
1. Introduction
Subduction zone lavas are believed to generally have high and variable oxygen fugacity (fO2) values relative 
to mid-oceanic ridge basalts (MORBs) (e.g., Brounce et al., 2014; Christie et al., 1986; Cottrell et al., 2021; 
Evans et al., 2012; Kelley & Cottrell, 2009), yet the origin of such elevated fO2 is widely debated (Kelley & 
Cottrell, 2009; Lee et al., 2005, 2010). The prevailing view is that high fO2 values of arc lavas could be inherited 
from their mantle sources. In such a scenario, the sub-arc mantle was oxidized by the addition of slab-derived 
oxidized materials (e.g., ferric iron and sulfate) released during slab dehydration/melting (Ballhaus,  1993; 
Brounce et al., 2014; Kelley & Cottrell, 2009; Parkinson & Arculus, 1999; Wood et al., 1990). In contrast, the 
fact that primary arc magmas possess similar redox-sensitive ratios (V/Sc, Zn/Fe) and Cu contents to MORBs 
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redox state of arc lavas produced at subduction zones controls the formation of important mineral deposits. 
In fact, subduction zone lavas are believed to be generally more oxidized than mid-ocean ridge lavas, but the 
origin of their oxidized nature and how their redox state change during the birth of a subduction zone remains 
poorly understood. Boninites are special Mg- and Si-rich but Ti-poor lavas (SiO2 > 52 wt.%, MgO > 8 wt.%, 
and TiO2 < 0.5 wt.%), and are typical products of magmatism that formed during subduction initiation. Here, 
we show that the primary boninitic magmas of the Troodos ophiolite of Cyprus are in fact no more oxidized 
than mid-ocean ridge basalts, even though their mantle source interacted with the slab fluids released from the 
incipient subducted plate. Therefore, we propose that proto-arc magmas, that formed as the down-going slab 
began foundering, might not always be oxidized during the inception of a subduction zone.
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suggests that primary arc magmas might have initial low fO2 values similar to those of MORBs, and that their 
oxidation state was likely changed during crustal assimilation, magma fractionation, and magma degassing 
(Grocke et al., 2016; Lee et al., 2005, 2010, 2012; Moussallam et al., 2014, 2016; Tang et al., 2018).

Boninite is a type of subduction zone lava characterized by high MgO and SiO2 contents and low TiO2 contents 
(SiO2 > 52 wt.%, MgO > 8 wt.%, and TiO2 < 0.5 wt.%) (Crawford et al., 1989; Le Bas, 2000). Boninites are 
formed by re-melting of refractory mantle (i.e., that left after prior magma extraction) induced by the infiltration 
of slab-derived water-rich fluids and slab melts (e.g., Falloon & Danyushevsky, 2000; Pearce & Reagan, 2019; 
Pearce & Robinson, 2010; Reagan et al., 2010; Wood & Turner, 2009). The ramifications of their petrogenesis are 
two-fold: (a) the redox state of the refractory mantle source of boninites may be more easily controlled by the slab 
fluids than the pristine mantle (i.e., more fertile) source, because it may have lost large amounts of fO2-buffered 
elements (e.g., iron and sulfur) (Cottrell & Kelley, 2011) through previous episodes of mantle melting; (b) melt-
ing of refractory mantle requires addition of larger amounts of slab-derived fluids/melts to lower its solidus 
(Falloon & Danyushevsky, 2000; Wood & Turner, 2009). The fO2 values of the boninites may be used to eluci-
date whether this addition of slab-derived material has the potential to oxidize the proto-arc mantle, the source 
of subduction zone magmas. Here, the term “proto-arc” is used for the rocks that were erupted as the subducted 
plate began sinking. For instance, although the Izu-Bonin-Mariana (IBM) proto-arc crust is now emplaced in the 
modern fore-arc (Figure 1), here we will use the term “proto-arc” for these rocks.

Two proxies can be utilized to constrain the fO2 of primary boninitic magmas, that is, erupted boninitic lavas and 
their associated peridotites. First, fO2 of boninitic lavas can be directly measured using included olivine-chromite 
pairs (e.g., Evans et al., 2012) or glass shards (Brounce et al., 2015, 2021). However, shallow-level differentiation 
processes (e.g., magma degassing, fractionation, and crustal assimilation) may have modified the initial fO2 of 
the primary boninitic magmas (Figure 1) (Brounce et al., 2015, 2021; Evans et al., 2012; Lee et al., 2005, 2010). 
Associated mantle peridotites in proto-arcs are thought to be genetically related to the boninitic magmas, either as 
the residue of mantle melting that produced these magmas, or as the melt-rock reaction products of the boninitic 
magmas passage through the upper mantle (e.g., Pearce et al., 2000; P. F. Zhang et al., 2020) (Figure 1). These 
proto-arc peridotites have not been affected by shallow-level differentiation processes, and can therefore serve as 
independent probes into the fO2 of the primary boninitic magmas (Bénard et al., 2018; Birner et al., 2017, 2018).

The Troodos ophiolite of Cyprus is one of the most studied supra-subduction zone (SSZ) ophiolites in the world 
(e.g., Edwards et al., 2010; Miyashiro, 1973; Pearce & Robinson, 2010; Robertson & Xenophontos, 1993). It is 
characterized by two series of volcanic lavas, the tholeiitic lower pillow lavas (LPL) overlain by the boninitic upper 
pillow lavas (UPL), which have preserved relatively fresh glass shards (e.g., Pearce & Robinson, 2010; Robinson 
et al., 1983; Woelki et al., 2019, 2020), and has been proposed to develop during the earliest stages of develop-
ment of a subduction zone (Figure 1) (Hu et al., 2021; Ishizuka et al., 2014; Pearce & Robinson, 2010). Therefore, 
it might provide new additional constraints to the processes that modulate the redox state of the magmas that 
formed during subduction inception. In this study, we examine the fO2 of the primary boninitic magmas by inves-
tigating both the UPL and the associated metasomatized mantle peridotites of the Troodos ophiolite in Cyprus 
(Figure 2) (Hu et al., 2021; Ishizuka et al., 2014; Pearce & Robinson, 2010). The olivine-(orthopyroxene)-chro-
mite oxybarometers of Davis et al. (2017) and Ballhaus et al. (1991) are used both for mantle peridotites and 
in boninites to infer the fO2 of the primary boninitic magmas, because this can minimize potential effects of 
shallow-level igneous processes, for example, fractionation and degassing (e.g., Evans et al., 2012). Our new 
results, for both boninites and associated mantle peridotites, suggest that the fO2 of primary boninitic magmas 
in the Troodos ophiolite was similar to that of MORBs, despite their interaction with the slab fluids (Pearce & 
Robinson, 2010), which reflects the release of relatively reduced slab fluids in the Troodos proto-arc mantle in 
Late Cretaceous time. Hence, we propose that subducted slab fluids may have oxidation states which vary from 
one subduction zone to another, and that the redox histories of magmas produced during subduction initiation are 
more complex than previously considered.

2. The Troodos Ophiolite
2.1. Geological Background

The island of Cyprus is made up of the Kyrenia terrane, the Mamonia Complex, and the Troodos ophiolite, 
which were assembled upon closure of the Neo-Tethys Ocean, and then covered by carbonate and siliciclastic 
sedimentary sequences (Figure 2a) (Edwards et al., 2010). The Troodos ophiolite contains two litho-stratigraphic 
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sequences, that is, the main Olympos (Axis) sequence and the Arakapas (Transform) sequence (Figure 2b) (Gass 
et al., 1994; Geological Survey Department Cyprus, 1995). The main Olympos (Axis) sequence is a complete 
ophiolite sequence that developed above an incipient subduction zone at ∼92 Ma (Chen et al., 2020; Mukasa & 
Ludden, 1987). From bottom to top, it includes a serpentinized mantle unit, a plutonic unit, sheeted dykes, and 
both pillowed and massive lavas. This stratigraphic sequence was uplifted by serpentinite diapirism approxi-
mately 2 Ma ago (Schuiling, 2011). The Arakapas (Transform) sequence is bounded by a fossil transform fault to 
the north (Simonian & Gass, 1978) (Figure 2b), and although containing rock types generally similar to those of 
the main Olympos (Axis) Sequence, displays structural relationships disrupted by intensive deformation.

According to Batanova and Sobolev  (2000), the mantle peridotites of the ophiolite can be divided into east-
ern (U1) and western (U2) parts (Figure  2c). U1 mainly consists of lherzolites containing low-Cr# ([atomic 
Cr/(Cr  +  Al)  *  100 of chromites]  =  22–28) chromite, and subordinate dunite bodies in association with 
clinopyroxene-bearing harzburgites (Batanova & Sobolev,  2000; Wilson,  1959). U1 peridotites are strongly 
serpentinized and show a variety of tectonic fabrics. U1 lherzolites have been interpreted as mantle residues, 
left after extraction of tholeiitic basalts, and subsequently modified by further melt percolation (Batanova & 
Sobolev, 2000). In comparison, U2 peridotites are less serpentinized, and comprise refractory harzburgites and 
dunites associated with podiform chromite deposits. U2 harzburgites have high Cr# (51–70) chromites and a very 

Figure 1. Schematic models of the formation of proto-arc lithospheres during the subduction initiation stage of the Troodos ophiolite (left) and the Izu–Bonin–Mariana 
(IBM) proto-arc (right), modified after Pearce and Robinson (2010), Stern et al. (2012) and Reagan et al. (2019). (a, b) Formation of the Troodos ophiolite: (a) as 
the subducted slab began to sink, the lower pillow lavas (LPL) were generated by melting of the ascending proto-arc asthenosphere infiltrated by slab fluids (Pearce 
& Robinson, 2010). Because boninites are derived from a more depleted mantle source than either the IBM fore-arc basalts (FABs) or the Troodos LPL, triangles 
with different colors are used to represent the melting region. (b) The upper pillow lavas are boninitic magmas that were generated by melting of a refractory mantle 
infiltrated by larger degrees of slab input relative to the LPL (Hu et al., 2021; Pearce & Robinson, 2010). (b1) Boninitic magmas ascended and reacted with the 
surrounding mantle peridotites to produce depleted harzburgites and dunites, and (b2) further experienced shallow-level differentiation processes before final eruption. 
(c–e) Formation of IBM proto-arc magmas: (c) FABs are the first magmas produced in IBM as the slab began sinking. FABs were generated by decompression 
melting of the proto-arc asthenosphere with limited slab input (Reagan et al., 2010, 2019; Shervais et al., 2019). (d) Low-silica boninites were then formed by melting 
of the residual proto-arc asthenosphere after FAB extraction, induced by fluids and melts released from the nascent subducted slab (Coulthard et al., 2021; Ishizuka 
et al., 2006, 2011; Reagan et al., 2010; Shervais et al., 2021). (e) After termination of rapid trench rollback and proto-arc spreading, high-silica boninites (HSB) began 
to form by melting of the residual and strongly depleted proto-asthenosphere that was assisted by the infiltration of slab fluids. HSB thus mark the onset of true arc 
magmatism in IBM (Coulthard et al., 2021; H. Y. Li et al., 2019; Reagan et al., 2010, 2017, 2019).
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small modal percentage of clinopyroxene (<1%) (Batanova & Sobolev, 2000). They show northwest-trending 
tectonite fabrics and evidence of high-temperature deformation together with the overlying dunites and cumulates 
(George, 1978; Malpas, 1990). Most podiform chromite deposits of the Troodos ophiolite are hosted by the U2 
peridotites, and orebodies are generally enveloped by dunites (Greenbaum, 1977). U2 harzburgites, dunites, and 
podiform chromitites have been interpreted as products of reaction between infiltrating melts (most likely boni-
nitic magmas) and lherzolites (Batanova & Sobolev, 2000; Büchl et al., 2002, 2004).

