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A B S T R A C T

Magnesium (Mg) isotopes are regarded as a sensitive tracer to the contribution from subducted serpentinites and
carbonates. However, the source, distribution, and controlling factors of the Mg isotope composition of arc
magmas remain unclear. In this study, we investigated the intra-arc and inter-arc variations in Mg isotope
compositions of volcanic rocks from two typical cold subduction zones [NE Japan (NEJ) and Izu arcs] and a
typical hot subduction zone [SW Japan (SWJ) arc] to address the question. The volcanic rocks from the frontal-
arc regions of NEJ and Izu have isotopically heavy Mg (δ26Mg = –0.20 to –0.08‰) compared to the mantle-like
δ26Mg values of most of volcanic rocks from SWJ and the rear regions of NEJ and Izu arcs (–0.28 to –0.17‰). It is
also worth noting that NEJ arc includes samples with δ26Mg values (–0.61 to –0.39 ‰) significantly lower than
the mantle, but similar to the < 110 Ma intra-continental basalts from eastern China, which is the first obser-
vation in modern arc rocks. No obvious effects of post-eruptive alteration, fractional crystallization, partial
melting, or the addition of silicate-rich sediment and oceanic crust components could be identified in the Mg
isotope compositions of these volcanic rocks. By contrast, the correlations between the δ26Mg values and the
proxy for serpentinite component (i.e., 11B/10B and Nb/B ratios) indicate that the component exerts a strong
control on the Mg-isotopic signature of these arc rocks. Considering metamorphic reactions in subduction li-
thologies under P-T conditions postulated for these arcs, the variations in δ26Mg values of these arc magmas are
unlikely to have been controlled by dehydration of serpentinites in subducted oceanic lithosphere (slab ser-
pentinite). Instead, the high-δ26Mg values of frontal-arc rocks are delivered by the fluids from serpentinite
formed in the lowermost part of the sub-arc mantle (mantle wedge serpentinite) in channelized flow. Compar-
atively, such a high-δ26Mg signature is invisible in volcanic rocks from rear-arc regions of NEJ and Izu, and the
entire SWJ, suggesting that the major Mg carriers in subducted serpentinites (e.g., talc, chlorite, and serpentine)
were broken down completely before subducted slabs reached the depth beneath these volcanoes. Moreover, the
volcanic rocks with low δ26Mg values from the rear arc of NEJ are characterized by high La/Yb and U/Nb ratios
as well as low Ti/Eu, Ti/Ti*, and Hf/Hf* ratios, suggesting the involvements of carbonates in their magma
sources. The quantitative modeling suggests that < 20 % of sedimentary carbonate (dolomite) was recycled into
their mantle source, revealing that Mg-rich carbonate could be incorporated into a deep mantle wedge at rear-arc
depths of 150–400 km in subduction zones.

1. Introduction

Compared to mid-ocean ridge basalts (MORB), volcanic rocks in is-
land and continental arcs are enriched in large ion lithophile elements
(LILE; K, Rb, Sr, Cs, and Ba) and light rare earth elements (light REE or

LREE; La, Ce, and Pr) and depleted in high field strength elements
(HFSE; Ti, Zr, Nb, Hf, and Ta). The distinct features between MORB and
arc volcanic rocks are commonly attributed to the addition of slab-
derived components to sources of the latter (Pearce and Peate, 1995).
Slab-derived components are considered to originate from three main

* Corresponding author.
E-mail address: kitaga-h@cc.okayama-u.ac.jp (H. Kitagawa).

Contents lists available at ScienceDirect

Geochimica et Cosmochimica Acta

journal homepage: www.elsevier.com/locate/gca

https://doi.org/10.1016/j.gca.2024.12.024
Received 4 January 2024; Accepted 17 December 2024

Geochimica et Cosmochimica Acta 391 (2025) 158–176 

Available online 22 December 2024 
0016-7037/© 2025 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

https://orcid.org/0000-0001-9426-221X
https://orcid.org/0000-0002-6492-4208
https://orcid.org/0000-0001-9426-221X
https://orcid.org/0000-0002-6492-4208
mailto:kitaga-h@cc.okayama-u.ac.jp
www.sciencedirect.com/science/journal/00167037
https://www.elsevier.com/locate/gca
https://doi.org/10.1016/j.gca.2024.12.024
https://doi.org/10.1016/j.gca.2024.12.024
https://doi.org/10.1016/j.gca.2024.12.024
http://crossmark.crossref.org/dialog/?doi=10.1016/j.gca.2024.12.024&domain=pdf
http://creativecommons.org/licenses/by/4.0/


lithologies; sediment (including silicate-rich and carbonate-rich sedi-
ments), altered oceanic crust (AOC), and serpentinized lithospheric
mantle (referred to as slab serpentinite) (Schmidt and Poli, 1998; Beb-
out, 2007). Fluids released from a subducted slab are able to hydrate the
overlying mantle, resulting in the formation of serpentinites in the
lowermost part of sub-arc mantle wedge (mantle wedge serpentinite)
(Deschamps et al., 2013). Thus, two types of serpentinites might exist
beneath arcs; slab serpentinite within the slab and mantle wedge ser-
pentinite within the mantle wedge. Mantle wedge serpentinites tend to
have lower abundances of REE, higher abundances of LILE, and lower
11B/10B ratios than slab serpentinite, as the former rocks have experi-
enced multiple melting events and addition of slab-derived fluids
(Deschamps et al., 2013; Martin et al., 2020). Serpentinites of either type
have high abundances of water (up to 14 wt%; Deschamps et al., 2013;
Cannaò and Malaspina, 2018) and thus are considered to be a primary
source of water cycling between the Earth’s surface and interior via the
process of plate subduction (Konrad-Schmolke et al., 2016). On the
other hand, carbonates within subducted sediments are vital for tracing
the deep carbon cycle, which refers to carbon in-gassing to the mantle
through subduction and outgassing through magmatic and volcanic
processes (e.g., Li et al., 2017; Shen et al., 2018).

The Mg isotope composition is considered to be sensitive to the
involvement of subducted serpentinites and some carbonates (e.g.,
dolomite and high-Mg calcite) within subducted sediments (Fig. 1a;
Teng, 2017; Shen et al., 2018), which are enriched in Mg compared to
other lithologies within a subducted slab (MgO content up to 20 to 40 wt
%; Baker and Burns, 1985). The δ26Mg values of carbonates and
carbonate-rich sediments are generally very low (Fig. 1a; − 5 to –0.2‰),
owing to preferential uptake of light Mg isotopes during their pre-
cipitations from seawater (e.g., Higgins et al., 2018; Pearce et al., 2012).
By contrast, the δ26Mg values of subducted serpentinites are considered
to be relatively high (Fig. 1a; − 0.24 to +0.03‰) as observed in altered
abyssal peridotites (Hu et al., 2017; Liu et al., 2017; Teng, 2017), which
overlap with anhydrous mantle rocks (− 0.25 ± 0.04 ‰; Teng et al.,
2010a; hereafter this is referred to as “mantle-like δ26Mg”) and show
higher δ26Mg values. Enrichment of heavy Mg isotopes in subducted
serpentinites is considered to be due to alteration processes (i.e., for-
mation of serpentine or talc; Beinlich et al., 2014; de Obeso et al., 2021)
via seawater infiltration into their protoliths (Boschi et al., 2013; Evans
et al., 2014; Prigent et al., 2020).

Arc volcanic rocks are generally considered to have been derived
from themelting of sources affected bymass and chemical transfers from
subducted lithologies including serpentinites and sediments (Pearce and
Peate, 1995). In addition, a few peculiar types of rocks also occur in
some arcs via direct melting of subducted lithologies (Defant and
Drummond, 1990; Shimoda et al., 1998). Productions of such magmas,
referred to as adakite and high-Mg andesite, leave residues containing
Mg-bearing mafic minerals (e.g., garnet). Hence, a significant variation
in δ26Mg values of volcanic rocks is anticipated within an arc or among
arcs. Although published Mg isotope data for arc rocks are yet limited,
significant heterogeneity between different arcs was revealed. Slightly
heavier δ26Mg values are found in some of the Cascadia and Makran arc
lavas but are attributed mainly to the assimilation of crustal materials
(meta-igneous or meta-sedimentary rocks) during fractional crystalliza-
tion of parental magmas (Fig. 1b; Brewer et al., 2018; Pang et al., 2020).
High δ26Mg values were also observed in basalts from Amami Sankaku
Basin formed at the arc inception of Izu-Bonin-Mariana arc (Fig. 1b;
Yuan et al., 2023). However, these basalts lack typical slab-derived in-
puts (e.g., enrichments of Rb/Y and Nb/Y), hence the heavy Mg isotope
composition is suggested to be inherited from their source containing
recycled talc-bearing serpentinite components in the mantle prior to
subduction initiation. Arc rocks from the Kamchatka and Costa Rica
volcanoes have mantle-like δ26Mg values, while those from the Lesser
Antilles Islands and the Philippines are characterized by distinctly high
δ26Mg values (Fig. 1b; Teng et al., 2016; Li et al., 2017). Such a high-
δ26Mg feature was interpreted as reflecting the input of fluids released

from subducted serpentinites to magma sources (Teng et al., 2016; Li
et al., 2017). The δ26Mg values of volcanic rocks from these four arcs
show positive correlations with the surface temperatures or depths of
subducted slabs beneath the volcanoes of these arcs. Such correlations
were attributed to the dehydration of serpentinite within the subducting
oceanic lithosphere (Hu et al., 2020). As slab serpentinite resides in the
slab interior with lower temperatures, it will retain fluids to deeper re-
gions with higher temperatures (Syracuse et al., 2010). Therefore, slab
serpentinites from a warm slab in a hot subduction zone or a slab in rear-
arc depths (> 150 km) in a cold subduction zone (e.g., Lesser Antilles
and Philippines) are considered to release fluids with heavy Mg isotopic
composition (Walowski et al., 2015; Hu et al., 2020). Given that

Fig. 1. The Mg isotopic compositions (δ26Mg values) of (a) sediments (car-
bonate-rich and silicate-rich), oceanic crust (altered basalts) and serpentinites
(altered ultramafic rocks) found on or within oceanic lithosphere (Teng et al.,
2016; Hu et al., 2017; Li et al., 2017; Teng, 2017), (b) arc volcanic rocks
[Kamchatka, Philippines, and Costa Rica: Li et al. (2017); Lesser Antilles: Teng
et al. (2016); Makran: Pang et al. (2020); Cascades: Brewer et al. (2018);
Amami-Sankaku Basin: Yuan et al. (2023)], and (c) major Mg-bearing minerals
in sub-arc mantle (Teng, 2017; Stracke et al., 2018; Su et al., 2019; Meng et al.,
2021). The light purple shaded area denotes the δ26Mg value of unaltered
MORB after Teng et al. (2010a).
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serpentinites in a subducting slab have significantly higher Mg and
water contents than AOC (Deschamps et al., 2013; Scambelluri et al.,
2019), the released fluids could have a significant impact on the Mg
isotope signatures of the sub-arc mantle beneath these regions (Hu et al.,
2020).

