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Abstract The compositions of chromitites and dunites from Moho transition zone (MTZ) of the Coto
block of the Zambales ophiolite, Philippines, are used to investigate the geodynamic transition from anhydrous
to hydrous magmatism during subduction initiation (SI). Chromite grains in the chromitites have Cr# values
[100 x Cr/(Cr + Al)] and TiO, contents ~35-50 and 0.05-0.30 wt.%, respectively, intermediate between those
of chromite in typical MORB-like lavas (Cr#, ~20-60; TiO,, ~0.6—1.7 wt.%) and boninites (Cr#, ~70-85;
TiO,, <0.4 wt.%). Olivine grains in the dunites have 87Li values varying from ~—2%o to +21%o with most
between +10%o and +15%o, beyond that of normal mantle (+4 + 2%o) but comparable to those of some arc
lavas (up to +12%o). The data set indicates that parental magmas of the high-Al chromitites originated from
hydrated harzburgitic mantle sources and formed temporally between MORB-like and boninitic magmatism
during SI, resulting from the early stage of flux melting in the Zambales proto-forearc mantle. Modeling of Li
diffusion reveals that the MTZ cooled down at a minimum rate of 0.1°C/yr in order to preserve the large 87Li
variation of olivine in the dunites, comparable to the thermal conditions below ultra-slow to slow spreading
ridges. Such a stage of transitional magmatism, although displaying notable slab contributions, took place at

a sluggish period of slab rollback and asthenospheric upwelling, leading to a trough level of heat flow and
magma production during the entire course of SI.

Plain Language Summary Subduction initiation (SI) is a prerequisite for starting plate movement.
It is featured by rollback of subducted oceanic slabs in the mantle and upward flow of deep mantle materials
into the shallow mantle wedges, resulting in mid-ocean ridge-like spreading settings above the retreating slabs
and mid-ocean ridge basalt-like (MORB-like) lavas. Heated by surrounding hot mantle, slabs gradually release
fluids into the overlying mantle, inducing H,O-rich magmatism such as boninitic ones. Although MORB-like
and boninitic lavas are accepted to originate from H,O-poor and H,O-rich mantle sources, respectively, few
details were revealed on how transition between the two contrasting types of magmatism is achieved. This work
did chemical analyses and modeling on some SI-related rocks that show affinity to transitional MORB-boninitic
magmatism. Our results show the transitional magmas originated from mantle sources chemically similar to
those of boninites, but formed under cooler conditions than both MORB-like and boninitic lavas. Development
of such transitional magmatism reveals that the sources of SI-related magmas became increasingly rich in
fluids, and there was a cooling period between the MORB and boninitic magmatism, possibly due to slow

slab rollback and sluggish upwelling of deep hot mantle below the SI-induced spreading centers during the
transitional period.

1. Introduction

Intra-oceanic subduction plays a major role in driving the motion of lithospheric plates, and knowledge of how
subduction is initiated and evolves is fundamental to our understanding of global tectonic and magmatic processes.
Subduction initiation (SI) has been considered to be featured by proto-forearc spreading above descending slabs
and magma production that varies from early MORB-like forearc basalts (FAB) to later boninites generally in
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several Myrs (Maunder et al., 2020; Reagan et al., 2010, 2019; Stern et al., 2012; Waldman et al., 2021; Whattam
& Stern, 2011). Although the FAB and boninitic magmatism have been well explained as the results of decom-
pressional melting of asthenosphere and hydrous melting of harzburgitic mantle below proto-forearc spreading
centers, respectively (Stern et al., 2012; Whattam & Stern, 2011), the geochemical transition and associated slab
dynamics between the two types of magmatism remain poorly understood. Consequently, our knowledge of the
overall geodynamic evolution of subduction initiation is limited.

Examples of contemporary SI are rare, and historical in situ cases are often subject to modification by subse-
quent tectonic or crust-forming events (Arculus et al., 2019; Patriat et al., 2019; Stern et al., 2012), making
it challenging to acquire appropriate lava samples for studying SI. Supra-subduction zone (SSZ) ophiolites
are increasingly recognized to be formed during SI (Casey & Dewey, 1984; Pearce, 2003; Stern, 2004; Stern
et al., 2012; Whattam & Stern, 2011). Although most SSZ ophiolites do not have well-kept lava sequences due
to tectonic destruction, their mantle sequences and Moho transition zones (MTZ) are often better preserved (C.
Z. Liu et al., 2022; Robertson et al., 2013). In particular, chromitites and dunites are closely associated in the
mantle sequences and MTZ of ophiolites, and were produced by Mg-rich magmatism via melt-peridotite reaction
(replacive origin) and crystal accumulation (cumulate origin) (Arai, 1997; Arai & Yurimoto, 1994; P. F. Zhang
et al., 2016; Zhou et al., 1994, 1998). Chromite grains in chromitites show a large Cr# variation from ~15 to
85, and have been classified as high-Al (Cr# < 60) and high-Cr (Cr# > 60) varieties. Although high-Al and
high-Cr chromitites are regarded as products of MORB-like and boninitic magmatism, respectively (Arai, 1997;
Morishita et al., 2007, 2011; Uysal et al., 2009; Zhou et al., 1996), chromite grains in high-Al chromitites gener-
ally have Cr# similar to those in MORB-like lavas (~20-60) and TiO, contents similar to those in boninites
(<0.3 wt.%) (Kamenetsky et al., 2001; Uysal et al., 2009; Gonzélez-Jiménez et al., 2011), suggesting that their
parental magmas have transitional compositions between MORB-like and boninitic magmas (Chen et al., 2019;
X. Liu et al., 2019; P. F. Zhang et al., 2020). Consequently, high-Al chromitites and their associated dunites are
potentially useful for investigating the genesis of transitional FAB-boninitic magmatism and related geodynamic
processes during SI.

The low concentrations of incompatible elements (e.g., Sr-Nd-Pb) in chromitites and dunites make it difficult
to use traditional elemental and isotopic tools to explore the origins of these rocks. However, in-situ Li isotopic
analysis and its application to mantle minerals (e.g., olivine) may help to solve the problem. Terrestrial materials
have large Li isotopic variation, for example, the 8'Li values of N-MORB and their mantle sources are +4 + 2%o,
whereas altered oceanic crust has 8’Li values ranging from ~—12%o to +21%0 (B. X. Su et al., 2016; Tang
et al., 2010; Tomascak et al., 2016). Due to the high solubility of Li in fluids, fluids released from subducted
oceanic slabs usually display higher Li concentrations (tens of ppm) and different Li isotopic features than
normal mantle (unmodified by exotic components; Li, ~1-2 ppm; 8’Li, +4 + 2%o) (Benton et al., 2004; Ishikawa
et al., 2005; Marschall et al., 2007; Ottolini et al., 2004; Pogge von Strandmann et al., 2011; Savov et al., 2007,
Seitz & Woodland, 2000). Therefore, addition of slab-derived fluids appears an effective way of modifying Li
isotopic features of mantle wedges. In addition to being used as geochemical tracers, the fast diffusivity of Li
makes Li isotopes powerful geo-speedometers for estimating the cooling rates and timescales of rapid processes
(Gao et al., 2011; Parkinson et al., 2007). Further, given that the cooling rates and magmatic spreading rates
of oceanic ridges are overall negatively correlated, for example, ~10~* and 10~'°C/yr for some fast and ultra-
slow spreading ridges, respectively (Coogan et al., 2007; P. P. Liu et al., 2020; Schmitt et al., 2011; Schwartz
et al., 2005), measurements of Li isotopes in olivine grains in chromitites and dunites may also help to elucidate
the geodynamic evolution during SI.

