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Abstract

When continents rift, magmatism can produce large volumes of melt that migrate upwards from
deep below the Earths surface. To understand how magmatism impacts rifting, it is critical
to understand how much melt is generated and how it transits the crust. Estimating melt
volumes and pathways is difficult, however, particularly in the lower crust where the resolution
of geophysical techniques is limited. New broadband seismic reflection data allow us to image
the three-dimensional (3-D) geometry of magma crystallized in the lower crust (17.5-22 km
depth) of the northern North Sea, in an area previously considered a magma-poor rift. The
sub-horizontal igneous sill is ∼97 km long (N-S), ∼62 km wide (E-W), and 180±40 m thick. We
estimate that 472±161 km3 of magma was emplaced within this intrusion, suggesting that the
northern North Sea contains more igneous intrusions than previously thought. The significant
areal extent of the intrusion (∼2700 km2), as well as presence of intrusive steps, indicate sills
can facilitate widespread lateral magma transport in the lower crust.
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1 Introduction

The style of continental rifting critically de-
pends on the strength of the lower crust (e.g.,
Huismans and Beaumont, 2011), which may
be changed by magmatic processes including
melting, magma migration, and crystallization.
To study the effects of magmatism on rifting,
we need to understand the distribution and vol-
ume of magma emplaced in the crust in three
dimensions (e.g. White et al., 2008). Whilst
the current paradigm for magma plumbing sys-
tem structure broadly advocates that verti-
cally stacked sills accumulate and store melt
within the lower crust (e.g. Annen et al.,
2005; Annen et al., 2015; Cashman et al., 2017;
Edmonds et al., 2019), the lateral extent of
these intrusion networks remains poorly un-
derstood. Three-dimensional seismic reflection
data showing acoustic images of the subsur-
face have revolutionized our understanding of
magma plumbing systems in the upper crust
(e.g., Trude et al., 2003; Planke et al., 2005).
In contrast, in the lower crust, seismic studies
have long been limited by data coverage and
resolution, providing an incomplete picture of
the geometry and distribution of lower crustal
intrusions (e.g., Cartwright and Hansen, 2006;
Abdelmalak et al., 2017).

Using one of the largest 3-D seismic reflec-
tion surveys ever acquired (courtesy of CGG),
covering 35,410 km2 of the northern North Sea
rift and imaging down to depths of 22 km (see
Supplementary Texts 1 and 2), we are able to
analyze lower crustal structures at a resolution
of a few tens of meters over thousands of square
kilometers. This analysis allows us to critically
examine and develop hypotheses for the origin
of a lower crustal reflection (LCR), which has
previously been identified in sparse 2-D seismic
profiles (Christiansson et al., 2000; Fichler et
al., 2011) but which we here are able to map
in 3-D. Combining a series of detailed seismic
(e.g. amplitude, polarity, continuity) and ge-
ometric observations (e.g. lobes, saucers, in-
trusive steps), we conclude that the LCR orig-
inates from an extensive igneous sill (±2700
km2), which previously stored significant vol-
umes of magma (472±161 km3) deep in the
lower crust (17.5-22 km).

Figure 1: Location map of the North Sea
showing the area covered by the 3-D seismic
survey (courtesy of CGG) with LCR (white
outline), magmatic dikes (red lines), tectonic
faults (black lines) and volcanic rocks (red
polygons) emplaced between the Late Car-
boniferous (∼300 Ma) and the Late Triassic
(∼220 Ma) as part of the Skagerrak-centered
Large Igneous Province (Fossen and Dunlap,
1999; Bingen and Solli, 2009; Fazlikhani et al.,
2017). Offshore the distribution of volcanic
rocks is constrained by well and seismic data
(Heeremans and Faleide, 2004; Torsvik et al.,
2008; Phillips et al., 2017). Topography and
bathymetry are from ESRIs World Elevation
Service (Weatherall et al., 2015).

2 Geological setting

The study area is located in the northern North
Sea (Fig. 1), where continental crust consists
of 1030 km thick crystalline basement over-
lain by up to 12 km of sedimentary strata de-
posited during, after, and possibly even be-
fore periods of Late Permian-Early Triassic and
Middle Jurassic-Early Cretaceous rifting (e.g.,
Bell et al., 2014; Maystrenko et al., 2017).
The crystalline basement formed by terrain ac-
cretion during the Sveconorwegian (1140-900
Ma) and Caledonian (460-400 Ma) orogenies
(Bingen et al., 2008). During the Caledonian
orogeny, subduction of continental crust sub-
jected some of these basement rocks to high-
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and ultra-high pressure metamorphic condi-
tions sufficient for partial eclogitization (Aus-
trheim, 1987). A lower crustal reflection (LCR)
identified in older two-dimensional (2-D) seis-
mic reflection data imaging our study area is
characterized by a high-amplitude and positive
polarity, and has previously been suggested to
mark the top of a km-thick volume of eclog-
itized rocks (Christiansson et al., 2000). In
contrast, based on 2-D gravity and magnetic

