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A B S T R A C T

Chromitite bodies hosted in peridotites typical of suboceanic mantle (s.l. ophiolitic) are found in the northern and
central part of the Loma Caribe peridotite, in the Cordillera Central of the Dominican Republic. These chromitites
are massive pods of small size (less than a few meters across) and veins that intrude both dunite and harzburgite.
Compositionally, they are high-Cr chromitites [Cr# ¼ Cr/(Cr þ Al) atomic ratio ¼ 0.71–0.83] singularly enriched
in TiO2 (up to 1.25 wt.%), Fe2O3 (2.77–9.16 wt.%) as well as some trace elements (Ga, V, Co, Mn, and Zn) and
PGE (up to 4548 ppb in whole-rock). This geochemical signature is unknown for chromitites hosted in oceanic
upper mantle but akin to those chromites crystallized from mantle plume derived melts. Noteworthy, the melt
estimated to be in equilibrium with such chromite from the Loma Caribe chromitites is similar to basalts derived
from different source regions of a heterogeneous Caribbean mantle plume. This mantle plume is responsible for
the formation of the Caribbean Large Igneous Province (CLIP). Dolerite dykes with back-arc basin basalt (BABB)
and enriched mid-ocean ridge basalt (E-MORB) affinities commonly intrude the Loma Caribe peridotite, and are
interpreted as evidence of the impact that the Caribbean plume had in the off-axis magmatism of the back-arc
basin, developed after the Caribbean island-arc extension in the Late Cretaceous. We propose a model in
which chromitites were formed in the shallow portion of the back-arc mantle as a result of the metasomatic
reaction between the supra-subduction zone (SSZ) peridotites and upwelling plume-related melts.
1. Introduction

Chromitites mainly consist of (Cr, Al)-rich spinel and are usually
found associated with mafic-ultramafic rocks, such as in layered in-
trusions (e.g., Mukherjee et al., 2010), anorthositic complexes (e.g.,
Rollinson et al., 2010), Ural-Alaskan type complexes (e.g., Garuti et al.,
2003) and the mantle section of ophiolites (e.g., Barnes and Roeder,
2001; O’Driscoll and Gonz�alez-Jim�enez, 2016; Mathez and Kinzler,
2017). The latter exhibit a wide range of morphologies (e.g., pods, vein,
bands, etc.) and are frequently hosted within dunites formed by
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metasomatic reaction between migrating basaltic melts and depleted
peridotites within mid-ocean ridge or, more commonly,
supra-subduction zone (SSZ) settings (Gonz�alez-Jim�enez et al., 2014b;
Arai and Miura, 2016). These types of chromitites are collectively
grouped as ophiolitic, and their formation has been traditionally asso-
ciated with the infiltration of basaltic melts reaching the mantle-crust
transition zone of the oceanic lithosphere (e.g., Arai and Yurimoto,
1994; Zhou et al., 1994; Melcher et al., 1997; Proenza et al., 1999;
Gervilla et al., 2005). From a compositional point of view, ophiolitic
chromitites are classified as high-Cr [Cr# ¼ Cr/(Cr þ Al), atomic ratio
ay 2020
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Fig. 1. (A) Map of the northeastern Caribbean plate margin. Box shows location of the study area. SM, Septentrional microplate. (B) Schematic geological map of the
Bonao 1:100,000 quadrangle and (C) A–A0 geological cross-section (modified from G�omez et al., 1999), showing the lithologic and structural relations between the
Jarabacoa tectonic block with the Caribbean Large Igneous Province (CLIP) units, Bonao tectonic block including the Loma Caribe peridotite, and the Lower
Cretaceous island-arc units (modified from Escuder-Viruete et al., 2007, 2009). HFZ, Hispaniola fault zone; HMFZ, Hato Mayor fault zone; and HT, Hatillo thrust. Stars
show locations of chromitite samples.
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>0.6] and high-Al (Cr#<0.6). High-Cr chromitites are usually depleted
in TiO2 (<0.25 wt.%; Leblanc and Nicolas, 1992) and enriched in PGE
relative to high-Al chromitites, which are typically enriched in TiO2

(~0.5 wt.%) but depleted in PGE (e.g., Gonz�alez-Jim�enez et al., 2011;
Gonz�alez-Jim�enez et al., 2014b). Typically, high-Cr chromitites exhibit
a geochemical signature similar to that of boninitic lavas, being inter-
preted as having formed in fore-arc regions in supra-subduction zones
(SSZ) when subduction initiates. In contrast, high-Al chromitites pre-
cipitate from basaltic melts with mid-ocean ridge basalt (MORB) af-
finity, indicating abyssal or back-arc settings of formation. Hence,
ophiolitic chromitites are thought to have formed in different geo-
dynamic settings within the ophiolite environment (Zhou et al., 1994,
2084
1998; Robinson et al., 1997; Ballhaus, 1998; Ahmed and Arai, 2002;
Miura et al., 2012).

More recent models, based on the discovery of an unprecedented
suite of minerals typically formed at ultra-high pressures (e.g., diamond,
coesite, TiO2-II; i.e., the UHP assemblage of Yamamoto et al., 2009), and
super-reducing conditions (e.g., native elements, alloys, carbides, ni-
trides, moissanite; i.e., the SuR assemblage of Griffin et al., 2016 and
Pujol-Sol�a et al., 2018), and crustal minerals (e.g., zircon, K-feldspar,
plagioclase, kyanite, garnet, quartz; Robinson et al., 2015), reveal a more
complex evolutionary history of chromitites associated with the oceanic
mantle. Some of the proposed models include (e.g., Rollinson, 2016): (1)
subduction-recycling (Arai, 2013; McGowan et al., 2015; Arai and Miura,



Fig. 2. (A–C) Field photographs of the outcrops showing morphologies and structures of the studied chromitite deposits. (D) Hand sample of a chromitite vein hosted
in harzburgite. The scale bar is 4 cm.

Fig. 3. Textural details of the studied chromitites (A–H) and host peridotite (I–L). (A) Unaltered massive chromitites with interstitial altered silicates (reflected light).
(B) Contact of massive chromitite with serpentinized host peridotite (reflected light). (C) Penetrative fractures affecting massive chromitites (reflected light). (D) Slight
chemical variations along fractures in chromite grains (reflected light). (E) Ni–Fe-sulfides within fractures across chromitites (reflected light). (F) Mineral inclusions of
primary silicates within chromite grains (reflected light). (G) Silicate inclusions clustered within chromite grain (backscattered electron image). (H) PGM inclusion
within chromite grain (backscattered electron image). (I) Olivine grains with undulose extinction cross-cut by serpentine veins (transmitted light). (J) Orthopyroxene
grain with clinopyroxene lamellae along cleavage and olivine surrounding the grain (transmitted light). (K) Subhedral accessory chromite next to orthopyroxene grain
(transmitted light). (L) Vermicular accessory chromite associated with orthopyroxene, olivine and minor clinopyroxene. Chr ¼ chromite; Opx ¼ orthopyroxene; PGM
¼ platinum group mineral; Cpx ¼ clinopyroxene; Ol ¼ olivine.
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Table 1
Representative results of electron-microprobe analyses of chromite from the studied chromitites. Complete data set can be found in Appendix B.

Massive Massive Massive Massive Massive Massive Massive Massive Massive Massive Massive Massive Massive Massive Massive

pods pods pods pods pods pods pods pods pods pods pods pods pods pods pods
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3-0
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3-11

LC-
chromitite-
3-18
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chromitite-
3-32

LC-
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3-36

LC-
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p3-3

LC-17-1-
p4-1

LC-17-1-
p5-2

LC-17-1-
p8-1

LC-17-1-
p8-3

LP1-95-
91

wt.%
SiO2 b.d.l. b.d.l. 0.02 0.02 b.d.l. b.d.l. b.d.l. b.d.l. 0.02 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 0.14
TiO2 0.65 0.49 0.70 0.59 0.43 0.62 0.56 0.70 0.82 0.39 0.41 0.43 0.42 0.29 0.88
Al2O3 11.67 11.47 11.30 11.57 11.64 11.90 11.78 11.84 11.65 10.76 10.41 10.97 10.92 8.40 9.96
Cr2O3 55.64 55.84 55.67 56.34 56.14 55.61 55.34 55.46 55.60 57.77 58.05 57.19 57.38 60.24 52.89
FeO 14.80 15.02 16.05 14.91 14.77 14.77 14.66 14.94 15.02 16.30 16.28 16.47 16.26 17.06 19.97
Fe2O3 4.06 4.28 3.75 3.77 4.01 3.87 4.18 4.01 3.82 2.90 2.97 3.15 3.44 2.77 7.02
MnO 0.31 0.31 0.33 0.26 0.30 0.32 0.30 0.32 0.30 0.14 0.12 0.12 0.16 0.16 0.32
MgO 12.47 12.22 11.60 12.49 12.37 12.48 12.46 12.45 12.46 11.28 11.28 11.24 11.40 10.44 9.09
NiO 0.18 0.18 0.20 0.19 0.20 0.23 0.18 0.21 0.21 0.25 0.26 0.25 0.26 0.20 0.21
ZnO 0.13 0.14 0.10 0.08 0.12 0.11 0.15 0.12 0.10 0.12 0.12 0.11 0.13 0.14 0.21

Total 99.92 99.94 99.73 100.22 99.99 99.92 99.62 100.03 99.98 99.91 99.90 99.94 100.37 99.71 100.69

apfu
Si b.d.l. b.d.l. 0.00 0.00 b.d.l. b.d.l. b.d.l. b.d.l. 0.00 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 0.00
Ti 0.02 0.01 0.02 0.01 0.01 0.02 0.01 0.02 0.02 0.01 0.01 0.01 0.01 0.01 0.02
Al 0.44 0.44 0.43 0.44 0.44 0.45 0.45 0.45 0.44 0.42 0.40 0.42 0.42 0.33 0.39
Cr 1.42 1.43 1.44 1.44 1.43 1.42 1.42 1.41 1.42 1.49 1.50 1.48 1.48 1.59 1.39
Fe2þ 0.40 0.41 0.44 0.40 0.40 0.40 0.40 0.40 0.41 0.45 0.45 0.45 0.44 0.48 0.55
Fe3þ 0.10 0.10 0.09 0.09 0.10 0.09 0.10 0.10 0.09 0.07 0.07 0.08 0.08 0.07 0.18
Mn 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.01
Mg 0.60 0.59 0.56 0.60 0.60 0.60 0.60 0.60 0.60 0.55 0.55 0.55 0.55 0.52 0.45
Ni 0.00 0.00 0.01 0.00 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Zn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01

Cr# 0.76 0.77 0.77 0.77 0.76 0.76 0.76 0.76 0.76 0.78 0.79 0.78 0.78 0.83 0.78
Mg# 0.60 0.59 0.56 0.60 0.60 0.60 0.60 0.60 0.60 0.55 0.55 0.55 0.56 0.52 0.45
Fe3þ# 0.10 0.11 0.10 0.10 0.10 0.10 0.11 0.10 0.10 0.08 0.08 0.08 0.09 0.08 0.16
FeO/

