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Abstract 

It is debatable whether oxygen fugacity (fO2), the usual measure of the oxidation state of a geological 

system, can vary during partial melting in the Earth’s mantle or not. Notably, samples of mantle 

peridotite recovered from lavas and pyroclastic deposits in island arcs are mostly more oxidized than 

those from other tectonic settings. However, the petrological history of sub-arc mantle peridotites, in 

particular the respective extents to which partial melting and post-melting metasomatism have 

controlled their fO2 record, are elusive. It has remained unclear whether the oxidized peridotites have 

preserved the redox state of a melt-depleted, residual mantle wedge or not. 

 Here we report Mössbauer spectroscopy and EPMA measurements of Fe valence states in 

spinel (Fe
3+

/∑Fespinel where ∑Fe refers to Fe
3+

+Fe
2+

) in a suite of markedly unaltered, sub-arc mantle-

derived, harzburgite xenoliths from the active Ritter volcano (West Bismarck Arc, Papua New Guinea). 

These rocks, together with similar suites from the Kamchatka and Izu-Bonin arcs, have recently been 

interpreted to be residues of partial melting in the mantle wedge. The Fe
3+

/∑Fespinel decreases from 

0.27±0.04 to 0.11±0.01 with increasing degrees of melt depletion in the West Bismarck sample suite, 

as monitored by decreasing Al2O3 (from 0.72 to 0.29 wt%) and modal percentage of orthopyroxene 

(from ~28 to ~7 wt%) in bulk rocks. Importantly, Fe
3+

/∑Fespinel in the most melt-depleted, 
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orthopyroxene-poor residual samples are significantly lower (down to 0.11±0.01) than those in melt-

percolated harzburgite (0.29±0.04) and dunite melt channel-cumulates (0.20±0.01) found at the same 

sampling sites. The calculated fO2 in West Bismarck residual samples decreases from +1.7±0.2 to -

0.5±0.2 log units relative to the synthetic fayalite-magnetite-quartz redox buffer (∆logfO2(FMQ)) with 

Al2O3 and orthopyroxene contents. The upper-end ∆logfO2 for the least melt-depleted, orthopyroxene-

rich residual samples are consistent with those for sub-arc mantle harzburgite xenoliths from the 

Kamchatka and Izu-Bonin arcs recording similar melting degrees, but also for more fertile lherzolite 

and harzburgite rocks from the northeastern Japan Arc. In turn, the most melt-depleted, orthopyroxene-

poor residual samples have ∆logfO2 similar to the upper bound recorded in abyssal peridotites. 

Taking literature data into consideration, the fO2 spectrum recorded by the West Bismarck 

sub-arc mantle peridotite suite is modelled here by a two-stage partial melting process. The first-stage 

oxidation state is near-buffered from lherzolite to orthopyroxene-rich harzburgite by fluxed-melting 

with volatile-rich, slab-derived components at ca. FMQ+0.5 to FMQ+1.5 during the generation of high-

partial melting degree, picrite-boninite-andesite oxidized liquids. The second-stage oxidation state is 

un-buffered during second-stage melting of residual harzburgite accompanying generation of relatively 

low-degree partial melts such as low-Ca boninite; these preserve more variable fO2 extending to lower 

values (FMQ and below) owing to the progressive removal of Fe
3+

 from their sources with increasing 

melting degree. The second-stage melting event likely occurs during adiabatic decompression of 

residual spinel harzburgite in the uppermost mantle wedge. 

The data in this study supports the general hypothesis that Fe
3+

/∑Fespinel and fO2 of residual 

peridotite (and of the melts formed at equilibrium) can vary during partial melting in the Earth’s 

mantle. These results further provide direct source evidence for the controls of various subduction zone 

melting processes on the oxidation state of different types of primary arc melts. Melt depletion of 

mantle wedge sources can result in a progressive decrease in the fO2 of subsequent melt extracts, but 

only in the absence of oxidized, Si- and volatile-rich components; these are presumably derived from 

the subducted slab and effectively buffer fO2 during fluxed-melting. The observed fO2 variability in 

sub-arc lithospheric mantle peridotites worldwide likely reflects the combination of fluxed and 

adiabatic decompression melting in the mantle wedge. 
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1. Introduction 

Subduction zones play a key role in the chemical differentiation of the Earth, and typical arc magmas, 

such as low-Fe (or calcalkaline) andesites, appear to be volumetrically important fractions of the 

Earth’s upper continental crust (Taylor and White 1965; Gill 1981; Arculus 2003; Kelemen 1995; 

Kelemen et al. 2014; Rudnick and Gao 2014). Partial melting in the Earth’s mantle overlying the 

subducted lithospheric plate (‘slab’), referred to herein as the ‘mantle wedge’ for its asthenospheric 

portion, occurs in the presence of volatiles (C-O-H-S) derived from the slab, which exert significant 

controls on the physicochemical conditions of melting (Kushiro 1968; Mysen and Boettcher 1975; 

Gaetani and Grove 1998; Ulmer 2001; Gaetani and Grove 2003; Parman and Grove 2004; Grove et al. 

2006). In this context, the oxidation state is of critical interest given the possible interplay between 

multi-valent, slab-derived volatile elements and the mantle wedge (e.g. Klimm et al. 2012). 

The oxidation state of the Earth’s mantle and melts derived therefrom, generally monitored as 

fO2, is primarily controlled by Fe
3+

-Fe
2+

 equilibria (Ballhaus 1993) coupled with the observation that 

mantle mineral-hosted Fe
3+

 generally behaves as a moderately incompatible element during partial 

melting (Bryndzia and Wood 1990; Canil et al. 1994; Mallmann and O’Neill 2009). While some 

studies have shown that Fe
3+

/∑Fe (where ∑Fe refers to Fe
3+

+Fe
2+

) in bulk peridotites decreases with 

melt extraction (Canil et al. 1994; Woodland et al. 2006), a similar effect on Fe
3+

/∑Fe in spinel 

(Fe
3+

/∑Fespinel) is neither supported by global datasets (Ballhaus 1993; Canil and O’Neill 1996) nor in 

agreement with the results of some experimental studies (Ballhaus et al. 1991). In particular, the melt 

depletion signal in global datasets is frequently overprinted by the effects of post-melting 

metasomatism, which tend to increase fO2 (Ballhaus 1993). Since spinel is used to calculate 

equilibrium fO2 for mantle assemblages using a variety of models (O’Neill and Wall 1987; Mattioli and 

Wood 1988; Wood et al. 1990; Ballhaus et al. 1991), the determination of the effects of partial melting 

on Fe
3+

/∑Fespinel in the residual mantle is of primary importance. 

The debate on the effects of partial melting on fO2 in the mantle is particularly relevant to 

subduction zones where both partial melting and recycling (or mantle ‘re-fertilization’) processes 

occur. The inferred depletion of the pre-subduction protoliths of arc magma mantle sources, for 
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instance compared to those of mid-ocean ridge basalts (MORB; Nebel et al. 2015), could impose a 

relatively reduced character to melts and peridotite residues at subduction zones. On the contrary, arc 

magmas record more variable and generally higher oxidation states than observed in other tectonic 

settings (Arculus 1985; Carmichael 1991; Bézos and Humler 2005; Jugo et al. 2010; Cottrell and 

Kelley 2011; Evans et al. 2012; Kelley and Cottrell 2012). The origin of this more oxidized nature 

remains controversial. It has been proposed that recycled, volatile-rich components derived from the 

slab, which were originally oxidized at the Earth’s surface, could impose a higher fO2 on the mantle 

wedge sources of arc magmas (Arculus 1994; Kelley and Cottrell 2009; Klimm et al. 2012; Brounce et 

al. 2014). Alternatively, the high fO2 of arc magmas has been suggested to derive from some redox 

exchange occurring during prolonged magma ascent and differentiation (Lee et al. 2005; Mallmann and 

O’Neill 2009). However, these models are based on indirect estimates of the oxidation state of mantle 

wedge source regions derived from arc lavas and their crystal-hosted glass (formerly melt) inclusions 

(MIs). These MIs can be strongly transformed by differentiation processes, in particular late-stage 

oxidation, just before and during eruption (e.g. Danyushevsky et al. 2000; Gaetani et al. 2012). 

Therefore, it is important to gain direct information on mantle wedge redox state, for instance by 

studying mantle xenoliths that have been entrained in arc magmas. 

An elevated fO2 in sub-arc mantle xenoliths has been widely recognized (Wood and Virgo 

1989; Wood et al. 1990; Brandon and Draper 1996; Parkinson and Pearce 1998; Parkinson and Arculus 

1999; Frost and McCammon 2008), but it remains unclear whether melting of the mantle wedge 

originally formed these residual sub-arc peridotites or not. In particular, the bulk SiO2 and modal 

orthopyroxene enrichments in sub-arc, spinel harzburgite xenoliths compared to residual solids from 

the melting of fertile mantle (Herzberg 2004) are discordant. Bénard et al. (2017) showed that these 

orthopyroxene-rich harzburgite xenoliths are residues of sources that underwent ‘fluxed-melting’ by 

interaction with Si-rich, slab-derived components (Bénard et al. 2017). It follows that if both bulk SiO2 

content and elevated fO2 are caused by slab-derived agents, a relationship between these two 

parameters might be observable in residual, sub-arc mantle xenoliths. Here we test this relationship by 

using Mössbauer spectroscopy and EPMA to study Fe
3+

/∑Fespinel in harzburgite xenoliths from the sub-

arc lithospheric mantle. The samples were recently recovered from the active Ritter volcano in the 

West Bismarck Arc (Papua New Guinea). The results are used to constrain the oxidation state evolution 
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during various melting processes in the mantle wedge, such as fluxed and adiabatic decompression 

melting. 

