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ABSTRACT 
 

he Maimón and Los Ranchos formations in Central and Oriental Cordilleras, 

Dominican Republic, Hispaniola Island, are acknowledged to be representative of 

the most primitive tholeiitic magmatic series recorded in the Greater Antilles of 

the Caribbean. Besides their importance for the study of the early tectonic and magmatic 

evolution of the Caribbean island-arc, these formations are renowned for hosting the Cerro de 

Maimón VMS and the world-class Pueblo Viejo epithermal deposits, currently under 

production, and a series of smaller metallic deposits and occurrences. Therefore, the 

integrated study of the hosting volcanic suites, the hydrothermal alterations and the sulfide 

mineralization from petrographic, geochemical and geochronological perspectives stands out 

as an excellent opportunity to understand the metallogenic evolution associated to the early 

evolution of intra-oceanic subduction systems. In this Thesis, new whole rock major- and 

trace-element and radiogenic isotope data, detailed petrographic studies of the hosts, 

hydrothermal alterations and the sulfide mineralization and geochronological constraints by 

means of zircon U-Pb and molybdenite Re-Os dating are presented and discussed.  

Bottom to top, basalts and basaltic andesites of the Maimón Formation (metamorphosed in the 

greenschists-blueschists facies transition) and of the lower portion of the Los Ranchos 

Formation shift from LREE-depleted low-Ti tholeiites and boninites to LREE-richer (normal) 

low-Ti tholeiites. In addition, basaltic andesites, diorites, monzodiorites and andesites of the 

upper portion of the Los Ranchos Formation present island-arc tholeiitic and calc-alkaline 

affinities. These variations mirror the geochemical evolution from proto- to first-arc lavas 

documented in subduction-initiation ophiolites. The extrusion of the Maimón Formation 

volcanic rocks is here contextualized in the forearc segment, close to the subducting proto-

Caribbean spreading ridge, in a hot-subduction scenario. On the other hand, the extrusion of 

the Los Ranchos Formation volcanic rocks is contextualized in the forearc-apical arc segment, 

and their volcanic and volcanosedimentary deposits evidence the progression from submarine 

to subaerial conditions of deposition. Plagiotonalite batholiths, plagiorhyolite stocks and 

plagiorhyolites from the Maimón and Los Ranchos formations have tholeiitic and M-type 

affinities. Volcanogenic massive sulfide (VMS) mineralization hosted in the Maimón 

Formation and the lower basaltic unit of the Los Ranchos Formation took place during the 

subduction-initiation stage of the Caribbean island-arc. Subsequently, porphyry Cu-(Mo) - 

high sulfidation epithermal mineralization took over in the Los Ranchos Formation at ca. 112 

Ma, likely connected to a spread episode of acid magmatism during the steady-state or true-

subduction regime. 
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RESUMEN 
 

as formaciones Maimón y Los Ranchos en las Cordilleras Central y Oriental, 

República Dominicana, Isla la Española, son representativas de la serie toleítica 

más primitiva en las Grandes Antillas del Caribe. Más allá de su importancia para 

el estudio de la evolución magmática temprana del arco-isla caribeño, estas formaciones son 

también reconocidas por alojar el depósito VMS de Cerro de Maimón y el depósito epitermal 

de clase mundial de Pueblo Viejo, ambos en producción en la actualidad, así como de una 

serie de depósitos y mineralizaciones de menor tamaño. Por consiguiente, el estudio integrado 

de las series volcánicas encajantes, de las alteraciones hidrotermales y de las mineralizaciones 

de sulfuros desde un punto de vista petrográfico, geoquímico y geocronológico representa una 

excelente oportunidad para entender la evolución metalogenética durante la evolución 

temprana de sistemas subductivos en contextos intraoceánicos. En esta Tesis, nuevos datos de 

geoquímica de roca total (elementos mayores y traza e isótopos radiogénicos), estudios 

petrográficos de detalle del encajante, de las alteraciones hidrotermales y de las 

mineralizaciones de sulfuros, y datos sobre su geocronología por medio de edades U-Pb en 

zircón y Re-Os en molibdenita, son presentados y discutidos.  

De muro a techo, los basaltos de la Formación Maimón (metamorfizadas en facies 

transicionales de esquistos verdes-esquistos azules) y de la sección basal de la Formación Los 

Ranchos progresan desde basaltos toleíticos empobrecidos en Ti y LREE a boninitas y a 

basaltos toleíticos empobrecidos en Ti normales. La sección superior de la Formación Los 

Ranchos, además, aloja andesitas basálticas, dioritas, monzodioritas y andesitas con 

afinidades toleíticas transicionales a calcoalcalinas y calcoalcalinas. Estas variaciones a lo 

largo de la secuencia estratigráfica equivalen a las documentadas en basaltos de arco en 

ofiolitas de inicio de subducción. La extrusión de las rocas volcánicas de la Formación 

Maimón es contextualizada en el ante-arco, cerca de la zona de subducción de la dorsal proto-

caribeña y en un escenario de subducción caliente. En cambio, las rocas ígneas de Los 

Ranchos se emplazaron en la zona de ante-arco y axial de arco, y las litofacies observadas en 

sus depósitos volcánicos y volcanosedimentarios indican la progresión desde una depositación 

en contextos submarinos a una en contextos sub-aéreos. Los batolitos plagiotonalíticos, los 

stocks plagioriolíticos y las plagioriolitas de ambas formaciones presentan afinidades 

toleíticas y signaturas tipo M. Las mineralizaciones VMS alojadas en la Formación Maimón y 

en la secuencia basal de Los Ranchos se formaron durante un régimen de inicio de 

subducción. En cambio, las mineralizaciones tipo pórfido Cu(Mo) – epitermales de alta 

sulfuración encajados en la secuencia superior de Los Ranchos se formaron aprox. a 112 Ma, 

previsiblemente conectadas genéticamente a intrusivos ácidos, durante un régimen de 

subducción verdadera. 
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GENERAL OVERVIEW 
 

The location and tectonics of the modern Caribbean plate have been primarily contoured by (1) the 

Jurassic breakup and separation of North America and Gondwana, (2) the subsequent progressive west 

to east insertion of the allochthonous (Pacific in origin) Caribbean plate into the Atlantic realm, and 

(3) a collisional event linked to the convergence of the North America and the Caribbean plates in the 

latest Cretaceous-earliest Tertiary (Boschman et al., 2014; Lidiak and Anderson, 2015; Pindell et al., 

2012, and references therein). The most widespread igneous suites described in the Caribbean are (a) 

the Jurassic to Late Cretaceous, oceanic plateau rocks of the Caribbean Large Igneous Province (CLIP, 

which comprises the plume-related Caribbean-Colombian Oceanic Plateau-CCOP) (Kerr et al., 2003; 

Lidiak and Anderson, 2015, and references therein; Escuder-Viruete et al., 2016) and (b) the arc-related 

volcanic and plutonic rocks, which span in age from the Early Cretaceous to the Eocene in the Greater 

Antilles, and to the present in the Lesser Antilles (Lidiak and Anderson, 2015). Independently on the 

initial polarity of the Early Cretaceous subduction (cf. Lidiak and Anderson, 2015), arc-related 

magmatism initiated at ca. 135 Ma (Pindell et al., 2012; Rojas-Agramonte et al., 2011). Early 

Cretaceous (ca. 135-110 Ma) boninitic and tholeiitic magmatism, commonly grouped in the Primitive 

Island Arc (PIA) magmatic suite, broadly predates the more voluminous calc-alkaline magmatic suite 

formed in the Late Cretaceous-Eocene time (ca. 95-45 Ma; Lidiak and Anderson, 2015, and references 

therein). In the Greater Antilles, arc-related magmatism ceased as a result of arc-continent collision in 

the northern leading edge of the Caribbean after consumption of Late Jurassic oceanic Proto-Caribbean 

lithosphere between the Cretaceous arc(s) and the Bahamas platform (Mann et al., 1991). The collision 

triggered the obduction of ophiolitic complexes onto continental margins in Guatemala, Cuba, 

Hispaniola and Puerto Rico (Escuder-Viruete et al., 2014; Garcia-Casco et al., 2008; Lewis et al., 2006; 

Pindell et al., 2012; Solari et al., 2013) and the evolution of the plate margin to the current left-lateral 

strike-slip tectonics (Mann et al., 2002; Vila et al., 1987). 

The island of Hispaniola (Haiti and the Dominican Republic), located in the northern edge of the 

Caribbean plate, is a tectonic collage of mantle and crustal units thrusted and uplifted from the Late 

Eocene to Recent (Escuder-Viruete et al., 2008; Lewis and Draper, 1990). Arc- and non-arc-related 

oceanic units are exposed in central Dominican Republic and are tectonically bounded by the left-

lateral strike-slip Hispaniola (HFZ) and San Juan Restauración (SJRFZ) fault zones (Fig. 1). In the 

Cordillera Central geological province, transpressional WNW-ESE faults juxtaposed 

tectonostratigraphic units with different pre-Eocene evolutions, which include: (1) the serpentinized 
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Loma Caribe peridotites (Lewis et al., 2006; Marchesi et al., 2016; Proenza et al., 2007), (2) Late 

Jurassic MOR gabbros and basalts of the Proto-Caribbean crust (Loma la Monja assemblage), (3) 

Cretaceous E-MORB and OIB basalts and picrites, which are onshore representatives of the CLIP 

(Aptian Duarte complex and Campanian-Maastrichtian Pelona-Pico Duarte and Siete Cabezas 

formations; Escuder-Viruete et al., 2007a, 2008, 2011), (4) Cretaceous arc-related igneous and 

sedimentary rocks (Maimón-Amina, Los Ranchos, Río Verde, Peralvillo and Tireo formations; 

Escuder-Viruete et al., 2006, 2007b, c, 2010; Lewis et al., 1991, 2000). The Cordillera Oriental 

geological province is tectonically delimited to the north by the Septentrional fault zone (Fig. 1), and 

its geology is markedly simpler. Cretaceous arc-related igneous and sedimentary rocks of the Los 

Ranchos Formation are unconformably overlain by the Early Cretaceous Hatillo Formation limestones 

and a thick marine, siliciclastic carbonate succession of Late Cretaceous-Pliocene age (Lewis and 

Draper, 1990).  

 
Figure 1: Location of the PIA series (green), ophiolitic peridotites (black), and major fault zones of Hispaniola; EPGFZ: 
Enriquillo-Plantain Garden fault zone; SFZ: Septentrional fault zone; HFZ: Hispaniola fault zone; BGFZ: Bonao-La 
Guácara fault zone; SJRFZ: San Juan-Restauración Fault Zone. 
 

This PhD thesis focuses on the Early Cretaceous Maimón and Los Ranchos formations in Central and 

Oriental Cordilleras (Fig. 2). These formations are acknowledged to be representative of the most 

primitive tholeiitic PIA magmatic series recorded in the Greater Antilles of the Caribbean (Lidiak and 

Anderson, 2015). Besides their importance for the study of the early tectonic and magmatic evolution 

of the Caribbean island-arc, these formations are renowned for hosting the Cerro de Maimón VMS 

and the world-class Pueblo Viejo epithermal deposits, currently under production, and a series of 

smaller metallic deposits and occurrences (Nelson et al., 2011, 2015). Therefore, both geologic 

formations stand out as an excellent opportunity to understand the metallogenic evolution associated 

to the early evolution of intra-oceanic subduction systems. 
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The Maimón Formation is exposed in a 9 km wide and about 73 km long NW-SE trending belt that 

crops out along the Median Belt of the Dominican Cordillera Central. It is in steep fault contact with 

the Loma Caribe peridotites to the southwest and with the Los Ranchos Formation to the northeast 

(Fig. 2). The Maimón Formation is composed of bimodal mafic-felsic volcanic and volcaniclastic 

rocks and a thin belt of well-laminated rocks of sedimentary origin. Sedimentary rocks include fine-

grained meta-tuffs, dark graphite-shales, cherts and limestones conformable with the volcanic 

sequence; they crop out in the northern central part of the Maimón Formation (Kesler et al., 1991a; 

Lewis et al., 2000). The rocks of the Maimón Formation are characterized by the development of syn-

metamorphic ductile fabrics and structures. As described by Draper et al. (1996) and Draper and 

Gutiérrez-Alonso (1997), the intensity of ductile deformation and the metamorphic grade increase 

towards the SW in the Maimón belt, as observed particularly well in the Ozama shear zone that 

constitutes the upper level of the structural sequence. Deformation and metamorphism are much less 

intense in the so-called El Altar zone, to the NE of the Fátima thrust fault. 

The Los Ranchos Formation crops out as a 100 km-long arched belt that extends from the Hatillo 

reservoir (Cotuí-Pueblo Viejo area) eastwards to the south shore of the Samaná Bay (Fig. 2). With a 

stratigraphic thickness of more than 3 km at the Pueblo Viejo district, the Los Ranchos Formation 

conforms a pile of bimodal volcanic, volcaniclastic and sedimentary rocks (Bowin, 1966; Escuder-

Viruete et al., 2006; Kesler et al., 1991b) intruded by tonalite batholiths, diorite to gabbro plutons and 

dykes of apparent Paleocene age (as mapped by the European SYSMIN Project-L; see Escuder-Viruete 

et al., 2006). In the Cevicos-Miches area, Escuder-Viruete et al. (2006) subdivided the Los Ranchos 

Formation into (1) a lower basaltic unit dominated by spilitized volcanic breccias and flows with local 

pillow lavas and interbedded fine volcaniclastic rocks, (2) an intermediate rhyodacitic unit composed 

of dacite to rhyolite flows, brecciated volcanic domes and minor felsic tuffs, and (3) an upper basaltic 

unit massive flows of basalt to andesite, autoclastic breccias and syn-volcanic gabbros locally overlain 

by dacitic to rhyolitic flows and domes and associated autoclastic breccias. The Los Ranchos 

Formation in the Pueblo Viejo area was described by Kesler et al. (1991b) as (1) the basal Cotuí 

member, characterized by spilitic pillow lavas and lava flows, (2) the Quita Sueño member, consisting 

largely of keratophyric acid flows and minor tuffs and shallow intrusions, (3) the Meladito fragmental 

member, with a complex stratigraphy including very-coarse grained debris flows that grade upwards 

to lithic and bedded tuffs, (4) the Platanal spilite member, composed of spilitized mafic flows (without 

pillows) and minor volcaniclastic breccias. The Meladito and Platanal members are cut by (5) the 

Zambrana fragmental member, interpreted to have formed in a phreatomagmatic eruption in an 



 

 

PhD Thesis 

4 

emergent volcano (Kesler et al., 1991b) and (6) the Pueblo Viejo member, which hosts the bulk of the 

ores at Pueblo Viejo and is composed of volcanogenic and terrestrial sediments with Early Cretaceous 

plant fossils (Russell and Kesler, 1991; Smiley, 2002). The Pueblo Viejo sedimentary rocks were 

intruded by (7) andesite to dacite porphyritic domes and dykes (Mueller et al., 2008; Nelson, 2000). 

 
Figure 2: Location map of the Pueblo Viejo district (Pueblo Viejo mining area and the Cabirma del Cerro concession) and 
the Bayaguana district, in the Los Ranchos Formation, and of the Cerro de Maimón deposit, in the Maimón Formation. 
The geologic base map was modified from Nelson et al. (2015). 

 

The genetic correlation between these two formations is still a matter of debate. Escuder-Viruete et al. 

(2007d), for example, advocated for the formation of both units in an equivalent position in the arc-

forearc portion because of their similar geochemical signatures. On the other hand, the occurrence of 

porphyry-epithermal mineralization in the Los Ranchos Formation in stark contrast to VMS 

mineralization hosted in the Maimón Formation led other authors to envisage different positions of 
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formation for both units (e.g., Nelson et al., 2011). This debate is raised also by the latest review article 

on the magmatic and tectonic evolution of the Caribbean plate by Lidiak and Anderson (2015). Along 

these lines, I seek 1) the ascertainment of the tectonic setting in which each geologic unit formed, 2) 

the reconstruction of their original chemostratigraphic relationships and 3) the correct 

contextualization of the mineralization events and the location of the deposits along the 

chemostratigraphic sequence. Under these three premises, a total of seven articles, of which five are 

published or in press and two have been submitted for peer review (Table 1), have been prepared in 

the framework of my doctoral research and are presented in this volume. Each article was conceived 

to clear up specific controversies and unknowns in order to reconstruct the whole picture on the 

geodynamic, petrogenetic and metallogenic development of the early Caribbean island-arc evolution 

in Hispaniola. A brief summary of the main goals of each article is featured hereunder. The number 

given for each article corresponds to the one given in Table 1. 

 

Article 1: The setting of genesis of the Maimón Formation within the upper plate of the island-arc 

system and its genetic relationships with other arc-related, crustal and mantle units in the Cordillera 

Central are subjects of a vivid debate. For example, Horan (1995) proposed its genesis in a back arc 

position, whereas Escuder-Viruete et al. (2007d) suggested that they could form in a forearc-apical arc 

position. On the other hand, Lewis et al. (2000, 2002) and Nelson et al. (2011) advocated for genesis 

in a forearc position. In this article we present new whole-rock major- and trace-element and Nd-Sr-

Pb radiogenic isotope data of metamorphosed volcanic rocks of the Maimón Formation. Intensive 

sampling of recently drilled cores has allowed, for the first time, to define a clear chemostratigraphic 

correlation of its basaltic groups, a rather difficult task because of the intense faulting that characterizes 

this formation. Variations of rare earth elements (REE), high field strength elements (HFSE), transition 

elements, Th and radiogenic isotope (Sr, Nd, Pb) ratios in basalts are used (1) to evaluate the 

composition and the degree of melting of the mantle source and (2) to assess the nature of the slab 

component involved in the magma genesis. In addition, the data are used to better circumscribe (3) the 

origin of the Maimón Formation in the framework of the nascent Greater Antilles arc, (4) its genetic 

connections to contiguous arc-related crustal and mantle units and (5) the geometry of initial 

subduction between the Caribbean and Proto-Caribbean plates.  
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Table 1: List of publications included in the Thesis. The underlined author is the corresponding author for each publication. 

N. Title Authors Journal Status 
1 Petrogenesis of volcanic rocks from 

the Maimón Formation (Dominican 
Republic): Geochemical record of 
the nascent Greater Antilles paleo-
arc 

Torró, L. , Proenza, J.A., 
Marchesi, C., García-
Casco, A., Lewis, J.F. 

Lithos Submitted 

2 High-pressure greenschist to 
blueschist facies transition in the 
Maimón Formation (Dominican 
Republic) suggests mid-Cretaceous 
subduction of the Early Cretaceous 
Caribbean Arc 

Torró, L. , Garcia-Casco, 
A., Proenza, J.A., 
Quintero, I., Guitérrez-
Alonso, G., Lewis, J.F. 

Lithos In press 
(DOI 
10.1016/j.li
thos.2016.1
0.026) 

3 Mineralogy, geochemistry and 
sulfur isotope characterization of the 
Cerro de Maimón (Dominican 
Republic), San Fernando and 
Antonio (Cuba): Lower Cretaceous 
VMS deposits associated to the 
subduction initiation of the Proto-
Caribbean lithosphere within a fore-
arc 

Torró, L. , Proenza,  J.A., 
Melgarejo, J.C., Alfonso, 
P., Farré de Pablo, J., 
Colomer, J.M., García-
Casco, A., Gubern, A., 
Gallardo, E., Cazañas, X., 
Chávez, C., del Carpio, 
R., León, P., Nelson, C., 
Lewis, J.F. 

Ore Geology 
Reviews 

Published 
(2016; v. 
72, pp. 794-
817) 

4 Weathering profile of the Cerro de 
Maimón VMS deposit (Dominican 
Republic): textures, mineralogy, 
gossan evolution and mobility of 
gold and silver 

Andreu, E., Torró, L. , 
Proenza, J.A., Doménech, 
C., García Casco, A., 
Villanova de Benavent, 
C., Chavez, C., Espaillat, 
J., Lewis, J.F. 

Ore Geology 
Reviews 

Published 
(2015; v. 
65, pp. 165-
179) 

5 Re-Os dating of molybdenite from 
the Pueblo Viejo (Au-Ag-Cu-Zn) 
and Douvray Cu-Au districts 

Nelson, C.E., Stein, H.J., 
Dominguez, H., Carrasco, 
C., Barrie, T., Torró, L., 
Proenza J. 

Economic 
Geology 

Published 
(2015; v. 
110, pp. 
1101-1110) 

6 Re-Os and U-Pb geochronology of 
the Doña Amanda and Cerro Kiosko 
deposits, Bayaguana district, 
Dominican Republic: looking down 
for the porphyry Cu-Mo roots of the 
Pueblo Viejo-type mineralization in 
the island-arc tholeiitic series of the 
Caribbean 

Torró, L. , Camprubí, A., 
Proenza, J.A., León, P., 
Stein, H.J., Lewis, J.F., 
Nelson, C.E., Chavez, C., 
Melgarejo, J.C. 

Economic 
Geology 

Accepted 
(SEG-D-
16-00123; 
expected 
publication: 
Feb. 2017) 

7 Towards a unified genetic model for 
the Au-Ag-Cu Pueblo Viejo district, 
central Dominican Republic: 
Insights from U-Pb geochronology 
and petrogenetic constraints of 
surrounding concessions 

Torró, L. , Proenza, J.A., 
Camprubí, A., Nelson, 
C.E., Domínguez, H., 
Carrasco, C., Melgarejo, 
J.C. 

Geological 
Society of 
America 
Bulletin 

Submitted 
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Article 2:  The Maimón Formation renders an exceptional opportunity to study deformation and 

metamorphic processes that affected geologic units during the first stages of the tectonic evolution of 

the Caribbean Island Arc. The study of the metamorphic units (including the Maimón and Amina 

Formations and the Río Verde and Duarte complexes) and the conspicuously complex structure has 

led to the construction of regional-scale tectonic models on the early evolution of the Caribbean island 

arc. Such models include, for example, the proposal of a paired metamorphic belt in Hispaniola unlike 

the rest of the Greater Antilles (Nagle, 1974) and an Aptian/Albian subduction polarity reversal event 

under the primitive arc (e.g., Draper and Gutiérrez-Alonso, 1997; Draper and Lewis, 1991; Draper et 

al., 1996; Lebrón and Perfit, 1994; Lewis et al., 2002). The metamorphic grade undergone by the 

Maimón Formation has been recurrently classified as of low-pressure greenschist facies on the basis 

of the petrographic study of its metamorphic mineral assemblages (Bowin, 1966; Draper and 

Gutiérrez-Alonso, 1997; Draper and Lewis, 1991; Draper et al., 1996; Escuder-Viruete et al., 2002; 

Kesler et al., 1991a; Nagle, 1974); nevertheless, these studies largely lacked methodical mineral 

chemical analysis. In the course of a petrological and geochemical characterization of rocks from this 

formation, we found unexpected systematic high Si contents in white mica lepidoblasts and presence 

of the sodium-calcium amphibole ferri-winchite in rocks from the Ozama shear zone, suggestive of 

moderate pressures of crystallization. This article presents, for the first time, an exhaustive study on 

the petrology and mineral chemistry of metamorphic assemblages of rocks from the Maimón 

Formation. We offer isochemical P-T projections (pseudosection) in order to constrain the P-T 

evolution undergone by the studied rocks and to discuss their meaning by comparison to previous work 

in the context of subduction-zone thermal gradients. In addition, we assert the influence of the intense 

pre-metamorphic hydrothermal alteration of the rocks in the subsequent metamorphic assemblages and 

show that diagnostic high-P assemblages are expected to form only in the less intensely altered rocks. 

 

Article 3:  Although a few Greater Antilles VMS deposits have been exploited on a small scale since 

at least the 16th 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). In the Greater 

Antilles, 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. 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; Nelson et al., 2011). The Cerro de 
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Maimón Cu-Zn-Au-Ag deposit is located 70 km northwest of the Santo Domingo and 7 km east of the 

town of Maimón (Fig. 2); it is the only VMS deposit currently in production in the Caribbean realm. 

The mine is currently owned and operated by Perilya Limited (http://www.perilya.com.au/our-

business/operations/cerro-de-maimon). Measured, indicated and inferred resources as of December 

31st 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). 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). The study of the VMS mineralization in the Maimón Formation 

represents an exceptional 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 ores. In the light of the results, 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 VMS deposits formed 

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

 

Article 4:  In the Cerro de Maimón processing plant, two types of ore are processed, (i) the sulfide ore, 

for the production of Cu-concentrates (with Au-Ag as byproducts) through a classical flotation process 

and (ii) the oxide ore, for recovering Au-Ag doré bars by cyanide leaching and Merrill-Crowe 

precipitation. The Cerro de Maimón Mine Plant process 1,300 tpd sulfides ore and 700 tpd oxide ore 

for a yearly production of approximately 12,000 tonnes of copper concentrate, 12,000 ounces of gold 

and 325,000 ounces of silver. No published data of the oxidized zone (referred to as gossan or leached 

capping in this contribution) from this VMS exists beyond some short communications (Andreu et al., 

2010). The oxidation zone covering the Cerro de Maimón deposit has already been mined out and 

stored away, allowing its simultaneous mineral processing with the underlying massive sulfide body 

ores. Therefore, the samples here studied represent a highly valuable in-situ collection of material from 

this oxidized zone. Gold and silver enrichment is well documented in leached capping zones overlying 

supergene and primary (hypogene) sulfide assemblages. However, the factor causing the silver halides 

to precipitate are still being debated (e.g. Pekov et al., 2011; Sillitoe, 2009). To be noted is that Ag 

halides (especially iodargyrite), are commonly proposed as mineral indicators of arid or semi-arid 

climatic conditions in which halides are common in the ground waters (e.g., Reich et al., 2009). In this 

paper, we report the results of a detailed study of the structure, textures, mineralogy and composition 
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of gold and silver phases of the oxidized ore zone at Cerro de Maimón VMS deposit. The data are used 

to constrain the mechanisms of supergene enrichment and behavior of gold and silver during the 

weathering process in the Cerro de Maimón gossan and other similar deposits.  

 

Article 5:  The age of Au-Ag-Cu mineralization in the Pueblo Viejo district has long been subject of 

controversy. Two basic most spread hypotheses are a mineralization as an Early Cretaceous event, 

coeval with volcanism and epiclastic sedimentation within the Los Ranchos Formation (Kesler et al., 

1981; Kirk et al., 2014; Mueller et al., 2008; Nelson et al., 2000; Russell and Kesler, 1991) and as a 

porphyry copper mineralization associated to calc-alkaline intrusions of Late Cretaceous-Tertiary age 

(Hollister, 1978; Sillitoe et al., 2006). This paper presents Re-Os dates for molybdenite, which provides 

a nearly infallible radiometric clock (Stein, 2014; Stein et al. 2001), collected from the Pueblo Viejo 

district (Fig. 2).  

 

Article 6: The Bayaguana district, about 65 km northeast of Santo Domingo (Fig. 2), contains the most 

promising, albeit poorly understood, metallic mineralization in the Cordillera Oriental of the 

Dominican Republic. Perilya has developed extensive exploration programs that have followed 

previous efforts commenced by the Dominican Mining Department (Dirección General de Minería) 

and Falconbridge Ltd. in the 80’ and 90’s. Current inferred resources reported by the company for the 

two deposits most well documented in the area are Cerro Kiosko (2.8 MT @ 2.2 g/t Au, 4.7 g/t Ag, 

0.6% Cu) and Doña Amanda (54.62 MT @ 0.37% Cu, 0.23 g/t Au, 1.42 g/t Ag); other noted 

occurrences are the Doña Loretta mineralization (24.14m @ 2.03% Cu, 0.39 g/t Au, 4.55 g/t Ag; 

15.25m @ 1.09% Cu, 0.20 g/t Au, 1.82 g/t Ag) and intercepts in the Loma Guaymarote basin (e.g. 

6.35 m @ 1.37 g/t Au) (Chénard, 2006). The rocks hosting these ores in Perilya’s concessions in 

Bayaguana are part of the Early Cretaceous Los Ranchos Formation, renowned for hosting the Pueblo 

Viejo ores. Controversies over the origin of the Pueblo Viejo deposit (cf. Nelson et al., 2011) have 

caused notable confusion for geologists engaged in exploration of the Los Ranchos Formation. Kesler 

et al. (2005a,b) and Kirk et al. (2014) noted that the association between the Pueblo Viejo deposit and 

primitive tholeiitic magmatism in the Caribbean island arc makes it questionable as to whether these 

magmas were capable of forming multiple epithermal deposits, or whether Pueblo Viejo should be 

regarded as an isolated anomaly, making further exploration unlikely to be successful. With that in 

mind, we evaluate the formation of the ore deposits in the Bayaguana district by assessing their 
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relationships to regional-scale features. New whole rock geochemical data are provided for the ore-

hosting volcanic rocks. Mineralization at Doña Amanda and felsic domes in the Bayaguana district 

have been dated by means of Re-Os (molybdenite) and U-Pb (zircon) techniques, respectively. The 

mineralogy (ore, gangue and alteration), sulfur isotopes and the thermochemical characteristics of 

mineralizing fluids in the deposits of the Bayaguana district are assessed to help develop a genetic 

model. These results are combined to provide local and regional exploration guidelines, and insights 

into the Caribbean island arc evolution.  

 

Article 7:  With current proven and probable reserves of 8.96 Moz Au and a production of 5.5 Moz Au 

during the 1975-1999 period, the world-class Pueblo Viejo Au-Ag-Cu deposit stands out as the 

flagship of metallic mining in the Greater Antilles (http://www.barrick.com/operations/dominican-

republic/pueblo-viejo/default.aspx). In addition to enviable commodities, the long-held discussion on 

its controversial origin has made this deposit renowned amongst economic geologists. The controversy 

translates on a number of publications and eventual comments and replies such as those held between 

Nelson (2000, 2001) and Kesler and Russell (2001) and between Sillitoe et al., (2006, 2007) and 

Muntean et al. (2007). During many years, the age of the mineralization and its relationship with the 

hosting Early Cretaceous Los Ranchos Formation were the substantive issue. An Early Cretaceous age 

for the mineralization, hence being coeval with the tholeiitic volcanism recorded in the wallrocks 

(Cumming and Kesler, 1987; Cumming et al., 1982; Kesler et al., 1981, 2005a,b; Kettler et al., 1992; 

Mueller et al., 2008; Nelson, 2000, 2011; Sillitoe and Bonham, 1984; Russell and Kesler, 1991), had 

contraposed to porphyry Cu mineralization models tentatively associated to Late Cretaceous-Tertiary 

calc-alkaline intrusives (Hollister, 1978; Sillitoe et al., 2006). The age controversy has been finally 

resolved by direct dating of sulfides from the Pueblo Viejo district by Kirk et al. (2014) and Article 5, 

with a concordant age of ca. 112 Ma. Published genetic models agreeing with an Early Cretaceous age 

for the mineralization include contrasting formation environments such as a high sulfidation deposit 

formed in the volcanogenic massive sulfide (VMS) environment (Sillitoe et al., 1996) or in a volcanic 

dome field (Nelson, 2000), or an epithermal deposit formed in an Early Cretaceous maar-diatreme 

(Kettler et al., 1992; Russell and Kesler, 1991). We compile and discuss published data together with 

new findings obtained from the Cabirma del Cerro (formerly Ampliación Pueblo Viejo) concession, 

which abuts the Pueblo Viejo mining area (Fig. 2). The selection of this concession responds to three 

main reasons: 1) it covers extensive outcrops of the Los Ranchos Formation, which show here a 

marked variety of volcanic and volcaniclastic lithofacies; 2) the Loma La Cuaba area, in the southern 
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half of the concession, is covered by the western extension of the advanced argillic alteration domain 

that hosts the ores in Pueblo Viejo (Arribas et al., 2011; Sillitoe et al., 2006); and 3) it hosts the La 

Lechoza deposit (inferred resources of 1 MT @ 1.14 g/t Au eq. oxides and 1.2 MT @ 0.57 % CuEq. 

sulfides; Dupéré and Paiement, 2012), in the northern part of the concession, which is classified as 

VMS-type (Nelson et al., 2011). Therefore, the exploration of the Cabirma del Cerro concession is 

called to shed further light on the origin of Pueblo Viejo and to render information on the metallogenic 

evolution of the Early Cretaceous island arc. To do so, detailed surface geological mapping is 

combined with abundant core information acquired from an intensive diamond drilling program to 

depths of up to 1000 m carried out by Everton Resources (TSX-V:EVR). Petrographic and 

lithogeochemical analyses were performed on surface and drill core samples representative of both the 

original igneous lithologies and the hydrothermal alteration types. SHRIMP U-Pb zircon ages were 

obtained for tonalites, plagiorhyolite stocks, diorites, basalts and a gabbro. Stratigraphic relationships 

together with the integration of petrographic, lithogeochemical and U-Pb zircon studies has allowed 

the reconstruction of the original chemostratigraphic relationships between the igneous units. Finally, 

an integrative genetic model is proposed for the genesis of VMS and porphyry-epithermal deposits in 

the Los Ranchos Formation.  
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SUMMARY OF THE OVERALL RESULTS 
 

The main results from the study of the metamorphosed volcanic rocks from the Maimón Formation  

(Articles 1 and 2) are: 

1- Three different groups of basalts are recognized on the basis of their immobile element contents. 

Group 1 basalts have boninitic-like compositions. Groups 2 and 3 comprise basalts with 

compositions similar to low-Ti island arc tholeiites. Group 3 has near-flat chondrite-normalized 

REE patterns, contrary to Group 2 that is depleted in LREE and resembles the forearc basalts. 

Plagiorhyolites and rare andesites present near-flat to subtly LREE-depleted chondrite normalized 

patterns typical of tholeiitic affinities, and classify as M-type.  

2- Group 1 has variable initial 143Nd/144Nd (0.51270-0.51298) indicative of a heterogeneous mantle 

source. On the other hand, most of the samples of Groups 2 and 3 have homogeneous Nd isotopic 

ratios (0.51282-0.51293) and plot between the compositions of the depleted MORB mantle 

(DMM) and enriched mantle 2 (EM2) reservoirs. Two samples, one of Group 2 and one of Group 

3, have significantly lower Nd isotopic ratios (0.51259-0.51263) and are more proximal to the 

EM1 composition. Andesites and plagiorhyolites overlap with Groups 2 and 3 in terms of Nd 

isotopes. Initial Sr radiogenic isotope ratios are similar among the groups of the Maimón 

metavolcanic rocks (0.70383 ≤ 87Sr/86Sr (125 Ma) ≤ 0.70678). 

3- The Maimón metavolcanic rocks present Pb isotopic compositions close to the DMM or 

intermediate between the DMM and EM1 reservoirs. The two analysed boninites of Group 1 have 

relatively homogeneous 206Pb/204Pb (125 Ma) (18.22-18.29), and more variable 207Pb/204Pb (125 Ma) 

(15.51-15.66) and 208Pb/204Pb (125 Ma) (37.95-38.31). Except two samples with anomalously 

radiogenic Pb isotopic ratios possibly affected by shallow crustal contamination (e.g., 207Pb/204Pb 

(125 Ma) = 15.60-15.98; 208Pb/204Pb (125 Ma) = 38.58-38.93), Group 2 generally has more 

homogeneous 207Pb/204Pb (125 Ma) (15.51-15.53) and 208Pb/204Pb (125 Ma) (37.90-37.99) compared 

with Group 1. Group 3 has 207Pb/204Pb (125 Ma) and 208Pb/204Pb (125 Ma) similar to Group 2 but lower 
206Pb/204Pb (125 Ma) (18.08-18.17). Andesites and plagiorhyolites have Pb isotopic compositions that 

coincide with those of Groups 2 and 3. 

4- The metamorphic assemblage developed on rocks with major element compositions similar to 

those of the original protoliths (i.e., less altered rocks previous to metamorphism) is composed of 

actinolite + high-Si phengite + chlorite + epidote + quartz + albite ± ferri-winchite ± 

stilpnomelane. Pseudosection calculations and intersection of isopleths indicate peak 
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metamorphic conditions of ~ 8.2 kbar at 380 ºC, which are consistent with metamorphism in the 

greenschist/blueschist facies transition, burial depths of ~ 25-29 km and a thermal gradient of ~ 

13-16 ºC/km. 

The main results from the study of sulfide mineralization from the Cerro de Maimón VMS deposit 

(Article 3) are: 

1- Primary syngenetic ore mineral assemblage is composed mainly of pyrite in a matrix with variable 

proportions of chalcopyrite, sphalerite and tennantite. Annealing texture among pyrite grains and 

rotated pyrite porphyroclasts with adjacent asymmetric pressure shadows, combined with 

cataclastic textures denote metamorphic and intense deformation. Syn-metamorphic sulfide 

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

crystallization of discrete minerals (galena, tellurides, fahlore and electrum). 

2- Sulfides display δ34S values of -1.3 to +3.0 ‰, consistent with sulfide derived from the inorganic 

reduction of seawater sulfate and/or from a magmatic source. 

3- The Cerro de Maimón deposit classify as non-auriferous, even if significant Au contents are 

described (up to 7.6 g/t). 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. 

The main results from the study of oxide ore from the Cerro de Maimón VMS deposit (Article 4) are: 

1- The mineral paragenesis of the oxidized zone is essentially composed of goethite, hematite, quartz 

and barite. Identified clay minerals include kaolinite, illite and celadonite. Kaolinite was mainly 

observed in the upper part of the profile as botryoidal gold-bearing layers coating limonitic 

botryoidal aggregates. Jarosite, and other common minerals found in oxidation profiles such as 

lepidocrocite, have not been found at Cerro de Maimón. 

2- Botryoidal, cellular and brecciated textures can be distinguished. Botryoidal and brecciated 

textures dominate in the upper parts of the oxidized zone, whereas cellular textures are more 

common in the intermediate and lower parts. 
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3- The leached capping profile shows evidence of both transported and indigenous gossans. Gold in 

the oxide paragenesis is extremely pure (99% Au) suggesting that chemical refining took place. 

Silver occurs mainly as iodargyrite (AgI), and minor AgBr, AgCl, in botryoidal aggregates. 

 

In the Los Ranchos Formation, new detailed geological maps were elaborated for the Bayaguana 

(Fig. 2 in Article 6) and Pueblo Viejo (Fig. 2 in Article 7) districts. In the Bayaguana district: 

1- Massive flows of locally pillowed basalts, minor hyaloclastites and interstratified basaltic fine 

tuffs are grouped into the lower basaltic unit. The upper basaltic and andesitic unit is composed 

of massive basaltic andesite and andesite flows with minor lateral auto-breccias. Felsic-

intermediate volcanic deposits have been mapped as massive lava flows, domes, reworked 

pyroclastic aprons, breccias and tuffs. The domes are spatially restricted and commonly exhibit 

lateral carapaces or aprons of partially reworked auto-breccias, and lithic or crystal tuffs.  

2- In the Loma Guaymarote area, there is a ~3 km long and 2.4 km wide Early Cretaceous 

sedimentary basin (i.e., about four times the size of the equivalent basin in the Pueblo Viejo 

district), which is up to 241 m thick. Volcanogenic and terrigenous sedimentary rocks of the upper 

Los Ranchos Formation (i.e., the Pueblo Viejo Member) record lateral changes of facies from 

lithic conglomerates with felsic volcanic rock fragments, to quartz sandstones, to sandy siltstones 

and local carbonaceous mudstones.  

3- Sediments in this basin were intruded by plagioclase-phyric rhyolite domes, and are locally 

interstratified with dome auto-breccias and lithic-tuff aprons. 

In the Pueblo Viejo district, drill cores and detailed mapping allowed the discrimination of the 

following lithotypes: 

1- Coherent basaltic rocks, cropping out extensively in the Quitasueño-La Lechoza and Loma 

Platanal-Loma La Cuaba-Pueblo Viejo areas. Coherent basaltic lavas formed both massive and 

pillowed flows. Massive basalt fluxes predominate over tube and pillowed ones and form massive 

to rare flow-foliated lithofacies. The occurrence of pillow basalts is largely restricted to the 

northern half of the concession. In the northern half of the concession, both massive fluxes and 

pillows present common amygdaloidal textures. Spherulites and lithophysae are also common in 

basalts. Micro-porphyritic and porphyritic textures are the dominant textures in basalts and 
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basaltic andesites, more conspicuously in those from the southern half of the Cabirma del Cerro 

concession. Plagioclase phenocrysts are ubiquitous. 

2- Deep intrusives facies, which include tonalitic and gabbroic compositions. Tonalite outcrops are 

restricted to topographically depressed areas characterized by smooth reliefs covered by 

predominant quartz-feldspar sandy regolith and fresh, in situ m-sized boulders. The so-called 

Doña Ruth gabbro crops out mostly along the Arroyo Yagruma stream as a massive body intruding 

basalts and basaltic autobreccias. 

3- Volcaniclastic deposits with basaltic components, which are spread in the northern half of the 

Cabirma del Cerro concession and mapped as a regional, continuous unit between the Pico Alto-

Guardianón and Loma-Platanal-Loma La Cuaba areas. These deposits occur as pyroclastic fall 

and flow (ignimbritic) deposits and as autoclastic breccias. Clastic ignimbrites consist of blocky 

pumice lapilli randomly distributed in a fine-grained matrix of basaltic composition, and 

developed local eutaxitic textures. In the southern half of the Cabirma del Cerro concession, 

volcaniclastic deposits form a continuous unit that encircles coherent basalts mapped at higher 

elevations in the Loma La Cuaba-Loma Platanal hillocks. A wide variety of volcaniclastic 

lithofacies occurs, including fine- to very coarse-grained, and matrix- to clast-supported fabrics. 

Extremely poorly sorted, monomict juvenile pumice clasts, with curviplanar and sharp outlines, 

embedded in a fine, pale brown matrix, is probably the most widespread lithofacies. In addition, 

extensive outcrops of in situ and m-sized detached lava lobes have been identified. Also common 

are breccias with blocky clasts displaying jigsaw-fit and clast-in-matrix textures pointing to 

intense, in situ quench fragmentation. 

4- Acid shallow intrusives, which are mapped as stocks and dikes in sharp contact with coherent 

basalts and basaltic volcaniclastic deposits. These rocks, of plagiorhyolitic composition, show 

characteristic porphyritic textures depicted by coarse-grained plagioclase and quartz phenocrysts 

embedded in a cryptocrystalline groundmass. 

5- Monzodiorite intrusives cut coherent basalts and volcaniclastic deposits as well as plagiorhyolitic 

rocks. Drilling to the eastern contact of the Cabirma del Cerro concession and the Pueblo Viejo 

mining area revealed the conspicuous presence of andesitic intrusives to depths greater than 275 

m bellow surface. Porphyritic textures are ubiquitous even if more equigranular textures occur in 

the deeper intrusives. A sample from a dyke and a sample from a dome, both of andesitic 

composition and located in the Monte Negro pit at the Pueblo Viejo mining area, yielded 

equivalent mineralogy and textures. 
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The study of the lithogeochemistry of volcanic rocks from the Los Ranchos Formation in the 

Bayaguana (Article 6) and Pueblo Viejo (Article 7) districts revealed that: 

1- Volcanic rocks span from subalkaline basalts to rhyolites and show marked negative Nb and 

positive Th anomalies when normalized to NMORB. 

2- Basalts classify as boninite-like, low-Ti island arc tholeiites and normal island arc tholeiites. 

Rhyolites show near-flat to slightly LREE-enriched or, in those samples with lower REE contents, 

even convex REE patterns, indicating tholeiitic and boninitic affinities. 

3- LREE-depleted low-Ti island arc tholeiites and boninites predominate in the lower basaltic 

sequence, and passes upwards to normal low-Ti island arc tholeiites and island arc tholeiites, 

which are dominant in the upper basaltic sequence. 

4- In the Pueblo Viejo district (Article 7), in addition, diorites with transitional tholeiitic-calc-

alkaline and monzodiorites and andesites with calc-alkaline affinities occur as deep intrusives, 

shallower dikes and volcanic domes. 

SHRIMP U-Pb zircon ages for igneous rocks from the Los Ranchos Formation were obtained for the 

Zambrana tonalite batholith, the Doña Ruth gabbro, basalts, diorites and plagiorhyolite stocks from 

the Pueblo Viejo district (Article 7) and for plagiorhyolite domes intruding carbonaceous sediments in 

the Bayaguana district (Article 6). The study revealed: 

1- All the studied rocks yield a wide range of 206Pb/238U zircon ages, including pre-Cretaceous ages. 

Cretaceous zircons yield 206Pb/238U ages between ca. 135 and 107 Ma. Within this age bracket, 

individual samples also returned relative wide ranges of 206Pb/238U zircon ages, including often 

discordant data that prevent the calculation of concordia ages or that results in inadvisable high 

MSWD (mean square weighted deviation) values. 

2- The discrimination of the youngest individual 206Pb/238U ages and/or concordia ages for the 

youngest zircon populations for each lithotype indicate that the emplacement of the Zambrana 

plagiotonalite batholith occurred at ca. 113-109 Ma, which is apparently equivalent to the timing 

of intrusion of the plagiorhyolite stocks. Relative to this acid magmatism, our data points to the 

earlier extrusion of LREE-depleted low-Ti island arc tholeiite basalts at ca. 122-112 Ma, and to 

the intrusion of the Doña Ruth gabbro at ca. 118-116 Ma. Diorites from the Loma La Cuaba area 

intruded at ca. 109-106 Ma. Plagiorhyolitic domes intruding carbonaceous sediments in the 

Bayaguana district emplaced between ca. 110-107 Ma. 
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The study of hydrothermal alteration and ore mineralization in the Bayaguana district (Article 6) 

concentrated in the Doña Amanda and Cerro Kiosko deposits. The main results were: 

1- The Doña Amanda deposit consists of a ~ 100 m-thick supergene enrichment blanket (chalcocite 

and covellite) that overlies strongly silicified and mineralized felsic pyroclastic rocks intruded by 

plagioclase-phyric rhyolite at depth. Its hypogene mineralization is composed of a dense 

stockwork of veins and sulfide disseminations. Hydrothermal alteration in the Doña Amanda 

deposit produced an outer domain of propylitic altered rocks that grades inward and downward to 

rocks that have undergone incipient phyllic alteration. This passes inward to an intermediate 

argillic alteration assemblage, a transitional phyllic-advanced argillic assemblage and to a silicic-

altered core, the latter two with abundant sulfide disseminations. Sulfides and, to a lesser extent, 

sulfosalts constitute the hypogene metallic mineral association. Pyrite is the dominant sulfide in 

disseminations along with minor chalcopyrite and enargite. Two sulfide-bearing vein types occur 

in a dense vein stockwork in the core of the deposit: (1) wavy veins of quartz with sulfide-rich 

central sutures and rims, sharply defined walls and local vuggy centers and (2) massive, planar 

pyrite with subordinate quartz veins. Stage 2 veins crosscut stage 1 veins. Stage 1 veins contain 

abundant pyrite and, in cores and rims, early molybdenite and fahlore. 

2- The Cerro Kiosko deposit consists of a 1.25 to 22 m thick, ~ 1,100m long and ~ 400 m deep 

tabular quartz-sulfide vein swarm hosted by silicic-altered basaltic andesites and andesites of the 

upper unit, and also includes sulfide disseminations. An outer extensive domain of moderate 

intensity propylitic alteration grades inward and downward to narrower domains of phyllic and 

intermediate argillic alteration. The vein swarm is composed of stringers and massive sulfide lodes 

largely controlled by NW-striking normal faults. Cu(± Ag ± Au) mineralization produced 0.5 to 

~30 cm thick massive sulfide stage 1veins and lodes within strongly quartz-altered host rocks. The 

thickest veins have multiple internal growth bands. Stage 1 caused hydrofracturing of the 

previously altered host rocks and cementation of the fragments by pyrite and fahlore. Stage 2 is 

Cu-rich, and consists of an initial pyrite-rich substage and a later substage with abundant Cu-

bearing sulfides. Gold and calaverite grains (and Au grades) are concentrated in bornite-rich zones 

of the deposit. 

3- The isotope composition of sulfur in Doña Amanda samples, selected from several wavy quartz-

Cu + Mo-sulfide and planar pyrite ± quartz veins, range between -7.9 and -0.1 ‰, with a median 

value at -3.6 ‰. In Cerro Kiosko, samples selected from massive sulfide Cu veins and lodes 

yielded δ34S values between -5.3 and +0.9 ‰ 
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4- Primary fluid inclusions were measured in quartz from B veins (Th: 160º to >400 ºC; salinity: 7.9 

to 16.4 wt. % NaCl equiv.), in quartz of quartz-pyrite veins (Th: 125º to 175 ºC; salinity: 4.8 to 

12.2 wt. % NaCl equiv.), quartz from silicic altered wallrocks (Th: 150º to 175 ºC; salinity: 8.3 to 

13.9 wt. NaCl equiv.) and late, distal calcite veins (Th: 120º to 160 ºC; salinity: 5.0 to 13.3 wt. % 

NaCl equiv.). 

Hydrothermal alteration and sulfide mineralization in the Pueblo Viejo district (Article 7) has been 

studied more conspicuously in the La Lechoza VMS deposit and the Loma La Cuaba ridge: 

1- Ore mineralization in the La Lechoza deposit is hosted in basaltic rocks of the lower basaltic unit 

(Cotuí member). The ore mineralization is composed of a well-developed gossan, which is 

exposed in three sections totaling a 1600 m long and 700 m wide area, and beneath of this, a 

sulfide zone. Sulfide mineralization occurs as bedded massive sulfide lenses, in the matrix of 

tuffaceous breccias, cementing lapilli clasts, and as massive sulfide clasts along with silicic-altered 

lapilli fragments. Dissemination of sulfides is ubiquitous in wallrocks. Massive silicic-, propylitic- 

and sericitic-hydrothermal alterations affected the wallrocks. 

2- Intense hydrothermal alteration in the Loma La Cuaba ridge obliterated the original magmatic 

textures and mineralogy of surface rocks, with the diagnostic exception of transitional tholeiitic-

calc-alkaline and calc-alkaline diorites and monzodiorites, which are unaltered. Extensive 

domains of argillic-altered rocks occurs in the upper 300 m of cores. Silicic-alteration dominates 

in the surface, and locally show micro-vuggy silica textures. The 300-m thick argillic domain can 

be subdivided in an upper part characterized by kaolinite ± dickite and a lower part, in the eastern 

sector towards the limit with the mine area, of pyrophyllite ± diaspore dominant assemblages. 

Propylitic-altered rocks occurs beneath the argillic domain. Interspersed sodic-, sodic-calcic- and 

potassic-altered rocks were cut by drilling at depth (> 500m) near the border with the Pueblo Viejo 

mining area; these alteration types imprinted on the calc-alkaline monzodiorite intrusions and on 

adjacent volcanic rocks. Sulfide mineralization is largely formed of pyrite disseminations and 

more local narrow veins.  

Re-Os dating of three samples of molybdenite collected from Pueblo Viejo district (Article 5) yielded 

ages of 112.1 ± 0.4, 112.0 ± 0.4 and 111.5 ± 0.4 Ma. A molybdenite sample collected from the Doña 

Amanda deposit (Bayaguana district; Article 6) yielded a Re-Os age of 112.6 ± 0.4 Ma. 
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SUMMARY OF THE OVERALL DISCUSSIONS 
 

On the petrogenesis of metamorphosed volcanic rocks from the Maimón Formation: 

1- The mantle sources of Maimón basalts have Nb/Yb that mostly span from the values of the DMM 

to that of the depleted DMM (D-DMM). Nb/Yb of the Maimón basalts are normally lower than 

those of basalts of the Los Ranchos Formation (Escuder-Viruete et al., 2006), supporting they 

derive from more depleted mantle sources. All the studied Maimón basalts depart from the trends 

of MORB and FAB due to higher Th/Yb at a given Nb/Yb, and they point to compositions typical 

of oceanic arc basalts (Pearce, 2014). Melt compositions are compatible with increasing addition 

of different slab fluids to a depleted mantle wedge source, which experienced increasing melt 

extraction and fluid addition from Group 3 (~ 5-15% melt extraction, 1.5-4.5 wt. % of fluid in the 

source) to Group 2 (~ 10-18% melt extraction, 3-5.5 wt.% of fluid in the source) and Group 1 (~ 

15-20% melt extraction, 4.5-6 wt.% of fluid in the source). As field observations support that 

Group 2 comprises the oldest rocks of the Maimón Formation, these samples likely record the 

transitional stages of the magmatic activity from initial (MORB-like) FAB to a more mature stage 

of island arc volcanism. Focused flux of fluids in the mantle wedge might have caused local 

melting at higher degrees of melt extraction, producing the depleted boninites of Group 1. Group 

3 possibly represents the products of volcanism transitional to stable subduction conditions, when 

normal IAT are produced at lower melting degrees (e.g., Ishizuka, 2014a). 

2- Given the paleogeographic configuration for the subduction initiation in the Caribbean presented 

in most tectonic models (e.g., Pindell et al., 2012), Atlantic pelagic sediments of Cretaceous age 

(AKPS) are likely sources of crustal material entering the Greater Antilles subduction zone (e.g., 

Jolly et al., 2008; Marchesi et al., 2007). On the other hand, a depleted mantle source similar to 

DMM well approximates the starting composition of the mantle wedge prior to slab addition. The 

Sr-Nd isotopic variations of the Maimón volcanic rocks support that their depleted mantle wedge 

source was contaminated by up to 2% of fluids liberated from AKPS. The Pb isotopic 

compositions are consistent with mixing of the pre-subduction mantle with smaller percentages 

(< 0.2%) of fluids extracted from marine sediments. These constraints suggest that slab fluids 

derived not only from subducted sediments but also from altered igneous crust, which in particular 

supplied relatively low radiogenic Pb. However, the less radiogenic Pb isotope compositions of 

the Maimón Formation compared to the Los Ranchos Formation (Cumming and Kesler, 1987) 

support that the metavolcanic rocks of the former record more incipient stages of subduction at 
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shallower depths, at which fluids from the slab were mostly liberated from the subducted igneous 

crust instead of sediments. 

3- Boninites, LREE-depleted low-Ti and normal low-Ti island arc tholeiitic basalts display variable 

negative Nb and positive Th anomalies attesting to different degrees of subduction imprint by 

slab-derived components. Progressive changes are observed among the different basalt Groups 

not only in their concentrations of HFSE (Nb, Ta, Zr) and Th, but also in REE, LILE and 

transitional metals (e.g., Ti and V). Progressive chemostratigraphic changes are on a par with 

trends recognized in subduction-initiation ophiolites (Whattam and Stern, 2011). LREE-depleted 

LOTI display N-MORB-like normalized REE patterns similar to those of forearc basalts (FAB) 

from the Izu-Bonin-Marina (IBM) forearc but have lower REE concentrations; this suggests a 

more depleted mantle source or higher degrees of melting compared to typical FAB from the IBM. 

Th/Yb and Th/NbNMN of Group 2 Maimón basalts are distinctive from those of normal FAB in the 

IBM arc (Ishizuka et al., 2011; Pearce et al., 2005), suggesting a higher slab sediment input to the 

SSZ mantle source. This observation suggests the release of fluids and/or melts from the 

downgoing slab at shallower depths and at faster rates due to hot subduction (Pearce and Robinson, 

2010). 

4- In the tectonic model of Pindell et al. (2012), a transform fault delineated the contact between the 

Caribbean (Pacific) and the Proto-Caribbean (Atlantic) oceanic lithospheres just prior to ca. 135 

Ma, and a trench-trench-ridge triple junction occurred in its contact with the spreading ridge across 

the Proto-Caribbean lithosphere. Underthrusting of the young Proto-Caribbean slab would have 

resulted in a ‘hot’ subduction scenario in which slab dehydration is favored. This scenario would 

therefore be consistent with a conspicuous slab fluid addition to the mantle source of the Maimón 

Formation at relatively shallow levels in a forearc position during the generation of transitional 

proto- to first-arc melts. Blanco-Quintero et al. (2011; see Fig. 13 therein) proposed a model with 

the likely locations of the La Corea and Sierra del Convento (eastern Cuba) and the Río San Juan 

(Dominican Republic) mélanges relative to the subducting Proto-Caribbean ridge; within this 

model, we envisage the formation of the volcanic arc segment represented in the Maimón 

Formation somewhere between the Río San Juan Complex (cf. Escuder-Viruete et al., 2013; Krebs 

et al., 2011) and the vertical projection of the ridge in the overriding plate. 
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On the deformation and metamorphism of rocks from the Maimón Formation: 

1- Since the early work by Bowin (1966), the metamorphic assemblage of the Maimón Formation 

has been considered representative of low-P greenschist facies. This assignation has been 

recurrently recalled by many authors (Draper and Gutiérrez-Alonso, 1997; Draper and Lewis, 

1991; Draper et al., 1996; Escuder-Viruete et al., 2002; Kesler et al., 1991a; Nagle, 1974). Our 

pseudosection calculations indicate that the high grade rocks of the Ozama shear zone of the 

Maimón Formation reached peak temperature and pressure of ~ 8.2 kbar; 380 ºC, close to the 

greenschist to blueschists facies transition and hence, the low-P conditions of metamorphism 

commonly attributed to the Maimón Formation and the derived tectonic constraints required 

reconsideration. These figures translates in a thermal gradients in the range of 15.99 ºC/km (3.3 

g/cm3) to 13.17 ºC/km (2.9 g/cm3) 

2- Deformation and structural relations of the Maimón and Los Ranchos Formations were studied by 

Draper et al. (1996) and Draper and Gutiérrez-Alonso (1997) who invoked the northward 

obduction of the adjacent Loma Caribe peridotite during the late Albian over the Maimón 

Formation as the ultimate cause for the major thrust deformation event. According to these 

authors, obduction and related transfer of heat from the hot peridotite slice to the underlying 

Ozama shear zone caused the inverted metamorphic-deformation gradient observed from the 

Ozama shear zone to the El Altar zone of the Maimón Formation, i.e., toward the N-NNE. 

However, our relative high pressures and corresponding relatively cold thermal gradient 

determinations cannot be easily conceptualized within the framework of overthrusting of a 

shallow hot peridotite slice over the volcanic-arc formation. Such thermal gradient and 

metamorphic depth is consistent with subduction of warm lithosphere (Peacock and Wang, 1999), 

as expected for a young oceanic island-arc environment developed in the Early Cretaceous. 

Subduction of both active and quiescent oceanic arcs into the mantle is broadly described, for 

instance, in the western part of the Philippine Sea plate, where immature small arcs smoothly 

subduct beneath the Eurasian plate (Ichikawa et al., 2016, and references therein). 

3- We propose three tectonic scenarios upon the following three premises: 1) generation of the 

Maimón Formation in a forearc setting at c. 126 Ma (Lewis et al., 2000, 2002), 2) metamorphism 

and deformation at 120-110 Ma linked to a subduction scenario (this work) and subsequent 

exhumation in the Early Cretaceous, shortly before c. 110 Ma (Draper and Gutiérrez-Alonso, 

1997; Draper et al., 1996; Lewis et al., 2002), and 3) a regional-scale metamorphic event operating 
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in the Hispaniola segment of the Caribbean arc. These scenarios correspond to: 1) subduction 

polarity reversal from E-dipping subduction of Farallon to W-dipping subduction of the Proto-

Caribbean as a result of the collision of the Caribbean-Colombian Oceanic Plateau (CCOP) with 

the Greater Antilles arc (Kerr et al., 2003; Lidiak and Anderson, 2015), 2) initial (c. 135 Ma) W-

dipping subduction of the Proto-Caribbean after the inception of a sinistral ‘inter-American 

transform’ that would have connected the E-dipping subduction zones fringing the western 

margins of North and South America (cf. Pindell et al., 2012) and 3) total consumption of the 

oceanic Mezcalera plate with two opposite dipping subduction zones below the Pacific Farallon 

plate and the Proto-Caribbean realm (Dickinson and Lawton, 2001; Mann, 2007; Mann, et al., 

2007). From these, we favor the second scenario, in which convergence and subduction of the 

Proto-Caribbean at an oblique angle to the trench, likely aided by the interaction with buoyant 

features could have forced part of the Caribbean arc crust to subduct along intra-arc faults. 

On the VMS mineralization hosted by the Maimón Formation: 

1- The volcanic units hosting the VMS mineralization indicate that it 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. These magmatic assemblages are considered by Piercey 

(2011) to be prospective for VMS mineralization in juvenile, ophiolitic settings. 

2- 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 annealing or foam textures in blastic pyrite and intense microfracturing 

and blow-apart and porphyroclastic textures. The coexistence of cataclastic and annealing textures 

in pyrite over short distances has mostly to do with pyrite grain sizes, mineral abundances and 

local deformation regimes (Barrie et al., 2010). Syn-metamorphic (including pre-, syn- and post-

metamorphic peak) sulfide recovery/recrystallization led to metamorphic remobilization and local 

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

minerals such as galena, Bi-, Ag- and Pb-tellurides, tetrahedrite and electrum formed.   

3- The composition of sphalerite reflects formation in a sediment-starved setting and minimum fluid 

temperatures in the range of 242 to 302 ºC according to the regression equation by Keith et al. 

(2014).  Fahlore mineralization restricted to tennantite (with very low As contents) might reflect 

that they 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. 
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On the gossan mineralization in the Cerro de Maimón deposit: 

1- In general, gossans and oxidized outcrops can be classified into indigenous, transported and exotic 

(Blanchard 1968; Velasco et al., 2013). Both indigenous and transported textural features are 

widely found at Cerro de Maimón gossan. However, the gossan cannot be considered as 

transported since the primary and supergene copper sulfides are beneath the oxide body. The 

reason of the coexistence of both types is possibly due to i) the schistose character of the host 

formation, ii) the steep position of the mineralized lenses and iii) the seasonal intense rainfall 

typical of tropical climates. The tectonized condition of the deposit could enable the percolation 

of waters through the schistosity and late fissures, enhancing dissolution-precipitation processes 

along fractures and sheared zones. This phenomenon leads to subsequent collapse and hence 

transport of the gossan along fractures.  

2- Alvaro and Velasco (2002) and Capitán et al. (2003) suggested that gossan evolution can be 

divided into three main stages: i) the oxidative dissolution of the sulfides, ii) the evolution of the 

former oxyhydroxides and iii) the mechanical reworking of the previously formed oxides. In the 

study case, the oxidative dissolution of the sulfides took place at low pH conditions preserving the 

original sulfide box-work (if pH>3) or leaching along with transport of Fe-rich solutions (if pH<3) 

(Blain and Andrew, 1977; Sillitoe and Clark, 1969). Colloform textures formed once these leached 

Fe-rich waters reached near-neutral pH conditions. Subsequently, the acidity generation process 

is interrupted and ground waters evolve to less acidic conditions. The initially formed iron 

oxyhydroxides are more likely to be poorly crystalline (e.g. ferrihydrite; Taylor and Thornber, 

1992). Fine grained goethitic layers are considered to be amorphous iron hydroxides such as 

ferrihydrite transformed to goethite by dehydration and hematite. 

3- The weathering profile shows supergene enrichment in gold and silver. The Au-richest layers 

coincide with thin, yellow-mustard colored and humid levels of poorly crystalline goethite.  Gold 

enrichment ratio in the Cerro de Maimón gossan, calculated as oxide ore grade/sulfide ore grade, 

is 1.4 (in clayey goethitic layers the ratio increases up to 33). However, silver enrichment ratio is 

only 0.5 (i.e. loss of Ag in the oxide ore). The abundance of Ag-halides together with the state of 

the high fineness of gold (99.4 at.% Au) and the antagonistic gold and silver enrichment ratio in 

Cerro de Maimón gossan suggest both an efficient Au-enrichment/Ag-leaching process during 

gossan formation and a large availability of halide ligands during weathering. Detailed 

examination of the Eh-pH predominance diagrams for the Au and Ag Cl-Br-I-H2O systems reveals 

the predominance of Au-I and Ag-I species and solid phases over other Ag- and Au-Cl and Br 
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complexes under the Eh-pH conditions reported for tropical areas. For this reason, AgI(aq) is the 

predominant aqueous species and iodargyrite (AgI) predominates over chloride or bromide Ag 

solid phases. The preferential formation of iodargyrite over bromargyrite and chlorargyrite can be 

explained by its lower solubility (Golebiowska et al., 2010) and suggest an external contribution 

of iodine. Given its low solubility, crystalline Au widely predominates against any of the other 

Au species. The close association of gold and goethite observed in the gossan can be explained by 

the precipitation of Au(s) after the reduction of aqueous Au+ by the oxidation of the aqueous 

Fe(II) produced by the weathering of the former sulfides (Freyssinet et al., 2005). Then, in those 

conditions in which gold precipitates as Au(s), silver remains in solution and is transported away 

from the site of gold deposition enhancing the purity of gold grains. 

4- Many authors suggest that the occurrence of Ag-halide minerals, and especially that of iodargyrite, 

is only given in oxidized sulfide zones formed in arid and semi-arid environments (Boyle, 1994, 

1997; Burges, 1911; Penrose, 1894). However, and as far as the formation of the Cerro de Maimón 

gossan did not take place under arid nor semi-arid climate conditions, the occurrence of iodargyrite 

does not necessarily imply arid environments but the presence of saline-halide rich groundwater 

in oxide deposits. 

 

On the petrogenesis of igneous rocks from the Los Ranchos Formation: 

1- A depleted-MORB (DM) and a normal-MORB (N-MORB) mantle types are the most likely 

sources for the basic magmas in the Los Ranchos Formation rocks. All the studied samples are 

displaced from the mantle array (defined by DM-NMORB-EMORB-OIB alignment) to higher 

Th/Yb ratios indicating metasomatism of the mantle source. 

2- Our rocks with andesitic compositions (i.e., monzodiorites and andesites) have similar REE 

concentrations and CN normalized patterns to calc-alkaline igneous rocks described in Late 

Cretaceous units from the Caribbean (Lidiak and Anderson, 2015; Marchesi et al., 2007). The high 

LREE/HREE and Th/HREE ratios of these andesitic rocks, indeed, indicate that they have calc-

alkaline affinities in contrast to the tholeiitic and transitional tholeiitic-calc-alkaline affinities 

presented by all the other igneous rocks from the Los Ranchos Formation (Escuder-Viruete et al., 

2006). This is the first documentation of calc-alkaline affinities, based in immobile trace elements, 

in rocks from the Los Ranchos Formation. 
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3- Basic and intermediate rocks from the Los Ranchos Formation fulfill diagnostic lithogeochemical 

progression of subduction-initiation ophiolites (Whattam and Stern, 2011), hence indicating that 

they records the magmatic evolution from near onset of the subduction to steady state, mature 

subduction. 

4- The low LREE/HREE and Th/HREE ratios and general low REE, Zr and TiO2 contents allows 

the classification of the studied felsic igneous rocks as of tholeiitic affinity. Escuder-Viruete et al. 

(2006) reached an equivalent conclusion. The composition of the studied felsic rocks matches the 

fields of volcanic arc granites with M-type (i.e., mantle-derived) signatures. Felsic volcanic rocks 

in primitive island-arc series described along the Greater Antilles yield comparable 

lithogeochemistry and are referred to as plagiorhyolites because of the ubiquitous presence of 

plagioclase phenocrysts (e.g., Jolly et al., 2008). 

On the geochronology of igneous rocks from the Los Ranchos Formation: 

1- Pre-Cretaceous, inherited zircons have been also found in in many ophiolitic complexes (Lei et 

al., 2016) and in arc plutons and associated porphyries (e.g., Buret et al., 2016; Miller et al., 2007; 

von Quadt et al., 2011). Ubiquitous pre-Cretaceous inherited zircons are described in Cuban 

ophiolites (Proenza et al., 2014; Rojas-Agramonte et al., 2016), and are interpreted as markers of 

a diverse crustal input of pre-Caribbean sediments (e.g., from Mexican terranes) to the mantle 

source (Rojas-Agramonte et al., 2016). 

2- Relative proportions of the whole 206Pb/238U age dataset record a clear flare-up at ca. 127-126 Ma, 

and a subsequent lull at ca. 110 Ma. Initiation of arc magmatism in the Hispaniola segment of the 

Greater Antilles island-arc is stablished at ca. 126 Ma (Escuder-Viruete et al., 2014). This age is 

in good agreement with the conspicuous concentration of our U-Pb zircon ages around and from 

126 Ma, most notably in lower gabbros and basalts. The intrusion of diorites and monzodiorites 

of transitional tholeiitic-calc-alkaline and calc-alkaline affinities at ca. 109-106 Ma coincided with 

a general waning of the arc-magmatism. 

3- Our U-Pb zircon data conform to the general assignation of the bimodal acid-basic magmatism 

recorded in the Los Ranchos Formation to the Barremian-Albian time (Lidiak and Anderson, 

2015). Kesler et al. (2005a, b) dated the emplacement of several rhyolitic units from the Pueblo 

Viejo district by means of U-Pb zircon measurements, and reported weighted mean ages in the 

range between ca. 119 and 110 Ma (i.e., a ca. 6-m.y. older lower limit for the acid magmatism in 

the region with regards to the one we provide). Individual measurements provided by these authors 

show a wide spread, broadly comparable to the one we obtained, and hence we shall conclude that 
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the use of mean values should had been also avoided in order to bracket the emplacement timing 

of these bodies. Similarly, Escuder-Viruete et al. (2006) reported a U-Pb zircon age for a 

rhyodacitic rock from the Bayaguana area at ca. 116 Ma, which is again older than the lower limit 

for the emplacement of these rocks as constrained in our work. Indeed, Escuder-Viruete et al. 

(2006) obtained this age from the analysis of only five zircon grains, which is a poor population 

attending the prevalence of zircon xenocrysts and antecrysts in these rocks. The Zambrana tonalite 

batholith, dated in these work, was also dated by means of U-Pb in zircon by Escuder-Viruete et 

al. (2006), who reported an age of ca. 116 Ma, which was obtained from the analysis of only 6 

zircon grains, which again we consider a poor population. We constrain here the intrusion of the 

plagiotonalite batholiths and plagiorhyolite stocks at an equivalent time lapse between ca.113 and 

109 Ma. 

4- Mueller et al. (2008) dated the emplacement of an andesitic dike (a monzodiorite with calc-

alkaline affinity according to our study) in the Pueblo Viejo mining area at ca. 109 Ma (weighted 

average 206Pb/238Pb age of the youngest zircon population). Altogether suggest that the 

emplacement of diorite and monzodiorite intrusives with calc-alkaline affinities were the last arc-

magmatic expression recorded in the Los Ranchos Formation. 

On the ore mineralization hosted by the Los Ranchos Formation in the Bayaguana district: 

1- The mineralogy of alteration and ore-bearing assemblages in the Doña Amanda and Cerro Kiosko 

deposits of the Bayaguana district and their structural and geometric features match those of 

porphyry Cu(-Mo) and high-sulfidation epithermal deposits (Sillitoe, 2010; Simmons et al., 2005). 

In particular, the features are similar to transitional domains between the two environments (e.g., 

Henley and Berger, 2011). 

2- In Doña Amanda, Cu-Mo wavy veins of quartz with sulfide-rich central sutures and rims and sharp 

walls are comparable to B-type veins documented from many porphyry Cu-Mo deposits (Seedorff 

et al., 2005; Sillitoe, 2010). In the absence of later deformation, the sinuosity of B-type veins at 

Bayaguana is attributed to high temperatures (>400 ºC; Fournier, 1999) and overall quasi-ductile 

conditions. In contrast, later (i.e., D-type) veins have planar, sharp walls, as consistent with 

formation under brittle conditions. Transitional phyllic-advanced argillic alteration halos 

(pyrophyllite and alunite supergroup minerals after muscovite) around B-type veins in Doña 

Amanda are consistent with high temperatures, as they are stable up to ~ 550 ºC (Henley and 

Berger, 2011; Seedorff et al., 2005). Temperatures of homogenization of fluid inclusions over 400 

ºC have been determined for B-type veins from Doña Amanda, along with moderate salinities (10 



 

 

L. Torró 

2017 

29 

to 17 wt. % NaCl equiv.). Such fluids are typical of late stage mineralization in porphyry deposits 

(Redmond and Einaudi, 2010). A drastic drop in temperature (>400º to <200ºC) at nearly constant 

salinity (with a tenuous decrease) can be explained by mixing with more dilute, cooler fluids. 

3- In Cerro Kiosko, massive sulfide thick veins and lodes share many features with D-type veins. 

The hypogene bornite-enargite assemblage in D-veins at Cerro Kiosko marks the transition 

between porphyry deposits and the deepest portions of high-sulfidation deposits (ca. 500-1000 m, 

but up to greater than 1500 m; temperatures between 260 and > 300ºC; Hedenquist et al., 2000; 

Sillitoe, 2010). 

On the ore mineralization hosted by the Los Ranchos Formation in the Pueblo Viejo district: 

1- Several VMS deposits, including La Lechoza, and occurrences are documented in the Los 

Ranchos Formation (Dupéré and Paiement, 2012; Nelson et al., 2015). The La Lechoza 

mineralization is hosted by basic volcanic and volcaniclastic rocks of the lower basaltic sequence 

of the Los Ranchos Formations, which were most likely erupted in a submarine environment 

between ca. 122 and 112 Ma. Chemostratigraphic relationships indicate that these lower basalts 

have LREE-depleted low-Ti IAT and boninitic affinities. The genetic correlation of the massive 

sulfide mineralization with boninitic hosts of the lower basaltic unit points to the VMS deposition 

in the Los Ranchos Formation prior to the steady state subduction regime, in a forearc position 

and linked to primitive basaltic magmatism. Sulfide mineralization in subduction-initiation 

ophiolites, intimately associated to boninites, are described in the archetypical Izu-Bonin-Mariana 

forearc (Ishizuka et al., 2014b) and in the Maimón Formation (Article 3). Piercey (2011) indeed 

refers to mafic rocks with low-Ti island arc tholeiitic and boninitic signatures as the preferential 

association for the formation of VMS deposits in juvenile (ophiolitic) environments. Extrusion of 

these basalts are diagnostic of anomalously high temperatures of formation and an overall 

extensional geodynamic regime associated to fast trench-rollback previous to the stabilization of 

the subduction front that facilitate the circulation of the hydrothermal fluids. 

2- The silicic and advanced argillic-altered zone in the Loma La Cuaba ridge represents the 

continuation to the west of the alteration domain that hosts the ore deposits at Pueblo Viejo. The 

age of the hydrothermal alteration in Loma La Cuaba remains uncertain as far as previous attempts 

to date alunite have proved fruitless due to the complex thermal history of the Median belt (Arribas 

et al., 2011; Nelson, 2000). The diorite and monzodiorite intrusives between the Loma La Cuaba 

ridge and the Pueblo Viejo area as well as those cutting mineralized carbonaceous sediments in 

the Monte Negro pit (Pueblo Viejo mine; Mueller et al., 2008) are largely unaltered, in stark 
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contrast with the country rocks. This observation suggests that the silicic- and advanced argillic-

alterations occurred prior to the intrusion of these rocks at ca. 109 Ma. Here we determine that the 

intrusion of the plagiorhyolite stocks at ca. 113-109 Ma was coeval to the intrusion of the 

Zambrana plagiotonalite. This age bracket encompasses the sulfide mineralization in Pueblo Viejo 

(Kirk et al., 2014; Article 5) and makes the deep batholiths and shallower stocks of acid 

composition the most reasonable candidates for the supply of mineralizing fluids and heat 

necessary to form the Pueblo Viejo deposit and of the magmatic volatiles responsible for the 

advanced argillic lithocap formation. If we assume that the acidic hydrothermal alteration in 

Pueblo Viejo-Loma La Cuaba ridge occurred in the 113-109 Ma bracket, it is reasonable to 

correlate that hydrothermal event to the sulfide mineralization. Sillitoe et al. (2006) pointed out 

that the close similarity of trace element suites in Pueblo Viejo and through the Loma La Cuaba 

ridge was diagnostic as to their formation by the same hydrothermal fluid. 

3- Ours is the first description of potassic and sodic-calcic alterations in the Pueblo Viejo district. 

These alteration assemblages developed in deep monzodiorite intrusions of calc-alkaline affinity 

intruded at ca. 109-106 Ma, and as alteration halos extending to the immediate country rocks. The 

magmatic mineralogy and geochemical signatures of these deep intrusives are equivalent to those 

of the monzodiorite dike and andesitic domes mapped in the Pueblo Viejo pits by Nelson (2000) 

and dated at ca. 109 Ma by Mueller et al. (2008). Mueller et al. (2008) interpreted that the sulfide 

dissemination within the monzodiorite dyke mapped in the Monte Negro pit was indicative of 

their emplacement as an inter-mineralization dyke. Nevertheless, the precise Re-Os molybdenite 

ages reported in Article 5 indicates that the sulfide mineralization was previous to the 

emplacement of this dyke. The fact that the monzodiorite dyke at the Pueblo Viejo mine presents 

ubiquitous sulfide mineralization whereas those mapped and drilled in the Cabirma del Cerro 

concession do not has most probably to do with the direct assimilation of sulfides from previously 

mineralized country rocks. 

4- The emplacement of calc-alkaline monzodiorite dykes and domes in the region was subsequent to 

the deposition of the basal sequence of the Hatillo limestones in the Late Lower Albian 

(Myczynski and Iturralde-Vinent, 2005).  The Hatillo limestones present limited hydrothermal 

alteration and magnetite mineralization (see Fig. 3 in Kirk et al., 2014; see also Sillitoe et al., 

2006). Accordingly, the relatively late calc-alkaline magmatism identified in this work could be 

the responsible for the hydrothermal alteration and magnetite mineralization in the overlying 

Hatillo limestones.  



 

 

L. Torró 

2017 

31 

On the likely connection between porphyry-high sulfidation mineralization in the Pueblo Viejo and 

Bayaguana districts: 

1- Sulfide mineralization in the Pueblo Viejo and Bayaguana districts were coeval. This observation 

supports a regional-scale metallogenic event at 112-110 Ma defined by both districts.  

2- The Pueblo Viejo district and the Doña Amanda and Cerro Kiosko deposits in the Bayaguana 

district had contrasting conditions of ore emplacement within the porphyry-high sulfidation 

epithermal environment.  

3- The tendency in general studies of the metallogenic evolution of the Greater Antilles has been to 

link the formation of porphyry copper deposits to the Late Cretaceous calc-alkaline, mature island-

arc magmatism (e.g., Hollister, 1978; Kesler et al., 1990; Nelson et al., 2011; Proenza and 

Melgarejo, 1998). These researchers generally considered Pueblo Viejo deposit as a “metallogenic 

isolate” with no regional connection with other mineralized districts and/or particular episodes in 

the tectonic evolution of the Caribbean island arc. Our work demonstrates that Pueblo Viejo is 

part of an Early Cretaceous metallogenic belt of porphyry and high sulfidation mineralization 

throughout Hispaniola. 
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SUMMARY OF THE OVERALL CONCLUSIONS 

 

1- From the lower to upper units, the metamorphosed basalts of the Maimón Formation (Cordillera 

Central, Dominican Republic) shift from LREE-depleted low-Ti tholeiites, similar to forearc 

basalts, to boninites and LREE-richer (normal) low-Ti tholeiites. From the lower to upper units, 

the gabbros/basalts and diorites/andesites of the Los Ranchos Formation (Cordillera Central and 

Cordillera Oriental) shift from LREE-depleted low-Ti tholeiitic and boninitic, to LREE-richer 

low-Ti tholeiitic and normal island-arc tholeiitic, and finally to calc-alkaline melts. These 

variations mirror the geochemical evolution from proto- to first-arc lavas documented in 

subduction-initiation ophiolites. 

2- P-T calculations based on detailed examination of mineral assemblages and mineral chemistry of 

selected metabasites from the Ozama shear zone of the Maimón Formation indicate peak 

metamorphic conditions of ~ 8.2 kbar at 380 ºC, burial depths of 25-29 km and thermal gradient 

of 13-16 ºC/km. We suggest that metamorphism was triggered by subduction of a forearc segment 

in the late Early Cretaceous times. 

3- Although both the Maimón and Los Ranchos volcanic rocks in the Cordillera Central record 

magmatic evolutions during subduction-initiation, they probably formed in slightly different 

spatial/temporal settings within the forearc-arc segment. The extrusion of the Maimón Formation 

volcanic rocks is contextualized in the forearc segment, close to the subducting proto-Caribbean 

spreading ridge, in a hot-subduction scenario. The extrusion of the Los Ranchos Formation 

volcanic rocks is contextualized in the forearc-apical arc segment; in addition, Los Ranchos 

volcanic and volcanosedimentary lithofacies record the progression from submarine to subaerial 

conditions of deposition. 

4- U-Pb zircon ages for igneous rocks from the Los Ranchos Formation constraint the extrusion of 

the basalts at 122-112 Ma, the intrusion of the Doña Ruth Gabbro at 118-116 Ma, the intrusion of 

acid batholiths and stocks at 113-109 Ma, and the intrusion of calc-alkaline diorites and 

monzodiorites and the extrusion of intermediate and acid domes at 110-106 Ma. 