modelling, Fichler et al. (2011) infer that
the LCR defines the boundary between overly-
ing continental crust and an underlying, high
magnetic susceptibility, serpentinized mantle
wedge. Testing these existing hypotheses for
the origin of the LCR in the context of the geo-
dynamic evolution of the northern North Sea
using 3-D seismic reflection data is the focus of
this study.

Figure 2: A: North-south seismic sections showing the lower crustal reflection (LCR) with
close-up of seismic trace indicating peak-trough- wavelet similar to tuning wedge (C) and with
frequency amplitude spectrum showing dominant frequencies of 10±2 Hz around the LCR. B:
East-west seismic section. C: Tuning wedge model based on acoustic impedance increase with
depth. D: Thickness versus amplitude cross-plot of the LCR with *thicknesses calculated from
time difference between top and bottom reflection using an interval velocity of 7 km/s (Rosso,
2007). Note consistency of thickness estimates (180±40 m) between C and D. Seismic data
courtesy of CGG.

3 Observations

The LCR appears as a high-amplitude, pos-
itive polarity seismic reflection in the lower
crust at depths of 17.522 km depth (Figs. 2,
3; Supplementary Fig. 1), and can be mapped
continuously over ∼2700 km2 (Fig. 4, Supple-
mentary Fig. 2). The LCR is ∼97 km long
(N-S) and ∼62 km wide (E-W), consisting of

several irregular lobes that laterally extend up
to ∼20 km outwards from its center (Fig. 3B,
4, Supplementary Animation 1). These irreg-
ular lobes consist of several smaller, laterally
connected saucer geometries (i.e. a flat inner
surface that passes laterally into an inclined
limb) (Figs. 3B; 4).
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Figure 3: Seismic features of the LCR indica-
tive of an igneous intrusion. A: Comparison
between uninterpreted and interpreted seismic
section showing discordance between the LCR
and host strata (cf. Cartwright and Hansen,
2006; Magee et al., 2016), B: Lobe geometries
extending outwards from the LCR (cf. Small-
wood and Maresh, 2002; Magee et al., 2016)
and saucer geometries showing a flat inner
sill that passes laterally into an inclined limb
(cf. Polteau et al., 2008; Haug et al., 2018;
Infante-Paez and Marfurt, 2018; Schmiedel
et al., 2019). C: Intrusive steps, i.e. i.e.
laterally-elongated vertical steps (cf. Hansen
et al., 2004; Magee et al., 2016; McBride et
al., 2018) with elongated amplitude anoma-
lies (cf. Smallwood and Maresh, 2002). D:
Tuning effects due to the interference of waves
originating from the top and base of a thin
body, E: Lateral continuity of the LCR over
a large area (∼2700 km2) (cf. Magee et al.,
2016) shown by 3-D surface and 2-D seismic
section (see Supp. Fig. 2). Surfaces on B,C
and E show the depth of the LCR (in kilometer
below the seafloor) overlain by the amplitude
envelope extracted along the surface. Seismic
data courtesy of CGG.

These saucers are also the deepest part of
the LCR, extending down to a depth of 22
km, whereas the central part of the LCR is
much shallower (17.5 km). The center of the
LCR displays a series of elongated, 100300 m
high vertical steps that cross-cut discontinu-
ous, medium- to low-amplitude, background
reflections (Figs. 3A, 4). We observe sev-
eral elongate high-amplitude anomalies aligned
along these vertical steps in the horizontal
plane (Figs. 3C, 4).

In general, the LCR shows: (1) high am-
plitudes, (2) a peak-trough wavelet, and (3)
approximately equal peak and trough ampli-
tudes, features that are typical of tuning effects
(e.g., Widess, 1973; Robertson and Nogami,
1984; Sheriff and Geldart, 1995) (Figs. 2, 3D).

