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ABSTRACT

Equilibrium crystallization experiments have been performed on a primitive high-MgO basalt
(HMB) from Soufriére, St. Vincent, with three initial H,O contents (0-6, 2.3 and 4-5wt %), at
pressures of 0-4, 0-7, 1-0 and 1-3 GPa and temperatures from 1350 to 950°C. Redox conditions, as
determined by uXANES analysis of Fe3* in experimental glasses, were 1-4 log units above the
nickel-nickel oxide (NNO) buffer. The aim of the study was to explore the differentiation conditions
that gave rise to the observed geochemical variation in lavas and plutonic (cumulate) xenoliths
from St. Vincent. An experiment with 4-5wt % initial H,O is multiply saturated close to its liquidus
(1180°C and 1-3 GPa) with a spinel lherzolite assemblage, which is consistent with a primary origin
for HMB in the mantle wedge. Multiple saturation of HMB with 2-3wt % H,0 was not observed, but
is inferred to occur at pressures >1-3 GPa. The experimental results show that initial H,O content
has significant influence on differentiation paths of primary HMB magma, with different lava vari-
eties generated under discrete, well-constrained P-T-H,O conditions. Low-magnesian basalts
(LMB) can be generated from HMB with 2-3-4-5wt % H,0 at pressures of 1-0-1-3 GPa, correspond-
ing to Moho depths beneath St. Vincent. The CaO contents of LMB are sensitive to differentiation
pressure: high-CaO LMB are produced at pressures >0-5 GPa. Basaltic andesites (BA) can be gener-
ated at 0-7-1-0 GPa from HMB with 0-6-2-3wt % H,O. High-alumina basalts (HAB) are produced at
mid- to upper-crustal conditions (<0-4 GPa) by differentiation of HMB with high initial H,O (>4 wt
%) through delay of plagioclase crystallization and dominant fractionation of olivine, clinopyroxene
and spinel. St. Vincent andesites could be produced from relatively dry (<0-6 wt % H,O) HMB only
at lower-crustal conditions. This is suggestive of a partial melting origin from precursor HMB that
had solidified at depth to produce gabbros with ~30% hornblende (i.e. ~0-6wt % structurally
bound H,0). The experimentally determined differentiation conditions are consistent with poly-
baric differentiation within a hot zone that extends from the Moho and uppermost mantle to the
mid- or upper crust. Within the hot zone differentiation occurs by a combination of crystallization of
HMB with 2-5wt % H,0 and partial melting of ancestral HMB gabbros. Although the experimental
melts provide an excellent match to erupted lava compositions, experimental crystal compositions
do not match either phenocrysts or cumulate crystals, as preserved in xenoliths. The failure to
reproduce natural crystal compositions suggests that these are formed as differentiated magmas
ascend and attain their H,O-saturated liquidi at shallower pressures. Thus there is a disconnect be-
tween the high-pressure phase compositions and assemblages that generate liquid compositional
diversity and the low-pressure composition and assemblages that occur as phenocrysts and in
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cumulate xenoliths. This finding lends support to the idea of cryptic fractionation in the generation

of arc magmas.

Key words: high-alumina basalt; andesite; cumulates; plutonic xenolith; hot zone

INTRODUCTION

The primary mechanism of magma generation above
subduction zones involves partial melting of the perido-
tite mantle wedge by the addition of H,O-rich, slab-
derived fluids. The resultant primitive magmas are
MgO-rich basalts (or picrites) with <5wt % dissolved
H,0. Such MgO-rich magmas are known from volcanic
arcs. However, they are relatively rare, with examples
limited to intra-oceanic arc systems such as
Izu-Bonin—Marianas, Lesser Antilles, Solomon Islands,
Vanuatu, New Britain, South Sandwich Islands and
Kamchatka (e.g. Yamamoto, 1988; Eggins, 1993;
Macdonald et al., 2000; Schuth et al., 2004; Portnyagin
et al., 2007). At the vast majority of arcs the dominant
erupted magma type is too evolved to have equilibrated
directly with mantle peridotite, testifying to the import-
ance of subsequent differentiation of primitive magmas
in generating more evolved compositions (e.g. Brophy,
1989; Ozerov, 2000; Toothill et al., 2007). Differentiation
may occur either in the uppermost mantle wedge or
within the overlying crust, and involve fractional crystal-
lization with or without crustal assimilation (partial
melting).

Here we evaluate the chemical consequences of bas-
alt differentiation in the mid- to lower crust and upper-
most mantle (0-4-1.3GPa pressure) by means of
experiments on a primitive basalt from St. Vincent
(Lesser Antilles) with initial H,O contents of 0-6, 2-3 and
45wt %. Limited data from the same suite of experi-
ments were presented by Melekhova et al. (2013); here
we present the experimental results in greater detail,
including phase compositions, and place the results in
the wider context of magma generation beneath St.
Vincent. Our goal is to constrain the conditions under
which primitive basalt differentiation can generate the
observed chemical diversity of erupted magmas on St.
Vincent as well as the compositions of minerals in cu-
mulate xenoliths from the island.

Volcanic geology of St. Vincent

St. Vincent lies at the southern end of the Lesser
Antilles, a 750 km long intra-oceanic arc (Fig. 1a and b).
The abundant, closely spaced volcanic centres, small
age range of the subducted plate (e.g. Macdonald &
Holcombe, 1978), wide range in geochemistry of
volcanic rocks (Brown et al., 1977; Macdonald et al.,
2000; Pichavant & Macdonald, 2007), unusually high
incidence of plutonic xenoliths (Lewis, 1973a,
1973b; Arculus & Wills, 1980) and occurrence of
high-MgO basalts make the Lesser Antilles a unique
natural laboratory for understanding magma differ-
entiation processes. St. Vincent is one of only two

islands in the arc (the other being Grenada) that have
erupted primitive MgO-rich basalt (MgO ~ 145wt %;
Heath et al., 1998a; Robertson, 2002). The plutonic
xenoliths include gabbros, troctolites and rare horn-
blende-clinopyroxenites (Arculus & Wills, 1980; Tollan
et al., 2012).

St. Vincent is entirely volcanic with lava flows
and pyroclastic deposits ranging in composition
from basalts through basaltic andesites to rare
andesites. Basalt dominates the southernmost parts
of the island, whereas basaltic andesites dominate fur-
ther north. Basalts and basaltic andesites are most com-
mon during the early evolutionary stages of single
volcanic centres, whereas andesites characterize the
waning stages of activity, most commonly forming
dykes and late-stage domes or central plugs.
Radiometric dating indicates a northward migration
of volcanic activity from 3 Ma near the south of the
island to 0-6 Ma at the Soufriere volcano (Rowley,
1978; Briden et al, 1979; Heath et al, 1998a).
However, the northward migration is not systematic
and activity within and between centres may have
overlapped.

The island is divided into four major geological re-
gions (Fig. 1b). The Soufriere Volcanic Centre, the
youngest on St. Vincent (last eruption 1979), occupies
the northernmost third of the island and rises to 1178 m
(Rowley, 1978; Robertson, 1992). The oldest formations
(~690 ka), exposed on the flanks, are basaltic lavas,
which form the remnants of the prehistoric Somma
crater.

Petrology of lavas

St. Vincent lavas, from basalt to andesite, contain
phenocrysts of olivine, plagioclase, Fe-Ti oxides,
clinopyroxene and orthopyroxene. Amphibole is con-
spicuously absent. The basalts are divided into three
varieties: high magnesium (HMB, MgO > 10wt %), low
magnesium (LMB, MgO >6wt % wt %) and high alu-
mina (HAB, MgO <6wt %, Al,03> 19wt %). This dis-
tinction is used throughout this paper.

HMB consist mainly of olivine (Fo;5_g9) phenocrysts
and microphenocrysts and rare microphenocrysts of
clinopyroxene (Wosg_45). Cr-spinel is the sole oxide,
occurring as inclusions in olivine and rarely as fine-
grained euhedral to subhedral phenocrysts.

LMB are porphyritic (5-44vol. % phenocrysts,
0-19vol. % microphenocrysts) with a distinct variation in
grain-size, texture and phenocryst assemblages related
to MgO content. LMB with MgO > 6wt % are texturally
similar to HMB, with olivine or pyroxene microphenoc-
rysts; plagioclase phenocrysts are scarce or absent.
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Fig. 1. (a) The Lesser Antilles arc region showing the location of the main volcanic centres considered active or potentially active
(shown in brown). (b) Geological map of St.Vincent showing the distribution of the main deposits on the island, adapted from
Geothermica Italiana (1992). Boundaries are approximate. The location of high-Mg basalt starting material RSV49 is shown.

There are two types of olivine in LMB: fine- to medium-
grained, lath-shaped, strongly zoned crystals with an
average composition of Fosg_79, and possibly xenocrys-
tic, large, often corroded crystals with cores of Fog7_go.
There are two oxide varieties: Ti-magnetite and Cr-spinel.
Clinopyroxenes are normally zoned and divided into
large phenocrysts (Wo3ze_43) and small- to medium-sized
phenocrysts (Wo0,3_43). Diopside (Wo45_50) 0ccurs mainly
as cores of augite crystals and rarely as discrete pheno-
crysts. Orthopyroxene (Eng7_70) occurs as normally
zoned phenocrysts. There is a wide range in plagioclase
compositions—average rims are Anq;_74 and cores
Ans7_go. Crystals are mainly normally zoned, although
some crystals with reverse zoning occur.

HAB overlap completely with LMB in terms of all
major elements except for Mg and Al. They contain oliv-
ine or pyroxene microphenocrysts and plagioclase
phenocrysts. Although HAB are generally richer in
modal plagioclase phenocrysts than LMB, correlations
between Al,O3; and CaO do not extrapolate to the com-
position of plagioclase cores in these rocks (typically
Angs_go), suggesting that their Al-rich character is not a
result of plagioclase accumulation, but is a primary
chemical feature.

The phenocryst assemblage of basaltic andesites
is similar to that of LMB, from which they can be

distinguished by a greater abundance (15-53 vol. %) of
phenocrysts of clinopyroxene, represented by diopside
(Woyg) and augite (Wo44), orthopyroxene (Ensg_g7) and
plagioclase (Ansg_gs5). Olivine phenocrysts (cores
Foss_gs, rims Fosg_gs) are scarce. Titanomagnetite is the
only oxide phase.

Rare St. Vincent andesites are porphyritic (11-35 vol.
% phenocrysts, 5-13vol. % microphenocrysts) with
greater quantities of pyroxenes than basalts and bas-
altic andesites. Olivine (Fogy_g4) is rare. Clinopyroxene
is represented by sub-equal proportions of augite
(Wo36_44) and diopside (Wo4s5_49). Some clinopyroxene
grains are zoned whereas others have a reaction rim.
Occasionally there are complete pseudomorphs after
pyroxene. Orthopyroxene (Enss_7¢) is normally zoned.
Plagioclase phenocrysts are heterogeneous with a wide
range in core composition (Anss_g4). Titanomagnetite is
the sole oxide phase.

Plutonic xenoliths

St. Vincent plutonic xenoliths are predominantly
composed of olivine—plagioclase—clinopyroxene—
hornblende and oxides (Arculus & Wills, 1980; Tollan
et al., 2012). In contrast to phenocrysts in lavas, amphi-
bole is an abundant cumulus phase, whereas
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orthopyroxene is universally lacking. Truly ultramafic
xenoliths are rare; of 50 samples of cumulate xenoliths
collected from St. Vincent only one is a hornblende-pyr-
oxenite. Olivine-gabbros are the most common xenolith
type with hornblende as an additional phase, often in
significant amounts. Troctolites are the second most
common type, characterized by the predominance of
olivine over clinopyroxene. Plagioclase hornblendites
are the third most common cumulate type, character-
ized by high modal plagioclase in some samples (Tollan
etal., 2012).

Olivine occurs in all xenolith samples but one (horn-
blende-pyroxenite, VS20) with modal abundances reach-
ing 60 vol. % (Tollan et al., 2012). Olivine does not display
any significant zoning (Lewis, 1973a, 1973b; Arculus &
Wills, 1980; Tollan et al., 2012). Plagioclase is the most
abundant xenolith phase (up to 70vol. %). The striking
feature of St. Vincent xenoliths is the coexistence of rela-
tively evolved olivine (Fo;1_79) with very calcic plagio-
clase (Angs gs). Clinopyroxene, where present, has a
modal range up to 50vol. %, and is calcic augite with
Mg# in the range 81-75. Clinopyroxenes display more
chemical heterogeneity than any other phase, showing
normal and reverse zoning (Arculus & Wills, 1980; Tollan
et al, 2012). Amphibole is magnesiohastingsite with
Mg# 89-70 and a wide range of modal abundances
(0-44vol. %; Tollan et al.,, 2012). Single crystals may
show normal or, rarely, reverse zoning. Amphiboles lack
opacite breakdown rims, suggestive of fast ascent. The
dominant spinel composition is high-Al, high-Mg titano-
magnetite with Cr# 0-5-2-5. In a single xenolith Tollan
et al. (2012) reported pleonaste.

