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Metasomatism at a metapelite–ultramafic rock contact at the subduction interface:
Insights into mass transfer and fluid flow at the mantle wedge corner∗
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Metasomatism of the subducting slab and mantle wedge influences the rheological and chemical properties
of rocks at the subduction zone interface. We investigated a serpentinite body that originated from the mantle
wedge in the Tomisato area of the Sanbagawa metamorphic belt, SW Japan. At the boundary between the
serpentinite body and a pelitic schist, metasomatic reaction zones have developed, consisting of pelitic schist,
albite schist, muscovite rock, chlorite rock, tremolite schist, talc schist, talc+serpentine rock, and serpentinite.
Using petrological observations, we showed that metasomatism at the interface occurred around the peak P−
T conditions (0.8–1.0 GPa and 530–570 °C), which correspond to those at the mantle wedge corner. Mass
balance calculations revealed that the metasomatism of the pelitic schist was accompanied by the removal of
Si and Ca and the addition of Mg, whereas the metasomatism of the serpentinite was accompanied by the
addition of Ca and Al. The Ca was supplied externally, and Na, K, and C were released to an external system.
Fluid-mediated mass transfer induces formation of tremolite-rich rocks after serpentinite and chlorite-rich rocks
after metasediments, which could be widespread along the subduction interface and the mantle wedge corner.
We propose that metasomatism at the mantle wedge corner redistributes elements between fluids and rocks,
introduces spatial heterogeneities in the mineral assemblages in the mantle wedge and subducting slab, and that
it could produce fluid overpressure. Consequently, such metasomatism would influence slab–mantle decoupling
and seismicity.

I. INTRODUCTION

Fluid flow in subduction zones plays a key role in arc vol-
canism (Marschall and Schumacher 2012), the global water
cycle (Rüpke et al. 2004), and seismicity (Hacker et al. 2003).
In subduction zones, primary H2O ± CO2 fluids are released
from the subducting slab by metamorphic devolatilization, the
depth of which has been investigated using thermal, petrolog-
ical, and thermodynamic models (Peacock and Wang 1999;
Gonzalez et al. 2016; Condit et al. 2020). However, the
juxtaposition of chemically contrasting rocks at the contact
between difference lithologies can lead to metasomatism and
dehydration reactions that would not occur if each whole-rock
composition was kept separate (Sanford 1982; Peacock 1987;
Spandler et al. 2008; Miller et al. 2009; French and Condit
2019; Beinlich et al. 2020; Codillo et al. 2022b, a; Hoover et
al. 2022). This metasomatic devolatilization is thought to pro-
duce high pore-fluid pressures (Nishiyama 1989; Nishiyama
et al. 2017), which may trigger the non-volcanic tremor and
episodic slow slip events (Tarling et al. 2019; Okamoto et
al. 2021) that are observed at the base of the mantle wedge
(Saiga et al. 2013). Moreover, metasomatic devolatilization
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controls the degree of decoupling along the slab–wedge in-
terface by producing mechanically weak reaction zones con-
sisting of, for example, chlorite- or talc-rich rocks (Hirauchi
and Katayama 2013; Hirauchi et al. 2013; Peacock and Wang
2021).

Silica is the most abundant chemical component of the
crust, and silica minerals are highly soluble at elevated tem-
perature and pressures (Manning 1994, 1997, 2018); there-
fore, silica metasomatism is expected to produce talc at the
interface between the mantle wedge and the subducting slab
(Peacock 1987; King et al. 2003; Kim et al. 2013; Nagaya
et al. 2020; Peacock and Wang 2021). In contrast, recent
thermodynamic modeling suggests that the mobility of Al,
Mg, Ca, and C is enhanced by the formation of complexes
in response to changes in pH (e.g., Galvez et al. 2015, 2016;
Tumiati et al. 2017; Manning 2018; Manning and Frezzotti
2020). Therefore, quantitative estimates of the relative mobil-
ities of these elements are required to understand the spatial
and temporal evolution of chemical and mechanical charac-
teristics at the slab–mantle interface.

To better understand the metasomatic reactions and element
transfer at the slab–mantle interface, we investigated meta-
morphic and metasomatic processes at a pelite–ultramafic
boundary in the Tomisato district in the Sanbagawa meta-
morphic belt, SW Japan. Numerous ultramafic bodies occur
in the higher-grade parts of the subduction zone, which are
thought to have been derived from the mantle wedge (deeper
than ˜30–40 km depth; Aoya et al. 2013). Systematic reaction
zones have developed at the boundaries between serpentinites
and pelitic schists. We constrained the P−T conditions and
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timing of the metasomatic reactions using petrological fea-
tures, in particular the compositional zoning in garnet from
the reaction zone. We carried out mass balance calculations
for the transport of elements and fluid flow at the interface,
and we discuss the implications of our results for the transport
of elements and metasomatic reactions at the subduction zone
interface.

II. GEOLOGICAL SETTING

The Sanbagawa metamorphic belt is a Cretaceous
subduction-related high- to intermediate-P/T metamorphic
belt that extends for ˜800 km along the southwestern part
of Japan (Fig. 1a). The largest part of the Sanbagawa
belt occurs in Central Shikoku (Fig. 1a). The belt is di-
vided into four metamorphic zones based on mineral assem-
blages in pelitic schists: chlorite, garnet, albite–biotite, and
oligoclase–biotite zones (in order of increasing metamorphic
grade; Enami 1983; Higashino 1990). The peak metamorphic
conditions obtained by the conventional geothermometers and
phase equilibria were ˜360 °C and 0.5–0.6 GPa (pumpel-
lyite–actinolite facies) in the chlorite zone (CHZ), 425–455
°C and 0.7–0.9 GPa (greenschist facies) in the garnet zone
(GTZ), 495–545 °C and 0.8–1.0 GPa (epidote amphibolite
facies) in the albite–biotite zone (ABZ), and 585–635 °C
and 0.9–1.1 GPa (epidote amphibolite facies) in the oligo-
clase–biotite zone (OBZ) (Enami 1983; Enami et al. 1994;
Wallis et al. 2000). Some of the high-grade rocks in central
Shikoku experienced eclogite-facies metamorphism (eclogite
unit; Wallis and Aoya 2000; Endo et al. 2009, 2012; Kouketsu
et al. 2014a; Yoshida et al. 2021). Peak temperatures obtained
using Raman analyses of carbonaceous matter in metasedi-
ments from the Sanbagawa belt have yielded broadly consis-
tent results with those estimates, although there is some spa-
tial heterogeneity even within the same metamorphic zones
(Kouketsu et al. 2021). Higher peak temperatures (˜500 °C)
have been reported in some parts of the GTZ, and lower peak
temperatures (˜400 °C) in some parts of the ABZ (Kouketsu
et al. 2021).

The Sanbagawa belt contains pelitic, psammitic, and mafic
schists along with minor metachert, and is the result of the
subduction of an oceanic sedimentary sequence that was de-
posited on basaltic oceanic crust. In addition, there are nu-
merous ultramafic blocks and bodies (peridotite, serpentinite,
and tremolite schists), centimeters to kilometers in scale, in
the parts of the belt that are higher in grade than the CHZ or
around the boundaries between the CHZ and GTZ (Kunugiza
et al. 1986; Banno 2004; Aoya et al. 2013; Mizukami et al.
2014; Hirauchi et al. 2021; Okamoto et al. 2021). These are
thought to be blocks of paleo-mantle wedge that became in-
corporated into the subduction complex that formed along the
Cretaceous Eurasian margin (Aoya et al. 2013).

We investigated an ultramafic body in the Tomisato dis-
tinct, central Shikoku, Japan (the Tomisato ultramafic body;
33°53’46.1”N 133°28’55.7”E; Fig. 1a–b). The body is lo-
cated in the GTZ, closed to the boundary with the ABZ (Fig.
1b). The peak P− T conditions in this region are estimated

to have been 1.0–1.1 GPa and 500–550 °C (Okamoto and
Toriumi 2005), slightly higher than those estimated for the
GTZ. The depleted compositions of Cr-rich spinel in the ser-
pentinite from Tomisato distinct suggest that the Tomisato ul-
tramafic body originated in the mantle wedge rather than in
the subducting slab (Hirauchi et al., 2021). Hirauchi et al.
(2021) described block-in-matrix structures in antigorite ser-
pentinite from the Tomisato ultramafic body and proposed that
the antigorite in the matrix was oriented favorably for slip de-
formation by dislocation creep. Our study focused on chem-
ical exchange between the pelitic schist and serpentinite that
may have occurred after the initial deformation.

III. METHOD

The minerals were examined in thin sections cut perpen-
dicular to the foliation and parallel to the lineation. The
compositions of the minerals were analyzed using an elec-
tron probe microanalyzer (EPMA; JEOL JXA-8200) at JAM-
STEC, Yokosuka, Japan, using an accelerating voltage of
15 kV and a beam diameter of 1–5 μm. The beam current
was 1–10 nA for quantitative analysis, and 50 nA for ele-
ment maps. Wollastonite (Si, Ca), rutile (Ti), corundum (Al),
hematite (Fe), MnO, periclase (Mg), albite (Na), sanidine (K),
and Cr2O3 standards were used for calibration. ZAF correc-
tions were applied to convert raw data to wt.%. Amphibole
compositions were calculated using the method of Dale et al.
(2005) and classified according to the scheme of Leake et al.
(2003).

Mineral phase maps and quantitative elemental maps were
made using XMapTools (Lanari et al. 2014). Mineral phase
maps were generated from EPMA elemental maps over areas
of >2000 × 2000 μm with a beam diameter of 10 μm and were
used to estimate the modal abundance of each phase.

To determine the porosity and density of the samples, we
used the triple weighing method (e.g., Dullien 1992). This
involved drying the samples in an oven to obtain their dry
mass (Mdry), and then measuring their mass when saturated
with water while in air (Msat ) and in water (Mim). The poros-
ity (φ ) and density (ρ) of the samples were calculated us-
ing the equation φ = (Msat − Mdry)/(Msat − Mim) and ρ =
ρwMdry/[(1−φ)(Msat −Mim)], where ρw is the density of wa-
ter. The porosity and density were determined for three rock
specimens per sample (10-50 g), and the measurements were
repeated three times. The precision of the density measure-
ments was <0.8%.

The whole-rock major and minor element (V, Cr, Ni, Cu,
Zn, As, and Sn) compositions of the samples were determined
using a wavelength-dispersive X-ray fluorescence spectrome-
ter (WDXRF; Rigaku RIX2100) and an energy dispersive X-
ray fluorescence spectrometer (EDXRF; PANalytical Epsilon
5), respectively, at Tohoku University, Sendai, Japan. For
WDXRF analyses of major element compositions, glass disks
of the samples were prepared. Six grams of powder from each
sample was heated at 105 °C for 3 h to remove moisture. The
major element analyses excluded volatile contents, and loss on
ignition (LOI) values were determined by heating the samples
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FIG. 1. (a) Geological map showing the metamorphic zones of the Sanbagawa metamorphic belt, central Shikoku, Japan (modified after
Higashino 1990; Mouri and Enami 2008; Mori and Wallis 2009; Kouketsu et al. 2010). The bold red rectangle indicates the study area,
enlarged in (b). The inset map shows central Shikoku and the Sanbagawa metamorphic belt (Sb; Wallis et al. 2020). (b) Geological map of
the survey area. The green and black circles show the occurrence of mafic schist and ultramafic rock, respectively (after Okamoto and Toriumi
2005). (c) Plan view photograph of the ˜20 m wide Tomisato ultramafic body taken by drone (DJI Mavic pro). The yellow dotted lines indicate
lithological contacts. The red box indicates the pelitic schist–ultramafic rock boundary investigated in this study.

at 950 °C for 6 h. Glass disks were prepared by heating 5.4 g
of flux (49.5% LiBO2, 49.5% Li2B4O7, and 1% LiBr) and 0.6
g of sample in a muffle furnace at 1050 °C. The glass disks
were irradiated using X-rays from an Rh anode tube with an

accelerating voltage of 75 kV and a beam current of 8 mA.
For EDXRF analyses of minor element compositions, pressed
pellets were prepared from the samples. A polyvinyl chlo-
rite ring sample holder (3 cm in diameter and 0.5 cm thick)
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was used. Each pellet was pressed at 100, 150, and 200 MPa
for 1 min each. An acceleration voltage of 75–100 kV and a
beam current of 6–8 mA were used during the analyses. The
Igneous Rock Series (Geological survey of Japan; GSJ) and
26 geological and environmental standard reference materials
(Yamasaki et al. 2011) were used as reference standards dur-
ing the WDXRF and the EDXRF analyses.

Trace element [14 rare earth elements (REEs), Ba, Th,
Nb, Y, Hf, Ta, U, Pb, Rb, Cs, Sr, Sc, and Zr] compositions
of the samples were determined using inductively coupled
plasma–mass spectrometry (ICP–MS; Agilent 7700) at the
GeoAnalytical Lab, Washington State University (WSU). The
preparation techniques are described in detail by Steenberg
et al. (2017). Powdered samples were mixed with an equal
amount of lithium tetraborate flux (typically 2 g), placed in
a carbon crucible, and fused at 1000 °C in a muffle furnace
for 30 min. After cooling, the fused bead was ground briefly
in a carbon steel ring mill and a 250 mg portion was placed
in a 30 ml screw-top Teflon PFA vial for dissolution. This
consisted of a first evaporation with 2 ml HNO3, 6 ml HF,
and 2 ml HClO4 at 110 °C. After evaporating to dryness, the
sample was wetted, and the sides of the vial were rinsed with
a small amount of water before a second evaporation with 2
ml HClO4 at 160 °C. After the second evaporation, the sam-
ples were dissolved in ˜10 ml of water, 3 ml HNO3, 5 drops
of H2O2, and 2 drops of HF, and warmed on a hot plate until
a clear solution was obtained. The solutions were then ana-
lyzed by ICP–MS. The long-term coefficient of variation of
ICP–MS at WSU is <2% for Ce, Pr, Nd, Tm, Yb, Y, Hf, Sr
and U; <4% for La, Gd, Er, Lu, Ba, Pb, Rb, Th, Ta, Cs, Sc,
and Zr; <6% for Sm and Eu; and <10% for Tb, Dy, Ho,
and Nb (Steenberg et al., 2017). The Eu anomaly (Eu/Eu*)
was calculated as EuCN/[SmCNGDCN]

0.5 (McLennan 1989),
where the subscript CN indicates normalization to chondrite.

