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Mass transfer at shallow subduction levels and its ramifications for deeper processes remain
incompletely constrained. New insights are provided by ocean island basalt (OIB) clasts from
the Mariana forearc that experienced subduction to up to ~25–30 km depth and up to
blueschist-faciesmetamorphism; thereafter, the clastswere recycled to the forearc seafloor via
serpentinite mud volcanism. We demonstrate that the rocks were, in addition, strongly
metasomatized: they exhibit K2O contents (median = 4.6wt%) and loss on ignition
(median = 5.3wt%, as a proxy for H2O) much higher than OIB situated on the Pacific
Plate, implying that these were added during subduction. This interpretation is consistent with
abundant phengite in the samples. Mass balance calculations further reveal variable gains in
SiO2 for all samples, and increasedMgOandNa2Oat one but losses ofMgOandFe2O3* at the
other study site. Elevated Cs and Rb concentrations suggest an uptake whereas low Ba and
Sr contents indicate the removal of trace elements throughout all clasts. The metasomatism
was likely induced by the OIBs’ interaction with K-rich fluids in the subduction channel. Our
thermodynamic models imply that such fluids are released from subducted sediments and
altered igneous crust at 5 kbar and even below 200°C. Equilibrium assemblage diagrams
show that the stability field of phengite significantly increases with the metasomatism and that,
relative to not-metasomatized OIB, up to four times as much phengite may form in the
metasomatized rocks. Phengite in turn is considered as an important carrier for K2O, H2O, and
fluid-mobile elements to sub-arc depths. These findings demonstrate that mass transfer from
the subducting lithosphere starts at low P/T conditions. The liberation of solute-rich fluids can
evoke far-reaching compositional and mineralogical changes in rocks that interact with these
fluids. Processes at shallow depths (<30 km) thereby contribute to controlling which
components as well as in which state (i.e., bound in which minerals) these components
ultimately reach greater depthswhere theymay ormay not contribute to arcmagmatism. For a
holistic understanding of deep geochemical cycling, metasomatism and rock transformation
need to be acknowledged from shallow depths on.
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INTRODUCTION

Geologic processes in subduction zones are among the main
controllers of chemical cycling (e.g., Stern, 2002, and references
therein) that had and still have severe implications for the
geochemical evolution and differentiation of Earth. Most
importantly, such processes include the liberation of fluids
from the subducting slab at ~70–120 km depths that then
migrate into the overriding plate where they provoke hydrous
partial melting of the mantle. This in turn results in magmatism,
tholeiitic to calc-alkaline volcanism, and, over long periods of
time, the formation of island arcs and continental crust (e.g.,
Ringwood, 1969; Peacock, 1990; Taylor and McLennan, 1995).

In greater detail, it is the breakdown of hydrous minerals
contained in subducting sediments and hydrothermally altered
igneous crust and mantle that causes the release of H2O during
prograde subduction metamorphism (e.g., Poli and Schmidt,
1995). Together with the fluids, which act as primary
transport agents for mass in subduction systems, elements are
mobilized and transported into the subduction channel (i.e., the
zone at the slab–wedge interface containing the subduction
mélange) and the mantle wedge (e.g., Bebout et al., 1999;
Scambelluri and Philippot, 2001; Ulmer, 2001). Consequently,
arc eruptives commonly exhibit a trace element signal indicative
of sources that include metasomatized slab-derived components
(e.g., Manning, 2004; Rustioni et al., 2021). Eruptives are for
instance typically enriched in the incompatible elements B, K, Sr,
Cs, Ba, U, and Pb that are traditionally interpreted to originate
from sediments and altered oceanic basement and are known as
the “slab signature” (Perfit et al., 1980; Tatsumi and Eggins, 1995;
Codillo et al., 2018). Arc eruptives provide an important window
into deep subduction processes and elemental cycling, which have
been in the focus of petrologic/geochemical, experimental, and
modeling studies over several decades.

Much dehydration of the subducted lithologies, however,
occurs long before these reach sub-arc depths. Subducting
altered and hydrated basalts, for example, may contain up to
5 wt% H2O—the bulk of which is released during the breakdown
of hydrous phases as subduction metamorphism causes the
transformation to blueschist (~3 wt% H2O) and amphibolite
(~1–2 wt% H2O) facies assemblages (Poli and Schmidt, 1995).
H2O release from underthrust sediments, due to the compaction
and release of interstitial pore waters and mineral dehydration,
start as soon as they are subducted (e.g., Moore and Vrolijk, 1992;
Bekins et al., 1994). This liberation of fluids at shallow depths is
likewise accompanied by significant mass transfer. Slab-derived
fluids from several subduction zones have been shown to carry
high loads of solutes, in particular elements that are “fluid-
mobile” (e.g., at the Nankai Trough or Costa Rica; see review
by Kastner et al., 2014).

Whereas slab-derived fluids could be studied at several active
convergent margins, most rocks that experienced (and recorded)
interactions with such fluids at low- to intermediate-depth
subduction conditions originate from paleo-subduction
settings. Based on these rocks, now exposed on land, a
number of studies advocate minimal fluid and element
mobility at low metamorphic grades (e.g., Busigny et al., 2003;

Ghatak et al., 2012; see also review by G. E. Bebout in Harlov and
Austrheim, 2013). The only active system that provides direct
insight into depths of up to blueschist-facies conditions is the
Mariana convergent margin. Here, recent ocean research
drilling efforts (Fryer et al., 2018) have recovered rocks
that differ in composition from what has initially been
subducted. In this communication we demonstrate that
these rock samples are strongly metasomatized and that
the changes in composition can well be explained by their
interaction with slab-derived fluids. Our study highlights that
the metasomatism to a large degree affects mineralogical
assemblages of the lithologies involved, which in turn will
affect deeper processes such as the composition of arc
magmas and geochemical cycling.

Serpentinite Mud Volcanism at the Mariana
Forearc
The Mariana Trench in the northwestern Pacific marks the
subduction of the >180 My old Pacific Plate beneath the
Mariana forearc. Together with altered igneous crust, a
~460 m thick sedimentary cover composed of siliceous ooze,
volcaniclastic deposits, and pelagic clays is being subducted
(Plank et al., 2000; Leat and Larter, 2003). Compaction and
early, low-temperature mineral dehydration result in the
release of fluids from the incoming lithologies soon after their
subduction; these fluids, in turn, hydrate and serpentinize the
overlying Mariana forearc mantle wedge (e.g., review by Fryer,
2012). The serpentinite is partly comminuted by tectonic
movements and shearing processes at the slab–wedge
interface, and deep faults within the forearc crust and mantle
facilitate the buoyancy-driven rise of the serpentinite and slab-
derived fluids to the forearc seafloor where these erupt in episodic
mudflows. Over millions of years, the mudflows have built vast
mud volcanoes up to ~50 km in diameter and ~2 km high (Fryer
et al., 1985; Fryer et al., 1992). More than a dozen of such
serpentinite mud volcanoes are distributed over the forearc
seafloor. They formed at varying distances to the Mariana
Trench, tapping the subduction channel at subduction depths
of ~13–30 km and temperature (T) of <80–350°C (Figure 1; e.g.,
Fryer et al., 1992; Oakley et al., 2008; Hulme et al., 2010). The
serpentinite mud volcanism provides unparalleled insight into
the shallow levels of an active subduction zone.

Five serpentinite mud volcanoes were sampled during three
scientific ocean drilling campaigns: Yinazao (55 km distance to
the Mariana Trench, ~13 km depth to the slab, ~80°C at the
slab–mantle wedge interface), Fantangisña (62 km to trench,
~14 km to slab, ~150°C), and Asùt Tesoru (72 km to trench,
~18 km to slab, ~250°C) during International Ocean Discovery
Program (IODP) Expedition 366 (Fryer et al., 2018), and South
Chamorro and Conical (78 and 86 km to trench, 18 and 19 km to
slab, respectively, with T = 250–350°C at the slab) during previous
Ocean Drilling Program (ODP) legs (e.g., Fryer et al., 1992).

Beside serpentinite mud, recovered drill cores contain up to
meter-sized boulders of the serpentinized mantle wedge but also
materials that originate from the forearc crust and from the
subducting Pacific Plate (see next section).
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Similar mud flow deposits have been described worldwide
from subaerially exposed forearc regions as old as 3.8 By (e.g.,
Lockwood, 1972; Fryer et al., 1995; Giaramita et al., 1998; Pons
et al., 2011; Wakabayashi, 2012), implying that serpentinite mud
volcanism in forearc environments occurred throughout the
geologic past but requires specific, considerably deformed non-
accretionary convergent margin settings.

Serpentinite Mud Volcanism Recycles Subducted
Volcanics
Rock fragments and clasts with mid-ocean ridge basalt (MORB)
and ocean island basalt (OIB) provenances were discovered in
cores from the serpentinite mudflows of several mud volcanoes.
The materials vary in size frommillimeter to meter scale and have
been identified as subducted, metamorphosed, and recycled
materials from the incoming Pacific Plate. Metamorphic
mineral assemblages attest up to blueschist facies peak
metamorphic conditions (e.g., Maekawa et al., 1993; Fryer
et al., 2006; Ichiyama et al., 2021). Numerous such metamafic
rocks were recently retrieved from the Yinazao, Fantangisña, and
Asùt Tesoru mud volcanoes (Fryer et al., 2018). In addition,
similar clasts have previously been sampled from South
Chamorro and Conical Seamounts (e.g., Fryer et al., 1992).
These materials are, to our knowledge, the only blueschist-
facies rocks that have been recovered from any active
subduction zone.