Volcanic rocks of the Troodos ophiolite comprise two sequences, that is, the LPL and the upper pillow lavas 
(UPL) (Figure 2a). The LPL are represented by tholeiitic basalts to basaltic andesites (Figure 3a), and are divided 
into Unit I rocks that are mafic-ultramafic in composition, overlying Unit II rocks that are intermediate-silicic 
in composition, followed by Unit III rocks that are mafic to mafic-intermediate in composition (Pearce & 
Robinson, 2010). Below the LPL is the Basal Group consisting of lavas and dykes that pass downwards into 
sheeted dykes (Geological Survey Department Cyprus, 1995; Pearce & Robinson, 2010). The UPL contains two 
groups of boninites. The first, which is mainly distributed on the northern side of the main Troodos sequence 
(Figure 2b), is locally separated from the LPL by discontinuous, thin sedimentary layers (Bailey et al., 1991). The 
second occurs in the south (Figure 2b), and it is associated with volcanic breccias that mark a fossil transform 
fault zone (Osozawa et al., 2012). These form the stratigraphically highest lavas, and were named “infill lavas” by 
Gass et al. (1994). The two groups of boninites are generally overlain by umberiferous sediments of the Perapedhi 
Formation (late Campanian; ca. 75 Ma), but interestingly, there are reports of some boninites of second group 
affinity, with Ar-Ar age of 55.5 ± 0.9 Ma, covered by middle sedimentary rocks of Paleogene to early Miocene 
age (Osozawa et al., 2012), and the relationship between the infill boninitic lavas and the main Olympos (Axis) 
Sequence remains enigmatic at present. For instance, regarding its tectonic setting, the second group of boninites 
has been proposed to be generated only in the proto-arc mantle beneath the Arakapas Fault Zone (Murton, 1989; 

Figure 2. Simplified map of (a) the island of Cyprus and (b) the Troodos ophiolite, modified after Osozawa et al. (2012) and Regelous et al. (2014). (c) Geological 
map of the Margi area, modified after Bailey et al. (1991). The lower part of the upper pillow lava suite (upper pillow lavas (UPL)) includes: A— “crystalline” 
olivine-phyric pillows and thin flows; B— “glassy” olivine-phyric pillows; C—picritic pillows; D—massive picritic flows; E—aphyric massive flows; F—olivine 
microphyric flows; G—clinopyroxene microphyric flows. The upper part of the UPL includes: H—aphyric pillows and thin flows; I—olivine-phyric pillows and flows. 
(d) Geological map of the mantle peridotites in the Troodos ophiolite after Batanova and Sobolev (2000).
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Rogers et al., 1989). For brevity, in this study we follow the names used by Gass et al.  (1994) and Osozawa 
et al. (2012), the first group being “the boninites” and the second group being “the infill lavas.”

The chemostratigraphy of lavas of the Troodos ophiolite is similar to that observed in the Izu–Bonin–Mari-
ana (IBM) proto-arc system (Hu et al., 2021; Ishizuka et al., 2014; Pearce & Robinson, 2010). As such, along 
with paleogeographic reconstructions (Pearce & Robinson, 2010; X. Zhou et al., 2018), the Troodos ophiolite 
is considered to have developed during the early stages of an intra-oceanic subduction zone (Hu et al., 2021; 
Ishizuka et al., 2014; Pearce & Robinson, 2010). However, the Troodos ophiolite lacks arc volcanic edifices, well 
developed volcanogenic sediments and thick felsic/andesitic crust, meaning there is no typical arc magmatism in 
the Troodos subduction zone (Osozawa et al., 2012; Pearce & Robinson, 2010). In the classification diagram of 
Pearce and Reagan (2019), the Troodos boninitic lavas are low-silica boninites (LSB); and high silica boninites 
(HSB) like those that marked the onset of arc magmatism in IBM (Reagan et al., 2010, 2019), have not been 
observed (Figures 3a and 3b). All this suggests that magmatism in the Troodos ophiolite developed before the 
onset of any true arc magmatism (Pearce & Robinson, 2010), and that Troodos subduction was not long-lived.

2.2. Samples and Petrography

This study focuses on boninites and mantle peridotites in the main Olympos (Axis) sequence of Troodos 
(Figure 2).

Figure 3. (a–b) Major element compositions of the Margi lavas of the Troodos ophiolite. Compositions of host magmas 
of the olivine phenocrysts, that is, from the groundmass of the Margi lavas, are calculated by linear regression between 
MgO and other elements using ISOPLOT (Ludwig, 2003). The classification diagrams in (a) and (b) are from Pearce 
and Reagan (2019). (c) Primitive mantle-normalized trace element patterns of whole rocks of the Margi pillow lavas, in 
comparison with the melt inclusions hosted by olivine phenocrysts and the Troodos boninites. The normalization values 
are from Sun and McDonough (1989). Data source for the Troodos ophiolite: the melt inclusions of the LPL (Portnyagin 
et al., 1997); the melt inclusions of the boninites in the UPL (Hu et al., 2021); the melt inclusions of the infill lavas in the 
UPL (Portnyagin et al., 1996); volcanic glasses of LPL and UPL are from Pearce and Robinson (2010), Osozawa et al. (2012), 
Regelous et al. (2014), Golowin et al. (2017), Woelki et al. (2018, 2019, 2020). Further classification of LPL and UPL of the 
Troodos ophiolite are after Pearce and Robinson (2010) and Osozawa et al. (2012), respectively. LPL—lower pillow lava; 
UPL—upper pillow lava. Note that the Troodos boninites are all LSB.
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The Margi area on Mt Olympos' northern flank is a classic locality for boninites in the ophiolite (Bailey 
et  al., 1991; Gass, 1958; Malpas & Langdon, 1984; Sobolev et  al., 1991) (Figure 2d). The LPL in Margi 
comprise aphyric to plagioclase and clinopyroxene micro-phyric volcanic rocks, and are separated from the 
UPL by a discontinuous thin sedimentary layer (Bailey et  al.,  1991). The UPL in this locality have been 
divided into two petrographic sequences, a lower sequence of mainly olivine-phyric lavas and an upper 
sequence of essentially aphyric lavas (Figure 2d) (Bailey et al., 1991). Such stratification may reflect settling 
of olivine crystals in the magma supply system. Olivine-rich pillow lavas in the lower sequence show typical 
vitrophyric texture, with large and euhedral olivine phenocrysts set in a glassy groundmass composed of 
skeletal/dendritic crystals of clinopyroxene and small euhedral crystals of olivine and chromite (Figures 4a 
and 4b).

Harzburgites and dunites of the podiform chromite deposit in the Kokkinorotsos area of the U2 peridotites were 
sampled in this study (Figure 2c). Previous studies have shown that these peridotites were formed by progres-
sive interaction between harzburgites and percolating boninitic magmas during the formation of the chromite 
deposit (Figures 1b1 and 1b2) (Büchl et  al.,  2004). The harzburgites are porphyroclastic and coarse-grained, 
and consist of olivine, orthopyroxene, clinopyroxene and chromite (Figure 4c). Orthopyroxene and olivine occur 
as large porphyroclasts, whereas clinopyroxene mainly occurs as small recrystallized grains within or around 
these phases. Chromite in the harzburgites has a variety of shapes from anhedral to euhedral. Dunites are mainly 
composed of olivine and chromite (Figure  4d), and most chromite grains are euhedral. In some places they 
display pull-apart textures and are aligned with the mantle tectonite fabric.

Figure 4. Backscattered electron images of the pillow lavas and the mantle peridotites of the Troodos ophiolite. (a–b) Pillow 
lavas show typical vitrophyric texture, with large and euhedral olivine phenocrysts in a glassy groundmass; (c) harzburgites; 
(d) dunites. Ol—olivine; Opx—orthopyroxene; Cpx—clinopyroxene; Chr—chromite. Ol’ represents small olivine grains in 
the groundmass of the Margi lava.
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3. Analytical Methods
Whole-rock major and trace elements of lavas were determined in the Australian Laboratory Services (ALS) P/L 
using X-ray fluorescence (XRF) and inductively coupled plasma mass spectrometry (ICP-MS), respectively. The 
relative standard deviations (RSDs) for both major and trace elements are better than 5%.

Element compositions of minerals were measured by a JEOL JXA-8230 electron probe micro-analyzer (EPMA) 
at the Department of Earth Sciences, the University of Hong Kong (DES, HKU). Accelerating voltage and probe 
current were 20 kV and ∼20 nA. The beam diameter was 1 μm. The peak counting time was 10–20 s for major 
elements and 120 and 40 s, respectively, for Ti and V of chromites. Olivine and chromite in-house standards were 
used to monitor the data quality. For major elements, for example, Al2O3, Cr2O3, MgO, and FeO of chromite, and 
MgO, FeO, and SiO2 of olivine, the measured results were in accordance with the referenced values within ±3%. 
For trace elements with concentrations close to 0.1–0.3 wt.%, for example, TiO2, V2O3, MnO, ZnO, and NiO of 
chromite, and NiO of olivine, the measured results were in accordance with the referenced values within 5%–20% 
(Table S1 in Supporting Information S2).

The Fe 3+/ΣFe of chromite is crucial for calculation of oxygen fugacity, and therefore it must be determined accu-
rately. This study adopted secondary chromite standards with Fe 3+/ΣFe certified by Mössbauer spectroscopy to 
correct the Fe 3+/ΣFe data from EPMA (Wood & Virgo, 1989). The difference between Fe 3+/ΣFe measured by 
Mössbauer ((Fe 3+/ΣFe)Möss) and Fe 3+/ΣFe calculated by stoichiometry ((Fe 3+/ΣFe)Stoichiometry) using EMPA data, 
is linearly related to the Cr# of the chromite:

(

Fe3+∕ΣFe
)

Möss
−
(

Fe3+∕ΣFe
)

Stoichiometry
= A + B ∗ (Cr#) (1)

where A and B are constants. This study used secondary chromite standards from Dare et  al.  (2009) 
(DB8803.3, KLB8316, VI314.5, MBR8306, and HR04-18) to build the calibration line (Table S2 in Supporting 
Information S2).

Trace elements of chromite of peridotites were analyzed using the 193 nm wavelength excimer GeolasPro laser 
ablation system coupled to an Agilent 7700e ICP-MS, at the Wuhan Sample Solution Analytical Technology Co., 
Ltd., Wuhan, China. The spot size and frequency of the laser were set to 44 μm and 6 Hz, respectively. Multiple 
US Geological Survey reference materials (BHVO-2G, BCR-2G, and BIR-1G) were used as calibration standards 
with Al as the internal standard. NIST610 was measured for quality control of the time-dependent calibration for 
sensitivity drift. The trace element data were treated offline using the ICPMSDataCal software (Liu et al., 2008). 
Calibration curves yield r 2 ≥ 0.999 relative to the reported standard values for elements of interest in this study. 
Precision (1RSD) was estimated by repeat analysis of the standards, which was generally better than 10% for 
elements of interest (Table S3 in Supporting Information S2). Reproducibility of replicate analyses of examined 
chromite grains are ≤15% RSD for Ga, ≤10% RSD for other interested elements (Sc, Ti, V, Mn, Co, Ni, and 
Zn) (Table S4 in Supporting Information S2). The Ti concentrations of chromite measured by LA-ICP-MS are 
consistent with data measured by EPMA, confirming the validity of the laser data (Figure S1 in Supporting 
Information S1).

Trace element concentrations of chromite inclusions in olivine phenocrysts of the lavas were analyzed at the State 
Key Laboratory of Nuclear Resources and Environment (SKLNRE), East China University of Technology. The 
analytical instruments consist of a PerkinElmer NexION 1000 ICP-MS coupled to an ESL NWR-193 laser abla-
tion system. The spot size and frequency of the laser were set to 30 μm and 5 Hz to avoid contamination of host 
olivines. Element abundances were also calibrated using the ICPMSDataCal software. NIST610 and NIST612 
were used as the external standard and Al contents were selected as the internal standard. Calibration curves yield 
r 2 ≥ 0.999 relative to the reported standard values for elements of interest in this study. Analytical accuracy, as 
estimated by repeated analyses of the NIST 614 standard, was in accordance with the reference values within 
±15% for elements of interest except Sc (average Sc value = 1.35 ppm, reference Sc value = 0.74 ppm) (Table 
S3 in Supporting Information S2). This discrepancy can be explained by the interference of  29Si 16O on  45Sc. For 
NIST614 glass containing 72.1 wt.% SiO2 and 0.74 ppm Sc,  29Si 16O produces a significant inference on  45Sc of 
about 0.6 ppm Sc. However, this interference effect is negligible because the primary standards (NIST610 and 
NIST612) have very high Sc contents (455 and 39.9 ppm, respectively), and the chromites have very low SiO2 
contents (<0.1 wt.%).
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Element mapping of representative olivine and chromite grains was carried out using a JEOL JXA-8230 EPMA 
at DES, HKU. Operating conditions were as follows: accelerating voltage 15 kV; beam current 20 nA; probe 
diameter 1 μm dwell at 100 ms. The spatial distributions of Mg, Fe, Cr, and Al were determined.

