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a b s t r a c t

The ichnofabrics present in the early Eocene siliciclastic deposits of the Capdevila Formation exposed in
the Pinar del Rio area (Los Palacios Basin, western Cuba) are analyzed in this paper and their paleo-
ecological and paleoenvironmental significance are discussed. Nine ichnofabrics were recognized in the
dominantly sandy sedimentary succession: Ophiomorpha, Asterosoma, Thalassinoides, Palaeophycus, Sco-
licia, Bichordites-Thalassinoides, Rhizocorallium, Scolicia-Thalassinoides and rhizobioturbation. Diversity of
ichnofauna is low and burrows made by detritus-feeding organisms in well oxygenated and stenohaline
waters predominate. Suites of the Cruziana and Skolithos Ichnofacies lacking their archetypical char-
acteristics were recognized, being impoverished in diversity and presenting dominance of echinoderm
and decapods crustacean burrows as a response to the environmental stress caused by the high fre-
quency of deposition. The ichnofabric distribution in the studied succession, its recurrence in the
sandstone beds and the presence of a Glossifungites Ichnofacies suite with rhizobioturbation associated
reflect a shoaling-upward event with subaerial exposure of the substrate. The integrated analysis of the
ichnology and the sedimentary facies suggests deposition in a shallow slope frequently impacted by
gravitational flows and high-energy events. The evidence of substrate exposure indicates the occurrence
of a forced regression and suggests the existence of a sequence boundary at the top of the Capdevila
Formation.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Trace fossils are known for their importance to help to evaluate
different aspects such as substrate consistency, salinity, oxygena-
tion, and hydrodynamic energy on the paleoecologic and paleo-
environmental reconstructions (e.g. Buatois and Lopez-Angriman,
1992; Buatois and M�angano, 2011; Buatois et al., 2010; Netto and
Rossetti, 2003; Netto et al., 2009; Uchman,1991, 1992), as well as to
infer relevant shifts of facies and key-stratigraphic surfaces (e.g.
Pemberton et al., 2001; Buatois and M�angano, 2011). In Cuba, the
. Villegas-Martín), nettorg@
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use of the ichnofossils for these interpretations is scarce, being only
mentioned in literature under mistaken or obsolete terms such as:
“biogliphes”, “hieroglyphic”, “traces”, “channels”, “bioturbation”, or
“bioerosion” (Albear and Iturralde-Vinent, 1985; Jakus, 1983;
Pszcz�ołkowski, 1987; Rojas-Consuegra, 1999). Only in some recent
studies these structures are being identified and have received
more attention (Men�endez-Pe~nate et al., 2011; Pszcz�ołkowski,
2002; Pszcz�ołkowski and Myczy�nski, 2009; Villegas-Martín and
Rojas-Consuegra, 2011; Villegas-Martín et al., 2012).

In the Capdevila Formation the ichnological record is restricted
to Chondrites in outcrops of the La Havana region (Br€onnimann and
Rigassi, 1963) and the occurrence of abundant trace fossils in the
Los Palacios Basin (Brust et al., 2011). Nevertheless, materials pre-
sent in the paleontological collection of the National Museum of
Natural History of Cuba revealed the existence of a particular ich-
nofauna in Eocene deposits of the Capdevilla Formation, which is
subject of study in this work.
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Fig. 1. A-B. Geographic location (A) of the study area (star) and its geological situation, near the Pinar fault (B), which demarcates the limit between the Los Palacios Basin and the
Sierra de los �Organos, in western Cuba (modified from Albear and Iturralde-Vinent, 1985). C. Stratigraphy of the Los Palacios Basin showing the stratigraphic position of the
Capdevila Formation (modified from Brust et al., 2011). D. Architecture of the Los Palacios Basin during the Eocene, as estimated by Brust et al. (2011), showing the deposition of the
Capdevila Formation and the potential sediment source areas.
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Thus, the objectives of this contribution are three-fold: (i) to
identify and to describe the ichnofossils of the studied section, (ii)
to recognize the facies associations and the trace fossil assemblages
present in the succession and (iii) to analyze in an integrated way
the facies and the ichnofauna of the Capdevila Formation to
improve paleoenvironmental and paleoecological interpretations.

2. Materials and methods

The trace fossil assemblage of the Capdevila Formation is pre-
servedmainly as ichnofabrics, which were described through direct
observations in the field in almost all beds of the exposed sedi-
mentary succession in the study area. Some well-preserved speci-
mens from samples previously collected in equivalent sedimentary
successions of the Capdevila Formation were also analyzed and
allowed the recognition of some ichnotaxa at ichnospecies level.
These specimens (around 12) are housed in the paleontological
collection of the National Museum of Natural History of Cuba under
the numbersMNHNCu-96.003567, MNHNCu-96.001291, MNHNCu-
96.002933, MNHNCu-96.001297, MNHNCu-96.001292, MNHNCu-
96.001294, MNHNCu-96.001296, MNHNCu-96003689, MNHNCu-
96.001295, MNHNCu-1272.
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The ichnofabric description considered the main general ich-
notaxobases (general morphology, burrow walls, burrow infill,
branching, sensu Bromley, 1996) and followed the guidelines for
ichnotaxonomy and the stratinomic classification as stated by
Bertling et al. (2006) and Seilacher (1964), respectively. The bio-
turbation index (BI) was measured based on the scale proposed by
Reineck (1967). The sedimentary facies are described taking into
account basic lithology, physical sedimentary structures, contact
between two beds and ichnofabrics. The model of Mutti (1992) for
turbiditic facies was adopted herein for facies interpretation.

3. Geographic and geological context

3.1. Los Palacios basin

The Los Palacios Basin is a strike-slip and piggy-back basin
(Iturralde-Vinent, 1995, 1996; Sommer, 2009) presenting a half-
graben geometry placed at the south of the Pinar fault in western
Cuba (Fig. 1) which formed syn to post-orogenic (Maas-
trichtianeEocene) sediment traps derived from emerged land
sections (Brust et al., 2011). Its deposits are mainly Paleogene and
Neogene in age, although it goes from the Upper Cretaceous
(Maastrichtian) to the Quaternary (Bralower and Iturralde-Vinent,
1997).

