
Available online at www.sciencedirect.com
www.elsevier.com/locate/gca

ScienceDirect

Geochimica et Cosmochimica Acta 290 (2020) 137–161
Partial melting of a depleted peridotite metasomatized
by a MORB-derived hydrous silicate melt – Implications

for subduction zone magmatism

Michael Lara ⇑, Rajdeep Dasgupta

Department of Earth, Environmental and Planetary Sciences, Rice University, 6100 Main Street, MS 126, Houston, TX 77005, United States

Received 11 March 2020; accepted in revised form 2 September 2020; Available online 9 September 2020
Abstract

Recent geodynamic models and geothermometers suggest that slabs in intermediate to hot subduction zone cross the
water-saturated basalt solidus, indicating that hydrous silicate melts are important agents of mass transfer from slab to mantle
wedge beneath arcs. Yet the effects of basaltic crust-derived hydrous melt fluxing on mantle wedge melting are poorly known.
Here we present the melting phase relations of a depleted peridotite + a MORB-derived hydrous silicate melt at a melt:rock
mass ratio of 0.1 and 0.05 (3.5 and 1.7 wt.% H2O, respectively) to simulate fluid-present partial melting of a depleted peri-
dotite, which has been metasomatized by a hydrous silicate melt derived from subducting basaltic crust. Experiments were
performed at 2–3 GPa and 900–1250 �C in a piston cylinder, using Au and Au75Pd25 capsules. Amphibole (7–10 wt.%) is
stable up to 1000 �C at 2 and 3 GPa coexisting with an assemblage dominated by olivine and opx and with minor fractions
of cpx and garnet at 3 GPa. The apparent fluid-saturated solidus of our bulk composition is located at 1000–1050 �C, coin-
ciding with the exhaustion of amphibole at 2 and 3 GPa. Amphibole is exhausted between 0 and 5 wt.% melting at 2 and 3
GPa and dominates the melting reactions in this melting interval along with opx, generating SiO2 and Al2O3-rich, and FeO*-
and MgO-poor primitive andesites under fluid-saturated conditions. The melting reactions during low-degree, fluid-saturated
melting are incongruent, consuming opx and producing olivine + SiO2-rich melts and is observed over a wide range of starting
compositions and pressures from this study and others. As extent of melting increases and the free fluid phase is consumed, a
spectrum of basaltic andesites to basanites are produced. Comparison of experimental partial melts from this and other
hydrous peridotite melting studies with natural primitive arc magmas suggests that melting of peridotites with varying bulk
compositions but with 2.5 – 4.2 wt.% H2O can reproduce the major oxide spread and trends of primitive arc magmas globally.
From this comparison, it is clear that differences solely in the pressure of hydrous mantle melting, where the partial melts are
fluid-under saturated, can account for the first order trends observed in experimental and natural data, with differences in
temperature and composition contributing to the compositional spread within these trends. The ubiquity of andesite genesis
over a wide range of pressures and bulk compositions during aqueous fluid-saturated melting suggests that the relative rarity
of primitive andesitic melt flux through the crust could be related to the fact that such melts are only produced at the base of
the mantle wedge where temperatures are relatively low. As fluid-saturated andesitic melts ascend into the hotter core of the
mantle wedge, they are likely consumed by higher-degree, fluid-undersaturated melting generating more common hydrous
basaltic melts.
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1. INTRODUCTION

Mass transfer mediated by fluids in subduction zones
has played a fundamental role in the chemical differentia-
tion of Earth. The first step in this process is the transfer
of fluids from the subducting lithosphere to the mantle
wedge above, inducing partial melting and generating pri-
mary melts in equilibrium with the mantle (Manning,
2004). The composition of primary melts then variably
evolves to more felsic compositions by crystal fractionation
and or crustal assimilation during their ascent, operating as
the second step of mass transfer to the surface and serving
as a mechanism by which felsic continental crust is formed
(Kay and Mahlburg-Kay, 1991). In the general view of this
two-step model, the fluids in the former are dilute aqueous
solutions while the primary melts in the latter are basalts.
However, both of these views may not generally apply to
all modern and ancient subduction zones.

Recent geodynamic models (van Keken et al., 2002;
Syracuse et al., 2010), and geochemical methods
(Hermann and Spandler, 2008; Plank et al., 2009; Cooper
et al., 2012) applied to modern subduction zones suggest
that many slab surface P-T paths are likely to cross the
aqueous fluid-saturated basalt and pelitic sediment solidi
at sub arc depths. A requirement for such melting within
the thermal structure of modern subduction zones is the
availability of free water in the crustal package, most of
which is exhausted in the fore-arc at temperatures below
the water saturated solidus (Tatsumi et al., 1986;
Hermann et al., 2006; Hacker, 2008; van Keken et al.,
2011). However, the breakdown of chlorite and/or serpen-
tinite in the subducting mantle lithosphere near sub-arc
depths flushes the overlying crustal package with aqueous
fluids and induces flux melting of silicate sediments and
eclogite (Prouteau et al., 1999; Poli and Schmidt, 2002;
van Keken et al., 2011; Spandler and Pirard, 2013;
Walowski et al., 2015, 2016). While slab melting may pre-
sently be restricted to the intermediate to hottest subduc-
tion zones, it may have been a more common process
operating throughout much of Earth’s history. In particu-
lar, many Archean tonalite-trondhjemite-granodiorite
(TTG) terrains share similar major and trace element char-
acteristics with partial melts of hydrous mid ocean ridge
basalts (MORB), leading to the interpretation that exten-
sive slab melting in Archean subduction zones facilitated
by higher mantle potential temperatures played a crucial
role in the generation of continental crust (Martin, 1986,
1993; Drummond and Defant, 1990; Rapp et al., 1991,
1999, 2003; Drummond et al., 1996). Therefore, hydrous
silicate melts are likely important agents of mass transfer
from subducting slabs to the mantle wedge in modern
and ancient subduction zones.

Given the realized importance of slab melting in subduc-
tion zones throughout Earth’s history, numerous experi-
mental studies have investigated the partial melting
behavior of hydrous MORB and sediments at conditions
relevant to subduction zones (High P, Low T). These stud-
ies demonstrate that near solidus melting of both crustal
lithologies produces hydrous dacitic to rhyolitic melts con-
taining 10–35% dissolved H2O with sediment melts being
more potassic relative to partial melts derived from hydrous
MORB (Ryabchikov et al., 1996; Prouteau et al., 2001;
Hermann and Green, 2001; Kessel et al., 2005; Hermann
and Spandler, 2008; Sisson and Kelemen, 2018) (Fig. 1).
Hydrous silica-rich melts liberated from the subducting
slab, being far out of equilibrium with peridotite, react with
peridotite in the mantle wedge above forming metasomatic
phase assemblages and hybridized melts. This process is
recorded in several mantle wedge xenoliths containing
hydrous minerals, such as phlogopite and amphibole, and
silica-rich glass (Kepezhinskas et al., 1995; Schiano et al.,
1995; Drummond et al., 1996; Ertan and Leeman, 1996;
Kilian and Stern, 2002; Ishimaru et al., 2006). Many arc
lavas also show He, Hf, Nd, Pb, Sr isotopes and trace ele-
ments patterns indicative of slab melt components present
in their source regions (Defant and Drummond, 1990;
Yogodzinski and Kelemen, 1998; Kelemen et al., 2003;
Cai et al., 2014; Kimura et al., 2014; Walowski et al.,
2015; Yogodzinski et al., 2015).

While slab melting likely occurred in ancient subduction
zones and continues to occur in many modern subduction
zones, the fate of slab melts as they are transported through
and interact with the mantle wedge is enigmatic. The com-
plexity of these interactions arises from the large number of
parameters involved. Infiltrating fluid and peridotite com-
position, melt/rock or fluid/rock ratio, style of transport,
pressure and temperature all need to be considered, and
the range within these parameters may result in a wide vari-
ety of metasomatic phase assemblages and hybrid melt
compositions. Constraining the influence that these param-
eters have on both mantle wedge metasomatism and the
composition of primary arc magmas has therefore been
the subject of many experimental studies simulating fluid/
rock reactions at mantle wedge conditions.

Peridotite + H2O is the most extensively studied fluid/
rock system. Experiments show that partial melting of peri-
dotite in the presence of water at low pressures (�1.5 GPa)
can produce silica-rich primary melts (SiO2 > 55 wt.%) at
temperatures �200 �C cooler than the dry peridotite solidus
(Green, 1973, 1976; Mysen and Boettcher, 1975b;
Kawamoto and Holloway, 1997; Hirose, 1997; Grove
et al., 2006; Mitchell and Grove, 2015). Past studies
(Kushiro, 1972; Till et al., 2012) reported silica-rich melts
in equilibrium with peridotite at high pressures (>1.5
GPa); however, the role of quench modification as dis-
cussed in Green (1973, 1976) was not addressed and these
results remained controversial (Green et al., 2012).
Recently, Grove and Till (2019) found that low-degree
melting of peridotite fluxed with H2O + alkalis produces
SiO2-rich melts at 3.2 GPa. These results indicate that ande-
sitic primary melts can form by direct partial melting of the
mantle wedge at pressures of 1.0–3.2 GPa. Interestingly, the
rare occurrence of high Mg# andesites in some modern
arcs, which are similar in composition to the average conti-
nental crust, suggest that some andesitic lavas erupted in
arcs may have undergone minimum alteration since last
being in equilibrium with the mantle (Gill, 1981). This
has led to the interpretation that high Mg# andesites may
form by direct partial melting of the slab and/or mantle
wedge (Kelemen, 1995,). Given the importance of slab



Fig. 1. Comparison of starting compositions used in with study with previous hydrous peridotite melting studies. Depleted peridotite
composition plotted is that of AVX-1 from Kepezhinskas et al. (1995), also the depleted peridotite composition used in this study. MO is the
MORB-derived hydrous silicate melt used in this study, RK89 from Kessel et al. (2005). DP + 10% MM and DP + 5% DP are the two bulk
compositions used in this study. Fertile peridotite is KLB-1 (Hirose, 1997). Peridotite + SedM is taken from peridotite + hydrous sediment
melt studies (Mallik et al., 2015; Pirard and Hermann, 2015a, 2015b). Peridotite + MM is taken from peridotite + hydrous MORB melt
studies (Sekine and Wyllie, 1982; Prouteau et al., 2001). Peridotite + SM is from peridotite + slab melt studies where the slab melt was not
specified as MORB or sediment-derived (Mitchell and Grove, 2015; Grove and Till, 2019). Peridotite + H2O starting compositions from
previous studies (Hirose, 1997; Niida and Green, 1999; Conceiçao and Green, 2004; Fumagalli et al., 2009; Tenner et al., 2012). Sub arc
mantle xenoliths are also from literature (Maury et al., 1992; McInnes et al., 2001; Kamenov et al., 2008; Halama et al., 2009). Gray oval is the
range of sediment-derived melts generated at 2.5–4.5 GPa 800–1050 �C from Hermann and Spandler (2008). Sediment-derived melt
compositions are plotted to compare against our MORB-derived melt composition. The MORB-derived melt used in this study is K2O free
and thus is not plotted in the MgO vs. K2O plot. Notice the main difference between sediment and MORB-derived melt is the K2O content,
with the former being K2O rich while the latter is K2O-poor or K2O-free. In addition, the MORB-derived hydrous melt is also poorer in
alumina and richer in CaO.
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melts as agents of mass transfer discussed above, other
experimental studies have been conducted using peridotite
which has been variably metasomatized by sediment and
MORB-derived hydrous partial melts to constrain the full
range of phase assemblages and partial melt compositions
that are generated in the mantle wedge.

Two previous studies have investigated partial melting
of peridotite fluxed with K-rich hydrous sediment melts at
a fixed melt/rock ratio of 0.25 at 2–4 GPa and 850–1350 �C
(Pirard and Hermann, 2015a, 2015b; Mallik et al., 2015).
Furthermore, Mallik et al. (2016) explored the effect of vari-
able bulk H2O content on such sediment melt-peridotite
interactions. These experiments contained large modal
abundances of alkali rich hydrous phases (amphibole and
phlogopite) during melting and produced ultrapotasic
melts. Pirard and Hermann (2015a, 2015b) and Mallik
et al. (2015, 2016) used depleted and fertile peridotite,
respectively, for the mantle component of their starting
compositions and produced phonolitic to nepheline norma-
tive utrapotassic melts with compositions similar to some
rare arc lavas, yet much more alkali-rich than both the
majority of arc lavas and the bulk composition of the con-
tinental crust.

Other studies have investigated the interaction between
alleged MORB-derived melt and peridotite; however, the
metasomatic agents used in these studies are either derived
from K-rich MORB or assumed to be similar to alkali rich
granites (Prouteau et al., 2001; Rapp et al., 1999; Sen and
Dunn, 1994; Sekine and Wyllie, 1982). The latter assump-
tion may not be valid because MORB-derived melts are
generally K-poor, an important consideration given the
control of alkali content on the stability of hydrous miner-
als and the composition of hybridized melts. Moreover,
these studies were performed at high melt/rock ratios (>1)
resulting in felsic bulk compositions rich in SiO2, Al2O3,
Na2O, and K2O (Fig. 1), and produced hydrous rhyolitic
to trachytic melts often in equilibrium with an olivine-free
residua. Although such high melt/rock ratios may be locally
feasible directly along the slab-wedge interface or during
melt focusing, once slab melts migrate upwards through
the base of the mantle wedge, the environment is likely to
be dominated by depleted peridotite as indicated by several
natural samples of sub arc xenoliths (Maury et al., 1992;
Arai et al., 2004; Ishimaru et al., 2006; Halama et al.,
2009; Morishita et al., 2011; Pirard et al., 2013). Therefore,
the reaction between MORB-derived melt and depleted
peridotite needs to be investigated using realistic MORB-
derived melt compositions and in a peridotite dominated
system.

