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Abstract

Subaqueous mass-movements are a significant marine geohazard, with the potential to cause
large-scale tsunami and damage seafloor infrastructure. Their sedimentary deposits (masstransport deposits, or MTDs) can show complex but well-defined internal structure across
many scales in outcrop examples. In seismic images, however, the internal character of MTDs
often appears chaotic, disordered or lacking coherent internal reflectors. Conversely, cores
sampled from MTDs with such seismic response can show little evidence of deformation. As
a consequence, previous studies have struggled to integrate core-, outcrop- and seismic-scale
observations of MTDs, preventing the full use of geophysical data for geohazard assessment.
This thesis examines the major controls on the seismic response of MTDs. Chapter 1
develops a geostatistical method to characterise MTDs lacking in coherent internal seismic
reflections. The method provides probabilistic estimates of the lateral and vertical dominant
scale lengths and Hurst number (roughness) from a seismic image and co-incident borehole
log. Chapter 2 applies diffraction imaging to two seismic profiles acquired in the Gulf of Cadiz
to characterise the heterogeneous internal structure of MTDs. The resulting images are able
to image internal structure and are better able to identify small and thin deposits compared
to conventional full-wavefield imaging. Chapter 3 introduces a series of conceptual models
for the geophysical properties of shallow sediments to explore the mechanisms that could
generate an apparently chaotic-to-transparent response, common to sub-bottom profiler images
of MTDs. Full-wavefield seismic modelling experiments show that stratal disruption alone
can generate a reduction in seismic amplitudes, without reducing the magnitude of internal
impedance contrasts. This discrepancy may explain the frequent contradiction between corescale and seismic-scale observations of the internal structure of MTDs. Chapter 4 models the
seismic response of a fossil MTD outcropping at Vernasso Quarry, north east Italy. A workflow
is developed to efficiently model seismic experiments with different source bandwidths and
streamer lengths. The results of these experiments indicate that the resolution of the image
depends strongly on the source bandwidth, and less strongly on the length of the streamer,
likely due to the large proportion of diffracted energy in the seismic response.
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Chapter 0
Introduction

0.1 Subaqueous mass-transport processes and deposits

0.1

2

Subaqueous mass-transport processes and deposits

Subaqueous mass-movements are gravity-driven sediment transport events that occur underwater, in marine and lacustrine slope environments. They include submarine landslides, slumps,
debris flows and rockfalls, and can trigger associated density flows such as turbidity currents
(Hampton et al., 1996; Mulder and Cochonat, 1996). The resulting sedimentary deposits are
called mass-transport deposits (MTDs). Mass-movement processes pose a significant geohazard
and are geographically widespread: MTDs have been documented on all types of continental
margins, forming a significant proportion of continental slope sediments by volume (Huhn
et al., 2019; Nardin et al., 1979; Urgeles and Camerlenghi, 2013). Despite this, subaqueous
mass-movements and their deposits are still relatively poorly understood compared to their
terrestrial counterparts, largely due to their inaccessible location on the seafloor.

0.1.1

Societal and scientific importance

Subaqueous mass-movements can be several orders of magnitude larger than terrestrial massmovements, transporting enormous volumes of sediment downslope (Hampton et al., 1996).
Examples of such “mega-slides” include the Storegga Slide, offshore Norway (∼2400 km3
volume, De Blasio et al., 2003), the Sahara Slide (∼600 km3 volume, Georgiopoulou et al.,
2010) and the Mauritania Slide Complex (∼600 km3 volume, Henrich et al., 2008). Such
events can runout for hundreds of kilometres along the seafloor and are capable of generating
tsunami of comparable magnitude to the largest earthquake-generated tsunami (Harbitz et al.,
2014; Satake, 2012). Tsunamite deposits from the Storegga Slide have been found as far away
as Scotland and the Faroe Islands (Dawson et al., 1988; Grauert et al., 2001). Giant events
capable of inducing basin-scale tsunami are comparatively rare, and are usually associated with
significant changes in eustatic sea level (Brothers et al., 2013). Smaller events can also pose
significant, localised tsunami hazard to coastal populations. One contemporary example is
the Papua New Guinea tsunami (July 1998), caused by an earthquake-triggered slump, which
resulted in the loss of more than 2000 lives (Tappin et al., 2008). More recently, the Anak
Krakatau volcano flank collapse (December 2018) produced a devastating tsunami, killing 437
people (Muhari et al., 2019; Zengaffinen et al., 2020). Relatively small, local slope failures are
hard to predict and can generate complex tsunami with highly localised effects and large wave
heights in the near-field. Existing earthquake-tsunami warning programs may not fully take
into account the additional risk from subaqueous mass-movements.
Subaqueous mass-movements also pose a geohazard to infrastructure placed on the seafloor.
Events can runout a long distance from the initial failure, with destructive impact to offshore
infrastructure such as telecommunication cables and pipelines (Carter et al., 2014). The first
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documented example of cable breaks caused by mass-movements is the Grand Banks event, a
submarine landslide and associated turbidity current that occured offshore Newfoundland in
1929. The event was triggered by an earthquake and accompanied by a destructive tsunami,
which inundated the coastline (Piper et al., 1999). The following series of repeated downslope
cable breaks (over a ∼13 h period) provided the first direct evidence of the erosive power of
turbidity currents and the first constraints on their velocity (Heezen and Ewing, 1952). In recent
years, there has been an ever-increasing amount of infrastructure placed on the seabed—for oil
and gas production, offshore wind farms, telecommunication cables and high-voltage electrical
transmission cables (Carter et al., 2014). Future development of this infrastructure will require
improved characterisation of marine geohazards, including slope failure.
Beyond their geohazard potential, MTDs have important implications for sedimentology and
hydrocarbon exploration. They are a primary mechanism for transporting sediment downslope,
forming a significant proportion of the volume of continental margins and deep-water sediment
fill (Nardin et al., 1979; Piper et al., 1997). MTDs can provide reservoir or seal potential in
otherwise non-prospective basins (Alves et al., 2014; Cardona et al., 2016; Weimer and Shipp,
2004). They are also a drilling hazard, as they are often over-consolidated (densified) compared
to unfailed sediments (Shipp et al., 2004). In addition, the irregular morphology of the top
surface of MTDs can act as a control on the deposition of post-MTD sedimentation such as
turbidites (Armitage et al., 2009).
MTDs are geographically widespread, occurring in many kinds of marine and lacustrine
slope settings (Masson et al., 2006), such as passive margins, active margins, lakes and fjords
(Urgeles and Camerlenghi, 2013). With the more widespread availability of modern, highresolution bathymetric profilers and geophysical imaging comes a need to better quantify the
temporal, spatial and magnitude distribution of subaqueous mass-movements.

0.1.2

Mechanics of slope failure

Submarine mass-movements can be much larger in area and volume than terrestrial landslides,
and failure can initiate on much shallower slopes (≪1°), which would almost always be stable
on land (Huhn et al., 2019). They also have the potential to run out for long distances from
the source area, in some cases up to hundreds of kilometres. The primary differences from
terrestrial landslides are associated with the environmental conditions where slope failure
occurs (underwater vs. subaerial) and the properties of the slope sediments.
Subaqueous sediments are always fully saturated, meaning there is higher pore pressure
than in partially saturated terrestrial deposits. Porous slope sediments can contain large amounts
of dissolved and free gas associated with, e.g., biogeneic methane, natural gas hydrates and
gas migration from deeper sediments. The presence of gas changes the mechanical properties,

0.1 Subaqueous mass-transport processes and deposits

4

Fig. 1 Map of mass-transport deposits in the Mediterranean Sea, organised by flow type. Reproduced
from Urgeles and Camerlenghi (2013).

Fig. 2 Continuum of subaqueous mass-transport processes from extremely slow (creep) to nearinstantaneous (rock fall). Reproduced from Posamentier et al. (2011).
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reducing the shear strength (Vanoudheusden et al., 2004). If the seawater temperature and
pressure regime allows the formation of gas hydrates, the physical properties of the sediments
can be subject to sudden phase change as a result of gas hydrate dissociation (Sultan et al.,
2004). This process, linked to changes in eustatic sea level or bottom water temperatures, can
generate excess pore pressure, triggering slope failure (Brothers et al., 2013). Excess pore
pressure can also be generated by lateral fluid flow, meaning that the overall permeability of the
slope (which can itself be composed of a significant proportion of generally low-permeability
MTDs) is important (Mencaroni et al., 2020; Moernaut et al., 2017). Subaqeous slopes are also
subject to a diverse array of direct stressors, such as tides, wave action and bottom currents.
The properties of subaqueous sediments can be very different from terrestrial sediments in
terms of grain size, composition and burial history, resulting in different geotechnical properties.
Mid-slope sediments are likely to be fine grained, high clay content and low permeability.
These type of sediments can deform in a plastic way, with significant re-molding a common
characteristic of submarine landslides (De Blasio et al., 2005; Prior et al., 1984). Marine
sediments can also contain a high proportion of microfossils, such as diatoms, which can
strongly affect the geotechnical properties of sediments (Wiemer and Kopf, 2017; Wiemer
et al., 2015).
After failure, the resulting mass-flow is transported within a different fluid: water, instead
of air. One interesting characteristic of subaqueous mass-movements is that they can run out for
a significant distance on relatively shallow slopes compared to terrestrial landslides; so-called
outrunner blocks have been traced tens of kilometres from the main body of slides (Nissen
et al., 1999). De Blasio et al. (2006) suggest that hydroplaning might play an important role in
this comparatively long runout, especially for cohesive flows (i.e., clay-rich or containing slide
blocks).

0.1.3

Pre-conditioning and triggering

Mass-movement is the en masse failure of sediment along one or more shear planes, which
propagates from an initial point of failure. Slope failure occurs when the shear stress acting
on the slope sediments exceeds their shear strength. The causes of mass-movements can be
divided into pre-conditioning factors (long-term factors that govern the global stress and shear
strength of an initially stable slope) and triggering mechanisms (relatively short term factors
that are responsible for failure initiation). The interplay between identified factors is complex,
and it is not usually possible to assign a single trigger mechanism to a single slope failure
event. Potential pre-conditioning factors include sea level rise and fall (related to climate cycles
and glaciations, tectonics and isostacy); regional sedimentation (a high sedimentation rate can
favours under-consolidation of sediments and drive an increase in excess pore pressure) and
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slope steepening (e.g., from tectonics, volcanism or diapirism) (Masson et al., 2006). Large
earthquakes are the most commonly identified trigger mechanism, whereby shaking induces
seismic loading high enough to cause failure (Locat and Lee, 2002). Other identified triggering
mechanisms include gas hydrate disassociation (reducing the shear strength of previously
competent sediments; e.g., Sultan et al., 2004), storms and hurricanes, wave loading and
shearing from bottom-currents (Masson et al., 2006). Anthropogenic activity has also triggered
mass-movements, such as the October 1979 Nice Airport event. During construction of a
new harbour (an extension of Nice Airport) by backfilling with reclaimed earth, the harbour
collapsed in a submarine landslide, generating a tsunami with wave heights of 2–3 m which
caused loss of life and extensive propery damage along the coastline (Assier-Rzadkieaicz et al.,
2000; Dan et al., 2007).
Another important contribution to mass-failure is the existence of weak layers. These are
thin layers that may have substantially lower shear strength that the rest of the sediment column,
localising strain and providing the initial shear surface over which otherwise stable sediments
can be transported (L’Heureux et al., 2012). Common candidates for weak layers include quick
clay layers, biogenic oozes and poorly consolidated volcanic ash deposits (Kuhlmann et al.,
2016).

