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Abstract  Although the involvement of hydrous fluids has been widely invoked in formation of podiform chromitites in
ophiolites, there is lack of natural evidence to signify the role and mechanism of fluids. In this study, a new model for the genesis
of podiform chromitite is proposed on basis of revisits of comprehensive petrological, mineralogical and geochemical results of
the well-preserved Kizildag ophiolite and the well-characterized Luobusa chromite deposit. In this model, ascending magmas
intruding oceanic lithospheric mantle would presumably form a series of small magma chambers continuously connected by
conduits. Tiny chromite nuclei would collect fluids dispersed in such magmas to form nascent droplets. They tend to float
upward in the magma chamber and would be easily transported upward by flowing magmas. Chromite-rich droplets would be
enlarged via coalescence of dispersed droplets during mingling and circulation in the magma chamber and/or transport in magma
conduits. Crystallization of the chromite-rich liquid droplets would proceed from the margin of the droplet inward, leaving liquid
entrapped within grains as precursor of mineral inclusions. With preferential upward transportation, immiscible chromite-rich
liquids would coalesce to a large pool in a magma chamber. Large volumes of chromite would crystallize in situ, forming
podiform chromitite and resulting in fluid enrichment in the chamber. The fluids would penetrate and compositionally modify
ambient dunite and harzburgite, leading to significant fractionations of elemental and isotopic compositions between melts and
fluids from which dunite and chromitite respectively formed. Therefore, fluid immiscibility during basaltic magma ascent plays a
vital role in chromitite formation.
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Introduction

thermal activity (e.g., Fisher, 1929), fractional crystallization

Podiform chromitites in ophiolites are unique deposits that
form in the mantle and are hosted mainly in mantle peridotites.
Numerous hypotheses on the mechanism of chromitite for-
mation have been proposed over the years, including hydro-
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(e.g., Lago et al., 1982), partial melting (e.g., Bao et al., 1999),
melt-rock interaction (e.g., Arai and Yurimoto, 1994; Zhou et
al., 1994), and mantle plume (e.g., Xiong et al., 2015; Yang et
al., 2015). However, individual hypotheses only explain par-
tial features of ophiolitic chromitite deposits, resulting in
many challenges to our understanding of their geology and
geochemistry (Gonzalez-Jiménez et al., 2014; Arai and Miura,
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2016; Chen and Yang, 2018; Su et al., 2018a). In particular,
the discovery of exotic minerals in many ophiolites (e.g.,
ultra-high pressure, super-reduced and crustal phases) (Ro-
binson et al., 2004, 2015; Yang et al., 2007, 2015; Xiong et al.,
2016) has raised many problems with former models.

After reviewing the evidence supporting a hydrothermal
model for chromitite formation, which has been abandoned
for many years, we found that widespread serpentinization,
as postulated in this hypothesis, is typical of most podiform
chromitites (Fisher, 1929; Arai and Miura, 2016; Su et al.,
2018a, 2020). In particular most chromitites are more highly
serpentinized than the surrounding dunites and harzburgites,
and the extent of alteration of silicate minerals correlates
positively with the modal abundance of chromite in the rocks
(Su et al., 2020). These features imply that such alteration is
mostly “self-alteration” owing to high water contents in si-
licates when they formed, and the water originated from
fluids that collected on chromite grain surfaces (Matveev and
Ballhaus, 2002; Su et al., 2018a, 2020). On the other hand,
many ophiolitic chromitites contain inclusions of hydrous
silicates (mainly pargasitic amphibole and phlogopite),
which also may form the interstitial matrix between chromite
grains (e.g., Melcher et al., 1997; Jannessary et al., 2012; Su
et al., 2020). Some solid inclusions are also accompanied by
fluid or melt inclusions (Melcher et al., 1997; Sachan et al.,
2007). However, it is still uncertain how fluids facilitate the
chromite nucleation, growth, and then accumulation to form
a chromitite. Matveev and Ballhaus (2002) observed that in
immiscible basalt-water systems saturated with olivine and
chromite, olivine crystals reside in the melt while chromite
grains collect in the fluid phase. This physical fractionation
is driven by the differential wetting of melt and fluid against
silicate and oxide surfaces. This is an effective mechanism
for the accumulation of large amounts of chromite accom-
panied by lesser amounts of olivine.

