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Abstract 

The volcanic-arc Lower Cretaceous Maimón (Dominican Republic) and Los Pasos (Cuba) 

Formations, representative of the oldest magmatism recorded in the Caribbean island arc, host most 

of the known volcanogenic massive sulfide (VMS) deposits in the Greater Antilles. On the basis of 

new lithogeochemical data, basalts of the Maimón Formation are classified as fore arc basalts 

(FAB), boninites and less abundant low-Ti (LOTI) and normal island-arc tholeiites (IAT), and those 

of the Los Pasos Formation as LOTI and IAT. Felsic volcanics from the two formations are 

geochemically analogous and present mantle-type (M-type), boninitic and tholeiitic signatures, 

classifying as FIV-type, typical of post-Archaean VMS-bearing juvenile volcanic suites. This 

lithogeochemical data is indicative of formation in a fore-arc environment just after subduction 

initiation in association with initial extensional regimes and associated boninitic and tholeiitic melts 

that originated in the shallow mantle. Within this tectonic framework, rocks of the Los Pasos 

Formation and associated VMS deposits likely formed at a slightly later stage than those of the 

Maimón Formation.   

Primary syngenetic ore mineral assemblages from VMS deposits in the Cerro de Maimón (Maimón 

Formation), San Fernando and Antonio (Los Pasos Formation) are similar. They are composed 

mainly of pyrite in a matrix with variable proportions of chalcopyrite, sphalerite and tennantite. 

However, variable metamorphism and deformation have imprinted distinct deformation/recovery 

textures on the three deposits. Relict sedimentary-diagenetic sulfide growths are preserved only in 

Antonio ore in the form of local framboidal and colloform growths and microcrystallite textures. 

Spongy texture, dominant in the Antonio deposit and sparse in San Fernando ores, along with 

overgrowths of pyrite are interpreted as representative of syn-depositional hydrothermal 

replacement. Annealing texture among pyrite grains and rotated pyrite porphyroclasts with adjacent 

asymmetric pressure shadows, combined with cataclastic textures in Cerro de Maimón ore denote 

higher metamorphic grade and more intense deformation. Syn-metamorphic sulfide 

recovery/recrystallization led to the remobilization of trace elements and subsequent crystallization 

of discrete minerals (galena, tellurides, tetrahedrite, arsenopyrite/löllingite, Ag-sulfosalts and 

electrum).  

The chemical composition of sphalerite from the three deposits suggests ore formation in a 

sediment-starved environment. Estimated minimum venting fluid temperature calculated from the 

composition of sphalerites from stratiform mineralization in the three deposits is in the range of  

242 to 302 ºC. Tennantite crystals from the three deposits returned low Sb and Ag contents, typical 

of VMS mineralization formed in juvenile intraoceanic island-arc settings. A broad trend toward Sb 
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enrichment in stratiform ores in the San Fernando and Antonio deposits parallels lower 

concentration of Se and As and higher contents in the more incompatible Sb, Te and Bi in galena 

with respect to Cerro de Maimón. These nuances in ore geochemistry are in good agreement with 

the slightly more primitive setting of formation of VMS mineralization hosted in the Maimón 

Formation, as indicated by the lithogeochemistry of the volcanic host rocks.  

The sulfides from Cerro de Maimón display δ
34

S values of -1.3 to +3.0 ‰, whereas those from the 

San Fernando and Antonio deposits were in the range of -0.5 to +7.0 ‰ and of 0.0 to +5.8 ‰ 

respectively. The relatively narrow scatter of δ
34

S suggests homogeneous fluid sulfur composition 

and similar physico-chemical conditions during the ore forming processes, and is consistent with 

sulfide derived from the inorganic reduction of seawater and/or from a magmatic source.  

Although the three deposits are classified as non-auriferous, significant Au contents are described in 

Cerro de Maimón ore (to 7.6 g/t) and in intermediate (to 1.44 g/t) and upper (to 0.88 g/t) 

mineralized zones of the San Fernando deposit.. Gold, probably precipitated as invisible gold during 

exhalative mineralization, shows evidence for later metamorphism- and deformation-triggered 

remobilization and re-precipitation as subordinate electrum. Solid-state mechanical transfer was 

apparently the dominant upgrading mechanism in the Cerro de Maimón deposit whereas liquid-state 

chemical transfer would have governed the upgrading process in the San Fernando deposit. 

Keywords: Fore-arc, FAB, boninite, LOTI, VMS, volcanic arc, Caribbean  

1. Introduction 

Volcanogenic massive sulfide (VMS) deposits form at or near the seafloor as a result of the 

exhalation of metalliferous hydrothermal fluids in submarine volcanic environments (Doyle and 

Allen, 2003; Tornos, 2006; Galley et al., 2007). They are largely syngenetic and are coeval with 

associated volcanism which often exhibits specific petrochemical signatures that are indicative of 

formation at anomalous high temperature (Herzig and Hannington, 1995; Piercey, 2011). 

Volcanogenic massive sulfide deposits have been described from a variety of volcanic and rift-

related tectonic settings in ancient and modern ocean floor. These settings include active divergent 

(oceanic spreading ridges) and convergent margins, with convergent margins characterized by 

subduction-related (arc and associated back arc basins) environments along oceanic and continental 

plate boundaries. 

Although a few Greater Antilles VMS deposits have been exploited on a small scale since at least 

the 16
th

 century, it was from the mid-1970’s that sustained exploration for base metals resulted in 

the discovery of a number of Cu and Cu-Zn rich VMS deposits (Childe, 2000). Volcanogenic 
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massive sulfide deposits in the Greater Antilles are described in the Dominican Republic and Cuba, 

genetically linked to two main episodes of island-arc tectonic and magmatic evolution: 1) bimodal-

mafic type deposits that formed during the earliest stages of island-arc volcanism, and 2) mafic 

(Cyprus) type that formed in mature back-arc basins (Kesler et al., 1990; Proenza and Melgarejo, 

1998; Russell et al., 2002; Nelson et al., 2011). The bimodal-mafic VMS deposits are hosted 

primarily by Early Cretaceous tholeiitic volcanic rocks of the Maimón and Amina Formations in the 

Cordillera Central of the Dominican Republic and in the Los Pasos Formation and Purial Complex 

in central and eastern Cuba respectively (Fig. 1A). They are typically associated with basalt-rhyolite 

contacts. For a detailed description of the metallogenic evolution of the Greater Antilles within the 

framework of the tectonic evolution of the northern Caribbean, the reader is referred to Proenza and 

Melgarejo (1998) and Nelson et al. (2011). Mafic- (Cyprus) type VMS deposits of the Greater 

Antilles are not discussed in this article. 

The Maimón Formation hosts the Cerro de Maimón and Loma Pesada deposits, and the Loma 

Barbuito, Río Sin, Loma la Mina and San Antonio occurrences (Lewis et al., 2000) (Fig. 1B); 

deposits hosted in the Amina Formation include Anomaly “B” and Cerro Verde. The Cerro de 

Maimón Cu-Zn-Au-Ag deposit is located 70 km northwest of the Santo Domingo and 7 km east of 

the town of Maimón, in the Monseñor Nouel Province; it is the only VMS deposit currently in 

production in the Caribbean realm. Discovered in the 1970’s as a result of geochemical studies of 

the gossan outcrops by Falconbridge Dominicana, the deposit was sold to Globestar who put it into 

production in November of 2008. The mine is currently owned and operated by Perilya Limited 

through its subsidiary Corporación Minera Dominicana (CORMIDOM) 

(http://www.perilya.com.au/our-business/operations/cerro-de-maimon). Measured, indicated and 

inferred resources as of December 31
st
 2013 total 10,642,000 t of sulfide ore averaging 1.47 % Cu, 

0.78 g/t Au, 26.01 g/t Ag and 1.49 % Zn, and 545,000 t of oxide ore averaging 1.04 g/t Au and 

11.80 g/t Ag (NI 43-101-compliant). Production from 2008 through 2012 totals 2,367,778 t of 

sulfide ore mined plus 1,355,665 t of oxide ore mined for total production of 48,574 t Cu, 61,914 oz 

Au and 2,509,538 oz Ag (Trout and Chavez, 2013). Cerro de Maimón mine plant processes 1,300 

tpd sulfide ore and 700 tpd oxide ore for a yearly production of approximately 12,000 t of copper 

concentrate, 12,000 ozs of gold and 325,000 ozs of silver. The first studies of the deposit and the 

sulfide mineralization carried out by Watkins (1990) and Astacio et al. (2000) were followed by a 

summary of the structure, petrography, whole rock and oxygen isotope geochemistry by Lewis et al. 

(2000). Andreu et al. (2015) published an extensive study on its weathering profile. 

Volcanogenic massive sulfide mineralization in the Los Pasos Formation includes the San 

Fernando, Antonio and Los Cerros deposits and the Los Mangos, Independencia, La Ceiba and 
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Minas Ricas occurrences (Fig. 1C) (Tolkunov et al., 1974; Cabrera, 1986; Gallardo-Eupierre, 2001; 

Nelson et al., 2011). Updated Cuban databases mention a total of nineteen VMS deposits and 

occurrences within this formation (Torres-Zafra, 2013). The San Fernando and Antonio deposits are 

located in the Villa Clara province, about 20 km south of Santa Clara and 290 km east of Havana. 

The San Fernando deposit, located 13 km northeast of Manicaragua town, was mined intermittently 

from its discovery in 1827 to its closure in 1961, with an estimated production of 38,580 ozs Au, 

2,636.444 ozs Ag, 11,000 t Cu and 28,000 t Zn; estimated current resources are of 2 Mt at 2.3 % Cu 

and 3.5 % Zn. Recent drilling conducted by the Holmer Gold Mines Ltd - GeoMinera S.A. joint 

venture proved that the mineralization is still open along strike. The Antonio deposit is located 15 

km southeast of the town of Fomento and was mined through open pit and small adits. The past 

production of the Antonio deposit is estimated at 50,000 t at 2.5 % Cu in the period 1956-1957; 

current resources are estimated to be 2.7 Mt at 0.3 g/t Au, 18 g/t Ag, 0.64 % Cu and 3.89 % Zn 

(production and resource data for Cuban deposits are from Nelson et al., 2011). 

Lithochemistry of the volcanic sequences of the Maimón and Los Pasos Formations, here revised 

and refined on the basis of new whole rock geochemical analyses, represents an exceptional record 

of the very first magmatic expressions connected to the onset of intraoceanic subduction. Hence, the 

study of VMS mineralization hosted by these two formations offers an extraordinary opportunity to 

examine VMS mineralizing systems related to the earliest stages of island arc volcanism. This 

article presents detailed mineralogy, ore mineral geochemistry and sulfur isotope data for the Cerro 

de Maimón, San Fernando and Antonio primary ores. In the light of the results, and attending 

particular features of each deposit, the conditions of ore deposition and the metamorphic 

recrystallization/recovery and upgrading mechanisms are contrasted and discussed. Furthermore, 

the tectonic environment in which the Maimón and Los Pasos Formation-hosted VMS deposits 

formed within the Early Cretaceous Caribbean island arc evolution framework is constrained. 

2. Regional geology 

2.1  PIA (Primitive Island Arc) series of the Caribbean Island Arc 

The geology of the islands of Hispaniola and Cuba resulted largely from Cretaceous to Tertiary 

oblique convergence and underthrusting of the North American (Proto-Caribbean) Plate beneath the 

Greater Antilles island-arc since ca. 135 Ma (Rojas-Agramonte et al., 2011; Pindell et al., 2012, and 

references therein). Subduction and related arc magmatism ceased in Hispaniola and Cuba in the 

latest Cretaceous-earliest Tertiary as a result of volcanic arc-Caribeana terrane collision (García-

Casco et al., 2008), though subduction and volcanism renewed in Hispaniola and eastern Cuba until 

the Eocene when the final collision of the arc and the Bahamas Platform took place (Lewis and 
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Draper, 1990; Mann et al., 1991; Rojas-Agramonte et al., 2006, 2008; Boschman et al., 2014). The 

Greater Antilles island arc hosts a wide record of subduction-related volcanism, which extended for 

more than 70 Ma. Geochemically, it comprises boninitic and island-arc tholeiitic (IAT) series of 

dominantly Lower Cretaceous age, commonly referred to as Primitive Island Arc (PIA/IAT) that 

evolved to calc-alkaline (CA) and high-K calc-alkaline (K-CA) series during Upper Cretaceous-

Eocene time (Donnelly and Rogers, 1980; Kerr et al., 1999; Jolly et al., 2001). However, although 

in general PIA/IAT series predate CA series in the Greater Antilles, this transition apparently 

extended at least 40 million years, from the Barremian to the Turonian (ca. 130 to 90 Ma, Pindell et 

al., 2012 and references therein).  

From east to west, PIA-volcanic rocks in the Greater Antilles include: The Water Island Formation 

in the Virgin Islands, pre-Robles Formation in eastern Puerto Rico, the Los Ranchos, Los Caños, 

Tortue-Amina and Maimón Formations and the El Cacheal Complex in Hispaniola, and Los Pasos 

and Téneme Formations in central and eastern Cuba (Fig. 1A; Proenza et al., 2006 and references 

therein). 

Primitive Island Arc volcanic series include bimodal suites formed by basalts, basaltic andesites and 

lesser amounts of dacites and rhyolites generally affected by sea-floor metamorphism resulting in 

spilites and keratophyres, respectively. Similar to conventional IAT series, PIA-type lavas from the 

Greater Antilles have low LILE, LREE, HFSE and Th contents and near-horizontal to slightly 

enriched or depleted normalized LREE spectra (e.g. Jolly et al., 2001). However, geochemical 

studies of PIA-basalts from Eastern Cuba (Téneme Formation, Proenza et al., 2006) and central 

Dominican Republic (Maimón Formation, Horan, 1995; Lewis et al., 2002; Amina Formation, 

Escuder-Viruete et al., 2007a; and the basal unit of Los Ranchos Formation, Escuder-Viruete et al., 

2006) revealed the presence of boninites. From reconstruction of magmatic relationships in the 

Puerto Plata ophiolitic complex in northern Dominican Republic, Escuder-Viruete et al. (2014) 

suggested the following steps during the birth of the Caribbean island-arc: 1) an extremely fast 

W/SW dipping roll-back of the Proto-Caribbean plate, with formation of boninitic magmas and 

associated LREE-depleted low-Ti IAT (>126 Ma) and later boninitic (126 Ma) volcanic rocks as 

the consequence of fertilization of supra-subduction mantle by fluids expelled from the subduction 

slab; and 2) normal IAT bimodal volcanism (122-110 Ma) formed from the melting of rising fertile 

mantle fluxed with fluids expelled from the downgoing oceanic crust in the mantle wedge.        

2.2 Maimón Formation, Dominican Republic 

The pre-Albian Maimón Formation, together with the Los Ranchos and Amina Formations, is part 

of the oldest and chemically most primitive island-arc volcanism in the Caribbean region (Lewis 
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and Draper, 1990; Lewis et al., 2002; Escuder-Viruete et al., 2007a, 2009). The Maimón Formation 

is a 9 km wide by 73 km long NW-SE trending belt (Fig. 1B) which can be divided into two 

structural provinces aligned parallel to the trend of the belt: (i) the Ozama shear zone to the SW, 

whose extreme deformation has obliterated most of the original igneous textures, and (ii) the much 

less deformed Altar Zone to the NE (Draper et al., 1996; Lewis et al., 2000). Both zones have been 

metamorphosed to greenschist facies. The Maimón Formation is in fault contact with the Loma 

Caribe peridotite and the Peralvillo Sur Formation (Lewis et al., 2002; Escuder-Viruete et al., 

2007b) to the southwest and with the Los Ranchos Formation to the northeast (Fig. 1B). Draper et 

al. (1996) suggested that the Loma Caribe peridotite, a serpentinized harzburgite with minor 

dunites, lherzolites and pyroxenites forming part of a dismembered ophiolite complex (Lewis et al., 

2006; Proenza et al., 2007), was tectonically emplaced over the Maimón Formation during the late 

Albian along a northward thrust; obduction resulted in deformation and metamorphism of the 

Maimón Formation, particularly in the Ozama shear zone. The Loma Caribe peridotite belt is 

separated from the Maimón Formation at their southern contact by the Peralvillo Sur Formation, a 

thin sequence of arc-related volcanic and volcanosedimentary rocks of Late Cretaceous (?) age 

(Martín and Draper, 1999; Lewis et al., 2000), documenting further tectonic movements of late 

Cretaceous-Tertiary age. The Maimón, Amina and Los Ranchos Formations are overlain by the 

Hatillo limestone, a massive micritic sequence deposited under shallow-water reefal conditions 

during Albian to Cenomanian time (Kesler et al., 2005). However, the Maimón Formation 

overthrusts the Hatillo limestone along the Hatillo Thrust. Both the Maimón and Hatillo Formations 

are intruded by diorites dykes and plugs of Paleocene (?) age (Bowin, 1966; Martín and Draper, 

1999).  

