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ARTICLE INFO ABSTRACT

Editor: Dr R. Hickey-Vargas Buoyant ultramafic-rich (serpentine- or chlorite-rich) mélange diapirs in sediment-starved subduction zones can
transport slab material to arc sources. While the buoyancy of chlorite-rich mélanges was previously investigated,

Keywords: serpentine-rich mélanges were never explored. Thus, the overall contribution of ultramafic-rich mélanges to

Subduction zones buoyancy, the conditions for diapir formation, and their fate in subduction zones are not well constrained. Here,
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we investigate the partial melting behavior and the associated density transformations of a serpentine-rich matrix
(5-10 wt.% H20) with minor sediments (9:1 ratio) at fore-arc (~65 km) to sub-arc (~95 km) depths (2-3 GPa
and 800-1250 °C) and compare to that of chlorite-rich mélanges from the literature. Our results show that the
solidus of serpentine-rich matrices is between 1050 and 1100 °C and requires either diapiric rise of the mélange
into the hotter mantle wedge or interactions with a hotter asthenosphere through slab tears to partially melt and
produce basaltic melts, whether in hot or cold slab channels. Chlorite-rich mélanges may account for the sources
of some arc lavas, but partial melting of serpentine-rich mélanges produce melts depleted in CaO, TiO,, alkalis,
and are highly enriched in MgO compared to basaltic arc lavas. Both serpentine-rich and chlorite-rich matrices
dehydrate to form denser peridotite and lose buoyancy at ~800 °C and >1000 °C, respectively. Even if diapirism
initiates in such mélanges near the slab-mantle interface, they would likely lose buoyancy upon ascent into the
hotter mantle wedge resulting in stalled or failed diapirs. Diapir growth (ta) is controlled by the interplay of
density, thickness and viscosity of the mélange, as well as the timescale of slab subduction (ts) and thermal
structure of the subduction zone. We observe that the onset of diapirs in cold subduction zones requires mélanges
that may sometimes be thicker than that observed by field and geophysical studies, while hot subduction zones
overall require thinner mélanges. Thus, ultramafic-rich mélange diapirs may occur but only under specific
conditions and when the diapiric ascent timescale is faster than the thermal equilibration barrier of ~800-1000
°C (especially at the core of the mélange). Dehydration or partial melting of ultramafic-rich mélanges can affect
the large ion lithophile element (LILE), volatiles, and high-field strength element (HFSE) budgets in the mantle
wedge. Partial melting (caused by a diapiric rise or slab tear) does not fractionate LILEs from HFSEs at T > 1100
°C and if the mélange has a lower LILE/HFSE to begin with, that signature is transferred to arc sources. Dehy-
dration releases aqueous fluids rich in fluid-mobile elements (LILE and volatiles) relative to HFSE. Thus, the
characteristic high LILE/HFSE signature of aqueous fluids is transferred to arc magma sources. Given high LILE/
HFSE ratio is a ubiquitous arc magma signature, but slab tears are not, and diapirism in ultramafic-rich mélanges
is highly conditional, this study corroborates that aqueous fluids released from sediment-starved mélanges are
the predominant mass transfer agents rather than diapirs.

1. Introduction Miller et al., 1994), recent studies suggest that mélange diapirs (matrix
+ blocks) detached from the down-going slab may have profound im-

In addition to the classic concept that mass transfer from the slab to plications on arc magma diversity, mantle heterogeneity, and deep Earth
arc sources occurs through the release of aqueous fluids and partial geochemical cycling (Codillo et al., 2018; Cruz-Uribe et al., 2018; Ducea
melts (Elliott et al., 1997; Hawkesworth et al., 1997; Kessel et al., 2005; et al., 2022; Marschall and Schumacher, 2012; Nielsen and Marschall,
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2017).

The slab-mantle interface, known as the subduction channel or
‘mélange’ (Cloos and Shreve, 1988), is an important rheological
boundary layer detected as a low-velocity seismic structure that extends
from hundreds of meters to ~8 km thickness, and persists down to ~150
km depth (Abers et al., 2020; Zhang, 2020). Fossil-exhumed channels
reveal a complex tectonic mixing of diverse high-pressure (HP) and
ultra-high-pressure (UHP) rocks, chaotically embedded in a fine-grained
and highly deformed matrix of predominantly ultramafic composition
(e.g., Shreve and Cloos, 1986). The development of ultramafic-rich
mélange channels can be restricted to sediment-starved trenches
(Geersen, 2019), where hydrated fore-arc mantle rocks (e.g., Raia et al.,
2022), hydrated abyssal peridotites (e.g., Butjosa et al., 2023), and
subducted seamount rocks (Straub et al., 2015) are the predominant
ultramafic protoliths with additional meta-mafic (Blanco-Quintero
et al., 2011; Lazaro and Garcia-Casco, 2008; Sorensen and Grossman,
1993) and meta-sedimentary blocks (Breeding et al., 2004; Spandler
et al., 2008; Penniston-Dorland and Harvey, 2023). The crustal rocks can
provide substantial aqueous fluids rich in Si, Mg, Ca, and Al (Walowski
et al., 2015) as they are gradually absorbed into the matrix, producing a
wide range of ultramafic compositions from serpentine (Mg-Fe) to
chlorite-rich matrices (Si-Al-Ca). Hydrated ultramafic-rich matrices are
well-suited to carry, transport, and exhume HP and UHP crustal blocks
along subduction channels (Hermann et al., 2000) because they are
rheologically weak (Cloos and Shreve, 1988; Grigull et al., 2012) and
with low density (~2500-2600 kg/m3) (Coleman, 1971) due to the
presence of low density hydrous minerals (e.g., serpentine, chlorite) that
host significant amounts of volatiles (e.g., H, N, O). However, it is not yet
clear whether those ultramafic mélange matrices can preserve these
properties as they subduct from forearc to subarc depths (~65-100 km),
where diapir initiation likely occurs (Behn et al., 2011).

Geochemical observations on arc lavas (Nielsen and Marschall,
2017), geophysical observations on sphere-like scattering obstacles (Lin
et al., 2021), geodynamic- and thermodynamic modeling and experi-
mental petrology studies (Castro et al., 2010; Codillo et al., 2018; Cru-
z-Uribe et al., 2018; Gerya and Yuen, 2003) support the idea of mélange
diapirs in subduction zones. However, the dominance of diapirs as an
agent for slab material transportation to arc magma sources is still
debated. Conversely, diapirism appears unsupported by seismic studies
which demonstrate that crustal material can be carried beyond sub-arc
depths nearly intact without significant mass loss in the Aleutians and
Marianas slabs (Horleston and Helffrich,2012). The presence of diapirs
would also affect temperature predictions using HoO/Ce and HO/K
geothermometers on arc lavas (Codillo et al., 2018; Hermann and
Spandler, 2008), reflecting temperatures in the rising diapir rather than
the slab-mantle interface. Moreover, partial melting of mélanges fluxed
by hotter mantle or asthenosphere may not generally support the global
high LILE/HFSE signatures observed in arc lavas worldwide (Kelemen
et al., 1990). Indeed, HFSE-enrichment observed in arc rocks have been
linked to slab tears, such as in the Central Apennine, Cocos, (e.g.,
Rosenbaum et al., 2008) and to mélange diapir melting (e.g., Liu et al.,
2024). All these concerns indicate that mélange diapirs may be unique to
specific slabs and are dependent on the slab-top geotherm (T), pressure
(P) (Syracuse et al., 2010) and bulk composition of the mélange.