The experimental results mentioned above, together with
geochemical fingerprints from microanalysis of minerals,
call for an updating and a critical review of the genetic
models for the origin of podiform chromitites in ophiolites.
In this contribution, we investigated mineral inclusions in
chromite and compiled bulk-rock platinum-group elements
(PGEs) and Re-Os isotopes of the Kizildag ophiolitic rocks
to further investigate the role of fluid immiscibility in
chromitite formation. Published elemental and isotopic data
of minerals from the Kizildag and Luobusa ophiolites are
also revisited to supplement the new data, and a new fluid
immiscibility model is proposed that takes into account the
role of fluids in the genesis of podiform chromitite.

2. Mineral inclusion evidence of fluid im-
miscibility

The Kizildag ophiolite in southeastern Turkey preserves a
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complete ophiolitic sequence (Dilek and Delaloye, 1992;
Dilek and Furnes, 2009) and contains tens of chromitite
deposits (Chen et al., 2015, 2019). Podiform chromitites in
this ophiolite are enveloped by dunites in host harzburgites.
Their silicate matrices consist of olivine and/or clinopyrox-
ene (Figure 1a; Chen et al., 2019; Su et al., 2020). Chromite
grains in chromitites are highly variable in size ranging from
~2 cm to <0.1 mm. Large grains are mostly anhedral with
well-defined grain boundaries, whereas smaller ones are
commonly round (Figure 1a). Mineral inclusions are wide-
spread in large chromite grains but rare in very small grains.

2.1 Morphology of inclusions

Inclusions range up to a maximum diameter of 0.2 mm but
are mostly less than 50 um. They generally have round to
subhedral outlines, and relatively large inclusions invariably
occur at or near the grain centers (Figure 1a). Some chromite
grains contain several inclusions that are randomly dis-
tributed; a few grains contain linear and curved bands of
inclusions, whereas others are free of inclusions (Figure 1a).
Many irregular silicate inclusions are surrounded by a band
of chromite (Figure 1b, lc; Borisova et al., 2012). Some
appear to fill negative crystals in chromite grains and ap-
parent crystal faces of host chromite project into the silicate
inclusion in some grains (Figure 1d).

Multiple mineral phases can occur in individual inclusions
(Figure 1b—11). Silicate minerals include clinopyroxene, or-
thopyroxene, olivine, phlogopite and amphibole, which are
similar to those reported in chromite from other ophiolites
(Melcher et al., 1997; Borisova et al., 2012; Zhou et al.,
2014; Liu et al., 2018; Rollinson et al., 2018). They may
coexist with each other as multi-phase inclusions (Figure Ic,
le, 1f, 1g), and some silicate phases themselves contain in-
clusions of apatite (Figure 1d), fine-grained chromite (Figure
1h), or are associated with calcite (Figure 11), sulfide and/or
metal alloy (Figure 1j, 1k). Platinum group elements (PGEs)
typically occur in the form of sulfides or alloys. Iridium-
bearing PGE phases (IPGM) are mostly restricted to the in-
terior parts of chromite grains (Figure 1j, 1k), whereas pla-
tinum-bearing PGE minerals (PPGM) are typically along
grain margins (Figure 11). These platinum group minerals are
particularly abundant in clinopyroxene-bearing chromitites.
Globules of native Au are also present in some chromite
grains (Figure 1m); these are similar to Fe-rich immiscible
globules in Si-rich liquids (Charlier and Grove, 2012).

