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Multibeam bathymetry data acquired during the 2005 Spanish R/V Hespérides cruise and reprocessed
multichannel seismic profiles provide the basis for the analysis of the morphology and deformation in the
central Muertos Trough and Muertos thrust belt. The Muertos Trough is an elongated basin developed where
the Venezuelan Basin crust is thrusted under the Muertos fold-and-thrust belt. Structural variations along the
Muertos Trough are suggested to be a consequence of the overburden of the asymmetrical thrust belt and by
the variable nature of the Venezuelan Basin crust along the margin. The insular slope can be divided into
three east–west trending slope provinces with high lateral variability which correspond to different accretion
stages: 1) The lower slope is composed of an active sequence of imbricate thrust slices and closed fold axes,
which form short and narrow accretionary ridges and elongated slope basins; 2) The middle slope shows a
less active imbricate structure resulting in lower superficial deformation and bigger slope basins; 3) The
upper slope comprises the talus region and extended terraces burying an island arc basement and an inactive
imbricate structure. The talus region is characterized by a dense drainage network that transports turbidite
flows from the islands and their surrounding carbonate platform areas to the slope basins and sometimes to
the trough. In the survey area the accommodation of the ongoing east–west differential motion between the
Hispaniola and the Puerto Rico–Virgin Islands blocks takes place by means of diffuse deformation. The
asymmetrical development of the thrust belt is not related to the geological conditions in the foreland, but
rather may be caused by variations in the geometry and movement of the backstop. The map-view curves of
the thrust belt and the symmetry of the recesses suggest a main north–south convergence along the Muertos
margin. The western end of the Investigator Fault Zone comprises a broad band of active normal faults which
result in high instability of the upper insular slope.
© 2009 Elsevier B.V. All rights reserved.
1. Introduction
The offshore areas of the Northeastern Caribbean Boundary Zone
have been widely studied since the 1950s, but most studies have
focused on the north slope of the islands of Hispaniola and Puerto Rico
(e.g., Larue and Ryan, 1998; Dolan et al., 1998; ten Brink et al., 2004).
Very few studies have been carried out on the south slope. A few
cruises with seismic data acquisition provide some information about
the seismic stratigraphy of the Venezuelan Basin, the Muertos Trough
and the Muertos deformed belt (IG1503 cruise (Ladd et al., 1977),
IG2408 cruise (Ladd et al.,1981), EW9501 cruise (Driscoll and Diebold,
1999) and SEACARIB I cruise (Mauffret and Leroy, 1999)). During
spring 2005 a marine geophysical cruise aboard the Spanish
Oceanographic Research Vessel Hespérides was carried out in this
area of the northeastern Caribbean plate (GEOPRICO-DO), and
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specifically in a broad region of the southern insular slope (Figs. 1,
3a; Carbó et al., 2005).

The east–west trending Muertos Trough takes its name from the
largest island off the south coast of Puerto Rico, Caja de Muertos
(Glover, 1971; Mann et al., 2005) (Fig. 1). In the north-eastern
Caribbean bibliography both trench and trough are used indistinctly
for the Muertos depression. Some authors have used trough on the
basis of the shallower structure (Matthews and Holcombe, 1974; Case
and Holcombe, 1980; Forsthoff and Holcombe, 1983) and others used
trench (Ladd and Watkins, 1978) to signify an underthrusting process
of the Caribbean's interior beneath the island arc. Byrne et al. (1985)
considered a subduction process taking place along the Muertos
“Trough”. Later bibliography used trough and trench always from the
standpoint of a subduction process (Dillon et al., 1996; Dolan et al.,
1998; Mann et al., 2002; Mann et al., 2005). However, the depth
distribution of earthquakes does not show a clear subduction process
(i.e., Wadati–Benioff Zone) taking place along the Muertos margin
(Dillon et al., 1996; Dolan et al., 1998; Mann et al., 2002). Nowadays, in
the bibliography and in the geology glossaries, the term “trench” is
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Fig. 1. Regional tectonic setting of the north-eastern Caribbean plate. Isobaths based on satellite bathymetry data gridded at 2 arc-minute interval (Smith and Sandwell, 1997). Inset
shows the multibeam bathymetric survey area from GEOPRICO-DO cruise (Carbó et al., 2005). Location of seismic profiles used in this research are shown. Thick black arrows show
the relative convergence direction between North American and Caribbean plates. Thin black arrows show the GPS-derived velocities with respect to North American plate (Manaker
et al., 2008). The arrow length is proportional to the displacement rate. Error ellipse for each vector represents two-dimensional, 95% confidence limit. Oligocene–Pliocene carbonate
platform extension is outlined by dotted line (van Gestel et al., 1998). Black star — Location of the Ms=6.7 event calculated by Byrne et al. (1985). MRS = Mona Rift System, YB =
Yuma Basin, SB = Sombrero Basin, VIB = Virgin Islands Basin, MRD=Main Ridge, BF= Bunce Fault, EFZ= Enriquillo Fault Zone, SFZ= Septentrional Fault Zone, IFZ = Investigator
Fault Zone, JS = Jaguey Spur, SPB = San Pedro Basin, DR = Desecheo Ridge, GSPRFZ = Great Southern Puerto Rico Fault Zone.
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used in most cases associated to a subduction process (Kearey, 2001;
Allaby, 2008). Therefore, we avoid using “trench” and “accretionary
prism” since these terms are generally linked with subduction zones.
Instead, we use trough and thrust belt.

The Muertos tectonic area can be classified as a convergent margin
where a variably thick pile of pelagic and turbiditic sediments has
been accreted to produce a deformed belt (Matthews and Holcombe,
1974; Ladd et al., 1977; Case and Holcombe, 1980). Seismic reflection
data from other convergent margins around the world show that part
or all of these sediments and rocks are offscraped and accreted
forming a sequence of imbricate thrust slices (e.g., Barbados (Moore
and Biju-Duval, 1984); Cascadia (Davis and Hyndman, 1989); Makran
(Kopp et al., 2000); Costa Rica (Shipley et al., 1992)). The
morphological expression of the imbricate slices is a sequence of
elongated, narrow, sub-parallel ridges. The thrust slices character-
istically show a seaward slope steeper than the landward slope
(Kukowski et al., 2001). The accreted pelagic sediments come from
the foreland region, whereas the turbiditic sediments are mainly of
island arc origin. Deep erosive canyons may form by the turbidity
currents, where the rivers carry abundant suspended material from
onshore areas to the margin (Gnibidenko and Svarichesvskaya, 1983;
Underwood, 1991; Hagen et al., 1994). A similar convergent setting is
found in the Muertos margin (Ladd et al., 1977; Byrne et al., 1985).
Muertos margin features are influenced by an overriding block which
is partitioned intomicroplates (Jansma et al., 2000; Mann et al., 2002),
and by convergence and thrusting of a “buoyant” oceanic plateau (i.e.,
Venezuelan Basin crust; Burke et al., 1978). This thrust belt and its
associated trough are the result of a convergence process in a retroarc
area of the eastern Greater Antilles island arc (ten Brink et al., in
press). The convergence is mainly resolved by perpendicular thrusting
of the eastern Greater Antilles island arc over the Venezuelan Basin
crust (Fig. 1).

The purpose of this paper is to analyze the morphotectonics and
the shallower structure of the central part of the Muertos thrust belt
and the Muertos Trough, and to document the spatial variations along
and across these features. We present a tectonic interpretation from
the integration of new multibeam bathymetry data acquired during
the GEOPRICO-DO cruise and reprocessed seismic reflection profiles.
The role of the canyons and channels in the superficial mass transfer
and the supply to the Muertos Trough is investigated. We also address
several other outstanding issues resulting from the detailed observa-
tion and analysis of the data such as the convergence vector and the
microplates setting of the northeastern Caribbean.

