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Mélanges are mixtures of subducted materials and serpentinized mantle rocks that form along the slab-
mantle interface in subduction zones. It has been suggested that mélange rocks may be able to ascend
from the slab-top into the overlying mantle, as solid or partially molten buoyant diapirs, and transfer
their compositional signatures to the source regions of arc magmas. However, their ability to buoyantly
rise is in part tied to their phase equilibria during melting and residual densities after melt extraction,
all of which are poorly constrained. Here, we report a series of piston-cylinder experiments performed at

Keywords: 1.5-2.5 GPa and 500-1050°C on three natural mélange rocks that span a range of mélange compositions.
mélanges Using phase equilibria, solidus temperatures, and densities for all experiments, we show that melting
melting of mélanges is unlikely to occur along the slab-top at pressures < 2.5 GPa, so that diapirism into the
diapirs hotter mantle wedge would be required for melting to initiate. For the two metaluminous mélange

subduction zones

compositions, diapir formation is favored up to pressures of at least 2.5 GPa. For the peraluminous
slab-to-mantle transfer

mélange composition investigated, diapir buoyancy is possible at 1.5 GPa but limited at 2.5 GPa due
to the formation of high-density garnet, primarily at the expense of chlorite. We also evaluate whether
thermodynamic modeling (Perple_X) can accurately reproduce the phase equilibria, solidus temperatures,
and density evolution of mélange compositions. Our analysis shows good agreement between models
and experiments in mélange compositions with low initial water contents and low-pressure (< 1.5 GPa)
conditions. However, discrepancies between the thermodynamic models and experiments become larger
at higher pressures and high-water contents, highlighting the need for an improved thermodynamic
database that can model novel bulk compositions beyond the canonical subducting lithologies. This study
provides experimental constraints on mélange buoyancy that can inform numerical models of mélange
diapirism and influence the interpretations of both geophysical signals and geochemical characteristics of

magmas in subduction zones.
© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction 1986). The intense shearing, fluid metasomatism, and deformation
processes occurring along the slab-mantle interface result in the
development of mélange zones (Bebout and Barton, 2002). Field

observations of exhumed high-pressure mélange rocks often dis-

Subduction zones are highly dynamic regions on Earth where
igneous oceanic crust, serpentinized peridotites, and sediments en-

ter the Earth’s interior and variably influence the compositions
of arc magmas worldwide (Hawkesworth et al., 1993; Tera et al.,
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play blocks of varying rock types embedded in mafic to ultramafic
matrices (Bebout and Barton, 2002; Bebout, 1991; Codillo et al.,
2022a; Marschall and Schumacher, 2012). Depending on metamor-
phic grade, these mélange matrices may include monomineralic
chlorite schist, talc schist, jadeitite, and rock-types with varying
amounts of amphibole, clinopyroxene, phengite, epidote, and ac-
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cessory minerals, such as titanite, rutile, ilmenite, and zircon. These
hybrid rocks display a wide range of elemental and isotopic signa-
tures reflecting distinct input lithologies and fluids, but have phase
equilibria differing from those of the subducted mafic, ultramafic,
and sedimentary inputs (Bebout and Barton, 2002; Codillo et al.,
2022a; King et al,, 2006; Marschall and Schumacher, 2012). It has
been suggested that mélanges, in the form of melts or solid di-
apirs, may play an important role in controlling arc magma chem-
istry (Codillo et al., 2018; Cruz-Uribe et al., 2018; Marschall and
Schumacher, 2012; Nielsen and Marschall, 2017). Whether par-
tial melting of mélange rocks occurs along the slab-top and/or
in buoyant diapirs in the mantle wedge has implications for the
timing and location of elemental fractionation associated with arc
magmas (Hawkesworth et al., 1997; Turner et al., 2001). For in-
stance, chemical thermometers (e.g., light rare earth elements/Ti,
K>0/H,0, H,0/Ce), which are used to infer the slab-top tempera-
tures assume that the phases responsible for elemental fractiona-
tions (e.g., phengite, epidote) reside at the slab-top (Hermann and
Spandler, 2008; Klimm et al., 2008; Plank et al., 2009). However, if
those minerals can be entrained by buoyant diapirs and/or if melt-
ing occurs in the rising diapirs, calculated temperatures would not
be related to the conditions of the slab top (Cruz-Uribe et al., 2018;
Marschall and Schumacher, 2012).

Geodynamic models predict that hydrated slab-top materials
may become gravitationally unstable and form buoyant diapirs
along a diagonal path away from the slab-top into the overlying
mantle (Behn et al, 2011; Currie et al., 2007; Gerya and Yuen,
2003; Klein and Behn, 2021; Miller and Behn, 2012; Zhang et al,,
2020). These buoyant diapirs transport slab components (e.g., ig-
neous crust, sediment, serpentinite, mélange rocks, and fluids) and
subject them to P-T conditions that are otherwise unattainable
along the slab-top (cf. Behn et al,, 2011). These previous geody-
namic studies have identified parameters such as layer thickness
and composition, and slab-top geotherm to be particularly impor-
tant on diapir formation and their behavior in the mantle wedge.
Additionally, the presence of old xenocrystic zircon grains included
within chromitite or entrained in erupted arc lavas were sug-
gested to have been derived from subducted sediments that were
transported via diapiric plumes to the base of the overlying crust
(Gémez-Tuena et al., 2018; Proenza et al., 2017). Lastly, analysis
of P-wave scattering in the mantle wedge indicates the presence
of seismic obstructions that were interpreted as buoyant materi-
als rising away from the slab-top (Lin et al., 2021), consistent with
previous model predictions (Gerya et al., 2006).

The ability of mélange rocks to buoyantly ascend from the
slab-top to the overlying mantle is tied to their phase equilibria,
melting behavior, and densities. However, these processes remain
poorly constrained, primarily due to a lack of experimental data on
mélange compositions at the appropriate P-T conditions. We need
to understand whether these lithologies melt along the slab-top
and how the melting process affects the density of their melting
residues. Mélange rocks could either ascend as diapirs that dehy-
drate and melt as they rise through the mantle wedge or remain
at the slab-top to dehydrate and melt when subducted to greater
depths.

