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The land-detached Gollum Channel System (GCS) is one of very few large-scale
canyon-channel systems on the Northwest Europeanmargin and thought to be of
high importance in both along-slope and downslope sediment transport
processes in the Porcupine Seabight basin. It is, however, unknown when this
system was formed and how active it has been throughout its evolution, making it
difficult to assess its regional impact. Here, using well data integrated with airgun
seismic reflection data, a seismic stratigraphy (Cretaceous to present) is built for
the GCS for the first time. We find that, contrary to what was thought before, the
GCS was formed before Quaternary glaciations occupied the continental shelf
and its origin is tentatively associated to a phase of Northeast Atlanticmargin tilting
in the early Pliocene. Each of the channels that make up the GCS was initiated by
incision from erosive downslope gravity flows originating on the Celtic Sea Shelf.
Gravity flows from Quaternary glacial processes reused the channels and mostly
bypassed the upper slope or contributed to the channel fill, though some flows
were capable of erosion of existing channel flanks and incision of several smaller
channels. Additionally, we show that this margin was incised by erosive gravity
flows on several occasions through time and that these incisions seem to follow
preferential pathways. Interactionwith along-slope bottom currents from the start
of the Quaternary onwards was crucial to distribute sediments and nutrients to
sediment drifts and cold-water coral mounds further north (downstream) along
the Irish margin.
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1 Introduction

Large-scale submarine canyon-channel systems, present on continental shelves and
slopes across the world (Harris and Whiteway, 2011), are preferential pathways for the
transport of sediment, organic matter and pollutants into the adjacent basins. They are often
associated with high terrestrial sediment supply from, e.g., fluvial systems (Khripounoff et al.,
2012; Babonneau et al., 2013; Puig et al., 2017) or ice sheets (Zaragosi et al., 2006; Rise et al.,
2013). Additionally, several processes, such as trawling (Martín et al., 2014; Daly et al., 2018),
dense water cascading (Canals et al., 2006; Puig et al., 2013), earthquakes (Mountjoy et al.,
2014), tidal currents (Mulder et al., 2012; Amaro et al., 2016), and storm waves (Puig et al.,
2004) are capable of resuspending shelf and slope sediments and transporting them down (or
up; Amaro et al., 2016) canyon axes. This ensures the role of canyon-channel systems in
sediment transport even when they are not connected to terrestrial sources. Furthermore,
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these systems can have a considerable influence on local and
regional hydrography (Voigt et al., 2013; Waterhouse et al., 2017;
Verweirder et al., 2021). Considering the significant role large-scale
canyon-channel systems have in conducting and redistributing
sediment, it is important to understand the processes that
shape them.

The Gollum Channel System (GCS) is the only large-scale
channel system on the Northwest European margin (Weaver
et al., 2000) and stretches over c. 200 km connecting the Celtic
Sea Shelf to the Porcupine Abyssal Plain (Figure 1). The system was
named by Kenyon et al. (1978) and the names of the individual
channels were given by Van Rooij (2004) (Figure 1B). The GCS
presently has no apparent connection to any terrestrial sediment
sources and is not thought to be active with downslope gravity flows
(Akhmetzhanov et al., 2003; Wheeler et al., 2003). It did have a large
influence on regional processes in the past as it is thought to have
supplied sediments to the cold-water coral mounds and contourite
drifts in the Belgica Mound Province (BMP; Van Rooij et al., 2007b;
Van Rooij et al., 2009; Verweirder et al., 2021). It is, however,
unknown when the system was formed and thus when its regional

influence started, as well as which processes were involved in
creating it. This is in stark contrast to the Celtic and Armorican
systems in the Bay of Biscay, for which the history of activity has
been thoroughly investigated (Mulder et al., 2012; Amaro et al.,
2016; Hall et al., 2017; Aslam et al., 2018; Heijnen et al., 2022) and
linked to the activity of the Fleuve Manche paleoriver (Bourillet
et al., 2003; Zaragosi et al., 2006; Toucanne et al., 2008; 2009; 2012).

A causal relationship between erosive downslope currents
associated with the start of glacial-interglacial cycles in the North
Atlantic and the formation of the GCS has been suggested from
Neogene-Quaternary seismic stratigraphy (Verweirder et al., 2021).
However, the dataset used by those authors is not sufficient for this
investigation, as the GCS channel bases are situated below the
penetration depth of their seismic data. Therefore, the origin of
the GCS and the potential link with Quaternary glacial-interglacial
cycles needs further examination that is based on seismic data also
covering the deeper subsurface. Previous stratigraphic studies in the
Porcupine Seabight have focused on the Neogene and Quaternary
stratigraphy in the area of the BMP (Van Rooij et al., 2003; Van
Rooij et al., 2009; Thierens et al., 2012), on the very general Cenozoic

FIGURE 1
(A) Bathymetry map situating the study area in the regional context. The inset shows the location on the West-European margin. The locations of
IODP Expedition 307 and well 62/7-1 are indicated in yellow. BOB, Bay of Biscay; CSS, Celtic Sea Shelf; GS, Goban Spur; PS, Porcupine Seabight; PAP,
Porcupine Abyssal Plain; RT, Rockall Trough. (B) Slope-shaded map of the study area (yellow shaded area) with the names of the individual channels.
Seismic lines used in this study are indicated in blue and profiles used for figures are indicated in black. The location of Figure 4 is indicated by the
shaded rectangle. (C) Close-up bathymetry map showing the location of the seismic lines going through the location of well 62/7-1 and the location of
Figure 7. Bathymetry maps are based on Irish Public Sector Data from INFOMAR (Geological Survey Ireland & Marine Institute) licensed under a Creative
Commons Attribution 4.0 International (CC BY 4.0) license.
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stratigraphy of the basin (McDonnell and Shannon, 2001; Stoker
et al., 2005a), and briefly on the morphology of the GCS channel
heads (Wheeler et al., 2003), but never comprehensively on the
stratigraphy of the GCS channels.

The aim of this study is to investigate which processes were
involved in the formation of the GCS and to assess the
spatiotemporal evolution of the system. To this end, a seismic
stratigraphic framework was built from the channel heads on the
upper slope down to the foot of the slope and from the acoustic
basement to the present-day seafloor.

2 Geological setting

The GCS is situated in the southern part of the Porcupine
Seabight, a pear-shaped oceanic basin that forms an embayment on
the northeast Atlantic margin (Figure 1A). The Porcupine Seabight
is the surface expression of the Porcupine Basin, a failed rift basin
that formed from the Permian onwards (Shannon, 1991). It owes its
north-south elongation to a major Late Jurassic rifting episode with
east-west extension associated with North Atlantic seafloor
spreading (Shannon, 1991; Naylor and Shannon, 2005; Shannon
et al., 2007). The basin experienced thermal subsidence from the
Early Cretaceous to the Holocene (Shannon, 1991). Open marine
conditions were established for the first time in the Late Cretaceous
(McCann et al., 1995; McDonnell and Shannon, 2001), and, after a
period of regression in the late Paleocene–late Eocene (Moore and
Shannon, 1992), again and finally in the latest Eocene–earliest
Oligocene (McDonnell and Shannon, 2001; Stoker et al., 2005b).