The oxygen isotope compositions of olivine grains in the lavas were measured in situ using a CAMECA IMS-1280 
Secondary Ion Microprobe Spectrometer (SIMS) at the Institute of Geology and Geophysics, Chinese Academy 
of Sciences (IGGCAS). The Cs + primary beam of ∼2 nA accelerated to 10 kV was rastered over a 10 × 20 μm 2 
area. In order to compensate for sample charging, an electron gun was used. Oxygen isotopes ( 18O,  16O) were 
measured statically in multi-collector mode with two off-axis Faraday cups, following the procedures given in X. 
H. Li et al. (2010). All measured  18O/ 16O values were normalized to those of Vienna Standard Mean Ocean Water 
(VSMOW; ( 18O/ 16O)V−SMOW = 0.0020052). The standard San Carlos olivine (δ 18O = 5.2‰, Eiler et al., 1995) 
was used as the external standard to correct the instrumental mass fractionation. The long-term precision of the 
measurements, as monitored by the Scan Carlos olivine, is 0.4‰.

4. Results
4.1. Mantle Peridotites

Representative mineral compositions of both harzburgites and dunites are listed in Table 1, and a full data set 
is available in the supplementary file (Table S5 in Supporting Information S2). Minerals in harzburgites and 
dunites have homogenous compositions with no compositional zoning, indicating that the composition of miner-
als may have reached equilibrium (Figures  5a–5c). Major element compositions of olivine and chromite are 
within the range of those of fore-arc peridotites (Arai, 1994; Pearce et al., 2000) (Figure S2 in Supporting Infor-
mation S1). In the harzburgites, olivine has high Fo (atomic Mg/(Mg + Fe 2+) × 100) ranging from 91.1 to 91.5, 
and chromite has high Cr# (60.2–72.7) and Mg# (atomic Mg/(Mg + Fe 2+) × 100) (45.9–53.2) (Figure 6a). In 
addition, chromite in harzburgites has low TiO2 (<0.06 wt.%) similar to that of fore-arc peridotites (Parkinson 

Table 1 
Summary of Mineral Compositions of Mantle Peridotites From the Troodos Ophiolite, Cyprus

Sample
Olivine 

Fo
Orthopyroxene 

Mg#
Orthopyroxene 
XM1 Fe * XM2 Fe

Chromite 
Cr#

Chromite 
Mg#

Chromite 
TiO2 (wt.%)

Chromite 
Fe 3+/∑Fe

Chromite 
aFe3O4

Harzburgite

 CY-H5 91.5 91.6 0.0064 72.7 47.1 0.05 0.13 0.006

 CY-H6 91.3 91.5 0.0065 69.5 49.6 0.02 0.12 0.005

 CY-H7 91.1 91.5 0.0066 67.1 51.8 0.02 0.08 0.002

 CY-H8 91.2 91.6 0.0064 70.4 47.9 0.01 0.14 0.007

 CY-H9 91.1 91.3 0.0067 60.2 53.2 0.01 0.08 0.003

 CY-H10 91.2 91.4 0.0069 72.1 45.9 0.01 0.13 0.007

 CY-H11 91.2 91.6 0.0064 70.4 48.2 0.02 0.12 0.006

Dunite

 CY-D3 91.8 – – 77.7 45.6 0.13 0.14 0.007

 CY-D5 91.9 – – 76.7 46.4 0.14 0.14 0.007

 CY-D6 91.8 – – 72.7 50.0 0.15 0.12 0.005

 CY-D7 91.7 – – 77.0 47.0 0.12 0.15 0.007

 CY-D8 92.1 – – 75.9 49.2 0.14 0.14 0.006

 CY-D9 90.3 – – 79.9 39.7 0.10 0.18 0.015

 CY-D10 90.3 – – 76.8 41.0 0.13 0.15 0.011

 CY-D11 92.0 – – 72.0 49.7 0.07 0.19 0.014

 CY-D13 92.1 – – 72.7 50.5 0.07 0.22 0.018

 CY-D14 92.4 – – 66.3 53.3 0.13 0.18 0.014

 CY-D16 91.9 – – 67.5 52.9 0.11 0.18 0.012
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& Pearce, 1998; Pearce et al., 2000) (Figure 6b), and Fe 3+/ΣFe from 0.08 to 0.14. Coexisting orthopyroxene has 
high Mg#, ranging from 91.3 to 91.6. In comparison, dunites contain olivine with higher Fo (90.3–92.4), and 
chromite with higher Cr# (66.3–79.9), TiO2 (0.07–0.15 wt.%) and Fe 3+/ΣFe (0.12–0.22) than chromite in the 
harzburgites (Figure 6 and Table 1). Trace element compositions of chromite are listed in Table S6 in Supporting 
Information S2. Titanium shows different linear correlations with Sc and V (Figures 6c and 6d). Spinel in dunites 
has higher Sc (5.07–10.55 ppm) and lower V (1,015–1,428 ppm) than spinel in harzburgites (Sc: 2.72–5.22 ppm; 
V: 1,650–2,038 ppm).

4.2. Lavas

Whole-rock major and trace element compositions of the Margi lavas are provided in Table 3. Due to the large 
abundances of olivine phenocrysts, the Margi lavas are highly enriched in MgO, ranging from 28.4  wt.% to 
34.2 wt.% (Figure 3). MgO exhibits clear relationships with other major elements, indicating that the whole rock 
compositions of the lavas are controlled by accumulation of olivine crystals (Figures 3a and 3b). For instance, 
with the increase of MgO from 28.4 wt.% to 34.2 wt.%, SiO2 and TiO2 decrease from 45.6 wt.% to 41.5 wt.% 
and from 0.24 wt.% to 0.14 wt.%, respectively. In the primitive mantle–normalized spider diagrams, whole-rock 
compositions of the Margi lavas show depletion in high field strength elements (HFSE) (e.g., Nb, Hf, Zr) and 

Figure 5. Element mapping of minerals in the mantle peridotites and the Margi lavas of the Troodos ophiolite. (a) Mg mapping of a chromite grain in a harzburgite; 
(b–c) Mg mapping of chromite grains in dunites; (d) Mg mapping of olivine phenocrysts in pillow lavas. Red circle and number represent the analysis position and 
values of δ 18O, respectively. (e) Fe mapping of olivine phenocrysts in pillow lavas. The narrow rim of the olivine phenocryst indicates rapid cooling of the lavas.
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variable enrichment in fluid-mobile elements (e.g., Ba, Cs, Sr, and Rb, Pb) (Figure 3c), similar to the composi-
tions of boninitic lavas in the Troodos ophiolite and the melt inclusions hosted in the olivine phenocrysts of the 
Margi lavas (Hu et al., 2021). The absolute concentrations of incompatible trace elements are lower than those 
of olivine-hosted melt inclusions due to the buffering effects of olivine, but the ratios between trace elements 
that are strongly incompatible to olivine are not affected by this effect. For instance, whole rock Sr/Zr and Ba/Nb 
range from 2.1 to 5.1 and 15 to 39, respectively, which is within the compositional range of the olivine-hosted 
melt inclusions (Sr/Zr: 2.6–4.4; Ba/Nb: 13–40) (Hu et al., 2021).

Representative major element compositions of olivine and chromite from lavas in the Margi area are listed in 
Table 2, with the complete data set in the supplementary file (Table S7 in Supporting Information S2). The 
olivine phenocrysts have narrow rims with uniform core compositions, indicating rapid cooling after eruption 
(Figures 5d and 5e). The olivine phenocrysts are Mg-rich forsterite (MgO: 47.3–52.7 wt.%; Fo: 90.5–93.2), and 
they possess chromite inclusions with high Cr# ranging from 73.8 to 78.3 and TiO2 ranging from 0.15 wt.% 
to 0.28  wt.%, which are within the range of chromites hosted in the boninites (Figure 6). Fe 3+/ΣFe of these 
olivine-hosted chromite inclusions range from 0.20 to 0.29. Trace element concentrations of the olivine-hosted 
chromite inclusions are listed in Table S6 in Supporting Information S2. They have high Sc (5.06–5.82 ppm) and 
low V (603–828 ppm), which plot along the trend defined by chromites from harzburgites and dunites (Figures 6c 
and 6d).

Oxygen isotope compositions of olivines are provided in the supplementary file (Table S8 in Supporting Infor-
mation S2). Olivine phenocrysts have mantle-like δ 18O (5.2 ± 0.6; 2σ, n = 66) (Figure 7). Within a single grain, 
oxygen isotopes are relatively constant within the error range of measurement, despite distance to the crystal 

Figure 6. (a, b) Major element compositions of chromites in the Kokkinorotsos mantle peridotites and the Margi lavas of the 
Troodos ophiolite. (c, d) Ti-Sc and Ti-V systematics in chromites, indicate that melt-rock reaction controls the composition 
of chromites. The trend in mantle melting was simulated using a batch model of depleted mantle from Workman and 
Hart (2005), with distribution coefficients from Le Roux et al. (2015), and melting equation (0.571 Opx + 0.735 Cpx + 0.041 
Chr = 0.347 Ol + 1 liquid; 1.25 Opx = 0.25 Ol + 1 liquid) from Wasylenki et al. (2003) and Parman and Grove (2004). Data 
source: mid-oceanic ridge basalt and boninite (Barnes & Roeder, 2001), abyssal peridotites (Warren, 2016 and references 
therein), and forearc peridotites (Parkinson & Pearce, 1998; Pearce et al., 2000).
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Table 2 
Summary of Olivine-Chromite Pairs in the Margi Lavas of the Troodos Ophiolite for the Olivine-Chromite Oxybarometer

No. of olivine-chromite 
pairs OlivineFo ChromiteCr# ChromiteMg# ChromiteTiO2 (wt.%)

Chromite 
Fe 3+/∑Fe

Tol-chr 
(℃) a log ƒO2 (∆QFM) b

log ƒO2 
(∆QFM) c

CYMB1702-01 91.4 78.0 66.5 0.17 0.23 1207 0.39 -0.52

CYMB1702-03 90.8 77.1 64.5 0.18 0.23 1190 0.43 -0.44

CYMB1702-04 91.4 75.7 64.6 0.18 0.21 1146 0.33 -0.65

CYMB1702-05 93.0 76.5 70.0 0.20 0.22 1159 0.47 -0.67

CYMB1702-06 91.5 78.3 65.9 0.16 0.21 1184 0.26 -0.68

CYMB1702-07 93.0 76.3 71.3 0.19 0.24 1193 0.51 -0.59

CYMB1702-08 93.2 77.1 71.0 0.17 0.22 1174 0.43 -0.71

CYMB1702-09 90.9 77.1 64.2 0.21 0.21 1176 0.17 -0.72

CYMB1702-10 93.2 76.9 71.6 0.20 0.22 1185 0.36 -0.77

CYMB1704-01 91.2 77.8 64.9 0.15 0.21 1179 0.27 -0.64

CYMB1704-02 91.9 75.8 67.1 0.24 0.20 1165 0.15 -0.86

CYMB1704-03 90.9 74.7 64.6 0.23 0.24 1176 0.48 -0.40

CYMB1704-04 90.9 73.8 66.7 0.28 0.29 1216 0.80 -0.05

CYMB1704-05 91.7 77.2 68.5 0.20 0.24 1223 0.39 -0.54

CYMB1704-06 91.0 75.3 65.2 0.19 0.21 1177 0.23 -0.67

CYMB1704-07 90.9 76.0 66.7 0.18 0.28 1234 0.65 -0.17

CYMB1704-08 91.3 76.2 67.5 0.21 0.21 1219 0.10 -0.79

CYMB1705-01 92.5 75.6 69.8 0.21 0.24 1185 0.53 -0.53

CYMB1705-02 90.9 74.2 65.1 0.20 0.25 1181 0.52 -0.36

CYMB1705-03 92.9 76.3 71.2 0.18 0.22 1191 0.29 -0.81

CYMB1705-04 91.8 75.7 66.7 0.21 0.23 1167 0.49 -0.50

CYMB1707-01 91.1 76.2 64.9 0.19 0.25 1181 0.63 -0.27

CYMB1707-02 91.1 75.0 63.1 0.19 0.24 1133 0.62 -0.33

CYMB1707-03 90.7 76.8 64.3 0.19 0.24 1194 0.50 -0.34

CYMB1707-04 91.3 76.4 65.3 0.20 0.22 1172 0.37 -0.57

CYMB1707-05 90.8 76.2 63.9 0.19 0.24 1176 0.48 -0.39

CYMB1707-06 91.2 76.7 64.7 0.17 0.22 1168 0.40 -0.53

CYMB1707-07 90.5 76.3 64.1 0.20 0.24 1196 0.43 -0.39

CYMB1708-01 91.2 76.1 65.1 0.20 0.20 1168 0.12 -0.81

CYMB1708-02 91.1 77.0 63.8 0.27 0.23 1158 0.47 -0.46

CYMB1708-03 91.2 74.4 65.2 0.24 0.25 1165 0.60 -0.33

CYMB1708-04 90.9 76.1 64.7 0.22 0.25 1182 0.56 -0.33

CYMB1709-02 90.9 74.6 64.8 0.22 0.25 1180 0.57 -0.31

CYMB1709-03 91.9 78.0 66.9 0.17 0.21 1180 0.25 -0.74

CYMB1710-01 92.3 76.2 68.3 0.23 0.23 1169 0.53 -0.52

CYMB1710-02 91.1 76.8 65.3 0.20 0.21 1185 0.22 -0.68

CYMB1710-03 91.3 75.7 66.2 0.19 0.24 1184 0.47 -0.45

CYMB1713-01 90.8 75.3 61.7 0.24 0.22 1123 0.48 -0.45

CYMB1714-01 92.6 76.2 70.7 0.20 0.24 1203 0.50 -0.55

CYMB1714-02 92.0 75.8 68.6 0.23 0.25 1194 0.61 -0.38

CYMB1714-03 92.2 75.4 69.1 0.20 0.26 1195 0.65 -0.36
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margin and Mg-Fe zonation. These observations indicate that oxygen isotopic ratios of the olivines were not 
modified by re-equilibration between the olivine grains and the host magma. Olivine grains in the groundmass 
of the lavas were also analyzed, and they yield a value of 4.9 ± 0.6 (2σ, n = 37), which is basically similar to the 
δ 18O of larger olivine phenocrysts within the range of uncertainty (Figure 7).