Fe2O3

3.64 3.51 4.28 3.96 3.68 3.81 3.51 3.73 3.93 5.63 5.47 5.23 4.73 6.17 2.84

Estimated composition for parental melts
Al2O3

(wt.%)
11.72 11.63 11.55 11.67 11.70 11.82 11.76 11.79 11.71 11.29 11.12 11.39 11.37 10.00 10.89

TiO2

(wt.%)
0.80 0.62 0.85 0.73 0.55 0.77 0.69 0.85 0.98 0.51 0.54 0.56 0.54 0.40 1.05

FeO/MgO 0.92 0.94 1.06 0.92 0.92 0.92 0.91 0.93 0.93 1.10 1.09 1.12 1.09 1.19 1.61

Cations calculated on the basis of 32 oxygens; b.d.l. ¼ below detection limit.
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2016; Griffin et al., 2016), (2) mantle plume model (Ruskov et al., 2010;
Xiong et al., 2015; Xu et al., 2015; Yang et al., 2015; Wu et al., 2016), and
(3) slab contamination (Zhou et al., 2014; Robinson et al., 2015). These
models have been recently challenged by Ballhaus et al. (2017), whose
experimental results indicate that some of the nominally UHP and SuR
minerals, including (micro)-diamonds, can be formed by quick conden-
sation of high-T plasma originated by lightning strikes on chromitite
bodies already exposed on the Earth’s surface. However, natural evi-
dence does not support a generalized formation of these minerals after
lightning strikes (Farr�e-de-Pablo et al., 2018; Griffin et al., 2018;
Pujol-Sol�a et al., 2018). All these models highlight that, in spite of de-
cades of effort, the formation of chromitites in the oceanic mantle, as well
as the suite of complex mineral assemblages that they usually enclose, is
still unclear and hotly debated.

In this work, we contribute to this debate on the origin of ophiolitic
chromitites with a suite of chromitite bodies hosted in mantle peridotites
from the Loma Caribe peridotite, a section of oceanic mantle exhumed
on-land in the Dominican Republic that is part of the large ophiolitic belt
of the Greater Antilles (Lewis et al., 2006). The peridotites exhibit an
intricacy of petrological and geochemical fingerprints resulting from a
protracted multi-stage evolutionary history. This includes an initial stage
of formation in a mid-ocean spreading-ridge environment and later
modification during the opening and evolution of fore-arc and back-arc
basins originated in an intra-oceanic arc (i.e., the Greater Antilles pale-
oarc; Lewis et al., 2006; Escuder-Viruete et al., 2008; Marchesi et al.,
2016). In addition, the Loma Caribe peridotite was influenced by the
magmatic activity related to the Caribbean mantle plume (Escuder-Vir-
uete et al., 2008), which also produced the Caribbean Large Igneous
Province (CLIP; Kerr et al., 1997). Proenza et al. (2007) reported an
ophiolitic chromitite body from the central part of the Loma Caribe
peridotite with anomalous Cr- and Ti-rich compositions, which they
2086
suggested to be possibly related to plume activity in the related upper
oceanic mantle, although it was not positively confirmed. In this paper,
we provide new data from the central chromitite body together with data
from newly found chromitites in the northern part of the Loma Caribe
peridotitic belt. We report new major and trace element analyses of
chromite, and PGE geochemistry and mineralogy of the chromitites, and
integrate these results with recent regional paleotectonic models of the
northern Caribbean region to offer an explanation for the formation of
these chromitites.

2. Geological background

The Dominican Republic in Hispaniola Island is part of the Great Arc
of the Caribbean developed during the Cretaceous–Tertiary at the leading
edge of the Caribbean Plate (Fig. 1). The island is a tectonic collage
produced by the oblique convergence to final collision of the Caribbean
island-arc/back-arc system with the North American continental margin
(Mann et al., 1991; Draper et al., 1994; Pindell and Kennan, 2009). The
presence of high-P m�elanges and ophiolites in northern Hispaniola in-
dicates that a proto-Caribbean oceanic basin was consumed by
SW-directed subduction during the Early Cretaceous (Draper and Nagle,
1991; Krebs et al., 2008, 2011; Escuder-Viruete et al., 2011a, 2011c,
2014). Plutonic and volcanic rocks whose ages range from the Aptian to
the lower Eocene record the magmatic activity in the Caribbean upper
plate (Lewis and Draper, 1990; Kesler et al., 2005; Escuder-Viruete et al.,
2006, 2008; Marchesi et al., 2016; Torr�o et al., 2017). A cover of Eocene
to Holocene sedimentary rocks (Mann et al., 1991; P�erez-Estaún et al.,
2007) regionally overlies the arc-related rocks and records the oblique
arc-continent collision in northern Hispaniola, as well as the intra- and
back-arc deformation (Mann et al., 2002; Escuder-Viruete et al., 2016).

Central and Southern Hispaniola contain Cretaceous volcanic units
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LP2-17-
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0.03 b.d.l. 0.04 b.d.l. 0.02 b.d.l. 0.04 0.03 0.02 b.d.l. b.d.l. 0.03 0.02 0.05 b.d.l. b.d.l.

1.10 0.92 1.06 1.25 1.16 0.89 1.13 0.67 0.69 0.78 0.87 0.68 0.82 0.74 0.85 0.97
12.51 12.53 12.22 11.98 11.92 12.97 13.17 11.05 12.28 12.61 11.53 12.62 12.70 11.08 11.61 11.65
48.03 48.03 48.52 48.84 48.44 49.18 48.27 52.73 52.20 50.61 50.57 52.12 50.70 51.52 50.79 50.69
17.31 16.36 17.37 17.47 16.51 17.52 17.43 19.67 19.31 18.95 19.43 19.47 19.37 19.28 19.46 19.24
8.41 9.45 8.25 7.90 8.58 6.94 7.46 5.44 5.46 6.47 7.38 5.23 6.23 7.23 7.26 7.41
0.37 0.33 0.37 0.37 0.34 0.33 0.36 0.22 0.21 0.19 0.22 0.16 0.19 0.23 0.18 0.20
10.90 11.52 10.75 10.78 11.32 10.73 10.94 9.01 9.58 9.80 9.40 9.56 9.62 9.42 9.49 9.71
0.31 0.31 0.30 0.35 0.31 0.19 0.29 0.26 0.30 0.37 0.38 0.29 0.37 0.30 0.34 0.36
0.08 0.12 0.19 0.12 0.13 0.17 0.15 0.19 0.17 0.17 0.16 0.18 0.15 0.16 0.12 0.18

99.05 99.58 99.06 99.08 98.73 98.92 99.24 99.28 100.23 99.94 99.93 100.34 100.19 100.01 100.08 100.40

0.00 b.d.l. 0.00 b.d.l. 0.00 b.d.l. 0.00 0.00 0.00 b.d.l. b.d.l. 0.00 0.00 0.00 b.d.l. b.d.l.
0.03 0.02 0.03 0.03 0.03 0.02 0.03 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02
0.48 0.48 0.47 0.47 0.46 0.50 0.51 0.44 0.48 0.49 0.45 0.49 0.49 0.43 0.45 0.45
1.25 1.24 1.26 1.27 1.26 1.28 1.25 1.39 1.36 1.31 1.32 1.35 1.31 1.35 1.33 1.32
0.48 0.45 0.48 0.48 0.45 0.48 0.48 0.55 0.53 0.52 0.54 0.53 0.53 0.53 0.54 0.53
0.21 0.23 0.20 0.20 0.21 0.17 0.18 0.14 0.14 0.16 0.18 0.13 0.15 0.18 0.18 0.18
0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.01
0.53 0.56 0.53 0.53 0.56 0.52 0.53 0.45 0.47 0.48 0.46 0.47 0.47 0.47 0.47 0.48
0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

0.72 0.72 0.73 0.73 0.73 0.72 0.71 0.76 0.74 0.73 0.75 0.73 0.73 0.76 0.75 0.74
0.53 0.56 0.52 0.52 0.55 0.52 0.53 0.45 0.47 0.48 0.46 0.47 0.47 0.47 0.46 0.47
0.18 0.20 0.18 0.17 0.19 0.15 0.16 0.12 0.12 0.14 0.16 0.11 0.13 0.16 0.15 0.16
2.06 1.73 2.11 2.21 1.92 2.53 2.34 3.61 3.53 2.93 2.63 3.72 3.11 2.67 2.68 2.60

Estimated composition for parental melts
12.08 12.09 11.96 11.85 11.83 12.27 12.35 11.43 11.98 12.12 11.65 12.12 12.16 11.44 11.69 11.71

1.29 1.09 1.25 1.46 1.35 1.06 1.33 0.82 0.84 0.93 1.03 0.83 0.99 0.90 1.01 1.14

1.21 1.07 1.23 1.23 1.10 1.27 1.24 1.65 1.56 1.50 1.55 1.59 1.57 1.53 1.55 1.49
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related to the CLIP, rocks from ophiolitic sequences, Late Jurassic deep-
marine oceanic sediments, and Cretaceous arc-related igneous and
sedimentary rocks (Lewis and Draper, 1990; Draper and Lewis, 1991;
Lewis et al., 1991, 2002; Lapierre et al., 1997, 1999; Escuder-Viruete
et al., 2007a, 2010). The extent of these units is often limited by
km-scale left-lateral NW–SE to WNW–ESE trending fault zones with late
Cretaceous to Cenozoic movement (Hern�aiz Huerta et al., 2000).
2.1. The Caribbean Large Igneous Province in the Dominican Republic

The CLIP formed in a period of voluminous magmatic activity related
to mantle plumes during the Early and Late Cretaceous. It includes rocks
erupted mainly during three distinct events: 124–112 Ma (Lapierre et al.,
2000; Escuder-Viruete et al., 2007b); 94–83 Ma, which represents the
main plume pulse activity (Kerr et al., 1997; Sinton et al., 1998; Hastie
et al., 2008); and 80–72 Ma (R�evillon et al., 2000). However, the CLIP
volcanismwas active until 63Ma (Loewen et al., 2013). In the Dominican
Republic, the volcanic units influenced by the Cretaceous Caribbean
plume consist of enriched mid-ocean ridge basalts (E-MORB), transi-
tional basalts and ocean island basalts (OIB), generally with high TiO2
and MgO contents, and local picritic cumulates. These units form the
Duarte Complex (Lewis et al., 1991; Lapierre et al., 1997, 2000; Lewis
et al., 2002; Escuder-Viruete et al., 2007a,b), the Siete Cabezas Forma-
tion (Donnelly et al., 1990; Sinton et al., 1998), the Pelona–Pico Duarte
Formation (Escuder-Viruete et al., 2011b), and the Dumisseau Formation
in Haiti (Escuder-Viruete et al., 2016) (Fig. 1). The Duarte Complex is a
large geological body located at the NE sector of the Cordillera Central in
the Dominican Republic and records the Early Cretaceous phase of the
CLIP (Escuder-Viruete et al., 2007a). Basalts from the Siete Cabezas
Formation were extruded directly over the Duarte Complex between
69.0 � 0.7 Ma and 68.5 � 0.5 Ma (Sinton et al., 1998). Covering a large
area of the Cordillera Central, the Pelona–Pico Duarte Formation is the
result of both extrusive and intrusive magmatic activity at least during
2087
79–68 Ma (Escuder-Viruete et al., 2011b). In SW Hispaniola (Haiti), the
Dumisseau Formation has been interpreted as an emerged fragment of
the CLIP that includes volcanic rocks of, at least, late Campanian age
(~74 Ma; Escuder-Viruete et al., 2016).
2.2. Loma Caribe peridotite