Raman spectroscopy (Nanophoton RAMANtouch) was
conducted using a 532 mm laser and a 1200 mm−1 grating
at JAMSTEC. The Raman peak position was calibrated us-
ing a silicon wafer (520.7 cm−1). The Raman spectroscopy
on carbonaceous material (RSCM) thermometer was used to
estimate the peak temperature of the metasedimentary rocks
associated with the ultramafic rocks. For RSCM, the laser
power at the sample surface was set to 1–3 mW. We followed
the analytical procedure described by Beyssac et al. (2002,
2003, 2007). The degree of graphitization of carbonaceous
matter (CM) was evaluated by the relative areas of the G, D1,
and D2 Raman bands. The R2 ratio [R2 = D1/(G + D1 + D2)]
was converted to temperature using the RSCM thermometer
of Beyssac et al. (2002, 2003, 2007). The intrinsic error in the
thermometer related to the petrological data used for calibra-
tion is 50 °C and its precision is ˜15 °C (Beyssac et al. 2007).
The peak pressures experienced by the metasedimentary rocks
were estimated using the quartz-in-garnet (QuiG) elastic geo-
barometer, which uses the shift in frequency in Raman spectra
from quartz grains that are completely enclosed in garnet. For
QuiG geobarometry, Raman spectra were collected from pol-
ished sections (<50–100 μm thickness) using a laser power of
5–10 mW at the surface. During the Raman analysis, quartz
inclusions near cracks or exposed at the surface of the thin

section were avoided. The centers of quartz inclusions with
diameters of ˜10 μm were measured to reduce the interfer-
ence from the host garnet (Enami 2012). Frequency shifts
in the quartz Raman spectra were estimated using Δω1 val-
ues (Δω1 = ω1(standard)−ω1(sample), where ω1(standard)
and ω1(sample) are the difference in the position of the peaks
near 464 and 205 cm−1 in the standard and sample spectra).
The Δω1 values were used to estimate pressures, employing
the P−T relationship proposed by Kouketsu et al. (2014b).

IV. RESULTS

A. Tomisato serpentinite and reaction zone

The Tomisato ultramafic body is exposed over an area of
˜20 × 30 m across the Dozangawa river (Fig. 1c). The long
axis of the serpentinite body is subparallel to a mineral lin-
eation in the surrounding pelitic schists. The ultramafic body
contacts with the pelitic schist along the northern boundary,
whereas it contacts with the mafic rock along the southern
boundary (Fig. 1c). These boundaries are clearly recog-
nized in the outcrop (Fig. 1c). Detailed descriptions of ser-
pentinite from the Tomisato ultramafic body have been pre-
sented by Hirauchi et al. (2021). Between the serpentinite
and pelitic schist, a sequence of metasomatic reaction zones
(˜100 cm thick) is developed in both the metapelite and ultra-
mafic rock (Fig. 2a), comprising pelitic schist, albite schist,
muscovite rock, chlorite rock, tremolite schist, talc schist,
talc+serpentine rock, and serpentinite. The boundary between
the pelitic and albite schists is not clear in the outcrop (Fig.
2a). Foliation in the muscovite and chlorite rocks is not clear
in the outcrop, and the boundary between the albite schist and
the muscovite rock is sharp with no evidence of faulting (Fig.
2b). In contrast, faults are observed along the boundaries be-
tween (i) the chlorite rock and the tremolite schist, and (ii)
the tremolite and talc schists (Fig. 2a). The talc schist oc-
curs as lenses between the tremolite schist and talc+serpentine
rock (Fig. 2a). In the talc+serpentine rock, dark green an-
gular serpentinite clasts are cut by a network of talc veins
(Fig. 2c). With increasing distance from the boundary with
the metapelite, the proportion of talc veins decreases and that
of the light green serpentine matrix increases. The serpentinite
located far from the pelitic schist has a typical block-in-matrix
structure, composed of dark green massive serpentine blocks
enclosed in a light green serpentine matrix (Fig. 2d; Hirauchi
et al. 2021). A pervasive branching talc vein network is de-
veloped in the talc+serpentine rock (Fig. 2c, S1). The albite
schist contains several veins that intersect the foliation at a
high angle (>60°; Fig. 2b). The muscovite rock and the chlo-
rite rock contain no visible veins in the field (Fig. 2b). We
collected 21 samples across the reaction zone (Table 1). Min-
eral assemblage in each lithology and representative mineral
phase map were shown in Fig. 3a and Fig. 3b–f, respectively.

The pelitic schist is composed of quartz (25 vol.%) + pla-
gioclase (31 vol.%) + muscovite (29 vol.%) + epidote (3
vol.%) + garnet (2 vol.%) + chlorite (5 vol.%) + amphibole
(<1 vol.%) with accessory titanite, tourmaline, apatite, and
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FIG. 2. (a) Photograph of the pelitic schist–ultramafic rock boundary. The white dashed lines indicate faults, and red rectangles show the
locations of (b) and (c). (b) Photograph of the albite shist, muscovite rock, and chlorite rock. (c) Photograph of the talc+serpentine rock. (d)
Photograph of the less-metasomatized serpentinite located far from the pelitic schist, composed of serpentine blocks and matrix.

rutile (Figs. 3a–b, 4a; Table 2). The schistosity is defined by
the shape preferred orientation of chlorite and muscovite, and
the lineation is defined by the shape preferred orientation of
amphibole. Quartz and plagioclase occur in the granoblastic
matrix (˜0.1–1 mm). Garnet occurs in the pelitic schist as sub-
hedral, partially resorbed porphyroblasts (0.5–1 mm; Figs. 3b,
4a; Fig. S2a, b), and contain inclusions of quartz, epidote, and
titanite. Garnet crystals experienced less chloritization com-
pared to those in the albite schist and the muscovite rock and
have a range of fracture densities, from unfractured (Fig. S2b)
to moderately fractured (Fig. 3a; Fig. S2a, b). Amphibole
occurs as acicular grains (0.1–1 mm), with c-axes commonly
aligned parallel to the foliation and lineation (Fig. S3a–b).
Epidote occurs as idiomorphic grains (˜0.1 mm). Chlorite oc-
curs as greenish flaky crystals and as pseudomorphs after gar-
net. Biotite has not been observed. CM occurs mainly as
inclusions in albite and garnet, or forms CM-rich layers that
are 0.1–0.5 mm thick and oriented subparallel to the foliation
(Fig. S2a, b).

The albite schist is ˜30 cm thick and composed of plagio-
clase (60–80 vol.%) + chlorite (7–13 vol.%) + stilpnomelane

(2–6 vol.%) with minor quartz, amphibole, muscovite, apatite,
garnet, and titanite (Figs. 3a, c, d, 4b, S4a, S5a, b; Table 2).
The schistosity is defined by the shape preferred orientation of
chlorite, amphibole, and muscovite. Plagioclase occurs in the
granoblastic matrix. CM occurs in plagioclase cores, but not
in rims (Fig. S5a, b). Quartz also occurs in the granoblastic
matrix but sometimes occurs locally as inclusions in plagio-
clase. Garnet (˜0.2 mm) is rare in the albite schist due to ex-
tensive chloritization that has formed pseudomorphs (Fig. 4b;
Fig. S5a, b). Amphibole occurs as acicular grains (0.2–0.5
mm) that are colorless under the microscope, and is com-
monly elongated parallel to the foliation; however, it is absent
in some samples. Stilpnomelane occurs as brownish acicular
and flaky crystals (˜0.5 mm) with random orientations filling
space in the granoblastic plagioclase matrix. Some amphibole
rims are cut by stilpnomelane crystals (Fig. S3c, d), suggest-
ing that stilpnomelane growth postdated that of amphibole.

The high-angle veins in the albite schist are lenticular with
widths of ˜0.5–10.0 mm (Fig. 2b). The thick high-angle veins
(˜10 mm in width) are composed of quartz with minor stilp-
nomelane. Quartz grains are commonly euhedral to subhe-
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FIG. 3. (a) Mineral assemblages across the pelitic schist–ultramafic rock boundary. The black bar indicates the phase that present at the
peak P–T, whereas the gray bar indicates the phase formed at retrogression stage. (b–f) Representative mineral distribution maps. (b) Mineral
distribution map for the pelitic schist (sample 150808S1). (c) Mineral distribution map for the albite schist (sample 150808S2). (d) Mineral
distribution map at interface of albite schist (sample 170808S1a up) and muscovite rock (sample 170808S1a low). (e) Mineral distribution
map at interface of muscovite rock (sample 170808S1b up) and chlorite rock (sample 170808S1b low). (f) Mineral distribution map of
chlorite rock (sample 170808S1c). The left and right sides of Fig. 3d–f are the pelitic schist side and serpentinite side, respectively. Mineral
abbreviations are after Whitney and Evans (2010).

dral (0.1–10.0 mm). Stilpnomelane occurs as brownish acic-
ular and flaky crystals, as also observed in the host rock. By
contrast, the thin (˜0.5 mm in width) high-angle veins consist
predominantly of albite with minor chlorite (Fig. 3d). The

albite crystals in the veins are optically continuous with wall
rock grains of the same mineral and are elongated with long
axes perpendicular to the vein wall. The chlorite in the veins
is greenish under plane-polarized light. The muscovite rock
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FIG. 4. Photomicrographs of rocks from the Tomisato area. (a) Pelitic schist, (b) albite schist, (c) muscovite rock, and (d) chlorite rock (all
under plane-polarized light). (e) Tremolite schist under cross-polarized light. (f) Talc schist under cross-polarized light. Serpentine occurs as
patches in the talc matrix. Both elongated serpentine and block serpentine are overprinted by talc (as indicated by white arrow). The elongated
serpentine is relict of matrix serpentine in the serpentinite. (g) Talc+serpentine rock under plane-polarized light. Serpentine is replaced locally
by chlorite. The talc overprints the elongated serpentine (as indicated by white arrow). (h) Talc+serpentine rock under plane-polarized light.
The elongated serpentine overprints talc (as indicated by white arrow). (i) Talc+serpentine rock under plane-polarized light. (j) Serpentinite
under cross-polarized light.

is ˜20 cm thick and composed of muscovite (75–84 vol.%) +
epidote (6–10 vol.%) + garnet (<1 vol.%) + chlorite (8–13
vol.%), with accessory titanite, apatite, and rutile, and con-
tains veins of chlorite + plagioclase oriented at a high angle to
the foliation (Figs. 3a, d, e, 4c; Table 2). The boundary be-
tween the albite schist and muscovite rock is sharp under the
microscope (Fig. 3d). The schistosity of the muscovite rock
is defined by the shape preferred orientation of muscovite,
chlorite, epidote (0.1–0.5 mm), and titanite (<0.1 mm; Fig.
4c), although this is not clear in the field (Fig. 2b). CM has
not been observed in the muscovite matrix, but occurs locally
as inclusions in garnet. Garnet crystals are anhedral, 0.2–0.5
mm in diameter, and extensively resorbed, with portions of
their rims being replaced by chlorite (Fig. S6a). Crystals lo-
cated near veins are strongly fractured and replaced by chlo-
rite (Fig. 4c; Fig. S6b, c). Garnet is boudinaged in one sample

(150808S1a low), with the segments between boudins being
filled with plagioclase and chlorite (Fig. S6c).

High-angle sigmoidal veins of ˜1 mm in width occur in the
muscovite rock (Figs. 3d, e, 4c, S6b, c), although they are not
clear in the field (Fig. 2b). The veins consists of chlorite + al-
bite in areas close to albite schist (Figs. 3d, 4c) and of chlorite
in areas close to chlorite rock (Fig. 3e). The chlorite in the
veins is greenish under plane-polarized light (Figs. 4c, S6b),
and the albite crystals in the veins (˜0.5 mm) are anhedral with
wormy rims (Figs. 4c, S6b).

The chlorite rock is ˜20 cm thick and composed predomi-
nantly of chlorite (70–98 vol.%) along with epidote (<1–22
vol titanite, and apatite (Figs. 3a, e, f, 4d; Table 2). The
boundary between the muscovite and chlorite rock is sharp
under the microscope (Fig. 3e). The schistosity is defined
by the mineralogical layering and weakly aligned chlorite, al-
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though this is not clear in the field (Fig. 2b). The chlorite-
dominated zone lacks CM and garnet. The chlorite is dark
gray under cross-polarized light and occurs as equigranular
grains elongated parallel to the foliation. Subhedral epidote
(0.1–1.0 mm), apatite, and fine-grained titanite crystals occur
in the chlorite matrix (Figs. 3e, 4d). Epidote was observed
in the chlorite rock adjacent to the muscovite rock but has not
been observed in the chlorite rock adjacent to the tremolite
schist (Fig. 3e, f). The tremolite schist is ˜20 cm thick and
composed of spinel crystals (<1 vol.%) of ˜1.0 mm in diam-
eter enclosed in a matrix of tremolite (67 vol.%) and chlorite
(33 vol.%; Figs. 3a, 4e, S4b, S7a, b; Table 2). Tremolite oc-
curs as aggregates of small idiomorphic crystals and as large,
randomly orientated acicular crystals (0.1 – 1.0 mm; Figs. 4e,
S7a, b). Chlorite is olive or dark green under plane-polarized
light. Spinel has been mostly replaced by chlorite (Fig. S7a).
Serpentine was not observed in the tremolite schist.

The talc schist is ˜30 cm thick and composed of spinel (<1
vol.%; ˜1 mm) enclosed in a talc (64–79 vol.%) matrix, along
with chlorite (21–34 vol.%) and occasional tremolite patches
(Figs. 3a, 4f, S4c, S7c, d; Table 2). Talc crystals are elongated
parallel to the foliation (Fig. S7c, d). The chlorite is dark blue
under cross-polarized light and occurs as patchy crystals. The
talc + chlorite matrix contains blocks composed of equigranu-
lar aggregates of serpentine and elongated serpentine crystals
(Fig. 4f).

The talc+serpentine rock is composed of talc (13–42 vol.%)
+ serpentine (antigorite; 50–86 vol.%) with minor spinel
(Figs. 3a, 4g–i, S4d; Table 2). Talc veins are associated
with elongated coarse-grained serpentine (Fig. 4g–i). The
talc overprints the elongated serpentine (Fig. 4i), and some-
times the elongated serpentine overprint talc (Fig. 4h). The
modal abundance of the serpentine blocks decreases from the
serpentinite towards the talc schist. Serpentine + chlorite +
spinel blocks (1 – 10 mm) are separated by talc veins (Fig.
4i), and the talc+serpentine rock grades into talc schist that is
devoid of serpentine blocks.

