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Abstract The Paleogene tectono-sedimentary evolution

of the Cuban island is dominated by block tectonics with

rotations and strike-slip motion along the northern bound-

ary of the Caribbean plate. The Capdevila Formation,

which is the oldest basin fill of the Los Palacios strike-slip

basin, preserves this final stage of the Cuban orogeny in

western Cuba during the Early Eocene. Petrographic

investigations of Capdevila Formation sedimentary records

were performed at two localities near to Pinar del Rio (PR)

and near to San Diégo de los Baños (SDB) close to the

basin-bounding Pinar Fault zone. The studied marine

hybrid arenites are interpreted as deposits of tectonically

active regions causing the mixture of terrigenous and

marine detritus and a differentiated development of the

source areas and the basin margin. Bioclastic components

(foraminifera and red algae) originate from shallow-marine

carbonate platforms, being exemplarily formed at the SDB

site and incompletely developed at the PR site, which is

shown on the basis of foraminiferal assemblages. Among

the terrigenous siliciclastic constituents, lithogenic frag-

ments, in particular mafic to intermediate volcanic rock

detritus prevail, accompanied by frequent plagioclase

grains. Higher quartz portions as well as metamorphic rock

clasts, which lack at the SDB site, muscovite flakes and

plutonic rock fragments, characterize the lithogenic spec-

trum of the PR arenites. Framework composition of point-

counted arenites reveal magmatic arc provenance for both

successions indicating the presence of Cretaceous volcanic

arc rocks on top of the northerly situated Guaniguanico

Mountains, from where lithogenic detritus derived. Those

findings support the idea that the North American Passive

margin was overthrown by the Cretaceous volcanic arc

rocks during the Cuban orogeny and affirm earlier pub-

lished assumptions.

Keywords Provenance study � Hybrid arenites �
Depositional facies � West Cuba � Pinar Fault � Early
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Introduction

The Cuban orogenic belt, which today belongs to the North

American Plate, was formed as a result of subduction,

volcanic arc formation, and accretion along the pre-

Eocene north-western leading edge of the Caribbean Plate

during Cretaceous-Paleogene times. Strike-slip fault-bound

domains display an eastward-younging trend with respect

to the termination of the thrusting process (Sommer et al.

2010). This study concentrates on a sedimentary basin

developed along one of these strike-slip faults in western

Cuba (Fig. 1). Piggy-back and strike-slip basins as, e.g.,

the Los Palacios Basin formed syn- to post-orogenic

(Maastrichtian to Eocene) sediment traps for detritus

derived from emerging land sections. The Capdevila For-

mation, a several-100-m-thick succession of sandstones,
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limestones, and conglomerates is the oldest basin fill of the

Los Palacios strike-slip basin (Fig. 2).

In this paper we discuss the sedimentary succession of

the Early Eocene Capdevila Formation at two different

marginal sites of the Los Palacios Basin (Fig. 1). Both

sections are located close to the Pinar Fault zone, which is

the tectonic boundary between the Guaniguanico Moun-

tains in the northwest and the Los Palacios Basin in the

southeast. The first succession is located northwest of Pinar

del Rio (22�2503.2200N, 83�46044.5500W) and the second

one close to San Diégo de los Baños (22�38029.600N,

83�2107.3700W).

We present (1) a detailed description and documentation

of the detrital composition of the Capdevila Formation

(Early Eocene) to infer the provenance of the siliciclastic

sediments. This study will help to reveal the characteristics

of the source areas which supplied detritus during the ter-

minal collision between the North American paleomargin

and the Caribbean plate. (2) Facies differentiation and

depositional setting of the basin were outlined for both

study sites, because these parameters play a crucial role in

sandstone composition and for interpreting the basin-mar-

gin history.

Geological background

The geology of Cuba differs in many aspects from other

islands of the Greater Antilles. Thrust and nappe structures,

which are present in Cuba, lack on other islands of the

northern Caribbean (Draper and Barros 1994). Four main

tectonic units form the fold-and-thrust belt of the Cuban

orogen extending along the E–W strike of the island: the

North American paleomargin sequence with mainly

Mesozoic deposits, the ophiolite belt, the Cretaceous vol-

canic arc suite (Greater Antilles Cretaceous Arc), and the

metamorphic complexes (Isle of Youth and Escambray

massive) (Cobiella-Reguera 2000).

The Mesozoic terrigenous to marine sequences of the

North American paleomargin are exposed in the Sierra de

los Organos, Sierra del Rosario, and the Cangre Belt as

parts of the Guaniguanico Mountains in western Cuba. The

Fig. 1 Generalized tectonic framework of Cuba (red frame indicates

the study area) and the north-western Caribbean and study area with

location of sample sites (upper right map). Geomorphologic base

maps are based on ETOPO2 (bathymetry) and SRTM-3 (land

topography) data as described in Sommer (2009). Yucatan Basin

characteristics refer to Rosencrantz (1990, 1996). Geologic map

originates from (upper right map) from Puschcharowski et al. (1988)
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Fig. 2 Simplified geologic map of western Cuba and the northern

region of central Cuba and Late Cretaceous to Middle Eocene

lithostratigraphic correlation schemes of the Los Palacios Basin, the

Bahı́a Honda unit and the northern region of the Havana-Matanzas

Anticline. The distribution of latest Cretaceous and Paleogene units

north of the Pinar Fault (Bahı́a Honda) and south of the Pinar Fault

(Los Palacios Basin), structural features as the depth to base of

Eocene and the location of the Guanal High are adapted from

Bralower and Iturralde-Vinent (1997) and Gordon et al. (1997).

Shown Late Cretaceous and Paleocene/Eocene strata are copied from

French and Schenk (2004). The subdivision of the Guaniguanico

Cordillera into tectonic units and its locations are redrawn from

Cobiella-Reguera (2000). APN nappes of Alturas de Pizarras del

Norte, APS nappes of Alturas de Pizarras del Sur, CB Cangre belt,

SDB San Diégo de los Baños zone, SO nappes of Sierra de Los

Organos, SR nappes of Sierra del Rosario
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Guaniguanico Cordillera constitutes a large north-and

northwestward-directed thrust-and-nappe structure, cut at

high angle in the south by the Paleogene Pinar Fault

(Fig. 1).

Both the ophiolites, which are interpreted as remnants of

the Late Triassic or Late Jurassic (Pindell and Barrett 1990;

Marton and Buffler 1999; Iturralde-Vinent 2003) to Albian

Proto-Caribbean oceanic crust (Kozary 1968; Pushcha-

rowsky et al. 1988; Iturralde-Vinent 1998), and the Cre-

taceous volcanic arc suite are preserved in western Cuba in

the uppermost nappe of the Sierra del Rosario, the Bahı́a

Honda tectonic unit (Draper and Barros 1994). Further

occurrences of ophiolites and rocks of the Cretaceous

Greater Antilles island arc in western Cuba constitute the

basement of the Los Palacios Basin, south of the Pinar

Fault.

The two-staged development of the Cretaceous volcanic

arc complex (primitive and calc-alkaline volcanism) started

with the south-dipping subduction of Proto-Caribbean

oceanic crust during Early Cretaceous (Sommer et al.