Tuning occurs when seismic waves originating
from the top and base of a thin body inter-
fere on their return to the surface (e.g., Brown,
2011). We can estimate the thickness of a body
where constructive interference from top and
base produces a single tuned response, rather
than two separate seismic reflections. Based
on observed dominant frequencies of 10±2 Hz
(Fig. 2A) and seismic velocities of 6.9±0.1
km/s for these basement rocks, derived from
a recent wide-angle 2-D seismic survey (Rosso
(2007), we estimate that the LCR originates
from a 180±4 m thick body (Fig. 2C); this
tuning thickness is consistent with an indepen-
dent estimate based on an amplitude vs. thick-
ness cross-plot (Connolly, 2005; Francis, 2015)
(Fig. 2D) (see Appendix: Tuning thickness).
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Figure 4: 3-D geometry of lower crustal reflection (LCR) originating from an igneous sill.
Evidence for the LCR being an igneous intrusion includes: (1) significant lateral continuity
(∼2700 km2) (cf. Magee et al., 2016); (2) irregular lobes extending outwards (cf. Smallwood
and Maresh, 2002; Magee et al., 2016), (3) saucer-shape geometries forming parts of these lobes
(see B) (cf. Polteau et al., 2008; Haug et al., 2018; Infante-Paez and Marfurt, 2018; Schmiedel et
al., 2019); (4) intrusive steps (cf. Hansen et al., 2004; Magee et al., 2016; McBride et al., 2018)
and (5) elongated amplitude anomalies (cf. Smallwood and Maresh, 2002). Magma flow lines
are drawn from elongated amplitude anomalies perpendicular to intrusive steps (see A). Depth
conversion is based on shallow (0-5 km) checkshot and deep (5-22 km) seismic data (Rosso,
2007; Bell et al., 2014). A 3-D animation of the surface can be found in the supplementary
material. Seismic data courtesy of CGG.
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4 Discussion

We observe that the LCR shows typical effects
of tuning (e.g. equal peak and trough ampli-
tudes; Fig. 3D), which implies that it orig-
inates from a thin layer rather than the top
of a several km-thick rock volume (cf. Chris-
tiansson et al., 2000; Fichler et al., 2011). Fur-
thermore, the suggested eclogitization (Chris-
tiansson et al., 2000) and serpentinization ori-
gins for the LCR (Fichler et al., 2011) are at
odds with observed velocities and the polarity
of the LCR. For example, whilst eclogitization
was initially postulated based on inferred seis-
mic velocities of >8 km/s in the region of the
LCR (Christiansson et al., 2000), recent wide-
angle 2-D reflection and refraction data re-
veal normal velocities of 6.9±0.1 km/s (Rosso,
2007) (see Appendix for more details). In con-
trast, serpentinization reduces seismic veloc-
ities (Christensen, 2004), which would result
in a downward decrease in acoustic impedance
and a negative polarity reflection, rather than
the normal polarity we observe for the LCR
(e.g. Figs. 2, 3).

After examining previous interpretations of
the LCR, we now discuss other explanations
for lower crustal reflections. Reflections from
highly strained rocks within a shear zone could
explain the tuning effects, but shear zones are
usually several kilometers thick in the lower
crust and typically imaged as multiple, sub-
parallel seismic reflections (Clerc et al., 2015;
Fazlikhani et al., 2017). As such, it is difficult
to explain the isolated, sub-horizontal reflec-
tion we observe (e.g. Fig. 2) in terms of a
ductile, lower-crustal shear zone. Instead, we
observe that the LCR shows the characteris-
tic features of igneous intrusions observed in
the field, seismic reflection data, and numeri-
cal models. First, the LCR cross-cuts numer-
ous inclined, discontinuous background reflec-
tions that originate from the host stratigra-
phy (Fig. 3A). Discordance between igneous
intrusions and the host stratigraphy is com-
monly observed in seismic images from sed-
imentary basins and develops when magma
cross-cuts existing strata without offsetting it
(e.g. Cartwright and Hansen, 2006; Magee et
al., 2016; Eide et al., 2017). Second, the LCR
shows irregular lobes extending outward from