2. The tectonic setting of the Muertos convergent margin

2.1. The Muertos margin in the Caribbean plate setting

During most of the Tertiary, the Caribbean plate has been moving
eastward with respect to the North and South American plates,
assisted by left-lateral strike-slip systems in the northern boundary
and right-lateral strike-slip systems in the southern boundary (Weber
et al., 2001; Mann et al., 2002). These boundaries act as broad
bands of deformation in which transtension and transpression take
place, as well as microplates and blocks tectonics (Byrne et al., 1985;
Reid et al., 1991; Mann et al., 1995; Jansma et al., 2000). Oblique
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convergence along these boundaries adds more tectonic complexity
and as a result, compressional structures such as deformed belts and
troughs have been developed along the northern (Muertos margin,
Fig. 1) and southern margins of the Venezuelan Basin (Ladd and
Watkins, 1979).

2.2. Regional setting of the Muertos margin

The eastern Greater Antilles island arc consists of a series of
microplates: Gonave microplate (Mann et al., 1995), Hispaniola
microplate (Byrne et al., 1985) and Puerto Rico–Virgin Islands block
Fig. 2. Enlarged sector of seismic profile 1292, which compares (a) original stacked seismic pr
Fig. 9a for location. Vertical scale is given in seconds (twtt). Vertical exaggeration is ~2.0 at
(Jansma et al., 2000) (Fig. 1). These microplates are located within the
250 km-wide northeastern Caribbean plate boundary zone (Ladd and
Watkins, 1978; Mann and Burke, 1984, Mann et al., 1995; Byrne et al.,
1985: Ladd et al., 1990; Masson and Scanlon, 1991; Dillon et al., 1996).
GPS-derived velocities indicate that the Caribbean plate is moving
relative to the North American plate at a rate of 18–20 mm/yr in an
azimuth of 070° (Mann et al., 2002) (Fig. 1). The main boundary
between the North American and the Caribbean plates is situated
along the Puerto Rico Trench (Fig. 1). In this trench, highly oblique
convergence is accommodated by a predominantly east–west left-
lateral strike-slip motion (e.g., Bunce Fault, BF in Fig. 1; ten Brink and
ofile and, (b) post-stacked migrated seismic profile used in the research. See Fig. 7h and
the seafloor.



Fig. 3. (a) Color-coded 3-D perspective bathymetric images of the northeastern Caribbean viewed from the southwest. Bathymetry in theMuertosmargin (inset) is based onmultibeam bathymetry gridded at 150m interval. Bathymetry for the
rest of the area is from satellite derived data (Smith and Sandwell, 1997). (b). 3-D perspective bathymetric image viewed from the southwest. Grey-black shaded relief highlights the relative slope gradient. (Grey colors show lower slopes and
black colors show higher slopes). The schematic cross-section shows the combined interpretation of the seismic profiles andmultibeam bathymetry. Vertical scale inmeters is valid only at cross-section location. The vertical exaggeration at the
cross-sections is ∼7. See Fig. 5b for location. (c) Same as (b), but view from the southeast. See Fig. 5b for location.
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Fig. 3 (continued).

11J.L. Granja Bruña et al. / Marine Geology 263 (2009) 7–33
Lin, 2004, 2005) with only a small component of subduction of the
North American plate beneath the Caribbean plate (Calais et al., 2002;
Mann et al., 2002; Manaker et al., 2008). In this setting, the Muertos
convergentmargin is an east–west trending tectonic feature located in
the retroarc region of an inactive Cretaceous to Early Tertiary island
arc and is a result of the convergence between the North American
and the Caribbean plates (Ladd et al., 1981; Dillon et al., 1996).
Interpretations of the gravity (Worzel and Ewing, 1954), seismic
reflection (Matthews and Holcombe, 1974; Ladd et al., 1977; Biju-
Duval et al., 1982) and seismologic data (Byrne et al., 1985, Mann et
al., 1991; Dillon et al., 1996; Dolan et al., 1998; Mann et al., 2002)
have suggested that the Caribbean plate was possibly being
underthrusted or subducted under Puerto Rico and Hispaniola.
Seismic data show that reflectors corresponding to the Venezuelan



Fig. 4. (a) Morphotectonic division of the slope provinces, the Muertos Trough and the Venezuelan Basin. Grey-shaded relief bathymetry in the background is from 150 m gridded multibeam data illuminated from southwest. See Fig. 1 for
location. Thick black dotted lines limit the different slope provinces. Thin black dashed lines show the location of the multichannel seismic lines from IG1503 cruise (vb-2na, vb-2nb, vb-1nb and vb-1nc profiles) and from EW9501 cruise (1292
profile). Red arrows show the northernmost identification of Venezuelan Basin reflectors beneath the thrust belt. Barbed line shows the main underthrust and the deformation front. North–south black solid lines correspond to the location of
bathymetric profiles shown in Fig. 6a and b. The east–west trending thin black line marks the location of the bathymetric profile along theMuertos Trough axis shown in Fig. 6c. GC=Guayanilla Canyon System. JS= Jaguey Spur. Ruled areas in
the toe of the deformation front show recesses. (b) Morphotectonic interpretation based on multibeam bathymetry and seismic data. Grey-shaded relief bathymetry in the background is from 150 m gridded data illuminated from southwest.
See legend for interpretation. TZ= Transfer Zone. CH= Channel referenced in the text. AUF= Area of thrusted normal faults. B= themost developed slope basin in the lower slope referenced in the text. X=middle slope basin referenced in
the text (upper left corner). IFZ = Investigator Fault Zone. DS = Drainage system referenced in the text. (c) Schematic cross-sections of the Muertos margin deduced from this investigation. Both cross-sections use the same scale to compare
the variation along the margin. Top figure shows the cross-section of the western region (south of Mona Passage). Bottom figure shows the eastern region (south of Puerto Rico).
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Fig. 5. (a) Color-coded slopemap derived from 150m griddedmultibeam bathymetry using a statistical gradient analysis in SAGAGIS (b) Submarine flow network based onwatershed analysis in SAGAGIS. Grey-shaded relief bathymetry in the
background comes from 150 m gridded multibeam data illuminated from southwest. Insets show the location of different figures of the manuscript. Traces of the Investigator Fault Zone are marked by green lines.
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Fig. 6. North–South bathymetric profiles extracted from a 150 m grid of multibeam bathymetry and arranged serially across Muertos margin. See Fig. 4a for location of profiles.
(a) Western trough. (b) Eastern trough. (c) Bathymetric profile along the Muertos Trough.
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Basin extend beneath the south insular slope (Matthews and
Holcombe, 1974; Ladd et al., 1977, 1981). Moreover, the San Pedro
Basin, a thicker “forearc basin”, lies north of the “accretionary
wedge” (i.e., “Muertos Accretionary Prism”), south-east of Hispa-
niola (SPB in Fig. 1). Overall, the trench-wedge-forearc basin
sequence closely resembles island arc sequences observed around
the Caribbean and the Pacific (Ladd and Watkins, 1978, 1979).

Although oblique convergence between the North American and
the Caribbean plates has been taking place since the Jurassic (Mann,
1999), the time when the Muertos margin originated is still unclear.
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Some workers have argued that Muertos Trough subduction ceased
around the late Eocene (Burke et al., 1978) or Oligocene (Malfait and
Dinkelman, 1972). On the other hand, Byrne et al. (1985), Dillon et al.
(1996) and Dolan et al. (1998) suggest active subduction processes
from seismological data. Byrne et al. (1985) interpreted the June 24,
1984, Ms=6.7 San Pedro Basin event (black star in Fig. 1), to be a
nearly pure thrust motion along a plane dipping 9° northwards at
32 km focal depth. Dillon et al. (1996) and Dolan et al. (1998)
estimated the three-dimensional geometry of a 15° northward-
dipping zone of seismicity associated with the northward under-
thrusting of Caribbean lithosphere along the Muertos Trough. This
strongly suggests that the Muertos Trough is an active convergent
boundary.

