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b Instituto Andaluz de Ciencias de la Tierra, CSIC-Universidad de Granada, Avda. de las Palmeras 4, 18100 Armilla, Granada, Spain 
c Institute of Geology and Paleontology, Vía Blanca, Línea del Ferrocarril s/n, San Miguel del Padrón, Havana, 10200, Cuba 
d DataRock Ingeniería SAS, Calle 42 # 63A-198, Medellín, Colombia 
e Department of Civil Engineering and Natural Resources, Luleå University of Technology, Sweden 
f Geological Engineering Program, Faculty of Sciences and Engineering, Pontifical Catholic University of Peru (PUCP), Peru 
g Departamento de Mineralogía y Petrología, Facultad de Ciencias, Universidad de Granada, Spain   

A R T I C L E  I N F O   

Keywords: 
Ultramafic-hosted volcanogenic massive sulfide 
deposits (UM-VMS) 
Ophiolite 
Cuba 
Supra-subduction zone (SSZ) 
Serpentinization 
Gold 

A B S T R A C T   

Ultramafic-hosted volcanogenic massive sulfide deposits (UM-VMS) located in the Havana-Matanzas ophiolite 
(Cuba) are the only known example of this type of mineralization in the Caribbean realm. UM-VMS from Havana- 
Matanzas are enriched in Cu, Ni, Co, Au, and Ag. The mineralization consists of massive sulfide bodies mostly 
composed of pyrrhotite and hosted by serpentinized upper mantle peridotites. Chemical composition of unal
tered cores in Cr-spinel grains found within the massive sulfide mineralization and in the peridotite host indicates 
formation in the fore-arc region of the Greater Antilles volcanic arc. A first stage of serpentinization probably 
took place prior to the sulfide mineralization event. The UM-VMS mineralization formed by the near-complete 
replacement of the silicate assemblage of partially serpentinized peridotites underneath the seafloor. The 
sequence of sulfide mineralization has been divided into two stages. The first stage is characterized by a very 
reduced hydrothermal mineral assemblage consisting of pyrrhotite, Co–Ni–Fe diarsenides, chalcopyrite, Co-rich 
pentlandite, and electrum. In the second stage, pyrite and Co–Ni–Fe sulfarsenides partially replaced pyrrhotite 
and diarsenides, respectively, under a more oxidizing regime during the advanced stages of ongoing serpenti
nization. The proposed conceptual genetic model presented here can be useful for future exploration targeting 
this type of deposit in the Caribbean region and elsewhere.   

Author contribution 

Carbeny Capote: Writing – review & editing. Deysy de-la-Nuez: 
Writing – review & editing. Antonio Garcia-Casco: Writing – review & 
editing, Supervision. Diego Domínguez-Carretero: Writing – original 
draft, Investigation. Joaquín A. Proenza: Writing – review & editing, 
Supervision, Methodology, Conceptualization. José María González- 
Jiménez: Writing – review & editing, Supervision. Angélica I. Llanes- 
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1. Introduction 

Oceanographic campaigns unveiled multiple occurrences of seafloor 
massive sulfide deposits (SMS) hosted in variably altered ultramafic 
rocks along slow or ultraslow spreading ridges with a low magmatic 
budget (Fouquet et al., 2010). These ultramafic-hosted SMS (UM-SMS) 
occur mostly in the footwall of low-angle detachment faults such as in 
mid-ocean ridges (MOR; Escartín et al., 2008), ocean-continent transi
tion (OCT; Haupert et al., 2016) and supra-subduction zones settings 
(SSZ; Maffione et al., 2015; Morris et al., 2017), although they may also 
form in the volcanic, intrusive, and sedimentary rocks of the 
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hanging-wall of the detachment faults, close to ultramafic rocks 
(Petersen et al., 2009; Fouquet et al., 2010; Melekestseva et al., 2014; 
Patten et al., 2022). UM-SMS are mostly documented in the vicinity of 
MOR such as the Mid-Atlantic Ridge (e.g., Ashadze site – Mozgova et al., 
2008; Rainbow site – Marques et al., 2007; Logatchev site – Petersen 
et al., 2009; Semenov site – Melekestseva et al., 2014) or the Southwest 
Indian Ridge (e.g., Tao et al., 2014; Liao et al., 2018; Ding et al., 2021). 
Previous research targeting basalt-hosted SMS located along magmatic 
spreading centers probably precluded realistic approximation to the 
actual number of UM-SMS, as they can be located as far as several km 
off-axis (Melchert et al., 2008). For example, the high-temperature 
(>300 ◦C) Logatchev vent field and the iconic low-temperature 
(<100 ◦C) Lost City hydrothermal field occur 12 km and 15 km 
off-axis, respectively (Fouquet et al., 2010). 

Similar to their modern-day SMS equivalents, the relative abundance 
of fossil ultramafic-hosted volcanogenic massive sulfide deposits (UM- 
VMS) may be also underestimated (Patten et al., 2022). In the geological 
record, UM-VMS deposits are mostly documented in ocean-continent 
transition zones (OCT) and SSZ (Patten et al., 2022). These two set
tings are more likely to be tectonically emplaced on land during colli
sional events, thus having a greater chance of preservation relative to 
lithosphere and UM-VMS formed in MOR environments. Both UM-SMS 
and UM-VMS are typically enriched in precious (Au–Ag), critical (Co), 
and base metals (Cu–Ni) compared with SMS and VMS hosted by MOR 
basalts (MORB) or oceanic sediments (Monecke et al., 2016; Patten 
et al., 2022; Torró et al., 2022). Both, the particular formation envi
ronment and metalliferous signature of UM-VMS, in addition to the 
distinctive ultramafic nature of the host rock, make the case for the 
definition of a stand-alone sub-group of VMS deposits (Patten et al., 
2022) supported by descriptions of preserved examples to produce 
tailored metallogenic models to guide exploration. 

The Caribbean region contains a significant diversity of VMS deposits 
scattered especially across Cuba and La Hispaniola (Dominican Republic 
and Haiti) islands (Nelson et al., 2011 and references therein) including 
mafic (e.g., Júcaro or Buena Vista deposits in Cuba; Russell et al., 2000) 
and bimodal mafic-felsic (e.g., El Cobre in Cuba; Cerro de Maimón, La 
Lechoza, and Romero in the Dominican Republic; Russell et al., 2000; 
Cazañas et al., 2008; Torró et al., 2016, 2017, 2018) types. In addition, 
UM-VMS deposits have been documented in the Havana-Matanzas 

ophiolites stretching across the northwestern half of central Cuba. 
These deposits, initially known as “minas de cobre de San Francisco de La 
Habana” or “minas de Guacaranao” have been intermittently exploited 
for copper and gold since the 1580’s (Ortega, 1917; Díaz-Martínez, 
2010). According to Genkin et al. (1990) and Llanes-Castro (2016), 
these deposits are enriched in Cu (0.51–2%), Ni (0.36%), Co (0.06%), Au 
(0.15–10 ppm), and Ag (2.2–29.4 ppm). The genesis of these deposits 
remains unclear, being classified either as intermediate temperature 
hydrothermal (Zasietalev and Stepanov, 1966; Semionov et al., 1968; 
Morales, 1987; Genkin et al., 1990; Llanes et al., 2001), VMS (Abdullin 
et al., 1999) or orogenic Cu–Ni–Co ± Au deposits (Torres-Zafra and 
Cazañas, 2021). 

This contribution carefully examines the field relationships, miner
alogy, textures, and mineral composition of UM-VMS of the Havana- 
Matanzas ophiolite aiming at clarifying the relationship existing be
tween the sulfide mineralization and ultramafic hosts. From this infor
mation, we address the environment and geodynamic setting of 
formation of the massive sulfide mineralization and provide a concep
tual genetic model amenable for future exploration targeting in the 
Caribbean region and elsewhere. 