 

2. Geological setting of Ritter arc volcano and its peridotite xenoliths 

Samples were recovered from Ritter Volcano in the West Bismarck Arc (Papua New Guinea; PNG), 

located ~20 km west of New Britain (Fig. 1). The tectonic evolution of the PNG region has been 

controlled by the collision of the Pacific Plate with the Australian Plate during the past thirty million 

years; this collision commenced in the Pliocene in southeast PNG and continues today (Fig. 1a; Silver 

et al. 1991; Abers and McCaffrey 1994). The convergence of the two major tectonic plates has been 

mostly accommodated by the Solomon Islands, New Britain, and West Bismarck trench-arc systems 

(Fig. 1a; van Ufford and Cloos 2005). New Britain-West Bismarck overlies the subducting Solomon 

Sea Plate in the east, and is juxtaposed with the collided northern margin of Papua in the west. 

Subduction of the Solomon Sea Plate beneath New Britain defines a clear, steep Wadati-

Benioff plane, dipping at 20° until 60 km depth and at 70-75° at greater depths, and some change in 

azimuth and convergence rates along-strike (Fig. 1a; Cooper and Taylor 1987; Abbott et al. 1994; 

Wallace et al. 2004; Davidson 2005; Lindley 2006). The tectonic setting of the West Bismarck Arc is 

more complex because of the arc-continent collision. The Solomon Sea oceanic crust has been 

overridden by the collision of the Australian Plate with the South Bismarck Sea Plate, leading to the 

destruction of the submarine trench (Fig. 1a; Abers and McCaffrey 1988; Silver et al. 1991; Abbott et 

al. 1994). However, subduction persists westward with a steeply dipping remnant slab of subducted 

lithosphere hanging ~100 km beneath the coastal ranges of Papua and continuous along strike with the 

New Britain seismic zone to the east (Abers and Roecker 1991). No modern study exists but an older 

estimate of the depth of the sub-oceanic crust Moho in the West Bismarck Arc is ~18 km (Connelly, 

1976). 

The eroded subaerial edifice of Ritter, remnant from a sector collapse in 1888 AD, is located 

at 5.52°S, 148.12°E. The WeBiVE voyage (SS06-2007) of Australia’s Marine National Facility RV 

Southern Surveyor mapped with multi-beam sonar the debris field extending northwest from Ritter 

located between Umboi and Sakar near the volcanic front of the arc, ~20 km west of New Britain (Fig. 

1b). The peridotite xenoliths were recovered from three cinder cones, one of which is hydrothermally 

active, in the debris field (Fig. 1b). The host magma of the peridotites is a low-K picrite (Bénard et al. 
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2017). Full sample suite characterisation of the xenoliths has been documented by McAlpine (2016), 

and among ultramafic rocks includes pyroxenite, harzburgite, and dunite. 

 

3. Petrological features of Ritter peridotite xenoliths in this study 

Thin-section photomicrographs of representative Ritter peridotites selected for this study are provided 

in Figure 2. Sample selection for this study focused on 14 peridotites (10 harzburgites and 4 dunites; 

Table 1) from a subset described by Bénard et al. (2017). The selected Ritter peridotites in this study 

are subdivided into two types on the basis of their mineral textures and major element compositions: (i) 

residual spinel harzburgite and dunite with medium- to coarse-grained protogranular to granoblastic 

texture (Fig. 2a); and (ii), melt channel-cumulate dunite with fine-grained, mosaic texture (Fig. 2b and 

Table 1; Bénard et al. 2017). 

Bénard et al. (2017) avoided Ritter peridotites containing veins and/or fine-grained, acicular 

olivine-orthopyroxene aggregates formed in the sub-arc lithospheric mantle (Soustelle et al. 2010; 

Bénard and Ionov 2012; 2013; Ionov et al. 2013; Bénard et al. in revision). A further selection was 

made here to exclude one sample described by Bénard et al. (2017); 63-01(1). This sample contains 

sieve-textured spinel (Shaw and Dingwell 2008), albeit generally limited to the very edges of the grains 

(Fig. A.1). Sieve texture is an indication of otherwise cryptic, sub-surface interactions with the host 

magma (Shaw and Dingwell 2008) that while not necessarily affecting whole-rock major elements, can 

still be traced with highly incompatible lithophile trace elements. Since the present study deals with 

Fe
3+

/∑Fe in spinel that are highly sensitive to late-stage fluid percolation (Ballhaus 1993), samples with 

sieve texture were discarded in order to focus on mantle processes. However, one of the selected 

residual samples in particular (67-02D(7); Table 1) contains spinel-hosted MIs formed in the sub-arc 

lithospheric mantle (Fig. A.2; Klimm et al. 2015; Bénard et al. 2017) and is used here to characterize 

the effects of post-melting mantle metasomatism on Fe
3+

/∑Fespinel and fO2 in an arc setting. 

The residual peridotites have low clinopyroxene contents (<1.5 wt%), but variable 

orthopyroxene modal abundances (from ~28 wt% to ~7 wt%; Table 1). They are typically enriched in 

SiO2 for a given degree of melt depletion (traced by bulk Al2O3 or MgO contents) in comparison with 

the residues of melting of primitive or fertile lherzolite mantle (Herzberg 2004; Bénard et al. 2017). 

This geochemical feature is characteristic of sub-arc mantle peridotites in general (Herzberg 2004), and 

in particular, has been observed for Kamchatka (Avacha volcano; Ionov 2010; Bénard et al. 2017) and 
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Izu-Bonin (Torishima seamount; Parkinson and Pearce 1998) spinel harzburgites used as comparison in 

this study (see section 4). The SiO2 enrichment in residual sub-arc mantle peridotites was recently 

modelled and interpreted as originating from fluxed-melting processes in the mantle wedge (Bénard et 

al. 2017). Some of the key points used by these authors to propose that the SiO2 enrichment is a 

primary process (i.e. not related to post-melting metasomatism) include: (i) the residual major and trace 

element compositions of the peridotites and their constituent phases; (ii) the absence of positive 

correlations between Ni in olivine and orthopyroxene abundances in the bulk rocks; and (iii), the 

presence of common crystal orientations and high-temperature and low-stress slip systems, both typical 

of deformation under asthenospheric conditions for coarse olivine and orthopyroxene grains of residual 

origin (Soustelle et al. 2010, 2013). This latter feature is also illustrated in Figure 2a by the alignment 

of spinel in sample 67-02B(3), indicating grain sorting during plastic deformation, independently of 

whether relatively small euhedral grains or larger anhedral ones are involved. 

High, but variable melting degrees can be inferred from the increasing bulk MgO and NiO 

contents in the residual Ritter peridotites (Fig. 3a). This correlates with decreasing Al2O3 and modal 

orthopyroxene contents (Fig. 3b) and also with a general increase in FeOt (i.e. all Fe treated as Fe
2+

) 

with decreasing pressure (Fig. 3c). These features collectively indicate that melting (from ~25 to ~35%; 

Fig. 3c) proceeded beyond clinopyroxene exhaustion in the residues through progressive dissolution of 

orthopyroxene (Fig. 3b), likely during decompression of spinel harzburgite from 1.5-2.5 to <1 GPa 

(Fig. 3c). Increasing FeOt in residual peridotites, as is observed for those from Ritter in Figure 3c, can 

only be the result of melting at shallower pressure because of the expansion of the olivine phase 

volume at these conditions (e.g. O’Hara 1965). However, we note that the melting pressures of residual 

peridotites can be significantly different of those at which these rocks finally equilibrate (also in terms 

of fO2; see section 5.3) in the mantle lithosphere where they are sampled by their carrier magmas (e.g. 

Ionov and Hofmann 2007). Spinel in the residual Ritter peridotites has generally higher Cr# 

(Cr/(Cr+Al)) and lower Mg# (Mg/(Mg+∑Fe)) than in abyssal peridotites (Dick and Bullen 1984; Niu 

and Hékinian 1997) and rare sub-arc mantle lherzolite from Japan (Ichinomegata crater; Takahashi 

1980; Wood and Virgo 1989), but is comparable to that reported for other sub-arc mantle harzburgite 

from Torishima and Avacha (Fig. 4). Ritter peridotites, as well as those from Avacha, are commonly 

associated with websterite veins formed from arc picrite and high-Ca boninite melts (Bénard et al. 
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2016a) and orthopyroxenite veins formed by low-Ca boninite melts (Bénard and Ionov 2012; 2013; 

Bénard et al. in revision). 

The melt channel-cumulate dunites contain no detectable orthopyroxene, but may have small 

amount of clinopyroxene (<0.5 wt%; Table 1). Spinel in the melt channel-cumulate dunite occurs as 

relatively small euhedral grains only, which are homogeneously distributed in the olivine matrix (Fig. 

2b). The bulk rock compositions of these peridotites plot clearly outside mantle melting trends, for 

instance in having significantly lower NiO contents than expected for a given MgO content (Fig. 3a). 

Spinel grains in melt channel-cumulate dunites are characterised by generally higher Cr# and lower 

Mg# than in the residual Ritter peridotites (Fig. 4). 

 

4. Sample selection from the literature 

We primarily compare the new samples from Ritter to a selection of sub-arc mantle harzburgites of 

residual origin from Izu-Bonin (Parkinson and Pearce 1998) and Kamchatka (Ionov 2010). These sub-

arc mantle rocks were selected from the literature because (i) they constitute the largest suites reported 

so far; (ii) their petrological features are highly comparable to those from Ritter residual peridotites 

(Bénard et al. 2017); and (iii), their Fe
3+

/∑Fespinel were investigated using the same techniques as in this 

study (Parkinson and Pearce 1998; Bénard et al. 2016b). Arc-front Kamchatka samples include 7 spinel 

harzburgites (Av1, Av2, Av3, Av6, Av8, Av11, and Av15; Ionov 2010; Bénard et al. 2016b) from 

Avacha stratovolcano brought to the surface during eruptions <7000 years B.P. in low-K andesite and 

basaltic andesite hosts. The Fe
3+

/∑Fespinel dataset for Avacha in this study and in Bénard et al. (2016b) 

is a selection from a larger one, which will be reported in future publications. Forearc Izu-Bonin 

samples include 5 spinel harzburgites from Torishima seamount (18R1(64-71), 18R1(119-124), 

45R1(101-106), 45R2(33-38), and 45CC(7-10)) originally described by Parkinson and Pearce (1998). 