The serpentinite is composed of serpentine (antigorite; >95
vol.%) with minor spinel (Figs. 3a, 4j; Table 2). Serpentine
blocks consist of aggregates of equigranular grains. The ser-
pentine in the matrix occurs as aggregates of coarse (<1 mm)
elongated grains (Fig. 4j). Raman spectra show that the ser-
pentine in both the blocks and matrix is antigorite. No relict
olivine occurs in the serpentinite. The lack of orthopyrox-
ene, clinopyroxene, and their pseudomorphs suggests that the
protolith was a dunite. Spinel (˜1 mm) and pentlandite are
observed as minor phases; spinel grains are observed only in
the serpentine blocks, whereas pentlandite grains are observed
only in the matrix.

B. Mineral cheimstry

Representative mineral compositions are listed in Table 3.

1. Plagioclase

Plagioclase crystals in the pelitic schist, albite schist, and
bleached rock have similar compositions, close to pure albite
[XAb = atomic Na/(Na + Ca) = 0.99].

2. Epidote

Epidote crystals in the pelitic schist, albite schist, muscovite
rock, and chlorite rock are clinozoisite. The XPst [atomic
Fe3+/(Fe3++Al)] values of the epidote are 0.06–0.23.

3. Garnet

Compositional zoning was observed in garnet crystals in
the pelitic schist. Garnet XSps [atomic Mn/(Fe + Mn + Mg
+ Ca)] values decrease and XPrp values increase from cores
(XSps = 0.43, XPrp = 0.02) to rims (XSps = 0.10, XPrp = 0.05;
Fig. 5a, b). Fe contents increase monotonously from cores
(XAlm = 0.36) to rims (XAlm = 0.62; Fig. 5a, b). Ca contents
increase from cores (XGrs = 0.26) to the middle parts of the
crystals (XGrs = 0.36), then decrease towards the rims (XGrs =
0.27; Fig. 5a, b).

In the muscovite rock, the XSps values of the garnet crystals
decrease from cores (0.30) to the inner rims (0.15), then de-
crease further in the outer rims (0.15; Fig. 5a, c). The XPrp and
XAlm values increase from cores (XPrp = 0.02, XAlm = 0.36) to
the inner rims (XMg = 0.04, XAlm = 0.51), then decrease in the
outer rims ( XPrp = 0.02, XAlm = 0.40; Fig. 5a, c). XGrs val-
ues decrease systematically from cores (0.32) to the inner rim
(0.26; Fig. 5a, c). At the outer rim, they show a discontinuous
increase (XGrs = 0.40).

4. Chlorite

Chlorite compositions were estimated by normalizing to 14
oxygens, and show a wide range (Fig. 6a, b). The chlorite in
the pelitic and albite schists yields similar compositions, with
Si contents of 2.65–2.92 apfu, Al(IV) contents of 1.07–1.34
apfu, and atomic Mg/(Mg + Fe) ratios of 0.35–0.48. The com-
positions of most of the chlorite crystals in the muscovite rock
are similar to those in the pelitic schists [Si = 2.65–2.83 apfu,
Al(IV) = 1.16–1.35 apfu, Mg/(Mg + Fe) = 0.40–0.48], but
those close to the chlorite rock have elevated Mg/(Mg + Fe)
ratios (0.50–0.61; Fig. 6a). Chlorite crystals in the chlorite
rock have high Mg/(Mg + Fe) ratios (0.68–0.76). Overall,
chlorite XMg values increase with distance from the pelitic
schists (i.e., with decreasing distance to the tremolite schist;
Fig. S8). Chlorite crystals in the tremolite schist, talc schist,
and talc+serpentine rock are supersilic (Si >3.0 apfu) with el-
evated Mg/(Mg + Fe) ratios (0.82–0.88; Fig. 6a).

The chlorites can be divided two clusters on the basis of
their Cr and Mn contents: low-Cr (<0.05 apfu), high-Mn
(0.01–0.07 apfu) chlorite, and high-Cr (0.01–0.35 apfu), low-
Mn (0.01–0.02 apfu) chlorite (Fig. 6b). The chlorite in the
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FIG. 6. Composition of chlorite crystals. (a) Si content versus Mg/(Mg + Fetot) ratio. (b) Mn versus Cr contents.

pelitic schist, albite schist, muscovite-rich rock, and chlorite
rock are low-Cr, high Mn chlorite, whereas those in the tremo-
lite schist, talc schist, and talc+serpentine rock are high-Cr,
low-Mn chlorite.

5. Amphibole

Amphibole crystals in the pelitic schist are calcic amphi-
bole and show compositional zoning, with cores mostly of
edenite, magnesio-, or ferro-hornblende and rims of actinolite
(Fig. S3a, b). Amphibole crystals in the albite schist are also
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calcic amphibole, with magnesio- or ferro-hornblende cores
and actinolite rims (Fig. S3c, d).

Amphibole crystals in the tremolite schist and talc schist are
calcic amphibole, and their compositions (XMg = 0.85–0.91)
indicate that they are actinolite and tremolite. The amphibole
is crosscut by later stilpnomelane crystals (Fig. S3c, d). The
Na contents in the M4 site and Al contents in the T1 site in the
amphibole crystals in the pelitic schist decreased from 0.31 to
0 and 1.40 to 0.06, respectively, from amphibole core to rim
(Fig. S3e).

6. Talc

The compositions of the talc in talc schist and
talc+serpentine rock are similar, with XMg values of
0.93–0.95.

7. Serpentine (Antigorite)

Serpentine compositions were estimated by normalizing to
seven oxygens. Serpentine from the blocks in the serpentinite
far from the pelitic schist has low Al contents (<0.05 apfu)
and XMg values of 0.91–0.96 (Fig. 7a). The serpentine blocks
in the talc schist and talc+serpentine rock have lower XMg

values (0.80–0.85 and 0.83–0.92, respectively; Fig. 7a) and
higher Al contents (0.05–0.50 apfu; Fig. 7b) than the blocks in
the serpentinite. The composition of serpentine blocks in the
serpentinite can be explained by a combination of the diocta-
hedral substitution [3R2+(2R3+ �)−1 (R3+ is Fe3+ or Al3+)]
and the mixing with talc (Fig. 7b). By contrast, the compo-
sition of serpentine blocks in the talc schist can be explained
by Tschermak substitution [AlAl(Mg, Fe2+)−1Si−1; Fig. 7b].
The composition of serpentine blocks in the talc+serpentine
rock can be explained by a combination of the Tschermak sub-
stitution, the dioctahedral substitution, and the mixing with
talc (Fig. 7b). These observations suggest the occurrence of
fine talc intergrowths within the analytical spots of the ser-
pentine block in the talc+serpentine rock and the serpentinite
(e.g., Katayama et al. 2010; Beard and Frost 2017). The ser-
pentine blocks have lower XMg values and higher Al contents
where located closer to the pelitic schist, suggesting that the
infiltration of metasomatic fluid and dissolution–precipitation
modified the composition of the serpentine blocks close to the
boundary.

The talc+serpentine rock and serpentinite have a serpentine
matrix. The matrix serpentine in the serpentinite located far
from the pelitic schist has low Al contents (<0.08 apfu) and
XMg values of 0.86–0.98, whereas that in the talc+serpentine
rock is slightly enriched in Al (0.02–0.14 apfu) and has low
XMg values (0.84–0.96; Fig. 7c). The serpentine in the ma-
trix shows compositional zoning, from high-XMg (0.96) cores
to low-XMg (0.90) rims. The compositions of the serpentine
matrix in the serpentinite can be explained by a combination
of the dioctahedral substitution and the mixing with talc (Fig.
7d), while those in the talc + serpentine rock can be explained

by a combination of the dioctahedral substitution and the mix-
ing with talc (Fig. 7d). The fine talc intergrowths would exist
within the analytical spots of the serpentine matrix in both the
talc+serpentine rock and the serpentinite.

8. Spinel

The spinel composition was estimated by normalizing to
seven oxygens and five cations. Spinel crystals in the tremo-
lite schist, talc schist, and talc+serpentine rock is chromite
with atomic Cr/(Cr + Al) ratios of 0.96–0.99 and Mg/(Mg +
Fe2+) ratios of 0.01–0.04. Spinel crystals in the serpentinite
have spinel cores, ferritchromite mantles, and magnetite rims
(Hirauchi et al. 2021).

C. Whole-rock compositions of the reaction zone

A summary of the whole-rock chemistry is provided in Ta-
ble 4. In a transect across the reaction zones, whole-rock SiO2

contents decrease from 65 to 28 wt.% from the pelitic schist to
the albite schist, muscovite rock, and chlorite rock, and then
increase in the tremolite schist and talc schist (48–56 wt.%)
before decreasing again in the talc+serpentine rock and ser-
pentinite to 42 wt.% (Fig. 8). The Al2O3 contents of the
pelitic schist, albite schist, muscovite rock, and chlorite rock
(15–29 wt.%) are higher than those of the tremolite schist,
talc schist, talc+serpentine rock, and serpentinite (<5 wt.%).
The Fe2O3 contents decrease from 5.0 wt.% in the pelitic
schist to 3.2–4.2 wt.% in the albite schist, then increase to
7.2 wt.% in the muscovite schist and 17.4–18.0 wt.% in the
chlorite rock (Fig. 8). The Fe2O3 contents of the tremolite
schist, talc schist, talc+serpentine rock, and serpentinite are
relatively consistent (4.9–7.8 wt.%; Fig. 8). The MgO con-
tents of the pelitic schist, albite schist, and muscovite rock
are low (1.7–3.5 wt.%), and increase monotonically from the
chlorite rock (18.7–20.9 wt.%) to the serpentinite (35.9–37.9
wt.%; Fig. 8). The Na2O contents of the albite schist (5.4–9.3
wt.%) are higher than those of the pelitic schist (3.5 wt.%)
and other lithologies (0.0–0.4 wt.%; Fig. 8). The K2O con-
tents decrease from 2.8 wt.% in the pelitic schist to 1.7–1.9
wt.% in the albite schist, then increase to 8.6 wt.% in the mus-
covite schist, and are <0.1 wt.% from the chlorite rock to the
serpentinite (Fig. 8). The CaO contents decrease from 1.1
wt.% in the pelitic schist to 0.7 wt.% in the albite schist, then
increase to 1.5 wt.% in the muscovite rock (Fig. 8). The chlo-
rite rock yields CaO contents of 0.9–2.1 wt.%, and the tremo-
lite schist have CaO contents of 6.9 wt.%. The talc schist,
talc+serpentine rock, and serpentinite have CaO contents of
0.1–0.2 wt.%.

Ni, Cr, and Zr content showed a marked contrast between
lithologies; Ni content of the pelitic schist, albite schist, mus-
covite rock, and chlorite rock are 20 – 62 mg/kg, whereas
those of tremolite schist, talc schist, talc+serpentine rock, and
serpentinite are significantly higher (1718 – 2595 mg/kg; Ta-
ble 4); Cr content of the pelitic schist, albite schist, muscovite
rock, and chlorite rock are 18 – 101 mg/kg, whereas those of
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tremolite schist, talc schist, talc+serpentine rock, and serpen-
tinite are significantly high (1713 – 9286 mg/kg; Table 4); Zr
content of the pelitic schist, albite schist, muscovite rock, and
chlorite rock are 165 – 274 mg/kg, whereas those of tremolite
schist, talc schist, talc+serpentine rock, and serpentinite are
under detection limit (<˜10 mg/kg; Table 4). Bulk rock Ti/Cr
mass ratio of the pelitic schist, albite schist, muscovite rock,
and chlorite rock are 69.90 – 131.38, whereas those of tremo-
lite schist, talc schist, talc+serpentine rock, and serpentinite
are 0.00 – 0.04 (Table 4).

The trace element contents of the pelitic schist, albite schist,
muscovite rock, and chlorite rock (Fig. 9a) are generally
higher than primitive mantle (PM) values, except for Ni and
Cr. The Cs, Rb, and Ba contents are variable. The chlorite
rock yielded Cs contents of 1–10 × PM, and the pelitic schist,
albite schist, and muscovite rock yielded Cs contents of >100
× PM. The chlorite rock yielded Rb contents similar to those
of PM, whereas Rb is enriched in the pelitic schist (200 × PM),
albite schist (6–100 × PM), and muscovite rock (500 × PM).
The chlorite rock yielded Ba contents of 0.1–1 × PM, whereas
Ba is enriched in the pelitic schist (60 × PM), albite schist
(10–60 × PM), and muscovite rock (600 × PM). The REE
contents of the pelitic schist, albite schist, muscovite rock, and
chlorite rock (Fig. 9b) are >10 times higher than chondritic

values, with the light REEs (LREEs) being enriched relative to
the heavy REEs (HREEs; LaCN/LuCN = 6.8–10.4). The HREE
patterns of the albite schist and muscovite rock are flat, but the
HREEs in the chlorite rock are depleted relative to the middle
REEs (MREEs). Negative Eu anomalies were observed in the
pelitic schist, albite schist, muscovite rock, and chlorite rock
(Eu/Eu* = 0.43–0.93; Table 3).

The tremolite schist, talc schist, talc+serpentine rock, and
serpentinite (Fig. 9c) are enriched in Cs relative to PM (<18
× PM). Enrichment in Pb was observed in the tremolite rock,
one sample of talc+serpentine rock (150808S8), and serpenti-
nite. U (<5 × PM) and Th (<3 × PM) are slightly enriched in
the tremolite rock, one talc schist sample (150808S7), and the
talc+serpentine rock. Sr contents are close to PM values, but
low in the talc schist, talc+serpentine rock, and serpentinite
(<0.04 PM). The tremolite rock, talc schist, talc+serpentine
rock, and serpentinite commonly weak LREE enrichment rel-
ative to the MREEs and HREEs on chondrite-normalized REE
diagrams (LaCN/LuCN = 2.8–6.2; Fig. 9d), with flat HREE
patterns. The tremolite rock is enriched in MREEs relative to
LREEs (SmCN/LaCN = 1.3). The tremolite schist, talc schist,
talc+serpentine rock, and serpentinite yield variable negative
Eu anomalies (Eu/Eu* = 0.07–0.39; Table 4).
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D. Geothermometry and geobarometry

The presence of plagioclase and quartz inclusions in am-
phibole shows that plagioclase and quartz coexisted during
amphibole growth (Fig. S3a), suggesting that the amphi-
bole grew in equilibrium with these minerals. The horn-
blende–plagioclase–quartz (HPQ) geothermometer (Holland
and Blundy 1994) was applied to the amphibole in the
pelitic schist. The amphibole cores and plagioclase (homoge-
nous XAb = 0.99) in the pelitic schist yields temperatures of
529–570 °C at 0.5–1.0 GPa (Table S1).