Here we report the phase equilibria and bulk (solid + melt) and
solid (solid-only) densities during melting of three natural mélange
rocks collected from several exhumed high-pressure localities. We
performed a series of 30 high-P-T melting experiments using pis-
ton cylinder apparatus at conditions relevant to subduction zone
slab-top thermal structures (i.e. 500-1050°C, 1.5-2.5 GPa) to esti-
mate the P-T conditions at which mélange melting begins (solidus)
and constrain the density evolution of mélange residues. Lastly, we
compare how well thermodynamic models reproduce the phase
equilibria and melting behavior of these novel bulk compositions
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and discuss the implications for mélange diapirism in subduction
zones.

2. Materials and methods

To account for the compositional variability observed in ex-
humed high-pressure mélange rocks, we selected three natural
mélange rocks as starting materials based on their mineralogy,
fluid-immobile element (i.e. Cr/Al vs Al;03) chemistry, and trace
element chemistry (Fig. 1). Two mélange rocks from Syros, Greece
(compositions SY400B and SY325, see Miller et al., 2009) and
one mélange rock from Santa Catalina, USA (composition C647,
see sample 6-4-7 in Bebout and Barton, 2002) were selected.
These mélange rocks represent the matrices that formed by fluid-
mediated mass transfer between juxtaposed mafic and ultramafic
rocks in a subduction zone, for the Catalina Schist with additions
and redistribution of some elements in fluids infiltrating from sed-
imentary sources (Bebout and Barton, 2002). The use of mélange
matrix material in this study is supported by both field and geo-
chemical evidence that they form at the expense of, and reflect
contributions from their protoliths, making them representative of
the composition of the mélange as a whole.

SY325 mélange is Si-Mg rich (56 wt.% and 22 wt.%, respec-
tively) and Al-poor (2 wt.%) while SY400B mélange is Si-Al rich (50
wt.% and 17 wt.%, respectively), Mg-poor (8 wt.%). Both SY325 and
SY400B have water contents of ~3 wt.%. C647 mélange is Mg-Al
rich (24 wt.% and 12 wt.%, respectively) and Si-poor (39 wt.%) with
a water content of ~8.5 wt.%. SY400B mélange displays the low-
est Cr/Al and highest Al,03 content, plotting closest to the mafic
compositions represented by MORB (mid-ocean ridge basalt) and
GLOSS (global subducting sediment) while SY325 mélange displays
the highest Cr/Al and lowest Al;03 content, plotting closest to
the ultramafic compositions represented by DMM (depleted MORB
mantle) and serpentinites. The composition of C647 mélange is
intermediate between SY325 and SY400B in terms of Cr/Al and
Al,03 content (Fig. 1a). The normalized trace-element composition
of SY400B mélange displays elevated trace-element abundances
that also resemble GLOSS composition, whereas SY325 mélange
displays the lowest trace-element abundances that also plot close
to DMM and serpentinite compositions. The normalized trace-
element composition of C647 mélange plots in between SY325
and SY400B compositions (Fig. 1b). The mineralogy and whole-
rock compositions (major and trace elements) of SY325, SY400B
and €647 mélanges are reported in Table S1.

Partial melting experiments were performed in a 0.5” end-
loaded solid medium piston-cylinder device at 500-1050°C and
1.5-2.5 GPa, corresponding to a range of depths from 45 to 75 km,
where a significant increase in the slab-top geotherms is pre-
dicted (Syracuse et al., 2010). Details on the experimental set-up
are found in the supplementary material, and the experimental
conditions and run durations are summarized in Table S2. Details
on the mineralogical, textural, and compositional characterization
performed on all experimental run products are described in the
supplementary material.

3. Results
3.1. Approach to equilibrium

We assessed the approach to equilibrium by performing time-
series experiments at the lowest temperature condition where we
could identify and measure the compositions of both minerals and
glassy melt pools. We conducted experiments using SY325 start-
ing material at 1000 °C, 1.5 GPa using two run durations (96 h and
144 h) and found no significant difference (within 1 o) in the com-
positions of glassy melt and mineral phases for both experiments
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Fig. 1. Geochemical characteristics and discrimination using (a) immobile element Cr/Al vs Al,03 systematics and (b) N-MORB normalized trace element compositions. The
three starting mélange compositions used in this study cover a large range of the natural variability of mélanges. The N-MORB (Gale et al., 2013), normalized trace element
abundances of SY325, SY400B, and C647 mélanges are plotted along with DMM-like peridotite, and GLOSS. Literature data sources: Global mélange compilation (Marschall
and Schumacher, 2012), abyssal, mantle wedge and subducted serpentinite compilation (Deschamps et al., 2013), MORB compilation (Gale et al., 2013), DMM composition
(Workman and Hart, 2005), and GLOSS (Plank and Langmuir, 1998). Additional information about the starting materials is available in the supplementary material.

performed at different run durations (Figure S1). Based on the like-
lihood of approach to equilibrium in both experiments, we selected
96 h as a minimum run duration and applied this duration to other
experiments. The maintenance of a closed system during experi-
ments and approach to equilibrium were further demonstrated by
the following observations: (1) low values for the sum of residual
squares (> r2, most experiments have < 1), indicating reason-
able mass balances (Tables S3-S5), (2) homogeneous distribution
of minerals and melts throughout the capsule (slightly larger melt
pools at the edges) and no systematic grain size variation that
would suggest significant thermal gradient across the length of
the capsule, (3) constancy of major element compositions in min-
erals and melt throughout the capsule in most experiments. An
exception to this is the limited compositional zoning observed in
some silicate minerals (e.g., epidote and clinopyroxene in SY400B)
in the lowest-temperature subsolidus experiments, likely due to
slower rates of reactions under these low-temperature conditions
(e.g., Lakey and Hermann, 2022). Mass balance calculations in the
subsolidus C647 mélange experiments at 1.5 and 2.5 GPa yielded
high 3" r? (> 8) unless a free fluid phase was artificially added to
the calculation. We did not measure compositions of the coexist-
ing fluids but observed significant porosity (Fig. 5). The addition
of a synthetic fluid in equilibrium with ultramafic composition
of Dvir et al. (2011) in our mass-balance calculation yielded a
better > r? (0.4-3.8) and accurately predicted mineral propor-
tions. The near-solidus and suprasolidus experiments conducted at
higher temperatures did not show any significant chemical zon-
ing. Equilibrium attainment as reflected in good mass balances also
indicated that Fe-loss was insignificant in the experiments. The
modal proportions of minerals and melt for each experiment are
constrained using two independent tools, Microsoft Excel Solver
and LIME (Krawczynski and Olive, 2011; Prissel et al., 2023). The
phase proportions (in wt.%) constrained by Solver are used in the
succeeding sections after showing good agreement between the
two methods (see details of the comparison in the supplementary
material).