Petrographic descriptions and (mineral) geochemical
compositions of the recycled OIBs from Fantangisña and Asùt
Tesoru have been reported by Albers et al. (2019), Fryer et al.
(2018), Fryer et al. (2020), Deng et al. (2021), and Ichiyama et al.
(2021). In many samples, aphyric to coarse grained igneous
textures are preserved; aside from rare relict Ti-rich augite,
plagioclase, and traces of olivine, apatite, biotite, and Fe–Ti
oxides, the igneous mineral assemblages are largely
metamorphosed. The clasts are now composed of low- to
high-pressure and low- to moderate-T metamorphic minerals.
These include Ca pyroxene, Na and Ca–Na amphibole,
pumpellyite, and phengite at both seamounts, with prehnite,
calcite, and zeolites (analcime, thomsonite, natrolite)
exclusively reported from Fantangisña and lawsonite and Na
pyroxene from Asùt Tesoru (Albers et al., 2019; Fryer et al., 2020;
Ichiyama et al., 2021). Metamorphic vein precipitates that formed
in apparent equilibrium with slab-derived fluids include pectolite
and prehnite at Fantangisña and lawsonite and phengite at Asùt
Tesoru; metamorphic calcite and aragonite occur at both sites
(Albers et al., 2019). Na pyroxene mainly ranges in composition
from aegirine to jadeite, but some analyses exhibit an increased
augite component; amphibole is riebeckitic with ferric Fe/Al
ratios of up to ~0.45 indicating a strong glaucophane
component; phengite is Si-rich with up to 3.88 Si per formula
unit (Albers et al., 2019; Fryer et al., 2020; Deng et al., 2021;
Ichiyama et al., 2021). These phase assemblages and compositions

FIGURE 1 | Idealized cross section of the Mariana forearc setting, from east to west, including the relative positioning of the serpentinite mud volcanoes.
Compositions of the slab-derived serpentinite mud pore waters systematically vary across the forearc, reflecting prograde metamorphic processes in the subducting
slab. Themap shows the distribution of the serpentinite mud volcanoes drilled by ODP and IODP on theMariana forearc. Also note the large number of Pacific seamounts
that will eventually be subducted. Modified from Fryer et al. (2018) andWheat et al. (2018). Globe inset and map created with Generic Mapping Tools (Wessel et al.,
2013) with the Mariana Trench 6 arc-second Bathymetric Digital Elevation Model from the NOAA’s National Geophysical Data Center.
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led Ichiyama et al. (2021) to suggest peak metamorphic grades of
prehnite–pumpellyite facies for the clasts from Fantangisña
Seamount and of blueschist facies for those from Asùt Tesoru.

The OIB origin of the clasts is implied by bulk rock Ti/V ratios
between 50 and 100 (Figure 2; Fryer et al., 2020; Deng et al., 2021;
note that the Ti–V discrimination diagram was recently revised
by Shervais, 2021) and by the presence of titanium augite (e.g.,
Albers et al., 2019). Geochemically, concentrations of SiO2, MgO,
and Na2O in the recycled OIBs appear to generally overlap with
those of volcanic seamounts situated on the Pacific Plate but
Fe2O3* (= FeO + Fe2O3) and CaO are generally lower whereas
K2O and loss on ignition (LOI) are much higher (Figure 3 and
Table 1; Fryer et al., 2018; Deng et al., 2021). These distinct
compositions have, however, not received particular attention in
the above studies. In this work, we will focus on the (modified)
compositions of the recycled OIBs, which we attribute to fluid-
metasomatism that occurred in the subduction zone, and its
implications for mass transfer and geochemical cycling.

METHODS

Bulk Rock Geochemistry
To expand the existing dataset by Fryer et al. (2018) and Deng
et al. (2021) we have analyzed four additional OIB samples for
their major element bulk compositions. Analyses were carried out
with a Panalytical® 2400 sequential X-ray fluorescence
spectrometer at Utah State University using methods described
in Shervais et al. (2019).

OIB Reference Compositions
As reference OIB compositions we downloaded data from the
PetDB Database (www.earthchem.org/petdb) on 16–02–2021. We
extracted all entries with the label “Seamount” situated in the

Pacific Ocean (n = 3,216). We then narrowed down the
composition representative for alkali basalt/OIB by filtering 1)
for Ti/V ratios between 50 and 100 (n = 75) following the
discrimination method developed by Shervais (1982; note that
Shervais, 2021, recently revised the field indicating plume-derived
basalts to Ti/V = 43–100); 2) for MgO within 8–16 wt% (n = 437)
to minimize crystal fractionation and accumulation effects (cf., e.g.,
Jackson and Dasgupta, 2008); 3) a combination of the two,
i.e., Pacific seamount compositions run through a Ti/V–MgO-
filter (n = 17); 4) filtering for seamounts in the northern
hemisphere only (n = 1703). In addition, we compiled
compositions of seamounts located in the northwestern Pacific
Ocean, east of the Izu–Bonin–Mariana subduction zone. These
include data from the Magellan Seamounts (Koppers et al., 1998;
Tang et al., 2019; Liu et al., 2020), the Marshall Seamounts (Davis
et al., 1989), and from drill core recovery from Deep Sea Drilling
Project Site 61, west of the Magellan Seamounts (Janney and
Castillo, 1999), and ODP Sites 865 and 866, the Allison Guyot
and Resolution Guyot at the Mid-Pacific Mountains (Baker et al.,
1995). This latter compilation has 91 entries, of which we excluded
the upper and lower 5% to account for outliers. Generally, most of
these rocks have undergone various degrees of hydrothermal
alteration; in particular the seamounts from the NW Pacific,
which are up to Cretaceous in age, likely interacted with
seawater over millions of years. Median compositions of the
reference OIBs are presented in Table 2.

Theriak/Domino Thermodynamic Modeling
Equilibrium assemblage diagrams, commonly termed
pseudosections, and mineral abundances were calculated using
the Theriak/Domino software package, Version 15–03–2018 (de
Capitani and Brown, 1987; de Capitani and Petrakakis, 2010).
Calculations are based on the internally consistent
thermodynamic database tcds62 from Holland and Powell

FIGURE 2 | Bulk rock Ti–V systematics of metamafic clasts recovered during IODP Exp. 366. An OIB provenance is implied by Ti/V ratios between 43 and 100
(Shervais, 2021; the dashed line marks the now revised discrimination line of Ti/V = 50 after Shervais, 1982) for the clasts from Fantangisña and Asùt Tesoru Seamounts
that are discussed in this paper. Data from Fryer et al. (2020) and Deng et al. (2021). Compositions of Pacific seamounts are shown for comparison (see Methods for
more information and data sources).
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FIGURE 3 | Bulk compositions of recycled OIBs from Fantangisña and Asùt Tesoru Seamounts presented in a Harker diagram. Plot marks with thick outlines
illustrate median compositions of clasts from each seamount. The clasts differ in composition (most obviously with regard to K2O and LOI) from Pacific seamounts,
implying metasomatic composition changes in the subduction zone. Data from this study, Fryer et al. (2018), and Deng et al. (2021). Compositions of Pacific seamounts
are shown for comparison (see Methods for more information and data sources; ~x = median compositions).
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(2011), but we suppressed the formation of microcline, julgoldite
(FeFe), and iron as they were not observed in the recycled OIBs.
The database comes with solid solutions for olivine, ortho- and
clinopyroxene, spinel, feldspar, biotite, epidote, phengite,
chlorite, and chloritoid (Holland and Powell, 1998; Holland
and Powell, 2003; Baldwin et al., 2005; White et al., 2007;
White et al., 2014a; White et al., 2014b). It does not contain
thermodynamic data for K-containing amphibole, which should
theoretically result in an overemphasis of K-bearing white mica;
however, K2O contents in amphibole in the metamafics recovered
from the serpentinite mud volcanoes are negligible (e.g., Table 1
in Fryer et al., 2006; SI in Ichiyama et al., 2021) so that we assume
that, if at all, the overemphasis of mica is minor.

Our computations account for the oxide components SiO2,
Al2O3, FeO, MgO, CaO, Na2O, K2O, and H2O. Equilibrium
assemblage diagrams were compiled for pressure (P) =
1–10 kbar, corresponding to up to ~35 km depths when
assuming an average lithospheric density of 3*103 kg/m3, and
T = 100–600°C. Such P/T range covers the conditions of the slab
beneath the Mariana serpentinite mud volcanoes but also the
conditions in “warm” subduction zones (Peacock and Wang,
1999). Mineral abundances were calculated for a geotherm of 8°C/
km as the equilibrium assemblage of this geotherm best overlaps
with the observed mineralogy in the recycled OIBs. Diagrams
were compiled for 1) the median composition of NW Pacific
seamounts (Table 2), which was recalculated to Si 49.51, Al 20.09,

Fe 4.67, Mg 10.27, Ca 10.44, Na 5.90, K 1.57, and H 22.65 to use as
input for Theriak/Domino, and 2) the median composition of the
recycled OIB clasts (Table 1), recalculated to Si 47.60, Al 16.92, Fe
3.47, Mg 9.65, Ca 8.03, Na 4.77, K 5.79, and H 35.02. Additional O
was added in both cases to account for the presence of Fe2O3 in
the hydrothermally altered rocks.

RESULTS

Mass Balance Constraints on
Compositional Changes
The major elemental compositions of the recycled OIBs reveal
K2O contents (mostly between 3.7 and 5.5 wt%) and LOI
(4.0–7.7 wt%) as a proxy for H2O that are much higher than
in OIB from the Pacific Ocean (Figure 3; see also Supplementary
Figure S1 for anhydrous compositions). By contrast, Fe2O3 and
CaO in the recycled OIBs appear generally lower. Patterns in
Al2O3, MgO, and Na2O are inconsistent: clasts from Fantangisña
appear to have less Al2O3, more MgO, and similar Na2O relative
to Pacific OIB whereas clasts from Asùt Tesoru have similar or
higher Al2O3 contents but less MgO and Na2O.

To assess the approximate changes in major element contents
of the recycled OIBs, we compared them with basaltic seamounts
from the northwestern Pacific (Table 2), i.e., variably altered
seamounts prior to subduction at the Izu–Bonin–Mariana

TABLE 1 | Summarized bulk rock compositional characteristics of the recycled OIBs.

