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Geologic mapping at the Pueblo Viejo Au-Ag—Cu-(Zn) mine, Dominican Republic, and across the surrounding
Pueblo Viejo district, reveals the geologic setting at the time of mineralization. Ore deposits consisting of
disseminated sulfide, bedded massive sulfide, and high-grade massive sulfide veins formed (~112 Ma) in a
volcanic dome field during a period of extension across an emergent, intraoceanic island arc. Geologic maps
reveal the links between volcanic domes and structure, hydrothermal alteration and mineralization, and ore
deposits and gossans. Whole-rock geochemical data establish a tholeiitic signature for Early Cretaceous mag-
matism including the volcanic dome field. Northerly-striking, high-angle faults controlled the emplacement of
volcanic domes and served as feeders for hydrothermal solutions. The largest ore deposits formed in a subsiding,
marginal marine, volcano-sedimentary basin. Stacked intervals of bedded massive sulfide mineralization indicate
that the basin was subsiding while mineralization was underway. Calc-alkaline dikes and plutons in the Pueblo
Viejo district intruded at ~88 Ma, well after mineralization had ended. Low-angle reverse faulting, greenschist
facies metamorphism, and milky quartz veining and replacement were also Late Cretaceous (post-mineral)
events. Ore deposits in the Pueblo Viejo district are best described as hybrid epithermal — VMS deposits, formed
during a period of Early Cretaceous extension, tholeiitic volcanism, and volcanic dome emplacement in a
shallow, marginal marine environment. Exploration for Au—Ag—Cu-(Zn) deposits like Pueblo Viejo should focus
on intraoceanic island arcs, tholeiitic volcanic dome fields, extensional volcano-sedimentary basins, and VMS
mineral occurrences.

1. Introduction

The Pueblo Viejo Au-Ag-Cu-(Zn) mine, Dominican Republic, is one
of the largest gold deposits in the world with yearly production that
sometimes exceeds one million troy ounces (Moz). Past production plus
known resources reported by Cardenas et al. (2018) total 41 Moz Au,
210 Moz Ag, and 343,000 tons Cu. Zinc, although averaging close to 1%
in higher grade ore, is not recovered. Open-pit mining of a blanket of
weathered and oxidized ore began in 1972. The underlying sulfide
resource was not amenable to the carbon-in-leach process used to treat
oxide ore and, by 1999, the mine had closed. Production from sulfide ore
commenced in 2013 as a joint venture of Barrick Gold Corporation and
GoldCorp (now Newmont Corporation).
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Because of their size and economic impact, the geologic setting of the
Pueblo Viejo ore deposits has been studied by many geologists over
many decades. Published genetic models (e.g., Kesler et al., 1981; Rus-
sell and Kesler, 1991; Sillitoe et al., 1996; Nelson, 2000a; Sillitoe et al.,
2006; Torro et al., 2017a) disagree sharply over the age of mineraliza-
tion (Early Cretaceous versus Laramide), the geologic setting (maar--
diatreme, volcanic dome field, lithocap), and the genetic model
(epithermal, volcanogenic massive sulfide, porphyry). This paper de-
scribes the geologic setting at the time of mineralization as revealed by
regional geologic mapping and supplemented by new geochemical and
geochronological data.

New geologic maps show the district-scale distribution of: 1) volca-
nic domes and shallow intrusions, 2) hydrothermal alteration and high-

Received 9 August 2022; Received in revised form 7 December 2022; Accepted 11 December 2022

Available online 27 December 2022

0895-9811/© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).


mailto:carlericnelson@gmail.com
www.sciencedirect.com/science/journal/08959811
https://www.elsevier.com/locate/jsames
https://doi.org/10.1016/j.jsames.2022.104158
https://doi.org/10.1016/j.jsames.2022.104158
https://doi.org/10.1016/j.jsames.2022.104158
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jsames.2022.104158&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

C.E. Nelson et al.

angle feeder structures, 3) Au—Ag—Cu-(Zn) deposits, and 4) gossans. The
maps distinguish Early Cretaceous rock units and hydrothermal alter-
ation from Late Cretaceous, post-mineral events including: 1) low-angle,
reverse faulting, 2) incipient to greenschist facies metamorphism, and 3)
milky quartz veining and replacement. Field observations, radiometric
dates, and geochemical analyses are marshalled in support of a proposed
genetic link between tholeiitic volcanism, volcanic dome emplacement,
and Au-Ag—Cu-(Zn) mineralization.

2. Geologic background

The Pueblo Viejo district is part of a dominantly-tholeiitic, intra-
oceanic island arc that stretches for 2000 km across the northern margin
of the Caribbean plate (Fig. 1A). According to (most) tectonic models (e.
g., Mann et al., 2007; Pindell et al., 2011) the arc emerged in the Early
Cretaceous off the western coast of the Americas and was swept into the
opening proto-Caribbean basin as westward-marching North and South
America drifted apart. Late Cretaceous to Paleogene oblique collision of
the volcanic arc with the southern margin of North America put an end
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to volcanism (e.g., Garcia-Casco et al., 2006 and references therein).

The Pueblo Viejo district was mapped by Bowin (1966) who
described the Los Ranchos and Maimén Fms. and the Hatillo Limestone
(Fig. 1B). He established a Cretaceous age for these rock units and
published a regional map covering an area of 5000 km?.

Kesler and Galbraith (1973) divided the Los Ranchos Fm. into four
members based on 1:20,000-scale geologic mapping of 75 km? in the
Pueblo Viejo district. Kesler et al. (1981) described the ore deposits and
pointed out that “the size and shape of the mineralized system at Pueblo
Viejo resemble active hot spring systems.” Russell and Kesler (1991)
modified the stratigraphic column, to six rather than four members, and
proposed a maar-diatreme origin for the volcano-sedimentary basin that
hosts the ore deposits.

Sillitoe et al. (1996) described Pueblo Viejo as representative of the
transition between “high sulfidation systems of volcanogenic massive
sulfide and subaerial epithermal affiliations.” Their description of the
geologic setting at the time of mineralization “invokes an emergent
volcanic edifice with a subaerial maar lake above a diatreme complex.”

Nelson (2000a, 2000b) described the geologic setting at Pueblo Viejo
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as a volcanic dome field. His observations in the pits indicated that
“volcanic dome emplacement, epiclastic sediment accumulation, hy-
drothermal alteration, and gold mineralization were coeval events.”
Some models favor a link to porphyry deposits. Sillitoe et al. (2006)
described high-sulfidation epithermal ore deposits at Pueblo Viejo as
belonging to a lithocap related to Laramide calc-alkaline intrusions.
They stated that “there is no genetic relationship between the gold-silver
ore bodies and either a maar-diatreme system or a volcanic dome
complex.” Torr6 et al. (2017a) described the Pueblo Viejo ore deposits as
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Early Cretaceous “porphyry Cu(-Mo)-high sulfidation epithermal
mineralization.”

3. Methods

Fieldwork by the senior author began with 1:2000-scale mapping of
the pits and 1:5000-scale mapping of the mine area, and, in conjunction
with the co-authors, continued with 1:15,000-scale mapping across the
entire Pueblo Viejo district, an area of over 100 kmZ. The maps in this
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Fig. 2. Pueblo Viejo district geologic map showing rock units and structure. A stratigraphic section and map legend follow (Fig. 3). The Los Ranchos and Maimén
Fms. are shown as a single unit based on similar lithologies and similar lithogeochemistry. A-A’ and B-B’ show the location of cross sections (Fig. 6).
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paper represent a compilation of fieldwork carried out over a period of
four decades. Locations cited in the text and displayed on the maps
(figures) are shown in UTM coordinates (NAD 27, zone 19).

4. Rock units

Several distinct rock packages belonging to the Early Cretaceous Los
Ranchos Fm. are well exposed across the Pueblo Viejo district (Fig. 2).
Amygdaloidal and locally pillowed basalt flows underlie the northern
portion of the district. The basalt package is overlain by a gossan-
bearing, volcano-sedimentary unit that is, in turn, overlain by inter-
fingering volcanic andesite and basaltic andesite (andesite), quartz-
plagioclase-pyroxene phyric dacite with distinctive embayed quartz
phenocrysts (dacite porphyry), and carbonaceous volcano-sedimentary
rocks (Fig. 3). Detailed descriptions for rock units of the Los Ranchos
Fm. can be found in Bowin (1966), Kesler et al. (1981), Kesler et al.
(1991a), Russell and Kesler (1991), Nelson (2000a), Vaughan et al.
(2020), and Nelson et al. (2020). A series of papers by Torro et al. (2016,

Journal of South American Earth Sciences 123 (2023) 104158

2017a, b, ¢, 2018) provide a comprehensive description of the Early
Cretaceous volcanic rock section in the Pueblo Viejo district and its
lithogeochemical evolution. The rock unit descriptions in this paper
supplement the previous work with additional observations based on
geologic mapping in the pits and across the surrounding Pueblo Viejo
district.

Recognition of overlapping and interfingering volcanic and volca-
niclastic facies results in a stratigraphic section (Fig. 3) that is largely
horizontal (“flat”). It differs, in this respect, from previously published
sections that display the volcanic stratigraphy as a vertically-stacked
“layer-cake” of progressively younger units. A marked change in vol-
canic lithologies occurs at an erosional unconformity and volcano-
sedimentary interval separating amygdaloidal basalt flows below from
volcanic flows, domes and pyroclastic units above (Fig. 3). Detailed
sections for the Moore and Monte Negro ore deposits (Borst et al., 2012;
Cardenas et al., 2018) display interbedded andesite, dacite porphyry,
and volcano-sedimentary rocks, consistent with the “flat” stratigraphic
section presented here.

