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The Gulf of Cariaco is a marginal basin located between the Cariaco Basin and the Paria Gulf, offshore NE
Venezuela, along a system of active right-lateral strike-slip faults. It is connected to the Caribbean Sea via a
shallow 58-m-deep sill implying that the gulf was disconnected from the global ocean during eustatic
lowstands. A dense grid of high-resolution reflection seismic profiles has been used to determine the overall
tectonic structure of the gulf and to establish the seismic stratigraphy of its sedimentary infill. Six
unconformity-bounded seismic–stratigraphic units were identified in the upper ~200 m of the sedimentary
infill. Detailed seismic–stratigraphic and seismic-facies analysis allowed defining a series of sedimentary
features that can be used as indicators of past sea or lake level in the Gulf of Cariaco: i) delta offlap breaks, ii)
evaporites, and iii) erosional unconformities. Using accurate measurements of these various indicators at
several locations in the gulf and a simple total subsidence model, a relative sea/lake-level history
encompassing the last 130 kyr could be reconstructed. In periods of connection with the open ocean,
reconstructed relative sea level correlates well with eustatic sea level. In times of disconnection, distinct lake-
level fluctuations occurred, which sometimes resulted in total dessication of the gulf. Lake-level fluctuations
appear to correlate with major Heinrich Events, stadials and interstadials. MIS 4, the LGM and the Younger
Dryas were thus identified in the Gulf of Cariaco sedimentary record. The last reconnection to the Caribbean
Sea occurred during MWP1b (around 11.5 kyr). The very good fit of the Cariaco sea/lake-level curve with the
eustatic sea-level curves (both in terms of amplitude and of timing) underscores potential for future
paleoclimate research of the sedimentary record contained in this marginal basin, despite its active tectonic
setting.
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1. Introduction

The Quaternary period has been characterized by rapid and large-
scale changes in eustatic sea level, in response to variations in climate
and continental ice volume (Chappell and Shackleton, 1986; Imbrie et
al., 1992; Reading, 1996). In sedimentary basins, accommodation
space is controlled by fluctuations in base level (i.e. eustatic sea level
in marine environments, lake level in lacustrine environments), by
vertical motions of the basin floor (i.e. subsidence or uplift), and by
the rate of sediment accumulation (Weller, 1960). It is thus possible to
reconstruct absolute base-level fluctuations if sedimentation and
subsidence rates are known.
This principle has been applied previously to reconstruct Quater-
nary sea-level fluctuations along several passive continental margins:
e.g. by using shoreface deposits in the Gulf of Lions (Jouet et al., 2006;
Rabineau et al., 2005, 2006) and on the Great Barrier Reef shelf
(Larcombe and Carter, 1998), and by using delta lobes and delta
shorefaces on the Barcelona continental shelf (Liquete et al., 2008)
and in the Eastern Mediterranean (Piper and Aksu, 1992; Skene et al.,
1998), the Black Sea (Aksu et al., 2002) and the Gulf of Mexico
(Anderson et al., 2004; Gardner et al., 2007). These selected studies
not only deal with the reconstruction of 4th-order sea-level cycles (i.e.
100 ka cycles, e.g. Liquete et al., 2008; Rabineau et al., 2005; Skene et
al., 1998), but some also recognize the imprint of 5th-order cycles (e.g.
Anderson et al., 2004; Rabineau et al, 2006). However, all rely on the
assumption that shoreface and delta deposits reflect in their
architecture and internal stratigraphy the amplitude and timing of
the glacio-eustatic variations, at least in those environments where
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the preservation potential of the sea-level indicators is assured by
subsidence and burial.

A similar approach has also been applied in lacustrine environ-
ments, where lake-level fluctuations have been reconstructed from
the analysis of a variety of sedimentary lake-level indicators, such as
the position of delta lobes and offlap breaks, shoreline deposits,
degree of sediment focusing towards the centre of the basin, etc.
Gilbert (1885) was a pioneer by studying the shorelines of the Great
Salt Lake in Utah. More recent examples include Lake Tanganyika and
Lake Challa in Africa (McGlue et al., 2008; Moernaut et al., 2010), Lake
Baikal in Russia (Urabe et al., 2004), Lake Petén Itzá in Central America
(Anselmetti et al., 2006) and Lake Titicaca and Laguna Potrok Aike in
South America (Anselmetti et al., 2009; D'Agostino et al., 2002).

There are a number of key prerequisites common to studies
reconstructing base level: i) the depth of formation of the utilized
sedimentary base-level indicator (e.g. shoreface deposit, delta lobe)
should be known and should be relatively precise (i.e. small depth
range), ii) subsidence history should be well constrained and well
known, and iii) the preservation potential of the investigated margin
or lake basin should be sufficiently high.

The Gulf of Cariaco (offshore NE Venezuela) is a marginal basin
located along a system of active right-lateral strike-slip faults (a.o. the
El Pilar Fault) that mark the transform boundary between the
Caribbean Plate and the South American Plate (Audemard et al.,
2000). As a result of this setting, the Gulf of Cariaco is affected by a
series of active faults (Audemard, 2007; Audemard et al., 2000). In
such a tectonically active, transtensional region, subsidence is a much
more important—and more complex—factor controlling accommoda-
tion space than it is on passive margins. The Gulf of Cariaco is
connected to the Caribbean Sea through a shallow, 58-m-deep sill.
This implies that the Gulf of Cariaco was disconnected from the global
ocean during glacio-eustatic lowstands, thus forming “Lake Cariaco”.
This configuration resembles that of the Marmara Sea (e.g. Beck et al.,
2007) or the Gulf of Amvrakikos (western Greece) (Anastasakis et al.,
2007) in the Mediterranean realm.

The marginal semi-enclosed nature of the tectonically active Gulf
of Cariaco and the vicinity of the Cariaco Basin make it an ideal study
area. Reconstructed sea-level changes from the Gulf of Cariaco and
inferred climate variations during lacustrine periods can be compared
with those recorded in the Cariaco Basin. Detection of short marine
incursions could have implications for global sea-level reconstruc-
tions as well as for regional subsidence, similar to what has been
observed in the Gulf of Amvrakikos (Anastasakis et al., 2007). The
location of the Gulf of Cariaco at the current northern border of the
Intertropical Convergence Zone (ITCZ) during northern-hemisphere
summer also makes it a key area to study latitudinal shifts in the ITCZ.
Also the interactions between climate variability and tectonic activity
can be studied in the Gulf of Cariaco.

In this study, we used a dense grid of single-channel high-
resolution sparker seismic profiles to i) determine the overall tectonic
structure of the Gulf of Cariaco, ii) describe the seismic stratigraphy of
the sedimentary infill, iii) propose a first-order subsidence model for
the gulf, based on the analysis of key reflectors, iv) reconstruct sea-
and lake-level history based on the analysis of shoreface facies, offlap
breaks, erosional unconformities and key reflectors, and v) compare
this sea- and lake-level curve with existing reference curves (e.g.
Waelbroeck et al., 2002) in order to discuss the validity of the used
assumptions and approach.