A major uppermost Eocene erosional unconformity (regionally
identified on seismic data as a high-amplitude reflection called
reflector C30) marks the onset of deep-water current circulation
in the basin and the change from downslope- to along-slope-
dominant sediment transport characterized by drift deposition
(Stoker et al., 2001; Stoker et al., 2005b; Shannon et al., 2005).
The circulation pattern changed in the early tomiddle Miocene from
Tethyan-influenced bottom current activity to Nordic seas-
influenced bottom current activity (Stoker et al., 2005b), resulting
in an uppermost lower Miocene regional unconformity (regional
seismic reflector C20; McDonnell and Shannon, 2001). In the
Rockall Trough, the high amplitude of the C20 reflection may be
further enhanced by the presence of a diagenetically altered ash layer
(Stoker et al., 2001). Another period of extensive contourite drift
development in the middle to late Miocene (McDonnell and
Shannon, 2001; Shannon et al., 2005) was ended by an episode of
regional submarine erosion (regional seismic reflector
C10 characterized by a continuous reflection of high amplitude)
likely from increased North Atlantic Deep Water input from the
Nordic seas along with basin margin tilting in the early Pliocene
(Stoker et al., 2001; 2005a; 2005b). The youngest stratigraphic
interval is characterized by the presence of coral mounds and
contourite drifts, and the upper Quaternary sedimentation is
influenced by glacial activity (Tudhope and Scoffin, 1995; Van
Rooij et al., 2007b). The Porcupine Basin contains up to 6 km of
Mesozoic sediments and the Cenozoic fill is up to 4 km thick (Moore
and Shannon, 1992; McDonnell and Shannon, 2001).

Over the eastern upper slope of the basin, previous studies have
recognized a discontinuity that was attributed an early middle

Miocene age (seismic reflector RD2 of Van Rooij et al. (2003))
(Louwye et al., 2008) and a discontinuity representing a hiatus
between upper Miocene and upper Pliocene sediments (seismic
reflector RD1 of Van Rooij et al. (2003)) (Kano et al., 2007; Louwye
et al., 2008; Van Rooij et al., 2009). They have been proposed as
equivalents to the regional latest early Miocene (C20) and early
Pliocene (C10) unconformities, respectively (Van Rooij et al., 2003),
but have never been tied on any seismic line. In the specific setting of
the eastern slope of the Porcupine Seabight, the origin of the
RD1 discontinuity has been pinpointed in more detail than the
C10 unconformity. The RD1 discontinuity is the result of the
combined action of both along-slope and downslope currents
associated with, respectively, the influence of the Mediterranean
OutflowWater on the oceanographic regime in the Seabight, and the
onset of glacial-interglacial cycles in the North Atlantic (Van Rooij
et al., 2003). The main sediment source for the Quaternary
downslope gravity currents is the Celtic Sea Shelf, with principal
supply during lowered sea levels of glacial periods (Akhmetzhanov
et al., 2003). The RD1 seismic reflector is very obvious from its
erosional characteristics and the distinct differences between the
units above and below in the BMP, but is known to become harder to
trace to the south, towards the study area (Verweirder et al., 2021).

3 Materials and methods

To build the seismic stratigraphy needed for this study, well data
were integrated with seismic reflection data, which were then
analyzed considering the seismic stratigraphy that was established
in other parts of the Porcupine Seabight byMcDonnell and Shannon
(2001), Van Rooij et al. (2003), and Van Rooij et al. (2009). These
studies are also the basis for the nomenclature of the seismic units
and their bounding surfaces used here (Figure 2): C30 from
McDonnell and Shannon (2001), and RD2 and RD1 from Van
Rooij et al. (2003) and Van Rooij et al. (2007a).

The four multichannel seismic reflection datasets used in this
work (Nopec Geoventures 1997, Geco-Prakla 1997, Fugro-Geoteam
1997 and Spectrum 1997) were provided by the Irish Department of
the Environment, Climate and Communications. All four were
recorded in 1997 with airgun sources. They were processed prior
to receiving them, with processing steps including dip moveout,
stacking, deconvolution, as well as several filters depending on the
dataset. A brief overview of the processing flow used for each dataset
can be found in Supplementary Table S1 and some additional details
are available on the website of the Irish Department of
Communications, Energy and Natural Resources (Department of
Communications, Energy and Natural Resources, 2010). The
datasets are used here without any additional processing. The
dominant frequency in the seismic data is 5–70 Hz, and their
vertical resolution decreases from c. 10 m in the shallow
subsurface to c. 20–30 m near the acoustic basement. The profiles
were loaded into S&P Global Kingdom software for analysis of the
reflectors and integration with well data. Within the Kingdom
software, a mistie analysis including time shifts, phase shifts and
amplitude scaling was performed to allow good correlation between
the four datasets.

Key horizons were first identified in the Kingdom software and
then gridded to acquire paleotopography maps using the Surfer
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package fromGolden Software. Kriging was found to be the gridding
method that produced the most realistic maps. The grid spacing was
set to 100 m. Thickness maps of specific stratigraphic sections were
also created in Surfer.

The drainage networks used to compare the present-day channel
network to depressions in paleotopographical surfaces were
generated using the “Generate Watershed” analysis tool in Global
Mapper software, which is based on the eight-direction pour point
algorithm from Jenson and Domingue (1988) to determine the flow
direction at each point of the analyzed grid. The horizontal
resolution of the watershed was set equal to the resolution of the
analyzed grid (100 m). As the focus is on the large-scale drainage
pattern of the area, the stream cell threshold was set to 500 and the
smallest secondary thalweg sections were removed. Minimal
smoothing of calculated thalwegs was done manually. To
calculate the amount of overlap between the locations of the
present-day channel thalwegs and depressions in the
paleotopography, buffers were first created around the main
thalwegs of the paleowatershed. The widths of the buffers
correspond to the widths of the paleodepressions and were
measured on the appropriate reflector in the seismic data. Then,
the length of the present-day thalwegs intersecting the
paleowatershed buffers was divided by the total length of the
present-day thalwegs in the study area. Thus, a percentage value
for the amount of overlap between the locations of the present-day
watershed and the paleowatershed was obtained.

Age control of the seismic data was partly achieved through
time-depth conversion of the stratigraphy at well 62/7-1. Well data
were provided by the Irish Department of the Environment, Climate
and Communications and included descriptions of lithological and
paleontological samples, log data, interval velocity data, and the well
completion report. Well 62/7-1 is located on Goban Spur (Figure 1)
at 993 m water depth and reaches a total depth of 3,669 m below the
seafloor, targeting potential Bathonian and Sinemurian reservoirs.
The time-depth conversion of the stratigraphy at well 62/7-1 was
performed using data from two airgun vertical seismic profiles
covering complementary depth intervals. In these surveys, the
travel time between source and receiver is measured and the
distance between them is used to calculate average velocities and
interval velocities at the location of the well. The results of both
surveys were combined and are shown in Supplementary Figure S1.
Since this well is located >100 km from the most distant (northern)
part of the study area, time-depth conversion was only performed at
the location of the well. All depths related to well 62/7-1 are reported
with respect to the seabed. The well stratigraphy is based on
downhole logging data, and paleontology and lithology obtained
from cuttings and side wall cores described in the well reports. In
this well, the shallowest sample was taken at a depth of 615 m, so the
well data could only be tied to the deepest sections of the
seismic data.

The chronostratigraphy of the shallower seismic data was based
on the previously established general Cenozoic seismic stratigraphy
of the Porcupine Seabight (McDonnell and Shannon, 2001; Shannon
et al., 2005) and the Neogene and Quaternary seismic stratigraphy of
the BMP (Van Rooij et al., 2003; Van Rooij et al., 2009). These
stratigraphies were in turn based on well data from sixteen
exploration and appraisal wells (McDonnell and Shannon, 2001),
and data from the IODP 307 boreholes (Van Rooij et al., 2009).

Tying the seismic data used here to the previously established
stratigraphy was possible due to distinct similarities in seismic
expression and a direct seismic connection between the study
area and the BMP.

4 Results

4.1 Seismic reflection data

Generally, the sedimentary fill of the Porcupine Basin displays a
catenary geometry: horizons are near-horizontal in the center of the
basin and dip towards the basin center (with a greater dip further
away from the center) on the edges (Figure 2B). Five seismic units
(U5—U1; from old to young) bounded by six reflectors (basement,
NTC, C30, RD2, RD1, seafloor; from old to young) have been
identified from the acoustic basement to the seafloor (Figure 2). A
seventh reflector (ECP) is considered as an internal reflector in
seismic unit U2, but as it is seen as a key reflector in the evolution of
the GCS, it is here described separately.