5- Volcanogenic massive sulfide (VMS) mineralization hosted in the Maimón Formation and the 

lower basaltic unit of the Los Ranchos Formation took place during the subduction-initiation stage 

of the Caribbean island-arc. Subsequently, porphyry Cu(-Mo)-high sulfidation epithermal 
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mineralization took over in the Los Ranchos Formation at ca. 112 Ma, likely connected to a spread 

episode of M-type acid magmatism with tholeiitic affinity during a steady-state or true-subduction 

regime. 

6- The Cerro de Maimón gossan presents both in situ and transported structures, the latter due to 

collapse likely associated to abundant meteoric water percolation facilitated by the intense 

tectonized conditions of the rocks. Extreme purity of gold was due to chemical refining. The 

presence of iodargyrite in this deposit, formed in a tropical climate, discourages the use of this 

phase as indicator of gossan formation in arid environments. 
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Abstract: Metamorphosed basalts and plagiorhyolites of the Early 

Cretaceous Maimón Formation, located in the Cordillera Central of the 

Dominican Republic, are acknowledged to be representative of the most 

primitive arc-related volcanism recorded in the Caribbean. In this 

article, new whole-rock element and Nd-Sr-Pb radiogenic isotope data are 

used to give new insights into the petrogenesis of the Maimón 

metavolcanic rocks and constrain the early evolution of the Greater 

Antilles paleo-arc system. Three different groups of basalts are 

recognized on the basis of their immobile element contents. Group 1 

basalts have boninitic-like compositions and variable Nd-Pb isotopic 

ratios, indicative of a heterogeneous mantle source. Groups 2 and 3 

comprise basalts with compositions similar to low-Ti island arc 

tholeiites and rather homogeneous 143Nd/144Nd ratios that mostly plot 

between the compositions of the DMM and EM2 mantle reservoirs. Group 3 

has near-flat chondrite-normalized REE patterns, contrary to Group 2 that 

is depleted in LREE and resembles the forearc basalts (FAB) and 

transitional FAB-boninitic basalts of the Izu-Bonin-Mariana forearc. 

Plagiorhyolites and rare andesites present near-flat to subtly LREE-

depleted chondrite normalized patterns typical of tholeiitic affinities. 

Similar Nd and Pb isotopic ratios of plagiorhyolites to those of Group 2 

and 3 basalts support that these felsic lavas formed by anatexis of the 

basaltic arc lower crust. 

 

Geochemical modeling points that the parental basic magmas of the Maimón 

meta-volcanic rocks formed by hydrous melting of a spinel-facies DMM 

source fluxed by fluids from subducted sediments similar to Atlantic 

Cretaceous pelagic sediments. Variations of subduction-sensitive element 

concentrations and ratios from Group 2 to the younger basalts of Groups 1 

and 3 generally match the geochemical progression from proto- to first-

arc lavas described in subduction-initiation ophiolites. Group 2 basalts 

likely formed at magmatic stages transitional between FAB and first-

island arc magmatism, whereas Group 1 boninites resulted from focused 

flux melting and higher degrees of melt extraction in a more mature stage 

of subduction. Group 3 basalts probably represent the first magmas 



transitional from the arc infancy to a steady-state subduction regime. 

The relatively high extents of flux melting and slab input recorded in 

the Maimón lavas support a scenario of hot subduction beneath the nascent 

Greater Antilles paleo-arc. Paleotectonic reconstructions and the 

markedly depleted, though heterogeneous, character of the mantle source 

could respond to the rise of shallow, depleted asthenospheric mantle that 

sourced MORB in spreading centers within the Atlantic and Proto-Caribbean 

domains previous to the onset of subduction. 
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Abstract 21 

Metamorphosed basalts and plagiorhyolites of the Early Cretaceous Maimón Formation, 22 

located in the Cordillera Central of the Dominican Republic, are acknowledged to be representative 23 

of the most primitive arc-related volcanism recorded in the Caribbean. In this article, new whole-24 

rock element and Nd-Sr-Pb radiogenic isotope data are used to give new insights into the 25 

petrogenesis of the Maimón metavolcanic rocks and constrain the early evolution of the Greater 26 

Antilles paleo-arc system. Three different groups of basalts are recognized on the basis of their 27 

immobile element contents. Group 1 basalts have boninitic-like compositions and variable Nd-Pb 28 

isotopic ratios, indicative of a heterogeneous mantle source. Groups 2 and 3 comprise basalts with 29 

compositions similar to low-Ti island arc tholeiites and rather homogeneous 143Nd/144Nd ratios that 30 

mostly plot between the compositions of the DMM and EM2 mantle reservoirs. Group 3 has near-31 

flat chondrite-normalized REE patterns, contrary to Group 2 that is depleted in LREE and 32 

resembles the forearc basalts (FAB) and transitional FAB-boninitic basalts of the Izu-Bonin-33 

Mariana forearc. Plagiorhyolites and rare andesites present near-flat to subtly LREE-depleted 34 

chondrite normalized patterns typical of tholeiitic affinities. Similar Nd and Pb isotopic ratios of 35 

plagiorhyolites to those of Group 2 and 3 basalts support that these felsic lavas formed by anatexis 36 

of the basaltic arc lower crust. 37 

Geochemical modeling points that the parental basic magmas of the Maimón meta-volcanic 38 

rocks formed by hydrous melting of a spinel-facies DMM source fluxed by fluids from subducted 39 

Atlantic Cretaceous pelagic sediments. Variations of subduction-sensitive element concentrations 40 

and ratios from Group 2 to the younger basalts of Groups 1 and 3 generally match the geochemical 41 

progression from proto- to first-arc lavas described in subduction-initiation ophiolites. Group 2 42 

basalts likely formed at magmatic stages transitional between FAB and first-island arc magmatism, 43 

whereas Group 1 boninites resulted from focused flux melting and higher degrees of melt extraction 44 

in a more mature stage of subduction. Group 3 basalts probably represent the first magmas 45 

transitional from the arc infancy to a steady-state subduction regime. The relatively high extents of 46 

flux melting and slab input recorded in the Maimón lavas support a scenario of hot subduction 47 

beneath the nascent Greater Antilles paleo-arc. Paleotectonic reconstructions and the markedly 48 

depleted, though heterogeneous, character of the mantle source could respond to the rise of shallow, 49 

depleted asthenospheric mantle that sourced MORB in spreading centers within the Atlantic and 50 

Proto-Caribbean domains previous to the onset of subduction. 51 

Keywords: Forearc, subduction-initiation, ophiolite, Greater Antilles paleo-arc, slab fluids 52 



3 

 

1. Introduction 53 

Ophiolites are relicts of temporally and spatially associated ultramafic, mafic and felsic rocks 54 

constituents of oceanic crust and upper mantle emplaced into continental margins through different 55 

tectonic mechanisms (Dilek and Furnes, 2014). Under that definition, a number of ophiolite types 56 

are classified according to their formation setting (Dilek and Furnes, 2014; Pearce, 2014; Pearce 57 

and Robinson, 2010) and mode of emplacement (Beccaluva et al., 2004; Moores, 1982; 58 

Wakabayashi and Dilek, 2000). Subduction-related or supra-subduction zone ophiolites include 59 

those in which oceanic lithosphere forms in the extended upper plate of a subduction zone either in 60 

a forearc, arc or back-arc positions. Among these, subduction-initiation ophiolites, formed in the 61 

forearc during the inception and early stages of intra-oceanic subduction, are those that have been 62 

defined most recently (Stern and Bloomer, 1992) and have probably had a major development in 63 

their understanding during the last decade (e.g., Lázaro et al., 2016; Maffione et al., 2015; Pearce 64 

and Robinson, 2010; Pearce et al., 2014; Stern et al., 2012; Turner et al., 2014; Whattam and Stern, 65 

2011). This knowledge has hugely benefitted from the study of in situ dredged and drilled basement 66 

lithologies of the archetypical Izu-Bonin-Mariana (IBM) forearc (Ishizuka et al., 2011, 2014; Pearce 67 

et al, 2015; Reagan et al., 2010; Ribeiro et al., 2013, 2015), which has even led to the definition of a 68 

new player in the game: the forearc basalts (FAB; Reagan et al., 2010). On the light of the new 69 

subduction initiation paradigm, many ophiolites previously ascribed to formation in a mid-ocean 70 

ridge or back-arc settings has been reclassified (cf. Pearce and Robinson, 2010). 71 

Located in the core of the Cordillera Central of the Dominican Republic, the Maimón 72 

Formation (Fm.) is amply accepted to be one of the most primitive arc-related volcanic units of the 73 

Caribbean island-arc (e.g., Lidiak and Anderson, 2015). Despite this consensus, its setting of 74 

formation within the upper plate of the island-arc system and its genetic relationships with other 75 

arc-related, crustal and mantle units in the Cordillera Central are still subjects of a vivid debate 76 

(e.g., Escuder-Viruete et al., 2007a; Horan, 1995; Nelson et al., 2011; Torró et al., 2016). Here we 77 

present new whole-rock major- and trace-element and Nd-Sr-Pb radiogenic isotope data of 78 

metamorphosed volcanic rocks of the Maimón Fm. Intensive sampling of recently drilled cores has 79 

allowed, for the first time, to define a clear chemostratigraphic correlation of its basaltic groups, a 80 

rather difficult task because of the intense faulting that characterizes this formation. Variations of 81 

rare earth elements (REE), high field strength elements (HFSE), transition elements, Th and 82 

radiogenic isotope ratios in basalts are used (1) to evaluate the composition and the degree of 83 

melting of the mantle source and (2) to assess the nature of the slab component involved in the 84 

magma genesis. In addition, the data are used to better circumscribe (3) the origin of the Maimón 85 

Fm. in the framework of the nascent Greater Antilles arc, (4) its genetic connections to contiguous 86 
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arc-related crustal and mantle units and (5) the geometry of initial subduction between the 87 

Caribbean and Proto-Caribbean plates. The proper contextualization of the Maimón Fm. is not a 88 

trivial and local question but has a major impact in our understanding of the very early evolution of 89 

the Caribbean island-arc. 90 

2. Geological setting 91 

2.1. Geodynamic setting 92 

The location and tectonics of the modern Caribbean plate have been primarily contoured by 93 

(1) the Jurassic breakup and separation of North America and Gondwana, (2) the subsequent 94 

progressive west to east insertion of the allochthonous (Pacific in origin) Caribbean plate into the 95 

Atlantic realm, and (3) a collisional event linked to the convergence of the North America and the 96 

Caribbean plates in the latest Cretaceous-earliest Tertiary (Boschman et al., 2014; Lidiak and 97 

Anderson, 2015; Pindell et al., 2012, and references therein). The most widespread igneous suites 98 

described in the Caribbean are (a) the Jurassic to Late Cretaceous, oceanic plateau rocks of the 99 

Caribbean Large Igneous Province (CLIP, which comprises the plume-related Caribbean-100 

Colombian Oceanic Plateau-CCOP) (Kerr et al., 2003; Lidiak and Anderson, 2015, and references 101 

therein; Escuder-Viruete et al., 2016) and (b) the arc-related volcanic and plutonic rocks, which 102 

span in age from the Early Cretaceous to the Eocene in the Greater Antilles, and to the present in 103 

the Lesser Antilles (Lidiak and Anderson, 2015). Independently on the initial polarity of the Early 104 

Cretaceous subduction (cf. Lidiak and Anderson, 2015), arc-related magmatism initiated at ca. 135 105 

Ma (Pindell et al., 2012; Rojas-Agramonte et al., 2011). Early Cretaceous (ca. 135-110 Ma) 106 

boninitic and tholeiitic magmatism, commonly grouped in the Primitive Island Arc (PIA) magmatic 107 

suite, broadly predates the more voluminous calc-alkaline magmatic suite formed in the Late 108 

Cretaceous-Eocene time (ca. 95-45 Ma; Lidiak and Anderson, 2015, and references therein). In the 109 

Greater Antilles, arc-related magmatism ceased as a result of arc-continent collision in the northern 110 

leading edge of the Caribbean after consumption of Late Jurassic oceanic Proto-Caribbean 111 

lithosphere between the Cretaceous arc(s) and the Bahamas platform (Mann et al., 1991). The 112 

collision triggered the obduction of ophiolitic complexes onto continental margins in Guatemala, 113 

Cuba, Hispaniola and Puerto Rico (Escuder-Viruete et al., 2014; Garcia-Casco et al., 2008a; Lewis 114 

et al., 2006; Pindell et al., 2012; Solari et al., 2013) and the evolution of the plate margin to the 115 

current left-lateral strike-slip tectonics (Mann et al., 2002; Vila et al., 1987). 116 

The island of Hispaniola (Haiti and the Dominican Republic), located in the northern edge of 117 

the Caribbean plate, is a tectonic collage of mantle and crustal units thrusted and uplifted from the 118 
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Late Eocene to Recent (Escuder-Viruete et al., 2008; Lewis and Draper, 1990). Arc- and non-arc-119 

related oceanic units are exposed in central Dominican Republic and are tectonically bounded by 120 

the left-lateral strike-slip Hispaniola (HFZ) and San Juan Restauración (SJRFZ) fault zones (Fig. 121 

1a). In the Cordillera Central geological province, transpressional WNW-ESE faults juxtaposed 122 

tectonostratigraphic units with different pre-Eocene evolutions, which include: (1) the serpentinized 123 

Loma Caribe peridotites (Lewis et al., 2006; Marchesi et al., 2016; Proenza et al., 2007), (2) Late 124 

Jurassic MOR gabbros and basalts of the Proto-Caribbean crust (Loma la Monja assemblage), (3) 125 

Cretaceous E-MORB and OIB basalts and picrites, which are onshore representatives of the CLIP 126 

(Aptian Duarte complex and Campanian-Maastrichtian Pelona-Pico Duarte and Siete Cabezas 127 

formations; Escuder-Viruete et al., 2007b, 2008, 2011) (Fig. 1a), (4) Cretaceous arc-related igneous 128 

and sedimentary rocks (Maimón-Amina, Los Ranchos, Río Verde, Peralvillo and Tireo formations; 129 

Escuder-Viruete et al., 2006, 2007a, c, 2010; Lewis et al., 1991, 2000; Torró et al., 2016). 130 

2.2.The Maimón Formation 131 

The Maimón Fm. is exposed in a 9 km wide and about 73 km long NW-SE trending belt that 132 

crops out along the Median Belt of the Dominican Cordillera Central (Fig. 1). The Maimón Fm. is 133 

in steep fault contact with the Loma Caribe peridotites to the southwest and with the Los Ranchos 134 

Fm. to the northeast (Fig. 1b) (Lewis et al., 2002). To the south, the Loma Caribe peridotite belt is 135 

separated from the Maimón Fm. by the Peralvillo Sur Fm., a thin sequence of undeformed and 136 

unmetamorphosed arc-related volcanic and volcanosedimentary rocks of Late Cretaceous age 137 

(Lewis et al., 2000; Martín and Draper, 1999). The Early Cretaceous volcanic arc rocks of the 138 

Maimón and Los Ranchos formations are overlain by the Albian to Cenomanian shallow-water 139 

reefal Hatillo limestone (Kesler et al., 1991a, 2005a; Myczynski and Iturralde-Vinent, 2005). The 140 

Maimón Fm. overthrusts the Hatillo limestone along the Hatillo Thrust, whose movement is, at least 141 

in part, post-Early Eocene (Draper et al., 1996). Both the Maimón and Hatillo formations are 142 

intruded by diorite dykes and plugs of Paleocene age (Bowin, 1966; Martín and Draper, 1999). 143 

The Maimón Fm. is composed of bimodal mafic-felsic volcanic and volcaniclastic rocks and a 144 

thin belt of well-laminated rocks of sedimentary origin. Sedimentary rocks include fine-grained 145 

meta-tuffs, dark graphite-shales, cherts and limestones conformable with the volcanic sequence; 146 

they crop out in the northern central part of the Maimón Fm. (Kesler et al., 1991b; Lewis et al., 147 

2000). The volcanic rocks, with boninitic and tholeiitic affinities, are representative of the early 148 

island-arc volcanism in the Caribbean region (i.e., the PIA/island arc tholeiite (IAT) series; Fig. 1a) 149 

(Escuder-Viruete et al., 2007a; Lewis and Draper, 1990; Lewis et al., 2002; Torró et al., 2016). 150 

Escuder-Viruete et al. (2007a) suggested a cogenetic origin for the Maimón, Amina and Los 151 
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Ranchos formations. In contrast, Lewis et al. (2000) distinguished a forearc setting for the Maimón 152 

and Amina formations and an axial island-arc context for the Los Ranchos Fm. The fact that the 153 

Maimón and Amina formations mainly host exhalative deposits in contrast to the porphyry-154 

epithermal deposits hosted by the Los Ranchos Fm. supports a forearc setting for the former and an 155 

apical arc environment for the latter (Nelson et al., 2011; Torró et al., 2016; Torró et al., submitted-156 

2). 157 

The rocks of the Maimón Fm. are characterized by the development of syn-metamorphic 158 

ductile fabrics and structures. As described by Draper et al. (1996) and Draper and Gutiérrez-159 

Alonso (1997), the intensity of ductile deformation and the metamorphic grade increase towards the 160 

SW in the Maimón belt, as observed particularly well in the Ozama shear zone (Fig. 1b) that 161 

constitutes the upper level of the structural sequence. Deformation and metamorphism, at conditions 162 

up to the transition between the greenschists and blueschists facies (Torró et al., submitted-1), are 163 

much less intense to the NE of the Fátima thrust fault, i.e., in the so-called El Altar zone. Rocks in 164 

this zone vary from fully recrystallized to weakly metamorphosed and even slightly undeformed, 165 

and a pronounced change in the intensity of metamorphic recrystallization and deformation is 166 

observed on each side of the Fátima thrust fault. 167 

3. Material and methods 168 

This study is based on a total of 182 drill core and in situ field rock samples representative of 169 

the volcanosedimentary material of the Maimón Fm. in its south-central section (ca. from the 170 

Hatillo dam to the Ozama River near el Llano and la Majagua). A petrographic study previous to 171 

ongoing whole rock geochemical measurements was carried out on 45 thin sections. Rocks of the 172 

Ozama shear zone include greenschists and gneissic low-K meta-plagiorhyolites; these samples are 173 

pervasively deformed and recrystallized, and lack magmatic remnants. The metamorphic 174 

paragenesis mostly includes chlorite, phengite, epidote, amphibole (actinolite ± winchite), albite 175 

and quartz, even if the abundance of minerals diverge as a function of bulk-rock composition. 176 

Rocks from the El Altar zone are fine-grained plagioclase- and pyroxene-phyric, massive basalts 177 

and highly fine- to medium-grained quartz-phyric massive plagiorhyolites that show remarkably 178 

less intense ductile deformation and penetrative foliation than rocks of the Ozama shear zone, and 179 

limited metamorphic recrystallization. In these samples, phengite and chlorite are the main 180 

metamorphic phases along with less abundant epidote and paragonite. 181 

Whole-rock geochemistry (Table 1) was determined for a total of 35 samples of (meta-182 

)volcanic rocks that encompass the whole lithological variability of the Maimón Fm. Powdered 183 
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samples were carefully prepared by removing secondary veins and weathering products before 184 

crushing and powdering. Major element and Zr concentrations were determined on glass beads, 185 

made up of ~ 0.6 g powdered sample diluted in 6 g of Li2B4O7, by a Philips Magix Pro (PW-2440) 186 

X Ray fluorescence (XRF) equipment at the University of Granada (Spain) (Centro de 187 

Instrumentación Científica, CIC). Precision was better than ± 1.5% for an analyte concentration of 188 

10 wt %. Precision for Zr was better than ± 4% at 100 ppm concentration. Trace elements, except 189 

Zr, were determined at the University of Granada (CIC) by ICP Mass Spectrometry (ICP-MS) after 190 

HNO3 + HF digestion of ~ 100 mg of sample powder in a Teflon lined vessel at ~ 180°C and ~ 200 191 

psi for 30 min, evaporation to dryness, and subsequent dissolution in 100 ml of 4 vol.% HNO3. 192 

Procedural blanks and international standards PMS, WSE, UBN, BEN, BR, and AGV 193 

(Govindaraju, 1994) were run as unknowns during analytical sessions. Precision was better than ± 194 

2% and ± 5% for analyte concentrations of 50 and 5 ppm, respectively. 195 

Nd, Sr and Pb radiogenic isotope ratios were measured for whole-rocks. A total of 17 196 

specimens encompassing the whole geochemical lithotypes were selected, including 12 basalts, 2 197 

andesites and 3 plagiorhyolites. 198 

Whole-rock Sr and Nd isotopic analyses were carried out at the CIC of the University of 199 

Granada. About 100 mg of powdered rock samples were digested by HNO3 + HF in Teflon-lined 200 

vessels at 200 psi. The elements were separated by ion-exchange resins, and the Sr and Nd isotopic 201 

ratios were determined by thermal ionization mass spectrometry (TIMS) in static mode on a 202 

Finnigan Mat 262 instrument. All reagents were ultra-clean. Normalization values were 86Sr/88Sr = 203 

0.1194 and 146Nd/144Nd = 0.7219. Blanks were 0.6 and 0.09 ng for Sr and Nd, respectively. The 204 

external precision (2σ), estimated by analyzing 10 replicates of the standard WS-E (Govindaraju et 205 

al., 1994), was better than 0.003% for 87Sr/86Sr and 0.0015% for 143Nd/144Nd. The long-term 206 

87Sr/86Sr ratio of the NIST 987 Sr reference material analyzed at CIC is 0.7102500±44 (2σ external, 207 

n = 106). Long-term measurements of the La Jolla Nd standard yielded a 143Nd/144Nd ratio of 208 

0.5118440 ± 67 (2σ external, n = 49). 87Rb/86Sr and 147Sm/144Nd ratios were determined by ICP-MS 209 

at the University of Granada, following the method of Montero and Bea (1998), with a precision 210 

better than 1.2% and 0.9% (2σ) respectively. 211 

Whole-rock Pb isotopic analyses were carried out at the Geochronology and Isotopic 212 

Geochemistry General Survey of the University of Basque Country (Spain). For each sample, about 213 

100 mg of powdered rock was digested overnight by HF-HNO3 and evaporated to dryness. The 214 

residue was taken in HBr, and Pb isolated by conventional ion-exchange chromatography (AG1-X8 215 

resin in HBr and HCl media). The recovered lead was evaporated to dryness, dissolved in 0.32N 216 
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HNO3 and diluted to a final concentration of 150-200 ppb. Lead isotope ratios were measured by a 217 

ThermoNEPTUNE multicollector ICP-MS, and the mass fractionation was internally corrected after 218 

the addition of the thallium isotopic reference material NBS-997. Detailed analytical protocols are 219 

similar to those described by Chernysev et al. (2007). Accuracy of the results was tested by several 220 

analyses of reference material NBS-981, which gave mean ratios of 206Pb/204Pb = 16.9425 ± 19, 221 

207Pb/204Pb = 15.5006 ± 14, 208Pb/204Pb = 36.7270 ± 45, 208Pb/206Pb = 2.16774 ± 18, and 207Pb/206Pb 222 

= 0.91489 ± 6 (n = 4). 223 

4. Results 224 

4.1.Whole-rock major and trace elements 225 

4.1.1. Elemental mobility due to alteration 226 

The (meta-)volcanic rocks of the Maimón Fm. have undergone extensive sea-floor 227 

metamorphism (that transformed them to spilites and keratophires) as well as hydrothermal 228 

alteration linked to the formation of volcanogenic massive sulfide deposits (Lewis et al., 2000; 229 

Torró et al., 2016). Torró et al. (2016; see Fig. 3A therein) determined that hydrothermal alteration 230 

included strong chloritization, sericitization, sulfide (pyrite) mineralization and silicification. In 231 

addition, the rocks of the Maimón Fm. were metamorphosed to greenschist facies conditions, close 232 

to the limit with the blueschists facies in the case of the Ozama shear zone rocks (Torró et al., 233 

submitted-1). Under such conditions, most major (Si, K, Na, Ca, Mg, Fe) and large ion lithophile 234 

(LILE) elements (Rb, Ba, Sr) are expected to be mobilized; in contrast, high field strength elements 235 

(HFSE), rare earth elements (REE), some transition metals (i.e., Ti, V, Cr) and Th are considered 236 

mostly immobile in such post-magmatic conditions (Hastie et al., 2007; Pearce, 2014; Winchester 237 

and Floyd, 1977). 238 

Most of the LOI values of the samples in this study are ~ 3 to 5 wt. %, even if values up to 11 239 

wt. % were obtained, evidencing the moderate to strong impact of hydrothermal alteration and 240 

metasomatism. Element mobility diagrams (i.e., plots of mobile vs immobile elements for rocks 241 

within a cogenetic magmatic suite) show that the concentrations of most mobile elements are 242 

scattered in the Maimón (meta-)volcanics, indicating sub-solidus mobilization, whereas immobile 243 

elements draw clear magmatic trends (Fig. 2). Hence, the figures plotted hereinafter, used to 244 

classify the samples and infer tectonic constraints, are generally restricted to immobile elements. 245 

The samples studied here are classified using the Zr/Ti vs Nb/Y discrimination diagram (Fig. 3) 246 

(Pearce, 1996 after Winchester and Floyd, 1977) into sub-alkaline basalts (20), basaltic andesites 247 

(3), andesites (3) and plagiorhyolites (4). The major element concentrations for each rock type 248 
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reported below are restricted to the abundances in the least altered samples, according to 249 

petrographic observations and low LOI values (< 3 wt. %). 250 

4.1.2. Geochemistry of the volcanic rocks 251 

4.2.2.1 Basalts and basaltic andesites 252 

The volcanic rocks of the Maimón Fm. define a tholeiitic line of descent in the AFM plot 253 

(Fig. 4). In particular, the basalts from this formation can be classified into three main groups 254 

according to their TiO2 and Cr (used as immobile proxy for MgO; Pearce, 2014) contents and their 255 

normalized REE patterns (Fig. 5). 256 

Group 1 comprises three basalts (including the MMLP 317 sample of Horan, 1995) with high 257 

Cr (~ 340-800 ppm), Mg# [100 x molar MgO/(MgO+FeO)] = 63-68, and low TiO2 (0.28 to 0.46 wt. 258 

%), which indicate a boninitic affinity (Pearce, 2014). Chondrite-normalized (CN) REE patterns 259 

(Fig. 5a) are N-MORB-like and are characterized by LREE depletion relative to MREE (La/SmCN = 260 

0.5-0.8) and HREE (La/YbCN = 0.4-0.7), and near flat segments for MREE and HREE (Sm/YbCN = 261 

0.8-0.9). One sample has an evident Eu negative anomaly. N-MORB-normalized (NMN) extended 262 

trace elements patterns (Fig. 5b) reveal that immobile trace elements are depleted relative to N-263 

MORB and that the samples have negative Nb (Nb/LaNMN = 0.3-0.7) and subtle positive Th 264 

(Th/LaNMN = 1.6-2.9) anomalies. The extent of subduction component, estimated by the Th/NbNMN 265 

ratio, is moderate (Th/NbNMN = 4.2-5.6). Group 1 basalts encompass the composition of boninites in 266 

the Los Ranchos Fm. and the Mariana arc (Fig. 5b). 267 

Group 2 and Group 3 comprise the majority of the studied basalts and basaltic andesites (20 268 

samples), which are characterized by lower Cr contents (~ 2-190 ppm) and Mg# (50-59) than Group 269 

1, and TiO2 contents that range between 0.40 and 0.80 wt. %; these values are similar to those of 270 

low-Ti tholeiites (LOTI). In CN REE diagrams (Fig. 5c), Group 2 rocks present N-MORB-like 271 

patterns, in general with stronger LREE depletion relative to MREE (La/SmCN = 0.3-0.6) and HREE 272 

(La/YbCN = 0.2-0.5) than Group 1, and flat MREE and HREE segments (Sm/YbCN = 0.7-1.1). Only 273 

three samples (out of 13) show moderate Eu negative anomalies. Group 2 basalts are depleted in 274 

immobile trace elements relative to N-MORB (Fig. 5d) and present variable negative Nb 275 

(Nb/LaNMN = 0.3-1.1) and positive Th (Th/LaNMN = 1.4-5.1) anomalies, and Th/NbNMN varies 276 

between 3.2 and 8.0. These compositions are generally more depleted than those of forearc basalts 277 

(FAB) from the IBM arc and low-Ti (LOTI) tholeiites from the Los Ranchos Fm. (Escuder-Viruete 278 

et al., 2006), and they resemble transitional FAB from the Mariana arc (Fig. 5d). 279 
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Group 3 basalts and basaltic andesites mainly differ from samples of Group 2 as they show 280 

near flat REE normalized patterns (La/SmCN = 0.7-1.1; La/YbCN = 0.6-1.2; Sm/YbCN = 0.8-1.1; Fig. 281 

5e). Three samples (out of seven) present moderate Eu negative anomalies. Their extended 282 

normalized patterns (Fig. 5f) show that Group 3 rocks are mildly depleted in immobile trace 283 

elements, except Th, but they are in general less depleted than samples of Group 2. Based on the Th 284 

contents relative to LREE, Group 3 is subdivided into two subgroups hereafter referred to as 3i and 285 

3ii. The basalts of subgroup 3i lack Th positive anomalies (Th/LaNMN = 0.5-0.8), which on the other 286 

hand are evident in subgroup 3ii (Th/LaNMN = 2.7-4.4). Consequently, the extent of subduction 287 

component seems stronger in subgroup 3ii (Th/NbNMN = 11.0-13.5) than in 3i (Th/NbNMN = 4.3-288 

4.6). The trace element concentrations of Group 3 basalts largely encompass the compositions of 289 

the LREE-depleted LOTI basalts from the Los Ranchos Fm. (Escuder-Viruete et al., 2006) (Fig. 5f). 290 

Chemostratigraphic correlation of these basalt Groups is broadly hindered by extreme 291 

shearing, especially in the Ozama shear zone. Nevertheless, intercepts between fault zones in drill 292 

holes (e.g., DDH CM-390 at 565-350 meters below surface) indicate that Group 2 basalts underlie 293 

both Groups 1 and 3. 294 

4.2.2.2 Andesites 295 

The least altered sample of andesite (with LOI = 3.3 wt. % and very weak signs of 296 

silicification and chloritization, Fig. 2) has a SiO2 content of 61.48 wt. %, Mg# = 54 and low 297 

concentration of Na2O = 0.63 wt. %. In CN REE diagrams (Fig. 6a), the andesites are depleted in 298 

LREE relative to MREE (La/SmCN = 0.6-0.7) and HREE (La/YbCN = 0.7) and present flat MREE 299 

and HREE segments (Sm/YbCN = 1.0-1.1). Trace element abundances in andesites are similar to 300 

those of N-MORB, except for positive Th (Th/LaNMN = 2.4-3.8) and negative Nb (Nb/LaNMN = 0.2-301 

0.4) and Ti anomalies (Fig. 6b). The extent of subduction component in these rocks is high 302 

(Th/NbNMN =10.1-10.4). The trace element compositions of andesites from the Maimón Fm. overlap 303 

with those of felsic volcanic rocks from the Los Ranchos Fm. (Escuder-Viruete et al., 2006) (Fig. 304 

6b). 305 

4.2.2.3 Plagiorhyolites 306 

Least altered plagiorhyolites have SiO2 contents in the range between 73 and 75 wt.%, Mg# 307 

between 24 and 40 and relatively high alkali contents (Na2O = 4.67-5.26 wt. %; K2O=1.32-1.40 wt. 308 

%). In terms of trace elements (Fig. 6a, b), two plagiorhyolite samples encompass the compositions 309 

of andesites but have more pronounced Ti negative anomalies. In contrast, two other plagiorhyolites 310 

are markedly depleted in most trace elements and present near flat REE normalized patterns 311 
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(La/SmCN = 0.8, Sm/YbCN = 0.8), negative Eu and moderate Nb (Nb/LaNMN = 0.5-1.1) and Th 312 

(Th/LaNMN =2.9-3.4) anomalies. 313 

4.2. Radiogenic isotope composition 314 

Figure 7 displays the age-corrected (125 Ma, i.e., the age constrained for first-arc magmas in 315 

the Hispaniola segment of the Caribbean island arc; cf. Escuder-Viruete et al., 2014; Torró et al., 316 

submitted-2) Nd, Sr and Pb radiogenic isotope compositions of whole-rocks of the studied samples 317 

(see Table 2). Group 1 has variable initial 143Nd/144Nd (0.51270-0.51298) (Table 2) indicative of a 318 

heterogeneous mantle source. On the other hand, most of the samples of Groups 2 and 3 have 319 

homogeneous Nd isotopic ratios (0.51282-0.51293) and plot between the compositions of the 320 

depleted MORB mantle (DMM) and enriched mantle 2 (EM2) reservoirs (Fig. 7a). Two samples, 321 

one of Group 2 and one of Group 3, have significantly lower Nd isotopic ratios (0.51259-0.51263) 322 

and are more proximal to the EM1 composition (Fig. 7a). Andesites and plagiorhyolites overlap 323 

with Groups 2 and 3 in terms of Nd isotopes (Fig. 7a). 324 

Initial Sr radiogenic isotope ratios are similar among the groups of the Maimón 325 

metavolcanic rocks (0.70383 ≤ 87Sr/86Sr (125 Ma) ≤ 0.70678) (Fig. 7a). The important alteration 326 

experienced by these rocks supports that their bulk isotopic data probably do not reflect the primary 327 

Sr isotopic compositions of the lavas. Relatively high radiogenic 87Sr/86Sr ratios decoupled from 328 

143Nd/144Nd decrease are commonly ascribed to seawater alteration. Seawater contamination is 329 

particularly evident in several samples of Group 2 and one plagiorhyolite which have initial 330 

87Sr/86Sr > 0.70540 and relatively high 143Nd/144Nd (> 0.51280) (Fig, 7a). Alteration most likely 331 

induced the very high whole-rock Rb/Sr of one sample of Group 1 (CM 2-2), which leads to 332 

overestimate the time-integrated Rb decay since crystallization; for this reason the composition of 333 

this samples is not plotted in Fig. 7a. The samples of the Maimón Fm. generally overlap with 334 

volcanic rocks of the Primitive Island Arc (PIA) suite of the Caribbean in terms of Nd-Sr isotopic 335 

compositions (Fig. 7a). 336 

The Maimón metavolcanic rocks normally present Pb isotopic compositions close to the 337 

DMM or intermediate between the DMM and EM1 reservoirs (Fig. 7b, c). The two analysed 338 

boninites of Group 1 have relatively homogeneous 206Pb/204Pb (125 Ma) (18.22-18.29), and more 339 

variable 207Pb/204Pb (125 Ma) (15.51-15.66) and 208Pb/204Pb (125 Ma) (37.95-38.31). Except two samples 340 

with anomalously radiogenic Pb isotopic ratios possibly affected by shallow crustal contamination 341 

(e.g., 207Pb/204Pb (125 Ma) = 15.60-15.98; 208Pb/204Pb (125 Ma) = 38.58-38.93), Group 2 generally has 342 

more homogeneous 207Pb/204Pb (125 Ma) (15.51-15.53) and 208Pb/204Pb (125 Ma) (37.90-37.99) compared 343 

with Group 1 (Fig, 7b, c). Group 3 has 207Pb/204Pb (125 Ma) and 208Pb/204Pb (125 Ma) similar to Group 2 344 

but lower 206Pb/204Pb (125 Ma) (18.08-18.17). Andesites and plagiorhyolites have Pb isotopic 345 
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compositions that coincide with those of Groups 2 and 3 (Fig, 7b, c). This resemblance support that 346 

felsic lavas (i.e. plagiorhyolites) in the Maimón Fm. formed by crustal anatexis of mafic rocks at the 347 

base of the thickened arc crust, similar to SiO2-rich lavas in the Los Ranchos Fm. (Escuder-Viruete 348 

et al., 2006) and Virgin islands (Jolly et al., 2008). In terms of Pb isotopic ratios, the rocks of the 349 

Maimón Fm. are commonly less radiogenic than basalts and diorites of the Los Ranchos Fm. and 350 

PIA lavas from Cuba (Fig. 7b, c). 351 

5. Discussion 352 

5.1. Mantle source, subduction imprint and extent of melt extraction 353 

In island arc settings, absolute abundances and ratios of HFSE (e.g., Nb, Ta) and HREE (e.g., 354 

Yb, Lu) measured in basaltic rocks are widely used to assess the enrichment/depletion of the mantle 355 

wedge source and to estimate its degree of melting (Haase et al., 2002; Marchesi et al., 2007; Neill 356 

et al., 2013; Pearce and Peate, 1995). On the other hand, ratios involving Th (i.e., Th/Yb, Th/La, 357 

Th/Nb) are useful to trace the slab additions to the mantle wedge, due to the common 358 

remobilization of this element from subducted sediments (Pearce, 2014, and references therein). At 359 

moderate to high degrees of melting in the absence of garnet (as proposed below for this study 360 

case), Nb/Yb variations are normally indicative of the relative depletion of the mantle source 361 

(Pearce, 1983; Pearce et al., 2005). Moreover, in the absence of assimilation of continental crust, 362 

increasing metasomatism of the suprasubduction mantle by fluids and melts expelled from the 363 

downgoing slab results in increasing Th/Yb (and Th/Nb) in the derived lavas (Pearce and Peate, 364 

1995). Figure 8 shows the Nb/Yb vs Th/Yb systematics of basaltic rocks from the Maimón Fm. The 365 

mantle sources of these basalts have Nb/Yb that mostly span from the values of the DMM to that of 366 

the depleted DMM (D-DMM) (Workman and Hart, 2005). Nb/Yb of the Maimón basalts are 367 

normally lower than those of basalts of the Los Ranchos Fm. (Escuder-Viruete et al., 2006) (Fig. 8), 368 

supporting they derive from more depleted mantle sources. All the studied Maimón basalts depart 369 

from the trends of MORB and FAB due to their higher Th/Yb at a given Nb/Yb, and they point to 370 

compositions typical of oceanic arc basalts (Pearce, 2014). Group 3 basalts display a marked 371 

bimodal composition: the rocks of the subgroup 3ii have higher Nb/Yb and Th/Yb than those of the 372 

subgroup 3i (Fig. 8). On the other hand, Group 2 basalts have lower Th/Yb than Group 3ii and 373 

similar variable Nb/Yb (Fig. 8). The two analyzed boninites of Group 1 show uneven Th/Yb and 374 

Nb/Yb, a variability also seen in terms of Sr-Nd-Pb isotopes (Table 2; Fig. 7). The Th/Yb and 375 

Nb/Yb bimodality of Group 1 and 3 basalts may reflect considerable variations in the depletion of 376 

the mantle source and slab input, or local contamination by slab melt capable of remobilize both Nb 377 
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and Th (e.g., Kessel et al., 2005), as proposed for the source of the Los Ranchos boninites (Escuder-378 

Viruete et al., 2006) and some PIA lavas from Cuba (Marchesi et al., 2007). 379 

To constrain the geochemical imprint of slab addition and the extent of melt extraction in the 380 

mantle sources of the Maimón volcanic rocks we have compared their variations of YbCN versus 381 

SmCN with those of melts produced by anhydrous and hydrous fractional melting in the spinel 382 

peridotite field (Fig. 9). Modelled melting sources are DMM and the residue of 5% melt extraction 383 

from DMM in the garnet peridotite field. Hydrous melting was simulated according to Bizimis et al. 384 

(2000) by a stepwise addition of 0.03 wt.% fluid to the melting source before each 0.1% melt 385 

increment, to match minimum ~ 5 wt.% fluid at 15% melt extraction in the source of average island 386 

arc basalts (Ayers, 1998). The absence of MREE/HREE fractionation in the Maimón volcanic rocks 387 

(Fig. 5), which is normally ascribed to initial melting in the garnet peridotite field (Fig. 9), 388 

constrains the depth of melting to < 85 km (Walter, 2003). Figure 9 shows that anhydrous mantle 389 

melting in the spinel peridotite field, similar to melting at mid-ocean ridges, does not explain the 390 

MREE-HREE variations of the Maimón volcanic rocks. On the other hand, these melt compositions 391 

are compatible with increasing addition of different slab fluids to a depleted mantle wedge source, 392 

which experienced increasing melt extraction and fluid addition from Group 3 (~ 5-15% melt 393 

extraction, 1.5-4.5 wt.% of fluid in the source) to Group 2 (~ 10-18% melt extraction, 3-5.5 wt.% of 394 

fluid in the source) and Group 1 (~ 15-20% melt extraction, 4.5-6 wt.% of fluid in the source) (Fig. 395 

9). As field observations support that Group 2 comprises the oldest rocks of the Maimón Fm. (see 396 

above), these samples likely record the transitional stages of the magmatic activity from initial 397 

(MORB-like) FAB to a more mature stage of island arc volcanism. Focused flux of fluids in the 398 

mantle wedge might have caused local melting at higher degrees of melt extraction, producing the 399 

depleted boninites of Group 1. Group 3 possibly represents the products of volcanism transitional to 400 

stable subduction conditions, when normal IAT are produced at lower melting degrees (e.g., 401 

Ishizuka, 2014). Higher Sm at a given Yb content in some  samples may reflect compositional 402 

variations of the fluid issued from the slab (Fig. 9) or contamination by slab melt instead of fluid. 403 

5.2. Contamination of the mantle source by subducted Atlantic sediments 404 

Insights into the nature and provenance of the slab component can be obtained from variations 405 

of the Sr-Nd-Pb radiogenic isotopes, which are customarily used in petrogenetic studies of arc 406 

volcanic rocks as they are sensitive tracers of slab additions (e.g., Haase et al., 2002; Moghadam et 407 

al., 2014; Pearce et al., 2014; Ribeiro et al., 2013). The Maimón Fm. is part of the so-called PIA 408 

volcanic suite of the Caribbean, which records the incipient to mature stages of SW-dipping 409 

subduction of the Proto-Caribbean (Atlantic) lithosphere beneath the Greater Antilles island arc in 410 
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the early Cretaceous (e.g., Boschman et al., 2014; Escuder-Viruete et al., 2014; Pindell et al., 2012). 411 

Taking into account this paleogeographic configuration, Atlantic pelagic sediments of Cretaceous 412 

age (Jolly et al., 2006) are likely sources of crustal material entering the Greater Antilles subduction 413 

zone (e.g., Jolly et al., 2008; Marchesi et al., 2007). On the other hand, a depleted mantle source 414 

similar to DMM well approximates the starting composition of the mantle wedge prior to slab 415 

addition in the case of the Maimón Fm. (Fig. 8). Figure 10 displays mixing models between the 416 

isotopic compositions of DMM and those of fluids liberated from Atlantic Cretaceous pelagic 417 

sediments (AKPS; Jolly et al., 2006). The Sr-Nd isotopic variations of the Maimón volcanic rocks 418 

support that their depleted mantle wedge source was contaminated by up to 2% of fluids liberated 419 

from AKPS sediments (Fig. 10a). On the other hand, the Pb isotopic compositions of these rocks, 420 

excluding samples likely influenced by shallow crustal contamination, are consistent with mixing of 421 

the pre-subduction mantle with smaller percentages (< 0.2%) of fluids extracted from marine 422 

sediments (Fig. 10b, c). This discrepancy in the extent of slab fluid addition to the mantle wedge, 423 

especially compared to the higher values obtained by melting models (Fig. 9), suggests that slab 424 

fluids derived not only from subducted sediments but also from altered igneous crust, which in 425 

particular supplied relatively low radiogenic Pb. However, considering that the Proto-Caribbean 426 

oceanic crust originated in the Late Jurassic, only ~ 20-35 Ma before the extrusion of the Maimón 427 

volcanic rocks (Pindell et al., 2012, and references therein), the relatively enriched Nd-Sr isotopic 428 

signatures of the latter require the participation in their petrogenesis of an isotopic reservoir more 429 

radiogenic than altered MORB, likely subducted Atlantic sediments. Similar to other formations of 430 

the Caribbean PIA suite (Escuder-Viruete et al., 2006; Jolly et al., 2008; Marchesi et al., 2007), 431 

radiogenic isotopes show that the Maimón volcanic rocks generated by contamination of a depleted 432 

mantle wedge by fluids extracted from the subducting Proto-Caribbean oceanic crust capped by 433 

Atlantic marine sediments. However, the less radiogenic Pb isotope compositions of the Maimón 434 

Fm. compared to other PIA suites, including the Los Ranchos Fm. (Fig. 7b, c), support that the 435 

metavolcanic rocks of the Maimón Fm. record more incipient stages of subduction at shallower 436 

depths, at which fluids from the slab were mostly liberated from the subducted igneous crust instead 437 

of sediments (Schmidt and Poli, 2003). 438 

5.3. The Maimón Formation and the “subduction-initiation rule” 439 

Tectonomagmatic processes connected to subduction initiation imprint diagnostic 440 

chemostratigraphic characteristics to proto- and first-arc magmas. Whattam and Stern (2011) 441 

encompassed these characteristics in their “subduction initiation rule”, an inventory of 442 

lithogeochemical features that subduction-initiation ophiolites are called to render. During 443 

subduction inception, vertical foundering into the mantle asthenosphere and trench rollback of the 444 
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subducting plate initially produce MOR-like basalts (namely forearc basalts, FAB; Reagan et al., 445 

2010). If subduction is not aborted at this stage, MOR-like magmatism is succeeded by arc-like 446 

magmas (volcanic arc basalts ± boninites; Ishizuka et al., 2011, 2014) erupted synchronously to arc 447 

front stabilization and slab-parallel subduction. The shift from MORB- to arc-like magmas would 448 

respond to the shift from decompression to flux melting of a progressively more depleted supra-449 

subduction zone (SSZ) mantle source. As subduction progresses, the increasing input of fluids 450 

expelled by the downgoing oceanic igneous crust and sediments into the SSZ mantle source triggers 451 

fractionation of subduction sensitive elements and LILE and Th enrichment in magmas (Ribeiro et 452 

al., 2013, 2015; Whattam and Stern, 2011). Although mostly based on new data from in situ 453 

dredged and drilled basalts from the IBM forearc (Ishizuka et al., 2011, 2014; Pearce et al, 2015; 454 

Reagan et al., 2010; Ribeiro et al., 2013, 2015), the “subduction initiation rule” has proved to be 455 

valid for most Tethyan ophiolites (Whattam and Stern, 2011). 456 

Boninites (Group 1), LREE-depleted LOTI (Group 2) and normal LOTI (Group 3) basalts from 457 

the Maimón Fm. display variable negative Nb and positive Th anomalies (Fig. 5) attesting to 458 

different degrees of subduction imprint by slab-derived components. Indeed, progressive changes 459 

are observed among the different basalt Groups not only in their concentrations of HFSE (Nb, Ta, 460 

Zr) and Th, but also in REE, LILE (possibly influenced also by sub-solidus mobility) and 461 

transitional metals (e.g., Ti and V) (Fig. 11). 462 

From Group 2 (i.e., the oldest basalts according to stratigraphic relationships) to Group 1, the 463 

Maimón basalts register depletion in Y and Lu (i.e., HREE), Zr and TiO2 that suggests general 464 

mantle source depletion and/or increasing degrees of melting (Fig. 9). The progressive enrichment 465 

in LREE relative to MREE (i.e., higher La/SmCN) marks the progressive shift from N-MORB-like 466 

to flat (island arc tholeiitic) REE patterns. Similar trends are broadly followed from LREE-depleted 467 

LOTI basalts to boninites of the Los Ranchos Fm. (Escuder-Viruete et al., 2006) and from FAB to 468 

boninites of the IBM forearc (Ishizuka et al., 2011; Reagan et al., 2010) (Fig. 11). Opposed trends 469 

(i.e., HREE, Zr and TiO2 enrichment) from Groups 1 and 2 to Group 3 Maimón basalts and from 470 

boninitic to IAT Los Ranchos basalts (Fig. 11) probably indicate more fertile mantle sources and/or 471 

less intense melting (Fig. 9). The decrease of Nb/LaNMN ratios from Group 2 to Group 1 (i.e., the Nb 472 

anomaly is more conspicuous in the latter) mirrors that from FAB to boninites of the IBM (Fig. 11). 473 

Th/NbNMN (as a proxy of the extent of subduction component) increases from Groups 1 and 2 to 474 

Group 3 Maimón basalts, comparable to basalts of the Los Ranchos Fm. and IBM forearc (Fig. 11). 475 

Therefore, the progressive changes in geochemical proxies of subduction imprint and source 476 

depletion recorded in the Maimón basalts are generally on a par with trends recognized in 477 

subduction-initiation ophiolites (compilation in Whattam and Stern, 2011). 478 



16 

 

Group 2 Maimón basalts (i.e., LREE-depleted LOTI) display N-MORB-like normalized REE 479 

patterns similar to those of FAB from the IBM forearc but have lower REE concentrations (Fig. 5c); 480 

this suggests a more depleted mantle source (see below) or higher degrees of melting compared to 481 

typical FAB from the IBM. Figure 5d evidences as well the similar compositions in terms of trace 482 

immobile elements of Group 2 and lavas transitional from FAB to arc basalts in the IBM arc. Most 483 

FAB and transitional basalts from the IBM arc present negative Nb and positive Th anomalies, 484 

comparable to those of Group 2 basalts of the Maimón Fm. (Figs. 5e and 11). Pearce et al. (2015) 485 

attribute these hybrid compositions to a “relatively diverse variation in degrees of melting and 486 

amount of subducted fluids involved in their genesis” [sic.]. In order to further assess similarities 487 

and differences between the Maimón basalts and proto- and first-arc magmas of the IBM forearc 488 

(Ishizuka et al, 2011; Pearce et al., 2010), we have plotted the compositions of these magma-types 489 

on the Ti vs V, Zr and La/Sm diagrams (Fig. 12). On the Ti vs V plot (Fig. 12a), most Maimón 490 

basalts lie within the field of island arc tholeiites (IAT; Ti/V = 10-20) and only a sample of Group 1 491 

clearly plots in the field of boninites (Ti/V < 10). Most FAB, back-arc basin basalts (BABB) and 492 

transitional lavas extruded proximal to the trench also plot in the field of IAT, in contrast to higher 493 

Ti/V (> 20) of most MORB and slab-distal FAB and BABB (Pearce, 2014). The Maimón basalts 494 

thus generally present Ti/V similar to FAB erupted close to the trench and transitional FAB-arc 495 

lavas from the IBM arc. A similar trend is shown by Ti/Zr ratios (Fig. 12b). Finally, we note that 496 

most basalts of the Maimón Fm., including boninites, have low LREE/MREE (Fig. 12c), and only 497 

Group 3 basalts (normal LOTI) have La/Sm > 1. FAB and transitional lavas of the IBM arc show 498 

similar variations of La/Sm (Figs. 11 and 12c). In conclusion, most of the Maimón basalts have 499 

trace element variations generally similar to proto- to first-arc lavas generated in the initial stages of 500 

oceanic subduction. 501 

Th/Yb and Th/NbNMN (Figs. 8 and 11) of Group 2 Maimón basalts are distinctive from those of 502 

normal FAB in the IBM arc (Ishizuka et al., 2011; Pearce et al., 2010), suggesting a higher slab 503 

sediment input to the SSZ mantle source (~ 3-5.5 wt. % slab fluid addition, 0.2-2 % of which 504 

liberated by AKPS according to modeling in Figs. 9 and 10). This observation precludes an 505 

unequivocal identification of Group 2 Maimón basalts with FAB ss. The absence of typical 506 

MORB/FAB is reported in the lower lavas of the subduction-initiation Troodos ophiolite (cf. Pearce 507 

and Robinson, 2010). Actually, the development and preservation of the entire set of geochemical 508 

lithotypes linked to subduction initiation in a given ophiolite depend on many petrological and 509 

geodynamical parameters related to the subduction setting itself and the mechanisms of obduction. 510 

Some of these parameters are the temperature of the subducting crust (cold vs hot subduction), the 511 

development vs absence of trench rollback and its rate and extent, and the mode and substrate of 512 
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ophiolite emplacement (Tethyan vs Cordilleran ophiolite types) (e.g., Leng et al., 2012; Pearce and 513 

Robinson, 2013; Pearce et al., 2014; Ribeiro et al., 2015). A possible explanation of the different 514 

extents of slab fluids input in Group 2 Maimón basalts compared to IBM FAB is that, in the case of 515 

the Greater Antilles paleo-arc, the release of fluids and/or melts from the downgoing slab may have 516 

occurred at shallower depths and at faster rates due to hot subduction (Pearce and Robinson, 2010), 517 

as discussed below in the framework of the early evolution of the Caribbean island arc. 518 

5.4. Correlations with ophiolitic rocks in Hispaniola and implications for the geodynamic evolution 519 

of the Early Cretaceous, primitive Greater Antilles island arc 520 

The metamorphosed basalts and plagiorhyolites of the Maimón Fm. exhibit elemental and 521 

isotopic compositional variations that harmonize with those of proto- to first-arc lavas in 522 

subduction-initiation ophiolites. Stratigraphic relationships in the Maimón Fm. point that the 523 

extrusion of LREE-depleted LOTI basalts (Group 2) (similar to transitional FAB-boninite lavas of 524 

the IBM arc) was followed by boninitic (Group 1) and “normal” LOTI (Group 3) volcanism during 525 

the formation of a forearc lithosphere. Likewise, the basalts and basaltic andesites of the lower 526 

basaltic unit of the Los Ranchos Fm. (contiguous, to the NE, of the Maimón Fm., Fig. 1b), are 527 

described as LREE-depleted LOTI (Escuder-Viruete et al., 2006; Torró et al., submitted-2); besides, 528 

Escuder-Viruete et al. (2006) reported seldom boninites, even though its stratigraphic relationship 529 

with the LREE-depleted LOTI basalts is not clearly stated. On the other hand, basalts with “normal” 530 

IAT signatures are described in the upper basaltic unit of Los Ranchos (Escuder-Viruete et al., 531 

2006), but they are not present in the Maimón Fm. Therefore, as a whole, chemostratigraphic 532 

relationships between basalts in both these adjacent formations trace the expected geochemical 533 

variations of magmas extruded in a forearc setting during the evolution of an intra-oceanic 534 

subduction system (see section 5.3; Fig. 11). 535 

The petrogenetic relationships between the Maimón and Los Ranchos formations are open to 536 

debate (e.g., Escuder-Viruete et al., 2007a; Horan, 1995; Lewis et al., 2002; Torró et al., 2016). 537 

Inasmuch as the upper Los Ranchos Fm. is composed of (1) basalts with “normal” IAT signatures 538 

(Fig. 5e), and (2) thick sedimentary volcanogenic and terrestrial, shallow submarine and subaerial 539 

deposits that cap the volcanic sequence (Kesler et al., 1991a, 2005a, b; Torró et al., submitted-2), 540 

which are not identified in the Maimón Fm., any possible correlation between these formations is 541 

restricted to the Los Ranchos lower basaltic and intermediate plagiorhyolite units. In terms of trace 542 

elements, the LREE-depleted LOTI basalts of Los Ranchos are more similar to Group 3 than to 543 

Group 2 basalts of the Maimón Fm. (Fig. 5), but their Pb isotopic (Fig. 7b, c) and Nb/Yb ratios (Fig. 544 

8) are generally higher, pointing to a stronger subduction imprint and a mantle source slightly more 545 
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enriched. In addition, the felsic volcanic rocks of the Maimón Fm. are distinctively more depleted in 546 

LREE, and some specimens in REE as a whole, compared to similar rocks of the Los Ranchos Fm. 547 

(Fig. 6a). These compositional discrepancies may reflect different spatial and/or temporal scenarios 548 

for the genesis of both formations during inception of oceanic subduction. 549 

Absolute dating of the Maimón Fm. has never been successful, despite our and other workers’ 550 

(J. Escuder-Viruete personal communication) repeated attempts for obtaining U-Pb zircon and Ar-551 

Ar amphibole ages. In the light of its relatively geochemical similitude to volcanic rocks of the 552 

lower Los Ranchos Fm., the age of the Maimón Fm. has been commonly bracketed as Barremian - 553 

Early Aptian (Escuder-Viruete et al., 2007a; Horan, 1995; Torró et al., 2016). This inferred time 554 

range is in good agreement with the age of the onset of arc-related magmatism in the Hispaniola 555 

segment of the Caribbean island-arc (~ 126 Ma), proposed by Escuder-Viruete et al. (2014) based 556 

on the study of plutonic rocks from the Puerto Plata ophiolitic complex in N Hispaniola. The 557 

lithogeochemical evolution of basaltic melts in the Puerto Plata ophiolitic complex matches similar 558 

variations in Cordillera Central (Escuder-Viruete et al., 2014), with the caveat that in the Maimón 559 

and Los Ranchos formations this progression is entirely recorded by volcanic material. 560 

A mantle peridotitic counterpart that would complete an ophiolitic sequence, together with the 561 

forearc-apical arc Early Cretaceous volcanic units from Cordillera Central, has never been 562 

designated despite the proximity of the Maimón and Los Ranchos formations to the Loma Caribe 563 

peridotite body (Fig. 1). The purely tectonic contact between these crustal arc-related units and the 564 

peridotite body, along the Hispaniola fault zone (Fig. 1), avoids an unequivocal connection. The 565 

Loma Caribe peridotites have been firstly interpreted as a mantle section linked to the oceanic 566 

plume source of the Duarte Fm. (Lewis et al., 2002, 2006) or they have been assigned to a back-arc 567 

setting (Escuder-Viruete et al., 2008). More recently, however, Marchesi et al. (2016) related the 568 

Loma Caribe peridotites to a supra-subduction zone setting during the inception and early evolution 569 

of the Greater Antilles paleo-island arc in the Early Cretaceous. These authors concluded indeed 570 

that the Loma Caribe dunites formed by interaction of residual peridotites with two subduction-571 

related magmas, and pointed to the LREE-depleted LOTI and boninites of the Maimón and Los 572 

Ranchos formations as the most likely volcanic products of these melts. The scenario suggested by 573 

Marchesi et al. (2016) for the Loma Caribe peridotites hence couples with the one proposed here for 574 

the adjacent Maimón and Los Ranchos formations and altogether suggests that these units are 575 

genetically related. The intrusion at 125.4 ± 0.4 Ma of gabbroic sills with a weak subduction 576 

imprint into the Loma Caribe peridotites (Escuder-Viruete et al., 2010) confirms this connection 577 

and amply agrees with the timing proposed for the generation of proto- and first-arc magmas in the 578 

Hispaniola sector of the Greater Antilles paleo-arc. 579 
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Pindell et al. (2012) proposed that the onset of SW-directed subduction of the Proto-Caribbean 580 

lithosphere beneath the Caribbean plate occurred at ca. 135 Ma in the context of a trench-to-trench 581 

‘inter-American’ transform fault, which connected the NE-facing arc in the western flank of the 582 

Americas (see their Figs. 2 and 3). In this model, the transform fault delineated the contact between 583 

the Caribbean (Pacific) and the Proto-Caribbean (Atlantic) oceanic lithospheres, and a trench-584 

trench-ridge triple junction occurred in its contact with the spreading ridge across the Proto-585 

Caribbean lithosphere (Fig. 13a) (see also Boschman et al., 2014). Underthrusting of the young 586 

Proto-Caribbean slab would have resulted in a ‘hot’ subduction scenario in which slab dehydration 587 

is favored and, in end-member cases, it is broadly complete before reaching normal sub-arc depths 588 

(e.g., Mullen and McCallum, 2014). This scenario would therefore be consistent with a conspicuous 589 

slab fluid addition to the mantle source of the Maimón Fm. (Figs. 8-10) at relatively shallow levels 590 

in a forearc position during the generation of transitional proto- to first-arc melts (Fig. 13b-d). On 591 

the other hand, this reconstruction contrasts with intense slab dehydration beneath the arc front 592 

expected in cold subduction settings such as the Mariana arc (Ribeiro et al., 2015 and references 593 

therein). The early dehydration of the slab envisaged here for the Greater Antilles paleo-arc would 594 

have hindered the subsequent generation of magmas beneath the arc front and in the back-arc 595 

mantle. However, normal arc and back-arc lavas were commonly generated in this island arc system 596 

(Lidiak and Anderson, 2015). We thus propose that the main source of fluids needed to trigger flux 597 

melting beneath the Greater Antilles paleo-arc may have been the serpentinized mantle subducted 598 

or dragged down by the slab to great depths (e.g., Ribeiro et al., 2016). 599 

Subduction of an oceanic ridge and associated warm, young oceanic lithosphere during the 600 

Early and mid-Cretaceous time is recorded in the Sierra del Convento (Garcia-Casco et al., 2008b; 601 

Lázaro and García Casco, 2008; Lázaro et al., 2009, 2011) and La Corea (Blanco-Quinero et al., 602 

2011a, b) mélanges in eastern Cuba. In both mélange units, trondhjemitic-tonalitic melts with 603 

adakitic signatures generated after partial melting of subducted amphibolites with MORB-affinities 604 

in the mantle wedge, indicating a very high thermal gradient connected to the subduction of the 605 

Proto-Caribbean. Blanco-Quintero et al. (2011b; see Fig. 13 therein) proposed a model with the 606 

likely locations of the La Corea and Sierra del Convento (eastern Cuba) and the Río San Juan 607 

(Dominican Republic) mélanges relative to the subducting Proto-Caribbean ridge; within this 608 

model, we envisage the formation of the volcanic arc segment represented in the Maimón 609 

Formation somewhere between the Río San Juan Complex (cf. Krebs et al., 2011; Escuder-Viruete 610 

et al., 2013) and the vertical projection of the ridge in the overriding plate. Subsequently, the Late 611 

Eocene to Recent transpressional tectonic regime and related left-lateral strike-slip faults would 612 
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have driven the NW to SE drift of the Maimón Formation to its current location in the Central belt 613 

of the Dominican Cordillera Central. 614 

We finally remark that the mantle sources of the Maimón basalts were in general more depleted 615 

than average DMM (Fig. 8). Oceanic spreading prior to subduction initiation beneath the NE limit 616 

of the Caribbean plate occurred both in the Pacific (Panthalassa ocean, prior that the Caribbean 617 

became a separate plate, and then the Caribbean) and Atlantic (Proto-Caribbean) domains, and was 618 

due to the break-up of Pangea (Boschman et al., 2014, and references therein). In the proposed 619 

scenario of SW-dipping subduction, Atlantic depleted, shallow asthenospheric mantle might have 620 

ascended to fill the mantle wedge created by the vertical foundering of the Proto-Caribbean plate. 621 

Moreover, Proto-Caribbean asthenospheric mantle may also have ascended into the wedge by return 622 

flow or through the propagation of the subducting Proto-Caribbean mid-ocean ridge (Fig. 13b-c 623 

herein; cf. Pearce and Robinson, 2010; Pearce et al., 2014). Mantle melting in these conditions 624 

would be responsible for the marked compositional heterogeneity of the Loma Caribe peridotites 625 

(Marchesi et al., 2016) and proto- and first-arc basalts of the Maimón and Los Ranchos formations. 626 

6. Conclusions 627 

(1) From the lower to upper units, the metabasalts of the Early Cretaceous Maimón Fm. 628 

(Cordillera Central, Dominican Republic) shift from LREE-depleted low Ti tholeiites 629 

(LOTI), similar to forearc basalts, to boninites and LREE-richer (normal) LOTI. These 630 

variations mirror the geochemical evolution from proto- to first-arc lavas documented in 631 

subduction-initiation ophiolites. 632 

(2) The Maimón parental magmas were generated by hydrous melting of a spinel-facies DMM 633 

source fluxed by fluids from subducted Atlantic Cretaceous pelagic sediments. LREE-634 

depleted LOTI basalts, which record magmatic stages transitional from forearc basalts to 635 

boninites, formed by ~ 10-18 % melt extraction and 3.5 to 5.5 wt. % fluid addition in the 636 

source. Boninites resulted from higher degrees of melt extraction (15-20 %) linked to more 637 

intense flux of fluids (4.5-6 wt. % in the source). Normal LOTI basalts, which probably 638 

extruded during transition to the first steady-state subduction-related magmas, formed by ~ 639 

5-15 % melt extraction and 1.5-4.5 wt. % fluid addition. 640 

(3) Nd-Pb isotopic compositions of plagiorhyolites are similar to those of metabasalts, 641 

supporting that they generated by anatexis at the base of the arc crust. 642 
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(4) Although both the Maimón and Los Ranchos volcanic formations in the Cordillera Central 643 

record magmatic evolutions during subduction-initiation, they probably formed in slightly 644 

different spatial/temporal settings within the forearc-arc segment. The recent assignation of 645 

the close Loma Caribe peridotites to a subduction-initiation sub-arc mantle setting suggests 646 

that these mantle and crustal units are genetically connected. 647 

(5) Our data support the SW-directed subduction of the young and warm Proto-Caribbean 648 

lithosphere beneath the Caribbean plate during the Early Cretaceous. A hot subduction 649 

scenario agrees with intense melting and flux of slab fluids in the mantle source of the proto- 650 

and first-arc magmas of the Maimón Formation. 651 
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Table 1: Whole-rock major- and trace-element data for volcanic rocks from the Maimón Formation. 1007 

Table 2: Nd, Sr and Pb radiogenic isotope compositions of selected igneous rocks from the Maimón 1008 

Formation. 1009 

Figure captions 1010 

Figure 1: (a) Geographic location of the Primitive Island Arc (PIA) volcanic series (green) and 1011 

ophiolitic peridotites (black) in the Greater Antilles. Compilation from references in the main text. 1012 

Abbreviations: EPGFZ: Enriquillo-Plantain Garden fault zone; SFZ: Septentrional fault zone; HFZ: 1013 

Hispaniola fault zone; BGFZ: Bonao-La Guácara fault zone; SJRFZ: San Juan-Restauración fault 1014 

zone. (b) Geologic map of the Maimón Fm. in the Cordillera Central of the Dominican Republic 1015 

(modified from Martín and Draper, 1999) with the locations of the studied samples and the sampled 1016 

drill hole collars; new detailed 1:5,000 geological mapping of several sectors near the Cerro de 1017 

Maimón map is included. 1018 

Figure 2: Element mobility diagrams (major and LIL elements) for rocks of the Maimón Fm. 1019 

Zr/TiO2 ratios are chosen as a proxy of magmatic evolution trends. The gray arrows indicate the 1020 

expected magmatic differentiation patterns. Our new geochemical data are represented in color 1021 

whereas data from Lewis et al. (2000, 2002) and Horan (1995) are drawn in gray. Major and trace 1022 

element abundances are in wt. % and ppm, respectively. 1023 

Figure 2’ (cont.): Element mobility diagrams (transition metals, HFSE and REE) for rocks from the 1024 

Maimón Fm. 1025 
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Figure 3: Zr/Ti vs. Nb/Y classification diagram (Pearce, 1996 after Winchester and Floyd, 1977) for 1026 

mafic and felsic volcanic rocks of the Maimón Formation. 1027 

Figure 4: (a) AFM diagram of Irvine and Baragar (1971) showing the boundary between tholeiitic 1028 

and calc-alkaline fields; all the (meta)volcanic rocks of the Maimón Formation plot in the tholeiitic 1029 

field. (b) Fe+Ti-Al-Mg diagram of Jensen (1976) displaying the tholeiitic (TH), calc-alkaline (CA) 1030 

and komatiitic fields and the lithologies of volcanic rocks; note that all the Maimón rocks plot in the 1031 

sector of high-Fe tholeiites and that their compositions span from those of basalts to rhyolites. Only 1032 

the least altered rocks of the Maimón Formation are represented (see the main text; note that Group 1033 

2 basalts are not represented since all these specimens are altered beyond the defined threshold). 1034 

Data of volcanic rocks from the Los Ranchos Formation are from Escuder-Viruete et al. (2006). 1035 

Figure 5: Chondrite-normalized REE (a, c and e) and N-MORB-normalized (b, d and f) multi-1036 

elemental patterns of basalts and basaltic andesites from the Maimón Formation. Chondrite (C1) 1037 

values are from McDonough and Sun (1995) and NMORB values from Sun and McDonough 1038 

(1989). Geochemical data of samples of the Los Ranchos Formation (LRF) are from Escuder-1039 

Viruete et al. (2006). Geochemical data of forearc basalts (FAB), transitional basalts and boninites 1040 

from Mariana and Izu-Bonin are from Reagan et al. (2010) and Ishizuka et al. (2011), respectively. 1041 

Symbols as in Figure 2. 1042 

Figure 6: Chondrite-normalized REE (a) and N-MORB-normalized (b) multi-elemental patterns of 1043 

andesites and plagiorhyolites from the Maimón Formation. Chondrite (C1) values are from 1044 

McDonough and Sun (1995) and NMORB values from Sun and McDonough (1989). Geochemical 1045 

data of samples of the Los Ranchos Formation (LRF) are from Escuder-Viruete et al. (2006). 1046 

Symbols as in Figure 2. 1047 

Figure 7: Age-corrected (125 Ma) Nd-Sr (a) and Pb (b, c) radiogenic isotope ratios of meta-volcanic 1048 

whole-rocks of the Maimón Formation. The isotopic compositions of mantle reservoirs (coloured 1049 

stars) are from Hofmann (2003), Salters and Stracke (2004) and Workman and Hart (2005). Age-1050 

corrected (125 Ma) data of PIA series in the Greater Antilles (grey circles) are from: Horan (1995), 1051 

Escuder-Viruete et al. (2006, 2007a, 2010), Jolly et al. (2008), Marchesi et al. (2007) and Rojas-1052 

Agramonte et al. (2016). Present-day Pb isotopic data of the Los Ranchos Fm. in (b, c) (green 1053 

circles) are from Cumming and Kesler (1987), who did not provide the U, Th, Pb contents of these 1054 

samples. 1055 

Figure 8: Nb/Y vs Th/Yb plot (modified from Pearce and Peate, 1995) for volcanic rocks from the 1056 

Maimón Formation including the mantle array from depleted (D-DMM) to relatively enriched (E-1057 
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DMM) mantle sources. DMM (depleted MORB mantle, average), D-DMM (depleted DMM) and 1058 

E-DMM (enriched DMM) after Workman and Hart (2005). Symbols as in Fig. 2; triangles with dot: 1059 

Group 3i; triangles without dot: Group 3ii (see main text). Geochemical data of the Los Ranchos 1060 

Formation are from Escuder-Viruete et al. (2006). Geochemical data of forearc basalts (FAB), 1061 

transitional basalts and boninites from the Izu-Bonin-Mariana (IBM) arc are from Reagan et al. 1062 

(2010) and Ishizuka et al. (2011), respectively.  1063 

Figure 9: Chondrite-normalised Yb versus Sm contents of meta-volcanic rocks of the Maimón 1064 

Formation compared to values of melts produced by anhydrous and hydrous non-modal fractional 1065 

melting of depleted MORB mantle (DMM, Workman and Hart, 2005). Anhydrous melting in the 1066 

spinel lherzolite facies (solid line with black circles) was modelled using source and melting 1067 

ol:opx:cpx modal proportions = 0.54:0.28:0.18 and -0.11:0.59:0.53, respectively (Niu, 1997 at 1.5 1068 

GPa). The solid line with red circles shows the results of 5% anhydrous non-modal fractional 1069 

melting of DMM in the garnet stability field [source and melting ol:opx:cpx:grt modal proportions 1070 

0.57:0.21:0.13:0.09 and 0.05:-0.15:0.97:0.14, respectively (Walter,1998 at 3 GPa)] followed by the 1071 

same melting model in the spinel stability field described above. Modes of the spinel peridotite 1072 

source after partial melting in the garnet stability field are calculated by the equation of Johnson et 1073 

al. (1990). Partition coefficients from Bedini and Bodinier (1999), Donnelly et al. (2004) and Su 1074 

and Langmuir (2003). Hydrous melting in the spinel lherzolite stability field is modelled by 0.03 1075 

wt. % stepwise addition of the maximum (solid line with blue circles) or minimum (dashed line 1076 

with blue circles) fluids of Bizimis et al. (2000) at each 0.1% melting increment [melting ol:opx:cpx 1077 

modal proportions: -0.10:0.52:0.56, Bizimis et al. (2000); partition coefficients of clinopyroxene 1078 

from Gaetani et al. (2003)]. Symbols as in Figure 2. Labels indicate partial melting degrees and 1079 

percentages of fluid in the mantle source. Normalising values from Sun and McDonough (1989). 1080 

Figure 10: Age-corrected (125 Ma) whole-rock Nd-Sr (a) and Pb (b, c) isotopic ratios of meta-1081 

volcanic rocks of the Maimón Formation compared to results of mixing models (solid and dashed 1082 

lines) between DMM at 125 Ma (green star, Salters and Stracke, 2004; Workman and Hart, 2005) 1083 

and fluids liberated from Atlantic Cretaceous pelagic sediments (AKPS). Symbols as in Figure 2. 1084 

Age-corrected isotopic ratios of AKPS (pink circles) are from Jolly et al. (2006). Partition 1085 

coefficients between metasediments and fluids from Johnson and Plank (1999). Labels indicate the 1086 

percentages of fluid contribution. 1087 

Figure 11: Changes in subduction sensitive elements and ratios between the Maimón boninites 1088 

(Group 1), LREE-depleted LOTI (Group 2) and normal LOTI (Group 3) basalts. In order to trace 1089 

temporal lithogeochemical vectors, we assume the lower stratigraphic position of Group 2 basalts 1090 
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observed in drill holes. Data of basalts from the Los Ranchos Formation (Escuder-Viruete et al., 1091 

2006) and from the IBM forearc (Ishizuka et al., 2011; Reagan et al., 2010) are given for 1092 

comparison. 1093 

Figure 12: (a) Ti/1000 vs V (ppm) (after Shervais, 1982), (b) Zr (ppm) vs TiO2 (wt. %), and (c) 1094 

TiO2 (wt. %) vs La/Sm plots for basaltic rocks of the Maimón Formation. Symbols as in Fig. 2. 1095 

Geochemical data of forearc basalts (FAB), transitional basalts and boninites from the Izu-Bonin-1096 

Mariana (IBM) arc are after Reagan et al. (2010) and Ishizuka et al. (2011), respectively along with 1097 

geochemical data for modern arc systems in (c) compiled by Meffre et al. (1996). Geochemical data 1098 

of the Los Ranchos Formation are from Escuder-Viruete et al. (2006). 1099 

Figure 13: Simplified tectonic model for magma generation during subduction initiation beneath the 1100 

Greater Antilles paleo-arc in the Early Cretaceous. The cartoon is based on the subduction-initiation 1101 

ophiolite model of Whattam and Stern (2011) adapted to the tectonic reconstruction of the 1102 

Caribbean region in the Early Cretaceous by Pindell et al. (2012). Approximate ages are based on 1103 

Escuder-Viruete et al. (2014) and Torró et al. (submitted-2, and references therein). Group 2 1104 

Maimón basalts are proposed to form at some stage between the (b) and (c) snapshots. Normal IAT 1105 

volcanism in (d) represents the upper Los Ranchos basaltic unit. Short light blue arrows indicate the 1106 

flux of fluids/melts from the subducting slab to the mantle wedge. Red arrows mark the directions 1107 

of mantle flow. Further details are given in the text. 1108 



Type

Group

Sample LM-01-3 CM-2-2 CM-30 CM-31 CM-305-01 CM-305-06 CM-305-10 CM-344-3 CM-390-14

wt. %

SiO2 51.72 57.02 54.99 49.70 46.75 58.18 59.37 58.36 57.27

Al2O3 15.20 10.61 15.61 17.88 17.89 14.72 15.68 16.14 16.23

FeO 8.27 9.13 8.54 9.20 9.54 10.06 8.90 8.64 8.04

MnO 0.17 0.21 0.16 0.15 0.17 0.25 0.14 0.17 0.18

MgO 9.60 8.79 5.16 7.10 5.27 7.42 6.79 6.55 6.57

CaO 7.20 5.72 8.10 7.30 10.16 0.58 0.13 1.50 2.82

Na2O 2.87 4.18 0.53 0.83 1.95 2.01 3.04 1.18 2.87

K2O 0.18 0.94 0.15 0.20 0.32 0.07 0.00 1.14 0.06

TiO2 0.46 0.28 0.54 0.53 0.63 0.64 0.62 0.58 0.51

P2O5 0.04 0.03 0.03 0.03 0.04 0.05 0.03 0.07 0.05

LOI 2.85 1.74 4.78 5.47 5.67 4.19 3.72 4.14 3.72

ppm

Li 6.85 2.63 17.78 24.59 16.83 21.76 18.24 31.47 5.64

Rb 1.44 9.95 2.24 2.50 2.86 0.26 0.31 9.60 1.05

Cs 0.03 0.28 0.12 0.10 0.15 0.02 0.03 0.10 0.01

Sr 49.27 4.84 142.70 74.12 162.00 18.78 26.54 135.41 115.34

Ba 28.20 103.09 44.56 65.46 52.80 8.33 5.33 129.08 8.40

Sc 38.95 41.92 37.58 40.63 45.03 35.61 29.99 35.74 39.31

V 267.70 286.53 264.84 266.05 323.17 360.26 307.56 283.75 312.79

Cr 348.56 806.54 24.47 62.01 39.89 4.98 3.55 4.88 13.25

Co 35.17 52.04 24.38 32.84 30.44 24.52 21.84 20.83 20.69

Ni 108.31 156.04 22.99 69.55 18.37 9.11 6.54 8.84 18.31

Cu 39.70 3.26 85.11 87.70 130.92 87.28 9.88 66.20 646.84

Zn 49.57 109.46 67.83 58.26 66.12 383.50 145.75 134.87 54.78

Ga 12.83 13.34 13.97 13.01 14.22 15.46 15.04 15.30 14.32

Y 10.86 5.52 12.03 11.34 13.89 9.85 7.45 16.31 15.88

Nb 0.15 0.42 0.22 0.22 0.19 0.37 0.33 0.46 0.30

Ta 0.04 0.11 0.04 0.04 0.04 0.05 0.05 0.05 0.05

Zr 24.8 15.0 21.3 17.9 16.9 37.7 35.2 39.5 30.7

Hf 0.47 0.16 0.69 0.50 0.57 0.98 0.85 1.21 0.63

Pb 1.15 0.93 0.92 0.80 1.12 2.89 1.65 5.12 1.57

U 0.03 0.01 0.09 0.07 0.05 0.17 0.10 0.32 0.06

Th 0.04 0.09 0.09 0.07 0.07 0.08 0.08 0.10 0.06

La 0.59 0.65 0.54 0.66 0.66 0.92 0.59 0.92 0.85

Ce 1.87 1.66 1.57 1.92 1.85 2.91 1.99 2.78 2.61

Pr 0.36 0.27 0.33 0.37 0.36 0.54 0.38 0.49 0.49

Nd 2.00 1.40 1.80 2.03 2.09 2.91 2.17 2.73 2.70

Sm 0.78 0.53 0.87 0.85 1.00 1.11 0.79 1.06 1.11

Eu 0.32 0.14 0.40 0.38 0.48 0.47 0.36 0.38 0.48

Gd 1.12 0.68 1.25 1.20 1.48 1.29 0.93 1.55 1.60

Tb 0.20 0.13 0.24 0.22 0.27 0.22 0.16 0.28 0.28

Dy 1.44 1.01 1.68 1.52 1.80 1.43 1.02 1.96 2.01

Ho 0.33 0.24 0.40 0.36 0.43 0.33 0.24 0.46 0.49

Er 0.94 0.68 1.14 1.01 1.23 1.00 0.72 1.36 1.43

Tm 0.16 0.12 0.22 0.18 0.21 0.19 0.14 0.23 0.24

Yb 1.01 0.65 1.31 1.06 1.31 1.20 0.86 1.46 1.47

Lu 0.15 0.08 0.21 0.17 0.20 0.20 0.15 0.24 0.22

Basalts and basaltic andesites

Group 1 Group 2

TABLE  1 



Type

Group

Sample

wt. %

SiO2

Al2O3

FeO

MnO

MgO

CaO

Na2O

K2O

TiO2

P2O5

LOI

ppm

Li

Rb

Cs

Sr

Ba

Sc

V

Cr

Co

Ni

Cu

Zn

Ga

Y

Nb

Ta

Zr

Hf

Pb

U

Th

La

Ce

Pr

Nd

Sm

Eu

Gd

Tb

Dy

Ho

Er

Tm

Yb

Lu

CM-390-15 CM-393-7 CM-393-8 LY-01-14 LY-01-15 CM-2-3 CM-344-9 CM-344-12

46.24 57.01 64.00 60.39 58.66 54.72 60.63 58.33

18.93 14.83 12.32 15.65 15.20 16.62 14.98 16.02

9.59 10.08 8.84 7.45 6.32 9.10 6.59 6.78

0.29 0.43 0.17 0.17 0.13 0.21 0.18 0.21

11.29 8.49 5.53 6.76 3.28 7.13 8.58 8.92

3.35 0.17 0.21 0.45 4.64 1.31 0.60 0.50

2.39 0.00 0.71 3.65 4.94 5.05 2.64 2.79

0.02 1.34 0.90 0.00 0.01 0.05 0.03 0.06

0.46 0.65 0.64 0.46 0.48 0.61 0.48 0.41

0.05 0.06 0.05 0.04 0.04 0.05 0.08 0.16

5.82 5.62 4.96 3.51 4.97 3.77 4.39 4.37

7.38 10.15 12.37 3.57 2.56 6.55 5.58 5.53

0.45 10.68 7.38 0.33 0.35 0.99 0.36 0.78

0.02 0.09 0.13 0.02 0.01 0.03 0.02 0.02

128.45 8.65 13.41 24.20 95.77 39.01 21.19 20.56

3.02 167.50 95.67 4.67 7.99 11.05 13.64 11.13

46.08 36.94 27.72 28.88 28.15 37.14 34.51 34.04

277.08 374.39 255.35 263.36 259.87 278.95 258.37 246.83

149.81 5.68 1.79 19.74 13.78 33.93 124.18 15.79

32.15 20.93 25.02 21.55 15.71 37.87 30.21 20.75

58.86 9.89 5.40 15.87 14.49 19.87 37.27 26.23

8.59 56.95 19.85 116.81 83.44 92.04 29.61 7.02

106.94 624.43 126.15 108.56 58.39 81.71 117.41 145.04

15.65 15.60 12.78 13.31 11.36 15.82 12.74 13.10

15.58 18.57 9.64 11.51 8.80 13.85 15.80 16.52

0.33 0.34 0.38 0.28 0.28 0.36 0.22 0.22

0.05 0.04 0.04 0.04 0.05 0.11 0.04 0.04

29.1 37.9 38.2 29.0 26.3 27.3 31.0 26.7

0.64 0.96 0.90 0.45 0.37 0.46 0.77 0.73

1.66 4.21 2.62 1.23 1.73 1.22 1.60 3.86

0.06 0.14 0.17 0.05 0.05 0.08 0.16 0.14

0.05 0.08 0.09 0.05 0.06 0.08 0.05 0.05

0.78 0.44 0.37 0.65 0.45 1.07 2.21 1.36

2.25 1.47 1.41 1.80 1.28 3.40 6.02 4.02

0.43 0.32 0.29 0.32 0.23 0.63 0.97 0.68

2.36 1.96 1.84 1.87 1.42 3.71 4.73 3.59

1.00 1.05 0.81 0.78 0.60 1.49 1.31 1.25

0.48 0.32 0.23 0.34 0.21 0.55 0.39 0.31

1.47 1.66 1.06 1.09 0.86 1.89 1.77 1.63

0.27 0.31 0.18 0.19 0.15 0.33 0.29 0.29

1.94 2.31 1.30 1.42 1.13 2.38 2.05 2.17

0.47 0.53 0.30 0.33 0.27 0.54 0.46 0.48

1.39 1.53 0.91 0.90 0.83 1.47 1.26 1.42

0.24 0.25 0.17 0.16 0.14 0.25 0.21 0.24

1.40 1.56 1.06 0.99 0.88 1.47 1.30 1.56

0.20 0.25 0.18 0.14 0.13 0.20 0.21 0.25

Group 3i



Type

Group

Sample

wt. %

SiO2

Al2O3

FeO

MnO

MgO

CaO

Na2O

K2O

TiO2
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Li

Rb
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Ba
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V

Cr

Co

Ni

Cu

Zn

Ga

Y

Nb

Ta

Zr

Hf

Pb

U

Th

La

Ce

Pr

Nd

Sm

Eu

Gd

Tb

Dy

Ho

Er

Tm

Yb

Lu

CM-390-11 GII-2-3 GII-2-4 CM-2-10 CM-2-12 CM-16 CM-23 CM-24 CM-15 LM-01-2

59.37 56.33 58.14 58.16 64.88 61.48 67.46 76.93 72.73 75.37

13.50 15.47 14.46 15.78 13.49 16.25 13.69 11.35 14.90 13.22

7.86 7.47 6.97 8.16 7.98 6.05 5.84 2.81 2.35 2.27

0.20 0.15 0.10 0.19 0.11 0.06 0.36 0.22 0.03 0.04

4.11 6.06 4.58 6.92 4.38 4.03 5.73 2.66 0.41 0.85

4.69 6.82 8.43 0.69 0.20 4.03 0.15 0.13 0.35 0.55

2.32 3.37 1.71 4.17 3.44 0.63 0.38 2.47 5.26 4.67

0.57 0.47 1.02 0.01 0.54 2.20 0.52 0.30 1.40 1.32

0.65 0.40 0.43 0.60 0.80 0.56 0.66 0.35 0.40 0.31

0.06 0.05 0.05 0.06 0.08 0.09 0.09 0.06 0.06 0.07

5.11 2.18 2.62 3.88 2.83 3.30 4.05 1.95 1.29 0.65

8.10 6.49 5.60 9.49 6.25 36.89 13.61 5.88 4.60 1.90

7.95 17.28 4.41 0.49 3.83 19.27 4.21 1.83 11.45 10.41

0.14 0.22 0.16 0.02 0.09 0.40 0.02 0.01 0.18 0.08

128.86 333.01 151.45 26.27 9.19 358.91 24.56 27.57 39.95 30.60

162.23 170.81 58.00 9.26 138.99 172.07 39.25 63.80 108.54 128.30

32.30 35.67 36.52 35.81 27.42 18.52 20.13 11.51 9.93 8.62

220.77 267.68 210.80 268.73 51.18 54.61 61.49 19.67 13.28 10.43

9.85 186.11 170.07 41.63 2.12 2.85 1.65 5.64 2.14 1.81

19.58 25.03 26.42 33.39 21.09 4.38 6.55 2.30 1.55 2.17

8.03 41.18 49.40 23.00 3.83 2.80 1.38 1.81 1.32 1.14

26.27 122.43 79.46 88.13 60.88 6.62 61.22 6.27 5.49 3.61

80.66 56.60 68.13 151.80 171.16 76.98 267.45 175.52 35.35 35.65

12.46 13.54 13.14 15.63 15.40 16.68 15.11 11.28 15.59 11.39

20.76 17.88 12.34 15.85 16.83 35.91 23.41 32.96 9.59 18.72

0.48 0.39 0.39 0.52 0.60 0.85 0.82 0.81 1.14 0.80

0.06 0.05 0.06 0.09 0.08 0.08 0.07 0.07 0.10 0.06

33.2 31.3 25.5 32.9 38.0 74.4 71.4 72.4 104.1 78.6

0.48 0.45 0.45 1.07 1.47 2.64 2.16 2.44 3.34 2.22

1.84 2.50 1.83 3.16 2.02 5.43 1.17 1.21 2.15 2.40

0.17 0.15 0.13 0.46 0.51 0.22 0.31 0.22 0.19 0.22

0.27 0.22 0.27 0.35 0.42 0.44 0.44 0.34 0.16 0.28

2.08 1.31 1.29 2.32 2.18 3.88 2.41 3.27 1.14 1.69

4.51 3.13 3.16 5.61 5.04 10.11 6.22 8.38 4.90 5.17

0.83 0.52 0.51 0.95 0.82 1.76 1.20 1.60 0.53 0.79

4.34 2.79 2.68 4.88 4.52 9.26 6.21 8.33 2.51 3.90

1.62 1.08 0.98 1.89 1.89 3.53 2.62 3.04 0.89 1.34

0.61 0.41 0.36 0.66 0.45 1.17 0.82 0.98 0.29 0.42

2.24 1.58 1.29 2.21 2.29 4.47 2.99 3.88 1.09 1.80

0.40 0.30 0.22 0.39 0.42 0.81 0.55 0.69 0.19 0.33

2.65 2.15 1.59 2.70 2.97 5.69 3.74 4.74 1.21 2.26

0.62 0.52 0.36 0.61 0.69 1.33 0.84 1.07 0.30 0.54

1.79 1.51 1.02 1.72 1.98 3.79 2.50 3.00 0.95 1.62

0.30 0.26 0.16 0.29 0.33 0.55 0.40 0.46 0.18 0.29

1.76 1.59 1.05 1.82 2.16 4.01 2.57 3.07 1.24 1.87

0.27 0.25 0.17 0.28 0.34 0.70 0.41 0.49 0.21 0.29

Rhyodacites
Group 3ii

Andesites



Type

Group

Sample

wt. %

SiO2

Al2O3

FeO

MnO

MgO

CaO

Na2O

K2O

TiO2

P2O5

LOI

ppm

Li

Rb

Cs

Sr

Ba

Sc

V

Cr

Co

Ni

Cu

Zn

Ga

Y

Nb

Ta

Zr

Hf

Pb

U

Th

La

Ce

Pr

Nd

Sm

Eu

Gd

Tb

Dy

Ho

Er

Tm

Yb

Lu

CM-2-7

71.88

12.45

2.03

0.10

2.26

3.05
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Figure_1 

 

Figure 1: (a) Geographic location of the Primitive Island Arc (PIA) volcanic series (green) and ophiolitic 

peridotites (black) in the Greater Antilles. Compilation from references in the main text. Abbreviations: 

EPGFZ: Enriquillo-Plantain Garden fault zone; SFZ: Septentrional fault zone; HFZ: Hispaniola fault 



zone; BGFZ: Bonao-La Guácara fault zone; SJRFZ: San Juan-Restauración fault zone. (b) Geologic map 

of the Maimón Fm. in the Cordillera Central of the Dominican Republic (modified from Martín and 

Draper, 1999) with the locations of the studied samples and the sampled drill hole collars; new detailed 

1:5,000 geological mapping of several sectors near the Cerro de Maimón map is included. 

