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Key Points:
e New analysis of wide-angle seismic data from the southern Porcupine Basin.
e Evidence for presence of oceanic crust in the southern Porcupine Basin.

e Jurassic rifting propagated from south to north, resulting in non-uniform strain when
rifting stopped.



23
24
25
26
27
28
29
30
31
32
33
34
35
36

37

38

39
40
41
42
43
44
45
46
47
48
49
50
51
52

Confidential manuscript submitted to JGR — solid earth of AGU journal

Abstract

The deep structure and sedimentary record of rift basins provide an important insight into
understanding the geological processes involved in lithospheric extension. We investigate the
crustal structure and large-scale sedimentary architecture of the southern Porcupine Basin,
offshore Ireland along three wide-angle seismic profiles, supplemented by thirteen selected
seismic reflection profiles. The seismic velocity and crustal geometry models obtained by joint
refraction and reflection travel-time inversion clearly image the deep structure of the basin. Our
results suggest the presence of three distinct crustal domains along the rifting axis: (a) continental
crust becoming progressively hyperextended from north to south through the basin, (b) a
transitional zone of uncertain nature and (c) a 7 - 8 km thick zone of oceanic crust. The latter is
overlain by a ~ 8 km compacted Upper Paleozoic-Mesozoic succession and ~ 2 km of Cenozoic
strata. Due to the lack of clear magnetic anomalies and in the absence of well control, the precise
age of interpreted oceanic crust is unknown. However, we can determine an age range of Late
Jurassic to Late Cretaceous from the regional context. We propose a northward-propagating rifting

process in the Porcupine Basin, resulting in variations in strain along the rift axis.

1 Introduction

During the rifting of continents, continental lithosphere is stretched until final break-up is reached
and an oceanic basin is formed. Magma-poor rifting often results in hyperextension of the
continental crust, serpentinization of the mantle beneath the thin embrittled crust [Boillot et al.,
1989; O'Reilly et al., 1996; Perez-Gussinye and Reston, 2001], and unroofing of a broad zone of
continental mantle [Reston, 2009] before the eventual onset of seafloor spreading. The rift
evolution and key geological processes, such as the distribution of strain during rifting and the
syn-rift tectonics, are recorded by the crustal structure and the stratigraphic record and thus best

determined by a combination of seismic methods (reflection and refraction) and well data.

The Porcupine Basin is one of the largest basins in the Irish offshore (Fig. 1), and has a thick Upper
Paleozoic to Cenozoic sedimentary infill. The basin currently has a distinct bathymetric
expression, reflecting Neogene differential subsidence and under-sedimentation [Shannon et al.,
2001; Praeg et al., 2005]. Cenozoic subsidence [Tate et al., 1993] increases towards the basin axis

and down the axis towards the south, suggesting that crustal thinning might similarly increase and
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that latitudinal variations in the E-W structure of the basin might reflect different stages of rifting
[Reston et al., 2004] from a narrow rift in the north, to a wide, more extended rift and perhaps even
a pair of conjugate margins in the south, making it an ideal natural laboratory to investigate rifting

Processces.

In this paper, we present newly analysed and interpreted wide-angle seismic data that provide
important constraints on the deep structure and the rifting evolution of the southern part of the
Porcupine Basin. We use tomographic models of the wide-angle seismic data to define the
structure of the crust and upper mantle, while thirteen normal incidence reflection profiles provide

information on the sedimentary succession and structure.
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Fig. 1. Bathymetric map of offshore Ireland, showing the Porcupine and adjacent basins. Inset shows the location of
our study area in North Atlantic. Black lines illustrate the wide-angle shooting profile from M61/2 and COOLE
experiment [Makris et al., 1988]. Ocean Bottom Seismometers are illustrated by yellow circles. Red crosses represent
the locations of 1-D velocity-depth profiles used in Fig. 9. The red rectangle refers to the location of Fig. 7 and Fig.
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10. Purple lines show the seismic reflection profiles used in this research. Porcupine Median Ridge (PMR) is shown
in grey [Tate, 1993]. Well 43/13-1 is indicated by the red star.

2 Geological Setting

The Porcupine Basin is a V-shaped, deep-water sedimentary basin, located in the North Atlantic
southwest of Ireland (Fig. 1), between contemporaneous magma-poor continental margins (e.g.
Goban Spur [Bullock and Minshull, 2005]) in the south, and contemporaneous magma-poor rifts
(Rockall Basin) and younger magma-rich continental margins (e.g., Rockall Bank [Joppen and
White, 1990]; Hatton Bank [Fowler et al., 1989]) in the north. The rifted margins north of the
Porcupine Basin are influenced by the North Atlantic igneous province [White et al., 2008]. The
basin is often considered in several parts: northern and central parts that are both characterized by
a N-S trending rift axis, and a southern part, where the rift axis curves towards the SW, before
being truncated by Cretaceous oceanic crust of the Porcupine Abyssal Plain [Naylor et al., 2002].
For the purposes of distinguishing the changing structure through the Porcupine domain, we
consider three regions (northern, central and southern). Tate [1993] suggested the main rifting of
the Porcupine Basin started near the base of the Bajocian, while Bulois et al. [2017] suggested it
started in the Upper Jurassic. Nevertheless, the basin's shape and large-scale structure largely
reflect significant lithospheric stretching in Mid-Late Jurassic times, with less pronounced rift

episodes in the Permo-Triassic and Early Cretaceous [Shannon, 1991; Tate, 1993].

Based on subsidence analysis of the Porcupine Basin, Tate et al. [1993] estimated that the
lithospheric stretching factor increases from less than 1.5 in the north to more than 6 in the south.
However, their model lacks constraints from seismic reflection data and well data in the southern
Porcupine Basin and does not allow for reduced subsidence resulting from the serpentinization of
the uppermost mantle [O'Reilly et al., 1996], to be expected once a stretching factor of ~3 has been
reached [Perez-Gussinye and Reston, 2001]. Based on the same subsidence data, Tate [1993]
proposed that the basin formed by clockwise rotation of the Porcupine Bank away from the Irish
Mainland and Celtic platforms, leading to a southward increase in stretching factor along the basin

axis with a pure-shear stretching mode.