2.2 Chemical compositions of clinopyroxene inclusions

Clinopyroxene is the most common inclusion in the Kizildag
chromitites, and it can coexist with any of other phases
(Figure 1). Thus, its composition provides an effective means
of infering the origin of mineral inclusions in chromite. The
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Figure 1 Mineral inclusions in chromite (Chr) in the Kizildag chromitites. (a) Sample KZ40-2: general occurrence and distribution of mineral inclusions;
(b) KZ40-2: silicate inclusion surrounded by a band of high-Cr Chr; (¢) TK57-13: association of clinopyroxene (Cpx) and orthopyroxene (Opx) surrounded
by high-Cr Chr; (d) KZ14-27-2: Cpx inclusion enclosing apatite (Apat); () TKS5-3: association of Cpx and olivine (Ol); (f) KZ15-25: association of Cpx and
amphibole (Amph); (g) KZ40-2: association of phlogopite (Phl) and Amph; (h) KZ15-31: Cpx inclusion enclosing Chr; (i) TK57-11: association of Cpx and
calcite (Cal); (j) KZ15-37: association of Os-Ir-Ru alloy, Ni sulfide and clinopyroxene; (k) KZ14-29: association of Os-Ir alloy, Cpx and Amph; (1) KZ14-27-
1: Pt-Pd alloy occurring in the margin of Chr grain; (m) KZ15-30: globule native Au.

clinopyroxene inclusions analyzed in this study have vari-
able Na,O (0.16-0.68 wt.%), Al,0; (mostly 0.70-2.03 wt.%
but up to 4.25 wt.%) and Cr,O; (1.14-2.12 wt.%) (Supple-
mentary Table S1, http://link.springer.com). They are con-
siderably richer in CaO (22.1-24.8 wt.%) and Cr,0;, and
more depleted in TiO, (mostly 0.05-0.13 wt.% but up to 0.44
wt.%) and FeO (1.21-2.11 wt.%) with higher Mg# of 93.6—
95.8 than clinopyroxenes from MORB and boninite (Figure
2). Instead, their compositional features are comparable to
those of clinopyroxenes enclosing chromite in chromitites
and those associated with chromite in dunites and harzbur-

gites (Figure 2), which are thought to have crystallized from
a melt-fluid mixture (Su et al., 2020).

3 Origin and formation of mineral inclusions

3.1 Trapped liquid during chromite growth? Nuclei of
chromite crystallization? Or trapped liquid during late-
stage chromite recrystallization?

Primary origin of fluid and/or melt inclusions in minerals is
commonly regarded as captured liquid phases during crystal
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Figure 2 Compositions of clinopyroxene inclusions in chromite in the
Kizildag chromitites. Fields of clinopyroxene associated with chromite in
ophiolitic rocks, clinopyroxene in boninites and mid-ocean ridge basalts
(MORBS), and hydrothermal clinopyroxene are from Su et al. (2020) and
references therein.

growth. During chromite crystal growing from a nucleus,
silicate melts could be trapped by dendrites and then con-
ceivably crystallized polymineral silicate inclusions (Lorand
and Ceuleneer, 1989; Liu et al., 2020). However, the large
size and variety of the observed inclusions, their preferential
distribution in the centers of chromite grains, and presence of
border zones of small irregular inclusions around a main
inclusion (Figure 1) present formidable objections to such an
explanation for their formation (McDonald, 1965).

Mineral inclusions in chromite grains may represent nuclei
around which chromite crystallization occurred. If this were
the case, they should consist exclusively of olivine or clin-
opyroxene as these are the only silicate minerals crystallizing
nearly contemporaneously with chromite. All the other mi-
neral inclusions in chromite should have theoretically crys-
tallized later than chromite but they do not form interstitial
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grains in the chromitites (Figure 1). Textural relationships of
inclusions in the chromite grains indicate that the silicates
crystallized later than the enclosing chromite. Marginal ir-
regularity of inclusions was governed by the negative crystal
outline of chromite. Inclusions acting as nuclei for chromite
crystallization are presumably monomineralic and possess
rudimentary crystal outlines (McDonald, 1965; Liu et al.,
2020). However, inclusions in the chromite grains from the
ophiolitic chromitites are typically polymineralic and sub-
angular to spherical. Thus, it is unlikely that these inclusions
could have acted as nuclei for chromite crystallization.

Recrystallization of chromite during post-magmatic hy-
drothermal activity may trap liquids that could crystallize to
form inclusions (Lorand and Ceuleneer, 1989; Melcher et al.,
1997; Johan et al., 2017). Such inclusions would most likely
distribute at the margins of chromite grains, and may be
connected to or optically continuous with similar interstitial
materials surrounding the grains (McDonald, 1965). Inclu-
sions of this type would normally be monomineralic. Thus,
the multi-phase and centrally-located inclusions studied here
were not formed in this manner.

