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A B S T R A C T   

Melt-rock interactions are important for understanding the long-term evolution of the Earth and for addressing 
various mantle compositions. However, details of the mechanisms and evolution of interactions in supra- 
subduction zones remain poorly understood. This study presents petrographic and geochemical analyses of the 
harzburgites from the Moa-Baracoa Ophiolitic Massif, eastern Cuba, to constrain the melt-rock interaction within 
the lithospheric mantle. The harzburgites preserve pristine microstructures by recording three-stage petrogenetic 
processes: incongruent melting of orthopyroxene (Opx) in stage I; crystallization of interstitial clinopyroxene 
(Cpx), spinel (Sp), and base-metal sulfides (BMS) at the expense of Opx in stage II; and re-equilibration char
acterized by Sp-Cpx symplectite in stage III. The harzburgite compositions are highly refractory with Al2O3 
(0.21–0.81 wt%) and TiO2 (~0.04 wt%) and show “U”-shaped rare earth element (REE) patterns and significant 
LREE and large ion lithophile element (LILE) enrichments. The olivines have an E-type fabric and a narrow range 
of compositions (Fo = 90.6–91.6). Interstitial Cpx has moderate Mg# (92.1–94.9) and Al2O3 (1.06–2.88 wt%) 
and extremely low TiO2 contents (<0.03 wt%). Opx and interstitial Cpx have low 

∑
REE contents (0.09–0.14 

ppm and 0.24–0.49 ppm, respectively) and are depleted in LREE and variably enriched in LILE. Spinels possess 
similar Cr# values (56.7–64.8) but variable Mg# values (37.2–58.4). BMS is primarily dominated by pentlandite, 
which is partly or completely replaced by magnetite and/or heazlewoodite. Modeling of whole-rock HREE 
variations suggests that the harzburgites experienced >25% partial melting. Widespread interstitial Cpx and 
BMS, elevated whole-rock Cu and Pt, and variable LILE enrichment in Opx and Cpx indicate the interaction of the 
refractory harzburgites with migrating sulfur-saturated, low-silica melts. Melts equilibrated with interstitial Cpx 
appear to have an affinity for FAB. Mineralogical, chemical, and olivine fabric evidence suggests that the Moa- 
Baracoa harzburgites originated in a nascent forearc mantle. The harzburgites experienced partial melting 
facilitated by migrating low-silica melts in stage I. Subsequent interactions with FAB melts at relatively high 
temperatures precipitated Sp, Cpx, and BMS in stage II. Finally, the re-equilibration of high-temperature/ 
pressure pyroxenes produced Sp-Cpx symplectite as the harzburgites were rapidly emplaced into the litho
spheric mantle during subduction initiation.   

1. Introduction 

Partial melting of the mantle has continuously built the oceanic crust 
from the Archean to the present day (Furnes et al., 2014; Parkinson and 
Pearce, 1998). Melts produced by relatively lower pressure partial 
melting of depleted peridotites likely migrate through porous flow, 

giving rise to extensive melt-rock interactions in the upper mantle 
(Abdullah et al., 2018; Dijkstra et al., 2003; Piccardo et al., 2007; Seyler 
et al., 2001). Melt-rock interaction refers to a range of processes (e.g., 
melting, solidification, and re-equilibration (Suhr et al., 2008; Warren, 
2016)) that are pervasive beneath spreading centers and persistently 
modify the abyssal and forearc mantle at varying levels (Basch et al., 
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2019; Seyler et al., 2007; Xu et al., 2021). This interaction leads to a 
heterogeneous oceanic lithosphere, which is recycled back into the 
mantle and produces further heterogeneity (Warren, 2016). Thus, melt- 
rock interaction is critical for understanding the long-term composi
tional evolution of the Earth and can help determine various mantle 
compositions (Seyler et al., 2007; Uysal et al., 2012; Xiong et al., 2020). 

However, due to the lack of clear chronological microstructure evi
dence in mantle peridotites, the mechanism and evolution of melt-rock 
interaction in supra-subduction zones remain poorly understood. Many 
microstructures may be overprinted by plastic strain or re-equilibration 
at high temperatures. Subsequently, low-temperature serpentinization 
and ductile deformation tend to erase all the pristine and intricate mi
crostructures of melt-rock interaction. Consequently, studies focusing on 
the details of melt-rock interaction are limited (e.g., Piccardo et al., 
2007; Rampone et al., 2008; Seyler et al., 2007; Suhr et al., 2008). 

The tectonic setting of the Moa-Baracoa Ophiolitic Massif remains 
controversial. Some researchers interpret the massif as having formed in 
a back-arc basin due to the presence of upper pillow basalts with mid- 
oceanic ridge basalt-like (MORB-like) compositions (Marchesi et al., 
2007). However, such an environment cannot adequately explain the 
harzburgites that have experienced high degrees (20%–30%) of partial 
melting (Marchesi et al., 2006). Some upper igneous rocks and lower 
mantle sections of ophiolitic massifs are generally decoupled in tectonic 
environments (e.g., the Gerf ophiolite, Egypt, Zimmer et al., 1995; 
Abdel-Karim et al., 2016). Recent studies show that MORB-like basaltic 
magmas can be produced during subduction initiation (Reagan et al., 
2010; Shervais et al., 2019; Xiong et al., 2017a). Therefore, detailed 

studies focused on the mantle rocks of the Moa-Baracoa Ophiolitic 
Massif are important to better constrain the tectonic environment. In 
particular, the harzburgites in the massif preserve a variety of pristine 
microstructures that are suitable for revealing the nature of melt-rock 
interaction. 

This paper presents the petrography, microstructure, mineral 
chemistry, and whole-rock geochemistry of the Moa-Baracoa harzbur
gites. Our study delineates melt-rock interaction in a forearc mantle 
wedge during subduction initiation and sheds light on the mantle wedge 
heterogeneity in modal mineralogy and mineral chemistry. 