2010). The subduction terminated in the Campanian (I-

turralde-Vinent 1996, 1998) when the Proto-Caribbean

oceanic lithosphere between the volcanic arc and the North

American paleomargin vanished completely. Subsequently,

folding and thrusting of the units started. During the Late

Paleocene and Late Eocene, imbrication of the folded pa-

leomargin sequences continued. Nappes of the Cretaceous

volcanic arc and the ophiolite belt were thrust towards the

north, onto the North American paleomargin, today rep-

resenting the structurally highest tectonic units (Hatten

1957, in Iturralde-Vinent 1994a, b; Pszczółkowski and de

Albear 1982).

Metamorphic complexes are exposed at the Isle of

Youth, south of western Cuba (high-T/medium- to high-P

metamorphosed rocks), and in the Escambray Massif,

central Cuba (low-T/high-P metamorphosed rocks). The

metamorphosed Jurassic rocks are interpreted to be

equivalents of the passive margin deposits occurring in the

Guaniguanico Mountains (Millán and Myczinski 1978;

Somin and Millán 1981).

Related foreland and piggy-back basins formed in front

of and on top of the northward-moving nappes and thrust

sheets. Deposits of the foreland basins were partly involved

into the folding and thrusting processes. Deformed fore-

land-basin sediments and undeformed cover beds of Early

Eocene age mark the termination of orogenic activity in

western Cuba (Sánchez Arango et al. 1985), about 20 m.y.

after the extinction of the Cretaceous volcanic arc

(Bralower and Iturralde-Vinent 1997).

Termination of the arc-continent collision started in

western Cuba and shifted toward central and eastern

Cuba (Gordon et al. 1997). The ongoing tectonic activity

has its expression in the development of northeast- to

east-trending strike-slip faults and related sedimentary

basins, which occur throughout Cuba and divide the island

into fault-bound blocks (Fig. 1). In western Cuba, the

oldest sedimentary fill of the Los Palacios Basin, bound to

the sinistral Pinar Fault zone, reflects the syn- to post-

orogenic history of such a strike-slip basin.

Today, the Los Palacios Basin is characterized by a

smooth relief extending south of the Guaniguanico

Mountains. It is separated from the latter by the Pinar Fault

marked by a strong morphological contrast. The thick basin

deposits of mainly Paleogene and Neogene age range from

Late Cretaceous (Maastrichtian) to Quaternary.

The Late Cretaceous and Paleogene sequences of the

Los Palacios Basin, which are more than 1,000 m thick in

central parts, rest on top of the Cretaceous Greater Antilles

Arc. The basin fill includes the Vı́a Blanca Group, the San

Juan y Martı́nez Formation (Campanian/Maastrichtian), the

Vibora Group (Paleocene), the Capdevila Formation (lower

Early Eocene), the Universidad Formation (upper Early

Eocene) and the Loma Candela Formation (Middle

Eocene) (Piotrowski 1987) (Fig. 2). Outcrops of the oldest

sediments are rare and exist only in a narrow belt adjacent

to the Pinar Fault due to sub-recent tectonic activity. In

addition, they have been drilled throughout the Los Pala-

cios Basin, which goes beyond the limit of the Cuban coast

to the south and continues almost to the Isle of Youth

(Furrazola-Bermudez et al. 1964; Judoley and Furrazola-

Bermudez 1971; Piotrowska 1987). A second, but which is

today submarine, sedimentary basin, the La Coloma-Sa-

bana Grande Basin (Fig. 3), exists in the north of the Isle of

Youth. It is separated from the Los Palacios Basin by the

Guanal High (Ducloz 1956, in Piotrowska 1987), a struc-

tural high, situated close to the village of La Coloma south

of Pinar del Rio (Figs. 2 and 3). Another similar sedi-

mentary record, which also rests upon the Cretaceous

volcanic arc, occurs in the Bahı́a Honda tectonic-sedi-

mentary zone, in the Havana province and in the western

part of Matanzas, known as the Havana-Matanzas Anti-

cline (Albear-Fránquiz and Iturralde-Vinent 1985; Garcı́a

Delgado and Torres Silva 1997).

Several disconformities occur within the sedimentary

succession of the Los Palacios Basin between Late Creta-

ceous and Paleogene, within the Early Eocene, and

between the late Early Eocene and Middle Miocene. At

similar stratigraphic levels and with equivalent strati-

graphic ranges, such disconformities are also known from

successions resting on the Cretaceous arc elsewhere (e.g.,

Bahı́a Honda, Havana-Matanzas Anticline; see Fig. 2).

The Cretaceous Cuban arc and Mesozoic ophiolitic

rocks are discontinuously overlain by the Vı́a Blanca

Formation (Brönnimann and Rigassi 1963; Pszczółkowski

and Flores 1986) of latest Campanian to latest Maastrich-

tian age (Tada et al. 2003; Goto et al. 2008), which
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contains hemipelagic sandstones and conglomerates with

lithic clasts derived from the underlying basement

(Brönnimann and Rigassi 1963; Albear-Fránquiz and

Iturralde-Vinent 1985). These sediments represent the first

unroofing event of the Northern Ophiolite Belt in western

Cuba (Albear-Fránquiz and Iturralde-Vinent 1985; Cobi-

ella-Reguera 2002). The Vı́a Blanca Formation is not

exposed and probably not or only poorly developed in the

Los Palacios Basin. Following Piotrowski (1987) and

Bralower and Iturralde-Vinent (1997), the sedimentary

development of this basin starts with the San Juan y

Martı́nez Formation (Fig. 2). In the Late Cretaceous, the

Los Palacios depositional area was a shallow-marine epi-

continental basin located south to south-east of the highly

eroded mountain range that was mainly composed of vol-

canic rocks (Piotrowski 1987). The San Juan y Martı́nez

Formation (Campanian/Maastrichtian) predominantly

characterized by rudist limestones and less common are-

nites and conglomerates was deposited in a near-shore

environment scarcely affected by tectonic activity. A

general decrease in grain-size of carbonate and arenitic

rocks towards southeast indicates a deepening of the Los

Palacios Basin. Conglomerates were deposited in the

periphery of the basin and bioclastic limestones were

formed on platforms (Piotrowski 1987).

These deposits are unconformably overlain by the Vib-

ora Group and/or the Capdevila Formation (Fig. 2). The

Vibora Group (Late Paleocene) is known from deep wells

and consists of marly limestones, fine-grained sandstones

and conglomerates, unconformably overlying Cretaceous

deposits. The stratigraphic gap between the San Juan y

Martı́nez Formation and the Capdevila Formation covers

the Paleocene (Piotrowski 1987). During Eocene, tectonic

activity increased. Thus, more coarse-grained siliciclastic

(conglomerates, arenites) and carbonate-clastic sediments

(calcareous sandstones) of the Capdevila Formation (lower

Early Eocene) were deposited under predominantly marine

conditions. During the Early Eocene, the basin was shal-

lower and became locally emerged, followed by a period of

rapid subsidence and then by tectonic stability with sedi-

mentation of hemipelagic marls (Universidad Formation,

late Early Eocene) (Piotrowski 1987). A further hiatus

occurs between the Early Eocene Universidad Formation

and the Middle Eocene Loma Candela Formation. The

Fig. 3 Location of the main sedimentary basins evolved above the

ophiolites and volcanic arc units in western and central Cuba, ranging

to the Isle of Youth in the south. The representation of the major

tectonic elements is redrawn from Bralower and Iturralde-Vinent

(1997). The map sketch shows potential source areas and directions of

sediment transport (red arrows) for the Capdevila Formation at the

settings of investigated arenaceous successions during Early Eocene.