Here, we characterize the phase and melting relations of
a depleted peridotite, metasomatized by a K-free hydrous
MORB-derived melt. Experiments were run at 2–3 GPa
and 900–1250 �C at a melt/rock mass ratio of 0.1 and
0.05. Due to the low melt/rock ratios, our bulk composi-
tions on an anhydrous basis are similar to a depleted peri-
dotite with minor enrichments in SiO2, Al2O3, and Na2O
yet still more depleted in CaO and Al2O3 than fertile peri-
dotite (Fig. 1). Most previous hydrous peridotite melting
studies were performed using fertile peridotites (Fig. 1), that
is peridotites rich in CaO and Al2O3. Thus, aside from gain-
ing insights into the phase and melting relations of a mantle
wedge fluxed with a MORB-derived hydrous silicate melt,
this study also offers a look into the phase and melting rela-
tions of the depleted peridotite endmember during hydrous
mantle melting.

2. METHODS

2.1. Starting materials

The slab derived melt composition (RK89) used in this
study is a hydrous partial melt of a K-free basalt (TB-1)
representative of a typical MORB composition (Schmidt
and Poli, 1998). RK89 was generated at 4 GPa, 900 �C in
the study of Kessel et al. (2005), hereafter referred to as
MM. The peridotite composition (AVX-51) used in this
study is representative of an unmetasomatised depleted
mantle wedge peridotite from the Kamchatka arc (Rapp
et al., 1999; Kepezhinskas et al., 1995), hereafter referred
to as DP. Bulk compositions used in this study are homoge-
nous mixtures consisting of 90 wt.% DP and 10 wt.% MM
(DP + 10% MM) and 95 wt.% DP and 5 wt.% MM (DP
+ 5% MM). DP + 10% MM and DP + 5% MM are used
to simulate a depleted mantle wedge infiltrated by a
hydrous slab derived melt via porous flow at a melt-rock
ratio of 0.1 and 0.05, respectively (Table 1, Fig. 1). The bulk
water contents of DP + 5% MM and DP + 10% MM are
1.76 and 3.5 wt.%, respectively. The starting powder was
synthesized using reagent-grade oxides (SiO2, TiO2,
Fe2O3, MnO, MgO), carbonates (CaCO3, Na2CO3,
K2CO3), and hydroxides (Al(OH)3, Mg(OH)2). To mini-
mize contamination by water adsorption, SiO2, TiO2, and
MgO were heated overnight at 1000 �C, Fe2O3, CaCO3,
Na2CO3, and K2CO3 at 800 �C, and MnO at 300 �C. The
oxides and carbonates were mixed in the proportions of
the calculated starting composition and were ground under
ethanol for 1 h in an agate mortar. Once the ethanol had
evaporated, the mixture was fired in a Deltech CO-CO2

gas mixing furnace at logfO2 � FMQ – 2 for 24 h to reduce
Fe3+ to Fe2+ and to decarbonate the carbonate powders. Al
(OH)3 and Mg(OH)2 was then added to the reduced powder
in the amount necessary to yield the desired Al2O3 and
MgO concentrations and to introduce the desired level of
bulk water. The reduced powder plus the added hydroxides
were then ground and mixed under ethanol for 1 h in an
agate mortar. This powder was collected in a glass vile
and stored at 110 �C in a drying oven.

2.2. Experimental procedure

All experiments were performed using a half-inch piston
cylinder apparatus in the Experimental Petrology Labora-
tory at Rice University at pressures of 2–3 GPa and temper-
atures of 900–1250 �C. The starting material was packed
into 3 mm outer diameter Au75Pd25 capsules for experi-
ments at 1200–1250 �C and packed into 2 mm outer diam-
eter Au capsules for all other experiments at 900–1200 �C
and welded shut using a graphite welder or a PUK welding
machine. The capsule was then inserted into a drilled hole
within a 17 mm long MgO insert, which is nestled in the



Table 1
Composition of starting materials from this study and previous hydrous peridotite melting studies.

Reference This
Study

This
Study

This Study This Study Grove and Till
(2019)

Mallik et al.
(2015)

Pirard and Hermann
(2015a, 2015b)

Mitchell and
Grove, 2015

Mitchell and
Grove, 2015

Tenner et al.
(2012)

Starting
Material

DPA MMB DP + 10 %
MMC

DP + 5 %
MMD

FPE + SMF 75% FP + 25%
SedMG

75 % Ol 25% SedM FP + SM FP + SM FP

SiO2 45.47 49.64 45.88 45.68 46.3 49.86 47.92 45.12 44.62 42.81
TiO2 0 0.6 0.06 0.03 0.18 0.21 0.09 0.18 0.17 0.12
Al2O3 0.71 6.9 1.32 1.02 4.21 6.13 3.1 4.11 4.06 2.97
FeO* 7.59 1.57 6.99 7.29 7.48 6.14 6.64 7.28 7.21 8.28
MnO 0.12 0 0.11 0.12 0.1 0.1 0.11 0.1 0.1 0.09
MgO 44.82 1.12 40.45 42.64 37.18 28.58 35.81 36.17 35.83 39.93
CaO 0.93 1 0.94 0.93 3.2 2.44 0.28 3.11 3.08 2.87
Na2O 0.32 4.03 0.69 0.5 0.59 0.98 1.29 0.59 0.57 0.19
K2O 0.04 0 0.04 0.04 0.15 1.55 0.81 0.16 0.14 0.02
H2O 0 35.14 3.51 1.76 4.21 4 3.96 3.19 4.21 2.5
Total 100 100 100 100 100.05 100 100 100 100 99.78

A Depleted peridotite AVX-51 from Kepezhinskas et al. (1995) used as the base peridotite in this study. DP = Depleted Peridotite.
B MORB-derived hydrous silicate melt RK89 from Kessel et al. (2005) used as the metasomatic agent in this study. MM =MORB-derived melt.
C Bulk composition 1 used in this study is a homogenous mixture consisting of 90 wt.% DP and 10 wt.% MM.
D Bulk composition 2 used in this study is a homogenous mixture consisting of 95 wt.% DP and 5 wt.% MM.
E FP = fertile peridotite.
F SM = slab-derived melt not specified as sediment or MORB melt. Added as extra alkalis to an otherwise fertile peridotite.
G SedM = subducted sediment-derive melt.
* All Fe reported as FeO.

M
.
L
ara,

R
.
D
asgu

p
ta
/
G
eo
ch
im

ica
et

C
o
sm

o
ch
im

ica
A
cta

290
(2020)

137–161
141



142 M. Lara, R. Dasgupta /Geochimica et Cosmochimica Acta 290 (2020) 137–161
center of the pressure assembly. The assembly of each
experiment consisted of MgO inserts surrounded by a gra-
phite furnace, all enclosed in a BaCO3 sleeve in which the
outside is lined with lead foil to reduce friction. The pres-
sure and temperature calibration for the assembly is that
presented in Tsuno and Dasgupta (2011), which applies a
– 11% friction correction for pressure. The temperature
was monitored with a Type C thermocouple, which is accu-
rate within ±10 �C accounting for the thermal gradient
across the assembly. The pressure was manually monitored
for the first couple hours, followed by the employment of a
pressure controller to keep the pressure within �0.02 GPa
of the target pressure. The experiments were first pressur-
ized and then heated up to the desired temperature at
100 �C/min. The experiment duration ranged from 96 to
169 h and the experiments were quenched by cutting the
power to the graphite furnace and allowing the circulating
water to cool the assembly to near room temperature. Once
the assembly cooled down, the cooling water was shut off
and the assembly was slowly depressurized.

Once a capsule was retrieved from the assembly, it
was mounted in Petropoxy 154 and stored in a furnace
at 100 �C for 1 h to harden. The mounted capsule was
then grinded on a 600 grit SiC paper to expose material
within the capsule. Once exposed, the sample was impreg-
nated, sometimes several times, with a low viscosity Pet-
ropoxy 154, i.e., freshly made, under vacuum to limit the
loss of material upon further polishing. The impregnated
sample was then polished on a nylon cloth with 3 micron
diamond powder, followed by a 1 micron nylon cloth
and/or a velvet cloth using 0.3 micron alumina suspen-
sion liquid.

2.3. Analysis of run products

The polished samples were imaged and analyzed using a
field emission gun electron microprobe (JEOL JXA-8530F
Hyperprobe) at the Department of Earth, Environmental
and Planetary Sciences at Rice University. Phases were
identified using backscattered electron imaging, energy dis-
persive X-ray spectroscopy (EDS), and compositionally
analyzed using wavelength dispersive X-ray spectroscopy
(WDS). All phases were analyzed using 15 kV accelerating
voltage. Olivine, orthopyroxene, clinopyroxene, garnet,
and amphibole were analyzed using fully focused electron
beam of 20 nA current. If a mineral phase showed compo-
sitional zoning from core to rim, spots were chosen along
the rims of those phases as such analytical volumes are
expected to be closer to equilibrium, in chemical communi-
cation with the adjacent phases. In order to obtain reliable
estimates of melt compositions from heterogeneously
quenched melt pools, a defocused beam of 10 nA with spot
sizes ranging from 10 to 50 microns was used. Analyses
were taken across the whole quench pool to assure that
the data collected were not biased towards specific hetero-
geneous regions. Most quench pools were analyzed on 2–
3 sections by polishing off the old surface. The analytical
standards used for silicates were jadeite (Na), chrome diop-
side (Si, Ca, Mg), biotite (K), olivine (Mg, Si, Fe), rutile
(Ti), almandine (Si, Al), plagioclase (Si, Ca, Al), and rhodo-
nite (Mn) while the glasses were analyzed using a basaltic
glass standard NMNH-113716-1.

3. RESULTS

The experimental conditions, phase assemblages, and
available phase proportions are given in Table 2 and the
back scattered electron images of experimental products
are shown in Fig. 2. A phase diagram, constructed for
our bulk composition DP + 10% MM is shown in Fig. 3.

3.1. Textures and phase assemblages

Experiments performed at 2 GPa, 900–1000 �C contain
olivine, orthopyroxene, and amphibole and are texturally
similar to experiments at 3 GPa in this temperature interval
in that most orthopyroxene exists as fine grained laths often
surrounding euhedral amphiboles (Fig. 2D, Supplementary
Fig. 1). The experiment conducted at 2 GPa, 1050 �C (Run
B458) contains silicate melt along olivine and orthopyrox-
ene grain boundaries where the silicate melt is bounded
by round bubble walls, interpreted to indicate the presence
of a fluid phase (Fig. 2B). Experiments at >1050 �C reached
melt fractions large enough to segregate into melt pools
composed of heterogeneously dispersed quenched silicate
glass and metastable quenched phases (Fig. 2C & F). The
quench texture of the hydrous silicate melts in our experi-
ments resemble those in previous hydrous partial melting
experiments (Green, 1973; Till et al., 2012; Mallik et al.,
2015).

The experiment at 3 GPa, 950 �C (run number B444) is
dominated by euhedral olivine, and fibrous orthopyroxene,
clinopyroxene, garnet, and amphibole surrounded by fine
grain laths of orthopyroxene (Supplementary Fig. 1).
Experiments at 3 GPa, 900–1000 �C are all interpreted as
subsolidus due to a lack of quenched melt and the relative
homogeneous distributions of minerals throughout the cap-
sules. All subsolidus experiments at 3 GPa show identical
mineralogy, with exception to one small grain of rutile
observed at 900 �C (which could be a disequilibrium phase),
and similar phase proportions and textures. These experi-
ments are dominated by euhedral olivine grains and fine
grained fibrous orthopyroxene with minor amounts of
amphibole, clinopyroxene, and garnet (>10 wt.% collec-
tively). Amphibole and clinopyroxene are often enclosed
within laths of residual orthopyroxene and are rarely in
contact with olivine (Fig. 2D). Mass balance, assuming 2
wt.% water in amphibole, suggests that most of the water
in the system (�96%) exists as a free fluid and therefore
our experiments are aqueous fluid saturated below the soli-
dus. The consistent underestimation of Na in mineral
phases relative to the bulk composition suggests that the
free fluid is rich in sodium, a highly soluble element in aque-
ous fluids at high P-T conditions (Manning, 2004;
Hermann and Spandler, 2008). Experiments at 3 GPa and
>1000 �C show a stark change in mineralogy and texture
with the disappearance of amphibole, a change in orthopy-
roxene texture from fine grain laths to euhedral crystals and
a gradient in mineralogy across the capsule similar to the
experiment at the same temperature at 2 GPa.



Table 2
Summary of experimental conditions, phase assemblages, and available phase proportions.