2. Geological setting 

The northward collision of the Caribbean plate with the North 
American plate (NOAM) in the latest Cretaceous to late Eocene resulted 
in the emplacement of the Cuban ophiolites, Northern Cuban Ophiolite 
Belt (NCOB) in the center west, and the Mayarí-Baracoa Ophiolite Belt 
(MBOB) in the east (Iturralde-Vinent et al., 2006; Proenza et al., 2018). 
The ophiolite belts stretch for more than 1000 km along the northern 
margin of Cuba (Fig. 1a). The NCOB and MBOB are composed of strongly 
faulted ultramafic, plutonic, volcanic, and subduction mélange com
plexes and constitute a component of the Cuban orogenic belt (e.g., 
Iturralde-Vinent et al., 2016). 

The most significant tectonic units in the geology of eastern Cuba are 
the MBOB, Early to Late Cretaceous volcanic arc units, Early Cretaceous 
high-pressure (HP) subduction mélanges, late Cretaceous HP metasedi
mentary rocks (Asunción terrane), and the Late Cretaceous to Early 

Fig. 1. (a) Generalized geological map of Cuba (after Lázaro et al., 2016); (b) Geological map of eastern Cuba showing the main geological units (after Lázaro et al., 
2016); (c) Schematic lithostratigraphic column of the Moa-Baracoa massif (after Proenza et al., 2018). 
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Paleocene synorogenic basin (Iturralde-Vinent et al., 2016; Proenza 
et al., 2018). The MBOB is separated by major fault zones into two in
dividual thrust-bounded blocks, the Mayarí-Cristal Ophiolitic Massif to 
the west, and Moa-Baracoa Ophiolitic Massif (MBOM) to the east (Pro
enza et al., 2018). The MBOM is approximately 100-km long and 10–30- 
km wide and covers an area of approximately 1500 km2. The MBOM is 
tectonically emplaced on subduction-related metamorphic complexes 
(Purial complex) hosting serpentinitic mélanges (e.g., Sierra del Con
vento and La Tinta) (Fig. 1b). These mélanges occur as bodies discon
nected from the principal ophiolitic massifs and consists of a serpentinite 
matrix and embedded high-pressure tectonic blocks. They are derived 
from the MORB and document the subduction of oceanic and volcanic 
arc lithosphere since the early Cretaceous (e.g., Lázaro et al., 2016). The 
Güira de Jauco Amphibolite Complex (GJAC) has been interpreted as 
the metamorphic sole of the MBOM. The GJAC has a MORB-like pro
tolith that is believed to have formed in a back-arc setting (Lázaro et al., 
2014). The MBOM and the metamorphic complex were thrust over 
Cretaceous volcanic arc units (e.g., Quibiján and Morel formations), 
which display various geochemical signatures (e.g., tholeiitic, boninitic, 
and calc-alkaline) that suggest axial-arc, back-arc, and forearc settings 
during the Early to Late Cretaceous (Iturralde-Vinent et al., 2006; 
Marchesi et al., 2006, 2007). 

The MBOM is primarily composed of harzburgite with subordinate 
dunite, a Moho transition zone (i.e., high-Al podiform chromitite, 
gabbro-sills, and impregnated dunite), and an overlay sequence of 
layered gabbro and pillow basalts (Morel Formation) (Fig. 1c). The 
layered gabbro is in tectonic contact with the lower mantle peridotite 
and the upper Morel Formation, which is Turonian-Coniacian in age and 
has a back-arc geochemical affinity (Marchesi et al., 2007) and a genetic 
link with cumulate gabbro (Marchesi et al., 2006). MBOM is generally 
considered to have formed in a back-arc environment based on the or
igins of the Morel Formation, the high-Al chromitite deposits, and the 
metamorphic sole (GJAC) (Gervilla et al., 2005; Marchesi et al., 2006, 
2007; Zhou et al., 2001). 

3. Analytical methods 

Whole-rock major oxides were measured by X-ray fluorescence 
(XRF) on fused glass disks using a Shimadzu XRF-1800 instrument at the 
State Key Laboratory of Geological Processes and Mineral Resources, 
China University of Geosciences, Wuhan (GPMR-CUGW). Detailed 
analytical techniques are described in Lin et al. (2019). Two national 
standard materials (GBW07102 and GBW07112) were analyzed as un
knowns together with the sample. Supplementary Table 1 shows the 
results. The analytical accuracy was within 3% for most elements. 

Whole-rock trace elements and platinum-group elements (PGEs) 
were analyzed at the National Research Center for Geoanalysis, Chinese 
Academy of Geological Sciences (CAGS). Trace elements were deter
mined using inductively coupled mass spectrometry (ICP-MS). The 
dissolution procedures of the samples were as follows. Sample power, 

HNO3, and HF were added to a Teflon bomb. The Teflon bomb was 
placed in a stainless-steel pressure jacket and heated at 190 ◦C for >24 h 
then opened and evaporated to dryness on a hotplate at 140 ◦C. HNO3 
and MQ water were added, and the Teflon bomb was resealed and 
heated at 190 ◦C for >12 h. Two national standard samples (GBW07101 
and GBW07102) were analyzed as unknowns; Supplementary Table 2 
lists the results. The analytical accuracy was less than 10% for trace 
elements with abundances <10 ppm and approximately 5% for those 
with abundances >10 ppm. PGE concentrations were determined using 
the NiS fire-assay pre-concentration method, followed by ICP-MS anal
ysis. Detailed analytical processes are described by Xiong et al. (2017b). 

The major element compositions of the minerals were determined 
using a JEOL JXA-8530F Plus electron probe micro-analyzer (EPMA) at 
the Fundamental Science on Radioactive Geology and Exploration 
Technology Laboratory, East China University of Technology. EPMA 
analyses were performed at an accelerating voltage of 15 kV, a beam 
current of 20 nA, and a beam spot of 2 μm. The counting times were 10 s 
and 5 s for peak and background elements, respectively. Synthetic or 
natural mineral standards and a ZAF correction procedure were used for 
calibration. The relative standard deviations of the analyses on stan
dards were within 1% for the major elements. 

Trace element compositions of minerals were analyzed using a Tel
edyne Cetac Technologies Analyte Excite laser ablation coupled with an 
Agilent Technologies 7700× quadrupole inductively coupled plasma 
mass spectrometer (LA-ICP-MS) in GPMR-CUGW. For each analysis, 
laser ablation conditions of a spot size of 50 μm, pulse frequency of 10 
Hz, and energy fluence of 4.5 J/cm2 were applied. Background counting 
times were 25 s, followed by 45 s on the sample signal. NIST 610 was 
used to correct the time-dependent drift of the sensitivity. BCR-2G and 
BIR-1G were used as the external calibration standards. Offline data 
processing was conducted using the ICPMSDataCal software with 100% 
normalization without applying an internal standard (Liu et al., 2008). 
Supplementary Tables S9–12 present the results of the standards. 