0.2

Marine geohazard investigation

With the exception of recent observations of active turbidity currents, subaqueous massmovements and submarine landslides have never been directly observed (e.g., Clare et al.,
2020; Talling et al., 2013). Instead, subaqueous mass-movement processes must largely be
inferred from their sedimentary deposits, MTDs. A major focus of marine geohazard research
is the reconstruction of the mechanics of mass-failure by studying the morphology and structure
of MTDs. Parameters such as the runout length, degree of frontal confinement and the degree
of internal disaggregation can constrain the flow type and the dynamics of failure, transport
and emplacement, all of which contribute to a better understanding of the geohazard potential
of future mass-failures (Clare et al., 2019; Posamentier et al., 2011).
Conventional tools for marine geohazard investigation include high-resolution seismic
reflection data, sub-bottom profiler imaging, direct core sampling (by gravity and piston cores)
and bathymetric surveying. These allow characterisation of the geomorphology, stratigraphy
and structure of the seafloor and sub-seafloor sediments, with the aim of identifying marine
geohazards such as seismogenic faults, large-scale slope failures and subsurface fluid flow. Such
studies have traditionally been conducted from a research vessel platform (Fig. 3). In recent
years, there has been increased use of unmanned platforms such as autonomous underwater
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Fig. 3 Conventional tools for marine geohazard investigation. Reproduced from Clare et al. (2017).

vehicles (AUVs) and remotely operated vehicles (ROVs) to acquire higher resolution data
(Campbell et al., 2015). In addition, emerging technologies such as fibre optic strain gauges
and acoustic Doppler current profilers (ADCP) are increasingly used for long term monitoring
of active marine processes such as turbidity currents (Clare et al., 2017).

0.2.1

Subsurface geophysical imaging

Subsurface marine geophysics methods aim to image the physical properties of sediments
below the seafloor. A key method for marine geohazard investigation is seismic reflection
imaging, which produces an image of the acoustic or elastic reflectivity of the subsurface. The
theory of seismic wave propagation and imaging is extensively covered by introductory texts
such as Sheriff and Geldart (1995) and Yilmaz (2001).
Reflectivity tends to follow geological interfaces (seismic horizons), separating geological
units with different elastic properties (impedances). This means that geophysical images of the
subsurface are particularly useful for characterising the geometry of the subsurface. Reflectivity
is generated by subsurface impedance contrasts, where the acoustic impedance, Z, is the
product of density, ρ and the compressional-wave velocity, vP . The normal-incidence acoustic
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reflectivity is governed by the difference in acoustic impedance across an interface (see Fig. 4):
Z2 − Z1
Z2 + Z1
vP,2 ρ2 − vP,1 ρ1
=
.
vP,2 ρ2 + vP,1 ρ1

R0◦ =

(1)
(2)

Seismic data are recorded in time, meaning that the natural vertical dimension of seismic
images is two-way travel time (TWTT). The natural vertical dimension of core and borehole
measurements, instead, is measured depth below the seafloor. To correlate seismic and core
data it is necessary to convert seismic images from two-way travel time to depth. This can be
achieved by stretching the image according to an assumed velocity model, by tying the image
to distinct correlated horizons or by using depth migration.
The resolution of seismic images depends on the wavelengths present in the source wavelet
at the target depth, meaning that resolution depends on the source bandwidth, the velocity of the
medium and absorption effects. For wavelength λ , the effective vertical resolution (the shortest
resolvable distance between two distinct reflectors) is commonly taken as λ4 (the Rayleigh
criterion; Sheriff and Geldart, 1995). The lateral resolution of seismic images is limited by
the trace sampling interval, the processing and imaging workflow and the bandwidth of the
seismic source. Where spatial sampling is not an issue, a common approximation of the lateral
resolution for unmigrated seismic images is the Fresnel radius, rF :
r

z0 λ
r2
v t0
=
2 f

rF =

(3)
(4)

where v is the velocity of the medium, f is the frequency (usually the dominant frequency of
the source) and t0 is the TWTT to the reflector. Energy at a reflection “point” is actually the
summation of contributions across the width of the Fresnel zone. Reflections from points spaced
by rF will have phases differing by less than λ2 , meaning that they constructively interfere and
are not distinguishable (equivalent to the lateral resolution). Migrated seismic images collapse
the Fresnel zone by summing contributions from many adjacent traces, meaning that migrated
images have maximum lateral resolution of around half the dominant wavelength (Chen and
Schuster, 1999). It is important to note that these lateral and vertical resolution limits “best case”
approximations, and are only valid for properly sampled experiments, in quasi-homogenous,
non-dispersive media, for reflected seismic waves. This maybe a good approximation for 1-D
“layer cake” geology, but this doesn’t necessarily hold for complex geology, where scattering

0.2 Marine geohazard investigation

9

Fig. 4 Schematic diagram of a 2-D marine seismic reflection acquisition (reproduced from User:Nwhit
(2012))

rather than reflections, can dominate; where attenuation is non-negligible and for steeply
dipping geology.
Seismic reflection techniques are fundamentally limited in depth penetration by seismic
attenuation. Attenuation describes amplitude losses due to geometrical spreading of the
wavefront; transmission losses; scattering and the preferential loss of high frequencies as heat
due to anelastic effects (Yilmaz, 2001). For marine geohazard research there is always a tradeoff
between resolution and penetration—the highest frequency sources provide the best resolution,
but are the most strongly attenuated.
0.2.1.1

Multi-channel seismic reflection data

Marine multi-channel seismic data for geohazard investigation is typically 2-D, acquired by a
single vessel towing an active seismic source (often an airgun) and a linear array of hydrophones
(a streamer). The source injects a pulse of energy (the source wavelet) into the water column,
and energy reflected from impedance contrasts at the seafloor and in the sediments is recorded
by the hydrophones (Fig. 4).
The acquisition design of multi-channel seismic experiments depends primarily on the
economic value of the target, the target depth and the complexity of the overburden geology.
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a)

b)

Direct wave
Bubble pulse

Waterbottom
reflection

Fig. 5 Seismic data from the Gulf of Cadiz (Chapter 2). a) Shot gathers, with major seismic arrivals
labelled. b) Processed, migrated seismic image. Positive amplitudes (dark) correspond to positive
subsurface reflectivity, and vice-versa.

Innovation in seismic acquisition has long been driven by the hydrocarbon industry, which
routinely acquires seismic surveys with 3-D receiver arrays spanning many square kilometres
(Cartwright and Huuse, 2005). Increasingly, surveys are acquired with multiple source boats,
multiple streamers and using ocean-bottom seismometers to provide high-fold, wide-azimuth,
long-offset coverage.
The recorded seismic signal requires processing to produce an image of subsurface reflectivity (Fig. 5). A standard marine seismic processing flow includes noise and multiple attenuation;
deconvolution of the source signature, bubble pulse and free-surface ghost effects; migration;
stacking to attenuate random noise and post-stack filtering to improve the coherency of the
final image (Yilmaz, 2001).
The typical bandwidth of an airgun source is on the order of 5–250 Hz. For dominant
frequency λd = 125 Hz at a water velocity of 1500 m s−1 (i.e., at the seafloor) this implies a
nominal vertical resolution of ∼3 m and a lateral resolution of ∼6 m (after migration).
0.2.1.2

Sub-bottom profilers

Sub-bottom profiler acquisitions are a subset of seismic reflection methods. Instead of an
impulsive source, the source wavelet is typically a parametric signal such as a linear sweep
(chirp), emitted from a combined source and receiver (transducer).
The bandwidth of sub-bottom profilers varies widely, depending on the required penetration
depth, water depth and environmental concerns. A common type of sub-bottom profiler for
marine geohazard investigation is so-called “3.5 kHz Chirp” data, which uses a linear sweep
from approximately 1000–7000 Hz (i.e., a centre frequency of 3.5 kHz) as the source wavelet.
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Fig. 6 3-D perspective view of bathymetry of the Storegga Slide (headscarp marked by grey dashed
line). Reproduced from Masson et al. (2006).

For dominant frequency λd = 3.5 kHz at a water velocity of 1500 m s−1 (i.e., at the seafloor)
and a reflection depth of 15 m this implies a nominal vertical resolution of ∼10 cm and a
lateral resolution of ∼1.8 m (unmigrated, Eq. 4), roughly an order of magnitude lower than for
multi-channel seismic reflection experiments. The tradeoff is that such high frequency signal is
more quickly attenuated, meaning that the effective penetration depth of sub-bottom profiles is
usually limited to a few hundred metres at most.

0.2.2

Seafloor imaging

Multi-beam bathymetry is used to create digital elevation models (DEM) of the seafloor (Fig. 6).
For marine geohazard investigation, bathymetry data is used to map the surface expression
of faults, identify landslide deposits, map bedforms and identify fluid flow structures (e.g.,
pockmarks, mud volcanoes and active seeps). Typically, this data is acquired with a multibeam echosounder instrument, either hull-mounted on a survey vessel, or mounted on a AUV.
Resolution (bin size) depends on the water depth and number of beams. For deep water
(> 200 m) a typical bandwidth would be 14.5–16 kHz with a bin size on the order of 10 m.
Side-scan sonar is commonly acquired to complement multi-beam bathymetry, either hullmounted (simultaneous acquisition), mounted to an AUV or towed from a tether behind a
survey vessel. A fan-shaped beam of energy is transmitted to the seafloor, and a receiver
records the intensity of the backscattered energy. Relief on the seafloor creates a “shadow”
effect which produces an image similar to a hill-shaded relief map (Fig. 7). The amplitude
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Fig. 7 TOBI deep tow sidescan sonar imaging of a) BIG95 slide b) Storegga Slide. Reproduced from
Canals et al. (2004).

of the backscattered energy can also be used for sediment characterisation, as coarse, sandy
sediments tend to be more reflective than fine grained sediments (Blondel and Murton, 1997).