Torishima is a sediment-mantled, serpentine mud seamount (Parkinson and Pearce 1998). The full data 

set for depleted harburgite and dunite is further compared to that for more fertile spinel lherzolite 

xenoliths from Ichinomegata (IM8701, IM8702, IM8703, and IM8705; Wood and Virgo 1989) to 

assess the effects of fluxed-melting on fO2. Original fO2 datasets for Torishima and Ichinomegata 

samples were recalculated as per the Ritter samples in this study (see section 5); these results are 

presented in the supplementary Table A.1 in the online version of this paper. 
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In this study, we decided not to compare systematically our Fe
3+

/∑Fespinel results with those 

obtained on samples from continental arcs (Canil et al. 1990; Brandon and Draper 1996). Owing to the 

variability of settings where continental lithospheric mantle may form (Ionov and Hofmann 2007) and 

its large fO2 range (Frost and McCammon 2008), it appears to us unreasonable to compare 

systematically Fe
3+

/∑Fespinel variations amongst mantle lithosphere sections in intra-oceanic and 

continental arcs (only shortly discussed in section 7.4), as the petrological histories of their original, 

pre-subduction protoliths may differ significantly. In particular, the pre-subduction protoliths of intra-

oceanic arc mantle sources has likely formed at mid-ocean ridges (Parkinson and Pearce 1998; Ionov 

2010; Bénard et al. 2017) for which oxidation state and other petrological features (e.g. pressure-

temperature of melting) are relatively well constrained from studies of MORB and abyssal peridotites 

(Bryndzia and Wood 1990; Bézos and Humler 2005; Cottrell and Kelley 2011). For similar reasons, 

mantle peridotites from ophiolites with variable partial melting origins (Solomon; Parkinson and 

Arculus 1999) were excluded. Finally, sub-arc mantle xenoliths strongly modified by post-melting 

processes with unclear origins (Vanuatu, Grenada, and South Sandwich peridotites; Barsdell and Smith 

1989; Pearce et al. 2000; Parkinson et al. 2003) or with Fe
3+

/∑Fespinel determined solely by 

stoichiometric calculations (Japan, Lihir, and Klyuchevskoy peridotites; Johnson et al. 1996; McInnes 

et al. 2001; Ionov et al. 2013) were not considered here. The latter choice was guided by the 

observation that the differences in Fe
3+

/∑Fespinel between stoichiometric calculations and Mössbauer 

measurements are large and random, which prevent reasonable comparison (see section 5.1 and 

previous stoichiometric calculations for Ritter peridotites by Bénard et al. 2017). 

 

5. Analytical methods and fO2 calculations 

 

5.1 Electron-probe micro-analysis 

Major element abundances in minerals were determined by electron-probe micro-analysis (EPMA) on a 

JXA-8900 superprobe at the Institut für Geowissenschaften, Goethe Universität (Frankfurt am Main, 

Germany). Measurements were made with an accelerating voltage of 15 kV, a ~3 µm spot diameter, 

and a beam current of 20 nA. Data were collected with normal counting times of 20-40 s on peak and 

15-40 s on background (depending on the element considered). In addition, Fe
3+

/∑Fespinel was 

determined in some samples (63-01(4), 67-02D(1), 67-02D(7), 67-02E(6), 62-01(2), and 62-02(4); 
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Table 1) at Goethe Universität by using a set of five secondary spinel standards for which Fe
3+

/∑Fe had 

been previously determined by Mössbauer spectroscopy, following the procedure outlined by Wood 

and Virgo (1989). Corrections to the Fe
3+

/∑Fe calculated using spinel stoichiometry were not large, but 

varied from -0.01 to -0.04 (overestimation) between measurement sessions. This demonstrates the 

danger of deriving Fe
3+

 in spinel by stoichiometry without using secondary standards as a check, since 

systematic differences between samples can erroneously be introduced (e.g. Davis et al. 2017). Errors 

in Fe
3+

/∑Fespinel are ±0.025 (Woodland et al. 1992, 1996). 

Corrected Fe
3+

/∑Fespinel and secondary spinel standard analyses are presented in Tables 1 and 

A.2. All Ritter samples contain spinel with homogeneous major element composition (see section 6) 

with the notable exception of 67-02D(7), which contains spinel-hosted MIs. We have found these MIs 

formed during the percolation of their parental melts in the sub-arc lithospheric mantle, which induced 

the formation of halos around the inclusions with strongly modified spinel composition (Fig. A.2; 

Klimm et al. 2015; Bénard et al. 2017). For sample 67-02D(7), only flat portions of EPMA profiles, 

away from MIs, were considered in this study (Fig. A.2 and Table A.2). 

 

5.2 Mössbauer spectroscopy 

For most samples, Fe
3+

/∑Fe in spinel was determined by Mössbauer spectroscopy at Goethe 

Universität on handpicked clean separates following the method outlined in Uenver-Thiele et al. 

(2014). Handpicked spinel separates (13-57 mg) were first washed in HF (~24 h) and dilute HCl (~5 h) 

to remove any silicate material or secondary magnetite from the grain boundaries. Each clean separate 

was ground under acetone, mixed with a small amount of sugar and packed into a pre-drilled hole in a 1 

mm thick Pb disc that was subsequently closed on both sides with tape. The sample diameter was 

calculated so that absorber thicknesses remained 5 mg·cm
-2

 Fe to
 
avoid potential saturation effects 

(Woodland et al. 2006). 

Spectra were obtained at room temperature with the spectrometer operating in transmission 

and constant velocity mode using a nominal 50 mCi 
57

Co source imbedded in a Rh matrix. The velocity 

scale of ±5 mm.s
-1

 was calibrated relative to -Fe. Mirror-image spectra were collected over 512 

channels and folded together using the NORMOS software package (Wissel Elektronik GmbH, 

Germany). The spectral model for spinel employed two doublets with pseudo-Voigt peak shape for the 

Fe
2+

 component and a single Lorentzian doublet for Fe
3+

 (Woodland et al. 2006). The Fe
3+

/∑Fespinel 
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values are reported in Table 1 and the hyperfine parameters are provided in Table A.3. Uncertainties in 

Fe
3+

/∑Fespinel are considered to be ±0.01 absolute. 

 

5.3 Oxygen barometry 

The oxidation state of Ritter sub-arc spinel peridotites can be estimated by using the heterogeneous 

equilibrium: 



6Fe2SiO4 O2  6FeSiO3  2Fe3O4  (1) 

where 



Fe2SiO4 , 



FeSiO3 , and 



Fe3O4  refer to the fayalite, ferrosilite, and magnetite components in 

olivine, orthopyroxene, and spinel, respectively. The magnetite activity in spinel is calculated 

according to: 



log aFe3O4

spinel  log
Fe2 Fe3 

2

4


1

T
406 Al 

2
 653 Mg  Al   



299 Cr 
2
199 Al  Cr  346 Mg  Cr  (2) 

with fO2 further determined in log units referenced to the synthetic fayalite-magnetite-quartz redox 

buffer (FMQ) using the Nell–Wood (Nell and Wood 1991) calibration for reaction (1) as follows: 



 log fO2 FMQ 
P ,T

 log fO2 FMQ 
P,T


220

T
 0.35

0.0369P

T  



12log XFe

olivine 
2620

T
XMg

olivine 
2

 3log XFe

M1XFe

M 2 
orthopyroxene

 2log aFe3O4

spinel
 (3) 

(Wood et al. 1990) where P, T, and X respectively refer to pressure, temperature, and mole or atomic 

fraction. Oxybarometers including spinel activity models that do not take into account the effect of Cr 

(Mattioli and Wood 1988) were not used in this study, owing to the variability of spinel composition 

amongst the sample suites (Fig. 4). 

 All calculations were made using temperatures estimated from the olivine-spinel thermometer 

of Ballhaus et al. (1991) and an average pressure of 1.5 GPa. As mentioned in section 3, fO2 must be 

examined for the pressure-temperature conditions of the equilibration of the residual peridotites in the 

mantle lithosphere, which can be significantly different of those at which these rocks have originally 

experienced partial melting processes in the asthenosphere (Fig. 3c; Ionov and Hofmann 2007). 

Temperatures calculated with olivine-spinel and orthopyroxene-clinopyroxene methods generally 

overlap within error (Table A.4; O’Neill and Wall 1987; Brey and Köhler 1990; Ballhaus et al. 1991; 
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Putirka 2008), but we chose the former as it gives the most consistent results whereas orthopyroxene 

and clinopyroxene are apparently not in Fe-Mg exchange equilibrium, likely as a consequence of the 

late-stage, post-melting metasomatic formation of clinopyroxene (Table A.4; Parkinson and Pearce 

1998; Ionov 2010; Bénard and Ionov 2013; Bénard et al. 2017). We chose a pressure of 1.5 GPa for our 

calculations as this covers within ±0.5 GPa the full pressure range estimated from olivine-spinel 

temperatures, which gives 0.9±0.3, 1.3±0.2, 1.7±0.1, and 1.1±0.3 GPa respectively for Ritter, Avacha, 

Torishima, and Ichinomegata spinel peridotites. For these pressure estimates, we used densities (2.7 

g·cm
-3

 in continental crust, 3.3 g·cm
-3

 in the mantle, and 2.9 g·cm
-3

 in oceanic crust), standard 

geothermal gradients (25°C·km
-1

 in continental lithosphere, 10°C·km
-1

 in the mantle, and age-

dependent in oceanic lithosphere; e.g. McKenzie et al. 2005), and upper plate thicknesses and ages 

available in Syracuse et al. (2010) and Bénard et al. (2017). Note that the pressures equivalent to the 

depth of the crust Moho using these calculations are respectively estimated at 0.5, 1.0, 0.4, and 1.0 GPa 

for Ritter, Avacha, Torishima, and Ichinomegata. 

