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[1] The nature of active deformation in the Gulf of Cadiz is important for developing a better understanding
of the interplate tectonics and for revealing the source of the 1755 Great Lisbon earthquake. New, high‐
resolution 3‐D seismic data reveal a classic pull‐apart basin that has formed on an east striking fault in
the Southern Lobe of the Gulf of Cadiz accretionary wedge. Geometrical relationships between an array
of faults and associated basins show evidence for both dextral and sinistral shear sense in the Southern
Lobe. Strike‐slip faulting within the lobe may provide a link between frontal accretion at the deformation
front and extension and gravitational sliding processes occurring further upslope. Inception of the strike‐
slip faults appears to accommodate deformation driven by spatially variant accretion or gravitational
spreading rates, or both. This implies that active deformation on strike‐slip faults in the Southern Lobe
is unrelated to the proposed modern inception of a transform plate boundary through the Gulf of Cadiz
and underscores the importance of detailed bathymetric analysis in understanding tectonic processes.

Components: 9900 words, 11 figures.

Keywords: 3‐D seismic imaging; Gravitational sliding; Gulf of Cadiz; Lisbon Earthquake; Pull‐apart basin.

Index Terms: 3025 Marine Geology and Geophysics: Marine seismics (0935, 7294); 3045 Marine Geology and
Geophysics: Seafloor morphology, geology, and geophysics; 8122 Tectonophysics: Dynamics: gravity and tectonics.

Received 23 February 2011; Revised 6 June 2011; Accepted 6 June 2011; Published 22 July 2011.

Crutchley, G. J., C. Berndt, D. Klaeschen, and D. G. Masson (2011), Insights into active deformation in the Gulf of Cadiz
from new 3‐D seismic and high‐resolution bathymetry data, Geochem. Geophys. Geosyst., 12, Q07016,
doi:10.1029/2011GC003576.

Copyright 2011 by the American Geophysical Union 1 of 20

http://dx.doi.org/10.1029/2011GC003576


1. Introduction

[2] The Gulf of Cadiz is a geologically complex
region situated offshore Southwest Iberia and
Northwest Morocco, at the boundary between the
Eurasian and African plates (Figure 1a). The
location of the plate boundary between Africa and
Iberia and further west into the Gulf of Cadiz is
difficult to constrain due to diffuse seismicity
and broad regions of complex deformation [Calvert
et al., 2000; Gutscher et al., 2009b; Sartori et al.,
1994; Tortella et al., 1997]. The tectonic nature
of the recent plate boundary is the topic of much
debate. Platt and Vissers [1989] proposed a geo-
dynamic model of delamination of continental lith-
osphere beneath the Alboran Sea region to explain
the radial pattern of thrusting around the Gibraltar
Arc and the extensional basin at its center –
structural patterns that are difficult to explain by
simple interplate convergence that has been ongo-
ing since the Mid‐Oligocene [Dewey et al., 1989;
Medialdea et al., 2009; Rosenbaum et al., 2002].
Alternatively, Lonergan and White [1997] sug-
gested that coeval extension and shortening resulted
from a subduction zone which rolled back until it
collided with North Africa. Gutscher et al. [2002]
proposed that subduction is actively ongoing and
that the hummocky region enclosed by a horseshoe‐
shaped deformation front that dominates much of
the central gulf (highlighted in Figure 1a) is the
seafloor expression of an active accretionary
wedge. Zitellini et al. [2009], in an evaluation of a
new compilation of bathymetric data, have inter-
preted a series of ESE striking dextral strike‐slip
faults (the “SWIM faults”) that they suggest rep-
resent a modern transform plate boundary through
the Gulf of Cadiz. Strong earthquakes that have
occurred in the Gulf of Cadiz, including the M8.7
Great Lisbon earthquake that caused near total
destruction of Lisbon in 1755, have driven much of
the research into characterizing the plate boundary
through this region in order to better constrain the
nature of seismic hazard in Iberia and northern
Africa [e.g., Gràcia et al., 2003; Gutscher, 2004;
Terrinha et al., 2003; Zitellini, 2001].

[3] In the current study, we use high‐resolution 3‐D
seismic data and swath bathymetry data to char-
acterize a classic pull‐apart basin associated with a
prominent strike‐slip fault that branches off one
of the SWIM faults interpreted by Zitellini et al.
[2009]. The fault and basin are situated within the

Southern Lobe of the upper part of the accretionary
wedge, as interpreted by Gutscher et al. [2009a]
(Figure 1a). We use a new compilation of bathy-
metric data sets [Gutscher et al., 2009b; Zitellini
et al., 2009] together with the tectonic interpreta-
tion of the seismic data to shed new light on the
nature of active deformation within the upper part
of the accretionary wedge.

[4] In addition to the regional tectonic implications,
detailed interpretation of the seismic data gives
new insight into the 3‐D structure of actively
deforming pull‐apart basins. The imaging and
interpretations provide an excellent natural exam-
ple of pull‐apart basin architecture that yields the
opportunity for comparison with other pull‐apart
basins and existing analog modeling results.