0.2.3

Geological sampling

Sediment coring Shallow marine and lacustrine sediments are typically sampled by sediment
cores. Sediments cores are widely used because they are relatively inexpensive and can be
deployed from a wide range of survey vessels. Common coring techniques include gravity
coring (where the weight of an artifical mass pushes the core barrel into the sediments) and
piston coring (where the acceleration is provided by the action of a piston inside the core barrel,
decreasing sediment disturbance). Penetration depth depends on the geotechnical properties of
the sediments. The maximum penetration of gravity cores is typically around 5–10 m, whereas
modern piston coring setups can penetrate up to 60 m in soft sediments (e.g., Govin et al.,
2016).
Most types of core provide a cylindrical sample of sediment approximately 10 cm in diameter. After retrieval, cores are typically split into ∼1 m sections, refrigerated at ∼4 ◦C (the
approximate bottom temperature of the global ocean) and analysed in a laboratory onshore. A
typical core processing and analysis flow involves multi-sensor core logger (MSCL) measure-
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ments on the whole core (centimetre-scale analysis of the physical properties of core sections,
e.g., neutron density, P-wave velocity), X-ray core scanning, line-scan imaging (on split-core),
visual core description (for structures, boundaries, sequences and beds), sedimentological
analysis of samples at regular intervals (e.g., density, porosity and grain size distribution) and
geotechnical analysis. These measurements can be used to constrain the rate of deposition,
providing an age model, a critical step for building a stratigraphic model tied to geophysical
data.
Scientific drilling and borehole logging Drilling aims to characterise deep sediments by
retrieving samples and performing borehole geophysics, including petrophysical logging and
downhole seismic experiments (Camerlenghi et al., 2007; Morgan et al., 2009). The majority of
drilling is performed by the exploration industry, where boreholes are used to prove hydrocarbon
and mineral reserves and for hydrocarbon extraction. Scientific drilling programmes such as the
International Ocean Discovery Program (IODP) target non-hydrocarbon bearing sediments for
research purposes. IODP use a drillship to perform continuous coring, generally for the entire
length of the borehole. An emerging technology is seafloor drilling, such as the MeBo system,
which aims to provide core samples in a cost-effective way, deployed from standard research
vessels and operating semi-autonomously on the seabed (Freudenthal and Wefer, 2009, 2013).
Borehole logging aims to measure the petrophysical properties of sediments from a tool
lowered down the borehole. Common logs include sonic (P- and S-wave velocities), neutron
density, resistivity (with varying penetration depths into the formation) and image logging.
Acoustic impedance can be derived from sonic and density logs and used to tie a borehole to
seismic data.

0.3

Internal structure of mass-transport deposits

Geophysical imaging is well-suited to constraining the top and basal bounding surfaces, source
area and runout of seismic-scale MTDs (Clare et al., 2019; Martinez et al., 2005; Moscardelli
and Wood, 2008). This is useful for identifying MTDs and their external morphology, but
often resolution is insufficient to provide more than a general sense of the internal character.
Geological data from scientific drilling, coring or borehole logging can provide information
on the (sub-)centimetre scale internal structure (e.g., Camerlenghi et al., 2007; Dugan, 2012;
Sawyer et al., 2009; Strasser et al., 2011). However direct sampling and logging is timeconsuming and expensive, and only provides information at single point locations within a
deposit. Moreover, integrating these data with geophysical data is challenging due to the large
difference in measurement scales.
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Conversely, outcrop studies can provide detailed, multi-scale observations of the internal
structure of exhumed fossil MTDs (e.g., Alsop and Marco, 2013; Lucente and Pini, 2003; Ogata
et al., 2016; Sobiesiak et al., 2016). Fossil examples, however, typically have only limited,
quasi-2-D exposure of part of a body, and few well preserved outcrops large enough to be
relevant for marine geohazard studies (seismic-scale) exist. This scale difference means that
it is difficult to relate observations from geophysical, core and borehole data with outcrop
observations. This has led to a historical division in the mass-movements research community
between offshore and onshore studies, which presently has only been partially addressed (e.g.,
King et al., 2011; Ogata et al., 2014a).
The internal structure preserved within an MTD depends on the composition of the failed
sediments, the dynamics and kinematics of the mass failure, the flow type and the interaction
of the failed sediments with the unfailed substratum (Table 1). Studies of internal structure aim
to reconstruct the history of mass-failure events by studying their internal architecture, either
in outcrop or using geophysical data. Fig. 8 shows examples of internal structure preserved
at different scales within MTDs. A diverse array of internal structure has been identified in
outcrop data, including local shear zones, extensional and compressional faulting, fluid escape
features, detached folds, low-angle thrusting and progressive down-flow deformation (Lucente
and Pini, 2003; Ogata et al., 2016; Sobiesiak et al., 2016). Ogata et al. (2014b) document
soft-sediment deformation structures; slumping and intact blocks of substratum (ripped up and
incorporated into the flow during sliding) in carbonatic mass-transport deposits in the Julian
Basin. This so-called “block-in-matrix” internal fabric is commonly reported, and has been
identified at multiple scales both in outcrop and seismic examples (e.g., Alves, 2015; Jackson,
2011; Pini et al., 2012). These different internal fabrics reflect differing modes of slope failure,
sediment properties and flow dynamics.

0.3.1

Kinematic indicators

Kinematic indicators are geological structures that record the velocity and acceleration of a
mass-flow. Bull et al. (2009) catalogue a wide range of seismic-scale kinematic indicators from
3-D seismic data, such as extensional faults, basal ramps, striations on the basal shear surface,
translated slide blocks, pressure ridges and thrust faulting (Fig. 9). At outcrop-scale, Lucente
and Pini (2003) identify kinematic indicators such as asymmetric folding and imbricated
duplexes in the Marnoso-Arenacea Formation in central Italy. Sobiesiak et al. (2016) report
kinematic indicators such as boudinage, folding and secondary shear fabrics in a seismic-scale
exposure of an MTD in the Paganzo Basin, north west Argentina. Ogata et al. (2016) document
ductile-plastic deformation structures, characteristic of strain partitioning, within a poorly

15

0.3 Internal structure of mass-transport deposits

a)

c)
e)

b)
f)

d)

5 mm

Micro-scale
Meso-scale
Macro-scale
Map-scale
10-5

10-3

10-1
101
Approximate scale [m]

103

105

Fig. 8 Examples of micro- to map-scale anatomy of mass-transport deposits: a) grain-scale analysis
across failure plane (Gatter et al., 2020), b) Thin-section micrograph (Ogata et al., 2014b), c) stratal
disruption in sediment cores (Clare et al., 2014), d) coherent slide blocks in outcrop (Yamamoto
et al., 2007), e) kilometre-scale slide blocks in a time-slice of a 3-D seismic volume (Alves, 2015), f)
mass-transport deposits on the NW African margin (Masson et al., 2006).
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Table 1 Broad classification of subaqueous mass-transport processes and the resulting mass-transport
deposits.

Type

Flow characteristics

Preservation of internal structure

Creep

Intergranular frictional sliding and
intra-granular deformation. Moves
as a coherent mass.
Detachment across a shear zone,
translational or rotational movement. Moves as a coherent mass.
Coherent mass with internal (discrete) shear.
Non-turbulent, remolded, incoherent mass, disaggregation. Possible
entrained water and substrate material. Plastic deformation.
Turbulent, fluidal behaviour (e.g.,
turbidity current).
Clasts (grain- to block-scale) with
poor intra-clast cementation

Original stratigraphy may be preserved

Slide

Slump
Debris flow

Gravity flow
Fall

Minor internal deformation

Considerable internal deformation
Original stratigraphy not preserved

Deposition from suspension may
partly or fully re-sort material
Large clasts may preserve original
internal stratigraphy

consolidated submarine landslide, in MTDs outcropping in the Northern Appenines and the
Friuli Basin, Italy (Fig. 10).
MTDs have traditionally been divided into three main deformation domains: headwall
domain (upslope, associated with failure initiation and extensional structures); translational
domain (associated with transport) and toe domain (downslope, associated with flow arrest
and compressional structures) (Fig. 9). Kinematic indicators inform strain history and can
thus constrain the flow regime, flow direction and flow (de-)acceleration. These parameters
are important to assess geohazard potential, as they control the tsunami potential and runout
distance of an event.

0.3.2

Chaotic vs coherent, structured deposits

The recent availability of modern, large-scale 3-D seismic surveys has provided examples of
coherent, macro-scale internal structure in geophysical images of MTDs (e.g., Alves et al.,
2014; Gafeira et al., 2010; Martinez et al., 2005; Moscardelli and Wood, 2008). Jackson (2011)
documents internally coherent rafted megablocks emplaced within more chaotic sediments in a
mass-transport deposit from a seismic survey in the Santos Basin, offshore Brazil. Steventon
et al. (2019) and Bull and Cartwright (2020) are able to estimate the overall strain distribution
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Fig. 9 Schematic diagram of a mass-transport complex showing a range of possible kinematic indicators.
Reproduced from Bull et al. (2009).

Fig. 10 Outcrop examples of meso-scale kinematic indicators. Reproduced from Ogata et al. (2016).

0.4 Objectives of the thesis

18

within a mass-transport complex offshore Uruguay and the Storegga Slide, offshore Norway by
tracking individual seismic reflectors and using a backstripping approach. Nugraha et al. (2020)
analyse the Gorgon Slide, Exmouth Plateau (offshore NW Australia), identifying coherent
blocks preserved within otherwise apparently chaotic seismic facies, which they interpret
as megaclasts supported within a debris flow deposit. Recent acquisition developments for
high-resolution academic surveys have imaged MTDs that show well-defined internal structure.
These include short-offset, wide-spread 3-D seismic acquisition (“P-Cable”) (e.g., Berndt et al.,
2012; Karstens et al., 2019) and deep-tow seismic systems, which have imaged MTDs with
unprecedented resolution (Fig. 11, Badhani et al., 2020; Miramontes, 2016).
In summary, observations from outcrop examples, 3-D seismic volumes and high-resolution
marine geophysics all show coherent internal structure and kinematic indicators across many
scales. These examples provide increasing evidence that MTDs should not be automatically
considered as structureless or chaotic, as has sometimes been the case historically (e.g., Diviacco
et al., 2006; Piper et al., 1997). Having an apparently chaotic-to-transparent seismic response
may, in many cases, simply be a sign of insufficient resolution, rather than due to truly chaotic
or homogenous internal structure. This relationship between the seismic experiment and the
imaging of complex, heterogeneous internal structure close to the seismic resolution has so far
not been explored in a rigorous way in the literature.

0.4

Objectives of the thesis

Geophysical imaging will play a significant role in future advances in marine geohazard
investigation, as it is the only way to study MTDs in situ in two and three dimensions. In spite
of recent advances in the acquisition and processing of seismic reflection data, the geophysical
response of the complex internal structure of MTDs is still relatively poorly understood.