The errors associated with fO2 values in this study are propagated from the uncertainties on the 

Fe
3+

/∑Fespinel and the olivine- and orthopyroxene-averaged compositions for each sample (Tables 1 and 

A.5; Bénard et al. 2017). 

 

6. Results 

The results of Fe
3+

/∑Fespinel measurements and fO2 calculations are given in Tables 1 and A.1. The 

Fe
3+

/∑Fespinel is significantly variable from one sample to another, whether this is amongst residual 

peridotites or between the two subtypes (i.e. residual and melt channel-cumulate), as directly observed 

in the Mössbauer spectra (e.g. Fig. 5). The Fe
3+

/∑Fespinel varies from 0.11±0.01 to 0.27±0.04 in Ritter 

residual peridotites and generally increases with orthopyroxene abundance, and therefore, bulk rock 

Al2O3 content (Fig 6a). Residual harzburgites with >15 wt% orthopyroxene have higher Fe
3+

/∑Fespinel 

(0.14±0.01 to 0.27±0.04), which is similar to that found in Torishima and Avacha harzburgites (up to 

0.30±0.01; Fig. 6a; Parkinson and Pearce 1998; Bénard et al. 2016b). The Fe
3+

/∑Fespinel in more fertile 

lherzolite and harzburgite from Ichinomegata (0.26-0.32, n=4; Wood and Virgo 1989) also overlaps 

with this upper range. The Fe
3+

/∑Fespinel for melt-percolated sample 67-02D(7) (0.29±0.04; Fig. 6a), 

and for the dunite melt channel-cumulates (0.19±0.03 to 0.21±0.03; Fig. 6a), are both significantly 
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higher than observed for residual peridotites with <15 wt% orthopyroxene (from 0.11±0.01 to 

0.17±0.01; Fig. 6a). 

 The ∆logfO2 recorded by Ritter residual peridotites varies from FMQ-0.5 to ~FMQ+1.7 with 7 

to 28 wt% modal orthopyroxene (Fig. 6b). Calculations with the oxybarometer of Ballhaus et al. (1991) 

systematically give lower fO2 values compared to those using the method of Wood et al. (1990) (Tables 

1 and A.1), which is consistent with the results of previous studies (e.g. Davis et al. 2017). The upper 

fO2 range for residual harzburgites with >15 wt% modal orthopyroxene is comparable to that observed 

at Torishima and Avacha, as well as that reported for more fertile rocks from Ichinomegata (FMQ to 

FMQ+1; Fig. 6b and Table A.1). In turn, the lower fO2 range for residual peridotites with <15 wt% 

modal orthopyroxene is comparable to the upper bound found in abyssal mantle rocks (Fig. 6b and 

Table A.1; Bryndzia and Wood 1990). Despite its relatively low orthopyroxene content (13 wt%; Table 

1), the melt-percolated sample 67-02D(7) records an elevated ∆logƒO2 value of FMQ+1.4 (Fig. 6b). 

 

7. Discussion 

 

7.1 Crystal-chemical and mineralogical controls on the oxidation state of sub-arc mantle peridotites 

The potential controls exerted by spinel crystal-chemistry on Fe
3+

/∑Fespinel and fO2 variations must be 

evaluated, together with their relationships with other geochemical features, before any interpretation 

or modelling of the driving petrological processes can be made. It is known that Fe
3+

-Cr substitutions 

are energetically more favourable than Al
3+

-Cr in spinel, which can lead to positive Fe
3+

/∑Fe vs. Cr 

correlations in residual mantle spinel (Woodland et al. 1992; Canil and O’Neill 1996). Furthermore, Cr 

content in spinel has also been inferred to play a key role into the equilibrium partitioning of Fe
3+

 

between spinel and clinopyroxene in lithospheric mantle rocks (Woodland et al. 2006), though the 

latter phase is a very minor component of Ritter harburgites and dunites (<1.5 wt% modal 

clinopyroxene; Table 1; Bénard et al. 2017). The magnetite activity-composition relationships in the 

fO2 calculations in this study take into account the effects of variable spinel composition, though this 

does not preclude an Fe
3+

/∑Fespinel (expressed by the [Fe
2+

][Fe
3+

]
2
 term in equation 2) being primarily 

controlled by a spinel compositional parameter during melting or cooling of the residual mantle 

peridotites. However, a plot of Fe
3+

/∑Fespinel vs. Cr#spinel reveals that no correlation exists between the 

two for Ritter peridotites (Fig. 7a); this is also the case when Cr/(Cr+Al+Fe
3+

)spinel is considered (Table 
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1). Furthermore, the absence of a positive relationship in this regard is also apparent for Avacha, 

Torishima, and Ichinomegata peridotites (Fig. 7a and Table A.1). We note Ritter peridotites should be 

the most promising for establishing a relationship between Fe
3+

/∑Fespinel and any other spinel crystal-

chemical parameter, as they are those which display the greatest variability in spinel composition (Fig. 

4); the present data set therefore suggests that no crystal-chemical effect could have controlled the 

Fe
3+

/∑Fespinel and fO2 trends in this study (Fig. 6). 

Bulk peridotite mineralogy could be important in controlling Fe
3+

/∑Fespinel or fO2 variations. 

Sub-arc mantle peridotites from Ritter, Avacha, and Torishima are all clinopyroxene-poor, spinel 

harzburgite and dunite (Parkinson and Pearce 1998; Ionov 2010; Bénard et al. 2017), contrasting for 

instance with the petrological features most commonly observed in abyssal peridotites (Figs 3, 4, and 

6), but also in the continental mantle lithosphere (Ionov and Wood 1992; Uenver-Thiele et al. 2014). 

Clinopyroxene contains significant amounts of Fe
3+

 (Woodland et al. 2006) but the absence of 

relationship between clinopyroxene modal abundances and Fe
3+

/∑Fespinel or fO2 for Ritter peridotites 

(Table 1), indicates that post-melting metasomatism through the formation of minor, late-stage 

clinopyroxene in these rocks exerts no control on the trends determined in this study (Fig. 6). 

After spinel and clinopyroxene, orthopyroxene contains a substantial part of the bulk-rock 

Fe
3+

 budget in mantle peridotites, especially when this silicate mineral is abundant (Woodland et al. 

2006). Therefore, assuming a constant bulk Fe
3+

/∑Fe for all Ritter peridotites in this study, the 

depletion in orthopyroxene should be correlated with an increase in Fe
3+

/∑Fespinel to maintain mass 

balance constraints, which is the opposite of what is observed (Fig. 6a and Table 1). In turn, the relative 

‘redox sensivity’ (i.e. the response of fO2 to the alteration of the bulk Fe2O3 of a spinel peridotite) 

during post-melting metasomatism must be the highest for orthopyroxene-poor residual peridotites, 

even for small melt or fluid to rock ratios, as their silicate mineral Fe
3+

-buffering capacity and original 

bulk Fe2O3 contents are the lowest (Fig. 6a; Admunsen and Neumann 1992; Ballhaus et al. 1993; 

Parkinson and Pearce 1998; Parkinson and Arculus 1999; Woodland et al. 2006). Furthermore, the 

dramatic differences in Fe
3+

/∑Fespinel and fO2 between the orthopyroxene-poor (and low-Al2O3; Fig. 3b 

and Table 1) residual peridotites and the melt channel-cumulate dunite or percolated 67-02D(7) 

samples, suggest that progressive orthopyroxene depletion in the former group is not the consequence 

of late-stage, reactive dissolution of this mineral during melt- or fluid-rock interaction in the sub-arc 

mantle lithosphere (Fig. 6b). Those late-stage transformations are in fact not only typically 
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accompanied by oxidation of spinel (Amundsen and Neumann 1992; Ballhaus 1993), but also by 

modifications of the major element composition of this mineral (Parkinson and Pearce 1998; Parkinson 

and Arculus 1999); both of these effects are absent in the residual orthopyroxene-poor peridotites 

examined in this study (Figs 4 and 6). More generally, the silica-rich nature of the melts rarely found in 

the studied sub-arc mantle peridotites prevents orthopyroxene dissolution reactions (Ionov et al. 2011; 

Bénard and Ionov 2012; 2013; Bénard et al. 2017). 

 

7.2 Pressure and temperature controls on the oxidation state of sub-arc mantle peridotites 

Variations in the pressure-temperature conditions of melting or sub-solidus re-equilibration could be 

other possible factors controlling the equilibrium Fe
3+

-Fe
2+

 distribution amongst peridotitic phases, and 

ultimately, the Fe
3+

/∑Fespinel and fO2 trends in this study (Fig. 6). However, an uncertainty of ±1 GPa, 

which adequately encompasses the 1.5 GPa we used in equation (3) to represent a 0.5-2.5 GPa range 

for the original formation by partial melting of residual sub-arc mantle peridotites (Fig. 3c), has been 

shown to translate in an error of only ca. ±0.3 logfO2 unit (Woodland et al. 2006). This is further 

confirmed by the results in this study with calculated pressure-related variations of 0.3-0.4 logfO2 unit 

per gigapascal, which can not account for the 2 log-unit difference in ƒO2 between orthopyroxene-rich 

and orthopyroxene-poor residual peridotites from Ritter (Fig. 6b). However, it is important to keep in 

mind that we have calculated fO2 for sub-solidus temperature conditions using equation (3) in this 

study. We have estimated the last pressure of equilibration (sub-solidus conditions in the mantle 

lithosphere) recorded in sub-arc mantle peridotites from their olivine-spinel temperatures to have 

ranged from 1 to 2 GPa (see section 5). Therefore, the small range of sub-solidus equilibration 

pressures for the Ritter harzburgite-dunite collection taken alone or together with all the sub-arc spinel 

peridotites considered in this study cannot be responsible for the observed fO2 variations (Fig. 6b). In 

particular, we note that all orthopyroxene-rich residual peridotites from the sub-arc mantle have very 

similar fO2 (Fig. 6b) despite different implied sub-solidus pressures of equilibration (see section 5). 

