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Abstract The genesis and evolution of cold-water coral
banks along the Northeastern Atlantic margin is known to
be influenced by several factors, among which the palaeotopography and nature of the coral settling surface, the
presence of bottom currents and sediment supply. In this
paper, a case study is presented of the Enya mound cluster,
located in the southernmost tip of the Belgica mound
province, west of Ireland. Below this mound cluster, seismic stratigraphy revealed a yet unmapped local
unconformity RD1b, being part of a composite erosion
event (RD1). As such, from the Late Miocene to Late
Pliocene, at least two erosional events have incised the
margin, ending with the final RD1a ‘‘moundbase’’ unconformity, acting as a base for the Enya mounds. During the

Quaternary the mounds became outgrown and were covered by a mounded contourite drift. In addition, they are
closely associated with a cluster of seabed pockmarks. The
bottom current regime which became active since the
Middle Pleistocene has certainly influenced the fate of this
mound cluster. The occurrence of the pockmarks seems to
be related to relatively recent fluid migration processes,
however leaving an open question if any previous seepage
phases were involved in the growth or initiation of the coral
banks.
Keywords Cold-water coral banks  Contourite drift 
Pockmarks  Unconformity  Seismic stratigraphy
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At several locations along the deep-water NW European
margin, provinces of cold-water coral banks are found
within specific hydrographic and morphologic conditions
(De Mol et al. 2002; Lindberg et al. 2007; Mienis et al.
2006; Wheeler et al. 2007). Most of the time, they are
located near steep parts of the margin on hardgrounds or
irregular unconformities in the (sub)surface. These environmental factors make sites attractive for cold-water coral
settling and growth, implying that benthic currents and a
suitable settling ground are intrinsic to the genesis and
growth of the mounds. The bottom currents are expressed
in the surrounding sediments by sand ripples on a small
scale (Foubert et al. 2005; Wheeler et al. 2007), or sediment (contourite) drifts on a larger scale (Huvenne et al.
2007; Kenyon et al. 2003; Van Rooij et al. 2007a). Exactly
the combination of the sedimentary input and the hydrodynamic regime are considered to be key to the size of the
coral banks and the density of an entire province (De Mol

123

850

et al. 2005; Kenyon et al. 2003; O’Reilly et al. 2003). A
stronger current regime, limiting nutrient availability,
might explain the lower density of the SE Rockall Trough
Pelagia mounds. A combination of higher sedimentation
rates and more sluggish currents could be responsible for
the partial burial of the Belgica mounds (Van Rooij et al.
2003) and the complete burial of the Magellan mounds
(Huvenne et al. 2007), while the SW Rockall Trough
Logachev mounds are preserved due to relatively low
sedimentation rates (Mienis et al. 2006; van Weering et al.
2003).
On the other hand, an enigmatic association has been
suggested between the presence of coral banks and
hydrocarbon seepage. Several potential mechanisms have
been described where the initiation phases of coral banks
are not only controlled by environmental factors, but also
through the mediation of hydrocarbon seepage (Henriet
et al. 1998; Henriet et al. 2001; Hovland and Risk 2003;
Naeth et al. 2005). According to Hovland et al. (1994) the
large coral banks located on the northern slope of the
Porcupine basin (since then named ‘‘Hovland mounds’’)
are directly connected with Jurassic hydrocarbon reservoirs
through faults. Henriet et al. (2001) suggested a short-lived
‘triggering’ control of the Magellan mound nucleation,
related to episodic fluid venting of these underlying reservoirs or to the interglacial destabilization of gas hydrate
layers, followed by relaying growth controls, probably
from external fluxes. Such a hydrocarbon leakage from
Jurassic reservoirs towards the Belgica mound province
was considered possible by Naeth et al. (2005) through
modelling of fluid migration pathways. Although the origin
of the Darwin mounds also is related to fluid escape
(porewater) and pockmarks (Masson et al. 2003), it is clear
that fluid escape alone is not sufficient to support coral
colonies. As such, no evidence for the presence of any
directly associated seepage has been found near coral
banks on the Rockall Trough margins or in the Porcupine
Seabight (Bailey et al. 2003; De Mol et al. 2007; Huvenne
et al. 2003; Kenyon et al. 2003; Mienis et al. 2006;
Shannon et al. 2007).
In this paper we describe a cluster of buried mounds,
which we name the ‘‘Enya’’ mounds, located at the
southernmost extremity of the Belgica mound province
(Figs. 1,2). Despite their relatively small size, they are
closely associated with a contourite drift. We will discuss
the possible timing, origin, evolution and burial of these
mounds with regard to the local environmental settings
and the known regional development of adjacent mound
provinces. Moreover, the location of a field of pockmarks
shows an intriguing association with the Enya mound
cluster. Possible scenarios concerning the timing and
origin of these seepage features will be presented and
discussed.
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Regional setting
Geology and morphology
The Porcupine Seabight is a shallow to deep-water,
amphitheatre-shaped basin southwest of Ireland, forming a
small bight along the North Atlantic margin (Fig. 1). The
geological evolution of the basin has been extensively
described by Croker and Shannon (1995), Shannon (1991)
and Shannon et al. (2007); the Porcupine Seabight is the
surface expression of the underlying deep sedimentary
Porcupine Basin, which is a failed rift of the proto-North
Atlantic Ocean, filled in with a 10 km thick series of
Mesozoic and Cenozoic sediments. The Cenozoic sedimentary succession of the basin has been cut by several
major unconformities which can be correlated with the
Rockall Basin. These Cenozoic palaeoceanographic events
played a major role in the shaping of the present-day
margin and in the creation of a geological and environmental template capable of hosting coral bank settling

