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a b s t r a c t

Located on the West Iberian margin, between Cabo Carvoeiro and Cabo da Roca, the Estremadura Spur is
a trapezoidal promontory elongated in an east-west direction, extending until the Tore seamount.
Recently a field with more than 70 pockmarks was discovered in the NW region of the Estremadura Spur
outer shelf (Lourinh~a Monocline). Pockmarks are the seabed culminations of fluid migration through the
sedimentary column and their characteristic seabed morphologies correspond to cone-shaped circular or
elliptical depressions. The characterization of these features and the understanding of the associated
fluid escape process are the main objectives of this work. Here we characterize these structures to un-
derstand their structural and stratigraphic control based on: 1) Seismic processing and interpretation of
the high resolution 2D single-channel sparker seismic dataset, 2) Bathymetric and Backscatter inter-
pretation and 3) ROV direct observation of the seafloor.

The analysis of the seismic profiles allowed the identification of six seismic units, disturbed by the
migration and accumulation of fluids. The Estremadura Spur outer shelf has been affected by several
episodes of fluid migration and fluid escape during the Pliocene-Quaternary that are expressed by a vast
number of seabed and buried pockmarks. At present, the pockmarks are mainly inactive, as the seabed
pockmarks are covered by recent sediments. It is concluded that the migration of fluids to the seabed
occurred over the Pliocene-Quaternary, as indicated by the buried pockmarks at different depths below
the seabed. The vertical stacking of various pockmarks suggests a cyclical fluid flow activity that can
possibly be the result of the eustatic sea level variations and the subsequent changes of the hydrostatic
pressure.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Pockmarks are crater-like features found on the seabed with
round to oval shape, steep flanks, and a relatively flat bottom. It is
widely accepted that pockmark craters are the seabed expression of
fluid migration pathways through the sedimentary column (Judd
and Hovland, 2007). Cathles et al. (2010) suggest that these
).
features form abruptly, when local accumulations of overpressured
pore-fluids erupt through the surface sediments, and that they are
thereafter maintained by slow pore-water and gas seepage. When
the fluid migration ceases, the pockmarks are eventually buried by
sediments. Although fluid flow is a commonprocess in sedimentary
basins of passive continental margins, fluid escape processes and
structures have barely been reported in the West Iberia Margin
(WIM).

The Estremadura Spur pockmarks field, detected during the
acquisition of a seismic reflection sparker survey under the scope of
the PACEMAKER project (Kim et al., 2016) is the first documented
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evidence of fluid seepage in the Lusitanian Basin, a Mesozoic rifted
basin containing promising hydrocarbon occurrences. The Estre-
madura Spur is an east-west elongated trapezoidal shape prom-
ontory, located on the West Iberian margin (between the Cabo
Carvoeiro and the Cabo da Roca), extending offshore until the
500 m below sea level (bsl) bathymetric isoline (Fig. 1). Pockmarks
in the WIM have only been reported in the Galicia Margin,
approximately 300 km to the north (García-Gil et al., 2015).

Gas seepage has also been reported in estuarine and submarine
deltaic environments of the Ria de Vigo (García-García et al., 2004,
2003,1999; Judd and Hovland, 2007; Martínez-Carre~no and García-
Gil, 2013), the Aveiro Estuary (Duarte, 2009; Duarte et al., 2007),
and in the Tagus submarine delta (Noiva et al., 2014). In the Gulf of
Cadiz area that straddles across the Africa-Iberia transpressive plate
boundary and Gibraltar arc subduction roll-back (Gutscher et al.,
2012, 2002; Zitellini et al., 2009) various fluid migration struc-
tures have been found, such as, pockmarks, mud and salt diapirs
and mud volcanoes (Le�on et al., 2010; Magalh~aes, 2007; Magalh~aes
et al., 2012; Pinheiro et al., 2003; Hensen et al., 2015). In this work
we describe the pockmark field of the Estremadura Spur and
discuss the fluid migration process, age and implications on the
active tectonics of the WIM.
2. Geological setting

The Estremadura Spur is the morphologic expression of an East-
West striking anticline pop-up structure formed during the Alpine
orogeny in the Lusitanian Basin and WIM mostly in Miocene times
(Fig. 1). The Estremadura Spur anticline extends offshore for more
than 300 km from the coastline to abyssal depths and is topped by a
polygenic erosive surface that corresponds to the edge of the con-
tinental shelf reaching atypical depths of 500 m bsl (Fig. 1). The
northern boundary of the Estremadura Spur is the Nazar�e canyon,
associated to the Nazar�e Fault, with a headscarp lying at 70 m bsl.

