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Podiform chromitite is an important archive recording detailed information on mantle magmatism, heteroge-
neity and dynamics. High-Al chromitites are believed to have formed in mid-ocean ridge, back-arc, and forearc
basin environments. Correlation between the geochemical composition of high-Al chromitites and their geo-
dynamic settings is not well explored. Here, we present the petrographic, microstructural, mineral chemical, and
whole-rock platinum-group element (PGE) data of the high-Al podiform chromitites from the Moa-Baracoa
ophiolitic massif (MBOM) (eastern Cuba), to investigate their petrogenesis and constrain their geodynamic
settings. The chromitites occur in massive and semi-massive forms enveloped in dunite within the host harz-
burgite. The Cr-spinels in these chromitites contain inclusions of silicates (e.g., clinopyroxene, amphibole, and
phlogopite), platinum-group minerals, and base-metal sulfides. These chromitites (Cr# = 42.5-54.7, Mg# =
64.1-75.5) are poor in TiO3 (0.02-0.15 wt%), and display an obvious enrichment in IPGE (Os, Ir, and Ru) over
PPGE (Rh, Pt, and Pd). Cr-spinel grains usually show low-pressure characteristics illustrated by inclusions of
amphibole and phlogopite. Additionally, high-pressure/high-temperature microstructures, such as densely
exsolved needles of clinopyroxene, strong crystal-plastic deformation, and overgrowth, can be found in some Cr-
spinels. The coexistence of high- and low-pressure characteristics implies that some Cr-spinel grains crystallized
in a relatively deep mantle while others crystallized at a shallow depth. Mineralogical and chemical features
indicate that the parental magma of the chromitites was hydrous and TiO»-poor, and had high oxygen fugacity.
We propose that the Ti-poor high-Al chromitite of the MBOM originated from a nascent forearc mantle during
subduction initiation, in which deep-crystallized Cr-spinel were carried upward by the parental melt and
deposited together with the shallow-crystallized crystals.

1. Introduction and mantle dynamics (Arai, 2013; Yang et al., 2021). However, the

origin of podiform chromite deposits is still not completely understood.

Podiform chromite deposits have been widely reported in Phanero-
zoic ophiolites (e.g., Arai and Ahmed, 2018; Arai and Miura, 2016;
Augé, 1987; Rollinson and Adetunji, 2013; Saveliev, 2021; Wu et al.,
2021; Xiong et al., 2015; Yang et al., 2015, 2021; Zhou et al., 2014; Zhu
and Zhu, 2020), and are known to provide detailed information on
various magmatic processes (Chen et al., 2021; Gonzalez-Jiménez et al.,
2014; Su et al., 2016; Uysal et al., 2018; Xiong et al., 2017a; Zhou et al.,
1994, 2014), mantle heterogeneity (Frei et al., 2006; Shi et al., 2007),

* Corresponding author.
E-mail address: yangjsui@163.com (J.-S. Yang).

https://doi.org/10.1016/j.oregeorev.2022.104847

The most prevalent petrogenetic model of chromitites is melt-peridotite
interactions and subsequent mingling and/or mixing of variably evolved
melts in the shallow mantle led to Cr saturation and Cr-spinel precipi-
tation in the conduits of a dynamic magma system (Arai and Miura,
2016; Gonzalez-Jiménez et al., 2014; Zhou et al., 1996, 2014). Matveev
and Ballhaus (2002) and Su et al. (2020) highlighted the contribution of
fluid immiscibility to Cr-spinel crystallization.

Based on the Cr# [100 x Cr/(Cr + Al)] values of Cr-spinel,
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chromitites are classified as: high-Cr (Cr# >60) and high-Al (Cr# <60)
(e.g., Arai and Ahmed, 2018; Rollinson, 2008; Zhou et al., 2014).
Additionally, Uysal et al. (2018) distinguished intermediate varieties
(Cr# = 50-70). The geochemical composition of chromitites is indica-
tive of their parental melts. For example, high-Cr chromitites are
interpreted to have precipitated from boninitic melts, whereas high-Al
chromitites are believed to have crystallized from mid-oceanic ridge
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basalt (MORB)-like tholeiitic magmas (Kamenetsky et al., 2001; Zhou
et al., 2014). Generally, high-Al chromitites have relatively higher
contents of TiO, than the high-Cr varieties (e.g., Pagé and Barnes, 2009;
Zhou et al., 2014; Zhu and Zhu, 2020) because of their higher content in
MORBs as compared to in boninites (e.g., Pagé and Barnes, 2009, and
references therein). However, a few high-Al chromitites with very low
contents of TiOy have also been reported in previous works (e.g., Xiong
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Fig. 1. (a) Geological map of eastern Cuba showing the main geological units (after Lazaro et al., 2016); (b) Schematic lithostratigraphic columns of the MBOM (after
Proenza et al., 2018); (¢) Geological map of the Cayo Guam chromite deposit; (d) Geological profile (A-A’) of the Cayo Guam chromite deposit. The ages for ophiolitic
rocks in (b) are from Iturralde-Vinent et al. (2006), Rojas-Agramonte et al. (2016), and Rui et al. (2022b).
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et al., 2017b; Zhang et al., 2020).

High-Cr chromitites usually form in forearc mantle wedges (Ahmed
et al., 2020; Nayak et al., 2021; Sepidbar et al., 2021; Sideridis et al.,
2021; Uysal et al., 2009; Zhou et al., 1998). Compared to them, the
formation of high-Al chromitites is rare and complex. High-Al chromi-
tites are interpreted to originate from MOR (Arai and Miura, 2015; Uysal
et al., 2009), back-arc basin (Gonzalez-Jiménez et al., 2011; Zhu and
Zhu, 2020), and nascent forearc during subduction initiation (Rollinson
and Adetunji, 2013; Xiong et al., 2017a; Zhang et al., 2020). They
usually occur at or above the Moho transition zone (MTZ), such as Nurali
chromitites, Urals (Grieco et al., 2007), Kempirsai chromitites, Urals
(Melcher et al., 1999), and Kraubath chromitites, Austria (Malitch et al.,
2003). The geochemical composition of high-Al chromitites have not yet
been well correlated with their geodynamic settings.