Fig. 1 Location map of the study area with respect to the Belgica
mound province. The location of R/V Marion Dufresne Calypso
cores, IODP 307 sites, R/V Pelagia TOBI track and the RCMG
seismic profiles are overlain on AWI Bremerhaven multibeam
bathymetry with a contour interval of 20 m (Beyer et al. 2003)
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(McDonnell and Shannon 2001; Shannon et al. 2007;
Stoker et al. 2005; Van Rooij et al. 2007a).
A first major unconformity C30 (latest Eocene to earliest
Oligocene) coincides with the onset of contourite drift
deposition and marks the change from predominantly
downslope sediment transport to mainly along-slope sediment movement. From latest Eocene times the Porcupine
and Rockall basins developed into undersupplied deepwater basins through differential basin subsidence (Shannon et al. 2007). McDonnell and Shannon (2001) tied a set
of unconformities (C20 series), of late Early Miocene to
early Mid-Miocene age, to a major plate reorganization and
the last pulses of the Alpine Orogeny. Within the Belgica
mound province, this unconformity was recognized by Van
Rooij et al. (2003) as the local RD2 unconformity. The C10
Early Pliocene unconformity was observed by Stoker et al.
(2001) along the entire length of the Northwest European
Atlantic margin, and developed as a result of the onset of
global cooling and Northern European glaciation.
McDonnell and Shannon (2001) correlated this with an
unconformity of similar character in the Porcupine Basin,
although De Mol et al. (2002) and Van Rooij et al. (2003)
suggested an intra-Pliocene age for the locally equivalent
RD1 unconformity in the Belgica mound province.
Recently, new data from IODP 307 Sites U1318 and
U1316 (Fig. 1) have shed new light on the timing of the
RD1 unconformity (IODP 307 Expedition Scientists 2005).
A palynostratigraphic study of the upper slope site U1318
(Fig. 1) proposes an earliest Late Miocene age (10.5 Ma)
for the upper boundary of the underlying unit (Louwye
et al. 2008), while Sr stable isotope stratigraphy provided,
on the other hand, a youngest age of 8.96 Ma (Kano et al.
2007). Due to the discrepancy in dates, the onset of the
RD1 erosion event can be only be attributed a general Late
Miocene age. The unit above this unconformity was dated
by Kano et al. (2007), providing an oldest age of 1.24 Ma
at site U1318, whereas in the downslope located site U1316
(Fig. 1), the base of a coral bank was dated at 2.6 Ma.
These data infer the RD1 unconformity represents a 6.6 to
8.2 Ma long hiatus between the Late Miocene and the Late
Pliocene. The dramatic palaeotopography created by this
large-scale erosional event on the eastern slope of the
Porcupine Seabight, and the hydrodynamic regime
enforced by it, created an attractive environment for successful coral colonization by the Late Pliocene (as
documented on IODP site U1316). However, the (clastic)
drift sedimentation around the mounds is estimated to have
started only from the middle Early Pleistocene onwards
(Kano et al. 2007; Van Rooij et al. 2007a).
During the Quaternary, the main sediment supply zone
for the Porcupine Seabight was located on the Irish and
Celtic shelves, while the input from the Porcupine Bank
seems to be rather limited (Rice et al., 1991). In contrast to
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the slopes of the Celtic and Armorican margins, which are
located east of the Porcupine Seabight, only one major
sediment-supplying channel system is present on the
southern margin of the Seabight (Beyer et al. 2007; Kenyon
et al. 1978; Wheeler et al. 2003). This east-west oriented
Gollum Channel System is thought to be the downstream
component of a large fluvial system, which extended from
the southern Irish Mainland Shelf during glacial periods.
Rice et al. (1991) and Wheeler et al. (2003) suggest that the
present-day channels are inactive.
The geological template of this area has created two
distinct morphologic environments along the eastern slope
of the Porcupine Seabight (Fig. 2a). North of 51°12’N, the
large-scale morphology of the Belgica mound province is
still dominated by the fingerprint of the RD1 palaeotopography and by the N-S aligned coral banks (Beyer et al.
2007; Van Rooij et al. 2003). The latter are associated with
small turbiditic gullies, although the main sedimentary
environment is dominated by alongslope processes. South
of 51°12’N, the Kings and Gollum Channels can be recognized where respectively broad channels (north) and
canyons (south) cross-cut a rather smooth slope (Fig. 2a)
(Beyer et al. 2007; Van Rooij 2004). This smooth slope can
be seen as the ‘‘interfluvia’’ of the channels, mainly collecting the fine-grained suspended sediment load which is
transported towards the channels during glacial periods.

