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Mass Transfer and Chemical Interactions in Subduction Zones

By

Emmanuel A. Codillo

THESIS ABSTRACT

Subduction zones are important sites of material recycling on Earth, with volatiles playing
key roles in mass transfer processes and magma formation. This thesis investigates outstanding
questions associated with a continuum of interrelated processes that occur as oceanic plates
descend in subduction zones by integrating petrological and geochemical constraints from
exhumed high-pressure rocks and erupted arc magmas, high pressure-temperature laboratory
experiments, and thermodynamic calculations. Chapters 2 and 3 investigate the fluid-mediated
reactions between mafic and ultramafic rocks at conditions relevant to the slab-mantle interface
and show that Mg-metasomatism of mafic rocks to form chlorite-rich assemblages is favored and
is likely more pervasive in subduction zones than in oceanic settings. Contrary to common belief,
talc is unlikely to form in high abundance in ultramafic rocks metasomatized by Si-rich slab-
derived fluids. This means that talc-rich assemblages formed via Si-metasomatism along the slab-
mantle interface are less likely to be playing prominent roles in volatile transport, in facilitating
slow-slip events, and in controlling the decoupling-coupling transition of the plate interface.
Chapter 4 experimentally investigates the phase equilibria, melting, and density evolution of
mélange rocks that formed by mixing and fluid-rock interactions. Results show that melting of
mélanges is unlikely to occur along slab-tops at pressures < 2.5 GPa. Accordingly, diapirism into
the hotter mantle wedge would be required to initiate melting. The density contrast between
mélanges and the overlying mantle would allow for buoyancy-driven diapirism at relatively low
pressures and melting could subsequently occur in the hotter mantle wedge during ascent.
However, diapir buoyancy may be limited at higher pressures due to the formation of abundant
garnet especially in mélange rocks with peraluminous composition. Chapter 5 experimentally
investigates the compositions of melts and mineral residues from melting of a mantle wedge
hybridized with small amounts of mélange rocks to simulate an end-member scenario where solid
mélange diapirs dynamically interact with the mantle wedge. Results from laboratory experiments
show that melting of a mélange-hybridized mantle wedge can produce melts that display
compositional characteristics similar to arc magmas. Finally, Chapter 6 presents new
interpretations on the evolution of slab-to-mantle transfer mechanisms from subduction initiation
to arc maturity. Analyses of published magma compositions from global arcs reveal that melting
of mélange plays an increasingly important role in magma formation as slab-tops cool and arcs
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mature over time. This trend is attributed to the deepening of the decoupled plate interface during
subduction where mélange zones can form more extensively and contribute to the melting process
more significantly. Taken together, this thesis highlights (i) the dynamic connection between
mechanical mixing of different lithologies and fluid-rock interactions along the slab-mantle
interface, (ii) how these processes modify the petrophysical and geochemical properties of
subducted materials, and (iii) how these processes collectively influence the mechanisms of slab-
to-mantle transfer, elemental cycles, and the formation of arc magmas worldwide.
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Title: Associate Scientist with Tenure
Department of Geology and Geophysics
Woods Hole Oceanographic Institution

Thesis Co-supervisor: Dr. Frieder Klein
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Chapter 1

Introduction

1.1 Background and motivation

Subduction zones are important sites of material and volatile recycling on Earth. The return
of the oceanic lithosphere into the deep mantle along >55000 km of ocean trenches is a
fundamental geodynamic process that connects many Earth-scale processes (Figure 1; Canfield,
2004; Dickinson, 1970; Stolper and Bucholz, 2019). This process leads to some of the most
catastrophic events known, from explosive volcanic eruptions to large magnitude earthquakes and
associated tsunamis, all of which have influenced human civilizations over the past millennia
(Robock, 2015; Rymer, 2015; Sheets, 2015; Wallace, 2005; Williams-Jones and Rymer, 2015).
This importance has made the understanding of fundamental processes that operate in subduction
zones a focus of intensive research campaigns over the last few decades. As new geophysical,

petrological and geochemical data have become available since the dawn of the modern plate
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Figure 1. A map of the major tectonic boundaries on Earth, namely ocean ridges, transform
faults, and subduction zones. (https://www.britannica.com/science/subduction-zone#/media/1/570643/151217)
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tectonics theory in the late 1960s (Dickinson, 1970), significant progress has been made in our
understanding of the physics of plate subduction and magma generation, and the chemistry of pre-
subducting oceanic materials and erupted arc magmas (Alt, 1995; Alt et al., 1986; Gill, 1981;
Spandler and Pirard, 2013).

voleanic arc

mid-ocean ridge (MOR)

serpentinite
mud volcanoes

l——  —>» accretionary complex

overriding crust

arc magmas

asthenosphere

Figure 2. Schematic cross section of divergent and convergent plate boundaries. New oceanic
lithosphere is formed by decompression melting of mantle in a mid-ocean ridge. As soon as it is
formed, it moves away from ridge, cools down and densify while being altered by seawater or
hydrothermal fluid. This old, cold, and dense oceanic lithosphere eventually subducts underneath
a more buoyant plate in subduction zones. This process leads to the hydration (serpentinization)
and/or melting of mantle wedge to form arc magmas. Figure not to scale.

Plate tectonic theory serves as a unifying framework that describes many fundamental
Earth-scale processes that occur over geologic time, such as the formation of lithospheric plates at
oceanic spreading centers, as well as their destruction in subduction zones (Figure 2). In this
framework, new oceanic lithosphere is formed along mid-ocean ridge and backarc spreading
centers where two tectonic plates are moving away from each other. As soon as it is formed at a
ridge, oceanic lithosphere cools down by a combination of conductive heat loss and through the
convection of seawater or hydrothermal fluids as it moves away from the ridge axis. Far from
spreading centers, this cool and variably altered oceanic lithosphere is denser than when it was at
the ridge axis. Continued cooling and densification of the oceanic lithosphere as it ages eventually
causes it to sink and subduct underneath a more buoyant plate in a convergent margin. The return
of this old, cold, and dense slab of oceanic lithosphere to deeper and warmer asthenosphere causes
perturbations in the thermal structure, especially at the interface between the subducted slab and
the overlying mantle. This characteristically low geothermal gradient is unique to subduction zones
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and plays a central role in all the fundamental subduction zone processes such as dehydration,
melting, explosive arc volcanism, and seismicity.

In subduction settings, oceanic plate materials including sediments, variably altered
igneous crust, and hydrothermally-altered lithospheric mantle (serpentinite) are delivered to deeper
depths where they are exposed to increasing pressure (P) and temperature (T) conditions (Gill,
1981; Pearce, 1982; Ringwood, 1974; Tera et al., 1986; Wyllie, 1973). The subducting slab
delivers water and other volatile components (e.g., CO2, SO2) which can influence the rheology
and transport properties of the Earth’s deep interior. Fluids that contain fluid-mobile elements (e.g.,
Ba, Pb, Sr, K) and redox-sensitive elements (e.g., Fe, S) are released from the subducting slab,
migrate to the overlying mantle, and participate in formation of arc magmas, continental crust, and
some of the world’s most economically important ore deposits (Bebout, 1991; Grove et al., 2002;
Kelley and Cottrell, 2009; Kushiro, 1973; Mungall, 2002; Schmidt and Poli, 2014, 1998).
Subducted oceanic materials may also generate mineralogical, chemical, and isotopic
heterogeneities in the deep mantle which are later sampled during ocean island magmatism
(Bebout, 2007; Rampone and Hofmann, 2012). However, even more than half a century later since
this paradigm was established, outstanding questions such as how deformation, mixing of different
lithologies, and fluid-rock interactions along the plate interface modify the petrophysical,
geochemical, and redox properties of subducted materials, and how these processes collectively
influence the mechanisms of slab-to-mantle transfer, cycling of elements and volatiles, and the
formation of arc magmas worldwide, remain poorly understood.

Relative to the composition of mid-ocean ridge basalt (MORB), arc magmas are
geochemically enriched in large-ion lithophile elements (LILE; e.g. Rb, K, Cs) and light rare Earth
elements (LREE; La, Ce, Nd), but are depleted in high field strength elements (HFSE; Nb, Ta, Zr,
Hf) (Gill, 1981; McCulloch and Gamble, 1991; Pearce, 1982). The distinct geochemical
characteristics of erupted arc magmas in subduction zones record the transfer process and
contribution of subducted oceanic materials into the source region of magmas. The recycling of
elements from the subducting lithosphere back to the overlying crust, atmosphere and oceans is
one of the most important of geochemical cycles on Earth. Therefore, subduction zones play a
pivotal role in maintaining the balance in material exchange between the surface and deep Earth

reservoirs over geologic time. To understand this complex material exchange and the efficiency of
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recycling processes, it is necessary to understand the reactions that occur during subduction that
allow for the transfer of material from the subducting slab to the overlying mantle wedge.

Experimental studies over the past decade have focused on establishing the phase relations
of individual subducted lithologies (e.g., basalt, sediment, peridotite) over a range of P and T
conditions (Carter et al., 2015; Hermann and Rubatto, 2009; Hermann and Spandler, 2008; Klimm
et al., 2008; Schmidt and Poli, 2014; Till et al., 2012; Ulmer and Trommsdorff, 1995). This
approach assumes a closed-system wherein each precursor oceanic rock retains its geochemical
characteristics during subduction. The closed-system assumption is inherent in mass-balance
calculations commonly performed to constrain the efficiency of the recycling process by
comparing the fluxes between slab inputs entering trenches and arc outputs measured in arc
volcanoes. For instance, this mass-balance approach has been applied to evaluate the fluxes of
volatiles (e.g., carbon, nitrogen) and noble gases (e.g., helium) in individual subduction zones (de
Leeuw et al., 2007; Elkins et al., 2006; Mitchell et al., 2010; Plank and Langmuir, 1993; Plank and
Manning, 2019). Here, it is an implicit assumption that the mass transfer processes and chemical
interactions within subduction zones do not affect the fate of subducted elements and volatiles at
depth. Nonetheless, when integrated with thermal models of the slab and the overlying mantle,
these experimental data on individual subducted lithologies help to identify important hydrous
minerals (e.g., chlorite, amphibole) and devolatilization reactions that release water and other
volatiles at forearc and subarc depths (Davies and Stevenson, 1992; Furukawa, 1993; Peacock,
2009; Ringwood, 1974; Syracuse et al., 2010).

The most poorly understood processes at convergent plate margins are the metamorphic,
metasomatic, and structural modifications that oceanic lithosphere experiences as it gets subducted
to deeper depths. Field, petrological, and geochemical evidence suggest that subducted materials
are subjected to combined, and sometimes coeval, deformation processes and fluid-rock
interactions that can significantly modify their petrophysical (e.g., density, magnetic
susceptibility), geochemical (e.g., trace elements, water and other volatiles) and redox (e.g., bulk-
rock Fe®*/Ferwra)) characteristics (Agard et al., 2018; Angiboust et al., 2014, 2012; Bebout, 2013,
2007, 1991; Bebout and Penniston-Dorland, 2016; Codillo et al., 2022; Gyomlai et al., 2021; King
et al., 2006; Miller et al., 2009; Penniston-Dorland et al., 2014; Pogge von Strandmann et al.,
2015). The intense shearing and deformation juxtapose lithologies with different chemical

compositions sometimes in block-in-matrix fabrics commonly referred to as a mélange (Figure 3).
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Previous studies on exhumed high-pressure mélange zones indicate that these zones record fluid-
mediated metasomatism of juxtaposed lithologies through a combination of fluid infiltration and
diffusional mass transfer processes (Bebout and Barton, 2002; Bebout, 1991; Breeding et al., 2004;
Codillo et al., 2022; King et al., 2006; Miller et al., 2009; Sorensen and Grossman, 1989). Mélange
rocks display compositional and petrophysical characteristics that are distinct from their protoliths
(Bebout and Barton, 2002; Codillo et al., 2022; Gyomlai et al., 2021; King et al., 2007, 2006;
Miller et al., 2009). Therefore, the formation of mélange zones can influence the rheology of the
plate interface (Agard et al., 2018; Hirauchi et al., 2020, 2013) and the nature of slab-to-mantle
transfer processes in subduction zones (Codillo et al., 2022, 2018, 2018; Cruz-Uribe et al., 2018;
Marschall and Schumacher, 2012; Nielsen and Marschall, 2017).

Understanding the processes that operate in subduction zones clearly requires a
multidisciplinary approach that integrates constraints from studies of natural rocks, laboratory
experiments, and theoretical constraints. This is necessary because these approaches often have
complementary strengths. For instance, exhumed high-pressure terranes may offer the most direct
way to constrain the mass transfer and chemical interactions within subduction zones (Bebout,
2013; Bebout and Barton, 2002; Bebout and Penniston-Dorland, 2016). However, the accurate
interpretation of such complex terranes requires distinguishing between signatures of high-
pressure metasomatic processes in subduction zones, reworking and incomplete preservation
during exhumation, and inherited oceanic alteration prior to subduction. Equilibrium
thermodynamics are often used in conjunction with petrological studies of exhumed high-pressure
rocks. Thermodynamic phase equilibrium and reaction-path models enable the ability to constrain
the P-T conditions experienced by these rocks as well as simulate fluid-rock interactions over a
range conditions (Connolly, 2009; Holland and Powell, 2011; Sverjensky, 2019). Application of
equilibrium thermodynamics requires the selection of appropriate equilibrium mineral
compositions which assumes that reaction did approach equilibrium. However, this task is difficult
in high-pressure metasomatic rocks because they typically preserve disequilibrium features, such
as complex mineral zoning, produced by one or a combination of changes in pressure, temperature,
or bulk composition due to fluid-rock interactions (Beinlich et al., 2010; Goncalves et al., 2013).
In addition, the robustness and applicability of equilibrium thermodynamics are also limited by
the quality of thermodynamic data and solution models of minerals, aqueous fluids, and silicate

melts. This limitation can be circumvented by performing laboratory experiments under controlled
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conditions. Experimental petrology enables the determination of phase equilibria, melting
reactions and their respective rates, and melt compositions over a range of P-T conditions, oxygen
fugacity (fO.), and bulk compositions (Holloway and Wood, 2012). It can also be used to evaluate
reaction overstepping (i.e. a reaction occurs at higher temperatures than thermodynamically
predicted). However, the changing pressures and temperatures experienced by slab materials
during subduction over geological timescales are difficult to replicate in laboratory experiments,
and the conditions and rates for these reactions remain debated. This thesis leverages the combined
strengths of all these approaches to circumvent the limitations intrinsic to each of them.
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1.2 Thesis Outline

This thesis aims to brush some colors on a commonly assumed black box that is the slab-
mantle interface region. My thesis highlights the dynamic connections between deformation,
mechanical mixing of different lithologies, and fluid-rock interactions processes along the slab-
mantle interface. In particular, my contributions have improved our understanding of how these

processes modify the petrophysical, geochemical, and redox properties of subducted materials, and

®) Models of Slab-to-Mantle Transport
& Arc magmatism (Chapter 6)

overriding plate

Meélange Meiting, Diapirism &
O Meélange-Psridotite Interactions
(Chapters 4 and 5)

Fluid-mediated Mass Transfer
& Mélange Formation (Chapters 2 and 3)

Figure 3. Schematic representation of a subduction zone with emphasis on the mechanical and
metasomatic interactions in the subducting slab and the overriding lithosphere. This proposal
outlines a continuum of processes and interactions (pink dashed arrow) within a subduction zone,
encompassing (i) the formation of mélanges via aqueous fluid-rock interactions in Chapters 2 and
3, (iii) the physical and geochemical consequences of mélange melting and diapirism in Chapters
4 and 5, and (iv) slab-to-mantle transfer mechanism in global arcs in Chapter 6.
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how these processes collectively influence the mechanisms of slab-to-mantle transfer, cycling of
elements and volatiles, and the formation of arc magmas worldwide.

This thesis stands on three legs that integrate constraints from (1) petrology and
geochemistry of exhumed high-pressure rocks and erupted arc magmas, (2) high P-T laboratory
experiments, and (3) theoretical thermodynamic constraints to investigate a continuum of
interrelated mass-transfer and chemical interactions — aqueous fluid-rock reactions, melting and
melt-rock reactions, arc volcanism — in subduction zones. This thesis is divided into seven chapters
as outlined below and depicted in Figure 3.

Chapter 2 paints a different picture of the nature and style of metasomatism at high P-T
conditions, such as in subduction zones, as compared to low P-T oceanic settings. As a
consequence of the subduction process, subducted materials are often subjected to combined, and
sometimes coeval, deformation processes and fluid-rock interactions that modify their
petrophysical, geochemical, and redox characteristics. However, accurate interpretations of
exhumed high-pressure rock records require an understanding of how, where, and when
metasomatism occurred. Chapter 2 investigates the formation of a metasomatic reaction zone in
between eclogitic metagabbro and serpentinite in the exhumed high-pressure Voltri Massif
(Ligurian Alps, Italy) to gain insights on the fluid-mediated mass transfer between mafic
ultramafic rocks in subduction zones. In this chapter, | integrated results from field work,
petrology, and element and isotope geochemistry of exhumed high-pressure rocks, coupled with
thermodynamic phase equilibrium and reaction-path models to demonstrate that fluid-mediated
mass transfer was dominated by Mg transfer from serpentinite to metagabbro that started during
prograde metamorphism and likely continued through peak and retrograde conditions. The fluid-
mediated mass transfer led to significant mineralogical, chemical, and petrophysical changes of
the reacted metagabbro. In contrast to oceanic settings, our thermodynamic models predict the
predominance of aqueous Mg species in fluids that equilibrate with serpentinite under high-
pressure subduction zone conditions. This result implies that Mg-metasomatism of mafic rocks to
form chlorite-rich assemblages is favored and likely pervasive in subduction zones than in oceanic
settings. As documented in Chapter 3, Mg-metasomatism of mafic rocks led to the dissolution of
trace-element-rich phases such as rutile and zircon that resulted in trace-element fractionations
(e.g., Th/Nb, Zr/Sm, Hf/Nd) otherwise commonly attributed to metamorphic dehydration and

melting processes. Because of the widespread occurrence of juxtaposed mafic and ultramafic rocks
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along the slab-mantle interface, metasomatism between juxtaposed rocks may result in enhanced
trace-element fractionation.

Results from Chapter 2 imply that the formation of talc by Si-metasomatism of ultramafic
rocks (i.e. steatitization), a process common in oceanic settings, is less prevalent in subduction
zones. This result is surprising because talc formation and distribution in subduction zones are
believed to play important roles in volatile cycling, rheological properties, and control the down-
dip limit of the decoupling of the slab-mantle interface (e.g., French and Condit, 2019; Peacock
and Hyndman, 1999; Peacock and Wang, 2021). Illuminating the conditions that facilitate talc
formation at high P-T conditions is necessary in assessing its role in fundamental subduction zone
processes. Building on the results of Chapter 2, in Chapter 3, | investigate the conditions that
promote - or limit- the formation of talc by Si-metasomatism of ultramafic rocks by slab-derived
fluids using thermodynamic reaction-path models. | show that the metasomatic formation of talc
at the slab-mantle interface is restricted to a limited set of environmental conditions, because its
formation is highly sensitive to the compositions of the mantle rocks and reactant fluids. These
results mean that talc is unlikely to form in high abundance in ultramafic rocks metasomatized by
Si-rich slab-derived fluids and calls into question the importance of talc formed by Si-
metasomatism of ultramafic rocks in subduction zones. In contrast to talc, my reaction-path models
predict the ubiquitous formation of chlorite along with other silicate minerals and implies that
chlorite may be playing the more predominant role in processes that were previously and
tentatively attributed to talc.

Results of Chapters 2 and 3 call into question the assumption that subducted materials can
be regarded as a closed-system throughout subduction. This assumption is central to traditional
models (hereafter referred to as model 1 to represent the family of traditional models) of slab-to-
mantle transfer and arc magma formation. This model envisions that the addition of different slab
components to the source region of arc magmas is facilitated by fluids and/or melts derived from
the dehydration and/or melting of individual subducted materials (e.g., sediment, igneous crust,
serpentinized slab mantle) depending on the P-T condition. However, as shown in Chapters 2 and
3, metasomatic rocks are compositionally distinct from their precursor materials. The role of
metasomatic rocks is central to the mélange-melting model (model 2). This model envisions the
addition of different slab components through fluids and/or melts sourced from the dehydration

and/or melting of mélange rocks either along the slab-mantle interface or during ascent as buoyant
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diapirs. These mélange diapirs can transport subducted slab components and subject them to P-T
conditions that are not accounted for in the traditional models (model 1) of dehydration reactions
and melting along the slab-top. However, whether diapirs can form is tightly linked to their
respective phase equilibria, melting and density evolution of the slab-top mélange, all of which are
poorly understood.

Chapter 4 experimentally investigates the phase equilibria, melting, and density evolution
of mélange rocks along representative slab-top P-T conditions to assess their likelihood to melt
along the slab-top or detach and rise as diapirs into the overlying mantle. | conducted a series of
high P-T laboratory experiments using a piston-cylinder apparatus on mélange rocks from
exhumed high-pressure terranes of Syros (Greece) and Santa Catalina Island (USA) over a wide
range of P-T conditions. Experimental results show that melting of the mélange rocks is unlikely
to occur, even along a warm slab-top at pressures < 2.5 GPa. Under experimental conditions,
subsolidus mélanges are dominated by hydrous minerals such as chlorite, talc, and amphibole,
which are sufficiently buoyant compared to the overlying peridotite mantle and thus favoring
diapirism and ascent. Because of the inverted thermal gradient of the mantle wedge, melting of
mélange rocks is expected during ascent. However, instantaneous melt extraction of low-viscosity
hydrous mélange melts would densify the solid residue and arrest further ascent. In addition, diapir
buoyancy may be limited at higher pressures due to the formation of garnet, especially in mélange
rocks with peraluminous compositions.

The compositions of experimental mélange melts display major element characteristics that
are broadly similar to the hydrous partial melts of individual subducted materials (e.g., sediment,
amphibolite, basalt). Trace-element rich phases such phengite, phlogopite, epidote, ilmenite, and
titanite minerals are found to stably coexist with hydrous mélange melts. Consequently, this would
result in trace-element fractionation in the melts that could resemble the compositions of natural
arc magmas. These findings imply that previous geochemical studies of erupted arc magmas that
invoked hydrous partial melts of discrete subducted materials (model 1) during slab-to-mantle
transfer may be equally compatible with models that invoke hydrous mélange melts as transport
agents (model 2) (Elliott et al., 1997; Kelemen et al., 2003; Li et al., 2022; Prouteau et al., 2001;
Rapp, R et al., 1999; Schiano et al., 1995).

Geodynamic models predicted the formation and rise of diapirs that transport mélange

rocks away from the slab-mantle interface into the hot zones of the mantle wedge (Gerya and
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Yuen, 2003; Hall and Kincaid, 2001; Zhu et al., 2009). However, the geochemical consequence of
mélange-peridotite interactions in the mantle wedge on arc magma formation is unknown. Chapter
5 experimentally investigates the melting of a mantle wedge hybridized by small volume
proportions of mélange components and determines the composition of the melts and mineral
residues. Results show that the compositions of the experimental melts produced by melting of
mélange-hybridized mantle display major, trace, and the fractionated trace-element ratios that are
characteristic of erupted arc magmas worldwide. This underlines the potentially important role of
mélange diapirs as a mechanism of delivering subducted slab signatures into the source of arc
magmas.

Results of Chapters 2, 3, 4, and 5 have illuminated the importance of fluid-rock interactions
in the formation of mélange rocks along the slab-mantle interface, as well as the physical and
geochemical consequences of mélange melting and diapirism. How this continuum of processes
manifests in the compositions of erupted arc magmas remains unknown. In fact, whether slab-to-
mantle transfer primarily occurs through the release of individual slab components as advocated
by traditional models (model 1; e.g., fluids, altered oceanic crust melts, sediment melts) or by
physical mixing at the slab-mantle interface through the formation of km-thick zones of mélanges
(model 2) remains highly debated (Li Huijuan et al., 2022; Marschall and Schumacher, 2012;
Nielsen and Marschall, 2017; Turner and Langmuir, 2022).

In Chapter 6, | use published volcanic rock compositions from the lzu-Bonin arc and
presents new interpretations on the evolution of slab-to-mantle transfer mechanisms from
subduction initiation to arc maturity. My results show that while traditional models of slab-to-
mantle transfer mechanisms should account for arc magma variability in the early (warm) stages
of subduction, mélange formation is required to explain arc magma geochemistry in the cold and
mature stage. Building on the results from the Izu-Bonin data, | used a global arc magma
compilation from other cold and warm subduction zones to show that arc magmas generated in
convergent margins with warmer slab-top temperatures record the transfer of hydrous melts from
discrete subducted slab components (sediments, altered oceanic crust). In contrast, arc magmas
generated in convergent margins with colder slab-top temperatures record a process whereby
hydrous melts originate from mélange zones (the mantle is physically mixed with slab components

before melting occurs). This dichotomy between warm and cold arcs reflects the wider decoupled
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zone expected in cold slabs, where mélange zones can form more extensively and contribute to the
melting process more significantly.

In summary, this thesis utilized a multi-pronged approach that integrated constraints from
detailed investigations of natural rocks, high P-T laboratory experiments, and theoretical
thermodynamic models to elucidate some of the complex and hidden, yet important processes that
operate within subduction zones. The chapters in this thesis are intended to be five separate
manuscripts, which are published (Chapter 2, 3, 5), submitted (Chapter 6), and in preparation
(Chapter 4). | have also included collaborative research manuscripts that build on the findings of

my research works. The corresponding publication references are listed below.

Published:

Codillo, E. A., Klein, F., & Marschall, H. R. 2022. Preferential Formation of Chlorite over
Talc during Si-metasomatism of Ultramafic Rocks in Subduction Zones. Geophysical
Research Letters, 49, e2022GL100218. https://doi.org/10.1029/2022GL100218

Codillo, E. A, Klein, F., Dragovic, B., Marschall, H. R., Baxter, E., Scambelluri, M., &
Schwarzenbach, E. 2022. Fluid-mediated mass transfer between mafic and ultramafic
rocks in subduction zones. Geochemistry, Geophysics, Geosystems, 23, 2021GC010206.
https:// doi.org/10.1029/2021GC010206

Codillo, E.A., Le Roux, V., Marschall, H.R., 2018. Arc-like magmas generated by
mélange-peridotite interaction in the mantle wedge. Nature Communications 9, 2864.
https://doi.org/10.1038/s41467-018-05313-2

Submitted

Codillo, E.A., Le Roux, V. Mélange melting predominant in cold and mature arc
(submitted)

In preparation:
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Codillo E.A., Le Roux V., Klein B., Behn M., Marschall H., & Bebout G. The rising of
mélanges: experimental constraints on mélange rock densities and solidus temperatures in

subduction zones (in preparation for EPSL)

Codillo E.A., Klein B. Thermodynamic and experimental constraints on the pressure and

temperature limits of serpentinization in subduction zones (in preparation for Geology)

Collaborative manuscripts:
Schwarzenbach E., Streicher L., Dragovic B., Codillo E.A., Scicchitano M.R., Wiechert
U., Klein F., Marschall H.R., Scambelluri M. Mobilization of isotopically heavy sulfur
during serpentinite subduction (to be submitted for Science Advances; This research builds

on the findings of my previous work in Voltri Massif in Chapter 3)

Brown A., Dragovic B., Codillo E.A., Rojas Kolomiets E., Bizimis M., Marschall H. R.,
Scambelluri M. The behavior of Mo isotopes during high-pressure metamorphism and
metasomatism: a case study from the Ligurian Alps and northern. (This research builds on

the findings of my previous work in Voltri Massif in Chapter 3)
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Abstract

Metasomatic reaction zones between mafic and ultramafic rocks exhumed from subduction zones
provide a window into mass-transfer processes at high pressure. However, accurate interpretation
of the rock record requires distinguishing high-pressure metasomatic processes from inherited
oceanic signatures prior to subduction. We integrated constraints from bulk-rock geochemical
compositions and petrophysical properties, mineral chemistry, and thermodynamic modeling to
understand the formation of reaction zones between juxtaposed metagabbro and serpentinite as
exemplified by the Voltri Massif (Ligurian Alps, Italy). Distinct zones of variably metasomatized
metagabbro are dominated by chlorite, amphibole, clinopyroxene, epidote, rutile, ilmenite, and
titanite between serpentinite and eclogitic metagabbro. Whereas the precursor serpentinite and
oxide gabbro formed and were likely already in contact in an oceanic setting, the reaction zones
formed by diffusional Mg-metasomatism between the two rocks from prograde to peak, to
retrograde conditions in a subduction zone. Metasomatism of mafic rocks by Mg-rich fluids that
previously equilibrated with serpentinite could be widespread along the subduction interface,

within the subducted slab, and the mantle wedge. Furthermore, the models predict that talc
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formation by Si-metasomatism of serpentinite in subduction zones is limited by pressure-
dependent increase in the silica activity buffered by the serpentine-talc equilibrium. Elevated
activities of aqueous Ca and Al species would also favor the formation of chlorite and garnet.
Accordingly, unusual conditions or processes would be required to stabilize abundant talc at high
P-T conditions. Alternatively, a different set of mineral assemblages, such as serpentine- or

chlorite-rich rocks, may be controlling the coupling-decoupling transition of the plate interface.