2. Data

[5] High‐resolution 3‐D seismic data were acquired
in the Gulf of Cadiz during March and April of
2006 as part of an international research program
investigating Europe’s deep marine ecosystems and
their environment – the HERMES project (Hot spot
Ecosystem Research on the Margins of European
Seas). The data of this survey (Cruise CD178) were
acquired using the RRS Charles Darwin of the
National Environment Research Council (NERC) and
the P‐Cable 3‐D acquisition system of the National
Oceanographic Centre, Southampton (NOCS). The
P‐Cable consists of a cross wire extended perpen-
dicular to the ship’s steaming direction that is held
in place by paravanes attached to both ends of the
wire. In a normal setup of this system, 12 single‐
channel Teledyne Instruments analog streamers are
connected to the cross wire and towed parallel to
the ship’s steaming direction. In Cruise CD178, only
11 streamers were used due to a defective streamer.
The streamers were towed at a depth of approxi-
mately 1 m, with inline spacing between adjacent
streamers of approximately 12 m. The source con-
sisted of four 40 in3 Bolt 600B air guns spaced
0.75 m apart and towed at a depth of 1.5 m about
20 m behind the stern of the vessel. The average
shot spacing was ∼10 m, with a sample rate of 1 ms
and a dominant frequency of ∼80 Hz. The seismic
cube presented in this study is a 10 km2 survey
designed to cover the basin shown in the bathym-
etry data of Figure 1b. In addition to seismic data,
we present high‐resolution bathymetry data that
were collected using the SIMRAD EM120 multi-
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Figure 1. (a) Regional map of the Gulf of Cadiz. Gaps in the high‐resolution data set [Zitellini et al., 2009] have
been filled with lower‐resolution data from the General Bathymetric Chart of the Oceans (GEBCO). The approximate
position of the plate boundary (based on seismicity) between the African Plate to the south and the Eurasian Plate to
the north (dashed black line) and the outline of the accretionary wedge and its interior Northern and Southern Lobes
(blue lines) are from Gutscher et al. [2009a]. The red lines are the so‐called “SWIM” dextral strike‐slip faults [after
Zitellini et al., 2009]. Dextral shear modeled by Rosas et al. [2009] on SWIM segments immediately NW of the
accretionary wedge (white arrows). (b) Illuminated high‐resolution bathymetry data from the black box surrounding
the Southern Lobe in Figure 1a. The GMT “grdgradient” function was used to apply Lambert diffuse lighting and
specular highlights to the bathymetric surface with a lighting azimuth of 360° and an elevation angle of 30°. Data gaps
are white. Artificial lineations that resulted from acquisition directivity or from stitching two data sets together are
“blanked out” by gray lines. The black box shows the extent of view given in Figure 3. The dotted black quadrilateral
within the black box shows the areal coverage of the seismic cube. (c) Illuminated high‐resolution bathymetry data
from the black box west of the Northern Lobe in Figure 1a. This image is plotted at the same scale as Figure 1b, with
the same illumination methods. The black dotted line delineates one of the interpreted dextral strike‐slip SWIM faults
[after Rosas et al., 2009; Zitellini et al., 2009].
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beam bathymetry system (nominal frequency of
12 kHz) during the same cruise.

3. Bathymetry Processing Methods

[6] The bathymetric data acquired during Cruise
CD178 were merged with a high‐resolution regional
data set that has been presented in recent studies of
the Africa‐Eurasia plate boundary in the Gulf of
Cadiz [Gutscher et al., 2009b; Zitellini et al., 2009].
The merged data set was used to relate our seismic
cube to regional seafloor morphology. In order to
interpret seafloor features, different spatial analyses
were carried out in Matlab and ArcGIS to produce
attribute maps that provide insight into various
morphological characteristics.

[7] Slope angle maps were calculated to highlight
steep sections of the seafloor that are useful for the
localization of geological features such as fault
traces, mud volcanoes and channel systems. Profile
and plan curvature maps were calculated to high-
light curvature variation along the direction of
steepest gradient and the direction of the contours,
respectively. The former, therefore, highlights along‐
slope ridges and crests, whereas the latter highlights
downslope ridges and crests [e.g., Micallef et al.,
2007; Wilson et al., 2007]. In addition to the attri-
bute analysis techniques described above, several
illumination methods (including hill shades, Lambert
diffuse lighting, and specular highlights [Wessel
and Smith, 1998]) were used in the viewing of
bathymetric surfaces.

4. Seismic Processing Methods

[8] The geometry of the P‐Cable acquisition is
controlled by GPS antennae that track the positions
of the doors and the guns. The positions of each of
the 11 channels on the streamers were calculated
geometrically from the known connection points of
the streamers on the cross wire and by approxi-
mating the shape that the cross wire forms as it is
towed through the water. The predicted geometry
for each shot was then fine‐tuned to account for
first arrival times on each channel that were
inverted to source‐receiver offset using water
velocity. We tested both triangular and catenary
curve geometrical configurations of the cross wire
and found, based on first arrival times, that cate-
nary curves offered a slightly better approximation
of the true geometry. However, it is noted that the
differences were sufficiently small that after CDP
binning into 10 m bins there was no difference in

the fold map. The geometry was then “fine‐tuned”
by moving the geometrically predicted positions by
small amounts either toward the ship or away from
the ship, depending on the calculated source‐
receiver offset from the first arrival times. That is,
if the first arrival time yielded a distance greater
than the offset from the source to the predicted
receiver on the catenary curve, the receiver would
be moved away from the ship by the amount of the
discrepancy. The resulting geometry was subse-
quently used for CDP sorting into bins with
dimensions of 10 m by 10 m in the cross‐line and
in‐line directions, respectively.

[9] Swell noise in each of the 11 channels was
reduced by picking the seafloor reflection and low‐
pass filtering of swell‐related trace to trace fluctua-
tions. This process achieved a marked improvement
in the coherency of the seafloor and subseafloor
reflections. In addition to this time domain filtering,
data were filtered in the frequency domain to
remove low frequency noise and were then cor-
rected for the effect of geometrical spreading. Data
were subsequently corrected for normal move out
(assuming a constant velocity of 1500 m s−1)
before being stacked to form the cube.

[10] The complex and deformed geology of the
pull‐apart structure resulted in numerous diffrac-
tions that needed to be collapsed by migration to
reveal as much as possible of the structural com-
plexity. Close inspection of the poststack unmi-
grated cube revealed spatial aliasing of steeply
dipping diffractions. To circumvent this problem,
we incorporated trace interpolation routines to
increase the spatial sampling of data from a 10 m
by 10 m trace spacing (in‐line spacing by cross‐
line spacing) to a 5 m by 5 m trace spacing. We
tested both a 3‐D trace interpolation and a 2‐D
interpolation that works by summing existing
adjacent traces that have been time‐shifted by
various amounts such that they line up at the angles
of maximum coherency. A 3‐D application of the
2‐D interpolation (i.e., first executed in the cross‐
line direction, then in the inline direction) yielded
better results. These data were then stacked and
migrated with a 3‐D Kirchhoff algorithm incorpo-
rating a constant 1500 m s−1 velocity model.