Exp. No T (�C) TBK P (GPa) Duration (h) Capsule Ol Opx Cpx Grt Amph Melt
P

r2 Aqueous Fluid %Fe loss

90% DP + 10% MM
B454 900 � 2 166 Au 53.0 (9) 39 (1) � � 7.6 (8) � 0.6 (2) 3.4 (0) �5.6
B455 950 � 2 120 Au 53 (1) 37 (1) � � 9.3 (3) � 0.5 (4) 3.3 (0) �4
B456 1000 � 2 142 Au 58.0 (5) 31.6 (7) � � 10.4 (3) � 0.6 (1) 3.3 (0) �7.3
B458 1050 1091 2 169 Au 57.0 (9) 34 (1) 2.6 (2) � � 6.2 (3) 1.4 (2) + �9.8
B459 1100 1100 2 145 Au 63.1 (9) 26.1 (9) + � � 10.7 (5) 1.4 (2) + �12.5
B462 1150 � 2 146 Au 57.2 (7) 30 (1) � � � 12.6 (5) 0.4 (0) � �4.4
B464 1200 � 2 141 Au75Pd25 52 (1) 34 (1) � � � 14.0 (3) 1.5 (3) � �14
B484 1250 2 97 Au75Pd25 48 (1) 33 (2) � � � 19 (1) 0.5 (1) � �4
B443* 900 1017 3 118 Au 52.6 (3) 37.6 (2) 1.3 (1) + 8.5 (1) � 0.3 (1) 3.4 (0) �1.8
B444 950 975 3 142 Au 57.7 (5) 32.8 (4) 0.8 (0) 0.8 (0) 7.8 (2) � 0.4 (1) 3.4 (0) �4
B446 1000 1011 3 143 Au 52.0 (2) 40 (1) 0.6 (0) 0.1 (0) 7.7 (3) 0.5 (1) 3.4 (0) �3.6
B450 1050 1130 3 141 Au 56.9 (7) 34.5 (6) 3.5 (1) 0.5 (0) � 4.5 (1) 0.6 (2) + �2.6
B451 1100 3 96 Au + + � � � + � + -
B453 1150 � 3 144 Au 58 (1) 30 (2) � � � 12 (1) 0.7 (1) � �12
B473 1200 � 3 119 Au75Pd25 50 (2) 34 (1) � � � 16 (1) 0.5 (2) � �6.6
B486 1250 3 140 Au75Pd25 42 (1) 38 (2) � � � 20.4 (9) 0.8 (2) � �50

95% DP + 5% MM
B474 1100 2 116 Au 69.7 (9) 23 (1) 1.6 (2) � � 5.5 (3) 0.4 (1) + �2
B488 1200 3 145 Au75Pd25 61 (1) 32 (1) 0.2 (2) � � 7.3 (3) 0.8 (1) � �11

The experiments are arranged, first for the DP + 10%MM and second for the DP + 5%MM bulk composition. For each composition, the experiments are arranged in the order of increasing
pressure and at each pressure, in the order of increasing temperature. TBK – temperature estimated from two-pyroxene thermometer from Brey and Kohler (1990). Phase proportions estimated by
mass balance calculations on an anhydrous basis. Numbers in parentheses are the ± 1r determined by propagating errors in each oxide by Monte Carlo simulations (n = 10). For example, 53.0 (9)
should be read as 53 ± 0.9 wt.% and 53.3 (1.0) as 53.3 ± 1.0 wt.%. ‘�’ indicates that phase was not present in the experiment. ‘+’ indicates that the phase was either present but in such low amounts
that its proportion could not be estimated using mass balance, or in the case of B451, present but mass balance was not achieved due to a lack of glass analysis. Ol-olivine, Opx-orthopyroxene,
Cpx-clinopyroxene, Gt-garnet, Amph-amphibole. Aqueous fluid was estimated by assuming 2 wt.% water in amphibole and subtracting the amount of water contained in amphibole from the
water content of the bulk composition (3.5 wt.%). This fluid phase is assumed to be pure water. *Exp. No 443 contained one small grain of rutile, which may be a disequilibrium phase, and is not
incorporated into the table as an equilibrium phase.
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Fig. 2. BSE images of experiments at 2 and 3 GPa, 950–1150 �C. (A) Highest temperature inferred subsolidus experiment at 2 GPa exhibiting
fibrous opx and euhedral amphibole grains. The gradient in porosity might suggest the presence of silicate melt; however, due to a lack of
observed quenched melt, this experiment is interpreted as subsolidus. (B) Magnified image of B458 showing silicate melt between olivine and
orthopyroxene grain boundaries. Silicate melt is bounded by bubble walls, interpreted as evidence for the generation of silicate melt in the
presence of an aqueous fluid phase. Silicate melt is composed of glassy patches along with quench phases (white needles), interpreted as
quench products exsovled out of the equilibrium melt upon quenching the experiment. The quench products are similar to amphibole;
however, their low Mg# � 84 suggests they are quench products as discussed in Pirard and Hermann (2015a, 2015b). (C) Fluid-undersatured
melt pool in B462 showing large segregated melt pool with heterogeneously spaced metastable quenched phases throughout. (D) Sub-solidus
phase assemblage and texture showing euhedral amphibole and clinopyroxene surrounded by fine grained laths of fibrous orthopyroxene,
garnet with poykilitic texture and euhedral olivine grains. (E) Experiment at 3 GPa showing mineralogical gradient across the capsule. Cpx
(white phases) and gt (poykilitic light gray phases) are concentrated near and decreases away from the cold end of the capsule. (F) Magnified
image of melt strands in B450 displaying evidence of quenched fluid (spherules) coexisting with a silicate melt, similar to those discussed in Till
et al. (2012).
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Clinopyroxene, garnet, and orthopyroxene are concen-
trated towards the cold end of the capsule while the hot
end is dominated by olivine and fine wisps of quenched
fluid/melt (Fig. 2F). The gradient in mineralogy has been
observed in previous water saturated peridotite experiments
and is attributed to the thermal compaction effect facilitated



Fig. 3. Phase diagram showing the stability of mineral and melt phases in the P-T space for our DP + 10% MM starting composition. Black
dots are the P-T conditions of the experiments performed in this study. Olivine (Ol) and orthopyroxene (Opx) are present in all experiments.
Other phases are Amph - pargasitic amphibole, Cpx,- clinopyroxene, Gt - garnet, Melt - silicate melt and fluid. At 2 GPa, cpx and gt are
absent at inferred subsolidus conditions. At 3 GPa, minor amounts of cpx and gt (<2 wt.% collectively) are present at inferred subsolidus
conditions. Fluid-present, amphibole-out boundary marks the solidus, producing cpx and melt at 2 GPa and cpx, gt, and melt at 3 GPa.
Garnet and cpx are exhausted at 1050–1100 �C at 3 GPa and cpx is exhausted at 1100–1150 �C at 2 GPa. Above 1150 �C at 2 and 3 GPa, melt
is in equilibrium with a harzburgite residue (ol + opx). The two experiments using DP + 5% contained the same phase assemblages as the DP
+ 10% MM experiments in the phase diagram at the same P-T conditions, denoted by encircled data points.
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by the presence of melt in a small thermal gradient (Lesher
and Walker, 1988; Grove et al., 2006; Till et al., 2012;
Mallik et al., 2015). The quench pool at 3 GPa, 1050 �C
(run B450) shows two distinct quench products, spherules
and fine wisps (Fig. 2F), interpreted as a quenched fluid
containing dissolved solutes and a silicate melt, respec-
tively. Previous studies have interpreted the existence of
these two distinct quench products as evidence for the coex-
istence of a fluid and silicate melt below the second critical
endpoint of the peridotite + H2O system (Mibe et al., 2007;
Till et al., 2012).

The experiments using the DP + 5% MM mix (B474 &
B488) produced similar phase assemblages as the DP
+ 10% MM experiments (B459 & B473) at the same P-T

conditions in that they all are dominated by olivine and
orthopyroxene with small modal abundances of clinopyrox-
ene and melt. However, the former experiments contained
lower melt fractions relative to the latter at a given P-T

condition.
In general, the experiments � 1000 �C at 2 and 3 GPa,

contain 7–10 wt.% amphibole, and a lack of evidence for
quenched melt and mineralogical gradients. In experiments
>1000 �C at 2 and 3 GPa, amphibole disappears, quenched
melt appears, and the experiments shows a gradient in min-
eralogy from the hot to cold end of the capsule. These tex-
tural observations and phase identifications place the
solidus of our bulk composition at 1000–1050 �C at 2 and
3 GPa, which is discussed in detail in a subsequent section.
3.2. Approach to Equilibrium

Reversal experiments were not performed in this study.
However, the following criteria can be used to establish
maintenance of a closed system and a close approach to
equilibrium: (a) The low sum of squared residuals for all
oxides in the subsolidus experiments ranged from 0.4 to
0.6 ensuring a closed system, with most deficiency coming
from Na likely reflecting leaching into an H2O-rich fluid
phase. Experiments with a melt present show larger sum
of squared residuals, between 0.6 and 1.5 with most of
the deficiency coming from Fe due to exchange and loss
to the experimental capsule (b) Long experimental dura-
tions ranging from 96 to169 h, which is comparable to pre-
vious studies using volatile bearing peridotite compositions
under similar P-T conditions where approach to equilib-
rium was demonstrated (e.g., Mandler and Grove, 2016;
Saha et al., 2018, Saha and Dasgupta, 2019). (c) Measured
experimental temperatures and those calculated using the
Brey and Kohler (1990) thermometer vary by only 11–
117 �C, given average phase compositions from each exper-
iment are used rather than adjacent rims, the monitored
and estimated equilibrium temperatures are considered
quite similar (Table 2). (d) Small compositional heterogene-
ity within each phase as evident from the small standard
deviation among multiple WDS analyses for each mineral,
although minor zoning of olivine was observed in low tem-

perature runs. (e) KdOl
Melt (Fe-Mg) = 0.3 ± 0.05 (Table 3) for



Table 3
Partial melt compositions generated in this study.

Run no B458 B458 B459 B462 B464 B484 B450 B453 B473 B486 B474 B474 B488

H2O in bulk 3.51 3.51 3.51 3.51 3.51 3.51 3.51 3.51 3.51 3.51 1.75 1.75 1.75
Pressure
(GPa)

2 2 2 2 2 2 3 3 3 3 2 2 3

Temperature
(�C)

1050 1050 1100 1150 1200 1250 1050 1150 1200 1250 1100 1100 1200

Method Measured EstimatedA Measured Measured Measured Measured Measured Measured Measured Fe
CorrB

Measured Estimated Measured

n 7 - 10 14 17 19 5 6 12 16 9 - 21
Melt % 6.2 5.03 10.74 12.58 14.02 18.86 4.5 11.6 15.65 20.42 4.18 5.5 7.27
SiO2 68 (1) 66.81 59 (2) 55 (1) 52 (2) 52 (1) 60.0 (9) 49 (3) 48 (1) 50 (3) 70 (1) 68.78 44 (2)
TiO2 0.2 (1) 0.38 0.45 (2) 0.42 (9) 0.37 (9) 0.3 (1) 0.88 (3) 0.50 (9) 0.37 (2) 0.28 (4) 0.6 (1) 0.59 0.36 (2)
Al2O3 26 (1) 25.3 14.1 (8) 12 (1) 13 (1) 6.7 (7) 19 (1) 12 (4) 9.7 (3) 6 (2) 22.5 (5) 20.61 11.8 (5)
FeO 0.6 (1) 0.72 4.0 (4) 6.9 (6) 6.3 (3) 10.0 (7) 3.9 (3) 8 (1) 10.3 (4) 9 (2) 1.2 (4) 1.28 7.5 (9)
MnO 0.01 (1) 0.01 0.05 (3) 0.07 (3) 0.03 (3) 0.16 (4) 0.04 (4) 0.13 (2) 0.06 (4) 0.07 (4) 0.17 (3) 0.18 0.5 (1)
MgO 0.8 (7) 1.35 7 (2) 15 (2) 13 (1) 22 (1) 6.7 (2) 16 (3) 24 (2) 24 (6) 0 (2) 2.28 19 (2)
CaO 1.0 (7) 1.64 9 (3) 7 (2) 10 (1) 5 (1) 2 (1) 9 (2) 5 (3) 7 (4) 2 (1) 3.69 9 (2)
Na2O 1.6 (4) 1.59 3.4 (7) 3.2 (6) 3.3 (5) 3.0 (2) 3.7 (5) 2.8 (4) 1.8 (3) 2 (1) 1.8 (3) 1.66 5 (1)
K2O 2.3 (2) 2.19 0.9 (1) 0.9 (1) 0.5 (2) 0.4 (1) 3.2 (2) 1.1 (5) 0.5 (2) 0.5 (4) 1.0 (1) 0.92 0.6 (1)
H2O

C - - - 28 (2) 25 (1) 19 (4) - 30 (4) 22 (5) 17 (3) - - 24 (1)
Mg# 73 (13) 77 76 (5) 80 (2) 79 (5) 79 (1) 75 (7) 78 (3) 79 (7) 83 42 (11) 76 82 (3)
KdD 0.24 0.3 0.26 0.35 0.29 0.32 0.28 0.29 0.28 0.31 0.07 0.3 0.34

Melt composition reported on an anhydrous basis. Mg# = [molar MgO/(molar MgO + molar FeO*)] � 100. ± 1r error reported in parentheses, based on replicate electron microprobe analyses.
± 1r errors in brackets are reported as least digits cited. For example 68 (1) should be read as 68 ± 1 wt.% and 0.6 (1) as 0.6 ± 0.1 wt.%. n is the number of defocused beam melt analyses.
A Estimated melt compositions by adding quench amphibole and cpx to the measured glasses of B458 and B474, respectively, until KdOlMelt = 0.3.
B Fe corrected melt composition due to 50% Fe loss to the Au75Pd25 capsule in B486.
C H2O concentration estimated by mass balance, assuming all H2O in the system is dissolved in the melt. ‘‘–”indicates that the melt showed evidence of a coexisting H2O rich fluid phase.