However, as mentioned above, serpentinites in a subduction zone
have two origins; one is formed in an oceanic lithosphere prior to sub-
duction (slab serpentinite), and the other is formed in the mantle wedge
(mantle wedge serpentinite). The latter is formed at forearc depth by the
shallow dehydration of slab and dragged down to the sub-arc region by
subduction-induced mantle flow (Martin et al., 2020). Owing to the
uptake of fluids enriched in heavy isotopes of Mg from the slab (as
observed in altered abyssal peridotites), mantle wedge serpentinite
might also be enriched in heavy Mg isotopes (Li et al., 2018). Such a
high-δ26Mg isotopic feature might be transferred to arc magmas via the
dehydration of mantle wedge serpentinite upon increasing T through
subduction into greater depths (> 90 km). Hence, a key question re-
mains on the origin of heavy Mg isotope features in arc magmas (slab
serpentinite versus mantle wedge serpentinite). Serpentinites in mantle
wedge and subducting slab would have experienced different P-T paths;
the former has a temperature ~200 to 400 ◦C higher than the latter
(Syracuse et al., 2010; Lee and Kim, 2021). Accordingly, two serpen-
tinites will release fluids at different depths and thermal conditions,
affecting the Mg isotopic variation of arc rocks. However, few studies
have conducted systematic investigations on the Mg isotope variation of
arc volcanic rocks from different slab-depths (across-arc variation)
within a subduction zone and among subduction zones with contrasting
thermal conditions (hot versus cold subduction zones).

Furthermore, the incorporation of Mg-rich carbonates might also
have remarkable effects on the Mg isotope compositions of subduction

fluids and the mantle. As mentioned above, arc volcanic rocks were
reported to have mantle-like or heavier Mg isotope features (Pogge von
Strandmann et al., 2011; Teng et al., 2016; Li et al., 2017). The absence
of carbonate signatures (light Mg isotope features) in arc magmas was
interpreted to reflect the preferential dissolution of low-Mg carbonates
(i.e., Ca-rich carbonates; calcite or aragonite) in slab-derived aqueous
fluids at shallower depths (< 150 km; Pan et al., 2013), while such fluids
predominantly inherit heavy Mg isotope features from altered abyssal
peridotites (Teng et al., 2016; Wang et al., 2017). However, recent
studies have documented the occurrence of intraplate basalts with light
Mg isotope enrichment from eastern China where the Pacific plate
subducts to and become stagnant at the mantle transition zone (Yang
et al., 2012; Huang et al., 2015b; Wang et al., 2016; Tian et al., 2016; Li
et al., 2017). These studies attributed the low-δ26Mg features of these
basalts to the melting of mantle metasomatized by subducted Mg-rich
carbonates or carbonated eclogites in deep mantle (> 400 km). The
evidence of carbonate contribution (low δ26Mg values) at depths of 150
to 400 km was also reported in some continental collision zones (Shen
et al., 2018; Tian et al., 2018). These observations raise a question
regarding whether sedimentary Mg-rich carbonates could efficiently
modify the Mg isotope composition of the mantle wedge at rear-arc
depths of 150 to 400 km in oceanic subduction zones, which, if true,
is important for tracing deep carbon.

In this study, we investigated the Mg isotope features of volcanic
rocks from cold subduction zones with low slab-thermal gradient [Izu
and Northeast Japan (NEJ) arcs] and a hot subduction zone [Southwest
Japan arc (SWJ)] with high slab-thermal gradient, respectively (Fig. 2).
New Mg isotope data are integrated with the existing elemental and
isotopic data to (1) clarify the source of fluids with heavy Mg isotopic
signatures and its transport mechanism to the source regions of arc

Fig. 2. Maps showing the locations of samples in (a) Izu arc, (b) SW Japan arc, and (c) NE Japan arc. The yellow lines represent the depth of the Wadati–Benioff zone
or WBZ (Utsu, 1974; Ishida, 1992; Nakajima et al., 2009; Zhao et al., 2012). Black diamond, red circle, blue square, and orange star symbols represent the sampling
sites in Izu (northern part), SW Japan (Chugoku district), NE Japan arcs, and the shales from the Shimanto Belt (shown as orange-colored regions), respectively. An
inset map at the upper-right corner shows the plate configurations around these three arcs (PHS: Philippine Sea Plate; PAC: Pacific Plate; EUR: Eurasian Plate). The
basemaps were created using GeoMapApp (https://www.geomapapp.org/).
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magmas, (2) provide constraints on the impact of Mg-rich carbonates on
arc magmas and carbon cycles at rear-arc depths from 150 and 400 km,
and (3) reveal the Mg isotope systematics of subduction zones at
different P-T conditions.

2. Geological setting

The volcanic rocks used in this study were selected from our
collection of samples that are well characterized by the previous studies
(e.g., Ishikawa and Nakamura, 1994; Moriguti and Nakamura, 1998;
Moriguti et al., 2004; Pineda-Velasco et al., 2018; Nguyen et al., 2020;
Zhang et al., 2023). These samples are mafic to intermediate volcanic
rocks from three arcs (Fig. 2), namely, Izu, Northeast Japan (NEJ), and
Southwest Japan (SWJ). The Izu arc is an intra-oceanic arc at the
western margin of the Pacific (except for its northern extension where
volcanic activity had occurred on a continental crust; Moriguti and
Nakamura, 1998; Taylor and Nesbitt, 1998), whereas NEJ is a conti-
nental arc at the eastern margin of the Eurasia continent (Fig. 2a and c).
Beneath the Izu and NEJ arcs, the Pacific plate is subducting via the Izu-
Bonin and Japan trenches, respectively. Given that the subducting Pa-
cific plate at the trenches is significantly old (129–135 Ma), those arcs
represent two typical cold subduction zones (Syracuse et al., 2010). It is
considered that slab-derived fluids in these arcs are dominated by
aqueous solutions based on the geochemical features (e.g., elevated Ba/
La and B/Nb) of volcanic rocks from frontal-arc regions (Ishikawa and
Nakamura, 1994; Shibata and Nakamura, 1997; Taylor and Nesbitt,
1998).

Another marked feature of the Izu and NEJ arcs is that volcanoes
distributed across these arcs show considerable ranges in depth to the
slab (Wadati-Benioff zone or WBZ); 150 to 220 km for Izu and 130 to
300 km for NEJ, respectively (Fig. 2a and c; Utsu, 1974; Ishida, 1992;
Nakajima et al., 2009). Clear across-arc variations in trace-element and
isotopic composition are observed, which include the decreases in B/Nb
ratio, δ11B value [≡ {(11B/10B)sample/(11B/10B)standard – 1} × 1000], δ7Li
value [≡ {(7Li/6Li)sample/(7Li/6Li)standard – 1} × 1000], 87Sr/86Sr ratio,
and 207Pb/204Pb ratio towards the rear-arc direction, and such features
suggest a decrease in the amount of slab-derived fluids added to the
source with increasing distance from the trench (e.g., Ishikawa and
Nakamura, 1994; Moriguti and Nakamura, 1998).

In contrast, the SWJ arc is one of the hottest subduction zones in the
world due to the subduction of an oceanic lithosphere [Philippine Sea
(PHS) Plate] within a young oceanic basin (Shikoku Basin formed at
25–15 Ma; Kobayashi et al., 1995). The subducting PHS plate has a
shallow dip angle (<30◦) beneath the eastern part of SWJ (Chugoku
district, Fig. 2b). Quaternary magmatism in this district occurred
90–120 km above the surface of the subducted PHS plate and is domi-
nated by eruptions of high-Sr andesites and dacites (adakites), consid-
ered to have been derived bymelting of the PHS plate (Fig. 2b; Feineman
et al., 2013; Pineda-Velasco et al., 2018; Zhang et al., 2023). The loci of
the adakite volcanoes spatially coincide with seismic discontinuities of
the subducted PHS plate (Zhao et al., 2012). Thus, the magmatism is
interpreted as the result of the slab melting at the plate tears (Pineda-
Velasco et al., 2018). The Chugoku district also contains late Cenozoic
volcanic rocks (12 Ma to Quaternary) with variable petrologic and
geochemical features (Kimura et al., 2014; Nguyen et al., 2020). Among
these rocks, mafic rocks with the geochemical characteristics of arc
magmas (e.g., enrichments in Rb and Ba and depletions in Nb and Zr;
Nguyen et al., 2020) are distributed in a narrow zone along the Sea of
Japan. Hence, an across-arc geochemical variation in the Chugoku
volcanic rocks is less clear (Fig. 2b). In the southern part of the Chugoku
district, Cretaceous to Tertiary accretionary complexes, consisting of
broken flysch units and tectonic mélange, are widely developed
(Fig. 2b). The complexes are aligned subparallel to the Nankai trench,
and termed the Shimanto Belt as a whole (Taira, 1988).

3. Samples and analytical methods

The samples used in this study (n = 34) are volcanic rocks from NEJ,
Izu, and SWJ arcs. The major and trace element compositions of these
samples and the Sr-Nd-Pb isotope compositions for selected samples
were reported by previous studies (Kagami et al., 1989; Ishikawa and
Nakamura, 1994; Shibata and Nakamura, 1997; Moriguti and Naka-
mura, 1998; Nakamura et al., 2002; Moriguti et al., 2004; Makishima
and Nakamura, 2006; Lu et al., 2007; Feineman et al., 2013; Pineda-
Velasco et al., 2018; Nguyen et al., 2020; Zhang et al., 2023; Supple-
mentary Table S1). Petrographic characteristics of these samples are
given in Supplementary Text S1.