SiO2 TiO2 Al2O3 Fe2O3* MnO MgO CaO Na2O K2O Sum LOI

median 48.18 2.18 14.53 9.34 0.17 6.55 7.59 2.49 4.59 99.91 5.31
min 42.17 1.49 9.56 7.27 0.1 2.45 4.56 0.93 1.57 97.94 3.99
max 50.74 3.32 18.76 11.62 0.35 11.82 11.67 4.08 5.51 100.2 7.77
σ 2.04 0.54 2.73 1.12 0.06 3.11 1.77 0.93 1.28 0.64 0.92

Fe2O3* = FeO + Fe2O3; LOI, loss on ignition; σ = standard deviation =
��������������
((∑ (xi – x~)2)/n)

√
, where xi = observed values, x~ = mean value, and n = number of analyses.

TABLE 2 | Reference bulk rock compositions of Pacific seamounts (see OIB Reference Compositions).

SiO2 TiO2 Al2O3 Fe2O3* MnO MgO CaO Na2O K2O LOI Ti V Ti/V

All data median 47.88 2.79 14.69 11.75 0.17 6.15 10.00 2.90 0.89 2.12 16,260 278 53.1
σ 4.29 0.99 2.32 2.41 0.21 4.22 2.82 1.10 1.15 2.54 5,457 95.5 434.3
n 2,382 2,391 2,382 2,375 2,357 2,417 2,380 2,376 2,441 7,31 2,41 1,152 152

N hemisphere median 48.30 2.62 14.10 11.90 0.17 6.47 9.98 2.66 0.64 2.02 14,717 268 51.2
σ 3.66 0.81 2.28 1.98 0.05 4.46 2.54 0.99 0.98 2.52 3,936 85.0 33.6
n 1,291 1,292 1,289 1,291 1,291 1,291 1,289 1,293 1,326 433 143 600 128

NW Pacific median 46.40 2.65 16.00 11.60 0.20 6.50 9.10 2.90 1.15 3.20 14,320 255 72.0
σ 3.58 0.73 1.47 2.35 0.07 2.74 2.73 0.76 1.69 1.72 2,331 85.8 39.2
n 91 84 86 74 86 86 86 86 86 74 7 85 7

MgO-filtered median 47.49 2.38 13.00 11.64 0.17 9.96 10.11 2.36 0.49 1.03 12,660 268 49.6
σ 2.82 0.77 1.91 1.58 0.03 1.97 2.05 0.46 0.55 2.46 4,890 47.9 10.3
n 431 430 433 430 427 437 433 430 431 180 48 274 36

Ti/V-filtered median 47.47 2.93 14.29 11.94 0.17 6.47 9.92 2.90 0.95 2.16 17,831 282 61.3
σ 2.07 0.63 1.84 1.38 0.05 3.51 2.08 0.95 0.69 3.71 3,592 62.5 13.5
n 75 75 75 75 75 75 75 75 75 55 75 75 75

MgO–Ti/V-filtered median 47.10 2.39 13.20 11.94 0.17 10.00 9.97 2.40 0.42 3.14 15,213 273 53.7
σ 1.22 0.43 1.04 0.68 0.01 1.45 1.38 0.30 0.50 2.69 3576 30.8 9.6
n 17 17 17 17 17 17 17 17 17 9 17 17 17

Fe2O3* = FeO + Fe2O3; LOI, loss on ignition; σ = standard deviation =
��������������
((∑(xi – x~)2)/n)

√
, where xi = observed values, x~ = mean value, and n = number of analyses.
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subduction system (referred to as “unsubducted OIB” from here
on). It can be expected that the recycled OIBs were
compositionally similar to these unsubducted OIB prior to
subduction. Results of our isocon analysis (Gresens, 1967;
Grant, 1986) are shown in Figure 4; calculations were done
on an anhydrous basis. The results imply the addition of K2O and
variable amounts of SiO2 to clasts from both seamounts and of
MgO to OIBs from Fantangisña when constant mass is assumed.
The assumption of constant mass appears reasonable for Asùt
Tesoru where TiO2 and Al2O3, both considered rather immobile
at shallow subduction levels (e.g., Manning, 2004), lie on the

isocon line. At Fantangisña, however, this assumption would
suggest the loss of all immobile species—which is unlikely. We
hence calculated additional isocon lines assuming the
conservation of Al2O3 (Figure 4 and Table 3). The median
slope of these isocon lines at Asùt Tesoru (y � 1.006x) is
almost identical to the one assuming constant mass (y � x). It
is, by contrast, much less steep at Fantangisña (y � 0.747x); we
argue that this assumption is reasonable here since the immobile
TiO2 plots well on this line of Al2O3 conservation. It hence
appears 1) that a net increase in mass affected the clasts from
Fantangisña but not from Asùt Tesoru and 2) that the recycled

FIGURE 4 | Isocon plots comparing the anhydrous compositions of the recycled OIBs (CA
i ) to the median of the NW Pacific seamounts (CO

i ). The net mass of
samples from Fantangisña Seamount appears to have increased together with gains in K2O, SiO2, MgO, and Na2O, whereas the net mass of the Asùt Tesoru Seamount
samples did not significantly change and the clasts are merely enriched in K2O and some in SiO2. The lines shown for Al2O3-conservation are based on the mean Al2O3

contents; at Asùt Tesoru, the lines of constant mass and Al2O3-conservation are almost identical. Oxide concentrations are scaled by the following divisors: SiO2,
7.5; Al2O3, 3; Fe2O3*, 2; MnO, 0.1; MgO, 2; CaO, 2.

TABLE 3 | Results of isocon analysis, relative to OIB from the NW Pacific (cf. Table 2), assuming the conservation of Al2O3.

Sample Mud volcano Reference SiO2 TiO2 Al2O3 Fe2O3* MnO MgO CaO Na2O K2O

U1497A-8F-2, 14–17 cm Fantangisña Deng et al. (2021) 1.17 1.01 1.00 0.86 1.14 1.75 1.03 1.41 1.67
U1497A-11G-CC, 22–25 cm Fantangisña Deng et al. (2021) 1.23 1.01 1.00 0.73 1.04 1.53 0.85 1.64 1.53
U1497A-12F-1, 78–81 cm Fantangisña Deng et al. (2021) 1.25 1.00 1.00 0.90 1.01 1.34 1.01 1.42 2.62
U1498B-23R-1, 60–63 cm Fantangisña Deng et al. (2021) 1.75 1.00 1.00 1.28 1.06 2.65 1.38 1.41 6.62
U1498B-23R-1, 67 cm Fantangisña this study 1.61 0.97 1.00 1.23 0.93 2.68 1.06 1.41 6.03
U1498B-23R-1, 67–69 cm Fantangisña Deng et al. (2021) 1.70 1.00 1.00 1.29 1.02 2.77 1.07 1.33 6.13
U1498B-23R-1, 70–75 cm Fantangisña Deng et al. (2021) 1.58 0.96 1.00 1.18 0.79 2.57 0.75 1.04 6.48
U1496B-8X-CC, 0–2 cm Asùt Tesoru Deng et al. (2021) 1.32 1.20 1.00 1.27 0.93 0.81 1.12 1.68 4.17
U1496B-8X-CC, 0–4 cm Asùt Tesoru Fryer et al. (2018) 1.02 1.00 1.00 0.98 0.96 0.44 1.33 1.21 2.15
U1496B-8X-CC, 8–13 cm Asùt Tesoru Fryer et al. (2018) 1.02 0.92 1.00 0.94 0.96 0.40 1.01 0.96 3.25
U1496B-8X-CC, 30–32 cm Asùt Tesoru Fryer et al. (2018) 1.13 0.92 1.00 0.84 0.67 0.39 0.87 0.92 4.65
U1496B-8X-CC, 33–41 cm Asùt Tesoru Deng et al. (2021) 1.23 1.04 1.00 1.02 0.68 0.81 0.82 1.17 5.37
U1496B-10F-2, 0–5 cm Asùt Tesoru Fryer et al. (2018) 1.05 1.33 1.00 0.87 1.85 0.57 0.69 0.62 4.46
U1496B-10F-2, 5–8 cm Asùt Tesoru Fryer et al. (2018) 1.04 0.73 1.00 0.77 1.09 0.77 1.21 0.67 3.13
U1496B-10F-2, 13 cm Asùt Tesoru this study 0.85 0.56 1.00 0.64 0.81 0.80 0.84 0.54 3.57
U1496B-10F-2, 14 cm Asùt Tesoru this study 0.89 1.02 1.00 0.76 0.85 0.97 0.75 0.31 4.07
U1496B-10F-2, 17–20 cm Asùt Tesoru Fryer et al. (2018) 0.92 1.03 1.00 0.74 0.87 0.86 0.77 0.30 3.59
U1496B-10F-2, 35 cm Asùt Tesoru this study 0.82 1.19 1.00 0.91 1.10 1.38 1.05 0.29 2.13

Fe2O3* = FeO + Fe2O3; LOI, loss on ignition.

Frontiers in Earth Science | www.frontiersin.org April 2022 | Volume 10 | Article 8263127

Albers et al. Fluid-Metasomatism at Shallow Depths

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


OIBs from Fantangisña gained K2O, SiO2, MgO, and Na2O
whereas those from Asùt Tesoru gained K2O and some SiO2

but lost Fe2O3 and possibly MgO. The bulk of these changes can
likely be ascribed to metasomatic processes that accompanied
fluid–rock interactions within the subduction system (see
Discussion).

Equilibrium Assemblage Diagrams
Equilibrium assemblage diagrams compiled for the median
compositions of unsubducted OIB and the recycled OIBs
illustrate which mineral phases are to be expected in these
rocks. The section for the unsubducted OIB thereby serves as
a reference to determine the mineralogical consequences induced
by the compositional changes that we ascribe to fluid-
metasomatism.