Electron backscattered diffraction (EBSD) analysis was performed 
using an Oxford Nordlys F+ EBSD detector attached to an FEI Quanta 
450 SEM at the CAGS. Crystal orientation mappings were obtained at a 
voltage of 20 kV, a beam current of 180 μA, and step size of 4–10 μm. 
Automatic indexing was performed using Oxford Instruments AZtec 
software. The EBSD data were processed and optimized using HKL 
Channel 5 and MTex. The orthogonal XYZ structural framework was 
coordinated using the crystallographic preferred orientation (CPO) of 
clinopyroxene. Detailed data processing was performed as described by 
Yang et al. (2019). 

4. Petrography 

The harzburgites studied were weakly to moderately altered. For 
each sample, modal compositions were calculated from the XRF and 
average EPMA data using least-squares regressions (Table 1). The Moa- 
Baracoa harzburgite is composed of olivine (Ol, 71%–86%) and 

Table 1 
Petrological data.  

Sample Ol (wt%) 3σ Opx (wt%) 3σ Cpx (wt%) 3σ Sp (wt%) 3σ Sum TCa-in-Opx(◦C)a TAl/Cr-in-Opx(◦C)b TOpx-Cpx(◦C)c TOl-Sp(◦C)d 

17Y2 77.4 0.04 19.4 0.06 2.0 0.04 1.0 0.01 100 1041–1058 904–928 976–1044 714–727 
17Y5 86.1 0.01 12.1 0.01 1.1 0.01 0.7 0.00 100 892–1021 854–966 939–1074 679–692 
17Y6 71.6 0.04 24.8 0.06 2.7 0.03 0.8 0.01 100 985–1079 892–934 949–1111 671–713 
17Y7 71.5 0.03 25.0 0.04 2.6 0.03 0.7 0.01 100 930–1075 841–890 1022–1063 711–740 
17Y8 71.2 0.03 26.1 0.04 2.1 0.02 0.5 0.01 100 972–1113 876–943 973–1072 724–738 
17Y15 82.4 0.01 14.7 0.01 1.9 0.01 0.9 0.00 100 985–1071 895–972 848–1117 619–658 
17Y18 74.0 0.02 22.5 0.03 2.8 0.02 0.6 0.01 100 962–1073 830–920 838–1099 676–708 
17Y19 75.4 0.02 20.8 0.03 2.9 0.02 0.8 0.01 100 988–1076 818–929 894–1048 678–700  

a Calculated with the Ca-in-orthopyroxene thermobarometer of Brey and Köhler (1990) at 1.5 GPa. 
b Calculated with the Al/Cr-in-orthopyroxene thermobarometer of Witt-Eickschen and Seck (1991). 
c Calculated with the orthopyroxene-clinopyroxene thermobarometer of Brey and Köhler (1990) at 1.5 GPa. 
d Calculated with the olivine-spinel thermobarometer of O’Neill and Wall (1987) at 1.5 GPa. 
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orthopyroxene (Opx, 12%–26%), with minor amounts of clinopyroxene 
(Cpx, 1%–3%), spinel (Sp, <1%), and base metal sulfides (BMS, <1%). 
The harzburgites display a typical porphyroclastic texture (Fig. 2a–b). 
Large orthopyroxene porphyroclasts show slight plastic deformation, 
such as kink bands and deformed lamellae exsolutions (Fig. 2c–d). 

Most of the coarse-grained olivines were moderately broken, and 
their original grain sizes varied from 1 to 5 mm (Fig. 2a–b). Orthopyr
oxenes are subhedral to anhedral crystals with convex to concave out
lines that tend to form aggregates of up to 10 mm in diameter. The 
orthopyroxene porphyroclasts are embayed by fine-grained olivine 
neoblasts smaller than 0.5 mm (Fig. 2e–f). Clinopyroxene occurs as 
irregular interstitial grains (Cpx(1)) or as a matrix (Cpx(2)) of sym
plectites. The Cpx(1) grain sizes range from 0.05 to 0.35 mm, commonly 
occur alongside the boundaries of orthopyroxene grains, and seemingly 
show a complementary outline with adjacent relic orthopyroxenes 
(Fig. 2g–h). Some clinopyroxene grains extend as interstitial films at the 
interface of Ol and Opx or fill fractures in Ol and Opx (Fig. 2h–i). In 
addition, scanning electron microscopy revealed occasional tiny 
lamellar exsolutions of orthopyroxene in Cpx(1). Cpx(1) and the exsolu
tions show no plastic deformation. 

Spinels vary in shape, grain size, and texture. Residual spinels (Sp(1)) 
are rounded crystals with sizes ranging from 0.5 to 2.0 mm and are 
randomly scattered in the silicate matrix. Serpentinized olivine relics are 
locally enclosed by Sp(1) (Fig. 3a). Interstitial spinels (Sp(2)) occur as 
irregular grains with sizes of 0.1–0.5 mm and usually coexist with Cpx(1) 
(Fig. 3b–c, e). Symplectites (~0.1 mm) consist of a Cpx(2) matrix with 
vermicular spinel (Sp(3)) and sometimes overgrow around Cpx(1) and 
Sp(2) (Fig. 3d–e). BMS occurs as anhedral interstitial grains (Fig. 3f–i) or 

subhedral to anhedral inclusions in silicates (Fig. 3j). Some of the BMS 
coexisted with Sp (Fig. 3k), or enclosed in Sp (Fig. 3l). The primary BMS 
is predominated by pentlandite, which is partly or completely replaced 
by magnetite and/or heazlewoodite (Fig. 3h, k–l). 