The Maimón Formation is composed of low-grade metamorphosed and variably deformed bimodal 

volcanic and volcaniclastic rocks containing scarce horizons of breccias and conglomerates. A belt 

of well-laminated rocks of sedimentary origin, mainly fine-grained meta-tuffs, cherts, dark shales 

and limestones, crops out in the north central part of the Maimón Formation and is conformable 

with the volcanic sequence (Kesler et al., 1991; Lewis et al., 2000). Geochemically, the mafic 

(basaltic) rocks range from low-Ti tholeiites with boninitic affinities to typical oceanic island-arc 

tholeiites. Felsic rocks are quartz-feldspar tuffs and porphyries that exhibit a similar depleted trace 

element signature indicating a common source (Lewis et al., 2000, 2002; Escuder-Viruete et al., 

2007a).  

The protoliths of the Maimón, Amina and Los Ranchos Formations have very similar elemental and 

isotopic (Sr and Nd) signatures, suggesting common magma sources and petrogenetic processes; 

however, the origin and relative position of these units within the primitive island-arc is still a 
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matter of debate (Torró et al., 2015). Horan (1995) concluded that the Maimón Formation formed in 

a back-arc basin. In contrast, Lewis et al. (2000) distinguished a fore-arc setting origin for the 

Maimón and Amina Formations and an axial island-arc context for the Los Ranchos Formation. On 

the other hand, Escuder-Viruete et al. (2007a) suggested a cogenetic origin for the three formations 

though lead isotope ratios (
206

Pb/
204

Pb, 
207

Pb/
204

Pb and 
208

Pb/
204

Pb) of the Maimón and Amina 

Formations are lower than those of the Los Ranchos Formation (Horan, 1995). The fact that the 

Maimón and Amina Formations mainly host exhalative deposits in contrast to the epithermal 

character of those hosted by the Los Ranchos Formation is a further indication that they formed in 

different environments within a subduction setting (Nelson et al., 2011, 2015; Torró et al., 2014). 

2.3 Los Pasos Formation, Cuba 

The Early Cretaceous (Hauterivian?-Barremian: García-Delgado et al. 1998) bimodal Los Pasos 

Formation is the oldest unit of the Greater Antilles arc in Cuba (Díaz de Villalvilla et al., 1994, 

2003; Kerr et al., 1999; Blein et al., 2002; Rojas-Agramonte et al., 2011). The Los Pasos Formation 

is only locally deformed by folding, and is not metamorphosed (Díaz de Villalvilla et al., 1994). It 

crops out to the southernmost part of the Cretaceous island arc unit of central Cuba, in a 3 to 5 km 

wide and 40 km long E-W trending arcuate belt (Fig. 1C). The Los Pasos Formation forms the 

southern limb of a synformal structure together with the other arc sequences (Iturralde-Vinent, 

1998). It is intruded to the south by the mid-Cretaceous Manicaragua Batholith (Rojas-Agramonte 

et al., 2011), which also intrudes the volcanic-arc-derived metamorphic tectonic units of the 

Porvenir Formation and the Mabujina Amphibolite Complex (or lithodem). To the north, the Los 

Pasos Fm is covered by arc-related volcanic-volcaniclastic sequences of the Aptian-Albian Mataguà 

Formation. The Porvenir Formation consists of a bimodal volcanic sequence metamorphosed to the 

greenschist facies; it is interpreted as equivalent to the Los Pasos Formation (Rojas-Agramonte et 

al., 2011 and references therein). The 5 to 10 km-wide Hauterivian-Turonian Mabujina Amphibolite 

lithodem is tectonically below the Porvenir Formation and consists of intense to moderately 

deformed low-intermediate pressure amphibolites, meta-ultramafic rocks (serpentinites, 

metapyroxenites, hornblendites), intercalated metagranodioritic and granitic gneisses, discordant 

tonalitic-trondhjemitic-granitic bodies and veins and local metasilicites. This complex is interpreted 

as the metamorphosed roots of the island arc and its oceanic sole (Millán, 1996) or as an exotic 

volcanic arc terrane not related to the Greater Antilles arc (Blein et al., 2002; Rojas-Agramonte et 

al., 2011). The Manicaragua Batholith granitoids intruded the Porvenir Formation, the Mabujina 

Amphibolite Complex and the Cretaceous volcano-sedimentary arc at 81-89 Ma (Rojas-Agramonte 

et al., 2011). 
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The Los Pasos Formation rocks are mainly of volcanic origin, formed in a submarine environment 

where K-poor felsic lavas of dacitic-predominant composition with associated massive sulfide 

deposits are prominent. Basalts, basic tuffs and subordinate andesites are sandwiched between two 

rhyodacite units (Díaz de Villalvilla et al., 2003). The Los Pasos Formation also contains 

intercalations of pyroclastic, epiclastic, and sedimentary rocks. The volcanic rocks show a genetic 

relation with acid intrusive rocks and gabbroic bodies, suggesting a volcano-plutonic association. 

Geochemically, they are described as island-arc tholeiites (Kerr et al., 1999; Blein et al., 2002; Díaz 

de Villalvilla et al., 2003). 

3. Geology and structure of the deposits 

3.1 Cerro de Maimón 

The Cerro de Maimón deposit is located in the Ozama shear zone, in the southern branch of the 

Maimón Formation, very close to the thrust-faulted contact with the Peralvillo Formation (Fig. 1B). 

Intense deformation, metamorphism and pervasive hydrothermal alteration (especially in the 

footwall rocks) have largely destroyed original features of the igneous rocks. Based on the least 

altered samples, the protoliths of the host rocks were described as mafic to intermediate submarine 

volcaniclastic and volcanic rocks by Lewis et al. (2000). Quartz-sericite-pyrite schists are the 

dominant foot wall rocks, grading to chlorite-quartz-feldspar schists at depth. Thin graphitic and 

hematitic chert horizons are more developed in the western hanging wall (Watkins, 1990). A high 

concentration of quartz veins associated with strong hydrothermal alteration in the westernmost area 

led Lewis et al. (2000) to the conclusion that the western foot wall zone could correspond to a 

sulfide stockwork whereas the eastern foot wall rocks would be distal to the feeding zone; 

nevertheless, such a stockwork has not been drilled. 

The ore-body is 1000 m long, about 300 m wide and 15 m thick on average although the thickness 

reaches up to 40 m. The orebody dips 40° to the southwest with a general steepening of the dip to 

the northwest, and it flattens to 20° down plunge (Watkins, 1990) (Fig. 2A). 

3.2 San Fernando 

The ore zone at San Fernando occurs within the lowest unit of the Los Pasos Formation, which is 

largely composed of rhyodacite lapilli tuffs and local breccias (Fig. 2B). This unit is capped beneath 

an overlying basaltic flow with a strike of approximately 110º and northerly dips of 45º to 75º. 

Semi-porphyritic rhyodacite dominant flows cover these basalts and laterally and upwardly grade to 

rhyodacite tuffs and breccias (Gallardo-Eupierre, 2001). There are extensive zones of wall rock 

alteration, including proximal facies of chlorite+pyrite around stringer mineralization zones, and 
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local sericite-quartz+pyrite zones enveloped by more widespread sericite±pyrite zones. Bedded 

barite - chert horizons are located throughout the volcanic sequence. The lithostratigraphic sequence 

and ores are cut by NW-SE and NE-SE trending strike-slip faults and conspicuous diorite dykes and 

sills (Gallardo-Eupierre, 2001); further faulting is evidenced by sharp contacts between mineralized 

stockwork and relatively fresh rhyodacite rocks as well as by dismemberment of the stratiform 

sulfide body (Fig. 2B). 

The mineralization is partly stratiform, although the majority of the historic mine workings 

concentrated on the stringer or feeder zone which is marked by a series of cross-cutting breccias. 

The ore body crops out close to the Los Mangos Shaft, and plunges along strike (to the east) at 120º 

up to a depth of 100 m, where it flattens (Gallardo-Eupierre, 2001). Bottom to top, the following 

sulfide mineralization styles are recognized: 1) an extensive stockwork zone of unknown thickness, 

2) several semi-massive (replacement) stratabound units of a few meters  to 20 m in thickness and 

3) a mineralogically vertically zoned (see section 6.2.3) massive stratiform lens reaching to 30m in 

thickness (Fig. 2B). 

3.3 Antonio 

The Antonio deposit lies above rhyodacite lapilli tuffs and flows of the lowest unit of the Los Pasos 

Formation which are pervasively quartz-sericite-pyrite altered, and is overlain by basaltic flows and 

breccias (Gallardo-Eupierre, 2001). The presence of pyritic siliceous exhalite horizons closely 

related to the sulfide body is remarkable. The orientation of conformable contacts between volcanic 

units and sulfide lenses is 130º with dips of 10º to 45º to the northeast. The volcanic sequence is cut 

by dykes of variable composition including diorites and tonalites, whose thicknesses range from a 

few centimeters to several meters (Fig. 2C).  

Stratiform mineralization extends for 300 m along strike, 250 m down dip and averages 11 m in 

thickness. Close to the surface, the mineralization thins and flattens (Fig. 2C). However, two 

superimposed massive sulfide bodies a few tens of meters apart are described along the main 

portion of the deposit at depth (Gallardo-Eupierre, 2001); both massive sulfide lenses are separated 

and underlain by stockwork zones. 

4. Sampling and analytical techniques  

This study is based on 350 drill core and in situ field samples collected from the Cerro de Maimón, 

San Fernando and Antonio deposits and their hosting volcanic series over the past 20 years. 
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Whole rock geochemistry was determined for a total of 41 samples of volcanic rocks from the 

Maimón and Los Pasos Formations. Powdered samples were carefully prepared by removing 

secondary veins and weathering products before crushing and powdering in a tungsten carbide mill. 

Major element and Zr concentrations were determined on glass beads made up of ~0.6 g powdered 

sample diluted in 6 g of Li2B4O7, by means of a Philips Magix Pro (PW-2440) X Ray fluorescence 

(XRF) equipment at the University of Granada (Centro de Instrumentación Científica, CIC). 

Precision was better than ±1.5% for an analyte concentration of 10 wt %. Precision for Zr was 

better than ±4% at 100 ppm concentration. Trace elements, except Zr, were determined at the 

University of Granada (CIC) by ICP Mass Spectrometry (ICP-MS) after HNO3 + HF digestion of 

~100 mg of sample powder in a Teflon lined vessel at ~180°C and ~200 psi for 30 min, evaporation 

to dryness, and subsequent dissolution in 100 ml of 4 vol.% HNO3. Procedural blanks and 

international standards PMS, WSE, UBN, BEN, BR, and AGV (Govindaraju, 1994) were run as 

unknowns during analytical sessions. Precision was better than ±2% and ±5% for analyte 

concentrations of 50 and 5 ppm, respectively. 

Ore mineralogy and petrology were studied on 123 polished sections (73 from Cerro de Maimón 

and 50 from San Fernando and Antonio) by means of reflected light microscopy. Morphological, 

textural and preliminary compositional features of selected samples were examined by SEM-EDS 

using an Environmental SEM Quanta 200 FEI, XTE 325/D8395 equipped with an INCA Energy 

250 EDS microanalysis system. Operating conditions were an acceleration voltage of 20 kV and a 

beam current of 1 nA. Ore mineral chemical analyses were performed with a five-channel JEOL 

JXA-8230 electron microprobe (EMP) at 20 kV accelerating voltage, 20 nA beam current and 5 μm 

beam diameter. SEM-EDS and EMP analyses were carried out at the Centres Científics i 

Tecnològics (CCiT) of the University of Barcelona.   

Sulfur isotope analyses were carried out on 85 single sulfide grains from the three studied deposits: 

28 from Cerro de Maimón, 37 from San Fernando and 20 from Antonio. Sulfide grains were 

separated by hand-picking techniques. Purity of the samples was tested by examination with a 

binocular microscope. Isotopic ratios were obtained using a Delta C Finnigan MAT Delta-S mass 

spectrometer with an elemental analyzer at the Centres Científics i Tecnològics (CCiT) of the 

University of Barcelona. Standards used for calibration were IAEA S3, IAEA S1, NBS-123 and 

IAEA S2. Precision of the analyses is better than ±0.2 ‰. Sulfur isotope composition is expressed 

as the delta per mil (‰) values relative to the Canyon Diablo Troilite (CDT) standard. 

5. Geochemistry of volcanic rocks 
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Rocks from the Maimón and Los Pasos Formations have undergone extensive sea-floor 

metamorphism as well as hydrothermal alteration linked to the formation of the VMS deposits 

(Lewis et al., 2000; Díaz de Villalvilla, 2003; Torró et al., 2015). As a result, a number of elements 

(Si, K, Na, Ca, Mg, Fe, Rb, Ba, Sr) are likely to have mobilized and hence their current values may 

not be indicative of their original concentrations. The extensive hydrothermal alteration of rocks 

from the Maimón and Los Pasos Formations is evident in the Alteration Box Plot of Large et al. 

(2001) (Fig. 3A). In the studied rocks of the Maimón Formation, increasing AI and CPPI values 

from the “least altered rhyolites, dacites and basalts” (least altered box in Fig. 3A) are indicative of 

chloritization, sericitization and sulfide mineralization (pyrite), that along with silicification were 

recognized in the petrographic study by Torró et al. (2015). Most of the rocks studied from the Los 

Pasos Formation for lithogeochemistry were sampled far from the mineralized centers; however, 

mafic rocks from this formation show trends towards sericitization and carbonatization and felsic 

rocks record albitization, both trends probably related to spilitization and keratophiritization 

processes. Due to the likely mobility of major elements, those considered immobile in such post-

magmatic conditions (HFSE, REE, transition elements and Th; Pearce, 2014) will be used here for 

igneous rock classification and tectonic discrimination. 

According to the Zr/Ti vs. Nb/Y classification diagram of Pearce (1996), rocks from the Maimón 

and Los Pasos Formations range from subalkaline basalts to rhyodacites (Fig. 3B). Studied samples 

from the Maimón Formation are predominantly basalts with less abundant andesites and basaltic 

andesites and rhyodacites. In contrast, studied rocks from the Los Pasos Formation show a marked 

bimodal trend and consist of basalts and rhyodacites. Rhyodacites and basalts from both formations 

show Zr/Ti and Nb/Y ratios equivalents to those of rocks from the bimodal Los Ranchos Formation 

(Escuder-Viruete et al., 2006). 

5.1 Mafic assemblages 

Geochemical analyses of volcanic rocks from the Maimón and Los Pasos Formations whose 

protoliths were identified as basalts returned remarkably low Nb contents (<2 ppm), that in the 

chondrite-normalized extended REE diagrams translate as marked negative Nb anomalies when 

compared to values of NMORB (Fig. 4C-F). Niobium depletion of studied basalts becomes evident 

in the Nb-Zr-Y discrimination diagram of Meschede (1986) as well, with the whole of the analyses 

plotting in the volcanic-arc and NMOR basalt field (Fig. 4A). High V/Ti ratios of studied basalts are 

indicative of formation in island-arc settings in opposition to low ratios that characterize those 

basalts formed in MOR or mature back-arcs according to the tectonic classification diagram of 

Shervais (1982; Fig. 4B). The bulk of the analyzed basalts have Ti/V ratios in the range of 10 to 20, 
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corresponding to IAT compositions (including slab-proximal fore-arc and back-arc basalts; Pearce, 

2014); nevertheless Ti/V ratios close to or lower than 10 point to boninitic affinities. According to 

Finlow-Bates and Stumpfl (1981), V can be mobilized and removed under hydrothermal activity in 

volcanogenic submarine-exhalative environments and hence given V values would represent, 

anyhow, minimum values.   