4.1.1 Key seismic reflectors
The basement reflector is the deepest high-amplitude reflection

that is mostly continuous and represents the boundary between the
discontinuous to chaotic facies of the acoustic basement and the
more continuous facies of the overlying seismic units (Figure 2). It is
a surface with a very irregular topography and often has an erosional
character.

The near top Cretaceous (NTC) reflector is characterized by a
moderate-to high-amplitude reflection and is generally continuous
in the basin (Figure 2). A paleo-shelf break is inferred from a
change in slope gradient in the seismic data at c. 2–2.2 s TWT
(Figure 3A). The outermost part of the paleo-shelf has an irregular
topography but is generally quasi horizontal to slightly basinward-
dipping (2°–3°). The steeply dipping (10°–15°) paleo-slope section
is smooth to irregular and generally becomes smoother towards the
foot of the slope and into the basin, where it displays large-scale
undulations of small amplitude and irregular wavelength
(Figure 2). The NTC reflector is conformable to over- and
underlying reflectors in the basin, but erosional on the paleo-
slope and near the paleo-shelf break. On the paleo-shelf, it often
coincides with the basement reflector. In the absence of obvious
seismic terminations the relation to the underlying package is
difficult to determine.

The C30 reflector has a wavy to irregular topography and a high-
amplitude reflection (Figure 3B). It is offset by numerous faults and
the identification of this reflector becomes more uncertain towards
the south and east. Within the study area, the C30 surface displays
six NE-SW to SE-NW oriented channels. Data in the
northwesternmost part of the study area suggest more channels
are present to the north (Figure 3B). The channels observed here are
c. 3–13 km wide and c. 100–500 m deep. At the channel bases and
edges, the otherwise conformable C30 reflector truncates the
reflectors of the seismic unit below (Figure 2C). Near the eastern
edge of the study area, the C30 reflector is part of a package of
reflectors that onlaps the NTC reflector.

The RD2 reflector is erosional to conformable, and, like the
C30 reflector, it is offset by numerous faults (Figure 2). It has a
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large-scale undulating appearance in N-S profiles, especially
towards the upper slope. The RD2 undulation pattern mimics
that of the C30 reflector: RD2 lows, though they are less
pronounced than the C30 paleochannels, are situated over the
C30 paleochannels (Figure 3C). The RD2 reflector is only
moderately continuous, which makes it difficult to trace

towards the south and the east, where it also loses its erosional
characteristics. A change in seismic facies, generally from more
faulted just below the reflector to slightly more distinct and
continuous stratification, sometimes with higher amplitude, just
above the reflector, may then help in identifying it (Figure 2D).
Though the RD2 reflector can be traced towards the present-day

FIGURE 2
(A,B) Interpreted airgun seismic reflection profile showing the five units (U1-U5) and their boundaries (seafloor, RD1, RD2, C30, NTC, basement) that
make up the general stratigraphy of the study area. The bases of the present-day GCS are indicated in red. Faults are marked in blue. The ECP reflector is
indicated as a red dashed line. The locations are shown in Figure 1B. (C) Closeup of the seismic profile in (A) showing the erosion (purple arrows)
underneath the C30 reflector at the top of unit U4. (D)Closeup of the seismic profile in (B) highlighting the difference in seismic facies between units
U3 and U2.
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shelf edge in the northernmost part of the study area, it either
onlaps one of the underlying units or is eroded by overlying
reflectors at the upper slope in the rest of the study area.

The early channel presence (ECP) reflector is characterized by a
moderate-amplitude reflection. It is conformable to (small-scale)
erosional and has an overall smooth topography without any
significant features. It is only present in the northern and central
parts of the study area, and is eroded by overlying reflectors in the
upslope and southern parts of the study area.

The RD1 reflector is mostly continuous and conformable with
the under- and overlying reflectors in the GCS interfluve areas. It can
be truncated and/or truncating at the GCS channel edges. It has an
overall smooth topography without the large wavy structures that
the RD2 and C30 reflectors have. The main feature in the
RD1 paleotopography are the gaps caused by the incisions at the
base of the present-day GCS.

4.1.2 Seismic stratigraphy
Unit U5 is the lowermost seismic unit that can be distinguished

above the acoustic basement (Figure 2). It consists of (sub)parallel
reflections that onlap the acoustic basement, filling in the basin. The
reflections are mostly continuous, have moderate to high amplitudes,
and are sub-horizontal though in some places slightly wavy towards
the center of the basin (Figure 2). The NTC reflector bounding the top
of the unit truncates U5 reflectors near the basin margin but is
conformable in the basin center. The unit pinches out against the
basement at the basin margins and is not present east of the inferred
NTC paleo-shelf break (Figure 2B). The thickness of unit U5 increases
from the basin margins to the basin center to 2 s TWT (Figure 4A).

Unit U4 is bound by the NTC reflector at the bottom and the
C30 reflector at the top. It consists of (sub)parallel to slightly
mounded reflections of low to moderate amplitude that are
mostly continuous, except for some places where localized
internal erosion is visible within the unit (Figure 5C).
Additionally, the channels of the C30 reflector cut down into
unit U4 and remove the upper 200–500 ms TWT of the unit.
The thickness of unit U4 increases from 0 s TWT on the upper
slope, where it onlaps against the steep slope created by the NTC
reflector, to 950 ms TWT in the basin, where it fills up the
topography of the NTC reflector (Figure 4B). Thicker packages
in this unit correspond to the interfluve areas of the
C30 paleochannels.

Unit U3 is bound by the C30 (bottom) and RD2 (top) reflectors.
It contains reflections that are generally lower in amplitude
compared to unit U4 and are disrupted by a multitude of faults
(Figure 5A). Reflectors are mostly subparallel to very slightly
mounded though the faulting can make them look very
discontinuous and almost chaotic (Figure 2B). The U3 reflectors
infill the inferred C30 channels and drape the C30 reflector where it
created topographic highs (Figures 2, 5). Like unit U4, unit
U3 pinches out towards the eastern edge of the basin. The
thickness of U3 varies mostly between 0 and 250 ms TWT,
except in the northwesternmost part of the study area, where a
thick (500 ms TWT) package is present (Figure 4C). This thicker
package is elongated in a NE-SW direction and its location and
geometry correspond to a C30 paleochannel just northwest of the
study area. In general, unit U3 is thicker where it fills the
C30 paleochannels and thinner on the topographic highs. In the

FIGURE 3
Paleotopography maps of the (A) NTC, (B) C30, and (C) RD2 surfaces expressed in ms TWT from present-day sea level plotted over a slope-shaded
bathymetry map of the present-day seabed. (A) The interpreted paleo-shelf break is indicated by a pink dotted line. (B) The watershed of the
C30 paleochannels is indicated in blue solid lines and the buffers of the main paleochannels are shaded blue. The thalwegs of the present-day GCS are
indicated in pink dashed lines. (C) The watershed of the C30 paleochannels [identical to (B)] is indicated in blue solid lines. Note that the color scales
of the three maps differ.
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northernmost part of the study area, however, the lower part of unit
U3 consists of horizontal reflectors that fill one of the
C30 paleochannels while the top of the unit has a mounded
geometry and is preferentially deposited on the interfluve
(Figure 5C). The mounded geometry of the upper part of
U3 here is also visible as a thicker package in the isopach map
(Figure 4C).