3.2 Formation of mineral inclusions by fluid im-
miscibility

In immiscible basalt-water systems, chromite and olivine can
be physically fractionated into fluid and melt phases, re-
spectively (Ballhaus, 1998; Matveev and Ballhaus, 2002).
Chromite and fluid could have occurred as droplets in which
crystallization proceeded from the margin of the droplet in-
ward. Nucleation could probably be initiated by con-
tamination of the surface of the droplet by crystallites or
small crystals suspended in the magmas as depicted by
McDonald (1965). The crystallites and mineral crystals are
mostly olivine which can crystallize under various P-T
conditions and share a eutectic with chromite. Such olivine
crystallites would be attracted to the fluids with the greatest
dielectric constant (McDonald, 1965) and enclosed by
growing chromite. This can explain why olivine commonly
occurs as single-phase inclusions in chromite (Figure le;
Zhou et al., 2014; Liu et al., 2018).

With nucleation initiation, dendrites of chromite (Prichard
etal., 2015) would have grown on the surfaces of the droplets
and probably continued growing until a solid zone had de-
veloped around the droplet. The remaining chromite-rich
liquid would thus have been isolated from the silicate melt by
a solid shell of chromite (McDonald, 1965). As the re-
maining liquid continued to crystallize, silica would have
been progressively enriched until its concentration reached a
level sufficient to develop a new immiscible droplet. The
silica-rich melts persisted until nearly all the chromite had
crystallized as evidenced by the concentration of inclusions
in the cores of the chromite grains (Figure 1a). Before the
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enclosed silica-rich melts crystallized, they may also have
altered the chromite host, generating a narrow rind of new
chromite surrounding the inclusions, which are featured by
greater reflectivity than the enclosing chromite (Figure 1b,
Ic; Borisova et al., 2012). Simultaneous crystallization of
both phases may have produced clusters of small, irregular-
shaped silicate inclusions around the main central one
(Figure 1a) (McDonald, 1965). As the silicate liquid gradu-
ally crystallized, trace amounts of chromite separated from it
to form inclusions in the silicate minerals (Figure 1h). Im-
miscible liquid may have filled interstices of dendrites,
forming marginally and randomly distributed inclusions in
the chromite (Figure 1a).

With variable rates of nucleation on the droplet surfaces,
crystallization may have proceeded irregularly in some
droplets and form uneven outer crystalline shells with vari-
able thickness. Crystallization under such conditions could
separate the entrapped silicate-rich liquid into several parts
and lead to subsequent formation of several independent
silicate inclusions (Figure la, 1b). Also, initial marginal
crystallization may not have favored full development of
crystal shell. Liquid within the incompletely crystallized
chromite shell could escape across crystal indentations of the
droplet into outer silicate melts, and silicate melts may also
have traversed across the indentations into the enlarging
space in the droplet. Such mixing of fluid and melt may
account for the crystallization of clinopyroxene associated
with other phases (e.g., apatite, amphibole, olivine, ortho-
pyroxene, etc.) in inclusions (Figure 1c—1f, li—1k) and also
explain clinopyroxene partially enclosing chromite (Figure
la). Interstitial clinopyroxene could have also formed from
mixing of the fluids on chromite surfaces and the melts from
which olivine crystallized (Su et al., 2020). These observa-
tions suggest that the two occurrences of clinopyroxene es-
sentially resulted from the same mechanism. This inference
is supported by the identical compositions of the clinopyr-
oxene, which plot near to hydrothermal clinopyroxene
(Figure 2), suggesting large amounts of H,O were involved
in their formation. This is consistent with the measured H,O
contents (up to 801 ppm (1 ppm=1 pg gfl)) of interstitial
clinopyroxene in the Kizildag chromitites (Su et al., 2020).