5. Results 

5.1. Whole-rock geochemistry 

5.1.1. Major and minor elements 
Supplementary Table S1 lists the whole-rock major and minor 

element data. The studied harzburgites are weakly to moderately altered 
with LOI values of 7.87–11.86 wt%. All iron was converted to FeOt and 
renormalized on an anhydrous basis using the total of the original an
alyses. After renormalization, the harzburgites contained low contents 
of SiO2 (43.30–45.14 wt%), Al2O3 (0.21–0.81 wt%), CaO (0.41–1.03 wt 
%), and TiO2 (~0.04 wt%), and high contents of MgO (44.40–47.11 wt 
%) (Fig. 4). LOI is strongly correlated with MgO, SiO2, and CaO and a 
very weak correlation with FeOt, TiO2, and Al2O3 (Supplementary 
Fig. S1). 

5.1.2. Trace elements and PGE 
Supplementary Table S2 provides the whole-rock trace element data. 

The harzburgites are highly depleted in accordance with typically low 
concentrations of rare earth elements (REE) and trace elements. Total 
REE contents vary from 0.16–0.39 ppm and are distinctly lower than 
those of the primitive mantle (7.43 ppm). On the chondrite-normalized 
REE diagram, the harzburgites show “U”-shaped patterns ((La/Yb)N =

Fig. 2. Photomicrographs of the Moa-Baracoa harzburgites. (a, b) Harzburgites with porphyroclastic texture; (c, d) Kink bands in Opx porphyroclasts; (e, f) Opx 
embayed by fine-grained Ol neoblasts; (g) Aggregates of fine-grained Ol cut through Opx; (h) Cpx and Sp occur alongside boundaries of Opx (BSE image); (i) X-ray 
magnesium element mapping. Cpx: clinopyroxene, Ol: olivine, Opx: orthopyroxene, Serp: serpentine, Sp: spinel. 
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0.50–2.55, (La/Sm)N = 1.94–4.70) due to enrichment in light REE 
(LREE) and heavy REE (HREE) and depletion in middle REE (MREE) 
(Fig. 5a). Moreover, the harzburgites show positive anomalies in some 
large ion lithophile elements (LILE, e.g., Ba, U, and Sr) on the primitive 
mantle-normalized trace element diagram (Fig. 5b). 

Supplementary Table S3 presents the whole-rock PGE data. The 
harzburgites have low PGE abundances ranging from 25.2–38.4 ppb. 
The chondrite-normalized PGE patterns plot slightly below the primitive 
mantle but within the spectrum of oceanic peridotite on the chondrite- 
normalized REE diagram (Fig. 6a). The fractionation between IPGE 
and PPGE in harzburgite is very weak; the average values of (Pd/Ir)N 
(1.66) and (Pd/Os)N (1.43) are close to those of the primitive mantle 
(Fig. 6b). 

5.2. Mineral chemistry 

5.2.1. Major elements 
Supplementary Tables S4–8 list the EPMA data. Coarse- and fine- 

grained olivines have high Fo values (90.6–91.6) and NiO contents 
(0.38–0.55 wt%) (Fig. 7a). Orthopyroxene porphyroclasts display 
compositional heterogeneity with similar Mg# values (91.0–92.2) and 
Al2O3 contents (1.20–2.10 wt%) but slightly lower CaO (0.63–1.84 wt 
%) and Cr2O3 (0.50–0.77 wt%) contents in the rims than in the cores 
(1.04–1.96 wt% and 0.60–0.87 wt%, respectively) (Fig. 7b–c). Intersti
tial Cpx has moderate Mg# values (92.1–94.6), Al2O3 contents 
(1.86–2.88 wt%), and Cr2O3 contents (0.82–1.22 wt%) and very low 
TiO2 contents (<0.03 wt%) (Fig. 7d–f). The Cpx of the Sp-Cpx sym
plectites have higher Mg# values (92.7–94.9) and lower contents of 
Al2O3 (1.06–2.60 wt%), Cr2O3 (0.71–1.18 wt%), and TiO2 (<0.02 wt%) 

Fig. 3. Photomicrographs and back-scattered electron (BSE) images showing microstructures of the Moa-Baracoa harzburgites. (a) Serpentinized Ol relics enclosed 
by residual Sp; (b) Coexistence of interstitial Cpx and Sp; (c) Opx relics enclosed by interstitial Cpx; (d) Sp-Cpx symplectite overgrowth around interstitial Cpx; (e) Sp- 
Cpx symplectite overgrowth around interstitial Sp; (f) Interstitial Cpx and BMS; (g) BMS is partly replaced by Mag; (h) Pn is partly replaced by Mag and Hz; (i) 
Interstitial Sp and BMS; (j) BMS inclusions in Opx; (k) Coexistence of Sp and Hz; (l) Interstitial Sp encloses Pn and Hz. BMS: Base-metal sulfide, Cpx: clinopyroxene, 
Hz: Heazlewoodite, Mag: Magnetite, Ol: olivine, Opx: orthopyroxene, Pn: Pentlandite, Serp: serpentine, Sp: spinel. 
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than the interstitial Cpx (Fig. 7d–f). 
Spinel compositions vary among the different microstructure sites (e. 

g., Sp(1), Sp(2), and Sp(3)) but show no significant intra-grain zoning. 
Sp(1), Sp(2), and Sp(3) have constant Cr# values (56.7–64.8), but slowly 
decreasing Mg# values (52.1–58.4, 42.6–57.4, and 37.2–55.4, respec
tively) (Fig. 8). 

The interstitial and enclosed pentlandites have consistent amounts of 
S (31.7–35.7 wt%), variable Fe (21.7–35.1 wt%), and Ni levels 
(31.3–45.3 wt%), similar to high-temperature monosulfide solid solu
tions (MSS) (Fig. 9). Heazlewoodites are characterized by high Ni levels 
(71.3–74.4 wt%) and relatively low S contents (26.1–27.9 wt%) (Fig. 9). 

Fig. 4. Variation diagrams of whole-rock MgO (wt%) vs. FeOt (wt%) and SiO2 (wt%) of the Moa-Baracoa harzburgites. Previous work data are from Marchesi et al. 
(2006). The data for DMM peridotites of Mongolia are from Carlson and Ionov (2019) and reference therein, forearc peridotite data are from Parkinson and Pearce 
(1998). Also shown are evolution trends for residues of anhydrous melting of DMM at 1–4 GPa (Herzberg, 2004). 