The Dominican Loma Caribe peridotite is one of the ophiolite-related
ultramafic rocks exposed along the northern margin of the Caribbean
Plate (Lewis et al., 2006). The peridotite extends along a NW–SE oriented
belt, approximately 4–5 km wide and 95 km long, in the Cordillera
Central (Fig. 1). The Loma Caribe peridotite is bounded by the Siete
Cabezas Formation and Duarte and Río Verde Complexes to the SSW, and
the Maim�on and Peralvillo Sur formations to the NNE (Draper and Lewis,
1991; Hern�aiz Huerta et al., 2000; Lewis et al., 2000, 2002;
Escuder-Viruete et al., 2002). The Río Verde Complex and the Maim�on
and Peralvillo Sur formations consist of (meta)volcanic rocks that record
different magmatic stages of the island-arc development and evolution.
TheMaim�on Formation contains island arc tholeiites (IAT) and boninites,
while the Río Verde Complex consist of IAT and normal mid-ocean ridge
basalts (N-MORB) transitional to IAT (Escuder-Viruete et al., 2006, 2010;
Torr�o et al., 2016). Both units are Early Cretaceous in age and represent
the incipient to more mature stages of the primitive Caribbean arc evo-
lution, respectively. In contrast, the Late Cretaceous basalts of the Per-
alvillo Sur Formation originated during intra-arc rifting related to
island-arc extension (Escuder-Viruete et al., 2007b, 2008). The Loma
Caribe peridotite is intruded by E-MORB gabbros and dolerite dykes,
which are interpreted to have been derived from sources unaffected by
subduction. Their enriched trace element patterns seem to reflect sub-
sequent back-arc spreading and off-axis magmatism influenced by the
CLIP plume source (Escuder-Viruete et al., 2008).

Lewis and Jim�enez (1991), Draper et al. (1996) and Escuder-Viruete
et al. (2002) interpreted the Loma Caribe peridotite to be part of a



Table 2
Representative results of electron-microprobe analyses of accessory chromian spinel from the host peridotites. Complete data set can be found in Appendix B.

Accessory Accessory Accessory Accessory Accessory Accessory Accessory Accessory Accessory Accessory Accessory Accessory Accessory Accessory

Subhedral Subhedral Subhedral Subhedral Subhedral Subhedral Subhedral Subhedral Vermicular Vermicular Vermicular Vermicular Vermicular Vermicular

LP2-17-2-
p1-5

LP2-17-1-
p11-1

LP2-17-5-
p2-2

LP2-17-5-
p3a-1

LP2-17-5-
p3a-11

LP2-17-5-
p7a-2

LP2-17-6-
p7-13

LP2-17-6-
p7-19

RD-17-24-
p2a-1

RD-17-24-
p2a-8

RD-17-24-
p2a-19

RD-17-24-
p8-2

RD-17-24-
p6-14

RD-17-24-
p6-16

wt.%
SiO2 0.04 0.03 0.03 b.d.l. 0.04 b.d.l. b.d.l. b.d.l. 0.03 b.d.l. 0.03 0.02 0.02 0.05
TiO2 0.14 0.24 0.46 0.34 0.61 0.28 0.37 0.47 0.10 0.07 0.03 0.08 0.00 0.00
Al2O3 18.38 12.82 12.39 12.45 12.48 13.43 12.59 13.21 34.52 34.83 37.03 39.03 46.89 46.55
Cr2O3 47.05 47.79 48.29 50.33 47.56 47.95 48.47 46.89 33.75 33.56 30.75 27.98 20.91 20.80
FeO 20.11 23.13 22.46 21.40 25.23 23.53 22.87 23.16 14.77 14.49 13.81 15.18 13.47 13.20
Fe2O3 4.14 8.79 8.09 6.89 7.67 7.26 7.90 8.18 1.56 1.69 1.90 1.97 1.21 1.24
MnO 0.17 0.30 0.29 0.25 0.35 0.30 0.29 0.28 0.13 0.11 0.12 0.09 0.08 0.13
MgO 9.36 6.83 7.22 7.96 5.37 6.51 6.90 6.77 14.57 14.77 15.29 14.59 16.51 16.48
NiO 0.10 0.10 0.16 0.20 0.14 0.10 0.17 0.16 0.14 0.16 0.14 0.17 0.17 0.16
ZnO 0.28 0.35 0.29 0.29 0.60 0.44 0.43 0.38 0.18 0.23 0.26 0.37 0.38 0.39

Total 99.78 100.38 99.67 100.10 100.05 99.80 99.99 99.50 99.75 99.92 99.35 99.49 99.65 99.01

apfu
Si 0.00 0.00 0.00 b.d.l. 0.00 b.d.l. b.d.l. b.d.l. 0.00 b.d.l. 0.00 0.00 0.00 0.00
Ti 0.00 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00
Al 0.70 0.50 0.49 0.49 0.50 0.53 0.50 0.52 1.18 1.19 1.26 1.32 1.52 1.52
Cr 1.20 1.26 1.28 1.32 1.27 1.27 1.28 1.25 0.78 0.77 0.70 0.63 0.45 0.46
Fe2þ 0.54 0.65 0.63 0.60 0.72 0.66 0.64 0.65 0.36 0.35 0.33 0.36 0.31 0.31
Fe3þ 0.10 0.22 0.20 0.17 0.20 0.18 0.20 0.21 0.03 0.04 0.04 0.04 0.03 0.03
Mn 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.45 0.34 0.36 0.39 0.27 0.33 0.34 0.34 0.63 0.64 0.66 0.62 0.68 0.68
Ni 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Zn 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.00 0.00 0.01 0.01 0.01 0.01

Cr# 0.63 0.71 0.72 0.73 0.72 0.71 0.72 0.70 0.40 0.39 0.36 0.32 0.23 0.23
Mg# 0.45 0.34 0.36 0.40 0.27 0.33 0.35 0.34 0.64 0.64 0.66 0.63 0.69 0.69
Fe3þ# 0.07 0.16 0.15 0.14 0.14 0.13 0.15 0.15 0.02 0.02 0.03 0.02 0.01 0.01
FeO/
Fe2O3

4.86 2.63 2.78 3.11 3.29 3.24 2.90 2.83 9.45 8.57 7.28 7.72 11.10 10.60

Cations calculated on the basis of 32 oxygens; b.d.l. ¼ below detection limit.
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dismembered ophiolite obducted during the late Aptian, very likely as a
result of the collision of an oceanic plateau (Duarte Complex) with the
primitive Caribbean island arc (Maim�on Formation), which represent the
earliest stage of island arc magmatism within the Great Antilles Arc.
Available structural data suggests N to NE-directed thrusting of the
peridotite over the metavolcanic rocks of the Maim�on Formation. Since
their surface exposure, the peridotites have undergone extensive
weathering and laterization processes that resulted in the formation of
large Ni-laterite deposits currently mined (Villanova-de-Benavent et al.,
2014; Aiglsperger et al., 2015). The analysis of unweathered samples of
the Loma Caribe peridotites (<40% serpentinization; Haldemann et al.,
1979; Proenza et al., 2007; Marchesi et al., 2016) reveals a predominance
of clinopyroxene-bearing and spinel-bearing harzburgites over lherzo-
lites, as well as the existence of small (<10m across) lens-like and tabular
bodies of dunites and orthopyroxene-bearing dunites hosted within
harzburgites. Whole-rock composition of these lherzolites overlaps that
of abyssal mantle peridotites from mid-ocean ridge (MOR) sources,
whereas the spinel-bearing harzburgites and dunites are similar to those
of refractory peridotites from a supra-subduction zone (SSZ) (Marchesi
et al., 2016). Clinopyroxene-bearing harzburgites exhibit intermediate
compositions that overlap those of residual mantle from both settings.

The compositional variations of the different types of peridotites re-
cord continued partial melting of different mantle sources in a MOR
setting and during subsequent subduction initiation, enhanced by an
increasing fluid influx from the subducting oceanic lithosphere (Marchesi
et al., 2016). However, the peridotites are also intruded by late Creta-
ceous gabbroic and doleritic bodies with back-arc basin basalts (BABB)
geochemical affinity, suggesting a later evolution in a back-arc tectonic
environment (Escuder-Viruete et al., 2008, 2010). Therefore, the Loma
Caribe peridotite records the transition from fore-arc towards back-arc
settings.

2.3. Chromitite bodies

Small chromitite bodies (<10 m long) are hosted within peridotites in
the northern and central part of the Loma Caribe peridotite belt (Fig. 1).
These chromitite bodies are discontinuous lenses or pods, rarely
exceeding 1 m in thickness, that are generally hosted in dunite exhibiting
variable degrees of serpentinization (Fig. 2). Locally, chromitites from
the central part of the peridotitic belt also occur as small veins (<2 cm
thickness) which cross-cut both dunite and harzburgite (Fig. 2D).

The chromitites display typical massive textures (ca. 95 vol% chro-
mian spinel). Chromite grains (Fig. 3) are unaltered and contain in-
clusions of both anhydrous (pyroxene) and hydrous (amphibole,
serpentine, chlorite) silicates, and platinum-group minerals (PGM). The
textural location and composition of these mineral inclusions are
described in detail below. The primary silicate minerals from the matrix
have been altered to chlorite and, to a lesser extent, serpentine. These
minerals are accompanied by minute accessory pentlandite and awaruite
(Proenza et al., 2007).

3. Samples and analytical procedures

Samples from the northern and central parts of Loma Caribe perido-
tite collected for this study include massive chromitite from individual
pods (n¼ 8), the contact between the host peridotite and chromitite pods
(n ¼ 7), chromitite veins cross-cutting the peridotite (n ¼ 3), and host
peridotite with the lowest degree of serpentinization (n ¼ 1). The sam-
ples were studied by optical and electron microscopy using an Environ-
mental SEM Quanta 200 FEI, XTE 325/D8395 equipped with an INCA
Energy 250 EDS microanalysis system at the Centres Científics i T�ecnics de
la Universitat de Barcelona (CCiTUB). Care was taken to identify unaltered
zones of chromite, silicate and PGM inclusions suitable for in situ micro-
analysis. Major and minor elements in chromite and PGM were
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determined by electron microprobe analyses (EMPA) using a CAMECA
SX-50 at the CCiTUB. Minor and trace elements in chromite were
analyzed by laser ablation inductively coupled mass spectrometry (LA-
ICP-MS) at the Laboratorio de Estudios Isot�opicos (LEI) from the Centro de
Geociencias, UNAM (Mexico), using a Resolution M � 50 Excimer laser
coupled to a ThermoICap Qc ICP-MS. Analytical procedures for EMPA
and LA-ICP-MS techniques are described in detail in Appendix A, and the
results are presented in Tables 1–3 and 5.