its central axis (Fig. 3B). Similar lobes are
commonly observed in igneous sills (i.e. tab-
ular sheet intrusions) imaged by 3-D seismic
reflection data, as well as those observed in
field exposures, and form by incremental em-
placement of discrete magma injections (e.g.
Smallwood and Maresh, 2002; Schofield et al.,
2012a; Magee et al., 2016). Third, these lobes
are themselves comprised of a series of saucers
consisting of a flat inner surface that passes
laterally into an inclined limb (Fig. 3B). Nu-
merous sills observed in the field, seismic reflec-
tion data, and produced in numerical and ana-
logue models display saucer-shaped morpholo-
gies, formed when a relatively flat sill devel-
ops transgressive inclined limbs in response to
stress perturbations and/or host rock deforma-
tion at its lateral tips (e.g. Malthe-Srenssen
et al., 2004; Polteau et al., 2008; Haug et al.,
2018; Schmiedel et al., 2019). Fourth, the
LCR contains several elongated, linear, verti-
cal steps (Fig. 3C), which appear similar to in-
trusive steps formed during sheet propagation
and are a record of magma flow (e.g., Hansen
et al., 2004; Magee et al., 2016; Magee et al.,
2018; McBride et al., 2018). Fifth, the LCR
displays laterally-elongated amplitude anoma-
lies (Fig. 3C), which likely relate to subtle,
local variations in intrusion thickness and may
correspond to magma flow channels (cf. Hol-
ness and Humphreys, 2003). Sixth, the tuning
effects displayed by the LCR are indicative of
reflections emanating from a thin body (Figs.
2C; 3D), consistent with the seismic expression
of relatively thin sills observed in real and syn-
thetic seismic reflection data (¡300 m; Magee
et al., 2016). Seventh, the LCR is continuous
over a large area (∼2700 km2) (Fig. 3E), a
common feature of sills, which can extend over
several hundreds of kilometers (e.g. Magee et
al., 2016). The combination of these observa-
tions supports our interpretation that the LCR
originates from an igneous sill.

5 Implications

We estimate a magma volume of 472±161 km3

for the LCR by multiplying the surface area
(∼2700 km2) with the inferred tuning thick-
ness (180±40 m). Whilst the LCR intrusion
is less voluminous than the largest exposed or
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seismically imaged sills (e.g. sills in the Ferrar
sill-complex or Antractica of up to 105 km3),
it is still more extensive than most sills in the
Karoo or Franklin sill complexes (Cruden et
al., 2017). The LCR intrusion volume is of the
same order of magnitude as layered mafic intru-
sions emplaced in sedimentary rocks (see Fig.
1b in Cruden et al., 2017) as well as stacked
lower crustal intrusions mapped in 2-D seismic
reflection data from the North Atlantic mar-
gin (540-600 km3; White et al., 2008). Con-
straining the composition of this intrusion is
not possible given the uncertainty in measured
velocity measurements (6.9±0.1 km/s; Rosso,
2007) and the insensitivity of seismic velocities
to compositional variations in igneous rocks
(Behn and Kelemen, 2003; Bartetzko et al.,
2005). In addition to our volume estimates,
we constrain magma flow patterns within the
LCR using intrusive steps (Fig. 3D) and am-
plitude anomalies (Fig. 3E). Intrusive steps
form because propagating sheets are commonly
segmented, with individual segments intrud-
ing at slightly different structural levels (e.g.
Schofield et al., 2012b; Magee et al., 2018). As
magma intrusion continues and the segments
inflate, they coalesce to form a through-going
sill that contains vertical steps marking seg-
ment boundaries, with the long axes of steps
and segments reflecting the initial sheet prop-
agation direction (e.g. Schofield et al., 2012b;
Magee et al., 2018). This process results in
thickness variations, which translate into am-
plitude anomalies due to tuning effects (Magee
et al., 2015). We observe these elongated am-
plitude anomalies on the LCR in map view
(Fig. ). The presence of up to 20 km long steps

and amplitude anomalies, which may repre-
sent magma channels within the LCR, implies
that emplacement occurred primarily through
lateral flow, rather than by amalgamation of
many small sills fed by dykes. Whilst magma
plumbing systems are typically depicted as
dyke-dominated, with sills forming vertically
stacked storage reservoirs in the lower or up-
per crust (e.g. Annen et al., 2005; Annen et
al., 2015; Cashman et al., 2017; Edmonds et
al., 2019), our observations highlight signifi-
cant horizontal transport in the lower crust.

6 Conclusions

This study reveals a lower crustal igneous in-
trusion in a continental rift (northern North
Sea), which has long been considered magma-
poor. This sill is ∼97 km long in north-south
and ∼62 km wide in east-west direction show-
ing evidence for significant lateral transport
(up to 20 km) of large volumes of magma
(472±161 km3). This study shows how ad-
vanced 3-D seismic imaging can help us un-
derstand magmatic processes occurring deep
within the crust.
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Appendix

Seismic acquisition: Seismic acquisition The
seismic data (courtesy of CGG) were acquired
with a G-Gun array consisting of 3 subarrays
with a source array depth of 6-9 m; a source
length of 16-18 m; a shot point interval of 18.75
m; source separation of 37.5 m; a volume of
0.07456 m3 and an air pressure of 1.379e+7 Pa.
The streamer consisted of 12 up to 8 km long
cables with 636 channels each; a cable sepa-
ration of 75 m and group spacing of 12.5 m;
depths of 7-50 m covering offsets of 150-8100
m. The data was recorded with a 2 ms sample
interval; 9000 ms recording length; a low cut
filter (2Hz-6db/oct) and high cut (200 Hz-370
db/oct) filter.