Fig. 5. (a) Chondrite-normalized measured (green) and recalculated (pink) REE patterns of the Moa-Baracoa harzburgites; (b) Primitive mantle-normalized trace 
elements diagram. Abyssal peridotite data are from Niu (1997). Forearc peridotite data are from Parkinson and Pearce (1998). Also shown are residue whole-rock 
HREE compositions calculated using the DMM source (Salters and Stracke, 2004) and nonmodal fractional melting equation of Gast (1968) and Johnson et al. (1990). 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 6. (a) Chondrite-normalized PGE patterns of the Moa-Baracoa harzburgites; (b) Chondrite-normalized PdN/IrN vs. PdN/OsN of the Moa-Baracoa harzburgites. 
Previous work data in (a) are from Zhou et al. (2001). Oceanic peridotite fields are from Marchesi et al. (2013). Data for the PGE contents of sulfide inclusions and 
interstitial sulfides and trends are from Alard et al. (2000). 
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5.2.2. Trace elements 
Supplementary Tables S9–12 provide the trace element compositions 

in olivine, orthopyroxene, clinopyroxene, and spinel. Opx and intersti
tial Cpx have low 

∑
REE values (0.09–0.14 and 0.24–0.49 ppm, 

respectively). Opx and Cpx show LREE-depleted patterns on the 
chondrite-normalized REE diagrams. Opx generally shows a more 
restricted range in REE than Cpx (Fig. 10a, c). In the primitive- 
normalized trace element diagrams, Opx and Cpx were variably 
enriched in LILE (e.g., Cs, Rb, Pb, and Sr (Fig. 10b, d)). Residual spinels 
have slightly variable trace elements (Sc, Ti, V, Mn, Co, Ni, Zn, and Ga) 
between individual samples, and Ga concentrations (23–38 ppm) de
creases as the Cr2O3 content increases (Fig. 8d). 

5.3. Equilibrium temperatures 

Table 1 lists the estimated equilibrium temperatures using core 
compositions of coarse grains and assuming a pressure of 1.5 GPa. The 
Ca-in-Opx thermometer (Brey and Köhler, 1990) provides a temperature 
range of 892–1113 ◦C (average of 1020 ± 43 ◦C). The Opx-Cpx ther
mometer (Brey and Köhler, 1990) yields a wide temperature range of 

838–1117 ◦C (average of 994 ± 95 ◦C). The Al/Cr-in Opx thermometer 
(Witt-Eickschen and Seck, 1991) returns temperatures of 818–972 ◦C 
(average of 888 ± 58 ◦C). The Ol-Sp thermometer gives relatively low 
temperatures of 619–740 ◦C (average of 688 ± 31 ◦C) (O’Neill and Wall, 
1987). 

5.4. Microstructures (EBSD mapping) 

The microstructures of a representative harzburgite sample were 
determined using EBSD analysis. Coarse- and fine-grained olivines 
display similar weak misorientations relative to the mean orientation of 
each grain (Fig. 11a–b). Olivine, orthopyroxene, and clinopyroxene 
show strong crystallographic preferred orientation (CPO) (Fig. 11c). The 
olivines display a fabric characterized by a CPO pattern in (001)[100] 
(E-type) and have a J-index of 6.23 (Fig. 11c). 

Fig. 7. Compositional variations of olivine, orthopyroxene, and clinopyroxene in the Moa-Baracoa harzburgites. The SSZ peridotite xenolith data are from Bénard 
et al. (2021). Abyssal and forearc peridotite fields are from Lian et al. (2017). 
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6. Discussion 

6.1. Partial melting processes 

Despite strong or weak correlations between LOI and anhydrous 
oxides (Supplementary Fig. S1), the Moa-Baracoa harzburgites have 
relatively high FeOt and SiO2 contents that resemble dredged forearc 
peridotites (Fig. 4). Marchesi et al. (2006) suggested that the Moa- 
Baracoa harzburgites experienced a high degree (20%–30%) of partial 
melting. In this study, the modal mineralogy, mineral chemistry, and 
whole-rock compositions of the harzburgites provide effective con
straints on the partial melting degrees. The harzburgites predominantly 
consist of olivine and orthopyroxene with minor secondary clinopyr
oxene. The absence of primary clinopyroxene and the relatively high 
levels of olivine Fo and high spinel Cr# (Fig. 8b) indicate that the Moa- 
Baracoa harzburgites are residues of a high degree of partial melting. 

Furthermore, the whole-rock HREE of mantle peridotites is corre
lated with the degree of partial melting (Johnson et al., 1990). In this 
study, HREE concentrations were not correlated with LOI (Supplemen
tary Fig. S1) and were, therefore, immobile elements during peridotite 
serpentinization. Residue whole-rock HREE compositions were calcu
lated using the DMM source (Salters and Stracke, 2004) and the non
modal fractional melting equation of Gast (1968) and Johnson et al. 
(1990). The results are displayed in a normalized pattern (Fig. 5a). To 
eliminate serpentinization and intergranular material effects, whole- 

rock REE concentrations were recalculated using mineral modal com
positions and in situ REE data (e.g., Bénard et al., 2021). The measured 
and recalculated HREE patterns of the Moa-Baracoa harzburgites were 
well modeled by >25% partial melting occurring in the spinel stability 
fields (Fig. 5a). 

High partial melting was also observed in the microstructures. 
Orthopyroxene porphyroclasts have corroded or skeletal appearances 
and commonly contain fine-grained olivine neoblasts in the Moa- 
Baracoa harzburgites (Fig. 2e–f), suggesting that orthopyroxene was 
replaced by olivine. Similar microstructures are widely documented in 
abyssal peridotites (Dijkstra et al., 2003; Seyler et al., 2007), ophiolitic 
peridotites (Rampone et al., 2008; Xu et al., 2021), and anhydrous 
partial melting experiments (e.g., Kinzler, 1997) and are ascribed to the 
incongruent melting of orthopyroxene during asthenospheric upwelling 
and decompression (Niu, 1997; Rampone et al., 2008). This process is 
effectively enhanced by adiabatically ascending melts (Kelemen, 1990; 
Rampone et al., 2008; Seyler et al., 2007; Suhr et al., 2008). 