2. Regional setting

2.1. Geodynamic and geological setting

The southern coast of the Caribbean, along the northern margin of
eastern South America, was already recognized as a major strike-slip
fault system by Rod (1956). Later, it was identified as one of the main
transform boundaries between the Caribbean Plate and the South
American Plate (Minster and Jordan, 1978; Molnar and Sykes, 1969).
It comprises a series of major strike-slip fault systems: the Oca-
Ancón Fault, the San Sebastian Fault and the El Pilar Fault, from west
to east (Fig. 1). Vignali (1977) and Vierbuchen (1978, 1984)
investigated the onshore expression of the E–W-trending El Pilar
Fault in detail. More recently, GPS measurements have been
conducted to study the kinematics along this transform boundary
(Perez et al., 2001; Weber et al., 2001). Combining the structural–
geological studies and the investigations based on GPS measurements,
a relative displacement between the two plates of about 2 cm/y has
been deduced. 70 % of the relative displacement (1.4 cm/y) is being
accommodated within a 30-km-broad deformation zone. Within the
latter, the El Pilar Fault accommodates between 0.8 and 1.0 cm/y, at
least (Audemard, 2000).

A major structural feature along this series of strike-slip fault
systems is the Cariaco Basin (Fig. 1), a 1200-m-deep pull-apart basin,
connecting the San Sebastian Fault and the El Pilar Fault (Audemard et
al., 2007). Due to its anoxic conditions and biogenic sedimentation
with deposition of seasonal laminations, the Cariaco Basin contains a
uniquely preserved, high-resolution, sedimentary record of oceano-
graphic and climatic history in the Caribbean region, influenced by
latitudinal shifts of the ITCZ (González et al., 2008; Haug et al., 2001;
Hughen et al., 2000, 2006; Lea et al., 2003; Makou et al., 2007;
Peterson et al., 2000b).

Towards the east, the Cariaco Basin connects to the Gulf of Cariaco,
which is ~60 km long and ~15 km wide and has a maximum water
depth of 85 m. The deepest part of the gulf, known as the Guaracayal
Deep (Caraballo, 1982a) (Fig. 1), was recently identified as an active,
small pull-apart structure (Audemard et al., 2007) between two
overlapping segments of the presently active trace of the El Pilar Fault.
In the southern suburbs of Cumaná, the Caigüire Hills (Fig. 1) consist
of deformed Lower Pleistocene marine clastic sediments unconform-
ably overlain by Lower–Middle Pleistocene reefal calcareous sedi-
ments (Ascanio, 1972; Macsotay, 1976, 1977). This structure is
interpreted as a push-up, or pressure ridge, formed along the main
trace of the El Pilar Fault (Audemard, 2006, 2007; Audemard et al.,
2000). The southeastern coastal scarp, between San Antonio del Golfo
and Muelle de Cariaco (Fig. 1), represents another direct morpholog-
ical expression of this active fault trace (Audemard, 2006). Several hot
springs are active along the southeastern coast and along the Casanay
River valley.

Several destructive earthquakes generated by the El Pilar Fault
have repeatedly damaged the city of Cumaná since its construction in
the 16th century (Paige, 1930). The last major event was the 1997
Cariaco earthquake (Mw=6.9) (Audemard, 2006; Audemard et al.,
2007; Baumbach et al., 2004), which is also recorded as a re-
suspension event deposit in the adjacent Cariaco Basin (Thunell et al.,
1999).

The Gulf of Cariaco is bounded by the Araya Peninsula in the north
and by the Eastern Interior Range in the south (Fig. 1). The Araya
Peninsula, with altitudes up to ~700 m, belongs to the Coastal Range
Belt (Bellizzia et al., 1976; Hackley et al., 2005) and mainly consists of
Mesozoic schists with minor allochtonous metamorphosed (HP/BT)
ophiolitic remnants (Campos, 1981; Stéphan et al., 1980). The Eastern
Interior Range, up to 2500 m high, consists of a thick stack of
deformed early Cretaceous siliciclastics and limestones.

Today, only a few small rivers drain directly into the Gulf of
Cariaco. They do not represent a major source of terrigenous input
(Caraballo, 1982b). However, two more important rivers, bearing
large watersheds and carrying a significant sediment load, did have an
outflow in the gulf during part of its Quaternary history (Fig. 1): the
Manzanares and Casanay Rivers. The Manzanares River currently
drains into the Caribbean westward of the city of Cumaná, but
previously (it is not known when exactly) it entered the Gulf of
Cariaco to the east of the city (Schmitz et al., 2006). Also the Casanay



Fig. 1. A: Present-day geodynamic setting of the Gulf of Cariaco along the transform boundary between the Caribbean Plate and the South American Plate (simplified from Audemard
(2007)). B: Bathymetry of the Gulf of Cariaco (from Caraballo, 1982a) and the main trace of the El Pilar Fault. Location of geographical features referred to in the text. SMBF: Santa
Marta-Bucaramanga Fault; BF: Boconó Fault; CAB: Cerro Abajo Basin; EPF: El Pilar Fault; GD: Guaracayal Deep; OAF: Oca-Ancón Fault; SSF: San Sebastián Fault.
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River has no more direct outflow into the southeastern termination of
the gulf. It flows instead into a large shallow lake/lagoon in a flat
swampy area (Fig. 1).

According to Caraballo (1982b), surface sediments in the Gulf of
Cariaco are sandy in the western part of the gulf, while they consist of
silty sands, sandy silts and clayey silts in the central and eastern parts.
Along the southern coast, medium and fine to very fine sands are
predominant. The northern coastline consists of sandy silts and fine to
very fine sands in the northwest due to the stronger surge in this area
(Quintero et al., 2006).
2.2. Oceanographic and climatic setting

The Gulf of Cariaco is a restricted basin (Fig. 1). The 58-m-deep sill
that separates the Gulf of Cariaco from the Cariaco Basin is located
north of the city of Cumaná (Fig. 1; Caraballo, 1982a). The presence of
this sill implies that, during sea-level lowstands, the Gulf of Cariaco
was disconnected from the world ocean and functioned as a lake. At
times of disconnection, Lake Cariaco was ≤30 m deep (i.e. water
depth in its central, deepest part, the Guaracayal Deep), but
susceptible to climatically induced lake-level fluctuations that could
have resulted in partial evaporation and even desiccation of the lake.

Current water salinity in the gulf varies between 36.24‰ and
37.66‰. Temperature of surface waters is highest between August
and October (28–29 °C) and lowest in January, when it drops to 22 °C.
The tidal range in the Gulf of Cariaco is about 10 to 20 cm and thus
negligible (Antonius, 1980).

