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The stability and breakdown of mineral phases in subducting slabs control the cycling of trace elements through subduction zones.
Stability of key minerals and the partitioning of trace elements between these minerals and liquid phases of interests have been
charted by natural sample analysis and experimental constraints. However, systematic study from arc front to far back arc has rarely
shown that the expected geochemical variations of the slab liquid are actually recorded by natural samples. Complexities arise by
uncertainties on the nature of the slab component (melts, fluids and supercritical liquids), source heterogeneities and transport
processes. Using data from olivine-hosted melt inclusions sampled along and across the NE Japan and southern Kurile arcs, we
demonstrate that experimentally and thermodynamically constrained phase stabilities in subducted materials indeed control the trace
element signatures as predicted by these models and experiments. The main reactions that can be traced across arc are progressive
breakdown of light rare earth element-rich accessory phases (e.g. allanite), enhanced dehydration of the lithospheric mantle (serpentine
breakdown) and changes in the nature of the slab component. This work elucidates subduction zone elemental cycling in a well-
characterized petrogenetic setting and provides important constraints on the interpretation of trace element ratios in arc magmas in

terms of the prograde metamorphic reactions within the subducting slab.
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INTRODUCTION

There is consensus on the participation of a slab component in the
generation of magmatism in subduction zones (Gill, 1981; Tatsumi
et al., 1986; Grove et al., 2006). This slab material is responsible
for the enrichment in some trace and volatile elements of arc
magmas compared to mid-ocean ridge basalts (Perfit et al., 1980;
Pearce, 1983). Nonetheless, there is continuing debate regarding
the nature of the slab component and the processes that govern
its composition. Slab liquids have been interpreted as hydrous
fluids generated by dehydration reactions during prograde meta-
morphism (e.g. Plank & Langmuir, 1998; Schmidt & Poli, 1998;
Hacker, 2008), H,O-rich silicate melts produced by partial melting
of the altered oceanic crust (AOC) and/or its sedimentary cover
(SED) (e.g. Manning, 2004; Kimura et al., 2010) and supercritical
fluids (e.g. Kessel et al., 2005; Taniuchi et al., 2020).

Additional complexities arise from the variable involvement of
different sources within the subducted slab on the resulting slab

component. The proportions of the AOC and SED components
have usually been estimated using radiogenic isotopic data (e.g.
Moriguti et al., 2004; Kuritani et al., 2019; Kuritani et al., 2021). Fur-
ther involvement of fluids percolating through the slab, originat-
ing from serpentine breakdown within the hydrated subducted
lithospheric mantle, has also been proposed as an important fluid
source (Straub & Layne, 2003; Barnes et al.,, 2008; Kendrick et al.,
2014; Kendrick et al., 2020). Another possible source of fluid is
the dehydration of the mantle wedge, hydrated during pore fluid
release of the slab in the forearc and dragged downwards by
the subducting slab (Tatsumi, 1986; Tatsumi et al., 1986; Tatsumi,
1989).

Different mechanisms of transport for the slab component
through the mantle wedge have been proposed. Melting is
triggered when the solidus is depressed as slab fluids ascent
through the mantle wedge with an inverted geotherm from
the slab surface to the hot core of the mantle wedge. This
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inverted geotherm is generated by the cooling of the mantle
wedge from the subducted slab and the corner flow that occurs
due to viscous coupling of the mantle wedge with the slab
(Tovish et al, 1978). Less viscous hydrous slab liquids may
ascend vertically through percolation, generating an initial
H,0-rich melt when reaching the solidus temperature and
reacting continuously with the mantle as the temperature
increases and pressure decreases upward. Progressive mantle
melting reduces the H,O content of the melt (Gaetani et al,
2003; Grove et al., 2006). If the overlying mantle wedge is not
previously saturated in volatiles at forearc depths, the slab
liquids will react with the mantle to form hydrated minerals
(chlorite, serpentine, phlogopite) that are dragged down by mantle
flow and will release fluids further down, when breakdown
temperatures/pressures of these hydrous phases are reached
and accumulated mantle melts above the solidus temperature
can ascend diapirically, producing a component of adiabatic
melting (Tatsumi, 1986; Tatsumi et al., 1986; Tatsumi, 1989). Slab
material can also be transported as buoyant diapirs, which might
be pushed further away from the trench by the downward corner
flow, and can consist of viscous slab melts or as geochemical
and mechanical mixtures of mantle~AOC-SED component
(melange) (Marschall & Schumacher, 2012; Nielsen & Marschall,
2017; Cruz-Uribe et al., 2018; Corella Santa Cruz et al.,, 2023;
D'Mello et al., 2023).

There is also some debate on the control and behaviour of
trace elements during extraction of liquids from the slab. The
partitioning behaviour of trace elements between SED, AOC and
mantle lithologies with melts or fluids have been studied through
analysis of exhumed high-grade metamorphic complexes (e.g.
Sorensen et al., 1997; Hermann, 2002; John et al., 2011; Martin et al.,
2014; Pagé & Hattori, 2017) and dehydration/melting experiments
(e.g. Schmidt & Poli, 1998; Hermann & Green, 2001; Hermann,
2002; Kessel et al., 2005; Spandler et al., 2007; Hermann & Span-
dler, 2008; Hermann & Rubatto, 2009; Dalou et al., 2012; Krenn
et al., 2012; Li & Hermann, 2017; Tsay et al., 2017). Kessel et al.
(2005) conducted high-pressure-temperature (PT) experiments on
a basaltic eclogite sample, recovering partitioning data describing
equilibrium between fluids (700-900°C at 4 GPa), melt (1000°C
at 4 GPa) and supercritical fluids (800-1200°C at 6 GPa) and
major residual mineral components (garnet and clinopyroxene)
and accessory rutile, which retains Nb, Ta and Ti (Foley et al., 2000).
Analysis of natural samples and experiments of sediment and
basalt melting (Hermann, 2002; Spandler et al., 2007; Hermann
& Rubatto, 2009; Tsay et al., 2017) have shown the importance of
accessory phases in controlling the trace element concentrations
in the fluid/melt. Allanite and monazite have been shown to carry
most of the light rare earth elements (LREEs) and Th in eclogitic
metasediments and metabasites, whereas phengite controls the
large ion lithophile element (LILE) budget, and zircon carries most
of the Zr. Saturation of these phases with increasing T controls the
slab melt composition. During dehydration, the presence of these
accessory phases reduces the capability of the fluid to transport
all REE, thereby masking the systematic increase in mobility from
heavy REE (HREE) to LREE expected from the presence of a garnet
residue.

Various studies have analysed across-arc variations in geo-
chemical signatures (e.g. Stolper & Newman, 1994; Patino et al.,
1997; Moriguti et al., 2004; Kelley et al., 2006; Portnyagin et al., 2007;
Kelley et al., 2010; Tollstrup et al., 2010; Jacques et al., 2013; Jacques
et al., 2014; Kimura & Nakajima, 2014), but the rarely found
correlations between predicted prograde metamorphic reactions
in the slab and across-arc variations in slab component signatures

have usually been tied to all the complexities in the nature of
the slab component, variable source compositions and transport
mechanisms.

The NE Japan and southern Kurile arcs comprise a well con-
strained subduction setting with a broad distribution of volca-
noes with respect to their distance from the trench. It there-
fore presents an opportunity to relate geochemical variations to
changes in slab PT conditions. This study presents the trace and
volatile element contents of well-characterized olivine-hosted
melt inclusions (Mls) from tephra samples of seven volcanoes
along and across the northernmost NE Japan arc and southern-
most Kurile arc. The systematics of how trace and volatile ele-
ment ratios vary with estimated slab surface temperature (Tsjap)
conditions are investigated to study the across-arc transitions in
the composition and nature of the slab component. We show that
variations from arc to back arc geochemical signatures track the
progressive breakdown of accessory phases, progressive involve-
ment of the lithospheric mantle fluids and changes in the nature
of the slab component.