Isotope geochemistry

Radiogenic isotope data (Sr, Pb, Nd) for St. Vincent
magmas were reported by Heath et al. (1998a). There is
little variation in &Sr/2%Sr or "3Nd/'**Nd in Soufriere
rocks and no evidence for significant crustal contamin-
ation. The most primitive Soufriere magmas resemble
mid-ocean ridge basalt (MORB) in composition. Any
isotopic diversity is restricted to rocks with MgO < 5wt
%. St. Vincent is therefore an ideal location to study dif-
ferentiation of arc magmas without the typical compli-
cation of assimilation of older crustal rocks.

EXPERIMENTAL AND ANALYTICAL METHODS

The experimental starting material was selected from the
catalogue of St. Vincent whole-rock analyses of
Robertson (2002). The aim was to find a primitive, Ni-
rich, aphyric basalt whose composition could be parental
to the differentiation suite of basalts to andesites and
whose Mg# [100 x molar Mg/(Mg + Fe..:)] was at or close
to equilibrium with mantle olivine. The selected compos-
ition (RSV49; Table 1) is an HMB dyke from Milikin Bay
(South East Volcanics, Fig. 1b) with sparse phenocrysts
(15 vol. %) of olivine (Fog1_76) and rare microphenocrysts
of clinopyroxene, plagioclase (Angg_79) and Cr-spinel in a
microcrystalline groundmass. RSV49 is close to the

Table 1. Experimental starting materials

RSV49*  RSV49t RSV49t STV3018
225wt % H?0  4.5wt % H?0

Si0, 47-44 47-67 47-32 47-67
TiO, 075 0.74 071 1-09
Al,O;  14.48 14.48 14.79 15.50
FeO 8-96 893 8-85 891
MnO 0-16 0-16 0-16 0-16
MgO 14.56 1454 1459 1268
Ca0 10.74 11-00 10-99 11-11
Na,O 228 2.07 219 226
K,0 0-24 0-14 0-14 0-48
P,0s 0-08 0-09 0-09 0-00
Cr,0; 0-26 013 0-10 0-11
NiO 0-04 0.05 0.08 003
H,0 2.05 4.5

mg# 0743 0744 0746 0717

All analyses calculated 100% anhydrous.

*St. Vincent basalt from Richardson (2002).

tAnalysis of glass fused at 1.3 GPa, 1250°C.

tAnalysis of glass fused at 1.0 GPa, 1200°C.

§St. Vincent basalt using as starting material by Pichavant
et al. (2002) and Pichavant & Macdonald (2007).

composition of another primitive St. Vincent basalt
(STV301; Table 1) previously studied experimentally by
Pichavant et al. (2002) and Pichavant & Macdonald
(2007). Compared with RSV49, STV301 is slightly less
primitive (Mg# 0-72 vs 0-74) and has higher K,O (0-46 vs
0-28wt %). Pichavant et al. (2002) studied the phase rela-
tions of STV301 with variable amounts of H,O at
0-75-2-5GPa and 1160-1290°C; Pichavant & Macdonald
(2007) investigated the hydrous phase relations of
STV301 (and a slightly more evolved basalt STV315,
Mg#=0-61) at 0-4 and 1-0GPa, 1040-1200°C. We con-
sider that the small compositional differences between
RSV49 and STV301 impart only minor effects on phase
relations, allowing us to use some of the experimental
data from Pichavant et al. (2002) and Pichavant &
Macdonald (2007) to construct phase diagrams and ex-
plore parts of parameter space not covered in our study.
The different starting H,O contents, 0-6, 2-3 and 4-5wt %,
used in our experiments bracket the range of H,O con-
tents (0-9 —4.-0wt %) in olivine-hosted melt inclusions
from primitive St. Vincent basalts (Bouvier et al., 2008),
and lie within the range of H,O contents of primitive bas-
alts from other arcs, including the Marianas (Kelley et al.,
2010) and Kamchatka (Portnyagin et al., 2007).

RSV49 starting material was prepared from a mixture
of oxides (SiO,, MgO, MnO, Al,03, TiO,, Fe,03), carbon-
ates (CaCO3, Na,COg, K,CO3), calcium phosphate and hy-
droxides [AIOOH and AIl(OH)s]l. The hydroxides were
used as a source of H,O; no additional liquid water was
added to the starting material, allowing us to maintain
very consistent H,O contents from run to run. The start-
ing composition with 0-6 wt % of H,O was nominally dry.
Its low, but reproducible, H,O content probably derives
from small amounts of adsorbed atmospheric water.
Starting materials were doped with selected trace elem-
ents at ppm levels in the form of inductively coupled
plasma (ICP) standard nitrate solutions, for a simultan-
eous study of trace element partitioning. The total
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amount of trace elements added was ~4000ppm; full
trace element partitioning data will be published else-
where. Starting materials were stored in a box oven at
100°C prior to capsule preparation to avoid any further
water gain from the atmosphere. Starting material com-
positions, based on analysis of glasses fused at high
pressure, are shown in Table 1.

Phase relations are sensitive to oxygen fugacity (fO,)
as well as pressure (P) and temperature (7). In practice
fO, is difficult to control in piston cylinder experiments
because of the permeability of the capsules and cell ma-
terials to hydrogen, which in turn mediates fO, through
redox reactions involving H,O, FeO and Fe,0s. We
adopted an experimental set-up designed to ensure that
fO, was maintained close to natural levels, estimated by
Heath et al. (1998b) for St. Vincent basalts to be
NNO +0-9 to NNO + 1-8 log units (where NNO denotes
the nickel-bunsenite buffer). To match approximately the
ferric—ferrous ratio of the starting materials to these
redox conditions, and thereby minimize H,0 loss or gain
during the experiment owing to H, flux through the cap-
sule walls, the decarbonated, denitrified and trace elem-
ent-doped mixture of oxides, calcium phosphate and
carbonates were pressed into pellets and equilibrated for
2 h at 1000°C in a CO-CO, atmosphere in a vertical
quench furnace at an oxygen fugacity corresponding to
the NNO buffer. The final step was addition of aluminium
hydroxides.

A double-capsule technique similar to that described
by Hall et al. (2004) and Kagi et al. (2005) was used. An
inner AugoPdo/AuggPd,o alloy (2mm OD) capsule was
filled with ¢. 10 mg of starting material, arc-welded shut
and placed in an outer Pt capsule (4 mm OD) containing
the same starting material (Fig. 2a) to minimize chemical
potential gradients in H,O between inner and outer cap-
sules. To avoid water loss during welding, capsules were
frozen with liquid nitrogen. Weight test before and after
the welding showed no sign of H,0 loss.

To monitor fO, during the experiment an extra Pd
capsule (2 mm OD) was placed into the outer capsule of
some runs (Fig. 2a). This capsule was filled with
Ni+ Ni(OH),, which breaks down to NiO and H,0 during
the run. The solubility of Ni in Pd is sensitive to redox
conditions and can be used as an fO, sensor (Pownceby
& O’Neill, 1994). The mole fraction of Ni in Pd was deter-
mined by multiple electron-microprobe measurements.
However, careful examination showed that the sensor
capsule failed in most, but not all, of our runs and the
range of fO, in experiments was wider than originally
anticipated. The cause of failure was probably H,O con-
sumption (via H, loss) within the sensor capsule, requir-
ing us to develop alternative methods to measure fO, in
run products (see below).

Experiments were carried out in half-inch (12.7 mm)
end-loaded piston cylinder apparatus at the University of
Bristol at 0-7, 1 and 1-3 GPa and temperature in the range
950-1250°C, using NaCl-Pyrex—-Al,03 assemblies with a
friction correction of —3% (McDade et al., 2002). A small
amount of BN powder was used to fill the space between

the crushable alumina sleeve and the capsule, as well as
on the top and on the bottom of the capsule. Run dur-
ations were 4-27h, depending on temperature.
Temperatures were monitored with WgsRes/\WsReos
thermocouples and are believed to be accurate within
+10°C. No correction for the pressure effect on thermo-
couple e.m.f. was applied.

To explore phase relations at lower pressures than
are attainable routinely in the piston cylinder, two add-
itional experiments were carried out by J. D. Webster in
an internally heated pressure vessel (IHPV) at 0-4 GPa at
the American Museum of Natural History, New York.
Temperature for both experiments was 1080°C. The in-
trinsic fO, of the IHPV is about NNO + 2, broadly com-
parable with the piston cylinder experiments (see
below).

After quenching capsules were extracted, mounted
in araldite resin and polished, first with abrasive paper
and then with a series of diamond pastes. Major elem-
ent compositions of experimental phases were ana-
lysed with a Cameca SX100 electron microprobe at the
University of Bristol. Major elements were calibrated on
oxide and silicate standards. To minimize alkali loss
during analysis of hydrous glasses we used a 4 nA
probe current, 10 um spot size and a 10 s counting time
for alkalis. However, this did not obviate completely the
problem, with up to 28% relative Na loss (from mass
balance) in some glasses, notably those with >6 wt %
H,0. For these runs the microprobe current was
dropped further to 2 nA, which fully eliminated Na loss.
Modal proportions of phases were determined by
weighted, least-squares regression (Table 2). Calculated
Fe loss or gain does not exceed 6% relative and is unre-
lated to temperature, H,O in the glass, or phase
assemblage.

H,O contents of experimental glasses and amphi-
boles were analysed by secondary ion mass spectrom-
etry (SIMS) at the NERC ion microprobe facility at the
University of Edinburgh using a Cameca IMS-4f instru-
ment with nominal 10kV primary beam of O™ ions.
Positive secondary ions were accelerated to 4-5keV,
with offset of 75 = 10eV to reduce transmission of mo-
lecular ions. Beam current was 2-5 nA, resulting in a
spot size at the sample surface of ~20um diameter.
Calibration was carried out on a range of basaltic glass
standards with 0-4wt % H,O (Lesne et al,, 2011). The
CO, contents of experimental glasses in five run prod-
ucts were also analysed by SIMS using the same instru-
ment but applying a high mass resolution of 1500 to
differentiate between 2*Mg?* and ">C™. Calibration used
basaltic glasses with CO, contents <1-1wt %.

The Fe®**/ZFe ratio in glass from 12 runs (Table 2) was
measured using Fe K-edge pXANES on the Microfocus
Spectroscopy beamline (118) at the DIAMOND Light
Source synchrotron, UK. 118 uses a Si(111) crystal mono-
chromator, which gives an energy resolution of ~1eV; the
energy stability of the beamline is 0-05eV per day. The
beam size at the sample was c¢. 2-5um x 4.5 um. Details
are provided as Supplementary Material (Appendix 1;
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Fig. 2. Backscattered SEM images of run products: (a) BM36 showing inner AuPd sample and Pd sensor capsules surrounded by
basalt within an outer Pt capsule; (b) inner capsule of BM36 showing a homogeneous distribution of phases; (c) inner capsule of
BM37 showing concentration of solid phases at the base; (d) close-up of inner capsule of BM37 showing sector zoning in

clinopyroxene.

supplementary data are available for downloading at
http:/Awww.petrology.oxfordjournals.org).

EXPERIMENTAL RESULTS

Experimental run conditions, phase assemblages and
phase proportion are presented in Table 2, along with
relative Fe loss and aH,O calculated from the measured
H,O content of the glass following the method of
Burnham (1979). Melt and mineral chemistry from each
run are reported in Supplementary Material Appendix
2. The Fe-Mg exchange coefficients between olivine
and melt (Kdg.mert), log fO, and fO, in log units relative
to NNO (ANNO) as calculated by a variety of means are
presented in Table 3.

Approach to equilibrium

Several factors may inhibit equilibrium in experiments
of this type: gain or loss of volatile components from
the capsule via diffusion through the capsule walls;

insufficient run durations; temperature gradients; or
persistence of unreacted starting materials.

The H,O concentration in glasses was analysed by
SIMS in more than half of the experiments. In all but
five (BM6, BM34, BM36, BM24, BM49) there is no H,0
gain or loss (within analytical uncertainty) relative to the
starting materials as calculated from mass balance. In
two runs, BM16 and BM23, H,O was measured in the
outer capsules (3-65 and 4-36wt % respectively) and
found to be the same, within error, as the inner capsule
values (Table 2), suggesting that any redox caused by
H, diffusion had reached a steady state over these run
durations.

The CO, concentration in glass was higher then ex-
pected, given that no CO, was added to the starting ma-
terials. The presence of CO, in run products of piston
cylinder experiments has been reported before (e.g.
Gaetani & Grove, 1998; Alonso-Perez et al. 2009), and
several possible causes have been proposed, including
the following: incomplete degassing of CaCO; during
preparation of the starting material; absorption of atmos-
pheric CO, onto powdered starting materials; traces of
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Table 2. Experimental run conditions, phase proportions and assemblages

Run no. P(GPa) T(°C) Duration (h) Phase assemblage and 2R?> H,0 o H,O SIMS AFeO (%) ANNO
proportions calc (wt %) (wt %) sensor

0-6 wt % H,0 initial

RSV49_2 1.0 1350 6 melt(100) 0-6

RSV49_4 1.0 1270 6 melt(94), ol(5), sp(1) 0-30 0-6 0-01 -10

RSV49_11 1.0 1250 24 melt(90), ol(5), opx(4), sp(1) 0-04 07 0-01

RSV49_6 1.0 1230 6 melt(23), cpx(37), opx(20), 0-06 2.6 0-16
pl(13), sp(7)

RSV49_7 1-0 1180 24 melt, cpx, opx, pl, sp, il 0-06 n.a. n.a.