Rock Units and Stratigraphic Section
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Another important difference, reflected in the stratigraphic section
(Fig. 3), is the absence of the distinction proposed by Bowin (1966)
between the Los Ranchos and the Maimo6n Fms. These Early Cretaceous
formations both consist of basalt, andesite, dacite porphyry, and
volcano-sedimentary rock units (Escuder-Viruete et al., 2007b). Their
lithogeochemical signatures and hydrothermal alteration assemblages,
addressed later in the text, are also similar. Although the Los Ranchos
Fm. has been reliably dated as Early Cretaceous, there is very little
radiometric dating available for the Maimén Fm. Differentiation of the
two units has traditionally been based on the presence or absence of a
metamorphic overprint.

4.1. Dacite porphyry volcanic domes

A well-exposed contact between massive, quartz-plagioclase-
pyroxene phyric dacite (dacite porphyry) and volcano-sedimentary
host rocks was accessible during the 1990’s along the eastern margin
of the Moore pit. There, a sub-horizontal package of carbonaceous silt-
stone with occasional carbonate beds is tilted to as much as 80° adjacent
to a contact with massive dacite porphyry (Fig. 4A). The contact cuts
across bedding (Fig. 4B) and is bordered by an irregularly-shaped
“bleached” zone (Fig. 4A and B) that extends for up to 20 m into the
volcano-sedimentary section. Four samples of the volcano-sedimentary
rock package were collected at distances of up to 40 m from the con-
tact. All four of the carbonaceous siltstone samples are hydrothermally
altered (pyrophyllite + pyrite). But, near the cross-cutting contact with
dacite porphyry, the finely-laminated siltstone texture (Fig. 5A and B) is
lost and a mosaic texture develops (Fig. 5C and D). Organic carbon is
driven off (Fig. 5D, H) and diopside, magnetite, and andalusite are
added to the mineral assemblage (Fig. S5F, H). These textural and
mineralogical changes are evidence for contact metamorphic recrystal-
lization of the carbonaceous volcano-sedimentary host rock in response
to dacite porphyry intrusion.

Drilling beneath the massive dacite porphyry in the Moore pit
(Fig. 4A and B) confirms the presence of an intrusive root (Fig. 4C).
Intrusive roots for the Moore dacite porphyry also appear on other
published cross sections (e.g., Figs. 3 and 4 in Nelson, 2000a, Fig. 7.3 in
Lomas, 2005, Fig. 14.1 in Smith et al., 2008). Cross sections presented
here (Fig. 6) show the shape of massive dacite porphyry bodies, their
intrusive roots, and their close spatial relationship to the Moore and
Monte Negro ore deposits. Cross sections for hydrothermal alteration,
discussed later in the text, are provided (Fig. 6) to facilitate comparison
with rock units and structure.

The volcano-sedimentary section along the eastern margin of the
Moore pit contains dacite porphyry clasts, quartz phenocrysts as clasts,
and interbedded lenses of epiclastic dacite porphyry (Fig. 4E), evidence
that massive dacite porphyry underwent erosion as the volcano-
sedimentary section accumulated. An apparent contradiction is pre-
sented by massive dacite porphyry that both intrudes and is eroded into
the volcano-sedimentary host rock section. The contradiction is recon-
ciled by recognizing the massive dacite porphyry intruded, breached the
paleosurface, was locally eroded into and, later, was buried by younger
volcano-sedimentary rocks as the basin continued to subside.

By 2018, mining at the south end of the Moore pit had exposed a
locally flow banded, massive dacite porphyry (UTM coordinates:
375840E, 2094338N). Although this massive dacite porphyry body is
intrusive at depth (Smith et al., 2008, Fig. 6.2), its mushroom-shaped top
is mantled by and in sedimentary contact with a poorly-sorted, coarse-
ly-fragmental, wedge-shaped deposit of epiclastic dacite porphyry
(Fig. 7A and B). Both the massive dacite porphyry and its
coarsely-fragmental “apron” are conformably overlain by bedded
volcano-sedimentary rocks (Fig. 7A). The presence of a
coarsely-fragmental apron and the recognition of sedimentary upper
contacts with overlying volcano-sedimentary rocks provide evidence
that, like the massive dacite porphyry described previously (Figs. 4 and
5), this massive dacite porphyry intrusion also breached the
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paleosurface and was partially eroded to form a coarsely-fragmental,
epiclastic apron. After emplacement, continued basin subsidence and
continued accumulation of volcano-sedimentary rocks resulted in
burial, incorporating the massive dacite porphyry as part of the basin
stratigraphy (Fig. 6).

Sedimentary upper contacts of massive dacite porphyry (and massive
andesite) are described here as “conformable” recognizing, however,
that, since an igneous rock unit is involved, some might prefer the term
“concordant.” The term “conformable” is preferred since there is no
break in the volcano-sedimentary section (no unconformity) and to
emphasize that volcanic domes, once buried, become part of an unin-
terrupted volcano-sedimentary section.

A cross-cutting, matrix-supported, dacite porphyry breccia (Fig. 4D)
contains hydrothermally-altered, angular lithic fragments in a finely-
comminuted, fragmental dacite porphyry matrix. These breccias fill
northerly-striking, high-angle structures and contain quartz phenocrysts
with partially resorbed borders. Given this evidence for direct magmatic
input, they are interpreted as phreato-magmatic breccias. They fill vents
that are much smaller in diameter (~100 m) than the maar-diatreme
(~2000 m) proposed by Russell and Kesler (1991).

4.2. Andesite volcanic domes and diorite intrusions

Massive andesite in the Monte Negro pit is homogenous and without
stratification (Fig. 8A, B) over vertical distances of several tens of me-
ters. The roots of these mushroom-shaped bodies (Fig. 6) clearly cut
(intrude) the sub-horizontal, volcano-stratigraphic section (Nelson,
2000a; Smith et al., 2008; Vaughan et al., 2020). However, the upper
contacts of massive andesite bodies with overlying volcano-sedimentary
beds are sedimentary rather than intrusive. Sedimentary upper contacts
(Fig. 7C, D, E, F) are clearly visible in spite of strong hydrothermal
alteration and minor offset along faults. There is no recrystallization of
volcano-sedimentary rocks at the upper contacts nor other evidence of
intrusion. As with the sedimentary upper contacts of massive dacite
porphyry, the sedimentary upper contacts of massive andesite bodies are
described as conformable rather than concordant.

Monomictic, clast-supported breccias composed of angular andesite
fragments are locally well developed within but near the upper margin
of mushroom-shaped massive andesite bodies; they are interpreted as
carapace breccias and, in the pits, are typically strongly silicified. Good
exposures can be observed at the north end of the Monte Negro pit (near
UTM coordinates 375110, 2096370). Peperites have also been observed,
locally, along the sub-horizontal, basal contacts of massive andesite with
underlying volcano-sedimentary rocks indicating extrusion onto a
paleosurface.

A mushroom-shaped body of massive andesite at the north end of the
Monte Negro pit (Fig. 8A and B) is mantled by a coarsely-fragmental,
poorly-sorted apron of andesite clasts (Fig. 8C) referred to as “spilite
conglomerate” by Kesler et al. (1981). This wedge-shaped, epiclastic
unit is thickest adjacent to its contact with massive andesite. Moving
away from the conformable contact with massive andesite, towards the
distal edge of the wedge, the apron is less coarsely fragmental and
interfingers with the volcano-sedimentary section (Fig. 8D). Massive
andesite, its coarsely-fragmental epiclastic apron, and its gradational,
interfingering contact with volcano-sedimentary rocks are well exposed
along the upper benches at the north end of the Monte Negro pit.

4.3. Volcano-sedimentary rocks

The volcano-sedimentary basin at the Pueblo Viejo mine measures
close to 2 km in width and over 400 m in thickness. The term “volcano-
sedimentary” is used to describe sedimentary rocks that were, for the
most part, eroded from volcanic and volcaniclastic rocks. They include
thinly-bedded, carbonaceous, volcaniclastic siltstone, sandstone and
limey siltstone. Terrestrial plant fossils were reported by Russell and
Kesler (1991) and by Smiley (2002). Wavy layers suggest an algal origin
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Fig. 4. Dacite porphyry volcanic dome facies. (A) Overview of the contact (white line) between intrusive dacite porphyry (qfp) and volcano-sedimentary rocks
showing tilted beds of carbonaceous siltstone (left) and hornfels with bedding still visible (center). This photo was taken during the 1990’s along the Moore pit haul
road at UTM coordinates: 376218E, 2094432N. (B) Close-up of the intrusive contact (white line) showing cross-cutting dacite porphyry (qfp) on the right and
recrystallized carbonaceous volcano-sedimentary rocks (hornfels) on the left. (C) Massive, dacite porphyry volcanic dome from the Moore pit with large, white quartz
(Qz), tan plagioclase (P1), and small, black pyroxene phenocrysts; field of view is 48 mm. (D) Fragmental, dacite porphyry vent breccia from the Moore pit. (E) Lens of
dacite porphyry slump breccia interbedded with carbonaceous volcano-sedimentary rocks from the Moore pit. (F) Plagioclase rhyolite from Torr¢ et al., 2017a, Fig.
4D, UTM coordinates: 377101, 2105768 with the same texture and phenocryst assemblage as massive dacite porphyry (Fig. 4C). (G) Flow-banded dacite porphyry
volcanic dome from the Moore pit. (H) Fragmental, dacite porphyry vent breccia from the Arroyo Hondo II pit.
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Fig. 5. Thin sections (A, B, C, D) and cross-polarized, transmitted-light photomicrographs (E, F, G, H) of carbonaceous volcano-sedimentary rocks collected from near
an intrusive contact of dacite porphyry in the Moore pit (Fig. 4A and B). (A) sample SED-1 collected at a distance of 40 m from the intrusive contact - a hydro-
thermally altered (pyrophyllite, pyrite), finely-laminated mudstone with beds of carbonate; lighter-colored layers contain more abundant volcanic clasts; darker
layers are more carbonaceous. (B) sample SED-2 collected at a distance of 10 m from the intrusive contact - a hydrothermally altered (pyrophyllite, pyrite) finely-
laminated mudstone with beds of carbonate, similar to SED-1 (C) sample Hornfels-1 collected at a distance of 3 m from the intrusive contact. Contact metamorphic
recrystallization has destroyed the original, finely-laminated, carbonaceous mudstone texture. (D) sample Hornfels-2 collected immediately adjacent to the intrusive
contact. Contact metamorphic crystallization has destroyed the finely-laminated texture and driven off organic carbon from this originally carbonaceous mudstone.
(E) Photomicrograph of SED-1 showing volcanic clasts replaced by pyrophyllite along with eroded quartz phenocrysts. (F) Photomicrograph of Hornfels-1 showing
contact metamorphic diopside and andalusite. (G) Photomicrograph of SED-2 showing thin carbonaceous laminae and volcanic clasts replaced by pyrophyllite. (H)
Photomicrograph of Hornfels-2 with contact metamorphic diopside and abundant andalusite. Finely-laminated bedding has been recrystallized forming a mosaic
texture. Organic carbon has been driven off. Abbreviations for photomicrographs: prl: pyrophyllite, and: andalusite, qz: quartz. Thin sections (A, B, C, D) measure 2
cm horizontally.

