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ABSTRACT

We use three-dimensional (3D) seismic reflection and magnetic data to interpret and describe the 3D

geometry of igneous dykes in the southern North Sea. The dykes were emplaced into Paleozoic and

Mesozoic sediments and have a common upper termination in EarlyTertiary sediments. We interpret

the dykes to be part of the British Tertiary volcanic province and estimate the age of the dykes to be

58 Ma. The dykes are characterized by a narrow 0.5—2 km wide vertical disturbance of seismic

reflections that have linear plan view geometry. Negative magnetic anomalies directly align with the

vertical seismic disturbance zones and indicate the presence of igneous material. Linear coalesced

collapse craters are found above the dykes. The collapse craters have been defined and visualized in 3D.

Collapse craters have formed above the dyke due to the release of volatiles at the dyke tip and resulting

volume loss. Larger craters have potentially formed due to explosive phreatomagmatic interaction

between magma and pore water. The collapse craters are a new Earth analogue to Martian pit chain

craters.

INTRODUCTION

Magmatic intrusion into the upper crust is an important
process in sedimentary basins (duToit, 1920; Planke et al.,
2005 and Cartwright, 2007). The understanding of
igneous sill and dyke intrusions and their interaction with
basin processes have been extensively documented using
outcrop mapping (duToit, 1920; Novikov & Slobodskoy,
1978; Kokelaar, 1982; Lorenz, 1986; Chevallier & Woodford,
1999; Nemeth ez al., 2001 and Goulty, 2005). Three-dimen-
sional (3D) seismic reflection data provide a valuable
scientific tool that have been proven to image and gain no-
vel insights into new geological features not previously
identified because of the scale and the lack of three-
dimensionality of the vast majority of outcrops, (Davies
et al., 2004; Hansen ez al., 2004 and Cartwright, 2007).
Magmatic intrusions into sedimentary basins have been
extensively described in the North Sea, West of Shetland
and the Norwegian More and Vering basins using two-
dimensional (2D) and 3D seismic reflection data, signifi-
cantly advancing previous models that were based on out-
crop studies (Hitchen & Ritchie, 1987, 1993; Skogseid ez al.,
2000; Svensen et al., 2003; Jamtveit ez al., 2004; Svensen et
al., 2004; Hansen & Cartwright, 2004, 2006; Trude, 2004;
Planke ez al., 2005). Dykes have rarely been interpreted
using 3D seismic reflection data due to problems in ima-
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ging vertical bodies in the subsurface. In the southern
North Sea dykes have only previously been interpreted
using 2D seismic reflection data and magnetic modelling
(Kirton & Donato, 1985; Brown ez al., 1994). In this paper
we use 3D seismic reflection data to investigate dykes in
the southern North Sea. The benefits of 3D seismic reflec-
tion data are that we can analyse the 3D spatial distribution
and seismic characteristics of dykes and their relationship
with surrounding sedimentary strata, allowing for a re-
evaluation of the field based models and the previous 2D
interpretation by Brown ez al. (1994).

The principal aim of this paper is the use of 3D seismic
interpretation supported by marine magnetic data to
further the understanding of dyke emplacement into sedi-
mentary basins and to document the 3D geometry of dykes
found in the southern North Sea. We also investigate the
relationship between dyke emplacement and subsequent
folding and consider whether dyke emplacement has a
control on fold development in the study area. Lastly, we
examine collapse craters associated with the dykes and
compare them with linear pit chain craters on Mars, pro-
posing that they represent new analogues.

GEOLOGICAL SETTING

The southern North Sea is dominated by the development
of the west—east trending southern Permian Basin (SPB),
140 km east of the UK coastline (Fig. 1).
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Fig.1. Map showing the location of the Southern North Sea
study area. Major basement faults and structures are highlighted,
EMS, East Midlands shelf; DFZ, Dowsing Fault Zone. After
Bailey ez al. (1993) and Coward & Stewart (1995).

The Permian Rotliegend and Zechstein Group sedi-
ments were deposited in a series of north—northwest strik-
ing grabens, potentially reactivating basement structures
inverted during the Late Carboniferous (Coward, 1993).
The east—west trend of the Permian basin continued to
control sediment deposition up to the Middle Triassic
when the Dowsing Fault Zone (DFZ), a major northwest—
southeast (NW-SE) trending basement fault, began to in-
fluence sedimentation (Cameron ez al., 1992).

The tilting of the basin during Jurassic times resulted in
thickening of the Jurassic strata in the southwestern basin
margin and erosion in northeastern part of the basin
(Stewart & Coward, 1995) (Fig. 3). Late Jurassic wrench
fault movements in the Sole Pit Basin resulted in regional
uplift and deep truncation of the Jurassic and in places
even of the Triassic series, creating a major regional un-
conformity, known as the Base Cretaceous unconformity
(Ziegler, 1981) (Fig. 3).