5. Discussion
The mantle peridotites in the Kokkinorotsos podiform chromite deposit of the Troodos ophiolite were formed by melt-
rock reaction between ascending boninitic magmas and their surrounding peridotites (Figures 1b1 and 1b2) (Büchl 
et al., 2004), while the lavas in the Margi area are typical boninitic lavas in the Troodos ophiolite (Hu et al., 2021; 
Sobolev et al., 1991). Therefore, the Kokkinorotsos mantle peridotites and the Margi lavas provide two independent 
proxies into the fO2 of the primary boninitic magmas of the Troodos ophiolite. In the following section, we first discuss 
the genesis of the Kokkinorotsos mantle peridotites and the Margi lavas (Section 5.1), and then we provide new 
constraints on fO2 of the primary boninitic magmas using the mantle peridotites and the boninite lavas (Sections 5.2, 
5.3, and 5.4), using the olivine-chromite oxybarometer of Davis et al. (2017) and of Ballhaus et al. (1991). Finally, 
we compare our results with those of the IBM proto-arc magmas (FABs and boninites) to examine further whether 
dehydration and/or melting of the incipient subducted slab or other processes (magma degassing, crustal contamina-
tion, seawater infiltration, etc.) could have modulated the redox state of the Troodos proto-arc magmas (Section 5.5).

5.1. Petrogenesis and Relationships Between Lavas and Mantle Peridotites

Melt inclusions hosted by olivine phenocrysts of the Margi pillow lavas possess a typical boninitic composi-
tion (Figures 3a and 3b) (Hu et al., 2021). They have been considered as representative of parental magmas of 
boninitic lavas in the Troodos ophiolite, as they share similar Ti8, Si8, and trace element compositions with the 
Troodos boninitic lavas (Figure 3) (Hu et al., 2021; Sobolev et al., 1991). Though the whole-rock composition of 
Margi porphyritic lavas is out of the compositional range of boninites due to accumulation of olivine phenocrysts, 
the composition of the host lavas, calculated as phenocryst free using the approach of Nicklas et al. (2018) based 
on regression of the relationship between MgO and other elements, has low TiO2 (0.43 ± 0.05 wt.%) and high 
MgO (15.3 ± 1.7 wt.%) and SiO2 (51.9 ± 1.2 wt.%), within the range of boninites (Figures 3a and 3b). Such 
results imply that the host magma of the olivine phenocrysts is likely boninitic. Trace element compositions of 
the whole-rock of the Margi lavas are similar to those of the olivine-hosted melt inclusions and of the boninites 
in the Troodos ophiolite (Figure 3c). Therefore, the Margi pillow lavas are clearly part of the UPL, and high-Fo 
olivine phenocrysts and chromite inclusions crystallized in the earliest stage of boninitic magma fractionation.

Formation of podiform chromite deposits is related to melt-rock reaction in the mantle. Melt-rock reactions 
between magmas and mantle peridotites produce depleted harzburgites and dunites, and shift the magma toward 
a composition enriched in SiO2 and oversaturated in chromium (Arai & Yurimoto, 1994; M. F. Zhou et al., 1994). 
Boninites have been widely accepted as parental magmas of high-Cr podiform chromite deposits (Cr# of ores 
>60) (Arai & Miura, 2016; P. F. Zhang et al., 2016; M. F. Zhou et al., 2014). For the Kokkinorotsos high-Cr podi-
form chromite deposit of the Troodos ophiolite, Büchl et al. (2004) have shown that (a) platinum group element 
(PGE) distribution patterns of dunites and chromitites are complementary, and (b) Os, Ir, Ru, and Cr concen-
trations decrease systematically from harzburgites to dunites. This variation of PGE is best explained by sulfide 
removal during percolation and reaction of a sulfur-undersaturated magma, most likely of boninitic composition 
(Büchl et al., 2004; M. F. Zhou et al., 1998).

Table 2 
Continued

No. of olivine-chromite 
pairs OlivineFo ChromiteCr# ChromiteMg# ChromiteTiO2 (wt.%)

Chromite 
Fe 3+/∑Fe

Tol-chr 
(℃) a log ƒO2 (∆QFM) b

log ƒO2 
(∆QFM) c

CYMB1714-04 91.0 74.0 66.0 0.23 0.26 1195 0.61 -0.27

CYMB1714-05 92.2 76.8 68.5 0.17 0.20 1182 0.14 -0.89

 aTemperature calculated by the equation of Li et al. (1995) based on Mg-Fe equilibrium between chromite and olivine.  bOxygen fugacity calculated by the olivine-
chromite oxybarometer of Ballhaus et al. (1991) at 0.1 GPa and Tol-chr. Note that the result is recalculated from the QFM buffer of O’Neill (1987) used in Ballhaus 
et al. (1991) relative to QFM buffer of Frost (1991) which is used in Davis et al. (2017).  cOxygen fugacity after calibration of the effect of subsolidus cooling process 
and silica activity.
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Table 3 
Whole-Rock Compositions of the Margi Lavas of the Troodos Ophiolite, Cyprus

Sample no. CYMB1702 CYMB1708 CYMB1709 CYMB1711 CYMB1713 CYMB1714

Major element (wt.%)

 SiO2 44.28 44.74 43.65 41.50 45.57 43.76

 TiO2 0.18 0.19 0.17 0.14 0.24 0.21

 Al2O3 5.61 5.73 5.05 4.56 7.04 6.08

 Cr2O3 0.40 0.40 0.46 0.41 0.34 0.39

 TFe2O3 8.94 8.98 9.29 8.74 9.08 9.19

 MnO 0.14 0.14 0.15 0.13 0.15 0.15

 MgO 33.3 32.2 34.2 33.6 28.4 31.9

 CaO 3.86 4.38 3.90 5.22 5.33 4.16

 Na2O 0.44 0.59 0.48 0.42 0.70 0.41

 K2O 0.19 0.12 0.10 0.10 0.18 0.13

 NiO 0.16 0.14 0.16 0.16 0.12 0.14

 P2O5 0.01 0.01 0.01 0.01 0.01 0.01

 LOI 3.37 3.16 3.22 5.05 3.75 4.02

Trace element (ppm)

 Li 27.9 22.7 22.2 23.7 23.7 37.1

 Cr 3,110 2,890 3,390 3,310 2,610 3,090

 V 88.0 87.0 79.0 69.0 112 90.0

 Co 96.2 92.0 99.7 96.7 82.4 90.2

 Ni 1,270 1,115 1,265 1,240 957 1,080

 Cu 37.5 38.2 34.4 30.8 45.1 40.7

 Zn 56.0 53.0 56.0 53.0 55.0 55.0

 Rb 4.9 4.0 4.6 3.5 4.8 3.7

 Sr 45.3 43.5 32.3 46.2 47.8 28.4

 Y 5.1 5.4 4.8 4.8 6.6 6.0

 Zr 11.4 14.6 15.4 9.1 15.8 13.4

 Nb 0.30 0.40 0.50 0.30 0.50 0.40

 Cs 0.19 0.14 0.35 0.15 0.17 0.24

 Ba 11.8 8.70 7.70 4.7 19.1 7.60

 La 0.30 0.40 0.50 0.30 0.70 0.60

 Ce 1.20 1.30 1.50 1.10 1.90 1.70

 Pr 0.20 0.22 0.22 0.19 0.28 0.25

 Nd 1.20 1.30 1.20 1.10 1.60 1.40

 Sm 0.49 0.50 0.44 0.37 0.59 0.49

 Eu 0.12 0.16 0.15 0.14 0.21 0.18

 Gd 0.62 0.70 0.61 0.66 0.87 0.69

 Tb 0.12 0.14 0.12 0.12 0.17 0.13

 Dy 0.83 0.92 0.81 0.79 1.16 0.89

 Ho 0.19 0.21 0.19 0.18 0.27 0.21

 Er 0.57 0.61 0.57 0.51 0.78 0.64

 Tm 0.09 0.09 0.09 0.08 0.12 0.10

 Yb 0.59 0.59 0.59 0.52 0.76 0.66
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Chromite in peridotites is a critical indicator of mantle processes (Dick & Bullen, 1984; Pearce et al., 2000). 
Mantle melting can increase Cr# of chromite in the mantle residue by extracting Al from chromite to magmas 
(Arai, 1994; Dick & Bullen, 1984; Hellebrand et al., 2001), and decrease concentrations of incompatible trace 
elements, for example, Ti. In the Cr#-TiO2 diagram (Figure 6b), the chromite of the harzburgites and dunites 
examined in this study forms a positive trend that contrasts with the one expected from mantle melting. This 
positive relationship has been interpreted as a result of melt-rock reaction, in that exchanges with a percolat-
ing magma raises the Cr# values and TiO2 concentrations of chromite in peridotites simultaneously (Pearce 
et al., 2000). Chromites in boninites plot at the righthand end of the melt-rock reaction trend in the Cr#-TiO2 
diagram (Figure  6b), further confirming that the percolating magma was boninitic in composition (Pearce 
et al., 2000)

Looking further at the potential for trace elements in chromite to distinguish different igneous processes, batch 
melting of depleted mantle was modeled after Workman and Hart  (2005), with distribution coefficients from 
Le Roux et al. (2015), and the melting equation (0.571 Opx + 0.735 Cpx + 0.041 Chr = 0.347 Ol + 1 liquid; 
1.25 Opx = 0.25 Ol + 1 liquid) from Wasylenki et al. (2003) and Parman and Grove (2004). The model predicts 
that, during mantle melting, both Ti and V in spinels decrease (Figure 6c); whereas Sc in chromites increases 
at first, and then decreases when clinopyroxene is exhausted in the mantle residue (Figure 6d). In the Ti-V and 
Ti-Sc diagrams, the harzburgites and dunites together form positive trends that contrast with the melting trends. 
Moreover, chromites in the boninites plot as endmembers of peridotite trends (Figures 6c and 6d). The simplest 
explanation is the interaction of the peridotites with a boninitic magma, raising Ti and V concentrations and 
reducing Sc concentrations in chromite simultaneously.

Therefore, together with previous studies, compositions of chromite in the Kokkinorotsos peridotites of the Troo-
dos ophiolite strongly suggest that the harzburgites and dunites in this study were formed by progressive reactions 
with boninitic magmas (Figure 1b). The variations of fO2 from harzburgites to dunites can thus provide key 
insights regarding the fO2 of the primary boninitic magmas at mantle depths.