For the unsubducted OIB, quartz, feldspar, pyroxene, epidote,
and chlorite are predicted to be stable throughout most of the
modeled P/T conditions (Figure 5A). Prehnite may form below
~3 kbar/200°C. At higher T, biotite and tremolitic amphibole
become part of the mineral assemblage. Pumpellyite exists at low
T and up to ~10 kbar, together with riebeckitic amphibole and

lawsonite at P > ~3 kbar. Glaucophane amphibole joins the
assemblage at ~4.5 kbar/100°C, persisting between ~200 and
300°C to higher P. Phengite is restricted to T < 350°C. The
equilibrium assemblage predicted for the recycled OIBs
strongly differs from this (Figure 5B). Quartz is absent except
for low-P/high-T conditions, tremolite is not predicted at all, and
epidote will not form at T < 200°C. Biotite is present throughout
the model conditions, except for intermediate P and T < ~200°C.
Prehnite exists up to ~4 kbar/350°C, vesuvianite may form at T up
to 450°C, and the stability field of pumpellyite is restricted.
Riebeckite and glaucophane form at >2 kbar/low T, and
lawsonite at high P/low T. Phengite is stable throughout most
of the modeled P/T range.

In unsubducted OIB, the equilibrium assemblage along the
8°C/km geotherm is dominated by feldspar, quartz, and epidote
until ~6 kbar/150°C, accompanied by minor chlorite and
pumpellyite (Figure 6A). Lawsonite and amphibole contents
increase at T > 150°C and at 170–200°C the amount of
pumpellyite decreases whereas that of pyroxene increases.
Amphibole is tremolitic to riebeckitic below ~6 kbar/150°C,
and mainly glaucophane at higher P/T conditions

FIGURE 5 | Equilibrium assemblage diagrams for (A) unsubducted OIB and (B) OIBs recycled by the serpentinite mud volcanoes. The predicted stability of
phengite is indicated by the gray background. Note the considerably larger stability field of phengite in the metasomatized, recycled OIBs. Quantities of metamorphic
phases along the 8°C/km geotherms (red lines) are shown in Figure 6. Estimated P conditions at the top of the slab beneath Fantangisña and Asùt Tesoru Seamounts
are indicated by gray bars. In (A): Qz, Fsp, Ep, and Px are present at all P/T conditions, unless indicated otherwise; 1, Chl Lws Amp Stp–Fsp; 2, Lws Amp Stp; 3, Bt
Chl Amp Stp; 4, Bt Chl Amp Stp; 5, Chl Lws Amp; 6, Chl Lws Pmp Amp–Px; 7, Chl Pmp Amp–Px; 8, Chl Pmp Stp Heu; 9, Chl Pmp Stp H2O; 10, Chl Stp Heu; 11, Chl Stp
Heu H2O; 12, Chl H2O; 13, Chl Heu H2O; 14, Bt Chl Heu H2O; 15, Bt Chl Heu; 16, Bt Chl Amp H2O–Px. In (B): H2O is present at all P/T conditions, unless indicated
otherwise; 1, Bt Px Lws; 2, Ep Bt Px Amp Fsp; 3, Bt Px Lws Pmp Amp; 4, Px Lws Pmp Amp; 5, Px Pmp Amp Fsp; 6, Bt Px Pmp Amp Fsp; 7, Bt Px Ves Lws Amp; 8, Px
Lws Pmp Amp; 9, Px Pmp Amp Fsp; 10, Bt Px Ves Lws Amp; 11, Px Ves Lws Pmp Amp; 12, Px Ves Pmp Amp Fsp; 13, Bt Px Pmp Amp Fsp; 14, Bt Px Chl Pmp Fsp; 15,
Chl Ves Lws Px Amp; 16, Ep Px Chl Ves Amp Fsp; 17, Px Chl Ves Amp Prh Fsp; 18, Chl Ves Pmp Px Amp Prh Fsp; 19, Bt Px Chl Ves Amp Prh Fsp; 20, Bt Chl Ves Amp
Prh Fsp; 21, Ep Bt Px Chl Prh Fsp; 22, Ep Bt Px Prh Stp Fsp; 23, Bt Chl Ves Prh Fsp Stp; 24, Bt Px Chl Prh Fsp; 25, Fsp Bt Px Qz Lct Hem; 26, Fsp Bt Px Sp Qz Lct Hem;
27, Fsp Bt Px Sp Qz Lct. Abbreviations: Amp, amphibole; Bt, biotite; Chl, chlorite; Ep, epidote; Fsp, feldspar; Hem, hematite; Heu, heulandite; Lct, leucite; Lws,
lawsonite; Pmp, pumpellyite; Prh, prehnite; Px, pyroxene; Qz, quartz; Sp, spinel; Stp, stilpnomelane; Ves, vesuvianite.
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(Supplementary Figure S3A). Above ~7 kbar/200°C, the mineral
assemblage consists of epidote, amphibole, quartz, lawsonite, and
pyroxene (mainly diopsidic in composition; Supplementary
Figure S3A). About 1.5 mol of phengite exists throughout the
prograde path. Contrastingly, with 5–6 mol phengite and
>3–4 mol pyroxene present along the 8°C/km geotherm, these
two phases dominate the mineral assemblage in the recycled OIBs
(Figure 6B); above 200°C, pyroxene contents even increase to
~9 mol. Diopside and aegirine components in pyroxene are
predicted below 200°C, and jadeite pyroxene joins this
assemblage at higher P/T conditions (Supplementary Figure
S3B). Lawsonite is stable even at 3.5 kbar/100°C but is most
abundant at T > 200°C. Minor amounts of riebeckitic amphibole
are formed at T < 200°C and moderate to minor amounts of
glaucophane at T > 150°C (Supplementary Figure S3B). Chlorite
and feldspar exist up until 6 kbar/160°C, and the presence of
pumpellyite is restricted to ~160°C at 6 kbar and 220°C at 8 kbar.
Up to ~7 kbar/200°C, minor amounts of vesuvianite are
predicted; in case vesuvianite is not allowed to form in the
models, pyroxene and pumpellyite contents increase at T <
200°C whereas the lawsonite content decreases (see
Supplementary Figure S4 and discussion in the figure caption).

DISCUSSION

Transfer of Mass Within the Mariana
Forearc
Subduction Metasomatism vs. Seafloor Alteration
Processes
It has long been known that subduction zones are sites of major
mass transfer and chemical cycling. The meta-OIB data reported
by Fryer et al. (2018), Deng et al. (2021), and in this study provide
direct evidence for mass transfer at shallow levels of the Mariana
convergent margin. Most striking are increases in K2O and LOI,

but our mass balance calculations imply that SiO2, MgO, and
Na2O are also modified (Figure 4 and Table 3).

In general, subducting lithologies undergo prograde
metamorphic phase changes in response to rising P and T
with increasing depth. Such transformations could
(theoretically) occur in geochemically closed systems, in which
the phase assemblages of the subducting lithologies would change
but the bulk rock would retain its composition. Contrastingly,
fluid-induced metasomatism can lead to the transfer of mass into
or away from individual pieces of rock, modifying their bulk
composition. Absolute increases in certain elements should hence
be mainly the result of the interaction with fluids that transported
the respective elements; losses in element concentrations are
usually ascribed to the breakdown of out-of-their-stability-field
minerals and the fluid-mediated removal of the released elements
(e.g., Putnis and Austrheim, 2010).

Quantitatively assessing the compositional changes of the
recycled OIBs is difficult because their exact compositions
prior to subduction are unknown. It can be assumed that they
were generally similar to OIB situated in the northwestern Pacific
Ocean—but the compositions of such vary to a certain degree as
analyzed sample suites usually cover a range of primary and
secondary processes (such asmagmatic differentiation and crystal
accumulation effects or hydrothermal alteration; cf. Figure 3; see
also Supplementary Figure S2). The problem of attributing
compositional changes to fluid–rock interactions within the
subduction zone becomes particularly clear when considering,
for instance, MgO contents in the recycled OIBs of which most
overlap with that of the unsubducted OIB (Figure 3 and
Supplememntary Figure S1). The relatively higher values at
Fantangisña (median = 10.3 wt% vs. 4.5 wt% at Asùt Tesoru)
could potentially be explained by the aforementioned primary or
secondary processes. Indeed, when compared to the MgO–Ti/
V-filtered data of all Pacific seamounts, some samples contain up
to ~12 wt% MgO (gray diamonds in Figure 3). By contrast, K2O

FIGURE 6 |Mineral assemblages and quantities as predicted for (A) unsubducted OIB and (B) recycled OIBs along an 8°C/km geotherm. In addition to the much
larger stability field of phengite (see Figure 5B) it is also remarkably higher amounts of phengite that are predicted for the composition of the recycled OIBs. In (A),
amphibole is tremolitic at low P/T and glaucophane–riebeckite above ~5–6 kbar/150°C, pyroxene is diopside to aegirine in composition (see also Supplementary
Figure S3A). Amphibole in (B) is glaucophane to riebeckite, and pyroxene includes components of diopside, aegirine, and jadeite (Supplementary Figure S3B);
biotite is phlogopitic. Phases with abundances <0.5 mol are not shown; these are the zeolite-group mineral stilbite (at 3.5 kbar/100°C) and vesuvianite (up to ~7 kbar/
200°C) in (B). Abbreviations: Amp, amphibole; Ph, phengite; others as in Figure 5.
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contents of the recycled OIBs (median = 4.5 wt% at Fantangisña
and 4.7 wt% at Asùt Tesoru) clearly exceed those of unsubducted
seamounts (up to 4 wt%; median = 1.15 wt%) so that it appears
very unlikely that these enrichments have been induced prior to
subduction. Similarly, we argue that SiO2 (median = 48.2 wt% in
the recycled OIBs; median = 50.9 wt% on an anhydrous basis) has
been added to most clasts during subduction: hydrothermal
alteration of basalts at the seafloor admittedly also increases
SiO2 (e.g., Staudigel et al., 1996) and similar contents in
unsubducted OIB are not uncommon (50% of data between
44.6 and 47.2 wt%; Figure 3 and Supplementary Figure S1),
but the observed gains in K2O and H2O would dilute these values
to ≪46 wt%. Our isocon analysis further imply that Na2O was
gained in the OIBs from Fantangisña whereas Fe2O3* was lost
from those from Asùt Tesoru (Figure 4).