The samples from the Izu arc (n = 8) are mafic to intermediate vol-
canic rocks with subordinate felsic rocks from the Izu Islands (Oshima,
Toshima, Niijima, Shikinejima and Kozushima) and their northern
extensional regions (Hakone and Fuji) on the Honshu Island (Fig. 2a;
Ishikawa and Nakamura, 1994; Moriguti and Nakamura, 1998). All of
them are Quaternary eruptive products (Ishizuka et al., 2006; Tani et al.,
2011). Two samples are rhyolites (SHK-1 and KOZ-4), and others are
basalts and basaltic andesites (Fig. 2a). All volcanic rocks are classified
into sub-alkaline series. Earlier studies suggested that magmas in the arc
are characterized by marked enrichments of LILE and depletions in
HFSE (Kimura et al., 2010; Makishima and Nakamura, 2006; Lu et al.,
2007; Taylor and Nesbitt, 1998).

The samples from the NEJ arc (n = 13) are basalts or basaltic an-
desites, collected from six Quaternary volcanoes (Fig. 2c; Shibata and
Nakamura, 1997; Moriguti et al., 2004). These mafic rocks are classified
into the sub-alkaline series and show a pronounced depletion in Nb and
enrichments in LILE in normalized element abundance patterns (Shibata
and Nakamura, 1997). The high LILE/HFSE ratios in these volcanic
rocks are typical of arc magmas (e.g., Pearce and Peate, 1995).

The samples from the SWJ arc (n = 13) are basaltic rocks from 8
volcanic fields in the Chugoku district (southwestern end of Honshu
Island) of the arc (Fig. 2b, 12 Ma to recent; Nguyen et al., 2020). These
samples mainly consist of sub-alkaline mafic rocks with trace-element
abundance patterns similar to arc basalts (e.g., marked depletion in
Nb). All samples used in this study are with ages of 12.0 to 0.1 Ma. Two
shale samples (S-605 and S-606) from the Shimanto Belt were also
analyzed for their Mg isotope compositions, as these shales represent the
type of oceanic sediments that might have been subducted to sub-arc
depths and then incorporated into the magma source regions beneath
the Chugoku district (Ishikawa and Nakamura, 1994). Selected major-
and trace-element abundances and Pb, Li, and B isotope data are pre-
sented in Ishikawa and Nakamura (1994) and Moriguti and Nakamura
(1998).

The Mg isotopic analyses were conducted at the Pheasant Memorial
Laboratory for Geochemistry and Cosmochemistry, Institute for Plane-
tary Materials, Okayama University at Misasa (Nakamura et al., 2002).
Decomposition of samples follows Yokoyama et al. (1999). Powdered
samples (~20 mg) were first dissolved using a concentrated HF-HClO4
mixture for digestion, followed by evaporation with stepwise heating
(120, 165, and 195 ◦C) to dryness. Dried samples were then dissolved
using a concentrated HClO4 for the digestion of fluoride precipitates
with stepwise heating in the same manner as the first step (i.e., HF-
HClO4 digestion). Subsequently, the dried samples were dissolved using
a 6 mol L–1 HCl, followed by evaporation at 110 ◦C until dryness.
Decomposed samples were finally dissolved using 0.7 mol L–1 HCl for
column chemistry. Magnesium was extracted and purified using a
cation-exchange resin (AGMP-50) with 1.5 mol L–1 HCl (> 99% Mg
yield). During column chemistry, rock standards (BHVO-2, AGV-1, and
G-2) were processed simultaneously with unknown samples. Three rock
standards yield average δ26Mg values of − 0.20 ± 0.04‰ (BHVO-2, n =

6), − 0.13 ± 0.06‰ (AGV-1, n = 2), and − 0.14 ± 0.02‰ (G-2, n = 2).
Further details are found in Zhang et al. (2022). Isotopic measurements
were performed by inductively coupled plasma mass spectrometry (ICP-
MS) using a Thermo Fisher Neptune plus in static multicollection mode.
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Instrumental mass bias and drift were corrected by bracketed analyses of
an international standard [DSM3; Galy et al. (2003)]. The Mg isotope
composition of a given sample is reported as δnMg (‰) =

[(nMg/24Mg)sample/(nMg/24Mg)DSM3 – 1] × 1000, where n refers to the
mass 25 or 26. The long-term external precision (2SD, N = 45) is ± 0.06
‰ for δ26Mg, which is assessed by replicate analyses of our in-house
reference standard (PML-Mg1; Zhang et al., 2022) bracketed by
DSM3. Major-element compositions of the Izu samples (n = 5), except
for GSJ standard rocks, were analyzed by an X-ray fluorescence spec-
trometer. The analytical method of major elements is summarized in
Supplementary Text S2.

4. Results

Magnesium-isotope data for the studied samples are provided in
Table 1 and Table S1 in the Supplementary Material. The δ26Mg values
of the Izu and NEJ volcanic rocks show large or different variations
compared with average MORB [− 0.31 to − 0.19‰; Teng et al., 2010a];
Izu arc rocks range from − 0.20‰ to − 0.10‰, and NEJ arc rocks range
from − 0.61 ‰ to − 0.07 ‰ (Fig. 3a and b). The SWJ rocks have δ26Mg
values ranging from − 0.28‰ to − 0.17‰, which compare closely with
the range of average MORB (Fig. 3c).

The δ26Mg values of NEJ- and Izu-arc rocks show clear across-arc
variations. Higher δ26Mg values are found in frontal-arc regions, and
lower δ26Mg values are found in rear-arc regions (Fig. 3a and b). Izu
rocks show a gradual decrease in δ26Mg values with increasing WBZ
depths (Fig. 3a), whereas NEJ rocks show an abrupt change in δ26Mg
values at front-to-rear-arc transition zones (WBZ = 150–170 km;

Fig. 3b). In NEJ arc, the rear-arc rocks (except for Kampu volcanic rocks)
have δ26Mg values within the range of upper mantle, i.e., the occur-
rences of high δ26Mg rocks are confined to frontal-arc regions in both
arcs (Fig. 3b). It is worth noting that significantly low δ26Mg values are
found in Kampu volcanic rocks in the rear arc of NEJ, which range from
–0.61 to –0.39‰ (Fig. 3b). It is also noted that δ11B values in NEJ- and
Izu-arc rocks also show clear and similar decreases from those in frontal-
arc regions to those in rear-arc regions (Fig. 3a and b).

The WBZ-depth contours beneath SWJ are not parallel to the trench
(Fig. 2b), indicating that the subduction angle varies laterally. It is
shallower in the central part of the Chugoku district and is steeper in the
eastern and western parts of the district (Zhao et al., 2012). Further-
more, the slab might have gaps in the rear-arc regions, interpreted as
tears on the slab (Pineda-Velasco et al., 2018). Nguyen et al. (2020)
suggested that the subduction angle and morphology of the slab have
varied over the last 12 Myrs including the initiation of slab tearing at 5
Ma. Thus, the WBZ depths of each volcano at the time of eruptions could
hardly be constrained. Instead, we use the perpendicular distance of a
volcano to the Nankai trench as a proxy for an across-arc change in slab
depth. To cancel or minimize a temporal change in the effect of slab
distortion, we also compared δ26Mg values and arc-trench distance
separately for rocks erupted at 12–8 and 8–0Ma. The volcanic activity in
the latter period was confined to the regions above slab tears. In either
period (12–8 Ma or 8–0 Ma), δ26Mg values of SWJ rocks show insig-
nificant correlations with the arc-trench distance (Fig. 3c).

Table 1
Mg isotopic composition of volcanic rocks from Northeast Japan arc, Izu arc, and Southwest Japan arc (Chugoku district).

Region Sampling location Sample name W.B.Z. (km) Arc-trench distance (km) MgO
(wt%)

δ25Mg (‰) 2SD (‰) δ26Mg (‰) 2SD (‰)

NE Japan Funagata FUN07-01 135  5.76 − 0.07 0.01 − 0.17 0.01
Funagata Funagata68 135  8.4 − 0.09 0.01 − 0.18 0.02
Funagata Funagata72 135  5.02 − 0.05 0.00 − 0.11 0.02
Akitakoma 820830–1 144  6.12 − 0.08 0.01 − 0.18 0.01
Kayo 82928–3 145  2.95 − 0.08 0.01 − 0.16 0.01
Kayo 82929–2 145  3.31 − 0.03 0.02 − 0.07 0.01
Chokai 8930804–1 174  5.65 − 0.12 0.01 − 0.24 0.02
Chokai 83606–2 174  5.24 − 0.12 0.03 − 0.25 0.05
Kampu K3-1 180  3.79 − 0.19 0.01 − 0.39 0.01
Kampu K3-2 180  3.69 − 0.30 0.02 − 0.59 0.03
Kampu K3-3 180  3.71 − 0.31 0.02 − 0.61 0.04
Rishiri R-1 300  5.51 − 0.11 0.01 − 0.22 0.03
Rishiri R-10 300  6.2 − 0.14 0.00 − 0.29 0.00

Izu Oshima OSF-1 150  5.00 − 0.05 0.01 − 0.11 0.02
Oshima JB-2 155  4.62 − 0.06 0.04 − 0.10 0.04
Hakone JA-1 160  1.57 − 0.03 0.00 − 0.12 0.06
Fuji JB-3 175  5.19 − 0.07 0.01 − 0.15 0.02
Toshima TO-2 180  6.61 − 0.08 0.01 − 0.19 0.02
Nijima NIW-1 185  5.08 − 0.06 0.02 − 0.15 0.03
Shikinejima SHK-1 200  0.07 − 0.10 0.02 − 0.20 0.05
Kozushima KOZ-4 210  0.28 − 0.11 0.01 − 0.20 0.03