The base of unit U2 is the RD2 reflector, while at the top it is
bound by the RD1 reflector. Where present, the ECP reflector is
contained in this unit. The reflections within unit U2 have a low to

moderate amplitude similar to unit U3 below. The bases of the
present-day GCS channels locally remove 50–>400 ms TWT at the
top of the unit. Although unit U2 is dissected by numerous faults, the
reflections are generally laterally traceable over long distances. They
dip towards the center of the basin, and onlap or drape the
RD2 reflector. In proximity (1–2 km) to the channel bases of the
present-day GCS, U2 reflections may be divergent (Figure 6). The
thickness of unit U2 generally decreases towards the upper slope and
to the south, varying between 0 and 750 ms TWT (Figure 4D).
When comparing the thickness distribution of unit U2 with the

FIGURE 4
Isopachmaps (plotted on top of present-day slope-shaded bathymetry maps) of (A) unit U5 between the acoustic basement and NTC reflectors, (B)
unit U4 between reflectors NTC and C30, (C) unit U3 between reflectors C30 and RD2, where the thalwegs of the C30 surface are indicated in blue solid
lines, (D) unit U2 between reflectors RD2 and RD1, and (E) unit U1 between reflector RD1 and the seafloor. The isopachs are calculated only where both
bounding reflectors are present. This creates discontinuities in the maps, especially underneath the present-day GCS where the incisions at the
channel bases cut through units U2 (D) and U1 (E). See Figure 1B for the location of the study area. Note that the color scale differs in each panel.
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RD2 paleotopography, it is apparent that the unit heals the
RD2 paleotopography being thicker in the lows and thinner on
RD2 paleo-highs (compare Figure 3C and Figure 4D).

Unit U1 is the uppermost seismic unit between the RD1 reflector
and the seafloor. It is characterized by channels cutting through the
unit, sometimes all the way to and through the base. The moderate-

FIGURE 5
(A) NW-SE oriented interpreted seismic profile (see Figure 1B for location; colors are as in Figure 2). The yellow arrows indicate onlapping onto the
basement reflector. Bi, Bilbo Channel; F, Frodo Channel; L, Lotho Channel; Dr, Drogo Channel; Di, Diamond Channel. (B) Close-up of seismic section
showing internal erosion in unit U4, basin filling reflections at the base of unit U3 and a mounded facies at the top of unit U3. (C) Close-up of seismic
section showing incision after RD1. (D) Close-up of seismic section showing prograding clinoforms as oblique reflections.

FIGURE 6
(A)Close-up section of a seismic profile (location: see Figure 1B) showing the evolution of Peregrin Channel and (B) interpretation indicating several
phases of channel incision (red dotted lines). The channel base is indicated by the red solid line. Levee build-up is indicated by the black arrows. The ECP
reflector is indicated as a red dashed line.
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to high-amplitude reflections of unit U1 are well-stratified, parallel,
dipping towards the basin center, conformable and continuous,
except at the channel edges of the present-day GCS, where they are
generally truncated and locally divergent. Wavy reflector
configurations can be found in proximity to some of the
channels. Unit U1 is thickest on the upper slope present-day
interfluves, especially surrounding the two northernmost
channels (Figure 4E). The thickness of the unit generally
decreases to the south and there is some pinching out of
reflectors towards the basin center, which is reflected in a
thickness decrease downslope from 500 ms TWT to 100 ms TWT
(Figure 4E).

4.1.3 Comparison of paleo- and present-day
watersheds

Calculated watersheds show that the thalwegs of the present-day
channel system are often situated close to or on top of the
C30 paleochannels. Where the C30 reflector is present (colored
area in Figure 3B), 85% of the present-day thalwegs intersect with a
C30 paleochannel. When also considering the upslope sections of

the present-day channels where the C30 reflector is not present due
to erosion or onlapping, 34% of the channel sections intersect with a
C30 paleochannel.

4.2 Well 62/7-1 and ties to seismic data

As lithological samples and all logs except for the gamma ray log
were retrieved from below 560 m depth below the seafloor, the well
data can only be used to link the deeper parts of the seismic
stratigraphy (seismic unit U5 and part of seismic unit U4) to the
Middle Jurassic to early Eocene sections of the well stratigraphy.

At the location of well 62/7-1 (Figure 1), the acoustic basement is
not easily identified but is likely situated at 2,330 m depth, at the top
of a section of calcareous shales of early Bajocian age. It corresponds
to a sharp upwards decrease in gamma ray, neutron porosity and
sonic velocity (Figure 7).

Seismic unit U5 consists of (calcareous) siltstones and
claystones at the bottom, followed by a sandstone section with
a c. 220 m-thick section of volcanic rocks on top. At 2,070–2,060 m

FIGURE 7
A section of a seismic line crossing well 62/7-1 (see Figure 1 for location) illustrating the correlation betweenwell (from left to right: lithology, gamma
ray log (GR), neutron density log (NPHI), sonic velocity log (DT) and density log (RHOB)) and seismic data. For the definition of the seismic units and
boundary reflectors, see text.
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depth, a package of coal and siltstones is interbedded with the
volcanic rocks. From the top of the volcanic section at 1,881 m
depth up to c. 1,040 m depth, the lithology is predominantly cherty
limestone, with sandy intervals at the bottom. A chalk interval is
present between 1,040 and 911 m depth. Generally, unit U5 is
characterized by upwards decreasing gamma ray values. There is
high variability in the neutron density and sonic velocity logs in the
section of volcanic rocks and the chalk section is characterized by
an increase in neutron density and decrease in sonic velocity
(Figure 7).

The NTC reflector, which forms the upper boundary of seismic
unit U5, is situated at 925 m depth inMaastrichtian chalks. A sample
at 911 m depth is the uppermost sample dated to the late
Maastrichtian, while a sample retrieved at 908 m depth was dated
to the early Paleocene. This would put the top of the Cretaceous
section in the well between 908 and 911 m. It is also identified as a
sharp change in the gamma ray, neutron porosity and sonic velocity
logs (Figure 7).

The section between 911 m depth and the uppermost retrieved
sample at 615 m depth, which corresponds to the lower part of
seismic unit U4, is predominantly calcareous claystone, with some
limestone interbeds near the bottom of the section and occasional
sandy intervals throughout (Figure 7). The uppermost sample of late
Paleocene age was sampled at 882 m depth. The youngest dated
sample in the well was taken at a depth of 622 m and was dated to the
early Eocene. Generally, the gamma ray values and sonic velocity
decrease towards the top of this section, while neutron density
increases.

The C30 and RD1 reflectors are both situated above the youngest
dated sample, at 260 m depth and 120 m depth, respectively. The
RD2 reflector would stratigraphically be placed in between these two
reflectors but could not be traced from the study area to the location
of the well.

5 Discussion

5.1 Chronostratigraphy

Several seismic lines in the dataset allow the seismic stratigraphy
in the study area to be connected to the stratigraphy in the BMP,
which was based on data from the IODP 307 boreholes (see Figure 1
for location; Van Rooij et al., 2003; Van Rooij et al., 2007a; Kano
et al., 2007; Van Rooij et al., 2009). The data from well 62/7-1, as well
as additional previously published work (McDonnell and Shannon,
2001; Stoker et al., 2001; Shannon et al., 2005), were used to
determine the age of units and reflectors below the coring depth
of the IODP 307 boreholes.

At the location of well 62/7-1, the basement reflector is situated
in Bathonian-Bajocian rocks (Figure 7). The biostratigraphy data
from the well demonstrate that the NTC reflector is Maastrichtian in
age and situated near the top of the Late Cretaceous chalk section
(Figure 7). Therefore, at this location, unit U5 is ofMiddle Jurassic to
Late Cretaceous age.

As the C30 reflector is situated above the youngest dated sample
in well 62/7-1 (Figure 7) and underneath the depth of the IODP
307 boreholes, its age cannot be determined from the well or
borehole data. The large-scale undulating geometry and erosional

characteristics that it displays (Figure 2), however, are distinctive for
the C30 reflector in the southern part of the Porcupine Basin
(Shannon et al., 2005). Previous studies identifying this reflector
were able to date it to the latest Eocene by linking seismic data to
wells in the northern part of the basin (McDonnell and Shannon,
2001; Stoker et al., 2001). Consequently, unit U4 sediments are of
Paleocene to Eocene age.

