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Abstract

Imaging both within and beneath subsurface igneous sill complexes is a seismic exploration
challenge. A significant aspect of this challenge is due to a lack of understanding of the
interaction between the heterogeneous geological structures and the seismic wavefield which
includes the seismic response to sub-resolution ‘thin’ sills. This study aims to provide some
insight into the effect of subsurface sills have on the observed seismic wavefield. This is
achieved through high resolution full-waveform elastic seismic modelling, using a realistic
geological model developed from interpreted seismic data and statistics of sills from wireline
logs. We find that little energy penetrates through the sill complex to a target reflector below
the sill complex, which is consistent with real-world observations. This is due to a number of
factors, including energy lost to strong internal multiples (stratigraphic filtering), converted
modes and leaky guided waves within the sills. These processes remove energy from the
primary transmitted wavefront, contributing to degraded seismic imaging. Whilst these are
all fundamental physical limitations that cannot be overcome, further work should focus on
the processing of seismic data to ensure that these aspects of the seismic wave-field around
sill complexes are optimally treated within processing workflows.
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I. Introduction

Subsurface intrusive sill complexes are often considered to be well-imaged using seismic
reflection techniques. This is due to the relative internal homogeneity and strong impedance
contrast of a high-velocity, high density sill intrusion within a lower velocity, lower density
sedimentary host rock, particularly when compared to the challenges associated with
extrusive basalt sequences (Martini & Bean 2002, Maresh et al. 2006, Gallagher & Dromgoole
2007). Hydrocarbon exploration has increasingly focussed on sedimentary basins that contain
igneous sill intrusions. Extensive 3D seismic datasets, supplemented by field observations,
have helped improve our understanding of subsurface igneous sill complexes, which represent
a major form of magma transport within the crust (Smallwood & Maresh 2002, Thomson &
Hutton 2004, Archer et al. 2005, Cartright and Hansen 2006, Muirhead et al. 2012, Wright
et al. 2012, Schofield et al. 2012, Schofield et al. 2015, Magee et al. 2016, Airoldi et al. 2016).
Recent research has shown that up to 90% of the sills penetrated by boreholes are ‘sub-
resolution’, where they are below the limits of vertical seismic resolution and are often missed
during seismic interpretation (Mark et al. 2017, Schofield et al. 2015). Furthermore, whilst
mafic sills typically have a high-velocity and density, due to their Fe- and Mg-rich mineralogy,
silicic sills commonly have a lower velocity and density, resulting in a lower impedance
contrast with sedimentary rocks and a weaker seismic reflection (Mark et al. 2017). During
processing, strong internal multiples may contaminate the final migrated image, giving rise to
the appearance of sills that are not actually present (Hardy et al. 2008), Vertical and sub-
vertical igneous dykes are also missed during conventional imaging. A well-known example
of poor sill imaging comes from the Rockall Trough, where based upon seismic interpretation,

well 164/07-1 was targeting a series of sub-basalt reflections interpreted as interbedded



sandstones and shales, however upon drilling the reflectors where actually found to consist
of a series of sill intrusions ranging in thickness from 1.5 m to 152 m that where parallel to

the regional stratigraphy (Archer et al. 2005).

Sill complexes can have a close association with hydrocarbon sources and reservoirs (Rateau
et al. 2013), and reliable seismic imaging is critical for the correct interpretation. There have
been limited studies into the seismic response of sills based upon seismic modelling. 1D
convolution modelling using simple planar geometries of sills (Magee et al. 2015) can give
indications of the tuning thickness of sills but is of limited use when generating a realistic
seismic response. Point spread function convolution modelling can generate data equivalent
to pre-stack depth migration (Lecomte et al. 2016) and provide a more realistic and
computationally fast seismic response to an input model. These studies often use scaled field
outcrop models from photogrammetry (Eide et al. 2017, Rabbel et al. 2018), indicating that
sub-resolution thin sills may be detected on seismic data in the absence of noise. However,
these studies are focussed on seismic interpretation, rather than the underlying interaction
between the seismic wavefield and the complex intrusion network, and neglect the loss of
signal throughout a sequence. Hardy et al. (2008) use acoustic full-wavefield seismic modelling
and geologically constrained model of a sill complex to show the challenges of seismic
processing around intrusion networks. They show that migration artefacts in the final image,
which are caused by internal multiples, may give the appearance of sills that are not present
and can result in false interpretations of the subsurface structure.