So far, previous studies have relied on thermodynamic modeling and
endmember mineral densities to assess the buoyancy of chlorite-rich
mélanges of diverse compositions (Codillo et al., 2023; Ho, 2019;
Lakey and Hermann, 2022). But how serpentine-rich mélanges would
contribute to mélange buoyancy and mass transfer (e.g., LILEs, volatiles,
and HFSE) from fore-arc to sub-arc depths is not yet experimentally
constrained. To address this, we: 1) Perform new piston-cylinder ex-
periments to measure mineral transformations of serpentine-rich
matrices in sediment-starved subduction channels from forearc to
sub-arc regimes (2-3 GPa and 800-1250 °C). 2) Evaluate the capability
of the thermodynamic software pMELTS to reproduce our reported
experimental data on serpentine-rich bulk compositions at similar P-T
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conditions and the software’s potential use for future studies. 3) Assess
diapirism of a diverse suite of ultramafic-rich mélanges by exploring
density contrasts relative to the overriding mantle at relevant P-T con-
ditions and the interplay of mélange viscosity and thickness at different
subduction rates. We then discuss the fate of these subducted
ultramafic-rich mélanges and the potential chemical geodynamic sce-
narios for various element groups (e.g., LILES, volatiles, and HFSEs) in
cold to hot subduction zones.

2. Starting material and methods

This study simulates the subduction of serpentine-rich matrices with
minor sedimentary components, as observed in natural outcrops
(Breeding et al., 2004; Penniston-Dorland and Harvey, 2023; Spandler
et al., 2008). It is important to emphasize that the starting material used
in this study can either represent the bulk composition of an ultramafic
matrix (with some sediments mixed) or the bulk mélange composition of
a serpentine-rich matrix with minor crustal blocks. Here, we used the
bulk major composition of a subducted abyssal serpentinite from Kam-
pos Belt in Syros (Cooperdock et al., 2018) and a shaly/pelitic material
from San Simeon (Ukar and Cloos, 2019) as references, and combined
them in the ratio of 9:1. Both natural mélange compositions represent
subducted material at fore-arc depths, with maximum P-T peaks of ~2
GPa and ~500 °C for the serpentinite matrix (Trotet et al., 2001) and
maximum P-T peaks of ~0.8 GPa and ~250 °C for shaly matrix (Platt,
2015; Sadofsky and Bebout, 2003). Our study material explores a
composition with lower alkalis (0.5 wt.%), SiO2/MgO (~1.2) and
Aly03/FeO (~0.4) and higher H>0O (5-10 wt.%) compared to prior
studies on chlorite-rich mélanges and peridotite mantle fluxed by slab
material or mélange material (Codillo et al., 2023, 2018; Ho, 2019;
Lakey and Hermann, 2022; Mallik et al., 2016, 2015; Till et al., 2012)
which show large variations in SiO2/MgO (~1.2-4.2), alkalis (0.1 to >2
wt.%), Al,O3/FeO (~0.3-3.5) and H>O contents (0-14.5 wt.%)
(Figure S1). More detail on the compositions of the natural mélange
matrices used as references, the starting materials in this study, and
starting materials in previous studies are reported in Table S1.

All experiments were carried out using half-inch assemblies in
piston-cylinder devices at the Experimental Petrology Laboratory at the
University of Arizona. One set of reverse heating experiments was per-
formed at 2 GPa at a temperature range of 800 to 1250 °C and the second
set was performed at 3 GPa from 1000 to 1250 °C, which correspond to
deep forearc (~65 km) and sub-arc (~95 km) mantle conditions
(Syracuse et al., 2010). Reverse heating experiments involve heating the
sample to a high-T and slowly cooling it to the target temperature. This
method helps to produce large crystals for robust microprobe analyses.
To check that the reverse experiment does not form high-T minerals in
disequilibrium with low-T mineral assemblages, we performed a for-
ward heating experiment (where the experiment was only heated to the
target T) at 900 °C and 2 GPa and compared the phase equilibria be-
tween the forward and reverse heating experiments. Energy dispersive
spectroscopy (EDS) analyses and backscattered electron (BSE) imaging
were done at the Geo Arizona SEM Laboratory, University of Arizona.
The major and minor oxide analyses of the melts and minerals were done
using CAMECA SX100 electron microprobe (EMPA) at Kuiper-Arizona
Laboratory for Astromaterials Analysis at the University of Arizona.
The phase proportions (wt.%) and the bulk residual compositions were
calculated via mass balance using the Excel Solver analysis tool. pMELTS
thermodynamic software, which is optimized to explore ‘mantle-like’
bulk compositions at fore-arc to sub-arc conditions (1000-2000 °C and
1-3 GPa; Ghiorso et al., 2002), was run using the bulk compositions and
P-T conditions of this study to test whether it can reproduce the phase
equilibria in our experiments. More details of the starting material
synthesis, experimental procedure, EDS and EMPA operating conditions,
mass balance calculations and pMELTS inputs can be found in Supple-
mentary Information, S1.
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3. Results
3.1. Approach to equilibrium

The assessment of equilibrium in the experiments were determined
based on: (a) low values of the sum of residual squares (Zr2<l) during
mass balance even when adding a pure aqueous fluid to the system
(Table S3); (b) lack of substantial chemical heterogeneity in the mineral
phases (Fig. 1 and 2); (c) Kdl‘f,}elt (Fe-Mg) range between 0.20 to 0.36 at 2
GPa and 0.35 at 3 GPa (Table S3) which is within the range of previous
studies (e.g., Mallik et al., 2016); (d) the presence of triple junction
among grain boundaries (Fig. 1). See Supplementary Information, S1 for
further details.

3.2. Texture and phase equilibria

Forward heating experiments that involve heating the sample
straight to the targe temperature show similar mineral phase equilibria,
mineral abundance (wt.%), and composition, as well as similar texture
in the system (See Table 1, sample 66B and 112B; Figure S2, x). The
crystal sizes were significantly smaller in the forward experiment.

Table 2

At 2 GPa (~65 km depth) and at T < 1050 °C the samples consist of
olivine and orthopyroxene distributed throughout the inner capsule and
mica, amphibole and oxides (magnetite-spinel mixture) are usually
located near the bottom (Fig. 1). These samples show high porosity at
the grain boundaries and at the top of the capsule, which are filled by Si-
rich quench spheres and wisps - quench textures that indicate the
saturation of fluids in the system (Till et al., 2012). Upon increasing the
pressure to 3 GPa (~95 km depth) and at T < 1100 °C, the samples show
a similar texture with olivine and orthopyroxene throughout the capsule
and garnet and mica form near the bottom (Fig. 1). A layer of large
olivine grains forms between the orthopyroxene assemblage (+ garnet +
oxide) and the quench melt pools that appear near the top of the capsule
(T > 1100 °C at 2 and 3 GPa). These melt pools consist of heterogeneous
quench matter with acicular and dendritic grains forming “fan-like”
shapes.