The RD2 reflector in the study area is the continuation of the
RD2 reflector in the BMP and Kings Channel System (Van Rooij
et al., 2003; Van Rooij et al., 2009; Verweirder et al., 2021). The
reflector was dated to the early middle Miocene in IODP
307 borehole U1318 (Louwye et al., 2008), so unit U3 in the
study area contains sediments of Oligocene to early Miocene age.

The RD1 reflector identified here is the continuation of the
RD1 reflector in the BMP and Kings Channel System (Van Rooij
et al., 2003; Van Rooij et al., 2009; Verweirder et al., 2021). The
RD1 reflector was dated at IODP 307 site U1318, where it represents
a hiatus between upper Miocene and upper Pliocene sediments
(Kano et al., 2007). The erosive phase responsible for forming the
RD1 reflector seems to have been extreme in the BMP (Van Rooij
et al., 2007a), where strong bottom currents with local enhancement
by tidal motions have been inferred frommooring data (Pingree and
Le Cann, 1989; White, 2007). They removed (part of) the sediments
below the RD1 horizon, causing a steep topography and a large
hiatus (Van Rooij et al., 2003; White, 2007; Van Rooij et al., 2009). It
is doubtful that the extent of this hiatus is consistent over the whole
eastern margin of the Porcupine Seabight (Huvenne et al., 2009; Van
Rooij et al., 2009). There is no indication for the presence of locally
enhanced strong bottom currents here (Figure 2). Though the
RD1 reflector is still erosional in places, its general
conformability suggests less extreme current strengths and (non-)
deposition rather than (extreme) erosion, which may indicate that it
represents a smaller hiatus in the GCS than in the BMP. There is,
therefore, no constraint on the exact age of the RD1 horizon (or the
associated hiatus) in the study area at present. Due to a lack of
precise age information in the study area, the seismic interpretation
of the BMP at the IODP 307 sites is adopted here and sediments of
unit U2 are tentatively attributed a middle Miocene to late Miocene/
Pliocene age.

The resumption of sedimentation after the RD1 erosion is
variable, even over short distances (Huvenne et al., 2009). Cold-
water coral mound frameworks promoting entrapment of particles
allowed sedimentation as early as 2.7 Ma (Kano et al., 2007; Foubert
and Henriet, 2009). In locations without such a framework to
decrease bottom current intensity, sedimentation may not have
resumed before 1.7 Ma (Kano et al., 2007; Huvenne et al., 2009).
Therefore, unit U1 in the study area is thought to mainly consist of
Quaternary sediments.

5.2 Processes and environments prior to
GCS incision

The data at well 62/7-1 indicate that the seismic unit just above
the acoustic basement (U5) consists of Jurassic calcareous claystones
and igneous rocks underneath Cretaceous limestones and chalks
(Figure 7). A coal-containing section interbedded with the igneous
rocks suggests continental conditions at Goban Spur at the end of
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the Jurassic and several (very) calcareous sandy sections interbedded
with limestones indicate a shallow and/or more dynamic marine
depositional environment at the start of the Cretaceous. The
upwards decreasing gamma values within the unit along with
calcareous lithologies becoming more and more dominant
(Figure 7) suggest a reducing terrigenous influence on deposition

and likely deepening of the basin. This is in accordance with the
onset of thermal subsidence from the Early Cretaceous onwards
(Shannon, 1991). Underneath the GCS, where the basin was deeper
than at Goban Spur (Merlin Energy Resources Consortium, 2020),
the (sub)parallel basin-filling reflections of seismic unit U5
(Figure 5A) are interpreted as an expression of low-energy

FIGURE 8
Sketches depicting the evolution andmost prominent features and processes of the study area in the (A) Late Cretaceous, (B) latest Eocene, (C) early
middle Miocene, (D) early Pliocene, (E) late Pliocene, and (F) present day. The names of the present-day GCS are indicated as follows: Bi, Bilbo Channel; F,
Frodo Channel; L, Lotho Channel; Dr, Drogo Channel; P, Peregrin Channel; Di, Diamond Channel; E, Estella Channel; M, Meriadoc Channel; S, Samwise
Channel; R, Rose Channel; Be, Bell Channel; H, Hamfast Channel.
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deposition in an open marine environment during the relatively
warm Late Cretaceous (Figure 8A). This is in accordance with the
presence of (very) calcareous lithologies on Goban Spur as well as
previous work in the basin (McDonnell and Shannon, 2001; Stoker
et al., 2017; Merlin Energy Resources Consortium, 2020).

Shannon et al. (1993) identified a last phase of chalk deposition in
theDanian rocks in the Porcupine Basin that are not present in well 62/7-
1, where the Cenozoic sequence starts with a section of younger-than-
Danian calcareous claystones (Figure 7). This suggests the low-energy
open marine setting of the Late Cretaceous persisted in the beginning of
the Paleocene. The calcareous claystone section of the upper Paleocene
and lower Eocene in well 62/7-1 shows that Goban Spur was not
influenced by the deltaic sedimentary environment that developed in
the northern part of the Porcupine Basin (Moore and Shannon, 1992).
The seismic character of unit U4 in the study area with (sub)parallel
reflections only occasionally and locally interrupted by internal erosion
(Figure 5B) suggests it was predominantly governed by hemipelagic
rather than deltaic processes. It was likely amarine basin environment, as
also put forward by Merlin Energy Resources Consortium (2020). The
large-scale incisions of the C30 reflector bounding the top of the unit
indicate a period of major erosional impact from channelized gravity-
driven clastic input, probably in the late Eocene as proposed by Shannon
(1992) andMcDonnell and Shannon (2001). This has been interpreted as
a response to rapid differential subsidence (sagging) in the basin center
causing steeper basin margin slopes (Praeg et al., 2005; Shannon et al.,
2005; Figure 8B). In the study area, the C30 channels likely acted as a
drainage system from the Celtic Sea Shelf into the basin as suggested by
their orientation (Figure 3). Theywere part of a basin-wide Eocene system
also including drainage from the northern and western edges of the basin
to the center (Shannon, 1992; McDonnell and Shannon, 2001). Very
similarly, an Eocene channel complex draining the continentalmargin off
northwest Ireland was formed in the northeastern Rockall Basin and
attributed to margin uplift (Georgiopoulou et al., 2021).

The upper Eocene to lowermost Miocene sedimentary sequence is
above the sampled interval in well 62/7-1 (Figure 7) and below the depth
that was reached in the IODP boreholes (Kano et al., 2007; Louwye et al.,
2008). Well data in the northern Porcupine Basin, though, show that this
sequence mainly consists of (calcareous) (silty to sandy) claystones
(Merlin Energy Resources Consortium, 2020). In the Rockall Trough
(see Figure 1 for location), contourite sequences have been recognized in
seismic data at this level, which indicates the onset of deep-water
circulation in an open marine setting created by a subsiding basin
(Stoker, 1997; Praeg et al., 2005). In this scenario, the C30 reflector
signifies the transition from a downslope dominated to an along-slope
dominated sedimentation pattern (Stoker et al., 2001). As this reflector
was also identified in the Porcupine Basin, the same interpretation was
applied there (McDonnell and Shannon, 2001). However, the contourites
in the PorcupineBasin are not aswell developed and have so far only been
described in the northern part of the basin (McDonnell and Shannon,
2001; Shannon et al., 2005). In the study area, seismic unit U3 has a
relatively uniform thickness throughout (Figure 4C), and unit
U3 reflectors are mostly parallel and mirror the C30 topography
(Figure 2). This suggests draping and a predominantly hemipelagic
sedimentary environment (Figure 8C). In the northernmost part of
the study area though, the lower part of unit U3 is preferentially
infilling one of the C30 paleochannels, onlapping the channel edges,
while deposition on the adjacent high at this timewas very thin or lacking
(Figure 5C). This also suggests a hemipelagic environment dominated by