Sub-arc mantle harzburgite and dunite of residual origin are highly melt-depleted rocks, and 

were originally formed by partial melting at high temperatures above 1200°C (Parkinson and Pearce 

1998; Ionov 2010; Bénard et al. 2017). In contrast, temperatures of sub-solidus re-equilibration are 

particularly low for the Ritter peridotites examined for this study (down to 700°C; Table 1). However, 

redox equilibrium has been demonstrated between spinel and pyroxenes, even in low-temperature 
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massif lherzolites (Woodland et al. 2006). It has also been shown that mantle cooling has little 

influence on shifting fO2 values, as these latter follow a trend essentially parallel to the FMQ redox 

buffer during such a process (Woodland et al. 1996; Parkinson and Arculus 1999). Furthermore, 

previous studies have suggested that the effects of the intrinsic uncertainties in the determination of 

equilibration temperatures (typically within ±100°C or less) on fO2 are generally small (O’Neill and 

Wall 1987; Woodland et al. 1996; Parkinson and Arculus 1999). Variations of ca. ±100°C in the 

equilibration temperatures of mantle-derived xenoliths (Tables 1 and A.1) translate into relatively small 

shifts of ~0.15 logfO2 unit (Woodland et al. 1992; Woodland et al. 2006); these are even as low as 0.01-

0.02 logfO2 units as calculated in this study. 

Both pressure- and temperature-related uncertainties are either overlapped by the ‘bulk’ errors 

we calculate for fO2 and/or the natural variability of this parameter amongst Ritter samples (Fig. 6b). 

Therefore, the effects of low-temperature on Fe
3+

-Fe
2+

 disequilibrium and variable melting or sub-

solidus re-equilibration conditions in a given peridotite set and amongst Ritter, Avacha, Torishima, and 

Ichinomegeta suites can both be neglected. This view is further supported, for instance, by the lack of 

correlation between equilibration temperatures and Fe
3+

/∑Fespinel or fO2 for sub-arc mantle peridotites 

(Fig. 7b and Tables 1 and A.1). 

 

7.3 Modelling Fe
3+

/∑Fespinel and fO2 in residues and primary melts during partial melting 

 

7.3.1 Partial melting with buffered fO2 

In order to further understand the nature of partial melting processes reflected by the Fe
3+

/∑Fespinel and 

fO2 variations in this study and the literature (Fig. 6), we first use the thermodynamic parameterization 

in pMELTS (Ghiorso et al. 2002) to simulate partial melting with buffered fO2. A hybridized melting 

source that can account for the global observation that SiO2-enriched peridotite residues form the sub-

arc mantle lithosphere was recently investigated by Bénard et al. (2017); we use the same source major 

element composition as these authors and simulate partial melting at a fixed averaged logfO2 of 

FMQ+0.7. 

 When investigating partial melting using pMELTS with variable bulk H2O contents in the 

system as in Bénard et al. (2017) (0.01, 0.05, and 0.1 wt% H2O), the mineralogy of sub-arc mantle 

peridotites worldwide can be reproduced by 15-25% melting for the lherzolite from Ichinomegata 
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(Takahashi 1980) and 30-50% melting for the residual spinel harzburgite and dunite from Ritter, 

Avacha, and Torishima (Fig. 8a; Parkinson and Pearce 1998; Ionov 2010; Bénard et al. 2017). We first 

note that these results are consistent with previous estimates of the degree of partial melting 

experienced by sub-arc mantle peridotites of residual origin on the basis of bulk Al2O3 content (Ionov 

2010; Bénard et al. 2017). The results of our pMELTS models further indicate that melting of a source 

at fixed fO2 is an efficient process for limiting variations of Fe
3+

/∑Fe in residual spinel (Fig. 8b). 

Although expected, this result directly illustrates that buffering of the oxidation state by open-system 

melting is necessary to explain the presence of similarly oxidized spinel lherzolite and harzburgite 

residues in the sub-arc mantle. However, this cannot be the situation for the trend of decreasing 

Fe
3+

/∑Fespinel and fO2 with orthopyroxene contents observed in Ritter residual peridotites (Fig. 8b and 

c). 

 

7.3.2 Partial melting with un-buffered fO2 

In order to simulate the potential effects of partial melting on Fe
3+

/∑Fespinel when fO2 is un-buffered, we 

use Fe
3+

-Fe
2+

 partitioning models. For this purpose, we apply the experimentally-determined 

partitioning coefficients for Fe
3+

 and Fe
2+

 between a phase j and melt (respectively defined as 



D
Fe 3

j / melt
 

and 



D
Fe 2

j / melt
) of Mallmann and O’Neill (2009) to the non-modal melting equations of Shaw (1970) for 

the concentrations in residues formed by batch and fractional partial melting. For instance in the case of 

Fe
3+

 concentrations, these are respectively given by: 



Fe3 
residue



x j

sourceD
Fe 3

j / melt  F p j

sourceD
Fe 3

j / melt

j


j



1 F

















Fe3 
source

x j

sourceD
Fe 3

j / melt  F 1 p j

sourceD
Fe 3

j / melt

j












j























 (4) 

and 



Fe3 
residue


Fe3 

source

1 F
1 F

p j

sourceD
Fe 3

j / melt

j



x j

sourceD
Fe 3

j / melt

j



















1

p
j
sourceD

Fe3
j /melt

j



 (5) 
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where x and p are the original (source) phase proportions and melting coefficients for phase j, and F is 

the melt fraction. The Fe
3+

/∑Fespinel in the harzburgite residues are then calculated by mass balance 

according to: 



Fe3 
residue

 xolivine Fe3 
olivine

 xorthopyroxene Fe3 
orthopyroxene

 x spinel Fe3 
spinel

 (6) 

re-written as: 



Fe3 
spinel


Fe3 

residue

xolivine
D

Fe 3

olivine / melt

D
Fe 3

spinel / melt









 xorthopyroxene

D
Fe 3

orthopyroxene / melt

D
Fe 3

spinel / melt









 x spinel

 (7), 

and in the same way for Fe
2+

. 

Because of the presence of minor clinopyroxene in Ritter spinel harzburgite and dunite (Table 

1), phase proportions in the models can be calculated using hydrous melting reactions: 



0.51orthopyroxene  0.62clinopyroxene  0.12spinel  0.25olivine1melt  (8) 

and 



1.25orthopyroxene  0.25olivine1melt  (9) 

from the experimental studies of Gaetani and Grove (1998) and Parman and Grove (2004), 

respectively. Coupling these melting reactions allows us to take into account the effects of mineral 

suppression in residual mantle on isobaric melt productivity (Hirschmann et al. 1999). In the Fe
3+

-Fe
2+

 

partitioning models presented here, however, the harzburgite source modal compositions are re-

normalized to clinopyroxene-free as this mineral certainly formed post-melting (Parkinson and Pearce 

1998; Ionov 2010; Bénard et al. 2017), and 



x spinel
 is fixed at ~1% to fit the observed modes (Tables 1 

and A.4). The original harzburgite source in the partitioning models contains ~26.5 wt% orthopyroxene 

and ~7.57 wt% FeOt, i.e. equivalent to one of the most oxidized and least melt-depleted residual 

samples, 67-02E(5) from Ritter (Table 1). The original bulk concentrations of FeO and Fe2O3 in the 

harzburgite source are ca. 7.31-7.36 and 0.21-0.27 wt% respectively, corresponding to ∆logfO2 of ca. 

FMQ+1 to FMQ+1.35, according to calculations at 1 GPa and sub-solidus conditions using pMELTS. 

The relationships between F and orthopyroxene content of the residues are consistent among 

models using equations (8) and (9) and pMELTS calculations with F=2-22% (Fig. 9a). The Fe
3+

-Fe
2+

 

partitioning models show that when melting proceeds, Fe
3+

 is more extensively extracted than Fe
2+

, 

producing residues with lower Fe
3+

/∑Fe than in the original source (Fig. 9b). This is consistent with 
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observations for bulk peridotites, experiments, and previous models using a similar approach (Canil et 

al. 1994; Woodland et al. 2006; Mallmann and O’Neill 2009). Batch and fractional melting trends 

define broad Fe
3+

/∑Fespinel ranges that are consistent with Ritter residual peridotite data for F~2-17% 

(Fig. 9c). 

 

7.4 Implications for the origins of fO2 variations amongst mantle-derived spinel peridotites 

 

A key result of our study is the observation that the upper ∆logfO2 range of ca. FMQ+0.5 to FMQ+1.5 

for residual spinel harzburgites with >15 wt% modal orthopyroxene (or with >0.4 wt% bulk Al2O3, i.e. 

the least melt depleted samples) from Ritter is consistent with that found in similar rocks from Avacha, 

Torishima, and Ichinomegata (Fig. 6b). This upper ∆logfO2 range (Fig. 6b) indicates significantly more 

oxidized conditions than recorded by most mantle peridotite samples from other tectonic settings, and 

is in line with results of additional studies of subduction-related mantle peridotites (Fig. 10; Canil et al. 

1990; Brandon and Draper 1996; Parkinson and Arculus 1999; Pearce et al. 2000; McInnes et al. 2001; 

Parkinson et al. 2003; Ionov et al. 2013). Exceptions to this general observation, however, include 

portions of the sub-continental lithospheric mantle that have been extensively metasomatized and 

concomitantly oxidized (e.g. Uenver-Thiele et al. 2014; 2017). 

A further advantage of our data set is the demonstration that fO2 variations in residual sub-arc 

mantle peridotites can be decoupled from the effects of late-stage, post-melting metasomatism (Fig. 6). 

Taking into account only the additional studies of subduction-related mantle peridotites where 

Fe
3+

/∑Fespinel was determined by Mössbauer spectroscopy and/or precise EPMA analyses (Canil et al. 