Pressure has an important role in: (1) The mineral stability of low-
density (e.g., chlorite, mica, amphibole) and high-density minerals (e.
g., oxides, garnet, spinel)- At fore-arc depths (~65 km) serpentine-rich
matrices dehydrate and transform into olivine-orthopyroxenites with
minor abundances of mica and amphibole (~1-7 wt.%) and oxides (<2
wt.%), and at greater depths (~95 km) they transform into a denser
garnet-peridotite (1-9 wt.% garnet) that can contain oxides (~2 wt.%).
(2) The primary magma composition- Melting these lithologies produces
basaltic primary magmas although the magmas produced at deep fore-
arc depths (~65 km) are rich in SiOy, FeO, alkalis and TiO,, and
slightly depleted in Ca and MgO (~52 wt.% SiOz, ~12 wt.% FeO, ~2.6
wt.% alkalis, ~0.6 wt.% TiO3, ~3 wt.% CaO, ~11 wt.% MgO) than the
magmas derived at ~95 km (~46 wt.% SiOz,~11 wt.% FeO, ~2 wt.%
alkalis, ~0.35 wt.% TiOg, ~5 wt.% CaO, ~17 wt.% MgO) (Figure S6).
(3) The location of the inferred solidus- The increase of pressure from 2
to 3 GPa increases the solidus T by ~25 °C (discussion in the next sec-
tion). (4) The increase of pressure decreases the melt productivity by
1-5% at similar temperatures (Fig 2).

Temperature also has an important effect on: (1) The stability of
hydrous minerals (e.g., chlorite, mica, amphibole) - At ~65 km depth (2
GPa), chlorite is stable up to ~800 °C and mica and amphibole up to
~1050 °C. These hydrous minerals together with olivine and oxide are
eventually consumed to produce abundant orthopyroxene (ol/opx
=~0.3), oxide, and aqueous fluids. Above the inferred solidus (>1050
°C), orthopyroxene and oxides are consumed (ol/opx =~1.4) to produce
olivine and melt (Supplementary Information S5, ii and vi). The oxides
are stable up to ~1150 °C. At ~95 km depth and below the inferred
solidus, garnet and oxides are stable. Orthopyroxene is dominant (ol/
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opx=0.3) but is eventually consumed (ol/opx=1) together with garnet
and oxides to produce melt (Supplementary Information S4, viii and ix).
(2) The melt composition: The low-degree melts are rich in Al,03 (~17
wt.%) and CaO (~3 wt.%) and their contents decrease as the T increases
and the overall Mg# increases from ~64 to ~76. (3) The melt produc-
tivity - melt productivity increases with increasing T but decreases at T >
1200 °C because some melt and residual aqueous fluids are consumed to
produce olivine and orthopyroxene (Supplementary Information S4, iv-
vii).

The increase of water contents from 5 to 10 wt.% seems to influence
(1) The phase equilibria stability and their abundance - At ~65 km, the
bulk proportion of hydrous minerals decreases from ~7 wt.% to ~3 wt.
% and the oxides decreases from >2.6 wt.% to <1 wt.%, as the bulk H,O
in the system increases from 5 to 10 wt.% HpO (Figure S7). (2) Melt
productivity - water saturated systems (5-10 wt.% H,0) show a similar
melting behavior but diverge at T > 1200 °C (Fig. 2). At 5 wt.% bulk HyO
and below the solidus (<1050 °C), olivine, amphibole, mica, and chlo-
rite are consumed to produce orthopyroxene, oxides, and fluids (Sup-
plementary Information S4, i). Above the inferred solidus (>1050 °C),
abundant orthopyroxene and minor olivine, oxides, and fluids are
consumed to produce exponential melt productivity until ~1200 °C (Eq.
1; Supplementary Information S4, ii), when the proportion of aqueous
fluids decreases from ~4.5 to ~1 wt.%. From 1200 °C to 1225 °C the
melt productivity decreases (Eq. (2)) because most of the aqueous fluids
almost dissolve in the melt and orthopyroxene is the only reactant phase
to produce olivine and melt (Supplementary Information S4, iii). From
1225-1250 °C the aqueous fluids and melt are consumed (Eq. (3)) to
produce olivine and orthopyroxene (Supplementary Information S4, iv).

Upon adding 10 wt.% H20 to the system, the melt productivity in-
creases exponentially up to ~1225 °C (Fig. 2) due to the increased sta-
bility of a distinct aqueous fluid phase that leads to an overall
enhancement of melt productivity. From 1225 to 1250 °C, the melt
productivity is reduced (Eq. (4)) because aqueous fluids and melt are
consumed to produce olivine and orthopyroxene (Supplementary In-
formation S4, vii).

F(%) 1150 10 1200c = (3 x 1078)e®070T (R?=0.989) @
F(%) 1200 10 1225¢ = 0.0911T — 83.01 (R*=1) )
F(%) 1225 0 1350c = —0.2081T —283.47 (R*=1) (3)
F(%) 1235 00 1350¢ = —0.2193T — 310.69 (R*=1) 4)

At ~95 km (3 GPa) and at 10 wt.% H>O in the system, the melt
productivity increases exponentially up to ~1200 °C (Eq. (5)) by
melting orthopyroxene, garnet, and oxides (Supplementary Information
S4, viii). However, it decreases towards ~1250 °C (Eq. (6)) where
orthopyroxene is consumed to produce olivine and melt (Supplementary
Information S4, iv).

F(%) 1150 10 1200¢c = (2 x 10713)e®¥1T (R?=1) )

F(%) -1200c = 0.0306T —8.041 (R*=1) 6

These melt productivity relations above (Eq. (1)-4) can be used by
future geodynamic studies to predict melting degrees in subduction
zones due to serpentine-rich mélanges.

4. Discussion

4.1. The inferred wet solidus of serpentine-rich matrices from 2 to 3 GPa
The wet solidus of hydrous serpentinite-rich mélanges (5-10 wt.%

H,0) at 2 GPa (~65 km) is determined by the following: (1) Breakdown

of mica and amphibole between 1050 — 1100 °C (Table S4), contributing
to melt production. (2) Abrupt change in Ol/Opx ratio - at T < 1050 °C,
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Fig. 1. Representative backscattered electron (BSE) images for the set of experiments at 2 GPa, under and above the solidus for 5 wt.% H>O (A, B,C) and 10 wt.% H>0
(A’, B’,C’). White arrows indicate triple junctions. Representative backscattered electron (BSE) images for the set of experiments at 3 GPa, under and above the
solidus for 5 wt.% H20 (D, E) and 10 wt.% H20 (D’, E’). The inferred solidus location is indicated with a grey solid line.
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Fig. 2. Melt fraction (%) as a function of T. The inferred solidus of serpentine-
rich matrices at 2-3 GPa (~65-95 km) for both water content in the system is
indicated with blue and orange arrows. The number in a square indicates the
equation number in the main text. The gray vertical line indicates when the
melting decreases at T > 1225 °C due to melt consumption and more olivine
and orthopyroxene precipitation. The error bars are smaller than the symbol
sizes for specific data points.

orthopyroxene is predominant (ol/opx =0.3) and at T > 1100 °C,
orthopyroxene is consumed to produce olivine (ol/opx >1) and melt
(Table S4), indicating that likely the onset of partial melting occurred
between 1050 — 1100 °C. (3) Mg# change in the mineral phase
composition and MgO, Al,03 and CaO content variation in orthopyr-
oxene (Figure S8) which is interpreted to be the result of mineral-melt
partitioning (e.g., Till et al., 2012; Lakey and Hermann, 2022). (4) The
water/fluid phase abundance (wt.%), coexisting with mica and amphi-
bole, remains nearly constant until it decreases at ~1050-1100 °C with
the presence of hydrous melts (Figure S8). (5) Increase of porous texture
in excess fluid-mediated conditions (T < 1050 °C) compared to low
porosities in melt-mediated conditions (T > 1100 °C) (Fig. 1). (6) Dif-
ference in olivine grain growth under fluid-mediated (<100 pm at T <
1050 °C) versus melt-mediated (>200 pm at T > 1100 °C) conditions,
where the grains are larger and euhedral in the latter (Fig. 1). All these
observations indicate that the solidus of serpentine-rich matrices at 2
GPa (~65 km) must be located between 1050 °C and 1100 °C. The same
approach has been used to infer the solidus T at 3 GPa (~95 km) that is
located between 1075 and 1100 °C. Therefore, serpentine-rich matrices
have a narrow solidus T between ~1050-1100 °C from ~65 to 95 km
depth.