5.2. Oxygen Fugacity of Mantle Peridotites

5.2.1. Oxygen Fugacity of Harzburgites

Oxygen fugacity of the harzburgites can be calculated based on the fayalite 
oxidation reaction (Ballhaus et al., 1991; Mattioli & Wood, 1988; Nikolaev 
et al., 2016; O’Neill & Wall, 1987; Wood & Virgo, 1989):

3Fe2SiO4 (fayalite) + O2 = 3SiO2 (liquid) + 2Fe3O4 (magnetite) (2)

where silica activity 𝐴𝐴 aSiO2
 in liquid is controlled by the reaction

Mg2SiO4 (forsterite) + SiO2 (liquid) = Mg2Si2O6(enstatite) (3)

In this study, an updated olivine-orthopyroxene-chromite oxybarometer estab-
lished by Davis et al. (2017) is used to calculate the fO2 of the harzburgites. 
The olivine-chromite geothermometer of J. P. Li et al. (1995) is employed to 
calculate mantle temperatures, because it uses the same elements (Mg and 
Fe) and minerals (olivine and chromite) as the oxybarometer. Assuming that 
pressure for closure of Mg-Fe exchange in peridotites is 0.6 GPa, which is 
suitable for proto-arc mantle peridotites now observed in modern fore-arcs 
according to Birner et al. (2017), the geothermometer yields temperatures of 
849–888°C for the harzburgites (Table 4).

Table 3 
Continued

Sample no. CYMB1702 CYMB1708 CYMB1709 CYMB1711 CYMB1713 CYMB1714

 Lu 0.09 0.09 0.09 0.08 0.12 0.10

 Hf 0.30 0.30 0.40 0.30 0.50 0.50

 Th 0.08 0.09 0.09 0.05 0.08 0.08

Figure 7. Oxygen isotope composition of olivine phenocrysts and olivine 
grains in the groundmass of the Margi pillow lavas of the Troodos ophiolite. 
The oxygen isotopic ratios of the olivine phenocrysts and olivine grains in the 
groundmass overlap.
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Calculated fO2 of the Troodos harzburgites is ∆QFM −0.03 ± 0.45 (where QFM represents the quartz-fayalite-mag-
netite buffer) (Table 4 and Figure 8a), which is slightly lower than abyssal peridotites (∆QFM 0.31 ± 0.73) 
(Cottrell et al., 2021), but similar to the fO2 values of some un-oxidized harzburgites from the Tonga Trench 
(∆QFM −0.15 ± 0.44) (Birner et al., 2017) and to those of the Conical Seamount of the IBM forearc (∆QFM 
−0.14 ± 0.43) (Parkinson & Pearce, 1998). In addition, the calculated fO2 of the harzburgites roughly correlates 
positively with Cr# of chromite, which is an indicator of the degree of melt-rock reaction (Figure 8b).

The calculated temperatures (849–888°C) are clearly lower than the temperatures relevant to melt-rock interac-
tion, due to diffusion of elements (i.e., Mg and Fe) between minerals during subsolidus cooling. This subsolidus 
re-equilibration process would also have changed the activities of the endmembers in Equation 2, which may 
compromise the estimated fO2 values. Therefore, whether such results represent the true fO2 under mantle condi-
tions has been questioned by previous studies (Ballhaus, 1993; Birner et al., 2018; Bucholz & Kelemen, 2019; 
Woodland et al., 1996).

To correct the effects of subsolidus cooling, it is first necessary to constrain the P-T conditions and the initial 
mineral compositions that are relevant to harzburgite formation. Based on experiments and phase equilibria 

Table 4 
Summary of Calculated Results for Mantle Peridotites From the Troodos Ophiolite, Cyprus

Sample

Closure condition

Source condition 1 Source condition 2 Source condition 3

(1.5 Gpa, 1,400°C) (1.0 Gpa, 1,375°C) (0.6 Gpa, 1,355°C)

Tol-chr 
(°C) a

log ƒO2 
(∆QFM) b

log ƒO2 
(∆QFM) c

log ƒO2 
(∆QFM) d

log ƒO2 
(∆QFM) e

log ƒO2 
(∆QFM) d

log ƒO2 
(∆QFM) e

log ƒO2 
(∆QFM) d

log ƒO2 
(∆QFM) e

Davis 
et al. (2017)

Ballhaus 
et al. (1991)

Davis 
et al. (2017)

Ballhaus 
et al. (1991)

Davis 
et al. (2017)

Ballhaus 
et al. (1991)

Davis 
et al. (2017)

Ballhaus 
et al. (1991)

Harzburgite

 CY-H5 855 0.31 0.21 −0.58 −0.66 −0.39 −0.47 −0.24 −0.32

 CY-H6 871 0.11 −0.03 −0.75 −0.88 −0.57 −0.70 −0.42 −0.54

 CY-H7 888 −0.72 −0.89 −1.57 −1.73 −1.39 −1.54 −1.24 −1.39

 CY-H8 860 0.29 0.23 −0.59 −0.63 −0.40 −0.44 −0.25 −0.29

 CY-H9 855 −0.62 −0.96 −1.57 −1.85 −1.38 −1.67 −1.23 −1.51

 CY-H10 849 0.30 0.19 −0.59 −0.69 −0.40 −0.50 −0.25 −0.35

 CY-H11 861 0.13 0.05 −0.75 −0.82 −0.57 −0.63 −0.42 −0.48

Dunite

 CY-D3 859 – 0.41 – −0.50 – −0.65 – −0.92

 CY-D5 856 – 0.42 – −0.50 – −0.65 – −0.92

 CY-D6 878 – −0.01 – −0.90 – −1.05 – −1.32

 CY-D7 875 – 0.46 – −0.42 – −0.57 – −0.83

 CY-D8 879 – 0.35 – −0.55 – −0.69 – −0.96

 CY-D9 858 – 0.84 – −0.02 – −0.17 – −0.43

 CY-D10 854 – 0.51 – −0.37 – −0.52 – −0.78

 CY-D11 861 – 1.00 – 0.10 – −0.05 – −0.32

 CY-D13 873 – 1.28 – 0.40 – 0.25 – −0.01

 CY-D14 852 – 0.95 – 0.01 – −0.14 – −0.40

 CY-D16 877 – 0.77 – −0.11 – −0.26 – −0.53

 aTemperature calculated by the equation of J. P. Li et  al.  (1995) based on Mg-Fe equilibrium between chromite and olivine.  bOxygen fugacity calculated by the 
olivine-orthopyroxene-chromite oxybarometer of Davis et  al.  (2017) at 0.6  GPa and Tol-chr.  cOxygen fugacity calculated by the olivine-chromite oxybarometer of 
Ballhaus et al. (1991) at 0.6 GPa and Tol-chr. Note that the result is recalculated from the QFM buffer of O’Neill (1987) used in Ballhaus et al. (1991) relative to QFM 
buffer of Frost  (1991) in Davis et  al.  (2017).  dOxygen fugacity after calibration of the effect of subsolidus cooling process, by using the olivine-orthopyroxene-
chromite oxybarometer of Davis et al. (2017).  eOxygen fugacity after calibration of the effect of subsolidus cooling process and silica activity, by using the olivine-
orthopyroxene-chromite oxybarometer of Ballhaus et al. (1991).
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studies, the primary boninitic magmas of the Troodos ophiolite formed at 1400°C and 1.5  GPa (Falloon & 
Danyushevsky,  2000; Hu et  al.,  2021). Modal abundances of olivine, orthopyroxene, and chromite are set at 
70%, 28%, and 2%, respectively, and the distribution of elements was adjusted until the equilibrium temperature 
reaches 1400°C at 1.5 GPa, following the method of Birner et al. (2018), which involves Mg 2+-Fe 2+ exchange 
between olivine and chromite, and Cr 3+-Al 3+ exchange between orthopyroxene and chromite. The fO2 of the 
Troodos harzburgites at 1400°C and 1.5 GPa is ∆QFM −0.91 ± 0.46, about 0.9 log units lower than the fO2 
value under closure conditions (∆QFM −0.03 ± 0.45, at 0.6 GPa and 849–888°C) (Table 4) (Figure 9a). This 
result is similar to those of Birner et al. (2018), in that a decrease of 120°C could cause an increase of fO2 by 
0.15–0.20 QFM log units. Notably, the positive correlation between fO2 and chromite Cr# still exists after correc-
tion (Figure 9a), implying that fO2 has been raised during melt-rock reaction.

However, 1400°C and 1.5 GPa can only represent extreme P-T conditions with respect to the Troodos harzburgites. 
Under the formation conditions of the Troodos boninitic magmas (1400°C and 1.5 GPa), the melt-rock reaction 
involving consumption of orthopyroxene and production of olivine would not take place because the silica activ-
ity (𝐴𝐴 aSiO2

 ) of the primary boninitic magma is close to that of the En-Fo buffer, i.e., the magma is in equilibrium 
with a harzburgite residue (Figure 10a). With decreasing pressure during magma ascent, the phase volume of 
olivine expands relative to orthopyroxene, reflected by the negative correlation between 𝐴𝐴 aSiO2

 of the En-Fo buffer 
and pressure. In comparison, the 𝐴𝐴 aSiO2

 of the ascending magma stays relatively constant, and this contrast would 
cause the interaction between the ascending magma and surrounding mantle peridotites to produce harzburgites 

Figure 8. (a) Oxygen fugacity (fO2) and temperatures of the harzburgites in the Troodos ophiolite. Temperature was 
calculated using the geothermometer of J. P. Li et al. (1995), and fO2 was calculated following the approach of Davis 
et al. (2017). (b) Relationship between Cr# of chromite and fO2 in the harzburgites in the Troodos ophiolite. Data source for 
abyssal peridotites are from Bryndzia and Wood (1990) and Birner et al. (2018), for subduction xenoliths from Wood and 
Virgo (1989) and Parkinson et al. (2003); for fore-arc peridotites from Parkinson and Pearce (1998), Pearce et al. (2000), 
and Birner et al. (2017). Literature data prior to 2017 were recalculated by Birner et al. (2017), using the thermometer and 
oxybarometer at the same pressure (0.6 GPa) as in this study. (c) Relationship between temperature and fO2 calculated by the 
oxybarometer of Ballhaus et al. (1991). The inset diagram compares the calculated results using the oxybarometers of Davis 
et al. (2017) (D2017) to those of Ballhaus et al. (1991) (B1991). (d) Relationship between Cr# of chromite and fO2 calculated 
by the oxybarometer of Ballhaus et al. (1991). The uncertainties of Tol-chr and fO2 values, as shown by the error bars, were 
calculated using Monte Carlo simulations (n = 5,000) for each sample.
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and dunites (Figure 10a). Given the relationship between 𝐴𝐴 aSiO2
 and liquidus P-T, fO2 can be back-calculated to 

possible melt-rock reaction conditions (1375°C and 1.0 GPa), and also to 1355°C and 0.6 GPa, where 0.6 GPa 
is the assumed closure pressure for Mg-Fe exchange between minerals. The calculated fO2 of the harzburgites 
decreases slightly with increasing pressure and temperature (1.0 GPa and 1375°C: ∆QFM −0.73 ± 0.45; 0.6 GPa 
and 1355°C: ∆QFM −0.58 ± 0.45), whereas fO2 and chromite Cr# remains positively correlated (Figures 8b 
and 8c). Such a result also means that the uncertainty of adopted P-T conditions relevant to melt-rock interaction 
does not significantly change the estimated fO2 values of the examined harzburgites.

5.2.2. Determination of fO2 of the Dunites

For most mantle peridotites that have high Mg#, the ratio of activity of enstatite (En) in orthopyroxene, 𝐴𝐴 a
opx

en  , to 
that of forsterite (Fo) in olivine, 𝐴𝐴 a

ol

fo
 , are close to 1. Accordingly, Ballhaus et al. (1991) suggested that the effect of 

𝐴𝐴 a
opx

en  could be canceled by that of 𝐴𝐴 a
ol

fo
 , and developed a simplified oxybarometer that only requires the compositions 

of olivine and chromite without orthopyroxene. For peridotites that contain olivine, orthopyroxene and chromite, 
this oxybarometer yields reasonable results comparable to other olivine-orthopyroxene-chromite oxybarometers 
(Ballhaus et al., 1991). It produces almost the same fO2 results (∆QFM −0.17 ± 0.52) as the oxybarometer of 
Davis et al.  (2017) (∆QFM −0.03 ± 0.45) for harzburgites of this study (Figure 8c), but suggests higher fO2 
values for the dunites (∆QFM 0.63 ± 0.37) (Table 4). However, the oxybarometer of Ballhaus et al. (1991) is 
strictly valid only if the 𝐴𝐴 aSiO2

 is buffered by olivine and orthopyroxene. For dunites that do not contain orthopyrox-
ene, this method would overestimate 𝐴𝐴 aSiO2

 , and consequently overestimate fO2 (Equation 3; Ballhaus et al., 1991; 
Bucholz & Kelemen, 2019). Thus, fO2 values of dunites calculated via this method (∆QFM 0.63 ± 0.37) can only 
provide maximum estimates, unless additional correction of 𝐴𝐴 aSiO2

 is performed.