SW Japan (Chugoku district) Otsu OTS-05  380 6.91 − 0.11 0.04 − 0.24 0.02
Otsu OTS-06  380 7.84 − 0.10 0.01 − 0.22 0.03
Hiba HIB-04  340 6.56 − 0.11 0.01 − 0.23 0.07
Hiba HIB-07  340 8.31 − 0.12 0.01 − 0.23 0.05
Matsue MAT-04  370 7.27 − 0.07 0.05 − 0.20 0.07
Kurayoshi MKM-01  340 5.07 − 0.08 0.03 − 0.17 0.04
Kurayoshi KUR-16  340 8.23 − 0.10 0.05 − 0.20 0.07
Kurayoshi KRW-02  340 8.35 − 0.12 0.01 − 0.25 0.02
Mengame MEN-02  345 9.71 − 0.10 0.01 − 0.17 0.01
Abu ABU-11  365 7.51 − 0.09 0.03 − 0.19 0.03
Abu ABU-21  365 8.30 − 0.09 0.04 − 0.18 0.03
Abu ABU-23  365 7.91 − 0.10 0.01 − 0.20 0.05
Yokota YOK-05  340 9.47 − 0.13 0.02 − 0.28 0.02
N. Hyogo INA-01  340 5.17 − 0.09 0.00 − 0.19 0.03
N. Hyogo HYO-15  340 7.46 − 0.08 0.01 − 0.19 0.01

Shimanto shale Shikoku 605   9.47 − 0.01 0.01 − 0.08 0.03
Shikoku 606   6.05 − 0.06 0.00 − 0.17 0.04
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5. Discussion

The key finding from Mg isotope investigations in this study is that
NEJ- and Izu-arc rocks show clear across-arc variations in δ26Mg values.
Higher-than-MORB values (> –0.19‰) were found in frontal-arc rocks,
while the values within the MORB range (–0.31 to –0.19 ‰) or lower
than the MORB range (–0.61 to –0.39 ‰) were found in rear-arc rocks
(Fig. 3a and b). In contrast, SWJ rocks do not show a clear across-arc
change in their δ26Mg values, which falls within the range of MORB
(Fig. 3c and d). In the following sections, we evaluate the potential ef-
fects of post-eruptive alteration and pre-eruptive magmatic processes on
the Mg isotope compositions of the studied samples and then explore the
causes of Mg isotope variation within an arc and among arcs in relation
to the P-T conditions of subduction zones.

5.1. Post-eruptive alteration

The variation in the δ26Mg value of volcanic rocks could be related to
post-eruptive processes, such as weathering and alteration via interac-
tion with fluids (e.g., Tipper et al., 2010; Liu et al., 2014). Light Mg
isotopes were preferentially dissolved into fluids and leached out from a
rock. Consequently, the residual solid (weathered rock) becomes
enriched in heavier isotopes than the original solid (unweathered rock).
Main reservoirs of Mg in such weathered rocks are considered to be clay

minerals formed by alteration of primary mafic silicates such as olivine
and pyroxene (Teng et al., 2010b; Huang et al., 2012).

Most samples used in this study are fresh or least altered without the
occurrence of secondary minerals such as zeolites, carbonates, and clay
minerals (Supplementary Text S1). The loss on ignition (LOI) values of
these samples fall within the range of –1 to 1.5 wt%, except for two
samples (LOI > 1.5 wt%) from the Chugoku district in the SWJ arc
(Fig. 4a, Table S1). The abundances of H2O (as structural water, denoted
as H2O+) are calculated to be < 1.5 wt% for most samples based on LOI,
Fe abundances (expressed as Fe2O3 total), and Fe2+/ΣFe ratios assumed
for each sample (0.85 for basalts, 0.80 for andesites, and 0.75 for rhy-
olites, respectively). Relatively low H2O abundances in the studied
volcanic rocks also support little or insignificant addition of water (that
facilitates the formation of secondary minerals) after their
emplacements.

Most of the studied samples have the chemical index of alteration
(CIA; Nesbitt and Young, 1982) ranging from 40 to 45 for mafic rocks
and 47 to 51 for intermediate and felsic rocks, respectively. These values
are well within the range of fresh rocks with mafic (30–50) and
intermediate-felsic (45–55) compositions, respectively (Fig. 4b; Nesbitt
and Young, 1982; Babechuk et al., 2014). A more detailed discussion is
included in Supplementary Text S1.

In Fig. 4, δ26Mg values are plotted against LOI and CIA values,
showing no or insignificant correlations among these values for the

Fig. 3. Across-arc variation of the δ26Mg values in the Izu, NEJ, and SWJ arcs. (a and b) the δ26Mg values of Izu- and NEJ-arc volcanic rocks, respectively, plotted
against the sub-volcanic WBZ depths. For comparison, the δ11B values of the same volcanic rock samples, analyzed by Ishikawa and Nakamura (1994) and Moriguti
et al. (2004), are shown. (c and d) the δ26Mg values of SWJ-arc (Chugoku) volcanic rocks with ages of 12–8 Ma and 8–0 Ma plotted against perpendicular distances
from the Nankai trench to each volcano. The range of δ26Mg of unaltered MORB (–0.25 ± 0.06‰, shown by gray bands) is from Teng et al. (2010a). Uncertainty of
δ26Mg values for the studied samples is ± 0.06 ‰ (2σ external reproducibility).

W. Zhang et al. Geochimica et Cosmochimica Acta 391 (2025) 158–176 

163 



studied rocks from the three arcs investigated here. Together, we
consider that the post-eruptive alteration had a limited effect on the Mg
isotope compositions of the studied rocks.

5.2. Pre-emplacement processes

5.2.1. Fractional crystallization
It was generally considered that fractional crystallization, involving

these Mg-rich minerals, has little effect on Mg isotope compositions of
differentiated magmas (Teng et al., 2007; Liu et al., 2011; Duan et al.,
2023), whereas recent studies proposed that the cocrystallization of
olivine and clinopyroxene could elevate δ26Mg values by 0.04–0.05 ‰
compared to parental magma (Wang et al., 2021; Liu et al., 2022). The
highest δ26Mg value within our sample (a sample from NEJ, –0.07‰) is
greater than the mean value of mantle (–0.25 ‰) by +0.18 ‰. The
difference significantly exceeds the range of possible increases of δ26Mg
(0.04–0.05 ‰) caused by the crystallization of olivine and clinopyrox-
ene. Moreover, remarked across-arc decrease of δ26Mg values in volca-
nic rocks from Izu and NEJ arcs could be hardly explained by fractional
crystallization (Fig. 3a and b). If Mg-isotope variation is dominated by
fractional crystallization, it is anticipated that these volcanic rocks also
show the correlation between MgO content and δ26Mg values and
across-arc variation in differentiation indices; Mg# value [≡ 100 × Mg/
(Mg + Fe2+)] should increase in rocks from frontal-arc to rear-arc re-
gions. Such features are not found in volcanic rocks in the studied arcs
(Fig. 5a and Supplementary Fig. S4). Therefore, fractional crystallization
of olivine and clinopyroxene did not play a major role in the production
of δ26Mg variations in these arcs.

We also examine the effect of volumetrically minor phases on Mg-
isotope variations in the studied samples. Cr-spinel preferentially up-
takes heavy Mg isotopes (Fig. 1c), and thus fractional crystallization of
this mineral results in light Mg isotopic compositions in evolved magmas
(Young et al., 2009; Su et al., 2017; Su et al., 2019). Fe-Ti oxides (tita-
nomagnetite) are also suggested to lower δ26Mg values of low-MgO
differentiated magmas (Wang et al., 2021). However, the lack of cor-
relations between the δ26Mg values and Cr or TiO2 contents in the
studied samples (Fig. 5b and c) suggests that the scenarios for Cr-spinel
or titanomagnetite involvement in the production of Mg isotope varia-
tions in these arcs are unlikely.

Accumulation of isotopically light ilmenite in the mantle source via
crystallization of magma ocean was suggested to produce low δ26Mg

values in some lunar high-Ti basalts (Sedaghatpour et al., 2013). If this
process occurred in parental magmas of our studied samples, the
TiO2 content should negatively correlate with δ26Mg values (Huang
et al., 2015b; Tian et al., 2016). However, the insignificant correlation
rules this process out (Fig. 5c), consistent with the petrographic features
of our samples (none of them show ilmenite accumulation; Supple-
mentary Text S1). We thus consider that fractional crystallization did
not play a major role in producing the variation in δ26Mg values in
volcanic rocks from the studied arcs.

5.2.2. Partial melting
Major mantle minerals (olivine and pyroxene) were generally

considered to induce undetectable change in Mg isotope composition of
mantle-derived magmas via partial melting of their-bearing lithologies
(Teng et al., 2007, 2010a; Stracke et al., 2018; Liu et al., 2023; Detailed
discussion is included in Supplementary Text S3).

Garnet preferentially incorporates lighter Mg isotopes, thus a melt in
equilibrium with a residual source containing substantial garnets could
have high-δ26Mg values (Wang et al., 2015; Zhong et al., 2017; Stracke
et al., 2018; Fig. 1c). A magma derived from a garnet-bearing source is
anticipated to show high LREE/HREE (e.g., La/Yb) or middle rare earth
element (MREE, e.g., Sm, Dy)/HREE ratios (e.g., Dy/Yb). There are no
significant correlations between the Dy/Yb ratio and δ26Mg value
among the studied volcanic rocks from any of these three arcs (Fig. 5d).
We conclude that partial melting did not play a role in producing the
observed Mg-isotopic variations.

5.2.3. Crustal contamination
Mg isotopic compositions of the upper and middle-lower continental

crust are highly heterogeneous, with δ26Mg ranging from − 1.64 to
+0.92 ‰ and from − 0.72 to +0.19 ‰, respectively (Teng, 2017 and
references therein). Therefore, the δ26Mg value of an arc magma could
also be altered via the assimilation of crustal materials with distinct
δ26Mg values (Brewer et al., 2018; Pang et al., 2020). Low-Mg and high-
Si upper crustal rocks generally have lower solidus temperatures [mostly
< 1000 ◦C; Johannes (1984)] than the temperatures of mantle-derived
mafic magmas when they entered into the crust (> 1000 ◦C). It is
therefore likely that the parental magmas of arc-volcanic rocks would
react with upper crustal materials to some extent.

The main part of Izu arc is formed on a thin mafic upper crust (~10
km) underlain by felsic (tonalitic) middle crust (Suyehiro et al., 1996).