The depth of the wave base (about half of the wave length) in the
Gulf of Cariaco can be calculated based on wind speed and effective
fetch (Håkanson and Jansson, 1983; Smith and Sinclair, 1972).
Currently, the average speed (in Cumaná) of the predominantly
northeasterly winds varies between 2 and 5 m/s (7.6 and 18 km/h)
(Quintero et al., 2006). These low values are largely due to the
protection of the gulf from the trade winds by the Coastal Range.

The current total annual precipitation in Cumaná is ~250 mm/
year, mean annual air temperature is 26–27 °C and annual evapora-
tion is about 2000 mm. This results in local ‘semi-desert climate with
marine influence’ along the southern margin of the gulf (Quintero et
al., 2006). The Araya Peninsula north of the gulf is presently a desert
(Bonilla et al., 1998).

3. Materials and methods

The data used in this study were collected during the “CARIELPS”
expedition, which took place in January 2006 onboard of R/V
Guaiqueri II, the research vessel of the Oceanographic Institute of
the Universidad de Oriente in Cumaná. A dense grid of high-resolution
and very-high-resolution seismic reflection profiles was shot using
two different seismic systems (Fig. 2):

– 76 high-resolution seismic profiles were shot with RCMG's
“Centipede” multi-electrode sparker operated at 300 or 400 J.
The sparker produces a broad-spectrum seismic signal, with a
mean frequency at ~1.3 kHz. A single-channel streamer with 10
hydrophones was used as receiver.

– 50 very-high-resolution pinger profiles were acquired with a
3.5 kHz GeopulseTM sub-bottom profiler.

Data were acquired at an average survey speed of 4 knots, and
positioning and navigation was done by GPS. Seismic and GPS data
were digitally recorded and converted to SEG-Y format with Elics™
Delph-II software. Data were subsequently interpreted using The
Kingdom Suite™ software. The navigation grid (Fig. 2) was designed
and dimensioned with the aim to reconstruct the 3D geometry of the
sedimentary sequences and to map the different traces of the El Pilar
Fault in the gulf.



Fig. 2. Bathymetry of the Gulf of Cariaco (from Caraballo, 1982a), topography of the surrounding onshore areas (SRTM illuminated from the south) and seismic grid of the CARIELPS
expedition.
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4. Results

4.1. Morphology and tectonics of the Gulf of Cariaco

Five sub-areas can be identified in the Gulf of Cariaco, based on
their distinct morphological and sedimentary characteristics:

i) the connectionwith the Cariaco Basin, at the western extremity
of the gulf, is subjected to strong currents that create gullies
and locally prevent sediment deposition,

ii) the Cerro Abajo Basin has a fairly flat bathymetry (Fig. 1) and is
characterized by a good seismic penetration with generally
south dipping parallel stratified reflectors in the centre and
clinoforms towards the borders (Fig. 3),

iii) the eastern termination of the gulf (near the inflow of the
Casanay River) is shallow and the units are truncated or very
condensed in this area (Fig. 3),

iv) the southern part of the gulf is strongly affected by the El Pilar
Fault zone, and

v) the Guaracayal Deep (85 m water depth) is confined by fault
traces and the presence of shallow gas causes reduced acoustic
penetration (Figs. 4 and 5).

All areas and seismic–stratigraphic units in the Gulf of Cariaco are
to some degree affected by fault activity.

Faults are recognized on seismic profiles by discontinuity of
seismic reflectors and hyperbolae originating from reflector termina-
tions. The dense seismic grid (Fig. 2) enabled us to map the major
faults and to gain an understanding of their geometry and history of
activity. Most faults are oriented along one of two main fault
directions: E–W-trending or WNW–ESE-trending faults (Fig. 5). All
faults appear to be sub-vertical to vertical, even when taking into
account the vertical exaggeration typically exhibited by this type of
seismic data. Most of the E–W-trending faults have displaced the
seafloor, while the WNW–ESE-trending faults in the centre and the
eastern part of the basin are often blind faults and tend to merely
flexure the upper sediments (Figs. 3 and 4). However, by measuring
sediment accumulation on both sides of the faults, fault activity can be
quantified. As a result we can conclude that, in addition to the known
co-seismic displacement of the El Pilar Fault, both E–W- and WNW–

ESE-trending faults have been active during the Late Quaternary.
In this transtensional setting and with the above-mentioned

orientations with respect to the main faults in the region, the majority
of these faults are expected to be strike-slip faults. The vertical offsets
observed on the seismic profiles (Figs. 3 and 4) could thus be due,
either to minor vertical components of predominantly strike-slip
displacements, or to pure strike-slip movements affecting E–W-
dipping reflectors. The very low dip angles (0.1–0.3°) observed on
longitudinal profiles (E–W) (Fig. 3) favour the former interpretation.
In this transtensional context, the WNW–ESE-trending vertical faults,
with a combined normal and horizontal displacement, can be
interpreted as Riedel faults (see Fig. 5), which are typical features in
strike-slip zones (Le Pichon et al., 2001; Sylvester, 1988). The E–W-
trending faults along the northern border of the Gulf of Cariaco are
thus interpreted as normal faults dipping towards the south.

Considering i) the Riedel faults in the Cerro Abajo Basin, ii) the El
Pilar Fault in the south, iii) the normal faults in the north and iv) the
generally southward dipping reflectors, the Gulf of Cariaco can be
classified as an asymmetric strike-slip basin. This type of asymmetric
basins has been described by Ben-Avraham (1992) and Escalona et al.
(2011), the Gulf of Elat and the Cariaco Basin being the main
examples. As is typical for this type of basins, the Gulf of Cariaco is
bounded by a transform fault on one side (i.e. El Pilar Fault in the
south) and by predominantly normal faults on the other. According to
Ben-Avraham (1992), such basins develop largely by extension
normal to the transform at the same time as strike-slip motion is
taking place. They explain this by a transform fault that is much
weaker than the adjacent crust. This extension in a direction normal
to the Principal Displacement Zone (PDZ) also explains the normal
component of the Riedel faults in the Cerro Abajo Basin.

The nearly vertical Riedel faults in the Cerro Abajo Basin are
dipping either to the south or to the north, with most of the faults on
the northern side of the Cerro Abajo Basin dipping to the south and
those in the south dipping to the north. The overall dip of the
stratification is towards the south. The opposite dipping direction
between the Riedel faults causes small anomalies in dip of the
stratification, thereby creating the depocenter of the Cerro Abajo
Basin (Fig. 5). Subsidence in the Cerro Abajo Basin is thus a
combination of asymmetrical subsidence increasing towards the
south (El Pilar Fault) and a subsidence component caused by normal
displacement along the Riedel faults.