for much of the carbonaceous matter. The section in the Monte Negro pit overlying Hatillo Limestone was described as conformable by Bowin
is composed primarily of eroded andesite whereas, in the Moore pit, the (1966), by Bonilla-Rodriguez et al. (2014), and by Nelson et al. (2020).
volcano-sedimentary section includes dacite porphyry clasts and eroded Interbedded carbonaceous sandstones, siltstones and minor calcareous
quartz phenocrysts. Within the basin, volcano-sedimentary rocks un- volcano-sedimentary rocks of the Los Ranchos Fm. are overlain by
derlie, overlie, and interfinger with volcanic rocks (including volcanic near-shore to shallow-water marine sedimentary rocks of the Hatillo
domes) of andesite and dacite porphyry. Limestone. The contact marks the Aptian-Albian transition (at ~112Ma)

The contact between the volcano-sedimentary section and the from an emergent, intraoceanic island arc and marginal-marine
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sections A-A’ and B-B’ show the location of cross section enlargements for the Monte Negro and Moore deposits (third and fourth rows). The enlargements for rock
units show volcanic and volcano-sedimentary facies, volcanic domes, and growth faults (faults that exhibit increasing displacement with depth). The enlargements
for hydrothermal alteration show a zoned pattern of advanced argillic alteration including quartz-alunite-dickite (brown), quartz-pyrophyllite-dickite (orange) and
quartz-illite-kaolinite + pyrophyllite (yellow). Zones of strong replacement silicification (dark orange) and disseminated pyrite (red dots) are also displayed. High-
angle faults (black) controlled the location vents for phreato-magmatic eruptions and acted as conduits for volcanic domes of andesite and of dacite porphyry. These
same high-angle faults served as feeders (highlighted in red) for hydrothermal alteration and mineralization. These cross sections are based on geologic mapping
(Fig. 2), logging of drill core, and previously-published cross sections by Nelson (2000), Smith et al. (2008), Cardenas et al. (2018), and Vaughan et al. (2020).
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Fig. 7. Sedimentary (conformable) contacts (shown as dashed white lines) between exogenous volcanic domes; marginal, coarsely-fragmental, epiclastic volcanic
dome aprons; and overlying, bedded, carbonaceous, volcano-sedimentary rocks. Faults, showing minor displacement, are shown as solid black lines. (A) Volcano-
sedimentary beds of carbonaceous siltstone overlie a dacite porphyry volcanic dome and coarsely-fragmental volcanic dome apron, southern Moore pit; the
white box shows the location of a close-up photo (B) of the coarsely-fragmental dome apron. (C) Volcano-sedimentary beds of carbonaceous sandstone overlie an
andesite volcanic dome, northern Monte Negro pit; the volcanic dome contact with conformably overlying carbonaceous sandstone is highlighted in (D). (E) Volcano-
sedimentary beds of carbonaceous sandstone and siltstone overlie an andesite volcanic dome and coarsely-fragmental dome apron, southern Monte Negro pit; the
volcanic dome contact with the marginal volcanic dome apron and overlying carbonaceous sandstone and siltstone is highlighted in (F).

volcano-sedimentary basin (Los Ranchos Fm.) to near-shore marine
sediments that were subsequently overlain by deeper-water limey
mudstones (Hatillo Limestone). Calcarenites, calcareous sandstone, and
marly limestone of the basal Hatillo Limestone and an associated fossil
assemblage of corals, rudist bivalves, and echinoids are described in
more detail by Bonilla-Rodriguez et al. (2014).

High-angle normal faults occur within and along the margins of the

volcano-sedimentary basin. Those that exhibit evidence for displace-
ment during basin sedimentation are referred to here as growth faults.
Growth faults are recognized by 1) increasing displacement with
increasing depth and, 2) volcano-sedimentary units that are thicker on
the footwall side than on the hanging wall side (Fig. 6). These features
are evidence that the faults were active (“growing”) while volcano-
sedimentary rocks were being deposited.
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Fig. 8. Andesite volcanic dome facies from the north end of the Monte Negro pit. (A) Massive andesite with no stratification (UTM coordinates 375080E, 2096250N).
Benches are 10 m in height. Surrounding fragmental rock units have been mined away. (B) Close-up photo of massive andesite. (C) Coarsely-fragmental, epiclastic
andesite mantles the volcanic dome shown in Fig. 7A. This volcanic dome “apron” forms a wedge that thins away from a conformable depositional contact with
massive andesite into the adjacent volcano-sedimentary basin. The photo was taken at UTM coordinates 375161E, 2096297N. (D) Coarsely-fragmental, epiclastic
andesite interbedded with carbonaceous volcano-sedimentary rocks. The photo taken from 50 m basin-ward (east) of Fig. 7C, at the distal edge of the wedge-shaped
volcanic dome apron. (E) Andesite fragment (with quartz veins) from the volcanic dome apron. (F) Silicified andesite fragment from the volcanic dome apron.

4.4. Zambrana batholith

Early Cretaceous tholeiitic batholiths are well exposed along the
length of the Los Ranchos Fm. (Fig. 1B). Escuder-Viruete et al. (2006,
2007a) described these composite batholiths as consisting largely of
tonalite with lesser diorite and gabbro. In the Pueblo Viejo district, the
Zambrana composite batholith is a medium-to coarse-grained, largely
tonalitic, equigranular intrusion. Torré et al. (2017a) recognized gabbro
at the western margin of the Zambrana batholith (near UTM co-
ordinates: 377310E, 2098550N). Diorite is well exposed along the
eastern margin of the Hatillo Reservoir (near UTM coordinates:
370200E, 2100000N) and underlies much of Loma la Cuaba (Figs. 2 and
6).
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4.5. Pyroxene diorite intrusions

A pyroxene diorite stock intrudes the Early Cretaceous volcanic
section and the Aptian-Albian Hatillo Limestone immediately south of
the Pueblo Viejo mine (Figs. 9 and 10). Primary minerals include
plagioclase, clinopyroxene, apatite, and zircon. Similar stocks (Fig. 9)
are exposed at Mogote (MO-diorite) and El Llagal (LL-diorite).

Pyroxene diorite dikes intrude the Early Cretaceous volcanic section,
the overlying Aptian-Albian Hatillo Limestone, and the Moore and
Monte Negro ore deposits along northerly-striking high-angle faults
(Figs. 10 and 11A, B). The dikes have a similar fine-grained, homoge-
nous texture and similar pyroxene plus plagioclase mineralogy
(Fig. 11C, D, E, F, G, H). These same high-angle faults are a focus of
hydrothermal alteration and mineralization in the ore deposits but the
dikes themselves are not mineralized. They exhibit weak propylitic
alteration (chlorite-calcite-local illite-minor pyrite), are cut by calcite
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Fig. 9. Geologic map showing the location of mafic rock samples (basalt, basaltic andesite, andesite, and diorite) analyzed for major and minor elements in the
Pueblo Viejo district (see Fig. 3 for a rock unit legend and stratigraphic section). Amygdaloidal basalt exposed at the north end of the map area consists of boninite
and LREE-depleted, low-Ti, island arc tholeiite (IAT). Overlying andesite and basaltic andesite are low-Ti IAT. The change from older, more primitive IAT to younger,
more evolved IAT occurs at an erosional unconformity marked by a volcano-sedimentary interval of carbonaceous sandstone and siltstone (Fig. 9, inset map). A small,
black square marks the location of the inset map; a larger, grey square marks the location of Fig. 10.
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Fig. 11. Pyroxene diorite dikes. A, B) overview, looking north, of the Moore and Monte Negro pits showing high-angle pyroxene diorite dikes. Dike contacts are
highlighted with dashed white lines; low-angle reverse faults are shown as black lines. Samples of pyroxene diorite from the Moore (C, D), Monte Negro (E), and
Banco Cinco dikes (F, G, H). All of the samples exhibit weak propylitic alteration (chlorite, calcite, minor pyrite); veinlets are calcite.

veinlets, and are unaffected by ore-related sulfidic silicification and
advanced argillic alteration. The dikes, locally, show minor offset (less
than 30 m) by post-mineral, low-angle reverse faults.