According to stratigraphic studies (Piotrowski, 1987; Bralower
and Iturralde-Vinent, 1997), the basin infill starts with a predomi-
nance of fossiliferous (rudists) limestones, sandstones and con-
glomerates (in minor scale) deposited in a shallow marine
environment, barely affected by tectonic activity (Martinez and San
Juan formations). The Vibora Group (late Paleocene) unconform-
ably overlays the basal deposits and consists of limestones, fine-
grained sandstones and conglomerates. The Capdevila Formation
is represented by the overlain deposits which are separated from
the Vibora Group by a depositional hiatus. It is characterized by
coarse-grained siliciclastic sandstones, conglomerates and calcar-
eous sandstones deposited under predominant marine conditions
during the earlyeearly Eocene.

During the Eocene the basin was strongly affected by tectonic
activity which caused its shoaling upward and local emergence of
some portions. Deposition generated at this time characterizes the
sedimentary succession of the Capdevila Formation. The basin
stabilization after these events originated the deposition of hemi-
pelagic marly chalks which characterizes the Universidad Forma-
tion (late-early Eocene) (Piotrowski, 1987). A depositional hiatus
occurs between the latter and the Loma Candela Formation (middle
Eocene) which is characterized by the sedimentation of conglom-
erates, limestones, sandy carbonates and sandstones (Piotrowski,
1987). Two hypotheses were suggested for this tectonic activity
during the Eocene, one attributed to orogenic movements in the
Guaniguanico mountains at the end of the collision that took place
in western Cuba (Piotrowski, 1987) between the late Paleocene and
the early Eocene (Bralower and Iturralde-Vinent, 1997) and another
related to block movements all along the Pinar fault during the
early Eocene (Gordon et al., 1997). It is suggested that the source of
the sediments could have been elevated areas situated at the NE of
the basin (Brust et al., 2011).

3.2. Capdevila Formation

The Capdevila Formation was originally described by Palmer
(1934). It is composed of an up to 400 m-thick well-exposed
sedimentary succession in the provinces of La Havana, Artemisa
and Pinar del Rio (western Cuba), forming part of the infill of the
Anticlinal HavanaeMatanzas and of the Los Palacios and Bahía
Honda basins (Albear and Iturralde-Vinent, 1985; Bralower and
Iturralde-Vinent, 1997; Br€onnimann and Rigassi, 1963; García-
Delgado and Torres-Silva, 1997; Gordon et al., 1997). The unit is
attributed to the early Eocene due to foraminiferal assemblages
(Br€onnimann and Rigassi, 1963; Br€onnimann and Stradner, 1960)
and nanofossil biozones (NP 11 and NP 12 biozones of ODP Site 865,
according to Bralower and Iturralde-Vinent, 1997).

Br€onnimann and Rigassi (1963) made a detailed description of
the Capdevila Formation, recognizing four mixed siliciclastic-
carbonate units in the city of La Havana. In the Los Palacios Basin
the lower part of the Capdevila Formation is formed by muddy and
sandy sediments intercalated with carbonates while sandstones,
conglomerates and few mudstones predominate in the upper part
(Brust et al., 2011). The fossil assemblage reported for this unit is
formed by a variety of microfossils (foraminifera, ostracods and
nanofossils), corals (Amphiroa, Lithophyllum), red algae (Sol-
enopora), echinoderm fragments, bivalves, brachiopods, and small
fragments of macroscopic plants (Br€onnimann and Rigassi, 1963;
Br€onnimann and Stradner, 1960; Brust et al., 2011; Cushman and
Bermudez, 1949; Piotrowski, 1987).

The deposits of the Capdevila Formation have been assumed as a
bathyal marine sequence formed during an active tectogenesis
period in which massive amounts of terrigenous materials were
carried into the basin by turbiditic currents, forming a typical flysh-
type deposition (Albear and Iturralde-Vinent, 1985). Recent studies
carried out by Brust et al. (2011) in the deposits of the Capdevila
Formation in Pinar del Rio region placed its accumulation in a slope
associated with a narrow platform.

3.3. Geology of the study area

The studied section (Fig. 2) is composed of siliciclastic deposits
and corresponds to the Capdevila Formation from the Los Palacios
Basin (Fig. 1). It is located approximately 20 km northeast from the
Pinar del Rio city (22�23016.800 N and 83�47010.400 W), in the prov-
ince of Pinar del Rio, close to the Pinar fault (tectonic limit between
the Guaniguanico mountains and the Los Palacios Basin)
(Fig. 1AeB). It is mainly formed by tabular sandstone beds of
different grain sizes (fine to very coarse) with predominance of
massive and parallel-laminated beds (Figs. 2 and 3).

Six sedimentary facies could be recognized in the study area: (i)
massive sandstone; (ii) fluidized sandstone; (iii) sandstone with
parallel lamination; (iv) sandstone with ripples; (v) siltstone; (vi)
paraconglomerate (Figs. 3 and 4). Amalgamated beds up to 70 cm
thick that sometimes show a normal gradation compose the
massive sandstone facies (Fig. 4F). Clasts of assorted grain size (up
to boulders) can be present in the base of the coarse-grained
sandstones locally forming ortoconglomerates. Wood fragments
are abundant in the beds of medium granulometry (Fig. 4G) and the
ichnofabrics of Ophiomorpha, Thalassinoides, Bichordites-Thalassi-
noides and Scolicia-Thalassinoides have been recognized. The flu-
idized sandstone facies contains fluidized amalgamated beds up to
50 cm thick sometimes showing normal gradation (Fig. 4E, H).
Wood fragments are abundant in medium-grained sandstone beds.
The sandstone with parallel lamination facies is composed domi-
nantly of parallel-laminated sandstone beds with normal gradation
forming thinning-upward cycles (Fig. 4A, B, D). This cycles locally
grade to the sandstone with ripples facies deposits. Boulders of
volcanic rocks can be observed in the base of some beds. Wood
fragments can be found in the medium to fine-grained sandstones,
and the ichnofabrics of Thalassinoides, Palaeophycus, Scolicia,
Bichordites-Thalassinoides, Rhizocorallium and rhizobioturbation are
present inmost of beds. The sandstonewith ripple facies (Fig. 4A, C)
is characterized by fine-to medium-grained sandstones with uni-
directional ripples mainly preserved at the top of the beds. Massive
siltstones homogenized by intense bioturbation characterize the