Blue colored areas display the assumed distribution of volcanic arc

units and deformed ophiolites at that time. Areas marked with (?)

denote elevations, whereas the area marked with (-) is of relative

subdued elevation
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transgressive Loma Candela Formation is represented by

limestones, conglomerates, sandy marls, and arenites. The

clastic material is derived from the Guaniguanico Moun-

tains, which already existed as a sediment source at that

time (Piotrowski 1987).

Piotrowski (1987) attributed the tectonic activity that

controlled the basin evolution during the Eocene to orogenic

movements in the Guaniguanico Mountains, which caused

folding and over-thrusting. Recent studies have shown that the

final collision in western Cuba took place during latest

Paleocene to Early Eocene time (Bralower and Iturralde-

Vinent 1997), accompanied by the Early Eocene left-lateral

strike-slip movements along the Pinar Fault (Gordon et al.

1997). An alternative view (Iturralde-Vinent 1995, 1996)

interprets the Los Palacios Basin and likewise the Bahı́a

Honda tectonic-sedimentary zone, as a piggy-back basin.

Based on structural data, the formation of the Los Palacios

Basin and in particular the depositional record of the Cap-

devila Formation is supposed to be related to the bounding

Pinar Fault zone (Gordon et al. 1997; Sommer et al. 2010).

The conglomeratic beds within the succession of the

Capdevila Formation have already been investigated by

Piotrowski (1987) and Brönnimann and Rigassi (1963). In

the Pinar del Rio province, the lower part of the Capdevila

Formation consists of argillaceous, arenitic sediments, with

some intercalations of marls. The upper part is dominated

by polymict sandstones, argillites, and conglomerates. The

conglomerates contain clasts of (1) volcanic rocks (e.g.,

basalt, andesite, tuffite), (2) more rarely plutonic or igneous

rocks (e.g., diorite, diabase, lamprophyr), and (3) a minor

amount of metamorphic rocks (gneiss), arenites, and

limestones. In some cases, limestone clasts have been dated

by means of microfaunal assemblages, indicating a Late

Cretaceous age (Piotrowski 1987). Therefore, the volcanic

clasts might be of Cenomanian to Turonian age (Piotrowski

1987). The source area is supposed to be an elevated area

in the NE of the sedimentary basin.

Based on foraminifer assemblages, Piotrowski (1987) and

de la Torre (1987) suggest a Late Paleocene to Early Eocene

and possibly early Middle Eocene depositional age for the

Capdevila Formation in the San Diégo de los Baños zone. De

la Torre (1987) discusses a possible reworking of Late

Paleocene fauna. According to Bralower and Iturralde-Vinent

(1997), the Capdevila Formation is of Early Eocene age;

covering the nannofossil zones NP 11 and NP 12 of ODP Site

865 (see Bralower and Mutterlose 1995; Martini 1971).

Methods

A semiquantitative analysis of 33 thin-sections was per-

formed by point counting between 250 and 400 grains of

the medium-grained sand size (0.2–0.6 mm according to

Powers 1962) per thin-section. The grain-size spectrum

within the samples ranges from fine- to coarse-grained

sand, sometimes mingled with fine pebbles. Therefore, a

simultaneous record of grain size was necessary during

point-counting following the definition of Fret’s diameter

(longest diameter of a grain in the direction of measuring).

Point counting of siliciclastic material follows the

Indiana or traditional method (Ingersoll et al. 1984) to

avoid the underestimation of magmatic or intrusive rock

clasts (Suttner and Basu 1985). We used the zero-percent

cutoff as proposed by Ingersoll et al. (1984), i.e., lithic

grains were counted as lithics and not as minerals, and

minerals[63 lm occurring within lithoclasts were counted

as the type of its host-lithoclast (Decker and Hemhold

1985; Johnsson et al. 1991; von Eynatten and Gaupp 1999;

von Eynatten 2003).

The sampled sediments contain variable amounts of si-

liciclastic and carbonate material, thus generally named

‘‘arenites’’ to avoid confusion and to provide an integrated

terminological approach. In order to classify the rock

samples according to their framework composition

involving both siliciclastic and carbonate grains (hybrid

arenites), the first-level classification of arenites after Zuffa

(1980, 1985) was used.

Such hybrid arenites are widespread among arenitic rocks

and represent mixtures of both, extrabasinal siliciclastic and

carbonate detritus, and intrabasinal chemical or biochemical

precipitates together with volcanogenic particles. The focus

is to get a useful separation of extrabasinal from intrabasinal

grains. To obtain information about the different prove-

nance, a first-order subdivision of detrital fragments into

non-carbonate extrabasinal grains (NCE; these are primarily

considered in provenance analysis), carbonate extrabasinal

(CE), non-carbonate intrabasinal grains (NCI) and carbon-

ate intrabasinal grains (CI) has been performed.

A second first-order classification of hybrid sediments

and lithified sediments was applied according to Mount

(1985). This scheme provides an objective classification of

clasts independent of interpretations concerning their ori-

gin (because it is often hard or impossible to distinguish

between extrabasinal and intrabasinal clast sources) and

imports a useful supplement to the classification of Zuffa

(1980, 1985). To estimate percentages of cement and (in-

trabasinal) carbonate grains, the charts of Baccelle and

Bosellini (1965) were applied. For carbonates or lime-

stones, the Dunham (1962) classification system was

adopted. The mainly siliciclastic sandstones are further

classified according to McBride (1963).

For the provenance discrimination, point-counting data

of the three main components of the siliciclastic framework

quartz, feldspar, and lithic clasts are displayed in a number

of ternary diagrams (Qm–F–Lt, Qt–F–L, Qm–K–P) after

Dickinson and Suczek (1979) and Dickinson (1985).
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Stable components are monocrystalline (Qm) and

polycrystalline (Qp) quartz grains forming the Qt edge with

Qt = Qm ? Qp. Polycrystalline quartz (Qp) grains are

defined as mineral aggregates consisting of more than two

quartz minerals or microcrystalline quartz aggregates.

Chert fragments (C) were also observed. Polycrystalline

rock fragments (L) and feldspar grains (F) represent

unstable components. Single potassium feldspar (K) and

plagioclase (P) grains form the F component. Feldspar–

feldspar (F–F) and quartz–feldspar (Q–F) aggregates were

recalculated together with the lithic fragments.

Q–F aggregates comprising mica or other associated

minerals were classified as rock fragments, according to

textural features either as metamorphic rock fragments

(Lmet) or as intrusive or plutonic rock fragments (Lig).

Mafic plutonic lithic fragments or peridodite clasts are

counted as Lu. The L pole includes also the volcanic grains

(Lv). Sedimentary rock fragments are rare and represented

by cherts and extrabasinal carbonate grains, which were not

involved into the provenance discrimination. The Lt pole

also involves the polycrystalline quartz: Lt = L ? Qp,

with L = Lv ? Lig ? Lmet ? Lu ? (F–F) ? (Q–F).