Seismic processing: Seismic processing The
seismic data were processed in 90 steps in-
cluding: divergence compensation; low cut fil-
ter (1.5 Hz, 2.5 Hz); noise attenuation (e.g.
swell, direct wave); spatial anti-aliasing filter
(12.5 m group interval); direct wave atten-
uation; source de-signature; de-spike; time-
variant high cut filter; receiver motion correc-
tion and de-ghosting; FK filter; cold water and
tidal statics; multiple modelling with adaptive
subtraction; Tau-P mute; Radon de-multiple;
far angle destriping; multiple attenuation; bin-
ning (75 m interval, 107 offset planes); ac-
quisition hole infill; 5-D regularization; 3-D
true amplitude Kirchhoff pre-stack time mi-
gration; residual move-out correction; Linear
FL Radon; full offset stack with time-variant
inner and out mute; acquisition footprint re-
moval; crossline K filter; residual de-striping
and dynamic Q-compensation. The seismic
volume was zero phase processed with SEG
normal polarity.

Lower crustal velocities: Lower crustal ve-
locities: Christiansson et al. (2000) show 1-D
velocity-depth functions derived from two-ship
seismic refraction data at two locations (ESP
50, ESP 51) with different methods (slope-
intercept, Herglotz-Wiecherts, t2-x2, Tau-p,
forward model). At ESP 50, the slope inter-
cept and Tau-p method indicate lower crustal
velocities of 8 km/s. At ESP 51, the slope in-
tercept, t2-x2 and forward model suggest lower

crustal velocities of 8 km/s. All other meth-
ods provide no velocity estimate for the lower
crust. Odinsen et al. (2000) and Fichler et
al. (2011) do not derive new velocity-depth
data. Rosso (2007) derives new 2-D velocity-
depth data by combining reflection and re-
fraction data recorded along two transects (8
OBS and 8 REFTEK receivers) with Transect
1 (NSDP84-1) passing the two locations (ESP
50, ESP 51) analyzed by Christiansson et al.
(2000). Based on a comprehensive analysis
including event picking, ray-tracing and uncer-
tainty estimation for the entire dataset, Rosso
(2007) concluded that the lower crust has ve-
locities of 6.9±0.1 km/s.

Tuning thickness: Tuning thickness: While
we have already estimated the tuning thick-
ness (180±40 m) from the seismic velocity
(6.9±0.1 km/s) and dominant frequency (10±2
Hz) of the interval of interest as a quarter of
the wavelength (λ/4=v/f/4), we validate this
value with a second estimate based on the am-
plitude versus thickness cross-plot (Fig. 2D).
This estimate is based on the effect that an
amplitude maximum occurs at the point of
maximum constructive interference between
the top and base reflection, i.e. the tuning
thickness (Connolly, 2005; Francis, 2015). For
this estimate, we first extract the amplitude
of the top of the LCR and then calculate the
thickness by multiplying the time difference
between top and base of the LCR with the
seismic velocity (6.9±0.1 km/s; Rosso, 2007).
Cross-plotting the amplitude versus thickness
reveals a maximum at a thickness of ∼180 m
indicating that this tuning thickness estimate
is consistent with the standard estimate based
on a quarter of the wavelength (Brown, 2011).

While we have already estimated the tun-
ing thickness (180±40 m) from the seismic ve-
locity (6.9±0.1 km/s) and dominant frequency
(10±2 Hz) of the interval of interest as a quar-
ter of the wavelength (λ/4=v/f/4), we vali-
date this value with a second estimate based on
the amplitude versus thickness cross-plot (Fig.
2D). This estimate is based on the effect that
an amplitude maximum occurs at the point
of maximum constructive interference between
the top and base reflection, i.e. the tuning
thickness (Connolly, 2005; Francis, 2015). For
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this estimate, we first extract the amplitude
of the top of the LCR and then calculate the
thickness by multiplying the time difference be-
tween top and base of the LCR with the seismic
velocity (6.9±0.1 km/s; Rosso, 2007). Cross-

plotting the amplitude versus thickness reveals
a maximum at a thickness of ∼180 m indicat-
ing that this tuning thickness estimate is con-
sistent with the standard estimate based on a
quarter of the wavelength.

Supplementary Figures

Supp. Figure 1: Uninterpreted version of Figure 2.

Supp. Figure 2: A Uninterpreted and B interpreted seismic section equivalent to Figure 3E.

12