Fig. 2. Exposed siliciclastic deposits of the Capdevila Formation in Pinar del Río area, showing a general view of the lower portion (A) and the medium to upper portion (B) of the
sedimentary succession described in this paper. Scales: 23 cm in A, 170 cm in B.
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siltstone facies (Fig. 4D), in which the ichnofabric of Asterosoma has
been recognized, while polymitic conglomerates supported by
matrix, composed by fine to coarse gravels and forming lenticular
beds characterize the paraconglomerate facies (Fig. 4E, I). The
Fig. 3. Schematic profile of the Capdevila Formation sedimentary succession in the study
matrix is composed of medium to very coarse-grained sandstones
and normal and inverse gradation can be observed in the beds.
Angular, subrounded and rounded clasts are present, with a pre-
dominance of the first ones. Clasts can touch each other locally.
area signaling the trace fossil distribution and the bioturbation index (BI) per bed.



Fig. 4. Sedimentary facies of the Capdevila Formation exposed in the study area. A. Massive sandstones capped by sandstones with parallel lamination and sandstones with ripples.
B. Tabular beds of sandstones with parallel lamination. C. Sandstones with ripples. D. Tabular beds formed by interbedded siltstones and sandstones with parallel lamination. E.
Fluidized sandstones and paraconglomerates. F. Massive sandstones. G. Wood fragment pavements in the sandstone beds. H. Fluidized sandstones. I. Paraconglomerates. Scales:
11 cm (A), 13 cm (B, F), 3.7 cm (C), 5 cm (D, H), 11 cm (E, I), 2 cm (G).

J. Villegas-Martín et al. / Journal of South American Earth Sciences 56 (2014) 214e227218
In overall, most of the sedimentary facies result from gravita-
tional flows. The sandstone beds correspond to the F5, F8, and F9 of
Mutti (1992) while the paraconglomerates represent the non
tractive deposits of the F2 and the siltstones are assumed as
deposited by low intensity flows and decantation, corresponding to
the F9. The sandy facies predominate and are genetically related
among them, possibly characterizing deposition in turbiditic lobes.
The sandstones with ripples settle over the sandstones with par-
allel lamination forming thinning-upward cycles. The massive
sandstone facies could form the base of these cycles but, in general
they appear isolated in the succession, suggesting frequent erosion.
Themassive and the fluidized sandstone facies suggest the action of
high-concentration turbiditic flow (Walker, 1965), the latter
reflecting rapid deposition (Stow et al., 1996). The parallel-
laminated sandstones where deposited during the dominance of
upper flow regime while the sandstones with ripples reflect
deposition in a lower flow regime and a turbiditic slowdown flow
(Stow et al., 1996; Walker, 1965). The siltstone facies correspond to
the settlement of the sediment carried mainly in suspension (Stow
et al., 1996) while the paraconglomerate facies characterize
cohesive-matrix detritic flows that represent channel infill. Muddy
deposits are mostly absent, suggesting dominance of highly erosive
processes or of high depositional frequency.

The deposits described in the study area are equivalent to those
described by Brust et al. (2011) for the upper portion of the Cap-
devila Formation in the Los Palacios Basin. These authors attributed
the deposition of the paraconglomerates as a product of the tec-
tonic activity in that period all along the Pinar Fault zone.

4. Ichnofabrics of the capdevila formation

Nine ichnofabrics could be recognized in the Capdevila Forma-
tion in the study area. Except for Bichordites monastiriensis, Scolicia
prisca and Scolicia var laminites, all the biogenic structures present



Fig. 5. Ichnofabrics of the Capdevila Formation in the study area. A-B, Asterosoma ichnofabric. C. Thalassinoides ichnofabric. D-E, Rhizobioturbation. Scales: 2 cm, except for C, which
measures 5 cm.
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in the ichnofabrics were identified only at ichnogenus level as they
do not present morphologies that allow the observation of the
ichnospecific characteristics. Except for the Asterosoma ichnofabric,
cross-cutting relationships were not observed.

4.1. The Asterosoma ichnofabric

It is formed by Asterosoma (Fig. 5AeB) and dense undetermined
bioturbation, showing a BI 5, locally 6. The structures attributed to
Asterosoma show a star-like shape, constituted by a central sub-
circular or circular tube, from which four elongated bulbous-like,
sub-rounded ending tunnels with smooth edges emerge. Aster-
osoma is preserved in negative and positive epirelief at the top of
the siltstone facies beds (Fig. 3) and cross-cut the previous ichno-
fabric, which is some less bioturbated areas show faint branched
burrows that resembles Thalassinoides and also horizontal burrows
that could be attributed to Palaeophycus. The best preservation of
Asterosoma in this ichnofabric suggests colonization of the medium
layer of the substrate (see Bromley and Ekdale, 1986) and denotes
paleoecological and sedimentological aspects that will be discussed
later.