Clearly, two critical issues must be addressed when using the olivine-chromite oxybarometer of Ballhaus 
et al. (1991) to recover the fO2 conditions of dunites during the melt-rock interaction. The first is the effect of 
subsolidus re-equilibration as is the case for the harzburgites. In dunites, Mg 2+-Fe 2+ diffusion is important, but 
Cr 3+-Al 3+ diffusion is negligible (e.g., Bucholz & Kelemen, 2019). Here, we set modal abundances of olivine 
and chromite to 95% and 5%, respectively, and then we re-adjusted the distribution of elements until the equi-
librium temperature reached the same conditions as the harzburgites. Correction for the subsolidus effect also 
leads to a decrease of fO2. The second issue is related to reduced 𝐴𝐴 aSiO2

 . According to Equation 3, deviation from 
the En-Fo silica buffer of 0.1 log units in the 𝐴𝐴 aSiO2

 propagates to 0.3 log units shift in fO2. The dunites represent 

Figure 9. Chromite Cr# versus fO2 of the mantle peridotites of the Troodos ophiolite after projection to different mantle conditions using the chromite-olivine 
oxybarometers of (a–c) Davis et al. (2017) and of (d–f) Ballhaus et al. (1991). The range in fO2 of the abyssal peridotites (∆QFM 0.31 ± 0.73) is after Cottrell 
et al. (2021). Error bars represent the uncertainty propagated from the analytical errors, calculated using a Monte Carlo simulation (n = 5,000) for each sample.
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products of melt passage in the stable magma channel (Figure 1b1), and they 
were in equilibrium with the ascending primary boninitic magma. Thus, the 
effect of 𝐴𝐴 aSiO2

 on fO2 can be corrected after comparison of the 𝐴𝐴 aSiO2
 of the 

primary boninitic magma calculated using the MELTS supplemental calcu-
lator of Ghiorso and Sack (1995) and the theoretical 𝐴𝐴 aSiO2

 at the En-Fo buffer 
of Nicholls et al. (1971) under P-T conditions identical to those of harzburgite 
(Figure 10a).

The corrected results of both harzburgites and dunites, using the oxybarometer 
of Ballhaus et al. (1991), are presented in Table 4 and Figures 9d–9f. At any 
given mantle P-T conditions, the dunites have higher fO2 than the harzburgites. 
Furthermore, fO2 tends to increase with increasing chromite Cr#, an indicator of 
melt-rock reaction, from harzburgites to dunites (Figure 9). These observations 
suggest that the fO2 of the mantle peridotites was progressively raised during 
the melt-rock interaction. However, almost all the corrected fO2 are below the 
QFM buffer, and none reach the range of arc lavas (1 log units above the QFM 
buffer; Cottrell et al., 2021). Dunites (∆QFM −0.41 ± 0.37) and harzburgites 
(∆QFM −0.85 ± 0.52) at 1.0 GPa and 1375°C of the Troodos ophiolite have 
lower fO2 than that of the abyssal peridotites from the Southwest Indian Ridge 
(SWIR) under similar conditions (near QFM buffer at 1.25 GPa and 1320°C, 
according to Birner et al. (2018)) (Figure 11). These low absolute fO2 values 
suggest that the increase of fO2 during melt-rock interaction was indeed very 
limited during percolation of boninitic magmas in Troodos.

5.3. Oxygen Fugacity of Lavas

5.3.1. Oxygen Fugacity Calculation and Correction

To infer fO2 of the boninitic magmas, we used the olivine-chromite oxybaro-
mater of Ballhaus et al. (1991) that was also utilized for the Troodos dunites 
(Section  5.2). This approach has the main advantage of minimizing the 
effects of volcanic degassing and alteration (e.g., Dare et  al., 2009; Evans 
et al., 2012), which could affect glass shards, so that any secondary processes 
are likely to be negligible. As such, this method has the potential to provide 
reliable estimates of fO2 of the primary boninitic magmas. The Margi lavas 
do not contain any orthopyroxene. Therefore, like the case of the dunites, 
the effects of subsolidus exchange and silica activity should be considered 
when using this oxybaromater. Calculation and correction of fO2 of the Margi 
lavas are basically consistent with those of the dunites, but there are some 
differences:

1.  The pressure is set at 0.1 GPa for crystallization of olivine and chromite.
2. We use data of Hu et  al.  (2021) to build the relationship between the 

compositions of melt inclusions and Fo of their host olivine (Table S9 
in Supporting Information  S2 and Figure S3 in Supporting Informa-
tion  S1). For each olivine-chromite pair, the parental magma compo-
sition was then estimated on the basis of these relationships. Olivine 
crystallization temperatures (1,265–1354°C) were calculated by the soft-
ware rhyolite-MELTS (Gualda et  al.,  2012) (Figure S4 in Supporting 
Information S1), assuming an average water content of 2 wt.%, estimated 

based on studies of boninitic, olivine-hosted melt inclusions (1.38–2.12 wt.% H2O) and fresh boninitic glasses 
(1.7–2.7 wt.% H2O) in the Troodos ophiolite (Sobolev & Chaussidon, 1996; Woelki et al., 2020). The 𝐴𝐴 aSiO2

 of 
the boninitic magmas was then calculated at the olivine crystallization temperature, and compared with the 
theoretical 𝐴𝐴 aSiO2

 at the En-Fo buffer of Nicholls et al. (1971) (Figure 10b).
3.  The temperature calculated with the olivine–chromite geothermometer of J.  P.  Li et  al.  (1995) is about 

1181 ± 21°C, that is, lower than the olivine crystallization temperature (1265–1354°C) and the tempera-

Figure 10. (a) Silica activity (𝐴𝐴 aSiO2
 ) of the Troodos primary boninitic 

magmas calculated by the MELTS supplemental calculator of Ghiorso and 
Sack (1995), in comparison with the theoretical 𝐴𝐴 aSiO2

 at the En-Fo buffer of 
Nicholls et al. (1971) at different liquidus temperatures and pressures during 
magma ascent from 1.5 GPa to 1400°C. (b) 𝐴𝐴 aSiO2

 of the parental magmas of the 
Margi olivines calculated by the MELTS supplemental calculator of Ghiorso 
and Sack (1995), in comparison with the theoretical 𝐴𝐴 aSiO2

 at En-Fo buffer of 
Nicholls et al. (1971) at different liquidus temperatures and 0.1 GPa. The 
parental magma compositions were estimated using the relationship between 
the compositions of melt inclusions and Fo of the host olivine phenocrysts 
(Figure S3 in Supporting Information S1), and the temperatures estimated 
using the software rhyolite-MELTS (Figure S4 in Supporting Information S1) 
(Gualda et al., 2012), assuming an average water content of ∼2 wt.% according 
to studies of boninitic, olivine-hosted melt inclusions (1.38–2.12 wt.% H2O) 
and fresh boninitic glasses (1.7–2.7 wt.% H2O) in the Troodos ophiolite 
(Sobolev & Chaussidon, 1996; Woelki et al., 2020). The numbers (e.g., 91, 
92, and 93) represent Fo values of the olivine crystallized from the parental 
magmas.
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ture determined by the chromite-olivine Al exchange geothermometer 
(1334 ± 28°C) (Hu et al., 2021), perhaps indicating Mg-Fe exchanges between 
olivine and chromite during magma cooling. For each single olivine-chromite 
pair, fO2 of the lavas has been back-calculated to the olivine liquidus temper-
ature. We assume that, during the subsolidus cooling, chromite composition 
has changed, whereas olivine composition remained relatively constant due 
to its overwhelming abundance relative to chromite.

Corrected fO2 values of the lavas are ∆QFM −0.52 ± 0.20 at the liquidus 
temperature, similar to the low, MORB-like fO2 values of dunites under melt-
rock reaction conditions (∆QFM −0.41  ±  0.37, at 1.0  GPa and 1375°C), 
and slightly higher than those of the harzburgites (∆QFM −0.85 ± 0.52, at 
1.0 GPa and 1375°C), which were subject to lower degrees of melt-rock reac-
tion than the dunites (Table 2 and Figure 11).

5.3.2. Limited Effects of Shallow-Level Processes on fO2

The fO2 of magmas can be modified by a series of processes during ascent 
through the crust, including magma degassing, crustal assimilation, and frac-
tional crystallization (Cottrell et al., 2021; Lee et al., 2005, 2010; Moussallam 
et al., 2014, 2016, 2019; Tang et al., 2018). The effects of these processes are 
carefully evaluated below.

1. Fractional crystallization. It has been proposed that magma crystallization 
could significantly modify the fO2 of magmas. For instance, garnet frac-
tionation can trigger oxidation in continental arc lavas (Cao et al., 2021; 
Q. W. Li et al., 2021; Tang et al., 2018). However, garnet commonly crys-
tallizes at high pressure, and its fractionation is thus favored in subduc-
tion zones with thick arc crust (>45  km thick) (Lee & Tang,  2020), 
whereas the crust of the Troodos ophiolite is only about 6  km thick 
(Abelson et al., 2001). As such, garnet is unlikely to have crystallized 
in the case of the Troodos ophiolite and indeed, for the Margi lavas, no 
garnet has yet been identified. In addition, the SI ratios of light rare earth 
element (LREE) to heavy REE (HREE) (i.e., LREE/HREE) and ratios 
of middle REE (MREE) to heavy REE (HREE) (i.e., MREE/MHREE) 
of the whole-rocks (e.g., La/Yb  =  0.51–0.91, Dy/Yb  =  1.37–1.56) 
and of the olivine-hosted melt inclusions (e.g., La/Yb  =  0.52–1.28, 
Dy/Yb = 1.05–2.78) indicate that the primary boninitic magmas have 
not experienced garnet fractionation. Given that olivine is compatible to 
Fe 2+ but incompatible to Fe 3+, olivine fractionation would increase the 
Fe 3+/∑Fe of the magma and consequently increase fO2. For example, 
forward modeling of equilibrium crystallization of primitive MORB in 
a closed system using the MELTS program predicted an increase of 0.7 
log units in fO2 after extensive olivine crystallization (Ghiorso, 1997). 
However, the effect of olivine crystallization would be efficiently offset 
by crystallization of chromite, which contains a considerable portion of 
Fe 3+ (Carmichael & Ghiorso, 1990; Herd, 2008). To evaluate the effects 

of crystallization on fO2, we modeled a fractional crystallization system closed to oxygen, with different 
amounts of cotectic olivine/chromite and different initial fO2 (Figure 12). Fe 3+/∑Fe in the boninitic magma 
was calculated following Borisov et al. (2018), with the pressure correction from H. L. Zhang et al. (2017). 
The compositions of crystallized olivine were determined using the Fe 2+-Mg partition coefficients from 
Putirka et al. (2007). The partition coefficient of Fe 3+ between olivine and melt was according to Mallmann 
and O’Neill (2009). Fe 3+ in chromite was empirically estimated from the correlation between Fo of olivine 
and Fe2O3 of chromite. The fractionation of the primary boninitic magmas was subsequently calculated based 
on the parameters above by removing olivine incrementally by 0.1% and using different cotectic olivine/
chromite ratios. The results indicate a slight increase of fO2 (<0.3 log units) during crystallization from the 

Figure 11. (a) Histogram of fO2 of the mantle peridotites in the Troodos 
ophiolite after projection to mantle conditions (1.0 GPa and 1375°C) 
and correction of 𝐴𝐴 aSiO2

 , and the Margi lavas in the Troodos ophiolite 
after projection to the crystallization conditions (0.1 GPa and 1334°C) 
and correction of 𝐴𝐴 aSiO2

 . Recalculated fO2 values of the LPL (Portnyagin 
et al., 1997) and the infill lavas in the UPL (Golowin et al., 2017; Portnyagin 
et al., 1996) are also presented. LPL—Lower pillow lava; UPL—upper pillow 
lava. The Troodos mantle peridotites and the associated magmas display 
MORB-like fO2, implying that they formed under reduced conditions. (b) fO2 
values of the abyssal peridotites and basalts from the Southwest Indian Ridge 
at similar mantle conditions (1.25 GPa and 1320°C) (Birner et al., 2018). (c) 
fO2 values of the IBM proto-arc lavas (fore-arc basalt, Low-silica boninites 
(LSB), and high-silica boninites (HSB), Brounce et al., 2015, 2021). The 
IBM proto-arc boninites (LSB and HSB) display higher redox state than the 
Troodos mantle peridotites and associated volcanic rocks examined in this 
study.
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primary boninitic magmas to the evolved magmas, which crystallized 
olivine phenocrysts in the Margi lavas (Figure 12).

