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Ophiolites, mostly formed via subduction initiation at proto-forearcs, exhibit a
unique variation of mantle-derived magmatism from MORB-like to low-Ti
tholeiitic and boninitic-like affinities. Such variation was suggested to form
chromite deposits spanning high-Al to high-Cr types. Nevertheless, the origin
of diverse magmatism during subduction initiation and their linkages to dif-
ferent chromite deposits has long been enigmatic. Here we show elemental
and Os isotopic compositions of different chromitites from the Zambales
ophiolite, Philippines. Combined with data from ophiolites worldwide, high-Al
and high-Cr chromitites are revealed to result from low-Ti tholeiitic and
boninitic-like magmatism, respectively. Proto-forearc mantle had few chro-
mitites generated during MORB-like magmatism, but afterwards, it was mod-
ified first by slab fluids and later by continuous asthenospheric upwelling in the
context of slab densification and rollback. The latter modification elevated the
geothermal gradient and replenished fertile components in the proto-forearc
mantle progressively, inducing increasingly higher degrees of mantle melting

and Cr-richer magmatism and chromitites.

Podiform chromite deposits are an exclusive feature of ophiolites and
constitute important sources of chromium and refractory materials'.
Chromite grains in such deposits exhibit a wide range of Cr# (100 x Cr/
(Cr+Al); 3-85; Fig. 1), which allows the division of the deposits into
high-Al (Cr#<60) and high-Cr (Cr#>60) varieties'>. Traditionally,
high-Al chromitites are thought to be formed from MORB-like magmas
that originated from the fertile asthenospheric mantle below spread-
ing ridges, whereas high-Cr chromitites were formed from boninitic-
like magmas generated via flux melting of the depleted mantle in
subduction settings®>. However, such explanations contradict our
compiled geological evidence that ophiolites which host high-Cr
chromitites mostly contain lherzolites and Cpx-rich harzburgites in
their mantle sequences (Fig. 1 and Supplementary References),

suggesting that the mantle fertility during the formation period of
high-Cr chromitites was not as poor as previously assumed. Moreover,
ophiolites containing exploitable high-Cr chromite deposits often
have high-Al chromitites, whereas those with high-Al deposits have few
high-Cr chromitites, a feature which has been widely reported but
rarely further considered yet (Fig. 1). These observations indicate that
the origins of ophiolitic chromite deposits are far more intricate than
generally thought, and further investigation is required to clarify the
cause of diverse chromite mineralization in ophiolites and their mutual
genetic linkages.

Ophiolites that host chromite deposits, e.g. the Troodos (Cyprus),
Semail (Oman), and Zambales (Philippines) ophiolites, often show a
chemo-stratigraphic variation trend comparable to the infant West
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Fig. 1| Variation of Cr# of chromite in peridotites and chromitites from
ophiolitic blocks that contain chromite deposits. Peridotites in blocks that only
host high-Al chromite deposits are dominated by Cpx-poor harzburgites. In con-
trast, those hosting high-Cr chromite deposits have both Cpx-rich and Cpx-poor
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harzburgites. It is noteworthy that blocks that host high-Cr chromite deposits are
often found to have high-Al chromite orebodies. References cited for each
ophiolitic block can be found in the Supplementary Information.

Pacific arcs, e.g. Izu-Bonin-Mariana arc (IBM), supporting their sub-
duction initiation origin®=. Studies of the IBM lavas indicate a scenario
of gradually weakening asthenospheric upwelling, intensified deple-
tion of magma sources, and strengthening slab dehydration below
spreading proto-forearcs in the context of slab rollback, accounting
for the eruption of lavas varying from early MORB-like forearc basalts
(FAB) to later low-Ti tholeiitic (also called depleted FAB, depleted
tholeiitic, and etc.) and boninitic lavas in nascent subduction
zones®**'°, Despite the assumed linkages of high-Al and high-Cr chro-
mitites to MORB-like and boninitic-like magmatism, respectively*'°,
recent studies from the mantle perspective revealed that chromite
grains in high-Al chromitites, usually featured by low TiO, contents, are
unlikely the products of typical MORB-like magmatism''?, and high-Cr
chromitites were more probably generated at a period of flux melting
meanwhile with notable asthenospheric upwelling below proto-
forearcs*'*. This contrasts with the current model of subduction
initiation established based on lava compositions alone. Consequently,
the genetic relationships among different magmatism, chromite
deposits and relevant geodynamic settings during subduction initia-
tion remain to be elaborated, especially from the mantle perspective.

The Zambales ophiolite, located in NW Luzon island of the Phi-
lippines (Fig. 2A) has long been recognized to have a subduction
initiation origin*". The Acoje and Coto blocks of the ophiolite are
adjacent parts of the same proto-forearc lithosphere with transitional
compositions and were generated in an evolving subduction initiation
system'*">" (Fig. 2B). Chronological studies show that magmatism in
the Coto block took place at 45Ma, whereas those in the Acoje
occurred slightly later (44-43 Ma)""®, The Coto block records mag-
matism varying from the FAB to low-Ti tholeiitic types with time™",
and its Moho transition zone (MTZ) hosts the largest high-Al chromite
deposit in the world (6.34 Mt)12 (Fig. 2C and Supplementary Note 1). In
contrast, the Acoje block experienced magmatism changing from low-
Ti tholeiitic to boninitic ones"”", and it hosts a world-class high-Cr
chromite deposit (25 Mt) and minor high-Al chromitites along its pet-
rological Moho" (Fig. 2D). The mantle sequence of the Coto block
comprises mainly Cpx-poor harzburgite (<3 modal% Cpx), and there is
no obvious variation of mineral proportions from top to bottom of its
mantle sequence">*° (Fig. 2C), whereas peridotites of the Acoje block
vary from Cpx-poor harzburgites with enclosed dunite and Cpx-rich