1 Introduction

The release of agueous fluids from subducted sediments, altered oceanic crust, and serpentinized
mantle is a fundamental process that drives arc volcanism, and facilitates the recycling of volatile and redox
components from the solid Earth back to the ocean and atmosphere. Key to this understanding lies on the
processes that set or modify the bulk compositions of subducted materials from oceanic settings up to
subduction zones. Oceanic rocks and sediments are often subjected to combined, and sometimes coeval,
deformation processes and fluid-rock interactions that can significantly modify their petrophysical (e.g.,
density, magnetic susceptibility), geochemical (e.g., trace elements, water and other volatiles), and redox
properties prior to subduction. Important examples of these processes include serpentinization, carbonation,
and talc-alteration of mantle rocks, as well as rodingitization, chloritization, and epidotization of mafic
rocks (Bach et al., 2004; Bach and Klein, 2009; Honnorez and Kirst, 1975; Humphris and Thompson, 1978;
Klein et al., 2009; Schwarzenbach et al., 2021). During subduction and exhumation, fluid-rock interactions
at higher pressure and temperature conditions can further modify their geochemical, petrophysical, and
redox characteristics. This is supported by field-based observations from exhumed high-pressure rocks in
subduction zones worldwide (Bebout and Barton, 2002; Bebout and Penniston-Dorland, 2016; Breeding et
al., 2004; Fryer, 2012; Gorman et al., 2019; Gyomlai et al., 2021; Harlow et al., 2016; Marschall et al.,
2009; Pogge von Strandmann et al., 2015; Sorensen and Grossman, 1989).

Exhumed high-pressure terranes offer critical insights into the chemical interactions between
disparate lithologies in subduction zones (notably serpentinites, eclogites, and metasedimentary rocks) that
can produce complex reaction zones. However, accurate interpretation of such complex terranes requires
distinguishing the signatures of high-pressure metasomatic processes in subduction zones from reworking
and incomplete preservation during exhumation, and from inherited oceanic alteration prior to subduction

(Bebout, 2007). This task is often challenging as some of the same mineral assemblages can form in low-
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pressure oceanic and high-pressure subduction zone settings. For instance, hydrous mineral assemblages
containing chlorite = amphibole + serpentine % talc, which dominate the exhumed high-pressure
metasomatic rocks in Syros (Greece), Santa Catalina Island (USA), New Caledonia, and many other high-
pressure localities, also exist in low-pressure oceanic environments (Bach et al., 2004; Bebout and Barton,
2002; Boschi et al., 2006; Miller et al., 2009; Paulick et al., 2006; Spandler et al., 2008). This makes it
difficult to determine the conditions and tectonic setting of mass transfer recorded by exhumed high-
pressure terranes and adds uncertainty to the quantification of mass transfer in subduction zones.
Importantly, as metasomatic interactions can occur at forearc to subarc depths, they are believed to
profoundly influence arc magmatism and seismicity of the subducted slabs (Abers et al., 2006; Angiboust
et al., 2012; Kirby et al., 2013; Marschall and Schumacher, 2012). Such metasomatic processes, though
hidden from sight, are likely to be operational and pervasive at depth.

This study employs a multi-pronged approach to assess mass transfer between mafic and ultramafic
rocks in subduction zones, using the high-pressure Voltri Massif (Ligurian Alps, Italy) as a natural
laboratory. To that end, we integrate petrography, bulk-rock and mineral chemistry, radiogenic Sr isotopes,
and petrophysical properties, with thermodynamic phase equilibria and reaction-path modeling to constrain
how, where, and when metasomatism occurred. We demonstrate that fluid-mediated mass transfer was
dominated by Mg from serpentinite to metagabbro at high-pressure, which lead to substantial mineralogical,
chemical, and petrophysical changes. We discuss the geological implications of metasomatism for
subduction environments where mafic and ultramafic rocks are juxtaposed, such as the slab-mantle

interface, the mantle wedge, and within the subducting slab.

1.1 Geological background

Located in the Ligurian Alps of Italy, the Voltri Massif is composed of distinct tectonic slices of
meta-ophiolitic rocks, oceanic metasediments, continent-derived plutonic rocks and metasediments, and
oceanic mantle of subcontinental lithospheric origin. The whole massif records a complex tectonic history.
The metamorphosed materials represent slivers of ocean floor formed during seafloor spreading in the
former Liguro-Piedmont ocean in the Late Jurassic. This ocean floor was later subducted during the
convergence of Europe and Adria in the Early Cretaceous about 25 Ma after cessation of the oceanic
spreading (Hunziker, 1974) to reach peak eclogite-facies conditions, and locally these lithologies
experienced subsequent minor greenschist-facies overprint during exhumation (Federico et al., 2007, 2005;
Malatesta et al., 2012a; Messiga and Scambelluri, 1991; Rampone and Hofmann, 2012; Vignaroli et al.,
2005). However, diverging views of the tectonic origins of rocks exposed in the Voltri Massif prevail in

the literature. The presence of rodingites embedded within serpentines was interpreted to indicate pre-
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subduction metasomatism of mafic oceanic crust (Piccardo, 2013; Scambelluri and Rampone, 1999).
Accordingly, the structural, stratigraphic, and compositional relationships observed in the Voltri Massif
were, to some extent, inherited signatures on the seafloor prior to subduction. However, additional alteration
and mass transfer at high-pressure conditions were noted for some of the tectonic units in the Western Alps
(e.g., Monviso Unit, the Cascine Parasi mélange of the Voltri Massif) on the basis of petrologic, field
structural, and thermobarometric evidence (Federico et al., 2015; Guillot et al., 2009; Malatesta et al.,
2012a). For instance, structural aspects (i.e. block-in-matrix facies of metacrustal blocks within serpentinite
domains) and heterogeneous peak metamorphic conditions recorded by different meta-crustal blocks within
the massif led Malatesta et al. (2012) to suggest that the Voltri could be an exhumed sliver of a “fossil”
serpentinite subduction channel mélange at the slab-mantle interface (Gerya and Stdckhert, 2006; Gerya
and Yuen, 2003). The hydrous mineral assemblages (e.g., chlorite, Ca-amphibole, epidote) sandwiched in
between eclogites and serpentinites were proposed to have formed during the blueschist- to greenschist-
facies retrograde exhumation (Federico et al., 2007; Malatesta et al., 2012a). A recent study investigated
the P-T-time evolution and bulk Sm-Nd garnet ages of different high-pressure (HP) mafic rocks in the
Voltri Massif to determine whether these mafic rocks were indeed exhumed as blocks within a chaotic
mélange or as coherent sections of oceanic lithosphere (Starr et al., 2020). Different from previous studies
(e.g., Federico et al., 2007; Malatesta et al., 2012), it was suggested that a significant portion of the Voltri
Massif was exhumed as large kilometric-scale coherent sections of ultramafic and mafic slab material
(Cannao et al., 2016; Smye et al., 2021; Starr et al., 2020). A more detailed assessment of the structural
aspects of the entire Voltri Massif is discussed elsewhere (Federico et al., 2015, 2007; Malatesta et al.,
2012a).

Our study focuses on the Voltri Massif, which is mainly composed of eclogite-facies metagabbro,
metabasalt and metasediment enclosed in highly schistose serpentinites. The Voltri metagabbro crops out
as meter-scale blocks mostly derived from precursor Fe-Ti gabbros surrounded by highly schistose
serpentinites and chlorite schists. Metagabbro derived from Fe-Ti gabbros show higher garnet modal
abundance compared with Mg-Al gabbro derivatives. A late stage retrograde greenschist facies assemblage
(chlorite + actinolite + albite + quartz) partially replaced the eclogite-facies assemblage (Malatesta et al.,
2012a; Vignaroli et al., 2005). Previous studies of high-pressure serpentinite at Voltri have documented a
foliation in serpentinite that is generally parallel to the garnet-pyroxene foliation observed in adjacent
eclogitic blocks (Cannao et al., 2016; Federico et al., 2007; Haws et al., 2021; Malatesta et al., 2012a).
Furthermore, a range of prograde to peak metamorphic conditions from 1.8-2.4 GPa and 500-600 °C
occurring at ~50-33 Ma, followed by partial retrogression through blueschist- (~1.2 GPa and 550 °C) and
greenschist-facies conditions (~0.8 GPa and 480 °C) occurring at ~34-24 Ma have been proposed for the
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Voltri Massif metagabbros (Messiga et al., 1983; Messiga and Scambelluri, 1991; Smye et al., 2021, 2021;
Starr et al., 2020; Vignaroli et al., 2005).

2 Materials and Methods

We sampled a transect across metasomatic reaction zones between juxtaposed serpentinite and
eclogite-facies metagabbro (Figure 1a). This transect represents a traverse across a single, continuous
metagabbro block into the surrounding serpentinite (N 44.478, E 8.599, 630 m above sea level; Figure. S1).
There is no field evidence for multiple dismembered metacrustal blocks in the sampled transect. The timing
of peak metamorphism of the eclogitic metagabbro block sampled in this study was previously constrained
at ~40 Ma using Sm-Nd garnet geochronology (metagabbro block 3; Starr et al., 2020). A total of 22 discrete
samples were collected using a diamond-tipped rock drill, covering > 3 m on the serpentinite side and ~1
m on the eclogitic metagabbro side relative to the original lithologic contact. Serpentinite and eclogitic
metagabbro samples farthest away from the contact were chosen to represent rocks that are presumably the
least affected by mass transfer processes. Caution was implemented during the selection of rocks to avoid
weathered surfaces. Samples were classified into five zones based largely on mineralogy as follows: Zone
I (samples V17-X808B14 to B22), Zone Il (samples V17-X808B12 and V17-X808B13), Zone Il (samples
V17-X808B01 to B03), Zone IV (samples V17-X808B04 to V17-X808B08) and Zone V (samples V17-
X808B09 and VV17-X808B10). Henceforth, these samples will be referred to as e.g., ‘B01” for sample V17-
X808B01, etc. In the field, serpentinite (Zone 1) is separated from metagabbro (Zones 11-V) by a sharp
lithologic contact that can be traced laterally along the stretch of the outcrop. Zone Il is distinguished in the
field by its flaky appearance and is mainly composed of amphibole and chlorite with a foliation that is more
apparent than in Zones 111 to V. The transitions between metasomatic reaction zones in the metagabbro are
gradational, and distinguished primarily based on mineralogy (Figure la). Samples were inspected in
transmitted and reflected light using a Zeiss Axiolmager 2 microscope, with mineral identification and
abundance estimates complemented by scanning electron microscopy (SEM), confocal Raman
spectroscopy, electron microprobe analysis (EPMA), and thermogravimetric analysis (TGA). Loss on
ignition of bulk rock samples were also determined using TGA (see supplementary material).

We performed equilibrium thermodynamic modeling of representative bulk compositions coupled
with garnet isopleth modelling to provide constraints on the pressure and temperature conditions of mass
transfer. Pseudosections were computed using the program Perple_X (version 6.9.0; Connolly, 2009) and
the internally consistent dataset (version 5.5) of Holland and Powell (1998) in the MnO-Na,O-CaO-FeO-
MgO-Al;03-Si0,-H,0-Ti0,-O; (MNNCFMASHTO) chemical system. Thermodynamic reaction-path
models were developed using the EQ3/6 software package (Wolery, 1992) and the Deep Earth Water
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(DEW) Model (Huang and Sverjensky, 2019; Sverjensky, 2019; Sverjensky et al., 2014) database to aid in
the interpretation of fluid-rock interactions. In particular, we used reaction-path modelling to further assess
the alteration history and concomitant mineralogical changes during a fluid-mediated reaction between
hydrated ultramafic (serpentinites) and metamorphosed crustal rocks (metagabbro) at subduction-zone
conditions guided by P-T constraints from equilibrium pseudosection and garnet isopleth models. Results
of reaction-path models were compared to the sequence of mineral assemblages from petrographic
observations. Detailed descriptions of the analytical techniques and the setup for thermodynamic phase
equilibria and reaction-path modelling are provided in the supplementary material (Codillo, 2022).

3 Results

The mineral modal abundances, spatial distributions, and bulk petrophysical properties of the
metasomatic reaction zones between the serpentinite and eclogitic metagabbro are shown in Figure 1 and
reported along with bulk-rock major and trace-element concentrations, 8 Sr/%Sr isotope ratios, and bulk-
rock Fe(lll) /Fer in the supplementary table. Note that the full extent of the reaction zone highlighted was
not immediately apparent in the field. Based on petrographic and spectroscopic characterization, coupled
with mineral chemical data and TGA-DSC measurements, we distinguish Zone | (antigorite + magnetite
serpentinite), Zone Il (chlorite + Ca-amphibole-rich metagabbro), Zone 11 (chlorite-rich metagabbro), Zone
IV (epidote + Na-Ca amphibole-rich metagabbro), and Zone V (eclogitic metagabbro). The sharp lithologic-
tectonic contact that separates the serpentinites and metagabbro is located in between Zones | and Il. Zones
Il to IV consist of variably altered metagabbro with distinct mineralogical assemblages, sandwiched in
between serpentinite (Zone 1) and distal eclogitic metagabbro (Zone V). Consistent with previous findings
(Cannao et al., 2016; Haws et al., 2021; Malatesta et al., 2012a), the foliation in serpentinite is generally
parallel to the foliation in the adjacent metagabbro block. A detailed assessment of the foliation and

deformation processes in this transect is beyond the scope of this study.

3.1 Petrography

Zone | consists of highly deformed and foliated serpentinite that is similar to the mylonitic
serpentinite that was studied by Cannao et al. (2016). Samples of Zone | were collected from both the
proximal and distal ends to the contact. Thin section petrography, Raman, SEM, and TGA-DSC analyses
revealed nearly monomineralic serpentine (antigorite), in addition to traces of talc, magnetite, and relict
chromite (Figure 2a; Figure S3). These minerals chiefly occur in non-pseudomorphic textures, whereas

pseudomorphic mesh and bastite textures after olivine and pyroxene are rare and limited to undeformed
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serpentinite domains (see Cannao et al., 2016). Olivine and pyroxene are completely altered to serpentine
with minor talc localized near the magnetite. Some accessory magnetite grains show alteration to iron oxy-
hydroxide as identified by EPMA. We did not observe any systematic increase in the modal proportions of
talc and magnetite towards the contact. Brucite was not detected in any sample using TGA-DSC or Raman
spectroscopy (Klein et al., 2020). A subset of serpentinite samples that were collected farthest from the
field contact reveal pseudomorphic textures, suggestive of serpentinization under static conditions.
Antigorite was identified as the sole serpentine phase based on its characteristic Raman spectrum (Groppo
et al., 2006; Petriglieri et al., 2015). Neither chrysotile nor lizardite were found in the samples (Figure S4).

Zone Il is dominated by Ca-amphibole with subordinate chlorite intergrown with euhedral ilmenite.
Calcic amphibole occurs as long prismatic grains embedded within a chlorite-rich matrix. llmenite is
mantled by titanite. Rutile and magnetite are accessory phases in this zone (Figure 2b; Figures S2,4)

Zone 11l is mainly composed of chlorite, prismatic Ca-amphibole, clinopyroxene, and opaque
minerals. Clinopyroxene cores are omphacitic and show an exsolution texture as well as variable
replacement by chlorite whereas rims are diopsidic in composition. Rare garnet occurs as anhedral grains
within a chlorite matrix and as inclusions in epidote and Ca-amphibole (close to the Zone IV contact, e.g.,
samples B03 and B04). As in Zone I, ilmenite is mantled by titanite. Rutile is an accessory phase in this
zone (Figure 2c-e; Figures S1,3).

Zone 1V is characterized by a range of mineral assemblages that change in composition with
distance from the contact. Samples closest to Zone V are characterized by garnet, omphacitic and diopsidic
clinopyroxene, Na-Ca amphibole, ilmenite, rutile and titanite, minor albite, white mica, and quartz (Figure
2f-h). The modal abundances of diopsidic clinopyroxene, epidote, and Ca-amphibole in Zone IV increase
towards the contact. Subdomains consist of 1) epidote + diopsidic clinopyroxene, albite, quartz, minor
garnet, and localized veinlets of Na-Ca amphibole or 2) abundant garnet, along with minor epidote and Na-
amphibole. Samples that are more proximal to the contact are dominated by epidote, diopsidic
clinopyroxene, Ca-amphibole, and garnet with minor replacement by chlorite. Garnet contains Na-
amphibole, clinopyroxene, white mica, ilmenite and rutile inclusions that were identified either
petrographically or using confocal Raman spectroscopy (Figures S2,4). Interlocking grains of ilmenite and
rutile that are mantled by titanite are present throughout Zone IV.

Zone V, collected farthest from the field contact, represents the least altered metagabbro and is
dominated by garnet, omphacitic clinopyroxene, Na-Ca amphibole, Ti-rich phases (i.e. ilmenite, rutile,
titanite), minor diopsidic clinopyroxene, epidote, albite, and accessory sulfide (pyrite) (Figure 2i-k; Figures
S2,4). Similar to Zone 1V, the opaque assemblage also shows interlocking grains of ilmenite and rutile that
are mantled by titanite (Figure 2l). Garnet contains Na-Ca amphibole, clinopyroxene, epidote and

paragonite (inferred to be pseudomorphic after lawsonite; Figure S5) and rutile inclusions that were
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identified using confocal Raman spectroscopy. In comparison with Zones Il and IV, garnet in samples in

Zone V showed the least extensive replacement by chlorite.

3.2 Mineral chemistry variations

Average major element compositions of the major minerals in each zone are summarized in the
supplementary table. Clinopyroxene is found in Zones Il to V, and its composition varies systematically,
especially in Zones Il to IVV. The major element compositions of the primary omphacitic clinopyroxene in
Zones II-1V are variable, with Mg# [=molar Mg/(Mg+Fe)] ranging from ~0.5-0.7, while the secondary
diopsidic clinopyroxene mantling the omphacitic clinopyroxene in Zones Il and Il shows a systematic
increase in Mg# (0.72-0.81), along with CaO, MgO, and a decrease in Al,O3 contents, towards the contact
(Figure 3b). Omphacitic clinopyroxene cores across the different zones are variably altered to diopsidic
compositions (i.e. higher Ca and lower Na contents) and show patchy, um-scale chlorite alteration (Figure
2i).

Garnet across the different zones displays systematic changes in core-to-rim compaositions with
distance to the lithologic contact (Figure 4, Figure S6). Euhedral to subhedral garnet (~1 mm average
diameter in B09 and B10) in Zone V displays systematic decrease in MnO contents from core (> 5 wt. %)
to rim (< 0.5 wt. %) at relatively constant and low CaO contents (< 8 wt. %). Garnet in sample BO8 (~0.5
mm average diameter, Zone V) shows compositional characteristics similar to garnet in Zone V with
concentric Mn-growth zoning (i.e. decreasing Mn from core to rim) and low and constant CaO contents
(Figure 4e,f). Garnet in sample BO7 (~0.5 mm average diameter, Zone 1V) also displays the same Mn-
growth zoning and fairly low CaO contents. However, the garnet rims in sample B07 display slight
enrichment in CaO contents (> 8 wt. %) relative to more distal samples (Figure 4g,h). The more proximal
garnet in B0O6 (~0.4 mm average diameter, Zone V) displays similar core-to-rim MnO zoning to the more
distal samples but with distinctly opposite core-to-rim CaO trends. In particular, the cores of garnet in B06
have CaO contents similar to the garnet from more distal samples (~8 wt. %) but their rims systematically
increase to up to ~12 wt. % CaO. Garnet in Zones IV and V has decreasing almandine contents and
increasing pyrope contents from core (average of AlmzPrpsSpsioGrsis) to rim (average of
Alm74Prp1oSps:Grsis). Samples in Zone 1V that are more proximal to the contact have garnet that, on
average, have lower almandine and higher grossular contents than more distal ones (Figure 3a). In addition,
the core-to-rim variations in these proximal garnets show increasing grossular and decreasing spessartine
contents from core (AlmessPrp;Spsi2Grsz2) to rim (AlmesPrpsSpssGrssz). Garnet in samples more proximal
to the contact, i.e. Zone Ill, are anhedral and pervasively resorbed and replaced by chlorite. This makes it

difficult to determine whether the measured grain represents the core or rim. For this purpose, we assumed
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that the rim would have the highest CaO content following the observed systematic trend from the closest
garnets in Zone IV (B06 and B07). Garnets in Zone Il are grossular-rich (Alms:PrpsSpssGrszs core to
AlmagPrpsSpssGrsass rim), with CaO content exceeding the core-to-rim range of garnets from the more distal
Zones IV and V. For instance, the compositions of anhedral garnet included within euhedral epidote
(AlmagPrpsSpsaGrsss) and calcic amphibole (AlmsoPrpsSpsaGrsas,) are grossular-rich. The MnO contents of
Zone |1l garnets remain within range of garnet compositions from Zones IV and V, with MnO contents
plotting closer to the rim compositions of garnets from Zones IV and V (Figure 4i,j).

Amphiboles show a wide range of compositions, ranging from sodic to calcic. The MgO and CaO
contents of amphiboles generally increase towards the contact. Following the classification of Hawthorne
etal. (2012), Zones V and IV contain a wide variety of amphiboles belonging to the Na-Ca group (e.g.,
winchite, ferri-winchite, barroisite, and katophorite) and the calcic group (e.g., pargasite, actinolite,
magnesio-ferri-hornblende, and magnesio-hornblende). Representative core-to-rim compositions of a
subset show Na-Ca amphibole (winchite, katophorite) mantled by Ca-rich amphibole (mainly pargasite) in
these zones. Zones Il and 111, which are the closest to the field contact, show less variability in composition
compared to Zones IV and V. These zones contain dominantly Ca-rich amphibole, such as hastingsite,
actinolite, and tremolite (Figure 3c).

The composition of chlorite (clinochlore) in Zones Il and 111 shows a systematic increase in Mg
and Si contents towards the contact (Figure 3b). The Mg# varies from 0.60 to 0.86, with higher values
towards the contact. Such compositional variations reflect the combined Fe—Mg exchange between the Mg-
endmember clinochlore and the Fe-endmember daphnite, and Tschermak’s substitution between daphnite,
clinochlore and amesite

Epidote comprises a dominant fraction of the mineral assemblage in Zone IV. Its composition
varies within Zone 1V, with generally higher Si (2.98-3.01 atoms per formula unit or a.p.f.u.) for samples
farther from the contact to lower Si (2.91-2.95 a.p.f.u.) in samples closer to the contact. The calculated
Fe(I11) contents show a systematic increase towards the contact, from 0.20 to 0.89 a.p.f.u.

Antigorite is chemically homogenous in Zone | (34.1 wt. % MgO, 41.5 wt. % SiO,, 8.6-8.8 wt. %
FeO*, ~2.0 wt. % Al,Os), with a Mg# of 0.87 and has ~13 wt. % of structurally-bound water. Talc in Zone
I also shows a homogenous composition (28.8 wt. % MgO, ~62.0 wt. % SiO,, 2.5-2.7 wt. % FeO), with
Mg# of 0.95 and has ~6 wt. % of structurally bound water.

Albite of near endmember composition is a minor phase and is generally found with epidote and
diopsidic clinopyroxene in Zone IV. limenite in Zones Il and 111 shows variations in composition (49-51
wt. % TiO2, 41.5-47.5 wt. % FeO, 0.4-1.7 wt. % MgO), with notable increases in Mg and decreases in Mn

contents from Zone 11 to 1l. Titanite in Zones Il and Il shows a homogenous and near-stoichiometric
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composition (37-39 wt. % TiO2, ~30 wt. % SiO,, and ~ 28 wt. % Ca0). Accessory phases such as apatite

and pyrite are observed in different zones but their compositions are not examined in this study.

3.3 Bulk-rock major element compositional variation

Systematic chemical changes are observed across the serpentinite-metagabbro transect (Figure 5).
On a volatile-free basis, the MgO concentration is highest in serpentinite (Zone 1) and gradually decreases
towards Zone V. The CaO concentration is lowest in the serpentinite and highest in the metagabbro of Zone
IV, but decreases towards Zone V. The concentration of SiO. shows limited variation in Zones I, IV and V
but is lower in 111, except for one sample in Zone Il. The concentration of Al>Os is mainly elevated in Zone
111 relative to the adjacent zones. The loss on ignition (LOI; taken as bulk H,O) and MgO/SiO- show similar
enrichment and depletion trends, which reflects the relative abundance of Ca-amphibole and chlorite in
Zones Il and I11. The bulk-rock Fe(l11)/Fer display elevated ratios in Zone Il-1V relative to V, with highest
values in IV (Figure 5d). The modal mineralogy and major element compositions (and associated modal

mineralogy) of the two samples in Zone V are generally similar, except for differences in Al;Os.

3.4 Bulk-rock trace element compositional and Sr isotopic variation

The rare earth element (REE) concentrations show systematic across-transect trends and a
decoupling between light (L-) and heavy (H-) REE (Figure 6a). The LREE concentrations are lowest in
serpentinite and are generally elevated in metagabbro in Zones 1l to V, reaching their highest concentrations
in Zone 1V. Enrichments in fluid-mobile elements (e.g., Cs, Sr, Pb, Rb, Ba) are also observed in the samples
with the highest LREE enrichments in Zone IV (Figure 6c). On the other hand, HREE concentrations are
lowest in Zone I, but only gradually increase to roughly steady concentrations from Zones 11 to V. The peak
enrichments in HREE are observed in Zone 111, adjacent to the LREE-enriched Zone 1V samples. Nickel
and Cr show a gradual decrease from high concentrations in Zone | to Zones IV and V while Sc shows a
step-wise function separating Zone | from Zones I1-V (Figure 6b).

Primitive Mantle-normalized REE patterns of serpentinite vary little among the analyzed samples,
and display a slight increase from La to Lu. In comparison, metagabbro in Zone Il show similar primitive
mantle-normalized abundances for LREE and Th, but with higher Sr and HREE relative to serpentinite.
Metagabbro of Zone I11 is more enriched in REE, but is slightly depleted in fluid-mobile elements compared
to Zone 1. The metagabbros of Zone 1V display the highest concentrations in LREE, Sr, and Pb among the
measured samples. Metagabbros of Zone V have similar flat HREE patterns as in Zone 1V, but are strongly
depleted in LREE (relative to HREE), Sr, and Pb (Figure 7). The (La/Sm)x ratio (N, normalized to Primitive
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Mantle) of serpentinite systematically increases towards the contact. Similarly, the (La/Sm)y increases
towards the contact from Zone V to Zone Il within the metagabbro side. Both metagabbro samples in Zone
I have lower values of (La/Sm)y than the adjacent zones (Figure S7). The two samples from Zone V display
similar primitive mantle-normalized trace element patterns expect for Zr, Hf, Nb, and Ta.

The age-corrected (40 Ma from Starr et al., 2020) bulk-rock 8’Sr/®¢Sr isotope ratio of serpentinite
is 0.7083 + 0.0004 (average + 1 SD). Metagabbro in Zones Il to V displays a constant 8’Sr/®¢Sr isotope ratio
0f 0.7037 = 0.0001. This distribution reflects a step-function from the more radiogenic Sr in the serpentinite
of Zone | to the less radiogenic Sr in Zones Il to V (Figure 6d). The bulk-rock Sr concentration mirrors the
bulk-rock CaO trend, with the highest values in Zone IV, the lowest in Zone 1, and intermediate and roughly
similar values across Zones Il, 111, and V.

3.5 Density and magnetic susceptibility

Variations in the mineralogy and bulk-rock chemistry are reflected in their bulk density and
magnetic susceptibility. Across-transect variations between the serpentinite and metagabbro (Figure 1c)
show that the density systematically decreases from the distal eclogite (p = 3.6 g/cm® in Zone V) towards
the distal serpentinite (p = 2.6 g/cm® in Zone 1) through the reaction zones Il, 11l and IV, with values
intermediate between Zones | and V. Zone IV has an average bulk density of ~3.5 g/cm?® while Zones II
and 111 have densities of 3.0 g/cm®. The magnetic susceptibilities are low and near-constant for metagabbro
of Zones IV and V (15.3-42.8 SI x107) relative to high values in Zone 111 (238-375 SI x10°). Serpentinite
of Zone | and metagabbro of Zone Il have low and near-constant magnetic susceptibility values (11.0-134
X107 SI) comparable to Zones IV and V. For comparison, the bulk magnetic susceptibility reported for

oceanic serpentinites can reach up to 12 x10 Sl (Klein et al., 2014).

3.6 Pressure-temperature constraints

Thermodynamic phase equilibria were calculated in order to constrain the metamorphic P-T
evolution of the Voltri metagabbro and the relative timing of mass transfer. Pseudosection modeling of the
whole rock composition, coupled with garnet crystal core chemical isopleths, allows for the calculation of
the P-T conditions of garnet growth initiation while pseudosection modeling of the matrix (fractionated
whole rock) compositions, coupled with garnet crystal rim chemical isopleths, allows for the calculation of
the peak to post-peak P-T conditions. Moreover, pseudosection modeling of the stable mineral assemblage
using the whole rock compositions of the most reacted samples allows for calculation of the P-T conditions

during the final stages of element mass transfer along the sample transect. In these samples, there are no
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porphyroblastic phases, like garnet, that would significantly fractionate elements, thereby changing the
effective whole rock compositions. For all pseudosection results presented below, uncertainties in pressure
and temperature estimates are regarded to be on the order of [1110.1 GPaand [ 40 [IC (Palin et al., 2016).

