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Subduction initiation is fundamental to plate tectonics. Early basaltic magmatism
preceding boninitic magmatism is key to understanding the onset and mechanism
of subduction initiation. However, the mantle processes during the early basaltic
magmatism remain poorly understood due to the scarcity of corresponding residual
peridotites. To find the residual peridotites from the early stage of subduction initia-
tion, we compiled spinel data and examined peridotites from the Izu-Bonin-Mariana
and Tonga forearc regions that contain some of the lowest spinel Cr/Al ratios. These
samples present small amounts of pargasitic amphibole and light rare earth elements
depleted patterns in their clinopyroxenes and amphiboles. These features differ from

depleted forearc peridotites associated with boninitic magma, abyssal peridotites, and backarc peridotites, but resemble lherzo-
lites from the Oman ophiolite. Melting models can reproduce the compositions of clinopyroxene and the corresponding early
basalts for each region.We suggest that the studied forearc peridotite samples are residues after early basaltic magma extractions,
which potentially involved a common process of near fractional melting under moist conditions.
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Introduction

Subduction initiation is a crucial process for the onset of plate
tectonics and arises from a complex interplay between internal
and external plate forces, plate structure, and physicochemical
properties of the mantle (Stern and Gerya, 2018; Maunder
et al., 2020). Izu-Bonin-Mariana (IBM) and Tonga forearc
regions in the western Pacific are the “modern” analogues
(Fig. S-1), where tectonic configurations have been con-
strained by the studies on magmatic rocks and geophysical
observation. Subduction initiation occurred around 50 Ma in
both regions (Crameri et al., 2020). In the IBM region, the
Pacific Plate started to subduct beneath the Proto-Philippine
Sea Plate along a pre-existing fracture zone (Ishizuka et al.,
2011). Following the onset of subduction initiation, the slab
sinking induced a counter asthenospheric mantle flow, which
drove seafloor spreading and generated an early mid-ocean
ridge basalt (MORB)-like basalt, known as forearc basalt
(FAB) (Reagan et al., 2010). As the slab descended further, it
released fluids that triggered melting of the residual mantle
via slab-derived fluid influx, which in turn resulted in boninitic
magmatism (Ishizuka et al., 2020). In the Tonga region,
subduction initiation occurred when the Pacific plate started
to subduct beneath the Australian plate (Crameri et al.,
2020). This was triggered by the collision of the Papuan
peninsula with the trench of the New Caledonia subduction

zone (Meffre et al., 2012). The basalt in the Tonga region, inter-
preted as a product of subduction initiation, is known as early
arc tholeiite (EAT) (Todd et al., 2012). The early basaltic
magmatism, which can provide the earliest record of subduc-
tion initiation, is the key to understanding subduction initia-
tion mechanism.

Forearc peridotites are expected to record the magmatic
evolution associated with the subduction initiation (e.g., Birner
et al., 2017). Recovered forearc peridotites are mostly depleted,
associated with boninitic magmatism, characterised by high
spinel Cr# [= Cr/(CrþAl)] (>∼0.6; Fig. 1) (e.g., Loocke and
Snow, 2024). Rarely, forearc peridotites with low spinel Cr#
experienced reaction with early basaltic melts have been
reported (Morishita et al., 2011; Birner et al., 2017). However,
the residual forearc peridotites that retain the information of
early basaltic magma extraction have not yet been identified.
This is most likely because the signatures of the early basaltic
magmatism were overprinted by subsequent melt-rock reaction,
boninitic magmatism, and later geological processes. Such
residual peridotites are the crucial piece for constraining the
mantle processes corresponding to the early stage of subduction
initiation. We systematically examined spinel data from forearc
peridotites to evaluate their compositional variation and re-
investigated forearc peridotite samples with among the lowest
spinel Cr# from the IBM and Tonga regions.
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Results

Morishita et al. (2011) and Birner et al. (2017) identified perido-
tites with low spinel Cr# that record reactions with early basalts
(∼0.5 for IBM and 0.3 for Tonga, respectively). Becausemelt-rock
reactions generally increase spinel Cr# (Pearce et al., 2000),
residual peridotites that experienced only partial melting and
basaltic melt extraction are expected to have lower spinel Cr#.
Such samples (Cr#< 0.4) account only for ∼4 % of forearc spinel
data but do occur (Fig. 1). Based on the Cr# thresholds (∼0.5 for
IBM and 0.3 for Tonga), we investigated five samples with low
spinel Cr# (four from IBM and one from Tonga) (Figs. S-2, S-3).
The samples from the IBM region were collected from Conical
seamount during ODP Leg 125 (Ishii et al., 1992). IBM harzbur-
gite sample (ODP125-778A-003R-CC-4–7) has spinel Cr#
(0.38 ± 0.03, average ± 2σ) at the low end of the forearc peridotite

field (Fig. 1). The other three samples show spinel Cr# (average
0.45, 0.52, and 0.57), which aremore similar to the Cr# threshold
for IBM (∼0.5) (Morishita et al., 2011). For the Tonga region, we
were able to investigate a lherzolite sample (BMRG08-111-3-6)
with the lowest spinel Cr# (0.19 ± 0.03; Fig. 1) well below the
threshold (0.3) for Tonga (Birner et al., 2017). This sample was
collected during the 1996 Boomerang Leg 8 cruise from the
northern part of the Tonga forearc.