Morphologically, the Muertos Trough is an east–west trending
depression which is slightly concave to the north. This trough is
650 km long and runs from the Beata Ridge in the west to the
insular slope of the Aves Ridge in the east (Matthews and Holcombe,
1974; Case and Holcombe, 1980) (Fig. 1). The trough is a striking
bathymetric feature with water depths greater than −5550 m
(Granja et al., 2006). The reflecting horizons of the Venezuelan
Basin, the “Carib beds” (Coniacian-recent materials mainly pelagic
and volcanic, Ewing et al., 1968; Edgar et al., 1971, 1973) gently dip
to the north beneath the turbidite fill of the trough and continue
beneath the insular slope (Ladd et al., 1977). The insular slope along
the Muertos Trough is formed by an east–west deformed belt or
accretionary prism (Matthews and Holcombe, 1974; Ladd et al.,
1990; Case and Holcombe, 1980; Jany, 1989). The maximum
convergence estimated along this margin south of Hispaniola is
3 mm/yr (Calais et al., 2002) or 7.7 mm/yr (Mann et al., 2002), but
convergence decreases eastwards until about 65°W, where the
deformed belt disappears (Jany, 1989; Masson and Scanlon, 1991).
The convergence between the island arc and the Venezuelan Basin
crust was proposed to be transferred or linked by means of strike-
slip faults (e.g., Investigator Fault Zone, IFZ in Fig. 1) to the Anegada
Passage (Jany, 1989; Masson and Scanlon, 1991; van Gestel et al.,
1998; Mann et al, 2005).

The western end of the Muertos Trough is deflected to the north
and becomes shallower. Some researchers have suggested that the
Muertos margin structure continues westwards into Hispaniola but
the geometry of the transition is still unclear (Biju-Duval et al., 1982;
Mann et al., 1995) (Fig. 1).

3. Data

We present new multibeam bathymetry data acquired south of
the Dominican Republic and Puerto Rico (Figs. 1, 4a) as part of the
2005 GEOPRICO-DO cruise (Carbó et al., 2005). The region was
systematically mapped using the Simrad EM-120 multibeam system
installed on the Spanish R/V Hespérides with 100% coverage of the
seafloor (Fig. 3a). This echo-sounder is designed to work between
1000 m and 11000 m water depth with a measured precision
between 0.5% and 1% of the water depth. The survey covered an area
of approximately of 23000 km2, between water depths of −1000 m
and −5550 m (see survey area in Fig. 1 and Fig. 3a) with only a
small gap (2500 m by 700 m), which was interpolated. A total of
3865410 (∼170 soundings/km2) soundings were collected. The data
was examined for quality, edited, and processed using the software
Neptune (Simrad) and IRAP-CFloor (Smedvig AS). Maps were
created using the commercial Golden Software Surfer v8.0, and
the free software GMT (Wessel and Smith, 1998) and SAGA GIS
(Göttingen University).

To augment the interpretation of the bathymetry we have re-
processed five stacked seismic reflection records provided by
the University of Texas at Austin (Marine Seismic Data Center,
Shipley et al., 2005). Stacked profiles vb-1nb, vb-2na and vb-2nb
from IG1503 cruise have been partially published in Ladd et al.
(1977) and Ladd and Watkins (1978). However, the profiles vb-1nc
and 1292 from IG1503 (1975) and EW9501 (1995) cruises respect-
ively have not been previously published (Seismic profiles location
in Figs. 1, 4a). A detailed re-processing by means of post-stack
Memory Stolt f–k migration method has improved the seismic
images (Fig. 2; Stolt, 1978). The reprocessed seismic profiles
provide valuable information about the seismic stratigraphy of the
Venezuelan Basin and the Muertos Trough, and about the structure
of the south insular slope.

4. Morphology of the Muertos Trough and the Muertos thrust belt:
tectonic interpretation

We have divided the region into four east–west trending provinces
on the basis of morphological, structural and sedimentological criteria
established frombathymetry and seismic data. The different provinces
from south to north are (Figs. 4, 5): the Muertos Trough and
Venezuelan Basin, the lower slope, the middle slope and the upper
slope. The morphotectonic interpretation of the multibeam bathy-
metry region is shown in Fig. 4b and the schematic morphostructural
cross-sections of the margin are shown in Fig. 4c.

4.1. Muertos Trough and Venezuelan Basin

The Muertos Trough and the Venezuelan Basin are located in the
southern part of the study area (Fig. 4a, c). This province extends from
the deformation front southward to the southern end of the multi-
beam data (∼17.1°N). The axial slope of the Muertos Trough becomes
deeper from east towest (Figs. 3a, 6c) with amaximumdepth of about
−5580 m. The trough is marked by a smooth seafloor with slopes ∼0°
(Figs. 3a, b, c; 5a, 6c). The trough is characterized by a well-defined
wedge of series of smooth, closely spaced, sub-parallel reflectors with
high seismic reflectivity (Fig. 7 a, c, d). Core samples indicate that the
trough seafloor is composed of sediments of different sources, mainly
interbedded turbiditic and pelagic sediments underlain by homo-
geneous carbonate pelagic mudstones and siltstones of the Venezue-
lan Basin (Forsthoff and Holcombe, 1983). The turbidite wedge,
defined by horizontal reflectors, is separated from the Venezuelan
Basin layers by a basal unconformity (Figs. 4c, 7a, c, d).

The Venezuelan Basin region has been investigated by seismic
surveys (Edgar et al., 1971; Diebold et al., 1981; Diebold et al., 1999)
and DSDP data (sites 146/149; Edgar et al., 1971). This region shows a
sedimentary cover known as Carib beds. The Carib beds were defined
as 1 s (twtt) of sediments overlaying a Coniacian basalt (top of the
Caribbean plateau) marked by the B″ reflector (Ewing et al., 1968;
Edgar et al., 1971, 1973). Two seismic reflectors are regionally
identifiable inside the Carib beds, the A″ reflector (Middle Eocene
siliceous limestone and chert) and the α reflector (Early Miocene)
(Fig. 7a, c, d). In our survey area, these reflectors have high lateral
continuity and dip gently northward. They can be traced beneath the
turbidite wedge and beneath the south slope for at least 30 km
northwards of the deformation front (Figs. 4c, 7a). A detachment
surface separates the sub-horizontal reflectors of the Venezuelan
Basin from the overlying steeply-dipping reflectors of the deformed
belt (Fig. 7a). The detachment surface propagates southwards by
means of blind thrusts deforms the horizontal turbidite layers of the
trough wedge (Fig. 7c, d, f). If we consider a p wave velocity, Vp=2
500 m/s for the materials of the thrust belt, the restored dip of the
detachment surface has low angles between 8° and 10° (Figs. 4c, 7a).
The thrust fault offscrapes progressively the trough wedge layers and
then the Carib beds (Fig. 7c). Material offscraped from the trough
wedge and the Venezuelan Basin cover is added to the thrust belt by
frontal and basal accretion (Figs. 2b, c; 4c, 7). In the inner part of the
thrust belt, the detachment could be placed near the top of the
Caribbean plateau (B″ reflector). This horizon is a good candidate for a
detachment surface because of the differences between the



Fig. 7. Migrated seismic profiles. See Fig. 4a for location. Dashed rectangles in Fig. 7a–e show the sections of the seismic profiles, which lie within the multibeam bathymetry map (Fig. 4a). Vertical scale is given in seconds (twtt = two-way
travel time). CDP= CommonDepth-Point. (a) Seismic profile 1292. Vertical exaggeration (VE) is ∼6.7 at the seafloor. Insets show the location of Fig. 2, 7f and h. (b) Seismic profile vb-1nb.VE is ∼3.5 at the seafloor. (c) Seismic profile vb-1nc. VE
is ∼3.5 at the seafloor. (d) Seismic profile vb-2na. VE is ∼3.5 at the seafloor. (e) Seismic profile vb-2nb. VE is ∼2.6 at the seafloor. Inset shows the location of Fig. 7g. (f) Enlarged image of seismic profile 1292. See Fig. 7a for location. VE is ∼2.0 at
the seafloor. Dashed lines show unconformities. (g) Enlarged image of seismic profile vb-2nb. See Fig. 7e for location. VE is ∼4.3 at the seafloor. (h) Enlarged image of seismic profile 1292. See Fig. 7a for location. VE is ∼2.0 at the seafloor.
Dashed lines show unconformities.