Coward & Stewart (1995) produced a model for the post-
Early Cretaceous basin evolution, identifying gravity
spreading following inversion as the driving mechanism
for the development of the post-salt structures. The post-
Early Cretaceous history of the SPB basin is characterized
by inversion, in terms of both basin tilt and reverse slip on
individual faults (Van Hoorn, 1987; Coward & Stewart,
1995). The basin tilted to the northeast, a reversal of the
Jurassic tilt direction (Coward & Stewart, 1995). The rever-
sal of basin tilt is recorded in the thickening of theTertiary
sediments to the northeast (Fig. 3). Inversion of the base-
ment structures produced a large wavelength forced fold
above uplifted synrift sediments, together with shortening
of the post-salt section in a series of buckle folds in the

¥ Salt cored anticline

\ DOGS graben system

" Synclinal trough Main Rot Halite Member

Fig. 2. Map showing Post Zechstein structures in the SNS. The
major salt-cored anticlinal and synclinal troughs of Tertiary age
in the SNS. Also shown is the peripheral graben system formed
in the Early Cretaceous. DOGS, Dogger Graben System. Based
on Van Hoorn (1987), Hughes & Davison (1993) and Coward &
Stewart (1995).

centre of the Sole Pit Basin. Inversion and the reversal of
basin tilt also resulted in the uplifting of the thick sedi-
mentary wedge in the Sole Pit Trough. Gravity spreading
within the sedimentary wedge resulted in extensional
faulting in the thickest part of the wedge (Dowsing Graben
System) and shortening, in the form of detachment buckle
folds, in the thinner peripheral zones (Silverpit Basin)
(Coward & Stewart, 1995) (Figs 2 and 3). During the ampli-
fication of the folds in the SNS, buckle folds were supple-
mented by salt movement in response to differential
sedimentary loading. During buckle fold growth, salt in
the anticlinal core was moulded first into swells, then into
pillows as the fold amplitude increased (Coward & Stewart,
1995).

Hughes & Davison (1993) dated the dominant phase of
fold development and salt movement as being Eocene to
Oligocene (33-28 Ma). Van Hoorn (1987) and Ziegler
(1981) related the regional inversion and development of
the salt cored folds to coincide with the main phase of
Alpine orogeny in the Oligocene. Figure 2 illustrates the
extent of the post-salt extensional and compressional
structures in the SPB.

3SEISMIC INTERPRETATION OF STUDY
AREA

Database

The seismic dataset on which this paper is based is located
in the Silverpit basin (Figs 1 and 3). The survey is time mi-
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Fig. 3. Line drawing across the SPB basin annotated with structural domains. Vertical exaggeration approximately x5. Cretaceous
Chalk is shaded, defining a wedge of Triassic and Jurassic whose geometry records Late Jurassic erosion. The Cretaceous is overlain by
a second wedge of Tertiary sediments which thickens in the opposite direction, recording the reversal of the Jurassic basin tilt. The
Mid-Tertiary unconformity (MTU) is a major unconformity across the SPB. TW'I] two way time. Based after Stewart & Coward (1995).

174 x 48 mm.

grated and covers an area of approximately 1283 km?. In-
lines and crosslines are spaced at 12.5 m. The phase of the
data are close to a phase rotation of 90° wavelet and dis-
played using negative standard polarity (SEG standards)
(Simm & White, 2002). An increase in acoustic impe-
dance, as seen, for example, at the seabed and the reflection
marking the top Cretaceous age Chalk group, is displayed
as a wide trough (red) over a wide peak (black).

Structural elements

The Silverpit basin is a NW-SE trending Permian age ba-
sin that has inherited basement lineaments (George &
Berry, 1997). A NW-SE trending fault can be identified
in the pre-Zechstein Permian basement, forming part of
a positive ridge in the basement that trends NW-SE (Fig.
5). The Zechstein Group overlies the basement and has a
relatively horizontal base that is displaced by the NW-SE
trending fault. The post-Zechstein strata are characterized
by two major salt swells which are typical of the central part
of the SPB basin (Figs 2—4). TheTriassic and Jurassic strata
decrease in thickness towards the northeast of the survey.
Cretaceous age Chalk rocks exhibit a subtle variation in
thickness across the survey area. An example of this is
shown in Fig. 5B, where modest thickening of the Chalk
occurs above the crest of a present day salt pillow/fold. This
suggests possible rapid tectonic subsidence related to
movement along basement faults or the overlap of salt
withdrawal basins, where adjacent salt pillows/folds grew
at different times (Hughes & Davison, 1993).

Two long wavelength folds are imaged in the survey
trending NW-SE;, similar to other long wavelength folds
in the SPB (Figs 2, 3 and 5). The folds have a wavelength
of 10 km. The fold axes trend NW-SE, tracing the under-
lying basement fault trend. Hughes & Davison (1993) note
that there are numerous examples of basement faults
which do and do not have pillows above them and that the
spacing of pillows is probably independent of basement
fault positions. The more south-westerly of the two fold
axes has an offset geometry in the northwestern part of
the survey area (Fig. 4).

© 2009 The Authors

Tertiary strata in the survey thicken towards the north
due to uplift of the SPT to the southwest (Figs 3 and 4).
The Mid-Tertiary unconformity can be seen in the survey
near the seabed. Owing to uplift and development of the
post-salt fold structures few Mid-Tertiary growth strata
are preserved in the cores of the anticlines. The Mid-
Tertiary unconformity is more pronounced regionally
where thicker Tertiary sediments are truncated in the
basin depocentre in the Fast (Fig. 3).

"Two linear seismic disturbance zones (DZ) can be iden-
tified in the seismic reflection data trending NW-SE,
located in the synclinal axes of the folds (Fig. 5).