[11] In order to extract as much structural infor-
mation from the data as possible, a “similarity” data
set was calculated from the final seismic cube with
the OpenDtect seismic interpretation program.
Similarity is a measure of the trace‐to‐trace coher-
ency calculated throughout the 3‐D volume. This
coherency expresses how much two or more trace
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segments look alike. A similarity of 1 means that
the trace segments are identical and a similarity of
0 means that they are completely dissimilar.

5. Bathymetric Imaging
and Interpretations

[12] The accretionary wedge complex has a very
rough seafloor expression, especially when com-
pared with the directly surrounding Seine Abyssal
Plain and Rharb valley [Gutscher et al., 2009a]
(Figure 1). The distribution of steep slope angles
within the complex indicates focused deformation
around its southern margin (i.e., immediately north
of the Rharb Valley) and around two internal por-
tions referred to as the Northern and Southern
Lobes [Gutscher et al., 2009a] (Figure 1a). The
reader is referred to Gutscher et al. [2009a] for the
regional distribution of slope angles.

[13] The addition of the CD178 bathymetry data
to the regional compilation allows us to constrain
the surface manifestation of deformation in the
Southern Lobe. The first observation that was
immediately evident was that deformation linea-
ments in the Southern Lobe have a much more
sharply defined, “fresh” appearance than deforma-
tion lineaments further west in the Gulf of Cadiz.
This fresh appearance, interpreted as indicating a
youthful origin, is especially apparent when com-
parisons are made (for example) to the dextral
strike‐slip faults studied by Rosas et al. [2009],
located several hundred kilometers to the WNW.
Figures 1b and 1c, plotted at the same scale from
the same bathymetry set, highlight this pronounced
difference in appearance: Figure 1b, from the
Southern Lobe, and Figure 1c from one of the
dextral strike‐slip faults interpreted by Rosas et al.
[2009]. The fabrics in the Southern Lobe appear,
therefore, to be significantly younger than inter-
preted strike‐slip faults farther west in the Gulf of
Cadiz.

[14] Shaded relief maps (e.g., Figure 1b) and slope
maps (Figure 2a) were used to map prominent
seafloor lineations and make a thorough interpre-
tation of bathymetric morphology within the
Southern Lobe (Figure 2b). Clearly, the roughest
part of the Southern Lobe is its toe region, where
steep slopes define the surface expression of
focused, active deformation (deformation front
highlighted green in Figure 2b) [Gutscher et al.,
2009a]. The arcuate shape of the deformation
front, and also of other lineations to the east,
resembles the surface expressions of push‐up rid-

ges that may be caused by either thrusts or blind
thrusts. This is supported by a bathymetric profile
extracted from west of the deformation front to the
central reaches of the eastern part of the lobe
(Figure 2h), showing the prominent topographic
high to the east of the deformation front and the
rugged seafloor terrain that continues approxi-
mately 15 km eastward from the deformation front.
The bathymetric data therefore indicate that thrust‐
style deformation continues eastward from the
deformation front over a distance of approximately
10–20 km (pink shaded region east of the defor-
mation front in Figure 2b). Shortening in this
western part of the lobe is consistent with the
interpretations of Gutscher et al. [2009a]. Further
shoreward, in the eastern part of the lobe (shaded
gray in Figure 2b), the seafloor is much flatter and
smoother, but it is dissected by a series of linea-
tions. Two of these pronounced lineations are the
ESE striking SWIM strike‐slip fault segments (red
lines in Figure 2b), which are hereafter referred
to as the Northern and Southern SWIM faults
[Zitellini et al., 2009]. Additionally, there is a
dominant orientation of E to ESE striking faults
that branch off the SWIM faults. Several basins
(yellow regions in Figure 2b with extracted slope
profiles in Figures 2c–2g) are identified along both
the ESE striking and the east striking faults, and
appear to be related to step overs. Therefore, we
suggest that they are pull‐apart basins: that is, that
they have formed in response to transtension on
strike‐slip faults. Basin d and its hosting strike‐slip
fault are the basis of detailed discussion in this
paper; we hereafter refer to them as the Hermes
Basin and the Hermes Fault, respectively.

[15] Enlarged curvature plots of the bathymetry
around the Hermes Fault reveal more clearly the
lineations of both this fault and the adjoining
Northern SWIM fault (Figure 3). The strong negative
component of the plan curvature map (Figure 3a)
sharply defines the fault traces on the seafloor –
these are observed as the dark blue lineations. The
strong positive (red) and strong negative (blue)
components of the profile curvature map (Figure 3b)
show where the profile is changing rapidly. This
map highlights well the extent of the Hermes Basin,
which is revealed by the region of strong positive
and strong negative curvature (Figures 3b and 3c).
The strong negative regions marked by blue
streaks, defining rapidly changing concave‐down
curvature, highlight the margins of the basin
(Figure 3c). The strong positive regions, defining
rapidly changing concave‐up curvature, highlight
the perimeter of the basin floor (Figure 3c).
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Figure 2. (a) Slope angle map (same map extent as Figure 1b). Steep slopes reveal various features, including the
deformation front of the lobe, other accretionary fabrics, strike‐slip faults, channel systems, and mud volcanoes.
(b) Interpretation of prominent seafloor lineations revealed in Figure 2a and in Figure 1b. The prominent deformation
front of the Southern Lobe (green line) separates the lower accretionary wedge (pale pink) from the lobe itself. The
apparent extent of thrust‐dominated deformation within the Southern Lobe is shaded darker pink. The eastern part of
the lobe (gray) is dominated more by prominent sublinear faults, including the SWIM strike‐slip faults (red lines).
Also marked in the eastern part are (1) basins (yellow) that are interpreted to be caused by local pull‐apart tectonics on
strike‐slip faults and (2) interpreted channels systems (sinuous yellow lines). All other lineations are marked black.
The blue box shows the extent of the view given in Figure 3. (c–g) The extracted bathymetric profiles shown in Figure 2b
by the positions of the dashed black lines transecting the basins. Note that profile d crosses the Hermes Basin –
studied in greater detail with the 3‐D seismic cube. (h) Bathymetric profile showing the deformation front, as well as
the interpreted section of thrust deformation (western part of the lobe) and the smoother eastern part of the lobe.
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A bathymetric profile extracted through the basin
(Figure 3d) shows the concave‐down and concave‐
up curvature at the basin margins and basin floor,
respectively. The interpretation of the pull‐apart
basin and its relationship to the Hermes Fault and
the Northern SWIM fault is shown in Figure 3e.
The Hermes Basin is interpreted to have formed as
a result of a releasing bend on a dextral strike‐slip
fault. Seismic imaging presented later supports this
interpretation.