In the northern part of Porcupine Basin, a high-amplitude, bright and unbroken deep reflector is

observed from seismic reflection data, and named the Porcupine Intrabasement Reflection
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[Johnson et al., 2001] or PIBR [Reston et al., 2001], subsequently shortened to "P" [Reston et al.,
2004] (Fig. 2a). Based on seismic reflection data, this feature was formally named the Porcupine
Arch [Naylor et al., 2002], and has been interpreted as the top of basement underlying a package
of pre-rift sediments [Johnson et al., 2001], or as a detachment fault separating the crust and
serpentinized mantle [Reston et al., 2004]. Alternatively, Gagnevin et al. [2017] suggest, on the
basis of mapping widespread sill complexes in seismic reflection data, that the Porcupine Arch is
the top of a large mafic intrusion that fed these sills. Gravity and wide-angle seismic data have
been interpreted to suggest that the Arch is the tectonic expression of mantle serpentinization and
the consequent formation of detachment faults [Readman et al., 2005; O'Reilly et al., 2006], and
that the rifting of this part of the Porcupine Basin is magma-poor. However, its match to the Moho
reflector modeled from wide-angle seismic profiles in the northern part of the basin [Prada et al.,

2017], leads us to favor the feature being the crust-mantle boundary.

An elongate feature in the deep sediments without an evident gravity anomaly, referred to as the
Porcupine Median Ridge (PMR) [Tate and Dobson, 1988; Reston et al., 2004], is observed where
the Porcupine Arch (or “P”) terminates to the south. However, ongoing debate [Calves et al., 2012]
over the structure of the PMR is partly driven by a lack of constraints on the deep structure from
available seismic reflection data. The transition between the Porcupine Arch and the PMR
coincides with a sharp change in gravity anomaly, attributed to a NW—SE transfer zone that caused
a major change in crustal thickness and tectonic regimes across the structure [ 7ate, 1992; Readman

et al., 1995; Readman et al., 2005].

Based on magnetic anomaly data, Lefort and Max [1984] considered the crust in the southern part
of the Porcupine Basin to be oceanic in character, and suggested limited seafloor spreading in
deepest southern basin in mid-Jurassic times (ca. 170 Ma). However, Masson and Miles [1986]
reinterpreted the same dataset and considered that the amplitudes of the magnetic anomalies (~150
nT peak to peak) are too small to be characteristic of oceanic crust. Based on a seismic refraction
study along two OBS profiles (COOLE 3A and 3B, location shown in Fig. 1), Makris et al. [1988]
suggested that highly stretched continental crust is present in the south of the Porcupine Basin. On

the basis of gravity and magnetic modelling along a line between the two COOLE profiles, Conroy
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and Brock [1989] suggested that the crust is continental in nature, and thins rapidly from the

eastern continental shelf to less than 8 km in the center of the basin.

3 Data acquisition and processing

The seismic reflection data (Fig. 1) discussed in this paper are part of three high quality 2D surveys
acquired by Fugro-Geoteam in 1997 (lines 106, 115, 121, 129, 138, 144, 206) and Petroleum
Affairs Division (Ireland) in 2013 (PAD2) and 2014 (PADI1, PAD3). Wide-angle seismic data
were gathered during F/S Meteor cruise M61/2 in 2004. Here we focus on profiles P04 — P06 (Fig.
1), The analysis of P05 was presented by Watremez et al. [2016], and the northern part of P04 by
Prada et al. [2017]; here we analyze data from P06 and the southern part of P04 and integrate
results from the three profiles. Both P04 and P06 were acquired with two 32 L Bolt airguns fired
at one-minute (~ 130 m) intervals and ocean bottom seismometers (OBSs) spaced at ~8 km.
Profiles P04, PO5 and P06 are coincident with seismic reflection profiles 206, 115 and 138,
respectively (Fig. 1).

Along the 220-km-long axial profile P04, eighteen ocean bottom seismometers were deployed.
Data could be retrieved from sixteen of those instruments. Data quality of profile P04 (Fig. 3a, b)
is variable, but in general allowed phase identification out to at least 50-60 km. This makes it
possible to identify the reflection (PmP) from the crust-mantle boundary (Moho), as well as the

head or diving wave within the uppermost mantle (Pn).

Twelve ocean bottom instruments were deployed along the 105 km long profile P06 (Fig. 1). The
landward receiver gathers are significantly noisier than those located in the center of the basin, as
the water depth decreases sharply when approaching the continental shelf. In general, data from
all OBSs allowed phase identification out to at least 40 to 50 km (Fig. 3c, d) and thus PmP was
identified on most instruments. However, significant delays of the PmP arrival times can be
observed compared with those on the northerly instruments (OBS 85 on P04, which is the closest
to P05). Pn is not observed on the central instruments because the shooting profile was relatively

short.
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Fig. 2. Time-migrated seismic reflection profiles with two major stratigraphic horizons interpreted. The purple
horizon corresponds to the Base of Cretaceous. Red line indicates top basement. The intersection points are marked

in pink.
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4 Data analysis

4.1 Phase Identification and Picking

A drift correction was applied to the OBS clocks, as clock drift can be a source of significant error.
The P-wave arrivals were picked manually on unprocessed seismic records at short offsets, and on
filtered data for far-offset arrivals. In order to improve the signal-to-noise ratio at far offsets, a
minimum phase Butterworth bandpass filter (1-3-16-24 Hz) was applied. Both the hydrophone
and vertical geophone were used to identify the best quality arrivals, and then used accordingly for
the phase picking. Picking uncertainties were estimated using the signal to noise ratio of the traces
within + 250 ms of the picked arrivals, using the empirical relationship as in Zelt and Forsyth
[1994] and an offset dependent relationship for offsets <40 km. The assigned picking uncertainties
vary from 20 to 125 ms (Fig. 3).

Along P04, phase identification is difficult due to changes from north to south in the seismic
structure of both the sedimentary succession and the basement. In total, two sedimentary phases
(Fig. 3a, b) were identified, with apparent velocities of 1.60 — 3.5 km/s and 3.75 — 5.25 km/s. The
PmP Moho reflection phase was identified, but no refractions within the crust could be picked.