Chromitite samples up to 500 g each from every single body sampled
were crushed, sieved and processed using a hydroseparator (HS Lab,
Universitat de Barcelona, Spain) to obtain concentrates of dense minerals.
These mineral concentrates were later mounted as polished monolayers
on resin blocks in order to identify platinum-group minerals (PGM) from
the samples. Whole-rock PGE analyses were performed on 4 chromitite
samples (3 from massive chromitite and 1 from a chromitite vein) at
Genalysis Ltd (Perth, Western Australia). The analytical procedure is
described in detail in Appendix A.

4. Results

4.1. Petrography

Massive chromitites display textures consisting of subhedral chromite
grains with sizes from ~100 μm to 5 mm across (Fig. 3A). The smaller
chromite grains are preferentially located at the contact with peridotite
(Fig. 3B). Most of the samples exhibit a well-developed crack-seal
network (Fig. 3C and D). Some fractures and some of the interstitial space
between chromite grains are filled with serpentine, clinochlore and
minor Ni–Fe–Cu sulfides and Fe–Ni alloys (Fig. 3E). Chromite grains are
homogeneous, unaltered, with no chemical zoning except for weak
retrograde effects along some fractures (Fig. 3D). Silicate, PGM and
Ni–Cu sulfide inclusions are hosted within the chromite grains
(Fig. 3F–H). Silicate inclusions are the most abundant and consist of
primary pyroxene (enstatite) and late clinochlore and serpentine result-
ing from the alteration and serpentinization of the chromitite. The in-
clusions are generally subhedral, angular to rounded, with sizes up to 30
μm across. They are more abundant in the northern chromitite bodies,
and occur with no preferential microstructural position or as clusters in
the central part of chromite grains (Fig. 3G). Chromitite veins from the
central chromitite deposits show the same textural features as those of
the massive bodies but with smaller grain sizes ranging from~100 μm to
1.5 mm.

Most of the peridotites hosting the chromitite bodies are dunites, but
locally the chromitite veins cross-cut harzburgites. Both dunites and
harzburgites are largely affected by serpentinization and no primary
minerals are preserved, including accessory chromian spinel that ap-
pears completely altered and fractured displaying porous texture.
Locally however, peridotites preserve relics of primary olivine, ortho-
pyroxene, minor clinopyroxene and accessory chromian spinel (Figs. 2D
and 3I–L). Olivine constitutes 1–3 mm euhedral grains with undulose
extinction that occur as small patches surrounded by serpentine (mainly
lizardite) (Fig. 3I). Orthopyroxene is porphyroclastic, 500 μm to 4 mm
in size, with undulose extinction and locally displaying kink bands.
Some grains show lobulated rims towards olivine indicative of resorp-
tion (Fig. 3J, L). Orthopyroxene contains thin exsolution lamellae of
clinopyroxene oriented along its cleavage (Fig. 3J). Minor clinopyrox-
ene also occurs as anhedral grains (up to 200 μm) associated with
orthopyroxene and/or olivine. Locally, clinopyroxene is altered to sec-
ondary amphibole. Two types of accessory chromian spinel are observed
in the peridotites. Relatively fresh subhedral chromian spinel grains, up
to 150 μm long, occur close to the contact with the chromitite bodies
generally within orthopyroxene and olivine grains (Fig. 3K). The other
type of accessory chromian spinel is conspicuous further away from the
contact with chromitites and consists of vermicular reddish grains



Table 3
Results of LA-ICP-MS analyses of chromite from the studied chromitites.

Analysis Location Description ppm

Al2O3* MgO* FeOt* Cr2O3* V int
2SE

LOD Sc int
2SE

LOD Ga int
2SE

LOD Ti int
2SE

LOD Ni

LC-chr3c_
C1_1

Northern
chromitites

Pods 116900.0 124100.0 184400.0 557200.0 833.5 7.0 1.6 �9.0 4.3 8.7 37.8 1.2 1.7 2010.0 49.0 32.6 1306.0

LC-chr3c_
C1_2

Northern
chromitites

Pods 116900.0 124100.0 184400.0 557200.0 841.1 7.6 2.0 �1.3 4.9 9.4 37.0 1.3 2.0 2093.0 51.0 32.9 1284.0

LC-chr3c_
C1_3

Northern
chromitites

Pods 116900.0 124100.0 184400.0 557200.0 826.4 8.9 1.8 1.7 4.7 12.1 36.9 1.1 1.5 1981.0 54.0 20.9 1260.0

LC-chr3c_
C1_4

Northern
chromitites

Pods 116900.0 124100.0 184400.0 557200.0 832.2 7.0 1.3 �0.1 4.8 11.8 37.5 1.3 1.4 1981.0 48.0 38.1 1458.0

LC-chr3c_
C2_1

Northern
chromitites

Pods 116900.0 124100.0 184400.0 557200.0 845.7 7.1 2.3 1.5 4.9 12.9 40.0 1.3 1.9 2060.0 54.0 28.9 1212.0

LC-chr3c_
C2_2

Northern
chromitites

Pods 116900.0 124100.0 184400.0 557200.0 829.1 8.3 2.0 0.8 4.8 13.0 38.8 1.3 2.2 1969.0 54.0 35.7 1218.0

LC-chr3c_
C2_3

Northern
chromitites

Pods 116900.0 124100.0 184400.0 557200.0 837.4 6.9 2.7 1.6 5 13.6 41.4 1.1 1.4 1993.0 50.0 35.6 1288.0

LC-chr3c_
C3_1

Northern
chromitites

Pods 116900.0 124100.0 184400.0 557200.0 819.2 7.0 1.9 11.1 4.9 10.0 35.5 1.2 1.7 1954.0 50.0 36.9 1217.0

LC-chr3c_
C3_2

Northern
chromitites

Pods 116900.0 124100.0 184400.0 557200.0 843.0 7.6 2.0 5.6 5.3 10.6 38.3 1.3 2.0 2002.0 47.0 40.8 1215.0

LC-chr3c_
C3_3

Northern
chromitites

Pods 116900.0 124100.0 184400.0 557200.0 821.6 7.0 1.8 3.7 4.8 13.0 35.7 1.2 1.7 1928.0 50.0 29.8 1202.0

LC-chr3c_
C3_4

Northern
chromitites

Pods 116900.0 124100.0 184400.0 557200.0 836.2 6.6 1.6 9.7 4.8 13.2 36.3 1.2 2.8 2016.0 53.0 38.6 1228.0

LP1-m10_
C1_1

Central
chromitites

Pods 104600.0 92400.0 273500.0 514300.0 983.3 7.2 1.4 9.8 4.1 10.3 44.5 1.0 1.2 4417.0 68.0 21.5 4396.0

LP1-m10_
C1_2

Central
chromitites

Pods 104600.0 92400.0 273500.0 514300.0 984.3 6.5 1.6 3.3 3.8 10.1 44.3 1.2 1.3 4387.0 69.0 30.4 4461.0

LP1-m10_
C1_3

Central
chromitites

Pods 104600.0 92400.0 273500.0 514300.0 996.5 6.5 1.8 6.0 4.1 10.7 44.9 1.0 1.4 4432.0 67.0 23.0 4435.0

LP1-m10_
C1_4

Central
chromitites

Pods 104600.0 92400.0 273500.0 514300.0 986.7 6.9 1.6 5.9 3.6 10.4 44.2 0.9 1.4 4508.0 69.0 35.8 4437.0

LP1-m10_
C2_1

Central
chromitites

Pods 104600.0 92400.0 273500.0 514300.0 966.6 8.7 1.6 2.9 4 10.0 41.4 1.1 1.4 4044.0 71.0 26.1 3588.0

LP1-m10_
C2_2

Central
chromitites

Pods 104600.0 92400.0 273500.0 514300.0 978.0 10.0 1.9 3.5 4 10.8 42.2 1.2 1.4 4258.0 66.0 22.6 3747.0

LP1-m10_
C2_3

Central
chromitites

Pods 104600.0 92400.0 273500.0 514300.0 999.1 6.4 1.8 9.2 4.2 10.2 43.9 1.0 1.6 4429.0 78.0 23.1 3608.0

LP1-m10_
C3_1

Central
chromitites

Pods 104600.0 92400.0 273500.0 514300.0 1050.5 8.6 1.8 1.8 4.1 12.9 44.9 1.2 1.9 4851.0 74.0 27.1 4579.0

LP1-m10_
C3_2

Central
chromitites

Pods 104600.0 92400.0 273500.0 514300.0 994.8 7.4 1.6 �1.4 4 10.2 42.2 1.1 1.4 4472.0 70.0 34.7 4253.0

LP1-m10_
C3_3

Central
chromitites

Pods 104600.0 92400.0 273500.0 514300.0 1026.8 8.0 2.2 3.0 4.2 10.4 45.3 1.2 1.6 5146.0 80.0 29.7 3710.0

LP1-m10_
C3_4

Central
chromitites

Pods 104600.0 92400.0 273500.0 514300.0 996.5 7.4 1.8 �2.9 4.2 12.6 43.8 1.1 1.4 4334.0 75.0 29.1 3603.0

LP2-17-5_
C1_1

Central
chromitites

Veins 121700.0 107900.0 242200.0 486100.0 1014.1 6.2 1.4 1.4 3.2 10.5 41.5 0.8 0.9 4156.0 51.0 15.7 2729.0

LP2-17-
5_C1_2

Central
chromitites

Veins 121700.0 107900.0 242200.0 486100.0 988.5 6.7 2.5 2.6 3.2 9.5 41.9 0.8 0.9 3846.0 48.0 18.9 2701.0

LP2-17-
5_C1_3

Central
chromitites

Veins 121700.0 107900.0 242200.0 486100.0 1015.7 7.5 3.4 10.1 4.2 12.9 40.4 1.0 1.5 4224.0 64.0 35.8 2499.0

LP2-17-
5_C1_4

Central
chromitites

Veins 121700.0 107900.0 242200.0 486100.0 980.7 5.5 27.7 3.4 2.9 8.0 39.8 0.9 2.1 3916.0 46.0 99.5 2569.0

LP2-17-
5_C2_1

Central
chromitites

Veins 121700.0 107900.0 242200.0 486100.0 1010.1 6.4 14.7 6.8 3.5 8.9 41.3 0.9 1.5 4048.0 56.0 50.9 2421.0

LP2-17-
5_C2_2

Central
chromitites

Veins 121700.0 107900.0 242200.0 486100.0 1019.1 6.5 1.3 �2.6 3.3 7.5 41.5 1.0 1.1 4038.0 62.0 18.3 2663.0

LP2-17-
5_C2_3

Central
chromitites

Veins 121700.0 107900.0 242200.0 486100.0 1008.1 5.8 1.9 �1.8 3.6 9.1 41.9 0.9 0.9 4252.0 58.0 28.3 2156.0

LP2-17-
5_C2_4

Central
chromitites

Veins 121700.0 107900.0 242200.0 486100.0 994.9 6.8 2.0 �4.9 3.3 12.2 40.4 0.9 1.7 3906.0 56.0 26.4 2464.0