4 Bulk-rock PGE and Re-Os isotope evidence
of fluid immiscibility

The PGEs are highly siderophile elements and thus frac-
tionate along with Fe into the fluid phase in immiscible melt-
fluid systems, producing PGE-Fe alloy nuggets as demon-
strated experimentally (Matveev and Ballhaus, 2002). In
nature, PGE-Fe alloys also preferentially occur in hydrous
magmatic systems such as Alaskan-type complexes (e.g.,
Garuti et al., 2003). Also, PGE alloy inclusions are common
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in chromite in ophiolitic chromitites (Figure 1j—1m). Due to
high partition coefficients in sulfide, PGEs may occur both as
sulfide solid solution and as alloys associated with sulfides
(e.g., Figure 1j; Lorand and Ceuleneer, 1989; Uysal et al.,
2009; Saka et al., 2019).

In the Kizildag ophiolite, chromitites show overall higher
Y PGE concentrations than dunites (Figure 3), which is
compatible with the preferential accumulation of PGE in-
clusions in the chromitites. Clinopyroxene-bearing chromi-
tites with high H,O in the clinopyroxene have much higher
PGE concentrations than clinopyroxene-free ones (Chen et
al., 2020; Su et al., 2020; Supplementary Table S2) (Figure
3), suggesting that immiscible fluids have a great capacity
for transferring PGE. Additional extreme PPGE concentra-
tion differences between the two chromitite types (Figure 3)
and Pt-Pd inclusions in chromite rims (Figure 11) indicate
higher mobility of PPGE in fluids than IPGE. Thus, we
suggest that PGE fractionation between chromitites is largely
controlled by the range of fluid immiscibility in magmas.
However, all but one of the Kizildag chromitites have uni-
form Os isotopic ratios (Figure 3; Supplementary Table S2),
implying that radiogenic isotopes were not fractionated and
that the parental magmas of the chromitites originated from
mantle sources with similar Os isotopic compositions.

The Kizildag harzburgites have lower Y PGE and IPGE
concentrations than the chromitites (Chen et al., 2020;
Supplementary Table S2), which is consistent with their
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formation by partial melting (Chen et al., 2015, 2019). Lower
Y PGE and IPGE concentrations in the Kizildag dunites re-
lative to the harzburgites and chromitites (Figure 3) suggest
that fluid immiscibility could result in greater degree of PGE
fractionation than partial melting. Fractionation by fluid
immiscibility between melts and fluids is also suggested by
larger ""70s/"**0s variations in the dunites than in chromi-
tites. However, neither process alone can account for the
higher PPGE concentrations in the harzburgites than in most
chromitites and the moderate PPGE concentrations in the
dunites. These discrepancies are interpreted in Section 5 as
the result of progressive penetration of evolving fluids re-
leased from chromite-rich droplets, which enhances the
variability of *70s/'™0s ratios of the harzburgites (Figure
3). Such fluid penetration may also contribute to the ob-
served light rare earth element enrichments observed in
many ophiolitic dunites and harzburgites (e.g., Zhou et al.,
2005; Xiong et al., 2015; Saka et al., 2019).

5 Revisiting and re-interpreting olivine and
chromite compositions

5.1 Extreme compositions and abrupt changes in ma-
jor and trace element contents

Our current understanding of the genesis of podiform chro-
mitites is based mainly on comparisons of major and trace
element compositions of chromite with those in volcanic
lavas (e.g., Kamenetsky et al., 2001; Pagé and Barnes, 2009;
Zhou et al., 2014) and seemingly gradual, smooth variations
of major elements of major constituent minerals in individual
harzburgite-dunite-chromitite transects (Zhou et al., 1996;
Su et al., 2016). Olivine and clinopyroxene in chromitites are
very magnesian (e.g., Figures 4 and 5a; Melcher et al., 1997,
Xiong et al., 2015; Xiao et al., 2016; Liu et al., 2018; Roll-
inson et al., 2018), which distinguish them from those in
volcanic rocks (Su et al., 2018a). Many authors attribute
these features to melt-harzburgite interaction and subsequent
sub-solidus elemental diffusion between silicates and chro-
mite (e.g., Zhou et al., 1996; Melcher et al., 1997; Pagé and
Barnes, 2009; Xiao et al., 2016). However, we suggest that
this interpretation needs to be reconsidered. For example,
mantle-derived melts are theoretically more enriched in Fe
than the residual peridotites and thus their reaction with
mantle peridotites would lower the Mg#s of minerals in the
peridotites, an observation that has been widely confirmed
by studies of mantle peridotite xenoliths (e.g., Menzies and
Hawkesworth, 1987; Xiao et al., 2010). Sub-solidus diffu-
sion cannot explain extreme olivine compositions and re-
stricted chromite compositions in chromite-poor dunite and
disseminated chromitite, where olivine and chromite are
expected to be least and most affected, respectively (Figure
Sa).
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Figure 4 Correlation diagrams of Fo vs. NiO for olivine in dunite and
chromitite from the Kizildag ophiolite (Chen et al., 2015, 2019) with
comparisons of those in boninites and MORBs (GEOROC: http://georoc.
mpch-mainz.gwdg.de/georoc/Start.asp).