On profile P06, a sedimentary seismic phase (Fig. 3c, d) with an apparent velocity 3.15 km/s was
identified along the entire line. Beneath this, a higher velocity phase with an apparent velocity 4.6
- 5.1 km/s was observed on almost all the instruments on the line, also on some of the instruments
along P04 and P05. By converting the zero-offset reflection time of this phase into two-way travel
time, we infer that it corresponds to the top of the Upper Cretaceous Chalk layer interpreted from
the seismic reflection data [Shannon et al., 2007]. Upper Cretaceous Chalk has been drilled by
well 43/13-1 (Fig. 1) underlying basalts on the western flank of the Porcupine Basin [Baxter et al.,
2001; King, 2016]. This phase is most likely generated either by the Chalk itself or by the Chalk
together with an overlaying igneous lava/sill complex. This phase was not used in our tomographic
modeling because the associated smoothing deals poorly with velocity inversions. As a shadow
zone was created below the high-velocity phase, only one complete pair of refracted and reflected
sedimentary phases could be identified, which travelled inside PMR on several western
instruments on P06. An additional sedimentary layer below was identified only from reflections

on a few instruments (e.g. OBS96, 104). The corresponding refractions are difficult to distinguish

9
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from those from the basement below, perhaps due to very similar velocities and the reduced
thickness of this layer. Two basement layers and the upper mantle were identified with apparent

velocities of 5.8 - 6.3 km/s, 6.6 - 7.2 km/s and 7.5 - 8 km/s, respectively.

4.2 Modelling Strategy

Prior to tomographic analysis, a forward modeling exercise using the code of Zelt and Smith [1992]
was carried out to ensure correct phase identification. Picked travel times from profiles P04 and
P06 were modeled using TOMO2D [Korenaga et al., 2000], following the approach previously
applied to PO5 [ Watremez et al., 2016]. This tomography method uses a hybrid approach based on
the graph [Moser, 1991] and ray bending methods [Moser et al., 1992] to calculate the travel time
residuals by forward ray-tracing through a given starting model, and then solves a linearized
inverse problem using a least-squares algorithm [Paige and Saunders, 1982] to reduce the
residuals iteratively. In order to retrieve the P-wave velocity structure and the geometry of
reflectors with a high resolution, a joint refraction and reflection travel time inversion was
performed following a top-down layer-stripping approach [Sallares et al., 2013]. This approach
allows the model to contain sharp discontinuities and avoids building an entirely smooth model.
The model was built, layer by layer, resolving the velocity and interface structure of each layer at
different steps. For each step, the starting velocity models were defined carefully based on the
apparent velocities observed for the given phase, together with the velocities retrieved from the

previous layer.

Table 1. Modelling statistics for all the layers built for P04 and P06. tgys is root-mean-squared travel-time residual;
%2 is normalised chi-squared. 6Refrepresents the step to invert the separate floating reflector (pink interface in Fig. 4c)
with all the refractions together.

tRMS 2 2 2

. Number of Number of trms(ms trms(ms

Line  Step rel;ralc)teioss reflections refrac(tior)ts reﬂec(tiorzs (l:l;) refraxctions reﬂeﬁtions ;(ll

P04 1 4634 5159 14 30 24 0.19 0.41 0.30
P04 2 5252 2676 20 52 34 0.19 0.83 0.41
P04 3 8979 4658 38 67 50 0.29 0.81 0.47
P04 4 8979 5241 33 50 40 0.23 0.39 0.29
P04 5 16467 5241 63 49 60 0.45 0.39 0.44
P06 1 2067 1978 23.51 31.62 27.77 0.93 0.57 0.75
P06 2 3452 2496 45.17 40.06 43.10 1.64 0.57 1.18
PO6 3 4313 3262 45.32 94.75 70.96 0.46 0.95 0.97
P06 4 6681 4527 48.53 76.75 61.51 0.43 0.92 0.63
P06 5 8121 4527 51.90 77.32 62.21 0.50 0.89 0.64
P06 6™ 8121 874 115.44 125.63 11644  2.85 6.29  3.18

10
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237  Grid spacing for the models was 0.25 x 0.25 km. The velocity model of profile P04 (Fig. 4a) was

238 built in five steps, and has six layers. For P06, the model had five layers and one floating reflector
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for the top of basement, built via six steps. Travel time picks and misfit statistics for the final
velocity models of P04 and P06 are detailed in Table 1. Travel time misfits and the chi-squared

statistics for each individual layer are mostly less than 100 ms and 1.0, respectively.

4.3 Resolution and Uncertainty

4.3.1 Derivative weight sum

Ray coverage through the final velocity models of P04 and P06 (Fig. 5a, e) is represented by the
derivative weight sum (DWS), which is a weighted measure of the total ray length through each
node in the inversion grid. The models are better resolved where a high DWS is achieved, while
low DWS values are associated with regions of poor ray coverage that are not resolved and should
not be interpreted. The ray coverage along P04 (Fig. 5a) is best between model distances 80 and
180 km, down to 16 km depth. This is the area where ray coverage is the densest and rays are
travelling in both directions. Excellent ray coverage was achieved oceanwards along P06 (Fig. 5e)
from model distance 20 to 60 km. Good ray coverage was observed basin-wide up to the Moho
depth where we had instrument coverage. Ray coverage was moderate to poor under the

continental shelf, where many of the velocity cells are only sampled by unidirectional ray paths.

4.3.2 Monte Carlo uncertainty analysis

The Monte Carlo uncertainty test [Korenaga et al., 2000] was used to assess quantitatively the
uncertainty associated with the final velocity model. This test evaluates the variability of
acceptable solutions for a range of starting models and a range of possible travel-time picks, for a
given set of smoothing and inversion parameters (e.g. [Korenaga and Sager, 2012]) and hence is
a good measure of relative uncertainty but a poorer measure of absolute uncertainty. For both the
profiles, 100 model realizations and tomographic inversions were performed for each layer using
the same parameters which generated the final velocity models in Fig. 4, by creating 100
corresponding randomized input velocity models, randomized reflector depths, and randomized
travel-time datasets with Gaussian noise. These travel-time datasets were generated by adding
randomized timing errors, including a common receiver error (+ half the maximum receiver error,

+ 62.5 ms), and picking errors.

