with Fe = F62+) and
Fe**/SFe (Fe = Fe®*, Fe’") is positively correlated with
melt H,O content and fO,, the highest values (Mg# = 89,
Fe**/SFe = 55%) being found in the most H,O-rich and
oxidized STV301 charges at 1,050°C, 4 kbar. The 10 kbar
cpx have lower Mg# and Fe’*/T Fe than the 4 kbar, a
consequence of the low glass fractions at 10 kbar.

Orthopyroxene (STV315 charges) has Fs from 17.2 to
21.8% and En from 73.6 to 77.6%. The Wo content ranges
from 4.6 to 5.3%, straddling the boundary between ensta-
tite and pigeonite. Mg# (77-82) is strongly correlated with
temperature, the most magnesian opx being found at
1,150°C (charge 6-5, Tables 3, 4). Orthopyroxene has
moderately high Al,O3 (2.17-4.66 wt%), low TiO, (0.2—
0.32 wt%) and contains some Cr,O3 (0.14-0.29 wt%). The
orthopyroxene-liquid exchange coefficient (ng*Mgopx_l),
calculated as for the ng*Mgcpx_l and averaging the data for
the 3 opx-bearing charges (i.e., including charge 4-6), is
0.28 = 0.02 (Table 3), similar to those found in recent
experimental studies on hydrous mafic compositions (0.32 +
0.02, Gaetani and Grove 1998; 0.34 + 0.04, Pichavant et al.
2002a).

Amphibole is a hornblende (hb) with moderately high
amounts of Al,O5 (A" = 1.64-1.69 apfu), 0.79-0.83 ca-
tions pfu in site A and very elevated Mg# (0.81-0.82,
calculated with FeO = FeO,). The hornblende-liquid ex-
change coefficients (K7°™€., ), calculated with FeO
= FeO, (in both hb and glass) are 0.31 and 0.38, (data in
Table 4), in good agreement with values from the literature
(0.30-0.38, Sisson and Grove 1993a; 0.36, Pichavant et al.
2002b; 0.32, Grove et al. 2003).

Plagioclase An content ranges from 69.2 to 85.4 and Or
from 0.4 to 1.4, overlapping between the two series of
charges. The plagioclase-liquid Ca—Na exchange coeffi-
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cient (K?*Naplag,nq) is strongly correlated with the H,O
content of the melt, increasing from 1.3 (1.5-2 wt% H,0)
to 4.5 (=6 wt% H,0), in good agreement with values for
basaltic compositions for comparable melt H,O concen-
trations (Sisson and Grove 1993a; Pichavant et al. 2002b;
Di Carlo et al. 2006). Plagioclase crystallizing together
with ol and cpx at 1,050°C under wet conditions (H,O in
melt = 5-6 wt%) is the most calcic (~Angs). At 1,150°C,
and for a melt H,O content around 2 wt%, plagioclase
coexisting with either ol or opx + cpx assemblages is
~AI17().

Cr—Al spinel has a narrow range of Cr#, from 29 to 44
(Table 4). Mg# (calculated with Fe = Fe?) regularly in-
creases with temperature, from 44 (1,050°C) to 70
(1,200°C). Both Fe**/=R** (R** = AI’*, Cr**, Fe**) and
Fe**/Z Fe increase with log fO», and good positive corre-
lations with ANNO are obtained if spinels from high-
temperature (>1,150°C) experiments (Table 4; Pichavant
et al. 2002a) are plotted. Olivine-spinel equilibria (Ball-
haus et al. 1991) applied to high-temperature charges 6-1,
7-2, 7-3 yield log fO, slightly lower than experimental
values, by 0.6, 0.3 and 0.9 log units, respectively. In con-
trast, when applied to the low-temperature (<1,100°C)
charges 4-1, 4-2, 4-3, 3-1, 3-2, log fO, higher than
experimental values by ~2 log units are obtained. In
experiments 3 and 4, spinels have low Cr contents, higher
Fe**/ZR*" and Fe**/Z Fe for a given ANNO than the high-
temperature spinels, and are too Cr-poor and Fe**-rich to
represent equilibrium compositions. Accordingly, spinel
compositions in the low-temperature experiments 3 and 4
have been corrected by increasing Cr and decreasing Fe**
(at constant Cr + Fe**) until the calculated log fO, (Ball-
haus et al. 1991) becomes identical to the experimental
value. In the following, only the corrected spinel compo-
sitions are used. Magnetites from the two 10 kbar charges
are compositionally very close, with 7 wt% TiO,, 3 wt%
Al,O3, 3.7 wt% MgO and <1 wt% Cr,0O5 (Table 4).

Composition of experimental glasses

The 4 kbar glasses have basaltic to basaltic andesite com-
positions, with a predominance of basalts in the STV301
charges (SiO, = 48.7 — 53.5 wt%), and of basaltic andesites
in the STV315 charges (SiO, = 52.3-56.5 wt%, Table 4).
The two 10 kbar glasses are dacitic (SiO, ~ 64.5 wt%). Six
STV301 glasses meet the compositional criteria for
arc HAB suggested by Draper and Johnston (1992), viz.
Si0, from 48 to 53 wt%, Al,O3 > ~ 17.5 wt%, CaO >
~ 8.5 wt%, and MgO < 9 wt%. The glasses from charge
7-2 and 7-3 are HMB, according to the Draper and John-
ston (1992) criteria, except that the TiO, -contents
(respectively 1.06 and 1.24 wt%) are higher than their
suggested ~0.75 wt%. Thus, the STV301 melts span the
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transition from HMB to HAB. Only one STV315 glass (3-
5) has an HAB composition, the SiO, contents of glasses 4-
4 and 4-5 being slightly too high to fullfill the criteria
above.