17
J.L.G

ranja
Bruña

et
al./

M
arine

G
eology

263
(2009)

7
–33



Fi
g.

7
(c
on

ti
nu

ed
).

18 J.L. Granja Bruña et al. / Marine Geology 263 (2009) 7–33



Fi
g.

7
(c
on

ti
nu

ed
).

19J.L. Granja Bruña et al. / Marine Geology 263 (2009) 7–33



Fi
g.

7
(c
on

ti
nu

ed
).

20 J.L. Granja Bruña et al. / Marine Geology 263 (2009) 7–33



Fi
g.

7
(c
on

ti
nu

ed
).

21J.L. Granja Bruña et al. / Marine Geology 263 (2009) 7–33



Fig. 7 (continued).
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mechanical behavior of the basalts and the Carib beds. However, we
cannot reject the possibility of accretion of basement rocks of the
Caribbean plateau (layers below B″ reflector) in the inner parts of the
thrust belt (Fig. 7e).

The northern boundary of the trough is clearly defined by the toe of
the steep insular slope, essentially coincident with the deformation
front (Figs. 3b, c; 4a, b, c). Locally, small frontal structures appear
located forward of the main deformation front (Fig. 7f). The boundary
between the trough and the Venezuelan Basin, on the other hand,
shows high lateral variability (Fig. 4c). In the eastern part, between
67.7°W and the multibeam data end (66.5°W), there is no distinct
morphological trough possibly due to a higher sediment supply in this
region (Fig. 3c). Here the turbidite wedge is much wider and thicker,
and continues southwards outside of the multibeam and seismic data
coverage (Fig. 7a). The satellite-derived bathymetry shows the
−5000 m isobath occupying a broader zone southwards in this
region (Fig. 1). The horizontal reflectors define different sequences of
turbidite fill in the trough onlaping the gentle northward dipping
Venezuelan Basin layers. Between 68°W and 67.7°W there may be no
turbidite wedge and the Venezuelan Basin is in contact with the
deformation front (AUF in Fig. 4b). In the area located between 67.8°W
and 70°W, the southern margin of the trough is characterized by fault
scarps marking a clear boundary between the flat seafloor of the
troughwedge and the gentle northward slope of the Venezuelan Basin
(Figs. 3b, c; 4b,c; 5).

On the basis of morphological and structural criteria, we have
divided the Muertos Trough into two segments separated by a zone of
relatively higher east–west bathymetric gradient (∼0.6°) located
between 68°W and 67.7°W (Figs. 4a, 6c): a shallower eastern trough
(average depth −5220 m) and a deeper western trough (average
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depth −5550 m). The 300 m of difference in depth between the two
segments is formed by the combined offset of several fault scarps,
which obliquely cut the trough (Figs. 3b, 4b).

4.1.1. Western trough
The western segment is an elongated morphological expression, a

flat seafloor and is the deepest area of the Muertos Trough (Figs. 3b,
4a, 6c). This segment is confined to the south (outer wall) by scarps
sub-parallel to the deformation front resulting in a structurally
ponded basin (Figs. 3, 4c, 5b; 7c, d). The width of the confined trough
is variable, but it becomes narrower and shallower eastward from
68.5°W until it disappears about 68°W (AUF in Fig. 4b). Eastward of
68.5°W fault scarps are progressively oriented north-eastward and lie
obliquely to the deformation front yielding a zone of relatively higher
bathymetric gradient in the trough axis. Moreover fault strands seem
to converge and disappear beneath the deformation front (AUF in
Fig. 4b).

The scarps are the result of the activity of normal faults (Fig. 7c, d).
The faults are only observable in the Venezuelan Basin near the trough
and beneath the turbitide wedge. Although they may continue below
the detachment surface, they are not observable in the seismic profiles
(Fig. 7c, d). They affect the sedimentary cover (Carib beds) and top
of the basement (B″ reflector) and seem to be largest within the
trough. These normal faults create northward dipping scarps on
the seafloor with slopes between 3° and 8° (Fig. 5a) and produce
offsets of 0.2 to 0.1 s (twtt) in the seismic reflectors of the Carib beds
(Fig. 7c, d). A monoclinal ridge is observed locally inside the trough.
This ridge is formed above a southward-dipping normal fault that has
deformed the surrounding flat-lying sediments of the turbidite wedge
(Fig. 7c).

4.1.2. Eastern trough
The eastern segment shows a smooth topographic undulation of

the seafloor without a distinct morphological trough (Figs. 3a, c; 4a, c;
6c). However, further east outside our study area (eastwards of
66.5°W), Matthews and Holcombe (1974) from reflection profiles and
Masson and Scanlon (1991) from GLORIA side-scan sonar data
interpreted one fault scarp sub-parallel to the deformation front. We
only observe a very gentle bathymetric variation from the toe of
deformation front 30 km south toward the Venezuelan Basin (Figs. 4c,
7a). Seismic profile 1292 (Fig. 7a) and the adjoining profile to the
south (Driscoll and Diebold, 1999) also show the eastern trough
without normal faults in the outer wall of the trough unlike the
western trough (Fig. 4c).

Both seismic and multibeam data show one anticline forward of
the main deformation front which is forming a small ridge sub-
parallel to the deformation front (Figs. 7f, 9). This feature has an
elongate shape as a consequence of the activity of a propagating blind
thrust, which is folding the trough fill. This thrust is the result of the
propagation of the detachment surface toward the turbidite wedge,
but it is buried by horizontal turbidite layers suggesting a low rate of
recent activity.

4.1.3. Intrusive bodies
Many seamounts and volcanic bodies have been documented in

the Venezuelan Basin region (i. e., foreland) from GLORIA side-scan
sonar, seismic profiles and geomagnetic data (Donnelly, 1973;
Matthews and Holcombe, 1985; Jany, 1989; Driscoll and Diebold,
1999; Mauffret and Leroy, 1999). These bodies frequently deform the
seafloor and have been interpreted as intrusive bodies. We have
identified in one seismic profile several intrusive bodies in the trough
region and beneath the thrust belt which disrupt the normal
continuity of the Carib beds and indeed deform the seafloor
(Fig. 7d). These bodies may play an important role in the pattern of
the thrust belt because they can damage the imbricate structure
(Dominguez et al., 2000; Marques and Cobbold, 2002). Multibeam
bathymetry data show a conical feature 100 m higher than the
seafloor at 67.7°Wand 17.2°N (see volcanic body in Fig. 4b). This cone-
shaped feature could be interpreted as being of igneous origin, but
with our data we cannot reject a possible mud diapir origin which is
frequently observed in convergent margins (e.g., Barbados; Brown
and Westbrook, 1987).

4.2. Lower slope

The lower slope is situated at the base of the insular slope, from the
toe of the deformation front to the convex slope break (Figs. 4, 6a, b). It
has a width of 45 km in the western part (from 68.6°W westwards),
and becomes narrower eastward, being only 14 km wide at 66.5°W
(Fig. 4b).