12
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The parameter ranges used in the starting model for P04 and P06 are listed in Table 2. The average
velocity model of P04 (Fig. 5b) is very close to the best-fitting model (Fig. 4a), with sediments
thickening toward the north, and similar Moho geometry. The velocity standard deviations (Fig.
5c) are generally lower than 0.1 km/s. However, the uncertainties are higher at the southern end of
the model because the ray coverage is sparser and unidirectional. In the crust, the uncertainties are
slightly higher than 0.1 km/s where no refractions were picked because of a combination of a thin

crustal layer and high mantle velocities.

Interface depth (km)

Line Step Vp top (km/s) Vp bottom (km/s) North South
P04 1 1.8 +0.05 40+0.2 5£0.5 4+£0.5
P04 2 3.5+0.2 50+£03 7.5+1 75+1
P04 3 4.8+0.2 6.0+0.5 10£2 10£2
P04 4 6.0+04 7.0+0.3 25+5 20+ 5
P04 5 7.5+04 8.0£0.1 28.5+£2.5 28.5+2.5
P06 1 2.5+0.125 3.0+0.15 5+1

P06 2 3.5+0.175 5.5+0.275 10£1

P06 3 5.7+0.285 6.2 £0.31 14+2

P06 4 6.7+0.67 7.1 £0.71 18+£2

P06 5 7.5+0.75 8.1 £0.81 18+£2

Table 2. Ranges of values used for the model parameterization of P04 in the Monte-Carlo analysis.

Along P06, the average velocity model (Fig. 5f) of P06 is very close to the best-fitting model (Fig.
4c). The crust beneath the continental shelf exhibits velocity uncertainties of ~ + 0.1 km/s from 75
to 90 km, which are related to insufficient ray coverage. At 25 - 35 km of profile distance, the
higher velocity zone observed from depth 7 to 9 km on the model (Fig. 4c), which corresponds to
the location of the PMR shows uncertainty of ~ & 0.1 km/s. Two lobes of high uncertainties ~ +
0.1 km/s appear in the upper layer of crust due to the sharp geometry adapted from the upper

reflector in the starting model.

4.3.3 Resolution Test

We performed a series of checkboard test of model resolution to estimate the lateral resolvability
of the models [Zelt, 1998]. This allowed us to estimate the smallest feature that can be resolved
for each model cell. For both profiles, we perturbed the final tomographic model with a cell of 5%
positive and negative velocity anomalies, and traced and calculated synthetic arrival times
corresponding to our picks. These travel times were then perturbed with random noise as in the

Monto Carlo test, and inverted together with the final model. For each square cell size (increasing

13
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every 2 km from 2 to 20 km), we tested in total of eight checkboard patterns, including opposite
polarity for the cell, 45°rotation of the cell, and cells shifted by half of the cell size vertically and

horizontally to remove the effects of polarity and registration.
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Fig. 5. Derivative weight sum of seismic rays traced through the velocity model of P04 (a) and P06 (e). Higher DW'S
values indicate areas with a higher density of sampled rays. (b) and (f) are the mean P04 and P06 velocity models
from the Monte Carlo uncertainty test. White lines illustrate the average interfaces from all the model realizations for
each layer. (¢) and (g) show the standard deviations of velocity models derived from all the starting models for each
layer, with the thickness of the red lines marking the standard deviations of interface depth. (d) and (h) show the lateral
velocity resolution for P04 and P06 from 80 checkboard tests. Coloured regions represent the minimum cell sizes can
be resolved by the model. White regions have lateral resolution larger than 20 km or are unsampled. Plots have a
vertical exaggeration of 2.0.
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Fig. 6. Comparison between velocity models and coincident seismic reflection records. Purple and red lines are the
same as in Fig. 2. The other colored lines are the same as in Fig. 4. (a) Time-migrated seismic reflection record 206.
(b) Overlay of the time-converted velocity model P04 on coincident seismic reflection profile 206. (¢) Time-migrated
seismic reflection record 115, which is coincident with P05. (d) Overlay of the time-converted velocity model P05 on
115. (e) Time-migrated seismic reflection record 138, which is coincident with P06. (f) Overlay of the time-converted
velocity model P06 on 138.

The semblance (resolvability) was then calculated between the input and output patterns within a
5 km operator radius. The checkerboard pattern is considered to be well resolved if the semblance
>= (0.7 [Zelt, 1998]. The semblance grids for each cell size are then averaged and interpolated to

show the minimum cell size can be resolved at each velocity node.

A good resolution of 4 km along P04 is obtained between model distances 100 and 170 km, down
to 8 km depth (Fig. 5d). Thus, the structure sizes that can be resolved then increase gradually with
depth. A structure size of at least 2 km (smallest perturbation pattern) is resolved in the central
basin along P06, down to 10 km depth (Fig. 5h). Slightly larger structures with a size of 4 km can
be resolved at 13 km depth on the basin flank and up to 17 km depth from 40 to 60 km along the
model. Generally, the resolution within the basement allows us to interpret structures on a length

scale of 6 km and for the lower basement layer, 8 km.

4.4 Seismic Reflection Data

In order to gain further constraints on the crustal structure and the tectono-sedimentary evolution
of the basin, the distribution of sediments and two-way travel time (TWTT) to top of basement
were mapped on time-migrated seismic reflection data by tracing the stratigraphy away from well
43/13-1 (Fig. 1), and also taking into account previous interpretations of individual or multiple
profiles [Moore and Shannon, 1995; Baxter et al., 2001; Johnson et al., 2001; McDonnell and
Shannon, 2001; Naylor et al., 2002; Reston et al., 2004; Calves et al., 2012].