4.2. Seismic stratigraphy (description and interpretation)

Theupper sedimentary infill of theGulf of Cariaco, as depicted by the
sparker profiles (penetration depth: b200 ms TWT or ~160 m b.s.f.),
can be subdivided into 6main seismic–stratigraphic units: i.e. Units 1 to

image of Fig.�2


Fig. 3. Portion of longitudinal (E–W) sparker profile (sp35). A: Non-interpreted profile. B: Interpreted profile showing unit boundaries and zoom of prograding clinoforms of Unit 6b.
C: Interpreted profile showing different seismic facies. Two delta-fans complexes, with several stacked clinoform units and subunits, prograde into the central Cerro Abajo Basin, i.e. a
delta complex in the west associated with the Manzanares River and a delta complex in the east associated with the Casanay River. Most seismic–stratigraphic units are truncated at
the seafloor in the west and are truncated or very condensed in the east. Seismic–stratigraphic units are offset by vertical faults in the central part of the basin and tend to become
folded towards the east. In the westernmost part of the profile small canyons and gullies indicate currents between the Gulf of Cariaco and the adjacent Cariaco Basin.
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6 (from old to young). Three of these (Units 2, 4 and 6) can be further
subdivided into subunits. Each unit or subunit is delimited by an
unconformity towards the margins of the basin or its correlative
conformity in the centre of the basin (Figs. 3, 4, and 6). The
unconformable character of unit boundaries is often very marked and
present until in the centre of the CerroAbajoBasin,while that of subunit
boundaries is usually only manifested along the borders of the basin.
The units are best developed and have thus been defined in the area
around the Cerro Abajo Basin (Fig. 1).

Four types of seismic facies can be distinguished (Fig. 6):
i) transparent to very-low-amplitude parallel stratified (i.e. semi-
transparent) facies, ii) high-amplitude parallel stratified facies, iii)
low-amplitude parallel stratified facies, and iv) sigmoid/upward-
concave prograding clinoforms. Some of these facies types co-exist
laterally within one seismic–stratigraphic unit (types ii, iii and iv),
while facies type i always makes up an entire unit (Fig. 6).
4.2.1. Transparent to very-low-amplitude parallel stratified facies
Units 1, 3 and 5 are lens-shaped deposits in the centre of the Cerro

Abajo Basin, with a semi-transparent facies and a strong top
reflection. Unit 5 is also present in the Guaracayal Deep, but limited
penetration does not allow verifying whether Units 3 and 1 are
present in this deepest part of the gulf as well. Unit 3 is in all
dimensions smaller than Units 1 and 5 (Figs. 3, 4, and 9). These lens-
shaped bodies have a ponding configuration, filling in the irregular
underlying topography and pinching out laterally. They also have a
smooth upper surface. The deposits are limited to the deepest parts of
the Cerro Abajo Basin and the Guaracayal Deep. The bottom reflection
of Unit 5 locally exhibits clear reversed polarity (Fig. 7). Based on
these geometric and geophysical characteristics, we interpret these
deposits of Units 1, 3 and 5 as evaporites, formed during complete or
partial dessication of the gulf. The seismic expression of these deposits
is—although on a much smaller scale—very similar to that of the

image of Fig.�3


Fig. 4. Coincident 3.5 kHz (pinger) and sparker profiles across the central Gulf of Cariaco. A: Interpreted sparker profile. B: Interpreted pinger profile. C: Zoom on pinger profile
showing truncation of Unit 6a. Seismic–stratigraphic units are offset by vertical faults, some of which displace the seafloor.
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evaporites attributed to the Messinian Salinity Crisis in the Mediter-
ranean (Bertoni and Cartwright, 2007). An alternative interpretation
as gravitational mass-movement deposits or megaturbidites seems
less likely because of the uncharacteristic (stratified) facies, the
geometry (flat top; for mass-movement deposits) and the typical
polarity reversal (Nurmi, 1988). Another alternative interpretation as
lagoonal deposits also seems less plausible, due to the basal polarity
Fig. 5. Fault traces in the Gulf of Cariaco, interpreted from the reflection seismic data: El Pilar
Normal faults in the north and the south are indicated by blue lines. Fault directions (of each
strike-slip faults proposed by Sylvester (1988).
reversal and the strong top reflection, which are not characteristic of
that type of deposits.

4.2.2. Low-amplitude parallel stratified facies
In the Cerro Abajo Basin, Units 2, 4a and 6c consist of a parallel

stratified facies with low-amplitude reflections. We interpret this
facies as hemipelagic drape. The three subunits of Unit 2 and 4a have a
Fault along the southern shore (red) and Riedel faults in the Cerro Abajo Basin (green).
segment between 2 seismic profiles) are compared with simple shear directions along

image of Fig.�4
image of Fig.�5


Fig. 6. Stratigraphic column of the Gulf of Cariaco illustrating the lateral and vertical
distribution of the four different facies that occur in the basin: semi-transparent (STF),
prograding clinoforms (PC), high-amplitude parallel (HASF) and low-amplitude
parallel facies (LASF). Most units are characterized by a different facies in the centre
of the basin and towards the margins. Right of the stratigraphic column the
corresponding base level (green curve on Fig. 12) is presented.

43M. Van Daele et al. / Marine Geology 279 (2011) 37–51
high-amplitude top reflecter, grading into their correlative unconfor-
mities towards the margins of the basin (Section 4.2.5).
4.2.3. High-amplitude parallel stratified facies
Unit 4, 6a and 6b consist in the centre of the basin of high-

amplitude parallel stratified facies. These draping deposits are
interpreted to have been deposited under lower base-level conditions
than the low-amplitude parallel stratified facies. A lower base level
Fig. 7. Zoom on polarity reversal of the Unit 5 bottom reflections. Bottom reflections of Unit
Also the wiggle traces of the Unit 5 bottom reflections (purple) and the seafloor (green) ar
can lead to coarser terrestrial particles reaching the centre of the
basin, therefore causing high-amplitude reflections.
4.2.4. Sigmoid/upward-concave prograding clinoforms
On both the longitudinal (E–W) and the transverse (N–S) profiles,

numerous lens-shaped or mounded sediment bodies are intercalated
between the parallel stratified, vertically aggrading sequences. These
sediment bodies with prograding clinoforms are of various sizes (up
to several kmwide and long, and up to 50 ms thick) and are present in
Units 2, 4 and 6. In Unit 2a, prograding clinoforms occur in the
southwest and the southeast, while Units 2b and 2c have such
sediment bodies in the northwest. In Units 4b and 4c the high-
amplitude parallel stratified facies in the centre of the basin laterally
change into several levels of prograding clinoforms, in the east and the
west. Unit 6b has mounded sediment bodies with prograding
clinoforms towards the western border of the Cerro Abajo Basin,
while Unit 6c is characterized by both westwards and eastwards
prograding clinoforms in the western part of the Gulf of Cariaco
(Figs. 3, 6, 8, and 9). We interpret these bodies with prograding
clinoforms as fan deltas, similar to the delta lobes described by Aksu et
al. (2002) in the Black Sea and by D'Agostino et al. (2002) in Lake
Titicaca.