Hydrography
A complete review of the hydrography of the coral bank
provinces near the Porcupine Seabight is given by White
(2007). The water mass stratification contains three main
components. Within the upper 700 m, the warm and saline
Eastern North Atlantic Water (ENAW) is carried northwards along the NE Atlantic margin by the Shelf-Edge
Current (SEC) (New et al. 2001; Rice et al. 1991; White
2007). Below, Hargreaves (1984) recognized the Mediterranean Outflow Water (MOW), which is observed down to
1,200 m. It has a varying influence on the upper layer water
masses through deep convective mixing in winter months.
According to New et al. (2001), the poleward spreading of
the MOW occurs in a reasonably steady boundary undercurrent from the Gulf of Cadiz, as far as the Porcupine
Seabight. The deeper water below the MOW contains
Labrador Sea Water from 1,200 to 1,800 m and North East
Atlantic Deep Water with contributions of Norwegian Sea
Water from 1,900 m onwards.
Along the eastern slope of the Porcupine Seabight,
especially within the Belgica mound province but also near
the Enya mounds, the hydrodynamic environment seems
influenced by the presence of the MOW (Van Rooij et al.
2007a; White 2007). Rice et al. (1990) reported currents
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Fig. 2 a 3D morphological setting of the study area with AWI
Bremerhaven multibeam bathymetry and TOBI sidescan sonar in
comparison with the Belgica mound province, as shown in Fig. 1. b

3D morphological setting of the Enya area, with focus on the
pockmarks and mass-wasting evidence. c Interpretation of the
combined geophysical observations

rarely exceeding a speed of about 15 cm s-1 at a height of
1 m above the seafloor. However, within the Belgica
mound zone, currents are supposed to be generally greater
than 15 cm s-1 for about 10% of the time (White 2007).
Rice et al. (1991) have recorded strong semidiurnal to
diurnal tidal variations in current speed and direction at
several locations. Moreover, the closer to the seabed, the
stronger the mean currents, which seem to be more persistent and alongslope, due to the topographic control. Rice
et al. (1991) and De Mol et al. (2002) have indeed suggested that the condition for reflecting internal waves is
met at a depth between 500 and 1,000 m on the eastern
flank of the Seabight.

SIG surface sparker source and recorded onto a ELICS
Delph 2 system through a single-channel surface streamer.
In general, the standard vertical resolution of sparker data
varies between 0.4 and 1 m. The seismic data underwent a
basic processing, starting with a broad-window Butterworth bandpass filter (200 Hz with a 24 db/oct slope and
2,000 Hz with a 36 db/oct slope), followed by a minimum
phase predictive deconvolution (with a 20 ms window),
and a second Butterworth bandpass filter (250 Hz with a
24 db/oct slope and 700 Hz with a 36 db/oct slope). All
profiles also underwent swell-filtering.
Detailed multibeam bathymetric information was
acquired by means of a 15.5 kHz Hydrosweep DS-2 multibeam echosounder during the ANTXVII/4 cruise of R/V
Polarstern (May–June 2000) over a 15–20 km wide strip on
the eastern slope of the Porcupine Seabight. The data were
processed at the AWI Bremerhaven and presented in detail
by Beyer et al. (2003) and Beyer et al. (2007)
High-resolution 30 kHz TOBI (NOC Southampton)
side-scan sonar coverage was obtained during the M2002

Materials and methods
The study area has been surveyed with single-channel
reflection seismic profiling by R/V Belgica in 1998, 1999
and 2003 (Fig. 1). The data were acquired using a 500J

123

Int J Earth Sci (Geol Rundsch) (2009) 98:849–863

campaign on board of R/V Pelagia in June–July 2002
(Figs. 1,2a,b). Here, a total swath width of 6,000 m
(3,000 m on either side) could be obtained while the
instrument was towed at about 300–400 m above the seabed. The TOBI data were processed with the PRISM
software system at NOC Southampton (Le Bas and Hühnerbach 1999) and partly discussed in Huvenne et al.
(2007).
Core data from a relatively nearby Calypso core MD012449 (24.84 m long, 435 m water depth), which was
collected by R/V Marion Dufresne in 2001, is used to
characterize the local sedimentary environment (Figs. 1,3).
This core was compared with core MD99-2327 from Van
Rooij et al. (2007b) on the records of dry bulk (gamma)
density, magnetic susceptibility, mean grainsize and d18O
stable isotopes. Grainsize analysis were performed every
5 cm using a Coulter LS130. The d18O stratigraphy for this
core was obtained from 10 to 20 tests of N. pachyderma (s.)
at a sample interval of 10 cm. However, no samples were
available between 170 and 171 cm, 1,559–1609 cm and
1,689–1,739 cm. The analyses were performed on a VG
Optima mass spectrometer equipped with a ‘‘Kiel device’’
for automatic acidification of individual samples. The
isotopic values are reported as per mil deviation with
respect to the international V-PDB standard. The uncertainties on the isotope measurements are 0.08%.