Therefore, it could not be assumed that all H2O is dissolved in the melt phase and H2O concentrations by mass balance could not be estimated.
D Fe�Mg KdOlMelt ¼ XOl

FeO

XMelt
FeO

� XMelt
MgO

XOl
MgO

.
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all melt bearing experiments is in perfect agreement with the
knowledge of this exchange coefficient (Roeder and Emslie,
1970; Kushiro and Mysen, 2002; Filiberto and Dasgupta,
2011).

3.3. Melt compositions, quench modification, and Fe loss

Melt compositions obtained using electron microprobe
analyses are reported on an anhydrous basis in Table 3
and plotted as a function of temperature in Fig. 4. Experi-
ments B458 and B474 (2 GPa – 1050 �C and 1100 �C) con-
tain silica poor metastable quench crystals, which were
crystallized from the equilibrium melt upon quenching
and depressurization of the experiment (Fig. 2D). Because
the quench crystals have different compositions than the
coexisting quenched silicate glass patches, analysis of the
silicate glass alone will give erroneous melt compositions
often enriched in SiO2. Therefore, it is important to add
these quenched phases back into analyzed melt to avoid
the misinterpretation of SiO2-rich melts in equilibrium with
peridotite minerals (Green, 1973, 1976). In Table 3, the esti-
mated melt compositions of B458 and B474 are calculated
by adding quench amphibole and cpx, respectively, to the

composition of the measured glass until KdOl
Melt ¼ 00.3. It

should be noted that even when adding quenched phases
back to the melt, they remain rich in SiO2 and would be
classified as dacites based on SiO2 (SiO2 > 62 wt.%). Meta-
stable quench phases are also observed in higher tempera-
ture experiments as constituents of the large silicate melt
pools (Fig. 2C). In these experiments, we were able to inte-
grate both silicate glass and quench phases using defocused
beam analyses with spot sizes of 10–50 microns evenly
across the whole melt pool, ensuring that the analyses
encompassed both metastable quench phases and altered
residual silicate glass.

Fe loss to metal capsules are reported for each experi-
ment in Table 2. Most experiments suffered minimal Fe loss
(<15%), with exception to B486 which suffered 50% Fe loss
to the Au75Pd25 capsule. Fe was added back into the melt of
B486 using the methods described in Mallik et al. (2015)
(see their supplementary information), although this
method is only likely to provide a guide for the FeO content
of the melt composition and is unlike to yield accurate esti-
mate (e.g., Mitchell and Grove, 2015).

In experiments at 2 GPa, with increasing temperature,
SiO2 decreases from 67 to 51.7 wt.%, producing a wide
spectrum of dacitic to basaltic compositions from 1050 to
1250 �C. TiO2 increases from 0.3 to 0.5 wt.% from 1050
to 1100 �C, then plateaus around 0.5 wt.% until 1250 �C
where it drops to around 0.3 wt.%. Al2O3 decreases from
26 to 6.7 wt.% and CaO increases from 1.0 to 10.0 wt.%
from 1050 to 1100 �C, then decreases from 10 to 5 wt.%
from 1100 to 1250 �C. MgO and FeO increase from 0.8
and 0.6 wt.% to 22 and 10 wt.%, respectively. Na2O
increases from 1.6 to 3.4 wt.% between 1050 and 1100 �C,
then plateaus out at 3–3.5 wt.% up to 1250 �C. K2O, with
the complete breakdown of amphibole, decreases from 2.3
to 0.4 wt.% from 1050 to 1250 �C.

In experiments at 3 GPa, with increasing temperature,
SiO2 decreases from 59 to 50 wt.%, producing a spectrum
of andesitic to basaltic compositions from 1050 to 1250 �C.
TiO2 decreases from 0.9 to 0.3 wt.% from 1050 to 1250 �
C. Al2O3 decreases from 19 to 6 wt.%, while CaO, in the
presence of cpx, increases from 2 to 9 wt.% from 1050 to
1150 �C, then decreases from 9 to 7 wt.% from 1150 to
1250 �C, i.e., in the absence of cpx. MgO and FeO increase
from 6.7 and 3.9 wt.% to 24 and 9 wt.%, respectively with
increasing degree of isobaric melting and increase in tem-
perature. Na2O decreases from 3.7 to 2 wt.%, while K2O
decreases from 3.3 to 0.5 wt.% due to the exhaustion of
amphibole. Due to poorly preserved melt pool surfaces
resulting in low probe totals, H2O content in the melt could
not be reliably determined by difference in probe totals.
However, in experiments where an aqueous fluid was not
present, H2O contents were estimated by mass balance,
assuming all H2O in experiments is dissolved in silicate
melts. These estimates are presented in Table 3.

The fluid saturated melt in the DP + 5% MM experi-
ment at 2 GPa 1100 �C (B474) is richer in SiO2 and
Al2O3, and poorer in FeO, MgO, and CaO relative to the
fluid saturated melt in the DP + 10% MM experiment at
the same P-T condition. In contrast, the fluid under-
saturated melt in the DP + 5% MM experiment at 3 GPa
1200 �C (B488) is within error similar to the fluid under-
saturated melt in the DP + 10% MM experiment at the
same P-T condition in most oxides. Thus the melt:rock
ratio mostly affects compositions of low temperature,
fluid-saturated melts.

3.4. Compositions of residual minerals

All mineral compositions are reported in Supplementary
tables 1–5.

Olivine at 2 and 3 GPa is forsteritic with Mg# �91 at
900 �C. Mg # steadily increases with temperature to
�92.5, where olivine is in equilibrium with high degree
melts (Supplementary Table 1).

Orthopyroxene compositions are enstatitic with Mg#
>92. At 2 and 3 GPa, experiments at 900–1050 �C contain
orthopyroxenes with >1 wt.% Al2O3, with the lowest tem-
perature orthopyroxenes at 2 GPa containing 2.6 wt.%
Al2O3. From 1050 to 1250 �C, Al2O3 in orthopyroxene
drops to > 0.5 wt.% (Supplementary Table 2).

Amphibole at 2 and 3 GPa is pargasitic with �47–49 wt.
% SiO2, 20 wt.% MgO, 9–12 wt.% Al2O3, 8.5–10.5 wt.%
CaO, 0.8–1.5 wt.% TiO2, and 3–4 wt.% Na2O3 + K2O (Sup-
plementary Table 3). Amphibole at 3 GPa is richer in Al2O3

and alkalis and poorer in SiO2 and CaO compared to
amphiboles at 2 GPa. Alkali content in amphibole increases
with increasing temperature from 3.1 to 4 and 4 to 4.18 wt.
% at 2 and 3 GPa, respectively.

Clinopyroxene is diopside-rich in all experiments and
have Mg# �93. They contain �17–21 wt.% MgO and 20–
21.5 wt.% CaO (Supplementary Table 4). At 3 GPa,
clinopyroxenes are richer in Al2O3 (�2.7 wt.%) and Na2O
(�1.2 wt.%) compared to clinopyroxenes at 2 GPa, and
Na2O decreases from 1.3 to 0.78 wt.% as temperature
increases from 900 to 1050 �C.

Garnets at 3 GPa are pyrope-rich (�65–75%), with vari-
able proportion of almandine (�15–17%) and grossular
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(13–17%) where the percentages are based on atoms per for-
mula unit based on 12 oxygens. Mg# steadily increases
from 79.4 to 82.5 with increasing temperature from 900
to 1050 �C (Supplementary Table 5).

4. DISCUSSION

4.1. The inferred solidus location

A change in texture and mineral distribution occurs in
experiments >1000 �C at 2 and 3 GPa, corresponding to
the first appearance of quenched melt. At low temperatures,
i.e., �1000 �C, experiments contain small subhedral olivine
grains with diameters of 10–30 microns and fine grained
fibrous laths of opx often engulfing amphibole and cpx
grains (Fig. 2D, Supplementary Fig. 1). Similar fibrous tex-
tures are reported in other water saturated peridotite stud-
ies at subsolidus conditions and likely represent crystal
growth in the presence of water rich fluid (Mallik et al.,
2015; Pirard and Hermann, 2015a, 2015b). Low tempera-
ture experiments also lack mineralogical gradients across
the capsule (Fig. 2A) similar to inferred sub-solidus exper-
iments of previous water-rich fluid saturated peridotite
studies (Grove et al., 2006; Till et al., 2012; Mallik et al.,
2015). These authors attribute the lack of mineralogical
gradients to the presence of solely a fluid phase in which sil-
icate solubilities are too low to facilitate dissolution and
reprecipitation of minerals according to the thermal gradi-
ent of the capsule. These two textural criteria suggest that
the fluid phase in experiments �1000 �C is solely a water-
rich fluid; therefore, we interpret these experiments as sub-
solidus. The experiments at 1050 �C contain larger euhedral
grains of olivine and opx with diameters of 50–100 microns,
lack the fibrous textures observed in sub-solidus experi-
ments, exhibit mineralogical gradients across the capsule,
and are the lowest temperature experiments in which sili-
cate melts are clearly preserved (Fig. 2B & F). These obser-
vations suggest that the solidus of our metasomatized
depleted peridotite is located at 1000–1050 �C at 2 and 3
GPa, in good agreement with many previous water satu-
rated peridotite studies (Green, 1973; Millholen et al.,
1974; Kawamoto and Holloway, 1997; Green et al., 2010,
2014) and distinctly hotter than the fluid saturated solidus
estimated in some studies (e.g., Mysen and Boettcher,
1975a, 1975b; Grove et al., 2006; Till et al., 2012).

It is noted that the experiment at 2 GPa, 1000 �C con-
tains a gradient in porosity across the capsule (Fig. 2B),
which previous authors have attributed to thermal com-
paction effect facilitated by the presence of silicate melt in
a small thermal gradient (Grove et al., 2006; Till et al.,
2012). However, because this experiment lacks cpx and gar-
net, the associated mineralogical gradient that would
accompany the thermal compaction effect is not observed.
Therefore, it is not clear whether the gradient in porosity
is due to the presence of silicate melt or to random mineral
pluck outs during polishing. Although we place the solidus
at 1000–1050 �C at 2 GPa, we acknowledge the possibility
that silicate melt could have been present but not preserved
in the experiment at 1000 �C. Whether the true solidus at 2
GPa is at 950–1000 �C or 1000–1050 �C is not essential to
this study and evidence of the coexistence of silicate melt
and a free fluid phase at 2 GPa, 1050 �C (Fig. 2D) suggest
that these conditions are very close to the true solidus given
the relatively low H2O contents of the starting mix and the
high solubility of H2O in silicate melts at this pressure.
Again, even if the true solidus for our experiments is
�50 �C lower than what we infer, it would still be distinctly
higher than the low fluid-saturated solidus temperature
places in some studies (e.g., Mysen and Boettcher, 1975a,
1975b; Grove et al., 2006; Till et al., 2012). It is interesting
to note, however, that the lowest temperature experiment of
Grove and Till (2019) where melt is clearly observed in the
BSE images is at 950 �C, yet these authors interpreted the
solidus at 3 GPa to be at 800–820 �C (Fig. 5) based on
the mineralogical and textural arguments of Till et al.
(2012).

Fig. 5 shows the location of fluid saturated solidi from
this study and previous experimental studies on water satu-
rated peridotite. The location of the water saturated fertile
peridotite solidus at 2–4 GPa from literature varies widely
and has been a subject of debate most notably between
the studies of Grove et al. (2006), Till et al. (2012), and
Green et al. (2010, 2014). The inferred solidus of our
depleted peridotite fluxed with a hydrous MORB-derived
silicate melt is similar to the higher temperature fluid-
saturated solidus location, i.e., those determined in the
studies of Millholen et al. (1974) and Green et al. (2010,
2014). The solidus of this study falls in between the solidi
inferred from Pirard and Hermann (2015a, 2015b), and
Mallik et al. (2015) who studied the interaction between
hydrous sediment melt and olivine and fertile peridotite,
respectively (Fig. 5). Pirard and Hermann (2015a, 2015b)
attributed their relatively low solidus temperatures to high
total alkali contents (2.1 wt.%) of their starting composi-
tion, which is considerably higher than our starting compo-
sition (0.72 wt.%). This coupled with the extremely low
CaO/Al2O3 (0.09) of their starting composition, which low-
ers the upper stability limit of amphibole, likely leads to the
highly depressed solidus at 2–4 GPa (Mysen and Boettcher,
1975a). The starting composition used in Mallik et al.
(2015) also has high alkali contents (2.59 wt.%); however,
the high Al2O3 and CaO contents of the fertile peridotite
component together with the highly alkaline and Al2O3 rich
sediment melt allowed for the stabilization of large modal
abundances (>30 wt.%) of hydrous minerals. The stabiliza-
tion of amphibole and phlogopite makes H2O and alkalis
much more compatible in the solid residue, which sup-
presses the effect of H2O and alkalis on depressing the peri-
dotite solidus. This interpretation is similar to that posited
by the work of Saha and Dasgupta (2019), which argued on
the control of K2O/H2O ratio on the fluid-saturated phase
relations of peridotite and on the stability of hydrous min-
eral such as phlogopite. This effect delays the onset of major
melting to the higher temperature dehydration solidus
where the exhaustion of amphibole releases mineral bound
H2O and alkalis (Mallik et al., 2015). In comparison, our
relatively depleted bulk composition stabilized low modal
abundances amphibole (7–10 wt.%), and as a consequence
H2O and alkalis are less compatible in the solid residue
allowing for the onset of major melting to occur at lower



M
74

PH
15

51
M

H00

Apparent Solidus
    (This Study)

Fertile Peridotite + H2O Fertile Peridotite + Sediment Melt

G06
, T

12

41
G ,01

G

Olivine + Sediment Melt Anhydrous Peridotite

800 900 1000 1100 1200 1300 1400 1500 1600
Temperature (°C)

0.5

1

1.5

2

2.5

3

3.5

4

P
re

ss
ur

e 
(G

P
a)

Fig. 5. Location the apparent fluid-saturated solidus of this study in P-T space. Fluid saturated solidi from the fertile peridotite + H2O studies
of Grove et al. (2006) – G06, Till et al. (2012)-T12, Green et al. (2010)-G10, Green et al. (2014)-G14, and Millholen et al. (1974)-M74 are
plotted for comparison. The fluid saturated solidus of Pirard and Hermann (2015a, 2015b) – PH15, and apparent dehydration solidus of
Mallik et al. (2015)-M15 are also plotted for comparison. These two studies used hydrous sediment derive melt at a fluxing agent. Our fluid
saturated solidus is in good agreement with the fluid saturated solidi of G10, G14, and M74. The anhydrous peridotite solidus is from
Hirschmann (2000) – H00.