The Mayari-Baracoa ophiolitic belt (MBOB) (eastern Cuba) hosts
numerous economically important high-Cr and -Al chromite deposits of
variable sizes. Previous studies of chromitites from the MBOB have
focused on (1) Re-Os isotope heterogeneities of the upper mantle (Frei
et al., 2006; Gervilla et al., 2005; Marchesi et al., 2011); (2) origin of
high-Al and -Cr chromitites by melt-rock interaction (Gonzalez-Jiménez
et al., 2011; Proenza et al., 1999; Zhou et al., 2001); (3) unusual min-
erals (e.g., diamond, moissanite, and zircon) (Proenza et al., 2018; Pujol-
Sola et al., 2018, 2020a); and (4) interactions between chromitites and
parental melts of gabbro dykes (Gonzdlez-Jiménez et al., 2020; Proenza
et al., 2001; Pujol-Sola et al., 2020b). However, investigations focused
on the origin of high-Al chromitites in the Moa-Baracoa ophiolitic massif
(MBOM) is limited. Here, we present the detailed petrographic obser-
vations, mineral chemistry, whole-rock platinum-group element (PGE)
geochemistry, and electron backscattered diffraction (EBSD) mapping of
chromitites from the MBOM to investigate their petrogenesis and
constrain the geodynamic setting of the high-Al chromitites.

2. Geological background

The Northern Cuban ophiolite belt (NCOB) in the west and central
part and the MBOB in the east make up the Cuban ophiolites that stretch
for >1000 km along the northern margin of Cuba. Both the NCOB and
the MBOB comprise of mantle tectonites, plutonic rocks, volcanics, and
subduction mélanges (Iturralde-Vinent et al., 2006). The MBOB is
separated by fault zones into two individual thrust-bounded blocks, the
Mayari-Cristal ophiolitic massif to the west and the MBOM to the east
(Fig. 1a).

The MBOM thrusts over a subduction-related metamorphic complex,
and is composed of (from bottom to top) mantle harzburgite tectonite
associated with subordinary dunite, a MTZ, and a crustal section made
up of cumulate layered gabbros and pillow lavas (Morel Formation)
(Fig. 1a, b). The Morel Formation is Turonian—Coniacian (88-91 Ma) in
age (Iturralde-Vinent et al., 2006), and separated from the underlying
layered gabbros by south-dipping thrusts. The MBOM is generally
believed to have formed in a back-arc environment because of the
MORB-like geochemical affinity of the Morel Formation (Marchesi et al.,
2007; Proenza et al., 2006).

The MBOB hosts numerous economically important chromite de-
posits. Proenza et al. (1999) classified these deposits into three mining
districts: (1) the Moa-Baracoa district in the MBOM; (2) the Sagua de
Téanamo district, and (3) the Mayar{ district in the Mayari-Cristal massif.
The Moa-Baracoa district contains >100 chromite deposits (Proenza
et al., 1999) with estimated reserves of up to 6.5 Mt (Silk, 1988). Among
them, the Cayo Guam and Potosi deposits (Fig. 1a) were extensively
exploited and have provided an output of >0.8 Mt of ore in the past
(Proenza et al., 1999).

3. Field relationships and petrography

The Cayo Guam chromite deposit is situated about 12 km southeast
of Moa (Fig. 1a) and contains dozens of orebodies (Fig. 1c, d), which are
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tabular to lenticular in shape and variable in size. They are hosted in
dunitic envelopes within the harzburgite and are concordant with the
foliation of the peripheral harzburgite. Gabbro commonly occurs within
the chromitite and harzburgite as concordant to sub-concordant in-
trusives. Additionally, the Cayo Guam chromitites and harzburgites are
crosscut by late-stage pegmatitic gabbro dykes. Such dykes have also
been reported from the Potosi deposit (Gonzalez-Jiménez et al., 2014;
Proenza et al., 1999; Pujol-Sola et al., 2020b).

Cayo Guam chromitite samples were collected from abandoned ore
heaps and pits, and are characterized by predominantly massive and
subordinate semi-massive ores. Petrographic characteristics of the
chromitites are listed in Table 1. The massive chromitite consists of
>90% Cr-spinel and minor interstitial silicates (olivine, clinopyroxene,
serpentine, and chlorite) (Fig. 2a—c). Samples close to the gabbro dykes
have a relatively high mode of interstitial clinopyroxene (3-6%). Cr-
spinel generally occurs as large (3-6 mm) anhedral grains. Some have
straight grain boundaries and show re-equilibration microstructures,
such as 120° triple junctions (Fig. 2b). Abundant monophase and/or
polyphase inclusions, including silicates, base-metal sulfides (BMS), and
platinum-group minerals (PGM), can be found in Cr-spinel. Silicate in-
clusions are mainly composed of olivine showing negative crystal shapes
against cubic Cr-spinel (Fig. 2d), with minor clinopyroxene and chlorite
(Fig. 2e). Generally, the BMS and silicates (e.g., olivine and clinopyr-
oxene) occur together as polyphase inclusions (Fig. 2f). The PGM in-
clusions are euhedral to subhedral in shape, coexisting with
heazlewoodite, amphibole, and secondary chlorite (Fig. 2g-i). Densely
exsolved clinopyroxene needles commonly occur in some large Cr-spinel
grains. Needles are typically <1 pm wide but up to 150 pm long, and
oriented either along three directions (Fig. 3a, b) or one direction
(Fig. 3c-g). Secondary inclusion trails were also observed in healed
fractures of the large Cr-spinels (Fig. 3h—j). Notably, these healed frac-
tures are slightly deformed (Fig. 3h), indicating overgrowth and defor-
mation after or during fracture healing.

The semi-massive chromitites are made up of 60-90% Cr-spinel and
>10% silicates. Interstitial silicates are mainly olivine and serpentine,
and no pyroxene was observed. Cr-spinels occur as anhedral small grains
(<3 mm) with curved boundaries (Fig. 4a—c). Inclusions in Cr-spinel
grains are predominantly composed of olivine, with minor clinopyrox-
ene, phlogopite, and secondary serpentine. Olivine occurs as large
(~200 pm) euhedral to anhedral inclusions (Fig. 4d—e). The polyphase
inclusions are small (~50 pm), irregularly shaped, and consist of cli-
nopyroxene, orthopyroxene, phlogopite, chlorite (Fig. 4f-h), with rare
BMS (Fig. 4i). PGM inclusions, exsolved clinopyroxene needles, triple
junctions or healed fractures were not observed in the semi-massive
chromitites.