3.2. Mineral phase relations and textures

The experimental conditions and mineral phase assemblages
and phase proportions are reported in Tables S3-S5 and displayed
in Fig. 2. Experiments performed on SY325 mélange (~3 wt.% H,0
bulk) below the solidus are dominated by hydrous phases such
as amphibole, chlorite, and talc occurring as euhedral and elon-
gated grains that crystallized from the starting powder (Fig. 3a,
b). Increased porosity in the experiments is coincident with the
breakdown of chlorite and talc at temperatures below 800 °C, in-

dicating the presence of HyO-rich fluid phase at experimental con-
ditions (Fig. 3c¢). Anthophylite is formed as a breakdown product
of talc at 2.5 GPa. At near-solidus conditions, small, elongated or-
thopyroxene laths are observed throughout the capsule surround-
ing larger grains of amphibole and clinopyroxene, while interstitial
melt pools are found locally around orthopyroxene grains (Fig. 3d)
for both 1.5 and 2.5 GPa experiments. The solidus is constrained
between 800-850°C at 1.5 and 2.5 GPa. This is based on petro-
graphic observation of the presence of glassy melt surrounding
residual minerals. At temperatures above the solidus, the propor-
tion of amphibole decreases until exhaustion between 900 and
1000 °C, while the proportion of orthopyroxene + clinopyroxene
+ melt increases and remains the stable assemblage at higher
temperatures. Equant orthopyroxene and clinopyroxene grains are
homogenously distributed across the length of the capsule and are
surrounded by melts.

Experiments performed on SY400B mélange (~3 wt% H,0
bulk) below the solidus are dominated by omphacitic clinopyrox-
ene and minor amounts of phengite and chlorite that grew to
form large, euhedral to subhedral grains from the starting powder.
Small grains of titanite and epidote are interspersed throughout
the capsule without any discernible mineral segregation textures.
Accessory phases such as tourmaline, zircon, and apatite are also
observed at 1.5 and 2.5 GPa. Omphacitic clinopyroxene and epidote
minerals display some chemical zonation at these low-temperature
subsolidus conditions (Fig. 4a, b). For instance, at 600°C (1.5 and
2.5 GPa), clinopyroxene grains display patchy appearance in BSE
images wherein the limited ‘light’ cores have higher FeO and lower
Si0, and Na;O contents than the more dominant ‘dark’ mantle
and rims (Figure S5). The major element compositions of euhedral
and chemically homogenous clinopyroxene grains in these experi-
ments are similar to the composition of the more dominant ‘dark’
mantle and rims. In addition, sector zoning is observed in epi-
dote at low-temperature subsolidus conditions. The K-rich phase
is phengite at low temperature whereas phlogopite replaces phen-
gite at higher temperatures (> 800 °C). The solidus is constrained
between 600 and 700°C at 1.5 GPa and 700-800°C at 2.5 GPa
based on petrographic observation of the presence of glassy melt.
In experiments above the solidus, hydrous melt occurs in equilib-
rium with diopsidic clinopyroxene + amphibole + phlogopite +
titanite + epidote, and minor amounts of tourmaline, oxide, and
apatite. Phlogopite and amphibole display prismatic and elongated
habits surrounding larger clinopyroxene grains (Fig. 4c, d). Albitic
plagioclase is the Al-rich phase at 1.5 GPa and is replaced by garnet
at 2.5 GPa. Plagioclase displays prismatic habit, whereas garnet is
generally equant. Rutile is commonly found in suprasolidus experi-
ments. Melts occur as mostly dendrite-free homogenous glasses on
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Fig. 2. Experimental conditions, phase equilibria and melting relations of (a) SY325, (b) SY400B, and (c) C647 mélanges. The solidus for each composition is shown as a
dashed black line, and is an estimate (i.e., average temperature between experiments that show melt versus no melt). The mineralogy and relative proportions (in wt.%) are
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Fig. 3. Representative backscattered electron (BSE) images of SY325 experiments from subsolidus to suprasolidus conditions. (a-b) Experiments conducted below the solidus
are dominated by hydrous minerals such as amphibole, chlorite and talc that display homogenous distribution in the capsule. (c-d) Breakdown of chlorite and talc leads to
porosity increase with small amounts of interstitial melt. (e-f) Experiments above the solidus are dominated by anhydrous minerals orthopyroxene and clinopyroxene that
are homogenously distributed in the capsule. (e) Relatively large melts pools along the capsule sides. Mineral abbreviations are from Whitney and Evans (2010).
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are dominated by omphacitic clinopyroxene with minor amounts of phengite and chlorite, and traces of titanite and epidote that are homogenously distributed in the
capsule. Clinopyroxene and epidote minerals display chemical zonations (see Figure S5 from magnified BSE images). (c-f) Experiments above the solidus display homogenous,
dendrite-free melt in equilibrium with diopsidic clinopyroxene, amphibole, phlogopite and an Al-rich phase (plagioclase at 1.5 GPa and garnet at 2.5 GPa). Traces of rutile,
kyanite, and corundum are sometimes found along with melt. Mineral abbreviations are from Whitney and Evans (2010).
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Fig. 5. Representative backscattered electron (BSE) images of C647 experiments from subsolidus to suprasolidus conditions. (a) Experiment conducted below the solidus is
dominated by sub-equal proportion of amphibole and chlorite with minor ilmenite. (b-d) Subsolidus breakdown of chlorite leads to garnet formation and porosity increase
partially filled with fine aggregates of olivine and minor orthopyroxene. The large porosity indicates the former presence of a HpO-rich phase during the experiment. (e)
Experiment above the solidus displays melt in equilibrium with amphibole, olivine, orthopyroxene, and minor fine-grained Al-rich phase. (f) Chemical map that display the
relative concentrations of Si, Mg, Ca, and Al rastered over (e) to help identify the phases. Mineral abbreviations are from Whitney and Evans (2010).

the edges of the capsule and distributed in between mineral grains
throughout the experimental run product (Fig. 4e, f).