The Lusitanian Basin and WIM resulted from intra-continental
Fig. 1. Geographic location of the Estremadura Spur with the indication of the Lourinh~a Mon
The coordinate system used was WGS 84. (For interpretation of the references to colour in
rifting of Pangea in Triassic through Early Cretaceous times
(Kullberg et al., 2013). The sedimentary record starts with conti-
nental siliciclastic deposits of Triassic-Hettagian age evolving to a
sedimentation in a transitional environment. By the end of the
Lower Jurassic the sedimentation in the basin is marine with the
deposition of limestones andmarls throughout theMiddle and part
of the Upper Jurassic. The Upper Jurassic-Lower Cretaceous sedi-
mentation is siliciclastic and carbonated. The Cenomanian (marls
topped by reef limestones) is topped by the Lisbon magmatic
complex, the last of three magmatic events that occurred during
rifting (Mata et al., 2015). The age of oceanic break up off the
Estremadura Spur and the ocean-continental transition structure
are still controversial but apparently occurred during Early Creta-
ceous times (Kullberg et al., 2013). During the Cenozoic the WIM
was affected by periods of compression and tectonic inversion,
forming folds and thrusts with approximate W-E orientation,
related to the Alpine orogeny (Pyrenean and Betic events), resulting
in the uplift of some regions of the margin, such as the Estremadura
Spur. The peak of deformation, with maximum compression of
NW-SE direction, occurred in the Late-Miocene (Cunha et al., 2012;
Pais et al., 2012).

The study area lies within the Estremadura Spur where outcrops
of folded Jurassic and Cretaceous are unconformably covered by
Neogene units. The superficial part of the Neogene has been
described as the Lourinh~a Monocline consisting of ~40 m thick
package of Pliocene and Quaternary age (Badagola et al., 2006).

The edge of the continental shelf of the Estremadura Spur is
irregular as attested by the Nazar�e canyon and has minor gullies on
its edge. The continental shelf break lies at depths varying from
approximately 140 me400 m bsl, which is interpreted as a result of
Pliocene-Quaternary differential tectonic movements across faults
(Badagola et al., 2006). Pliocene-Quaternary movements have also
been reported on the nearby coast associated to deformation of salt
diapirs (Benedetti et al., 2009). Previous published works on the
morphology and tectonics of the continental shelf of central and
ocline pockmark field (black rectangle) and the PACEMAKER seismic lines (blue lines).
this figure legend, the reader is referred to the web version of this article.)
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northern Portugal were based on low resolution bathymetry
(Badagola et al., 2006; Badagola, 2008; Mougenot, 1989; Rodrigues,
2001).

3. Materials and methods

3.1. Acoustic data

Multibeam bathymetry, acoustic backscatter and high-
resolution seismic data were collected during the PACEMAKER
research cruise carried out between 21 and 23March 2011 on board
the RV Pelagia. The multibeam echosounder system used was the
Kongsberg EM300 (30 kHz). Final products of the multibeam data
are a high-resolution bathymetric map (with cell-size of 10 m)
covering and area of 53 km2 and the correspondent backscatter
imagery.

Fourteen 2D high-resolution seismic profiles were acquired
with a 1 kJ sparker seismic reflection system. This data was pro-
cessed using the SPW software package (Seismic Processing
Workshop, from Parallel Geoscience Corporation). The seismic raw
data in SEG-Y format was first imported into SPW, followed by the
picking of the seafloor reflection, data sorting, spectral analysis, and
Butterworth band-pass filtering. The data was also corrected for
swell and tide statics. Then, the data was processed with source
signature deconvolution, to increase the vertical resolution of the
seismic section and attenuate the multiples. An early mute was
applied to eliminate the relative contributions of the direct arrivals
and the noise present in the water column. Finally, the seismic
section was migrated to correctly position the seismic events at
their correct subsurface location. Migration was performed with
the 2D Stolt algorithm at a constant velocity of 1500 m/s. The data
trace spacing was 2.2 m. Before inserting the data into an inter-
pretation package, the navigation was corrected for offset and
layback. The geographic coordinates were converted to Universal
Transverse Mercator (UTM zone 29N) and the trace headers of the
seismic data were exported as ASCII files.