Table 1
Petrological characteristics of the Moa-Baracoa Ti-poor high-Al chromitites.

Sample Massive chromitite Semi-massive
chromitite

Occurrence Huge orebody Small pod in dunite

Silicate matrix Ol, Cpx (o)

Spinel mode >90% 60-90%

Spinel size 3-6 mm <3 mm

Spinel morphology Anhedral Anhedral

Primary inclusion Ol, Opx, Cpx, Amp, Pn, Hzl, Ol, Opx, Cpx, Phl, Hzl,
Ccp, Lrt Cep

Cpx exsolution Common Not observed

Healed fracture Common Not observed
Secondary inclusion Common Not observed
trails

Deformation Strong Weak to strong
120° triple junctions Trace Not observed
Overgrowth Common Not observed
Spinel Cr# 50.6-54.7 42.5-47.5
Spinel Mg# 64.1-75.5 65.9-75.3

Amp: amphibole, Ccp: chalcopyrite, Cpx: clinopyroxene, Cr-Spl: Cr-spinel, Hzl:
heazlewoodite, Lrt: laurite, Ol: olivine, Pn: pentlandite, Phl: phlogopite.
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Fig. 2. (a, b) Photomicrographs and (c-i) back-scattered electron (BSE) images of the Moa-Baracoa massive chromitites. (a) Massive chromitites consisting of >90%
Cr-spinel; (b) Cr-spinel grains showing triple junctions (reflected light); (c) Interstitial olivine and clinopyroxene; (d) Olivine inclusion; (e) Inclusions of amphibole
and chlorite; (f) Inclusion of clinopyroxene, pentlandite, and chalcopyrite; (g) Euhedral laurite grain; (h) Laurite combined with amphibole; (i) Laurite coexisting
with heazlewoodite. Amp: amphibole, Ccp: chalcopyrite, Chl: chlorite, Cpx: clinopyroxene, Cr-Spl: Cr-spinel, Hzl: heazlewoodite, Lrt: laurite, Ol: olivine, Pn:

pentlandite, Srp: serpentine.

Dunitic envelops were dominated by olivine (>98%) with minor Cr-
spinel. Olivine is highly fractured and variably serpentinized. Cr-spinel
usually occurs as small (0.5-1.5 mm) anhedral crystals, randomly
scattered in the olivine matrix. Peripheral harzburgite comprises olivine
(75-85%), orthopyroxene (12-22%), clinopyroxene (<2%), and Cr-
spinel (<2%), showing a typical porphyroclastic texture.

4. Analytical methods

The major element compositions of olivine, clinopyroxene, and Cr-
spinel were determined using a JEOL JXA-8100 electron probe micro-
analyzer (EPMA) at the Key Laboratory of Submarine Geosciences, State
Oceanic Administration, Hangzhou. Mineral chemistry of the sulfides
was determined using a JEOL JXA-iSP100 EPMA at Nanjing Hon-
gchuang Geological Technology Co., Ltd, Nanjing. Analyses (Supple-
mentary Tables S1-S4) were performed at an accelerating voltage of 15
kV, a 20nA beam current, and a 2-5 pm beam spot. The following
standards were used for quantification: diopside (Si, Mg, and Ca), rutile
(Ti), sanidine (Al, K), rhodonite (Mn), albite (Na), iron oxide (Fe), nickel
oxide (Ni), chromium oxide (Cr), marcasite (S), gallium arsenide (As),
cuprite (Cu), and pure metals (Co, Os, Ir, Ru, Rh, Pt, and Pd). The
approximate detection limit is 0.05% for PGE and 0.01% for the other
elements.

The trace element compositions of clinopyroxene and Cr-spinel
(Supplementary Tables S5-S6) were analyzed using a Teledyne Cetac
Technologies Analyte Excite laser ablation coupled with an Agilent
Technologies 7700x quadrupole inductively coupled plasma mass
spectrometer (LA-ICP-MS) at the State Key Laboratory of Geological

Processes and Mineral Resources, China University of Geosciences,
Wuhan. For each analysis, laser ablation conditions of a spot size of 40
um, a pulse frequency of 7 Hz, and an energy density of 6.0 J/cm? were
applied. Basaltic glasses provided by the United States Geological Sur-
vey (BIR-1G, BHVO-2G, and BCR-2G) were used as external calibration
standards. Off-line data processing was performed by ICPMSDataCal
software using a 100%-normalization strategy without applying an in-
ternal standard (Liu et al, 2008).

Whole-rock PGE (Supplementary Tables S7) was analyzed at the
Chinese Academy of Geological Sciences (CAGS). All samples were
carefully cleaned, crushed, and ground in an agate mortar to pass
through a 200-mesh screen. PGE concentrations were determined using
a nickel sulfide fire-assay pre-concentration method followed by ICP-MS
analysis. The detailed analytical processes for PGE analysis have been
described by Xiong et al. (2017b).

Electron backscattered diffraction (EBSD) was measured using an
Oxford Nordlys F+ EBSD detector attached to an FEI Quanta 450 SEM at
the CAGS. Crystal orientation mappings were performed at a voltage of
20 kV, a beam current of 180 pA, and step size of 5-9 pm. Automatic
indexing and EBSD data processing were performed using Oxford In-
struments AZtec and HKL Channel 5, respectively.

5. Results
5.1. Mineral chemistry

5.1.1. Olivine
Olivine in the dunite and harzburgite have high Fo [100 x Mg/(Mg
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Fig. 3. (a, b) Photomicrographs (transmitted light) and (¢) BSE image showing exsolved needles of clinopyroxene; (d-g) Energy dispersive spectrometer element
mapping in the same area of (c); (h) Photomicrographs (transmitted light) showing overgrowth after fracture healing; (i) Photomicrographs (transmitted light) and
(j) BSE image showing healed fractures illustrated by secondary inclusion trails. Cpx: clinopyroxene, Cr-Spl: Cr-spinel, Srp: serpentine.