The results of the phase equilibria modeling for sample B10 (Zone V) are shown in Figure 8 and
the results of modeling for representative bulk compositions of Zones Il-1V are shown in Figure 9. Garnet
crystal core growth is calculated to have occurred in the mineral assemblage field garnet + omphacite +
chlorite + lawsonite + rutile (1 quartz). This calculated assemblage is broadly consistent with the
petrographic observations of garnet cores containing inclusions of omphacite, lawsonite pseudomorphs and
rutile. Garnet crystal rim growth is calculated to have occurred in the mineral assemblage field garnet +
omphacite + amphibole + chlorite + rutile (I ! talc). This is consistent with the observations of Na-amphibole
inclusions within garnet and Na-Ca amphibole and chlorite in the matrix. While talc is calculated to have
been stable during the growth of garnet rims, it is neither found as inclusions in garnet nor as a matrix phase.
However, the calculated abundance of talc is < 0.1 vol. %, and is thus deemed negligible. Calculated P-T
conditions for initial growth of garnet in sample B10, constrained by garnet core isopleth intersections and
agreement between observed inclusion assemblages and calculated assemblages, are ~2.2 GPa and 430 [ 'C.
Calculated P-T conditions for garnet rim growth are ~2.5 GPa and ~520 [IC (Figure 8). This is further
defined as the peak P-T condition for the samples of interest.

Garnet core growth for sample B06 (Zone 1V) is calculated to have occurred in the mineral field
assemblage garnet + omphacite + chlorite + lawsonite + ilmenite + rutile (L talc). This is broadly consistent
with the observed garnet core inclusions, including omphacite, epidote + paragonite (inferred to be
pseudomorphic after lawsonite), ilmenite and rutile. As above, the calculated abundance of talc was deemed
negligible. Garnet rim growth in sample BO6 is calculated to have occurred in the mineral field assemblage
garnet + omphacite + chlorite + lawsonite + epidote + ilmenite + rutile (L) amphibole). This is consistent
with observed garnet inclusions of omphacite, Na-amphibole, lawsonite pseudomorphs (epidote + white
mica), ilmenite and rutile. Calculated P-T conditions for initial growth of garnet in sample B06 are ~2.4
GPa and 470 [ 'C. Calculated P-T conditions for garnet rim growth are ~1.8 GPa and ~500 [ |C (Figure 9d).
Modeling of the stable mineral assemblage using the matrix composition for sample B06 highlights partial
re-equilibration at lower pressure. This is consistent with the presence of titanite rims around ilmenite and
rutile, with a calculated maximum pressure (for the mineral assemblage omphacite + amphibole + chlorite
+ epidote + ilmenite + titanite) of ~0.8-0.9 GPa at ~475 [1C (Figure 9e). With this estimate, we assume
relatively isothermal decompression after attainment of peak P-T conditions, consistent with previous
constraints (Malatesta et al., 2012a). In this portion of the phase diagram, the titanite-in reaction line has a
negative dP/dT, and thus any early cooling upon decompression would result in traversing the reaction line

at higher pressure. It should be noted, however, that the bulk rock Fe(lll)/Fer exerts a significant control
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on the stability of Ti-bearing phases (Diener and Powell, 2010), and thus the maximum pressure at which
titanite is stable may vary. For both samples B10 (Zone V) and B06 (Zone V), a) the intersections of the
garnet core compositional isopleths are situated up to 100 °C and from 0.4-1.0 GPa above the initial
stability of garnet (see Figures 8 and 9d), and b) the estimated volume abundance of garnet at these points
is ~2 vol. % and ~5 vol. %, respectively. The implications of these calculations will be discussed below
(see section 4.4). However, it should be noted that model observations such as these have been attributed
to either kinetic limitations to mineral growth (Carlson et al., 2015) or inaccuracies in bulk rock
composition.

Phase equilibria modeling of sample BO1 (Zone I11), combined with a comparison of observed and
calculated mineral assemblages, allows for the calculation of the P-T conditions during the final stages of
metamorphism. This is motivated by the clear textural relationship of garnet replacement by chlorite which
suggest that BO1 last equilibrated at P-T conditions post eclogite-facies metamorphism. At the peak P-T
conditions of ~2.5 GPa and ~520 IC, the calculated stable mineral assemblage is clinopyroxene + chlorite
+ talc + ilmenite + rutile. Comparisons between petrographic observations and calculated phase equilibria
are suggestive of partial re-equilibration during decompression. These include a) the absence of talc in the
observed stable mineral assemblage, b) blueschist-facies overprinting represented by the growth of Na-Ca
amphibole at the expense of clinopyroxene at pressures below ~2.3 GPa (note the appearance of cpx grains
in Figure 2f,g,i), and c) the presence of titanite mantling ilmenite throughout sample BO1 (Figure 2c¢). The
observed mineral assemblage clinopyroxene + amphibole + chlorite + ilmenite + titanite is calculated to
occur at a maximum pressure of ~1.6 GPa at 500 [IC. The appearance of magnetite, observed
petrographically to be a late-stage phase, is calculated to be stable at pressures below ~0.7 GPa at 450-475

'C (Figure 8b). This is interpreted to record final equilibration associated with the early stages of
exhumation and thus may help further constrain the retrograde metamorphic pressure-temperature history.

Sample B13 in Zone Il represents one of the most strongly metasomatized bulk compositions along
the transect. The calculated stable mineral assemblage at the peak P-T conditions is clinopyroxene + chlorite
+ talc + ilmenite (['1 antigorite). Similar to sample BO1 in Zone 111, Ca-amphibole is calculated to be stable
and form at the expense of clinopyroxene at pressures below ~2.3 GPa. Few other constraints on P-T
conditions can be made from these lithologies. As mentioned earlier, the presence of magnetite as an
accessory phase is calculated to be stable at pressures below ~0.6 GPa and temperatures below ~500 [1C
(Figure 9a).

In an attempt to calculate the P-T conditions of garnet growth in Zone Ill that experienced
significant Ca enrichment and to identify the relative timing of this enrichment, the bulk composition for
sample B0O3 was modeled (Figure 9c). Calculated garnet chemical isopleths were compared to measured

garnet core and rim compositions. The calculated stable mineral assemblage at the peak P-T conditions is
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garnet + clinopyroxene + chlorite + ilmenite + rutile. The calculated garnet composition at the peak P-T
condition is Alma2PrposSpsorGrsss. As noted earlier the observed compositions for garnet crystal core and
rim in sample B03 are Alms:PrpsSpsiGrszs and AlmagPrpsSpssGrsas, respectively. The calculated garnet
composition at the peak P-T condition provides a composition that is significantly more grossular-rich (and
almandine-poor) than observed. The significance of this discrepancy for the timing of mass transfer will be
discussed in section 4.4.

To summarize the results from phase equilibria modeling, Zones IV and V are inferred to record
the prograde to peak to post-peak P-T conditions for the metagabbro-serpentinite contact studied here. The
inferred peak P-T condition for this locality is ~2.5 GPa and 520 [ /C (Figure 9f). The similarity in the P-T
path recorded in Zones 1V and V suggests that the bulk compositions for these zones were established prior
to peak metamorphic conditions. This is further supported by textural equilibrium in Zones IV and V
(Figures 2g,j; Figure S2). The peak P-T constraints are also taken as a maximum P-T constraint for the
formation of Zones Il and 111 because of the clear petrographic relation of garnet being replaced by chlorite
in these zones. Pervasive, although minor, blueschist- and greenschist-facies overprinting has already been
inferred for lithologies across the Voltri Ophiolite (Starr et al., 2020). This is also evident in the studied
metagabbro-serpentinite contact by localized partial re-equilibration of Zones 11, 11l and IV. All samples
from zones Il to V contain Ti-bearing phases (i.e. rutile and ilmenite) that are mantled by titanite. Therefore,
the P-T condition of formation of these titanite rims serve as a lower limit for the formation of Zones Il and
111 (Figure 21). Based on these and previous constraints, we infer a clockwise P-T path, that exhibits a phase
of relatively isothermal decompression at ~500-520 [1C from the peak pressure of ~2.5 GPa down to ~1.0
GPa (Figure 9f). Lastly, these results are consistent with previous regional thermobarometric constraints
for the Voltri Massif (Malatesta et al., 2012a; Smye et al., 2021; Starr et al., 2020).

3.7 Reaction-path modeling

Reaction-path models were calculated to further constrain metasomatic reactions between
serpentinite and metagabbro. In our models, we first calculated the aqueous fluid composition and
equilibrium speciation controlled by a serpentinite assemblage composed of antigorite + clinopyroxene
(diopside) + magnetite * brucite, and tracked their activities as a function of temperature and pressure. We
did not model serpentinization of mantle peridotite at subduction zone conditions. Rather, we calculated
the composition of an aqueous fluid coexisting with, and buffered by a serpentinite assemblage. We present
the speciation of Mg, Si, and Ca, and their activities from 300-550 °C and 1.0-2.5 GPa (Figure 10). Note
that for the sake of clarity, we only report the two most abundant species of each of these elements.

However, we do not report the predicted activities for Fe and Al species which are all below 10°. Over the
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range of P-T conditions determined for the studied samples, Mg(OH)2q) is predicted to be the dominant
species followed by HiSiOaq) (i.e. SiOz@aq)and HsSiO4 in the fluid. The predicted activity of Mg(OH)2q)
increases with increasing temperature but generally decreases with increasing pressure. Conversely, the
activities of all Si species increase with increasing pressure while Ca species remain broadly unchanged.
The activities of Ca species are predicted to remain fairly constant as temperature increases and are three
orders of magnitude lower than the activity of Mg(OH).«q). Notably, the activities of Mg species are higher
while the activities of Si species are lower in fluids coexisting with a brucite-bearing serpentinite compared
to a brucite-free serpentinite at the same P-T conditions.

We then modeled the isobaric and isothermal metasomatism of gabbro by allowing it to react with
a fluid that was in equilibrium with serpentinite (Figure 11). We used the P-T constraints derived from the
pseudosection modeling (section 3.6) and predicted the fluid composition in equilibrium with a brucite-free
serpentinite consistent with petrographic observations. The model procedure was to titrate gabbro in small
increments into the fluid that previously equilibrated with serpentinite. The reaction path therefore portrays
a system that is initially fluid-dominated but that becomes increasingly rock-dominated as more metagabbro
is added. One could envision that this model represents local fluid—rock equilibria as fluid travels from
serpentinite into gabbro (Figure 11). The possibly large porosity and permeability contrasts between
serpentinite and metagabbro are likely to promote spatial variations in fluid fluxes and fluid-to-rock ratios
between metagabbro block interior and surrounding serpentinite, as suggested by numerical models (Ague,
2007). This modelling approach circumvents some potential complexities in investigating subduction zone
processes. For instance, our approach can simulate the reaction between a serpentinite-buffered fluid and
adjacent metagabbro regardless of whether the release of fluids during subduction is episodic or continuous
and whether the fluids are derived locally (i.e. from the breakdown of brucite in serpentinite) or externally
(i.e. other subducted hydrated lithologies) as long as the fluids are last equilibrated with serpentinite before
reacting with the metagabbro. In this study, we calculated two model series, one with gabbro and another
one with eclogite as reactants. The gabbro-fluid model explores the possibility that fluid-mediated mass
transfer occurred during prograde to peak metamorphism, modifying the bulk composition of each zone,
before reaching peak eclogite-facies metamorphism and post-peak retrograde conditions. In comparison,
the eclogite-fluid model explores the possibility that the fluid-mediated mass transfer only occurred at post-
peak eclogite-facies and retrograde conditions. Importantly, only the model that used gabbro predicts
mineral assemblages that are observed in the reaction zones (Figure 11). The model results for reaction with
eclogite are presented in the supplement. The serpentinite-equilibrated fluid, before reaction with gabbro
(indicated at the lowest & value, i.e. maximum f/r ratio), is predicted to be dominated by dissolved Mg in
all models, with subordinate dissolved Si, Ca, Al, and Fe. The models generally show similar mineral

assemblages between 450-550 °C. With decreasing f/r ratios over this temperature range, the predicted
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sequence of minerals formed is antigorite + clinopyroxene — serpentine + clinopyroxene + chlorite —
chlorite + clinopyroxene + tremolite — garnet + chlorite + clinopyroxene — epidote + chlorite +
clinopyroxene + garnet — chlorite + clinopyroxene + epidote + paragonite + plagioclase = quartz.
Magnetite is predicted to form in all simulations. The composition and oxygen fugacity (fO,) of the
coexisting fluid vary with increasing f/r. Over a range of modeled P-T conditions, the concentration of
dissolved Mg decreases, while dissolved Si increases with decreasing f/r ratio. The dissolved Al
concentration is most elevated at intermediate f/r ratios and is mirrored by depletions in Ca and Fe. The
predicted fO; at intermediate f/r ratios is decreased relative to that of the most rock-buffered system (f/r =
10) (Figure S8). Under these conditions, the predicted mineral assemblage is dominated by tremolite,
garnet, epidote, and paragonite.

The same general sequence of minerals is predicted with decreasing f/r ratio at higher pressures
(1.5-2.5 GPa) with some notable differences. With increasing pressure, tremolite becomes unstable
whereas epidote, paragonite, lawsonite, and talc become stable. These reaction-path model predictions are
consistent with our petrographic observation of epidote + paragonite found as inclusions within garnet.
Importantly, while we did not find lawsonite, paragonite and epidote could be retrograde replacement
products after lawsonite. Taken together, the reaction path models are consistent with metasomatism that
could have occurred over a range of P-T conditions from 450 to 550 °C and from 1.0 to 2.5 GPa.

The model results for the reaction of serpentinite-equilibrated fluid with eclogite are presented in
the supplement (Figure S9). Before reaction with eclogite, the composition of the fluid in equilibrium with
serpentinite is predicted to be dominated by dissolved Mg in all models, with subordinate dissolved Si, Ca,
Al, and Fe. With decreasing f/r ratios at 2.0 GPa and 450 °C during reaction, the predicted sequence of
minerals formed is antigorite + clinopyroxene — serpentine + clinopyroxene + chlorite — chlorite +
clinopyroxene + talc + orthopyroxene + quartz. At higher temperatures and similar pressure, garnet is
predicted instead of talc. Magnetite is present in all model results. Note that the predicted minerals talc and

orthopyroxene are not observed in Zones 11 to V.

4 Discussion

4.1 Constraints on the origins of serpentinite

Variably serpentinized ultramafic rocks are widespread along slow- and ultraslow-spreading mid-
ocean ridges, passive margins, and subduction zones (Deschamps et al., 2013; Kodolanyi et al., 2012). To
assess whether the Voltri serpentinites originally formed in an oceanic setting or in a subduction zone, we

compare the measured trace element compositions and the 8’Sr/%Sr isotope ratios with those of serpentinites
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from different tectonic settings, along with representative compositions of seafloor hydrothermal fluids and
seawater. The generally smooth and flat chondrite-normalized REE patterns of the Voltri serpentinites are
similar to those of mantle rocks that experienced limited degrees of melting (Figure 12a). The elevated
LREE/HREE ratios (e.g., La/Yb = 0.52-1.02) relative to the depleted MORB mantle (DMM = 0.53;
Workman and Hart, 2005) are comparable to refertilized mantle impregnated by MORB melts in oceanic
or in extensional settings (Deschamps et al., 2013; Kodolanyi et al., 2012; Paulick et al., 2006; Rampone
and Hofmann, 2012; Scambelluri et al., 2019). However, aqueous alteration of ultramafic rocks can impart
significant changes in REE compositions (Klein et al., 2017; Paulick et al., 2006). Ocean-floor peridotites
from passive margins and mid-ocean ridge settings are typically extensively to completely altered by
seawater-derived hydrothermal fluids. While seawater shows fairly low REE abundances and a
characteristic depletion in Ce relative to La (Elderfield and Greaves, 1982) (Figure 12a), high-temperature
hydrothermal fluids are enriched in Eu and can impart a positive Eu anomaly on serpentinized peridotites
(Douville et al., 2002; Paulick et al., 2006). The Voltri serpentinites lack strong positive Eu and negative
Ce anomalies that would otherwise suggest reaction and equilibration with either black-smoker-type
hydrothermal fluids or seawater, respectively (Cooperdock et al., 2018; Deschamps et al., 2013; Spandler
et al., 2008), which also coincides with the low fluid-mobile element contents in the studied serpentinites.
It is possible that such anomalies were obliterated or modified by subsequent metasomatism during
subduction and exhumation; however, the absence of negative Ce anomalies and the presence of slightly
negative Eu anomalies observed in most Voltri serpentinites calls for an open-system interaction of mantle
rocks with relatively reducing aqueous fluids (German and Elderfield, 1990; Tostevin et al., 2016; Vitale
Brovarone et al., 2020).

The radiogenic 8’Sr/%éSr composition of the Voltri serpentinite (0.7083) cannot be explained by
serpentinization of peridotite by less radiogenic Jurassic seawater (8Sr/%Sr = 0.707) (Jones et al., 1994)
(Figure 6d). Rather, it requires subsequent modification by another fluid that carried more radiogenic,
crustal-derived Sr before or during subduction. Cannad et al. (2016) examined the geochemistry of
subducted, undeformed (static) and mylonitic serpentinites in the Voltri Massif. The more radiogenic Sr-
isotope characteristics of mylonitic serpentinite were attributed to interaction with fluids derived from a
sedimentary or crustal reservoir during the early stages of burial along the subduction interface. The
chondrite-normalized REE compositions of our studied serpentinite resemble the mylonitic serpentinite but
are distinct from the undeformed serpentinite domains in terms of LREE (Cannao et al., 2016). Even though
un-subducted oceanic serpentinites in the neighboring Northern Apennine Ophiolite (Italy) were reported
to show similarly radiogenic Sr-isotope ratios (8'Sr/%Sr = 0.70337 to 0.7086; Schwarzenbach et al., 2021),

we favor the interpretation where the Sr isotope composition of our studied serpentinite was obtained during
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subduction in lieu of the textural and geochemical similarities with the mylonitic serpentinite studied by
Cannao et al. (2016).

The magnetic susceptibilities of Voltri serpentinite is fairly low, and comparable to serpentinite
formed at low temperatures (< 200 °C) at the Iberian Margin (Klein et al., 2017, 2014). However, the bulk-
rock Fe(ll)/Fer values of the Voltri serpentinite (Fe(ll11)/Fer ~0.3; Figure 5d) are significantly lower than
in completely serpentinized oceanic peridotites ( Fe(l11)/Fer > 0.84; Klein et al., 2014, 2009). Similar trends
in Alpine serpentinites have been attributed to the reduction of ferric to ferrous iron during prograde
metamorphism of lizardite and chrysotile to antigorite and the destabilization of magnetite (Debret et al.,
2016, 2014). In Alpine serpentinites, it has been suggested that ferric iron can be reduced to ferrous iron
while magnetite is destabilized during prograde metamorphism (Debret et al., 2016, 2014); however, recent
studies call this inference into question as Alpine serpentinites have experienced distinctly different
metamorphic conditions and their protolith compositions remain incompletely understood (Evans and Frost,
2021). It remains unclear whether the serpentinite studied here originally contained magnetite that
destabilized during metamorphism or if oceanic serpentinization did not produce significant magnetite to
begin with. If the REE patterns were not significantly modified during subduction, the lack of an Eu
anomaly associated with high-temperature ridge crest hydrothermal fluids (Douville et al., 2002) is
consistent with serpentinization at moderate temperatures, which would point to limited magnetite
formation during serpentinization. The lower MgO/SiO; of serpentinites relative to the terrestrial melting
array of peridotites would be consistent with MgO loss from brucite breakdown during subduction or
possibly during weathering prior to subduction (Klein et al., 2020; Peters et al., 2020). The low Fe(lll)/Fer
values would be consistent with reduction of Fe(lll) to Fe(ll) during metamorphism (Debret et al., 2016,
2014). If no magnetite was initially formed during serpentinization (and considering that the studied Voltri
serpentinites do not contain brucite), this could have been accommodated by reduction of Fe(ll1) to Fe(ll)
in serpentine. Overall, the results presented in this study are consistent with partial serpentinization in an
oceanic setting with subsequent modifications of its chemical and mineralogical characteristics during high-

pressure metamorphism and deformation.

4.2 Constraints on the formation of distal eclogitic metagabbro

The REE patterns of the most distal LREE-depleted metagabbros provide clues on the origin of
their mafic protolith. The metagabbro from Zone V displays the most depleted LREE concentrations among
the mafic rocks studied here. Previous studies have suggested that oceanic (Fe, Ti-rich) oxide gabbros were
likely the protolith of the metagabbro in the study area (Malatesta et al., 2012a; Tribuzio et al., 1996). The

abundance of the Ti-rich phases rutile and ilmenite, as well as the elevated bulk-rock FeO* (= total Fe as
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FeO) and TiO; contents closely resemble those of oxide gabbro from the International Ocean Drilling
Program (IODP) Site U1309 (Atlantis Massif), but are distinctly different from other gabbroic lithologies
from the same IODP site (Godard et al., 2009) (Figure 13a). The chondrite-normalized trace element
concentrations of the LREE-depleted metagabbro are plotted along with oceanic oxide gabbros from I0ODP
Site U1309 (Figure 12b). Oceanic oxide gabbros show a wide range in chondrite-normalized compositions
and Eu anomalies. Samples with elevated REE abundances show more pronounced negative Eu anomalies.
Conversely, samples that are depleted in REE, especially in LREE, show weak positive Eu anomalies,
which resemble the LREE-depleted (Zone V) metagabbro in this study. Alternatively, LREE depletion has
been suggested to also occur at the gabbro-to-eclogite transition during prograde subduction (Becker et al.,
2000; John et al., 2004; Tribuzio et al., 1996). For example, Tribuzio et al. (1996) investigated LREE-
depleted oxide gabbro-derived lithologies equilibrated at blueschist and eclogite-facies conditions in Voltri
and attributed the LREE depletion to the absence or destruction of LREE-compatible epidote minerals
during prograde metamorphism. These observations imply that LREE depletion can occur at different
stages over a wide range of P-T conditions and in distinct tectonic settings, from oceanic environments to
subduction zones. Without additional constraints it remains challenging to differentiate a possible inherited
LREE-depletion prior to subduction from LREE-depletion during high-pressure metamorphism. However,
considering the very short length-scales, we infer that the lower chondrite-normalized LREE concentrations
of Zone V relative to adjacent zones suggest that LREE depletion may have occurred during prograde

subduction and contributed to the LREE budget of the adjacent metasomatic reaction zones.

4.3 Controls on the compositions of the studied metasomatic reaction zones

The overall distribution of major and trace elements in zones (11-1V) between serpentinite and
eclogitic metagabbro may result from the interplay of three processes: (1) mass transfer by mechanical
mixing of rocks, (2) mass transfer by diffusion across a chemical gradient, and/or by advection of external

fluids. We discuss the potential contributions of each process below.

4.3.1 Mechanical mixing

Mechanical mixing of two or more chemically distinct rocks will result in a new rock with a
composition that lies on a mixing line in between the endmembers (Bebout and Barton, 2002; Gorman et
al., 2019). However, the bulk compositions of the metasomatic rocks in Zones 11-1V do not lie along the
bulk mixing trend between the most distal samples of Zone | and V (Figure 13b). Accordingly, the

amphibole- and chlorite-rich assemblage (Zone I1) along the field contact was not a simple binary mixture
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of components from serpentinite and distal metagabbro. This is supported by the lack of correlation between
Ni and Cr, which would otherwise be expected if the metasomatic rocks were formed by mechanical mixing
of two endmember compositions (Gorman et al., 2019; Penniston-Dorland et al., 2014). Rather, Ni and Cr
show large variations with trends similar to that of bulk-rock MgO concentration, which resemble sigmoidal
profiles that are suggestive of diffusive transport from serpentine to metagabbro (Figure 6b). In addition,
we used the ratios of two fluid-immobile elements (Figure 13b) and the bulk-rock 8Sr/®Sr isotope ratio as
they are highly sensitive to protolith chemistry but are largely insensitive to fluid metasomatism. The clear
step-wise pattern in 8Sr/%Sr isotope ratios separating Zones Il to V from Zone | at the lithologic boundary
does not support a mechanical mixing process as a key contributor to the compositional variability observed
in the transect (Figure 6d). Likewise, the Sc concentration shows a step-function similar to the trace element
ratios and Sr isotopes, reflecting its limited fluid mobility (Figure 6b). Hence, in contrast to the Catalina
Schist (USA), where mechanical mixing of ultramafic and mafic blocks has been documented (Gorman et
al., 2019; Penniston-Dorland et al., 2014), we found no evidence for mechanical mixing along the
serpentinite-metagabbro contact studied here. It is also possible that shearing and deformation may have
transposed and even stripped off metasomatic reaction zones along lithologic margins (Ague, 2007).
However, this possibility can be ruled out in our studied transect based on the lack of geochemical evidence
for mechanical mixing, as well as the contact-perpendicular sampling strategy in both the serpentinite and

metagabbro, which would have captured any transposed reaction zones along the contact.

4.3.2 Mass transfer via advective and/or diffusive transport

The juxtaposition of different and chemically disparate rock-types favors fluid-mediated diffusive
mass transfer (Bickle and McKenzie, 1987; Ferry and Dipple, 1991; Korzhinskii, 1965; Thompson, 1975).
In a setting that is similar to the one examined here, Pogge von Strandmann et al. (2015) investigated
metasomatism in an asymmetrical reaction zone between serpentinite and metatuffite in Syros (Greece) and
observed strong Mg-isotope fractionations in the metatuffite proximal to the contact in a chlorite-rich zone.
They showed that fluid-mediated diffusive transport across the transect involved multiple components,
where the diffusive fluxes of components were driven by distinct chemical potentials. The extent of mass
transfer was primarily controlled by the activities, solubility, and relative mobilities of the components
across the contact. At Voltri, chemical and mineralogical changes along the transect can provide additional
constraints on the mode of mass transfer between serpentinite and metagabbro. For instance, the sigmoidal
patterns in bulk-rock MgO, H.0O, and Ni already suggest diffusive transport across the serpentinite-

metagabbro transect.
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In a purely diffusive regime without advective fluid flow, we would expect mineralogical reaction
zones on hoth sides of the serpentinite-metagabbro contact via bi-directional metasomatism (Bach et al.,
2013; Bach and Klein, 2009; Korzhinskii, 1968, 1965; Miller et al., 2009; Pogge von Strandmann et al.,
2015; Thompson, 1975), which would result in Si-metasomatism of serpentinite and Mg-metasomatism of
metagabbro. Yet, talc-alteration of serpentinite by Si-rich fluids is limited and there is no systematic
increase in the modal proportion of talc in serpentinite towards the contact that would be expected in the
absence of unidirectional advective fluid flow. The limited amount of talc in the studied serpentinite is
similar to that of unsubducted serpentinite in the neighboring Northern Apennine Ophiolite (ltaly), which
suggest that the amount of talc in Voltri serpentinite was likely set in an oceanic setting, i.e. prior to
subduction (Schwarzenbach et al., 2021). Accordingly, the asymmetry of the reaction zones could have
resulted from unidirectional advective fluid flow that transported Mg from the serpentinite into the gabbro.
To explain the asymmetry of the Syros transect, Pogge von Strandmann et al. (2015) suggested that the lack
of talc-alteration on the serpentinite side can be attributed to congruent dissolution of serpentinite and Si
export by contact-parallel fluid flow. However, advective mass transport was ruled out because the velocity
of advection would have outpaced the mass transfer via diffusion (or the rate at which equilibrium
partitioning can be attained) and would have destroyed the prominent negative 5?Mg isotope fractionation
that can only be achieved via diffusion.

Alternatively, the lack of talc alteration in serpentinite from Voltri and Syros may reflect the lack
of chemical affinity for such a reaction to proceed at subduction zone P-T conditions. Even though talc
would be thermodynamically stable at such P-T conditions, the formation of talc at the expense of
serpentine (i.e. antigorite + 30SiOxq) = 16talc + 15H,0¢)) may not be favored. To test this, we evaluated
the aSiO.@q) in a fluid buffered by metagabbro and also modeled the reaction of such a fluid with
serpentinite over a range of P-T conditions. Our thermodynamic calculations predict that the aSiOzg) Of
the fluid buffered by gabbro exceeds the aSiOxg) Of the serpentine-talc equilibrium, despite the pressure-
dependent increase in aSiO.q) buffered by the serpentine-talc equilibrium (Figure 14e,f). Accordingly,
simple univariant phase equilibria would suggest that conditions were favorable to form talc at the expense
of serpentine. However, the chemical affinity depends on the Gibbs free energy of the reaction at the
temperature and pressure, which is affected by the equilibrium speciation of dissolved species. The
reaction-path models at 400-500 °C predicted a talc-free alteration assemblage that is dominated by garnet
+ chlorite + serpentine (Figure 14a-d). The elevated activities of Al and Ca in the fluid may have inhibited
the saturation of talc by promoting the formation of garnet and chlorite. In particular, the solubility of Al
in aqueous fluids has been shown to increase significantly at high P-T conditions due to the formation of
aluminosilicate complexes (Manning, 2007). This favors the saturation of Al-bearing phases, which likely

explains the occurrence and abundance of chlorite-rich assemblages in reaction zones found in Volti and
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possibly in other settings, where similar exhumed high-pressure rocks are found. Our findings are consistent
with previous studies on talc schist in Santa Catalina Island (USA) which suggest that the Si/Al ratio of
rocks and fluids plays a key role in stabilizing chlorite over talc (Bebout and Barton, 2002). However, the
formation of talc in subduction zones can be facilitated where excess Si is available, such as in mélanges
of Si-rich sediments and serpentinite, possibly at higher temperatures (Breeding et al., 2004; Miller et al.,
2009). Another process that can yield sizeable talc deposits in both subduction zones and orogenic belts is
mineral carbonation of serpentinite, facilitated by decarbonation of metamorphosed carbonate-rich
sediments (Spandler et al., 2008).