RSV49_10 1.0 1130 96 melt(19), cpx(38), opx(24), 0-03 32 0-11
pl(14), sp(5)

RSV49_9 1.0 1080 96 melt(8), cpx(42), opx(21), pl(20), 0-09 75 09
sp(9)

RSV49_8 1.0 1030 96 melt(6), cpx(41), opx(24), pl(19), 0-16 10-0 0-98
sp(9), il(1)

2:3wt % H,0 initial

bmn1 0-4 1080 24 melt(81), ol(17), cpx(1), 0-27 2.8 0-03 —0-93
spl(1), qu

BM38 07 1200 6 melt(92), ol(7), sp(1), qu 012 25 0-03 250

BM40 0-7 1150 24 melt(80), ol(13), cpx(6), sp(1) 013 2.8 0-04 3:05 -1

BM43 0.7 1100 24 melt(77), ol(12), cpx(10), sp(1) 0-16 3 0-08 3.02 -1 2.57

BM39 0-7 1050 24 melt(35), cpx(34), opx(15), 013 5.8 0-3 -0:17
hbl(11), sp(5)

BM58 0-7 1000 27 melt(9), cpx(10), opx(12), 0-05 13-8 12 0-35
hbl(56), pl(11), mag(2)

BM3 1.0 1200 6 melt(81), ol(12), cpx(4), sp(3), qu 0-30 28 01 294

BM6 1-0 1100 24 melt(76), ol(10), cpx(10), sp(4) 0-24 3 0-06 4.42 —-0-41

BM16 1.0 1080 27 melt(60), cpx(24), opx(14), sp(2), 0-28 38 01 3-88/3-65% 0-03
qu

BM41 1.0 1065 23 melt(45), cpx(33), opx(17), sp(5), 0-09 5 0-18 -15
qu

BM13 1.0 1050 26 melt(28), cpx(25), opx(12), 0-11 5.9 0-6 —0-51
hbl(34), sp(1), qu

BM52 1.0 1000 24 melt(16), cpx(8), opx(7), hbl(69), 0-07 63 0-8 0-01
mag(0-3), qu

BM60 1.0 950 48 melt(13), cpx(4), opx(4), hbl(76), 0-01 68 1-8
pl(1), sp(2)

BM15 1.0 920 26 melt(10), cpx(22), opx(14), 0-04 15.3*% 2.8 077
hbl(40), pl(11), mag(3)

BM45 13 1250 6 melt(100) 225 0-02 205

BM56 1.3 1150 24 melt(66), cpx(19), opx(13), sp(2), 0-04 34 0-04
qu

BM30 1.3 1100 24 melt(52), cpx(30), opx(14), sp(4), 0-20 4 0-6 -1
qu

BM57 13 1050 23 melt(34), cpx(37), opx(23), sp(6) 0-28 66 0-6 —4 -0-23

4-5wt % H,0 initial

bmn2 0-4 1080 24 melt(53), ol(20), cpx(24), sp(3) 0-25 83 0-3 0-09

BM33 0-7 1200 6 melt(99), sp(1) 0-20 4.5 03 446

BM37 07 1150 23 melt(82), ol(13), cpx(3), mag(2)  0-13 5.3 01 520

BM34 0.7 1100 27 melt(40), ol(6), cpx(15), hbl(35), 0-09 9.7 04 720 4.98
mag(4)

BM36 0-7 1050 22 melt(34), cpx(8), opx(4), hbl(51), 0-19 10-6 07 790 0-07
mag(3)

BM23 1.0 1200 4 melt(98), sp(2), qu 0-11 4.5 0-01 4.50/4-36

BM9 1.0 1100 24 melt(79), ol(12), cpx(7), sp(2), qu 0-15 5.7 01 534 3 0-61

BM17 1.0 1080 24 melt(74), ol(9), cpx(14), sp(3), qu 016 64 015 670 2 076

BM24 1.0 1030 25 melt(46), ol(7), cpx(13), hbl(33), 0-06 84 03 930 1.78
sp(1), qu

BM46 13 1250 6 melt(98), sp(2) 0-15 4.6 0-02 452

BM49 13 1150 24 melt(62), ol(5), cpx(23), opx(7), 013 72 03 600
sp(3), qu

BM32 13 1100 24 melt(53), cpx(29), opx(14), sp(4) 0-26 87 0-4 -6

BM50 13 1050 26 melt(20), cpx(12), opx(11), 0-18 16-6% 2.

hbl(56), mag(1)

*Water-saturated run.

tFor H,O SIMS, double values should be read as water in inner capsule/water in outer capsule.

H,0 calc, water in melt from mass-balance calculations. aH,0, water activity calculated using model of Burnham (1979). Phase
proportions and R? are from weighted least-squares calculations; ol, olivine; cpx, clinopyroxene; opx, orthopyroxene; hbl, horn-
blende; pl, plagioclase; sp, spinel; il, ilmenite; qu, quench; AFeO, difference between FeO content in starting material and FeO in the
bulk composition as calculated by mass-balance calculations in relative wt %. Positive values are Fe gain, negative Fe loss.
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Table 3. Fe-Mg exchange coefficients between olivine and melt (Kdg.mert), log fO, and fO, in log units relative to NNO (ANNO)

Run no. Fetotal Kd=0-3 Toplis model XANES O'Neill
& Wall

Kdoymelt XFe*™*  Kdgymert FE2™ XFe®™ ANNOt XFe3* o Kdoymert Fe?t log f0, ANNOt  ANNO
S — in.caps
in.caps out.caps

0-6 wt % HO0 initial

RSV49_2 0-21 0-01 -4.82 1-4

RSV49_4 0-29 0-03 0-34 015 -2.16 028 0-02 0-39 -7.08 -024 1-86

RSV49_11 018 0-40 0-33 0-45 353 2:31

2-:3wt % H,0 initial

bmn1 0-20 0-33 0-39 0-49 3.05 0-87

BM38 019 0-36 0-35 0-45 322 055 0-04 -5.60 2.02 224

BM40 0-21 0-31 0-36 043 3.02 041 0-02 0-35 -5.28 2.92 174

BM43 017 0-20 0-42 0-35 0-50 364 2.48/1.70*

BM3 0-27 0-11 0-37 0-28 0-33 0-32 0-02 0-39 -5:26 232

BM6 0-32 0-44 -0.07 0-36 010 -0-76 0-38/0-52 0-03 0-52 -5.96 2.84/4-09 -0-44

4-5wt % H,0 initial

bmn2 015 0-50 0-45 0-67 5.00 0-08

BM33 0-45 0-03 -6-53 1.21

BM37 012 0-60 0-35 0-66 5.07 057 0-04 0-28 -398 422 4.03

BM34 012 0-22 0-60 0-46 074 6-05 0-63/0-65 0-04 0-32 -391 4.90/5-05 3-88

BM9 0-25 0-32 017 0-35 0-29 2.00 043 0-03 0-43 -5.-55 3:21 0-63/-0-74

BM17 0-15 0-15 0-50 0-36 0-58 4.59 0-57 0-04 0-34 -4.58 444 3-35/3-45

BM24 0-22 0-22 0-27 0-38 0-42 3:28 1-8

BM46 0-47 0-03 -5.24  1.96

BM49 015 0-50 0-37 0-59 7-84 301

*XFe3" is calculated from Kd = 0-3.
tANNO, Kress & Carmichael (1991).

$Double values should be read as value in inner capsule (in.caps)/value in outer capsule (out.caps).
Toplis model is from Toplis (2005); O’Neill & Wall is ol-opx-spinel oxygen geobarometer of O'Neill & Wall (1987).

organic compounds left from grinding under ethanol;
carbon diffusion from the graphite furnace. The CO, con-
tents of three runs (BM6, BM17, BM9) with durations of
24h are 0-65-0-82wt %. In an experiment (BM16) run
for 27h the CO, content is slightly higher, 0-93wt %.
In contrast, the concentration of CO, in a 4 h experiment,
BM23, was only 0-12wt %; outer capsule glass in the
same run contained 0-80 wt % CO,. The tendency for CO,
contents to increase with run duration and to be higher
in the outer capsule suggests that the main source of
CO, in our experiments is the graphite furnace, which
provides a carbon source for diffusion through noble
metal capsules, as previously documented by Brooker
et al. (1998). Once carbon penetrates the outer and inner
capsules it reacts with Fe,05 to produce CO,, which dis-
solves in the melt, and FeO. The net effect of carbon infil-
tration is therefore to reduce the starting materials
slightly, in proportion to the amount of carbon added.
Without careful modification of the experimental set-up
to eliminate carbon ingress into the capsules, elevated
carbon contents are an inevitable consequence of piston
cylinder experiments run with graphite furnaces. In our
experiments the total amount of carbon added is insuffi-
cient to attain volatile saturation in H,O-undersaturated
runs, as evinced by the lack of quenched vapour bubbles.
We therefore conclude that CO, acts as an inert diluent
in our experimental melts, with limited effect on phase
relations.

Previous work on hydrous basalts at similar P-T con-
ditions has shown that run durations of the order of

20h (Table 2) are sufficient to reach equilibrium. (e.g.
Sisson & Grove, 1993a and b; Miintener et al., 2001;
Pichavant & Macdonald, 2007). Systematic variations in
melt composition, melt fraction and mineral assem-
blages with P and T in our experiments (see below) are
suggestive of a close approach to equilibrium.
Observed crystal morphologies suggest that there were
no problems with nucleation and in all but five experi-
ments (RSV49_4, BM24, BM37, BM9, BM58) run prod-
ucts are homogeneously distributed throughout the
capsule, suggesting a lack of significant thermal gradi-
ents across the capsule. A backscattered SEM image of
a typical run product is shown in Fig. 2b. In three experi-
ments we have crystal-rich and glass-rich parts of the
capsule (Fig. 2c), perhaps owing to a temperature gradi-
ent in these experiments or crystal settling in hydrous,
low-viscosity melts.

In three experiments (BM37, BM9, BM58) clinopyrox-
ene is zoned. This is not unusual in natural rocks or ex-
perimental run products (e.g. Adam & Green, 1994;
Skulski et al, 1994). In BM37 clinopyroxenes have
pronounced sector zoning (Fig. 2d, Table 3), very simi-
lar to natural clinopyroxene phenocrysts from
Grenada (Arculus, 1978), coexisting with homogeneous
olivine, spinel and melt. Sector zoning in this run
may be the result of a pressure drop of ~0-07 GPa
overnight. Zoned clinopyroxenes from BMS58 and
BM9 (Supplementary Material Appendix 2) are too
small to establish whether zoning is sector or
concentric.
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Oxidation state of experiments

In Table 2 we present estimates of the redox state of
18 experiments, as ANNO, using NiPd sensors and
Fe3*/>Fe in glasses. Calculated fO, values based on
NiPd sensor are in the range of NNO + 1-0 to NNO - 0-8
for the 15 runs in which a sensor was used. The NiPd
sensor estimates rely on the accuracy of the Ni-Pd solu-
bility model, the method used to estimate aH,O
(Burnham, 1979) and, crucially, require that enough
H,0 is present initially to oxidize any Ni in excess of
that dissolved in Pd at the experimental fO,. It is a
simple matter to determine by mass balance
whether enough H,0 was initially present in the sensor
capsule. According to our calculations this was true
only in one experiment, bmn1. In the others, insufficient
H,O means that sensor fO, always underestimates
true fO,.

The Fe®'/ZFe ratios in quenched glasses allowed
us to calculate fO, using the model of Kress &
Carmichael (1991). These fO, values are in the range
of NNO - 0-2 to NNO+4.9 and correlate positively
with melt aH,O and negatively with temperature,
largely because these two variables are aliased in
our H,O-undersaturated runs. Uncertainties on fO,
calculated in this way derive from two sources: the
uXANES measurements and the calibration of Kress
& Carmichael (1991). Uncertainty on pXANES Fe3'/
>Fe is estimated to be 0.02-0-04 (Table 3), which
translates to an uncertainty on fO, of =0-4 log units
at Fe®*/SFe=0.50+0.03. For glasses with 7wt %
FeO™" the Kress & Carmichael (1991) method leads
to uncertainties of similar magnitude. Although Kress
& Carmichael (1991) did not include the effect of
H,O, various experimental studies (e.g. Botcharnikov
et al, 2005) have shown that dissolved H,O in
glasses has negligible effect on Fe*'/ZFe, suggesting
that this is not the cause of the apparent Fe**/SFe vs
aH,0 correlation.

In two experiments, BM6 and BM34, the Fe**/ZFe
ratio was measured in both the inner and outer cap-
sules. In BM34 the values agreed within error (Table 3),
whereas in BM6 Fe**/SFe in the outer capsule is consid-
erably higher. The same run shows a water gain in
the inner capsule compared with the mass-balance
value (Table 2) suggestive of H, ingress, leading to
reduction.