TECTONIC SETTING

The Tohoku and Hokkaido regions comprise the northernmost
section of the NE Japan arc and the southernmost section of the
Kuril arc (Fig. 1), both formed by the westward subduction of the
Pacific plate beneath the Okhotsk Plate (7-11 cm/yr; Bird, 2003;
Northrup et al,, 1995) at the eastern margin of northern Japan.
Both arcs meet in central Hokkaido, where the strike of the trench
shifts from N56E in the Kuril arc to N10E in the NE Japan arc.
The two arcs meet in the Hidaka collision zone, caused by the
southward migration of the Kuril fore arc sliver (Kimura, 1996; Kita
et al., 2014), which has been colliding with the NE Japan fore arc
since the Miocene (c. 12 Ma), uplifting the Hidaka Mountains. This
collision zone coincides with the position of the southernmost
volcano of the Kuril arc (Tokachidake). There is a c¢. 120 km long
volcanic gap between Tokachidake and the northernmost active
volcano of the NE Japan arc in central Hokkaido.

For the last c. 5 Ma, the location of the arc front in NE Honshu
and Hokkaido has remained in the same place (Martin, 2011,
Yoshida et al, 2014). The first c¢. 3 Myr of this period is char-
acterized by caldera-dominated felsic activity. At c. 2 Ma, the
activity changed to stratovolcano-dominated basaltic to andesitic
volcanism (Acocella et al., 2008), which was associated with a shift
in compression orientation from NE-SW to the current ENE-WSW
orientation.

The samples analysed in this study belong to seven volcanic
systems distributed along and across the northernmost NE Japan
arc and the southernmost Kuril arc. In the NE Japan arc, Akita-
Komagatake (AK) and Hakkoda (HK) volcanoes at the arc front and
Oshima-Oshima (OO) volcano in the back arc were sampled. In
the Kuril arc, Tokachidake (TK), Akan-fuji (AKN) and Tya-Tya (TT)
volcanoes at the arc front and Rishiri (RSH) volcano in the back
arc were sampled. A brief description of each arc front volcanic
unit can be found in Brahm et al. (2022). Here, we provide a brief
description of the back-arc volcanic systems.

Oshima-Oshima

The OO volcanic system corresponds to a volcanic island in the
back arc of the northernmost section of the NE Japan arc, off the
SW coast of Hokkaido. The general geology of OO is described
by Katsui & Satoh, (1970). It consists in three overlayed volcanic
edifices: Higashi-yama, Nishi-yama and the central cone. Higashi-
yama somma is located in the eastern section of the island and is
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Fig. 1. Map of NE Japan. Triangles are the volcanoes studied here. Black dots are other volcanoes. The black line with triangles marks the trench. Grey
dashed lines indicate the depth of the slab (in km). The thin black lines with bold numbers indicate the age of the seafloor (in Ma).

the oldest edifice. It surrounds a caldera, and it is thought to have
been formed in the late Pleistocene. Its eruptive history consists
of early andesites followed by basalts. The main edifice and the
caldera were formed by the basaltic activity. This activity was
followed by a period of quiescence and erosion. The formation
of Nishi-yama started with basaltic and andesitic activity from
the western part of the caldera, follow by subsidence of this new
edifice to form a second caldera (760 + 70 years; Katsui & Satoh,
1970) after the eruption of andesitic pumice and basaltic scoria.
The central cone was formed by the eruption of basalts from the
caldera in Nishi-yama somma during historic activity that started
with the 1741-1742 eruption. Basaltic lava flows were extruded
from flank eruptions, which flowed into the sea at the northern
coast. Known historic activity ranges from 1741 to 1790, including
ash fall and gas emission events. Most rocks are alkali rich with
high K,O0/Na,O and MgO/FeOr ratios. Basalts tend to be silica
undersaturated, whereas andesites are silica-oversaturated and
follow a calc-alkaline trend. The selected sample belongs to the
basaltic tephra fall deposit from the 1741 to 1742 eruption.

Rishiri

The RSH island is a volcanic island in the back arc of the south-
ernmost Kuril arc, offshore to the west of NW Hokkaido. A detailed
description of the stratovolcano evolution is given by (Kobayashi,
1987) and (Ishizuka & Nakagawa, 1999) The evolution of RSH is
divided into three main stages. In the Early stage, activity was

dominated by andesitic lavas, pyroclastic flows and dacitic lava
dome formation. The main stratovolcano was built during the

middle stage with lava and pyroclastic flows, where calc-alkaline
andesite was the predominant composition. The Late stage was
dominated by the production of alkali lavas, trachytic andesites
and minor dacitic and rhyolitic pumice. During the late stage,
a series of scoria cones with lava flows developed in the SE
flank of the main cone (Kuritani et al,, 2008), which erupted at
c. < 20 ka (Kuritani et al., 2007). The sample analysed in this
study was taken from the southern flank of the Senpoushi scoria
cone.

SAMPLES AND METHODS

The MIs from arc front tephra samples in this study were pre-
viously analysed for major elements in Brahm et al. (2022). The
present study includes a new set of major element analyses of
40 MIs and their olivine hosts from the back-arc tephra samples,
which were analysed with a JXA-8230 SuperProbe electron probe
micro-analyzer (EPMA) at Victoria University, New Zealand.

In addition, volatile components (H,O, CO,, S, Cl and F)
were analysed with the Cameca ims-1270 secondary ion mass
spectrometer (SIMS) at Hokkaido University. A subset of 33 MIs
was analysed for trace elements with a RESOlution-SE Compact
193 nm excimer laser ablation system in tandem with an Agilent
8900 Inductively Coupled Plasma — Mass Spectrometer (LA ICP-
MS) at Waikato University in Hamilton, New Zealand. Whole
rock trace element analysis was conducted in all samples with
the same laser ablation instrument in the glass beads used for
major elements analysis. See Supplementary Material for details
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of analytical procedures, conditions and uncertainties for halogen
and trace element analyses.

X-ray Fluorescence (XRF)

Glass beads were prepared from whole rock powders of the
tephra samples. To prepare the glass beads, each sample was first
cleaned in an ultrasonic bath with distilled water. Samples were
then dried in an oven at 100°C for at least 2 hours or overnight
at 45°C. Samples were then powdered in a tungsten carbide mill
and kept in the oven at 100°C for at least 2 hours. Loss of ignition
was determined by weighting c. 2 g of powder before and after
heating in an oven at c. 900°C for 3 hours. After ignition, c¢. 0.8 g
of the powdered sample was mixed with c. 8.0 g of a flux of a
lithium metaborate:lithium tetraborate mixture (12: 22), followed
by fusion to produce a glass disc using a XRFuse? electric fusion
apparatus.

Major element concentrations were measured with a 1 kW
Bruker Tiger S8 Series II XRF spectrometer at Massey University in
Palmerston North, New Zealand. Interference-corrected spectra
intensities were converted to oxide concentrations using calibra-
tion curves consisting of natural standards closely approximating
the mafic matrix of our samples. The long-term reproducibility
of Oreas 24c standard reference material was better than +1%
relative (1o0) for all elements except MnO, for which it was better
than +1.5% relative.

EPMA

Plagioclase crystals were analysed using a defocused beam of a
10 pm diameter with an acceleration potential of 15 kV and an
electron beam current of 12 nA. Pyroxene crystals were analysed
using a focused beam with an acceleration potential of 20 keV
and an electron beam current of 30 nA. Counting times were 40 s
on peak and 15 s on background for all elements in both mineral
phases. Na was analysed first to avoid Na migration.

For olivine crystals, analysis spots were chosen in the vicinity
of the MIs to better constrain equilibrium conditions. A focused
beam with acceleration potential of 20 keV was used with an
electron beam current of 30 nA for Si, Fe, Mg, Mn and Ti, and
100 nA for Al, Ni, Ca and Cr. Counting times were 40 s on peak
and 15 s on background for all elements but Ca, with 400 s on
peak and 20 s on background. Accuracy and reproducibility of
the analyses was constrained by alternated analysis of USNM2566
and JK3 olivine secondary standards during the session. Concen-
trations are accurate to <4% for major elements, < 35% for Mn,
< 24% for Ni and < 89% for Cr. Accuracy of Ca was <7%. Ti and
Al were usually below the detection limits for both standards.
Reproducibility estimates (as 1o) were <2% for major elements,
c. 3% for Ni and Ca, c¢. 5% for Mn and c. 27% for Cr.