2. Volcanic degassing. Although magma ascent in a system closed to oxygen 
does not affect the fO2 of magmas (Kress & Carmichael, 1991), theoreti-
cal calculations and investigations of natural glasses have illustrated that 
volcanic degassing could reduce fO2 of the magma (Brounce et al., 2017; 
Burgisser & Scaillet,  2007; Kelley & Cottrell,  2012; Moussallam 
et al., 2014, 2016, 2019). According to gas-melt equilibrium modeled by 
D-Compress (Burgisser et al., 2015), Cottrell et al. (2021) illustrated that 
during degassing, fO2 decreases within a limited range (<0.2 log units) 
until the pressure drops to ∼0.25 MPa or below, after which fO2 drops 
sharply. However, water content and paleobathymetric estimates from 
volcanic glasses suggest that the Troodos boninitic lavas were perhaps 
erupted at ∼4–5 km depth below sealevel (Belgrano et al., 2021; Woelki 
et  al.,  2020), corresponding to hydrostatic pressures of 39∼49  MPa, 
that is, much higher than the critical pressure for significant outgassing. 
Further, this study used equilibrium between early-crystallized olivine 
and chromite which crystallized in the deep magma plumbing system, 
and further minimizes the effect of degassing (Evans et  al.,  2012). If 
olivine and chromite were crystallized during magma degassing, then a 
decrease of fO2 with decreasing MgO contents of the magmas would be 

expected. This contrasts with the observed trend (Figure 12), and thus further precludes degassing having a 
significant effect on magmatic fO2 in Troodos.

3.  Crustal assimilation. The Troodos ophiolite developed by near-trench spreading during subduction initiation, 
forming new oceanic crust just above an incipient, dehydrating subducted plate (Pearce & Robinson, 2010) 
(Figure  1). In other words, it is unlikely that there was nearby continental crust prior to the formation 
of the Troodos proto-arc magmas, and no crustal contamination. In addition, the similar oxygen isotope 
compositions of olivine phenocrysts and small olivine grains in the groundmass of the studied lavas from 
the Margi area, together with the similar trace element compositions of whole-rock and melt inclusions in 
olivine phenocrysts, support that crustal assimilation did not occur, and that therefore, its effect on fO2 can 
be neglected.

5.4. Initial fO2 of Primary Boninitic Magmas

The above calculations and corrections highlight several important facts:

1.  Although projection to mantle conditions leads to a reduction of fO2 values, it does not affect the posi-
tive relationship between fO2 and chromite Cr# from the harzburgites to the dunites. The dunites, which 
were formed by higher degrees of melt-rock reaction than the harzburgites, also record higher fO2 values 
(Figure 9).

2.  The increase of fO2 during melt-rock interaction is very limited. Almost all corrected fO2 values are below 
the QFM buffer (Figure 9), and none reach the range of arc lavas and mantle xenoliths in modern subduction 
zones (1 log unit above the QFM buffer) (Cottrell et al., 2021) (Figure 8).

3.  The boninitic lavas have similarly low, MORB-like fO2 values under crystallization conditions (∆QFM 
−0.52 ± 0.20) (Figure 11), consistent with fO2 of the dunites (∆QFM −0.26 ± 0.37, at 1.0 GPa and 1375°C), 
which represent the magma conduits of the Troodos boninitic magmas (Figure 1b1).

4.  Magma ascent and other shallow-level processes, for example, degassing, assimilation, and crystallization, 
likely had little effects on the fO2 of the Troodos lavas.

These observations suggest that the primary boninitic magmas in the Troodos ophiolite may not be more 
oxidized than MORBs, and that percolation of the boninitic magmas through the proto-arc mantle might not 
have raised the fO2 to the range characterizing contemporary arc lavas (∆QFM 1.28 ± 0.64) and peridotites 
from the sub-arc mantle (∆QFM 0.96 ± 0.81; Cottrell et al., 2021). Similarly, Birner et al. (2021) showed that 

Figure 12. Corrected fO2 value of olivine-chromite pairs in the Margi lavas 
of the Troodos ophiolite, in comparison with a model of variation of fO2 
during magma fractionation. The figure shows limited variations in fO2 of the 
boninites during crystallization of olivine and chromite.
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percolation of low-fO2 MORB-type melts cannot raise the fO2 of any inter-
acting abyssal peridotite. These low, MORB-like fO2 are at odds with the 
fact that the primary magmas of the Troodos boninites captured slab inputs 
released during subduction initiation (Pearce & Robinson, 2010).

The comparable low, MORB-like fO2 values recorded in the primitive 
boninites and the associated peridotites of the Troodos ophiolite may instead 
reflect the relatively reduced conditions of the proto-arc mantle source. 
Such reduced mantle peridotites have also been documented both in the 
Conical Seamount of the IBM forearc (∆QFM −0.14 ± 0.43) (Parkinson & 
Pearce, 1998, recalculated by Birner et al. (2017)) and in the Tonga trench 
(∆QFM −0.15  ±  0.44) (Birner et  al.,  2017). However, oxidized mantle 
peridotites have also been sampled in the Torishima Seamount of the IBM 
fore-arc (∆QFM 1.17 ± 0.44) (Parkinson & Pearce, 1998, recalculated by 
Birner et al. (2017)) and in the Tonga trench (∆QFM 1.67 ± 0.10) (Birner 
et al., 2017), indicating that redox states of the fore-arc mantle peridotites 
are likely heterogeneous (Birner et al., 2017). Indeed, the high fO2 of fore-
arc peridotites has been attributed to its interaction with oxidized arc-related 
tholeiitic melts rather than with boninites (Birner et al., 2017; Parkinson & 
Pearce,  1998). In the next section, we further explore the different possi-
bilities that could explain the relatively reduced conditions of the primary 
boninitic magmas of Troodos.

5.5. Implications for fO2 Variation During Subduction Initiation

To enhance our understanding of fO2 variations of the proto-arc mantle 
of the Troodos subduction zone during subduction initiation, fO2 values 
of the LPL and the infill lavas were calculated based on literature data, 
following the same method applied to the UPL boninites of this study (see 
Section 5.3). A detailed introduction to the calculations and corrections 
are provided in the supplementary documents. Our calculations suggest 
that the LPL might have had low fO2 (∆QFM 0.16 ± 0.18) comparable 
to that of MORBs, and that they were succeeded by boninites with more 
reduced fO2 (∆QFM −0.52 ± 0.20) and subsequently, younger infill lavas 
with fO2 of ∆QFM 0.41  ±  0.25 (Figure  13a) (Table S10 in Supporting 
Information S2).

At present, our knowledge of the fO2 of proto-arc magmas that formed 
during subduction initiation is mostly derived from investigations of fresh 
glass shards (FABs and boninites) sampled in the IBM fore-arc (Brounce 
et al., 2015, 2021). In the IBM system, the FABs that formed during subduc-
tion inception ∼52–48 Ma ago (Reagan et al., 2010, 2017, 2019), have fO2 
(∆QFM 0.26 ± 0.19) similar to that of MORBs. In contrast, the low-Si and 
high-Si boninites of IBM, which formed from 51 to 45 Ma, record higher 
fO2 values (∆QFM 0.94 ± 0.22) comparable to the fO2 of IBM arc basalts 
(Brounce et al., 2015, 2021) (Figure 13b). Such observations indicate that 
fO2 of the IBM proto-arc mantle increased rapidly to reach fO2 values close 

to those of the modern arc within 1–3 Ma of subduction inception (Figure 13b) (Brounce et al., 2015, 2021). 
The difference in absolute fO2 values between the Troodos ophiolite and the IBM proto-arc boninites might be 
due to the different methods used to calculate them (i.e., olivine-(orthopyroxene)-chromite oxybarometer used in 
this study versus micro X-ray absorption near edge structure (μ-XANES) spectroscopy in IBM). However, when 
using the same method for both Troodos and IBM, our results suggest that the redox state of the proto-arc mantle 
in the Troodos subduction zone varied differently to that of the IBM proto-arc mantle during subduction initiation 

Figure 13. Evolution of fO2 of proto-arc mantle from Troodos (a) and 
Izu-Bonin-Mariana (IBM) (b) with time, using different redox budget 
fluxes (RBs) and mantle mixing scenarios, after the models of Evans and 
Tomkins (2011). We first used the software alphaMELTs to simulate fO2 
variations during anhydrous and fO2-unbuffered melting of a depleted mantle 
source of MORBs (DMM; Workman & Hart, 2005) at 1.5 GPa with initial 
fO2 of ∆QFM = 0 (Figure S5 in Supporting Information S1). Then, mantle 
with different degrees of melting (0%, 10%, and 20%) were selected as 
starting mantle compositions to mix with different RBs. The fO2 value and 
the timescale of lavas in the IBM forearc and the Troodos ophiolite are also 
displayed in (a) and (b), respectively, in order to show that slab components 
added to each proto-arc mantle may contain different RBs. The fO2 value 
and the timescale of the IBM forearc is after Brounce et al. (2015, 2021) and 
Ishizuka et al. (2011), respectively. For the Troodos ophiolite, we assume that 
the timing and duration of the lower pillow lavas after subduction initiation is 
similar to that of fore-arc basalt in the IBM forearc. The timing and duration of 
the boninite and the infill lavas are estimated after Osozawa et al. (2012).
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(Figures 13 and 14). As such, our new results imply that the processes that modulate the mantle oxidation state 
might be different in each and every subduction zone.

5.5.1. Source Versus Slab Control on the Mantle Oxidation State During Subduction Inception

Boninites are generally thought to be produced by melting of a previously depleted (10%–20% partial melt-
ing) mantle source (harzburgite) that was triggered by the release of subducted slab fluids (Falloon & 
Danyushevsky, 2000; Pearce & Reagan, 2019; Wood & Turner, 2009). In the Troodos ophiolite, the boninites 
in the UPL were likely derived from a more refractory mantle source than the mantle source of the LPL (Hu 
et al., 2021; Pearce & Robinson, 2010). Because partial melting in an un-buffered fO2 system would result in 

Figure 14. Relationship between fO2 and trace element ratios of lavas. For the IBM proto-arc lavas, fO2 values are from Brounce et al. (2021), which were calculated 
using in situ micro X-ray absorption near edge structure analyses on fresh glasses. Trace element compositions are from references therein. In particular, the data 
filtering strategy of Ribeiro et al. (2022) was further applied, only using boninites and basaltic lavas (SiO2 ≤ 56 wt.%) (to minimize the effects of fractionation) with 
a total sum of oxides equal to 100 ± 2 wt% to ensure freshness. The Troodos magmas possess lower fO2 than the IBM boninites, despite having captured the water-
rich slab fluids and the slab melts. For lavas of the Troodos ophiolite, fO2 values are calculated in this study using the olivine-chromite oxybarometer of Ballhaus 
et al. (1991). Averaged trace element ratios of the Troodos lavas are estimated from the literature glass data (Pearce & Robinson, 2010; Osozawa et al., 2012; Regelous 
et al., 2014; Golowin et al., 2017; Woelki et al., 2018, 2019, and 2020). We also applied a similar data filtering strategy for the lavas of the Troodos ophiolite to that of 
Ribeiro et al. (2022), that is, using boninites and basaltic (SiO2 ≤ 56 wt%) LPL with a total sum of oxides equal to 100 ± 2 wt%. The arrows indicate the geochemical 
variations from early lavas to later lavas in the Troodos ophiolite (LPL-boninite-infill lava) and the IBM proto-arc (FAB-LSB-HSB). LPL—lower pillow lava; UPL—
upper pillow lava; FAB—forearc basalts; LSB—low silica boninite; HSB—high silica boninite.
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a progressive decrease in fO2 of the mantle source (Bénard et al., 2018), the decrease of fO2 from the LPL to 
the UPL in the Troodos ophiolite may be attributed to a previous mantle melting event that occurred before the 
generation of the boninites. Modeling using the alphaMELTS program (Smith & Asimow, 2005) indicates that 
20% melting could lead to a decrease of 0.6 log unit in fO2 (Figure S5 in Supporting Information S1), which is 
comparable to the observed fO2 variations between the LPL and the UPL of the Troodos ophiolite. Therefore, 
we propose that the decrease in fO2 from the LPL to the UPL reveals prior mantle melting events in the source 
of the UPL.