Altogether, it cannot be excluded that some of the differences
between unsubducted and recycled OIBs represent a sampling
bias and/or seafloor alteration processes. But in particular the
increases in K2O and H2O, as well as, to a lesser extent, SiO2 and
Na2O can presumably be attributed to fluid-metasomatism
during subduction. This transfer of mass can be well explained
by the presence of solute-laden fluids in the Mariana forearc that
are particularly abundant and well documented (e.g., Mottl et al.,
2004; Savov et al., 2007; see below). The lateral distance of
>160 km between the Fantangisña and Asùt Tesoru
Seamounts, together with the fact that K2O–SiO2-enriched
OIBs were recycled at both sites, suggests that the
metasomatic processes are not a local phenomenon but are
widespread in the Mariana subduction system.

Shallow Subduction Fluid Processes and OIB
Alteration
Fluid and solute release followingmineral breakdown reactions in
the subducting slab can be traced at the outer Mariana forearc by
slab-derived fluids that expel at the serpentinite mud volcano
summits. The compositions of these slab-derived fluids
systematically change across the forearc, in response to
prograde metamorphic processes at depths of ~10–30 km and
T = <80–350°C (e.g., Mottl et al., 2004; Savov et al., 2007; Hulme
et al., 2010; Fryer et al., 2018). The inferred processes in the slab
range from sediment compaction and opal-CT dehydration at
shallowest levels to clay diagenesis and dehydration, the release of
desorbed water, and decarbonation at greater depths (Mottl et al.,
2004; Hulme et al., 2010; Menzies et al., 2021). The decarbonation
of subducted sediments and AOC (altered igneous portions of the
oceanic crust), for example, is thought to result in high carbonate
alkalinity in slab-derived fluids of the deeper-sourced mud
volcanoes relative to shallow-sourced ones. High alkalinity in
turn favors the precipitation of CaCO3 below the deep-sourced
mud volcanoes, leading to a depletion of Ca and Sr in the fluids
that rise to the forearc seafloor. By contrast, Ca and Sr in pore
waters at the shallower-sourced mud volcanoes are enriched
because the slab is still too cold for decarbonation to occur
(Mottl et al., 2004). Expressed in numbers, Ca decreases from
>50 mmol/kg to <1 mmol/kg and Sr from >500 μmol/kg to
<20 μmol/kg across the forearc (see compilations in Wheat
et al., 2018; Menzies et al., 2021). Similarly, K, Rb, Cs, and B

are thought to be leached from the subducted sediments and
AOC once the slab has warmed to T > 100–150°C (Mottl et al.,
2004; Hulme et al., 2010). Concentrations of these in the
serpentinite mud pore waters as a result increase from
shallow- to deep-sourced sites. Potassium changes from
<1 mmol/kg to >15 mmol/kg, Rb increases from <1 μmol/kg to
>5 μmol/kg, Cs from <5 nmol/kg to ≫50 nmol/kg, and B from
<1 μmol/kg to >3,000 μmol/kg (Wheat et al., 2018). Contents of
Si are generally low in the serpentinite mud pore waters (Geilert
et al., 2020) since Si is readily taken up by the forearc mantle
peridotite during serpentinization (e.g., Albers et al., 2020; Geilert
et al., 2021). But Si contents in slab-fluids were likely much higher
shortly after their release as originating, for instance, from opal
diagenesis and/or the transformation of smectite to illite (cf., e.g.,
Mottl et al., 2004; Kastner et al., 2014).

In the subduction channel, comminuted material as well as
rock clasts react with these fluids. Serpentinites, previously
entitled “sponges” for fluid-mobile elements (Deschamps et al.,
2011), can contain high concentrations of Rb, Cs, B, and other
fluid-mobile elements (e.g., Debret et al., 2019; Albers et al.,
2020). Contents of K2O in the serpentinite clasts and mudflows
are, however, low with on average ≪0.1 wt% (e.g., Savov et al.,
2005a; Savov et al., 2005b)—despite the general availability of K at
the deeper-sourced mud volcanoes (see above). This is
presumably the case because serpentinite phases do not
incorporate K in their structure. In consequence, the forearc
serpentinite does not act as a sink for K. Following this line of
thought, K-containing fluids are likely available to react with any
lithology in the subduction channel that could form K-bearing
minerals. Such lithologies encompass subducted mafics,
including OIB, which provide the components and the
chemical environment to form phengite or biotite.

The uptake of K has beenmostly pervasive, as evidenced by the
abundant replacement of former groundmass by phengite in the
recycled OIBs (Figure 6 in Fryer et al., 2020) and the shortage of
K-bearing phases in metamorphic veins (Albers et al., 2019).
Indeed, no such phases have been observed in veins of OIBs
recycled at Fantangisña. In addition, we generally observed less
phengite in the samples from Fantangisña and also little other
K-bearing minerals so that it remains somewhat enigmatic which
phases account for the strong K2O increase.

Likewise, the differences in metasomatic element uptake
between the clasts from Fantangisña and Asùt Tesoru
(Figure 4) are to some extent questionable and cannot
unequivocally be clarified in this study. The recycled OIB
clasts from both sites should, theoretically, have experienced
similar P/T paths as well as interactions with similar slab-
fluids when assuming 1) homogeneous compositions of the
incoming crust and 2) similar exposure times to slab-fluids in
the subduction channel. But OIBs from Fantangisña, the
shallower-sourced seamount, are marked by a net increase in
mass and uptake of K2O, SiO2, MgO, and Na2O and those from
the deeper-sourced Asùt Tesoru show increases in K2O and SiO2

and possibly losses of MgO and Fe2O3*. Given these distinctions,
we follow that 1) and/or 2) are incorrect. But even when
considering variations of the subducting lithosphere at the two
sites (being >160 km apart) it is difficult to explain the loss in
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MgO (and Fe2O3*) in the Asùt Tesoru OIBs, since the subduction
channel mélange, the mud volcano conduits, and the mudflows in
which the clasts resided are overall characterized by ultramafic,
Mg–Fe-rich materials. The second possibility would be that the
exposure times of the Asùt Tesoru samples within the Mg-rich
environment were much shorter as compared to the Fantangisña
OIBs, but similar enrichments in K2O between the two sites
suggest otherwise. In contrast, the addition of MgO (and
maintenance of Fe2O3*) in the samples from Fantangisña
appears plausible in this overall ultramafic environment;
comparably, MgO contents in seafloor basalt typically increase
as a result of hydrothermal alteration and chlorite formation at
similar T (e.g., Staudigel et al., 1996; Bach et al., 2013). The gain in
SiO2 in samples from both mud volcanoes presumably occurred
in a pervasive manner—we assume that slab-fluids have initially
been siliceous (see above)—but may in addition be explained by
the presence of silicates in metamorphic veins: pectolite, prehnite,
white mica, and lawsonite occur at both study sites (Albers et al.,
2019). Pectolite, NaCa2Si3O8(OH), however, appears to be more
frequent in OIBs from Fantangisña, which partly explains the
Na2O increase in these samples. Further, plagioclase feldspar in
these samples may be Na-rich as is typical for hydrothermally
altered seafloor basalts (Alt, 1995). Feldspar is predicted to be
stable at rather low P/T along the 8°C/km isotherm (Figure 6B),
which could indicate that it is part of the equilibrium assemblage
in clasts from Fantangisña but not in those from the deeper-
sourced Asùt Tesoru. In the latter, the replacement of plagioclase
by lawsonite and phengite (see Figure 6 in Fryer et al., 2020) lends
further credence to this idea. During this process, some of the Na
from the plagioclase’s albite component is possibly being released
from the rocks and hence explains the clasts’ lower Na2O
contents. After all, aside from heterogeneities in the
composition of the subducting crust, it may be this and
similar breakdown reactions/changes in mineral stabilities that
explain the variations between the OIBs from the two mud
volcanoes that tap different P/T conditions in the subduction
channel.

Mariana Forearc P/T Conditions and Ramifications of
Metasomatism for Mineral Stabilities
The observed compositional changes have direct implications for
the thermodynamic stability of mineral phases. This is most
striking for the stability field of phengite that is limited to
<300°C in unsubducted OIB but, for the metasomatized ones,
is increased to 600°C at both cold and warm subduction zones
(Figure 5). In addition, besides this larger stability field,
considerably larger quantities of phengite (~6 instead of
~1.5 mol; Figure 6) are being predicted for the
metasomatized OIBs.

The exact geotherm and the respective P/T conditions in the
Mariana subduction system remain vague. The depth to the slab
below the mud volcanoes—from which P can be derived—could
relatively well be determined using multi-channel seismic
reflection data (e.g., Oakley et al., 2008). But estimates on T
conditions are less precise because they chiefly rely on
interpretations of equilibrium mineral assemblages and
mineral compositions in metamafic clasts (e.g., Maekawa et al.,

1993; Oakley, 2008), on across-forearc changes in pore water
compositions of the serpentinite mud (e.g., Mottl et al., 2004;
Menzies et al., 2021), and on oxygen stable isotope compositions
of serpentine–magnetite pairs. The serpentine–magnetite pairs,
for instance, imply serpentinization T of up to 400°C for samples
from Asùt Tesoru Seamount (Debret et al., 2019), whereas
metamafic mineral assemblages and compositions imply T of
200–250°C for that seamount (Ichiyama et al., 2021). To make
matters worse, the travel paths from depths to the forearc seafloor
are not completely understood; several authors have suggested
that both metamafic and serpentinite clasts may travel upwards in
the subduction channel after having been subducted to greater
depths (e.g., Tamblyn et al., 2019) and before being entrained by
mud volcanism. They could hence have experienced
metamorphic conditions greater than those right below the
individual mud volcanoes. In this sense, a blueschist clast from
South Chamorro Seamount was interpreted to have experienced
up to 19 kbar and 590°C (Tamblyn et al., 2019).