harzburgite (3-5 modal% Cpx) lens at the topmost mantle sequence to
Cpx-rich harzburgites and Cpx-poor lherzolites (5-10 modal% Cpx;
hereinafter grouped as Cpx-rich harzburgites) at the bottom mantle
sequence”"*?° (Fig. 2D). Minerals in the Cpx-rich harzburgites have
compositions overall comparable to those in abyssal peridotites
(Fig. 3). The Cpx-poor harzburgites and dunites in the mantle
sequences of both blocks were modified from less depleted peridotites
by interaction with Mg-rich melts (e.g, parental magmas of chromi-
tites) under increasing melt/rock ratio conditions™"* (Supplementary
Fig. 1 and Note 1). The differences between the two blocks provide an
excellent opportunity for studying the origin of various chromitites
and their relationships to diverse magmatism during subduction
initiation.

By using numerical calculation and Re-Os isotopes of chromitites
and peridotites from the Zambales ophiolite and other representative
ophiolites in the world, this study first explores how the parental
magmas of different chromitites were formed, from the aspects of
both mantle source compositions and requisite degrees of melting,
and then restores the chemo-thermal variations of the proto-forearc
mantle that resulted from changing geodynamic processes. By inte-
grating all available information, we propose a detailed model for the
evolution of subduction initiation and explicate how diverse chromite
mineralization and related varying lithological associations arise in
ophiolites.

Results and discussion

Mantle fertility during different periods of chromite
mineralization

Mantle-derived magmas generally have <4000 ppm Cr, but the Cr,05
contents of chromitites reach dozens of wt%". Such contrasting Cr
contents suggest that the volumes of the parental magmas of chro-
mitites must be dozens to hundreds of times larger than those of the
chromitites themselves®. Therefore, ophiolitic chromitites are com-
monly thought to be generated via the accumulation of chromite and
olivine under magma-dominated environments, e.g. in melt channels
or magma chambers”?, and their compositions are primarily gov-
erned by those of their parental magmas, which are in turn controlled
by the nature of the source regions and partial melting degrees.
Accordingly, to gain insight into the varying chromite mineralization in
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Fig. 2 | Geological maps of the Zambales ophiolite and the Coto and Acoje
blocks. A Location of the Zambales ophiolite in the Philippines. B Geological map
of the Zambales ophiolite and its subdivisions. C Geological map of the Coto
mining area. D Geological map of the Acoje block. The sampling location 5 in the
panel D is a mixture area of various rocks, including high-Al chromitites (minor),
high-Cr chromitites (minor), dunites (major), Cpx-poor harzburgites (major), and
Cpx-rich harzburgites (minor)". The grey, white and brown bars shown near the

sampling locations in panels C, D represent lithologies of Cpx-rich harzburgite,
Cpx-poor harzburgite and chromite, respectively. The Cr# of chromite in these
rocks can be generally known based on the locations of black bands in the bars,
each assumed to have a Cr# range from O to 100. Chromite grains in Acoje harz-
burgites have a large Cr# range, increasing from -17 at the bottom to ~68 at the top
of the mantle sequence. In contrast, chromite grains in the peridotites of the Coto
block show a narrow range of Cr#.

ophiolites, the fundamental steps are to estimate the parental magma
compositions of different chromitites, mantle source compositions of
the parental magmas, and also melting degrees required in the mantle
sources. Apart from being controlled by their parental magmas, the
compositions of chromite in chromitites can also be affected by sub-
solidus ionic exchange with olivine, which transfers divalent cations
between the two phases?. Compared with divalent cations, those of
high valence states, e.g. Cr**, AP**, and Ti*, are not easily mobilized*.
Therefore, they can be used more effectively for evaluating the pri-
mary natures and origins of the parental magmas of chromitites.

Overall, chromite grains in the high-Cr chromitites have relatively
homogeneous compositions (e.g. Cr#-~73wt%; TiO,~0.20 wt%;
Fig. 4A), but those in the high-Al chromitites vary in both Cr# and TiO,,
dividing them into Ti-poor and Ti-rich varieties (boundary values
defined as 0.10 wt% TiO,) (Fig. 4A). The TiO, contents of melt inclu-
sions in lavas-hosted chromite were found to show good correlation
with those of the chromite hosts*, and regression formulae have been
established for estimating the TiO, contents of parental magmas of
chromitites by using the TiO, contents of chromite grains in
chromitites® (Fig. 4B).

@
2

Ti0,(Melt)=1.5907*[TiO,(high — Al Chr)|****

TiO,(Melt)=1.0963"[TiO,(high — Cr Chr)]° 75

Our calculated results suggest that the parental magmas of our
high-Cr chromitites have -0.2-0.4 wt% TiO,, and those of the Ti-poor
and Ti-rich high-Al chromitites have -0.2-0.4 wt% and 0.5-0.7 wt%

TiO,, respectively. Combined with Cr# of chromite, the parental
magmas of high-Cr chromitites have boninitic affinity'*® (<0.5wt%
TiO,; Fig. 4B), consistent with previous findings’. However, the par-
ental magmas of high-Al chromitites are found not as traditionally
thought akin to typical MORB-like ones (mostly > 0.8 wt% TiO,), but
show obvious affinities with more depleted low-Ti tholeiitic magmas
(0.2-0.8 wt% TiO,; Fig. 4B and references therein).