4.2. Limitations of pMELTS modeling using serpentine-rich mélange
compositions

Although pMELTS thermodynamic software is optimized to explore
‘mantle-like’ bulk compositions at sub-arc conditions (1000-2000 °C
and 1-3 GPa; Ghiorso et al., 2002), we observe that it has some limi-
tations for serpentine-rich mélange-like systems. The melting curves
predicted by pMELTS at 2 GPa follow a similar topology to the experi-
mental curve up to 1225 °C but are shifted to lower temperatures (~50
°C). However, at 3 GPa, it predicts significantly lower melt fractions
compared to the experimental data at similar temperatures. For
example, at 1200 °C pMELTS predicts F < 5% whereas the experiments
show F > 25%. The difference in melt production is attributed to the
difference in mineral stabilities between the modeling and the experi-
ments. The mineral stability predicted by the software also affects the
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chemistry of the melts by under or over-predicting the major element
contents (Figure S9). Therefore, we conclude that, at least for
serpentine-rich bulk compositions, the software can fairly predict phase
equilibria (including the detection of a water phase) at 2 GPa but is not
well-suited at >3 GPa. The melting curve equations predicted by
PMELTS can be found in Supplementary Information S5, and the
PMELTS inputs and outputs can be found at the University of Arizona
ReDATA (doi: 10.25422/azu.data.26132167).

4.3. Assessing the formation of diapirs from forearc to subarc depths

Diapiric rise of mélanges has been proposed as an effective mass-
transfer mechanism from the slab to the overriding lithosphere in sub-
duction zones (e.g., Castro et al., 2010; Marschall and Schumacher,
2012; Nielsen and Marschall, 2017; Codillo et al., 2023). However, to
assess whether diapirism can occur for ultramafic mélanges during
subduction, three key parameters need to be considered at the appro-
priate P-T conditions: (1) Positive buoyancy or density contrast between
the mélange and the overlying mantle-wedge, (2) bulk viscosity, i.e., the
viscosities of the mélange and the mantle-wedge, and (3) thickness of
the mélange. With these three parameters, the dominant (i.e., fastest)
timescale of diapir growth can be calculated using the following relation
from Turcotte and Schubert (2014):

 13.04u
(Ap)gb

)

Ta

where u represents an isoviscous system where the mantle and the
mélange have similar viscosity (explained in detailed below), Ap is the
density difference between the mantle wedge and solid mineral assem-
blage in the mélange matrix, g is gravitational acceleration, b is the
thickness of the mélange, and 1, is the fastest or the dominant timescale
for instability formation.

Here, we calculate the residual mineral density of serpentine-rich
mélange during dehydration and melting by using the phase modes
(wt.%) and mineral phase compositions from the experiments in this
study (Supplementary Information S3, Table S12). The densities from
the experiments feed into the buoyancy assessment in Eq. (7), as dis-
cussed below. It is essential to clarify that Ap reflects the density of the
ultramafic-rich mélange matrix with minor sedimentary components or
can also reflect the density of an ultramafic mélange matrix with minor
metasedimentary blocks. For a mélange that contains more HP mafic
blocks (e.g., eclogite, amphibolite, greenschist, blueschist), the densities
may be even higher. Fig. 3 shows the density contrast for serpentine-rich
mélanges (this study) and for chlorite-rich mélanges from previous
studies as a function of T. Serpentine-rich mélanges are not likely to form
diapirs because they densify relative to the overlying mantle wedge
during dehydration at T > 800 °C and remain stable in the subduction
channel. The buoyancy of chlorite-rich mélanges is mainly controlled by
their composition, where metaluminous bulk mélanges can be more
buoyant down to deep forearc depths than peraluminous bulk mélanges
because the latter form abundant garnet at shallower depths (Lakey and
Hermann, 2022; Codillo et al., 2023). Fig. 3 shows that all chlorite-rich
mélanges will lose their positive buoyancy at >1000 °C due to their
transformation to denser lithologies containing orthopyroxene, olivine,
spinel/oxides (+ garnet). Thus, even if a chlorite-rich mélange diapir
initiates from the slab top, it would effectively stall once it ascends and
thermally equilibrates with the hotter mantle wedge (>1000 °C).

Given the dearth of experimentally determined flow laws specific to
these ultramafic-rich mélanges at the desired P-T conditions, we
assumed reasonable viscosity ranges that could be used to assess the
feasibility of diapirism. The viscosity of the mantle wedge, from forearc
to sub-arc depths, can vary between 102! Pa-s to as low as 108 Pa-s due
to the influx of fluids from the subducting slab (Hirth and Kohlstedt,
2003). If the viscosity of the mantle is at the very high-end (e.g., >10%°
Pa-s), ascent of diapirs will likely be inhibited. Therefore, we consider
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Table 1

