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Abstract 

The slab–mantle interface in subduction zones is one of the geological boundaries with the most significant chemi-
cal potential gradients, which leads to fluid-mediated metasomatic reactions and chemical transport. As subducting 
sediment and basaltic crust often contain silica in various forms, the Si-metasomatism of mantle rocks is thought 
to occur along the subduction zone interface. However, growing evidence from the geochemistry of altered rocks 
and thermodynamic modelling has revealed the presence of multi-component fluids at the slab interface. Here, we 
review the laboratory experiments, geochemical models, and natural observations that improve our understanding 
of mass transport and metasomatic reactions at the crust–mantle interface, focusing on the relative mobility of Mg 
and Si. Hydrothermal experiments using analogues for the boundary between mantle (olivine) and crust (quartz 
or plagioclase) under vapor-saturated pressures indicate that Si is preferentially transported from crust to man-
tle, whereas Mg is immobile. This result is consistent with the distribution of talc rocks in oceanic lithosphere. On 
the other hand, at the contact between ultramafic (e.g., serpentinite) and crustal (pelitic schist or basaltic rocks) rocks 
in high-pressure metamorphic terranes, a large volume of chlorite rocks form in the crustal rocks, and the volume 
of chlorite often exceeds talc in serpentinites. Geochemical modeling reveals that in the shallow part of a subduction 
zone, the dissolved Si content of fluids in equilibrium with pelitic schist (CSi,crust) is significantly higher than the dis-
solved Mg content of fluids in equilibrium with mantle peridotite (CMg,mantle); however, CMg,mantle becomes dominant 
at depth, resulting in the Mg-metasomatism of crustal rocks to form chlorite rocks. This Mg-metasomatism is more 
widespread in warmer subduction zones (e.g., the Nankai and Cascadia subduction zones) than in colder subduction 
zones (e.g., in Northeast Japan). In addition, the infiltration of  CO2-bearing fluid can form talc (along with carbon-
ates) in ultramafic rocks without Si-metasomatism. Variations in the relative mobility of Si and Mg at the subduction 
zone interface produce variations in the overall solid volume change of mantle (expansion or contraction), the types 
of sheet silicates (talc versus chlorite), and the fluid budget (dehydration or hydration) during metasomatic reactions, 
which affects the pore fluid pressure, frictional strength of the subduction megathrust, and the location of seismicity 
around the mantle wedge corner.
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1 Introduction
The increasing amount of thermodynamic data on 
rock-forming minerals has made it possible to predict 
stable mineral assemblages in the Earth’s interior based 
on the bulk rock chemistry and thermal structure. The 
thermodynamic stability of hydrous minerals along the 
subduction interface can be compared with geophysical 
observations, including the seismic velocity structure 
and hypocenter distributions, and this has increased 
our understanding of the importance of volatile spe-
cies in controlling seismicity, magmatism, and global 
chemical recycling (e.g., Hacker et  al. 2003; Kita et  al. 
2006; van Keken et al. 2011; Scambelluri et al. 2019). In 
contrast to the well-established thermodynamic mod-
els of metamorphic and mantle rocks with fixed bulk 
chemistry, our understanding of the chemistry of sub-
duction zone fluids is limited, including our knowledge 
of the speciation of aqueous species, the redox condi-
tions, and the metasomatic reactions that occur during 
the transport of elements. Recent detailed analyses of 
natural high-pressure metamorphic rocks and progress 
in acquiring thermodynamic data for aqueous spe-
cies suggest that multi-component fluids have a strong 
influence on the mechanical and chemical properties of 
the slab–mantle interface (e.g., Bebout and Penninston-
Dorland 2016; Galvez et  al. 2016; Scambelluri et  al. 
2019; Tarling et al. 2019b; Hoover et al. 2022).

One of the most distinct chemical boundaries in the 
Earth’s interior is the interface between a subducting 
slab and the overlying mantle wedge. The dehydration 
of subducting sediments and basaltic crust produces 
aqueous fluids that result in extensive mantle hydration 
(i.e., serpentinization) at the slab–mantle interface and 
in the forearc mantle wedge (Hyndman and Peacock 
2003). This hydration is observed as low-seismic veloc-
ity zones and seismic anisotropy in subduction zones 
(e.g., Bostock et al. 2002; Katayama et al. 2009).

In addition to hydration and dehydration, the aqueous 
species dissolved in the fluids can generate significant 
chemical and mechanical changes at the plate interface. 
Silica, in particular, is thought to be a key species, as the 
crustal rocks such as subducting sediments and meta-
basaltic rocks commonly contain silica minerals, whose 
solubility in water increases with temperature and pres-
sure (Manning 1994). We use the term “crustal rocks” 
to refer to oceanic sedimentary and mafic crustal rocks 
throughout the manuscript. The precipitation of quartz 
may control the pore fluid pressure along the subduc-
tion zone interface and may influence the recurrence 
interval of subduction zone seismicity (e.g., Audet and 
Bürgmann 2014; Saishu et al. 2017). In contrast to crustal 
rocks, mantle peridotite has Si activities that are several 
orders of magnitude lower than quartz solubility (Frost 

and Beard 2007); therefore, it is thought that Si-metas-
omatism of mantle rocks (peridotite or serpentinite) to 
form talc occurs pervasively at the slab–mantle inter-
face (Manning 1995, 1997; Peacock 1999; Hyndman and 
Peacock 2003). Talc is the mechanically weakest mineral 
in mantle, and Si-metasomatism potentially has a large 
influence on the seismic properties of the slab–mantle 
interface and its mechanical coupling (Moore and Rymer 
2007; Hirauchi et  al. 2012; 2016, 2020; Tarling et  al. 
2019b). However, it is difficult to constrain the thickness 
and distribution of metasomatic layers solely from geo-
physical observations (Nagaya et al. 2020).

High-pressure metamorphic terranes often contain 
both ultramafic mantle rocks and sedimentary and mafic 
rocks. Blocks of crustal rocks occur in a serpentinite 
matrix in mélange zones near the slab–mantle interface, 
and ultramafic rocks occur as blocks and lenses within 
the metamorphosed crustal rocks (e.g., Bebout and Pen-
niston-Dorland 2016). At the contact between mantle 
and crustal rocks in these terranes, metasomatic reac-
tion zones are commonly developed, which comprise talc 
rock, chlorite rock, tremolite/actinolite rock, albitized 
rock, and carbonate rock (e.g., Miller et  al. 2009; Mori 
et  al. 2014; Tarling et  al. 2019b; Okamoto et  al. 2021; 
Codillo et al. 2022a; Oyanagi et al. 2023). The occurrence 
of such reaction zones indicates the transport of elements 
(e.g., Mg, Ca, Al, and  CO2 in addition to Si) in both direc-
tions between crust and mantle. In particular, Mg is the 
dominant component of mantle rocks, and recent studies 
have highlighted the mobility of Mg from mantle to crust 
and the formation of chlorite rock (e.g., Okamoto et  al. 
2021; Codillo et al. 2022a; Oyanagi et al. 2023).

The development of reaction zones between olivine 
(Ol) and quartz (Qz) has been investigated as an ana-
logue of the metasomatic processes that occur between 
the upper mantle and pelitic sediments using diffusive 
transport models (Frantz and Mao 1979; Lichtner et  al. 
1986; Oyanagi et  al. 2020). A small number of experi-
mental studies have been conducted on the development 
of metasomatic zones using analogues of the crust–man-
tle interface (Oyanagi et  al. 2015, 2018, 2020). These 
studies have suggested that the relative mobility of Si and 
Mg via diffusion in aqueous fluids plays an important role 
in the development of metasomatic reaction zones at the 
crust–mantle interface. In particular, the hydrothermal 
experiments on an analogue crust–mantle boundary sug-
gest the preferential mobility of Si to form talc in man-
tle rocks (Oyanagi et  al. 2015, 2020). However, as such 
experiments have been conducted only under vapor-
saturated conditions, the applicability of the estimated 
Si and Mg mobilities at elevated temperatures and pres-
sures is unclear.
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Recently, the applicability of thermodynamic data 
for aqueous species (ions and complexes) has been 
extended to mantle pressures based on a new model of 
the dielectric constant of water (the Deep Earth Water 
(DEW) Model; Sverjensky et  al. 2014; Huang and Sver-
jensky 2019). The DEW model extends the Helgeson–
Karkham–Flowers equation of state for the free energy of 
aqueous species to 6 GPa and 1200 °C (Sverjensky et al. 
2014). This database has enabled studies of fluid–rock 
interaction in subduction zones, including the evolu-
tion of multi-component fluid chemistry from shallow 
to deep in subduction zones (Galvez et  al. 2015, 2016; 
Connolly and Galvez 2018) and geochemical modeling 
of the development of metasomatic reaction zones at 
the slab–mantle interface (Okamoto et al. 2021; Codillo 
et al. 2022a, b) and the behavior of CHO fluids related to 
deep fault zones (Vitale-Brovarone et al. 2020). Based on 
thermodynamic model of fluid-rock interaction (reac-
tion path modeling) using the DEW model, Codillo et al. 
(2022b) suggested that chlorite rocks in the mantle com-
monly form in warm subduction zones, whereas the for-
mation of talc in the mantle occurs preferentially in cold 
subduction zones.

Here we review multiple approaches for improving 
our understanding of metasomatic reactions and chemi-
cal transport at the crust–mantle interface, including 
hydrothermal experiments, natural observations, and 

geochemical modeling. We focus on the relative mobili-
ties of Mg (the dominant element in mantle) and Si (the 
dominant element in crust) at the crust–mantle interface. 
First, we present the models and experimental data on 
the fundamental metasomatic reactions between olivine 
and quartz or plagioclase and introduce the effects of 
 CO2-bearing fluids on the alteration of ultramafic rocks. 
Second, we review representative occurrences of metaso-
matic reaction zones at the contact between crustal and 
mantle rocks in metamorphic terranes. Third, we present 
the results of geochemical modeling studies on the meta-
somatic zones using recently updated thermodynamic 
data. We include new geochemical calculations to show 

the variations in the relative mobility of Mg and Si along 
the various subduction zone interfaces, and discuss the 
potential impact of Mg- versus Si-metasomatism on the 
mechanical and hydrological properties of the subduct-
ing plate interface.

2  Metasomatic reactions and hydrothermal 
experiments

2.1  Metasomatic reactions between crustal and ultramafic 
rocks

Metasomatism is a reaction induced by chemical transfer 
involving fluids. Metasomatic reaction zones often occur 
at lithological contacts, where diffusion is enhanced, and 
in places where infiltration of the external fluids occurs 
(e.g., Bebout and Penniston-Dorland 2016). Metasomatic 
reactions are enhanced by mechanical mixing, where dif-
ferent rocks are tectonically juxtaposed (e.g., in a mélange 
zone). Metasomatism is often observed in mantle rocks 
where they are in contact with crustal rocks. The domi-
nant metasomatic agents in aqueous fluids include Si, 
Ca, and  CO2, and typical metasomatic reactions in the 
hydrated mantle (serpentinite) include the following.

Si-metasomatism of serpentinite:

Ca–Si-metasomatism of serpentinite:

CO2-metasomatism of serpentinite:

Antigorite, the high-temperature polymorph of ser-
pentine, has a slightly different chemical formula 
 [Mg48Si34O85(OH)62] to that of low-temperature ser-
pentine minerals [lizardite, chrysotile;  Mg3Si2O5(OH)4]. 
However, as the metasomatic reactions are almost iden-
tical, we describe them using a chemical formula of 
 Mg3Si2O5(OH)4.