Glass SiO,, TiO,, Al,0O3, Na,O and K,O abundances
increase with progressive crystallization and differentiation,
while MgO, CaO and CaO/Al,O3 decrease. FeOy slightly
decreases during the initial stages of crystallization but
shows an increase in the driest and most reduced, plagio-
clase-rich charges (3-6, 6-2, 6-5, Tables 3, 4). The 10 kbar
glasses generally extend the trends defined by the 4 kbar
glasses, except for TiO, and FeO, which are strongly de-
pleted as a result of massive (>5 wt%) magnetite crystal-
lization in the 10 kbar charges. On the FeO/MgO versus
SiO, diagram (Fig. 4), the 4 and 10 kbar glasses are dra-
matically separated. The STV301 and STV315 4 kbar glass
trends are both slightly steeper than the tholeiitic-calc-
alkaline dividing line, which has been shown to correspond,
in terms of fO,, to the NNO + 1 isobar (Pichavant et al.
2002b, their figure 9). The STV301 and 315 trends (Fig. 4)
are consistent (Pichavant et al. 2002b) with experimental
fO, values being slightly more reduced on average than
NNO + 1 (the average A NNO is +0.5 for both sets of
4 kbar charges) although, in detail, fO, progressively de-
creases with crystallization, i.e., from lower to higher FeO/
MgO (Fig. 4). In contrast, the two 10 kbar charges have
very high SiO, and intermediate FeO/MgO, plotting well
into the calc-alkaline field (Fig. 4). Their position is con-
sistent with their strongly oxidizing (ANNO > +2) nature
and specific phase assemblage (amphibole + magnetite, see
Pichavant et al. 2002b).
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Fig. 4 Plot of FeO/MgO versus SiO, (Miyashiro 1974) for
experimental glasses (this study) and Soufriere natural products.
Lava whole-rock compositions from Graham and Thirlwall (1981)
and Heath et al. (1998). Glass inclusion represents the average of melt
inclusions in olivine from the 1979 eruption (Devine and Sigurdsson
1983). Interstitial glass represents the composition of an interstitial
scoria from a gabbroic cumulate (Lewis 1973a). Experimental data at
4 kbar except otherwise stated (10 kbar)
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Glass composition is primarily controlled by the type of
crystalline phase assemblage present. Using MgO as a
differentiation index, glass CaO and Al,O; concentrations
increase linearly as a result of olivine fractionation
(Fig. 5a, b). The highest CaO concentrations (12.8 and
10.9 wt% CaO for STV301 and STV315, respectively) are
reached before cpx joins the liquidus (Fig. 5a). For lower
MgO concentrations, CaO drops as a result of cpx and plag
crystallization. In comparison, Al,O3; concentrations in
glasses at equilibrium with ol + cpx monotonously increase
with decreasing MgO (Fig. 5b), reaching values >20 wt%
Al,O3 for MgO <5 wt% (Fig. 5b). This provides extra
evidence that the view of Crawford et al. (1987), that HAB
never exist as liquids and form instead by plagioclase
accumulation, is unjustified as a general hypothesis. The
10 kbar charges, which are plagioclase-free, have glass
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Fig. 5 MgO variation diagrams (a CaO; b Al,0O5) for experimental
glasses (this study) and Soufriere natural products (Fig. 4). Experi-
mental data at 4 kbar except otherwise stated (10 kbar). Data points
separated by phase assemblage, with starting glasses and ol + 1
charges plotted under the same symbol. For STV315, all cpx + plag-
bearing charges, either ol-bearing, ol-free or opx-bearing are plotted
under the same symbol. In (a), the experimental glasses from the
anhydrous high-pressure experiments of Draper and Johnston (1992)
are shown for comparison with the hydrous trends from this study.
The HAB (high-alumina basalt) boxes are constructed from the
compositional criteria suggested by Draper and Johnston (1992).
Abbreviations as in Fig. 2

Al,O3 concentrations of ~22 wt% and ~8 wt% CaO at
MgO < 1 wt%. In contrast, at 4 kbar, Al,O3 concentrations
are limited by plagioclase saturation. Since H,O suppresses
plagioclase crystallization (Figs. 2, 3), the highest glass
Al,O5 concentrations are obtained in the most H,O-rich
charges, obtained at 1,050°C (4-2, 4-3) which contain the
highest mass fractions of ol + cpx + sp at the point of
plagioclase saturation (Fig. 6). Glass Al,O5 concentrations
reach 21.0 wt% in the STV301 charges (4-3) and, in
STV315, 19.1 (4-5, opx-free) and 19.2 wt% (4-6, opx-
bearing). Therefore, the attainment of elevated Al,Oj
concentrations in residual glasses requires both high melt
H,O concentrations and low temperatures.