4.2. The Thalassinoides ichnofabric

Composed exclusively of Thalassinoides (Fig. 5C), with BI 3-4,
which occurs as a dychotomic-branched burrow system with hor-
izontal and vertical components, predominating the horizontal
ones and presenting a straight to lightly inclined trajectory. Inmany
cases the burrows were observed as independent Y-shaped short
fragments. The burrow walls are smooth and circular or subcircular
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in cross section. The infill is equal to the host rock. The burrows are
preserved at the top of the beds of the sandstones with parallel
lamination facies and at the top of the beds of the massive sand-
stones facies with medium granulometry (Fig. 3).
4.3. The Rhizocorallium ichnofabric

It is only formed by Rhizocorallium (Fig. 6AeB), with BI 1-2. It is
characterized by U-shaped burrows disposed parallel or slightly
inclined to the bedding plane which are subcilindrical in cross
section. The characteristic spreiten is poorly preserved (virtually
absent) and scratch marks are common in the burrow wall.
Branches are lacking. Rhizocorallium is preserved in positive epi-
relief, in the fine to medium-grained beds of the sandstones with
parallel lamination facies (Fig. 3). Abundant organic material was
found at the level containing this ichnofabric.
4.4. The Scolicia ichnofabric

It is composed exclusively of Scolicia (Fig. 6 CeF), presenting a BI
2-3 and preserved in positive and negative epirelief at the top of the
sandstones with parallel lamination facies (Fig. 3). The structures
preserved in negative epirelief are assigned to Scolicia prisca (sensu
Uchman, 1995, Fig. 6 CeF) and show a straight to lightly
meandering trajectory in certain portions. They are preserved as
grooves formed by a floor and two lateral walls. The upper margins
of the lateral walls are lightly elevated just over the surface of the
bed; the walls go from inclined to lightly curved and can be covered
Fig. 6. Ichnofabrics of the Capdevila Formation in the study area. A-B. Rhizocorallium ichn
represented by Scolicia prisca (CeE), Scolicia var laminites (Sl) and Scolicia prisca (Sp) (F). Sc
by asymmetric size-varied laminae. The floor is convex, being
either smooth or presenting a laminated infill. Two sediment
strings are disposed at each side of the floor, close to the lateral
walls. In cross section they have subcircular or U-shaped form.
Branches are not observed. The structures preserved in positive
epirelief are assigned to Scolicia var laminites (sensu Uchman, 1995,
Fig. 6F). In longitudinal section it characterizes a bilobated burrow
with a median groove. The burrow infill is formed by barely visible
menisci. The burrows show a lightly meandering trajectory. In
some samples, features of S. prisca morphology can also be distin-
guished. Small wood fragments were found in Scolicia ichnofabric-
bearing beds.
4.5. The Palaeophycus ichnofabric

It is formed exclusively by Palaeophycus (Fig. 7D) and shows a BI
2-3. Horizontal, non-branched burrows with a mainly inclined
trajectory and infill of the same matrix as the host rock predomi-
nate in this ichnofabric. A discrete lining is observed in the burrow
wall which is irregular in some portions. The burrows are preserved
as positive epirelief in the fine to medium-grained beds of the
sandstones with parallel lamination facies (Fig. 3).
4.6. The Bichordites-Thalassinoides ichnofabric

It is composed of Bichordites, Thalasssinoides and Palaeophycus
(Fig. 7AeC, E) with BI 3-4, being Bichordites and Thalassinoides the
most common ichnogenera. Bichordites is represented by the
ofabric, showing the sharp walls with scratch marks. CeF. Scolicia ichnofabric, mainly
ales: 2 cm.
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ichnospecies B. monastiriensis (sensu Uchman, 1995) (Fig. 7A, C, E).
It is formed by non-branching subhorizontal and horizontal bur-
rows with an inclined to straight trajectory, circular to subcircular
in cross section, crossed by a central string that can either have a
circular or hearty form. A concentric lamination infill can be
observed in some specimens (Fig. 7A, C). A discrete groove can be
present in the upper part of the central string and a ridge can
appear over the central string, in some specimens. The samples of
Thalasssinoides (Fig. 7BeC, E) and Palaeophycus (Fig. 7C, E) in this
suite present the same morphological characteristics as the hom-
onymous ichnofabrics described in 4.2 and 4.5. The burrows are
preserved in semirelief and in epirelief in beds rich in wood frag-
ments of the fine to medium-grained sandstones with parallel
lamination facies, as well as of the medium-grained massive
sandstones facies (Fig. 3).
4.7. Scolicia-Thalassinoides ichnofabric

It is formed by Scolicia, Thalasssinoides, rare Palaeophycus and
undetermined bioturbation with BI 3-4. The burrows are prefer-
entially horizontal to the bedding plane. The best preserved sam-
ples of Scolicia can be attributed to S. prisca and are preserved in
negative epirelief, with a lightly meandering to straight trajectory.
The morphology is equivalent to that described in the Scolicia
ichnofabric (see Fig. 6CeF). The morphology of Thalassinoides and
Fig. 7. Ichnofabrics of the Capdevila Formation in the study area. A-C, E. Bichordites-Thalassin
monastiriensis (Bm), the latter shown in close-up view in A. D. Palaeophycus ichnofabric. F.
Palaeophycus is also equivalent to that previously described in the
homonymous ichnofabrics (see Figs. 5C, 7B-D). It is preserved in the
fine-grained beds of the massive sandstone facies (Fig. 3).

4.8. The Ophiomorpha ichnofabric

It is formed exclusively by Ophiomorpha (Fig. 7F), presenting BI
2-3. The burrows are mainly vertical in relation to the bedding
plane, circular in cross section, with a peletted lining. Pellets are
irregularly distributed through the burrowwall and isolated pellets
can occur locally. Branches are rarely observed. The burrow infill is
the same of the host rock. The burrows are preserved in full relief in
beds of the massive sandstones facies (Fig. 3).

4.9. The rhizobioturbation ichnofabric

It is composed of branched, irregular, horizontal, tiny (1e2 mm
in diameter) tubules infilled with organic-rich sediment, showing
BI 1-2 (Fig. 5D, E). The tubules are characterized by an irregular
longer central stem fromwhich shorter secondary ramifications are
originated. The tubules diameter is highly variable all along each
tubule and terminations are acute or subrounded. The diameter
variation in a same tubule, the acute terminations and the absence
of a regular dychotomic-branching pattern allow to infer rhizo-
bioturbation and to distinguish it from Chondrites. Similar
oides ichnofabric showing Thalassinoides isp. (Th), Palaeophycus isp. (Pa) and Bichordites
Ophiomorpha ichnofabric. Scales: 2 cm, except for B, that measures 9 cm.
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structures were also described by Bromley and Uchman (2003) as
rhizobioturbation. This ichnofabric occurs in fine to medium-
grained beds of the sandstones with parallel lamination facies
(Fig. 3).