The lower slope angle is 4° to 9°. Locally, the slope gradient exceeds
20° corresponding to structural ridges (Figs. 3, 5a). Anticlinal ridges
are steep and narrow, and are sub-parallel to the deformation front
(Figs. 3b, c; 4b). They have an asymmetrical cross-section where the
landward slope is less steep than the seaward slope (i.e., southward
vergence; Figs. 3, 4c, 6a, b). Ridges can rarely be traced for more than
30 km along strike (Fig. 4b), perhaps as a result of segmentation by
transverse faulting or because of their own imbricate architecture
(anastomosing). Ridge spacing varies along the unit, but it appears
shorter near the deformation front (about 1–2 km), and longer (4 km)
on the higher slope (Fig. 3b, c). This increase in ridge spacing is also
related to the increasing size and continuity of ridges higher on the
slope.

Normally, small elongate slope basins and terraces occupy the
troughs between the adjacent imbricate thrust slices (Figs. 4b, 7e, g),
but in some cases they can reachmuch bigger sizes (25×2.5 km; see B
in Fig. 4b). We use the expression “terraces” to refer to over-filled
slope basins with gentle slopes which cover the insular slope and bury
the structure (seismic profile vb-2n is oblique to the deformation front
and therefore, it does not provide a suitable transversal cross section
(Fig. 7c, g)). These types of basins, which are associated with thrust
sheets, are called piggy-back basins in subaerial settings and trench-
slope basins in submarine settings (Charvet and Ogawa,1994). We use
the name “slope basin” to avoid the implication that a subduction
process is taking place in the Muertos margin which is still
controversial. As a result of the differential activity of thrust slices,
these basins are characterized by sediment fill tilted to a greater or
lesser extent (Fig. 7g). The imbricate structure in some places causes
ponded basins, which only receive local sediment supply (isolated or
immature slope basins; Mutti and Ricci Lucchi, 1978), and not the
channelized turbiditic currents from the upper slope (mature slope
basins) (Fig. 7b). When sedimentation rate is faster than the thrusting
activity, the slope basins are completely filled giving rise to terraces.
Terraces smooth the slope and are associated with shallower
horizontal and smooth downward dipping sedimentary reflectors
(Fig. 7g).

Seismic records show the continuation of Carib beds beneath the
insular slope, but they only give limited information about the internal
structure of the thrust belt (Fig. 7a, c, d). Seismic images do not show
many coherent reflections in the overlying folded sediments, perhaps
due to a high degree of deformation (i.e., tectonic melange) and in
some cases also due to the poor quality of the seismic record.
However, many synthetic imbricate thrust planes associated with
slope basins and anticlinal ridges can be inferred (Fig. 7a, c, d, e, g).
These fault planes are mainly northward dipping and are synthetic
with the detachment surface. Locally, there are some backthrusts
related to the convex slope break, but they are buried by slope
sediments and seem to be secondary features in the observed
morphostructure (see pop-up in Fig. 7h).

By analogy with other deformed belts (e.g., North Panama
Deformed Belt; Silver et al., 1995) and accretionary prisms (e.g.,
Barbados, Brown andWestbrook, 1987; Makran; Kopp et al., 2000 and



Fig. 8. (a) Shaded relief bathymetry illuminated from northeast showing a detail of a recess in the deformation front. See Fig. 5b for location. Dotted line shows the hypothetical
normal position of the deformation front. (b) North–south bathymetric profile across the recess zone. See Fig. 8a for profile location.
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Kukoswki et al., 2001), the lower slope corresponds with the more
active area of compressive deformation, and with the initial accretion
process (Figs. 4b, 7e). Part or all of the sequence of pelagic,
hemipelagic and turbiditic sediments located in the foreland area
(trough wedge and Carib beds) are offscraped and accreted forming a
sequence of numerous imbricate thrust slices.

We have identified several fault zones or shear zones trending
transverse to the deformation front in themultibeam bathymetry data
(TZ in Fig. 4b). These fault zones begin at the toe of the deformation
front and some of them are associated with recesses in the
deformation front (Marshak, 2004; Ruled areas in Fig. 4a). These
recesses imply a landward retreat of the toe of the deformation front
(from a hypothetical “normal” position), which reaches 6 km in some
of them (Fig. 8). Most of these fault zones can only be observed on the
lower slope, deforming the anastomosing fabric of the imbricate
structure. Only one of the faults continues upward and is possibly
associated with a big drainage system in the upper and middle slope
(See DS in Fig. 4b; Fig. 9). Along these zones the east–west trending
fabric of the accretionary complex is faulted and segmented by the
interference of oblique and lateral thrust ramps yielding transfer or
accommodation zones.

4.3. Middle slope

The middle slope extends from the convex slope break to the
concave slope break (Figs. 4a, c; 6a, b). In many places the concave
slope break is not well defined by the multibeam bathymetry data
because the sedimentation rate may be higher than the deformation



Fig. 9. (a) Shaded relief bathymetry illuminated from the northeast showing a detail of a transfer zone in the lower slope. See Fig. 5b for location. (b) Interpretation and the location of
the seismic profile 1292 (Fig. 7a, f). TZ = Transfer Zone.
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rate, resulting in smooth bathymetric profile. Therefore, structural
(e.g., degree of thrusting activity or the presence of normal faults) and
sedimentary (e.g., mass movements) criteria are more useful to
constrain the boundary between these slopes.

The middle slope is also characterized by an imbricate structure
similar to the lower slope (Fig. 4b, c), but here the structure is buried
in most places by extended slope deposits (Figs. 5a, 7b). This buried
structure could be due to lower thrusting activity and/or to a
higher sedimentation rate. Although the middle slope has a smoother
morphology than the lower slope, some ridges reach slopes of 7°
(Fig. 5a). The sediments in the middle slope have accumulated in
bigger ponded slope basins and terraces. Their map-view shape is
irregular unlike the elongate basins of the lower slope (Fig. 4b). Most
basins show connectionwith the drainage network of the upper slope
(Fig. 5b); hence, they must play an important role in the trapping of
turbiditic flows from source areas in the higher slope and onshore
areas (Forsthoff and Holcombe, 1983). The thickness and the width
of the slope basins and terraces are highly dependent on the basin
location with respect to the turbiditic supply and the degree of
thrusting activity (Fig. 5b). In the middle slope, the thickness of
the slope deposits is variable, with an average of several hundreds
meters (Fig. 7a, b, f). One exception is the slope basin/terrace that
appears in the upper western corner of the survey area which shows
more than 2 s (twtt) of sediment fill (∼2000 m), with a syn-tectonic
and a post-tectonic sequence (See X in Figs. 4b, 7e). Ponded
basins show an asymmetrical cross-section, with the landward
wall steeper than the seaward wall, which is characteristic of
the troughs formed inside imbricate structures (Moore and Karig,



Fig. 10. (a) Isobath map derived from the multibeam data in a sector of the upper slope. See Fig. 5b for location. Spacing 25 m. (b) Shaded digital elevation model illuminated from the northwest with schematic interpretation of slumps
associated with seamount, talus and ridges. Note Mona Channel and a fan. Numbered lines — locations of bathymetric profiles shown in Fig. 10c. See Fig. 5b for location. (c) Bathymetric profiles located in Fig. 10b. T = Thalweg.
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Fig. 10 (continued).

27J.L. Granja Bruña et al. / Marine Geology 263 (2009) 7–33



28 J.L. Granja Bruña et al. / Marine Geology 263 (2009) 7–33
1976; Scholl et al., 1980; Charvet and Ogawa, 1994). Bigger slope
basins show deeper sedimentary layers tilted as a result of syn-
tectonic sedimentation, while sub-horizontal shallower reflectors
have been deposited in a posterior stage of lower tectonic activity
(Fig. 7b, g).

Such a process is taking place in the lower slope, but in the initial
stages of the accretion process. Slope basins begin to form at the base
of the lower slope where the sediments are ponded between adjacent
ridges. The slope basins showa progressive increase inwidth from2 or
3 km to more than 10 km in the middle slope (Fig. 7a, b, g). This
increase in size would be a consequence of the addition of more
accreted material, which causes uplift and rotation of thrust planes
together with the overlying slope sediments (Fig. 7b). As deformation
continues, motion along some thrust faults dies out, and the inactive
thrusts become buried by slope sediments, thus increasing the size of
slope basins (Moore and Karig, 1976; Scholl et al., 1980).