+ Fe?™) ] values (89.9-93.4) and NiO contents (0.29-0.51 wt%), with
low MnO contents (0.05-0.21 wt%), consistent with olivine mantle
array (Fig. 5a, b). In contrast, olivine in the chromitites show remark-
ably higher Fo values (94.6-97.2) and NiO contents (0.48-1.12 wt%),
with slightly lower MnO contents (~0.12 wt%) (Fig. 5a, b). Notably, the
olivine inclusions in Cr-spinel show comparatively higher Fo values and
NiO contents, with significantly higher CryO3 contents relative to the
matrix olivine of the studied chromitite samples (Fig. 5a, c).

5.1.2. Clinopyroxene

Clinopyroxenes in massive chromitites and peripheral harzburgites
have similar Al;O3 (1.85-3.14 wt%) and TiO3 (0.01-0.11 wt%) con-
tents. However, the Mg# values (94.6-96.1) and NayO contents
(0.27-0.46 wt%) of clinopyroxenes in chromitites are relatively higher
(Fig. 5d-f). Moreover, the clinopyroxenes in chromitites have higher
total rare earth elements (XREE = 12.3-21.3 ppm) than of those in the
harzburgites (XREE = 0.24-0.49 ppm). In the chondrite-normalized
plot, their REE patterns show depletion in light REE (Lay/Luy =
0.09-0.13) (Fig. 6a). In the primitive mantle-normalized multi-element
diagram, chromitite clinopyroxenes show strongly negative anomalies
for Pb, Sr, and Ti, which differ from those of harzburgite clinopyroxenes
that display positive Pb and Ti anomalies (Fig. 6b).

5.1.3. Cr-spinel

Cr-spinel grains are usually chemically homogenous, and have nar-
row ranges of major- and trace-element compositions in an individual
lithology. Cr-spinel in the massive chromitites have Cr# (50.6-54.7),
Mg# (64.1-75.5), Al,03 (24.61-27.05 wt%), CroO3 (40.93-44.94 wt%),
MgO (14.10-17.05 wt%), FeO (12.56-16.49 wt%), and TiO, (0.02-0.13
wt%) (Fig. 7). Cr-spinels in semi-massive chromitites display compara-
tively lower Cr# (42.5-47.5), but similar Mg# (65.9-75.3) and TiO»
(0.05-0.15 wt%) relative to massive chromitites. According to their Cr#
values, the studied chromitites were classified as high-Al type (Fig. 7a)

(Rollinson, 2008; Zhou et al., 2014). Cr-spinels in the dunite envelopes
are characterized by low Cr# (41.3-48.9) but high Mg# (65.7-71.9),
similar to those from both chromitites. However, Cr-spinels in the
harzburgites have the highest Cr# (53.7-62.3) and lowest Mg#
(54.9-60.2), which deviates from the general chromitite-dunite associ-
ations (Fig. 7a).

Because Ga is hardly affected by re-equilibration processes (Econo-
mou-Eliopoulos et al., 2019), trace element abundances were plotted
against Ga in Fig. 8. The abundances of Ga decrease with increasing Cr#
values. Cr-spinels in the chromitites have higher Ga contents (50.8-62.2
ppm) than those of the dunites (33.7-44.8 ppm) and harzburgites
(23.1-38.2 ppm). Ga displays a positive correlation with Ti, and Ni, and
a negative correlation with Co, Mn, and V (Fig. 8a—e). In the MORB
spinel-normalized multi-element diagrams, Cr-spinels of the massive
and semi-massive chromitites show roughly similar patterns as in typical
high-Al chromitites, except for clearly negative anomalies of Ti and Sc
(Fig. 9a). The Cr-spinels of dunites and harzburgites show variable
depletion of Ti and Sc, and enrichment of Zn and Co relative to MORB
spinel (Fig. 9b). It is noteworthy that the Moa-Baracoa high-Al chro-
mitites are quite poor in Ti relative to the typical high-Al chromitites
worldwide (Fig. 8a, 9a). Thus, we define these chromitites as Ti-poor
high-Al chromitites.

5.1.4. BMS and PGM

The EPMA data for BMS and PGM are listed in Supplementary
Tables S4. Heazlewoodite, pentlandite, and chalcopyrite are the most
abundant phases among BMS. Heazlewoodite is characterized by high Ni
(69.23-72.36 wt%) and low S (26.64-27.60 wt%) contents. Pentlandite
has an almost consistent amount of Ni (38.29-39.01 wt%), Fe
(24.97-27.36 wt%), and S (33.11-33.56 wt%). Chalcopyrite is
composed of Cu (32.95 wt%), Fe (29.72 wt%), and S (34.88 wt%).

Eight laurite grains were observed after studying >100 thin sections.
It was the only PGM phase observed in this study, and consists of Os
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Fig. 4. (a, b) Photomicrographs and (c-i) BSE images of the Moa-Baracoa semi-massive chromitites. (a) Semi-massive chromitites consisting of 60-90% Cr-spinel;
(b) Anhedral Cr-spinel grains with curved boundaries (reflected light); (c¢) Primary interstitial silicate completely replaced by serpentine; (d, e) Euhedral and
subhedral olivine inclusions; (f-h) Pyroxene and phlogopite inclusions; (i) Olivine combined with chalcopyrite and heazlewoodite. BMS: base-metal sulfide, Ccp:
chalcopyrite, Chl: chlorite, Cpx: clinopyroxene, Cr-Spl: Cr-spinel, Hzl: heazlewoodite, Ol: olivine, Phl: phlogopite, Srp: serpentine.
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(22.22-35.23 wt%), Ru (19.25-38.59 wt%), Ir (2.54-11.09 wt%), and S
(29.73-34.82 wt%). The compositional range of laurite is narrow
(Fig. 10), with Ru# [Ru/(Ru + Os)] spanning from 0.51 to 0.77.

5.2. Whole-rock PGE geochemistry

Five massive and one semi-massive chromitite samples from the
MBOM were analyzed for whole-rock PGE abundance. Their total PGE
(XPGE) concentrations range between 56 and 122 ppb. The whole-rock
PGE abundances of both types (massive and semi-massive) were similar,
characterized by enrichments in IPGE relative to PPGE as manifested by
the low Pd/Ir (0.13-0.31) and PPGE/IPGE (0.06-0.13) ratios (Fig. 11).
Moa-Baracoa chromitites generally have a PPGE-depleted chondrite-
normalized pattern. Additionally, they show weak positive anomalies of
Os and Ru with respect to Ir (Fig. 12). Such double peak patterns are
consistent with the presence of laurite as the only PGM phase in the
studied samples. Moreover, previous reported high-Al chromitites also
show double peak patterns for PGEs (Fig. 12b, c).