Mg-metasomatism of crustal rocks to form chlo-
rite rock has been reported at some natural examples 
of the crust–mantle boundary (e.g., Scambelluri et  al. 
1999). For example, the chloritization of plagioclase 
(albite) in an Al-fixed reference frame can be written 
as follows:

(R1)

Mg3Si2O5(OH)4
Serpentine

+2SiO2(aq) → Mg3Si4O10(OH)2
Talc

+H2O

(R2)5Mg3Si2O5(OH)4
Serpentine

+14SiO2(aq)+ 6CaO(aq) → 3Ca2Mg5Si8O22(OH)2
Tremolite

+7H2O

(R3)2Mg3Si2O5(OH)4
Serpentine

+3CO2(aq) → 3MgCO3
Magnesite

+Mg3Si4O10(OH)2
Talc

+3H2O

(R4)2NaAlSi3O8
Albite

+5MgO(aq)+ 4 H2O → Mg5Al2Si3O10(OH)8
Chlorite

+3SiO2(aq)+Na2O(aq)
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However, Mg-metasomatism has attracted less atten-
tion than Si-metasomatism, and it is still not clear how 
common Mg-metasomatism is in various geological 
settings.

In this section, we review numerical models and 
experimental studies of the development of metaso-
matic reaction zones in simple systems as analogues 
of the crust–mantle boundary. We show that Si-meta-
somatism dominates over Mg-metasomatism in experi-
ments under hydrothermal conditions (mostly vapor 
saturated), in contrast to natural examples from meta-
morphic terranes described in later sections. Then, we 
describe experiments showing the effects of  CO2-rich 
fluids on the development of metasomatic zones in 
ultramafic rocks.

2.2  A typical model for the development of metasomatic 
reaction zones

Figure  1a shows the stabilities of mantle-forming 
minerals in the MgO–SiO2–H2O system with vary-
ing  SiO2 activity (aSiO2,aq) and temperature. The stable 
hydrous minerals do not change significantly between 
0.1 and 1.0 GPa. With increasing silica activity, the 
stable hydrous mineral changes from brucite (Brc) to 
serpentine (Srp) to talc (Tlc). The hydration reactions 
of olivine and orthopyroxene (Opx) can be written as 
follows:

(R5)

2Mg2SiO4
Olivine

+3H2O → Mg3Si2O5(OH)4
Serpentine

+Mg(OH)2
Brucite

Srp + Brc equilibrium yields 2–3 orders of magnitude 
lower silica activity than Srp + Tlc equilibrium (Fig. 1a). 
Olivine appears at higher temperatures with increasing 
silica activity from the Srp + Brc + Ol invariant point to 
the Srp + Tlc + Ol invariant point (Fig.  1a). The silica 
activity for Qz-saturated aqueous fluid is always higher 
than the silica activity at Tlc–Srp equilibrium (Fig. 1a); 
this Si activity gradient is a typical driving force for the 
Si-metasomatism of mantle rocks at the crust–mantle 
interface (Frost and Beard 2007; Manning 1995; Oyan-
agi et al. 2015; 2020).

The development of a metasomatic reaction zone 
between olivine and quartz has been modeled as an 
example of metasomatism in a binary system resulting 
from intergranular diffusion (Fig.  1b; Frantz and Mao 
1979; Lichtner et al. 1986). The model assumes local equi-
librium, where individual minerals are immediately pre-
cipitated when they become supersaturated in the fluid, 
and thus the diffusion of Si and Mg in aqueous fluids is 
the rate-limiting process. By solving for a moving bound-
ary numerically, Lichtner et al. (1986) showed that mono-
mineralic reaction zones developed in order of their silica 
activity: a talc zone is developed near the Ol–Qz contact 
in the Ol-hosted region, and a serpentine zone is devel-
oped far from the Ol–Qz contact in the Ol-hosted region 
(Fig.  1b). A small amount of talc also forms in the Qz-
hosted region. As the Si concentration in equilibrium 

(R6)

6MgSiO3
Orthopyroxene

+3H2O → Mg3Si2O5(OH)4
Serpentine

+Mg3Si4O10(OH)2
Talc

Fig. 1 a Mineral stability with temperature and silica activity for the MgO–SiO2–H2O system at 0.1 and 1.0 GPa. The dashed lines indicate 
the solubility of quartz in water. Fo: forsterite, Srp: serpentine, Atg: antigorite, Brc: brucite, Tlc: talc, Qz: quartz. b Results of a typical diffusion–reaction 
model by Lichtner et al. (1986) for the development of reaction zones between forsterite and quartz in the MgO–SiO2–H2O system. Distinct talc 
and serpentine zones developed in the Ol-hosted region, whereas a small talc zone formed in the Qz-hosted region. The volume fraction is defined 
as the ratio of the volume of the mineral to the initial solid volume
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with quartz is assumed to be higher than the Mg concen-
tration in equilibrium with olivine, the diffusive flux of Si 
is higher than that of Mg. This asymmetric diffusive flux 
results in a large solid volume increase in the serpentine 
and talc zones in the Ol-hosted region, whereas a signifi-
cant solid volume loss in the talc zone in the Qz-hosted 
region (Fig. 1b). These pioneering modeling studies show 
that a difference in the diffusive fluxes of Si and Mg pro-
duces asymmetric widths and porosities in the metaso-
matic reaction zones on either side of the Ol–Qz contact; 
however, the Si and Mg concentrations in these models 
were approximated without any experimental data.

2.3  Hydrothermal experiments on bimetasomatism 
by intergranular diffusion

Experiments producing metasomatic reaction zones 
between two lithologies or minerals are limited. How-
ever, several hydrothermal experiments have been con-
ducted using mineral powders to study the contact 
between olivine and more  SiO2-rich minerals, including 
Ol–Opx (Ogasawara et al. 2013), Ol–Qz (Oyanagi et al. 
2015, 2020), and Ol–plagioclase (Pl, Oyanagi et al. 2018) 
pairs. These experiments were conducted at 230–300 °C 
and under vapor-saturated pressures (Psat, ~ 3–10 MPa).

2.3.1  Olivine–orthopyroxene system
Ogasawara et al. (2013) conducted hydrothermal experi-
ments in the Ol–Opx–H2O system at 250  °C and Psat 
(4  MPa). Ol powder was sandwiched by Opx powder 
and placed in the inner tube. In the Ol–Opx system, 
serpentine was formed both in the Ol- and Opx-hosted 
regions, and brucite and talc were not identified (Fig. 2a). 
The amount of serpentine formed was spatially uniform 
in the Opx-hosted region, whereas in the Ol-hosted 
region, the serpentinization was most intense at the 
contact with the orthopyroxene and decreased gradu-
ally with increasing distance from the contact. This pat-
tern is explained by the following coupled silica-releasing 

and silica-consuming reactions in the Mg-fixed reference 
flame:

Silica-consuming olivine reaction

Silica-releasing orthopyroxene reaction

A 1-dimensional reaction–diffusion model (Fig.  2a) 
shows that the olivine serpentinization reaction rate 
(R7) is ~ 14 times higher than the orthopyroxene ser-
pentinization reaction rate (R8) (Ogasawara et al. 2013). 
Coupled serpentinization reactions between olivine and 
orthopyroxene are commonly observed during the ser-
pentinization of harzburgite in the oceanic lithosphere 
(Schwarzenbach et al. 2016) and forearc ophiolites (Dan-
dar et al. 2019), suggesting the importance of Si transport 
during serpentinization.

2.3.2  Olivine–quartz system
Oyanagi et al. (2020) conducted hydrothermal experiments 
using layers of quartz and olivine powder at 300 °C and Psat 
(8.58 MPa). Reaction zones only developed in the Ol-hosted 
region and changed from Tlc + Srp to Srp to Srp + Brc + Mag 
with increasing distance from the Ol–Qz contact (Fig. 2b). 
At the contact, talc formed around olivine grains, whereas 
quartz grains were dissolved without producing any reac-
tion products. The formation of brucite in the Ol-hosted 
region means there was a silica activity gradient of three 
orders of magnitude over a distance of only 10 mm (Fig. 1a). 
Oyanagi et al. (2020) modeled the reaction systems involv-
ing olivine, brucite, serpentine, and talc assuming that they 
were controlled only by Si from the Qz-hosted region. In 
addition to reactions R1 and R7, the overall reactions in the 
Mg-fixed reference frame were as follows:

(R7)

3Mg2SiO4
Olivine

+4H2O+ SiO2(aq) → 2 Mg3Si2O5(OH)4
Serpentine

(R8)

3MgSiO3
Orthopyroxene

+2H2O → Mg3Si2O5(OH)4
Serpentine

+SiO2(aq)

Fig. 2 Hydrothermal experiments on metasomatic reactions. a Ol–Opx contact at 250 °C and Psat (modified after Ogasawara et al. 2013). Left 
panel: photograph of the reaction zones at the Ol–Opx contacts after 1520 h. Right panel: ratio of the volume of serpentine to the total solid 
volume (Vsrp/Vsolid) versus distance from the tube top, along with the Vsrp/Vsolid ratio predicted by the reaction–diffusion model (red curves). b 
Ol–Qz contact at 300 °C and Psat (modified after Oyanagi et al. 2020). Top: photograph of the reaction zones at the Ol–Qz contact after 3258 h. 
Bottom: Back-scattered electron (BSE) images of the products at 0 and 10 mm from the Ol–Qz contact. c Ol–Pl contact at 250 °C and Psat (modified 
after Oyanagi et al. 2018). Top: photograph of the reaction zones at the Ol–Pl contact after 7980 h with the positions of Al and Ca, Si, and hydration 
fronts. The Si front is identified by the appearance of brucite and magnetite, and the Ca and Al front is identified by the chemical compositions 
of serpentine minerals. Bottom: BSE images of the products at the Ol–Pl contact (left) and of serpentine with Al zoning (right). d Temperature–XCO2 
diagram at 200 MPa showing the equilibrium phase relationship in the MgO–SiO2–H2O–CO2 system for an MgO:SiO2 ratio of 2:1 (modified 
after Johannes 1969). e BSE image and interpretation of a harzburgite–CO2–H2O experiment at 600 °C and 2.0 GPa after 192 h (modified after Sieber 
et al. 2022). f X-ray computed tomographic image of the product of a serpentinite–CO2–H2O experiment at 700 °C and 2.5 GPa after 96 h (modified 
after Sieber et al. 2020). Ol: olivine, Opx: orthopyroxene, Qz: quartz, Srp: serpentine, Brc: brucite, Pl: plagioclase, Mag: magnetite, Ca-Sap: Ca-saponite, 
Mgs: magnesite, Tlc: talc, Atg: antigorite, Cb: carbonate, Vac: vacancy

(See figure on next page.)
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The reactions R7 (Ol–Srp), R9 (Ol–Tlc), and R10 (Ol–
Brc) are olivine hydration, whereas the reactions R1 
(Srp–Tlc) and R12 (Brc–Srp) are characterized by the 

(R9)

3Mg2SiO4
Olivine

+5SiO2(aq)+ 2H2O → 2Mg3Si4O10(OH)2
Talc

(R10)Mg2SiO4
Olivine

+2H2O → 2Mg(OH)2
Brucite

+SiO2(aq)

(R11)

Mg3Si4O10(OH)2
Talc

+H2O → Mg3Si2O5(OH)4
Serpentine

+2SiO2(aq)

(R12)

3Mg(OH)2
Brucite

+2SiO2(aq) → Mg3Si2O5(OH)4
Serpentine

+H2O

(R13)

Mg3Si2O5(OH)4
Serpentine

+H2O → 3Mg(OH)2
Brucite

+2SiO2(aq)

dehydration of pre-existing hydrous minerals. This means 
that either hydration or dehydration can occur during the 
Si-metasomatism of mantle rocks (Oyanagi et  al. 2015; 
2020; Okamoto et  al. 2021). The silicification of brucite 
(R12) is known as an important step in the serpentiniza-
tion of olivine (Bach et al. 2006; Tutolo et al. 2018).