In addition to the Qm–F–Lt and Qt–F–L diagrams, the

Lig–Lmet–Lv plot was established here, because the sim-

ple Qm–F–Lt and Qt–F–L diagrams do not provide enough

information about the various lithic grain types occurring

in the samples. For example, the L component encom-

passes grains of plutonic, volcanic or metamorphic origin,

but the polycrystalline quartz as part of the Qt component

also includes grains of plutonic or metamorphic rock

sources. Therefore, quartz–feldspar (Q–F) and quartz–

quartz aggregates (Qp) were subdivided into metamorphic

(Q–Fmet, Qpmet) and igneous (Q–Fig, Qpig) classes. The

igneous class represents as the counted magmatic lithoclasts

(Lig) plutonic, mainly acid rock fragments. Q–Fmet, Qpmet

and Lmet and Q–Fig, Qpig and Lig were further recalculated

to LMET and LIG, whereas Lv remains unchanged.

Results

Description of the investigated successions

Sediments of the Capdevila Formation are of Early Eocene

age (Piotrowski 1987; Bralower and Iturralde-Vinent

1997), the exact age of the locations studied at Pinar del

Rio (PR) and at San Diégo de los Baños (SDB) in terms of

stages and biostratigraphic zones, however, is not clear. It

is assumed that the PR rocks are older than the SDB rocks

(J. Cobiella-Reguera, pers. comm.).

The first investigated location is situated about 20 km

NW of the city of Pinar del Rio close to the Guaniguanico

Mountains and the bounding Pinar Fault (Fig. 1). Stratal

dip is with 12–43� moderate towards SSE and E. The

second location near San Diégo de los Baños is exposed

about 60 km east of the PR location and is characterized by

steeply dipping strata (about 60–70�) towards SW. The

tectonic displacements documented at both sample sites

can be related to post-depositional (post Capdevila For-

mation) tectonic activity along the Pinar Fault. Addition-

ally, at Pinar del Rio, ENE-trending faults showing a small-

scale probably sinistral displacement have been mapped.

The outcrop of Pinar del Rio (PR, Figs. 1 and 4) exposes

a succession of thin- to thick-bedded (3–100 cm) arenites,

up to 2-m-thick beds of conglomerates, and thin- to med-

ium-bedded limestones and siltstones. The arenites com-

prise massive, normally graded or parallel stratified to

laminated beds. The conglomerates are matrix-supported

and are interpreted as debris-flow deposits. Channel fills

consist of coarse sand with pebbles. Some arenite beds

show erosional sole marks. The clastic component spec-

trum of the conglomerate beds are, in the order of fre-

quency, mafic and intermediate volcanic and intrusive

rocks, hydrothermally altered igneous rocks, limestones,

and metamorphic rocks. Similar textural and compositional

features of these pebbles are also found in lithic grains,

which are present in thin-sections of the arenites (see

below).

At San Diégo de los Baños (SDB, Figs. 1 and 4) lime-

stones or rather hybrid arenites with variable amounts of

siliciclastic components dominate (sandy allochem lime-

stones, after Mount 1985). Limestones and marly lime-

stones are exposed at the base and conglomerates in the

upper part of the section. The grain-supported conglom-

erates are interpreted as (hyper-) concentrated density flow

deposits (classification of Mulder and Alexander 2001). A

rapid alteration of pebbly coarse-grained arenites, con-

glomerate beds and medium- to fine-grained arenites and

siltstones of varying thickness represents the typical suc-

cession documented at SDB. Most of the beds are reversely

or normally graded and are interpreted as deposits of high-

energy density flows. Bioturbation and trace fossils (bor-

ings and burrows) are common sediment structures. Car-

bonate concretions, as reported from outcrops of the

Capdevila Formation adjacent to Havana (Brönnimann and

Rigassi 1963) also occur in the fine-grained sandstone and

siltstone beds. Conglomerate pebbles consist of volcanic

rocks (e.g., andesite, dolerite), limestones, and more rarely

chert fragments and shales. Fragments of reworked arenites

and conglomerates are also present.

Large clasts of arenites and conglomerates with lithol-

ogies described above are indications for intraformational

reworking processes within the Capdevila Formation.

Those clasts frequently include Early Eocene fossils such

as bivalves and corals supporting the existence of intra-

formational reworking. Intraformational clasts can be
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Fig. 4 Profiles of studied

sections (left Pinar del Rio,

right: San Diégo de los Baños)
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larger than 1 m in diameter. These clasts are rounded to

well rounded, whereas the sand-sized grains in thin-sec-

tions are angular. The siliciclastic limestones are mainly

bioclastic or foraminiferal grainstones (definition after

Dunham 1962). Some wackestones occur in the lower part

of the succession (Fig. 4).

Light mineral analysis

The amount of siliciclastic grains and carbonate grains

varies between 8 and 80 and 2 and 87%, respectively. The

amount of matrix and/or cement is also highly variable

within the rock samples. Per definition, matrix comprises

particles \30 lm (Dott 1964). Matrix is formed by silici-

clastic mud and/or carbonate mud (micrite) in the studied

samples of the Capdevila Formation. Most sampled are-

nites are grain-supported. The amount of matrix is about

5%, for almost all samples.

Some sandstones of the PR sections (Cu085, Cu086, and

Cu089, Fig. 4) contain a considerable amount of matrix,

which to a high degree is interpreted as ‘‘pseudo-matrix’’

(according to Dickinson 1970). This pseudo-matrix con-

sists of altered lithic framework grains and mica (musco-

vite and biotite), which are deformed, mashed, or squeezed

between more competent framework components.

Siliciclastic grains

Quartz

Modal quartz composition of rock samples from the PR

section shows higher total quartz content (25 ± 4%) than

arenites from SDB with 8 ± 3%. Varieties of quartz are

monocrystalline (Qm, Fig. 5c) and polycrystalline grains

(Qp). The amount of monocrystalline quartz exceeds the

amount of polycrystalline quartz in both profiles. Those

grains show often cataclastic deformation with recrystalli-

zation and strong undulosity of single quartz crystals. They

form the metamorphic polycrystalline quartz subclass

(Qpmet, Fig. 5h). Elongated, stretched quartz crystals and

sutured contacts between crystals in polycrystalline quartz

grains also indicate the metamorphic origin of such grains.

Grains with more or less equal coarse anhedral quartz crystals

were counted as igneous polycrystalline quartz (Qpig).

Quartz has, in most varieties, monocrystalline or poly-

crystalline undulatory extinction. Undulosity is the result of

lattice displacements within the crystals, due to rotation of

the c-axis triggered by strain (Blatt and Tracy 1996). It

typically occurs in quartz crystals of plutonic and meta-

morphic rocks. Quartz minerals of volcanic rocks do usu-

ally not have any undulosity and appear as euhedral

crystals (bipyramidal phenocrysts). Euhedral quartz crys-

tals were not found in thin-sections. Non- undulatory

monocrystalline quartz is present in the samples but can

also be derived from plutonic or intrusive rock sources.

Polycrystalline quartz originating from veins and cavi-

ties exhibits smooth planar inter-crystal boundaries of a

comb-like texture. Comb-like quartz is typical for poly-

crystalline quartz crystals of San Diégo de los Baños.

Those quartz grains are added to Qp(ig).

Chert is a further variety of polycrystalline quartz and

seems to represent intrabasinal formations since fauna

indicative for an extrabasinal origin was not found within

the chert fragments. Because of the relative small amounts

of chert within the samples and the potential confusion

with volcanic rock fragments, chert was not considered for

provenance discrimination.