Seismic DZ

Figure 5 shows three vertical seismic lines through the da-
taset. On each of the seismic lines two or more vertical
zones of seismic reflection discontinuity can be identified,
which we term seismic DZ, labelled A, B and C (Fig. 5).
The DZ are vertical to sub-vertical columns characterized
by a marked decrease in strength of seismic reflection am-
plitude compared to adjacent seismic reflections and in
some cases by disruption of stratal reflections (Fig. 5).
The DZ widths range from 0.5 to 2km (Figs 5, 6 and 8).
Two of the DZ are located in the troughs of the regional
synclines and trend along their synclinal axes (Fig. 5). DZ
width and character varies considerably along strike (Fig.
5). The DZ have a common upper stratigraphic limit in
the LowerTertiary, just above the high amplitude continu-
ous seismic reflection marking the top of the Chalk, above
which the seismic reflections are continuous (Fig. 6). The
DZ can be identified down into the Permian Rotliegend
strata, beneath which the seismic reflection resolution is
significantly reduced. Seismic reflections can be traced
across the DZ. A common feature of the DZ is the abrupt
downward vertical shift of reflections within the DZ. The
magnitude of the vertical shifts of the internal seismic re-
flections within the DZ are seen to be constant with depth
(Fig. 6).

The lateral variation of DZ width and internal reflection
geometry is seen throughout the dataset (Figs 6 and 8).
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Fig.4. Map of the seismic study area showing theTertiary fold
axes and erosion of the Cretaceous and Tertiary strata. Figure 5
seismic lines are highlighted.

Figure 6a shows a close up of a typical wide DZ from Fig. 5.
The DZ is 1 km wide and consists of a central vertical seis-
mic disturbance, (marked Q ) and one vertical (marked X),
and one sub-vertical seismic disturbance (marked Z), that
mark the lateral boundaries of the DZ. Above the central
vertical disturbance, in the Cretaceous age Chalk Group,
is a downward tapering, broadly triangular high amplitude
unit of seismic reflections (Fig. 6, marked HA). The seis-
mic reflections in the lower part of the unit dip towards
the upper stratigraphic tip of the central disturbance,
(marked Q ), and the upper reflections of this unit decrease
in dip upwards, becoming horizontal at the top of the unit.
Seismic reflections within the Chalk are truncated by the
HA unit. The lateral seismic disturbances, marked X and
7, join up with the upper edges of the HA unit (Fig. 6).

Some of the DZ are characterized by a narrower seismic
reflection disturbance. The reflections within the narrow
DZ are displaced downwards and the reflections either
side of the DZ can accurately be traced across the DZ
(Fig. 6b). The narrower DZ do not contain internal seismic
truncations or disruptions seen in the broader DZ (Fig. 6a
and b).

The top of the DZ is characterized by depressions; the
margins of which are marked by steep normal faults. The
depressions are identified in the seismic reflections mark-
ing the top of the Chalk Group (Figs 6a, b and 8). The
down-sagged reflections (Figs 6a, b and 8) are located
above and below the continuous reflection marking the
top of the Chalk Group. Subtle onlapping reflections are
found within the depression above the top Chalk seismic
reflection and a thickening of strata is observed above the
down-sagging reflections (Figs 6a, b and 8). The onlapping
reflections within the depression are most likely Tertiary
siliclastics onlapping onto Cretaceous Chalk. The DZ is
spatially related to the overlying depression. Where the
depression is narrow, the underlying DZ is narrow;
where the depression is wide the underlying DZ is wide
(Figs 6 and 8).

| .tm-slal fi i\

U}
L -

Za '.";“-"
= = N ES
- '
P , . A L
! - 3 v e =
PRI b
2% e~ i e T Sar Rl ey

T

i 4

ase Zechstein.
= 4 TR T ey g

- =

Fig. 5. Seismic lines across the survey, perpendicular to the
trend of the DZ, showing the vertical seismic characteristics of
the disturbance zones (DZ). (a) Seismic line showing the
location of the dykes. A, B and C correspond to DZ and dyke
location. Dyke C is only identified in this seismic line. (b)
Adjacent seismic line showing the variation in DZ width. (c) The
main stratigraphic seismic reflection markers are highlighted.
The DZ width is considerably thinner than the previous
examples.
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Fig. 6. Close up of the upper area of a DZ
and a seismic line drawing showing the
main features. (a) Seismic line through a
wide DZ, HA, high amplitude unit, Q ,
central vertical disturbances, X and Z,
lateral vertical disturbances. The internal
Chalk seismic reflections truncate against
the HA unit. Drape of reflections can be
seen above the top Chalk reflection.

(b) Seismic line through a thin DZ.

The high amplitude top Chalk seismic reflection pro-
vides an excellent surface to map the depressions above
the DZ. The top Chalk surface map of the depressions
shows a crater like geometry (Figs 7 and 8). Three linear
NW-SE-orientated crater chains can be identified from
the resulting top Cretaceous age map (Fig. 7). The largest
linear chain of craters A and B trace the fold axes of adja-
cent synclines (Fig. 7) and the long axes of the craters are
aligned along the synclinal fold hinge. Crater chain Cislo-
cated near the crest of the anticline between crater chains
A and B (Fig. 7). With closer inspection the craters are seen
to be composed of linked depressions with complex inter-
relationships (Fig. 8).

The craters have been classified into linear, circular, el-
lipsoidal and elongate end-member geometries. In all
types, the long axis of the crater is parallel to the DZ orien-
tation, have flat crater rims and the width of the crater di-
rectly corresponds to the width of the underlying DZ. The
linear craters are around 200 m wide and have vertical walls
10-20 m deep (Fig. 6b). Circular crater depressions have a
diameter ranging from 300 to 700 m and link up with the
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Fig.7. Top Cretaceous age Chalk time map over the seismic
survey. The three dykes are highlighted, trending NW-SE and
appear as linear crater chains tracing the synclinal fold axes.
The offset geometry of dyke A and the southern synclinal fold
axes is highlighted. The hot colours indicate stratigraphic
highs and cold colours, lows. Boxes highlight the location

of Fig. 8.
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Fig. 8. Close up images of the types of
crater found in the survey and
corresponding seismic lines through the
craters. (a) Seismic line through an
elongate crater with an enclosed smaller
circular crater. (b) Seismic line through an
ellipsoidal crater. (c) Seismic line through
a large ellipsoidal crater that has a large
underlying triangular diatreme root.
Locations are shown in Fig. 7.