The Zambales ophiolite, exposed in the NW Luzon, Philippines, is a fragment of SSZ oceanic lithosphere
and is thought to have formed ~43—-45 Ma in the West Pacific during SI (Figures la and 1b; J. P. Encarnacién
et al., 1993; J. Encarnacidn et al., 1999; Geary et al., 1989; Perez et al., 2018). The Coto block of the ophiolite
hosts the largest high-Al chromite deposit in the world (6.34 Mt; Figure 1c; Hock et al., 1986; Xiong et al., 2013).
More particularly, massive chromitites in the deposit enclose fresh dunites (Figures 2a—2e). According to Payot
et al. (2013), formation of the dunite enclaves was attributed to pervasive reactions between harzburgites and
parental magmas of chromitites under conditions of high melt/rock ratios. Such feature has never been reported
in other cases because peridotites that host high-Al chromite deposits mostly show extensive serpentinization
(Gonzalez-Jiménez et al., 2011; Robinson et al., 1999; Zhou et al., 2001). As a result, presence of such fresh
dunite samples makes the Coto block a unique laboratory for exploring the origin of the high-Al chromitites and
nature of relevant magmatism.
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Figure 1. Locations and geological maps of the Zambales ophiolite and the Coto block. (a): Position of the Zambales
ophiolite in the Luzon island, marked by the dashed red box. (b): Geological map of the Zambales ophiolite and distribution
of all chromite deposits. Only harzburgites and gabbros are shown for the ultra-mafic and intrusive sequences in the diagram,
due to the small volumes of dunites and other rocks in the ophiolite. (c): Geological map of the Coto block. The shaded
concentric gray circles represent open pit of the Coto chromite deposit. Harzburgite, dunite and chromitite samples used in
this study were all collected along the profile A-A’, which strides the mantle-MTZ border of the block. Diagrams A and B are
modified from Hock et al. (1986). Diagram (c) was mapped by Prof. Graciano P. Yumul Jr.’s research group.

In this study, we have undertaken in-situ Li isotopic analyses to olivine grains in the dunite enclaves, which is the
first study of Li isotopes for high-Al chromite deposits. Combined with the compositions of chromite and numer-
ical modeling, we investigate the origin of high-Al chromitites. Relevant discoveries are then used to reconstruct
the geodynamic setting during the transitional FAB-boninitic magmatism and improve the current model of SI.

2. Geological Background

The Zambales ophiolite stretches from the Subic Bay in the south to the Lingayen Gulf in the north, over an area
of ~4,500 km? (Figures 1a and 1b; Yumul et al., 1998). It is divided into the Masinloc, Cabangan, and San Anto-
nio massifs from the north to south (Figure 1b). The Masinloc massif is further subdivided into the Coto block
in the south and the Acoje block in the north, which host world-class high-Al and high-Cr chromite deposits,
respectively (Figure 1b; Hock et al., 1986; Leblanc & Violette, 1983; Yumul et al., 1998).

Both the Coto and Acoje blocks show comparable architectures to mid-ocean ridges (MOR), for example, having
sheeted dykes and pillow lavas (Yumul, 1996), indicating that the blocks were formed at MOR-like spreading
settings rather than compressional arc environments. According to previous studies (J. P. Encarnacién et al., 1993;
J. Encarnacion et al., 1999; Geary et al., 1989; Yumul, 1996), the Coto block was generated ~1-2 Myrs before
the Acoje block (44—43 Ma vs. 45 Ma), and the two blocks present geochemical affinities to back-arc and arc
settings, respectively. However, systematic investigations show the two blocks are more likely different parts of
the same oceanic fragment with transitional compositions (Geary et al., 1989). Although the Zambales blocks
were dated to be formed at middle Eocene (46—44 Ma), they were possibly developed in the context of pre-Eocene
lithospheres according to tectonic configuration (Perez et al., 2018; Wu et al., 2016), which can also be partly
supported by the observation that the ophiolite is spatially bounded by a Western Mesozoic ophiolite belt and an
Eastern Mesozoic-Eocene ophiolite belt (Queafio et al., 2017).

The crustal rocks in the Coto block display chemical variation from MORB-like to island arc tholeiitic (IAT)
compositions continuously in a short time interval (J. Encarnacién et al., 1999; Geary et al., 1989), and all these
rocks were generated during development of the ophiolitic block itself rather than being captured from pre-Eocene
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ocean lithospheres. Especially, the MORB-like rocks show subduction-related
features, for example, Nb-Ta negative anomalies in spider diagram, indicat-
ing that they were generated at a spreading center with a slab below rather
than at a typical MOR setting (Yu, 2015). By contrast, volcanic rocks in the
adjacent younger Acoje block are mainly made of IAT and boninitic lavas at
the lower and upper lava sequences, respectively, with boninites occurring as
pillow lavas at the topmost sequence (Perez et al., 2018). Compared with the
magmatism developed at different spreading settings (e.g., MOR, back-arc
basin, and proto-forearc), such rapid continuous compositional variation of
magmas in the Zambales ophiolite is best explained as the result of evolving
magmatism in a proto-forearc setting (Geary et al., 1989; Perez et al., 2018),
consistent with the evolution trends of magmatism developed in the classi-
cal Troodos ophiolite, Oman ophiolite and the infant IBM arc (Whattam &
Stern, 2011).

The Coto block consists stratigraphically of an upper mantle sequence, an MTZ,
a cumulate troctolite-gabbro unit, and a volcanic-hypabyssal suite (Figure 1c;
Geary et al., 1989; Leblanc & Violette, 1983). The upper mantle sequence
mainly comprises harzburgites with porphyroclastic textures (Figures 2f-2g).
The MTZ is generally ~200-300 m thick but some parts are as thin as <50 m
(Figure 1c; Leblanc & Violette, 1983; Yumul, 2004). This zone is composed
of serpentinized dunites and host chromitite pods. The chromitites exhibit
disseminated to massive textures. With the modal % variation of chromite,
disseminated chromitites change into massive ores (>80 modal % Chr)
and dunites (<20 modal % Chr). From the MTZ dunites upward, there is a
thin layer of Cpx/Pl-bearing dunites, marking the transition to the overlying
troctolite-gabbro unit (Leblanc & Violette, 1983). The volcanic-hypabyssal

Figure 2. Petrographic features of chromitites, dunites and harzburgites. suite marks the top sequence of the block and records a crystallization
(a): Photo of the massive chromitite DEC-02 and its hosted dunite enclave. sequence of olivine + chromite — plagioclase — clinopyroxene — orthopy-

(b): Photomicrograph showing the dunite-chromitite border in the diagram

roxene (Yumul, 2004), consistent with that developed in SSZ ophiolites.

(a). (c—e): Photomicrographs of the dunite enclave. The diagram (d) and (e)
were taken for the same position using microscope and SEM, respectively.

The boxes in the diagram (d) are used to mark the olivine grains (either 3. Petrography and Sampling

euhedral and anhedral) that were most likely crystallized from trapped melts,

based on their different interference colors from surrounding large grains Chromitites in the Coto block are made up of mainly chromite and serpen-
The Fo values of spot 1-10 shown in the diagram (e) are analyzed to be 93.9, tine in varying proportions. Harzburgites and dunites have been highly

94.2,94.0,94.2,94.1,93.8, 94.1, 94.1, 94.6, and 94.0, respectively, overall
indistinguishable to each other with errors. Details of the data can be found in
Table S4. (f—g): Photomicrographs of serpentinized harzburgites with chromite

and orthopyroxene relicts.

serpentinized. Apart from some orthopyroxene relicts, few fresh olivine and
orthopyroxene grains can be observed in the harzburgites (Figures 2f-2g).
By contrast, chromite grains in the serpentinized harzburgites and dunites are
well preserved and have either irregular (e.g., wormy) or subhedral shapes
(Figures 2f-2g). The harzburgites and dunites contain ~1-8 modal % and
1-20 modal % chromite, respectively. The sizes of these chromite grains range from tens to hundreds of pm
(Figures 2d—2f). The fresh dunite enclaves hosted in massive chromitites are made up of olivine grains of varying
sizes (tens of pm to 3-4 mm) together with ~3 modal % subhedral to euhedral chromite (Figures 2c and 2d).
Large olivine grains in the dunite enclaves have irregular shapes (Figure 2b), whereas small grains are euhedral
to anhedral and occur as interstitial grains (Figures 2c and 2d).

We selected six harzburgites, eight dunites, and six chromitites from the open pit that is located at the border of
the narrow MTZ and mantle sequence of the block (Figure 1c and Table 1). In particular, two dunite enclaves
are selected and named as DE-01 and DE-02, respectively, and their massive chromitite hosts are accordingly
named DEC-01 and DEC-02 (Table 1). In addition, four chromitite samples that were initially reported in Zhou
et al. (2000, 2014) are also included in this study (Table 1).

4. Analytical Methods

The major oxide compositions of olivine and chromite were obtained with a JEOL JXA-8230 electron probe
microanalyzer (EPMA) with a combined WDS/EDS system in the Department of Earth Sciences, the University
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of Hong Kong. The measurements were at 15 kV accelerating voltage, 20 nA beam current and 1 pm spot diam-
eter. The counting duration varied from 10 to 30 s for most elements, but Ti in chromite was measured for 120 s.
Natural and synthetic oxides were used as standards. The data were calibrated using the PAP matrix correction
and ZAF procedure-based program. The analytical precisions for oxides >1.00 wt.% are below 1%. The preci-
sions for TiO, in chromite are <5% when the TiO, contents are >0.10 wt.% and <10% when the TiO, contents
are 0.01-0.10 wt.%. Given that the TiO, contents of our chromite grains are all <0.3 wt.% (Table 1 and Table S1),
the precisions of our TiO, measurement have a maximum 2se uncertainty <0.03 wt.%. The Fe**/ZFe ratios of
chromite were calculated based on the ideal stoichiometry of spinel.