Importantly, our thermodynamic calculations suggest that an external fluid is not required to
explain the absence of talc and the observed asymmetry of reaction zones between serpentinite and
metagabbro simply because the formation of talc is not favored. This would also imply that the
asymmetrical reaction zones may not be taken as evidence against bidirectional diffusive transfer as
changes may manifest differently on either side of a lithologic contact depending on thermodynamic
controls. These findings are further supported by the sigmoidal concentration profiles of Mg, Ni, and H.O
that point to diffusive transfer from serpentinite to metagabbro (Figures 3a,f and 5b). The diffusive influx
of Mg, Ni, and H,O from serpentinite into the metagabbro led to the formation of hydrous minerals in Zones
Il and I and roughly similar bulk-rock MgO concentrations in these two zones. If the mass transfer
between serpentinite and metagabbro is driven by the differences in the activity of Mg species, the minerals
that are forming under this activity gradient are expected to record systematic variations in their mineral
compositions (Korzhinskii, 1968; Miller et al., 2009; Pogge von Strandmann et al., 2015; Thompson, 1970).
Evidence for that is provided by the increasing Mg contents of chlorite and amphibole towards the contact
(Figure 3b,c).

Mass-balance constraints suggest that the formation of chlorite-rich schist at the expense of
metagabbro in Zone 111, not only requires the addition of Mg (~84 kg/m?) and H,O (~40 kg/m?) but the
removal of Ca (~10 kg/m?) as well (Figure 13c; Figure S10). Note that the low concentrations of CaO in
Zone 111 (Figure 5b) cannot be explained with simple dilution due to the addition of Mg. Indeed, mass
balance calculations suggest that Ca was likely redistributed into the adjacent Zones Il and 1V, which led
to the stabilization of Ca-amphibole and epidote. Zone IV experienced a significant enrichment in Ca (~104
kg/m?) whereas Zone I1 displays a more muted Ca enrichment. Zone 11 and 111 likely experienced significant
Ca losses during the formation of chlorite schist but later Ca redistribution into Zone 1l balanced out the
initial Ca loss. We note that the bulk-rock CaO concentration correlates positively with the bulk-rock REE
and fluid-mobile element patterns. Therefore, the bulk-rock distribution of these trace-elements may be

intimately linked to the distribution of Ca. In particular, the dominant transport of Ca into the more interior
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parts of the metagabbro explains the bulk-rock REE and fluid-mobile element concentration profiles
(Figures 4b and 12e).

The maximum enrichment of LREE and fluid-mobile elements occurs within Zone IV, which also
shows the highest CaO concentration, whereas the maximum enrichment of HREE is in Zone 11 (Figures
5a,c). The concentration profiles of Eu and Gd (MREE), which are geochemically intermediate between
LREE and HREE, show peak enrichments coinciding with LREE and HREE enrichments. This trend is
interpreted to indicate diffusion of trace elements within the metagabbro from Zones I1-I11 into the more
interior Zone V. We infer that the observed lag in the position of peak enrichments between LREE and
HREE reflects the difference in their bulk diffusivities, with LREE diffusing faster than HREE (with MREE
having an intermediate bulk diffusivity). Assessment on bulk diffusion in natural polymineralic rocks
requires constraints on the diffusivities of each constituent mineral, grain sizes, variations in
interconnectivity of fast pathways (e.g., pore fluids), and differences in the concentration of the diffusing
element (diffusant) within each mineral phase or fluid (Watson and Baxter, 2007). All of these factors are
difficult to constrain. Considering that the dominant mass transfer mechanism in our studied transect is
diffusion mediated by interconnected pore fluids, transport through interconnected porosity becomes
efficient if a significant amount of the REE is dissolved in the pore fluid. This in turn is a function of REE
solubility in aqueous fluids. Fluid-rock partitioning studies display higher concentrations in LREE than
HREE in aqueous fluids over a range of high P-T conditions (Kessel et al., 2005). The generally higher
solubility of LREE relative to HREE would amount to their higher bulk diffusivity, if other factors
mentioned above are set constant. Our interpretation of higher LREE diffusivities in pore fluids is further
supported by the coinciding positions of LREE and fluid-mobile element peak enrichment. We infer that
these trace elements are mainly hosted by epidote in Zone IV that is formed due to Ca addition (Figure
13e). While we did not measure the trace element composition of epidote in situ, previous studies have
shown that LREE are compatible in epidote-bearing rocks from subduction zones (Ague, 2017; Carter et
al., 2015). The strong correlations between bulk-rock CaO and LREE as well as the similarity in the position
of peak enrichment (Fig. 5a, yellow bar) suggest that their mobilization and redistribution occurred
simultaneously. In particular, the transport of Ca into Zone IV led to the formation of epidote minerals
which have high affinity for LREE. The decreasing concentrations in CaO and LREE from Zones IV to V
are also consistent with diffusion of these elements from Zone Il into the metagabbro. The co-diffusion of
Ca and LREE leads to the formation of Ca-rich minerals (e.g., epidote) nearby that then become important
hosts for these trace elements, preventing their further mobilization. The lack of a mineral host for the REE
in Zones 1l and 1l is consistent with the lack of an REE enrichment in these zones. The diffusion of
components towards the metagabbro may have contributed to the asymmetrical geometry of the reaction

zone between the serpentinite and metagabbro, with enhanced alteration on the metagabbro side. On the
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other hand, trace element changes in the serpentinite are less pronounced. This is exemplified by the

enrichment in (La/Sm)y in the serpentinite that is most proximal to the contact (Figure S7).

4.4 Metamorphic and mass transfer history

In this section we further constrain the relative timing of metasomatism by integrating the P-T
estimates derived from pseudosection and garnet isopleth models with Sr-isotope systematics and reaction
path modeling. Consistent with Cannao et al. (2016), serpentinization of peridotite in the Voltri Massif
occurred at least partly in an oceanic setting whereas the Sr-isotope composition of serpentinite was likely
set during the early stages of subduction. Field evidence suggests that the serpentinite and oxide gabbro
were likely in contact while in an oceanic setting prior to subduction (Manatschal and Mduntener, 2009;
Piccardo, 2013; Scambelluri et al., 1995a). This is supported by field exposures of juxtaposed serpentinite
and gabbroic bodies similar to our studied transect that are found in neighboring localities, such as the
Northern Apennines that had never been subducted (Lagabrielle and Lemoine, 1997). However, our
petrographic and geochemical evidence suggest that the mass transfer process that formed the metasomatic
reaction zones likely occurred in a subduction zone setting.

Pseudosection and garnet isopleth modeling allows us to determine whether mass transfer between
serpentinite and metagabbro occurred during prograde, peak, or retrograde metamorphism. Results from
pseudosection models yielded P-T estimates for the onset of eclogitization (~430-470°C, 2.2-2.5 GPa) up
to peak eclogite-facies metamorphism (~520°C, ~2.5 GPa) for Zones IV and V (Figure 9f). While the bulk
composition during the earliest stages of garnet growth in sample B03 was possibly different from
measured, our calculations likely represent a close approximation. However, it remains unclear whether the
mineralogical and chemical differences between Zones IV and V developed during prograde-to-peak
evolution or slightly post-peak (i.e. during near-isothermal decompression). The most prominent chemical
and mineralogical changes can be attributed to the addition of Mg to the metagabbro that caused the
formation of chlorite and the redistribution of Ca. Here we determine the timing of chlorite formation in
Zones Il and 111 and the enrichment of Ca in metagabbro of Zone IV relative to that in Zone V. We rely on
garnet core-to-rim element variations in these zones to resolve the relative timing of Ca enrichment (Figures
3a and 4). Garnet cores in Zone IV and V have similar Ca contents, which suggests that bulk-rock Ca
composition are similar at the initiation of garnet growth along the prograde path. The Ca contents of garnet
in Zone IV (B06 and BO7) increases systematically from core to rim, which is the opposite trend for garnet
in Zone V. In addition, anhedral garnet in Zone Il has higher Ca contents than garnet in Zones V but
overlaps with garnet from Zone 1V. These results imply that Ca becomes more available during the growth
of garnet in Zones Ill and 1V. Since garnet from the more distal sample BO7 in Zone 1V displays less

pronounced core-to-rim Ca enrichment than in sample BO06, this suggests that Ca availability diminishes
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towards the metagabbro interior. We suggest that the bulk Ca-enrichment in Zone IV occurred or at least
started during prograde eclogite-facies conditions. While garnet from exhumed (ultra) high-P metamorphic
rocks in subduction zones have substantial Ca contents (8-9 wt. % CaO ) e.g., in Sifnos, Greece and Lago
di Cignana, Italy (Dragovic et al., 2012; Groppo et al., 2009), these CaO concentrations are below those
measured in garnet rims in Zone IV (up to ~12 wt. % CaO). If the Ca-enrichment in Zone IV would have
occurred prior to subduction or even prior to the onset of garnet growth, subsequent eclogite-facies
metamorphism would have formed garnets that would be significantly more grossular-rich (i.e. almandine-
poorer) than the garnet analyzed in our samples (Figure 9c). Therefore, pre-subduction and pre-peak Ca-
enrichment in Zone 1V seem unlikely, which provides additional support for Ca enrichment occurring
during prograde subduction up to peak depths.

The simultaneous addition of Mg and H»0, and removal of Ca from the precursor metagabbro are
necessary to form chlorite-rich schists in Zone Il (Figures 12c¢,d). We have shown that Ca along with trace
elements released from this process are redistributed into adjacent Zones Il and IV. Therefore, the chlorite-
rich schists in Zone 111 must have formed before or at the same time as Zones Il and IV during prograde
subduction. Fluid-rock interactions likely continued during peak and post-peak eclogite-facies
metamorphism based on petrographic evidence of garnet replacement by chlorite (Figure 15). Evidence for
subsequent retrograde overprinting and local re-equilibration during a near-isothermal decompression to
~1.0 GPa includes the presence of albite in Zone IV and V, titanite rims around rutile and ilmenite in Zones
I1-V, as well as calcic rims on sodic-calcic amphiboles (Malatesta et al., 2012b; Starr et al., 2020; this
study).

Additional support is provided by the reaction-path models. One of our simplest reaction-path
models, which explores the possibility that a single fluid-mediated mass transfer event occurred during
prograde to peak eclogite-facies metamorphism predicts a succession of mineral assemblages that closely
matches the ones observed in the transect. This implies that a single fluid-mediated mass transfer event may
have occurred and set the bulk compositions of the metasomatic zones during prograde to peak eclogite-
facies metamorphism. However, the duration of this event remains undetermined. We have shown that only
reaction-path models that used a gabbroic mineral assemblage successfully predict a succession of mineral
assemblages that closely matches the one observed in our studied transect whereas those with eclogitic
mineral assemblage do not. This is consistent with pseudosection models that suggest the completion of
that mass transfer prior to retrogression. The difference in the pressures estimated by pseudosection and
garnet isopleth models (~2.2 GPa for garnet nucleation) and reaction-path models that successfully
reproduced the mineral sequence may reflect either a reaction overstepping where garnet nucleation
occurred at P-T conditions greater than initial garnet stability or inaccuracies in the effective bulk

composition used for the pseudosection modeling. We speculate that garnet nucleation may have been
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limited by the availability of fluid that promotes faster nucleation and growth. Additionally, we suspect that
the effective bulk composition is changing as garnet grows. This could explain the discrepancy in the
estimated garnet modal abundances (i.e. 2 and 5 vol. % for samples B10 and B06, respectively) at P-T
conditions constrained by garnet crystal core chemistry.

Finally, while our reaction path models successfully reproduce the observed mineral sequence at
pressures as low as 1 GPa, this is a minimum estimate, and indeed, mass transfer may have initiated at
greater depths. Nonetheless, both models suggest that mass transferred occurred or at least initiated during
prograde subduction. This is followed by a near-isothermal decompression with limited mass transfer,

where metasomatic zones primarily underwent local re-equilibration and recrystallization (Figure 15).

4.5 Mg-metasomatism is favored in subduction zones

The strong positive correlations between bulk-rock concentrations of MgO and Ni, and bulk-rock
MgO and LOI in all the samples, as well as the continuously decreasing concentration profiles of these
elements (Figures 12d), suggest that the fluids equilibrated with serpentinite prior to metasomatism of
metagabbro (Miller et al., 2009; Pogge von Strandmann et al., 2015). Phase equilibrium and thermodynamic
studies have suggested that subducting oceanic crust can produce a continuous flux, and sometimes,
episodic pulses of aqueous fluids through a series of mineral dehydration reactions up to eclogite-facies
metamorphic conditions (Hacker, 2008; Schmidt and Poli, 2014, 1998; van Keken et al., 2011). This assures
the availability of aqueous fluids at least along the slab-mantle interface. Of particular importance is the
breakdown reaction of antigorite and brucite to form olivine and water, as this reaction is well-documented
in the Vara serpentinite locality, which is in close proximity to our studied serpentinite (Cannag et al., 2016;
Scambelluri and Rampone, 1999), as well as in the neighboring Erro-Tobbio locality (Scambelluri et al.,
1995b, 1991).

Recognizing possible regional sources of fluids in our study area, our thermodynamic calculations
suggest that Mg(OH)q could have been a dominant species in the fluid that equilibrated at high
concentrations with serpentinite at high P-T in a subduction zone. This suggests that the propensity for Mg-
metasomatism by fluids that equilibrated with serpentinite is enhanced in subduction zone settings when
compared with oceanic settings where the concentrations of dissolved Mg in hydrothermal fluids are low
(cf. Bach et al., 2013). However, the differences in the predicted speciation and activities between low and
high (1.0-2.5 GPa) pressure conditions may also in part reflect the limited availability of thermodynamic
data for dissolved species at such high-pressure. The few available experimental studies and reports of fluid
inclusions from high-pressure rocks in the Western Alps strongly suggest elevated dissolved Mg and
elevated salinity in aqueous fluids (lacovino et al., 2020; Scambelluri et al., 1997), lending credence to the

thermodynamic predictions presented here. If these predictions are correct, the abundance of serpentinite
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in subducted oceanic lithosphere, the overlying mantle wedge, and the slab-mantle interface would
represent possible sites of where fluids can obtain high concentrations of dissolved Mg regardless of sources
and compositions of the infiltrating fluid. In this scenario, the composition of a fluid that originates
elsewhere (e.g., breakdown of hydrous minerals from subducted, hydrothermally-altered igneous rocks and
sediments) is modified as it infiltrates the serpentinite already present along the subduction interface. The
resulting composition of the pore fluid buffered by serpentinite likely resembles the characteristic fluid
composition (i.e. Mg-rich and Al, Fe, Ca-poor) even though the starting fluid had a different composition
before it infiltrated and equilibrated with serpentinite. As these fluids infiltrate through and re-equilibrate
with serpentinites, the intrinsic porosity of serpentinites (Tutolo et al., 2016) can store large amounts of
pore fluids that may promote fluid-mediated diffusion and Mg-boundary metasomatism in juxtaposed

crustal rocks.

4.6 The need for solid solutions in reaction path models to infer redox conditions in

subduction zones

The present study may also provide clues about prevailing redox conditions during Mg-
metasomatism of gabbros. The Fe(lll)/Fer of altered metagabbro in Zones Il to IV is generally elevated
when compared with metagabbro in Zone V. This could either reflect the pre-existing heterogeneity of the
oxide gabbro precursor, or a result of oxidation during metasomatism (Figure S8). We attempted to use the
reaction path models to constrain fO, as the fluid that previously equilibrated with serpentinite reacts with
gabbro. Even though the models successfully reproduced the observed succession of mineral assemblages,
they failed to reproduce the complexity of the natural system. One shortcoming of the models is attributed
to the lack of solid solutions of Mg-Fe minerals in the thermodynamic database, most notably greenalite or
cronstedtite in serpentine, the Fe(OH), component of brucite, and the andradite component of garnet.
Because the Fe(l11)/Fer of the modeled serpentinite was dictated by magnetite as the only Fe-bearing phase,
the modeled fO; of the fluid in equilibrium with the serpentinite likely differed from that of the natural
system. The lack of Fe(ll1)-components in the minerals predicted to form during metasomatism of gabbro

introduce errors in the calculation of fO,.
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4.7 Geochemical and petrophysical implications of fluid-rock interactions in

subduction zones

Fluid-mediated mass transfer between juxtaposed chemically disparate rock types can lead to the
formation of a variety of metasomatic rocks with geochemical and petrophysical properties that are distinct
from their precursors (Ague and Nicolescu, 2014; Angiboust et al., 2014, 2011; Bloch and Hofmann, 1978;
Breeding et al., 2004; King et al., 2006; Miller et al., 2009; Mori et al., 2014; Penniston-Dorland et al.,
2014; Pogge von Strandmann et al., 2015; Sanford, 1982). We have shown that serpentinite in subduction
zones could produce fluids that are poor in Al, Fe, and Ca (< 0.001 molal at 1.0-2.5 GPa) but may contain
substantial amounts of dissolved Mg (e.g., 1.0-2.4 molal at 1.0 GPa; 0.6-1.1 molal at 2.5 GPa) through
fluid-rock equilibration. This process is different from in-situ and active serpentinization of the shallow
forearc mantle, which produces Mg-poor, Ca-rich fluids (e.g., Mottl et al., 2004). These serpentinite-
buffered fluids lead to Mg-metasomatism of mafic rocks and favor the ubiquitous formation of chlorite.
Mg-chlorite is a rheologically weak metasomatic mineral that can contain up to ~13 wt. % water and be
stable up to 800 °C at subarc depths (Okamoto et al., 2019; Pawley, 2003).

Thermodynamic predictions suggest that the distinct chemical potentials of dissolved species in
equilibrium with serpentinite and gabbroic mineral assemblages can drive diffusive mass transfer. The
asymmetrical geometry of the metasomatic reaction zone in gabbro and the lack of talc alteration of
serpentinite in the studied transect underlines the lack of sufficient thermodynamic drive to form talc at the
expense of serpentine at high P-T conditions in subduction zones (Figure 14). This is in contrast to the
ubiquitous occurrence of talc-altered serpentinites that are juxtaposed to gabbro in oceanic settings (Bach
et al., 2013, 2004; Paulick et al., 2006). A lack of extensively talc-altered serpentinite in subduction zones
(Deschamps et al., 2013; Peters et al., 2017a) would likely affect the strength of the plate interface and the
physical mechanisms controlling the coupling-decoupling depth in subduction zones. Owing to its high-
pressure stability and rheological properties, the breakdown of talc has been suggested to reflect the
downdip transition from a decoupled shear zone to a fully coupled plate interface (Peacock and Wang,
2021). Our thermodynamic calculations suggest that the formation of talc at the expense of serpentine by
Si-metasomatism (via the reaction: antigorite + 30SiO-q) = 16talc + 15H,0¢)) may be more limited during
subduction when compared with low pressure Si-metasomatism such as in oceanic settings where lower
SiO.(aq) activities suffice to drive talc alteration. In subduction zones, talc-alteration of serpentinite is likely
limited to settings where serpentinite and silica- or carbonate-rich sediments are juxtaposed, whereas
juxtaposition of gabbro (mafic crustal) and serpentinite would favor chlorite over talc. If the coupling-

decoupling transition between the subducting plate and overriding mantle is related to the presence of talc,
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the juxtaposition of ultramafic rocks with sediment may be crucial (Abers et al., 2020; Marschall and
Schumacher, 2012; Wada and Wang, 2009).

In this study, we show that the formation of different metasomatic rocks is associated with
fractionation of certain trace-element ratios that otherwise would behave similarly during mantle melting
processes. The N-MORB-normalized trace-element ratios of the metasomatic rocks are plotted in Figure
16a. We note that some ratios in the precursor rocks differ from N-MORB, likely reflecting the protolith
(pre-subduction) compositions. Moreover, the metasomatic rocks are elevated in Cs/Rb, Cs/Yb, U/Nb,
Th/NDb, Sr/Y, La/Sm, and Lu/Hf relative to the precursor. The opposite trend is observed in Hf/Nd, Pb/Ce,
Zr/Sm, Sm/Nd, Sr/Nd, and Rb/Sr, where the metasomatic rocks record lower values compared to the
precursor. Lastly, the ratios U/Th, Zr/Hf, Dy/Yb, Nb/Ta, Ba/Rb, and U/Pb of the metasomatic rocks are
similar to both the precursor and to N-MORB. The Ba/Th ratio is similarly low in metasomatic and
precursor rocks, relative to N-MORB. These imply that diffusive metasomatism can induce bulk-rock trace-
element fractionations that are typically attributed to both melting and dehydration processes in subduction
zZones.

One notable observation is the lower Zr/Sm, Hf/Nd, and Th/Nb ratios in chlorite-amphibole schists
(Zone 1) and chlorite schists (Zone I11) relative to the Zones IV and V metagabbro. This marked decrease
in these ratios involves the localized mobilization of commonly assumed ‘fluid-immobile’ elements Zr, Hf,
and Nb into the adjacent zones (Brenan et al., 1994; Kessel et al., 2005; Stalder et al., 1998). This localized
mobilization is due to the destabilization of rutile (hosting Nb) and zircon (hosting Zr and Hf) in these
metasomatic rocks. The destabilization of zircon is consistent with previous observation in the Franciscan
Complex (USA) where zircon was inferred to be less stable in ultramafic compositions (King et al., 2003).
The destabilization of rutile is supported by our thermodynamic models that predict rutile stability over a
wide range of P-T conditions for bulk compositions similar to an oceanic oxide gabbro. We emphasize that
the breakdown of these phases, notably rutile and zircon, in these metasomatic rocks resulted from the
changes in bulk compositions and not from changes in pressure and temperature conditions. These
fractionations are further enhanced by the diffusion and redistribution of REE from Zones Il and 111 into
Zone V.

Another important observation is the lower Pb/Ce and Sr/Nd ratios in metasomatic rocks,
particularly in chlorite-rich schists (Zone I11) (Figure 16a). The depletions in Pb and Sr in chlorite schists
are likely due to the crystal-chemical control of chlorite, lacking crystallographic sites for Ca%*, which is
typically substituted for by Sr?* and Pb?* (Spandler et al., 2014). Whereas Sr and Pb from Zones Il and Il
may have back-diffused into Zone IV, this process did not significantly fractionate the bulk-rock Sr/Nd and
Pb/Ce ratios of Zone IV relative to the most distal metagabbro. Thus, the formation of chlorite schists in

between serpentinites and crustal rocks may preferentially liberate certain trace elements, such as Sr and
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Pb. As noted earlier, the co-diffusion of Ca, LREE, Sr and Pb led to the formation of Ca-rich minerals (e.g.,
epidote) nearby that then became important hosts for these trace elements and prevented their further
mobilization. The fractionations in parent-daughter elements Rb/Sr, Sm/Nd and Lu/Hf are important as
their Sr, Nd, and Hf isotope compositions will change over time due to radiogenic ingrowth. These
isotopically distinct reservoirs can reside in the mantle and may even be sampled and recorded in the erupted
mantle-derived magmas. Accordingly, the decrease in Sm/Nd and Rb/Sr ratios, and the increase in Lu/Hf
ratio in metasomatic rocks relative to their precursor may lead to their time-integrated evolution to less
radiogenic Nd and Sr isotopes, and more radiogenic Hf isotope compositions in the mantle.

In contrast, the lack of substantial modal, chemical, and Sr isotope changes in serpentinite domains
suggest a pinned geochemical boundary condition in which the fluids buffered by serpentinite represent a
large reservoir that is minimally affected by mass transfer from the juxtaposed metagabbro block. This
scenario is possible if there is enough advective flow in the serpentinite matrix to keep fluid compositions
relatively constant within the serpentinite domain. Another possibility is if diffusion through the
serpentinite occurs relatively fast, which would transport solutes over larger length scales in the serpentinite
than the length scales we observed for the metacrustal block (Ague, 2007; Ague and Rye, 1999). The
spatially limited enrichment in (La/Sm)y in the most proximal serpentinite argues against fast diffusion
rates of solutes through serpentinite for these elements. It is more likely that overall constancy in
serpentinite composition in this study reflects a limited interconnected pore fluid in serpentinite that, in
turn, limited diffusive transport across large length scales. The lack of significant enrichment in fluid-
mobile elements in serpentinite argues against pervasive advective fluid flow within the serpentinite
domain.

Physical mixing of different subducted materials and mantle rocks along the slab-mantle interface
has been proposed as a key process in the formation of arc magmas (King et al., 2006; Marschall and
Schumacher, 2012; Nielsen and Marschall, 2017). Geodynamic models have predicted the transport of
intimately mixed materials (i.e. mélange) by buoyant diapirs into the mantle wedge, feeding the source of
arc magmas (Gerya and Yuen, 2003; Zhu et al., 2009). The metasomatic reaction zone studied here records
a decrease in bulk density associated with the transformation of a dry and dense metacrustal rock into a
hydrous and less dense metasomatic rock. These results can be used to infer what could happen to subducted
crustal rocks along the slab-mantle interface during subduction because the P-T conditions recorded by
these rocks are relevant to cold and intermediate slab-top geotherms (Syracuse et al., 2010). The decrease
in bulk densities during mass transfer would allow for dense subducted rocks to become positively buoyant
relative to the overlying peridotite wedge (Figure 16b,c). The metasomatic reaction zone studied here
records a decrease in bulk density associated with the transformation of a dry and dense metacrustal rock

into a hydrous and less dense metasomatic rock, albeit over limited spatial scales. If this process were more
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extensive, the decrease in bulk densities during mass transfer would allow for dense subducted rocks to
become positively buoyant relative to the overlying peridotite wedge (Figure 16b,c). For instance, ~50% of
a crustal precursor has to be converted into chlorite schists to make the entire block positively buoyant
relative to the overlying mantle with a density of 3300 kg/m?3. Chlorite schist occupies a small volume in
the studied transect, similar to other settings where serpentinite and metacrustal rock are juxtaposed
(Angiboust et al., 2014; Bebout and Barton, 2002; Breeding et al., 2004; Gyomlai et al., 2021; Miller et al.,
2009; Penniston-Dorland et al., 2014; Spandler et al., 2008). This may be due to an arrested reaction, e.g.,
as the reactant fluid was completely consumed, or by cooling during exhumation (Pogge von Strandmann
et al., 2015; Starr et al., 2020). The mechanical weakening of the reacted metacrustal rocks could localize
both strain and fluid flow, further enhancing metasomatic reactions (Ague, 2007; Angiboust et al., 2011).
If Mg-metasomatism of gabbro is more extensive than in the outcrop that we studied, buoyant metasomatic
rocks could result in their detachment and rise as mélange diapirs from the slab-top to the overlying mantle,
effectively delivering the compositional signatures of these rocks to the source of arc magmas (Codillo et
al., 2018; Cruz-Uribe et al., 2018; Marschall and Schumacher, 2012). Fluids that are released during the
high-temperature breakdown of Mg-chlorite (> 800 °C) can promote the partial melting of adjacent mafic
crustal rocks within the mélange. Melting of rising mélange diapirs would further enhance the fractionated

trace-element characteristics of the resulting partial melts (Cruz-Uribe et al., 2018).

5 Conclusions

Within the context of a serpentinite-metagabbro contact from the Voltri Massif (ltaly), we
evaluated the fluid-mediated mass transfer processes between mafic and ultramafic rocks in subducted
oceanic lithosphere. In oceanic settings, diffusional metasomatism is particularly important at mid-ocean
ridge settings of slow-spreading oceanic lithosphere where large chemical potential gradients of chemical
species exist in juxtaposed mafic and ultramafic rocks resulting in significant mass transfer such as
rodingitization, blackwall alteration, and steatitization. Metasomatic processes between mafic and
ultramafic rocks can also occur in subduction zones; however, as this study documents, the elevated
pressure and temperature conditions in subduction zones can modulate the speciation of fluids and
saturation state of key minerals such as chlorite and talc. One of the main metasomatic processes
documented in this study was mass transfer of Mg from serpentinite into gabbro that started during prograde
metamorphism and likely continued through peak and retrograde conditions. In contrast to oceanic settings,
our thermodynamic models predict the predominance of aqueous Mg species in fluids that equilibrate with
serpentinite under high-pressure subduction zone conditions. Consistent with the observed Mg-

metasomatism, our reaction-path models predict that fluids in equilibrium with serpentinite at high-pressure
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conditions are more strongly enriched in dissolved Mg compared to low-pressure conditions. Therefore,
Mg-metasomatism of crustal rocks to form chlorite-rich assemblages is favored in subduction zones. In
contrast, Si-metasomatism of serpentinites to form talc-rich rocks (steatitization) is commonly found in
oceanic settings, but is predicted to be less prevalent in subduction zones. This illustrates a different picture
on the nature and styles of boundary metasomatism at high P-T conditions, such as in subduction zones, as
compared to low P-T oceanic settings.