Addition of slab-derived, oxidized, water-rich fluids to the sub-arc mantle has been proposed as the main reason 
for the high fO2 of the IBM arc lavas (Brounce et al., 2014; Kelley & Cottrell, 2009). This model is supported 
by the positive correlation between fO2 of these lavas and water-rich, slab-fluid markers (e.g., Ba/La and Ba/Nb) 
(Figure 14) (Brounce et al., 2021). Building upon such assumptions, the model of Evans and Tomkins (2011) was 
used further to investigate how fast fO2 in the mantle source could change by adding a constant input of oxidized 
species from the slab, as represented by redox budget fluxes (RBs) in Figure 13. Apart from the depleted mantle 
source of MORBs (DMM) of Workman and Hart (2005), two other mantle sources were considered in this model 
to evaluate the effects of mantle depletion on fO2: one is a depleted mantle source after extracting 10% melt with 
fO2 of ∆QFM −0.1, and the other is a more depleted mantle source after 20% melting with fO2 of ∆QFM −0.6. 
Our modeling results reveal that variable mantle source depletion prior to the formation of boninites may not 
greatly affect the rate of change of fO2 with time (Figure 13).

5.5.2. Different Slab Inputs Between Troodos and IBM Proto-Arc Magmas

Trace element ratios of suprasubduction volcanic rocks can be used to track the addition of slab fluids into the 
mantle source of their magmas (Pearce et al., 2005) (Figure 15). For instance, Rb and Ba are readily extracted 
from the subducted slab in water-rich slab-derived fluids and sediment melts, wheareas Th and La are mobilized 
mainly by sediment melting (Elliott, 2003; Johnson & Plank, 1999; Keppler, 1996; Pearce et al., 2005) and Nb 
and Sm extracted during mantle melting (Ayers & Watson, 1993; Brenan et al., 1994; Ryerson & Watson, 1987). 
Thus, Rb/Th and Ba/Th can track water-rich slab fluids, Th/Nb and La/Sm can identify sediment melts, whilst 
Ba/Nb tracks the total slab input (Pearce et al., 2005; Ribeiro et al., 2022). In contrast, Nb and Zr are more easily 
mobilized than Y and Yb during mantle melting, and Nb/Yb and Zr/Y can be used to track mantle source deple-
tion/enrichment together with the extent of mantle melting (Pearce et al., 2005). Rb/Th and Ba/Th increase from 
FABs to LSB and HSB in the IBM proto-arc and from LPL to boninite in the Troodos ophiolite (Figure 15a), both 
of which are consistent with an increasing contribution of water-rich slab fluids with time both in IBM and Troo-
dos (Ishizuka et al., 2006; Reagan et al., 2010, 2019; Ribeiro et al., 2022). The increase in Ba/Nb and Th/Nb from 
the IBM FABs to LSB and HSB (Figure 15b) indicates an increased infiltration of total slab fluids and sediment 
melts, respectively, into the proto-arc mantle as the nascent subducted Pacific plate continued foundering. Such 
a trend is also observed in Troodos. The La/Sm versus Rb/Th diagram (Figure 15c) and the Nb/Yb versus Th/Nb 
diagram (Figure 15d) show that (a) the Troodos proto-arc magmas captured water-rich slab fluids similarly to the 
IBM LSB (as demonstrated by their similar Rb/Th and Ba/Th); and (b) they captured the slab-derived sediment 
melts similarly to the IBM LSB and HSB, as shown by their Th/Nb and La/Sm.

Hf/Sm and Zr/Sm have also been shown to change during melting of amphibolite, and thus can be used to identify 
slab melts generated by melting of subducted oceanic crust in the amphibolite facies (Foley et al., 2002; H. Y. 
Li et al., 2019; Pearce et al., 1992). In Figures 15e and 15f, the IBM proto-arc boninites display positive rela-
tionships in La/Sm versus Hf/Sm and La/Sm versus Zr/Sm, suggesting the addition of slab-derived amphibolite 
melts into the mantle source of these lavas (H. Y. Li et al., 2019; Ribeiro et al., 2022). In contrast, although the 
Troodos boninites display similar Hf/Sm to the IBM LSB (Figure 15e), they have lower Zr/Sm, suggesting that 
they perhaps captured the amphibolite slab melts to a lesser extent than the IBM LSB and HSB (Figure 15f).

In the Troodos ophiolite, Zr/Y decreases with decreasing Y from the LPL to the UPL (Figure 15g). This positive 
trend can be explained by mantle melting, because Zr and Y are relatively immobile during slab dehydration, 
whereas Zr is more compatible than Y during mantle melting (Brounce et  al.,  2014; Pearce et  al.,  2005). In 
contrast, in the IBM proto-arc lavas, Zr/Y increases with decreasing Y (Figure 15g). This is not consistent with 
partial melting but could instead indicate some contribution of Zr from the subducted slab to the mantle source, 
perhaps during melting of subducted amphibolite (H. Y. Li et al., 2019; Pearce et al., 1992). Indeed, this enrich-
ment in Zr is associated with enrichment in LREE over MREE and HREE (e.g., La/Sm in Figure 15h), which 
has been attributed to addition of slab melts generated under amphibolite facies conditions (Pearce et al., 1992; 
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Umino et al., 2015). Addition of amphibolite slab melts is also suggested by the Hf/Sm and Zr/Sm in the case of 
the IBM boninites (Figures 15e and 15f).

5.5.3. Possible Reasons for the Different Oxidation State Between Troodos and IBM Proto-Arc Boninites

Our study shows that the Troodos proto-arc boninites are much less oxidized than the IBM proto-arc boninites, 
despite both having captured the slab fluids released during subduction inception (Pearce & Robinson, 2010). 
This difference in the redox state of the IBM and Troodos proto-arc boninites might be explained by a number 
of factors:

One could be that the difference is due to shallow-level processes. For instance, volcanic degassing, interac-
tion with seawater, hydrothermal fluids or assimilation of altered oceanic crust upon magma ascent have the 
potential to raise the fO2 of magmas (e.g., Nicklas et al., 2022). However, the IBM proto-arc boninites have 
likely experienced minimal volcanic degassing and relatively limited interaction with hydrothermal brines, 

Figure 15. Trace element compositions of lavas in the Troodos ophiolite and the Izu-Bonin-Mariana (IBM) forearc. Trace element data of lavas of the IBM proto-arc 
are from a filtered data set of Ribeiro et al. (2022), including data from Coulthard (2018) and Coulthard et al. (2021). Trace element data of fresh volcanic glasses of the 
Troodos ophiolite are from literature (Pearce & Robinson, 2010; Osozawa et al., 2012; Regelous et al., 2014; Golowin et al., 2017; Woelki et al., 2018, 2019, 2020). The 
arrows indicate the geochemical variations from early lavas to later lavas in the Troodos ophiolite (LPL-boninite-infill lava) and the IBM proto-arc (FAB-LSB-HSB). 
The area of N-MORB and Mariana arc compositional fields are from Jenner and O'Neill (2012) and Ribeiro et al. (2015) and Ribeiro and Lee (2017), respectively. 
LPL—lower pillow lava; UPL—upper pillow lava; FAB—forearc basalts; LSB—low silica boninite; HSB—high silica boninite. Note that the Troodos boninites are 
similar to the IBM LSB in terms of slab-fluid markers (Ba/Th, Rb/Th, Th/Nb, La/Sm) (panels (a)–(c)), supporting the notion that the Troodos proto-arc magmas also 
captured the water-rich slab fluids and the slab melts released during subduction inception (e.g., Reagan et al., 2010, 2019).
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seawater and/or crustal assimilation (Brounce et al., 2015, 2021). Therefore, such secondary processes might 
not account for the high fO2 values of the IBM proto-arc boninites. Indeed, Brounce et al. (2021) estimated that 
the fO2 of the IBM boninitic magmas may have decreased by ∼0.5 orders of magnitude if sulfur was lost to the 
gas phase, and so the calculated fO2 values would only represent minimum estimates. Therefore, S degassing as 
well as other shallow-level processes would not account for the high fO2 values of the IBM boninites (Brounce 
et al., 2021).

Building upon the assumption that slab fluids are the main oxidizing agents of subduction zone magmas, we 
propose that the slab subducted beneath Troodos could have released reduced species upon slab dehydration and/
or slab melting, as emphasized by our modeling (Figure 13). For instance, it has been proposed that slab-derived 
sulfur would be one of the most important elements that could modulate the redox state of the mantle wedge, 
because of its valence state (from −2 to +6). Slab-derived fluids would thus carry either reduced (H2S, HS −) 
or oxidized (SO4 2-) sulfur species that could reduce or oxidize the asthenospheric mantle, respectively (e.g., 
Chowdhury et al., 2022; Evans et al., 2012; J. L. Li et al., 2020; Tomkins & Evans, 2015). Our study emphasizes 
the fact that slab fluids have the potential to carry reduced species (such as carbon-, sulfur-, and iron-bearing 
species) upon slab dehydration and/or slab melting (Chowdhury et  al.,  2022; Evans & Frost,  2020; Piccoli 
et al., 2019), and this  scenario could possibly explain the low, MORB-like oxidation state of the Troodos proto-
arc magmas (Figure 13).

Lastly, we propose that the differences in the redox state between the Troodos and the IBM proto-arc boninites 
could also be ascribed to slab melts. For instance, higher Zr/Sm and Hf/Sm observed in the IBM LSB and HSB 
suggest that they both captured slab melts released from the subducted oceanic crust (Figures 15e and 15f) (H. 
Y. Li et al., 2019). Although the Troodos boninites display similar Hf/Sm to the IBM LSB, their lower Zr/Sm 
ratios in Figure 15 suggest that, perhaps, they captured slab-derived melts to a lesser extent than the IBM LSB. 
Slab-derived amphibolite melts may have the potential to transfer Fe 3+, as well as other oxidized species (e.g., 
SO4 2-), to the proto-arc mantle wedge and further oxidize it, and lesser infiltration of such melts to the Troodos 
proto-arc mantle could account for the reduced redox state observed in the boninites and associated mantle rocks. 
However, the potential role of such slab-derived melts to oxidize or reduce the mantle source of subduction zone 
magmas needs to be examined further (Muth & Wallace, 2021).

6. Conclusions
This study provides new data of fO2 of mantle peridotites and boninitic magmas of the Troodos ophiolite, Cyprus, 
using an olivine-chromite oxybarometer. Key findings are as follows:

Mantle peridotites in the Kokkinorotsos podiform chromite deposit of the ophiolite were formed by reaction 
between mantle peridotites and upward percolating boninitic magmas. Mantle dunites were formed by larger 
degrees of melt-rock reaction than the enclosing harzburgites. Under melt-rock reaction conditions (1.0 GPa, 
1375°C), fO2 increased slightly from the harzburgites (∆QFM −0.85 ± 0.52) to the dunites (∆QFM −0.41 ± 0.37). 
However, our results further suggest that the proto-arc mantle of Troodos had MORB-like fO2 during subduction 
inception. Such values are generally lower than the fO2 of comparable IBM arc lavas (∆QFM 1.28 ± 0.64) and 
of the fore-arc peridotites from IBM and Tonga (∆QFM 0.96 ± 0.81), implying that the Troodos proto-arc mantle 
recorded relatively reduced conditions.

The boninitic lavas of the Troodos ophiolite contain large olivine phenocrysts. Previous studies of melt inclu-
sions in these phenocrysts suggest that they crystallized from a primary boninitic magma (Hu et al., 2021; 
Sobolev et al., 1991). The olivine phenocrysts and chromite inclusions record low fO2 (∆QFM −0.52 ± 0.20) 
under their crystallization conditions (0.1  GPa, 1334°C). Because shallow-level processes (e.g., crystalli-
zation, assimilation, and degassing) have had limited influence on fO2 of the Troodos proto-arc lavas, the 
similarly low fO2 of mantle peridotites and the lavas suggest that the primary boninitic magma also had low, 
MORB-like fO2.

Using literature data of the LPL and infill lavas of the Troodos ophiolite, we find that the redox state of the proto-
arc mantle in the Troodos subduction zone evolved relatively slowly and changed little during its development, 
and followed a different path to that of the IBM proto-arc. There appears to have been a more reduced subduc-
tion input (either as water-rich slab fluids or slab melts) in the case of Troodos, and comparison suggests that 
slab-derived fluids may have variable and different redox states from one subduction zone to another. The fact 
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that we cannot exclude the possibility that other processes may modulate the fO2 of magmas in different subduc-
tion zones, further suggests that one model does not fit all.

Data Availability Statement
Supplementary documents to this paper are available at Figshare (https://doi.org/10.6084/m9.figshare.20155127).
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