Seismic reflection data used in this study are generally of very good quality and reveal a wealth of
seismic stratigraphic information (Fig. 2, 6), especially in the Cenozoic to Cretaceous successions
[Shannon et al., 2007]. The Base Cretaceous unconformity that we picked is characterized by a
well-defined strong reflective event that appears to separate the interpreted post-rift and syn-rift
sections, and deepens from the continental shelf to the central basin. However, these data generally
fail to clearly image the top of basement and the Moho, so could not be used to constrain these
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boundaries in our velocity models. In addition, the lack of deep borehole information in the basin
makes it difficult to identify a precise reflector corresponding to the top of the basement. We
picked a horizon that maps the bottom of titled fault blocks, above which the sediments exhibit
clearly layered features. We are confident that basement rocks are not present above this horizon,

but cannot exclude the possibility that poorly imaged sediments are present beneath it.

13.5°W 13°'W 12.5°W 12°W 11.5°W 13.5°W 13°'W 12.5°W 12°W 11.5°W
a) — _— ) b) g
52°N
51.5°N
SI'N

Fig. 7. Isochron maps of interpreted stratigraphic horizons. (a) Base Cretaceous unconformity. (b) The top of
basement.

We have compared these horizons with the reflectors modeled from the OBS data (Fig. 6). The
Base Cretaceous interface (blue line in Fig. 6d, f) inferred from wide-angle data corresponds in
general to the Base Cretaceous horizons (purple lines in Fig. 6c¢, d, e, f) picked on the reflection
data. The variation of the Base Cretaceous unconformity along P04 makes the OBS modelling of
this interface quite difficult, so a more consistent horizon above the Base Cretaceous was modeled
(orange reflector in Fig. 4a), which corresponds to the Base Albian horizon. Beneath the Base
Cretaceous unconformity, pre-Cretaceous sediments with a maximum velocity of 5.8 km/s were
observed at the southern end of P04 and both sides of the PMR on P06. A perfect match was not
achieved between horizons inferred from wide-angle and normal incidence data because the OBS
data become more complex with increasing depth, and normal incidence reflections become more

difficult to pick.
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On thirteen seismic reflection profiles, we interpret a post-rift sedimentary unconformity (Base
Cretaceous), and the top basement (Fig. 2, 6). These two horizons were then interpolated into

isochron maps (Fig. 7).
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Fig. 8. Free air gravity modelling results for P04 (a), P05 (b) and P06 (c¢). Upper panel: grey circles mark the
observed (free air gravity anomaly. The red line represents the calculated gravity anomaly from the density models
below derived from the velocity-density relationships. The green line in c¢) represents the calculated gravity anomaly
from a model with mantle density variations described in the text. Models were extended 500 km from each edge to
avoid edge effects. Lower panel: Density model derived from the corresponding seismic velocity model.
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5 Results

5.1 Velocity Models

The final velocity models show many distinct features including: the geometry of the crystalline
basement and the PMR, the thinning of the crust, and the velocities in the upper mantle. The P04
model (Fig. 4a) shows that the velocity of the sedimentary layers increases southward as the
basement deepens, perhaps due to compaction. Lateral variations in the crustal velocities and
thickness are also observed along P04. The crust thins from the north and is thinnest at around 100
km. From 100 to 160 km, the crust has a velocity of 6.0 - 7.5 km/s and a thickness of 2 — 3.5 km.
From 160 to 200 km, Moho depth increases significantly from 14 to 18 km. However, the model
is less constrained towards its southern end, where there are no more OBS and all the rays are

unidirectional.

The P05 model (Fig. 4b) shows that velocities beneath the PMR increase rapidly from 5.5 to 7.0
km/s in the center of the basin from 140 to 160 km, and increase from 7.5 to 8 km/s within 2 km
below the modelled Moho reflector [Watremez et al., 2016]. P06 (Fig. 4c) shows the velocity
structure of the southern Porcupine basin. The uppermost sedimentary layer has velocities of 1.7 -
3.4 km/s, matching the upper sedimentary layer observed in profile P04 and P05. In the second
layer, velocity ranges from 3.5 to 5.5 km/s. The PMR is located at 20 to 40 km within this layer,
and exhibits slightly higher velocity. The distinctive third interface (pink line in Fig.4c) indicates
the presence of a high-velocity sedimentary layer. Velocities in the upper basement layer,
interpreted as upper crust, range from 5.8 to 6.5 km/s. Velocities in the lower basement layer,
interpreted as lower crust, increase from 6.5 km/s to 7.2 km/s at the Moho, with upper mantle
velocities beneath the Moho being ~ 7.8 km/s. The thickness of the crust varies from ~7 km in the
center of the basin (~15 km) to ~8 km at 30 km (beneath the PMR), and ~5.5 km beneath the
eastern flank of the basin (~ 50 km). The crustal velocity (5.0 — 7.1 km/s) beneath the continental

shelf (> 75 km) is close to continental velocities observed onshore Ireland [Hauser et al., 2008].

5.2 Seismic Reflection Data

The Base Cretaceous unconformity (Fig. 7a) is relatively flat in the basin, and deepens steeply in
TWTT towards the south as the water depth increases,, while the structural high between 51°N and

51.6°N maps the top of PMR. The basin can be divided into distinct zones from north to south
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based on the reflection characteristics of the upper basement and the lateral coherence of the top
basement reflector (Fig. 7b). Between reflection profiles PAD1 and 106, where the Porcupine Arch
(or “P”) is imaged (e.g. from 6.8 — 8 s TWTT along CDP 15400 - 19000 in Fig. 2a), a series of
rift-associated tilted fault-blocks are observed, along with steeply-dipping border faults extending

into lower crust and connecting with the Porcupine Arch.

For the profiles located in the southern Porcupine Basin where the Porcupine Arch (or “P”) is
absent, the MCS data available for the present paper are not able to image the Moho. From profile
113 to PAD3, the PMR is observed with a prominent high-amplitude seismic event marking its
top, and a low-amplitude reflector for the bottom, whereas chaotic reflections dominate the center.
In addition, less large-scale faulting and fewer titled fault blocks are observed in the central basin

in this area.

A significant change in the basement morphology is observed further south. On profile 138 (Fig.
6¢), from CDP 2000 to 4000, the basement shows a rough, hummocky surface coincident with the
PMR, below which no coherent reflections can be seen. The rough basement morphology
terminates at CDP 2000 and a smooth continuous reflector caps the basement to the west before
another (possibly volcanic) ridge is seen to disrupt the basement at CDP 5000 on reflection profile
121 (Fig. 2e). Furthermore, the central basin lacks identifiable pre-rift sediments. Further south, a
relatively continuous and undisturbed top basement is observed in the middle of basin (Fig. 2¢),

where no pre-rift sediments were identified.