The base of the Capdevila Formation in the study area is formed
by the recurrence of the sandstone facies. The Ophiomorpha ich-
nofabric occurs in the massive sandstones preserved at the top of
the basal beds (Fig. 3), which are capped by fluidized sandstones
rich in wood fragments (Figs. 3 and 4G). Thick beds of para-
conglomerates settle over the basal sandstones and represent high-
energy channeled flows. The siltstones facies overlies the para-
conglomerates and indicates the establishment of low hydrody-
namic energy conditions. The high degree of bioturbation and the
presence of the Asterosoma ichnofabric suggest deposition under
fully marine condition in stable substrates from offshore settings.
The occurrence of offshore deposits placed over channeled flows
suggests shoaling up at the offshore-slope zones and configures the
unique evidence of stable conditions in the Capdevila Formation
sedimentary sequence in the study area.

Toward the top, the sandstone beds are ubiquitous, indicating
that the high-energy processes were dominant throughout the
deposition. The sandstones form thinning-upward cycles in the
middle part of the succession and are rich in marine ichnofabrics
(Fig. 3). The ichnofabric arrange of these cycles suggests a new
shoaling upward event that culminates with the exposition of the
substrate demarcated by the occurrence of rhizobioturbation and
the Rhizocorallium ichnofabric. The presence of these ichnofabrics
at the top of these cycles allows inferring a forced regression event
and places a sequence boundary at the top of the middle portion of
the Capdevila Formation succession in the study area (Fig. 3).

The upper portion is characterized by the reestablishment of the
sandstone thinning-upward cycles comprising marine ichnofabrics
which are frequently interrupted by the entry of massive sand-
stones, suggesting the return of the high depositional frequency
conditions.

5. Paleoecological analysis

The ichnofauna of the Capdevila Formation is mostly composed
of truly marine ichnotaxa which reflect well-oxygenated sub-
strates. Thalassinoides, Scolicia and Bichordites are the most com-
mon ichnogenera and are good indicators of the oxic conditions
(Bromley et al., 1995). The burrows preserved in the Capdevila
Formation deposits reflect temporary or permanent domicile of
polychaetes and decapod crustaceans, as well as epifaunal or
infaunal displacement of irregular echinoids, and suggest the
prevalence of detritus-feeding organisms in the endobenthic
community (Bromley, 1996; Buatois and M�angano, 2011). The ich-
nodiversity, in general, is low and the amount of bioturbation is
moderate, locally high.

Four paleoichnocoenoses could be differentiated in the studied
section, according to the composition and distribution of the ich-
nofabrics and the nature and consistency of the substrate: (i) distal
Cruziana, represented by a suite of soft substrates of low energy
that suggests pre-event colonization (sensu Howard, 1978); (ii)
impoverished Cruziana, represented by a suite of soft substrates of
moderate to high energy that suggest post-event colonization; (iii)
Skolithos, represented by a suite of soft substrates of high energy
that also suggests post-event colonization; and (iv) Glossifungites,
represented by a suite of firm substrates that suggests an omission
suite (sensu Bromley, 1975).

The suite of soft substrates of low energy (SL) occurs exclusively
in the siltstones facies (Fig. 3) and is composed of the Asterosoma
ichnofabric. Asterosoma has been mainly reported in shelf envi-
ronments, being more frequent in lower energy zones and in
offshore settings (e.g. Bromley and Uchman, 2003; Vossler and
Pemberton, 1989). Although less common, Asterosoma has also
been reported in turbiditic-influenced zones (Powichrowski, 1989;
Rindsberg, 1982). The high amount of bioturbation in SL suite and
its occurrence in siltstones indicate the predominance of low en-
ergy and more stable conditions, which allowed the accumulation
of organic detritus in the substrate and favored the intense activity
of detritivorous organisms. In the substrate tiering, Asterosoma
generally occupies the medium to deep tiers, being a common
element in the historical layer. This layer is less affected by the
superficial erosion (Bromley, 1996) and, for this reason, shows
intense bioturbation. Thus, the dominance of Asterosoma in SL suite
suggests colonization of the lower part of the transitional layer, in a
stable substrate at quiet, fully marine settings.

The suite of firm substrates (SF) is characterized by the Rhizo-
corallium and rhizobioturbation ichnofabrics. It presents low ich-
nodiversity and punctual occurrence of the bioturbation. The
virtual absence of spreiten and the presence of irregular walls with
scratch marks in Rhizocorallium indicate excavation in stiffgrounds
(Gingras et al., 2000) and shoaling-upward deposits. The occur-
rence of rizhobioturbation suggests the subaerial exposure of the
substrates. The preferential horizontal distribution and the appar-
ently simple structure of the rizhobioturbation (small diameter and
little development of the rootlets) suggest a relatively short period
of subaerial exposure and the establishment of pioneer vegetation,
capable of rapidly colonizing a denuded sandy substrate. Saha et al.
(2010) has reported a similar situation in coastal marine regions
where Rhizocorallium occurs together with rhizobioturbation. Oc-
currences of Rhizocorallium specimens with poorly preserved or no
spreiten were also registered by Chrząstek (2013) in stiffgrounds
and firmgrounds.