A detailed analysis of these fan deltas allowed separating them
into two main groups, representing two main sources of input: i.e. a
fan delta system in the southwestern part of the Gulf of Cariaco and
one in the eastern part. Although the western half of profile sp-46
(Fig. 10) displays lobes with opposite directions of apparent
progradation (e.g. in Unit 6c), they belong to the same system of fan
deltas. This system forms a large fan with apparent progradation over
a wide range of directions (from NNW to E) (Figs. 3, 9, and 10). We
interpret this system as the fan delta of the Manzanares River, formed
when this river still flowed into the Gulf of Cariaco (Schmitz et al.,
2006). The eastern part of profile sp-46 (Fig. 10) shows a second set of
prograding lobes with less variation in progradation direction. We
interpret this system as the fan delta associated with the previous
course of the Casanay River. The two systems exhibit several
differences (Figs. 3 and 10):

1. the Manzanares River system comprises steeper internal reflectors
(i.e. the up to 6° dipping internal reflectors resemble fan-delta-type
foresets) and a great variation in size and shape of delta
depocentres (Figs. 8 and 10);

2. The internal reflectors of the Casanay River system are slightly
folded within the area indicated on Fig. 3. Once restored, internal
5 (A) are compared with the seafloor reflections (B) and the direct pulse (upper right).
e compared and clearly each other's opposite. Location is indicated on Fig. 4.
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Fig. 8. Sparker profile at the western extremities of the Cerro Abajo Basin. Clear fan deltas of Units 2a, 2b and 6b can be seen. Below Units 2a and 6b (Unit 6a does not occur here) a
clear erosional unconformity can be observed.
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reflectors display more gentle dips, which we relate to a lower
depositional energy.

The fan deltas of Unit 2 are thicker than the other ones, their
prograding foreset packages spanning a height difference of more
than 20 ms. This thickness is in sharp contrast with the fan deltas of
Units 4 and 6, that never reach a thickness of 20 ms.Within Unit 2, the
largest lobe lies in the southwest and belongs to the Manzanares
system, but also in the southeast a major delta lobe is present. Several
small fan deltas occur in the proximal part of the Manzanares system.
It is not possible to link all of them directly to any of the units, but
most of them correspond to Unit 6c (Figs. 3 and 10).

4.2.5. Erosional unconformities
The sedimentary infill of the Gulf of Cariaco is punctuated by

several erosional unconformities, all of them used to define seismic
units and subunits. Erosional unconformities occur at the top of Units
2a, 2b, 2c, 4a, 4b, 4c and 6a. These erosional unconformities are most
pronounced at the borders of the basin and they grade into correlative
conformities towards the basin centre, indicating that the uncon-
formable character is clearly depth-controlled. However, the uncon-
form tops of Units 2c and 4c maintain their unconform character
throughout the whole basin, and are in the centre covered by the
evaporites of Units 3 and 5.

5. Reconstruction of the sea- and lake-level history for the Gulf
of Cariaco

5.1. Sea- and lake-level indicators

The organization of seismic units and seismic facies reveals the
presence of a number of sedimentary or stratigraphic features that can
be used as indicators of past sea or lake level in the Gulf of Cariaco,
such as: i) evaporites, ii) delta offlap breaks, and iii) erosional
unconformities.

5.1.1. Evaporites
The occurrence of evaporites in the sedimentary infill of the Gulf of

Cariaco is not unlikely. The presence of the sill separating the gulf
from the Cariaco Basin (i.e. at 58 m water depth) implies that during
past sea-level lowstands the gulf was disconnected from the
Caribbean and functioned as a lake. During those episodes, the lake
level was controlled by changes in the hydrological balance and
regional climate. Dry climate, with increased evaporation and/or
decreased precipitation, could lead to a (partial) desiccation of the
lake and to the deposition of evaporites. Previous studies have shown
that during periods of low eustatic sea level, climate along the
northern Venezuelan coast was much drier than during interstadials
or interglacials (González et al., 2008; Hughen et al., 2004; Lea et al.,
2003; Leyden, 1985; Makou et al., 2007; Peterson and Haug, 2006;
Peterson et al., 2000a; Rull, 1996, 1999; Yarincik et al., 2000).
Considering the present (semi)desert climate around the Gulf of
Cariaco, the gulf could indeed have been desiccated during glacial
periods.

The seismic units interpreted as evaporites, consist of weakly
stratified, aggrading deposits. This type of evaporites is most likely
formed by continuous precipitation out of oversaturated water/brine
(Kendall and Harwood, 1996). These evaporites can thus be used as
indicators of low lake level, related to drier climate and increased
evaporation/precipitation ratio. Lake, swamp or salt level can be
considered at approximately the top reflector of these evaporitic
bodies (Fig. 11).

5.1.2. Delta offlap breaks
When describing the bathymetry of the Gulf of Cariaco, Caraballo

(1982a) mentions the presence of shallow areas with moderate
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Fig. 9. Spatial distribution of prograding clinoforms and semi-transparent facies (not parallel stratified facies) in the Gulf of Cariaco, in seismic–stratigraphic Units 1 to 6. A. Unit 1:
semi-transparent facies; B. Unit 2: N20 ms thick prograding clinoforms; C. Unit 3: semi-transparent facies; D. Unit 4: b20 ms thick prograding clinoforms; E. Unit 5: semi-transparent
facies and F. Unit 6b (centre) and Unit 6d (west): b20 ms thick prograding clinoforms. Corresponding base level is presented in the right upper corner of each map, for absolute
values see Fig. 14.
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inclination and water depths between 5 and 8 m just north of the city
of Cumaná and north to east of El Peñon, before an inclination increase
towards the inner basin. We interpret this morphological change at
8 m water depth as the present-day offlap break.