Ti is an incompatible element in mantle peridotites, and the TiO,
contents of mantle-derived magmas theoretically decrease either with
increasing partial melting degree at a fixed level of mantle fertility or
with decreasing mantle fertility at a fixed degree of melting” (Fig. 4C).
On one hand, PGE studies revealed that the parental magmas of high-Al
and high-Cr chromitites were formed by melting of peridotites under
relatively low (S-saturated) and high (S-undersaturated) degrees,
respectively, regardless of under hydrous condition or not>’. On the
other hand, the composition of the proto-forearc mantle is usually
considered not as fixed but rather becoming more and more depleted
with the progress of subduction initiation®”. Further given that high-Al
chromitites were formed earlier than high-Cr chromitites in the fra-
mework of subduction initiation, the parental magmas of high-Al
chromitites are expected to have more TiO, than those of high-Cr
chromitites. From the Zambales high-Al chromitites to high-Cr chro-
mitites, however, chromite grains overall show increasing TiO, con-
tents (from ~0.03 wt% to 0.28 wt%; Fig. 4A), a feature that can also be
seen for ophiolitic chromitites from worldwide (Supplementary
Fig. 2A). More surprisingly, the parental magmas of some Ti-poor high-
Al chromitites have even less TiO, than those of the high-Cr chromi-
tites (Fig. 4A, B). Such results are inconsistent with the combined
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Fig. 3 | Lithological columns of the Coto and Acoje blocks and compositional
variations of chromite and clinopyroxene in peridotites at different strati-
graphic depths in their mantle sequences. The three photo-micrographs for the
Coto blocks show chromitites, dunites, and Cpx-poor harzburgites from top to
bottom'™. The four photo-micrographs for the Acoje block show chromitites, Cpx-
poor harzburgites, Cpx-rich harzburgites, and Iherzolites™**. The depth of 0 km in
the columns marks the locations of petrological Moho. The red and white dots used
in the first three columns show the compositions of chromite and clinopyroxene
from the mantle rocks of the Acoje and Coto blocks, respectively, with the data
from Evans and Hawkins show?’. The green zones in the columns show the com-
positional ranges of chromite and clinopyroxene from the Acoje mantle sequence,

-8km
2 (o] @]
Pillow High-Cr High-Al
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with relevant data from Zhang et al. show'""*. The compositional variations shown in
the green zones at a certain depth reflect the variation of lithologies at that stra-
tigraphic level, which resulted from reactions between Mg-rich melts and Cpx-rich
harzburgites under varying melt/rock ratio conditions (Supplementary Fig. 1). The
ranges of chromite and clinopyroxene compositions from the abyssal peridotites
(grey zones) are displayed for comparison. The dashed red line in the composition
columns marks a special level featured by the presence of Cpx-rich harzburgites in
the background of Cpx-poor harzburgites at the upper part of the Acoje mantle
sequence. Detailed lithological distributions in mantle sequences of the two blocks
can be found in Supplementary Note 1 and Fig. 2C, D.

effects of higher degrees of melting and more depleted mantle sources
as traditionally assumed for high-Cr chromitites compared with high-
Al ones.

Comparing the calculated TiO, contents for parental magmas of
different types of chromitites via the regression formulae and multi-
stage fractional melting model (Fig. 4D and Supplementary Note 2), it
appears that parental magmas of the high-Cr chromitites were gener-
ated via ~15-25% flux melting of moderately depleted mantle sources
that had compositions equivalent to ~5-10% melting residues of fertile
MORB mantle (FMM) (Fig. 4D). The parental magmas of the Ti-rich
high-Al chromitites from both blocks originated from sources with
similar compositions to the high-Cr ones but were generated via fur-
ther 5-15% flux melting. However, parental magmas of the Ti-poor
high-Al chromitites were formed by 5-15% flux melting of mantle
sources that had compositions equivalent to 10-20% melt residues
from the FMM (Fig. 4D). The results above indicate that the parental
magmas of all our chromitites were derived from more depleted
sources than the FMM, moreso for the Ti-poor high-Al chromitites.
Although the formation sequence of Ti-rich and Ti-poor high-Al
chromitites in the Coto block needs to be further clarified in a specific
geological context, the Zambales proto-forearc mantle had surely
become increasingly fertile as the mineralization proceeded from the
Ti-poor high-Al chromitites in the early Coto block to the Ti-rich high-
Al chromitites and high-Cr chromitites in the younger Acoje block,
regardless if the Ti-rich high-Al chromitites in Coto block formed
earlier or than the Ti-poor ones. Such a result differs from the con-
ventional view that the mantle sources of magmas simply become
more and more depleted with subduction initiation going on®”?, but is
consistent with the fact that the mantle sequence of the Acoje block
has Cpx-rich harzburgites throughout and shows higher fertility than
that of the Coto block (Figs. 2C, D and 3), suggesting fertilization

processes in the proto-forearc mantle before
mineralization.

the high-Cr

Origin of radiogenic Os isotopic ratios of the chromitites
Chromitites from the Zambales ophiolite have large Os isotopic var-
iation, with the high-Al chromitites overall having higher ¥’0s/*%0s
ratios than the high-Cr ones (0.130-0.150 vs 0.125-0.130) (Fig. 5A-C).
This isotopic variation implies either that the varied values are decay
products of similar initial Os isotopic compositions under conditions
of different Re/Os ratios or that they were initially different from each
other. All the chromitites overall have low Re/Os ratios (between 0.001
and 1) and were formed at -45-43 Ma"™'® (Fig. 5B). Compared with the
significant long half-life of ¥Re (**’Re > ®’0Os, -4.3 Gyrs), the Os iso-
topic systems of the chromitites could not have changed too much
after the mineralization, and there should be no difference between
the original and current ®’0s/"®%0s ratios of the chromiitites. Therefore,
the contrasting Os isotopic ratios of the high-Al and high-Cr chromi-
tites could not have resulted from the decay of Re, but rather the high-
Al chromitites had higher ¥’0s/®80s ratios than the high-Cr ones from
the moments of their formation.