Analysis of MI compositions (Si, Ti, Al, Fe, Mn, Mg, Ca, Na, K, and
P or Cr) were performed with an accelerating potential of 15 keV
and an electron beam current of 8 nA. A defocused beam of 5-
10 pm diameter was used and Na was analysed first to avoid Na
migration. Basaltic glass secondary standards (VGA99 and BHVO-
2G) were analysed periodically throughout the session to test for
instrumental drift and to constrain accuracy and reproducibility
of the analyses. Reproducibility estimates (1o) are <1% for SiO,,
Al,O3 and Ca0, ¢. 2% for FeO and MgO, c. 3% for Na,0O and K0,
c. 10% for TiO,, MnO and P,Os. Accuracies are <1% for most SiO,
and Al, O3 secondary standard analyses, < 2% for most Al,Os3, FeO,
MgO and CaO analyses, < 3% for most K,O analyses, < 10% for
most Na,O and TiO, analyses and < 20% for most P,Os analyses.

The S composition for all reference glasses for volatile mea-
surements (see below) was measured by repeated high precision

analysis with the EPMA. Ten S measurements of each reference
glass were performed, where the average result was used as the
reference value with the associated standard deviation as the
propagated error used for SIMS calibration. Analysis conditions
consisted of an acceleration voltage of 15 kV, an electron current
beam of 8 nA with a 10 pm diameter defocused beam. Pri-
mary standard for calibration of S concentration in the reference
glasses was the Elba Pyrite. Precision uncertainties (1o) were < 4%,
except for the volatile poor glasses (<15 pg/g for BIR-1G and
BHVO-2G). Accuracy was tested using VG99 and VG2 as secondary
standards, showing a relative error of <10% for most analyses.

SIMS

Exposed MIs were pressed down into an indium plug mounted
in an aluminium disk to avoid H and C contamination from
epoxy. The plug was then coated with gold and loaded into the
SIMS sample chamber to remain under vacuum for 3 days before
analysis to reduce H contamination.

A Cs* ion primary beam was used to analyse for 'H, 12C, 1°F,
3051, 325 and 3°Cl isotopes. Pre-sputtering of a 25 x 25 pm area was
conducted before each analysis with a beam current of 1 nA for
100 s, plus a beam centring time of 96 s. Analysis was carried out
with a beam current of 0.1 nA in a 3-5 wm wide area of Gaussian
shape. Field aperture was set to 2000 pm with an entrance slit of
60 pm, an energy slit of 25 um, a contrast aperture of 100 pm
and an exit slit of 400 wm. Mass resolution was set to 3243 to
avoid interference of isotopic signals (mainly **S'H on **Cl, ?°Si'H
on 3°Si, and *'P'H on 32S). The isotopes were measured in five
consecutive cycles of 10 s of waiting time and 3 s of analysis
time for 'H, 4 s waiting time and 5 s analysis time for >C and
2 s waiting time and 1 s analysis time for the remaining isotopes
(*°F, %051, *2S and *>Cl). Including pre-sputtering time, each analysis
lasted c¢. 8 min. The reproducibility of counts ratios between
each volatile and matrix was obtained from the five cycles per
analysis. Maximum uncertainties of reproducibility are <10%
for 'H/?°Si, <13% for 2C/3°Si and < 3% for °F/39Si, 325/30Si and
312081

Reference glasses were polished and mounted in the same
indium plug with the MIs and were repeatedly measured during
the same analysis session to produce the calibration lines and
check for instrument drift. The reference glasses used were BIR-
1G and BHVO-2G synthetic standard glasses (USGS), plus CL DR-
1, Gal 1652, LS 427, 2nD43, SAM 76-11, SAM 73-12 and SAM 74-2
natural volcanic glasses (Kendrick et al., 2017). F and Cl values for
the synthetic glasses were obtained from Marks et al. (2017) and
Kendrick et al. (2018), whereas values for natural samples were
taken as the revised compositions of Kendrick et al. (2017). H,O
and CO, compositions for most of the reference materials were
measured using a micro-FTIR instrument (see Brahm et al., 2022
and Supplementary Material) and S was remeasured by EPMA (see
above).

Calibration of the SIMS analyses was produced using a maxi-
mum likelihood linear regression scheme considering the uncer-
tainties related to SIMS analysis precision and uncertainties in
the reference values used. After calibration, the uncertainties in
accuracy (lo) for the volatile species in MIs are c. 4% for H,O,
<15% for CO, (for concentrations above 50 pg/g), <8% for most
S analyses, c. 2% for Cl and < 8% for most F analyses.

LA ICP-MS

After XRF analysis, the glass beads were piled up and glued
together with epoxy then a slice of the stack was cut, polished
and mounted in a glass slide. The analysis was conducted by
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pulsing the laser at 10 Hz with a 100 um spot size and energy
density of 5.0 j/cm? with an ablation time of 45 s. Ultra-high
purity helium was used as the carrier gas (370 mL/min) to deliver
the ablated sample for the LA system to the ICP-MS. The ICP-
MS was optimized to maximum sensitivity daily (see Supplemen-
tary Material for operation conditions). Background counts (gas
background, measured with the laser off) were collected for 30 s
between samples. NIST610 and NIST612 glass standards were
analysed after every 10 samples to account for any instrument
drift. Analysis conditions for MI glasses are the same as for the
glass beads, except that the laser size spot was varied between
50 and 100 pm depending on the MI size. Standard glasses were
measured with each laser spot size used to be able to obtain
the concentrations of trace element in the MIs analysed at each
different spot size.

Data processing was performed using Iolite (v3.32, Patton et al.,
2011). Background counts were subtracted from the raw data
and all data were standardized to the NIST612 glass. NIST610
glass was used as a secondary standard. The GeoReM database
(Jochum et al., 2005) was utilized for the standard glass values. The
whole rock real concentrations were calculated by mass balance
calculations using the LA ICP-MS results and the proportion of
sample and flux measured when producing the glass beads.

RESULTS
Petrography and mineral chemistry

A detailed petrographic description of arc front samples was pub-
lished in Brahm et al. (2022). A summary is shown here, followed
by a more detailed description of back-arc samples.

Arc front

All arc front tephra samples are composed of groundmass (c. 50
to 85 vol%) and different proportions phenocrysts. Groundmass
is glass rich in all samples except for AKN, where the tephra
contains two different types of fragments, one with a crystalline
groundmass and another with glass-rich groundmass.

The phenocrysts are mainly olivine (Ol), plagioclase (Pl), clino-
and orthopyroxene (Cpx and Opx). Titano-magnetite (Ti-Mag) is
present in two of the samples (TK and AKN). Crystal clots are
abundant in all samples. The most abundant phenocryst phase is
Pl, with >75 vol% of the crystal cargo. These crystals are generally
complexly zoned, with An-rich core and a An-poor oscillatory
rim. Resorption and sieve textures are common in many Pl pop-
ulations. The most common pyroxene phase is Cpx, with Opx
appearing generally as reaction rims and coronas in Ol and Cpx
phenocrysts. Opx phenocrysts are common only in the HK sample.

Ol phenocrysts are scarce in most samples, with <7 vol% of
crystal cargo in all but one sample (TT has c. 12 vol% Ol). Two
different populations of Ol are observed in AK, HK, TK and AKN,
and MIs were found exclusively in one of the Ol populations of AK
and TK.

Oshima-Oshima

The OO tephra is constituted of a glass-rich groundmass (c.
65 vol% in a vesicle free basis) with microlites of Ol and plagioclase
Pl (Fig. 2a, c and e). The crystal cargo is composed of c. 47 vol% Pl,
c. 32 vol% O], c. 20 vol% Cpx and < 1 vol% chrome-spinel (Cr-Sp).
The Pl crystals range in size from <0.1 mm to c. 2.5 mm.