linear craters at their lateral tips (Fig. 8b). Ellipsoidal crater
depressions are often seen to have coalesced with other
smaller ellipsoidal and circular crater depressions (Fig.
8c). Their long axis length is around 1 km and the short axis
around 0.5 km. Elongate crater depressions have a similar
size range to the ellipsoidal crater depressions but differ
in having a more angular rectangular geometry (Fig. 8a).
Small circular craters can be found within the larger elon-
gate craters, implying that the small circular craters post-
date the larger rectangular craters (Fig. 8a). The largest
crater in the data coverage does not fall into any of the de-
scribed geometries and has an irregular sub-circular
shape. Its long axis is 2.5 km and short axis is 2 km; it also
has avery complex internal structure where the seismic re-
flections are broken and discontinuous. Figure 8 shows the
range of crater shapes found in the survey and their corre-
sponding vertical DZ.

Interpretation of magnetic data

A high-resolution marine magnetic survey located over
the eastern area of the dataset has been used to investigate
the DZ imaged by the seismic reflection data. The ULT035
magnetic survey was recorded by Edcon Incorporated and
processed by Ark Geophysics in 1990. The magnetic data

were gridded at a pitch of 500 m and contoured at an inter-
val of InT (nanotelsa) producing a colour shaded relief
map (Fig.9).

The magnetic anomaly map shows two large linear ne-
gative anomalies trending NW-SE tracing the synclinal
axes and a third smaller linear negative anomaly tracing
the crest of the anticlinal axes (Fig.9). The linear anomalies
vary considerably in width along strike, ranging between 2
and 8 km. The linear magnetic anomalies are aligned along
the same orientation and position as the linear craters and
DZ identified from the seismic reflection data. Each linear
negative anomaly (low contours) can be interpreted as the
response to a vertically magnetized dyke or dyke system in
the dataset and is strong evidence for dykes in the subsur-
face (Brown ez al., 1994). The negative anomalies are the
result of the igneous rock being intruded at a time when
the Earth’s magnetic field was reversed. A magnetic profile
orientated perpendicular to the interpreted dyke trend has
been modelled using one of the magnetic survey grid lines
(Figs 9 and 10). The magnetic model illustrates the com-
parison of the observed magnetic field and computed
magnetic field for a sub-vertical, narrow igneous body ris-
ing to 0.8 km below the mean sea level, corresponding to
the upper limit of the DZ. To match the observed mag-
netic field a number of dykes have been interpreted to be
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Fig.9. (a) Magnetic anomaly map over the dataset showing the
location and interpretation of the negative magnetic
anomalies. (b) Top Cretaceous time map showing the location
of the magnetic survey grid in relation to the seismic data
coverage.

present within the model (Fig.9). The calculated magnetic
field does not correspond with the observed model when
two dykes are modelled aligned along the DZ position.
Only when more adjacent dykes are added to the model
does the calculated field match the observed magnetic
field (Fig. 10). In addition to modelling dykes to match the
observed magnetic profile we have modelled the presence
of an igneous sill (Figs 9 and 10). The variation of width of
the linear magnetic anomaly along strike can be inter-
preted as evidence for the presence of a sill in association
with the vertical dykes. Onshore and seismic investiga-
tions of igneous plumbing systems of Cenozoic age have
found the presence of dykes and sills to be very common
and similar sill intrusions have been found in association
with dykes in the central North Sea (Smythe, 1994).
Although the exact width and height of the igneous bodies
cannot be established accurately due to the many different
possible outcomes of the modelling, the magnetic data
and model clearly demonstrate that igneous dykes and sills
are present in the dataset and it is possible that the major-
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Fig.10. (a) Magnetic model showing the observed and calculated
magnetic field and the predicted location of igneous material in
the dataset. Location of seismic line shown on Fig. 9. (b) Vertical
seismic line showing the interpreted location of the dykes and
sills in the dataset.

ity of these igneous bodies are not imaged by seismic re-
flection data (Fig. 10).

Interpretation

From the seismic observations alone the DZ could be po-
tentially interpreted as a number of different ways. A verti-
cal seismic disturbance is a characteristic of gas chimneys
(Loseth et al., 2009). Gas chimneys and shallow gas can be
associated with pockmarks at the sea bed or shallow high
amplitude reflections indicative of gas deposits (Loseth
etal., 2001). Sandstone pipes are also characterized by ver-
tical seismic disturbances and are usually associated with
cross cutting of or disruption of stratal reflections (Cart-
wright 2007, Huuse et al., 2007). In the dataset the DZ do
not reach the sea bed, no pockmarks are found on the sea
floor and no distinct high-amplitude shallow gas pockets
can be identified. The DZ are similar to hydrothermal vent
complexes that originate from transgressive sills identified
in the Northeast Atlantic margin (Jamtveit et al., 2004;
Planke ez al., 2005).