The Raman spectra from CM in the pelitic schist are char-
acterized by a pronounced peak at 1582 cm−1 (G band) and
a weak peak at 1351 cm−1 (D1 band; Fig. S9a). The 30 CM
analyses yielded R2 ratios of 0.10-0.35. Average R2 ratio was
0.255 ± 0.062 (1 standard deviation), which corresponds to
528 ± 28 °C. Median was 527 °C.

The Raman spectra from 23 quartz inclusions in garnet
crystals in the pelitic schist yielded Δω1 values of 4.2–9.7 with
a mode at 6.0–8.0 (mean = 7.5; Fig. S9b).

V. DISCUSSION

A. Original pelite–ultramafic rock boundary

The location of the original pelite–ultramafic rock bound-
ary is a basis to understanding elemental transfer during the
development of the metasomatic zones. The key observa-
tions are as follows. (i) Spinel grains occur in the tremolite-
and talc-bearing rocks (Figs. 3a, 4e, i) but are absent in the
pelitic schist, albite schist, muscovite rock, and chlorite rock
(Figs. 3a, 4a, d). (ii) Titanite occurs in the muscovite rock
(Fig. 4c), chlorite rock (Fig. 4d), albite schist, and pelitic
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schist, but is absent in the tremolite and talc schists (Fig.
3a). (iii) The Cr content of chlorite in the chlorite rock is
similar to that in the metapelite (92.1 and 38.5 ppm, respec-
tively; Table 4), and lower than that in the tremolite schist, talc
schist, and talc+serpentine rock (1713–9286 ppm; Table 4).
These observations suggest that the original pelite–ultramafic
rock boundary is located between the chlorite rock and the
tremolite schist. This interpretation is consistent with the
results of Okamoto et al. (2021), who observed partly- to
completely-chloritized pelitic schist at the contact with ser-
pentinite. Whole-rock Ti and Cr contents have been used
to identify the pelite-ultramafic boundary at other locations
(Sanford 1982; Maekawa et al. 2004). Maekawa et al. (2004)
proposed that the original boundary between a pelitic schist
and ultramafic rock can be identified using the whole-rock Ti

and Cr contents. Similarly, Sanford (1982) suggested that the
initial boundary is marked by a discontinuity in the Ti/Cr ratio,
which is also observed in our data (Table 3).

B. Metamorphic history and timing of metasomatism

The RSCM and HPQ thermometers yield similar tempera-
tures (528 ± 28 and 529 - 570 °C, respectively; Fig. 10a). The
two estimates are consistent with each other given the calibra-
tion error of the thermometers (50 °C in both cases).

In zoned garnet crystals in the pelitic schist, XGrs values
show an increase followed by a decrease from core to rim,
as well as a decrease in XSps values and an increase in XPrp

values from core to rim (Fig. 5a, b). The zoning patterns
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are typical of prograde garnet in pelitic schists from the San-
bagawa metamorphic belt (Banno et al. 1986; Enami 1998;
Inui and Toriumi 2002; Uno et al. 2015), showing a prograde
P−T path with the pressure peak preceding the temperature
peak (i.e., heating decompression; Enami 1998; Uno et al.
2015). Kouketsu et al. (2014a) measured the Δω1 values of
quartz inclusions in the typical prograde garnet from the San-
bagawa metamorphic rocks. They found that the inclusions
in the intermediate part of the garnet crystals had the high-
est Δω1 values (i.e., the highest pressure), followed by those
in the cores and then the rims, consistent with the prograde
P−T path of the metamorphic rocks in the Sanbagawa belt.
Therefore, within the range of observed Δω1 values (4.2-9.7
cm−1; Fig. S9b), the higher Δω1 values would correspond to
the peak pressure that occurred before the peak temperature,
and the lower Δω1 values would correspond to the pressures at
the peak temperature. When using the lower bound of the Δω1

values (4-5 cm−1; Fig. S9b), the QuiG geobarometer yields
pressures of 0.8–1.0 GPa at the peak temperature (530–570
°C). The estimated peak temperature conditions (530-570 °C
and 0.8–1.0 GPa) are higher than the typical temperatures of
the GTZ (425–455 °C and 0.7–0.9 GPa; Enami et al., 1994)
where the Tomisato ultramafic body is located (Fig. 10a), but
the estimate is similar to the P−T estimates based on amphi-
bole compositions in the mafic schists in the high-grade part
of the GTZ (500–550 °C and 0.9–1.1 GPa; Okamoto and To-
riumi 2005).

The compositional zoning of garnet can be used not only for
reconstructing P−T paths, but also for estimating the timing
of chemical changes induced by fluid infiltration (e.g., Eram-
bert and Austrheim 1993; Whitney et al. 1996; Penniston-
Dorland et al. 2014). In the muscovite rock, a metasomatized
pelitic schist, garnet zoning is characterized by decreases in
XGrs and XSps values and an increase in XPrp values from the
core to the inner rim, followed by a discontinuous increase in
XGrs in the outer rim (Fig. 5a, c). The decrease in Ca con-
tents and increase in Mg + Fe contents from garnet cores to
rims in the muscovite rock are similar to the zoning from gar-
net mantles to rims in the pelitic schist (Fig. 5a). Therefore,
XPrp and XGrs zoning (i) between the cores and rims of gar-
net in the pelitic schist and (ii) the cores and inner rims of
garnet in the muscovite rock would represent garnet growth
during continuous temperature increase and pressure transi-
tion from increase to decrease (Enami 1998). Moreover, the
grossular-rich outer rim in garnet from the muscovite rock is
absent from garnet in the pelitic schist (Fig. 5a). These obser-
vations suggest that the changes in the chemical environment
due to the metasomatism of the pelitic schist and serpentinite
occurred after the growth of the inner garnet rims. This in-
dicates that the metasomatism started at nearly peak P − T
conditions (Fig. 10a)

In summary, the core to inner rim of garnet crystals in
the muscovite rock grew while the rock was a pelitic schist
(the protolith of the muscovite rock) prior to metasomatism,
whereas the outer rim grew during the infiltration of meta-
somatic fluid. In this case, the timing of metasomatism is
defined as the time when it reached that specific part of the
rock, rather than when it began. However, several studies

have found that fluid infiltration and the subsequent formation
of reaction zones in subduction zones can occur over a very
short period, geologically speaking (e.g., Penniston-Dorland
et al. 2010; John et al. 2012; Ague 2014; Taetz et al. 2018;
Beinlich et al. 2020; Mindaleva et al. 2020, 2023; Oyanagi
et al. 2021), suggesting that the timing of metasomatic fluid
flow and the initiation of metasomatism can be considered si-
multaneous on a geological timescale.

We propose that the metasomatism of the pelite and ser-
pentinite occurred around the peak temperature conditions or
the earlier-stage of exhumation (0.8–1.0 GPa and 530–570 °C;
Fig. 10a–c). The high-angle chlorite ± albite veins cut the
metasomatic muscovite matrix (Figs. 3d, S6b, c), suggesting
that vein formation occurred after metasomatism. This inter-
pretation is supported by previous studies of the high-angle
veins that formed during the later stages of the exhumation
of the Sanbagawa metamorphic belt (Toriumi and Hara 1995;
Okamoto et al. 2008). Garnet crystals in the muscovite rock
are strongly fractured where they occur within a few millime-
ters of the high-angle veins (Figs. 4c, 5c; Fig. S6a–c), sug-
gesting localized brittle deformation of garnet related to fluid
infiltration and local stress changes. In addition, the cross-
cutting relationships between stilpnomelane and amphibole
crystals (Fig. S3c, d) suggest that stilpnomelane growth took
place after the growth of the amphibole rim. The HPQ temper-
ature estimates from the amphibole cores indicate that the am-
phibole grew at peak temperature conditions, suggesting that
stilpnomelane growth occurred during the retrograde stage.
These events would have occurred after the metasomatism
between the pelitic schist and serpentinite. Faults along the
boundaries between the chlorite rock and the tremolite schist,
and between the tremolite and talc schists (Figs. 2a, S1) also
likely developed during the later stages of exhumation.

C. Mass transfer during development of the reaction zone

Cross-cutting relationships between the serpentinite and the
products of its metasomatism suggest the following metamor-
phic and metasomatic sequence: (i) formation of antigorite
blocks, (ii) fracturing of antigorite blocks and precipitation
of a second generation of antigorite (antigorite matrix), and
(iii) metasomatism of the serpentinite and pelitic schist. In
the serpentinite, both serpentine blocks and elongated serpen-
tine crystals (i.e., serpentine matrix) were observed (Fig. 4i).
Around the boundary, talc overprints both serpentine blocks
and elongated serpentine crystals (Fig. 4f, g). This sug-
gests that metasomatism postdates the growth of the second
generation of antigorite. However, elongated serpentine crys-
tals also overprint the talc (Fig. 4h), implying that antigorite
growth continued after metasomatism. The tremolite and talc
schists are metasomatic products of the serpentinite, whereas
the albite schist, muscovite rock, and chlorite rock are meta-
somatic products of the pelite. The sequence of reaction zones
is similar to that which forms under conditions of the green-
schist to epidote-amphibolite facies (Sanford 1982; Okamoto
et al. 2021). At high metamorphic grades (amphibolite facies;
˜600 °C and 1.0 GPa), antigorite breaks down to form talc +
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forsterite in other reaction zones (Sanford, 1982).
The tremolite crystals in the tremolite rock are randomly

oriented without microscopically observable rotation (Figs.
4e, S7a, b). Similarly, there are no deformation microtex-
tures in the albite schist, muscovite rock, chlorite rock, and
talc+serpentine rock. These observations suggest that the
crystals grew under static conditions and their thickness (Ta-
ble 1) was preserved. In contrast, the talc in the matrix of
the talc schist has a strong shape-preferred orientation (Fig.
S7c–d). Such a shape preferred orientation can develop even
under low shear stresses, as talc is weak (Escartı́n et al. 2008;
Collettini et al. 2009; Viti and Collettini 2009; Nagaya et al.
2020). It is therefore uncertain whether the original thickness
of the talc schist has been preserved.

Element distribution and mass transfer during metasoma-
tism are controlled by (i) the diffusion of elements between
different lithologies and (ii) the removal or addition of ele-
ments by infiltrating fluids. Quantitative changes in the mass
of element i can be calculated as follows (e.g., Ague 2011):

Δci =
cori

re f

calt
re f

× calt
i − cori

i , (1)

where Δci is the change in the mass of element i per unit mass
of original rock, cori

re f and calt
re f are the concentrations of immo-

bile elements (the geochemical reference frame) in the orig-
inal and altered rock, respectively, and cori

i and calt
i are the

concentrations of element i in the original and altered rock,
respectively. We considered a range of values for the geo-
chemical reference frame, including upper and lower bounds,
rather than using a single value. To determine statistically sig-
nificant gains or losses of elements, we included the analytical
error in the calculations. In addition, we assumed a 5% error
in the major element contents to account for heterogeneity in
the bulk rock composition. If the content of an element is
within ±2σ of the geochemical reference frame, there is no
conclusive evidence for its gain or loss. If the content of an
element is above or below the geochemical reference frame,
this suggests it was added or lost during metasomatism, re-
spectively. Details on the selection of the geochemical refer-
ence frame and the results of the mass balance calculations are
provided in the supplementary material (Supplementary Text
1).

The results of the mass balance calculations are presented
in Figure 11. The albite schist (sample 150808S2) shows a
SiO2 gain (+18.4 to +25.2 g/100 g protolith), whereas the
other albite rock samples show no significant SiO2 changes.
The muscovite and chlorite rocks show significant SiO2 losses
(-35.3 to -41.0 and -45.4 to -52.7 g/100 g protolith, respec-
tively), with the SiO2 loss increasing in areas closer to the
tremolite schist. The albite schist and muscovite rock show no
significant change in Al2O3, whereas the chlorite rock (sam-
ple 150808S4) experienced Al2O3 loss (-4.6 to -6.2 g/100 g
protolith). Fe2O3 was lost from the albite schist (-0.9 to -
1.5 g/100 g protolith) but remained unchanged in the mus-
covite rock and increased in the chlorite rock (+3.2 to +7.9
g/100 g protolith). Little MgO was gained or lost from the
albite schist and muscovite rock, but it increased in the chlo-
rite rock (+6.3 to +13.2 g/100 g protolith), with the Fe2O3 and

MgO gains being greater in areas located closer to the origi-
nal pelite–ultramafic rock boundary. No significant change in
CaO was observed in the albite schist or muscovite rock, but
the chlorite rock (sample 170808S1c) experienced a loss in
CaO (-0.5 to -0.6 g/100 g protolith). The albite schist gained
Na2O (+3.0 to +5.6 g/100 g protolith), whereas the muscovite
and chlorite rocks lost Na2O (-3.2 to -3.4 g/100 g protolith).
K2O was lost from the albite schist (-0.9 to -2.7 g/100 g pro-
tolith) and the chlorite rock (-2.8 g/100 g protolith), but was
gained by the muscovite rock (+1.8 to +2.9 g/100 g protolith).