2. Geological setting 

2.1. 1. Ophiolites of Havana-Matanzas 

Cuba hosts the largest and most abundant exposures of ophiolitic 
rocks across the Caribbean region, which are collectively grouped into 
the so-called Northern and Eastern Cuba ophiolitic belts (Fig. 1a). Both 
belts are tectonically discontinuous. Extending for over 1000 km and 
with a general E-W orientation, they exhibit discrete and variously sized 
mafic and ultramafic bodies with locally associated bodies of 
serpentinite-matrix mélanges bearing subduction-related high-pressure 
blocks (Iturralde-Vinent, 1996; Garcia-Casco et al., 2006; Lewis et al., 
2006; Iturralde-Vinent et al., 2016). As part of the Greater Antillean 
orogenic belt, the Cuban Ophiolitic Belt was obducted onto the North 
American plate as a result of the Late Cretaceous to Mid Eocene collision 
between the Caribbean volcanic arc and the passive continental margins 
of the Bahamas and the Maya block (Iturralde-Vinent, 1996, 1998; 
García-Casco et al., 2008; Iturralde-Vinent et al., 2008, 2016). The 

Fig. 1. a) Geological map showing the location of the Cuban Ophiolitic Belt (modified from Iturralde-Vinent et al., 2016). The red rectangle marks the location of the 
Havana-Matanzas ophiolite; b) geological map of the Havana-Matanzas ophiolite with the location of all known UM-VMS deposits (modified from Llanes-Castro et al., 
2019); c) Schematic stratigraphic column of the Havana-Matanzas ophiolite including mineralization types. Note the scarcity of the lower crustal section (gabbros) of 
a typical ophiolitic ensemble. 
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ophiolite assemblages include variably serpentinized ultramafic and 
mafic rocks (harzburgites, dunites, wehrlites, plagioclase- and 
clinopyroxene-bearing peridotites, gabbro sills and dikes) from the 
mantle and the Moho Transition Zone (MTZ) and oceanic crustal rocks 
(layered and isotropic gabbros, dikes and volcanic and sedimentary 
rocks). Petrological, geochemical, and geochronological data suggest 
that Cuban ophiolites were predominantly formed in a SSZ setting, 
specifically in fore-arc and back-arc spreading centers (Proenza et al., 
1999; Marchesi et al., 2006; Iturralde-Vinent et al., 2016; Farré-de-Pablo 
et al., 2020; Rui et al., 2021). 

As part of the Cuban Ophiolitic Belt, the Havana-Matanzas Ophiolitic 
Massif is located in the west-central part of Cuba (Fig. 1a). This massif 
contains ENE-WSW-trending ophiolitic bodies with individual outcrop
ping areas less than 60 km2 (Palmer, 1945; Brönniman and Rigassi, 
1963). Mafic and ultramafic bodies in the Havana-Matanzas Ophiolitic 
Massif constitute a complete but tectonically discontinuous ophiolitic 
sequence with a restored thickness of about 4 km (Linares et al., 1985). 
The massif is tectonically imbricated with Cretaceous intra-oceanic 
volcanic arc units and Campanian to Maastrichtian synorogenic sedi
mentary sequences (Llanes-Castro et al., 2015a, 2019). All these units 
constitute an allochthonous nappe stack that overrides tectonic units of 
the passive continental margin of North America (Bahamas; Iturralde-
Vinent, 2021). The ophiolitic sequence comprises upper mantle peri
dotites (serpentinized harzburgites with common orthopyroxenite veins 
and bodies, minor sub-concordant dunites, and chromitite bodies), rocks 

from the MTZ (plagioclase- and clinopyroxene-bearing peridotites, 
gabbro sills, and pegmatitic gabbro dikes) and a poorly exposed crustal 
section (massive gabbros, dolerites, and volcanic rocks with island-arc 
tholeiitic and boninitic affinities; Fig. 1b–c) (Fonseca et al., 1985; Kerr 
et al., 1999; Llanes et al., 2001; Llanes et al., 2015b). Fault-bounded 
peridotite bodies include gabbros, plagiogranites, tonalites, and di
orites (Llanes-Castro et al., 2019). In addition, the Havana-Matanzas 
Ophiolitic Massif hosts several mineralization types including Al- and 
Cr-rich chromitites, mafic-type VMS, and Au-rich UM-VMS (Fig. 1c). In 
this paper we focus on the latter mineralization type. 

2.2. Geology of the UM-VMS deposits of the Havana-Matanzas Ophiolitic 
Massif 

The Havana-Matanzas Ophiolitic Massif hosts the only UM-VMS 
mining district in the Caribbean region. Seven different deposits have 
been documented: Lomas de Majana, Salomón, Cruz Verde, Guanabo, 
Elena, Caridad, and Vigilante (Fig. 1b) (Abdullin et al., 1999; Llanes 
et al., 2001; Cazanas et al., 2017). In the present work, we have studied 
the Lomas de Majana and Salomón deposits (Figs. 2 and 3). The 
mineralization is zoned and grades from massive sulfide bodies (Fig. 2a, 
c-d) to sulfide-serpentinite banded ores and, finally, to sulfide dissemi
nations and veinlets within the serpentinized peridotite host (Genkin 
et al., 1990). The massive sulfide lenses are up to 50 m in length and 5 m 
in width and are hosted by highly serpentinized harzburgites and 

Fig. 2. a-c) Massive sulfide lenses hosted within the serpentinite host rocks at the Lomas de Majana deposit; d) Rodingitized gabbro crosscutting serpentinites at the 
Lomas de Majana deposits; e) Massive sulfide blocks at the Salomón mine dumps; f) Sample of massive sulfides taken from the mine dump of the Salomón mine. 
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dunites from the MTZ (Genkin et al., 1990; Llanes et al., 2006). 
The host peridotites are commonly characterized by heavy serpen

tinization, and Cr-spinel is the only remnant of the primary mantle 
mineral assemblage. Pervasive carbonatization and local chloritization 
and silicification are observed in the host serpentinized peridotites. The 
ore bodies are affected by oxidation, which triggered the development of 
secondary copper minerals such as azurite and malachite, and Fe oxy- 
hydroxides such as goethite and hematite (Fig. 2b–c, f). Importantly, 
the mineralization is largely restricted to tectonized areas and mostly 
associated with NE-SW and E-W trending shear faults (Genkin et al., 
1990; Llanes et al., 2001, 2006). 

3. Sample background and analytical techniques 

We studied 21 polished thin sections representative of mineralization 
and host rocks from the Lomas de Majana and Salomón deposits. Lomas 
de Majana samples were taken from outcrops of massive sulfide bodies 
(Fig. 2a–c). Salomón ore samples were collected in the dumps resulting 
from the old mining activity (Fig. 2e–f). One massive sulfide ore sample 
from the Lomas de Majana (HAV-5; Fig. 2c) was crushed, sieved, and 
processed using the hydroseparation technique (HS Lab, Universitat de 
Barcelona; www.hslab-barcelona.com) to obtain heavy mineral con
centrates. The resulting concentrates were mounted as polished mono
layers on resin blocks (SimpliMet 1000) for subsequent mineralogical 
investigation. 

Both the polished thin sections and monolayers have been studied by 
optical and electron microscopy. The electron microscopy study was 
carried out using a Quanta FEI XTE 325/D8395 scanning electron mi
croscope (SEM) equipped with an INCA Energy 250 EDS microanalysis 
system and a JEOL JSM-7100 field-emission SEM at the Centers Cien
tífics i Tecnològics de la Universitat de Barcelona (CCiTUB). Operating 
conditions were 20 kV accelerating voltage. 

Quantitative electron microprobe analyses (EMPA) on spinel (Cr- 
spinel and magnetite), sulfides, arsenides, sulfarsenides, and electrum 
were conducted at CCiTUB with a JEOL JXA-8230 equipment using 
wavelength-dispersive spectroscopy (WDS). The analytical conditions 
were 15–20 kV accelerating voltage, 10–20 nA beam current, 1–2 μm 

beam diameter, and 10–20 s counting time (peak and background) per 
element. Measurements and calibrations were performed using the 
following natural and synthetic standards: Cr-spinel (Cr, Al, Fe), peri
clase (Mg), rutile (Ti), metallic V (V), NiO (Ni) and rhodonite (Mn) for 
spinel and GaAs (As), ZnSe (Se), HgS (Hg), metallic Au (Au), sphalerite 
(Zn), chalcopyrite (Cu), metallic Sb (Sb), metallic Ag (Ag), pyrite (Fe, S), 
HgTe (Te), metallic Co (Co), metallic Ni (Ni), metallic Cd (Cd) and 
galena (Pb) for sulfides, arsenides, sulfarsenides and electrum. The Fe2+

and Fe3+ contents in spinel group minerals have been estimated by 
stoichiometry. The complete EMPA results, together with the detection 
limits for each element, are provided in Supplementary Appendices 1 to 
8. 