5.3 Velocity-Derived Density models

A comparison between satellite free-air gravity anomaly and the anomaly calculated for density
models derived from the velocity structures (Fig. 8) can provide further information on the crustal
lithology. The final velocity models (Fig. 4) were complemented with gravity modelling in
different ways. First, the free air gravity anomaly was calculated using the method of Korenaga et
al. [2001], by converting the seismic velocities into densities using different empirical velocity-
density relationships for different geological layers, to generate a vertically and laterally
heterogeneous 2D density model. For the sediments, Hamilton’s [1978] empirical relation for shale

was used. For the unaltered mantle (>= 8 km/s), density was fixed at 3300 kg/m’. Elsewhere,
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Carlson and Miller’s [2003] conversion law for low temperature serpentinized peridotite was

applied (Fig. 8a, b, ¢).

The calculated gravity anomaly for P04 (Fig. 8a) fits the observed anomaly very well at < 160 km.
However, an increasing misfit is observed to the south, reaching a maximum 70 mGal. A misfit of
the same amplitude occurs on the western side of P06 (Fig. 8c), despite the fact that P06 is oblique
to the opening direction. The calculated gravity anomaly fits well with the satellite anomaly for

P05 (Fig. 8b).

The misfits indicate that the adopted velocity-density conversion using a uniform relationship for
the whole profile, and attribution of all of the gravity anomaly to density variations in the depth
range of the velocity models, are probably over-simplifications. To address these issues, we added
to P06 variations in mantle density that could be attributed, for example, to variability in melt
depletion or temperature. Assuming that the average lithospheric thickness is 100 km [Fullea et
al., 2014], the lithospheric mantle density at the western end of P06 was set at 3350 kg/m’ and
decreased gradually to 3300 kg/m’ beneath the continental shelf. The fit to the observed data was
then improved. The fit for P04 and P06 can be further improved by the insertion of high density
blocks (3000 kg/m®) at >160 km on P04 and <60 km on P06 to replace the original crustal densities.

6 Discussion

In order to gain insights into the nature of the crust, we compare one-dimensional velocity-depth
profiles (Fig. 9) through the three velocity models. Interpretations derived from the P-wave
velocity and density models are discussed jointly in this section in addition to features observed
on seismic reflection data, gravity data (Fig.10a) and the interpreted top of basement. Three distinct
zones (Fig.10b) characterized by different crustal types can be defined in the Porcupine Basin on

the basis of their velocities and seismic reflection characteristics.
6.1 Southern Porcupine Basin

6.1.1 Nature of the crust

Oceanic crust and highly stretched continental crust are both bounded downwards by a sharp jump
to ~8 km/s (the Moho) and can have similar thickness and seismic velocities, but can be
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distinguished by their velocity gradients. High velocity gradients in the top ~ 2 km underlain by
low velocity gradients (~ 0.1 - 0.2 /s) and a high velocity down to a Moho at ~ 6 - 7 km are typical
of oceanic crust [Spudich and Orcutt, 1980]; although heavily intruded continental crust may
exhibit similar lower crustal velocities, the crust is generally much thicker [Joppen and White,
1990]. Where not so intruded, thin, stretched continental lower crust generally has a lower velocity
(partly as a result of intense deformation and fracturing) than similar thickness oceanic crust,
perhaps with a much lower velocity gradient (< 0.1 /s) [Christensen, 1995]. Exhumed mantle in
contrast typically has a high velocity gradient (~ 1 /s) representing downward decreasing amounts
of serpentinization until unaltered mantle velocities of ~ 8 km/s are reached, with a less abrupt

Moho [Minshull, 2009]. Using these criteria, we can distinguish basement types along the profiles.

Velocity (km/s) Velocity (km/s) Velocity (km/s)
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Fig. 9. 1-D velocity-depth profiles through the three final velocity models. Depths are measured from the top of the
crust in the velocity models (see text). (a) Blue lines represent the 1-D velocity-depth profiles of P06 at different
model distances, as shown in the figure. Dashed blue line indicates velocity-depth profiles beneath the PMR. The
Light grey shading indicates the velocity envelope for Atlantic oceanic crust aged 59 -170 Ma [White et al., 1992].
Dashed and dotted black line represent the velocity-depth profiles extracted from the western and eastern red cross
(Fig. 1) of COOLE 3B [Matkris et al., 1988], respectively. Thin black line illustrates the velocity-depth profile from
COOLE 3A [Makris et al., 1988](b) Green lines represent the velocity-depth profiles of P05 at different model
distances, as shown in the figure. Dashed green lines indicate velocity-depth profiles beneath the PMR. The dark
grey shading illustrates the velocity compilation from COT by Minshull [2009]. However, as top basement is not
modeled by Watremez et. al [2016], the closest reflector (blue line in Fig. 4b) is taken to calculate the depth. (c¢) Red
lines represent the velocity-depth profiles of P04 at different model distances, as shown in the figure.

The thin high-velocity crust west of 60 km model distance on P06 (Fig. 9a) is unlikely to be
continental. On both sides of the PMR (< 20 km, > 40 km), the upper 2 - 2.8 km of the basement
has an average velocity gradient of 0.27 /s, and velocities ranging from 5.8 — 6.6 km/s. Beneath
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this, velocities increase smoothly to 7 - 7.1 km/s over the next 4 - 4.5 km, with a ~0.125 /s gradient,
before increasing sharply to 7.8 - 8.0 km/s in the uppermost mantle. The velocity-depth profiles
at 10 and 60 km (Fig. 9a) thus lie mainly within the envelope of normal oceanic crust [ White et
al., 1992]. In between (40 km model distance), the velocity profile represents a slightly thickened
version of that at 10 km, consistent with the presence of slightly thickened oceanic crust beneath
the PMR. Landward (east) of 60 km model distance (Fig. 9a), the crust thickens and is undoubtedly
continental at 80 km. The crustal velocities of P05 (Fig. 9b) and P04 (Fig. 9¢) have different trends
than those on P06, though the southern part of P04 is poorly constrained.