On the one hand, fine-grained olivine aggregations cutting ortho
pyroxene relics (Fig. 2g) in the Moa-Baracoa harzburgites might verify 
the involvement of incongruent melting. On the other hand, E-type 
olivine fabrics generally develop under hydrous conditions (Harigane 
et al., 2013). Furthermore, residual spinels occasionally enclose small 
olivine relics as a result from continuous regrowth of spinel from melts. 
Suhr et al. (2008) proposed that Cr could reprecipitate around existing 
spinel after short-distance transport in melts and form coarse spinel in 

Fig. 8. Compositional variations of spinel in the Moa-Baraco harzburgites. (a) Spinel Mg# vs. Cr# diagram. Abyssal and SSZ peridotite fields are from Dick and 
Bullen (1984) and Parkinson and Pearce (1998), respectively; (b) Olivine Mg# vs. spinel Cr#. Passive margin, abyssal, and SSZ peridotite fields and trends are from 
Pearce et al. (2000); (c) Spinel TiO2 vs. Cr# diagram; (d) Spinel Cr2O3 (wt%) vs. Ga (ppm) diagram. SSZ peridotite xenolith data are from Bénard et al. (2021). The 
data for abyssal and forearc peridotites in (d) are from Dare et al. (2009). 
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peridotites due to limited Cr mobility during melting. Low-Si melts 
traveling upward at adiabatic temperatures are the best candidates for 
enhancing incongruent melting, because they tend to dissolve enclosing 
peridotites; this saturates the melts with olivine but not with 

orthopyroxene (Kelemen et al., 1995). Therefore, we infer that 
migrating low-Si mantle melt facilitated partial melting and the devel
opment of E-type olivine fabric. 

6.2. Interaction of refractory harzburgites with melts 

6.2.1. Origins of Cpx and BMS 
Interstitial Cpx, Sp, and BMS are widespread in the Moa-Baracoa 

harzburgites. However, the occurrence of Cpx and BMS is inconsistent 
with the highly refractory nature of harzburgites subjected to >25% 
partial melting. Interstitial Cpx and Sp commonly occur alongside the 
boundaries of orthopyroxene grains and seemingly show a comple
mentary outline with adjacent orthopyroxene porphyroclasts (Fig. 2g–i). 
Locally, small orthopyroxene relics are completely enclosed by inter
stitial Cpx or Sp (Fig. 3b–c). The interstitial Cpx and Sp are similar to 
those formed during melt-rock interaction (e.g., Suhr et al., 2008) and 
show microstructures that suggest the interaction of porous melts with 
peridotites, in which Cpx and Sp crystallized at the expense of ortho
pyroxene. Moreover, Cpx and Opx were enriched in LILE (Fig. 10), 
resembling those modified by cryptic metasomatism in peridotite xe
noliths (Bénard et al., 2021). 

The consumption of Opx and the precipitation of Cpx and Sp require 
a Ca- and Cr-rich low-Si melt saturated with Cr and precipitated Sp while 
cooling. Thus, the Si content in the residual melt increases slightly (Suhr 
et al., 2008). High concentrations of Si and Cr also suppress Al activity, 
which increases the stability of clinopyroxene (Liu and O’Neill, 2004) 
and triggers precipitation of interstitial Cpx (Suhr et al., 2008). 

The occurrence of BMS is closely associated with interstitial Sp. Some 
of the BMS coexisted with Sp or enclosed in Sp (Fig. 3k–l). Primary BMS 
is predominantly composed of pentlandites. Compositional similarities 
with high-temperature MSS (Fig. 9) indicate the origin of sub-solidus 

Fig. 9. Compositional variations of the Moa-Baracoa BMS in the Fe-Ni-S sys
tem. MSS compositional ranges are after Craig and Kullerud (1969). Fields of 
enclosed and interstitial BMS in peridotite xenoliths are from Lorand and 
Luguet (2016). 

Fig. 10. (a, c) Chondrite-normalized REE patterns of clinopyroxene and orthopyroxene in the Moa-Baracoa harzburgites; (b, d) Primitive mantle-normalized trace 
elements diagrams. The data for abyssal and forearc peridotites are from Uysal et al. (2012); data for SSZ peridotite xenoliths are from Bénard et al. (2021). 
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MSS cooling. Theoretically, BMS completely disappears from residual 
mantle after ~12%–20% partial melting of a fertile mantle (e.g., Luguet 
et al., 2003). Sulfide separation from or input into the upper mantle 
chiefly controls the chalcophile element concentrations of mantle resi
dues (Bockrath et al., 2004). The occurrence of widespread magmatic 
BMS is consistent with the enrichment of whole-rock Cu concentrations 
(11–46 ppm) that deviate from the melting trend (Fig. 12). 

This may also be related to PGE behavior. Hydrothermal processes 
(e.g., serpentinization) have little impact on the magmatic PPGE budgets 
of peridotites (Pan and Wood, 1994). PGE concentrations in mantle 
peridotite are primarily controlled by partial melting and melt-rock in
teractions. Pt and Pd are highly depleted, whereas Os and Ir are rela
tively enriched in mantle residue during partial melting (Brenan et al., 
2003). Pd/Ir ratios could indicate the degree of partial melting (e.g., Wu 
et al., 2019), because interstitial sulfides (rich in Pd) are easily melted 
(Woodland et al., 2002). Thus, PdN/OsN and PdN/IrN ratios lower than 
PM are expected in the Moa-Baracoa harzburgites due to their high 
degree of partial melting. However, the PGE concentrations of the Moa- 
Baracoa harzburgites were considerably enriched in Pd and did not 
follow the melting trend (Fig. 6b). 

Collectively, the textures and compositions of BMS and the signifi
cant enrichments of whole-rock Pd and Cu indicate that the primary 
BMSs were produced by the interaction of the refractory Moa-Baracoa 
harzburgites with S-saturated melt. 