The suite of soft substrates of moderate to high energy (SM) is
characterized by the Thalassinoides, Scolicia, Palaeophycus, Scolicia-
Thalassinoides and Bichordites-Thalassinoides ichnofabrics. The
exclusive presence of Thalassinoides ichnofabric in several beds of
the studied succession suggests substrates affected by high energy
events. These events might either inhibiting the colonization by
other detritus-feeding organisms whose traces are common in
outer shelf settings or destroying the burrows made in the upper
tiers (e.g. Gibert and Martinell, 1998). The Thalassinoides trace-
makers (callianassid crustaceans) are capable of excavating in
depths near to 2 m low in the sediment (e.g. Dworschak and
Rodrigues, 1997) and survive to erosive events caused by the ac-
tion of currents. Frequent moderate to high energy processes can
generate sandy substrates in deeper areas, favoring the establish-
ment of stable populations of deep-gallery burrowers in detriment
of those made by shallower ones, as well as those made from or-
ganisms living in low energy settings. In this way, r-selected or-
ganisms such as some decapod crustaceans have more chance to
survive to the stress established in these environments by the high
energy or the high frequency of the processes (e.g. Pemberton et al.,
2001). Nevertheless, the abundance of Thalassinoides in the studied
deposits and its presence in the composition of several ichnofabrics
that characterize the SM suite suggest the existence of optimal
conditions for the Thalassinoides tracemakers, not representing
here an opportunistic behavior.

Scolicia and Palaeophycus ichnofabrics occur in the fine to
medium-grained sandstones with parallel lamination facies, being
Scolicia the dominating one, while the Scolicia-Thalassinoides ich-
nofabric occurs in the fine-grained massive sandstones facies
(Fig. 3). The variation of the ichnodiversity and the amount of
bioturbation among the ichnofabrics in SM suite are apparently
related to the energy of the processes that conditioned the sand-
stones deposition. Therefore, the Scolicia and Palaeophycus ichno-
fabrics represent substrates affected by more frequent deposition,
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while the Scolicia-Thalassinoides ichnofabric represents substrates
affected by less frequent deposition. Wood fragments can be found
in the beds bearing the SM suite, being less frequent in those beds
where the Scolicia-Thalassinoides occurs. That backs up the idea that
those beds have been deposited under more energetic conditions
or in areas which are closer to the vegetation source.

Trace fossil assemblages including Thalassinoides, Palaeophycus
and Scolicia ichnogenera are reported inmarine environments from
shoreface to slope (e.g. Crimes et al., 1981; Buatois et al., 2003;
Uchman, 1995), being the record of Scolicia abundant in deep ma-
rine deposits influenced by turbiditic currents since the Mesozoic
(Wetzel and Uchman, 1998, 2001; Uchman, 1995, 1998). According
to Uchman (1995), the S. priscamorphologies found in deep-marine
turbiditic facies correspond to the basal portion of spatangoid
burrows made in the mudesand interface (post-event coloniza-
tion), whose top was eroded by the turbiditic currents. The absence
of the lateral walls or their small height in many specimens of
S. prisca preserved in the study area demonstrates the dominance
of erosion processes. S. prisca is mostly reported in turbiditic de-
posits of deep marine waters (Rodríguez-Tovar et al., 2010;
Uchman, 1995; Wetzel and Uchman, 1998, 2001). Modern Scolicia
tracemakers (Spatangus group, Smith and Crimes, 1983) live in
benthic settings from shelf to deep slope, preferring sandy sub-
strates (Kanazawa, 1992; Kroh and Hansson, 2013). The abundance
of Scolicia in the SM suite could be a response to the preference of
their tracemakers for sandy substrates, being these more tolerant
than the other organisms to the increase in the sedimentation rates
(sensu Vermeij, 1978).

According to Aguirre et al. (2010), frequent sedimentation pul-
ses with little or none erosion favor the establishment of echino-
derm populations in the substrate. Having this in mind, the
dominance of the Scolicia ichnofabric in some beds can reflects not
only the action of high energy processes but also the existence of
frequent deposition.

The Bichordites-Thalassinoides ichnofabric occurs in the massive
sandstone and the sandstone with parallel lamination sedimentary
facies and the main components of this ichnofabric are commonly
recorded in shelf environments, having Bichordites been registered
mainly in shallow water settings (Aguirre et al., 2010; Bernardi
et al., 2010; Nara, 2004; Plaziat and Mahmoudi, 1988; Pickerril
et al., 1993). Bichordites is the product of the displacement of spa-
tangoid echinoderms, mainly Echinocardium, Eupatagus and Mar-
etia (Bromley and Asgaard, 1975; Gibert and Goldring, 2008;
Bernardi et al., 2010). These organisms are distributed up to
150 m depth in modern seas (Kanazawa, 1992; Mortensen, 1951),
being Echinocardium (Echinocardium cordatum) restricted to the
first 40 m (Ernst et al., 1973; Howard et al., 1974; Kanazawa, 1992).
Under 30e40 m depth, the individuals of the genus Echinocardium
lose their reproductive capacity (Buchanan, 1966), which restrict
them to the shallowest settings. Their presence in lower depths
(50e150 m) is related to storm events (Radwanski and Wysocka,
2001) that exhume the individuals of the shallow substrates and
carry them to deeper areas. The abundance of wood fragments
associated to the Bichordites-Thalassinoides ichnofabric might
indicate proximity of the continental settings or an increase in the
fluvial discharges.

The Bichordites-Thalassinoides and Scolicia-Thalassinoides ich-
nofabrics in the SM suite show a relatively bigger ichnodiversity if
compared with the other ichnofabrics which suggest more stable
conditions in the substrate, with a decrease of the deposition
frequency.

The soft substrate of high energy suite (SH) is composed
exclusively of the Ophiomorpha ichnofabric that occurs in the fine to
medium-grained beds of the massive sandstones facies disposed in
the lower portion of the sedimentary succession (Fig. 3). The
predominance of vertical burrows in subaqueous sandy substrates,
in general, reflects high energy conditions, being mainly related to
shallow settings where the action of waves or tides predominate
(Buatois and M�angano, 2011). The substantial presence of Ophio-
morpha in shoreface substrates since the Mesozoic reflects the ef-
ficiency of the callianassid decapods in creating extensive galleries
in these settings (Frey et al., 1978), being assumed as beachline
biomarkers (Pollard et al., 1993). However, the fining-upward
arrangement of the beds containing the Ophiomorpha ichnofabric,
the absence of sedimentary structures generated by wave or tide
action, and the occurrence of paraconglomerates overlying these
deposits suggest deposition linked to turbiditic regimes in deeper
settings, below storm wave base. Ophiomorpha has also been re-
ported in offshore deposits (Manley and Lewis, 1998) and in deep
marine waters influenced by turbiditic currents (Uchman, 1995,
1998), in which it represents pioneer colonizing (sensu F€ollmi and
Grimm, 1990), characterizing opportunistic behavior (Crimes
et al., 1977).