Following Pearce’s (2014) guidelines, studied basaltic rocks from the Maimón and Los Pasos 

Formations have been classified according to their TiO2 and Cr (used as immobile proxy for MgO) 

contents into three types: type I or boninites, type II or low-Ti IAT (LOTI) and type II or normal 

IAT.  

Type-I basalts or boninites (TiO2<0.5 wt. % and Cr>275 ppm) occur in the Maimón Formation; 

these rocks show general depletions in REE compared to NMORB (Fig. 4C), with chondrite-

normalized REE patterns varying from slightly convex (depletion in MREE relative to LREE and 

HREE) to mildly LREE-depleted (positive slopes). Thorium and V contents are either enriched or 

depleted relative to NMORB. Studied boninites from the Maimón Formation show similar 

normalized patterns to those described by Escuder-Viruete et al. (2006) in the Los Ranchos 

Formation, although LREE values are occasionally higher, similar to boninites from the Izu-Bonin-

Mariana (IBM) fore-arc (Pearce et al., 1992; Reagan et al., 2010). However, chondrite-normalized 

patterns of LREE-depleted boninites show indisputable similarity to basalts described as transitional 

(from fore arc basalts, FAB, to boninites) in the IBM fore-arc basin by Reagan et al. (2010). 

Type-II or LOTI basalts (0.4<TiO2<0.8 wt. % and Cr<275 ppm) show conspicuous depletion in 

REE compared to NMORB (Fig. 4D,E). According to their chondrite-normalized REE patterns, 

LOTI basalts can be grouped into two sub-types: IIa or LREE-depleted LOTI and IIb or normal 

LOTI. 

Type-IIa or LREE-depleted LOTI basalts are in the majority among the studied basalts from the 

Maimón Formation, whereas they are not detected among the analyzed basalts nor described in 

published geochemical data (e.g. Díaz de Villalvilla et al., 2003) from the Los Pasos Formation. 

These basalts are characterized by strong LREE depletion and flat MREE and HREE segments in 

chondrite-normalized diagrams, paralleling the NMORB pattern (Fig. 4D). Thorium and V values 

are systematically lower and higher, respectively, than NMORB. Chondrite-normalized values of 

type-II basalts from the Maimón Formation describe similar patterns to those of LREE-depleted 

LOTI basalts described in the Los Ranchos Formation by Escuder-Viruete et al. (2006) and FAB 

from the IBM fore-arc (Reagan et al., 2010; Ishizuka et al., 2011), even if the REE values in our 

study case are lower as a rule. Relatively high V contents (206 to 374 ppm) and low V/Ti ratios (10 
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to 15) of the LREE-depleted LOTI basalts from the Maimón Formation are also consistent with 

those of FAB of IBM (Reagan et al., 2010). These observations permit the classification of our 

LREE-depleted LOTI basalts as FAB, a term coined by Reagan et al. (2010) for describing 

“MORB-like” subduction-influenced tholeiitic lavas originating in the IBM fore-arc.    

Type-IIb or normal LOTI basalts are detected in both the Maimón and Los Pasos Formations. They 

show flat chondrite-normalized REE patterns, with slightly higher MREE and HREE abundances 

than the boninites and LREE-depleted LOTI basalts described above (Fig. 4E). They are variably 

enriched in V and Th compared to NMORB. Normal LOTI basalts from the Maimón and Los Pasos 

Formations show great similarity with basalts from the Los Ranchos Formation described as LREE-

depleted LOTI and generally have lower REE contents than those described as normal IAT by 

Escuder-Viruete et al. (2006). 

Type-III or normal IAT basalts (TiO2>0.8 wt. %) are exiguous among the studied basalts from the 

Maimón Formation and relatively abundant in those from the Los Pasos Formation (Díaz de 

Villalvilla et al., 2003). The analyzed normal IAT basalt from the Maimón Formation show a near-

flat chondrite-normalized REE pattern, whereas normal IAT basalts from the Los Pasos Formation 

show contrasting faint negative slopes (LREE/HREE>0) and higher LREE contents (Fig. 4F). 

Thorium and V are systematically enriched to NMORB values, with normal IAT basalts from the 

Los Pasos Formation registering the highest Th values among the whole studied basalt spectrum. 

Normal IAT basalts from the Maimón and Los Pasos Formations show similar HREE values to 

LREE-depleted LOTI basalts from the Los Ranchos Formation (Escuder-Viruete et al., 2006) and 

MREE and HREE concentrations in the range of normal IAT basalts of this Formation. 

5.2 Felsic assemblages 

Rocks of rhyodacitic composition from the Maimón and Los Pasos Formations show marked 

negative Nb anomalies and mild positive Th anomalies (Fig. 5A). Their chondrite-normalized REE 

patterns vary from near-flat to slightly LREE-depleted or, in those samples with lower REE 

contents, convex. Tholeiitic- and boninitic-like chondrite-normalized REE patterns, lacking LREE 

enrichment, and low REE, Zr and TiO2 contents are distinctive to typical calc-alkaline felsic 

volcanic rocks. Hence the studied rhyodacites are interpreted to have tholeiitic and boninitic 

affinities (e.g. Lesher et al., 1986; Piercey, 2011). Studied rhyodacites from the Maimón and Los 

Pasos Formations are depleted in LREE relative to felsic volcanics from Los Ranchos Formation 

(Escuder-Viruete et al., 2006), even if their HREE contents are similar. 
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Felsic volcanic rocks in terranes prospective for VMS deposits are commonly plotted in the Nb-Y 

discrimination tectonic diagram for granites of Pearce et al. (1984) (e.g. Piercey, 2011; Hollis et al., 

2014). Rhyodacites from the Maimón and Los Pasos Formations plot in the volcanic arc granite 

field, with typical compositions of VMS bearing rhyolites formed in primitive (juvenile) arc 

settings of the M (i.e. mantle derived)-type (Fig. 5B). In addition, analyzed felsic volcanics, with 

extremely low Zr/Y and La/YbCN ratios, systematically lie in the FIV field (Fig. 5C, D) of post-

Archaean tholeiitic and boninitic felsic volcanic rocks potentially associated with VMS deposits 

(Hart et al., 2004; Piercey, 2007). The low overall trace element contents of felsic volcanic rocks 

from the Maimón and Los Pasos Formations likely reflects the low trace element abundance of their 

mantle-derived mafic sources (boninite and arc tholeiite melts). 

6. Ore mineralogy and petrography 

6.1 Cerro de Maimón 

Overall, the major ore mineralogy of the Cerro de Maimón deposit is relatively simple. Textures are 

principally controlled by the degree of metamorphism and deformation, to the point that primary 

textures are completely obliterated. In general ore samples are aggregates of pyrite grains in a 

matrix with variable amounts of other sulfide and gangue minerals, with fabrics ranging from 

matrix to grain-supported (Fig. 6). From textural features described below, a five-stage paragenetic 

sequence has been deduced (Fig. 6A).  

Within the massive sulfide lens, gangue minerals are basically quartz and white mica (including 

both sericite and well developed muscovite) and rare chlorite. Quartz forms veins and aggregates of 

sutured crystals often with feather shapes adjacent to bigger pyrite grain edges (pressure shadows, 

stage III; Fig. 6B). For quartz veins, a late generation (stages IV and V) is deduced as they contain 

angular fragments of all the sulfides including those of supergene nature. Minute sericite needles 

forming aggregates concentrated along layers (Fig. 6B) occur interspersed with quartz-rich levels. 

Schistosity is defined by bundles of tabular crystals of muscovite (and minor chlorite; stage III) 

locally displaying crenulation fabrics. Muscovite bundles often wrap around pyrite grains. Barite 

appears along with other gangue minerals and sulfides among the pyrite grains or as infilling or 

inclusions within pyrite (stages II and III). Only local late hydrothermal sparry to blocky calcite is 

observed forming veins up to 0.5 mm in width cutting the bulk rock or partially flooding the 

groundmass among pyrite crystals.  

Pyrite is by far the most abundant sulfide. It varies in shape from cubic idiomorphic to completely 

rounded or very irregularly outlined (Fig. 6). Pyrite size covers a wide spectrum even within 
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individual rock samples, typically ranging from 250 microns to 1.5 mm, although sizes up to 4.5 

mm are present. During deformation, stage II pyrite underwent breaking (grain size reduction) and 

welding of individual crystals; as result of the former, cataclastic textures and microfracturing with 

blow-apart structures are abundant, especially where interstitial material is quartz (Fig. 6F). 

Metablastic welded pyrite crystal aggregates show frequent foam or annealing textures among fine 

to medium sized metacrystals with triple junctions at 120º (Fig. 6H). In the outer parts of the sulfide 

lens, where the mineralization is semi-massive, stronger deformation is evidenced by muscovite 

wrapped around large pyrite crystals with rotation fabrics (Fig. 6G) and durchbewegt textures 

(Vokes, 1969). These observations imply that pyrite grains behaved as porphyroclasts during syn-

metamorphic deformation.    

Variable proportions of chalcopyrite, sphalerite, tennantite and galena are generally present along 

the entire drilled section of the Cerro de Maimón massive sulfide body. Chalcopyrite and sphalerite 

are more abundant than tennantite, while galena is very scarce as a rule. Sphalerite only presents 

local subtle chalcopyrite disease (blebs of chalcopyrite in sphalerite). Variable proportions of these 

sulfides appear along with gangue minerals between pyrite grains (Fig. 6C-D) with a variety of 

textures indicative of plastic deformation and recovery/recrystallization at lower temperature than 

pyrite (Pesquera and Velasco, 1993; Barrie et al., 2010). Also, the four sulfides appear as both 

single (only one mineral) and composite (Fig. 6E) inclusions within pyrite. Annealing textures 

observed in the complex inclusion in Fig. 6E among bornite, chalcopyrite, sphalerite and galena 

necessarily implies that at least part of the bornite formed previously or during metamorphism; 

bornite is well documented in a wealth of modern and ancient VMS hydrothermal systems (e.g. 

Hannington et al., 1999a; de Ronde et al., 2011; Berkenbosch et al., 2012) and in metamorphic 

sequences and metamorphosed sulfide deposits (e.g. Sales and Meyer, 1951; Ramdohr, 1980; 

Misra, 2000).    

Trace small tellurides of some tens of microns in size occur within voids in pyrite and are 

interpreted to have precipitated at late stages (stageVI; Fig. 6I-J). They are in their majority Ag-

tellurides (hessite, Ag2Te) and rare Bi- (hedleyite (Bi7Te3)/pilsenite (Bi4Te3)/tellurobismuthite 

(Bi2Te3)?) and Pb-tellurides (altaite, PbTe). Hessite is largely concentrated along tetrahedrite 

margins (Fig. 6J) suggesting that they are alteration products of the latter.  

Discrete minute (~15 microns) electrum grains crystallized in voids within pyrite or in the contacts 

between pyrite and the other sulfides. Electrum grains were systematically detected in the outer 

parts of the sulfide lens, where deformation is more evident (e.g. rotational fabrics on pyrite grains). 

Supergene minerals include bornite, covellite-chalcocite and minor djurleite (Cu31S16), digenite 
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(Cu9S5) and yarrowite (Cu9S8). Assemblages of covellite-chalcocite forming flame-like textures 

systematically replace bornite (Fig. 6K) in those samples in which supergene processes developed 

further (stage V). 

6.2 San Fernando 

Detailed textural study of the ores from San Fernando revealed a complex mineralization and 

alteration story that can be discerned beyond contact metamorphism caused by the intrusion of the 

Manicaragua stock. From textural observations described below, a five-stage paragenetic sequence 

has been deduced for each mineralization style (stockwork, stratabound and stratiform; Fig. 7A). 

6.2.1 Stockwork 

Hosted in pervasively silicified and sericitized rhyolites, stockworks are composed of veins of 

quartz and pyrite with subordinate chalcopyrite and sphalerite; disseminated euhedral pyrite in 

hosting rhyolites is abundant. Minor very thin sphalerite±barite, tennantite and rare hessite±galena 

veinlets largely within chalcopyrite complete this fissure-infilling sequence.  

6.2.2 Stratabound 

Prior to sulfide mineralization, a first stage of hydrothermal alteration resulted in sericitization and 

chloritization of the host rocks. Euhedral tabular barian-muscovite and Mn-rich chlorite are 

surrounded and partially replaced by sulfides (mainly poikiloblastic pyrite). Enrichment in Ba of 

sericite/illite in VMS-hosting rocks is characteristic (Herzig, 1988). Chlorite laths along muscovite 

exfoliation planes are present, suggesting that chloritization followed sericitization as as is typical in 

footwall pipes close to the VMS mineralization (e.g. Lydon, 1988; Large et al., 2001). Local biotite 

intergrown with muscovite may represent remnants of rhyodacite rocks. The second stage 

corresponds to sulfide mineralization from variable replacement of original and alteration silicates. 

Although sphalerite, chalcopyrite, pyrite and tennantite generally show annealing textures (Fig. 

7D), local chalcopyrite veinlets across sphalerite grains are preserved. Barite is locally replaced by 

sulfides.  

A lower temperature mineral assemblage composed of Ag-rich tetrahedrite+hessite±electrum in 

veins crosscutting the sulfides defines the third stage. Hessite and electrum grains have sizes of a 

few microns to some tens of microns. Tennantite, hessite and electrum display polymineralic foam 

or annealing textures (Fig. 7E) that include the hosting sulfides, hence indicating deposition before 

the metamorphic peak. Local hessite and galena crystallized as infillings in pyrite voids lack 

annealing textures (Fig. 7D) and therefore precipitated after the metamorphic climax (stage IV). 
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The fifth stage is characterized by late replacement processes of zinalsite 

((Zn,Al)3((Si,Al)2O5)(OH)4)) + armenite (BaCa2Al6Si9O30·2H2O) (Fig. 7K). Far from depicting 

annealing textures, these minerals corrode sulfur grain boundaries.  

6.2.3 Stratiform   

The stratiform massive sulfide lens can be roughly divided into a lower pyrite-dominated unit with 

subordinate chalcopyrite and sphalerite, an intermediate gold- and silver-enriched unit composed of 

pyrite+chalcopyrite+tennantite and an upper unit composed of sphalerite along with minor 

pyrite+galena±chalcopyrite. Rare relicts of sericitized plagioclase are the only record of the host 

rocks in their contact with the sulfide lens (stage I in Fig. 7A).  

The stage II corresponds to the massive mineralization (i.e. sedimentation/replacement and syn-

depositional hydrothermal alteration or refining; Eldridge et al., 1983) and hence the formation of 

the main part of the current mineralization volume. Pyrite, chalcopyrite, sphalerite and tennantite 

precipitated in this stage largely exhibit strong indentation and recrystallization (annealing) textures 

due to contact metamorphism. However, subtle local spongy textures in the core of pyrite grains are 

preserved (Fig. 7B) resulting from the recrystallization of polyframboidal pyrite aggregates (e.g. 

Velasco et al., 1998). In the lower unit, minor quantities of chalcopyrite and sphalerite occurring as 

inclusions within pyrite are attributed to poikiloblastic growth of the latter. In the intermediate unit, 

pyrite is, in contrast, partially replaced and cut by veins of chalcopyrite+sphalerite±tennantite (Fig. 

7C). In the upper unit, pyrite is cut by an assemblage of low-iron sphalerite, galena, chalcopyrite 

and tennantite; sphalerite is in turn locally cut by a chalcopyrite+quartz±torneböhmite 

((REE)2Al(SiO4)2(OH)) assemblage (Fig. 7H). In this upper unit, sphalerite, chalcopyrite and 

tennantite appear as inclusions within pyrite as well.   

In the intermediate unit, the lower temperature assemblage of stage III is defined by veins of 

sphalerite along with small sized (around 20) silver-rich tetrahedrite, arsenopyrite and electrum 

grains observed to cut chalcopyrite (Fig. 7I). Stage IV widely developed in the intermediate unit as 

veins of chalcopyrite, sphalerite, galena and tellurides cutting previous assemblages and as complex 

symplectic replacements of tennantite (Fig. 7F) consisting of an intimate intergrowth of 

löllingite+chalcopyrite±sphalerite+Ag-bearing phases such as tetrahedrite, hessite, matildite 

(AgBiS2) and pyrargyrite (Ag3SbS3) and trace amounts of stromeyerite (AgCuS) and acanthite 

(Ag2S) (Fig. 7G). In the upper unit, replacements by galena and chalcopyrite are attributed to the 

fourth stage that, as in the intermediate unit, lacks evidence for textural re-equilibration (foam or 

annealing textures).  