Pressure at the slab is despite these uncertainties estimated at
~4 kbar below Fantangisña (~14 km slab depth) and 6 kbar below
Asùt Tesoru (~18 km; Oakley et al., 2008), with T of ~150 and
250°C, respectively. Resultant geothermal gradients would span a
range of 10–14°C/km, or even 6–17°C/kmwhen including the P/T
estimates for the other serpentinite mud volcanoes (see, e.g.,
Table 1 in Fryer et al., 2020). This large range may be
explained by inaccuracies introduced by various factors. For
instance, the complex topography of the subducting Pacific
Plate implies a high relief of the slab–wedge interface (Fryer
et al., 2020) and it is possible that topographic highs such as
subducted seamounts cause seismic reflections that are
interpreted as the top of the subducting slab; these may,
however, protrude from the surrounding subducting seafloor
by several kilometers and hence affect the depth estimates.
Temperature estimates on the other hand, in particular the
ones based on metamorphic mineral assemblages, may be
biased by the time the metamorphism occurred. Shortly after
the subduction initiation in the Eocene, the mantle wedge was
much hotter than today, which lead to higher-grade
metamorphism at a given depth of the subduction channel
than today (Ichiyama et al., 2021). In support of this, age-
dating metamorphic minerals in a blueschist clast from South
Chamorro Seamount revealed a formation age of >45 Ma
(Tamblyn et al., 2019).

The geotherm of ~8°C/km appears to be best consistent when
comparing the observed mineral assemblages (Albers et al., 2019;
Fryer et al., 2020; Deng et al., 2021; Ichiyama et al., 2021) with our
equilibrium assemblage diagrams (Figure 5B). Along this
geotherm, jadeitic pyroxene joins the metamorphic assemblage
at ~7 kbar/200°C (Supplementary Figure S3B), which would be
the minimum P/T conditions the clasts at Asùt Tesoru Seamount
have experienced. The key criterion for the 8°C/km geotherm is
the presence of lawsonite, which is not predicted for steeper
geotherms, e.g., of 10°C/km (dashed line in Figure 5B). Following
this argument, the lack of lawsonite in OIBs from Fantangisña
Seamount implies P ≤ 4 kbar—which would further implicate
~100°C when following the 8°C/km geotherm. The T the OIBs
experienced was, however, likely higher as suggested by the
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presence of pumpellyite that is restricted to 160–220°C. It must be
kept in mind though that the computed phase diagram applies to
the recycled OIB’s median composition. Due to compositional
differences between individual clasts and between Fantangisña
and Asùt Tesoru, (minor) deviations between the predicted and
the observed mineral assemblages and their compositions are not
unlikely. For example, amphibole is predicted to be mainly
glaucophane above ~5.5 kbar/150°C, with a limited riebeckite
component; lower MgO in the clasts from Asùt Tesoru
relative to those from Fantangisña (Figure 3) would
potentially decrease the glaucophane fraction in amphibole.
Allowing, during thermodynamic modeling, only for the
formation of amphibole with compositions similar to those
observed by Ichiyama et al. (2021), i.e., Rbk0.65Gln0.35, results
in a very similar mineral assemblage (Supplementary Figure S5).
The amount of amphibole, however, is lower in particular at
intermediate P/T at which higher amounts of pyroxene are
instead predicted, and pumpellyite is stable up to somewhat
higher P/T conditions. The predicted pyroxene compositions
(similar amounts of the aegirine and jadeite components;
Supplementary Figure S6) are also similar to those analyzed
by Ichiyama et al. (2021). Further, the lower bulk Al2O3 in the
OIBs recycled at Fantangisña (median = 10.9 wt% vs. 16.0 wt% at
Asùt Tesoru; Figure 3) may explain lower amounts of phengite
(Albers et al., 2019; Ichiyama et al., 2021) in clasts from this mud
volcano, since Al is an important constituent in the muscovite
component of phengite.

Aside from the compositional variability, the metasomatism of
the clasts is a continual process: they react with fluids with
evolving solute loads (in response to increasing P/T
conditions) while being dragged to greater depths. Some of the
metasomatism likely occurred at relatively late stages, i.e., after
the subduction to and metamorphism of the (at that time only
partly metasomatized) OIB clasts at a certain depth. As
metamorphic reactions can be considered generally rather
sluggish at the considered P/T range, the clasts’ equilibration
with the ever-evolving slab-fluid should lag behind and P and T
overstepping may be needed for the reactions to proceed (e.g.,
Pattison et al., 2011). This assumption is supported by the
presence of vein mineralogies in the metamafics that are
distinct from the phase assemblages in the clast’s
groundmasses. Sodic amphibole, pumpellyite, and chlorite for
example replace Na pyroxene or the igneous groundmass
(Ichiyama et al., 2021) but have not been observed in veins
that formed in apparent equilibrium with the slab-derived
fluids in the subduction channel (Albers et al., 2019). It would
hence be possible that phases such as lawsonite formed in the
subducted OIBs before the rocks were metasomatized to their
current compositions.

Taken together, a reasonable consensus between observations
and models exists. However, reproducing the metamorphic phase
assemblages by equilibrium modeling is impeded by
compositional variabilities, the timing of the metasomatism,
and potentially by partial out-of-equilibrium states of the
clasts. We estimate the geothermal gradient at 8–10°C/km,
whereby the lower gradient appears realistic for today’s mature
subduction zone in which mantle wedge has been cooled by the

>180 My old subducting Pacific Plate since the Eocene.
Metamorphism in the geologic past may have occurred at
higher T. Our model results hence strengthen previous studies
suggesting ~4 kbar/up to 160–220°C for the OIBs recycled via the
Fantangisña mud volcano and up to 7–8 kbar/200–350°C for
those from Asùt Tesoru. The metasomatic changes in bulk
composition markedly increase the stability field of phengite.

Reaction Path Modeling Constraints on
Metasomatism at Shallow Depths
We carried out thermodynamic reaction path modeling to better
understand the fluid–rock reactions in the subduction channel
and the most obvious metasomatic changes, i.e., the transfer of
K2O from the subducting slab into OIB. The models are thought
to provide a generalized view of mass transfer at subduction
depths of 15–20 km.

Sediments being subducted at the Mariana Trench consist of
chert, radiolarite, volcanic turbidites, and pelagic clay, of which
only the turbidites and clay contain significant amounts of K2O
(up to ~1.9 wt% and 3.9 wt%, respectively; Plank and Langmuir,
1998). The limited thicknesses of these units east of the Mariana
Trench (190–220 m and 40–80 m, respectively; Plank et al., 2000)
restrict the overall amounts of K2O that can be liberated from
these. The other main source for K2O in the slab-derived fluids is
subducting AOC. At a global scale, AOC has on average 0.65 wt%
K2O (Staudigel, 2014) but contents in the Cretaceous basalts east
of the Mariana Trench can exceed 5 wt% (ODP Site 801, the
recovery of which does, however, not necessarily represent
“typical” altered AOC as it contains a silicic hydrothermal
deposit; Kelley et al., 2003). The igneous basement is hundreds
of meters thick, providing a vast reservoir for K2O.

As starting compositions in the models, we used the bulk
sediment composition from east of the Mariana Trench, AOC
(the conservative composition with 0.65 wt% K2O), and a 50:50
mixture of the two. The modeling consists of two steps: 1) to
approximate the composition of the fluid that is released from the
slab, we equilibrated sediments, AOC, and the 50:50 mixture,
respectively, with a fluid at P = 5 kbar, varying T (150–400°C in
50°C steps), and a final fluid/rock mass ratio (f/r ratio) of 0.1; 2) to
mimic fluid–rock reactions in the subduction channel, we reacted
a median NW Pacific OIB composition (Table 2) with the fluid
resulting from 1), at P = 5 kbar, T = 200 and 300°C, and a final f/r
ratio of 10. Details on the models and thermodynamic data are
provided in the Supplementary Information.

Modeling results of the AOC–OIB runs are summarized in
Figure 7; results from the other setups are presented in
Supplementary Figure S7. In all cases, K as well as Si, Ca,
and Na are mobilized from the starting lithologies (Figure 7A
and Supplementary Figure S7A). Solute concentrations in the
fluids are, however, strongly dependent on T and partly
dependent on the f/r ratio; concentrations can vary by a factor
of 10 and more. The corresponding mineral assemblages
predicted for the subducted slab are shown in Supplementary
Figure S8. Upon the reaction of the solute-laden fluids with OIB,
mineral assemblages are dominated by epidote, phengite, and
chlorite at 200°C with abundant lawsonite at fluid-dominated and
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quartz at more rock-dominated conditions when the fluid is
(partly) sourced in subducting sediment (Figure 7B and
Supplementary Figure S7B). At 300°C, plagioclase, epidote,
and phlogopite characterize the equilibrium assemblage in the
model runs following AOC and AOC–sediment equilibration,
with minor hematite, chlorite, and phengite at high f/r ratios. By
contrast, the sediment–OIB models predict dominantly quartz
and garnet together with talc and stilpnomelane (at high f/r
ratios) and chlorite (towards lower f/r ratios). Bulk K2O contents
in the now metasomatized OIBs have approximately doubled
over most of the model conditions at 200°C, now exceeding 2 wt%
except for strongly fluid-dominated systems and towards
completed reaction in the sediment–OIB runs (Figure 7C and
Supplementary Figure S7C). At 300°C, K2O even approaches
3 wt% in the AOC–OIB models whereas a loss of K2O from the
OIB is predicted for the sediment–OIB models. The major hosts

of K2O are phengite and phlogopite at 200 and 300°C,
respectively.