The preferential development of a reaction zone in the 
Ol-hosted region was also found in the Ol–Qz experi-
ments under highly alkaline conditions using a NaOH 
aqueous fluid (pH = 13.8 at 25  °C) at 250  °C and Psat 
(3.98  MPa, Oyanagi et  al. 2015). Due to the dissolved 
NaOH, instead of talc, Na-smectite was formed in the Si-
metasomatic zone that developed in the olivine-hosted 
region. The Si-metasomatic front migrates ~ 10 times 
faster under highly alkaline conditions (Oyanagi et  al. 
2015) than under near-neutral pH conditions (Oyanagi 
et al. 2020). The dominant aqueous silica species is  SiO2,aq 
in the case of near-neutral pH or acidic conditions, 

(e)
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whereas  HSiO3
− is dominant under highly alkaline condi-

tions (pH >  ~ 10; e.g., Shibuya et al. 2010). Therefore, the 
faster migration of the Si-metasomatic front under alka-
line conditions (Oyanagi et al. 2015) than at near-neutral 
pH (Oyanagi et al. 2020) is probably due to the larger dif-
fusive flux due to the higher Si concentration gradient in 
the former case.

2.3.3  Olivine–plagioclase system
Gabbroic rocks in the lower crust are composed mainly 
of plagioclase and clinopyroxene (Cpx), and lack quartz. 
The aqueous fluids buffered by these rocks have higher 
dissolved Ca and Al contents as well as Si contents. The 
mobility of Al was recognized in the serpentinization of 
olivine adjacent to clinopyroxene or plagioclase in harz-
burgite, olivine gabbro, and troctolites (Beard et al. 2009; 
Schwarzenbach et al. 2016; Oyanagi et al. 2018; Yoshida 
et al. 2020).

Oyanagi et al. (2018) conducted hydrothermal experi-
ments on the Ol–Pl–H2O system at 230  °C and Psat 
(2.8  MPa), and identified the Al–Si-metasomatic zones 
in the experimental products (Fig.  2c). Instead of talc 
observed in the Ol-Qz experiments, Al-rich serpen-
tine formed in the Ol-hosted region close to the Ol–Pl 
contact, and no reaction products were observed in the 
Pl-hosted region. The Si-metasomatic front migrated 
farther than the Al metasomatic front. The distinct Al 
zoning developed in the Al-rich serpentine aggregate 
that replaced the olivine crystal, with Al-rich cores, Al-
poor mantles, and Al-rich rims (Fig.  2c), similar to the 
Al-zoning observed in areas of serpentine mesh texture 
in troctolite (Oyanagi et  al. 2018; Yoshida et  al. 2020). 
This Al zoning is produced in response to the migration 
of an Al-metasomatic front, with the Al-poor serpen-
tine forming during the early stages, followed by coupled 
olivine replacement and overgrowth by Al-rich serpen-
tine. In some experiments on olivine hydration with Al-
oxides, chlorite was formed instead of Al-rich serpentine 
(Andreani et  al. 2013). Ol–Pl–H2O experiments suggest 
differences in the mobility of Si, Al, Ca, and Mg (Fig. 2c).

2.4  Experimental studies of metasomatic reactions 
in ultramafic rock–H2O–CO2 systems

Equilibrium phase relationships in the MgO–SiO2–H2O–
CO2 system have been investigated experimentally (e.g., 
Johannes 1969). Figure  2d shows a temperature–XCO2 
[=  CO2/(H2O +  CO2)] diagram at 200  MPa for a bulk 
composition of forsterite (MgO:SiO2 = 2:1; Johannes 
1969). Serpentine and brucite only appear at low XCO2 
values (< 0.1). At higher XCO2 values (0.1 < XCO2 < 0.9), 
the assemblage changes from Qz + magnesite (Mgs) to 
Tlc + Mgs with increasing temperature. At temperatures 

of ~ 300–450  °C, the mineral assemblage changes from 
Srp + Brc, through Srp + Mgs and Tlc + Mgs, to Qz + Mgs 
with increasing XCO2 at constant P–T conditions (Fig. 2d). 
This trend represents the mineralogical sequence pro-
duced by infiltration of  CO2-rich fluids, although the 
exact T–XCO2 stability fields of individual assemblages 
vary depending on pressure.

Numerous experiments on the carbonation of ultra-
mafic rocks have been conducted to develop techniques 
for carbon dioxide capture and storage (CCS) in miner-
als and geological formations (e.g., Andreani et al. 2009; 
Klein et  al. 2013; Lacinska et  al. 2017). Most of these 
experiments were conducted at low temperatures and 
pressures (≲ 300 °C, < 50 MPa) and show that the carbon-
ation of serpentine is several orders of magnitude slower 
than that of olivine or brucite (e.g., Kelemen et al. 2019). 
CCS studies are summarized in the review of Kelemen 
et  al. (2019), and we briefly describe recent experimen-
tal studies on the metasomatic alteration of harzburgite 
and serpentinite blocks by the infiltration of  CO2–H2O 
fluids at mantle wedge P–T conditions (Sieber et al. 2020; 
2022). Metasomatic zonation has been produced in har-
zburgite, with antigorite forming around olivine and talc 
forming around orthopyroxene; both textures were sur-
rounded by magnesite. Regions of Qz + Mgs and Qz were 
formed at the edges of the samples (Fig. 2e; Sieber et al. 
2022). The hydration of harzburgite produced polygo-
nal fractures, caused by hierarchical fracturing induced 
by solid volume-increasing reactions. In serpentinite 
composed mainly of antigorite, a uniform mixture of 
fine Tlc + Mgs crystals formed in the interior of serpen-
tinite, with quartz forming preferentially at the edges of 
the serpentinite (Fig.  2f; Sieber et  al. 2020). The extent 
of serpentinite carbonation (Sieber et al. 2020) was simi-
lar to that of olivine carbonation (Sieber et  al. 2022) in 
experiments at mantle wedge conditions, in contrast to 
serpentine and olivine carbonation under low P–T condi-
tions (Kelemen et al. 2019). Porosity networks developed 
in the products of serpentinite carbonation, particularly 
near quartz, suggesting a decrease in solid volume and 
chemical transport associated with the dehydration of 
serpentine (R3). Experiments using ultramafic samples 
(Sieber et al. 2020; 2022) show that characteristic mineral 
sequences are produced as a function of XCO2 and that 
significant Si and Mg transport are not always required 
during  CO2-metasomatism.

3  Natural metasomatic reaction zones 
upon the crust–mantle interface

The contacts between crustal rocks and mantle rocks are 
often exposed within the high-pressure metamorphic ter-
ranes and ophiolites. In some cases, serpentinite blocks 
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occur in schists, and in the other cases, the oceanic crus-
tal rocks occur as blocks in the serpentinite mélange. 
Regardless their occurrences or origins (mantle wedge or 
oceanic lithosphere), the metasomatic reaction zones are 
commonly developed at the contact. In this section, we 
review natural examples of contacts between crustal and 
ultramafic rocks, focusing on Mg- and Si-metasomatism. 
Table 1 summarizes representative examples of reaction 
zones at crust–mantle interfaces. Figure 3 shows the P–T 
conditions of metasomatism in various locations along 
with the geotherm along the top of the slab in representa-
tive subduction zones (van Keken et al. 2018). Although 
there are large uncertainties in the P–T conditions of 
metasomatism, most are similar to those of the Nankai 
and Cascadia subduction zones (Fig. 3).

3.1  Serpentinites in the Sanbagawa metamorphic belt
The Sanbagawa belt is a high-pressure metamorphic belt 
that extends for > 800 km along the Japanese Islands. The 
belt contains numerous ultramafic bodies and lenses 
(peridotite, serpentinite, tremolite (Tr)/actinolite (Act) 
rocks) of centimeters to kilometers in length (Aoya et al. 
2013). In central Shikoku, these ultramafic bodies occur 
only at grades higher than the garnet zone (Aoya et  al. 
2013). This distribution of ultramafic bodies, combined 
with the depleted compositions of Cr-rich spinel and the 
bulk rock chemistry (Hattori et al. 2010; Kawahara et al. 
2016; Okamoto et al. 2023), suggests that the ultramafic 
bodies were derived from the mantle wedge. The ultra-
mafic bodies are extensively serpentinized with antigor-
ite, and the hydration reactions were affected by external 
fluids at the margins of the bodies. For example, the km-
scale serpentinite body in Central Shikoku (Shiraga body) 
only has an Atg–Brc assemblage in the interior of the 
body, whereas the marginal part of the body in contact 
with the pelitic schists lacks brucite and contains talc 
veins (Kawahara et al. 2016; Nagaya et al. 2022). The spa-
tial variation in hydrous minerals probably reflects higher 
Si activity at the edge of the body, and that Si-metasoma-
tism proceeded by infiltration of external fluids from the 
pelitic schists. Talc formation did not occur through the 
alteration of olivine (R8), but through the alteration of 
pre-existing serpentine (R12). This is consistent with the 
experiments in the Ol–Qz system (Oyanagi et  al. 2015; 
2020), where the hydration front (Srp + Brc) proceeded 
farther than the Si-metasomatic front (Tlc, Tlc + Srp; 
Fig. 2b). In this outcrop, the progress of Mg-metasoma-
tism in the pelitic schist is unclear due to weathering.

3.1.1  Higuchi serpentinite body
The Higuchi body in the Kanto Mountains is a small 
(8 × 15 m) carbonated serpentinite body hosted by pelitic 

schist (Okamoto et  al. 2021; Fig.  4a). The body is com-
posed mainly of massive antigorite with no relic olivine, 
pyroxene, or brucite. The massive antigorite is cut by sev-
eral types of Tlc–carbonates (Cb) (magnesite, dolomite 
(Dol), calcite (Cal)) veins that form branching fracture 
networks (Fig. 4b). In the interior of the body, the mas-
sive antigorite is cut by thin networks of Tlc–Mgs veins. 
The most distinct veins are filled with dolomite with a 
talc selvage (Fig.  4c). The Tlc–Cb veins record the pro-
gress of  CO2-metasomatism, similar to R3, with intense 
fracturing as observed in the experiments of Sieber et al. 
(2020) (Fig. 2f ). The thickest veins are Dol–Cal veins with 
euhedral dolomite crystals and interstitial calcite, provid-
ing the temperature estimates by the Cal-Dol thermom-
etry of 380–400 °C (Okamoto et al. 2021). The boundary 
of the serpentinite body is marked by reaction zones 
of ~ 50  cm thickness (Fig.  4a), with Act–chlorite (Chl) 
schist on the serpentinite side and chlorite rock on the 
pelitic shist side. The Act–Chl schist contains altered 
Cr-rich spinel, suggesting that it formed from serpent-
inite (Fig.  4d), whereas the partly chloritized rocks pre-
serve the distinct textures of the pelitic schists, including 
graphite-rich layers and quartz veins with equigranular 
grains (Fig. 4e). Mass balance analysis of the alteration of 
pelitic schist to Chl rock indicates a loss of  SiO2,  Na2O, 
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Fig. 3 P–T conditions of metasomatism in crustal and ultramafic 
rocks in various geological settings with the geotherm along the slab 
top in the NE Japan, Nankai, and Cascadia subduction zones 
calculated by van Keken et al. (2018). Data for the Higuchi 
(Okamoto et al. 2021) and Tomisato (Oyanagi et al. 2023) bodies 
in the Sanbagawa metamorphic belt in Japan, the Livingstone 
Fault in New Zealand (Tarling et al. 2019b), the Jade Cove mélange 
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in the Ligurian Alps, Italy (Codillo et al. 2022a), the Nishisonogi 
metamorphic rocks (Mori et al. 2007), and Syros, Greece (Miller et al. 
2009) are shown for comparison
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and  K2O, and grains in MgO, FeO, and  H2O, with near-
constant  TiO2,  P2O5, and  Al2O3, resulting in ~ 30% solid 
volume decrease. This natural occurrence and mass bal-
ance analyses indicate the progress of chloritization by 
Mg-metasomatism in the pelitic schists (e.g., R4).