[16] A clear contrast in the deformation style of the
lobe was shown in Figure 2, from the accretionary
style frontal part (shaded pink in Figure 2b) to
the smoother eastern part that is multiply dissected
by relatively linear fault traces (shaded gray in
Figure 2b). In the west, the Hermes Fault bends
southward forming an arcuate expression that

mimics the deformation front (Figures 2a and 2b).
Thus, we interpret this bathymetric lineation to be
the expression of a strike‐slip fault in the eastern
part of the lobe (Figure 3e) that bends southward
and merges into a thrust feature associated with
frontal deformation in the western part of the lobe
(Figure 2b). This transition of the frontal accretion
zone to strike‐slip faulting further east is illustrated
in the oblique 3‐D view of Figure 4. The seafloor
expressions of the ESE and east striking faults in
the eastern reaches are seen to bend around and
merge with the thrust ridges of the frontal defor-
mation zone. Not only does the Hermes Fault
exhibit this phenomenon, but also the SWIM fault
immediately to the north, which bends around and
merges with the deformation front. It is expected
that a combination of reverse and shear motion is

Figure 3. (a) Plan curvature map from the area highlighted by the blue box in Figure 2b. White regions blank out
grid artifacts. Zero curvature (colored green) represents flat surfaces. Negative curvatures indicate that the surface is
upwardly concave at the point of observation, whereas positive curvatures indicate a downwardly concave surface.
Strong negative curvature (dark blue) highlights the east striking Hermes Fault and the ESE striking SWIM Fault.
(b) Profile curvature map of the same area as in Figure 3a. Negative curvature indicates downwardly concave regions,
and positive curvature indicates upwardly concave regions. (c) Enlarged region covering the Hermes Basin. The
dashed line shows the location of the profile in Figure 3d. (d) Extracted profile through the basin. Blue and red dots
show strongly negative and strongly positive curvature, respectively. (e) Shaded relief map of the same area as in
Figures 3a and 3b with major lineations annotated. The Hermes Fault, like the SWIM Fault that it intersects in the
region 7°7′W/35°17′N, is interpreted as dextral strike slip.
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accommodated along the segments of these struc-
tures that lie in the transition from the east to ESE
striking strike‐slip segments to the more north to
NE striking thrust segments (these segments are
indicated by lines of alternating color in Figure 4b).

6. Seismic Imaging and Interpretations

[17] One of the major aims of the seismic survey
was to investigate whether the Hermes Basin
formed as a result of pull‐apart tectonics, and if so,
how? Picking the seafloor reflection of the 3‐D
seismic data resulted in a 5 m horizontal resolution
bathymetry grid. We were able to use this seafloor
surface to extract trace‐to‐trace similarity at (and
immediately below) the seafloor. Figure 5, showing
both high‐resolution bathymetry (Figure 5a) and
seismic similarity that was extracted just beneath
the seafloor (Figure 5b), was used for a surface‐
based structural interpretation of the basin. The
seafloor trace of the Hermes Fault can be clearly
seen to the east of the basin, where it is an extension
of the southeastern margin of the basin (Figure 5d).

The improved bathymetric resolution, combined
with the similarity extraction, highlights the well‐
defined northwestern basin margin (striking 076°),
which is subparallel to the southeastern margin
(striking 083°). The southwestern margin is at the
edge of our seismic cube, but it seems to be sub-
linear with a mean strike of 102°. It is characterized
by numerous arcuate depressions that appear to be
the result of surficial slumping. The northeastern
margin of the basin (average strike of 110) includes a
significantly larger arcuate depression. The greater
basin itself occupies an area of approximately
2.6 km2. The steepest basin walls (up to 25°) are
directly south and north of the basin center. Linear
fabrics that extend into the basin between the two
Hermes Fault segments are interpreted as step over
strike‐slip faults that partially link these two fault
segments [e.g., McClay and Dooley, 1995; Dooley
and McClay, 1997; Wu et al., 2009] (Figure 5d).
Lineations that are oblique to and merge with the
Hermes Fault segments are likely to be the result of
Riedel shear along the strike‐slip shear zones [e.g.,
Wu et al., 2009] (Figure 5d).

Figure 4. (a) Three‐dimensional perspective view and (b) interpretation looking eastward from above the deforma-
tion front of the Southern Lobe of the accretionary wedge. The north arrow and the tilt meter to the lower left of
Figure 4a describe the orientation of the view. Interpreted transition zones between the thrust deformation region
(yellow lines) and the strike‐slip faults (red and blue lines) are represented by dashed lines of alternating color.
Dashed gray lines blank out grid artifacts.
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[18] While the northwestern and southeastern mar-
gins are defined by the Hermes strike‐slip fault that
can be regionally traced in swath bathymetry data
(e.g., Figure 3e), the southwestern and northeastern
margins are local features. They do not extend
away from the basin. It is on these margins where
one would expect to find normal faulting that has
formed to accommodate the extension driven by
dextral motion on the strike‐slip faults. The fol-
lowing paragraphs discuss seismic sections extrac-
ted from the cube to reveal deformation across all
basin margins.