Our modeled fluid compositions are generally consistent with
observations from the serpentinite mud volcanoes in that they
imply considerable mobilization of mass from the slab at shallow
depths and low T. The fluids in the Mariana forearc, however,
undergo severe compositional changes during the reaction with
solids in the subduction channel and during their rise to the
forearc seafloor (e.g., loss of Si and Ca; see Shallow Subduction
Fluid Processes and OIB Alteration), so that the modeled fluid
compositions cannot directly mirror those recorded in the
serpentinite mud pore waters. But, for instance, the presence
of abundant prehnite and pectolite with equilibrium growth
structures in metamorphic veins in the recycled OIBs (Albers
et al., 2019) lends strong credence to the existence of
Si–Ca–Na–K-containing fluids. Further, the corresponding

FIGURE 7 | Results of reaction path models. The x-axes depict decreasing f/r ratios (with increasing reaction progress, ξ). (A)Modeled solute concentrations in a
fluid after its equilibration with AOC (composition from Staudigel, 2014) at P = 5 kbar, varying T, and a f/r ratio of 0.1 at ξ = 1. Fluids equilibrated with AOC in a rock-
dominated system, as is likely the case in subducting lithosphere, contain generally high K and Na; at T < 200°C, these solutes are particularly enriched. Calcium contents
are also high at low T; those of Si increase with increasing T. Corresponding phase assemblages are shown in Supplementary Figure S8. (B) Equilibrium phase
assemblage predictions for OIB (median composition of NW Pacific seamounts; cf. Table 3) after the reaction with AOC-derived fluids shown in (A) at 200 and 300°C,
respectively, with f/r ratios of 10 at ξ = 1. At 200°C, phengite is predicted at variable f/r ratios; at 300°C, phengite forms at high f/r ratios whereas the dominating K-bearing
phase at lower f/r ratios is phlogopite. (C) Bulk rock K2O contents that correspond to the phase assemblages in (B). At both T, K2O of the metasomatized OIBs is
markedly enriched relative to the starting composition (median NWPacific seamount with K2O = 1.15 wt%; dashed line). Abbreviations: Ph, phengite; Phl, phlogopite; Pl,
plagioclase; others as in Figure 5.
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phase assemblages in the fluid source lithologies (Supplementary
Figure S8) appear reasonable for the physicochemical (modeling)
conditions: comparable assemblages were described as alteration
products in mafic rocks and/or sediments that experienced
metamorphism up to blueschist grade overprints (e.g., Ernst,
1984; Jayko et al., 1986). Phases predicted to be stable in the
metasomatized OIB (Figure 7C and Supplementary Figure S7C)
resemble those inmetabasaltic rocks that were interpreted to have
reacted with slab-derived fluids at shallow subduction levels, such
as greenstones and blueschists from the Franciscan Complex (e.g.,
Bebout and Barton, 1993; Ukar and Cloos, 2014).

It must be kept in mind, however, that our models
oversimplify the natural system by assuming complete
chemical equilibrium between all reactants, by not including
kinetic effects, as well as by limitations of thermodynamic data
at low T and a possible shortage of relevant low-Tmineral phases
in the database. The models cannot emulate the vast complexity
of natural reactions taking place in subduction zones, which are
influenced by factors such as the physicochemical conditions
during dehydration (T and f/r ratios), heterogeneities in type,
composition, and alteration of subducting lithologies. For
example, Staudigel et al. (2010) speculated that volcaniclastic
sediments, providing the greatest share of K as sedimentary input
to the Mariana subduction zone, should be particularly
predominant close to large seamounts; following the
arguments in Mottl et al. (2004), it is very likely that K will be
released from the slab, especially from volcanic turbidites,
presumably even at T lower than those in our models. The
average composition of subducting sediments used as input in
our models will not take account of such variations. In addition,
we also did not consider interactions between the different
lithologies in the subduction channel, e.g., between ultramafic
material and OIB, which would have added further complexity.
More dedicated modeling and possibly experimental work would
be needed to better reflect those natural fluid–rock interactions.

The key observations are, however, that at shallow subduction
conditions 1) the release of K-containing fluids from subducting
sediments and from AOC as well as 2) the uptake of K2O by OIB,
i.e., K2O-metasomatism, are thermodynamically plausible, and 3)
that this may lead to the formation of substantial amounts of
phengite or other K-bearing phases. The models, in addition,
imply K and other solutes such as Si, Ca, and Na to be elevated in
slab-derived fluids at convergence margins across a range of
thermal conditions, i.e., at both cool and warm subduction
settings. The results hence strongly support the feasibility of
metasomatic changes of (mafic) materials to occur in
subduction channels at depths ≪30 km.

Implications of Shallow Metasomatism and
the Role of Phengite in Element Cycling
Following the results from this study and from the research
conducted at the Mariana forearc over several decades, it has
become clear that incoming lithologies must considerably change
their composition at forearc depths. Independent of uncertainties
in peak metamorphic conditions, this shallow transfer and
redistribution of mass potentially has profound implications

for processes at deeper subduction levels. The shallow removal
of certain elements from the subducting lithosphere affects the
compositions of rocks that are subducted to beyond-forearc
depths. Likewise, the mobilized elements impact fluid–rock
reactions in the subduction channel and the mantle wedge.
Low- to intermediate-grade metamorphic/metasomatic phases
formed here, such as lawsonite and phengite (Figures 5, 6), will
transport H2O and elements to greater depths. Both minerals
have extensive stability fields up to depths of >200 km (e.g., Poli
and Schmidt, 1995; Schmidt, 1996). Phengite contains about 4 wt
%H2O and 12 wt% K2O and is considered as an important carrier
for these to and beyond sub-arc depths.

It is hence questionable whether K2O and H2O captured in
phengite will ultimately be available to contribute to arc
magmatism (also see discussion on phengite breakdown in,
e.g., Chen et al., 2018). Our study demonstrates that the
amount of phengite in individual metamafic rock clasts can
(theoretically) be quite large. It cannot, however, be estimated
howmuch phengite overall is being formed during such processes
in other subduction systems. But seamounts depict substantial
topographic irregularities on subducting oceanic plates and
contribute to relief within the subduction channel, and it is
well recognized that seamounts on outer-trench rises are
deformed by faulting as the plate bends prior to subduction
(e.g., Fryer and Smoot, 1985; Zhou and Lin, 2018). Subducting
seamounts are subject to local increases in fluid pore pressure as
they move through the subduction channel (e.g., Bell et al., 2010)
and thus are prone to (further) deformation and possible
decapitation (Watts et al., 2010). Although the detailed fate of
deformation remains unclear (e.g., Wang and Bilek, 2014), it
appears likely that much eroded material from subducted
seamounts will be available for fluid–rock reactions (and fluid-
induced metasomatism) in subduction channels/mélanges. With
subduction channel thicknesses typically ranging from hundreds
of meters to several kilometers (e.g., Cloos and Shreve, 1988;
Guillot et al., 2009; Vannucchi et al., 2012) and the vast number of
(eventually subducting) seamounts worldwide, it becomes clear
that large masses of rock are likely to be compositionally (and
mineralogically) modified. Bearing in mind the wide stability field
of phengite (Figure 5B), we suppose that phengite formation in
metamafics is potentially widespread throughout both cold and
warm subduction zones.

Aside from being one of the major hosts for K in subduction
environments, phengite is also known to incorporate high
contents of fluid-mobile trace elements (e.g., Busigny et al.,
2003; Bebout et al., 2013; Sievers et al., 2016). Studies on high-
P minerals in eclogitic rocks from the Central Alps have shown
that phengite can accommodate >90% of the whole-rock budget
of Rb, Cs, and Ba (Zack et al., 2001). Determining the trace
elemental distribution within the recycled OIBs is beyond the
scope of this study, but bulk rock data imply enrichments in Rb,
Cs, and to a lesser degree Th, as well as markedly lower Sr and Ba
contents when compared to unsubducted Pacific seamounts
(Figure 8). The losses in Sr and Ba can be explained by the
breakdown of Ca plagioclase and/or of clays during the
subduction of the OIB (e.g., Alt and Teagle, 2003; Putnis and
John, 2010). Gains in Rb and Cs can putatively—as those in K2O
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and SiO2—be ascribed to metasomatism in the subduction
channel. Indeed, previous studies have shown that these
elements are mobilized in the Mariana forearc and
concentrations in the slab-fluids are high (e.g., Wheat et al.,
2018; Albers et al., 2020). We speculate that much of the Rb and
Cs is hosted by phengite. This interpretation is in accordance with
considerably higher amounts of Rb and Cs at Asùt Tesoru,
relative to Fantangisña Seamount, from which phengite has
primarily been reported (Ichiyama et al., 2021). Similarly,
phengite in blueschist clasts from the South Chamorro
Seamount, which has a similar depth-to-slab as Asùt Tesoru,
has been shown to be the major carrier of slab-released fluid-
mobile elements (B, Li, and Be; Pabst et al., 2012). The observed
fluid-metasomatism, resulting in enhanced phengite formation,
thus also directly influences trace element budgets.

Would such an increased formation of phengite have a bearing
on the importance of phlogopite, the K–Mg mica that was
suggested to play a major role in the cycling of K2O and
H2O? Phlogopite crystallizes in the mantle wedge as a
consequence of the infiltration of K-enriched slab-derived
fluids, and it decomposes at deeper levels where it releases
H2O that in turn triggers mantle wedge partial melting and
hence contributes to back-arc magmatism (e.g., Peacock, 1990;
Sudo and Tatsumi, 1990). The phlogopite breakdown reactions
also release K2O, generating K-rich magmas (e.g., Foley &
Peccerillo, 1992; Condamine and Médard, 2014). However, in
the Izu–Bonin back-arc, Tamura et al. (2007) suggested that it is
the breakdown of phengite that causes an increased mobility of K
and consequently K-rich magmatism—whereas they attributed
the scarcity of K-rich magmas in the arc-front to the presence and
stability of phengite in the slab. And also other authors pointed
out that phlogopite is not needed to generate K-rich melts (e.g.,
Wang et al., 2017). Our study highlights the complexity of the
subduction channel’s mineralogy, which cannot be precisely
defined. Potassium that is incorporated into phengite at
shallow depths will unlikely be available to infiltrate the
mantle wedge (to form phlogopite) somewhat deeper in the

system. It remains unclear how much of the slab-released K is
trapped in the subduction channel and how much of it can rise
into/through the mantle wedge. Yet, at least at the forearc of the
Mariana subduction zone, K-enriched fluids expelled at the
serpentinite mud volcanoes provide evidence that the amount
of K released from the slab outweighs that incorporated at depths.
The formation of phlogopite deeper within the Mariana
subduction system hence appears plausible. Indeed,
incompatible trace element abundances and isotopic
compositions of primitive magmas from the Mariana arc
imply the presence of phlogopite in the source region (e.g.,
Tamura et al., 2014).