In summary, Mg-metasomatism occurred in the 
pelitic schist (crustal rocks) to form Chl rocks, and 

 CO2-metasomatism occurred in the serpentinite to form 
Mgs + Tlc and Dol + Tlc veins with intense fracturing. In 
this outcrop, the extent of Si-metasomatism in the ser-
pentinite is not clear due to the heterogeneous occur-
rence of Tlc–Cb veins.
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Fig. 4 a–e The Higuchi serpentinite body in the Sanbagawa belt, Japan (modified after Okamoto et al. 2021). a, left Outcrop photograph and (right) 
close-up view of the chlorite rock and the Act–Chl schist at the contact between a serpentinite body and pelitic schist. b Branching Tlc–Cb vein 
networks in the serpentinite body. c Photomicrograph of a dolomite vein with a talc selvage in the massive antigorite under cross-polarized 
light. d Back-scattered electron image of the Act–Chl schist. e Photomicrographs (plane-polarized light) of the chlorite rock, showing the relic 
banded graphite-rich layers and quartz veins in the pelitic schist. Chlorite has formed around the altered Cr-rich spinel. f Photograph and g sketch 
of the reaction zones between the serpentinite body and pelitic schist in Tomisato body (modified after Oyanagi et al. 2023). Act: actinolite, Chl: 
chlorite, Gr: graphite, Spl: spinel, Dol: dolomite, Tlc: talc, Qz: quartz, Grt: garnet, Atg: antigorite, Srp: serpentine
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3.1.2  Tomisato serpentinite body
Another distinct crust–mantle contact is found in the 
Tomisato serpentinite body in central Shikoku. This 
body is also composed of massive antigorite serpent-
inite, and is cut by talc veins that developed in the mar-
ginal part of the body in contact with a pelitic schist, 
and tremolite veins that developed at the contact with a 
mafic schist (Hirauchi et  al. 2021; Oyanagi et  al. 2023). 
Oyanagi et al. (2023) showed that reaction zones devel-
oped along the contact between the pelitic schist and 
serpentinite, with the rock changing from pelitic schist to 
albite (Ab) schist, muscovite (Ms) rock, Chl rock, Tr–Chl 
schist, Tlc schist, and serpentinite (Fig. 4f ). No carbon-
ates occur in the reaction zones. The original boundary 
between the pelitic schists and serpentinite was located 
at the boundary between the Chl rock and Tr-Chl schists 
(Fig. 4g). The detailed mass balance calculations revealed 
a flux in  SiO2 with the minor transport of  Al2O3 and CaO 
from the pelitic schist to serpentinite, and a flux of MgO 
from the serpentinite to the pelitic schist. The mass of Ca 
released from the pelitic schist and added to the serpen-
tinite is not balanced, suggesting Ca is sourced from an 
external system.

In summary, the Tomisato serpentinite body is a rep-
resentative natural example of bi-directional metasoma-
tism: Mg-metasomatism of a pelitic schist to form Chl 
rock and Si–Ca–Al-metasomatism of serpentinite to 
form Tr–Chl and Tlc schists.

3.2  Serpentine shear zone along the Livingstone fault
The Livingstone fault in New Zealand is a serpentine 
shear zone that separates the ultramafic rocks of the 
Dun Mountain Ophiolite Belt from the metasedimentary 
and metavolcanic rocks of the continental Caples and 
Aspiring terranes (Tarling et al. 2019a). The Livingstone 
fault is composed of a wide zone of foliated serpentinite 
(up to ~ 480  m) that contains various blocks of crustal 
rocks, including metasedimentary, metabasaltic, and 
meta-ultramafic rocks (Fig.  5a, b; Tarling et  al. 2019b). 
The serpentine minerals in the shear zone matrix are 
chrysotile and lizardite, suggesting temperatures lower 
than ~ 350  °C. Metasomatic reactions took place along 
the main shear zone boundaries, as well as at the con-
tact between the crustal rocks and the serpentine matrix. 
Metasomatic alteration of the serpentinite to form Tr 
and Tlc veins and minor diopside occurred where it is 

(a) (b)

(c)

Serpentinite

Schist

Schist pod

2 m

30 cm

Schist pod

Serpentinite

Reaction zone

Serpentinite

Tr veins

(b)

(d) (f)

Dol

Tlc

Atg

300 µm

(e)
Tr

Chl

Tr

500 µm

ChlTremolite schist

Talc schist

Foliated
cataclasite

Fig. 5 a–c Livingstone fault in New Zealand (modified after Tarling et al. 2019b). a Schematic cross-section of metasomatic reaction zones 
adjacent to schist pods and serpentinites. b Outcrop of the reaction zone at the contact between schist and serpentinite. c Tremolite vein network 
that developed in the serpentinites. d–f Franciscan Complex in USA (modified after Hirauchi et al. 2020). d Photograph of the reaction zones 
at the contact between serpentinite and metasediment. e, f Photomicrographs of (e) talc networks in the serpentinite and (f) tremolite + chlorite 
rocks replacing the metasediments under cross-polarized light. Tr: tremolite, Chl: chlorite, Atg: antigorite, Tlc: talc, Dol: dolomite
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in contact with crustal blocks (Fig.  5b, c; Tarling et  al. 
2019a, b). Tremolite is dominant, forming intense vein 
networks (Fig.  5c) or occurring as randomly oriented 
crystals replacing serpentinite, and the Tr-rich region is 
up to several meters thick (Fig.  5b). These metasomatic 
replacement textures and branching tensile veins are 
repeatedly cut by shear veins. These outcrops and Sr iso-
topic data suggest that the Si- and Ca-metasomatism in 
the serpentinites occurred as a result of the reaction with 
aqueous fluids that had reacted with the metasedimen-
tary rocks. In contrast, there is no distinct evidence for 
Mg-metasomatism in the crustal rocks of this outcrop 
(Tarling et al. 2019a, b).

3.3  Metasediment–serpentinite contact in the Franciscan 
complex

A tectonic mélange in the Franciscan complex at Jade 
Cove, California, USA, contains the contact between 
metasediment and serpentinite (King et  al. 2003; 
Hirauchi et  al. 2020; Nagaya et  al. 2020). The peak 
metamorphic conditions for the mélange matrix (meta-
sediments) are estimated to be 150–200 °C and 0.4–0.6 
GPa, and the serpentine records multiple serpentini-
zation events, including the transition from lizardite 
and chrysotile to antigorite that occurs at ~ 250–300 °C 
(Schwarz et al. 2013). The composition of spinel in the 
serpentinite suggests that the serpentinite originated 
from the oceanic lithosphere (Hirauchi et al. 2008). The 
serpentinite bodies in the areas are interpreted to be 
oceanic mantle rocks that were subducted, exhumed, 
and incorporated into the Franciscan Complex.

The Jade Cove mélange exhibits metasomatism along 
the metasediment–serpentinite contacts (Fig.  5d). With 
increasing distance from the metasediment–serpen-
tinite contact, the metasomatic zones in the serpent-
inite change from Tr–Chl rock (Fig. 5e) to Tlc–Chl rock 
(Fig.  5f ), fully serpentinized peridotite, and partially 
serpentinized peridotite (King et al. 2003). The Tlc–Chl 
rocks are < 2  m thick (Hirauchi et  al. 2020). The main 
phase of metasomatism of the serpentinite is thought to 
have occurred prior to its emplacement in the Francis-
can Complex. The fractionation of O isotopes between 
silicate minerals suggests a temperature of 450–500  °C 
(Fig.  3; King et  al. 2003). Mass balance calculations for 
the metasomatic zones in the serpentinite suggest that 
these reaction zones were formed by the addition of  SiO2 
and CaO (King et al. 2003). The metasedimentary rocks 
adjacent to the serpentinite are metasomatized, charac-
terized by the overgrowth of tremolite and minor chlorite 
along the pre-existing foliation of the metasedimentary 
rocks (Fig.  5e; Hirauchi et  al. 2020). In summary, Si-
metasomatism occurred in the serpentinite (Fig. 5f ). Mg- 
and Ca-metasomatism occurred in the metasediments 

(Fig. 5e), but, as the temperatures estimated in serpent-
inite and metasediments are different (Fig. 3), the detail 
relationship between the metasomatism in serpentinite 
and in metasediments are not clear.

3.4  Metagabbro–serpentinite interface in the Voltri Massif
In the Voltri Massif of the Ligurian Alps in Italy, a meta-
somatic reaction zone developed between eclogitic met-
agabbro and serpentinite (Scambelluri and Rampone 
1999; Codillo et  al. 2022a). The geochemical character-
istics indicate that the partial serpentinization occurred 
in an oceanic setting with subsequent modification dur-
ing high pressure metamorphism in the subduction zone. 
The metagabbro does not contain quartz but consists 
of Cpx + garnet (Grt) + amphibole (Amp) + Ab + Fe-Ti 
oxides. The reaction zones are asymmetric and devel-
oped with a thickness of over ~ 1 m, mainly in the met-
agabbro. From the serpentinite (Zone I), the reaction 
zones consist of Ca-Amp ± Chl (Zone II), Chl + Ca-Amp 
(Zone III), and epidote (Zone IV; Fig. 6a). In contrast, a 
distinct metasomatic reaction zone did not form in the 
serpentinite, although a small amount of talc formed. The 
bulk-rock chemistry across the boundary has a diffusive 
profile, with Mg, Ni, and Cr contents decreasing from the 
serpentinite to the metagabbro (Fig.  6b). The bulk rock 
 SiO2 content of the serpentinite (~ 48–50 wt%) is higher 
than that of the metagabbro (40–43 wt%), with high Si 
contents in the amphibole-rich rock and low Si contents 
in the Chl rock near the contact (Fig. 6b). CaO contents 
are high in the metagabbro, but they decrease near the 
contact with the serpentinite. The stepwise pattern in the 
87Sr/86Sr ratio and the trends in fluid-immobile elements 
indicate that the reaction zone developed through fluid-
mediated metasomatic reactions rather than mechanical 
mixing (Codillo et al. 2022a).