LOI values did not show large changes in the albite schist
(-1.4 to +1.5 g/100 g protolith), and they increased slightly
in the muscovite rock (+0.2 to +0.4 g/100 g protolith) and
increased greatly in the chlorite rock (+2.0 to +5.7 g/100 g
protolith). The change in LOI values increases from the mus-
covite to chlorite rocks, similar to the changes in SiO2, FeO,
and MgO contents, suggesting that the change in LOI values
is related to the proportion of chlorite in the reaction zone.
The metasomatic zones with a pelitic protolith decreased in
volume, with the albite schist, muscovite rock, and chlorite
rock yielding ratios of the volume of altered rock to that of the
protolith (Valt/Vori) of 0.90–1.33, 0.52–0.55, and 0.45–0.71,
respectively (Table S2). The volume changes are similar to
those observed in the chlorite-rich reaction zone formed after
pelitic schist concomitantly with the carbonation of serpenti-
nite (Valt/Vori = 0.66; Okamoto et al. 2021). The tremolite
schist lost SiO2 (-5.9 to -14.5 g/100 g protolith; Fig. 11). One
of the talc schist samples had a large gain in SiO2 (+76.3 to
+238.3 g/100 g protolith) and the other lost SiO2 (-0.5 to -
19.4 g/100 g protolith). The talc+serpentine rocks lost SiO2

(-18.5 to -29.0 g/100 g protolith). Al2O3 increased through-
out the metasomatic zones with serpentinite protoliths, by
+1.7 to +15.7 g/100 g protolith in the tremolite schist and
+1.3 to +4.8 g/100 g protolith in the talc schist, but no sig-
nificant change was seen in the talc+serpentine rock. Fe2O3

and MgO were lost from most of the metasomatic zones with
serpentinite protoliths (-1.9 to -5.5 and -14.8 to -30.1 g/100
g protolith, respectively), but one of the talc schist samples
(150808S6) showed large gains (+2.4 to +15.7 and +20.1 to
+100.0 g/100 g protolith, respectively). CaO was added to the
tremolite schist (+3.8 to +5.0 g/100 g protolith) and the talc
schist (+0.2 to +0.5 g/100 g protolith), and was lost slightly
from the talc+serpentine rock (-0.1 to 0.0 g/100 g protolith).
There was no significant change in Na2O or K2O in any of the
metasomatic zones with serpentinite protoliths. LOI values
decreased (-6.3 to -9.5 g/100 g protolith), except in one talc
schist sample (150808S6) that showed a large increase (-1.3
to +12.7 g/100 g protolith). The Valt/Vori ratios for the tremo-
lite schist, talc schist, and talc+serpentine rock are 0.52–0.69,
0.41–4.51, and 0.25–0.48, respectively (Table S2).

Most samples from the metasomatic zones in the serpenti-
nite decreased in mass and volume (Fig. S11a–f; Table S2).
However, the talc schist (150808S6) showed a significant gain
in major elements (Fig. 11), with an increases in mass of
199%–473% and volume of 190%–451% (Table S2). The
spinel is heterogeneously distributed through the talc schist,
and occurs in the talc + chlorite matrix but not in the talc ±
tremolite matrix (Fig. S7c). These observations suggest that
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FIG. 11. Results of mass balance calculations for individual reaction zones. Filled symbols indicate statistically significant changes, and open
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the talc ± tremolite matrix in the talc schist was formed by
precipitation or overgrowth in open fractures, rather than by
metasomatic replacement of serpentinite; consequently, the
bulk rock composition is not representative of the reaction
zone.

Chemical components can be transferred from adjacent
rocks, and can also be sourced from outside the system. The
overall mass balance between the metasomatic zones with
pelitic and serpentinite protoliths is given as follows:

ΔCi = ∑
j

(
calt

j,re f

cori
j,re f

)
L jρalt

j Δci, j, (2)

where cori
j,re f is the concentration of the geochemical reference

element in the protolith; calt
j,re f is the concentration of the geo-

chemical reference element in reaction zone j; ρalt
j (kg m−3

altered rock) is the density of the altered rock of reaction zone
j (Table 4); Δci, j (kg component i per kg original rock) is the

mass change of component i in the reaction zone j and was de-
termined using Equation (1); and L j (m) is the width of the re-
action zone j, constrained by field observations (Table 1). ΔCi
(kg m−2 altered rock) is the overall mass change of component
i and was calculated for lithologies where significant gain or
loss was observed (Fig. 11). One of the talc schist samples
(150808S6) was excluded because the bulk rock composition
is not representative, as discussed above.

One albite schist sample (150808S2) showed an increase in
SiO2, whereas the other sample (150808S3) showed no signif-
icant change (Fig. 11). The increase in SiO2 in the albite rock
is likely due to contamination from quartz veins that formed
during the retrogression stage; the formation of the albite rock
did not involve the transfer of SiO2. In contrast, the muscovite
rock and chlorite rock showed losses in SiO2. Using the cal-
culated losses and observed thicknesses (Table 1), the meta-
somatism of the pelitic schist released 507.5–883.7 kg m−2
of SiO2 (Fig. 12a). In contrast, the metasomatic zones in
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the serpentinite showed SiO2 loss. The metasomatism of ser-
pentinite would release SiO2; however, our observations sug-
gest the presence of thick talc layers that precipitated in open
fractures may act as a significant reservoir of SiO2 and MgO.
Because the original thickness of the precipitated talc layer
is uncertain, the overall amount of SiO2 released during the
metasomatism of serpentine is difficult to constrain. Thus, the
present study did not constrain the overall SiO2 mass transfer,
and it is unclear whether the SiO2 released from the pelitic
schist was balanced (Fig. 12a, b).

Most samples from the metasomatic zones in the pelitic
schist show no significant change in Al2O3 contents, but a
chlorite rock sample (170808S4) shows a loss of Al2O3. Us-
ing the values from the chlorite rock sample (170808S4),
we estimate that the formation of the chlorite rock released
50.3–78.2 kg m−2 of Al2O3 (Fig. 12a). In contrast, in the
metasomatic zones in the serpentinite, the tremolite and talc
schists show an increase in Al2O3 (Fig. 11). Using the calcu-
lated Al2O3 gains and the observed thicknesses (Table 1), the
formation of the tremolite and talc schists from the serpenti-
nite resulted in gains of 32.1–34.6 kg m−2 and 5.2–8.1 kg m−2

of Al2O3, respectively, resulting in a total gain of 37.3–42.7
kg m−2 of Al2O3 (Fig. 12a). More Al2O3 was released from
the pelitic schist than was added to the serpentinite, suggest-
ing that the Al2O3 added to the serpentinite was sourced from
the pelitic schist. No external source of Al2O3 was required,

and excess Al2O3 (7.6–40.9 kg m−2) may have been released
to an external system (Fig. 12a, b). In general, the solubil-
ity of Al2O3 was low. However, the release of Al2O3 from
the pelitic schist occurred along with a release of SiO2, sug-
gesting the large-scale transfer of Al2O3 may be facilitated by
the increased solubility of Al due to the formation of Si–Al
complexes (Manning 2007).

The chlorite rock samples (150808S4 and 170808S1c)
show increases in MgO, with greater increases closer to the
original boundary (Fig. 11). Based on the thickness of the
chlorite rock (Table 1) and the estimated increase in MgO
(Fig. 11), 79.0–103.0 kg m−2 of MgO was added during the
metasomatism of the pelitic schist (Fig. 12a). The metaso-
matic zones in the serpentinite show MgO loss, but the overall
MgO loss during the metasomatism of the serpentine is diffi-
cult to constrain because of the presence of a talc layer that
may have been precipitated in open fractures. However, the
formation of the tremolite schist from the serpentinite would
have resulted in 145.7–239.6 kg m−2 of MgO loss, suggesting
the metasomatism of serpentinite was a sufficient source for
the MgO added to the pelitic schist.

We observed CaO losses in the albite schist (sample
150808S3) and chlorite rock (sample 170808S1c) (Fig. 11),
which result in the release of 4.5–8.0 kg m−2 of CaO during
the metasomatism of the pelitic schist. In contrast, the tremo-
lite schist that formed from the serpentinite gained 38.6–38.9
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kg m−2 of CaO (Fig. 12a), suggesting that an external source
of CaO (30.6–34.5 kg m−2) is required to explain its CaO con-
tent (Fig. 12a, b).

The albite rock shows a gain in Na2O, while the muscovite
and chlorite rocks show losses (Fig. 11). Using the calculated
gain and the observed thickness of the albite rock, we estimate
that the formation of the albite rock from the pelitic schist
required the addition of 13.4–30.6 kg m−2 of Na2O. Similarly,
the formation of the muscovite rock and chlorite rock from the
pelitic schist resulted in the release of 14.0–17.6 kg m−2 and
25.4–43.3 kg m−2 of Na2O, respectively, resulting in a total
loss of 39.4–60.9 kg m−2 of Na2O. This suggests that the
Na2O gained by the albite rock was sourced from the Na2O
released during the formation of the muscovite and chlorite
rocks, and excess Na2O (8.8–47.5 kg m−2) may have been
released to an external system.

The muscovite rock shows a gain in K2O, while the albite
and chlorite rocks show losses (Fig. 11). Using the calculated
gain and the observed thickness of the muscovite rock, we
estimate that the formation of the muscovite rock from the
pelitic schist would have required the addition of 9.8–12.7 kg
m−2 of K2O. On the other hand, the formation of the albite
and chlorite rocks would have released 3.6–17.2 kg m−2 and
22.1–35.8 kg m−2 of K2O, respectively, resulting in a total
release of 25.7–48.5 kg m−2 of K2O. This suggests that the
K2O gained by the muscovite rock may have been sourced
from the K2O released during the formation of the albite and
chlorite rocks, and excess K2O (13.0–38.7 kg m−2) may have
been released to an external system.

The chlorite rock is similar to outcrops commonly de-
scribed as “chlorite blackwalls” (Frost 1975; Bebout and Bar-
ton 2002; Maekawa et al. 2004; King et al. 2006; Miller et al.
2009). Our mass balance calculations suggest that the chlorite
rock was formed by a gain in Fe2O3, MgO, and H2O, and loss
of SiO2, Al2O3, CaO, Na2O, and K2O from a pelitic schist,
and the MgO released by the metasomatism of serpentinite
(forming the tremolite schist, talc schist, and talc+serpentine
rock) would have been transported to the pelitic schist, form-
ing the chlorite rock. A similar mechanism (i.e., Mg meta-
somatism producing a chlorite reaction zone) has been pro-
posed for greenschist facies serpentinite–metasediment inter-
faces (Okamoto et al. 2021) and eclogite, blueschist, and ser-
pentine–metagabbro interfaces evolved throughout retrogres-
sion from eclogite to greenschist facies (Codillo et al. 2022a).
These previous studies proposed that the metasomatism of
crustal lithologies was driven by the high solubility of Mg
due to the formation of Mg(OH)2(aq) at high pressures and
temperatures (Okamoto et al. 2021; Codillo et al. 2022a).
Our study, as well as these previous studies, suggests that Mg
metasomatism of crustal lithologies in contact with serpenti-
nite is favored over a wide range of P− T conditions in the
subduction zone.

CM has not been observed in the muscovite and chlorite
rocks (Fig. 3a, 4c, d), although their protolith (the pelitic
schist) contains CM (Fig. 3a), and carbonates have not been
observed anywhere in the outcrop (Fig. 3); therefore, the CM
must have been removed during metasomatic formation of the
muscovite and chlorite rocks, although a quantitative estimate

of the C flux was not carried out in the present study. In gen-
eral, the subducted CM is largely preserved in metasediments;
however, experiments reveal that CM is soluble in metamor-
phic fluids (Nishiyama 1990; Tumiati et al. 2020). Carbon
removal during metasomatism could be related to the fluid-
mediated addition of Mg and removal of Si (Figs. 11, 12a)
from the pelitic schist, because Mg–Si–C complexes would
increase the solubility of C in subduction fluids (Tumiati et al.
2017; Huang and Sverjensky 2019; Tiraboschi et al. 2022).

D. Implications

We investigated the processes of metasomatism along a
metasediment–serpentinite interface at peak P−T conditions
(530–570 °C and 0.8–1.0 GPa), which corresponds to a depth
of ˜40 km (Aoya et al. 2013) at the mantle wedge corner in the
Cretaceous Sanbagawa subduction zone (Fig. 10a, b). Out-
crops of a reaction zone between pelitic schist and serpentine
are not well preserved in the Sanbagawa metamorphic belt,
possibly due to the preferential erosion of weak minerals (e.g.,
talc) in the reaction zone by river flow. However, similar re-
action zones have been reported elsewhere (Maekawa et al.
2004), suggesting that the process observed is pervasive.

Geophysical observations reveal that the slab–mantle inter-
face is decoupled at <70–80 km depth and acts as a weak
shear zone. Peacock and Wang (2021) proposed that decou-
pling between the subducting slab and mantle wedge is caused
by metasomatism that produces talc at the mantle wedge cor-
ner. Our observations show that tremolite-, chlorite-, and
talc-rich rock formed from serpentinite around the metased-
iment–ultramafic rock boundary (Fig. 2a). Formation of
these weak minerals would affect rheological properties, even
the proportion of minerals are a few tens vol% (Moore and
Lockner 2011; Hirauchi et al. 2013, 2020). Moreover,
chlorite-rich reaction zones should form in crustal lithologies
(metasediments and metagabbro) adjacent to serpentinite over
a wide range of P−T conditions, as discussed in section 5.3
(Okamoto et al. 2021; Codillo et al. 2022a). Therefore,
the degree of slab–mantle coupling at the subduction inter-
face could be controlled by the mechanical characteristics of
tremolite-, chlorite, and talc-rich rocks.

In warm subduction zones, including Nankai (Kii and
Tokai) and Cascadia, episodic tremor and accompanying slow
slip occur along the base of the mantle wedge. The mecha-
nism of episodic tremor and accompanying slow slip is de-
bated. One possible mechanism is high pore-fluid pressures
around the mantle wedge (Gao and Wang 2017), possibly
in talc-bearing metasomatic rocks (French and Condit 2019;
Hoover et al. 2022) and generated by metasomatic dehydra-
tion along a lithological contact (Tarling et al. 2019; Okamoto
et al. 2021). Okamoto et al. (2021) presented a thermo-
dynamic model of the metasomatism of serpentinite by flu-
ids that equilibrated with a metapelite. They proposed that
the carbonation of serpentinite was accompanied by a de-
crease in the solid volume (˜1 vol.%), dehydration, and an
increase in the total fluid + solid volume, which would pro-
mote fluid overpressure. Similar fluid overpressures and hy-
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drofracturing have been suggested for the isovolumetric meta-
somatism of serpentinite (Nishiyama et al. 2017). Our mass
balance calculations show that the metasomatism of serpenti-
nite to form tremolite schist, talc schist, and talc+serpentine
rock was also accompanied solid volume decrease (Table S2).
Moreover, Okamoto et al. (2021) conducted coupled mechan-
ical–hydrological modeling to investigate the fracture pattern
induced by the dehydration reaction between a serpentinite
body and a pelitic schist matrix under solid volume expansion
and also contraction. Under expansion, radial cracks develop
preferentially in the surrounding matrix, whereas under con-
traction they develop preferentially in the serpentinite body.
The veins in the matrix of the pelitic schist surrounding the
serpentinite body are oriented at a high angle to the foliation
in the schist (Fig. 2b), indicating the veins formed after meta-
somatism and during the later stages of exhumation (Toriumi
and Hara 1995; Okamoto et al. 2008). In contrast, a pervasive
network of talc veins developed preferentially in the metaso-
matized volume of the serpentinite body (Figs. 2c, S1). This
vein network is consistent with the fracture pattern that is pre-
dicted to develop during contraction of the serpentinite body
as a result of metasomatism (Okamoto et al., 2021), and the
Ca–Al–Si metasomatism of serpentinite would have induced
fracturing and elevated the pore-fluid pressure in the serpenti-
nite at the mantle wedge corner.