LP2-17-
5_C3_1

Central
chromitites

Veins 121700.0 107900.0 242200.0 486100.0 988.1 6.5 6.4 �7.9 3.4 10.6 41.8 1.0 1.3 3777.0 49.0 29.3 2319.0

LP2-17-
5_C3_2

Central
chromitites

Veins 121700.0 107900.0 242200.0 486100.0 1004.7 6.1 1.4 4.4 3.5 9.4 43.7 0.9 1.1 4601.0 59.0 18.4 2057.0

LP2-17-
5_C3_3

Central
chromitites

Veins 121700.0 107900.0 242200.0 486100.0 967.4 6.1 1.3 15.3 3.7 9.7 40.9 0.9 1.1 3936.0 56.0 16.6 2105.0

LP2-17-
5_C3_4

Central
chromitites

Veins 121700.0 107900.0 242200.0 486100.0 1044.3 7.4 1.1 6.5 3.4 9.4 43.5 1.0 1.0 4523.0 59.0 22.5 2069.0

(*) ¼ Data from electron-microprobe; LOD ¼ limit of detection; N¼Normalized to chromite from MORB (Pag�e and Barnes 2009).
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(Fig. 3L). This second type is invariably associated with orthopyroxene
and olivine.
4.2. Chromite mineral chemistry

For convenience, the chromian spinel in the chromitite and the host
peridotite will be referred to as chromite. Electron microprobe analyses
(Table 1) of unaltered primary chromite (<0.2 wt.% SiO2) yield slightly
heterogeneous Cr2O3 contents of 48.01–60.24 wt.%, the lower values
being from the chromitite veins (Fig. 4A and B). The Al2O3 contents are
more or less constant for the different bodies (~11 wt.%) and, conse-
quently, all chromitites exhibit high Cr# [¼Cr/(Cr þ Al), atomic ratio ¼
0.71–0.83]. The Mg# [¼Mg/(Mg þ Fe2þ), atomic ratio] varies slightly
from 0.44 to 0.61 (Fig. 4C). The studied chromitites are also systematically
TiO2-rich (ranging from 0.30 wt.% to 1.25 wt.%) compared to other high-
Cr ophiolitic chromitites worldwide (Fig. 4B). The Fe2O3 contents are
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variable but consistently high, ranging between 2.77 wt.% and 9.16 wt.%,
with Fe3þ# [¼Fe3þ/(Fe3þþCr þ Al), atomic ratio] varying from 0.03 to
0.12. The two types of accessory chromite from the host peridotites show
different compositions (Table 2). Subhedral chromite grains within
orthopyroxene and olivine, which are systematically closer to the chro-
mitite bodies, display high Cr# (0.62–0.75) and Fe3þ# (0.06–0.22), and
low Mg# (0.27–0.41) values. They are also rich in TiO2, with contents
ranging from 0.24 wt.% to 0.72 wt.%. On the other hand, accessory
vermicular chromite is Al-rich (Cr# ¼ 0.22–0.40) with high Mg# values
(0.61–0.69) and very low Fe3þ# (0.01–0.03). Unlike the other analyzed
chromite types, it displays very low TiO2 contents ranging from below
detection limit to 0.14 wt.%.

LA-ICP-MS analyses (Table 3) of chromite from the chromitite bodies
yielded minor- and trace-elements contents of: 36–45 ppm Ga, 819–1051
ppm V, 1202–4579 ppm Ni, 274–319 ppm Co, 1699–2410 ppm Mn, and
1047–1497 ppm Zn (Fig. 5). No major differences are observed between



ppm Normalized

int
2SE

LOD Zn int
2SE

LOD Co int
2SE

LOD Mn int
2SE

LOD (Al2O3)N (MgO)N (FeOt)N (Cr2O3)N (V)N (Sc)N (Ga)N (Ti)N (Ni)N (Zn)N (Co)N (Mn)N

22.0 3.9 1095.0 38.0 7.6 278.8 4.4 1.8 1699.0 13.0 4.3 0.32 0.68 1.35 1.87 1.12 0.00 0.72 1.50 0.74 2.35 1.69 1.93

23.0 3.1 1086.0 38.0 7.2 273.5 4.5 1.7 1720.0 13.0 3.8 0.32 0.68 1.35 1.87 1.13 0.00 0.70 1.56 0.73 2.34 1.66 1.95

25.0 4.8 1084.0 29.0 6.0 274.9 5.0 1.4 1712.0 17.0 3.0 0.32 0.68 1.35 1.87 1.11 0.32 0.70 1.48 0.71 2.33 1.67 1.94

30.0 3.5 1210.0 33.0 12.2 279.5 4.6 1.3 2019.0 26.0 3.7 0.32 0.68 1.35 1.87 1.12 0.00 0.71 1.48 0.83 2.60 1.69 2.29

21.0 4.5 1241.0 32.0 6.3 282.8 4.8 1.8 1766.0 14.0 4.4 0.32 0.68 1.35 1.87 1.14 0.28 0.76 1.53 0.69 2.67 1.71 2.00

22.0 4.5 1126.0 35.0 8.0 281.9 4.9 2.6 1838.0 15.0 3.4 0.32 0.68 1.35 1.87 1.11 0.15 0.74 1.47 0.69 2.42 1.71 2.09

24.0 3.8 1112.0 33.0 6.7 283.3 4.5 1.9 1754.0 16.0 4.3 0.32 0.68 1.35 1.87 1.13 0.30 0.79 1.48 0.73 2.39 1.72 1.99

20.0 5.3 1094.0 31.0 8.7 279.1 4.9 1.7 1760.0 13.0 4.0 0.32 0.68 1.35 1.87 1.10 2.09 0.68 1.46 0.69 2.35 1.69 2.00

23.0 4.7 1063.0 34.0 5.3 286.4 4.5 2.3 1744.0 15.0 4.2 0.32 0.68 1.35 1.87 1.13 1.06 0.73 1.49 0.69 2.29 1.74 1.98

21.0 2.8 1096.0 32.0 9.2 274.1 5.4 2.1 1731.0 14.0 4.2 0.32 0.68 1.35 1.87 1.10 0.70 0.68 1.44 0.68 2.36 1.66 1.96

25.0 4.3 1047.0 30.0 9.1 276.1 5.0 1.2 1750.0 15.0 4.1 0.32 0.68 1.35 1.87 1.12 1.83 0.69 1.50 0.70 2.25 1.67 1.99

42.0 5.2 1442.0 39.0 10.6 317.9 4.4 1.5 2374.0 16.0 2.5 0.28 0.51 1.99 1.72 1.32 1.85 0.85 3.29 2.49 3.10 1.93 2.69

45.0 5.1 1473.0 35.0 7.3 316.3 4.7 1.4 2393.0 16.0 2.3 0.28 0.51 1.99 1.72 1.32 0.62 0.84 3.27 2.53 3.17 1.92 2.72

38.0 3.3 1403.0 36.0 6.9 314.7 4.9 1.1 2365.0 14.0 2.9 0.28 0.51 1.99 1.72 1.34 1.13 0.86 3.30 2.51 3.02 1.91 2.68

41.0 2.3 1445.0 37.0 5.7 315.6 4.3 1.4 2399.0 16.0 2.1 0.28 0.51 1.99 1.72 1.33 1.11 0.84 3.36 2.51 3.11 1.91 2.72

51.0 4.1 1437.0 38.0 8.0 315.3 4.9 1.8 2396.0 23.0 2.7 0.28 0.51 1.99 1.72 1.30 0.55 0.79 3.01 2.03 3.09 1.91 2.72

46.0 2.3 1433.0 42.0 9.3 313.8 5.0 1.6 2397.0 20.0 2.3 0.28 0.51 1.99 1.72 1.31 0.66 0.80 3.17 2.12 3.08 1.90 2.72

38.0 3.6 1433.0 35.0 6.5 307.9 4.5 1.6 2375.0 15.0 2.7 0.28 0.51 1.99 1.72 1.34 1.74 0.84 3.30 2.04 3.08 1.87 2.70

47.0 4.4 1497.0 44.0 8.1 317.3 5.3 1.5 2410.0 19.0 3.6 0.28 0.51 1.99 1.72 1.41 0.34 0.86 3.61 2.59 3.22 1.92 2.74

38.0 4.2 1468.0 41.0 8.4 318.3 5.0 1.4 2362.0 17.0 2.3 0.28 0.51 1.99 1.72 1.34 0.00 0.80 3.33 2.41 3.16 1.93 2.68

38.0 3.6 1491.0 40.0 8.0 315.0 4.3 2.3 2310.0 15.0 3.4 0.28 0.51 1.99 1.72 1.38 0.57 0.86 3.83 2.10 3.21 1.91 2.62

40.0 4.5 1460.0 38.0 7.1 319.2 4.1 1.8 2367.0 16.0 3.3 0.28 0.51 1.99 1.72 1.34 0.00 0.83 3.23 2.04 3.14 1.93 2.69

24.0 1.9 1270.0 32.0 8.3 293.9 4.1 1.3 2146.0 12.0 2.9 0.33 0.59 1.77 1.63 1.36 0.26 0.79 3.10 1.55 2.73 1.78 2.44

24.0 9.5 1268.0 33.0 15.4 288.7 3.5 1.2 2138.0 13.0 4.6 0.33 0.59 1.77 1.63 1.33 0.49 0.80 2.86 1.53 2.73 1.75 2.43

28.0 20.8 1198.0 26.0 18.2 292.1 4.6 2.1 2154.0 14.0 6.6 0.33 0.59 1.77 1.63 1.37 1.91 0.77 3.15 1.42 2.58 1.77 2.44

25.0 107.7 1263.0 27.0 111.9 292.3 3.5 10.6 2115.0 12.0 64.1 0.33 0.59 1.77 1.63 1.32 0.64 0.76 2.92 1.45 2.72 1.77 2.40

27.0 50.1 1300.0 34.0 40.5 300.5 3.7 7.8 2259.0 14.0 38.9 0.33 0.59 1.77 1.63 1.36 1.28 0.79 3.02 1.37 2.80 1.82 2.56

28.0 2.4 1381.0 35.0 8.6 298.9 4.1 1.3 2255.0 16.0 1.9 0.33 0.59 1.77 1.63 1.37 0.00 0.79 3.01 1.51 2.97 1.81 2.56

24.0 3.7 1354.0 33.0 8.8 298.5 3.7 1.4 2240.0 12.0 2.2 0.33 0.59 1.77 1.63 1.35 0.00 0.80 3.17 1.22 2.91 1.81 2.54

28.0 3.3 1307.0 31.0 12.0 294.8 4.4 1.5 2275.0 16.0 2.9 0.33 0.59 1.77 1.63 1.34 0.00 0.77 2.91 1.40 2.81 1.79 2.58

27.0 17.2 1347.0 31.0 20.0 296.4 4.0 3.5 2237.0 13.0 18.2 0.33 0.59 1.77 1.63 1.33 0.00 0.80 2.81 1.31 2.90 1.80 2.54

24.0 2.2 1322.0 30.0 8.6 293.3 4.0 1.4 2236.0 13.0 2.8 0.33 0.59 1.77 1.63 1.35 0.83 0.83 3.43 1.16 2.84 1.78 2.54

22.0 2.8 1261.0 34.0 10.0 289.4 4.3 1.4 2288.0 16.0 2.7 0.33 0.59 1.77 1.63 1.30 2.89 0.78 2.93 1.19 2.71 1.75 2.60

23.0 2.6 1302.0 32.0 7.0 294.7 4.1 1.2 2187.0 14.0 1.7 0.33 0.59 1.77 1.63 1.40 1.23 0.83 3.37 1.17 2.80 1.79 2.48
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chromite from the pods and the veins. In all cases, chromitite presents
intermediate compositions between chromite from boninites and those
from mid-ocean ridge basalts (MORB) (Fig. 5).
Table 4
Concentrations (ppb) of platinum group elements in the studied chromitites.