The Os budgets of ophiolitic chromitites are not only controlled
by their parental magmas but may also be affected by peridotites that
had ever reacted with the parental magmas, e.g. during their upward
migration®?®. Conventionally, chromitites formed in melt-dominated
environments, and high-Cr chromitites always have higher Os con-
centrations than high-Al ones and peridotites®*’ (Fig. 5D and Supple-
mentary Fig. 2B). Based on the concept of mass balance, the Os
budgets of high-Cr chromitites must be less affected by peridotites
than those high-Al ones, if any influence existed. Further given that
harzburgites from both the Coto and Acoje blocks have indis-
tinguishable Os isotopic ratios (Fig. 5A), the decreasing *’0s/*®0s
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Fig. 4 | Compositions of chromite grains in harzburgites and chromitites and
calculated parameters for the parental magmas of chromitites. A Cr# vs TiO, of
chromite in chromitites and lavas from various backgrounds. BON and b boninite,
IAT and i island arc tholeiite, babb back-arc basin basalt, udtm ultra-depleted
tholeiitic melt. The diagram was modified after Pearce et al. show” and Zhang et al.
show'. B Calculated TiO, contents in the parental magmas of chromitites. The
equations are from Rollinson et al. show”. The TiO, ranges of FAB (MORB-like
tholeiites)’, low-Ti tholeiites (depleted FAB)'**>** and boninites”*° and the data of
chromite from the Lau Basin BABB”® (depleted types) are also plotted for com-
parison. C Variation of TiO, contents in the parental magmas of chromitites with
Cr# of chromite in the chromitites. D Partial melting degrees are required for the
formation of the parental magmas of chromitites. The network in light green colour
was drawn based on the modelling results of a series of fractional melting. The four
initial mantle sources used for the modelling are FMM and residues (MR) of FMM

Total partial melting degree (%)

after 10%, 15%, and 20% melting, respectively. Five melting degrees, 2.5%, 7.5%,
17.5%, 22.5%, and 27.5%, are used during modelling for the selected four mantle
sources. Generally, FAB was assumed as the melting products at total degrees of
10-20%, parental magmas of high-Al chromitites and high-Cr chromitites at total
degrees below and over 25%, respectively. Details of multi-stage melting account-
ing for the formation of FAB and parental magmas of different chromitites, e.g. the
compositions of their sources and required melting degrees at each stage, can be
evaluated based on their TiO, contents and required total melting degrees. The
transparent yellow rectangle was drawn based on the TiO, contents of MORB-like
rocks from the Zambales ophiolites”, and only the TiO, contents of those with high
MgO, Ni and Cr contents were used. The red and yellow dashed lines represent the
evolving fertility in the parental magma sources of FAB and different chromitites
(S1-S5). The parameters and equations used for the calculations above can be
found in Supplementary Note 2.

trend from the high-Al chromitites to high-Cr ones could not have
been caused by involvement of Os from the harzburgites but was
primarily controlled by the natures of their parental magmas’°, which
in turn reflect different Os isotopic features of the magma sources.
High-Al chromitites from both the Coto and Acoje blocks display
radiogenic "0s/*80s ratios at times (Fig. 5A, B). Such a feature is also
found for some high-Al chromitites from other ophiolites (Fig. 6),
requiring the addition of exotic components to their parental magma
sources. Asthenospheric upwelling and slab dehydration are the two
dominant processes during subduction initiation®’, modifying the
compositions of the mantle wedge below proto-forearcs. Astheno-
sphere underwent Re depletion during crust-mantle differentiation
and has lower '¥0s/**¥0s ratios than the primitive upper mantle (PUM)
(Fig. 5A)*73, As a result, the radiogenic Os isotopic features of the high-
Al chromitites could not have resulted from modification by asthe-
nospheric upwelling in their mantle sources. In contrast, the seawater-
altered oceanic crust has obviously a higher ¥’0s/®%0s ratio than the
primitive mantle and is a potential source of the required radiogenic
0s*. According to experimental studies, Os becomes increasingly
mobile in fluids with increasing halogen content and oxygen
fugacity®*¢, and can be delivered into the overriding mantle wedges
from the subducted slabs at certain depths**’. As a result, the radio-
genic Os components in mantle sources of the high-Al chromitites
were possibly derived from sinking slabs during subduction initiation.