Chlorite and muscovite are important carriers of H2O to the
deep Earth, because they are stable up to 5.0–6.2 GPa (Her-
mann and Lakey 2021) and 10 GPa (Schmidt 1996), respec-
tively. Our observations demonstrate that these minerals are
not only formed by the metamorphism of sediments, but also
by the metasomatism of pelitic schists adjacent to serpentinite.
Although the size of the reaction zone in this study is lim-
ited (˜0.2 m thickness; Fig. 2b), chlorite-rich reaction zones
10–100 m thick are predicted to occur at the slab–mantle inter-
face (Spandler et al. 2008; Marschall and Schumacher 2012).
We suggest that chlorite and muscovite reaction zones that
form at shallow depths (30–40 km) are important H2O reser-
voirs controlling the flux of H2O to the deep Earth (˜180–300
km). Therefore, the effect of metasomatism must be consid-
ered when calculating the H2O flux to the deep Earth.

Our observations and discussions in section 5.3 suggest that
subducted CM can be mobilized by aqueous phases at shal-
low forearc depths (30–40 km) via metasomatic reactions be-
tween metasediments and serpentinite. Selective dissolution
of CM has been reported in metasomatic zones in ultramafic
mélanges (Nishiyama 1990; Mori et al. 2014) and blueschist-
facies metapelites (Vitale Brovarone et al. 2020). The meta-
somatic mobilization of CM could result in the carbonation of
serpentinite (e.g., Nishiyama 1990); however, in the Tomisato
body we did not find any carbonate minerals in the meta-
somatic zone in the serpentinite, indicating that the dissolu-
tion of carbon in the pelitic schist did not necessarily lead to
the carbonation of adjacent serpentinite. In fact, many ex-
amples of tremolite-rich rocks that lack carbonate have been
reported in the Sanbagawa metamorphic belt, and these are
thought to be the products of metasomatic reactions between
serpentinite and metasediments (Kunugiza et al. 1986; Aoya
et al. 2013) although carbonate-bearing or carbonated ser-

pentinite has also been reported in the Sanbagawa metamor-
phic belt (Kawahara et al. 2016; Okamoto et al. 2021). Fur-
ther study is required for understanding carbon cycling in the
Sanbagawa metamorphic belt (e.g., Wada et al. 1984; Mo-
rohashi et al. 2008). Sieber et al. (2022) proposed that the
metasomatism of serpentinite may shift the composition of
COH-bearing fluids from CO2(aq)-rich to CO2(aq)-depleted
and SiO2(aq)-rich. These fluids would induce Si metasoma-
tism in serpentinite away from the flow of COH-bearing fluid.
Our study suggests that carbonation of the mantle wedge is
spatially heterogeneous, thereby complicating its rheological
properties and the chemical composition of the rocks at the
slab–mantle interface.

VI. CONCLUSIONS

We investigated an ultramafic body that originated in the
mantle wedge in the Sanbagawa metamorphic belt, SW Japan.
We summarize our findings below.

1. A reaction zone at the metasediment–serpentinite in-
terface consist of pelitic schist, albite schist, mus-
covite rock, chlorite rock, tremolite schist, talc schist,
talc+serpentine rock, and serpentinite. The original in-
terface between the pelitic schist and serpentinite can
be constrained from the presence of Ti- and Cr-bearing
phases and was located between the chlorite rock and
the tremolite schist. Thus, the pelitic schist was the pro-
tolith of the albitite schist, muscovite rock, and chlorite
rock.

2. The peak pressure–temperature (P−T ) conditions ex-
perienced by the pelitic schist were 0.8–1.0 GPa and
530–570 °C, based on hornblende–plagioclase–quartz
thermometry, Raman spectroscopy of carbonaceous
material thermometry, and quartz-in-garnet geobarom-
etry.

3. Garnet crystals in the pelitic schist exhibit bell-shaped
zoning in spessartine content, indicating prograde
growth. Compositional zoning in garnet crystals from
the muscovite rock is also consistent with prograde gar-
net growth, although they have grossular-rich outer rims
that are not observed in crystals from the pelitic schist.
The grossular-rich outer rims record a change in the
whole-rock composition and suggest that metasoma-
tism at the pelite–serpentinite interface started around
the peak P−T conditions.

4. Our mass balance calculations suggest that SiO2 was
lost (-507.5 to –883.7 kg m−2) from the reaction zones
in the pelitic schist, whereas the metasomatic zones in
the serpentinite gained Al2O3 (+37.3 to +42.7 kg m−2)
and CaO (+38.6 to +38.9 kg m−2). The metasomatic
zones in the serpentinite lost SiO2 and MgO. Con-
sequently, at the metasediment–serpentinite interface,
the Mg-metasomatism of the metasediment produced a
chlorite-rich reaction zone, and Ca–Al-metasomatism



21

of the serpentinite produced a tremolite–talc–chlorite-
rich reaction zone. The mechanical and chemi-
cal characteristics of the subduction interface could
be controlled by tremolite-, chlorite-, and talc-rich
rocks (formed from serpentinite) and chlorite-rich rocks
(formed from metasediments).

5. Estimates of the overall mass transfer between the
pelitic schist and serpentinite show that the whole out-
crop gained CaO (30.6–34.5 kg m−2) and lost Na2O
and K2O (-8.8 to -47.5 kg m−2 and -13.0 to -38.7 kg
m−2, respectively), suggesting that a CaO-rich fluid in-
filtrated from outside the system and Na2O, K2O, and C
was removed by fluid flow. No external source of Al2O3

is required. Qualitatively, C was also removed. Si–Al
(e.g., Manning 2007) and Mg–C–Si (e.g., Tumiati et al.
2017) complexes may have formed in the input and out-
put fluids, respectively.

6. The present study suggests that metasomatism at the
mantle wedge corner redistributes elements in the fluid
and rocks, introduces spatial heterogeneities in the min-
eral assemblages in the mantle wedge and subduct-

ing slab, and produces fluid overpressure. This pro-
cess would, therefore, influence slab–mantle decou-
pling, seismicity, and global geochemical cycling.
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Table 1. Sample descriptions and relative locations.

Sample no. Zone
Distance
(cm)

Thickness
 (cm)

150808S1 0
170808S17-4 -
150808S2 22
150808S3 35
170808S1a_up -
170808S1a_low -
170808S1b_up -
190808Sb -
190808Sc -
190808Sa_up -
150808S4 55
170808S1b_low -
170808S1c -
190808Sa_low -
150808S5 Tremolite schist 85 20
150808S6 90
150808S7 100
150808S8 130
150808S9 -
150808S10 180
150808S11 Serpentinite 300

Talc +
serpentine rock

Pelitic schist

Albite schist

Muscovite rock

Talc schist

Chlorite rock

50

20

-

20

10

10



Sample No. 150808S1 150808S3 170808S1a_up 170808S1a_low 170808S1b_up 170808Sb_low 170808S1c 150808S5 150808S6 150808S7 150808S8 150808S9 150808S11

Rock Type Pelitic schist Albite schist Albite schist Muscovite rock Muscovite rock Chlorite rock Chlorite rock Tr schist Tlc schist Tlc schist Tlc + srp
rock

Tlc + srp
rock Serpentinite

Mineral mode (vol%)
Qz 25.3 8.6 0.4
Pl 30.6 61.4 59.9
Ms 28.9 7.7 24.1 86.1 69.4 2.3
Ep 2.7 5.3 23.6 4.1
Chl 5.3 2.0 13.5 6.3 14.2 68.2 93.7 33.2 20.5 34.0 7.7
Grt 1.5 2.8 0.1

Amp 0.7 66.7 1.3
Ap 0.2 0.2 0.2 0.0 2.0 0.2
Tor 3.7
Rt
Spt 15.9
Ttn 1.1 1.5 1.9 2.2 2.6 3.9 2.0
Tlc 78.6 64.0 42.0 13.1
Srp 0.5 50.3 85.7 95.0
Spl 0.5 0.2 0.2 0.0 0.3 5.1

Table 2. Modal abundances of minerals in the reaction zones. Mineral abbreviations are after Whitney and Evans (2010).



Mineral Plagiocalse Epidote Spinel

Lithology Albite
schist

Pelitic
schist

Tremolite
schist

Talc
schist

Pelitic
schist

Albite
schist

Muscovite
rock

Chlorite
rock

Tremolit
e
schist

Talc
schist

Talc +
serpentine
rock

Talc
schist

Talc +
serpentine
rock

Talc
schist Serpentinite Serpentinite

Core → Rim Core → Rim Core → Rim Core → Rim Block Matrx Block Matrx
wt%
SiO2 68.80 37.61 36.30 35.68 35.95 35.96 36.41 36.42 44.87 46.83 50.78 48.44 49.18 52.50 56.59 57.29 25.88 26.87 25.66 27.21 31.28 34.20 34.37 62.49 62.04 37.45 40.15 41.68 43.11 44.33 0.23 0.06
TiO2 0.02 0.21 0.17 0.07 0.21 0.16 0.10 0.32 0.20 0.25 0.11 0.05 0.00 0.04 0.08 0.00 0.01 0.03 0.01 0.01 0.04 0.00 0.02 0.03 0.03 0.00 0.02 0.00 0.01 0.00 0.67 0.52
Al2O3 19.73 26.80 21.11 20.64 20.92 21.12 20.84 21.55 9.61 8.08 3.63 7.18 4.78 0.96 0.34 0.02 19.98 19.44 21.61 19.33 13.16 12.40 12.00 0.03 0.01 6.21 3.57 1.68 0.36 0.46 21.23 1.44
Cr2O3 0.07 0.00 0.01 0.00 0.00 0.01 0.10 0.04 0.00 0.01 0.04 0.04 0.00 0.00 0.04 0.00 0.13 0.00 0.05 0.02 3.01 3.67 3.64 0.02 0.04 2.00 1.31 9.19 0.18 2.81 0.00 0.02
FeO 0.00 6.90 13.69 25.01 27.00 16.72 23.39 19.16 18.05 17.44 15.86 19.99 19.48 23.05 4.84 4.74 30.06 28.89 26.08 14.37 7.97 9.38 9.32 3.41 2.91 11.23 9.99 0.17 5.45 0.07 45.80 30.12
MnO 0.31 0.28 19.38 5.34 4.08 13.20 8.52 7.30 0.13 0.14 0.21 0.09 0.11 0.19 0.10 0.18 0.03 0.42 0.40 0.28 0.08 0.04 0.12 0.02 0.02 0.11 0.13 31.85 0.00 38.34 19.05 63.53
MgO 0.03 0.03 0.29 0.84 0.94 0.34 0.73 0.47 9.24 10.18 12.42 9.47 10.07 9.07 21.27 21.54 11.76 12.44 14.81 23.80 29.37 28.65 29.02 30.03 29.70 30.26 31.08 0.00 37.19 0.04 0.45 1.65
CaO 0.01 22.94 8.38 9.79 8.88 10.58 8.68 14.73 9.81 10.75 11.53 10.97 11.19 12.08 12.54 12.26 0.33 0.00 0.00 0.00 0.06 0.00 0.00 0.02 0.02 0.04 0.07 0.06 0.00 0.01 11.91 1.60
Na2O 11.12 0.18 0.04 0.14 0.07 0.05 0.09 0.03 2.54 1.97 0.88 1.67 1.30 0.22 0.23 0.12 0.04 0.07 0.06 0.00 0.02 0.01 0.02 0.00 0.07 0.00 0.00 0.00 0.05 0.00 0.01 0.00
K2O 0.06 0.04 0.01 0.01 0.02 0.01 0.00 0.05 0.53 0.31 0.14 0.37 0.23 0.11 0.05 0.04 0.00 0.04 0.01 0.05 0.04 0.02 0.01 0.01 0.00 0.02 0.04 0.42 0.00 0.11 0.03 0.05
Total 100.14 94.98 99.39 97.51 98.07 98.15 98.84 100.07 94.97 95.95 95.62 98.27 96.33 98.22 96.10 96.19 88.22 88.20 88.70 85.07 85.02 88.37 88.51 96.07 94.84 87.32 86.37 85.05 87.28 86.18 99.38 98.97

Oxygen 8 12.5 12 12 12 12 12 12 23 23 23 23 23 23 23 23 14 14 14 14 14 14 14 11 11 7 7 7 7 7 8 8
Si 3.00 3.03 2.94 2.92 2.92 2.91 2.94 2.88 6.84 7.02 7.53 7.15 7.39 7.82 7.97 8.00 2.75 2.83 2.65 2.76 3.09 3.26 3.27 3.98 3.99 1.83 1.96 2.05 2.05 2.08 0.01 0.00
Ti 0.00 0.01 0.01 0.00 0.01 0.01 0.01 0.02 0.02 0.03 0.01 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.01
Al 1.01 2.54 2.02 1.99 2.00 2.02 1.98 2.01 1.73 1.43 0.64 1.25 0.85 0.17 0.03 0.06 2.50 2.41 2.63 2.31 1.53 1.39 1.35 0.00 0.00 0.36 0.21 0.10 0.02 0.03 0.78 0.06
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.24 0.28 0.27 0.00 0.00 0.08 0.05 0.02 0.01 0.00 0.00 0.00
Fe3+ - 0.08 0.09 0.09 0.09 0.09 0.08 0.08 0.16 0.16 0.16 0.15 0.16 0.16 0.00 0.01 0.11 0.11 0.11 0.11 0.10 0.10 0.10 - - - - - - - 1.13 0.86
Fe2+ 0.00 0.46 0.84 1.71 1.83 1.13 1.58 1.27 2.30 2.19 1.97 2.47 2.45 2.87 0.76 0.49 2.67 2.55 2.25 1.22 0.66 0.75 0.74 0.18 0.16 0.46 0.41 0.38 0.22 0.11 0.05 1.05
Mn 0.01 0.02 1.33 0.37 0.28 0.91 0.58 0.49 0.02 0.02 0.03 0.01 0.01 0.02 0.04 0.02 0.00 0.04 0.04 0.02 0.01 0.00 0.01 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.45 0.87
Mg 0.00 0.00 0.04 0.10 0.11 0.04 0.09 0.06 2.10 2.27 2.75 2.08 2.25 2.01 4.38 4.45 1.86 1.95 2.28 3.60 4.33 4.07 4.12 2.85 2.85 2.21 2.27 2.34 2.64 2.68 0.01 0.05
Ca 0.00 1.98 0.73 0.86 0.77 0.92 0.75 1.25 1.60 1.73 1.83 1.74 1.80 1.93 1.78 1.87 0.04 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.55 0.09
Na 0.94 0.03 0.01 0.02 0.01 0.01 0.01 0.00 0.75 0.57 0.25 0.48 0.38 0.06 0.08 0.10 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.00
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.10 0.06 0.03 0.07 0.04 0.02 0.01 0.01 0.00 0.01 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 4.97 8.16 8.00 8.06 8.03 8.03 8.03 8.06 15.62 15.47 15.20 15.41 15.32 15.06 15.06 15.02 9.95 9.91 9.98 10.03 9.97 9.86 9.87 7.02 7.01 4.95 4.91 4.89 4.94 4.91 3.00 3.00