5.3. Microstructures

The microstructures of two massive and two semi-massive chromi-
tites were examined by EBSD analysis. EBSD mapping reveals that the
Cr-spinel grains of the Moa-Baracoa chromitites suffered weak to strong
crystal-plastic deformation. Some large Cr-spinel grains with exsolved
clinopyroxene needles in the massive chromitites show strong crystal-
plastic deformation, and are composed of coalescent Cr-spinel sub-
grains (Fig. 13a, b). In the semi-massive chromitites, Cr-spinel crystals
display weak to strong crystal-plastic deformation; however, no sub-
grains were identified inside them (Fig. 13c-e).

6. Discussion

6.1. Low- and high-pressure fingerprints in the Moa-Baracoa high-Al
chromitites

Podiform chromitites are traditionally interpreted to have originated
from low-pressure (LP) magmatism within the upper mantle (e.g., Arai,
2013, and references therein). However, substantial ultrahigh-pressure
(UHP) to high-pressure (HP) mineralogy reported in some ophiolitic
peridotites and podiform chromitites, such as in situ and separated di-
amonds (Rui et al., 2022a;Yang et al., 2007, 2021), coesite exsolutions
(Yamamoto et al., 2009), clinopyroxene exsolutions (Gonzdlez-Jiménez
et al., 2017; Xiong et al., 2017a; Yamamoto et al., 2009), and calcium
amphibole exsolutions (Chen et al., 2019) in Cr-spinel, provide impor-
tant clues for understanding the formation of podiform chromitites and
mantle dynamics in a larger scale (e.g., Arai, 2013; Yang et al., 2015;

Zhou et al., 2014).

In the MBOM, LP fingerprints occur in both the massive and semi-
massive chromitites. For example, small amounts of primary hydrous
mineral inclusions, such as amphibole and phlogopite, are hosted within
the Cr-spinel (Fig. 2e, h, 4f-h), which resembles the LP chromitites
formed by melt-rock interaction in the shallow mantle (e.g., Arai and
Miura, 2016; Xiong et al., 2017a). Experiments have demonstrated that
pargasite is unstable at >3 GPa and ~1150 °C (Niida and Green, 1999).

Among the Moa-Baracoa chromitites, HP fingerprints only occur in
massive variety. Abundant clinopyroxene needles with strong crystal-
lographic preferred orientations were commonly exsolved within some
Cr-spinel grains (Fig. 3a—g). Such microstructures have been regarded as
indicators for HP conditions (Yamamoto et al., 2009), and were reported
from the UHP-HP chromitites of Tibet (Xiong et al., 2017a; Yamamoto
et al., 2009), Oman (Miura et al., 2012), and Mexico (Gonzalez-Jiménez
et al., 2017). Experiments have demonstrated that magnesiochromite
transforms into a CaFe04 structure (CF-type) above 12.5-18 GPa (Chen
et al., 2003; Wu et al., 2016; Zhang et al., 2017a, Zhang et al., 2017b),
and to a CaTiyO4 structure (CT-type) above 20 GPa (Chen et al., 2003;
Zhang et al., 2017a, Zhang et al., 2017b). The CF-type spinel can
incorporate high contents of SiOy (~3-5 wt%) and CaO (~7-8 wt%) at
14-18 GPa, whereas magnesiochromite comparatively incorporates a
minor amount of SiO, (<1-2 wt%) and almost no CaO at 12-16 GPa
(Zhangetal., 2017a, Zhang et al., 2017b). Additionally, the SiO4 content
accommodated in magnesiochromite increases from 0.1 to 0.7 wt% with
increasing pressure from 5 to 12 GPa at a temperature of 1400 °C (Wu
et al., 2016). Therefore, abundant clinopyroxene exsolution needles in
Cr-spinel have been interpreted as a result of decompression from the
CF-type or HP magnesiochromite to the LP phase (Arai, 2013; Gonzalez-
Jiménez et al., 2017; Satsukawa et al., 2015; Xiong et al., 2017a;
Yamamoto et al., 2009).

Compared to the semi-massive chromitites, the Fo values and NiO
contents of olivine inclusions are higher in massive chromitites, which
are comparable with those of olivines from UHP chromitites in Tibet
(Fig. 5a). Similar trends have been widely reported in ophiolitic podi-
form chromitites, and are ascribed to the Fe-Mg exchange between
included olivine and host Cr-spinel (e.g., Bussolesi et al., 2019; Rui et al.,
2019; Sideridis et al., 2021). Such high Fo values and NiO contents in the
studied samples suggest that the massive chromitites were subject to
considerably intensive exchange processes. The olivine-spinel geo-
thermometer (Ballhaus et al., 1991) yields almost similar temperatures
for the semi-massive (549-687 °C) and massive samples (551-705 °C).
Given the intensive Fe-Mg exchange between olivine and Cr-spinel, the
calculated temperatures imply that the semi-massive and massive
chromitites experienced similar re-equilibration processes under low
pressure and temperature.

EBSD maps of the massive chromitites show that the large Cr-spinel
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grains with crystal-plastic deformation were composed of coalescent
subgrains (Fig. 13a, b). Similar deformation textures have been observed
in the Luobusa and Zedang massive chromitites, and were interpreted to
be the result of HP/high-temperature (HP/HT) metamorphism in the
deep mantle (Griffin et al., 2016; Satsukawa et al., 2015; Xiong et al.,
2017a). Furthermore, 120° triple junctions (Fig. 2b), healed fractures,
and considerable overgrowth of Cr-spinel after fracture healing (Fig. 3h,
i) suggest complex metamorphic processes in HP/HT conditions.
Therefore, it is inferred that both low- and high-pressure processes were
involved in the formation of the Moa-Baracoa chromitites.