Sample Type Os Ir Ru Rh Pt Pd

LP-11-005 Pods 537 467 970 107 237 10
LP-11-006 Pods 363 374 793 84 243 11
Chromitite 3 Pods 1084 787 1388 178 1096 15
Chromitite 4 Veins 262 229 446 47 194 11
Anomaliesa

LP-11-005 Pods 2.32
LP-11-006 Pods 2.56
Chromitite 3 Pods 6.78
Chromitite 4 Veins 2.73
a Calculated according to the method of Garuti et al. (1997).
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4.3. Bulk-rock contents of platinum-group elements

Bulk-rock PGE contents (1189–4548 ppb; Table 4) are higher than the
average values from ophiolitic chromitites (<1000 ppb total PGE; Leb-
lanc, 1991; Gervilla et al., 2005; Ismail et al., 2010). Chromitites from the
veins systematically show lower values than those from the pods (Fig. 6).
The chondrite-normalized PGE contents of the samples exhibit an
enrichment in IPGE (Os, Ir and Ru) relative to PPGE (Rh, Pt and Pd),
defining a negative slope typical for ophiolitic chromitites. However,
unlike other ophiolitic chromitites, Os, Ir and Ru are poorly fractionated,
describing a relatively flat pattern. Moreover, the patterns display a
positive Pt anomaly (2.32–6.78) with respect to Rh and Pt, whereas other
high-Cr chromitites exhibit lower Pt anomalies (<1; e.g., chromitites
from Mayarí district, Cuba, Gervilla et al., 2005). The Pt anomaly
together with the high PGE concentrations of the studied chromitites
clearly illustrates the anomalous composition of the studied chromitites.



Table 5
Results of electron-microprobe analyses of PGM and base-metal minerals from the studied chromitites (b.d.l. ¼ below detection limit).

Sample Mineral Os Ir Ru Pt Pd Rh Fe Ni Cu Co S As Total

(wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%)

LC-17-1_
10-1

Os-rich laurite 23.67 8.40 32.23 b.d.l. b.d.l. 0.33 0.82 0.13 0.31 0.03 32.84 b.d.l. 98.76

LC-17-1_
3-1

Os-rich laurite 21.20 4.81 37.03 b.d.l. b.d.l. 0.70 0.58 0.97 0.13 b.d.l. 33.31 b.d.l. 98.73

LC-17-1_
5-1

Laurite 11.78 3.18 47.94 0.20 b.d.l. b.d.l. 0.09 0.13 0.19 0.03 35.47 b.d.l. 99.01

LC-17-1_
5-3

Laurite 12.75 3.26 46.55 0.26 b.d.l. 0.24 0.01 0.08 0.20 b.d.l. 35.43 b.d.l. 98.76

LC-
concentrate

Laurite 18.48 8.23 37.29 b.d.l. 1.41 0.31 0.89 0.09 0.02 0.01 33.23 0.87 101.20

LP2-concentrate Laurite 17.77 7.16 37.19 b.d.l. 1.35 1.21 0.90 0.01 b.d.l. 0.03 33.32 0.75 99.97
LP1-concentrate Zaccarinite b.d.l. 0.72 1.10 b.d.l. 0.02 43.63 0.32 25.03 b.d.l. b.d.l. b.d.l. 28.94 99.78
LP1-concentrate Ir–Fe–Ni alloy 0.12 67.82 0.52 0.33 b.d.l. 0.10 17.33 11.94 b.d.l. 0.31 b.d.l. b.d.l. 98.54
LP1-concentrate Ru–Os–Fe alloy 24.75 11.60 41.86 b.d.l. 0.03 3.10 8.80 1.10 b.d.l. 0.22 0.01 0.38 92.72
LC-concentrate Pt–Ir–Fe–Ni alloy b.d.l. 4.28 0.09 50.49 0.15 0.55 12.96 17.58 0.91 0.03 0.01 b.d.l. 87.43
LP2-concentrate Pt–Fe alloy b.d.l. b.d.l. b.d.l. 86.79 0.16 0.33 9.89 0.28 0.42 0.05 0.02 0.04 98.19
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4.4. PGM mineralogy

Platinum group minerals (PGM) were observed both in situ in thin
sections and in mineral concentrates obtained after the hydroseparation
process. The PGM are especially abundant in the northern chromitite
bodies. Laurite is the most abundant PGM (Fig. 7A–C), often forming
Fig. 4. Composition of primary chromite from the northern and central Loma Caribe
(A) Al2O3 vs. Cr2O3, (B) TiO2 vs. Cr2O3, and (C) Cr# [¼Cr/(Cr þ Al), atomic ratio] v
tectonic settings are compiled from Bonavia et al. (1993), Kamenetsky et al. (2001)
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single-phase magmatic euhedral crystals (<10 μm across) enclosed in
unaltered chromite and locally associated with millerite, Ir or Pt native
elements (Fig. 7A and B). The chemical composition of magmatic laurite
is dominated by the Ru–Os substitution, with minor Ir, Rh, Ni and Cu (up
to 8.40, 1.21, 0.13, and 0.31 wt.%, respectively; Table 5). Similar com-
positions have been documented in laurite grains from chromitite bodies
peridotite compared to chromian spinel from various tectonic settings in terms of
s. Mg# [¼Mg/(Mg þ Fe2þ), atomic ratio]. Data for chromian spinel of different
, Proenza et al. (2007), and Gonz�alez-Jim�enez et al. (2015).



Fig. 5. Variations in terms of Ga vs. V, Zn, Co, and Mn of chromite from chromitites. Values of chromite from boninite (BON) lavas (red cross) and mid-ocean ridge
basalt (MORB; blue cross) are from Pag�e and Barnes (2009). Data sources of the other fields are listed in Appendix C. Symbols legend from Fig. 4.

Fig. 6. C1 chondrite-normalized (Naldrett and Duke, 1980) patterns of Loma
Caribe chromitites and comparison with other mantle-hosted chromitites. Data
sources are Economou (1983), Pedersen et al. (1993), Melcher et al. (1997),
Economou-Eliopoulos (2010), and Arai (2013), and references therein. Yellow
symbols ¼ chromitite pods; blue symbols ¼ chromitite veins.
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of the central deposits of Loma Caribe peridotite (Proenza et al., 2007).
Other PGM include Ru–Os–Fe alloys, and (Pt)–Ir–Fe–Ni alloys, often
associated with zaccarinite (Figs. 7 and 8).

5. Discussion

5.1. Melts in equilibrium with chromitite: a comparison with plume-related
erupted lava flows and other igneous rocks in the Dominican Republic

We have used the Al2O3 and TiO2 composition of the studied chro-
mitites to calculate the composition of their equilibrium melts using the
approach of Kamenetsky et al. (2001) as modified by Zaccarini et al.
(2011). The FeO/MgO ratios of the melts were also calculated from the
chromite composition using the empirical formulation proposed by
Maurel (1984). The calculations yield 10 wt.% to 12.42 wt.% Al2O3 and
high TiO2 (between 0.40 wt.% and 1.46 wt.%), with FeO/MgO ratios
varying between 0.83 and 1.75 (Table 6). These compositions of the
parental melt are different from those typically associated with the for-
mation of high-Cr ophiolitic chromitites: boninitic melts are TiO2-de-
pleted (0.1–0.5 wt.%; Hicky and Frey, 1982) and Mg-rich (i.e., low
FeO/MgO ratios) (e.g., Dick and Bullen, 1984; Kelemen et al., 2004).
Rather, the composition of the calculated parental melt is closer to MORB
in terms of TiO2 and FeO/MgO (1.20–1.68 wt.% and 1.38, respectively;
Gale et al., 2013). However, typical MORB has higher Al2O3 (15–16
wt.%) than those inferred for the Loma Caribe chromitites. The calcu-
lated Al2O3 values of the parental melt are also lower than in Cretaceous
2093



Fig. 7. Backscattered electron images of representative platinum-group mineral assemblages from the Loma Caribe chromitites. (A, B) Euhedral laurite grain asso-
ciated with Ir alloy and a Si–Mg–Al–Ca mineral phase included in chromite. (C) Separated euhedral laurite grain. (D) Pt alloy associated with Cr–Fe alloy included in
chromite. (E) Separated Ru–Os–Fe alloy grain with rugged surface. (F) Separated association of Rh–Ni–As and Ir–Ni–Fe alloys with chromite. chr ¼ chromite.
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volcanic arc basalts from the Dominican Republic (Table 6; Lewis et al.,
2002; Escuder-Viruete et al., 2008, 2010). Nevertheless, these values are
similar to basaltic rocks of the Duarte Complex and the Siete Cabezas
Formation, which also fit the calculated TiO2 contents. Picrites and
high-Mg basalts from the Duarte Complex are Ti-rich (between 1.6 and
2.6 wt.% TiO2) and show Al2O3 contents from 8.12 wt.% to 10.28 wt.%
(Escuder-Viruete et al., 2007a). They also contain up to 1610 ppm Cr.
Basalts from the Siete Cabezas Formation display 11.40–14.60 wt.%
Al2O3 contents and are Ti-rich, ranging from 0.88 to 1.29 wt.% TiO2
(Sinton et al., 1998; Escuder-Viruete et al., 2008). These basalts were
derived from different source regions of a heterogeneous Caribbean
mantle plume, responsible for the formation of the CLIP. Melts derived
from different deep Caribbean plume enriched sources were incorporated
by lateral flow and gave rise to OIB-like off-ridge magmatism in the
back-arc area of the volcanic arc (Escuder-Viruete et al., 2007a, 2008,
2010).

The similarities between the inferred chromitites parental melts and
the plume derived products of the Dominican Republic may account for
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an influence of the Caribbean plume in the chromitites parental melts
mantle source. Moreover, plume-derived melts typically show higher Cr
contents than island arc melts, and are more oxidized than melts asso-
ciated with mid-ocean ridges and even subduction zones (Campbell,
2001; Ernst and Buchan, 2003; Mousallam et al., 2019). In addition, the
mantle source of oceanic plateaus is thought to be PGE-richer than the
source of normal mid-ocean ridge basalts (Ely and Neal, 2003).