[19] The seismic cube was interpreted in three
dimensions with the Kingdom Suite seismic inter-
pretation software. A seismic line oriented NW‐SE
across the basin shows relatively flat‐lying and
undeformed strata underlying the seafloor either
side of the basin (Figure 6). However, subtle
folding of deeper strata is observed on the western
side of the basin (Figure 6c). On both sides of the
basin, the shallowest layers converge with the basin
walls, and at greater depths these strata terminate
abruptly rather than continuing underneath the
basin. This termination of reflectivity can be seen

Figure 5. (a) Depth plot (scale in meters below sea level) of the Hermes Basin as determined by picking the seafloor
reflection. (b) Seismic similarity attribute calculated directly beneath the seafloor. White regions represent areas where
neighboring traces are relatively similar. Brown, through black to purple, highlights areas of progressively lower
trace‐to‐trace similarity. (c) A 50% transparent depth plot (Figure 5a) overlaid on the similarity plot of Figure 5b.
(d) Same plot as Figure 5c but with prominent structural lineations annotated: Hermes Fault (heavy black lines),
Riedel shears (dotted lines), step over faults (dashed black lines), slump scars (white lines), and extension region (thin
black lines).
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Figure 6. (a) Seafloor surface of the seismic cube plotted in UTM Zone 29N coordinates. The white line (striking
ESE) shows the location of the seismic section displayed in Figures 6b and 6c. The black line (striking NE) shows the
locations of the seismic section displayed in Figure 7. (b) ESE striking seismic section extracted from the seismic
cube. Note that vertical exaggeration at the seafloor is ∼3.2. (c) Interpretation overlain on the seismic data.

Figure 7. (a) NE striking seismic section extracted from the seismic cube. Note that vertical exaggeration at the sea-
floor is ∼3.2. (b) Interpretation overlain on the seismic data.
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throughout the cube and is interpreted, on both the
northwestern and southeastern sides, as the position
of the major strike‐slip faults that define the north-
western and southeastern basin margins. These
fault surfaces, dipping steeply toward the basin,
are interpreted to accommodate dextral strike‐slip
motion – the sense of shear required for pull‐apart

basin formation, given the right‐stepping fault
geometry that was highlighted in Figure 5. Addi-
tionally, normal motion overprints the dextral
motion to accommodate the extension involved in
the opening of the basin.

[20] A very strong positive polarity reflection with
an arcuate, concave‐up expression is observed

Figure 8. (a) Three‐dimensional perspective view of the Hermes Basin. Black lines on the seafloor show the posi-
tions of the Hermes fault segments that bound the basin – these are interpreted as the PDZs. White lines show the
positions of oblique basin bounding normal faults (N1, N2, and N3). Thin dotted lines show the positions of inter-
preted step over strike‐slip faults (as highlighted in Figure 5) that partially link the two PDZs. (b) The same per-
spective view as in Figure 8a, but with an arbitrarily cut vertical section showing a gray scale plot of seismic data.
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approximately 200 ms beneath the center of the
basin floor (Figures 6b and 6c). A package of
several other coherent reflections is observed
between the major basal arcuate reflection and the
seafloor. The basal reflection is interpreted as a
paleobasin floor (Figure 6c), and the section above
is likely to be in‐filled strata that have been sourced
from erosion of the steep‐sided walls or from
sediment transported from elsewhere on the surface
of the wedge. The flexural character of the basin fill
may reflect differential synsedimentary subsidence
of the basin floor [e.g., Hurwitz et al., 2002] – i.e.,
the center of the basin subsides more rapidly than
the margins. Some disruption of the in‐filled strata is
also visible, which may be associated with defor-
mation during basin evolution.

[21] Figure 7 displays a seismic section oriented
NW‐SE through the cube. It shows the structural
architecture from the southwest margin of the
basin, through the basin itself, and across the
northeast margin. The northeast margin of the basin
is better imaged than the southwest margin, as there
is better data coverage on that side. Concave‐up
strata that are offset and rotated as they approach the
basin from the northeast give evidence for normal
faulting (fault labeled N1, Figure 7b). Rotated
strata indicate block rotation. Further basinward,
another fault is interpreted (N2, Figure 7b) between
the paleobasin floor (same feature identified in
Figure 6c) and the termination of strata observed to
the northeast. A third normal fault (N3), farther east
of this section, was also identified on the basis of
truncated reflectivity beneath a pronounced sea-
floor slope change. The position of N3 is shown in
Figure 8, which is discussed in the following sec-
tion. Poor imaging and limited data extent in the
southwestern reaches of the cube preclude inter-
pretation. It is not possible to say whether normal
faulting also occurs on this side of the basin.

[22] Although there are numerous other seafloor
depressions elsewhere within the accretionary
wedge that have likely formed as a result of dis-
solution and/or diapiric processes [Gutscher et al.,
2009a], the Hermes Basin exhibits several key
features that support the interpretation that it is a
tectonic pull‐apart structure: (1) It lies along a fault
line that is offset from one side of the basin to the
other. (2) It has a classic rhomboidal shape typical
of pull‐apart basins (as opposed to subcircular
dissolution depressions). (3) Step over faults that
partially link basin‐bounding fault segments are
observed, as they often are in sandbox modeling
studies. (4) Continuous reflections at depth either

side of the basin are truncated against the down-
ward projection of the basin boundaries. These
truncations are interpreted as the continuations of
fault zones beneath the seafloor.

7. Discussion

7.1. Pull‐Apart Basin Architecture
[23] Interpretation of the seismic cube reveals the
architecture of the Hermes Basin in three dimen-
sions (Figure 8). The Hermes Fault segments dip
steeply toward each other, and within the basin
region these faults are likely to accommodate some
degree of normal motion as well as strike‐slip
shear. As these faults dip toward each other, it is
possible that they merge together at greater depth
beneath the basin. The normal faults shown in
Figure 8b (labeled N1–N3) accommodate the exten-
sion that is imposed on that region of the basin by
strike‐slip movement on the Hermes faults. Rather
than just one major normal fault, these three normal
faults (N1, N2 and N3) collectively relieve normal
stress on the northeastern margin of the basin.

[24] It is useful to compare the structural features of
the Hermes Basin with analog modeling results of
pull‐apart basin formation [McClay and Dooley,
1995; Dooley and McClay, 1997; Wu et al., 2009].
The strike‐slip faults that enter the pull‐apart basin
from the west and east (i.e., the Hermes Fault) are
referred to as the principal displacement zones
(PDZs) [McClay and Dooley, 1995] (Figure 8b).
The offset of these PDZs and the dextral shear
motion along them provide the geometrical config-
uration and driving force, respectively, for basin
development. Within the basin itself, the PDZs
continue to undergo strike‐slip motion but are also
overprinted by extensional motion – indicated in
Figure 8b by the normal fault markers within the
basin on the Hermes faults. Additionally, normal
faults (N1–N3 in Figure 8b) develop oblique to
the PDZs to accommodate extensional strain that
develops as the basin grows [Wu et al., 2009].
There is evidence for step over strike‐slip faulting
joining the two offset PDZs in the Hermes Basin
(Figure 5d). Such a feature is often formed during
analog modeling of pull‐apart basin development
[e.g., McClay and Dooley, 1995; Rahe et al., 1998;
Wu et al., 2009], but is not always observed in
natural examples [e.g., Carton et al., 2007].