 

Figure_2 

 

Figure 2: Element mobility diagrams (major and LIL elements) for rocks of the Maimón Fm. Zr/TiO2 

ratios are chosen as a proxy of magmatic evolution trends. The gray arrows indicate the expected 

magmatic differentiation patterns. Our new geochemical data are represented in color whereas data from 

Lewis et al. (2000, 2002) and Horan (1995) are drawn in gray. Major and trace element abundances are in 

wt. % and ppm, respectively. 

 

  



Figure_2 (cont.) 

 

Figure 2’ (cont.): Element mobility diagrams (transition metals, HFSE and REE) for rocks from the 

Maimón Fm. 

 

 

  



Figure_3 

 

Figure 3: Zr/Ti vs. Nb/Y classification diagram (Pearce, 1996 after Winchester and Floyd, 1977) for 

mafic and felsic volcanic rocks of the Maimón Formation. 

  



Figure_4 

 

Figure 4: (a) AFM diagram of Irvine and Baragar (1971) showing the boundary between tholeiitic and 

calc-alkaline fields; all the (meta)volcanic rocks of the Maimón Formation plot in the tholeiitic field. (b) 

Fe+Ti-Al-Mg diagram of Jensen (1976) displaying the tholeiitic (TH), calc-alkaline (CA) and komatiitic 

fields and the lithologies of volcanic rocks; note that all the Maimón rocks plot in the sector of high-Fe 

tholeiites and that their compositions span from those of basalts to rhyolites. Only the least altered rocks 

of the Maimón Formation are represented (see the main text; note that Group 2 basalts are not represented 

since all these specimens are altered beyond the defined threshold). Data of volcanic rocks from the Los 

Ranchos Formation are from Escuder-Viruete et al. (2006). 

  



Figure_5 

 

Figure 5: Chondrite-normalized REE (a, c and e) and N-MORB-normalized (b, d and f) multi-elemental 

patterns of basalts and basaltic andesites from the Maimón Formation. Chondrite (C1) values are from 

McDonough and Sun (1995) and NMORB values from Sun and McDonough (1989). Geochemical data 

of samples of the Los Ranchos Formation (LRF) are from Escuder-Viruete et al. (2006). Geochemical 

data of forearc basalts (FAB), transitional basalts and boninites from Mariana and Izu-Bonin are from 

Reagan et al. (2010) and Ishizuka et al. (2011), respectively. Symbols as in Figure 2. 

  



Figure_6 

 

Figure 6: Chondrite-normalized REE (a) and N-MORB-normalized (b) multi-elemental patterns of 

andesites and plagiorhyolites from the Maimón Formation. Chondrite (C1) values are from McDonough 

and Sun (1995) and NMORB values from Sun and McDonough (1989). Geochemical data of samples of 

the Los Ranchos Formation (LRF) are from Escuder-Viruete et al. (2006). Symbols as in Figure 2. 

  



Figure_7 

 

  

Figure 7: Age-corrected (125 Ma) Nd-Sr (a) 

and Pb (b, c) radiogenic isotope ratios of 

meta-volcanic whole-rocks of the Maimón 

Formation. The isotopic compositions of 

mantle reservoirs (coloured stars) are from 

Hofmann (2003), Salters and Stracke (2004) 

and Workman and Hart (2005). Age-

corrected (125 Ma) data of PIA series in the 

Greater Antilles (grey circles) are from: 

Horan (1995), Escuder-Viruete et al. (2006, 

2007a, 2010), Jolly et al. (2008), Marchesi 

et al. (2007) and Rojas-Agramonte et al. 

(2016). Present-day Pb isotopic data of the 

Los Ranchos Fm. in (b, c) (green circles) 

are from Cumming and Kesler (1987), who 

did not provide the U, Th, Pb contents of 

these samples. 



Figure_8 

 

 

Figure 8: Nb/Y vs Th/Yb plot (modified from Pearce and Peate, 1995) for volcanic rocks from the 

Maimón Formation including the mantle array from depleted (D-DMM) to relatively enriched (E-DMM) 

mantle sources. DMM (depleted MORB mantle, average), D-DMM (depleted DMM) and E-DMM 

(enriched DMM) after Workman and Hart (2005). Symbols as in Fig. 2; triangles with dot: Group 3i; 

triangles without dot: Group 3ii (see main text). Geochemical data of the Los Ranchos Formation are 

from Escuder-Viruete et al. (2006). Geochemical data of forearc basalts (FAB), transitional basalts and 

boninites from the Izu-Bonin-Mariana (IBM) arc are from Reagan et al. (2010) and Ishizuka et al. (2011), 

respectively.  

  



Figure_9 

Figure 9: Chondrite-normalised Yb versus Sm contents of meta-volcanic rocks of the Maimón Formation 

compared to values of melts produced by anhydrous and hydrous non-modal fractional melting of 

depleted MORB mantle (DMM, Workman and Hart, 2005). Anhydrous melting in the spinel lherzolite 

facies (solid line with black circles) was modelled using source and melting ol:opx:cpx modal proportions 

= 0.54:0.28:0.18 and -0.11:0.59:0.53, respectively (Niu, 1997 at 1.5 GPa). The solid line with red circles 

shows the results of 5% anhydrous non-modal fractional melting of DMM in the garnet stability field 

[source and melting ol:opx:cpx:grt modal proportions 0.57:0.21:0.13:0.09 and 0.05:-0.15:0.97:0.14, 

respectively (Walter,1998 at 3 GPa)] followed by the same melting model in the spinel stability field 

described above. Modes of the spinel peridotite source after partial melting in the garnet stability field are 

calculated by the equation of Johnson et al. (1990). Partition coefficients from Bedini and Bodinier 

(1999), Donnelly et al. (2004) and Su and Langmuir (2003). Hydrous melting in the spinel lherzolite 

stability field is modelled by 0.03 wt. % stepwise addition of the maximum (solid line with blue circles) 

or minimum (dashed line with blue circles) fluids of Bizimis et al. (2000) at each 0.1% melting increment 

[melting ol:opx:cpx modal proportions: -0.10:0.52:0.56, Bizimis et al. (2000); partition coefficients of 

clinopyroxene from Gaetani et al. (2003)]. Symbols as in Figure 2. Labels indicate partial melting degrees 

and percentages of fluid in the mantle source. Normalising values from Sun and McDonough (1989). 
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Figure 10: Age-corrected (125 Ma) 

whole-rock Nd-Sr (a) and Pb (b, c) 

isotopic ratios of meta-volcanic rocks of 

the Maimón Formation compared to 

results of mixing models (solid and 

dashed lines) between DMM at 125 Ma 

(green star, Salters and Stracke, 2004; 

Workman and Hart, 2005) and fluids 

liberated from Atlantic Cretaceous 

pelagic sediments (AKPS). Symbols as 

in Figure 2. Age-corrected isotopic 

ratios of AKPS (pink circles) are from 

Jolly et al. (2006). Partition coefficients 

between metasediments and fluids from 

Johnson and Plank (1999). Labels 

indicate the percentages of fluid 

contribution. 
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Figure 11: Changes in subduction sensitive elements and ratios between the Maimón boninites (Group 1), 

LREE-depleted LOTI (Group 2) and normal LOTI (Group 3) basalts. In order to trace temporal 

lithogeochemical vectors, we assume the lower stratigraphic position of Group 2 basalts observed in drill 

holes. Data of basalts from the Los Ranchos Formation (Escuder-Viruete et al., 2006) and from the IBM 

forearc (Ishizuka et al., 2011; Reagan et al., 2010) are given for comparison. 
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Figure 12: (a) Ti/1000 vs V (ppm) (after 

Shervais, 1982), (b) Zr (ppm) vs TiO2 

(wt. %), and (c) TiO2 (wt. %) vs La/Sm 

plots for basaltic rocks of the Maimón 

Formation. Symbols as in Fig. 2. 

Geochemical data of forearc basalts 

(FAB), transitional basalts and boninites 

from the Izu-Bonin-Mariana (IBM) arc 

are after Reagan et al. (2010) and 

Ishizuka et al. (2011), respectively along 

with geochemical data for modern arc 

systems in (c) compiled by Meffre et al. 

(1996). Geochemical data of the Los 

Ranchos Formation are from Escuder-

Viruete et al. (2006). 
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Figure 13: Simplified tectonic model for magma generation during subduction initiation beneath the 

Greater Antilles paleo-arc in the Early Cretaceous. The cartoon is based on the subduction-initiation 

ophiolite model of Whattam and Stern (2011) adapted to the tectonic reconstruction of the Caribbean 

region in the Early Cretaceous by Pindell et al. (2012). Approximate ages are based on Escuder-Viruete et 

al. (2014) and Torró et al. (submitted-2, and references therein). Group 2 Maimón basalts are proposed to 

form at some stage between the (b) and (c) snapshots. Normal IAT volcanism in (d) represents the upper 

Los Ranchos basaltic unit. Short light blue arrows indicate the flux of fluids/melts from the subducting 

slab to the mantle wedge. Red arrows mark the directions of mantle flow. Further details are given in the 

text. 
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The Maimón Formation (Cordillera Central, Dominican Republic) is formed of metamorphosed bi-modal mafic-
felsic volcanic rocks and sedimentary horizons of Early Cretaceous age deposited in the forearc of the nascent
Caribbean island arc. Two structural-metamorphic zones depict an inverted metamorphic gradient: the Ozama
shear zone, which records intensemylonitic and phyllonitic deformation and ubiquitousmetamorphic recrystal-
lization, tectonically overlies the much less deformed and variably recrystallized rocks of the El Altar zone.
The presence of ferri-winchite and high-Si phengite, first reported in this paper, in the peak metamorphic
assemblage of rocks of the Ozama shear zone (actinolite + phengite + chlorite + epidote + quartz + albite ±
ferri-winchite ± stilpnomelane) point to subduction-related metamorphism. Pseudosection calculations and
intersection of isopleths indicate peak metamorphic conditions of ~8.2 kbar at 380 °C. These figures are
consistent with metamorphism in the greenschist/blueschist facies transition, burial depths of ~25–29 km and
a thermal gradient of ~13–16 °C/km. Our new data dispute previous models pointing to metamorphism of
Maimón rocks under a steep thermal gradient related to burial under a hot peridotite slice. Instead, we contex-
tualize the metamorphism of the Maimón Formation in a subduction scenario in which a coherent slice of the
(warm) Early Cretaceous forearc was engulfed due to intra-arc complexities and regional-scale-driven tectonic
processes operating in the late Early Cretaceous. Integration of our findings with previous studies on metamor-
phic complexes in Hispaniola suggests that a major tectonic event affecting the whole arc system took place
at c. 120–110 Ma.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Intra-oceanic island arc systems represent locus of intense
magmatism and seismic activity coupled to major metamorphic and
tectonic processes framed in a rapidly evolving setting relative to
other geological systems (Gerya, 2011; Gerya et al., 2002; Ichikawa
et al., 2016; Maresch and Gerya, 2005). Despite having a simple crustal
structure when compared to arcs developed on continental crust
(e.g., Jicha and Jagoutz, 2015; Stern, 2010), intra-oceanic arcs ordinarily
embrace complex, condensed in time and space, tectonic processes that
may couple extension and compression along a single arc involving
the trench, forearc, volcanic-magmatic arc and back-arc (Hawkins

et al., 1984). Formed in dynamic subduction systems, these arcs
are the loci for the development of high-pressure, low-temperature
(HP/LT) metamorphism, whose study offers a priceless information on
the evolution of convergent plate margins (e.g., Agard et al., 2009). In
the Greater Antilles, in the northern margin of the Caribbean plate,
several of these HP-LT metamorphic complexes have been studied
in Cuba (e.g., Blanco-Quintero et al., 2010; Boiteau et al., 1972;
Garcia-Casco et al., 2002, 2006, 2008a, 2008b; Millán, 1996; Schneider
et al., 2004; Stanek et al., 2006) and Jamaica (e.g., West et al., 2014;
Willner et al., 2016). In Hispaniola (Haiti and Dominican Republic),
HP/LT metamorphic complexes include Samaná (Escuder-Viruete
et al., 2011) and Río San Juan (Escuder-Viruete and Pérez-Estaún,
2013; Escuder-Viruete et al., 2013a, 2013b; Krebs et al., 2008, 2011).
Subduction/exhumation and associated prograde/retrograde metamor-
phism recorded on these Antillean complexes are dated as Cretaceous.
In Cuba, serpentinite-matrix mélanges record subduction of MOR-
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derived material since the Early Cretaceous (e.g., Blanco-Quintero et al.,
2011; Garcia-Casco et al., 2002, 2006; Lázaro et al., 2009). In the Río
San Juan metamorphic complex, oceanic crust including MOR- and
island-arc-derived materials begun to subduct in the Early Cretaceous
(Escuder-Viruete et al., 2013b); therefore, initial intra-arc complexities
during the first stages of subduction in the Hispaniola segment of the
Caribbean island arc must be pondered on any model regarding initial
subduction geometry below the primitive, Hauterivian-Albian Caribbean
island arc (cf. Lidiak and Anderson, 2015; Pindell et al., 2012).

Uplift and unroofing after Neogene tectonics bountifully expose
deformed and metamorphosed Early Cretaceous basement rocks along
the Median Belt in Cordillera Central (sensu Lewis and Draper, 1990)
of Hispaniola. Therefore, theMedian Belt renders an exceptional oppor-
tunity to study deformation and metamorphic processes that affected
geologic units during the first stages of the tectonic evolution of the
Caribbean Island Arc. The study of the metamorphic units (including
the Maimón and Amina Formations and the Río Verde and Duarte
complexes) and the conspicuously complex structure has led to the
construction of regional-scale tectonic models on the early evolution
of the Caribbean island arc. Such models include, for example, the
proposal of a paired metamorphic belt in Hispaniola unlike the rest
of the Greater Antilles (Nagle, 1974) and an Aptian/Albian subduction
polarity reversal event under the primitive arc (e.g., Draper and
Gutiérrez-Alonso, 1997; Draper and Lewis, 1991; Draper et al., 1996;
Lebrón and Perfit, 1994; Lewis et al., 2002).

The metamorphic grade undergone by the Maimón Formation has
been recurrently classified as of low-pressure greenschist facies on the
basis of the petrographic study of itsmetamorphic mineral assemblages
(Bowin, 1960, 1966; Draper and Gutiérrez-Alonso, 1997; Draper
and Lewis, 1991; Draper et al., 1996; Escuder-Viruete et al., 2002;
Kesler et al., 1991a; Nagle, 1974); nevertheless, these studies largely
lacked methodical mineral chemical analysis. In the course of a petro-
logical and geochemical characterization of rocks from this formation,
we found unexpected systematic high Si contents in white mica
lepidoblasts and presence of the sodium-calcium amphibole ferri-
winchite in rocks from the Ozama shear zone, suggestive of moderate
pressures of crystallization. This article presents, for the first time, an
exhaustive study on the petrology and mineral chemistry of metamor-
phic assemblages of rocks from the Maimón Formation. We offer
isochemical P–T projections (pseudosection) in order to constrain
the P–T evolution undergone by the studied rocks and to discuss
their meaning by comparison to previous work in the context of
subduction-zone thermal gradients. In addition, we assert the influence
of the intense pre-metamorphic hydrothermal alteration of the rocks in
the subsequent metamorphic assemblages and show that diagnostic
high-P assemblages are expected to form only in the less intensely
altered rocks. The existence of high-pressure subduction-relatedmineral
assemblages in rocks of the Maimón Formation is not only of local inter-
est, but hasmajor implications for the interpretation of early geodynamic
evolution of the Caribbean realm.

2. Geological overview

The island of Hispaniola is a collage of Early Cretaceous to Tertiary
arc-, oceanic- and continental margin-derived units which resulted
largely from the oblique convergence and underthrusting of the North
American (Proto-Caribbean) Plate beneath the Greater Antilles island-
arc since c. 135 Ma (Pindell et al., 2012; Rojas-Agramonte et al., 2011).
Mesozoic separation of North and South America allowed the progres-
sive west to east insertion into the Proto-Caribbean (Atlantic) realm
of the allochthonous (Pacific in origin) Caribbean plate and related arc
and oceanic complexes (Boschman et al., 2014; Lidiak and Anderson,
2015 and references therein; Pindell and Kennan, 2009). West-dipping
subduction of the Proto-Caribbean caused arc–continent collision in the
northern leading edge of the Caribbean in the latest Cretaceous-earliest
Tertiary and obduction of ophiolitic complexes onto continental margins

in Guatemala, Cuba, Hispaniola and Puerto Rico (Garcia-Casco et al.,
2008a; Lewis et al., 2006; Pindell et al., 2012; Solari et al., 2013). In
Hispaniola, subduction and related arc-magmatism ceased after the
collision with the Bahamas platform in Eocene time (Donnelly et al.,
1990; Mann et al., 1991), and the plate margin evolved to the current
left-lateral strike-slip tectonics (Mann et al., 2002; Vila et al., 1987).

The Early Cretaceous Maimón Formation is a 9 km wide and about
73 km long NW-SE trending belt that crops out along the Median Belt
(Central Cordillera) of the Dominican Republic (Draper and Lewis,
1991; Kesler et al., 1991a). The Median belt is a composite of accreted
oceanic units affected by the left-lateral strike-slip Hispaniola
(HFZ) and San Juan-Restauración (SJRFZ) fault zones (Fig. 1a)

Fig. 1. (a) Location of the PIA series (green), ophiolitic peridotites (black), andmajor fault
zones of Hispaniola; EPGFZ: Enriquillo-Plantain Garden fault zone; SFZ: Septentrional
fault zone; HFZ: Hispaniola fault zone; BGFZ: Bonao-La Guácara fault zone; SJRFZ: San
Juan-Restauración Fault Zone. (b) Geological map of the Maimón Formation and
surrounding units modified from Martín and Draper (1999). (c-c′) Synthetic geologic
cross section of the Maimón Formation and surrounding geologic units in the Median
belt. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
(After Draper et al., 1996.)
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(Escuder-Viruete et al., 2008). The Maimón Formation is in steep fault
contact with the Loma Caribe peridotite (Fig. 1b–c) (Escuder-Viruete
et al., 2007a; Lewis et al., 2002). However, the Loma Caribe peridotite
belt is locally separated from the Maimón Formation at their southern
contact by the Peralvillo Sur Formation, a thin sequence of undeformed
and unmetamorphosed arc-related volcanic and volcanosedimentary
rocks of Late Cretaceous (?) age (Lewis et al., 2000; Martín and
Draper, 1999). To the northeast, the Maimón Formation limits with
the Los Ranchos Formation, a volcanic pile of bimodal volcanic,
volcaniclastic and minor sedimentary rock units. The Early Cretaceous
volcanic-arc Maimón and Los Ranchos formations are overlain by the
late lower Albian shallow-water reefal Hatillo limestone (Kesler et al.,
2005). Recent, post-Early Eocene (Draper et al., 1996) tectonics juxta-
posed the Maimón Formation over the Hatillo limestone along the
Hatillo Thrust (Fig. 1c). Both the Maimón and Hatillo Formations are
intruded by diorite dykes and plugs of Paleocene (?) age (Bowin,
1966; Martín and Draper, 1999). Rocks from the Maimón Formation
are characterized by the development of syn-metamorphic ductile fab-
rics and structures. As described by Draper et al. (1996) and Draper and
Gutiérrez-Alonso (1997), the intensity of ductile deformation and
metamorphic grade increases towards the SW of the Maimón belt, as
observed particularly well in the Ozama shear zone (Fig. 1b), which oc-
cupies the uppermost level of the structural sequence (Fig. 1c). Defor-
mation and metamorphism is much less intense to the NE half of the
Maimón belt (i.e., the so-called El Altar zone, to the NE of the Fátima
thrust fault Fig. 1b–c). Although rocks in the El Altar zone vary from
fully recrystallized to weakly metamorphosed and even slightly unde-
formed across this trend, a pronounced change in the intensity of meta-
morphic recrystallization and deformation is observed on each side of
the Fátima thrust fault.

TheMaimón Formation is composed of bimodalmafic-felsic volcanic
and volcaniclastic rocks and a thin belt of well-laminated rocks of
sedimentary origin that is conformable with the volcanic sequence;
the sedimentary rocks crop out in the north central part of the formation
and include well laminated fine-grained meta-tuffs, dark graphite-
shales, cherts and limestones (Kesler et al., 1991a; Lewis et al., 2000).
The volcanic rocks of the Maimón Formation are representative of
the oldest and chemically most primitive island-arc volcanism in the
Caribbean region (Escuder-Viruete et al., 2007b, 2010; Lewis and
Draper, 1990; Lewis et al., 2002), commonly referred to as Primitive
Island Arc (PIA/IAT) series (e.g., Jolly et al., 2001 and references therein).
Recently, Torró et al. (2016, in press) classified the basalts from the
Maimón Formation as LREE-depleted low-Ti island arc tholeiites,
boninites and less abundant low-Ti island-arc tholeiites (LOTI) and
identified mantle-type (M-type), boninitic and tholeiitic signatures in
the low-K felsic volcanic rocks. Similar lithotypes were described by
Escuder-Viruete et al. (2007b) for the Amina Formation, which is con-
sidered a separate segment of the same igneous protoliths and meta-
morphic belt. On the basis of the lithogeochemistry and magmatic
relations, these workers suggest that the formation of Maimón took
place in a forearc environment just after the subduction initiation of
the Proto-Caribbean oceanic basin in the Early Cretaceous (N126 Ma)
related to initial extensive regime in the fore-arc.

3. Material and methods

This study develops from a total of 182 drill core and surface field
rock samples representative of the volcanosedimentary materials
of the Maimón Formation in its south-central section (approx. from
the Hatillo dam to the Ozama River near el Llano and la Majagua;
Fig. 1b). A petrographic study was carried out on 45 thin sections by
means of optical microscopy with transmitted and reflected light and
by electronic microscopy using an environmental SEM Quanta 200 FEI,
XTE 325/D8395 equipped with an INCA Energy 250 EDS microanalysis
system equipment at the Serveis Científics i Tecnològics of the University
of Barcelona and a Quanta 400 FEI equipped with a Bruker xFLash

6/30EDS microanalysis system at the Centro de Instrumentación
Científica of the University of Granada. Based on this study, 11 samples
were selected for mineral chemical measurements.

Mineral analyses were performed using a JEOL JXA-8230 electron
microprobe (EMP) at the Serveis Científics i Tecnològics of the University
of Barcelona, operated at 20 kV acceleration voltage, 15 nA beam current
and with a beam diameter of 5 μm. Analytical standards and lines
used for analyses were wollastonite (Si Kα; Ca Kα), corundum (Al Kα),
AgCl (Cl Kα), fluorite (F Kα), albite (Na Kα), periclase (Mg Kα), Fe2O3

(Fe Kα), rhodonite (Mn Kα), orthoclase (K Kα), rutile (Ti Kα). The PAP
correction procedure was used (Pouchou and Pichoir, 1985). The same
instrument operated at 20 kV and 300 nA, with a focused beam, a step
(pixel) size of 4 μm, and a counting time of 30 ms/pixel was used to
obtain elemental (Si, Al, Ti, Fe, Mg, Mn, Ca, Na, K, Ba) X-ray maps. The
X-ray maps were processed with software DWImager (Torres-Roldán
and Garcia Casco, unpublished) and consist of the X-ray signals of the
elements or element ratios (color-coded; expressed in counts/nA
per s); voids, polish defects and mineral phases other than amphibole
were masked out and overlain onto a gray-scale SEM-BSE image which
contains the basic textural information of the scanned areas (see
Garcia-Casco, 2007). Spot analyses were performed on points selected
using the X-ray maps and in other significant samples (Tables 2–5).

Mica and chlorite were normalized to 11 and 14 O, respectively,
and Fetotal = Fe2+. Amphibole compositions were normalized to 23 O,
H2O was determined by assuming (OH + F + Cl) = 2 a.p.f.u., and the
distribution of cations in the A-, B-, C- and T-sites was carried out by
stoichiometry following the scheme of Hawthorne et al. (2012); for
amphiboles, Fe3+ was estimated for electroneutrality after cation
normalization according to stoichiometric constraints proposed by
Hawthorne et al. (2012). Epidotewasnormalized to 3 Si, and plagioclase
to 8O, bothwith Fetotal= Fe3+.Mineral and end-member abbreviations
are after Whitney and Evans (2010), completed with those proposed
by Hawthorne et al. (2012) for amphiboles, and abbreviations of
end-members of phases are written entirely in lower case. The atomic
concentration of elements per formula units is abbreviated a.p.f.u. The
atomic ratio Mg/(Mg + Fe2+) is termed Mg#.

The triangular ACF, AKF and AFM, and the tetrahedral AFMN- and
ACFN-deluxe diagrams were constructed after projection of chemical
compositions from phases and exchange vectors following algebraic
methods (Singular Value Decomposition, Fisher, 1989, 1993) using soft-
ware CSpace (Torres-Roldán et al., 2000). The diagrams contain the
composition of analyzed minerals and bulk rocks and of representative
end-members of solid solutions projected from phases and exchange
vectors as indicated in Figs. 4, 5 and 12. In these diagrams, Fe is treated
as Fe2+total since the amounts of Fe2+ and Fe3+ in micas and chlorite
cannot be estimated by stoichiometry. The manipulation of the compo-
sition space by means of exchange vectors results in condensation that
allows for consideration of all analyzed elements at once in the diagram.
However, since the number of chemical components of the system is
artificially reduced after algebraic constraining, the condensation pro-
cess produces artificial degeneracy, making particular end-members of
variable composition to plot in the same position in the diagram
(i.e., for plotting purposes, they are indistinguishable). For the same
reason, some chemical variations in the analyzed minerals cannot be
resolved (e.g., K vs Na, Fe vs Mg in the ACFN diagram). In spite of
these inconveniences, the AFMN- and AKFM-deluxe diagrams are
nevertheless convenient for simultaneous inspection of mineral assem-
blages in a single rock sample and for important chemical variations of
the coexisting minerals and rocks.

The thermodynamic calculations (pseudosection) in the KNCFMASHO
(K2O-Na2O-CaO-FeO-MgO-Al2O3-SiO2-H2O-O2) system were performed
using the Perple_X software (Connolly, 1990, 2005). A fluid phase,
assumed to be pure H2O, was considered in excess. The oxygen contents
for transformations of ferrous to ferric iron was chosen (at 10M percent)
after some preliminary calculations in order to reproduce the presence of
epidote in key assemblages stable within the P–T window of interest and
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the calculated content of trivalent iron in most minerals. Our proce-
dure (test-value calculations) follows that of Willner et al. (2016)
and other workers. The solution models used for amphibole, feldspar,
clinopyroxene, chlorite, white mica and epidote are those of Dale et al.
(2005), Fuhrman and Lindsley (1988), Green et al. (2007), Holland
et al. (1998), Coggon and Holland (2002), and Holland and Powell
(1998), respectively. Alternative solid solution models for amphibole
(e.g., Massonne and Willner, 2008) were tested; however, they failed
to reproduce the observed mineral assemblage of the studied samples
(e.g., they indicate stabilization of clinopyroxene, which is not present
in studied rocks, at all conditions in the P–T window of interest).

4. Microstructures

Rocks from theMaimón Formation are characterized by development
of syn-metamorphic ductile fabrics and structures. However, and as de-
scribed by Draper et al. (1996) and Draper and Gutiérrez-Alonso
(1997), a trend towards increasing internal deformation and metamor-
phic grade is observed to the SW of the Maimón belt, particularly in the
Ozama shear zone (Fig. 1b; i.e., in the uppermost levels of the structural
sequence, Fig. 1c); deformation is much less intense to the NE half of
the Maimón belt (i.e., the so-called El Altar zone, to the NE of the Fátima
thrust fault). Although rocks vary from fully recrystallized to weakly
metamorphosed and undeformed along this trend, a pronounced change
in the metamorphic recrystallization and deformation degrees is
observed on each side of the Fátima thrust fault and hence both zones
are described separately.

4.1. Ozama shear zone

Rocks of the Ozama shear zone include greenschists and scarce
gneissic low-K meta-plagiorhyolites. The samples are pervasively
deformed and recrystallized and lack magmatic remnants (Fig. 2).
Though the abundance of minerals diverge as a function of bulk-rock
composition (Fig. 5), in both types of rock the metamorphic paragene-
ses are formed mostly by chlorite, muscovite (s.l.; phengite s.s., see
below), epidote, amphibole (actinolite ± ferri-winchite, see below),
albite, stilpnomelane and quartz. Opaque accessory minerals include
disseminations of sulfides (mainly sub-euhedral pyrite) and trace
minute (~10 μm in size) titanite and rutile grains. Recrystallization
and deformation developed mylonitic structures and planar fabrics
defined by muscovite, muscovite-chlorite intergrowths, amphibole
and a crenulation metamorphic compositional layering (Fig. 2). Meso-
and micro-scale petrographic observations reveal three deformation
events (Dp − 1, Dp and Dp + 1, where Dp refers to the principal deforma-
tion event). Dp − 1 resulted in the development of a Sp − 1 foliation
locally preserved in muscovite and muscovite ± chlorite microlithons
located in mm- to cm-scale domains between lepidoblastic muscovite
sheets defining the main crenulation cleavage (Sp; Fig. 2e–f); they are
also preserved in dm-scale fold hinges, mostly isoclinal, with extremely
attenuated or inexistent limbs developed mostly in the most felsic
(quartz bearing) lithologies and fold axis depicting a great circle parallel
to the Sp foliation. Dp tectonic layering development corresponds with
peak metamorphism (recrystallization) and involved the almost com-
plete obliteration of the magmatic and previous deformation features.
The associated schistosity (Sp) is planar (Fig. 2a) and locally, slightly
anastomosed, often resulting in compositional layering (Fig. 2b,c,g).
The orientation of this foliation is quite uniform, SW trending and dip-
ping ~60° to the south. Foliation surfaces show occasionally a mineral
stretching lineation plunging 25°–35° towards the S–SSW. Metamor-
phic compositional layering is defined by alternating centimeter- to
submillimeter-wide albite–quartz, muscovite-chlorite- and actinolite-
rich layers preserving previous Sp − 1 in the crenulation hinges
(Fig. 2g). Poorly developed submillimeter-scale S-C and mica-fish
fabrics are also observed in samples with higher phyllonitic character.
Deformation stages and foliations Sp − 1 and Sp may correspond to

progressive deformation under the same deformation regime. Finally,
a deformation stage Dp + 1 generated folding of the previous structures
and development of an incipient Sp + 1 foliation (Fig. 2b–d). Dp + 1 folds
are mainly isoclinal and doubly verging (Fig. 2b), if more complex
patterns embrace parasitic (second order) symmetric and asymmetric,
disharmonic (Fig. 2b–c) or sheath folds (Fig. 2d) typical of ductile
(mylonitic) shear zones (e.g., Carreras et al., 2005). Thin, millimeter-
to centimeter-wide quartz veins are common in the Ozama shear
zone, occurring mostly parallel and jointly folded with Sp foliation, and
are affected by shearing, asymmetrical disharmonic folding and exten-
sion evidenced by boudinage parallel to the Sp (Fig. 2b,g).

Preferred orientation of quartz ribbons and of the variably elongated
quartz, albite and epidote porphyroclasts is characteristic of the Ozama
shear zone rocks, and define, along with the muscovite, chlorite and
amphibole lepidoblasts, a planar-linear (Sp-Lp) fabric. Polycrystalline
quartz porphyroclasts systematically develop asymmetric σ-type
shear structures composed of very fine-grained quartz and chlorite/
muscovite wrapped by muscovite-chlorite-amphibole lepidoblasts of
the Sp foliation (Fig. 2h). Quartz shows marked undulose extinction
and internal stylolitic joints. Epidote concentrates in rocks of mafic
protoliths (Torró et al., 2016, in press), with local concentrations higher
than 50% modal constituting meta-epidosites. Even if most of epidote
crystallization probably resulted from the spilitization of the basalts
(cf. Gilgen et al., 2016), deformed epidote crystals displaying fan-like
textures (Fig. 2i) and adjacent helical poikiloblastic zones (recalling
snowball textures) and δ-type shear structures (Fig. 2j) suggest
syntectonic rotational blastesis. Eventually, ultramylonites devel-
oped after the gneissic meta-rhyodacites close to the Fátima thrust,
where monocrystalline, variably comminuted quartz porphyroclasts of
millimetric to submillimetric diameter occur in a very fine-grained
quartz-muscovite matrix.

Sulfides in the volcanogenic massive sulfide lenses hosted in the
Ozama shear zone also record intense mylonitic deformation. In the
outer limits of the sulfide lenses, rotated pyrite porphyroclasts develop
asymmetrical pressure shadows composed of feather-shaped quartz
crystals and envelopes of extremely elongated chalcopyrite-sphalerite
crystals. For a detailed description of the deformation/recovery textures
recorded in the Cerro de Maimón VMS sulfides, the reader is referred to
Torró et al. (2016).

According to the observed kinematic criteria in the observed
porphyroclasts and the study of the quartz bcN axis orientations
(CPOs, Draper and Gutiérrez-Alonso, 1997) in the Sp quartz ribbons
described above, the shear sense obtained indicates a top to the N-NE
sense of movement in agreement with a thrusting-transpressional
deformation regime.

4.2. El Altar zone

Northeast of the Fátima thrust, at its footwall, rocks from the El Altar
zone are characterized by remarkably less intense ductile deformation
and penetrative foliation than rocks from the Ozama shear zone, and
by limited metamorphic recrystallization (Fig. 3); a continuous spec-
trumof deformation andmetamorphic recrystallization is distinguished
from the incipient protomylonites identified near the Fátima thrust
to the undeformed and metamorphically unaffected rocks from the
far NW section of the Maimón Formation (Fig. 3a). The prevalence
of meta-plagiorhyolites over meta-basalts and the occurrence of a
metasedimentary sequence some tens of meters thick are also distinc-
tive features of this zone. Phengite and chlorite are the main metamor-
phic phases along with less abundant epidote and paragonite. Minor
and trace proportions of magnetite, hematite, apatite, rutile and titanite
(not present in all samples) are observed.

Incipient protomylonitic fabrics developed in meta-basalts and
meta-plagiorhyolites show penetrative anastomosed to planar foliation
defined by muscovite and minor chlorite lepidoblasts that crudely
adapts around igneous/hydrothermal(?) plagioclase (Fig. 3f–g) and
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quartz (Fig. 3b, h–i) porphyroclasts describing symmetric (Fig. 3f–g) to
locally weakly asymmetrical (Fig. 3h) ribbons. The orientation of the
rough cleavage present in this zone is parallel to the shear foliation of
the Ozama zone. The development of symmetric pressure shadows
composed of very fine-grained quartz adjacent to quartz porphyroclasts
is limited (Fig. 3i). Mineral or stretching lineation in the protomylonites
of the el Altar zone is broadly absent (Fig. 3f–g, i).

CPOs in the quartz-rich rocks of the Altar zone, close to the Fátima
thrust (Draper and Gutiérrez-Alonso, 1997) depict girdles compatible
with pure-shear deformation, in contrast with those in the Ozama
zone, revealing different deformation mechanisms in both zones.

General preservation of the protolithmagmatic textures andmineral-
ogy allows their classification as fine plagioclase- and pyroxene-phyric,
massive basalts (Fig. 3d, f–g, j–k) and highly fine to medium-grained

Fig. 2. Field aspect (a–d) andmicrophotographs (e–j) of rocks from theOzama shear zone,Maimón Formation. (a) Outcrop of greenschists in theOzamaRiverwithmarkedplanar foliation
(Sp). (b) Detail of schist outcrop showingDp isoclinal folding of the compositional layering and thequartz veinswhich are sheared, asymmetrically foldedand boudinaged parallel to the Sp.
(c) Metamorphic compositional layering (foliation Sp) given by the alternation of millimeter- to centimeter-wide bright and dark layers folded by a Ds + p deformation stage which
developed an incipient Sp + 1 foliation. (d) Folded mylonitic foliation and centimeter-scale sheath (closed) folds. (e) Sp − 1 in muscovite microlithon enveloped by Sp muscovite sheets
in a fine grained quartz matrix (crossed polars). (f) Detail of tightly micro-folded muscovite-chlorite intergrowths defining Sp − 1 and Sp defined by muscovite sheets concentrated
along the limbs of the folds (SEM-BSE image). (g) Metamorphic compositional layering of alternating submillimeter-wide muscovite-chlorite layers and very fine-grained quartz layers
along with occasional parallel boudinaged quartz veins; crenulation cleavage is locally developed (crossed polars). (h) Quartz porphyroclast showing ribbon texture with σ-type
structure composed of very-fine quartz enveloped by muscovite in mylonitized schist; note the strong undulose extinction of the quartz crystals in the quartz ribbon (crossed polars).
(i) Deformed epidote crystals displaying fan-like textures in meta-epidosite (crossed polars). (j) Epidote porphyroclasts in a fine-grained quartz matrix showing helical poikiloblastic
zones (snowball-like) and δ-type structure evidencing syntectonic rotational blastesis and deformation (crossed polars).
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quartz-phyric massive plagiorhyolites (Fig. 3b–c, h–i). Plagioclase
porphyroclasts are elongated and develop local asymmetric pressure
shadows; breaking apart and subtle antithetical bookshelf rotation of
plagioclase fragments is common. Flow layering (with alternating pale
siliceous and partially recrystallized and chloritized glassymatrix layers)
adapting around rounded quartz porphyroclasts is locally preserved
(Fig. 3c). In undeformedmetamorphically unaffected porphyritic basalts,
the matrix is observed to be made up of chloritized volcanic glass along

with fine-grained plagioclase laths (Fig. 3d, j). Chloritized volcanic glass
is also detected in moderately amygdaloidal clasts of the less abundant
meta-hyaloclastites; these rocks display jigsaw-fit and clast-in-matrix
textures suggesting in situ quench fragmentation.

Sedimentary rocks in the El Altar zone of the Maimón Forma-
tion include breccias and conglomerates along with well laminated
fine-grained meta-tuffs, dark graphite-shales (Fig. 3e), cherts and
limestones.

Fig. 3. Field outcrop (a), hand sample (b–e) and photomicrographs (transmitted light and crossed polars; f–k) of rocks from the El Altar zone, Maimón Formation. (a) Meta-rhyodacite
outcrop in the Palo de Cuaba stream; note the general low deformation of the rocks, which is limited to coarse cleavage. (b) Millimeter-sized quartz porphyroclasts enveloped by
crude and anastomosed foliation in a meta-rhyodacite sample. (c) Pyritized, poorly deformed thinly bedded rhyodacite lava sample found close to the Fátima thrust fault in the Loma
la Mina area; flow layers (with alternating pale siliceous and partially recrystallized and chloritized glassy matrix layers) adapts around a rounded quartz phenocryst. (d) Chloritized
and epidotitized, poorly deformed, fine plagioclase- and pyroxene-phyric, massive boninitic basalt (Torró et al., 2016). (e) Graphite-shale developed on carbonaceous sediments along
the Maimón Fm. sedimentary unit, close to the Fátima thrust; note pyrite dissemination and the presence of quartz veins along the planar foliation of the rock. (f–g) Muscovite
lepidoblasts describing planar to anastomosed penetrative foliation that mildly wrap around plagioclase and minor quartz phenocrysts in a semi-porphyritic meta-basalt; note the
absence of pressure shadows and the preferred orientation of the phenocrysts. (h) Meta-rhyodacite with abundant and variably fragmented quartz phenocrysts in a fine grained
quartz-rich matrix; a crude foliation is defined by muscovite-chlorite lepidoblasts. (i) Detail of pressure shadow of fine-grained quartz adjacent to two quartz phenocrysts in a fine-
grained matrix composed of quartz and muscovite-chlorite; note the absence of preferred orientation or lineation of the quartz phenocrysts. (j) Poorly deformed, moderately fine to
medium plagioclase-phyric, massive basalt; the matrix is composed of fine-grained plagioclase crystals and chloritized glass. (k) Pyroxene phenocryst remnant in protomylonite;
sample collected very close to the Fátima thrust.
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5. Bulk composition and mineral assemblages

Previous to metamorphism, the oceanic volcanic rocks of the
Maimón Formation underwent seafloor metamorphism (forming
keratophyres and spilites) and an intense hydrothermal alteration
associated with the formation of volcanogenic massive sulfide
mineralization (Torró et al., 2016). The latter involved silicification,
propylitization, sericitization and sulfiditization of the hosting
rocks, which were much more intense in the footwall of the massive
lenses than in the hanging wall rocks. Compared to major element
composition of pristine basalts from the nearby Los Ranchos
Formation (which includes island arc tholeiites and boninites;
Escuder-Viruete et al., 2006) and the Izu-Bonin-Mariana forearc
(which includes forearc basalts and boninites; Reagan et al., 2010),
most metabasites from the Maimón Formation are enriched in
Al2O3 and depleted in CaO (Fig. 4; Table 1). As a result, most Maimón

metabasites plot in the field of peraluminous rocks whereas basalts
from the Los Ranchos Formation and IBM forearc, as expected, lie in
the metaluminous field (Fig. 4a). Although most plagiorhyolites
from the Los Ranchos Formation and IBM forearc (data of Reagan
et al., 2008) are only weakly peraluminous, metaplagiorhyolites from
Maimón are strongly peraluminous. The strong mobilization of elements
is further evidenced in the chemographic diagram of Fig. 4b, in which
bulk compositions of basalts from the Los Ranchos Formation are
compatible with magmatic phases (olivine, orto- and clino-pyroxene
and plagioclase), as described by Escuder-Viruete et al. (2006), whereas
most Maimón metabasites are not. Instead, the latter are compatible
with a hydrothermal alteration assemblage formed by muscovite
(sericite), albite-epidote-chlorite (propylitic alteration) and quartz
ascribed to the formation of volcanogenic massive sulfide minerali-
zation (e.g., Galley et al., 2007).

The generalized major element mobility due to seafloor metamor-
phismand hydrothermal alteration processes, added to the initial diver-
sity of the lavas, conferred a marked pre-metamorphic geochemical
heterogeneity to the Maimón protoliths. Major element composition
of the protoliths determined the metamorphic mineral assemblages
and hence studied rocks are grouped into 7 groups described separately
below based on chemographic diagrams (Fig. 5). Discrimination of mafic
(basalts and basaltic andesites) from felsic (rhyodacites) protoliths was
carried out on the basis of immobile elements (HFSE, REE and transition
metals) in Torró et al. (2016, in press).

5.1. Metabasites of the Ozama shear zone

In the Ozama shear zone, mafic meta-volcanic rocks are prevalent.
Torró et al. (2016, in press) determined, on the basis of immobile ele-
ments, that the basaltic suite included boninites and low-Ti tholeiites.
According to metamorphic assemblages (and defining major element
bulk rock compositions) these rocks are grouped into threemain groups
herein (Fig. 5a–b).

Group O1 lithotype comprises metabasites with bulk compositions
typical of pristine island arc basalts (including tholeiites and boninites)
in terms of major elements (e.g., samples CM-2-1 and CM-2-2). These
rocks have the lowest Al2O3 values among the studied basalts, Mg#
varies from 58 to 63, and CaO N Na2O and ≫K2O. The metamorphic
assemblage is composed of amphibole-chlorite-epidote-albite, along
with less abundant quartz and phengite. In the ACF and AFM diagrams
of Fig. 5a–b, Group O1 basalts match the compositions of unaltered
boninites from the Los Ranchos Formation (Escuder-Viruete et al.,
2006) and from the Marianas forearc (Reagan et al., 2010), and have
characteristic lower C (i.e., CaO) and higher F (FeO* + MgO + MnO)
thanmost unaltered forearc basalts fromMarianas forearc and tholeiites
from the Los Ranchos Formation.

Group O2 lithotype comprises metabasites (e.g., CM-30 and CM-31)
enriched in Al2O3 to pristine basalts, and have Mg# between 50 and 58.
Calcium is enriched relative to Group O1 and CaO N (Na2O + K2O).
Metamorphic assemblage in these rocks is composed of dominant
chlorite-epidote-albite-phengite-quartz, lacking amphibole. In the ACF
and AFM diagrams of Fig. 5a–b, A (Al2O3) is enriched relative to most
boninites and forearc basalts from the Marianas forearc and is similar
to the bulk of island arc tholeiites (including basalts to andesites) of
the Los Ranchos Formation.

Group O3 lithotype has characteristic very low CaO (b2.8 wt.%)
values, lower than Na2O and similar to K2O; Al2O3 contents are compa-
rable to Group O2, and Mg# has a wide range between 50 and 70
(e.g., CM-26, CM-2-10 and CM-2-12). Chlorite, phengite and albite are
the dominant metamorphic phases along with minor epidote and
quartz. In the ACF diagram (Fig. 5a), these rocks clearly differentiate of
basalts from the Los Ranchos Formation and the Marianas forearc.
Inasmuch as Group O3 rocks classify as basalts (Torró et al., 2016, in
press), this set stands out for the most hydrothermally altered basalts
previously to metamorphism.

Fig. 4. Plot of whole rock geochemical data of studied Maimón samples in (a) the
A/CNK [= molar ratio of Al2O3/(CaO + Na2O + K2O)] vs A/NK [= molar ratio of
Al2O3/(Na2O + K2O)] diagram after Shand (1943) and (b) the ACF diagram after
projection from Qz, Ttn and H2O and along the indicated exchange vectors. In
b), the likely magmatic assemblage of the mafic protoliths is given on the basis of
petrography of unaltered basaltic rocks of the lower basaltic unit of the Los Ranchos
Formation according to Escuder-Viruete et al. (2006); the represented hydrother-
mal assemblage includes mineral phases associated with formation of volcanogenic
magmatic sulfide mineralization worldwide. Plots include data of boninites (BON), IAT
and low-Ti IAT (LOTI) basalts and felsic volcanic rocks of the Los Ranchos Formation
(LRF; Escuder-Viruete et al., 2006), boninites and forearc basalts (FAB) from the Izu-
Bonin-Mariana (IBM) forearc (Reagan et al., 2010) and felsic volcanic rocks from
Saipan-Rota, Mariana Islands (Reagan et al., 2008) for comparison. Larger symbols repre-
sent samples used for thermobarimetric constraints.
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5.2. Metabasites and metaplagiorhyolites of the El Altar zone

In the El Altar zone, felsic meta-volcanic rocks are, by far, prevalent
overmafic ones. Group A1 is defined by the analyzedmetabasite sample
(CM-2-6). Group A1metabasite has similarmajor element composition
equivalent to Group O3, and hence is representative of hydrothermally
altered basalts. The metamorphic mineral assemblage is defined by
dominant chlorite-albite-quartz, less abundant phengite and epidote
and trace paragonite (Fig. 5c–d).

According to major element bulk rock compositions and metamor-
phic assemblages, felsic meta-volcanic rocks from the el Altar zone are
grouped into three main groups.

Group A2 comprises a metaplagiorhyolite sample (CM-15) with
Na2O N K2O and ≫CaO. Its metamorphic assemblage is composed of
albite, phengite, paragonite, quartz, epidote and minor chlorite. In the
AKF diagram of Fig. 5c, its composition matches that of felsic volcanics
from the Los Ranchos Formation (Escuder-Viruete et al., 2006) and
IBM (Reagan et al., 2008), whereas its depletion in CaO relative to
these rocks is evident in the ACF diagram of Fig. 5d.

Group A3 comprises a metaplagiorhyolite sample (CM-24) with
Na2O ≫ K2O and CaO. Its metamorphic assemblage is composed of
phengite, chlorite, paragonite, quartz and trace epidote and preserves

scarce phenocrysts of albite and quartz. Its depletion in K2O and CaO
relative to unaltered felsic volcanics from the Los Ranchos Formation
and IBM is evident in the AKF and ACF diagrams (Fig. 5c–d).

Group A4 is composed of two metaplagiorhyolites (CM-16 and
CM-2-7) with CaO N K2O and ≫Na2O. Their metamorphic assemblage
is composed of phengite chlorite, quartz and epidote. In the AKF
diagram in Fig. 5c, K (i.e., K2O and Na2O) is clearly depleted relative to
felsic volcanics from Los Ranchos and IBM, whereas CaO contents are
broadly equivalent (Fig. 5d).

6. Mineral chemistry

6.1. Amphibole

This mineral is present only in rocks of the Group O1 of the Ozama
shear zone and occurs as zoned, folded crystals along compositional
layers interspersed with albite (Fig. 6). Amphiboles belong to the
calcium and sodium-calcium subgroups (Fig. 7a) according with the
classification scheme of Hawthorne et al. (2012). Analyses yielded
very low Ti (b0.05 a.p.f.u.), Mn (b0.06) and K (b0.16) concentrations,
and the contents of F (b0.07) and Cl (b0.05) are almost negligible.

Fig. 5. ACF, AFM and AKF plots for whole rock data of volcanic samples from the Ozama shear zone (a, b) and the El Altar zone (c, d) of theMaimón Formation.Mineral phases observed in
the metamorphic assemblages of the studied rocks from each zone are represented schematically (see Fig. 12 for details). Projection points and exchange vectors are indicated for each
diagram. For chlorite, chm 965 and clc 965 refer to chamosite and clinochlore with atomic abundances of Fe-Mg, Al and Si of 9, 6 and 5 (per 10 O and 8 OH), respectively (Spear,
1993). Only bulk composition of rocks used for thermobarimetric calculations are labeled.
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Calcium amphiboles (CaB = 1.50–1.91 a.p.f.u.; NaB = 0.01–0.40)
classify as actinolite and very seldom magnesio-ferri-hornblende,
with a continuous compositional spectrum between the two species
(Fig. 7c–d; Table 2). Calcium amphiboles have variable Si (7.46–7.99
a.p.f.u.), Altot (0.09–0.73), Mg (2.73–3.77), Fetot (1.13–2.11), Ca (1.50–
1.91) and Na (0.07–0.66) contents. The vacancy in position A is of

0.67 to 1.00 p.f.u. Calculated Fe3+ is b0.39 a.p.f.u. Mg# ranges from
0.60 to 0.78.

Sodium-calcium amphiboles (CaB between 1.17 and 1.38 a.p.f.u.;
NaB between 0.53 and 0.71) classify as ferri-winchite (Fig. 7b;
Table 2). Ferri-winchite crystals yielded relatively homogeneous
Si (7.81–7.87 a.p.f.u.), Altot (0.35–0.46) and Fetot (1.93–2.11), and

Fig. 6. Photomicrographs (a) and X-ray images (b–d) of amphibole-rich domains in greenschist rocks from the Ozama shear zone. (a) Detail of a zoned amphibole crystal (center of the
image) and partially folded amphibole lepidoblasts describing polygonal arcs (optical microscope, plain polarized transmitted light). (b) X-ray image of Si in amphiboles; note the
occurrence of both, deformation (folding) of amphibole lepidoblasts and local polygonal arcs defined by tabular amphibole crystals. (c) Aluminum, Ca, Na, Mg and Fe X-ray images of a
non-folded zoned amphibole crystal; scanned area in (b). (d) Silicon, Al, Ca, Mg, Fe, Na X-ray images showing textures and zoning of amphibole crystals. In X-ray images (b–d), other
mineral phases are masked out and the resulting images are overlain onto a gray-scale BSE image. Color scale bar represents the relative element concentration in counts. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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antipathetic values of Ca (1.17–1.38) and Na (0.63–0.88). The vacancy
in position A ranges from 1.83 to 1.90 p.f.u. Calculated Fe3+ is b0.44
and Mg# ranges between 0.60 and 0.65.

Amphibole crystals showmarked compositional, roughly concentric,
zoning in terms of Si, Al, Mg, Fe, Ca andNa (Fig. 6). Changes in Si, Mg and
Ca are inversely compensated by changes in the Al, Fe and Na content,
therefore following the cationic exchange between actinolite and
ferri-winchite end-members. The ferri-winchite compositions appear
at the rim of actinolite grains (Fig. 6c–d).

6.2. White micas (phengite and paragonite)

White mica occurs in most rocks from both the Ozama and El Altar
zones; it is, in general, very fine grained (b1 μmwide),which prevented
the appropriated chemical analysis in most samples. White micas
classify as phengite and paragonite. Phengite is broadly submicroscopi-
cally intergrown with chlorite, and in rocks of groups A2 and A3 of the
El Altar zone, in addition, is intergrown with paragonite (Fig. 8).
Hence, most EMP analyses of white mica in rocks from the El Altar
zone represent mixed analysis of phengite-paragonite. In rocks of the

Ozama shear zone, systematic variations in the chemical composition
of phengites from Sp − 1 and Sp foliations were not observed as a conse-
quence of rotation (by means of crenulation and shear deformation) of
Sp − 1 grains into Sp.

The analyzed white mica (phengite and paragonite) lepidoblasts
from the Maimón Formation display a continuous relatively wide
compositional spectrum (Table 3; Figs. 9 and 10). Remarkably high Si
contents (3.16–3.54 a.p.f.u.) of phengite grains from the Ozama shear
zone are distinctive to those from the El Altar zone (3.01–3.27).
Phengite grains from the Ozama shear zone are richer in Mg (0.13–
0.51) and Fe (0.12–0.54) relative to those from the el Altar zone
(0.03–0.37 and 0.02–0.20, respectively). Phengite records an increase
in ivAl (0.46–0.84) and viAl (1.19–1.80) from the Ozama shear zone
to the El Altar zone (0.73–0.99 and 1.65–2.03, respectively). Titanium
contents are steadily low (below detection limit) in grains from el
Altar, and up to 0.1 a.p.f.u. in samples from the Ozama shear zone. In
general, grains from the Ozama shear zone present higher K (0.78–
0.97) and lower Na (to 0.05) concentrations than those from el Altar
(0.22–0.92 and to 0.52, respectively). Fluorine is up to 0.24 and Cl is
systematically under its detection limit.

Fig. 7. Composition of calcium and sodium-calcium amphiboles from the Ozama shear zone plotted in the classification scheme of Hawthorne et al. (2012). In (a), filled black squares are
the locations of named Mg end-members. Analyzed sodium-calcium amphiboles are represented in (b), and calcium amphiboles in (c) and (d).
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Phengite exhibits a marked Tschermak (Si(Mg,Fe)Al−2) ex-
change along the dioctahedral mica series, which relates muscovite
(KAl2AlSi3O10(OH)2) to the celadonite (K(Mg,Fe)AlSi4O10(OH)2)
end-members (Fig. 9). The Tschermak exchange component is
extreme in analyzed phengite crystals from the Ozama shear zone
whereas those from the el Altar zone approximate the composition
of muscovite/paragonite. A slight but progressive increase in the
trioctahedral contents occurs as the composition of phengite
deviates from the muscovite end-member. This trioctahedral

component may be spurious if, at least in part, it is the result of
higher Fe3+/Fe2+ ratios (normalizing to 22 negative charges with
Fe3+ unaccounted for results in an overestimation of all cations in the
structural formula, thus increasing the calculated octahedral occupan-
cies; e.g., Garcia-Casco et al., 1993). Although a paragonitic (NaK−1)
exchange apparently operates in phengite from the El Altar zone
(Fig. 10), antipathetically to the Tschermak exchange (as expected;
Guidotti, 1984), these values represent mixed analyses of phengite/
paragonite to a large extent.

Table 2
Representative EMP analyses of amphibole from the Ozama and El Altar zones of the Maimón Formation. Cations normalized to 22 O and 2 OH.

Rock sample CM-2-2 CM-2-2 CM-2-2 CM-2-2 CM-2-2 CM-2-2 CM-2-2 CM-2-2 CM-2-2 CM-2-2 CM-2-1 CM-2-2 CM-2-2 CM-2-2 CM-2-2

Analys. no. a-2 e-1 e-2 b-5 72.00 74.00 177.00 179.00 180.00 185.00 A 34 a-3 b-3 35.00 211.00

SiO2 56.64 55.65 56.40 55.75 56.11 56.23 56.37 55.74 56.02 56.04 54.72 52.40 54.29 54.95 54.82
TiO2 0.02 0.04 d.l. d.l. 0.05 d.l. 0.03 0.01 0.02 0.07 0.04 0.02 0.07 d.l. d.l.
Al2O3 0.65 0.55 0.68 1.19 1.00 1.04 0.89 1.27 0.78 1.23 1.51 3.29 2.23 2.07 2.13
FeOa 10.02 11.68 9.88 11.14 11.07 10.34 11.78 13.31 11.12 8.97 12.02 14.22 13.83 13.32 14.43
Fe2O3

a 0.41 0.43 0.66 1.19 0.83 0.50 0.61 0.59 0.72 0.71 1.48 3.37 4.10 3.07 2.91
MnO 0.26 0.33 0.34 0.33 0.29 0.32 0.28 0.38 0.31 0.23 0.34 0.36 0.34 0.30 0.32
MgO 17.47 16.52 17.34 16.60 16.56 17.22 16.13 14.83 16.23 17.90 15.67 12.73 12.88 13.66 12.98
CaO 12.31 12.48 12.00 11.56 11.73 11.78 11.56 11.00 11.55 12.37 11.94 9.62 7.90 8.86 8.94
Na2O 0.53 0.24 0.67 0.73 0.76 0.59 0.84 0.99 0.80 0.49 0.62 2.03 2.94 2.43 2.26
K2O d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. 0.01 0.04 0.07 d.l. d.l. d.l.
F d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l.
Cl 0.01 d.l. d.l. d.l. 0.02 d.l. 0.02 d.l. 0.02 0.01 d.l. 0.01 0.02 d.l. d.l.
H2Ob 2.13 2.10 2.12 2.12 2.11 2.12 2.11 2.10 2.10 2.13 2.10 2.06 2.08 2.09 2.09
Sum 100.47 100.02 100.20 100.61 100.53 100.18 100.65 100.21 99.67 100.15 100.48 100.17 100.67 100.75 100.88
Totalc 100.47 100.02 100.20 100.61 100.52 100.18 100.65 100.21 99.66 100.15 100.48 100.17 100.67 100.75 100.88
Si 7.98 7.95 7.97 7.90 7.94 7.95 7.98 7.98 7.99 7.89 7.82 7.63 7.82 7.87 7.87
Al(iv) 0.02 0.05 0.03 0.10 0.06 0.05 0.02 0.02 0.01 0.11 0.18 0.37 0.18 0.13 0.13
Al(C) 0.09 0.04 0.09 0.10 0.11 0.12 0.13 0.19 0.13 0.10 0.07 0.20 0.20 0.22 0.23
Ti(C) 0.00 0.00 – – 0.01 – 0.00 0.00 0.00 0.01 0.00 0.00 0.01 – –
Fe3+(C) 0.04 0.05 0.07 0.13 0.09 0.05 0.06 0.06 0.08 0.07 0.16 0.37 0.44 0.33 0.31
Mg(C) 3.67 3.52 3.65 3.51 3.49 3.63 3.41 3.16 3.45 3.76 3.34 2.76 2.77 2.92 2.78
Fe2+(C) 1.18 1.39 1.17 1.27 1.30 1.19 1.39 1.58 1.33 1.06 1.43 1.67 1.58 1.54 1.67
Mn(C) 0.02 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00
Fe2+(B) 0.00 0.00 0.00 0.05 0.01 0.03 0.00 0.01 0.00 0.00 0.01 0.06 0.09 0.06 0.06
Mn(B) 0.01 0.04 0.02 0.04 0.04 0.04 0.03 0.05 0.02 0.02 0.04 0.04 0.04 0.04 0.04
Ca(B) 1.86 1.91 1.82 1.75 1.78 1.78 1.75 1.69 1.77 1.87 1.83 1.50 1.22 1.36 1.38
Na(B) 0.13 0.05 0.16 0.16 0.18 0.15 0.21 0.25 0.21 0.11 0.12 0.39 0.65 0.55 0.53
Na(A) 0.01 0.02 0.02 0.04 0.03 0.02 0.02 0.02 0.01 0.02 0.05 0.18 0.17 0.13 0.10
K(A) – – – – – – – – – 0.00 0.01 0.01 – – –
Vac(A) 0.99 0.98 0.98 0.96 0.97 0.98 0.98 0.98 0.99 0.97 0.94 0.81 0.83 0.87 0.90
OH 2.00 2.00 2.00 2.00 1.99 2.00 1.99 2.00 1.99 2.00 2.00 2.00 1.99 2.00 2.00
F – – – – – – – – – – – – – – –
Cl – – – – 0.01 – 0.01 – 0.01 0.00 – 0.00 0.01 – –
Subgroup Calcium amphiboles Sodium-calcium amphiboles
Name Act Act Act Act Act Act Act Act Act Act Act Ferri-mhb Ferri-win Ferri-win Ferri-win

a FeO and Fe2O3 wt.% concentrations were calculated for electroneutrality.
b H2O wt.% concentration was calculated on the basis of 2 OH p.f.u.
c Sum - oxygen equivalent to F and Cl.

Fig. 8. Detail of the sub-micron scale intergrowths between phengite, paragonite and chlorite in a sample of metaplagiorhyolite from El Altar zone. SEM-BSE image.
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6.3. Chlorite

Chlorite crystals from the El Altar and Ozama shear zones present
higher Mg (2.61–3.01 and 2.21–2.85 a.p.f.u., respectively) than Fe
(1.25–2.00 and 1.74–2.38) and Alvi (1.19–1.72 and 0.76–1.64) contents
(Table 4). Manganese contents are systematically low (0.02–0.05).
Although most of the analyses plot near the fully octahedral occupancy
line (Fig. 11a), a chlorite crystals from the Ozama shear zone returned
up to 0.29 octahedral vacancies p.f.u. In the tetrahedral position of chlo-
rite from the El Altar and the Ozama shear zones, Si (2.71–2.80 and

2.70–3.14,) broadly doubles and triples, respectively, the content in
Aliv (1.20–1.29 and 0.86–1.30). Fluorine and Cl contents are almost neg-
ligible. According to these data, the chlorites are tri-trioctahedral and
belong to the clinochlore-chamosite series (Wiewióra and Weiss,
1990). Mg# is in the range of 0.57–0.70 in the El Altar and of 0.50 to
0.59 in the Ozama shear zones and hence the studied chlorites classify
as clinochlore. The compositional deviation from the clinochlore-
chamosite binary can be largely described by the Tschermak exchange
(Si(Mg,Fe)Al−2) (Fig. 11b).

6.4. Plagioclase

In the Ozama and El Altar zones, plagioclase feldspar is virtually
pure albite (Ab96–100; Table 5), with very low orthoclase (Or ≤2.27);
nevertheless, K is systematically higher in plagioclase crystals from the
Ozama shear zone (Or0.24–2.27) to those of the El Altar zone (Or0.06–0.13).

6.5. Epidote

Epidote group minerals in both the Ozama and the El Altar zones
yielded comparable compositions and a very limited compositional
range that allows their classification as epidote (sensu stricto; Franz
and Liebscher, 2004). The content of Fe3+ (0.45–0.66 a.p.f.u.) is remark-
ably higher than that of Al(M3) (up to 0.29) and Mn (up to 0.02).

7. P–T estimates of metamorphic conditions

Isochemical P–T projection (pseudosection) was calculated for
sample CM-2-2, representative of the bulk-rock composition of the
Group O1 rocks from the Ozama shear zone. This sample was select-
ed because of its most diverse metamorphic mineral assemblage
(i.e., lower variance; Fig. 12), larger mineral grain sizes (suggesting

Table 3
Representative EMP analyses of phengite from the Ozama and El Altar zones of the Maimón Formation. Cations normalized to 10 O and 2 OH.

Ozama shear zone El Altar zonea

Rock sample CM-26 CM-35 CM-2-12 CM-2-12 CM-2-12 CM-2-2 CM-2-2 CM-2-2 CM-2-2 CM-16 CM-24 CM-24 CM-24 CM-2-6 CM-2-7

Analys. no. d-12 d-3 A-3 C 14 D 2 A 25 B 137 B 141 C 231 b-3 a-6 d-2 a-1 G-5 D 2

SiO2 48.70 48.98 47.90 48.44 48.62 51.08 50.86 51.02 50.87 48.31 48.36 47.66 47.46 49.93 49.48
TiO2 0.04 0.08 0.27 0.25 0.15 0.10 0.14 0.15 0.11 0.01 0.05 0.04 d.l. 0.07 0.03
Al2O3 32.57 26.84 27.67 27.46 27.53 24.03 23.37 22.79 20.34 31.00 39.00 38.11 38.42 28.19 35.89
FeO(t)b 2.46 5.22 5.08 5.16 4.86 5.97 6.31 6.62 7.97 2.25 0.78 0.87 0.85 5.12 1.81
MgO 1.36 2.47 2.38 2.31 2.60 3.41 3.38 3.61 4.92 2.11 0.41 0.38 0.42 3.24 0.63
Na2O 0.31 0.08 0.08 0.07 0.11 0.09 0.08 0.07 0.10 0.15 3.57 3.28 8.04 0.80 1.35
K2O 9.25 10.81 9.95 10.58 10.40 10.78 10.65 10.30 9.07 10.70 3.67 4.36 0.09 6.82 7.37
F d.l. d.l. d.l. 0.14 d.l. – – – – 0.18 0.47 1.23 d.l. d.l. d.l.
Cl d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l.
H2Oc 4.50 4.36 4.34 4.30 4.38 4.41 4.37 4.36 4.32 4.37 4.49 4.05 4.69 4.48 4.58
Sum 99.21 98.88 97.69 98.74 98.67 100.03 99.20 99.17 98.67 99.23 100.89 100.02 99.97 99.06 101.33
Totald 99.21 98.87 97.68 98.68 98.67 100.03 99.20 99.17 98.67 99.15 100.69 99.50 99.97 99.06 101.27
Si 3.24 3.36 3.31 3.32 3.33 3.47 3.49 3.50 3.53 3.25 3.08 3.08 3.03 3.34 3.18
Al(iv) 0.76 0.64 0.69 0.68 0.67 0.53 0.51 0.50 0.47 0.75 0.92 0.92 0.97 0.66 0.82
Al(vi) 1.79 1.52 1.56 1.54 1.54 1.39 1.37 1.35 1.19 1.71 2.00 1.99 1.93 1.57 1.91
Ti 0.00 0.00 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.00 0.00 0.00 – 0.00 0.00
Fe 0.14 0.30 0.29 0.30 0.28 0.34 0.36 0.38 0.46 0.13 0.04 0.05 0.05 0.29 0.10
Mg 0.13 0.25 0.24 0.24 0.27 0.35 0.35 0.37 0.51 0.21 0.04 0.04 0.04 0.32 0.06
sum vi 2.07 2.08 2.11 2.09 2.10 2.09 2.09 2.11 2.17 2.05 2.09 2.07 2.02 2.19 2.07
Na 0.04 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.44 0.41 0.99 0.10 0.17
K 0.79 0.94 0.88 0.93 0.91 0.93 0.93 0.90 0.80 0.92 0.30 0.36 0.01 0.58 0.61
Vac 0.17 0.04 0.11 0.06 0.08 0.05 0.06 0.08 0.12 0.06 0.26 0.23 0.00 0.30 0.23
sum xii 0.83 0.96 0.89 0.94 0.92 0.95 0.94 0.92 0.88 0.94 0.74 0.77 1.00 0.70 0.77
OH 2.00 1.99 2.00 1.97 2.00 2.00 2.00 2.00 2.00 1.96 1.91 1.75 2.00 2.00 1.97
F – – – 0.03 – – – – – 0.04 0.09 0.25 – – –
Cl – – – – – – – – – – – – – – –

a Due to the very fine intergrowths of paragonite and phengite, these values represent mixed compositions.
b Total Fe expressed as FeO.
c H2O wt.% concentration was calculated on the basis of 2 OH p.f.u.
d Sum - oxygen equivalent to F and Cl.

Fig. 9. Multicationic diagram including relevant mica end-members illustrating the
continuous nature of the coupled cation substitutions underlying the compositional
variation within the investigated phengite crystals from the Maimón Formation.
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metamorphic equilibration of the minerals) and presence of ferri-
winchite (suggesting higher P–T peak conditions).

The pseudosection for sample CM-2-2 shows a field with the
association Ca-Amp + Chl + Ep + Ph + Ab + Qz + Hem consistent
with the observedmineral assemblage in the sample (Fig. 13a). Close
to and at higher P of this field, Na-Ca-Amp occurs, suggesting that
the P–T path crosscut the winchite-in line. To further constrain
the P–T conditions, mineral composition isopleths for phengite (Si)
and chlorite (Mg#) were calculated (Fig. 13b). The distribution of

isopleth confirms the Ca-Amp + Chl + Ep + Ph + Ab + Qz + Hem
field and fixes the conditions to ~8.2 kbar and 380 °C. The obtained
temperature is also in agreement with the low temperature nature
of the quartz CPOs (~350°; Blacic, 1975) from the Ozama shear
zone (Draper and Gutiérrez-Alonso, 1997) where they exhibit
monoclinic, small circle girdle (SG) fabrics and monoclinic type 1
crossed girdle (CG) fabrics (Lister, 1977; Schmid and Casey, 1986),
consistent with a simple shear context and indicate baN directed
basal slip.

Fig. 10. Selected bivariate diagrams showing the compositional spectrum of the studied phengites from the El Altar and the Ozama zones, Maimón Formation. Mixed analyses in fine
phengite + paragonite intergrowths in rocks from the El Altar zone are indicated for the bivariate diagrams involving Na and K.
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The aforementioned conditions are representative of low tempera-
ture and moderate pressure during metamorphism, in the greenschist
to blueschist facies transition (e.g., Liou et al., 2004; Spear, 1993) and
suggest that our rockswere dragged down in the lithosphere to approx-
imately ~29 km,which corresponds to an apparent geothermal gradient

of 13.2 °C/km, compatible with subduction gradients along the slab-
mantle interface.

The construction of a pseudosection from a sample from the El Altar
zone was declined from the start since the samples from this zone
systematically contain magmatic/hydrothermal remnants suggesting

Table 4
Representative EMP analyses of chlorite from the Ozama and El Altar zones of the Maimón Formation. Cations normalized to 10 O and 8 OH.

Ozama shear zone El Altar zone

Rock sample CM-26 CM-2-12 CM-2-1c CM-2-2 CM-2-2 CM-2-2 CM-2-2 CM-2-2 CM-2-7 CM-2-7 CM-2-7 CM-2-7

Analys. no. d-9 D 6 A 3 A 31 B 163 B 164 C 235 C 238 C 122 C 124 C 131 D 140

SiO2 29.46 25.79 27.71 28.91 28.94 26.99 28.39 27.76 29.06 27.83 26.41 28.72
TiO2 0.04 0.04 d.l. 0.00 0.02 0.00 0.00 0.03 0.00 0.01 0.00 0.00
Al2O3 22.24 20.40 18.08 16.91 16.29 18.42 17.55 18.98 24.48 24.18 22.65 25.53
FeO(t)a 20.51 26.57 24.45 23.50 25.71 26.11 24.51 25.12 16.23 15.59 16.55 15.34
MnO 0.28 0.33 0.46 0.46 0.40 0.47 0.53 0.52 0.39 0.39 0.39 0.34
MgO 14.62 15.69 18.09 17.99 17.24 16.66 17.35 16.52 20.16 19.98 19.72 18.89
CaO 0.03 d.l. 0.14 0.32 0.11 0.04 0.05 0.05 0.03 0.00 0.04 0.01
Na2O 0.07 d.l. d.l. 0.00 0.12 0.00 0.00 0.00 0.03 0.04 0.11 0.03
K2O 0.64 0.03 d.l. 0.00 0.00 0.00 0.00 0.00 0.03 0.02 0.06 0.22
F d.l. 0.09 d.l. – – – – – 0.15 0.10 0.22 0.13
Cl d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l.
H2Ob 11.84 11.40 11.59 11.56 11.50 11.45 11.54 11.59 12.39 12.08 11.60 12.28
Sum 99.98 100.35 100.54 99.64 100.41 100.15 99.92 100.56 102.96 100.22 97.75 101.49
Totalc 99.98 100.31 100.54 99.64 100.39 100.15 99.92 100.56 102.89 100.18 97.66 101.43
Si 2.98 2.70 2.87 3.00 3.01 2.83 2.95 2.87 2.80 2.75 2.71 2.79
Al(iv) 1.02 1.30 1.13 1.00 0.99 1.17 1.05 1.13 1.20 1.25 1.29 1.21
Al(vi) 1.64 1.22 1.07 1.07 1.01 1.10 1.10 1.19 1.57 1.57 1.44 1.72
Ti 0.00 0.00 – 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe 1.74 2.33 2.11 2.04 2.24 2.29 2.13 2.17 1.31 1.29 1.42 1.25
Mn 0.02 0.03 0.04 0.04 0.04 0.04 0.05 0.05 0.03 0.03 0.03 0.03
Mg 2.21 2.45 2.79 2.78 2.68 2.60 2.69 2.55 2.89 2.94 3.01 2.74
Ca 0.00 – 0.02 0.04 0.01 0.00 0.01 0.01 0.00 0.00 0.00 0.00
Na 0.01 – – 0.00 0.02 0.00 0.00 0.00 0.00 0.01 0.02 0.01
K 0.08 0.00 – 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.03
Sum vi 5.71 6.04 6.03 5.97 6.00 6.04 5.97 5.97 5.82 5.84 5.94 5.76
Vac. Vi 0.29 0.00 0.00 0.03 0.00 -0.04 0.03 0.03 0.18 0.16 0.06 0.24
OH 8.00 7.97 8.00 8.00 7.99 8.00 8.00 8.00 7.95 7.97 7.93 7.96
F – 0.03 – – – – – – 0.04 0.03 0.07 0.04
Cl – – – – – – – – – – – –
Mg# 0.56 0.51 0.57 0.58 0.54 0.53 0.56 0.54 0.69 0.70 0.68 0.69

a Total Fe expressed as FeO.
b H2O wt.% concentration was calculated on the basis of 8 OH p.f.u.
c Sum - oxygen equivalent to F and Cl.