Seabed morphology
The study area is located on the northern shoulder of the
Kings Channels and slopes gently (2.8°) towards the SSW
(Figs. 1,2). It is bound at its southern and western side by
steep slopes of 8.5° to locally 11°. Along the edges of these
abruptly steep slopes, distinct mass-wasting features (e.g.
amphitheatre-shaped slide scar) can be observed
(Figs. 2,4). The morphologic boundary of 51°12’N forms
the northern limit, while towards the east the bathymetry
steadily shallows towards the Irish mainland shelf (Fig. 2
a). Two major features interrupt the rather smooth seafloor
morphology. First of all, a 4 km long, clearly south-north
elongated moat channel of approximately 500 m width is
observed along the 11°35’W meridian. Approximately
700 m west of this channel, a gentle elongate mounded
morphology is observed. The topographic difference
between these two features only reaches a maximum of
40 m. Secondly, a cluster of 127 pockmarks has been
observed on the sidescan sonar data (Fig. 2). Fifty of them
were also recognized on the high-resolution seismic profiles and contributed in obtaining size and depth
information, varying between 1 and 4 m (Fig. 4). They
broadly form a NW-SE elongated cluster which is
approximately 12 km long and 5.6 km wide (Fig. 2c). The
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diameter of these pockmarks ranges between 38 and
163 m, with an average of 130 m.

Seismic stratigraphy
The studied seismic profiles closely fit into a larger, more
regional dataset (Fig. 1). This allowed not only a correlation with the existing seismic stratigraphy for the Belgica
mounds (Van Rooij et al. 2007a,2003), but also with the
IODP 307 sites for lithology and chronostratigraphic
framework.

Pre-mound stratigraphy
The low-amplitude reflections of the lowermost unit U3 are
only visible on few seismic profiles, since their depth lies
close to the maximum seismic penetration depth (Fig. 5).
Nevertheless, in a particular zone of the slope, one can
observe the typical upslope migrating sigmoidal deposits,
interpreted as a set of sediment waves (Van Rooij et al.
2003). They might very well be demonstrating the first
stages of Late Oligocene to Early Miocene alongslope
sediment transport in the basin as suggested by Shannon
et al. (2007). The upper boundary of this unit is the slightly
erosive RD2 unconformity which has been attributed a late
Early Miocene to early Mid-Miocene age (Shannon et al.
2007; Van Rooij et al. 2003).
The subsequently deposited unit U2 is characterized by
an acoustically nearly transparent seismic facies
(Figs. 4,5). Its lithology is uniform and consists of silty
clay, fine-grained sand and clayey silt with variable carbonate content between 27 and 50 wt% (IODP 307
Expedition Scientists 2005). Within this unit, only a few
sets of gently downwards dipping, continuous, relatively
high-amplitude reflectors are observed. In the studied area,
this unit maintains a maximum thickness of over 200 ms
TWT. However, towards the north, beyond the 51°12’N
boundary, the thickness of this unit dramatically drops
from approximately 100 ms TWT to 0 ms TWT over about
350 m, creating relatively steep flanks of about 15°.
Northward from this point, only remnants of this unit are
found.
However, unlike in the Belgica mound province, the top
of this unit shows a yet unmapped southward dipping
erosional unconformity cutting into U2 (Figs. 2c,4, 5, 6).
This local unconformity seems to merge with the undulating RD1 unconformity in the northern part of the study
area. Hence, the RD1 event will be divided into a RD1b
and RD1a unconformity. They also form the respectively
lower and upper boundaries of local subunit U2bis
(16 km2), which is present over the entire southern part of
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Fig. 3 Stratigraphic and event
comparison (grey-shaded areas
and dashed lines) between cores
MD01-2449 and MD99-2327
with respectively a,f dry bulk
density (g cm-3), b,g magnetic
susceptibility (SI), c,h mean
grainsize (lm) and d,e stable
d18O isotopes (% vs. PDB) on
N. pachyderma s. The
correlation peak in magnetic
susceptibility is considered to be
HL5
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the study area (Fig. 2c). The seismic facies of U2bis is very
complex. Figure 5 shows a gradual upslope fill, evolving
from westward dipping undulating reflections in the west
into upslope migrating downlapping sigmoidal deposits in
the east (Fig. 5). On north to south oriented profiles, gently
southward dipping flat to undulating reflectors, onlapping
on the RD1b unconformity, can be observed (Fig. 6).
However, upslope, this changes into a complex set of
steeply dipping sigmoids, suggesting a high-energy
depositional environment.
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Setting and characteristics of the Enya mounds
The palaeotopography created by the combined RD1 unconformities created a steep (13°) S–N oriented scarp of
U2 strata (Fig. 2c). The topographic difference of the scarp
is about 150 ms TWT, which approximates 120 m (using
an estimated P-wave velocity of 1,600 m s-1). This steep
flank can be traced over more than 6 km. Approximately
1 km to the west of this scarp, a smaller topographic
irregularity or scarp can be observed (Fig. 5).
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Fig. 4 The NNW-SSE seismic profile P99009a illustrates the upper slope unit U2bis, the erosional scarps and the location of the pockmarks. At
the SSE extremity of the profile, near the Kings Channel, a slide scar is observed

It is at this location that the Enya mounds can be
observed (Figs. 2c,5,6). They are roughly located between
1 and 2 km distance of the steep RD1(a) scarp in unit U2.
All of the mounds seem to be seated on a topographic
irregularity (Figs. 5,6). Up to now, only four Enya mounds

have been observed. The largest, most southern one, has a
maximum height of 100 ms TWT (80 m) and is best
documented by the seismic profiles on which it has a
maximum width of 810 m and a minimum width of 400 m
(Figs. 5,6). The three other, smaller Enya mounds are not
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Fig. 5 Seismic profile P030531 (W–E) highlights various aspects of
the local stratigraphy, with the coral bank, the contourite drift in the
recentmost unit U1 and indication of the presumed northward flow

higher than 50 ms TWT (40 m) and are maximum 400 m
wide (Fig. 6). In size, the Enya mounds are comparable to
the average Magellan mounds (Huvenne et al. 2007) and
the smallest Belgica mounds (De Mol et al. 2002). Another
comparable feature is that they are all buried under 50–
120 ms TWT (ca. 40–95 m) of sediment.