Experiments performed on C647 (~8.5 wt% H,O bulk) be-
low the solidus are dominated by sub-equal proportion of chlorite
and amphibole as euhedral, elongated grains distributed across
the capsule. Small grains of ilmenite are also found (Fig. 5a). At

1.5 GPa, with increasing temperature, the proportions of garnet
+ orthopyroxene + olivine increase, whereas the proportions of
chlorite and amphibole decrease. We observed a large porosity in-
crease in the experiment at 900 °C and 1.5 GPa, which is indicative
of the presence of an H,O-rich fluid phase at experimental condi-
tions (Fig. 5b, c). The large amount of H,O-rich fluid is produced
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by the breakdown of chlorite to form fine aggregates of olivine and
minor orthopyroxene at temperatures above 900 °C. The subsolidus
assemblage at 2.5 GPa is dominantly composed of garnet + olivine
+ amphibole + clinopyroxene. Clinopyroxene is absent in 1.5 GPa
experiments but is present at 2.5 GPa. Olivine grains are euhe-
dral to subhedral, whereas orthopyroxene and clinopyroxene are
generally equant. Garnet grains commonly occur poikilitically en-
closing other minerals (Fig. 5c, d). The solidus is constrained below
950°C at 1.5 GPa whereas the solidus is not found at 2.5 GPa and
therefore should be located above 1000 °C. Above the solidus, melt
forms in equilibrium with olivine 4+ orthopyroxene + amphibole
+ garnet £ Al-rich phase (likely a spinel). Ilmenite is the domi-
nant oxide phase in the experiments along with minor amounts of
rutile.

3.3. Compositions of experimental melts

The average melt compositions and variations (expressed as
standard deviations of the analyses) obtained using electron mi-
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croprobe analyses are reported in Tables S6-S8 and displayed in
Figs. 6 and S6. All experimental melts in this study are hydrous
silicate melts and their compositions were measured on quenched
dendrite-free glassy pools. For experiments above solidus, low-
degree (< 5 wt.%) melts occurred mainly along mineral grain
boundaries, whereas high-degree melts were distributed along
grain boundaries and on the capsule edges (Fig. 3). Interstitial
melts found in-between mineral grains are compositionally similar
(within analytical uncertainty) to the larger melt pools found on
capsule edges. The H,O content of experimental melts, estimated
from the difference between 100% and electron probe totals, range
from ~7 to 15 wt.%. The melt H,O contents from SY325 mélange
are roughly constant at ~9 wt.%, whereas the melt H,O contents
from SY400B mélange decrease from ~15 to 6 wt.%, with increas-
ing temperature, likely due to dilution. The melt H,O content from
C647 mélange is estimated to be ~11 wt.%. On a volatile-free ba-
sis, the melt compositions range from rhyolitic for SY325, mostly
dacitic for SY400B, and a melt composition that straddles between
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basalt and basaltic andesite for C647 mélange (Figure S6). The Mg#
[= molar Mg/(Mg + Fe?T)] of all experimental melts range be-
tween 0.29-0.81.

The experimental melt compositions vary with increasing tem-
perature at constant pressure (Fig. 6). In particular, the SiO, con-
tent decreases whereas Al,03, FeO, MgO, and alkali contents in-
crease with increasing temperatures in SY400B mélange experi-
ments. The CaO content remains constant with increasing temper-
ature and is slightly higher at higher pressure. The compositions
of SY400B mélange melts did not change substantially with pres-
sure, except for a slightly lower Al;03 content in melts at higher
pressure. Experimental melts of SY325 mélange display limited
variations in SiO2, Al;03, MgO, and CaO contents with increasing
temperature. Compared to SY400B mélange experiments, the melt
compositions of SY325 mélange display significant change with
pressure. At 2.5 GPa, SY325 mélange melts display systematically
lower FeO and CaO contents, and higher alkali contents, whereas
SiO2, Al;03, and MgO are like melts at 1.5 GPa and similar tem-
peratures.

3.4. Compositions of experimental minerals

The mineral compositions determined using electron micro-
probe analyses are reported in Tables S6-S8 and are displayed in
Fig. 7. In SY325 experiments, the major element compositions of
amphibole, identified as actinolite (Hawthorne et al., 2012), dis-
play limited variations over the range of experimental tempera-
tures and pressures. The Mg# of amphibole is slightly higher at
1.5 GPa (82.8-83.7) than at 2.5 GPa (82.5-82.8) at similar temper-
atures, with average Si and Ca contents of 7.94 a.p.f.u. (atoms per
formula unit) and 1.45 a.p.f.u., respectively. The composition of or-
thopyroxene is rich in enstatite (En) component ranging from ~85
to 90 mol.% En. With increasing temperature at constant pressure,
the orthopyroxene Mg# initially increases, from 88.9 to 90.8, then
decreases to 86.7, while the average Al,O3 content decreases from
~3 wt% to ~0.3 wt.%. The composition of clinopyroxene is diop-
sidic, with Mg# varying from 80.2 to 88.8. Chlorite and talc are
both Mg-rich, with average Mg# of 83 and 93, respectively.