6.2.2. Nature of migrating melts 
Researchers infer that the interaction between porous melts and 

plagioclase-free peridotites mostly occurs in the thermal boundary layer 
(TBL) or the lithospheric mantle (e.g., Dijkstra et al., 2003; Rampone 
et al., 2008; Seyler et al., 2001; Suhr et al., 2008). Additionally, 
decompression partial melting ceases when peridotites are incorporated 
into TBL, and post-melting refertilization or interaction between 
ascending buoyant melts and ambient peridotites inevitably occurs in 
TBL (Niu, 1997). Seyler et al. (2007) observed crystallization of clino
pyroxene at the expense of orthopyroxene accompanied by precipitation 
of BMS and proposed that the interactions were promoted by rapid 
temperature decreases at relatively high pressure (~0.8–1 GPa) in the 
TBL. This is because the solubility of sulfur in the percolating melt de
creases with increasing pressure or decreasing temperature (Naldrett, 

Fig. 11. (a) Phase distribution map of a representative harzburgite; (b) EBSD misorientation maps relative to the mean orientation of each grain; (c) Pole figures for 
the crystallographic axes of olivine, orthopyroxene, and clinopyroxene. 

Fig. 12. Whole-rock Al2O3 vs. Cu of the Moa-Baracoa harzburgites. Abyssal 
peridotites data are from Niu (1997). Forearc peridotites data are from Par
kinson and Pearce (1998). Also shown are evolution trends for residues of 
melting models based on different partition coefficients (D) (Marchesi 
et al., 2013). 
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1989). 
Different hypotheses concerning the melt sources of reactive porous 

flow occurring in TBL have been proposed. The melts could be single 
increments originating from partial melting of the depleted mantle at 
shallow depths (i.e., upper pressure spectrum of the spinel stability field 
or above) beneath a spreading ridge (Basch et al., 2019; Seyler et al., 
2001) or new ascending melts produced by decompression melting of 
the asthenosphere (Piccardo et al., 2007; Rampone et al., 2008). 
Percolate melts originating from different sources may have different 
compositions and lead to the precipitation of different mineral assem
blages. Partial melting of the shallow mantle generally produces low- 
pressure Si-rich melts that react with ambient peridotites, leading to 
orthopyroxene saturation (Kelemen et al., 1995) and the formation of 
abundant low-CaO orthopyroxene (<0.8%; Barth et al., 2003, Bénard 
et al., 2021). In contrast, high-pressure melt fractions are driven to cli
nopyroxene saturation during the dissolution of enclosing peridotites 
and precipitation of olivines (Dijkstra et al., 2003; Kelemen et al., 1995). 
Mitchell and Grove (2016) recently conducted systemic experiments to 
simulate the interaction of high-pressure hydrous melts with the 
shallow-depleted mantle in the upper mantle wedge. The high-pressure 
(1.6 GPa) mantle melts reacted with shallow depleted peridotite at 1.2 
GPa and produced very similar outcomes, namely consumption of 
orthopyroxene and precipitation of olivine, clinopyroxene, and spinel 
(Mitchell and Grove, 2016). 

In the studied Moa-Baracoa harzburgites, crystallized mineral phases 
during melt-rock interaction were dominated by clinopyroxene, spinel, 
and BMS. Interstitial Cpx occasionally exsolves lamellar orthopyroxene, 
which is usually believed to transform from a high-PT predecessor 
(Xiong et al., 2019). The BMS originates from the sub-solidus cooling of 
high-T MSS. In addition, the overwhelming majority of orthopyroxenes 
have CaO contents of 1–2 wt% that are different from those formed by 
the interaction of peridotites with low-pressure Si-rich melts (Fig. 7c). 
Thus, we infer that the interaction of the Moa-Baracoa harzburgite with 
ascending low-Si melts occurred at the relatively high PT conditions of 
the lithospheric mantle. 

Clinopyroxenes produced from the reaction of melt with orthopyr
oxene generally stabilize (Liu and O’Neill, 2004; Suhr et al., 2008), and 
their trace element compositions preserve important percolated melt 
signatures (e.g., Seyler et al., 2001, 2007). Therefore, we calculated the 
compositions of melts in equilibrium with Cpx(1) using the Cpx/melt 
partition coefficients proposed by Sun and Liang (2012). Fig. 13 shows 
the compositions of the calculated equilibrated melts plotted in a 
chondrite-normalized REE diagram. The melts are variably depleted in 
LREE and MREE relative to HREE, which is roughly consistent with 

typical FAB (Fig. 13). However, the occurrence of BMS and enrichments 
of whole-rock PPGE and Cu requires an S-saturated melt, such as MORB 
or FAB. Moreover, the crust sequences (i.e., pillow basalt and layered 
gabbro) of the Moa-Baracoa Ophiolitic Massif have a MORB-like 
geochemical affinity (Marchesi et al., 2007). Therefore, we propose 
that the FAB melt is the best candidate for melt-rock interaction. 

The melt/rock ratio is an important factor controlling the crystal
lizing assemblage and its proportion during melt-rock interaction 
(Mitchell and Grove, 2016). Experimental studies show that high melt 
volumes (>60%) react with harzburgites in the shallow mantle (0.5–1.0 
GPa), produce abundant clinopyroxene, and crystallize wehrlite (Kele
men et al., 1990; Mitchell and Grove, 2016). However, clinopyroxene 
was not observed with very low melt volumes (5%) (Mitchell and Grove, 
2016). The Moa-Baracoa harzburgites have very low clinopyroxene 
contents (1%–3%), implying relatively low melt/rock ratios in the melt- 
rock interaction. 

6.3. Re-equilibration under low-PT conditions 

The wide spectrum of equilibrium temperatures from 1020 to 688 ◦C 
indicates that the Moa-Baracoa harzburgites experienced subsolidus re- 
equilibration under low-PT conditions. Sp-Cpx symplectites also 
demonstrate subsolidus re-equilibration (Fig. 3d–e). Sp-Cpx symplectite 
refers to an intricate, texturally varied intergrowth of spinel and clino
pyroxene that has been reported in the abyssal peridotite of the Mid- 
Atlantic Ridge (Seyler et al., 2001, 2007; Suhr et al., 2008) and in 
highly refractory peridotite of ophiolite (Dijkstra et al., 2010; Zhang 
et al., 2017; Zhou et al., 2021). These Sp-Cpx symplectites are signifi
cantly different from Sp-Opx-Cpx symplectite in mantle peridotite, 
which is interpreted as a pseudomorph of a pre-existing pyropic garnet 
formed by a phase transition from garnet to spinel-lherzolite (Gong 
et al., 2020). 