The Monte Negro dike (5-10 m wide) intrudes the Monte Negro ore
deposit (Fig. 11A) and intrudes the Hatillo Limestone (at UTM co-
ordinates 375400, 2094605). The Moore dike (up to 3 m wide) intrudes
the Moore ore deposit (Fig. 11B) but is less continuous than the Monte
Negro dike (Fig. 10). The Moore, Monte Negro, and Banco Cinco dikes
all occupy the same northerly-striking, high-angle faults (Fig. 10).

Six samples were collected from the Moore and Monte Negro dikes

along with three samples of the Banco Cinco dike. All of the dike samples
exhibit a fine-grained, homogeneous texture (Fig. 11); contain primary
plagioclase and pyroxene; and exhibit weak propylitic (chlorite-calcite,
local illite-minor pyrite) alteration. The Moore, Monte Negro, and Banco
Cinco pyroxene diorite dikes, indistinguishable in the field, are treated
as a single unit. Small magnetite replacement deposits occur in the
Hatillo Limestone near intrusive contacts with pyroxene diorite dikes in
the Banco Cinco area (Fig. 10) and adjacent to the pyroxene diorite stock
at Mogote (Fig. 9).
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Fig. 12. Rock classification diagrams for mafic (basalt, basaltic andesite, andesite) volcanic domes, dikes, and stocks of the Pueblo Viejo district. Early Cretaceous
volcanic domes and shallow intrusions are shown as green triangles; Pyroxene diorite dikes are shown as pink circles; pyroxene diorite stocks are shown as pink
squares. A) AFM diagram B) Tectonic classification of mafic igneous rocks of Cabanis and Lecolle (1989) C) Basaltic andesites and basalts of oceanic regions of Mullen
(1983) D) Basalt Ti — Zr- Y diagram of Pearce and Cann (1973). Two strongly altered, pyrite-bearing, pyroxene diorite samples with high loss on ignition values of

6.1% and 10.8% (Appendix 1) were excluded from the plots.

5. Lithogeochemistry

Fourteen samples of mafic volcanic domes, dikes, and stocks were
collected for multielement geochemical analysis. Major and minor
element analytical data used in the preparation of rock classification
diagrams (Fig. 12) are tabulated in Appendix I. Chondrite-normalized
REE and N-MORB-normalized multielement values used in the prepa-
ration of REE spider diagrams (Fig. 13) are recorded in Appendix II.
Sample locations are shown on Fig. 9.

Andesite volcanic domes and diorite intrusions collected from Loma
la Cuaba and the mine area contain Cr and Ti values (Appendix II)
typical of low-Ti, island arc tholeiite (IAT), plot as IAT on rock classi-
fication diagrams (Fig. 12), and exhibit flat REE patterns (Fig. 13A and
B). Mafic rock samples (amygdaloidal basalts) from the northern portion
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of the Pueblo Viejo district (Fig. 9) are distinctly more primitive
(boninites and LREE-depleted, low-Ti IAT). The change in volcanic rock
composition occurs at an erosional unconformity marked by a volcano-
sedimentary interval of carbonaceous sandstone and siltstone (Fig. 9,
inset). REE assignments are shown for mafic rocks only; more felsic rock
types, e.g., dacite porphyry, keratophyre, and plagioclase rhyolite, are
omitted following the recommendation of Rollinson (1993).

The pyroxene diorite stock samples are calc-alkaline according to
rock classification diagrams (Fig. 12) and all four samples exhibit similar
LREE enrichment relative to C1 Chondrite and relative to N-MORB
(Fig. 13A and B). The pyroxene diorite dike samples are also calc-
alkaline according to rock classification diagrams and plot very close
to the pyroxene diorite stocks on REE spider diagrams. Strikingly similar
pyroxene diorite texture, mineralogy, rock classification, and REE
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Fig. 13. Chondrite-normalized REE (A, C) and N-MORB-normalized multi-element (B, D) diagrams for andesitic volcanic domes and for diorite stocks and dikes of
the Pueblo Viejo district. A, B) REE plots for volcanic domes and a diorite stock classified as tholeiitic (Fig. 12) exhibit flat REE patterns and are shown in green. REE
plots for pyroxene diorite intrusions classified as calc-alkaline (Fig. 12) exhibit LREE enrichment and are shown in red. C, D) Six samples of the Moore and Monte
Negro dikes classified as calc-alkaline (Fig. 12) exhibit LREE enrichment characteristic of calc-alkaline rocks and REE and multielement patterns similar to the
patterns exhibited by calc-alkaline pyroxene diorite stocks (A, B) and to the field of calc-alkaline rocks (n = 10) from Torr6 et al. (2017a) shown in pink; Monte Negro
dike sample CNPV-dike is from Torro et al. (2017a). Sample locations are shown on Figs. 9 and 10; Sample location coordinates are provided in Appendix 1.

patterns suggest that the dikes and stocks belong to a single calc-alkaline
intrusive episode.

6. Geochronology

Two pyroxene diorite samples collected for this study (BO-diorite,
BC-diorite, Fig. 14A and B) were submitted for zircon separation and
U-Pb dating. The samples were disaggregated using an Electro Pulse
Disaggregator. Material >350 p was processed traditionally using a
Wilfley water table, Frantz paramagnetic separator, and one-step (3.32
g/cc) heavy liquid separation. Small (~30-50 pm), clear to pink,
anhedral to prismatic zircon grains were mounted in epoxy resin discs
and polished. U-Pb ages were measured at Washington State University
using an Analyte G2 193 excimer laser ablation system coupled with a
Thermo-Finnigan Element 2, inductively-coupled plasma mass spec-
trometer. The laser parameters were 20 pm spot size diameter and 10 Hz
repetition rate at a power density setting of ~5.0 J/cm®. Measurement of
uranium and lead isotopes followed the method of Chang et al. (2006).
Zircon standards and two quality control zircons were run along with the
two unknowns. Common Pb correction followed the 27 Pb method of
Williams (1998).

The pyroxene diorite samples returned weighted mean ages
(Fig. 14C, D, E, F) of 88.5 + 1.6 Ma (BC-diorite 2, n = 24) and 88.4 +
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1.3 Ma (BO-diorite 2, n = 31). U-Pb isotopic data is presented in
Appendix III. These dates are younger than the 109 + 0.6 Ma date re-
ported by Mueller et al. (2008) for the Monte Negro dike (drill hole
PDO04-35, UTM coordinates 2095948, 375065.6, 370.7 m elevation), are
older than the late Eocene age estimated by Bowin (1966) for the py-
roxene diorite stock (Fig. 12), and are older than the 206pt, /23817 date of
48.3 £ 0.3 Ma reported by Martin et al. (2000) for a diorite sample from
the Hatillo quadrangle (unknown location).

7. Hydrothermal alteration and mineralization

Ore deposits at the Pueblo Viejo mine are sulfidic (average of 8% by
weight), silicified, and surrounded by structurally-controlled envelopes
of quartz-pyrite-pyrophyllite alteration that narrow with depth into
quartz-pyrite-alunite alteration along high-angle, fault-controlled, hy-
drothermal conduits (Fig. 6). These advanced argillic envelopes are
surrounded by a propylitic assemblage consisting of chlorite-illite-
smectite-pyrite (Vaughan et al., 2020). Comprehensive descriptions of
hydrothermal alteration and mineralization can be found in Smith et al.
(2008) and Cardenas et al. (2018).

Hydrothermal alteration affects an area of over 100 km? and con-
tinues south beyond the limits of mapping (Fig. 15). It extends from the
Moore and Monte Negro ore bodies across peripheral open pits to
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Fig. 14. Radiometric (?°°pb,/238U) dates for zircons collected from the Bowin diorite stock (A, C, E) and the Banco Cinco diorite dike (B, D, F). A, B) Pyroxene diorite
samples BO-diorite and BC-diorite. C, D) Concordia diagrams for samples BO-diorite and BC-diorite. E, F) Eighteen zircons, shown in red, were used to calculate the
age of the Bowin diorite stock (BO-diorite). Another eighteen zircons, shown in red, were used to calculate the age of Banco Cinco diorite dike (BC-diorite). Zircons
that fell outside an envelope of 95% relative probability are shown in blue; bar heights represent an absolute error of 26. Sample locations are shown on Fig. 10.

undeveloped “satellite” deposits at La Lechoza, Loma la Mina, and
Barbuito (Figs. 15 and 16). North of the Moore and Monte Negro de-
posits, advanced argillic alteration (quartz + pyrophyllite + alunite +
diaspore) grades into propylitic alteration (quartz + chlorite + epidote
=+ calcite) which grades into regional spilitization (albite-quartz-chlo-
rite), the product of seawater-rock interaction. Volcanic domes (Fig. 16)
marked by centers of strong sulfidic silicification (Fig. 15) are particu-
larly well exposed at a quarry near the northern limit of the map area
(UTM coordinates: 375045, 2107730N).

Ore deposits throughout the Pueblo Viejo district are associated with
strong silicification and advanced argillic alteration. Centers of strong
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alteration and mineralization coincide with the distribution of volcanic
domes (compare Figs. 15 and 16). The geologic maps and cross sections
presented here show that:

1) hydrothermal alteration, gossans, and massive sulfide deposits
extend well beyond the limits of the mining reserve and well beyond
the limits of a proposed lithocap (Fig. 15),

2) volcanic domes coincide with centers of sulfidic silicification and
advanced argillic alteration (Figs. 15 and 16),
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Fig. 15. Geologic map showing the distribution of hydrothermal alteration and mineralization across the Pueblo Viejo district along with the location of gossans.
Advanced argillic alteration contains the mineral assemblage quartz + pyrophyllite + alunite + diaspore; propylitic alteration contains the assemblage quartz +
chlorite + epidote + calcite; regional spilitization includes the assemblage quartz + chlorite + albite. Gossans refer to weathered massive sulfide mineralization.
Ferricrete refers to Quaternary fluvial sediments that have been cemented by iron oxides. Replacement silicification refers to strong replacements consisting of quartz
+ pyrite + pyrophyllite. Hydrothermal feeder structures and high-grade massive sulfide veins contain the assemblage pyrite + enargite + sphalerite.