This study seeks to address the knowledge gap of the underlying interaction between
the seismic wavefield and the complex intrusion network, by using elastic full-waveform

modelling to identify the wave propagation processes around subsurface sill complexes to



better understand the interaction of the wavefield with the sills and how this contributes to

reduced sill and sub-sill imaging.

2. Methods

To generate a realistic geological model of a sill complex, both the seismically resolvable ‘thick’
sills and sub-resolution ‘thin’ sills must be considered, as the sills imaged on seismic datasets
may only represent ~10% of the total intruded volume (Mark et al. 2017, Schofield et al. 2015).
We use an example based on morphology of an interpreted sill complex from the Paleogene
Faroe-Shetland Sill Complex within the Faroe-Shetland basin, in the North Atlantic (see Figure
I'l of Schofield et al. 2015). This is a network of interconnected 'thick sills’, where it is known

from well 205/10-2B that large volumes of thin sills are located around the network.

Based upon field evidence of sill networks from the Henry Mountains, Utah (Mark et al. 2019),
the proportion of thin sills is greatest in the vicinity of large intrusions and reduces away from
the thick sill complex. It is not possible to apply sub-resolution ‘thin’ sills in a deterministic
sense (as with the ‘thick’ sills, which are taken directly from interpreted seismic data), so a
stochastic model is developed instead. Other authors use direct field analogues to model the
‘thin’ sills (Eide et al. 2017, Rabbel et al. 2018), but the methodology we apply is based upon
‘random media theory’, which is an effective method to model stochastic heterogeneity within
the Earth's crust (Goff et al. 1994, Levander et al. 1994, Goff & Levander 1996). By combining
a large-scale velocity structure (deterministic) and smaller-scale heterogeneities (stochastic),
a range of geological scales may be modelled (Larkin et al. 1996). Following a similar approach,

a series of ‘thin’ sills are mapped onto the ‘thick’ sill network that follow the underlying



regional stratigraphy and reduce in number away from the sill complex, as observed in the

field (Mark et al. 2019).

Figure | shows the P-wave velocity model. A simple syncline with a compaction gradient
(approximately 0.5 s') lies under a flat seabed at 500 m depth. This represents the background
sedimentary succession but lacks any internal impedance contrasts so that it does not
generate any reflectivity that would confuse interpretation of the reflectivity from the igneous
intrusions. Onto this background model is added the deterministic sill complex taken from an
interpretation of a section of the Faroe-Shetland Sill Complex by Schofield et al. (2015), and
a stochastic range of thin sills morphed to follow the contours of the background sedimentary
model. The P-wave velocity of the sills is set at a single value of 5.75 km s™', the average sill
velocity from well 205/10-2B (Mark et al. 2017). Below the sill complex is a high impendance
sub-sill target reflector (P-wave velocity=6 km s™'), used to test the degradation of the
wavefield below sill complexes. An S-wave and density model are generated based upon an
empirical relation with the P-wave velocity derived from Brocher, 2005. No intrinsic
attenuation is included within the model, so any signal loss is solely from wave propagation

and scattering effects due to the sill complex.

Full seismic wavefield modelling following a 2-D elastic finite-difference approach is
undertaken using SOFI2D (Bohlen 2002), which is accurate to 8" order spatially, and 2™ order
temporally. A 2-D model of 4500 by 1000 grid-points is defined, discretised spatially ata 5 m
interval, giving a model that is laterally 22.5 km long and by 5 km deep. This spatial
discretisation limits the thinnest sill that may be modelled to 5 m. An absorbing perfectly
matched layer (PML) boundary of 20 grid-points is included on all sides of the model, with no

free surface, which eliminates any sea-surface multiples and ghosts and reduces unwanted



reflections associated with a finite model domain. Whilst 160 shots were simulated at 100 m
intervals, within this paper only two are shown (analysis of processing into final migrated data
is left for further research). A single shot takes 20 minutes to compute on 50 CPU
processors. A Ricker wavelet with a peak frequency of 14 Hz is used as a point source located
at 10 m depth. This represents a typical dominant frequency seen on seismic data at the
intruded depths (approximately 5 km) within the Faroe-Shetland Basin (Schofield et al. 2015).
This gives a dominant wavelength of approximately 140-280 m in the sedimentary succession
which is significantly longer then the thickness of the stochastically generated sills. A temporal
discretisation of 0.1 ms is used to progress the wavefield for 40,000 time steps, to give a total

recording length of 4 s.