In comparison with the 4 kbar hydrous trends from this
study (see also Sisson and Grove 1993a; Gaetani et al.
1994 for similar results at P < 4 kbar), glasses from the
high-pressure and anhydrous crystallization of HMB
(Draper and Johnston 1992) are characterized by lower
CaO at a given MgO, plotting outside the HAB field for
typical MgO concentrations of 4-5 wt% (Fig. 5a). These
results are the direct consequence of the respective crys-
tallization sequences. Hydrous conditions stabilise olivine-
only crystallization for a substantial temperature interval
(Fig. 2), allowing Ca enrichment in residual melts. Calcic
phases precipitate much earlier in high pressure and
anhydrous melts (Draper and Johnston 1992): at 10 kbar,
clinopyroxene + plagioclase (+orthopyroxene) join olivine
at 1,275°C and subsequent melts show Ca depletion.
Macdonald et al. (2000) divided the Lesser Antilles
basaltic rocks into two groups, the key compositional dif-
ference being the CaO abundances at a given MgO level.
Protracted olivine-only crystallization leads to the Ca
enrichment seen in the high-Ca group, represented on
Fig. 5a by the STV301 4 kbar hydrous trend; early cotectic
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Fig. 6 Al,O3 contents of experimental liquids as a function of their
melt H,O content. Experimental data for STV301 only and at 4 kbar
except otherwise stated (10 kbar). Data points separated by phase
assemblage, as in Fig. 5, and labelled with proportions of crystals in
the charges (wt%, Table 3). Abbreviations as in Fig. 2
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crystallization of ol + cpx (+plag) generates melts poorer
in Ca (the 10 kbar and anhydrous Draper and Johnston
trend on Fig. 5a).

Discussion

Hydrous basalt crystallization and genesis
of the calc-alkaline suite

The earliest stage of fractionation of primitive, hydrous,
low-K,0 arc basalts is dominated by crystallization of
ol + sp and ol + cpx + sp. High-MgO liquids such as
STV301 crystallize ol + cpx over a substantial temperature
interval (Fig. 2; see also Graham 1981; Sisson and Grove
1993a; Gaetani et al. 1994). In less magnesian liquids such
as STV315, ol and cpx appear nearly simultaneously
(Fig. 3). Plagioclase was found as a near-liquidus phase
neither in STV301 nor in STV315. For H,O concentrations
above either ~1.5 (STV301) or ~3 (STV315) wt%, plag is
the third silicate to crystallize (Fig. 2, 3). The liquid lines
of descent reflect the combined effects of ol + cpx frac-
tionation and suppression of plagioclase crystallization
(e.g., Yoder 1965; Sisson and Grove 1993a). Residual
liquids at equilibrium with ol + cpx + sp assemblages are
progressively depleted in ol and cpx components, and en-
riched in plag (Fig. 7, 8) and qz (Fig. 8) components,
essential features of the calc-alkaline differentiation trend
(e.g., Grove and Baker 1984; Gust and Perfit 1987; Sisson
and Grove 1993a). Thus, early crystallization of ferro-
magnesian silicates produces compositions typical of the

more evolved members of the arc sequence. The effect of
H,O on residual melt composition is directly seen at con-
stant pressure by comparing, for STV301, charges 6-2
(1.7 wt% H,0) with 4-3 (5.9 wt%) and, for STV315,
charges 6-5 (1.6 wt%) with 4-5 (3.9 wt%, Figs. 7, 8).
Saturation in plagioclase occurs at lower normative plag in
glasses with low rather than high H,O contents.

Spinel may be present during the early stages of
ol + cpx fractionation, as illustrated by the STV301 char-
ges. Fractionation of sp depletes the residual melt in FeO,,
to a lesser extent in MgO, increases SiO, and alkalis, and
shifts the melt composition toward the calc-alkaline field
(Fig. 4). The proportion of crystallizing sp exerts an
important influence on the FeO/MgO of the melt (Fig. 4;
see also Sisson and Grove 1993a; Pichavant et al. 2002b).
Therefore, when sp is a near-liquidus phase, the composi-
tional effects arising from the early crystallization of fer-
romagnesian silicates are amplified. Early crystallization of
sp has been ascribed to the influence of hydrous conditions
(Sisson and Grove 1993a). However, other factors such as
high fO, and bulk composition (in particular high Cr) may
be more effective than H,O in stabilizing spinel near the
liquidus of basaltic melts. The lack of sp in the two
STV301 charges 3-3 and 6-2 (which are the less oxidized
of the STV301 charges) and in all STV315 charges (from a
relatively low Cr bulk composition, Table 1) illustrates the
importance of these two parameters.