The Li isotopic compositions of olivine from the dunite enclaves were obtained using a CAMECA IMS1280-HR
SIMS at the Institute of Geology and Geophysics, Chinese Academy of Sciences following the method of B. X.
Su et al. (2015, 2016, 2020). For convenience and efficiency of analysis, olivine separates (rather than intact
grains) broken from the dunite enclaves were caste in an epoxy resin. The mount was then polished, cleaned
with deionized water and ethanol, and dried within an oven before being coated with pure gold. A primary
O~ beam of 15-30 nA was accelerated at-13 kV onto the sample surface with an ellipsoidal beam size of about
20 pm X 30 pm. The instrument was tuned with energy slit width of 40 eV to achieve a mass resolution of 1,500.
Positive secondary ions (°Li* and 7Li*) were collected with an ion multiplier in pulse counting mode. The count-
ing time for °Li, 6.5 mass (background), and "Li in each cycle were 12, 4, and 4 s, respectively. Before each anal-
ysis, 180-s pre-sputtering was used without raster, and secondary ion beams were automatically centered in the
contrast aperture and field aperture to ensure the secondary ion transmission. Each analysis consisted of 30 cycles
and takes ~14 min. The Li isotopic composition is given as 8’Li ([(7Li/6Li)sample/(7Li/6Li)slandard — 1] x 1000), in
which the standard refers to the NIST SRM 8545 (L-SVEC; "Li/®Li = 12.0192). Two intra-lab olivine reference
materials, 06JY310L (Mg#[100 x Mg>*/(Mg?* + Fe?")], 90.3; Li, 2.7 + 0.6 ppm; 8'Li, +4.51 + 0.33%o0) and
06JY340L (Mg#, 91.5; Li, 1.46 + 0.08 ppm; 87Li, +3.33 + 0.16%0), developed by B. X. Su et al. (2015), were
used to calibrate the instrumental mass fractionation (IMF) and Li concentration. The IMF values calculated
against the 06JY340L and 06JY310L during the analysis were 13.93 + 0.97%¢ and 14.66 + 1.55%¢ (2SD),
respectively (Figure S1 in Supporting Information S1 and Table S2), consistent with each other within analyt-
ical uncertainties. The 8’Li values of the olivine separates were calibrated with the IMF value obtained for the
06JY340L. The Li concentrations in olivine were calculated based on their 7Li * count rates (cps/nA) relative to
that of the 06JY34O0L (1.46 + 0.06 ppm, 2SD, B. X. Su et al., 2015). This calibration factor was applied to the
06JY310L, yielding 2.17 + 0.07 ppm and matching the reference value (2.7 + 0.6 ppm, B. X. Su et al., 2015)
within analytical uncertainties. The internal errors of 8’Li are mostly better than 2.0%o (2se) during analysis and
detection limit of Li concentration less than 1 ppb. To overcome matrix effects, the calibrated 8’Li values were
further corrected with the equation 87Li, ., = 87Li, s + M#, e —
that the 87Li value measured by SIMS decreases by ~+1%o for each molar % increase of forsterite in olivine (B.
X. Suetal., 2015).

Mg#_ ference material)» Dased on the discovery

5. Results
5.1. Chromite

Chromite grains in the peridotites and chromitites have large variations of Mg# and Cr# (Table 1 and Table S1).
Those in the chromitites have Mg# and Cr# ranging from ~68 to 77 and ~42 to 51, respectively, falling in the
range of N-MORB (Figure 3a). Chromite grains in the harzburgites have Mg# and Cr# ranging from ~54 to 67
and ~50 to 58, respectively, falling in the transitional area between abyssal and forearc peridotites (Figure 3a).
The TiO, content of chromite increases from the harzburgites to dunites and chromitites, and those in the harzbur-
gites have TiO, contents <0.1 wt.% (Figure 3b). Chromite grains in the dunites and chromitites have similar
TiO, contents, 0.12-0.27 wt.% and 0.03-0.22 wt.%, respectively (Table 1 and Table S1). Such TiO, ranges are
lower than that of chromite in MORB (usually >0.6 wt.%) but overlap that of chromite in boninites (<0.4 wt.%)
(Figures 3b and 3c).

5.2. Olivine

Olivine separates from the dunite enclaves have Fo[100 X Mg>*/(Mg?** + Fe?*)] values ranging from 92 to 95
(Table S3; Figures 4a and 4b), consistent with those values reported in Payot et al. (2013). These separates
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Figure 3. Compositions of chromite in the harzburgites, dunites and chromitites. (a): Plot of Cr# versus Mg# modified after
Dubois-Coté et al. (2005). (b): Plot of Cr# versus TiO, modified after Pearce et al. (2000). The full names of abbreviations
are as follows: Dn, dunite; FMM, fertile MORB mantle; Hz, harzburgite; Lz, lherzolite; b/BON, boninite; i/IAT, island arc
tholeiite; MORB, mid-ocean ridge basalt; babb, back-arc basin basalt; FAB, forearc basalt; IBM, Izu-Bonin-Mariana. The
data and ranges of chromite from the low-Ti tholeiitic lavas/melts of the Kamchatkan ophiolite (Far East), Manihiki Plateau
(SW Pacific), Hunter Ridge (SW Pacific) and 54°S MAR basalts are from Portnyagin et al. (2009), Golowin et al. (2017),
1. A. Sigurdsson et al. (1993) and Kamenetsky et al. (2001), respectively. Most chromite grains in the Kamchatkan low-Ti
tholeiites have TiO, < 0.35 wt.%, as shown by the dashed red line in the diagram. The data of the Acoje high-Cr chromitites
(white triangle) from Zhou et al. (2014) are also plotted in the diagram (a) and (b) for comparison. (c): Plot of Al,O, versus
TiO, modified after Golowin et al. (2017). The gray area marks the range of chromite from MORB-like lavas formed at
spreading centers, all of which were simply classified as MORB in Kamenetsky et al. (2001) but clarified in this study to be
the combination of typical MORB, BBAB and FAB.
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0.55 show increasing NiO content with increasing Fo value (Figure 4a). Their Li
A concentrations and 8’Li values vary from 0.84 to 1.60 ppm and from —2.3%o
0,50 to +21.1%o, respectively (Table 2; Figures 4b and 4c). Generally, most of the
’ olivine separates have little §’Li variation from their cores to rims, mainly
: P .. ® e between +10%o and +15%o, but the §7Li values of a few analytical spots
%’0.45— @ ® ’ ° e ® deviate to either higher or lower values, for example, up to +21.1%0 and
5’ @ o A down to —2.3%o (Figures 4c and 5). The 8’Li variation in some individual
z e ?. °® ®e . grain reaches 16%o (Figure 5). In spite of the Li and 8’Li variations, no
040 ® oK ‘A“(%\)&\é systematic 87Li-Li correlation is observed (Figure 4c).
@%Xeo‘“‘\ea
. \00\\‘
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6. Discussion
038 | | | 6.1. Magmatic Origin of Low-Ti Chromitites in Ophiolites
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Figure 4. Compositions of olivine separates from the dunite enclaves. (a):
Plot of NiO versus Fo. (b): Plot of §7Li versus Fo. The 2SD values of the
reference material 06JY34OL (0.97%¢) are considered in the error bars due to
the effects of error propagation.

1.5 2.0
Li (ppm)-Ol

nels (replacive origin). In the latter case, the parental magmas of chromitites
would react with peridotites on the melt channels and form dunite rims that
surround chromitites, making up the podiform outlines of chromite depos-
its (Figure S2 in Supporting Information S1; Zhou et al., 1994). However,
chromite grain in some high-Al chromitites in the Coto deposit have compo-
sitions similar to those chromite in harzburgites (Figure 3b). In particular,
the data of chromite from some chromitites fall near the melting-trend line
in the Cr# versus TiO, diagram defined by Pearce et al. (2000) (Figure 3b),
seeming to suggest that these chromitites have residual origins. Cr is a
compatible element in the mantle, and its concentrations in peridotites and
mantle-derived melts increase with increasing degree of melting (Liang &
Elthon, 1990). Due to the limited Cr concentrations of mantle peridotites,
however, experimental works repetitively demonstrated that partial melting
alone cannot even make chromite as the main phase of peridotites (Hirose &
Kawamoto, 1995; Klingenberg & Kushiro, 1996; Matsukage & Kubo, 2003),
not to mention converting peridotites to massive chromitites. Consequently,
the possibility that chromitites could be formed via partial melting can be
ruled out, and the low-Ti features of chromite in chromitites should therefore
be attributed to other processes rather than partial melting.