Contourite drift deposits
The recent-most unit U1 displays a seismic facies with
predominantly high-amplitude continuous reflectors.
Throughout the unit, however, packages with lower
amplitudes are observed (Figs. 4,5,6). The geometry of
these reflectors is subparallel-sheeted at the eastern side of
the study area where it has an average thickness of 100 ms
TWT (Fig. 4). Near the Enya mounds, the geometry
becomes elongated mounded, corresponding with the features observed in the present-day bathymetry. This N–S
elongate mounded sediment body is located in a 1 km wide
passage between the buried coral banks and the U2 scarp
and has an axial thickness of 200 ms TWT (160 m)
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within the moat feature. The lowermost unit features upslope
migrating sediment waves, characteristic for this part of the Porcupine
Basin

(Fig. 5). The N–S oriented profiles also illustrate gently
mounded reflectors in between two mounds (Fig. 6). On
W–E profiles, the expression of the present-day moat
seems to have increased through time (Fig. 5). On the other
hand, the lowermost deposits near the coral bank show a
small moat, suggesting the coral bank was already fully
developed prior to the deposition of the unit U1. This is
also distinctly visible on N–S profiles, especially near the
northern flank of the large Enya mound (Fig. 6). Around
the smaller mound, higher amplitude reflections can be
observed near the south flank and above the mound. Most
probably, this facies can be interpreted as coarse-grained
current-sorted deposits or a hardground. Above the mound,
the overlying sediment package shows a convergence of
reflectors, suggesting the influence of currents. As such, the
entire mounded deposit can be considered to be a smaller
variant of a similar mounded confined-elongate contourite
drift described within the Belgica mound province
(Van Rooij et al. 2007a). Figures 4 and 6 also clearly
illustrate the presence of pockmarks near the seabed. They
can also be recognized as hyperbolic diffractions below the
seabed (Fig. 6), to be interpreted as pockmarks located off
the profile track.
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Fig. 6 Seismic profiles P030524 and P030525 illustrates the N–S detail of the area, with respectively two mounds, ‘‘enhanced reflectors’’,
pockmarks and moats. The hyperbolic diffractions near the seabed are interpreted as pockmarks located sideways to the profile track

The presence of contourite deposits and their temporal
variability is illustrated by the sediment recorded observed
in the nearby core MD01-2449 (Figs. 1,3). The top 26 cm
of this core consists of olive clayey very fine quartz-foram
sands. This grades downcore into a long and uniform series
of olive grey to grey silty clays. Nannofossils and fine sand
pockets are commonly observed in varying quantities. Two
coarser-grained intervals were also observed; between 600
and 900 cm and between 1,200 and 1,400 cm. These two
intervals are characterized by elevated values of dry bulk
density (Fig. 3).
The variations in dry bulk density, mean grainsize, sand
content (up to 20%), magnetic susceptibility and stable
d18O isotopes are similar to those of core MD99-2327 (Van
Rooij et al. 2007b) and can be used to propose a stratigraphic correlation and time frame (Fig. 3). In both cores a
specific peak in magnetic susceptibility occurs at 19 m in
MD01-2449 and at 9 m in MD99-2327. This peak is followed by a smaller peak in magnetic susceptibility and a
decrease in dry bulk density at respectively 17.5 and 8 m.
The latter is also associated with a finer mean grain size
and a low magnetic susceptibility. Van Rooij et al. (2007b)
have correlated this event with HL5 of Auffret et al. (2002)
at 45.5 ka. Associated to this event, stable d18O isotopes

show lighter values, suggesting meltwater input typical for
Heinrich events (Auffret et al. 2002; Bond et al. 1992;
Cortijo et al. 2005). The associated average sedimentation
rates for the interval between the core top and the HL5
event would be 41.8 cm ka-1 for MD01-2449 and
19.8 cm ka-1 for MD99-2327.

Discussion
The following paragraphs will discuss the setting and
timing of the Enya mounds growth history with respect to
the sedimentary evolution of the eastern Porcupine Seabight. Subsequently, the origin of the pockmarks and their
possible relationship with the Enya mound cluster will be
evaluated.