5.2. Interpretation of the geochemical signature of the chromitite

Chromitites from the northern and central part of the Loma Caribe
peridotite are high-Cr in composition (Cr# >0.7; Fig. 4C) but they are
also systematically enriched in Ti (up to 1.25 wt.% TiO2) and Ga (up to
45 ppm). This composition is very uncommon in high-Cr chromitites
hosted in the mantle section of ophiolite complexes (Figs. 4B and 5; Pag�e
and Barnes, 2009; Zhou et al., 2014). The Ti contents of the studied
chromitites are much higher than those reported in high-Cr chromitites
hosted in the mantle section of ophiolites (<0.25 wt.% TiO2; Leblanc and



Fig. 8. Classification of the platinum group minerals found in the Loma Caribe
chromitites in terms of Ru, Os, Ir, and Pt contents. Comparison data from
Cabri (2002).

Table 6
Composition of melts in equilibrium with chromite and of plume-related erupted
lava flows and other igneous rocks in the Dominican Republic in terms of Al2O3

and TiO2 contents (wt.%) and FeO/MgO ratios. Composition of melt in equilib-
rium with chromite from Loma Caribe chromitites has been calculated using
values obtained from EMPA analyses. References: Boninite ¼ Hicky and Frey
(1982); MORB ¼ Gale et al., 2013; Wilson, 1989; plume derived products and
volcanic arc basalts ¼ Lewis et al. (2002), Escuder-Viruete et al. (2008). IAT ¼
island arc tholeiite; N-MORB ¼ normal mid-ocean ridge basalt.

Al2O3
(wt.%)

TiO2
(wt.%)

FeO/MgO

Melts in equilibrium with chromite
Loma Caribe chromitites 10–12.42 0.40–1.46 0.83–1.75
Boninite 10.6–14.4 0.1–0.5 0.7–1.4
MORB 15–16 1.20–1.68 1.38

Plume derived products
Duarte Complex (picrites,
high-Mg basalts)

8.12–10.28 1.6–2.6

Siete Cabezas Formation
(basalts)

11.40–14.60 0.88–1.29

Volcanic arc basalts
Maim�on Formation (IAT,
boninites)

14.2–16.24 0.47–0.99

Río Verde Complex (IAT,
N-MORB)

15.32–16.48 1.05–1.13
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Nicolas, 1992; Rollinson et al., 2008), and also higher than those of
high-Al chromitites located close to the mantle-crust transition zone of
ophiolites (~0.5 wt.% TiO2; Leblanc and Violette, 1983; Proenza et al.,
1999; Zhou et al., 2001; Rollinson et al., 2008; Henares et al., 2010;
Gonz�alez-Jim�enez et al., 2014b; Arai and Miura, 2016). In the Cr2O3
versus TiO2 plot of Fig. 4B, conventionally used to discriminate chromite
from different tectonic settings, the studied chromites plot outside the
compositional field of ophiolitic chromite. However, they overlap the
field of chromites associated with layered mafic-ultramafic intrusions
and Uralian-Alaskan type complexes. The lack of negative correlation
between Cr2O3 and TiO2 in the studied chromites evidences that their
singularly high TiO2 enrichment is not the result of progressive frac-
tionation of a common parental melt, as observed in other mantle hosted
chromitites (e.g., Proenza et al., 1999; Zaccarini et al., 2011). These
observations indeed suggest that the parental melts of the studied chro-
mitites derive from a mantle source different than that of ordinary
ophiolitic chromitites. This is consistent with the fact that TiO2 and Al2O3

contents of studied chromite plot in the fields of chromite in equilibrium
with island arc basalts (IAB) and ocean island basalts (OIB) and the
oceanic plateaus (Fig. 9; Tokuyama and Batiza, 1981; Kamenetsky et al.,
2001).

Further insight on the nature of the parental melt of chromitites can
be extracted from analyzing the concentration of minor and trace ele-
ments (e.g., Ga, V, Zn, Co, Mn) in chromite. For example, Ga has been
proven to be a useful tool for fingerprinting the nature of the parental
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melts of chromitite because it is unlikely to change during cooling and
subsolidus processes (Dare et al., 2009; Pag�e and Barnes, 2009;
Gonz�alez-Jim�enez et al., 2015; Derbyshire et al., 2019). The concentra-
tion of Ga from the studied chromite is higher than in chromite from
other high-Cr ophiolitic chromitites. For ophiolitic chromitites, there is a
general negative correlation between Cr# and Ga contents in chromite
(e.g., Pag�e and Barnes, 2009). As a result, high-Cr ophiolitic chromitite
tends to be relatively impoverished in Ga (<30 ppm; Pag�e and Barnes,
2009; Col�as et al., 2014; Zhou et al., 2014; Eliopoulos and Eliopoulos,
2019), whereas higher Ga contents are usually related to high-Al
ophiolitic chromitite (>40 ppm; Pag�e and Barnes, 2009; Col�as et al.,
2014, 2019; Zhou et al., 2014; Eliopoulos and Eliopoulos, 2019). Eli-
opoulos and Eliopoulos (2019) also showed a positive trend between
Fe3þ# in chromite and their Ga content. Therefore, the high Ga con-
centrations observed for the Dominican high-Cr ophiolitic chromitites
could be linked to their consistent high Fe2O3 contents. In the studied
chromite, Ga shows positive correlations with other trace elements (V,
Zn, Co and Mn; Fig. 5) and the composition of chromite either overlaps
the fields of high-Cr and high-Al chromitites or plots outside these two
fields. Noteworthy, the analyzed chromites exhibit a trace element
composition that overlaps the field of komatiitic chromite (Fig. 5).
Interestingly, these chromite-bearing komatiites are associated with
large igneous provinces (LIPs) caused by melting of hot plumes from the
deep mantle (e.g., Richards et al., 1989; Campbell and Griffiths, 1990).
Moreover, in spidergrams from Fig. 10, the trace element distribution of
chromite displays characteristic positive anomalies in Ti and Ga similar
to those of chromite in komatiites (Fig. 10C). Overall, the patterns
resemble those of chromite from intraplate settings and clearly differ
from the patterns defined by typical chromite from SSZ settings.

On the other hand, accessory chromite from the peridotite hosting the
chromitites exhibits the typical subhedral morphology of cumulate
chromites precipitated from percolating magmas in the mantle (Matsu-
moto and Arai, 2001). Interestingly, these grains show similar compo-
sitions in terms of Cr# and TiO2 to the associated massive chromitites,
also plotting outside the compositional field of ophiolitic chromitites
(Fig. 4) but resembling that of island arc basalts, OIB and oceanic pla-
teaus in terms of TiO2 and Al2O3 (Fig. 9A) and Cr–Al–Fe3þ (Fig. 9B). The
composition of this type of accessory chromite, together with its prox-
imity to the chromitite bodies, suggests that it formed from the same
parental melt, although the lower Mg# indeed reflects subsolidus
re-equilibration with the host orthopyroxene and/or olivine (e.g., Pag�e
and Barnes, 2009). In contrast, accessory chromite exhibiting



Fig. 9. Chemical composition of Loma Caribe chromite compared to chromite from volcanic and plutonic complexes from different geotectonic settings in terms of:
(A) TiO2 vs. Al2O3, and (B) Cr–Al–Fe3þ compositions. Data compilation from Proenza et al. (2007) and Zhang et al. (2017). Symbols legend from Fig. 4. LIP ¼ large
igneous province; OIB ¼ ocean island basalt; IAB ¼ island arc basalt; MORB ¼ mid-ocean ridge basalt; SSZ ¼ supra-subduction zone.
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vermicular-like morphology is compositionally distinct from chromite
forming the chromitite bodies. Consistently, this chromite displays
higher FeO/Fe2O3 ratio (>7) than the subhedral accessory chromite (<6)
(Table 2), as is typical of restitic spinels in peridotites (Lenaz et al., 2000;
Kamenetsky et al., 2001) with composition akin to chromite from MOR
and abyssal settings (Fig. 9A and B). This vermicular chromite likely
corresponds to the accessory chromite from the Loma Caribe
clinopyroxene-harzburgite described by Marchesi et al. (2016), which,
according to these authors, shows abyssal (ocean ridge) and
supra-subduction zone compositions.

Summarizing, high-Cr chromitites from the northern and central
Loma Caribe peridotite do not show the chemical signature of typical
high-Cr chromitites hosted in the mantle section of ophiolites. Rather
they exhibit major, minor and trace element fingerprints resembling
those of chromite crystallized frommelts evolved frommantle plumes, in
contrast to the MORB or BABB character of residual vermicular-like
chromite of the host peridotite. These mixed signatures reflect complex
mechanism of chromitite formation.

5.3. Origin of the PGE signatures in the Dominican Republic chromitites

The distribution of the PGE in the mantle peridotites is mainly
controlled by accessory base-metal minerals (BMM), including sulfides
and refractory platinum-group minerals (PGM) (O’Driscoll and
Gonz�alez-Jim�enez, 2016, and references therein). Magmatic processes,
such as partial melting and melt-rock reaction associated with upward
migration of deep-sourced melts, promote destabilization of the
PGE-bearing minerals, contributing to increase the budget of precious
metals in basaltic melts. Under moderate degrees of mantle melting
(<20%), the most refractory PGE (IPGE: Os, Ir, Ru) behave as compatible
elements, while the less refractory PGE (PPGE: Pt and Pd), Au, Re, S, Se,
Te and Cu are incompatible (Bockrath et al., 2004; Helmy et al., 2010;
Fellows and Canil, 2012; K€onig et al., 2012; Gonz�alez-Jim�enez et al.,
2014a; Saunders et al., 2015; Aulbach et al., 2016; Luguet and Reisberg,
2016). However, in the critical melting interval of 20%–25%, and
depending on sulfur abundance and pressure (Mavrogenes and O’Neill,
1999), even the most refractory IPGE can be extracted from the mantle
source and be diluted in the extracted melt (Luguet et al., 2003; Lorand
and Gr�egoire, 2006; Prichard et al., 2008). Higher PGE contents and
higher Cr# are expected with increasing degree of partial melting of the
mantle source. Therefore, the observation that the studied chromitites
exhibit a PGE enrichment and high-Cr composition supports: (1) a close
genetic link between PGE abundances and the nature of the parental
melts, and (2) that the Cr- and PGE-rich chromitites from the northern
and central Loma Caribe peridotite deposits were precipitated from a
PGE-rich magma generated by a high-degree of partial melting within the
aforementioned interval (Arai and Yurimoto, 1994; Arai and Abe, 1995;
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Gervilla et al., 2005; Uysal et al., 2009; Gonz�alez-Jim�enez et al., 2011).
Moreover, the total PGE contents and the IPGE and PPGE proportions of
the studied chromitites differ from chromitites from other contexts
(Fig. 11), indicating that they formed from melts formed in a different
geodynamic context than other well-known ophiolitic chromitites.