X-ray (XR) images shown in Fig. 6a–d (5796 × 8862 μm; 414 x 633 
pixels; 14 μm/pixel) were obtained using a JEOL JXA-8230 equipment 
using wavelength-dispersive spectroscopy (WDS) at CCiTUB. The oper
ating conditions were 288 nA and 20 kV with a focused electron beam 
and counting time of 30 ms/pixel. The XR maps were obtained by WDS 
for S (Kα), Cu (Kα), Ni (Kα), As (Lα), Fe (Kα), Mg (Kα), Si (Kα), Cr Kα), Co 
(Kα), and Al (Kα), and by EDS for O (Kα), Ca (Kα), Ti (Kα), Mn (K α), Na 
(Kα), K (Kα), V (Kα), Zn (Kα), Ag (Lα), Sb (Lα), Te (Lα), Pt (Mα), Au (Mα), 
Hg (Lα), Pb (Mα), and Bi (Mα). Under these experimental conditions, 
only background levels were detected for As and K–Bi in the scanned 
area. The XR images were processed with DWImager software (Torres- 
Roldán and Garcia-Casco, unpublished; see García-Casco, 2007). The 
images presented were expressed in counts (color code). In all images, 
voids, polish defects, and silicate mineral phases not considered for 
illustration are masked out, and the resulting color images were overlain 
onto a reference grey-scale base image having the same spatial resolu
tion (pixels) calculated with the expression Σ[counts(i)⋅A(i)] (A =
Atomic number, i = S, Cu, Ni, Cr, Co, Si, Fe, and Mg) that contains the 
basic textural information of the scanned area. 

4. Results 

4.1. Ultramafic host rocks 

The mantle section of Havana-Matanzas Ophiolitic Massif is 

Fig. 3. Geological map of the Salomón mine (modified from Capote et al., 2006).  
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dominated by porphyroclastic harzburgites and dunites together with 
minor occurrences of peridotites impregnated with plagioclase and 
dikes of gabbro (Fig. 2d) and orthopyroxenite. Most of the ultramafic 
rocks are found within shear zones and therefore, they are deformed and 
brecciated. All these lithologies were substantially altered by hydration 
processes resulting in the transformation of most primary silicates 
(olivine + orthopyroxene ± clinopyroxene) into secondary minerals 
including serpentine-group minerals, chlorite, talc, and carbonates. 
These rocks have pseudomorphic mesh and hourglass textures showing 
bastitized orthopyroxenes up to 5 mm in size pseudomorphed by liz
ardite and minor chlorite, talc, and magnetite. Accessory Cr-spinel is the 
only primary mineral preserved in serpentinite. Cr-spinel grains are 
generally euhedral-subhedral (Fig. 4a) with sizes up to 0.5 mm. Back- 
scattered electron (BSE) images reveal that Cr-spinel grains have dark 
irregular cores surrounded by brighter and porous Cr-spinel and/or 
magnetite (Fig. 5a). These rocks also contain small disseminations and 
veinlets of sulfides, mostly pyrite, and Fe-oxides (Fig. 4b). 

4.2. Ore mineralogy and petrography 

All the studied ore samples from the Lomas de Majana and Salomón 
deposits have similar mineralogy and textures and are hence jointly 
described below. 

Cr-spinel grains, ubiquitous in all massive sulfide samples, are 
generally rounded and show sizes ranging from 30 μm to 1 mm 
(Fig. 4c–e and Fig. 5b–d). Similar to Cr-spinel in the host ultramafic 
rocks, Cr-spinel in the ore samples usually shows dark irregular cores in 
BSE images surrounded by brighter and more porous rims (Fig. 4d–e and 
Fig. 5b–c). Porosity in rims is filled with silicate minerals, mostly chlo
rite. Finally, the grains are partially surrounded and replaced by a 
magnetite rim (Fig. 5b–c). 

Massive sulfide samples have >90% modal proportion of sulfides. Cr- 
spinel, Fe-oxides, carbonates, and silicates complete the remaining 10% 
modal mineralogy. Among the sulfides, pyrrhotite (Figs. 4 and 5) is 
dominant (modal proportion >70%) and shows anhedral shapes and 
size up to 150 μm. Pyrrhotite grains are locally deformed, displaying 
folded cleavage suggestive of deformation related to shearing. Pent
landite is found as rounded grains 50 μm in size that occur interstitial to 

Fig. 4. Optical microscope pictures of a) subhedral 
Cr-spinel grains from the serpentinite host; b) Pyrite 
and Fe-oxide vein cutting the serpentinite; c) anhe
dral and fractured Cr-spinel grains. The fractures are 
filled with chalcopyrite; d) Cr-spinel grain with 
alteration rim of porous Cr-spinel; e) large grain of Cr- 
spinel with a thin rim of altered Cr-spinel crosscut by 
a late magnetite vein; f) pentlandite grain in an 
intergranular position with pyrrhotite; g) diarsenide 
grain from the safflorite-löllingite-rammelsbergite 
solid solution series with micro-inclusions of elec
trum; h) late pocket filled with magnetite and car
bonates. Abbreviations: alt-chr: altered Cr-spinel, 
Au–Ag: electrum, carb: carbonates, cbn: cubanite, 
chr: Cr-spinel, cpy: chalcopyrite, Fe-ox: Fe-oxides, mt: 
magnetite, pn: pentlandite, po: pyrrhotite, py: pyrite, 
sfl-lol-ram: safflorite-löllingite-rammelsbergite, srp: 
serpentinite.   
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pyrrhotite grains, or as much smaller (<5 μm) inclusions within pyr
rhotite (Fig. 4f). Diarsenides of the safflorite-löllingite-rammelsbergite 
series are found as ~30-μm crystals in an intergranular position with 
respect to other sulfides (Fig. 4g) but also as small inclusions (<5 μm) 
within pyrrhotite (Fig. 5d). In places, the contact between pyrrhotite and 
pentlandite/diarsenides is lined with interstitial magnetite. Rounded to 
droplet-like inclusions of Au–Ag up to ~30 μm in diameter occur in 
pyrrhotite. Au–Ag particles are also found as rounded micro-inclusions 
within the diarsenides (Figs. 4g and 5e). Bi–Te phases are scarce and 
only two grains have been identified along contacts between diarsenide 
and pyrrhotite. Chalcopyrite and cubanite (Fig. 4h) are anhedral and 
found in between pyrrhotite grains or filling fractures in Cr-spinel grains 
(Fig. 4c, e). Pyrite replaces pyrrhotite along cleavage planes (Fig. 5f), 
whereas sulfarsenides of the cobaltite-gersdorffite-arsenopyrite series 
partially replace diarsenide grains along grain boundaries (Fig. 5e). 

Two different types of veins crosscut the massive sulfide assemblage. 
The first type is composed of serpentine and chlorite (Fig. 6) hosting 
remobilized, angular fragments of Au–Ag particles <5 μm in size. The 
second type is composed of magnetite (Fig. 6) and Ca–Fe–Mg carbonates 
with a wide compositional range (Fig. 6d). 

Finally, supergene alteration of the primary sulfide mineralization 
has produced the formation of Fe-oxi-hydroxides such as goethite and 
hematite, and Cu-bearing carbonates such as malachite and azurite. 

4.3. Mineral chemistry 

4.3.1. Fe–Cu–Ni sulfides 
Pyrrhotite (n = 63 analytical spots; Table 1) has variable Fe contents 

(55.7–64.4 wt%) and small but significant variations of Ni (from below 
detection limit [<D.L.] to 2.07 wt%), S (36.7–40.7 wt%), and Co (<D.L. 