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

Finally, stage V is represented by minor remobilization in narrow veins where silver (and Ag-Hg 

amalgams) occur as replacements of acanthite (Fig. 7J).   

6.3 Antonio 

Metamorphic recrystallization of ores in the Antonio deposit is less intense than that recorded at 

San Fernando on account of its greater distance from the Manicaragua batholith. Petrographically, 

this is illustrated by the preservation of spongy textures in the cores of pyrite (recrystallization of 

polyframboid pyrite aggregates; e.g. Velasco et al., 1998) and local framboidal-spheroidal growth 

remnants (Fig. 8B-E); both textural characteristics are definitely a distinguishing feature with 

respect to San Fernando and Cerro de Maimón deposits. Detailed textural study of the ores resulted 

in a four-stage paragenetic sequence presented in Fig. 8A separately for the stockwork and the 

stratiform mineralization types.  

6.3.1 Stockwork 

Stock mineralization is composed of quartz+sulfide veins that cut a pervasively altered rhyodacite 

host-rock in which local plagioclase remnants are recognized even though they were extensively 

replaced by sericite. Ti-oxide and apatite inclusions occur within plagioclase which, together with 

muscovite (corroded by sulfides), is gathered as stage I. Stage II corresponds to the first generation 

of sulfides and is defined by the predominance of fine-grained pyrite and minor sphalerite and 

chalcopyrite. Sphalerite, commonly presenting chalcopyrite disease, cuts pyrite whereas 

chalcopyrite forms veins crosscutting both pyrite and sphalerite. Stage III is represented by 

barite±chalcopyrite and quartz veins. Radial aggregates of prehnite are interpreted to be 

metamorphic.  

6.3.2 Stratiform 

Whereas the upper stratiform massive sulfide lens is composed to a great extent of pyrite, with only 

subordinate sphalerite and chalcopyrite (less than 1%), the lower stratiform lens presents 

compositional zoning, grading downward from chalcopyrite- to sphalerite-rich. Muscovite is the 

only remnant of the initial alteration stage (stage I) and, in detail, it contains sulfide replacements 

along exfoliation planes and corroded outlines.  The bulk of the massive sulfide mineralization 

formed during stage II; it is defined by fine to medium (less than 300 microns) pyrite grains with a 

wide spectrum of textures descriptive of sedimentary-diagenetic-, hydrothermal- and later 

metamorphic-driven processes. Framboidal-spheroidal and microcrystallite textures (Fig. 8B) are 

representative of the diagenetic-sedimentary processes. Hydrothermal replacement textures are 

dominant in the studied ores, with extensive spongy texture (Fig. 8C,E) and common zoned 
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overgrowths of porosity- (Fig. 8E) and/or inclusion-free rims (Fig. 8D) over spongy cores.  Later 

metamorphic textures are restricted to local annealing and rare cataclastic textures. Inclusions 

within pyrite grains are of chalcopyrite, sphalerite and subordinate tennantite (Fig. 8D). 

Chalcopyrite disease in sphalerite is common. Chalcopyrite, sphalerite and minor tennantite occur 

between and as infilling of fractures in pyrite grains, always displaying evidence for textural re-

equilibration (Fig. 8E).   

Faint annealing affected minerals defining stage III in veins with variable proportions of quartz, 

tetrahedrite, barite (Fig. 8F) and galena that cut previous assemblages. Finally, the fourth stage led 

to late precipitation of galena and tellurides such as altaite (PbTe), kochkarite (PbBi4Te7) and/or 

rucklidgeite ((Bi,Pb)3Te4) (Fig. 8G). 

7. Ore mineral geochemistry 

Representative EMP analyses of ore minerals from Cerro de Maimón, San Fernando and Antonio 

deposits are gathered in Table 1. In addition, a summary of chemical composition of sphalerite, 

tennantite and tetrahedrite from the three deposits is given in Table 2. Element compositions by 

EMP were assessed for variability among the three deposits and relative to the stratigraphy and 

mineralization type (i.e. stockwork, stratabound, stratiform) position of the samples. All analyses 

returned contents of Co, Ni, Ge, and In below their respective detection limits.  

Sphalerite shows remarkably low atomic Fe/Zn ratios (<0.12) and low to intermediate S contents 

(Table 2); negative correlation between Zn and Fe (Fig. 9A) indicates a substitution of Fe for Zn 

(e.g. Herzig, 1988).  The Cu content of sphalerite is as much as 1.16 wt. % and hence is below the 2 

wt. % threshold suggested by many authors (Kojima and Sugaki, 1985; Tesfaye Firdu and 

Taskinen, 2010; Keith et al., 2014) as indicative of preservation of primary compositions and minor 

impact of remobilization or chalcopyrite disease. Nevertheless, as trends towards Cu enrichment do 

exist in the analyzed sphalerite grains (Fig. 9B) we did not use analyses with higher Cu contents for 

estimating P-T conditions from sphalerite compositions (see Discussion).  

Tetrahedrite group minerals (fahlores) from the three deposits were found to be largely tennantite 

(Fig. 9 D) with the exception of late tetrahedrite in the San Fernando stratiform mineralization (Fig. 

7A,I). Tennantite crystals from Cerro de Maimón have the lowest Sb contents whereas tennantite 

crystals from the stratiform units of San Fernando have the highest Sb values In the case of San 

Fernando, the distinct populations of tennantite shown in Fig. 9D correspond to the two stratiform 

units of this deposit. Thus, tennantite from the upper stratiform mineralization has lower Ag and Fe 

contents and higher Cu and Zn contents than in the intermediate stratiform unit. Tennantite from the 
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massive stratiform mineralizations in Antonio returned homogeneously low Ag contents whereas 

Sb contentsare lower in the lower stratiform than in the upper stratiform unit.   

Tennantite from the stratabound mineralization in San Fernando and especially in the stockwork in 

Antonio shows contrasting and more diverse compositions than in the stratiform mineralizations of 

both deposits. In San Fernando it is enriched in Sb and impoverished in Ag and Fe relative to the 

stratiform units. The composition of tennantite from the stockwork of the Antonio deposit shows 

remarkable dispersion in its content in S, As, Sb, Ag, Fe, Cu and Zn contents. Silver and Sb 

enrichments correlate with S, Cu and As depletion. 

Tetrahedrite from the upper stratiform mineralization in San Fernando has similar Zn and Fe 

concentrations whereas that from the intermediate stratiform level is richer in Fe than in Zn. 

Enrichment in Ag is observed in tetrahedrite crystals from the intermediate with regards to the 

upper stratiform levels of San Fernando.  

Galena was analyzed in Cerro de Maimón and in the upper stratiform unit of San Fernando ores. It 

is the only sulfide with significant concentrations of Se and Te, the former being higher in Cerro de 

Maimón (0.38 to 3.83 wt. %) than in San Fernando (of 0.22 wt. %) while the reverse occurs for the 

latter, more concentrated in San Fernando (0.37 to 0.43 wt. %) than in Cerro de Maimón (to 0.25 

wt. %). Silver is higher in San Fernando (0.40 wt. %) than in Cerro de Maimón (to 0.26 wt. %).  

Pyrite composition is relatively constant and only random Pb, Zn, and Cd (up to 0.31, 0.22 and 0.15 

wt. % respectively) were detected. Chalcopyrite in Cerro de Maimón has Zn and Pb concentrations 

ranging from values under their detection limits up to 1.18 and 0.22 wt. % respectively. Gold 

concentrations are very low with only sparse values of up to 0.27 wt. %. Arsenopyrite from the 

intermediate stratiform mineralization of San Fernando has As contents ranging from 36.79 to 43.39 

wt. % and Co and Ni concentration as high as 0.08 and 0.11 wt. %, respectively.  

Electrum grains from the intermediate stratiform unit of the San Fernando deposit have Ag/Au 

ratios from 0.67 to 0.93 and the general structural formula Au0.50-0.59Ag0.40-0.47Cu0.01Hg0-0.01Fe0-0.01. 

Although the minute size of electrum grains in Cerro de Maimón samples prevented valid EMP 

analyses, EDS analyses suggest Ag/Au ratios close to 1. 

8. Sulfur isotopes 

In the Cerro de Maimón deposit, the δ
34

S values of the analyzed sulfides tightly span from -1.3 ‰ 

to +3.0 ‰ (Fig. 10; Table 3), with a mode value of 0.0 ‰ and an average of +0.4 ‰ (n=28). The 
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δ
34

S values range from -1.3 ‰ to +3.0 ‰ on pyrite, from -0.7 ‰ to -1.5 ‰ on chalcopyrite and is 

of +1.5 ‰ on the sphalerite analyzed sample. 

δ
34

S values of sulfide minerals from San Fernando range from -0.5 ‰ to +7.0 ‰ (Fig. 10; Table 3), 

with a modal value of +2.5 ‰ and an average of +2.7 ‰ (n=37). δ
34

S values of pyrite cover the 

entire range, whereas δ
34

S of chalcopyrite ranges from +0.3 ‰ to +3.1 ‰. The two analyzed 

sphalerite grains returned almost coincident values of +1.7 ‰ and +1.9 ‰. The scatter of δ
34

S 

values reduces to -0.5 to +3.7 ‰ for sulfides from the upper and intermediate stratiform 

mineralization. 

Sulfide minerals from the Antonio deposit have δ
34

S values ranging from 0.0 ‰ to +5.8 ‰ (Fig. 10; 

Table 3) with an average of +2.3 ‰ (n=20). The sulfur isotope signature for pyrite covers the entire 

range. The chalcopyrite grain analyzed returned a value of +5.7 ‰.  

9. Discussion 

9.1 Geodynamic setting of host volcanic rocks 

Boninites and tholeiites of the Maimón and Los Pasos Formations are displaced from the mantle 

array (depleted mantle-MORB-OIB) defined in the Th/Yb vs. Nb/Yb diagram of Pearce and Peate 

(1995; Fig. 11A) towards higher Th/Yb ratios and plot within the field of oceanic arc basalts 

(Pearce, 2014). This indicates a subduction component in the magmas and that the sources of 

basalts from both formations were depleted or NMORB-type mantle wedges without any evidence 

of contribution from an enriched mantle (e.g. mantle plume influence). As a rule, FAB would have 

formed from a depleted mantle source whereas a more enriched NMORB mantle is the likely source 

of the studied normal IAT basalts.    

Low LREE/HREE ratios (e.g. La/Yb<5; Fig. 11B) exhibited by the basalts from the Maimón and 

Los Pasos Formations denote a shallow mantle origin outside of the garnet stability field (Pearce 

and Peate, 1995; Pearce, 2008) in an intraoceanic setting (i.e. far from continental crust 

contamination; Hawkesworth et al., 1993). Compared to modern arc suites showing flat NMORB-

normalized HREE segments (consistent with partial melting of spinel peridotite), most basalts from 

the Maimón and Los Pasos Formations overlap the Tonga and South Sandwich fields; however, 

normal IAT basalts from the Los Pasos Formation show great similarity to basalts from the less 

depleted mantle-derived Marianas arc, formed at slightly lower degrees of melting (<25%; Jolly et 

al., 2001 and references therein).  
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Fore arc basalts and boninites predominate among the studied basalts from the Maimón Formation 

and are not detected (nor described, Díaz de Villalvilla et al., 2003) in the Los Pasos Formation. In 

contrast, basalts from the Los Pasos Formation are characterized as LOTI and normal IAT. On the 

other hand, felsic volcanics from both formations are largely equivalent, and have clear M-type 

tholeiitic and boninitic affinities.  

The presence of boninites in stratigraphic correlation with FAB, as observed in the Maimón 

Formation, is a major indicator of a subduction-initiation fore-arc ridge in opposition to a back arc 

basin setting (Ishizuka et al., 2014a, Pearce, 2014 and references therein). Subduction-initiation 

ophiolites are formed in fore-arc settings during the extensional event that accompanies initial 

sinking and ensuing slab roll-back of a newly subducting plate, immediately after subduction 

commences (Stern and Bloomer, 1992; Stern, 2004). In this setting, mantle (typically depleted) 

flows into the nascent mantle wedge and interacts with variable, although rather small, amount of 

volatiles expelled from the sinking plate, resulting typically in higher degrees of melting than in 

mid-ocean ridges. This scenario precludes the formation of the first products of arc volcanism, that 

is, boninites, and favor the formation of FAB (Ishizuka et al., 2011, 2014a) (Fig. 12A). Escuder-

Viruete et al. (2014) inferred the extrusion of LREE-depleted LOTI volcanic rocks (here identified 

as FAB) at >126 Ma, previous to the deposition of layered troctolites of boninitic affinity (126 Ma) 

from the Puerto Plata Ophiolitic Complex (northern Hispaniola); however, these authors noted that 

LREE-depleted LOTI basalts were not found in Puerto Plata, probably because of their tectonic 

removal during the extensive regime linked to continued slab roll-back of the subducting plate. 

FAB from the Maimón Formation, therefore, likely represents the first extrusive magmatic products 

of the nascent Caribbean island-arc, perhaps as old as 135 Ma (cf. Rojas-Agramonte et al., 2011; 

Pindell et al., 2012). Progressive stabilization of the magmatic front and steady-state subduction and 

convection in the mantle wedge along with progressive fertilization of the suprasubduction mantle 

and decompression-melting of rising fertile mantle would have led to the generation of LOTI and, 

later, of normal IAT lavas. The association of LOTI and IAT basalts with M- and FIV-type felsic 

volcanics described in the Los Pasos Formation is strong argument for formation in a juvenile arc 

setting, most probably linked to a slightly later stage in the subduction initiation setting relative to 

lavas from the Maimón Formation (Fig. 12B). Other PIA volcanic series, such as the upper basaltic 

unit of the Los Ranchos Formation (Escuder-Viruete et al., 2006), are composed of normal IAT 

with higher REE contents and LREE enrichments and, hence, would have formed subsequently 

(111.6±0.5 Ma; Kesler et al., 2005) (Fig. 12C). Progressively higher Th contents from primitive to 

more evolved basalts (FAB > boninites > normal LOTI > normal IAT from Maimón Formation > 
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normal IAT from Los Pasos Formation > normal IAT from Los Ranchos Formation; Fig. 4C-F) 

support increasing contribution of slab derived fluids/melts to the mantle wedge (e.g. Plank, 2005).  

Altogether, these observations indicate that VMS mineralization hosted in the Maimón and Los 

Pasos Formations formed in a fore-arc setting linked to an extensive regime just after the onset of 

subduction (convergence) and associated primitive boninitic and tholeiitic melts. In consequence, 

an association of FAB, LOTI and boninite with FIV-type felsic volcanics must be taken into 

account as prospective for VMS deposits in the Caribbean region. 

9.2 Sulfide formation, deformation, geochemistry and deriving constraints 

Pyrite, chalcopyrite, sphalerite and less abundant tennantite are the major (>99 % in volume) ore 

minerals in the three studied deposits. A variety of trace minerals such as galena, sulfosalts, 

arsenides, tellurides, etc. complete the assemblages. 

Chalcopyrite, sphalerite and tennantite occur in the main as the matrix of pyrite grains and show 

evidences of plastic deformation and recovery/recrystallization at a lower temperature than pyrite. 

Pyrite, in contrast, displays a conspicuous variety of textures outlining an increasing 

metamorphic/deformation grade from Antonio to Cerro de Maimón through the San Fernando 

deposits (in the knowledge that the nature and age of metamorphism was different in the Cuban and 

the Dominican cases, dynamothermal vs. contact-thermal). Increase in metamorphic grade resulted 

in a progressive pyrite average grain-size augmentation and obliteration of primary textures. Relicts 

of the former were only preserved in Antonio ores in the form of local framboidal and colloform 

growths and microcrystallite textures. Spongy texture is the dominant one in this deposit whereas it 

is sparse  in San Fernando and nonexistent in Cerro de Maimón. Along with spongy textures, free or 

impingement overgrowths of euhedral and subhedral pyrite crystals with spongy cores and 

inclusions- and/or porosity-free rims are interpreted to be representative of syn-depositional 

hydrothermal replacements. At Cerro de Maimón, the effects of deformation and metamorphism on 

sulfides become more important; annealing or foam textures with triple junctions at 120º in blastic 

pyrite alternate with intense microfracturing and blow-apart and porphyroclastic textures, locally 

developing pressure shadows. Very similar textural relationships and gradations are described in 

other VMS-bearing districts worldwide that underwent low-grade metamorphism, such as the 

Iberian Pyrite Belt (Velasco et al., 1998), the Appalachians (Brueckner et al., 2015) or the 

Norwegian Caledonides (Cook et al., 1993; Barrie et al., 2010; Lockington et al., 2014). 