[25] The Hermes Basin, rhomboidal in shape with
steep basin walls that flank a flat basin floor,
exhibits a similar expression to the pull‐apart basin
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in the northern Argentinean Andes presented by
McClay and Dooley [1995]. The marked reduction
in reflectivity coherence at the fault bound margins
of the Hermes Basin (Figure 6) is similarly
observed in the southern part of the Vienna Basin
[Hinsch et al., 2005]. Additionally, concave‐up
reflections beneath the basin center (Figure 6c) and
rotated fault blocks on the basin margin (Figure 7b)
are also observed in the southern Vienna Basin.
Although concave‐up strata are often imaged in
pull‐apart basins [e.g., Hurwitz et al., 2002; Hinsch
et al., 2005; Carton et al., 2007], it should be noted
that other pull‐apart basins can be characterized by
subhorizontal strata or strata that dip downward
toward the basin walls [ten Brink and Ben‐Avraham,
1989]. In such a case, strata were likely tilted by
block rotation as the basin pulled apart.

7.2. Fault and Basin Geometry:
Implications for Large‐Scale Deformation
in the Gulf of Cadiz

7.2.1. Strike‐Slip Faulting Within
the Southern Lobe

[26] A prominent pattern of regional lineaments in
the high‐resolution bathymetry of the Gulf of
Cadiz has been interpreted as the seafloor expres-
sion of strike‐slip faulting [Rosas et al., 2009;
Zitellini et al., 2009]. The existence of basins
within the Southern Lobe at locations where such
seafloor lineaments step to one side (e.g., the
Hermes Basin) strongly supports the interpretation
that the lineaments are indeed strike‐slip faults and
the basins have formed by pull‐apart tectonics.

[27] The 3‐D seismic data suggest that the Hermes
Basin formed as a result of dextral shear. Several
other basins located on fault offsets (Figure 2)
provide an additional opportunity to check the
sense of shear required on each of these other faults
for basin formation. To test this, we modeled a
simplified strain distribution that would result from
an arbitrary amount of slip on the network of
strike‐slip faults using the Coulomb 3.1 program
[Lin and Stein, 2004; Toda et al., 2005]. Our
modeling scenario is purely qualitative because we
are only interested in the distribution of extension
and compression (Figure 9). Our first model
assumed dextral motion (Figure 9c), as this is the
interpreted sense of shear on the SWIM faults
[Rosas et al., 2009; Zitellini et al., 2009] and also
the predicted sense on the Hermes Fault. Pull‐apart
basins should only occur where the strain distri-
bution is dilatational (i.e., blue). Although this

dextral strike‐slip model satisfies the pull‐apart
basins in the northern part of the lobe (basins c and
d), the basins to the south (basins e, f and g) occur
where the strain distribution is compressional
(Figure 9c). This problem is resolved by changing
the sense of shear on the southern faults (i.e., those
faults to the right of the dotted line in Figure 9d) to
sinistral. Therefore, we interpret the northern faults
in the Southern Lobe as dextral and the southern
faults as sinistral. Figure 10 shows enlarged views
of the seafloor bathymetry around these three
southern basins (e, f, and g) where we predict
sinistral motion.

7.2.2. Processes Driving Strike‐Slip Faulting
in the Southern Lobe

[28] It has been argued that strike‐slip faulting in
the Gulf of Cadiz is occurring in response to the
modern inception of a dextral strike‐slip plate
boundary due to the oblique collision of Nubia and
Iberia [Rosas et al., 2009; Zitellini et al., 2009].
Rosas et al. [2009] provided good evidence, in the
form of surface deformation in analog models that
mimicked natural seafloor topography, for dextral
motion along strike‐slip faults immediately to the
northwest of the accretionary wedge (Figure 1).
Zitellini et al. [2009] expanded these results and
interpreted, together with the fault segments out-
lined by Rosas et al. [2009], a larger set of lineations
exhibiting similar strike directions (WNW‐ESE)
as dextral strike‐slip faults – the SWIM faults
(Figure 1). However, closer inspection in this study
of seafloor fault expressions within the Southern
Lobe of the upper accretionary wedge indicates that
some of the faults (including the Southern SWIM
Fault) accommodate sinistral motion. Our inter-
pretations contradict those of Zitellini et al. [2009],
who suggest that dextral motion is ubiquitous and
extends into the Southern Lobe. This opposing
sense of shear observed on a local scale suggests
that these faults within the Southern Lobe are not
deforming in response to movement along a dextral
transform plate boundary. If this were the case,
then all faults that are subparallel to the proposed
transform plate boundary (i.e., those faults high-
lighted red in Figure 2b) should exhibit a dextral
sense of shear. Of course, with conjugate faulting,
faults of opposite shear sense exist in close prox-
imity, but such fault patterns orientate themselves
at angles of approximately 60° to each other
[Sylvester, 1988]. The Northern and Southern
SWIM Faults in the Southern Lobe are subparallel
to each other and have opposite shear sense; they
are not conjugate faults. The stark difference in
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appearance between the Southern Lobe faults
and dextral transform faults further west [e.g.,
Rosas et al., 2009], highlighted in the comparison
between Figures 1b and 1c, also adds credence to
the interpretation that the Southern Lobe faults have
been formed by a different driving mechanism –
presumably more recently, on account of the
younger appearance. Barnes et al. [2001] noted
that pull‐apart basins on an offshore segment of the
Alpine Fault in New Zealand may be ephemeral in
the geological record, being progressively devel-
oped and destroyed over time scales of 105–
106 years [Zhang et al., 1989; Sibson, 1986]. Should
the fault‐basin pattern in the Southern Lobe also
only exist over relatively short time scales, this

would give further support to the interpretation that
the faulting is very recent in origin.