0.4.1

The resolution gap: relating seismic- and core-scale observations

Core-log-seismic integration is widely used in hydrocarbon exploration and in scientific drilling
to correlate geophysical images with borehole logs and sampled cores. This correlation allows
ground-truthing and calibration of geophysical data and the extrapolation of geological data
away from the borehole, guided by seismic interpretation. In Section 0.2.1, I establish that
the maximum vertical resolution of seismic reflection techniques commonly used in marine
geohazard investigation is on the order of 10s of centimetres (for sub-bottom profiler data;
Vardy et al., 2017). This means that, in a vertical sense, geophysical images can be correlated
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Fig. 11 MTD from the Northern Tyrrhenian Sea imaged with three different seismic systems: a) SYSIF
deep-tow system (source bandwidth 220–1050 Hz); b) Multi-channel 2-D high resolution surface seismic
(source bandwidth 50–250 Hz); c) Sub-bottom profile (source bandwidth 1800–5300 Hz. Reproduced
from Miramontes (2016).
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with core-scale observations, such as visual core descriptions, MSCL measurements, CPT and
borehole logs.
The situation for lateral resolution is more complex. Seismic reflection profiles are limited
in their lateral resolution by the sampling of the acquisition, the Fresnel zone (in unmigrated
data) or the Rayleigh criterion (in migrated data) and the processing and imaging flow. A
common approximation for the lateral resolution of a migrated seismic image is the dominant
seismic wavelength (Stolt and Benson, 1986). For example, for a migrated multi-channel
seismic reflection image with dominant frequency 150 Hz, the nominal lateral resolution at the
seafloor (v = 1500 m) is 10 m. For a 3.5 kHz sub-bottom profiler, the nominal lateral resolution
(unmigrated) at a seafloor depth of 100 m is equivalent to the Fresnel radius, 4.6 m (Eq. 4). The
standard diameter of piston and gravity cores—the effective upper limit on the resolution of
geological sampling in marine geohazard investigation—is 10 cm. This means that there is a
lateral resolution gap between geophysical methods and geological sampling of around one
order of magnitude (Fig. 12). Even in the best case scenario (sediments at or just below the
seafloor), lateral scales between around 0.1–1 m cannot be directly investigated with methods
currently available for marine geohazard investigation. This resolution gap becomes wider with
increasing depth below the seafloor, as the resolution of geophysical images decreases with
increasing velocity and dispersion.
Seismic methods have historically been successful at discriminating the external morphology of MTDs (macro- to map-scale structure), however they have been less successful at
characterising their internal, meso-scale structure. In Section 0.3, I establish that the majority
of kinematic indicators preserved within mass-transport deposits are on the scale of centimetres
to 10s of metres in vertical and lateral dimensions (meso- to macro-scale, Fig. 8; Ogata et al.,
2016). This scale range falls close to the lateral resolution gap between geophysical methods
and geological sampling (Fig. 12). The result is that the proper characterisation of kinematic
indicators and the internal structure of MTDs from marine geohazard investigation is often
difficult or impossible.

0.4.2

Scale invariance

There is a long history of describing complex, heterogeneous geology in terms of scale
invariance (e.g., Browaeys and Fomel, 2009; Cheraghi et al., 2013; Goff and Jordan, 1988;
Holliger and Levander, 1992). Scale invariance means that the statistical properties of geological
structure remain constant over several different scales of measurement. Under the assumption
of scale invariance, statistical properties can be extrapolated beyond (or between) the resolution
of the observations.
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Fig. 12 Scale lengths characterised by common geophysical (blue) and direct sampling (red) methods
used to study marine geology in situ. The resolution gap refers to the lack of techniques that can
characterise lateral scale lengths around 0.1–1 m (between seismic-scale and core-scale). The mesoscale internal structure (i.e., kinematic indicators) of most MTDs likely sits somewhere close to this
resolution gap. Note that the gap is bridged by outcrop observations (green). Approximate lower
resolution limits for geophysical methods are calculated in Section 0.2.1. Geophysical methods have
unbound upper lateral resolution (profiles can be arbitrary lengths) but are bound in upper vertical
resolution by the penetration depth (source dependent). The upper vertical resolution of direct sampling
techniques is bound by the depth of the borehole. The upper lateral resolution of core samples (and
multi-sensor core logging, MSCL) depends on the diameter of the coring device (here 10 cm) and most
borehole logs and cone-penetration tests (CPT) are effectively 1-D measurements. Adapted from Hall
(2011).
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In Chapter 1 I develop a method to extract geostatistical parameters (vertical and lateral
dominant scale lengths and the roughness) of MTDs from seismic images and borehole logs,
under the assumption that the internal structure can be approximated as a von Kármán random
medium. The Chapter develops a strategy for bridging the resolution gap by quantitative
integration of geophysical and geological (petrophysical) data. The method is demonstrated on
a synthetic example and then applied to a real data case study from the Nankai Trough, offshore
Japan.

0.4.3

Improving resolution of seismic images

Industry-scale 3-D seismic surveys are well suited for interpreting complex geology, gaining
lateral resolution by collapsing the Fresnel zone in 3-D, imaging steep interfaces with longoffsets and having large spatial and azimuthal coverage. These data, however, are extremely
expensive to acquire and are limited in lateral resolution by the source bandwidth (Section 0.2.1).
Much marine geohazard research, instead, is based on geophysical data acquired by academic
research institutes. These data tend to be strongly limited by financial constraints: acquisitions
are almost exclusively 2-D profiles, with limited offsets, poor positioning of sources and
receivers and limited processing and imaging. Improved seismic imaging of MTDs requires
increasing the lateral resolution of seismic images.
One strategy to improve the lateral resolution of complex geology is to utilise the subwavelength information scattered by small-scale heterogeneities using diffraction imaging
(Klem-Musatov et al., 2016; Schwarz, 2019b). In Chapter 2 I explore how the subtle diffracted
seismic wavefield may be exploited to improve the lateral resolution of seismic images, using
examples from a research cruise carried out in the Gulf of Cadiz. Diffraction imaging can
be used to extract quantitative information about fine-scale internal structure and improve the
resolution of seismic images of MTDs.

0.4.4

Exploring the characteristic chaotic-to-transparent seismic response
of mass-transport deposits with forward modelling

Compared to unfailed stratigraphy, MTDs commonly appear “acoustically transparent” in
sub-bottom profiler images (Moernaut et al., 2020; Piper et al., 1997; Sawyer et al., 2009).
MTDs are often identified and delineated based on this distinct seismic character, which some
studies have attributed to the more uniform properties of sediments within MTDs, due to
over-compaction or mixing during transport (e.g., Posamentier and Kolla, 2003; Sawyer et al.,
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2009). Many such studies make an implicit assumption that the internal seismic character of an
MTD can be directly related to its internal structure (or lack thereof).
In Chapter 3 I use full-wavefield seismic forward modelling to better understand the type
of internal structure that may cause an apparently transparent seismic response. I propose three
conceptual models that could potentially generate transparency: petrophysical alteration, porefluid alteration and stratal disruption. I compare the modelling results to a geohazard survey
from the Black Sea, where the co-existence of MTD and shallow gas inhibit the identification
of MTDs from sub-bottom profiler data.

0.4.5

Relating seismic images to outcrop observations

Much of the current understanding of the internal structure of MTDs has come from outcrop
studies. Outcrop observations range from grain-scale to map-scale, meaning that they are an
obvious way to bridge the resolution gap (Fig. 12). However, in practice it can be difficult to
relate structures seen in outcrop to those seen in seismic data, due to the vertical and lateral
band-limited nature of seismic images. The scale of features observed in seismic data (10s of
metres and above) is often at the scale of entire exposures of fossil mass-transport deposits.
Seismic forward modelling of outcrop examples is a well-established technique to better
understand the seismic response of complex geology (e.g., Eide et al., 2017; Wrona et al.,
2020). However, relatively little work has been done on modelling the seismic response of the
internal structure of MTDs. Existing examples in the literature use straightforward convolution
based seismic modelling, which may not properly model wave propagation in complex media
(e.g., Armitage and Stright, 2010; Bakke et al., 2008; Dykstra et al., 2011).
In Chapter 4 I build a virtual outcrop model of a fossil MTD outcrop from Vernasso
Quarry (north east Italy) and forward model the seismic response using full-wavefield seismic
modelling. The motivation for outcrop modelling is to explore practical seismic resolution,
optimise seismic acquisition design to better image the internal structure of MTDs and guide
interpretation of complex structure, by providing an outcrop “ground-truth”.

0.4.6

Summary

This thesis aims to address the following open questions in the field of marine geohazard
research:
• How should we interpret geophysical images of MTDs that show an apparently chaoticto-transparent internal seismic character, lacking coherent reflections? Is there order in
the chaos?
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• What are the practical resolution limits on seismic images of MTDs? How should we
acquire and process seismic data to maximise resolution for strongly heterogeneous
geology?
• What mechanisms are responsible for the frequently observed “acoustically transparent”
sub-bottom profiler response of MTDs? Why do cores from such deposits frequently
show apparently undisturbed bedding?
• How should we reconcile outcrop observations with marine geophysical observations of
MTDs? What scale and geometry of structure seen in outcrop can we expect to resolve
in seismic images?
Multi-channel seismic reflection and sub-bottom profiler data are fundamental tools for
modern marine geohazard investigation. It is therefore crucial to better understand the main
controls on the geophysical response of MTDs. The overall objective of this thesis is to improve
the quantitative and qualitative understanding of seismic imaging of the internal structure of
MTDs, and its limitations. Many of the ideas explored can also be generalised to other strongly
heterogeneous geology, such as karst, volcanic provinces and strongly deformed accretionary
prisms.

Chapter 1
Geostatistical characterisation of
mass-transport deposits
This chapter is a modified version of Ford and Camerlenghi (2019), used with permission from
Oxford University Press.
J. Ford and A. Camerlenghi. Geostatistical characterization of internal structure of masstransport deposits from seismic reflection images and borehole logs. Geophysical Journal
International, 221(1):318–333, 2019. doi: 10.1093/gji/ggz570
The Kumano 3D seismic dataset was provided by Greg Moore (SOEST).
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Introduction

Traditional seismic interpretation relies on horizon tracking to characterise the geometry of
subsurface interfaces. Very often, however, the internal structure of mass-transport deposits
(MTDs) appears chaotic, disordered or low-amplitude in seismic images (e.g., Badhani et al.,
2019; Diviacco et al., 2006; Moscardelli and Wood, 2008). Proper horizon tracking is only
possible when the deposit is well-imaged, when there is sufficient internal reflectivity to
generate seismic reflections and when the scale of internal structure is above the seismic
resolution. In fact, identifying apparently chaotic or transparent seismic facies is a common
way to discriminate failed from unfailed sediments. Many studies use seismic attributes that
are sensitive to discontinuous reflectors, for example the coherence and chaos attributes, to
identify MTDs (Chopra and Marfurt, 2016; Gafeira et al., 2010; Martinez et al., 2005).
This common lack of laterally continuous reflectors within MTDs makes conventional
interpretation of internal structure difficult. In this Chapter, instead, I develop a geostatistical
approach to characterise internal structure from seismic reflection data. This avoids the
subjectivity inherent to approaches such as horizon tracking and is applicable even when
the chaotic nature of a deposit changes laterally, such as the progressive down-slope loss
of horizon continuity commonly seen in MTDs. The goal is to move beyond using nondimensional seismic attributes such as the chaos attribute (Chopra and Marfurt, 2016) and
estimate geostatistical parameters that are quantitative and physically meaningful.