We conclude that the most reliable fO, estimates for
our experiments are NNO + 2.6 = 1-4 (1XANES method;
Fig. 3). This is somewhat more oxidizing than the ex-
periments of Pichavant et al. (2002) and Pichavant &
Macdonald (2007) (NNO +0-7 = 1-0), but at the upper
end of the range of natural St. Vincent basalts as calcu-
lated by Heath et al. (1998b) using the olivine-spinel
oxybarometer of Ballhaus et al. (1991): NNO - 0-1 to
NNO + 0-9 (Fig. 3). We applied the same oxybarometer
to the dataset of Robertson (2002) and obtained fO, val-
ues for basalts in the range NNO + 1 to NNO + 1-4, and
in basaltic andesites and andesites from NNO +2-3 to
NNO + 4-3 (Fig-3).
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Fig. 3. Oxygen fugacity, expressed in log units relative to NNO,
of runs with 0-6, 2.3 and 4-5wt % H,0. Dashed circles, calcu-
lated from NiPd sensor (these tend to be underestimates owing
to exhaustion of H,0 in sensor capsule); diamonds, calculated
from algorithm of Kress & Carmichael (1991) with Fe*" ana-
lysed by uXANES. Bars on right side show ANNO for experi-
ments of P&M_07 (Pichavant & Macdonald, 2007) and P
et al.,_02 (Pichavant et al., 2002). Estimates, using the olivine-
spinel oxybarometer of Ballhaus et al. (1991), of fO, for St.
Vincent lavas are shown as dashed lines [our calculation using
Robertson (2002) data] and grey bar (Heath et al., 1998b).

Phase equilibria

Phase diagrams for the experimental series with differ-
ent H,O contents are shown in Fig. 4. For brevity we
refer to the 0-6wt % H,O experiments as ‘dry’; those
with 2.3wt % as ‘damp’ and those with 45wt % as
‘wet’. We have supplemented our data with results
from Pichavant et al. (2002) and Pichavant & Macdonald
(2007) on STV301 (Table 1). These studies did not fix the
amount of H,O in their bulk compositions. Thus com-
parisons have been made only for comparable
(i.,e. = 10% relative) bulk H,O contents, as calculated
from their analysed glass H,O and mass balance. Even
in those cases where the H,O contents are similar, the
experimental fO, may differ by up to 2 log units and this
should be borne in mind when comparing the results.
Changes in fO, principally affect the liquidus stability of
spinel and the Fo content of olivine (Stamper et al.,
2014).

Dry (0-6 wt % H,0)

The dry phase diagram is limited to a single pressure
(1GPa), augmented by an experiment at 1-:3 GPa from
Pichavant et al. (2002), which helps delineate the oliv-
ine-out phase boundary. The 1GPa liquidus is at
~1300°C. There are narrow (<80°C) sub-liquidus cumu-
late fields of first dunite and then harzburgite. This is
the only experimental sequence to generate harzburgite
(i.e. orthopyroxene + olivine) residues. Olivine reacts
out at 1230°C, simultaneously with the appearance of
plagioclase. The principal cumulate assemblage at tem-
peratures below 1240°C is gabbronorite. The 1-3GPa
experiment (No. 23) of Pichavant et al. (2002) produces
websterite cumulates at 1230°C, consistent with
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Fig. 4. Phase relations for the experimental series with 0-6, 2.3 and 4-5wt % H,0O. Abbreviations as in Table 2, with L indicating li-
quid. The liquidus was bracketed only at 1-3 GPa with 2-3wt % of H,0 and at 1 GPa with 0-6 wt % of H,O. Elsewhere the liquidus
was estimated (Médard & Grove, 2008) and is shown as a dashed line. Hexagon symbols show phase assemblages. Grey hexagons
are experiments by Pichavant & Macdonald (2007) at similar bulk H,0 contents. Fo and An denote forsterite and anorthite per cent
in olivine and plagioclase respectively. Coloured fields represent different cumulate residue assemblages labelled following

Streckeisen (1976).

expansion of the clinopyroxene stability field at higher
pressures.

Damp (2-3wt % H,0)

Liquidus temperatures in the damp series were not
defined. According to the parameterization of Médard &
Grove (2008) they will lie ~60°C lower than the dry ser-
ies at all pressures and have been shown accordingly in
Fig. 4. The liquidus assemblage is olivine + spinel at
0.7 GPa and we consider this to be likely at all other
pressures studied, defining a narrow near-liquidus cu-
mulate assemblage of dunite. At 1GPa dunite persists
until the appearance of clinopyroxene at 1180°C.
A broad field of wehrlite stability follows with decreas-
ing olivine:clinopyroxene ratios to lower tempera-
tures, terminated by the simultaneous disappearance of
olivine and appearance of orthopyroxene at 1080°C to
produce a websterite assemblage. Olivine-out occurs
at higher temperature (>1150°C) at 1-3GPa and
lower temperature (1050°C) at 0-7 GPa, such that the
wehrlite field broadens with decreasing pressure,

whereas the websterite field broadens with increasing
pressure. This is consistent with the experimental re-
sults of Miintener et al. (2001) on a primitive basalt from
the Cascades. Hornblende appears at ~1050°C at 1 and
0.7 GPa, but is absent in a 0-4GPa experiment at
1080°C; its stability at 1-3 GPa has not been determined,
although we note that at 1-2 GPa Mintener et al. (2001)
found that hornblende appears between 1100 and
1070°C for a slightly higher bulk H,O content. Pichavant
& Macdonald (2007) did not find hornblende in any of
their 0-4 GPa experiments, regardless of H,O content,
suggesting that hornblende saturation defines a min-
imum pressure in hydrous primitive basalts. The cumu-
late assemblage at and above 0.7 GPa is hornblende
pyroxenite, whose stability field is terminated by the ap-
pearance of plagioclase at 950°C at 1GPa, 1000°C at
0.7GPa, and 1050°C at 0-4GPa (Pichavant &
Macdonald, 2007). The resulting hornblende gabbro-
norite assemblage defines the low-temperature ex-
treme of our phase diagram, with increasing
proportions of hornblende and plagioclase down-
temperature. Olivine is stable, at the expense of
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hornblende, only below 0-7 GPa, forming olivine gab-
bronorite cumulates.

Wet (4-5wt % H,0)

The wet phase diagram shares some topological similar-
ities with the damp phase diagram. There is a near-
liguidus field of spinel, but the liquidus itself is not
defined; according to the parameterization of Médard &
Grove (2008) it should be depressed by about 50°C com-
pared with damp experiments and is shown accordingly
in Fig. 4. In terms of cumulate assemblages, the dunite
field broadens down-pressure, followed by a broad field
of wehrlite. Olivine stability is enhanced and orthopyrox-
ene suppressed compared with the damp case, such that
websterite is displaced to a narrow region above 1GPa.
A single experiment at 1150°C and 1-3 GPa produced an
olivine-websterite assemblage within ~50°C of the
liguidus. Hornblende appears at progressively lower
temperature with increasing pressure, from 1100°C at
0.7 GPa to 1050°C at 1-3GPa. Hornblende is lacking at
0-4 GPa, consistent with Pichavant & Macdonald (2007).
At higher pressures cumulates are olivine-pyroxene
hornblendite and hornblende pyroxenite. The persist-
ence of olivine and absence of orthopyroxene in a single
experiment (BM24) at 1 GPa and 1030°C is curious, sug-
gesting a sharp backbend in the olivine-out and ortho-
pyroxene-in  curves at intermediate pressures.
Plagioclase is entirely absent from the wet phase dia-
gram, as also noted by Pichavant & Macdonald (2007),
thus no cumulate gabbros or gabbronorites occur in the
P-T region studied. We suggest that these would be
near-solidus assemblages for our wet basalts. Given the
dearth of orthopyroxene and persistence of olivine in
wet basalts, olivine hornblende-gabbro is the most likely
such assemblage.

In summary, cumulate assemblages are very sensi-
tive to P, T and initial H,O content. For all basalts there
is a narrow liquidus field of spinel-bearing dunite. For
hydrous basalts wehrlite has a broad stability field,
becoming hornblende pyroxenite below ~1050°C
above 0-4 GPa. Websterites are confined to higher pres-
sures; gabbronorites, with or without olivine and horn-
blende, are confined to lower pressures and bulk H,O
contents. Harzburgites are rare, confined to a narrow
stability field for relatively dry basalts. A single wet run
(BM49) at 1-3GPa and 1150°C was in equilibrium with
olivine, orthopyroxene, clinopyroxene and spinel, con-
sistent with derivation from mantle wedge peridotite.
This supports the conclusion of Pichavant et al. (2002)
that St. Vincent MgO-rich basalts can be derived from a
peridotite source; they inferred multiple saturation for
STV301 with 4-5wt % H,0 at 1-6 GPa and 1185°C.

Melt fraction

Phase proportions change systematically with P, T and
bulk H,0O content (Table 2; Fig. 5). As we have not deter-
mined the solidus temperature in our experiments this
has been extrapolated from the H,O-saturated solidus in
the haplogranite system (Johannes & Holtz, 1996).

The point of H,O saturation is marked by the appearance
of large vapour bubbles in some run products, as noted in
Table 2. As previously described by Melekhova et al.
(2013), melt fraction (F) shows non-linear variation with
temperature for dry experiments at 1 GPa, damp experi-
ments at 0-7 and 1GPa, and wet experiments at 0-7 GPa;
the relationship becomes more linear for damp experi-
ments at 1.3GPa and for wet experiments at 1.0 and
1.3GPa. By comparing experiments at fixed pressure
(1 GPa) and variable H,O we see that the F-T relationship
becomes more linear with increasing H,O. For fixed initial
H,0, linearity increases with increasing P. The most ex-
treme variation in F with T is seen in 1GPa, dry experi-
ments with F decreasing from 0-95 to 0-35 over just 20°C.
For the wet system at 1 GPa the same crystallization inter-
val takes place over almost 200°C. For a given T and start-
ing composition F both decreases and increases with
decreasing pressure. However, the exact relationship is
non-linear and varies with H,O content.

In detail, the F-T relationships are a consequence of
the changing crystallizing assemblages (Melekhova et al.,
2013). The effect of amphibole crystallization on melt pro-
duction has been previously recognized (e.g. Holloway &
Burnham, 1972; Grove et al., 1997; Barclay & Carmichael,
2004; Davidson et al., 2007). In Fig. 5 we indicate changes
in crystallizing assemblage with changing T. It is immedi-
ately apparent that amphibole is not the sole reason for
the observed rapid change in F. In several experimental
sequences, notably the 1 GPa amphibole-free, dry experi-
ments, it is the peritectic reaction olivine + melt= ortho-
pyroxene that heralds the most abrupt change in
crystallization rate (dF/dT). In all experiments where
amphibole is present its appearance occurs within the
period of maximal dF/dT, rather than at the onset.

The principal control on F-T relationships is compos-
itional contrast between the crystallizing assemblage and
the coexisting melt. Rapid changes in F occur during eu-
tectic-like behavior; that is, melt and crystalline residue
have similar composition. Conversely, during peritectic re-
action small changes in F can lead to large change in melt
composition. For example, orthopyroxene and plagioclase
are compositionally similar to basaltic melts and an abrupt
decrease in Fwould be observed on saturation with these
minerals (Villiger et al., 2004, 2007), consistent with the
maximum dF/dT observed when orthopyroxene and
plagioclase appear in dry experiments at 1 GPa (Fig. 5). In
contrast, amphibole and melt differ greatly in composition
and lower dF/dT is observed upon amphibole saturation
in the wet basalt at 1GPa (Fig. 5). However, change in
melt composition is substantial (BM37-BM34). For the
damp basalt, both amphibole and orthopyroxene appear
simultaneously, making dF/dT intermediate between dry
and wet cases.

Phase compositions

Olivine

Olivine forms homogeneous large euhedral to subhe-
dral prisms up to 200um across and small rounded
crystals down to 10 um. Olivine composition changes
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from Fogs to Fogg (Fig. 4), generally decreasing with the point of near-multiple saturation with a lherzolitic
decreasing temperature. However, this is not true for all assemblage (run BMA49) olivine is Fogs, in good agree-
of our experiments, emphasizing the dual role of T and ment with the 1.6 GPa multiple saturation point of
fO, in controlling Fo content (Stamper et al., 2014). At Pichavant et al. (2002) of Fog,.
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It is widely accepted that an exchange coefficient
(Kd) for Fe?* and Mg between melt and coexisting oliv-
ine of 0-3+0:03 is an indication of equilibrium condi-
tions for a wide range of temperatures and
compositions (Roeder & Emslie, 1970). However, Kd is
influenced by Fe*/ZFe, and where there is significant
Fe3* the apparent Kd (i.e. taking all Fe as Fe?*, as usu-
ally assumed) will be reduced. For those experiments in
which we have used pXANES to determine Fe*' the
true Kd varies from 0-28 to 0-52 (mean=0-38 = 0-07)
(Table 3). This is clearly higher than the canonical value,
but there is reasonable agreement between our
values and those calculated by the method of Toplis
(2005) for the same runs, which were 0-33-0-46
(mean =0-37 £ 0-04). Although small discrepancies be-
tween our values and those of Toplis (2005) may reflect
a failure to achieve equilibrium, we note that his
method did not include any explicit term for Fe3* in the
melt and this component may also influence Kd. In this
context it is worth noting that Pichavant & Macdonald
(2007) obtained Kd values for their 15 olivine-bearing
runs, after correction for Fe®* using the method of
Kress & Carmichael (1991), in the range 0-28-0-36
(mean=0-31+0-03). Matzen et al. (2011) in a study of
olivine-melt equilibria at 1 atm found a mean Kd of
0-345 + 0-009, although again their Fe** contents were
calculated, rather than measured by pXANES. For a
more extensive database they arrived at a mean
Kd = 0-34; that is, somewhat higher than the canonical
value. They warned that ‘application of constant
Kdre-mg values to highly oxidizing systems should be
approached with caution’. We conclude that olivine—-
melt Kd values cannot be used as evidence for or
against equilibrium in relatively oxidized runs.