1990; Brandon and Draper 1996; Parkinson et al. 2003), a larger ∆logfO2 range than FMQ+0.5 to 

FMQ+1.5 is found, with values down to FMQ-1, i.e. similar to those found in abyssal peridotites (Fig. 

10; Bryndzia and Wood 1990). The trends in Figure 6 are most likely controlled by partial melting, in 

particular because they are consistent with a decrease in Al2O3 in bulk rocks (Fig. 3b), which is one of 

the most reliable indicators of the degree of partial melting experienced by residual mantle peridotites 

such as those derived from sub-arc regions (Ionov 2010). Our models further suggest that partial 

melting in the Earth’s mantle is able to vary Fe
3+

/∑Fespinel in residual peridotites (Fig. 9c), and 

consequently fO2, in agreement with the well constrained, moderately incompatible behaviour of Fe
3+

 

(Canil et al. 1994; Woodland et al. 2006; Mallmann and O’Neill 2009). To a first order therefore, the 
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fO2 range in residual sub-arc mantle peridotites worldwide can be explained by variable degrees of melt 

extraction (Fig. 10). 

Our results show that fO2 variation in residual sub-arc mantle peridotites can be coupled with 

mineralogical mode fluctuations, such as variable orthopyroxene contents that are strongly related to 

the mechanisms of partial melting and re-fertilization, i.e. metasomatism occurring before or during 

melting, at subduction zones (Figs 3 and 6; Bénard et al. 2017). The orthopyroxene-rich Ritter 

peridotite data in this study demonstrates a different type of melting regime compared to that at mid-

ocean ridges (Fig. 6; Bryndzia and Wood 1990), where interaction with oxidized components maintains 

high fO2, even at much higher melting degrees (>25-30%; ‘first-stage melting’; Fig. 8b and c). The 

orthopyroxene-poor Ritter peridotite data, in turn, suggests that melting at subduction zones can also 

proceed further and without the ingress of oxidized components (‘second-stage melting’; Fig. 8b and 

c). The nature and roles of these partial melting processes in the mantle wedge are discussed in the final 

section below. 

 

7.5 Implications for fO2 evolution during partial melting processes in the mantle wedge 

 

Results in this study have implications for the oxidation state of some primary arc melts generated in 

equilibrium with variably depleted, sub-arc mantle harzburgite and dunite of residual origin. In 

particular, whereas primary melts equilibrated at buffered fO2 likely display limited liquidus 

Fe
3+

/∑Fespinel variations (Fig. 8b), those produced by un-buffered, batch and fractional melting of 

relatively oxidized harzburgite will likely display a wide range in apparent fO2 (Fig. 9c). For instance, 

primary arc melts produced in equilibrium with the least melt-depleted and most oxidized residual 

harzburgite from Ritter will record ∆logfO2 of ca. FMQ+0.5 to FMQ+1 or even higher (Fig. 8c). In 

turn, the range of primary arc melts formed by harzburgite melting and produced as a counterpart of the 

full spectrum of residual harzburgite-dunite from Ritter will have decreasing liquidus Fe
3+

/∑Fespinel 

with increasing degree of melting, either established in the harzburgite source, or during melt formation 

itself, or both (Fig. 8c). This variety in Fe
3+

/∑Fe translates into ∆logfO2 of ~FMQ+1 down to ~FMQ-

0.5, overlapping with values relevant for MORB genesis (Fig. 8c; Cottrell and Kelley 2011). Thus, our 

data and models suggest that a variety of partial melting processes in relation to fO2 evolution will 

occur in subduction zones. 
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Melt types identified in equilibrium with the harzburgite-dunite range of sub-arc peridotites 

can be divided into two groups: (i) SiO2-rich picrite, high-Ca boninite, and magnesian basaltic andesite 

(Ionov et al. 2011; Bénard et al. 2016a; Bénard et al. 2017); and (ii), low-Ca boninite (Bénard and 

Ionov 2012; 2013; Bénard et al. in revision). The melts from the former group formed by high degrees 

(F>25%) of fluxed-melting of depleted, but SiO2-enriched lherzolite at >1-1.5 GPa, leaving an 

orthopyroxene-rich, spinel harzburgitic residue (Mitchell and Grove 2015; Bénard et al. 2016a; Bénard 

et al. 2017). The recent discovery of dissolved S
6+

 in SiO2-rich picrite and high-Ca boninite melt 

inclusions (Klimm et al. 2015; Bénard et al. 2016a) constrains their ∆logfO2 of equilibration to be 

above FMQ+1 at >1 GPa (Klimm et al. 2012; 2015; Matjuschkin et al. 2016). The melts from the 

second group are produced by lower degrees of melting (F<15%) of spinel harzburgite, presumably at 

<1.5 GPa (Bénard and Ionov 2012; 2013; Bénard et al. in revision). 

 At depths of 70±20 km beneath island arcs, i.e. roughly corresponding to the pressure estimate 

of 2.0±0.5 GPa for the formation of orthopyroxene-rich peridotites from Ritter, temperatures as high as 

1300-1400°C (Manea et al. 2005; Syracuse et al. 2010) can lead to the formation of spinel harzburgite 

residues (Fig. 11a). At this depth it is likely that mantle wedge melting is largely fluxed by slab-derived 

components, as geophysical models indicate a thermal structure with tightened isotherms below 70 km 

and an average sub-arc slab depth of ~100 km (Manea et al. 2005; Syracuse et al. 2010). Assuming that 

there are slab-derived components rendering island arc lavas more oxidized than MORB, this relatively 

deep region of the mantle wedge will be the most oxidized as the result of fluxing. A fluxed-melting 

origin for the relatively oxidized nature of sub-arc mantle, orthopyroxene-rich harzburgite of residual 

origin formed at ∆logƒO2=FMQ+1±0.5 (Fig. 6b) is consistent with petrological models for these rocks 

(Bénard et al. 2017) and the occurrence of lherzolite at Ichinomegata with ∆logfO2 ranging from FMQ 

to FMQ+1 (Wood and Virgo 1989). Our pMELTS models indicate the melting process must be redox-

buffered in order for peridotites with a large range in fertility to exhibit nearly the same ƒO2 (Fig. 8b 

and c). High primary volatile contents and the predominance of S
6+

 over S
2-

 in oxidized sub-arc mantle 

melt inclusions of SiO2-rich picrite, high-Ca boninite, and magnesian basaltic andesite liquids (Klimm 

et al. 2015; Bénard et al. 2016a), further suggest a high fO2 controlled by slab-derived volatiles. High 

valence state sulfur (i.e. S
6+

) is likely important at this stage, considering the potential candidates that 

can serve as slab-derived oxidizing agents (Frost and Ballhaus 1998; Kelley and Cottrell 2009; Klimm 

et al. 2012; Nebel et al. 2015). During their formation, high-F liquids formed by fluxed-melting will 
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perhaps also undergo decompression in the hot core of the wedge, especially in steeply-dipping 

subduction zones such as the West Bismarck Arc, potentially leading to polybaric melt extraction with 

buffered Fe
3+

/∑Fespinel, followed by aggregation in shallower magmatic chambers (Fig. 11a). This 

scenario, here constrained by our new data on orthopyroxene-rich residual harzburgites (Fig. 6b), is 

also in good agreement with the range of ∆logfO2 inferred for primitive island arc lavas (FMQ+1 to 

FMQ+3; Jugo et al. 2010; Evans et al. 2012). 

Following extraction of high-F, oxidized melts formed by fluxed-melting, buoyant 

orthopyroxene-rich, spinel harzburgite residues will further decompress during convection towards the 

very shallow mantle wedge, eventually leading to harzburgite second-stage melting (Fig. 11b). The 

physics of liquid formation and extraction during harzburgite melting is poorly studied but certainly 

different from that of lherzolite because: (i) melt productivity falls after clinopyroxene exhaustion 

(Hirshmann et al. 1999); (ii) melt viscosity decreases with generally much higher Mg/(Si+Al+Ti) in 

harzburgite-derived melt (Falloon and Danyushevsky 2000; Parman and Grove 2004); (iii) the density 

contrast increases with host mantle at lower pressure (Stolper et al. 1981); and (iv), matrix porosity 

drastically increases as orthopyroxene dissolves (Liang et al. 2010). Therefore, it can be anticipated 

that once incipient melting occurs, oxidized harzburgite-derived melts can segregate efficiently from 

their mantle matrix and percolate rapidly to shallower magmatic chambers (isochemical melt 

decompression; Fig. 11b). The significant point here is that a large range of melt composition, both in 

terms of major elements and redox state (from ∆logƒO2=FMQ+1.5 down to FMQ-0.5 or lower) can be 

produced during adiabatic decompression of variably depleted spinel harzburgite in the shallow mantle 

wedge (Fig. 11b). Such a second-stage melt generation process provides a viable mechanism for the 

generation of relatively reduced, moderate- to low-degree, harzburgite-derived melts without further 

input of slab-derived components. This is consistent with the relatively low Fe
3+

/∑Fespinel in mantle-

derived, low-Ca boninite orthopyroxenite veins observed from beneath Avacha and Ritter (Bénard and 

Ionov 2012; 2013; Bénard et al. in revision). 

The occurrence of oxidized orthopyroxene-rich and more reduced, orthopyroxene-poor spinel 

harzburgite-dunite residues in the sub-arc mantle lithosphere is a strong indication that both fluxed and 

second-stage melting occurs in the mantle wedge. This also requires the presence of small-scale 

convection cells (Fig. 11c) that allow both melting processes to occur in close proximity, such as those 
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suggested from recent geophysical models of subduction zones (see Davies et al. 2016 and references 

therein). 

 

8. Conclusions 

We report Mössbauer spectroscopic and precise EPMA measurements of Fe
3+

/∑Fe in residual spinel 

(Fe
3+

/∑Fespinel) in a set of fresh sub-arc mantle-derived, harzburgite and dunite xenoliths from the active 

Ritter volcano, West Bismarck Arc, Papua New Guinea. The results are as follows: 

(i) The Fe
3+

/∑Fespinel and calculated ∆logfO2 (at 1.5 GPa) respectively decrease from 0.27±0.04 to 

0.11±0.01 and from FMQ+1.7±0.2 to FMQ-0.5±0.2 with increasing melt depletion (monitored 

by decreasing bulk rock Al2O3 and orthopyroxene contents) in residual, sub-arc mantle-

derived harzburgite and dunite. 