Metasomatism can lead to destabilization of trace element-rich phases. Collectively, the dissolution
of phases such as rutile and zircon during metasomatism in subduction zones can result in trace-element
fractionations (e.g., Th/Nb, Zr/Sm, Hf/Nd) that are otherwise attributed to metamorphic dehydration and
melting reactions. Because of the widespread occurrence of juxtaposed mafic and ultramafic rocks in
subducting slabs, the slab-mantle interface, and the mantle wedge, metasomatism between these rocks may

further enhance trace-element fractionation.
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Figure 1. Outcrop examined in this study a) Photograph of the sampled transect between
serpentinite and metagabbro in the Voltri Massif. Circles indicate the locations where samples for
this study were drilled out of the eclogite. The two lithologies were separated by a sharp lithologic
contact that can be traced laterally along the stretch of the outcrop. Samples from serpentinite side
were taken either by hand or by drilling in a region that is offset ~4 m to the left of the eclogite
transect (not visible in this photo) which extends to ~2.25 m from the field contact between eclogite
and serpentinite (white dashed line). The subdivision into eclogitic metagabbro, metasomatic rocks
(reaction zones), and serpentinite is indicated by different colored regions. Zone Il is distinguished
in the field by its relatively weak and flaky consistence with foliation more pronounced than in
Zones I11-V. The mineralogical transitions from Zones Il1 to V in the metagabbro block are diffuse
and gradational. (b) Modal mineralogy, (c) bulk density and magnetic susceptibility across the
serpentinite-metagabbro transect. Mineral proportions are given in fraction by mass, as calculated
from thin-section chemical maps, coupled with modal estimates from mass-balance calculations
using mineral and whole-rock compositions. Modal proportions of ilmenite, rutile, as well as their
common replacement mineral titanite, were grouped and represented by Ox*. Note that the modal
estimate at the contact (zero distance) was based on field observations, bulk composition, and
TGA-DSC analysis.
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Figure 2. Representative photomicrographs and back-scatter electron (BSE) images of the
serpentinite-metagabbro transect. (a) antigorite serpentinite with minor talc, magnetite, and
chromite grains in Zone |, (b) euhedral, prismatic amphibole schist with chlorite and ilmenite in
Zone |1, (c) BSE image of ilmenite mantled by titanite coexisting with Ca-amphibole and chlorite

typical for Zones Il and 111, (d) near-monomineralic chlorite schist with Ca-amphibole in Zone 111,

73



(e) assemblage of chlorite + Ca amphibole + epidote (with anhedral garnet inclusion) in Zone 1V,
(F) BSE image of anhedral garnet included within euhedral epidote and Ca amphibole. This feature
is common in samples of Zones 111 and IV. (g) Assemblage of subhedral to euhedral garnet, brown
omphacitic clinopyroxene, and bluish Na-Ca amphibole in Zone 1V, (h) aggregates of dominantly
diopsidic clinopyroxene + epidote + plagioclase with minor Na-Ca amphibole, (i) omphacitic
clinopyroxene core showing “patchy” exsolution texture, mantled by diposidic rim, (j-k) eclogitic
metagabbro with euhedral garnet and omphacitic clinopyroxene, rutile, with minor amphibole in
Zone V, and (I) BSE image of the assemblage of rutile and ilmenite mantled by titanite in Zone IV
and V.

74



LT Il [ Zone IV | Zone V |

—_ @ @ . . .
X 80 A H o
— ! |
o] 4 1 !
£ 70 ! almandine
= 60 - 1
5 L
< 50 1
g 404 !
£ 8!
8 %1 § I
o 1 o grossular
e 20 8 5 8 0 °
© 1049 2
o . = S (a)
-10 0 20 60 100
35 -
| @ clinopyroxene
. ® amphibole
30 A ? @ chlorite
@
— 25 1 i e ©
X .
E07 1 %ee
! [ ]
% 15 A | +¢ i °
| °
= 0] | o +: ¢ i ¢
51 |
i b
0 T T T T T T T T T T ( )
-10 0 20 60 100
25 : @ clinopyroxene
: ++++ @ amphibole
20 { °y i +
? !
15 {
E ¢ o9 ¢
1 L ]
QR0 o%e + o °
ST ?
54 !
O : T T T T T T T T T (C)
-10 0 10 20 30 40 50 60 70 80 S0 100

Distance (cm)

Figure 3. Compositional variations of major minerals across the serpentinite-metagabbro transect.

(a) core-to-rim variations in almandine and grossular components in garnet (with schematics of
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their morphology), (b) MgO contents variations (average + 1 SD) in clinopyroxene, amphibole,

and chlorite, (c) CaO contents variations (average + 1 SD) in clinopyroxene and amphibole.
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Figure 4. Representative rim-to-rim compositional variations of garnet from different zones.
Variations in (a) MnO and (b) CaO contents (wt. %) are measured by EPMA. Different symbols
represent different analyzed garnet grains for each zone. The rim-to-rim distance of garnet are
normalized for comparison. Representative photomicrographs of measured grains are provided in
the supplementary. Due to the difficulty in determining the core and rim of anhedral garnets in

Zone |11, we plotted the full range of measured composition instead.
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Figure 5. Bulk-rock major element concentrations (on a volatile-free basis), (a) MgO, (b) CaO,
(c) SiO2, (d) Fe(lN/FeT, () MgO/SiO., and (f) LOI across the serpentinite-metagabbro transect.
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Figure 6. Bulk-rock trace-element concentrations normalized to primitive mantle (McDonough
and Sun, 1995) and 8/Sr/®%Sr ratios across the serpentinite-metagabbro transect. (a) rare earth
element (REE), (b) transition element (Ni,Cr, and Sc), and (c) large-ion lithophile element (LILE;
Cs, Rb, Ba, Sr, Pb) , and (d) bulk-rock &Sr/®Sr isotope ratios of the studied samples and Jurassic
seawater from Jones et al. (1994). In (a) and (c), the yellow bar marks the location of peak
enrichment for LREE and fluid-mobile LIL elements while the gray bar marks the location of peak
enrichment for HREE.
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Figure 7. Primitive Mantle-normalized trace-element systematics of the Voltri serpentinite-

metagabbro transect. Primitive mantle values are taken from McDonough and Sun (1995).
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Figure 8. Pressure and temperature constraints on the initiation and termination of garnet growth
determined for the MNNCFMASHTO chemical system. Pseudosection modelling for the whole
rock composition (left panel) and matrix compositions (excluding garnet; right panel) are
performed for the most distal eclogitic metagabbro (Zone V). Garnet chemical isopleths
corresponding to observed core and rim garnet chemistry are plotted on whole-rock and matrix
pseudosections, respectively (almandine=red, grossular=green, spessartine=blue). Garnet-in
conditions and garnet modal abundances (vol. %; orange dashed lines) are also included. The
intersection of the garnet core chemical isopleths constrains the P-T range for the initiation of
garnet growth while the intersection of the garnet rim chemical isopleths constrains the P-T range

at the termination of garnet growth
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Figure 9. Pseudosection modelling for representative samples in each metasomatic reaction zone
in the MNNCFMASHTO chemical system. (a) whole-rock Zone 11, (b) whole-rock Zone Ill, (c)
whole-rock Zone 111 with predicted garnet chemical isopleths (almandine=red, grossular=green,
spessartine=blue) calculated at peak P-T conditions as constrained by Zone V, (d-e) whole-rock
and matrix, Zone 1V, and (f) P-T summary for the entire metasomatic reaction zones. Garnet-in
conditions and garnet modal abundances (vol. %; orange dashed lines) are also included in (d)
while omphacite modal abundances (vol. %; green dashed lines) are included in (b). See text for

details. Mineral abbreviations are from Whitney and Evans (2010).
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Figure 10. Predicted speciation and activities of Mg, Si, and Ca in equilibrium with serpentinite

(i.e., antigorite + clinopyroxene + magnetite + brucite), and their evolution with temperature
(300-550 °C) and pressure (1.0-2.0 GPa) (panels a to c).
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Figure 11. Predicted alteration mineralogy and fluid composition during high P-T metasomatism
as a function of fluid-to-rock mass ratio. A fluid equilibrated with serpentinite (at f/r ~100) is
subsequently allowed to react with oxide gabbro at 500 °C, 1.0-2.5 GPa (a—h). The f/r ratio
decreases as gabbro is titrated into the fluid. Mineral abbreviations are from Whitney and Evans

(2010). Zones highlighted in gray indicate elevated Al contents in the equilibrium pore fluids.
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Figure 12. (a) Rare earth element systematics of Voltri serpentinites compared to the literature data
of mylonic and static serpentinites from Voltri Massif (Cannao et al., 2016), compilation of
serpentinites from mid-ocean ridges (Deschamps et al., 2013), hydrothermal fluids, and seawater
(Douville et al., 2002). Concentrations of fluids are multiplied by 100 for scaling purposes. (b)
Rare earth element systematics of the most distal LREE depleted eclogitic metagabbro of Zone V,
compared to variably metamorphosed crustal rocks in the Votri region (Tribuzio et al., 1996) and
a literature compilation of oxide gabbros from the Atlantis Massif (Godard et al., 2009). This

comparison shows that LREE depletion in subducted crustal rocks may occur at different stages
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over a wide range of P-T conditions and in distinct tectonic settings, from oceanic environments

to subduction zones. CI chondrite values are taken from McDonough and Sun (1995).
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Figure 13. Variations among major and trace elements, and water. (a) TiO2 vs FeO*, (b) Dy/Yb vs
Nb/Ta, (c) CaO vs MgO, (d) Ni and H20 (represented by LOI) vs MgO, (e) Pb and Sr vs CaO,
and (f) MgO/SiO2/Al,03/Si0, of studied serpentinite along with literature data (Peters et al.,
2017b) of mid-ocean ridge and forearc serpentinites. Data from Godard et al. (2009) in (a) are

shown as black squares. The bulk mixing line between serpentinite and metagabbro in (b) was
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calculated using the composition of distal eclogitic metagabbro and serpentinite assuming that
their compositions were least affected by the mass transfer between the two lithologies. In (c), the
dashed line connecting Zone | and V shows that Zones II, 111, and 1V require addition of CaO as
depicted in gray arrows. In (d), the lines display the correlations among samples in terms of Ni vs.
MgO (R? = 0.9397) and H.0 vs. MgO (R? = 0.9558). The gray zone in (e) marks samples from
Zone V.
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Figure 14. Predicted alteration mineralogy and fluid composition during high P-T metasomatism

500 °C, 2.5 GPa

as a function of fluid-to-rock mass ratio. A fluid equilibrated with gabbro (Di + An, at f/r > 1000)
is subsequently allowed to react with serpentinite at 400-500 °C, 1.0-2.5 GPa (a—d). The f/r
decreases as serpentinite is titrated into the fluid. Mineral abbreviations are from Whitney and
Evans (2010). Lower panels: Activity of silica buffered by serpentine-talc equilibrium from 1.0—
2.5 GPa. The composition of dissolved Si from the reaction-path models plotted above the

univariant line in the stability field of talc (e—f).
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Figure 15. Summary of possible tectonic settings of mass transfer recorded by the studied
serpentinite-metagabbro transect. Juxtaposition between serpentinite and metagabbro may have
occurred in an oceanic setting prior to subduction in Stage I. Fluid-mediated mass transfer led to
the development of metasomatic reaction zones that record significant Mg metasomatism and Ca
redistribution in subducted metagabbro during prograde to peak eclogite-facies metamorphism in
Stages Il and Ill. Subsequent exhumation accompanied by limited mass transfer and local re-

equilibration are displayed in Stage IV.
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Figure 16. (a) N-MORB normalized trace element ratios of the entire serpentinite-metagabbro
transect. Gray shaded ratios are radiogenic parent-daughter isotope pairs (b) Bulk density changes
of precursor mafic crustal rock relative to mantle peridotite (DMM) as a function of chlorite
content. (c) Bulk densities of serpentinite, metacrustal, and metasomatic rocks relative to mantle
peridotite in Voltri Massif (this study) and Syros (Miller et al., 2009). N-MORB values are from
Gale etal. (2013).
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Abstract

Talc formation via silica-metasomatism of ultramafic rocks is believed to play key roles in
subduction zone processes. Yet, the conditions of talc formation remain poorly constrained. We
used thermodynamic reaction-path models to assess the formation of talc at the slab-mantle
interface and show that it is restricted to a limited set of pressure—-temperature conditions, protolith,
and fluid compositions. In contrast, our models predict that chlorite formation is ubiquitous at
conditions relevant to the slab-mantle interface of subduction zones. The scarcity of talc and
abundance of chlorite is evident in the rock record of exhumed subduction zone terranes. Talc
formation during Si-metasomatism may thus play a more limited role in volatile cycling, strain
localization, and in controlling the decoupling-coupling transition of the plate interface.
Conversely, the observed and predicted ubiquity of chlorite corroborates its prominent role in slab-
mantle interface processes that previous studies attributed to talc.
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Plain Language Summary

In subduction zones, talc can form during chemical reactions of mantle rocks with silica-enriched
fluids at the interface between descending oceanic plates and the overriding mantle. Its formation
and distribution in subduction zones are believed to affect the volatile budget, rheological
properties, and the down-dip limit of the decoupling of the slab-mantle interface. Therefore,
illuminating the conditions that facilitate talc formation at high pressure-temperature conditions is
key in assessing its roles in fundamental subduction zone processes. Using thermodynamic
reaction-path models, we show that the formation of talc at the slab-mantle interface is restricted
to a limited set of environmental conditions, because its formation is highly sensitive to the
compositions of the mantle rocks and reactant fluids. Contrary to common belief, talc is unlikely
to form in high abundance in ultramafic rocks metasomatized by Si-rich slab-derived fluids.
Rather, our models predict the ubiquitous formation of chlorite along with other silicate minerals
during Si-metasomatism due to the competing effects from other dissolved components that favor
their formation over talc. This study calls into question the importance of talc during Si-

metasomatism in subduction zones but highlights the more predominant role of chlorite.
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1 Introduction

Talc [(Mg,Fe)sSisO10(OH).] is a hydrous phyllosilicate, which forms at the expense of
ultramafic rocks in the oceanic crust, orogenic belts, and subduction zones (Boschi et al., 2006;
Peacock and Hyndman, 1999). It contains ~5 wt.% water and can be stable to high temperatures
(T) and pressures (P), suggesting that it is a potentially important mineral in the global water cycle
(Bebout, 1991; Bose and Ganguly, 1995; Peacock, 1990). In wet conditions, talc is mechanically
weak and can localize shear stress, thus affecting the rheological and seismogenic properties of
faults and plate boundaries (Chen et al., 2017; Hirauchi et al., 2020, 2013; Moore and Lockner,
2007).

In subduction zones, pervasive mechanical mixing of sediments, mafic, and ultramafic
rocks (Bebout, 2013; Bebout and Barton, 2002; Bebout and Penniston-Dorland, 2016) facilitates
metasomatism which can favor talc formation (Manning, 1995; Peacock and Hyndman, 1999).
Talc can form in high-pressure ultramafic rocks that have been enriched in SiO; through the
reaction with silica-bearing aqueous fluids (Manning, 1997, 1995). Based on geophysical data, a
~4 km thick layer of altered ultramafic rock enriched in talc was inferred to be present at the slab-
mantle interface in the central Mexican subduction zone (Kim et al., 2013).

Rheological contrasts between juxtaposed lithologies lead to strain partitioning and fluid
flow along lithological boundaries further promoting metasomatic reactions (Ague, 2007).
Previous laboratory friction experiments have shown that wet talc can be substantially weaker than
antigorite, chlorite, and other hydrous minerals (Chen et al., 2017; Hirauchi et al., 2020, 2013;
Moore and Lockner, 2007), which would promote mechanical weakening and decoupling of the
slab-mantle interface (Abers et al., 2020; Marschall and Schumacher, 2012; Wada et al., 2008).
The changes in the rheological properties and stress states of materials along the plate interface
may manifest themselves as seismicity, such as slow slip events (Beroza and Ide, 2011; Rubin,
2008). The pressure-sensitive breakdown of talc into secondary mineral assemblage has recently
been suggested to control the extent of mechanical coupling along the plate interface (Peacock and
Wang, 2021). Therefore, illuminating the conditions that facilitate talc formation at high P-T
conditions is important in assessing its importance in plate interface processes.

Metamorphosed siliceous and pelitic sediments, as well as basaltic crustal rocks commonly

contain quartz, and fluids in equilibrium with these rocks are quartz saturated or even super-
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saturated (Hacker et al., 2003; Manning, 1995). While fluids in equilibrium with subducted
metabasalt and metapelite likely exhibit elevated silica activity, the presence of other silicate
minerals (e.g., Kyanite, garnet, paragonite, chlorite, epidote minerals) coexisting with quartz would
also affect the speciation of other dissolved major elements (e.g., Al, Mg, Ca, Fe). The elevated P-
T conditions in subduction zones are also expected to enhance the solubilities of dissolved
elements through the formation of aqueous complexes (Manning, 2007, 2004; Sverjensky et al.,
2014), which can directly affect metasomatic processes. However, such effects have remained
understudied as the dielectric constant of water at pressures higher than 0.5 GPa was poorly
constrained (Helgeson et al., 1981; Shock et al., 1992). The recent development of the Deep Earth
Water (DEW) model allows for the prediction of the equilibrium constants of reactions to model
fluid-rock interactions at high P-T conditions relevant to subduction zones (Huang and Sverjensky,
2019; Sverjensky, 2019; Sverjensky et al., 2014).

We used thermodynamic reaction path models to evaluate the successions of metasomatic
reactions between ultramafic rocks and fluids previously equilibrated with metapelite or
metabasalt over a range of P-T conditions relevant to slab-top geotherms of subduction zones. We
compare our predictions with exhumed metamorphic rock record with known P-T histories. We
discuss the petrological controls on talc and chlorite formation and highlight the implications of

slab-derived fluid metasomatism of ultramafic rocks in subduction zones.

2 Methods

Thermodynamic reaction path models were set up to assess changes in mineralogy and
fluid composition during Si-metasomatism of ultramafic rocks. Fluids equilibrated with
metamorphosed mid-ocean ridge basalt (MORB) or a metapelite were subsequently allowed to
react with ultramafic rocks at subduction zone conditions. To evaluate the effects of ultramafic
protolith compositions on reaction pathways, we used monomineralic antigorite
[Mg4sSi34Os5(OH)ez], Iherzolite (depleted MORB mantle, DMM), harzburgite (HZ1), and a more
refractory harzburgite (HZ2) (Table S1). Models were calculated over a range of P-T conditions
(1-2.5 GPa, 300-600 °C), and a range of fluid-to-rock (f/r) mass ratios, using the EQ3/6 software
package version 6 (Wolery, 1992) and DEW database (Huang and Sverjensky, 2019; Sverjensky

et al., 2014). The reaction-path portrays a system that is initially fluid-dominated, such as in a
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fracture or vein, but then becomes increasingly rock-dominated as more ultramafic rock is added,
such as in the rock matrix adjacent to a fracture or vein. We explored a range of f/r (i.e. f/r >> 1)
to simulate conditions likely relevant to high permeability zones, such as along lithologic contacts
and shear zones (Codillo, 2022). We also calculated reaction-path models to investigate the
metasomatism of ultramafic rocks by fluids that previously equilibrated with quartz only (i.e.
compositions of other dissolved elements are set to trace concentrations). Details on the reaction-

path model setup are provided in the Supplementary Information.

3 Results

3.1. Predicted compositions of fluids in equilibrium with metabasalt, metapelite, or quartz

The Si concentration of a quartz-saturated fluid is predicted to increase steadily with
increasing temperature and pressure. However, pressure appears to have a limited effect on the
fluid composition when compared with changes in temperature. The concentrations of dissolved
Mg, Si, and Al in equilibrium with metabasalt are predicted to increase steadily with increasing
temperature while the concentration of dissolved Ca shows no systematic trends in response to
changes in temperature (Fig. S1, Table S2). The concentrations of dissolved Al and Si in
equilibrium with metapelite are predicted to increase with increasing temperature. The
concentration of dissolved Mg is predicted to decrease with increasing temperature from 300 to
400 °C, and then slightly increase between 500 and 600 °C.

3.2. Modeled metasomatism of ultramafic rocks

To illustrate the effects of P, T, rock and fluid compositions on the metasomatic formation
of talc, representative model results at 300 °C and 1.5 GPa are presented in Figs. 1, 2, and S2. In
addition, the predicted mineral assemblages of reaction-path models that simulated Si-
metasomatism at higher temperatures (400-600 °C) at 1.5 GPa are shown in Figs. S3-S5. All
model results, including those for higher pressures, are available in the data repository. Models
simulating the reaction of quartz-saturated fluid with antigorite predicted the formation of talc
coexisting with quartz at all modeled P-T conditions (Table S3). At 300 °C and 1.5 GPa,
metasomatism of DMM lherzolite is predicted to result in the formation of talc, clinopyroxene,

and chlorite. At similar P-T condition, our models suggests the formation of talc together with
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clinopyroxene + orthopyroxene + chlorite in the reaction between quartz-saturated fluid and a
harzburgite (HZ1). Over the modeled conditions, metasomatism of DMM lherzolite by a quartz-
saturated fluid predicted talc formation from 1.5 to 2.5 GPa, from 300 to up to 600 °C (Table S3).
Metasomatism of HZ1 by a quartz-saturated fluid also predicted talc formation but at lower
temperature (<400 °C) compared with reaction with DMM. In contrast, talc is not predicted to
form during metasomatism of the more refractory harzburgite (HZ2) in any of the modeled
conditions (Table S3). In general, the predicted concentrations of dissolved Mg and Al increase,
dissolved Si concentrations decrease, while dissolved Ca concentrations initially decrease then
increase with decreasing f/r (Fig. 1).

Metasomatism of antigorite by fluids previously in equilibrium with a metabasalt is
predicted to form talc coexisting with chlorite + clinopyroxene (diopside) + olivine at 300 °C and
1.5 GPa (Fig. S2). However, under the same P-T condition, talc is not predicted to form during
metasomatism of DMM, HZ1, and HZ2. Instead, the models suggest the formation of Ca and Al-
bearing minerals such as clinopyroxene, chlorite, garnet, pumpellyite, wollastonite, and diaspore
(Fig. 2d-f). Our models predict that metasomatism of DMM, HZ1, and HZ2 by fluids that
previously equilibrated with metabasalt yields talc over a narrow range of P-T condition, between
300 and 400 °C at 2 GPa (Table S3). With decreasing f/r, the concentrations of dissolved Mg and
Al are predicted to increase while concentrations of dissolved Si are predicted to decrease during
reaction with DMM and HZ1. During metasomatism of HZ2, concentrations of dissolved Al and
Ca are predicted to initially increase and then decrease, while concentrations of dissolved Mg and
Si initially decrease then increase with decreasing f/r (Fig. 1).

Metasomatism of antigorite by fluids that were previously in equilibrium with a metapelite
is predicted to form talc coexisting with chlorite + quartz + diaspore at 300 °C and 1.5 GPa (Fig.
S2). Metasomatism of HZ2 by a metapelite-equilibrated fluid is predicted to yield talc coexisting
with chlorite + quartz + antigorite + tremolite at 300 °C and 1.5 GPa. Our models suggest that
metasomatism of DMM and HZ1 yields chlorite, quartz, clinopyroxene, lawsonite, and diaspore
under similar P-T condition. If the fluid previously equilibrated with metapelite, the models predict
that talc formation is favored during metasomatism of more refractory ultramafic compositions
(Table S3). With decreasing f/r, the concentrations of dissolved Si, Ca, and Al are predicted to

increase while dissolved Mg decreases (Fig. 1).
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4 Discussion

4.1. Effects of fluid and rock compositions on talc formation

Talc can form during serpentinization, closed-system metamorphism of serpentinite, and
metasomatism of ultramafic rocks. Talc formation is favored during low-pressure serpentinization
of pyroxene at temperatures of 400 °C or higher where olivine is stable in the presence of water
(Evans, 1977; Frost and Beard, 2007; Klein et al., 2009). Prograde metamorphism of antigorite
can yield olivine, talc, and water whereas retrograde metamorphism of antigorite can form
chrysotile and talc (Schwartz et al., 2013). The volume of talc formation during serpentinization
or closed-system metamorphism is small when compared with other reaction products. In contrast,
the formation of sizeable talc deposits, such as those in the exhumed high-pressure terrane on Santa
Catalina Island (USA), would require an open-system reaction involving the external addition of
silica-bearing fluids into serpentinite (Bebout and Barton, 2002). The formation of talc at the
expense of ultramafic rocks can be assessed using the simplified MgO-SiO2-H20 (MSH) system
(Bowen and Tuttle, 1949; Evans, 1977).

Serpentinization
(R1) 90 MgSiOs3 + 45 H20 = M@asSizs0s5(0OH)e2 + 14 M3SisO10(OH)2
(orthopyroxene) (antigorite) (talc)

Metamorphism
(R2) 5 Mg7Sig022(0OH)2 + 2 H20 = 9 M(3SisO10(OH)2+ 4 Mg2SiOs

(anthophyllite) (talc) (olivine)
(R3) MgssSizsOgs(OH)s = 18 M@2SiO4 + 4 MQ3SisO10(OH)2 + 27 H,0O
(antigorite) (olivine) (talc)

Si-metasomatism

(R4) 3 M@2SiO4 +5 SiO2 (ag) + 2 H20 = 2 M@3SisO10(OH):
(olivine) (talc)

(R5) 3 MgSiO3 + SiO2 (ag) + H20 = Mg3SisO10(OH)2
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(orthopyroxene) (talc)
(R6) MgasSizs0g5(OH)s2 + 30 SiO2 (ag) = 16 M@3SisO10(OH)2+ 15 H.O
(antigorite) (talc)

While serpentinization and metamorphism of serpentinite can proceed without the addition or
removal of components, except for water (e.g., R1-R3), the formation of talc may also be favored
via the addition of SiO; to — or the removal of MgO from — an ultramafic rock. However, factors
other than SiO> addition and MgO removal need to be considered when assessing the stability of
talc, notably the compositions of the reactant rock and fluid, f/r, and temperature (Klein et al.,
2013).

Our model predictions at 300 °C and 1.5 GPa suggest that the reaction of a quartz-saturated
fluid with DMM, HZ1, or HZ2 can yield minerals such as chlorite, garnet, clinopyroxene,
orthopyroxene, pumpellyite, in addition to talc. The formation of talc is predicted to be more
favorable during Si-metasomatism of DMM and HZ1 when compared with HZ2 which we
attribute to the higher bulk-rock Al contents and lower Mg/Si ratios in less melt-depleted mantle
rocks (Fig. S6). The lower bulk-rock Al contents and higher Mg/Si of more melt-depleted mantle
rocks (here HZ2) favor the formation of Al-bearing phases such as chlorite, paragonite, and garnet
rather than talc (Fig. 2). Si-metasomatism of fertile mantle rocks is predicted to favor the formation
of Ca-bearing phases such as clinopyroxene, lawsonite, and grossular-rich garnet due to their
elevated bulk-rock Ca contents relative to refractory harzburgite.

Our models predict that metasomatism of antigorite by fluids that previously equilibrated
with metabasalt can favor the formation of chlorite and clinopyroxene, in addition to talc (Fig. S2;
Table S3). However, if the fluid equilibrates with metabasalt before reacting with peridotite
(DMM, HZ1, and HZ2), talc formation is predicted to occur only between 300—400 °C at 2 GPa
(Table S3). A possible explanation is the relatively high Si concentrations and low Mg/Si ratios of
the fluid at these conditions when compared with similar temperatures at different pressures. We
attribute talc formation during metasomatism of refractory HZ2 peridotite by fluids that previously
equilibrated with metapelite with the relatively low bulk-rock Al contents and high Mg/Si ratios,
as well as the low dissolved Al content and low Al/Si ratio of the reactant fluid (Table S3; Fig. S1,
S6).
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The reaction-path models suggest that the compositions of reacting fluids and whole-rocks
at a given P-T condition are pivotal in controlling the chemical affinity to form talc. This implies
that the formation of talc may be restricted to specific domains where rock and fluid compositions,
as well as pressure and temperature are favorable, e.g., where sediments and refractory harzburgite
are juxtaposed at 300—400 °C and 1-2 GPa. However, juxtaposition of mafic and ultramafic rocks
is predicted to favor the formation of Ca- and Al-bearing phases such as chlorite, clinopyroxene,
lawsonite, garnet, epidote, and paragonite over talc. A fluid that is Si-rich but Ca- and Al-poor
could produce talc upon reaction with fertile ultramafic compositions; however, such fluid
compositions seem unlikely considering the abundance of Ca- and Al-bearing phases in subducting

slabs that become unstable during metamorphism.