6.2. Petrogenetic implication from the PGE, PGM, and BMS

The distribution of PGE is sensitive to the inventories and S-satura-
tion status of parental magmas (Barnes et al., 1985; Naldrett and von
Gruenewaldt, 1989); thus, it can provide unique insights into the for-
mation of podiform chromitites (Ahmed and Arai, 2002; Proenza et al.,
1999; Shi et al., 2007; Uysal et al., 2018; Zhou et al., 1998). Hydro-
thermal alteration is common in podiform chromitites, which might
cause PGM desulfurization and PGE remobilization (Grieco et al., 2007,
2020). Although the studied samples contain serpentine, chlorite, and
Fe-chromite, which are common secondary phases produced during
hydrothermal events (Grieco et al., 2020; Merlini et al, 2009; Rui et al.,
2019), the following evidence suggests that hydrothermal alteration has
little influence on the PGM and PGE distribution of the Moa-Baracoa
chromitites: (1) Laurite grains occur as inclusions within Cr-Spinel,
and do not show in situ alteration, such as formation of PGE-alloys or
chemical zoning (Grieco et al., 2020); (2) BMS, such as heazlewoodite,
usually have no detectable PGE (Supplementary Table §4), resembling
those transformed from magmatic pentlandites (Grieco et al., 2020); (3)
while Cr-spinel grains in some semi-massive chromitites are partially
replaced by Fe-chromite at rims and along fractures (Fig. 4c), the
massive samples are completely free of Fe-chromite, implying a low
degree of alteration; (4) chlorite commonly coexists with primary
amphibole and phlogopite (Fig. 2e, 3 g), indicating low-temperature
hydrothermal alteration.

Global PGE data of both high-Cr and -Al podiform chromitites hosted
in Phanerozoic ophiolites were compared with the Moa-Baracoa chro-
mitites (this study). The XPGE of the previously reported chromitites is
highly variable, ranging from tens to thousands of ppb (Fig. 11b).
Although the high-Cr chromitites have an overall slightly higher ZPGE
(average = 259 ppb, n = 288) than the high-Al variety (average = 118
ppb, n = 88), they still show considerable overlapping spectra
(Fig. 11b). In the chondrite-normalized PGE patterns, high-Cr chromi-
tites display uniformly significant depletion of PPGE relative to IPGE
(Fig. 12a). Such distinguishing features are also shown by the ratios of
Pd/Ir, Pt/Pt* [Pty/(Rhy x Pdy)'/2], and PPGE/IPGE, which are signif-
icantly <1 (Fig. 11). In contrast, the high-Al chromitites show either
weak depletion or enrichment of PPGE compared with IPGE (Fig. 12b),
with highly variable ratios of Pd/Ir (0.02-40.20) and PPGE/IPGE
(0.06-10.87) (Fig. 11).

Since IPGE are more refractory during partial melting and also more
compatible during fractional crystallization compared to PPGE (Barnes
et al., 1985), the Pd/Ir ratios would increase with decreasing Pt/Pt*
values in a fractionating magma (Garuti et al., 1997). The Moa-Baracoa
chromitites have low Pd/Ir (0.22-0.69) and PPGE/IPGE (0.06-0.13)
ratios, with PPGE-depleted patterns (Fig. 12¢). The narrow variation of
Pd/Ir and Pt/Pt* suggests that PGE distribution in the Moa-Baracoa
chromitites was predominately controlled by partial melting rather
than magma fractionation (Fig. 11a).

The degree of partial melting chiefly governs the extraction of PGE
from mantle sources into the melts (Hamlyn and Keays, 1986).
Magmatic PGE concentrations of chromitites are controlled by the na-
ture of their parental melts. Namely, boninitic melt derived from high-
degree (>20%) melting precipitates high-PGE chromitites, whereas
basaltic melts produced by <20% partial melting crystallize low-PGE
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chromitites (Peighambari et al., 2016; Prichard et al., 2008). The Moa-
Baracoa chromitites contain LPGE of 56-122 ppb, falling in the over-
lapping field of global Phanerozoic high-Cr and -Al chromitites
(Fig. 11b). The low PPGE/IPGE ratios of the Moa-Baracoa chromitites
indicate that their parental magma was derived from a depleted mantle
source where PPGE had already been partly extracted during a previous
partial melting event (e.g., Peighambari et al., 2016).

The PGE of ophiolitic chromitites predominately reside in accessory
PGMs that are dominated by Os-Ir alloy and Ru-Os disulfides (Garuti
et al., 1999; Gervilla et al., 2005; Gonzalez-Jiménez et al., 2014; Side-
ridis et al., 2021; Uysal et al., 2015). The precipitation of PGM and BMS
in mafic melts is mainly controlled by sulfur fugacity and temperature
(Akmaz et al., 2014; Melcher et al., 1997; Uysal et al., 2015). Laurite and
Os-Ir alloys coprecipitate at high temperature (1300 °C) and low fSy
(logfSy ~ —2) conditions; as the temperature decreases to 1000 °C and
sulfur fugacity increases to logfS; ~ +2, BMSs start to crystallize from
the melts (Uysal et al., 2015). The laurite with high Os content (Fig. 10)
can be related to evolved melts with relatively low temperature and/or
high fSy (Grieco et al., 2020). Abundant BMS inclusions in the Moa-
Baracoa chromitites might be indicative of high fS,; (Uysal et al.,
2015). The occurrence of PGMs and BMSs in a single chromitite sample,

especially the coexistence of laurite and pentlandite (replaced by hea-
zlewoodite), indicates rapid and significant local variations in temper-
ature and fS,. Such physicochemical fluctuations may result from melt-
rock interaction and subsequent influx of different melts (Arai and
Yurimoto, 1994; Arai and Miura, 2016; Gonzalez-Jiménez et al., 2014).
Moreover, Gervilla et al. (2005) and Frei et al. (2006) have documented
that the Moa-Baracoa high-Al chromitites have heterogeneous Os iso-
topic compositions, indicating mixing/mingling of different magma
(Gervilla et al., 2005).

6.3. Formation process of the Moa-Baracoa Ti-poor high-Al chromitites

6.3.1. Composition of parental magmas

Podiform chromitites are Cr-spinel cumulates deposited in magma
conduits within mantle peridotites (e.g., Arai and Miura, 2016; Zhou
etal., 2014). The chemistry of Cr-spinel reflects the composition of their
parental melts (e.g., Dick and Bullen, 1984; Pagé and Barnes, 2009). We
calculated the Al,O3 and TiO; contents, and FeO/MgO ratios for the
parental melts of the chromitites using the equations of Rollinson (2008)
and Maurel and Maurel (1982), respectively. The parental melts of the
Moa-Baracoa chromitites have high Al,O3 content (15.5-16.7 wt%) that
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is concordant with MORB, but low TiO5 content (0.07-0.48 wt%) and
FeO/MgO ratios (0.75-1.18), which is similar to boninite-like magmas
(Fig. 14a).