Starting material (S.M.) composition (wt.%) used in this study and experimental conditions and run products at 2 and 3 GPa.
Oxides Si0, TiO, Al,O3 Cry03 FeO MnO MgO CaO Na,O K,0 P,05 Mg#
S.M. 48.93 0.08 4.02 0.01 10.58 0.17 35.39 0.31 0.32 0.18 0.01 86
Sample P T H;O Ol +0 Opx +o Amp +0 Mca +o Grt +0 Chl +0 Oxide +o Melt E Fl +0
14B_a 2 800 10 22.4 1.1 65.9 2.9 1.2 1.7 0.3 0.4 - 0.3 0.46 - - 9.9 0.1
66B* 2 900 10 23.8 0.2 61.7 2.4 1.5 1.0 1.7 1.5 - - 1.4 0.3 - 9.8 0.2
112B 2 900 10 23.9 0.1 64.4 0.43 + + - - 1.6 0.1 - 10.0 0
65B 2 1000 10 24.3 0.4 60.9 1.6 1.4 1.2 2.4 1.7 - - 1.0 0.3 - 9.9 0.1
93B 2 1050 10 21.6 0.2 67.2 0.8 0.2 0.3 0.2 0.3 - - 0.8 0.3 - 10.0 0.0
1B 2 1100 9 27.0 1.6 58.7 3.0 - - - - 0.4 0.0 5.5 2.3 8.4 0.9
15A 2 1150 9 26.5 1.8 56.5 3.5 - - - - 0.6 0.1 8.5 29 7.9 1.1
7A 2 1200 9 34.4 1.8 33.1 2.5 - - - - - 28.5 2.3 4.1 1.6
9A 2 1225 9 33.2 1.1 23.0 1.6 - - - - - 42.0 1.4 1.7 1.6
94B 2 1250 10 34.5 0.8 27.9 1.0 - - - - - 36.6 1.0 1.0 1.1
62B 2 800 5 19.9 0.9 65.7 1.0 3.2 0.7 1.9 1.3 - 2.1 1.69 2.6 0.0 - 4.6 0.1
52B 2 900 5 28.9 0.7 59.9 3.5 - 6.9 3.5 - - + - 4.4 0.5
59B 2 1000 5 19.4 0.3 70.2 2.7 0.8 1.1 1.5 1.3 - - 3.2 0.1 - 5.0 0.0
71A 2 1100 5 23.9 0.3 68.7 0.7 - - - - 2.3 0.5 + 5.1 0.0
68A 2 1150 5 25.9 2.2 57.8 3.5 - - - - 2.7 0.0 11.9 2.8 1.7 1.5
53B 2 1200 5 25.6 1.0 47.2 2.8 - - - - - 26.3 2.6 0.9 1.2
58B 2 1225 5 28.2 1.4 41.6 1.9 - - - - - 28.6 1.8 1.6 1.5
92B 2 1250 5 31.0 0.8 43.0 1.8 - - - - - 25.2 1.7 0.8 1.2
69B 3 1000 10 16.2 0.5 65.9 1.2 - - 1.8 2.1 - 6.1 1.5 - 10.0 0.1
97A 3 1075 10 31.0 0.5 49.2 2.4 - - 9.7 2.0 - + - 10.0 0.0
12B 3 1150 10 25.9 0.8 54.0 1.5 - - 4.4 0.9 - 1.0 0.0 7.1 0.7 7.6 0.8
95B 3 1200 10 27.3 1.6 43.7 0.9 - - - - - 28.7 2.0 0.3 0.5
99B 3 1225 10 28.6 5.3 36.1 3.7 - - - - - 31.1 3.7 4.2 4.1
98A 3 1250 10 34.0 2.5 33.6 3.2 - - - - - 30.2 2.9 2.2 2.2
82A 3 1000 5 22.0 1.5 65.6 5.1 - - 4.7 3.5 - 2.7 0.1 - 5.0 0.0
97A 3 1075 5 32.4 0.6 52.3 1.1 - - 10.3 0.5 - - - 5.0 0.0
83B 3 1150 5 23.2 0.1 62.4 1.8 - - 7.3 1.4 - 2.0 0.3 + 5.0 0.0
102A 3 1250 5 28.8 0.4 44.8 1.4 - - 6.8 3.1 - - 19.6 4.1 - 0.0

" Sample 66B is the reversed experiment, and Sample 112B is the forward experiment at the same run conditions. The plus sign (+) denotes the trace presence of the mineral phase (observable), but not detected by mass
balance. The minus sign (-) denotes the absence of the mineral from the system. Pressure (P) is in GPa, Temperature (T) is in °C, and water content in the system (H20) is in wt.%. The sigma (+o) indicates standard
deviation as +1c obtained from several microprobe analyses. Abbreviations: Ol, olivine; Opx, orthopyroxene; Am, amphibole; Mca, mica; Chl, chlorite; Grt, garnet; oxide, magnetite-spinel mixture; Fl, aqueous fluid.
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Table 2
Composition of the anhydrous experimental melts (wt.%).

Sample P T H>O SiOy TiO2 Al,O3 Cr03 FeO MnO MgO CaO Na,O K>O P,0s Mg#

1B 2 1100 9 n=4* 51.5 0.6 17.9 0.0 11.7 0.2 11.6 3.1 2.0 1.1 0.3 64
+o 2.3 0.0 0.3 0.0 0.3 0.0 1.7 0.3 0.1 0.2 0.0 16

15A 2 1150 9 n=3 52.3 0.5 16.9 0.0 12.7 0.3 11.3 3.3 1.8 0.6 0.3 61
+o 0.6 0.0 0.7 0.0 0.2 0.0 1.2 0.1 0.2 0.1 0.1 12

7A 2 1200 9 n=7 51.3 0.3 13.3 0.0 13.4 0.2 17.8 1.9 0.8 0.7 0.3 70
+o 1.7 0.0 0.0 0.0 0.0 0.0 0.9 0.2 0.3 0.3 0.1 6

9A 2 1225 9 n==8 52.0 0.2 10.8 0.0 12.3 0.2 21.7 1.6 0.6 0.4 0.1 76
+o 1.0 0.0 0.1 0.0 0.2 0.0 1.0 0.0 0.1 0.0 0.0 5

94B 2 1250 10 n=>5 51.2 0.0 11.4 0.0 14.9 0.2 19.6 1.7 0.5 0.2 0.2 70
+o 0.8 0.0 0.1 0.0 0.4 0.0 1.1 0.1 0.0 0.1 0.0 7

68A 2 1150 5 n=>5 53.5 0.5 15.8 0.0 11.8 0.2 13.2 2.4 1.3 0.9 0.3 67
+o 0.8 0.0 0.4 0.0 0.3 0.0 0.6 0.0 0.2 0.0 0.0 5

53B 2 1200 5 n=28 48.4 0.3 13.4 0.0 12.0 0.1 22.4 2.3 0.7 0.3 0.1 77
+o 1.2 0.0 0.4 0.0 0.1 0.0 1.0 0.1 0.2 0.1 0.0 6

58B 2 1225 5 n=4 47.7 0.3 13.6 0.0 16.7 0.2 19.7 0.8 0.4 0.4 0.1 68
+o 2.3 0.0 1.2 0.0 0.1 0.0 0.4 0.2 0.1 0.2 0.0 2

92B 2 1250 5 n=>5 49.1 0.0 12.8 0.0 17.2 0.2 17.6 2.2 0.5 0.1 0.2 65
+o 1.2 0.0 0.6 0.0 1.5 0.0 0.1 0.2 0.1 0.0 0.0 4

12B 3 1150 10 n=3 46.8 0.4 16.5 0.0 111 0.2 17.8 5.1 1.4 0.7 0.1 74
+o 1.2 0.0 1.5 0.0 0.8 0.0 4.3 0.8 0.5 0.3 0.0

95B 3 1200 10 n=4 49.2 0.0 13.9 0.0 11.0 0.1 22.5 2.5 0.1 0.6 0.1 78
+o 1.2 0.0 1.5 0.0 0.8 0.0 4.3 0.8 0.5 0.3 0.0

99B 3 1225 10 n=>5 50.5 0.0 12.5 0.0 13.2 0.2 21.7 1.2 0.4 0.2 0.1 74
E 6.4 0.0 1.5 0.0 1.1 0.0 5.7 0.5 0.3 0.2 0.0 31

98A 3 1250 10 n==6 52.7 0.0 12.5 0.0 11.4 0.2 20.0 2.3 0.5 0.3 0.1 76
+o 2.7 0.0 0.2 0.0 1.2 0.0 0.8 0.0 0.2 0.3 0.1 6