The interpretation of the seismic reflection data was performed
using the software SeisWorks (OpenWorks) from Landmark
Graphics Corporation. The interpretation was based on the meth-
odology developed by Mitchum et al. (1977a, 1977b, 1977c).

3.2. Underwater videos

During the EMEPC/PEPC/LUSO/2015 cruise on board of the NRP
Almirante Gago Coutinho, between 27 May and 3 June 2015, direct
observations of the seafloor in two selected areas were conducted
and recorded on video using the Estrutura de Miss~ao para a
Extens~ao da Plataforma Continental (EMEPC) Remotely Operated
Vehicle (ROV) Luso.

4. Results

4.1. Bathymetry and backscatter

The study area is located on the NW edge of the Estremadura
Spur outer shelf, at water depths ranging between 240 and 350 m,
within the Lourinh~aMonocline partially covered by ~40m of clastic
Pliocene and Quaternary sediments (Badagola et al., 2006). The
seafloor is a gently dipping (0.5�) featureless seabed - except for the
presence of crater-like, circular to oval depressions - limited by the
shelf break, at 400 m bsl. The continental slope is quite steep (~5�)
as depths vary from 400 m to more than 2000 m bsl on a section of
20 km. In the area surveyed during the PACEMAKER campaign that
covered an area of approximately 52 km2, 76 shallow round de-
pressions were identified in the bathymetry. These depressions
have depths of 2e17 m, with diameters ranging from 30 m up to
400 m and border slopes of more than 3�. In plan view they have
circular, sub-circular and elliptical shapes, while in cross-sections
they have ‘U’ and ‘V’ shaped profiles (Fig. 2). The edge of the de-
pressions at the present day seafloor has a slight to nil positive
relief with respect to the regional bathymetry, with maximum
heights of 17 m.

Based on the multibeam backscatter three different seafloor
areas were defined (Fig. 3): i) Area 1, is characterized by a hetero-
geneous distribution of the backscatter intensity, with predomi-
nant low-backscatter areas and clusters of high-backscatter spots
more abundant at the north-west sector of the covered area; ii)
Area 2 displays a monotonous low backscatter pattern with occa-
sional intermediate intensity spots; iii) Area 3 exhibits a spotted
backscatter pattern with prevalence of high-backscatter facies.

Some of the round depressions that are observed in the ba-
thymetry (Fig. 2) are also visible in the backscatter imagery, and
those are characterized by a high-backscatter signal in the central
part of the depressions (Fig. 3). The crater-like depressions display a
geometry which is compatible with pockmarks.

4.2. Seismic interpretation

Interpretation of the seismic reflection profiles was crucial for
the understanding of the crater-like depressions, their relationship
with the sub-seafloor geology and their classification as pockmarks.
Detailed seismostratigraphic interpretation allowed to propose a
chrono-stratigraphic model in an area without wells and also
revealed acoustic features possibly related to fluid flow and trapped
fluids.

4.2.1. Seismostratigraphic interpretation
The seismostratigraphic interpretation allowed the identifica-

tion of six seismic units (U1 to U6) bounded by seismic horizons (M
to H5) that mark the main geologic discontinuities or variations in
seismic facies, as summarised in table of Fig. 4 and in the seismic
profile of Fig. 5.

4.2.2. Seismic evidence for fluid flow
Hydrocarbon seepage can be recognized on seismic data,

because it often causes mechanical and/or compositional changes
in the geological sequences that can produce a detectable acoustic
anomaly. Evidence for fluid flow or the presence of gas in sedi-
mentary sequences is inferred from the observation of morpho-
logical features (e.g. pockmarks) and of geophysical indicators, such
as gas chimneys, acoustic turbidity and blanking (Duarte et al.,
2007; Judd and Hovland, 2007). Gas chimneys are vertical to
near-vertical zones associated with upward fluid migration
through a fracture network; some lateral diffusion can also occur
from the chimneys within the host sedimentary sequences (Duarte
et al., 2007; Judd and Hovland, 2007; Ligtenberg, 2005). Acoustic
turbidity (AT) appears on shallow seismic reflection profiles as a
disturbance on the seismic recordmasking all seismic reflections of
the deeper layers. Sometimes, coherent reflections can still be fol-
lowed, despite the reduced amplitude of the acoustic turbidity
areas. Acoustic blanking (AB) is defined by a transparent or signal-
starved domain (usually vertical) in the seismic profiles, often close
to the seabed (Judd and Hovland, 2007).