Fig. 11. (a) Multicationic diagram (R2+− Si) for chlorite of theMaimón Formation, including end-members afterWiewióra andWeiss (1990). R2+ refers to divalent cations (Fe2+, Mg2+

and Mn2+), R3+ to trivalent cations (in our case, Al3+) and □ to vacancies. (b) Bivariate Si + Fe + Mg vs. Al(iv) + Al(vi) plot for chlorite from the Maimón Formation.

15L. Torró et al. / Lithos xxx (2016) xxx–xxx

Please cite this article as: Torró, L., et al., High-pressure greenschist to blueschist facies transition in theMaimón Formation (Dominican Republic)
suggests mid-Cretaceous subduction of the Early Cretaceous Caribbean arc, Lithos (2016), http://dx.doi.org/10.1016/j.lithos.2016.10.026

Image of Fig. 11
http://dx.doi.org/10.1016/j.lithos.2016.10.026


that metamorphic re-equilibration was not completely achieved. In
addition, these samples present a conspicuously fine grained nature
(including very fine Chl-Ph-Pg intergrowths) that largely prevented
the chemical measurement of pure phases, as aforesaid. As a proxy for
the estimation of the pressure undergone by rocks of the El Altar zone
duringmetamorphism, we used Si contents of phengite. The tschermak
and paragonitic substitutions are known to be strongly influenced by
intensive and extensive parameters and to display an antipathetic
behavior in muscovite solid solution (cf. Garcia-Casco et al., 1993;
Guidotti, 1984). For a given system, a consistent increase in the Si
content of phengite occurs with increasing P (and, to a lesser extent,
decreasing T). Analyzed phengites from the Maimón Formation
have relatively high Si contents, higher in the Ozama shear zone
(up to 3.54 a.pf.u) than in the El Altar zone (up to 3.36 a.p.f.u);
these values are suggestive of a cold metamorphic gradient during
metamorphic recrystallization. Assuming T in the range between 300
and 350 °C, lower than the Ozama zone, the calibrations of the phengite
geobarometer by Massonne and Szpurka (1997) and Simpson et al.
(2000) yield minimum metamorphic pressure estimates for phengites
from the El Altar zone of ~3.5 and 3 kbar, respectively (minimum P of
~6 and 5.5 kbar, respectively, for phengites of the Ozama shear zone).
It should be noted that the lack of biotite/phlogopite and K-feldspar
in the coexisting assemblages actually makes the calculated pressures
to be minimum estimates (Massonne and Schreyer, 1987). In addition,
for the El Altar samples, mixed analyses (phengite ± paragonite)
may dilute the Si concentration, which would result also in lower P
estimates.

8. Discussion

8.1. Metamorphic conditions

Rocks of the Maimón Formation record an inverted metamorphic
gradient with a sharp jump in recrystallization at the Fátima thrust
fault, which separates the lower grade footwall (i.e., El Altar zone)
from the higher grade hanging wall (i.e., Ozama shear zone), where
intense syn-metamorphic mylonitic and phyllonitic deformation
occurs. Since the early work by Bowin (1960, 1966), the metamorphic
assemblage of the Maimón Formation has been considered representa-
tive of low-P greenschist facies. This assignation has been recurrently
recalled by many authors (Draper and Gutiérrez-Alonso, 1997; Draper
and Lewis, 1991; Draper et al., 1996; Escuder-Viruete et al., 2002; Kesler

et al., 1991a; Nagle, 1974). Thus, Kesler et al. (1991a) suggested temper-
atures of about 400 °C andpressures not higher than 3 kbar. On the basis
of mineral assemblages in metabasic rocks, Escuder-Viruete et al.
(2002) distinguished two metamorphic zones: zone I in the prehnite –
pumpellyite facies, with prehnite, pumpellyite, chlorite, epidote, albite,
white mica, quartz and calcite; and zone II in the low-pressure
greenschist facies, with chlorite, actinolite, epidote, albite, white mica
and quartz (in both cases, less than 3 kbar). These authors noted that
at least part of the assemblages was pre-kinematic (i.e., pre-tectonic)
and produced by spilitization during sea-floormetamorphism. Identical
conclusions were reached by Escuder-Viruete et al. (2007b) for the
Amina Formation, widely accepted to be a separate segment of the
same magmatic and metamorphic belt (i.e., the Maimón-Amina-Tortue
Island belt; Draper and Lewis, 1991; Escuder-Viruete et al., 2007b;
Kesler et al., 1991a; Lewis and Draper, 1990). Nevertheless, systematic
and detailed analyses of minerals and quantitative determinations of
pressure and temperature of metamorphism in the Maimón Formation
had not hitherto been reported. Only a few analyses of actinolite and
albite are given by Escuder-Viruete et al. (2002) in a general study
including the Duarte and Río Verde Complexes, and of actinolite in the
Amina Formation by Escuder-Viruete et al. (2007b). Paragonite and
ferri-winchite have not been reported previously.

Our pseudosection calculations indicate that the high grade rocks of
the Ozama shear zone of the Maimón Formation reached peak temper-
ature and pressure of ~8.2 kbar; 380 °C, close to the greenschist to
blueschists facies transition (see Fig. 14). Hence, the low-P conditions
of metamorphism commonly attributed to the Maimón Formation and
the derived tectonic constraints require reconsideration.

The reason why the high metamorphic peak pressures have been
unnoticed in previous studies has most probably to do with the hydro-
thermally modified bulk-rock geochemistry before metamorphism, as
discussed above. Peak metamorphic assemblages of studied rocks do
not match the mineralogy expected for blueschists (or greenschist/
blueschist transition), but rather recall that of greenschist facies bearing
abundant epidote, feldspar and chlorite, but scarce amphibole. Only
in those few metabasites (the exception) with compositions close to
pristine basalts (Group O1), peak ferri-winchite is present (Figs. 5a–b
and 12). The rest of metabasites are enriched in Al2O3 and, in those
most pervasively altered, strongly depleted in CaO and Na2O relative
to pristine basalts; in these compositions, Ca- and Ca-Na- amphiboles
do not form (Fig. 5). Glaucophane was not detected in Maimón
metabasites in spite of intensive search. In the blueschist facies, Fe-rich

Table 5
Representative EMP analyses of plagioclase from the Ozama and El Altar zones of the Maimón Formation. Cations normalized to 8 O.

Ozama shear zone El Altar zone

Rock sample CM-2-2 CM-2-2 CM-2-2 CM-2-2 CM-2-2 CM-2-1c CM-2-1c CM-2-6 CM-2-6 CM-2-6

Analys. no. B 111 B 112 B 126 B 127 B 134 A 239 A 241 17 59 61

SiO2 67.79 67.95 69.63 69.82 69.71 67.26 67.96 68.38 68.15 68.25
Al2O3 18.45 18.38 19.20 19.21 19.31 19.87 19.19 19.46 19.45 19.32
FeO(t)a 0.16 0.07 0.16 0.08 0.11 0.04 0.11 0.04 0.06 0.03
CaO 0.09 0.09 0.02 d.l. d.l. 0.67 0.04 0.09 0.04 0.02
BaO d.l. d.l. 0.05 d.l. 0.07 – – d.l. 0.02 0.03
Na2O 11.56 11.62 11.54 12.11 11.96 11.07 11.45 11.90 11.99 11.58
K2O 0.33 0.41 0.11 0.08 0.06 0.05 0.04 0.02 d.l. 0.02
Total 98.38 98.52 100.71 101.29 101.22 98.96 98.79 99.89 99.70 99.26
Si 3.01 3.02 3.02 3.01 3.01 2.97 3.00 2.99 2.99 3.00
Al 0.97 0.96 0.98 0.98 0.98 1.03 1.00 1.00 1.01 1.00
Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ca 0.00 0.00 0.00 – – 0.03 0.00 0.00 0.00 0.00
Ba – – 0.00 – 0.00 – – 0.00 0.00 0.00
Na 1.00 1.00 0.97 1.01 1.00 0.95 0.98 1.01 1.02 0.99
K 0.02 0.02 0.01 0.00 0.00 0.00 0.00 0.00 – 0.00
Ca+Ba+Na+K 1.02 1.03 0.98 1.02 1.01 0.98 0.98 1.01 1.02 0.99
%Ab 97.75 97.31 99.30 99.59 99.65 96.48 99.55 99.47 99.77 99.77
%An 0.43 0.42 0.10 – – 3.25 0.22 0.40 0.17 0.11
%Or 1.81 2.27 0.61 0.41 0.35 0.27 0.24 0.13 0.06 0.13

a Total Fe expressed as FeO.
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glaucophane would first grow in metabasite rocks with low Mg#,
and the assemblage Gl + Chl + Ca/Na-Ca Amph would develop in
Mg#-richer compositions upon increasing temperature and pressure
(Figs. 11–34 in Spear, 1993; Fig. 5b herein). Hence, at the peak conditions
calculated for our rocks, only metabasites abnormally enriched in
FeO relative to MgO would be expected to form Fe-glaucophane. In
Group O1 metabasites, MgO is steadily enriched relative to FeO
(i.e., Mg# N 50) and in the AFMdiagram of Fig. 5b their bulk composition
plot out of the stability field of glaucophane. Accordingly, metabasites
from the Ozama shear zone are hereinafter to be considered greenschists
s.s. that underwent peak metamorphism in the limit greenschist/
blueschists facies conditions.

8.2. Tectonic interpretation

Deformation and structural relations of the Maimón and Los
Ranchos Formations were studied by Draper et al. (1996) and Draper
and Gutiérrez-Alonso (1997) who assessed a top-to-the-north thrust
sense of shear in the Ozama zone. These authors invoked the northward
obduction of the adjacent Loma Caribe peridotite during the late Albian
over the Maimón Formation and the structurally underlying Los

Ranchos Formation as the ultimate cause for the major thrust deforma-
tion event. According to these authors, obduction and related transfer of
heat from the hot peridotite slice to the underlying Ozama shear zone
caused the inverted metamorphic-deformation gradient observed
from the Ozama shear zone through the El Altar zone of the Maimón
Formation to the Los Ranchos Formation, i.e., towards the N-NNE. The
low-P (3 kbar) peak conditions and high thermal gradient (45 °C/km)
proposed by Escuder-Viruete et al. (2002); Fig. 14 herein)would appar-
ently agree with the peridotite obduction scenario. However, 3 kbar
peak pressure translates into ~9 km depth below peridotite (assuming
a mean density of 3.3 g/cm3), which largely exceeds the thickness of
the Loma Caribe peridotite tectonic slice (of barely 4 km maximum
thickness in the Bonao-Maimón area; see Fig. 2 in Escuder-Viruete
et al., 2010). Also, in the lack of a detailed thermal modeling, such
a steep geothermal gradient is considered too high for a conductive
scenario at shallow depths involving a thick volcanic-arc sequence.

With the data obtained in this study, the calculated pressure of
~8.2 kbar (i.e., 25.36 km −3.3 g/cm3-, or 28.85 km - in perhaps more
realistic scenario of 2.9 g/cm3 average density in order to account
for overriding arc crust plus mantle) at ~380 °C in Ozama shear
zone metabasites corresponds to a thermal gradients in the range of

Fig. 12. Phase relationships forGroupO1metabasites from theOzama shear zone in theAFMN (a; sample CM-2-2) andACFN (b; sample CM-2-1) “deluxe” diagrams, and for sample CM-2-
6 (Group A1-metabasite of the El Altar zone) in the ACFN (c) and AFM (d) diagrams. The minerals and bulk rock (wr) compositions are projected from the phases and exchange vectors
indicated in each diagram. Chlorite end-members chm 965 and clc 965 refer to chamosite and clinochlore with atomic abundances of Fe-Mg, Al and Si of 9, 6 and 5 (per 10 O and 8 OH),
respectively (Spear, 1993).
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15.99 °C/km (3.3 g/cm3) to 13.17 °C/km (2.9 g/cm3), in any case much
lower than inferred by Escuder-Viruete et al. (2002) (Fig. 14). According
to these data, the relative high pressures and corresponding relatively
cold thermal gradient undergone by rocks of the Maimón Formation
cannot be easily conceptualized within the framework of overthrusting
of a shallow hot peridotite slice over the volcanic-arc formation, as
proposed by Draper and Gutiérrez-Alonso (1997), Draper et al. (1996)
and Escuder-Viruete et al. (2002). The inferred depth of 25–29 km
during metamorphism cannot be accounted for by the thickness of the

Loma Caribe peridotite sheet. Instead, such thermal gradient and meta-
morphic depth is consistent with subduction of warm lithosphere
(Peacock and Wang, 1999; Fig. 14), as expected for a young oceanic
island-arc environment developed in the Early Cretaceous (c. 125–
110 Ma for the Los Ranchos Formation: Cumming and Kesler, 1987;
Cumming et al., 1982; Escuder-Viruete et al., 2006, 2007c; Kesler et al.,
1991b, 2005; Kirk et al., 2014; Nelson et al., 2015; Torró et al., accepted;
slightly older age inferred for the Maimón Formation: Horan, 1995;
Torró et al., 2016, in press). The aforementioned gradient is also consis-
tent with the conditions of other Cretaceous volcanic arc formations
subducted during the Cretaceous-Early Tertiary in the Caribbean
realm, such as the Villa del Cura complex, Venezuela (Smith et al.,
1999), the Purial complex, Cuba (Garcia-Casco et al., 2008b and refer-
ences therein), and the Blue Mountains, Jamaica (West et al., 2014 and
references therein) (Fig. 14), and with the thermal conditions during
syn-subduction exhumation of eclogite and blueschist facies rocks, as
for example those of the Northern Dominican Republic Río San Juan
complex (Escuder-Viruete and Pérez-Estaún, 2013; Escuder-Viruete
et al., 2013a, 2013b; Krebs et al., 2008, 2011) (Fig. 14). Recently,
Willner et al. (2016) have studied blueschist and greenschist rocks
from Mt. Hibernia, Jamaica, both formed in a subduction-related accre-
tionary complex. The peak conditions calculated by these authors for
the greenschists rocks are very similar to those calculated here for the
Ozama zone of the Maimón Formation (Fig. 14), further reinforcing
our interpretation of subduction-relatedmetamorphism in theMaimón
Formation.

Subduction of both active and quiescent oceanic arcs into themantle
is broadly described, for instance, in the western part of the Philippine
Sea plate, where immature small arcs smoothly subduct beneath
the Eurasian plate (Ichikawa et al., 2016, and references therein). As it
has been argumented, we discard the Ozama shear zone of theMaimón
Formation being a metamorphic sole associated with peridotite
obduction since 1) the thickness of the Ozama shear zone (~ 3.5 km)
amply exceeds the average thicknesses (b500 m) of described soles
and 2) its thermal gradient (~ 13–16 °C/km) is markedly lower than
the 26–30 °C/km that characterizes soles (e.g., Wakabayashi and Dilek,
2000).

8.3. Constraints on tectonic models

All our attempts to date the metamorphic event that affected the
Maimón rocks by using radiogenic isotopic techniques have been fu-
tile because of the very fine grained nature of metamorphic sheet sil-
icates and the extremely low K2O contents of amphibole. In order to
constrain the timing of the metamorphism and deformation, we will
follow the structural and stratigraphic framework of Draper and
Gutiérrez-Alonso (1997), Draper et al. (1996) and Lewis et al.
(2002). According to these workers, metamorphism and shear
deformation in the Maimón and, to a lesser extent, the Los Ranchos
formations developed previous to the deposition of the Albian
Hatillo limestone, which unconformably overlies the Los Ranchos
Formation and is not penetratively deformed. Invertebrate fauna at
the base of the Hatillo Formation was dated as late Lower Albian by
Myczynski and Iturralde-Vinent (2005). Hence, the Maimón
Formation subducted and exhumed previous to c. 110 Ma. An onset
of the subduction of the Proto-Caribbean at c. 135 Ma (Pindell
et al., 2012), or even c. 126 Ma for the Hispaniola arc segment
(Escuder-Viruete et al., 2014), would result in a minimum time
lapse of 10–15m.y. (e.g., from 126 to 110Ma) which satisfactorily al-
lows metamorphism in the greenschist and blueschist facies conditions
to be developed (e.g., Maresch and Gerya, 2005) and the subsequent
exhumation of the HP/LT metamorphic complexes (e.g., Baldwin et al.,
2008).

Subduction of the Maimón Formation in the Early Cretaceous is
coeval with subduction of MOR- and island arc-related units of the Río
San Juan metamorphic complex (Escuder-Viruete and Pérez-Estaún,

Fig. 13. (a) Isochemical P–T equilibrium phase diagram for sample CM-2-2 (Ozama shear
zone) calculated with Perple_X [SiO2 = 60.15, Al2O3 = 6.60, FeO = 8.05, MgO = 13.82,
CaO = 6.47, Na2O = 4.27, K2O = 0.63, O2 = 0.40 (percent molar units)]; the red line in
the upper diagram indicates the presence of sodium-calcium amphibole in the
assemblages at high pressure. Mineral abbreviations after Whitney and Evans (2010),
except for amphibole composition denoted by the Na- Ca- or Na-Ca classification. The
color code indicates thermodynamic variance from 3-variant (white) to 8-variant (dark
gray). (b) Isopleths for Si (a.p.f.u.) in phengite (blue dashed lines) and Mg# in the
chlorite (green dotted lines) are represented. In (b), the star indicates the peak
metamorphic P–T conditions, and the red arrow (path) represents a warm geothermal
gradient downdip along the top of the descending slab (see Fig. 14). (For interpretation
of the references to color in this figure legend, the reader is referred to the web version
of this article.)
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2013; Escuder-Viruete and Castillo-Carrión, 2016; Escuder-Viruete
et al., 2013a, 2013b; Krebs et al., 2008, 2011). In this complex, arc-
related units with coherent internal structure and high-pressure
metamorphism include El Guineal (metarhyolite) and Puerca Gorda
(metabasite) schists of the Morrito nappe and the Guaconejo subunit
of the Cuaba unit; mega-blocks of metamorphosed rocks of basaltic
protolith with arc-related signatures embedded in mélanges includes
the Hicotea schists (see Table 1 in Escuder-Viruete et al., 2013a for the
precise references on each unit). Rocks of the Morrito nappe reached
blueschist and upper greenschist facies, similar to the studied rocks
from the Ozama shear zone, while Guaconejo subunit rocks reached
high-P garnet epidote amphibolite to eclogite facies. Geochemically,
the protoliths of these units are classified as boninites, low-Ti IAT
(variably depleted in LREE) and IAT, and hence they are broadly
comparable to the geochemical affinities of the Maimón mafic volcanic
rocks (Torró et al., 2016, in press). Escuder-Viruete et al. (2013a,
2013b) pointed out the manifest similarity of the mafic protoliths of
theMorrito nappe and the Hicotea schists with the Early Cretaceous Ca-
ribbean volcanic rocks. Escuder-Viruete et al. (2013b) proposed that the
arc protoliths of the la Cuaba unit began to subduct at c. 120–115 Ma,
underwent prograde metamorphism at c. 110–95 Ma, reached peak
conditions at 90–89Ma and exhumed between 89 and 83Ma following
a clockwise P–T path (Fig. 14). Therefore, although arc-like rocks in the
Río San Juan complex would have begun to subduct coeval to the
Maimón Formation, their exhumation postdated that of the Maimón
Formation. In Albian time (110–100 Ma), the rocks of the Río Verde
complex in Cordillera Central of the Dominican Republic underwent
metamorphism to the amphibolite facies shortly after formation in an
Aptian-Albian rifted arc or back-arc basin setting (Escuder-Viruete
et al., 2010) coeval with the Los Ranchos Formation magmatic front

(Escuder-Viruete et al., 2006). Accordingly, Early Cretaceous metamor-
phism of arc-related volcanic units in the Hispaniola segment of the Ca-
ribbean island arc was not restricted to the Maimón Formation but
represented a large-scale, regional event that affected the whole island
arc section.

Upon these three following premises: 1) generation of the Maimón
Formation in a forearc setting at c. 126 Ma (Lewis et al., 2000, 2002;
Torró et al., 2016, in press); 2) metamorphism and deformation at
120–110 Ma linked to a subduction scenario (this work) and subse-
quent exhumation in the Early Cretaceous, shortly before c. 110 Ma
(Draper and Gutiérrez-Alonso, 1997; Draper et al., 1996; Lewis et al.,
2002); and 3) a regional-scale metamorphic event operating in the
Hispaniola segment of the Caribbean arc, we envisage three possible
scenarios. These scenarios correspond to tectonic models widely found
in the literature for the subduction geometry of the western Proto-
Caribbean margin during the Early Cretaceous: 1) subduction polarity
reversal from E-dipping subduction of Farallon to W-dipping sub-
duction of the Proto-Caribbean as a result of the collision of the
Caribbean-Colombian Oceanic Plateau (CCOP) with the Greater Antilles
arc (Kerr et al., 1999, 2003; Lidiak and Anderson, 2015), 2) initial
(c. 135 Ma) W-dipping subduction of the Proto-Caribbean after the
inception of a sinistral ‘inter-American transform’ that would have con-
nected the E-dipping subduction zones fringing the western margins of
North and South America (cf. Pindell et al., 2012) and 3) total consump-
tion of the oceanic Mezcalera plate with two opposite dipping subduc-
tion zones below the Pacific Farallon plate and the Proto-Caribbean
realm (Dickinson and Lawton, 2001; Escuder-Viruete et al., 2013a;
Mann, 2007; Mann et al., 2007).

The polarity reversal hypothesis was embraced by Draper and
Gutiérrez-Alonso (1997), Draper et al. (1996) and Lewis et al. (2002)

Fig. 14. Composite P–T diagram showing the calculated conditions of the Ozama shear zone of theMaimón Formation and other rock bodies in the region. Themetamorphic conditions for
the Ozama zone (star) locate in the greenschist to blueschist facies transition. Arrows represent themetamorphic P–T paths from high-pressuremetamorphic complexes fromHispaniola
(Maimón Formation after Escuder-Viruete et al., 2002; Río San Juanmélange after Krebs et al., 2008; Morrito unit, Jagua Clara serpentinite-matrix mélange, and Guaconejo subunit, after
Escuder-Viruete and Pérez-Estaún, 2013a) and of subductedmetamorphic volcanic arc sequences of the Caribbean (BlueMountains afterWest et al., 2014;Mt. Hibernia afterWillner et al.,
2016; Villa del Cura after Smith et al., 1999). Slab-mantle interface geotherms (top and bottom of subducted oceanic crust) for cold and warm subduction are after Peacock and Wang
(1999). The facies scheme is after Liou et al. (2004).
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to explain the tectonic event causing the obduction of the Loma Caribe
peridotite over the volcanic arc units (i.e., Maimón and Los Ranchos
formations). In this framework, a coherent slice of the Early Cretaceous
forearc could be dragged down in a new subduction zone developed
after the collision of a Pacific plateau (Duarte Formation?) with the
Pacific trench of the early Caribbean arc. Trench-plateau collision, and
the ensuing break-off of the Pacific slab, would have allowed the flip
of subduction, whose inception took place in the convergence front.
Subduction of the new forearc at this early stage would have formed
the Ozama zone of the Maimón Formation in the high-pressure
greenschist/blueschist facies at shallow mantle depths, while only
very shallow subduction, or crustal imbrications, affected the lower-
grade and less intensely deformed the El Altar zone. The coeval arc-
proximal Los Ranchos Formation did not subduct, but was affected by
the associated tectonic event causing shallow, mostly brittle deforma-
tion. In this model, heating from an emplacing peridotite sheet is not
needed. However, the model basically conforms to and re-interprets
the structural relations described by Draper et al. (1996) and Draper
and Gutiérrez-Alonso (1997) in the light of the new metamorphic
data. According to these authors, once the west directed subduction/
plateau collision took place, convergence between the Pacific and
Proto-Caribbean lithospheres shifted towards the E-NE, i.e., towards
the former back-arc, causing a subduction polarity reversal where a
new more stable east directed subduction zone was established and
steadily consumed Proto-Caribbean (i.e., Atlantic) lithosphere during
the Late Cretaceous.

A major weakness against this scenario is indeed the timing of
the polarity reversal. The polarity reversal event postulated by some
authors to occur below the Greater Antilles island arc is placed in the
Late Cretaceous (Lidiak and Anderson, 2015, and references therein);
to fulfill the premises above described (and assumed by Draper et al.,
1996), an unlikely different, c. 40 m.y. older reversal event should be
invoked. The Duarte complex in Cordillera Central hosts the oldest

CCOP rocks dated in the Greater Antilles (Lidiak and Anderson, 2015);
Escuder-Viruete et al. (2007d) determined that the protoliths of the
Duarte complex are most probably Albian (N96 Ma), i.e., they might
have extruded at the time here bracketed for metamorphism of the
Maimón Formation. It is hence suspect dating trench-Duarte complex
collision and ensuing flip of subduction at ca. 120–110 Ma. Indeed,
most recent kinematic reconstructions coincide to place the Early
Cretaceous oceanic plateau in the eastern Pacific, southwestward
away from the subduction zone during the Early and most of the Late
Cretaceous (e.g., Kerr et al., 1999; Pindell et al., 2012; Fig. 40 in Lidiak
and Anderson, 2015). Accordingly, a collision event including the
choking of a buoyant oceanic plateau and ensuingflipping of subduction
in the Early Cretaceous is difficult to conceive.

In the second scenario, adapted from the model of Pindell et al.
(2012), Early Cretaceous (c. 135 Ma) onset of WSW-directed subduc-
tion of the Proto-Caribbean lithosphere occurred in the context of a
trench-to-trench transform fault connecting the W-facing subduction
zones in the western flank of the Americas (Fig. 15a). Relative motion
along the trench-trench transform zone was mainly transpressive and
the strong sinistral shear component was accommodated by a series
of duplex bounded by anticlockwise transform faults that segmented
both the pre 135 Ma volcanic arc and the newly born (i.e., post
135 Ma) Caribbean arc crust. Convergence and subduction of the
Proto-Caribbean at an oblique angle to the trench, likely aided by the
interaction with buoyant features such as the Proto-Caribbean ridge,
could have forced part of the Caribbean arc crust to subduct along one
of these intra-arc faults. This setting for an intra-Caribbean arc trench
(Fig. 15b–c) would favor subduction of a forearc portion (i.e., the
Maimón Formation), while other volcanic arc domains (i.e., the arc
axis, represented by the Los Ranchos Formation: Escuder-Viruete
et al., 2006; Torró et al., accepted) would have escaped subduction.
Our model can be envisaged as a sort of subduction erosion setting,
allowing other elements of the upper plate, such as those present in

Fig. 15. Possible tectonic scenario for the development of high-pressure in the Maimón Formation, following Pindell and Kennan (2009) and Pindell et al. (2012). See text for details.
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the Río San Juan complex, to be incorporated into subduction (Fig. 15). It
hence adequately explains a regional-scale, major tectonic event
resulting in deformation and metamorphism operating synchronously
along major portions of the Hispaniola island arc segment and accounts
for an intense decrease in arc magmatism and the deposition of the
thick reefal carbonate sequence of the Hatillo Formation (cf. Bowin,
1966; Escuder-Viruete et al., 2006; Kesler et al., 2005).

Finally, the arc–arc collision model proposed by Escuder-Viruete
et al. (2013a); Fig. 12 therein), inwhich two converging arcs with oppo-
site dipping subduction zones collided at c. 120Ma after consumption of
the intervening oceanic Mezcalera plate (Dickinson and Lawton, 2001;
Mann, 2007), would also account for the regional scale subduction-
collision metamorphic event registered in Early Cretaceous arc-related
units of Hispaniola. This model, however, predicts volcanic arc develop-
ment as old as Jurassic and generalized arc–arc collision in the Caribbean
realm with progressive shift of the collision zone from N to S (Early
Cretaceous coordinates). The lack of Jurassic volcanic arc sections in
Cuba, Hispaniola and Puerto Rico and of Early Cretaceous subduction/
collision-relatedmetamorphic complexes involving volcanic arc sections
in Cuba and Puerto Rico (to the North and South of Hispaniola, respec-
tively) (Lidiak and Anderson, 2015) make this model weak. To be
noted is that the volcanic-arc related El Purial (eastern Cuba) and
Mabujina (central Cuba) complexes, that subducted/collided at 75–
70 Ma (Garcia-Casco et al., 2008a and references therein) and c. 90 Ma
(Rojas-Agramonte et al., 2011), respectively, cannot be related to the
Early Cretaceous event discussed here. We hence prefer a more local
model such as the one presented in Fig. 15.

9. Conclusions

P–T calculations based on detailed examination of mineral assem-
blages and mineral chemistry of selected metabasites from the Ozama
shear zone of the Maimón Formation whose protoliths are only weakly
altered and approximate the composition of pristine arc basalts have
allowed the determination of higher peak pressure conditions than pre-
viously estimated. Our estimate of ~8.2 kbar at 380 °C is consistent with
metamorphism in the greenschist-blueschist facies transition, burial
depths of 25–29 km and thermal gradient in the range 13–16 °C/km.
We suggest thatmetamorphismwas triggered by subduction of a forearc
segment (i.e., the Maimón Formation) in the late Early Cretaceous times
in the framework of a major tectonic event that affected the Hispaniola
island arc segment.
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The volcanic-arc Lower CretaceousMaimón (Dominican Republic) and Los Pasos (Cuba) Formations, representa-
tive of the oldestmagmatism recorded in the Caribbean island arc, hostmost of the known volcanogenicmassive
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 presentmantle-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 re-
gimes 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 de-
formation 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, alongwith overgrowths of pyrite are interpreted as representative of syn-depositional hydrother-
mal replacement. Annealing texture among pyrite grains and rotated pyrite porphyroclasts with adjacent asym-
metric 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 en-
vironment. 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 °C. 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 towards Sb enrichment in stratiform ores in the San Fernando and Antonio de-
posits 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
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slightlymore primitive setting of formation of VMSmineralization hosted in theMaimón Formation, as indicated
by the lithogeochemistry of the volcanic host rocks.
The sulfides from Cerro deMaimón display δ34S 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 nar-
row scatter of δ34S suggests homogeneous fluid sulfur composition and similar physico-chemical conditions dur-
ing 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 exhalativemineralization, shows evidence
for later metamorphism- and deformation-triggered remobilization and re-precipitation as subordinate elec-
trum. 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.

© 2015 Elsevier B.V. All rights reserved.

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 petro-
chemical 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 vari-
ety 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 character-
ized by subduction-related (arc and associated back arc basins) envi-
ronments along oceanic and continental plate boundaries.

Although a few Greater Antilles VMS deposits have been exploited
on a small scale since at least the 16th century, it was from the mid-
1970's that sustained exploration for basemetals resulted in the discov-
ery of a number of Cu and Cu–Zn rich VMS deposits (Childe, 2000).
Volcanogenic massive sulfide deposits in the Greater Antilles are de-
scribed 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 ma-
ture back-arc basins (Kesler et al., 1990; Proenza and Melgarejo, 1998;
Russell et al., 2002; Nelson et al., 2011). The bimodal-mafic VMS de-
posits 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 de-
scription 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 pro-
duction 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 produc-
tion 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 re-
sources as of December 31st 2013 total 10,642,000 t of sulfide ore aver-
aging 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 1300 tpd sulfide ore
and 700 tpd oxide ore for a yearly production of approximately
12,000 t of copper concentrate, 12,000 oz of gold and 325,000 oz of sil-
ver. The first studies of the deposit and the sulfide mineralization car-
ried out by Watkins (1990) and Astacio et al. (2000) were followed by
a summary of the structure, petrography, whole rock and oxygen iso-
tope geochemistry by Lewis et al. (2000). Andreu et al. (2015) published
an extensive study on its weathering profile.

Volcanogenicmassive sulfidemineralization in the Los Pasos Forma-
tion includes the San Fernando, Antonio and Los Cerros deposits and the
Los Mangos, Independencia, La Ceiba and 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 locat-
ed in the Villa Clara province, about 20 km south of Santa Clara and
290 km east of Havana. The San Fernando deposit, located 13 kmnorth-
east of Manicaragua town, was mined intermittently from its discovery
in 1827 to its closure in 1961,with an estimated production of 38,580 oz
Au, 2636.444 oz Ag, 11,000 t Cu and 28,000 t Zn; estimated current re-
sources 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 openpit and small adits. The past production of theAntonio de-
posit is estimated at 50,000 t at 2.5% Cu in the period 1956–1957; cur-
rent 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 de-
posits 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 volca-
nism. This article presents detailedmineralogy, oremineral geochemis-
try 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 meta-
morphic recrystallization/recovery and upgrading mechanisms are
contrasted and discussed. Furthermore, the tectonic environment in
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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 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:
TheWater 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).

Fig. 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 mapmodified from Gallardo-Eupierre (2001). (For interpretation of the references to color in this figure legend, the reader is referred to the web version
of this article.)
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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 con-
tents 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 north-
ern Dominican Republic, Escuder-Viruete et al. (2014) suggested the
following steps during the birth of the Caribbean island-arc: 1) an ex-
tremely fast W/SW dipping roll-back of the Proto-Caribbean plate,
with formation of boninitic magmas and associated LREE-depleted
low-Ti IAT (N126 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 volca-
nism (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 prim-
itive island-arc volcanism in the Caribbean region (Lewis 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 igne-
ous textures, and (ii) the much less deformed Altar Zone to the NE
(Draper et al., 1996; Lewis et al., 2000). Both zones have beenmetamor-
phosed 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 andmetamorphism of theMaimón 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 volcano sed-
imentary 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 Forma-
tions 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, theMaimón 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 con-
taining 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 se-
quence (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, sug-
gesting commonmagma sources and petrogenetic processes; however,
the origin and relative position of these units within the primitive
island-arc is still a matter of debate (Torró et al., in press-b). Horan
(1995) concluded that the Maimón Formation formed in a back-arc
basin. In contrast, Lewis et al. (2000) distinguished a fore-arc setting or-
igin for the Maimón and Amina Formations and an axial island-arc con-
text 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 (206Pb/204Pb, 207Pb/204Pb and 208Pb/204Pb)
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., in press-a).

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 Great-
er 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 metamor-
phosed (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 kmwide
and 40 km long E–W trending arcuate belt (Fig. 1C). The Los Pasos For-
mation 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 theMabujina
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 ter-
rane not related to the Greater Antilles arc (Blein et al., 2002;
Rojas-Agramonte et al., 2011). TheManicaragua Batholith granitoids in-
truded the Porvenir Formation, theMabujina Amphibolite Complex and
the Cretaceous volcano-sedimentary arc at 81–89 Ma (Rojas-
Agramonte et al., 2011).

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 pyroclas-
tic, 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
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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 theMaimón Formation, very close to the thrust-
faulted contactwith the Peralvillo Formation (Fig. 1B). Intense deforma-
tion, metamorphism and pervasive hydrothermal alteration (especially
in the footwall rocks) have largely destroyed original features of the ig-
neous 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 thewestern footwall zone could cor-
respond 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 north-
west, and it flattens to 20° down plunge (Watkins, 1990) (Fig. 2A).

Fig. 2. Detailed cross sections of (A) the Cerro de Maimón, (B) San Fernando and (C) Antonio ore bodies and their host formations.
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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 overly-
ing basaltic flowwith a strike of approximately 110° and northerly dips
of 45° to 75°. Semi-porphyritic rhyodacite dominant flows cover these
basalts and laterally andupwardly grade to rhyodacite tuffs and breccias
(Gallardo-Eupierre, 2001). There are extensive zones of wall rock alter-
ation, including proximal facies of chlorite + pyrite around stringer
mineralization zones, and local sericite–quartz + pyrite zones
enveloped by more widespread sericite ± pyrite zones. Bedded bar-
ite–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 con-
tacts 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 120° 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 30 m 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 brec-
cias (Gallardo-Eupierre, 2001). The presence of pyritic siliceous exhalite
horizons closely related to the sulfide body is remarkable. The orienta-
tion of conformable contacts between volcanic units and sulfide lenses
is 130° with dips of 10° to 45° 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 11m in thickness. Close to the surface, the min-
eralization 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 collect-
ed from the Cerro de Maimón, San Fernando and Antonio deposits and
their hosting volcanic series over the past 20 years.

Whole rock geochemistry was determined for a total of 41 samples
of volcanic rocks from theMaimón and Los Pasos Formations. Powdered
samples were carefully prepared by removing secondary veins and
weathering products before crushing and powdering in a tungsten car-
bide 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, bymeans 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 deter-
mined 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. Pro-
cedural 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 concen-
trations of 50 and 5 ppm, respectively.

Ore mineralogy and petrology were studied on 123 polished sec-
tions (73 from Cerro de Maimón and 50 from San Fernando and
Antonio) bymeans of reflected lightmicroscopy.Morphological, textur-
al and preliminary compositional features of selected samples were ex-
amined by SEM–EDS using an Environmental SEM Quanta 200 FEI, XTE
325/D8395 equipped with an INCA Energy 250 EDS microanalysis sys-
tem. 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 diame-
ter. 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 examina-
tion with a binocular microscope. Isotopic ratios were obtained using a
Delta C FinniganMAT Delta-S mass spectrometer with an elemental an-
alyzer 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 permil (‰) values relative
to the Canyon Diablo Troilite (CDT) standard.

5. Geochemistry of volcanic rocks

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 et al., 2003; Torró et al., in press-b). 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 rhyo-
lites, 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 Forma-
tion for lithogeochemistry were sampled far from the mineralized cen-
ters; 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 pro-
cesses. Due to the likely mobility of major elements, those considered
immobile in such post-magmatic conditions (HFSE, REE, transition ele-
ments and Th; Pearce, 2014) will be used here for igneous rock classifi-
cation 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 an-
desites 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).
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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 (b2 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 discrimi-
nation diagram of Meschede (1986) as well, with thewhole of the anal-
yses plotting in the volcanic-arc andNMORbasalt field (Fig. 4A). High V/
Ti ratios of studied basalts are indicative of formation in island-arc set-
tings in opposition to low ratios that characterize those basalts formed
in MOR or mature back-arcs according to the tectonic classification dia-
gram of Shervais (1982); Fig. 4B). The bulk of the analyzed basalts have
Ti/V ratios in the range of 10 to 20, 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 af-
finities. According to Finlow-Bates and Stumpfl (1981), V can be mobi-
lized 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 b 0.5 wt.% and Cr N 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 con-
tents are either enriched or depleted relative to NMORB. Studied
boninites from the Maimón Formation show similar normalized pat-
terns to those described by Escuder-Viruete et al. (2006) in the Los
Ranchos Formation, although LREE values are occasionally higher, sim-
ilar to boninites from the Izu–Bonin–Mariana (IBM) fore-arc (Pearce
et al., 1992; Reagan et al., 2010). However, chondrite-normalized pat-
terns 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 b TiO2 b 0.8 wt.% and Cr b 275 ppm) show
conspicuous depletion in REE compared toNMORB (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 themajority among the
studied basalts from the Maimón Formation, whereas they are not

detected among the analyzed basalts nor described in published geo-
chemical data (e.g. Díaz deVillalvilla et al., 2003) from the Los Pasos For-
mation. 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 sys-
tematically lower and higher, respectively, than NMORB. Chondrite-
normalized values of type-II basalts from the Maimón Formation de-
scribe 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 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 per-
mit 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 theMaimón and
Los Pasos Formations. They show flat chondrite-normalized REE pat-
terns, 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 N 0.8 wt.%) are exiguous among
the studied basalts from theMaimón 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 ba-
salts from the Los Pasos Formation show contrasting faint negative
slopes (LREE/HREE N 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

Fig. 3. (A)Alteration (major-elementmobility) box plot (Large et al., 2001) for analyzed volcanic rocks from theMaimónand Los Pasos Formations. Least altered box: BA, basaltic andesite;
BAS, basalt; DAC, dacite; RHY, rhyolite. Arrows show six common trends during hydrothermal alteration. Alterationmineralogy: 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.
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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.

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 theMaimón and Los Pasos Formations plot in the vol-
canic arc granite field, with typical compositions of VMS bearing rhyo-
lites formed in primitive (juvenile) arc settings of the M (i.e. mantle

derived)-type (Fig. 5B). In addition, analyzed felsic volcanics, with ex-
tremely 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 theMaimón 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 deMaimón deposit is
relatively simple. Textures are principally controlled by the degree of

Fig. 4.Geochemical diagrams for basaltic rocks from theMaimón 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 di-
agrams for the different basalt types described in themain text; normalization values are afterMcDonough and Sun (1995); NMORB values are from Sun andMcDonough (1989)with the
exception of V (average value ofMORB from the FAMOUSarea, Langmuir et al., 1977). Geochemical data of samples from the Los Pasos Formation include analyses of Díaz deVillalvilla et al.
(2003). IBM: Izu-Bonin-Marianas.
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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 se-
quence has been deduced (Fig. 6A).

Within themassive sulfide lens, gangueminerals are basically quartz
and white mica (including both sericite and well developedmuscovite)
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 inter-
spersed with quartz-rich levels. Schistosity is defined by bundles of tab-
ular 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 sul-
fides 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 individual
rock samples, typically ranging from 250 μm to 1.5 mm, although sizes
up to 4.5mmare present. Duringdeformation, stage II pyrite underwent
breaking (grain size reduction) andwelding of individual crystals; as re-
sult 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 fre-
quent foam or annealing textures among fine to medium sized
metacrystals with triple junctions at 120° (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 gale-
na 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. Sphaler-
ite only presents local subtle chalcopyrite disease (blebs of chalcopyrite
in sphalerite). Variable proportions of these sulfides appear along with
gangueminerals between pyrite grains (Fig. 6C–D)with a variety of tex-
tures 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 onemin-
eral) and composite (Fig. 6E) inclusions within pyrite. Annealing tex-
tures 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 duringmetamorphism; bornite
is well documented in a wealth of modern and ancient VMS hydrother-
mal systems (e.g. Hannington et al., 1999a; de Ronde et al., 2011;
Berkenbosch et al., 2012) and inmetamorphic sequences andmetamor-
phosed 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.

Discreteminute (~15 μm)electrumgrains crystallized in voidswith-
in pyrite or in the contacts between pyrite and the other sulfides. Elec-
trum 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 andminor djurleite (Cu31S16), digenite (Cu9S5) and yarrowite

Fig. 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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(Cu9S8). Assemblages of covellite-chalcocite formingflame-like textures
systematically replace bornite (Fig. 6K) in those samples in which su-
pergene 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 mineraliza-
tion 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 chalcopy-
rite 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.

Stratabound
Prior to sulfide mineralization, a first stage of hydrothermal alter-

ation resulted in sericitization and chloritization of the host rocks.
Euhedral tabular barian-muscovite andMn-rich chlorite are surrounded

Fig. 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, sphal-
erite 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 chal-
copyrite 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 bymuscovite; polarized reflected light image [CM-299–318.30]. (H)Welded pyrite crystal aggregateswith 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; po-
larized 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: covel-
lite; cc: chalcocite.
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and partially replaced by sulfides (mainly poikiloblastic pyrite). Enrich-
ment 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 is typi-
cal in footwall pipes close to the VMS mineralization (e.g. Lydon, 1988;
Large et al., 2001). Local biotite intergrown with muscovite may repre-
sent remnants of rhyodacite rocks. The second stage corresponds to sul-
fidemineralization from variable replacement of original and alteration

silicates. Although sphalerite, chalcopyrite, pyrite and tennantite gener-
ally 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 de-
fines the third stage. Hessite and electrum grains have sizes of a fewmi-
crons to some tens of microns. Tennantite, hessite and electrum display
polymineralic foam or annealing textures (Fig. 7E) that include the

Fig. 7.Mineralogy of the San Fernando sulfide deposits. (A) Paragenetic sequence in the stockwork, stratabound and stratiformmineralization types;width of bars approximates the abun-
dance 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 crystalswith zoned overgrowth [SF97-25–107]. (C) Pyrite andminor sphalerite vein cuts amassivemineralization of pyrite [SF97-22–134]. (D) Grain boundaries
at 120° 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 inclusionwithin sphalerite [SF97-127–10]. (F) Symplectic replacement of tennantite; note the triple junctions at 120° 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]. (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.
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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).

The fifth stage is characterized by late replacement pro-
cesses of zinalsite ((Zn,Al)3((Si,Al)2O5)(OH)4)) + armenite
(BaCa2Al6Si9O30·2H2O) (Fig. 7K). Far fromdepicting annealing textures,
these minerals corrode sulfur grain boundaries.

6.2.2. Stratiform
The stratiform massive sulfide lens can be roughly divided into a

lower pyrite-dominated unit with subordinate chalcopyrite and sphal-
erite, an intermediate gold- and silver-enriched unit composed of
pyrite + chalcopyrite + tennantite and an upper unit composed of
sphalerite alongwithminor 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 alter-
ation 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 recrystal-
lization 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).

Finally, stage V is represented by minor remobilization in narrow
veins where silver (and Ag–Hg amalgams) occur as replacements of
acanthite (Fig. 7J).

6.2.3. Antonio
Metamorphic recrystallization of ores in the Antonio deposit is less

intense than that recorded at San Fernando on account of its greater dis-
tance from theManicaragua batholith. Petrographically, this is illustrat-
ed 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.

6.2.4. Stockwork
Stockmineralization is composed of quartz+ sulfide veins that cut a

pervasively altered rhyodacite host-rock inwhich local plagioclase rem-
nants 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 de-
fined by the predominance of fine-grained pyrite and minor sphalerite
and chalcopyrite. Sphalerite, commonly presenting chalcopyrite dis-
ease, cuts pyritewhereas chalcopyrite forms veins crosscutting both py-
rite and sphalerite. Stage III is represented by barite ± chalcopyrite
and quartz veins. Radial aggregates of prehnite are interpreted to be
metamorphic.

6.2.5. Stratiform
Whereas the upper stratiformmassive 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 tomedium (less than 300 μm) pyrite grains
with a wide spectrum of textures descriptive of sedimentary-
diagenetic-, hydrothermal- and later metamorphic-driven processes.
Framboidal–spheroidal andmicrocrystallite textures (Fig. 8B) are repre-
sentative of the diagenetic–sedimentary processes. Hydrothermal re-
placement textures are dominant in the studied ores, with extensive
spongy texture (Fig. 8C,E) and common zoned 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. Inclusionswithin pyrite grains are of chalcopy-
rite, sphalerite and subordinate tennantite (Fig. 8D). Chalcopyrite dis-
ease in sphalerite is common. Chalcopyrite, sphalerite and minor
tennantite occur between and as infilling of fractures in pyrite grains, al-
ways displaying evidence for textural re-equilibration (Fig. 8E).

Faint annealing affectedminerals defining stage III in veinswith var-
iable proportions of quartz, tetrahedrite, barite (Fig. 8F) and galena that
cut previous assemblages. Finally, the fourth stage led to late precipita-
tion 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 mineral-
ization 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 (b0.12) 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 in-
dicative 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 condi-
tions from sphalerite compositions (see Discussion).

Tetrahedrite groupminerals (fahlores) from the three deposits were
found to be largely tennantite (Fig. 9 D) with the exception of late
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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 pop-
ulations of tennantite shown in Fig. 9D correspond to the two stratiform
units of this deposit. Thus, tennantite from the upper stratiform miner-
alization has lower Ag and Fe contents and higher Cu and Zn contents
than in the intermediate stratiform unit. Tennantite from the massive
stratiform mineralizations in Antonio returned homogeneously low Ag
contents whereas Sb contents are 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 remark-
able dispersion in its content in S, As, Sb, Ag, Fe, Cu and Zn contents. Sil-
ver 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 deMaimón has Zn and Pb concentrations ranging
fromvalues under their detection limits up to 1.18 and 0.22wt.% respec-
tively. Gold concentrations are very lowwith only sparse values of up to
0.27wt.%. Arsenopyrite from the intermediate stratiformmineralization
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 δ34S values of the analyzed sul-
fides tightly span from−1.3‰ to+3.0‰ (Fig. 10; Table 3), with amode
value of 0.0‰ and an average of+0.4‰ (n=28). The δ34S values range

Fig. 8.Mineralogy of the Antonio sulfide deposit. (A) Paragenetic sequence in the stockwork, stratabound and stratiformmineralization 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 largelywith 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.
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from−1.3‰ to +3.0‰ on pyrite, from−0.7‰ to−1.5‰ on chalcopy-
rite and is of +1.5‰ on the sphalerite analyzed sample.

δ34S 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). δ34S values of pyrite cover the entire
range, whereas δ34S 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 δ34S values reduces to −0.5 to
+3.7‰ for sulfides from the upper and intermediate stratiform
mineralization.

Sulfide minerals from the Antonio deposit have δ34S values rang-
ing 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 theMaimón 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) to-
wards higher Th/Yb ratios and plotwithin 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.

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 0.05 0.02 0.08 0.05 0.06 0.06 0.15 0.07 0.11

Sph CM Str. 34.27 6.02 0.15 60.22 d.l. n.a. n.a. 0.35 n.a. n.a. d.l. n.a. 0.21 n.a. 101.22
Sph CM Str. 32.35 1.54 1.16 64.21 d.l. d.l. d.l. 0.49 0.14 d.l. d.l. n.a. 0.10 d.l. 100.09
Sph CM Str. 31.39 0.05 0.03 66.26 n.a. n.a. n.a. 0.49 n.a. n.a. n.a. n.a. 0.24 n.a. 98.48
Sph SF Sbd. 32.14 1.38 d.l. 65.27 d.l. d.l. d.l. 0.32 d.l. d.l. d.l. 0.38 d.l. d.l. 99.53
Sph SF L. Str. 32.80 2.44 d.l. 63.84 d.l. d.l. d.l. 0.46 d.l. 0.08 d.l. 0.44 d.l. d.l. 100.17
Sph SF I. Str. 33.19 3.89 n.a. 62.31 d.l. n.a. 0.04 0.49 n.a. n.a. n.a. d.l. n.a. n.a. 99.92
Sph SF U. Str. 32.42 4.10 d.l. 61.82 d.l. 0.08 d.l. 0.44 d.l. d.l. d.l. 0.35 d.l. d.l. 99.25
Sph A Stck. 32.83 1.23 0.38 64.37 d.l. d.l. d.l. 0.11 0.07 d.l. d.l. 0.37 0.07 d.l. 99.47
Sph A L. Str. 32.36 1.65 0.08 64.01 d.l. d.l. 0.02 d.l. d.l. d.l. d.l. 0.42 d.l. d.l. 98.64
Sph A U. Str. 32.06 0.66 d.l. 66.16 d.l. d.l. 0.02 0.12 d.l. d.l. d.l. 0.48 d.l. d.l. 99.64
Tn CM Str. 27.19 0.19 44.28 7.97 16.09 d.l. 0.08 0.19 d.l. 3.85 d.l. n.a. 0.20 d.l. 100.04
Tn CM Str. 27.56 0.34 43.26 8.07 17.76 d.l. 0.12 0.23 d.l. 1.48 0.29 n.a. d.l. d.l. 99.17
Tn SF Sbd. 27.28 3.39 41.51 4.34 16.34 n.a. 0.60 n.a. 5.94 n.a. n.a. 0.19 0.08 0.11 99.78
Tn SF I. Str. 26.92 6.60 36.90 1.52 18.90 n.a. 8.22 n.a. 1.96 n.a. n.a. 0.17 d.l. 0.44 101.63
Tn SF U. Str. 27.28 5.37 42.05 2.49 17.97 n.a. 0.86 n.a. 3.83 n.a. n.a. d.l. 0.10 0.57 100.58
Tn A Stck. 25.96 3.33 37.33 4.97 10.78 0.14 4.37 d.l. 11.88 d.l. d.l. 0.47 d.l. d.l. 99.38
Tn A L. Str. 27.12 3.52 40.80 6.66 19.13 0.15 d.l. d.l. 0.36 d.l. d.l. 0.28 0.07 d.l. 98.11
Tn A U. Str. 27.78 4.77 41.06 5.45 19.76 n.a. d.l. n.a. 1.03 n.a. n.a. d.l. d.l. 0.39 100.26
Td SF I. Str. 22.83 4.83 24.99 2.05 2.87 n.a. 19.55 n.a. 22.79 n.a. n.a. d.l. d.l. 1.42 101.34
Td SF U. Str. 25.17 4.06 37.08 4.30 4.42 n.a. 4.34 n.a. 20.40 n.a. n.a. d.l. d.l. 0.51 100.28
Gn CM Str. 13.08 d.l. 0.09 0.11 d.l. 0.64 0.16 0.23 d.l. 0.09 0.22 n.a. 85.29 d.l. 100.04
Gn SF U. Str. 10.78 0.03 0.05 d.l. d.l. 0.22 0.43 d.l. 0.11 0.43 d.l. d.l. 84.57 0.71 97.35
Aspy SF I. Str. 14.02 31.42 n.a. n.a. 54.32 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. 43.30 n.a. n.a. n.a. 56.40 0.57 n.a. n.a. 102.00

at.% S Fe Cu Zn As Se Ag Cd Sb Te Au Hg Pb Bi

Sph CM Str. 50.80 5.12 0.11 43.77 – – – 0.15 – – – – 0.05 –
Sph CM Str. 49.36 1.35 0.89 48.04 – – – 0.21 0.06 – – – 0.02 –
Sph CM Str. 48.96 0.04 0.02 50.68 – – – 0.22 – – – – 0.06 –
Sph SF Sbd. 49.37 1.22 – 49.16 – – – 0.14 – – – 0.09 – –
Sph SF L. Str. 49.89 2.13 – 47.62 – – – 0.20 – 0.03 – 0.11 – –
Sph SF I. Str. 50.19 3.38 – 46.20 – – 0.02 0.21 – – – – – –
Sph SF U. Str. 49.64 3.60 – 46.42 – 0.05 – 0.19 – – – 0.09 – –
Sph A Stck. 50.18 1.08 0.30 48.24 – – – 0.05 0.03 – – 0.09 0.02 –
Sph A L. Str. 49.91 1.46 0.07 48.41 – – 0.01 – – – – 0.10 – –
Sph A U. Str. 49.30 0.58 – 49.89 – – 0.01 0.05 – – – 0.12 – –
Tn CM Str. 44.20 0.18 36.32 6.35 11.19 – 0.04 0.09 – 1.57 – – 0.05 –
Tn CM Str. 44.67 0.32 35.38 6.41 12.32 – 0.06 0.11 – 0.60 0.08 – – –
Tn SF Sbd. 44.65 3.19 34.28 3.48 11.45 – 0.29 – 2.56 – – 0.05 0.02 0.03
Tn SF I. Str. 43.97 6.19 30.42 1.22 13.21 – 3.99 – 0.84 – – 0.04 – 0.11
Tn SF U. Str. 44.09 4.98 34.29 1.97 12.43 – 0.41 – 1.63 – – – 0.03 0.14
Tn A Stck. 44.50 3.28 32.29 4.18 7.91 0.10 2.23 – 5.36 – – 0.13 – –
Tn A L. Str. 44.17 3.29 33.53 5.32 13.33 0.10 – – 0.16 – – 0.07 0.02 –
Tn A U. Str. 44.31 4.37 33.04 4.26 13.49 – – – 0.43 – – – – 0.10
Td SF I. Str. 43.50 5.28 24.03 1.92 2.34 – 11.07 – 11.44 – – – – 0.42
Td SF U. Str. 44.19 4.09 32.85 3.70 3.32 – 2.27 – 9.43 – – – – 0.14
Gn CM Str. 48.66 – 0.17 0.20 – 0.97 0.18 0.24 – 0.08 0.13 – 49.10 –
Gn SF U. Str. 44.21 0.08 0.11 – – 0.36 0.53 – 0.11 0.45 – – 53.67 0.45
Aspy SF I. Str. 25.33 32.60 – – 42.01 – – – – – – – – –
Elec. SF I. Str. – 1.69 2.30 – – – 55.81 – – – 39.81 0.40 – –

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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Low LREE/HREE ratios (e.g. La/Yb b 5; Fig. 11B) exhibited by the ba-
salts from theMaimón and Los Pasos Formations denote a shallowman-
tle 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 theMaimón
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 (b25%; Jolly et al.,
2001 and references therein).

Fore arc basalts and boninites predominate among the studied basalts
from theMaimón 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 ob-
served in the Maimón Formation, is a major indicator of a subduction-

Table 2
Summary of element concentrations in sphalerite, tennantite and tetrahedrite from the Cerro de Maimón, San Fernando and Antonio deposits (electron-microprobe data).
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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 de-
pleted) flows into the nascent mantle wedge and interacts with vari-
able, 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 N126 Ma, previous to the deposition of lay-
ered 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 mag-
matic products of the nascent Caribbean island-arc, perhaps as old as
135 Ma (cf. Rojas-Agramonte et al., 2011; Pindell et al., 2012). Progres-
sive stabilization of the magmatic front and steady-state subduction
and convection in themantlewedge alongwith 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 con-
tents and LREE enrichments and, hence, would have formed

Fig. 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.

Fig. 10.Histogramof δ34S values of sulfides from the Cerro deMaimón (Dominican Repub-
lic), San Fernando and Antonio (Cuba) VMS deposits. Abbr.: Cpy: chalcopyrite; Sph: sphal-
erite; Py: pyrite.
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subsequently (111.6 ± 0.5 Ma; Kesler et al., 2005) (Fig. 12C). Progres-
sively higher Th contents from primitive to more evolved basalts
(FAB N boninites N normal LOTI N normal IAT from Maimón
Formation N normal IAT from Los Pasos Formation N 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 de-
posits in the Caribbean region.

9.2. Sulfide formation, deformation, geochemistry and deriving constraints

Pyrite, chalcopyrite, sphalerite and less abundant tennantite are the
major (N99% 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 themain as thema-
trix of pyrite grains and show evidences of plastic deformation and re-
covery/recrystallization at a lower temperature than pyrite. Pyrite, in
contrast, displays a conspicuous variety of textures outlining an increas-
ingmetamorphic/deformation grade from Antonio to Cerro deMaimón
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 re-
placements. At Cerro de Maimón, the effects of deformation and meta-
morphism on sulfides become more important; annealing or foam
textures with triple junctions at 120° in blastic pyrite alternate with in-
tense microfracturing and blow-apart and porphyroclastic textures, lo-
cally 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 the refractory
nature of pyrite. Actually, pyrite grain sizes, mineral abundances and
local deformation regimes are assumed to often impose larger differ-
ences in the textural response of sulfide minerals than differential
metamorphism and deformation (McClay and Ellis, 1983; Barrie et al.,

Fig. 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).

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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2010). In this connection, the abundance and composition of matrix
phases surrounding pyrite grains have a major influence on its textur-
al/structural evolution. For example, a soft sulfidematrix (i.e. chalcopy-
rite 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 defor-
mation 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 diffrac-
tion (EBSD), Barrie et al. (2010) concluded that the preservation of an-
nealing textures in greenschist-facies metamorphosedmassive sulfides
of the Norwegian Caledonides potentially represented surface-driven
processes (re-arrangement by a dissolution/syntaxial overgrowth) dur-
ingmetamorphismThis conclusion contrasts with the classical assump-
tion that foam textures result from recrystallization (e.g. Vokes, 1969;
Cook et al., 1993; Velasco et al., 1998; Craig, 2001), which certainly oc-
curs at higher than greenschist facies metamorphic grade (McClay and
Ellis, 1983). This conclusion is in good agreement with the limited mo-
bilization 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 tometamorphic remobilization (s.s.;
Marshall and Spry, 2000) and local redistribution of trace elements, in-
cluding 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 de-
posits, 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 concentra-
tions of Pb, Bi and to some degree Cu and Ag in sphalerite decrease with
increasing metamorphic grade and, once released, these elements po-
tentially 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 insights into ore genesis. This potential was yet inferred
by Scott (1976) for sphalerite and contemplated for other relatively re-
fractory sulfides such as molybdenite, pyrite or arsenopyrite (e.g.
Toulmin and Barton, 1964; Kretschmar and Scott, 1976). The incorpora-
tion of Fe into sphalerite structure in exchange of Zn has long been rec-
ognized 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 b 300 °C and high
S2 activities) translate into low Fe contents (b10 mol% Fes) in coeval
sphalerite. From the benchmark work by Scott and Barnes (1971),
based on thermodynamic principles in the Zn–Fe–S system, the chemi-
cal 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 bother-
some one is, probably, that the thermodynamic equationswere calibrat-
ed 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 exces-
sive pressures (≫10 Kb) equivalent to the remarkably low XFeS (~0.5 to
10 at.%) 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 set-
tings, 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 re-
gression among Fe/Zn ratios measured in sphalerite and temperature

Fig. 12. Schematic diagram showing the tectonic andmagmatic 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 deplet-
edmantle generating FABmagmas. Extension is general in the over-riding plate and facil-
itated 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 fluxedwith fluids from the downgoing oceanic crust andmelts at shallow levels
generating boninitic and LOTI magmas. Continued extensional regime in the over-riding
plate caused by slab rollback and trenchmigration promoted the circulation of hydrother-
malfluids that led the formation of VMS deposits hosted in theMaimón and Los Pasos For-
mation. (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 gener-
ation of normal IAT magmas. Note that the VMS from the Maimón Formation are repre-
sented 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.
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data of the active vents) for the estimation of minimum fluid tempera-
tures of sphalerite precipitation. Sphalerites from our study have re-
markably 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 equa-
tion by Keith et al. (2014) are in the range of 242 to 302 °C on average
in the three deposits. These temperatures are in a reasonable range
and agree with homogenization temperatures of fluid inclusions in
sphalerite-bearing assemblages in ancient VMS deposits (e.g. Iberian
Pyrite Belt, Spain, Almodóvar et al., 1998; Hokuroku District, Japan,
Pisutha-Arnond and Ohmoto, 1983) and directly in active vents (in
TAG, of 265–366 °C, Hannington et al., 1998; in MARK, of 335 to
350 °C, Edmon et al., 1995; in black smokers from the Brothers Volcano,
Kermadec Arc, of up to 302 °C, 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 ref-
erences therein). Fahlores analyzed in the three deposits are largely
tennantite (As N 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 min-
eral would have been an important contributor of this metal for the sub-
sequent 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–ultra-
mafic, mafic–siliciclastic and felsic–siliciclastic (Seal 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 vol-
canic sequences (bimodal-mafic, Shanks and Koski, 2012; Piercey,
2011) linked to initial stages of subduction in a fore-arc setting. This fea-
ture contrasts with the general absence of fahlores in Cyprus-type de-
posits hosted in mid-ocean ridges and mature back-arc basins (mafic,
Piercey, 2011; mafic-ultramafic, Shanks 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 contrastwith
mid-ocean ridges. In fairness, local tetrahedrite (s.s.; alongwith arseno-
pyrite 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 ap-
parently restricted to intracontinental settings (Petersen, 1992 and ref-
erences therein).

This inventory is nomore 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 no-
ticed 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). Sev-
eral authors (Herzig and Hannington, 1995; Glasby et al., 2008) corre-
lated higher average concentrations of Pb, As, Sb and Ag in sulfides
fromback-arc spreading centers of theWand SWPacific 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 at-
tributed 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, conver-
gence rate, slab dip, mantle source composition, degree of partial melt-
ing, fractional crystallization, etc.), slab composition play an important
role in the composition of the derivedmagmas (Haase et al., 2002). Sed-
iments, 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
evenmore 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) precipi-
tated during very primitive stages in the formation of the intraoceanic
island-arc, in opposition to tetrahedrite (Sb dominates over As) preva-
lence documented in well-developed continental crust settings. Unfor-
tunately, whole rock As and Sb contents of samples from the Maimón
and Los Pasos Formations are not available. Systematic increase ob-
served in the concentrations of Sb in tennantite from the three deposits
(Cerro de Maimón b Antonio b San Fernando) could be related to
1) small differences in the proportions of sediments and/or the grade
of alteration and serpentinization (JochumandVerma, 1996) of the oce-
anic crust and lithosphere within the downgoing slab and/or 2) forma-
tion 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 present-
ed in this work perfectly cover the two last options.

Fahlore compositions andpart 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) re-
placements 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 °C average temperature; because of the ap-
parent absence ofmiargyrite, this estimationwould actually represent a
minimum temperature (Sack et al., 2003). This temperature is consis-
tent 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 correspondencewith the level (upper and inter-
mediate) along the stratiform massive lens in which the respective
tetrahedrite crystals precipitated. This observation and the parallel
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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 mag-
matic fluids exsolved from the coolingManicaragua batholith granodio-
ritic 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 elementmeasurements 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
above their detection limits; Se fractionation towards 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 themore 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 associ-
ated VMS deposits (König et al., 2012). When compared to Cerro de
Maimón, galena from San Fernando yielded systematically lower con-
centrations 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 com-
pared 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. More-
over, subtle although decided nuances in ore mineral (fahlores and ga-
lena) 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 geo-
chemistry point to a more primitive setting of formation of VMSminer-
alizations 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 be-
tween aqueous species,mineral phases andmicroorganisms is a charac-
teristic (Shanks et al., 1995). Three main sources of sulfur to precipitate
sulfides inVMSdeposits 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
et al., 1995; Ohmoto and Goldhaber, 1997; Herzig et al., 1998; Hoefs,
2009; Brueckner et al., 2015).

The relatively narrow scatter of δ34S in the studied samples suggests
homogeneity in fluid sulfur composition and similar physico-chemical
conditions during the ore forming process. The narrow and predomi-
nantly 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 seawa-
ter 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 et al., 1981)
was surely dominant, leaving a string of δ34S values as high as 7.0‰;

all the δ34S values are consistently lower than that of the starting seawa-
ter sulfate, of ~15‰ during the Cretaceous (Claypool et al., 1980).

Sulfides from Cerro de Maimón returned lower values and more re-
duced scatter of δ34S than those analyzed from the San Fernando and
Antonio deposits. It is generally accepted that metamorphism tends to
homogenize and reduce the range of δ34S in a deposit (e.g. Sangster,
1971), in agreement with the higher metamorphic grade and deforma-
tion 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 deMaimón 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 pa-
rameters 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 ac-
cording to data provided by Perylia-CORMIDOM. Gold values show pos-
itive 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, ap-
parently 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 conspicu-
ous occurrence of electrum and the higher Ag contents in tennantite
(and in its alteration product tetrahedrite) in the intermediate strati-
form unit reported here. The higher Au and Ag values correspond to in-
termediate temperature (~270 °C) of the intermediate stratiform unit;
the contents of both metals decrease towards the higher-temperature
(~302 °C) upper sector and are very low in the lower temperature
(~256 °C) 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 solu-
bility and transport being favored at low temperatures (b300 °C) and
near neutral pH; gold subsequently precipitates upon mixing with sea-
water by oxidation (above theHSO4

-–H2S equal activity curve), a drop in
temperature (b150 °C) 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 contribu-
tion from amagmatic source deeper in the system. Therefore, the differ-
ent Au contents recorded in the studied deposits and in each of their
respective units ormineralization styles cannot be correlated on a linear
basiswith a unique parameter andmust be understood as a complex in-
teraction among several of them.
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Beyondminor late (pre- and post- metamorphic peak) electrum oc-
currences in the Cerro de Maimón and San Fernando deposits, the min-
eralogical 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 concentra-
tion 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 pro-
duce the release of Au from pyrite and its partitioning between elec-
trum and chalcopyrite (Larocque et al., 1995; Marshall et al., 2000). In
the Iberian Pyrite Belt, Velasco (in press)explains the precipitation of
electrum and Au–Ag–Hg amalgams from invisible gold (precipitated
at exhalative stages) bymeans ofmobilization and concentration by hy-
drothermal fluids after themetamorphic peak and fragile/ductile defor-
mation. 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 meta-
morphic remobilization in the case of Cerro deMaimón deposit, region-
al and textural observations reviewed here suggest that solid-state
mechanical transfer was the dominantmechanism; in contrast, mineral
paragenesis and textures in San Fernando ores points to liquid-state
chemical transfer as the governingmechanism duringmetamorphic re-
mobilization and upgrading.

Electrum composition from the San Fernando and Cerro de Maimón
deposits have remarkably high Ag contents that contrast with the ex-
treme fineness (N99% 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 evi-
dences of generation from high-temperature magmas formed at shal-
low 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 se-
quences make fore-arcs suitable for the formation of VMS deposits
(Schulz, 2012 and references therein). In fact, relatively abundant hy-
drothermal 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 formedwithin a fore-arc
setting are reported and, as stated by Piercey (2011), a boninite-LOTI as-
sociation with VMS is not described in modern geodynamic environ-
ments. 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 shallow mantle origin in
a fore-arc setting. In this environment, rocks of the Los Pasos Forma-
tion 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 defor-
mation 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 rel-
icts of framboidal andmicrocrystallite growths and spongy textures.
Syn-metamorphic sulfide recovery/recrystallization led to the remo-
bilization 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 sug-
gests 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 °C 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 towards Sb
enrichment in stratiform ores in the San Fernando and Antonio de-
posits with respect to Cerro de Maimón parallels lower concentra-
tions 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 mineraliza-
tions 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 intermedi-
ate and upper stratiform portions of the San 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 elec-
trum; 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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Cerro de Maimón, in the central Dominican Republic, is currently the only VMS deposit under production in the
Caribbean region. It is hosted in the Maimón Formation, of early Cretaceous age, which is part of the oldest and
chemically most primitive island-arc in the Caribbean. From bottom to top, this deposit can be divided into
(i) a primary sulfide zone, (ii) a supergene enrichment zone and (iii) an oxidized zone. This study reports new
data on the textural and mineralogical characteristics of the oxidized zone (gossan/leached capping zone) with
emphasis in the Au-Ag-bearing phases.
The mineral paragenesis of the oxidized zone is essentially composed of goethite, hematite, quartz and barite.
Botryoidal, cellular and brecciated textures can be distinguished. Botryoidal and brecciated textures dominate
in the upper parts of the oxidized zone, whereas cellular textures are more common in the intermediate and
lower parts. However, theweathering profile is very heterogeneous. The leached capping profile shows evidence
of both transported and indigenous gossans. Gold in the oxide paragenesis is extremely pure (99%Au) suggesting
that chemical refining took place. Silver occurs mainly as iodargyrite (AgI), and minor AgBr, AgCl, in botryoidal
aggregates.
Particles of Au-Ag alloy in the primary mineralization exposed to a weathering environment can be leached and
transported by various agents (chemical and biochemical) that may exist simultaneously. In the presence of ha-
lides, gold and silver can be leached and transported in a wide range of pH-Eh conditions, especially if iodine is
present. Silver is leached more rapidly and over a broader range of pH-Eh conditions, and is preferentially
transported as iodine-complexes than other halides.
The presence of iodargyrite in the Cerro de Maimón gossan, fully developed under tropical conditions, suggests
that this mineral cannot be considered an indicator of extremely arid environments as typically claimed by
many authors; iodargyrite occurrence would rather point to the presence of saline-halide rich groundwater in
oxide deposits.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Since systematic exploration for mineral deposits in the Maimón
Formation (central Cordillera, Dominican Republic) began in the late
1970s, several volcanogenic massive sulfide (VMS) occurrences have
been discovered within this formation. They include the Cerro de
Maimón and Loma Pesada deposits, and Loma Barbuito, Río Sin, Loma

la Mina and San Antonio occurrences (Lewis et al., 2000; Nelson et al.,
2011).

Cerro deMaimón is a Cu-Zn VMS deposit located 70km northwest
of Santo Domingo and 7km east of the town of Maimón in the
Monseñor Nouel Province (Fig. 1). Although it was discovered in
the 70’s as a result of geochemical studies of the gossan outcrops
by Falconbridge Dominicana, open pit mining operations did not com-
mence until November 2008. The mine is 100% owned and operated
by the Australian company Perilya Limited through its subsidiary
Corporación Minera Dominicana (CORMIDOM) (http://www.perilya.
com.au/our-business/operations/cerro-de-maimon). The revised re-
sources of the deposit as of December 31st 2013 were 10,642,000
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tonnes of sulfide ore averaging 1.47% Cu, 0.78 g/t Au, 26.01g/t Ag and
1.49% Zn, and 545,000 tonnes of oxide ore averaging 1.04 g/t Au and
11.80g/t Ag. Two types of ore are processed, (i) the sulfide ore, for the
production of Cu-concentrates (with Au-Ag as byproducts) through a
classical flotation process and (ii) the oxide ore, for recovering Au-Ag
doré bars by cyanide leaching and Merrill-Crowe precipitation. The
Cerro de Maimón Mine Plant process 1,300 tpd sulfides ore and 700
tpd oxide ore for a yearly production of approximately 12,000 tonnes
of copper concentrate, 12,000 ounces of gold and 325,000 ounces of
silver.

Although Cerro de Maimón is the only VMS deposit currently under
production in the Caribbean realm, only a few detailed studies have
been published. The first studies of the deposit and the sulfide mineral-
ization 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). However, no pub-
lished data of the oxidized zone (referred to as gossan or leached cap-
ping in this contribution) from this VMS exists beyond some short
communications (Andreu et al., 2010; Colomer et al., 2013). The main
portion of the oxidation zone covering the Cerro de Maimón deposit
has already beenmined out and stored away, allowing its simultaneous
mineral processing with the underlying massive sulfide body ores.
Therefore, the samples here studied represent a highly valuable in-situ
collection of material from this oxidized zone.

Gold and silver enrichment is well documented in leached capping
zones overlying supergene and primary (hypogene) sulfide assem-
blages. However, the factor causing the silver halides to precipitate is
still being debated (e.g. Izawa et al., 2010; Pekov et al., 2011; Sillitoe,
2009; Taylor, 2011). To be noted is that Ag halides (especially
iodargyrite), are commonly proposed as mineral indicators of arid or

Fig. 1. Geological setting of the deposit and cross sections of the orebody. A: Location map of the deposit of Cerro de Maimón in its geological setting (modified from Martín and Draper,
1999). B: Detailed geological mapping and plan view of the Cerro de Maimón orebody as shown by Induced Polarity (IP) geophysical survey. C: Detailed N-S cross section of the orebody
and the host formations. D: Detailed cross section in mineralized plane of the orebody, projected in NW-SE trend. Several low-grade sulfide fringes are detected in the SE ending of the
orebody that have been interpreted as the stockwork or feeding zone of the sulfide lens.

166 E. Andreu et al. / Ore Geology Reviews 65 (2015) 165–179

image of Fig.�1


semi-arid climatic conditions in which halides are common in the
ground waters (e.g. Boyle, 1997; Reich et al., 2009).

In this paper, we report the results of a detailed study of the struc-
ture, textures, mineralogy and composition of gold and silver phases
of the oxidized ore zone at Cerro de Maimón VMS deposit. The data
are used to constrain the mechanisms of supergene enrichment and
behavior of gold and silver during the weathering process in the Cerro
de Maimón gossan and other similar deposits.

2. Geological setting

2.1. Regional geology

The geology of the island of Hispaniola (Haiti and the Dominican
Republic), resulted largely from theCretaceous-Tertiary oblique conver-
gence and underthrusting of the North American Plate beneath the
Circum-Caribbean island-arc. Subduction and related arc magmatism
ceased in the middle Eocene with the collision of the arc with the
Bahamas Platform (Lewis and Draper, 1990; Mann et al., 1991;
Pérez-Estaún et al., 2007). During the Oligocene, a change in the stress
regime along the Northern Caribbean Plate Boundary Zone (NCPBZ)
gave rise in the Oligocene to transform movement and strike-slip
faulting parallel to the NCPBZ. This activity along the NCPBZ continues
today, particularly in Hispaniola (Mann et al., 1991).

The late Early Cretaceous–Eocene Circum-Caribbean island-arc sys-
tem is a complex collage of oceanic and intra-oceanic volcanic arc
units (Pindell and Barrett, 1990). The formation of the ore deposits in
theGreater Antilles, including those related to continentalmargins, oce-
anic basins and volcanic arc settings, was discussed by Nelson et al.
(2011) within the framework of the tectonic evolution of the northern
Caribbean.

The Cerro de Maimón deposit is hosted by the Maimón Formation
(Lewis et al., 2000). This formation, together with Los Ranchos and
Amina Formations., is part of the oldest and chemically most primitive
island-arc volcanism in the Caribbean region (Escuder-Viruete et al.,
2007a, 2009; Lewis and Draper, 1990; Lewis et al., 2002; Nelson et al.,
2011). The Maimón Formation is a 9 km wide and about 73 km long
NW-SE trending belt (Fig. 1a) 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 bounded by the Loma Caribe peridotite
and the Peralvillo Sur Formation (Escuder-Viruete et al., 2007b; Lewis
et al., 2002) to the southwest and the Los Ranchos Formation to the
northeast (Fig. 1a). 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 as a consequence
of a mid-Cretaceous event of subduction polarity reversal. The
obduction of the peridotite body along a northward thrust resulted in
deformation andmetamorphism of theMaimón 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 volcano-
sedimentary rocks of apparent Late Cretaceous age (Lewis et al., 2000;
Martín and Draper, 1999), 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 se-
quence deposited under shallow-water, reefal conditions during the
Albian to Cenomanian (Kesler et al., 2005). However, the Maimón For-
mation overthrusts the Hatillo limestone along the Hatillo Thrust. Both
Maimón and Hatillo Formations are intruded by diorites of apparent
Paleocene age (Bowin, 1966; Martín and Draper, 1999).

The Maimón Formation is composed of low-grade metamorphosed
and variably deformed pre-Albian bimodal volcanic and volcaniclastic
rocks containing scarce horizons of breccias and conglomerates. A belt
of well-laminated rocks of sedimentary origin that is conformable
with the volcanic sequence crops out in the north central part of the
Maimón Formation. These are mainly fine-grained meta-tuffs but
cherts, dark shales and limestones are present (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 porphy-
ries that exhibit a similar depleted trace element signature indicating
a common source (Escuder-Viruete et al., 2007a; Lewis et al., 2000,
2002).

The protoliths of the Maimón, Amina and Los Ranchos Formations
have very similar elemental and isotopic signatures, suggesting com-
mon magma sources and petrogenetic processes (Escuder-Viruete
et al., 2007a; Horan, 1995; Lewis et al., 2002). The origin and relative
position of these units within the primitive island-arc is still a matter
of debate. Escuder-Viruete et al. (2007a) suggested a cogenetic origin
for the three Formations. 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, Horan (1995) concluded that the Maimón Formation formed in
a back-arc basin. Lead isotope ratios of the Maimón and Amina Forma-
tions are lower 206Pb/204Pb (~18.4), 207Pb/204Pb (~15.5) and 208Pb/
204Pb (~37.9) than those of the Los Ranchos Formation (Horan, 1995).
The fact that theMaimón and Amina Formationsmainly host exhalative
deposits in contrast to the epithermal character of those hosted by the
Los Ranchos Formation suggests that they formed in different environ-
ments within a backarc-arc-forearc setting.

2.2. Geology of the deposit

The Cerro de Maimón deposit is located in the Ozama shear zone, in
the southern branch of theMaimón Formation, very close to the thrust-
faulted contactwith the Peralvillo Formation (Fig. 1a). Intense deforma-
tion, metamorphism and pervasive hydrothermal alteration (especially
recorded in the foot wall rocks) have largely destroyed the original fea-
tures of the igneous rocks. Based on the least altered lithologies, 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-feldspathic schists at depth. Two lithologies grading
to one another dominate in the hanging wall: i) pale epidote-bearing
mafic schists spotted with chlorite flakes and ii) dark green chlorite
schists with prominent calcite-quartz veins (Lewis et al., 2000). Thin
graphitic and hematitic chert horizons are described to be more devel-
oped in thewestern hangingwall (Watkins, 1990). The high concentra-
tion of quartz veins associated with a strong hydrothermal alteration in
the westernmost area led Lewis et al. (2000) to the conclusion that the
western footwall zone could correspond to a sulfide stockworkwhereas
the eastern foot wall rocks would be distal to the feeding zone.