Rare earth elements (REEs) in clinopyroxenes from the
lowest Cr# spinel-bearing IBM harzburgite and the Tonga lher-
zolite are characterised by light REE (LREE) depleted patterns
with relatively high heavy REE (HREE) contents (Fig. 2). In
the IBM harzburgite, LREE contents in clinopyroxenes are lower
than detection limits, i.e. LREE depleted. The LREE depleted
patterns of clinopyroxenes from these samples contrast with
those from depleted forearc peridotites, which display high
LREE/HREE ratios and low HREE contents (Day and Brown,
2021; Loocke and Snow, 2024). Clinopyroxenes from the IBM
harzburgite show comparable REE contents to those from the
LREE depleted residual abyssal peridotites formed after exten-
sive partial melting and melt extraction. Clinopyroxenes from
the Tonga lherzolite show similar REE patterns to those from
general abyssal peridotites (Warren, 2016). Clinopyroxenes
from the IBM samples with slightly higher spinel Cr# (>0.45)
show lower HREE contents with detectable contents of LREE,
which share the characteristics of depleted forearc peridotites.

Pargasitic amphiboles (<0.1 vol. %), are observed in the
IBM harzburgite and the Tonga lherzolite with the lowest Cr#,
where they are surrounded by orthopyroxene and/or adjacent
to clinopyroxene (Fig. 3a,b). Amphiboles are often found in fore-
arc and backarc peridotites (Morishita et al., 2011; Akizawa et al.,
2021) but are rare in abyssal peridotites (Cipriani et al., 2009).
Amphiboles also occur in basal lherzolites with low spinel Cr#
(∼0.2) of the supra-subduction zone Oman ophiolite (Prigent
et al., 2018). Pargasitic amphiboles show relatively high TiO2

(IBM, 0.45 wt. %; Tonga, 0.75 wt. %) and low K2O contents
(<∼0.1 wt. %) (Fig. 3c), which resemble those from abyssal peri-
dotites and from Oman basal lherzolites. Amphiboles from

Figure 1 Spinel Cr# [= Cr/(CrþAl)] vs.Mg#= [Mg/(Mgþ Fe)] plot.
The areas represent the 90 % density contours for spinels from
abyssal and forearc peridotites, respectively. Abyssal spinel data
are from Warren (2016). References for spinel data from the
IBM and Tonga forearc peridotites are listed in the
Supplementary Information.
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backarc and depleted forearc peridotites show distinct composi-
tions: backarc amphiboles display variable and higher TiO2 and
K2O contents, whereas amphiboles from depleted peridotites
are characterised by low TiO2 and high K2O contents.

Pargasitic amphiboles in the Tonga lherzolite show LREE
depleted patterns similar to those of the coexisting clinopyrox-
enes, and to amphiboles from Oman basal lherzolites
(Fig. 3d). We could not analyse trace element compositions of
pargasite in the IBM harzburgite due to its small grain size.
Notably, amphiboles and clinopyroxenes from one IBM sample
exhibit LREE contents below detection limits (Figs. 2a, 3d;
Ichiyama et al., 2021). Such LREE depleted patterns differ from
those of backarc peridotites (Gong et al., 2022), abyssal perido-
tites (Cipriani et al., 2009), depleted peridotites in relation to
boninitic magmas (Nishio et al., 2023), and IBM dunites formed
by reaction with FAB (Morishita et al., 2011).

Sample information, analytical methods, and mineral
major and trace element compositions are provided in the SI
and SI Tables.