Significantly the combination of the DZ imaged in the
seismic data and the overlying magnetic anomaly can allow
us to confidently interpret the presence of dykes in the da-
taset, adding to those few dykes previously found in the
SNS using these geophysical methods in combination

Journal Compilation © Blackwell Publishing I.td, European Association of Geoscientists & Engineers and International Association of Sedimentologists 187



M. Wall et al.

(Brown et al., 1994, Kirton & Donato 1985). The negative
magnetic anomaly is consistent with a dyke or dyke cluster
located in the centre of the DZ (Figs 9 and 10). We cannot
confidently estimate the dyke width or distinguish between
a dyke and a dyke cluster due to the unknown magnetic
susceptibility of the igneous material. Using the magnetic
model we predict that the most likely location of the dyke
or dyke cluster to be within the central disturbance C in the
centre of the DZ (Fig. 10).

The downward tapering triangular unit, HA, identified
in the seismic data directly overlies what we interpret to be
dykes identified by the magnetic data (Figs 6a and 10). The
triangular shape of the HA unit and the overlying crater
closely resembles surface craters formed by the venting of
fluids and diatreme roots created by phreatomagmatic
processes (Novikov & Slobodskoy, 1978; Lorenz, 1986,
Nemeth er al., 2001 and Jamtveit et al., 2004) (Figs 6a
and 8). The HA unit can be interpreted to represent a tri-
angular erosional cavity or diatreme root formed by a
phreatomagmatic explosive interaction between basaltic
magma, water-saturated sediments and seawater. The lin-
ear crater chains overlying the HA unit would in this inter-
pretation mark the upper limit of the diatreme root and
would therefore represent the surface expression of the
underlying dyke.

The magnetic model cannot predict the width of the
dykes present in the dataset; we therefore estimate dyke
width to probably be consistent with the average dyke
width (I-3m) from the Mull igneous province (Jolly &
Sanderson, 1995) but most likely to be comparable with
the onshore Cleveland dyke (average width 20 m) and other
‘solitary dykes’ originating from the Mull igneous province
(Macdonald et al., 1988). Importantly the Cleveland dyke
width varies considerably along strike between 5 and 30 m
with no systematic variation in width (Macdonald ez al.,
1988). Moreover dyke width does not correspond to the
width of the DZ identified in the seismic data. To explain
the width of the DZ the relationship with the magnetic
anomaly and the overlying crater must be explored.

Interpretation of the magnetic anomaly does not ex-
clude the possibility of the DZ being composed of one dyke
or a linear dyke swarm consisting of numerous anastomos-
ing dykes corresponding to the DZ width (Figs 9 and 10).
Importantly, the crater width directly corresponds to the
DZ width (Fig. 6), implying a direct relationship.

The DZ consists of three main disturbances that mark a
break in reflection continuity, X, Q and Z for wide craters
and one main vertical seismic disturbance for a thin DZ
(Fig. 6). Using our observations from the seismic and mag-
netic data, and taking account of the various models of
dyke emplacement and maar development, we infer dyke
location to be in the centre of the DZ, below the triangular
HA (Figs 6, 9 and 10). Therefore, the other observed dis-
turbances within the DZ need to be explained. Since the
remaining disturbances, X and Z, consistently underlie
the edges of the overlying crater cut into the high velocity
Chalk Group, the low velocity Tertiary siliciclastics infill-
ing the crater would result in lateral velocity anomalies

being produced from the edges of the crater. The Ter-
tiary siliciclastic crater infill would have a slower seismic
velocity than the mainly chalk country rock adjacent to
the crater (Fig. 6). A pushdown artefact would therefore re-
sult from the fill of low seismic velocity strata, causing the
seismic reflections below the crater to be displaced
(pushed down) by the thickness of the crater infill. The loss
of continuity along strike of the outer disturbances is
further evidence that they are indeed seismic artefacts.

Artefacts are vertical features in seismic reflection data
(Brown, 1999) and sub-vertical artefacts are generally pre-
sent due to the processing and migration of the seismic re-
flection data. The sub-vertical nature of the DZ may
directly relate to the inclined dip of the dyke and the effect
of the dyke on the surrounding country rock. The reduc-
tion of porosity and thermal alteration of the country rock
surrounding a sill or dyke is likely to be proportional to the
thickness of the igneous body (Einsele ez al., 1980). Without
any direct evidence that a single dyke, 1-20 m wide, could
have had an effect on the adjacent 500 m of country rock
we believe that the vertical and sub-vertical DZ are most
likely to be seismic artefacts and do not represent real fea-
tures imaged by seismic reflections. We note that dyke
width is considerably smaller than the horizontal seismic
resolution. Reprocessing of the seismic reflection data
and examination of the near and far seismic datasets would
result in a better understanding of the DZ and clearer ima-
ging of the dyke’s effect on the seismic reflections.

DISCUSSION
Dyke emplacement and crater chain formation

To our knowledge, dykes have not directly been recognized
in detail using 3D seismic reflection data before. Pre-
viously only 2D seismic reflection data coupled with mag-
netic data have provided an understanding of dyke
geometry in the subsurface (Kirton & Donato, 1985;
Brown ez al., 1994). Using 3D seismic reflection data we
are able to produce a 3D spatial understanding of dyke em-
placement in the SNS.

Dyke emplacement and maar formation can best be stu-
died in areas of recent igneous activity. Significantly, re-
cent igneous events where dykes have been emplaced are
rare; only events in Alaska in 1977, Iceland in 1875 and
present day California and Afar have been recorded in any
detail (Lorenz, 1986; Mastin & Pollard, 1988 and Wright
et al., 2006). Importantly eroded and exposed maars and
diatremes, and their deposits, allow the study and recon-
struction of dyke emplacement and phreatomagmatic pro-
cesses, (Novikov & Slobodskoy, 1978; Kokelaar, 1986,
Lorenz, 1986, Nemeth et al., 2001; Jamtveit ez al., 2004 and
Svensen ezal., 2006) but it is rare to find evidence of a linear
dyke with chains of cavities/craters formed by the interac-
tion between magma and water.