3. Results

‘Snapshots’ of modelled seismic wavefield at discrete time steps for two shot locations, one
above the sill complex and one at its edge, are analysed to provide a visual understanding of
the interaction between the seismic wavefield and the sill complex. By taking the divergence
and curl of the modelled wave particle velocities from the finite difference simulation, the P-
and S-wavefield can be viewed separately (Dougherty & Stephen 1988). Whilst S-wave energy
is not created by the acoustic source in the water column, P-wave to S-wave conversion
occurs at the boundaries between fluid-solid (e.g. seabed) or solid-solid (e.g. sediment-sill)
layers. Converted waves are known to be strongest where there is a high impedance contrast

between layers (such as at a sill boundary).

Figure 2 shows snapshots of seismic wave propagation at four discrete simulation times (0.80,

1.30, 1.80, 2.30 s) from a shot located over the thickest section of the sill complex (Shot | -



Figure 1). After 0.80 s, observing the P-wavefield only (Figure 2a-i), there is a high amplitude
strong P-wave reflection from the top of the sill complex. The first arriving wave within the
water column is the direct ‘water wave’. Looking at the S-wavefield (Figure 2a-ii), S-wave
energy in the subsurface has been generated at the seabed and sills due to the conversion
from P-waves. By 1.30 s, the P-wave has propagated through the sill complex (Figure 2b-i).
There is high energy loss of the P-wave through the sills, indicated by a low amplitude of the
sub-sill transmitted wavefront. This is due to attenuation of this leading wavefront by
scattering of energy by the high impedance sill complex. This is manifested as strong internal
multiples generated by the wavefield reverberating within the sill complex, which degrades
the overall signal and arrives together with the primary reflections from the sills. Additionally,
refractions within the sills, which are leaky guided waves result in an almost complete energy
loss of the refracted wavefront beyond the critical angle (indicated by the black dashed line).
This is due to leaky waves being characterised by a rapid amplitude loss with distance,
compared to the sediment diving wave, for example, which does not not exhibit the same
energy loss. At the sills, both reflected and refracted P-waves convert to S-waves. The high
amplitudes of the converted waves highlight the strong energy loss to converted waves (Figure
2b-ii). The strongest amplitude converted waves occur at the uppermost sills in the complex
where the point-spreading of the input wavefront is at its least and the primary energy has
not been attenuated by scattering. By 1.80 s, there is a reflection from the sub-sill target
reflector, its low amplitude is due to the lack of energy penetration through the sill complex
(Figure 2c-i). Some of the up-going S-wave energy arising from seabed conversion reflected
from the sill boundaries and conversions within the sill complex is converted back to P-wave
and is recorded on the hydrophones (Figure 2c-ii). However, much of the S-wave energy

remains trapped within the subsurface. Finally, by 2.30 s, the energy within the water layer is



dominated by sill converted waves(Figure 2d-i) having propagated within the subsurface at the

slower S-wave velocity (Figure 2d-ii).

Figure 3 shows snapshots of the seismic wave propagation at the same four discrete simulation
times (0.80, 1.30, 1.80, 2.30 s) for a shot away from the edge of the thick sill complex (Shot
2 - Figure 1), above a number of thinner sills. By 0.80 s, primary reflections from the thin sills
are visible. These have a significantly lower amplitude than occurred at thicker sills (Figure 2a-
i), but in the absence of noise in this model, they are still detectable. Rather than forming a
discrete reflection from a single sill, they represent a reflection from a combination of thin
sills. P-S conversions at the seabed and thin sill boundaries also occur (Figure 3a-ii). By 1.30s,
the primary transmitted wavefront has passed through the sill complex to the sub-sill target
reflector (Figure 3b-i). In comparison with Figure 2b-i the amplitude is stronger. Where the
wavefront reaches the thicker sills, it propagates as leaky guided waves, where eventually the
energy decays. In-between the thick sills, waves are guided between the higher velocity sills
within the lower velocity sediments. These guided waves are trapped but may lose energy by
tunneling through the thin sills and so do not exhibit the same energy loss with distance as
the guided waves. Their propagation velocity is determined by the background velocity so
they are observed as part of the sediment diving wave. Similarity, leaky converted waves
propagate within each thick sill, and the seabed converted energy reflects from the thin sills
(Figure 3b-ii). By 1.80 s, a reflection from the target reflector retains the stronger amplitude
(Figure 3c-i) than seen for shot | (Figure 2c-i). There is also a weak P-S conversion from the
target reflector below the sill complex (Figure 3c-ii). Finally, by 2.30 s, a high amplitude
converted wave, which has eventually converted back to a P-wave at the seabed, is present
within the water column (Figure 3d-i). Significant converted energy, mostly from the thin sills,