Discussion

IBM harzburgite ODP125-778A-003R-CC-4–7 and Tonga
lherzolite BMRG08-111-3-6 are characterised by clinopyroxenes
with LREE depleted patterns and relatively high HREE contents,
and low spinel Cr# (Figs. 1, 2). These characteristics align them
with residual abyssal peridotites that experienced partial melting
and basaltic melt extraction without significant melt-rock reac-
tion (Warren, 2016). Clinopyroxenes from the IBM samples with
slightly high spinel Cr# (0.45, 0.52, and 0.57) show lower HREE
and detectable LREE contents. Reactions with melts or fluids
generally increase LREE contents in residues (Birner et al.,
2017). In our compiled forearc spinel data set (n= 287), 4 % of
forearc peridotites exhibit low spinel Cr# (<0.4) and one IBM
peridotite exhibits LREE depleted clinopyroxene patterns
(Ichiyama et al., 2021). The rare forearc peridotite samples with
low spinel Cr# and LREE depleted clinopyroxene patterns re-
present potentialmantle residues that preserve a record of partial
melting during early basaltic magmatism of subduction initia-
tion, without significant overprinting by melt-rock reactions.
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Figure 3 Back scatter electron images of (a) the IBMharzburgite (ODP125-778A-003R-CC-4–7) and (b) the Tonga lherzolite (BMRG08-111-3-
6). Ol, olivine; Opx, orthopyroxene; Cpx, clinopyroxene; and Prg, pargasite. (c) TiO2-K2O discrimination plot and (d) chondrite normalised REE
patterns for amphibole from the IBM harzburgite and the Tonga lherzolite, compared with data from forearc, ultra-depleted, backarc, and
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Although the number of available samples is very limited and
sampling bias cannot be ruled out, these samples nevertheless
provide crucial direct evidence for early basaltic magmatism.

We therefore examined the samples (IBM, ODP125-
778A-003R-CC-4–7; Tonga, BMRG08-111-3-6) to investigate
melting processes and their link to early basaltic magmatism
using an open system melting model (Ozawa, 2001). We con-
ducted influx-free meltingmodels using a depletedMORBman-
tle (DMM) source or a depleted DMM (DDMM) source
(Workman and Hart, 2005). We varied two key parameters:
the critical melt fraction (ac: 0–2 %) at which melt starts to seg-
regate, and the degree of melting (F∶0–25%), with melting ini-
tiated in the garnet peridotite stability field (Fgrt∶0–10%) prior to
the spinel peridotite stability fields. We compared the modelled
clinopyroxene compositions (n=∼20,000) with those of the
studied samples corrected for subsolidus exchange, respectively
(Figs. 4 and S-4–S-7). The modelled accumulated melt compo-
sitions were compared with FAB from the IBM region (Ishizuka
et al., 2011; Shervais et al., 2019) and EAT from the Tonga region
(Todd et al., 2012), respectively.

Details of model set up, subsolidus correction, best fit
model estimation, and model results are provided in the SI.

Our models show that REE contents in clinopyroxene
decrease with increasing F. At a given F, increasing ac suppresses
LREE depletion, whereas increasing Fgrt suppresses HREE
depletion in clinopyroxene of spinel peridotite (Fig. S-5). At
given F (>10 %), accumulated melt shows similar REE patterns
regardless of ac and Fgrt (Fig. S-6). The modal Ce contents in
accumulated melts are 2.98 ppm for models derived from the
DDMM source and 3.86 ppm for those derived from the
DMM source (Fig. S-7), reflecting slightly lower LREE contents
in melts from the DDMM source.

Best fit models based on reduced chi square successfully
reproduce the REE patterns of both clinopyroxene and basalt
in each region (Figs. 4, S-8). For the IBM samples, the best fits
correspond to F= 16.8 ± 2.1% (2σ) with ac = 0.4 ± 0.6% and
Fgrt = 2.9 ± 3.8%. For the Tonga samples, the best fits corre-
spond to F= 7.4 ± 0.1% with ac = 1% and Fgrt = 4%. Among
IBM best fit models, 50.9 % adopt the DDMM source and
40.9 % the DMM source, whereas all Tonga best fit models
are derived from the DMM source. Very low ac (≤ 1%) indicates
that the melting conditions recorded in the studied forearc peri-
dotites are near fractional melting, which is similar to themelting
conditions beneath mid-ocean ridges (e.g., Warren, 2016).

Given the similarity between the studied forearc perido-
tites and abyssal peridotites, there is a possibility that the studied
samples might be remnants of abyssal peridotites that did not
experience melting during subduction initiation. However, the
studied samples contain minor amounts of pargasitic amphibole
(Fig. 3) that are a common mineral phase in the forearc perido-
tites but not in the abyssal peridotites (Cipriani et al., 2009;
Morishita et al., 2011). High TiO2 and low K2O contents in
amphiboles from the studied samples support an origin related
to early basalts (FAB and EAT) orMORB (Fig. 3c). LREE depleted
patterns in amphiboles and clinopyroxenes from our studied
samples and the IBM sample reported by Ichiyama et al.
(2021) further contrast with those of amphiboles from abyssal
peridotites, backarc peridotites, and ultra-depleted peridotites
in relation to boniniticmagmatism (Fig. 3d). Such LREE depleted
clinopyroxenes and amphiboles have been reported from Oman
basal lherzolites, where depleted harzburgites associated with
boninites also occur (Prigent et al., 2018). We therefore interpret
the studied forearc peridotites as residues formed by partial
melting and melt extraction during early basaltic magmatism
at subduction initiation.