In terms of minor elements, the CaO content of oliv-
ine reaches 0-49 wt % and shows a weak positive correl-
ation with temperature. Olivine NiO contents range
from 0-82 to 0-09 wt %. There is no clear correlation be-
tween Fo content of olivine and minor elements, but
there is a positive correlation between NiO content of
olivine and coexisting spinel (Appendix 2).

Spinel

Spinel is the first liquidus phase to appear and is pre-
sent in every experiment, often occurring as an inclu-
sion in other phases, particularly olivine. The grain size
of near-liquidus spinel is very small, in some cases less
than 1um, making it impossible to analyze. In the cases
when analyses were not possible the chemical compos-
ition of spinel from a nearby experiment was used for
mass-balance calculations (Table 2). Spinel grain size
increases down temperature, reaching a maximum of
10 pm at 1000°C.

Compositions range from Cr-Al spinel at high tem-
perature through Al-rich spinel (pleonaste) to high-Al
magnetite in ‘damp’ and titanomagnetite in ‘wet’ ex-
periments at lower temperature, in good agree-
ment with the data of Pichavant et al. (2002) and
Pichavant & Macdonald (2007). In ‘dry’ experiments

pleonaste + ilmenite occur in place of magnetite. The
dominant control on spinel chemistry was found to be
melt composition, as reflected in the melt fraction, F
(Fig. 6). Cr# [= Cr/(Cr+ Al)] decreases as crystallization
proceeds (Fig. 6a). The highest Cr# spinels were found
close to the liquidus in the experiments of Pichavant
et al. (2002) with melt H,O in the range 1-2wt %, at
0-7-1-5GPa. In our experiments Cr# decreases discon-
tinuously with decreasing F, creating a small compos-
itional gap between Cr#=0-1 and 0-2. This gap reflects
the sudden change in melt composition owing to high
dF/dT (Fig. 7; Melekhova et al., 2013) and consequently
is widest for dry experiments.

Al# [= Al/(Al + Fe®* + Cr)] shows three distinct trends
(Fig. 6b). The first involves an increase of Al# with de-
crease of Findependent of P or initial H,O content. Dry
experiments [this study and those of Pichavant et al.
(2002)] and experiments at 0-4 GPa by Pichavant &
Macdonald (2007) have the highest Al# at high F. The
other two trends indicate a reversal in Al partitioning
into spinel, such that Al# decreases with decreasing F.
The reversal coincides with the onset of horn-
blende + plagioclase co-precipitation in damp experi-
ments and the appearance of hornblende in wet
experiments.

In terms of Fe# [= Fe?"/(Fe?* + Mg)], there is a small
increase with decreasing F, reaching a maximum at the
onset of magnetite crystallization. TiO, content is gener-
ally low, increasing only when magnetite appears.

In Fig. 6¢c and d we show Cr# and Al# as functions of
ANNO for experiments analysed by pXANES (Table 3).
Our data are compared with the experimental results of
Pichavant & Macdonald (2007), who used an Ni-Pd sensor
to determine fO,. There is a remarkable agreement be-
tween the two datasets at comparable ANNO. Cr# barely
changes below ANNO + 1-5 then drops very rapidly with
increasing fO, (Fig. 6¢). A similar correlation between Cr#
and fO, was observed by Roeder and Reynolds (1991).
Al# has a negative correlation with fO,, decreasing stead-
ily until ~ ANNO + 3 (Fig. 6d). The subsequent drop in Al#
in our wet experiments is due to magnetite crystallization.

For experiments with coexisting olivine and spinel
we calculated fO, following O’Neill & Wall (1987). These
values range from NNO - 0-4 to NNO + 4.0 (Table 3). For
the runs that were analysesd by pXANES the two meth-
ods of calculating fO, show some coherence, especially
at high fO,, but discrepancies are up to 2 log units for
the more reduced runs. Uncertainty in olivine-spinel
oxybarometry derives from uncertainty in the thermo-
dynamic calibration [estimated to be =0-8 log units by
O’Neill & Wall (1987)] and from assumptions made
about the activity of orthopyroxene, which is not pre-
sent in any of the runs for which we know Fe3*/SFe. We
used an average enstatite activity of 0-75, which imparts
a further uncertainty of +0-5 log units.

Pyroxenes
Clinopyroxene shows a wide variation in crystal size
(150-10 um), which appears unrelated to 7, P or H50.
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Clinopyroxenes are aluminous augites (<9-7wt %
Al,O3) with the exception of diopside in bmn1. TiO, con-
tents are in the range 0-2-0-7 wt %. A single low-Al, low-
Ti clinopyroxene was observed in BM58. The average
Fe®/ZFe, as calculated by stoichiometry, is 0-12. The
dominant exchange vector is tschermakite (Fig. 7a),
with almost all Al, Fe** and Ti on M1 sites charge-bal-
anced by tetrahedral Al.

Clinopyroxene composition is controlled by a variety
of factors, including P, T, fO, and the composition of the
melt, which in turn is influenced by F and the nature of
co-precipitating phases. It is consequently difficult to
ascribe changes in clinopyroxene composition to a sin-
gle variable. Ca serves as a case in point. The Ca con-
tent of clinopyroxene has a strong correlation with F, T,
melt H,O content, and P. Ca increases with melt H,O
(e.g. Gaetani et al., 1993; Miintener et al., 2001; Di Carlo
et al., 2006), decreasing T (Fig. 7b) and decreasing P
(Fig. 7c). Amphibole crystallization has no effect on the
Ca content of coexisting clinopyroxene. There is no sys-
tematic variation of Al or Na with T in our experiments
(e.g. Gaetani & Grove, 1998; Mintener et al., 2001), al-
though there is a positive correlation between Na and P
(Fig. 7d).

Orthopyroxene forms small equant grains 10-15 pm
in diameter. Orthopyroxenes are enstatite with high
Al,O3 (6-10wt %); the dominant exchange vector is
tschermakite. There is no systematic variation in Ca, Al
or Na in orthopyroxene with magmatic parameters, al-
though there is a small increase of TiO, content in
orthopyroxene with decreasing T (Supplementary
Material Appendix 2).

Amphibole

Amphibole forms euhedral crystals up to 150um
across. Amphiboles are tschermakitic hornblende
(Leake et al., 1997), with the exception of magnesiohas-
tingsite in BM39, with 13-.3-15-6wt % Al,O3, Mg# of
74-80 and 5-9-6-2 Si atoms per formula unit (a.p.f.u.).
Mg# decreases with decreasing temperature and correl-
ates negatively with Al (Fig. 8a), consistent with increas-
ing Al as crystallization proceeds, as previously noted
for spinel. The sudden drop in Al at low Mg# (Fig. 8a) is
caused by the onset of plagioclase crystallization. Ti
contents are in the range 0-09-0-16 a.p.f.u. and have a
positive correlation with Mg# in both damp and wet ser-
ies although the trends are displaced to higher Ti at
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lower H,O (Fig. 8b). A single amphibole from the study
by Pichavant & Macdonald (2007) in an experiment with
27wt % initial H,O lies closer to our wet rather than
damp trend (Fig. 8b).

Plagioclase

Plagioclase was observed only in the damp and dry ser-
ies of experiments. An content ranges from 81 to 60 mol
% in damp experiments and from 58 to 49 mol % in dry
experiments, in both case decreasing systematically
with decreasing T (Fig. 4). The higher An contents in
damp experiments relative to dry experiments reflect
the well-known tendency of H,O to suppress the plagio-
clase liquidus.

Melt

Glass compositions were analyzed in all experimental
run products except two, BM60 and BM56, owing to
small glass pools and abundant quench crystals re-
spectively. For the mass-balance calculations in these
runs average melt composition of the nearest tempera-
ture experiments were applied. In some run products
patches of quench material are present, typically as
quench crystals nucleated around spinel. Quench pro-
portions correlate with melt H,O content. However, the
very low residuals of mass-balance calculations demon-
strate that the presence of quench crystals does not

modify melt composition significantly. Experimental
melts show an extensive range in composition from
high-MgO basalt through andesite to rhyolite
(Supplementary Material Appendix 2; Fig. 9). SiO, con-
tents are inversely correlated with F, as expected; how-
ever, in detail the relationship depends on bulk H,O
content because of the changing crystallizing
assemblages.

Despite the variability of mineral chemistry there is a
remarkably systematic variation of melt composition
with T (Fig. 10; Supplementary Material Appendix 2).
There is a very good agreement between experimental
glasses from this study and from those of Pichavant
et al. (2002) and Pichavant & Macdonald (2007) for all
major elements except K,O and TiO, owing to the
higher initial content of K,O and TiO, in STV301
(Table 1). Consequently, for these two oxides compari-
son of our data with those of Pichavant et al. (2002) and
Pichavant & Macdonald (2007) is not meaningful and
they are not presented in Fig. 10.

There is an increase in melt SiO,, Na,O and K,O
(Fig. 10a—) with decreasing T, and an opposite behavior
for MgO and Cr,05 (Fig. 10d and e). SiO, shows a non-
linear relationship with T, owing to the changing SiO,
content of the bulk crystal residues with different experi-
mental conditions. A striking feature is the abrupt in-
crease in SiO, in melts from the damp experiments at T
below 1030°C owing to copious precipitation of low-SiO,
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amphibole. Amphibole also saturates at low tempera-
tures in the wet experiments, but we have insufficient
low-T data to see the same abrupt rise in SiO,. K,O cor-
relates inversely with F, which, in turn, is controlled by
initial H,O and T (Fig. 10c).

Cr,0O3 drops sharply at high temperatures owing to
precipitation of Cr-rich spinel (Fig. 10e). Scatter results
from variation in fO, between experiments, influencing
the total magnetite content of the spinels. FeOioa is
controlled by a combination of mafic minerals and mag-
netite, saturation of which triggers the marked decrease
in concentration below ~1050°C (Fig. 10f). Al,05, CaO
and TiO, (Fig. 10g, h and k) are characterized first by an
increase with decreasing T, followed by a decrease as
different hosting phases saturate in the melt. Al,O3
climbs sharply until saturation of plagioclase, which
occurs at progressively lower T with increasing initial
H,0 and increasing P (Fig. 5). Consequently, the max-
imum in Al,O3 content is a strong function of basalt
H,O content (Pichavant & Macdonald, 2007). CaO is

combined effects of melt fraction and Ti-phase satur-
ation. At high T the increase in TiO, is controlled by
melt fraction, which is lower at a given temperature in
the dry runs, hence the steeper increase. This is
enhanced further by the lack of amphibole in these
runs, TiO, reaches the highest concentration in the dry
experiments at 1130°C (~1-8wt %), dropping thereafter
owing to the appearance of ilmenite. In the damp and
wet experiments magnetite crystallization causes a sig-
nificant drop in TiO, below ~1100°C.

Melt evolution in terms of tholeiitic versus calc-
alkaline differentiation trends is shown in Fig. 11. Melts
from all series of experiments follow an initial tholeiitic
trend to increased FeO/MgO, followed by an inflection
at SiO, above ~52wt % that takes them into the calc-
alkaline field. The inflection can be ascribed to the onset
of magnetite (wet and damp series) or ilmenite (dry)
crystallization. The single experiment of Pichavant &
Macdonald to plot in the calc-alkaline field (Fig. 11) is
also magnetite-saturated. Although the appearance of
an Fe-Ti oxide phase is partially controlled by fO, this is
not the only factor; melt fraction also plays an important
role, as noted in the discussion of spinel chemistry. This
is apparent from Fig. 11, in which fO, from some of our
experiments and those by Pichavant & Macdonald
(2007) is indicated, showing clearly that there is no
simple correlation between fO, and tholeiitic or calc-
alkaline character.
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tion trends showing, where relevant, the controlling influence of melt fraction (F), hornblende (hbl), magnetite and plagioclase (pl).
Low-temperature, magnetite-saturated melts are labeled in (f). The arrows in (h) denote high-CaO and low-CaO trends, labeled C-

series and M-series, respectively.
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€202 UdJeIN €2 U0 1sanb Aq 8859€t1/L.91/1/9G/910IMe/ABOj0.ad/W00 dno dlwapeo.//:sd)y Wolj papeojumod



178

Journal of Petrology, 2015, Vol. 56, No. 1

24
2 |
20 |
18|

16

14 L

1.8
1.4
1.0F  F
0.6 F
magneti’e =

oL m B : o
! O IT102 (thA>)

900 1000 1100 1200 1300
Temperature (°C)

14
L (h —
12 e o 5 B Rumv
5 / (@) O\/D
U S L) CS’"es
» O
8 %@/D/
ot @ o
g
)L o CaO (wt%)

900 1000 1100 1200 1300
Temperature (°C)

O 0.6 wt% o P&M, 07
B 23wth e Petal 02,4.5wt% H,O
B 4.5wth O Petal 02, 1.5wt% H,O

Fig. 10. Continued.