4.2. Limited talc formation along the subduction interface

The thermal structure of subducting slabs is of central importance regarding the P-T
stability of hydrous minerals. In addition to P and T, our calculations suggest that rock and fluid
compositions should not be ignored when the stability of hydrous minerals in subduction zones is
evaluated (Fig. 3a). Fig. 3b summarizes the conditions where talc formation is predicted relative
to distinct slab-top geotherms (Syracuse et al., 2010). As talc formation during Si-metasomatism
is favored at relatively low temperatures and pressures, we expect to find more talc in cold
subduction zones, such as Izu-Bonin-Mariana and Tonga, than in warm subduction zones such as
in Cascadia and Mexico. If this is correct, more extensive talc formation via Si-metasomatism of
ultramafic rocks along the slab-mantle interface at subarc depths may be limited to cold subduction
zones. We also infer that talc formation at the slab-mantle interface may be limited in subduction
zones where sediments are scraped off before subduction or if the sediment layer of the subducting
oceanic plate is thin.

Talc-bearing metamorphic rocks from the Arosa Zone (Switzerland) and on Santa Catalina
Island (USA) can be used to further evaluate our model predictions. The Arosa Zone exhibits an
exhumed plate interface that includes calcareous and pelitic schists, metabasite, marble,
serpentinite, and chlorite and talc schists (Condit et al., 2022). Talc schist forms a 2—4 m thick
layer between ultramafic and mafic rocks. While the P-T conditions of talc and chlorite formation
at Arosa are unknown, it is estimated that the latest stage of subduction-related deformation of the

region may have occurred at 300-350 °C and pressures above 0.7 GPa (Bachmann et al., 2009). If
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we consider this estimate as a minimum bound for talc (and chlorite) formation due to its
deformation texture, this would be comparable and consistent with our model prediction where
talc can form at temperature <400 °C at 1 GPa.

On Santa Catalina Island (USA), a talc-bearing metasomatic reaction zone developed
between serpentinite and metasediments. The heterogeneous mixture of metamorphosed rocks at
Catalina recorded a wide range of P-T conditions of between ~200 °C and ~700 °C and between
0.6 GPa and 1.2 GPa. The talc-bearing metamorphosed rocks in this locality record amphibolite-
facies conditions (600—700 °C). This temperature range is significantly higher than the anticipated
temperature range for talc formation based on our model predictions for pressures of less than 2
GPa. However, previous petrologic studies on Catalina have suggested that talc must have formed
during or after the exhumation-related, chrysotile-bearing deformation observed in the serpentinite
domains (Hirauchi et al., 2020; Hirauchi and Yamaguchi, 2007).

Talc can also form during mineral carbonation of ultramafic rocks (Okamoto et al., 2021).
This process can transform a Si-undersaturated peridotite or serpentinite into soapstone (mainly
talc and magnesite) or even listvenite (quartz and magnesite) without adding Si, as CO2 reacts with
Mg, Fe, and Ca to form carbonate, allowing Si to react with serpentine to form talc (Grozeva et
al., 2017; Klein and Garrido, 2011). While a more detailed account of mineral carbonation is
beyond the scope of this study, talc formation through this process may be most effective in
subduction zones where the incoming plates carry large volumes of carbonate rocks, such as in the
Aegean arc (Clift and Vannucchi, 2004).

4.3. Formation of chlorite along the subduction interface

Chlorite is predicted to form in almost all of our reaction path models (Fig. 3c). The
elevated activity of Al species in fluids in equilibrium with metabasalt or metapelite with
increasing temperature promotes the formation of chlorite upon reaction with ultramafic rocks.
The increased solubility of Al in fluids with increasing temperature is facilitated by the formation
of Al-complexes, such as AI(OH)Si(OH) (Huang and Sverjensky, 2019; Manning, 2018). The
predicted formation of chlorite is corroborated by the common occurrence of chlorite at the
interface between juxtaposed mafic, pelitic, and ultramafic rocks in metamorphic terranes that

record a wide range of P-T conditions (Bebout, 1991; Bebout and Penniston-Dorland, 2016;
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Marschall and Schumacher, 2012). Here, Si-metasomatism of ultramafic rocks or Mg-
metasomatism of mafic (or pelitic) rocks can yield chlorite-rich assemblages.

Examples of exhumed chlorite-bearing high-pressure rocks with well-constrained P-T
histories support our model predictions (Fig. 2c). The exhumed high-pressure mélange in Syros
(Greece), metamorphosed at 1.3-2.0 GPa and 470-520 °C (Breeding et al., 2004; Marschall et al.,
2006), displays chlorite-rich reaction zone between mafic blocks and serpentinite matrix where
serpentinite is altered to chlorite + talc + tremolite (Gyomlai et al., 2021). Similarly, the ultramafic
mélange from the Nishisonogi (Japan), metamorphosed at ~1.3-1.4 GPa and ~440-520 °C (Mori
et al., 2019; Moribe, 2013), consists of a matrix of chlorite-actinolite schists and serpentinite
juxtaposed to metapelite (Mori et al., 2014). In addition, chlorite and amphibole-rich reaction rinds
around mafic blocks on Santa Catalina Island (USA) display elevated MgO, Ni, Cr, Os, Ir and Ru,
reflecting ultramafic protoliths (Bebout and Barton, 2002; Penniston-Dorland et al., 2014). Other
examples of exhumed mantle wedge peridotite metasomatized by slab-derived fluids include the
Higashi-Akaishi peridotite (Japan) and chlorite harzburgites in Cima di Gagnone (Switzerland).
These exhumed metaperidotites record peak P-T conditions of ~700-800 °C and <3 GPa (Guild et
al., 2020; Scambelluri et al., 2014). Metasomatism of these metaperidotites by slab-derived fluids
may have occurred at or before the rocks had reached peak-metamorphic temperatures. In the
Higashi-Akaishi peridotite, high-Mg chlorite and amphibole included within garnet and
orthopyroxene were interpreted as a stable prograde assemblage (Enami et al., 2004; Hattori et al.,
2010). At Cima di Gagnone, chlorite harzburgite lenses are embedded within metamorphosed
pelite. These chlorite harzburgite lenses record enrichments in radiogenic Sr and Pb from the
interactions with fluids derived from the enclosing metapelite (Cannao et al., 2015; Scambelluri et
al., 2014). Evidence for chlorite formation and stabilization in mantle rocks by slab-derived fluids
is also found in multiphase inclusions in exhumed metaperidotite (Campione et al., 2017). For
instance, primary mineral inclusions in mantle garnet from exhumed ultra-high-pressure peridotite
(e.g., Maowu Ultramafic Complex in Eastern China, Bardane, Ugelvik and Svartberget in the
Western Gneiss Region) include spinel + chlorite which were interpreted as crystallization
products of dilute slab-derived aqueous fluids that percolated through mantle peridotites
(Campione et al., 2017; Carswell and van Roermund, 2005; Malaspina et al., 2006; Van Roermund
and Drury, 1998; Vrijmoed et al., 2008).
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4.4. Implications for the rheology, slow slip, and coupling-decoupling transition of the slab-
mantle interface

The structurally complex shear zones in subduction interface exposures preserve a mixture
of rock types that vary strongly in their rheological properties (Agard et al., 2018). Previous studies
have suggested that episodic slip occurs downdip of the seismogenic zone along the plate interface,
where the brittle-ductile transition occurs (Audet and Kim, 2016; Burgmann, 2018). Slow slip
occurs over longer timescales and at lower slip rates than seismic ruptures but are episodic and
faster than continuous aseismic creep (Beroza and Ide, 2011; Rogers and Dragert, 2003). Slow slip
events are typically observed in warm subduction zones at conditions of very low shear stresses
(<1 MPa) (Beroza and Ide, 2011; Hawthorne and Rubin, 2010). Their distributions vary between
subduction zones, but the majority are found at an inferred depth range of 30 to 50 km and
temperatures between 325 to 500 °C (Brown et al., 2009; Condit et al., 2020). However, the exact
mechanisms and conditions controlling their occurrence remain debated (Behr and Burgmann,
2021). Proposed mechanisms include high pore fluid pressure that may promote dilatant hardening
(Segall et al., 2006) or by changing strain partitioning among different rock units (French and
Condit, 2019). These fluids are believed to be generated by in-situ dehydration of subducting slab
or updip flow of fluids sourced from portions of the subducted slabs that dehydrate at greater
depths (Condit et al., 2020; Fagereng et al., 2017; Kodaira et al., 2004; Taetz et al., 2018). The
latter mechanism, proposed in conjunction with high pore-fluid pressures, invokes the presence of
weak minerals such as chlorite and talc (Condit et al., 2022; French and Condit, 2019; Hirauchi et
al., 2020; Tarling et al., 2019). For instance, French and Condit (2019) suggested that the very low
shear stresses determined for during slow slip events can be accommodated by frictional
deformation of chlorite or talc at near-lithostatic pore-fluid pressures. This is particularly important
as near-lithostatic fluid pressures have been inferred for the plate interface (Behr and Blrgmann,
2021; Condit and French, 2022; Furukawa, 1993).

This study provides additional constraints on strain localization and the potential link to
slow slip events by illuminating the formation potential of talc and chlorite along the plate
interface. Talc formation via Si-metasomatism may not be as pervasive as previously thought,
because it is predicted to form at a restrictive set of conditions only. When fluid in equilibrium
with metapelite reacts with an ultramafic rock, talc formation is predicted to be less favorable at

temperatures above 400 °C at pressures below 2 GPa. If slow slip events depend on the presence
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and rheological properties of talc at near-lithostatic fluid pressures, then these events would be
more favored in subduction zones with cold slab-top geotherms and where the incoming plates
contain abundant sediments. However, this is inconsistent with the common occurrence of slow
slip events in warm subduction zones such as in Cascadia and Mexico where the incoming plates
are sediment-poor (Clift and Vannucchi, 2004). The absence of large volumes of talc in exhumed
high-pressure rocks that record peak pressures above 1 GPa, in conjunction with our model
predictions (that cover P-T conditions that are not represented by the exhumed metamorphic rock
record), tentatively suggest that talc formation via Si-metasomatism is less favorable in warm
subduction zones than in cold ones. Therefore, talc formed during Si-metasomatism may be less
important in promoting of slow slip events in warm subduction zones than previously thought
(French and Condit, 2019).

The pressure-dependent breakdown of talc via the reaction with forsterite to form antigorite
and enstatite has been suggested as a mechanism to explain the coupling of the slab and overlying
mantle at ~80 km depth (Peacock and Wang, 2021). If our predictions are correct, the common
decoupling-coupling transition along the plate interface in warm subduction zones would be
difficult to explain with the breakdown of talc, since its formation via Si-metasomatism seems to
be limited to a restricted set of environmental conditions. Alternatively, much of the talc may form
via mineral carbonation rather than Si-metasomatism (Okamoto et al., 2021).

Since chlorite also displays low frictional strength (Fagereng and Ikari, 2020), its formation
along the plate interface largely independent of the slab thermal structure may be more likely to
facilitate strain localization and facilitate slow slip events when the pore fluid pressure approaches
lithostatic condition. However, other processes or mechanisms are required for chlorite to host
slow slips at depths where they are generated.

Downdip of the brittle-ductile transition, increasing temperature in the presence of fluids
may further promote the metasomatic growth of chlorite at the expense of precursor rocks. This
would promote decoupling and possibly the deepening of the decoupling-coupling transition of

the plate interface over time (cf. Abers et al., 2020; Marschall and Schumacher, 2012).
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Fig. 1. Predicted pore fluid composition during high P-T (300°C, 1.5 GPa) Si-metasomatism of
ultramafic rocks as a function of fluid-to-rock ratio. A fluid equilibrated with quartz (a-c),
metabasalt (d-f), or metasediments (g-i) is subsequently allowed to react with ultramafic
compositions (DMM, HZ1, and HZ2). The f/r decreases as ultramafic rock is titrated into the fluid.
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126



accretionary wedge

: : volcanic arc
oceanic slab + sediment

overlying mantle wedge

mafic crust

oceanic slab architecture

/ﬂuid flow

reaction zone

talc-bearing
(a) chlorite-rich

mélange zones

3 forbidden zone 3 forbidden zone
cold stz
Ima di Gagnone
2.5 4 2.5 4 Higashi-Akaishi
©
o
O 28 & & 28 .
° talc chlorite
5 rt tabasalt
§ quartz g;netabasa\t qual ;ehgmnn;ea asa
G‘__) 15!9 9 @ metapelite 150 e
o
1 o D 18
05 | | Catalina (b) 05 (c)

300 400 500 600 700 800 900 300 400 500 600 700 800 900

Temperature (°C) Temperature (°C)
Fig. 3. (a) lllustration of the slab-mantle interface in subduction zones where talc and chlorite may

be favored to form. Summary of the conditions that are predicted to favor the formation of talc (b)
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Chapter 4

The ascent of mélanges: experimental constraints on mélange rock
densities and solidus temperatures in subduction zones

Abstract

Mélange rocks 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 region of arc magmas.
However, their ability to rise by buoyancy 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 on three natural mélange rocks that cover a range of mélange
compositions at 1.5-2.5 GPa and 500-1050°C. We show that melting of mélanges is unlikely to
occur along the slab-top at pressures < 2.5 GPa, so that diapirism into the hotter mantle wedge
would be required to initiate melting. For the two metaluminous mélange compositions, the bulk
of residual phases is more buoyant than the overlying mantle at all P-T conditions investigated,
opening the possibility of diapir formation. For peraluminous mélanges, diapir buoyancy is
possible at 1.5 GPa but limited at 2.5 GPa due to the formation of abundant garnet primarily at the
expense of chlorite. We also evaluate if thermodynamic modeling (Perple_X) can accurately
reproduce the phase equilibria, solidus temperatures, and density evolution of mélange
compositions. Our analysis shows some agreement between models and experiments in mélange
rocks with low initial water contents and low-pressure (< 1.5 GPa) conditions. However, the
discrepancy between models and experiments becomes larger at higher pressure and high-water
contents. Results from this study provide 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.
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1 Introduction

Subduction zones are highly dynamic regions on Earth where igneous oceanic crust,
serpentinized peridotites, and sediments are brought back into the Earth’s interior and variably
influence the compositions of arc magmas worldwide (Hawkesworth et al., 1993; McCulloch and
Gamble, 1991; Plank and Langmuir, 1993; Tera et al., 1986). The intense shearing, fluid
metasomatism, and deformation processes occurring along the slab-mantle interface result in the
development of mélange zones. Field observations of exhumed high-pressure mélange rocks often
display blocks of crustal rocks embedded in mafic to ultramafic matrices (Bebout and Barton,
2002; Bebout, 1991; Codillo et al., 2022a; Harlow et al., 2015; Marschall and Schumacher, 2012;
Miller et al., 2009). These mélange matrices may include monomineralic chlorite schist, talc schist,
and jadeitite with variable amounts of amphibole, clinopyroxene, phengite, epidote, and accessory
minerals, such as titanite, rutile, ilmenite, and zircon. These hybrid rocks display a wide range of
elemental and isotopic signatures reflecting distinct input lithologies and fluids, but have phase
equilibria different from any of the subducted inputs (Bebout and Barton, 2002; Bebout, 1991;
Breeding et al., 2004; Codillo et al., 2022a; King et al., 2006; Marschall and Schumacher, 2012;
Miller et al., 2009; Penniston-Dorland et al., 2014; Pogge von Strandmann et al., 2015; Sorensen
and Grossman, 1989). It has been suggested that mélanges, in the form of melts or solid diapirs,
may play an important role in controlling arc magma chemistry (Codillo et al., 2018; Cruz-Uribe
etal., 2018; Marschall and Schumacher, 2012; Nielsen and Marschall, 2017; Parolari et al., 2021).
Whether partial melting of mélange rocks occurs along the slab-top and/or in buoyant diapirs has
implications for the timing and location of elemental fractionation associated with arc magmas
(Cooper et al., 2012; Elliott et al., 1997; Hawkesworth et al., 1997; Li Huijuan et al., 2022; Plank
et al., 2009; Schmidt, 2015; Turner et al., 2001). For instance, chemical thermometers (e.g., light
rare earth elements/Ti, K>O/H2O, H>O/Ce), which are widely used to infer the slab-top
temperatures assume that the phases (e.g., phengite, epidote) responsible for elemental
fractionations reside near the slab-top (Cooper et al., 2012; Hermann and Spandler, 2008; Klimm
et al., 2008; Plank et al., 2009). However, if those minerals can be entrained by buoyant mélange
diapirs, calculated temperatures would not indicate slab-top pressure conditions.

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
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mantle (Behn et al., 2011; Castro et al., 2010; Castro and Gerya, 2008; Currie et al., 2007; Ducea
et al., 2022; Gerya and Stdckhert, 2006; Gerya and Yuen, 2003; Klein and Behn, 2021; Miller and
Behn, 2012; Zhu et al., 2009). These buoyant diapirs can transport slab components (e.g., igneous
crust, sediment, serpentinite, mélange rocks, and fluids) and subject them to P-T conditions that
are otherwise unattainable in the conventional view of dehydration reactions and melting along the
slab-top (c.f. Behn et al., 2011). Most of these geodynamic models have evaluated the potential
for subducting sediments to rise buoyantly into the overlying mantle wedge (e.g., Behnetal., 2011,
Currie et al., 2007; Ducea et al., 2022; Gorczyk et al., 2006; Klein and Behn, 2021; Miller and
Behn, 2012). These previous studies have identified parameters such as layer thickness and
composition, and slab-top geotherm to be particularly important on diapir formation and their
behavior in the mantle wedge. Additional lines of petrologic and geophysical evidence support
diapiric transport of slab-derived materials into the overlying mantle. The presence of old
xenocrystic zircons included within chromitite or entrained in erupted arc lavas were suggested to
have been derived from subducted sediments that were transported via diapiric plumes that
relaminated at the base of the overlying crust (Gomez-Tuena et al., 2018; Proenza et al., 2017).
Similarly, geochemical and petrochronological data indicate contamination of ultramafic rocks by
relaminated felsic granulite from the Namést' Granulite Massif (Kusbach et al., 2015). Evidence
from field relations, geochronologic, and geochemical data support the genetic relationship
between alkaline arc rocks and exhumed mélange rocks found in the same locality in Western
Tianshan (Wang et al., 2022). In addition, the P-T conditions recorded by high and ultra-high
pressure subducted rocks (e.g., Tso-Morari in Himalayas, North Qaidam UHP metamorphic belt
in Northwest China, D’Entrecasteaux Islands in Papua New Guinea) are consistent with heating
within the mantle wedge overlying the subducting slab (Chatterjee and Jagoutz, 2015; Little et al.,
2011; Sharp et al., 1992; Yin et al., 2007). Lastly, analysis of P-wave scattering in the mantle
wedge indicates the presence of seismic obstructions that were interpreted as buoyant materials
rising away from the slab-top, consistent with previous observations (Gerya et al., 2006; Gorczyk
etal., 2006; Lin et al., 2019, 2021)

However, the ability of mélange rocks to ascend by buoyancy from the slab top to the
overlying mantle is tied to their phase equilibria, melting behavior, and densities, which are poorly
constrained. In particular, we need to understand whether these mélange rocks melt along the slab

top and how the melting process affects the density evolution of their melting residues. Mélange
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rocks could either form buoyant diapirs that dehydrate and melt as they rise through the mantle
wedge, or remain at the slab-top to dehydrate and melt when entrained to deeper depths.

Here we report the phase equilibria and residual 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 piston cylinder apparatus at conditions relevant to
subduction zone slab-top thermal structures (i.e. 500-1050 °C, 1.5-2.5 GPa) to estimate the P-T
conditions at which mélange melting starts (solidus) and constrain the density evolution of
mélange residues. Lastly, we compare how well phase equilibrium models (Perple_X; Connolly,
1990) reproduce the phase equilibria and melting behavior of these novel bulk compositions and

discuss the implications for mélange diapirism in subduction zones.

2 Materials and methods

2.1 Starting material preparation

There exists a wide range in chemical and mineralogical compositions of exhumed
mélange rocks worldwide. To account for their compositional variability, we selected three natural
mélange rocks as starting materials based of their mineralogical assemblages, fluid-immobile
element (i.e. Cr/Al vs Al,Oz) chemistry, and trace element chemistry (Figure 1). Two mélange
rocks from Syros, Greece (i.e. SY400B and SY325, see Miller et al., 2009) and one mélange rock
from Santa Catalina, USA (i.e. C647, labeled 6-4-7 in King et al., 2006) 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. The use of mélange matrix material
in this study is supported by both field and geochemical 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. Previous studies have constrained the peak metamorphic conditions of ~
500-550 °C, 1.8-2.0 GPa for the exhumed high-pressure rocks in Syros (Breeding et al., 2004;
Gyomlai et al., 2021; Miller et al., 2009) and ~600-700 °C, 0.9-1.3 GPa for Santa Catalina (King
et al., 2006). These conditions are consistent with slab-top thermal models (Holt and Condit, 2021;
Syracuse et al., 2010). The petrogenesis of the melange matrix rocks used in this study are
discussed in detail in previous studies (Gyomlai et al., 2021; King et al., 2006; Miller et al., 2009;
Pogge von Strandmann et al., 2015).
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SY325 mélange is Si-Mg rich (55 wt.%, 22 wt.%, respectively) and Al-poor (2 wt.%) while
SY400B mélange is Si-Al rich (50 wt.%, 17 wt.%, respectively), Mg-poor (8 wt.%), both of which
have water contents of ~3 wt. %. C647 mélange is Mg-Al rich (24 wt.%, 12 wt.%, respectively)
and Si-poor (38 wt.%) with water content of ~8.5 wt. %. SY400B mélange displays the highest
Cr/Al and lowest Al>O3 content, plotting closest to the mafic compositions represented by MORB
(mid-ocean ridge basalt) and GLOSS (global subducting sediment) while SY 325 mélange displays
the lowest Cr/Al and highest Al.Os content, plotting closest to the ultramafic compositions
represented by DMM (depleted MORB mantle) and serpentinites. The composition of C647
mélange is intermediate between SY 325 and SY400B in terms of Cr/Al and Al,O3 content (Figure
1a). The normalized trace-element composition of SY400B mélange displays elevated trace-
element abundances that resemble GLOSS composition, whereas SY325 mélange displays the
lowest trace-element abundances that plot close to DMM and serpentinite compositions. The
normalized trace-element composition of C647 mélange plots in between SY325 and SY400B
compositions (Figure 1b). Our starting material SY400B is compositionally similar to the starting
material used in the experimental study of Cruz-Uribe et al. (2018) performed at higher
temperature conditions. Homogeneous powders of each mélange rock were stored in a dry box
until use. The mineralogical assemblages and whole-rock compositions (major and trace elements)
of SY325, SY400B and C647 mélanges are reported in Table S1.

2.2 Experimental setup

Partial melting experiments were performed in a 0.5"” end-loaded solid medium piston-
cylinder device at the Woods Hole Oceanographic Institution (USA). The starting materials were
packed in Au capsules to minimize water and Fe losses. Approximately 35-45 mg of the starting
material was packed in the Au capsule, triple-crimped and then welded shut. The sealed Au capsule
was fitted inside a pre-dried and hollowed MgO spacer. All the experiments were performed in a
CaF, pressure assembly with pre-dried crushable MgO spacers and straight-walled graphite
furnace. Lubricated Pb foils were used to contain the friable CaF. assembly and to provide
lubrication between the assembly and the bore of the pressure vessel.

The experiments were performed at 500-1050 °C and 1.5-2.5 GPa, a range of conditions
where significant increase in the slab-top geotherms are predicted (Syracuse et al., 2010). Run

duration was set at 96 hr or longer after comparing approach to chemical equilibrium from a 96 hr
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to 144-hr time-series (see discussion below). Pressure was applied using the cold piston-in
technique where the experiments were first raised to the desired pressure before heating them at
desired temperature at the rate of 60 °C/min. The friction correction was determined from the Ca-
Tschermakite breakdown reaction to the assemblage anorthite, gehlenite, and corundum at 12—-14
kbar and 1300 °C and is within the pressure uncertainty (£ 50 MPa). Thus, no correction was
applied on the pressure in this study. Temperature was monitored and controlled in the experiments
using We7Res/W7sRe2s thermocouple with no correction for the effect of pressure on thermocouple
electromotive force. Temperatures were estimated to be accurate to +10 °C and pressures to £500
bars, and the thermal gradient over the capsule was <5 °C. The experiments were quenched by
terminating power supply and the run products were recovered. The capsules were longitudinally
cut in half before mounted in epoxy. All the mounted capsules were polished successively on 400-
to 1200-grit SiC paper before the final polishing on nylon or velvet microcloth with polycrystalline
diamond suspensions (3-0.25 um) and 0.02 pum colloidal silica. Vacuum re-impregnation of
capsules with epoxy was performed to reduce plucking-out of materials during polishing. The

experimental conditions and run durations are summarized in Table S2.

2.3 Analytical techniques

The mineralogical and textural characterization of each experimental run products was
performed using a Zeiss Axiolmager 2 microscope complemented by scanning electron
microscopy (SEM) using a Hitachi TM3000 equipped with a Bruker Quantax 70 energy-dispersive
X-ray spectrometer at the Woods Hole Oceanographic Institution. The major element
compositions of the quenched melts (when present) and coexisting silicate and oxide minerals
from all experimental run products were analyzed by electron microprobe analysis (EPMA) using
a JEOL JXA-8200 Superprobe at the Massachusetts Institute of Technology. Analyses were
performed using a 15 kV accelerating potential and a 10 nA beam current. The beam diameter
varied depending on the target point. For quenched glassy melt pools, beam diameters varied
between 2 um to 5 pm (mostly 5 um) depending on the size of the melt pools. For silicate and
oxide minerals, a focused beam (1 um) was used. If a mineral phase showed significant
compositional zoning from core to rim, spots were chosen along the rims of those phases as such
analytical volumes are expected to be closer to equilibrium with the adjacent phases. If sector

zoning is evident, such as in epidote mineral, multiple spots are analyzed on a single grain to
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provide the compositional range as reflected by the standard deviation from the average. Data
reduction was done using the CITZAF package. Counting times for most elements were 40 s on
peak, and 20 s on background. In order to prevent alkali diffusion in glass, Na was analyzed first
for 10 s on peak and 5 s on background. All phases (experimental melts and coexisting minerals)
were quantified using silicate and oxide standards. Major element compositions of melts and

minerals are reported in Tables S3-S5.

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 SY 325 starting material at 2000
°C, 1.5 GPa using two run durations (96 h and 144 h) and found no significant difference (within
1 o) in the compositions of glassy melt and mineral phases for both experiments performed at
different run durations (Figure S1). Based on the likelihood 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 all experiments and approach to
equilibrium were further demonstrated by the following observations: (1) low values for the sum
of residual squares (3 12, most experiments have < 1), indicating reasonable 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
minerals 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 lowest temperature subsolidus experiments, likely due to slower rates of reactions
under these low temperatures conditions (e.g., Lakey and Hermann, 2022). Mass balances
calculations in the subsolidus C647 mélange experiments at 1.5 and 2.5 GPa yielded high ¥ 1? (>
8), unless a free fluid phase was artificially added to the calculation. We did not measure

compositions of the coexisting fluids but observed significant porosity (Figure 5). The addition of
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a synthetic fluid in equilibrium with ultramafic composition of Dvir et al. (2011) in our mass-
balance calculation yielded a better 3 r? (0.4-3.8) and accurately predicted mineral proportions.
The near-solidus and suprasolidus experiments conducted at higher temperatures did not show any
significant chemical zoning. The oxygen fugacity was not controlled in our experiments.

Modal proportions of minerals and melts for each experiment were estimated using two
independent mass-balance approaches using the mineral and whole-rock compositions. We
performed mass-balance calculations using the conventional Excel program Solver as well as the
LIME program (Krawczynski and Olive, 2011). The LIME program is based on the isometric log-
ratio transform that considers information and uncertainties on endmember and bulk compositions
as well as phase-proportions. The LIME program outputs phase proportions with associated
uncertainties (Tables S10-S12). Comparison of the predicted proportions of main mineral phases
from two mass balance approaches showed good agreement, and provided a robust assessment of
the phase proportions in the experimental run products (Figures S2-S4). The phase proportions
calculated by both Solver and LIME are checked for consistency and verified by extensive
petrographic observations performed in each experiment. Petrographic observations are also used
to resolve if a discrepancy in the phase proportion estimates between Solver and LIME is observed.
For instance, Solver and LIME estimated different relative proportions of Ca-bearing phases,
clinopyroxene and amphibole, in an experiment (ECSY400B-10). Independent petrographic
assessment on this experiment indicated that Solver estimates are more consistent with
petrographic observations. The phase proportions (in wt. %) constrained by Solver are used in the
succeeding sections after showing the good agreement with LIME estimates and that the phase
proportions estimated by Solver are more consistent with petrographic observations in few
experiments where estimates between LIME and Solver differed. Attainment of chemical
equilibrium as reflected in good mass balances also indicated that Fe-loss was insignificant in the
experiments. Accessory phases, such as zircon, apatite, and tourmaline, are reported when present,

but their modal abundances were not quantified.