Conclusively, our geochemical data and thermodynamic
models imply that elements are mobilized and redistributed
soon after the subduction of sediments and AOC at the
Mariana convergent margin. This redistribution of mass from
phases that are only stable at low P/T into metamorphic/
metasomatic minerals such as phengite and/or lawsonite, both
stable until great depths, will affect geochemical cycling of major
and trace elements deep within subduction zones. We have
conceptualized these processes in Figure 9.

In the literature, contrasting reports persist on the degree of
element mobility in shallow subduction settings. For example,
Bebout and Barton (1993) reported on blueschist metabasaltic
rocks from the Catalina Schist (Catalina Island, CA) that exhibit
K2O enrichments up to >4 wt%, accompanied by enrichments of
Cs and Ba. Sievers et al. (2016) provided evidence for the
replacement of plagioclase by phengite in metadiorites and
metagabbros, also from the Catalina Schist, and corresponding
enrichments in K2O and fluid-mobile trace elements. However,
occurrences of exhumed blueschists (and also eclogites) with
strongly elevated K2O contents are rare. This is surprising
considering that large amounts of K subduct as clays in
pelagic sediment and AOC and the tendency of K to be
released into the fluid phase at shallow subduction conditions
(see, e.g., discussion in Kastner et al., 2014), i.e., the principal
availability of K to interact with materials in the subduction

FIGURE 8 | Multielement diagram for the recycled OIBs from Fantangisña and Asùt Tesoru Seamounts normalized to N-type mid-ocean ridge basalt (Sun and
McDonough, 1989). Data for the recycled OIBs are from Fryer et al. (2018); Fryer et al. (2020) and Deng et al. (2021). Values of K, P, and Ti are calculated fromwt% oxide.
Compositions of Pacific seamounts are shown for comparison (the dark gray and light gray fields represent the ranges in composition of all Pacific seamounts and NW
Pacific seamounts, respectively, without the upper and lower 12.5% to account for outliers; note that <20 analyses are available for the NW Pacific seamounts
except for K with n = 67 and Ti with n = 62, and that no Ba analyses are available; see Methods for more information and data sources).
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channel. Despite that, Shervais et al. (2011) documented
prehnite–pumpellyite facies metavolcanics in a serpentinite
mélange (Tehama–Colusa mélange, Coast Ranges, CA) that
are enriched in SiO2 and Na2O, but not K2O. Ghatak et al.
(2012) even demonstrated that metamafic rocks that experienced
up to eclogite metamorphism (Feather River ultramafic belt,
Coast Ranges, CA) largely preserved their protolith major and
trace elemental compositions except for some fluid-mobile
elements such as Ba, Pb, and to a smaller extent La, U, and
Sr. More generally, Harlov and Austrheim (2013) summarized
that subducting sediments and probably also igneous crustal
rocks can largely retain their inventories of even the more
fluid-mobile elements to at least 90 km in relatively cool
subduction zones; higher geothermal gradients may generate
greater forearc devolatilization leading to greater loss of fluids
and fluid-mobile elements to the mantle wedge. They further
stated that, at forearc depths, only the extremely mobile elements
(for instance B, Cs, As, and Sb for the blueschist metasedimentary
suite of the Catalina Schist) show a clear record of whole-rock
loss, as based on comparisons between higher-grade rocks with
lower-grade or unmetamorphosed equivalents.

A number of factors may influence the liberation of elements
as well as metasomatic processes occurring soon after subduction,
including the composition and state of the incoming lithosphere
(i.e., type and thickness of sediment, nature and degree of
alteration of the oceanic basement) and the thermal structure
of the system. The variety of these in subduction zones worldwide

likely leads to decreased element mobility in some and elevated
mobility in other sites. Further, the position of subducting rock
within the convergent margin—it could metamorphose/
metasomatize as part of the intact volcanic basement, could be
positioned in the vicinity of a fluid conduit, or float within the
subduction channel—is an important additional factor that
contributes to the variability of element mobility (see
discussion and references in Spandler and Pirard, 2013).
Within the intact basement, rocks potentially mostly dehydrate
at low f/r ratios and are being depleted in fluid-mobile elements
(that are, once released, transported towards the upper plate).
Since the subducting lithosphere provides a vast reservoir, large
amounts of fluids and elements will be mobilized even though the
elemental losses in individual portions of rock may appear minor
and imply subduction metamorphism in a (more or less) closed
system. Rocks situated along fluid pathways or in the subduction
channel mélange, however, interact with slab-fluids at higher f/r
ratios, leading to more increased modifications.

In the Mariana forearc, the extensive fluid–rock reactions in
the subduction channel are particularly well documented.
Enrichments (or depletions) of certain elements in rock clasts
(this study; see also, e.g., Johnson, et al., 2014; Kahl et al., 2015;
Tamblyn et al., 2019; Albers et al., 2020) allowed reconstructing
processes in the subducting slab and during the fluids’ rise toward
the forearc seafloor. Serpentinites, for instance, incorporate fluid-
mobile elements (Wei et al., 2006; Savov et al., 2007; Debret et al.,
2019). Yet, despite high concentrations of these in the rocks,

FIGURE 9 | Interpretative conceptual sketch of metasomatism at shallow depths and its implications. (A) Conventional approach in which subduction inputs are
compared with arc volcano outputs. This concept mostly takes account of subductionmetamorphism affecting incoming lithologies, but metasomatism is in many cases
ignored. (B) Mass transfer and metasomatism within the subduction system occur from very shallow levels on. These processes can produce entirely new bulk
compositions with mineral assemblages that differ from those in the metamorphosed subducting lithologies of (A). Such shallow subduction processes can affect
element redistribution and cycling at deeper levels. In this study we demonstrate that K and other solutes are mobilized in the Mariana subduction zone at T ≤ 200°C; they
are subsequently picked up in metavolcanics and incorporated in phengite, which likely transports them into the deep mantle.
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fluids emanating at the mud volcano summits still are
considerably enriched in the same elements, implying that the
mobilized amounts of these exceed what serpentinites can take
up. Considering the putatively vast volumes of serpentinite
produced in the Mariana forearc (e.g., Cai et al., 2018), the
amount of mass mobilized from the slab must be immense.
Research at the serpentinite mud volcanoes has clearly pointed
out the significance of the liberation and transfer of fluids and
mass at subduction depths <30 km. In line with these results,
Kastner et al. (2014) estimated the global return flux of fluids and
solutes from forearcs to the ocean through seeps and fault-
controlled conduits to be large enough to importantly impact
seawater chemistry (such as Mg, Ca, or SO4).

Mass transfer and associated metasomatic processes that set in at
shallow forearc depths are, however, often overlooked when
geochemical cycling in subduction zones is investigated. Many
(modeling) studies compare subduction inputs to arc volcanic
outputs without considering metasomatism-related phase
transitions. Our results strongly suggest that, for a holistic view,
these processes need to be integrated. In line with these implications,
previous studies concluded that up to kilometer-thickmélange zones
in the subduction channel (formed during the mechanical mixing of
materials from the subducting and overriding plates) may ultimately
control the nature and composition of slab-derived fluids that enter
the mantle wedge (e.g., King et al., 2006; Marschall and Schumacher,
2012; see also; Spandler and Pirard, 2013).

SUMMARY AND CONCLUSIONS

Data andmodels presented here provide unique insight regarding
fluid-induced mass transfer and metasomatism within the
shallow depths of an active subduction zone. We demonstrate
that subducted OIB clasts have undergone substantial
compositional changes, most likely at conditions that did not
largely exceed 7–8 kbar and 200–350°C. Most noticeable and
consistent throughout all clasts are enrichments in K2O and
H2O, accompanied by SiO2, Na2O, and MgO gains in samples
from Fantangisña Seamount and SiO2 gains but MgO and Fe2O3*
losses in samples from Asùt Tesoru Seamount. In addition, the
fluid-mobile elements Cs and Rb are increased whereas Ba and Sr
contents are decreased in all samples.

The metasomatic changes can be explained by the interaction
of element-laden, slab-derived fluids with (fragmented) parts of
subducted seamounts in the subduction channel. Our reaction
path models predict the release of fluids enriched in K and other
solutes from subducting oceanic lithosphere even at T < 200°C,
consistent with known compositions of slab-derived fluids at the
Mariana forearc seafloor. A K2O-increase in OIB during its
reaction with the above fluid is thermodynamically feasible.

The observed changes in major element composition have
considerable ramifications for the clasts’ metamorphic phase
assemblages. Our equilibrium assemblage diagrams predict a
strikingly increased stability field and much greater absolute
amounts of phengite (up to four times as much) relative to
unmetasomatized OIB. Phengite in turn can carry K2O, H2O,
and fluid-mobile trace elements beyond sub-arc depths.

These results highlight the importance of acknowledging
subduction processes at shallow depths (<30 km) as they may
play a fundamental role in controlling which components as well
as in which state (i.e., bound in which minerals) these
components ultimately reach greater depths where they may
or may not contribute to arc magmatism. We suggest that
metasomatic/rock transformation processes likely take place
shallow within all subduction zones, and that these processes
could affect all subducted rock types including sediments, MORB,
and OIB as well as the base of the mantle wedge.
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