Due to the negligible tide range and wave action, the Manzanares
and Casanay River deltas can be considered as river-dominated in the
present-day marine Gulf of Cariaco, and—following the same line of
reasoning—also during the phases of disconnection. Offlap breaks in
such deltas coincide with the fair-weather wave base (Galloway, 1975;
Postma, 1990). Since the current offlap break occurs at a depth of 8 m,
we can thus infer a 8 mdeepwave base. Considering aneffective fetch of
30 km for the dominant northeasterly tradewinds, a wind velocity of
5 m/s (ca. 18 km/h) can be calculated (see Håkanson and Jansson, 1983
for details). This value corresponds perfectly with the maximum
average wind speed measured at Cumaná airport (Quintero et al.,
2006). During the rainy season, the ITCZ is located at the latitude of the
Gulf of Cariaco (Chiang et al., 2002), preventing tropical storms
(towards the north) to affect the region. During the whole Holocene,
the ITCZ is assumed tohavebeenat a similar or slightly higher latitude as
nowadays (Haug et al., 2001).We can thus infer that the Gulf of Cariaco
has not been significantly struck by such tropical storms since 10 cal ky
BP. According to Peterson andHaug (2006), the ITCZ shifted southwards
during coldperiods (glacials and stadials) and tropical stormscould thus
have been active in the region. However, the reduced size of the flooded
basin during eustatic lowstands would induce a fetch reduction (only
10 km long, Fig. 9) resulting in a fair-weather wave base of ca. 4.5 m
depth. We will thus use both end members in the base-level
reconstruction: 8 m for highstands (during times of connection with
Caribbean Sea) and 4.5 m for lowstands (during times of isolation of the
Gulf of Cariaco) (Fig. 11).

5.1.3. Erosional unconformities
The transition between the erosional unconformities at the

margins of the gulf and their correlative conformities in the centre
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Fig. 10. Sparker profile sp46, showing the fan delta systems associated with the Manzanares (west) and Casanay (east) Rivers. Although the fan deltas in the western part all belong
to the Manzanares River system, they have apparent progradation directions both to the west and the east (see also Fig. 9). This fan delta system contains fan deltas of several units:
namely Units 2, 4 and 6. Of the Casanay River fan delta system only fan deltas of Unit 4 are shown in this figure. A small part of the Unit 5 evaporite is visible between Units 4 and 6.

46 M. Van Daele et al. / Marine Geology 279 (2011) 37–51
of the gulf is strictly depth-controlled throughout the basin. We
therefore surmise that this transition is predominantly determined by
wave action (i.e. fair-weather wave base). During periods when sea or
lake level in the gulf was lower than today and when the effective
fetch was reduced, similarly as discussed above for the fan deltas, fair-
weather wave base was estimated at 4.5 m (Fig. 11). These erosional
unconformities can thus also be used as a (semi-quantitative) sea- or
lake-level indicator.

5.2. Construction of the sea/lake-level curve

Using the above-discussed indicators (i.e. evaporites, delta offlap
breaks and erosional unconformities), past relative sea- and lake
levels weremeasured on the seismic data. Each estimate wasmade on
several profiles, and—when possible—in different parts of the gulf, in
order to increase the reliability of the method. The resulting curve
(Fig. 12), plotted on a depth scale (in ms TWT) is not compensated for
subsidence and compaction in its initial version.

5.3. Inferred chronology

Direct dating of the stratigraphic units is not possible due to the lack
of boreholes in the gulf. Instead, we use our seismic stratigraphic and
facies interpretation and the analysis of the sea/lake-level indicators
and compare them with available marine and continental records to
propose an indirect “working hypothesis chronology”. The robustness
of this hypothesis will subsequently be tested in our reconstruction.
This preliminary chronology is constructed around a number of tie-
points and is based on the following observations and considerations:

– Unit 5 has been interpreted as an evaporite formed during the last
period of disconnection of the gulf from the world ocean (i.e.
eustatic sea level below −58 m). We hence attribute it to the Last
Glacial Maximum (LGM). We propose an age of 21 ka BP for the
central part of the Unit 5, following Peltier and Fairbanks (2006).

– Unit 6c, the uppermost sedimentary unit in the central part of the
Gulf of Cariaco, is characterized by a draping configuration and a
low-amplitude parallel stratified facies, typical for fine-grained
hemipelagic sedimentation. We relate this unit to the present-day
marine, highstand conditions. Unit 6c would thus represent the
Holocene period.

– The intervening Units 6a and 6b, which are much less widespread
and less continuous than Unit 6c, were deposited in deeper-water
conditions than Unit 5, but still in a significantly shallower, still
lacustrine environment than Unit 6c. These units are therefore
interpreted to have been deposited during the lacustrine trans-
gression following the LGM lowstand, as also indicated by the
high-amplitude seismic facies. Both units are separated by an
erosional unconformity, suggesting a transgression in two pulses,
separated by a lowering of the lake level.

– Based on this agemodel, the average deep-water sedimentation rate
for Unit 6 is slightly over 1 mm/yr (assuming an acoustic velocity of
1700 m/s; Hamilton, 1978). In the nearby Cariaco Basin, where fine-
grained organic sedimentation is dominating, sedimentation rates
vary between0.3 mm/yr to 1 mm/yr (Peterson et al., 2000a,b). In the
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Fig. 11. Sketch of the different base-level indicators and the derived base level.
A: evaporite deposit, base level at 0 m; B: fan delta in lacustrine conditions, lake level at
4.5 m above offlap break (small fetch=shallow (4.5 m) wave base); C: erosional
unconformity, lake level at 4.5 m above transition between conform and unconform
character; D: fan delta in marine conditions, sea level at 8 m above offlap break (equal
to current offlap breaks and wave base (large fetch)).
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Gulf of Cariaco, sedimentation rates are expected to be higher due to
its shallowsemi-enclosed andmoreproximal location anddue to the
important detrital input of the Manzanares River.

– The similarities in seismic attributes, seismic facies and distribu-
tion between Unit 5 and Units 1 and 3 lead us to interpret them as
Fig. 12. Black curve: trajectory of paleo-sea/lake level—not compensated for subsidence
and compaction—throughout the different seismic units in the Gulf of Cariaco. The sea/
lake-level curve is obtained by plotting sea/lake-level estimations of each indicator on
the vertical axis and their correlative conformity in the Cerro Abajo Basin on the
horizontal axis. Green curve: sea/lake-level curve of the Gulf of Cariaco corrected for
total subsidence. Data points are illustrated by black and green crosses and ages are
estimated without groundtruth. Sea/lake level expressed inms TWT relative to present-
day sea level, the scale in m on the right is calculated using an arbitrary sound velocity
of 1600 m/s, just to give an idea of the depth.
evaporitic units as well.We therefore link these units to older Late-
Quaternary eustatic lowstands, when sea level was 58 m or more
below its present level, and when climate was regionally much
drier. Assuming a constant deep-water sedimentation rate of
1 mm/yr, Unit 1 would have been deposited between 105 and
120 ka BP. We hence attribute it to MIS 6. The intermediate
evaporite of Unit 3 has a more restricted distribution in the basin
(Fig. 9) and its inferred age ranges between 60 and 65 ka BP. We
therefore relate it to MIS 4.

– Unit 2a represents a major, rapid rise in sea/lake-level, immediately
following the lowstand of MIS 6. As the measured amplitude of the
relative sea-level rise is ~120 m, we attribute Unit 2a to MIS 5e.