Mass-balance calculations suggest that the formation 
of Chl-rich rocks at the expense of metagabbro (Zone 
III) requires the addition of Mg (~ 84  kg/m2) and  H2O 
(~ 40  kg/m2) as well as the removal of Ca (~ 10  kg/m2) 
(Codillo et al. 2022a). The Ca removed during the forma-
tion of the Chl-rich rocks is redistributed to form Ca-
amphibole and epidote in zones II and IV. In contrast, 
Si and Al contents remain almost constant. In summary, 
close to uni-directional metasomatism occurred at the 
contact between eclogitic metagabbro and serpentinite 
in the Voltri Massif, where significant Mg-metasomatism 
of the crustal rock occurred, with a smaller amount of 
Si-metasomatism occurring in the serpentinite. Similar 
asymmetric Mg-metasomatic reaction zones in mafic 
rock (blueschist) has been reported at a blueschist–ser-
pentinite contact in high-P metamorphic rocks from 
Syros, Greece (Miller et al. 2009; Fig. 3).
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3.5  Serpentinite in Nishisonogi metamorphic rocks
The Nishisonogi metamorphic rocks in Kyushu, Japan, 
are part of a Late Cretaceous subduction complex 
(Mori et al. 2007). They consist mainly of pelitic, psam-
mitic, and mafic schists with a small amount of serpen-
tinite. Reaction zones (0.5–10.0 m thick) occur between 
the serpentinite and pelitic schist. The reaction zones 
are composed of monomineralic or bimineralic layers 
of Tlc + Cb, Act (or Cb + Qz), Chl, Ms, and Ab, in order 
from the serpentinite to the pelitic schist (Fig. 6c). Based 
on a discontinuity in the Ti content of the altered rocks, 
the original contact between the serpentinite and pelitic 
schist was identified at the boundary between the Act 

and Chl layers. Assuming that Ti is immobile, mass bal-
ance analyses show that the formation of the Tlc + Cb 
layer and Cb + Qz from serpentinite involved a gain of C 
and losses of CaO, MgO, and  H2O with little change in 
 SiO2. In contrast, the formation of the Chl, Ms, and Ab 
layers from the pelitic schist was characterized by gains 
in MgO, FeO, and  H2O, and losses of  SiO2,  K2O, and C, 
with little change in  Al2O3. A gain in  Na2O is only found 
in the Ab layer. During the development of the reac-
tion zone, the Tlc + Cb, Chl, and Ms layers decreased 
in solid volume by ~ 30%, and the Cb + Qz and Ab lay-
ers decreased in solid volume by ~ 10%. Fluid inclusion 
studies and Cal–Dol thermometry suggest that the veins 
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formed at > 350  °C at > 0.4 GPa (Mori et  al. 2007, 2014). 
The immobility of  SiO2 in the Tlc + Cb and Qz + Cb 
zones suggests that this alteration of serpentinite is not 
Si-metasomatism. Alternatively, the carbonation of ser-
pentinite formed magnesite or dolomite. The typical 

reactions of carbonation of serpentinite are the forma-
tion of Mgs + Tlc (R3) and Mgs + Qz.

(R14)

Mg3Si2O5(OH)4
Serpentine

+3CO2(aq) → 3MgCO3
Magnesite

+ 2SiO2
Quartz

+2H2O

Fig. 7 a Schematic illustration of the fluid-to-rock (F/R) ratio in geochemical models of reaction zones between mantle and crustal rocks. 
A decrease in the F/R ratio indicates increasing infiltration of fluid in equilibrium with crustal rocks into the interior of the mantle rock. b 
Thermodynamic model of the interaction between pelitic schist-derived fluid and antigorite at 400 °C and 0.5 GPa. Stable mineral assemblage (top 
panel) and total concentration (mol/kg) of Si, Mg, Al, Na, K, Fe, and Ca in fluids (bottom panel) as a function of log(F/R) (modified after Okamoto 
et al. 2021). c Results of reaction path modeling on the stability of talc (left panel) and chlorite (right panel) during the interaction between mantle 
peridotite and fluids in equilibrium with crustal rocks (quartz, metabasalt, and metapelite; Codillo et al. 2022b). Atg: antigorite, Chl: chlorite, Tlc: talc, 
Tr: tremolite, Cpx: clinopyroxene, Pl: plagioclase, Mgs: magnesite, Dol: dolomite, Cal: calcite, Qz: quartz
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The Mg-metasomatism of crustal rock also occurs 
through the transport of Mg from serpentinite to pelitic 
schist. Si transport from the crust to the mantle may have 
been inhibited by  CO2-metasomatism, as silica-rich min-
erals (quartz or talc) formed in serpentinite (R3, R14), 
which may have lowered the Si activity gradient across 
the crust–mantle contact.

4  Geochemical modeling of the slab–mantle 
interface in a subduction zone

4.1  Geochemical models of metasomatic processes
Metasomatic reactions involve rocks and fluids in multi-
component systems. Reaction path modeling is a powerful 
tool for predicting the products of metasomatic reactions 
using thermodynamic equilibrium in both minerals and 
aqueous species (e.g., Reed 1982; Bach and Klein 2009). To 
simulate the metasomatic reactions caused by fluid infil-
tration, two calculation steps are usually conducted. For 
example, when we model the infiltration of slab-derived 
fluids into mantle rocks, the composition of the fluid in 
equilibrium with crustal rocks is calculated initially, then 
mantle blocks are added incrementally to the fluids, and 
the equilibrium fluid composition and stable mineral 
assemblage are calculated. In this modeling, the fluid-to-
rock mass (F/R) ratio represents the progress of the water–
rock interaction (alteration and metasomatic reactions). A 
decrease in the F/R ratio in this model reflects the evolu-
tion of the local fluid–rock equilibrium as the fluid travels 
from the crustal rock into the mantle rock (Fig. 7a).

4.2  Modeling the metasomatism of ultramafic rocks 
by slab‑derived fluids

To understand the metasomatic reactions between ser-
pentinite and pelitic schist, Okamoto et  al. (2021) con-
ducted reaction path modeling at 400  °C and 0.5 and 
1.0 GPa, in which antigorite blocks were incrementally 
added to fluids that were in equilibrium with graph-
ite-bearing metapelite over a wide range of F/R ratios. 
When the input fluid equilibrated with the pelitic schist 
had a fO2 close to the quartz–fayalite–magnetite buffer, 
the mineral sequence at the serpentinite–pelitic schist 
contact in the carbonated serpentinite (from Chl to 

Act + Chl, Cal + Dol, Dol + Tlc, Mgs + Tlc, and Atg) 
matched that observed in the Higuchi serpentinite body 
in the Sanbagawa belt (Fig.  7b). The highest concentra-
tion of Si in aqueous fluids occurs at high F/R ratios (near 
initial pelitic derived fluid), whereas at low F/R ratios 

(i.e., the interior of the serpentinite body), the total dis-
solved Mg content of the aqueous species is higher than 
the dissolved Si content (Fig. 7b). This is consistent with 
the large Mg flux into pelitic schist during the formation 
of chlorite rock (Mori et  al. 2007; Okamoto et  al. 2021; 
Oyanagi et al. 2023; Figs. 4, 6). At low F/R ratios, dehy-
dration of serpentinite occurs during carbonation or Si 
metasomatism. This reaction path modeling reveals that 
the solid volume decreases during the carbonation and 
Si-metasomatism of serpentinite due to the outflux of 
Mg and  H2O (Okamoto et al. 2021). In contrast, the total 
volume (including the fluid volume) increases during 
metasomatic reactions. Even when the initial fluids had 
low fO2 and carbonate was unstable, the trend is similar: 
the pelite-derived fluids are Si-rich, and fluids in regions 
of low F/R ratio (mantle rock-dominated) are Mg-rich 
(Okamoto et al. 2021).

Extensive reaction path modeling was conducted by 
Codillo et al. (2022b), in which ultramafic rocks (depleted 
mantle and harzburgite) were incrementally added to 
aqueous fluids in equilibrium with crustal minerals and 
rocks (quartz, metabasalt, and metasediment) over a 
wide range of P–T conditions (1.0–2.5 GPa, 300–600 °C; 
Fig. 7c). At constant pressure, the concentrations of dis-
solved Al and Si in fluids in equilibrium with the metape-
lite increase with increasing temperature, whereas the 
concentration of dissolved Mg is predicted to decrease as 
the temperature increases from 300 to 400  °C, and then 
slightly to increase from 500 to 600 °C. The appearance of 
talc and chlorite in the products of the fluid–rock interac-
tion depends on the P–T conditions and the type of slab-
derived fluid (Fig.  7c; Codillo et  al. 2022b). Talc forms 
on the geotherm only in cold subduction zones, and it 
forms preferentially through metasomatic reactions with 
quartz or metapelite rather than those with metabasalt. 
In contrast, chlorite forms under all P–T conditions 
and for all types of fluid. Based on these results, Codillo 
et al. (2022b) proposed that talc formation in a subduc-
tion zone is less common than chlorite formation, except 
for in cold subduction zones. The formation of chlorite 
results from the dissolved Al in the slab-derived fluids. 
For example, when Si is assumed to be fixed, chlorite for-
mation from serpentinite can be expressed as follows.

In warm subduction zones (e.g., the Tomisato ser-
pentinite; Fig.  3), a small amount of chlorite forms in 
serpentinite in response to the Al flux from the pelitic 
schist (Oyanagi et  al. 2023), but the main metasomatic 
minerals in the serpentinite are tremolite and talc. The 
discrepancy between the model (Codillo et  al. 2022b) 

(R15)3Mg3Si2O5(OH)4
Serpentine

+2Al2O3(aq)+MgO(aq)+ 2 H2O → 2Mg5Al2Si3O10(OH)8
Chlorite
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and natural samples may be caused by external chemical 
flux (e.g., Ca) via fluid flow along lithological boundaries 
(Fig.  4d), and by the different bulk compositions of ser-
pentinite (Oyanagi et al. 2023).

4.3  Incremental addition of metagabbro 
to serpentine‑buffered fluids

Eclogitic metagabbro from the Voltri Massif does not 
contain quartz, and a reaction zone has developed in 
the metagabbro at the contact with serpentinite (Codillo 
et  al. 2022a). Codillo et  al. (2022a) conducted geo-
chemical modeling in which metagabbro (anorthite 
(An) + diopside (Di)) was incrementally added to fluids 
in equilibrium with serpentinite (Atg + Di + Mag ± Brc). 
The serpentinite-buffered fluid is dominated by dis-
solved Mg and Si, with the contents of dissolved Ca and 
Al being several orders of magnitude lower. Mg(OH)2(aq) 
is the most dominant species in the fluid. With decreas-
ing F/R ratios, the mineral assemblage changes from 
Atg + Cpx to Atg + Cpx + Chl, Chl + Cpx ± Tr, and 
Grt + Chl + Cpx + epidote (Ep) + paragonite (Pa) ± Pl ± Qz. 
Chlorite forms in the altered metagabbro mainly at inter-
mediate F/R ratios  (100–103), and dissolved Al concentra-
tions are elevated at F/R ratios of  100–101. The dominant 
formation of chlorite at intermediate F/R ratios is con-
sistent with the variation in the reaction zones in the 
eclogitic metagabbro with distance from the contact with 
the serpentinite in the Voltri Massif (Fig. 5a; Codillo et al. 
2022a).

5  Discussion
5.1  Relative mobility of Mg and Si in subduction zones
5.1.1  Variations in metasomatic reaction zones at the crust–

mantle interface
The results of hydrothermal experiments using Ol–Qz 
and Ol–Pl systems, that talc or Al-rich serpentine form 
preferentially in the Ol-hosted region (Fig.  2b, c; Oyan-
agi et  al. 2015, 2018, 2020), show that Si is transported 
mainly from crust to mantle, whereas Mg is relatively 
immobile. The development of the Si-metasomatic reac-
tion zones in mantle rocks is consistent with the consid-
erable formation of talc rock in ultramafic rocks exposed 
on the ocean floor (e.g., Bach et  al. 2006; Boschi et  al. 
2006; Schwarzenbach et al. 2021) and the reaction zones 
in serpentine shear zones along contacts with metapelites 
at relatively low temperatures (Figs. 3, 4a–c; Tarling et al. 
2019a).