Early hornblende crystallization will introduce major
changes in the fractionation scheme above. Olivine and
cpx, if present, will be resorbed (e.g., Holloway and
Burnham 1972; Barclay and Carmichael 2004). In terms of
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Fig. 7 Pseudo-ternary Ol-Plag-Cpx diagrams showing compositions
of experimental glasses (STV301: left diagram; STV315: middle
diagram) and Soufriere natural products (right diagram, significance
of data points as in Fig. 4). Projection scheme of Tormey et al (1987).
Data points separated by phase assemblage, as in Fig. 5.
Ol + cpx + plag + | data points labelled with melt H,O concentra-
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tions (see text). Stability field and field boundaries (curved lines) are
indicated. Dashed lines are olivine control lines. Corundum-norma-
tive glasses 1-5, 1-9 (10 kbar charges) and glass 4-6 (see text) are
not shown. For clarity, the supraliquidus glasses 6-4, 7-4, 7-5, 7-6
(STV315) have not been plotted. Abbreviations as in Fig. 2
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Projection scheme of Tormey et al. (1987). Data points separated by
phase assemblage, as in Fig. 5. Ol + cpx + plag + 1 data points
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1-5, 1-9 (10 kbar charges) and glass 4-6 (see text) are not shown. For
clarity, the supraliquidus glasses 6-4, 7-4, 7-5, 7-6 (STV315) have not
been plotted. Abbreviations as in Fig. 2

major element fractionation, hb-bearing assemblages lead
to a slight decrease of CaO, and to an increase of Al,O; at
decreasing MgO, similar to that observed for ol + cpx
fractionation (Fig. 5). However, the SiO, content of the
residual liquid will be much higher as a result of hb than of
ol + cpx fractionation (Fig. 4). Therefore, there should be a
major difference in the silica content of residual magmas
depending on the fractionation scheme, respectively HAB
in the case of ol + cpx fractionation and andesites or more
evolved rocks in the case of hb fractionation. A comparison
between the 4 and 10 kbar glasses (Fig. 4) clearly illus-
trates this point. However, to affect early fractionation in
hydrous basaltic melts, hornblende has to be a near-liqui-
dus phase. This requires pressures in the lower crustal/
upper mantle range, elevated H,O concentrations and
appropriate melt compositions (Holloway and Burnham
1972; Grove et al. 2003).

The fact that opx occurs in STV315 but is absent from
STV301 charges indicates compositional control on opx
stability. The three opx-bearing charges have glass SiO,
contents of 52.6, 54.6 and 56.5 wt% (Table 4). This in-
cludes the two most silica-rich among the 4 kbar glasses,
and suggests that melt compositions with at least ~53 wt%
SiO, (i.e. basaltic andesite and more evolved) are required
to crystallize opx in hydrous basaltic bulk compositions.
Opx appears in virtually all natural Lesser Antilles suites,

at ~4 wt% MgO (Macdonald et al. 2000). However, the
opx stability field is restricted to the low-H,O in melt
portion of the 4 kbar phase diagram (Fig. 3). At melt H,O
contents <3 wt%, opx appears as a reaction product be-
tween ol and melt. At higher melt H,O contents, opx is no
longer present, indicating that opx is stable only for low
melt H,O concentrations in mafic to intermediate melts
(see also Sisson and Grove 1993a; Martel et al. 1999;
Pichavant et al. 2002b). The effect of H,O on opx stability
is, in our experiments, demonstrated at constant pressure,
but not at strictly constant fO, since ANNO increases along
with increasing melt H;O content. However, Pichavant
et al. (2002b) have shown that increasing fO, at constant
melt H,O concentration depresses opx stability. Therefore,
both the melt H,O content and fO, have the same type of
influence on opx stability.

Al,O5 content of arc basaltic liquids

The depression of plagioclase crystallization in hydrous
systems leads to an enrichment of the residual melt in
Al,O3 (Figs. 5b, 6) and Plag components (Figs. 7, 8).
Therefore, a relation between the Al,O; content of the
residual melt and its H,O concentration is expected
(Fig. 6). Hydrous conditions, when combined with low-
temperatures, generate residual melts with high Al,O3
concentrations because ferromagnesian silicates and oxides
may crystallize in large amounts before plagioclase starts
to precipitate. We have empirically regressed the Al,O3
content of experimental liquids as a function of the melt
H,O concentration, temperature and melt composition, to
provide a melt-based geohygrometer applicable to arc
basaltic liquids (see also Sisson and Grove 1993b).

The regression has been calibrated from a set of 34
hydrous mafic liquids mainly from low pressure experi-
ments (32 at P < 4 kbar, 2 at 10 kbar). The total range of
melt H,O concentrations is 1.2-9.7 wt%, with a majority
between 2 and 6 wt%. Only charges with assemblages of
four and five phases have been considered to restrict the
variance (Sisson and Grove 1993b). With the exception of
four charges, the database comprises only plagioclase-sat-
urated experiments because plagioclase effectively limits
the Al,O5; concentration in the melt (Figs. 5b, 6). Excep-
tions include two 4 kbar ol + cpx + sp charges close to
plagioclase saturation (4-2, 3-2, Table 3) and the two
10 kbar charges from this study (1-5, 1-9, Table 3) which
have been included to extend the range of melt Al,O3 and
H,O concentrations. Except these two 10 kbar charges, all
melts in the calibrating database have SiO, < 55 wt%, FeO
< 10 wt%, MgO > 3.5 wt% and K,O < 3.5 wt% (anhy-
drous basis). The formulation of the model is given in
Table 5. Pressure was not included in the regression
because most calibrating experiments are <4 kbar. The

@ Springer



552

Contrib Mineral Petrol (2007) 154:535-558

Table 5 Calibration, formulation and parameters for the Al,Oz in melt hygrometer

ALOs; = A + B/T) + D*H,0 + E*Si0, + F*CaO + G*MgO + H*Na,O + I*K,0

Si0,, Al,03, CaO, MgO, Na,O and K,O in wt% (from glass major element composition normalized to 100% volatile-free), H,O in wt%, T in °C

A B C D E

F G H I

81.2265 —362.5553 0.3565 0.7632

—0.4757

—0.3524 —-0.9902 —0.6634 -0.1160

Data source for the calibration: Sisson and Grove (1993a; 1993b); Gaetani et al. (1994); Grove et al. (2003); Di Carlo et al. (2006), this study

regression should be seen as no more than an empirical fit
of the Al,O5; contents of low-pressure, plagioclase-satu-
rated, hydrous basaltic liquids as a function of temperature
and melt H,O content. The correlation coefficient (%) is
0.92 and the expression of Table 5 recovers the melt Al,O3
and H,O concentrations of the calibrating experiments with
average errors of +0.3 and +0.5 wt%, respectively.