The ore-body lens is 1000m long, about 300 mwide and 15m thick
on average although the thickness reaches up to 40 m locally. The
orebody dips 40° to the southwest with a general steepening of the
dip to the northwest and it flattens southeast to 20° down plunge
(Watkins, 1990) (Fig. 1b). The deposit can be broadly separated, from
bottom to top, into (Fig. 1c): i) the primary mineralization with a Cu-
Zn ratio that tends to 1:1 in depth and mainly composed of pyrite,
chalcopyrite and sphalerite (Colomer et al., 2013); ii) an irregular ce-
mentation or supergene enrichment zone with up to 10 % Cu grades
and a Cu-Zn ratio of 3:1, containing secondary copper sulfides consisting
of a micron-sized intergrowth of chalcocite and covellite along with
djurleite, digenite or yarrowite; and iii) a mushroom-like shaped oxi-
dized zone (gossan/leached capping zone). Considering its ore composi-
tion, the Cerro de Maimón deposit is clearly a Cu-Zn type, and based on
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its host rocks, alteration assemblages and tectonic setting it can be
mainly classified as a bimodal mafic-dominant deposit (Nelson et al.,
2011) according to Franklin et al. (2005) VMS classification.

Gold and silver grades aremostly constant along the primary sulfide
body and the cementation zone. Detailed study of the mineralogy of
ores in these zones allowed the detection of very scarce electrum with
Au contents slightly higher than those of Ag; electrum grains, with
sizes around 15microns, were systematically detected in those domains
of the massive sulfide body registering higher deformation and meta-
morphism (e.g. rotation of pyrite grains with adjacent pressure
shadows) so a metamorphic origin is proposed for electrum. As far as
Au-bearing phases were not observed in the samples of most of the pri-
mary sulfide body, these are interpreted to occur as micro-inclusions
within pyrite (invisible gold). Rounded silver-telluride (mainly hessite)
grains of a few tens of microns in size appear scattered in most of the
samples; however, they are concentrated along tennantite margins
with textural evidences indicating that they would have formed princi-
pally from alteration of the last. Silver contents in tennantite crystals is
up to 3.48 wt. %.

3. Sampling and Analytical Techniques

Theweathering profile was vertically sampled in the open pit during
the summer 2009. Gossan samples were collected from 10 mine
benches (from bench 195 to bench 150) in order to study the vertical
distribution of textures and mineralogy. All the analytical work was
carried out at the Centres Científics i Tecnològics of the University of
Barcelona. PowderX-ray diffraction (XRD), Scanning ElectronMicrosco-
py coupled with energy dispersive spectrometry (SEM-EDS) and Elec-
tron Microprobe (EMP) analyses were combined to characterize the
mineralogy.

Themineralogywas first studiedwith XRDusing a Panalytical X’Pert
PRO MPD X-ray diffractometer with monochromatized incident Cu-
Kα1 radiation at 45 kV and 40 mA, equipped with a PS detector with
an amplitude of 3°. Diffraction patterns were obtained by scanning
powders from 4° to 80° (2θ) on samples crushed in an agate mortar to
a particle size b30 μm. Analytical conditions were a scan time of 50
seconds at a step size of 0.0170° (2θ). The software used for the in-
terpretation of the diffraction patterns was Panalytical High Score
Plus v2.2b.

A total of 20 polished sections of the gossan were studied by
reflected light microscopy. Morphological, textural and preliminary
compositional features of the selected samples were studied by SEM-
EDS using an Environmental SEM Quanta 200 FEI, XTE 325/D8395
equipped with an INCA Energy 250 EDS microanalysis system. Operat-
ing conditions were an acceleration voltage of 20 kV and 5 nA.

Gold and silver-bearing phases were analyzed using a four-channel
Cameca SX50 electron microprobe (EMP) with wavelength dispersive
spectrometry (WDS). Analyses were performed at 20 kV accelerating
voltage, 20 nA beam current, 2 μm beam diameter and counting time
of 10 seconds per element. The routine used for the analysis of halides
was 15 kV and 6 nA. Calibrations were performed using the following
natural and synthetic standards: FeS2 (Fe, S), Cu2S (Cu), GaAs (As),
ZnS (Zn), metallic Ni (Ni), metallic Au (Au), metallic Co (Co), HgS
(Hg), AgS2 (Ag), PbS (Pb), AgCl (Cl), KBr (K) and CsI (I).

Finally, predominance Eh-pH diagrams of the Ag/Au-Cl-Br-I-H2O
and Fe systems were calculated using “MEDUSA” code and “HYDRA”
database (Puigdomènech, 2010).

4. Structure of the gossan profile at Cerro de Maimón deposit

The weathering profile at Cerro de Maimón (Fig. 2) shows many
similarities to common models of sulfide oxidation as those described
by Blain and Andrew (1977), Taylor and Thornber (1992), Thornber
and Taylor (1992), Scott et al. (2001), Belogub et al. (2008) or Velasco
et al. (2013) gossans in the Iberian Pyrite Belt, with the exception of

Las Cruces gossan as stated by Yesares et al. (2014). The general profile
of the oxidized ore at Cerro de Maimón presents a well-developed
surficial gossan/leached capping and minor (often inexistent)
leached zones represented by pyrite-quartz sands (Fig. 2). Despite
the general trends shown in Fig. 2A, different oxide lithofacies ap-
pear at the same level, since textural features are heterogeneously
distributed (Fig. 2B).

The oxidized zone is composed largely of variable proportions
of massive, brecciated, cellular box-work and massive botryoidal-
textured goethite/hematite rocks, examples of which are shown in
Figs. 2A, 3A and B.

The upper part of the profile is dominated by breccias (Fig. 3C) and
massive botryoidal goethite aggregates cementing residual silica and
barite (Fig. 3B). Earthy microbreccias are found along the entire profile
as a result of dissolution-collapse processes, but they aremore frequent-
ly observed in the upper part of the profile. Hematite is dominant in the
upper part of the profile.

The central and lower parts of the gossan are dominated by goethitic
cellular boxwork layers (Fig. 2A). Related to schistose fabrics of the host
rock, cavernous layers (Fig. 3D) with geopetal stalactitic structures
(Fig. 3E) are found in the central and basal parts of the profile. These
open cavities are similar to those described in Minas Carlota, Cuba
(Hill, 1958) and in the Rio Tinto district (Velasco et al., 2013). These
structures consist of botryoidal aggregates of oxyhydroxides with a
fluidal-gel appearance partially infilling the caverns that locally appear
in contact with layers of fine goethite mud.

The lowermost levels of the profile are characterized by the presence
of fine-grained goethitic mud in clayey and humid layers showing an
intense yellow-mustard color (Figs. 2A, 3F and G). Similar layered struc-
tures have been reported in other localities as a yellowwet layer atMina
Margot, Cuba (Hill, 1958) and Cyprus (Bruce, 1948) and as a precious
metal layered structure at Rio Tinto (Williams, 1950) and Filón Sur
Tharsis (Capitán et al, 2003). Indeed, mud-goethite layers seem to be
closely related to gold precipitation since they return the highest Au
grades of the ore (around 15 g/t in average according to mine working
reports).

The oxide-sulfide contact, as exposed in 2009, was defined by irreg-
ular leached and supergene enrichment zones (Fig. 2B) indicating an
oscillating water table which would have controlled the oxidation-
reduction processes. As a result of the leaching process, the upper part
of the sulfide zone consists of a friable granular quartz-pyrite layer. In
this zone, Cu-sulfides have been leached by percolatingwaters resulting
in a 1–4 m thick Cu-poor layer in which only pyrite and quartz remain.
Similar leached layers are described in weathering profiles of VMS de-
posits from the South Urals (Belogub et al., 2008), at Flin Flon deposit
(Brownell and Kinkel, 1935), in Bathrust Mining camp (Boyle, 1994)
and in Las Cruces (Yesares et al., 2014). Below the leached zone, copper
richwaters precipitated in the cementation zone (i.e. supergene enrich-
ment zone). Cu-rich waters replaced other sulfides increasing the cop-
per grade. The thickness of the supergene enriched zone is up to 60 m.
The distribution and contact of the oxidized and the supergene enriched
areas are in addition controlled by fractures through which rainwater
and groundwater percolated down to 120 m depth; locally, tongues of
gossan material penetrating vertically into the massive sulfide body
with sharp contacts were observed along fractures following the direc-
tion of regional schistosity (Fig. 4).

According to the general oxidation model for VMS deposits (Taylor
and Thornber, 1992), Cu-carbonate and Cu-sulfate zones appear at the
oxide-sulfide interface. However, at Cerro de Maimón, these layers are
poorly developed. Malachite only appears as millimeter-sized veins in
fractures or local shear zones within the chlorite schists. Chalcanthite
is observed as efflorescence on the exposed walls of mine workings in
the uppermost sulfide zone, crystallized from mine waters (Figs. 2A
and 3H).

Iron oxyhydroxides precipitates along open fractures such as cracks
and joints are observed in the wall rocks (Fig. 3I).
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5. Textures and mineralogy in the oxide zone

In general, themineral paragenesis of the oxide ore can be described
as a goethite-hematite assemblage with minor variable quantities of
barite, silica and scarce layers of secondary minerals such as kaolin-
ite, celadonite and gibbsite. Three groups of textures have been
distinguished under the optical microscope: i) cellular-boxwork,
ii) microbreccias, and iii) botryoidal-colloform.

Cellular or boxwork textures consist of a limonite-cemented sponge
hosting quartz and barite fragments showing evidences of in situ forma-
tion. Samples show cubic goethite phantoms as a result of the oxidation
and leaching of the former sulfides, developing box- and ladder-work
textures with different grades of oxide-cementation and porosity
(Fig. 5A and B).

Brecciated textures consist of quartz and/or barite fragments
cemented by variable amounts of iron oxyhydroxides, resulting in dif-
ferent grades of rock friability and porosity (Fig. 5C and D). Observed
gradations would suggest that box-work textures may evolve to in situ
breccias as a result of solution, volume reduction, compaction and
cementation (Laznicka, 1988, 1989; Velasco et al, 2013). In general,
cellular and brecciated textures are characterized by high porosity (up
to 50 % vol.).

Botryoidal aggregates are composed of successive layers of goethite
and hematite developed over cores of gangue minerals and infilling
voids. Porosity within botryoidal zones appears as residual voids
among aggregates, as long and thin (up to 20 μm) spaces between
botryoidal-laminated aggregates or as shrinkage cracks (Fig. 5E and F).

A continuous spectrum exists between botryoidal and brecciated
zones. Microfacies range from clast-supported fabrics (cemented by
colloform aggregates) where the gangue minerals dominate (silica,
barite) to matrix-supported fabrics with massive colloform zones
where gangue only represents the nucleation cores.

Multiple episodes of goethite-hematite precipitation can be distin-
guished by examination of the samples under the optical microscope,
especially within the botryoidal-massive assemblages (Figs. 5E and F).
In addition, a common feature in most of the studied samples is an
outer rim of hematite around botryoidal goethite aggregates (Fig. 5G
andH), as observed byVelasco et al. (2013) in the Rio Tinto gossan. Goe-
thite is muchmore abundant than hematite at the deposit scale, though
hematite is more abundant in the uppermost zone samples.

Ore minerals in the oxide zone are mainly native gold (Au) and Ag-
halides (mostly AgI as explained in Section 6) (Figs. 6 and 7). Gold is ob-
served as minute (from 1 to 10 μm) rounded, often reniform-shaped
grains. Gold grains appear in voids within botryoidal aggregates of
goethite-hematite (Fig. 6B, D and F), and are especially abundant in
goethitic-mud layers (Fig. 6A and C); in those layers, gold appears as
clusters of several rounded grains in contact with shrinkage cracks
(Fig. 6A). Gold grains found in colloform goethite appear filling pores
(Fig. 6B). The presence of Ag-halides is also closely related to botryoidal
aggregates (Fig. 7). They occur as anhedral grains filling voids inside
botryoidal aggregates, often fitting the shape of the pores (Fig. 7D, E
and F). These phases are also observed as euhedral grains inside voids
of botryoidal goethite (Fig. 7C) or as tiny sparks scattered in the sulfide
box-work pores (Fig. 7A). Somegrains show compositional zoning,with

Fig. 2.Weathering profile and field photograph of the orebody as it appeared during Spring 2009. A: Schematic weathering profile of the Cerro de Maimón orebody. Note that the oxide
body or gossan zone is composedby successive lithofacies evolving from theuppermostmature facies (massive) to immature earthy-cellular facies, and goethitic-clayey layered structures
in the lowermost part of the oxide body as the last stages of gossan formation. A pyrite-quartz sandy level is observed in the contact with the sulfide enrichment zone, representing the
leaching zone. Sulfides appear at approximately 45 m under the surface, showing chalcanthite efflorescences when exposed during mining works. The whole profile is strongly subordi-
nated to the previous schistose structure. B: Field photograph of the open-pit showing the steep position of themassive lenses and the schistose character of the formation. Note the bluish
chalcanthite efflorescences of the sulfide zone. Each bench is 5 m high and the number indicates meters above sea level (m.a.s.l.). Benches 200–185 appear in a backward plan of view.
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an iodine-rich core and progressive depletion in this element towards
rims (Fig. 7A and B). Ag-halides also appear as rubbly sub-rounded to
angular fragments cemented by a limonitic matrix together with barite
and quartz fragments (Fig. 7G, H and I). Grain size of Ag-halides is

heterogeneous, typically ranging from 5 to 15 μm, although 100 μm-
sized grains are observed.

Identified clay minerals include kaolinite, illite and celadonite.
Kaolinite was mainly observed in the upper part of the profile as

Fig. 3.Hand specimens and field photographs showing representative structures and lithofacies observed along the Cerro de Maimón weathering profile. A: Friable-sandy
sample showing red-brown shades corresponding to oxide precipitation fronts. Reddish areas correspond to goethite dominated areas while dark-brown area corresponds
to hematite-goethite suggesting hematite-formation fronts. Microscopic observation of the sample determined a cellular lithofacies with different degrees of cementation.
B: Massive-botryoidal hand specimen showing the typical colloform iron oxyhydroxide aggregates with tiny barite crystals on them. C: Massive-brecciated lithofacies
suggesting collapse-cementation processes. D: Cavernous voids in the massive-oxide layer. Note the mylonitic structure of the lens. The massive layer is around 60 cm
wide. E: Oxide sample showing columnar geopetal structures. Some of the cavernous voids were partially filled by such structures. F: Picture corresponding to the base
of the main oxide lens (bench 145) showing massive oxides and the thickest clayey-goethitic layers. G: Detail of the clayey, mustard-colored goethitic layer. AAS analysis
carried out during mining works reported gold grades up to 33.2 g/t (15 g/t in average). H: Chalcanthite efflorescences observed over exposed sulfides. This observation
explains the handicaps encountered during the Cu-flotation process since the existing Cu2+ activates the sphalerite surface and reduces the Cu-concentrate purity.
I: Weathered sericitic schist outside the confines of the oxide orebody showing open fractures coated and cemented by oxides, evidence of fracture-driven transport
and precipitation.
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botryoidal gold-bearing layers coating limonitic botryoidal aggre-
gates (Fig. 6E). Jarosite, and other common minerals found in oxida-
tion profiles such as lepidocrocite, have not been found at Cerro de
Maimón.

6. Mineral chemistry

A summary of the composition of Au- and Ag-bearing minerals
analyzed by EMP is given in Table 1.

Analyzed native gold grains are extremely pure, with Au concentra-
tions systematically above 96 at.% with an average of 99.4 at.%. Ag con-
tents are remarkably low for all the analyzed Au grains, normally below
the detection limit, and only compositions up to 0.26 at.% were obtain-
ed. Iron concentrations are also usually below the detection limit;
anomalous high Fe values, up to 3.6 at.%, are interpreted as interferences
with the surrounding limonitic phases. The amounts of Cu and Hg are
below the detection limits.

Identified Ag-bearing minerals from the Cerro de Maimón gossan
are exclusively halides with variable contents of Cl, Br and I (Table 1).
The spongy texture of these phases represented a problem when ana-
lyzing them by EMP, limiting the number of acceptable analyses
returned. Fig. 8 shows the normalized microprobe results (at.%) of the
analyzed Ag-halides plotted in a triangular diagram with the Cl-Br-I
end-members (chlorargyrite, bromargyrite and iodargyrite respective-
ly) in the edges. Two distinct clusters are evident, one of them closely
lying in the iodargyrite edge with chlorine and bromine practically
absent (Cl:Br:I = 0.5:0.5:99.0); the other cluster, in which iodine is
much less abundant, is more diverse, with a Cl:Br:I ratio averages of
37.5:50.7:11.8.

According to the EMP results, the analyzed Ag-halides at Cerro de
Maimón are iodargyrite and Cl-Br-I Ag-halides. Although apparently
there is limited solid solution between chlorargyrite and iodargyrite
and between bromargyrite and iodargyrite, a complete solid solution
between the chlorargyrite and bromargyrite is described (Boyle,
1997). This group of minerals is frequently grouped under the name
of “embolite”. Thus, Cl-Br-I Ag-halide phases here described, especially
those with lower I contents, can be classified under the name
“embolite”.

Analyses of the compositions of Ag-halides from the Ag-Pb-Zn
Broken Hill deposit reported by Gillard et al. (1997) are also plotted
in Fig. 8. As in the case of Cerro deMaimón, Ag-halides from Broken Hill
mainly plot in two separated compositional fields, one extremely I-rich

(iodargyrite end-member) and the other I-poor (embolites). However,
the embolite specimens from Broken Hill are poorer in I and richer in
Cl than those analyzed from Cerro de Maimón gossan.

7. Discussion

7.1. Indigenous vs. transported

In general, gossans and oxidized outcrops can be classified into
indigenous, transported and exotic (Blanchard, 1968; Blanchard and
Boswell, 1925; Velasco et al., 2013). Indigenous limonite is defined as
“limonite” precipitated from iron-bearing solutions within the cavity
formerly occupied by the sulfides from which the iron is derived.
Siliceous-sponge limonite is indicative of the previous massive sulfide
mineralization (e.g. Andrew, 1980; Blanchard, 1968) usually preserved
in box-work or cellular textures. In contrast, transported limonite repre-
sents limonitic assemblagesmoved a short distance (a few centimeters)
from the former sulfide (Blanchard, 1968). Alpers and Brimhall (1989)
use the term transported limonite to refer to those oxidized facies
where iron has clearly moved from its original source and was precipi-
tated in non-sulfide sites, generally in fractures or as a pervasive stain
(i.e. exotic limonite described by Blanchard, 1968). The term exotic limo-
nite was used by Blanchard (1968) to describe when Fe is transported
outside the confines of the orebody, commonly up to a hundred meters
away. Boyle (2003) suggested the concept of chemical reworking to
determine the indigenous or transported character of a gossan.

Both indigenous and transported textural features are widely
found at Cerro de Maimón gossan. Several textures characteristic of
transported gossan are easily observed along the profile. Indeed,
breccia and rubbly lithofacies (Fig. 3E), oxides precipitated along
fractures outside the confines of the orebody (Fig. 3I), idiomorphic
barite crystals over limonitic assemblages has been suggested by
many authors as characteristics of transported gossans (e.g. Alpers
and Brimhall, 1989; Blanchard, 1968; Boyle, 2003). On the contrary,
wide areas of cellular oxides replacing previous sulfides aswell as relicts
of sulfides among cellular goethitic lithofacies (Fig. 5E) suggest an in-
digenous character.

Although both characteristics are recognizable, the Cerro deMaimón
gossan cannot be considered as transported since the primary and
supergene copper sulfides are beneath the oxide body (Fig. 2B). The rea-
son of the coexistence of both types is possibly due to i) the schistose
character of the host formation, ii) the steep position of themineralized
lenses and iii) the seasonal intense rainfall typical of tropical climates.
The tectonized condition of the deposit could enable the percolation of
waters through the schistosity and late fissures, enhancing dissolution-
precipitation processes along fractures and sheared zones. This phenom-
enon leads to subsequent collapse and hence transport of the gossan
along fractures.

7.2. Genetic evolution of the profile

The genetic evolution of the orebody is controlled by the existing
fracture system. Alvaro and Velasco (2002) and Capitán et al. (2003)
suggested that gossan evolution can be divided into three main stages:
i) the oxidative dissolution of the sulfides, ii) the evolution of the former
oxyhydroxides and iii) the mechanical reworking of the previously
formed oxides. These stages in evolution are applicable to the Cerro de
Maimón gossan as follow.

As result of the weathering of the sulfide orebody, the oxidative dis-
solution of the sulfides takes place at low pH conditions preserving the
original sulfide box-work (if pH N 3) or leaching alongwith transport of
Fe-rich solutions (if pH b 3) (Blain and Andrew, 1977; Sillitoe and Clark,
1969). Colloform textures are formed once these leached Fe-richwaters
reach near-neutral pH conditions. This process implies an important
loss of volumeandmass thatwould explain the abundance of botryoidal
textures in the upper part of the profile together with cavernous layers

Fig. 4. Photograph taken in 2006 at the beginning of mining of the face of the oxide zone
that shows the nature of the contact between the oxide and the zone of supergene enrich-
ment and sulfides. Tongues of gossan material penetrate vertically into the sulfide.
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showing geopetal and stalactite morphologies related to/associated to
rock debility planes such as schistosity.

The evolution of the previously formed oxides and hydroxides (also
known as ageing or maturation) starts when most of the sulfides above

thewater table are oxidized. At this point, the acidity generation process
is interrupted and ground waters evolve to less acidic conditions. The
initially formed iron oxyhydroxides aremore likely to be poorly crystal-
line (e.g. ferrihydrite), as they may contain excessive water in their
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structure (Taylor and Thornber, 1992). Fine grained goethitic layers are
considered to be amorphous iron hydroxides such as ferrihydrite trans-
formed to goethite by dehydration and hematite (Alpers and Brimhall,
1989; Schwertmann and Murad, 1983). These layers represent the lat-
est episodes of gossan formation and may be linked to old water table
levels (Alpers and Brimhall, 1989; Blain and Andrew, 1977). Hematite

is likely formed by a dehydration or aging process after goethite or
ferrihydrite (Alpers and Brimhall, 1989; Capitán et al., 2003). The
studied polished samples systematically showed an outer rim of he-
matite (Fig. 5A) and examples of fine grained goethite transforming
to crystalline goethite (Fig. 5G and H), both indicatives of gossan
ageing.

Fig. 6. Reflected light (A and E) and SEM-BSE images of some of the identified gold grains. A: Fine grained goethite (mustard-colored) showing a cluster of high purity gold grains in a
shrinkage crack. B: Reinform gold grain located inside a void left among colloform aggregates. C: Fine grained goethite showing several sub-rounded gold grains. D: Rounded gold
grain inside a void left among colloform aggregates. E: Gold grains observed within layers of kaolinite suggesting a late transport of gold grains dragged by clayey minerals during
reworking stages. F: Gold grain infilling spongy pores left among layers of colloform oxides. Abbreviations: Qz: quartz; Gth: goethite; Hem: hematite; Brt: barite.

Fig. 5. Reflected light photomicrographs of the most representative textures identified along the Cerro de Maimón weathered profile. A: Cellular textures preserving the shape of the
former sulfides in boxwork and ladderwork microtextures. Barite and silica are left as residues among oxides. B: Cellular textures showing a progressive variation in the degree of oxide
cementation. These variations (also observed in rubbly textures) suggest oxide precipitation fronts, controlling collapse and breccia formation processes. Barite and silica are left as res-
idues among oxides. C: Microbreccia texture showing several silica fragments cemented by goethite and hematite. D: Microbreccia acting as a substrate for the development of
botryoidal aggregates showing the variability of facies at the millimeter scale. E: Massive-botryoidal aggregates coating rubbly fragments of silica. Note the outer rim of hematite and
the transition textures fromgoethite to hematite. F:Massive-botryoidal aggregates forming successive layers of goethite andhematite suggesting several evolution (ageing) episodes. Note
the micro-porosity left among some of the layers which is frequently occupied by gold grains. G: Fine grained goethite (referred as clayey layers in field samples) being gradually trans-
formed into crystalline goethitewith an outer hematite rim. Note the different degrees of reflectivity of crystalline goethite suggestingmaturation processes. H: Goethitic botryoidal layers
showing elongated-acicular crystals also suggesting a similar ageing phenomenon of less crystalline goethite. Abbreviations: Qz: quartz; Gth: goethite; Hem: hematite; Brt: barite.
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The last stage, consisting of a physical reworking of the previously
formed morphologies, is produced by collapse of the oxide orebody.
Indeed, the presence of iodargyrite and barite fragments (both
highly insoluble) cemented by botryoidal aggregates suggests late
events of oxide-dissolution, transport and precipitation of Fe-rich
solutions dragging and bearing fragments of insoluble minerals, co-
eval with late repetitions of the firsts stages processes (Fig. 7G, H
and I).

7.3. Supergene enrichment mechanisms. Mobility of gold and silver in the
gossan profile

Theweathering profile shows supergene enrichment in gold and sil-
ver. The vertical distribution of the studied gold-bearing samples does
not follow a clear trend since discrete gold grains are found at different
depths. Indeed, the Au-richest layers coincide with thin, yellow-
mustard colored and humid levels of poorly crystalline goethite. These

Fig. 7. SEM-EDS images of silver halides observed in theCerro deMaimóngossan. Note the spongy texture of thehalides. A and B: Zoned “embolite” grains showing an inner core of AgI and
Cl-Br-rich boundaries. Note the tiny sparks of AgI widespread in pores. C: Euhedral AgI crystals inside a void of massive-botryoidal lithofacies suggesting precipitation of AgI after the
formation of the oxides. D: Goethitic colloform aggregate showing multiple grains of AgI filling voids between successive botryoidal layers. E and F: Detail of AgI grains filling voids of
colloformaggregates suggesting late episodes of AgI precipitation. G: Rimof AgI and barite fragments cemented in amassive-rubbly lithofacies. H: Detail of picture G, suggesting late stages
of gossan reworking probably due to dissolution-collapse episodes. I: Spongy fragment of AgI (similar to those observed in pictures E and F) cemented by oxides together with residual
barite and quartz. Abbreviations: Qz: quartz; Gth: goethite; Brt: barite.
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layers can be observed at different depths, but they are thicker at depth,
just above supergene sulfides. Ag, as reported in Section 6, mainly occur
forming iodargyrite (AgI) and Cl-Br-I Ag-halides.

Gold enrichment ratio in the Cerro de Maimón gossan, calculated as
oxide ore grade/sulfide ore grade, is 1.4 (in clayey goethitic layers the

ratio increases up to 33). However, silver enrichment ratio is only 0.5
(i.e. loss of Ag in the oxide ore). The abundance of Ag-halides together
with the state of the high fineness of gold (99.4 at.% Au) and the antag-
onistic gold and silver enrichment ratio in Cerro de Maimón gossan
suggest both an efficient Au-enrichment/Ag-leaching process during
gossan formation and a large availability of halide ligands during
weathering.

Supergene enrichment in gold (and silver) in the weathering profile
can be due to either chemical or physical processes (residual, detrital
gold) or to a combination of both. Mechanisms producing the chemical
leaching and transport of gold and silver in weathering environments
strongly depend on the availability of anionic ligands and/or on the
redox conditions of the aqueous system (Freyssinet et al., 2005).
Complexing agents include halides (mainly Cl, Br and I), organic com-
plexes and colloids, and sulfur-bearing species (Bowell et al., 1993;
Colin et al., 1993; Freyssinet et al., 2005; Mann, 1984; Stoffregen,
1986; Webster and Mann, 1984).

Both Au and Ag form aqueous halide complexes and, in the case of
Ag, also solid phases. However, Ag-halide aqueous complexes are re-
ported to be stronger than that of Au-halides; in the sameway, aqueous
Au- and Ag-iodide complexes are stronger than bromide and chloride
Au- and Ag-complexes (Gammons and Yu, 1997; Gray et al., 1992).

Detailed examination of the Eh-pH predominance diagrams for the
Au and Ag Cl-Br-I-H2O systems (Fig. 9A and B) reveals the predomi-
nance of Au-I and Ag-I species and solid phases over other Ag- and
Au-Cl and Br complexes under the Eh-pH conditions reported for trop-
ical areas (Bertolo et al., 2006; Bowell et al., 1993). For this reason,
AgI(aq) is the predominant aqueous species and iodargyrite (AgI)
predominates over chloride or bromide Ag solid phases (that would
be stable only if iodide further oxidized to iodate) (Fig. 9A). The prefer-
ential formation of iodargyrite over bromargyrite and chlorargyrite can
be explained by its lower solubility (Gammons and Yu, 1997;
Golebiowska et al., 2010) and suggest an external contribution of iodine
able to decrease the high Cl/(F + Br + I) ratio observed in natural
waters, that frequently enhances the formation of chlorargyrite
(Boyle, 1997; Gammons and Yu, 1997). The source for this iodine is
discussed below.

Given its low solubility, crystalline Au widely predominates against
any of the other Au species (Fig. 9B). The close association of gold and
goethite observed in the gossan can be explained by the precipitation
of Au(s) after the reduction of aqueous Au+ by the oxidation of the
aqueous Fe(II) produced by the weathering of the former sulfides
(Freyssinet et al., 2005; Gray et al., 1992; Mann, 1984). Then, in those
conditions inwhich gold precipitates as Au(s), silver remains in solution
(Mann, 1984) and is transported away from the site of gold deposition
enhancing the purity of gold grains. The preferential adsorption of Au
onto Fe-oxyhydroxide surfaces (e.g. Cohen and Waite, 2004; Karasyova
et al., 1998; Ran et al., 2002) explains the tight relation between Au
and amorphous Fe-oxyhydroxide assemblages.

Smith and Hunt (1985) and Nahon et al. (1992) revealed that the
presence of organic compounds such as cyanide or humic and fulvic
acids released by plants or microorganisms can play a remarkable role
in gold mobility. Biogenic morphologies of Au grains have been rec-
ognized as evidences of biomineralization of precious metals under
weathering conditions (Lengke and Southam, 2007; Reith et al.,
2006; Watterson, 1991). At Cerro de Maimón, reinformed high puri-
ty Au-grains have been identified inside pores within botryoidal
goethite aggregates (Fig. 6B) so that a biogenic mineralization in
addition to Fe2+ oxidation and the reduction of Au halides cannot
be ruled out.

7.4. Sources of iodine

According to Gammons and Yu (1997), the occurrence of AgI within
a gossan suggests a renewable contribution of iodine to the system dur-
ing the supergene enrichment and the gossan formation period. Reich

Table 1
Summary of representative analyses of Au- and Ag- bearing minerals from Cerro de
Maimón gossan analyzed by EMP.

Mineral Native gold Native gold Iodargyrite Embolite Embolite

Sample CM-190A-2a CM-190A-3 cer1b cer1b cer1a

Fe W% d.l. d.l. 2.82 4.25 0.74
Ni W% d.l. d.l. - - -
Cu W% d.l. d.l. d.l. 0.22 d.l.
Zn W% d.l. d.l. - - -
As W% d.l. d.l. d.l. d.l. 0.36
Ag W% d.l. d.l. 54.49 78.37 74.45
Sb W% 0.15 0.14 - - -
Au W% 98.38 98.35 - d.l. -
Hg W% - - - d.l. -
Pb W% d.l. d.l. - - -
I W% - - 42.48 0.96 4.92
Br W% - - 0.12 11.88 13.08
Cl W% - - 0.07 3.08 5.10

Sum W% 98.53 98.49 99.98 98.76 98.65
Fe A% - - 5.65 7.45 1.31
Ni A% - - - - -
Cu A% - - - 0.34 -
Zn A% - - - - -
As A% - - - - 0.48
Ag A% - - 56.55 71.11 68.41
Sb A% 0.25 0.23 - - -
Au A% 99.75 99.77 - - -
Hg A% - - - - -
Pb A% - - - - -
I A% - - 37.48 0.74 3.84
Br A% - - 0.17 14.56 16.23
Cl A% - - 0.15 5.80 9.72

Fig. 8. Normalized microprobe results of selected Ag-halides grains plotted in a triangular
diagram, showing the Cl-Br-I end-members (chlorargyrite, bromargyrite and iodargyrite
respectively). Represented fields of Ag-halides from Broken Hill were drawn from data
by Gillard et al. (1997). See text for description.
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et al. (2009) reached a similar conclusion at the Mantos de la Luna Cu
deposit (Chile) where the occurrence of inclusions of iodargyrite in
supergene chalcocite involved iodine-rich waters during supergene
enrichment.

Iodine concentration in freshwater and seawater is very low (b100
ppb) (Gammons and Yu, 1997; Hem, 1985; Moran et al., 1999; Reich
et al., 2009) but it appears to be higher in deep brines and pore waters,
where concentrations may exceed 100 ppm (Muramatsu et al., 2001;
Reich et al., 2009).

The Earth’s crust is also iodine-poor (Reich et al., 2009), with low
ppb values in igneous andmetamorphic rocks. Peatlands are the largest
terrestrial iodine pool (Keppler et al., 2004). As summarized in Reich
et al. (2009, 2013) and Osborn et al. (2012), iodine ismainly accumulat-
ed inmarine sediments, where concentrations are more than 100 times
higher than in seawater (Moran et al., 1995, 1999; Muramatsu and
Wedepohl, 1998; Muramatsu et al., 2001, 2004). Scholz et al. (2010),
Cabral et al. (2011) and references therein explain that this enrichment
in marine sediments is due to the high biophile character of iodine that
enhances the assimilation of iodine by phytoplankton in surfacewaters.
Iodine is then accumulated on the sediment surface when organic
matter sinks. During early diagenesis, part of this iodine associated
to organic matter is released to pore water and is again assimilated
by phytoplankton and recycled in the surface sediments (Harvey,
1980; Kennedy and Elderfield, 1987a,b; Price and Calvert, 1973). An-
other portion is buried, as observed in continental margins with
stored organic carbon and associated compounds (Fehn et al.,
2007a). Subsequently, microbial or thermal decomposition of this
organic matter can produce high concentrations of iodine in deep in-
terstitial fluids. Under very reducing conditions, iodide is the stable
phase of iodine in pore water (see Fig. 9A). Given its large ionic radi-
us, I is a minor component of minerals and tends to remain within
the aqueous phase (Fehn et al., 2007b; Osborn et al., 2012; Scholz
et al., 2010).

There is still discussion in the literature concerning the different
iodine sources that may account for the increase of iodine concentra-
tion and the precipitation of iodargyrite in supergene and gossan
environments. Isotopic measurements to calculate 129I/I together
with 87Sr/86Sr ratios have been used to discern the origin of iodine
rich waters (Daraoui et al., 2012; Fabryka-Martin et al., 1985; Osborn
et al., 2012; Reich et al., 2013; Scholz et al., 2010). 129I/I ratio is a use-
ful tracer in reconstructing deep regional paleohydrological flow

systems because of its relatively long half-life (t1/2 = 15.7 Ma) and
mobility in an aqueous system (Osborn et al., 2012). Unfortunately,
there are not any available isotope measurements in the case of
Cerro de Maimón VMS; different options for the origin of its halides
are proposed.

A possible source of the iodine in Cerro de Maimón could be deep
groundwaters flowing through the deposit.

Boyle (1997) and references therein pointed out the close proximity
of Ag-halide deposits and salt lake formations in Nevada, New Mexico
and Utah. They concluded that as these areas were covered by large
bodies of water during the Tertiary and gradually dried up, the concen-
tration of halides in pore water would have increased providing the
iodine for the formation of iodargyrite. Boyle (1997) considered that
the saline water originated by evaporation of a lake or sea located
close to the deposit and was thus the main source of iodine. It has also
been suggested that seismic pumping of highly saline iodine-rich deep
formation waters and/or fore-arc fluids along faults and fractures
(Cameron et al., 2002, 2007; Palacios et al., 2005) is the way the iodine
reaches the deposit. As an example, Reich et al. (2009) proposed that
the origin of iodine in the Cu deposit ofMantos de Luna (Chile)was a sa-
line iodine-rich deep formation water and/or a fore-arc fluid that was
forced to the surface by seismic pumping through fractures; after
leaching the Cu sulfides this led to the formation of iodargyrite under
near-neutral to acidic reducing conditions. Golebiowska et al. (2010)
proposed either the evaporation of a former sea or salt lake or the infil-
tration of saline iodine-rich deep formation water as the sources to ex-
plain the presence of iodargyrite in the Zalas deposit (Poland) but that
this is still a theme under debate. The use of 129I measurements allowed
Reich et al. (2013) to conclude that the iodine responsible of the forma-
tion ofmarshite (CuI) in Chuquicamata deposit (Chile) is derived from a
reservoir ofmarine origin of lower Jurassic tomid Cretaceous age, rather
than from a meteoric/atmospheric source.

Another possible source of halides, as pointed out by some authors,
is the Caribbean Sea or the Atlantic or Pacific oceans, via a marine influ-
ence on rainfall (Mann, 1984) or even oceanic water lifted up and
transported by the seasonal hurricanes. Whiterhead (1919) suggested
that the source of halides for the Ag-halide deposits of Chañarcillo
(Chile) were sea-salt particles from the Pacific Ocean that would have
traveledwith thewind, deposited on the surface, concentrated by evap-
oration andmoved down into the supergene zone during the precipita-
tion periods. In fact, African dust supplies critical nutrients to the

Fig. 9. Predominance Eh-pH diagrams of the Ag/Au-Cl-Br-I-H2O and Fe systems. Diagramswere performed using “MEDUSA” code and “HYDRA” database (Puigdomènech, 2010). Concen-
trations used are shown in the diagrams. Ellipse shows the range of Eh andpHvalues typical of tropical regions (Bertolo et al., 2006; Bowell et al., 1993). A: Ag-Cl-Br-I-H2O system showing
that he widest predominance area corresponds to AgI, even when I- concentration is 103 times lower than Cl-. Shadowed areas correspond to the stability areas of aqueous species
suggesting that AgI(aq) would be the predominant specie for Ag-mobility. B: Au-Cl-Br-I-H2O system showing that crystalline gold is the predominant phase under normal groundwater
conditions. However at higher I- activities, Au would be preferentially complexed and transported as AuI2- even at high Cl- and Br- activities.
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Amazon basin and therefore it could play a similar role in the Caribbean
and the Bahamas zones (Swap et al., 1992). Prospero andMayol-Bracero
(2013) showed that Saharan dust accounts for over half of the global
dust emissions throughout the Caribbean.

In addition, in their genetic model explaining the presence of
iodargyrite in the Rubtsovskoe VMS-base metal deposit of Altai
(Russia), Pekov et al. (2011) proposed a source of iodine related to sea-
floor fumaroles accompanying ore formation. Iodide would have been
adsorbed onto the clay minerals of the argillic alteration zone of the
wall rock and oxidized to iodate by the sulfuric acid generated during
the first stages of sulfide ore oxidation. Once released into solution, io-
date would have been reduced to iodide and precipitated as AgI or CuI.

During the supergene enrichment and formation of the gossan in
Cerro deMaimón, the deposit was coveredwith a soil layerwith a thick-
ness of 2.5–3 m. Keppler et al. (2004) reported that organic-rich soils
present a high capacity to retain and store iodine through the formation
of organoiodine compounds. The organicmatter content in tropical soils
is not negligible (Six et al., 2002) and thus, Caribbean soil can be consid-
erably rich in iodine. Intense soil lixiviation by meteoric waters and/or
of reduction of IO3

- by oxidation of the structural Fe(II) in some clays
(Hu et al., 2005) could have released I- to porewater and precipitated
as AgI.

Considering the geological, mineralogical and geochemical data
available for the Cerro deMaimón deposit, the choice of a unique source
for iodine is not straightforward and discussion remains open.

7.5. Is iodargyrite a climate indicator?

Many authors suggest that the occurrence of Ag-halideminerals, and
especially that of iodargyrite, is only given in oxidized sulfide zones
formed in arid and semi-arid environments (Boyle, 1994, 1997;
Burgess, 1911; Penrose, 1894). This conclusion arose from an investiga-
tion of the relative proportions of halide minerals in different
metallogenic provinces (Boyle, 1997). Since then, and considering
some other climate indicators, the occurrence of iodargyrite has been
used to suggest and/or confirm the existence of arid or semi-arid cli-
mates, such as desert areas of Atacama, Chile (Reich et al., 2009), Broken
Hill, Australia (Millsteed, 1998), Mohave Desert in California, Nevada
and central Kazakhstan desert (Boyle, 1997), Zalas in Poland
(Golebiowska et al., 2010) and Iberian Pyrite Belt (Velasco et al., 2013)
during the AgI formation.

Taking into account the global evolution of temperature, it is known
that on a world scale, the late Eocene to middle Oligocene was charac-
terized by some of the warmest temperatures observed (Shacketon,
1978). Although the global warming in Oligocene time might also
affected the Caribbean zone, since the formation of the primitive island
arc during the Early Cretaceous to the present day, the Caribbean has
been located within tropical latitudes. Thus, the Caribbean surface geol-
ogy has evolved under tropical conditions with seasonal rainfall and
high moisture. The northern part of the Cordillera Central, where
Cerro de Maimón is located, was formed during the Miocene (Mann
et al., 1991), and hence the surface geology over the deposit developed
later than this warmest period. Moreover, in the region there is no
evidence of typical formations of arid environments such as evaporites
or red-clays facies.

All these considerations indicate that the formation of AgI in the
Cerro de Maimón gossan did not take place under arid nor semi-arid
climate conditions pointing out that the occurrence of iodargyrite does
not necessarily imply arid environments but the presence of saline-
halide rich groundwater in oxide deposits.

7.6. Metallurgical implications

At Cerro de Maimón processing plant, the oxide ore is processed via
grinding in a ball mill to 80 % passing 105 μm followed by conventional
agitated cyanide leaching, counter current decantation thickening (pH

11) and Merrill-Crowe Au-Ag precipitation at a projected rate of 700
tpd. The main problems on the oxide ore treatment are concerned
with a lower than expected silver recuperation and a higher than
expected copper contents in the produced doré bars.

Gold in the oxide ore is present as free native grains as described
above. Thus, the recuperation of gold does not represent a problem. In
contrast, silver is present as iodargyrite and other Ag-halides, which
may be easily leached by cyanide. However, remarkable quantities of
silver could be present as a diluted solid solution within the goethite-
rich assemblage as happens to jarosite in other deposits (230 ppm of in-
visible Ag on average, Roca et al., 1999) or secondary sulfides (up to
2000 ppm of invisible Ag, Kojima et al., 2003; Reich et al., 2008). If an
important part of the silver occurs as a diluted solid solution within
the limonitic assemblage, conventional cyanidation will not leach it
and the recoveries will keep low.

In the case of the higher than expected copper content in the doré,
the source of the problemmay be the Cu2+-richnature of the interstitial
ground waters, especially in the base of the oxidized zone. Another
possibility might be a slight contamination by Cu-rich sulfides in the
crushing plant (oxide ore and sulfide ore are crushed in the same
circuit). Cu-bearing sulfides and Cu2+-species are preferentially com-
plexed by CN- enhancing the consumption and oxidation of cyanide
(Zhang et al., 1997).

The same problem has been faced by similarmining projects, for ex-
ample, the gossans of Rio Tinto district (Roca et al., 1999; Viñals et al.,
1995, 2003). The paragenesis of those gossans basically consists of goe-
thite, hematite and solid solutions of beudantite-plumbojarosite-
potassium jarosite. Silver occurs as halide, sulfide, Hg-Ag sulfo-halide
and as a low-grade solid solution of argentojarosite in jarosite-
beudantite phases (Roca et al., 1999). In these cases the solid solutions
of beudantite-plumbojarosite-potassium jarositewere not decomposed
during conventional cyanidation. Viñals et al. (1995, 2003) and Roca
et al. (1999) studied the extraction of invisible Ag in oxide ores through
autoclave alkaline decomposition and cyanidation.

In the case of Cerro de Maimón ore, further studies are necessary to
test the feasibility of such a process. Those studies should take into ac-
count that the main difference from the oxide ores of Rio Tinto is the
lack of jarosite-beudandite assemblages and the fact that silver might
be hosted in goethite. The techniques recommended to be used should
consist in a sequential acid leaching coupledwith XRD analysis to deter-
mine if iodargyrite (and embolite) is the only Ag-bearing mineral.

8. Conclusions

The results of this study have led to the following statements/
conclusions:

1) The oxide paragenesis is broadly composed of goethite, hematite,
quartz and barite. Botryoidal, cellular and brecciated textures can
be distinguished. Botryoidal and brecciated textures dominate in
the upper parts of the oxide body, whereas cellular textures are
more common in the intermediate and lower parts of the deposit.
However, the weathering profile is very heterogeneous.

2) The gossan profile shows evidence of being both transported and in-
digenous. The steep position of the oxide lens, as well as the steep
dip of the remnant schistosity and the intense rainfall and moisture
of the tropical climate played an important role. Waters percolate in
more permeable zones developing brecciated (after collapse) and
botryoidal textures.

3) The lack of jarosite suggests that pH conditions were not extremely
acidic since the pluviosity of the tropical climate probably plays a
dilution/buffering effect on the acidification process.

4) Gold grains in the oxide paragenesis are extremely pure (99 % Au)
suggesting that a chemical purification took place. Gold grains
occur in pores among botryoidal goethite aggregates and/or
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shrinkage fractures in fine goethite layers. The location and purity of
gold suggests an in situ precipitation.

5) Silver occursmainly as iodargyrite (AgI), andminor AgBr, AgI, in bot-
ryoidal aggregates. The shape of the grains, systematically less than
20 μm, adapts to the shape of the pore. Themorphology and location
of iodargyrite grains also indicate an in situ precipitation.

6) Halides are effective Au-Ag leaching agents. In the presence of ha-
lides, gold and silver can be transported in a wide range of pH-Eh
conditions, especially if iodine is present. Silver is leached more
rapidly and over a broader range of pH-Eh conditions. It is also
preferentially transported as iodine-complexes than other halides.

7) Since Cerro de Maimón fully developed under tropical conditions,
the presence of Ag-halides cannot be considered intrinsic of arid
environments as commonly stated. Theseminerals are rather indica-
tors of the presence of saline-halide rich groundwater in oxide
deposits.

8) The lower than expected silver recovery in the oxide treatment plant
could be due to undetermined amounts of silver present as a diluted
solid solution within the limonitic assemblage. In that case, classical
leaching methods are not efficient as has been described in Ag-
bearing jarositic assemblages.
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Abstract
Re-Os dating of three samples of hydrothermal molybdenite collected from the Pueblo Viejo Au-Ag-Cu 

district (5.5 Moz gold, past production, 16.2 Moz proven plus probable gold ore reserves) yields ages of 112.1 
± 0.4, 112.0 ± 0.4, and 111.5 ± 0.4 Ma. These Re-Os dates confirm an Early Cretaceous age for mineralization, 
coeval with tholeiitic, intraoceanic island arc volcanism and, in particular, with an episode of felsic magma-
tism and extension across the Early Cretaceous arc (110–118 Ma). Re-Os dating of a sample of hydrothermal 
molybdenite collected from the Douvray porphyry Cu-Mo deposit (with inferred resources of 1,257 Mlb Cu, 
0.276 Moz Au, 6.84 Moz Ag, and 4,367 tons Mo) yields an age of 93.3 ± 0.3 Ma, coeval with calc-alkaline mag-
matism along the Greater Antilles island arc.

Introduction
The age and geologic setting of Au-Ag-Cu mineralization 

in the Pueblo Viejo district of the Dominican Republic have 
long been subjects of controversy. Kesler et al. (1981, p. 1096) 
published the first detailed description of the ore deposits and 
concluded that they formed in a hot spring environment, “dur-
ing sedimentation in a small basin in the upper part of the Los 
Ranchos Formation.” Sillitoe and Bonham (1984) proposed 
that the basin was the product of a maar-diatreme eruption, a 
geologic setting subsequently embraced by Russell and Kes-
ler (1991). Galbraith (unpub. report, Rosario Dominicana, 
1973) proposed a volcanogenic massive sulfide (VMS) origin 
for Pueblo Viejo. The link to VMS deposits was also advocated 
by Sillitoe et al. (1996, p. 204), who described the deposits as 
having formed in “an environment that is transitional between 
those of terrestrial epithermal and deep-water volcanogenic 
massive sulfide systems.” Nelson (2000) presented evidence 
for a volcanic dome field at Pueblo Viejo, a setting consis-
tent with a transitional (shallow water) VMS. Although their 
descriptions vary in detail, these authors all describe mineral-
ization at Pueblo Viejo as an Early Cretaceous event, coeval 
with volcanism and epiclastic sedimentation within the Los 
Ranchos Formation.

Hollister (1978) was the first to describe Pueblo Viejo as a 
porphyry copper deposit. More recently, the porphyry copper 
model has been advocated by Sillitoe et al. (2006, p. 1427), 
who concluded that “there is no genetic relationship between 
the gold-silver orebodies and either a maar-diatreme system 
or volcanic dome complex.” Instead, “this new model for 

Pueblo Viejo assigns the deposit to a well-defined Late Creta-
ceous to Early Tertiary calc-alkaline magmatic arc.” 

This paper presents Re-Os dates for molybdenite collected 
from the Pueblo Viejo district and from the Douvray porphyry 
copper deposit located 200 km west of Pueblo Viejo (Fig. 1A). 
Our Re-Os dates for the Pueblo Viejo district are consistent 
with an Re-Os isochron age on pyrite reported by Kirk et al. 
(2014) and with U-Pb dates on zircon reported by Kesler et 
al. (2005) and Mueller et al. (2008). These Re-Os and U-Pb 
dates confirm an Early Cretaceous age for mineralization 
in the Pueblo Viejo district, coeval with tholeiitic island arc 
volcanism and some 20 m.y. older than the Late Cretaceous 
onset of calc-alkaline magmatism and related porphyry cop-
per mineralization.

Mining History
The Pueblo Viejo district produced a total of 5.5 Moz of 

gold and 25.2 Moz of silver during a quarter-century of opera-
tion (1975–1999). Rosario Dominicana, a subsidiary of Amax 
that was later (1979) nationalized by the government, recov-
ered gold from a blanket of near-surface oxidized ore that, by 
the early 1990s, was largely mined out. The underlying sulfide 
resource, drilled by Amax in the 1980s, was estimated to con-
tain 25.8 Moz Au at an average grade of 2.5 g per metric tonne 
(g/t; Nelson, 2000). However, poor gold recovery as mining 
moved from oxide into sulfide ore forced the mine to close 
in 1999. 

Despite then-prevailing low gold prices, the size and grade 
of the sulfide resource led to a successful international ten-
der won in 2001 by Placer Dome. Barrick Gold Corporation 
purchased Placer Dome in 2006, added significantly to the 
resource at Pueblo Viejo, and decided in 2007 to reopen the 
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mine in a 60–40 joint venture with Goldcorp Inc. Construc-
tion began on a new plant, including an autoclave circuit, and 
mining resumed in 2012. As of March 2012, proven plus prob-
able ore reserves for Pueblo Viejo totaled 285.4 Mt at 2.8 g/t 
Au, 17.5 g/t Ag and 0.09% Cu for a total of 25.3 Moz gold, 
160.2 Moz silver, and 590.5 Mlb copper (Borst et al., 2012). 
In the face of falling gold prices, proven plus probable ore 

reserves have since been reduced to16.2 Moz gold, 101 Moz 
silver, and 379 Mlb copper (Evans et al., 2014). 

Regional Geology
The Los Ranchos Formation, host to the ore deposits in 

the Pueblo Viejo district, is composed of basalt and basal-
tic andesite flows and pyroclastic units, plutons of diorite, 

Fig. 1.  A-B. Location map for the Pueblo Viejo district in the Dominican Republic and the Massif du Nord district, 
including the Douvray porphyry copper deposit in Haiti. The geologic base map was modified from Escuder-Viruete et al. 
(2007a) and Toloczyki and Ramirez (1991). Principal mineral districts are labeled and include lateritic nickel deposits (purple 
horizontal diamonds), porphyry copper-gold deposits (green and yellow crosses), VMS Cu-Au-Ag deposits (blue and yellow 
hexagons), and Pueblo Viejo-type, hybrid epithermal-VMS Au-Ag-Cu deposits (yellow and blue diamonds). 

Jurassic and Cretaceous Early Cretaceous Late Cretaceous Metamorphic rocks
Oceanic Lithosphere tholeiitic island arc (IAT) island arc
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carbonaceous epiclastic sedimentary rocks, rhyodacitic volca-
nic dome fields, and tonalite stocks (Escuder-Viruete, 2007a). 
These rock units accumulated in an intraoceanic island arc of 
tholeiitic composition that formed in the Early Cretaceous as 
a result of SW-dipping subduction of Proto-Caribbean litho-
sphere (Pindell et al., 2006; Pindell and Keenan, 2009). Vol-
canogenic massive sulfide deposits of the bimodal mafic type 
(e.g., Cerro de Maimon, Fig. 1B) formed during this time 
interval both in Cuba and in the Dominican Republic (Nelson 
et al., 2011). Early Cretaceous volcanism evolved in the Late 
Cretaceous to calc-alkaline composition (Lewis and Draper, 
1990; Lewis et al., 1991; Escuder-Viruete et al., 2006). Late 
Cretaceous to Paleogene calc-alkaline plutons host porphyry 
copper deposits, such as Douvray, in the Massif du Nord dis-
trict of Haiti (Fig. 1A) and along the length of the Greater 
Antilles island arc (Nelson et al., 2011). For a more detailed 
description of the metallogenic evolution of the Greater Antil-
les the reader is referred to Kesler et al. (1990) and Nelson 

et al. (2011). For a description of Au-Ag-Cu mineralization 
at Pueblo Viejo and the local geologic setting, the reader is 
referred to Kesler et al. (1981), Russell and Kesler (1991), and 
Nelson (2000).

The Los Ranchos Formation consists of boninites, light rare 
earth element (LREE)-depleted, tholeiitic island arc basalts 
and normal, island arc tholeiites (Escuder-Viruete et al., 
2007a). Within the tholeiitic island arc, these authors describe 
an interval dated at 110 to 118 Ma of felsic volcanism and 
coeval, geochemically equivalent, tonalite intrusion (Fig. 1B). 
Escuder-Viruete et al. (2007b) go on to describe the Maimon 
Formation (Fig. 1B) as the metamorphic equivalent of the 
Los Ranchos Formation.

The Maimon Formation is characterized by numerous 
VMS occurrences (Fig. 1B), one of which (Cerro de Maimon) 
is currently in production. Bedded VMS is also present in the 
Los Ranchos Formation, at the La Lechoza deposit, 6  km 
northeast of Pueblo Viejo (Fig. 2). Inferred resources at La 

Fig. 2.  Location map for molybdenite samples reported in this study. Samples were collected from diamond drill holes 
APV11-36, APV11-39A, and APV11-40. The extent of advanced argillic alteration within the Los Ranchos Formation is shown 
in gray. Low-angle reverse faults limit the extent of advanced argillic alteration but not of hydrothermal alteration and miner-
alization. Mineralization was fed by high-angle, northerly striking hydrothermal conduits, shown in red; nearby gossans and 
VMS deposits are also shown in red.

Early Cretaceous  Lower Albian Advanced argillic
tholeiitic island arc Intrusive rocks Rio Hatillo Fm hydrothermal alteration
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Lechoza are 1.23 Mt at 0.57 % Cu, 5.03 g/t Ag, 0.2 g/t Au 
in sulfides plus 0.98 Mt at 17.72 g/t Ag, 0.86 g/t Au in oxides 
(Dupéré and Paiement, 2012). Research underway at the 
University of Barcelona aims to describe the volcanic and 
magmatic evolution of the Los Ranchos and Maimon Forma-
tions in more detail and to further address the question of 
whether the two rock units are correlative.

Geochronology of Rock Units
The age of the Los Ranchos Formation, estimated from lead 

isotope ratios for seventeen rock samples, is 130 to 110 Ma 
(Cumming et al., 1982; Cumming and Kesler, 1987; Kesler et 
al., 1991). The age of the Los Ranchos Formation is further 
constrained by late lower Albian (Albian: 113–100 Ma) inver-
tebrate fauna reported from the overlying Rio Hatillo Forma-
tion by Myczynski and Iturralde-Vinent (2005).

Within the Los Ranchos Formation, felsic volcanic dome 
fields (Fig. 1B) occur between a lower section characterized 
by boninites and LREE-depleted basalt, recording initiation 
of the subduction zone, and an upper section characterized 
by normal island arc tholeiitic basaltic volcanism (Escuder-
Viruete et al., 2006, 2007a). Two of these felsic volcanic dome 
fields have been dated. Zircon from a rhyodacite dome in 
the Bayaguana district (Fig. 1A) yields a U-Pb age of 116.0 
± 0.8  Ma (Escuder-Viruete et al., 2007a). Similar volcanic 
domes mapped by Nelson (2000) in the Pueblo Viejo district 
have been dated (U-Pb on zircon) at 111.4 ± 0.5 Ma (Kesler 
et al., 2005).

Escuder-Viruete et al. (2007a) argue that tonalite plutons 
were the source for felsic volcanic dome fields of the Los 
Ranchos Formation (exposed in the Pueblo Viejo and Baya-
guana districts) based on their similar age and trace element 
geochemistry. Nelson (2000) provides evidence that these 
Early Cretaceous volcanic dome fields were coeval with the 
hydrothermal cells that formed the Pueblo Viejo Au-Ag-Cu 
deposits. Back-arc basin basalts of the nearby Rio Verde For-
mation (Fig. 1B) were deposited at 110 to 118 Ma (Escuder-
Viruete et al., 2009), indicating that this time interval was one 
of extension across the arc. Porphyry copper deposits in the 
Greater Antilles, on the other hand, are associated with Late 
Cretaceous to Eocene calc-alkaline magmatism (Nelson et al., 
2011). Douvray is a good example; host rocks include calc-
alkaline diorite, granodiorite, and tonalite that intrude a Late 
Cretaceous section of basaltic and dacitic tuffs, breccias, and 
flows (Bosc and Barrie, 2013).

Sillitoe et al. (2006) present convincing evidence that the 
Rio Hatillo Formation is conformable with the underlying 
Los Ranchos Formation and that the Rio Hatillo Forma-
tion was altered by the same hydrothermal system that was 
responsible for mineralization at Pueblo Viejo. However, the 
presence of altered limestone does not imply the presence of 
a limestone cover at the time of alteration and mineralization. 
On the contrary, field observations in the pits (Kesler et al., 
1981; Russell and Kesler, 1991; Nelson, 2000) demonstrate 
that the host rocks at Pueblo Viejo were exposed to erosion 
during the mineralization event. Rather than the limestone 
cap advocated by Sillitoe et al. (2006) or the unconformity 
reported by Russell and Kesler (1991), Nelson et al. (2011) 
describe the Rio Hatillo Formation as a fringing reef that 
formed marginal to an emergent stratovolcanic edifice (Loma 

la Cuaba), volcanic dome field and shallow marine sedimen-
tary basin—host rocks to the ore deposits at Pueblo Viejo (Fig. 
2). Geologic mapping (Nelson, 2008) shows that the altered 
Rio Hatillo Formation was later offset by low-angle reverse 
faults (Fig. 2) that likely formed during Latest Cretaceous 
collision of the Greater Antilles with North America (Garcia-
Casco et al., 2008). Low-angle reverse faults are well exposed 
in the pits at Pueblo Viejo (e.g., good exposures at UTM coor-
dinates 374900, 2095040, NAD 27 for the US, zone 19) and 
can be traced by careful mapping outside the pits (e.g., good 
exposures at 377400, 2097600).

The volcanic and sedimentary rock units in the Pueblo Viejo 
district, including massive limestone of the Rio Hatillo For-
mation, have been variably metamorphosed. Incipient cleav-
age increases in intensity from NE to SW across the Pueblo 
Viejo district toward the Hatillo thrust and the Loma Caribe 
peridotite (Figs. 1, 2). The Loma Caribe peridotite is part of a 
block of obducted oceanic lithosphere (Fig. 1A) that Mueller 
et al. (2008) propose was responsible for burial and metamor-
phism of the overridden Los Ranchos and Maimon Forma-
tions. Additional evidence for metamorphism in the Rio 
Hatillo Formation includes the presence of pressure shadows 
around the occasional detrital quartz grain near the base of 
the Hatillo Formation (375280, 2094630) and the observa-
tion that both the underlying Los Ranchos Formation and the 
overlying Las Lagunas Formation (e.g., at 376350, 2091780) 
exhibit penetrative mineral cleavage and schistosity, clear evi-
dence for metamorphism.

We describe the Rio Hatillo Formation as a fringing reef 
limestone that was deposited during Early Albian time, 
hydrothermally altered during the Pueblo Viejo mineraliza-
tion event, recrystallized during metamorphism, and offset 
by low-angle, northeast-verging reverse faults during Latest 
Cretaceous collision of the Greater Antilles with the North 
American continental margin.

Geochronology of Mineralization
Radiometric dating, particularly if that dating can be carried 

out on ore-related sulfide minerals, offers a means for resolv-
ing the controversy over the age of mineralization at Pueblo 
Viejo. Consequently, a brief review of previous radiometric 
dating at Pueblo Viejo is in order. Kesler et al. (1991) favor 
a mineralization age of 130 to 110 Ma based on the similar-
ity of lead isotope ratios for ore-related galena, enargite, and 
pyrite and the host Los Ranchos Formation. These authors 
also report much younger 40Ar/39Ar ages (61.6 ± 0.9 and 67.8 
± 0.8 Ma) from a pyrite-alunite vein at Pueblo Viejo. Kes-
ler et al. (1981) interpret younger 40Ar/39Ar ages on alunite as 
the result of thermal resetting, possibly by a nearby Eocene 
quartz diorite intrusion.

Citing the well-documented observation that Early Cre-
taceous tholeiitic magmatism in the Dominican Republic 
was succeeded by Late Cretaceous calc-alkaline magmatism 
(Lewis and Draper, 1990; Lewis et al., 1991, 2000; Escu-
der-Viruete et al., 2006), Sillitoe et al. (2006) interpret the 
40Ar/39Ar dates reported by Kesler et al. (1981) as evidence 
for a Late Cretaceous age for mineralization at Pueblo Viejo 
and infer a genetic association with calc-alkaline magmatism. 

Arribas et al. (2011), reporting both previously published 
and new 40Ar/39Ar data, show that 40Ar/39Ar dates on alunite 
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from Pueblo Viejo span 40 m.y. (80–40 Ma) and point out that 
“alunite samples collected within even meters to centimeters 
of one another yield different ages.” Arribas et al. (2011) con-
clude that the 40 m.y. range in 40Ar/39Ar dates from alunite at 
Pueblo Viejo is the result of a complex thermal history.

Mueller et al. (2008) interpret 40Ar/39Ar dates on alunite 
from the Pueblo Viejo district as a record of postmineral and 
postburial cooling history related to uplift and erosion. The 
Pueblo Viejo district was overridden by a package of oceanic 
lithosphere and overlying island arc volcanic rocks (Mueller et 
al., 2008). This cover generated temperatures higher than the 
~300°C blocking temperature for Ar loss from alunite. 

Field observations at Pueblo Viejo reported by Kesler et al. 
(1981), Russell and Kesler (1991), and Nelson (2000) provide 
strong evidence for coeval Early Cretaceous volcanism and 
mineralization. Corroborating evidence for an Early Creta-
ceous age includes Kesler et al. (2005), who presented a U-Pb 
date of 111.56 ± 0.45 Ma on zircon from dacite porphyry in 
the Moore pit, a rock unit that Nelson (2000) mapped as an 
intermineral volcanic dome. Mueller et al. (2008) cite addi-
tional corroborating evidence for Early Cretaceous mineral-
ization with U-Pb dates of 112.2 ± 0.8 Ma and 109.6 ± 0.6 Ma 
on prismatic zircons from an intermineral andesite dike in the 
Monte Negro pit. Both the volcanic dome (dacite porphyry) 
and the andesite dike are demonstrably coeval with miner-
alization; they contain mineralized lithic fragments and are 
themselves hydrothermally altered and locally mineralized.

Kirk et al. (2014) report the results of Re-Os dating of gold-
bearing sulfide from Pueblo Viejo. Combining pyrite separate 
and concentrate samples from the Moore and Monte Negro 
pits, Kirk et al. (2014) report an Re-Os isochron age of 111.9 
± 3.7 Ma. This Early Cretaceous age, the first reported direct 
date for mineralization in the Pueblo Viejo district, is in agree-
ment with the U-Pb dates cited above for intermineral domes 
and dikes and is in agreement with our more precise Re-Os 
ages for in situ molybdenite, as reported below.

The Re-Os Chronometer
The Re-Os chronometer provides a tool for directly dating 

the age of ore mineralization, as both Re and Os are stored in 
sulfide, rather than in silicate minerals (see review in Stein, 
2014). Molybdenite, in particular, provides a nearly infal-
lible Re-Os clock, as this mineral routinely incorporates ppm 
levels of Re and takes in essentially no Os during crystalliza-
tion; essentially all of the Os in molybdenite is radiogenically 
derived 187Os (Stein et al., 2001). In addition, studies have 
shown that the Re-Os chronometer in molybdenite is unaf-
fected by later thermal and hydrothermal events (e.g., Stein et 
al., 1998; Stein and Bingen, 2002). Provided that molybdenite 
can be geologically and paragenetically tied to ore minerals, 
Re-Os dating of molybdenite can be used to precisely date 
mineralization.

Sampling
Molybdenite was first recognized in the Pueblo Viejo dis-

trict by Carrasco (2011) who reported it in three diamond 
drill holes (APV11-36, APV11-39A, APV11-40) located on the 
flanks of Loma la Cuaba, less than 2 km west of the ore depos-
its (Fig. 2). Molybdenite occurs as fracture coatings and as 
coatings on the wall of quartz veinlets in samples that exhibit 

a phyllic (sericite after plagioclase) alteration assemblage 
(Fig. 3). Drill holes on Loma la Cuaba penetrate pervasively 
altered tholeiitic basalt and basaltic andesite flows mapped 
by Kesler et al. (1981, 2005) as the Platanal member of the 
Los Ranchos Formation. Torró et al. (2013), working with a 
suite of samples collected from these and other drill holes on 
Loma la Cuaba, describe hydrothermal alteration as a blan-
ket of advanced argillic alteration measuring up to 300 m in 
thickness and zoned from dominant kaolinite + dickite near 
the surface to deeper pyrophyllite + diaspore. The advanced 
argillic blanket overlies (with some offset by low-angle reverse 
faults) phyllic and propylitic mineral assemblages. Propy-
litic alteration includes chlorite after mafic minerals and as 

Fig. 3.  Samples of molybdenite from the Pueblo Viejo district from 
hydrothermally altered (quartz-pyrite-sericite) basalt flows. (A) Molybdenite 
in quartz veinlets from drill hole APV11-36. (B) Disseminated molybdenite 
surrounding an altered and pyritized clast from drill hole APV11-39A. (C) 
Molybdenite on a slickensided fracture surface from drill hole APV11-40.
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veinlets, and locally abundant vein and disseminated epidote 
(Torró et al., 2013). In addition, local potassic and sodic-calcic 
alteration has been observed. Potassic alteration (orthoclase 
plus magnetite) occurs at a depth of 267 to 293 m in drill hole 
APV11-33, 480 m northeast of APV11-39A (Fig. 2). Tourma-
line, part of a sodic-calcic alteration assemblage, has been 
observed (Torró et al., 2012) at depths greater than 650 m 
in drill hole APV11-38, which is located 460 m northwest of 
APV11-40 (Fig. 2).

Thirty-nine diamond drill holes for a total of over 12,000 m 
(one to depth of a km) have been completed on Loma la Cuaba. 
The best intercept (from drill hole APV11-36) is 39.65 m @ 
0.25 g/t Au, 0.18% Cu (at a depth of 297.4–337.05  m); the 
highest grade intercept (from drill hole APV04-12 located 
300 m southwest of APV11-36) is 12 m @ 0.05 g/t Au, 0.78% 
Cu (at a depth of 42–54 m). Mineralized intervals consist of 
quartz vein stockworks containing pyrite and chalcopyrite 
filling cracks and voids in pyrite grains. The Cu-Au mineral-
ized intervals are separate from but are located close to the 
drill-hole intervals that were sampled for molybdenite (Fig. 
2). Molybdenite has not been reported from the ore deposits 
at Pueblo Viejo; trace amounts of chalcopyrite and chalcocite 
are present (Evans et al., 2014), although the bulk of the cop-
per occurs as enargite.

It is important to emphasize that our molybdenite samples, 
although collected from outside the limits of the known ore 
deposits, were collected from within the limits of the Pueblo 
Viejo hydrothermal alteration system (Fig. 2). Geologic map-
ping shows that advanced argillic alteration extends from the 
ore deposits west across the three diamond drill holes sampled 
for this study and continues, interrupted only by postmineral 
low-angle reverse faults, as far as the Hatillo Reservoir, a dis-
tance of over 5 km (Fig. 2). Drill holes on Loma la Cuaba and 
an alteration study by Torró et al. (2013) shows that hydro-
thermal alteration is continuous at depth as well. Although 

our results show that the hydrothermal system was episodic, 
hydrothermal alteration in the pits at Pueblo Viejo is spatially 
continuous with hydrothermal alteration on Loma la Cuaba.

Geologic mapping (Nelson, 2008) shows that previously 
published limits of advanced argillic alteration (Sillitoe et al., 
2006) do not represent the limits of the hydrothermal sys-
tem. Alteration and mineralization extend north from Pueblo 
Viejo, beyond the limits of advanced argillic alteration, to the 
La Lechoza VMS deposit (Fig. 2). To the south, the limits of 
alteration are obscured by low-angle reverse faults that offset 
the contact with the overlying Rio Hatillo Formation.

One sample of molybdenite from the Douvray porphyry 
copper deposit was collected from diamond drill hole DDH 
D-002 at a depth of 194.6 m (Figs. 4, 5). The molybdenite is 
from a quartz stockwork with 1% Cu, 3.9 g/t Ag, 0.38 g/t Au, 
and 1390 ppm Mo. The host rock is weakly magnetic, nonpor-
phyritic tonalite containing primary plagioclase, hornblende, 
and quartz. Inferred resources at Douvray are 189.5 Mt at 
0.3% Cu, 0.05 g/t Au, 1.12 g/t Ag, and 23.05 g/t Mo (Bosc and 
Barrie, 2013). A production decision has yet to be reached.

Analysis and Results
Molybdenite was extracted by a small hand-held drill as a 

powdered separate. Samples were equilibrated with a mixed 
Re-Os double spike in a sealed Carius tube. Isotopic ratios 
were measured by negative thermal ion mass spectrometry 
(NTIMS) through the AIRIE Program, Colorado State Uni-
versity. Samples were blank corrected and mass fractionation 
corrected for Os. Results are reported in Table 1 and are 
presented graphically in Figure 6. For more information on 
Re-Os analysis and interpretation, the reader is referred to a 
review article by Stein (2014).

For Pueblo Viejo, molybdenite collected from APV11-
36 (38.5 m) provides an age of 112.1 ± 0.4 Ma. Molybde-
nite collected from APV11-39A (532 m) provides an age 

Table 1.  Re-Os Data for Three Molybdenite Samples from the Pueblo Viejo Au-Ag District, Dominican Republic, and  
One Sample from the Douvray Porphyry Copper Deposit, Haiti

AIRIE Run no. Drill hole number,   Age, Ma Age, Ma
 Sample depth Re (ppm) 187Os (ppb) (with 187Re λ) (analytical error only)

Pueblo Viejo
MD-1317 APV11-36, 38.5 m   6191 (10) 7,276 (6) 112.1 ± 0.4 112.12 ± 0.20
MD-1395 APV11-39A, 530.15–532.70 m 105.7 (1) 124.1 (1) 112.0 ± 0.4 112.02 ± 0.14
MD-1398 APV11-40, 210.75–212.25 m 346.2 (3) 404.5 (3) 111.5 ± 0.4 111.47 ± 0.12

Douvray
MD-1333 DDH-002, 194.6 m 36.42 (4) 35.62 (3)  93.3 ± 0.3  93.31 ± 0.13

Samples equilibrated with double Os spike by Carius tube dissolution; sample weights 5, 30, 21, 17 mg for MD-1317, MD-1395, MD-1398, MD-1333, 
respectively; double Os spike allows for mass fractionation correction and check for common Os; no common Os found

MD-1317 estimated 80% MoS2 with 20% silicate dilution; MD-1395 is barely visible MoS2 coincident with pervasive pyrite in a circular area; MD-1398 
molybdenite extracted from a slickenside fault surface and is about 50% MoS2; MD-1333 is from a fracture coating, with about 20% silicate dilution in the 
molybdenite separate

All uncertainties reported at 2s with concentration uncertainties in parentheses for last stated digit; uncertainty in Re-Os ages shown with and without 
187Re decay constant uncertainty; for Re-Os age calculation, assumed initial 187Os/188Os is 0.2 (though here insensitive to age calculation)

For MD-1317, measured blanks are Re = 8 ±1 pg, Os = 1.86 ± 0.03 pg with 187Os/188Os = 0.322 ± 0.010; for MD-1395 and MD-1398, measured blanks 
are Re = 3.18 ± 0.04 pg, Os = 0.17 ± 0.01 with 187Os/188Os = 0.313 ± 0.017; for MD-1333 measured blanks are Re = 7.9 ± 1.5 pg, Os = 1.86 ± 0.03 with 
187Os/188Os = 0.32 ± 0.01; although insignificant for these samples, data reported are blank corrected

APV11-36, UTM coordinates: 373666, 2094922, collar elevation: 211 m, azimuth: 51°, inclination: minus 65°
APV11-39A, UTM coordinates: 373633, 2095696, collar elevation: 374 m, azimuth: 315°, inclination: minus 70°
APV11-40, UTM coordinates: 373432, 2094656, collar elevation: 232 m, azimuth: 40°, inclination: minus 70°
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of 112.0 ± 0.4  Ma. Molybdenite collected from APV11-40 
(211 m) provides an age of 111.5 ± 0.4 Ma. Two Pueblo Viejo 
molybdenites have notably similar ages (112 Ma). The third 
molybdenite (111.5 Ma) on a slickenside surface is distinctly 
younger when, appropriately, only analytical uncertainties 
are compared (Table 1 and black inset rectangles on Fig. 6). 
Molybdenite collected from diamond drill hole DDH-002 
(194.6 m) at Douvray (Fig. 4) yields an age of 93.3 ± 0.3 Ma. 

Discussion
Molybdenite samples analyzed for this study provide Re-Os 

dates of 112.1 ± 0.4, 112.0 ± 0.4, and 111.5 ± 0.4 Ma, consistent 

Fig. 4.  Location map for the Douvray molybdenite sample used in this study. Sample was collected from diamond drill 
hole D-002 at 194.6 m depth. Tonalite/granodiorite dikes are shown in orange on the inset; host rocks include basalt, andesite, 
dacite, and minor rhyolite as flows, tuffs, and volcaniclastic rocks. The Douvray porphyry copper deposit is shown in pink on 
the inset with its limits, at an elevation of 100 m, defined by Cu > 0.1%. 

Fig. 5.  Sample of molybdenite from the Douvray porphyry copper deposit 
from a fracture surface in drill hole D-002 at a depth of 194.6 m.
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with a Re-Os isochron age of 111.9 ± 3.7 Ma reported by Kirk 
et al. (2014). These results confirm a previously proposed (Kes-
ler et al., 1981; Russell and Kesler, 1990; Nelson, 2000) Early 
Cretaceous age for mineralization in the Pueblo Viejo district.

The small analytical uncertainties associated with molybde-
nite Re-Os ages (Fig. 6; Table 1) permit recognition in our 
samples of two episodes of mineralization closely spaced in 
time at ~112.0 and ~111.5 Ma. The younger of the two Re-Os 
model ages reported here is consistent with a previously 
reported U-Pb date of 111.4 ± 0.5 Ma (Kesler et al., 2005) 
on zircon from dacite porphyry in the Moore pit that was 
mapped by Nelson (2000) as an intermineral volcanic dome. 
Mueller et al. (2008) report an age of 112.2 ± 0.8 as well as 
a younger age of 109.6 ± 0.6 Ma for an intermineral andesite 
dike in the Monte Negro pit. Together, these dates provide 
documentation for pulsed hydrothermal alteration and min-
eralization during the period 109 to 112 Ma.

40Ar/39Ar dates on alunite from the Pueblo Viejo district 
span a 40-Ma age range from 40 to 80 Ma (Arribas et al., 
2011) and, given the ~300ºC blocking temperature of Ar in 
alunite, are reasonably interpreted (Mueller et al., 2008) to 
have been modified by metamorphism related to Late Cre-
taceous obduction of ophiolite. A proposed unconformity at 
the base of the Rio Hatillo Formation (Kesler et al., 1991) 
is contradicted by field evidence for a conformable contact 
presented by Sillitoe et al. (2006) and by the age of miner-
alization at Pueblo Viejo (109–112 Ma based on radiometric 
dating, this study), which is essentially the same as the age of 
the Rio Hatillo Formation (late lower Albian based on fossil 
fauna assemblages, Myczynski and Iturralde-Vinent, 2005).

Re-Os dating of molybdenite from the Douvray porphyry 
copper deposit (93.3 ± 0.3 Ma) confirms a Late Cretaceous 

age for porphyry copper mineralization at this and, quite 
probably, at other porphyry copper deposits in the Massif du 
Nord region of Haiti.

Potassic alteration (K-feldspar plus magnetite) and subeco-
nomic Cu-Au stockwork mineralization have been encoun-
tered by drilling on Loma la Cuaba (Carrasco, 2011; Torró 
et al., 2013). Cu-Au stockwork mineralization has also been 
encountered by drilling at the Doña Amanda deposit in the 
Bayaguana district (Chenard, 2006; Torró et al., 2014). This 
has led some to conclude that there is good potential for por-
phyry copper mineralization at Pueblo Viejo and elsewhere 
across the Los Ranchos Formation. However, 32 drill holes 
for a total of 11,500 m, one to a depth of a km, have so far 
failed to encounter economic porphyry copper mineralization 
on Loma la Cuaba. These results suggest, to us, that this intra-
oceanic tholeiitic island arc is not prospective for porphyry 
copper mineralization. Instead, we see potential in the Los 
Ranchos Formation for hybrid epithermal-VMS deposits like 
those of the Pueblo Viejo and Bayaguana districts. Monecke 
et al. (2014) describe submarine hydrothermal systems associ-
ated with arc rifting, modern analogs, in our view, to Pueblo 
Viejo. If our model is correct, exploration in the Los Ran-
chos Formation should focus on transitional epithermal-VMS 
rather than porphyry copper deposits.

Conclusions
This study reports the first Re-Os dates for molybdenite 

from the Pueblo Viejo Au-Ag-Cu district, Dominican Repub-
lic, and the Douvray porphyry copper deposit, Haiti. Precise 
Re-Os dates of 112.1 ± 0.4, 112.0 ± 0.4, and 111.5 ± 0.4 Ma 
for the Pueblo Viejo district agree with a previously reported 
Re-Os isochron age derived from representative samples of 

Fig. 6.  Plot of radiometric dates for mineralization at Pueblo Viejo. Re-Os ages for the three molybdenites analyzed in 
this study are displayed with the full uncertainties (gray bars) and with analytical uncertainties (black inset bars) to show that 
the molybdenite on the slickenside surface (Fig. 3C) is distinctly younger than the other two molybdenites (Fig. 3A, B). To 
compare Re-Os ages with U-Pb ages, however, the full uncertainty (including the decay constant uncertainty for 187Re) should 
be used (see Table 1).  TIMS = thermal ion mass spectrometry.
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pyrite from the Moore and Monte Negro pits (Kirk et al., 
2014). Combining the Re-Os dates with previously reported 
U-Pb dates on zircon from an intermineral (coeval with min-
eralization) quartz porphyry volcanic dome (111.4 ± 0.4 Ma 
reported by Kesler et al., 2005) and an intermineral andesite 
dike (109.6 ± 0.6 Ma, reported by Mueller et al., 2008) results 
in an age of 109 to 112 Ma for Au-Ag-Cu mineralization in 
the Pueblo Viejo district. Molybdenite from the Douvray por-
phyry copper deposit yields an Re-Os age of 93.3 ± 0.3 Ma.