COMPARISON WITH NATURAL ROCKS

One objective of this study is to assess the extent to
which mid- to lower-crustal crystallization of mantle-
derived basalts can generate the observed compos-
itional diversity of lavas, phenocrysts and plutonic
xenoliths on St. Vincent.

Melt compositions

In Fig. 12a—g glass compositions from our experiments
and those of Pichavant et al. (2002) and Pichavant &
Macdonald (2007) are compared with whole-rock ana-
lyses of St. Vincent lavas (Heath et al., 1998a; Robertson
2002), melt inclusions (Heath et al., 1998a; Bouvier
et al., 2008) and cumulates (Tollan et al., 2012). Heath
et al. (1998a) provided data on melt inclusions from all
main phenocrysts phases, whereas Bouvier et al. (2008)
presented analyses of melt inclusions hosted by olivine
(Fogo_gs), which they corrected for post-entrapment
crystallization. Tollan et al. (2012) analysed glassy melt
inclusions in two cumulate xenoliths, samples VS36

(Foy6 host) and VS3-2 (hornblende host), without correc-
tion for post-entrapment crystallization. Experimental
starting compositions, RSV49 and STV301, are also
shown in Fig. 12. Sequential melts from 0-7 GPa damp
experiments are connected by a continuous line to illus-
trate their chemical evolution. MgO is plotted on the ab-
scissa because it shows greater variation than SiO,.

The striking feature of Fig. 12 is the extent to which
our experimental melts bracket the entire compositional
spectrum of St. Vincent lavas for all components, with
the exception of FeOyxa. Comparisons between experi-
mental and natural melts allow us to draw some infer-
ences about the conditions under which the natural
compositional variation was generated.

A notable match between experiments and lavas
occurs for Al,O3 (Fig. 12b), where we are able to gener-
ate the high-alumina (>20wt %), low-MgO (<4wt %)
basalts and basaltic andesites found on St. Vincent via
crystallization of wet parent basalts. The melts that
have these characteristics (bmn2 and BM50) have
>8-3wt % H,0O dissolved in the melt. This value is
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Fig. 11. Variation of FeO,,/MgO vs SiO, for experimental melts
(this study; Pichavant & Macdonald, 2007) and St. Vincent
lavas (Heath et al., 1998b; Robertson, 2002). The discriminant
boundary (dashed line) between tholeiitic and calc-alkaline
suites is from Miyashiro (1974). Numbers are fO, relative to
ANNO calculated from Fe®"/=Fe (uXANES) or sensors
(Pichavant & Macdonald, 2007).

equivalent to saturation at pressures of 0-4 GPa, thereby
providing a minimum pressure estimate for generation
of high-alumina compositions from high-MgO parents.
At lower pressures H,O contents would be limited by
lower solubility, plagioclase saturation would occur at
higher temperatures and Al,0s; enrichment would be
suppressed. Similarly, the high TiO, contents (Fig. 12c)
observed in the dry series of experiments exceed those
observed in most St. Vincent lavas, suggesting that the
parent basalts typically did not have such low H,O con-
tents, in accord with melt inclusion data (Bouvier et al.,
2008).

The principal exception to reproducing natural com-
positions is FeOyuta (Fig. 12d), which extends to higher
values below 6wt % MgO than our experimental
glasses. The experimental melts have high Fe*'/>Fe,
which will tend to favor early magnetite saturation, driv-
ing residual melts to lower FeOya- This is apparent
from Fig. 11, where we show that magnetite-saturated
melts are displaced to lower FeO,,/MgO. The three
magnetite-saturated, damp experiments from Fig. 11
are enclosed by the dashed ellipse in Fig. 12d to show
the consequences of early magnetite saturation. As
magnetite saturation is largely a function of fO, it is
likely that the delayed saturation of this phase on St.
Vincent is a consequence of the slightly lower fO, of the
lavas compared with the experiments.

Alkali contents of melts are very sensitive to F and
crystallizing assemblages. Extensive crystallization of
amphibole with around 16wt % MgO and 2-5wt %
Na,O in our wet and damp experiments serves to limit
the increase in Na,O (Fig. 12e); however, amphibole
alone cannot explain the marked inflection in Na,O

below 6 wt % MgO, which requires extraction of a phase
with >4wt % Na,O. The logical candidate phase is
plagioclase, which in the damp experiments has around
2-5wt % Na,O and negligible MgO, such that co-
precipitation of amphibole and plagioclase would drive
residual melts to lower MgO and Na,O. Another possi-
bility is that Na,O partitions into the coexisting vapour
phase. A single, vapour-saturated wet experiment (indi-
cated in Fig. 12e) supports this suggestion. Notably
melt inclusions show the same trend to low Na,O below
4wt % MgO.

The high K,0 content of STV301 [used by Pichavant
et al. (2002) and Pichavant & Macdonald (2007)] results
in much higher K,O in their experimental melts com-
pared with the lavas. The principal control on K,0 is F.
Our wet (high-F) and dry (low-F) experiments diverge
below ~10wt % MgO to bracket the upper and lower
bounds of the lavas. The dramatic increase in K,O in the
damp experiments at 0-7 GPa (continuous line in Fig.
12f) reflects extensive crystallization of amphibole and
plagioclase. Some lavas are also displaced to high K;O
at low MgO, plausibly as a result of the same process,
although we cannot rule out variability in parental K,0O
or magma mixing between dry and damp or wet basalts
on St. Vincent.

The experimental melts produce two distinct trends
for CaO (Fig. 12g) owing to the early or late onset of
clinopyroxene crystallization. Stamper et al. (2014) have
shown similar behavior for the case of Grenada, where
they attributed the origin of the CaO-rich ‘C-series’ lavas
(Arculus, 1976; Hawkesworth et al., 1979) to shallow
crystallization and the CaO-poor ‘M-series’ lavas to
higher pressure crystallization. Although St. Vincent
does not show discrete M- and C-series differentiation
trends, it is interesting that olivine-hosted melt inclu-
sions (Bouvier et al., 2008) are very CaO-rich, a feature
that Bouvier et al. (2008) attributed to magma inter-
action with a CaO-rich, amphibole-bearing lithology.
Conversely, our experimental results, and those of
Pichavant & Macdonald (2007) and Stamper et al.
(2014), show that such CaO-rich melts could equally
well be produced from crystallization of high-MgO bas-
alt at <0-7 GPa. The high-CaO melt inclusions reported
by Bouvier et al. (2008) are hosted by olivines with
Fogs_90, as found in our experiments with the highest
CaO glasses (Fogg). It is unclear why there are CaO-rich
melt inclusions but no CaO-rich lavas on St. Vincent.

Mineral compositions

In this section we compare experimentally produced
mineral compositions, from this study plus those of
Pichavant et al. (2002) and Pichavant & Macdonald
(2007), to compositions of phenocrysts from St. Vincent
lavas and minerals from plutonic xenoliths (Lewis,
1973a, 1973b; Robertson, 2002; Bouvier et al., 2008;
Tollan et al., 2012). In contrast to the good match be-
tween experimental glasses and erupted lavas, the
overlap between experimental and natural crystal as-
semblages is poor.
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nents in the melt.

Olivine

Olivine phenocryst compositions are presented in Fig.
13. In general the CaO content of olivines increases with
decreasing Fo; however, three discrete groupings are ap-
parent. Olivines from lavas define trends of high and low
Ca0, spanning Fogg_7q and Fog,_ss, respectively. The
high-CaO trend comprises HMB; the low-CaO trend in-
cludes LMB, basaltic andesites, andesites and cumulate
olivines. Experimentally produced olivines form a third
grouping at even higher CaO, with a more limited range
of Fogs_go. No experimental olivines lie in the low-CaO
phenocryst field and only four [one from this study, three
from Pichavant & Macdonald (2007)] lie within the high-
CaO field. These are exclusively olivines produced in

experiments at 1030-1050°C from basaltic melts with
high H,0 (6-8-4wt %) and MgO in the range 3-9-7-2wt
%. Melt inclusion-hosting olivines from Bouvier et al.
(2008) lie at the high-Fo extremity of the high-CaO pheno-
cryst field, consistent with their CaO-rich melt compos-
itions, and overlap those of the experiments. A cluster of
Ca-poor olivines (Fogg_91) from HMB have CaO (<0-06 wt
%) and NiO (0-29 - 0-50 wt %) contents similar to those of
mantle peridotite xenoliths from Grenada (Parkinson
et al., 2003), and may represent entrained xenocrysts
from the mantle source region.

The discrepancy in the CaO contents of experimental
olivines compared with natural olivines suggests that
the phenocrysts and plutonic blocks crystallized under
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Fig. 12. Continued.

conditions different from those in the experiments.
Olivines from H,O-rich basaltic experimental melts
lying within the CaO-rich phenocryst field suggest that
some HMB may have been generated under conditions
of relatively low temperature (<1050°C) and high H,O
content. For all other phenocrysts, no direct match to
experimental compositions can be made, despite the
fact that the experimental melts are a close match to the
lavas (Fig. 12). This paradox can be reconciled if we
consider the phenocrysts to be the products of rela-
tively low-pressure crystallization of melts produced at
higher pressure conditions similar to those of the
experiments. Shallow crystallization may occur when
ascending melts stall in the crust or reach their H,O-
saturated liquidi at low pressures. Low-pressure, hy-
drous basaltic and andesitic magmas invariably have
olivine as the principal liquidus phase. Thus we can
make a distinction between the mineral compositions
that drive deep-seated differentiation and those that
precipitate from derivative melts within the shallow

crust. Plutonic olivine Fo and CaO contents are consist-
ent with crystallization from melts similar in compos-
ition to LMB, basaltic andesites and andesites (i.e.
relatively evolved compositions) at low pressures, as
previously suggested by Tollan et al. (2012). Only the
melt inclusion-hosting olivines from scoria have com-
positions consistent with relatively deep-seated frac-
tionation and they may be the only mineral relics of this
episode preserved in the St. Vincent lavas. In all other
cases phenocrysts are exclusively shallow in origin,
with the possible exception of some putative mantle
xenocrysts.

Spinel

There is a continuum of spinel compositions in St.
Vincent lavas from Cr-spinel to titanomagnetite, al-
though there is some bimodality in TiO,, Fe**# [Fe3'/
(Fe** + Cr+Al)] and Cr# (Fig. 14b—-d), which is not un-
usual for island arcs (e.g. Barnes & Roeder, 2001).
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Fig. 13. CaO wt % content of olivine as a function of forsterite
(Fo) content. P.et al, 02, Pichavant et al. (2002); P&M, 07,
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angles) are from Robertson (2002) and Tollan et al. (2012).

Spinels from plutonic xenoliths are strongly bimodal,
with one group of Al-rich spinels of low Cr# and inter-
mediate Fe?"# [Fe?"/(Fe*" + Mg)] and a second group
of low-Al and -Cr magnetites (Fig. 14). Spinel
associated with melt inclusions (Bouvier et al., 2008) is
Al-rich, with Cr# decreasing from 0-7 to 0-02 and low
Fe?™# (0-2-0-4).

Experimental and natural spinels show a good match
in terms of Al# (Fig. 14a). The Al# of spinel from lavas is
displaced to lower values (Al# <0-4) compared with spi-
nels associated with melt inclusions (Al# <0-9) or plu-
tonic xenoliths (Al# <0-68), although the latter also
contain a discrete population of low-Al# spinels similar
in composition to phenocrysts. Three near-solidus
damp experiments (BM58, BM52, BM15) also crystal-
lized magnetite compositionally similar to the spinels
from lavas and xenoliths. Spinels from RSV49 are lower
in Al# and higher in Fe?*# compared with experiments,
but resemble some xenolith spinels. TiO, contents of
experimental spinels describe a curved trajectory from
low TiO, at low Fe®>"# to Ti-magnetites at high Fe®#
similar to spinels from lavas and plutonic xenoliths
(Fig. 14b).

The Fe*'# of experimental spinels increases with
increasing Fe?*# (Fig. 14c). The positive correlation be-
tween Fe**# and Fe?#, along a vector towards magnet-
ite, is observed also for natural spinel. The
displacement of experimental spinels to higher Fe*#
compared with lavas and xenoliths probably reflects
the higher fO, of the experiments; Pichavant &
Macdonald'’s spinels from slightly lower fO, conditions
provide a better match to nature. We illustrate this ef-
fect schematically in Fig. 14c.