1.1.1

Random fractal media to represent complex geology

Numerous studies have shown evidence that complex, heterogeneous geology can be described
as a band-limited, self-similar medium (sometimes referred to as having fractal characteristics).
Examples include i) seafloor bathymetry from multi-beam measurements (Goff and Jordan,
1988); ii) exhumed lower continental crust analysed from geological maps (Holliger and
Levander, 1992); iii) acoustic and elastic numerical modelling of teleseismic waves recorded
by earthquake seismology arrays (Frankel and Clayton, 1986) and iv) analysis of borehole
logs from the upper crust (Browaeys and Fomel, 2009; Cheraghi et al., 2013; Dolan and Bean,
1997; Holliger, 1996). Self-similarity means that the statistical properties of the medium do
not change with scale. Specifically, medium properties in power-spectral domain will follow
an inverse power-law (Dolan and Bean, 1997). In this context, band-limited means that there
exists a so-called dominant scale length, the scale above which the medium stops showing
self-similar characteristics. See Appendix B for an extended discussion of the mathematical
properties of random fractal media.
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There is also a long history of characterising self-similarity in complex geology using
geophysical reflection images. These include i) investigating partial saturation in freshwater
acquifers from ground penetrating radar (GPR) images (Irving et al., 2009); ii) modelling
random media heterogeneities to characterise the seismic response of the crust and mantle
at different scales (Carcione et al., 2005) and iii) characterising the geostatistics of complex
turbidite systems from 3-D seismic reflection volumes (Caers et al., 2001). Other studies have
explored the link between the spatial statistics of the geological medium and the power spectrum
of the reflected wavefield. Irving and Holliger (2010) present an analytical relationship between
band-limited, self-similar random media and corresponding idealised reflection images. They
demonstrate that it is possible to use this relationship to estimate geostatistical parameters
characterising the P-wave velocity heterogeneity, such as the aspect ratio of lateral and vertical
dominant scale lengths and the Hurst number (a self-similarity coefficient related to the
roughness of the medium). This approach relies on the assumption that the reflection image
approximates a so-called primary reflectivity section, an idealised seismic image in depth.
Irving et al. (2009) demonstrate that this relationship can recover geostatistical parameters
for zero-offset GPR images of shallow, partially saturated acquifers. Scholer et al. (2010) use
a similar approach to estimate the correlation structure of P-wave velocity heterogeneity in
the crystalline crust from seismic reflection images, including a term to compensate for the
theoretical lateral resolution limit of migrated reflection images.

1.1.2

Random fractal media to represent mass-transport deposits

Currently, there is little published literature investigating the self-similar characteristics of the
internal structure of MTDs. Micallef et al. (2008) document scale-invariant characteristics of
the Storegga Slide, a retrogressive “megaslide” from the mid-Norwegian margin. They use
multi-beam bathymetry data to perform a statistical analysis of sub-bodies within the slide and
infer that the slide exhibits self-organised critical behaviour. They observe an inverse power-law
scaling in their frequency-area distribution and find that headwalls are self-similar from small
to large scales. The authors hypothesise that the fractal statistics of submarine landslides could
be related to the physics of slope failure.
The aim of this Chapter is to demonstrate a method to constrain the geostatistics of the
internal structure of MTDs directly from seismic reflection images (after Irving and Holliger,
2010). I represent the internal structure of MTDs as a specific type of band-limited, selfsimilar medium, an anisotropic von Kármán random medium (Von Kármán, 1948). In two
dimensions the random medium can be characterised by three geostatistical parameters: lateral
and vertical dominant scale lengths and the Hurst exponent (roughness). The dominant scale
lengths describe the degree of continuity of the medium in horizontal and vertical directions,
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respectively. The Hurst number is a dimensionless parameter related to the degree of selfsimilarity, which characterises the roughness or texture of the medium (Section 1.2.2). A
further goal is to integrate information from a vertical borehole log, where available. I first
validate the method on a synthetic model representing a typical submarine MTD scenario, with
a synthetic multi-channel seismic reflection image and a co-located synthetic vertical borehole.
I then apply the method to a real data case study from the Nankai Trough, offshore Japan.

1.2

Methodology

1.2.1

Overview

This method inverts seismic reflection images of MTDs for geostatistical parameters which
can characterise their internal structural fabric. This is achieved by assuming the velocity
heterogeneity within the MTD is a random field defined as an anisotropic von Kármán random
medium. Under this assumption it is straightforward to forward model the spatial power
spectrum of a corresponding idealised seismic reflection image for a given seismic source
spectrum. A likelihood function is defined from the residual between the forward modelled
and observed power spectra. Then, a Bayesian Markov Chain Monte Carlo (MCMC) inversion
is used to estimate the posterior probability distribution (expected value and uncertainty) for
each geostatistical parameter. When borehole log information is available, a constraint on the
vertical dominant scale length and Hurst number can be included in the inversion as a prior.

1.2.2

Spatial power spectrum of a random field

Here the velocity field, v, is represented by two components, a smoothly varying background
component, v0 , and a zero-mean, small-scale stochastic component, v′ , such that
v(x, z) = v0 (x, z) + v′ (x, z)
′

(1.1)

where vv (x,z)
≪ 1 (i.e., the stochastic component is small relative to the background trend). In
0 (x,z)
general terms, the background velocity is well resolved by geophysical techniques such as
travel-time tomography. At the bandwidth of conventional marine seismic data (approx. 10–
100 Hz), however, the small-scale stochastic component generates the vast majority of observed
reflections in a seismic image. The small-scale stochastic velocity structure is generally
poorly resolved by seismic reflection experiments except perhaps by full-waveform inversion
techniques, which require significant acquisition effort, model conditioning and computational
power, with little measure of uncertainty in the final result.
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I make the assumption that the internal heterogeneity (small-scale stochastic structure, v′ ) of
an MTD can be approximated as an anisotropic von Kármán random medium. The normalised
2-D spatial power spectrum of an anisotropic von Kármán random medium (Eq. B.2) is
Pv′ (kx , kz ) =

c
(kx2 a2x + kz2 a2z + 1)γ+1

(1.2)

where c is a normalising constant, kx and kz are the horizontal and vertical spatial wavenumbers,
ax and az are the dominant lateral and vertical scale lengths and γ is the Hurst number (Appendix
B.3.1).

1.2.3

Forward modelling spatial power spectra

1.2.3.1

Migrated seismic image

This section follows the methodology presented in Irving and Holliger (2010), linking the
random medium parameters to the 2-D power spectrum of a resulting idealised seismic image
(sometimes referred to as a primary reflectivity section; Irving et al., 2009; Scholer et al., 2010).
The idealised seismic image is a convolutional, zero-offset, normal-incidence, constant density
approximation. The formulation in depth domain is:
s(x, z) ≈ r(x, z) ∗ w(z) ∗ h(x)

(1.3)

where s(x, z) is the idealised seismic image in depth, r(x, z) is the normal-incidence acoustic
reflectivity, w(z) is the source wavelet in depth, h(x) is a horizontal filter to account for the
lateral resolution of a migrated seismic section and ∗ is the convolution operator (Scholer et al.,
2010).
The choice of the lateral resolution operator h(x) is arbitrary but should reflect the lateral
resolution of the analysed reflection image, which after proper migration is on the order of the
dominant wavelength of the seismic source (Chen and Schuster, 1999). This study follows
Scholer et al. (2010) in using a Gaussian low-pass filter with width (distance between the two
points where the filter is 1% of the maximum value) equal to the dominant wavelength:

4x2 log(0.01)
h(x) = exp
.
2
λdom


(1.4)
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Assuming that the variation in density is small relative to velocity, the normal-incidence
reflectivity can be approximated as the derivative of the velocity field:
r(x, z) ≈

∂
v(x, z).
∂z

(1.5)

If reflections from the smooth background velocity, v0 , are negligible (i.e., the only contribution
to acoustic reflectivity is the small-scale stochastic component of P-wave velocity) and the
source wavelet is stationary in depth within the analysis window, the idealised seismic response
s(x, z) depends only on the stochastic velocity component, v′ :
s(x, z) ≈

∂ ′
v (x, z) ∗ w(z) ∗ h(x).
∂z

(1.6)

The power spectrum of the seismic image can then be related to the spatial power spectrum
of the stochastic component by the Fourier transform (Irving and Holliger, 2010):
Ps (kx , kz ) = kz2 Pv′ (kx , kz ) · Pw (kz ) · Ph (kx )

(1.7)

where Pw is the power spectrum of the source wavelet, w, and Ph is the power spectrum of
the lateral resolution filter, h. It follows that the power spectrum of the seismic image can be
directly related to the random medium parameters by Eq. 1.2:
Ps (kx , kz ) =

ckz2
· Pw (kz ) · Ph (kx )
(kx2 a2x + kz2 a2z + 1)γ+1

(1.8)

It is therefore possible to forward model an idealised spatial power spectrum that is comparable to a window of an observed seismic image under the following assumptions:
1. The analysed window of the observed seismic image approximates a noise free, zerooffset, true amplitude, convolutional image in depth domain.
2. The stochastic component of P-wave velocity heterogeneity, v′ , within the analysed
window is an anisotropic von Kármán random medium parameterised by the dominant
scale length, ax and az , and the Hurst number, γ.
3. The geostatistical parameters and source wavelet are stationary within the analysed
window.
Only physically realisable models are considered (i.e., dominant scale lengths are nonnegative and non-zero).