Table 3 Representative chemical compositions of minerals in the reaction zones

Serpentine
Talc + serpentine

rock Serpentinite

Talc

Pelitic schist Muscovite rock

Garnet ChloriteAmphibole

Pelitic schist Albite schist



Sample No. 150808S1 150808S2 150808S3 190808Sc 150808S4 170808S1c 150808S5 150808S6 150808S7 150808S8 150808S9 150808S10 150808S11

Rock Type Pelite Albite rock Albite rock Muscovite
rock Chlorite rock Chlorite rock Tremolite

schist Talc schist Talc schist
Talc +

Serpentine
rock

Talc +
Serpentine

rock
Serpentinite Serpentinite

Oxide (wt%)

SiO2 64.87 70.11 62.24 43.81 26.49 26.16 47.23 59.20 51.39 51.77 43.93 42.60 41.46

TiO2 0.52 0.39 0.50 0.85 1.50 1.07 0.01 0.00 0.00 0.00 0.01 0.03 0.01

Al2O3 16.24 15.15 19.33 29.27 21.77 21.25 7.25 1.12 4.13 1.39 1.45 0.99 0.49

Fe2O3 5.04 3.19 4.20 7.18 17.97 17.36 6.48 4.86 6.71 7.10 7.84 7.68 7.27

MnO 0.16 0.06 0.07 0.13 0.38 0.35 0.20 0.03 0.06 0.08 0.14 0.17 0.07

MgO 2.37 1.69 1.91 3.48 18.74 20.93 25.45 29.20 29.05 31.04 34.97 35.93 37.95

CaO 1.13 0.73 1.08 1.51 2.14 0.89 6.85 0.14 0.19 0.14 0.13 0.13 0.12

Na2O 3.47 5.41 9.27 0.33 0.08 0.30 0.37 0.04 0.08 0.20 0.04 0.03 0.10

K2O 2.85 1.55 0.13 8.58 0.02 0.02 0.03 0.01 0.01 0.01 0.01 0.01 0.01

P2O5 0.09 0.06 0.06 0.01 0.12 0.12 0.00 0.00 0.00 0.00 0.00 0.00 0.00

LOI 2.64 2.32 1.31 4.56 10.17 11.20 5.79 5.10 6.75 7.76 11.06 11.27 11.45

Total 99.39 100.65 100.09 99.71 99.38 99.65 99.65 99.70 98.38 99.52 99.58 98.83 98.93

Elements (mg/kg)

V 84.2 35.1 63.0 128.8 197.2 141.8 35.7 3.1 26.0 7.3 9.5 13.8 8.5

Cr 38.5 18.0 31.9 100.9 114.2 92.1 4506.3 1713.1 9286.6 3839.4 3280.6 4208.9 3366.5

Ni 29.0 21.6 20.2 35.4 61.5 46.7 2084.6 2521.9 2595.3 2402.9 1718.0 2436.6 1986.1

Cu 46.0 32.1 26.5 29.3 17.4 23.2 18.8 83.4 13.4 113.8 11.6 13.7 13.3

Zn 88.4 54.1 73.4 94.2 229.8 217.2 72.2 62.6 88.9 103.4 68.4 79.1 43.2

As 4.4 3.3 6.6 3.4 2.1 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 3.8 5.3

Sn 3.0 3.1 2.7 8.2 2.7 1.4 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.

La 30.60 25.44 32.68 46.53 64.48 52.17 0.32 0.12 0.76 0.75 0.40 0.46 0.24

Ce 66.19 52.49 67.51 98.05 137.40 111.99 0.72 0.13 0.36 0.87 0.69 1.02 0.48

Pr 7.02 5.76 7.54 10.83 14.92 11.72 0.15 0.02 0.09 0.15 0.08 0.12 0.06

Nd 26.12 21.29 27.24 39.54 55.51 43.02 0.83 0.09 0.34 0.59 0.33 0.49 0.19

Sm 5.18 4.36 5.57 8.11 11.02 9.33 0.43 0.02 0.04 0.13 0.09 0.12 0.06

Eu 0.96 0.85 1.07 1.72 3.19 1.24 0.02 0.00 0.01 0.01 0.00 0.00 0.00

Gd 4.62 3.70 4.95 7.35 9.85 8.20 0.59 0.02 0.08 0.15 0.09 0.11 0.05

Tb 0.75 0.62 0.84 1.20 1.62 1.36 0.12 0.00 0.01 0.02 0.02 0.03 0.01

Dy 4.39 3.45 4.79 7.23 9.20 7.66 0.72 0.02 0.08 0.14 0.13 0.14 0.06

Ho 0.88 0.71 0.99 1.48 1.86 1.48 0.14 0.00 0.02 0.03 0.03 0.03 0.01

Er 2.50 1.99 2.81 4.27 5.05 3.97 0.40 0.01 0.06 0.11 0.08 0.10 0.03

Tm 0.40 0.32 0.45 0.68 0.78 0.58 0.06 0.00 0.01 0.02 0.01 0.02 0.01

Yb 2.62 2.04 2.86 4.44 4.91 3.54 0.35 0.02 0.06 0.12 0.08 0.10 0.03

Lu 0.39 0.32 0.45 0.71 0.75 0.52 0.04 0.00 0.01 0.02 0.01 0.02 0.01

Ba 401.38 404.76 80.39 3515.11 5.71 1.06 0.58 0.19 0.94 1.30 1.83 2.82 0.47

Th 13.38 10.56 13.55 19.78 27.04 19.99 0.26 0.06 0.14 0.09 0.27 0.27 0.03

Nb 11.17 9.55 12.52 18.74 34.65 23.84 0.08 0.03 0.06 0.15 0.16 0.21 0.13

Y 24.76 20.20 28.11 42.51 52.44 40.49 4.30 0.11 0.63 1.10 0.84 1.03 0.37

Hf 4.46 4.94 5.84 7.81 9.63 7.27 0.04 0.01 0.02 0.05 0.12 0.07 0.02

Ta 0.89 0.76 1.06 1.36 2.15 1.53 0.00 0.00 0.01 0.02 0.02 0.02 0.01

U 2.90 2.40 3.12 4.36 5.27 3.71 0.02 0.02 0.11 0.08 0.04 0.04 0.01

Pb 27.37 17.85 35.20 29.85 23.62 12.45 2.55 0.01 0.03 0.49 0.06 0.10 0.21

Rb 114.96 67.43 3.49 294.89 0.79 0.43 0.11 0.08 0.20 0.13 0.13 0.13 0.00

Cs 6.79 9.98 2.60 15.11 0.33 0.47 0.09 0.07 0.30 0.37 0.25 0.32 0.04

Sr 137.70 58.36 94.45 548.84 361.13 15.28 22.39 0.09 0.62 0.87 0.35 0.22 0.46

Sc 11.72 8.04 11.50 23.78 27.29 18.49 2.34 1.47 3.45 3.44 7.09 5.74 4.00

Zr 154.52 176.81 206.99 280.74 345.95 259.93 1.04 0.32 0.50 1.72 5.65 2.78 0.59

Ti/Cr 80.7 131.4 94.7 50.2 79.0 69.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Eu/Eu* 0.60 0.65 0.62 0.68 0.93 0.43 0.10 0.10 0.39 0.22 0.07 0.11 0.19

Porosity (%) 2.3 2.5 1.5 0.1 1.0 1.0 1.4 1.2 1.3 1.1 0.5 0.5 0.3

Density (g cm-3) 2.77 2.68 2.67 2.91 2.90 2.90 2.91 2.81 2.81 2.76 2.69 2.66 2.68

b.d.l., below detection limit.

Table 4. Whole-rock compositions of the reaction zones.
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Supplementary Figures

Figure S1 
(a and b) Photomicrograph showing the boundary between chlorite rock and talc schist. In the talc + 
serpentine rock, talc vein networks are observed.  
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Figure S2 
(a and b) Photomicrograph of garnet in the pelitic schist (sample 150808S1) under plane-polarized 
light. 



4

Figure S3
(a, b) BSE images (a) and its aluminum X-ray maps (b) of amphibole in the pelitic schist. (c, d) BSE 
images (c) and its aluminum X-ray maps (d) of amphibole in the albite schist. (e) Plot of Al in the T1 
site vs Na in the M4 site of amphibole. 
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Figure S4 
(a) Mineral distribution map for the albite schist 
(sample 150808S3). (b) Mineral distribution 
map for the tremolite rock (sample 150808S5) 
(c) Mineral distribution map for the talc schist 
(sample 150808S6). (d) Mineral distribution 
map for the talc+serpentine rock (sample 
150808S8) Mineral abbreviations are after 
Whitney and Evans (2010). 
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Figure S5
(a and b) Photomicrograph of garnet in the albite schist (sample 170808S1a_up) under plane-
polarized light.  
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Figure S6 
Photomicrograph of garnet in the muscovite rock (sample 150808S1a_low) far from vein (a) and 
around vein (b and c) under plane-polarized light. The black dotted line in (b) and (c) is boundary 
between vein and host rock. 
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Figure S7 
(a)Thin section image of tremolite schist (sample 150808S5) under cross-polarized light. Inserted 
figure is spinel grain in the tremolite rock under cross-polarized light. Scale bar is 0.2 mm. (b) 
Representative photograph of tremolite crystal in the tremolite schist under cross-polarized light. (c) 
Thin section image of talc schist (sample 150808S6) under plane-polarized light. The inset is a spinel 
grain in the talc schist under plane-polarised light. Scale bar is 0.2 mm. (d) Photomicrograph of 
highly aligned talc (cross-polarized light).
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Figure S8 
Chlorite XMg with distance from the muscovite rock to chlorite rock.
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Figure S9 
(a) Representative Raman spectra of carbonaceous matter in the pelitic schist. (b) Histogram of Δω1

values obtained from the quartz inclusions in the garnet in the pelitic schists. The inset photograph is 
a representative image of quartz inclusion hosted by the garnet.
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Figure S10.  

Major and trace element concentration ratios of the altered metasediments, specifically for albite schist samples 
(a) 150808S2 and (b) 150808S3, (c) muscovite rock (sample 190808Sc), and chlorite rock samples (d)150808S4 
and (e) 170808S1c. The composition of the pelitic schist (sample 150808S1; Table 1) was used as the 
composition of the protolith (Cori). Error bars are ±2σ. Where error bars are not shown, they are smaller than 
the symbol size. The dashed gray horizontal line indicates the concentration ratio assuming no mass transfer. 
Solid horizontal lines show the range of the immobile reference frame. White circles are elements that fall 
within the immobile reference frame (indicating no evidence for gain or loss during alteration), elements with 
black circles fall above (indicating gain during alteration) or below (indicating loss during alteration) the 
immobile reference frame. The × symbols indicate elements used to define the immobile reference frame.
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Figure S11. Major and trace element concentration ratios of the altered serpentinite, specifically for (a)
tremolite schist (sample 150808S5), talc schist samples (b) 150808S6 and (c) 150808S7, and talc + serpentine 
rock samples (d) 150808S8, (e) 150808S9, and (f) 150808S10. The composition of the serpentinite sample 
150808S11 (Table 1) was used as the composition of the protolith (Cori). The numbers in boxes in (a) are the
concentration ratios for other potential geochemical reference frames (see the supplementary text for details).
Error bars are ±2σ. Where error bars are not shown they are smaller than the symbol size. The dashed gray
horizontal lines indicate the concentration ratios with no mass transfer. Solid horizontal lines show the range of 
the immobile reference frame. White circles are elements that fall within the immobile reference frame 
(indicating no significant change during alteration), elements with black circles fall above (indicating gain 
during alteration) or below (indicating loss during alteration) the immobile reference frame. The × symbols 
indicate elements that were used to define the immobile reference frame.
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Table S1. Summary of amphibole composition in the pelitic schist and result of thermobarometry. 
Sample 150808S1 150808S1 150808S1 150808S1 150808S1 150808S1 150808S1 150808S1 150808S1

Lithology Pelitic 
schist

Pelitic 
schist

Pelitic 
schist

Pelitic 
schist

Pelitic 
schist

Pelitic 
schist

Pelitic 
schist

Pelitic 
schist

Pelitic 
schist

Amp. core Amp. core Amp. core Amp. core Amp. core Amp. core Amp. core Amp. core Amp. core

wt%

SiO2 44.87 45.45 44.66 46.22 49.16 47.52 46.83 45.90 47.76

TiO2 0.20 0.20 0.14 0.18 0.00 0.25 0.25 0.14 0.04

Al2O3 9.61 9.27 9.66 9.71 6.49 7.20 8.08 8.71 8.51

FeO 18.05 17.69 17.99 18.19 16.89 17.18 17.44 17.93 17.91

MnO   0.13 0.12 0.13 0.14 0.06 0.14 0.14 0.17 0.19

MgO   9.24 9.47 9.48 9.39 10.87 10.58 10.18 9.76 9.97

CaO   9.81 10.33 10.41 10.48 10.53 10.92 10.75 10.25 11.07

Na2O 2.54 2.34 2.50 2.26 1.56 1.89 1.97 2.05 1.96

K2O   0.53 0.38 0.37 0.33 0.23 0.27 0.31 0.36 0.34

Total  94.97 95.24 95.34 96.89 95.78 95.94 95.94 95.27 97.75

Cations per 23 oxygens

Si 6.88 6.85 6.75 6.85 7.27 7.07 6.98 6.91 6.99

Ti 0.02 0.02 0.02 0.02 0.00 0.03 0.03 0.02 0.00

Aliv 1.13 1.15 1.25 1.15 0.73 0.93 1.02 1.09 1.01

Alvi 0.61 0.50 0.47 0.54 0.40 0.33 0.40 0.46 0.46

Fe3+ 0.25 0.25 0.25 0.24 0.24 0.24 0.24 0.25 0.24

Fe2+ 2.06 2.23 2.27 2.25 2.09 2.14 2.17 2.26 2.19

Mn 0.02 0.02 0.02 0.02 0.01 0.02 0.02 0.02 0.02

Mg 2.11 2.13 2.14 2.07 2.40 2.35 2.26 2.19 2.18

Ca 1.61 1.67 1.69 1.66 1.67 1.74 1.72 1.65 1.74

Na 0.75 0.69 0.73 0.65 0.45 0.54 0.57 0.60 0.56

K 0.10 0.07 0.07 0.06 0.04 0.05 0.06 0.07 0.06

Sum 15.54 15.56 15.65 15.52 15.29 15.45 15.47 15.51 15.46

Plagioclase composition

Xab 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99

Result of the hornblende-plagioclase-quartz thermobarometer (Holland & Blundy (1994), Thermometer A)

0.1 GPa 547 546 560 541 537 575 569 569 542

0.5 GPa 554 552 563 551 533 566 565 570 545

1.0 GPa 563 560 567 564 529 554 561 570 550

1.5 GPa 572 567 571 577 525 543 557 571 554
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Table S2. Calculated immobile reference frame with mass and volume change during the reaction zone. 