102A 3 1250 5 n==6 50.3 0.0 12.0 0.0 12.4 0.2 21.2 3.0 0.7 0.1 0.2 75
+o 0.9 0.0 0.0 0.0 0.7 0.0 0.1 0.0 0.2 0.0 0.1 6

n, indicates the number of analyses. Pressure (P) is in GPa, Temperature (T) is in °C, and water content in the system (H0) is in wt.%. The sigma (+o) indicates
standard deviation as +1c obtained from several microprobe analyses. Mg# =[molar ratio of MgO/(MgO+ molar FeO].
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Fig. 3. Density contrasts of ultramafic-rich lithologies relative to the peridotite mantle (Ap=pmatte -Plithology) at P-T conditions. The density of the lithologies at P < 2.5
GPa was compared to that of a spinel-lherzolite (Xu, 2000), whereas at 3 GPa were compared to that of a garnet-lherzolite (Davis et al., 2011) at the same P-T
conditions (See Table S12). The legend refers to the type of ultramafic-rich rock used in literature and this study. Above the Ap=0 line (positive values), the lithology
is lighter, and diapirism may occur. Under the Ap=0 line (negative values), the lithologies are denser and remain stable at the slab-mantle interface (no diapirism).
For subducted chlorite mélanges, the density contrasts of epidote-omphacite-chlorite mélanges and chlorite mélanges are calculated using the densities provided by
Lakey & Hermann (2022). The density contrasts of tremolite-chlorite schists and talc-chlorite-actinolite schists are calculated using the densities reported by Codillo
et al. (2023). For reference, the density of peridotite hybridized by slab material (Mallik et al., 2016; Rebaza et al., 2023) and other mélange melting (Castro et al.,
2010; Cruz-Uribe et al., 2018) are also included. The green vertical line indicates the potential thermal boundary (>1000 °C) where chlorite-rich mélanges lose
buoyancy. The blue vertical line indicates antigorite breakdown at T > 700 °C, indicating that serpentine-rich mélanges may lose buoyancy above that temperature.
The error bars from this study are smaller than the symbol sizes.
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the lower range of mantle viscosities (e.g. 10'® to 10'° Pa-s) which may
be favorable for diapirism. From field observations, serpentine-rich
matrices have similar viscosities, between 10'8 and 10'° Pas (Grigull
et al., 2012). Given the order of magnitude uncertainty in matrix vis-
cosities, the effect of blocks in composite block-matrix viscosities is
expected to be encapsulated within that range (Grigull et al., 2012).
Therefore, we explored an isoviscous system with viscosities varying
from 108 to 10'° Pa-s. The thickness range of the mélange is assumed to
be the same as that of the subduction channel which ranges from
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hundred meters to ~8 km, as inferred by field and geophysical obser-
vations (Abers, 2005; Zhang, 2020; and references therein). To assess
the feasibility of instability formation in the mélanges, we adopt a
similar approach to that of Ho et al. (2019) where they discuss the
importance of slab subduction timescales (t) to allow the formation and
growth of instabilities (t,):

h
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Fig. 4. Shortest instability growth timescales (Ma) vs. thickness of chlorite-rich mélanges in (a) hot and (b) cold subduction zones. The solid curves are the timescales
for diapir growth and include the viscosity of the system (), density contrast (Ap), and thickness (b), as shown in Eq. (7). Note that the pressure and temperature
effects are already included in the bulk density (mineral phase transformation). Sub-figure (a) shows the shortest instability growth timescales for talc-chlorite-
actinolite schist (Codillo et al., 2023) at 2.5 GPa from 600 to 1000 °C. The horizontal red dashed lines indicate the time of slab subduction (ts) from ~65 km to
~95 km depth (~2 to 3 GPa) for the hottest slab subduction geotherms (Cascadia and Nicaragua/Costa Rica). Figure (b) shows the shortest time instability growth for
epidote-omphacite-chlorite and chlorite mélanges (Lakey and Hermann, 2022) at 3 GPa and from 500 to 760 °C. The horizontal blue dashed lines indicate the time of
slab subduction (ts) for the coolest slab subduction geotherms (Marianas and Tonga). In all the sub-figures, the gray-shaded area indicates the subduction channel
thickness range inferred by field and geophysical observations (Zhang, 2020; and references therein). The downward gray arrows indicate the minimum required
thickness of the mélange to form an instability. The sketch in the inset of the bottom left sub-figure represents Eq. (8) in the main text.
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where h is the distance between two points in the subduction channel
(km), and in this case, it is 30 km (i.e., between the depths of 65 to 95
km), 6 is the slab dip (°), and Vj is the slab velocity (km/Ma) retrieved
from Syracuse et al. (2010). Accordingly hot slab subduction zones such
as Central Cascadia would take ~3 Ma to subduct from ~65 to 95 km
depth, and Nicaragua and Costa Rica would take ~0.5 Ma. Cold slab
subduction timescales are generally faster, with ~0.2 Ma for Tonga and
~0.5 Ma for Marianas (Table S13).

Fig. 4 shows the interplay of mélange density, viscosity, thickness,
and the slab subduction timescales on diapir growth timescales. In a hot
subduction zone at depths of ~80 km (Fig. 4a), viscosity of 10'® Pa-s,
and the timescales of subduction as ~0.5-3Ma, the talc-chlorite-
actinolite mélange channel at 600 °C (Ap =285) requires a thickness
of ~55 to 300 m to become buoyant (note that 55 m is below the
indicated thickness range in grey shade). At 900 °C (Ap =141), the
density contrast decreases due to the formation of pyroxenes and re-
quires a ~100 to ~600 m thickness. Increasing the temperature to
~1000 °C (Ap =26), the chlorite-rich mélange requires ~550 m to ~3
km thickness to form instabilities. We want to emphasize that the
slowest hot slabs (e.g., Cascadia) require thinner mélange thicknesses
compared to relatively faster hot subduction (e.g., Nicaragua and Costa
Rica). This is because the slab with the slowest subduction timescales
allows sufficient time to form instabilities compared to fast subduction
timescales. On the other hand, cold subduction zones (Fig. 4b) subduct
material much faster (~0.2-0.7 Ma) and at similar viscosities (10' Pa-s)
require greater thicknesses despite their lower bulk density. For
example, at ~95 km depth and 540 °C (Ap =388), the required thickness
for a chlorite-rich mélange must be ~160 to ~550 m to form in-
stabilities. At 760 °C (Ap =42), the mélange densifies and requires a
larger thickness of ~1.5 to ~5 km. For an epidote-omphacite-chlorite
mélange at 500 °C (Ap =158) requires ~380 m to ~1.5 km thickness
and by increasing the temperature to 580 °C (Ap =103), the thickness
increases from ~580 m to ~2 km to initiate instabilities.

Given that viscosity scales linearly with t, (Eq. (7)), the increase of
viscosity from 10'8 to 10'° Pa-s would imply that the minimum required
mélange thickness to form the fastest diapir increases by one order of
magnitude as well. For example, in hot subduction zones (Fig. 4a), under
the same conditions as before and only increasing the viscosity to 101°
Pa-s, the required thickness range for a talc-chlorite-actinolite mélange
at 600 °C (Ap =285) increases by an order of magnitude to ~550 m to
~3 km (compared to 55 m to 300 m, when the viscosity was 10'8 pa-s).
Similarly, at 900 °C (Ap=141) increases to ~1 km to ~6 km, and at 1000
°C (Ap =26) increases to ~5.5 km to ~30 km (where, 30 km is beyond
the thickness range in gray, Fig. 4a). For cold subduction zones (Fig. 4b),
the viscosity increase to 10'° Pa-s also increases the required mélange
thicknesses by one order of magnitude. For example, chlorite-rich
mélanges at 540 °C (Ap=388) require thicknesses increases to ~1.6 to
~5.5 km to form a diapir, and at 760 °C (Ap =42) increases to ~20 to
~60 km. An epidote-omphacite-chlorite-rich mélange at 500 °C (Ap
=158) would require ~3.8 to ~15 km thickness, and at 580 °C (Ap
=103) increases to ~5.8 to ~20 km of thickness. Thus, under certain
conditions the required thicknesses are beyond the observed range,
rendering diapirism ineffective.