Fig. 4. The effect of alteration. (a) δ26Mg values versus loss on ignition (LOI). (b) δ26Mg values versus chemical index of alteration (CIA) defined as [Al2O3/ (Al2O3 +

CaO* + Na2O + K2O)] × 100 where oxide abundances are given in molecular proportions and CaO* denotes CaO abundances in the silicate fraction of a rock (Nesbitt
and Young, 1982). The gray bars in both panels are the δ26Mg values of unaltered MORB (Teng et al., 2010a). Uncertainty of δ26Mg values for the studied samples is
± 0.06 ‰ (2σ external reproducibility).
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In contrast, volcanic fields in NEJ and SWJ arcs and the northmost end of
Izu arc [Hakone (JA-1) and Fuji (JB-3)], located in Honshu Island,
overlie thick (c. 30 km) upper crust consisting mainly of felsic rocks
(Togashi et al., 2000; Zellmer, 2008; Wada and Wang, 2009). Therefore,
we will focus on the potential effect of crustal contamination on the
δ26Mg values of volcanic rocks from these fields. A reference silicate
rock, JG-1, provided by the GSJ, is a Cretaceous (92 Ma) granodiorite
from Northeast Japan (Ando et al., 1989; Sudo et al., 1998), and might
represent a possible crustal rock beneath NEJ volcanoes (Hunter and
Blake, 1995). The [MgO] of 0.73–0.79 wt% and the δ26Mg values from
− 0.31 to − 0.35‰ are reported for JG-1 (Teng et al., 2015; Araoka and
Yoshimura, 2019; Fig. 5a). This crustal rock is also characterized by high
86Sr/87Sr (0.711) and 207Pb/204Pb (15.627) ratios (Miyazaki and Shuto,
1998; Tanimizu and Ishikawa, 2006). The δ26Mg values of the NEJ
samples are positively correlated with 86Sr/87Sr (Fig. 7a; r2 = 0.45) and
207Pb/204Pb (not shown; r2 = 0.43). Extrapolation of these correlations
to 86Sr/87Sr or 207Pb/204Pb ratio of the crustal assimilant yields its δ26Mg
value of>+0.1‰, which is distinctly different from the observed δ26Mg
(− 0.31 to − 0.35‰). Rather, the similarity between the δ26Mg values of
crustal rocks and mantle rocks suggests that the effect of crustal
contamination might not be noticeable (Fig. 7a). A simple mass balance
model is employed; [MgO] and the δ26Mg value of upper crustal rocks

are assumed to be 0.76 wt% and − 0.33‰, respectively. The [MgO] of a
parental magma, prior to crustal contamination, is assumed to be 8 wt%
based on [MgO] of the least differentiated volcanic rocks in NEJ
(Fujinawa, 1988). The δ26Mg value of the parental magma is assumed to
be –0.07‰ (the highest δ26Mg among NEJ rocks and all samples). The
modeling results (Fig. 5a) show that even 50 % of assimilation of crustal
materials into a parental magma cannot shift the δ26Mg to the lower
values (–0.22 to –0.29‰) observed in the rear-arc volcanic rocks in NEJ.
Accordingly, the assimilation of crustal rocks into mafic magmas could
not solely explain the across-arc variation of δ26Mg values in NEJ.

The crustal rocks in the SWJ are dominated by Paleogene granitic
rocks (Jahn, 2010). In the northern part of Izu arc, volcanoes occur on
the thick crust (~20–30 km; Aoki et al., 2019) containing felsic plutonic
rocks (Kitamura et al., 2003). The δ26Mg data for granitoids in these
regions have not been published. However, due to the relatively low
MgO contents of these granites (< 4 wt%; Kutsukake, 2002; Li and
Ishihara, 2013), high volumes of assimilated granites would be required
in mass balance to affect the Mg isotope composition of parental
magmas of these arc rocks, which is unlikely. A detailed discussion
about the effect based on previous studies is summarized in Supple-
mentary Text S4.

Fig. 5. δ26Mg values plotted against the indices for the extent of fractional crystallization of a parental magma [(a) MgO, (b) Cr, and (c) TiO2] or that of partial
melting of a magma[(d) Dy/Yb]. In Fig. 5d, the range of Dy/Yb ratio of a melt derived from a garnet-facies peridotite, calculated for degrees of melting of 1–10 %, is
shown by two head arrows. For calculation, the composition and mineralogy of a magma source are assumed to be the same as those of the primitive upper mantle
(PUM; McDonough and Sun, 1995; McDonough and Rudnick, 1998), and the melting stoichiometry follows Fram et al. (1998). Partition coefficients between melt
and residual mineral phases are from Kelemen et al. (2003). These parameters and results of the modeling are shown in Table S2. Uncertainty of δ26Mg values for the
studied samples is ± 0.06 ‰ (2σ external reproducibility). The gray bars in the panels show the range of δ26Mg values of unaltered MORB (Teng et al., 2010a).
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5.3. Subduction inputs

As discussed above, neither post-eruptive alteration, fractional
crystallization nor crustal contamination explain theMg isotope features
in volcanic arc rocks from our studied arcs. Alternatively, this variation
could be caused by inputs from the subducted slab into the magma
sources. Magnesium is soluble to variable extents in fluids released from
variable lithologies within a subducted oceanic lithosphere (e.g.,
Manning, 2004; Scambelluri et al., 2015; Chen et al., 2016, 2020; Wang
et al., 2017; Li et al., 2018), and therefore detectable Mg-isotopic vari-
ations might have been produced by reactions between mantle wedge
and slab-derived fluids (Chen et al., 2016, 2020; Teng et al., 2016; Teng,
2017). The δ26Mg values of Izu- and NEJ-arc rocks show co-variations
with elemental and isotopic ratios suggestive of fluid addition (δ11B
and Nb/B; Fig. 6). We thus consider that the variation in δ26Mg values in
Izu and NEJ arc rocks are largely due to involvement of fluids derived
from subducted slabs. Although δ11B data are not available for SWJ
rocks, their Nb/B ratios and δ26Mg values are uncorrelated (r2 < 0.2). A
subducted slab consists of different lithologies (sediments, AOC, and
ultramafic rocks), which contribute variably to the δ26Mg signature of
arc magmas. Below, the role of each lithology in the production of the
δ26Mg signature of arc magmas will be discussed.

5.3.1. Silicate-rich sediments and AOC
It is well known that subducted components, consisting of sediments,

altered mafic rocks (denoted as altered oceanic crust or AOC), and
altered ultramafic rocks (serpentinites), significantly contribute to the
production of arc magmas (Schmidt and Poli, 1998).

Three different scenarios have been proposed for the addition of slab-
derived components to sub-arc mantle; (1) AOC-derived aqueous fluid
(e.g., Ishikawa and Nakamura, 1994), (2) AOC-derived melt (e.g.,
Pineda-Velasco et al., 2018), and (3) bulk sediment (e.g., Behn et al.,
2011). We employ a simple binary mixing model for these scenarios. The
modeling involves the assumption that magma sources beneath these
arcs consist of the local mantle with fluids or melts of AOC, and melts or
bulk materials of sediments. All parameters used in the modeling are
listed in Supplementary Text S5 and Table S3, which include the mass
fraction of sediment and AOC in the subducting slab, Mg-Sr elemental
and isotope compositions of sub-arc mantle, sediment, and AOC. The
results of the modeling are shown in Fig. 7a.

The carbonates and carbonate-rich sediments yield low δ26Mg (− 5.1
to − 0.32‰; Fig. 1a; e.g., Huang and Xiao, 2016; Hu et al., 2017; Teng,
2017), and hence are potential to contribute to the light-δ26Mg feature
observed in some volcanic rocks from NEJ arc (Kampu; Fig. 3b). The
contribution of carbonate-rich sediments will be discussed in Section
5.5. By contrast, silicate-rich sediments (e.g., clay) tend to have higher
δ26Mg values than the mantle (Fig. 1a; Teng et al., 2016; Hu et al., 2017),
and hence they have the potential to produce a high-δ26Mg feature in arc
volcanic rocks. Analysis of Shimanto shales, an equivalent to terrigenous
sediments subducted into the Nankai trench (Taira, 1988), support this

Fig. 6. The correlation between δ26Mg values and Nb/B ratios and δ11B of volcanic rocks from the Izu arc and NEJ. (a and b) δ26Mg values versus Nb/B ratios and
δ11B, respectively, of volcanic rocks from the Izu arc. (c and d) δ26Mg values versus Nb/B ratios and δ11B, respectively, of volcanic rocks from the NE Japan arc.
Uncertainty of δ26Mg values for the studied samples is ± 0.06 ‰ and that of δ11B values is ± 0.2‰ (2σ external reproducibility).
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idea; these sedimentary rocks have δ26Mg values of − 0.06 and − 0.17‰
(Table 1 and S1). As the Mg isotope compositions of subducted sedi-
ments beneath NEJ and Izu arcs have not been reported, we use the
highest value (− 0.06 ‰) of the Shimanto shales as the approximate
estimate of the subducted sediments beneath the Izu, NEJ, and SWJ arcs.
The MgO (1.85 ± 0.59 wt%) of bulk sediments is calculated from the
mean value of sediments from the Izu, Japan, and Nankai trenches
(Plank, 2014). The trajectory of binary mixing between the local mantle
and bulk sediments suggests that silicate-rich sediment-derived com-
ponents cannot significantly shift the Mg isotope compositions of the
sub-arc mantle to the high δ26Mg values observed in our study unless the
input of sediments is unrealistically high (> 95%; orange line in Fig. 7a).
It is also unlikely that sediment-derived melt could have significantly
altered the Mg isotope composition of mantle peridotite as sediment
melts also have low MgO contents [<0.6 wt%, calculated using MgO
abundance of bulk sediment (1.85 wt%) with assumed melting degree of
30% (Pineda-Velasco et al., 2018) and partition coefficient of 4.4
(Johnson and Plank, 1999)]. Therefore, the addition of recycled silicate-
rich sediments to the mantle source is unlikely to significantly alter
δ26Mg values of parental magmas for volcanic rocks in any arcs studied.