A series of “U” and “V” shaped depressions affecting the seafloor
were identified on the seismic sections. Based on their dimensions,
geometry, and disturbance of lateral continuity of seismic horizons
these features are interpreted as seafloor pockmarks produced by
fluid seepage. The seafloor pockmarks aremore frequent in the area
with steeper slopes (>0.5�) where the seismic unit U6 is absent. At
least three levels of buried pockmarks (one of these levels is seen at



Fig. 2. Lourinh~a Monocline seafloor bathymetry and detail of a region with two depressions and topographic profiles of these features. Vertical exaggeration of profiles is
approximately 25x.

Fig. 3. The Lourinh~a Monocline area of the Estremadura Spur (black rectangle in Fig. 1) with the multibeam derived backscatter imagery (lighter grey: low backscatter; darker grey:
high backscatter). Equidistance: 5 m.
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Fig. 4. Principal features of the seismic units identified in the PACEMAKER dataset (the dotted lines mark discontinuities in the seismic sequence).
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Fig. 7) are identified, located at various depths within seismic units
U2 to U6, with geometries and sizes similar to the ones found on
the seafloor. These buried structures are inactive at present-time,
since the pockmarks are filled with sediments.

The largest depression has a diameter of 147 m and a depth of
approximately 4 m (Fig. 6). This depression was interpreted as
resulting from fluid escape because there is obvious sediment
volume loss underneath it as sea floor and unconformities are not
parallel and there is vertical and horizontal disruption of the
seismic horizons.

In all the seismic profiles, areas of acoustic disturbed reflections
are clearly identified, not only in the chaotic and transparent units
U2 and U5, but also as lateral interruptions of the continuous and
coherent reflections in units U4 and U6. It is possible to observe
these features in Fig. 8 with 1.5e5ms of vertical dimension. Vertical
to sub-vertical columnar zones of acoustic wipe out and seismically
transparent features are observed (Fig. 8), more frequently, in the
sector where the Pliocene-Quaternary sequence is thicker. These
vertical structures terminate at seabed pockmarks or at buried
pockmarks. The majority of these structures seems to have their
origin at unit U1, although some rare ones originate in the younger
units. Larger vertical zones of acoustic anomaly (near 16 m of ver-
tical dimension), characterized by loss of lateral coherency and low
amplitude of the reflections, are also observed crossing the seismic
sequence (Fig. 8) and ending near the seabed. The reflections of the
host sedimentary package are usually offset or deformed (localized
folds and collapse structures, synclines) close to these features.

4.3. Seafloor direct observations with ROV

Direct observation of the seafloor and video recording both
outside and inside the depressed areas identified in the bathymetry
was done during Remote Operated Vehicle (ROV) Luso dives in two
selected locations between 280 and 300 m bsl. These observations
showed that the seafloor is composed by non-consolidated fine to
coarse sandy sediments with well consolidated rock fragments
dispersed at the seafloor or forming small clusters (Fig. 9). These
rock clasts are more frequent along the slopes of the depressions
and the preliminary observations of the hand specimens indicate
that they are black coloured carbonate breccias. The ROV Luso ob-
servations, inside depressions with high backscatter anomalies has
provided no evidences for seepage activity or authigenic carbonate
crusts or concretions at the seafloor. The base of the observed de-
pressions was instead found to be covered by clastic sediments and
bubbling was not observed at the seafloor in these sites.

5. Discussion

5.1. Seismic chronostratigraphy

Due to the inexistence of wells available for correlation in the
area it was not possible to directly calibrate the seismic data and
develop an age model for this sedimentary package. Hence, chro-
nostratigraphic constraints are made by comparing the seismic
stratigraphic record with the regional geology and published
onshore and offshore geological maps (Badagola et al., 2006;
Badagola, 2008; LNEG, 2010).