In SY400B experiments, the major element compositions of sili-
cate minerals vary systematically with increasing temperature. The
amphibole, which belongs to the Ca-Na and Ca groups (dominantly
pargasitic and taramitic), displays a steady decrease in the average
SiO, content with increasing temperature (Fig. 7a). The Ca content
of amphibole increases with increasing temperature with amphi-
bole displaying higher Ca contents at 1.5 GPa than at 2.5 GPa
for similar experimental temperatures (Fig. 7b). The clinopyroxene
composition varies from omphacitic to diopsidic with increasing
temperature, with Mg# varying from ~69 to 81. The clinopyrox-
ene displays near-constant Si content of ~2.0 a.p.f.u. followed by
a drop in Si content to ~1.9 a.p.f.u. The variation in Na content
in clinopyroxene mirrors the SiO; trend. The observed drop in Si
and Na contents occurs at a temperature interval between 700
and 800°C at 1.5 GPa and between 900 and 1000°C at 2.5 GPa
(Fig. 7c,d). The K-rich mineral in the SY400B experiments changes
from phengite to phlogopite with increasing temperature (Fig. 7e,
f). Phengite displays limited compositional variations at tempera-
tures up to 800°C, above which the average K content increases
from ~1 to 1.6 a.p.f.u. Phlogopite coexists with phengite at 800
and 900 °C, but becomes the sole K-rich phase above 900 °C. The
composition of plagioclase varies systematically from albitic Abjgg
to AbggAnsgOr4, whereas the composition of garnet becomes more
grossular-rich and almandine-poor from Alm3gPrpsgSpsaGrsia to
Alm3gPrp47Sps1Grsyz with increasing temperature (Fig. 7g). Epi-
dote displays sector zoning wherein sectors roughly show an in-
verse correlation in Ca and Fe contents. The Mg# of Mg-chlorite is
~80.
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In C647 experiments, the amphibole displays varying com-
position, from magnesio-ferri-hornblende, to actinolite, to parg-
asite. With increasing temperature, the average SiO, and CaO
contents initially increase at 700°C then decrease. The compo-
sition of garnet at 1.5 GPa becomes slightly more grossular-rich
and almandine-poor from Alm3sPrpsoSpsaGrsi4 to Alma4Prps3Spsy
Grsyp, whereas garnet at 2.5 GPa displays limited compositional
variation (Almy;Prps9SpsoGrsig to AlmyqPrpgSpsoGrsy7), with in-
creasing temperature. The average orthopyroxene Al,Os; content
decreases with increasing temperature (Fig. 7h). The Mg# varies
between 86 and 89 in clinopyroxene, and between 78 and 87 in
olivine. Limited variation in Mg# is observed in Mg-chlorite and
orthopyroxene with values of approximately 85 and 84, respec-
tively.

4. Discussion

4.1. Applicability of Syros and Santa Catalina mélange matrix rocks as
starting materials

A necessary precaution when interpreting the results of this
study is assuring that the mineralogy and geochemical character-
istics of starting materials are representative of mélange composi-
tions that could form in situ at slab-mantle interface conditions,
and not dominantly by retrograde re-equilibration at low P-T con-
ditions. Our results indicate that the subsolidus assemblages at
1.5 GPa for SY325, SY400B, and C647 mélanges closely reproduced
the reported thin section assemblages and modal proportions that
represent equilibrium high P-T assemblages based on previous pet-
rogenetic studies on these mélange rocks (Figure S7; King et al.,
2006; Miller et al., 2009). In addition, the bulk-rock major ele-
ment compositions of these starting materials cover a range in
the compositional variability observed in global mélange composi-
tions (Figure S8). These findings support the applicability of these
natural starting materials as representative mélange compositions
found along the slab-mantle interface and further imply that the
compositions of our experimental melts and solid residues, as well
as their densities, can be used to gain insight on subduction zone
processes.

4.2. Solidi of mélange rocks

The experimentally constrained solidi for dehydration melting
of the different mélange starting materials are shown in Fig. 8,
along with the wet solidi for other bulk compositions (e.g., sedi-
ment, basaltic igneous crust, and peridotite) relevant to subduction
zone melting and a range of slab-top thermal structures. Exper-
imental studies of fluid-saturated melting of subducting materi-
als resulted in wet solidi between 600-700°C at 1.5-2.5 GPa for
both sediment and basaltic igneous crust compositions (Hermann
and Spandler, 2008; Lambert and Wyllie, 1970; Liu et al., 1996;
Nichols et al., 1994; Skora and Blundy, 2010; Till et al., 2012). We
also plotted a field of wet sediment melting to account for the
large compositional variability in subducting sediments. The ex-
periments in this study were conducted on natural rock powders
without the addition of excess fluid. Experimental solidi thus re-
flect dehydration melting with HyO provided by the breakdown
of hydrous minerals. The experiments do not constrain the fluid-
saturated (or “wet”) solidi for these rocks, which are potentially
located at lower temperatures. The solidus for dehydration melt-
ing of SY400B mélange lies between 600-800°C at 1.5-2.5 GPa.
This solidus is comparable to wet solidi of sediment and basalt
but is lower than the wet peridotite solidus at these pressures.
The solidus for dehydration melting of SY325 mélange lies be-
tween 800-900°C at 1.5-2.5 GPa. This solidus is higher than that
of SY400B mélange, and higher than the wet solidi of subducted
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tween 15 and 2.5 GPa. The solidi of SY400B and SY325 at pressure higher than
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til they intersect the warm slab-top geotherm. The solidus of C647 mélange should
be located at temperature above 1000 °C at 2.5 GPa. The wet solidus of sediment,
basaltic igneous crust, and peridotite, as well as the predicted solidi of mélange
rocks by Perple_X model are plotted for comparison, along with slab-top geotherms
representing a cold (Tonga) and a warm (Cascadia) subducting slab (D80 model of
Syracuse et al., 2010). (Data references: Lambert and Wyllie, 1970; Liu et al., 1996;
Mann and Schmidt, 2015; Nichols et al., 1994; Skora and Blundy, 2010; Till et al.,
2012).

basalt and sediment. The solidus for dehydration melting of SY325
mélange is lower than the wet peridotite solidus at 1.5 GPa, but
at 2.5 GPa it is located at higher temperature than the wet peri-
dotite solidus. Lastly, the solidus for dehydration melting of C647
mélange lies above 900 °C at 1.5-2.5 GPa and is significantly higher
than the dehydration-melting solidi of SY400B and SY325 and the
wet solidi of subducted materials and peridotite at similar pres-
sures.

If the SY325 and C647 mélanges remain along the slab-mantle
interface and are entrained to greater depths, the breakdown of
hydrous minerals in these mélanges can provide the necessary
fluid phase to initiate wet peridotite melting. Projecting our exper-
imentally derived solidi back to representative slab-top geotherms
(Fig. 8), melting of SY325 and C647 mélanges are unlikely to oc-
cur at pressures less than 3 GPa along cold slab-tops such as in the
Tonga and Mariana arcs. On the other hand, melting of SY400B and
SY325 mélanges may be possible along warm slab-tops at pres-
sures of at least 2.5 GPa, such as in the Cascadia arc. Alternatively,
the high-temperature conditions needed to melt these mélange
rocks may be achieved in rising diapirs into the hotter mantle
wedge. The latter mechanism was suggested as an efficient mech-
anism necessary to extract the elemental components (e.g., Th, Pb)
that form the sediment-melt signature in erupted arc lavas at high-
temperature conditions (> 1000°C) (Behn et al., 2011; Syracuse et
al., 2010). Therefore, for pressures at or below 2.5 GPa, melting of
mélange rocks along the slab-mantle interface is unlikely. However,
buoyant instabilities may form diapirs that deliver solid or partially
molten mélange rocks into the hotter mantle wedge.