150 M. Lara, R. Dasgupta /Geochimica et Cosmochimica Acta 290 (2020) 137–161
temperatures (Fig. 5). The same argument can be used to
explain why Till et al. (2012) do not observe amphibole,
while we do. Till et al. (2012) used a starting composition
with an alkali/H2O of 0.02 (14.5 wt.% bulk H2O) compared
to our bulk composition with alkali/H2O ratio of 0.2 (3.5
wt.% bulk H2O). It is not surprising, therefore, that the
experiments of Till et al. (2012) lacked and ours yielded
amphibole. At low alkali/H2O ratios, alkalis in the system
are preferentially dissolved in the excess free fluid, limiting
their role in the stabilization of amphibole (e.g., Saha and
Dasgupta, 2019).

4.2. Melting reactions of hydrous peridotite

The mass fractions of minerals and melts calculated by
mass balance are presented in Table 2. These are used to
calculate coefficients for melting reactions using the meth-
ods from Kinzler (1997). At 2 and 3 GPa, the experiments
at 950 and 1000 �C (B455 and B446), respectively, are inter-
preted as subsolidus and are thus assumed to have melt
modes at F = 0. Textural evidence to support this assump-
tion is discussed in Section 4.1. Using the calculated melt
and mineral modes from experiments at 950 �C and
1050 �C at 2 GPa, and experiments at 1000 �C and 1050 �C
at 3 GPa, the melting reactions describing the production
of the first melts at 2 and 3 GPa are as follows.

Depleted Peridotite + MORB-derived Melt 2 GPa, 950–

1050 �C (F = 0–6.6 wt.%)

0:5 opxþ 1:5 amphþ ðfluidÞ
¼ 1 meltþ 0:6 olivineþ 0:4 cpx ð1Þ
Depleted Peridotite + MORB-derived Melt 3 GPa, 1000–

1050 �C (F = 0–4.5 wt.%)

1:1 opxþ 1:7 amphþ ðfluidÞ
¼ 1 meltþ 1:1 olivineþ 0:6 cpxþ 0:1 garnet ð2Þ
The melting reactions are fluid-present, peritectic at both

pressures as opx and amphibole incongruently melt to form
melt, olivine, and cpx, with minor amounts of garnet pro-
duced at 3 GPa. Eqs. (1) and (2) show that amphibole,
the main storage site for CaO and Al2O3 in our system at
subsolidus conditions, is the dominant phase contributing
to the melt forming reaction. Aside from olivine, cpx is
the dominant solid phase produced in the melt forming
reaction, while garnet is completely absent at 2 GPa, and
produced in small quantities at 3 GPa. These reactions
show that CaO is compatible and Al2O3 is incompatible



M. Lara, R. Dasgupta /Geochimica et Cosmochimica Acta 290 (2020) 137–161 151
during the initiation of melting and can explain the low
CaO/Al2O3 observed in the partial melts at the onset of
melting. Eqs. (1) and (2) also show that opx is consumed
producing olivine + melt. Considering that SiO2 in the melt
is strongly influenced by the following reaction:

Mg2Si2O6
Orthopyroxeneð Þ

¼ Mg2SiO4
Olivineð Þ

þ SiO2
Meltð Þ

ð3Þ

the appearance of olivine on the melt side of reactions (1)
and (2) offers and explanation as to why near solidus melts
at 2 and 3 GPa are silica-rich.

Below, Eqs. (4) and (5) are the near solidus melting reac-
tions from themetasomatized peridotite studies ofGrove and
Till (2019) and Pirard and Hermann (2015a, 2015b), respec-
tively, calculated from their published phase proportions.
The bulk compositions of these studies are listed in Table 1.

Fertile Peridotite + H2O + Alkalis 3.2 GPa (F = 5.1–7.5

wt.%)

0:54 opxþ 0:17 cpxþ 0:13 garnet

¼ 0:88 olivineþ 1 melt ð4Þ
Olivine + Sediment-derived Hydrous Melt 2.5 GPa

(F = 0 – 15 wt.%)

0:20 opxþ 0:13 amphþ 0:80 phlogopite

¼ 0:13 olivineþ 1 melt ð5Þ
Similar to the near solidus melting reactions observed in

our study, reactions (4) and (5) are also peritectic in nature,
generating olivine + SiO2-rich melts. Therefore, it appears
that when hydrous peridotites of varying composition
undergo low degree, fluid-saturated melting, opx is con-
sumed to produce olivine and silica-rich melts. However,
if the system attains relatively high bulk alkali/H2O ratio,
which takes place if the agent of water addition is hydrous
slab-derived melt or alkali-rich aqueous fluid, amphibole is
involved in the peritectic, silica-rich melt-forming reactions.

At higher degrees of melting, the phase contributing to
melting changes at 2 and 3 GPa. Using our modal propor-
tions of experiments at 1100 �C and 1250 �C at 2 GPa, and
at 1150 �C and 1250 �C at 3 GPa, the following melting
reactions are calculated.

2 GPa, 1100–1250 �C (F = 10–18.9 wt.%)

1:8 olivine ¼ 1 meltþ 0:8 opx ð6Þ
3 GPa, 1150–1250 �C (F = 11.6–20.4 wt.%)

1:9 olivine ¼ 1 meltþ 0:9 opx ð7Þ
Between �10 and 20% melting, melt is in equilibrium

with a harzburgite reisidue. Olivine is consumed in the melt-
ing reactions producing melt + opx. Thus, at higher degrees
of melting, opx is produced in the melting reaction along-
side SiO2-poor melts (SiO2 � 50 wt.%, Fig. 7).

Below is the high degree melting reaction from Grove
and Till (2019)

Fertile Peridotite + H2O + Alkalis at 3.2 GPa (F = 11.5–

25 wt.%)

0:09 olivineþ 0:49 cpxþ 0:64 garnet

¼ 0:13 opxþ 1melt ð8Þ
Eqs. (4) and (8) show that, similar to our study, the peri-
tectic mineral, or the mineral produced with melt, shifts
from olivine to opx as melting degree increases in fertile
peridotite fluxed with a slab-derived melt. Thus, the shift
from olivine to opx as the peritectic mineral as melting
degree increases is expected to take place in hydrous, meta-
somatised peridotites of varying fertility at 2–3.2 GPa. The
differences in fertility do, however, affect the stability of
CaO- and Al2O3-rich phases throughout the melting inter-
val. In a fertile peridotite fluxed with hydrous silicate melts,
CaO and Al2O3 are compatible in cpx and garnet, respectiv-
ley, which contribute to melting from F = 5 to 25 wt.%, and
dominate the melting reactions at F = 11.5–25 wt.%. In a
depleted peridotite fluxed with hydrous MORB-derived
melt, CaO and Al2O3 is mostly stored in amphibole, which
contributes to the melting reaction at F = 0–6.6 wt.%, after
which olivine dominates the melting reactions at F = 10–
20.4 wt.%.

4.3. Melt compositions and melting systematics of this study

versus previous peridotite melting studies with similar bulk

H2O

In Fig. 6, the melt compositions generated in this study
as a function of the degree of partial melting and pressure
are compared to partial melts from peridotite + hydrous
sediment melt studies (Pirard and Hermann, 2015a,
2015b; Mallik et al., 2016), peridotite + H2O studies
enriched in alkalis representing a metasomatic slab compo-
nent (Mitchell and Grove, 2015; Grove and Till, 2019), and
peridotite + H2O study without an added slab component
(Tenner et al., 2012). The experiments chosen for compar-
ison have bulk H2O of 2.5–4.21 wt.%, similar to our DP
+ 10% MM starting composition (3.5 wt.% H2O). It has
been shown that increasing H2O in otherwise similar start-
ing composition leads to increased melt production and
generates more quartz normative melts at low pressures
(Kushiro et al., 1968; Tenner et al., 2012; Mitchell and
Grove, 2015; Mallik et al., 2016), therefore, compiling
experiments with similar bulk H2O allows for direct com-
parison of how melt compositions and melting systamics
differ according only to differences in pressure and major
oxide compositions (Table 1).

Melts in this study are silica rich (>52 wt.% SiO2) at
�15% melting and become incrisingly more silica poor at
higher degrees of melting, consistant with melts from the
studies of Pirard and Hermann (2015a, 2015b) and Grove
and Till (2019) at 2–3.5 GPa. In general, at any given degree
of partial melting, SiO2 increases with decreasing pressure
(Fig. 6). The experiments of Mitchell and Grove (2015)
show that silica rich melts can be generated to up to 30
wt.% melting at 1 GPa, whereas at similar degrees of melt-
ing, experiments �3 GPa are silica poor (<48 wt.% SiO2).
The effects of pressure, H2O saturation and temperature
on the SiO2 concentration of partial melts can explain the
trends observed in the data. Mallik et al. (2016) showed that
for a given melt H2O concentration, the activity coefficient
of SiO2 in melt (cSiO2

) is larger at higher pressures, enhanc-

ing orthopyroxene over olivine formation and thus generat-
ing more silica deficient melts. This explains the trend of



Fig. 6. Comparison of partial melt compositions from this study with previous peridotite + hydrous sediment melt studies (Pirard and
Hermann, 2015a, 2015b; Mallik et al., 2016), peridotite + hydrous slab melt studies (Mitchell and Grove, 2015; Grove and Till, 2019) and a
peridotite + H2O study without an added slab component (Tenner et al., 2012) plotted as function of melt fractions. The starting
compositions of these studies all have bulk H2O of 2.5–4.21 wt.% (Table 1). All melt compositions are presented on an anhydrous basis.
Vertical error bars are ±1r uncertainties based on replicate microprobe analyses, as given in Table 3. Error in degree of partial melting in this
study is smaller than the data points and are given in Table 3.
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decreasing SiO2 with increasing pressure at a given melt
fraction and bulk H2O content. Mallik et al. (2016) also
showed that cSiO2

is near ideal (cSiO2
1Þ in melts coexisting

with a fluid phase, therefore, fluid saturated melts experi-
ence less prominent increase in cSiO2

at high pressures. Fur-

thermore, because the partitioning of FeO* and MgO into
the melt is highly temperature dependent, low temperature
melts near the depressed hydrous peridotite solidus are
poor in FeO* and MgO, and are therefore rich in SiO2

on an anhydrous basis (Gaetani and Grove, 1998). These
two considerations explain why near solidus H2O saturated
melts (<15 wt.% melting) in this study, Pirard and
Hermann (2015a, 2015b), and Grove and Till (2019) are
silica-rich on an anhydrous basis (>57 wt.% SiO2) even at
high pressures (2–3 GPa). Given the diversity in peridotite
fertility (depleted vs. fertile) and metasomatic agent (e.g.,
MORB-derived melt vs. sediment-derived melt or aqueous
fluid) between this study, Pirard and Hermann (2015a,
2015b), and Grove and Till (2019) (Table 1), it appears that
the generation of silica rich, fluid-saturated melts would
occur over a range of metasomatized peridotite composi-
tions with bulk H2O around 3.5–4 wt.% in the mantle
wedge up to 3.2 GPa.

TiO2 is highly incompatible in this study and others
plotted in Fig. 6 and thus the starting composition controls
the melt TiO2 content at a given degree of melting. Table 1
shows that the bulk compositions of this study and Pirard
and Hermann (2015a, 2015b) are poorer in TiO2 relative
to the bulk composition of Grove and Till (2019). There-
fore, our melts are poorer in TiO2 than those from Grove
and Till (2019).

Al2O3 is highly incompatible in this study as amphibole,
the dominant Al2O3 bearing phase at 2 and 3 GPa, is com-
pletely exhausted in the melting reaction, forming the first
melts (Eqs. (1) and (2)). At < 10 wt.% melting, our melts
are more aluminous compared to those in Grove and Till
(2019), where near solidus experiments are saturated with
10 wt.% garnet, making Al2O3 more compatible in the solid
residue. As melting degree increases, Al2O3 in this study
quickly drops due to the lack of aluminous phases con-
tributing to melting at 2 and 3 GPa (Eqs. (6) and (7),
Fig. 6). At 10–20 wt.% melting, the melts in Grove and
Till (2019) and Pirard and Hermann (2015a, 2015b) are
greater in Al2O3 compared to this study due to the contin-
uous contribution of garnet and phlogopite to the melting
reactions, respectively (Eqs. (4) and (5)).