17



C.E. Nelson et al. Journal of South American Earth Sciences 123 (2023) 104158

: SR |
. 08700008 St gl ;

380000

.

2105000

Hatillo
Reservoir

Rock Units Volcanicf Domes and Shalloyv Intrusions  Map Symbols
Dacite Andesite
Quaternary domes/ |IEB domes / CO open pit
alluvium flows flows gossans and
Los Ranchos, dome dome gossan.outereps
Maimén Fms. aprons aprons t_ . lithocap from

==X Sillitoe et al., 2006

Fig. 16. Map of volcanic domes highlighting their spatial association to VMS-related gossans and Au-Ag-Cu-(Zn) ore deposits. Gossans cropped out within the
mining reserve and, although now removed by open pit mining and development, were mined along the eastern margin of the Moore deposit during the 1940’s.
Volcanic domes and shallow intrusions have not been mapped south of the Hatillo thrust where contact relationships are obscured by post-mineral low-angle faulting,
deformation, and metamorphic recrystallization. Sillitoe et al. (2006) outlined the limits of a proposed lithocap (in orange); the limits of the current mining reserve
are outlined in lavender. Development and open pit mining inside the mining reserve has largely removed gossans that were present prior to the beginning of open pit
mining operations in 1975. The location of the gossan shown in the Moore pit is from Zoppis de Sena (1968).
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Fig. 17. Massive sulfide beds and massive sulfide veins in the Moore and Monte Negro pits. (A) Massive sulfide (VMS) bed from the Moore pit at UTM coordinates:
2094872N, 376255E (exposed in 1996). (B) Massive sulfide bed with lobate texture from near the same location. (C) Contact of massive sulfide bed, highlighted in
white, with overlying carbonaceous volcano-sedimentary rocks, from the Moore pit at UTM coordinates: 2094915N, 376370E (exposed in 2018). (D) Massive sulfide
fragment from the Moore pit at UTM coordinates: 2094915N, 376370E (exposed in 2018). (E, F) High-grade massive pyrite veins from the Moore pit with
accompanying enargite and sphalerite. (G, H) High-grade massive sulfide (pyrite-enargite-sphalerite) veins from the Monte Negro pit; each piece of core (H) measures
27 mm across.
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Fig. 18. Map showing the distribution of metamorphic rocks (schists) in the Pueblo Viejo district. Low-angle reverse faults form the boundaries between meta-
morphic rock domains and control the distribution of sugary-textured, milky quartz replacements. Greenschist facies metavolcanic rocks of the Los Ranchos Fm.
(schist) are well exposed on Loma la Cuaba and east as far as a low-angle reverse fault contact with mineralized volcano-sedimentary rocks at the southern end of the
Monte Negro pit (Fig. 19). Greenschist facies schists traditionally assigned to the Maimén Fm. are shown as a denser pattern than greenschist facies schists that have
been traditionally assigned to the Los Ranchos Fm.
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3) Au-Ag-Cu-(Zn) deposits are spatially associated with volcanic
domes at the Pueblo Viejo mine and throughout the Pueblo Viejo
district (Fig. 16), and,

4) volcanic domes were emplaced along the same high-angle structures
that acted as feeders for hydrothermal alteration and mineralization
(Fig. 6).

7.1. Bedded massive sulfide mineralization

Massive sulfide beds (Fig. 17A and B) were recognized during the
1990s during mapping of the Moore pit (at UTM coordinates:
2094872N, 376255E; 2094917N, 376314E; and, 2094902N, 376146E).
These locations are close to (within 200 m of) the margin of the Moore
dacite porphyry volcanic dome described in a previous section (Dacite
porphyry volcanic domes). Additional massive sulfide beds (Fig. 17C
and D) were exposed during mining in 2018 at UTM coordinates
2094915N, 376370E, directly below one of the Moore pit locations lis-
ted above.

Massive sulfide beds in the Moore pit contain are conformable with
the volcano-sedimentary section (Fig. 17A, B, C) and, significantly,
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contain eroded clasts of bedded massive sulfide mineralization
(Fig. 17D). Massive sulfide beds with clasts of bedded massive sulfide
provide a firm marker of the paleosurface and are clear evidence that the
beds in which these clasts are found were exposed to erosion while
mineralization was underway, strong evidence for an exhalative origin.

8. Post-mineral deformation and metamorphism

Low-angle reverse faults mark the boundaries of metamorphic rock
packages in the Pueblo Viejo district and are well exposed in both the
Los Ranchos and the Maimén Formations (Fig. 18). The faults generally
strike parallel to the Hatillo thrust and dip and flatten to the southwest
(Figs. 6 and 18). They consistently offset hydrothermal alteration and
mineralization throughout the Pueblo Viejo district. Good exposures of
low-angle reverse faults (Fig. 19A and B) and related asymmetric folds
(Fig. 19C) were exposed during the 1990’s at the south end of the Monte
Negro pit. There, greenschist-facies schist is in low-angle, reverse fault
contact with lower-plate, hydrothermally altered and incipiently meta-
morphosed, carbonaceous volcano-sedimentary rocks (Fig. 19D).

Sugary-textured, milky quartz replacements throughout the Pueblo
Viejo district form silicified ledges (Fig. 20A, B, C) that are floored by

Fig. 19. Post-mineral, low-angle reverse faults and related deformation from the south end of the Monte Negro pit at UTM coordinates: 374880E, 2095050N. (A)
Low-angle reverse fault with upper plate, hydrothermally altered and strongly metamorphosed, andesite schist and lower plate, hydrothermally altered and weakly
metamorphosed, carbonaceous volcano-sedimentary rocks. (B) Close-up photo of the low-angle reverse fault showing fault gouge (above the pencil) and foliation-
parallel milky quartz veins. (C) Asymmetric fold and reverse fault cutting carbonaceous sedimentary rocks with late milky quartz veins on fractures. (D) Incipient
metamorphic foliation (cleavage) in lower-plate, carbonaceous volcano-sedimentary rocks.
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Fig. 20. Post-mineral, milky quartz veins and replacements. (A) Milky quartz replacement at UTM coordinates 375517E, 2096984N. (B) Milky quartz replacement at
UTM coordinates 373676E, 2098280N. (C) Close-up view of milky quartz replacement at UTM coordinates 373676E, 2098280N. (D) Folded carbonaceous sedi-
mentary rocks with milky quartz vein segregations from the south end of the Monte Negro pit. (E) Milky quartz vein fills a low-angle fault offsetting a massive sulfide

vein, from the Moore pit.

low-angle reverse faults. Milky quartz veins (Fig. 20D and E) are also
controlled by, and are most abundant within, low-angle reverse faults
(Fig. 19B and C). Milky quartz veins and replacements are barren of
mineralization and, since they are controlled by low-angle reverse
faults, are attributed to silica mobilization during post-mineral defor-
mation and metamorphism rather than to syn-mineral hydrothermal
alteration.

Pyrophyllite, chlorite, and illite are part of the hydrothermal alter-
ation assemblage at the Pueblo Viejo Au-Ag-Cu-(Zn) deposits (Borst
et al., 2012; Vaughan et al., 2020). However, on Loma la Cuaba, these
minerals typically exhibit cleavage (Nelson et al., 2020). Shallow,
southwesterly dipping, structural domains on Loma la Cuaba, separated
by low-angle reverse faults (Fig. 18), exhibit varying degrees of meta-
morphic recrystallization. Much of the pyrophyllite, chlorite and illite
on Loma la Cuaba, often attributed to hydrothermal alteration is, at least
in part, the product of metamorphic recrystallization, presumably of a
hydrothermally altered protolith.

9. Discussion
The Greater Antilles (Fig. 1) expose the remnants of an Early

Cretaceous, intra-oceanic island arc that formed as proto-Caribbean
crust subducted beneath the Pacific Farallon plate (Pindell et al.,
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2005, 2011; Mann et al., 2007). Composite batholiths of tholeiitic
composition, emplaced during an interval of extension across the arc,
fed chemically-equivalent volcanic rock packages in the Los Ranchos
Fm. (Escuder-Viruete et al., 2006, 2007a, 2010). Volcanic dome fields
within the Los Ranchos Fm. are well exposed in the Pueblo Viejo and the
Bayaguana Au-Ag-Cu-(Zn) districts (Nelson, 2000; Chénard, 2006;
Nelson et al., 2011; Torr6 et al., 2017b).

9.1. The Maimén and Los Ranchos formations

Previous publications, following Bowin (1966), have distinguished
greenschist and amphibolite facies metavolcanic rocks of the Maimon
Fm. from the unmetamorphosed Los Ranchos Fm. (e.g., Kesler et al.,
1981; Kesler et al.,, 1991b; Martin et al., 2000). These workers
acknowledged, however, the “strong geochemical, isotopic and petro-
genetic similarities” of the Maimén and Los Ranchos Fms (Escu-
der-Viruete et al., 2007b).