Evolutionary stages of the Enya mounds
Timing and nature of the RD1 ‘‘moundbase’’ unconformity
Within the Belgica mound province, there has been
uncertainty about the true age of the RD1 unconformity
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(De Mol et al. 2002; McDonnell and Shannon 2001;
Shannon et al. 2007; Van Rooij et al. 2007a). The downslope transect of the three IODP 307 sites, piercing through
this unconformity, has finally given some age constraints
for the RD1 unconformity, framed between the Late
Miocene and the Late Pliocene (Kano et al. 2007; Louwye
et al. 2008). Yet, some questions remained unanswered
concerning the actual dynamics and lateral variability of
this erosion event. Earlier studies about the lateral variability of the RD1 unconformity have already
demonstrated a highly irregular and locally dramatic incision, leaving a terraced landscape, suggesting step-wise
erosion phases (Van Rooij et al. 2007a,2003).
At the Enya mound site, the observation of the local
RD1b unconformity brings new evidence, strengthening
the idea that the 6.6–8.2 long Ma hiatus of RD1 consisted
of several phases of erosion and deposition. Most probably,
due to the intensity of the last (or second?) RD1a erosion
event, unconformity RD1b has been masked elsewhere on
the eastern slope of the Porcupine Seabight. The local
RD1b unconformity studied here, might document an early
phase of erosion within an RD1 composite erosion event,
followed by a later stage of a high-energy fill-up (Fig. 4).
This scenario may also explain the terraced morphology of
the RD1 unconformity in the Belgica mound province and
could be more plausible than 6.6–8.2 Ma of continuous
erosion.
According to the IODP 307 data, probably no Pliocene
clastic sediments are present on the eastern slope of the
Porcupine Seabight. Only the base of the coral banks has
been dated with a Late Pliocene age (Kano et al. 2007).
However, on Goban Spur and adjacent deep-water basins,
series of Pliocene clastic deposits were recovered with only
a comparatively short Early Pliocene C10 erosion (de
Graciansky et al. 1985; Shannon et al. 2007; Stoker et al.
2002; Stoker et al. 2005). Moreover, on the Enya mound
site, the seismic profiles recorded probably the thickest (and
most complete?) U2 deposits in this region (Figs. 4,5).
Therefore, the top of unit U2 at this site can be considered to
be at least as old as near IODP site U1318 (Late Miocene),
or even younger. It is proposed here that sedimentation
continued within the eastern part of the Porcupine Seabight
throughout the entire Late Miocene. In such scenario, the
Late Miocene deposits were eroded within the Belgica
mound province, but were saved near the Enya site. Even if
this should not be the case, due to its stratigraphic position,
the base of unit U2bis (RD1b) should be younger than the
onset of the composite RD1 event as documented in the
IODP 307 holes. A later onset of this event might also fit
closer to the joint tectonic and oceanographic mechanisms
that have caused the C10 event in the Rockall Trough.
Since the eroded surface is facing the northernmost
Kings Channels (Figs. 1,2,4), this small and local RD1b
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unconformity could very well be documenting a first erosion event that eventually has grown out to become the
Kings and Gollum Channels. The nature of the seismic
facies of unit U2bis hints at a rapid and chaotic deposition
of eroded sediment, during probably the Pliocene. Despite
only few profiles in an E–W orientation, the upslope sigmoidal progradation and the complex reflector
configuration in Fig. 4 might be documenting the movement of a moat. Although the RD1a erosion could have
removed a large part of the upper sediments, unit U2bis
shares similarities with contourite drift deposits (Lu et al.
2003; Rebesco et al. 2005; Stow et al. 2002). The presence
of post-Middle Miocene contourite drifts has already been
suggested by McDonnell and Shannon (2001), but could
not be confirmed for the U2 sediments near the Belgica
mounds by Van Rooij et al. (2007a). The origin of these
sediments might be local, but also more terrigenic since the
possible onset of this erosion is linked to the onset of
northern hemisphere cooling with lowering sea-levels
(Shannon et al. 2007; Stoker et al. 2005).

Enya mound initiation
In analogy with most of the Belgica mounds (De Mol et al.
2002; Van Rooij et al. 2007a), the Enya mounds are rooted
on topographic irregularities of the RD1(a) unconformity.
It has been established before that such environments are
ideal settling grounds for deep-water corals, provided also
the other environmental requirements concerning temperature, salinity, nutrient supply and hydrodynamic regime
are met (De Mol et al. 2005; Roberts et al. 2006; Rüggeberg et al. 2007). The studied data can only give some
information on the hydrodynamic regime at the time of the
start-up of these small mounds.
Following the model of Kenyon et al. (2003), the low
number of mounds indicates very high bottom currents
with low sediment input at the time of coral settling.
Within the present day, this area is influenced by the
presence of a focused northward flowing current, associated with enhanced tidal currents through internal waves
(Rice et al. 1990; White 2007). The lowermost strata of
unit U1 indeed suggest the presence of a strong, probably
poleward flowing, bottom current regime at the time of
coral bank initiation (Figs. 5,6). First of all, the higher
amplitude of the reflections near the RD1(a) moundbase
unconformity (Fig. 6) could suggest a coarser facies,
winnowed by long periods of strong bottom currents.
Secondly, most of the profiles show a distinct moat feature
at the base of the drift unit near the coral banks (Figs. 5,6).
As in the Belgica mound province (Van Rooij et al. 2007a),
this suggests a ‘‘junior’’ mound was already present before
the U1 sediments were deposited, inferring high benthic
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currents sweeping the seafloor during the initial phase of
mound construction. This lag between an Upper Pliocene
coral bank initiation and a surrounding Middle Pleistocene
drift sedimentation has already been suggested by De Mol
et al. (2002) and Van Rooij et al. (2007a) and has been
confirmed by Kano et al. (2007).
The presence of the steep slope in palaeotopography east
of the coral banks (Figs. 2,5) might also have induced a
local enhancing of the bottom currents. The striking virtual
S–N alignment of the Enya mounds at approximately 1 km
distance parallel with this steep scarp, strongly suggests the
corals have settled at a location that has profited from a
unique hydrodynamic regime (with e.g. enhanced turbidity) fostered by this topographic irregularity. A similar
topographic control can be found at the Belgica mound
province (De Mol et al. 2002; Van Rooij et al. 2007a) or at
the SW Rockall Trough (Kenyon et al. 2003; Mienis et al.
2006).