In our study, CaO is mildy compatible from 5 to 10 wt.
% melting in the presence of residual cpx and then becomes
incompatible from 10 to 20 wt.% melting at 2 and 3 GPa.
From 10 to 20 wt.% melting and in the absence of cpx,
CaO decreases as olivine dominates the melting reaction
(Eqs. (6) and (7)). At <20 wt.% melting, CaO in the melts
from Grove and Till (2019) and Pirard and Hermann
(2015a, 2015b) are poorer compared to those in this study
due to the compatibility of CaO in cpx and very low CaO
in the starting composition, which controls cpx mass frac-
tion, respectively (Table 1). Cpx is completley exhausted
at �20 wt.% melting in the fertile peridotite compositions
(bulk CaO > 2.5 wt.%) of Grove and Till (2019), Mallik
et al. (2016), Mitchell and Grove (2015), and Tenner et al.
(2012). Phases that are chief repository of CaO are
exhausted at lower melt fractions in our depleted peridotite
experiments relative to fertile peridotite experiments, caus-
ing the switch from compatible to incompatible behaviour
of CaO to occur at higher melt fractions in fertile
peridotites.

FeO* and MgO behave compatibly in our study due to
the predominance of olivine and opx as residual phases at
all pressures and temperatures (Table 2). At <10 % melting,
our melts along with melts of Grove and Till (2019) and
Pirard and Hermann (2015a, 2015b) are FeO* and MgO
poor due to the low temperatures of these experiments
�1050 �C and the strong dependence of FeO* and MgO
partitioning on temperature (Gaetani and Grove, 1998).
At 10–20 wt.% melting in this study, olivine becomes the
only phase contributing to the melting reactions at 2 and
3 GPa, causing a rapid increase in FeO* and MgO with
increasing melting degree (Eqs. (6) and (7)). In contrast,
the melting reactions from Grove and Till (2019) are dom-
inated by cpx and as a consequence their melts are poorer in
FeO* and MgO relative to ours in this melting interval (Eq.
(8)). One striking feature of this data compilation is the
variation in FeO* and MgO with pressure at 20–30% melt-
ing. At a given melt fraction, the 3.5 GPa experimental
melts of Tenner et al. (2012) are much richer in FeO* and
MgO relative to the 1 GPa experiment of Mitchell and
Grove (2015). Because these two studies were performed
at similar temperature intervals (1250–1350 �C), this trend
is not due to the sensitivity of FeO* and MgO partitioning
on temperature but instead is a reflection of the tendency of
melts to be more olivine normative at higher pressures at a
given melt fraction (Mitchell and Grove, 2015).

Na2O and K2O in our study behaves incompatibly from
5 to 20 wt.% melting at 2 and 3 GPa due to disappearance
of amphibole near the solidus and the subsequent lack of
alkali bearing phases contributing to melting reactions from
10 to 20 wt.% melting at 2 and 3 GPa (Eqs. (6) and (7)). The
fluid saturated melt at 2 GPa (5 wt.% melting) is poorer in
Na2O than what is expected for an incompatible element at
low melt fractions likely due to the high solubility of Na2O
in the coexisting fluid phase as noted by Green et al. (2010).
Also, it is likely that some Na2O was lost during EPMA
analysis by Na migration in the glass. The melts from
Pirard and Hermann (2015a, 2015b) and Mallik et al.
(2016) are richer in K2O at a given melt fraction when com-
pared to this study. These studies used sediment-derived
melt as a fluxing agent, which is more K2O-rich relative
to MORB-derived melts such as the one used in this study
(Fig. 1), making their bulk compositions much richer in
K2O relative to this study (Table 1).

4.4. Effect of H2O, peridotite fertility, and pressure on melt

SiO2 contents and melt productivity of mantle wedge

Compared to lavas produced at mid ocean ridges, prim-
itive arc lavas and associated plutons with Mg# > 50 vary
widely in SiO2, ranging from basalts (45–52 wt.% SiO2) to
high magnesium andesites and basaltic andesites (52–62
wt.% SiO2) (Kelemen et al., 2003). In order to evaluate
the cause for such compositional diversity observed in
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primitive arc magmas, in Fig. 7 we plot the SiO2 concentra-
tions on an anhydrous basis of partial melts derived from
this study and various other hydrous peridotite melting
studies conducted over a range of bulk H2O, pressure and
temperatures applicable to mantle wedges. Changing these
three variables produces melts, which range from 42 to 68
wt.% SiO2, covering and exceeding the compositional range
with respect to SiO2 observed in primitive arc lavas. Fig. 7
is divided into three segments, experiments preformed at 1–
1.6, 2–2.5, and 3–3.5 GPa, corresponding to melting in the
shallow mantle wedge near the moho, the hot core of the
mantle wedge, and the base of the mantle wedge near the
slab/wedge interface, respectively. Below we discuss the
effects of H2O, pressure, temperature, and peridotite fertil-
ity on the melt productivity and SiO2 concentration of
primitive hydrous mantle-derived melts.

4.4.1. Effect of peridotite fertility on isobaric melt

productivity

While H2O is the dominant factor leading to variations
in melting degree at a given pressure and temperature, the
isobaric melt productivity (IMP) differs significantly
between the hydrous depleted peridotite compositions in
this study and Pirard and Hermann (2015a, 2015b) com-
pared to more fertile compositions used in Grove and Till
(2019). At 2 and 3 GPa, our IMP is 5.8 and 7.9 wt.%
melt/100 �C from 1050 to 1250 �C, similar to the IMP of
the depleted peridotite from Pirard and Hermann (2015a,
2015b) (8 wt.% melt/100 �C). In contrast, the IMP of
hydrous fertile peridotites from Grove and Till (2019) is
23.0 and 27.0 wt.% melt/100 �C, about 3 times greater than
the IMP calculated for hydrous depleted peridotites at 2
and 3 GPa. As a consequence, the melting degree at a given
temperature is much higher in fertile peridotite composi-
tions relative to our depleted peridotite composition
(Fig. 7D).

The contrast in IMP between hydrous fertile and
depleted peridotites is likely due to depleted peridotite resi-
dues being dominated by olivine (Table 2) as opposed to
more fusible minerals such as opx, cpx, garnet, and phlogo-
pite, which are present in large proportions in the fertile
peridotite residues in Mallik et al. (2015, 2016) and Grove
and Till (2019).

4.4.2. Effect of bulk H2O on melting degree and SiO2

concentration

From Fig. 7, it is apparent that the bulk H2O exerts a
strong control on the degree of partial melting, where bulk
compositions with higher H2O have a higher degree of par-
tial melting at a given temperature. Mallik et al. (2016)
showed that the melting degree of fertile peridotite is largely
independent of the fluxing agent (slab-derived hydrous
melts vs. pure H2O), and that bulk H2O content is the main
variable leading to differences in melting degree at a given
temperature. Fig. 7 confirms this effect of bulk H2O on
melting degree from 1 to 3.5 GPa and shows that bulk
H2O is the dominant variable controlling melting degree
throughout the whole mantle wedge.

At 1–1.6 GPa, corresponding to the shallow mantle
wedge, SiO2 concentrations in H2O undersaturated melts
(black borders) are positively correlated with bulk H2O
(Fig. 7A). Therefore, at a given temperature, bulk composi-
tions with higher H2O generate SiO2-rich basaltic andesites
from 1100 to 1300 �C (Mitchell and Grove, 2015), whereas
studies with low bulk H2O produce SiO2-poor basalts in
this temperature interval (Hirose and Kawamoto, 1995).
The most silica rich melts produced at 1–1.6 GPa are fluid
saturated and are andesitic, the melting degree of which can
vary widely depending on the bulk H2O of the starting
material (Fig. 7B). Because higher bulk H2O leads to higher
degrees of melting at a given temperature, the production of
melts that are sufficiently low degree to be fluid saturated
and hence andesitic is restricted to low tempera-
tures < 1100 �C in the shallow mantle wedge regardless of
bulk H2O.

At 2–2.5 GPa, SiO2 decreases with increasing tempera-
ture and melt fraction in this study and Pirard and
Hermann (2015a, 2015b), both producing fluid saturated
andesitic to dacitic melts (Fig. 7C). However, the experi-
ments from Pirard and Hermann (2015a, 2015b) produced
andesitic melts at 900–1000 �C, corresponding to near the
slab-wedge interface, and about 100 �C cooler than the con-
ditions of andesite production in our experiments. Thus,
differences in bulk composition, which have control on
the location of the fluid saturated solidus, will affect how
far above the slab/wedge interface the first low degree ande-
sitic to dacitic melts will form. It is also clear that differ-
ences in melt/rock ratio affect the melting degree and
SiO2 contents of fluid saturated melts at a given tempera-
ture. At 1100 �C, the degree of melting in our DP + 5%
MM experiment with 1.7 wt.% H2O is lower compared to
that in our DP + 10% MM experiment with 3.5 wt.%
H2O and consequently is more SiO2 rich. Thus a depleted
peridotite fluxed with 5 wt.% MORB-derived hydrous sili-
cate melt produces more SiO2 rich melts compared to a
depleted peridotite fluxed with 10 wt.% of the same melt
at a given temperature during fluid saturated melting. Fluid
undersaturated melts also decrease in SiO2 with increasing
temperature and melt fraction until around 1200 �C where
SiO2 contents plateau to around 50 wt.%, similar to those
in Mallik et al. (2015, 2016).

At 3–3.5 GPa, SiO2 steadily decreases at temperatures
<1150 �C in this study, Grove and Till (2019), and Pirard
and Hermann (2015a, 2015b) (Fig. 7E). Similar to melting
at lower pressure, fluid saturated melts at 3–3.5 GPa are
the most SiO2-rich and their formation is restricted to low
temperatures <1100 �C. Fluid saturated andesitic melts
are first produced at 1050 �C in this study, whereas similar
melts from Grove and Till (2019) are produced as low as
925 �C. Therefore, it appears that fertile peridotite will pro-
duce H2O saturated andesitic melts closer to the slab/wedge
interface compared to our depleted peridotite when fluxed
with a hydrous slab melt. At temperatures >1200 �C SiO2

increases with increasing temperature and degree of melting
in this study, as well as in the studies of Mallik et al. (2015,
2016) and Tenner et al. (2012). Mallik et al. (2016) showed
that at high pressures, SiO2 in melt increases with decreas-
ing dissolved H2O in fluid-undersaturated melts. Therefore,
for a given bulk H2O, higher degree melting leads to dilu-
tion of H2O and hence higher SiO2 in the melt. A minimum



Fig. 7. Left side: SiO2 concentration on an anhydrous basis vs. temperature of melts produced via hydrous peridotite melting from 1 to 3.5
GPa. Right side: Degree of partial melting as a function of temperature of melts produced via hydrous peridotite melting from 1 to 3.5 GPa.
These graphs are broken into three panels, 1–1.6, 2–2.5, and 3–3.5 GPa, corresponding to melting in the shallow mantle wedge near the moho,
the hot core of the mantle wedge, and the base of the mantle wedge near the slab/wedge interface, respectively. The colorbar shows the bulk
H2O in each experiment and ranges from 0 to 6 wt.% H2O. Data with red borders represent fluid-saturated melts, while data with black
borders represent fluid-undersaturated melts. The distinction between rock types is based on SiO2 and alkalis (TAS diagram) and does not
account for similarities or differences between experimental melts and natural arc lavas in terms of other major oxides. However, it should be
noted that our melt along with the melts from Mallik et al. (2015, 2016) in the picro-basalt field would be classified as basanites on to a TAS
diagram and based on the classification of Le Bas (1989). Error in the degree of partial melting is smaller than the symbol.
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melt SiO2 at high pressures is then defined by the lowest
degree and hence most H2O-rich fluid-undersaturated melt
corresponding to 1100–1200 �C in Fig. 7E. At temperatures
below this this minimum, melts are fluid saturated and
therefore SiO2 rich, and at temperatures above this mini-
mum fluid-undersatured melts become diluted in H2O as
melting degree increases and hence melts become SiO2 rich.
It should be noted that the negative correlation between
dissolved H2O and SiO2 in fluid under-saturated melts is
distinct for high pressure (>2 GPa) mantle melting
(Mallik et al., 2016), whereas at low pressures, more dis-
solved H2O in the melt leads to enrichments in SiO2

(Gaetani and Grove, 1998; Mitchell and Grove, 2015).

4.4.3. Effect of pressure on melt SiO2 concentration

Fig. 7 shows that fluid-undersatured melts (black bor-
ders) are more SiO2 poor at a given temperature at higher
pressures. Fluid-undersaturated melts generated at 1150–
1300 �C at 1 GPa are basaltic andesites with SiO2 of 52–
57 wt.%. Within this same temperature interval, melts at
2 GPa range from basaltic andesites to basalts with SiO2

of 54–48 wt.% and melts at 3 GPa are basalts and SiO2 poor
picro-basalts with SiO2 of 50–42 wt.%. Therefore, if melting
in the mantle wedge occurs under fluid-undersaturated con-
ditions, melts are expected to be more SiO2 rich the further
above the slab/wedge interface they are generated. Pressure
does not appear to have a strong effect on SiO2 concentra-
tions of fluid-saturated melts where at 1 and 3 GPa, melts
are both andesitic with SiO2 around 60 wt.% at 1000–
1100 �C. However, our data show that at 2 GPa, H2O sat-
urated melts produced at 1000–1100 �C are dacitic and sig-
nificantly more SiO2 rich than H2O saturated andesitic
melts at 3–3.2 GPa from this study and Grove and Till
(2019). If SiO2 in fluid-saturated melts does increase at
lower pressures, the similarity in melt SiO2 contents
between fluid saturated melts at 1 and 3 GPa may be due
to differences in bulk composition between this study and
those in Fig. 7A which may offset the effect of pressure.