The Cr# of experimental spinels is consistently lower
than that of spinel from lavas, with a maximum of 0-50
in our damp experiment at 0-4 GPa and 0-45 in an ex-
periment (7-2) of Pichavant & Macdonald (2007) at the
same P (Fig. 14d). The only good match is between spi-
nels in our wet experiments and spinels from a plutonic
xenolith analyzed by Tollan et al. (2012). The tendency
of lower pressure experiments to provide a better
match to spinels from lavas and the requirement for
protracted plagioclase crystallization to drive up Cr#
(Fig. 14d) suggests that pressure may exert a strong in-
fluence on Cr#-Fe?# systematics, such that high-Cr#
spinels from lavas crystallized at lower P than the ex-
periments. Such a possibility could be tested with a set
of atmospheric pressure experiments.

Pyroxene

Clinopyroxene phenocrysts have a wider range of Mg#
(92-56) compared with experiments (Mg# 88-74) and
plutonic xenoliths (Mg# 82-72), but a similar range in
Ca content (Fig. 15a). The spread in phenocryst Mg# is
most probably an indication of crystallization from
melts ranging from HMB to andesites. The Ca content
of phenocrysts is positively correlated with Mg#, and
xenolith clinopyroxenes lie close to the high-Mg#
extremity of this trend. Experimental clinopyroxenes
extend away from the xenoliths to lower Ca, with high-
temperature (1200-1180°C) experiments showing the
lowest Ca contents. The experiments that provide the
best match for phenocrysts are those at T <1100°C,
P <0-7 GPa, and H;,0 >2-8wt %.

Orthopyroxene is rare in xenoliths but widespread in
lavas. Experimental orthopyroxenes have Mg# consid-
erably higher than natural phenocrysts (Fig. 15b and c)
indicating that phenocrysts grew from more evolved
melts. Natural orthopyroxenes are lower in AlV than
most experimental orthopyroxenes (Fig. 15b), again
consistent with lower pressure lava crystallization. The
lowest Al in our experiments occurs in dry and damp
experiments at low temperature where orthopyroxene
coexists with plagioclase. Consequently, Al is an indi-
cator of phenocryst crystallization from differentiated,
plagioclase-bearing melts.

Amphibole

Amphibole phenocrysts are lacking in St. Vincent lavas
but prevalent in xenoliths and in our experiments.
Experimental amphiboles have high Mg# compared
with xenolith amphiboles (Fig. 15d). A single amphibole
from damp experiment BM52 (1 GPa, 1000°C) overlaps
the high AIV-Mg# end of the xenolith array. Two experi-
ments [BM60 and 1-9 of Pichavant & Macdonald (2007)]
show anomalously low AI"Y, well below any natural
amphiboles (Fig. 15d).

Plagioclase
The compositional range of plagioclase in lavas is
Angg_ze (Heath et al., 1998a; Robertson, 2002), whereas
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plagioclase in xenoliths is homogeneous and anorthitic
(Ang7_g2). One of the most striking features of the
St. Vincent cumulates is the coexistence of An-rich
plagioclase with relatively evolved olivine (Fog7_go; grey
bars in Fig. 16). Experimental olivine-plagioclase pairs
attain such characteristics only at relatively low pres-
sures (0-4 GPa), temperatures (<1050°C) and water-
saturated conditions (Fig. 16). At other conditions ex-
perimental plagioclase is more sodic (Ang;_77) and oliv-
ine is more magnesian (Fogz gg) than in the plutonic
xenoliths. Low-Fo olivine co-precipitating with An-rich
plagioclase appears to require crystallization of H,O-
rich melts that have undergone significant prior differ-
entiation (Tollan et al., 2012).

DISCUSSION

Integration of our experimental results with natural data
for lavas and plutonic xenoliths allows us to draw

inferences about conditions of magmatic differentiation
beneath St. Vincent. In drawing these inferences we
make a distinction between liquid compositions, as rep-
resented by experimental glasses and lavas, residual
minerals, such as those produced in experiments, and
phenocrysts, formed during cooling and degassing of
magma prior to eruption. The plutonic xenoliths may
represent either residual mineral assemblages or ag-
gregations of phenocrysts.

For the wet series of experiments we have deter-
mined a possible condition of equilibrium with Iherzolitic
mantle at 1.3GPa and 1180°C, in agreement with
Pichavant et al. (2002). No such condition was identified
for the damp series. Pichavant et al. (2002) suggested
that lower H,O magmas equilibrated with lherzolite at
lower pressures and higher temperatures. It is not pos-
sible to confirm or refute this proposal based on our ex-
periments alone, although extrapolation of the 1-3 GPa
damp phase relations suggests that I|herzolite
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equilibrium will occur at slightly higher P and T than for
wet basalts. For the purposes of this discussion we con-
sider that parental HMB with ~4-5wt % H,0 last equili-
brated with a peridotite mantle wedge at ~1180°C and
1-3GPa. Slightly wetter and drier HMB may also have
been generated in the mantle wedge; variability in pri-
mary magma H,O contents is consistent with the melt in-
clusion study of Bouvier et al. (2008).

Polybaric crystallization beneath St. Vincent

Lava compositions on St. Vincent are reproduced well by
our experiments, suggesting that lower-crustal differenti-
ation of mantle-derived HMB is capable of generating
the observed diversity of erupted magmas (Fig. 12). In
Table 4 we compare the average compositions of natural
lavas with experimental glasses to explore the range of
natural differentiation conditions that can produce the
principal lava varieties. We calculate the mean and
standard deviation for each of the lava varieties from the

number of analyses denoted n in Table 4. Comparison
with the experimental glasses reveals that discrete
P-T-H,O conditions give rise to melts whose compos-
itions correspond to these different varieties (Table 4).

In Fig. 17 we present a schematic illustration showing
the generation of different types of magma in St. Vincent
by polybaric crystallization of mantle-derived HMB par-
ents. HMB themselves are generated within the mantle
wedge by hydrous melting of peridotite. The P-T pos-
itions of last equilibration of HMB with peridotite (stars in
Fig. 17) lie slightly above the mantle wedge geotherm of
Syracuse et al. (2010), presumably because of heat ad-
vection by ascending magma. HMB slightly more
evolved than our starting composition can be generated
by modest olivine or pyroxene crystallization within the
mantle wedge (>1-3 GPa). LMB are generated by crystal-
lization of wet or damp basalts at pressures of
1-0-1-3 GPa. Residua are wehrlite or websterite. Wet and
damp basalts are unable to generate LMB at lower pres-
sure conditions. Basaltic andesites are generated by
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(circles) compositions in experiments as a function of tempera-
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Tollan et al. (2012). Filled symbols connected by black lines are
coexisting olivine and plagioclase from the experiments of
Pichavant & Macdonald (2007), which provide the best match
to the natural cumulates. The dry trend shows decrease of An
with decreasing temperature in experiments with 0-6wt %
Hzo.

differentiation of dry or damp HMB at slightly lower pres-
sures (0-7-1-0 GPa). Residua are hornblende websterite
(damp) or gabbronorite (dry). These findings are consist-
ent with a magma differentiation region straddling the
Moho fuelled by intrusion of mantle-derived HMB with
H,0 contents in the range 2-5wt %.

Andesites (and plausibly some basaltic andesites) can
also be generated in the lower crust but from dry HMB
(H,O0 = 0-6wt %). In an arc setting this is somewhat coun-
ter-intuitive, especially as melt inclusion studies (Bouvier
et al., 2008) show no evidence for such dry parental mag-
mas on St. Vincent. It is striking that 0-6 wt % H,0 is ap-
proximately that which can be structurally bound in
gabbros with ~30% amphibole. Thus andesites (and
some basaltic andesites) appear to reflect not crystalliza-
tion of relatively dry basalts, but partial remelting of gab-
bros formed by the solidification of ancestral HMB. This
is consistent with the hot-zone concept of Annen et al.
(2006) in which derivative melts are generated by a com-
bination of crystallization and partial melting of the lower
crust. In the case of St. Vincent, where isotopic data
(Heath et al., 1998b) testify to negligible old crust involve-
ment in magma generation, the lower crust is probably
composed almost exclusively of partially solidified hy-
drous basalts (hornblende gabbros). As the hot zone ma-
tures thermally these older gabbros will be heated
sufficiently to partially melt, generating andesites and
some basaltic andesites. Unfortunately, our dry experi-
ments were performed only at 1-0 GPa and we cannot ex-
clude the possibility of andesite generation at other
pressures. Nonetheless, generation of andesites at
around 30km depth by partial melting of hornblende

gabbros of HMB composition is in keeping with studies
of other arcs in which more evolved magmas are
thought to be produced by remelting of ancestral soli-
fidied magma (e.g. generation of Izu-Bonin rhyolites
from solid andesites; Tamura & Tatsumi, 2002). The time
taken to generate sufficiently high hot-zone temperatures
for andesite generation beneath St. Vincent by remelting
gabbros will depend on HMB input rates into the lower
crust. In the hot zone simulations presented by
Melekhova et al. (2013) temperatures over 1050°C are
generated in a region 1-2-1-3km thick above the zone of
basalt generation (30km depth) after 2 Myr (10mma™’
injection rate) or 0-9 Myr (20mma~"), timescales entirely
commensurate with the volcanic history of St. Vincent.
Radiometric dating of the various St. Vincent lava types
is required to test the hypothesis that andesite eruption
post-dates the first evidence of HMB magmatism by ~1
Myr. The concurrent generation of basaltic andesite,
LMB and andesites at similar lower-crustal depths by
both crystallization and partial melting is likely to lead to
extensive mixing between these magma types (e.g.
Annen et al., 2006; Melekhova et al., 2013).

The origin of HAB (SiO, 48-53 wt %, Al,03 > 20 wt %,
CaO >8-5wt %, MgO < 9wt %) in arcs has been the sub-
ject of longstanding debate (e.g. Marsh, 1976; Myers,
1988; Brophy, 1989; Bartels et al., 1991; Kersting &
Arculus, 1994; Ozerov, 2000). The experiments pre-
sented here and those of Pichavant & Macdonald (2007)
indicate that HAB are products of clinopyroxene-domi-
nated crystallization of HMB with a high initial H,O con-
tent (>4wt %) at mid- to upper-crustal conditions,
0-4GPa, and temperatures of 1050-1080°C (e.g.
Crawford et al., 1987; Draper & Johnston, 1992; Sisson
& Grove, 1993b; Grove et al., 2003; Chiaradia et al.,
2011).

Our proposal of polybaric differentiation of HMB
with variable, but elevated, H,O contents beneath St.
Vincent is consistent with several independent lines of
evidence. The most direct evidence for elevated H,O
contents comes from analyses of melt inclusions
(Bouvier et al., 2008), which lie in the range 0-8-5-2wt
%. The highest value corresponds to a saturation pres-
sure of about 0-24 GPa, assuming that there is no dis-
solved CO,, providing a minimum pressure estimate for
trapping. Heath et al. (1998a) reported melt inclusion
analyses from a variety of host minerals. They did not
report H,O directly, but estimates using the by-differ-
ence method yield values up to 9-4wt % in dacitic melt
inclusions. Notwithstanding the relative imprecision of
this method, the inferred minimum pressure of trapping
is around 0-4 GPa.

It has been proposed (Davidson et al., 2007) that
many arc magma suites show evidence of amphibole
fractionation in their differentiation, despite the relative
scarcity of amphibole as a phenocryst phase. This idea
gives rise to the notion of ‘cryptic’ amphibole fraction-
ation. Our experiments lend support to this idea.
The prevalence of amphibole in plutonic xenoliths also
testifies to crystallization of some magmas at depths at
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Table 4. Major element composition of representative lavas and matching experimental glasses

Sample no. HMB n=11 SD P etal. P etal. HAB n=13 SD bmn2 P&M 4-3 P&M 4-2
No. 12 No. 19