The average of olivine-hosted glass inclusions (SiO, <
54 wt%) in the 1979 Soufriere eruption products (Devine
and Sigurdsson 1983) yields calculated melt H,O concen-
trations in the range 6.1-4.0 wt% for temperatures between
950 and 1,100°C (Fig. 9). For an interstitial glass in a
gabbroic cumulate (Lewis 1973a), the calculated melt H,O
concentration is 4.6 wt% at 950°C. Values between 4.4
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Fig. 9 Calculated melt H,O contents and temperatures for selected
arc basaltic liquids. The calculations use the geohygrometer described
in text and Table 5. Input data for the calculations are major element
compositions of melt inclusion except for one interstitial glass from a
Soufriere gabbroic cumulate. When no constraints are available on
temperature, melt H,O concentrations are calculated between 950 and
1,100°C (solid and dashed curves, grey field). For the interstitial
glass, a temperature of 950°C is assumed. In other cases, the
geohygrometer computes either H,O in melt when temperature is
available (Adak) or temperature when the melt H,O content is known
(Cerro Negro, Fuego). Compositions of the Soufriere interstitial glass
from Lewis (1973a) and of the Soufriere inclusion from Devine and
Sigurdsson (1983). Compositions of other melt inclusions: St Vincent
(Bouvier et al. written communication, 2006), Kick’em-Jenny (De-
vine and Sigurdsson 1995), Adak (Schiano et al. 2004), Cerro Negro
(Roggensack et al. 1997), Fuego (Roggensack 2001), Shasta (Sisson
and Grove 1993b)
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(1,100°C) and 6.6 (950°C) wt% H,O are obtained for one
basaltic inclusion trapped in olivine from the Kick’em
Jenny submarine volcano (Devine and Sigurdsson 1995).
Representative glass inclusions from a large data set on St
Vincent island (Bouvier et al., written communication
2006) yield a total range of H,O concentrations between
4.4 and 7.5 wt% (Fig. 9). Therefore, the Al,O3 in melt
regression establishes the presence of relatively H,O-rich
basaltic liquids at St Vincent and elsewhere in the Lesser
Antilles, and in other arcs as well (Fig. 9). Note that pla-
gioclase saturation is assumed in the calculations above. If
this is not the case, then the H,O concentrations are max-
imum values.

Early petrogenetic evolution of the Soufriere suite

Magmas sustaining the activity of Soufriere in the last few
thousand years have dominantly been low-MgO basalts and
basaltic andesites (Graham and Thirlwall 1981; Bardintzeff
1983; Devine and Sigurdsson 1983; Heath et al. 1998;
Fig. 1). There is agreement that these magmas are derived
from primitive basaltic parents (Graham and Thirlwall
1981; Bardintzeff 1983; Devine and Sigurdsson 1983;
Heath et al. 1998). Heath et al. (1998) have suggested that
HMB similar to the older erupted (STV301) are parental to
the recent basaltic andesites (see also Graham and Thirl-
wall 1981). Below, our experimental results are combined
with existing mineralogical and petrological data (Graham
and Thirlwall 1981; Marcelot et al. 1981; Heath et al.
1998) to constrain early differentiation in the Soufriere
lavas.

Compositions of olivine from the Soufriere suite are
compared with experimental olivines in Fig. 10. The nat-
ural olivines show a large variation in Fo content, from <60
to about 90. Olivines with Fo > 88 occur in lavas of vari-
ous types and eruption ages (Heath et al. 1998). In these
different rock types, olivines have identical maximum Fo
contents (89.4 in HMB; 89.6 in basalts; 89.7 in basaltic
andesites, Marcelot et al. 1981; Heath et al. 1998), sug-
gesting parental melts with constant Mg#. The occurrence
of Fo-rich olivines in rocks that are too evolved on the
basis of olivine-liquid equilibrium (i.e., Fogg s in STV315,
much higher than the maximum in experiments, Fog, ¢),
suggests that primitive magmas, presumably HMB, are
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Fig. 10 CaO in experimental (this study) and natural (Marcelot et al.
1981; Heath et al. 1998) olivines plotted as a function of their
forsterite (Fo) content. Compositions of olivines in peridotite
xenoliths from Grenada after Parkinson et al. (2003). Olivine
composition in charge 4-1 (discussed in text) is indicated

involved in the genesis of these rocks, and indicates
transfer of phenocrysts from primitive to more evolved
magmas, most probably during magma mixing.