The coexistence of cataclastic and annealing textures in pyrite over short distances and even in 

single rock samples may seem confusing for extracting orebody’s geological history on the basis of 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

the refractory nature of pyrite. Actually, pyrite grain sizes, mineral abundances and local 

deformation regimes are assumed to often impose larger differences in the textural response of 

sulfide minerals than differential metamorphism and deformation (McClay and Ellis, 1983; Barrie 

et al., 2010). In this connection, the abundance and composition of matrix phases surrounding pyrite 

grains have a major influence on its textural/structural evolution. For example, a soft sulfide matrix 

(i.e. chalcopyrite and sphalerite) will enhance pyrite grain growth whereas where pyrite grains 

impinge upon one another (i.e. little or nonexistent matrix), significant fracturing occurs. This 

correspondence is almost systematic in Cerro de Maimón and overlaps with the complex 

deformation history that certainly involved brittle deformation during retrograde metamorphic 

conditions (e.g. Cook et al., 1993). By means of orientation contrast (OC) imaging and electron 

backscatter diffraction (EBSD), Barrie et al. (2010) concluded that the preservation of annealing 

textures in greenschist-facies metamorphosed massive sulfides of the Norwegian Caledonides 

potentially represented surface-driven processes (re-arrangement by a dissolution/syntaxial 

overgrowth) during metamorphism This conclusion contrasts with the classical assumption that 

foam textures result from recrystallization (e.g. Vokes, 1969; Cook et al., 1993; Velasco et al., 

1998; Craig, 2001), which certainly occurs at higher than greenschist facies metamorphic grade 

(McClay and Ellis, 1983). This conclusion is in good agreement with the limited mobilization of 

gold during metamorphic upgrading observed in Cerro de Maimón ores (discussed in section 9.4).     

Syn-metamorphic (including pre-, syn- and post-metamorphic peak) sulfide 

recovery/recrystallization led to metamorphic remobilization (s.s.; Marshall and Spry, 2000) and 

local redistribution of trace elements, including base and precious metals. Subsequently, discrete 

minerals such as galena, Bi-, Ag- and Pb-tellurides, tetrahedrite, arsenopyrite/löllingite, Ag-

sulfosalts (the last two only in San Fernando), electrum and (Ag,Hg) amalgams formed. These 

phases commonly concentrate along sulfide contacts and voids and show textural evidence for both 

textural/mineral equilibrium and non-equilibrium in the three deposits, indicating that 

(re)crystallization extended throughout the whole metamorphic history.  

Sphalerite, because of its high relative abundance in the studied deposits, is a good candidate for 

being the phase that released most of the Bi, Pb and Ag, initially hosted as solid solution and/or as 

discrete micro-inclusions (Huston et al., 1995; Cook et al., 2009), for the subsequent crystallization 

of minor and trace minerals during late mineralization. Recent studies by Lockington et al. (2014) 

reported that the concentrations of Pb, Bi and to some degree Cu and Ag in sphalerite decrease with 

increasing metamorphic grade and, once released, these elements potentially form discrete minerals 

elsewhere. In contrast, these workers did not detect systematic changes in the concentration of Fe 

and Cd, and hence asserted that their concentration in recrystallized sphalerites offer potential 
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insights into ore genesis. This potential was yet inferred by Scott (1976) for sphalerite and 

contemplated for other relatively refractory sulfides such as molybdenite, pyrite or arsenopyrite 

(e.g. Toulmin and Barton, 1964; Kretschmar and Scott, 1976). The incorporation of Fe into 

sphalerite structure in exchange of Zn has long been recognized as a function of the pressure, 

temperature and sulfidation state of the hydrothermal fluid sphalerite precipitated from (e.g. Scott 

and Barnes, 1971; Scott, 1973, 1976, 1983; Herzig, 1988; Keith et al., 2014). Hannington and Scott 

(1989) even viewed in the composition of the sphalerite a powerful prospecting tool for Au in VMS 

deposits as those conditions influencing gold grades (roughly, T<300ºC and high S2 activities) 

translate into low Fe contents (<10 mole % FeS) in coeval sphalerite. From the benchmark work by 

Scott and Barnes (1971), based on thermodynamic principles in the Zn-Fe-S system, the chemical 

composition of sphalerite has been widely used as geobarometer (e.g. Canet et al., 2009) and less 

usually as geothermometer (e.g. Browne and Lovering, 1973). Nevertheless, a number of 

limitations of this “classical” method for geothermobaromentric calculations exist (Mishra and 

Mookherjee, 1988; Keith et al., 2014); the most bothersome one is, probably, that the 

thermodynamic equations were calibrated for sulfide assemblages precipitated in equilibrium with 

pyrrhotite. Since pyrrhotite is not present in the VMS deposits studied here, the use of the Scott and 

Barnes (1971) method is inappropriate; the excessive pressures (>>10 Kb) equivalent to the 

remarkably low XFeS (~0.5 to 10 atom. %) registered are proof.  

Keith et al. (2014), in a study of the composition of sphalerite from a wide spectrum of active and 

inactive submarine hydrothermal vent settings, presented criteria for discriminating among 

sediment-covered or sediment-starved environments. In addition, for sediment-starved cases not 

affected by metamorphism of higher grade than upper greenschists facies, they propose an equation 

(obtained from simple regression among Fe/Zn ratios measured in sphalerite and temperature data 

of the active vents) for the estimation of minimum fluid temperatures of sphalerite precipitation. 

Sphalerites from our study have remarkably low Fe/Zn ratios and low to moderate S contents (Table 

1) that match the typical compositions expected in a sediment-starved setting (Fig. 9C). The 

Maimón and Los Pasos Formations contain flow lithofacies (flow-dominated association; Franklin 

et al., 2005), including coherent mafic and felsic lava flows and abundant autoclastic deposits, but 

only minor amounts of sediment (Lewis et al., 2000, 2002; Díaz de Villalvilla et al., 2003). These 

lithologic associations are consistent with the recorded low Fe/Zn ratios of sphalerite from the 

studied VMS deposits.  

Estimated minimum fluid temperatures using the regression equation by Keith et al. (2014) are in 

the range of 242 to 302 ºC on average in the three deposits.. These temperatures are in a reasonable 

range and agree with homogenization temperatures of fluid inclusions in sphalerite-bearing 
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assemblages in ancient VMS deposits (e.g. Iberian Pyrite Belt, Spain, Almodóvar et al., 1998; 

Hokuroku District, Japan, Pisutha-Arnold and Ohmoto, 1983) and directly in active vents (in TAG, 

of 265-366ºC,  Hannington et al., 1998; in MARK, of 335 to 350ºC, Edmond et al., 1995; in black 

smokers from the Brothers Volcano, Kermadec Arc, of up to 302 ºC, Berkenbosch et al., 2012).  

 

Fahlore, due to its capacity for solid solution, is a potential tracer for categorizing environments of 

ore deposition, compositional and temporal variability of fluids and/or retrograde reactions (Sack et 

al., 2003 and references therein). Fahlores analyzed in the three deposits are largely tennantite 

(As>Sb), with only traces of tetrahedrite, crystallized as low temperature replacements during pre- 

and post-metamorphic peak (Fig. 7A), are present in San Fernando. Concentration of Ag-tellurides 

in the borders of recovered/recrystallized tennantite suggests that this mineral would have been an 

important contributor of this metal for the subsequent crystallization of late (metamorphic) Ag 

phases. Antimony concentration in tennantite from the three deposits is remarkably low. 

Nonetheless, a fair trend towards mild Sb enrichment in the stratiform mineralizations from Cerro 

de Maimón (av.: 0.27 at. %, Sb/(Sb+As) = 0.02) throughout Antonio (av.: 0.61 at. %, Sb/(Sb+As) = 

0.04) to San Fernando (av.: 1.39 at. %, Sb/(Sb+As) = 0.10) deposits is evident. 

Tetrahedrite and tennantite are important accessory minerals in bimodal-mafic and bimodal-felsic 

when compared with mafic-ultramafic, mafic-siliciclastic and felsic-siliciclastic (Seal II and Piatak, 

2012) VMS types. Economou-Eliopoulos et al. (2008) described tennantite-tetrahedrite assemblages 

in ophiolite-hosted (mafic-ultramafic) VMS deposits (Cyprus-type, Singer, 1986) in supra-

subduction bimodal volcanic sequences (bimodal-mafic, Shanks III and Koski, 2012; Piercey, 2011) 

linked to initial stages of subduction in a fore-arc setting. This feature contrasts with the general 

absence of fahlores in Cyprus-type deposits hosted in mid-ocean ridges and mature back-arc basins 

(mafic, Piercey, 2011; mafic-ultramafic, Shanks III and Koski, 2012; back-arc mafic, Franklin et al., 

2005). Similarly, Herzig and Hannington (1995) confirmed in polymetallic massive sulfides on the 

modern seafloor that tetrahedrite and tennantite can be abundant in back-arc spreading 

environments (both, intraoceanic and intracontinental) in contrast with mid-ocean ridges. In 

fairness, local tetrahedrite (s.s.; along with arsenopyrite and a series of Sn and Pb sulphosalts) is 

part of the very complex sulfide assemblage typical of sediment-covered mid-ocean ridges close to 

continental margins (Herzig and Hannington, 1995). Nevertheless, important primary tetrahedrite 

mineralization in VMS deposits is apparently restricted to intracontinental settings (Petersen, 1992 

and references therein).  



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

This inventory is no more than the statement that the geochemistry and mineralogy of massive 

sulfides largely depends on the source-rock lithology, which is reflective of the tectonic setting (i.e. 

seawater-rock interaction; Fouquet et al., 1993; Herrington et al., 2005; Glasby et al., 2008; Gilgen 

et al., 2014).  Fouquet et al. (1993) and Herzig et al. (1993), compared mineralization in the 

southern Lau Basin (back-arc) with of mid-ocean ridges and basalt-controlled back-arc basins and 

noticed a general enrichment in As, Pb, Zn, Ag, Au, Hg and Ba that was attributed largely to the 

existence of differentiated (intermediate or felsic) series of volcanic rocks with island-arc affinities 

(i.e. differences in the relative amount of leached mafic versus felsic rocks). Direct and unreserved 

attribution to felsic stocks as the sources of elements such as As, Sb, Bi or Au continues to the 

present (e.g. Zheng et al., 2015). Several authors (Herzig and Hannington, 1995; Glasby et al., 

2008) correlated higher average concentrations of Pb, As, Sb and Ag in sulfides from back-arc 

spreading centers of the W and SW Pacific to the presence of sediments in the hosting rock series 

unlike mid-ocean ridges. Over the past few years, focus in this respect seems to have moved 

towards the mantle. In intraoceanic settings, Timm et al. (2012) summarized that arc-related mafic 

lavas are enriched in most of the siderophile and chalcophile elements when compared to MORB; 

these workers attributed this fact to metasomatism of the suprasubduction mantle by hydrous melts 

derived from the downgoing slab, the input of which can be further traced from back-arc to arc-

front positions. Chalcophile elements such as As and Sb are highly mobile in hydrous fluids under 

oxidizing mantle conditions (Noll et al., 1996) and can be fluid-transported from the slab to the 

melting region in the suprasubduction zone. Among other parameters (e.g. subduction zone 

geometry, convergence rate, slab dip, mantle source composition, degree of partial melting, 

fractional crystallization, etc.), slab composition play an important role in the composition of the 

derived magmas (Haase et al., 2002). Sediments, altered oceanic crust and serpentinized uppermost 

lithosphere within the slab are possible sources of these elements (Kessel et al., 2005; Deschamps et 

al., 2010, 2011 and references therein).  

In general, the geochemical behavior of Sb is similar to that of Pb (Noll et al., 1996) and, in 

subduction environments, is described to be even more mobile (Jochum and Hofmann, 1997); 

therefore, an efficient transfer to continental crust is expected. The very low Sb contents in the 

analyzed tennantite crystals from the three deposits indeed reflect that fahlores (and hence massive 

sulfide mineralization in general) precipitated during very primitive stages in the formation of the 

intraoceanic island-arc, in opposition to tetrahedrite (Sb dominates over As) prevalence documented 

in well-developed continental crust settings. Unfortunately, whole rock As and Sb contents of 

samples from the Maimón and Los Pasos Formations are not available. Systematic increase 

observed in the concentrations of Sb in tennantite from the three deposits (Cerro de Maimón < 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

Antonio < San Fernando) could be related to 1) small differences in the proportions of sediments 

and/or the grade of alteration and serpentinization (Jochum and Verma, 1996) of the oceanic crust 

and lithosphere within the downgoing slab and/or 2) formation of the deposits at slightly different 

stages in the evolution of the subduction-related magmatism and/or 3) differences in the lithology of 

the hosting rock units (e.g. presence of sediments in the overriding or upper plate). The 

lithogeochemistry of the hosting volcanics presented in this work perfectly cover the two last 

options.  

Fahlore compositions and part of the late (stages III-IV; Fig. 7A) trace mineral assemblage in San 

Fernando differ from the Antonio and Cerro de Maimón deposits and deserve a more detailed 

explanation. Indeed, local symplectic (i.e. exsolution intergrowths; Augustithis, 1995) replacements 

of tennantite crystals by an assemblage of sphalerite, tetrahedrite, pyrargyrite, hessite, matildite, 

stromeyerite and acanthite are exclusive to this deposit. Geothermometric calculations based on the 

chemical composition of tetrahedrite in close intergrown with sphalerite, pyrargyrite, hessite, 

matildite, stromeyerite and acanthite (Sack et al., 2002) yield 170 ºC average temperature; because 

of the apparent absence of miargyrite, this estimation would actually represent a minimum 

temperature (Sack et al. 2003). This temperature is consistent with miscibility gaps or unmixing into 

high-Ag and low-Ag tetrahedrite varieties stated by Sack et al. (2003). Tetrahedrite from San 

Fernando shows bimodality in its Ag (and Cu, Zn and Fe) contents depicting two separated 

populations in Fig. 9D; however, these two populations find direct correspondence with the level 

(upper and intermediate) along the stratiform massive lens in which the respective tetrahedrite 

crystals precipitated. This observation and the parallel behavior observed in tennantite crystals from 

these same levels would indicate that tetrahedrite compositions are rather a reflection of the 

composition of the tennantite crystals that they are replacing than a product of immiscibility. A 

similar trend (gain in Sb and Ag) is observed in tennantite from the Antonio stockwork. These 

features support the circulation of an epithermal or mesothermal fluid during prograde and 

especially during retrograde metamorphism; syn-metamorphic magmatic fluids exsolved from the 

cooling Manicaragua batholith granodioritic magmas are good candidates. In any case, the scope of 

the epithermal/mesothermal assemblage is limited and did not involve an important remobilization 

of metals. 

Systematic trace element measurements in galena have revealed fair potential of this mineral as a 

marker for the source of elements and ore formation processes in deposits that have undergone 

superimposed metamorphism and deformation (George et al., 2015). Nevertheless, the availability 

of databases on trace elements in galena from different mineralization styles and geodynamic 

settings is still limited. Galena is the only mineral that yielded Se and Te concentrations consistently 
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above their detection limits; Se fractionation toward galena (rather than chalcopyrite and sphalerite) 

in hydrothermal systems is well-constrained (Bethke and Barton, 1971). Relatively high 

concentrations of Se in galena, particularly from Cerro de Maimón, are conspicuous. The 

chalcophile elements Se and the more incompatible Te are expected to be more enriched in 

subduction related (bimodal mafic and bimodal felsic) than in mid-ocean ridge (mafic-ultramafic) 

magmas and associated VMS deposits (König et al., 2012). When compared to Cerro de Maimón, 

galena from San Fernando yielded systematically lower concentrations of Se and As and higher 

contents of the more incompatible Sb, Te and Bi; this observation parallels the Sb enrichment 

observed in tennantite crystals from the Antonio and San Fernando deposits compared to those in 

Cerro de Maimón.  