– 0.29 wt%). The metal/sulfur ratio (M/S) varies between 0.82 and 0.99. 
Variation of Fe contents in pyrrhotite is well-defined in X-Ray maps 
(Fig. 6c), which highlight that some areas, especially around veins, are 
depleted in Fe. The structural formula for the analyzed pyrrhotite grains 
is Fe0.82-0.99S. 

Chalcopyrite grains (n = 19 analytical spots; Table 1) are almost 
stoichiometric with a formula varying from (Fe1.03Cu0.94)∑=1.97S2.03 to 
(Fe0.98Cu0.97Co0.03)∑=1.98(S2.00As0.02)∑=2.02. Cobalt contents vary from 
<D.L. to 0.87 wt%. 

The large crystals of pentlandite (≥20 μm) found in between pyr
rhotite grains (n = 41 analytical spots; Table 1) are enriched in Co 
(11.7–14.6 wt%), and have a structural formula ranging from 
(Fe4.03Ni3.21Co1.78Cu0.01)∑=9.03S7.97 to (Fe3.73Ni3.30Co1.87Te0.01)∑=8.92 
S8.08 (Fig. 7). 

4.3.2. Co–Ni–Fe diarsenides (safflorite-rammelsbergite-löllingite) 
Analyzed diarsenide grains (n = 101 analytical spots; Table 2) have a 

slight variability in As (67.29–72.57 wt%) and low S contents 
(0.32–2.40 wt%). Cobalt (5.25–15.6 wt%), Fe (6.90–14.5 wt%), and Ni 
(2.54–13.0 wt%) contents are more variable (Fig. 8a). Their structural 
formula ranges from (Co0.54Fe0.41Ni0.09)∑=1.04(As1.90S0.04Se0.02)∑=1.96 
to (Co0.18Fe0.41Ni0.42)∑=1.01(As1.89S0.06Se0.04)∑=1.99. 

4.3.3. Co–Ni–Fe sulfarsenides (cobaltite-gersdorffite-arsenopyrite) 
A total of 58 analytical spots (Table 2) have been carried out in 

different sulfarsenide grains (Fig. 8b). They present variable contents of 
Co (7.28–29.3 wt%), Fe (4.29–14.0 wt%), Ni (1.83–15.4 wt%), As 
(37.9–47.1 wt%), and S (14.0–22.9 wt%). The structural formula for the 
sulfarsenide grains varies from (Co0.81Fe0.13Ni0.07)∑=1.01(S1.00As0.98 
Se0.01)

∑
= 1.99 to (Co0.21Fe0.35Ni0.44)∑=1.00(S1.06As0.93Se0.01)∑=2.00. 

Fig. 5. BSE images of a) Cr-spinel grain with an 
altered Cr-spinel and magnetite halos from the ser
pentinite host; b) Cr-spinel grain with an inclusion of 
serpentine surrounded by a thin layer of altered Cr- 
spinel and a thick magnetite rim; c) Cr-spinel grain 
with large sectors of altered Cr-spinel. Some voids are 
filled with chlorite and serpentine; d) rounded saf
florite grains included within pyrrhotite; e) safflorite 
grain in dense concentrate and including several 
electrum particles. Safflorite is rimmed by cobaltite; 
f) pyrite partially replacing pyrrhotite along its 
cleavage planes. Abbreviations: alt-chr: altered Cr- 
spinel, Au–Ag: electrum, cbt: cobaltite, chl: chlorite, 
chr: Cr-spinel, cpy: chalcopyrite, mt: magnetite, po: 
pyrrhotite, py: pyrite, sfl: safflorite, srp: serpentinite.   
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4.3.4. Electrum 
Analyzed Au–Ag particles included in pyrrhotite (n = 11 analytical 

spots; Table 3) have high Au (73.5–82.6 wt%) and lower Ag (15.7–24.1 
wt%) contents and are classified as electrum. Low Fe contents have been 
detected in all analyses (0.11–0.85 wt%). The structural formula varies 
from Au74Ag26 to Au61Ag37Fe2. 

4.3.5. Cr-spinel 
Dark cores of Cr-spinel (n = 93 analytical spots; Table 4) have Cr2O3 

contents varying from 42.9 to 51.3 wt%, Al2O3 from 10.0 to 17.0 wt%, 
MgO from 6.90 to 11.8 wt%, and TiO2 from 0.09 to 0.35 wt%. The Cr# 
[Cr/(Cr + Al) atomic ratio] ranges between 0.65 and 0.77, the Mg# 
[Mg/(Mg + Fe2+) atomic ratio] varies between 0.36 and 0.57, and the 
Fe3+# [Fe3+/(Fe3+ + Cr + Al) atomic ratio] ranges between 0.01 and 
0.13 (Fig. 9). 

Brighter rims surrounding the dark cores of Cr-spinel grains (n = 21 
analytical spots; Table 4) yield Cr2O3 values between 35.41 and 48.94 

wt%, Al2O3 between 1.22 and 9.36 wt%, MgO between 2.08 and 6.45 wt 
%, and TiO2 between 0.16 and 0.44 wt%. These contents correspond to 
higher Cr# (0.75–0.96) and Fe3+# (0.15–0.36) and lower Mg# 
(0.11–0.34) relative to the unaltered cores (Fig. 10). 

4.3.6. Magnetite 
A total of 68 spot analyses (Table 5) show that magnetite in veins or 

in interstices exhibits higher Si (up to 0.16 a. p.f.u.) than the rims around 
Cr-spinel (up to 0.06 a. p.f.u.). The latter is also richer in Cr (up to 0.33 a. 
p.f.u.; Fig. 11). 

5. Discussion 

5.1. Serpentinization processes prior and after the sulfide mineralization 

Cr-spinel grains in both the massive sulfide mineralization and ser
pentinized ultramafic rocks hosted in the studied UM-VMS from 

Fig. 6. X-ray images showing the textural and compositional features of a) Cr-spinel and Fe-oxides; b) hydrous silicates (mostly serpentine); c) sulfides; d) car
bonates. The scales correspond to number of counts per pixel. The colored parts of the images correspond to minerals of interest that are set in a greyscale base-layer 
showing the basic textural feature of the scanned area (for clarity, see section 3 of the text). 
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Havana-Matanzas exhibit dark irregular cores surrounded by brighter 
porous rims in BSE images. 

The cores of Cr-spinel grains have low SiO2 (average of 0.03 wt%) 
and Fe2O3 (average of 5.73 wt%) and high MgO (average of 9.94 wt%) 
and Al2O3 (average of 14.5 wt%) contents, similar to Cr-spinel compo
sitions attributed by Proenza et al. (2004) to primary ophiolitic chro
mite. On the other hand, the brighter rims have high Fe2O3 (average of 
16.6 wt%) and low MgO (average of 4.28 wt%) and Al2O3 (average of 
4.95 wt%) contents. Thermodynamic modelling suggests that Cr-spinel 
becomes depleted in Al2O3 and MgO and proportionally enriched in 
Cr2O3 and FeO during serpentinization of mantle peridotites by hydro
thermal fluids (Fig. 10; Kimball, 1990; Mellini et al., 2005; Gervilla 
et al., 2012). Cr-spinel alteration is accompanied by an increase in the 
porosity of the altered Cr-spinel, which is generally filled by chlorite 
(Gervilla et al., 2012). The alteration of Cr-spinel during serpentiniza
tion at T > 400 ◦C is described by the following reaction after Kimball 

(1990): 
(Mg, Fe) (Al,Cr)2O4(Cr-spinel)+fluid → Mg5AlSi3O10(OH)8(chlorite) +

(Fe,Mg) (Cr,Al)2O4(alt. Cr-spinel). 
Consequently, the textural and chemical similarities of Cr-spinel 

grains hosted within the massive sulfide mineralization and serpenti
nized ultramafic rocks strongly suggest that at least the early stages of 
serpentinization occurred prior to the sulfide mineralization event. 