The paleoichnocoenoses of the Capdevila Formation and the
recurrence of the trace fossil suites throughout the studied suc-
cession suggest that burrowing vagile organisms such as echino-
derms, crustaceans and polychaetes were favored by the
colonization windows generated in each event of significant sedi-
ment input in deeper zones, being these organisms able to (i)
surviving to the erosion of the shallow substrates and tolerate the
transportation by dense currents to deeper settings and (ii) settling
in the new substrates after each event (e.g. Savrda et al., 1998).

6. Paleoenvironment interpretation

The recognized paleoichnocoenoses in the deposits of the Cap-
devila Formation are representative of the Cruziana, Skolithos and
Glossifungites Ichnofacies. Except for the Glossifungites Ichnofa-
cies, the other two represent, in the studied deposits, impoverished
expressions of their archetypal equivalents. The clear dominance of
tubiditic deposits in the studied section suggests deposition in a
slope context. The massive occurrence of trace fossil suites that are
commonly present in shelf environments and the lacking of suites
representative of the Nereites Ichnofacies suggest a shallower
context in the slope realm (Wetzel and Uchman, 1998). This inter-
pretation coincides with that stated by Brust et al. (2011) for the
Capdevila Formation in the Los Palacios Basin. Similar trace fossil
suites have also been recognized in sandy facies of slope deposits in
different basins (e.g. Crimes et al., 1977, 1981; Cummings and
Hodgson, 2011; Shultz and Hubbard, 2005). Except for Bichordites,
all the other ichnogenera present in the ichnofauna of the Capde-
vila Formation can be found in slope deposits (Hubbard et al., 2012).

The low ichnodiversity and the predominance of only one tro-
phic strategy (detritus feeding) of mainly truly marine organisms in
the studied deposits do not reflect the typical conditions of the
Cruziana Ichnofacies in marine settings, as stated by Bromley
(1996), Buatois et al. (2005), Pemberton et al. (2001) and Buatois
and M�angano (2011). These features, together with the predomi-
nance of the monospecific ichnofabrics suggest conditions of
environmental stress (Buatois and Lopez-Angriman,1992; Uchman,
1992; Buatois et al., 2010). The establishment of the impoverished
suites of Cruziana Ichnofacies in marine settings in the studied
deposits is mainly attributed to the dominance of high frequency
deposition. The abundance of wood fragments in several sandstone
beds with SM suite indicates the input of continental debris due to
fluvial discharges, which could originate salinity fluctuations in the
slope area. This hypothesis is coherent with the existence of a
narrow shelf affected by a fluvio-deltaic system during early Eocene
in the Los Palacios Basin, which resulted in the deposition of the
Capdevila Formation (Brust et al., 2011). However, the abundance of
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Scolicia and Bichordites in the studied section indicates that, if these
discharges existed, they were sporadic and not so intense as to
inhibit the stenohaline fauna. Both ichnotaxa represent bio-
turbation of spatangoids, which are truly marine organisms. The
record of spatangoid burrows in stressed substrates of distal delta
front and prodelta is scarce (e.g., McIlroy, 2007) and possibly
represent pre-event colonization.

SM and SH suites represent the post-event colonization in the
studied succession, being SM suite recurrent all along the
Fig. 8. Schematic draw with reconstruction of the inferred sea level oscillation during the
Formation. A. Geomorphology of the Los Palacios Basin during the early Eocene (according
where the rocks exposed in the studied section were deposited. B. Turbiditic massive sandsto
the Ophiomorpha ichnofabric. C. Sea level fall and debris flow deposition, represented by
deposited in the shelfeslope transition, represented by the Asterosoma ichnofabric. E. Post
resented mainly by the Thalassinoides, Palaeophycus and Scolicia-Thalassinoides ichnofabrics
ichnofabric. F. Significant sea level fall (forced regression) and exposure of the shelfeslop
represented by the Rhizocorallium suite and by rhizobioturbation. G. Sea level rising and the
in shallow slope settings, represented by the dominance of suites composed by the Scolicia
succession. They are restricted to certain sandstone beds, while
others have no apparent bioturbation. The non-bioturbated in-
tervals might represent deposits generated under higher energy
conditions, which are expected in turbidites. In this case, high
depositional frequency processes tend to inhibit the colonization
(Carmona et al., 2009). The preferential preservation of the bio-
turbation at the top of the beds and the general lacking of cross-
cutting might suggest rapid colonization of the new ecospaces as
the energy or the frequency of the sedimentation pulses decrease.
early Eocene in Los Palacios Basin, based on the trace fossil distribution in Capdevila
to Sommer, 2009; Brust et al., 2011). The dashed square limits the estimated settings
ne deposition in slope area with opportunistic (post-event) colonization represented by
the paraconglomerate facies. D. Pre-event colonization in siltstones and sandstones
-event colonization in turbiditic parallel-laminated sandstones in shallow slope, rep-
, and in shelfeslope transition deposits, represented by the Bichordites-Thalassinoides
e transition zone, demarcated by the establishment of the Glossifungites Ichnofacies,
re-establishment of the turbiditic deposition with recurrence of post-event colonization
-Thalassinoides and Bichordites-Thalassinoides ichnofabrics.
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Similar situations have been reported in literature and attributed to
high sedimentation rates and frequent turbulence (Gibert and
Martinell, 1998, 1999). According to Mellere et al. (2002), the pre-
dominance of sandstones and the general scarcity of trace fossils
indicate a high sedimentation rate. In environments subject to high
sedimentation rates, a short period of deposition ceasing can be
enough to allow biological activity (Buatois et al., 1997). The
absence of ichnofabrics in the sandstone with ripples facies sug-
gests that the bioturbated beds would be the relicts of deposits that
were eroded by to the action of high energy flows.