Most Pl crystals have a wide Ca-rich core of Angs g, (Fig. 3a),
followed by a narrow rim of Angg ss. These Pl crystals are found
as isolated crystals or as part of Ol + Cpx + Px(+Cr-Sp) clots. The
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biggest Pl crystals contain a mantled zone of Any,_gs, and some-
times a core with complex oscillatory zoning. Some of these
cores include a Ca-rich inner core surrounded by very Ca-poor
oscillatory zoning (Ans,_s»). In general, the Pl crystals are euhedral
to subhedral.

The Ol crystals range between <0.1 mm to 2.4 mm in size
and are euhedral to subhedral, with scarce evidence of resorption
in some crystals. The most abundant Ol consists of normally
zoned crystals with high-Fo cores (Fogi_gs) (Fig. 3c). The other
Ol type consists of Fo-poorer cores (Fo7s4-79) With inverse zoning.
Compositions of Ol rims reach Fog;, but most rim compositions do
not reach lower Mg contents than Fo;s. One crystal was observed
with an Opx corona. Both Ol types can be found associated with
Cpx in clots, with Cr-Sp inclusions and containing glassy Mls.

The Cpx crystals (< 0.1 mm to ¢. 1 mm wide) are mostly
diopside to high-Ca augite (Fig. 3b). The crystal shapes vary from
euhedral to anhedral, with mild concentric oscillatory zoning or
sector zoning. Some crystals show a high-Ca core with resorption
features followed by regular oscillatory zoning. Crystals are found
isolated or forming clots with the other mineral phases.

Phenocrysts of Cr-Sp are scarce, but Cr-Sp inclusions are very
common in Ol, and Cr-poor spinel inclusions are found in Cpx
crystals. Most Cr-Sp inclusions are Fe-poor, with similar cation
proportions of Cr and Al (see the Supplementary Material).

Rishiri (RSH)
The RSH tephra is constituted of c. 81 vol% groundmass and
c. 19 vol% crystals (Fig. 2b, d and f). The groundmass is crystal-
rich with Pl, Ol and Fe-Ti oxide crystals. The phenocryst cargo
is composed of c. 64 vol% Pl, c. 34 vol% Ol and c. 2 vol% Cr-Sp.
The Ol crystals are euhedral to subhedral and commonly found
as isolated crystals or associated with smaller Pl crystals and Cr-
Sp inclusions (Fig. 2d). Core composition range from Foyg to Fogs
and are normally zoned, with the rim compositions reaching Foy.
The Pl crystals of the RSH sample are smaller than the Ol crys-
tals and are euhedral with elongated tabular texture (high aspect
ratio). Most Pl crystals are normally zoned with a core of Angg 75
and rims of Anss 9. Some Pl crystals include a resorbed core with
an overgrown rim of high An composition. Cr-Sp are abundant as
inclusions in Ol crystals, some reaching up to ¢. 100 um in size.
These crystals have a higher Al and lower Cr content than the Cr-
Sp inclusion in the OO sample (see Supplementary Material).

MI chemistry

Most MIs are glassy (no daughter minerals) and have shrinkage
bubbles (Fig. 4). Formation of daughter minerals scarce in MlIs
from TK (Brahm et al., 2022). Here, we show the major, volatile and
trace element contents of the MI glasses.

Major elements

Measured compositions of MI glasses (Fig. 5) show a trend of
increasing alkalinity from the NE Japan arc (AK and HK) to the
Kuril arc (AKN and TT), followed by TK, RSH and OO with the
highest K,O concentrations. The AK and HK samples are low-K
tholeiites, whereas AKN, TT, TK and RSH follow a calc-alkaline
trend (Peccerillo & Taylor, 1976). The OO samples have compo-
sitions ranging from calc-alkaline to alkaline with most composi-
tions in the high-K calc-alkaline series.

Trace elements

The spider diagrams normalized to primitive mantle for all seven
volcanoes (Fig. 6a, c and e) show the characteristic patterns of
arc volcanism related to contamination of the source by a slab
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Fig. 2. Images of OO and RSH tephra samples. Plane-polarized light microphotographs of (A) OO and (B) RSH thin sections. BSE images of (C and E) OO,

and (D and F) RSH samples.

component. All samples show LILE enrichment and the common
Nb-Ta negative anomaly of subduction zone magmas.

The lowest Nb and Ta concentrations are found in HK, AKN and
TT, followed by OO and AK, then TK, and the highest concentra-
tions in RSH. The LILE abundances are lower in the NE Japan arc
melts, followed by the Kuril arc melts, whereas the highest LILE
concentrations are found in the back-arc samples. This increasing
trend of LILEs seems to also be followed by increases in Rb/Ba
and Th/Ba ratios. The Pb/Ce ratios are similar for all arc melts
excepting TK, which has lower Pb/Ce ratios, followed by the back
arc with the lowest Pb/Ce ratios.

Negative Zr anomalies are seen in all samples but the far back
arc (RSH), and negative Ti anomalies are clearly seen in OO, TK
and TT. In AK and HK only, some of the MIs show slight negative Ti
anomalies. One OO MI, which corresponds to the group with very
high Cl and F, has a different trace element pattern than the rest
of the OO MIs. It is enriched in all trace elements compared to the
other OO MIs, and it has a strong positive phosphorus anomaly.
The positive Pb and Sr anomalies are not present in this sample
as the LREE enrichment is stronger than the Pb and Sr enrichment.

The REE plots (Fig. 6b, d and f) show that LREE enrichment is low
in AK,HK and TT (La/Yb between 1.7 and 2.1), slightly higher in TK
and AKN (La/Yb between 2.2 and 3.3) and a lot higher in the back
arc (La/Yb between 5.3 and 9.8). Slightly negative Eu anomalies
are clear only in TK and TT.

Volatile elements

Measured volatile contents are shown in Figs 7 and 8. As with K, 0,
Cl and F contents increase from NE Japan arc to the Kuril arc,
followed by TK and OO showing the highest Cl and F contents
and a higher compositional range (c. 1500-c. 3800 pg/g Cl and c.
500-c. 1500 pg/g F). The RSH compositions follow a path of low
CI/F ratio, but with higher F contents than all arc front melts. All
H,0 compositions are lower than 3.5 wt% and CO, contents are
lower than 600 pg/g. New back-arc H,O and CO, compositions
overlap with the arc-front measurements given by Brahm et al.
(2022), which range between c. 0.8 and c. 3.9 wt% H,O and c. 29 to
c. 426 pg/g CO, for OO and between c. 0.9 and c. 3.4 wt% H,0 and
c. 15 to c. 524 ng/g CO, for RSH.
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Fig. 3. Mineral compositions from EPMA analyses. (A) Plagioclase ternary
plot with compositions from thin sections. (B) Pyroxene ternary plot
with compositions from thin sections. (C) Olivine forsterite content of
melt inclusion olivine hosts and olivine cores from thin sections.

As with the halogens, measured sulphur (S) concentrations
are generally higher in the arc front samples than the back-arc
samples. The arc front samples (excepting TK) range in S content
from c. 300 to c. 2600 pg/g, whereas in the back-arc samples and
TK, S contents range from c. 1480 to c. 4100 pg/g. Compositional
ranges of S within each sample are generally wider than for Cl
and F.

DISCUSSION
Post-entrapment corrections

The MIs of the arc front samples (AK, HK, TK, AKN and TT) were
already assessed for post-entrapment processes in Brahm et al.
(2022). Most arc front MIs showed evidence of being completely re-
equilibrated to a constant Mg# during long storage histories, and
post-entrapment crystallization (PEC) corrections applied recon-
struct the compositions at the last equilibrium conditions during
storage and not at entrapment. An attempt to apply the MushPEC
algorithm (Brahm Scott, 2021) to estimate the compositions at
entrapment was made by Brahm et al. (2022) but showed that
the main differentiation process is boundary layer fractionation,
precluding the derivation of primary MI compositions through
MushPEC.