Most thrust lineaments are sub-parallel to the deformation
front suggesting a thrust component origin similar to the actual
north–south compression regime observable in the structure of the
lower slope (Fig. 4b). Locally, structural lineaments are obliquely
oriented (110°) with respect to the deformation front (090°), and
there are even a few perpendicular lineaments (north–south and
northeast–southwest trending) (Fig. 4b). These changes in orientation
together with the variable lateral development (i.e., number of thrust
slices) of the thrust belt could represent changes in the convergence
vector in previous stages of the accretion process.

4.4. Upper slope

The upper slope extends from the concave slope break up to the
edge of the platform, situated at the top of the island arc (see
extension of carbonate platform in Fig.1; Fig. 7b). It is characterized by
the talus derived from the carbonate platform and also by the
presence of extensive terraces with gentle seaward slopes (Figs. 4c,
5a). We use the expression “talus” or “talus region” to refer to the
steeply-sloping area between the platform or terraces (flat or gently-
sloping areas) and the terrace deposits (gently sloping areas) located
at the base of that steeply-sloping area (see talus in Fig. 5a)
Sedimentary processes, such as mass movements and gravity flows
are important here, yielding a smoother bathymetry. Thicker slope
deposits cover almost totally the imbricate structure and the island arc
basement (Fig. 7a, b). In general structural lineaments do not show a
clear relation to the structures of the middle and lower slopes
(Fig. 4b). Lineaments in the upper slope are straight unlike those
downslope (arcuate) which could reflect a different tectonic regime
and also the presence of the carbonate platform talus.

In the upper slope, slumping and sliding are very important
processes (Fig. 4b). Many slumped areas are aligned following the
scarps or ridges (Fig. 10b). However, some areas near isolated hills or
high slopes in the talus area may also be controlled by lithologic
parameters such as less consolidated materials.

4.4.1. Terraces
Terraces occupy much of the extended regions immediately south

of the toe of the talus, with slopes between 0.5° and 5°, and end
downwards in a more or less marked scarp or simply in a smooth
convex slope break (Figs. 4c, 5a). The internal structure of the biggest
terraces comprises more than 1 s (twtt) of thickness of continuous
sediment layers (Fig. 7a; See Yuma Basin in Fig. 7b). Terrace deposits
bury old ponded basins, an inactive imbricate structure or an acoustic
basement. The deeper structure of the upper slope, where observable,
could show a more evolved stage of the accretion process which is no
longer active and the basement of the island arc (Fig. 7a). On the other
hand, sedimentary processes play a much more important role in
burying and smoothing the morphostructure. Frequently, the terraces
are associated with normal faults (Fig. 7a, b). These normal faults
would be related to the extensional regime documented in the
carbonate platform (van Gestel et al., 1998; Mann et al., 2005;
Grindlay et al., 2005).

4.4.2. Talus region and drainage network
Multibeam bathymetry data show only the lower part of the talus

region in the central and eastern areas of the surveyed zone (Figs. 5a,
4b). Possibly in the western region the talus is located higher in the
slope, or there is simply no talus (Fig. 7b). The talus regions are
characterized by slopes between 4° and 7°, reaching N15° in areas
associated with a complex and dense drainage network, composed of
gullies, canyons and channels (Fig. 5a, b). We use the expression
“canyon” to refer to a deep, steep-sided valley cut in the talus region
and with an axial slope N80 m/km (Allaby, 2008). Channels have
smaller slope angles and are mainly associated with the terrace areas.
Turbidite currents flow down along this drainage network and
transport material southward from the carbonate platform and the
onshore areas (e. g., Hispaniola and Puerto Rico islands). This
transported sediment is deposited along the insular slope forming
the terraces and slope basins (Fig. 4b). Most gullies/canyons are only
observable along the talus and fade away when they reach the basins
and the terraces at the toe of talus. This fact suggests that most of the
sediment load is deposited there and only aminor amount reaches the
downslope basins or the Muertos Trough (Figs. 4b, 5b).

Locally where many canyons/gullies come together they form
bigger channels that flow along the slope deposits and reach the
middle slope (Fig. 4b). The most developed canyon system in the
south slope of Puerto Rico appears to be the Guayanilla Canyon system
(GC in Figs. 5b, 11). This system is connected with onshore rivers and
shows an incisive valley in the talus, but it only reaches the upper
slope terraces. However, high reflectivity observed in the GLORIA side-
scan image shows continuity between the canyon and the trough,
indicating that turbidites may reach the trough (Masson and Scanlon,
1991). A through-flow of turbidites from Puerto Rico to the eastern
trough may explain the thicker sediment fill of the eastern trough
relative to the western trough and the absence of a distinct
morphological trough there. Here the distance between the island
and the trough is only 70 km and the average slope is higher (4°–5°)
than in other places of the insular slope. Turbidite currents may
therefore be able to reach the trough, although they are not
channelized.

We have selected a representative region of the upper slope for a
more detailed analysis of the channel network (Fig. 10). Multibeam
bathymetry data show a big channel flowing from the Mona Passage
area (CH in Fig. 4b). This channel was identified previously in the
GLORIA backscatter mosaic (Masson and Scanlon, 1991). We propose
that this channel be named Mona Channel. The Mona Channel flows
from north to south in the talus and changes to southwestward over a
terrace possibly conditioned by basement highs. It shows a smooth
sinuosity (1.09=channel length/channel reach length) bordered by
slumped flanks (Fig. 10b). Bathymetric profiles across the channel
show awide and scarped valleywith a V-shaped section suggesting an
actual process of erosion (profiles 1–4). Profiles 1 and 3 show that
slumping process are frequent in the flanks. This channel flows into a
well-developed fan, occupying an area of about 40 km2 (Fig. 10b).
Along profile 7 a smooth concave slope break separates the channel
areas where erosion is active from the fan areas where deposition
dominates. The bathymetric profiles across the fan show a convex
cross-section with a dense distributary network. Several incisive V-
shaped canyons could be more active flow line (profiles 5–6). Profile 8
compares between two distinctive process taking places in the talus.
The V-shaped cross-section of the canyons and gullies indicates actual
erosion, while the U-shaped cross-section of the channel indicates
active sedimentation. This channel shows a deep and wide valley
which becomes faded when it abandons the talus region and enters
the terrace areas. Here there is no fan; sedimentation takes place



Fig.11. Shaded relief bathymetry illuminated from the northeast showing a detail of the Jaguey Spur (JS) and the Investigator Fault Zone (IFZ). See location in Fig. 5b. GC=Guayanilla
Canyon System.
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along the seafloor of the valley. Due to the considerable size of these
channels, they can reach the middle slope and play an important role
in transporting downslope significant load of turbidite, developing the
observed extended slope basins and terraces.

4.4.3. Surface expression of the investigator fault zone
In the offshore areas to the south and southwest of Puerto Rico, we

have identified the western end of the Investigator Fault Zone (IFZ in
Fig.1; Case and Holcombe,1980; Garrison,1972). Here the fault zone is
oriented northeast–southwest turning more east–west farther east
(IFZ in Fig. 4b, 11; Fig. 5b). This fault zone is composed of several
strands which yield steps and flats in the talus slope (Figs. 5b, 6b). The
main strand is located higher in the slope and its straight trace
suggests a sub-vertical fault plane. Canyons vary their orientation
locally adapting to the vertical step faults (Fig. 11). Faults do not yield
lateral offsets in the canyons, which thus eliminates a possible active
strike-slip component as previously suggested by van Gestel et al
(1998) and Mann et al (2005). This fault zone disappears westwards
beneath the thick terrace deposits and the imbricate structure of the
middle slope about 67.3°W. A bathymetric high, named Jaguey Spur
(JS in Figs. 1, 4a, 11) is observed at the western end of the Investigator
Fault Zone (Case and Holcombe, 1980). This bathymetric feature does
not fit our slope classification, but it may show more affinity with the
upper slope. Moreover, this bathymetric high is associated with
Bouguer and geomagnetic anomalies and is therefore probably
different from the rest of the upper slope (Granja Bruña et al., 2008;
Catalán et al., 2008). The top and the north side of this bathymetric
high is crossed by several strands of the Investigator fault zone. Here
these faults show evidence of recent activity that could contribute to
the slope instability in a wide area north and south of the Jaguey Spur,
where a large area of slumping can be mapped (Fig. 11).