A burial scenario for the Enya mounds
During the deposition of unit U1, the Enya mounds have
been gradually buried by a small mounded contourite drift.
This drift is only a very local feature, bound to the delicate
interaction of the hydrography and topography, combined
with other variables such as sediment input, palaeoceanographic and hydrodynamic changes. The present seismic
and core data of this drift could yield some more information concerning the possible causes and timing of the
mound burial.
Certain changes in the Pleistocene palaeoenvironment
must have led to a cessation of Enya mound growth.
Above, it has been suggested that during mound initiation
very high bottom currents with a low sediment load were
active. It is assumed that by the Middle Pleistocene the
sedimentary environment changed and more sediment was
introduced into the basin (Kano et al. 2007; Van Rooij et al.
2007a). This Middle Pleistocene Revolution (MPR, at c.
940–640 ka) is recognized as a global switch from lowamplitude 41 ka obliquity-forced climate cycles to highamplitudes cycles of 100 ka, invoking longer glacialinterglacial cycles with associated sea-level falls and rises
(Head and Gibbard 2005; Hernandez-Molina et al. 2002;
Raymo et al. 1997). In this study area, it would increase the
predominant sediment input directly coming from the Irish
continental shelf (Rice et al. 1991), with a majority of it
being transferred towards and through the Gollum and
Kings Channels. Due to the proximity of the Enya mound
area near the Kings Channels, it is plausible it has benefited
from this focused sediment input and hence shows elevated
sedimentation rates in the sedimentary record since the
MPR.
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This is demonstrated by a comparison of core MD012449 (Kings Channels) with core MD99-2327 (Belgica
mound province) (Fig. 3). Although no extensive set of
absolute ages is available, specific features recognized in
the two cores allowed obtaining sedimentation rates of
41.8 cm ka-1 for MD01-2449 and 19.8 cm ka-1 for
MD99-2327. Sedimentation rates near the Kings Channels
are thus twice as high as the contourite drift sequence in the
Belgica mound province. Most of these sediments are finegrained (clay-silt range), as they could have been pirated
off suspension clouds from the Kings Channels by the
northward flowing currents, leaving coarser material within
the channels.
When using these sedimentation rates to estimate the
onset of the contourite drift sedimentation in the Enya
mound area, a very young age of 382 ka is obtained if
extrapolated over the thickest drift deposit (200 ms TWT
or 160 m). This does not fit at all with the onset of sedimentation in the Belgica mound province, estimated by
Van Rooij et al. (2007a) within the MPR at ca. 940–640 ka.
However, when comparing thicknesses of the contourite
drift packages, the Belgica mound drift seems to be twice
as thick (400 ms TWT) as in the Enya mound area (200 ms
TWT). If the general onset of drift sedimentation on the
entire eastern slope is assumed to have initiated at the
MPR, this would suggest drastically lower sedimentation
rates at the Enya mound site.
Most probably the truth lies between these two extremes
with gradually decreasing bottom current strength,
increasing sediment input and sedimentation rates starting
from the Middle Pleistocene. In the first stage of contourite
deposition, starting at about the MPR, the drift seemed to
cope with the coral bank growth. At that time, bottom
currents might still have been stronger, as evidenced by the
presence of moats and enhanced reflectors indicating possible coarser sediments. These initial strong bottom
currents could have prevented high sedimentation rates.
Due to a possibly gradual reduction in current strength,
sedimentation rates increased and literally started to overcloud the Enya mounds; the sediments started to onlap the
mounds, until they eventually draped across the mound
structures. An almost identical scenario has been proposed
for the Magellan mounds by Huvenne et al. (2007). All
along the NW European margin, coral banks are being
buried whenever the current strength decreases and sedimentation rates become too high (Huvenne et al. 2003;
Kenyon et al. 2003; Mienis et al. 2006).