The acoustic basement corresponds to outcropping units of
folded Jurassic and Cretaceous rocks. The older seismic unit (U1)
displaying geometrically organized seismic reflections was folded
and eroded prior to the deposition of U2, possibly by transpressive
kinematics associated with the possible vertical (strike-slip) fault
(seen in the seismic profile PM-C10; Fig. 5). Considering the Middle
Miocene age of the peak of the alpine compression in the WIM, U1
is probably of Miocene age topped by the M unconformity.
Accordingly, seismic units U2 to U6, in which tectonic folding is
milder are of probable Pliocene through Holocene age.

Taking into consideration the exposed onshore geology some
constraints can be made regarding the age of the post-Miocene
seismic units. In the nearby region of Lisbon no Zanclean sedi-
mentation is recorded (Pais, 2002), this observation points of a Late
Pliocene (Piacenzian) age to the U2 unit representing a hiatus in the
sedimentary record of approximately 1.5 Ma in between U1 and U2.
The discontinuity between U2 and U3 can be speculatively attrib-
uted to the important low-stand period at the Pliocene-Pleistocene
transition or Lower to Middle Pleistocene (Gelasian-Middle) age for
the U3 to U5 units (Haq et al., 1987). The transition of U5 to U6
corresponds to a discontinuity possibly related to the Last Glacial



Fig. 5. Interpretation of the seismic profile PM-C10. Black letters: seismic units. White letters and white lines: seismic horizons. Black solid lines: fault planes. Black doashed
lines: possible fault planes. White arrows: toplap and onlap terminations. TR: traces; TWT (ms): two-way time in ms. i, ii: details of the profile. AT: acoustic turbidity; Yellow
dashed arrows: migration pathways (for location see Fig. 2).
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Maximum, being therefore U6 considered as Upper Pleistocene to
Holocene age.

5.2. Evidence for fluid migration and pockmarks

The occurrence of a large number of morphologic features
interpreted as pockmarks based on the multibeam bathymetry and
backscatter images (Figs. 2 and 3) is the first direct evidence of the
occurrence of fluid seepage in the Estremadura Spur. However,
direct observation made with the ROV Luso did not show obvious
signs of fluid seepage at the seafloor, such as bubbling or water
turbidity.

Nevertheless, the vertical to sub-vertical columnar zones of
acoustic wipe out, seismically transparent features and acoustic
blanking localized underneath buried pockmarks or pockmarks
lying at the seafloor are interpreted as fluid migration pathways.
Three types of conduits are visible in the seismic profiles: pipes,
chimneys, and wide acoustic disturbed zones. The pipes corre-
spond to sub-vertical narrow zones, acoustically transparent or
with reflectors of reduced amplitude. They are approximately 10 m
wide extending across all the seismic sequence (Figs. 7 and 8) and
are most probably related to the upward migration of fluids along
localized faults or along hydraulic fractures caused by the fluid
overpressure in the host strata. The chimneys correspond to wider
zones of disrupted or attenuated upward convex bending re-
flections with approximately 55 m wide in the upper part, nar-
rowing downwards to approximately 19 m and about 31 m height.
The reflections in the host strata bend upwards near these chim-
neys (Fig. 9). Wider acoustic blanking zones (Fig. 9), cut the seismic
sequence and were interpreted as having been caused by upwards
direct diffuse fluid migration through the sediments and accumu-
lation (Duarte et al., 2007; Judd and Hovland, 2007; Ligtenberg,
2005).

In the seismic dataset, layer parallel acoustically disturbed zones
were also identified. These zones developed concordant with the
stratigraphic units and are characterized by the loss of lateral co-
herency and low amplitude of the reflections (previously referred
as acoustic turbidity). This disturbance is probably caused by fluid



Fig. 6. Detail of seismic profile PM-C09 showing a pockmark at the seabed (Fig. 2 for
location).
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accumulation along these sedimentary units (Figs. 7 and 8).
Although gas hydrates are frequently found associated with

pockmarks in other regions of the world (Barnes et al., 2010; Chand
et al., 2008; Gay et al., 2007, 2006; Judd and Hovland, 2007;
Pinheiro et al., 2003), in the Estremadura Spur no evidence or in-
dications of their presence were identified in the sedimentary
sequence.
Fig. 7. Detail of seismic profile PM-C07 showing a buried pockmark and sub-seafloor
evidences for fluid migration. Layers with AT are interpreted as fluids reservoirs (Fig. 2
for location).
5.3. Fluid seepage history

Fluids tend to move towards lower hydraulic heads, i.e. towards
locals of lower confining pressure. The fluids capacity to move
upwards or laterally is controlled by the nature of the sedimentary
deposits namely their porosity and permeability, especially by
faults and fractures that might constitute preferential migration
pathways. Impermeable layers serve as seals; they constrain fluid
migration pathways changing their trajectories or inducing the
development of fluid pressures above the expected hydrostatic
values and sediment yielding point causing hydraulic fracturing.