11.5°W b) 135SW  13W  125W  12°W  ILS'W
I + A+ o+ o+ o+ 4+ o+ 4
52°N |: +|ContinentaICrust oo+ o+ o+ o+ o+t
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Free Air Gravity Anomaly

Fig. 10. (a) The free air gravity anomaly. (b) Interpreted crustal distribution. The red line marks the location of
RAPIDS4, and other lines are as in Fig. 1.

The crustal velocities observed on P06 are similar to those (Fig. 9a) determined in the Porcupine
Abyssal Plain on profile COOLE 3B within a thinner oceanic crust, but much higher than those
towards the mouth of the Porcupine Seabight which has a similar crustal thickness [Makris et al.,
1988]. Based on COOLE 3A and 3B data, the structure in this region comprises an upper crust of
5.9 - 6.1 km/s and a lower crust of 6.4 - 6.6 km/s, which were interpreted as continental crust, with
an 8 km/s upper mantle. Velocities on P06 are also very close to the oceanic crustal velocities
modelled from wide-angle seismic data with a similar strategy in the Gulf of Cadiz, where
lithosphere of similar age is inferred [Sallares et al., 2013]. The velocity-depth profiles beneath
the PMR show a similar velocity range, but with a thicker layer 3. This slightly thicker layer 3 can
be attributed to additional magmatism during the formation of the PMR. The velocity trends here

are similar to those of thickened oceanic crust modeled from OBS data in Hatton Bank [Fowler et
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al., 1989] and Greenland [Hopper et al., 2003]. However, the crust in Hatton Bank and Greenland

are much thicker, interpreted as resulting from the effects of the Iceland plume.

Many North Atlantic continental margins, for example, Carolina Trough [Tréhu et al., 1989],
Hatton Bank [Fowler et al., 1989] and the East Greenland margin [Hopper et al., 2003], have been
observed to have lower crustal velocities > 7 km/s that are interpreted as underplated or
magmatically-intruded continental crust. SDRs (seaward dipping reflectors) have been commonly
observed from seismic reflection data at these margins. However, no evidence suggesting the
existence of SDRs has been identified on seismic reflection profiles from the Porcupine Basin.
Therefore, our velocity model for P06 is unlikely to represent a volcanic continental margin.
Finally, the crust modelled from RAPIDS4 (location in Fig. 10b) further north in the Porcupine
Basin [O'Reilly et al., 2006] exhibits much lower velocities (6.0 — 6.5 km/s), providing further
support for the suggestion that the crust in the western part of PO6 very likely to be oceanic in

nature (Fig. 10b).

Seismic reflection data (profile 138) show that the central part of the basin has a smooth top
basement morphology and a lack of tilted fault blocks and no evidence for pre-rift sediments (Fig.
6¢). This morphology provides further evidence for the absence of thinned continental crust at the
western part of P06 (< 60 km). An oceanic nature of the crust (Fig. 10b) in the southern Porcupine
Basin is compatible with the approach we applied for the gravity modelling (Fig. 8a, ¢). In addition,
the depleted nature of oceanic mantle can result in a greater density than for continental mantle

[Jordan, 1988].

6.1.2 Age of the interpreted oceanic crust

Drilling (well 43/13-1) into a syn-rift sedimentary unit suggests that the post-rift sequence may
start in the Berriasian, but it cannot provide the exact age of the onset of rifting. Thus, we speculate
that the youngest possible age for the oceanic crust is perhaps latest Tithonian, and it cannot be
older than Upper Jurassic. During this period, the frequent reversal of a weak magnetic field
[Steiner et al., 1998], known as the “Jurassic Quiet Zone” [Larson and Hilde, 1975] would explain
the absence of clear linear magnetic anomalies in the Porcupine Basin. Alternatively, the thick

Cretaceous sedimentary sequence suggests a high sedimentation rate, and possibly the rapid
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blanketing by sediments caused sufficiently high temperatures within layer 2 that the basalts lost
much of their initial magnetization through low grade metamorphism, as observed in several

Mediterranean basins [ Vogt et al., 1971] and in Baffin Bay [Keen and Barrett, 1972].

6.2 Northern Porcupine Basin

Crystalline continental crust (5.7 - 6.5 km/s) was observed at < 100 km along P04 (Fig. 4a),
exhibiting typical continental velocity structure [Christensen, 1995]. A southward decrease in
crustal thickness and a maximum crustal stretching factor fc >10 at ~120 km suggests
hyperextension of continental crust and even potentially crustal break-up towards the south of the
Porcupine Basin, as well as mantle serpentinization beneath the Porcupine Arch [Prada et al.,
2017]. At > 100 km along P04, southward thinning of the crust ceases. Furthermore, in seismic
reflection data, the top of basement approaches the two-way time of the Moho inferred from wide-
angle data (Fig. 6b). A clear expression of the Porcupine Arch (or “P”) disappears, and there is a
change in the sedimentary infill (Fig. 2b). Thus, we suggest that the southern limit of continental

crust occurs at this location (Fig. 10b).

Extended continental crust and unambiguous oceanic crust are commonly separated by a zone of
transition, generally referred to as the continent-ocean transition (COT) [Whitmarsh and Miles,
1995; Peron-Pinvidic et al., 2013]. Above the Moho, much of the basement on P05 is characterized
by high velocity gradients underlain by lower gradients, (Fig. 9b) and velocity-depth profiles
encroach on those of exhumed and serpentinized mantle [Minshull, 2009], particularly toward the
rift axis (160 - 170 km). The velocity structure may suggest the possible presence of partially
serpentinized mantle with a downward decrease in the degree of serpentinization. However, these
basement velocities would also match well a ~4 km thick oceanic crust. Moving away from the
rift axis (< 120 km and > 190 km), the velocity structure becomes typically continental, and the

basement is much thicker.