Ophiolitic peridotites and mantle-derived magmas generally have <4,000 ppm
Cr (<1,000 ppm for most MORB, up to 1,000-2,000 ppm for some boninites;
H. Sigurdsson & Schilling, 1976; Cameron et al., 1979; Marchesi et al., 2006;
Reagan etal., 2010; Uysal et al., 2012), whereas the Cr,O, contents of massive
chromitites mostly reach 40-60 wt.% based on the compositions of chromite
(Figure 6; Zhou et al., 2014). Using mass-balance calculations, it is found that
production of each fraction (wt.%) of massive chromitites requires 100-400
fractions of magmas, and even formation of disseminated chromitites (>20
modal % Chr) requires the amounts of magmas as at least 20 times as those
of the chromitites (Figure 6a). The results corroborate that chromitites were
all formed in melt-dominated environments, wherever and however they
were formed. Although the so-called replacive chromitites are traditionally
thought to be converted from peridotites by melt modification, the melt/
rock ratios required for their formation in melt channels reach up to tens to

hundreds. Such high melt/rock ratio conditions could definitely generate the same chemical effects as in pure
magma environments, for example, in magma chambers, where crystallization of enough chromite could be
ensured with sufficient Cr supply. Accordingly, formation of all ophiolitic chromitites, in either magma chambers
or melt channels, can be considered to be achieved via massive precipitation and accumulation of chromite from
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Table 2 magmas, defining their cumulate origin in a broad sense. In particular, the

Li Concentrations and Isotopic Compositions of Olivine in the Dunites

Grain Spot Li(ppm) 2SE  &7Li(%0) 2SE

DE-01 (dunite enclave)

GO1 (Fo, 92.6) 01 (core) 1.10 0.07 10.48 1.56
02 (rim) 0.99 0.06 12.40 1.88
G04 (Fo, 93.0) 01 (rim) 1.32 0.08 14.15 1.54
02 (core) 1.16 0.07 10.03 1.59
03 (rim) 1.60 0.10 13.24 1.42
G11 (Fo, 92.4) 01 (core) 1.03 0.06 21.13 1.93
02 (rim) 1.45 0.09 19.38 1.77
G16-01 (Fo, 92.8) 01 (core) 1.22 0.08 11.32 1.34
02 (rim) 1.50 0.09 13.06 1.42
G18 (Fo, 92.8) 01 (core) 1.29 0.08 11.04 1.69
02 (rim) 1.18 0.07 11.41 1.63
G22 (Fo, 93.3) 01 (rim) 1.37 0.08 5.65 1.48
02 (core) 1.21 0.08 10.70 1.47
03 (rim) 1.28 0.08 13.98 1.45
DE-02 (dunite enclave)
GO1 (Fo, 93.5) 01 (core) 091 0.06 10.43 1.54
02 (rim) 0.99 0.06 12.54 1.48
G09 (Fo, 93.7) 01 (rim) 0.92 0.06 11.20 1.70
02 (core) 0.88 0.05 12.00 1.67
03 (rim) 0.93 0.06 12.93 1.50
G10 (Fo, 93.0) 01 (core) 1.18 0.07 6.31 1.42
02 (rim) 1.35 0.08 -2.32 1.41
G11 (Fo, 94.2) 01 (rim) 1.08 0.07 0.62 1.63
02 (core) 1.48 0.09 1.54 1.65
03 (rim) 1.03 0.06 10.03 1.75
G15 (Fo, 93.6) 01 (rim) 1.03 0.06 7.69 1.64
02 (core) 0.94 0.06 14.32 1.66
03 (rim) 1.13 0.07 9.69 1.75
G19 (Fo, 93.3) 01 (core) 0.85 0.05 19.92 1.64
02 (rim) 1.39 0.09 3.32 1.46

Note. (1) The whole data set of the major element compositions of olivine
can be found in the Table S3, and the grain NO, used for Li isotopic analysis
can also be found in the Table S3. (2) The 2se errors of the intra-lab reference
material 06JY34O0L were also considered in those of our data above due to
the effect of error propagation during calibration.

Coto deposit is the largest high-Al chromite deposit in the world and located
at the dunitic MTZ of the block (Figure 1c), where mantle-derived magmas
once gathered into magma chambers. Thus, accumulation of chromite grains
in magma chambers would be the most probable way of forming the massive
chromitites (>80 modal % Chr).

Although all ophiolitic chromitites can be considered as cumulate products
of magmas from the perspective of Cr provenance, three possibilities other
than partial melting still need to be considered to explain the low-Ti feature
of chromite in some chromitites, including (a) the parental magmas of chro-
mitites originally had low Ti contents (P1); (b) the parental magmas origi-
nally had high Ti contents but were modified to be Ti-depleted ones during
reaction with Ti-poor peridotites (P2); and (c) the compositions of chromite
in chromitites were modified during subsolidus ionic exchange (P3). Gener-
ally, it is a common sense that subsolidus ionic exchange with adjacent olivine
during cooling modifies the compositions of chromite in chromitites. For
example, Mg?* and Ni?* prefer to diffuse from chromite to olivine, whereas
Fe?*, Mn?* and Zn?** diffuse from olivine into chromite (Ozawa, 1983;
Arai, 1994; O'Reilly et al., 1997), resulting in the high Fo values of olivine
grains in chromitites (Figure 4a). Compared to divalent elements, however,
Cr*, AI** and Ti** are much less compatible in olivine than in chromite and
cannot be notably affected by ionic exchange (Kamenetsky et al., 2001; Wang
etal.,2021). As aresult, it is better to attribute the low-Ti features of chromite
in chromitites to magmatic processes (P1 and P2).

Due to the incompatibility of Ti, the TiO, contents of mantle-derived
melts generally have distinctly higher TiO, contents than mantle peridot-
ites (>0.1 vs. <0.1 wt.%; Kamenetsky et al., 2001; Marchesi et al., 2006;
Uysal et al., 2012; Xiong et al., 2017). Therefore, in the case of generat-
ing replacive chromitites in melt channels, it is possible that reaction with
peridotites could possibly lowered the TiO, contents of the reactant melts,
which may subsequently impose low-Ti features on the crystallized chromite
and account for their residual-like compositions. Based on the melt/rock
ratios required for formation of chromitites, the TiO, contents of peridotite
reactants are calculated to take up <0.005% of the whole reaction systems,
and the value would be lowered to 0.001% if the generated chromitites are
massive ones (Figure 6b). Such results mean that the effects of peridotites
on the Ti contents of melts can be generally ignored during the formation
of replacive chromitites in melt channels. As a result, the low-Ti features of
chromite in chromitites that disguise them as melting residues are not typi-
cal hybrid products between reactant melts and peridotites either, but were
mainly inherited from the melts, no matter how low the TiO, contents of
the chromite grains are. Given that chromitites formed in magma chambers
were not obviously affected by melt-peridotite reactions, the TiO, contents of
chromite in all ophiolitic chromitites can be used for studying the nature of
their parental magmas.

In the Cr#-TiO, diagram, some data of chromitites are plotted between those of harzburgites and dunites

(Figure 3b). Although the data distribution seems to suggest chromitites and dunites are the intermediate and

ultimate reaction products between harzburgites and melts, respectively, such an explanation is inconsistent with

the fact that chromitites were formed under higher melt/rock ratio conditions than dunites, in which sufficient

supply of Cr was ensured. Previous studies have well demonstrated that chromite grains in chromitite lens/pods

have higher TiO, contents than their dunite rims (Figure S3 in Supporting Information S1; Zhou et al., 1996;

B. Su et al., 2019). Given that all chromitites were formed under melt-dominated conditions, formation of each

chromitite represents one independent process of magma accumulation. Accordingly, the abnormal pattern of
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Figure 5. Variations of Li concentration and 87Li value in individual olivine separates from the dunite enclaves.

data distribution found in this study indicate that the dunites and chromitites were generated by multiple pulses
of magmas rather than during one single event of fractional crystallization or melt-rock reaction, and linking all
the chromitites and dunites with one trend arrow in the diagram would be misleading.