The dykes in this study area are most likely to have been
emplaced into highly porous unconsolidated Cretaceous

© 2009 The Authors

188 Journal Compilation © Blackwell Publishing Ltd, European Association of Geoscientists & Engineers and International Association of Sedimentologists
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Fig.11. (a) Schematic model for dyke
emplacement and diatreme root
formation, based on Lorenz (1986) and
Jamtveit ezal. (2004). (b) Block diagram
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showing the coalescing nature of the

age Chalk sediment and Early Tertiary siliclastics near the
seabed with porosities ranging from 50% to 70%, (Mallon
& Swarbrick, 2002) overlain by a 50-100 m sea water col-
umn (Cameron ezal., 1992). As the dyke propagate vertically
they would encounter host sediments with increasing por-
osity and this might reasonably have resulted in an
increased accumulation of volatiles forming at the propa-
gating dyke tip (Wilson & Head, 2007). As a dyke propagate
upwards through the sediment overburden, hot volatiles
and gases would escape above the dyke tip inducing frac-
turing of the country rock (Fig. 11). Escape of the volatiles
to the seafloor would create an initial slit-shaped conduit
extending up from the dyke tip (Novikov & Slobodskoy,
1978). The conduit wall could have been disrupted by the
dynamic effect of the gas explosion velocity, which may
reach 100-200 m/s, leading to its certain expansion and de-
crease in the local hydraulic impedance. This would have
caused an increase in the flow velocity and further disrup-
tion of the conduit as it transforms from a simple slit to
elliptical, circular and finally pipe-like form (Novikov &
Slobodskoy, 1978). A cone-shaped cavity can also form
near the seafloor in the country rock by the initial explo-
sion caused by the magma—seawater interaction and the
overcoming of the confining pressure (Lorenz, 1986). The
cavity grows vertically downwards as the confining pres-
sure decreases. Seawater and recycled sediment infill the
space created by the explosion. Downward growth is
accompanied by lateral expansion of the cavity by gravita-
tional collapse of the cavity/crater wall (Novikov & Slo-
bodskoy, 1978; Lorenz, 1986; Houghton er al, 1999;
Nemeth et al., 2001).

The weak cohesive strength of the near surface high
porosity Cretaceous chalk and seabed sediments could
have facilitated slumping of the margins into the diatreme
cavity, creating the triangular shaped high amplitude pack-
age identified in the seismic data (Fig. 11). Further recy-
cling of material by magma—water interaction explosions
is due to the influx of Chalk aquifer pore water and sea-
water. Catastrophic loss of pore water and subsequent por-
osity in the Chalk host sediments by vapourization caused
by the hot magma would have led to rapid and localized

© 2009 The Authors

cavities and overlying craters.

compaction around the dyke (Brown ez al., 1994). This vo-
lume reduction is recorded by the marked thinning of the
Cretaceous chalk isopach around the dyke (Fig. 5).

Phreato—magmatic interactions are strictly controlled
by the amount of groundwater present; too much water
and the eruption is obstructed (Lorenz, 1986; Scott & Wil-
son, 2002). The optimum ratio of magma : water for maar
formation is 3:1 (Scott & Wilson, 2002). In a submarine
setting the ratio of groundwater to magma may be too high
for eruption to take place. If this is the case, it is more likely
that the linear craters were formed by magmatic processes
involving juvenile volatiles escaping from the dyke tip. As
the dyke tip stalls, gases and volatiles rising through the
magma congregate at tip of the dyke forming a gas cap.
The leakage of the gas cap to the surface results in the col-
lapse of the overlying country rock into the void created
and the formation of a collapse crater at the surface (Scott
& Wilson, 2002; Svensen et al., 2006).

The variation in crater size, geometry and the presence
or absence of a diatreme feeder root (HA unit) over a short
distances identified in the seismic data is intriguing
(Fig. 7). Larger craters found in the dataset that have a tri-
angular cavity above the dyke (Fig. 8c) are most likely the
result of a water vapour explosion caused by the interac-
tion between magma and seawater, creating a diatreme like
root which contains slumped and reworked material
(Fig. 11a and b). The thinner linear craters (Fig. 6b) do not
have a cavity beneath them and are the result of collapse of
surface rocks into the space vacated by the leakage of
gas which has accumulated at the top of a dyke. Larger
elongate craters that contain smaller circular craters (Figs
8a and 11b) are most likely the result of further degassing of
the magma after the initial cavity is formed. Long-term
venting of volatiles may continue for a significant period
of time after the creation of the main cavity. The coalescing
of the craters indicates that craters developed indepen-
dently of each other, joining together during crater growth.

Lateral variation in dyke height and width may control
crater size at the seabed. Higher areas of relief along the
lateral dyke tip may focus the amount of magma volatiles
leading to higher rates of ascent and greater country rock
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fracturing. Vertical and lateral fingering of the dyke tip may
also produce a wide zone of magmatic and country rock
interaction near the seabed and account for the range of
collapse pits in the dataset (Figs 8 and 11). We assume that
the oldest craters are the largest as the longer the duration
of explosive activity, the larger the depth and diameter of
the crater and associated diatreme (Lorenz, 1986). The ad-
vantage of 3D seismic reflection data is that we can follow
the evolution of dyke emplacement in the SPB using this
scaling relationship.