Olivines with CaO <0.1 wt% include a primitive group
with Fo up to 89.7 and Ni up to 0.38 wt% (Marcelot et al.
1981; Heath et al. 1998). On Fig. 10, these five composi-
tions nearly overlap with olivines from the peridotite
xenoliths of Grenada (Parkinson et al. 2003). We interpret
these ol compositions are representing crystals disaggre-
gated from mantle rocks, presumably xenoliths, and en-
trained in the Soufriere magmas.

The maximum Fo in STV301 experiments (90.5) ex-
ceeds that of olivine phenocrysts (89.6). Calculated Fo of
liquidus ol range between 90.3 (NNO) to 93 (NNO + 2.5),
using STV301 glass composition from Table 4, K5, |
from this study and melt FeO from Kress and Carmichael
(1991). Therefore, ol phenocryst compositions require that
the parental basaltic melts at Soufriere are slightly less
primitive than STV301. The composition of a parental melt
has been calculated by incrementally subtracting olivine
with equilibrium Fe/Mg ratio from the STV301 bulk
composition until a Mg# in equilibrium with Fogg¢ is
reached. The resulting melt (PARI1, Table 1) is a HMB
with a Mg# (73.5) slightly lower than STV301 (76.8 at
NNO + 1).

Natural cpx have Mg# (calculated with Fe = Fe*")
ranging from 66 to 91, mostly <80 (Graham and Thirlwall
1981; Marcelot et al. 1981; Heath et al. 1998), indicating
that a majority of cpx in the Soufriere suite crystallized
from relatively evolved melts. Cpx in STV301 have Mg#
up to 90 (Fig. 11). One critical observation is the splitting
of the most magnesian (Mg# >85) natural cpx population
into two compositionally distinct groups, based on their
Al,O3 and TiO, (Fig. 11). The Al- and Ti-rich cpx (group
1, maximum Mg# = 90) are well matched by the experi-
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Fig. 11 Al,0O5; (a) and TiO, (b) in experimental (this study) and
natural (Graham and Thirlwall 1981; Marcelot et al. 1981; Heath
et al. 1998) clinopyroxenes plotted as a function of their Mg#,
calculated with Fe = Fe**. Compositions of cpx in peridotite
xenoliths from Grenada after Parkinson et al. (2003). Cpx composi-
tions in charges 4-1, 4-2 and 3-2 (discussed in text) are indicated

mental cpx compositions, and are interpreted as early
phenocrysts from primitive basaltic liquids. In contrast, the
Al- and Ti-poor compositions (group 2, maximum
Mg# = 91) have not been experimentally reproduced. Both
groups are Cr-rich (group 1: 0.69-0.99; group 2: 0.22—
0.87 wt% Cr,0;), but Fe**/T Fe at equivalent Mg# is
distinctly higher in group 1 than in group 2 cpx. Since
group 2 extends to the cpx compositions in the peridotite
xenoliths from Grenada (Fig. 11; Parkinson et al. 2003),
these crystals are interpreted as coming from similar peri-
dotite xenoliths and incompletely reequilibrated in the
Soufriere lavas.

Experimental charges in which the composition of
magnesian group 1 cpx phenocrysts is approached con-
strain the composition of cotectic melts. The melt in charge
4-1 can be taken as the cotectic melt at the point of cpx
saturation since that charge has the lowest proportion of
cpx. From there, the composition of parental Soufriere
melts can be calculated by incrementally adding olivine
with equilibrium Fe/Mg ratio to glass 4-1 until a Mg# at
equilibrium with Fogg ¢ 0l is reached. The parental melt
obtained is again a HMB (PAR2, Table 1), slightly higher
in Al,O3 and MgO, and lower in FeO, and CaO than PARI.
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Soufriere spinel compositions are Cr- and Fe’*-rich
(Fig. 12; Marcelot et al. 1981; Heath et al. 1998), typical
of primitive arc basalts (Arculus 1978; Eggins 1993). The
most magnesian varieties (Mg# = 53, Cr# = 51) are similar
to the less refractory spinels in the Grenada peridotite
xenoliths (Parkinson et al. 2003). Spinels from the high-
temperature (>1,150°C) charges are more magnesian than
spinels in the rocks, suggesting that these latter equilibrated
at temperatures <1,150°C. Spinels from the low-tempera-
ture (<1,100°C) charges approach the most magnesian and
aluminous spinels in STV301 (Fig. 12).