Feldspar

Besides lithic fragments, feldspar is the most abundant

detrital phase in the successions of PR and SDB. Feldspar

makes up 32 ± 6% (PR) and 33 ± 5% (SDB), respec-

tively, of the counted siliciclastic grains. Feldspar types

mainly include plagioclase (Fig. 5a, c), orthoclase, micro-

cline, and perthite. As in many microscopic provenance

studies, potassium feldspar (Fig. 5c) is probably underes-

timated in all samples and in some cases incorrectly clas-

sified as plagioclase or even quartz. Many potassium

feldspar minerals miss the diagnostic features like Karls-

bad-twinning. Minerals showing feldspar-typical optical

features but lack twinning were classified as potassium

feldspar, if there are indicative cleavages or alterations

present. Many feldspar minerals have been altered to cal-

cite or fine-grained phyllosilicates. Transitions between

highly altered and well-preserved individuals are abundant

in most samples. Albite-twinning and growth zonation are

typical features of plagioclase grains found in thin-sections.

Zoned plagioclase is a characteristic of volcanic rocks

(Williams et al. 1982). Plagioclase feldspar exceeds per-

centages of potassium feldspar in both profiles.

Lithic fragments

The most abundant framework constituents are the lithic

fragments, having mean values of 37 ± 8% (PR) and

57 ± 6% (SDB), respectively, concerning the siliciclastic

components. As mentioned previously, the lithic fragments

imply different types of polycrystalline quartz grains (Qp),

quartz–feldspar (Q–F, Fig. 5a, e) and feldspar–feldspar

(F–F) aggregates, as well as volcanic, acidic plutonic rock

fragments, ultramafic, and metamorphic rock fragments.

The most abundant types of lithic fragments are mafic and

intermediate volcanic rocks (Fig. 5a–d and g). Those

grains contain feldspar microlites and phenocrysts with

trachytic, intergranular or intersertal textures. Brownish,
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yellowish, or white glassy clasts are also common. Felsic

volcanic rock fragments are minor constituents.

Ultramafic grains (Lu) are grains that consist of more

than two minerals of pyroxene and feldspar. Lu is also a

minor component, but indicative for provenance studies.

Further, Qp and Q–F aggregates are metamorphic or acidic

plutonic rock fragments according to textural features.

Quartz–quartz and quartz–feldspar aggregates of an intrusive

or plutonic origin show a polygonal fabric of interlocking

grains. In combination with mica or other minerals, grains

with such features were classified as plutonic rock fragments

(Lig, Fig. 5f). Feldspar grains with rounded inclusions of

quartz and myrmecitic intergrowths (granophyric) belong to

the plutonic Q–F aggregates class (Q–F(ig)). The pool of

igneous intrusive rock fragments implies also hypabyssal

igneous rocks (dikes, sills), whenever classified.

Metamorphic quartz–quartz and quartz–feldspar aggre-

gates show typical elongate, lenticular, interlocking, and

sutured quartz crystals (Fig. 5h). In combination with more

or less aligned muscovite flakes, they are classified as

metamorphic rock fragments. Schistose rock fragments

(Fig. 5i) or gneiss grains count as metamorphic rock

fragments. Only in one case was a meta-silt identified. No

distinction was made between grades of metamorphism

and origin of the parent rock.

Some grains remain unclassified due to the difficulty in

distinguishing between chert and volcanic fragments or

between heavy minerals and ultramafic rocks.

Phyllosilicates

Phyllosilicates are mainly mica (muscovite and biotite) and

chlorite. In three PR samples phyllosilicates are primarily

confined to the matrix. In the SDB samples, chlorite turns out to

be an alteration product of mafic minerals and volcanic lithic

fragments. Muscovite (Fig. 5b) and biotite are common in the

Pinar del Rio record (on average 4 ± 3% of the siliciclastic

components) and are very rare in samples from SDB (\0.1%).

Heavy minerals

The sampled arenites of the Capdevila Formation have

mean accessory heavy mineral assemblages of 2 ± 1%.

The variety of heavy minerals found in thin-sections is

limited. Opaque minerals such as magnetite or ilmenite,

hornblende (Fig. 5d), and clinopyroxene dominate the

heavy mineral spectrum. Epidote (Fig. 5d), prehnite, zir-

con, or garnets are even more rarely.

Provenance discrimination

Point-counting data of quartz, feldspar, and lithic frag-

ments were recalculated and plotted in Qm–F–Lt, Qt–F–L,

LIG–LMET–Lv and Qm–P–K diagrams (Fig. 6). The

diagrams show the composition of the samples and the

confidence fields of the population mean and the entire

population with confidence limits of 90, 95, and 99% for

each succession, respectively. Lithic grains and feldspars

are the most abundant components of the arenites. Samples

from both sites plot in the magmatic arc provenance fields

of the Qt–F–L and Qm–F–Lt diagrams.

In the Qm–F–Lt diagram (Fig. 6), a clear overlap of the

confidence fields and single sample points of the two sites

is visible. The Qt–F–L plot (Fig. 6) highlights the differ-

ence between the two sedimentary successions of the

Capdevila Formation more clearly. PR samples plot in

transitional- to dissected-arc provenance fields, whereas the

sample points of the SDB concentrate in transitional- to

undissected-arc fields. PR samples contain on average

more monocrystalline quartz (PR: Qm17F35Lt48, SDB:

Qm7F34Lt59) and are enriched in polycrystalline quartz

compared to SDB samples (PR: Qt26F35L39, SDB:

Qt8F34L58, Fig. 6). On the other hand, lithic grains are

more abundant in SDB than in PR samples. However, the

LIG-LMET-Lv plot (Fig. 6) reveals the almost exclusive

presence of volcanic rock fragments in SDB samples. In

contrast, PR arenites show a wide range of scatter between

plutonic, volcanic, and metamorphic rock fragments.

Mean values of feldspar are similar in both sections (see

above) and in all samples plagioclase exceeds potassium

feldspar. However, the samples of PR contain on average a

slightly higher amount of potassium feldspar than samples

from the SDB (PR: Qm33P62K5, SDB: Qm18P80K2,

Fig. 6).

PR samples show a wide range of scatter of the Qm, P,

and K components, whereas the SDB samples scatter in a

Fig. 5 a Lithic arkose with an amount of 25% carbonate grains, such

as coralline algae (a). Siliciclasts are plagioclase (P), quartz-feldspar

aggregates (Q-F), volcanic rock fragments (Lv), and muscovite flakes

(m) (Cu093, PR section). b Rock fragment with lathwork texture.