5. Discussion

5.1. Normal faults in the foreland

Forsthoff and Holcombe (1983) proposed that the bathymetric
scarps in the foreland are a result of major subsidence as a
consequence of major turbidite accumulation. However, seismic
profiles do not support this proposal, because in the eastern trough
(Fig. 7a) the thickness of the trough wedge is larger than in the
confined western though (Fig. 7c, d). Therefore, sediment accumula-
tion at different rates along the trough does not have a significant
effect on the subsidence and normal fault development in thewestern
half of the trough.

In principle we could distinguish between preexisting and new
structures in the underthrusted plate or foreland areas by means of
their orientation. Essentially, faults related to the dominant compres-
sional process observed in the margin have to have parallel or sub-
parallel orientation to the deformation front; whereas pre-existing
faults need to bear no obvious relationship to the trend of the margin
(Lallemand et al., 1986). In the Muertos margin the normal faults
observed in the foreland area are sub-parallel to the margin (Fig. 4b).
This fact and the proximity of the scarps to the deformation front
(b30 km) indicate activity related to the thrusting process, and
possibly reactivated from an earlier oceanic fabric (Figs. 3b; 4b;
Ranero et al., 2005). Other seismic surveys carried out in the
Venezuelan Basin's interior show inactive normal faults trending
NE–SW (e. g., Central Venezuelan Fault Zone). These faults essentially
affect the basement (Driscoll and Diebold, 1999) and they do not have
similar orientation to the ones observed in the proximity of the
Muertos margin. Similar Normal faults with orientation sub-parallel
to the southern margin of the Venezuelan Basin have also been
documented (Ladd and Watkins, 1978), where a similar thrusting
process also takes place.

Generally the sub-parallel normal faulting in the outer wall of
troughs/trenches is known as horst and graben chain-saw model
(Hilde, 1983). This model is commonly associated with two hypoth-
eses for the origin of these faults: the downward flexing (elastic
bending) of the underthrusted plate due to slab pull or/and the
overburden (lithostatic load) of accretionary prism/thrust belt
material over the overridden plate (Charvet and Ogawa, 1994).

The downward flexing of the underthrusted oceanic crust as a
result of the slab pull also generates an outer swell and an extensional
regime in the seafloor seaward the deformation front (Charvet and
Ogawa, 1994). The Venezuelan Basin crust shows a smooth bending
with the axis located about the center of the Basin (Driscoll and
Diebold, 1999). There is not an active extensional regime at the axis of
the bending despite the predicted maximum curvature there. This fact
could be related to a thick crust in this region, which does not bend
readily; Moreover, the curvature is quite uniform and does not
increase in the north and south margin areas where the normal faults
appear (Ladd and Watkins, 1978). Therefore, a slab pull caused by a
well developed subducting slab does not seem to be a determinant
cause for yielding the observed extensional regime in the foreland
area of the Muertos margin. Normal faults observed in the foreland
area mainly coincide with western trough region, where the thrust
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belt (essentially lower and middle slopes) is wider (Fig. 4b, c). We
suggest that the more probable reason for the normal faulting sub-
parallel and close to the margin only in the western trough could be
the larger load of accreted material over the thrusted plate south of
the Dominican Republic.

5.2. Turbidite supply to the central Muertos Trough

Except for the central zone of higher bathymetric gradient, the
Muertos Trough has a very smooth seafloor, and is flat in the western
trough. This could be due to a high sedimentation rate that inhibits the
deformational rate of themargin, as well as to the redistribution of the
sediments by sea bottom currents, which level the seafloor morphol-
ogy. In principle the turbidite supply to the Muertos trough comes
from the Venezuelan Basin region, along the trough axis and from the
insular slope.

The supply from the Venezuelan basin is likely to be relatively
minor, however, since there are no onshore areas in the region.
Forsthoff and Holcombe (1983) suggested an important east-to-west
turbidite flow along the trough axis. ten Brink et al. (in press) mapped
west-facing sand waves at the eastern end of Muertos Trough, which
suggest sediment supply coming from the gap between St. Croix island
and Aves Ridge. This sediment supply may be carried by an
intermediate-depth current flowing from the Atlantic Ocean to the
Caribbean Sea via Anegada Passage. The trough axis shows a smooth
gradient from east to west. The final area of sediment accumulation is
located in the deeper western trough, but there the trough wedge of
sediments is less thick. The seismic profile located in eastern trough,
shows an unconfined trough wedge with 1.25 s (twtt) of sedimentary
thickness at the trough axis (thickness estimated between the A″
reflector and the seafloor) (Fig. 7a). On the other hand, the seismic
profiles located in the confined western trough show 0.87 s and 0.83 s
(twtt) respectively of sedimentary thickness (Fig. 7c, d). Therefore, the
turbidite flowalong the trough axis is not very effective in reaching the
western part of the trough. This east towest flow could be restricted in
the region where normal faults cross the trough (67.7°–68°W).

Themain turbidite supply to the centralMuertos Trough comes from
the onshore areas and the carbonate platform along the insular slope.
Seismic data from the eastern trough show a significantly wider and
thicker trough wedge than observed in the western trough. The eastern
trough is located essentially along the south coast of Puerto Rico. Here
the insular slope has a higher slope on average and the distancebetween
the island/carbonate platform and the trough is shorter (60–70 km),
compared with the slope south of Mona Passage and the Dominican
Republic. The talus occupies awider zone of the upper slope and there is
a dense and well-developed drainage network (e. g., Guayanilla
Canyon). In addition, the thrust belt is relatively thin (∼25 km), and
therefore has fewer sediment traps and bathymetric barriers. All these
factors allow more turbidites to reach the trough resulting in a bigger
trough wedge and the lack of a distinct morphological trough. Forsthoff
and Holcombe (1983) documented in this region the presence of
Quaternary turbidites mainly bioclastic and terrigenous indicating
turbidite supply from the insular slope, the onshore areas and the
platform. However, the multibeam bathymetry data does not show a
consistent connection between the drainage network, locatedmainly in
the talus, and the trough (Fig. 5b). There are no channels/canyonswhich
by-pass the thrust belt and reach the trough.

Thewestern trough is located to the south of theMona Passage and
the Dominican Republic. Here the insular slope is significantly wider
(N90 km) and the thrust belt is broader (∼45 km). In this region of the
insular slope is associated with larger slope basins (e.g., Yuma Basin,
San Pedro Basin) and elongated bathymetric barriers which work as
effective traps for the turbidite flows. For instance, the San Pedro Basin
is limited to the south of a high east–west trending bathymetric
barrier and traps the flow of the rivers in southeast Dominican
Republic (Ladd et al., 1981; Heubeck et al., 1991). The turbidites have
pelagic composition in this region (Forsthoff and Holcombe, 1983),
which supports the notion that turbidite supply from the onshore
areas and the platform does not reach the western trough. The
turbidite supply to the western trough would be essentially derived
from the adjacent lower slope, and also from the Venezuelan Basin.
Consequently the sediment fill in the western trough is thinner
relatively than the eastern segment.