4.3. Slab mélange: to rise or not to rise?

The formation of buoyant diapirs from the slab-top is influ-
enced by the density contrast between the materials along the
slab-top and the overlying mantle, and densities for mélange rocks
remain poorly constrained. Here, we evaluated the density contrast
between mélange relative to the overlying mantle peridotites over
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a range of P-T conditions (Fig. 9). The bulk (mineral + melt) and
solid (mineral-only) densities of each experimental run product
were calculated from the mineral compositions and phase pro-
portions, using the approach of Abers and Hacker (2016). In addi-
tion, melt density was calculated using the DensityX program (la-
covino and Till, 2018) while the melt viscosity was calculated using
the parameterization of Giordano et al. (2008). The viscosities of
hydrous mélange melts range from 10!3-10%4 Pa-s for SY400B
mélange, 1016-1031 Pa.s for SY325 mélange, and 10!-! Pa-s for
C647 mélange (Table S9), well within the range of viscosities con-
strained for experimental anhydrous basaltic melts and hydrous
sediment melts (102°-10~13 Pa-s) (Hack and Thompson, 2010;
Schmidt, 2015). The low wetting angles (12-18°) determined for
similar types of hydrous rhyolitic melts would allow for a near-
instantaneous extraction of low-degree melts (Laporte, 1994). Ac-
cordingly, rapid escape of mélange partial melts upon crossing the
solidus is permissible, implying that melt may not play a major
role in mélange buoyancy.

The calculated bulk and solid densities from the phase propor-
tions constrained by Solver and LIME show very good agreement
(Figure S9). The calculated bulk densities (using phase proportions
constrained with Solver) of subsolidus assemblages of SY400B and
SY325 at 1.5-2.5 GPa are roughly constant with increasing temper-
ature but are not for C647. At the lowest experimental temperature
and 1.5 GPa, SY400B mélange displays the highest bulk density of
3180 kg/m?3, followed by SY325 and C647 mélanges with compa-
rable bulk densities of 3000 kg/m3 (Fig. 9). The subsolidus bulk
density increases with pressure. At 2.5 GPa, the bulk density of
(647 mélange increases to ~3500 kg/m? due to the stabilization of
garnet in the subsolidus, a feature that is absent in the subsolidus
assemblages of SY325 and SY400B mélanges with subsolidus bulk
densities of 3050 and 3200 kg/m3, respectively.

Melting leads to a decrease in bulk densities of SY400B and
C647 mélanges whereas the opposite trend is observed for SY325
mélange. The decrease in bulk density upon melting of SY400B
mélange reflects the decreased abundance of clinopyroxene and
the formation of hydrous melt in equilibrium with low-density
minerals such as phlogopite, plagioclase and amphibole. The de-
crease in bulk density in C647 mélange reflects the breakdown of
garnet. In contrast, the slight increase in bulk density in SY325
mélange reflects the breakdown of dominantly amphibole to pro-
duce hydrous melt and anhydrous minerals olivine and orthopy-
roxene. For all the bulk compositions, the solid residue after melt
extraction becomes denser, indicating that instantaneous melt ex-
traction reduces buoyancy.

As a reference, we calculated a density range for the overlying
mantle peridotite from a refractory clinopyroxene-poor harzbur-
gite to a fertile DMM (3250-3400 kg/m3 at 500-1100°C and
1.5-2.5 GPa; Le Roux et al., 2014; Workman and Hart, 2005). Rel-
ative to these mantle compositions, SY325 mélange can buoyantly
rise under our experimental temperatures and pressures, except at
high temperatures (1000 °C and above), where the solid densities
of SY325 mélange and a refractory harzburgitic mantle are simi-
lar (Figs. 9a and b). At slab-top conditions (< 700°C,1.5-2.5 GPa;
Fig. 8), a subsolidus SY325-like mélange will be able to buoyantly
rise, and melting is expected to be delayed during ascent through
the mantle wedge. In comparison, SY400B mélange can also buoy-
antly rise under experimental temperatures and pressures, ex-
cept at high temperatures (1000 °C and above) at 2.5 GPa, where
the solid densities of SY400B mélange and a refractory harzbur-
gitic mantle are similar (Figs. 9c and d). At slab-top conditions, a
SY400B-like mélange will be able to buoyantly rise. Because of its
low solidus temperatures, melting may begin near warm slab-top
conditions and continue during diapir ascent through the mantle
wedge. Similarly, C647 mélange can buoyantly rise but only under
lower experimental temperature and pressure conditions (< 800 °C
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Fig. 9. Comparison of the density evolution of mélange rocks constrained by mélange melting experiments (points; this study) and thermodynamic models. Solid black lines
display bulk density (residual phases + melt) while the dashed gray lines display density of solid residual phases assuming instantaneous melt extraction upon crossing
the solidus. The phase proportions are constrained by Solver. As a reference, the bulk densities of depleted MORB mantle (DMM) and a more refractory clinopyroxene-poor
harzburgite (Cpx-poor HZ; 71% olivine 4+ 23% orthopyroxene + 5% clinopyroxene + 1% spinel) are plotted in solid purple and green lines, respectively. Diapirism of mélange
along the slab-mantle interface is promoted when the ambient mantle is denser than mélange rocks.

and 1.5 GPa) due to the stabilization of large amounts of garnet at
higher temperature and pressure conditions. At slab-top tempera-
tures at 1.5 GPa, a subsolidus C647-like mélange will be able to
buoyantly rise, and melting is expected to be delayed during as-
cent, occurring only in the hotter portions of the mantle wedge.
Because the subsolidus assemblage of C647 mélange is significantly
more dense than mantle peridotite at 2.5 GPa, buoyancy and di-
apirism of a C647-like mélange is unlikely at slab-top conditions.
In this scenario, C647-like mélange would remain along the slab-
top and be dragged to greater depths until it melts at temperatures
above 1000°C.