is scattered into the subsurface, and lost (Figure 3d-ii). The transmitted S-wave energy through



the sill complex is too attenuated by the time it reaches the sub sill target so does not provide

additional illumination for this target.

Modelled shot gathers for each simulation discussed here shows the response that would be
observed on a 6 km towed hydrophone array, to the left hand side of the shot (Figure 4). The
lack of reflection from the target below the sill complex is clear where the shot is located
directly above the thick sill complex (Figure 4a) compared to away from the complex (Figure
4b). Individual reflections from each sill are a challenge to identify, however for shot 2 in
Figure 4b, reflections from the thin sills are observed. Strong converted waves from the sills
arrive at the hydrophones beyond |.5 km offset from the source. These have a higher
amplitude than pure P waves arrivals beyond the critical angle (approximately 30 degrees) as
demonstrated by a simple 2 layer Zoeppritz model of a plane wave arriving at a sediment-sill

boundary (Figure 4c).

4. Discussion

These simulations highlight the fundamental challenges faced during seismic exploration in
sedimentary basins containing pervasive igneous sill complexes. This is due to seismic
wavefield effects that are the dominant causes of reduced imaging. These include: ()
stratigraphic filtering and multiples; (2) converted waves; (3) leaky guided waves; and (4) sub-

resolution thin sills.

(1) Stratigraphic filtering and multiples: the most significant example of reduced imaging is over
the thickest portion of the sequence (Figure 2). Thick intrusions may mask deeper

intrusions due to stratigraphic filtering effects (Deng 1994). At normal incidence, the high



acoustic impedance contrast between the sills and the sediments at the top of the sill
complex results in a reflection coefficient of about 0.4 (and therefore a transmission
coefficient of 0.6) at a single sediment/sill boundary (Figure 4c), corresponding to a 16%
reduction of energy at each sill interface through a stack of sills. However this energy loss
is enhanced at each subsequent interface encountered by the wavefront. This also
generates a coda of multiple reflections generated within the stack of sills. This creates a
challenge when processing these data as these may appear to be part of the primary
wavefield and ideally they need to be suppressed to enable a robust interpretation. Whilst
there are many sophisticated techniques available to remove multiples from seismic data,
the fact this multiple energy arrives coincident with the primary reflections and do not
have a predictable periodicity mays them difficult to suppress using statistically based
deconvolution methods. Therefore, it is likely that some degradation of the seismic image
can be expected due to these multiples. This was observed by Hardy et al. (2008), who
suggested that internal multiples that have not been sufficiently removed during processing
may give the appearance of sills that are not actually present. However, advances in seismic
imaging, such as the Marchenko method which uses multiple energy in generating a seismic
image, may be able to take advantage of this (Lomas & Curtis 2019).

(2) Converted waves: for high-impedance contrast media such as sills, the use of elastic
modelling as opposed to acoustic is crucial to capture the influence of strong converted
modes. These converted modes were missed during the study by Hardy et al. (2008). This
study shows that some of the S-wave energy is converted back to P-wave at the seabed,
and shows up as high amplitude converted modes on the seismogram. Otherwise, if it
remains as S-wave energy within the subsurface, this represents lost energy from the
overall wavefield that contributes to degraded imaging. It is often suggested that the

converted modes may be used to aid imaging (Jones 2013), however given the lack of



converted mode energy that returns to the surface from the deepest parts of the thick-
sill sequence or the target reflector (Figure 2d-ii), caution must be exercised to fully
understand the origin of the conversions.