On the whole, the ore mineralogy and geochemistry are in good agreement with the ore 

assemblages and compositions expected for VMS deposits formed in intraoceanic island-arc 

juvenile settings. Moreover, subtle although decided nuances in ore mineral (fahlores and galena) 

geochemistry find clear correspondence with the above discussed (section 9.1) differences in the 

timing of deposition of the host rocks suggested by lithogeochemistry. Both whole rock and ore 

mineral geochemistry point to a more primitive setting of formation of VMS mineralizations of the 

Maimón Formation than those hosted in the Los Pasos Formation (Fig. 12).    

9.3 Source of sulfur 

In seafloor hydrothermal systems, sulfur isotope fractionation between aqueous species, mineral 

phases and microorganisms is characteristic (Shanks III et al., 1995). Three main sources of sulfur 

to precipitate sulfides in VMS deposits are inferred: 1) inorganic reduction of seawater sulfate; 2) 

magmatic sulfur, either from a direct contribution from a vapor-rich magmatic fluid or after 

leaching of the volcanic host rocks; and 3) sulfur from microbial activity in reduced sediments by 

means of bacterial sulfate reduction (Sangster, 1976; Ohmoto, 1986; Solomon et al., 1988, 2004; 

Stanton, 1990; Çagatay and Eastoe, 1995; Shanks III et al., 1995; Ohmoto and Goldhaber, 1997; 

Herzig et al., 1998; Hoefs, 2009; Brueckner et al., 2015). 

The relatively narrow scatter of δ
34

S in the studied samples suggests homogeneity in fluid sulfur 

composition and similar physico-chemical conditions during the ore forming process. The narrow 

and predominantly positive values (Fig. 10) largely rule out bacteriogenic reduction of sulfate as the 

source of sulfide. This range is, in contrast, in good agreement with sulfide derived from the 

inorganic reduction of seawater and/or a magmatic source. Inorganic thermochemical reduction of 

seawater sulfate favored by high temperature formation of the deposits and the Fe-rich nature of the 

host basaltic rocks (Shanks III et al., 1981) was surely dominant, leaving a string of δ
34

S values as 
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high as 7.0 ‰; all the δ
34

S values are consistently lower than that of the starting seawater sulfate, of 

~15 ‰ during the Cretaceous (Claypool et al., 1980).  

Sulfides from Cerro de Maimón returned lower values and more reduced scatter of δ
34

S than those 

analyzed from the San Fernando and Antonio deposits. It is generally accepted that metamorphism 

tends to homogenize and reduce the range of δ
34

S in a deposit (e.g. Sangster, 1971), in agreement 

with the higher metamorphic grade and deformation in the Cerro de Maimón ores here reported. 

However, studies such as those developed in the greenschist metamorphosed Iberian Pyrite Belt 

VMS deposits by Velasco et al. (1998) challenged this hypothesis.  

Tentatively, homogeneously lower values in Cerro de Maimón and in the upper and intermediate 

stratiform mineralizations in the San Fernando deposits could be correlated with increasing 

magmatic sulfur contribution at a constant seawater input (as established in Noranda district VMS 

deposits by Sharman et al., 2015). However, the many parameters that can influence sulfur isotopic 

value and fractionation (e.g. water/rock ratios, physico-chemical parameters such as T, pH, fO2, fS2, 

the sulfur isotopic composition of igneous wall rocks etc., Brueckner et al., 2015) prevent 

developing strong arguments for the source(s) of sulfur. Magmatic fluid influence is further 

discussed in section 9.4 below. 

9.4 Gold: on its original distribution and later metamorphic remobilization 

The distribution of Au grades along the Cerro de Maimón massive sulfide lens is fairly constant and 

averages 1 g/t in the sulfide body; however, local higher Au concentrations up to 7.6 g/t are 

detected according to data provided by Perylia-CORMIDOM. Gold values show positive 

correlations with Cu, Zn, Ag and Pb and all together classify Cerro de Maimón as a non-

auriferous/base-metal VMS deposit (Poulsen and Hannington, 1995).  

Broad technical reports (Gallardo-Eupierre, 2001) do not describe Au as an economic commodity in 

the Antonio ores and its concentration values are not given. According to the few technical data 

available, apparently neither is Au an economic commodity in San Fernando deposit. However, 

non-exhaustive analytical work performed in a few samples by the Central Mining and Geological 

Enterprise (unpublished) returned Au values as high as 1.44 g/t in the intermediate unit of the 

stratiform sulfide lens that correlate with maximum Ag concentrations (194 g/t); Au and Ag 

concentrations seem to decrease towards the upper unit (0.88 g/t Au and 75 g/t Ag) and to be 

remarkably lower in the lower stratiform sector (0.15 g/t Au and 6 g/t Ag). This distribution of both 

precious metals is in fact in good agreement with the conspicuous occurrence of electrum and the 

higher Ag contents in tennantite (and in its alteration product tetrahedrite) in the intermediate 
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stratiform unit reported here. The higher Au and Ag values correspond to intermediate temperature 

(~270 ºC) of the intermediate stratiform unit; the contents of both metals decrease towards the 

higher-temperature (~302 ºC) upper sector and are very low in the lower temperature (~256 ºC) 

lower portion. 

As summarized by Hannington and Scott (1989), Huston and Large (1989) and Huston et al. 

(1992), in modern massive sulfide-forming systems, Au is commonly transported as Au(HS)2
− 

complexes, Au solubility and transport  being favored at low temperatures (<300 ºC) and near 

neutral pH; gold subsequently precipitates upon mixing with seawater by oxidation (above the 

HSO4
−-H2S equal activity curve), a drop in temperature (<150 ºC) and dilution of H2S. The starting 

composition of the hydrothermal fluid can further complicate the system. Enrichment in Au (not 

related to high-sulfidation-VMS systems, Hannington et al., 1999b) may also reflect processes such 

as seafloor boiling or contribution from a magmatic source deeper in the system. Therefore, the 

different Au contents recorded in the studied deposits and in each of their respective units or 

mineralization styles cannot be correlated on a linear basis with a unique parameter and must be 

understood as a complex interaction among several of them.  

Beyond minor late (pre- and post- metamorphic peak) electrum occurrences in the Cerro de 

Maimón and San Fernando deposits, the mineralogical distribution of the bulk of Au remains 

unclear. This led the authors to the suggestion that the precious metal occurs as micro-inclusions 

within sulfide mineral lattices (i.e. the so-called invisible gold; e.g. Larocque et al., 1995). The 

occurrence and relative concentration of minute electrum grains in strongly sheared zones of the 

Cerro de Maimón sulfide lens indicate a later metamorphism- and deformation-triggered 

remobilization and re-precipitation of Au (and Ag) (cf. Larocque et al., 1993). Prograde 

metamorphism of VMS bodies can produce the release of Au from pyrite and its partitioning 

between electrum and chalcopyrite (Larocque et al., 1995; Marshall et al., 2000). In the Iberian 

Pyrite Belt, Velasco (2014) explains the precipitation of electrum and Au-Ag-Hg amalgams from 

invisible gold (precipitated at exhalative stages) by means of mobilization and concentration by 

hydrothermal fluids after the metamorphic peak and fragile/ductile deformation. Remobilization 

and upgrading during deformation and metamorphism may imply solid-state mechanical transfer, 

liquid-state chemical transfer or both (mixed-state transfer) (Gilligan and Marshall, 1987; Marshall 

and Gilligan, 1987, 1993; Marshall et al., 2000). Although fluid facilitation surely acted for gold 

and silver metamorphic remobilization in the case of Cerro de Maimón deposit, regional and 

textural observations reviewed here suggest that solid-state mechanical transfer was the dominant 

mechanism; in contrast, mineral paragenesis and textures in San Fernando ores points to liquid-state 

chemical transfer as the governing mechanism during metamorphic remobilization and upgrading. 
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Electrum composition from the San Fernando and Cerro de Maimón deposits have remarkably high 

Ag contents that contrast with the extreme fineness (>99% Au) of gold grains analyzed from the 

Cerro de Maimón gossan (Andreu et al., 2015), indicating that chemical refining (Freyssinet et al., 

2005; Yesares et al., 2014) certainly took place during the weathering profile formation. 

9.5 VMS deposits in fore-arcs  

According to the lithogeochemistry, and supported by ore mineral assemblages and geochemistry, 

VMS deposits hosted in the Maimón and Los Pasos Formations formed in a fore-arc setting during 

the earliest arc-related magmatic activity of the nascent Caribbean Island Arc. Both, mafic and 

felsic volcanics from the two Formations show robust evidences of generation from high-

temperature magmas formed at shallow levels within the mantle conductive to forming VMS 

deposits (Piercey, 2011).  

In subduction-zones with stabilized magmatic-fronts, fore-arcs characteristically have lower heat 

flow and geothermal gradients than back-arcs (Currie and Hyndman, 2006); however, the great 

extension rates associated with subduction initiation and associated high liquidus temperature FAB-

boninite-LOTI suite magmas in fore-arc ophiolitic sequences make fore-arcs suitable for the 

formation of VMS deposits (Schulz, 2012 and references therein). In fact, relatively abundant 

hydrothermal activity and associated disseminated sulfide mineralization apparently prior to and 

contemporaneous with boninitic volcanism are described in the Izu-Bonin intraoceanic forearc 

(Ishizuka et al., 2014b). Nevertheless, only a few cases of VMS deposits formed within a fore-arc 

setting are reported and, as stated by Piercey (2011), a boninite-LOTI association with VMS is not 

described in modern geodynamic environments. Tectonic removal during slab roll-back induced 

extension of the FAB-boninite-LOTI substrate by low angle detachment faulting (Stern, 2004), 

and/or overprinting by younger magmatic arcs are among the reasons invoked.  

10. Conclusions 

The integration of the lithogeochemistry from the Maimón and Los Pasos Formations and the ore 

mineralogy and geochemistry, and sulfur isotope data from the Cerro de Maimón (Dominican 

Republic), San Fernando and Antonio (Cuba) VMS deposits has led to the following conclusions:  

1- Geochemically, basalts of the Maimón Formation include FAB (fore arc basalts), boninites 

and minor LOTI (low-Ti island arc tholeiites) and IAT (normal island arc tholeiites), 

whereas those studied from the Los Pasos Formation are characterized as LOTI and IAT. 

These results point to formation shortly after the onset of subduction (convergence) linked 

to initial extensional regimes and associated primitive boninitic and tholeiitic melts of 
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shallow mantle origin in a fore-arc setting. In this environment, rocks of the Los Pasos 

Formation and associated VMS deposits likely formed at slightly later stages than those of 

the Maimón Formation. 

2- The lithochemistry of felsic volcanics from the Maimón and Los Pasos Formations is 

equivalent; both exhibit M-type, boninitic and tholeiitic signatures. They classify as FIV-

type, typical of post-Archaean felsic volcanic rocks prospective for VMS deposits. 

3- Primary ore mineralogy from the Cerro de Maimón, San Fernando and Antonio deposits is 

largely analogous and composed in the main of pyrite, chalcopyrite, sphalerite and 

tennantite. In the three deposits, ore textures evidence deformation/recovery; higher 

deformation and metamorphic grade recorded in ores from the Cerro de Maimón deposit are 

reflected in generalized annealing and cataclastic textures. Antonio ores register the lowest 

deformation/metamorphic grade of the three studied deposits and preserve relicts of 

framboidal and microcrystallite growths and spongy textures. Syn-metamorphic sulfide 

recovery/recrystallization led to the remobilization and local redistribution of trace elements, 

and subsequent crystallization of discrete minerals (galena, tellurides, tetrahedrite, 

arsenopyrite/löllingite, Ag-sulfosalts and electrum).  

4- The chemical composition of sphalerite from the three deposits suggests ore formation in 

sediment-starved environments; calculated minimum temperatures of precipitation for 

sphalerite from the stratiform mineralizations are in the range of 242 to 302 ºC for the three 

deposits.  

5- Tennantite crystals from the three deposits have conspicuously low Sb and Ag contents that 

characterize most VMS deposits formed in juvenile intraoceanic island-arc settings. A broad 

trend toward Sb enrichment in stratiform ores in the San Fernando and Antonio deposits 

with respect to Cerro de Maimón parallels lower concentrations of Se and As and higher 

contents of the more incompatible Sb, Te and Bi in galena. These nuances in ore 

geochemistry support the slightly more primitive setting of formation of VMS 

mineralizations hosted in the Maimón Formation indicated by the lithogeochemistry of the 

hosting volcanic units.  

6- Sulfur isotope data on sulfides from the three deposits indicate that sulfide derived from the 

inorganic reduction of seawater and/or from a magmatic source.  

7- The three deposits are characterized as non-auriferous, although fair Au contents exist in the 

Cerro de Maimón ores and in the intermediate and upper stratiform portions of the San 
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Fernando deposit. Gold, that probably precipitated as invisible gold during the exhalative 

mineralization stage, shows evidence of later metamorphism- and deformation-triggered 

remobilization and re-precipitation as electrum; whereas solid-state mechanical transfer 

appears to be the dominant upgrading mechanism in the Cerro de Maimón deposit, liquid-

state chemical transfer would have governed upgrading in the San Fernando deposit. 
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FIGURE CAPTIONS 

 

Figure 1: (A) Geographic location of the PIA series (green) and ophiolitic peridotites (black) of the 

Greater Antilles. (B) Location map of the VMS deposits and occurrences in the Maimón Formation; 

geological map of the Maimón Formation and surrounding units modified from Martín and Draper 

(1999). (C) Location map of the VMS deposits and occurrences in the Los Pasos Formation; 

geological map modified from Gallardo-Eupierre (2001).  

Figure 2: Detailed cross sections of (A) the Cerro de Maimón, (B) San Fernando and (C) Antonio 

ore bodies and their host formations. 

Figure 3: (A) Alteration (major-element mobility) box plot (Large et al., 2001) for analyzed 

volcanic rocks from the Maimón and Los Pasos Formations. Least altered box: BA, basaltic 

andesite; BAS, basalt; DAC, dacite; RHY, rhyolite. Arrows show six common trends during 

hydrothermal alteration. Alteration mineralogy: carb, carbonate; chl, chlorite; kfeld, K-feldspar; py, 

pyrite; ser, sericite. (B) Zr/Ti vs. Nb/Y classification diagram (Pearce, 1996 after Winchester and 

Floyd, 1977) for mafic and felsic volcanic rocks from the Maimón and Los Pasos Formations. 

Figure 4: Geochemical diagrams for basaltic rocks from the Maimón Formation including 

compositional fields from other complexes/sources for comparison. (A) Tectonic discrimination 

Nb-Zr-Y diagram after Meschede (1986). (B) Ti-V diagram (Shervais, 1982) including field 

nomenclatures as recommended by Pearce (2014). (C-F) Chondrite-normalized extended REE 

diagrams for the different basalt types described in the main text; normalization values are after 

McDonough and Sun (1995); NMORB values are from Sun and McDonough (1989) with the 

exception of V (average value of MORB from the FAMOUS area, Langmuir et al., 1977). 

Geochemical data of samples from the Los Pasos Formation include analyses of Díaz de Villalvilla 

et al. (2003). IBM: Izu-Bonin-Marianas. 