[29] To evaluate plausible mechanisms for devel-
opment of the opposite strike‐slip shear sense, it is
essential to consider how stress fields can be suf-
ficiently heterogeneous on a relatively small scale.
By measuring in situ stress states from borehole
wall failures in the Nankai accretionary wedge,
Chang et al. [2010] found the maximum horizontal
stress component (SHmax) of two boreholes located
approximately 10 km apart were almost perpen-
dicular to each other. They suggested that the
compressive tectonic force due to the convergence
of the Philippine Sea Plate against the Eurasian

Figure 9. Summary of strain modeling around strike‐slip faults in the Southern Lobe. Coulomb 3.1’s default param-
eterization for Poisson’s ratio (0.25), Young’s modulus (8x105 bars), and the friction coefficient (0.4) was adopted.
Idealized linear fault segments were digitized, assumed to be vertical, and assigned an arbitrary amount of pure strike‐
slip motion (0.5 m). (a) Three‐dimensional perspective view of shaded bathymetry illuminated from the north. The
north arrow and the inclinometer describe the orientation of the view. (b) Same as Figure 9a but with interpretations.
Dashed black lines are channel systems. Black lines are the idealized linear fault segments that approximate the inter-
preted trends of strike‐slip faults (SWIM faults and the Hermes fault are labeled). Arrows labeled c, d, e, f, and g point
to interpreted pull‐apart basins (see Figure 2b). (c) Dilatational strain calculated for the area by assuming an equal
arbitrary amount of slip (0.5 m) on each strike‐slip fault segment (shear sense indicated by arrows; note that all are
dextral). Basins e, f, and g show compression in this model. (d) Dilatational strain calculated for the area by assuming
0.5 m of strike slip on each fault segment. In contrast to Figure 9c, the group of faults to the south (all those to the
right of the dotted line) undergo sinistral shear. All basins are now in zones of dilatation.
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Plate is not uniformly propagated into the wedge.
Instead, they inferred that local deformation caused
by factors such as (1) gravitational extension in the
fore arc [e.g., King et al., 2010; Willett, 1999] and
(2) thrusting and bending within individual geo-
logic domains in the wedge [e.g., Cai et al., 1995]
has influenced pronounced changes in the stress
field.

[30] The following observations and interpretations
of tectonic style in the Southern Lobe provide

insight into the case of the Gulf of Cadiz accre-
tionary wedge:

[31] 1. Normal faults have been imaged in 2‐D
seismic data in the upper part of the wedge
[Gutscher et al., 2009a] and further upslope on the
Moroccan Margin [Flinch, 1994]. The focusing of
mud volcano fields on the upper slope of the wedge
may also be correlated with extensional faulting in
this region [Medialdea et al., 2009].

Figure 10. (a) High‐resolution bathymetry in the Southern Lobe. The Northern and Southern SWIM Faults are
labeled, as are three boxes that show the extents of enlarged fields of view given around basins in Figures 1b–1d.
(b–d) Enlarged bathymetry plots around “Basin g,” “Basin f ”, and “Basin e”, respectively (basin nomenclature
follows that of Figure 2b). (e–g) Interpretations of Basin g, Basin f, and Basin e, respectively. The basins are
interpreted to have formed by movement along left‐stepping sinistral strike‐slip faults.
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[32] 2. Morphological evidence of raft tectonics
and gravitational instabilities on the upper wedge
led Gutscher et al. [2009a] to interpret that the
upper wedge is undergoing gravitational spreading
on top of a weak, very shallow‐dipping upper
detachment – possibly explained by a salt layer
[Gutscher et al., 2009a; Heeschen et al., 2008].

[33] 3. The deformation front of the Southern Lobe
exhibits some of the steepest slopes of the entire
surface expression of the accretionary wedge, and
there is evidence for a link between thrusting at the
deformation front and strike‐slip faulting further
upslope (Figure 4).

[34] We suggest that the opposing shear senses on
strike‐slip faults could be driven by a spatial vari-
ance in the rates of accretion at the deformation
front, or in the rates of extension and gravitational
sliding occurring farther upslope. Both scenarios
require spatial differences in the degree of cou-
pling: in the case of accretion, on the thrust inter-
faces, or in the case of gravitational sliding, on the
low‐angle detachment surface. Such variations can
be envisaged in various ways, including (1) varia-
tions in pore fluid pressure (altering the effec-
tive stress on slip planes [Hubbert and Rubey,
1959]), (2) the distribution of salt as a weak layer
[e.g., Marshak, 2004], or (3) the distribution of
asperities/localized structures that can increase
the coupling on slip planes [e.g., Wang, 1995]. In
relation to the latter point, existing studies have
underscored the influence of localized structures on
the downgoing plate on varying deformation styles
within the wedge [e.g., Dominguez et al., 2000;
Graindorge et al., 2008;Marshak, 2004]. It may be
feasible that distinct structures being subducted
beneath the Gulf of Cadiz accretionary wedge are
causing pronounced spatially variant deformation
rates in the overlying sediments.

[35] A global compilation of natural fold and thrust
belts and sandbox modeling of surface deformation
fabrics [Macedo and Marshak, 1999; Marshak,
2004] has given insight into the importance of the
geological setting on the geometrical arrangement
of surface structural trend lines (i.e., the trends of
folds and faults in plan view). Relationships
between the leading edge of the fold and thrust belt
and the internal trend lines differ for systems that
have formed from (1) the interaction of asperities at
colliding margins and (2) those that have formed
above a basal detachment whose strength varies
laterally along strike. Colliding asperities result in
trend lines that diverge away from the limbs of the
leading edge, whereas trend lines in deforming

sediments above detachments converge toward the
limbs of the leading edge [Macedo and Marshak,
1999]. Figure 11a shows a structural sketch the
Sulaiman fold and thrust belt in Pakistan, whose
form was governed by the presence of a sedimen-
tary glide horizon [Marshak, 2004]. Trend lines
converge toward the limbs of the leading edge, and
subparallel strike‐slip faults within the deformed
region exhibit opposite shear senses. Although the
scale in the Southern Lobe of this study is signif-
icantly smaller, several similar features should
be noted (comparing Figures 11a and 11b). The
leading edge in the case of the Southern Lobe is its
deformation front. Fold/thrust ridges within the
lobe exhibit a convergence toward the leading edge
(deformation front), and strike‐slip faults of oppo-
site shear sense cut through the lobe (Figure 11b).
These similarities indicate that differential sliding
rates upon a weak basal detachment is certainly a
feasible driving force for the interpreted strike‐slip
faulting patterns in the Southern Lobe.