In contrast, the MIs from OO and RSH have Ol-host cores
with a wider compositional range and without evidence of
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re-homogenization. PEC correction was applied using the
following methodology. A modified MIMiC program was employed
to obtain estimates of CO, contents before bubble formation
using a calculated-volume approach to model the vapour-bubble
growth (Rasmussen et al., 2020; Brahm et al.,, 2022). Host, MI and
bubble dimensions were estimated the same way as done by
Brahm et al. (2022). The modification of MIMIC consists of the
implementation of the Papale et al. (2006) H,0-CO, solubility
model replacing the VolatileCalc model (Newman & Lowenstern,
2002), to maintain consistency with the corrected MIs from the
arc melts.

The reverse Ol crystallization calculations were implemented
using the Toplis (2005) model and the Putirka et al. (2007) Ol-melt
thermometer. The initial H,O content was estimated using the
Gavrilenko et al. (2016) hygrometer model iteratively as in Brahm
et al. (2022).

The iron speciation (Fe>*/Fer) was estimated by calculating fo,
conditions using the Sp-Ol oxybarometer of Nikolaev et al. (2016)
and the iron speciation using Kress & Carmichael (1991). Tem-
peratures used to derive the AQFM values were estimated from
previous MIMiC runs at QFM. The calculated fo, conditions for OO
are 0.85+0.15 AQFM (from 12 Sp-Ol pairs) using temperatures of
1000-1100°C, and — 0.06 +0.18 AQFM (from 12 Sp-Ol pairs) using
temperatures of 1080-1100°C.

Fe-loss (Danyushevsky et al., 2000) was assessed for the PEC-
corrected MIs. Most MIs of the OO and RSH samples follow the dif-
ferentiation path of the whole rocks from the literature (Fig. 9) for
OO (Katsuietal., 1979; Katsui & Yamamoto, 1981; Yamamoto, 1988)
and RSH (Katsui, 1953; Katsui et al., 1978; Yoshida et al., 1981; Tkeda
et al., 1990; Shibata & Nakamura, 1997; Kuritani, 1998; Ishizuka,
1999; Ishizuka & Nakagawa, 1999; Kuritani, 1999; Kuritani, 2001,
Shuto et al., 2004; Moriguti et al., 2004; Kuritani et al., 2005; Ishimoto
etal., 2006; Kuritani & Nakamura, 2006; Shimaoka et al., 2016), with
deviation towards lower FeOr contents. The process of Fe-loss was
corrected by adjusting the FeOr content of corrected MlIs to fit the
MgO vs FeOr trend of the whole rocks. The group of OO MIs with
low Fo and reverse zoning shows a different level of Fe enrichment
compared to the rest of the MIs and the main whole rock trend
(Fig. 9a). These MIs are interpreted as xenocrysts which may have
suffered complete Fe-Mg re-equilibration during long storage,
increasing the FeOr content of the MIs. Fe-loss correction was not
applied to these MIs. All results of the PEC-correction models can
be found in Appendix 4 of the supplementary material. The trends
in Fig. 6 indicate that Ol was the only phase crystallizing during
entrapment of most MIs of both samples. A group of MIs from
RSH with the lowest MgO contents show a decrease in Al,O3 and
Ca0, indicating that Pl crystallization started at MgO contents of
€. 5.5 wt%.

The corrected H,0-CO, composition and estimated P-T (satu-
ration pressure) conditions are shown in Fig. 7 and overlap with
the values of the arc front melts from Brahm et al. (2022). The OO
MIs show a wide range of H,O contents between c. 3.2 and c. 9.3
H,0, which translate into P and T ranges of c. 100-c. 450 MPa and
c. 970—. 1170°C, respectively. High Fe MIs have higher H,O and
P and lower T estimations. The PT range of OO MIs overlaps the
range of all arc front MIs. The H,O estimations of RSH MIs have
a narrower range than those of OO (c. 4.4—c. 6.4 wt% H,0), which
also narrows down the P and T estimates (c. 120—. 300 MPa and c.
1010—c. 1110°C, respectively).

Halogen and Sulphur loss

Halogen (Cl and F) contents of MIs are usually the best-preserved
volatiles components in MIs, due to their high solubilities relative
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Fig. 4. Optic microscope (A and C) and BSE (B and D) images of representative OO and RSH olivine-hosted glassy melt inclusions.

to their abundance in basaltic melts (Carroll & Webster, 1994).
Most of the samples in this study show a linear correlation
between Cl and F, indicating a conservative behaviour, i.e. no
loss of halogens after entrapment. Some of the samples present
a wider variability in Cl and F ranges, not following a linear
behaviour within the same sample. For example, AKN MIs have
a group of low F contents for the same Cl range than the main
group, following a linear trend with higher CI/F ratio. Exsolution
of Cl is an unlikely explanation for the CI/F ratio variability in
the AKN MIs, as other MIs in this study have up to four times
more Cl than AKN MIs. It is likely that the variability in AKN
CI/F ratios is related to magma mixing, as the AKN tephra was
composed of two very distinct fragment types (Brahm et al., 2022).
Interaction of different magma batches may also explain the few
MIs from RSH with lower F contents. The highest halogen contents
are found in OO MIs with a wider compositional range, where
some MI compositions are displaced from the main Cl versus F
trends towards higher F concentrations at c¢. 2000 pg/g Cl. This
wide distribution of F compositions (c. 500-1500 pg/g F) at similar
Cl contents is unlikely to be caused by Cl saturation as MIs with
similar major element compositions have almost twice the Cl
concentrations (up toc. 3800 ng/g). As the OO olivine compositions
reach up to Fogg, it is likely the MIs reflect melt compositions close
to primary, trapped not long after mantle melting and without
long storage times in shallow magmatic chambers. The halogen
heterogeneity may reflect local variability of melting conditions
before homogenization of the melts during storage.

As with H,O and CO,, sulphur has the potential to be exsolved
from the melt before and after MI entrapment. The multiple

oxidation states of S make its solubility behaviour strongly influ-
enced by fo, conditions and sulphur can be affected by sulphate or
sulphide mineral precipitation, immiscible liquid separation and
degassing (e.g. Wallace & Carmichael, 1992; Moretti & Baker, 2008;
Oppenheimer et al.,, 2011; Ariskin et al., 2013). After entrapment,
S can be exsolved into the shrinkage bubble as a gas phase
and/or precipitate minerals on the bubble boundary. The lack of
reliable estimations of fo, conditions of the arc front melts make
it difficult to estimate S solubilities, but studying the correlation
of S concentrations with a known conservative element during
magmatic fractionation and MI post-entrapment processes can
help to identify S loss.

Figure 10 shows the concentrations of S and Cl. If the MIs
within each sample are produced by the same slab fluid under
similar conditions and S is behaving conservatively, the Cl versus
S trends should follow a linear correlation that passes through
the origin. The observed displacement to lower S concentrations
for somewhat constant Cl contents observed in AK, TT, AKN, TK
and RSH are thus interpreted to be caused by S loss. The highest S
contents in MIs from AKN, TK, HK, OO and RSH appear to behave
conservatively as they follow a line pointing towards the origin.
Then, it can safely be interpreted that those S contents have not
been affected by degassing. The S systematics of AK and TK do
not show a conservative behaviour, indicating that the highest
S content of each sample can be taken as a minimum initial S
content. The MI from TT with the highest S is displaced from all
other TT Mls, and it overlaps with the Cl/S ratio of HK and AKN.
The highest S content of AK MIs has Cl/S ratios very similar to
the rest of the arc front sample MIs (excepting TK). Therefore,
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Fig. 5. Olivine-hosted melt inclusions and whole rock major element
compositions of the seven tephra samples. Open circles are the melt
inclusions and filled circles are the whole rock compositions. (A) TAS
diagram. (B) K0 vs SiO; diagram.

the original S contents in MIs of the arc front samples can be
interpreted from the Cl concentrations and the estimated primary
Cl/S ratios (c. 0.28-0.40), as it is observed in Fig. 10. The Cl/S ratios
increase towards the back arc, with values of c¢. 0.45 for TK and c.
0.55-0.70 for OO. The Cl/S drops for RSH to c. 0.23 due to the Cl
depletion observed in that sample.