The presence of Cr-spinel grains with homogeneous cores sur
rounded by irregular Fe2+- and Fe3+-rich alteration rims is expected in 
ocean floor serpentinization (Hajjar et al., 2022). Interestingly, Marques 
et al. (2007) concluded that the serpentinization associated with 
UM-VMS at Rainbow (Mid-Atlantic Ridge) took place before the 
mineralization event. Furthermore, Thalhammer et al. (1986) reported 
Cr-spinel grains with ferrian chromite and magnetite halos that pre
ceded the sulfide mineralization at UM-VMS in Limassol Forest, Cyprus. 
Besides, serpentinization does not only precedes the formation of 

Table 1 
Representative EMPA data (wt. %) of sulfides from the Havana-Matanzas UM-VMS deposits (APFU = atoms per formula unit; b.d.l. = below detection limit).  

Mineral Pyrrhotite Pyrrhotite Pyrrhotite Chalcopyrite Chalcopyrite Chalcopyrite Pentlandite Pentlandite Pentlandite 

Sample HAV-5B HAV-5C HAV-5B HAV-5B HAV-5B HAV-5B HAV-5B HAV-5B HAV-5C 
Analysis 2.18 1.1 2.19 4b.5 1.9 6.8 2.9 3.5 8.9 
As b.d.l. b.d.l. b.d.l. b.d.l. 0.90 b.d.l. b.d.l. b.d.l. b.d.l. 
Se b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 
S 37.5 39.5 38.5 34.6 34.6 34.7 32.7 33.1 34.1 
Pb 0.22 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 
Sb b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 
Te b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 
Cu b.d.l. b.d.l. b.d.l. 34.7 33.3 34.3 0.07 b.d.l. b.d.l. 
Ni b.d.l. 0.22 b.d.l. b.d.l. 0.11 b.d.l. 24.1 24.7 24.2 
Co 0.07 0.09 b.d.l. b.d.l. 0.87 b.d.l. 13.4 14.1 14.0 
Fe 64.4 59.3 62.1 30.5 29.8 30.7 28.8 26.6 27.2 
Total 102.24 99.05 100.54 99.81 99.83 99.69 99.07 98.78 99.75 
APFU 
As 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00 
Se 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
S 1.00 1.00 1.00 1.99 1.99 1.99 7.96 8.08 8.21 
Pb 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 
Sb 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Te 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 
Cu 0.00 0.00 0.00 1.00 0.97 1.00 0.01 0.00 0.01 
Ni 0.00 0.00 0.00 0.00 0.00 0.00 3.21 3.30 3.18 
Co 0.00 0.00 0.00 0.00 0.03 0.00 1.78 1.87 1.83 
Fe 0.99 0.86 0.93 1.01 0.98 1.01 4.03 3.73 3.76 
Anions 1.00 1.00 1.00 1.99 2.02 1.99 7.96 8.08 8.22 
Cations 0.99 0.87 0.93 2.01 1.98 2.01 9.04 8.92 8.78  

Fig. 7. Fe–Ni–Co ternary diagram for pentlandite (Çina, 2010; González-Jiménez et al., 2021; Schwarzenbach et al., 2014).  
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UM-VMS, but also of other types of deposits such as the 
serpentine-hosted massive arsenide deposits at Bou Azzer, Morocco 
(Tourneur et al., 2021; Hajjar et al., 2022). 

Late veins, filled with Mg–Fe silicates such as serpentine, Ca–Fe–Mg 
carbonates, and magnetite, crosscut the massive sulfide assemblage 
(Fig. 6). Similar late-stage mineralization has been described by several 
authors to indicate the wane of hydrothermal fluid circulation, which 
leads to Si–Ca–Mg–C metasomatism (e.g., Nimis et al., 2004; Bach et al., 
2013; Alt et al., 2018; Coltat et al., 2019, 2021). 

5.2. Mineralization stages 

Based on field and textural relationships between the ore and gangue 
minerals (Figs. 4 and 5) we propose a five-stage paragenetic sequence for 
UM-VMS from the Havana-Matanzas ophiolites (Fig. 13):  

1) Pre-ore stage: Unaltered Cr-spinel within the massive sulfide 
mineralization and within serpentinite hosts representing the pri
mary mineralogy from the upper mantle peridotite (harzburgite- 
dunite) rock (Fig. 4a–e; Fig. 5a–d) was partially altered during the 
serpentinization process. Consequently, Cr-spinel developed porous, 
Fe2+- and Fe3+-rich rims (ferrian chromite; Fig. 10) filled with sili
cate inclusions (mostly chlorite). Later, they were partially sur
rounded and replaced by Cr-rich magnetite (Fig. 5a–c and Fig. 10). In 
parallel, the silicate mantle mineralogy underwent replacement by 
the hydrous silicate assemblage plus disseminated magnetite.  

2) Ore stage I: Formation of the main sulfide mineral assemblage during 
the replacement of the serpentinized ultramafic rocks. This stage is 
dominated by pyrrhotite, a mineral indicative of reducing condi
tions. Such reducing conditions have been documented in several 
UM-SMS where the mineralizing hydrothermal fluids have been 
sampled, such as in Rainbow, Logatchev-1 and Ashadze deposits 
(Fouquet et al., 2010 and references therein). These reducing 

Table 2 
Representative EMPA data (wt.%) of arsenides from the Havana-Matanzas UM-VMS deposits (APFU = atoms per formula unit; b.d.l. = below detection limit).  

Mineral Diarsenide Diarsenide Diarsenide Diarsenide Diarsenide Sulfarsenide Sulfarsenide Sulfarsenide Sulfarsenide Sulfarsenide 

Sample HAV5-53A HAV5-53 HAV-5C HAV5-30A HAV5-30B HAV-16-5 HAV-16-5 HAV-5-30B HAV-5-53B HAV-5-53A 
Analysis 1.1 2.2 14e.5 6.2 7.4 1.15 1.5 6.2 1.1 4.3 
As 70.5 70.7 70.2 70.1 70.4 44.5 45.2 45.6 43.4 45.1 
Se 0.77 1.74 0.42 0.89 1.08 0.20 0.23 0.63 0.47 0.36 
S 0.63 0.82 0.76 0.66 0.50 19.7 19.5 19.1 19.8 19.1 
Pb b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 
Sb b.d.l. 0.20 b.d.l. 0.16 0.19 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 
Te b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 
Cu b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 0.14 b.d.l. b.d.l. b.d.l. 
Ni 2.54 12.3 7.89 9.07 10.6 2.80 3.64 13.4 14.7 4.09 
Co 15.6 5.25 9.08 12.0 11.0 29.1 23.6 10.7 17.4 26.5 
Fe 11.3 11.3 10.8 7.93 7.08 4.37 8.42 11.2 4.39 4.76 
Total 101.28 102.24 99.09 100.76 100.80 100.65 100.68 100.61 100.19 99.90 
APFU 
As 1.91 1.89 1.94 1.91 1.92 0.97 0.99 1.00 0.95 1.00 
Se 0.02 0.04 0.01 0.02 0.03 0.00 0.00 0.01 0.01 0.01 
S 0.04 0.05 0.05 0.04 0.03 1.01 1.00 0.98 1.01 0.99 
Pb 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Sb 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Te 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Cu 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Ni 0.09 0.42 0.28 0.32 0.37 0.08 0.10 0.37 0.41 0.12 
Co 0.54 0.18 0.32 0.42 0.38 0.81 0.66 0.30 0.48 0.75 
Fe 0.41 0.41 0.40 0.29 0.26 0.13 0.25 0.33 0.13 0.14 
Anions 1.97 1.99 2.00 1.97 1.98 1.98 1.99 1.99 1.98 1.99 
Cations 1.03 1.01 1.00 1.03 1.02 1.02 1.01 1.01 1.02 1.01  

Fig. 8. Composition of a) diarsenides and b) sulfarsenides. Data from Ishkinino after Zaikov and Melekestseva (2006) and from Limassol Forest after Thalhammer 
et al. (1986). Isotherms in b) are after Klemm (1965). 
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conditions were promoted by the ongoing multistage serpentiniza
tion as long as this process oxidizes the ferrous iron of olivine and 
pyroxene, thus favoring the formation of low-sulfur sulfide assem
blages (Frost, 1985; Delacour et al., 2008; Klein and Bach, 2009; 
Evans et al., 2017). The assemblage in equilibrium with these 
reducing conditions falls within the pyrrhotite and löllingite (dia
rsenide) stability fields (Einaudi et al., 2005), thus promoting the 
crystallization of these phases together with Co-bearing pentlandite, 
chalcopyrite-cubanite, and electrum. According to experimental data 
(Kaneda et al., 1986), the analyzed Co-bearing pentlandite crystal
lized at temperatures ranging from 400 ◦C to 500 ◦C (Fig. 7). Such 
temperature range is similar to that measured at oceanic seafloor 
high-temperature (>400 ◦C) hydrothermal vents (Monecke et al., 
2016 and references therein). The UM-VMS sulfide mineralization at 
Limassol Forest has also been estimated to be formed at temperatures 
between 400◦ and 500 ◦C (Thalhammer et al., 1986). 