In summary, phenocrysts in the Soufriere suite include a
distinctive primitive assemblage with ol (Foggg), cpx
(Mg# =90) and Cr-Al sp (Mg# =53, Cr=51), which
marks the earliest stages of magma crystallization and
differentiation. The recognition of ol and cpx with typical
mantle compositions links magma generation and equili-
bration in the mantle and the early crystallization history.
Hornblende is absent as a phenocryst in the Soufriere lavas.
However, it is a major phase in the gabbroic cumulates
(e.g., Lewis 1973a, b; Arculus and Wills 1980). In these
cumulates, hb may coexist with ol and cpx, both of rela-
tively low Mg# (e.g., unzoned Mg# 72 hb coexisting with
Fo;¢ and Mg# 84 cpx, Lewis, 1973a, b), suggesting that
amphibole crystallizes relatively late. Hornblendes in the
cumulates have Mg# ranging from 68 to 78 with a majority
in the range 70-72 (Pichavant, Maury and Macdonald,
unpublished data), and thus are less magnesian than
the amphiboles in the 10 kbar charges (Mg# = 81-82,
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Fig. 12 Cr# (a) and Fe>*/ZR>" (b) in experimental (this study) and
natural (Marcelot et al. 1981; Heath et al. 1998) spinels as a function
of their Mg#. Cr—Al spinels and magnetite plotted with the same
symbol. Compositions of spinel in peridotite xenoliths from Grenada
after Parkinson et al. (2003). Core and rim indicate compositions of
the partially reacted spinel grain in charge 6-2 (see text). For charges
4-1, 4-2, 4-3, 3-1, 3-2, the corrected spinel compositions are plotted
(see text)
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Table 4). This indicates that the cumulate hornblendes
crystallized from melts less primitive than STV301 and
STV315. We, therefore, conclude that amphibole plays no
role in the early petrogenetic evolution of the Soufriere
suite, which is controlled by ol + cpx + sp fractionation.

T-H,O-fO, of parental Soufriere liquids: constraints
from primitive phenocrysts

In charges 4-1 and 4-2 at 1050°C (7.7 and 6.3 wt% H,0),
experimental cpx have Mg# nearly identical to the maxi-
mum of phenocrysts, whereas Al,O3; and TiO, are both
slightly lower (Fig. 11). At 1,100°C (charge 3-2, 4.2 wt%
H,0), experimental cpx has slightly higher Al,05 and TiO,
but lower Mg# than the most magnesian phenocryst.
Additional constraints on melt H,O content and pressure
are obtained from AIY' in cpx (Fig. 14). The AlY! of the
most magnesian cpx phenocryst is bracketed by charges 4-
1 and 4-2, on one hand, and 3-2 on the other (Fig. 14).
Therefore, this cpx crystallized from melts containing 5—
6 wt% H,0 at ~1,060°C (Fig. 11). Although precise con-
straints on pressure are lacking, the low Al1Y" of primitive
cpx phenocrysts rule out crystallization at pressures
>10 kbar (Fig. 14). The data at 4 kbar reproduce satisfac-
torily the compositional characteristics of these primitive
cpx and we conclude that they crystallized in the middle
crust.

Since ol is the liquidus phase for parental melts PAR1
and PAR?2, olivine crystallization must necessarily begin at
temperatures >1,060°C and for melt H,O contents slightly
(~10%) less than for cotectic conditions if a closed-system,
incompatible, behaviour is assumed for H,O. This is be-
cause ~10 wt% ol must crystallize before the ol + cpx
cotectic is reached (Fig. 2). Although olivine in charge 4-1
(1,050°C) is the closest to the high-Fo end of the olivine
natural trend (Fig. 10), it has a Fo (86.6) lower than the
maximum of phenocrysts (89.6), confirming that the most
Fo-rich olivines crystallized at temperatures >1,050°C.
Temperatures of a minimum of 1,100°C are implied by the
most magnesian spinel phenocryst in STV301 (Fig. 13a).
For T > 1,050°C but melt H;O contents <4 wt%, experi-
mental ol have CaO contents higher than the natural
compositions (Fig. 10). An ol with Fogg; and 0.20 wt%
CaO crystallized in one additional 4 kbar STV301 exper-
iment at 1,150°C and for 5.9 wt% H,O in melt (Pichavant
et al., in preparation). Taking a melt H,O content of
5 wt%, a liquidus temperature of ~ 1,160°C is obtained for
the parental Soufriere melts (Mg# = 73.5) by interpolating
the liquidus temperatures for STV301 (Mg# = 76.8) and
STV315 (Mg# = 69, calculations at NNO + 1). Although
based on experimental data obtained at 4 kbar, this inferred
liquidus temperature will not vary significantly with pres-
sure because experiments on STV301 have shown that,
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between 8—15 kbar and for a melt H>O content of 4.5 wt%,
the slope of the ol liquidus is nearly vertical in P-T space
(Pichavant et al. 2002a) (Fig. 14).

The most magnesian spinel composition has a Fe>*/X Fe
ratio suggesting equilibration at ANNO = +1.5-2.0
(Fig. 13b). These strongly oxidizing conditions are con-
sistent with redox states inferred for the Grenada lavas
(Parkinson et al. 2003), and provide further evidence for
the existence of oxidized primitive basaltic liquids.

Magmatism in the Lesser Antilles arc

One important conclusion from this paper is the demon-
stration that the primitive phenocryst assemblage present in
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Fig. 13 Compositions of experimental spinels. (a) Mg# vs. temper-
ature; (b) Fe**/X Fe versus ANNO. Cr—Al spinels and magnetite
plotted with the same symbol. Data from this study (black and grey
symbols) at 4 kbar except otherwise stated (10 kbar), and from
Pichavant et al. (2002a) at 10-15 kbar (open symbols). The
horizontal lines drawn give the Mg# (a) and the Fe**/T Fe (b) of
the most Mg#-rich sp of the Soufriere suite, respectively (see
Fig. 12). Dashed lines are hand-drawn regressions of the experi-
mental data points. In a, the two 10 kbar magnetites have lower Mg#
than the regression line since they coexist with high amounts of
Mg-rich hornblende (Table 3). Corrected spinel compositions plotted
for experiments < 1,100°C (see text)