Preservation of primary melt signatures

The recovery of primary melt compositions is key to the study
of petrogenetic processes in subduction zones, which requires
MIs hosted in forsteritic olivine (close to Fog). These MIs are
preferred because they have suffered small amounts of fractional
crystallization, usually only by crystallization of olivine, which
is simple to correct for. Unlike primitive whole rock samples,
primitive MIs contain some undegassed volatile components and
are not affected by crystal accumulation. Despite the back-arc
samples showing all these characteristics (OO and RSH), the arc
front samples of this study are not all highly forsteritic (AK,
HK, TX, AKN and TT), have suffered fractionation of multiple
mineral phases and have suffered long storage histories. Thus,
post-entrapment corrections are inaccurate and cannot be used
to recover initial compositions. Nonetheless, some primary melt
signatures are unaffected by all these processes. Ratios of con-
servative (incompatible) elements are not affected by processes
other than mantle melting. In the following section these ratios
are used to study across-arc variations and their relation to the
metamorphic reactions occurring in the slab. These elements
include most trace elements and halogens. Notable exceptions are
Sr and Eu (affected by plagioclase fractionation) and Ti (affected
by Fe-Ti oxide fractionation).
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Correlation between trace/volatile signatures and
slab conditions

Studies of natural high grade metamorphic suites from old sub-
duction systems (Sorensen et al., 1997; John et al.,, 2011; Martin et al.,
2014; Pagé & Hattori, 2017), dehydration and melting experiments
of basaltic and pelitic rocks (Schmidt & Poli, 1998; Hermann &
Green, 2001; Kessel et al., 2005; Hermann & Rubatto, 2009; Dalou
etal,2012; Krenn et al., 2012) and thermodynamic modelling (Con-
nolly & Kerrick, 1987; Connolly & Petrini, 2002) have enabled the
prediction of the mineralogical composition of the slab and the
partitioning behaviour of trace elements, whereas geodynamic
models (Syracuse et al., 2010) have allowed the estimation of slab
PT paths for subduction systems worldwide.

Figure 11 summarizes the expected stability fields of relevant
hydrous minerals in the different layers of the slab under the
estimated PT conditions of the slab surface below each volcano.
Correlations between prograde metamorphic reactions and trace
element ratio variations are studied using this plot. Uncertainties
of the estimated PT conditions are difficult to estimate as they
involve the combination of different models. Also, corner flow in
the mantle wedge may play an important role in displacing the
location of the volcano with respect to the location of slab com-
ponent release. Nonetheless, as most of the uncertainties as well
as the corner flow affect the estimations of each volcano similarly,
the relative difference between PT estimates of the slab below
each volcano is expected to be more accurate. Then, across-arc
variations may be correlated with the progressive metamorphic
reactions in the slab as PT conditions increase towards the back
arc. The vertical pressure increase from the slab surface to the
Moho is estimated to be less than 0.2 GPa. This indicates that the
conditions below the slab surface for each volcanic unit can be
approximated by a sub-horizontal line in Fig. 11 (almost constant
P for the whole T range).

The PT paths of each slab layer surface were taken from
the lookup tables in the Arc Basalt Simulator version 5 spread-
sheet (Kimura, 2017), which were obtained by the models D80 of
Syracuse et al. (2010). The models selected correspond to the N
Honshu and S Kuril sections. Conditions between 6 and 8 GPa were
obtained by a quadratic extrapolation based on the shape of the
curves at high pressures (c. 4-6 GPa). This is due to the lack of PT
path data above 6 GPa in the Arc Basalt Simulator spreadsheet,
which increases uncertainties of the PT path models. However,
small variations in the conditions of the slab below RSH do not
affect the interpretations of the present study.

The conditions of the slab below each volcanic system
were estimated by combining the information of crustal depth
(CRUST1.0) (Laske et al., 2013), slab depth (Slab2) (Hayes et al., 2018)
and slab surface P-T path models (Syracuse et al.,, 2010). Using
values of crustal and mantle densities from the CRUST1.0 model,
the pressure of the slab below each volcanic system is estimated,
and the slab P-T path model indicates the temperature of the slab
surface. Estimated conditions are summarized in Table 1.

Stability fields and H,O content at saturated conditions for
DMM (Workman & Hart, 2005) and MORB (Moyen & Stevens, 2006;
Hacker, 2008) were calculated with Perple_X version 6.9.1 (Con-
nolly & Kerrick, 1987; Connolly & Petrini, 2002) for sub-solidus
conditions, using the hp62ver.dat data file (Holland & Blundy,
1994; Green et al., 2016). Stability fields at sub-solidus and super-
solidus conditions, H,O at saturation, and melt proportion of SED
(pelite) (Hacker, 2008) for the range of 1-6 GPa was taken from the
lookup tables in the Arc Basalt Simulator version 5 spreadsheet,
which combines Perple_X calculations for sub-solidus conditions
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Fig. 6. Spider and REE diagrams of LA ICP-MS measured melt inclusions compositions (continuous lines) and whole rock samples (dotted lines).

Table 1: Estimated slab surface conditions below each volcano

Volcano Slab depth P T
(km) (GPa) Q)
AK 91 2.7 710
HK 93 2.8 719
00 165 51 812
TK 125 3.7 766
AKN 93 2.8 695
TT 104 3.1 739
RSH 252 7.8 869

with experimental results (Schmidt et al., 2004; Hermann & Span-
dler, 2008) for the solidus-liquidus interval. The simplified SED
composition used in this model should be close enough to what
it is expected for the sediments found in these subduction zones.
Both trenches in Northern Honshu and the southern Kuril consist
mainly of diatom clays and pelagic clays of similar thickness
(Plank, 2014).

Trace elements

Across-arc variations of trace element ratios can be visualized
in Fig. 12. Ratios of fluid immobile high-field strength elements

(HFSEs; e.g. Nb/Yb, Zr/Yb) are affected by the composition of
the mantle source and the degree of melting. AKN and TT com-
positions are consistent with a depleted mantle source (DMM),
whereas HK, AKN, TK and OO are consistent with different melt-
ing degrees of a more enriched source (E-DMM) (Fig. 12a). The
higher Nb/Yb and Zr/Yb ratios of the far back arc (RSH) are
consistent with low degree melting of a garnet-bearing source, but
this is inconsistent with the flat MREE to HREE trend in Fig. 6d
(Dy/Yb <2). This suggests mobilization of HFSE from the slab
caused by a supercritical nature of the slab liquid above 6 GPa
under RSH (Schmidt et al., 2004; Kessel et al., 2005; Taniuchi et al.,
2020), and the resulting dissolution of the main HFSE carriers
(rutile and zircon) at high Tga, (Hermann & Rubatto, 2009).
Ratios of elements with similar solid/melt partitioning
behaviour but contrasting solid/fluid partitioning behaviour, like
Pb/Nb and Ba/Nb, are commonly used to study differences in
slab input in arc magmas (e.g. Moriguti et al., 2004). These ratios
are only weakly affected by variations in melting conditions,
but strongly affected by the amount and composition of the
slab component. Nonetheless, a homogeneous mantle source
composition needs to be assumed to draw any conclusions about
variations of slab input, as Nb is strongly affected by the degree
of source depletion. The Nb/Yb ratios are indicative of a variable
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source composition and Nb enrichment in RSH, complicating
inferences of slab component variations from ratios like Pb/Nb
(Fig. 12b). Here, Yb as a denominator is preferred, as ratios are
less affected by source composition and moderately affected by
melting degree. This allows a qualitative interpretation of across
arc changes that are beyond the ranges explained by melting
degree variations.
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The LREE/YDb ratios, represented by La/Yb in Fig. 12d, show
overlapping values within the lower slab surface temperature
(Ts1ab) arc front melts, followed by a steady increase from c. 2 in
TT to c. 6-10 in RSH. The LREE/YD ratio increases slightly with
degree of source enrichment and lesser degrees of partial melting,
but not to the extent of LREE enrichment observed in the back arc.
The observed steady increase in LREE towards higher Tqap, is there-
fore more likely produced by the sequential and temperature-
dependent dissolution of LREE-rich accessory phases (e.g. allanite)
(Klimm et al., 2008; Hermann & Rubatto, 2009). Allanite is expected
to be present as a residual phase up to Tgep of c. 850-900°C,
which includes the whole range of conditions across arc from AKN
to RSH.