SiO, 48-02 117 48-52 48-19 50-86 1.03 53-14 51-90 50-20

Al,O5 15-65 078 15-96 15-41 21-08 0-82 21-45 21-00 20-70

FeO 914 0-52 8-66 8:62 8-62 0-45 6-98 7-85 814

CaO 10-64 0-36 11-20 11-20 10-37 0-55 10-51 9-11 10-50

MgO 12-85 1.77 11-60 12-28 413 093 347 3.86 519

MnO 017 0-01 0-12 0-18 017 0-01 0-15 0-16 0-15

Na,O 2:24 0-26 227 233 329 0-38 283 3.76 3:00

K20 0-30 0-14 0-51 0-51 0-38 0-07 0-24 0-85 0-67

TiO, 0-90 0-13 113 1-15 0-98 0-09 1-06 1-51 1-41

P,0sg 0-09 0-03 0-12 0-02 0-13

mg# 0-71 0-03 0-70 072 0-46 0-05 0-47 0-47 0-53

ASI 0-67 0-03 0-65 0-62 0-85 0-03 0-89 0-89 0-84

P(GPa) 2.0-1-0* 1.45 1.75 0-40 04 0-4

T(°C) 1250-1150* 1180 1200 1080 1050 1050

H,0O(in) 4.8 39 4.50 3.01 4.35

H,O(gl) 4.95 52 8:30 5.9 6-3

Sample no. LMB n=14 SD BM49 BM17 BM41 BAn=74 SD RSV49_10 BM39

SiO, 50.72 1-06 4961 50-72 50-65 54.45 1.37 52.43 54-31

Al,O5 17-89 1-01 1818 18-27 19-22 1868 114 18-85 20-20

FeO 9.03 072 8:32 812 8-27 814 0-49 8.03 7-50

CaO 10-13 0-51 9-81 10-41 9-42 9.01 0-63 8.37 7-53

MgO 7-70 1-42 9.04 894 7-27 4.54 1.27 5.48 519

MnO 0-17 0-01 0-15 0-15 0-17 017 0-02 0-19 0-12

Na,O 290 0-25 351 212 3:39 339 0-38 3.86 371

K20 0-39 0-08 0-25 0-19 0-27 0-53 0-09 0-66 0-32

TiO, 0-95 0-14 0-98 0-91 1-19 0-93 0-09 174 0-81

P,0s 0-12 0-03 0-12 0-12 0-15 0-14 0-02 0-40 0-19

mg# 0-60 0-05 0-66 0-66 0-61 0-50 0-06 0-55 0-55

ASI 076 0-04 0-76 0-81 0-84 0-83 0.04 0-85 1-00

P(GPa) <1.0* 1-30 1-00 1-00 <1.0*% 1.00 0-70

T(°C) 1200-1100* 1150 1080 1065 1050-1000* 1130 1050

H,0(in) 4.5 4.50 230 0-6 2.3

H,O(gl) 6 6-70 5.00 32 5.8

Sample no. Andesite n=9 SD RSV49_8 RSV49_9

SiO, 58-95 1.70 61-50 57-67

Al,O3 17-78 0-45 17-34 17-15

FeO 7-11 0-89 518 6-52

CaO 6-86 0-68 6-30 777

MgO 3:43 1-16 270 4.26

MnO 0-17 0-02 0-11 0-13

Na,O 4.03 0-40 4.28 3.78

K50 0-71 0-15 0-98 0-80

TiO, 0-80 015 1.22 1.52

P,0sg 0-17 0-04 0-34 0-38

mg# 0-46 01 0-48 0-54

ASI 0-90 0-06 0-89 0-81

P(GPa) <1.0* 1-00 1.00

T(°C) 950* 1030 1080

H,0(in) 0-60 0-6

H,O(gl) 10 7-5

Agreement between natural lavas and experimental glasses is within 2¢. P et al., Pichavant et al. (2002); P&M, Pichavant &

Macdonald (2007).
*From Robertson (2002).

which amphibole is stable. Amphibole stability is sensi-
tive to a number of factors, including pressure, H,O and
bulk composition. There is considerable experimental
evidence that amphibole can crystallize from basalts,
andesites and dacites at pressures as low as 0-15 GPa
(e.g. Allan & Boettcher, 1978; Geschwind & Rutherford,
1992; Barclay & Carmichael, 2004). However, amphibole
saturation occurs at relatively low temperatures and it
has a correspondingly low Mg#. To generate

amphiboles with Mg#~0-72, as observed in some St.
Vincent xenoliths (Fig. 15d), requires early amphibole
crystallization from magnesian basalt melts. In our ex-
periments amphibole saturation from such melts is lim-
ited to pressures >0-7 GPa.

Polybaric crystallization can also account for
Ca0-MgO systematics in St. Vincent lavas that show a
wide range of CaO at any given MgO content (Figs 12g
and 18). This variability arises because at lower
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Fig. 17. Schematic illustration of the magma plumbing system
beneath St. Vincent based on our experimental results. Stars
are points of multiple saturation (last equilibration with mantle
peridotite): green, this study; white, Pichavant et al. (2002).
Labelled fields denote P-T regions where experimental glasses
match different varieties of lava (Table 4): HMB, high-MgO bas-
alts; LMB, low-MgO basalts; HAB, high-Al,03 basalts; BA, bas-
altic andesites; A, andesites. Colour-coding denotes the H,O
content of the parent HMB. White arrows show ascent of HMB
to P-T regions where differentiated melts are generated.
Andesites and some BA appear to be generated by partial
remelting of previously solidified gabbros within the lower
crust. The wedge geotherm for the southern Lesser Antilles is
from Syracuse et al. (2010); Conrad discontinuity is from
Boynton et al. (1979); Moho is projected from the seismic pro-
files of Christeson et al. (2008) and Kopp et al. (2011).

pressure clinopyroxene appears at increasingly lower
temperatures than olivine, leading to elevated CaO in
derivative melts. Our experimental glasses show that
with decreasing pressure (isobars shown in Fig. 18)
there is a systematic increase in CaO, with the highest
CaO melts occurring at 0-4 GPa. Our experimental re-
sults together with those of Pichavant & Macdonald
(2007) show that high-CaO (>10wt %), low-MgO (<8 wt
%) lavas can be produced from HMB parents only at
pressures <0-7 GPa (Fig. 18). It should be noted, how-
ever, that the systematic increase of CaO with decreas-
ing pressure is true only for melts with CaO contents
above 9-4wt % (Fig. 18, dashed line). Below this value
melt composition is influenced strongly by amphibole
and plagioclase crystallization.

Cumulate compositions further support polybaric
crystallization of St. Vincent magmas at elevated H,O
contents. Most of our experiments failed to reproduce
the mineral compositions in the plutonic xenoliths or the
lava phenocrysts, suggesting that the phenocrysts and
xenoliths do not represent fragments of the residual cu-
mulate assemblage from the deep crustal differentiation
region, but instead correspond to lower-pressure crystal-
lization from evolved melts. Crystallization in these hy-
drous derivative melts may be initiated at depths where
they intersect their H,O-saturated liquidus (Annen et al.,
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Fig. 18. Variation of CaO vs MgO for experimental glasses
[filled black symbols, this study; open symbols, Pichavant et al.
(2002) and Pichavant & Macdonald (2007)] and St. Vincent nat-
ural lavas (filled grey circles, Heath et al., 1998b; Robertson,
2002). Black line shows increasing CaO content generated by
olivine-only fractionation. Upon clinopyroxene saturation CaO
contents fall along coloured lines denoting approximate iso-
bars. Dashed line shows that in glasses with CaO below
9-9-5wt % the CaO-MgO relation is complicated by crystalliza-
tion of plagioclase and amphibole. Experiments labelled
amph-in demonstrate the effect of sudden abundant crystal-
lization of amphibole on liquid composition at 1-3 and 1-0 GPa.

2006). Adiabatic ascent may explain the agreement be-
tween magma generation temperatures from our experi-
ments and eruption temperatures from mineral
thermometry (Heath et al, 1998a; Robertson, 2002).
Therefore, the mineral assemblages and compositions of
plutonic xenoliths are ascribed to shallow-level crystal-
lization of evolved melts that were themselves generated
by differentiation of HMB at higher pressures. A good ex-
ample is troctolites, which have been shown to require
H,O-rich, low-MgO (<6wt %) melt with a high Al,O3
(>19wt %) content (HAB), crystallized at <0-4 GPa. This
proposal is in agreement with the suggestion of Plechov
et al. (2008) that allivalite xenoliths (Fo_gi, An.g) from
the Kuril-Kamchatka arc, Russia, are the products of
high-Al basalts (4-7wt % MgO and 17-19wt % Al,Ox3)
that are themselves differentiation products of primitive
HMB with 3-3-5wt % H,0, crystallized at 970-1080 °C
and ~0-1GPa.

Deep versus shallow differentiation

Our experimental results support the generation of di-
verse arc magmas by differentiation of mantle-derived
HMB over a range of near-Moho and lower-crustal pres-
sures. This is in contrast to other models of arc magma
differentiation that focus instead on crystallization in the
mid- or shallow crust. One such example is the Cascades
arc, where Blatter et al. (2013) used experimental evi-
dence to rule out deep crustal differentiation to generate
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Fig. 19. Variation of ASI [molar Al/(2Ca+ Na+K)] vs wt % SiO, for lavas and cumulates from St. Vincent (Heath et al, 1998a;
Robertson, 2002) and Cascades arcs (whole-rock analyses from the GEOROC database) compared with experimental melts from this
study, Sisson et al. (2005; S. et al. 05) and Pichavant & Macdonald (2007). Labelled ellipses enclose experimental plagioclase, clinopyr-
oxene and amphibole compositions. Open triangles, calculated bulk compositions of cumulates; stars, starting compositions from this
study and Sisson et al. (2005). Shaded regions show the trajectories of liquid evolution driven by plagioclase + clinopyroxene (yellow)
and amphibole (blue) crystallization. Arrows show isobars (in GPa) for liquid evolution from HMB under wet (red) and damp (blue)
conditions. It should be noted that experimental liquids produced from hydrous HMB at pressures of 0-4-1-3 GPa are capable of gener-
ating the compositional diversity of arc magmas from both St. Vincent and the Cascades.

the erupted magma types. To explore whether deep
crustal differentiation is also possible in the Cascades we
have combined our experimental results with studies by
Sisson et al. (2005) and Pichavant & Macdonald (2007).
All three studies involve basalts with comparable initial
water content, although those of Sisson et al. (2005) are
slightly more evolved (4-5wt % MgO; 18-20 wt % Al,03),
and so are more akin to LMB than HMB. The experimen-
tal glasses are compared with a compilation of data from
the Cascades (using the GEOROC database; http:/
georoc.mpch-mainz.gwdg.de/georoc) and St. Vincent
(Heath et al., 1998a; Robertson, 2002) in terms of alumi-
num saturation index (ASI) vs SiO, wt % (Fig. 19). The
domains of experimental crystal composition for plagio-
clase, amphibole and clinopyroxene are shown by el-
lipses, and data for St. Vincent cumulate xenoliths by
triangles. The two coloured fields demonstrate the com-
position of lavas produced dominantly by crystallization
of amphibole or plagioclase, or by the combination of
these, where colours overlap. The dashed lines with
arrows are isobars for damp and wet experiments, blue
and red respectively, from this study, and from
Pichavant & Macdonald (2007; black line). The mineral
domains illustrate very well the trajectory of melt evolu-
tion. Extended clinopyroxene crystallization leads to a

very steep increase in ASI; amphibole also increases
ASI, but to lesser extent because of its lower SiO, con-
tent; plagioclase crystallization limits ASI increase. As
plagioclase crystallization is suppressed by the presence
of H,O, damp and wet experiments show a steady in-
crease in ASI at high temperatures (low SiO,), independ-
ent of pressure, until amphibole become stable. This is in
marked contrast to dry experiments, where plagioclase
stability extends to high temperatures and ASI increase
is muted.

The 0-7 GPa experimental data of Sisson et al. (2005)
illustrate the effect of starting composition on melt evo-
lution. Their low-Mg, high-Al starting composition is
shown on Fig. 19 by a purple star. Their experimental
products are dominantly plagioclase +amphibole, with
plagioclase proportion increasing at lower tempera-
tures, in very good agreement with our observations. It
is apparent from Fig. 19 that generation of evolved
Cascades lavas does not require low-pressure differen-
tiation, unless the starting point for that differentiation
is a basalt whose ASI has already been elevated by
prior crystallization of hydrous HMB at elevated pres-
sure. In that case, further limiting ASI increase can be
effected only by shallow, plagioclase-dominated crys-
tallization, as proposed by Blatter et al. (2013).
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If differentiation of HMB with 2-3wt % H,O occurs at
pressures 0-7-1-3 GPa then extreme enrichment in ASI
does not occur. We conclude that the array of Cascades
compositions could be produced by polybaric, lower- to
mid-crustal differentiation of HMB with variable initial
water content, in a fashion similar to that at St. Vincent.
However, we do not exclude the possibility of magma
mixing and assimilation of older crustal materials.

CONCLUSIONS

Our experimental results show that St. Vincent magmas
and plutonic xenoliths could be generated by polybaric
fractionation of mantle-derived HMB with variable, but
elevated H,O contents. Other key findings include the
following.

1. Melt fraction-temperature relationships are non-
linear and a consequence of the changing crystalliz-
ing assemblages. Rapid change in melt fraction
occurs during eutectic-like behavior; that is, melt
and crystalline residue have similar composition,
when rapid change in melt composition appears
during peritectic-like behavior.

2. A distinction should be drawn between those min-
eral phases that are residual during deep crustal dif-
ferentiation and those that occur as phenocrysts in
lavas. The latter are interpreted as the products of
relatively shallow crystallization, plausibly as as-
cending hydrous magmas attain their H,O-saturated
liquidi in the shallow crust. The disconnect between
residual and phenocryst minerals may give rise to
cryptic fractionation (e.g. Davidson et al., 2007), es-
pecially if the residual assemblage contains amphi-
bole, which is lacking in the lavas.

3. Cumulate assemblages are very sensitive to pressure,
temperature and H,O content of the parental melt.
Cumulate xenoliths from St. Vincent are produced by
relatively shallow crystallization of variously differenti-
ated magmas rather than as residual assemblages
from the deep crustal source regions of such magmas.
Amphibole-bearing gabbroic and wehrlitic cumulate
xenoliths were crystallized from melts of basaltic an-
desite and andesitic compositions at temperatures
below 1110°C and near H,O-saturated conditions.
Troctolite cumulates characterized by coexistence of
high-An plagioclase with low-Fo olivine form from
low-pressure crystallization of HAB melt.

4. Andesites on St. Vincent most probably are products
of partial remelting of precursor HMB that had solidi-
fied at depth to produce gabbros with ~30% horn-
blende; that is, ~0-6 wt % structurally bound H,O.
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