(ii) Melt-percolated harzburgite and dunite melt channel-cumulate also found at the West 

Bismarck sampling sites have significantly higher Fe
3+

/∑Fespinel (respectively 0.29±0.04 and 

0.20±0.01) than the most depleted (orthopyroxene-poor) residual samples. 

(iii) The upper ∆logfO2 range (ca. FMQ+0.5 to FMQ+1.5) of the least melt-depleted residual 

samples (orthopyroxene-rich) from West Bismarck is consistent with that previously reported 

for sub-arc mantle harzburgite xenoliths from Kamchatka and Izu-Bonin, which record 

comparable degrees of melt extraction. Similar ∆logfO2 values also occur in more fertile 

lherzolite from Japan. In turn, the lower ∆logfO2 range (ca. FMQ-0.5) of the most melt-

depleted residual samples (orthopyroxene-poor) from West Bismarck is consistent with the 

upper bound recorded in abyssal peridotites. 

(iv) Our results support the hypothesis that Fe
3+

/∑Fespinel and fO2 of residual peridotite (and of the 

melts formed at equilibrium) can vary during partial melting. 

(v) A two-stage partial melting process accounts for the overall fO2 range in residual harzburgite 

and dunite from West Bismarck. First, fO2 is near-buffered by volatile-rich, slab-derived 

components at FMQ+0.5-FMQ+1.5 during the generation of high-degree, oxidized picrite-

boninite-andesite liquids by fluxed-melting. Second, fO2 is un-buffered during second-stage 

melting of residual harzburgite to produce low-degree liquids such as low-Ca boninite that 

record more variable fO2 extending to lower values with increasing melting degree. The 
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second-stage melting event likely occurs during adiabatic decompression of residual spinel 

harzburgite in the uppermost mantle wedge. 

(vi) This two-stage melting model is consistent with the results of previous studies of vein-forming 

primitive melts in sub-arc mantle peridotites and suggests the presence of small-scale 

convection in the mantle wedge. 
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Figure captions 

 

Fig. 1 (a) Tectonic map of the Papua New Guinea area. The active (continuous) and presumably 

inactive (dashed) convergent margins are in white and the spreading centres are in black. White vectors 

indicate the directions of convergence with averaged relative velocities given in centimetres per year 
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(Bird 2003). AP, Australian Plate; CP, Caroline Plate; NB, New Britain; NBP; North Bismarck Plate; 

NI, New Ireland; PNG, Papua New Guinea; PP, Pacific Plate; SBP; South Bismarck Plate; SSP, South 

Solomon Plate; WP, Woodlark Plate; WB, West Bismarck Arc. Ritter volcano is indicated with a white 

star. (b) A multibeam sonar 30 kHz swath map of the environs of Ritter. White areas indicate the 

emerging lands for Umboi, Ritter, and Sakar volcanic islands. Also indicated are the sampling sites for 

the peridotite xenoliths in this study (white stars), located on recent cones emerging from the 1888 

eruption debris deposits (light grey field; Johnson 1987; Ward and Day 2003). The cones are labelled 

in chronological order of dredging (Table 1). Colour is indicative of depth and ranges from shallow 

(red) to approximately 1000 m (blue). 

 

Fig. 2 Photomicrograph and back-scattered electron (BSE) images of Ritter peridotite xenoliths in this 

study. (a) A residual harzburgite containing (a-1) small euhedral and (a-2) large anhedral spinel grains 

(both in reflected light), sometimes aligned in the rock matrix (outlined by the bold blue contour). (b) 

A melt channel-cumulate dunite containing (b-1) small euhedral spinel grains (BSE), always 

homogeneously disseminated in the rock matrix. Note the dramatic difference in texture between 

residual spinel harzburgite (protogranular to granoblastic) and the melt channel-cumulate spinel dunite 

(mosaic). Opx, orthopyroxene. 

 

Fig. 3 Petrological features of Ritter peridotite xenoliths in this study. Plots of (a) NiO vs. MgO, (b) 

Al2O3 vs. modal orthopyroxene content, and (c) FeOt (all Fe treated as Fe
2+

) vs. Al2O3 contents (all in 

wt%) for bulk rocks of residual spinel harzburgite and dunite from Ritter in this study (blue and white 

diamonds). The white diamond is the melt-percolated sample 67-02D(7) (Table 1). Also shown are the 

melt channel-cumulate spinel dunites from the same sampling sites (white dots). The dataset in this 

study is compared to a selection from the published literature on Avacha (Kamchatka; yellow field; 

Ionov 2010; Bénard et al. 2016b) and Torishima (IcB; orange field; Parkinson and Pearce 1998) spinel 

harzburgite and dunite xenoliths with textural and geochemical features close to those of the residual 

samples from Ritter (Bénard et al. 2017). Also shown are the fields for off-craton, residual mantle 

beneath continents (black contour) from Ionov and Hofmann (2007) and Ionov (2010) in (a) and the 

residue evolution trends for fertile lherzolite melting (black and grey lines) from Herzberg (2004) in 

(c). The green field in (a) and (c) are abyssal peridotites (Snow and Dick 1995; Cannat et al. 1997; 
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Casey 1997; Stephens et al. 1997; Brandon et al. 2000), selected on the basis of demonstrated, residual 

NiO vs. MgO (a) and Cr2O3 vs. Al2O3 (Bodinier and Godard 2014) relationships and FeOt<9 wt% (c) 

(Herzberg 2004; Bénard et al. 2017). 

 

Fig. 4 A plot of Cr# vs. Mg# for spinel grains in Ritter peridotite xenoliths. The dataset for Ritter, 

Avacha, and Torishima spinel harzburgite and dunite is compared to lherzolite from Ichinomegata 

(Japan; grey field; Wood and Virgo 1989). Also shown are literature data for abyssal peridotites (green 

field; Dick and Bullen 1984; Niu and Hékinian 1997). Symbols are the same as in Figure 3. 

 

Fig. 5 Mössbauer spectra for spinel in residual peridotite xenoliths from Ritter in this study. (a) A 

relatively oxidized and orthopyroxene-rich sample (67-02E(5); Table 1) and (b) a relatively reduced 

and orthopyroxene-poor sample (67-02E(1); Table 1). See text for description of fitting procedure. 

Doublets assigned to Fe
3+

 are in red and those attributable to Fe
2+

 are in blue. 

 

Fig. 6 Results of Fe valence state measurements by Mössbauer spectroscopy for spinel in Ritter 

peridotites. (a) Plot of Fe
3+

/∑Fespinel vs. modal orthopyroxene contents (in wt%). (b) Plot of the 

calculated (Wood et al. 1990) ∆logfO2(FMQ) vs. orthopyroxene contents in bulk rocks (in wt%). The 

green field is for abyssal peridotites (B&W 1990; Bryndzia and Wood 1990). In this plot, metasomatic 

peridotites from Romanche and Marie Celeste fracture zones and St. Paul’s Rocks are excluded from 

the Bryndzia and Wood (1990) fO2 original data set. The corresponding range in modal orthopyroxene 

is that commonly found in abyssal peridotites (Dick et al. 1984; Bodinier and Godard 2014), as 

expected for fertile mantle melting below 3 GPa (Ghiorso et al. 2002; Herzberg 2004). Symbols are the 

same as in Figure 3. 

 

Fig. 7 Evaluation of the crystal-chemical and sub-solidus re-equilibration condition controls on the Fe 

valence state for spinel in Ritter peridotites in this study. (a) Plot of Fe
3+

/∑Fe vs. Cr# in spinel. (b) Plot 

of ∆logfO2(FMQ) vs. equilibration temperature, respectively calculated with the methods of Wood et 

al. (1990) and Ballhaus et al. (1991). 
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Fig. 8 Melting models at buffered fO2 compared to the datasets in this study and the literature. (a) Plot 

of phase proportions (in wt%) vs. melting degree (F, in %) for the hybridized source melting models 

with pMELTS (Ghiorso et al. 2002) in Bénard et al. (2017) (see text for details). The model results are 

compared to clinopyroxene (cpx) and orthopyroxene (opx) modal proportions in sub-arc mantle 

peridotites (Takahashi 1980; Parkinson and Pearce 1998; Ionov 2010; Bénard et al. 2017). Ritter 

peridotites are represented with a blue field (West Bismarck; Bénard et al. 2017), whereas others are as 

in Figures 3 and 4. (b) Plot of Fe
3+

/∑Fespinel vs. F for the same models as in (a) calculated at FMQ+0.7. 

(c) Plot of ∆logfO2(FMQ) vs. F with the melting degrees inferred in (a). 

 

Fig. 9 Partitioning melting models for Ritter residual peridotites in this study. (a) Plot of modal 

orthopyroxene content (in wt%) vs. melting degree (F, in %) for a spinel harburgite source calculated 

with pMELTS (red line; Ghiorso et al. 2002) and melting reactions (8) and (9) (blue line). (b) Plot of 

Fe
3+

/∑Feresidue vs. orthopyroxene content (in wt%) for Fe
3+

-Fe
2+

 partitioning models (batch, blue 

continuous line; fractional, blue dotted line) with a spinel harzburgite source calculated at FMQ+1 (see 

text for details). (c) Plot of Fe
3+

/∑Fespinel vs. orthopyroxene content (in wt%) for the same models as in 

(b). Symbols are the same as in Figure 3. 