Soufriere lavas crystallized from near-primary parental
melts containing ~5 wt% H,O. From an estimate of the
H,O content of the subarc mantle source, Pichavant et al.
(2002a) suggested that high-MgO (12.5 wt%) primary
melts may have H,O concentrations as high as 5.5 wt%.
Therefore, the H,O concentration determined here for the
primitive Soufriere liquids lies within the range considered
possible for Lesser Antilles mantle melts. Since the Souf-
riere rocks are representative of the primitive group from
the southern part of the arc, it is likely that lavas from
Grenada, Kick’em Jenny and the Grenadines can have H,O
contents similar to those determined here for St Vincent.
Parental melts with ~5 wt% H,O will differentiate to more
water-rich residual melts. For example, since 30-40%
ol + cpx + sp crystallization is necessary to drive the melt
from HMB to HAB composition (Fig. 6; see also Sisson
and Grove 1993b), HAB-like melts with 7-8 wt% H,O will
be generated, if water follows a closed-system, incompat-
ible, behaviour. This range is consistent with melt H,O
concentrations calculated by applying the Al,Os3 in melt
hygrometer to the Soufriere and St. Vincent inclusions
(Fig. 9), and with the presence of amphibole as a major
phase in the gabbroic cumulates at St Vincent and else-
where in the arc.

The H,O-rich nature of the Soufriere parental liquids
may seem to be inconsistent with evidence suggesting
drier conditions, such as glass inclusion data and high-
pressure phase equilibria. For example, Pichavant et al.
(2002a) concluded that HMB are extracted relatively dry
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Fig. 14 A1'" in experimental clinopyroxenes (atom per formula unit,
apfu) plotted as a function of the H,O content of the coexisting melt
(Wt%) for STV301 at different pressures and STV315 at 4 kbar.
Experimental data at 4 and 10 kbar (black and grey symbols) from
this study; Experimental data at 10-17.5 kbar (open symbols) from
Pichavant et al. (2002a) with data points labelled with pressure in
kbar. The horizontal line drawn gives the AlY" of the most Mg#-rich
cpx of the Soufriere suite (see Fig. 11). Dashed lines are hand-drawn
regressions of the experimental data points. 4-1, 4-2, 3-2 refer to
experimental charges (Table 3)
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(~ 2 wt% H,0O) from their mantle source, and erupted/
emplaced virtually unmodified at the surface. In contrast,
this study shows that other HMB liquids are more water-
rich. Therefore, primitive basaltic liquids at Soufriere have
a range of H,O concentrations (2-5 wt%). Only the driest
may erupt unmodified while the more water-rich crystal-
lize and differentiate at depth, producing the more frac-
tionated members of the Soufriere suite. The variability of
primary arc magmas in terms of H,O contents may reflect
temporal and spatial heterogeneities of H,O distribution in
the mantle wedge.

Conclusions

1. Primitive basaltic liquids from the Lesser Antilles arc
have been experimentally crystallized at crustal pres-
sures, under oxidizing conditions and in the presence
of added water. The experiments simulate the early
stages of fractionation in calc-alkaline magma series.

2. In the presence of water, crystallization of olivine and
clinopyroxene is promoted, plagioclase crystallization
is suppressed. Early spinel crystallization is favoured
by the presence of H,0, but also by high fO, and high
bulk Cr. The earliest stages of fractionation of primi-
tive arc basalts are dominated by crystallization of
ol + cpx + sp assemblages. Orthopyroxene crystalli-
zation is restricted to >53 wt% SiO, in the coexisting
melt, and is suppressed by high melt H,O contents and
oxidizing fO,.

3. Residual melts from the crystallization of
ol + cpx + sp assemblages are depleted in MgO, to a
lesser extent in FeO,, and in Ol and Cpx components.
They are enriched in SiO,, Al,O5, CaO, alkalis and Qz
and Plag components, producing evolved compositions
typical of the arc sequence. HAB are generated after
30-40% crystallization of HMB, stressing the exis-
tence of a genetic link between high-Al and high-Mg
basaltic magmas in the Lesser Antilles and other arcs.

4. The role of H,O in depressing plagioclase crystalli-
zation leads to a direct relation between the Al,O3
content of the residual melt and its H,O concentration.
The Al,O5 content of natural basaltic liquids can be
used as a geohygrometer.

5. Phenocrysts in the Soufriere suite include a primitive
assemblage with ol (Foggg), cpx (Mg# = 90) and Cr—
Al sp (Mg# = 53, Cr = 51). The presence of ol and cpx
with typical mantle compositions links magma gener-
ation/equilibration in the mantle and the early crys-
tallization history. Hornblende plays no role in the
early petrogenetic evolution.

6. The most magnesian phenocrysts in the Soufriere suite
crystallized from near-primary (Mg# = 73.5), hydrous
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(=5 wt% H,0) and very oxidized (ANNO = +1.5-2.0)
HMB liquids at middle crustal pressures and temper-
atures from ~1,160 to ~1,060°C. These liquids were
parental to HAB melts containing 7-8 wt% dissolved
H,O0.

7. At Soufriere, the primitive basaltic liquids have a
range of H,O concentrations (2-5 wt%). Only the
driest erupt whilst the more water-rich crystallize and
differentiate at depth.
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