4.5. Comparison between experimental partial melts and

primitive arc magmas

Substantial H2O contents in primitive arc basalts, typi-
cally around 3–4 wt.% (Anderson 1974; Sisson and
Grove, 1993; Sobolev and Chaussidon, 1996; Plank et al.,
2013), and primitive arc andesites, >4.5 wt.% (Grove
et al., 2003), offers evidence for the crucial role of slab
derived-H2O in flux melting of the mantle wedge and is
interpreted as the dominant mechanism for the production
of calc-alkaline arc magmas (Zimmer et al., 2010). How-
ever, the exact nature of the slab-derived fluxing agent,
whether it be hydrous silicate melts derived from subduct-
ing basaltic crust (This Study), sediments (Pirard and
Hermann, 2015a, 2015b; Mallik et al., 2015, 2016) or an
H2O-dominated fluid with some dissolved elements such
as alkalis (Mitchell and Grove, 2015; Grove and Till,
2019), is poorly known due to the inability to directly
observe processes occurring at the slab/wedge interface.
Therefore, comparison of experimental melts generated
over a wide range of pressures, temperatures, and composi-
tions with primitive arc lavas can offer insights into not only
the physical conditions necessary to produce specific pri-
mary arc lavas, but also the nature of the slab-derived flux-
ing agent.
4.5.1. Filtering and correcting natural data

Most arc lavas erupted at the surface have undergone
significant fractional crystallization since last equilibration
with the mantle, therefore a direct comparison cannot be
made between the output at volcanic arcs with high Mg#
experimental melts in equilibrium with mantle minerals.
To overcome this issue, global arc lava compositional data
attained using the PetDB database were filtered for primi-
tive samples with MgO � 6 wt.% and then corrected for
fractional crystallization by the addition of olivine until
equilibration with Fo92 was achieved (Mg# �77). Fo92
was chosen as the equilibrium olivine composition in accor-
dance with the average olivine composition of our experi-
ments (Supplementary table 1). This gave 676 corrected
whole rock arc lava data represented as small gray circles
and plotted on an anhydrous basis in Fig. 8. Also plotted
are primitive andesites and basaltic andesites taken from
Mitchell and Grove (2015), which have Mg# >70,
SiO2 � 51 wt.% and MgO � 7 wt.%. These data collectively
show the vast compositional diversity among primitive arc
lavas ranging from andesites to picro-basalts. Below, we
discuss how differences in pressure and H2O content during
hydrous mantle melting can account for the chemical diver-
sity observed in arc lavas.
4.5.2. General trends in natural and experimental data

Fig. 8 shows that the MgO, FeO*, and CaO contents of
primitive arc magmas are negativity correlated with SiO2

whereas Al2O3 and Na2O are positively correlated. There
is no clear trend between K2O and SiO2, but it is important
to note the majority of primitive arc magmas have K2O < 2
wt.%.

The experimental data show similar compositional
trends and overlap with the majority of primitive arc mag-
mas. There is a clear negative trend between pressure and
SiO2 contents of fluid undersaturated melts. 1 GPa melts
are mostly basaltic andesites, 2 GPa melts are basalts and
basaltic andesites, 3 GPa melts are basalts, and 3.5 GPa
melts comprise the most SiO2 poor picro-basalts (Fig. 8).
Interestingly, all oxides among experimental melts vary
with SiO2 in near identical ways as natural primitive arc
magmas. Therefore, to first order, differences solely in pres-
sure from 1 to 3.5 GPa are adequate to explain the trend
and spread in natural primitive arc magmas globally. The
exception to this is that fluid saturated melts are SiO2 rich
at all pressures from 1 to 3.5 GPa. When extrapolating
the experimental results onto the natural data, it appears
that fluid saturated melting at 1–3 GPa (Figs. 7 and 8), pro-
duces rare primitive andesites with SiO2 > 57 wt.%, where
H2O undersatured melting produces more common basaltic
andesites, basalts, and picrobasalts at 1, 2–3, and 3.5 GPa,
respectively.



Fig. 8. Major element data of natural arc lavas and experimentally produced melts on an anhydrous basis. Natural lavas (grey circles) are
compiled from PetDB (Aegean, Aeolian, Cascades, Central American Volcanic Province, Izu-Bonin, Mariana, Sunda and Tonga) and
corrected for fractional crystallization until in equilibrium with Fo92. Red circles are primitive andesites and basaltic andesites compiled in
Mitchell and Grove (2015). Squares are the experimental melts from this study. Diamonds are experimental melts from the peridotite
+ hydrous sediment – derived melts from Pirard and Hermann (2015a, 2015b) and Mallik et al. (2015, 2016). Hexagrams are experimental
melts from the peridotite + H2O + alkalis studies of Mitchell and Grove (2015) and Grove and Till (2019). Stars are experimental melts at 3.5
GPa from Tenner et al. (2012). Note that differences solely in pressure during fluid-undersaturated melting can account for the first order
spread and diversity of natural primitive basaltic andesites to picrobasalts, where fluid saturated melting at all pressures generates primitive
andesites and dacites. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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4.5.3. Conditions of primitive arc magma genesis

Natural picro-basalts have the highest FeO* and MgO
contents and lowest SiO2, Al2O3, CaO, and Na2O contents.
Partial melting experiments of hydrous garnet peridotite at
3.5 GPa from Tenner et al. (2012) reproduce natural picro-
basalts in SiO2, MgO, Al2O3, Na2O, and K2O, but are more
FeO*-poor and CaO-rich. The discrepancy in FeO*
between the melts in Tenner et al. (2012) and natural
picro-basalts may be due to Fe loss to the metal capsule,
which was not corrected even though up to 30% Fe-loss
was reported. Our most silica poor melt, located in the
picro-basalt field in Fig. 8, is much more alkali-rich than
natural arc picro-basalts and would be classified as a basan-
ite in a TAS diagram and based on the classification of Le
Bas (1989). Because alkalis are highly incompatible, the
alkali-rich nature of this melt is likely due to it being the
lowest degree, fluid undersaturated melt in our study.

Basalts, ranging from 45 to 52 wt.% SiO2, are the most
common primitive arc magmas. Thus, the conditions of arc
basalt genesis should translate to the most prevailing condi-
tions of mantle wedge melting. Our fluid-undersaturated
melts at 3 GPa match well with primitive arc basalts in
all oxides presented in Fig. 8, with the exception of MgO
and Al2O3 contents. At 1200–1250 �C, our hydrous partial
melts are richer in MgO and poorer in Al2O3 by about 5 wt.
% relative to the majority of primitive arc basalts. However,
because these experimental melts are in equilibrium with
Fo93-95, this discrepancy in MgO can in part be explained
by natural arc basalts being corrected to equilibration with
Fo92. Peridotite + hydrous sediment-derived melt experi-
ments at 2–3 GPa match primitive arc basalts in most oxi-
des, but are far richer in K2O compared to the majority of
primitive arc basalts. This implies that during the produc-
tion of arc basalts and hence the majority of primitive arc
magmas in active subduction zones, either K-rich
sediment-derived melts are unlikely fluxing agents, or that
fluxing of the mantle wedge with continental sediment-
derived melts occurs at much lower melt:rock ratios
(<0.25) than those explored in the studies of Pirard and
Hermann (2015a, 2015b) and Mallik et al. (2015, 2016).
The 3.2 GPa experiments on peridotite + H2O + alkalis,
which in many ways is the fertile analog of our alkali rich
depleted peridotite composition (Table 1), matches primi-
tive arc basalts in all oxides presented in Fig. 8. Therefore,
the production of arc basalts can be explained by fluid-
undersaturated melting of peridotites varying in fertility
at 3 GPa so long as the bulk K2O is relatively low (<1
wt.%).

Our fluid undersaturated melts at 2 GPa, along with
peridotite + H2O + alkalis experiments at 1 GPa, match
primitive basaltic andesites in all oxides. Our depleted peri-
dotite melts are generally richer in MgO and FeO* and
poorer in Al2O3 and CaO relative to the fertile peridotite
melts at 1 GPa; however, the spread in melts produced
between both endmembers cover the range of natural basal-
tic andesites. This implies that differences in mantle compo-
sition can account for the oxide variability of partial melts
at a given SiO2 content. In this sense, the trends in primitive
arc magma compositions are on first order controlled by
pressure, and on second order controlled by bulk composi-
tion of metasomatised mantle source.

Lastly, it is clear that silica-rich melts are produced by
fluid saturated melting of peridotites from 1 to 3.5 GPa.
Dacitic melts produced at 2 GPa lie far from primitive
arc magma compositions suggesting that low degree melts
rarely escape the mantle wedge unaltered. The andesitic
melt produced at 2 GPa in this study is richer in CaO
and closer in composition to primitive andesites than ande-
sitic melts produced at 3 GPa in this study and Grove and
Till (2019). Because of the wide range of pressures and man-
tle compositions in which andesites are generated experi-
mentally, one would expect for their appearance to be
commonplace. However, as Fig. 8 shows, primitive ande-
sites are rare among arc lavas globally. Two possible expla-
nations for the rarity of primitive andesites is that

1. Fluid-saturated melting is uncommon in the mantle
wedge due to high temperatures and high degrees of par-
tial melting. If this is the case, then primary andesite pro-
duction in the mantle wedge is a rare process.

2. Andesitic melts are predominately formed at the base of
the mantle wedge near the slab/wedge interface where
temperatures are low enough to produce near solidus,
fluid-saturated melts. These hydrous melts then rise
buoyantly and react with higher temperature peridotites
in the core of the mantle wedge generating more com-
mon basalts and basaltic andesites by higher degree,
fluid-undersatured melting.

5. CONCLUDING REMARKS

We performed high P-T experiments investigating the
melting behavior of a depleted peridotite metasomatized
by a MORB-derived hydrous silicate melt in variable pro-
portion and its relation to subduction zone magmatism.
Between 0 and 5 % melting, amphibole and opx dominate
the melting reactions, generating fluid-saturated melts
which are SiO2- and Al2O3-rich and FeO*- and MgO-
poor primitive andesites. These low degree melting reac-
tions are incongruent, consuming opx and producing oli-
vine + SiO2-rich melts, a behavior which is observed over
a wide range of starting compositions and pressures. As
melting degree increases, a spectrum of basaltic andesites
to basanites are produced under fluid-undersaturated
conditions.

Comparing our experimental melts and experimental
melts from other hydrous peridotite melting studies with
natural primitive arc magmas, it is clear that melting of
peridotites with varying bulk compositions but with 2.5 –
4.2 wt.% H2O can reproduce the major oxide spread and
trends of primitive arc magmas globally. Differences solely
in pressure during fluid-undersaturated melting can account
for the first order compositional trends of primitive arc
magmas ranging from basaltic andesites to picrobasalts
and basanites, where differences in temperature and bulk
composition are second order controls that account for
the spread of major oxides at a given SiO2 content.
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In comparison with ultrapotassic melts generated in the
peridotite + hydrous sediment-derived melt experiments,
our experiments match better with natural primitive arc
magmas in most oxides and in particular K2O. Because
ultrapotassic arc magmas are rare among arcs globally,
K2O-rich fluxing agents such as sediment-derived melts
are unlikely fluxing agents in the mantle wedge. Instead,
K2O-poor hydrous melts derived from subducted MORB
are more likely fluxing agents in the mantle wedge.

Finally, the ubiquity of andesite genesis during fluid-
saturated melting over a wide range of pressures and peri-
dotite starting compositions suggests that rarity of primi-
tive andesites in volcanic arcs is related to the fact fluid-
saturated melting is restricted to the distal portion of the
wedge melting environment, i.e., at the base of the mantle
wedge where temperatures are relatively low. These fluid-
saturated andesitic melts then likely react with the hotter
overlying peridotite to produce higher degree fluid-
undersaturated basalts and basaltic andesites.
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Supplementary Table 1: Olivine Compositions 

Run # B454 B455 B456 B458 B459 B474 B462 B464 B484 

P (GPa) 2 2 2 2 2 2 2 2 2 
T ( °C) 900 950 1000 1050 1100 1100 1150 1200 1250 

n 11 11 11 15 8 19 8 12 11 

SiO2 40.3 (5) 40.8 (6) 41.2 (4) 40.8 (4) 41.9 (3) 41.9 (5) 40.7 (4) 41.5 (5) 40.5 (8) 
TiO2 0.02 (2) 0.03 (3) 0.03 (2) 0.03 (2) 0.02 (2) 0.02 (2) 0.02 (2) 0.01 (1) 0.00 
Al2O3 0.01 (1) 0.01 (1) 0.00 0.01 (1) 0.01 (1) 0.01 (1) 0.01 (1) 0.01 (1) 0.01 (1) 
FeO 8.9 (2) 8.6 (2) 8.2 (2) 8.1 (4) 7.6 (2) 8.5 (2) 7.9 (1) 7.1 (2) 8.3 (3) 
MnO 0.05 (3) 0.07 (1) 0.06 (2) 0.05 (1) 0.08 (3) 0.43 (3) 0.05 (2) 0.04 (2) 0.11 (2) 
MgO 50.4 (9) 50.0 (8) 49.6 (5) 51.8 (8) 51.9 (8) 50.7 (7) 51.2 (4) 51.2 (8) 50.6 (9) 
CaO 0.02 (1) 0.03 (2) 0.03 (2) 0.05 (1) 0.06 (2) 0.08 (2) 0.04 (1) 0.07 (2) 0.04 (1) 
Na2O 0.02 (2) 0.01 (1) 0.00 0.01 (1) 0.00 0.01 (1) 0.00 0.01 (1) 0.01 (1) 
K2O 0.01 (1) 0.00 0.01 (1) 0.00 0.01 (1) 0.00 0.00 0.00 0.01 (1) 
Total 99.8 (7) 99.7 (6) 99.3 (5) 100.9 (4) 101.6 (6) 101.6 (5) 99.9 (3) 99.9 (8) 99.6 (8) 
Mg# 91.00 91.17 91.43 91.90 92.40 91.43 91.95 92.77 91.54 