Figure 5: Geochemical diagrams for rhyodacitic rocks from the Maimón and Los Pasos Formations 

including compositional fields from other complexes/sources for comparison. (A) Chondrite-

normalized extended REE diagram; normalization values are after McDonough and Sun (1995). (B) 

Nb-Y tectonic discrimination diagram for granites of Pearce et al. (1984); prospective fields are 

after Piercey (2007). (C) La/YbCN vs. YbCN discrimination diagram of Hart et al. (2004); chondrite 

normalization values are after McDonough and Sun (1995). (D) Zr/Y vs. Y discrimination diagram 

of Lesher et al. (1986). Geochemical data of samples from the Los Pasos Formation include 

analyses of Díaz de Villalvilla et al. (2003) and Kerr et al. (1999). 
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Figure 6: Ore mineralogy of Cerro de Maimón massive sulfide lens. (A) Paragenetic sequence 

deduced for ores in the massive sulfide body; width of bars approximates the abundance of 

minerals; the bright gray rectangle indicates lack of primary textures due to total obliteration by 

metamorphism. (B) Feather-shaped quartz in pressure shadow adjacent to pyrite porphyroclast; 

transmitted light, crossed polars image [CM-299-318.30]. (C) Partially welded anhedral to 

subhedral pyrite crystals enveloped in a matrix of gangue, chalcopyrite, sphalerite and minor 

tetrahedrite; polarized reflected light image [CM-306-228.50]. (D) Individual fine- to medium-

grained anhedral pyrite crystals enveloped in a matrix of abundant chalcopyrite and subordinate 

sphalerite and tetrahedrite; polarized reflected light image [CM-322-260.22]. (E) Equilibrium 

textures in composed sulfide inclusion within pyrite; polarized reflected light image [CM-353-

214.50]. (F) Cataclastic textures and microfracturing with blow-apart structures in pyrite; polarized 

reflected light image [CM-307-150.00]. (G) Rotational fabric in a big pyrite crystal wrapped by 

muscovite; polarized reflected light image [CM-299-318.30]. (H) Welded pyrite crystal aggregates 

with frequent foam or annealing textures; polarized reflected light image [CM-286-195.15]. (I) 

Hessite infillings (in voids) and sphalerite and galena mineral inclusions within pyrite; SEM-BSE 

image [CM-322-260.22]. (J) Hessite grains concentrated along the margins of a tennantite crystal; 

SEM-BSE image [CM-330-270.55]. (K) Bornite replacement by flame-like aggregates of covellite-

chalcocite; polarized reflected light image [CM-370-8.10]. Abbr.: qtz: quartz; ser: sericite; py: 

pyrite; cpy: chalcopyrite; sph: sphalerite; tn: tennantite; gn: galena; bn: bornite; hess: hessite; cv: 

covellite; cc: chalcocite. 

Figure 7: Mineralogy of the San Fernando sulfide deposits. (A) Paragenetic sequence in the 

stockwork, stratabound and stratiform mineralization types; width of bars approximates the 

abundance of minerals and discontinuous lines indicate rare occurrence of mineral formation. (B-K) 

Photomicrographs with polarized reflected light (B-C) and SEM-BSE (D-K). (B) Recrystallized 

massive pyrite from the stratiform mineralization showing strongly indented grains in a 

chalcopyrite-gangue matrix; note the subtle preservation of spongy texture in the core of some 

pyrite crystals with zoned overgrowth [SF97-25-107]. (C) Pyrite and minor sphalerite vein cuts a 

massive mineralization of pyrite [SF97-22-134]. (D) Grain boundaries at 120º among chalcopyrite, 

sphalerite and tennantite that contrast with irregular outlines of galena; minute hessite grains occur 

along sphalerite-chalcopyrite contacts [SF97-127-10]. (E) Annealing texture in a tennantite, hessite 

and electrum inclusion within sphalerite [SF97-127-10]. (F) Symplectic replacement of tennantite; 

note the triple junctions at 120º between the tennantite, pyrite and chalcopyrite crystals [SF97-133-

8]. (G) Detail of symplectic replacement of tennantite by sphalerite, chalcopyrite, löllingite and 

matildite [SF97-133-8]. (H) Replacement of pyrite by chalcopyrite and tornebohmite [SF97-125-4]. 
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(I) Interstitial mineralization of sphalerite, arsenopyrite (partially recrystallized to löllingite), 

tetrahedrite and electrum within chalcopyrite [SF97-133-8]. (J) (Ag,Hg) amalgam as replacement of 

acanthite along a late vein cutting a chalcopyrite-pyrite assemblage [SF97-133-8]. (K) Replacement 

of sphalerite by an assemblage of zinalsite and armenite [SF97-127-10] Abbr.: qtz: quartz; chl: 

chlorite; py: pyrite; cpy: chalcopyrite; sph: sphalerite; tn: tennantite; td: tetrahedrite; gn: galena; 

hess: hessite; el: electrum; bt: biotite; mat: matildite; lö: löllingite; torn: tornebohmite; aspy: 

arsenopyrite; acan: acanthite; zls: zinalsite; armn: armenite. 

Figure 8: Mineralogy of the Antonio sulfide deposit. (A) Paragenetic sequence in the stockwork, 

stratabound and stratiform mineralization types; width of bars approximates the abundance of 

minerals and discontinuous lines indicate rare occurrences of mineral formation. (B-E) Polarized 

reflected light and (F-G) SEM-BSE images. (B) Remnant of framboidal-spheroidal overgrowth of 

pyrite with microcrystallite textures [AM-11]. (C) Extensive spongy texture in pyrite [AM-294]. 

(D) Coarser-grained pyrite preserving relict of zoned overgrowths with largely inclusion free rims 

and subtle spongy cores; chalcopyrite is often concentrated along growth faces in pyrite [AM-264]. 

(E) Sphalerite and subordinate chalcopyrite in the matrix of zoned pyrite largely with spongy cores 

and porosity-free overgrowths [AM-285]. (F) Barite vein crosscuts pyrite containing inclusions of 

sphalerite [AM-286]. (G) Altaite and kochkarite partially or totally infill micro-voids in pyrite [AM-

4].  Abbr.: py: pyrite; cpy: chalcopyrite; sph: sphalerite; bar: barite; alt: altaite; Koch: kochkarite 

Figure 9: Mineral chemistry of ores from the Cerro de Maimón, San Fernando and Antonio 

deposits. (A) Fe (wt. %) vs. Zn (wt. %) in sphalerite; note the tight negative correlation between Fe 

and Zn. (B) Fe (wt. %) vs. Cu (wt. %) in sphalerite diagram as tool for discriminating non-primary 

Cu enrichment. (C) S (wt. %) vs. Fe/Zn in sphalerite; discriminant fields (sediment-covered and 

sediment-starved) are after Keith et al. (2014). (D) Sb(Sb+As) vs. Ag/(Ag+Zn+Cu+Fe) in 

tetrahedrite group minerals(fahlores). Abbr.: stock: stockwork; stb: stratabound; str: stratiform; u: 

upper; i: intermediate; l: lower.  

Figure 10: Histogram of δ
34

S values of sulfides from the Cerro de Maimón (Dominican Republic), 

San Fernando and Antonio (Cuba) VMS deposits. Abbr.: Cpy: chalcopyrite; Sph: sphalerite; Py: 

pyrite. 

Figure 11: (A) Th/Yb vs. Nb/Yb plots (modified from Pearce and Peate, 1995) for basaltic rocks 

from the Maimón and Los Pasos Formations including the mantle array from depleted to enriched 

sources. DM: depleted mantle; NMORB: normal MORB; E-MORB: evolved MORB; OIB: oceanic 

island basalts. (B) La-Yb plot for basaltic rocks from the Maimón and Los Pasos Formations; La-

Yb abundances in modern island arc basalts are from compilation by Jolly et al. (2001).  
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Figure 12: Schematic diagram showing the tectonic and magmatic environment for the VMS-

forming hydrothermal activity within the framework of the birth of the Caribbean island-arc (after 

Escuder-Viruete et al., 2014). (A) Initiation of W-dipping subsidence of the Proto-Caribbean plate 

and high-degree decompression-driven partial melting of a depleted mantle generating FAB 

magmas. Extension is general in the over-riding plate and facilitated the hydrothermal activity for 

the formation of VMS deposits in the Maimón Formation; however, capping by FAB of VMS 

bodies was not observed. (B) The depleted mantle is fluxed with fluids from the downgoing oceanic 

crust and melts at shallow levels generating boninitic and LOTI magmas. Continued extensional 

regime in the over-riding plate caused by slab rollback and trench migration promoted the 

circulation of hydrothermal fluids that led the formation of VMS deposits hosted in the Maimón and 

Los Pasos Formation. (A, B) Hydrothermal activity would have taken place in a terrigenous 

sediment-poor deep-sea environment. (C) Once the magmatic front stabilizes, upwelling of fertile 

mantle in presence of slab-derived fluids in the supra-subduction zone triggers the generation of 

normal IAT magmas. Note that the VMS from the Maimón Formation are represented at deeper 

levels in the boninitic-LOTI sequence than those hosted in the Los Pasos Formation as a 

representation of formation in a slightly more primitive setting.  

  



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

Table 1: Chemical composition and structural formulas of selected sulfides from the Cerro de 

Maimón, San Fernando and Antonio deposits (electron-microprobe data). 

wt. %   S  Fe  Cu  Zn As Se Ag Cd Sb Te Au Hg Pb Bi Sum 

 
d.l. 0.01 0.02 0.03 0.03 0.05 

0.0
5 0.02 

0.0
8 0.05 

0.0
6 0.06 

0.1
5 0.07 

0.1
1   

 
Sph 

C
M Str. 

34.2
7 6.02 0.15 

60.2
2 d.l. n.a. n.a. 

0.3
5 n.a. n.a. d.l. n.a. 0.21 n.a. 

101.2
2 

 
Sph 

C
M Str. 

32.3
5 1.54 1.16 

64.2
1 d.l. d.l. d.l. 

0.4
9 0.14 d.l. d.l. n.a. 0.10 d.l. 

100.0
9 

 
Sph 

C
M Str. 

31.3
9 0.05 0.03 

66.2
6 n.a. n.a. n.a. 

0.4
9 n.a. n.a. n.a. n.a. 0.24 n.a. 98.48 

 
Sph SF Sbd. 

32.1
4 1.38 d.l. 

65.2
7 d.l. d.l. d.l. 

0.3
2 d.l. d.l. d.l. 

0.3
8 d.l. d.l. 99.53 

 
Sph SF L. Str. 

32.8
0 2.44 d.l. 

63.8
4 d.l. d.l. d.l. 

0.4
6 d.l. 

0.0
8 d.l. 

0.4
4 d.l. d.l. 

100.1
7 

 
Sph SF I. Str. 

33.1
9 3.89 n.a. 

62.3
1 d.l. n.a. 0.04 

0.4
9 n.a. n.a. n.a. d.l. n.a. n.a. 99.92 

 
Sph SF 

U. 
Str. 

32.4
2 4.10 d.l. 

61.8
2 d.l. 

0.0
8 d.l. 

0.4
4 d.l. d.l. d.l. 

0.3
5 d.l. d.l. 99.25 

 
Sph A Stck. 

32.8
3 1.23 0.38 

64.3
7 d.l. d.l. d.l. 

0.1
1 0.07 d.l. d.l. 

0.3
7 0.07 d.l. 99.47 

 
Sph A L. Str. 

32.3
6 1.65 0.08 

64.0
1 d.l. d.l. 0.02 d.l. d.l. d.l. d.l. 

0.4
2 d.l. d.l. 98.64 

 
Sph A 

U. 
Str. 

32.0
6 0.66 d.l. 

66.1
6 d.l. d.l. 0.02 

0.1
2 d.l. d.l. d.l. 

0.4
8 d.l. d.l. 99.64 

 
Tn 

C
M Str. 

27.1
9 0.19 

44.2
8 7.97 

16.0
9 d.l. 0.08 

0.1
9 d.l. 

3.8
5 d.l. n.a. 0.20 d.l. 

100.0
4 

 
Tn 

C
M Str. 

27.5
6 0.34 

43.2
6 8.07 

17.7
6 d.l. 0.12 

0.2
3 d.l. 

1.4
8 0.29 n.a. d.l. d.l. 99.17 

 
Tn SF Sbd. 

27.2
8 3.39 

41.5
1 4.34 

16.3
4 n.a. 0.60 n.a. 5.94 n.a. n.a. 

0.1
9 0.08 

0.1
1 99.78 

 
Tn SF I. Str. 

26.9
2 6.60 

36.9
0 1.52 

18.9
0 n.a. 8.22 n.a. 1.96 n.a. n.a. 

0.1
7 d.l. 

0.4
4 

101.6
3 

 
Tn SF 

U. 
Str. 

27.2
8 5.37 

42.0
5 2.49 

17.9
7 n.a. 0.86 n.a. 3.83 n.a. n.a. d.l. 0.10 

0.5
7 

100.5
8 

 
Tn A Stck. 

25.9
6 3.33 

37.3
3 4.97 

10.7
8 

0.1
4 4.37 d.l. 

11.8
8 d.l. d.l. 

0.4
7 d.l. d.l. 99.38 

 
Tn A L. Str. 

27.1
2 3.52 

40.8
0 6.66 

19.1
3 

0.1
5 d.l. d.l. 0.36 d.l. d.l. 

0.2
8 0.07 d.l. 98.11 

 
Tn A 

U. 
Str. 

27.7
8 4.77 

41.0
6 5.45 

19.7
6 n.a. d.l. n.a. 1.03 n.a. n.a. d.l. d.l. 

0.3
9 

100.2
6 

 
Td SF I. Str. 

22.8
3 4.83 

24.9
9 2.05 2.87 n.a. 

19.5
5 n.a. 

22.7
9 n.a. n.a. d.l. d.l. 

1.4
2 

101.3
4 

 
Td SF 

U. 
Str. 

25.1
7 4.06 

37.0
8 4.30 4.42 n.a. 4.34 n.a. 

20.4
0 n.a. n.a. d.l. d.l. 

0.5
1 

100.2
8 

 
Gn 

C
M Str. 

13.0
8 d.l. 0.09 0.11 d.l. 

0.6
4 0.16 

0.2
3 d.l. 

0.0
9 0.22 n.a. 

85.2
9 d.l. 

100.0
4 

 
Gn SF 

U. 
Str. 

10.7
8 0.03 0.05 d.l. d.l. 

0.2
2 0.43 d.l. 0.11 

0.4
3 d.l. d.l. 

84.5
7 

0.7
1 97.35 

 Asp
y SF I. Str. 

14.0
2 

31.4
2 n.a. n.a. 

54.3
2 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 99.82 

 Elec
. SF I. Str. n.a. 0.68 1.05 n.a. n.a. n.a. 

43.3
0 n.a. n.a. n.a. 

56.4
0 

0.5
7 n.a. n.a. 

102.0
0 

                    atom %   S Fe Cu Zn As Se Ag Cd Sb Te Au Hg Pb Bi  

 
Sph 

C
M Str. 

50.8
0 5.12 0.11 

43.7
7 - - - 

0.1
5 - - - - 0.05 -  

 Sph C Str. 49.3 1.35 0.89 48.0 - - - 0.2 0.06 - - - 0.02 -  
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M 6 4 1 

Sph 
C
M Str. 

48.9
6 0.04 0.02 

50.6
8 - - - 

0.2
2 - - - - 0.06 -  

 
Sph SF Sbd. 

49.3
7 1.22 - 

49.1
6 - - - 

0.1
4 - - - 

0.0
9 - -  

 
Sph SF L. Str. 

49.8
9 2.13 - 

47.6
2 - - - 

0.2
0 - 

0.0
3 - 

0.1
1 - -  

 
Sph SF I. Str. 

50.1
9 3.38 - 

46.2
0 - - 0.02 

0.2
1 - - - - - -  

 
Sph SF 

U. 
Str. 

49.6
4 3.60 - 

46.4
2 - 

0.0
5 - 

0.1
9 - - - 

0.0
9 - -  

 
Sph A Stck. 

50.1
8 1.08 0.30 

48.2
4 - - - 

0.0
5 0.03 - - 

0.0
9 0.02 -  

 
Sph A L. Str. 

49.9
1 1.46 0.07 

48.4
1 - - 0.01 - - - - 

0.1
0 - -  

 
Sph A 

U. 
Str. 

49.3
0 0.58 - 

49.8
9 - - 0.01 

0.0
5 - - - 

0.1
2 - -  

 
Tn 

C
M Str. 

44.2
0 0.18 

36.3
2 6.35 

11.1
9 - 0.04 

0.0
9 - 

1.5
7 - - 0.05 -  

 
Tn 

C
M Str. 

44.6
7 0.32 

35.3
8 6.41 

12.3
2 - 0.06 

0.1
1 - 

0.6
0 0.08 - - -  

 
Tn SF Sbd. 

44.6
5 3.19 

34.2
8 3.48 

11.4
5 - 0.29 - 2.56 - - 

0.0
5 0.02 

0.0
3  

 
Tn SF I. Str. 