The Re-Os dates reported here provide documentation for 
an Early Cretaceous age of mineralization at Pueblo Viejo, 
consistent with field observations reported by Kesler et al. 
(1981), Russell and Kesler (1991), and Nelson (2000). At 
Pueblo Viejo, the ore deposits formed at 109 to 112 Ma in 
a volcanic dome field and sedimentary basin during a period 
of extension and tonalitic magmatism across an Early Creta-
ceous tholeiitic, intraoceanic island arc (Nelson et al., 2011). 
Similar deposits have been described in the Bayaguana dis-
trict (Chenard, 2006; Nelson et al., 2011; Torró et al., 2014). 
Re-Os dates reported here are consistent with the observa-
tions reported by Sillitoe et al. (2006) but are inconsistent 
with a model that attributes mineralization at Pueblo Viejo 
to Late Cretaceous to Tertiary calc-alkaline intrusive activity. 
True porphyry copper deposits in the Greater Antilles, such 
as Douvray, formed after the Late Cretaceous onset of calc-
alkaline island arc volcanism.
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Abstract 24 

Hosted in the Early Cretaceous bimodal tholeiite volcanic series of the Los Ranchos Formation, the 25 

Doña Amanda and Cerro Kiosko deposits in the Bayaguana district represent significant Au, Cu and 26 

Ag resources in the Cordillera Oriental of the Dominican Republic. At Doña Amanda, a dense 27 

stockwork of quartz-sulfide veins is hosted by volcanic rocks with intense transitional phyllic-28 

advanced argillic and silicic hydrothermal alteration assemblages, indicating a high-sulfidation 29 

environment. Wavy quartz veins with central sutures and rims of pyrite + enargite + molybdenite + 30 

fahlore (B veins) are cut by planar quartz-pyrite D veins. Primary fluid inclusions in quartz from B 31 

veins (Th: 160º to >400 ºC; salinity: 7.9 to 16.4 wt. % NaCl equiv.) are interpreted as porphyry-type 32 

fluids. Inclusion fluids in quartz of quartz-pyrite veins (Th: 125º to 175 ºC; salinity: 4.8 to 12.2 wt. 33 

% NaCl equiv.), quartz from silicic altered wallrocks (Th: 150º to 175 ºC; salinity: 8.3 to 13.9 wt. 34 

NaCl equiv.) and late, distal calcite veins (Th: 120º to 160 ºC; salinity: 5.0 to 13.3 wt. % NaCl 35 

equiv.) indicate limited mixing with more dilute fluids, and rule out mixing with fresh meteoric 36 

water. In Cerro Kiosko, a swarm of fault-controlled massive chalcopyrite + enargite + bornite + 37 

fahlore D veins and lodes are hosted by rocks with pervasive kaolinite alteration after sericite. δ34S 38 

values of vein sulfides from both deposits are all close to -2 ‰ and consistent with a predominance 39 

of magmatic sulfur, and sulfide deposition from an oxidizing magmatic fluid. These data are 40 

consistent with a transitional environment between a deeper porphyry Cu(-Mo) and overlying high 41 

sulfidation epithermal deposit. 42 

A Re-Os age (112.6 ± 0.4 Ma) for molybdenite from the Doña Amanda deposit places the 43 

porphyry-epithermal mineralization as Early Cretaceous, coeval with the Los Ranchos Formation 44 

host rocks, and with the Pueblo Viejo deposit. New SHRIMP U-Pb ages on zircons from 45 

plagioclase-phyric rhyolite domes in the Bayaguana district are consistent with porphyry-high 46 

sulfidation epithermal mineralization occurring along the Los Ranchos Formation during tonalite 47 

batholith emplacement in the basaltic island-arc basement at ca. 118-112 Ma and finalization of 48 

felsic volcanism at ca. 110-107 Ma.  49 



Introduction 50 

Extensive exploration since the early 1970s for precious and base metals in Cretaceous volcanic and 51 

volcanosedimentary series along the Cordillera Central-Massif du Nord (as defined by Lewis and 52 

Draper, 1990) and the Cordillera Oriental of Hispaniola Island (Dominican Republic and Haiti) has 53 

revealed the existence of major mineral resources (Kesler et al., 1990; Nelson et al., 2011). The 54 

Cordillera Central contains the world-class Pueblo Viejo Au-Ag-Cu deposit, with 8,960,000 oz Au 55 

of proven and probable reserves and a reported production of 572,000 oz Au in 2015 (Barrick, 56 

2015), and also the Cerro de Maimón Au-Ag-Cu (Lewis et al., 2000; Torró et al., 2016a) and 57 

Falcondo Ni (Nelson et al., 2011; Aiglsperger et al., 2016) deposits. With the resumption of 58 

operations at Pueblo Viejo in 2012 by Barrick-Goldcorp Inc., the Dominican Republic is becoming 59 

a major gold producer (Redwood, 2014, 2015). Continued mining exploration, mainly for gold, is 60 

leading to new discoveries such as the Romero and Romero South deposits, with indicated 61 

resources of 2.4 Moz Au equivalent (GoldQuest, 2015; Román-Alday et al., 2015), and a 2 Moz Au 62 

inferred resource at Candelones (Unigold, 2015). 63 

The Bayaguana district, about 65 km northeast of Santo Domingo (Fig. 1), contains the most 64 

promising, albeit poorly understood, metallic mineralization in the Cordillera Oriental of the 65 

Dominican Republic. Perilya-CORMIDOM have developed extensive exploration programs that 66 

followed previous efforts commenced by the Dominican Mining Department (Dirección General de 67 

Minería) and Falconbridge Ltd. in the 1980s and 90s. Inferred resources include Cerro Kiosko (2.8 68 

MT @ 2.2 g/t Au, 4.7 g/t Ag, 0.6% Cu) and Doña Amanda (54.62 MT @ 0.37% Cu, 0.23 g/t Au, 69 

1.42 g/t Ag); other noted occurrences are at Doña Loretta (24.14m @ 2.03% Cu, 0.39 g/t Au, 4.55 70 

g/t Ag; 15.25m @ 1.09% Cu, 0.20 g/t Au, 1.82 g/t Ag) and intercepts in the Loma Guaymarote 71 

basin (e.g., 6.35 m @ 1.37 g/t Au; Chénard, 2006; Perilya, 2015). The rocks hosting these ores in 72 

Perilya’s concessions in Bayaguana are part of the Early Cretaceous Los Ranchos Formation, 73 

renowned for hosting the Pueblo Viejo (Moore, Monte Negro and Monte Oculto deposits) district 74 

(Fig. 1).  75 

Although it is widely accepted that Pueblo Viejo mineralization was coeval with bimodal tholeiitic 76 

volcanism and epiclastic sedimentation of the Los Ranchos Formation (Kesler et al., 2005a, b; 77 

Mueller et al., 2008; Kirk et al., 2014; Nelson et al., 2015), an Early Cretaceous age has not been 78 

universally acknowledged (e.g., Sillitoe et al., 2006, 2007). Controversies over the origin of the 79 

Pueblo Viejo deposit (cf. Nelson et al., 2011, 2015) have caused notable confusion for geologists 80 

engaged in exploration of the Los Ranchos Formation. Kesler et al. (2005b) and Kirk et al. (2014) 81 

noted that the association between the Pueblo Viejo deposit and primitive tholeiitic magmatism in 82 



the Caribbean island arc makes it questionable as to whether these magmas were capable of forming 83 

multiple epithermal deposits, or whether Pueblo Viejo should be regarded as an isolated anomaly, 84 

making further exploration unlikely to be successful. With that in mind, we evaluate the formation 85 

of the ore deposits hosted by the Los Ranchos Formation by assessing their relationships to 86 

regional-scale features. New whole rock geochemical data are provided for the ore-hosting volcanic 87 

rocks. Mineralization at Doña Amanda and felsic domes in the Bayaguana district have been dated 88 

by means of Re-Os (molybdenite) and U-Pb (zircon) techniques, respectively. The mineralogy (ore, 89 

gangue and alteration), sulfur isotopes and the thermochemical characteristics of mineralizing fluids 90 

in the deposits of the Bayaguana district are assessed to help develop a genetic model. These results 91 

are combined to provide local and regional exploration guidelines, and insights into the Caribbean 92 

island arc evolution 93 

Geological Setting 94 

Located on the northern margin of the Caribbean plate, Hispaniola Island is a tectonic collage of 95 

mantle and crustal units resulting from the WSW to SW-directed oblique convergence of the 96 

continental margin of the North American plate with the Circum-Caribbean island arc since the 97 

Eocene (Lewis and Draper, 1990; Boschman et al., 2014; Lidiak and Anderson, 2015). The 98 

Bayaguana concessions (named, W to E, La Hiena, Bayajá and Los Mameyes) cover approximately 99 

7,200 hectares of the Early Cretaceous Los Ranchos Formation in its eastern extension in the 100 

Cordillera Oriental, about 70 km to the ESE of the Pueblo Viejo deposit (Fig. 1). The Los Ranchos 101 

Formation, together with the Maimón and Amina formations, record the oldest and chemically most 102 

primitive island-arc volcanism in the Caribbean region (Lewis and Draper, 1990; Kesler et al., 103 

1991; Lewis et al., 2002; Escuder-Viruete et al., 2006, 2007). They constitute the basement in 104 

central Hispaniola. Boninitic and tholeiitic magmatism in these formations and other equivalent 105 

units in the Greater Antilles are commonly grouped as the primitive island arc magmatic suite, 106 

deposited at ca. 135-110 Ma. Boninitic and tholeiitic magmatism, in general, predates the more 107 

voluminous calc-alkaline magmatic suite formed between ca. 95-45 Ma (Lidiak and Anderson, 108 

2015, and references therein). Subduction of the North American Plate beneath the Greater Antilles 109 

island-arc and related arc magmatism ceased in Hispaniola in the Eocene with the collision of the 110 

arc and the Bahamas Platform (Mann et al., 1991; Boschman et al., 2014). In the eastern Cordillera 111 

Central, transpressional WNW–ESE faults accommodated arc–continent collision in Hispaniola and 112 

juxtaposed the arc-related Los Ranchos, Maimón, Peralvillo and Río Verde formations with 113 

Caribbean-derived mantle peridotites of Loma Caribe (Marchesi et al., 2016, and references therein) 114 

and Caribbean-Colombian oceanic plateau E-MORB basalts represented by the Duarte, Siete 115 

Cabezas and Pelona–Pico Duarte formations (Fig. 1; Escuder-Viruete et al., 2008).  116 



Los Ranchos Formation 117 

The Los Ranchos Formation crops out as an arched, 100 km-long belt that extends from the Hatillo 118 

reservoir (Cotuí-Pueblo Viejo area) eastward to the south shore of Samaná Bay (Fig. 1; Kesler et 119 

al., 1991). It is composed of a volcanic pile of Early Cretaceous bimodal volcanic, volcaniclastic 120 

and minor sedimentary rocks with a stratigraphic thickness of >3 km at Pueblo Viejo (Bowin, 1966; 121 

Kesler et al., 1991; Escuder-Viruete et al., 2006, 2007). The volcanic sequence was intruded by 122 

tonalite batholiths, and diorite to gabbro plutons and dykes of apparent Paleocene age, particularly 123 

in the Cordillera Oriental area as mapped by the European SYSMIN Project-L (Escuder-Viruete et 124 

al., 2006). In the Cevicos-Miches area, Escuder-Viruete et al. (2006, 2007) subdivided the Los 125 

Ranchos Formation into (1) a lower basaltic unit dominated by spilitized volcanic breccias and 126 

flows with local pillow lavas and interbedded fine volcaniclastic rocks, (2) an intermediate 127 

rhyodacitic unit composed of dacite to rhyolite flows, brecciated volcanic domes and minor felsic 128 

tuffs, and (3) an upper basaltic unit massive flows of basalt to andesite, autoclastic breccias and syn-129 

volcanic gabbros locally overlain by dacitic to rhyolitic flows and domes and associated autoclastic 130 

breccias (Fig. 2B). The Los Ranchos Formation in the Pueblo Viejo area was described by Kesler et 131 

al. (1991) as (1) the basal Cotuí member, characterized by spilitic pillow lavas and lava flows, (2) 132 

the Quita Sueño member, consisting largely of keratophyric acid flows and minor tuffs and shallow 133 

intrusions, (3) the Meladito fragmental member, with a complex stratigraphy including very-coarse 134 

grained debris flows that grade upwards to lithic and bedded tuffs, (4) the Platanal spilite member, 135 

composed of spilitized mafic flows (without pillows) and minor volcaniclastic breccias. The 136 

Meladito and Platanal members are cut by (5) the Zambrana fragmental member, interpreted to 137 

have formed in a phreatomagmatic eruption in an emergent volcano (Kesler et al., 1991) and (6) the 138 

Pueblo Viejo member, which hosts the bulk of the ores at Pueblo Viejo and is composed of 139 

volcanogenic and terrestrial sediments with Early Cretaceous plant fossils (Russell and Kesler, 140 

1991; Smiley, 2002). The Pueblo Viejo sedimentary rocks were intruded by (7) andesite to dacite 141 

porphyritic domes and dykes (Nelson, 2000; Mueller et al., 2008). 142 

Escuder-Viruete et al. (2006, 2007) described basalts of the basal unit as boninites and LREE-143 

depleted island arc tholeiites, with normalized REE patterns and TiO2 contents markedly different 144 

from those of basalts from the upper unit, identified as normal island arc tholeiites. Low-K and near 145 

flat normalized REE patterns of acid rocks from the intermediate unit determined their tholeiitic 146 

affinity and the possibility that they formed as product of secondary melting at the base of the early 147 

arc crust. Escuder-Viruete et al. (2006) concluded that the Los Ranchos Formation records the 148 

subduction zone initiation in the Caribbean island arc, and that the upper basalts formed after the 149 



subsequent establishment of the volcanic front, simultaneous with the shallowing of the arc volcanic 150 

and volcano-sedimentary edifice. 151 

The age of the Los Ranchos Formation was first constrained to ca. 130-110 Ma through Pb-isotope 152 

ratios on 17 rock samples by Cumming et al. (1982) and Cumming and Kesler (1987). This range 153 

was largely coincident with the Early Cretaceous ages proposed by Smiley (2002) from the study of 154 

terrestrial fossil plants, and the middle Aptian to middle Albian age by Bowin (1966) for marine 155 

fossils, both in the upper levels of the Los Ranchos Formation. Bellon et al. (1985) obtained a K-Ar 156 

age of 112.4 ± 11 Ma for a basalt sample of the Los Ranchos Formation at El Seibo, in the Eastern 157 

Peninsula (formerly identified as the El Seibo unit). Kesler et al. (2005a) reported U-Pb ages of 158 

113.9 ± 0.8 or 118.6 ± 0.5 Ma (depending on interpretation of the data [sic.]) for a quartz-feldspar 159 

porphyry from the Quita Sueño member, and an age of 110.9 ± 0.8 Ma for a quartz-porphyry 160 

fragmental rock in the Pueblo Viejo member. The Cotuí stock intruded at 111.8 ± 0.6 or 112.9 ± 0.9 161 

Ma (Kesler et al., 2005a). Quartz porphyries in the upper Los Ranchos Formation yielded a U-Pb 162 

zircon age of 111.4 ± 0.5 Ma (Kesler et al., 2005b), which is largely coincident with the age of 163 

intrusion of the Cotuí stock. Escuder-Viruete et al. (2006, 2007) obtained a U-Pb zircon age of 164 

116.0 ± 0.8 Ma from a porphyritic rhyodacite from the intermediate rhyodacitic unit in Bayaguana, 165 

close to the Doña Loretta prospect, and 115.5 ± 0.3 Ma for a tonalite from the Zambrana batholith, 166 

which intruded the Los Ranchos Formation in the Cotuí-Maimón area. In addition, these authors 167 

reported 40Ar/39Ar plateau ages for hornblende in tonalites mostly in the 109 - 106 Ma range, and 168 

interpreted them as final cooling ages. Mueller et al. (2008) obtained a U-Pb age at 109.6 ± 0.6 Ma 169 

for the youngest zircon population from an inter-mineralization andesite porphyry dike in the 170 

Pueblo Viejo deposit. The age of the Los Ranchos Formation is further constrained by the overlying 171 

Hatillo Formation, composed of clastic deposits at its base, which grade upward to a massive 172 

micritic reef sequence that was deposited in shallow-water conditions during Albian time (Russell 173 

and Kesler, 1991; Kesler et al., 2005a, b; Myczynski and Iturralde-Vinent, 2005). Invertebrate fauna 174 

at the base of the Hatillo Formation was dated as late Lower Albian by Myczynski and Iturralde-175 

Vinent (2005). The deposition of the Hatillo Formation could be partly coeval with the last stages of 176 

magmatism of the Los Ranchos Formation and to ore deposition at Pueblo Viejo, based on the 177 

occurrence of hydrothermal alteration at the base of the Hatillo Formation identified by Sillitoe et 178 

al. (2006; cf. Kirk et al., 2014; Nelson et al., 2015). 179 

Geology of the Bayaguana District 180 

Detailed mapping of the Bayaguana district and a drilling campaign of target areas indicate 181 

conspicuous heterogeneity of volcanic and sedimentary rock units. Massive flows of plagioclase- 182 



and moderately pyroxene-phyric, sparsely amygdaloidal, locally pillowed basalts, and minor 183 

hyaloclastites are grouped into the lower basaltic unit. This unit crops out extensively in the western 184 

portion of the study area (Fig. 2A). Drill core intersections indicate that it extends for >15 km 185 

further east, to the Loma Guaymarote prospect, and underlies the felsic and the upper basaltic 186 

andesite and andesite units. Interstratified basaltic fine tuffs in the lower basaltic unit are 187 

consolidated, thinly-bedded horizons that are up to 50 m thick. The upper basaltic and andesitic unit 188 

is composed of massive dark-green plagioclase- and pyroxene-phyric basaltic andesite and andesite 189 

flows with minor lateral auto-breccias, and local massive to stratified crystal-rich volcanic breccias. 190 

This unit crops out widely in the westernmost sector of the concessions, in fault contact with the 191 

lower basaltic unit, but is more restricted in the central part of the district (Fig. 2A). As observed in 192 

drill cores, the upper basaltic and andesitic unit is >400 m thick. 193 

Large volumes of felsic-intermediate volcanic deposits are the most abundant host rocks in the 194 

Bayaguana district. They have been mapped as massive lava flows, domes, reworked pyroclastic 195 

aprons, breccias and tuffs that intruded and covered the lower basaltic unit basement. Plagioclase-196 

phyric rhyolite flows and domes crop out in the western and, more abundantly, in the eastern sectors 197 

of the district. Rhyolite lava flows and coherent cores of domes contain abundant coarse-grained 198 

quartz-, medium-grained plagioclase- and fine-grained pyroxene-phyric textures in a 199 

microcrystalline quartz groundmass. These rocks have been affected by intense silicic, phyllic and 200 

argillic alteration. Massive plagioclase-phyric rhyolite flows and domes are visible as smooth 201 

hillocks. The domes are spatially restricted and commonly exhibit lateral carapaces or aprons of 202 

partially reworked auto-breccias, and lithic or crystal tuffs (Fig. 2). Compacted felsic lithic and 203 

crystal tuffs with moderate argillic alteration are distributed widely in the western sector of the 204 

district, where they overlie the rhyolite flows. The volcanic series is overlain by up to 200 m of 205 

volcanogenic sedimentary deposits with dm-sized basalt, plagioclase-phyric rhyolite and felsic tuff 206 

fragments in a coarse crystal- and lithic-rich matrix. This unit is commonly intersected by drilling in 207 

the central and eastern areas of the district. 208 

In the Loma Guaymarote area, there is a ~3 km long and 2.4 km wide Early Cretaceous sedimentary 209 

basin (i.e., about four times the size of an equivalent basin in the Pueblo Viejo district), which is up 210 

to 241 m thick (Fig. 2). Volcanogenic and terrigenous sedimentary rocks of the upper Los Ranchos 211 

Formation (i.e., the Pueblo Viejo Member) record lateral changes of facies from lithic 212 

conglomerates with felsic volcanic rock fragments, to quartz sandstones, to sandy siltstones and 213 

local carbonaceous mudstones. Sedimentary rocks generally overlie or are in fault contact with 214 

plagioclase-phyric rhyolite massive flows and volcanogenic breccias. They have been intruded by 215 

plagioclase-phyric rhyolite domes, and are locally interstratified with dome auto-breccias and lithic-216 



tuff aprons. Micritic, reefal Hatillo limestones, an important marker bed along the Los Ranchos belt 217 

(Mczynski and Iturralde-Vinent, 2005), overlie the rocks of the sedimentary basin. 218 

The Doña Amanda deposit (Fig. 2) consists of a ~100 m-thick supergene enrichment blanket 219 

(chalcocite and covellite) that overlies strongly silicified and mineralized felsic pyroclastic rocks 220 

intruded by plagioclase-phyric rhyolite at depth. Its hypogene mineralization is composed of a 221 

dense stockwork of quartz-sulfide Cu-Mo veins, and includes sulfide disseminations. The Cerro 222 

Kiosko deposit (Fig. 2) consists of a 1.25 to 22 m thick, ~1,100m long and ~400 m deep tabular 223 

quartz-sulfide vein swarm hosted by silicic-altered basaltic andesites and andesites of the upper 224 

unit, and also includes sulfide disseminations. The vein swarm is composed of stringers and 225 

massive sulfide lodes largely controlled by NW-striking normal faults that dip ~60° to the SW 226 

(Chénard, 2006). Other areas of mineralization in the Bayaguana district include the Doña Loretta 227 

prospect, which contains broad zones of silicic and argillic alteration of the volcanic rocks, and the 228 

Loma Guaymarote prospect, a sulfide-bearing stockwork that overprints argillic-altered sedimentary 229 

rocks of the upper Los Ranchos Formation. 230 

Volcanic Lithogeochemistry 231 

Igneous rocks from the Maimón and Los Ranchos formations are considered to be representative of 232 

the most primitive island arc tholeiite magmatic series in the Caribbean region (Lidiak and 233 

Anderson, 2015). Lithogeochemical datasets including major- and trace-element compositions of 234 

volcanic rocks from the Maimón Formation were generated by Lewis et al. (2000, 2002) and Torró 235 

et al. (2016b, submitted), whereas only Escuder-Viruete et al. (2006) have previously generated 236 

data for the Los Ranchos Formation. The genetic correlation between these two formations is still a 237 

matter of debate. Escuder-Viruete et al. (2007), for example, advocated for the formation of both 238 

units in an equivalent position in the arc-forearc portion because of their similar geochemical 239 

signatures. On the other hand, the occurrence of porphyry-epithermal mineralization in the Los 240 

Ranchos Formation in stark contrast to VMS mineralization hosted in the Maimón Formation led 241 

other authors to envisage different positions of formation for both units (e.g., Nelson et al., 2011; 242 

Torró et al., 2016a). In order to better assess similarities and differences between the 243 

lithogeochemistry of rocks from both formations and to judge the geochemical affinity of the 244 

mineralization hosts, we report new, unpublished data on volcanic rocks from the Los Ranchos 245 

Formation in the Bayaguana area. This study is based on 51 rock samples. Selected rock samples 246 

are representative of massive flows from the lower basaltic unit, rhyolites from the intermediate unit 247 

and basaltic andesites and andesites from the upper unit. Major, minor and trace elements were 248 

determined by X-ray fluorescence (XRF) and ICP-MS (4A and 4B packages; lithium borate fusion) 249 



at ACME Labs, Vancouver, Canada, and at the Centro de Instrumentación Científica of the 250 

University of Granada, Spain (see Torró et al., 2016a for technical details). Representative analyses 251 

of the different lithotypes are presented in Table 1 and are described below. 252 

Rocks of the Los Ranchos Formation have undergone extensive sea-floor metamorphism (forming 253 

spilites and keratophyres; e.g., Kesler et al., 1991; Lewis et al., 2002; Escuder-Viruete et al., 2006). 254 

In addition, in the Bayaguana and Pueblo Viejo districts, most rocks have intense hydrothermal 255 

alteration associated with the formation of the ore deposits (e.g., Kesler et al., 1981; Chénard, 2006; 256 

Mueller et al., 2008; Arribas et al., 2011; Torró et al., 2013; Nelson et al., 2015). As a result, the 257 

concentrations of a number of mobile elements (e.g., Si, K, Na, Ca, Mg, Fe, Rb, Ba, Sr) are likely to 258 

have changed due to alteration. In order to assess hydrothermal alteration trends, the Ishikawa, the 259 

chlorite-carbonate-pyrite and the advanced argillic alteration indexes (Large et al., 2001; Williams 260 

and Davidson, 2004) were calculated for each analysis (Table 1). Alteration box plots using the 261 

bivariate combination of these indexes (see Large et al., 2001; Williams and Davidson, 2004) 262 

indicate that analyzed rocks register chlorite + pyrite ± muscovite and chlorite + carbonate (i.e., 263 

propylitic), transitional muscovite + kaolinite (i.e., transitional phyllic-argillic), kaolinite + 264 

pyrophyllite (i.e., argillic) and quartz (i.e., silicic) alterations. In addition, some analyses yielded 265 

trends towards epidote- and to albite-alteration, likely indicating processes of cationic exchange of 266 

the hot magmas with the seawater in the seafloor (i.e., seafloor metamorphism; see Gilgen et al., 267 

2016). Therefore, only those elements that are considered relatively immobile under mild 268 

hydrothermal alteration (HFSE, REE, transition elements and Th; Pearce, 2014) are used here for 269 

igneous rock classification and tectonic discrimination. To ensure the representativeness of the 270 

immobile element concentrations, rocks with geochemical evidence for changes in their masses 271 

(including both gains and losses) were discarded, resulting in the final selection of 25 whole rock 272 

analyses (out of 51). 273 

According to the Zr/Ti vs. Nb/Y classification diagram of Pearce (1996), compositions span from 274 

subalkaline basalts to rhyolites, with no bimodal behavior (Fig. 3). The normalized extended REE 275 

diagrams (Fig. 4) identify the host volcanic rocks of the Bayaguana area as basalts, basaltic 276 

andesites, andesites and rhyolites. All these lithotypes show marked negative Nb and positive Th 277 

anomalies when normalized to NMORB (normal mid-ocean ridge basalt; Figs. 4A-D). 278 

The basalts have been classified according to their TiO2 and Cr contents (used as immobile proxy 279 

for MgO; Pearce, 2014) into low-Ti (TiO2 < 0.8 wt. %, Cr < 275 ppm) and normal (TiO2 > 0.8 wt. 280 

%, Cr < 275 ppm) island-arc tholeiitic basalts. Boninites (TiO2<0.5 wt. % and Cr>275 ppm) were 281 

not detected in the study area. Studied low-Ti island-arc tholeiitic basalts (TiO2 between 0.51 and 282 



0.74 wt. %; Cr between 6.84 and 156.26 ppm; Zr between 10.4 and 33.0 ppm) are depleted in REE 283 

(sample/NMORB<1; Figs. 4A-B); NMORB-normalized diagrams show near flat segments for 284 

MREE and HREE, subtly negative to slightly positive slopes for LREE and an absence of Eu 285 

anomalies. Normal island-arc tholeiitic basalts (TiO2 = 0.91 wt. %; Cr = 3.51 ppm; Zr = 33.0) of the 286 

Bayaguana district show flat segments and slightly depleted values for MREE and HREE and 287 

negative slopes and enrichment for LREE when normalized to NMORB. Basaltic andesites (TiO2 288 

between 0.52 and 0.60 wt. %; Cr between 20.53 and 35.71ppm; Zr between 56.1 and 66.2 ppm) are 289 

depleted in REE to NMORB and have flat REE patterns in normalized diagrams (Fig. 4A-B). Mafic 290 

volcanic rocks (including basalts and basaltic andesites) show Ti/V ratios in the range of 10 to 20 291 

and low Nb contents (<0.8 ppm; Fig. 4E-F).  292 

Andesites (TiO2 between 0.37 and 0.70 wt. %; Cr between 6.84 and 13.68 ppm; Zr between 42.8 293 

and 108.5 ppm) studied from the Bayaguana district present general enrichment in LREE and both 294 

enrichment and depletion in MREE and HREE to NMORB. Normalized diagrams show near flat 295 

segments for MREE and HREE and negative slopes for LREE (Fig. 4C). 296 

Rhyolites (TiO2 between 0.14 and 0.36 wt. %; Al2O3 between 10.44 and 12.74 wt. %; Cr between 297 

4.98 and 6.84 ppm; Zr between 87.1 and 203.7 ppm) from the Los Ranchos Formation in the 298 

Bayaguana area show near-flat to slightly LREE-enriched or, in those samples with lower REE 299 

contents, even convex REE patterns (Fig. 4D). Analyzed rhyolites have negative Eu anomalies. 300 

Hydrothermal alteration and mineralization 301 

Mineralogical determinations were carried out by means of petrographic methods, scanning electron 302 

microscopy (SEM-EDS; Quanta 200 FEI, XTE 325/D8395 equipped with an INCA Energy 250 303 

EDS microanalysis system) and X-ray diffraction (XRD; Panalytical X’Pert PRO MPD). 304 

Petrographic features of representative samples are shown in Figures 5 and 6, and the paragenetic 305 

sequence is provided in Figure 7. The chemical compositions of minerals were determined with a 306 

five-channel JEOL JXA-8230 electron microprobe (EMP; analytical conditions described in Torró 307 

et al., 2016a). All analyses were performed at the Centres Científics i Tecnològics (CCiT) of the 308 

University of Barcelona. Representative analyses on the composition of enargite and tetrahedrite 309 

group minerals are shown in Table 2. 310 

Doña Amanda 311 

Hydrothermal alteration in the Doña Amanda deposit produced an outer domain of propylitic 312 

altered rocks that grades inward and downward to rocks that have undergone incipient phyllic 313 

alteration. This passes inward to an intermediate argillic alteration assemblage, a transitional 314 



phyllic-advanced argillic assemblage and to a silicic-altered core, the latter two with abundant 315 

sulfide disseminations. Propylitic alteration has caused chlorite alteration of pyroxene phenocrysts. 316 

The propylitically altered rocks host mm-thick veins of calcite ± quartz in the upper part of the 317 

deposit. Phyllic alteration has caused incipient replacement of plagioclase phenocrysts by fine-318 

grained muscovite. The transitional phyllic- argillic alteration assemblage is composed primarily of 319 

kaolinite, but in the main mineralized zone, also contains pyrophyllite and several alunite 320 

supergroup minerals (Fig. 5B-D, K) that have replaced muscovite. Subhedral tabular to platy 321 

crystals of natroalunite occur as irregular replacements of woodhouseite (Fig. 5B-C). Individual 322 

platy to anhedral crystals of woodhouseite have been replaced by svanbergite and by crystals with 323 

intermediate compositions between woodhouseite and weilerite, some with Ca-rich compositions 324 

(Fig. 5B). The silicic-altered core is composed of massive quartz, locally vuggy quartz, with lesser 325 

amounts of alunite supergroup minerals. Silicic-alteration obliterated the original mineralogy and 326 

textures of the rock. Quartz, kaolinite ± pyrite, and woodhouseite veins crosscut the silicic-altered 327 

core and advanced argillic alteration assemblages (Fig. 5D). 328 

Sulfides and, to a lesser extent, sulfosalts constitute the hypogene metallic mineral association, 329 

either as disseminations or in veins. Pyrite is the dominant sulfide in disseminations (Fig. 5C), 330 

occurring as submillimeter, rounded to sub-angular, euhedral to subhedral grains, along with minor 331 

chalcopyrite and enargite. Pyrite is commonly fractured, variably corroded and the fractures have 332 

been infilled by chalcopyrite, enargite, rutile, quartz and other gangue minerals. Two sulfide-333 

bearing vein types occur in a dense vein stockwork in the core of the deposit: (1) wavy veins of 334 

quartz with sulfide-rich central sutures and rims, sharply defined walls and local vuggy centers (Fig. 335 

5A) and (2) massive, planar pyrite with subordinate quartz veins (Fig. 5E). Stage 2 veins crosscut 336 

stage 1 veins. Both vein stages are surrounded by transitional phyllic-advanced argillic alteration 337 

assemblages (Fig. 5B). Stage 1 veins contain abundant pyrite and, in cores and rims, early 338 

molybdenite (Fig. 5F) and enargite (Fig. 5G), the latter being replaced by tennantite and goldfieldite 339 

(Figs. 5H and 8; Table 2). The quartz + enargite + tennantite ± goldfieldite assemblage occurs in 340 

microfractures within pyrite, and lines vugs (Fig. 5I, J) together with scant and minute galena, 341 

stannite, acanthite (Fig. 5J) and stibnite (Fig. 5K).  342 

Cerro Kiosko 343 

At Cerro Kiosko, an outer extensive domain of moderate intensity propylitic alteration grades 344 

inward and downward to narrower domains of phyllic and intermediate argillic alteration. Propylitic 345 

alteration caused chlorite to replace clinopyroxenes and the glassy matrix, and produced thin 346 

veinlets of chlorite and albite alteration of plagioclase. Phyllic alteration caused fine-grained 347 



muscovite to replace plagioclase and parts of the groundmass. In intermediate argillic zones, fine-348 

grained quartz and kaolinite pervasively altered the volcanic rocks so that no original textural 349 

features are recognizable. Fine-grained pyrite dissemination increased markedly (>50% modal) 350 

along with the degree of silicic and kaolinite alteration. 351 

Cu(± Ag ± Au) mineralization produced 0.5 to ~30 cm thick massive sulfide stage 1veins and lodes 352 

within strongly quartz-altered host rocks. The thickest veins have multiple internal growth bands 353 

(Fig. 6). Stage 1 caused hydrofracturing of the previously altered host rocks and cementation of the 354 

fragments by pyrite (Fig. 6A). Although not common, quartz fragments are locally cemented by 355 

fahlore (Fig. 6B). Stage 2 is Cu-rich (Fig. 6A-B), and consists of an initial pyrite-rich substage and 356 

a later substage with abundant Cu-bearing sulfides. Pyrite grains show evidence both of 357 

comminution, mostly along the borders of the veins, and corrosion, associated with replacement by 358 

chalcopyrite (Fig. 6C), enargite and fahlore (Fig. 6D). The main Cu-rich substage contains 359 

chalcopyrite, bornite-idaite and enargite, in which enargite and bornite-idaite were replaced by 360 

fahlore (Fig. 6E). The occurrence of crustiform interspersed enargite-, fahlore- and chalcopyrite-361 

rich mm-sized layers is common (Fig. 6B-C). In fahlore-rich layers, exsolutions of chalcopyrite 362 

along the {100} directions of bornite are conspicuous (Fig. 6E). Exsolution textures include patchy, 363 

wormy and less abundantly coarsened cell textures (cf. Durazzo and Taylor, 1982). Fahlore is 364 

chemically heterogeneous. Tennantite has been locally altered to tetrahedrite (Fig. 8; Table 2) and a 365 

late generation of chalcopyrite (Fig. 6F). Goldfieldite, minor galena and scarce altaite (PbTe), 366 

undetermined Ag-tellurides, calaverite (AuTe2) and native gold (Au>>Ag) line vugs left by 367 

corrosion of tennantite and pyrite (Figs. 6F-H). Gold and calaverite grains (and Au grades) are 368 

concentrated in bornite-rich zones of the deposit. Vugs in vein cores and lodes have been filled by 369 

late calcite (Fig. 6B). 370 

Sulfur Isotopes 371 

The isotope composition of sulfur has been determined from 21 sulfide samples that include pure 372 

separates (n = 16) and mixtures (n = 5) from Doña Amanda (n = 8) and Cerro Kiosko (n = 13). 373 

Sulfide grains were separated by hand picking under petrographic microscope to ensure their purity. 374 

Mixtures were used only in cases where fine mineral intergrowths precluded the extraction of pure 375 

separates (not ideal, but used widely in preliminary studies; e.g., Imai, 2001). Isotopic ratios were 376 

obtained using a Delta C Finnigan MAT Delta-S mass spectrometer with an elemental analyzer at 377 

the Centres Científics i Tecnològics of the University of Barcelona. Standards for calibration were 378 

IAEA S3, IAEA S1, NBS-123 and IAEA S2. Precision of the analyses is better than ±0.2‰. Sulfur 379 



isotope compositions are expressed as the delta per mil (‰) deviation from the Canyon Diablo 380 

Troilite standard. The obtained δ34S values are summarized in Table 3 and Figure 9. 381 

In Doña Amanda, samples were selected from several wavy quartz-Cu + Mo-sulfide and planar 382 

pyrite ± quartz veins. δ34S values range between -7.9 and -0.1 ‰, with a median value at -3.6 ‰, 383 

including six pyrite samples (-4.6 to -2.7 ‰), a molybdenite sample (-0.1 ‰) and a mixture of 384 

enargite and tennantite (-7.9 ‰). In Cerro Kiosko, samples were selected from massive sulfide Cu 385 

veins and lodes. δ34S values range between -5.3 and +0.9 ‰, with a median value at -2.6 ‰, 386 

including six pyrite samples (-3.0 to -1.8‰), two chalcopyrite samples (-1.2 to -1.0 ‰), a tennantite 387 

sample (0.9 ‰), three mixtures of enargite and tennantite (-5.3 to -3.6 ‰) and a mixture of enargite 388 

and bornite (-3.6 ‰). Most δ34S values are preferentially distributed around -2.0 ‰. The highest 389 

δ34S values correspond to a tennantite sample from Cerro Kiosko and molybdenite from Doña 390 

Amanda. In contrast, enargite-bearing mixtures yield the lowest δ34S values. 391 

Fluid Inclusions 392 

Petrographic and microthermometric studies of fluid inclusions were carried out on doubly polished 393 

sections (100 to 150 μm thick) from Doña Amanda and Cerro Kiosko (7 and 3 samples, 394 

respectively). In the case of Cerro Kiosko, white quartz-altered clasts, such as those shown in 395 

Figure 6A-B, were studied; however, the extremely scarce and minute (<1 μm) nature of the fluid 396 

inclusions prevented any textural observations or measurements. At Doña Amanda, fluid inclusions 397 

in calcite and quartz are scarce and small (3 to 15 μm in diameter). Calcite samples were obtained 398 

from centimeter-wide veins associated with propylitic-altered spilites at shallow levels to the top of 399 

the mineralized area. Primary fluid inclusions in quartz were studied in samples from quartz-sulfide 400 

veins and from the massive quartz-altered host rocks in the main mineralized zones (Fig. 5A). Only 401 

samples with no textural evidence for recrystallization of quartz were used. The analyzed primary 402 

inclusions are liquid-rich (degree of filling between 0.80 and 0.98), homogenize into a liquid phase, 403 

and contain no immiscible liquids or daughter crystals (Figs. 10A-B). Fluid inclusions are negative 404 

crystal-shaped or elongated, the former being much more abundant in calcite (Fig. 10B). Inclusions 405 

occur as isolated randomly distributions or small clusters. Evidence for necking or leakage are 406 

scant, and no other post-trapping phenomena have been observed. 407 

Microthermometric studies on fluid inclusions from the Doña Amanda deposit were carried out 408 

using a Linkam THMSG600 heating–freezing stage. Calibration runs using synthetic fluid 409 

inclusions show that the measurements are accurate to ±0.2°C during freezing, and to ±2°C during 410 

heating runs. Salinities were calculated by entering freezing point depression temperatures in the 411 

SALTY software of Bodnar et al. (1989) and Bodnar (1993). The results of microthermometric 412 



studies are summarized in Figure 10C, Table 4 and Appendix A. Inclusion fluids in quartz from 413 

stage 1 central sutured quartz-sulfide Cu-Mo veins (Fig. 5A) have homogenization temperatures 414 

(Th) between 160º and >400ºC, and ice melting temperatures (Tmice) between -5.0 and -12.5 ºC that 415 

correspond to calculated salinities between 7.9 and 16.4 wt. % NaCl equiv. Inclusions in quartz 416 

from massive sulfide planar veins (Fig. 5E) have Th between 125º and 175ºC, and Tmice between -417 

2.9 and -8.4 ºC that correspond to calculated salinities between 4.8 and 12.2 wt. % NaCl equiv. 418 

Minute and scarce inclusions found in quartz of the massively silicified hosts have Th between 152º 419 

and 261ºC, and Tmice values between -0.9 and -10.0 ºC that correspond to calculated salinities 420 

between 1.6 and 13.9 wt. % NaCl equiv. Inclusions in calcite have Th between 119º and 162ºC, and 421 

Tmice between -3.0 and -9.4 ºC that correspond to calculated salinities between 5.0 and 13.3 wt. % 422 

NaCl equiv. 423 

Geochronology 424 

Molybdenite Re-Os age  425 

Molybdenite was extracted from a selected piece of drill core using a small hand-held drill to create 426 

a powdered separate. The molybdenite was equilibrated with a mixed Re-double Os spike using a 427 

Carius tube dissolution (Markey et al. 2003). The double Os spike permits a correction for Os mass 428 

fractionation, and will reveal any common Os. Re and Os isotopic ratios were measured on a Triton 429 

TIMS machine at the AIRIE Program, Colorado State University. The analyzed molybdenite 430 

sample from the Doña Amanda deposit was collected from the DA-23-11 drill hole at a depth of 431 

199.0 m, and yielded an age of 112.6 ± 0.4 Ma. Details on analytical results are presented in Table 5 432 

and in Figure 13. 433 

Zircon U-Pb ages 434 

Five rock samples from newly mapped outcrops of plagioclase-phyric rhyolite domes that intruded 435 

terrigenous and volcanogenic sedimentary rocks in the Loma Guaymarote area (equivalent to the 436 

Pueblo Viejo Member; Fig. 2B) were processed with the aim of dating their emplacement. Details 437 

of the location of the five rock samples are given in Table B1 of Appendix B. Zircon crystals were 438 

separated using panning in water. Non-magnetic concentrates, after eliminating the magnetic 439 

fractions with a Frantz® isodynamic LB-1separator, were processed by applying the 440 

hydroseparation technique (HS) at the HS-11 laboratory of the University of Barcelona to obtain 441 

high-density mineral concentrates. The resulting non-magnetic high-density concentrates went 442 

through batches of acid digestion in open bombs with combinations of HF, HCl and HNO3. Zircons 443 

were handpicked under the binocular microscope. Once mounted and polished, zircon grains were 444 



studied by optical and cathodoluminescence imaging and analyzed for U–Pb using a SHRIMP 445 

IIe/mc ion microprobe at the IBERSIMS Laboratory of the University of Granada, Spain. The 446 

analytical method follows that of Williams and Claesson (1987). Uranium concentration was 447 

calibrated using the SL13 reference zircon (U: 238 ppm). The U/Pb ratios were calibrated using the 448 

TEMORA-1 reference zircon (417 Ma; Black et al., 2003), which was measured every four 449 

unknowns. Common lead was corrected from the measured 204Pb/206Pb, using the model of 450 

terrestrial Pb evolution of Cumming and Richards (1975).  451 

SHRIMP results and cathodoluminescence (CL) images of the analyzed zircons are presented in 452 

Appendix B. The extracted zircon grains are clear, colorless transparent to pale yellow translucent, 453 

stubby to square prismatic, with short pyramidal terminations and aspect ratios of ~1.5 to 2.5 and 454 

lengths of ~75 to 150 μm. CL images reveal complex oscillatory zoning in most of the zircons. 455 

Eight spot analyses on six zircon grains from sample BA-2014-1 yielded concordant 206Pb/238U ages 456 

that range between 122.7 ± 1.9 and 112.8 ± 2.1 Ma, with a weighed mean of 118.1 ± 2.6 Ma (mean 457 

square weighted deviation, MSWD = 2.94; Fig. 11A). Forty-two spot analyses on 34 zircon grains 458 

from sample BA-2014-2 yielded concordant 206Pb/238U ages that range between 125.2 ± 2.1 and 459 

107.6 ± 2.1 Ma, with a weighed mean of 117.2 ± 1 Ma (MSWD = 2.37, Fig. 11B). Zircon grains in 460 

sample BA-2014-4 are distinctively scarce and small (less than 75 μm long) and only nine U-Pb 461 

determinations on six zircon grains could be obtained. These are slightly discordant due to common 462 

lead, defining a poor discordia with a lower intercept age of 114.5 +2.7 -3.4 Ma (MSWD = 1.1861; 463 

Fig. 11C); spot analysis 206Pb/238U ages range between 121.2 ± 2.0 and 110.9 ± 3.6 Ma (common 464 

lead uncorrected), between 120.8 ± 2.1 and 111.3 ± 4.0 Ma (207Pb-corrected) and between 121.9 ± 465 

2.1 and 113.1 ± 2.6 Ma (208Pb-corrected). Twenty-eight spot analyses on 22 zircon grains from 466 

sample BA-2014-5 (dome with pervasive silicic alteration) yielded 206Pb/238U ages between 123.4 ± 467 

4.0 and 106.5 ± 2.6 Ma, with a weighted mean of 113.4 ± 1.6 Ma (MSWD = 1.88; Fig. 11D). An 468 

inherited zircon grain, with distinctive low CL (Fig. B4) yielded a 206Pb/238U age of 628.2 ± 12.2 469 

Ma. Thirty-five spot analyses on zircon grains from sample BA-2014-7 (dome with intense silicic 470 

alteration) yielded concordant 206Pb/238U ages between 125.8 ± 3.2 and 109.1 ± 1.7 Ma, with a 471 

weighed mean of 115.6 ± 1.1 Ma (MSWD = 2.85, Fig. 11E); an inherited zircon with remarkably 472 

low CL (Fig. B5) yielded a 206Pb/238U age of 277.4 ± 3.4 Ma. 473 

Discussion 474 

Geochemical affinities of the volcanic host rocks 475 

Systematic marked negative Nb and positive Th anomalies to NMORB determined for all host rock 476 

lithotypes at the Bayaguana district (Figs. 4A-D) indicate a supra-subduction zone environment for 477 



the generation of magmas and distinguish them from MORB or OIB magmas (Pearce, 2014, and 478 

references therein). The absence of Eu anomalies in mafic volcanic rocks (including basalts and 479 

basaltic andesites) indicates that these basalts are representative of the original liquid composition. 480 

High V/Ti ratios shown by mafic volcanic rocks are indicative of formation in island-arc settings in 481 

opposition to low ratios that characterize those basalts formed in mid-ocean ridge (MOR) or mature 482 

back-arcs according to the tectonic classification diagram of Shervais (1982; Fig. 4E herein). These 483 

ratios correspond to island-arc tholeiites and match the fields of low-Ti and normal island-arc 484 

tholeiitic basalts of primitive island-arc magmatic series in the Dominican Republic (Escuder-485 

Viruete et al., 2014; Torró et al., 2016a, b). Further, low Nb contents (<0.8 ppm) point to an island 486 

arc environment in the Th-Hf-Nb discrimination diagram of Wood (1980), in which most analyses 487 

match the field of island-arc tholeiitic basalts (Fig. 4F).  488 

No bimodal behavior was detected in the analyzed volcanic host rocks from the Bayaguana district. 489 

This is in stark contrast to strong bimodality of the Los Ranchos Formation in the Cevicos-Miches 490 

area (Fig. 6 in Escuder-Viruete et al., 2006). 491 

Boninites, not detected in the study area, were described from the base of the Los Ranchos 492 

Formation in the Cevicos-Miches area by Escuder-Viruete et al. (2006). Low-Ti island-arc tholeiitic 493 

basalts from the Bayaguana district have similar values and normalized patterns to LREE-depleted 494 

low-Ti island-arc tholeiitic basalts described by Escuder-Viruete et al. (2006) in the lower basaltic 495 

unit of the Los Ranchos Formation in the Cevicos-Miches area, and to low-Ti island-arc tholeiitic 496 

basalts of the Maimón Formation (Torró et al., 2016a, b). In contrast, low-Ti island-arc tholeiitic 497 

basalts are enriched in REE with respect to the LREE-depleted low-Ti island-arc tholeiitic basalts of 498 

the Maimón Formation identified by Torró et al. (2016b, submitted) as forearc or transitional 499 

forearc-boninite basalts (Figs. 4A-B). Normal island-arc tholeiitic basalts and basaltic andesites at 500 

Bayaguana match the field of normal island-arc tholeiitic and are enriched in REE to LREE-501 

depleted low-Ti island-arc tholeiitic basalts described by Escuder-Viruete et al. (2006) in the 502 

Cevicos-Miches area. The composition of andesites studied from the Bayaguana district are largely 503 

coincident with those of normal island-arc tholeiitic basalts described by Escuder-Viruete et al. 504 

(2006) for the mafic volcanics of the upper basaltic and andesitic unit of the Los Ranchos 505 

Formation in the Cevicos-Miches area (Fig. 4C).  506 

All analyzed rhyolites have negative Eu anomalies, suggesting fractionation in a coeval plagioclase-507 

rich cumulate (Fig. 4D). Tholeiitic- and boninitic-like chondrite-normalized REE patterns without 508 

marked LREE enrichment, and general low REE, Zr, TiO2 and K2O contents are distinctive to 509 

typical calc-alkaline felsic volcanic rocks. Therefore, the studied rhyolites have tholeiitic and 510 



boninitic affinities (e.g., Lesher et al., 1986; Piercey, 2011). These values are similar to those 511 

described by Escuder-Viruete et al. (2006) and are, in general, enriched in REE with respect to 512 

felsic volcanics of the Maimón Formation (Torró et al., 2016a, b, submitted). Felsic volcanic rocks 513 

in primitive island-arc series described along the Greater Antilles yield comparable 514 

lithogeochemistry and are referred to as plagiorhyolites because of the ubiquitous presence of 515 

plagioclase phenocrysts (e.g., Jolly et al., 2008 and references therein). These rocks are the 516 

extrusive counterparts of plagiogranite series intrusives generated after the anatexis of the primitive 517 

basaltic, thickened arc crust (see also Marchesi et al., 2007; Torró et al., submitted). 518 

The new lithogeochemical data on volcanic rocks from the Los Ranchos Formation in the 519 

Bayaguana district are largely analogous to reported lithogeochemical data from the same formation 520 

in the Cevicos-Miches area (Escuder-Viruete, 2006). In contrast, they show systematic geochemical 521 

differences relative to volcanic rocks from the VMS-bearing Maimón Formation. This observation 522 

is on a par with the conclusions reached by Torró et al. (submitted), who proposed that the two 523 

formations developed in different temporal and spatial settings during the early evolution of the 524 

Caribbean island arc. The metallogenic evolution associated with each formation was different, and 525 

these are discussed below in the framework of the general evolution of the arc system. To be noted 526 

also is that the development of argillic alteration in studied rocks, evidenced by whole rock 527 

geochemical alteration indexes, was not detected in rocks from the Maimón Formation (Torró et al., 528 

2016a).  529 

Evolution of the deposits and genetic model 530 

The mineralogy of alteration and ore-bearing assemblages in the Doña Amanda and Cerro Kiosko 531 

deposits of the Bayaguana district and their structural and geometric features match those of 532 

porphyry Cu(-Mo) and high-sulfidation epithermal deposits (Sillitoe, 2010; Simmons et al., 2005). 533 

In particular, the features are similar to transitional domains between the two environments (e.g., 534 

Henley and Berger, 2011).  535 

In Doña Amanda, Cu-Mo wavy veins of quartz with sulfide-rich central sutures and rims and sharp 536 

walls are comparable to B-type veins documented from many porphyry Cu-Mo deposits (Gustafson 537 

and Hunt, 1975; Seedorff et al., 2005; Sillitoe, 2010). Whereas Seedorff et al. (2005) describes B-538 

type veins as veins largely lacking wall-rock alteration, Sillitoe (2010) noted the occurrence of 539 

narrow K-feldspar halos around them. Both possibilities have been documented from single 540 

deposits. At El Salvador (Chile), alteration halos rich in K-feldspar (± albite and biotite) around B-541 

type veins are described only in deep sections of the deposit (Gustafson and Quiroga, 1995). In the 542 

absence of later deformation, the sinuosity of B-type veins at Bayaguana (Fig. 5A) is attributed to 543 



high temperatures (>400 ºC; Fournier, 1999) and overall quasi-ductile conditions. In contrast, later 544 

(i.e., D-type) veins have planar, sharp walls, as consistent with formation under brittle conditions. 545 

Transitional phyllic-advanced argillic alteration halos (pyrophyllite and alunite supergroup minerals 546 

after muscovite) around B-type veins in Doña Amanda are consistent with high temperatures, as 547 

they are stable up to ~550 ºC (Seedorff et al., 2005; Henley and Berger, 2011). Alunite is stable at 548 

temperatures up to at least 450 ºC (Stoffregen et al., 1994). Temperatures of homogenization of 549 

fluid inclusions over 400 ºC have been determined for B-type veins from Doña Amanda, along with 550 

moderate salinities (10 to 17 wt. % NaCl equiv.; Fig. 10C). Such fluids are typical of late stage 551 

mineralization in porphyry deposits (Fig. 10C; Redmond and Einaudi, 2010). A drastic drop in 552 

temperature (>400º to <200ºC) at nearly constant salinity (with a tenuous decrease; Fig. 10C) can 553 

be explained by mixing with more dilute, cooler fluids. 554 

In Cerro Kiosko, massive sulfide thick veins and lodes share many features with D-type veins. D-555 

veins documented from the Cavancha porphyry gold deposit (Maricunga belt, Chile; Muntean and 556 

Einaudi, 2001) have a similar paragenetic sequence to Cerro Kiosko, with early deposition of 557 

chalcopyrite and bornite + enargite, and late crystallization of tennantite and chalcopyrite. Evidence 558 

for open-space filling in D-type veins and lodes at Cerro Kiosko are chalcopyrite and bornite + 559 

enargite crustiform bands and, locally, vuggy cores of veins. The hypogene bornite-enargite 560 

assemblage in D-veins at Cerro Kiosko marks the transition between porphyry deposits and the 561 

deepest portions of high-sulfidation deposits (ca. 500-1000 m, but up to greater than 1500 m; 562 

temperatures between 260 and > 300ºC; Hedenquist et al., 2000; Sillitoe, 2010). Exsolution of 563 

chalcopyrite from bornite implies temperatures of formation greater than ca. 250-300 ºC at 10-15 % 564 

chalcopyrite average in studied samples (Brett, 1964; Sugaki, 1965; Sugaki et al., 1975).  565 

A close spatial relationship of gold with bornite-rich zones has been described in many porphyry 566 

systems (e.g., Batu Hijau and Ertsberg, Indonesia; Rubin and Kyle, 1997, Arif and Baker, 2004). In 567 

this sense, the bornite solid solution is reported to accommodate one order of magnitude more Au 568 

than intermediate solid solution (ISS, i.e., the high-temperature precursor of chalcopyrite) at a given 569 

temperature (Simon et al., 2000). Corroded pyrite grains in enargite + bornite-rich bands at Cerro 570 

Kiosko show evidence for late precipitation of native gold and calaverite along with vug-lining by 571 

chalcopyrite and goldfieldite (Fig. 6G-H). We interpret these features to indicate that remobilization 572 

of Au originally hosted in bornite most probably occurred due to lower-temperature epithermal, Te-573 

rich fluids.  574 

Sulfur isotope data from sulfides in B- and D-type veins indicate that the dominant source of sulfur 575 

was magmatic (i.e., values near 0 ‰; Ohmoto and Rye, 1979). A contribution of sulfur from 576 



thermochemical reduction of sulfate in seawater is considered unlikely because no positive δ34S 577 

values have been detected, as would be expected for sulfides precipitated from Lower Cretaceous 578 

seawater sulfate (~16 ‰; Claypool et al., 1980). The variation in δ34S values could be due to 579 

slightly changing redox and/or temperature conditions (Ohmoto and Rye, 1979; Field and Fifarek, 580 

1985), also in the case that slightly negative δ34S values are consistent with sulfide deposition from 581 

an oxidized (rich in SO4
2-) magmatic fluid. Similar δ34S values are reported in sulfides from high-582 

sulfidation epithermal and related porphyry deposits (Rye et al., 1992; Hedenquist et al., 1998; 583 

Wilson et al., 2007; Cooke et al., 2011). 584 

Pyrophyllite and alunite supergroup minerals (natroalunite, woodhouseite and svanbergite) along 585 

with kaolinite in the Bayaguana deposits constitute hypogene argillic alteration assemblages formed 586 

at high (~400-550ºC) and intermediate to low (~200-400ºC) temperatures, respectively, which are 587 

corroborated by temperatures of homogenization of fluid inclusions. Such temperatures, plus the 588 

calculated salinities (Fig. 10C), δ34S values and hypogene sulfide assemblages are compatible with 589 

high- to intermediate-sulfidation fluids carrying magmatic sulfur within a transitional environment 590 

between a porphyry-type and a high-sulfidation epithermal deposit (Fig. 12). 591 

Age of the rhyolite domes and mineralization  592 

U-Pb zircon ages for the plagioclase-phyric rhyolite domes in the Bayaguana area indicate that their 593 

parental acid magmatism of tholeiitic affinity is Early Cretaceous in age (ca. 118 to 112 Ma; Fig. 594 

13), which corresponds to the primitive island arc magmatic suite in the primitive Caribbean island-595 

arc (Escuder-Viruete et al., 2014; Lidiak and Anderson, 2015). Average ages overlap, within 596 

analytical error, the reported U-Pb zircon ages for the Zambrana tonalite (Escuder-Viruete et al., 597 

2006; Fig. 13), which intruded the Los Ranchos Formation in the Cotuí-Maimón area. They also 598 

overlap with felsic volcanics from the intermediate levels of the Los Ranchos Formation, including 599 

massive quartz-feldspar porphyry rocks of the Quita Sueño Member, and also the Cotuí stock 600 

(Kesler et al., 2005a). Average U-Pb zircon ages (considering analytical errors) of the rhyolite 601 

domes are, in contrast, slightly older than those of quartz-porphyry fragmental rocks of the Pueblo 602 

Viejo Member (Kesler et al., 2005a, b) and the andesitic (inter-mineralization) dike in the Monte 603 

Negro pit studied by Mueller et al. (2008; Fig. 13 herein).  604 

A fairly large dispersion of individual spot U-Pb zircon ages was obtained. This relates to 605 

inheritance, but there are also young ages relative to the mean values and associated standard 606 

deviations (Figs. 11 and 13). The prominent survival of zircon grains (Bindeman and Melnik, 2016) 607 

and its crystallization over what is most likely a protracted life span of large magma reservoirs 608 

underlying the mineralizing stocks (Annen, 2009) commonly result in an overall marked U-Pb age 609 



dispersion. Accordingly, the use of individual U-Pb zircon age brackets is advised to better 610 

constrain the timing of magmatic processes in subvolcanic and volcanic environments (cf. von 611 

Quadt et al., 2011). Two distinctively old inherited ages of 628 and 277 Ma likely attest to a diverse 612 

crustal input of pre-Caribbean (i.e., pre-135 Ma; Lidiak and Anderson, 2015) subducted sediments 613 

to the mantle source, as recently documented in Cuban ophiolites (cf. Rojas-Agramonte et al., 614 

2016). Of the remaining ages that are older than average, most are between 126 and 120 Ma 615 

(Appendix A). Although oblique convergence and underthrusting of the North American plate 616 

(Proto-Caribbean) beneath the Greater Antilles would have initiated around 135 Ma (Rojas-617 

Agramonte et al., 2011; Lidiak and Anderson, 2015, and references therein), Escuder-Viruete et al. 618 

(2014) indicated that the onset of boninitic and low-Ti island-arc tholeiitic magmatism in the 619 

Hispaniola segment of the Caribbean island arc occurred at 126 Ma. Therefore, it is likely that 620 

zircons were inherited from the lower basaltic unit of the Los Ranchos Formation (Kesler et al., 621 

1991; Escuder-Viruete et al., 2006), potentially providing a lower limit of ca. 126 Ma for Los 622 

Ranchos volcanism.  623 

The anomalously young individual SHRIMP U-Pb zircon ages are in the range of 110-107 Ma, i.e., 624 

they are at least 2 m.y. younger than the lower span of average ages and corresponding errors (Fig. 625 

13). Mueller et al. (2008) faced a similar problem when interpreting zircons ages from the inter-626 

mineralization andesite dike at Pueblo Viejo. They interpreted the average age of younger zircons to 627 

correspond to the age of porphyry emplacement. In the Bayaguana area, the emplacement of 628 

rhyolitic domes probably led to the incorporation of fragments of local wallrocks (in this case, 629 

basalts and thick deposits of felsic volcanics and sediments, Fig. 2B) and the consequent 630 

assimilation of their zircons. The range of ages from ~118 to 112 Ma therefore most likely 631 

constitutes the record of acid magmatism in the region (cf. Escuder-Viruete et al., 2014). The 632 

rhyolite domes were the culmination of felsic volcanism at ~110-107 Ma (final cooling ages at 633 

~109-106 Ma; Escuder-Viruete et al., 2006). This proposed age range matches the age of intrusion 634 

of the inter-mineralization andesite dike and lateral sills observed in the Monte Negro pit at Pueblo 635 

Viejo (Fig. 13; Mueller et al., 2008) and is slightly younger than the quartz-porphyry fragmental 636 

unit at Moore (Kesler et al., 2005b). Coeval dome emplacement and deposition of the Pueblo Viejo 637 

Member sedimentary rocks (Kesler et al., 1991, 2005a, b) explain coexisting intrusive contacts and 638 

lateral changes of facies between partially reworked dome aprons and the epiclastic sedimentary 639 

rocks (conglomerates, sandstones, siltstones and carbonaceous mudstones) in the Loma Guaymarote 640 

area.  641 

The Re-Os age of 112.6 ± 0.4 Ma for molybdenite in B-type veins from the Doña Amanda deposit 642 

provides evidence for the porphyry-high sulfidation epithermal mineralizing event in the Bayaguana 643 



area to have a close temporal and genetic association with intermediate-acid magmatism. The small 644 

analytical uncertainty of this age (Fig. 13) constrains the emplacement of B-type veins prior to 645 

dome extrusion in the Loma Guaymarote basin. The strong hydrothermal alteration of the rhyolite 646 

domes, and the elevated base and precious metal tenors intercepted in basin sedimentary rocks 647 

suggest that the hydrothermal activity extended (intermittently?) for 2 to 3 m.y. This age span is not 648 

uncommon in porphyry and epithermal systems (Chiaradia et al., 2013; Holley et al., 2016). Our 649 

Re-Os age is essentially the same as Re-Os ages in pyrite concentrates (111.9 ± 3.7 Ma, Kirk et al., 650 

2014) and molybdenite (111.5 ± 0.4, 112.0 ± 0.4 and 112.1 ± 0.4 Ma, Nelson et al., 2015) from the 651 

Pueblo Viejo district. These ages provide evidence for a regional-scale metallogenic event at 112-652 

110 Ma defined by the Pueblo Viejo and Bayaguana districts. 653 

Implications for Exploration: Porphyry-epithermal vs. VMS models in the Early Cretaceous 654 

Caribbean island-arc 655 

The tendency in general studies of the metallogenic evolution of the Greater Antilles has been to 656 

link the formation of porphyry copper deposits to the Late Cretaceous calc-alkaline, mature island-657 

arc magmatism (e.g., Hollister, 1978; Kesler et al., 1990; Proenza and Melgarejo, 1998; Nelson et 658 

al., 2011). These researchers generally considered Pueblo Viejo deposit as a “metallogenic isolate” 659 

with no regional connection with other mineralized districts and/or particular episodes in the 660 

tectonic evolution of the Caribbean island arc. Our work demonstrates that Pueblo Viejo is part of 661 

an Early Cretaceous metallogenic belt of porphyry and high sulfidation mineralization throughout 662 

Hispaniola.  663 

Torró et al. (2016a) pointed out the contrasting occurrence of VMS versus porphyry-epithermal 664 

mineralization in the contiguous bimodal Maimón and Los Ranchos formations, respectively. Such 665 

geological differences correlate with slightly different tectonic settings and stages of evolution of 666 

the primitive Caribbean island arc (Torró et al., submitted). Forearc basalts, boninites and low-Ti 667 

island-arc tholeiitic basalts of the VMS-hosting Early Cretaceous Maimón Formation (Fig. 4) 668 

indicate the establishment of a forearc environment following the initiation of W-dipping 669 

subsidence of the Proto-Caribbean plate. The continued extensional regime in the overriding plate 670 

caused by slab rollback and trench migration promoted the circulation of hydrothermal fluids that 671 

led the formation of VMS deposits (cf. Ishizuka et al., 2014). Once the magmatic front and 672 

subduction angle stabilized, the generation of normal island-arc tholeiitic magmas, sub-aerial 673 

magmatism associated with arc crust thickening and porphyry-epithermal mineralization took over 674 

in the intra-arc zone, represented by the Los Ranchos Formation. Therefore, greenfield and 675 

brownfield exploration in the region must be accompanied by thorough characterization of the host 676 



sequences in order to better adapt the exploration strategies to targeting either VMS or porphyry-677 

epithermal mineralization. 678 

Conclusions 679 

Our work reveals a transitional shallow porphyry-deep high sulfidation epithermal environment for 680 

the deposition of ores in the Doña Amanda and Cerro Kiosko deposits of the Bayaguana district. 681 

The emplacement at 112.6 ± 0.4 Ma of Cu-Mo B-type veins demonstrates that ore deposition in the 682 

Bayaguana district coincided with primitive island arc tholeiitic magmatism operating during the 683 

early stages of the Caribbean island arc construction (Los Ranchos Formation). Mineralization and 684 

parental intermediate-felsic magmatism at Bayaguana were coeval with high-sulfidation epithermal 685 

Au-Ag-Cu Pueblo Viejo, which is also hosted by the Los Ranchos Formation. This study has shown 686 

that the Bayaguana and Pueblo Viejo districts are part of the same Early Cretaceous metallogenic 687 

belt, which therefore has potential for further discoveries of porphyry and high sulfidation deposits. 688 

The confirmed occurrence of porphyry-epithermal mineralization associated with island-arc 689 

tholeiitic volcanism in the Los Ranchos Formation highlights the exploration potential for these 690 

deposit styles in equivalent terranes of the Caribbean and elsewhere. 691 
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Figure and table captions 1002 

Table 1. Representative whole-rock geochemical data for the different lithological groups of 1003 

volcanic rocks studied from the Bayagyana district. Concentrations of oxides are given in wt. %; 1004 

other data are in ppm. 1005 

Table 2. Chemical composition and structural formulas of selected fahlore minerals from the Doña 1006 

Amanda and Cerro Kiosko deposits (electron-microprobe data). 1007 

Table 3. Sulfur isotope compositions in sulfides from quartz-sulfide veins and massive sulfide lodes 1008 

in the Doña Amanda and Cerro Kiosko deposits, respectively. 1009 

Table 4. Summary of microthermometric fluid inclusion data from the Doña Amanda deposit. 1010 

Table 5. Re-Os data for the molybdenite sample from the Doña Amanda prospect, Bayaguana 1011 

district, Dominican Republic, along with available Re-Os data for ores in the Pueblo Viejo deposit 1012 

(molybdenite: Nelson et al., 2015; pyrite and sphalerite: Kirk et al., 2014). 1013 

Figure 1. Location map for the Los Ranchos Formation and the Bayaguana district in the 1014 

Dominican Republic. The geologic base map was modified from Toloczyki and Ramirez (1991). 1015 

Figure 2. (A) Geologic map of the Bayaguana district (see Fig. 1 for location) showing the Doña 1016 

Amanda and Cerro Kiosko deposits and the Doña Loretta, Hoyo La Palma and Loma Guaymarote 1017 

mineralization and prospects. Red contours represent the vertical projection of the deposit limits on 1018 

surface. Sample locations for U-Pb dating (zircon) in plagioclase-phyric rhyolite domes from the 1019 

Loma Guaymarote area are also shown. (B) Schematic lithostratigraphic columns for the Los 1020 

Ranchos Formation in the Pueblo Viejo district (Kesler et al., 1991), the Cevicos-Miches area 1021 

(Escuder-Viruete et al., 2006) and the Bayaguana district (this study). 1022 

Figure 3. Zr/Ti vs. Nb/Y classification diagram (Pearce, 1996 after Winchester and Floyd, 1977) for 1023 

analyzed volcanic rocks from the Los Ranchos Formation in the Bayaguana area. Fields of mafic 1024 

and felsic volcanics from the Los Ranchos Formation in the Cevicos-Miches area (Escuder-Viruete 1025 

et al., 2006, 2014) and intermediate volcanics from the Maimón Formation (Torró et al., 2016a, b) 1026 

are shown for comparison. 1027 

Figure 4. Geochemical diagrams for volcanic rocks from the Los Ranchos Formation in the 1028 

Bayaguana area including compositional fields from other complexes/sources for comparison. (A-1029 

D) NMORB-normalized extended REE diagrams for the different volcanic rock types described in 1030 



the main text; normalization values are after Sun and McDonough (1989). (E) Ti-V diagram 1031 

(Shervais, 1982) including field nomenclature as recommended by Pearce (2014). (F) Tectonic 1032 

discrimination Nb-Zr-Y diagram after Wood (1980). Symbol legend as in Figure 3. Abbreviations: 1033 

LRF: Los Ranchos Formation; MF: Maimón Formation; IAT: island arc tholeiite; LOTI IAT: low-1034 

Ti island arc tholeiite; CAB: calc-alkaline basalt; BABB: back-arc basin basalt; FAB: forearc 1035 

basalt; OIB: ocean island basalt; MORB: mid-ocean ridge basalt (N: normal; E: enriched); WPT: 1036 

within-plate tholeiite; WPA: within plate alkali. 1037 

Figure 5. Examples of Doña Amanda mineralization and hydrothermal alteration in hand sample 1038 

(A) and under petrographic microscope (transmitted light, crossed polars: C-D; reflected light: E-G, 1039 

I) and electron microscope (backscattered electron imaging mode: B, H, J-K). (A) Folded-sinuous 1040 

quartz veins with sharply defined walls, central suture and rims of sulfides (pyrite + chalcopyrite + 1041 

enargite + molybdenite), and vuggy center in a pervasively silicic- and advanced argillic-altered 1042 

rock with disseminations of pyrite. (B) Pervasive advanced argillic alteration of the host rock has 1043 

produced kaolinite, largely recrystallized to pyrophyllite, and woodhouseite, svanvergite and 1044 

sericite. A minute hydrothermal zircon grain is also present. (C) Abundant woodhouseite along with 1045 

very fine grained quartz and scattered sub-euhedral pyrite crystals has completely replaced the 1046 

original volcanic rock. (D) Pervasively silicic- and phyllic-altered rock cut by a vein of 1047 

woodhouseite. (E) Abundant pyrite, conspicuously comminuted, in the central suture of vein shown 1048 

in A; scarce enargite intergrown with quartz that has cemented pyrite grains. (F) Detail of 1049 

molybdenite laths in central-sutured Cu-Mo quartz-sulfide veins. (G) Enargite and quartz have 1050 

cemented sub-euhedral pyrite grains in central-sutured veins. (H) Replacement of enargite and 1051 

tennantite by goldfieldite. (I) Enargite has infilled elongate voids aligned parallel to crystal growth 1052 

faces of euhedral pyrite crystals. (J) Minute acanthite grain in quartz cementing pyrite fragments 1053 

that contain inclusions of barite. (K) Stannite crystals in kaolinite close to the contact of a pyrite 1054 

vein. Abbrevitions: ac = acanthite; brt = barite; eng = enargite; glf = goldfieldite; kln = kaolinite; 1055 

mo = molybdenite; py = pyrite; prl = pyrophyllite; qtz = quartz; ser = sericite; stn = stannite; svan = 1056 

svanvergite; tn = tennantite; wood = woodhouseite; zrn = zircon. 1057 

Figure 6. Aspect of the Doña Amanda base metal mineralization in hand sample (A-B) and under 1058 

petrographic (reflected light: C-E) and electron microscope (backscattering electron imaging mode: 1059 

F-H). (A) Core-to-rim polished slab of zoned polymetallic vein with quartz-kaolinite-pyrite 1060 

fragments cemented by pyrite grading inward to massive sulfide mineralization of tennantite-1061 

tetrahedrite, enargite and chalcopyrite. (B) Polished slab of zoned sulfide mineralization with 1062 

quartz-kaolinite fragments cemented by tetrahedrite group minerals and vein infill by layered 1063 



colloform interspersed layers of tetrahedrite group minerals and chalcopyrite; cavities in the core of 1064 

the vein present infill of late calcite. (C) Detail of the chalcopyrite and tennantite-tetrahedrite crusts 1065 

in the sample shown in B; note the small pyrite fragments along the chalcopyrite crusts. (D) Detail 1066 

of conspicuous caries textures developed on pyrite, with replacement and infilling by tennantite-1067 

tetrahedrite. Enargite is locally abundant and has been partially replaced by tennantite-tetrahedrite. 1068 

(E) Complex texture in a tennantite-rich area showing replacement of bornite, enargite and minor 1069 

idaite by tennantite. Note the occurrence of exsolutions of chalcopyrite along the {100} directions 1070 

of bornite. (F) Altaite grain in void of a fahlore crystal partially replaced to chalcopyrite. The 1071 

original tennantite grain has been replaced by tetrahedrite. (G) Fractured and corroded pyrite crystal 1072 

with infill of enargite, chalcopyrite and native gold. (H) Corroded pyrite crystal with infill of 1073 

goldfieldite and calaverite. Abbreviations: Au = native gold; alt = altaite; bn = bornite; cc = calcite; 1074 

clv = calaverite; cpy = chalcopyrite; eng = enargite; glf = goldfieldite; id = idaite; kln = kaolinite; 1075 

py = pyrite; qtz = quartz; td = tetrahedrite; tn = tennantite. 1076 

Figure 7. Paragenetic sequence for the Doña Amanda and Cerro Kiosko hypogene mineralization 1077 

and hydrothermal alteration. Width of bars approximates the abundance of minerals. The fluid 1078 

inclusion symbols on the bars indicate the position in this sequence of minerals that were used for 1079 

microthermometric analyses. Abbreviations: ss = solid solution. 1080 

Figure 8. Ternary classification diagram for tetrahedrite-group minerals analyzed from 1081 

mineralizations of Doña Amanda and Cerro Kiosko deposits according to their Sb, As and Te 1082 

content. 1083 

Figure 9. Histograms showing the range of sulfur isotope data (‰,Canyon Diablo Troilite standard) 1084 

for the Doña Amanda and Cerro Kiosko deposits. Abbreviations: bn = bornite; cpy = chalcopyrite; 1085 

eng = enargite; mo = molybdenite; py = pyrite; tn = tennantite. 1086 

Figure 10. (A) Photomicrograph of a primary fluid inclusion hosted in quartz in a D-type vein from 1087 

Doña Amanda. (B) Photomicrograph of a primary, negative-crystal shaped fluid inclusion hosted in 1088 

a calcite vein from Doña Amanda. (C) Left: correlation between salinity and temperature of 1089 

homogenization data of fluid inclusions from the Doña Amanda deposit. The position of the 1090 

analyzed minerals in terms of timing of deposit formation is shown in Figure 7. Data is represented 1091 

for each occurrence type as fields covering all individual measurements. These data are compared 1092 

with typical ranges for inclusions from Kuroko, epithermal, Sn-W and porphyry deposit types as 1093 

compiled by Wilkinson (2001). Right: histogram and frequency curve of temperature of 1094 



homogenization (above) and salinity (below) data for fluid inclusions from the Doña Amanda 1095 

deposit.  1096 

Figure 11. Wetherill concordia plots for samples of plagioclase-phyric rhyolite domes from the 1097 

Loma Guaymarote basin, eastern Bayaguana district. Grey data in D and E are not computed for age 1098 

determination.  1099 

Figure 12. Log fS2 vs. T diagram, modified from Einaudi et al. (2003), illustrating the approximate 1100 

cooling path of main ore stage fluids in Doña Amanda and Cerro Kiosko based on observed mineral 1101 

assemblages. Temperatures are consistent with those obtained from microthermometry of fluid 1102 

inclusions.  1103 

Figure 13. Summary of age determinations on volcanic rocks from the Los Ranchos Formation (W 1104 

to E: the Pueblo Viejo district, i.e., area between the road from Cotuí to Maimón and the Hatillo 1105 

Reservoir; Cevicos-Bayaguana; and Sierra del Seibo, close to the Samaná Bay) and ore 1106 

mineralization in Pueblo Viejo and Doña Amanda deposits. The diagram is based on literature 1107 

compilation and new Re-Os molybdenite and igneous rock U-Pb zircon ages. Abbreviations: fd = 1108 

feldspar; hbl = hornblende; Mb = Member; qtz = quartz. 1109 

APPENDICES 1110 

Appendix A 1111 

Table A1. Microthermometric fluid inclusion data from the Doña Amanda deposit. 1112 

Appendix B 1113 

Table B1. U–Pb SHRIMP data for samples BA-2014-1, BA-2014-2, BA-2014-4, BA-2014-5 and 1114 

BA-2014-7 from the Bayaguana district.  1115 

Figure B1. Cathodoluminescence images and ages of analyzed zircons from sample BA-2014-1.  1116 

Figure B2. Cathodoluminescence images and ages of analyzed zircons from sample BA-2014-2.  1117 

Figure B3. Cathodoluminescence images and ages of analyzed zircons from sample BA-2014-4.  1118 

Figure B4. Cathodoluminescence images and ages of analyzed zircons from sample BA-2014-5.  1119 



Figure B5. Cathodoluminescence images and ages of analyzed zircons from sample BA-2014-7. 1120 
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TABLE  3 



Sample Vein type Host Chronology1 Type2 F
high / mean / low (n)

DA-23-2 Calcite Cc P l-v 0.98 / 0.95 / 0.90 (21)
DA-23-11A Wavy, central sutured (B-type) Qtz P l-v 0.95 / 0.90 / 0.80 (20)
DA-23-11B Wavy, central sutured (B-type) Qtz P l-v 0.95 / 0.94 / 0.90 (11)
DA-23-13B Wavy, central sutured (B-type) Qtz P l-v 0.90 / 0.89 / 0.85 (6)
DA-23-15 Quartz-pyrite Qtz P l-v 0.95 / 0.95 / 0.90 (10)
DA-23-17 Host silicification (group 1) Qtz P l-v 0.95 / 0.95 / 0.95 (9)
DA-23-17 Host silicification (group 2) Qtz P l-v 0.95 / 0.94 / 0.90 (4)

Sample
Tmice (ºC)3

low / mean / high (n)

Tmclath (ºC)4

low / mean / high 
(n)

Th5

low / mean / 
high (n)

Mode6
Salinity (wt. % NaCl 

equiv.)
low / mean / high

DA-23-2 -9.4 / -5.1 / -3.0 (17) 0.1 / 4.7 / 15.0 (7)119 / 142 / 162 (21)L 5.0 / 7.9 / 13.3
DA-23-11A -12.5 / -8.6 / -6.0 (11) - 190 / ? / >400 (20)L 10.4 / 12.5 / 16.4
DA-23-11B -11.0 / -7.3 / -5.0 (10) - 158 / ? / >400 (11)L 7.9 / 10.7 / 15.0
DA-23-13B -8.2 / -6.7 / -5.2 (6) - 180 / 204 / 222 (6)L 8.1 / 10.1 / 11.9
DA-23-15 -8.4 / -5.8 / -2.9 (9) - 124 / 151 / 175 (10)L 4.8 / 8.8 / 12.2
DA-23-17 -10.0 / -8.4 / -5.3 (9) - 156 / 168 / 174 (9)L 8.3 / 12.1 / 13.9
DA-23-17 -2.6 / -1.7 / -0.9 (4) - 168 / 211 / 261 (4)L 1.6 / 2.8 / 4.3

Abbreviations: Cc = calcite; Qtz = quartz
1 P = primary
2 l-v = liquid-vapor (liquid dominant)
3 Final ice melting temperature
4 Final CO2 clathrate dissociation temperature
5 Temperature of homogenization
6 Mode of homogenization; L = bubble disappearance to liquid
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Figure_1 

 

Figure 1. Location map for the Los Ranchos Formation and the Bayaguana district in the Dominican 

Republic. The geologic base map was modified from Toloczyki and Ramirez (1991). 

  



Figure_2 

 

Figure 2. (A) Geologic map of the Bayaguana district (see Fig. 1 for location) showing the Doña Amanda 

and Cerro Kiosko deposits and the Doña Loretta, Hoyo La Palma and Loma Guaymarote mineralization 



and prospects. Red contours represent the vertical projection of the deposit limits on surface. Sample 

locations for U-Pb dating (zircon) in plagioclase-phyric rhyolite domes from the Loma Guaymarote area 

are also shown. (B) Schematic lithostratigraphic columns for the Los Ranchos Formation in the Pueblo 

Viejo district (Kesler et al., 1991), the Cevicos-Miches area (Escuder-Viruete et al., 2006) and the 

Bayaguana district (this study). 

 

Figure_3 

 

Figure 3. Zr/Ti vs. Nb/Y classification diagram (Pearce, 1996 after Winchester and Floyd, 1977) for 

analyzed volcanic rocks from the Los Ranchos Formation in the Bayaguana area. Fields of mafic and 

felsic volcanics from the Los Ranchos Formation in the Cevicos-Miches area (Escuder-Viruete et al., 

2006, 2014) and intermediate volcanics from the Maimón Formation (Torró et al., 2016a, b) are shown 

for comparison. 

  



Figure_4 

 

Figure 4. Geochemical diagrams for volcanic rocks from the Los Ranchos Formation in the Bayaguana 

area including compositional fields from other complexes/sources for comparison. (A-D) NMORB-

normalized extended REE diagrams for the different volcanic rock types described in the main text; 

normalization values are after Sun and McDonough (1989). (E) Ti-V diagram (Shervais, 1982) including 

field nomenclature as recommended by Pearce (2014). (F) Tectonic discrimination Nb-Zr-Y diagram after 

Wood (1980). Symbol legend as in Figure 3. Abbreviations: LRF: Los Ranchos Formation; MF: Maimón 

Formation; IAT: island arc tholeiite; LOTI IAT: low-Ti island arc tholeiite; CAB: calc-alkaline basalt; 

BABB: back-arc basin basalt; FAB: forearc basalt; OIB: ocean island basalt; MORB: mid-ocean ridge 

basalt (N: normal; E: enriched); WPT: within-plate tholeiite; WPA: within plate alkali. 