Using our experimental data, we can predict the fates of
mélange once they have nucleated and detached from the slab-top,
and begun to ascend and melt during transit into hotter portions
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of the wedge. Our experiments show that the subsolidus bulk den-
sities of SY325 and SY400B mélanges at 2.5 GPa are positively
buoyant relative to the overlying mantle at slab-top tempera-
tures, thereby promoting diapir nucleation and detachment from
the slab-top. In this case, diapirs that nucleated at slab-top depth
(75 km) will continue to buoyantly ascend and melt extensively
producing hydrous melts and residual assemblage dominated by
pyroxenes, amphibole, garnet, and plagioclase, in the shallow man-
tle wedge.

Lakey and Hermann (2022) investigated the phase equilibria of
two natural chlorite-rich lithologies (an epidote-omphacite-chlorite
mélange and a monomineralic chlorite mélange) over a range of
temperatures and pressures extending higher than that investi-
gated in this study. The results showed that these mélange compo-
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sitions display large jumps in bulk densities due to large amounts
of subsolidus garnet formation at the expense of chlorite, like our
observations in C647 mélange. They argued that this process could
lead to the densification of mélange rocks relative to the overlying
mantle and inhibit diapirism. We report similar results for C647 at
2.5 GPa. However, our experimental study shows that SY325 and
SY400B mélanges will remain buoyant over a wide range of P-T
conditions during subduction, and that mélanges like C647 may
rise at low pressures. This study, along with the study of Lakey
and Hermann (2022), highlights the importance of bulk composi-
tion in controlling the density evolution of natural mélanges and
the likelihood of diapirism, especially those that favor garnet for-
mation during prograde subduction.

Garnet is a common aluminous phase in high-pressure meta-
morphic rocks (e.g., eclogite, metasediment). Pseudosection mod-
eling performed on bulk compositions relevant to individual slab
materials supports the more favorable garnet formation in pera-
luminous (pelitic) than metaluminous (basaltic) compositions with
increasing P-T conditions during subduction (Hacker et al., 2011;
Wei and Powell, 2004). Using the Alumina Saturation Index (ASI =
[molar Al;03/(Ca0 + K0 + Nay0)] (Nesbitt and Young, 1984)),
the bulk composition of C647 is the most peraluminous (i.e. ASI >
1), followed by SY400B, and then SY325. Therefore, C647 mélange
has the highest propensity to stabilize garnet early on during pro-
grade subduction, consistent with our experimental observations.
Similarly, the bulk mélange compositions used by Lakey and Her-
mann (2022) have ASI close to or above 1. This provides an expla-
nation for the large amounts of subsolidus garnet in C467 mélange,
as well as in the experiments of Lakey and Hermann (2022) con-
ducted at higher pressure. On the other hand, SY400B mélange sta-
bilized subsolidus garnet only at 2.5 GPa whereas SY325 mélange
did not stabilize garnet at either 1.5 or 2.5 GPa. This implies that
the compositional variability in mélanges along the slab-mantle
interface and their varying response to increasing P-T conditions
during subduction would result in density sorting that preferen-
tially allow metaluminous bulk compositions to form diapirs.

4.4. Comparison with thermodynamic phase equilibrium models

We independently assessed the phase equilibria, modal propor-
tions, and density evolution of the three starting compositions us-
ing the free energy minimization software Perple_X (version 6.9.1;
Connolly, 2009) and appropriate thermodynamic models (domi-
nantly from Holland et al., 2018). Details on the modeling pro-
cedure are found in the supplementary material. We calculated
the phase equilibria for the same experimental bulk compositions
and simulated a scenario wherein the H,O content is fixed at a
value like the bulk starting composition. In this model, a free fluid
phase may or may not be present at a P-T condition depending
on phase stability. The thermodynamically predicted solidi of the
three mélange compositions all display negative slopes between
1.5 and 2.5 GPa, occurring at 750 and 690 °C for SY325, 640 and
600 °C for SY400B, and 860 and 600 °C for C647 mélange.

Comparison in the phase proportions and calculated densities
between thermodynamic models and our experiments showed rea-
sonably good agreement for SY325, SY400B, and C647 mélanges at
low temperature, subsolidus conditions for both 1.5 and 2.5 GPa
(Figs. 9 and S10). This also provides an independent support that
our low-temperature, subsolidus experiments have closely reached
chemical equilibrium. This general agreement between models and
experiments is expected given that silicate mineral solution mod-
els are well-calibrated and extensively applied to investigate sub-
solidus (metamorphic) processes. Differences between models and
experiments are more apparent at higher pressure, especially for
SY325 and C647 (see discussion in the supplementary material).
Models predict density change associated with mineral reactions
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or phase transformations at lower temperatures than indicated by
experiments. Despite this offset, the models and experiments gen-
erally agree on whether mélange rocks would be buoyant relative
to the overlying mantle, especially at low pressure. Models pre-
dicted higher solid density of SY400B mélange at > 3400 kg/m>
than the overlying mantle due to the predicted garnet abundance
at 2.5 GPa, at temperatures as low as 800 °C. Because the models
predict extensive melting (up to 40%) of C647 mélange at tem-
peratures below 800 °C, the resulting bulk and solid densities are
significantly different from our subsolidus experiments at similar
experimental P-T conditions.

The differences between models and experiments are un-
likely to have resulted from kinetic limitation in nucleation and
growth in experiments because the offset remains similar in high-
temperature, suprasolidus conditions. Instead, the differences in
predicted solidus temperatures and Clapeyron slopes likely reflect
a limited thermodynamic database that struggles to accurately
predict the phase equilibria and melting of hybrid mélange compo-
sitions, especially at elevated pressures. These findings imply that
the use of phase equilibrium models (pseudosections) to assess
the density evolution of mélange rocks may be a reasonably good
approximation at low-temperature and low-pressure subsolidus
(metamorphic) conditions for water- ‘poor’ mélanges (< 3 wt.%
H,0, pressures < 1.5 GPa). However, we caution on the use of
these models at conditions above the solidus. In this case, a better
understanding of the solubility of H,O in high-pressure mélange
melts becomes crucial, highlighting the need for more experimen-
tal studies such as this one to better calibrate theoretical models
at a wider range of P-T conditions and bulk compositions.