The above discussion suggests that fast and cold subduction channels
(e.g., Tonga and Marianas) require thicker mélanges and under certain
conditions, the required thicknesses can be beyond the observed range
in nature. Thus, the formation of ultramafic-rich mélange diapirs
(serpentine and chlorite-rich) in cold channels may not be as feasible as
previously thought (e.g., Marschall and Schumacher, 2012; Codillo
et al., 2023). In hot subduction zones, mélanges dehydrate and densify.
However, slower, hot subduction channels (e.g., Cascadia) are more
likely to form diapirs since they require a thinner mélange thickness
mostly within the observed thickness range. It is crucial to emphasize
that any buoyant diapir in cold or hot subduction zones can potentially
stall as they approach the thermal boundaries at T > 800 °C for
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serpentine-rich mélanges and at T > 1000 °C for chlorite-rich mélanges
(Fig. 4). However, we cannot completely rule out the presence of diapirs
in sediment-starved subduction zones. One way for ultramafic-rich
mélanges to retain their positive buoyancy in the mantle wedge would
be if the ascent timescales are faster than the timescales required to
thermally equilibrate the entire diapir from its core to the rim which
requires further assessment in a future study. In summary, our study
provides a framework that future studies may use to assess the feasibility
of diapirism of ultramafic-rich mélanges if the densities, viscosities,
thicknesses of the mélange and the subduction timescales are well
constrained for each subduction zone.

4.4. Slab tear and partial melting of ultramafic-rich mélanges

The wet solidus of serpentine-rich mélanges (~1050-1100 °C) from
deep fore-arc to sub-arc depths is higher than the hottest slab-top geo-
therm (Fig. 5), implying that they would rarely melt in cold to hot
subduction zones but would dehydrate to form olivine-pyroxenites with
minor mica and amphiboles (+garnet +oxides). Similarly, chlorite-rich
mélanges would rarely melt in cold to intermediate subduction zones
(except in hotter slab geotherms), contributing to aqueous fluids into the
mantle wedge.

A potential geodynamic scenario that could add substantial heat to
the ultramafic-rich mélanges is the interaction with the hotter
asthenosphere through slab tears, which are well documented through
geophysical observations in convergent plate boundaries such as the
Marianas (e.g., Miller et al., 2006), Kamchatka (e.g., Levin et al., 2002),
Cocos (e.g., Castellanos et al., 2018), Nazca (e.g., Rodriguez et al., 2024)
and the Central Apennine (Rosenbaum et al., 2008). They generally
involve the rollback of parts of the slab followed by the segmentation of
the subduction zone through slab tearing, creating ‘windows’ where the
upwelling hot asthenosphere intrudes (e.g., toroidal flow) and interacts
with the mélange channel (Fig. 6a). Another geodynamic scenario is the
ascent of mélange diapirs into the hotter mantle (Fig. 6b). However,
serpentine-rich mélange diapirs are unlikely to occur since they densify
at temperatures as low as ~700 °C (Fig. 3) and would require excep-
tional conditions, as discussed in Section 4.3. In addition, melting of
serpentine-rich mélanges would produce iron-rich basaltic magmas
(~47-53 wt.% SiO3, ~11-17 wt.% FeO) that are significantly enriched
in MgO (11-21 wt.%) and depleted in alkalis (~0.5-3 wt.%), CaO
(~0.8-5 wt.%), TiO3 (~0.1-0.5 wt.%) and relatively low in Al;,O3
(10-18 wt.%) compared to global basaltic arc magmas that show high
alkalis (~1-4.5 wt.%), CaO (~7.5-15 wt.%), TiO3 (~0.5-2 wt.%), Al;03
(~12-22 wt.%) but lower in MgO (~2-18 wt.%) (Fig. 7). Also, the
K,0/H,0 ratios of serpentine-rich mélange partial melts from this study
(~0.01-0.04) are far from those of arc basalts (0.05-0.4) (Hermann and
Spandler, 2008). Thus, formation of basaltic arc magmas from
serpentine-rich mélange sources requires the interaction of these pri-
mary magmas with sources rich in alkalis, CaO, and TiO, AloO3 such as
carbonaceous materials (Ducea et al., 2022), the oceanic crust (Rapp
and Watson, 1995), or a more enriched peridotitic mantle (Grove and
Till, 2019). On the other hand, low-density chlorite-rich mélanges may
favor diapirism (Lakey and Hermann, 2022; Codillo et al., 2023), and
from a major element perspective, the magmas produced from
chlorite-rich mélange melting may resemble alkaline and calc-alkaline
arc magmas, except for the higher alkali and lower FeO contents than
global arc magmas (Figure S10).

4.5. Implications for chemical geodynamics

The dehydration or melting of ultramafic-rich mélanges (serpentine
or chlorite-rich) would affect the budget of fluid-mobile elements (i.e.
LILE), Large Ion Lithophile Elements (LILEs), volatiles, and fluid-
immobile elements (i.e. High Field Strength Elements, HFSE) in the
mantle wedge. In this section, we assess whether the contribution of
ultramafic-rich mélanges to arc magmatism sources may produce the
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(compared to MORB).

ubiquitous high LILE/HFSE signatures observed in arc magmas globally.

Low density serpentine-rich mélanges may sustain a positive buoy-
ancy until the breakdown of antigorite at ~80 km depth for hot-
intermediate subduction zones and at ~110 km for cold subduction
zones (Fig. 5) as long as the mélange does not thermally equilibrate at T
> 800 °C (Fig. 3), resulting in ’failed diapirs’ or ’detached stalled di-
apirs’ (Fig. 8). The dehydration and densification process is also relevant
for most chlorite-rich mélange channels. Chlorite breakdown at >80 km
for hot-intermediate subduction zones and >140 km for cold subduction
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zones (Fig. 5) suggests that chlorite-rich mélanges can sustain their
buoyancy at greater depths if they meet the criteria discussed in Section
4.3 and do not reach thermal equilibration at T > 1000 °C (Fig. 5). The
thermal structure of the subduction zone also may impact how the
mélange diapir travels into the mantle wedge. In cold subduction zones,
the slab-top isotherms are more closely spaced than in hot subduction
zones (Fig. 8a and b). Serpentine- and chlorite-rich mélanges lose their
buoyancy at >800 °C and >1000 °C respectively, hence, the rising di-
apirs would have an even shorter journey before they stall and are
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(>1000 °C).