6.2. Parental Magmas and Mantle Sources of the High-Al Chromitites

Chromite grains in the high-Al chromitites have variable Cr#s and TiO, contents (Figures 3a—3c), indicative of
varying compositions of their parental magmas. Such results are in agreement with the postulation that chro-
mitites in the deposit were generated by multiple pulses of magmas. According to Kamenetsky et al. (2001), the
TiO, contents of melt inclusions in chromite are well correlated with those of their chromite hosts (Figure 7),
suggesting that the TiO, contents of chromite can be effectively used to estimate those of their parental magmas.
Based on previous studies (Kamenetsky et al., 2001; Rollinson, 2008), two empirical equations have been derived
to calculate the TiO, contents of parental magmas of chromitites:

TiO; (Melt) = 1.5907 # [TiO, (Chr)]****2  (for high-Al chromite)
TiO, (Melt) = 1.0963 # [TiO, (Chr)]*"%  (for high-Cr chromite)

The calculated results show that the parental magmas of the Coto high-Al chromitites have a wide range of
TiO, from 0.15 wt.% to 0.63 wt.% (Figure 7), overall lower than the TiO, ranges of typical MORB-like lavas
(~0.6—1.7 wt.%; Ishizuka et al., 2020; Kamenetsky et al., 2001; Reagan et al., 2010; Shervais et al., 2019). This
implies that the high-Al chromitites are not products of typical MORB-like magmas but those with more depleted
compositions, for example, with low-Ti tholeiitic affinities (Figures 3b and 3c). Although such depleted lavas/
melts were not reported in Kamenetsky et al. (2001), they were indeed found in the Kamchatkan ophiolite (Far
East), Manihiki Plateau (SW Pacific), and Hunter Ridge (SW Pacific), and are associated with chromite with
comparable compositions to the low-Ti chromite in our chromitites (Figures 3b, 3c, and 7; Portnyagin et al., 2009;
Golowin et al., 2017; I. A. Sigurdsson et al., 1993), proving that there are indeed magmas in the world suitable
for producing high-Al chromitites with low-Ti features. Particularly, the Hunter Ridge is the only contemporary
example developed in the context of SI in the world (Patriat et al., 2019).

The compositions of mantle-derived magmas are controlled by the compositions of their mantle source, degrees
of partial melting and extents of magma evolution (Green & Falloon, 2015; Klingenberg & Kushiro, 1996;
Kushiro, 2001). The parental magmas of chromitites are magnesian enough to cumulate olivine and generate
dunites (Arai, 1997; P. F. Zhang et al., 2016; Zhou et al., 1994, 1998). Such Mg-rich magmas are traditionally
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Figure 6. Contributions of reactant melts and peridotites to the formation
of ophiolitic chromitites. (a): Mass balance calculations for melt/rock ratios
required for formation of chromitites. Chromitites are assumed to only have
chromite and olivine, the Fo and Mg# of which are set to be 93 and 70,
respectively. The Cr# of chromite in the high-Al and high-Cr chromitites
are assumed to range from 40 to 60 and 60 to 80, respectively. These
representative values of chromite and olivine are selected based on the
compositions of massive chromitites and their associated dunites worldwide
(Zhou et al., 2014). The green and gray areas represent the general ranges for
high-Al chromitites and high-Cr chromitites with varying vol.% chromite,
respectively. Melts with 500—4,000 ppm Cr are used for the calculations.
The parental magmas are commonly thought to have basaltic and boninitic
compositions, which are assumed to have <1,000 and 2,000-3,000 ppm

Cr, respectively. (b): Contributions of reactant peridotites (per) to the

TiO, contents of the whole ore-forming reaction systems. Peridotites

and mantle-derived melts generally have <0.1 wt.% and >0.1 wt.% TiO,,
respectively. For the convenience of calculations, the TiO, contents of both
reactant peridotites and melts are assumed to be 0.1 wt.%, which would
generate the upper limits for the contributions of reactant peridotites to the
whole-system TiO,.

thought to be primitive and unlikely to experience notable fractionation. As
a result, the compositions of the parental magmas of chromitites are mainly
controlled by those of their mantle sources and degrees of partial melting.
Due to the incompatibility of Ti, lower degrees of melting of a common
mantle source theoretically generate magmas with higher TiO, contents
(Pearce et al., 2000). By contrast, Cr is a compatible element in the mantle,
and its contents in mantle-derived magmas increase with increasing degrees
of partial melting, for example, <300 ppm in MORB to up to 2,000 ppm
in boninites (Cameron et al., 1979; Reagan et al., 2010). Assuming that
the parental magmas of all ophiolitic chromitites were derived from simi-
lar mantle sources, the distinct behaviors of Ti and Cr imply that the TiO,
contents of chromite in chromitites should decrease with increasing Cr#.

Although the TiO, contents of chromite in the high-Al chromitites are lower
than those of chromite in MORB-like lavas at a certain Cr# (e.g., 45), they
are comparable to, or even lower than, those of chromite in boninites and
high-Cr chromitites (Figures 3b and 7). Such results indicate that the paren-
tal magmas of high-Al chromitites were derived from sources that were
at least as depleted as those of boninitic lavas. According to the modeling
of P. F. Zhang et al. (2020), 10% and 25% fractional melting of a fertile
MORB mantle source would form melts with 1.28 wt.% and 0.71 wt.% TiO,,
respectively. By contrast, if the sources are residua after 10% and 15% frac-
tional melting of fertile MORB mantle, with the melting degree increasing
from 10% to 25%, the TiO, of melts generated from such depleted sources
decreases from 0.45 wt.% to 0.23 wt.% and 0.23 wt.% to 0.11 wt.% respec-
tively (Figure S4 in Supporting Information S1). Such calculated results also
support that the parental magmas of high-Al chromitites were not originated
from fertile MORB mantle but from already depleted sources. In addition,
compared with melts derived from fertile MORB mantle, those generated
from depleted sources (e.g., >10% melt depletion) at varying degrees of
melting are inclined to have smaller TiO, variation (Figure S4 in Supporting
Information S1)), explaining why chromite grains from high-Al and high-Cr
chromitites have similar TiO, contents.

6.3. Origin of Olivine Grains in the Dunite Enclaves

Reaction between Mg-rich melt and peridotite is a prevalent feature of
ophiolitic mantle sequences (Kelemen, 1990; Kelemen et al., 1992; Seyler
et al., 2007; Zhou et al., 1994). The process dissolved pyroxene and precip-
itated olivine and chromite in peridotites, forming dunites and dissemi-
nated chromitites (Braun & Kelemen, 2002; Ghosh et al., 2014; P. F. Zhang
et al., 2017, Q. Z. Zhang 2017). The dunite enclaves resulted from thorough
pervasive reaction between harzburgites and parental magmas of the chro-
mitite hosts (Mg-rich in compositions; Payot et al., 2013). With continuous
crystallization and coating of chromite around the enclaves from magmas,
those melts that infiltrated the enclaves would finally have been isolated by

chromite grains (future chromitite hosts) and became trapped interstitial melts (Figure 8). Accordingly, the reac-

tion in each enclave changed from an open to a closed system with time.

According to previous studies, trapped melts in mantle rocks occur either as thin films on crystal faces or melt
pockets surrounded by minerals (Franz & Wirth, 1997; B. Su et al., 2010; Zhu et al., 2011). Although it is
difficult to recognize the products of melt films, presence of fine-grained euhedral olivine aggregates among
large irregular olivine indicates likely existence of melt pockets in the enclaves (Figure 2d). This is because
such interstitial euhedral olivine grains show different interference colors from the surrounding ones, suggesting
that they were unlikely broken from the latter ones. Moreover, such euhedral grains can best be explained as
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Figure 7. Calculated TiO, contents of the parental magmas of the high-Al
chromitites. The empirical formula are from Rollinson (2008). The data of
chromite from lavas of the Lau Basin and chromitite micropods of the Hess
Deep are given for comparison, and they are from Allan (1994) and Arai

and Matsukage (1998), respectively. The TiO, ranges of FAB, transitional
FAB-boninitic lavas and boninites are plotted for comparison on the left side
of the diagram based on the data shown in Reagan et al. (2010), Shervais

et al. (2019), and Ishizuka et al. (2020). The TiO, range of MORB is from the
PETDB geochemical database. The green area marks the range of high-Al
chromite grains (Cr-rich spinel) and their hosted ultra-depleted tholeiitic
melts from the Kamchatkan ophiolite. The parental magmas of the Coto
chromitites may have even lower TiO, contents due to the subduction-related
background, as shown in the gray area. The TiO, contents of chromite in
high-Al chromitites from Turkey and Cuba are also shown at the bottom of
the diagram for comparison, and the data are from Uysal et al. (2009) and
Gonzalez-Jiménez et al. (2011), respectively.

crystallization products of melt pockets that may allow unimpeded growth
of crystals, accounting for their regular outlines. Although these interstitial
olivine cannot be completely confirmed as products of melt pockets, it is
noted that trapped melts must have existed in the enclaves as the result of melt
infiltration, even if no supportive petrographic features are observed.