the settling of particles, though the preferential deposition in channels
indicates some along-slope redistribution of sediments by bottom
currents (cf. Georgiopoulou et al., 2021; Rodrigues et al., 2022).
Reflectors on top of this C30 high are deposited predominantly after
the channel infill (Figure 5) and their mounded geometry and low to
moderate amplitude suggests bottom-current influence at the top of unit
U3 (Rebesco et al., 2014). This concurs with observations in the BMP,
where Miocene bottom currents have been inferred from the presence of
wavy geometries underneath the RD2 reflector in sparker seismic data
(Van Rooij et al., 2007a). A very similar though more developed
succession of seismic facies has been described in the Rockall Trough,
where interfluve areas are topographically amplified by the interaction of
channel overbank and contouritic deposition (Georgiopoulou et al.,
2021). Therefore, it appears that the contouritic signature is more
subtle in the study area but increases northwards in the Porcupine
basin and along the Irish margin of Rockall Trough. The subdued
presence of upper Eocene-lowermost Miocene contourites in the
Porcupine Seabight compared to the Rockall Trough has previously
been attributed to the shape of the Porcupine Seabight and it being amore
confined basin (McDonnell and Shannon, 2001). Thus, it was possibly
less easily reached by deep-water currents compared to the open ocean
setting of the Rockall Trough (McDonnell and Shannon, 2001).

Data from IODP 307 show that deposition in the middle to late
Miocene consisted of homogenous silty clays (Expedition 307 Scientists,
2006), suggesting a low-energy depositional environment. The
reflectors of unit U2 are parallel and horizontal in the basin,
suggesting hemipelagic deposition there. On the upper slope,
however, reflectors in undulating configurations indicate the
influence of bottom currents. A multitude of faults is present within
unit U2, especially north of Bilbo Channel and between Meriadoc and
Samwise channels (Figures 2, 5). These are similar to the polygonal
faults described at the eastern edge of the Rockall Trough
(Georgiopoulou et al., 2021), further accentuating the similarity of
the processes occurring along the Irish margin.

5.3 Initial incision of the GCS

The distinct V shape and associated truncation of reflectors at the
base of the GCS channels demonstrate that erosional downslope gravity
flows are the driving mechanism for the formation of the system. A
tentative timing of the initial incision can be deduced from the seismic
data. The divergent reflections in unit U2 in proximity to the channel
bases (Figure 6) are interpreted as levees suggestive of the presence of an
adjacent channel. Levees are identified below the RD1 reflector in
several places and next to several channels, indicating that the GCS was
formed before the RD1 event. There are only a few locations where a
channel base cuts through the RD2 reflector, and they do so only
slightly, with the erosional edges continuing to a level above RD2.
Therefore, the channels were formed sometime between the early
middle Miocene (RD2) and the late Pliocene (RD1) (Figure 8D).
This is contrary to what was previously proposed, and implies that
the GCS was formed before the Kings Channel System just to the north
(Van Rooij et al., 2009; Verweirder et al., 2021).

The ECP reflector is interpreted as a reflector representing early
channel presence in the study area. It is situated at the base of clear levee
formation on both sides of Peregrin Channel, and coincides with
potential levee formation next to Bilbo, Frodo, and Meriadoc
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TABLE 1 Table showing the location and seismic expression of the individual channels of the GCS used in this study. Colors used to indicate key reflectors and levee
formation in the interpreted seismic data are the same as in Figure 2. Also shown are the inferred ages of the individual channels along with the arguments used in
determining them. Lastly, the total depth of each channel (D: measured vertically from the shoulder to the deepest incision) and thickness of the channel infill (F:
measured vertically from the seafloor to the deepest incision) is given as average [minimum-maximum] values.

name + location seismic expression age arguments dimensions
(s TWT)

Bilbo early Pliocene (ECP reflector) - levee formation
- dipping reflectors that connect to
the channel base are present
below RD1

D: 0.58 [0.43-0.97]
F: 0.32 [0.26-0.44]

Frodo early Pliocene (ECP reflector) levee formation D: 0.45 [0.25-0.93]
F: 0.27 [0.13-0.45]

Lotho - younger than the four oldest
channels
- younger than late Pliocene
(RD1 reflector)?

deepest incision does not reach down
to the ECP reflector and in some
profiles, it does not even reach down
to the RD1 reflector

D: 0.33 [0.25-0.38]
F: 0.13 [0.07-0.18]

(Continued on following page)
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TABLE 1 (Continued) Table showing the location and seismic expression of the individual channels of the GCS used in this study. Colors used to indicate key
reflectors and levee formation in the interpreted seismic data are the same as in Figure 2. Also shown are the inferred ages of the individual channels along with
the arguments used in determining them. Lastly, the total depth of each channel (D: measured vertically from the shoulder to the deepest incision) and thickness
of the channel infill (F: measured vertically from the seafloor to the deepest incision) is given as average [minimum-maximum] values.

name + location seismic expression age arguments dimensions
(s TWT)

Drogo older than late Pliocene (RD1
reflector), but very unclear
whether formed at the time of
the ECP reflector or after

- deepest incision barely below the
ECP reflector in one profile and
completely above it in another, but
very much below the ECP reflector in
all other profiles
- no levee identified though

D: 0.46 [0.41-0.58]
F: 0.30 [0.18-0.42]

Peregrin early Pliocene (ECP reflector) levee formation D: 0.45 [0.32-0.63]
F: 0.22 [0.13-0.29]

Diamond late Pliocene (RD1 reflector)? - RD1 dips down and truncates
reflectors underneath, where the
facies shows continuity between both
sides of the channel (Figure 5)
- only two channel crossings, which
increases uncertainty

D: 0.23 [0.14-0.33]
F: 0.08 [0.00-0.17]

(Continued on following page)
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TABLE 1 (Continued) Table showing the location and seismic expression of the individual channels of the GCS used in this study. Colors used to indicate key
reflectors and levee formation in the interpreted seismic data are the same as in Figure 2. Also shown are the inferred ages of the individual channels along with
the arguments used in determining them. Lastly, the total depth of each channel (D: measured vertically from the shoulder to the deepest incision) and thickness
of the channel infill (F: measured vertically from the seafloor to the deepest incision) is given as average [minimum-maximum] values.

name + location seismic expression age arguments dimensions
(s TWT)

Estella younger than late Pliocene
(RD1 reflector)

- deepest incision does not reach
down below the RD1 reflector
- only one channel crossing, which
increases uncertainty

D: 0.22 [0.22-0.22]
F: 0.06 [0.06-0.06]

Meriadoc early Pliocene (ECP reflector) levee formation D: 0.39 [0.19-0.52]
F: 0.20 [0.00-0.28]

Samwise - older than late Pliocene (RD1
reflector)?
- late Pliocene (RD1 reflector)?