Feldspar laths in an altered opaque groundmass. Minerals with

yellowish to greenish interference colors (second-order) are musco-

vite flakes (m) (Cu086, section PR). c Bioclastic grainstone with

potassium-feldspar (K), plagioclase feldspar (P), volcanic grains (Lv)

and one rounded quartz crystal (Qm) (Cu130, section SDB).

d Rounded brownish glassy rock fragment (center of the photograph),

other grains are epidote (e), hornblende (hbl) and opaque minerals

(Cu093, section PR, plane-polarized light). e Granitic quartz-feldspar

aggregate (Cu094, section PR). f Plutonic rock fragment with

plagioclase, quartz and hornblende (Cu090, section PR). g Well-

rounded felsic, probably volcanic rock clast, exhibiting small areas

with different extinction that are feldspar and quartz crystals (Cu094,

section PR). h Metamorphic quartz-feldspar aggregate showing

sutured boundaries of single quartz crystals, undulory extinction

and recrystallization of quartz crystals (C: Cu087, section PR).

i Schistose rock fragment (Cu097, section PR). All photomicrographs,

except d and g (plane-polarized light) viewed in crossed-polarized

light; Scale bars: 1,000 lm: a, c, d, g; 500 lm: f, h, i; 200 lm: b, e

c
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narrow interval between Qm and P, which may indicate an

underestimated K component. This fact, however, has its

expression also in the mineralogical composition of the

lithic grains of both successions. Potassium feldspar is

mainly observed in igneous/intrusive or metamorphic

grains, whereas volcanic lithics are exclusively represented

by plagioclase feldspar. Relative excess of potassium

feldspar in PR samples correlates with the presence of

plutonic rock grains and metamorphic lithics. Such grain

types were rarely found in SDB arenites. It is, therefore,

concluded that the specific feldspar content mirrors the

erosion of only volcanic rocks and its separation into

minerals and smaller fragments. Otherwise, the presence of

intrusive rock fragments in the samples, especially in PR

samples point to a potential higher amount of potassium

feldspar. The deficiency of potassium feldspar might be

also the result of alteration processes or selective weath-

ering during transport.

Carbonate grains

Carbonate grains are frequent in the section at Pinar del Rio

and are main constituents in the hybrid arenites of section

San Diégo de los Baños. They comprise intra- or extra-

basinally reworked limestones, intraclasts, peloids, and

skeletal grains of various types.

The distinction between intra- and extrabasinal reworked

limestone is a complicated problem: Limestone grains

occurring in thin-sections are mudstones or bioclastic wa-

ckestones and grainstones. The source of the limestone

fragments can be reworked sedimentary rocks of the Cap-

devila Formation or older intrabasinal deposits such as the

San Juan y Martinez Formation. Because of the difficulty in

determining faunal assemblages and estimating the strati-

graphic age of such grains, limestone clasts were related to

the Lc class. Other limestone and wackestone clasts (intra-

clasts), containing fine-grained siliciclastic material (quartz,

Fig. 6 Ternary plots of provenance discrimination according to

Dickinson and Suczek (1979) and triangular L(IG)L(MET)Lv diagram

showing the proportions of igneous or mainly acid intrusive and

plutonic lithic grains (L(IG)), metamorphic lithic grains (L(MET)) and

volcanic lithic grains (Lv). (green circles point-counted samples of

section PR, red circles section SDB; hexagonal fields of the population

mean (solid lines) and the entire population confidence limits (dashed
lines) (green PR, red SDB); confidence limits are 90, 95, and 99%)
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feldspar, volcanic rock fragments, etc.), clearly suggest in-

traformational reworking. Siliciclastic carbonate fragments

and limestone fragments have been omitted in further

analysis.

The variety of intrabasinal carbonate grains encom-

passes slightly lithified intraclasts, as well as well rounded

calcite crystals, different types of peloids (as defined in

Flügel 2004) and skeletal fragments or intact biogens.

Microcrystalline carbonate grains are mostly pelletoids and

mud peloids of different size and irregular shape, and

mould peloids of bivalved shells.

Foraminifera dominate the spectrum of bioclastic grains

in samples of San Diégo de los Baños. These include

textulariid orbitolinids and other textulariid foraminifera,

benthic miliolinid Alveolinidea, rotaliinid benthic Num-

mulitacea, and rotaliinid planktonic globorotaliid and

globigerinid forms. The wide variety of foraminifera

probably results from reworking processes: most taxa listed

above are characteristic for different distinct depositional

environments. Almost all of the forms are supposed to be

Early Eocene taxa (Brust 2006). Unambiguous taxonomically

determined Eocene species are Alveolina sp., Discocyclina sp.

(Fig. 7a, b) and Nummulites sp. (Fig. 7c). Typical Eocene

forms are also encrusting agglutinating foraminifera, milio-

linid foraminifera, globorotaliid foraminifera, Globigerina,

and Orbitulina (Fig. 7d). The family Orbitolinacea ranges

from Early Cretaceous to Late Eocene, but foraminifera

belonging to this family have their main distribution in

Cretaceous sediments (Flügel 2004).

No further taxonomic classification was done for orbi-

tolinids; partly due to the lack of the proloculus (initial and

embryonic chambers), which is a diagnostic part. Anyway,

reworking processes can be assumed for these Cretaceous

forms.

Fig. 7 Photographs of foraminifers. a and b Different morphologies

of Discocyclina sp. (a Cu128, b Cu121, both section SDB, all viewed

in crossed-polarized light) c Nummulites sp. (Cu126B, section SDB)

d Textulariid orbitolinacean test (Cu128, section SDB); Scale bars:

1,000 lm: a, b, d; 200 lm: c
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Foraminiferal assemblages of Pinar del Rio are restric-

ted to globorotaliid, globigerinid, and agglutinated

encrusting (textulariid) foraminifers. Various species of

corallinacean (Fig. 5a) and solenoporacean red algae are

the dominant taxa of the arenites at this site. Coralline

(Amphiroa, Lithophyllum) and solenoporacean (Soleno-

pora) red algae are typical for associations of high-energy

shallow-marine environments (Flügel 2004).

Additional bioclasts are echinoderm fragments, shells of

bivalves, brachiopods, and ostracods, corallites of scle-

ractinians, and bryozoan fragments.

Discussion and conclusions

Sedimentary provenance studies intend to reveal the pre-

dispositional history of a sediment. On the whole, the

detrital assortment is a function of the composition,

dimension, and setting of the parent rock sources, the cli-

mate and relief in the source area, distance, direction,

duration, and type of transportation and the alteration

processes within the basin (Weltje and von Eynatten 2004).

From all those factors, two shall be discussed more closely;

the depositional setting within the Los Palacios Basin and

the basin-margin sources.

Depositional setting

The Eocene sedimentary records of Pinar del Rio and San

Diégo de los Baños are interpreted as slope deposits of a

marine depositional environment because of reworked

sedimentary material and faunal assemblages (this study;

Bralower and Iturralde-Vinent 1997). Distinct depositional

settings within the sedimentary basin are given by the

faunal (mainly foraminiferal) assemblages present at both

study sites. The SDB record exhibits a wide variety of

foraminifer taxa, of which each one is characteristic for a

definite environment across the basin-margin platform:

Miliolid, alveolinid, and discocyclinid foraminifera are

indicators of inner shallow-water platform environments,

nummulinids are platform-edge inhabitants and planktonic

foraminifera are common at outer platform or slope and

basin settings (Flügel 2004). The co-occurrence of all these

forms probably results from syndepositional reworking

processes, which also affected weakly lithified Cretaceous

sediments, as indicated by the occurrence of typical Late

Cretaceous orbitolinids.

Deposits of the PR section seem to be more proximal

sediments, as the spectrum of the biogenic assemblage

exclusively encompasses red algae and planktonic forami-

nifera. Coralline (Amphiroa, Lithophyllum) and solenopora-

cean (Solenopora) red algae are typical for associations of

high-energy shallow-marine environments (Flügel 2004).