Effects of refertilization on Os isotopes of the proto-forearc
mantle

Because the Os isotopic compositions of all the Zambales chromitites
could not have been notably changed by radioactive decay in 45Ma,
the apparently different '¥0s/***Os ratios of the high-Al and high-Cr
chromitites suggest a period of drastic Os isotopic shift in the mantle
sources by other means, which decreased the effects of slab compo-
nents in the proto-forearc mantle from formation of high-Al chromi-
tites to high-Cr ones. Previous studies revealed that melt infiltration
may result in the dissolution and re-precipitation of Os-bearing
minerals in peridotites®®*°, potentially modifying the Os isotopic sys-
tems of peridotites and accounting for the isotopic shift. However, the
parental magma sources of all the chromitites, situated strati-
graphically deeper than the preserved mantle sequences of the
ophiolite, had been lost during tectonic emplacement, making it
impossible to observe what happened in the magma sources directly.
Even so, modification of the bulk Os isotopic systems of peridotites in
the lost mantle sources could be simplified in the way of binary mixing
as if in black boxes, and the final ¥0s/™®0s ratios of the modified
mantle should be intermediate between their original ratios and those
of the reactant melts, however complex the modification processes
were. As a result, the addition of low-*’0s/®*80s components would be
the only way of lowering the ¥"0s/®%0s ratios of the proto-forearc
mantle.
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Compared with slab-derived components, melts derived
from the asthenosphere display lower Os isotopic signatures®?*,
falling into the range of abyssal peridotites (0.114-0.129)*. Peri-
dotites notably modified by asthenospheric melts would thus have
lower ¥’0s/"®80s ratios similar to abyssal-like values. This can be
exemplified by the case that happened in the subcontinental litho-
spheric mantle (SCLM) of the North China Craton, which had been
highly refertilized by asthenospheric melts during Mesozoic and
Cenozoic and transformed to have abyssal-like Os isotopic ratios*.
On one hand, Cpx-rich harzburgites of the Acoje block also have
abyssal-like '¥0s/"®%0s ratios (0.1267-0.1288; Fig. 5A, B). On the
other hand, clinopyroxene grains in the Cpx-rich harzburgites show
signs of melt impregnation and even make up diopsidite veins
(Fig. 3). Combined with the abyssal-like compositions of clinopyr-
oxene and chromite in the Cpx-rich harzburgites, such moderately
depleted harzburgites cannot be residues of low to moderate
degrees of melting but were refertilized products of previous Cpx-
poor harzburgites (CP-Hz I, not those in the current Acoje mantle
sequence) by asthenospheric melts, which imposed higher Al,O5
contents and abyssal-like REE compositions on clinopyroxene and
lowered the Cr#s of chromite to even <20"** (Fig. 3). Conse-
quently, the decreasing ' 0s/*®80s ratios from the high-Al chromi-
tites to high-Cr ones can be best explained by modification of
asthenospheric melts. Moreover, such a postulation corroborates
that the lost parental magma sources of the high-Cr chromitites
were refertilized, as did in the preserved mantle sequence of the
Acoje block, also consistent with the result postulated based on
the TiO, contents of chromite. As a result, the Os isotopic
variations of the chromitites depict a scenario of enhancing the
contribution of asthenosphere but waning slab impact [Osgab/
(OSs1ab + OSasthenosphere) rather than Osgyyp itself] in the proto-forearc
mantle prior to the high-Cr chromite mineralization.

Although the Os isotopic ratios of many chromitites fall into the
general range of abyssal peridotites, the values are overall higher
than those of peridotites in the mantle sequences. Generally, mantle
harzburgites result from either partial melting of lherzolites or
modification of lherzolites by Mg-rich melts***. In the uppermost
Acoje mantle sequence, Cpx-rich harzburgite bodies occur as an
enclosed lens in the Cpx-poor harzburgites at places, and chromite
grains show positively correlated TiO, and Cr# from the Cpx-rich to
Cpx-poor harzburgites, a trend consistent with the result of melt-
peridotite reaction but contradictory to that of mantle melting”
(Fig. 3). These features suggest that the Cpx-rich harzburgites,
refertilized products of the early CP-Hz |, later reacted with Mg-rich
magmas and formed new Cpx-poor harzburgites (CP-Hz II; Fig. 3
and Supplementary Note 1). On one hand, the higher ®’0s/**%0s
ratios of all the chromitites mean that reaction with their parental
magmas would impose more radiogenic Os features on the harz-
burgites. On the other hand, Os isotopes are commonly thought not
to fractionate during partial melting, and harzburgites formed via
partial melting of lherzolites should have comparable Os isotopic
compositions to the lherzolitic proto-liths. Given that the origins of
all harzburgites in ophiolitic mantle sequences can be initially
traced back to decompressional melting of the asthenosphere,
despite their refertilization and Mg-rich melt modification histories,
the local asthenosphere below the Zambales proto-forearc should
have '®"0s/"*®0s ratio in any cases no more than our harzburgites,
which are mostly below 0.1275 (Fig. SA-C). Subsequently, the more
radiogenic Os isotopic features of the chromitites than the harz-
burgite indicate that the refertilization only lowered *’0s/*®*®0s
ratios of the previously hydrated Zambales proto-forearc mantle
but did not completely eliminate the impact of slab components.
Slab-derived Os actually still existed in the parental magma sources
of all chromitites, regardless if their ¥’0s/*®0s ratios were abyssal-
like or not.

Temperature variation during different types of chromite
mineralization

Generally, bulk-rock fertility, fluid content and geothermal gradient
affect the partial melting degree of peridotites*. Although the mantle
sources of our Ti-rich high-Al chromitites share similar fertility to those
of the high-Cr ones based on the TiO,-related calculation, the more
radiogenic Os isotopic features of the high-Al chromitites suggest
stronger impact of slab fluids in their mantle sources than in those of
the high-Cr ones. Given that the solidus temperature of peridotites can
be effectively decreased by the addition of fluids, higher degrees of
melting are more likely to occur in mantle sources of the high-Al
chromitites than in those of the high-Cr ones under the same geo-
thermal gradients. This is contrary to the view that the degree of
mantle melting required for the formation of high-Al chromitites is
lower than that for the formation of high-Cr chromitites®*’. The logical
explanation would be that the high-Al chromitites formed at lower
geothermal gradient conditions than the high-Cr ones, and there was a
period of heating between their respective generation.