With the melt-harzburgite reaction, three types of olivine were gener-
ated in the dunite enclaves, including grains (a) previously existed in
the harzburgite protolith but were modified by melts (Type-I; modified
origin); (b) formed by replacement of pyroxene in the harzburgite proto-
lith (Type-II; replacive origin); and (c) precipitating from trapped melts
(Type-I1I; newly-crystallized origin). According to petrological observa-
tion and analysis, type-I and type-II grains cannot be distinguished from
each other anymore, and even those grains possibly of the type-III origin
show no major element difference from the former two types (Figure 2e).
Such indistinguishable compositions of different olivine were possibly
caused by thorough melt-rock reaction and fast Mg-Fe diffusion under
mantle temperature conditions (Gordeychik et al., 2018; P. F. Zhang, Zhou,
Liu, et al., 2019), which homogenized their major element compositions
(in days based on experiments; Hirose & Kawamoto, 1995; Klingenberg &
Kushiro, 1996).

6.4. Reaction and Diffusion-Induced Li Isotopic Variation in the
Dunite Enclaves

The Li isotopic compositions of minerals can be easily affected by melt/
fluid activities in rocks (Lai et al., 2015; Parkinson et al., 2007; Pogge von
Strandmann et al., 2011; Rudnick & Ionov, 2007). Given the freshness of the
dunite enclaves (Figures 2b-2e), the Li isotopic features of olivine grains
in the dunite enclaves could not have been notably affected by serpentini-
zation. Olivine grains in the enclaves experienced melt modification under

early open and later closed system conditions, both of which may have largely influenced Li distribution in the

olivine. As a result, the Li isotopic signatures of olivine in the dunite enclaves should have been mainly affected

by processes related to the melt-rock reaction.

Olivine separates from the dunite enclaves mostly show no 8’Li-Li correlation (Figure 4c), and the rims and

cores of many single separates do not show identifiable Li isotopic difference (Figure 5b). Olivine grains in the

enclaves were thoroughly modified by the infiltrating melts during the pervasive melt-harzburgite reactions.
According to previous studies (Lundstrom et al., 2005; P. F. Zhang, Zhou, Robinson, et al., 2019), the Li isotopic
compositions of olivine in dunites can be well buffered by melts under conditions of high melt/rock ratios and

should be identical to those of the melts. Therefore, it is reasonable to assert that olivine grains in the enclaves

were chemically equilibrated with the reactant melts during the open-system reaction, and that the no §’Li-Li

correlation resulted from thorough modification by parental magmas of the high-Al chromitites, which should
also have 87Li values ~+12%o to +13%o (Figures 4b—4c).

Although the analyzed olivine separates mostly have consistent Li isotopic compositions, some separates have

large 87Li variations (up to +20%o), and their Li and §’Li values show no systematic co-variation from the interiors

to the marginal zones (Figure 5b). Such features are unlikely to have been generated during the main episode of

melt-peridotite reaction (open-system), but requires kinetic diffusion of Li that caused fractionation between Li

and "Li in the grains. As has been mentioned, the infiltrating melts in the dunite enclaves finally became isolated

from the main magma body after the enclaves were coated by chromite. Once isolated in a closed system without

replenishment from outside, the compositions of the trapped melts could not be maintained and would evolve

with time. Because Li is incompatible in olivine and prefers to be retained in melts, the trapped melts must have

developed increasingly higher Li concentrations with continuous solidification. Due to presence of concentration

gradient, diffusion of Li theoretically took place from the trapped melts to surrounding olivine (Type-I and -II)

under closed-system conditions (Figure 8).
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Figure 8. Modeling of Li ingress from trapped melts into olivine in the dunite
enclaves under 1200 and 900°C, respectively. The dunite enclaves had been
separated from the magma body by chromite grains during this stage. The Li
concentrations and 87Li values at the rim, 7R/8, R/2 and center of the olivine
core are shown with blue, yellow, red and green lines, respectively. More
details can be found in the Part 6.4.

According to Parkinson et al. (2007), the 87Li values of olivine in peridotites
can be modified in various ways during ingress of Li from trapped melts,
quite different from the results generated during open-system reactions. On
one hand, due to the faster diffusivity of °Li than 7Li, diffusion of Li would
transfer more °Li from the trapped melts into olivine, resulting in low-87Li
areas in the interiors of olivine grains. On the other hand, preferential loss
of ®Li from the trapped melts would cause higher and higher 8’Li values of the
melts, and the marginal zones of olivine grains would subsequently acquire
higher 87Li values due to loss of more °Li to the grain interiors and ingress of
more ’Li from the trapped melts. As a result, the §7Li values of olivine grains
can be meanwhile decreased in their interiors and elevated at their margins
during ingress of Li from the trapped melts. This explains why some of the
analyzed spots have 87Li values either higher or lower than the range gener-
ated during the open-system reaction (+10%o to +15%o; Figures 4b—4c).

Based on the distribution and amounts of interstitial olivine grains (<5 vol.%),
the volume of trapped melts in each dunite enclave should be much lower than
that of the Type-I and Type-II olivine grains, and not all olivine grains were
surrounded by trapped melts. This suggests that the closed-system diffusion
of Li only affected a few grains, and many others, especially the inner parts
of larger grains (e.g., 3-4 mm, Figures 2b—2d), were unlikely affected by the
diffusion, so that their Li isotopic features obtained during the open-system
reaction are well preserved, explaining why the 8’Li values of most analyt-
ical spots fall into the narrow range (~+10%o to +15%o; Figures 4b—4c).
Moreover, because of the rapid diffusivity of Li, large Li isotopic variations
in mantle rocks cannot survive for long under high temperature conditions
(Gao et al., 2011; Halama et al., 2009; Lai et al., 2015; P. P. Liu et al., 2020;
Marschall & Tang, 2020; Parkinson et al., 2007). Thus, the MTZ of the Coto

block should have cooled fast so that the large 8’Li variation of olivine in the
dunite enclaves could be preserved.

6.5. Effects of Slab Input on the Mantle Sources of the Chromitites

The Li isotopic features of olivine separates from the dunite enclaves imply that the parental magmas of the
high-Al chromitites had heavy Li isotopic compositions (average 8’Li value, ~+12%o to +13%o). Because Li
isotopes cannot be remarkably fractionated during partial melting (Jeffcoate et al., 2007; Tomascak et al., 1999),
mantle-derived melts theoretically have 87Li values identical to their mantle sources. According to previous stud-
ies, N-MORB and normal mantle regimes are thought to have a 8’Li range of ~+4 + 2%o (Marschall et al., 2017,
Tomascak et al., 2008), lower than the 8’Li values of parental magmas of the high-Al chromitites (Figure 4c).
Thus, the parental magmas of the high-Al chromitites could not have been produced from normal mantle regimes
but from regions with heavier Li isotopic compositions.

Surficial materials, such as seawater and altered oceanic crustal rocks, generally have heavier Li isotopic compo-
sitions than normal mantle (Figure 4c; Chan et al., 1992, 2002; Marschall et al., 2007). Although the effects
of slab components on the Li isotopic systems of sub-arc mantle vary among different subduction zones, as
revealed by the 87Li values of arc lavas (~—7%o to +12%o; Figure 4c; Agostini et al., 2008; Chan et al., 2002;
Elliott et al., 2004; Moriguti & Nakamura, 1998; Tang et al., 2010; Tomascak et al., 2000, 2002), addition of
slab-derived materials is the primary way of causing large-scale heavy Li isotopic anomalies in the mantle. Given
that the Coto block is thought to have a SI origin and was generated in a proto-forearc setting (Geary et al., 1989;
Perez et al., 2018; Yumul et al., 2020), the high-8’Li components required in the mantle sources of the high-Al
chromitites can be reasonably attributed to slab components.