 

Fig. 10 Calculated ∆logfO2(FMQ) for spinel peridotite assemblages from a number of tectonic settings 

(modified after Frost and McCammon 2008) compared to the Ritter residual harzburgite and dunite 

xenoliths in this study (blue field, West Bismarck). Literature references are as follows: oceanic, 

Bryndzia and Wood (1990); Cottrell and Kelley (2011); massif, Woodland et al. (1992); Woodland et 

al. (1996, 2006); continental, Ionov and Wood (1992); subduction, Canil et al. (1990); Brandon and 

Draper (1996); McInnes et al. (2001); Parkinson et al. (2003). Symbols are the same as in Figures 3 and 

4. 

 

Fig. 11 Schematic representations of melt generation and fO2 evolution models in this study. (a) A plot 

of pressure (in gigapascal) vs. ∆logfO2(FMQ) illustrating the petrogenesis of high-F, relatively 

oxidized picrite-boninite-andesite in equilibrium with orthopyroxene-rich residual harzburgite (red 

field; Bénard et al. 2017). The overall schematic representation is adapted from Parkinson and Arculus 

(1999). Grey wavy arrows illustrate the possible trajectories followed by oxidizing and volatile-rich, 
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slab-derived components (fluxing). Continuous and dotted black lines indicate the C+O2=CO2 (CCO) 

redox buffer, for hydrous and anhydrous conditions respectively (Ballhaus 1993). The bold solid arrow 

indicates decompression melting of mantle at constant Fe
3+

/∑Fespinel (fluxed-melting; Ballhaus 1993; 

Ballhaus and Frost 1994; Parkinson and Arculus 1999). Thin dotted arrow indicates an isochemical 

melt decompression path following isobaric melting at depth (Kress and Carmichael 1991). Thin 

continuous arrows illustrate isochemical melt decompression paths at variable pressure during a mantle 

decompression scenario (Kress and Carmichael 1991). The range of ∆logfO2(FMQ) for primitive island 

arc lavas from Jugo et al. (2010) and Evans et al. (2012) overlaps with that determined for picrite-

boninite-andesite (PBA) from the peridotite dataset in this study and the literature (>FMQ+1; Klimm et 

al. 2015; Bénard et al. 2016a). (b) Same plot as in (a) but here illustrating the petrogenesis of low-

degree, relatively reduced low-Ca boninite (LCB) in equilibrium with orthopyroxene-poor harzburgite 

and dunite (blue fields; Fig. 9c). Here Fe
3+

/∑Fespinel is un-buffered and decreases as melting proceeds 

during decompression (second-stage melting), such as is observed in the residual Ritter samples in this 

study. The black wavy arrow indicates post-melting metasomatism of residual, pyroxene- and spinel-

poor peridotite in the sub-arc mantle lithosphere (Amundsen and Neumann 1992; Brandon and Draper 

1996; Woodland et al. 2006). (c) A cross-section of the West Bismarck subduction zone mantle below 

Ritter. The isotherms are from the temperature-dependent viscosity models of Manea et al. (2005), 

further adapted to the geometry of the West Bismarck Arc subduction zone (Fig. 1a; Abers and 

Roecker 1991) and the mantle lithosphere temperatures of sub-solidus re-equilibration of the peridotite 

xenoliths in this study (Table 1). Red and blue arrows illustrate the formation and possible ascent-paths 

of melts originally equilibrated with relatively oxidized, orthopyroxene-rich harzburgite residues, and 

relatively reduced, orthopyroxene-poor harzburgite-dunite residues, respectively. 
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Table 1. Petrological information on West Bismarck sub-arc mantle peridotites in this study 

Sample Site Rock type Fe3+/∑Fespinel
a ± T (°C)b ± ΔlogfO2[FMQ]c ± ΔlogfO2[FMQ]d ± 

Al2O3 

(wt%) 
FeOt (wt%)e 

MgO 

(wt%) 

NiO 

(wt%) 

Residual peridotite 
             

63-

01(4) 
Cone 2 Harzburgite 0.23 0.03 709 19 1.51 0.28 1.23 0.26 0.55 7.42 46.01 0.31 

67-

02A(2) 
Cone 4 Harzburgite 0.19 0.01 804 3 0.58 0.14 0.20 0.11 0.41 7.68 47.39 0.34 

67-

02B(1) 
Cone 4 Harzburgite 0.14 0.01 768 3 -0.03 0.16 -0.43 0.14 0.58 7.35 45.62 0.31 

67-

02B(3) 
Cone 4 Harzburgite 0.16 0.01 817 3 0.15 0.16 -0.22 0.13 0.36 7.58 47.47 0.33 

67-

02B(7) 
Cone 4 Harzburgite 0.15 0.01 717 1 0.15 0.17 -0.03 0.13 0.68 7.34 45.82 0.30 

67-

02D(1) 
Cone 4 Dunite 0.13 0.03 706 15 0.01 0.45 -0.24 0.42 0.29 8.32 46.90 0.31 

67-

02D(7)f 
Cone 4 Harzburgite 0.29 0.04 903 27 1.48 0.28 1.03 0.24 0.52 7.84 47.54 0.34 

67-

02E(1) 
Cone 4 Harzburgite 0.11 0.01 721 2 -0.50 0.20 -0.83 0.17 0.37 8.26 47.51 0.34 

67-

02E(2) 
Cone 4 Harzburgite 0.20 0.01 774 1 0.76 0.15 0.40 0.11 0.56 7.24 45.27 0.30 

67-

02E(5)  
Cone 4 Harzburgite 0.26 0.01 730 2 1.46 0.12 1.15 0.08 0.72 7.57 45.35 0.30 

67-

02E(6)  
Cone 4 Harzburgite 0.27 0.04 789 24 1.73 0.24 1.37 0.23 0.47 7.27 46.24 0.31 

Melt channel-cumulate 0.01 
           

62-

01(1) 
Cone 1 Dunite 0.21 0.01 698 2 - - - - 0.20 8.57 49.37 0.25 

62-

01(2) 
Cone 1 Dunite 0.21 0.03 671 16 - - - - 0.17 7.18 50.28 0.24 

62-

02(4) 
Cone 1 Dunite 0.19 0.03 667 15 - - - - 0.11 8.33 49.67 0.20 

 

ACCEPTED MANUSCRIPT



ACCEPTED M
ANUSCRIPT

 

Sample 
Olivine 

(wt%) 
± 

Opx 

(wt%) 
± 

Cpx 

(wt%) 
± 

Spinel 

(wt%) 
± Sum (wt%) Mg#spinel

g Cr#spinel
h Cr/(Cr+Al+Fe3+)spinel

i 

Residual peridotite 
           

63-

01(4) 
75.2 1.1 22.9 1.6 0.9 0.9 0.9 0.4 100 0.399 0.720 0.665 

67-

02A(2) 
77.2 0.8 21.2 1.1 1.1 0.6 0.5 0.3 100 0.550 0.563 0.537 

67-

02B(1) 
75.1 0.8 22.7 1.1 1.5 0.6 0.6 0.3 100 0.555 0.553 0.536 

67-

02B(3) 
86.4 1.1 12.3 1.5 1.1 0.8 0.2 0.4 100 0.570 0.562 0.542 

67-

02B(7) 
72.6 0.5 25.1 0.7 1.3 0.4 0.9 0.2 100 0.531 0.520 0.501 

67-

02D(1) 
91.3 0.5 7.2 0.7 1.1 0.4 0.4 0.2 100 0.455 0.604 0.582 

67-

02D(7)f 
84.8 0.7 13.2 1.0 1.0 0.6 1.0 0.2 100 0.542 0.665 0.614 

67-

02E(1) 
87.6 1.1 11.0 1.5 1.1 0.9 0.2 0.4 100 0.544 0.494 0.482 

67-

02E(2) 
70.6 0.6 27.7 0.8 1.5 0.5 0.2 0.2 100 0.528 0.569 0.540 

67-

02E(5)  
71.2 0.6 26.5 0.8 1.4 0.4 0.9 0.2 100 0.467 0.546 0.506 

67-

02E(6)  
75.2 0.5 22.9 0.7 0.7 0.4 1.2 0.2 100 0.419 0.761 0.694 

Melt channel-cumulate 
          

62-

01(1) 
98.9 0.3 - - 0.3 0.3 0.8 0.2 100 0.339 0.760 0.704 

62-

01(2) 
98.8 0.3 - - 0.3 0.3 1.0 0.2 100 0.299 0.889 0.813 

62-

02(4) 
99.1 0.3 - - - - 0.9 0.2 100 0.312 0.797 0.737 

Bulk rock and spinel major element compositions are from Bénard et al. (2017) and McAlpine (2016) respectively 

Modal proportions are calculated by least-square regression of the XRF and EPMA data, respectively on bulk rocks and their minerals (Bénard et al. 2017) 
aFe3+/(Fe2++Fe3+) in spinel determined by Mössbauer spectroscopy (straight) or precise EPMA (italics) 
bTemperatures calculated with the olivine-spinel geothermometer of Ballhaus et al. (1991) at 1.5 GPa 
cfO2 calculated using the olivine-spinel temperature of Ballhaus et al. (1991)  and the oxybarometer of Wood et al. (1990) at 1.5 GPa 
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dfO2 calculated using the olivine-spinel temperature and the oxybarometer of Ballhaus et al. (1991) at 1.5 GPa 
eTotal iron treated as ferrous oxide 
fSample with abundant silica-rich, chromite-hosted melt inclusions (Bénard et al. 2017) 
gMg/(Mg+∑Fe) in spinel (averages) 
hCr/(Cr+Al) in spinel (averages) 
iCr/(Cr+Al+Fe3+) in spinel (averages) 

Opx, orthopyroxene; cpx, clinopyroxene 
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Highlights 

1. ΔlogfO2 in West Bismarck Arc mantle peridotites ranges from FMQ-0.5 to 

FMQ+1.7 

2. Fe
3+

/ΣFespinel and fO2 correlate with bulk rock Al2O3 and orthopyroxene contents 

3. The overall fO2 range is modelled by a two-stage partial melting process 

4. Oxidized picrite-boninite-andesite form by fluxed-melting 

5. Relatively reduced low-Ca boninite form by adiabatic decompression melting 
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