3.2 Mineral phase relations and textures
The experimental conditions and mineral phase assemblages and phase proportions

constrained by Solver are reported in Tables 3-5 and displayed in Figure 2. Experiments performed
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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 elongated grains (Figure 3a, b).
Increased porosity in the experiments is coincident with the breakdown of chlorite and talc at
temperature below 800 °C, indicating the presence of H.O-rich fluid phase at experimental
conditions (Figure 3c). Anthophylite is formed as a breakdown product of talc at 2.5 GPa. At near-
solidus, small and elongated orthopyroxene laths are observed throughout the capsule surrounding
larger grains of amphibole and clinopyroxene while interstitial melts are found locally around these
orthopyroxene grains (Figure 3d) for both 1.5 and 2.5 GPa experiments. The solidus is constrained
between 800-850 °C between 1.5 and 2.5 GPa. This is based on petrographic observation of the
presence of glassy melt surrounding residual minerals. At temperatures above the solidus, the
proportion of amphibole decreases until exhaustion between 900-1000 °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. % H20 bulk) below the solidus are
dominated by omphacitic clinopyroxene and minor amounts of phengite and chlorite. 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 1.5and 2.5 GPa (Figures 4 and 6). Omphacitic clinopyroxene and epidote minerals display some
chemical zonation at these low-temperature subsolidus conditions (Figure 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 SiO2 and Na2O contents than the more
dominant ‘dark’ mantle and rims (Figure S5). The major element compositions of euhedral and
chemically homogenous clinopyroxene grains in these experiments are similar to the composition
of the more dominant ‘dark’ mantle and rims. In addition, sector zoning is observed in epidote at
low-temperature subsolidus conditions. The K-rich phase is dominated by phengite at low
temperature whereas phlogopite replaces phengite at higher temperatures (> 800 °C). The solidus
is constrained between 600-700 °C at 1.5 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 equilibrium with diopsidic clinopyroxene + amphibole + phlogopite + titanite + epidote, and

minor amounts of tourmaline, oxide, and apatite. Phlogopite and amphibole display prismatic and
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elongated habits surrounding larger clinopyroxene grains (Figure 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 (Figure 4c, e, f). Rutile is commonly found in high-temperature
suprasolidus experiments. Melts occur as mostly dendrite-free homogenous glasses on the edges
of the capsule and distributed in between mineral grains throughout the experimental run product
(Figure 4e, 7).

Experiments performed on C647 (8.5 wt. % H.O bulk) below the solidus are dominated by
sub equal proportion of chlorite and amphibole with euhedral and elongated grains distributed
across the capsule. Small grains of ilmenite are also found (Figure 5a). The proportions of garnet
+ orthopyroxene + olivine increase whereas the proportions of chlorite and amphibole decrease
with increasing temperatures at 1.5 GPa. We observed large porosity increase in the experiment at
900 °C and 1.5 GPa which is indicative of the presence of H,O-rich fluid phase at experimental
conditions (Figure 5b, c). The large amount of H2O-rich fluid is produced 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 euhedral to subhedral whereas orthopyroxene and clinopyroxene are generally equant.
Garnet grains commonly occur poikilitically enclosing other minerals (Figure 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 +
orthopyroxene + amphibole + garnet + Al-rich phase (likely an oxide). llmenite is the dominant

oxide phase in the experiments along with minor amounts of rutile.

3.3 Compositions of experimental melts

The average melt compositions and 1 ¢ obtained using electron microprobe analysis are
reported in Tables 3-5 and displayed in Figures 6 and 7. 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, while high-degree melts were distributed along grain boundaries and on the

capsule edges (Figure 3). Interstitial melts found in between mineral grains are compositionally
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similar (within analytical uncertainty) to the larger melt pools found on capsule edges. The H20O
content of experimental melts, estimated from the difference between 100 % and electron probe
totals, range from ~7 to 15 wt. %. The H>O contents of melts from SY325 mélange are broadly
similar at ~9 wt. %, whereas the H>O contents of melts from SY400B mélange decrease from ~15
to 6 wt. %, with increasing temperature, likely due to dilution. The H2O content of melt from C647
mélange is estimated to be ~11 wt. %. On a volatile-free basis, the melt compositions range from
a rhyolitic for SY325, mostly dacitic for SY400B, and a melt composition that straddles between
basalt and basaltic for C647 mélange (Figure 6). The Mg# [= molar Mg/(Mg + Fe?")] of all
experimental melts range between 0.29-0.81.

The experimental melt compositions vary with increasing temperature at constant pressure
(Figure 7). In particular, SiO2 content decreases while Al>Os, FeO, MgO, and alkali contents
increase with increasing temperatures in SY400B mélange experiments. The CaO content remains
constant with increasing temperature, and is slightly higher at higher pressure. The compositions
of SY400B mélange melts did not change substantially with pressure, except for a slightly higher
Al>O3 content in melts at lower pressure. Experimental melts of SY325 mélange display limited
variations in SiO2, Al,O3, 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, while SiO2, Al,Os, and MgO are similar, compared to
melts at 1.5 GPa and similar temperatures. The alkali content increases with increasing temperature
for both SY400B and SY 325 mélanges.

Experimental hydrous melts display systematic trends relative to one another, despite
differences in the starting bulk compositions. C647 mélange melt displays the highest Al>Os and
lowest CaO contents, while SY325 melts display the lowest Al.O3 and highest SiO> contents. The
SiO2 content of SY400B mélange melts varies in between. The ranges in FeO and MgO contents
for all the melts are limited (i.e. < 4 wt. % for both major element oxides). The CaO contents of
melts from SY400B and SY325 mélanges (0.4-1.9 wt. % Al.Oz) are significantly lower than the
melt from C647 (11.3 wt. % Al203). The alkali content of C647 mélange melt is significantly lower
than that of SY400B and SY 325 mélange melts.
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3.4 Compositions of experimental minerals

The mineral compositions determined using electron microprobe analysis are reported in
Tables 6-8 and are displayed in Figure 8. In SY325 experiments, the major element compositions
of amphibole, identified as actinolite (Hawthorne et al., 2012), display limited variations over the
range of experimental temperatures 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 temperatures, with an average SiO2 and
CaO contents of 56.2 wt. % and 9.3 wt. %, respectively. The composition of orthopyroxene is rich
in enstatite (En) components ranging from ~85 to 90 mol. % En. 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. % with increasing temperature at constant pressure. The composition of
clinopyroxene is diopsidic, with Mg# varying from 80.2 to 88.8. The major element compositions
of clinopyroxene display limited variation between 900 and 1000 °C at both pressures. The average
clinopyroxene SiO- content is slightly higher whereas clinopyroxene Na,O content is lower at 1.5
than at 2.5 GPa. The compositions of chlorite and talc are both Mg-rich, with average Mg# of 83
and 93, respectively.

In SY400B experiments, the major element compositions of experimental minerals vary
systematically with increasing temperature. The amphibole, which belongs to the Ca-Na group
(dominantly pargasitic and taramitic) (Hawthorne et al., 2012), displays a steady decrease in the
average SiO, content with increasing temperature (Figure 8a). The CaO content of amphibole
increases with increasing temperature with amphibole displaying higher CaO contents at 1.5 GPa
than at 2.5 GPa for similar experimental temperatures (Figure 8b). The clinopyroxene composition
varies from omphacitic to diopsidic with increasing temperature, with Mg# varying from ~69 to
81. The clinopyroxene displays near-constant SiO> content (~56 wt. %) followed by a drop in SiO>
content to around 52 wt. %. The observed drop in SiO2 content occurs at a temperature interval
between 700 and 800 °C at 1.5 GPa and between 900 and 1000 °C at 2.5 GPa (Figure 8c). The
variation in jadeite (Jd) component is clinopyroxene varies from high (~46 mol. % Jd) to low (~12
mol. % Jd) and mirrors the SiO» trend. The average clinopyroxene CaO content increases with
increasing temperature, wherein the CaO content is higher at 1.5 GPa than at 2.5 GPa for similar
temperature (Figure 8d). The K-rich mineral in the SY400B experiment changes from phengite to
phlogopite with increasing temperature (Figure 8e, f). Phengite displays limited variations in major

element compositions at temperatures up to 800 °C, above which the average K>O content
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increases from ~6 to 9 wt. %. Phlogopite coexists with phengite at 800 and 900 °C, but becomes
the sole K-rich phase above 900 °C. Phlogopite displays generally lower SiO2 and higher K20
contents than phengite. The main Al-rich mineral changes from plagioclase at 1.5 GPa to garnet
at 2.5 GPa. The composition of plagioclase varies systematically from albitic Abieo to
AbesAnzoOra, while the composition of garnet becomes more grossular-rich and almandine-poor
from AlmassPrpasSps2Grsis to AlmsoPrpszSpsiGrsz with increasing temperature (Figure 8g).
Epidote displays sector zoning wherein sectors show inverse correlation in CaO and FeO contents.
The Mg# of Mg-chlorite is ~80.

In C647 experiments, the amphibole displays variable composition from magnesio-ferri-
hornblende, actinolite, and pargasite (Hawthorne et al., 2012). The average SiO2 and CaO contents
initially increase at 700 °C then decrease with increasing temperature. The composition of garnet
at 1.5 GPa becomes slightly more grossular-rich and almandine-poor from AlmasPrpsoSps2Grsi4
to AlmasPrpssSpsiGrs2, whereas garnet at 2.5 GPa display limited compositional variation
(Alm22PrpseSpsoGrsis to  AlmaiPrpe2SpsoGrsiz), with increasing temperature. The average
orthopyroxene Al,Oz content decreases with increasing temperature (Figure 8h). The average
MgO and TiOz contents of ilmenite increase with increasing temperature. 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, respectively.

4 Discussion

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

A necessary precaution implemented in this study is assuring that the mineralogy and
geochemical characteristics of starting mélange materials are representative of mélange
compositions that could form in-situ at the slab-mantle interface conditions, and not dominantly
by retrograde re-equilibration at low P-T conditions. Our results indicate that the subsolidus
assemblages at 1.5 GPa for SY 325, SY400B, and C647 mélanges closely reproduced the reported
thin section assemblages and modal proportions that were suggested to be represent equilibrium
high P-T assemblages by previous petrogenetic studies on these mélange rocks (Figure S6; King

et al., 2006; Miller et al., 2009). These findings support the applicability of these natural starting
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materials as representative mélange compositions that can be found along the slab-mantle
interface. These 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 of the different mélange starting materials are shown
in Figure 9, plotted along the solidi of other bulk compositions (e.g., sediment, basaltic igneous
crust, peridotite) relevant to subduction zone melting and the range of slab-top thermal structures.
Experimental studies on fluid-saturated melting of subducting materials 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 solidus 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 of
SY325 mélange lies between 800-900 °C at 1.5-2.5 GPa. This solidus is higher than SY400B
mélange, subducted basalt and sediments. The solidus of SY325 mélange is lower than the wet
peridotite solidus at 1.5 GPa, but is higher at 2.5 GPa. Lastly, the solidus of C647 mélange lies
above 900 °C at 1.5-2.5 GPa and is significantly higher than the solidi of SY400B and SY325
mélanges, as well as the wet solidi of subducted materials and peridotite at similar pressures.

Assuming that the SY325 and C647 mélanges remain along the slab-mantle interface and
are dragged down to deeper depths, the breakdown of hydrous minerals in these mélanges can
provide the necessary fluid phase to initiate wet peridotite melting. Projecting our experimentally
derived solidi back to representative slab-top geotherms, melting of SY325 and C647 mélanges
are unlikely to occur along cold slab-tops at pressures less than 3 GPa, such as in Tonga and
Mariana arcs. On the other hand, melting of SY400B and SY 325 mélanges may be possible only
along warm slab-tops at pressures of 2.5-3 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 mechanism

necessary to extract the elemental components (e.g,, Th, Pb) that form the sediment melt signature
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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. Alternatively, buoyant instabilities may form diapirs that could 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 influenced by the density contrast
between the materials along the slab-top and the overlying mantle, which remains poorly
constrained for mélange compositions. In this study we evaluated the density contrast between
mélange rocks relative to the overlying mantle peridotites over a range of P-T conditions (Figures
10). The bulk (mineral + melt) and solid (mineral-only) densities of each experimental run product
are calculated from the mineral compositions and phase proportions using the approach of Abers
and Hacker (2016). To minimize the uncertainty involved in using end-member mineral density in
calculating for the bulk density, we calculated the bulk density accounting for the measured
compositions of experimental minerals with solid-solutions and assumed a linear mixing between
mineral end-member compositions available in the database. For example, the density of
orthopyroxene at a P-T condition was calculated using the densities of end-member minerals,
enstatite, ferrosilite, and wollastonite at that P-T condition, and their molar proportions for optimal
accuracy. In addition, the melt density was calculated using the DensityX program (lacovino and
Till, 2018) while the melt viscosity was calculated using the parametrization of Giordano et al.
(2008). The viscosities of hydrous mélange melts range from 101*-10%*Pa-s for SY400B mélange,
1016-10%1 Pa-s for SY325 mélange, and 10%! Pa-s for C647 mélange (Table S9), well within the
range of viscosities constrained for experimental anhydrous basaltic melts and hydrous sediment
melts (10>°-10"' 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). Accordingly, rapid escape of mélange partial melts
upon crossing the solidus is permissible.

The calculated bulk and solid densities from the phase proportions constrained by Solver
and LIME showed very good agreement with one another (Figure S7). The calculated bulk
densities (from Solver) of subsolidus assemblages of SY400B, SY325, and C647 at 1.5-2.5 GPa
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are roughly constant with increasing temperature, except for C647 mélange. At the lowest
experimental temperature in 1.5 GPa, SY400B mélange displays the highest bulk density of 3180
kg/m?, followed by SY325 and C647 mélanges with comparable bulk densities of 3000 kg/m?®
(Figure 10). The subsolidus bulk density increases with pressure. At 2.5 GPa, the bulk density of
C647 mélange shows an increase 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/m?, 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
decrease 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
produce hydrous melt and anhydrous minerals olivine and orthopyroxene. For all the bulk
compositions, the solid residue after melt extraction becomes denser, indicating that instantaneous
melt extraction counteracts buoyancy.

Relative to the density of the overlying mantle peridotite (33003400 kg/m? at 500-1100
°C and 1.5-2.5 GPa), SY 325 mélange can rise by buoyancy under our experimental temperatures
and pressures, and melting may occur later during ascent through the mantle wedge. In
comparison, SY400B mélange can also rise by buoyancy under experimental temperatures and
pressures, and melting may occur near warm slab-top conditions and during diapir ascent through
the mantle wedge. Due to the stabilization of large amounts of garnet, C647 mélange can rise but
only at the lowest experimental temperature conditions (< 800 °C and 1.5 GPa), and melting is
expected to be delayed during ascent, occurring only in the hotter portions of the mantle
wedge. Since the subsolidus assemblage of C647 mélange is significantly denser than mantle
peridotite at similar temperatures at 2.5 GPa, buoyancy and diapirism of C647 mélange is unlikely
under these conditions. In this scenario, C647 mélange would remain along the slab-top and be
dragged to deeper depths by corner flow until it melts at temperatures above 1000 °C.

Lakey and Hermann (2022) investigated the phase equilibria of two natural chlorite-rich
lithologies (i.e. an epidote-omphacite-chlorite mélange and a monomineralic chlorite mélange)

over a range of temperatures at pressures higher than investigated in this study. The results showed

151



that these mélange compositions display large jumps in bulk densities due to large amounts of
subsolidus garnet that formed at the expense of chlorite, similar to 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, SY400B, and C647 mélanges will remain
buoyant over a wide range of P-T conditions during subduction. This study, along with the study
of Lakey and Hermann (2022), highlights the importance of bulk composition in controlling the
density evolution of natural mélanges and the likelihood of diapirism, especially those that favor
garnet formation during prograde subduction.

Garnet is a common aluminous phase in high-pressure metamorphic rocks (e.g., eclogite,
garnetite, metasediment). Pseudosection modeling performed on bulk compositions relevant to
individual slab materials supports the more favorable garnet formation in peraluminous (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
Al203 / (CaO + K20 + Na2O)] (Neshitt 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 prograde subduction,
consistent with our experimental observations. Similarly, the bulk mélange compositions used by
Lakey and Hermann (2022) have ASI close to or above 1. This provides an explanation for the
large amounts of subsolidus garnet in C467 mélange, as well as in the experiments of Lakey and
Hermann (2022) conducted at higher pressure. On the other hand, SY400B mélange stabilized
subsolidus garnet only at 2.5 GPa whereas SY325 mélange did not stabilize garnet at both
pressures. 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 preferentially allow metaluminous bulk compositions to form diapirs.

4.4 Comparison with thermodynamic phase equilibrium models

We independently assessed the phase equilibria, modal proportions, and density evolution
of the three starting compositions using Perple_X 6.9.0 (Connolly, 1990) and the thermodynamic
database of Holland et al. (2018) modified by Klein and Behn (2021) (Figures 10 and 11). Details
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of the modeling procedure are found in the supplementary material. We calculated the phase
equilibria for the same experimental bulk compositions and simulated two model set-ups. Model
1 simulates a water-saturated condition wherein a free fluid phase is always present at all P-T
conditions. Model 2 simulates a scenario wherein the H20 content is fixed at a value similar to the
bulk starting composition. In model 2, 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. The
predicted solidi are similar between model 1 and model 2 but the predicted melt productivities are
significantly higher in the water-saturated model 1 (Figure S8), and less consistent with
experimental observations. Consequently, we favor model 2 for comparison with the experimental
results.

Comparison in the phase proportions and calculated densities between thermodynamic
models (i.e. model 2) and experiments showed reasonable agreement for SY325, SY400B, and
C647 mélanges at 1.5 GPa. However, the models predict phase boundaries and onset of melting at
lower temperatures at both 1.5 and 2.5 GPa. Differences between models and experiments are
more apparent at higher pressure, especially in SY325 and C647 mélanges. For instance, the modal
proportion and thermal stability limit of amphibole in SY325 mélange were severely under-
predicted by models at 2.5 GPa. In addition, models also predicted an unrealistically low
temperature of 600 °C for the onset of melting of C647 mélange at 2.5 GPa whereas our
experiments at 900 and 1000 °C both indicate subsolidus regime. These results are consistent with
values for the solidus of chlorite-rich ultramafic compositions found to be between 1100 and 1150
°C at 3 GPa (Lakey and Hermann, 2022). The models also reproduce the main mineralogy of
SY400B mélange but under-predict the abundance and thermal stability of phlogopite and
plagioclase, while the models over-predict garnet abundance. The models underestimate the phase
stabilities of minerals such as epidote and titanite at both pressures. This can be attributed to the
difference in bulk Fe**/Fewa Of our starting materials (not determined in this study) and the value
assumed in the model calculations.

Accordingly, the observed differences in the phase equilibria between models and
experiments translate to differences in calculated densities. Models predict density change

associated with mineral reactions or phase transformations at lower temperatures than indicated
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by experiments. Despite this offset, the models and experiments generally agree on whether
mélange rocks would be buoyant relative to the overlying mantle, especially at low pressure.
Models predicted 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 temperatures below 800 °C,
the resulting bulk and solid densities are significantly different than our subsolidus experiments at
similar experimental P-T conditions.

The differences between models and experiments are unlikely 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 compositions, especially at higher
pressures. These findings imply that the use of phase equilibrium models (pseudosection) to assess
the density evolution of mélange rocks may be a reasonable approximation at low-temperature and
low-pressure subsolidus (metamorphic) conditions for water- ‘poor’ mélanges (< 3 wt. % H>0O,
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 H20 in mélange melts becomes
crucial. For example, it is possible that the combination of large amounts of H20O in the starting
material C647 and the lack of activity-composition models that would allow for forward modeling
of mélange melting may have contributed to the observed large discrepancy between model

predictions and experiments.

4.6 Potential for mélange diapirism in subduction zones

The thickness and viscosity of the mélange layer along the slab-mantle interface would
affect its overall buoyancy (Behn et al., 2011; Klein and Behn, 2021; Miller and Behn, 2012).
While the layer thicknesses in individual subduction zones are poorly constrained, conservative
estimates based on field mapping of exhumed high-pressure mélange terranes are in the order of
hundreds of meters to kilometer-scale (Agard et al., 2018; Angiboust et al., 2014, 2013; Bebout
and Penniston-Dorland, 2016). However, evaluating the viscosity contrast between the mélange

layer and the overlying mantle is more difficult. This is primarily because of the lack of rheologic
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flow laws for hydrous minerals, such as for chlorite, amphibole, serpentine, and mica which
comprise the bulk of mélange at low-temperature conditions. In addition to density contrast, the
influences of viscosity and layer thickness on the overall buoyancy (V) of mélange (as a diapir)
relative to the overlying mantle is shown in the modified Stokes velocity (Burov et al., 2003;
modified after Weinberg and Podladchikov, 1994),

1
3 (Bpgr?)

n
where Ap is the density difference between the overlying mantle and the mélange diapir, g is the

V=cC

gravitational acceleration, r is the diapir radius, and 7 is set to be the effective viscosity of the
surrounding mantle. C is a function of the viscosity contrast between the diapir and the surrounding
mantle, and has a value of 1 when 7mantie i significantly greater than the 7meiange. A value of 1 for
C is warranted because the viscosities of hydrous minerals (e.g., mica, serpentine; Hilairet et al.,
2007; Kronenberg et al., 1990; Tullis and Wenk, 1994) at low temperature conditions are generally
lower than of wet olivine (i.e. representing the overlying mantle; Hirth and Kohlstedt, 2004) under
the same temperature conditions. The value of r effectively translates to the thickness of the
mélange layer assuming that a diapir nucleates following a Rayleigh-Taylor instability with
wavelength () equal to 2zh/k, where h is the layer thickness and k is the non-dimensional wave
number (Jull and Kelemen, 2001; Klein and Behn, 2021; Zhang et al., 2020). Accordingly, the
value of V is highest when the density difference between a thick mélange layer and the overlying
mantle is largest, and when the viscosity difference between them is minimized (i.e. low viscosity
overlying mantle).

The density of mélanges based on our experiments indicate that the abundance of low-
density hydrous minerals such as chlorite, amphibole, talc, and mica promote larger density
contrast with the overlying mantle at low P-T conditions. Even though exhumed high-pressure
mélange terranes display significant lithologic heterogeneity, hydrous minerals such as chlorite
and amphibole are found ubiquitously and in large abundance in these terranes. These observations
are supported by petrologic and thermodynamic modeling studies that suggested 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; Miller et al., 2009; Mori et al., 2014). This

155



implies that buoyancy and diapirism are possible within the thermal stability limit of chlorite at
~850 °C (Lakey and Hermann, 2022; Pawley, 2003). Since this temperature limit is not achieved
along cold and intermediate slab-tops, and only at ~3 GPa in warm slab-tops, buoyancy and
diapirism of chlorite-rich mélanges below 3 GPa would be possible for most subduction zones
worldwide (Syracuse et al., 2010). However, our experimental data show that densification is
likely to occur upon the formation of nominally-anhydrous minerals (e.g., garnet and olivine) upon
the breakdown of chlorite-rich assemblages (Figure 12). Because garnet is denser and likely more
viscous than wet olivine over the range of our experimental temperatures (e.g., Hirth and
Kohlstedt, 2004; Ji and Martignole, 1994; Jull and Kelemen, 2001), its formation and abundance
would likely arrest further ascent and result in the stagnation of mélange residue in the mantle
(Lakey and Hermann, 2022).

5 Conclusion

This study provides an experimental basis to assess 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 the density contrast between
subsolidus mélange rocks and overlying mantle peridotite is sufficient to promote buoyancy and
potential diapirism at least up to 2.5 GPa in metaluminous compositions. The formation of garnet
at 2.5 GPa in peraluminous mélange rocks likely prevents significant diapirism. We also show that
thermodynamic modeling approach can generally 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 experiments with higher initial water contents, highlighting the need
for an improved thermodynamic database that includes novel bulk compositions beyond the
compositions of canonical subducting lithologies. This highlights the need for additional
experimental constraints that span a wider range of P-T conditions and bulk compositions to better
assess the likelihood of mélange diapirism in subduction zones. Results of this study suggest that
buoyancy-driven ascent of mélanges into the overlying mantle may be an important and efficient

process of slab-to-mantle transport of slab-derived components in subduction zones.
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Figure 1. Geochemical characteristics and discrimination using (a) immobile element Cr/Al vs
Al>O3 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 SY 325, 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).
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Figure 2. Experimental conditions, phase equilibria and melting relations of (a) SY325, (b)
SY400B, and (c) C647 mélanges. The solidus for each composition is constrained in dashed black
line. The mineralogy and relative proportions (in wt. %) are depicted in colored pie charts. The red
margin of pie chart indicates the presence of small amounts of melts but their compositions could
not be determined accurately. The phase proportions are constrained using Solver. Mineral
abbreviations are from Whitney and Evans (2010).
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Figure 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
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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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Figure 4. Representative electron backscatter (BSE) images of SY400B experiments from
subsolidus to suprasolidus conditions. (a-b) Experiments conducted below the solidus 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 S3 from magnified BSE images). (c-f)

Experiments above the solidus display homogenous, dendrite-free melt in equilibrium with
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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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Figure 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
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of a H>O-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).
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(on volatile-free basis) with error bars representing 1 6. When no error bars, error bars are smaller
than symbols.
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Figure 8. Variations in the compositions of main residual mineral phases in the experiments as
functions of temperature and pressure. Blue, yellow (including light yellow for phengite), and
green symbols are used for SY325, SY400B, and C647 mélange experiments, respectively.
Colored circle and square symbols indicate minerals from 1.5 and 2.5 GPa experiments,
respectively. The data are plotted as averages with error bars representing 1 6. When no error bars,

error bars are smaller than symbols.
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Figure 9. Experimentally-constrained solidus of different starting mélange rocks between 1.5 and
2.5 GPa. The solidi of SY400B and SY325 at pressure higher than 2.5 GPa are extrapolated by
extending the traces of the solidi at 1.5 and 2.5 GPa until 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).
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Figure 10. 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
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while the dashed gray lines display solid density assuming instantaneous melt extraction upon
crossing the solid. The phase proportions are constrained by Solver. As a reference, the bulk
density of depleted MORB mantle is plotted in solid purple line. Diapirism of mélange along the
slab-mantle interface is promoted when the ambient mantle is denser than mélange rocks.
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Figure 11. Comparison of the mineralogy and phase proportions constrained by mélange melting
experiments (colored points; this study) and thermodynamic models. The phase proportions are
constrained by Solver. Mineral phases such as quartz, kyanite, lawsonite, and mica that are
predicted by models in trace quantities (< 3 wt. %) but are not observed in the experiments are not
displayed in this figure. Mineral abbreviations are from Whitney and Evans (2010).
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Figure 12. 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. (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 could occur later in the hotter mantle wedge during ascent. At higher
pressure (2.5-3 GPa), metaluminous mélanges may undergo melting near the slab-top and may
continue to melt as they rise into the hotter mantle wedge. (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 could subsequently occur 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 and undergo melting later during their ascent. On the other hand, peraluminous mélanges
densify during prograde subduction due to the formation of garnet. This implies that they are likely
to remain along slab-tops and be dragged to deeper depths until they melt. In all scenarios, melt
extraction leads to densification of melting residue.
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Arc-like magmas generated by mélange-peridotite interaction in the

mantle wedge
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Abstract

In subduction zones, the mechanisms of transfer of crustal materials from the subducting slab to
the overlying mantle wedge are still debated. In recent years, it has been argued that mélange rocks,
which are formed from physical and metasomatic mixing of sediments, oceanic crust and
ultramafic rocks along the slab-mantle interface, could migrate from the slab-top to the overlying
mantle, and transfer their compositional signatures to the source region of arc magmas. However,
the compositions of melts that would result from the interaction of mélange rocks with the
peridotite mantle wedge remains unknown. Such information is critical to determine whether
mélange rocks are viable contributors to arc magmatism worldwide. Here we present the first
experimental evidence for the generation of arc-like tholeiites and calc-alkaline magmas by
mélange-peridotite interaction in subduction zones. We show that melting of peridotite hybridized
by limited volumes of mélange rocks produces melts that carry the major and trace element
abundances, and trace element ratios observed in natural arc magmas. We propose that the
differences in nature and relative contributions of mélange materials assimilated into the mantle
wedge can result in the formation of compositionally diverse primary arc magmas ranging from
arc tholeiites to calc-alkaline magmas. Thus, we argue that the ascent and assimilation of mélange
material into the mantle wedge may play a key role in transferring material and characteristic

subduction signatures from the slab to the source of arc magmas.
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1 Introduction

Subduction zones are widely studied because they are a major locus of volcanic and seismic
hazards. In particular, the compositions of arc magmas have been used to understand the magmatic
processes operating in the deep Earth. During subduction, hydrated oceanic crust and sediments
are subducted and recycled back into the Earth’s interior. Although the fate of subducted sediments
is uncertain, their signature is imprinted in the chemistry of most arc magmas around the world®.
Sediments are globally enriched in many trace elements (e.g., K, Rb, Th, rare earth elements)
relative to peridotite mantle?, thus small volumes of sediments can drastically shift the trace
element budget of the mantle wedge. Arc magmas are also characteristically enriched in fluid-
mobile large-ion lithophile elements (LILE) such as Ba and Sr, and depleted in high field strength
elements (HFSE) such as Nb, relative to mid-ocean ridge basalt (MORB)?®. The LILE enrichment
has usually been attributed to mantle wedge metasomatism by slab-derived fluids* produced during
dehydration of the subducting slab. The HFSE depleted character, on the other hand, has been
attributed to different processes such as a ‘pre-subduction’ mantle depletion®®, selective retention
of HFSE by accessory phases (e.g., rutile, sphene, and perovskite) stabilized in the mantle wedge
and/or in the slab”®, and preferred partitioning of HFSE into orthopyroxene during melt-rock
reaction®. Although extensive geochemical studies have suggested that arc magma chemistry
reflects variable contributions from a depleted MORB mantle (DMM), altered oceanic crust and
sediments'®!!, experimental studies have faced challenges to simultaneously reproduce both the
major and trace element characteristics of tholeiites and calc-alkaline melts, the most common
types of arc magmas. In addition, the processes by which typical trace element signatures are
produced and transferred to arc magmas remain a matter of debate. In particular, Nielsen and
Marschall'? recently argued that the trace element and isotope variability of global arc magmas
could not be reconciled with the classic model of arc magma genesis, which invokes hybridization
of the mantle wedge by discrete pulses of melted sediments and aqueous fluids from dehydrating
AQOC. Instead, they showed that the trace element and isotope data of global arcs can only be
reconciled if physical mixing of sediments + fluids + mantle takes place early on in the subduction
process before any melting occurs. This prerequisite redefines the order of events in subduction
zones and supports an important role for mélange rocks in arc magmatism. However, the trace and
major element chemistry of melts that would result from the interaction of natural mélange rocks

with a peridotitic mantle in subduction zones has never been investigated experimentally and
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remains unknown. Such information is critical to determine whether mélange rocks are viable
contributors to arc magmatism worldwide.