- dipping reflectors connecting to the
channel base seem present below
RD1 in some profiles
- in other profiles, RD1 seems to dip
down and truncate reflectors
underneath, where the facies shows
continuity between both sides of the
channel

D: 0.31 [0.23-0.41]
F: 0.14 [0.00-0.26]

(Continued on following page)
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channels. This suggests synchronous (or near-synchronous) channel
formation for these four channels, at least at the resolution of this
dataset (Table 1). It is unclear whether Drogo Channel was formed at

the same time as the four oldest channels, though down-dipping
truncating reflectors do suggest it was present before the RD1 event
(Table 1). The ECP reflector is situated deeper than the deepest point of

TABLE 1 (Continued) Table showing the location and seismic expression of the individual channels of the GCS used in this study. Colors used to indicate key
reflectors and levee formation in the interpreted seismic data are the same as in Figure 2. Also shown are the inferred ages of the individual channels along with
the arguments used in determining them. Lastly, the total depth of each channel (D: measured vertically from the shoulder to the deepest incision) and thickness
of the channel infill (F: measured vertically from the seafloor to the deepest incision) is given as average [minimum-maximum] values.

name + location seismic expression age arguments dimensions
(s TWT)

Rose younger than late Pliocene
(RD1 reflector)

deepest incision does not reach down
below the RD1 reflector

D: 0.04 [0.04-0.05]
F: 0.00 [0.00-0.00]

Bell late Pliocene (RD1 reflector)? - RD1 reflector dips down at channel
edges and truncates reflectors
underneath, where the facies shows
continuity between both sides of the
channel

D: 0.29 [0.27-0.31]
F: 0.13 [0.08-0.18]

Hamfast late Pliocene (RD1 reflector) - RD1 reflector dips down at channel
edges and truncates reflectors
underneath, where the facies shows
continuity between both sides of the
channel

D: 0.37 [0.21-0.47]
F: 0.11 [0.00-0.26]
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incision of Lotho and Estella channels, indicating these were formed
later (Table 1). It is possible that a low in the RD1 topography was
influential on the formation of Lotho Channel, but the dataset used here
is insufficient to make a definite conclusion on the timing of formation
of this channel. This is also the case for Estella Channel, as only one
profile crosses the channel, though in this profile, the incision appears
above the RD1 reflector (Table 1). The same uncertainty arises for
Diamond Channel, where the two crossing profiles suggest the
RD1 reflector may have been erosional and shaped the channel base
(Table 1). Evidence for when the southern branches of the system were
formed is even less clear. The ECP reflector is eroded by overlying
reflectors before it reaches the southern branches, and tracing the
RD1 reflector to the southern channels becomes increasingly difficult as
well. Nevertheless, on several profiles, the facies underneath the
RD1 reflector seems continuous on either side of Samwise Channel
and truncating reflectors suggest channel formation at the time of the
RD1 event (Table 1). However, the presence of potential levees and
down-dipping truncating reflectors below the RD1 reflector are
arguments for the formation of Samwise Channel before the
RD1 event. Bell Channel and Hamfast Channel are likely younger
than Samwise Channel and formed around the time of the RD1 event,
shown by the presence of down-dipping truncating reflectors (Table 1).
The incision of the smallest of the southern branches, Rose Channel,
does not reach below the RD1 reflector, indicating this channel is
younger than the RD1 event.

This discussion implies that five main channels (Bilbo, Frodo,
Drogo, Peregrin, andMeriadoc) were formed well before the start of the
Quaternary (RD1 event; Figure 8D). Several other channels (Diamond,
Samwise, Bell, Hamfast, Lotho?) were formed later and likely just before
or around the time the Quaternary started (Figure 8E), while at least
some of the smaller channels (Estella, Rose) postdate the RD1 event and
the start of the Quaternary (Figure 8F).

Quaternary glaciations on the Irish mainland and shelf (and
associated lowered sea levels) were previously mentioned as
probable sources of the sediment gravity flows that eroded the
initial GCS thalwegs (Akhmetzhanov et al., 2003). The channels
may indeed have been utilized and re-incised during deglaciation
periods but the timing of the initial incision implies an earlier
mechanism. The most likely scenario for initial incision of the
system stems from passive margin tectonics. A phase of tilting
across the NE Atlantic margin (from Norway to Ireland) in the
early Pliocene (Stoker et al., 2005b; Praeg et al., 2005) has been
associated with channel re-incision in the Rockall Trough (Elliott
et al., 2006; Georgiopoulou et al., 2021), indicating the existence and
erosive nature of downslope flows at the Irish margin at this time.
Tilting includes uplift of onshore and shelfal areas producing source
material, and coeval basin subsidence creating accommodation
space (Praeg et al., 2005). Prograding clinoforms overlying an
erosional surface, recognized as indicators of margin tilting
further north (Dahlgren et al., 2005; Praeg et al., 2005), are here
observed in unit U2 on the shelf edge (Figure 5). Additionally,
prograding clinoforms were identified in middle to late Miocene
seismic data on the Celtic Sea Shelf east of the channel heads (Merlin
Energy Resources Consortium, 2020). This may indicate margin
tilting and subsequent increased sediment supply to the shelf edge
between themiddleMiocene (RD2) and the late Pliocene (RD1) here
as well, likely originating from the same early Pliocene episode. The
tilting and likely associated erosive downslope flows are a possible

explanation for the incision of the GCS channel bases and the timing
of the tilting (between RD2 and RD1) is in agreement with the
timing of incision of the first channels suggested before. However, a
direct connection between the erosional surface on the outer shelf
and the channels has not been observed.

Many of the channel bases of the present-day GCS seen on the
seismic profiles are located above (the edges of) large depressions in the
NTC, C30 and/or RD2 surfaces (Figures 2, 3). Within the section of the
study areawhere the C30 reflector is present, 85% of the present-dayGCS
channels are located above a C30 paleochannel. The repetition of
depressions in similar locations throughout time suggests that these
have been preferential pathways for downslope sediment transport in
the basin since the late Eocene and in some places perhaps since the end
of the Cretaceous. Reoccupation of paleochannels leading to stacked
channel fills is a known phenomenon in both terrestrial and marine
settings (Elliott et al., 2006; Greene et al., 2007; Georgiopoulou et al., 2021;
Horozal et al., 2021) and has been recreated in flume experiments (Reitz
et al., 2010). A combination of greater compaction and higher erodibility
of channel fill sediments compared to interfluve sediments has been
suggested to create topographic lows over the paleochannels, thus
favoring reincision at the same location later (Greene et al., 2007;
Straub et al., 2009). However, different from these examples, the
channels formed in the study area at the level of the
C30 unconformity and subsequent lows at the level of the
RD2 horizon are completely filled in during the late Paleogene-early
Neogene. New channels are formed between the early middle Miocene
(RD2) and the late Pliocene (RD1) by erosional downslope flows that did
not simply reuse pre-existing depressions (Figure 8E). This is shown by
quasi-horizontal reflectors just underneath and adjacent to the present-
day GCS channel bases, with the bases cutting into those reflectors
(Figures 2, 6). Therefore, erodibility and compaction of the paleochannel
fills seem less likely to have influenced the location of incision of the
present-day GCS. There are also no indications for a long-term tectonic
influence on repeated flowpathways. Plenty of faults are present at several
stratigraphic levels (Figures 2, 5), but it is difficult to recognize faults
underneath the channels due to artefacts in the data. However, any faults
that were tentatively identified only have small offsets and did not create
abrupt changes in topography that would lead to preferential channel
formation in those locations. Additionally, any large (reactivated) basin-
bounding faults are oriented north-south and perpendicular to the
orientation of the channel systems (Bailey et al., 2003). A combination
of (small) lateral differences in seafloor lithology and topography at the
time of incision is thought most likely to have influenced channel
locations.

The repetitive presence of east-west oriented channels on the
eastern slope of the Porcupine Seabight also indicates that there was
a long-lived sediment source on the shelf intermittently providing
sediment in gravity-driven flows. Both for the C30 paleochannels
and the present-day channel system, passive margin tectonics
(sagging and tilting, respectively) are seen as the main and most
likely cause for increased sediment input (Praeg et al., 2005;
Shannon et al., 2005). The characteristics of this source area are
uncertain. The simplest interpretation would be a direct connection
with a fluvial system on the Celtic Sea Shelf. While this is not
apparent in the seismic data presented here or data on the shelf
investigated in other studies (Giglio et al., 2022), well data may
provide some arguments for this hypothesis. At the end of the
Eocene, the outer shelf was a shallow marine environment but the
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presence of late Eocene-early Oligocene paralic and fluvial facies on
the inner Celtic Sea Shelf does suggest a narrower shelf than at
present and closer proximity of terrestrial material (Merlin Energy
Resources Consortium, 2020). In the early to middle Pleistocene, a
fluvial to shallow marine facies with an unconformable base was
deposited across the Celtic Sea Shelf (Merlin Energy Resources
Consortium, 2020). It passes laterally into the open marine facies
of the Porcupine basin, with the transition area on the outer shelf
and upper slope near the GCS channel heads.