Trace element contents for the parental melts of Cr-spinel were
estimated using the empirical partition coefficients of Pagé and Barnes
(2009). In the MORB-normalized trace element diagram (Fig. 14b), the
calculated parental melts generally have flat patterns from V to Ga,
which is comparable to those in MORB (Pagé and Barnes, 2009; Zhou
et al., 2014). However, they show strikingly depleted Ti relative to other
trace elements (Fig. 14b), which is typical of boninite-like melts. Addi-
tionally, melts equilibrated with interstitial clinopyroxene in the
massive chromitites are calculated using Cpx/melt partition coefficients
proposed by Sun and Liang (2012). The results show slight enrichment
of light REE and depletion of Eu in the chondrite-normalized REE dia-
gram (Fig. 6a). This indicates that these clinopyroxenes precipitated
from residual melts after crystallization of plagioclase, and they may not
be syngenetic with the massive chromitites.

6.3.2. Nature of magma source
Ti-poor high-Al chromitites have also been reported from the Zam-
bales ophiolite, Philippines (TiO2 = 0.05-0.22 wt%, Zhang et al., 2020).
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Using batch and fractional partial melting models, Zhang et al. (2020)
modeled the mantle source and TiO; content for the parental magma of
the Zambales chromitites. A high degree of partial melting (~10% melt
extraction from a fertile MORB mantle followed by a second stage of
5-10% partial melting) is necessary to produce low TiO; (<0.5 wt%)
parental magma (Zhang et al., 2020). Thus, we infer that the parental
magma of the Moa-Baracoa high-Al chromitites probably resulted from a
relatively high degree partial melting of a mantle source: (1) Parental
magma has transitional composition between MORB and boninite-like
melt with very low TiO, (0.07-0.48 wt%), which is generally pro-
duced by a high degree of partial melting (Zhang et al., 2020); (2) low
PPGE/IPGE ratios and relatively high PGE concentrations indicate a
previous depleted mantle source; (3) Harzburgites of the MBOM have
experienced a high degree (>25%) of partial melting (Marchesi et al.,
2006; Rui et al., 2021).

The fO; of the Moa-Baracoa harzburgites, dunites, and chromitites
were estimated using the compositions of the paired Cr-spinel and
olivine (Ballhaus et al., 1991). The harzburgites and dunites have
considerably lower AlogfO5(FMQ) values (—1.4 to —0.5) compared with
chromitites (—0.7 to +1.8) (Fig. 15). Most of the chromitites fall within
the subarc mantle field, whereas the dunite and harzburgites spread
close to the field of abyssal peridotites in the diagram of AlogfO5(FMQ)
vs. Cr# of Cr-spinel (Fig. 15), indicating that parental magma of the
chromitites is more oxidized than typical MORB magmas and has an arc
affinity.

Subduction-related lavas and peridotites have overall higher fO,
than their MOR counterparts, which are generally ascribed to the
modification of slab-derived materials (Birner et al., 2017). High fO,
values recorded in the investigated chromitites might imply that small
amounts of slab-derived high-fO, materials were involved in the mantle
source of the parental magma (Zhang et al., 2020). Proenza et al. (2018)
identified abundant crustal zircons in the Moa-Baracoa chromitites.
Such occurrences combined with high fO, of the chromitites suggests
that the mantle source of the Moa-Baracoa chromitites was contami-
nated by subducted crustal materials (e.g., Gonzalez-Jiménez et al.,
2017; Lian et al., 2020; Robinson et al., 2015). Collectively, we infer that
a forearc mantle contaminated by subducted crustal materials is the
probable mantle source for the parental magma of the Moa-Baracoa
chromitites.

6.3.3. Crystallization of Cr-spinel
Melt-rock interactions and subsequent mixing/mingling of melts
play a critical role in the formation of podiform chromitites (Arai and
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Miura, 2016; Arai and Yurimoto, 1994;Irvine, 1977; Gonzalez-Jiménez
etal., 2011; Zhou et al., 1994, 1996, 2014). In the Moa-Baracoa high-Al
chromitites, occurrence of the PGM and BMS combined with variable Os
isotopic composition (Gervilla et al., 2005) suggest mixing/mingling of
different magmas. Moreover, the common occurrence of recycled crustal
zircons (Proenza et al., 2018) implies that subducted crustal materials
may contribute to the formation of the Moa-Baracoa chromitites. The
addition of crustal materials can significantly increase the SiO; content,
which would effectively lower the solubility of Cr in the melt and trigger
Cr-spinel precipitation (Bédard and Hébert, 1998; Zhou et al., 2014).
The semi-massive chromitites are free of HP/HT microstructures,
and the Cr-spinels are small in size (<3 mm). This suggests that the Cr-
spinel of the semi-massive chromitites rapidly crystallized from the
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parental magma and were not evidently modified by post-magmatic
processes. In contrast, microstructural evidence indicates that the
massive chromitites experienced more complex petrogenetic processes.
Large grain sizes (3-6 mm), intense crystal-plastic deformation, abun-
dant exsolved needles of clinopyroxene, and clear overgrowth in some
Cr-spinel grains of the massive chromitites suggests that they probably
crystallized and/or recrystallized under HP/HT conditions for a long
period of time. Moreover, olivine inclusions in the Cr-spinels of the
massive chromitites have certainly higher contents of Fo and NiO than
those of the semi-massive chromitites (Fig. 5a), which indicates Mg and
Ni redistribution into olivine during a sufficiently long annealing time in
the massive chromitites (Miura et al., 2012). Typical UHP minerals of
ophiolitic chromitites, such as diamond and coesite, are absent in the
Moa-Baracoa chromitites. This may reflect that the Moa-Baracoa chro-
mitites are intermediate (e.g., Miura et al.,, 2012; Gonzalez-Jiménez
et al., 2017) between typical LP and UHP chromitites.