Nature and timing of fluid seepage
The sidescan sonar data and seismic imagery show the
presence of a relatively large pockmark field associated
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with the Enya mound cluster. At first sight, they only seem
to be linked to unit U2bis, as 89% of the pockmarks are
located above this deposit (Fig. 2c). Most of the pockmarks
are located at the southeastern extremity of the study area.
It is at least remarkable that also the coral banks are rooted
above unit U2bis, which could suggest a relationship with
fluid seepage. A similar relationship was proposed by
Henriet et al. (2001) for the Hovland and Magellan mound
provinces, where De Mol et al. (2002) and Huvenne et al.
(2007) also described the presence of coral banks above a
similar facies.
Pockmarks are formed under the action of upward fluid
flow through fine-grained sediments. This is commonly
related to overpressured biogenic gas, thermogenic gas or
pore water. Their dimensions vary between 15 and 850 m
width and 1–45 m depth, according to which the Enya
pockmarks would be classified as average in size (Gay
et al. 2006; Hovland et al. 2002; Hovland and Judd 1988;
Jensen et al. 2002; Paull et al. 2002; Schroot et al. 2005).
Most pockmark clusters are observed near large hydrocarbon provinces. They are commonly associated with gas
plumes, columnar disturbances or ‘‘chimneys’’, acoustic
blanking and ‘‘bright spots’’. These features indicate the
presence of interstitial gas within the sediment or local high
concentrations of free gas (Casas et al. 2003; Paull et al.
2002; Schroot et al. 2005; Van Rensbergen et al. 2007).
Although Croker and Shannon (1995) and Johnston et al.
(2001) inferred the presence of possible reservoirs in
Permo-Triassic sandstones, none of the above migration
features have been observed on the seismic profiles.
Moreover, the possibility to generate seepage from these
yet uncharted reservoirs seems to be very speculative
(Shannon, pers. comm.).
Another possible source for overpressured fluids in this
area might be found in the unit U2bis. The nature of these
deposits suggests a dynamic environment where sands or
silts are rapidly deposited. A quick burial by muddy sediments could cause overpressure of pore water and/or
possibly biogenic gas (Hovland et al. 2002; Paull et al.
2002). A similar process was described by Masson et al.
(2003) where the escape of pore water from buried sediments was suggested to be the main agent of pockmark
formation close to the Darwin mound area. Nevertheless,
no evidence is found of past fluid flow such as breached
surfaces or deformations in the sediments overlying U2bis.
As such, also a relatively shallow origin for these pockmarks is highly speculative.
In either two cases, the timing and periodicity of the
fluid seepage is important to assess any relationship with
the coral banks. The seismic profiles only show pockmark
features near the seafloor. In the absence of the typical
manifestations of free gas in the sediment column, buried
pockmarks might be the only evidence of past fluid seepage
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(Baraza and Ercilla 1996; Casas et al. 2003; Van Rensbergen et al. 2007). However, no evidence is found of
earlier, buried pockmarks. This suggests the Enya pockmarks are relatively recent features, possibly generated
during the last sealevel lowstand during the Last Glacial
Maximum.
Seen the relatively recent timing of the seepage, the
inferred spatial relationship between the pockmarks and
unit U2bis or the Enya mounds seems to be purely coincidental. Neither a deep nor a shallow source for the
seepage could be indicated.

Conclusion
The local seismic stratigraphy of the Enya mound cluster
has revealed some new elements that might shed new light
on the Neogene margin development of the Porcupine
Seabight. The presence of a previously unmapped unconformity suggests that the Late Miocene to Late Pliocene
RD1 ‘‘moundbase’’ unconformity is a composite event that
has been active in at least two phases, locally recognized as
RD1b and RD1a, possibly in alternation with small depositional phases. It is suggested that the onset of this
composite RD1 erosion event might have started at a later
period within the Late Miocene. As such, a Pliocene contourite drift unit U2bis was deposited on a presumed Late
Miocene RD1b unconformity. Large parts of this deposit
were removed during a last (Intra-Pliocene) RD1a event,
also masking most of the RD1b unconformity throughout
this part of the slope. This scenario would be more in
accordance with the Late Cenozoic stratigraphic framework as suggested by Shannon et al. (2007) and Stoker
et al. (2005). This multi-phased erosion created the terraced
morphology of the Belgica mound province, but also cut
the upper slope pathway for the Kings and Gollum
Channels.
Subsequent to the RD1a event, corals began to colonize
topographic irregularities during the Upper Pliocene. The
coral banks were built in a period when the adjacent areas
experienced non-deposition through a relatively high bottom current regime. They are located in a zone which
experienced a complex interaction of enhanced currents
with a steep S–N scarp in the palaeotopography. As such, a
limited number of coral banks were formed parallel to the
slope scarp. From the Middle Pleistocene onwards,
increasing sediment input and a lowered velocity of the
bottom currents gradually increased the sedimentation rate,
slowly burying the Enya mounds under a small mounded
contourite drift, similar to those described by Van Rooij
et al. (2007a) in the Belgica mound province.
The presence of a pockmark field on the present-day
seabed could not be related to a deep or a shallow origin.
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Since no further geophysical evidence was found of typical
seepage features, it is concluded that the pockmarks are
relatively recent. Hence, no relationship can be found with
the presence of the coral banks and more research will be
needed to reveal the causal mechanism of these pockmarks.
This study has shown that, as most of the NW European
coral banks, the Enya mound cluster experienced a
substantial environmental control by currents, topography
and sediment input.
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Rüggeberg A, Dullo C, Dorschel B, Hebbeln D (2007) Environmental
changes and growth history of a cold-water carbonate mound
(Propeller Mound, Porcupine Seabight). Int J Earth Sci 96:57–
72. doi:10.1007/s00531-005-0504-1
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