Figure 4 Chondrite normalised REE patterns: (a,b) IBM and (c–e) Tonga, showing (a,c)modelled accumulatedmelt compared with FAB and
EAT, (b,d) modelled clinopyroxene compared with subsolidus-corrected clinopyroxene in IBM harzburgite ODP125-778A-003R-CC-4–7 and
Tonga lherzolite BMRG08-111-3-6, and (e) modelled amphibole compared with amphiboles in the Tonga lherzolite. Sample symbols re-
present average values with ±2 standard deviations. All models are calculated at fixed melting degree (F), critical melt fraction (ac), and
source based on the best fit models (Fig. S-8), indicated at the top of each column, with colour denoting influx rate (β).
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We further performed slab derived fluid (Li et al., 2013;
Shervais et al., 2019) influx open systemmeltingmodels to evalu-
ate the effect of fluid infiltration and amphibole formation
(Figs. 4 and S-9–S-11). Model settings are based on the best
fit conditions constrained above, with the influx rate (β) varied
from 0 to 1 and include amphibole crystallisation from a small
fraction of trapped melt (0.1 %). At the best fit F (IBM, 16.8 %;
Tonga, 7.4 %), increasing β suppresses LREE depletion in clino-
pyroxene (Fig. 4b,d), and amphibole shows similar REE behav-
iour (Fig. 4e). The effect of fluid infiltration on the accumulated
melt is comparatively minor (Fig. 4a,c).

To reproduce the REE patterns of the studied clinopyrox-
ene, β was required to be <0.0001 for the IBM samples to match
LREE contents below detection limits, and <0.01 for the Tonga
samples (Fig. 4b,d). These models simultaneously reproduced
REE patterns of FAB and EAT, respectively (Fig. 4a,c), and cap-
ture the LREE depleted patterns of the Tonga amphibole
(Fig. 4e). The very low ac (≤ 1%) and β (<0.01), with the small
trapped melt fraction (∼0.1 %) also agree with the minor
amounts of amphibole in the samples. Amphiboles in the stud-
ied samples may have formed during the early basaltic magmatic
stage, through a combination of reactions with infiltrating fluids
(Prigent et al., 2018) at very low β, and crystallisation from a small
fraction of trapped melts. Although the source of the fluid
remains uncertain, our results imply that the melting conditions
were not dry. “Moist” conditions have been proposed for the
FAB formation based on their depleted REE patterns with
slightly higherH2O/Ce ratios compared toMORB (Brounce et al.,
2021), and lower TiO2 contents at similar MgO contents relative
to MORB (MacLeod et al., 2013). Our findings frommantle peri-
dotite samples are consistent with those of FAB studies.

Our best fit models showed that the Tonga samples can be
reproduced bymodels with the DMM,whereas the IBM samples
can be reproduced by models using either the DMM or the
DDMM (Figs. 4, S-8). Accumulated melts in the IBM best fit
models are slightly more LREE enriched when derived from
the DMM compared to the DDMM, as reflected in the modal
Ce contents (Fig. S-7). Studies on FAB have also suggested a
source depleted by ∼0.5–2 % relative to the DMM (Umino et al.,
2018; Yogodzinski et al., 2018; Shervais et al., 2019). This degree
of prior depletion is consistent with the difference between the
DMM and DDMM sources (Workman and Hart, 2005).
Therefore, a source more depleted than the DMM, such as the
DDMM may be more consistent with the IBM samples. The
compiled forearc spinel data set shows that Cr# above 0.8 occur
in the IBM, but not in the Tonga (Fig. 1), in agreement with
the higher best fit F in the IBM (16.8 %) compared to the
Tonga (7.4 %). Although further study is necessary, our model
results and spinel Cr# systematics indicate potential regional
variability, in agreement with studies of early basalts (Arculus
et al., 2019), which potentially reflect differences such as the sub-
duction initiation style and source mantle composition.

Conclusions

We examined the least depleted harzburgites from the IBM fore-
arc and a lherzolite from the Tonga forearc among the rare ∼4 %
population among forearc peridotites. They show low spinel Cr#,
and LREE depleted patterns in clinopyroxenes and amphiboles.
These characteristics differ from the typical depleted forearc peri-
dotites after boninitic magma extraction. Our open systemmelt-
ing models reproduced the REE contents of the studied
clinopyroxenes and early basalts, and amphiboles of each region.
We identified the IBM and Tonga peridotites as residual perido-
tites after the extraction of early basaltic magma during subduc-
tion initiation. The LREE depleted patterns of clinopyroxenes

and amphiboles suggest that the IBM and Tonga peridotites
may have formed through near fractional melting under moist
conditions. These forearc peridotites are very rare, but essential
to understand the controlling factors of subduction initiation
such as source mantle compositions and style of subduction ini-
tiation style.

Data Availability

All data and Supplementary Information are available in online.
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