In contrast, exposed crust–mantle contacts in high-
pressure metamorphic rocks suggest distinct bi-direc-
tional metasomatism: Si-metasomatism of serpentinites 
to form talc, and Mg-metasomatism of metapelite to 
form chlorite (Fig. 4; Okamoto et al. 2021; Hoover et al. 
2022; Oyanagi et  al. 2023). Asymmetric reaction zones 

have been reported along the contact between serpent-
inite and metagabbro or metabasaltic rocks, where Mg-
metasomatism occurred in the crustal rocks, but there 
was a lack of Si-metasomatism of mantle rocks (Fig.  5; 
Mori et al. 2014; Codillo et al. 2022a). The variations in 
reaction zones between crustal and mantle rocks suggest 
that the relative mobility of Mg from mantle to crust and 
Si from crust to mantle can vary in response to the geo-
logical setting. What factors control the relative mobili-
ties of Si and Mg in laboratory experiments and natural 
settings?

For chemical transport involving fluid-mediated reac-
tions, two transport mechanisms are possible: diffusion 
in fluids and fluid advection. In batch experiments on 
analogue to crust–mantle contacts, fluid advection was 
not involved in the metasomatic reactions (Ogasawara 
et al. 2013; Oyanagi et al. 2015, 2018, 2020). These experi-
ments are similar to the simple bi-metasomatic reactive 
diffusion model (Frantz and Mao 1979; Lichtner et  al. 
1986). In subduction zones, chemical transport could 
occur via fluid advection, as fluid is commonly gener-
ated by dehydration of the subducting sediments or 
hydrated oceanic crust (e.g., Okamoto et al. 2017; Taetz 
et al. 2018). However, Mg, Ni, and Cr profiles in metagab-
bro from the contact with serpentinite indicate the pre-
dominance of diffusive elemental transport from mantle 
to crust (Codillo et al. 2022b). A large difference in aque-
ous diffusion coefficients for Mg and Si species is not 
expected in aqueous fluids (Oelkers and Helgeson, 1988). 
Instead, it is reasonable to consider that the difference in 
reaction zones is essentially controlled by the concentra-
tion gradients of dissolved Mg and Si in the fluid.

As shown above, reaction path modeling can simu-
late local compositional changes in fluids as they pass 
through the rocks (e.g., Bach and Klein 2009; Okamoto 
et  al. 2021; Codillo et  al. 2022a, b). Recent geochemical 
modeling suggests that the dissolved Mg content in flu-
ids buffered by mantle rocks is several orders of magni-
tude higher than that in fluids buffered by quartz-bearing 
crustal rocks, which may facilitate a significant flux of Mg 
from mantle to crust (Okamoto et al. 2021; Codillo et al. 
2022a, b). Based on models of the incremental addition 
of mantle rocks to crustal-rock-buffered fluids, Codillo 
et al. (2022b) proposed that chlorite forms (R15) prefer-
entially over talc in the serpentinite under a wide range 
of P–T conditions (Fig. 3). However, there are no studies 
that compare the flux of Si from mantle to crust with that 
of Mg from mantle to crust systematically.

5.1.2  Dissolved Si in pelite‑derived fluids versus Mg 
in mantle‑derived fluids

To understand the relative mobilities of Mg and Si, we 
calculated fluid compositions in equilibrium with mantle 
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peridotite and pelite. Thermodynamic modeling of fluid 
and rock in the Na–K–Ca–Fe–Mg–Al–Si–C–O–H sys-
tem was conducted using the DEW model (Sverjensky 
et  al. 2014; Huang and Sverjensky 2019) implemented 
in Perple_X version 7.0.2 (Connolly 2005). See Support-
ing Information for detail. For selected P–T conditions, 
metasomatism induced by fluid infiltration was also 
modeled by the 0-dimensional infiltration model in the 
Perple_X version 7.0.2. In the model, mineral equilibria 
were computed by incremental addition of a fluid to a 
rock mass (e.g., Connolly and Galvez 2018; Menzel et al. 
2020; Muñoz-Montecinos et al. 2021).

The geochemical calculations were conducted using 
the geotherm along the slab top calculated by van Keken 
et al. (2018) for the NE Japan, Nankai, and Cascadia sub-
duction zones (Fig. 3), and pressures of 0.2–2.5 GPa. NE 
Japan is a cold subduction zone, whereas the latter two 
are warm subduction zones; e.g., the slab top tempera-
tures at 1.0 GPa are 230 °C in NE Japan, 468 °C in Nan-
kai, and 519  °C in Cascadia (Fig.  3). Figure  8a–c shows 
the calculated dissolved Si, Al, Mg, and Ca contents and 
� pH (pH −  pHNeutral) in the fluid in equilibrium with 

pelitic schist (i.e., pelite-derived fluids) in the NE Japan 
(Fig.  8a), Nankai (Fig.  8b), and Cascadia (Fig.  8c) sub-
duction zones. Figure 8d–f shows the results for fluid in 
equilibrium with peridotite (i.e., mantle-derived fluids) 
in the NE Japan (Fig.  8d), Nankai (Fig.  8e), and Casca-
dia (Fig. 8f ) subduction zones. The speciation of Mg, Si, 
Ca, and Al in the fluids is also shown for pelite-derived 
(Fig. 9a–c) and mantle-derived (Fig. 9d–f) fluids, respec-
tively. The mineral assemblage in each rock varies with 
increasing depth, and the mantle rock is extensively ser-
pentinized (Additional file 1: Fig. S1).

In the NE Japan (Fig. 8a) and Nankai (Fig. 8b) subduc-
tion zones, the pelite-derived fluid is alkaline (ΔpH > 0), 
with Δ pH decreasing with depth from ~ 3.5 to ~ 1.5. In 
the Cascadia subduction zone, the Δ pH is nearly con-
stant (1.5–2.0) (Fig.  8c). The concentration of dissolved 
Si (total for all Si-bearing species) in the pelite-derived 
fluids is higher than the concentrations of other elements 
(e.g., Mg, Ca, Al) in all subduction zones, and the Si con-
centration increases with depth (Fig. 8a–c). The dissolved 
Mg, Ca, and Al concentrations increase sharply with 
pressure at shallow depths, but their contents increase 
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Fig. 8 a–c Total concentrations of dissolved Si (CSi), Mg (CMg), Al (CAl), and Ca (CCa) in the fluid in equilibrium with pelitic schist (crust) for the P–T 
conditions along the upper surface of the slab in the a NE Japan, b Nankai, and c Cascadia subduction zones. d–f Total concentrations of dissolved 
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more slowly at depth. The differences between the dis-
solved Si content and the contents of the other elements 
are largest in the NE Japan (Fig. 8a). The most abundant 
Si species in NE Japan is  NaHSiO3

−
, whereas it is  SiO2(aq) 

in Nankai and Cascadia (Fig. 9a–c). In all three subduc-
tion zones, the most abundant species of Mg and Ca are 
 MgO(aq) and Ca(HCO3)−, respectively. The Al species 
exist as Al-Si complex  (AlO2(SiO2)−).

For the mantle-derived fluids, ΔpH in NE Japan (~ 2.5 
at 1.0–2.0 GPa; Fig. 8d) is higher than that in the other 
two subduction zones (~ 1.7 at 1.0–2.0 GPa; Fig.  8e, f ). 
In contrast to the pelite-derived fluids, the dissolved Mg 
contents are generally higher than the dissolved Si con-
tents. In NE Japan and Nankai (Fig. 8d, e), the dissolved 
Mg content sharply increases with depth and exceeds the 
dissolved Si content at 0.4 and 0.2 GPa, respectively. The 
dissolved Si content is lower than the dissolved Ca con-
tent over most of the pressure range but is several orders 
of magnitude higher than the dissolved Al content. In 
Cascadia (Fig. 8f ), the dissolved Mg content is highest at 
pressures of 0.5–2.0 GPa. The dissolved Si content in the 
mantle-derived fluids increases with increasing pressure. 
In all three subduction zones,  MgO(aq) is the dominant 
Mg species (Fig. 9d–f). Both neutral  (SiO2(aq)) and ionic 
 (HSiO3

−) Si species are abundant in NE Japan (Fig. 9d), 
whereas  SiO2(aq) is dominant in Nankai and Cascadia 
(Fig.  9e, f ). Ca(OH)− is the dominant Ca species in NE 
Japan, whereas  CaO(aq) is dominant in Nankai and Cas-
cadia. Al is dominantly present as  AlO2

− or Al–Si com-
plexes  [AlO2(SiO2)−].

For evaluating the relative mobility of Mg and Si, 
Fig. 10a shows the logarithm of the ratios of the dissolved 
Mg concentration in the mantle-derived fluid to the dis-
solved Si concentration in the pelite-derived fluid (log 
MS ratio). At shallow depths in NE Japan and Nankai, 
the log MS ratio is negative, meaning that the dissolved 
Si content in the pelite-derived fluid is much higher than 
the dissolved Mg content in the mantle-derived fluid. The 
negative log MS ratios at low pressures and temperatures 
represent high Si mobility from crust to mantle, which 
is consistent with hydrothermal experiments that show 
only Si is transported from crust to mantle (Oyanagi et al. 
2015, 2018, 2020). The log MS ratio increases greatly with 
increasing depth (Fig. 8a). The log MS ratio exceeds zero 
at pressures of 1.2 GPa in NE Japan and at lower pres-
sures (< 0.3 GPa) in Nankai and Cascadia. This trend is 
consistent with the increase in  MgO(aq) content of the 
mantle-derived fluids (Fig.  7d–f). In regions where the 
log MS ratio is positive, the mobility of Mg from mantle 
to crust is greater than that of Si from crust to mantle.

Metasomatism of metasediment by fluids equilibrated 
with ultramafic rock and metasomatism of mantle rock 
by fluids equilibrated with metasediment were modeled 

at 1.0 GPa in the NE Japan (Fig. 10b, c) and Nankai, sub-
duction zones (Fig.  10d, e), respectively. The results of 
metasomatism of metasediment at NE Japan show that 
even when 300  mol of mantle-derived fluid was infil-
trated in the metasediments (F/R = ~ 5), the initial min-
eral assemblage of Ms + lawsonite (Lws) + clinopyroxene 
(Cpx) + Qz + stilpnomelane (Stp)) does not change sig-
nificantly (Fig.  10b, left panel), and a small amount of 
chlorite forms. In the cases of the metasomatism of anti-
gorite serpentinite by fluids equilibrated with metasedi-
ments, chlorite always exists even when no fluid is added 
(Fig. 10b, right panel). The formation of chlorite predicted 
by the model (Fig. 10b) is in apparent contradiction with 
natural serpentinites, where little chlorite formed (e.g., 
Shiraga, Tomisato, Jade Cove; Fig. 4; Okamoto et al. 2021; 
Oyanagi et al. 2023). This discrepancy is due to the high 
Al content of the initial ultramafic rock used in the model 
(harzburgite;  Al2O3 = 4.5 wt%; Additional file 1: Table S1). 
As the amount of pelitic-derived fluid increases, talc is 
mainly formed at the expense of antigorite (Fig. 10b, right 
panel). Minor amphibole also appears at relatively low 
F/R ratios at the expense of Cpx, and aragonite appear at 
higher F/R ratios. During the fluid-rock interaction, the 
Si gain in mantle rock is slightly higher than the Mg gain 
in metapelite (Fig. 10c), which is consistent with the Log 
MS ratio is close to zero (point 1 at Fig. 10a).