43.9
7 6.19 

30.4
2 1.22 

13.2
1 - 3.99 - 0.84 - - 

0.0
4 - 

0.1
1  

 
Tn SF 

U. 
Str. 

44.0
9 4.98 

34.2
9 1.97 

12.4
3 - 0.41 - 1.63 - - - 0.03 

0.1
4  

 
Tn A Stck. 

44.5
0 3.28 

32.2
9 4.18 7.91 

0.1
0 2.23 - 5.36 - - 

0.1
3 - -  

 
Tn A L. Str. 

44.1
7 3.29 

33.5
3 5.32 

13.3
3 

0.1
0 - - 0.16 - - 

0.0
7 0.02 -  

 
Tn A 

U. 
Str. 

44.3
1 4.37 

33.0
4 4.26 

13.4
9 - - - 0.43 - - - - 

0.1
0  

 
Td SF I. Str. 

43.5
0 5.28 

24.0
3 1.92 2.34 - 

11.0
7 - 

11.4
4 - - - - 

0.4
2  

 
Td SF 

U. 
Str. 

44.1
9 4.09 

32.8
5 3.70 3.32 - 2.27 - 9.43 - - - - 

0.1
4  

 
Gn 

C
M Str. 

48.6
6 - 0.17 0.20 - 

0.9
7 0.18 

0.2
4 - 

0.0
8 0.13 - 

49.1
0 -  

 
Gn SF 

U. 
Str. 

44.2
1 0.08 0.11 - - 

0.3
6 0.53 - 0.11 

0.4
5 - - 

53.6
7 

0.4
5  

 Asp
y SF I. Str. 

25.3
3 

32.6
0 - - 

42.0
1 - - - - - - - - -  

 Elec
. SF I. Str. - 1.69 2.30 - - - 

55.8
1 - - - 

39.8
1 

0.4
0 - -   

 d.l.: detection limit; n.a.: not analyzed; Sph: sphalerite; Tn: tennantite; Td: tetrahedrite; Gn: galena; Aspy: 
arsenopyrite; Elec: electrum; CM: Cerro de Maimón; SF: San Fernando; A: Antonio; Str: stratiform; Sbd: stratabound; 
Stck: stockwork; U: upper; I: Intermediate; L: Lower 
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Table 2: Summary of element concentrations in sphalerite, tennantite and tetrahedrite from the 

Cerro de Maimón, San Fernando and Antonio deposits (electron-microprobe data). 

wt. %     S Fe Cu Zn As Se Ag Cd Sb Te Au Hg Pb Bi 

Sp
h

al
er

it
e

 

C
er

ro
 M

ai
m

ó
n

 

Stratiform MIN 
30.8
1 d.l. d.l. 

60.2
2 d.l. d.l. d.l. 

0.2
3 d.l. d.l. d.l. d.l. d.l. d.l. 

n=48 
MA
X 

34.2
7 

6.0
2 1.16 

67.0
6 0.09 

0.0
7 0.21 

0.9
3 0.28 

0.0
9 d.l. d.l. 

0.2
7 

0.3
6 

  Av 
32.2
7 

1.1
6 0.21 

64.8
9 0.01 

0.0
1 0.03 

0.4
1 0.08 

0.0
3 - - 

0.1
0 

0.0
9 

Sa
n

 F
er

n
an

d
o

 

Stratabound MIN 
31.4
0 

0.7
5 d.l. 

62.8
7 d.l. d.l. d.l. 

0.1
3 d.l. d.l. d.l. d.l. d.l. d.l. 

n=17 
MA
X 

32.2
2 

3.0
1 0.14 

65.2
7 d.l. 

0.0
7 0.07 

0.5
5 0.08 

0.0
9 d.l. 

0.8
5 

0.1
6 d.l. 

  Av 
31.8
3 

1.6
9 0.02 

64.2
9 - 

0.0
1 0.01 

0.3
3 0.02 

0.0
2 - 

0.2
8 

0.0
3 - 

Lower 
stratiform MIN 

31.3
4 

1.2
8 d.l. 

62.9
3 d.l. d.l. d.l. 

0.2
4 d.l. d.l. d.l. d.l. d.l. d.l. 

n=13 
MA
X 

32.8
0 

3.1
7 0.12 

65.1
9 d.l. 

0.1
1 d.l. 

0.5
9 0.09 

0.0
8 d.l. 

0.6
0 

0.1
7 

0.1
3 

  Av 
31.9
8 

2.0
6 0.02 

64.1
8 - 

0.0
2 - 

0.3
8 0.03 

0.0
3 - 

0.3
5 

0.0
7 

0.0
1 

Intermediate 
stratiform 

MIN 
31.7
0 

2.1
3 d.l. 

61.2
5 d.l. d.l. d.l. 

0.3
3 d.l. d.l. d.l. d.l. d.l. d.l. 

MA
X 

33.1
9 

3.8
9 0.92 

64.3
2 d.l. 

0.1
0 0.04 

0.5
2 d.l. d.l. d.l. 

0.4
8 

0.1
2 d.l. 

n=7 Av 
32.4
3 

2.9
9 0.24 

62.8
8 - 

0.0
4 0.01 

0.4
2 - - - 

0.2
4 

0.0
5 - 

Upper 
stratiform MIN 

31.0
7 

4.1
0 d.l. 

58.3
0 d.l. d.l. d.l. 

0.3
6 d.l. d.l. d.l. 

0.1
7 d.l. d.l. 

n=12 
MA
X 

32.4
2 

5.8
6 0.81 

61.8
2 0.06 

0.1
0 0.06 

0.9
0 0.10 

0.1
6 d.l. 

0.5
4 

0.2
0 

0.0
9 

  Av 
31.6
0 

4.9
4 0.20 

59.7
6 0.01 

0.0
4 0.01 

0.7
0 0.02 

0.0
3 - 

0.3
6 

0.0
6 

0.0
2 

A
n

to
n

io
 

Stockwork MIN 
31.8
4 

0.3
5 0.05 

63.4
2 d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. 

n=7 
MA
X 

32.8
3 

1.7
0 0.38 

66.7
0 d.l. 

0.0
6 d.l. 

0.2
2 0.07 d.l. d.l. 

0.4
6 d.l. d.l. 

  Av 
32.2
5 

1.1
2 0.17 

64.8
7 - 

0.0
4 - 

0.1
4 0.02 - - 

0.2
0 - - 

Lower 
stratiform MIN 

32.0
1 

1.4
4 0.08 

63.6
4 d.l. d.l. d.l. d.l. d.l. d.l. d.l. 

0.4
0 d.l. d.l. 

n=2 
MA
X 

32.3
6 

1.6
5 0.12 

64.0
1 d.l. 

0.0
2 d.l. 

0.0
5 d.l. d.l. d.l. 

0.4
2 d.l. d.l. 

  Av 
32.1
9 

1.5
5 0.10 

63.8
3 - 

0.0
1 - 

0.0
3 - - - 

0.4
1 - - 

Upper 
stratiform MIN 

32.0
1 

0.4
6 d.l. 

60.6
2 d.l. d.l. d.l. d.l. d.l. d.l. d.l. 

0.1
1 d.l. d.l. 

n=6 
MA
X 

33.3
5 

3.8
3 d.l. 

66.2
1 d.l. 

0.0
4 0.06 

0.2
5 0.05 

0.0
5 d.l. 

0.4
8 

0.0
5 

0.1
3 

  Av 
32.5
4 

1.4
7 - 

64.2
7 - 

0.0
2 0.03 

0.1
2 0.01 

0.0
2 - 

0.2
5 

0.0
1 

0.0
5 

Te
n

n
an

ti
te

 

C
er

ro
 M

ai
m

ó
n

 

Stratiform MIN 
26.0
6 

0.1
9 

40.5
8 6.55 

16.0
9 d.l. d.l. d.l. d.l. 

0.5
7 d.l. d.l. d.l. d.l. 

n=25 
MA
X 

28.2
7 

1.8
6 

44.6
3 8.91 

18.5
0 d.l. 3.48 

0.3
3 2.92 

3.9
6 

0.4
6 d.l. 

2.9
2 d.l. 

  Av 
27.2
5 

0.9
4 

42.6
5 7.68 

17.4
9 - 0.27 

0.1
9 0.62 

1.7
3 

0.0
9 - 

0.6
0 - 
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Sa
n

 F
er

n
an

d
o

 
Stratabound MIN 

26.9
9 

3.2
4 

41.0
6 4.34 

16.3
4 d.l. 0.59 d.l. 5.94 d.l. d.l. d.l. d.l. d.l. 

n=4 
MA
X 

27.2
8 

3.4
1 

41.9
1 4.60 

17.0
8 d.l. 0.74 d.l. 6.13 d.l. d.l. 

0.1
9 

0.0
8 

0.2
0 

  Av 
27.1
8 

3.3
5 

41.4
5 4.46 

16.7
6 - 0.64 - 6.07 - - 

0.0
6 

0.0
5 

0.1
1 

Intermediate 
stratiform 

MIN 
26.5
1 

6.1
3 

34.9
0 1.24 

17.8
1 d.l. 8.08 d.l. 1.86 d.l. d.l. d.l. d.l. 

0.4
1 

MA
X 

27.5
0 

7.9
6 

38.1
9 1.57 

18.9
0 d.l. 9.85 d.l. 2.54 d.l. d.l. 

0.1
7 

0.0
9 

0.9
8 

n=5 Av 
26.9
6 

6.7
5 

36.9
5 1.43 

18.5
2 - 8.68 - 2.08 - - 

0.0
4 

0.0
2 

0.5
5 

Upper 
stratiform MIN 

27.2
4 

4.5
0 

42.0
4 2.21 

17.8
4 d.l. 0.67 d.l. 3.55 d.l. d.l. d.l. d.l. 

0.0
9 

n=13 
MA
X 

27.9
2 

5.6
6 

43.5
5 3.29 

18.2
5 d.l. 1.08 d.l. 3.89 d.l. d.l. 

0.1
9 

0.3
0 

0.7
3 

  Av 
27.6
1 

5.2
5 

42.4
8 2.81 

18.0
1 - 0.85 - 3.76 - - 

0.0
7 

0.1
1 

0.4
3 

A
n

to
n

io
 

Stockwork MIN 
25.3
6 

1.4
0 

35.3
4 4.31 9.16 

0.1
0 d.l. d.l. 0.49 d.l. d.l. d.l. d.l. d.l. 

n=19 
MA
X 

30.1
7 

6.3
8 

43.2
6 8.83 

20.4
6 

0.2
3 5.60 d.l. 

14.3
1 d.l. d.l. 

0.4
7 

0.1
7 

0.2
5 

  Av 
27.4
4 

3.1
9 

41.0
0 6.01 

17.2
8 

0.1
4 0.96 - 3.34 - - 

0.1
6 

0.0
4 

0.0
9 

Lower 
stratiform MIN 

27.1
1 

2.3
8 

40.7
1 4.96 

18.3
0 

0.0
9 d.l. d.l. 0.22 d.l. d.l. d.l. d.l. d.l. 

n=4 
MA
X 

28.2
0 

5.2
9 

42.3
6 7.17 

19.7
9 

0.1
8 0.13 d.l. 3.11 d.l. d.l. 

0.6
1 

0.2
7 

0.3
9 

  Av 
27.3
3 

3.6
6 

40.7
9 6.52 

18.6
4 

0.1
5 0.01 - 0.37 - - 

0.4
3 

0.0
4 

0.0
2 

Upper 
stratiform MIN 

27.4
1 

2.3
8 

40.9
7 4.96 

18.3
0 d.l. d.l. d.l. 0.98 d.l. d.l. d.l. d.l. 

0.1
2 

n=9 
MA
X 

28.2
0 

5.2
9 

42.3
6 7.17 

19.7
9 d.l. 0.13 d.l. 3.11 d.l. d.l. 

0.2
5 

0.2
7 

0.3
9 

  Av 
27.7
2 

3.7
7 

41.6
4 6.09 

19.1
1 - 0.04 - 1.93 - - 

0.0
8 

0.0
8 

0.2
8 

Te
tr

ah
ed

ri
te

 

 S
an

 F
er

n
an

d
o

 

Intermediate 
stratiform 

MIN 
22.0
2 

4.4
4 

23.1
8 1.88 0.92 d.l. 

18.2
0 d.l. 

22.0
5 d.l. d.l. d.l. d.l. 

0.6
8 

MA
X 

22.8
6 

5.1
7 

25.8
6 6.27 3.74 d.l. 

20.2
3 d.l. 

26.3
6 d.l. d.l. 

0.0
9 

0.1
6 

2.0
0 

n=9 Av 
22.5
5 

4.8
7 

24.5
7 2.62 2.19 - 

19.5
4 - 

23.8
6 - - 

0.0
2 

0.0
6 

1.3
4 

Upper 
stratiform MIN 

24.6
9 

3.6
6 

35.4
2 4.30 3.07 d.l. 4.34 d.l. 

20.4
0 d.l. d.l. d.l. d.l. 

0.2
6 

n=3 
MA
X 

25.1
7 

4.0
6 

37.0
8 4.69 4.42 d.l. 5.31 d.l. 

24.9
4 d.l. d.l. d.l. 

0.0
7 

0.5
1 

  Av 
24.9
4 

3.9
1 

36.3
2 4.48 3.86 - 4.83 - 

22.4
1 - - - 

0.0
4 

0.3
7 

d.l.: detection limit. 
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Table 3: Sulfur isotope compositions in sulfides from the Cerro de Maimón, San Fernando and 

Antonio VMS deposits. 

Deposit Mineral δ34S (‰) 

Cerro de Maimón Pyrite -1.3, -0.3, -0.2, 0.0, 0.1, 0.4, 0.4, 0.4, 0.4, 0.4, 0.5, 0.8, 0.9, 1.0, 1.1, 1.6, 1.7, 

1.8, 2.0, 2.8, 3.0 

 Chalcopyrite -0.7, -0.6, 0.4, 0.4, 0.6, 1.5 

 

 Sphalerite 1.5 

San Fernando Pyrite -0.5, 0.9, 2.5, 2.6, 2.6, 2.6, 2.6, 2.6, 2.7, 2.9, 3.0, 3.1,  3.5, 3.7, 4.0, 4.2, 4.4, 

4.6, 4.8, 5.2, 5.7, 7.0 

 Chalcopyrite 0.3, 0.4, 0.5, 1.6, 1.7, 1.8, 1.8, 2.0, 2.1, 2.2, 2.6, 2.7, 3.1 

 Sphalerite 1.7, 1.9 

Antonio Pyrite 0.0, 0.7, 0.8, 0.9, 1.3, 1.5, 1.5, 1.6, 1.8, 2.2, 2.3, 2.4, 2.5, 2.7, 3.6, 3.8, 3.9, 

4.9, 5.8 

 Chalcopyrite 5.7 
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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Figure 7 
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Figure 8 
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Figure 9 
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Figure 10 
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Figure 11 
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Figure 12 
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HIGHLIGHTS (for review) 

 

This is a quite long manuscript, including 12 figures, that gathers mineralogical and geochemical data on 

ore and hosting volcanic samples from the Dominican Cerro de Maimón and the Cubans San Fernando and 

Antonio VMS deposits. Analyzed samples are among those collected over the last 20 years by our research 

team from the most prominent VMS deposits of the Greater Antilles. The long list of authors is indeed a 

reflection of the long-lived collaboration with the Cuban- and Dominican-based mining companies.  

 

Lithochemistry of the hosting volcanics from the Maimón and Los Pasos Formations points to an 

exceptional record of the very first magmatic expressions connected to the subduction initiation of an 

intraoceanic case. This makes the joint study of the VMS mineralizations hosted in both Formations an 

appealing opportunity to describe and understand VMS mineralizing systems linked to the most primitive 

arc volcanism in fore-arc settings.  

 

The work here presented is based in new unpublished data complemented and supported by previous 

results, which confers to it an indisputable review character. It is authors' opinion that the review and 

regional perspective of this article makes it very suitable for publication in your journal. 

 

In accordance with the "Guide for authors" on the webpage of your journal, we have submitted the original 

manuscript with figures and table online. Due care has been taken to ensure the integrity of the work. No 

conflict of interest exists in the submission of this manuscript. This research article is part of the PhD thesis 

of the corresponding author. 
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