Several geological processes may trigger vertical fluid migration
and subsequent expulsion associated with the excess pore-fluid
pressure. These processes include tectonic deformation, rapid
sediment loading, earthquake wave propagation and sea level
changes (Kopf, 2002; Talukder, 2012) and therefore recurrence or
cyclicity in the flow can be expected. The presence of pockmarks at
the seabed and buried pockmarks at various depths within the
Pliocene-Quaternary seismic units (U2 to U6), and the existence of
migration pathways visible in the seismic sequence (Figs. 6e8),
indicate that the migration of fluids in the Estremadura Spur was
intermittent, possibly occurring in recurrent episodes, at least since
the Late Pliocene. The two most likely processes that can have
triggered the fluid flow and seepage, and the consequent pockmark
formation are periodic sea level changes and seismicity. Sea level
variation in the Late Pliocene through Present exceeded 120 m
causing significant variation of the hydraulic head in the study area
that lies at a maximum of 400 m bsl. With respect to seismicity, the
ES is the most important location of low to moderate seismicity in
West Iberia, and the large magnitude earthquakes (M > 7) that are
generated in the Africa-Eurasia plate boundary in South Iberia are
also strongly felt in the ES (Cust�odio et al., 2016).

The seismic data and the direct observation of three pockmarks
with ROV dives suggest that the pockmarks are not active at Pre-
sent, i.e. fluid migration is at least partially quiescent in the study
area. However, the existence of pockmarks at the sea floor and
trapped fluids within U4 to U6 sediments can be taken as an
indication of sporadic activity triggered by earthquake shaking.

Pockmarks are commonly associated with the presence of



Fig. 8. Detail of seismic profile PM-C06: seismic acoustic evidencs for fluid accumu-
lation and migration. AT: acoustic turbidity; AB: acoustic blanking (Fig. 2 for location).

Fig. 9. Seafloor aspects observed during ROV/LUSO dives L15D06 and L15D07: fine to
coarse sandy sediment with a rock clasts (breccia) cluster (indicated by white arrows).
Distance between lasers is 60 cm.

D. Duarte et al. / Marine and Petroleum Geology 82 (2017) 414e423 421
authigenic carbonates that may cause higher values of acoustic
reflectivity and roughness when compared to the surrounding
seafloor (Klaucke et al., 2006; Orange et al., 2002), making possible
the recognition of these features by their signature in the back-
scattered energy. The existence of high backscatter anomalies in
several features in the Estremadura Spur can be observed, although
the seafloor observations during the ROV dives, has provided no
evidences for active seepage. Gay et al. (2007) argued that at seep
sites, both active and recently active but currently inactive, authi-
genic carbonates buried under 10 m of sediments, may create
anomalies on the backscatter signal which might be the case of the
studied field. In this area of the Estremadura Spur there are no
direct evidences for the thickness of the sedimentary package;
however, a crude estimation using the seismic reflection profiles
points to thicknesses of the surficial layer above the pockmarks of
less than 5 m, supporting the applicability of Gay's model.

Further direct sampling and visual inspection of this pockmark
field is needed to draw a conclusion as only 3 of the 76 pockmarks
were inspected. The absence of buried pockmarks in the U1 seismic
unit indicates that the system was active only during the Upper
Pliocene and Quaternary, and clear evidence for three different
episodes of fluid seepage are observed within this sequence. The
time interval between the end of the seepage and the complete
burial of the pockmarks depends on the sedimentation rate of the
areas and it is expected to be a relatively fast process in a conti-
nental shelf environment close to the onshore source of sediments.
However, the width of the Estremadura Spur continental shelf and
the location of the pockmark field close to the shelf (here abnor-
mally large) edge constrain the sediment supply to the area leading
to a burial rate of the pockmarks slower than expected.