[36] The simplified sketch in Figure 11c concep-
tually shows our model of deformation processes in
the Southern Lobe. Strike‐slip faults accommodate
spatial differences in rates of accretion and/or
upslope rates of extension and sliding upon a weak
basal detachment. Adjacent blocks move at differ-
ent rates, inducing a shearing that is accommodated
by strike‐slip faults. The model incorporates exist-
ing interpretations of deformation in the upper
part of the Gulf of Cadiz’s accretionary wedge, and
satisfies the new interpretations of shear sense on
strike‐slip faults in the Southern Lobe. For the sake
of simplicity, we only show two strike‐slip faults
and one thrust sheet in Figure 11c. In reality, we
predict that an array of strike‐slip and thrust
deformation collectively relieves the spatially var-
iant strain.

[37] This study highlights the importance of close
analysis of modern seafloor structures and defor-
mation patterns for the understanding of regional
processes in the Gulf of Cadiz. We have shown
evidence that the dextral strike‐slip faults on the
upper slope of the Southern Lobe are part of a
tectonic system of both dextral and sinistral strike‐
slip faults that are linked by a ridge system at the
toe of the lobe. Recent movement on these faults
does not appear to be related to the proposed
development of a modern dextral transform plate
boundary aligned along the SWIM faults [Zitellini
et al., 2009], but to laterally changing senses of
motion most easily explained by spatially variant
gravitational tectonics or accretion rates. This
removes an important piece of evidence for an
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active dextral transform plate boundary this far
south in the Gulf of Cadiz. It is, however, possible
(and perhaps even likely, given the common strike
direction) that modern faulting in the Southern
Lobe has reactivated some older structures related
to a transform boundary. Thus, understanding the
plate boundary will require further research to
distinguish between the transform plate boundary
model [Zitellini et al., 2009] and the alternative
interpretation of ongoing subduction [Gutscher
et al., 2002]. Only this will allow for discovery
of the source of the great Lisbon earthquake of

1755. As we suggest that the modern deformation
fabrics are related to active deformation within the
accretionary wedge, this work supports the model of
active subduction west of Gibraltar [Gutscher et al.,
2002]. However, it is important to note that our
model of a variably collapsing wedge above a weak
basal detachment could even take place in the
absence of active subduction [e.g., Bilotti and
Shaw, 2005].

[38] In order to evaluate which of the two scenarios
proposed in this paper (i.e., spatially variant
accretion rates or spatially variant gravitational

Figure 11. (a) Structural lineaments in the Sulaiman salient, Pakistan, where movement above a basal glide horizon
of varying spatial strength has caused such a surface structural pattern [afterMarshak, 2004]. (b) Structural lineaments
in the Southern Lobe, where we also suggest that basal sliding may vary spatially. (c) Conceptual diagram showing
the interpreted link that strike‐slip faulting within the Southern Lobe provides between accretion (to the west) and
extension further upslope (to the east). The simplified representation shows varying deformation velocities (indicated
by different sized arrows) for adjacent blocks, which induce a shearing between blocks that is accommodated by
strike‐slip faulting. The strike‐slip faults are therefore interpreted to be accommodation structures that relieve strain
that accumulates from spatially variant deformation rates.
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sliding rates) is more likely to be responsible for
the observed deformation patterns, deep penetra-
tion seismic data would have to be acquired in the
area to resolve the deeper structures beneath the
Southern Lobe. Future work would benefit from
more regional seismic profiles that may help to
constrain (1) whether thrust and strike‐slip faults
share a common detachment surface and (2) slip
magnitudes on faults that may show a relationship
between the two forms of faulting [Benesh, 2010].
With respect to point 2, Benesh [2010] showed that
abrupt changes in strike‐slip magnitude in the
vicinity of intersections with thrust faults may
be used to distinguish between relatively “thin‐
skinned” strike‐slip faults and more conventional
deep‐seated ones.

8. Conclusions

[39] Active deformation within the Southern Lobe
of the upper accretionary wedge in the Gulf of
Cadiz has been examined from high‐resolution
swath bathymetry data and 3‐D seismic data cen-
tered over a pull‐apart basin. The eastern part of the
lobe is multiply dissected by relatively linear fault
segments, including two dominant ESE trending
SWIM faults (nomenclature after Zitellini et al.
[2009]). Several basins observed at bends in these
faults, which are interpreted locations of pull‐apart
tectonics, support previous interpretations that
these fault segments are strike‐slip in nature.

[40] Detailed analysis of the Hermes Basin indi-
cates that it formed as a result of a right‐stepping
bend in a dextral strike‐slip fault. The basin
architecture shows many similarities to other nat-
ural pull‐apart basins [e.g., McClay and Dooley,
1995] and also to sand box modeling results [e.g.,
Wu et al., 2009].

[41] There is strong evidence from bathymetric
lineaments for a link between compressional struc-
tures at the deformation front of the Southern Lobe
and strike‐slip faulting further to the east (Figure 4).
These lineaments indicate that accretion and strike‐
slip processes are occurring simultaneously.

[42] While the Northern SWIM fault in the South-
ern Lobe is interpreted as dextral, faults farther
south appear to accommodate sinistral strike‐slip
motion. The surface features in the lobe likely
reveal complex deformation that is influenced by
upslope extension [Flinch, 1994; Gutscher et al.,
2009a] and downslope compression – two pro-
cesses linked by strike‐slip faulting that appears to
accommodate spatial variance in deformation rates.

[43] Comparison of 2‐Dmigrated and 3‐Dmigrated
data from the pull‐apart basin area shows that 3‐D
seismic data are required to image targets of small
scale lateral heterogeneity. In this study, the 3‐D
data were collected using the P‐Cable system during
a period of three days showing that it is both fea-
sible and efficient to conduct such surveys with
normal research vessels.
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