Relatively lower temperatures are evidenced by the petrographic 
characteristics at this stage. For instance, orthopyroxene exsolution was 
not observed in the Cpx of the symplectite; thus, the symplectites un
likely formed and resided at high temperatures for an extended period. 
Additionally, symplectitic textures require limited diffusion, indicating 
a relatively low-temperature stage. Under such conditions, the solubility 
and diffusivity of Cr and other components can be effectively sup
pressed, leading to the formation of symplectites instead of isolated and 
separate spinel and clinopyroxene crystals (Suhr et al., 2008). Sym
plectite Cpx has higher Mg# but lower Al2O3 and Cr2O3 contents than 
interstitial Cpx (Fig. 7d). Sp in symplectite displays lower Mg# vales 
than interstitial Sp (Fig. 8a). These chemical trends are consistent with 
the subsolidus Fe–Mg exchange between clinopyroxene and spinel and 
the decreased solubility of Cr–Al in pyroxene (Klemme and O’Neil, 
2000) at decreasing temperatures. In addition, the decreasing trend of 
CaO and Cr2O3 contents from the core to the rim of the orthopyroxene 
(Fig. 7c) is consistent with long-term subsolidus equilibration and 
cooling (Ionov, 2010). 

The symplectitic textures suggest the origin of the unmixing and 
cooling of high-PT pyroxenes. Rapidly cotectic precipitation of clino
pyroxene and spinel from a melt also form similar textures (Seyler et al., 
2007; Suhr et al., 2008). Sp-Cpx symplectite commonly overgrew the 
interstitial Sp and Cpx that formed during the melt-rock interaction. The 
mineral assemblage and close spatial relationship imply that the Sp-Cpx 
symplectite might be the result of re-equilibration of high-PT Cpx 
precipitated during melt-rock interaction. 

6.4. Tectonic implication 

Some researchers suggest that the MBOM formed in a back-arc basin 
since the upper pillow basalts (Morel Formation) and the layered gab
bros have MORB-like compositions (Marchesi et al., 2007). Ophiolitic 
mantle peridotites also generally carry critical information and effec
tively constrain the tectonic settings in which they originated (e.g., Rui 

Fig. 13. Calculated composition of melts equilibrated with clinopyroxene. IBM 
boninite and FAB data are from Li et al. (2013) and Shervais et al. (2019), 
respectively. 
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et al., 2019; Uysal et al., 2012; Yang et al., 2021). 
The spinel Cr# and olivine Fo of peridotites systematically increased 

with increasing degrees of partial melting (Dick and Bullen, 1984). The 
Moa-Baracoa harzburgites plot within the fields of forearc peridotite on 
the Cr# (spinel) vs. Mg# (spinel) and Mg# (olivine) diagrams 
(Fig. 8a–b). Similarly, whole-rock major oxides and trace elements of the 
Moa-Baracoa harzburgites are analogous to forearc peridotites 
(Fig. 4–5). 

Recent studies show that MORB-like basaltic magmas can be pro
duced during subduction initiation (Lian et al., 2019; Reagan et al., 
2010; Shervais et al., 2019; Wu et al., 2021; Xiong et al., 2017a). Here, 
we propose a subduction initiation environment to reconcile the MORB- 
like signatures of the Morel Formation (Marchesi et al., 2007) and the 
forearc affinities of the Moa-Baracoa harzburgites. A subduction initia
tion environment also favors the production of E-type olivine fabric 
(Harigane et al., 2013) in the Moa-Baracoa harzburgites. Moreover, a 
nascent forearc is the ideal tectonic setting for the generation of an FAB 
melt (e.g., Reagan et al., 2010; Xiong et al., 2017a) that reacted with 
refractory harzburgites in relatively high PT conditions and produced 
widespread Cpx and BMS. 

The formation and preservation mechanisms of microstructures 
recording melt-rock interaction and re-equilibration of the Moa-Baracoa 
harzburgites may provide clues to the tectonic setting. It is ubiquitous 
that melt fractions travel by porous flow and lead to extensive melt-rock 
interaction in shallow mantle (e.g., Dijkstra et al., 2003; Warren, 2016). 
However, associated microstructures are rarely intactly and pristinely 
preserved in ophiolitic peridotites. Suhr et al. (2008) suggested that 
microstructures are best preserved when peridotites are frozen into a 
slow-spreading ridge with steeply dipping isotherms. In contrast, any 
such microstructure was probably erased by plastic strain in fast- 
spreading ridges with gently dipping isotherms (Suhr et al., 2008). 

During subduction initiation, the upwelling asthenosphere cools as 
the cold slab descends into the warm mantle (e.g., Zheng, 2019); thus, a 
relatively steeply dipping thermal structure close to the cold slab can be 
produced. Therefore, we propose that the Moa-Baracoa harzburgites 
originated from a nascent forearc mantle wedge (Fig. 14) that experi
enced a high degree of partial melting, subsequent melt-rock in
teractions and re-equilibration, and repaid incorporation into the 
lithosphere during subduction initiation. 

7. Conclusions 

This study investigated the detailed melt-rock interaction that 
occurred in a nascent forearc mantle during subduction initiation. The 
Moa-Baracoa harzburgites contain widespread interstitial clinopyrox
ene, BMS, and an E-type olivine fabric. The primary BMS is predomi
nated by pentlandite, which is partly or completely replaced by 
magnetite and/or heazlewoodite. The harzburgites preserve pristine 
microstructures that record partial melting, melt-rock interaction, and 
re-equilibration as the massif was rapidly emplaced into the lithospheric 
mantle during subduction zone initiation. The samples were subjected to 
a total of >25% partial melting. Migrating low-Si melts might have 
facilitated high degrees of partial melting and the development of 
olivine E-type fabrics. Subsequently, the interaction of the refractory 
harzburgites with ascending S-saturated and low-Si FAB melt at rela
tively high PT conditions precipitated interstitial clinopyroxene, spinel, 
and BMS. Finally, re-equilibration under low-PT conditions produced 
spinel-clinopyroxene symplectite. Our study suggests that melt-rock 
interaction is ubiquitous in nascent forearc mantle wedges that lead to 
mantle wedge heterogeneity in modal mineralogy and mineral chemis
try. In addition, the enrichment of incompatible chalcophiles (i.e., Cu 
and Pt) in highly refractory mantle peridotites may result from in
teractions with ascending low-Si melts in the lithospheric mantle. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.lithos.2021.106427. 
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