dragged by the ambient flow into the deep mantle carrying larger
fractions of LILE, HFSE and volatiles (e.g., N, H, O) compared to hotter
slabs (Fig. 8). As the temperature increases, the dehydration of
serpentine-rich mélange channels forms a residual olivine-pyroxenite
that contains minor amphibole, mica, and Fe-Al-Ti-oxides. To assess
the effect of dehydration on LILE and HFSE fractionation, we modeled
the LILE/HFSE ratio in the aqueous fluid using the mineral phase pro-
portions (wt.%) from this study and mineral-fluid partition coefficients
from the literature (Figure S11; Table S14). We find that at 2 GPa and up
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to 1000 °C, the solid mineral residue (K/Nb=2462; Rb/Nb=10) has a
similar LILE/HFSE ratio as the mélange (K/Nb=2624; Rb/Nb=10) due
to the presence of amphibole, mica and the oxides that hold back a large
fraction of LILEs and HFSEs. The residual oxide minerals have a very
strong preference for HFSE resulting in aqueous fluids enriched in LILE
relative to HFSE (K/Nb=19,289; Rb/Nb=51). Some fraction of volatiles
can still be carried by micas and amphiboles at T < 1050 °C (Ulmer and
Trommsdorff, 1995) and by nominally anhydrous minerals into the deep
mantle (Kovacs et al., 2012). At 3 GPa, residual amphibole and mica are
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not present at 1000 °C thereby enhancing the LILE/HFSE ratio in the
released aqueous fluid (K/Nb=44,134; Rb/Nb=172). Similarly,
chlorite-rich mélanges contain accessory minerals that have a strong
preference for HFSE (titanite, rutile, ilmenite, zircon) and would release
aqueous fluids into the mantle with high LILE/HFSE ratios. Nonetheless,
the presence of fluorine enhances the solubility of HFSE in aqueous
fluids (Keppler, 1996). Such fluid-mantle interaction may favor the
precipitation of Fe-Ti-oxides and F-OH-Ti-clinohumite intergrowths that
act as HFSE sinks, depleting the aqueous fluids of HFSE without
changing the LILE content (Garrido et al., 2005; Lopez Sanchez-Vizcaino
et al., 2005; and references therein; Fig. 8c). Therefore, fractionation of
LILE from HFSE can occur at or near the slab channel during dehydra-
tion processes. Partial melting of arc sources due to the flux of high
LILE/HFSE bearing aqueous fluids can produce the high LILE/HFSE
ratios ubiquitously observed in arc magmas worldwide.

If the timescale of diapir ascent is faster than the timescale of thermal
diffusion and mineralogical equilibration, the core of the diapir can still
be positively buoyant and make its way from the slab-top through the
hotter mantle wedge. To assess the effect of partial melting on HFSE
fractionation, we performed batch melting modeling using the phase
proportions (wt.%) from this experimental study and mineral-melt
partition coefficient from the literature (Supplementary Information
S6; Table S15). Our results show that as long as there are no residual
oxides/rutile at >1100 °C, the resultant melts preserve the same trace
element signature (Rb/Nb=10; Nb/Ta=13) as the pre-molten mélange
(Rb/Nb=10; Nb/Ta=13) at both 2 and 3 GPa. Overall, if the ultramafic-
rich mélange had an initial high LILE/HFSE ratio (e.g., serpentinites
from Syros) or lower LILE/HFSE ratio (e.g., chlorite-rich mélange from
Cerro del Almirez), the resultant partial melts would mirror that
signature (Figure S12). The infiltration of those partial melts through the
overriding hotter mantle wedge would result in the formation of
orthopyroxenites (Rebaza et al., 2023) without forming any Fe-Ti-oxides
(Mallik et al., 2016). Thus, it is likely that the LILE/HFSE ratio signature
in the percolating melt remains unaffected during reactive transport
through the hotter mantle wedge.

Slab tears and interaction with hotter asthenosphere can partially
melt ultramafic-rich mélanges. If the asthenosphere is OIB-like and
likely HFSE enriched, such interactions may lead to the gain of HFSEs in
the mélange partial melts thus lowering the LILE/HFSE ratios in the
resultant melt (Liu et al., 2024). For interactions with asthenosphere that
has undergone prior episodes of melt extraction and are not HFSE
enriched, the mélange partial melts would reflect high LILE/HFSE ratio.
Interaction of a dehydrated mélange (low LILE/HFSE ratios) with a
hotter asthenosphere would result in low LILE/HFSE ratios in the partial
melts. Only if the mélange is not yet dehydrated, the interaction with the
asthenosphere will result in high LILE/HFSE ratios in the resultant melt.
Overall, partial melting of ultramafic-rich mélanges due to diapiric rise
to the sub-arc mantle or due to interaction with the hotter asthenosphere
through slab tears has been attributed to HFSE enrichment signatures
(Liu et al., 2024; Rosenbaum et al., 2008) but not the near ubiquitous
high LILE/HFSE ratios. Assuming that ultramafic-rich mélanges
contribute to the source of primary arc basalts, the characteristic high
LILE/HFSE ratios compared to that of MORBs may be best explained by
the following: (a) Dehydration of ultramafic-rich mélanges along the
slab or in a failed or stalled diapir close to the slab-mantle boundary, and
the formation of Fe-Ti-oxides and F-OH-Ti-clinohumite in the wedge
chlorite-harzburgite that scavenges the HFSE from the aqueous fluids;
(b) partial melting of ultramafic-rich mélanges with pre-existing high
LILE/HFSE ratios due to diapiric ascent to the hotter mantle wedge or
due to slab tear (but with limited HFSE gain from the influx of
asthenosphere through the tear). Given high LILE/HFSE ratio is a
ubiquitous arc magma signature, but slab tears are not, and diapirism in
ultramafic-rich mélanges is highly conditional, our study indicates that
aqueous fluids are the dominant metasomatic agent that transfer
ultramafic-rich slab components into mantle sources (e.g., LILEs, vola-
tiles) rather than diapirs.
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5. Conclusions

This study provides the mineral assemblage and the associated
density transformation of hydrous serpentine-rich mélange matrix and
compares it with chlorite-rich matrices from the literature to assess the
buoyancy of ultramafic-rich mélanges from fore-arc to sub-arc depths.
The solidus temperature of serpentine-rich mélanges under fore-arc to
sub-arc conditions is higher than all slab-top geotherms. This implies
that the matrices would partially melt only under specific geodynamic
conditions such as slab tear or diapiric ascent into the hotter mantle
wedge, although the partial melts do not resemble the compositions of
arc lavas. We show that serpentine- and chlorite-rich mélanges dehy-
drate as they subduct and lose their buoyancy at > 800 °C and > 1000
°C, respectively. This implies that even if a diapir initiates it would
continue its ascent into the hotter mantle wedge only if the ascent
timescales are faster than the timescales of thermal diffusion and
mineralogical equilibration, such that at least the core of the diapir may
still retain its positive buoyancy. Furthermore, diapir initiation in cold
subduction channels require thicker mélanges compared to their hotter
counterparts, for a given density contrast (with the surrounding mantle)
and viscosity. At higher viscosities, the required channel thicknesses in
cold slabs may exceed the observed thickness for subduction channels
implying that diapirism would not commonly occur. Overall, our
assessment concludes that diapirism in ultramafic-rich mélanges is
feasible only when a specific set of conditions are met and may not be
common. Dehydration of ultramafic-rich mélanges and release of
aqueous fluids to arc sources would fractionate LILEs from HFSEs by
fluid-rock reaction and precipitation of minerals such as F-OH-Ti-cli-
nohumite that sequester HFSEs, therefore imparting the high LILE/HFSE
ratios ubiquitously observed in arc magmas. On the other hand, partial
melting of ultramafic-rich mélange due to slab tear or diapirism would
not fractionate HFSEs from LILEs and impart the LILE/HFSE signature of
the subducted ultramafic-rich mélange. Therefore, the partial melts
would produce high LILE/HFSE ratios in resultant arc magmas only if
the ultramafic-rich mélange had a high LILE/HFSE ratio before the onset
of melting. As the majority of arc magmas show a distinct HFSE deple-
tion (relative to MORB), and slab tears are not common place, and
diapirism in ultramafic-rich mélanges is only feasible when a specific set
of conditions are met, our study corroborates that aqueous fluids
released from ultramafic-rich mélanges are the predominant meta-
somatic agent that transfer slab components into arc sources rather than
diapirs.
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