No maar ejecta beds can be identified adjacent to the
craters. This may be the result of the size of the initial cav-
ity formed. A large initial cavity and rapid loss of porosity
from the country rock would result in any extrusive mate-
rial being constrained within a large cavity. The thickness
of ejecta beds range from <10m to >40m (Lorenz,
1986). Thus, it is highly likely that any ejecta beds depos-
ited are below seismic resolution and cannot be imaged.
Regional well analysis has identified numerous tuff and
pyroclastic ejecta beds in SNS hydrocarbon and BGS bore
holes in the Thanetian, (Morton & Knox, 1990) this being
the first evidence for Tertiary pyroclastic sedimentation. A
thick tuff layer within the early Tertiary strata has been dis-
covered in a recent hydrocarbon well, 43/19a-Cl.

Timing of dyke emplacement

The timing of igneous activity is important to further un-
derstand the role of theTertiary igneous province in basin

evolution in the SPB. Sediments onlapping onto the Cre-
taceous age Chalk and Lower Tertiary age rocks date the
formation of the craters overlying the dyke and therefore
dyke emplacement. Owing to the lack of detailed well con-
trol we cannot date these onlapping sediments with accu-
racy. We can observe that the date is probably Late
Palacocene—Farly Eocene (58—54 Ma) due to the fact that
the onlapping sediments lie close to the Cretaceous Ter-
tiary boundary where early Eocene age tuffs have been
found in regional (within 20 km) hydrocarbon exploration
wells and that similar Late Palacocene igneous activity has
been well documented in the Voring and Mere basins
(Lott & Knox, 1994; Svensen ez al., 2003; Jamtveit ez al.,
2004; Planke et al., 2005 and Wall ez al., 2008) (Fig. 6). The
negative magnetic anomaly of the dyke indicates that the
dykes were intruded at a time when the Earth’s magnetic
field was reversed. Reversal of the Earth’s magnetic field
occurred in the Early Tertiary at 63, 58 and 56 Ma (Cande
& Kent, 1995), thus loosely constraining the timing of dyke
emplacement to one of these periods.

The trend of the SPB dykes aligns with the offshore
dykes identified by Kriton & Donato (1985) and with the
onshore Acklington, Blythe and Cleveland dykes that
originate from the Mull igneous centre (Kirton & Donato,
1985; Brown ez al., 1994) (Fig. 12). Emplacement of the
Cleveland dyke has been dated at 58.4 £ 1.1 Ma (Macdo-
nald ezal., 1988). This date corresponds to the Early Tertiary
reversal in the Earth’s magnetic field, matching the mag-
netic anomaly (Fig. 9). We predict that the dykes in our

—= Tertiary dyke swarm
7 Tertiary lava field

¢ Tertiary central complexegs, ,

’ Continuation of
dykes offshore

N

Fig.12. Map of the British Tertiary volcanic province. The map shows the location of the dykes mapped in the SPB and their correlation

with the onshore dykes in the NE of England. From Emeleus (1982).
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dataset are part of the Tertiary igneous province and
are most likely the same age as the Cleveland dyke and the
associated igneous activity in the Norwegian Mere and
Voring basins, therefore giving a date for dyke emplace-
ment in the Late Paleocene, 58 Ma.

Tertiary Igneous Province

The emplacement of the dyke swarm into the SPB is sig-
nificant for the understanding of the evolution of the Ter-
tiary igneous province. The position of the dyke buoyancy
level is unknown, but we can observe that the dyke laterally
propagated hundreds of kilometres into the SPB basin
(Fig. 12). The dykes have the same trend as regional base-
ment lineaments in the SPB. Depending at what strati-
graphic level the dyke was emplaced; the dyke could have
exploited basement weaknesses or their orientation paral-
lel to basement structures could be a coincidence. The
recognition of dykes in the SPB furthers the known extent
of the Tertiary igneous province (Kirton & Donato, 1985;
Brown ez al., 1994) (Fig. 12).

Morton & Knox (1990) found over 200 tephra layers in
the Late Paleocene and Early Eocene in the North Sea
basin and found that the tephras were generated by hydro-
clastic processes. Morton & Knox (1990) stated that the
origin of the highly explosive eruption is uncertain and
that water magma interaction may have occurred all along
the entire 2000 km length of the proto NE Atlantic margin
and is potentially source related. The dykes in the SPB are
potential sources for tephra layers in local wells (e.g. BGS
borehole 81/46 A, Morton & Knox, 1990). Any tephras pro-
duced by the SPB dykes could be transported over vast dis-
tances by sea water currents. Assuming that all dykes
emplaced as a result Tertiary igneous province interacted
with groundwater or seawater and resulted in explosive
maar formation or the creation of hydrothermal vents, vast
amounts of explosive tephra and ash would be produced
and deposited all over the North Sea Basin. Because of ex-
tensive uplift and erosion of the NE Atlantic margin (Scot-
land and Northern England), the dykes and igneous
centres are now exposed on the Earth’s surface, resulting
in all traces of maar and explosive activity being eroded
away from theTertiary igneous province. Only in the SPB,
West of Shetland and in the Norwegian More and Voring
basins, where burial has preserved the dykes and maar cra-
ters, evidence for explosive magma—water interactions still
exists (Skogseid et al., 2000; Jamtveit ez al., 2004).