Small, but macroscopic plant remnants (algae?) and large

mica flakes found within the PR arenites (Brust 2006) also

indicate a near-shore depositional setting. On the other hand,

planktonic foraminifera indicate an off-shore deposition. The

lack of other foraminifer species (which, however, are present

at SDB), might be explained by a different organization of the

basin margin platform. At PR, the basin-margin is character-

ized by a narrow platform, whereas at SDB the platform was

wide and differentiated (Fig. 8).

Reworking and mixing of faunal assemblages of dif-

ferent provenance settings occurred also during deposition

of the (para-) conglomerate beds present at both study

sites of the Capdevila Formation. Conglomerate-rich

Fig. 8 Generalized sketches of

basin margin of the Los Palacios

Basin at the Pinar del Rio site

(a) and at the site of San Diégo

de los Baños (b) showing the

distribution of organisms

(foraminifers and algae), present

in thin sections, and possible

tectonic organization of the

underground. Distribution

patterns and platform

differentiation are redrawn from

Flügel (2004)
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stratigraphic intervals within marginal marine successions

commonly indicate periods of tectonic activity. This is

particularly true for small strike-slip and piggy-back basins

(Nilsen and Sylvester 1995; Miall 2000). Within the Los

Palacios Basin, they obviously result from tectonic activity

along the Pinar Fault zone, which probably disrupted the

basin-margin along sub-parallel faults (Figs. 8 and 9).

Reworked bivalves and corals found within pebbles of the

SDB conglomerates (Brust 2006) are typical of shallow-

water debris from carbonate platforms. The carbonate-

platform sediments were reworked, mixed with terrigenous

siliciclastic material, and buried along the basin margin.

Due to tectonic uplift they were later eroded and rede-

posited in deeper water environments.

Basin-margin sources

Framework composition of both sections studied and

provenance discrimination after Dickinson and Suczek

(1979) reveal lithic to arkosic magmatic arc provenances

(Fig. 6), plotting in undissected- to dissected-arc fields,

respectively. This detrital component association clearly

indicates the presence of volcanic arc rocks close to the

basin margin during Early Eocene times. Rocks similar to

Fig. 9 Reconstruction of the tectonic framework of western Cuba

during Eocene times and potential northern source areas delivering

sediments to the Los Palacios Basin (modified map according to

Sommer (2009). CVA Cretaceous volcanic arc suite; NAP North

American Paleomargin deposits; GVA Great (Cretaceous) volcanic

arc cover; Oph Ophiolites; CB met Cangre Belt metamorphic rocks;

SL sea level
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those that are exposed in the tectono-sedimentary units of

Cuba today might have been parent rocks for the detritus of

the Capdevila Formation. At present, volcanic arc rocks

crop out in the northern part of the Isle of Youth (Draper

and Barros 1994) and in western Cuba at the northern edge

of the Guaniguanico Mountains (Bahı́a Honda unit) and are

distributed in the basement of the Los Palacios Basin (e.g.,

Draper and Barros 1994; Bralower and Iturralde-Vinent

1997).

The Bahı́a Honda unit rocks are supposed to represent

the actually western-most extension of the Cretaceous

Greater Antilles arc (Saura et al. 2008). Thrust sheets of the

Cretaceous volcanic arc rocks and the ophiolite suite are

still preserved in this nappe. The thrust sheets are rootless

as a result of tectonic uplift of the Guaniguanico Massif

(‘‘dome’’, Iturralde-Vinent 1996). Saura et al. (2008) pro-

posed overthrusting of Bahı́a Honda units from the south

onto North American margin units during the Early

Paleocene (Danian/Selandian), stacking of the margin units

during the Middle Paleocene (Selandian/Thanetian) and

basement thrust emplacement during Paleocene/Early

Eocene times (Thanetian/Ypresian)—finally leading to

uplift and isolation of the Bahı́a Honda units due to

erosion.

As recently shown by Sommer (2009), the Guanigua-

nico Mountains were entirely overridden by Cretaceous

volcanic arc rocks. The framework composition of the

studied arenitic rocks supports this interpretation, assuming

a northerly situated source area.

Though, the lithogenic detritus in the arenites of the

Capdevila Formation not only consists of volcanic lithics

but also includes acidic plutonic and metamorphic rock

fragments (QmFLt-, QtFL- and diagrams, Fig. 6) and

ultramafic rock clasts to a minor amount. In addition, the

arenites show distinct lithogenic grain associations at both

study sites. The SDB succession contains almost solely

volcanic rock debris and a minor amount of plutonic rock

clasts, whereas PR rocks also contain a relatively high

amount of plutonic rock debris and metamorphic rock

clasts (Fig. 6).

The occurrence of quartzofeldspathic components

together with plutonic and volcanic grains is typical for the

erosion of dissected magmatic arcs which might expose

rocks of the associated batholithic roots (Dickinson and

Suczek 1979; Dickinson 1985). Tholeiitic and calc-alkaline

volcanic rocks found on Cuba are both associated with

granitoid rocks (Iturralde-Vinent 1996, 1998; Kerr et al.

1999, 2003). Granitoids occur in central Cuba (Lewis and

Draper 1990) and are also known from the Isle of Youth

where they intruded into metamorphic rocks (Draper and

Barros 1994). Pebbles within the Capdevila Formation of

the Bahı́a Honda unit also contain granitoid rock clasts as

well as metamorphic clasts (gneiss) (Pszczółkowski and de

Albear 1982). Tectonic slices of volcanic arc rocks of the

ancient source areas may comprise granitoid rocks as well

at both sample sites. Concerning the metamorphic com-

ponent, the erosion of metamorphic wall rocks of magmatic

arcs can also deliver metamorphic components (Dickinson

and Suczek 1979; Dickinson 1985).

Metamorphic rock clasts can be derived from the Cangre

Belt as well (Figs. 1 and 9), consisting of metasiliciclasitc

(metapsammites, metapelites) and metacarbonate rocks

combined with meta-gabbros (Cruz-Gámez et al. 2007).

Cruz-Gámez et al. (2007) report mineral associations

incorporating prevalent quartz and white mica minerals.

Micas, especially muscovite, are frequent at the SDB.

Because muscovite is volumetrically unimportant in gran-

itoid rocks, due to the deficiency of aluminium, high

amounts of muscovite indicate a derivation from meta-

morphic rocks (Blatt and Tracy 1996). Otherwise, biotite is

an abundant mineral in most crystalline rocks, but in sed-

iments and sedimentary rocks often altered to chlorite.

Muscovite is one of the most stable minerals and, in con-

trast to biotite, hardly susceptible to alteration processes

(Williams et al. 1982). Nevertheless, in most samples,

biotite also appears to be fresh and unaltered. This indi-

cates a relatively close source area and together with the

relative surplus of muscovite, a mainly metamorphic

source for the phyllosilicates.

Ultramafic rock fragments identified in thin-sections are

mainly polycrystalline pyroxene–plagioclase aggregates.