31

1.2 Methodology
1.2.3.2

Borehole log

Borehole logs and cores are often acquired during geohazard studies to estimate geotechnical
or petrophysical information about an MTD (Section 0.2.3, e.g., Dugan, 2012; Strasser et al.,
2011). As these logs have (1-D) spatial power spectra, they can be used to better constrain the
geostatistical parameters in the direction of the borehole.
In the case of a vertical borehole, az and γ can be estimated independently from the borehole
log alone (Browaeys and Fomel, 2009). As borehole logs typically directly measure physical
parameters there is no need to account for the effect of the seismic source wavelet on the
geophysical response of the medium. The 1-D form of Eq. 1.2 is
Pb (kz ) =

c
(kz2 a2z + 1)γ+0.5

(1.9)

where the exponent is modified for a field with Euclidean dimension N = 1 (Appendix B.3.1).

1.2.4

Bayesian Markov Chain Monte Carlo inversion

This Chapter uses a Bayesian Markov Chain Monte Carlo (MCMC) approach to invert for the
geostatistical parameters. The goal of the inversion is to estimate a model, m = [ax , az , γ, σ ],
that describes the two-dimensional geostatistical properties of the medium and the observation
and modelling errors, σ . MCMC methods simulate a random walk through the parameter space
of the model to sample the joint posterior probability distribution.
Let dobs be a vector of observations (for this study the power spectral density at each
wavenumber). Bayes’ Theorem states
p(m|dobs ) =

p(dobs |m)p(m)
p(dobs )

(1.10)

where p(m|dobs ) is the posterior probability density function, p(dobs |m) is the likelihood
function (the product of the likelihoods of each observation), p(m) is the prior probability
density function for the model parameters and p(dobs ) acts as a normalising constant. Thus
p(m|dobs ) ∝ p(dobs |m)p(m).

(1.11)

Therefore the posterior probability density function (left) is proportional to the posterior
probability distribution (right).
If the chain has converged (after a so-called “burn-in” period) the distribution of models in the ensemble will be proportional to the joint posterior probability density function.
The marginal distributions will be proportional to the marginal posterior probability density
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functions for each parameter in the model. This allows estimates of most likely values and
uncertainties for each parameter from the distributions of the accepted models.
For convenience when finding the product of multiple exponential functions, and to avoid
numerical underflow when dealing with floating point numbers close to zero, this study uses
the logarithm of the probability. Maximising a log-likelihood is equivalent to maximising the
likelihood.
1.2.4.1

Metropolis-Hastings algorithm

The Metropolis-Hastings algorithm is a common MCMC method. The method relies on
defining a “target” posterior distribution (product of the prior probability density function and
the likelihood function, Eq. 1.11) and an arbitrary proposal distribution, q, used to propose
candidate additions to the chain, conditional on the last accepted sample. The acceptance
ratio is the ratio of the candidate posterior to the previously accepted posterior (Hastings,
1970). If acceptance ratio is greater than 1, the candidate is automatically accepted. If not, the
candidate is accepted with probability equal to the acceptance ratio. Pseudo-code describing
the Metropolis-Hastings algorithm is present in Algorithm 1.
For this study, the proposal distribution, q, is chosen to be a truncated Gaussian, centered
on the m and truncated at the minimum and maximum of the uniform distribution for each
parameter given in Section 1.2.5. The variance is 1 for the dominant scale length parameters
(ax and az ), 0.1 for the Hurst number (γ) and 0.01 for the error (σ ) parameter.
Algorithm 1 Metropolis-Hastings algorithm for Markov Chain Monte Carlo
Draw an initial model from the proposal distribution, m0 ∼ q(m)
Compute the likelihood of the initial model, L(m0 )
Set n = 1
while n < nmax do
Draw parameters for a new candidate model, m′ ∼ q(mn−1 )
Compute the candidate likelihood L(m′ )


L(m′ )p(m′ )q(mn−1 |m′ )
Compute the acceptance probability α = min 1, L(m )p(m )q(m′ |m )
0
n−1
n−1
Draw a random number from uniform distribution x ∼ U(0, 1)
if α ≥ x then
Accept proposal to chain: mn = m′
n = n+1
end if
end while
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1.2.4.2

Convergence criteria

The Markov Chain is guaranteed to sample the posterior distribution once the chain has
converged (after the so-called “burn-in” period). One problem with MCMC methods is
determining when the “burn-in” period has finished, i.e, after which point to start considering
samples as part of the posterior distribution. Estimating convergence is important: oversampling
the chain increases the computation time, whilst undersampling the chain may bias the chain
towards the starting values and not properly sample low probability regions of the posterior.
For this study, I use the Gelman-Rubin statistic (sometimes called the scale-reduction
factor), R̂, as a measure of convergence (Brooks and Gelman, 1998). This statistic is generated
by running several parallel chains and comparing the in-chain variance to the between-chain
variance for each parameter in the model.
For m chains of length 2n accepted samples, where W is the mean variance each chain, B is
the variance of the mean of each chain:
W (n − 1)
Vh = B +
n
r
Vh
.
R̂ =
W

(1.12)
(1.13)

It is commonly considered that chains have converged for a parameter when R̂ < 1.2
(Brooks and Gelman, 1998).
The weighted mean absolute error (WMAE) is a measure of how well the chain samples
the posterior distribution. It is given as
1 N |gi (m) − dobs |
WMAE = ∑
,
N i=1
σ

(1.14)

where N is the number of observations (i.e., the number of wavenumber pairs in the power
spectra). The WMAE should oscillate around 1 when the chain is properly sampling the
posterior distribution (Pirot et al., 2017).
1.2.4.3

Likelihood function

The likelihood function assumes Laplacian errors (double-exponential distribution) for each
observation (Mosegaard and Tarantola, 1995):
N |g (m) − d
1
i
obs,i |
L(m) = N N exp − ∑
2 σ
σ
i=1

!
,

(1.15)
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where gi (m) represents the forward modelled power spectrum at a given wavenumber, σ is a
parameter proportional to the magnitude of the combined modelling and observation error, N is
the number of observations (total number of points in the observed power spectrum) and dobs,i
is the observed power spectral density for a given wavenumber ki .

1.2.5

Inversion for geostatistical parameters: workflow

This study uses a Bayesian Markov Chain Monte Carlo (MCMC) approach to obtain probabilistic estimates for each geostatistical parameter. The output of the method is a chain of
“accepted” models whose joint distribution is proportional to the posterior probability density
of the model. The chain is sampled using the Metropolis-Hastings algorithm (Section 1.2.4.1).
Bayesian approaches have the advantage of using prior probability density functions, so prior
geological information can be easily incorporated if it can be expressed in terms of the model
parameters.
The model parameters are the geostatistical parameters (lateral and vertical dominant scale
lengths, ax and az , and the Hurst number, γ) and the error parameter, σ . Multiple parallel chains
are run to measure convergence and ensure that individual chains are well-mixed and have truly
converged (not simply sampling a low-probability area). Convergence is measured using the
Gelman-Rubin statistic (Brooks and Gelman, 1998), R̂, and the weighted mean absolute error
(WMAE) (Pirot et al., 2017). Details of the convergence measures are given in Section 1.2.4.2.
Chains are generally assumed to have converged when R̂ < 1.2 for all parameters (Brooks and
Gelman, 1998). The weighted mean absolute error should oscillate around 1 when the chain
is sampling the posterior distribution. To ensure that none of the pre-convergence “burn-in”
samples are included in the posterior distribution, the first half of each chain is discarded from
the final posterior distributions.
1.2.5.1

Seismic reflection image

For the chosen window of the 2-D image (e.g., the apparently chaotic MTD zone), the following
parameters are calculated:
• Pobs (kx , kz ), the 2-D spatial power spectrum of the window (using a 2-D Fast Fourier
Transform).
• Pw (kz ), the power spectrum of the seismic source wavelet.
• Ph (kx ), the power spectrum of the lateral resolution filter (Eq. 1.4).
m′

Each iteration of the Metropolis-Hastings algorithm proposes a new candidate model,
= [a′x , a′z , γ ′ , σ ′ ]. For each proposal, forward model the idealised 2-D spatial power spectrum
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(Eq. 1.8); compute the likelihood of the proposal given dobs = Pobs (kx , kz ) (Eq. 1.15) and accept
or reject the model according to the acceptance criterion (Section 1.2.4.1).
1.2.5.2

Borehole log

Borehole logs generally attempt to directly measure a physical property of the subsurface. For
a sonic log, the measured velocity (or slowness) will include both the background velocity
trend, v0 , and the small-scale stochastic component, v′ (Eq. 1.1). The background trend must
be removed prior to estimation of the dominant scale lengths and Hurst number (Cheraghi
et al., 2013). The choice of method for de-trending is arbitrary and depends on the complexity
of the geology. As this study uses relatively small windows of data from borehole logs, I
simply remove the first-order background trend by calculating a straight line of best-fit and
subtracting it. Borehole logs from different geology may instead require de-trending with a
more sophisticated approach such as subtracting a low-order best-fit polynomial. The resulting
de-trended log should be approximately zero-mean and contain only the small-scale stochastic
component, v′ .
As for the seismic inversion, the power spectrum of the de-trended borehole log, Pb (kz ), is
computed using a Fast Fourier Transform.
Each iteration of the Metropolis-Hastings algorithm proposes a new candidate model,
′
m = [a′z , γ ′ , σ ′ ]. For each proposal, forward model the idealised 1-D spatial power spectrum
(Eq. 1.9); compute the likelihood of the proposal given dobs = Pb (kz ) (Eq. 1.15) and accept or
reject the model according to the acceptance criterion (Section 1.2.4.1).
1.2.5.3

Seismic reflection image and borehole log

Irving and Holliger (2010) show that under typical experimental conditions the two dominant
scale length parameters ax and az are strongly dependent on each other, such that it may not be
possible to resolve each parameter individually from conventional reflection images. However,
they show analytically that is possible to reliably estimate the aspect ratio of heterogeneity
ax
α = . With an external estimate of one of the dominant scale lengths, for example az from a
az
vertical borehole log, it should be possible to resolve ax and az individually.
Because the probabilistic inversion approach uses prior probability density functions as an
input, the prior probability density functions can be altered to reflect our a priori knowledge of
the subsurface. For this inversion, prior probability density functions for the dominant vertical
scale length, az , and Hurst number, γ, are chosen to be Gaussian, with mean and standard
deviation calculated from the marginal posterior distributions from the borehole log inversion.
The inversion proceeds as for the seismic reflection image.
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Fig. 1.1 Synthetic buried MTD model. a) Geostatistical parameters: lateral and vertical scale lengths
(ax and az ) and Hurst number (γ) for each model zone. The water layer is uniform. Background elastic
parameters are given in Table 1.1. b) P-wave velocity model, with the location of the synthetic borehole
marked (red line).