Calt
ref / Cori

ref Malt / Mori Valt / Vori

Sample Lithology

Lower 

bound

Upper 

bound

Lower 

bound

Upper 

bound

Lower 

bound

Upper 

bound

150808S2 Albite schist 0.78 0.84 1.19 1.28 1.23 1.33 

150808S3 Albite schist 1.02 1.18 0.85 0.98 0.90 1.03 

190808Sc Muscovite rock 1.48 1.84 0.54 0.68 0.52 0.64 

150808S4 Chlorite rock 1.87 2.17 0.46 0.53 0.44 0.51 

170808S1c Chlorite rock 1.35 1.82 0.55 0.74 0.52 0.71 

150808S5 Tremolite schist 1.33 1.75 0.57 0.75 0.52 0.69 

150808S6 Talc schist 0.21 0.50 1.99 4.73 1.90 4.51 

150808S7 Talc schist 1.26 2.33 0.43 0.80 0.41 0.76 

150808S8 Talc + Serpentine rock 2.26 3.95 0.25 0.44 0.25 0.43 

150808S9 Talc + Serpentine rock 2.08 2.85 0.35 0.48 0.35 0.48 

150808S10 Talc + Serpentine rock 2.19 3.41 0.29 0.46 0.30 0.46 
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Supplementary Text 1: Geochemical, mass, and volume changes during metasomatism 
Quantitative changes in the mass of element i can be calculated using Eq. (1) in the main text. 

Using a geochemical reference frame, the ratio of the mass of altered rock to that of original rock can 
be calculated as follows: = , 
where Malt and Mori are the mass of altered and original rock, respectively.  and  are the 
concentrations of immobile elements (the geochemical reference frame). The volume change relative 
to the protolith can be calculated as follows: = 11 , 
where Valt and Vori are the volume of altered and original rock, respectively, and ρalt and ρori are the 
porosity-free densities of the altered and original rock (i.e., grain density or true density), respectively. 
φori and φalt are the porosities of the altered and original rock, respectively. We assumed that (φori − 
1)/(φalt − 1) = 1, given that porosity is very low during metamorphism and φori and φalt have similar 
values. 
 
1. Metasomatism of the pelitic schist 

The albite schist, muscovite rock, and chlorite rock formed from the pelitic schist. For the mass 
balance calculations involving these rocks, the bulk rock composition of the pelitic schist (sample 
150808S1; Tables 1, 4) was used as the composition of the original rock. The high field strength 
elements (HFSEs; e.g., Nb, Ta, Zr, and Th) are usually assumed to be fluid-immobile and used as a 
geochemical reference frame (e.g., Baumgartner and Olsen, 1995; Ague and Van Haren 1996; Ague 
2017). However, the Zr content could be altered if slightly more zircon crystals were included in the 
analyzed bulk-rock sample (i.e., the nugget effect; Penniston-Dorland and Ferry, 2008). Thus, Zr may 
be inappropriate as a geochemical reference frame. The present study assumed that the rare earth 
elements (REEs) excluding Eu would be an appropriate geochemical reference frame, given the 
following evidence. (i) The Calt/Cori ratios for the REEs are similar in all cases (Fig. S10a–e). (ii) The 
titanite layering in the pelitic schist is also observed in the albite schist, muscovite rock, and chlorite 
rock, suggesting the titanite from the protolith is preserved. (iii) The immobile reference frame 
suggests the HFSEs are largely immobile. Eu was excluded from consideration as an immobile 
element because the variation in the Eu anomaly in the reaction zone in the pelitic schist indicates the 
mobilization of Eu (Fig. 9b). 
 
1.1 Albite schist 

Mass balance calculations were conducted for two albite schist samples (150808S2 and 150808S3; 
Tables 1, 4). Using the geochemical reference frame yields Calt/Cori ratios of 0.78–0.84 (Fig. S10a) and 
1.02–1.18 for samples 150808S2 and 150808S3, respectively (Fig. S10b). These results indicate that the 
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Malt/Mori ratio is 1.19–1.28 for sample 150808S2 and 0.85–0.98 for sample 150808S3 (Table S2). Major-
element mass balance calculations for the two samples show a gain in Na2O and losses in Fe2O3, MnO, 
and K2O. Immobile elements include Th, Nb, Ta, Y, and U (Fig. S10a, b), consistent with their low 
solubility and immobility in hydrothermal fluids (e.g., Ague 2017). There were slight gains in Zr and 
Hf (Fig. S10a, b), presumably due to the nugget effect associated with zircon crystals. 

 
1.2 Muscovite rock 

Mass balance calculations were conducted for one sample of the muscovite rock (190808Sc; 
Tables 1, 3). The geochemical reference frame indicates Calt/Cori ratios of 1.48–1.84 and Malt/Mori ratios 
of 0.54–0.68 (Fig. S10c; Table S2). The major-element mass balance calculations yield a gain in K2O 
and losses in SiO2, MnO, and Na2O. There was no significant gain or loss in the HFSEs (Hf, Ti, Zr, 
Nb, and Ta), Y, Th, U, or Sc (Fig. S10c). There was a gain in large-ion lithophile elements (LILEs; K, 
Rb, Ba, Cs, and Sr) associated with mica enrichment in the muscovite rock, and a loss in Pb. 
 
1.3 Chlorite rock 

Mass balance calculations were conducted for two samples of the chlorite schist (150808S4 and 
170808S1c; Table 1, 3). The geochemical reference frame for samples 150808S4 and 170808S1c 
indicates Calt/Cori ratios of 1.87–2.17 (Fig. S10d) and 1.35–1.82 (Fig. S10e), respectively, yielding 
Malt/Mori ratios of 0.46–0.53 and 0.55–0.74, respectively (Table S2). The major-element mass balance 
calculations for the two samples yield gains in MgO and Fe2O3 and losses in SiO2, Na2O, and K2O. 
There is a gain in TiO2 in sample 150808S4 (Fig. S10d) but no significant change in TiO2 in sample 
170808S1c (Fig. S10e). There is no significant change in the HFSEs (including Hf, Zr, Nb, and Ta), Y, 
Th, U, or Sc (Fig. S10d, f). Losses in LILEs (K, Ba, Pb, Rb, and Cs) were observed. 
 
2. Metasomatism of the serpentinite 

The tremolite schist, talc schist, and talc + serpentine rock were formed from serpentinite. The 
bulk rock composition of the serpentinite sample (150808S11; Table 1, 4) was used as the composition 
of the original rock in the mass balance calculations. The concentration ratios in the tremolite rock 
(Fig. S11a) suggest four possible choices for the geochemical reference frame: (i) the geometric mean 
Calt/Cori ratio (3.5); (ii) the Calt/Cori ratio for the heavy REEs (HREEs; 7.4–14.5); (iii) the Calt/Cori ratio 
for Nb and Ta (~0.65); and (iv) the Calt/Cori ratio for Zr and Ti (1.33–1.75). Using the first of these 
reference frames indicates that Na2O and K2O were immobile; however, Na2O and K2O are generally 
fluid-mobile, and there are few immobile elements in this case (i.e., Na2O, K2O, and V). Therefore, the 
first potential reference frame is unlikely to be appropriate. Using the second reference frame 
indicates that Th (Calt/Cori = 9.5), Y (11.7), and Pb (11.9) were immobile and had similar Calt/Cori 
ratios. This reference frame would not be appropriate, given that the tremolite rock showed 
enrichment in the HREEs relative to the light REEs (LREEs), in contrast to talc schist, talc + 
serpentine rock, and serpentinite (Fig. 9d), suggesting significant REE fractionation and mobility. The 
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third and fourth reference frames use HFSEs as the geochemical reference frame. The elements with 
similar concentration ratios in the third reference frame are MgO (0.67), LOI (0.51), and Sc (0.58), 
and the fourth reference frame indicates that multiple elements were immobile (Cr, Cu, La, Ce, Ba, 
Hf, and U). Therefore, Zr and Ti are the best choice for the geochemical reference frame for the 
tremolite rock with a serpentinite protolith. 

In contrast, mass transfer in the talc schist and talc + serpentine rock with a serpentinite 
protolith was estimated using the HREEs as the geochemical reference frame (Fig. S11b–f). This is 
because the serpentinite, talc schist, and talc + serpentine rock yield flat HREE patterns (Fig. 9d), 
suggesting the HREEs were immobile. 
 
2.1 Tremolite schist 

Mass balance calculations were conducted for one sample of the tremolite schist (150808S5; Fig. 
S11a). The immobile reference frame indicates Calt/Cori ratios of 1.33–1.75, suggesting that the sample 
lost mass (Malt/Mori= 0.57–0.75) and volume (Valt/Vori = 0.52–0.69; Fig S11a; Table S2). The results 
show gains in Al2O3, MnO, CaO, Na2O, and K2O, and losses in SiO2, Fe2O3, and MgO. No significant 
changes in Cr, Cu, La, Ce, Ba, Hf, and U were observed. Loss of some HFSEs (Nb and Ta) and gain in 
the HREEs were observed. 
 
2.2 Talc schist 

Mass balance calculation for the talc schist were conducted for two samples: 150808S6 (Fig. 
S11b) and 150808S7 (Fig. S11c). The two samples show different patterns of element gains and losses. 

The immobile reference frame for sample 150808S7 (Fig. S11b) indicates Calt/Cori ratios of 0.21–
0.50, suggesting the sample gained a significant mass (Malt/Mori= 1.99–4.73) and volume (Valt/Vori = 
1.90–4.51). The results indicate gains in SiO2, Al2O3, Fe2O3, CaO, and K2O, and a loss in TiO2, with no 
significant change in MnO or Na2O. Gains in some HFSEs (Th, Ta, and U), Rb, and Cs, and a loss in 
Pb were observed. There is no conclusive evidence for changes in La–Gd and some HFSEs (Zr and 
Hf). 

The immobile reference frame for sample 150808S7 (Fig. S11c) indicates Calt/Cori ratios of 1.26–
2.33, suggesting the sample lost mass (Malt/Mori = 0.43–0.80). The results show a gain in Al2O3 and 
losses in TiO2, Fe2O3, MnO, MgO, and Na2O, with no significant change in SiO2, CaO, or K2O. Gains 
in some HFSEs (Th and U), Ce, Rb, and Cs, and losses in other HFSEs (Nb, Hf, and Zr), Sm, Pb, and 
Sc were observed. There were no significant changes in La, Pr, Nd, Eu, Gd, Ba, Y, Ta, or Sr. 

 
2.3 Talc + Serpentine rock 

Mass balance calculations were conducted for three samples of the talc + serpentine rock: 
150808S8 (Fig. S11d), 150808S9 (Fig. S11e), and 150808S10 (Fig. S11f). 

The immobile reference frame for sample 150808S8 (Fig. S11d) indicates Calt/Cori ratios of 2.26–
3.95, indicating losses in mass (Malt/Mori = 0.25–0.44) and volume (Valt/Vori = 0.25–0.43; Table S2). The 
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results show no gain in any major element, losses in SiO2, TiO2, Fe2O3, MnO, MgO, CaO, and K2O, 
and no significant change in Al2O3 or Na2O. Gains in U, Rb, and Cs, and losses in Ce, Nb, Sr, and Sc 
were observed, with no significant change in La, Pr–Gd, Ba, Y, Pb, or some HFSEs (Th, Ta, and Zr). 

The immobile reference frame for sample 150808S9 (Fig. S11e) indicates Calt/Cori ratios of 2.08–
2.85, corresponding to losses in mass (Malt/Mori = 0.35–0.48) and volume (Valt/Vori =0.35–0.48; Table 
S2). There was no gain in any major element, losses in SiO2, TiO2, Fe2O3, MgO, CaO, Na2O, and K2O, 
and no significant change in Al2O3 or MnO. The results show gains in Ba, U, Pb, Rb, Cs, and some 
HFSEs (Th, Hf, and Zr), losses in La–Gd, Nb, Pb, Sr, and Sc, and no significant change in Y and some 
other HFSEs (Ta). 

The immobile reference frame for sample 150808S10 (Fig. S11f) indicates Calt/Cori ratios of 2.19– 
3.41, corresponding to losses in mass (Malt/Mori = 0.29–0.46) and volume (Valt/Vori = 0.30–0.46; Table 
S2). There was no gain in any major element, losses in SiO2, Fe2O3, MgO, CaO, Na2O, and K2O, and 
no significant change in TiO2, Al2O3, or MnO. Gains in Ba, Rb, Cs, and some HFSEs (Th and Zr) and 
losses in Eu, Pb, Sr, and Sc were observed, with no significant change in La–Sm, Gd, Y, U, or some 
other HFSEs (Nb, Hf, and Ta). 
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