At > 100 km model distance along P04, velocity-depth profiles (Fig. 9c) show generally similar
velocities to those of exhumed mantle [Minshull, 2009] or thin oceanic crust [White et al., 1992].
The RAPIDS4 profile (location in Fig. 10b), which crosses P04 at ~110 km, has been modelled
with a crustal thickness of around 3 km, and velocities ranging from 5.8 — 6.5 km/s [O'Reilly et
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al., 2006]. This part of the profile has been interpreted as showing thinned continental crust
overlaying serpentinized mantle. The difference in velocity between P04 and P05, PO6 where they
cross is probably due to the major structural changes from north to south along P04. Thus, the
TOMO2D inversion finds problems in satisfying all of the data, especially the lateral variations,
resulting in a larger velocity uncertainty than for the other two profiles. Differences can be larger
than the standard deviations (e.g. Moho depth shown in Fig. 5c and g), emphasising that these
plots show relative rather than absolute uncertainties. It is therefore difficult to identify the crustal
type confidently in the middle part of PO4. However, the deepening of the Moho from 160 km
model distance may suggest an increasing thickness of oceanic crust towards the south that is
eventually juxtaposed with the oceanic crust observed on P06. Thus, given the oceanic basement
characteristics observed on seismic reflection lines 129 and 144, we interpret the crust at the
southern end of P04 and on these profiles to be oceanic (Fig. 10b). Further south, we only have
information from the COOLE lines [Makris et al., 1988], where continental crust was inferred on
COOLE 3A and the eastern part of COOLE 3B. These profiles are sparsely sampled (12 OBSs on
COOLE 3A, but mainly located on the continental shelf and only 5 OBSs on COOLE 3B) and
may-merit re-analysis in the light of our observations. However, if we take their interpretation at

face value, oceanic crust may be limited to a small region in the center of the basin.

6.3 Rift Propagation

A set of small basins around Ireland, probably with a NE-SW orientation, started rifting during a
Permian to Triassic rifting episode [Shannon, 1991; Naylor and Shannon, 2009]. Plate
reconstructions suggest that the basin underlying the Porcupine Seabight was narrow at that time
and adjacent to the East Orphan Basin [Srivastava and Verhoef, 1992]. The main rifting episode,
from the Late Jurassic to the Early Cretaceous, progressed diachronously from south to north,
leading to the E-W separation of the Grand Banks from central Iberia and then to the SE-NW
separation of the southeast margin of Flemish Cap from Galicia Bank [Tucholke et al., 2007]. The
latter separation was preceded by the opening and subdivision of Orphan Basin [Sibuet et al.,
2007]. Wide-angle seismic modeling reveals that the East Orphan Basin is underlain by highly
stretched continental crust (< 7 km thickness) extending more than 400 km to Orphan Knoll [ Chian
et al., 2001; Watremez et al., 2015]. A similar crustal structure obtained on COOLE 3B [Makris

et al., 1988] may suggest that the basin underlain the Porcupine Seabight also experienced similar
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rifting around this time. Thus, it is possible that most of the Porcupine Basin continued rifting and
grew based on the original geometry while the southernmost part of the basin went through a
similar rifting process to the Orphan Basin. The possible transform fault we observed in the seismic

reflection profiles may separate these two regions.

Based on gravity data, Readman et al. [2005] proposed that two transform faults separated the
volcanism in the south from the north. In this scenario, a region of narrow segmented sea-floor
spreading bounded by NW-SE transform zones may have formed in mid-Late Jurassic-early
Cretaceous time. However, our basement map (Fig. 7b) does not provide strong support for the
presence of transform faults at these proposed locations. Alternatively, we propose that the rifting
was driven by non-uniform stretching along the rift axis (Fig. 11), with initially more strain focused
in the south and therefore more extension there. With the increasing crustal thinning and mantle
serpentinization, the mantle eventually become exhumed in the south. This difference in strain
may have been caused by an earlier rifting in the south. Then the stretching propagated northward,
while at the same time the basin continued opening. This simplified conceptual model explains the
structures we observe, comprised of hyperextended continental crust in the north, and oceanic crust
in the south, without attempting to address the complicated orientation history of the basin.
Southward increasing sedimentary thickness and basement patterns support a northward decrease
of extension, and suggest a corresponding increase in lithospheric thickness during rifting. As a
natural consequence of rifting, melt would have been generated by mantle decompression. Melt
generation focused in the south as more lithospheric thinning occurred here. With continued
stretching and opening, regions of magmatic activity developed into seafloor spreading and

oceanic crust was accreted.

Our interpreted rift history has many similarities with that inferred for the Bay of Biscay, which is
also a propagating V-shaped ocean basin that opened in the Aptian-Albian time [Jammes et al.,
2010]. Thus, our analysis sheds further light on the rifting of V-shaped North Atlantic basins
[Péron-Pinvidic and Manatschal, 2010].
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Fig. 11. Simplified conceptual model for northward-propagated rifting from magma-poor stretched continental crust
to oceanic crust in short distance (adapted from Shillington et al. [2009]). Black arrows represent the strain during
rifting. Green represents the serpentinization. Blue indicates oceanic crust. Region with gradual change from black to
dark grey represents an area of hyper-extended crust with localised mantle exhumation. (a) Main rifting started at
Mid-late Jurassic rifting episode. Strain was mainly focused in the south and result in more extension and mantle
serpentinization. (b) Along-strike variations in strain leads to northward propagation of rifting and mantle exhumation,
as well as a gradual along-strike change in partial melting. (¢) Continued rifting and focused magmatic creation in the
south leads to incipient seafloor spreading within a narrow region.

7 Conclusions

From new wide-angle seismic modelling, we identified three crustal domains in the Porcupine
Basin. In the north, continental crust abruptly thins southwards to ~5 km thick. Immediately to the
south, there is a zone of which basement is uncertain nature. Further south, we suggest the presence
of a 7 — 8 km thick unit of oceanic crust, overlain by a ~ 8 km thick unit of Mesozoic sediments
that are covered by 2 km of Cenozoic sediments. Due to a lack of clear magnetic anomalies and of
drilling information, we can only constrain limiting ages for the seafloor spreading to the time of
the main rifting episode, i.e., Late Jurassic to Early Cretaceous. We propose that the rifting
propagated from south to north along the basin axis and was dominated by non-uniform strain.
Thus, along-strike variations in crustal and mantle properties are present and stretching eventually

led to continental break-up and decompression melting in the southern Porcupine Basin.
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