Relationship between folding and dyke
emplacement

The close spatial correspondence between the position of
the dykes and the synclinal fold axis trends in the SPB is
remarkable. In our dataset and in previous studies dykes
in the SNS have been found to trace synclinal fold axes
(Kirton & Donato, 1985; Brown ez al., 1994). The offset geo-
metry of dyke A (Fig. 7) traces the offset geometry of the
synclinal axes. This relationship is evidence of the control
of dyke location on fold axes. The emplacement of the
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dykes significantly pre dates the Late Eocene—Oligocene
(33-28 Ma) onset of regional folding in the SNS (Ziegler,
1981; Hughes & Davison, 1993). We interpret the dykes to
have acted as strong vertical partitions in the basin cross-
ing the basal detachment for the detachment buckle
folds. Strata between the dyke partitions were buckled by
compressional flexural slip, resulting in the dykes defining
the position of the synclinal axes (Fig. 13). The main com-
pressional stress must be perpendicular to the pin/dyke
orientation for this scenario to occur. At the onset of fold-
ing the basin was tilted to the NE and uplifted in the SW
due to inversion of the SPT (Van Hoorn, 1987). Gravita-
tional collapse of the salt overburden towards the NE
formed long wavelength buckle folds with axes trending
NW-SE (Fig. 2) (Stewart & Coward, 1995) perpendicular
to the dyke direction. Alternatively the dykes could act as
regional weaknesses in the basin forming nucleation
points for fold growth.

Martian pit chain craters

The linear craters identified above the DZ are very similar
to Martian pit chain craters imaged by remote sensing (Figs
8 and 14). We recognize the linear craters imaged in our sur-
vey to be pit chain craters following the criteria of Wyrick ez
al. (2004), where pit chain craters are classified as circular to
elliptical depressions found in alignment (chains), which in
many cases coalesce into linear troughs. Pit chain craters
lack an elevated rim, ejecta deposits, or lava flows that are
associated with impact craters or calderas (Wyrick ez al.,
2004); criteria that are met in our dataset.

Pit chain craters are rare on earth (Ferrill ez al., 2004),
making our observations important to furthering the un-
derstanding of pit chain formation on Earth, Mars and
other planetary bodies. The debate on the origin of pit
chain craters is held back by the lack of an Earth analogue,
and to date up to eight different origins have been

(a] =

Compression —

Fig.13. Model showing the role of dykes in fold development and
growth. (a) The dykes are emplaced into the basin up to the
seabed. (b) The dykes act as partitions in the basin. During
regional compression the strata between the partitions fold by
flexural slip while the dykes act as lateral struts.

Journal Compilation © Blackwell Publishing I.td, European Association of Geoscientists & Engineers and International Association of Sedimentologists 191



M. Wall et al.

Fig. 14. THEMIS image of Martian pit chain craters (image
V03749003, Christensen et al.).

proposed for pit chain crater formation on Mars (Wyrick ez
al., 2004). Our recognition of pit chain craters in the SPB,
buried in the subsurface, provides a new Earth analogue
for pit chain craters on Mars. We recognize that the SPB
pit chain craters are formed by the release of volatiles dur-
ing dyke emplacement. This gives further support towards
the theory that pit chain craters on Mars are formed by the
same igneous processes identified in the SPB.

The proposed Silverpitimpact crater

The Silverpit crater is a proposed impact structure located
20 km to the south of the study area (Fig.1). An igneous al-
ternative origin for the Silverpit structure has been sug-
gested but despite all the controversy surrounding its
origin, this has not been explored (Stewart & Allen,
2004). Before the 1960s the majority of impact structures

were considered to have an igneous cryptovolcanic origin
(Price, 2001). Leaking of volatiles from a sill at depth has
been found to create large 5 km wide craters in the Atlantic
margin (Svensen ezal., 2004). A similar scenario can be put
forward for the Silverpit crater. The Silverpit crater does
not have a vertical seismic disturbance beneath the centre
of the crater, but a narrow conduit could still transport
volatiles to the seabed. However the Silverpit crater forma-
tion has been dated in the mid-Eocene (45 Ma) (Wall ez al.,
2008). The younger age of the Silverpit crater compared to
the timing of igneous activity in the SPB and critically the
lack of a magnetic and gravity anomaly beneath the Silver-
pit crater thus appears to rule out an igneous origin for the
Silverpit crater.

CONCLUSIONS

(1) Three buried dykes have been identified and mapped
in the SPB subsurface using 3D seismic reflection
and magnetic data. Magnetic modelling indicates the
presence of further dykes not imaged by seismic data.
This is attributable to the dykes not reaching the
seabed and causing collapse or explosive interaction
with porewater thus producing the distinct seismic
disturbances imaged.

(2) Emplacement resulted in localized dewatering and
collapse of the country rock above the dyke tip.
Volatiles escaped above the dyke tip due to the interac-
tion between magma and aquifer pore water. Explosive
phreatomagmatism and release of volatiles have re-
sulted in the creation of diatremes and collapse craters
above the dyke tips. The craters above the dykes have
coalesced into linear crater chains. The variation in
crater size and crater interaction has been interpreted
to represent different magma—water interaction pro-
cesses and possible variation in dyke width and height
along strike.

(3) The synclinal fold axes of regional salt-cored de-
tachment folds trace the dykes in the study area. We
interpret the dykes as rigid linear struts that con-
trol the location and wavelength of Late Eocene—
Oligocene folds.

(4) Magnetic anomaly maps over the SPB and the timing
of dyke emplacement rule out an igneous origin for the
Silverpit crater.

(5) The dykes identified in the SPB form part of extensive
Tertiary igneous province. The dykes are estimated to
have an age of 58 Ma.

(6) The dykes identified in the SPB are a new Earth analo-
gue to Martian pit chain craters. The SPB dykes show
that pit chain craters can be formed above dyke tips,
giving further support for an igneous origin for the
Martian pit chain craters.

(7) 3D seismic reflection data coupled with magnetic data
form a powerful tool to map and understand magmatic
intrusion into the Earth’s crust.
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