Mélange rocks are observed in field studies worldwide®® and are believed to form by
deformation-assisted mechanical mixing, metasomatic interactions and diffusion at different P-T
conditions along the slab-mantle interface during subduction*6, Mélanges are hybrid rocks
composed of cm to km-sized blocks of altered oceanic crust, metasediments, and serpentinized
peridotite embedded in mafic to ultramafic matrices!*"®, These matrix rocks include near-
monomineralic chlorite schists, talc schists, and jadeitites with variable amounts of Ca-amphibole,
omphacite, phengite, epidote and accessory minerals (e.g., titanite, rutile, zircon, apatite, monazite,
sulfides), among others. Although the volumes of mélange rocks at depth are poorly constrained,
several km-thick low-seismic velocity regions observed at the slab-top in subduction zones
worldwide indicate the persistence of hydrated rocks — mélange zones — at the slab-mantle
interface!*>1%, This km-scale estimate of mélange rocks from seismic observations is
corroborated by numerous field studies of exhumed high-pressure terranes reporting thicknesses
ranging from several hundreds of meters up to several kilometers'41729-22 Mélange rocks display
significant spatial heterogeneity, but detailed field observations indicate that chemical potential
gradients between juxtaposed lithologies (e.g., metasediments, eclogite and serpentinized
peridotites) may be reduced to homogenous matrices through diffusion and fluid advection
processes as mélanges mature'*?3, For the purpose of this first study, we will assume that mélange
matrices are broadly representative of the bulk composition of the mélange and provide a relevant
first-order approximation of mélange compositional variability as they form at the expense of, and
reflect chemical contributions from their protoliths'®>?%. Although more compositions will be
studied in the future, the mélange matrix samples used here reflect two contrasting members in the
range of mélange materials that we use to explore possible melt compositions produced by
mélange-peridotite interaction.

Laboratory?* and numerical simulations of subduction process?>28 have shown that hydration
and partial melting may induce gravitational instabilities at the slab-mantle interface, which can
develop into diapiric structures composed of partially molten materials. Although these diapirs
have not been unambiguously imaged in active subduction zones, we note that along-arc
geophysical studies are rare, that the current resolution of seismic techniques may not be

appropriate to image mixed mélange-peridotite lithologies, and that magnetotelluric approach,
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sensitive to interconnected free fluids, would not easily detect the presence of mélanges, where
most of the water may be crystallographically bounded. With their intrinsic buoyancy, mélange
diapirs have been predicted to form at the slab-top, migrate to the overlying mantle?>%, and
transfer the compositional signatures of slab-derived rocks to the source region of arc magmas?2°.
In particular, physical mixing and homogenization of viscous mélange diapirs and sub-solidus
mantle peridotites is predicted in the hot zones of the mantle wedge®C. Recent findings on ophiolitic
zircon grains also support the idea that material can be transported in the wedge via cold plumes®.,
However, as stated previously, the major and trace element compositions of melts that would be
produced by melting of a mélange-hybridized mantle wedge remains unexplored.

Here we present the first experimental study on the generation of arc-like magmas by melting
of mélange-hybridized mantle sources. We performed piston-cylinder experiments at 1.5 GPa and
1150-1350 °C and simulated a scenario where mélange materials rise as a bulk?®32 into the hot
corner of the wedge and homogenize with the peridotite mantle (Fig. 1). Using powder mixtures
of DMM-like natural peridotite (LZ-1, Fig. S1; 85-95 vol. %) and natural mélange rocks from a
high-pressure terrane (SY400B, SY325; 5-15 vol. %), we show that experimentally produced
glasses display the major and trace element characteristics typical of arcs magmas (e.g., high Ba
contents, high Sr/Y ratios and negative Nb anomaly). Our study provides evidence that the
compositional signatures of sediments and fluids, initially imparted to mélange rocks during their
formation at the slab-mantle interface, can be delivered to the source region of arc magmas by
mixing of mélange materials with mantle wedge peridotites, and variably enhanced during melting
of mélange-hybridized peridotite source. We show that depending on the types and relative
contributions of mélange materials that hybridize the mantle wedge, the compositions of the melts
vary from tholeiitic to calc-alkaline. We further discuss how lithological heterogeneities observed
in supra-subduction ophiolites and arc- xenoliths could represent direct evidence for peridotite-

mélange interactions.

2 Results

2.1 Experimental techniques
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We performed piston-cylinder experiments to investigate the composition of melts produced
by partial melting of a natural DMM-like peridotite hybridized by small proportions of natural
mélange matrix. We used two starting mixes that consisted of homogenized ‘peridotite + sediment-
dominated mélange matrix’ (PER-SED mix) and homogenized ‘peridotite + serpentinite-
dominated mélange matrix’ (PER-SERP mix). Both mélange matrices are fine-grained chlorite
schists from Syros (Greece) with estimated water contents between 2—-3 wt. %. These two types of
natural mélange matrices span a range of compositions that reflect the first-order variability of
global mélange rocks in terms of mineralogy (Table S1), immobile element chemistry (Fig. 2), and
trace element chemistry (Fig. S6). As mélange rocks should be volumetrically small compared to
peridotite in the mantle wedge, we only added limited volumes (5-15 %) of natural mélange matrix
to a natural lherzolite powder (85-95 %). We note that mélange rocks would not necessarily
represent 5-15 vol. % of the sub-arc region at all times because of the 3-D nature of mélange
diapirs. Certain regions of the wedge could be hybridized by different amount of mélange materials
at different times. Although this experimental design is more challenging because it produces small
melt pools, it simulates a more realistic scenario. Experimental melts were collected using glassy
carbon spheres placed at the top of Au-Pd capsules. The natural peridotite (LZ-1; from Lherz,
France) displays modal proportions and major and trace element compositions similar to DMM
(Fig. S1). The PER-SED and PER-SERP starting materials were partially melted at 1.5 GPa and
1280-1350 °C, conditions applicable to arc magmatism®*3, In addition, near-solidus (1230 °C)
and solidus (1150 °C) experiments were performed to better constrain the solid phase assemblage
at the beginning of and before melting, respectively. The quenched, dendrite-free glasses were
analyzed for major elements using electron microprobe (EPMA) at the Massachusetts Institute of
Technology. In addition, chemical maps for major elements were acquired on all experiments
(Figs. 3 and S2). Trace element compositions of glass pools were analyzed using a Cameca 3F
secondary ion mass spectrometer (SIMS) at the North East National lon Microprobe Facility
(Woods Hole Oceanographic Institution). Backscattered electron (BSE) images and energy
dispersive spectroscopy (EDS) maps were acquired on all experiments using a Hitachi tabletop
SEM-EDS TM-3000. The major and trace element compositions of starting mixes and
experimental melts are summarized in Tables S1 and S2, respectively. We assessed approach to
equilibrium by performing a time-series of experiments at 1.5 GPa and 1280 °C, with run durations

ranging from 3 h to 96 h. The capsules were pre-conditioned to minimize Fe loss, although we still
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observed a decrease in FeOr with increasing run duration. We observed that melt compositions
performed between 72 and 96 h were indistinguishable in terms of SiO,, Al,O3, MgO, Na;O, Ca0,
K20, MnQO, and TiO», within 1 s.d. value (Fig. S4). Thus, a 72-h run duration was chosen to closely
approach equilibrium in those experiments. Mass balance calculations yielded a sum of squared
residuals <0.39 (FeO excluded), attesting for a close system for all other major oxides. Phase
proportions for each experiment were calculated from mass balance calculations and are reported

in Table S3. Additional information is provided in the Supplementary Material.

2.2 Phase assemblages

Solidus (PER-SED 95-5 at 1150 °C) and near-solidus (PER-SED 85-15 at 1230 °C and PER-
SERP 85-15 at 1230 °C) experiments were performed at 1.5 GPa to determine the phase
assemblages at and near the onset of melting. The solidus experiment produced an assemblage of
olivine (ol) + orthopyroxene (opx) + clinopyroxene (cpx) + spinel (sp) (x isolated melt drops),
while both near- solidus experiments produced silicate melt + ol + opx + cpx + minor sp which
typically occurred as small inclusions (~2 pm diameter) in olivine. The compositions of these melts
were not analyzed due to their limited exposure. Also, abundant dendrites have compromised their
composition. These near- and solidus experiments show that although mélanges have complex
mineralogies (Table S3), the hybrid peridotite assemblage is standard. At 1280 — 1315 °C, PER-
SED experiments produced the following assemblages: silicate melt + ol + opx + cpx (Table S3).
Melt proportions vary from 10 to 31%. PER-SERP experiments produced an assemblage of silicate
melt + ol + opx + cpx from 1280 to 1350 °C. Melt proportions vary from 3 to 25%. In all
experiments, no accessory phase was observed in the chemical maps (Fig 3 and S2) and high-
resolution BSE images (Fig SX). In all 72-hour experiments, an opx-rich reaction band developed
along the interface of the accumulated melts and the residue (Fig. 3). The thickness of the opx-rich
reaction zone is similar in all experiments, ranging from 125-370 um. The opx-reaction zone is
not present in the 3-hour experiment due to the short run duration (Fig. S2). Mineral compositions
are homogeneous in individual experiment and show variability between experiments (Table S5;
Supp. Mat). Modal proportions in each experiment were calculated using the mass balances
(excluding FeO) and are reported in Table S3. Representative EDS maps and BSE images are

presented in Fig S3.
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2.3 Major element composition of the melts

The major element compositions of hybrid peridotite-meélange melts are reported in Table
S2 (volatile-free basis). They range in composition from trachyandesite to basaltic trachyandesite
and basaltic compositions (49.9-56.5 wt. % SiO,, 2.2-8.8 wt. % Na,O+K>0) with increasing
melting temperatures. The water contents of the melts range from ~ 0.6 to ~ 5 wt. % and were
estimated from the difference between major element totals and 100 %. The melts also show a
large range in Al>O3 contents (14.8-19.5 wt. %) and MgO contents (7.0-15.9 wt. %) (Fig. S5).
The melt composition is homogeneous throughout the capsule and does not vary with distance to
the Opx-rich reaction zone. The melt compositions from PER-SED and PER-SERP experiments
show an increase in CaO, MgO and MnO, a decrease in K20, NazO, Al>O3z, SiO», TiO2 and P20s,
with increasing temperature. The alkali contents of melts produced from PER-SED experiments
are higher than those from PER-SERP experiments at similar temperatures, due to the higher alkali
contents of PER-SED starting material (Table S1 and Fig. S6). The FeO+ contents of peridotite-
mélange melts are lower than global arc data due to some limited Fe loss to the capsule (Fig. S7).
This does not affect the conclusions of the study. We now compare the major element compositions
of experimental melts (Figs. 4 and S7) with fractionation-corrected global arc data*® (normalized
to MgO = 6 wt. %), primitive arc melts compilations®*3* and previous experimental studies (Table
S4). Experimental hydrous peridotite melt compositions® match well the major element
compositions of global arcs, although alkali contents are expectedly lower than in most arc
magmas. Experimental melts from mantle hybridized by slab melts®” are lower in CaO, and higher
in TiO2, Na2O, K0, and SiO> compared to arc datasets. Experimental melts from olivine
hybridized by sediment melt® are lower in CaO, and higher in Na2O and KO compared to arc
datasets. Experimental mélange-type 1 and type 2 melts?’3 are both lower in CaO and MnO and
higher in K,O and SiO, compared to arc datasets. Interestingly, the major element compositions of
experimental mélange-type 2 melts*®°, which are partial melts from the sediment-dominated
mélange material used in this study (SY400B), plot in the continuity of PER-SED experiments but
with higher elemental abundances. Experimental melts from mantle hybridized by sediment
melts** are higher in K20 compared to arc datasets. Conversely, partial melts of peridotite
hybridized by mélange materials produced in this study plot within or near the compositional field
defined by arc datasets for SiO., MgO, Na20O, K20, TiO2, P.Os and CaO. In terms of alkali
contents, lower degree melts (10-19 %) of PER-SED experiments are slightly higher than global
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arcs but plot within the field of global arcs at higher degree of melting (25-31 %). Overall, partial
melts of peridotite hybridized by mélange materials are similar to partial melts of hydrous
peridotites and match well the alkali and major element compositions of typical arcs magmas.
Experimental melts from PER-SED experiments range from the boundary between
tholeiitic and calc-alkaline fields to high-K calc-alkaline field (Fig. 5). On the other hand,
experimental melts from PER-SERP experiments plot tightly within the tholeiitic field.
Experimental mélange-type 2 melts*® show a strong enrichment in K20 and plot in the ultrapotassic
shoshonitic field. Our results, along with the experimental data of Cruz-Uribe et al.*, highlight a
continuum in alkali enrichment from tholeiitic melts produced by melting of mantle hybridized by
serpentinite-dominated mélange, to calc-alkaline melts produced by melting of mantle hybridized
by sediment-dominated mélange materials, to ultrapotassic shoshonitic melts from melting of pure

sediment-dominated mélange materials.

2.4 Trace element composition of the melts

The trace element compositions of hybrid peridotite-mélange melts are presented in N-
MORB-normalized spider diagrams (Fig. 6) along with global arc data®, with emphasis on the
dominant primitive arc magma types®® (i.e., calc-alkaline and tholeiite), and published
experimental studies that provided both major and trace element contents of experimental melts
(Table S4). Primitive calc-alkaline arc magmas are geochemically characterized by up to two
orders of magnitude higher trace element concentrations compared to primitive arc tholeiites. Pure
sediment melts” and melts from olivine hybridized by sediment melts® have higher trace element
concentrations than global arc magmas and display elemental fractionations that are different from
global arcs (e.g., Ba/Th, Sr/Nd). Other previous studies®’#%42 display trace element abundances
that plot in the highest range for natural arc magmas, but with major element compositions that
are missing CaO or reflect ultra-potassic melts (high K>O). Here we show that, compared to N-
MORB, partial melts of hybrid peridotite-mélange materials display enrichment in LILE (e.g., Ba,
Th, Sr, K), high LREE/HREE (e.g., Ce/Yb), high LILE/HFSE (e.g., high Th/Nb, Ba/Nb, K/Ti),
and plot tightly within the trace element fractionation range defined by global arc data (Fig. 7).
Experimental melts from PER-SED experiments record elevated trace element concentrations and
show fractionations that are characteristic of primitive calc-alkaline magmas. Sr/Nd ratios still fall

within the range of global arcs (Fig. 7), although within the lower range of values. Experimental
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melts from PER-SERP experiments display trace element concentrations that are an order of
magnitude lower than melts from PER-SED experiments, and show a slight enrichment in Sr
relative to Ce and Nd. In PER-SED experiments, Zr-Hf are slightly enriched compared to Sm and
Ti, whereas in PER-SERP experiments, Zr-Hf are not fractionated from Sm and Ti. Trace element
concentrations in the melts generally decrease with increasing temperature, consistent with
dilution at higher melting extents in the absence of accessory phases that would retain trace
elements in the residue. Overall, melts produced from melting of a peridotite source hybridized by
mélange rocks (this study) carry trace element signatures typical of natural arc magmas. In
particular, peridotite hybridized by serpentinite-dominated and sediment-dominated mélanges
produced melts that carry the trace element characteristics of arc tholeiites and calc-alkaline

magmas, respectively.

3 Discussion

Geodynamic models of rising mélange diapirs have predicted an uneven distribution of
mélange rocks in the mantle wedge that involves both complete and incomplete mixing of mélange
rocks and peridotites®®. Our experiments investigate a scenario where the peridotite mantle wedge
and limited volumes of mélange rocks are fully mixed and form a new hybrid source that partially
melts (Fig. 1). As the extent and volumetric significance of mélange rocks at the slab-mantle
interface are still debated, a growing number of studies support their ubiquitous occurrence and
importance at the slab-mantle interface. Petrologic modelling*®, numerical instability analysis of
subduction zones***°, and metamorphic P-T-t histories of exhumed high-pressure mélange
terranes®®*8 strongly support the possibility of exhumation of high-pressure rocks through
diapirism within the mantle wedge. Further experiments will model how the path of mélange
materials would be affected by the thermal structure of individual subduction zones but are beyond
the scope of the current study. For the purpose of this study, we consider that the two end-member
mélange matrices from Syros (Fig. 2) offer compositions that represent a reasonable first-order
approximation of global mélange variability. Our choice of using natural chlorite schist matrix
from Syros (Greece) was guided by the fact that the Syros mélange record the mechanical and
metasomatic interactions at P—T conditions appropriate for slab-mantle interface at depths of about

50-60 km in subduction zones'®?'23, In addition, the chlorite + talc -dominated assemblage in
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global mélange matrices (including Syros mélange) is relatively insensitive to pressure®°,
making them a reasonable proxy to the type of mélange extending down to sub-arc depths!**>5%,
Importantly, our natural starting mélange materials record minimal late-stage modification and
overprinting during their exhumation, making their mineralogy, elemental and volatile
concentrations?! closely approximate the in-situ compositions of mélange rocks at the slab-mantle
interface. Thus, the present study offers a reasonable approximation of subduction dynamics where
mélange rocks formed at 1.6-2.2 GPa, detach from the slab and homogenizes with peridotite in
the hot zones of the mantle wedge at 1.5 GPa (~ 45 km depth).

Results from our experiments support the idea that primary melts in arcs are not only
limited to MgO-rich basalt (up to 15.9 wt.%) but may also resemble trachyandesite and basaltic
trachyandesite with MgO contents of around 7 wt. % (Table S2), covering the MgO range of
primitive arc magmas>3. All of our experiments display CaO, K0, Na20, TiO and P2Os that more
accurately reproduce the chemistry of global arc magmas compared to previous studies that
simulated hybridization of the wedge by discrete slab melts or discrete sediment melts. The fact
that the hybrid source is largely peridotite-like (85-95%) explains why realistic, arc-like major
element compositions can be produced in our experiments. Indeed, the large dominance of mantle-
equilibrated arc magmas from different subduction zones should reflect the fundamental control
of mantle peridotites in controlling the major element compositions of primary arc melts®*°2,

The presence of mall mélange components within the mantle wedge significantly affects
the trace element budget of melts generated by melting of a mélange-hybridized mantle source.
Although hydrous melting of peridotite would typically produce melts that display a MORB-like
trace element pattern®®>*, the trace element compositions of peridotite-mélange melts show
striking similarity with global arc magmas, with enriched LILE such as Ba, Th, and K, and depleted
HFSE such as Nb and Ti. Previous experimental studies on mantle hybridization by slab melts®
and sediment melts*? also produce melts enriched in LILE and depleted in HFSE (Fig. 6d);
however their major element compositions mostly reflect (ultra-) potassic shoshonitic melts (high
K20) that occur lesser widely in subduction zones worldwide. Traditionally, melts with high Sr/Y
signature have been interpreted as slab melts due to the presence of garnet in the melting residue®
while the high Th/Nb signature was interpreted to record contribution from sediments melts, as Th
can be mobilized more efficiently in sediment melts®. In addition, high Ba contents have

traditionally been ascribed to addition of fluids®’. The peridotite-mélange melts plot tightly within
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the range defined by global arcs for ratios that have traditionally required discrete sedimentary,
slab melt, and/or AOC fluid addition to the arc magma source®’. In particular, the peridotite-
mélange melts carry arc-like Sr/Y, Th/Nb, Ba/Th, K/Ti ratios among others (Fig. 7).

In nature, there exists a large compositional variability in primitive arc magmas, ranging
from arc tholeiites to calc-alkaline and shoshonites. However, such compositional variability and
their spatial distributions (or the lack thereof) have not been satisfactorily explained. Primitive arc
tholeiites are usually thought to be produced by decompression style melting (similar to MORB),
whereas the classically invoked model for the formation of primitive calc-alkaline magmas
envisages their production by flux melting of the mantle induced by the addition hydrous slab
components. These slab components are responsible for the up to two orders of magnitude higher
trace element concentrations of primitive calc-alkaline magmas relative to N-MORB. For instance,
the elevated Th-Zr-TiO2 concentrations of primitive calc-alkaline magmas reflects higher slab
contributions in their sources®*. We have shown that melts produced from melting of a mantle
hybridized by sediment-dominated mélanges (PER-SED) strongly resembled primitive calc-
alkaline magmas whereas melts produced from melting of a mantle hybridized by serpentinite-
dominated mélanges (PER-SERP) strongly resembled primitive arc tholeiites, both in terms of
major (e.g., K20, TiO2) and trace element abundances (e.g., Ba, Th, Zr) and in terms of
fractionation characteristics (Fig. 6).

It is critical to determine whether those abundances and fractionations are simply inherited
from the starting material or if they are enhanced during melting of the mélange-hybridized
peridotite. We make several important observations regarding elemental abundances and
fractionations in the melt compared to the starting materials. The bulk starting compositions of
PER-SED 95-5 and PER-SERP 85-15 experiments (the two types of experiments that are
dominated by ultramafic component — either peridotite or serpentine) fall either outside of the
global arc range or within the lower range of values observed in arcs (Fig. 6a and c). It is thus clear
that melting plays an important role in producing elemental abundances that are similar to values
observed in global arc magmas.

The bulk composition of PER-SED 85-15 experiments (more strongly influenced by a
sediment-dominated mélange) is already similar to global arcs for most elements (Fig. 6b), and
less surprisingly, melting produces melts that are also similar to arcs. Yet, regardless of

abundances, characteristic element ratios acquire a slightly enhanced “arc-like” signature for most

195



elemental ratios during melting of meélange-hybridized peridotite. Specifically, Ba/Th, Sr/Y,
Zr/Hf, Zr/Sm, and K/Ti slightly increased in melts compared to the starting materials; Ba/Nb,
Sr/Nd and Sm/Nd stay relatively unchanged whereas Th/Nb and Th/Zr slightly decreased
compared to the starting materials.

Experimental melts produced from PER-SED experiments have higher Ba than melts
produced from PER-SERP experiments because the sediment-dominated mélange matrix initially
had a higher Ba content than the serpentine-dominated mélange matrix (Figs. S6 and S8). Still,
melts that are produced during melting of PER-SED and PER-SERP starting materials have
slightly higher Ba/Th, Sr/Y, Zr/Hf, Zr/Sm, and K/Ti and slightly lower Th/Nb and Th/Zr ratios
(compared to starting materials), and thus are not simply inherited from the starting materials.

In Fig. S9, we show that primitive arc magmas mainly record Nb/Cen <1 (normalized to
N-MORB®®), but their Zr/Smy can be below or above 1 and is unrelated to the magma type. In
addition to Nb depletion and low Nb/Ce ratios, depletion in Zr and Hf is seen for example in
shoshonites from Sulawesi and Fiji, and in calc-alkaline basalts from Solomon and Bismarck®3,
However, Zr, Hf, and Zr/Hf are actually variable in natural primitive arc magmas. Elevated Zr-Hf
and Zr/Smy (>1) observed in low-degree melts from PER-SED experiments are features that are
observed in natural arc magmas such as calc-alkaline andesites from Japan and New Zealand, calc-
alkaline basalts from Mexico, and depleted andesites from Izu-Bonin. Meanwhile, low-degree
melts from PER-SERP experiments have Zr/Smn <1 that overlap with some HFSE-depleted arc
magmas such as tholeiitic basalts and andesites from Japan, Cascades and Tonga arcs. We note
that in PER-SED experiments, elevated Zr/Sm (and Hf/Sm) do not reflect inheritance from the
mélange matrix (Fig. S6). Instead, the variability in Zr-Hf contents and Zr/Hf in natural mélange
matrices most likely reflect some Zr-Hf mobility in the absence/destabilization of zircon®.
Overall, the trace element characteristics of our experimental melts plot well within the range of
primitive arc magmas (Fig. 7). Thus, these experiments do not only reproduce elemental
abundances (major and trace) but also elemental fractionations observed in global arc magmas. In
addition, we show that those arc-like abundances and fractionation signatures can be readily
produced and variably enhanced during melting of a mélange-hybridized mantle source.

Using chemical maps and high-resolution BSE images, we did not observe accessory
phases, unlike what had been found in pure mélange melt residues*’. Our results indicate that

elements that have similar incompatibilities during pure peridotite melting can still be slightly
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fractionated during mélange-hybridized peridotite melting. Also, we did not observe HFSE- or
REE- compatible accessory phases that could retain these elements in the residue. Niobium
depletion was in part inherited from the starting bulk compositions (Fig. S6) but we hypothesize
that it was enhanced by the preferential partitioning of Nb into orthopyroxene®. In particular, the
presence of an opx-rich reaction zone in all 72-h experiments could have contributed to Nb
depletion in the melts. The opx-rich band is likely due to reaction of hydrous melts with the
peridotite assemblage, as has been observed in previous studies®®. Natural pyroxenites, including
orthopyroxenites, have been ubiquitously found in exhumed mantle sections. Previous
experimental®”>® and field-based studies®®%? have pointed out that orthopyroxenites should form
as reaction products of hydrous melts and mantle minerals. The ubiquitous occurrence of
orthopyroxenites exposed in supra-subduction zone ophiolites such as in the Josephine®?, Coast
range ophiolites®, and UHP Maowu Ultramafic Complex®, and sampled in arc-related xenoliths®,
may also potentially record the hybridization of mantle wedge by mélange materials®t. Thus, the
incorporation of mélange diapirs into the mantle wedge may also have implications for the
formation of mineralogical and lithological heterogeneities in the mantle.

This study has important implications for the understanding of subduction zone
magmatism. During subduction, mélange diapirs may propagate, and dynamically mix with the
overlying mantle. Our study shows that depending on the nature and relative contributions of the
hybridizing mélange materials in the source of arc magmas, a large variety of primary magmas
with characteristic arc-like signatures can be produced. As LILE-enriched shoshonitic melts are
expected to form from melting of pure sediment-dominated mélange materials*, our study shows
that both primitive arc tholeiites and primitive calc-alkaline magmas, which are the two most
abundant magma types in subduction zones worldwide, can be produced by melting of mantle
hybridized by serpentinite-dominated and sediment-dominated mélange materials, respectively.
The rarer occurrence of ultrapotassic shoshonites as compared to tholeiites and calc-alkaline
magmas likely reflects the volumetric significance of peridotites in the wedge and the dilution
effect due to mixing of mélange materials with mantle wedge peridotites. The absence of
systematic along- and across-arc spatial distributions of primitive tholeiitic and calc-alkaline arc
magmas may reflect the complexity involved in mélange-diapir ascent paths, and their eventual

distributions and mixing with peridotite in the mantle wedge.
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In summary, our study provides unique constraints for the role of mélange materials in arc
magmatism as invoked in previous studies. For the first time, we have shown that melting of a
mélange-hybridized peridotite represents a mechanism to generate melts with major element, trace
element and trace element ratios characteristic of tholeiitic and calc-alkaline arc magmas. Where
mélanges can form and ascend into the wedge, variations in their compositions, thicknesses, and
relative contributions in the arc magma source, will likely result in the formation of
compositionally diverse primary arc melts and can result in the formation of lithological
heterogeneities in the mantle. Mélange transfer from the subducting slab to the mantle wedge may
be one of several mechanisms by which arc magmas are produced, but we emphasize that both
major and trace element of experimental melts need to be reported to better assess how closely we
can simulate arc processes. Although further experiments will help decipher the type and amount
of mélange materials that could be involved in individual subduction zones, we show that
hybridization of peridotite by buoyant mélange rocks is a viable process to transfer crustal

signatures from the slab surface to arc magmas.
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FIGURES

Figure 1 | Conceptual illustration of hybridization of peridotite mantle wedge with mélange
material during subduction. Experiments performed in this study simulate the partial melting of a
mélange-hybridized peridotite in the mantle wedge.
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Figure 2 | Global variability of mélange rocks plotted in terms of immobile elements, Cr/Al versus
Al>;O3. The two types of mélange matrices used in this study cover a large range of the natural
variability of mélanges, with one matrix that carries a serpentinite/ultramafic flavor, and one
matrix that carries a sediment (GLOSS) flavor. Literature data sources: Global mélange
compilation?®, abyssal, mantle wedge and subducted serpentinite compilation®®, MORB
compilation®®, DMM composition®’, and GLOSS?.
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Figure 3 | Mg compositional map of a representative experiment, PER-SERP (85-15), performed
at 1.5 GPa and 1