Indeed, a detailed examination of lithological contacts and
bands in compositional profiles of chromitites and perido-
tites (Figure 5a) reveals abrupt changes in FeO content and
Mg# of olivine and chromite, as well as variations of Li in
olivine and Na,O in clinopyroxene. Moreover, variations of
trace elements of chromite abruptly jump at the contacts
between chromitite, dunite and harzburgite (Figure 5b; Su et
al., 2019). Kamenetsky et al. (2001) revealed that Fe-Mg
exchange between olivine and chromite is considered to be
minimal <5% Mg#, and the decrease in chromite Mg# is still
a reflection of fractional crystallization. In addition, the ob-
served decrease in Mg# (increase in Fez+) in chromite as Fo
contents decrease is most likely controlled by spinel-liquid
equilibria (Smith and Leeman, 2005). Thus these abrupt
compositional changes cannot be explained by either melt-
rock interaction or sub-solidus diffusion. Instead, relatively
restricted ranges of the element contents and related ratios in
individual lithologies (Figure 5) suggest distinct changes in
the compositions of the parental magmas of chromitites and
dunites.

5.2 Anomalous Li and Fe isotopes

During preliminary studies of the samples reported here, we
did not consider that bulk-rock Os isotopes or Li and Fe
isotopic compositions of olivine and chromite were im-
portant features that would help to explain the processes
involved in their formation (Chen et al., 2015; Su et al., 2016;
Xiao et al., 2016; Zhang et al., 2017). However, Li isotopic
compositions of olivine are distinctly different in dunite and
chromitite (Figure 5a). The high d'Li values in dunite were
originally interpreted as typical features of arc-like magmas
related to dehydration of a subducting slab, whereas the light
Li isotopic compositions in chromitite were suggested to
have originated from partial melting of a subducted slab after
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Figure 5 Hand specimen photograph of two transect chromitite-dunite-harzburgite samples from the Luobusa ophiolite and their chemical variations of

olivine and chromite (data from Su et al., 2016, 2019).

high degrees of dehydration (Su et al., 2016). These inter-
pretations turned out to be unconvincing because such events
would not produce the centimeter-scale variations observed
in hand specimens. In contrast, the observed variations of Li
isotopes are totally compatible with the mineral and bulk
elemental variations and Os isotopes mentioned above. This
further confirms that none of the previously considered hy-
potheses could reasonably account for the anomalous geo-
chemical characteristics of podiform chromitite.

To date, reported Fe isotope data on minerals from mantle
sequences of ophiolites are all anomalous (Chen et al., 2015;
Xiao et al., 2016; Zhang et al., 2017). Both olivine and
chromite in chromitite and dunite have large Fe isotopic
variations with higher &°°Fe values in olivine than in coex-
isting chromite (Figure 6), which is contrary to theoretical
predictions (Roskosz et al., 2015) and the previous empirical
results (e.g., Zhao et al., 2012; Macris et al., 2015). This

inter-mineral fractionation seems to result from Fe-Mg ex-
change, in which the light Fe isotope diffuses from olivine to
chromite more rapidly than the heavy isotope (Xiao et al.,
2016; Zhang et al., 2017; Su et al., 2018a). This diffusion
process can explain the elevated 5°°Fe values of olivine in
chromitite and lower 6°°Fe values of chromite in dunite be-
cause olivine is a trace phase in chromitite and chromite in
dunite; in contrast, the anomalously low 5°Fe values of
chromite in chromitite cannot be explained by this process
because chromite is abundant in chromitite and has high Fe
contents, making it immune to Fe-Mg exchange, and another
process should be involved. Furthermore, the Kizildag
harzburgites and some harzburgite samples from the Luo-
busa ophiolite show the same Fe isotopic fractionation be-
tween olivine and chromite (Figure 6). These harzburgites
are considered to have formed by partial melting followed by
metasomatism and presumably have 8°°Fe values of chro-
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Figure 6 Fe isotopic ratios of olivine and chromite in harzburgite, dunite
and chromitite from the Kizildag (Chen et al., 2015) and Luobusa (Xiao et
al., 2016) ophiolites.