4.5. Potential for mélange diapirism in subduction zones

The thickness and density of the mélange layer along the slab-
mantle interface will affect its overall buoyancy, while the viscosity
of the layer will influence the time-scale over which the layer
will become unstable and the velocity at which a diapir can as-
cend (Behn et al., 2011; Jull and Kelemen, 2001; Klein and Behn,
2021; Miller and Behn, 2012; Weinberg and Podladchikov, 1994).
While mélange layer thicknesses in individual subduction zones
are poorly constrained, conservative estimates based on field map-
ping of exhumed high-pressure mélange terranes are in the order
of hundreds of meters to kilometer-scale (Agard et al., 2018; Be-
bout and Penniston-Dorland, 2016). Evaluating the viscosity con-
trast between the mélange layer and the overlying mantle is also
difficult. This is primarily because of the lack of well-constrained
rheologic flow laws for hydrous minerals, such as for chlorite, am-
phibole, serpentine, and mica, which comprise the bulk of mélange
at low-temperature conditions. In summary, diapir initiation will
occur most rapidly when the density difference between a thick
mélange layer and the overlying mantle is largest, and when the
viscosity of the mélange layer and overlying mantle are minimized.

The density of mélanges based on our experiments indicates
that the abundance of low-density hydrous minerals such as chlo-
rite, amphibole, talc, and mica promote a larger density contrast
with the overlying mantle at low P-T conditions. Even though ex-
humed high-pressure mélange terranes display significant litho-
logic heterogeneity, hydrous minerals such as chlorite and am-
phibole are ubiquitous and in large abundance in these terranes.
These observations are supported by previous studies that sug-
gested that formation of chlorite and other hydrous minerals by
fluid-mediated metasomatism of ultramafic and mafic rocks are
likely pervasive along the plate interface (Bebout and Barton, 2002;
Bebout, 1991; Bebout and Penniston-Dorland, 2016; Codillo et al.,
2022a, 2022b). This implies that buoyancy and diapirism are possi-
ble within the thermal stability limit of chlorite at ~850°C (Lakey
and Hermann, 2022; Pawley, 2003). Since this temperature limit



E.A. Codillo, V. Le Roux, B. Klein et al.

(a) Warm slab-top (Cascadia)

Earth and Planetary Science Letters 621 (2023) 118398

(b) Cold slab-top (Tonga)

1.5 GPa 2.5-3 GPa

partial melts of
mélange diapirs !
g E
‘ * . :
0 ’ g

rising
diapirs

mélange melts

1.5 GPa 2.5-3 GPa

partial melts of
mélange diapirs
e

.;‘,‘:‘
»: o

Fig. 10. Schematic cartoon that portrays the possible fates of mélange rocks along the slab-mantle interface in warm (Cascadia) and cold (Tonga) subduction zones based on
this study. Mélanges display block-in matrix facies wherein blocks of sediment (yellow), igneous crust (gray), and serpentinite (brown) are embedded within mélange matrix
that represent a mixture of all these components. (a) In a warm subduction zone (e.g., Cascadia), the density contrast between both metaluminous (M) and peraluminous (P)
mélanges and mantle wedge would allow for buoyancy-driven diapirism at relatively low pressures (1.5 GPa) and melting would not initiate at the slab top but subsequently
occur later in the hotter mantle wedge during ascent. At higher pressure (2.5-3 GPa), metaluminous mélanges may undergo melting at the slab-top and may continue to melt
as they rise into the hotter mantle wedge. At 2.5-3 GPa, peraluminous melanges would neither melt at the slab top, nor be able to rise as diapirs (b) In a cold subduction
zone (e.g., Tonga), the density contrast between both metaluminous (M) and peraluminous (P) mélanges and mantle wedge would also allow for buoyancy-driven diapirism
at relatively low pressures (1.5 GPa) and melting would not initiate at the slab top but subsequently occur later in the hotter mantle wedge during ascent. At higher pressure
(2.5-3 GPa), metaluminous mélanges may also be able to rise into the hotter mantle wedge, but not melt at the slab top, and undergo melting later during their ascent. At
2.5-3 GPa, peraluminous melanges would neither melt at the slab top, nor be able to rise as diapirs.

is not achieved along cold and intermediate slab-tops, and only at
~3 GPa on warm slab-tops (Syracuse et al., 2010), buoyancy and
diapirism of chlorite-rich mélanges below 3 GPa would be possible
for most subduction zones worldwide. However, our experimen-
tal data show that densification likely occurs upon the formation
of nominally anhydrous minerals (e.g., garnet and olivine) upon
the breakdown of chlorite-rich assemblages (Fig. 10). Because gar-
net is more dense and likely more viscous than wet olivine over
the range of our experimental temperatures (Hirth and Kohlstedt,
2004; Ji and Martignole, 1994; Jull and Kelemen, 2001; Shinevar
et al,, 2015), its formation and abundance would likely result in
the stagnation of mélange residue in the mantle for peraluminous
mélanges above 2.5 GPa, as has been suggested by Lakey and Her-
mann (2022).

5. Conclusion

This study provides an experimental assessment of the phase
equilibria, melting systematics, and density evolution of mélange
rocks at P-T conditions relevant to subduction zones. We show that
melting of mélange rocks is unlikely to occur along warm or cold
subducting slabs at pressures < 2.5 GPa. Instead, our calculations
suggest that, in metaluminous compositions, the density contrast
between subsolidus mélange rocks and overlying mantle peridotite
is sufficient to promote buoyancy and potential diapirism up to
pressures of at least 2.5 GPa. The formation of garnet at 2.5 GPa in
peraluminous mélange rocks likely prevents significant diapirism.
Thermodynamic modeling approach can in general reproduce the
subsolidus mineralogy and bulk density of the mélange rocks with
low initial water contents (i.e. SY325 and SY400B) and at low-
pressure conditions. However, discrepancies between models and
experiments are larger at higher pressure (2.5 GPa) and for exper-

iments with higher initial water contents, highlighting the need
for an improved thermodynamic database that can better model
novel bulk compositions beyond the canonical subducting litholo-
gies. Our results suggest that buoyancy-driven ascent of mélanges
into the overlying mantle may be an important and efficient pro-
cess of slab-to-mantle transport of slab-derived components in
subduction zones.
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