In Nankai, the mineral assemblages undergo significant 
changes as the amount of fluid infiltrated increases. At 
400 mol fluids added (F/R =  ~ 7), the metapelite is almost 
completely replaced by Chl + Amp, and the amount of 
chlorite sharply increases with increasing the F/R ratio 
(Fig.  10d). The progress of talc formation after antigor-
ite in Nankai proceeds much greater than NE Japan, and 
antigorite is completely consumed at F/R =  ~ 1.5. Dolo-
mite and magnesite appear in higher F/R ratio. The value 
of Si gain of the serpentinite in Nankai is similar to that 
in NE Japan, whereas the Mg gain of the metapelite is 
extremely higher in the Nankai compared to the NE 
Japan (Fig. 10e). This reflects the positive log MS ratio in 
Fig. 10a. The trends of mineralogy and mass changes of 
Cascadia (Additional file 1: Fig. S2) are similar to those of 
Nankai (Fig. 10d, e).

Si-metasomatism of mantle rocks (serpentinite) 
induced by slab-derived fluids is likely to occur in both 
cold (e.g., NE Japan) and warm (e.g., Nankai and Casca-
dia) subduction zones (Fig.  11). In contrast, Mg-meta-
somatism of crustal rocks may occur preferentially in 
warmer subduction zones. Our geochemical modeling 
shows that talc formation in serpentinite by Si-metas-
omatism proceeds further in warm subduction zones 
(Fig. 10d) than in cold subduction zones (Fig. 10b). The 
formation of talc predicted along warm geotherms 
(Fig. 10d) differs from the results of Codillo et al. (2022b) 
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(Fig.  7b) but is consistent with the occurrence of talc 
in the Tomisato and Shiraga serpentinite bodies in the 
Sanbagawa belt (Fig.  4f, g; Kawahara et  al. 2016; Oyan-
agi et al. 2023). The difference between the talc stability 
field calculated by Codillo et  al. (2022b) (Fig.  7) and in 
this study (Fig. 10) may be due to the activity models for 
the Al-bearing minerals (e.g., chlorite, muscovite) used 
in the thermodynamic calculations. At large F/R ratios, 

aragonite occurs in altered serpentinite in NE Japan 
(Fig.  10b), and dolomite occurs at Nankai and Cascadia 
(Fig. 10d; Additional file 1: S2a). These calculated results 
for the warm subduction zones are consistent with the 
occurrences of carbonated mantle within subduction 
zone geotherms (e.g., Mori et  al. 2007; Okamoto et  al. 
2021; Figs. 4b, c; 6c).
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Fig. 9 Speciation of Mg, Si, Ca, and Al in aqueous fluids in a–c pelite-derived and d–f mantle-derived fluids calculated using geochemical models 
of the incremental addition of pelite and mantle peridotite (Fig. 8) in the a, d NE Japan, b, e Nankai, and c, f Cascadia subduction zones. For each 
element, the two most abundant species are shown

Fig. 10 a Logarithm of the ratio of the total dissolved Mg content in mantle-derived fluid [log CMg (mantle)] to the total dissolved Si content 
in metapelite-derived fluid [log CSi (crust)] for the P–T conditions along the upper surface of the slab in the NE Japan, Nankai, and Cascadia 
subduction zones [log MS ratio = log CMg (mantle)/log CSi (crust)]. Labels 1 and 2 indicate the P–T conditions for the thermodynamic calculation 
of fluid-rock interaction in (b–c). The P–T paths along the upper surface of the slab in the NE Japan, Nankai, and Cascadia subduction zones are 
from van Keken et al. (2018; Fig. 3). b–e Results of the thermodynamic calculations on the infiltration of fluids equilibrated with ultramafic rocks 
into metasediments (left panel) and on the infiltration of fluids equilibrated with metasediments into ultramafic rocks (right panel). b Mineral mode 
(%) and c mass change (g) of 1 kg protolith with respect to moles of fluid added to 1 kg rock in NE Japan (230 °C and 1.0GPa; point 1 in Fig. 10a). d 
Mineral mode (%) and e mass change (g) of 1 kg protolith with respect to moles of fluid added to 1 kg rock in Nankai (468 °C and 1.0GPa; point 2 
in Fig. 10a). F/R ratio means the fluid-to-rock mass ratio. The results for Cascadia at the same pressure (519 °C and 1.0 GPa) are shown in Additional 
file 1: Fig. S2. For the F/R ratio labeled by “Not calculated”, the thermodynamic calculations were failed due to the convergent problem. Arg: 
aragonite, Cpx: clinopyroxene, Ms: muscovite, Lws: lawsonite, Stp: stilpnomelane, Qz: quartz,Amp: amphibole, Chl: chlorite, Tlc: talc, Atg: antigorite, 
Ep: epidote, Ab: albite, Bt: biotite, Mgs: magnesite, Dol: dolomite

(See figure on next page.)
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5.2  Formation of talc versus chlorite: the effect of Al 
mobility

Talc and chlorite are hydrous Mg–Fe silicate minerals 
that form during metasomatism between crust and man-
tle, but chlorite is characterized by high Al content. The 
progress of metamorphic reactions in high-grade meta-
morphic rocks is often controlled by the diffusion of Al 
(Miyazaki 2001). Hydrothermal experiments on the Ol–
Pl interface show that migration of the Al-metasomatic 
front is slower than that of the Si-metasomatic front 
(Oyanagi et al. 2018; Fig. 2c).

In natural crust–mantle contacts in metamorphic ter-
ranes, talc commonly forms in metasomatized serpen-
tinite (c.f. R1), whereas chlorite forms preferentially in 
metasomatized crustal rocks (c.f. R4; Mori et  al. 2014; 
Okamoto et al. 2021; Codillo et al. 2022a; Oyanagi et al. 
2023). Chlorite or Al-rich serpentine also forms in ser-
pentinites (c.f. R14), but commonly close to Al-rich min-
erals, including Cr-spinel and Cpx (e.g., Okamoto et  al. 
2021). Al-rich minerals such as plagioclase and mica are 
abundant in crustal rocks (metasedimentary and meta-
basaltic rocks). Manning (2007) showed experimentally 

that the mobility of Al can be enhanced by the forma-
tion of Al–Si complexes, including  HAlSiO4,aq, at high 
temperatures and pressures. The importance of Al–Si 
complexes is predicted in the thermodynamic models 
(Fig.  9), although the detailed dependence of the Al–Si 
stoichiometry and the charge of the complexes on the 
pH and P–T conditions is still not fully understood. The 
geochemical modelling shown in this study (Figs.  8, 9, 
10) predicts that the dissolved Al contents are more than 
two orders of magnitude lower than the dissolved Si con-
tents in crust-derived fluids and dissolved Mg contents in 
mantle-derived fluids. As a result, Al is not immobile, but 
Al mobility is much lower than that of Si and Mg; there-
fore, the formation of asymmetric talc and chlorite zones 
is controlled by the distribution of Al-rich minerals in the 
protolith (Al-rich metapelite and metabasaltic rocks ver-
sus Al-poor serpentinites; Table 1), as observed in natural 
asymmetric metasomatic zones along contacts between 
serpentinite and metagabbro or pelitic schists (Figs. 4, 6). 
In summary, talc is commonly formed by the Si-metaso-
matism of mantle rocks (R1), whereas chlorite, not talc, 
is commonly formed by the Mg-metasomatism of crustal 
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rocks (R4; Figs. 9, 10; Table 1). It is noted that the other 
elements influence the fundamental trend of Mg- versus 
Si-metasomatism above as follows. Chlorite can form in 
Al-rich ultramafic rocks (Fig. 10b, d), and Ca contents in 
protoliths also strongly controls how much amphibole 
involves in the metasomatic products at the crust-mantle 
interface (Fig. 10b, d). The infiltration of  CO2-rich fluids 
also induces the formation of talc from mantle rocks even 
without the addition of Si or removal of Mg (R3, R14; e.g., 
Mori et al. 2007; Okamoto et al. 2021; Sieber et al. 2020; 
2022; Figs. 2, 4b, c, 6c).

5.3  Solid volume change, water production, 
and reaction‑induced fracturing

Metasomatic reactions involving significant chemical 
transport tend to cause a change in rock volume. In the 
diffusion–reaction model of Lichtner et  al. (1986), the 
diffusive flux of Si is greater than that of Mg, and the solid 
volume of the talc zone increases in the Ol-hosted region 
and decreases in the Qz-hosted region (Fig.  1b). Simi-
lar solid volume changes have been observed at Ol–Qz 
and Ol–Pl contacts in hydrothermal experiments using 
mineral powders (Fig.  2b-g; Oyanagi et  al. 2015, 2018, 
2023). The initial ~ 37% porosity of Ol sand in the experi-
ments was decreased to < 5% in the Tlc zone, resulting in 
a decrease in the effective diffusion coefficient (Oyanagi 
et al. 2020). As a result, in the experiments using mineral 
powders, the rate-limiting process of Si-metasomatism 
changes with the progress of metasomatic reactions from 
surface-controlled to diffusion-controlled (Oyanagi et al. 
2020; Fig. 2f ).

Natural rocks at the crust–mantle interface in subduc-
tion zones have much lower porosity than the porous 
media used in hydrothermal experiments, so an increase 
in solid volume during metasomatism cannot be accom-
modated easily to maintain fluid pathways. The forma-
tion of chlorite rocks in metapelites and metagabbros 
is commonly accompanied by a large reduction in solid 
volume (Mori et  al. 2014; Okamoto et  al. 2021; Codillo 
et  al. 2022a; Oyanagi et  al. 2023). For example, the for-
mation of Chl rock from the pelitic schist at contact 
with serpentinite from the Sanbagawa belt shows a 30% 
decrease in solid volume (Okamoto et al. 2021). The Chl 
rock well preserves the original shapes of the banding 
and quartz grains in pelitic schist (Fig.  3e). Such pseu-
domorphic replacement reactions with large element 
transport could proceed pervasively by coupled disso-
lution and precipitation processes with the formation 
of transient porosity (e.g., Putnis et  al. 2009; Plümper 
et al. 2017; Nurdiana et al. 2021). In contrast, Si-metas-
omatism in the serpentinite, including the formation of 
talc and tremolite, is often accompanied by the develop-
ment of branching fracture networks (Figs.  3b, 4; e.g., 

Okamoto et al. 2021; Tarling et al. 2019b; Oyanagi et al. 
2023). Reaction-induced fracturing also enhances chemi-
cal transport during metasomatic reactions (see below). 
Geochemical modeling of the incremental addition of 
antigorite to pelite-derived fluids (Okamoto et  al. 2021) 
has shown that Si-metasomatism of a serpentinite body 
produces a decrease in solid volume, because dehydra-
tion occurs with Si- and  CO2-metasomatism and a large 
amount of Mg is transported from mantle to crust. This 
volume contraction is consistent with the results of the 
experiment on carbonation of serpentinite under the 
mantle wedge conditions (Sieber et al. 2020).

Hydration, dehydration, carbonation, decarbona-
tion, and metasomatic reactions cause large changes 
in the solid volume. These solid volume-changing reac-
tions often perturb the local stress field, resulting in 
reaction-induced fracturing (e.g., Jamtveit et  al. 2000; 
Kelemen and Hirth 2012; Okamoto and Shimizu 2015). 
As a result, the feedback between mass transport, sur-
face reaction, and fracturing plays an essential role in the 
progress of fluid-mediated solid volume-changing reac-
tions. Numerical simulations using the distinct element 
method (DEM) provide insight into the feedback among 
fluid flow, surface reaction, and fracturing during solid 
volume-changing reactions. In the case of solid volume-
decreasing dehydration reactions, the reaction proceeds 
with the release of fluids, and fine tensile fractures occur 
due to shrinkage, forming tree-like fracture networks 
(Malthe-Sørenssen et  al. 2006; Okamoto and Shimizu 
2015). In contrast, polygonal fractures, such as mesh 
textures, develop through hierarchical fracturing due 
to solid volume increase (Jamtveit et al. 2008; Okamoto 
and Shimizu 2015; Shimizu and Okamoto 2016), and this 
swelling is often accompanied by radial fracturing within 
the surrounding matrix, as observed in the fracturing of 
the plagioclase matrix adjacent to serpentinized olivine 
grains in troctolite (Kelemen and Hirth 2012; Jamtveit 
et  al. 2008; Okamoto et  al. 2017; Yoshida et  al. 2020). 
Reaction-induced fracturing enhances the permeability 
of low-porosity rocks by several orders of magnitude, 
which plays an essential role in the pervasive serpenti-
nization and carbonation of ultramafic bodies (e.g., Jam-
tiveit et al. 2008; Kelemen and Hirth 2012; Yoshida et al. 
2020; Uno et al. 2022).