Run # B443 B444 B446 B450 B451 B453 B473 B488 B486 

P (GPa) 3 3 3 3 3 3 3 3 3 
T ( °C) 900 950 1000 1050 1100 1150 1200 1200 1250 

n  20 45 28 12 11 8 11 18 13 

SiO2 40.4 (3) 41.2 (5) 41.0 (5) 40.6 (2) 40.8 (6) 41.3 (4) 41.2 (5) 41.2 (6) 41.8 (5) 
TiO2 0.06 (6) 0.04 (3) 0.03 (1) 0.05 (2) 0.04 (2) 0.02 (1) 0.01 (1) 0.02 (1) 0.01 (1) 
Al2O3 0.07 (2) 0.00 0.00 0.03 (3) 0.02 (2) 0.01 (1) 0.01 (1) 0.03 (4) 0.02 (3) 
FeO 9.1 (5) 8.5 (3) 8.5 (4) 8.5 (2) 8.1 (5) 7.5 (2) 7.6 (2) 7.4 (1) 4.1 (3) 
MnO 0.05 (2) 0.06 (2) 0.05 (2) 0.06 (2) 0.06 (2) 0.08 (3) 0.04 (1) 0.04 (2) 0.04 (1) 
MgO 50.3 (5) 50.2 (7) 51.3 (7) 50.5 (3) 51.0 (9) 50.4 (3) 51.7 (8) 51.2 (7) 54.4 (8) 
CaO 0.03 (5) 0.03 (2) 0.04 (1) 0.04 (1) 0.04 (3) 0.04 (1) 0.02 (1) 0.08 (3) 0.05 (1) 
Na2O 0.05 (5) 0.01 (1) 0.00 0.01 (1) 0.03 (3) 0.03 (1) 0.00 0.01 (2) 0.01 (1) 
K2O 0.00 (0) 0.00 0.00 0.00 0.01 (1) 0.01 (1) 0.01 (1) 0.01 (1) 0.01 (0) 
Total 100.06 (6) 99.9 (8) 101 (1) 99.9 (4) 100.23 99.39 100.5 (8) 100.3 (4) 100.1 (6) 
Mg# 90.77 91.32 91.47 91.35 91.81 92.31 92.36 92.54 95.98 

n is the number of EPMA spot analyses averaged for each experiment. ±1σ errors in brackets 
are reported as least digits cited, based on the replicate analyses. For example 40.4 (3) should 
be read as 40.4 ± 0.3 wt.%. 
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Supplementary Table 2: Orthopyroxene Compositions 

Run # B454 B455 B456 B458 B459 B474 B462 B464 B484 
P (GPa) 2 2 2 2 2 2 2 2 2 
T ( °C) 900 950 1000 1050 1100 1100 1150 1200 1250 

n 8 11 10 13 8 5 7 8 5 
SiO2 56.9 (8) 57.0 (5) 57.6 (8) 57.4 (5) 58.8 (5) 58.31 (7) 57.5 (6) 58.3 (2) 58 (1) 
TiO2 0.09 (6) 0.21 (4) 0.15 (4) 0.16 (3) 0.14 (2) 0.13 (2) 0.12 (3) 0.10 (4) 0.06 (3) 
Al2O3 2.6 (8) 1.0 (3) 1.1 (2) 1.3 (2) 0.7 (1) 0.8 (1) 0.63 (7) 0.5 (1) 0.39 (4) 
FeO 4.8 (7) 5.36 (8) 5.03 (7) 5.0 (2) 4.5 (2) 5.17 (7) 4.9 (1) 4.8 (3) 5.1 (9) 
MnO 0.02 (2) 0.07 (2) 0.06 (3) 0.05 (1) 0.07 (3) 0.45 (2) 0.05 (1) 0.03 (1) 0.08 (4) 
MgO 34.3 (7) 35.3 (4) 34.9 (7) 35.9 (6) 36.4 (6) 35.7 (2) 35.4 (5) 36.3 (4) 36.2 (5) 
CaO 0.6 (2) 0.59 (5) 0.63 (6) 0.80 (5) 0.82 (9) 1.09 (8) 0.57 (5) 0.7 (3) 0.24 (4) 
Na2O 0.2 (2) 0.03 (2) 0.05 (1) 0.05 (2) 0.04 (2) 0.04 (2) 0.01 (1) 0.03 (1) 0.03 (2) 
K2O 0.01 (1) 0.00 0.01 (1) 0.01 (1) 0.00 0.00 0.00 0.00 0.01 (1) 
Total 99.6 (7) 99.6 (6) 99.5 (4) 100.8 (4) 101.5 (5) 101.6 (3) 99.2 (7) 100.7 (4) 100.5 (4) 
Mg # 92.80 92.13 92.52 92.73 93.46 92.48 92.76 93.07 92.64 

Run # B443 B444 B446 B450 B451 B453 B473 B488 B486 

P (GPa) 3 3 3 3 3 3 3 3 3 
T ( °C) 900 950 1000 1050 1100 1150 1200 1200 1250 

n  14 21 32 13 5 11 10 13 4 
SiO2 57.3 (8) 57.6 (5) 57.2 (5) 57.2 (5) 57.2 (5) 58.0 (3) 57.8 (8) 57.4 (5) 59.5 (3) 
TiO2 0.1 (1) 0.10 (3) 0.16 (4) 0.19 (2) 0.18 (3) 0.11 (3) 0.05 (2) 0.08 (3) 0.03 (2) 
Al2O3 1.1 (4) 1.6 (9) 1.6 (3) 1.6 (2) 1.13 (7) 0.92 (7) 0.9 (1) 1.3 (2) 0.24 (1) 
FeO 5.1 (4) 5.2 (4) 5.7 (2) 5.1 (2) 4.9 (2) 4.6 (2) 5.0 (1) 5.1 (2) 2.52 (7) 
MnO 0.03 (2) 0.07 (4) 0.06 (2) 0.06 (1) 0.06 (2) 0.07 (2) 0.03 (2) 0.41 (3) 0.05 (1) 
MgO 35.9 (7) 34.8 (6) 35.6 (4) 35.0 (4) 35.8 (2) 35.5 (2) 36.5 (6) 35.4 (5) 38.3 (4) 
CaO 0.24 (5) 0.4 (2) 0.54 (5) 0.6 (1) 0.58 (5) 0.32 (3) 0.32 (2) 0.7 (1) 0.44 (4) 
Na2O 0.1 (1) 0.09 (5) 0.07 (3) 0.05 (2) 0.04 (1) 0.04 (1) 0.03 (2) 0.11 (3) 0.03 (2) 
K2O 0.01 (1) 0.01 (1) 0.00 0.01 (1) 0.00 0.01 (1) 0.01 (1) 0.01 (1) 0.01 (1) 
Total 99.9 (9) 99.9 (6) 100.9 (7) 99.9 (5) 99.9 (5) 99.6 (2) 100.8 (5) 100.6 (4) 101.1 (3) 
Mg # 92.67 92.29 91.78 92.49 92.82 93.16 92.84 92.52 96.44 

n is the number of EPMA spot analyses averaged for each experiment. ±1σ errors in brackets 
are reported as least digits cited, based on the replicate analyses. For example 56.9 (8) should 
be read as 56.9 ± 0.8 wt.%.  
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Supplementary Table 3: Amphibole Compositions 

Run # B454 B455 B456 
P (GPa) 2 2 2 
T ( °C) 900 950 1000 

n 5 9 8 
SiO2 49.2 (8) 48 (1) 49.3 (6) 
TiO2 0.9 (2) 1.3 (3) 1.6 (2) 
Al2O3 8.7 (8) 11 (1) 9.6 (5) 
FeO 3.4 (5) 3.4 (2) 3.08 (9) 
MnO 0.02 (2) 0.04 (2) 0.03 (1) 
MgO 21 (1) 20.3 (8) 18.7 (6) 
CaO 10 (1) 9.4 (6) 10.5 (3) 
Na2O 2.7 (4) 3.3 (3) 3.6 (2) 
K2O 0.36 (5) 0.31 (5) 0.39 (2) 
Total 96.6 (6) 97.3 (5) 96.7 (6) 
Mg# 91.82 91.37 91.56 

Run # B443 B444 B446 
P (GPa) 3 3 3 
T ( °C) 900 950 1000 

n  17 32 9 
SiO2 47 (1) 49.1 (8) 46.9 (6) 
TiO2 0.8 (1) 0.9 (1) 1.0 (1) 
Al2O3 12 (1) 10.5 (9) 12.3 (8) 
FeO 4.0 (4) 3.2 (4) 3.5 (2) 
MnO 0.03 (2) 0.03 (3) 0.04 (2) 
MgO 20 (1) 20 (1) 20.9 (3) 
CaO 8.5 (7) 8.5 (7) 9.3 (4) 
Na2O 3.6 (4) 3.6 (4) 3.7 (2) 
K2O 0.41 (8) 0.54 (7) 0.52 (5) 
Total 97.6 (9) 96 (1) 98.2 (2) 
Mg# 89.90 91.63 91.29 

n is the number of EPMA spot analyses averaged for each experiment. ±1σ errors in brackets 
are reported as least digits cited, based on the replicate analyses. For example 49.2 (8) should 
be read as 49.2 ± 0.8 wt.%. 
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Supplementary Table 4: Clinopyroxene Compositions 

Run # B458 B459 B474   
P (GPa) 2 2 2   
T ( °C) 1050 1100 1100   

n 3 2 3   
SiO2 54.4 (4) 55.8 (5) 55 (1)   
TiO2 0.31 (8) 0.23 (2) 0.22 (5)   
Al2O3 1.8 (2) 1.10 (8) 1.2 (1)   
FeO 2.43 (8) 2.20 (4) 2.9 (2)   
MnO 0.03 (1) 0.07 (1) 0.39 (5)   
MgO 19.5 (3) 18.5 (3) 21.2 (7)   
CaO 21.4 (2) 21.54 (1) 19.7 (5)   
Na2O 0.51 (8) 0.57 (3) 0.5 (1)   
K2O 0.00 0.00 0.01 (1)   
Total 100.5 (4)  100.6 (3) 101 (1)   
Mg# 93.46 93.75 92.86   

Run # B443 B444 B446 B450 B488 
P (GPa) 3 3 3 3 3 
T ( °C) 900 950 1000 1050 1200 

n  4 14 4 7 7 
SiO2 54.5 (3) 54.8 (6) 54.6 (4) 54.3 (5) 54.5 (5) 
TiO2 0.17 (6) 0.28 (5) 0.37 (4) 0.41 (4) 0.18 (4) 
Al2O3 2.2 (7) 2.8 (4) 2.8 (5) 2.5 (3) 3.1 (6) 
FeO 3.7 (6) 2.2 (1) 2.6 (2) 2.6 (2) 3.5 (1) 
MnO 0.03 (2) 0.04 (2) 0.04 (1) 0.05 (2) 0.33 (2) 
MgO 17.0 (7) 17.8 (6) 18.3 (5) 20 (1) 18.4 (4) 
CaO 20.1 (1) 20.9 (7) 21.2 (1) 19 (1) 18.5 (6) 
Na2O 1.4 (3) 1.2 (2) 1.1 (1) 0.78 (8) 1.5 (2) 
K2O 0.03 (3) 0.02 (2) 0.00 0.00 0.00 
Total 99.2 (3) 100.0 (7) 100.9 (5) 99.2 (5) 99.9 (4) 
Mg# 89.11 93.49 92.74 93.15 90.44 

n is the number of EPMA spot analyses averaged for each experiment. ±1σ errors in brackets 
are reported as least digits cited, based on the replicate analyses. For example 54.4 (4) should 
be read as 54.4 ± 0.4 wt.%.  
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Supplementary Table 5: Garnet Compositions 

Run # B443 B444 B446 B450 
P (GPa) 3 3 3 3 
T ( °C) 900 950 1000 1050 

n  8 6 8 2 
SiO2 41.2 (3) 43.1 (9) 41.9 (5) 41.4 (4) 
TiO2 0.9 (4) 0.9 (3) 0.33 (7) 0.58 (4) 
Al2O3 23.4 (7) 21.3 (7) 23.7 (4) 23.8 (1) 
FeO 8.6 (3) 8.3 (2) 8.3 (2) 7.7 (1) 
MnO 0.21 (2) 0.22 (2) 0.19 (3) 0.14 (4) 
MgO 18.6 (8) 19 (2) 20.4 (5) 20.4 (3) 
CaO 7.0 (8) 6.5 (9) 5.2 (3) 6.1 (3) 
Na2O 0.07 (3) 0.09 (3) 0.05 (1) 0.07 (1) 
K2O 0.01 (1) 0.01 (1) 0.01 (1) 0.01 (1) 
Total 100.0 (4) 99.6 (7) 100.2 (5) 100.1 (4) 
Mg# 79.37 80.67 81.39 82.54 

n is the number of EPMA spot analyses averaged for each experiment. ±1σ errors in brackets 
are reported as least digits cited, based on the replicate analyses. For example 41.2 (3) should 
be read as 41.2 ± 0.3 wt.%.  
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Supplementary Figure 1. Magnified BSE image of experiment B444 (3 GPa, 950 °C) showing 
fibrous orthopyroxene (Opx) grain surrounding domains of amphibole (Amph) and 
clinopyroxene (Cpx).  
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