5.4. Subsidence model

Comparison between the reconstructed relative base-level curve
and previously published eustatic sea-level data provides a first-order
approach for estimating total subsidence in the basin. Inferred relative
sea level of Unit 2a (attributed to MIS 5e) is located 50 m below
current sea level (Fig. 12). However, according to Hearty et al. (2007),
eustatic sea level during MIS 5e was 6 m above the level during MIS 1.
The difference between these two values is a measure for total
subsidence (i.e. a combination of flexural subsidence, tectonic
subsidence and compaction of the sediments). By applying a
compensation for total subsidence the descending trend of the
provisional sea/lake-level curve can be corrected.

In active tectonic settings, where deformation is expressed
predominantly through strike-slip faults, the characterization of the
tectonic subsidence component is not straightforward. In the Gulf of
Cariaco, the vertical component of the faults affecting the basin is not
fully understood yet, and cannot be easily derived from the available
seismic data. We therefore developed a first-order approach to infer
total subsidence based on the measurable deformation of key seismic
reflectors between Unit 1 and Unit 5. We hereby assumed that the
evaporites attributed to MIS 6 and MIS 2 had a comparable
morphology at the time of deposition, i.e. their top reflectors were
horizontal and even, and they laterally merged into erosional
unconformities towards the basin margin (Fig. 4). The differences in
depth between these horizons are thus considered to be directly
proportional to the average total subsidence at that location. In this
approach, total subsidence is regarded as constant in time (i.e.
between 130 and 20 ka BP), but variable in space, with higher
subsidence rates in the centre than at the borders (Fig. 13).

A new sea/lake-level curve can thus be produced by applying this
subsidence model on the sea/lake-level curve derived in paragraph
5.2 (Fig. 12). Time-depth conversion was done using a sound velocity
of 1500 m/s for water and a mean value of 1700 m/s for sediments.
Standard deviation between measurements of sea/lake-level indica-
tors always decreases after correction (Table 1). This means that it is
possible to simplify the complex interactions between flexural
subsidence, tectonic subsidence, compaction and sedimentation to a
simple “total subsidence” correction factor.

5.5. Comparison of the inferred sea/lake-level curve of the Gulf of Cariaco
with global sea level

The reconstructed sea/lake-level curve has been compared to
global sea-level curves of Waelbroeck et al. (2002) and Siddall et al.
(2003) for themarine phases and to local climate reconstructions (e.g.
González et al., 2008; Hughen et al., 2004) during periods of
disconnection (Fig. 14). During the marine phases, the obtained sea-
level curve is in very good agreement with the global sea-level data,
both for what concerns the absolute sea-level heights and for the
timing of the higher-frequency lowstands and highstands in between
the tie-points used for our age model (i.e. correlation of Unit 1, Unit 3
and Unit 5 to isotopic stages MIS 6, MIS 4 and MIS 2, respectively).
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Fig. 13. Cartoon displaying subsidence model. Subsidence correction for each reflector
is based on the total subsidence between two key reflectors. Subsidence correction
varies depending on the location of the sea-level estimation and will be different on
both sides of a fault. A: N–S profile, with in the south the El Pilar Fault (EPF) controlling
most of the subsidence. B: E–W profile, with on the west the sill connecting the gulf
with the Cariaco Basin.
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Between MIS 6 and MIS 4, the Gulf of Cariaco curve shows three
distinct highstands that closely mirror those of Waelbroeck et al.
(2002). They are separated by sea-level drops, which are expressed in
the sedimentary record as unconformities. Similarly, the early high-
stands of MIS 3 are present in both the Gulf of Cariaco record and the
record of Waelbroeck et al. (2002). The close resemblance between
the two records allows us to further tune our curve to those of
Waelbroeck et al. (2002) and Siddall et al. (2003).

During the lacustrine phases, water level in the gulf was not driven
by eustasy, but by local climate and its control on the water balance
(i.e. precipitation and inflow, versus evaporation), and by the depth of
Table 1
Standard deviation (SD) between sea/lake-level estimates before and after correction
for total subsidence. Standard deviation is always smaller after correction.

Name # of
measurements

SD before
correction

SD after
correction

SD after/SD
before

Unit 6b 4 1.59 1.24 0.78
Unit 6a 2 0.75 0.15 0.20
Unit 5 4 0.62 0.41 0.66
Unit 4c 1 0.00 0.00 -
Unit 4c 2 6.75 2.88 0.43
Unit 4c 5 1.16 1.06 0.91
Unit 4c 6 4.66 2.68 0.58
Unit 4c 3 6.19 1.84 0.30
Unit 4b 1 0.00 0.00 –

Unit 4b 7 4.10 1.67 0.41
Unit 4b 2 2.25 0.42 0.19
Unit 4a 4 5.51 2.83 0.51
Unit 4a 1 0.00 0.00 –

Unit 3 3 0.98 0.44 0.44
Unit 2c 1 0.00 0.00 –

Unit 2b 1 0.00 0.00 –

Unit 2b 2 3.56 1.48 0.42
Unit 2a 7 13.77 5.52 0.40
Unit 2a 4 12.04 4.40 0.37
Unit 1 3 5.45 0.07 0.01
the basin floor. Nevertheless, the reconstructed lake-level curve still
shows a distinct—albeit apparently muted—resemblance to the
eustatic curves for that period.

In more detail, we can attribute each seismic unit to a particular
climatic/eustatic event (Fig. 14). Unit 1 has been correlated to MIS 6
and the subsequent highstand ofMIS 5e to Unit 2a. The lower sea level
of MIS 5d is represented by the upper part of Unit 2a. Unit 2b can be
correlated to MIS 5c and the erosional unconformity truncating this
unit to the MIS 5b lowstand, which approaches the level of the sill
between the Gulf of Cariaco and the Cariaco Basin. The MIS 5a
highstand can be correlated to Unit 2c.

The MIS 4 lowstand is represented by an evaporite (Unit 3) in the
Gulf of Cariaco. The upper boundary of Unit 3 was tuned to the end of
Heinrich Event 6 (H6), which was identified in the Cariaco Basin as a
period of very dry climate (González et al., 2008).

MIS 3, which is globally characterized by a return to a higher sea
level (Siddall et al., 2003;Waelbroeck et al., 2002) and, regionally by a
humid and moist climate (Rull, 1999), can be correlated with Unit 4.
Reconstructed base level for Unit 4 hovers around the height of the
sill, implying that the environment was mostly lacustrine with some
marine connections. The two unconformities separating the three
subunits of Unit 4 are interpreted to have formed during a period of
disconnection. They appear to be roughly coeval with Heinrich Events
5 (H5) and 5a (H5a) (Fig. 14). According to González et al. (2008),
these Heinrich Events are expressed as extreme stadials in the
adjacent Cariaco Basin, characterized by dry climate conditions.
However, to strengthen these preliminary interpretations, better
time constraints are needed.