(3) Leaky guided waves: the propagation of the sub-horizontal refracted energy within each
individual sill in the form of guided waves. Energy propagating within the sills leaks out,
resulting in an overall amplitude decay with distance. Waveguiding effects are observed in
many situations, such as leaky waves in gas hydrate layers (Zanoth et al. 2007), but have
not been reported for sill complexes. Given the rapid attenuation of the leaky guided
waves, it is unlikely that use of these would improve imaging. As much of the energy
arrives outside of the direct water wave, it is likely that most of this would be muted
during seismic processing, although care must be taken to ensure no guided refracted
energy around the critical offset is included within reflection processing workflows. Energy
trapped and propagating in-between sills within the sediments as intra-sill guided waves
are unlikely to form an important contribution to the reflected wavefield, as this energy
may only be returned to the surface at very long offsets and because it propagates at the
background velocity, it is part of the refracted wavefield.

(4) Sub-resolution thin sills: The modelling performed here suggests that in the absence of

noise, reflections from thin sills are observable at low frequency (14 Hz). However, as they

have a low amplitude, the arrivals are likely to be unobservable in the presence of ambient
noise assoicated with the collection of seismic reflection data.Where mulitple thin sills are
present then stronger reflections maybe created by constructive interference so a reflection
maybe wrongly interpreted as a being from a single sill or interfaces in a sedimentary
succession as was the case in 164/07-1 (Archer et al,, 2005). Full-waveform inversion (FWI)

has the potential to resolve fine-scale features such as thin sills (Morgan et al. 201 3).



The model presented here may be considered as a starting point for further research to
improve understanding of the interaction of seismic energy with sill complexes, such as
including an extrusive basalt overburden (as is common in the Faroe-Shetland Basin), creating
more interconnectivity between the sills by including feeder dykes and extension into a 3D
modelling study. Though the results within this study focused on the wave propagation
effects, further work should include analysis of the final processed image of all the shots by
undertaking full processing of synthetic data and making direct comparisons to real seismic
datasets. As part of this processing it may prove possible to test strategies that could improve
the final image that reduces the risk of misinterpretation. Another possible development
would be to integrate this type of modelling into the workflow where seismic interpretation
of sill complexes is used to understand subsurface magma transport from a volcanological
and/or hydrocarbon point of view (e.g. Schofield et al. 2015; Jackson et al. 2020, Walker et
al. 2020, Phillips & Magee 2020). However,it should be recognised that there are challenges
with imaging sills. In particular, it is probable that not all sills are imaged from deeper within
the complex or the multiply scattered wavefield has become too complex to be confident

about its interpretation.

5. Conclusions

By modelling the entire seismic wavefield around a subsurface sill complex, we have
highlighted the dominant causes of reduced sub-sill imaging as strong energy attenuation. This
occurs due to stratigraphic filtering, the conversion of P-wave energy to S-wave energy,
internal multiples and refractions (leaky guided waves) within individual sills in the form of

leaky guided waves. There is almost a complete loss of seismic energy penetrating the sill



complex to a sub-sill target reflector, which has significant implications for sub-sill imaging.
Thin sills are shown to have an influence on the overall wavefield, particularly in the generation
of converted wave energy, and are resolvable at the frequencies observed in these models,
however, they may fall within the background noise level on actual seismic reflection data.
Further improvements to sub-sill imaging could be achieved through seismic processing, which

should be investigated further using both synthetic and real 3D seismic datasets.
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Figure I: P-wave velocity model containing both seismically resolvable ‘thick’ sills taken from the interpreted seismic data, and

unresolvable ’thin’ sills. Two shot locations are presented here, ‘Shot |’ at 10 km and ‘Shot 2’ at 14 km.
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Figure 2: Snapshots of seismic wave propagation for ‘Shot I’ (yellow star) after 0.80 (a), 1.30 (b), 1.80 (c) and 2.30 (d) seconds for

the P- (i) and §- (ii) wavefield.
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Figure 3: Snapshots of seismic wave propagation for ‘Shot 2 (yellow star) after 0.80 (a), 1.30 (b), 1.80 (c) and 2.30 (d) seconds for
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Figure 4: Simulated shot gathers for (a) Shot | at 10 km and (b) Shot 2 at |14 km. (c) Zoeppritz reflection coefficients for an incident
P-wave (black) and S-wave (red) at a sedimentlintrusion boundary, plotted against angle of incidence. Sediment: Vy=3 kmls, Vs=1.4
km/s, rho=2.2 kg/im3. Intrusion: Vp=5.75 km/s, Vs=3.4 kmls, rho=2.7 kg/m3. Rpp = reflected P-wave, Rss = reflected S-wave. Reflected

converted phases (Rps = P-wave to S-wave, Rsp = S-wave to P-wave) are shown by dashed lines.