The LILEs, in addition to U and Th, are divided into two groups
of distinct behaviour: (group 1) Rb, Ba, K, U and Th and (group 2) Pb
and Sr. The Ba/YD ratios representing group 1 (Fig. 12e) decrease
from c. 100 to ¢. 50 from AKN to AK, and then increase towards OO
(c. 200), dropping to c. 100 in RSH. The main carrier of Ba in the
oceanic crust and sediment cover is phengite (Tamura et al., 2007;
Hermann & Rubatto, 2009) and phengite breakdown progresses
with melting of the sediment as temperature increases. However,
the sediment PT path indicates that melting is not expected
to increase towards the back arc (Fig. 11), as the solidus line
intersects the PT path of the sediment cover towards the back
arc, making it an unlikely source of LILE across-arc enrichment.
In addition, the model in Fig. 11 does not account for progressive
melting of the sediment layer, which would hinder the sediment
melting across arc even more. Also, LILE variations within arc
front conditions or along-arc variations that can be affected by
changesin the sediment layer along the trench cannot be assessed
by our data, as the variations are within ranges affected by
melting degree (Fig. 12¢).

Another source of LILE in the arc front can be amphibole and
chlorite from the hydrated mantle wedge above the slab, which
was hydrated in the forearc and dragged down by the corner flow.
These phases can supply part of the LILE budget in the arc front
but are no longer present towards the back arc (at higher PT
conditions than TT in Fig. 11). Serpentine (antigorite in Fig. 11) is
the main carrier of these LILE in the hydrated lithospheric mantle
(Scambelluri et al., 2004). The hydrated mantle can transport more
than 11 wt% H,O mainly as antigorite and chlorite (Fig. 11), and
this water is released with progressive breakdown of this phases
as PT conditions increases. The antigorite stability limit is roughly
placed at the pressure of the lithospheric mantle beneath OO vol-
cano, indicating that an elevated slab component signal towards
the back arc occurs by increasing participation of the lithospheric
mantle in the release of fluids from the slab (Straub & Layne,
2003; John et al., 2004; Barnes et al., 2008; Herms et al., 2012; John
et al., 2012; Konrad-Schmolke & Halama, 2014; Martin et al., 2016;
Yamada et al.,, 2019; Martin et al., 2020). The potential of slab fluid
enrichment in back-arc magmas would then be controlled by the
level of hydration of the lithospheric mantle, which occurs during
normal faulting of the outer rise (Ranero et al., 2003; Faccenda
et al.,, 2008; Cai et al., 2018; Grevemeyer et al., 2018). Furthermore,
hotter subduction zones have a higher potential to release fluid
compared to colder subduction zones (Syracuse et al., 2010), as
colder subduction zones can retain up to c. 4 wt% H,0O in the
alpha-phase beyond 8 GPa (Fig. 11). The decrease in Ba/Yb ratios
observed for RSH melts reflects exhaustion of antigorite and
chlorite. Higher Ba/Yb ratios at the lowest Tqap samples in the arc
front melts are within ranges explained by the degree of melting.
However, AKN MIs show no enrichment in other mobile elements
with respect to the rest of arc front samples, so it is more likely
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Fig. 10. Measured Cl and S compositions of the melt inclusions. Dotted
lines indicate the approximated CI/S ratios for the different samples
before S loss and the continuous lines indicate the range of corrected S
concentrations of each sample.

that Ba/Yb enrichment reflects a slab component with higher Ba.
This may be related to the nature of the slab component. The
spikes of Ba/Th values observed in the samples with low Tqap

(AKN and HK; Fig. 12f) indicate the participation of an aqueous
fluid phase, whereas the lower Ba/Th ratios at slightly higher
Tsap argues for the participation of a silicate melt in the slab
component (Kessel et al., 2005; Pearce et al., 2005).

The LILEs of group 2 (Pb and Sr), represented by Pb/Yb ratios
in Fig. 12¢, do not vary significantly between arc and back arc (c.
1-3), with ratios that are within a range that can be explained
by differences in the degree of melting. The main carrier of Pb
and Sr is lawsonite and zoisite (Spandler et al., 2003; Feineman
et al., 2007; Martin et al.,, 2011; Martin et al.,, 2014). Zoisite is not
predicted to be present in oceanic crust in the model of Fig. 11, but
experiments by Forneris & Holloway (2003) equilibrated zoisite
at PT up to c¢. 3 GPa and 650°C, which is only relevant for the
lower-T arc front samples. In contrast, lawsonite is present in the
oceanic crust and stable to great depths (Schmidt & Poli, 1998).
Steady across-arc breakdown of lawsonite provides a constant
supply of Pb and Sr, including below RSH. Any increase Pb and
Sr supplied from the lithospheric mantle will be buffered by the
lawsonite-bearing layer above it. Any additional Pb released at arc
front depths by zoisite breakdown would be also buffered by the
presence of lawsonite.

Volatile elements

The Cl/Yb ratios behave similarly to Ba/Yb ratios, whereas F/Yb
ratios increase to a lesser degree towards OO with similar values
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Fig. 11. PT paths of slab layers with stability fields of hydrous mineral phases and the amount of water at saturation. Detailed explanation of the
construction of this plot can be found in the main text. Shaded fields indicate the different lithologies of the subducted slab. From top left to down
right these are: lithospheric depleted mantle (DMM), altered oceanic crust (MORB), sediment cover (SED) and DMM wedge. The thick continuous line
indicates the wet solidus of the sediment cover. Continuous coloured lines indicate the stability limits of hydrous phases. Hashed coloured lines
indicate H,O isopleths and hashed black lines in the SED field indicate the sediment melting degree. Coloured circles indicate the estimated PT
conditions of the slab surface below each volcano and dotted lines of same colours are indicate the estimated PT conditions at all layers of the slab
(colour scheme as in Fig. 1). Atg=antigorite, Chl =chlorite, Amph =ampbhibole, Br=brucite, a-phase =alpha phase, Law =lawsonite, Bt =biotite.

in RSH. Both Cl and F are carried by antigorite (John et al.,, 2011;
Kendrick et al., 2020), but Cl has been shown to be more fluid
mobile than F (Bernini et al., 2012), producing a higher Cl enrich-
ment. Also, F enrichment has been observed in subducted law-
sonite (Pagé et al., 2016), causing F retention as exhibited by fluids
percolating through the oceanic crust, but this implies lawsonite
is also a source of F-enriched fluid during its breakdown. Thus,
lawsonite controls F enrichment or depletion (Fig. 12h). All these
results show that even though the LILE and halogen budgets in
the arc front are strongly controlled by the sediment cover (Patino
et al., 2000), across arc trends indicate that variations (or the
absence of variations) in these elements are controlled by reac-
tions occurring in the oceanic crust (lawsonite breakdown) and
the lithospheric mantle (antigorite breakdown). The OO MI with
the highest F corresponds to a trace element pattern enriched in
both P and REE, which is consistent with apatite breakdown in the
slab source.