On the other hand, the geochemical PGE signature of the chromitites
has a mineralogical expression in the suite of platinum-group minerals
(PGM). On the basis of their textural position and composition, the PGM
identified can be divided into primary and secondary phases. Thus,
laurite grains included in chromite grains are considered primary,
formed at the high-temperature magmatic stage before and during
crystallization of chromite (Fig. 7A and B). In contrast Ru–Os–Fe and
Pt–Ir–Fe–Ni alloys exhibiting rugged textures and located in fractures
and edges of chromite grains are interpreted as secondary in origin, very
likely originated by alteration of pre-existing magmatic PGM initially
included in chromite (Fig. 7E). The abundance of laurite in chromite can
be linked with the “collector” effect of this mineral during crystallization
from mantle melts. According to experimental results, this effect can be
related to the local reduction of oxygen fugacity (fO2) at the edges of
growing chromite crystals, which may trigger saturation of the most re-
fractory and easily oxidized PGE (Os, Ir, Ru) originally dissolved in the
melt (Gervilla et al., 2005; Mungall, 2005; Ballhaus et al., 2006; Finnigan
et al., 2008; Gonz�alez-Jim�enez et al., 2014a,b). In this model, the crys-
tallizing chromite grains provide a nucleation substrate for nano-to
micron-sized PGM (O’Driscoll and Gonz�alez-Jim�enez, 2016, and refer-
ences therein), promoting fractionation of the PGEs from the silicate
melt. Recent experimental data by Anenburg and Mavrogenes (2016)
suggest that this role of chromite as a physical collector of precious
metals may not only apply to IPGE but also to Pt. At moderate to high fO2
conditions, the solubility of Pt in the melt is strongly dependent on fO2
(Cottrell and Walker, 2006; M�edar et al., 2015). According to experi-
mental studies, reduction of the melt can lead to Pt oversaturation and
hence the formation of Pt-rich alloy nanoparticles (Amoss�e et al., 2000;
Borisov and Palme, 2000; Ballhaus et al., 2006; M�edar et al., 2015). In the
case of the studied chromitites, we propose that precipitation of
Fe2O3-rich chromite locally decreased fO2 of the residual parental melt
and enhanced the precipitation of the dissolved Pt as minute alloys
(Fig. 7). This would explain the observed singular positive Pt anomaly
(Fig. 6), generally uncommon in ophiolitic chromitites. Some authors
attribute positive Pt anomalies observed in ophiolitic chromitites as the
result of PGE local remobilization due to serpentinization (Graham et al.,
1996). However, the presence of Pt alloys and Pt native element asso-
ciated with primary laurite in the studied chromitites suggest that their Pt
anomaly might reflect the primary platinum group mineralogy of the
chromitites.



Fig. 10. Spider diagrams showing the composition of minor and trace elements
of chromite from the Loma Caribe chromitites. Comparison with representative
supra-subduction zone (SSZ) mantle-hosted high-Cr chromitites from (A) fore-
arc and (B) back-arc regions and (C) with chromites in komatiites and from
stratiform chromitites. Data sources for Thetford Mines and Sagua de T�anamo
are Pag�e and Barnes (2009) and Gonz�alez-Jim�enez et al. (2015), respectively.
Data sources for chromitites from the SSZ mantle-hosted podiform chromitite
array, komatiites and stratiform chromitites (Bushveld-type) as in Fig. 5.

J. Farr�e-de-Pablo et al. Geoscience Frontiers 11 (2020) 2083–2102
5.4. Genesis of chromitites by peridotite–plume melt interactions in a back-
arc tectonic environment

5.4.1. Geodynamic framework of Loma Caribe mantle section
The geochemical characteristics of the Loma Caribe peridotites

observed byMarchesi et al. (2016) suggest a supra-subduction zone (SSZ)
geodynamic setting. These authors proposed that the peridotites record
mantle evolution during subduction initiation by the late Early Creta-
ceous. However, the presence of gabbroic bodies and dolerite dykes with
geochemical signatures akin to BABB and E-MORB intruding the peri-
dotites suggests a later development in a Late Cretaceous back-arc basin
(Escuder-Viruete et al., 2008, 2010). On the basis of these observations,
we suggest that the Loma Caribe mantle section underwent a multi-stage
evolution during island-arc formation and evolution in the northern
Caribbean plate margin.
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The formation of the northern Caribbean island started in the Early
Cretaceous, when SW-dipping subduction initiation of the proto-
Caribbean oceanic basin took place (Pindell et al., 2012 and references
therein). Fluids released by the slab promoted partial melting in the SSZ
mantle wedge giving place to boninitic and tholeiitic to calc-alkaline
magmas (e.g., Maim�on–Amina and Los Ranchos formations, as well as
the Río Verde Complex; Escuder-Viruete et al., 2008, 2010; Torr�o et al.,
2017). The geochemical heterogeneity of the Loma Caribe mantle peri-
dotites (i.e., lherzolites, clinopyroxene-harzburgites, harzburgites,
orthopyroxene-dunites, and dunites) records the shifting conditions of
melting during the development of the subduction zone (Marchesi et al.,
2016). On the other hand, Escuder-Viruete et al. (2008, 2011) proposed a
tectonomagmatic model involving intra-Caribbean island-arc rifting and
back-arc basin development in the Late Cretaceous. Following this
model, the Caribbean island-arc extension started at 90–88 Ma, causing
stretching and thinning of the lithosphere, which rifted near the rheo-
logically weak volcanic front. Increased thinning and rifting promoted
the development of an intra-arc/back-arc basin with an incipient
seafloor-spreading center. With the changing tectonic conditions, the
location of the Loma Caribe peridotite shifted to a back-arc setting, where
an adventive mantle system similar to that of mid-ocean ridges was
progressively superimposed to the SSZ corner flow field (Gribble et al.,
1998; Martínez and Taylor, 2002) and, consequently, BABB-like magmas
extruded (e.g., Velazquitos gabbros and Peralvillo Sur Formation basalts;
Escuder-Viruete et al., 2008). With continued extension and migration of
the Caribbean island-arc towards the NE, at 85–80 Ma the magmatism of
the seafloor spreading systemmay not have been significantly affected by
slab-derived geochemical components. Moreover, during this process,
the rollback of the SW-dipping subduction slab generated lateral mantle
flow from the SW influenced by the Caribbean plume (Fig. 12; Escu-
der-Viruete et al., 2008, 2011b). During the Late Cretaceous (90–80 Ma),
upwelling of this enriched mantle towards the spreading center and
melting at low-P conditions likely produced E-MORB dolerite dykes
intruding the Loma Caribe peridotite and the Campanian extrusion of
Siete Cabezas Formation basalts in the NE sector of the Cordillera Central
(Escuder-Viruete et al., 2008). Other units with plume-related rocks
located in the Cordillera Central, the Pelona–Pico Duarte and Dumisseau
formations, also contain off-axis OIB- and E-MORB-type magmatism
derived from a deeper and more enriched Caribbean plume source
(Escuder-Viruete et al., 2011b, 2016).

5.4.2. Genesis of chromitites
As noted above, the composition (major and trace elements, including

PGE) of the high-Cr chromitite bodies of Loma Caribe strongly suggest
precipitation from melts derived from an enriched peridotite source
influenced by a plume. In addition, the textural and chemical differences
between subhedral and vermicular accessory chromite of the host peri-
dotites indicate different origins: subhedral chromite crystallized from
the same parental magma as the chromitites, whereas vermicular chro-
mite is a restitic abyssal component of the peridotite. The occurrence of
these two types of chromite in the same rocks implies that there was no
chemical equilibrium between the chromitite-forming melt and their
host peridotites. This is consistent with the intrusive character of the
chromitites, as evidenced by their intrusion into both dunites and harz-
burgites (Fig. 2) and the decrease in chromite grain size towards the
contact with the host peridotites (Fig. 3). We propose that chromitites
from the northern and central parts of the Loma Caribe peridotite formed
when their host peridotites where located at the back-arc basin at the rear
of the Late Cretaceous volcanic Caribbean arc (Fig. 12). In this setting,
the mantle source of the parental melts was not affected by slab-derived
geochemical components but was modified by SW lateral flow from the
Caribbean plume. The genesis of the Loma Caribe peridotite chromitites
in this context can be conceptualized within the framework of previous
models of ophiolitic chromitite formation. The chromitite parental melts
were channelized and latter emplaced within pre-existing dunite bodies,
which represent high-porosity and high-permeability channels (Braun



Fig. 12. Schematic tectonomagmatic model
for the formation of chromitites from the
northern and central parts of the Loma
Caribe peridotite during the Late Cretaceous.
The mantle flow convective regime beneath
the back-arc basin is based on Gribble et al.
(1998) and Taylor and Martínez (2003).
After the extension of the volcanic arc and
the development of an intra-arc/back-arc
basin, the Loma Caribe peridotite, originally
formed at a fore-arc setting, was emplaced at
the back-arc mantle. The deeper
Caribbean-plume enriched source is incor-
porated by lateral flow from the SW, giving
place to enriched plume-related magmatism
similar to E-MORB. Cr-rich plume-related
melts with different SiO2 content (red and
yellow) infiltrate Loma Caribe peridotite
through pre-existing dunites. The melts meet
at the intersection of dunite channels and
mix producing hybrid melts able to precipi-
tate volumes of chromitite. Accessory
magmatic chromite, with subhedral shape,
crystallizes from these melts in the host
peridotite. Accessory restitic chromite, with
vermicular shape, was already present in the
peridotites.

Fig. 11. Chondrite-normalized PPGE/IPGE vs. ƩPGE in chromitite and related ultramafic and mafic rocks. Modified after Melcher et al. (1999). Dotted line corre-
sponds to the ophiolitic trend (compilation from Saha et al., 2018). Yellow symbols ¼ chromitite pods; blue symbols ¼ chromitite veins.
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and Kelemen, 2002; Gonz�alez-Jim�enez et al., 2014b, and references
therein). Melts infiltrated through these dunite pathways by porous flow
in a melt-film network (O’Reilly and Griffin, 2012) along contacts be-
tween silicates, until they produced focused porous flow melt. The
melt-filled dunite channels intersected and contributed to the mixing of
melts of different provenances or with different degrees of fractionation
2098
to generate hybrid melts (Gonz�alez-Jim�enez et al., 2014b). The mixing of
variably differentiated (more or less SiO2-rich) basaltic melts within
dunitic melt flow channels caused the saturation in chromian spinel,
producing monomineralic concentrations of chromite (e.g., Irvine, 1977;
Arai and Yurimoto, 1994; Zhou et al., 1996, 1998; Ballhaus, 1998).
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6. Conclusions

Chromitites from the northern and central parts of the Loma Caribe
peridotite are hosted in the mantle section of a supra-subduction zone
(SSZ) ophiolite. However, their chemical composition, with high con-
centrations in Cr2O3, TiO2, Fe2O3 and PGE (with a consistent positive Pt
anomaly) and relatively enrichment in Ga, V, Co, Mn, and Zn, strongly
differs from that of other mantle-hosted chromitites. This anomalous
composition results from the interaction of a mantle plume with a back-
arc mantle. The intrusive character of the chromitites is also revealed by
the presence of two texturally and chemically distinct types of accessory
chromite in the host peridotite, one related to the chromitite-forming
magmas and the other corresponding to restitic chromite from a MOR
or an abyssal peridotite. The northern and central chromitites of the
Loma Caribe peridotite are the first reported example of chromitite
resulting from the interaction of a mantle plume with a supra-subduction
mantle in a back-arc basin setting. Moreover, the proposed model is the
first attempt to enlighten the effect that mantle plumes may have on the
genesis of mantle hosted chromitites.
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