1.3
1.3.1

Results
Synthetic benchmark – buried submarine mass-transport deposit

The synthetic example is designed to benchmark the inversion for typical seismic acquisition
parameters for a marine geohazard survey. The data acquisition simulates a multi-channel,
marine, towed streamer acquisition over a chaotic MTD body buried under a water layer and
heterogeneous sediment overburden. The aim of this test is to estimate geostatistical parameters
from the seismic reflection image with and without an a priori estimate of the vertical dominant
scale length from a synthetic borehole velocity log.
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Table 1.1 Background elastic parameters and geostatistical parameters for each unit in the synthetic
model (Fig. 1.1). z is the depth below the waterbottom, vP and vS are the P- and S-wave velocities,
respectively, and ρ is the density.

Background elastic parameters (v0 )

Geostatistical parameters (v′ )

Unit

vP (z) [m s -1 ]

vS (z) [m s -1 ] ρ [kg m -3 ] ax [m] az [m] γ []

Water
Unfailed
sediment
MTD

1500

—

1000

—

—

—

1750 + 0.3z
1750 + 0.3z

875 + 0.15z
875 + 0.15z

1600
1600

1200
160

20
20

0.75
0.25

The model is divided into two layers, a water layer and a sediment layer, both 350 m thick
(see Fig. 1.1). Background elastic parameters and geostatistical parameters for the smallscale stochastic component are given in Table 1.1. The sediment layer has linearly increasing
background P- and S-wave velocity to approximate the effect of increasing compaction with
depth on the seismic velocities. It includes a zone with significantly shorter lateral dominant
scale length and distinct Hurst number to represent a buried, chaotic MTD. Otherwise, the
MTD zone has the same background elastic parameters as the host sediment layer. The random
medium zones are realised on a regular (staggered) 2-D mesh (Appendix B; Ikelle et al., 1993).
This synthetic benchmark simulates a typical 2-D multi-channel marine acquisition geometry. The modelled source wavelet is a 40 Hz Ricker. For this synthetic test I use a
pseudo-spectral, isotropic, visco-elastic scheme (Appendix A; Carcione, 2014; Carcione et al.,
2005) to forward model the seismic reflection response. Sources and receivers are located in the
first row of grid points (z = 0 m). For this experiment free surface multiples are not modelled;
perfectly absorbing boundary conditions are imposed on all four boundaries of the mesh. Pand S-wave quality factors are set to QP = QS = 10000 (i.e., negligible attenuation at seismic
wavelengths) for all grid points. Full details of the acquisition and modelling parameters are
given in Table 1.2. In total, 50 shots are modelled, requiring 25 hours computation time on a
quad-core Intel® CoreTM i7-6700 3.40 GHz CPU (Table 1.3).
As the background velocity model is known and does not vary laterally, the seismic
processing follows a basic marine imaging flow, with a pre-stack true amplitude Kirchhoff time
migration (to 60◦ maximum angle), outer angle mute (to eliminate refracted arrivals), stack and
time-to-depth conversion using the background P-wave velocity model. The image is cut to the
full-fold area, with maximum depth equal to the maximum depth in the synthetic model (Fig.
1.2).
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Table 1.2 Synthetic marine multi-channel seismic reflection experiment acquisition and modelling
parameters.

Synthetic acquisition parameters
Acquisition geometry
Water depth
Source wavelet
Shot inverval
Receiver interval
Near-offset
Far-offset
Nominal midpoint inverval
Fold
Sampling interval

2-D towed streamer
350 m
40 Hz Ricker
40 m
20 m
25 m
550 m
10 m
7
1m

Synthetic modelling parameters
Modelling scheme
Boundary conditions
Timestep
Grid spacing

B

0

0

100

100

200

200

300

300

Depth [m]

Depth [m]

A

Pseudo-spectral (isotropic, visco-elastic)
Perfectly absorbing boundaries on all edges
0.125 ms
2 m × 2 m (staggered grid)

400

400

500

500

600

600

700
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CMP x [m]

1000

1250

700

MTD

1500

1700
vp [ms−1 ]

1900

Fig. 1.2 Synthetic buried MTD modelling results. a) Seismic reflection image in depth domain (pre-stack
time migrated and converted to depth using the smooth background P-wave velocity function in Table
1.1). Location of the synthetic borehole is shown in solid red. The MTD zone (dashed red outline)
shows a more disordered, chaotic seismic character compared to the more stratified unfailed sediments.
b) P-wave velocity log sampled at 0.25 m.
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Borehole log inversion

The synthetic P-wave velocity borehole log is shown in Fig. 1.2b. The analysed window is the
MTD zone from 500–650 m depth. For the inversion, uniform priors are used: 0 < az ≤ 50 m,
0 ≤ γ ≤ 1 and 0 < σ ≤ 2.
The MCMC is run with 12 parallel chains until 1 × 104 samples are accepted to the chain
(Table 1.3). The final Gelman-Rubin statistic R̂ < 1.02 for all parameters. The WMAE begins
to oscillate around 1 after ∼200 accepted samples.
Marginal posterior probability distributions for az , γ and σ are shown in Fig. 1.3. Summary
statistics of the distributions are shown in Table 1.4. Both geostatistical parameters are centered
closed to their true values.
1.3.1.2

Seismic image inversion

Two inversions are run on the seismic reflection image, with and without estimates of the
vertical scale length and Hurst number from the borehole as priors. The synthetic seismic
image is shown in Fig. 1.2a. The window analysed is the MTD zone highlighted in Fig. 1.1.
For the first inversion (seismic image only), uniform priors are used for all parameters.
0 < ax ≤ 500 m, 0 < az ≤ 50 m, 0 ≤ γ ≤ 1 and 0 < σ ≤ 2.
The second inversion (seismic image with borehole) is parameterised as the first, but
includes a constraint for az and γ from the borehole inversion results. The prior probability
density functions for az and γ are Gaussian, with mean and standard deviation from the results
of the borehole-only inversion (Table 1.4). The priors for ax and σ are uniform (as before):
0 < ax ≤ 500 m, 0 < σ ≤ 2. The priors for az and γ are truncated Gaussians: for az , mean 15.9
m and standard deviation 3.5 m (truncated at 0 < ax ≤ 50 m); for γ, mean 0.37 m and standard
deviation 0.09 m (truncated at 0 ≤ γ ≤ 1).
Both MCMCs are run with 12 parallel chains until 1 × 104 samples are accepted to the chain
(Table 1.3). For the first inversion, the final Gelman-Rubin statistic R̂ < 1.01 for all parameters.
For the second inversion, the final Gelman-Rubin statistic R̂ < 1.02 for all parameters. For both
inversions the WMAE begins to oscillate around 1 after ∼100 accepted samples.
Marginal posterior probability distributions for ax , az , γ and σ , alongside a distribution
ax
representing the aspect ratio of heterogeneity, α = , are shown in Fig. 1.3. Summary
az
statistics of the distributions are shown in Table 1.4.
With respect to the first inversion (seismic image only), the second inversion (seismic image
with constraint from borehole) shows marginal posterior distributions that are closer to the true
values.
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Table 1.4 Summary statistics for the synthetic benchmark marginal posterior probability distributions for dominant lateral and vertical scale
ax
lengths, ax and az , aspect ratio of heterogeneity α = , Hurst number γ, and error parameter, σ . Mean and standard deviation for each marginal
az
distribution are shown.

29%
13%
10%

1 × 104
1 × 104
1 × 104

Mean acceptance rate

12
12
12

Parallel chains Chain length (nmax )

Borehole
Seismic image
Seismic image (with borehole)

Experiment

Table 1.3 Computational cost of each MCMC run. All runs were performed on a quad-core Intel® CoreTM i7-6700 3.40 GHz CPU.
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Fig. 1.3 Marginal posterior probability distributions for the synthetic buried MTD benchmark for
ax
dominant lateral and vertical scale lengths, ax and az , aspect ratio of heterogeneity, α = , Hurst
az
number, γ, and error parameter, σ . True values are shown in red where applicable. Details of priors are
given in the Section 1.3.1. Convergence measures (WMAE and Gelman-Rubin statistic, R̂) are shown
for each experiment. a) P-wave velocity log from the synthetic borehole. b) Seismic image. c) Seismic
image with constraints on az and γ from the synthetic borehole log.
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Table 1.5 Kumano 3-D marine multi-channel seismic reflection experiment acquisition parameters
(Uraki et al., 2009).

Kumano 3-D seismic survey acquisition parameters
Acquisition geometry
Water depth
Source
Shot interval
Streamers
Receiver interval
CMP interval
Sampling interval
Nominal fold

1.3.2

3-D towed streamer
Approx. 3000 m
Airgun (depth 6 m, dominant frequency 40 Hz)
37.5 m (flip-flop)
4 × 4500 m (7 m depth, 150 m separation)
12.5 m
18.75 m × 12.5 m
5m
30

Real data case study – Nankai Trough, offshore Japan

The Nankai Trough (offshore southwest Japan) is an oceanic trench formed by the subduction
of the Philippine plate under the Eurasian plate. Associated accretion, seismicity and slopesteeping have resulted in significant mass-wasting during the last 3 Ma (Lackey et al., 2018;
Strasser et al., 2011). A large MTD is identified in a 3-D seismic volume (Fig. 1.4c). Here I
consider a 2-D profile extracted from the 3-D volume, chosen to show the maximum extent
and thickness of the MTD. The body has a chaotic internal seismic character, with little visible
coherent structure.
The survey acquisition parameters are documented in Table 1.5 (Uraki et al., 2009). The
maximum observed thickness (at the point where the MTD intersects the edge of the seismic
volume) is approximately 180 m (Strasser et al., 2011).
Also available are logging-while-drilling borehole logs from nearby International Ocean
Discovery Programme (IODP) borehole C0018B (Expedition 338, Int, 2012), which penetrates
the MTD (Fig. 1.4). No sonic log was acquired, so the gamma ray log is used to estimate the
vertical dominant scale length and Hurst number. Whilst the gamma ray log is not a measure of
the P-wave velocity, it is sensitive to changes in lithology (specifically shale fraction), which
should correlate well with the P-wave velocity. It is expected that both gamma ray and sonic
velocity logs should have similar geostatistics within a local interval of a 1-D borehole log.
1.3.2.1

Borehole log inversion

The gamma ray log from IODP borehole C0018B is shown in Fig. 1.4b. The analysis window
is the MTD zone between 3235 m and 3295 m. For the inversion, uniform priors are used:
0 < az ≤ 50 m, 0 ≤ γ ≤ 1 and 0 < σ ≤ 2.
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Fig. 1.4 Nankai Trough case study data. a) Map showing extent of the Kumano 3-D seismic volume, the
thickness of the MTD, profile X-X’ and IODP borehole C0018B. b) Logging-while-drilling gamma ray
log from IODP borehole C0018B, downsampled to 0.25 m, MTD zone highlighted. c) Seismic reflection
profile X-X’ (from the 3-D volume) showing a buried MTD. The body lacks laterally coherent internal
reflections compared to the unfailed sediments surrounding it. Mid-slope and down-slope zones are
indicated alongside the extent of the IODP borehole C0018B (dashed red line) when projected onto the
profile.
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Fig. 1.5 Marginal posterior probability distributions for the MTD zone of the gamma ray log from IODP
borehole C0018B (Fig. 1.4b) for dominant vertical scale length, az , Hurst number, γ, and error parameter,
σ . Details of priors are given in Section 1.3.2. Convergence measures (WMAE and Gelman-Rubin
statistic, R̂) are shown.