Metavolcanic rocks (including pyrophyllite schists) are well exposed
on Loma la Cuaba (Fig. 18; Nelson et al., 2020). Evidence for incipient
metamorphism (cleavage) can also be observed in the pits at the Pueblo
Viejo mine (Draper et al., 1996; Nelson, 2000). Evidence for meta-
morphism is, consequently, unreliable as a means for distinguishing the
Los Ranchos from the Maimoén Fm. A contact between these units should
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Pueblo Viejo District Radiometric Dates
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Fig. 21. Radiometric dates from the Pueblo Viejo district. Re-Os dates on mineralization are shown in as horizontal black lines; uncertainties are plotted as thick grey
bars. Weighted mean 2°°Pb/238U dates on six zircons from the calc-alkaline Monte Negro dike are shown as horizontal red lines; uncertainties are plotted as thick red
bars. Weighted mean 2°°Pb/238U dates on zircon from tholeiitic dacite porphyry are shown as horizontal green lines; uncertainties are plotted as thick green bars.
Published radiometric ages for samples of tholeiitic andesite and diorite span the entire 108 to 116 Ma interval and extend as far back as 126 Ma.

be based on lithology and age rather than on metamorphism.

A north to northwesterly-striking volcano-sedimentary interval
within the Los Ranchos Fm., exposed over a strike length of ~800 m
(Fig. 9, inset), separates amygdaloidal basalt flows from overlying an-
desites. The amygdaloidal basalts are boninites and LREE-depleted Low-
Ti IAT (Torr¢6 et al., 2017a). Low- Ti IAT signatures emerge above the
volcano-sedimentary interval, interpreted here as an unconformity, that
separates basalt flows from the varied volcanic facies of overlying
andesite and dacite porphyry. This lithogeochemical change, if it holds
up regionally, could offer a more reliable contact between an older,
more primitive, Maimé6n Fm. and a younger, more evolved, Los Ranchos
Fm.

We have chosen not to distinguish between the Maimén and Los
Ranchos Fms. in this paper. Nonetheless, we agree with the description
by Lewis et al. (2000) of a “nascent primitive island arc” that evolved, as
described by Torro et al. (2017a, c), from boninite and low-Ti IAT
depleted in LREE to normal island arc tholeiite.

Contact relationships in the Los Ranchos Formation can generally be
distinguished allowing for recognition and mapping of volcanic facies.
Deformation and metamorphic recrystallization in rock units exposed
south of the Hatillo thrust have obscured primary rock textures and
contact relationships. For this reason, they are shown as undivided
basalt, undivided dacite, undivided andesite, and undivided volcano-
sedimentary rocks (Figs. 2 and 3).

9.2. Dacite porphyry volcanic domes

Dacite porphyry (Fig. 4C) is described as plagioclase rhyolite
(Fig. 4F) by Torro et al. (2017a) and as quartz keratophyre by Kesler
et al. (1981). These rock units exhibit the same porphyritic texture and
mineral assemblage (phenocrysts of quartz, plagioclase, and pyroxene).
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The three rock types are also similar in whole rock and minor element
composition (Escuder-Viruete et al., 2007a; Torro et al., 2017a). In
addition, the mapped distribution of plagioclase rhyolite (Torr¢ et al.,
2017a, Fig. 2) and quartz keratophyre (Kesler et al., 2005b, Fig. 2B) is
much the same as the mapped distribution of dacite porphyry in this
study (Fig. 2).

Radiometric dates (?°°Pb/?%8U) on zircons from three samples re-
ported by Kesler et al. (2005a,b, n = 96) and from three samples re-
ported by Vaughan et al. (2020, n = 91) indicate that zircons were
crystallizing from the magma that fed dacite porphyry in the Moore pit
from 106.9 + 1.7 Ma to 115.0 + 1.5 Ma. Radiometric dates on zircons
from three plagioclase rhyolite samples reported by Torro et al. (2017a,
n = 22)) show that zircons were crystallizing from 109.7 + 2.5 Ma to
116.2 + 4.6 Ma. Weighted mean ages for these three groups (Kesler
et al., 2005a, b; Vaughan et al., 2020; Torro et al., 2017a) also overlap
(Fig. 21).

Given their similar texture, phenocryst assemblage, chemical
composition, and radiometric age, district-scale geologic maps pre-
sented here (Figs. 2 and 16) display plagioclase rhyolite, quartz kera-
tophyre, and dacite porphyry as a single rock unit. Future work may
distinguish individual intrusive pulses during the 8 Ma time span
(~108-~116 Ma), implied by available U-Pb dates for dacite porphyry
magmatism.

A longstanding controversy over an intrusive or extrusive origin for
dacite porphyry along the eastern margin of the Moore pit is resolved by
detailed mapping of contact relationships in the pits and the resulting
recognition of both intrusive and extrusive volcanic facies. Massive
dacite porphyry exhibits cross-cutting contacts (Fig. 4) accompanied by
hornfels development in adjacent volcano-sedimentary rocks (Fig. 5),
clear evidence for intrusion. The mushroom-shaped tops of massive
dacite porphyry bodies, and their coarsely-fragmental epiclastic aprons,
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are in conformable contact with overlying volcano-sedimentary rocks
(Fig. 7A and B), clear evidence for erosion and sedimentation. These
observations indicate that massive dacite porphyry intrusions in the
Moore pit breached the paleosurface, fulfilling Williams (1932) criteria
for volcanic domes.

Felsic volcanic dome fields are reported from other locations in the
Los Ranchos Fm. A felsic volcanic dome field in the Bayaguana district
(Fig. 1B), first described by Brouwer and Brouwer (1980), was mapped,
sampled and drill tested (with limited success) during the 1990’s by the
Falcondo exploration team. In the Bayaguana and in the Pueblo Viejo
districts mineralization is hosted by volcanic domes and by carbona-
ceous volcano-sedimentary rocks (Chénard, 2006; Escuder-Viruete
et al., 2006; Nelson et al., 2011). Torro et al. (2017b) dated minerali-
zation at Bayaguana at 112.6 + 0.4 Ma, essentially identical to the age of
mineralization reported by Kirk et al. (2014) for mineralization at
Pueblo Viejo. Much of the volcano-sedimentary basin in the Bayaguana
district, similar to Pueblo Viejo in terms of geologic setting and even
larger in terms of size of the hydrothermal alteration system, is untested
by drilling.

9.3. Andesite volcanic domes and diorite intrusions

Mushroom-shaped, massive andesite bodies in the Monte Negro pit
have intrusive roots but display conformable upper contacts with
overlying volcano-sedimentary beds indicating an origin by exogenous
emplacement onto the paleosurface. Carapace breccias formed near the
tops of these volcanic domes; peperites formed along their subhorizontal
basal contacts. Coarsely-fragmental, epiclastic aprons form wedge-
shaped units that thin rapidly away from the volcanic dome margin
and, at their distal edge, are interbedded with volcano-sedimentary
rocks.

Coarsely-fragmental, epiclastic aprons appear to have formed when
solid crust, broken during volcanic dome growth and expansion,
generated fragments that accumulated around the margin of the dome.
Cross sections (Fig. 6) and pit exposures (Fig. 8) show that these epi-
clastic aprons mantle massive andesite (like a blanket) rather than fill
channels (like a conglomerate). Although the aprons formed by erosion,
they are not associated with an unconformity. The surrounding volcano-
sedimentary section is uninterrupted.

Cross sections (Fig. 6) based on bench mapping and drill core show
that volcanic domes of massive andesite occur at more than one level in
the volcano-sedimentary section. Deep (older) volcanic domes were
conformably overlain by volcano-sedimentary rocks as the basin sub-
sided. Younger volcanic domes broke through to the new paleosurface
and were extruded at a higher level in the volcano-sedimentary section.
Massive andesite intrusions breached the paleosurface, generated
coarsely-fragmental aprons and, as basin subsidence continued, were
incorporated into the volcano-sedimentary section.

Not every massive andesite in the Pueblo Viejo district shows evi-
dence for having breached the paleosurface. Where coarsely-fragmental,
epiclastic aprons are absent and/or where conformable upper contacts
are not exposed, massive andesite bodies were mapped as diorite in-
trusions (Fig. 2). Given the amount of vegetative cover in the Pueblo
Viejo district, it is likely that volcanic domes and shallow intrusions are
more abundant than they appear on the maps (Figs. 2 and 16).

Coarsely-fragmental, epiclastic volcanic dome aprons contain
numerous veined and silicified clasts (Fig. 8E and F). The matrix of these
volcanic dome aprons and the andesite volcanic domes themselves are
also hydrothermally altered (an advanced argillic assemblage accom-
panied by strong silicification) and mineralized (gold-bearing, dissemi-
nated pyrite). The presence of hydrothermally altered and mineralized
fragments in a hydrothermally altered and mineralized matrix indicates
1) that coarsely-fragmental volcanic dome aprons were locally derived
(from within the limits of the Pueblo Viejo hydrothermal system) and, 2)
that volcanic dome aprons accumulated while the hydrothermal system
was active.
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Torro et al. (2017a) reported lead-corrected, 206pp, /238y ages of
115.8 4+ 2.4 Ma to 106.0 + 2.6 Ma on four zircons from a diorite sample
collected at UTM 373922E, 2098057N and lead-corrected 2°°Pb/?38U
ages of 117.9 + 1.5 to 107.1 £+ 1.6 Ma on ten zircons from a diorite
sample collected at UTM 370998E, 2095450N. The youngest zircons
from each of these samples yield essentially identical concordia ages:
108.1 = 1.4 Ma (n = 3) and 108.4 + 1.2 Ma (n = 2). These dates indicate
that andesitic volcanic domes and shallow diorite intrusions were being
emplaced during the same ~108 to ~116 Ma time interval as dacite
porphyry volcanic domes.