6.6. Numerical Constraints on the Closed-System Li Diffusion and MTZ Cooling

Usage of olivine separates for the analysis hinders our complete understanding of the whole diffusion processes
of Li from the trapped melts to surrounding olivine, for example, the non-systematic §’Li-Li co-variation. In
order to better comprehend how the large Li isotopic variations were generated in olivine grains, modeling is
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needed to validate interpretations of the data. Moreover, the spreading rates of oceanic ridges are overall nega-
tively correlated with cooling rates (Coogan et al., 2007). Although SI is accompanied by proto-forearc exten-
sion, but little work has been done on the transitional period between the FAB and boninitic magmatism. Given
that Li isotopes are powerful speedometers for evaluating cooling rates of geologic processes, modeling the
closed-system Li diffusion would also help to investigate the spreading rate and geothermal condition during the
transitional FAB-boninitic magmatism.

To constrain the origin of the large Li isotopic variation of olivine and cooling rate of the thin MTZ beneath the
Coto proto-forearc region, we carried out numerical modeling to recover the processes of closed-system and
subsolidus Li redistribution in the enclaves by using a concentric spherical model. The inner core was assumed
to be occupied by olivine that was equilibrated with the parental magmas of the high-Al chromitites. Because
increase of Li concentrations in the trapped melts was driven by the solidification process, the outer shell was
directly assumed to be occupied by olivine that had Li concentrations and isotopic compositions the same as the
parental magmas of the high-Al chromitites, and its Fo value was fixed the same as that of the inner olivine in
order to facilitate the modeling. The diffusion equation and some boundary conditions are listed below:

2
oC (ac gg) n

2 _pn L=
ot ) or? r or

a@—f:O,r:O,rzE,t>0 2)

b2 = p %€ r=R,i>0 A3)
oar or

where (a) the variable D(T) is the temperature-dependent diffusion coefficient of Li in olivine and can be obtained
by log[D(T)] = —5.92 — 1.2847 x 10*/T (Dohmen et al., 2010). The differences of D(T) between °Li and "Li are
determined by D;/Dg = (ms/m7)”, in which 8 is thought to be 0.27 (Richter et al., 2014). (b) The variable r and ¢
refer to the distance to the center of the spherical system and diffusion duration, respectively. (¢c) The parameters
R and E are the radii of the inner olivine and the exterior radius of the outer shell, respectively. (d) The Equation 2
describes no diffusion in the center and surface of the spherical system, and Equation 3 describes the conserva-
tion of flux of Li across the core-shell boundary during diffusion.

The Fo values of the two spheres were set as 93 and remain constant throughout the modeling. The density of the
olivine can be calculated based on the proportions of the end members of forsterite (Fo) and fayalite (Fa) with
formulas below:

pi(T) = p;’(298.15 K) + a(T —298.15K) + b(T — 298.15 K)2
4)
poi(T) = ZXipi(T)

Equation 4 was used to calculate the temperature-dependent density p of forsterite and fayalite, and the overall
density of olivine (the weighted average value); the variable X, represents the mole fraction of forsterite and fayal-
ite. The coefficients a and b are constant and can be found in Niu and Batiza (1991).

After thorough reaction with parental magmas of the high-Al chromitites under open-system conditions, the Li
concentrations and 8’Li values of olivine in the dunite enclaves became ~0.8—1.6 ppm and +10%o to +15%o,
respectively, whereas trapped melts in the dunite enclaves, occurring as thin films wrapping the olivine grains,
theoretically still had Li and 87Li values similar to those of the parental magmas. The partition coefficient of Li
between olivine and melts varies largely in different studies, for example, 0.1-0.2 in Brenan et al. (1998) and
~0.425 in Ottolini et al. (2009). Olivine grains in the dunite enclaves thus had ~0.8-1.6 ppm Li. For a general
evaluation of the closed-system diffusion process, the inner core and outer shell were assumed to have 1.25 and
10 ppm Li, respectively, and their initial 8’Li values were both set to be +13%o based on the above information.
Given the grain size of olivine in the enclaves, the radius of the inner core (R) was set to be 3 mm, and the thick-
ness of the outer shell was set to be 0.03 mm, 1% of the radius of the inner core. The compositions and sizes of
the inner core and outer shell are shown as below:

C = 1.25ppm, 8'Li = +13%0,r < 3mm,t = 0 %)
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Figure 9. Expected varying 8’Li-Li correlation patterns recorded by olivine separates from the dunite enclaves. The dashed
circles are assumed to mark the diffusion trough that have the lowest 87Li values. Locations outside and inside the dashed
circles have higher 87Li values than the diffusion trough. The marginal zones of the grains have the highest 8’Li values
according to the modeled results. The centers and zones nearby that were not affected by the ingress of Li are assumed to
have 1.25 ppm Li and 8’Li values of +13%o (Diagram (c)). However, it is noted that the Li and 87Li values at other sites (e.g.,
the margins) in the olivine were assumed semi-quantitatively for reference based on the modeled results in Figure 8.

C = 10ppm, 6’Li = +13%0,3mm < r < 3.03mm, ¢ = 0 6)

Numerical modeling of the closed-system diffusion process was done using a finite element method programmed
with Comsol Multiphysics. The isotopes °Li and 7Li were taken as independent elements during modeling and
processed separately under constant temperature conditions of 1200°C and 900°C, respectively (Figure 8). The
first is generally comparable to the near-solidus temperature of mantle-derived melts, and the latter corresponds
to the general temperature conditions in the MTZ below spreading centers (Boudier & Nicolas, 1995; Gao
et al., 2011; McKenzie et al., 2005). The temporal variation of Li and 8’Li values at the rim (R), 7R/8, R/2 and
center of the inner olivine core were specially modeled for understanding the general diffusion processes of Li in
the spherical system (Figure 8).

The results show that the inner part (e.g., center and R/2) of the olivine core shows decrease of 8’Li with the
increase of Li concentration, whereas the 8’Li values of marginal zones (e.g., rim and 7R/8) increase at first
and then fall back (Figure 8). Such results support that ingress of Li into olivine from trapped melts under
closed-system conditions could meanwhile elevate and decrease the 87Li values in the grains (Figures 4c and 5b),
consistent with the results of Parkinson et al. (2007). The highest and lowest 8’Li values obtained by using
in-situ analysis, —2%o and +21%o, could be both reproduced by the modeling. It is noteworthy that the sizes of
olivine grains and the amounts of trapped melts are variable at different locations in the real case of the dunite
enclaves. Thus, it is suggested that olivine grains in the dunite enclaves record results of Li diffusion at different
stages, and their Li isotopic compositions were modified to varying degrees during the close-system diffusion
(Figure 8). Given that the olivine separates are broken pieces of large grains, it should be noted that they could be
any parts (either marginal or inner zones) of the original olivine grains, explaining their various 8’Li profiles and
non-systematic 8’Li-Li correlations (Figure 9).

Based on the modeled results, it takes <40 years to reach elemental and isotopic equilibrium in the spherical
system under 1200°C (Figures 8al and 8a2). Given that the temperature during the main magmatic stage was
likely even higher than 1200°C, the Li isotopic system of the whole enclaves could have been quickly homoge-
nized during the open-system reaction, also supporting that the Li isotopic compositions of olivine can be easily
buffered by melts under conditions of high melt/rock ratios. The results also show that it took ~6,000-8,000 years
for Li to reach both elemental and isotopic equilibrium in the olivine separates at 900°C (Figures 8b1 and 8b2).
However, a duration of 1,000-3,000 years is long enough to achieve the large Li isotopic variations detected
in the olivine separates (Figures 8bl and 8b2). Given that closed-system Li diffusion actually started under
near solidus temperatures (~1200°C) and continued to subsolidus conditions, the time scale for generating large
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Figure 10. Diagrams showing the changing magmatism and mineralization

of high-Al chromite in the Coto proto-forearc region during subduction
initiation. (a): Partial melting in the fertile uppermost mantle in the context
of slab rollback generated Eocene FAB in the context of Pre-Eocene
oceanic lithospheres and harzburgitic mantle residue. Chromite grains in
the residual harzburgites are featured by anhedral (e.g., wormy) shapes
after partial melting. (b): Addition of slab-derived fluids took place in the
mantle wedge and lowered the solidus temperature of the harzburgites,

generating melts with lower TiO, contents than the FAB. Reaction between
the low-Ti melts and harzburgites resulted in dunites and high-Al chromitites

(TiO, of chromite < 0.35 wt.%). Because of melt infiltration during the
high-Al chromite mineralization, euhedral chromite grains may appear in
the harzburgites. It is noteworthy that the spreading center migrated during

continuous slab rollback, and caused lateral variation of lava compositions in
the crust, marked by color gradient from red (later) to purple (early). Details
of the small circles below spreading centers can be found in the larger ones in

each diagram.