In some UM-SMS, such as Ashadze-1, Rainbow and Logatchev-1 
(Mid-Atlantic Ridge), pyrrhotite is among the first sulfides to be 
deposited together with chalcopyrite-cubanite and minor amounts of 

gold, electrum, and Co-bearing sulfides from high temperature reduced 
fluids (Mozgova et al., 2008; Fouquet et al., 2010; Firstova et al., 2016). 
UM-VMS are often also characterized by a sulfide assemblages domi
nated by pyrrhotite and chalcopyrite, and minor amounts of Co-bearing 
pentlandite, diarsenides, and gold such as in the Urals (Zaikov and 
Melekestseva, 2006; Nimis et al., 2008) and Limassol Forest (Thal
hammer et al., 1986). 

3) Ore stage II: In this stage, pyrite replaces pyrrhotite whereas sulfar
senides partially replace diarsenide grains along their grain bound
aries (Fig. 5e–f). These mineral replacements are the result of an 
increase in the fO2 and fS2 (Einaudi et al., 2005) during a more 
advanced serpentinization stage in which lesser amounts of olivine 
and pyroxene are available to be serpentinized (Delacour et al., 
2008) and/or by an increase in the seawater component in the hy
drothermal fluids (Hochscheid et al., 2022). This shift of replacement 
to a more sulfur-rich mineral assemblage, particularly the trans
formation of pyrrhotite into pyrite, has also been described in the 
UM-VMS from Limassol Forest (Thalhammer et al., 1986) and the 
Urals (Zaikov and Melekestseva, 2006; Nimis et al., 2008). A com
parison of the analyzed sulfarsenides with experimental data in the 
Co–Fe–Ni–As–S system (Klemm, 1965) indicates that sulfarsenides 
were formed at temperatures between 400◦ and 500 ◦C (Fig. 8b), 
implying similar temperatures with ore stage I. 

4) Late vein stage: Two different vein types crosscut the massive sul
fides. One consists of Fe–Mg silicates (Fig. 6b), mostly serpentine- 
group minerals, whereas the other vein type is filled with carbon
ates, especially magnesite and dolomite, and magnetite (Fig. 6a, d). 
These vein types record the general wane of the hydrothermal system 
as described in other UM-VMS deposits (e.g. Nimis et al., 2004; Alt 
et al., 2018; Coltat et al., 2019, 2021).  

5) Supergene alteration: Surface weathering of the primary sulfide 
mineralization has produced the formation of Fe-oxy-hydroxides 
such as hematite and goethite and Cu-bearing carbonates such as 
malachite and azurite. 

5.3. Formation of the VMS mineralization in a fore-arc environment 

As noted above, the cores of Cr-spinel grains occluded in pyrrhotite 
of the studied UM-VMS preserve their original mantle signature. 
Therefore, they can provide direct information on the geodynamic 
setting of formation of the peridotites and hosted UM-VMS (Kamenetsky 

Table 3 
Representative EMPA data (wt.%) of electrum from the Havana-Matanzas UM- 
VMS deposits (APFU = atoms per formula unit; b.d.l. = below detection limit).  

Sample HAV- 
16-5 

HAV- 
16-5 

HAV- 
16-5 

HAV- 
16-5 

HAV- 
16-5 

HAV- 
16-5 

Analysis 2.1 2.2 3.1 3.3 3.6 3.7 
Ag 18.1 15.7 20.2 20.0 23.7 24.1 
Te b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 
Cd b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 
Au 80.8 82.6 78.5 78.4 75.3 73.5 
Fe 0.77 0.22 0.56 0.58 0.85 0.85 
Hg b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 
Cu b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 
Total 99.69 98.53 99.29 99.00 99.87 98.48 
Atomic percentage 
Ag 28.30 25.65 31.32 31.19 35.53 36.45 
Te 0.22 0.00 0.00 0.00 0.10 0.27 
Cd 0.00 0.00 0.00 0.00 0.00 0.00 
Au 69.16 73.67 66.68 67.05 61.79 60.77 
Fe 2.31 0.68 1.66 1.76 2.46 2.49 
Hg 0.00 0.00 0.33 0.00 0.00 0.00 
Cu 0.00 0.00 0.00 0.00 0.12 0.03 
Total 100.00 100.00 100.00 100.00 100.00 100.00  

Table 4 
Representative EMPA data (wt.%) of Cr-spinel from the Havana-Matanzas UM-VMS deposits (APFU = atoms per formula unit; b.d.l. = below detection limit).  

Sample HAV-5B HAV-5B HAV-5B HAV-5B HAV-5C HAV-5B HAV-5B HAV-5B HAV-5C HAV-5C 

Analysis 4.1 5.2 6.2 10.6 7.1 7.6 7.7 7.1 7.9 10.1.1 
Core/Rim Dark core Dark core Dark core Dark core Dark core Bright rim Bright rim Bright rim Bright rim Bright rim 
SiO2 0.02 0.00 0.01 0.02 0.02 0.03 0.00 0.02 0.02 0.02 
TiO2 0.19 0.14 0.14 0.27 0.19 0.36 0.40 0.16 0.25 0.30 
V2O5 0.24 0.32 0.29 0.27 0.24 0.46 0.56 0.24 0.26 0.25 
Al2O3 15.0 15.5 15.0 12.0 13.9 6.66 5.41 5.88 6.15 1.95 
Cr2O3 51.3 49.5 50.9 50.2 49.4 47.3 45.1 43.5 47.7 42.1 
FeOt 20.8 21.7 20.8 27.1 24.4 37.7 42.1 42.4 35.4 42.2 
MnO 0.38 0.38 0.37 0.48 0.49 0.73 0.63 0.63 0.56 0.53 
MgO 11.5 11.3 11.3 8.71 8.92 3.48 2.08 3.45 5.19 4.10 
Total 99.36 98.71 98.75 99.00 97.50 96.78 96.28 96.29 95.50 91.45 
APFU (4 oxygens) 
Cr 1.30 1.26 1.30 1.32 1.30 1.35 1.31 1.25 1.36 1.28 
Ti 0.00 0.00 0.00 0.01 0.00 0.01 0.01 0.00 0.01 0.01 
V 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 
Al 0.57 0.59 0.57 0.47 0.55 0.28 0.23 0.25 0.26 0.09 
Fe3þ 0.11 0.13 0.11 0.19 0.13 0.33 0.41 0.48 0.35 0.60 
Fe2þ 0.44 0.46 0.45 0.56 0.55 0.81 0.88 0.80 0.71 0.76 
Mn 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.02 0.02 
Mg 0.55 0.54 0.54 0.43 0.44 0.19 0.11 0.19 0.28 0.24 
Mg# ¼ Mg/(Mg þ Fe2þ) 0.55 0.54 0.55 0.43 0.45 0.19 0.11 0.19 0.28 0.24 
Cr# ¼ Cr/(Cr þ Al) 0.70 0.68 0.69 0.74 0.70 0.83 0.85 0.83 0.84 0.94 
Fe3þ# ¼ Fe3þ/(Fe3þþCr þ Al) 0.06 0.07 0.06 0.10 0.07 0.17 0.21 0.24 0.18 0.31  
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et al., 2001; Pagé and Barnes, 2009). The composition of the primary 
Cr-spinel in the Havana-Matanzas mineralization corresponds to the SSZ 
type in the Al2O3 (wt.%) vs TiO2 (wt.%) diagram in Fig. 9a. In the Mg# 
vs Cr# diagram, they plot within the fore-arc field and overlap the 
compositional range of Cr-spinel from the Ishkinino UM-VMS (Fig. 9b). 
These observations indicate that the Havana-Matanzas UM-VMS were 
formed in a SSZ environment, specifically in a fore-arc region. These 
compositions are equivalent to those reported as primary Cr-spinel in 
the ultramafic host rocks by Llanes-Castro (2016) and Proenza et al. 
(2016), which were considered by these authors as indicative of a 
subduction-related environment of formation. In addition, Cr-spinel 
compositions from orthopyroxenenite bands and high-Cr chromitites 
hosted in mantle section of the Havana-Matanzas peridotites indicate 
crystallization in equilibrium with boninitic melts (Farré-de-Pablo et al., 
2020), thus supporting their contextualization in the fore arc environ
ment (Nimis et al., 2008, 2010; Patten et al., 2022). 