Evaporitic Unit 5 was attributed to the LGM, which corresponds to
dry conditions in the region and which is a part of MIS 2. The
subsequent lake-level rise, witnessed by the high-amplitude parallel
stratified facies of Unit 6a, could thus represent the Bølling/Allerød (B/
A) interstadial. The erosional unconformity at the top of Unit 6a
represents a strong lake-level drop, probably corresponding to the
onset of the Younger Dryas stadial (Fig. 14).

We relate the reconnection and the reinstallment of marine
conditions to meltwater pulse MWP1b (Fig. 15), when rapid sea-level
rise flooded the sill. The top reflector of Unit 6a can thus also be
interpreted as a transgressive surface. Around the end of the Younger
Dryas, just before reconnection with the Caribbean Sea, the shallow-
water Unit 6b deposited. This was followed by the deeper-water,
marine environment of Unit 6c.
5.6. Discussion of the assumptions

In this subchapter, we go back to and discuss the assumptions on
which our reconstruction and interpretations are based. As a first
approximation, sedimentation rate was considered constant through
time in the centre of the Cerro Abajo Basin. Total subsidence was also
assumed to be constant in time, although not in space.

Tuning the Gulf of Cariaco sea/lake level to global sea level led to
adjustments of the sedimentation rates for each unit, which were
previously considered as constant. Adjusted sedimentation rates
(Fig. 14) vary in agreement with the changes of sedimentary
environments. Highstand, open marine conditions are generally
characterized by low sedimentation rates, and lacustrine conditions,
with lower base level, by higher sedimentation rates. These variations
in sedimentation rate thus corroborate the tuning to the eustatic
curve. Units 5 and 6 deviate from this rule, but we attribute this to
differences in compaction and overestimation of sound velocities in
the upper, weakly compacted units. Considering a constant acoustic
velocity of 1700 m/s for the sedimentary infill, the average sedimen-
tation rate since the last interglacial is 0.84 mm/y. This is an
acceptable sedimentation rate for this kind of environment and
thereby supports our chronostratigraphy.
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Fig. 14. Sea/lake-level curve of the Gulf of Cariaco tuned to the eustatic sea level curve (Siddall et al., 2003; Waelbroeck et al., 2002) and to Marine isotope Stages (MIS 2–MIS 4). Also
Heinrich Events (HE) recorded in the Cariaco Basin (González et al., 2008; Hughen et al., 2004) are indicated (grey bars), since some unconformities could possibly be linked to some
of them. However, the sea/lake-level curve of the Gulf of Cariaco has not been tuned to these HEs. To convert the base-level estimations from seconds to meters, a sound velocity of
1500 m/s for water and 1700 m/s for the sediments has been used (Hamilton, 1978).
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After tuning to the eustatic sea-level curve, the activity through
time of the faults in the area of the Cerro Abajo Basin can be estimated
by measuring their vertical throw at each unit boundary. The
difference in vertical throw only reflects the true activity of a fault if
the vertical offset is in proportion to the total offset of the fault and if
the activity is synsedimentary.We can assume this last condition to be
Fig. 15. Barbados sea level based on oxygen isotopes of foraminifera (data points in blue
with vertical error bars depending on species, the red line is the derived sea level curve)
(Peltier and Fairbanks, 2006) compared to Younger Dryas age in the Cariaco Basin
(Hughen et al., 2004) and the Gulf of Cariaco sill depth (50–60 m). The last
reconnection between the Gulf of Cariaco and the Cariaco Basin occurred just before
or just after the end of the Younger Dryas. The Unit 6b fan deltas were formed during or
just after the Younger Dryas, depending on the time of reconnection.
fulfilled since the present-day vertical offsets of the seafloor are
minimal (Figs. 3 and 4). This fault activity is a good proxy for the
regional tectonic activity and consequently for tectonic subsidence.
The component of total subsidence that is most likely to vary in time
thus appears to have been constant during the considered time
interval.

Estimations of sea level by using delta offlap breaks of the
Manzanares and Casanay River systems give the same results. We
can thereby conclude that the offlap breaks of either of the systems
occur at approximately the same depth.

The erosional unconformities within Unit 4 have been attributed to
a lowering of the lake level. However, it must be said that an
intensification of tropical storm or hurricane activity—by a southern
shift of the ITCZ—could lead to an increase in wave base depth, which
could also generate such erosional unconformities. However, these
southern shifts of the ITCZ, generally linked to Heinrich Events, were
also accompanied by drier climate conditions in the region (González
et al., 2008), and therefore this does not influence the main
conclusions.

6. Conclusions

Seismic–stratigraphic interpretation of a dense grid of sparker
reflection seismic profiles enabled us to reconstruct the history of sea/
lake-level variations in the Gulf of Cariaco (NE Venezuela) during the
last glacial–interglacial cycle.

– Three different sea/lake-level indicators were used for this
reconstruction: i) evaporites, ii) delta offlap breaks, and iii)
erosional unconformities.

– A simple subsidence model, based on a comparison of key
reflectors with similar paleomorphology, was developed in order
to correct for total subsidence. This subsidence model fits our
observations that—on a regional scale—the central parts of the gulf
are affected by higher subsidence rates than the more marginal
parts. The tectonic activity, expressed by active faults, does not
appear to significantly affect our subsidence model. Moreover, our
data reveal that fault activity has been remarkably constant during
the examined interval.
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– The Gulf of Cariaco base-level curve has been tentatively tuned to
the eustatic sea-level curves of Waelbroeck et al. (2002) and
Siddall et al. (2003). The upper sedimentary infill of the gulf
corresponds to the last glacial–interglacial cycle, starting from the
end of MIS 6. During periods of connection, reconstructed sea level
correlates well with eustatic sea level, both in terms of timing of
variations and of their amplitude. During periods of disconnection,
reconstructed lake levels can still be correlated to the stadials and
interstadials. Somemajor Heinrich Events, as described by Hughen
et al. (2004) and González et al. (2008), are possibly also recorded
in the gulf's sedimentary infill. MIS 4, the LGM and the Younger
Dryas were identified in the Gulf of Cariaco sedimentary record.

The Gulf of Cariaco thus holds a remarkably robust high-resolution
record of regional variations in climate and lake level duringMIS2 toMIS
4 (glacial) and of sea level during periods of higher eustatic sea level
(interglacials). There is a clear imprint of 5th-order climatic cycles in the
sedimentary record. Stadials are recorded as (almost) complete
desiccations, sometimes leading to the formation of an evaporite deposit
(MIS 6, MIS 4 and LGM). The record of some possible marine incursions
and imprints of HEs during MIS 3 could eventually lead to a better
understanding of past changes in regional climate and global sea level.

The quality of this record and the vicinity to the iconic Cariaco
Basin make the Gulf of Cariaco an ideal target for future ocean drilling
(or long coring).
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