They may resemble harzburgites, lherzolites, or webste-

rites, which constitute the Cuban ophiolites (Iturralde-

Vinent 1998). However, the interpretation of those small

lithic clasts is quite difficult, and the derivation from an

ophiolitic rock source can only be one explanation. For

example, the meta-gabbros of the Cangre Belt occasionally

can preserve primary magmatic pyroxene and plagioclase

(Cruz-Gámez et al. 2007). The question is to what degree

such grains can contribute to the clastic spectrum of the

Capdevila Formation. One fact arguing for an ophiolitic

origin is that ultramafic rock debris is also known from

Paleocene/Early Eocene strata exposed in the Sierra de los

Organos and the Rosario belts, e.g., serpentinite and other

ultrabasite pebbles within the Manacas Formation

(Pszczółkowski 1999; Stanek 2000).

Additionally, metamorphic, and in particular cataclastic

rock clasts in the Capdevila Formation (PR), might have

their sources in tectonic contact zones such as thrust planes

or fault zones. An indication might be the presence of re-

crystallized, sutured, undulatory quartz aggregates.

The succession of Pinar del Rio is supposed to be older

than the rocks of San Diégo de los Baños. The transition

between the San Juan y Martinez Formation and the Cap-

devila Formation is presented by a conglomeratic bed

(Capdevila Formation) approximately 400 m to the north
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of the outcrop of Pinar del Rio (Brust 2006). The con-

glomerates are developed on top of the limestones of the

San Juan y Martinez Formation, marking the base of the

Capdevila Formation. In the provenance ternary plots,

sample points of the older rocks (PR) plot close to the

transition from transitional to dissected arc provenance,

whereas samples of the younger succession SDB display

more undissected arc sources. Those differences can be the

result of the distinct tectonic organization of nappes in the

respective source areas towards the north (Guaniguanico

Mountains). Laterally, fault-bounded nappes of different

organization also explain the distinct framework compo-

sition at both studied settings of the Capdevila Formation.

The amounts of Cretaceous volcanic arc rocks, ophiolites,

and metamorphic rocks (e.g., metamorphic wall rocks of

the volcanic arc or of Cangre Belt metamorphics) within

nappes of the source areas might have been variable at both

study sites. Thrust slices of metamorphic, acidic, and

ultramafic plutonic rocks might have played a major role

for sediment supply to the western part of the basin (suc-

cession PR). On the other hand, volcanic arc rocks prob-

ably have been major constituents of nappes at the SDB

site. Different degrees of elevation of uniformly organized

nappes or stacking (imbrication) of nappes at both study

sites can also lead to a variable composition of shed

detritus.

In the first instance, we adopt the Guaniguanico area as a

potential provenance area (Figs. 3 and 9). As both inves-

tigated successions of the Capdevila Formation are located

close to the Pinar Fault zone and in direct vicinity to the

Guaniguanico units, a northerly situated source area is

concluded. Nevertheless, potential source areas in the

southern reach can not be excluded from our observations.

It is also possible that during early stages of basin devel-

opment, elevated blocks also existed in the proximal south,

shedding detritus into the basin (Figs. 3 and 9). One known

elevated block is the aforementioned Guanal structural

high (Fig. 3). This high was detected by borehole (Guanal

1A, Ducloz 1956) and geophysical investigations (Ducloz

1956, in Piotrowska 1978, 1987). Here, mafic rocks are

overlain by 1,000 m of Miocene limestone deposits

(Iturralde-Vinent 1994b, 2007), whereas Piotrowska (1978,

1987) reports Oligocene to Miocene cover rocks. Both

authors relate the mafic rock assemblage—serpentinites

and mafic igneous rocks (Iturralde-Vinent 1994b, 2007)

and basalts and diabases (Piotrowska 1978, 1987)—to the

Cretaceous volcanic arc suite, similar to the ophiolites and

volcanic rocks exposed in the Bahı́a Honda area. The

typical Late Cretaceous to Eocene sedimentary succession

(Fig. 2) of the Los Palacios Basin lacks at the Guanal High

position. Possibly, the Guanal High—which consists of

volcanic rocks covered by Oligocene and Miocene sedi-

ments—formed a positive relief at least until Oligocene

(Piotrowska 1987). Detritus derived from that elevated

block could be also contributed to the Capdevila Formation

sedimentary succession. However, the tectonic or uplift

history of the Guanal High is not documented yet. The

sedimentary rocks of the San Juan y Martı́nez, Capdevila,

Universidad and/or Loma Candela Formations might have

been deposited onto the Guanal High. Those deposits of

unknown thickness were possibly later eroded by ongoing

uplift during Late Eocene leading to deposition of Oligo-

cene and Miocene sediments onto the Cretaceous arc rocks.

The presence of a southern source (Guanal High or

related blocks) remains speculative as many deep drilling

and geophysical investigations ascertained a monocline-

like structure with southerly dipping Late Cretaceous to

Tertiary sedimentary deposits of the Los Palacios Basin

(Piotrowska 1987). To the south, the Maastrichtian to Eocene

sedimentary succession is covered by 2 to 3-km-thick Oli-

gocene and Quaternary sediments. Therefore, the source area

in the north of the basin is much more dispositive.

The Los Palacios Basin presumably formed somewhat

later than the basement thrust sheets of the Guaniguanico

Mountains (Saura et al. 2008). Saura et al. (2008) also

suggest that the Pinar Fault is an inversion of one of the

older thrust planes, an assumption earlier made by

Khudoley and Meyerhoff (1971). Sinistral strike-slip

movement along the Pinar Fault started during Early

Eocene (Gordon et al. 1997). Concerning the source rocks

for the lithogenic detritus at the studied sections, the source

areas might be placed further to the west, at least 50 km

distant (Iturralde-Vinent 1996). This implies that the Cre-

taceous volcanic arc would have reached further to the west

as observed today in the Bahı́a Honda unit of the Rosario

Belt (e.g., Pszczółkowski 1999; Cobiella-Reguera 2005;

Saura et al. 2008).

Summary

As a result of our petrographic investigations the following

conclusions can be made:

1. The studied successions at Pinar del Rio and San

Diégo del los Baños represent distinct depositional

settings that can be characterized by individual facies

associations and specific foraminiferal assemblages.

The documented parts of the Capdevila Formation

have been deposited within a rapidly subsiding marine

basin well below wave base, receiving lithogenic

debris by deltaic/fluvial delivery and bioclastic allo-

chthonous material from shallow-marine carbonate

platforms. The bioclastic material was supplied from

inner shallow platform, platform edge, outer platform,

and slope settings at both study sites.
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2. The hybrid arenites were deposited in a tectonic active

area, evidenced by the mixture of terrigenous siliciclastic

and marine carbonate detritus, intraformational mixture

of different faunas, and the presence of (tectonically

triggered) ortho- and para-conglomeratic beds. These

deposits typify mainly hyperconcentrated density flows,

concentrated density flows, and debris flows.

3. The framework composition of the Capdevila Forma-

tion sedimentary rocks points to different source rock

lithologies. At San Diégo de los Baños it is dominated

by volcanic arc debris whereas volcanic arc and

metamorphic rock detritus (as well as possibly ophi-

olites in minor amounts) occur at Pinar del Rio.

4. The compositional characteristics of the studied sec-

tions of the Capdevila Formation are in line with

published tectonic reconstructions (Saura et al. 2008;

Sommer 2009) implying the erosion of the volcanic arc

or foreland deposits. Source rocks, which are located

within the Guaniguanico Mountain chain, are situated

in the north of the Los Palacios Basin during Early

Eocene times, implying that the Guaniguanico Moun-

tains were overridden by the Cretaceous arc rocks.
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