In the NEJ and Izu arc, slab-derived components are dominated by
AOC-derived aqueous fluids (Ishikawa and Nakamura, 1994; Shibata
and Nakamura, 1997; Moriguti and Nakamura, 1998; Taylor and Nes-
bitt, 1998). TheMgO concentrations of AOC-derived fluids are estimated
to be 1.12 wt% based on the solubility of Mg determined by an experi-
mental study (Kessel et al., 2005). The δ26Mg values of AOC range from
− 1.70 to +0.26 ‰, based on the analysis of seafloor basalts (Huang
et al., 2015a, 2018; Wang et al., 2017). We chose the highest value of
+0.26‰ among the analyses as the δ26Mg value of AOC-derived fluids.
Modeling results reveal that AOC-derived fluids are too poor in Mg to
shift the Mg isotope composition of the mantle wedge (green line in
Fig. 7a). Otherwise, a substantial amount of a fluid (95 wt% in a magma
source) should be added to mantle in order to explain observed com-
positions in these arc rocks. If fluid-rock interaction occurs in an open
system, mantle might be able to interact with a large quantity of fluid
(the fluid-to-rock ratio is as high as 2; Hu et al., 2020). However, the
interaction with a high fluid-to-rock ratio significantly modifies isotope
compositions of other fluid-mobile elements such as Pb. Previous studies
estimated a fluid-to-rock ratio in magma sources beneath these arcs as

0.01–0.05 (0.2–5% fluid in the source), which explains Pb isotopic
compositions of volcanic rocks in these arcs (Taylor and Nesbitt, 1998;
Kimura and Nakajima, 2014). Such a discrepancy is also found in the
similar modeling for volcanic rocks in Lesser Antilles arc (Martinique) by
Teng et al. (2016) who advocated the contribution of Mg-rich (and Pb-
poor) fluids released from mafic/ultramafic lithologies with the sub-
ducted oceanic lithosphere. Considering that Pb (and Sr, Nd) in the slab-
derived fluids in Izu arc are largely derived from AOC (Taylor and
Nesbitt, 1998; Kimura and Nakajima, 2014), the source of Mg-rich fluids
is considered to be slab lithologies other than AOC.

By contrast, the AOC beneath SWJ arc was suggested to have
released fluids enriched in silicate components; i.e., melt (Kimura et al.,
2014; Pineda-Velasco et al., 2018). The MgO concentrations (0.4 wt%)
and δ26Mg values (+0.1‰) of AOC-derived melts were taken fromWang
et al. (2020), who estimated these values by considering isotope frac-
tionation between melt and residual AOC under the condition for slab
melting. The binary mixing between AOC melt and mantle (as its solid
form) demonstrates that the δ26Mg value of the mantle might not be
significantly modified by AOC-derived melts unless an unrealistic AOC-
melt to mantle ratio (>90 %) is assumed (purple line in Fig. 7a).

Collectively, our study suggested that fluids or melts derived from
AOC and silicate-rich sediments have insignificant effects on Mg-
isotopic features of arc magmas in Izu, NEJ, and SWJ. This is largely
because these components have low Mg concentration (0.40–1.85 wt%;
Table S3), compared with mantle peridotite (35–40 wt%; McDonough
and Sun, 1995; Workman and Hart, 2005). As mentioned above, ser-
pentinite could be a possible candidate for the source of high δ26Mg
fluids (Chen et al., 2016; Chen et al., 2020). The role of this component
will be discussed in the next section.

5.3.2. Serpentinite
Serpentinites are characterized by high B abundance (up to 100

μg⋅g− 1) and high δ11B value (+5.5 to +40.5‰; Marschall, 2018; Martin
et al., 2020), compared to other constituents of a subducted slab (e.g.,
sediments and AOC; Ishikawa and Nakamura, 1994; Marschall, 2018)
and mantle rocks (i.e., ultramafics; Marschall, 2018). Thus, B isotope
compositions of arc magmas could be affected by serpentinite-derived
fluids added to their sources (e.g., Cooper et al., 2020; Tonarini et al.,
2007; Tonarini et al., 2011). Post-fluid addition processes include partial

Fig. 7. (a) Results of modeling for δ26Mg value and 87Sr/86Sr ratio of a magma source produced by mixing between the depleted mantle and bulk sediments (orange
line), AOC-derived aqueous fluids (green line) and AOC-derived hydrous melt (purple line). (b) Results of modeling for δ26Mg value and 87Sr/86Sr ratio of a magma
source produced by mixing depleted mantle and serpentinite-derived fluids and dolomite. The δ26Mg values of endmembers of serpentinite-derived fluids are
assumed to be + 0.95‰ (open cycle symbol) and + 0.42‰ (open diamond symbol) by Chen et al., (2016) and Huang et al., (2020). See Table S3 for details about the
parameters used for modeling. Uncertainty of δ26Mg values for the studied samples is ± 0.06 ‰ (2σ external reproducibility).
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melting of a source and fractional crystallization of a parental magma,
both of which do not significantly modify the B isotope composition
inherited from the source (Ottolini et al., 2004). Serpentines are also
major Mg carriers in a subducted slab, hence their roles in arc-magma
production would be best constrained by B-Mg isotope systematics (e.
g., Du et al., 2023).

An experimental study on a peridotite-fluid system suggested that
fluids liberated from hydrous peridotite (MgO = 40.59 wt%) at sub-arc
depths (4 GPa and 800 ◦C) could have the MgO abundance as high as
13–15 wt% [i.e., DMg

Fluid/hydrous peridotite ≈ 0.35; Dvir et al. (2011)]. With
the DMg

Fluid/hydrous peridotite of 0.35 and MgO abundance of the subducted
serpentinites [39.6 ± 2.6 wt%; Deschamps et al. (2013)], MgO content
in serpentinite-derived fluids is calculated as 14 wt%. The estimated
MgO abundance is comparable to that used in the previous study (e.g.,
MgO = 16.1 wt%; Huang et al., 2020).

For evaluating the effect of serpentinite-derived fluids in magmas in
the NEJ, Izu, and SWJ arcs, a simple mass-balance modeling was
employed. The MgO content for the fluid is assumed to be 14 wt% (see
above). As the δ26Mg value of serpentinite-derived fluids has not been
reported so far, its δ26Mg value is assumed to be +0.42 and +0.95 ‰
(Chen et al., 2016; Huang et al., 2020); the value is based on Mg isotope
fractionation factor between magnesite and fluid (Schauble, 2011) and
δ26Mg values of magnesites and talc in serpentinized peridotite (Beinlich
et al., 2014). For such modeling, the 87Sr/86Sr ratio is the best option to
compare with the δ26Mg value, as serpentinites are considered to have a
significantly radiogenic 87Sr/86Sr ratio [~0.7051; Tonarini et al.
(2007)] compared with pre-metasomatized mantle peridotite. The
elemental and isotopic compositions of Sr of serpentinite-derived fluids
are from Savov et al. (2005), Savov et al. (2007) and Tonarini et al.
(2007), respectively (Table S3). Results of the modeling show that the
addition of ~30–40 wt% serpentinite-derived 26Mg-rich fluids to the
mantle wedge is sufficient to explain the heavy Mg isotope compositions
of samples at the frontal arc of the NEJ and Izu arcs (Fig. 7b). The
estimated amounts of fluids are consistent with previous studies (Hu
et al., 2020). The high fluid proportion (~0.3–0.4) estimated for these
arcs could be reasonably achieved, if the fluid flow is focused or chan-
nelized in the mantle wedge (Pirard and Hermann, 2015; Huang et al.,
2020). Presence of such a fluid flow is supported by U-series dis-
equilibria (Yokoyama et al., 2003) and Li-isotope heterogeneity (Zhang
et al., 2023) in arc volcanic rocks. The fluids would have ascent as a
channelized flow and reached shallow and hot regions within the mantle
wedge, where fluid-fluxed melting produced parental arc magmas
(Grove and Till, 2019).

The lower-δ26Mg values of rear-arc volcanic rocks are interpreted as
a result of the decreasing contribution of serpentinite-derived fluids with
increasing depths of a slab beneath in the NEJ and Izu arcs. The inter-
pretation is consistent with the MORB-like δ11B (Fig. 6b) and Nb/B ra-
tios (Fig. 6a) of rear-arc rocks, compared with higher-than-MORB δ11B
and Nb/B ratios in frontal-arc rocks (Ishikawa and Nakamura, 1994). In
SWJ, <20 wt% serpentinite-derived 26Mg-rich fluids are estimated for
magma sources of the arc magmas (Fig. 7b), which is also less than the
contribution of this slab lithology to arc magmas from frontal arc regions
in NEJ and Izu (20–30%). Note that the δ26Mg values and 87Sr/86Sr
ratios of SWJ arc rocks show an apparent decoupling, which is well
explained by greater sediment contribution to the parental magmas of
SWJ volcanic rocks (Feineman et al., 2013; Pineda-Velasco et al., 2018).
In the next section, the source of the serpentinite-derived components
and the possible cause for the different extents of serpentinite contri-
butions to each arc will be discussed.

5.4. Source of serpentinite-derived components

Serpentinite mainly consists of serpentines and other phyllosilicates
(e.g., talc and chlorite). It has been demonstrated that δ26Mg values of
different minerals in serpentinites show differences from each other
(Fig. 1c). Dehydration of different hydrous phases with different δ26Mg

values might have produced fluids with variable δ26Mg values (Li et al.,
2018). Nevertheless, we first examine the feasibility of the production of
high δ26Mg components from subducted serpentinite.

Surface exposures of mantle wedge serpentinites include fore-arc
mud volcanoes and exhumed subduction complexes. The δ26Mg values
of either type of serpentinites are indistinguishable from the mantle
δ26Mg value (–0.24 ± 0.05‰ for the former and –0.21 ± 0.08‰ for the
latter; Li et al., 2018; Li et al., 2024; Wang et al., 2023). Abyssal ser-
pentinites (unweathered) also have δ26Mg values largely overlapping
with the mantle δ26Mg value (–0.19 ± 0.07 ‰; Liu et al., 2017).
Accordingly, it has been generally considered that significant Mg isotope
fractionation does not occur during serpentinization (Fig. 1c; Beinlich
et al., 2014). However, recent studies have documented high δ26Mg
values in serpentinites from ophiolites (to +0.96 ‰; de Obeso et al.,
2021; Zhao et al., 2023) and in high-pressure metamorphic rocks (to
+0.29 ‰; Chen et al., 2020). It is therefore still premature to conclude
that serpentinites in mantle wedge have homogeneous δ26Mg values
similar to that of unaltered MORB.