5.4 Channel processes

The evolution of the Gollum Channel System started with a
canyon phase, where (possibly margin tilting-induced) erosive
gravity flows produced V-shaped incisions (Figure 8D). Although
the oldest major erosive episode has formed at least four of the
channels simultaneously, the existence of younger channels implies
multiple phases of incision, of which some around or after the time
of the RD1 event (Figure 8E). Additionally, truncating reflectors at
the channel edges above older channel bases suggest multiple phases
of channel flank erosion after the initial incision, and especially after
the late Pliocene (RD1; Figure 5C, 6). Although channel flank
erosion could be due to the action of erosional bottom currents
(Van Rooij et al., 2010; DeMol et al., 2011), the incision of additional
channels points to several phases of re-activation of the source area.
Even though glacially-derived turbidity currents are unlikely to have
formed the oldest channels, they are the most likely source of
sediment for the incision of new pathways after the RD1 event.
The less extreme incisions of the younger channels indicate that
these flows were less erosive than the flows that created the oldest
channels. Some of these younger channels are later filled in and
buried or draped and were seemingly active for only a short period of
time (too close to larger channels causing spillover, possibly
combined with sediment redirection by bottom currents), and
some have eroded edges and seem to have been active for longer
(Table 1).

Although many of the channels (especially the older ones) seem
to have experienced repeated periods of activity over 5 Myr
(Figure 6), the presence of a singular base and no lateral
migration or visible re-incision suggests a single incision phase
creating each of the channels. The distinct erosional phases after
the initial incision suggest there were several moments in the
Quaternary where the erosive nature of flows was such that they
were capable of local flank erosion. Most of the downslope gravity
flows entering any of the channels after their initial incision likely
reused the newly created topography to flow into the Porcupine
basin and either bypassed the upper slope or added to the
channel fill.

Part of the sediment carried by the oldest incising gravity flows
was deposited in the unit U2 levees on the channel edges. Levee
growth is much reduced though not completely absent (e.g., Bilbo
Channel) above the RD1 reflector, where draping dominates over
active levee build-up. The (sub)horizontal, laterally continuous
reflections of unit U1 suggest a dominance of hemipelagic
processes (Figure 8F). However, there are several indications for
along-slope bottom current action influencing deposition during the
Quaternary.

Above the RD1 reflector, asymmetry in the levees is apparent in
several channels, with a generally better-developed steeper northern
levee and a smoother, less-developed southern levee (Figure 6).
Levee asymmetry has also been described in several other canyon
systems (Fuhrmann et al., 2020; Pandolpho et al., 2021) and was
recreated in flume tank experiments (Miramontes et al., 2020). The
phenomenon is attributed to along-slope oriented bottom currents
interfering with downslope-oriented gravity flows, with increased
bottom current velocities leading to increased levee asymmetry
(Miramontes et al., 2020). The levee on the downstream side of
the bottom current is better developed (wider, more bedforms) due
to more overspill there and inhibition of overspill by the bottom
current on the upstream channel edge (Miramontes et al., 2020).
Additionally, the downstream channel flank may act as an obstacle
to the bottom currents, causing erosion there and draping on the
upstream channel flank (Van Rooij et al., 2010; De Mol et al., 2011).
The evolution from symmetry in the U2 levees (especially visible in
Peregrin and Meriadoc channels) to levee asymmetry above
RD1 suggests little to no bottom current influence on the GCS in
its early stages, and slightly higher influence from a northward-
flowing bottom current from the RD1 event onwards (Figure 8E).
This is in agreement with the introduction of the Mediterranean
Outflow Water into the Porcupine Seabight at the time of the
RD1 event. This water mass is carried northwards along the
eastern slope of the basin by the European Slope Current and
produces enhanced bottom currents through interaction with
over- and underlying water masses (Van Rooij et al., 2003;
Toucanne et al., 2021). The levees disappear towards the top of
unit U1 (Figure 6; Verweirder et al., 2021), indicating that the
channels evolved to accommodate any flows running through them
towards the end of the Quaternary. By this time, flows may have
been completely contained within the channels, too infrequent, or
not carrying big sediment loads.

5.5 Regional importance

There was little to no interaction with bottom currents in the
initial stages of GCS existence. When the Mediterranean Outflow
Water was introduced in the basin, downslope-transported
sediment was thieved by northerly along-slope bottom currents.
Thus, even though the channel system was formed before, the
oceanographic conditions allowed sediment transport to the BMP
from the start of the Quaternary at the earliest. During glacial
periods, bottom currents slowed down, reducing the potential for
sediment to be brought north to the BMP. Periods of deglaciation,
on the other hand, caused increased sediment input into the GCS,
with some gravity flows capable of eroding new pathways (and
formation of a whole new channel system: the Kings Channel
System; Verweirder et al., 2021). Additionally, bottom current
strength picked up as climatic conditions changed, potentially
allowing thieving of sediments and nutrients from the channels
for drift and coral mound build-up in the BMP. This process was
likely halted when the channels became deep enough to
accommodate flows running through them, inhibiting the
thieving of sediments by bottom currents. The increasing
importance of hemipelagic processes over bottom current-related
deposition throughout the Quaternary visible in the GCS is also seen

Frontiers in Earth Science frontiersin.org18

Verweirder et al. 10.3389/feart.2023.1285171

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1285171


in the last 0.5 Myr in the BMP; glacial deposition with some muddy
contourites is favored over coral growth and mound development
(Huvenne et al., 2009).

The GCS is here proposed to have been the conduit for downslope
sediment transport into the Porcupine Seabight since the early Pliocene.
If it was indeed fed by a fluvial system on the Celtic Sea Shelf, this might
explain its initial likeness to the Bay of Biscay canyons, which were fed
by the Fleuve Manche paleoriver (Bourillet et al., 2003; Toucanne et al.,
2009; Toucanne et al., 2012). A subsequent lower amount of sediment
input and/or less erosive nature of downslope gravity flows in the
Quaternary is a likely reason for the present-day difference between the
GCS and the canyons in the Bay of Biscay. In this regard, oceanographic
processes on the shelf (wind-driven currents and downwelling
circulation between shelf and slope) and upper slope (internal tides)
are potentially crucial (Heijnen et al., 2022).

6 Conclusion

From the seismic reflection data and well data presented here, it
is inferred that the Gollum Channel System in the Porcupine
Seabight was formed by basin margin tilting in the Pliocene. It is
also shown that while all of the channels visible in the present-day
bathymetry have a long history, they were not all formed at the same
time. Some, the smaller ones, were formed in the Quaternary, likely
by the erosive action of gravity flows related to glacial processes. The
lack of lateral migration and the presence of a singular base in all
channels points to one incision phase creating each channel. After
the first incision phase in the Pliocene, there were a few subsequent
moments where gravity flows were capable of (re-) incision and less
extreme (channel flank) erosion. They likely mostly followed the
pre-existing topography and either bypassed the upper slope or
contributed to the channel fill.

The present-day channel system is underlain by an infilled and
buried latest Eocene channel system, suggesting these conduits have
been preferential pathways for downslope sediment transport on
different occasions. There does not seem to be any structural control
on the pathways, and the main influence on the location of the
channels is thought to be (small-scale) pre-existing variability in
bathymetry.

The influence of large-scale canyon-channel systems as
sediment conduits on depositional systems and habitats
elsewhere in a basin is illustrated by the link between activity in
the GCS and depositional regimes in the BMP. The interaction with
thieving along-slope bottom currents is crucial and enlarges the area
of influence of the channel system significantly. These are processes
that should also be considered and better understood in light of the
distribution of terrestrially-derived pollutants.
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