9.4. Zambrana batholith

Escuder-Viruete et al. (2006) reported a U-Pb date of 115.5 4+ 0.3 Ma
on zircon from a sample of tonalite (collected at UTM coordinates:
380350E, 2100640N). The 115.5 + 0.3 Ma date is the oldest of three
dated zircon fractions from this tonalite sample. Each of the three
fractions yielded concordant analyses with 2°°Pb/238U ages as follows:
115.5 + 0.3 Ma, 114.9 & 0.4 Ma, and 112.9 + 0.3 Ma (Escuder-Viruete
etal., 2006). Torro et al. (2017a) reported a date for gabbro (collected at
UTM coordinates: 377337E, 2098534N) of 117.4 + 1.0 Ma (U-Pb con-
cordia age on seven of the youngest zircons). Torro et al. (2018) reported
a date for tonalite (collected from UTM 379323E, 2098792N) of 110.2
=+ 0.8 Ma. These dates fall within the range of radiometric dates (~108
to ~116 Ma) for volcanic domes and shallow intrusions of the Los
Ranchos Fm. Based on its similar age and composition, and following the
interpretation of Escuder-Viruete et al. (2006), the Zambrana composite
batholith is the inferred source for volcanic and intrusive rocks in the
Pueblo Viejo district.

9.5. Pyroxene diorite intrusions

Bowin (1966) proposed a late Eocene age for a pyroxene diorite
pluton (the Bowin diorite) that intrudes metavolcanic rocks in the
Pueblo Viejo district (Figs. 2 and 10). This age was based on intrusions of
similar mineralogy that intrude Upper Cretaceous to Eocene sedimen-
tary rocks, fifty km northwest of the Pueblo Viejo district. Martin et al.
(2000) reported a2%°pb /238y date of 48.3 + 0.3 Ma on a diorite intrusion
from the Hatillo 1:50,000-scale quadrangle (no location provided) and
mapped the Bowin diorite along with the Moore, Monte Negro, and
Banco Cinco diorite dikes as Paleogene.

The weakly altered, post-mineral Moore and Monte Negro diorite
dikes (Fig. 10) cut across the entire mineralized section of the Moore and
Monte Negro ore deposits (Fig. 11A and B; Smith et al., 2008, Fig. 6.2;
Cardenas et al., 2018, Fig. 7.3). Pyroxene diorite dikes at Banco Cinco,
dated at 88.5 + 1.3-1.2 Ma (this study), occupy the same
northerly-striking structures as the Moore and Monte Negro dikes. The
Banco Cinco, Moore, and Monte Negro dikes share the same texture and
mineralogy (Fig. 11C-H) and are indistinguishable in the field.

Two samples of the Bowin diorite (BO-diorite), the Banco Cinco
diorite (BC-diorite) and four samples of the Moore and Monte Negro
dikes plot as calc-alkaline on rock classification diagrams (Fig. 12) and
demonstrate LREE enrichment on REE plots (Fig. 13). Pyroxene diorite
dikes, based on similar mineralogy and texture, similar rock classifica-
tion and REE patterns, and similar structural control by northerly-
striking, high-angle faults, are interpreted here as part of a single,
~88.5 Ma, calc-alkaline intrusive event.

9.6. Geochronology

Two samples of pyroxene diorite collected for this study generated
206ph, /238y ages that are substantially older, 88.45 + 1.3 Ma for the
Bowin diorite pluton and 88.5 + 1.6 Ma for the Banco Cinco diorite
dikes (Fig. 10) than the ages reported by Bowin (1966) and by Martin
et al. (2000). The new U-Pb dates provide evidence for a Late Creta-
ceous, calc-alkaline intrusive event in the Pueblo Viejo district. This
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event is likely part of the Late Cretaceous calc-alkaline magmatism
described by Lewis et al. (1991) and Escuder-Viruete et al. (2006) from
the central cordillera of the western Dominican Republic and by Roja-
s-Agramonte et al. (2021) from the Massif du Nord of Haiti.

Mueller et al. (2008) reported weighted average TIMS U-Pb ages of
112.2 £+ 0.8 Ma for three older zircons and 109.6 + 0.6 Ma for three
younger zircons collected from the Monte Negro diorite dike. Torro et al.
(2017a) interpreted their calc-alkaline suite of samples, including the
Monte Negro dike, as a late phase in the evolution of the Early Creta-
ceous Los Ranchos Fm. The new ~88.5 Ma dates reported here suggest
that the six zircons dated by Mueller et al. (2008) may be inherited and
that the actual age of the calc-alkaline Moore and Monte Negro dikes
and, by extension, of calc-alkaline magmatism in the Pueblo Viejo dis-
trict, may be ~88.5 Ma. More work is needed to reliably date the onset
of calc-alkaline volcanism in the Pueblo Viejo district.

9.7. Hydrothermal alteration and mineralization

Kirk et al. (2014) reported a Re-Os isochron age on samples of sulfide
ore from Pueblo Viejo of 111.9 + 3.7 Ma. Three molydenite-bearing
samples from Loma la Cuaba drill core dated by Nelson et al. (2015)
returned model ages of 112.1 + 0.4 Ma (2094922N, 373666E), 112.0 +
0.4 Ma (2095696N, 373633E), and 111.5 + 0.4 Ma (2094656N,
373432E). These dates (Fig. 21) fall on the Aptian-Albian boundary,
within the ~108 Ma to ~116 Ma time interval reported here for volcanic
dome emplacement.

The Los Ranchos Fm. is conformably overlain by the Aptian-Albian
Hatillo Limestone (Bowin, 1966; Nelson et al., 2020). The basal
portion of the Hatillo Limestone, near-shore calcarenite and interbedded
calcareous sandstone and marly limestone, contains coral fragments and
rudist bivalves (Bonilla-Rodriguez et al., 2014). It is also hydrothermally
altered (Sillitoe et al., 2006; Nelson et al., 2020). Hydrothermal alter-
ation and mineralization in the Pueblo Viejo district took place at ~112
Ma, at the Aptian-Albian boundary, in a subsiding, marginal-marine,
volcano-sedimentary basin.

Hydrothermally altered fragments, common in both intrusive and
extrusive facies of dacite porphyry (Fig. 4D, H) and andesite (Fig. 8E and
F), indicate that hydrothermal alteration and mineralization were un-
derway during volcanic dome emplacement. Hydrothermally altered
clasts are also present in the hydrothermally altered volcano-
sedimentary section, evidence that hydrothermal alteration was un-
derway as volcano-sedimentary rocks accumulated. Hydrothermal
alteration and mineralization in the Pueblo Viejo district were coeval
with regional extension, batholith emplacement, tholeiitic island arc
volcanism, volcanic dome emplacement, subsidence, and filling of a
volcano-sedimentary basin.

9.8. Bedded massive sulfide mineralization

Sillitoe et al. (1996) and Hannington et al. (1998) described Pueblo
Viejo as a high sulfidation VMS deposit. Their interpretation built on
emerging isotopic evidence for magmatic sulfur and mineralogic evi-
dence for advanced argillic alteration (cristobalite, pyrophyllite,
kaolinite, opal-CT, native sulfur, alunite), as reported by Herzig et al.
(1998), from submarine hydrothermal systems of the Lau back-arc
spreading center. Support for links between epithermal and VMS de-
posits continued to build in following years with reports of advanced
argillic alteration in other active submarine hydrothermal systems (e.g.,
Binns et al., 2007). Continued study of a growing number of active
submarine hydrothermal systems has led to recognition of a transition
between deep-water VMS mineralization and hybrid epithermal-VMS
mineralization forming at shallow depths (e.g., Monecke et al., 2014).

VMS mineralization is well established in the Pueblo Viejo district.
Dupéré and Paiement (2012) reported VMS mineralization at the La
Lechoza deposit and Kesler et al. (1991b) reported VMS mineralization
at the Loma la Mina deposit (Fig. 16). The Cerro de Maimé6n mine,
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described as a VMS deposit by Lewis et al. (2000), Chénard (2006) and
Torro et al. (2016) is located 10 km south of the Pueblo Viejo mine
(Fig. 9).

Volcano-sedimentary beds in the Moore pit contain eroded clasts of
bedded massive sulfide mineralization (Fig. 17D), clear evidence that
the beds in which these clasts are found were exposed to erosion during
deposition. These beds provide a firm marker of the paleosurface at the
time of massive sulfide deposition.

Disseminated replacement sulfide mineralization is present at Pueblo
Viejo but clasts of bedded massive sulfide clearly could not have formed
by replacement. Massive sulfide beds and massive sulfide clasts at
Pueblo Viejo are evidence for mineralization on the paleo-seafloor and
indicate a strong link to volcanogenic massive sulfide mineralization.

Volcanogenic massive sulfide beds have been observed at two
(stacked) levels in the volcano-sedimentary section, evidence that the
basin was subsiding while volcano-sedimentary rock units were being
deposited and while mineralization was underway.

9.9. Estimates of hydrothermal fluid temperature

Kesler et al. (1981) reported homogenization temperatures of 130
°C-190 °C in low-salinity fluid inclusions and coexisting vapor-rich and
liquid-rich inclusions, evidence that “boiling was a widespread event in
the system.” Hydrothermal fluid temperatures at Pueblo Viejo have also
been estimated from hydrothermal alteration mineral equilibria and
sulfur isotope thermometry. Muntean et al. (1990) estimated tempera-
tures of below 260 °C for stage I disseminated mineralization and above
285 °C for stage II vein-hosted mineralization.

The hydrothermal fluid temperatures estimated by Muntean et al.
(1990) seem high considering the evidence presented here for deposi-
tion in a marginal-marine environment and the evidence for massive
sulfide mineralization on the paleo-seafloor. However, temperature es-
timates to date have not accounted for metamorphic recrystallization.
Metamorphic mineral assemblages, e.g., those involving pyrophyllite,
need to be distinguished from hydrothermal mineral assemblages if the
resulting hydrothermal fluid temperature estimates are to be considered
reliable.

Hydrothermal pyrophyllite is present in the Pueblo Viejo district but
it may not be a reliable indicator of fluid temperature. Low temperature
hydrothermal solutions are typically supersaturated with silica relative
to the concentration predicted by equilibria with quartz (e.g., Geilert
et al., 2015). Under such conditions, pyrophyllite will form at temper-
atures below 260 °C.