Extensively altered peridotites contain talc that was formed via re-
actions of serpentinite and aqueous or carbonate-bearing fluids
(Beinlich et al., 2014; Li et al., 2018). Such reactions induce significant
isotope fractionation of Mg, possibly increasing the δ26Mg value by
0.1–0.3‰ (talc: +0.06 to +0.30‰; Fig. 1c). High-δ26Mg features have
been found in talc-bearing metaperidotites from Francisco Complex (Li
et al., 2018). Moreover, hydrous minerals with high δ26Mg values in
exhumed subduction complexes are considered to have formed via
infiltration of fluids from talc-bearing metaperidotites [Alps (Chen et al.,
2016; Chen et al., 2020), and Tianshan (Wang et al., 2017)].

Pogge von Strandmann et al. (2015) showed that chlorites with low
δ26Mg values of − 0.38 to − 0.24 ‰ occurred in a mélange (metabasalt
and serpentinite hybrid rock; Fig. 1c), which was exhumed from the
slab-mantle interface at sub-arc depths (55–75 km). However, its Mg
isotope feature (i.e., apparently low-δ26Mg value) might be attributed to
diffusive isotope fractionation. Thus, a representative δ26Mg value of
chlorite in sub-arc serpentinites is not available from the existing
studies. Instead, Deng et al. (2024) calculated that the fluids released by
the breakdown of chlorite are significantly enriched in heavier Mg iso-
topes (by +0.66 ‰ in δ26Mg). In summary, subducted serpentinites
beneath an arc potentially have δ26Mg values higher than normal
mantle, owing to the possible existence of high δ26Mg minerals
including antigorite, chlorite, and talc.

Given that serpentinites are metamorphic rocks of ultramafic pro-
toliths, they are considered to occur in the mantle section of a subducted
slab and the lowermost part of mantle wedge (Deschamps et al., 2013).
Both types of serpentinites subduct into sub-arc depths and release fluids
that metasomatize the overlying mantle wedge (Savov et al., 2005,
2007; Ribeiro and Lee, 2017). The high B/Nb ratios and δ11B values of
arc volcanic rocks are also consistent with the contributions of
serpentinite-derived fluids to their mantle sources (e.g., De Hoog and
Savov, 2018; Xiong et al., 2022). However, it is difficult to distinguish
the contributions from either serpentinite to arc magmas solely by
geochemical and isotope studies (Cooper et al., 2020; Rojas-Kolomiets
et al., 2023). We thus attempt to provide an argument for the roles of
these serpentinites by combining the thermal structures (P-T path) of
subduction zones beneath the arcs (van Keken and Wilson, 2023).

Talc, chlorite, and serpentine (antigorite) are stable until it is heated
to c. 600–800 ◦C at depths of 90–160 km (Spandler et al., 2008). The
mantle section in a subducted slab (slab mantle) beneath volcanoes in
SWJ (105±15 km) and that beneath frontal arc regions in NEJ and Izu
(130–160 km) have temperatures estimated around 600–650 ◦C and
400–500 ◦C, respectively (Fig. 8a; Syracuse et al., 2010). In either arc,
slab mantles beneath these volcanoes have temperatures lower than
temperatures for the breakdown of talc, chlorite, and antigorite
(Fig. 8a). In contrast, mantle wedge serpentinites beneath the frontal arc
of the NEJ and Izu arcs have temperatures of 770–800 ◦C, being well
within the range of temperatures for the breakdown of talc and chlorite
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(750–800 ◦C; Fig. 8b). Therefore, mantle wedge serpentinite, rather than
slab serpentinite, could supply fluids that have dominantly contributed
to high-δ26Mg signatures to sub-arc mantle beneath all of the studied
arcs. It is however noted that we do not rule out the dehydration of
serpentinites within a subducting slab; rather it should have occurred in
most subduction zones, revealed by intra-slab seismicity (Peacock,
2001), subduction thermal model (Hyndman and Peacock, 2003) and
subduction metamorphic petrology (Scambelluri et al., 2001).

Rear-arc volcanic rocks in NEJ (except Kampu) and Izu arc exhibit
MORB-like δ26Mg values (Fig. 3a and b). Such a feature implies that talc
and chlorite in mantle wedge serpentinite were completely broken down
while it was dragged down to the rear-arc depths with temperature >

820 ◦C (Fig. 8b). In SWJ, the MORB-like δ26Mg values suggested that the
fluid fraction derived from mantle wedge serpentinite added to the
mantle source is significantly lower than those estimated for NEJ and Izu
(frontal-arc regions). The smaller contribution of fluids from mantle
wedge serpentinite could be attributed to the higher T/P gradient in the
SWJ subduction zone (Peacock and Wang, 1999). Mantle wedge ser-
pentinites beneath SWJ have temperatures of around 850 ◦C, which is
50–100 ◦C higher than the temperatures for the breakdown of talc and
chlorite (750–800 ◦C; Fig. 8b; Syracuse et al., 2010). The swift rise of
temperature might have led to the rapid decomposition of hydrous
minerals in mantle wedge serpentinite. Therefore, the Mg isotope
composition of arc magma beneath SWJ recorded less but variable
contribution from serpentinite-derived fluids, compared to those in NEJ
and the Izu arc.

5.5. Carbonate as a possible low-δ26Mg component

Volcanic rocks from Kampu, located in the rear arc of NEJ, exhibit
lighter Mg isotopic compositions (δ26Mg = –0.61 and –0.39 ‰) than
unaltered MORB (or mantle; Fig. 9), and other arc volcanic rocks from
modern subduction zones (Fig. 1b), but similar to the <110 Ma intra-
continental basalts from eastern China (− 0.60 to 0.30 ‰; Fig. 9; Yang
et al., 2012; Huang et al., 2015b; Li et al., 2017). Similar low-δ26Mg
features from subduction systems have been only reported from volcanic
rocks and ultramafic massif (exhumed complex) from continental
collision zones, located in the inland of China (Shen et al., 2018; Tian

et al., 2018). It is therefore noted that our case is the first example of the
occurrence of low-δ26Mg volcanic rocks from modern arc systems.

Four scenarios have been proposed for the production of low-δ26Mg
mantle-derived magmas: (1) accumulation of ilmenite enriched in light
Mg isotopes (Sedaghatpour et al., 2013), (2) fractionation of chromite
and titanomagnetite enriched in heavy Mg isotopes (Su et al., 2017,
2019; Wang et al., 2021), (3) assimilation of crust rocks metasomatized
by low-δ26Mg carbonate fluids (Yang et al., 2016), and (4) recycling of
subducted low-δ26Mg carbonates (e.g., Huang et al., 2015b; Li et al.,
2017; Tian et al., 2018; Tan et al., 2022).

The first and second scenarios are excluded as discussed in Section
5.2.1. The interaction of mantle-derived parental magmas and lower-
crustal mafic rocks was suggested for the Kampu volcano (Yamamoto
et al., 2013). However, the lower crustal xenoliths, found in the vicinity,
do not contain carbonates (Yamamoto et al., 2013). Hence, the third
scenario could also be ruled out. We thus consider that the involvement
of carbonates occurred at greater depths, i.e., in the source regions of
mantle-derived magmas.

Distinctive geochemical features of Kampu volcanic rocks, charac-
terized by higher Li/Y, La/Sm, Th/Nb, and U/Nb ratios than other NE-
Japan volcanic rocks, were first noted by Moriguti et al. (2004). They
attributed such features to the addition of slab-derived via the break-
down of lawsonite at a depth of 180 km. It is however considered that
lawsonite breakdown hardly explains the low-δ26Mg feature of Kampu
volcanic rocks, because fluids released from (Mg-free) lawsonite should
have little Mg. We thus consider that other minerals played a role in the
production of the low δ26Mg feature of Kampu volcanic rocks.

Carbonates subducted with oceanic lithosphere beneath arc vol-
canoes are included in sediments and AOC. These carbonates would
have been formed as precipitates from seawater (biogenic) or secondary
minerals by seawater-rock interaction (non-biogenic). Regardless of
their origins, they generally have high abundances of P, Sr, and U, and
are enriched in LREE (relative to HREE) and depleted in HFSE (Veizer,
1983; Staudigel et al., 1996; Kelley et al., 2005). The Kampu volcanic
rocks have higher abundances of P2O5 (0.34–0.37 wt%), Sr (848–874
μg⋅g− 1) and U (1.51–1.92 μg⋅g− 1) than other NEJ volcanic rocks ([P2O5]
= 0.04–0.26 wt%, [Sr] = 160–581 μg⋅g− 1, [U] = 0.06–1.17 μg⋅g− 1;
Supplementary Table S1). They also have higher U/Nb ratios and lower

Fig. 8. P-T paths of (a) lithospheric mantle (slab Moho) and (b) surface of the subducting slab beneath Izu, NEJ, and SWJ arcs. The temperatures of the slab surface
and slab Moho are assumed to represent those of mantle wedge serpentinite and slab lithosphere serpentinite, respectively. The stability limits of hydrous minerals
(talc, chlorite, and antigorite) are from Spandler et al. (2008; references therein). The slab P-T path from van Keken and Wilson (2023) is applied. The calculation
method of this model was modified based on the D80 model of Syracuse et al. (2010). As SWJ experienced the slab tearing and distortion processes, actual WBZ depth
cannot be precisely constrained. Therefore, we applied the average value of estimated slab depth (105 km) with an error bar (±15 km).
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Fig. 9. Variations of (a) La/Yb versus Ti/Eu, (b) Ti/Ti* versus Hf/Hf*, and (c) Ti/Ti*, (d) Hf/Hf*, (e) La/Yb, and (f) Ti/Eu versus δ26Mg values for the volcanic rocks
from NEJ arc. Two series of volcanic rocks, one from the frontal arc and another rear arc of the arc, display Mg isotopic and major- and trace-element compositional
dichotomy. Elemental anomalies are calculated as follows: Ti/Ti* = TiN/(SmN

− 0.055 × NdN0.333 × GdN0.722), Hf/Hf* = HfN/(SmN × NdN)0.5, where the subscript N means
normalized to the primitive mantle (Sun and McDonough, 1989). Mg isotopic composition (δ26Mg = − 0.25 ± 0.06‰) and other elemental properties of MORB are
from Hofmann (1988) and Teng et al. (2010a). The Mg isotopic composition and other elemental properties of dolomite are from Wang et al. (2014), Higgins et al.
(2018), and Tian et al. (2018). Data sources for the Cenozoic basalts in eastern China are from Li et al. (2017 and references therein).
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Ti/Eu, Ti/Ti*, and Hf/Hf* ratios, compared with other NEJ volcanic
rocks (Fig. 9; Moriguti et al., 2004). These features are considered to be
consistent with the derivation of Kampu magmas by melting of sources
that have carbonate components (Fig. 9).