Figure_5 

 

Figure 5. Examples of Doña Amanda mineralization and hydrothermal alteration in hand sample (A) and 

under petrographic microscope (transmitted light, crossed polars: C-D; reflected light: E-G, I) and 

electron microscope (backscattered electron imaging mode: B, H, J-K). (A) Folded-sinuous quartz veins 

with sharply defined walls, central suture and rims of sulfides (pyrite + chalcopyrite + enargite + 

molybdenite), and vuggy center in a pervasively silicic- and advanced argillic-altered rock with 

disseminations of pyrite. (B) Pervasive advanced argillic alteration of the host rock has produced 

kaolinite, largely recrystallized to pyrophyllite, and woodhouseite, svanvergite and sericite. A minute 

hydrothermal zircon grain is also present. (C) Abundant woodhouseite along with very fine grained quartz 



and scattered sub-euhedral pyrite crystals has completely replaced the original volcanic rock. (D) 

Pervasively silicic- and phyllic-altered rock cut by a vein of woodhouseite. (E) Abundant pyrite, 

conspicuously comminuted, in the central suture of vein shown in A; scarce enargite intergrown with 

quartz that has cemented pyrite grains. (F) Detail of molybdenite laths in central-sutured Cu-Mo quartz-

sulfide veins. (G) Enargite and quartz have cemented sub-euhedral pyrite grains in central-sutured veins. 

(H) Replacement of enargite and tennantite by goldfieldite. (I) Enargite has infilled elongate voids aligned 

parallel to crystal growth faces of euhedral pyrite crystals. (J) Minute acanthite grain in quartz cementing 

pyrite fragments that contain inclusions of barite. (K) Stannite crystals in kaolinite close to the contact of 

a pyrite vein. Abbrevitions: ac = acanthite; brt = barite; eng = enargite; glf = goldfieldite; kln = kaolinite; 

mo = molybdenite; py = pyrite; prl = pyrophyllite; qtz = quartz; ser = sericite; stn = stannite; svan = 

svanvergite; tn = tennantite; wood = woodhouseite; zrn = zircon. 

  



Figure_6 

 

Figure 6. Aspect of the Doña Amanda base metal mineralization in hand sample (A-B) and under 

petrographic (reflected light: C-E) and electron microscope (backscattering electron imaging mode: F-H). 

(A) Core-to-rim polished slab of zoned polymetallic vein with quartz-kaolinite-pyrite fragments cemented 

by pyrite grading inward to massive sulfide mineralization of tennantite-tetrahedrite, enargite and 

chalcopyrite. (B) Polished slab of zoned sulfide mineralization with quartz-kaolinite fragments cemented 

by tetrahedrite group minerals and vein infill by layered colloform interspersed layers of tetrahedrite 

group minerals and chalcopyrite; cavities in the core of the vein present infill of late calcite. (C) Detail of 

the chalcopyrite and tennantite-tetrahedrite crusts in the sample shown in B; note the small pyrite 

fragments along the chalcopyrite crusts. (D) Detail of conspicuous caries textures developed on pyrite, 

with replacement and infilling by tennantite-tetrahedrite. Enargite is locally abundant and has been 

partially replaced by tennantite-tetrahedrite. (E) Complex texture in a tennantite-rich area showing 

replacement of bornite, enargite and minor idaite by tennantite. Note the occurrence of exsolutions of 

chalcopyrite along the {100} directions of bornite. (F) Altaite grain in void of a fahlore crystal partially 

replaced to chalcopyrite. The original tennantite grain has been replaced by tetrahedrite. (G) Fractured 

and corroded pyrite crystal with infill of enargite, chalcopyrite and native gold. (H) Corroded pyrite 

crystal with infill of goldfieldite and calaverite. Abbreviations: Au = native gold; alt = altaite; bn = 



bornite; cc = calcite; clv = calaverite; cpy = chalcopyrite; eng = enargite; glf = goldfieldite; id = idaite; 

kln = kaolinite; py = pyrite; qtz = quartz; td = tetrahedrite; tn = tennantite. 

Figure_7 

 

  

Figure 7. Paragenetic sequence for the 

Doña Amanda and Cerro Kiosko 

hypogene mineralization and 

hydrothermal alteration. Width of bars 

approximates the abundance of 

minerals. The fluid inclusion symbols 

on the bars indicate the position in this 

sequence of minerals that were used 

for microthermometric analyses. 

Abbreviations: ss = solid solution. 



Figure_8 

Figure 8. Ternary classification diagram for tetrahedrite-group minerals analyzed from mineralizations of 

Doña Amanda and Cerro Kiosko deposits according to their Sb, As and Te content. 

Figure_9 

 

Figure 9. Histograms showing the range of sulfur isotope data (‰,Canyon Diablo Troilite standard) for 

the Doña Amanda and Cerro Kiosko deposits. Abbreviations: bn = bornite; cpy = chalcopyrite; eng = 

enargite; mo = molybdenite; py = pyrite; tn = tennantite. 

  



Figure_10 

 

Figure 10. (A) Photomicrograph of a primary fluid inclusion hosted in quartz in a D-type vein from Doña 

Amanda. (B) Photomicrograph of a primary, negative-crystal shaped fluid inclusion hosted in a calcite 

vein from Doña Amanda. (C) Left: correlation between salinity and temperature of homogenization data 

of fluid inclusions from the Doña Amanda deposit. The position of the analyzed minerals in terms of 

timing of deposit formation is shown in Figure 7. Data is represented for each occurrence type as fields 

covering all individual measurements. These data are compared with typical ranges for inclusions from 

Kuroko, epithermal, Sn-W and porphyry deposit types as compiled by Wilkinson (2001). Right: 

histogram and frequency curve of temperature of homogenization (above) and salinity (below) data for 

fluid inclusions from the Doña Amanda deposit.  

  



Figure_11 

 

Figure 11. Wetherill concordia plots for samples of plagioclase-phyric rhyolite domes from the Loma 

Guaymarote basin, eastern Bayaguana district. Grey data in D and E are not computed for age 

determination.  

  



Figure_12 

Figure 12. Log fS2 vs. T diagram, modified from Einaudi et al. (2003), illustrating the approximate 

cooling path of main ore stage fluids in Doña Amanda and Cerro Kiosko based on observed mineral 

assemblages. Temperatures are consistent with those obtained from microthermometry of fluid inclusions.  

Figure_13 

Figure 13. Summary of age determinations on volcanic rocks from the Los Ranchos Formation (W to E: 

the Pueblo Viejo district, i.e., area between the road from Cotuí to Maimón and the Hatillo Reservoir; 

Cevicos-Bayaguana; and Sierra del Seibo, close to the Samaná Bay) and ore mineralization in Pueblo 

Viejo and Doña Amanda deposits. The diagram is based on literature compilation and new Re-Os 

molybdenite and igneous rock U-Pb zircon ages. Abbreviations: fd = feldspar; hbl = hornblende; Mb = 

Member; qtz = quartz. 
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ABSTRACT  25 

The origin of the world-class Pueblo Viejo deposit, central Dominican Republic, remains 26 

controversial. In this article we scale up the area of study to the Cabirma del Cerro mining 27 

concession, which abuts the Pueblo Viejo mining area, and integrate new data on the stratigraphy, 28 

lithogeochemistry and U-Pb geochronology of volcanogenic units with previous descriptions of the 29 

geology of the Pueblo Viejo deposit. Volcanic, volcaniclastic and sedimentary lithofacies of the 30 

ore-hosting Los Ranchos Formation reveal a progression from deposition in submarine to subaerial 31 

environments. Volcanic and hyaloclastite deposits are of exclusive basaltic composition, and 32 

deposited at ca. 122-112 Ma. Lithogeochemistry of basaltic rocks indicate tholeiitic and boninitic 33 

affinities. Chemostratigraphic relationships denote a progressive shift from LREE-depleted low-Ti 34 

island-arc tholeiitic and boninitic lavas to LREE-richer island-arc tholeiitic lavas. Basaltic deposits 35 

were intruded by plagiotonalite batholiths and plagiorhyolite stocks at ca. 113-109 Ma. This acid 36 

intrusives yield tholeiitic, M-type affinities. Subsequently, diorites with transitional tholeiitic-calc-37 

alkaline, and monzodiorites and andesitic domes with calc-alkaline affinities emplaced at 109-106 38 

Ma. The progressive lithogeochemical changes throughout the magmatic sequence of the Los 39 

Ranchos Formation mirror those described in the so-called subduction-initiation ophiolites. 40 

Hydrothermal alteration and sulfide mineralization are ubiquitous in the area of study, and include 41 

VMS- and epithermal-deposit types. By assessing the location of these mineralization types in the 42 

stratigraphic sequence, an integrative metallogenic model with two distinct mineralization events is 43 

presented: (1) volcanogenic massive sulfide (VMS) mineralization took place during the 44 

subduction-initiation stage of the island-arc, and was genetically associated to LREE-depleted 45 

tholeiitic and boninitic basalts; subsequently (2) porphyry Cu(-Mo)-high sulfidation epithermal 46 

mineralization at ca. 112 Ma was most likely connected to a spread episode of M-type acid 47 

magmatism, tholeiitic in affinity, during the steady-state or true-subduction regime. 48 

   



 

 

INTRODUCTION 50 

Extensive exploration for gold and copper is currently conducted in the Early Cretaceous-Late 51 

Cretaceous-Eocene belts in Hispaniola Island (Dominican Republic and Haiti; Micklethwaite, 2013; 52 

Redwood, 2014, 2015). Among these, the Median belt in the Cordillera Central of the Dominican 53 

Republic is the one that has been and continues to be most intensively prospected (Nelson et al., 54 

2011). Current exploration follows previous sustained efforts from the 1970s that led to the 55 

discovery of the Cerro de Maimón VMS and the Pueblo Viejo epithermal deposits, currently under 56 

production, and many other deposits and occurrences (Fig. 1 herein; Nelson et al., 2015a). 57 

With current proven and probable reserves of 8.96 Moz Au and a production of 5.5 Moz Au during 58 

the 1975-1999 period, the world-class Pueblo Viejo Au-Ag-Cu deposit stands out as the flagship of 59 

metallic mining in the Greater Antilles (Barrick, 2016). In addition to enviable commodities, the 60 

long-held discussion on its controversial origin has made this deposit renowned amongst economic 61 

geologists. The controversy translates on a number of publications and eventual comments and 62 

replies such as those held between Nelson (2000, 2001) and Kesler and Russell (2001) and between 63 

Sillitoe et al. (2006, 2007) and Muntean et al. (2007). During many years, the age of the 64 

mineralization and its relationship with the hosting Early Cretaceous Los Ranchos Formation were 65 

the substantive issue. An Early Cretaceous age for the mineralization, hence being coeval with the 66 

tholeiitic volcanism recorded in the wallrocks (Kesler et al., 1981, 2005a,b; Sillitoe and Bonham, 67 

1984; Cumming et al., 1982; Cumming and Kesler, 1987; Russell and Kesler, 1991; Kettler et al., 68 

1992; Nelson, 2000, 2011; Mueller et al., 2008), had contraposed to porphyry Cu mineralization 69 

models tentatively associated to Late Cretaceous-Tertiary calc-alkaline intrusives (Hollister, 1978; 70 

Sillitoe et al., 2006). The age controversy has been finally resolved by direct dating of sulfides from 71 

the Pueblo Viejo district by Kirk et al. (2014) and Nelson et al. (2015b), with a concordant age of 72 

ca. 112 Ma. Further, Torró et al. (accepted) have obtained an equivalent Re-Os molybdenite age for 73 

the porphyry Cu-Mo to deep high sulfidation deposits hosted by the Los Ranchos Formation in the 74 

Bayaguana district. Published genetic models that agree with an Early Cretaceous age for the 75 

mineralization at Pueblo Viejo include contrasting formation environments such as a high 76 

sulfidation deposit formed in the volcanogenic massive sulfide (VMS) environment (Sillitoe et al., 77 

1996) or in a volcanic dome field (Nelson, 2000; Nelson et al., 2015b), and an epithermal deposit 78 

formed in an Early Cretaceous maar-diatreme (Russell and Kesler, 1991; Kettler et al., 1992).  79 

Although conflicting, these proposed genetic models and constraints depart from compelling field 80 

observations that retain their value independently from their interpretation. We compile and discuss 81 

published data along with new findings obtained from the Cabirma del Cerro (formerly Ampliación 82 



 

 

Pueblo Viejo) concession, which abuts the Pueblo Viejo mining area (Figs. 1 and 2). This 83 

concession was selected due to three main reasons: 1) it covers extensive outcrops of the Los 84 

Ranchos Formation, which show a wide variety of volcanic, volcaniclastic and intrusive lithofacies 85 

in this locality; 2) the Loma La Cuaba area, in the southern half of the concession, is covered by the 86 

western extension of the advanced argillic alteration domain that hosts the ores in Pueblo Viejo 87 

(Sillitoe et al., 2006; Arribas et al., 2011); and 3) it contains the La Lechoza deposit (inferred 88 

resources of 1 MT @ 1.14 g/t Au eq. oxides and 1.2 MT @ 0.57 % Cu eq. sulfides; Dupéré and 89 

Paiement, 2012), in the northern part of the concession, which is classified as VMS-type (Nelson et 90 

al., 2015a). Therefore, the exploration of the Cabirma del Cerro concession is called to shed further 91 

light on the origin of Pueblo Viejo and to render information on the metallogenic evolution of the 92 

Early Cretaceous island arc. To do so, detailed surface geological mapping is combined with 93 

abundant core information obtained from an intensive diamond drilling program to depths of up to 94 

1000 m carried out by Everton Resources (TSX-V:EVR). Petrographic and lithogeochemical 95 

analyses were performed on surface and drill core samples representative of both the original 96 

igneous lithologies and the hydrothermal alteration types. SHRIMP U-Pb zircon ages were obtained 97 

for tonalites, plagiorhyolite stocks, diorites, basalts and a gabbro. Stratigraphic relationships and the 98 

integration of petrographic, lithogeochemical and U-Pb zircon studies allow to reconstructing the 99 

original chemostratigraphic relationships between the igneous units. By assessing the position of the 100 

ore and hydrothermal alteration assemblages in the volcanic sequence, an integrative genetic model 101 

is proposed for the genesis of both VMS and porphyry-epithermal deposits that are hosted by the 102 

Los Ranchos Formation. 103 

GEOLOGICAL SETTING 104 

Geodynamic setting 105 

The location and tectonics of the modern Caribbean plate have been largely shaped by (1) the 106 

Jurassic breakup and separation of North America and Gondwana, (2) the subsequent progressive 107 

eastward insertion of the allochthonous (Pacific in origin) Caribbean plate into the Atlantic realm, 108 

and (3) a collisional event linked to the WSW to SW-directed oblique convergence of the 109 

continental margin of North America and the Circum-Caribbean island-arc in the latest Cretaceous-110 

earliest Tertiary (Boschman et al., 2014, and references therein). Located in the northern margin of 111 

the Caribbean plate, the Hispaniola Island is a tectonic collage of mantle and crustal units resulting 112 

from the continued Upper Eocene to Recent brittle thrusting and uplift (Lewis and Draper, 1990; 113 

Mann et al., 2001; Boschman et al., 2014). Among the accreted units, the most widespread igneous 114 

suites are (1) the Cretaceous oceanic plateau rocks of the Caribbean Large Igneous Province 115 



 

 

(CLIP), (2) the Early-Cretaceous to Eocene arc-related volcanic and plutonic rocks, and (3) 116 

ultramafic and ultramafic-mafic assemblages, mainly serpentinized peridotites, of probable Late 117 

Jurassic or Early Cretaceous age for their protoliths (Lidiak and Anderson, 2015, and references 118 

therein). 119 

In the Hispaniola segment of the Caribbean island-arc, arc-related magmatism initiated at ca. 126 120 

Ma (Escuder-Viruete et al., 2014; Torró et al., accepted), after the subduction onset of the Proto-121 

Caribbean (Atlantic) oceanic lithosphere beneath the Caribbean (Pacific) plate at ca. 135 Ma 122 

(Rojas-Agramonte et al., 2011; Pindell et al., 2012). Early Cretaceous (ca. 126-110 Ma) boninitic 123 

and tholeiitic magmatism, commonly grouped in the Primitive Island Arc (PIA) magmatic suite, 124 

broadly predates the more voluminous calc-alkaline magmatic suite formed in the Upper 125 

Cretaceous-Eocene time (ca. 95-45 Ma; Lidiak and Anderson, 2015, and references therein). 126 

The Pueblo Viejo district is located in the Cordillera Central geological province, in central 127 

Dominican Republic (Fig. 1). In Cordillera Central, transpressional WNW-ESE faults juxtapose 128 

tectonostratigraphic units with different pre-Eocene evolutions (Lewis et al., 2002), which include: 129 

(1) the serpentinized Loma Caribe peridotites (Lewis et al., 2006; Marchesi et al., 2016), (2) Late 130 

Jurassic MOR gabbros and basalts of the Proto-Caribbean crust (Loma la Monja assemblage), (3) 131 

Late Jurassic-Cretaceous E-MORB and OIB basalts and picrites, which are onshore representatives 132 

of the CLIP (Aptian Duarte complex, and Campanian-Maastrichtian Pelona-Pico Duarte and Siete 133 

Cabezas formations; Escuder-Viruete et al., 2007a, 2011), and (4) arc-related igneous and 134 

sedimentary rocks of the Maimón-Amina (Kesler et al., 1991a; Draper et al., 1996; Escuder-Viruete 135 

et al., 2007b; Torró et al., 2016, in press, submitted), Los Ranchos (Kesler et al., 1991b; Kesler et 136 

al., 2005a; Escuder-Viruete et al., 2006; Torró et al., accepted), Río Verde (Escuder-Viruete et al., 137 

2010), Peralvillo and Tireo formations (Lewis et al., 1991; Escuder-Viruete et al., 2007c). 138 

Los Ranchos Formation 139 

Facies, stratigraphy and geochemistry  140 

The Pueblo Viejo district covers the northwestern-most part of the Early Cretaceous Los Ranchos 141 

Formation, in the Cordillera Central of the Dominican Republic (Fig. 1). This formation crops out 142 

as a 100 km-long arched belt that extends from the Hatillo reservoir (Cotuí-Pueblo Viejo area) 143 

eastwards to the south shore of the Samaná Bay (Fig. 1) (Kesler et al., 1991b). With a stratigraphic 144 

thickness of more than 3 km at the Pueblo Viejo district, the Los Ranchos Formation conforms a 145 

pile of bimodal volcanic, volcaniclastic and sedimentary rocks (Bowin, 1966; Kesler et al., 1991b; 146 

Escuder-Viruete et al., 2006; Torró et al., accepted) intruded by tonalite batholiths, diorite to gabbro 147 



 

 

plutons and dykes of apparent Paleocene age (as mapped by the European SYSMIN Project-L, 148 

Escuder-Viruete et al., 2006). 149 

The volcanic rocks of the Los Ranchos Formations are considered to be representative of the early 150 

arc-related volcanism in the Caribbean region (Lewis & Draper, 1990; Lewis et al., 2002; Lidiak 151 

and Anderson, 2015). Its lithogeochemistry in the eastern Los Ranchos Formation, i.e., in the 152 

Cevicos-Bayaguana-Miches area, was thoroughly studied by Escuder-Viruete et al. (2006) and 153 

Torró et al. (accepted). On the basis of major- and trace-element compositions, these workers 154 

identified the basalts from the lower stratigraphic levels as low-Ti island arc tholeiites (LOTI). In 155 

addition, Escuder-Viruete et al. (2006) pointed out that some lower basalts yield boninitic affinities. 156 

In contrast, basalts from the upper stratigraphic levels were characterized as normal island arc 157 

tholeiites (IAT). Tonalites and plagiorhyolites are referred to as tholeiitic in affinity (Escuder-158 

Viruete et al., 2006). On the light of the chemostratigraphic relationships among the Los Ranchos 159 

volcanic rocks, Escuder-Viruete et al. (2006) concluded that this formation records the magmatic 160 

progression from subduction-initiation to steady-state subduction regimes of the Caribbean island-161 

arc. 162 

In the Pueblo Viejo district, Kesler et al. (1991b) described the Los Ranchos Formation to be 163 

conformed of (1) the basal Cotuí member, characterized by spilitic pillow lavas and lava flows, (2) 164 

the Quita Sueño member, consisting largely of keratophyric acid flows and minor tuffs and shallow 165 

intrusions, (3) the Meladito fragmental member, with a complex stratigraphy including basal very-166 

coarse grained debris flows grading upwards to lithic and bedded tuffs, (4) the Platanal spilite 167 

member, composed of spilitized unpillowed mafic flows and minor agglomeratic breccias; 168 

unconformably overlying the Meladito and Platanal members are (5) the Zambrana fragmental 169 

member, which was proposed to result from a phreatomagmatic eruption in an emergent volcano 170 

and (6) the Pueblo Viejo member, which hosts the bulk of the ores at Pueblo Viejo and is composed 171 

of volcanogenic and terrestrial sediments with Early Cretaceous plant fossils (Smiley, 2002). 172 

In the Cevicos-Bayaguana-Miches area, 25 km to the east of the Pueblo Viejo district, Escuder-173 

Viruete et al. (2006) subdivided the Los Ranchos Formation into (1) a lower basaltic unit dominated 174 

by spilitized volcanic breccias and flows with local pillow lavas and interbedded fine volcaniclastic 175 

rocks, (2) an intermediate rhyodacitic unit composed of dacite to rhyolite flows, brecciated volcanic 176 

domes and minor felsic tuffs, and (3) an upper basaltic unit of massive flows of basalts and 177 

andesites, autoclastic breccias and syn-volcanic gabbros locally overlain by dacitic to rhyolitic 178 

flows and domes. Besides, in the Loma Guaymarote area of the Bayaguana district, Torró et al. 179 

(accepted) recently described the occurrence of a ~3 km long and 2.4 km wide basin with a 180 



 

 

volcanogenic and terrigenous sedimentary infill, probably equivalent in their genesis and 181 

stratigraphic position to sediments of the Pueblo Viejo member described by Kesler et al. (1991b). 182 

Such sedimentary rocks in Bayaguana were intruded by plagiorhyolite domes, even though the 183 

sediments and dome auto-breccias and lithic-tuff aprons are locally interstratified. 184 

In the Pueblo Viejo and the Cevicos-Bayaguana-Miches areas, the volcanic and sedimentary 185 

sequence of the Los Ranchos Formation is unconformably overlain by the Albian-Cenomanian 186 

shallow-water reefal limestones of Hatillo Formation (Myczynski and Iturralde-Vinent, 2005). 187 

Geochronology 188 

The age of the Los Ranchos Formation has been extensively addressed by means of radiometric and 189 

paleontological methods. It was first constrained by Bowin (1966), who determined the occurrence 190 

of middle Aptian to middle Albian marine fossils in the upper sedimentary units. In the 1980s, early 191 

unpublished studies by G. J. Smiley also indicated an Early Cretaceous age for terrestrial fossil 192 

plants within this same sedimentary sequence (published, more than two decades later, in Smiley, 193 

2002). Cumming et al. (1982) and Cumming and Kesler (1987) estimated the age of the Los 194 

Ranchos Formation at ca. 130-110 Ma through Pb-isotope ratios on 17 rock samples from intrusives 195 

and the lower (Quita Sueño) and upper members. Bellon et al. (1985) obtained a K-Ar age of 196 

112.4±11 Ma for a basalt sample of the Los Ranchos Formation at El Seibo, in the Eastern 197 

Peninsula (formerly identified as the El Seibo unit). An upper age limit at the late Lower Albian for 198 

the Los Ranchos Formation was indirectly procured by the study of invertebrate fauna at the base of 199 

the overlying limestones of the Hatillo Formation (Myczynski and Iturralde-Vinent, 2005). 200 

U-Pb zircon ages for acid volcanic and subvolcanic rocks of the Los Ranchos Formation in the 201 

Pueblo Viejo district are reported for a quartz keratophyre from the Quita Sueño member, at 202 

113.9±0.8 Ma (or 118.6±0.5 Ma, ‘depending on interpretation of the data’ [sic]), and a quartz-203 

phyric rhyolite from the Cotuí stock, at 111.8±0.6 or 112.9±0.9 Ma (Kesler et al., 2005a). These 204 

ages are slightly older or equivalent (within-error) to that of quartz-porphyry fragmental rocks of 205 

the upper Pueblo Viejo member, dated at 110.9±0.8 Ma (Kesler et al., 2005a) and 111.4±0.5 Ma 206 

(Kesler et al., 2005b). In the Bayaguana district, Escuder-Viruete et al. (2006) obtained U-Pb zircon 207 

ages for a porphyritic plagiorhyolite from the intermediate rhyodacitic unit (stratigraphically 208 

equivalent to the Quita Sueño member in Pueblo Viejo) at 116.0±0.8 Ma. 209 

Escuder-Viruete et al. (2006) determined that the tonalitic Zambrana batholith, in the Pueblo Viejo 210 

district, intruded the Los Ranchos Formation at 115.5±0.3 Ma. These authors interpreted that the 211 



 

 

Albian (ca. 109-106 Ma) 40Ar/39Ar hornblende plateau ages yielded by the majority of the studied 212 

tonalites mostly represented final cooling ages. 213 

An emplacement at ca. 110-107 Ma of the newly mapped plagiorhyolite domes cutting the upper 214 

Los Ranchos sedimentary units in Loma Guaymarote, in the Bayaguana district, has been recently 215 

reported by Torró et al. (accepted). In addition, relative age proportions yielded by conspicuous 216 

inherited zircons separated from these rocks, i.e., zircons crystallized previous to the dome 217 

emplacement, led these authors to model a lower limit for the arc-related volcanism at ca. 126 Ma 218 

and an intense acid magmatic activity at ca. 118-112 Ma in the Los Ranchos Formation. 219 

The timing for the advanced argillic hydrothermal alteration in the Pueblo Viejo district was 220 

addressed by Kesler et al. (2005b) and Arribas et al. (2011) by means of 40Ar/39Ar ages for illite and 221 

alunite, respectively. Such determinations resulted in an overall age span of more than 40 m.yr. 222 

(from ca. 80 to 40 Ma) that the authors attributed to resetting of the isotopic system as a result of the 223 

complex thermal history undergone by the Los Ranchos Formation after the alteration event(s). The 224 

age of the sulfide mineralization in the Pueblo Viejo deposit was first constrained by Kesler et al. 225 

(2005b) at ca. 111-112 Ma on the basis of geochemical evidences and geologic relationships 226 

between the sulfide ore and the upper, ore-hosting members of the Los Ranchos Formation. Mueller 227 

et al. (2008) provided further evidence for a late Early Cretaceous mineralization age by dating the 228 

intrusion of an ‘inter-mineralization’ andesite porphyry dike in the northern end of the Monte Negro 229 

pit at 109.6±0.6 Ma (youngest zircon population). Re-Os analyses on pyrite separates yielded an 230 

isochron age of 111.9±3.7 Ma (Kirk et al., 2014) that was later corroborated more precise Re-Os 231 

molybdenite ages at 112.1±0.4, 112.0±0.4 and 111.5±0.4 provided by Nelson et al. (2015b). In the 232 

Doña Amanda deposit of the Bayaguana district, Torró et al. (accepted) determined a Re-Os 233 

molybdenite age at 112.6±0.4 Ma. 234 

SAMPLING AND ANALYTICAL METHODS 235 

This study is based on 1062 samples picked up from diamond drill cores (n = 759 samples) and in 236 

situ outcrops (n = 303). The samples were collected in the area approximately comprised between 237 

the Quita Sueño town to the north, the Hatillo reservoir to the west and the Cotuí-Zambrana-238 

Maimón paved road to the east and south (Fig. 2). This area comprises the Pueblo Viejo deposit and 239 

the Cabirma del Cerro concession. 240 

Whole rock geochemistry was determined for a total of 114 samples of volcanic rocks. The samples 241 

were carefully prepared by removing veins and weathering products before crushing and powdering 242 

in a tungsten carbide mill. Analyses were carried out at the Centro de Instrumentación Científica of 243 



 

 

the University of Granada, Spain (CIC-UGR) (n = 49) and at ACME Labs, Vancouver, Canada (n = 244 

65). At the CIC-UGR, major element and Zr concentrations were determined on glass beads made 245 

up of ~0.6 g powdered sample diluted in 6 g of Li2B4O7, by means of a Philips Magix Pro (PW-246 

2440) X-Ray fluorescence (XRF) equipment. Precision was better than ±1.5% for an analyte 247 

concentration of 10 wt %. Precision for Zr was better than ±4% at 100 ppm concentration. Trace 248 

elements, except Zr, were determined by ICP Mass Spectrometry (ICP-MS) after HNO3 + HF 249 

digestion of ~100 mg of sample powder in a Teflon lined vessel at ~180°C and ~200 psi for 30 min, 250 

evaporation to dryness, and subsequent dissolution in 100 ml of 4 vol.% HNO3. Procedural blanks 251 

and international standards PMS, WSE, UBN, BEN, BR, and AGV (Govindaraju, 1994) were run 252 

as unknowns during analytical sessions. Precision was better than ±2% and ±5% for analyte 253 

concentrations of 50 and 5 ppm, respectively. At ACME-labs, major, minor and trace elements were 254 

determined by X-ray fluorescence (XRF) and ICP-MS (4A and 4B packages; lithium borate fusion). 255 

Thirteen samples were discarded because of geochemical evidence for either mass gains or losses 256 

that affected the total concentration of immobile elements. Analyses and details of the locations of 257 

the remaining 102 rock samples are given in Appendix A table. 258 

The petrographic study of the rocks was developed from 224 thin and 29 thick polished sections by 259 

means of optical microscopy with transmitted and reflected light and by electronic microscopy 260 

using an environmental SEM Quanta 200 FEI, XTE 325/D8395 equipped with an INCA Energy 261 

250 EDS microanalysis system equipment at the Centres Científics i Tecnològics of the University 262 

of Barcelona (CCiT-UB). Mineralogical determinations were also carried out by means of X-ray 263 

diffraction (XRD); a total of 78 the samples were carefully ground in an agate mortar, and were 264 

manually pressed by means of a glass plate to get a flat surface, in cylindrical standard sample 265 

holders of 16 millimeters of diameter and 2.5 millimeters of height. The diffractograms were 266 

obtained in a PANalytical X’Pert PRO MPD Alpha1 powder diffractometer in Bragg-Brentano θ/2θ 267 

geometry of 240 millimeters of radius, nickel filtered Cu Kα radiation (λ = 1.5418 Å), and 45 kV – 268 

40 mA at the CCiT-UB. Panalytical X’Pert PRO MPD). The software X’Pert Highscore® was used 269 

to substract the background of the patterns, to detect the peaks and to assign mineral phases to each 270 

peak. Mineral chemistry analyses of clinopyroxene and chlorite were performed using a JEOL JXA-271 

8230 electron microprobe (EMP) at the CCiT-UB, operated at 20 kV acceleration voltage, 15 nA 272 

beam current and with a beam diameter of 5μm. Representative EMP analyses are given in 273 

Appendix B. 274 

Geochronological determinations were carried out in 8 rock samples of plagiotonalites, 275 

plagiorhyolite stocks, gabbros, diorites and basalts mapped in the Cabirma del Cerro concession. 276 

Details of the location of the samples are given in Appendix C table. Zircon crystals were separated 277 



 

 

using panning in water. Non-magnetic concentrates, after eliminating the magnetic fractions with a 278 

Frantz® isodynamic LB-1separator, were processed by applying the hydroseparation technique (HS) 279 

at the HS-11 laboratory of the University of Barcelona to obtain high-density mineral concentrates. 280 

The resulting non-magnetic high-density concentrates went through batches of acid digestion in 281 

open bombs with combinations of HF, HCl and HNO3. Zircons were handpicked under the 282 

binocular microscope. Once mounted and polished, zircon grains were studied by optical and 283 

cathodoluminescence imaging and analyzed for U–Pb using a SHRIMP IIe/mc ion microprobe at 284 

the IBERSIMS Laboratory of the CIC-UGR. The analytical method follows that of Williams and 285 

Claesson (1987). Uranium concentration was calibrated using the SL13 reference zircon (U: 238 286 

ppm). The U/Pb ratios were calibrated using the TEMORA-1 reference zircon (417 Ma; Black et 287 

al., 2003), which was measured every 4 unknowns. Common lead was corrected from the measured 288 

204Pb/206Pb, using the model of terrestrial Pb evolution of Cumming and Richards (1975). SHRIMP 289 

results and cathodoluminescence (CL) images of the analyzed zircons are presented in Appendix C. 290 

GEOLOGY OF THE PUEBLO VIEJO DISTRICT 291 

Geology of the Cabirma del Cerro concession 292 

Here we describe geologic features of the mapped area roughly comprising the Cabirma del Cerro 293 

concession (Fig. 2); even though this area superposes with the one mapped by Kesler et al. (1991b), 294 

the description of surface geology in this paper is complemented with new data from drilling. The 295 

descriptions and interpretations of intrusive and volcanic structures and textures follow the 296 

guidelines of MacKenzie et al. (1993) and McPhie et al. (1993). The geology of the Los Ranchos 297 

Formation in the Pueblo Viejo district is completed in Section 4.2 with published data on the Pueblo 298 

Viejo mining area. 299 

Basement geology in the Cabirma del Cerro concession consists of intrusive and volcanic units of 300 

basic to acid compositions, which belong to the Los Ranchos Formation. These lithologies occur as 301 

decametric to hectometric fault-bounded micro-tectonic blocks. Two main fault systems strikes 302 

ESE-WNW and NE-SW, have steep to near-vertical dips (Fig. 3), and disrupt lithologies and 303 

displace contacts. The relative vertical displacement between blocks results in the exposure of rock 304 

units representative of deep and shallow intrusions, volcanic and volcaniclastic materials. 305 

Deep intrusives (tonalite and gabbro) are mapped in the El Limpio - Zambrana de Arriba- 306 

Guardianón area (Fig. 2). Tonalite outcrops are restricted to topographically depressed areas 307 

characterized by smooth reliefs covered by predominant quartz-feldspar sandy regolith and fresh, in 308 

situ m-sized boulders (Fig. 4A). Petrography of fresh samples from these boulders and from an 309 



 

 

abandoned quarry near the El Limpio village helps determine the coarse-grained, holocrystalline 310 

and equigranular nature of the rock, whose main constituents are quartz (~50 modal %), plagioclase 311 

(andesine-labradorite; ~ 40 modal %), amphibole (ferro-actinolite; ~ 7 modal %) and clinopyroxene 312 

(hedenbergite; ~ 3 modal %) (Figs. 4B, F). These phases present interdigitating (consertal) 313 

boundaries and micrographic textures of quartz-plagioclase (Fig. 4F). The so-called Doña Ruth 314 

gabbro crops out mostly along the Arroyo Yagruma stream (Figs. 2, 5) as a massive body intruding 315 

basalts and basaltic autobreccias (Fig. 5A). Fresh samples show holocrystalline, medium- to coarse-316 

grained equigranular textures, and are largely composed of plagioclase (anorthite-bytownite; 60 317 

modal %) and amphibole (actinolite; 38 modal %; Fig. 5B); quartz is a minor component (2 modal 318 

%). The three phases show consertal textures (Figs. 5C-D). 319 

Shallower units of the volcanic edifice comprise basaltic lava flows (Fig. 6) and volcaniclastic 320 

deposits (Figs. 7-8), plagiorhyolite dykes, stocks and cryptodomes (Figs. 4C-D, G), and diorite and 321 

monzodiorite dikes (the dikes crosscutting both basaltic and plagiorhyolite rocks; Fig. 9). Coherent 322 

basaltic rocks crop out extensively in the Quitasueño-La Lechoza and Loma Platanal-Loma La 323 

Cuaba-Pueblo Viejo areas (i.e., in the northern and southern blocks of the Cabirma del Cerro 324 

concession; Fig. 2). Coherent basaltic lavas formed both massive and pillowed flows. Massive 325 

basalt fluxes predominate over tube and pillowed ones and form massive to rare flow-foliated 326 

lithofacies with common tortoise shell joints (Fig. 6A). The occurrence of pillow basalts is largely 327 

restricted to the northern half of the concession; pillows vary in size from 30 cm to about 1 m and 328 

includes closely packed pillows, in which each accommodates to the underlying ones (Fig. 6B), and 329 

pillows embedded in abundant interpillow fine (weathered) matrix. In the northern half of the 330 

concession, both massive fluxes and pillows present common amygdaloidal textures, with vesicles 331 

filled with quartz, epidote and less abundant calcite, disposed in a glassy groundmass with scarce 332 

clinopyroxene micro-phenocrysts (Figs. 6C, E). In pillows, vesicles are larger towards the center, 333 

and smaller and more abundant in chilled margins. Spherulites (Fig. 6F) and lithophysae (with 334 

epidote infillings; Fig. 6G) are also common in basalts, and are embedded in a microcrystalline 335 

plagioclase ± clinopyroxene groundmass. Micro-porphyritic and porphyritic textures are the 336 

dominant textures in basalts and basaltic andesites (Figs. 6D, H-J), more conspicuously in those 337 

from the southern half of the Cabirma del Cerro concession. Plagioclase phenocrysts (embracing 338 

anorthite to albite compositions) are ubiquitous (Fig. 6H); glomerules of plagioclase ± other 339 

phenocrysts occurs (Fig. 6I). Stratigraphic relations (in the field and DDH) indicates that 340 

clinopyroxene (augite) phenocrysts predominates in lower basalts, whereas amphibole (actinolite) 341 

phenocrysts occurs mostly in upper basalts and basaltic andesites (Fig. 6J). Phenocrysts are 342 

embedded in a cryptocrystalline to microcrystalline groundmass that matches the mineralogy of the 343 



 

 

phenocrysts. Olivine was not detected in the studied basalts, even if pseudomorphic replacements of 344 

six-sided euhedral crystals by undetermined sheet-silicates and calcite may indicate its former 345 

presence as phenocrysts. 346 

Volcaniclastic deposits with basaltic components are spread in the northern half of the Cabirma del 347 

Cerro concession; in addition, these are mapped as a regional, continuous unit between felsic 348 

intrusives in the Pico Alto-Guardianón area and the basalts from Loma-Platanal-Loma La Cuaba 349 

(Fig. 2). In the northern half of the concession, volcaniclastic deposits occur as pyroclastic fall and 350 

flow (ignimbritic) deposits and as autoclastic breccias. The discrimination between fall and flow 351 

deposits is subtle in old, compacted rocks, and our criteria for discrimination are based on the very 352 

poor sorting of the latter. Pyroclastic deposits are often interbedded with coherent basalts (Fig. 7A) 353 

and includes tuffs, crystal- and clastic-tuffs (Fig. 8D-I). Clastic ignimbrites consist of blocky 354 

pumice lapilli randomly distributed in a fine-grained (largely ash) matrix of basaltic composition 355 

(Figs. 8D-E, G-I). Local eutaxitic texture in ignimbrites is defined by aligned, flattened pumice 356 

lapilli (fiammes) that were likely developed as a result of welding (Fig. 8F). Nevertheless, non-357 

welded, chaotic deposits predominate, and consists of blocky lapilli and/or of undeformed glass 358 

shards (Fig. 8I) that are randomly orientated. Coarse lapilli and bombs are scarce, commonly 359 

protrude in a highly weathered matrix of undetermined nature, and show both spindle (Fig. 7E) and 360 

rounded morphologies (Figs. 8C, F). Bombs have chilled, bread-crusted margins, and common 361 

amygdales that grade inwards from finer to coarser and less abundant (Figs. 8C, F); coarser 362 

amygdales are often flattened with their long axes aligned parallel, thus suggesting welding. 363 

Autoclastic breccias, likely hyaloclastites, of basaltic composition occurs also in the northern half of 364 

the concession, mostly along the outer parts of coherent, massive flows and distributary tube 365 

systems (Figs. 7B and 8A), pointing to formation by quenching during the movement of the ductile 366 

interior. 367 

In the southern half of the Cabirma del Cerro concession, volcaniclastic deposits form a continuous 368 

unit that roughly extend from Arroyo Yagruma to Arroyo de Cándido streams, encircling coherent 369 

basalts mapped at higher elevations in the Loma La Cuaba-Loma Platanal hillocks (Fig. 2). In the 370 

southeastern sector, this unit is abruptly disrupted by faults that displace the Pueblo Viejo block 371 

downward. A wide variety of volcaniclastic lithofacies occurs, including fine- to very coarse-372 

grained, and matrix- to clast-supported fabrics. Extremely poorly sorted, monomict juvenile pumice 373 

clasts, with curviplanar and sharp outlines, embedded in a fine, pale brown matrix, is probably the 374 

most widespread lithofacies (Fig. 7F). Nevertheless, extensive outcrops of in situ (Fig. 7C) and m-375 

sized detached (Fig. 7D) lava lobes within a finer, markedly weathered matrix (probably of the 376 

same composition) have been identified thanks to the recent construction of an unpaved road from 377 



 

 

the Guardianón village to the Hatillo reservoir; detached lava lobes show chilled, vesicular margins 378 

that grades inwards to sub-porphyritic textures. Also common are breccias with blocky clasts 379 

displaying jigsaw-fit and clast-in-matrix textures (Figs. 7G and 8B) pointing to intense, in situ 380 

quench fragmentation. 381 

Acid shallow intrusives are broadly mapped in the Cotuí-Quitasueño area (northward of the 382 

concession), as well as in the La Lechoza and Loma Pico Alto areas (Fig. 2) in the form of stocks 383 

and dikes in sharp contact with coherent basalts and basaltic volcaniclastic deposits (Fig. 4C). These 384 

rocks, of plagiorhyolitic composition (as discussed below), show characteristic porphyritic textures 385 

depicted by coarse-grained plagioclase and quartz phenocrysts embedded in a cryptocrystalline 386 

groundmass (Figs. 4D, G). Quartz phenocrysts are, as a rule, euhedral with minor embayment 387 

textures indicating only limited resorption (Fig. 4G). 388 

Samples from cores drilled in La Lechoza and the southern half sector of the Cabirma del Cerro 389 

concession (Fig. 2) broadly reproduces the lithologies described above, and provides significant 390 

criteria for defining stratigraphic relationships between them. In the La Lechoza area, plagiorhyolite 391 

stocks present sharp contacts with basalts and volcaniclastic deposits of basaltic composition (as 392 

further described below in Section 7.1); however, coherent basaltic flows overthrust 393 

(northeastward) plagiorhyolite (intrusive) rocks along NW-SE faults. In the area between the Loma 394 

Pico Alto and Loma Platanal hillocks, drill cores passed though hyaloclastite deposits (with the 395 

same features than surface materials) before cutting coherent basalts with micro-porphyritic 396 

holocrystalline textures. In the same area, relatively small (a few meters) outcrops of massive 397 

basalts with semi-porphyritic textures are mapped to the top of crest lines and mounds surrounded 398 

of hyaloclastite deposits (Fig. 2). The geometry of the contacts and the presence of juvenile pumice 399 

lapilli, blocky basalt rock fragments with jigsaw-fit textures and basaltic lava lobes suggest that (1) 400 

the hyaloclastite deposits are carapaces of shallow basic (basalt and basaltic andesite) intrusives, 401 

probably cryptodomes, and that (2) hyaloclastites represent in situ or syn-eruptive resedimented 402 

deposits. Deep drilling in the Loma La Cuaba block reveals thicknesses of more than 1000 m 403 

(taking into account the elevation of collars and the correlation between drill holes) of coherent 404 

flows and volcaniclastic deposits of exclusively basaltic, basaltic andesitic and andesitic 405 

composition. In contrast, acid terms were not cut. 406 

Dikes of andesitic composition (diorites and monzodiorites) cut coherent basalts and volcaniclastic 407 

deposits as well as plagiorhyolitic rocks (Figs. 9A-B). Diorites crop out only locally in the southern 408 

half of the Cabirma del Cerro concession, and are composed of plagioclase (of albite composition; 409 

75 % modal), amphibole (actinolite; >20 % modal), and lesser amounts of quartz (<5% modal).  410 



 

 

Drilling in the area between Arroyo Hondo and Arroyo de Cándido streams, to the eastern contact 411 

of the Cabirma del Cerro concession and the Pueblo Viejo mining area (Fig. 2), revealed the 412 

conspicuous presence of monzodiorites to depths greater than 275 m bellow surface. Porphyritic 413 

textures are ubiquitous (Fig. 9C) even if more equigranular textures occur in the deeper intrusives 414 

(Fig. 9D-E). Plagioclase (of albite composition, but conspicuously replaced by K-feldspar; 70 % 415 

modal) and less abundant pyroxene (augite; 10 % modal) and amphibole (actinolite; 5 % modal) are 416 

the main constituents of these rocks, both presents as phenocrysts and in the groundmass (Figs. 9E-417 

H); primary K-feldspar megacrysts occur locally (10 % modal; Fig. 9G). Quartz is a minor 418 

component (<5 % modal) in monzodiorites. A sample from a dyke and a sample from a dome, both 419 

of andesitic composition and located in the Monte Negro pit at the Pueblo Viejo mining area, 420 

yielded equivalent mineralogy and textures. 421 

Most of the studied samples (excluding diorites and monzodiorites) lacking perceivable 422 

hydrothermal alteration present epidote grains as well as incipient chlorite- and epidote-alteration of 423 

pyroxene and amphibole, and intense albite- and weak sericite (i.e., fine muscovite)-alteration of 424 

plagioclase crystals. These alterations are conceived as caused by seafloor metamorphism (see 425 

Gilgen et al., 2016) and hence are discriminated from ‘true’ hydrothermal alteration described in 426 

Section 7. 427 

Comparison to previous works and correlation with units described in the Pueblo Viejo 428 

mining area 429 

Description on lithologies and mappable units in the Los Ranchos Formation in the same area (Fig. 430 

2 herein) by Kesler et al. (1991b) have commonalities and dissimilarities with ours. Bottom to top 431 

of the stratigraphic sequence proposed by these authors: 432 

(1) Cotuí Member. Both works coincides to describe pillow basalts, more abundant to the base 433 

of the basaltic sequence, along with massive flows. The presence of pillowed lavas agrees 434 

with deposition in subaqueous settings, probably in a submarine environment accounting 435 

with the regional tectonic setting above described. Kesler et al. (1991b) described breccias 436 

(in the form of ‘balls of spilite’) and wonted if they represented flow-top breccias. 437 

According to our observations, some of the clastic deposits might indeed represent 438 

autoclastic (hyaloclastite) breccias; nevertheless, in addition, we propose that ignimbrite 439 

deposits interbedded with coherent lava flows represent pyroclastic deposits (formed both 440 

by fall and flow processes). Well-stratified tuffs, crystal tuffs and clastic tuffs have been 441 

described in the lower basaltic unit of the Los Ranchos Formation in its eastern extension 442 



 

 

(Fig. 1; i.e., in the Cevicos-Bayaguana-Miches area) by Escuder-Viruete et al. (2006) and 443 

Torró et al. (accepted). 444 

(2) Quita Sueño Member. It is described by Kesler et al. (1991b) as keratophyres and lesser 445 

amounts of quartz keratophyre flows and tuffs, keratophyre meaning volcanic/shallow 446 

intrusive rock of acid composition affected by seafloor metamorphism leading to albite-447 

alteration of plagioclase. Given geographical indications by these authors conforms to the 448 

location of the plagiorhyolite stocks and feeder dykes described by us. According to Kesler 449 

et al. (1991b), apart from shallow intrusions, keratophyres formed coherent (unpillowed) 450 

lava flows and some agglomerates and tuffs. Neither in surface nor in drill holes had we 451 

found evidence for the definition of acid lava and/or tuff flows. Instead, all outcrops 452 

presented massive isotropic appearance, with the sole exception of elongated vesicles and 453 

quartz phenocrysts alignments parallel to feeder dike contacts observed in the east shore of 454 

the Hatillo reservoir, probably indicating laminar flowage during ascent. The abundant 455 

presence of amygdales described by Kesler et al. (1991b) in keratophyres was not detected 456 

in this study; instead, abundant ghosts after plagioclase and pyrite recalling vuggy silica 457 

textures occur in fully silicified samples (preserving euhedral quartz phenocrysts) in the 458 

Quitasueño quarry. Altogether suggests that plagiorhyolite stocks and dikes are the prevalent 459 

lithofacies in this sector of the Pueblo Viejo district whereas plagiorhyolite flows and tuffs 460 

are missing or scarce. Plagiorhyolite flows and scarce felsic tuffs are described in the 461 

Cevicos-Bayaguana-Miches area (Escuder-Viruete et al., 2006; Torró et al., accepted). 462 

(3) Meladito Fragmental Member. It coincides geographically with the regional volcaniclastic 463 

deposits mapped between the Loma Pico Alto and the Loma Platanal hillocks (Fig. 2); 464 

nevertheless, detailed mapping has evidenced that this unit extends along the western and 465 

southern foot of the Loma Platanal and Loma La Cuaba hillocks. The repeated presence of 466 

similar volcaniclastic rocks in cores from this area at equivalent elevations indicates that 467 

their occurrence is not restricted to the contact with the felsic deep and shallow intrusions to 468 

the NE. Kesler et al. (1991b) described the presence of both spilite and keratophyre rock 469 

fragments in the basal clastic deposits; in spite of intensive petrographic and 470 

lithogeochemical search, we were unable to identify felsic components in these clastic 471 

deposits. Actually, the exclusively basaltic nature of the volcaniclastic deposit components 472 

and its occurrence along and interspersed with coherent basaltic lava flows and shallow 473 

intrusives strongly suggests that this unit is genetically related to the basaltic magmatism 474 

mapped in the area. Kesler et al. (1991b) queried if the basal section of the Meladito 475 

Fragmental Member might represent debris flow deposits because of the occurrence of 476 

coarse-grained rock fragments and the lack of a volcanic matrix. In surface samples, the 477 



 

 

matrix of this rocks is extremely weathered and hence it is risky drawing conclusions from 478 

their study; in contrast, the clast-in-matrix textures described here based on much fresher 479 

samples from drill cores indicates that the matrix has a volcanogenic origin. The extremely 480 

poor sorting of the clastic deposits and the curviplanar and sharp surfaces of the clasts (Figs. 481 

7 and 8) discourage also their classification as sedimentary (water-borne) volcanogenic 482 

deposits. Kesler et al. (1991b) also suggested that, in spite of the very complex stratigraphy 483 

of that member, fragment sizes ‘appeared’ to decrease southeastwards from the Hatillo dam; 484 

new findings in recently exposed outcrops of m-sized lava lobes near the Arroyo Cumba 485 

stream, close to Guardianón, suggest that this observation was most probably driven rather 486 

by the limited exposures in the area at those times. Observations above exposed recommend 487 

instead the classification of these volcaniclastic deposits as in situ (in situ and detached lava 488 

lobes, jigsaw-fit and grain-in-matrix textures) and as syn-eruptive resedimented (i.e., 489 

deposits lacking bedding, curviplanar and sharp surfaces of clasts, poor sorting), proximal 490 

hyaloclastites associated to basaltic cryptodomes. This volcano-sedimentary environment 491 

does not conflict with local reworking and resedimentation of the clastic elements described 492 

by Kesler et al. (1991b) to the southeastern part of the area, northeast of the Pueblo Viejo 493 

pits (Fig. 2). 494 

(4) Platanal Member. This unit is described by Kesler et al. (1991b) as spilites (that is, mafic 495 

volcanic rocks altered due to seafloor metamorphism), and its location coincides with the 496 

basalts exposed in the southern half of the Cabirma del Cerro Concession, in the Loma 497 

Platanal and Loma La Cuaba hillocks (Fig. 2). The massive, non-pillowed nor bedded aspect 498 

of coherent volcanic deposits is a differential aspect with regards to basalts in the Cotuí-La 499 

Lechoza-Hatillo dam area. Kesler et al. (1991b) cite the occurrence of pyroxene crystal 500 

remnants as a differential feature to basalts from the Cotuí Member; however, we found 501 

clinopyroxene crystals both in basalts from the Cotuí and Platanal-Loma La Cuaba areas. It 502 

is actually the presence of amphibole phenocrysts in the upper basaltic andesites the main 503 

mineralogical difference relative to basalts from the lower (Cotuí Member and deepest 504 

portions of drill cores in Loma La Cuaba) basalts. Kesler et al. (1991b) described sharp 505 

contacts between the underlying Meladito Fragmental and the overlying Platanal members; 506 

our observations, supported by drill core data, indicates instead that both units are 507 

genetically related and that basalts and basaltic andesites intersperse with clastic 508 

(hyaloclastitic) deposits. 509 

According to our observations on surface geology and drill cores, there is no evidence that the 510 

Platanal basalts stratigraphically overlie plagiorhyolite rocks. Drilling in other concessions of the 511 



 

 

Los Ranchos Formation (e.g., Cuance and Los Hojanchos VMS prospects) also contradicts that 512 

belief as far as basaltic or basaltic andesitic units were never observed to overlie plagiorhyolites 513 

(which, in these concessions, are overlain by clastic tuffs of acid composition; Dupéré and 514 

Paiement, 2012). In the Cevicos-Bayaguana-Miches area, Escuder-Viruete et al. (2006) assumed 515 

that felsic volcanic rocks are sandwiched between the upper and lower basaltic units, even if field 516 

evidences are not provided. Actually, in Figure 3 of Escuder-Viruete et al. (2006), these authors 517 

draw the acid volcanic and the upper basaltic units to be in fault contact. 518 

In the Pueblo Viejo mining area, Kesler et al. (1991b) and Russell and Kesler (1991) described, in 519 

addition, the Zambrana Fragmental and the Pueblo Viejo members. According to Kesler et al. 520 

(1991b), the Zambrana Fragmental Member overlie and interfinger with Platanal spilites and is 521 

composed of coarse-grained lithic tuffs of dominant quartz keratophyre composition. These authors 522 

interpreted this unit as formed from Meladito Member materials which undergone further 523 

brecciating and hydrothermal alteration probably as a result of explosive volcanism. The Pueblo 524 

Viejo Member is a sedimentary epiclastic unit composed in its lower part of coarse clasts of 525 

plutonic and of country volcanic and volcanosedimentary rocks that grades upwards to thinly 526 

bedded carbonaceous sandstones and mudstones with abundant plant fossils. Russell and Kesler 527 

(1991) interpreted the Pueblo Viejo sediments to be maar-fill deposits associated to a maar-diatreme 528 

complex. Therefore, and as stated by Kesler et al. (1991b), it is reasonable to conceive the Los 529 

Ranchos Formation in the Pueblo Viejo district as a volcanic and sedimentary pile recording a 530 

progression from submarine to emergent subaerial environments. 531 

Nelson (2000) identified the occurrence of volcanic domes of andesitic and dacitic compositions 532 

that intruded and interfinger with epiclastic sediments of the Pueblo Viejo Member, indicating that 533 

sedimentation and dome emplacement were, at least in part, coeval. Domes of acid composition 534 

with equivalent stratigraphic relationships have been recently described by Torró et al. (accepted) in 535 

an equivalent Early Cretaceous sedimentary basin (about four times the size of that in Pueblo Viejo) 536 

in Loma Guaymarote, in the Bayaguana district. Rhyolitic domes and associated lavas and breccias 537 

are described as well in the Antón Sánchez area (north of Bayaguana) to overlie upper basalts of the 538 

Los Ranchos Formation and to be interbedded with lapilli tuffs and clastic volcanogenic sediments 539 

(Escuder-Viruete et al., 2006). Near-vertical dykes of andesitic composition and up to 20 m in 540 

thickness and associated sills cut the carbonaceous sediments of the Pueblo Viejo Member in the 541 

mine area (see Fig. 5 in Nelson, 2000, and Fig. 6 in Mueller et al., 2008). Previous data and new 542 

findings here described on dykes and deep intrusives of andesitic composition with equivalent 543 

primary mineralogy in the Cabirma del Cerro concession strongly points to spread intermediate 544 

magmatism to conclude magmatism in the Los Ranchos Formation. 545 



 

 

LITHOGEOCHEMISTRY OF THE VOLCANIC AND INTRUSIVE ROCKS 546 

Element mobility and hydrothermal alteration 547 

Rock samples selected for lithogeochemical analyses were those with less marked hydrothermal 548 

alteration according to their petrography, with the sole exception of sample LRCot 256, selected 549 

indeed as representative of massive quartz-alteration. In despite of this, alteration box plots in 550 

Figure 10 indicate that some of the analyzed rocks underwent alteration. According to the major 551 

element geochemical trends in Figure 10A, some basalts and basaltic andesites register chlorite + 552 

pyrite ± muscovite and chlorite + carbonate alteration trends, consistent with a propylitic alteration 553 

type (ff. Seedorff et al., 2005). In addition, a few basalts and basaltic andesites and a monzodiorite 554 

sample display trends towards muscovite hence pointing to a sericitic alteration type. Most of 555 

monzodiorite samples are displaced from the expected compositions within the ‘least altered box’ 556 

probably due to albite and potassic feldspar alteration that would correspond to a potassic (and 557 

sodic?) alteration type. In addition, the alteration box plot in Figure 10A indicates that some studied 558 

samples follow diagenetic trends (diagenetic meaning alteration of sea-floor volcanics due to 559 

cationic exchange between hot magmas and the seawater; see Large et al., 2001; Gilgen et al., 2016, 560 

and references therein). These trends include albite + calcite + epidote and albite + chlorite 561 

alterations for studied basalts and basaltic andesites. In the case of the plagiorhyolites and tonalites, 562 

the displacement from the expected compositions within the ‘least altered box’ responds to 563 

petrogenetic specificities of these rocks as explained below in Sections 5.2 and 5.3. To be noted is 564 

that the alteration box plot in Figure 10A cannot provide silicic-alteration measurements since SiO2 565 

is not included neither in the Ishikawa (AI) nor in the chlorite-carbonate-pyrite (CCPI) alteration 566 

indexes (Large et al., 2001). In the alteration box plot in Figure 10B, most of the samples lie in the 567 

unaltered box (which is also expected to embrace rocks with propylitic alteration; see Fig. 5 in 568 

Williams and Davidson, 2004). Some of the samples draw trends towards muscovite alteration. In 569 

addition, a few samples present geochemical evidence for kaolinite + pyrophyllite alteration 570 

consistent with an argillic alteration type. Sample LRCot 256 plots in the quartz (maximum 571 

advanced argillic alteration index, AAAI) edge. In the box plot in Figure 10B, a few basaltic 572 

andesite samples and a sample of basalt are displaced to compositions expected for albite-573 

paragonite alterations, which are consistent with the diagenetic trends observed in Figure 10A 574 

diagram. 575 

As far as the studied volcanic and intrusive rocks have undergone sea-floor metamorphism (forming 576 

spilites and keratophyres) and hydrothermal alteration, the current concentrations of a number of 577 

elements (e.g., Si, K, Na, Ca, Mg, Fe, Rb, Ba, Sr) are not indicative of the original ones in the 578 



 

 

protoliths. Therefore, only those elements that are considered relatively immobile under mild 579 

hydrothermal alteration (HFSE, REE, transition elements and Th; Pearce, 2014) are used here for 580 

igneous rock classification and tectonic discrimination. 581 

Geochemical signatures 582 

According to the Zr/Ti vs. Nb/Y classification diagram in Figure 11, the compositions of the studied 583 

rocks range from sub-alkaline basalts to rhyolites (and their equivalent intrusive counterparts). 584 

Petrographic observations together with this diagram have allowed the classification of the studied 585 

rocks into gabbros, basalts, basaltic andesites, andesites, diorites, monzodiorites, plagiorhyolites and 586 

plagiotonalites. Basalts and basaltic andesites are further subdivided attending to geochemical 587 

particularities described below into five subgroups. To be noted is the continuous progression from 588 

basalts to basaltic andesites in Figure 11 diagram, which contrast with the compositional gap from 589 

these rocks to acid igneous rocks, bringing a certain acid-basic bimodality. Following the Pearce’s 590 

(2014) postulates for the classification of altered igneous protoliths in ophiolites, the studied basalts 591 

and basaltic andesites have been sub-divided according to their TiO2 and Cr contents (used as 592 

immobile proxy for MgO) into boninite-like (TiO2 < 0.5 wt. %; Cr > 275 ppm), low-Ti island-arc 593 

tholeiites (low-Ti IAT; TiO2 < 0.8 wt. %, Cr < 275 ppm) and ‘normal’ island arc tholeiites (IAT; 594 

TiO2 > 0.8 wt. %, Cr < 275 ppm). Further subdivision of these basalt types based on REE contents 595 

conforms to Whattam and Stern (2011) guidelines. 596 

Two basaltic samples with Cr contents of 336.0 and 500.5 ppm (i.e., higher than 275 ppm) were 597 

analyzed. Their TiO2 contents are of 0.60 and 0.57 wt. % (i.e., > 0.5), respectively, and hence these 598 

rocks do not fulfill the aforementioned conditions to be classified as boninites. Nevertheless, 599 

because of their distinctive high Cr, they will be grouped here as boninite-like (or Type 1). Escuder-600 

Viruete et al. (2016) named basalts from the Los Ranchos Formation in the Cevicos-Miches area 601 

with equivalent compositions just as boninites. The studied boninite-like basalts have near flat to 602 

positive slopes for chondrite-normalized REE patterns (Fig. 12A), with tenuous depletion in light 603 

REE (LREE) to medium REE (MREE; La/SmCN = 0.7-0.9) and heavy REE (HREE; La/YbCN = 0.6-604 

0.9). Both samples yield moderate positive anomalies in Th when normalized to N-MORB values 605 

(NMN; Th/LaNMN = 1.2-2.7) and strong negative Nb anomalies (Nb/LaNMN = 0.2-0.3) (Fig. 12B). 606 

The subduction imprint, calculated as the NMN ration between Th and Nb (see Marchesi et al., 607 

2007; Whattam and Stern, 2011; Torró et al., submitted), is moderate (Th/NbNMN = 7.1-9.2). 608 

Surface and drill core basaltic samples with boninitic signatures were found in La Lechoza area 609 

(Fig. 2). 610 



 

 

Low-Ti IAT (TiO2 = 0.50-0.79 wt. %; Cr = 2.5-220.3 ppm) basalts and basaltic andesites can be 611 

further sub-divided according to their CN REE patterns into LREE-depleted (Type 2; n = 12) and 612 

‘normal’ (Type 3; n = 55) sub-types. LREE-depleted low-Ti IAT (Type 2) sub-type displays 613 

characteristic depletion in LREE (La/SmCN = 0.5-0.8; La/YbCN = 0.4-0.8), near flat MREE and 614 

HREE segments (Fig. 12A), systematic positive Th (Th/LaNMN = 1.4-3.1) and negative Nb 615 

(Nb/LaNMN = 0.2-0.4) anomalies (Fig. 12B), and low to moderate subduction imprint (Th/NbNMN = 616 

5.0-11.3). A sample from the Doña Ruth gabbro body yielded similar depletion in LREE; however, 617 

this sample shows general depletion in REE relative Type 2 basalts, and a tenuous Eu positive 618 

anomaly (Fig. 12A). Type 2 basalts and basaltic andesites are systematically found in samples from 619 

the northern half of the Cabirma del Cerro concession, including drill core samples from the La 620 

Lechoza area (Fig. 2). Normal low-Ti IAT (Type 3) rocks have near flat and marked negative CN 621 

REE patterns (Fig. 12A; La/SmCN = 1.1-2.3; La/YbCN = 1.1-3.3), systematic positive Th (Th/LaNMN 622 

= 1.6-7.2) and negative Nb (Nb/LaNMN = 0.1-0.4) anomalies, and moderate to strong subduction 623 

imprint (Th/NbNMN = 11.1-68.0). Type 3 basalts and basaltic andesites are from outcrops from the 624 

whole Cabirma del Cerro concession, even if they are much more abundant in the southern half of 625 

the concession. Diorite intrusions in the area of Loma La Cuaba also classify in this group. This 626 

observation is completely on a par with the fact that all basalts cut by drilling in the southern half of 627 

the concession are of the Type 3, whereas basalts cut by drilling in the northern half are all of the 628 

Type 2 (see Appendix A). According to the DDH data, basalts with normal low-Ti signatures have 629 

thicknesses of more than 900 m. 630 

Normal IAT basalts (TiO2 = 0.83-1.00 wt. %; Cr = 14.3-210.1 ppm) can be also subdivided 631 

according to their CN patterns into LREE-depleted (Type 4; n = 2) and ‘normal’ (Type 5; n = 4) 632 

sub-types. LREE-depleted IAT basalts (Type 4) have characteristic LREE depletion (La/SmCN = 633 

0.6-0.7; La/YbCN = 0.7) relative to MREE and HREE, and near flat MREE to HREE segments (Fig. 634 

12A). Type 4 basalts have moderate positive Th (Th/LaNMN = 2.6-6.9) and negative Nb (Nb/LaNMN 635 

= 0.4-0.9) anomalies, and low subduction imprint (Th/NbNMN = 6.7-8.1). Normal IAT basalts 636 

without LREE depletion (Type 5) display flat to slightly negative CN REE patterns (La/SmCN = 0.9-637 

1.3; La/YbCN = 1.21.6; Fig. 12B). Type 5 basalts yield moderate positive Th (Th/LaNMN = 1.3-3.5) 638 

and negative Nb (Nb/LaNMN = 0.2-0.4) anomalies, and low to moderate subduction imprint 639 

(Th/NbNMN = 3.2-16.5). Basalts with normal IAT signatures (including Types 4 and 5) correspond 640 

exclusively to surface samples from the northern half of the concession (Fig. 2). 641 

The studied acid deep and shallow intrusives show variable CN REE patterns (Fig. 12E). The 642 

plagiotonalite samples (n = 4) display near flat to slightly positive slopes with general depletion of 643 

LREE relative to MREE and HREE (La/SmCN = 0.6-0.7; La/YbCN = 0.6-0.8), and only subtle 644 



 

 

negative Eu anomalies. Plagiotonalites have low positive Th (Th/LaNMN = 1.7-2.5) and moderate 645 

negative Nb (Nb/LaNMN = 0.2-0.3) anomalies (Fig. 12F), and overall low subduction imprint 646 

(Th/NbNMN = 5.6-8.0). Plagiorhyolite stock samples (n = 9) present marked variability in their CN 647 

REE patterns (Fig. 12E), which is most likely ascribable to mass changes (specifically to mass 648 

gains) of the rocks during hydrothermal alteration, as discussed and asserted for similar variability 649 

observed in altered volcanic rocks from central Newfoundland, Canada (Buschette and Piercey, 650 

2016). To be noted is that plagiorhyolite stock samples (Fig. 12E) shift from absolute 651 

concentrations and CN REE patterns broadly comparable to those of the plagiotonalites to strong 652 

concave upward patterns that approximate that of the analyzed sample with massive silicic-653 

alteration (Fig. 12I). Samples with a limited mass change according to element mobility diagrams 654 

display near flat CN REE patterns (La/SmCN = 0.7-0.9; La/YbCN = 0.7-1.1; Fig. 12E), positive low 655 

Th (Th/LaNMN = 1.2-3.9) and marked negative Nb (Nb/LaNMN = 0.3) anomalies, and low to 656 

moderate subduction imprint (Th/NbNMN = 4.1-13.8). 657 

Igneous samples with andesitic compositions (n = 11) present systematic negative steep CN REE 658 

patterns with ubiquitous enrichment in LREE to MREE and HREE (La/SmCN = 1.7-3.0; La/YbCN = 659 

4.3-8.36; Fig. 12G). These rocks present systematic strong positive Th (Th/LaNMN = 2.5-5.2) and 660 

negative Nb (Nb/LaNMN = 0.2-0.5) anomalies (Fig. 12H), and moderate subduction imprints 661 

(Th/NbNMN = 8.9-17.9). These rocks occur as deep and shallow monzodiorite intrusions (Fig. 9), 662 

both in surface and encountered by drilling, in the southern half of the Cabirma del Cerro 663 

concession (Fig. 2). In addition, a sample from the vertical dike at the north end of the Monte Negro 664 

pit (dated by Mueller et al., 2008) and an andesitic dome from the same location (Nelson, 2000) 665 

gave equivalent lithogeochemical signatures. 666 

Figure 12I CN REE diagram makes it evident that there is a complete shift from relative LREE 667 

depletion to LREE enrichment, at near constant HREE concentrations, from Types 1, 2 and 4, to 668 

Types 3 and 5 basaltic rocks, and finally to andesitic rocks. This trend is broadly mirrored by 669 

subduction imprint values (i.e., Th/NbNMN ratios). Other subduction-sensitive elements of interest 670 

for the study of magmatic evolution in arc-systems are the large ion lithophiles (LILE; Whattam 671 

and Stern, 2011); in general, in studied rocks, LILE are progressively enriched following the same 672 

order described for LREE (Fig. 12J). Nevertheless these elements are easily mobilized during 673 

alteration (Pearce, 2014) and therefore their usability is limited for altered rocks.. 674 

Finally, a sample of massive silica from the Loma La Cuaba area (see Section 7.2) and a sample of 675 

unaltered massive Hatillo limestone were analyzed with the aim of assessing the potential protolith 676 

of the former because of the obliteration of all the original textures and mineralogical assemblages. 677 



 

 

As foreseeable, both samples are depleted in REE with regards to the relatively fresh igneous rocks 678 

aforementioned (Fig. 12I). The massive silicic-altered sample is enriched in HREE relative to the 679 

sample of massive limestone and depicts a concave upward CN REE pattern. In contrast, the sample 680 

of massive limestone depicts a CN REE pattern with a negative slope. Both samples have similar 681 

contents of immobile elements such as LREE, MREE (Fig. 12I), Zr and Nb (Fig. 12J). However, 682 

the silicic-altered sample has a marked positive Ti anomaly (NMN values) that is missing in the 683 

sample of massive limestone. 684 

Comparison to the Los Ranchos Formation in other areas, and petrogenetic and geodynamic 685 

constraints 686 

Compositional fields for published lithogeochemical data of igneous rocks from the Los Ranchos 687 

Formation in the Cevicos-Bayaguana-Miches area (to the east of the study zone, Fig. 1; Escuder-688 

Viruete et al., 2006 and Torró et al., accepted) are plotted in Figures 11-13 diagrams. Most basic 689 

volcanic rocks and acid (tonalites and plagiorhyolite stocks) igneous rocks from the Pueblo Viejo 690 

district match the Zr/Ti and Nb/Y composition of the basaltic and rhyolitic units described in the 691 

Cevicos-Bayaguana-Miches area (Fig. 11); in contrast, studied monzodiorites (and the sample of 692 

andesite) have distinctive higher Nb/Y to data published from this area. Compared to rocks from the 693 

Cevicos-Bayaguana-Miches area, our Types 1, 2, 4 and 5 basalts and basaltic andesites have 694 

equivalent concentrations and CN-NMN normalized patterns for REE and other immobile trace 695 

element; by contrast, some basalts and basaltic andesites of the Type 3 and the entirety of 696 

monzodiorites show relative enrichment in LREE and most trace elements (Figs. 12A-D). 697 

The monzodiorites and the sample of andesite have similar REE concentrations and CN normalized 698 

patterns to calc-alkaline igneous rocks described in Late Cretaceous units from the Caribbean 699 

(Marchesi et al., 2007; Lidiak and Anderson, 2015). The high LREE/HREE (La vs. Yb; Fig. 13A) 700 

and Th/HREE (Th vs. Yb; Fig. 13B) ratios of these rocks, indeed, indicate that they have calc-701 

alkaline affinities in contrast to the tholeiitic and transitional tholeiitic-calc-alkaline affinities 702 

presented by all the other igneous rocks from the Los Ranchos Formation. Diorite samples, 703 

compositionally equivalent to Type 3 basaltic andesites, yielded systematic transitional tholeiitic-704 

calc-alkaline affinity. The same data plotted in the Th-Hf/3-Th and Nb/16-Zr/117-Th ternary 705 

diagrams (Figs. 13C-D) draw the same conclusion. To further ensure the classification of these 706 

rocks as tholeiitic or calc-alkaline in affinity, we examined the geochemistry of fresh clinopyroxene 707 

crystals, widely used for geodynamic and petrogenetic reconstructions (e.g., Le Bas, 1962; Nisbet 708 

and Pearce, 1977; Leterrier et al., 1982; Beccaluva et al., 1989; Proenza et al., 2006; Lenaz, 2008). 709 

Clinopyroxene crystals were analyzed in monzodiorites (samples APV-11-38-29a and APV11-47-710 



 

 

42) and in diorites (APV-Dior and APV-11-37-58). According to Figure 14A diagram, all the 711 

analyzed clinopyroxene crystals have compositions typical of subalkaline melts, hence coinciding 712 

with the lithogeochemical data presented. Figure 14B-C diagrams, in addition, indicate that 713 

clinopyroxene crystals from diorites have intermediate compositions between igneous rocks with 714 

island-arc tholeiitic and calc-alkaline affinities, whereas those from monzodiorites show 715 

compositions typical of igneous rocks with calc-alkaline affinities. Hence, the chemical 716 

compositions of amphibole crystals reproduce the classification of these rocks according to their 717 

whole rock geochemistry. As far as we know, this is the first documentation of calc-alkaline 718 

affinities, based in immobile trace elements, in rocks from the Los Ranchos Formation.  719 

In Figure 13C-D ternary diagrams, the very low Nb contents of the studied rocks is evidenced, 720 

hence pointing to the generation of basic magmas by flux melting of supra-subduction zone (SSZ) 721 

mantle with fluids expelled from the subducting oceanic crust (Pearce, 2014, and references therein) 722 

in an island-arc setting. Ratios between Th and HREE and between HFSE and HREE are widely 723 

used as a proxy of the subduction zone metasomatism and within plate enrichment, respectively 724 

(Pearce, 2014). According to Figure 15 diagram, a depleted-MORB (DM) and a normal-MORB (N-725 

MORB) mantle types are the most likely sources for the basic magmas in the Los Ranchos 726 

Formation rocks. All the studied samples are displaced from the mantle array (defined by DM-727 

NMORB-EMORB-OIB alignment) to higher Th/Yb ratios indicating metasomatism of the mantle 728 

source. Note that studied igneous rocks plot in the field of intra-oceanic island-arcs (Fig. 15). 729 

In the subduction-initiation rule, Whattam and Stern (2011) listed a series of lithogeochemical 730 

diagnostic trends identifiable along the igneous stratigraphy (i.e., chemostratigraphic relationships) 731 

of the so-called subduction-initiation ophiolites (Stern and Bloomer, 1992; Dilek and Furnes, 2014). 732 

These lithogeochemical changes are indeed the reflection of the shift from subduction-initiation to 733 

true-subduction regimes during the early evolution of island-arc systems. Bottom to top, diagnostic 734 

chemostratigraphic variations include 1) the shift from N-MORB-like (i.e., LREE-depleted) 735 

tholeiites, to boninitic and normal low-Ti IAT and IAT, and finally to calc-alkaline basalts and 736 

basaltic andesites; 2) the progressive depletion in HFSE and 3) the enrichment in Th and LILE. 737 

Basic and intermediate igneous rocks from the Los Ranchos Formation (Figs. 12-15) fulfill these 738 

diagnostic lithogeochemical progressions, hence indicating that this formation records the magmatic 739 

evolution from near onset of the subduction to steady state, mature subduction. Furthermore, the 740 

thorough and detailed subdivision of basalts and basaltic andesites carried out above allows the 741 

assessment of the spatial distribution of the primitive and the more evolved basaltic rocks. 742 

Tholeiitic rocks with depletion in LREE (i.e., N-MORB-like REE patterns) are exclusively found in 743 

the northern half of the Cabirma del Cerro concession, in good agreement with the statement of 744 



 

 

Kesler et al. (1991b), who identified the basalts from the Cotuí member as the most primitive 745 

volcanism in the district. Boninite-like basalts are also found in the same zone, specifically in the La 746 

Lechoza area (Fig. 2). In connection with the lithofacies above described and interpreted, these 747 

basalts were erupted in a submarine environment. In contrast, basalts and basaltic andesites in the 748 

southern half of the concession show normal tholeiitic and transitional tholeiitic-calc-alkaline 749 

affinities; these basaltic rocks occur in the form of massive flows and cryptodomes with related 750 

carapaces of breccias with clasts of the same composition. Finally, monzodiorites with calc-alkaline 751 

affinity intruded in the form of late (with regards to all the members of the Los Ranchos Formation) 752 

dykes and extruded in the form of andesitic domes in the Pueblo Viejo mining area (Nelson, 2000; 753 

Fig. 2). 754 

The low LREE/HREE and Th/HREE ratios (Fig. 13A-B) and general low REE, Zr and TiO2 755 

contents allows the classification of the studied acid igneous rocks as tholeiitic in affinity. Negative 756 

Eu anomalies suggest fractionation in a coeval plagioclase-rich cumulate. Escuder-Viruete et al. 757 

(2006) and Torró et al. (accepted) reached an equivalent conclusion for acid rocks from the Los 758 

Ranchos Formation in the Cevicos-Bayaguana-Miches area. The compositions of the studied acid 759 

rocks are plotted in the tectonic discrimination diagrams in Figure 16, in which they matches the 760 

fields of volcanic arc granites with M-type (i.e., mantle-derived) signatures (cf., Pearce et al., 1984; 761 

Batchelor and Bowden, 1985; Hart et al., 2004). M-type quartz-diorites and tonalites are common in 762 

oceanic island arcs, in opposition to I-type granitoids formed in continental margins (Pitcher, 1993). 763 

Felsic volcanic rocks in primitive island-arc series described along the Greater Antilles yield 764 

comparable lithogeochemistry and are referred to as plagiorhyolites because of the ubiquitous 765 

presence of plagioclase phenocrysts (e.g., Jolly et al., 2008 and references therein). 766 

Some geologists working in the area have proposed that the massive silicic- and argillic-alteration 767 

in the Loma La Cuaba area (described in Section 7.2) developed on Hatillo Limestones based on the 768 

massive aspect of the rocks and the absolute lack of igneous (e.g., porphyritic) textures. 769 

Nevertheless, on the basis of CN and NMN patterns for the analyzed silicic-altered rock sample, we 770 

infer that its most likely igneous protolith is a basalt or basaltic andesite. 771 

GEOCHRONOLOGY 772 

Zircon U-Pb ages 773 

The samples selected for U-Pb zircon dating are representative of the Zambrana plagiotonalite 774 

batholith (n = 2), plagiorhyolite stocks (n = 3), gabbros (n = 1), type 2 basalts (n = 2) and diorites (n 775 

= 2). All the studied rocks yield a wide range of 206Pb/238U zircon ages, including pre-Cretaceous 776 



 

 

ages. Accounting that the onset of the subduction for the Caribbean island-arc is marked at ca. 135 777 

Ma (Pindell et al., 2012), all the pre-Cretaceous U-Pb zircon ages are discarded in this work. Pre-778 

Cretaceous, inherited zircons were also found in rocks from the Los Ranchos Formation in the 779 

Bayaguana district (Torró et al., accepted) and in Cuban ophiolites and arc-related volcanic units 780 

(Rojas-Agramonte et al., 2016). They are interpreted as markers of a diverse crustal input of pre-781 

Caribbean sediments (e.g., from Mexican terranes) to the mantle source (Rojas-Agramonte et al., 782 

2016). The rest of the zircons yield 206Pb/238U ages from ca. 135 to 107 Ma (Appendix C table). 783 

Within this age span, individual samples also returned relative wide ranges of 206Pb/238U zircon 784 

ages, including often discordant data that prevent the calculation of concordia ages or that result in 785 

inadvisable high MSWD (mean square weighted deviation) values. In front of this situation, the 786 

weighted mean age of each dataset is discarded. Instead, the weighted mean age of the youngest 787 

zircon statistically equivalent populations are selected as representative of the emplacement 788 

(intrusion or extrusion) of each igneous rock sample or lithotype (cf. von Quadt et al., 2011; Buret 789 

et al., 2016, and references therein; Appendix C). The significance of each U-Pb zircon age bracket 790 

is discussed below. 791 

Dated zircons from tonalites were extracted from samples TonElLimp and LRCOT213. Zircons 792 

from the former are pale pink translucent, markedly small (about 50 µm long), stubby and with 793 

short pyramidal terminations. According to cathodoluminescence (CL) images, these zircon grains 794 

are largely devoid of growth zones and ‘dark-zones’ (i.e., low luminescent growth zones; see Buret 795 

et al., 2016). SHRIMP analyses (n = 18) yield a suite of discordant analyses due to common lead 796 

that draw an ill-defined trend that does not allow the calculation of an intercept age; in contrast, 797 

208Pb-corrected data fits the concordia curve (Fig. 17A). Individual 206Pb/238U zircon ages are 798 

between 125.9 ± 1.8 and 111.8 ± 1.8 Ma (common-lead uncorrected), or between 125.9 ± 1.8 and 799 

111.8 ± 1.8 Ma (208Pb-corrected). The youngest zircon population yields a concordia age at 113.4 ± 800 