Chromite and olivine are both nominally anhydrous phases. The
water contents in the parental magma sources of chromitites are thus
difficult to determine, making it impossible to constrain the formation
temperatures of the parental magmas precisely. In spite of different
geothermometers developed, the calculated values merely define the
equilibrium temperatures for inter-mineral elemental exchange under
subsolidus conditions, far below the crystallization temperatures of
chromite and olivine, not to mention to be compared with the for-
mation temperatures of their parental magmas. To better understand
this issue, experimental work and melt inclusion studies provide pos-
sible windows (Fig. 7A, B). Experimental studies show that melts that
equilibrate with high-Al chromite are generated under lower tem-
perature conditions than those equilibrating with high-Cr chromite,
regardless of the mantle source compositions*’** (Fig. 7B). Melt
inclusions in chromite grains are generally interpreted as trapped
parental melts of the chromite hosts. Given that chromite is the first
crystallized phase from the parental magmas of chromitites*”, the
homogenization temperatures of melt inclusions in chromite from
chromitites could be approximately taken as the liquidus tempera-
tures of their parental magmas*’. According to previous studies, the
melt inclusions in high-Al chromite can be homogenized completely at
~1300 °C***!, whereas those in high-Cr chromite and associated olivine
phenocrysts from picritic and boninites generally require higher
homogenization temperatures, even up to 1400 °C*** (Fig. 7B). Con-
sequently, both experimental and melt inclusion studies suggest the
parental magmas of high-Cr chromitites generally formed under
higher temperature conditions than those of high-Al ones, also sup-
porting the presence of a heating period from the formation of high-Al
chromitites to that of high-Cr ones in ophiolites.

Origins of different types of chromite deposits

Our results show that the parental magmas of high-Al chromitites in
the Coto block originated from mantle sources that were chemically
equivalent to ~-10-20% melting residues of the FMM. This earlier
10-20% melting event was possibly linked to the extraction of MORB-
like FAB magmas from the FMM (asthenosphere) below the Zambales
proto-forearc, which happened at the beginning of subduction initia-
tion in the region (S1in Fig. 4D and Fig. 8A), present as lavas and dykes
in the Coto block®. Although high-Al chromitites have long been taken
as products of MORB-like magmatism®, our studies do not support
such an argument, probably because the residual mantle left after
production of MORB-like magmas still contains clinopyroxene and
chromite, both of which retain Cr during partial melting and limit the
concentrations of Cr in magmas below its oversaturation level
(-1450 ppm)*. This is supported by the fact that melt inclusions cap-
tured in MORB-hosted olivine phenocrysts, which crystallized the
earliest from magmas, generally have <700 ppm Cr*, suggesting that
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Fig. 7 | Complied temperature data regarding the formation of chromite with
varying Cr#. A Variation of partial melting temperature with a partial melting
degree for different peridotites. The data of diamonds and dots are from the
experimental work on lherzolite*” and harzburgite*®, respectively. The grey, yellow
and green areas in the panel define the formation temperatures of FAB, parental
magmas of high-Al chromitites and parental magmas of high-Cr chromitites, based
on the assumptions that the total melting degrees required for their formation are
10-20% (nearly anhydrous), 15-25% (hydrous), and >25% (hydrous), respectively.
B Variation of partial melting temperature with Cr# of chromite in peridotites. The
data of yellow stars in the panel show the crystallization temperature of natural
high-Al and high-Cr chromite grains based on melt inclusion studies**”". Because
chromite grains crystallized from a certain batch of melt at lower pressure are
found to have higher Cr# than those crystallized at higher pressures, those residual
chromite in the parental magma (PM) sources of chromitites theoretically had
lower Cr# than the chromite in chromitites that formed at shallower levels, and the
parental magmas of chromitites should be formed at lower temperature conditions
than those ranges defined by the Cr# of chromite in chromitites, which can be read
from the grided and solid parts in the parallelograms, respectively (yellow for high-
Al chromitites, green for high-Cr chromitites). The Cr# range of chromite for the
FAB in panel B was determined based on that the Cr# of chromite residues is found
to be 20-40 when the melting degree ranges from 10% to 20%*’. The white quad-
rangular stars in the panels mark the location of postulated chromite in the residual
mantle sources of Zambales FAB, which were likely generated by melting of FMM at
total degrees of 15-20% based on the calculations (Fig. 4D).

typical MORB-like magmas do not have enough Cr for the over-
saturation of chromite.

After extraction of FAB at the earliest stage of proto-forearc
spreading during subduction initiation, the uppermost part of
the asthenospheric mantle would generally be replaced by
harzburgites®”®. Such harzburgitic mantle had comparatively higher
Cr concentrations than the FMM and was prone to yield more Cr-rich
melts than MORB-like ones at similar partial melting degrees, facil-
itating oversaturation of chromite from magmas and formation of
chromitites. With harzburgitization of the uppermost mantle below
the Zambales proto-forearc, the regional geothermal gradient would
be decreased with the deepening of the lithosphere-asthenosphere
boundary (LAB) (Fig. 8A, B). This is a similar process to the decrease in

geothermal gradient in SCLM with the thickening of SCLM roots dur-
ing cratonization®>*°. Harzburgitization would also elevate the solidus
temperatures of peridotites and make further melting difficult. The
combined effects of harzburgitization and lowered geothermal gra-
dient mean that decreasing the solidus temperature of the mantle by
fluids was particularly necessary in order to initiate further partial
melting in the Zambales proto-forearc mantle. This not only explains
why some high-Al chromitites show remarkably radiogenic Os isotopic
features, but also suggests that noticeable slab dehydration and flux
melting had already started at the stage of post-FAB tholeiitic mag-
matism, much earlier than the development of boninitic magmatism.