mite > olivine as is the case in mantle xenoliths (e.g., Zhao et
al., 2012; Macris et al., 2015). Hence, if chromite in ophio-
litic harzburgites primarily has heavier Fe isotopic compo-
sitions than olivine, the observed value (556Fe chromite <
olivine) is a different signature and should have been con-
trolled by the presence of fluids.

5.3 New interpretations from fluid immiscibility

Exsolution of fluids from basaltic melts would produce two
systems showing compositional fractionation (Irvine, 1977;
Matveev and Ballhaus, 2002). The two phases would be
separated by a well-defined interface, which would tend to
be an isothermal surface if no solidification was taking place
and if the crystals showed isotropic thermal conduction
(McDonald, 1965; Matveev and Ballhaus, 2002). Chemical
compositions in each system would be relatively homo-
geneous. Thus, chromite in chromitite crystallized from the
fluids and olivine in dunite from the melts would be homo-
geneous in both major and trace element compositions. The
fluid-melt interface in such a system would be a precursor of
the chromitite-dunite contact across which there would be
abrupt elemental changes (Figure 5). However, isotopic
compositions of the fluid and melt phases might be sensi-
tively modified with progressive solidification.

The common occurrence of olivine inclusions in chromite
and the rarity of chromite inclusions in olivine (Figure 1a, le;
Liu et al., 2018) indicate earlier crystallization of olivine than
chromite, thus dunite envelopes should have formed prior to
podiform chromitite. As a consequence, suspended olivine in
the melts and later in dunite would be modified by fluids
associated with the chromite-rich droplets. Olivine crystal-
lites accidentally intruded into or entrapped by the droplets to
form inclusions in chromite should have been hydrated by
fluids in the droplets (Johan et al., 2017). Hydration reactions
or so-called fluid-olivine reactions, working in a mechanism
similar to serpentinization, would leach fluid-mobile ele-
ments such as Fe and Li from olivine (Su et al., 2018b). With
crystallization of chromite from the droplets, H,O would
become enriched in the remaining liquid of a single droplet
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because chromite crystals cannot structurally accommodate
water. Such fluids, if released from the droplets, could fur-
ther hydrate surrounding olivine crystals located between
droplets. The fluids path could extend to ambient dunite or
even harzburgite surrounding the immiscible chromite-rich
pool depending on the amount of fluids and size of the pool.

The fluid-olivine reaction would induce Fe depletion in
olivine and thus both Fo and §°°Fe would increase (Figures 4,
5a and 6), whereas Li depletion in olivine would lead to
decreasing 5'Li (Figure 5a) because the light Fe isotopes and
heavy "Liare preferentially leached (Zhang et al., 2017; Su et
al., 2018b). Such effects should be quite prominent in
chromitite and dunite but less remarkable in harzburgite as
the fluid contents diminish. Simultaneously, the reaction
would promote chromite crystallization from the composi-
tionally varying fluids with increasing Fe contents and light
Fe isotopes, producing variably low-6"Fe chromite (Figure
6). However, olivine most likely preserves primary Mg iso-
topic compositions (Xiao et al., 2016; Su et al., 2018b) be-
cause Mg would be retained in olivine during hydration
reactions.

6. Fluid immiscibility model for podiform
chromitite formation and potential implications

Many investigators have concluded that separation of im-
miscible oxide phases from silicate melts is important for the
origin of magnetite and ilmenite deposits (e.g., Charlier and
Grove, 2012; Liu et al., 2014). From above discussions it is
clear that fingerprints of fluid activities are widespread in
podiform chromitites, and we thus propose a fluid im-
miscibility model as follows.