The increase of Cl towards the back arc can be caused either
by an increase in the salinity of the slab liquid and/or an increase
in the proportion of slab liquid in the primary melt. The coupled
across-arc variations of Cl and LILEs of group 1 can also be
explained by both options. Experiments from Rustioni et al. (2021)
showed a consistent increase of LILE mobility in the fluid with
salinity increase. As we could not recover reliable H,O contents
of the primary melts from the MIs, it is hard to assess if the
increase of Cl and LILE is directly tied to an increased amount
of fluid. Rustioni et al. (2021) also found that LREE have the same
increase in fluid/eclogite partitioning with salinity, which could
also explain the LREE increase towards the back arc as an alter-
native to allanite dissolution. Nonetheless, the continued increase
of LREE towards the far back arc (RSH) despite the drop in Cl is
consistent with the temperature-controlled allanite dissolution
without considerable changes in the salinity of the slab liquid,

making the increase of slab liquid proportion a more probable
cause for the Cl and LILE changes across arc.

Walters et al. (2020) modelled the release of sulphur in the
slab fluid from the AOC as subduction progresses in the arc front
for the Honshu PT path (Syracuse et al., 2010) using Perple_X.
The main reaction affecting the S budget at these conditions is
progressive pyrite oxidation forming anhydrite, which releases
oxidised S species (HSO,~ and SO42~). These species, transported
in the slab liquid to the mantle source, are believed to be the
main oxidation agents in arc magmas (e.g. Kelley & Cottrell, 2009;
Evans et al., 2012; Muth & Wallace, 2021; Muth & Wallace, 2022). S
solubility in rhyolitic melts produced by sediment melting under
conditions relevant for arc front depths has shown to be high
under reduced and oxidized conditions (Li et al., 2021; Muth &
Wallace, 2022), where minimum solubilities are found at oxygen
fugacities of c. QFM + 1, increasing towards lower and higher fo,
conditions.

The constant Cl/S observed in the arc front (Fig. 10) indicates
that the fluid composition released along the arc has the same
S and halogen contents, suggesting that these sulphide oxidation
reactions in the slab at arc front depths are similar along the NE
Japan arc and Kuril arc. This suggests similar degrees of alteration,
oxidation states, sulphide/sulphate contents of the oceanic crust
and sediments for both arcs. The S content variation within arc
front melts then follows the same behaviour as seen for the
halogen contents and can be related to the amount of slab liquid
in the primary melt.

The higher amounts of S towards the back arc can be tied
to serpentine breakdown. The antigorite breakdown reaction
produces a highly oxidized fluid (Debret & Sverjensky, 2017),
which enhances the mobility of sulphur, as sulphides buffer
the oxidation process through dissolution of S into oxidised
species. In addition, salinity increase produced by Cl released from
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serpentine also enhances sulphur mobility (Newton & Manning,
2005). The higher Cl/S ratios in TK and OO appear to be caused by
a higher increase of Cl than S from the serpentine breakdown at
these locations. In addition, melting experiments have shown that
S solubility (as sulphur content at sulphide saturation, SCSS, or at
anhydrite saturation, SCAS) increases with temperature (Prouteau
& Scaillet, 2012; Jégo & Dasgupta, 2013; Jégo & Dasgupta, 2014),
consistent with increased S contents in back-arc melts.

The higher S contents in RSH than at the arc front, despite
serpentine exhaustion, which stops the production of highly oxi-
dized saline fluids, might be related to the dissolution of sulphides
or sulphates at these PT conditions or enhanced mobility of S
in supercritical fluids. Wallace (2005) predicts that significant
amounts of S survive slab dehydration/melting at arc/back-arc
depths and return to the deep mantle. This indicates that signifi-
cant amounts of S carrier phases are still present at c. 8 GPa in the
slab, providing a source of S to RSH.

Comparison with other across-arc studies

Across-arc geochemical studies have been previously conducted
in Japan and other island and continental arcs, some drawing
opposite conclusions than the present study. We believe that in
many cases, these contrasting results were caused by the use of
LILE/Nb and LILE/LREE ratios. For example, Moriguti et al. (2004)

used Pb/NbD ratios of whole rock samples from some of the same
volcanoes studied here, predicting a steady decrease of slab input
from arc to back arc. Other researchers (Walker et al., 1995; Patino
et al., 1997; Churikova et al., 2001; Wade et al., 2006; Sadofsky et al.,
2008;Jacques et al., 2013; Wehrmann et al., 2014; Bénard et al., 2018)
have used LILE/LREE ratios (e.g. Pb/Ce in Fig. 4i), commonly taken
as proxies of fluid input in arc settings. Our work suggests that
caution should be taken when using these ratios as slab tracers.
The present study shows a strong effect of source composition
on LILE/Nb slab proxies and also suggests that LILE/LREE ratios
may not be appropriate slab tracers when studying across-arc
variations due to possible LREE enrichment as Tq,p increases. The
interpretation of decreasing slab input due to observed decreases
in these ratios across arc may have to be reassessed.

Other across-arc studies of island arcs show results similar the
present study. For example, Tollstrup et al. (2010) analysed across
arc trace element variations of volcanic glasses in the Izu-Bonin
arc. The LREE/Yb ratios show enrichments from arc front to back
arc similar to this study (c. 4 times higher La/Yb ratios in the
back arc). This agrees with the T-dependent dissolution of allanite.
There is a lot of spread in the across arc variations of Ba/YDb,
but with a general increase towards the back arc, agreeing with
an increase of a fluid-rich lithospheric mantle component with
subduction depth. The Pb/Yb mostly overlap across arc, agreeing
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with lawsonite buffering in the oceanic crust. There are some
higher Pb/Yb ratios in the arc front, which may be explained by
Pb-rich fluids extracted from the sediment cover.

In contrast to the case of island arcs, represented by the
previous example and the present study, across-arc variations in
continental arc settings do not show the same increase in trace
elements. Across-arc variations in Central America (Honduras;
Patino et al., 1997) and the Southern Andes (Chile; Jacques et al.,
2013) show no enrichment in LILE towards the back arc. Ba/Yb
ratios in Honduras and Pb/Yb ratios in Chile decrease across
arc, indicating that there is no increase in participation of the
lithospheric mantle as source of fluid towards the back arc. This
contrasting behaviour may be caused by the level of fracturing
of the slab and hydration of the lithospheric mantle in the outer
rise. Slab dip angles in Central and South America are lower
than in Japan and the Izu-Bonin, which translate into lesser bend
and fracturing of the oceanic crust in the outer rise, reducing
the degree of lithospheric mantle hydration and hindering the
transport of fluids across the slab column during dehydration.
In particular, the case of LILE enrichment towards OO in the
present study may be additionally aided by the bending of the slab
due to the change of the trench strike from the Kuril to the NE
Japan subduction (Fig. 1). This bending causes fracturing and/or
thinning of the slab, facilitating the transport of fluids sourced
from the lithospheric mantle (Kuritani et al., 2014).

CONCLUSIONS

Compositional variations in natural samples across an arc set-
ting track the prograde metamorphic reactions in the various
components of the subducting slab. It can thus be used to infer
source processes. However, the present study also highlights the
inaccuracy of LILE/LREE and LILE/ND ratios as fluid proxies when
comparing arc and back arc melts or melts from different mantle
source compositions.

The geochemical variations of olivine-hosted MIs also record
changes in the nature of the slab fluid with increasing PT condi-
tions of the slab. A transition from an aqueous fluid to a hydrous
silicate liquid is evidenced by a substantial decrease of Ba/Th
ratios at arc front conditions. A transition to a supercritical liquid
is inferred for the back arc at P of c. 8 GPa due to the observed
increased mobility of the HFSE. The LILE and halogens evidence
an enhanced participation of the hydrated lithospheric mantle
(antigorite breakdown) in the fluid release towards the back arc.
Depletion of Ba and Cl in the volcano farthest from the trench
(RSH) agrees with exhaustion of antigorite as a fluid source. The
fluid budget towards the back arc is then controlled by the level
of hydration of the lithospheric mantle and the facilitation of
upward transport of the released fluids through the slab by its
faulting in the outer rise, which is consistent with the differences
found between high angle (Japan, Izu-Bonin) and low angle (Cen-
tral and South America) subduction settings.
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