Although high-Al chromitites, especially the Ti-rich variety, are
found in both the Coto and Acoje blocks, their associated peridotites
differ from each other. The whole mantle sequence of the Coto block is
dominated by Cpx-poor harzburgites, but high-Al chromitites in the
Acoje block are hosted in a mixed zone of both Cpx-poor and Cpx-rich
harzburgites. These differences suggest that high-Al chromitites in the
two blocks are unlikely to form at the same evolutionary stage of
subduction initiation, as was also supported by the different ages of
the two blocks. Considering that the formation of the Cpx-rich harz-
burgites in the Acoje block resulted from the refertilization of more
depleted harzburgites by asthenospheric melts', the Ti-rich high-Al
chromitites in the Acoje block are best explained to have been formed
no earlier than the refertilization. According to melting-related calcu-
lations, the parental magma sources of the Ti-rich high-Al chromitites
and Ti-poor ones had moderately depleted and highly depleted com-
positions, respectively (Fig. 4D). Since no evidence supports that the
mantle sequence of the Coto block had been refertilized, the Ti-rich
high-Al chromitites in the Coto block must have formed earlier than
the Ti-poor ones. This is because a reversal formation order of the two
types of high-Al chromitites would require a similar refertilization
process in the Coto block as in the Acoje block, producing new Cpx-
rich harzburgites and restoring Ti content in the Coto mantle
sequence. As such, variation of high-Al chromitites from the Ti-rich to
Ti-poor varieties in the Coto block probably reflects increasingly
depleted magma sources (S2-S3 in Fig. 4D). Because the parental
magmas of the Coto Ti-rich high-Al chromitites have compositions
close to the most depleted FAB magmas found in the block (S2 in
Fig. 4D), it is reasonable to position the formation of these Ti-rich high-
Al chromitites at final stage of the FAB magmatism or immediately
after the FAB magmatism in the Zambales proto-forearc, so the mod-
erately depleted compositions required for the parental magma
sources of such high-Al chromitites could be ensured (Fig. 8A). Similar
to the Coto block, the compositional variation of high-Al chromitites in
other ophiolites that contain only high-Al chromite deposits and lack
Cpx-rich harzburgites in their mantle sequences can be explained in
the same way (Fig. 1).

Although the decreasing mantle fertility and intensified slab
dehydration found from the FAB magmatism to high-Al chromite
mineralization in the Coto block is consistent with the current model
of subduction initiation, the Zambales proto-forearc mantle mani-
fested increasing contribution of asthenospheric components but
waning slab impact from the mineralization stage of high-Al chromi-
tites to that of high-Cr ones, indicative of a new period of notable
asthenospheric upwelling in the context of enhanced slab rollback
before the high-Cr chromite mineralization (Fig. 8B-D), which has not
been mentioned yet in the current evolutionary model subduction
initiation. Definitely, the re-upwelling process of the asthenosphere
not only replenished fertile components (e.g. Ca, Al, and Ti) in the
overlying hydrated mantle and refertilized the mantle into Cpx-rich
harzburgites, but also elevated the geothermal gradient in the mantle,
facilitating productions of the parental magmas of early Ti-rich high-Al
chromitites and later high-Cr ones under increasing temperature
conditions (Fig. 8B-D and S3-S4 in Fig. 4D). Although the refertiliza-
tion probably started prior to the formation of all Acoje chromitites,
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Fig. 8 | Phase diagrams and cartoons showing the mineralization conditions of
different types of chromitites in the Zambales proto-forearc mantle. A Initial
slab rollback during subduction initiation caused an upwelling of the astheno-
sphere (in green) into the mantle wedge and formed FAB and Cpx-poor harzbur-
gitic residues (in yellow). Ti-rich high-Al chromitites can theoretically be formed
during the stage of depleted FAB magmatism. B Exaction of FAB magmas and
harzburgitization in the mantle wedge lowered the lithosphere-asthenosphere
boundary (LAB boundary between the yellow and green parts) and geothermal
gradient. However, slab dehydration lowered the solidus temperature of the
harzburgitic mantle wedge and caused flux melting of the mantle with varying
fertility, producing melts and high-Al chromitites with varying Ti contents.

Re-started
mantle upwelling
| (due to eclogitization)

C Eclogitization of the subsiding slab accelerated the rate of slab rollback, causing a
new period of marked asthenospheric upwelling. This caused remarkable asthe-
nospheric upwelling and replenished fertile components into the mantle wedge
above, generating Cpx-rich harzburgites and elevating the geothermal gradient.
Melts derived from the refertilized but still hydrous mantle were comparatively
richer in TiO, and formed Ti-rich high-Al chromitites. D With slab rollback and
asthenospheric upwelling going on, the geothermal gradient was elevated to a high
enough level to generate boninitic-like melts, resulting in high-Cr chromitites in the
mantle wedge. It is noted that the positions of solidus and geothermal gradients
featured in the phase diagrams are used for illustrative purposes only, and they are
not strictly constrained given the complex physio—chemical conditions.

the Ti-rich high-Al chromitites still show more radiogenic Os isotopic
compositions than the high-Cr chromitites. This suggests that the
impact of slab components on the proto-forearc mantle remained very
strong and had not yet been largely diluted by the replenished asthe-
nospheric components during the early stage of asthenospheric re-
upwelling. Further given the minimal presence of slab fluids in mantle
sources of typical FAB®®, the slab impact in the proto-forearc mantle
was probably the most noticeable during the stage of high-Al chromite
mineralization. In spite of the refertilization event, it is highly noted
that the parental magmas of all the Acoje chromitites originated from
more depleted mantle sources than the FMM (Fig. 4D). This suggests
that the fertility of the proto-forearc mantle was not recovered to the
level of FMM anymore after the MORB-like FAB magmatism. Accord-
ingly, the extent of asthenospheric upwelling and rate of slab rollback
during high-Cr chromite mineralization was not as remarkable as those
during the FAB magmatism, even though both processes were accel-
erated after the period of Ti-poor high-Cr chromite mineralization.
Like the case of the Acoje block, other ophiolitic blocks that host
high-Cr chromite deposits also contain a noticeable amount of abyssal-
like peridotites (Fig. 1). For those ophiolitic blocks having both high-Al
and high-Cr chromitites, high-Al chromitites overall also have more
radiogenic Os isotopic compositions than high-Cr ones (Fig. 6). These
similarities suggest upwelling of asthenosphere is possibly a prevalent
feature before high-Cr chromite mineralization in proto-forearc man-
tle. Apparently, as long as high-Cr chromitites were finally generated
during subduction initiation, an earlier period must have existed when
the physio-chemical condition of the mantle satisfied the formation of
high-Al chromitites. These suppositions explain why high-Cr chromi-
tites are generally hosted in mantle sequences that are featured by the
presence of Cpx-rich harzburgites and high-Al chromitites (Fig. 1).