1.1 Ma (MSWD = 0.13, 208Pb-corrected data; Fig. 17A). Zircons extracted from sample LRCOT213 801 

are distinctively larger, about 150-200 µm long, and have square prismatic habits, with aspect ratios 802 

of ~1.5 to 2.5, and short pyramidal terminations. They are colorless transparent. The CL images of 803 

the zircon grains depict only limited growth zoning, mostly concentric, in a few crystals, and 804 

absence of ‘dark-zones’. SHRIMP analyses (n = 35) yield a poor discordia, with a lower intercept 805 

age at 106.3 ± 3.9 Ma (MSWD = 2.1). In contrast, 208Pb-corrected data conforms to the concordia 806 

curve (Fig. 17B). Individual 206Pb/238U zircon ages are between 136.2 ± 3.7 and 108.7 ± 2.5 Ma 807 

(common-lead uncorrected) or between 131.3 ± 3.6 and 107.7 ± 2.5 Ma (208Pb-corrected). The 808 

youngest zircon population yields a concordia age at 110.2 ± 0.8 Ma (MSWD = 0.27, 208Pb-809 

corrected data; Fig. 17B). 810 



 

 

Dated zircons from plagiorhyolite stocks were extracted from samples LRCOT18, LRCOT43 and 811 

LRCOT67. Zircon grains from the three samples are pale yellow to colorless transparent, and have 812 

sizes in the range between 100 and 300 µm. They show square prismatic habits with aspect ratios of 813 

~1.5 to 2.5, and short pyramidal or pinacoid terminations. CL images reveals complex zoning, 814 

mostly concentric, and overgrowths, and the conspicuous occurrence of ‘dark-zones’. Individual 815 

analyses on zircons from sample LRCOT18 (n = 28) yield 206Pb/238U ages in the range between 816 

122.6 ± 2.5 and 110.7 ± 2.6 Ma (common lead uncorrected) or between 122.2 ± 2.5 and 109.7 ± 2.5 817 

Ma. The youngest zircon population yields a concordia age at 112.3 ± 0.5 Ma (n = 17, MSWD = 818 

1.12, 208Pb-corrected data; Fig. 17C). Individual analyses on zircons from sample LRCOT43 (n = 819 

37) yield 206Pb/238U ages in the range between 127.9 ± 2.6 and 111.6 ± 3.2 Ma (common lead 820 

uncorrected) or between 127.8 ± 2.6 and 111.0 ± 3.3 Ma. The youngest zircon population yields a 821 

concordia age at 114.3 ± 2.2 Ma (n = 3, MSWD = 2.2, 208Pb-corrected data; Fig. 17D). Individual 822 

analyses on zircons from sample LRCOT67 (n = 48) yield 206Pb/238U ages in the range between 823 

133.1 ± 3.3 and 109.7 ± 1.6 Ma (common lead uncorrected) or between 135.7 ± 3.4 and 110.1 ± 1.7 824 

Ma. The youngest zircon population yields a concordia age at 111.1 ± 1.4 Ma (n = 2, MSWD = 3, 825 

208Pb-corrected data; Fig. 17E). 826 

Zircons extracted from the gabbro of Doña Ruth body (sample LRCOT112) are colorless to pale 827 

yellow translucent, stubby to short square prismatic in habit, with aspect ratios of ~1.5 to 2.5, 50 828 

µm long, and show short pyramidal or pinacoid terminations. According to CL images, zircon 829 

grains have continuous growth zoning and lack ‘dark-zones’. SHRIMP analyses (n = 20) draw a 830 

poor discordia that yield a lower intercept age at 120.7 +2.2 -2.5 Ma (MSWD = 1.7). Individual 831 

measurements yield 206Pb/238U ages in the range between 130.5 ± 4.0 and 116.2 ± 1.6 Ma (common-832 

lead uncorrected) or between 131.9 ± 4.4 and 116.2 ± 1.7 Ma (208Pb-corrected). The youngest 833 

zircon population yields a concordia age at 117.4 ± 1.0 Ma (n = 7, MSWD = 0.98, 208Pb-corrected 834 

data; Fig. 17F). 835 

Zircons in Type 2 basalts from the Cotuí area (Fig. 2) were extracted from samples LRCOT38 836 

(pillow basalt) and LRCOT79. Zircon grains from these samples are rather small, mostly between 837 

50 and 100 µm but up to 150 µm in length, and their habits cover the spectrum between stubby and 838 

square prismatic with aspect ratios up to 2.5. Crystals show short pyramidal and pinacoid 839 

terminations. CL images reveals subtle continuous growth zoning and the occurrence of ‘dark-840 

zones’. Analyses of zircon grains from sample LRCOT38 (n = 3) yield a concordia age at 122.7 ± 841 

1.9 Ma (MSWD = 0.01, 204Pb-corrected data; Fig. 17G), and individual measurements yield 842 

206Pb/238U ages in the range between 122.7 ± 2.6 and 117.5 ± 3.7 Ma (common-lead uncorrected) or 843 

between 123.7 ± 2.6 and 116.5 ± 3.8 Ma (208Pb-corrected). Analyses of zircon grains from sample 844 



 

 

LRCOT79 (n = 12) yield discordant data due to the presence of common lead, whereas 208Pb-845 

corrected data fit the concordia curve (Fig. 17H). Individual measurements yield a 206Pb/238U age in 846 

the range between 131.2 ± 2.3 and 112.4 ± 1.8 Ma (common-lead uncorrected) or between 129.9 ± 847 

2.3 and 110.5 ± 1.9 Ma (208Pb-corrected). The youngest zircon population yields a concordia age at 848 

112.0 ± 1.3 Ma (n = 3, MSWD = 2.3, 208Pb-corrected data; Fig. 17H). 849 

Zircons in diorites from the Loma La Cuaba area were extracted from APV-DIORITE and Td 850 

samples. Only four zircon grains could be separated from the former. Grains are about 100 µm 851 

long; three of them show irregular outlines and lack zoning, whereas the fourth preserves some 852 

planar crystal faces and diffuse continuous growth zoning.  Individual analyses (n = 5) yield 853 

206Pb/238U ages in the range between 115.8 ± 2.3 and 106.0 ± 2.5 Ma (common-lead uncorrected) or 854 

between 115.8 ± 2.4 and 106.0 ± 2.6 Ma (208Pb-corrected). The youngest zircon population yield a 855 

concordia age at 108.1 ± 1.4 Ma (n = 3, MSWD = 0.62, 208Pb-corrected data; Fig. 17I). Zircon 856 

grains from sample Td are euhedral bipyramidal, stubby to short square prismatic, and about 100 857 

µm across. CL images reveal continuous growth zoning and local ‘dark-zones’. SHRIMP analyses 858 

(n = 10) are discordant due to common lead, and define a poor discordia with a lower intercept age 859 

at 109.5 ± 4.7 Ma (MSWD = 2.5). Individual measurements yields 206Pb/238U ages in the range 860 

between 120.1 ± 1.2 and 107.9 ± 1.6 Ma (common-lead uncorrected) or between 117.9 ± 1.5 and 861 

107.1 ± 1.6 Ma (208Pb-corrected). The youngest zircon population yields a concordia age at 108.4 ± 862 

1.2 Ma (n = 2, MSWD = 0.02, 208Pb-corrected data; Fig. 17J). 863 

Geologic significance of the U-Pb zircon ages 864 

A relative wide spread of high precision individual U-Pb zircon ages from single rock samples are 865 

described in many ophiolitic complexes (e.g., Proenza et al., 2014; Lei et al., 2016; Rojas-866 

Agramonte et al., 2016) as well as in arc plutons and associated porphyries (e.g., Miller et al., 2007; 867 

von Quadt et al., 2011; Buret et al., 2016). The standout survival of zircon grains during crustal 868 

melting (Bindeman and Melnik, 2016) favor their occurrence as xenocrysts and antecrysts (cf. 869 

Miller et al., 2007). In addition, the continued crystallization of zircon during the protracted life 870 

span of deep magmatic chambers at the lower crust (a few m.yr.), or at the upper crust (~ 1 m.yr.) 871 

may add further dispersion (Miller et al., 2007; Annen, 2009; von Quadt et al., 2011). The 872 

crystallization of magmatic zircon of datable sizes is indeed conceived to occur mostly in subjacent 873 

magma chambers and not during rapid cooling of the extrusive rocks or subvolcanic porphyries, and 874 

therefore the use of age brackets based on individual U-Pb measurements is advised (cf. von Quadt 875 

et al., 2011). 876 



 

 

The discrimination of the youngest individual 206Pb/238U ages and/or concordia ages for the 877 

youngest zircon populations for each lithotype allow for the correlation in time of the mapped 878 

geologic units. Otherwise, because of the significant spread of reliable concordant data, the use of 879 

weighted mean ages for the whole datasets would mask their relative timing (Fig. 18). Our data 880 

suggest that the emplacement of the Zambrana plagiotonalite batholith occurred at ca. 113-109 Ma, 881 

which is apparently equivalent to the timing of intrusion of the plagiorhyolite stocks. Relative to 882 

this acid magmatism, our data points to the earlier extrusion of basalts at ca. 122-112 Ma, and to the 883 

intrusion of the Doña Ruth gabbro at ca. 118-116 Ma. Diorites from the Loma La Cuaba area 884 

intruded at ca. 109-106 Ma. Hence, new stratigraphic and geochronological data suggest a broadly 885 

sequential magmatic tempos including 1) the early extrusion of MORB-like (i.e., LREE-depleted) 886 

low-Ti basalts, which was probably followed by 2) the extrusion of more evolved IAT and low-Ti 887 

basalts and basaltic andesites; 3) acid magmatism took over after this basic magmatism, followed 888 

by 4) the emplacement of diorite and monzodiorite intrusions of transitional tholeiitic-calc-alkaline 889 

and calc-alkaline affinities. 890 

Figure 18 offers cumulative Gaussian and histogram plots for the whole 206Pb/238U age dataset on 891 

diorites, plagiotonalites, plagiorhyolite stocks, basalts and gabbros, as well as on the whole dataset 892 

obtained by adding all these lithotypes. If we use our dataset as a proxy for of the arc growth and 893 

arc magmatism ratios (cf. Jicha and Jagoutz, 2015 and Paterson and Ducea, 2015), the Los Ranchos 894 

Formation record a clear flare-up at ca. 127-126 Ma, and a subsequent lull at ca. 110 Ma. Initiation 895 

of arc magmatism in the Hispaniola segment of the Greater Antilles island-arc is stablished at ca. 896 

126 Ma (Escuder-Viruete et al., 2014). This age is in good agreement with the conspicuous 897 

concentration of our U-Pb zircon ages around and from 126 Ma, most notably in gabbros and lower 898 

basalts (Fig. 18). Our data also indicate that the intrusion of diorites and monzodiorites of 899 

transitional tholeiitic-calc-alkaline and calc-alkaline affinities at ca. 109-106 Ma coincided with a 900 

general waning of the arc-magmatism. 901 

Comparison to previous works on the geochronology of the Los Ranchos Formation 902 

Our U-Pb zircon data conform to the general assignation of the bimodal acid-basic magmatism 903 

recorded in the Los Ranchos Formation to the Barremian-Albian times (Bowin, 1966; Cumming et 904 

al., 1982; Bellon et al., 1985; Cumming and Kesler, 1987; Lidiak and Anderson, 2015). U-Pb zircon 905 

dating in rocks from the Los Ranchos Formation has been only reported for acid units, including 906 

tonalites and stocks, with the sole exception of the dating of the ‘inter-mineralization’ andesitic dike 907 

by Mueller et al. (2008), discussed below. Therefore, ours is the first direct zircon dating of the 908 

basaltic units in this formation. 909 



 

 

Kesler et al. (2005a, b) dated the emplacement of several rhyolitic units from the Pueblo Viejo 910 

district by means of U-Pb zircon measurements, and reported weighted mean ages in the range 911 

between ca. 119 and 110 Ma (i.e., a ca. 6-m.yr. older lower limit for the acid magmatism in the 912 

region with regards to the one we provide). This time span would translate in a marked time lapse 913 

between the intrusion and/or extrusion of these acid units. Actually, individual measurements 914 

provided by these authors show a wide spread, broadly comparable to the one we obtained, and 915 

hence we shall conclude that the use of mean values should had been also avoided in order to 916 

bracket the emplacement timing of these bodies. Similarly, Escuder-Viruete et al. (2006) reported a 917 

U-Pb zircon age for a rhyodacitic rock from the Bayaguana area at ca. 116 Ma, which is again older 918 

than the lower limit for the emplacement of these rocks as constrained in our work. Indeed, 919 

Escuder-Viruete et al. (2006) obtained this age from the analysis of only five zircon grains, which is 920 

a poor population attending the prevalence of zircon xenocrysts and antecrysts in these rocks. 921 

The Zambrana tonalite batholith, dated in this work, was also dated by means of U-Pb in zircon by 922 

Escuder-Viruete et al. (2006), who reported an age of ca. 116 Ma. This age is at least 3 m.yr. older 923 

that the lower limit here inferred for this tonalite batholith according to the youngest zircon 924 

populations of two rock samples. Escuder-Viruete et al. (2006) obtained that age from the analysis 925 

of only 6 zircon grains, which again we consider a poor population for the aforementioned reasons. 926 

We constrain here the intrusion of the plagiotonalite batholiths and plagiorhyolite stocks at an 927 

equivalent time lapse between ca.113 and 109 Ma. Accordingly, sulfide mineralization in the 928 

Pueblo Viejo and Bayaguana districts, dated at ca. 112 Ma (Re-Os pyrite and molybdenite ages; 929 

Kirk et al., 2014; Nelson et al., 2015b; Torró et al., accepted), was coeval to the acid magmatism 930 

recorded in the Los Ranchos Formation. On the other hand, diorite bodies mapped in the Loma La 931 

Cuaba area intruded subsequently at 109-106 Ma. Mueller et al. (2008) dated the emplacement of 932 

an andesitic dike (a monzodiorite with calc-alkaline affinity according to our study) in the Pueblo 933 

Viejo mining area at ca. 109 Ma (weighted average 206Pb/238Pb age of the youngest zircon 934 

population). Altogether suggest that the emplacement of diorite and monzodiorite intrusives with 935 

calc-alkaline affinities were the last arc-magmatic expression recorded in the Los Ranchos 936 

Formation, and that they occurred subsequently to the main mineralizing event in the Pueblo Viejo 937 

deposit. Hence, the definition of the andesitic dyke as an inter-mineralization intrusive by Mueller 938 

et al. (2008) should be revised. We propose that the sulfide mineralization in the dike, which is 939 

largely in the form of pyrite dissemination, could respond to the assimilation of the sulfides from 940 

the wallrocks. These same calc-alkaline monzodiorites lack indeed sulfide mineralization in other 941 

non-mineralized areas of the Pueblo Viejo district according to our petrographic observations. 942 



 

 

Myczynski and Iturralde-Vinent (2005) provided a Late Lower Albian (i.e., ca. 112-109) for the 943 

lower part of the unconformably overlying Hatillo limestones. Accordingly, the deposition of the 944 

Hatillo Formation could be partly coeval to the last stages of magmatism and cooling of the Los 945 

Ranchos Formation. The latter is consistent with the occurrence of hydrothermal alteration at the 946 

base of the Hatillo Formation as identified by Sillitoe et al. (2006; cf. Kirk et al., 2014; Nelson et 947 

al., 2015b). 948 

HYDROTHERMAL ALTERATION AND MINERALIZATION 949 

Sulfide mineralization and hydrothermal alteration were identified in several places of the Cabirma 950 

del Cerro concession. Thereupon, we describe hydrothermal alteration and sulfide mineralization in 951 

the La Lechoza (VMS-type) and in the Loma La Cuaba (high-sulfidation-type) areas. Nevertheless, 952 

it should be noted that sulfide mineralization (as dense disseminations) and silicic-altered rocks are 953 

ubiquitous in the Cotuí-Quitasueño plagiorhyolite stock and the surrounding basalts (Fig. 2). 954 

Sulfide disseminations and veinlet frameworks, and argillic- and silicic-altered rocks (including 955 

extensive outcrops of massive quartz m-sized boulders) also occur in the Loma Pico Alto area. 956 

La Lechoza 957 

Ore mineralization in the La Lechoza deposit is hosted by basaltic rocks of the lower basaltic unit 958 

(Cotuí member) of the Los Ranchos Formation (Figs. 2 and 19). Basaltic rocks, with conspicuous 959 

brecciated hyaloclastite textures, were intruded by felsic sills and mafic dykes, as described by 960 

Dupéré and Paiement (2012). The ore mineralization is composed of a well-developed gossan, 961 

which is exposed in three sections totaling a 1600 m long and 700 m wide area, with a sulfide zone 962 

underneath. Bedded massive sulfide lenses are up to 4 m thick, composed of chalcopyrite, sphalerite 963 

and pyrite, and were located by means of drill cores (Fig. 19A). Nevertheless, sulfide mineralization 964 

mostly occurs in the matrix of tuffaceous breccias, cementing lapilli clasts (Fig. 19B). Furthermore, 965 

massive sulfide clasts occur along with silicic-altered lapilli fragments in polymict breccias (Fig. 966 

19C-D). Curviplanar outlines of lapilli and sulfide clasts and the extremely poor sorting of the 967 

clastic deposits suggest a limited transport and the likely formation (as syn-eruptive?) proximal to 968 

the eruptive center. Dissemination of sulfides is ubiquitous in wallrocks and their mineralogy is 969 

analogous to that in the massive mineralization. Sphalerite often shows chalcopyrite blebs of the 970 

‘sphalerite disease’ type (Fig. 19E). The occurrence of chalcopyrite and sphalerite in cracks and 971 

vugs within pyrite grains indicates an early precipitation of pyrite followed by sphalerite and 972 

chalcopyrite. Massive silicic- (Fig. 19F), propylitic- (mainly epidote and chlorite; Fig. 19G) and 973 

sericitic- (as replacement of anorthite) hydrothermal alteration assemblages were developed in 974 

association with the ore bodies. The distribution of the alteration is markedly irregular and 975 



 

 

controlled by local intense faulting. Indeed, significant structural control of the deposit is observed. 976 

NE-directed inverse faults and thrusts segmented both the gossan and sulfide bodies and generated 977 

the repetition of the mineralized lenses (Fig. 19H). 978 

Loma La Cuaba 979 

Sulfide mineralization in the Loma La Cuaba area largely consist of pyrite disseminations and 980 

seldom narrow veins. In addition, scarce chalcopyrite and sphalerite and rare minute galena grains 981 

occur mostly lining cavities in pyrite. Molybdenite narrow veinlets are observed to the east of the 982 

Loma La Cuaba area (see Nelson et al., 2015b).  983 

Intense hydrothermal alteration in the Loma La Cuaba area (from the Pueblo Viejo mine to the 984 

Hatillo reservoir; Fig. 2) broadly obliterated the original magmatic textures and mineralogy of 985 

surface rocks, with the diagnostic exception of transitional tholeiitic-calc-alkaline and calc-alkaline 986 

diorites and monzodiorites, which are unaltered. The classification used hereby for hydrothermal 987 

alteration assemblages in the porphyry-epithermal environments follows Seedorff et al. (2005).  988 

Extensive domains of argillic-altered rocks with well-developed silicification occur in the upper 300 989 

m of drill cores. Silicic-alteration dominates in the surface, and occurs as massive quartz ± Fe-Ti 990 

oxyhydroxides m-sized boulders and rock-ridges (Fig. 20A). Massive silicic alteration is composed 991 

of microcrystalline quartz, locally forming breccias of massive quartz clasts embedded in a matrix 992 

of the same composition. Often, mm-sized ghosts of lixiviated euhedral crystals (probably pyrite 993 

according to the isometric square outlines) depict micro-vuggy silica textures (Fig. 20B). The 300-994 

m thick argillic domain can be subdivided in an upper part characterized by kaolinite ± dickite and a 995 

lower part, in the eastern sector towards the limit with the mine area, of pyrophyllite ± diaspore 996 

dominant assemblages (Fig. 20C-D). In the upper argillic domain, pyrophyllite occurs wrapping 997 

kaolinite bundles and aggregates, thus suggesting limited recrystallization of the latter (Fig. 20D). 998 

Alunite is very scarce in the studied rocks. 999 

Towards the border with the Pueblo Viejo mine area, the shallow advanced argillic domain is 1000 

underlain by a narrow one of sericite-altered rocks. In these rocks, sericite pervasively replaced 1001 

plagioclase phenocrysts (Fig. 20E). However, sericite is scattered throughout almost the whole 1002 

alteration sequence in minor proportions. Sericite consists of fine grained muscovite crystals with 1003 

only incipient phengitic and illitic substitutions. 1004 

An extensive domain of propylitic-altered rocks occurs beneath the argillic and sericitic alteration 1005 

domains. Albite replaced primary calcic-plagioclase and chlorite replaced pseudomorphically 1006 

primary mafic minerals (mainly pyroxene; Fig. 20F) and formed veinlets (Fig. 20G). Chlorite 1007 



 

 

veinlets concentrate in the eastern sector, towards the contact with the mining area, where two 1008 

generations of chlorite occur: (1) blue chlorite in crossed polars, crosscut by (2) brownish chlorite in 1009 

crossed polars. These can also be discriminated by their chemical composition and their 1010 

crystallizing temperature calculated using the geothermometer of Kranidiotis and McLean (1987). 1011 

The first generation, Mg-rich, is brunsvigite and formed at about 230 ºC; the second, Fe-rich, is 1012 

ripidolite and formed at about 320ºC. Epidote occurs as disseminated grains, fan aggregates and 1013 

lining veins; epidote also formed reaction rims of calcite veins. Deep drilling reveals the occurrence 1014 

of breccias with jigsaw-fit textures with clasts pervasively altered to epidote in the core and to 1015 

chlorite in the rims; the matrix of these breccias is made up of calcite and quartz (Fig. 20H). 1016 

Interspersed sodic-, sodic-calcic- and potassic-altered rocks were cut by drilling at depth (> 500m) 1017 

near the border with the Pueblo Viejo mining area. These alteration types imprinted on the calc-1018 

alkaline monzodiorite intrusions or on adjacent volcanic rocks. Sodic and sodic-calcic alteration 1019 

assemblages are composed of anhydrite- and tourmaline. Tourmalines belong to the dravite and 1020 

magnesio-foitite species, and occur as fresh, euhedral stubby to short prismatic crystals (Fig. 20I). 1021 

Minor potassic alteration assemblages occur as replacement of plagioclase crystals by potassic 1022 

feldspar (probably orthoclase according to XRD analyses; Fig. J-K), along with abundant secondary 1023 

magnetite. 1024 

The correlation between Cu and Au contents and hydrothermal alteration along drill cores reveals 1025 

that the higher Au (up to 0.34g/t) and Cu (up to 0.32%) values, and to some extent Mo (0.19g/t), 1026 

occur in argillic alteration domain, especially those of the intermediate temperature assemblages 1027 

containing pyrophyllite and diaspore. In addition, anomalous tenors (up to 0.06 g/t Au and 500 ppm 1028 

Cu) occur in association with the potassic and sodic-calcic assemblages. 1029 

DISCUSSION: ON THE CONSTRUCTION OF A UNIFIED METALLOGENIC MODEL 1030 

FOR THE LOS RANCHOS FORMATION 1031 

VMS mineralization 1032 

The occurrence of massive bedded Cu-Zn sulfide mineralization and of massive sulfide clasts along 1033 

with lapilli clasts in hyaloclastitic breccias, and the silicic, propylitic and sericitic hydrothermal 1034 

alterations in the La Lechoza deposit champion its classification as a VMS deposit, as concluded 1035 

also Nelson et al. (2011) and Dupéré and Paiement (2012). Other VMS mineralization deposits and 1036 

occurrences in the Los Ranchos Formation are Cuance, Los Hojanchos and Granadillo-Los 1037 

Cumaníes (Dupéré and Paiement, 2012; Nelson et al., 2015a). 1038 



 

 

The La Lechoza mineralization is hosted by basic volcanic and volcaniclastic rocks of the lower 1039 

basaltic sequence of the Los Ranchos Formations, which were most likely erupted in a submarine 1040 

environment between ca. 122 and 112 Ma. Chemostratigraphic relationships indicate that these 1041 

lower basalts have LREE-depleted low-Ti IAT and boninitic affinities, which according to Whattam 1042 

and Stern (2011) represent the first magmatic expression in subduction-initiation ophiolites. 1043 

Coherent volcanic hosts in La Lechoza yielded boninitic affinities; indeed, the only two samples 1044 

with boninite-like signatures came from the La Lechoza deposit (Fig. 2). The genetic connection of 1045 

the massive sulfide mineralization with boninite-like hosts of the lower basaltic unit points to the 1046 

VMS deposition in the Los Ranchos Formation prior to the steady state subduction regime, in a 1047 

forearc position and linked to primitive basaltic magmatism (Fig. 21). Also, a direct genetic 1048 

correlation between VMS mineralization and the acid magmatism in the region is not supported by 1049 

evidence. The intense silicic-alteration in lapilli clasts in this deposit can be misleading as 1050 

illustrated by some interpretations that characterized them as felsic tuffaceous deposits (Kesler et 1051 

al., 1991b). 1052 

Sulfide mineralization in subduction-initiation ophiolites, intimately associated to boninites, were 1053 

described in the archetypical Izu-Bonin-Mariana forearc (Ishizuka et al., 2014) and in the Maimón 1054 

Formation (Torró et al., 2016). Piercey (2011) refers to mafic rocks with low-Ti IAT and boninite 1055 

signatures as the preferential association for the formation of VMS deposits in juvenile (ophiolitic) 1056 

environments. Extrusion of these basalts are diagnostic of anomalously high temperatures of 1057 

formation and an overall extensional geodynamic regime associated to fast trench-rollback previous 1058 

to the stabilization of the subduction front that would have facilitated the circulation of the 1059 

hydrothermal fluids. 1060 

Porphyry-epithermal mineralization 1061 

The massive silicic and advanced argillic-altered zone in the Loma La Cuaba ridge represents the 1062 

westward extension of the alteration assemblage framework of the Pueblo Viejo deposit (Fig. 2). 1063 

Sillitoe et al. (2006) pointed out that the close similarity of trace element suites in Pueblo Viejo and 1064 

through the Loma La Cuaba ridge was diagnostic as to their formation by the same hydrothermal 1065 

fluid. Drill cores in the area revealed that such alteration domain attain up to 300 m horizontally. 1066 

The resulting blanket-like morphology and its km-long extension suggest that the acidic 1067 

hydrothermal alteration in the Loma La Cuaba area progressed along permeable lithologies, which 1068 

recalls the concept of advanced argillic lithocaps (cf. Hedenquist and Taran, 2013). That was 1069 

actually the terminology used by Sillitoe et al. (2006) to describe the silicic and advanced argillic 1070 

alteration extending from the Pueblo Viejo mining area to the Hatillo reservoir (see their Fig. 2 1071 



 

 

ASTER image). Hyaloclastite breccias are common in the area and could constitute a permeable 1072 

lithology for the circulation of acid fluids responsible for the massive silicic and argillic alteration. 1073 

The main inconvenient for the definition of the Loma La Cuaba ridge as a lithocap is that the 1074 

concept of lithocap is intrinsically linked to the occurrence of underlying intrusives from which 1075 

magmatic vapors were ultimately exsolved. Sillitoe et al. (2006) envisaged a concealed calc-1076 

alkaline intrusive of Late Cretaceous-Tertiary age as the ultimate responsible for the mineralization 1077 

and hydrothermal alterations in the Pueblo Viejo district. However, recent dating of sulfide 1078 

mineralization assemblages at 112 Ma (Kirk et al., 2014; Nelson et al., 2015b; Torró et al., 1079 

accepted) rules out such explanation. 1080 

The age of the hydrothermal alteration in Loma La Cuaba remains uncertain because previous 1081 

attempts to date alunite have proved fruitless due to the complex thermal history of the Median belt 1082 

(Nelson, 2000; Arribas et al., 2011). It most probably developed on basalts and basaltic breccias of 1083 

the upper basaltic sequence according to our chemostratigraphic determinations; these rocks were 1084 

the extrusive expression of arc-magmas after the stabilization of the magmatic front and a steady-1085 

state subduction regime (Whattam and Stern, 2011; Torró et al., submitted), at ca. 113-112 Ma. The 1086 

inspection of the lithogeochemistry of a massive silicic-altered sample disfavor the idea that the 1087 

acidic alteration progressed along the Hatillo limestones. The diorite and monzodiorite intrusives 1088 

between the Loma La Cuaba ridge and the Pueblo Viejo area (Fig. 2) as well as those cutting 1089 

mineralized carbonaceous sediments in the Monte Negro pit (Pueblo Viejo mine; Mueller et al., 1090 

2008; cf. Kirk et al., 2014) are largely unaltered, in stark contrast with the intruded rocks. This 1091 

observation suggests that the silicic- and advanced argillic-alterations occurred before the intrusion 1092 

of these rocks at ca. 109 Ma. 1093 

Here we determine that the intrusion of the plagiorhyolite stocks at ca. 113-109 Ma was coeval to 1094 

the intrusion of the Zambrana plagiotonalite (previously dated at ca. 116 Ma; Escuder-Viruete et al., 1095 

2006). This age bracket encompasses the sulfide mineralization in Pueblo Viejo (Kirk et al., 2014; 1096 

Nelson et al., 2015b). In contrast, the intrusion of the Doña Ruth gabbro (ca. 118-116 Ma) and of 1097 

the diorites and monzodiorites of transitional and calc-alkaline affinities (ca. 109-106 Ma) did not 1098 

overlap, within analytical uncertainty, with the mineralization event at Pueblo Viejo. Therefore, 1099 

deep batholiths and shallower stocks of acid composition are the most reasonable candidates for the 1100 

supply of mineralizing fluids and heat necessary to form the Pueblo Viejo deposit (Fig. 21). The 1101 

intense sulfide dissemination in rocks of the plagiorhyolite stocks and the basaltic hosts in the Cotuí 1102 

area supports the connection between the felsic intrusives and the sulfide mineralization in the 1103 

district, as supported also by Kesler et al. (2005a,b). The same conclusion was achieved by Torró et 1104 

al. (accepted) in the Bayaguana district based in the overlapping ages of porphyry-high sulfidation 1105 



 

 

mineralization of the Doña Amanda deposit and the acid rocks from the hosting Los Ranchos 1106 

Formation. M-type quartz-diorites and tonalites are indeed described to be associated to porphyry 1107 

Cu mineralization in oceanic island arcs (see Fig. 19.1 in Pitcher, 1993). The fertility for ore 1108 

deposits of tholeiitic bimodal magmatism was extensively addressed by Kirk et al. (2014). 1109 

This paper presents the first description of potassic and sodic-calcic alterations in the Pueblo Viejo 1110 

district. These alteration assemblages developed in deep monzodiorite intrusions of calc-alkaline 1111 

affinity that intruded at ca. 109-106 Ma. In addition, local intense sericitic alteration assemblages 1112 

are topping such deep intrusives (Fig. 20), suggesting a genetic link between this alteration and the 1113 

intrusives. The primary mineralogy and geochemical signatures of these intrusives are equivalent to 1114 

those of the monzodiorite dike and andesitic domes mapped in the Pueblo Viejo pits by Nelson 1115 

(2000) and dated at ca. 109 Ma by Mueller et al. (2008). Mueller et al. (2008) interpreted that the 1116 

sulfide dissemination within the monzodiorite dyke mapped in the Monte Negro pit was indicative 1117 

of their emplacement as an inter-mineralization dyke. Nevertheless, the precise Re-Os molybdenite 1118 

ages reported by Nelson et al. (2015) indicate that the sulfide mineralization was previous to the 1119 

emplacement of this dyke. The intrusion/extrusion of domes and sills in the epiclastic sedimentary 1120 

rocks as documented by Nelson (2000) in the Pueblo Viejo pits is not a local exception as far as 1121 

domes with an equivalent stratigraphic position have been mapped by Escuder-Viruete et al. (2006) 1122 

and Torró et al. (accepted) in the Cevicos-Bayaguana-Miches area. According to our 1123 

chemostratigraphic reconstruction of the Los Ranchos Formation, their emplacement most probably 1124 

took place after the mineralizing event dated at 112 Ma (Fig. 21); Torró et al. (accepted) dated the 1125 

emplacement of equivalent domes in the Bayaguana district at 110-107 Ma. 1126 

The emplacement of calc-alkaline monzodiorite dykes and domes in the region was subsequent to 1127 

the deposition of the basal sequence of the Hatillo limestones in the Late Lower Albian (Myczynski 1128 

and Iturralde-Vinent, 2005). The Hatillo limestones present limited hydrothermal alteration and 1129 

magnetite mineralization (see Fig. 3 in Kirk et al., 2014; see also Sillitoe et al., 2006). Accordingly, 1130 

the relatively late calc-alkaline magmatism identified in this work could be the responsible for the 1131 

hydrothermal alteration and magnetite mineralization in the overlying Hatillo limestones.  1132 

As summarized in Table 1, the Pueblo Viejo district and the Doña Amanda and Cerro Kiosko 1133 

deposits in the Bayaguana district had contrasting conditions of ore emplacement within the 1134 

porphyry-high sulfidation epithermal environment (cf. Torró et al., accepted). Mineral assemblages, 1135 

stable isotopes and fluid inclusions in quartz-sulfide veins at Pueblo Viejo indicate a depositional 1136 

environment within brittle hydrostatic conditions, at lower temperature and very shallow paleo-1137 

depths where boiling of high-sulfidation mineralizing fluids of dominant magmatic origin could be 1138 



 

 

achieved. In contrast, B-type and D-type veins at Doña Amanda and Cerro Kiosko deposits would 1139 

have been emplaced in a deeper environment, in the shallow porphyry (beneath the brittle-ductile 1140 

limit and under lithostatic conditions) and deep high sulfidation epithermal transition zone, in 1141 

association with high- to intermediate-sulfidation fluids that did not undergo boiling. Beyond such 1142 

differences, the deposits in the Bayaguana and Pueblo Viejo districts formed synchronously (Nelson 1143 

et al., 2015b; Torró et al., accepted) and are compatible with a porphyry-deep high sulfidation 1144 

epithermal model in the primitive Early Cretaceous Caribbean island-arc. 1145 

SUMMARY AND CONCLUSIONS 1146 

Bottom to top, volcanic, volcaniclastic and sedimentary deposits from the Los Ranchos Formation 1147 

in the Pueblo Viejo district show evidence for a progression from submarine to sub-aerial 1148 

environments of deposition. Pillowed lithofacies predominate in the lower basaltic sequence, and 1149 

grade upwards to dominant massive flows. Lithogeochemistry of the least altered basalts and 1150 

basaltic andesites indicates that these rocks have boninitic, low-Ti island-arc tholeiitic and ‘normal’ 1151 

island-arc tholeiitic affinities. Basalts and basaltic andesites deposited from ca. 122 to 112 Ma. 1152 

Chemostratigraphic relationships of the basaltic rocks point out a progressive shift from LREE-1153 

depleted tholeiitic, to local boninite-like and finally to LREE-richer tholeiitic signatures. 1154 

Volcaniclastic facies in the district include extensive levels of in situ hyaloclastite and syn-eruptive 1155 

resedimented deposits, whereas pyroclastic fall and flow deposits are much less abundant and 1156 

restricted to the lower basaltic sequence. Components of the volcaniclastic deposits in the district 1157 

are of protholithic basaltic composition. Gabbros, plagiotonalite batholiths and plagiorhyolite stocks 1158 

intruded the basaltic sequence. Gabbros have a LREE-depleted tholeiitic affinity, equivalent to that 1159 

of the lower basalts, and emplaced at 118-116 Ma. Deep batholiths and shallower stocks of acid 1160 

composition have tholeiitic, M-type affinities and intruded at ca. 113-109 Ma. Subsequently, 1161 

diorites of transitional tholeiitic-calc-alkaline and monzodiorites of calc-alkaline affinities intruded 1162 

at ca. 110-106 Ma. At that time, volcanic domes of andesitic composition and calc-alkaline affinity 1163 

intruded (and probably extruded over) the epiclastic sediments that top the Los Ranchos Formation. 1164 

The magmatic chemostratigraphic progression for volcanic and intrusive rocks from the Los 1165 

Ranchos Formation is on a par with that observed in subduction-initiation ophiolites and record the 1166 

shift from subduction-initiation to true-subduction regimes. 1167 

Hydrothermal alteration and sulfide and oxide metallic mineralization are spread in the Pueblo 1168 

Viejo district, beyond the Pueblo Viejo deposit. The La Lechoza VMS deposit is hosted by LREE-1169 

depleted low-Ti tholeiitic and boninite-like basalts of the lower basaltic sequence; associated 1170 

hydrothermal alteration restricts to silicic-, propylitic- and sericitic-alteration assemblages. On the 1171 



 

 

other hand, silicic- and argillic-altered rocks with intense dissemination of sulfides are spread in the 1172 

district. In the Loma La Cuaba ridge, a 5 km-long and 300-m-thick blanket-shaped silicic- and 1173 

advanced argillic-alteration domain represents the continuation to the west of the advanced argillic 1174 

alteration that hosts the ore in the Pueblo Viejo deposit. Here we suggest that the massive argillic 1175 

and silicic alterations in the La Cuaba ridge progressed on basaltic (including volcaniclastic) rocks 1176 

of the upper basaltic sequence, and that it was associated to the mineralization event in Pueblo 1177 

Viejo at ca. 112 Ma. According to the new age constraints, the high-sulfidation epithermal 1178 

mineralization in Pueblo Viejo was coeval, and most likely associated, to the emplacement of 1179 

batholiths and stocks of acid composition, whereas they developed prior to the intrusion of diorites 1180 

and monzodiorites of calc-alkaline affinity. 1181 

In this paper we propose an integrative metallogenic model for the Los Ranchos Formation, which 1182 

can be likely extrapolated to other similar volcanic sequences in subduction-initiation ophiolites. In 1183 

this model, the volcanogenic massive sulfide (VMS) mineralization was genetically associated to 1184 

LREE-depleted low-Ti tholeiitic and boninitic volcanic hosts and took place during the subduction-1185 

initiation stage of the island-arc. Subsequently, porphyry Cu(-Mo)-high sulfidation epithermal 1186 

mineralization took over in the Los Ranchos Formation at ca. 112 Ma, likely connected to a spread 1187 

episode of M-type acid magmatism, tholeiitic in affinity, during the steady-state or true-subduction 1188 

regime. 1189 

ACKNOWLEDGMENTS 1190 

The authors eagerly thank Prof. John F. Lewis for field introduction and fruitful discussion on the 1191 

stratigraphy of the Los Ranchos Formation. This research has been financially supported by Spanish 1192 

project CGL2012-36263, Catalan project 2014-SGR-1661, a FPU Ph.D grant to L.T. by the 1193 

Ministerio de Educación of the Spanish Government, Everton Minera Dominicana, Dominican 1194 

project 2014-1B4-132, and a student research grant to L.T. from the Hugh E. McKinstry Fund of 1195 

the Society of Economic Geologists. The Universities of Barcelona and Granada co-founded the 1196 

analyses carried out at their respective laboratories. The help and hospitality extended by the 1197 

Everton staff during the works in the Cotuí-Pueblo Viejo area are also gratefully acknowledged, 1198 

with an especial mention to René, Francisco, Mildred, Arsenio and Rosa. Geology students from 1199 

UTECO (Cotuí, RD) and Ing. Ricardo Villafaña (SGN) participated in the fieldwork, and the 1200 

Dominican Servicio Geológico Nacional, in the 2014-1B4-132 project management. Ruth Difo is 1201 

thanked for her priceless help during rock processing for zircon separation. Technical support in 1202 

EMP sessions by Dr. Xavier Llovet (SCT-UB) and assistance in acid digestion runnings by Dr. 1203 

Marta Rejas (labGEOTOP-ICTJA-CSIC) during the process of zircon separation are earnestly 1204 



 

 

thanked. Assistance and advice on zircon separation and on SHRIMP data processing by Prof. 1205 

Fernando Bea and Prof. Pilar Montero (IBERSIMS-UGR) are sincerely appreciated. This is the 1206 

IBERSIMS publication nº x. 1207 

APPENDICES 1208 

Appendix A 1209 

Table A1. Representative whole-rock geochemical data for the different lithological groups of 1210 

volcanic rocks studied from the Pueblo Viejo district. Concentrations of oxides are given in wt. %; 1211 

the rest, in ppm. 1212 

Appendix B 1213 

Table B1. Representative EMP analyses of pyroxene crystals from the Los Ranchos Formation in 1214 

the Pueblo Viejo district. Cations normalized to 6 O. 1215 

Table B2. Representative EMP analyses of chlorite crystals from hydrothermally altered rocks from 1216 

the Loma La Cuaba area, in Pueblo Viejo district. Cations normalized to 14 O. 1217 

Appendix C 1218 

Table C1. U–Pb SHRIMP data for samples TonElLimp, APV-DIORITE, Td, LRCOT18, 1219 

LRCOT38, LRCOT46, LRCOT67, LRCOT79, LRCOT 112 and LRCOT213 from the Pueblo Viejo 1220 

district. UTM locations is given for each analyzed sample. 1221 

Complementary data C1. Wetherill concordia (common lead uncorrected, 204- and 208-corrected), 1222 

weighted average, cumulative Gaussian and histogram plots, and cathodoluminescence images for 1223 

dated zircons. 1224 
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FIGURE CAPTIONS 1555 

Figure 1. Location map of the Los Ranchos Formation, the Pueblo Viejo and the Cabirma del Cerro 1556 

concessions (i.e., the Pueblo Viejo district), and the Bayaguana district, in the Dominican Republic. 1557 

The geologic base map was modified from Toloczyki and Ramirez (1991) and Nelson et al. 1558 

(2015a). 1559 

Figure 2. Geologic map of the Pueblo Viejo district (including the Pueblo Viejo and the Cabirma 1560 

del Cerro concessions), covering the area from Quitasueño village (N), the paved road from Cotuí 1561 

to Maimón cities (E and S) and the Hatillo reservoir (W). The geologic map of the Pueblo Viejo 1562 

mine area is after Nelson (2000). The locations of surface samples used for lithogeochemistry, the 1563 

collars of sampled DDH, the limits of the Cabirma del Cerro concession (red line) and limits of the 1564 

Loma La Cuaba lithocap (pink line) according to Sillitoe et al. (2006) are also displayed. 1565 

Figure 3. Near vertical, NW-SE fault scarp near Quitasueño village, developed in plagiorhyolite 1566 

stock material. Note the sharp contact between the fault plane (scarp) and the surface of the hanging 1567 

wall block (to the SW). 1568 

Figure 4. Field (A, C), hand sample (B, D) and thin section (E-G) photographs illustrating the 1569 

structures, textures and mineralogy of felsic intrusive and volcanic rocks in the Cabirma del Cerro 1570 

concession. (A) An extensive outcrop of tonalites, in the form of flat lands and metric boulders, in 1571 

the Zambrana - El Limpio - Guardianón area underlies coherent basalts. (B) Holocrystalline 1572 

medium-grained tonalite sample composed of plagioclase + quartz + amphibole, the latter altered to 1573 

epidote. (C) Plagiorhyolite dyke (high-level intrusion) cuts basalts in Arroyo Capacho, near 1574 

Quitasueño; width of the view is about 5 m. (D) Porphyritic texture in this plagiorhyolite is given 1575 

by coarse euhedral quartz and plagioclase phenocrysts in a cryptocrystalline to glassy groundmass. 1576 

(E) Coarse-grained tonalite consists of anhedral quartz and subhedral plagioclase and amphibole, 1577 

the three phases with interdigitating (consertal) boundaries. (F) Micrographic and granophyric 1578 

textures are depicted by plagioclase and quartz intergrowth in tonalites. (G) Porphyritic texture in a 1579 

plagiorhyolite sample is given by quartz and plagioclase phenocrysts embedded in a 1580 

cryptocrystalline groundmass; note that the resorption of quartz phenocrysts is limited or non-1581 

existent. Abbreviations: Amp = amphibole; Ep = epidote; Pl = plagioclase; Qz = quartz. 1582 

Figure 5. Field (A), hand sample (B) and thin section (transmitted light, crossed polars; C-D) 1583 

photographs of the Doña Ruth gabbro, Guardianón village. (A) Outcrop of massive gabbro presents 1584 

sharp contact with coherent basalts and basaltic autobreccias. (B) Phanerocrystalline gabbro 1585 

composed of plagioclase + amphibole ± clinopyroxenes ± quartz crystals. (C-D) Coarse-grained 1586 



 

 

gabbros contain essentially amphibole and plagioclase, and quartz crystals are scant (< 1 %); note 1587 

that amphibole crystal outlines are irregular and that spaces between amphibole crystals are 1588 

occupied by plagioclase. Abbreviations: Amp = amphibole; Pl = plagioclase; Qz = quartz. 1589 

Figure 6. Field (A-B), hand sample (C-D) and thin section (transmitted light, crossed polars; E-J) 1590 

photographs illustrating the structures, textures and mineralogy of basaltic rocks from the Cabirma 1591 

del Cerro concession. (A) Columnar to tortoise shell jointing occurs in basalts from lower basalts in 1592 

the Cotuí area. (B) Closely packed pillow lobes, concentrically layered, are molded along mutual 1593 

contacts, as observed in the lower basaltic unit near the Hatillo reservoir. (C) Abundant amygdales 1594 

in this glassy basalt pillow are filled with epidote, quartz or both; note that the filled vesicles are 1595 

larger in the center than in boundaries (upper outline). (D) Semi-porphyritic textures given by 1596 

evenly distributed plagioclase + pyroxene ± amphibole phenocrysts are common in coherent facies 1597 

from both upper and lower basaltic units. (E) Hypocrystalline basalt shows a chloritized glassy 1598 

groundmass, clinopyroxenes crystals and abundant vesicles filled with epidote and calcite. (F) 1599 

Compound or clumped spherulites are composed enclose microphenocrysts of plagioclase; note that 1600 

the larger spherulite in the center abuts onto others. Epidote occurs as replacement of the 1601 

groundmass material. (G) Detail of lithophysae filled with epidote, in the center of the image, in a 1602 

very fine grained basalt. (H) Plagioclase microphenocrysts in a groundmass of plagioclase, epidote 1603 

and interstitial glass. (I) Glomeroporphyritic texture is given by tabular plagioclase crystal clots in a 1604 

microcrystalline groundmass composed of plagioclase and chloritized volcanic glass. (J) Detail of a 1605 

basal section of a clinoamphibole phenocryst (note 2 exfoliations at 120º, and the near extinct tiny 1606 

longitudinal section next to this) in a basaltic andesite sample. Abbreviations: Amp = amphibole; 1607 

Cpx = clinopyroxenes; Ep = epidote; Pl = plagioclase; Qz = quartz. 1608 

Figure 7. Field photographs illustrating structures and components of volcaniclastic deposits in the 1609 

Cabirma del Cerro concession. (A) Coherent basalt flows overlie volcaniclastic deposits, probably 1610 

pyroclastic - water-settled fallout poorly-bedded deposits, composed of cm-sized juvenile, angular 1611 

lapilli clasts of basaltic composition. (B) Coherent basalt flows form distributary tube systems and 1612 

passes laterally and upwardly to hyaloclastite autobreccias. (C) Poorly-sorted and crudely-bedded 1613 

volcaniclastic deposit contains juvenile basalt breccias with curviplanar margins, and probably 1614 

represents in situ or resedimented syn-eruptive hyaloclastites. (D) The m-sized detached lava lobe 1615 

in the center of the image, of basaltic composition, is embedded in an in situ, massive hyaloclastite 1616 

groundmass of the same composition; in detail, the lobe shows chilled glassy margins, with 1617 

randomly distributed vesicles, and a porphyritic texture inwards. (E) Near vent spindle bombs and 1618 

juvenile blocks in a pyroclastic fall massive deposit; note the bread-crusted surface of bombs and 1619 

blocs suggesting chilling during vesiculation and expansion of the hot clast interior. (F) Juvenile 1620 



 

 

monomictic pumice clasts, with curviplanar surfaces, are embedded in a matrix-rich, extremely 1621 

poorly sorted rock. (G) The silicic-altered matrix of this rock bulges and draws the shape of the 1622 

clast and clear jigsaw-fit textures that together with the clast-in-matrix texture indicates thorough in 1623 

situ quench fragmentation. 1624 

Figure 8. Hand sample photographs (A-F) and thin section photomicrographs (transmitted light, 1625 

crossed polars: G-H; plain polarized light: I) of volcaniclastic deposit samples from the Cabirma del 1626 

Cerro concession. (A) This basaltic autobreccia is composed of cm-sized spherulitic clasts with 1627 

curviplanar surfaces embedded in a groundmass of the same composition. (B) Epidote-alteration of 1628 

the matrix accentuates the curviplanar surfaces and jigsaw-fit textures depicted by blocky clasts. (C) 1629 

In this lapilli, chilled (and weathered) and pumiceous margins grades inwards to vesicular and to 1630 

massive basalt. (D) This poorly-sorted ignimbrite, with matrix-supported fabric, consist of angular 1631 

pumice lapilli dispersed in a silicic-altered crystal bearing matrix. (E) In this welded basaltic 1632 

ignimbrite, alignment of fiamme (F) long axis defines an eutaxitic foliation (parallel to arrow). (F) 1633 

In this basaltic bomb or lobe fragment, quartz-, calcite- and epidote-filled vesicles are larger and 1634 

less abundant in the center, and deformed (parallel to arrow) probably during compactation. (G) In 1635 

this clastic tuff, angular glassy fragments are enclosed in a fine-grained ash matrix. (H) In this 1636 

crystal rich tuff, euhedral feldspar crystals and sub-mm-sized glassy fragments with curviplanar 1637 

surfaces are embedded in a fine-grained ash matrix. (I) Glass shards in this sample have platy, 1638 

cuspate and less abundant microvesicular shapes. 1639 

Figure 9. Field (A-B), hand sample (C-D) and thin section (transmitted light, crossed polars; E-H) 1640 

photographs illustrating the structures, textures and mineralogy of calc-alkaline monzodiorites in 1641 

the Cabirma del Cerro concession. (A) A 20-wide andesite dyke cuts volcaniclastic materials. (B) A 1642 

near-vertical andesite dyke cuts a shallow plagiorhyolite stock. (C) Mm-sized feldspar phenocrysts 1643 

confer a porphyritic texture. (D) Granular textures are also common and given by plagioclase and 1644 

amphibole subhedral crystals. (E) Plagioclase and much less abundant amphibole form the bulk of 1645 

the calc-alkaline andesites, here cut by a thin veinlet filled with epidote. (F) Elongated plagioclase 1646 

megacryst in a holocrystalline coarse groundmass composed of plagioclase and less abundant 1647 

amphibole and quartz (<5 %). (G) Potassic feldspar megacryst forms local glomerules in a 1648 

holocrystalline coarse groundmass of plagioclase. (H) Anhedral, pervasively replaced amphibole 1649 

phenocryst. Abbreviations: Amp = amphibole; Ep = epidote; Fs = feldspar (generic); Kfs = potassic 1650 

feldspar; Pl = plagioclase; Qz = quartz. 1651 

Figure 10. Alteration box plots showing all samples from volcanic and intrusive rocks from the Los 1652 

Ranchos Formation in the Pueblo Viejo district. AI vs. CCPI box plot (A) after Large et al. (2001). 1653 



 

 

AI vs. AAAI box plot (B) after Williams and Davidson (2004). Classification of the rocks in 1654 

plagiorhyolites-tonalites, andesites, basaltic andesites and basalts according to Figure 1A diagram. 1655 

Abbreviations: ab = albite; calc = calcite; carb = carbonate; chl = chlorite; ep = epidote; Kfs = 1656 

potassic feldspar; ms = muscovite; py = pyrite.  1657 

Figure 11. Plots of the analyzed volcanic and intrusive rocks from the Los Ranchos Formation in 1658 

the Pueblo Viejo district in the Nb/Y vs. Zr/Ti (A; Pearce, 1996 after Winchester and Floyd, 1977) 1659 

and Zr/TiO2 vs. SiO2 (B; after Winchester and Floyd, 1977) classification diagrams. Fields of mafic 1660 

and felsic volcanic rocks from the Los Ranchos Formation (LRF) in the Cevicos-Miches area, 1661 

shown for comparison, are from Escuder-Viruete et al. (2006) and Torró et al. (accepted). Basalts 1662 

and gabbros are represented with filled symbols, and andesitic basalts and diorites, with empty 1663 

symbols. 1664 

Figure 12. Chondrite-normalized REE (A, C, E, G, I) and N-MORB-normalized multi-elemental (B, 1665 

D, F, H, J) patterns for volcanic and intrusive rocks of the Los Ranchos Formation in the Pueblo 1666 

Viejo district. Fields of mafic and felsic volcanic rocks from the Los Ranchos Formation (LRF) in 1667 

the Cevicos-Miches area are after Escuder-Viruete et al. (2006) and Torró et al. (accepted). 1668 

Chondrite (C1) values are after Boynton (1985) and NMORB values after Sun and McDonough 1669 

(1989). Symbols as in legend of Fig. 11. 1670 

Figure 13. Plots of the analyzed basaltic, basaltic andesitic and andesitic volcanic and intrusive 1671 

rocks from the Los Ranchos Formation in the Pueblo Viejo district in the Yb vs. La (A) and Yb vs. 1672 

Th (B) diagrams (classification fields after Ross and Bédard, 2009), and the Th-Hf/3-Nb/16 (C) and 1673 

Th-Zr/117-Nb/16 (D) ternary diagrams (classification fields after Wood, 1980). The fields in gray 1674 

represent the composition of basaltic rocks from the Los Ranchos Formation in the Cevicos-Miches 1675 

area according to data from Escuder-Viruete et al. (2006) and Torró et al. (accepted). Symbols as in 1676 

legend of Fig. 11. 1677 

Figure 14. Plots of the analyzed clinopyroxene crystals from transitional tholeiitic diorites and calc-1678 

alkaline monzodiorites from the Los Ranchos Formation in the Pueblo Viejo district in the Al2O3 1679 

vs. SiO2 (A), Al vs. Ti (B) and SiO2 vs. TiO2 vs. Na2O (C) diagrams. Classification fields are after 1680 

Le Bas (1962; A), Leterrier et al. (1982; B) and Beccaluva et al. (1989; C). 1681 

Figure 15. Th/Yb vs. Nb/Yb plots (modified from Pearce and Peate, 1995) for basaltic volcanic and 1682 

intrusive rocks from the Los Ranchos Formation in the Pueblo Viejo district, including the mantle 1683 

array from depleted to enriched sources. DM: depleted mantle; N-MORB: normal MORB; E-1684 

MORB: evolved MORB; OIB: oceanic island basalts. The field in gray represents the composition 1685 



 

 

of the basaltic rocks from the Los Ranchos Formation in the Cevicos-Miches area (data after 1686 

Escuder-Viruete et al., 2006, and Torró et al., accepted). Symbols as in legend of Fig. 11. 1687 

Figure 16. Plots of the analyzed tonalites and plagiorhyolites from the Los Ranchos Formation in 1688 

the Pueblo Viejo district in the R1 vs. R2 (A; after Batchelor and Bowden, 1985), Y+Nb vs. Rb (B), 1689 

Y vs. Nb (C) and Yb vs. Ta (D) (B-D fields after Pearce et al., 1984) tectonic discrimination 1690 

diagrams. The fields in gray represent the composition of tonalites and plagiorhyolites from the Los 1691 

Ranchos Formation in the Cevicos-Miches area are after Escuder-Viruete et al. (2006) and Torró et 1692 

al. (accepted). Symbols as in legend of Fig. 11. 1693 

Figure 17. Wetherill concordia plots for samples of plagiotonalites (A-B), plagiorhyolite stocks (C-1694 

E), Type 2 gabbro (F) and basalts (G-H), and Type 3 diorites (I-J) from the Pueblo Viejo District. 1695 

Red data represents the youngest zircons populations and are used for the calculation of the given 1696 

concordia ages. The weighted mean error ellipses for concordia ages are represented in bright blue. 1697 

Grey data are not computed for age determination (see main text for details on the selection of 1698 

data). 1699 

Figure 18. Cumulative Gaussian plus histogram plots for plagiotonalites, plagiorhyolite stocks, 1700 

Type 3 diorites and Type 2 basalts and gabbros datasets and for the totality of the data including 1701 

these lithotypes. 1702 

Figure 19. Hand sample (A-C), polished section (reflected light; D-E) and thin section (transmitted 1703 

light, crossed polars; F-G) photographs illustrating the sulfide mineralization and hydrothermal 1704 

alteration in rocks from the La Lechoza deposit. (A) Bedded massive sulfide ore composed of 1705 

chalcopyrite + sphalerite + pyrite. (B) This volcanic breccia is composed of silicic-altered lapilli 1706 

fragments in a sulfide matrix of chalcopyrite + pyrite. (C) Massive sulfide occurs together with 1707 

silicic-altered lapilli clasts in this polymict breccia. (D) In detail, sulfide clasts are composed of 1708 

chalcopyrite and lesser amounts of pyrite. (E) Sulfide mineralization is composed of pyrite, 1709 

chalcopyrite and sphalerite, the latter displaying chalcopyrite disease textures. (F) Massive silicic-1710 

alteration of the wallrock formed quartz veins and quartz replacement of the magmatic assemblage. 1711 

(G) Intense propylitic alteration is composed of epidote and chlorite. (H) Simplified section across 1712 

the La Lechoza deposit showing the distribution of the structures, lithologies and sulfide and oxide 1713 

ores observed in drill cores (modified from Dupéré and Paiement, 2012). Abbreviations: Chl = 1714 

chlorite; Cpy = chalcopyrite; Ep = epidote; Py = pyrite; Qz = quartz; RF = rock fragment; SF = 1715 

massive sulfide fragment; Sph = sphalerite. 1716 



 

 

Figure 20. Field (A), hand sample (B, H and G), thin section (transmitted light, crossed polars: C-F 1717 

and I; plain polarized light: G) and SEM-BSE (K) photographs illustrating the hydrothermal 1718 

alteration in rocks from the Loma La Cuaba area of the Cabirma del Cerro concession. (A) 1719 

Massively silicic-altered rock in the area crops out in the form of hogbacks. (B) Massive silicic-1720 

altered rocks often show ghosts of former euhedral crystals that recall vuggy-silica textures. (C) In 1721 

intermediate temperature advanced argillic alteration, the assemblage pyrophyllite-diaspore is 1722 

ubiquitous. (D) Kaolinite occurs as bundle-shaped aggregates of acicular microcrystals, and are 1723 

locally recrystallized to pyrophyllite. (D) Sericite is mostly observed as replacement of former 1724 

feldspar phases. (F) Chlorite broadly replaced pseudomorphically former mafic minerals in domains 1725 

with propylitic alteration. (G) Chlorite forms thin veinlets and replaces former mafic phases along 1726 

with oxyhydroxides of iron and titanium. (H) Hydraulic breccia with jigsaw-fit textures show 1727 

angular clasts with pervasive alteration of epidote, in the center, and chlorite, in the rims, embedded 1728 

in a matrix of calcite. (I) These euhedral crystals of tourmaline, which show compositional growing 1729 

zoning, cut previous hydrothermal alteration phases. (J) Potassic alteration in these monzodiorite 1730 

rock occurs as replacement of plagioclase (white) by potassic feldspar (rosy). (K) The replacement 1731 

of plagioclase (albite) crystals by potassic feldspar progressed along the lamellae of the former. (L) 1732 

Section across the Loma La Cuaba area showing the distribution of the hydrothermal alterations 1733 

observed in drill cores. Abbreviations: Ab = albite; Cc = calcite; Chl = chlorite; Dck = dickite; Dsp 1734 

= diaspore; Ep = epidote; Hem = hematite; Kfs = potassic feldspar; Kln = kaolinite; Prl = 1735 

pyrophyllite; Qz = quartz; Ser = sericite; Tur = tourmaline. 1736 

Figure 21. Schematic evolution of the Pueblo Viejo district ore zones from volcanosedimentary 1737 

stratigraphy and La Lechoza VMS mineralization (A), to high sulfidation epithermal mineralization 1738 

in the Pueblo Viejo deposit (B) and to emplacement of calc-alkaline dykes, sills and domes (C). (A) 1739 

Development of the volcanosedimentary stratigraphy. Bottom to top, volcanosedimentary facies 1740 

include coherent flows and domes, pillow basalts and hyaloclastitic deposits (green colors), syn-1741 

eruptive deposits (brown colors; including lava lobes) and epiclastic sediments (grey colors). The 1742 

Doña Ruth gabbro, the Zambrana plagiotonalite and the plagiorhyolite stocks intruded in the 1743 

volcaniclastic sequence. Although not drilled, a vein stockwork system has been represented bellow 1744 

the massive sulfides in La Lechoza. (B) High sulfidation epithermal mineralization and 1745 

hydrothermal alteration in the Pueblo Viejo deposit and Loma La Cuaba ridge; fluids are exsolved 1746 

from acid intrusives and channelized along permeable syn-eruptive volcaniclastic and epiclastic 1747 

deposits. Dark pink color indicates high temperature advanced argillic alteration (represented by 1748 

alunite; see Kesler et al., 1981) and pale blue color indicates low temperature advance argillic 1749 

alteration (represented by kaolinite). (C) Intrusion and extrusion of calc-alkaline monzodiorites and 1750 



 

 

domes postdated the sulfide mineralization in Pueblo Viejo. Deep monzodiorite intrusions 1751 

developed halos of potassic and sodic-calcic alterations. The deposition of the Hatillo limestones 1752 

could be at least in part coeval with the emplacement of calc-alkaline rocks. In (A), 112+1 Ma 1753 

intends to indicate the moment previous to the epithermal mineralization in the Pueblo Viejo 1754 

deposit, and 112-1 Ma in (B), the moment just after the mineralization event. 1755 
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FIGURE 1 

Figure 1. Location map of the Los Ranchos Formation, the Pueblo Viejo and the Cabirma del Cerro 

concessions (i.e., the Pueblo Viejo district), and the Bayaguana district, in the Dominican Republic. The 

geologic base map was modified from Toloczyki and Ramirez (1991) and Nelson et al. (2015a). 

  



FIGURE 2 

Figure 2. Geologic map of the Pueblo Viejo district (including the Pueblo Viejo and the Cabirma del 

Cerro concessions), covering the area from Quitasueño village (N), the paved road from Cotuí to Maimón 

cities (E and S) and the Hatillo reservoir (W). The geologic map of the Pueblo Viejo mine area is after 

Nelson (2000). The locations of surface samples used for lithogeochemistry, the collars of sampled DDH, 



the limits of the Cabirma del Cerro concession (red line) and limits of the Loma La Cuaba lithocap (pink 

line) according to Sillitoe et al. (2006) are also displayed. 

 

 

FIGURE 3 

Figure 3. Near vertical, NW-SE fault scarp near Quitasueño village, developed in plagiorhyolite stock 

material. Note the sharp contact between the fault plane (scarp) and the surface of the hanging wall block 

(to the SW). 

 

  



FIGURE 4 

Figure 4. Field (A, C), hand sample (B, D) and thin section (E-G) photographs illustrating the structures, 

textures and mineralogy of felsic intrusive and volcanic rocks in the Cabirma del Cerro concession. (A) 

An extensive outcrop of tonalites, in the form of flat lands and metric boulders, in the Zambrana - El 

Limpio - Guardianón area underlies coherent basalts. (B) Holocrystalline medium-grained tonalite sample 

composed of plagioclase + quartz + amphibole, the latter altered to epidote. (C) Plagiorhyolite dyke 

(high-level intrusion) cuts basalts in Arroyo Capacho, near Quitasueño; width of the view is about 5 m. 

(D) Porphyritic texture in this plagiorhyolite is given by coarse euhedral quartz and plagioclase 

phenocrysts in a cryptocrystalline to glassy groundmass. (E) Coarse-grained tonalite consists of anhedral 

quartz and subhedral plagioclase and amphibole, the three phases with interdigitating (consertal) 

boundaries. (F) Micrographic and granophyric textures are depicted by plagioclase and quartz intergrowth 

in tonalites. (G) Porphyritic texture in a plagiorhyolite sample is given by quartz and plagioclase 



phenocrysts embedded in a cryptocrystalline groundmass; note that the resorption of quartz phenocrysts is 

limited or non-existent. Abbreviations: Amp = amphibole; Ep = epidote; Pl = plagioclase; Qz = quartz. 

 

 

FIGURE 5 

Figure 5. Field (A), hand sample (B) and thin section (transmitted light, crossed polars; C-D) photographs 

of the Doña Ruth gabbro, Guardianón village. (A) Outcrop of massive gabbro presents sharp contact with 

coherent basalts and basaltic autobreccias. (B) Phanerocrystalline gabbro composed of plagioclase + 

amphibole ± clinopyroxenes ± quartz crystals. (C-D) Coarse-grained gabbros contain essentially 

amphibole and plagioclase, and quartz crystals are scant (< 1 %); note that amphibole crystal outlines are 

irregular and that spaces between amphibole crystals are occupied by plagioclase. Abbreviations: Amp = 

amphibole; Pl = plagioclase; Qz = quartz. 

 

  



FIGURE 6 

Figure 6. Field (A-B), hand sample (C-D) and thin section (transmitted light, crossed polars; E-J) 

photographs illustrating the structures, textures and mineralogy of basaltic rocks from the Cabirma del 

Cerro concession. (A) Columnar to tortoise shell jointing occurs in basalts from lower basalts in the Cotuí 

area. (B) Closely packed pillow lobes, concentrically layered, are molded along mutual contacts, as 

observed in the lower basaltic unit near the Hatillo reservoir. (C) Abundant amygdales in this glassy 

basalt pillow are filled with epidote, quartz or both; note that the filled vesicles are larger in the center 



than in boundaries (upper outline). (D) Semi-porphyritic textures given by evenly distributed plagioclase 

+ pyroxene ± amphibole phenocrysts are common in coherent facies from both upper and lower basaltic 

units. (E) Hypocrystalline basalt shows a chloritized glassy groundmass, clinopyroxenes crystals and 

abundant vesicles filled with epidote and calcite. (F) Compound or clumped spherulites are composed 

enclose microphenocrysts of plagioclase; note that the larger spherulite in the center abuts onto others. 

Epidote occurs as replacement of the groundmass material. (G) Detail of lithophysae filled with epidote, 

in the center of the image, in a very fine grained basalt. (H) Plagioclase microphenocrysts in a 

groundmass of plagioclase, epidote and interstitial glass. (I) Glomeroporphyritic texture is given by 

tabular plagioclase crystal clots in a microcrystalline groundmass composed of plagioclase and chloritized 

volcanic glass. (J) Detail of a basal section of a clinoamphibole phenocryst (note 2 exfoliations at 120º, 

and the near extinct tiny longitudinal section next to this) in a basaltic andesite sample. Abbreviations: 

Amp = amphibole; Cpx = clinopyroxenes; Ep = epidote; Pl = plagioclase; Qz = quartz. 

 

  



FIGURE 7 

Figure 7. Field photographs illustrating structures and components of volcaniclastic deposits in the 

Cabirma del Cerro concession. (A) Coherent basalt flows overlie volcaniclastic deposits, probably 

pyroclastic - water-settled fallout poorly-bedded deposits, composed of cm-sized juvenile, angular lapilli 

clasts of basaltic composition. (B) Coherent basalt flows form distributary tube systems and passes 

laterally and upwardly to hyaloclastite autobreccias. (C) Poorly-sorted and crudely-bedded volcaniclastic 

deposit contains juvenile basalt breccias with curviplanar margins, and probably represents in situ or 

resedimented syn-eruptive hyaloclastites. (D) The m-sized detached lava lobe in the center of the image, 

of basaltic composition, is embedded in an in situ, massive hyaloclastite groundmass of the same 



composition; in detail, the lobe shows chilled glassy margins, with randomly distributed vesicles, and a 

porphyritic texture inwards. (E) Near vent spindle bombs and juvenile blocks in a pyroclastic fall massive 

deposit; note the bread-crusted surface of bombs and blocs suggesting chilling during vesiculation and 

expansion of the hot clast interior. (F) Juvenile monomictic pumice clasts, with curviplanar surfaces, are 

embedded in a matrix-rich, extremely poorly sorted rock. (G) The silicic-altered matrix of this rock 

bulges and draws the shape of the clast and clear jigsaw-fit textures that together with the clast-in-matrix 

texture indicates thorough in situ quench fragmentation. 

FIGURE 8 

Figure 8. Hand sample photographs (A-F) and thin section photomicrographs (transmitted light, crossed 

polars: G-H; plain polarized light: I) of volcaniclastic deposit samples from the Cabirma del Cerro 

concession. (A) This basaltic autobreccia is composed of cm-sized spherulitic clasts with curviplanar 

surfaces embedded in a groundmass of the same composition. (B) Epidote-alteration of the matrix 

accentuates the curviplanar surfaces and jigsaw-fit textures depicted by blocky clasts. (C) In this lapilli, 

chilled (and weathered) and pumiceous margins grades inwards to vesicular and to massive basalt. (D) 

This poorly-sorted ignimbrite, with matrix-supported fabric, consist of angular pumice lapilli dispersed in 

a silicic-altered crystal bearing matrix. (E) In this welded basaltic ignimbrite, alignment of fiamme (F) 

long axis defines an eutaxitic foliation (parallel to arrow). (F) In this basaltic bomb or lobe fragment, 

quartz-, calcite- and epidote-filled vesicles are larger and less abundant in the center, and deformed 

(parallel to arrow) probably during compactation. (G) In this clastic tuff, angular glassy fragments are 

enclosed in a fine-grained ash matrix. (H) In this crystal rich tuff, euhedral feldspar crystals and sub-mm-



sized glassy fragments with curviplanar surfaces are embedded in a fine-grained ash matrix. (I) Glass 

shards in this sample have platy, cuspate and less abundant microvesicular shapes. 

FIGURE 9 

Figure 9. Field (A-B), hand sample (C-D) and thin section (transmitted light, crossed polars; E-H) 

photographs illustrating the structures, textures and mineralogy of calc-alkaline monzodiorites in the 

Cabirma del Cerro concession. (A) A 20-wide andesite dyke cuts volcaniclastic materials. (B) A near-

vertical andesite dyke cuts a shallow plagiorhyolite stock. (C) Mm-sized feldspar phenocrysts confer a 

porphyritic texture. (D) Granular textures are also common and given by plagioclase and amphibole 

subhedral crystals. (E) Plagioclase and much less abundant amphibole form the bulk of the calc-alkaline 

andesites, here cut by a thin veinlet filled with epidote. (F) Elongated plagioclase megacryst in a 

holocrystalline coarse groundmass composed of plagioclase and less abundant amphibole and quartz (<5 

%). (G) Potassic feldspar megacryst forms local glomerules in a holocrystalline coarse groundmass of 

plagioclase. (H) Anhedral, pervasively replaced amphibole phenocryst. Abbreviations: Amp = amphibole; 

Ep = epidote; Fs = feldspar (generic); Kfs = potassic feldspar; Pl = plagioclase; Qz = quartz. 



FIGURE 10 

Figure 10. Alteration box plots showing all samples from volcanic and intrusive rocks from the Los 

Ranchos Formation in the Pueblo Viejo district. AI vs. CCPI box plot (A) after Large et al. (2001). AI vs. 

AAAI box plot (B) after Williams and Davidson (2004). Classification of the rocks in plagiorhyolites-

tonalites, andesites, basaltic andesites and basalts according to Figure 1A diagram. Abbreviations: ab = 

albite; calc = calcite; carb = carbonate; chl = chlorite; ep = epidote; Kfs = potassic feldspar; ms = 

muscovite; py = pyrite.  

FIGURE 11 

Figure 11. Plots of the analyzed volcanic and intrusive rocks from the Los Ranchos Formation in the 

Pueblo Viejo district in the Nb/Y vs. Zr/Ti (A; Pearce, 1996 after Winchester and Floyd, 1977) and 

Zr/TiO2 vs. SiO2 (B; after Winchester and Floyd, 1977) classification diagrams. Fields of mafic and felsic 

volcanic rocks from the Los Ranchos Formation (LRF) in the Cevicos-Miches area, shown for 

comparison, are from Escuder-Viruete et al. (2006) and Torró et al. (accepted). Basalts and gabbros are 

represented with filled symbols, and andesitic basalts and diorites, with empty symbols. 



FIGURE 12 

Figure 12. Chondrite-normalized REE (A, C, E, G, I) and N-MORB-normalized multi-elemental (B, D, F, 

H, J) patterns for volcanic and intrusive rocks of the Los Ranchos Formation in the Pueblo Viejo district. 

Fields of mafic and felsic volcanic rocks from the Los Ranchos Formation (LRF) in the Cevicos-Miches 

area are after Escuder-Viruete et al. (2006) and Torró et al. (accepted). Chondrite (C1) values are after 

Boynton (1985) and NMORB values after Sun and McDonough (1989). Symbols as in legend of Fig. 11. 

 

  



FIGURE 13 

Figure 13. Plots of the analyzed basaltic, basaltic andesitic and andesitic volcanic and intrusive rocks 

from the Los Ranchos Formation in the Pueblo Viejo district in the Yb vs. La (A) and Yb vs. Th (B) 

diagrams (classification fields after Ross and Bédard, 2009), and the Th-Hf/3-Nb/16 (C) and Th-Zr/117-

Nb/16 (D) ternary diagrams (classification fields after Wood, 1980). The fields in gray represent the 

composition of basaltic rocks from the Los Ranchos Formation in the Cevicos-Miches area according to 

data from Escuder-Viruete et al. (2006) and Torró et al. (accepted). Symbols as in legend of Fig. 11. 

 

  



FIGURE 14 

 

Figure 14. Plots of the analyzed 

clinopyroxene crystals from 

transitional tholeiitic diorites and calc-

alkaline monzodiorites from the Los 

Ranchos Formation in the Pueblo 

Viejo district in the Al2O3 vs. SiO2 

(A), Al vs. Ti (B) and SiO2 vs. TiO2 

vs. Na2O (C) diagrams. Classification 

fields are after Le Bas (1962; A), 

Leterrier et al. (1982; B) and 

Beccaluva et al. (1989; C). 



FIGURE 15 

Figure 15. Th/Yb vs. Nb/Yb plots (modified from Pearce and Peate, 1995) for basaltic volcanic and 

intrusive rocks from the Los Ranchos Formation in the Pueblo Viejo district, including the mantle array 

from depleted to enriched sources. DM: depleted mantle; N-MORB: normal MORB; E-MORB: evolved 

MORB; OIB: oceanic island basalts. The field in gray represents the composition of the basaltic rocks 

from the Los Ranchos Formation in the Cevicos-Miches area (data after Escuder-Viruete et al., 2006, and 

Torró et al., accepted). Symbols as in legend of Fig. 11. 

 



FIGURE 16 

Figure 16. Plots of the analyzed tonalites and plagiorhyolites from the Los Ranchos Formation in the 

Pueblo Viejo district in the R1 vs. R2 (A; after Batchelor and Bowden, 1985), Y+Nb vs. Rb (B), Y vs. Nb 

(C) and Yb vs. Ta (D) (B-D fields after Pearce et al., 1984) tectonic discrimination diagrams. The fields 

in gray represent the composition of tonalites and plagiorhyolites from the Los Ranchos Formation in the 

Cevicos-Miches area are after Escuder-Viruete et al. (2006) and Torró et al. (accepted). Symbols as in 

legend of Fig. 11. 

 



FIGURE 17-1 

 

  



FIGURE 17-2 

 

Figure 17. Wetherill concordia plots for samples of plagiotonalites (A-B), plagiorhyolite stocks (C-E), 

Type 2 gabbro (F) and basalts (G-H), and Type 3 diorites (I-J) from the Pueblo Viejo District. Red data 

represents the youngest zircons populations and are used for the calculation of the given concordia ages. 

The weighted mean error ellipses for concordia ages are represented in bright blue. Grey data are not 

computed for age determination (see main text for details on the selection of data). 

 

  



FIGURE 18 

 

  

Figure 18. Cumulative Gaussian plus 

histogram plots for plagiotonalites, 

plagiorhyolite stocks, Type 3 diorites 

and Type 2 basalts and gabbros 

datasets and for the totality of the data 

including these lithotypes. 



FIGURE 19 

 
Figure 19. Hand sample (A-C), polished section (reflected light; D-E) and thin section (transmitted light, 

crossed polars; F-G) photographs illustrating the sulfide mineralization and hydrothermal alteration in 

rocks from the La Lechoza deposit. (A) Bedded massive sulfide ore composed of chalcopyrite + 

sphalerite + pyrite. (B) This volcanic breccia is composed of silicic-altered lapilli fragments in a sulfide 

matrix of chalcopyrite + pyrite. (C) Massive sulfide occurs together with silicic-altered lapilli clasts in 

this polymict breccia. (D) In detail, sulfide clasts are composed of chalcopyrite and lesser amounts of 

pyrite. (E) Sulfide mineralization is composed of pyrite, chalcopyrite and sphalerite, the latter displaying 

chalcopyrite disease textures. (F) Massive silicic-alteration of the wallrock formed quartz veins and 

quartz replacement of the magmatic assemblage. (G) Intense propylitic alteration is composed of epidote 

and chlorite. (H) Simplified section across the La Lechoza deposit showing the distribution of the 

structures, lithologies and sulfide and oxide ores observed in drill cores (modified from Dupéré and 



Paiement, 2012). Abbreviations: Chl = chlorite; Cpy = chalcopyrite; Ep = epidote; Py = pyrite; Qz = 

quartz; RF = rock fragment; SF = massive sulfide fragment; Sph = sphalerite. 

 

FIGURE 20 

Figure 20. Field (A), hand sample (B, H and G), thin section (transmitted light, crossed polars: C-F and I; 

plain polarized light: G) and SEM-BSE (K) photographs illustrating the hydrothermal alteration in rocks 



from the Loma La Cuaba area of the Cabirma del Cerro concession. (A) Massively silicic-altered rock in 

the area crops out in the form of hogbacks. (B) Massive silicic-altered rocks often show ghosts of former 

euhedral crystals that recall vuggy-silica textures. (C) In intermediate temperature advanced argillic 

alteration, the assemblage pyrophyllite-diaspore is ubiquitous. (D) Kaolinite occurs as bundle-shaped 

aggregates of acicular microcrystals, and are locally recrystallized to pyrophyllite. (D) Sericite is mostly 

observed as replacement of former feldspar phases. (F) Chlorite broadly replaced pseudomorphically 

former mafic minerals in domains with propylitic alteration. (G) Chlorite forms thin veinlets and replaces 

former mafic phases along with oxyhydroxides of iron and titanium. (H) Hydraulic breccia with jigsaw-fit 

textures show angular clasts with pervasive alteration of epidote, in the center, and chlorite, in the rims, 

embedded in a matrix of calcite. (I) These euhedral crystals of tourmaline, which show compositional 

growing zoning, cut previous hydrothermal alteration phases. (J) Potassic alteration in these monzodiorite 

rock occurs as replacement of plagioclase (white) by potassic feldspar (rosy). (K) The replacement of 

plagioclase (albite) crystals by potassic feldspar progressed along the lamellae of the former. (L) Section 

across the Loma La Cuaba area showing the distribution of the hydrothermal alterations observed in drill 

cores. Abbreviations: Ab = albite; Cc = calcite; Chl = chlorite; Dck = dickite; Dsp = diaspore; Ep = 

epidote; Hem = hematite; Kfs = potassic feldspar; Kln = kaolinite; Prl = pyrophyllite; Qz = quartz; Ser = 

sericite; Tur = tourmaline. 

 

  



FIGURE 21 

 
Figure 21. Schematic evolution of the Pueblo Viejo district ore zones from volcanosedimentary 

stratigraphy and La Lechoza VMS mineralization (A), to high sulfidation epithermal mineralization in the 

Pueblo Viejo deposit (B) and to emplacement of calc-alkaline dykes, sills and domes (C). (A) 

Development of the volcanosedimentary stratigraphy. Bottom to top, volcanosedimentary facies include 

coherent flows and domes, pillow basalts and hyaloclastitic deposits (green colors), syn-eruptive deposits 

(brown colors; including lava lobes) and epiclastic sediments (grey colors). The Doña Ruth gabbro, the 

Zambrana plagiotonalite and the plagiorhyolite stocks intruded in the volcaniclastic sequence. Although 

not drilled, a vein stockwork system has been represented bellow the massive sulfides in La Lechoza. (B) 

High sulfidation epithermal mineralization and hydrothermal alteration in the Pueblo Viejo deposit and 

Loma La Cuaba ridge; fluids are exsolved from acid intrusives and channelized along permeable syn-

eruptive volcaniclastic and epiclastic deposits. Dark pink color indicates high temperature advanced 

argillic alteration (represented by alunite; see Kesler et al., 1981) and pale blue color indicates low 

temperature advance argillic alteration (represented by kaolinite). (C) Intrusion and extrusion of calc-

alkaline monzodiorites and domes postdated the sulfide mineralization in Pueblo Viejo. Deep 



monzodiorite intrusions developed halos of potassic and sodic-calcic alterations. The deposition of the 

Hatillo limestones could be at least in part coeval with the emplacement of calc-alkaline rocks. In (A), 

112+1 Ma intends to indicate the moment previous to the epithermal mineralization in the Pueblo Viejo 

deposit, and 112-1 Ma in (B), the moment just after the mineralization event. 
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