Stage 1: Crystallization of olivine and tiny chromite nuclei

Ascending magmas intruding oceanic lithospheric mantle
would presumably form a series of small magma chambers
continuously connected by conduits (Figure 7). Olivine is
typically the first phase crystallizing from magmas at depth,
although tiny chromite grains could form con-
temporaneously. Owing to the affinity of water-rich fluids to
oxide surfaces (Matveev and Ballhaus, 2002), chromite
grains would collect fluids dispersed in the magmas and form
water-rich droplets (Figure 7), which is the first and critical
step for the development of fluid immiscibility. Because the
fluid droplets have lower densities than olivine, they tend to
float upward in the magma chambers and could be easily
transported upward by flowing magmas, leaving cumulus
olivine behind that form podiform dunites at depth. Podiform
dunites commonly occur in the lower mantle sequences of
ophiolites and are typically fine-grained and free of chromite
(Figure 7). The chromite nuclei formed at this stage are
probably the inclusion-free, small chromite grains that make
up podiform chromitites (Figure 1a).
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Figure 7 Fluid immiscibility model for podiform chromitite formation. See details in main text.

Stage 2: Formation of large immiscible chromite-rich
droplets and fluid/melt entrapment

Chromite-rich fluid droplets would be enlarged via coa-
lescence of dispersed droplets during mingling and circula-
tion in the magma chambers and/or transportation in magma
conduits (Figure 7). Crystallization of the chromite-rich li-
quid droplets would proceed from the margins of the droplets
inward, leaving liquid entrapped within the newly-formed
chromite grains (Figure 7). Because chromite is isometric,
dendrites mostly have orthogonal outlines (Prichard et al.,
2015). Dendritic growth and filling of dendrites would
probably continue until a solid shell developed around the
surfaces of the droplets (Liu et al., 2020). Defects in the
marginal dendrites may allow mixing by outward escaping
fluids and inward flowing melts (Figure 7), thus producing
the observed varieties of inclusions (Figure 1; Melcher et al.,
1997, Zhou et al., 2014; Liu et al., 2018, 2020). With soli-
dification of droplets, the newly crystallizing chromite grains
would continuously collect ambient fluids to promote larger-
scale fluid immiscibility in the magma chambers. Mean-
while, olivine grains crystallizing from the melts would be
preferentially attached to the fluid-melt interfaces (Matveev
and Ballhaus, 2002), and likely form the commonly observed

dunite envelopes around podiform chromitites.

Stage 3: Formation of podiform chromitite and fluid pe-
netration

With preferential upward transportation, immiscible
chromite-rich liquids would coalesce to a large pool occu-
pying most of the space in a magma chamber (Figure 7).
Such a process would also probably be related to decom-
pression because podiform chromitite occurs invariably
close to the petrological Moho in ophiolites (e.g., Zhou et al.,
2014), which is consistent with experimental pressure con-
ditions of the immiscible basalt-water system (Matveev and
Ballhaus, 2002). Large volumes of chromite would crystal-
lize in situ, resulting in fluid enrichment in the chamber. It is
essential that the surface tension of the fluid wetting the
dispersed chromite grains be sufficient to minimize disin-
tegration of aggregated chromite (Matveev and Ballhaus,
2002; Johan et al., 2017). This would favor transformation of
the chromitite into its final podiform shape during solidifi-
cation.

Extensive fluid penetration would take place in the sur-
rounding peridotites at this stage (Figure 7). Olivine in the
fluid pool would interact with the fluids and lose Fe into
them, after which the fluids would progressively infiltrate the
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ambient dunites and nearby harzburgites to produce the ob-
served smooth borders. The degree of modification of the
olivine and orthopyroxene in the dunite and harzburgite
would depend on the volume of fluids available and the
distance to the fluid source (Figure 7). The richer in Fe the
fluids become, the more chromite could crystallize and settle
in chromitite, dunite and harzburgite. The chromite-clin-
opyroxene association in ophiolitic peridotites is thought to
be a product of such fluid penetration (Su et al., 2019, 2020).
The compositional modifications along penetrating path of
the fluids would be as shown in the above sections (Figure
5). Such processes could also have occurred at Stage 2 on a
small scale.
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