Fig. 9. Composition of unaltered Cr-spinel cores from within the massive sul
fide lenses. a) Al2O3 (wt.%) vs TiO2 (wt.%) diagram. Data from Ishkinino and 
Ivanovka is after Zaikov and Melekestseva (2006) and Nimis et al. (2008). 
Fields for LIP (Large Igneous Province), OIB (Ocean Island Basalt), Arc, MORB 
(Mid-Ocean Ridge Basalt), Abyssal peridotite, BAB (Back-Arc Basalt) and SSZ 
(Supra-subduction zone) are after Kamenetsky et al. (2001); b) Mg# vs Cr# 
diagram. Data from Ishkinino after Zaikov and Melekestseva (2006). Fields for 
fore-arc and abyssal peridotites are after Lian et al. (2016). Dashed lines 
represent the composition of olivine in equilibrium with Cr-spinel at 1200 ◦C 
after Dick and Bullen (1984). 

Fig. 10. a) BSE image of a Cr-spinel grain with an irregular dark core surrounded by a Cr-spinel bright rim and magnetite; b) Distinction of the three different zones 
within the grain in a); c) Composition of the Cr-spinel dark cores and bright rims and the magnetite rims in a Cr–Al–Fe3+ ternary diagram. The analyses shown in a-b) 
are highlighted in reddish colors (color legend as in b). The rest of the analyses are plotted in yellow. 

Table 5 
Representative EMPA data (wt.%) of magnetite from the Havana-Matanzas UM- 
VMS deposits (APFU = atoms per formula unit; b.d.l. = below detection limit).  

Sample HAV- 
5B 

HAV- 
5B 

HAV- 
5C 

HAV-5B HAV-5B HAV-5C 

Analysis 7.8 8.5 11.9 7.1 11.7 7.2.6 
Type Rim Rim Rim Vein/ 

Interstitial 
Vein/ 
Interstitial 

Vein/ 
Interstitial 

Al2O3 0.31 b.d.l. 1.42 1.63 b.d.l. b.d.l. 
V2O5 b.d.l. b.d.l. 0.12 b.d.l. b.d.l. b.d.l. 
SiO2 1.59 0.39 0.05 4.31 2.34 0.43 
TiO2 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 
MnO 0.18 0.17 0.15 0.20 b.d.l. 0.11 
Cr2O3 4.63 2.69 10.70 1.66 0.14 b.d.l. 
MgO 1.50 0.74 0.12 4.92 2.05 0.26 
FeOt 86.1 89.7 80.0 79.7 86.9 90.4 
Total 94.29 93.72 92.56 92.43 91.43 91.21 
APFU (4 oxygens) 
Al 0.01 0.00 0.06 0.07 0.00 0.00 
V 0.00 0.00 0.00 0.00 0.00 0.00 
Si 0.06 0.01 0.00 0.16 0.09 0.02 
Ti 0.00 0.00 0.00 0.00 0.00 0.00 
Mn 0.00 0.00 0.00 0.00 0.00 0.00 
Cr 0.14 0.08 0.33 0.05 0.00 0.00 
Mg 0.08 0.04 0.01 0.27 0.12 0.02 
Fe3þ 1.72 1.89 1.59 1.56 1.82 1.97 
Fe2þ 0.97 0.97 1.00 0.89 0.97 1.00  
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The geochemistry of volcanic rocks from Havana-Matanzas ophio
lites also accords well with a SSZ environment. Basaltic rocks are clas
sified as boninites, low-Ti island arc tholeiites (LOTI), ‘normal’ island 
arc tholeiites (IAT) and MORB-like basalts (compatible both with back- 
arc basin or fore-arc basalts; Fig. 12) (Llanes-Castro, 2016; Llanes et al., 
2015b; Proenza et al., 2016). These geochemical signatures hence 
indicate formation of oceanic lithosphere in a fore-arc setting of an 
intra-oceanic arc, most probably during subduction initiation (Dilek and 
Furnes, 2011; Pearce, 2014; Shervais, 2022). 

Arsenic enrichment of the studied UM-VMS, as evidenced by the 
conspicuous occurrence of Co–Ni–Fe diarsenide and sulfarsenide min
erals, is a common feature in UM-VMS formed in SSZ environments 
(Patten et al., 2022). Arsenic is typically enriched in ultramafic rocks 
located in SSZ due to contamination derived from the subducting slab 
(Hattori and Guillot, 2003; Deschamps et al., 2013; Patten et al., 2017). 
It is also noteworthy that the compositions of diarsenides, sulfarsenides, 
and pentlandite from Ishkinino and Limassol Forest UM-VMS, both 
formed in a SSZ, are very similar to the same mineral phases analyzed 
here for Havana-Matanzas (Figs. 7 and 8). 

Gold enrichment in UM-VMS deposits, such as it is the case of the 
studied deposits for which Au grades are up to 10 g/t, is a further in
dicator of UM-VMS deposits formed in SSZ setting compared to the Au- 
poorer UM-VMS formed in other geodynamic environments (Patten 
et al., 2022). 

Early fore-arc environments are characterized by extension of the 
lithosphere during subduction initiation when the proto-trench retreats. 
In this environment, or in evolved stages of subduction affected by 
trench retreat, extension of the oceanic fore-arc takes place, triggering 
low-angle detachment faults that remove large parts of the crustal sec
tion of the lithosphere (e.g., Tremblay et al., 2009; Maffione et al., 2015; 
Morris et al., 2017), as seems to be case in the Havana-Matanzas 
ophiolite where the lower crustal sections are scarce or even not nor
mally present in particular outcrops where the volcanic rocks of the 
upper crust occur in (tectonic) contact with the mantle (Fig. 1c and 14a). 

5.4. Conceptual genetic model 

The exhumation of the mantle peridotites (Fig. 14a) through low- 
angle detachment faults in oceanic extensional environments of slow 
spreading systems is considered to play an important role in the opening 
of pathways for fluid circulation (Cann et al., 2001; Escartín et al., 2008; 
Melekestseva et al., 2013; Elisha et al., 2014; Maffione et al., 2015; 
Morris et al., 2017). The onset of fluid circulation through the mantle 
rocks triggers partial serpentinization of the mantle mineralogy (olivine 
and pyroxene; Fig. 14b–c), including the alteration of Cr-spinel grains 

and the formation of Fe2+-rich and Fe3+-rich Cr-spinel first and 
magnetite after ongoing serpentinization (Fig. 14c). During the first 
stages of serpentinization, highly reducing conditions prevail due to 
oxidation of ferrous iron in olivine and pyroxene, a process that liberates 
H+. (Frost, 1985; Delacour et al., 2008; Klein and Bach, 2009; Evans 
et al., 2017). Under low fO2 and fS2 conditions, hot (T > 400 ◦C) 
mineralizing fluids scavenge Fe, Co, Ni, and Au from the ultramafic host 
rocks (see Fouquet et al., 2010; Knight et al., 2018; Patten et al., 2022). 
These fluids are responsible for the replacement of the whole mineral 
assemblage of the partially serpentinized ultramafic rocks except for 
Cr-spinel grains. Such conditions favor the formation of a low-sulfur 
sulfide assemblage in which pyrrhotite is the most abundant mineral 
accompanied by Co-bearing pentlandite, diarsenides (mainly safflorite), 
chalcopyrite-cubanite and electrum (Fig. 14d). Pervasive replacement of 
the ultramafic lithologies by equivalent massive sulfide assemblages has 
been described in UM-SMS such as Rainbow (Marques et al., 2006, 
2007) and in UM-VMS such as Ishkinino (Nimis et al., 2008) or Limassol 
Forest (Thalhammer et al., 1986). The multi-stage serpentinization 
process affecting the whole system would at some point consume most of 

Fig. 11. Composition of magnetite surrounding Cr-spinel grains and magnetite 
located in veins or pockets in a Cr–Si–Fe3+ ternary diagram. 