HP chromitites are believed to have either crystallized directly in the
deep mantle (Miura et al., 2012; Yang et al., 2015, 2021), or initially
formed in the shallow mantle and then recycled into the deep mantle
before being emplaced in the oceanic lithosphere (Arai, 2013; Gonzalez-
Jiménez et al., 2017; Xiong et al., 2017a). The massive chromitites of
this study show both high- and low-pressure signatures, suggesting that
some Cr-spinel grains crystallized in a relatively deep mantle. These HP
Cr-spinels could have migrated with the upwelling parental magma,
deposited with the LP Cr-spinels in the shallow mantle, and formed the
massive chromitites (Fig. 16).

6.4. Geodynamic environment of the Ti-poor high-Al chromitites

Ophiolite occurs in various tectonic settings and is an important
archive of oceanic crust development and plate tectonic evolution (Dilek
and Furnes, 2011; Furnes et al., 2020; Wu et al., 2021). Podiform
chromite deposits are exclusively hosted in ophiolitic complexes.
Therefore, studying the petrogenesis of podiform chromitite is not only
critical for exploration of chromite deposits, but is also important for
understanding the origin and tectonic evolution of the host ophiolites
(Ahmed et al., 2020; Arai, 2013; Cai et al., 2021; Farré-de-Pablo et al.,
2020; Gonzalez-Jiménez et al., 2017; Lian et al., 2019; Nayak et al.,
2021; Rui et al., 2019; Uysal et al., 2009; Xiong et al., 2017a). Generally,
high-Cr chromitites are known to form in forearc basins above a supra-
subduction zone (Nayak et al., 2021; Uysal et al., 2009; Zhou et al.,
1996), while high-Al chromitites form in MOR (Arai and Miura, 2015),
back-arc basin (Gonzalez-Jiménez et al., 2011; Zhu and Zhu, 2020), and
nascent forearc during subduction initiation (Lian et al., 2019; Rollinson
and Adetunji, 2013; Xiong et al., 2017a; Wu et al., 2019; Zhang et al.,
2020).

The Moa-Baracoa high-Al chromitites are characterized by low TiO3
content. A few occurrences of such Ti-poor high-Al chromitites have
been reported, such as the Zambales ophiolite in Philippines (TiO2 =
0.05-0.22 wt%, Zhang et al., 2020) and the Dongbo ophiolite in Tibet
(TiO2 <0.15 wt%, Xiong et al., 2017b). Coincidently, these Ti-poor high-
Al chromitites coexist with high-Cr chromitites and are interpreted to
have formed during subduction initiation (Zhang et al., 2020) or tran-
sitional tectonic regime from the MOR to the supra-subduction zone
(Xiong et al., 2017b).

Silicate inclusion, mineral chemistry, and whole-rock PGE behavior
collectively suggest that the Ti-poor high-Al chromitites from the MBOM
originated from a previously depleted hydrous mantle source with
contamination by subducted sediments. This is consistent with the
mantle wedge environment that occurs above a subducting slab. The
host harzburgite of these high-Al chromitites underwent a high degree
(>25%) of partial melting and are highly refractory in nature (Marchesi
et al., 2006; Rui et al., 2021). The mineral chemistry of secondary cli-
nopyroxene and BMS, combined with C-type olivine fabric, suggests that
the harzburgite originated from a nascent forearc mantle that was
modified by interaction with forearc basaltic melt during subduction
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Fig. 14. Calculated parental magma compositions of the Moa-Baracoa chromitites. The empirical formulas are from Rollinson (2008); High-Cr and -Al chromitite
data are from Zhou et al. (2014); TMO boninite and MORB data are from Pagé and Barnes (2009).

initiation (Rui et al., 2021). Furthermore, a suit of gabbroic rocks in the
MBOM records the onset of subduction of the proto-Caribbean beneath
the Caribbean plate (Rui et al., 2022b). Approximately 137-122 Ma
gabbroic rocks crystallized from forearc basaltic or subduction-related
magma indicate that subduction initiated in the Early Cretaceous
(Rojas-Agramonte et al., 2016; Rui et al., 2022b). Combining the origin
of the harzburgite and gabbroic rocks, we propose that the Ti-poor
high-Al chromitites from the MBOM formed in a nascent forearc
mantle during subduction initiation (Fig. 16).
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7. Conclusion

Ti-poor high-Al chromitites in the MBOM occur as massive and semi-
massive textures in dunite envelopes within host harzburgite. In the
massive samples, Cr-spinel grains exhibit both HP (e.g., abundant
exsolved needles of clinopyroxene, strong crystal-plastic deformation)
and LP characteristics (inclusions of amphibole and phlogopite).
Parental magma of the chromitite was estimated to be hydrous with very
low TiO2 and high oxygen fugacity, reflecting a depleted and hydrous
mantle source. Mixing/mingling of different magmas and the addition of
subducted crustal materials probably triggered the precipitation of Cr-
spinel. All these features imply that some Cr-spinel grains crystallized



H.-C. Rui et al.
3 . " .
O Massive chromitite @ Dunite
@ Semi-massive chromitite @ Harzburgite
2F Reaction with
FAB-like melt Q
g o) Reaction with
St ' @ boninite-like melt
[ .
- Continental Oceanic arc
eridotite I
% P ' () peridotite
o0y ®
< (|
® ‘ &
1t o
Abyssal (] a %
peridotite
_2 1 1 1 1 L
20 40 60 80

Cr#

Fig. 15. Plots of AlogfO(FMQ) vs. Cr# (spinel) for the peridotite and chro-
mitites of the MBOM. The tectonic discrimination fields in are from Parkinson
and Pearce (1998).

_Forearc spreading
~ SSZoceanic crust

Oceanic crust

<xXie
Chromitites

Lithospheric mantle

Asthenosphere

Depleted mantle

Meéts Sinking slab
%&t"'-----...___b HP Cr-Spinel
*~.~~~~ Cpx exsolution
~"~~\ Overgrowth
0.’ ~~“A LP Cr-Spinel
® Hydrous silicates
BMS
0

Fig. 16. Schematic cartoons (not to scale) showing the formation of high-Al
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in a relatively deep mantle, traveled upward with the parental melt, and
deposited in the shallow mantle. The formation of Ti-poor high-Al
chromitites, coupled with the origin of harzburgites and gabbros in the
massif, indicates that the Moa-Baracoa chromitites were generated
beneath a forearc basin during subduction initiation.
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