Li isotopic variation in single olivine grains should be <1,000-3,000 years.
Accordingly, the MTZ of the Coto block possibly cooled down at a minimum
rate of ~0.1°C/yr. comparable to the MTZ and uppermost mantle below slow
to ultra-slow spreading centers, for example, 0.3-5°C/yr for the Gakkel Ridge
of the Arctic Ocean (P. P. Liu et al., 2020).

6.7. Geodynamic Implications for Subduction Initiation

The low-Ti features of chromite in the high-Al chromitites indicate deple-
tion in the mantle sources of their parental magmas. Such pre-mineralization
depletion can be possibly linked to MORB-like FAB magmatism in the
Zambales ophiolite, which took place at the earliest stage of SI and just prior
to the IAT formation. Further combining our petrological observations and
geochemical data, a detailed evolutionary model can be reconstructed for the
Coto proto-forearc region, specially from the perspective of mantle. First,
the FAB was generated via decompressional melting of asthenosphere below
the Zambales proto-forearc (Figure 10a). This left an harzburgitic mantle
wedge and resulted in the irregular shapes and low TiO, contents of chromite
in the harzburgites (Figures 2f-2g and 10a). Second, the depleted mantle
wedge was hydrated by slab-derived fluids (Figure 10b). Such a process
contributed to the heavy Li isotopic features in mantle sources of parental
magmas of the high-Al chromitites and also accounted for the formation of
subduction-related crustal rocks.

Although boninitic magmas are also the melting products of hydrous harzbur-
gitic mantle, the Coto block has no record of boninitic magmatism. Such a
fact implies that evolution of the Coto block itself did not cover the entire SI
and expired after the transitional FAB-boninitic magmatism before boninites
were formed. The compositions of mantle-derived magmas are controlled
by both the compositions of their mantle sources and geothermal gradients.
According to the calculated TiO, contents (Figure 7; Figure S4 in Supporting
Information S1), the parental magma sources of both high-Al and high-Cr
chromitites were harzburgitic and sometimes experienced similar degrees of

melt depletion. Given that slab components are widely found in parental magma sources of high-Cr chromitites
(Chen et al., 2019; P. F. Zhang, Zhou, Robinson, et al., 2019; P. F. Zhang et al., 2021), it is possible that the mantle
sources of both types of chromitites often have similar compositions. Accordingly, absence of boninitic magma-
tism in the Coto block appear unrelated to mantle compositions, and production of transitional FAB-boninitic
and boninitic lavas at the different stages of SI is better attributed to varying geothermal conditions rather than
chemical variation of their mantle sources.

Numerical modeling show that the MTZ rocks of the Coto block cooled at a rate comparable to that observed for
the uppermost mantle below ultra-slow to slow spreading centers, which extend at rates <20 and 20-50 mm/yr,
respectively (Dick et al., 2003). Such a result indicates that mineralization of the high-Al chromite possibly
occurred during a period when magmatic crustal spreading was not vigorous in the Zambales proto-forearc.
According to the SI model, proto-forearc spreading is accompanied by asthenospheric upwelling, both processes
driven by slab rollback (Reagan et al., 2010, 2019; Stern et al., 2012; Whattam & Stern, 2011). Thus, mineralization
of high-Al chromite and related magmatism possibly mark a slow-motion period of slab rollback, which would
not induce notable asthenospheric upwelling and subsequent proto-forearc spreading. This is not entirely consist-
ent with the overall rapid spreading rates of proto-forearcs, for example, ~72 mm/yr on average for the IBM from
the FAB to boninitic magmatism (Reagan et al., 2017, 2019), but suggests existence of sluggish intervals of slab

rollback during SI.

Effective asthenospheric upwelling would be expected to induce high heat flow and ambient temperatures
in overlying lithospheric mantle (He, 2014; Ueda et al., 2008). Previous studies revealed that both the
FAB and boninitic magmatism were possibly developed under conditions >1400°C at 1-2 GPa (Falloon &
Danyushevsky, 2000; Shervais et al., 2019), consistent with the effects of notable slab rollback and astheno-
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spheric upwelling. By contrast, the low proto-forearc spreading rate during the high-Al chromite mineraliza-
tion suggests that relevant magmatism took place under a comparatively low geothermal gradient, defining a
trough period of heat flow in the whole process of SI. Such geothermal variation explains why the parental
magmas of high-Al and high-Cr chromitites could be produced from similar mantle sources but at different
stages of SI.

Based on the chemo-thermal variations discussed above, fluid-aided magmatism during the post-FAB period
of SI may be divided into the early and late stages of flux melting, corresponding to productions of transitional
FAB-boninitic (low-Ti IAT) and boninitic lavas, respectively. From the perspective of chromitites, the high-Al
and high-Cr varieties result from the early and late stage of flux melting, respectively. Due to the lower geother-
mal gradients, the early stage of flux melting is probably marked by lower rates of magma production than the
later stage. This is supported at least by the facts that: (a) high-Al chromite deposits are much rarer than high-Cr
ones in the world; (b) reserve of the Coto deposit (6.34 Mt) is comparable only to that of an average high-Cr
deposit (e.g., Luobusa deposit, average, ~7 Mt, Q. Z. Zhang, Ba, et al., 2017; Kempirsai deposit, the largest,
>310 Mt, Melcher et al., 1997).

According to previous studies, spreading centers in proto-forearcs move relative to trenches with on-going slab
rollback, and lavas generated at spreading centers evolve from FAB to boninites, resulting in lateral variation of
crustal compositions in proto-forearcs (Figure 10b; Dilek & Thy, 2009; Reagan et al., 2017, 2019). Comparing
with the established model, the Coto and Acoje blocks were probably formed at different spreading stages of the
Zambales proto-forearc, and continuous slab rollback caused migration of the spreading center from location of
the Coto block to that of the younger Acoje block (Figure 10b). Accordingly, it is possible that the Coto block
possibly became an off-axial region with few magmas further produced after the high-Al chromite mineraliza-
tion, accounting for absence of boninites in the block.

Different from the Zambales ophiolite, development of proto-forearcs and SSZ ophiolites may not always follow
the classical rule of SI (Stern et al., 2012; Whattam & Stern, 2011). Even in an individual ophiolite that consists
of multiple blocks, the geological processes recorded in each block differ and may not be able to cover the whole
evolutionary history of classical SI, for example, the case of Coto block. Moreover, in case that slab rollback is
slow without notable upwelling of asthenosphere at the very beginning of SI, slab dehydration would probably
prevail. Such a geodynamic setting would hinder the generation of FAB but facilitate flux melting in advance,
producing IAT of both high-Ti (early) and low-Ti (later) varieties and boninitic magmas with the on-going slab
rollback and depletion of magma sources. Obviously, the high-Ti and low-Ti IAT generated in the case above
can be overall considered as the counterparts of FAB and transitional FAB-boninitic lavas that formed in clas-
sical model of SI, respectively. Alternatively, if true subduction of slabs happens at the beginning of SI with no
slab rollback taking place from then on, subduction zones would directly take shape and be followed by crustal
uplifting and arc magmatism that usually varies from IAT to calc-alkaline ones with time (the case of induced
SI; Stern, 2004). In this case, neither FAB or boninitic lava is likely to be produced, and the required spreading
setting for origin of ophiolites cannot be satisfied either.

7. Conclusions

1. Parental magmas of the high-Al chromitites of the Coto block had transitional FAB-boninitic compositions,
and their mantle sources were harzburgitic and modified by slab fluids, accounting for the low TiO, contents
of chromite and heavy Li isotopic signatures of olivine in the Coto chromite deposit.

2. The large 87Li variation of olivine grains in the dunite enclaves was caused by ingress of Li from interstitial
melts under closed-system conditions. A minimum cooling rate of 0.1°C/yr was required in the MTZ of the
Coto proto-forearc region in order to preserve the observed isotopic variation.

3. The transitional FAB-boninitic magmatism took place in the early stage of flux melting during SI. This possi-
bly marked a trough in heat flow and magma production during the entire course of SI, as the result of slow
slab rollback and accompanied asthenospheric upwelling then.

4. Development of magmatism in the Coto proto-forearc region expired soon after the transitional FAB-boninitic
magmatism. This was possibly due to migration of spreading center to the adjacent Acoje region, accounting
for the week magmatism in the Coto block after the high-Al chromite mineralization.
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