Thermodynamic modeling predicted that subducted carbonates
could be dissociated (decarbonation) in the depth of arc volcanoes
(80–180 km) if fluids are sufficiently infiltrated from external sources
(Kerrick and Connolly, 2001). Considering the subduction P-T paths,
other slab lithologies (AOC and slab mantle) should have dehydrated at
these depths beneath NE Japan, having resulted in fluid-mediated
decarbonation in the slab. Whereas slab decarbonation is considered
to have not occurred beneath SW Japan due to the high T/P gradient of
the subducting slab (Gorce et al., 2019). Decarbonation reaction pro-
duces fluids containing significant amounts of CO2 (Kerrick and Con-
nolly, 2001). Such fluids infiltrate into the overlying mantle, resulting in
a significant drop of the solidus of the subarc (90–100 km) mantle
(Wendlandt and Mysen, 1980).

The δ26Mg values of NEJ volcanic rocks are negatively correlated
with their La/Yb ratios (r2=0.81; Fig. 9e). The variation in La/Yb ratio
could be attributed to (1) the variation in residual source mineralogy
(garnet facies vs spinel facies), (2) chemical heterogeneity of magma
sources, and (3) varying degree of melting of a common source. Scenario
1 is ruled out by the discussion in Section 5.2.2; the sources of NE-Japan
volcanic rocks are considered to be dominated by spinel-facies perido-
tites. A melt from a garnet-facies source should have a higher La/Yb
ratio and high δ26Mg value (discussed above); this is not the case for NE
Japan (high La/Yb rocks have low δ26Mg values). Scenario 2 is also
unlikely, as the mantle wedge beneath NE Japan is considered to be
homogeneous in terms of REE compositions (Sakuyama and Nesbitt,
1986; Shibata and Nakamura, 1997).

The extent of melting of a magma source beneath NEJ arc decreases
from frontal-arc regions (F = 20%) to rear-arc regions (F = 5%), due to
an increase in melting depth across the arc (Sakuyama and Nesbitt,
1986). The Kampu volcano is located in a back-arc region, and the high
La/Yb ratios of the Kampu rocks are considered to be partly due to the
smaller degree of melting of the source. Volcanic rocks from other rear-
arc volcanoes (Chokai and Rishiri) also have higher La/Yb ratios and
slightly lower δ26Mg values than the frontal-arc rocks. Accordingly, a
negative correlation between the La/Yb ratio and δ26Mg value in NEJ
rocks is observed. Owing to the difficulty in constraining the composi-
tions of subducted carbonate sediments and magma sources (mantle
wedge), it is quite difficult to quantitatively estimate the relative con-
tributions of melting processes and source enrichments (carbonate in-
puts) to the variation in La/Yb ratios in NEJ volcanic rocks.

We employed mass balance calculation to examine the mass fraction
of sediment that was incorporated into a magma source for the parental
magma of Kampu volcanic rocks. For the modeling, the species of sub-
ducted carbonate and its elemental and isotopic composition should be
constrained in advance. Carbonates in sediments prior to subduction
might be dominated by Ca-rich carbonates (Plank and Langmuir, 1998).
Subordinate amounts of Mg-rich carbonates (dolomite) might also occur
in sediments as a product of carbonate diagenesis (Higgins et al., 2018).
Subducted carbonates might also include Mg-rich carbonates, which are
formed by Ca-Mg exchange between Ca-rich carbonates and mafic
minerals in adjacent mafic or ultramafic rocks during subduction
metamorphism (Yaxley and Green, 1994). The δ26Mg values of shallow,
diagenetic Mg-rich carbonates are reported to be c. –3‰ (Higgins et al.,
2018; Liu et al., 2024). For deep, metamorphic Mg-rich carbonates,
similar δ26Mg values (–3 to –2 ‰) are estimated from the analysis of
ultrahigh-pressure metamorphic marbles (Wang et al., 2014). Therefore,
we used the δ26Mg value of –3‰ for the subducted carbonate (dolomite)
in the modeling, although the process responsible for its low-δ26Mg
feature is not well constrained.

A simple binary mixing between mantle wedge and dolomite was
performed for a δ26Mg-87Sr/86Sr system (Fig. 7b). The MgO concentra-
tion (22 wt%) and δ26Mg value (–3‰; Wang et al., 2014; Higgins et al.,

2018) of dolomite are from its chemical formula and the above discus-
sion. Whereas the Sr content (0.7036) and 87Sr/86Sr ratio (1800 μg⋅g− 1)
of dolomite is from Romer et al. (2003) and Wawrzenitz et al. (2019).
Our results suggest that <20% of dolomites were incorporated into the
mantle source of Kampu parental magma. The estimated mass fraction
of carbonates corresponds to CO2 of <10 wt%. Carbonate dissociation
released CO2 which has been incorporated into mantle. Hence the
melting would have occurred under the condition at which CO2 is pre-
sent. Under relatively low-pressure conditions (<3 GPa), the melting of
a source with <10 wt% CO2 (together with H2O) could produce sub-
alkaline basaltic magmas (Wendlandt and Mysen, 1980), consistent
with the silica-saturated features of the Kampu volcanic rocks.

6. Implications

As discussed in the preceding section, Mg isotopic signatures in
magmatic rocks from the NEJ, SWJ, and Izu arcs could be explained by
the contribution of fluids derived from mantle wedge serpentinite and
carbonate (Fig. 10). The thermal structure and slab depths might control
the Mg isotope variations in global subduction zone magmas. The
breakdown and dehydration of serpentinite minerals (e.g., antigorite,
chlorite, and talc) occurs at frontal-arc depths in cold subduction zones
and produces isotopically-heavy-Mg fluids (Fig. 10a). By contrast, in
warm subduction zones, major serpentinite minerals break down at
depths shallower than sub-arc slab depth (Fig. 10b). Therefore, ser-
pentinite signatures (high δ26Mg values) cannot be transported into the
sub-arc mantle and arc magmas under such conditions. At this stage, the
solubility of Ca-rich carbonate (i.e., calcite) is significantly higher than
those of dolomite and magnesite based on molecular dynamics (Pan
et al., 2013); thus, dissolved carbonate components in dehydrated fluid
have abundant Ca but little Mg, which has a limited influence on the Mg
isotope composition of the mantle wedge (Li et al., 2017).

Beyond frontal-arc depths, hydrous minerals (e.g., antigorite, chlo-
rite and talc) with heavy Mg isotopic signature might have been broken
down completely (Ulmer and Trommsdorff, 1995; Peacock and Wang,
1999), resulting in the production of parental magmas of rear-arc vol-
canic rocks with MORB-like Mg isotopic signatures in cold subduction
zones (Fig. 10a). Nevertheless, lower-than-MORB δ26Mg values are
found in volcanic rocks in some rear-arc regions (such as that in NEJ arc
and Tengchong volcano; Tian et al., 2018). Our study demonstrates that
such a feature could be explained by subducted Mg-rich carbonates
(dolomite). Across-arc variations in δ26Mg values in other arcs might
also result from a combined effect of serpentinite and carbonate
subduction.

7. Conclusion

Volcanic rocks from the frontal arc region of NEJ and Izu have
isotopically heavy Mg, compared to the mantle-like or isotopically light
Mg isotope signatures of those from SWJ and the rear arc of NEJ and Izu.
Possible causes of Mg-isotopic variability are examined, and we
conclude:

1. The recycling of silicate-rich sediments, AOC, and slab serpentinites
has no salient effects on the Mg isotope compositions of volcanic
rocks from the Izu, NEJ, and SWJ arcs.

2. The high δ26Mg values of volcanic rocks from the frontal arc might be
generated by the fluid from mantle wedge serpentinite in channel-
ized flow.

3. The MORB-like δ26Mg signature in volcanic rocks from rear-arc
depths and hot arcs indicates the complete breakdown of serpen-
tinite minerals (e.g., antigorite, chlorite, and talc).

4. The dehydration of mantle wedge serpentinite in different P-T con-
ditions exerts a strong control on within-arc and inter-arc Mg isotope
variations in global subduction zone magmas.
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Fig. 10. Schematic of the models depicting the intra-arc and inter-arc variations in Mg isotope compositions of volcanic rocks from the NEJ, SWJ, and Izu subduction
zones, caused by various contributions of subducted serpentinites and carbonates (Modified from Pagé and Hattori, 2019). (a) In cold subduction zones, the mantle
wedge serpentinite is dehydrated and releases fluids that migrate upward in channelized flow. Production of high-δ26Mg magmas is confined in frontal arc regions, as
carrier phases of heavy Mg isotopes break down at slab depths beneath these regions. In some rear-arc regions (such as NEJ arc), δ26Mg values that are lower than
mantle are found in volcanic rocks, which might result from the melting of the source metasomatized by fluids from subducted Mg-rich carbonates (i.e., dolomite).
(b) In warm subduction zones, hydrous minerals [e.g., talc, chlorite (chl), and antigorite (Atg)] in mantle wedge serpentinite break down at shallower depths (<100
km), and mantle melting might be induced by the influx of low-Mg hydrous silicate melts from sediments or AOC (Pineda-Velasco et al., 2018). Accordingly, Mg
isotope signatures in arc magmas are dominantly inherited from mantle wedge (i.e., MORB-like δ26Mg).
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5. The presence of a light Mg isotopic composition in some volcanic
rocks from rear arc regions indicates that Mg-rich carbonate could be
transferred into the deep mantle wedge at rear-arc depths of
150–400 km in subduction zones.
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Cannaò, E., Malaspina, N., 2018. From oceanic to continental subduction; implications
for the geochemical and redox evolution of the supra-subduction mantle. Geosphere
14, 2311–2336.

Chen, Y., Schertl, H., Zheng, Y., Huang, F., Zhou, K., Gong, Y., 2016. Mg–O isotopes trace
the origin of Mg-rich fluids in the deeply subducted continental crust of Western
Alps. Earth Planet. Sci. Lett. 456, 157–167.
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