If mineral equilibria can be modified to account for metamorphic
recrystallization and if fluid temperatures based on those mineral
equilibria can be adjusted for supersaturated silica, there remains an
issue over the use of fluid temperature to estimate depth. Donaldson
(1968) showed that pressure will increase, beyond hydrostatic, in a
rising column of boiling fluid as a function of mass flow rate and
permeability. Hydrothermal fluid temperatures of 260 °C will be lifted
to depths of less than 200 m during periods of high fluid discharge
(versus a depth of 560 m under hydrostatic conditions).

These factors help to explain the current disconnect between rela-
tively high fluid temperatures estimated by hydrothermal mineral
equilibria and the shallow depths indicated by a marginal marine
environment of deposition and evidence for mineralization on the paleo-
seafloor.

9.10. Post-mineral deformation and metamorphism

Evidence for deformation and metamorphism, well established in the
Maimoén Formation, is also present, though not to the same intensity, in
the Los Ranchos Formation. At the Pueblo Viejo mine, Draper et al.
(1996) reported “penetrative cleavage that is axial planar to asym-
metric, northeast-verging folds in the metasedimentary rocks of the
Pueblo Viejo member.” Nelson et al. (2020) reported greenschist facies



C.E. Nelson et al. Journal of South American Earth Sciences 123 (2023) 104158

metamorphic rocks on Loma la Cuaba (Fig. 18). post-mineral tectonic or intrusive event.
Milky quartz veins are present in a strongly foliated sample from the

Monte Negro pit that returned Re-Os dates on enargite of 111.9 + 0.1 9.11. Pueblo Viejo genetic model

and 38 + 4 Ma (Deyell et al., 2013; Vaughan et al., 2020). The older

Re-Os date is consistent with Re-Os dates on mineralization reported by Volcanic domes, derived from composite batholiths of tholeiitic
Kirk et al. (2014) and Nelson et al. (2015). The younger enargite date, composition, were emplaced during a period of extension (~108 to
however, suggests that enargite may have been re-mobilized by a ~116) across an Early Cretaceous intraoceanic arc. Extension and

~116 Ma
- 0 2,000

meters

T T ep——m— |
+++++++++ A+

Fig. 22. Sequential cross sections, drawn at UTM 2094600N through the Moore deposit, show the Cretaceous evolution of the Pueblo Viejo district. See Fig. 3 for a
rock unit legend. (~116 Ma) A tholeiitic, intraoceanic island arc is undergoing extension accompanied by emplacement of gabbroic phases of the Zambrana
batholith. (~114 Ma) Extension across the arc continues, accompanied by emplacement of tonalitic phases of the Zambrana batholith, volcanic dome emplacement,
emergence of the arc from the ocean, local subsidence, and the development of a marginal marine volcano-sedimentary basin. (~112 Ma) Main mineralizing event.
High-angle normal faults act as hydrothermal feeders (vertical red lines) for massive sulfide beds (horizontal red lines) and for vein and disseminated Au-Ag-Cu-(Zn)
ore deposits (red polygons). The basin continues to subside as mineralization continues; older volcanic domes are buried by younger volcano-sedimentary rocks,
younger volcanic domes are emplaced higher in the volcano-sedimentary section, and; new massive sulfide beds form on the shallow seafloor. (~108 Ma) Au-Ag-Cu-
(Zn) mineralization has ended. Basin subsidence and accumulation of volcano-sedimentary rocks continues. (Late K) Low-angle reverse faulting is accompanied by
incipient to greenschist-facies metamorphic recrystallization and by milky quartz veining and replacement. Diorite dikes (pink), intruded at ~88.5 Ma, are sourced
from a calc-alkaline pluton exposed less than a kilometer south of the cross section (Figs. 2 and 10).
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volcanic dome emplacement were accompanied by the formation of
shallow, marginal-marine basins filled by volcaniclastic sandstone,
siltstone, and limey siltstone. As extension continued and the basins
deepened, older volcanic domes were buried by younger volcano-
sedimentary rocks (Fig. 22).

Massive andesite and dacite porphyry intruded carbonaceous,
volcano-sedimentary host rocks along northerly-striking, high-angle
structures. Contact metamorphic recrystallization adjacent to intrusive
contacts drove off organic carbon and formed hornfels. Many intrusions
breached the paleosurface and gave rise to coarsely-fragmental, epi-
clastic aprons that accumulated around the margins of newly-formed
volcanic domes. Older volcanic domes were buried by as the volcano-
sedimentary basin continued to subside. Volcanic dome emplacement
and volcano-sedimentary basin development were coeval events in the
Pueblo Viejo district.

The spatial association of Au-Ag-Cu-(Zn) deposits with volcanic
dome margins at the Pueblo Viejo mine and elsewhere in the Pueblo
Viejo district suggests a genetic link between volcanic dome emplace-
ment and mineralization. Lithogeochemistry and radiometric dating
(~108 to ~116 Ma for tholeiitic volcanic domes and diorite intrusions,
~112 Ma for mineralization) supports a link between tholeiitic mag-
matism, volcanic dome emplacement, and Au-Ag-Cu-(Zn)
mineralization.

Volcano-sedimentary host rocks at the Pueblo Viejo mine contain
algal matter, coral fragments, and terrestrial plant fossils, evidence for a
shallow-water, marginal marine environment. Near-shore calcarenites
of the conformably overlying Hatillo Limestone, deposited beginning in
the late Aptian, and were covered by massive limestone as water depths
increased through the mid-Albian (Myczynski and Iturralde, 2005;
Bonilla-Rodriguez et al., 2014; Nelson et al., 2020).

Mineralization consists primarily of disseminated sulfides and cross-
cutting, high-grade, massive sulfide veins. Volcano-sedimentary beds
containing clasts of eroded massive sulfide provide a fix on the paleo-
seafloor at the time of mineralization and indicate a link to VMS de-
posits. Stacked massive sulfide beds are evidence that the volcano-
sedimentary basin was actively subsiding while hydrothermal alter-
ation and mineralization were underway. Ore deposits in the Pueblo
Viejo district display characteristics transitional between higher tem-
perature VMS deposits and lower temperature epithermal deposits.

High-angle faults formed the basin margins, controlled the
emplacement of volcanic domes, and served as conduits for hydrother-
mal solutions. Continued basin subsidence during a prolonged period of
volcanic dome emplacement, hydrothermal alteration, and mineraliza-
tion likely contributed to the extraordinary size of the Moore and Monte
Negro ore deposits.

Advanced argillic alteration in the Pueblo Viejo district has been
interpreted as a lithocap (Sillitoe et al., 2006). Molybdenite formed at
~112 Ma (Nelson et al., 2015), consistent with the ~112 Ma age for
Pueblo Viejo ore deposits established by Kirk et al. (2014). However,
volcanic domes that control the distribution of hydrothermal alteration
and mineralization in the Pueblo Viejo district are tholeiitic in compo-
sition. Mineralization consists of disseminated sulfide, massive sulfide
veins, and massive sulfide beds. Volcanic domes, widespread hydro-
thermal alteration, and an enormous amount of sulfide sulfur provide
convincing evidence for a magma-driven hydrothermal system. Hydro-
thermal alteration and mineralization, however, are linked to tholeiitic
volcanism, volcanic dome emplacement, and shallow water VMS
mineralization rather than to calc-alkaline magmatism and porphyry
deposits.

10. Conclusions

Geologic mapping at the Pueblo Viejo mine and across the sur-
rounding district reveals massive andesite and dacite porphyry bodies
that: 1) are homogeneous with a crystalline texture and no stratification,
(2) are mushroom-shaped in cross section, and (3) narrow with depth
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into intrusive feeders. Near intrusive contacts, volcano-sedimentary host
rocks (4) are tilted and develop a contact metamorphic aureole defined
by 5) a hornfels texture and 6) the presence of diopside, magnetite, and
andalusite. Evidence that these intrusions breached the paleosurface
includes: (7) coarsely-fragmental, epiclastic aprons, (8) sedimentary
(conformable) contacts with overlying carbonaceous volcano-
sedimentary rocks, 9) carapace breccias, and (10) peperites along sub-
horizontal basal contacts. Massive andesite and dacite porphyry in-
trusions, given the evidence summarized above, breached the paleo-
surface thereby qualifying as volcanic domes. Volcanic domes are well
exposed in the pits and throughout the Pueblo Viejo district.

Ore deposits in the Pueblo Viejo district formed in a volcanic dome
field during a period of extension across an intraoceanic island arc.
Volcanogenic massive sulfide beds were deposited on the paleosurface
and became stacked, along with volcanic domes, as a subsiding basin
filled with epiclastic volcano-sedimentary rocks. High-angle faults
controlled the growth of the basin, the location of phreatomagmatic
vents, and the emplacement of volcanic domes. These same high-angle
faults provided feeders for mineralizing hydrothermal solutions. A
shallow, marginal marine environment of deposition resulted in ore
bodies with characteristics that are transitional between epithermal and
volcanogenic massive sulfide deposits.

Ore deposits of the Pueblo Viejo district are not unique. Instead, the
links demonstrated in this paper between a forty-million-ounce gold
district, tholeiitic island arc volcanism, volcanic dome emplacement,
and marginal-marine, hybrid epithermal - VMS mineralization
contribute to a new model for large Au-Ag-Cu-(Zn) deposits in tholeiitic
intra-oceanic island arcs. Rather than fit the Pueblo Viejo ore deposits to
a porphyry model, an opportunity exists to construct a new model,
building on the geologic setting described here, for Au-Ag-Cu-(Zn)
mineralization in tholeiitic volcanic arcs.
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