Fig. 12. Ti/1000 vs V, and Ti/V vs Th/Nb diagrams of basaltic volcanic rocks 
from the Havana-Matanzas ophiolitic massif. Data taken from Llanes-Castro 
(2016). Fields in a) from Shervais (1982) and Pearce (2008, 2014). Fields in b) 
are after Shervais (2022). 
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Fig. 13. Paragenetic sequence of the Havana-Matanzas UM-VMS deposits.  

Fig. 14. Genetic model of formation of UM-VMS de
posits from Havana-Matanzas. a) Formation of the 
deposits within the fore-arc region (general scheme 
modified from Patten et al., 2022); b) original pro
tolith corresponding to a mantle harzburgite; c) 
exhumation of the mantle triggers the formation of 
large convection cells of hydrothermal fluid that 
partially serpentinize the mantle rocks; d) precipita
tion and replacement of the serpentinite by sulfides 
from the ore stage-I; e) increase of the of fS2 and fO2 
produces the partial replacement of pyrrhotite and 
diarsenides by pyrite and sulfarsenides; late-stage 
serpentine and magnetite-carbonate veins crosscut 
the massive sulfide mineral assemblage. Abbrevia
tions: alt-chr: altered Cr-spinel, Au–Ag: electrum, cbn: 
cubanite, cbt: cobaltite, chr: Cr-spinel, cpy: chalco
pyrite, mt: magnetite, pn: pentlandite, ol: olivine, 
opx: orthopyroxene, po: pyrrhotite, py: pyrite, sfl: 
safflorite, srp: serpentinite.   
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the olivine and pyroxene, therefore producing a shift towards increasing 
fO2 and fS2 conditions in which pyrrhotite and diarsenides are unstable 
(Einaudi et al., 2005) and partially replaced by pyrite and sulfarsenides 
(mainly cobaltite). Increasing fO2 and fS2 could have also been favored 
by fluids with a larger seawater component, as suggested by Hochscheid 
et al. (2022). Finally, the wane of the circulation of progressively cooler 
hydrothermal fluids would be associated with the formation of late veins 
filled with Fe–Mg silicates, Ca–Fe–Mg carbonates, and magnetite 
crosscutting the whole massive sulfide mineralization (Fig. 14e). 

5.5. Implications for exploration: UM-VMS deposits in Cuban ophiolites 

According to Patten et al. (2022), UM-VMS deposits represent po
tential untapped mineral resources. In their review, these authors 
emphasize that, many on-land UM-VMS are found in SSZ ophiolites. 
Hence, exploring ultramafic units formed in SSZ environments is 
essential for targeting new UM-VMS deposits. In Cuba, the largest bodies 
of serpentinized peridotites and serpentinites crop out along the 
so-called Northern Cuban Ophiolite Belt and the Eastern Cuban Ophio
lites (Iturralde-Vinent, 1996; Lewis et al., 2006; Iturralde-Vinent et al., 
2016). These ophiolites consist of a >1000-km-long discontinuous belt 
with growing evidence of formation in a SSZ environment (Iturralde-
Vinent et al., 2016; Proenza et al., 1999, 2016; Marchesi et al., 2006). 

Greenfield exploration in the Cuban ophiolites for UM-VMS deposits 
must be accompanied by thorough geochemical characterization of the 
serpentinized peridotites and associated rocks, especially in areas close 
to tectonic contacts such as faults or shear zones that might have favored 
the circulation of hydrothermal fluids. Systematically, ultramafic host 
rocks close to the mineralization are intensely brecciated, sheared and 
serpentinized (>90%), and are spatially associated to carbonates, talc 
and quartz. Parts of the “Penrose” ophiolitic sequence (typically, large 
parts of the crustal section) in these areas would have generally been 
tectonically omitted due to the effects of extensional low-angle faults 
that may ultimately form oceanic core-complexes where mantle rocks 
approach the sea floor or are even exposed at the surface. The use of key 
pathfinder elements to the mineralization (e.g., As, Co, Ni) are crucial to 
plan adequate and strategic lithogeochemical campaigns. Detailed 
geophysical surveys are also critical. For example, magnetic surveys 
around the Lomas de Majana, Elena, and Caridad deposits (Fig. 1b) 
yielded positive magnetic anomalies around the mineralized ore bodies 
due to the magnetic properties of pyrrhotite (Llanes-Castro, 2016). 
Furthermore, shallow deposits that contain significant amounts of pyr
rhotite and/or magnetite can be detected by electromagnetic, electrical 
or gravimetrical geophysical methods (Shanks and Thurston, 2012). 

Therefore, geophysical surveys conducted in SSZ ophiolites can help 
delimiting possible areas of interest. Subsequently, in combination with 
the field and geochemical observations listed above, this exploration 
tool set could lead to the discovery of the next group of Cuban UM-VMS 
deposit. 

6. Concluding remarks 

The Havana-Matanzas UM-VMS formed in a supra-subduction zone 
environment, most probably in the fore-arc region during the initial 
stages of subduction and in a tectonic environment dominated by 
extension and low-angle normal faulting. These deposits were developed 
by the complete replacement of serpentinized ultramafic rocks beneath 
the seafloor. The sulfide mineralization was produced concomitant with 
the serpentinization process. The first ore stage was dominated by pyr
rhotite and lesser amounts of Co-pentlandite, diarsenides, chalcopyrite- 
cubanite and electrum. This low-sulfidation assemblage precipitated 
from a very reducing hydrothermal fluid. The second and final ore stage 
is characterized by the partial replacement of pyrrhotite and diarsenides 
by pyrite and sulfarsenides, respectively, due to an increase in the of fS2 
and fO2. 
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Barcelona (CCiTUB) for his help with the EMPA. Reviewers Carl Nelson 
and Clifford Patten are deeply acknowledged for their constructive 
criticism and their very useful comments, which have helped to greatly 
improve the quality of the present manuscript. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.jsames.2022.103991. 

References 

Abdullin, A.A., Aniptov, I.A., Septov, N.S., 1999. Allochthon displaced mineral deposits 
and their occurrence (in Russian). Geol. Kazakhstan 2, 4–28. 

Alt, J., Crispini, L., Gaggero, L., Levine, D., Lavagnino, G., Shanks, P., Gulbransen, C., 
2018. Normal faulting and evolution of fluid discharge in a Jurassic seafloor 
ultramafic-hosted hydrothermal system. Geology 46, 523–526. 

Bach, W., Jons, N., Klein, F., 2013. Metasomatism within the ocean crust. In: 
Metasomatism and the Chemical Transformation of Rock. Springer, pp. 253–288. 
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detachments of the Limassol forest área, troodos ophiolite, Cyprus. 10.1144/0016- 
764900-143 J. Geol. Soc. 158, 757–767. 

Capote, C., Llanes, A.I., de la Nuez, D., 2006. Mapa geoestructural y de favorabilidad del 
sector Salomón, Provincia Habana, escala 1:5000. Unpublishe, Instituto de Geología 
y Paleontología, La Habana, Cuba.  
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Torró, L., Proenza, J.A., Melgarejo, J.C., Alfonso, P., Farré-de-Pablo, J., Colomer, J.M., 
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