Geodynamic implication

Based on geological arguments and calculations, the new-round
enhanced slab rollback was possibly caused by eclogitization of the
sinking slab below the Zambales proto-forearc®™, inducing larger
density contrast between the sinking slab and surrounding mantle

peridotite and accelerating subsidence rate of the slab. Given that slab
rollback is the fundamental way of driving asthenospheric upwelling
below proto-forearcs, eclogitization of the sinking slab likely induced
sustainable ascent of deep asthenospheric materials with higher
potential temperatures (Fig. 8D), facilitating higher degrees of mantle
melting and generation of more Mg-rich magmas (e.g. boninitic-like
ones). In particular, such a geodynamic scenario was proposed by
some to account for high-Ca boninitic magmatism*’, supporting the
distinctive affinity between high-Cr chromitites and high-Ca boninitic
magmas. Comparatively, low-Ca boninitic magmatism, overall hap-
pening later than the high-Ca one, is thought to mark the start of real
subduction and produced via flux melting of highly refractory harz-
burgitic mantle'*“°, implying that fertility of the proto-forearc mantle
becomes poorer again before the completion of subduction initiation.

Without slab eclogitization happening, the density contrast
between sinking slabs and the mantle is generally negligible. Sub-
sidence of slabs under such a circumstance would occur at slow rates,
and subduction initiation may not be as sustainable as in the case of
eclogitization and may even cease after the mineralization of Ti-poor
high-Al chromitites. Accordingly, asthenospheric upwelling, transfer
of heat and mantle refertilization would be less effective such that
there would be no further high-Cr chromite mineralization, and the
formation of high-Al chromitites itself more likely marks a trough
period of fertility and geothermal gradient but a climax stage of slab
impact in the proto-forearc mantle. Such a deduction explains why the
mantle sequences of ophiolites that only host high-Al deposits are
generally dominated by Cpx-poor harzburgites (Fig. 1). However, it is
noted that the evolutionary pathways of other ophiolites are not
always the same as that of the classical Zambales ophiolites, and the
varieties of generated chromitites likely differ from one ophiolite to
another. For example, in case eclogitization and accelerated rollback
of slabs occur soon after the FAB magmatism, upwelling of the asth-
enosphere would quickly take place above the slab and induce refer-
tilization in the proto-forearc mantle. Accordingly, the high-Al
chromitites generated under such a circumstance would possibly be all
Ti-rich ones.
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Methods

Eighteen chromitites and ten harzburgites from the Acoje and Coto
block were selected for Re-Os concentration and isotopic analyses,
undertaken at the Guangzhou Institute of Geochemistry, Chinese
Academy of Sciences®’. Chromite grains from the chromitites were first
hand-picked and then pulverized. Less than 50 mg of powdered
chromite and ~500 mg of powdered harzburgite were weighed and
spiked with enriched *°Os and ®Re solutions. These samples were
then dissolved using ~10 ml of inverse aqua regia in Carius tubes under
constant conditions of 230 °C for 24 h. Os was extracted from the aqua
regia with carbon tetrachloride solvent and back-extracted into con-
centrated HBr acid. Further Os purification was attained by micro-
distillation with chromic acid. Rhenium was separated and purified
from the remaining solutions using anion exchange chromatography
with AG1-X8 resin. Samples used in this study were divided into three
batches for chemical purification. Each batch had ~10 samples and was
accompanied by a reference material BIR-1 and a blank sample for the
quality control of resultant data. The Re concentrations were mea-
sured with isotope dilution coupled with ICP-MS, the Os concentra-
tions and isotopic ratios with TIMS.

The average Re and Os concentrations of blanks are
1.153+1.934 pg (2SD, n=3) and 0.784 + 0.051 pg (2 SD, n=3), respec-
tively. Such values are markedly lower than those of our samples and
reference material BIR-1 (>0.027 ppm for Re and >1.659 ppm for Os),
indicating insignificant Re and Os contamination during the chemical
purification. Reproducibilities of the reference material BIR-1are 0.79%
for Re concentration, 3.00% for Os concentration, 0.06% for '8’0s/"*30s
and 3.68% for Re/'™0s. The average Re concentration, Os
concentration, ¥’0s/***0s, and '¥Re/***0s of the reference material BIR
are 0.688+0.017 ppb (2SD, n=3), 0.337+0.001ppb (2SD, n=3),
0.13412 + 0.00034, and 9.845256 +0.248 (2SD, n=3), respectively
(Supplementary Table 1), in good agreement with published
results®> (Re, 0.675+14ppb; Os, 0.355+0.040 ppb; ®0s/'®*0s,
0.13372 + 0.00080; and *"Re/**®0s, 9.17 +1.00). The 2se values for the
18705/80s of our samples are all below 0.00060, confirming the high
precision of our data.

Data availability
All data used in this study can be found both in Supplementary Table 1

and from Figshare via https:/doi.org/10.6084/m9.figshare.
26271721.v1.
Code availability

No code was used in this study.
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