One of the common features in the natural meta-
somatic reaction zones at the crust-mantle interfaces 
is that fractures are preferentially developed in serpen-
tinite (Fig.  2; Table  1). In the case of the crust–mantle 
interface in a subduction zone, branching fractures filled 
with talc, carbonates, or tremolite develop preferentially 
from the boundary to the interior of the serpentinite 
body, whereas fractures are less common in the crustal 
rocks (metapelite, metabasaltic rocks) surrounding the 
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ultramafic body (Tarling et  al. 2019a, b; Okamoto et  al. 
2021; Oyanagi et  al. 2023; Figs.  4a, b, 5a–c; Table  1). 
Asymmetric fracturing between ultramafic bodies and 
metapelites is investigated by the DEM modeling of 
Okamoto et  al. (2021; Fig.  12). In their model, the ser-
pentinite body is surrounded by metapelite (unreacted 
matrix), and the metasomatic dehydration reaction is 
simplified to mineral A + S → Mineral B +  H2O, where 
S is a metasomatic agent such as Si (Fig. 12a). The reac-
tion rate is defined as a function of S concentration, and 
the model deals with the advective fluid flow and diffu-
sion of agent S. The results show that the solid volume-
increasing reaction (Fig. 12b) preferentially causes radial 
fracturing around the serpentinite body, whereas in the 
solid volume-decreasing reaction (Fig. 12c) the branching 
fracture networks develop only within the serpentinite 
body. A comparison of the fracture patterns produced by 
numerical simulations (Okamoto et al. 2021) with natu-
ral vein networks in serpentinite (Okamoto et  al. 2021; 
Oyanagi et al. 2023) suggests that metasomatic reactions 
in the serpentinite body were related to the solid volume 
decrease, given the greater amount of Mg released than 
Si gained. Dry mantle peridotite can be directly meta-
somatized (R3, R5), but natural occurrences suggest 
that hydration (serpentinization) often predates the Si-
metasomatism (Table 1); therefore, the Si-metasomatism 
is characterized by dehydration (R1; R12; Oyanagi et al. 
2015, 2020; Tarling et  al. 2019b; Okamoto et  al. 2021). 
Even if the solid volume decreases, the total volume 
(including fluids) increases with the progress of the meta-
somatic reaction (Okamoto et  al. 2021). The evolution 
of the pore fluid pressure during dehydration is compli-
cated, as it not only involves the rate of fluid production 
but also involves the rate of fluid release as well as the 
formation and destruction of porosity (Connolly 1997; 
Miller et al. 2003). However, given the low permeability 
of metasediments and metagabbro surrounding serpen-
tinite, it is possible that high pore-fluid pressures are 
established in the serpentinite body due to dehydration 
induced by metasomatism, which is consistent with the 
presence of microstructures in veins that indicate pre-
cipitation in open pores (Tarling et  al. 2019b; Okamoto 
et al. 2021).

The DEM models are very powerful for investigating 
the interaction of reactions and mass transport, but are 
still very simplified; e.g., they do not consider differen-
tial stress or plastic deformation, and the reaction rate 
is only a function of the concentration of a single meta-
somatic agent or fluid pressure (e.g., Okamoto et  al. 
2021). In addition, it is unclear how grain-scale processes 
can be linked to the outcrop scale and subduction zone 
scale. Further development of DEM models, linking 
them to realistic geochemical models, and regional scale 

numerical models will increase our understanding of the 
dynamic behaviors of the complex processes involving 
reactions, chemical transport, plastic deformation, frac-
turing, and fluid flow at the slab–mantle interface.

5.4  Implications of Mg‑ and Si‑metasomatism 
for the mechanical properties of the subduction 
interface

Thermodynamic calculations (Figs. 7, 8, 9, 10; Okamoto 
et al. 2021; Collido et al. 2022b) show that the Mg-meta-
somatism of metasedimentary rocks occurs in warm 
subduction zones (e.g., Nankai and Cascadia), whereas it 
may be limited in cold subduction zones (e.g., NE Japan; 
Fig. 10). The source of the Mg-metasomatism is derived 
from mantle wedge serpentinite, suggesting that the 
chloritization of crustal lithologies could occur perva-
sively at contact with mantle rocks in warm subduction 
zones. Chlorite contains ~ 13 wt%  H2O and is stable up to 
5.0–6.2 GPa (van Keken et al. 2011; Hermann and Lakey 
2021), and Chl-rich reaction zones of 10–100 m thick are 
predicted to occur at the slab–mantle interface (Spandler 
et  al. 2008; Marschall and Schumacher 2012). Thus, the 
formation of chlorite in crustal lithologies influences 
the global water budget, especially in warm subduction 
zones, where significant Mg mobility is expected. In 
contrast, as the element mobilities in the cold subduc-
tion zones are lower than those in the warm subduction 
zones, the bulk rock compositions of the mantle or crus-
tal rocks influence directly the mineralogy of the prod-
ucts of fluid-rock interactions.

The seismic velocity structure and thermodynamic cal-
culations suggest that the corner of the forearc mantle 
wedge is highly serpentinized (e.g., Bostock et  al. 2002; 
Kato et al. 2011). In contrast, it is difficult to determine 
the thickness of the metasomatic reaction zones at the 
slab-mantle interface based on geophysical observa-
tions. Kim et al. (2013) investigated the seismic velocity 
structure of the subduction zone in central Mexico, and 
proposed that a talc layer of ~ 4  km thickness has been 
generated in the mantle wedge at 45 km depth. Talc has 
a low frictional coefficient and is velocity-strengthening 
to -neutral (e.g., Hirauchi et  al. 2020; Moore and Lock-
ner 2011). Deformation experiments suggest that even a 
few tens of percent of talc significantly reduces the bulk 
mechanical strength of a rock (Escartin et al. 2008; Moor 
and Lockner 2011; Hirauchi et  al. 2012). Based on the 
thermodynamic constraints on talc stability, Peacock and 
Wang (2021) proposed that the strength of the slab–man-
tle interface may be related to the stability of talc. In con-
trast to talc, the deformation experiments of chlorite are 
limited. A recent shear experiment on chlorite (Okamoto 
et  al. 2019) revealed that chlorite is frictionally weak (a 
coefficient of friction of 0.2–0.3 at T ≤ 400 °C and 0.3–0.4 
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at 500–600  °C) and a behavior of velocity strengthening 
to neutral, meaning that chlorite fault rock is aseismic, as 
similar to talc.

In warm subduction zones such as Nankai and Casca-
dia, episodic tremor and slip (ETS) is observed around 
the slab-mantle interface near the mantle wedge corner, 
which is extensively serpentinized (e.g., Beroza and Ide 
2011; Kato et  al. 2010; Gao and Wang 2010). Although 
several mechanisms have been proposed, involving vari-
ous processes, including silica precipitation (Audet et al. 
2009), the mineralogy and fluid pressure within serpen-
tinite (Mizukami et al. 2014; Hirauchi et al. 2022), dehy-
dration-induced heterogeneity within eclogitic oceanic 
crust (e.g., Behr et al. 2018), and metasomatic reactions 
(Tarling et  al. 2019a, b; Okamoto et  al. 2021; Hoover 
et al. 2022; Ujiie et al. 2022), the relationship between the 
fluid-mediated reactions and ETS are still controversial. 
As described above, the metasomatic minerals between 
mantle-crust interfaces, such as talc, chlorite and trem-
olite, are related to stable slip related to strain harden-
ing (e.g., Hirauchi et  al. 2012). However, the dynamic 
mechanical behaviors during metasomatic reactions 

could be more complicated. Hoover et al. (2022) investi-
gated the amphibole microstructures in the talc-bearing 
and talc-absent metasomatic rocks, and proposed that 
the talc-bearing sample represents the high-strain rates 
related to episodic slow slip, whereas talc-absent rocks 
show intervening aseismic creep. As discussed in the pre-
vious section, the metasomatized parts of the hydrated 
mantle are commonly fractured, forming vein networks 
of talc, tremolite, and carbonates (Tarling et  al. 2019b; 
Okamoto et al. 2021; Hirauchi et al. 2022; Oyanagi et al. 
2023; Figs. 4b, c, 5a–c, f ). Metasomatic dehydration reac-
tions with a solid volume change could involve the tensile 
to shear fractures and build-up of high fluid pressures. 
The repeated brittle failures related to the metasomatic 
reactions and the viscos flow of the metasomatic prod-
ucts could represent an analogue of ETS (Tarling et  al. 
2019b; Okamoto et  al. 2021). The relative mobility of 
Mg and Si and the thickness of the metasomatic reac-
tion zones that developed within crustal and mantle sides 
are significantly controlled by the thermal structures 
of the subduction zones and the compositions of fluids 
(Figs. 7, 8, 9; Okamoto et al. 2021; Codillo et al. 2022a, b). 
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Fig. 12 Results of distinct element method (DEM) models of reaction-induced fracturing of serpentinite during metasomatism (modified 
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body are produced during the solid volume-decreasing reactions. Pf = fluid pressure, Pmin = minimum fluid pressure in the model
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Although previous studies mainly focussed on the influ-
ences of the pore fluid pressure on the subduction zone 
seismicity, the compositions of the multi-component 
aqueous fluids on the subduction zone rheology and seis-
mic activities should be more explored to links the global 
material circulation and dynamic behaviors of the Earth’s 
interiors.

6  Conclusions
The slab–mantle boundary in subduction zones is charac-
terized by steep geochemical gradients, where fluid-related 
alteration occurs. The supply of Si has been thought to 
drive chemical changes at the crust–mantle interface. The 
experiments analogue to the crust-mantle contact at the 
low-pressure resulted in the development of a reaction 
zone dominated solely by the diffusive transport of Si. In 
contrast, bi-directional diffusion of Si and Mg between 
crust and mantle, or the preferential formation of reaction 
zones in crustal rocks by Mg-metasomatism are ubiqui-
tously observed in natural high-pressure metamorphic 
belts. The recent studies on geochemical calculations using 
updated thermodynamic databases and the new geochem-
ical modeling in this study reveal that near the surface 
and in cold subduction zones, dissolved Si is dominant in 
crust-derived fluids, whereas under mantle wedge condi-
tions in warm subduction zones, the dissolved Mg content 
in mantle-derived fluids is as high as or even higher than 
that of Si in crust-derived fluids. This result is consistent 
with the natural occurrences of the metasomatic reac-
tion zones in the metamorphic terranes, in which chlorite 
rocks commonly develop on the crustal side of the inter-
face rather than in the talc zone on the serpentinite side. 
The Si- vs. Mg- metasomatism shows contrasting proper-
ties in mineralogy (talc and chlorite), water budget (hydra-
tion and dehydration), as well as solid volume change at 
the slab-mantle interface; therefore it potentially provide 
significant influences on hydrology, element circulation 
and mechanical properties, seismic activities along the 
plate interfaces within the subduction zones.
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