5.3. Boundary between the Puerto Rico–Virgin Islands and Hispaniola
blocks in the Muertos margin

From seismological and seismic data, Byrne et al. (1985) proposed
the existence of the Hispaniola and Puerto Rico platelets, separated by
a north–south boundary within the Mona Passage (Fig. 1). Recent GPS
studies also suggest a boundary between the slower-moving Hispa-
niola and the faster-moving Puerto Rico–Virgin Islands area in the
Mona Passage (movements relative to North American plate), where
late Neogene rifting occurs in a broad zone with an opening rate of
5 mm/yr (Jansma et al., 2000; Calais et al, 2002; Mann et al., 2002).

We do not observe any prominent structures in the southern slope
similar to those in thenorthern slope (e.g.,MonaRift System,MRS in Fig.
1), which can accommodate the differential motions between the
Hispaniola and thePuertoRicoblocks. TheMonaRift System is limited to
the south by the Desecheo Ridge (DR in Fig.1). This rift system does not
continue toward the top of the island arc and there is no connectionwith
south slope structures. Our bathymetry data shows a more or less
continuous east–west trending Muertos margin, with transfer zones
yielding a minor segmentation in the lower slope. Our data does not
support the breaking of the Muertos margin in two parts. We therefore
suggest that the accommodation of the east–west differential motion
between Hispaniola microplate and Puerto Rico–Virgin Islands block
takes place in the Mona Passage area as diffuse deformation. Diffuse
deformation could take place bymeans of the normal faults observed in
the upper slope and also at the top of carbonate platform, as was
documented by van Gestel et al. (1998). The Muertos thrust belt
accommodates the north–south convergence, not an east–west exten-
sion. The north–south trending Yuma Basin (YB in Figs. 1, 7b) is mainly
located at the boundary between the upper slope and the top of the
island arc (Case and Holcombe,1980; Grindlay et al., 1997) and does not
show southwards continuation into the Muertos thrust belt. Moreover,
the flanks of the rift are onlapped by the recent horizontally-deposited
sediment layers (Fig. 7b) implying no active role in the regional
tectonics.

5.4. Variations in the width of the Muertos thrust belt

The Muertos thrust belt (essentially the lower and middle slopes)
is 45–50 kmwide at the western end of the survey area (69.5°W), and
becomes gradually narrower eastward to b25 km in the eastern end of
the survey area (66.5°W) (Fig. 4).

Scaled analogue models have been designed to simulate the
formation of fold-and-thrust belts and accretionary wedges (Calassou
et al., 1993; McClay et al., 2004). These experiments show that the
asymmetrical development of the accretionary complex responds to
many different factors in the experimental design. Lateral variations in
the volume of the thrusted and accreted foreland sediment can affect
to the width of the accretionary prism. In the Muertos foreland area
the materials which could be added to the thrust belt are the
Venezuelan Basin cover (Carib beds) and the trough wedge. Seismic
data indicates that the Carib beds do not show significant variations in
thickness along the margin, and therefore, variations in sediment
thickness are not a determinant parameter. Sediment volume in the
trough wedge is larger in the eastern trough than in the western
trough (Fig. 4c). If the volume of accreted sedimentwas a determinant
parameter, we should observe a wider thrust system in the eastern
region than in the western region. Since this is not the observed
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situation (Fig. 4a), the volume of the trough wedge is not responsible
for the asymmetry of the thrust belt.

In sand models with different depths to the underthrusted plate,
the shallower part of the thrusted plate, relative to the deeper part,
has smaller volume of trough wedge, shorter spacing between thrust
planes, and smaller width of the thrust system (Calassou et al., 1993).
The Muertos thrust belt does not show any significant differences in
the depth to the underthrusted plate region of change in the trough's
depth (AUF in Fig. 4b). Therefore the depth to the underthrusted plate
does not seem to have much influence on the width and fault spacing
of the thrust belt.

Another possible cause for the asymmetry of thrust belts is the
geometry and location of the backstop (Calassou et al., 1993). The
geological conditions of the foreland region do not determine the
asymmetry of theMuertos thrust belt. It would therefore be necessary
to consider the different position and geometry of the backstop (i.e.,
island arc core) as the cause of the observed asymmetry (ten Brink
et al., in press). The different position and geometry of the backstop
could be related to the block tectonics proposed for the island arc
(Jansma et al, 2000; Mann et al, 2002). More research is needed to
investigate this suggestion (see discussion in ten Brink et al, in press).

5.5. Map-view geometry of the thrust belt

Several narrow recesses and broad salients can be observed along
the strike of the deformation front and the lower slope (Figs. 3a, b; 8;
see ruled areas in Fig. 4a). The recesses are concave and are associated
with transfer zones. The salients are convex to the direction of
transport and salients protrude toward the foreland with respect to
the recesses (Marshak, 2004). The thrusting of seamounts and
basement highs are common causes for recesses in fold-and-thrust
belts and accretionary prisms. This thrusting gives rise to damage
tracks throughout the deformed belt (Dominguez et al, 2000;
Marques and Cobbold, 2002). The interaction of seamounts or
basement highs with the thrust belt yields recesses due to two
effects: lower volume of sediment being accreted and tectonic erosion
(Scholl et al., 1980). Many seamounts and volcanic bodies have been
observed in the central Venezuelan Basin region (Jany, 1989; Driscoll
and Diebold, 1999). A seamount has also been interpreted beneath the
Muertos thrust belt in the proximity of the Beata Ridge (Mauffret and
Leroy, 1999). In our survey area we have identified a seamount and
several basement highs (intrusive bodies) in the Muertos Trough and
beneath the thrust belt, but thrusted basement highs do not show any
observable effect in the deformation front, possibly because of their
relatively small size (Figs. 4b, 7d). However, some of the documented
volcanic bodies in the Venezuelan Basin region appear to be large and
deform or protrude the seafloor (Jany, 1989; Driscoll and Diebold,
1999). The geometry of the observed recesses, the damage track
throughout the deformed belt and their location (only in the lower
slope) lead us to consider that they may be caused by interactions
between the thrust belt and basement highs of the underlying
Caribbean plate. The map-view geometry of recess and salients is
quite symmetric suggesting north–south convergence in the Muertos
margin region.

6. Summary and conclusions

Three morphotectonic provinces can be distinguished in the
eastern Greater Antilles southern slope on the basis of structural
and sedimentological criteria: the lower, middle, and upper slopes.
The different provinces are interpreted as corresponding to different
stages of development in the accretion process. Active accretion takes
place in the lower slope, while a minor accretion occurs in the middle
slope. The upper slope is characterized by a shallower extensional
tectonics and by extended slope deposit which buries an inactive
imbricate structure and the island arc basement.
The normal faults observed in the foreland region of the central
Muertosmargin could be a consequence of greater development of the
thrust belt. These normal faults probably develop in response to the
overburden yielded by the differential volume of accreted material.

The width of the Muertos thrust belt decreases eastward. The
geological conditions of the foreland region do not explain satisfacto-
rily the asymmetry. It therefore would be necessary to consider the
different position and geometry of the backstop (i.e., island arc core)
as the cause of the observed asymmetry, as discussed in ten Brink et al.
(in press).

The eastern trough located offshore of Puerto Rico, does not have a
distinct morphological expression and contains a higher volume of
turbidite wedge than the western trough, located to the south of
Hispaniola and Mona Passage. These differences are influenced by
variations of the turbidite supply from onshore areas and the insular
slope, because the supply from the Venezuelan Basin and along the
trough axis is minor, and may be restricted by the normal faults that
cross the trough in the vicinity of 68°W.

Our data do not support a north–south trending crustal boundary
in the Muertos margin. Accommodation of the ongoing east–west
differential motion between the Hispaniola and the Puerto Rico–
Virgin Islands blocks probably takes place in theMona Passage area by
diffuse deformation, and is not observable in the Muertos thrust belt.

The map-view geometry of recesses and salients observed along
the lower slope of the thrust belt and the absence of strike-slip
faulting suggest a north–south convergence between the Venezuelan
Basin crust and the Muertos thrust belt. This observation contrasts
with a previously proposed oblique convergence along the Muertos
margin.
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