5.3.1. Seepage activity model
A four-phase cycle evolution model is proposed to explain the

fluid migration system that originates and controls the Estrema-
dura Spur pockmark field (illustrated in Fig. 10).

(i) Firstly, the occurrence of sub-surface pockets of fluids causes
local deformation of the overlying sediments. Due to over-
pressuring the yield point of the sedimentary material is
reached leading to fracturing and increase of the available
percolation pathways facilitating the vertical fluid migration
throughout the seismic sequence (Stage 1).

(ii) If fluid flow is rapid and sudden then a pockmark forms at
the seafloor (Stage 2), due to the remobilization of seabed
fine sediments (Hovland et al., 2010). Fluid flow becomes
slower or even stops after the pressure release event.

(iii) In the phases of seepage quiescence, pockmarks are filled
with sediments (Stage 3) until complete burial. Although the
seepage is inactive, the sub-seafloor fluid migration can still
be active, with fluids migrating vertically or laterally through
and/or along the sedimentary layers and accumulating in
more porous and permeable sediments beneath the seafloor.

(iv) If the pressure builds up again and overcomes the cohesion
of the overlying cover, a new pockmark will form at the
seafloor (Stage 4). This can be facilitated by the earthquake
activity causing sediment fluidization.

5.4. Fluids source

The seismic interpretation allows for the identification of the
fluid migration pathways and the location of shallow accumula-
tions, to constrain a minimum depth of origin and infer the time
frame of the seepage activity. Since the seismic image resolution
deteriorates with depth, the source geometry and tectonic/struc-
tural control of migration pathways (pipes and chimneys; Fig. 8) is



Fig. 10. Seepage evolution hypothesis (see text for discussion, 5.3.1). Red arrows: migration pathways; Red dashed arrows: possible migration pathways; Circles and drops: fluid;
Dashed grey lines: acoustically disturbed reflection; Black arrows: onlap terminations. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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limited.
However, the available seismic data show various locations

where the fluid migration pathways seem to be rooted below the
Pliocene-Quaternary sediments (Figs. 7 and 8) in the older seismic
unit U1 or from below. This is an indication that the fluids in the
sedimentary cover of the Lourinh~a Monocline originate, at least
partially, in the Miocene sediments or from deeper sources.

In the onshore part of the Lusitanian basin, adjacent to the
Estremadura Spur, oil and gas seepage in the outcrops of the Upper
Jurassic sediments were described (Pena dos Reis et al., 2010; Pena
dos Reis and Pimentel, 2014). In the well 20B-1, located 40 km SE of
the Lourinh~a Monocline, a small gas occurrence in the Late Jurassic
Coimbra Formation was reported (Shell Prospex Portuguesa, 1976a,
1976b). These two occurrences suggest that the Estremadura Spur
pockmark associated fluids may have a deep origin, with a source,
possibly related with the Jurassic hydrocarbon system.

However, with the available data, fluids formed at shallow
depths within the Pliocene-Quaternary seismic sequence cannot be
discarded.

6. Conclusions

The NW region of the Estremadura Spur outer shelf has been
affected by several episodes of fluid migration and fluid escape that
are expressed by a vast number of seabed and buried pockmarks.
These pockmarks correspond to the first record of fluid seepage in
the W Portuguese Margin. The analysis of high-resolution seismic
lines covering this pockmark field allowed the identification of a
sequence of six seismic units (of Miocene to Quaternary age)
disturbed by the migration and accumulation of fluids. The
migration of fluids to the seabed occurred during the Pliocene-
Quaternary, as indicated by the presence of buried pockmarks at
different depths. At present the pockmarks are mainly inactive, as
the seabed pockmarks are covered by recent sediments. The ver-
tical stacking of various pockmarks suggests a cyclical fluid flow
activity that can possibly be the result of the eustatic sea level
variations and the subsequent changes of the hydrostatic pressure.
An alternative hypothesis can be considered assuming the episodes
of intense fluid flow as being associated with the local seismicity
and neotectonics. The imaged fluids migration pathways that are
rooted below the Pliocene-Quaternary sediments, in the seismic
unit U1 or bellow it, suggest that the fluids originated in pre-
Miocene sediments.
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