The Cruziana Ichnofacies suites are mostly distributed in shelf
deposits, from upper shoreface to lower offshore (Pemberton et al.,
1992; MacEachern et al., 2007; Buatois and M�angano, 2011), so
their presence in slope deposits could be assumed as atypical.
However, suites of Cruziana Ichnofacies have been reported in slope
deposits as a consequence of the well-oxygenation of the substrate
(e.g. Buck and Bottjer, 1985; Savrda et al., 2001; Shultz and
Hubbard, 2005; Wetzel, 2008). Thus, the occurrence of suites
representative of the distal Cruziana Ichnofacies in the Capdevila
Formation (the SL suite) is assumed as the result of the substrate
colonization in the offshore-slope transition previous to the arrival
of the gravitational flows (pre-event colonization).

The SF suite evidenciates the temporary exposition of the sub-
strate in which it is preserved and characterizes the Glossifungites
Ichnofacies (e.g. Pemberton and Frey, 1985). The presence of a suite
representative of the Glossifungites Ichnofacies at the top of the
beds containing suites of the Cruziana Ichnofacies deposited in
offshore-slope transition (SL suite) and in slope settings (SM suite)
reveals the subaerial exposure of these substrates and suggests a
significant base level fall. This signature reveals that a forced
regression event took place in the Los Palacios Basin during the
early Eocene and allows inferring the existence of a sequence
boundary at the top of the middle portion of the Capdevila For-
mation succession (Figs. 3 and 8). The Glossifungites Ichnofacies
has been reported in exhumed substrates of the submarine canyon
edges in slope settings and in areas influenced for high-energy
recurrent currents, being assumed as a sequence boundary
biomarker (e.g. Savrda et al., 2001; Pemberton and MacEachern,
2005; Dasgupta and Buatois, 2012).

The SH suite represented by the Ophiomorpha ichnofabric rep-
resents an impoverished expression of the Skolithos Ichnofacies in
the Capdevila Formation deposits. Its occurrence exclusively in the
massive sandstones facies overlaid by the paraconglomerate de-
posits in the lower portion of the sedimentary succession, suggests
opportunistic occupation of the sandy substrate accumulated in the
slope by decapods transported from the shelf by the turbiditic
currents. The amount of burrows in the Ophiomorpha ichnofabric
diminishes as the sandstone grainsize decreases suggesting that
capacity of exhumation of the active currents in shallower settings
might be reduced. The occurrence of Skolithos Ichnofacies in deep
marine turbiditic deposits is common, overall in the surroundings
of the submarine canyons and the upper slope zones (Crimes et al.,
1977, 1981; Heard and Pickering, 2008).

Thus, the ichnological analysis of the studied deposits reveals
that the substrate occupation by the burrowing benthic fauna
mainly took place in a shallow slope (Fig. 8) after the depositional
events and was conditioned by either high energy flows or high
depositional frequency. The presence of an impoverished Skolithos
Ichnofacies suite in the massive sandstones of the lower portion of
the succession, whose deposition was interrupted by the thick
paraconglomerate deposits, indicates the action of more energetic
processes in the slope area, possibly related to the presence of
channels. The establishment of distal Cruziana Ichnofacies suites in
a thin bed of the siltstone facies over the paraconglomerate de-
posits indicates the substrate occupation by a resident benthic
fauna (pre-event colonization) and reflects the returning of the low
energy, stable marine conditions which are normally characteristic
of the offshore-slope transition area. That condition indicates a
reduction of the impact of the progradational flows in the basin.
The progradational flows are then reactivated, establishing the
deposition of turbiditic lobes, which dominate the up going suc-
cession. The impoverished Cruziana Ichnofacies turns to be the
dominant ichnological context and a shoaling-upward tendency is
observed up to the subaerial exposure of the substrate. This ten-
dency is marked by the replacement of the Thalassinoides, Scolicia
and Palaeophycus ichnofabrics for that of Bichordites-Thalassinoides
and then by the Glossifungites Ichnofacies suite. The latter repre-
sents an omission suite and delimits a coplanar surface, formed by a
forced regression surface and a later flooding surface which led to
infer a sequence boundary (Figs. 3 and 8). The dominance of the
turbiditic sandy facies with the recurrence of the impoverished
Cruziana Ichnofacies suites indicates the returning of the pro-
gradational flows and the reestablishment of the high frequency
deposition promoted by these flows.

7. Conclusions

The integrated ichnological and sedimentological analyses of
the Capdevila Formation sedimentary succession in the Los Palacios
Basin revealed deposition in shallow slope settings impacted either
by frequent, high-energy gravitational flows and high depositional
frequency. This flow regime has conditioned the distribution and
composition of the burrowing benthic fauna which is characterized
by the dominance of burrows of stenohaline detritus-feeding or-
ganisms that inhabited well-oxygenated substrates, but showing
low ichnodiversity. Cruziana and Skolithos Ichnofacies show atyp-
ical composition if compared to their archetypal equivalents,
possibly as result of the stress caused by the prevalence of high-
energy conditions and/or of high-frequency deposition during the
infill of the Los Palacios Basin in the early Eocene.

The ichnological record of the Capdevila Formation also
revealed the shoaling-upward of the shallow slope deposits in the
studied section which culminated with the subaerial exposure of
the substrate, signaling a forced regression event in the Los Palacios
Basin and a sequence boundary at the top of the middle portion of
the Capdevila Formation in Pinar del Río region. The reestablish-
ment of the turbiditic deposition in the upper portion of the suc-
cession marks the subsequent base level rise and the maintenance
of the high-energy conditions and/or the high-frequency deposi-
tion in the basin.
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