The MCMC is run with 12 parallel chains until 5 × 104 samples are accepted to the chain
(Table 1.3). The final Gelman-Rubin statistic R̂ < 1.01 for all parameters. The WMAE begins
to oscillate around 1 after approximately 50 accepted samples.
Marginal posterior probability distributions for az , γ and σ are shown in Fig. 1.5. Summary
statistics of the distributions are shown in Table 1.6.
1.3.2.2

Seismic image inversion

Two analysis windows are used on the seismic image, in the down-slope and mid-slope parts
of the MTD (Fig. 1.4). Both windows have the same dimensions (1000 m by 60 m). The
down-slope window is located toward the toe of the MTD. The mid-slope window is located
further up-slope, in the more proximal part of the MTD. Two inversions are run for each
window, with and without estimates of the vertical scale length az and Hurst number γ from the
borehole log.
For the first inversions (seismic image only), uniform priors are used: 0 < ax ≤ 500 m,
0 < az ≤ 50 m, 0 ≤ γ ≤ 1 and 0 < σ ≤ 2.
The second inversions (seismic image with borehole) are parameterised as the first, but
include a constraint from the borehole log inversion results (Table 1.6). The prior for ax is
uniform, as above: 0 < ax ≤ 500 m. The priors for az and γ are Gaussian, fit to the marginal
posterior probability distributions from the borehole-only inversion: for az , mean 5.3 m and
standard deviation 1.3 m; for γ, mean 0.41 m and standard deviation 0.13 m.
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Mid-slope zone
Mid-slope zone (with borehole)
Down-slope zone
Down-slope zone (with borehole)

Experiment
—
93
53
42
34

5.3
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Mean
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ax [m] az [m] α =
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0.48
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σ
—
22
12
11
12

1.3
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Standard deviation
ax
ax [m] az [m] α =
γ
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0.08
0.08
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σ

Table 1.6 Summary statistics for the Nankai Trough case study marginal posterior probability distributions, for dominant lateral and vertical scale
lengths, ax and az , aspect ratio of heterogeneity, α, Hurst number, γ, and error parameter, σ . Mean and standard deviation for each marginal
distribution are shown.
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Fig. 1.6 Marginal posterior probability distributions for the Nankai Trough case study for dominant
ax
lateral and vertical scale lengths, ax and az , aspect ratio of heterogeneity, α = , Hurst number, γ, and
az
error parameter, σ . Details of priors are given in Section 1.3.2. Convergence measures (WMAE and
Gelman-Rubin statistic, R̂) are shown for each experiment. a) Mid-slope zone. b) Down-slope zone. c)
Mid-slope zone with constraints on az and γ from the borehole log (Fig. 1.5) d) Down-slope zone with
constraints on az and γ from the borehole log (Fig. 1.5).
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Marginal posterior probability distributions for ax , az , γ and σ , alongside a distribution
ax
representing the aspect ratio of heterogeneity α = , are shown in Fig. 1.6 for both zones.
az
Summary statistics of the distributions are shown in Table 1.6.
With respect to the first inversion (seismic image only), the second inversion (seismic image
with borehole) shows better constrained (lower standard deviation) marginal distributions for
ax , az and γ. The marginal distributions for the down-slope zone show a notably smaller mean
ax and α compared to the mid-slope zone, while maintaining similar distributions for az .

1.4

Discussion

In this Chapter I develop a geostatistical inversion workflow to characterise the internal structure
of MTDs from seismic reflection images, with and without a constraint from a borehole log.
I first demonstrate the method on a synthetic model representing a typical buried submarine
MTD scenario and then on a real data case study from the Nankai Trough, offshore Japan.
The method gives probabilistic estimates of lateral and vertical dominant scale lengths and
the Hurst number of the internal heterogeneity. I suggest that this technique could be a useful
tool to better constrain internal structure of MTDs as it can be applied even to chaotic seismic
reflection images, which are common but difficult to interpret using conventional horizon
tracking methods.

1.4.1

Synthetic inversion results

For the inversion performed on the synthetic seismic image with uniform priors, the estimated
ax
aspect ratio of heterogeneity, α = , is close to the true model value (Fig. 1.3). This result is
az
expected from previous studies, which suggest that the 2-D power spectrum (equivalently the
2-D autocorrelation function) is strongly sensitive to the aspect ratio of heterogeneity rather
than to the individual dominant scale lengths or the Hurst number (Irving and Holliger, 2010;
Irving et al., 2009; Scholer et al., 2010). This synthetic test, however, shows relatively good
resolution of separate lateral and vertical scale lengths from the seismic image alone. The
Hurst number is still poorly constrained. Repeating the inversion with priors for vertical scale
length and Hurst number estimated from a synthetic borehole log improves the result, but only
slightly. This is in constrast to the conclusions of Irving and Holliger (2010), who predict
that the 2-D power spectrum should be sensitive only to the aspect ratio of heterogeneity. The
result in this study is likely because the bandwidth of the seismic source overlaps both the
“white noise” and self-similar parts of the random medium in power-spectral domain, for the
model parameters chosen for this test. Another contributing factor is that this is a synthetic
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experiment—real world seismic images contain environmental noise, instrument noise, multiple
arrivals and processing artefacts. Future studies should investigate the reliability of this method
to discriminate lateral and vertical dominant scale lengths under a range of noise conditions
and source bandwidths, with respect to the spatial power spectrum of the medium.

1.4.2

Nankai Trough case study inversion results

For the Nankai Trough experiment I consider two identically sized data windows, a down-slope
zone and a mid-slope zone (Fig. 1.4). The down-slope zone is located towards the toe of the
MTD. The mid-slope zone is more proximal, located toward the middle of the deposit. The
seismic character in both windows is chaotic, lacking laterally coherent seismic reflectors.
First, I invert for the geostatistical parameters in both windows with uniform priors (Fig.
1.6). In the down-slope zone, the aspect ratio of heterogeneity, α, is significantly smaller than in
the mid-slope zone. Including priors for az and γ based on the nearby IODP borehole C0018B
(Fig. 1.4b), there is still see a reduction in α from mid-slope to down-slope, but the distributions
for lateral and vertical dominant scale lengths, ax and az , are much better constrained.
MTDs often show extensional structures near the headwall, little deformation in the central
translational zone and compressional structures in the toe region, where the flow may be
confined (Fig. 1.7). The observed reduction in lateral dominant scale length from mid-slope to
down-slope is consistent with this interpretation of the MTD. More compression will result
in increased stratal disruption, giving a shorter lateral dominant scale length compared to
relatively undeformed sediments. Alternatively, the reduction is lateral dominant scale length
could be due to progressive down-slope deformation of the mass-flow (Lucente and Pini, 2003).
Both models could explain the reduction in lateral dominant scale length and aspect ratio of
heterogeneity.
The velocity heterogeneity within the MTD should be closely related to lithological heterogeneity. For mass-transport scenarios, this heterogeneity could be predominantly due to
included megaclasts, intact blocks or intense folding from stratal disruption. The observed
reduction in lateral scale length is consistent with most conceptual models of the variation in
internal structure from proximal to distal within the depositional part of MTDs (e.g., Bull et al.,
2009, see Fig. 1.7).

1.4.3

Internal structure from geostatistical parameters

How should these geostatistical parameters be interpreted in the context of MTDs? These
parameters are abstract and set in terms of a statistical model, not in terms of geological
structure. I suggest that the dominant scale lengths can be proxies for relative deformation
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Fig. 1.7 a) Schematic diagram showing representative internal structure found within submarine landslides and MTDs (from Bull et al., 2009). Note increasing deformation due to confinement towards the
toe of the slide. b) Illustration of two mechanisms for reducing the lateral dominant scale length by
mass-transport: disaggregation of large coherent intact blocks and stratal disruption of soft sediments. In
general increased deformation will result in a decrease in lateral dominant scale length (and aspect ratio
of heterogeneity). c) Outcrop example of variation in lateral dominant scale length due to a reduction in
size of included megaclasts (Vernasso Quarry, NE Italy).
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from both mass-transport processes and tectonic stresses. Increasing deformation (e.g., folding
from compression, reduction in size of intact blocks due to progressive disaggregation) should
reduce the lateral dominant scale length and also the aspect ratio of heterogeneity.
Here I only consider heterogeneity of the P-wave velocity field, as this should capture much
of the geological heterogeneity that controls the seismic response. In fact, this method could be
used to constrain any kind of geological heterogeneity, so long as it can be related to the acoustic
impedance (the idealised seismic image approximation is only valid for approximately normalincidence reflections). For the MTD case, for example, one could consider the geological
medium as a mixture of two component lithologies with distinct acoustic impedances (e.g.,
matrix and clasts). Thus estimating the geostatistical parameters can inform the geostatistics of
the geology directly.
For unfailed sediments, one would expect very long lateral dominant scale lengths due to
the presence of laterally continuous beds. After failure, sediments may become deformed due
to shearing and disaggregation, reducing the lateral dominant scale length. Therefore the lateral
dominant scale length is a useful structural parameter that can be a proxy for lateral shortening
from deformation. The vertical dominant scale length is more closely related to the average
thickness of beds, and therefore may be less affected by mass-transport.

1.4.4

Limits in generalisation

I show, using a synthetic example, that an “idealised seismic image” approximation (Section
1.2.3.1) is valid for one multi-channel marine seismic experiment, with a specific overburden
and seismic character. This allows a computationally inexpensive inversion method to estimate
random medium parameters from a window of a reflection image (Table 1.3). The validity of
the approximation will depend on the local geology and on the seismic imaging performed.
Multiple scattering, attenuation and seismic noise will all reduce the validity of the “idealised
seismic image” approximation.
The method presented in this Chapter uses the spatial power spectrum to evaluate random
media models and to estimate the misfit between a corresponding theoretical and observed
seismic reflection image. For a given spatial power spectrum there exist infinite physical
realisations of the corresponding random medium. It is important to note that this method only
constrains the statistics of the heterogeneity, not the medium properties directly. It is possible
that there are better statistical representations, especially for small window sizes which may
suffer from edge-effects from the Fast Fourier Transform when calculating the power spectrum.
Some previous studies have used the autocorrelation function instead (e.g., Irving et al., 2009;
Scholer et al., 2010).
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This study only considers 2-D seismic profiles. Mass-transport is an inherently 3-D
geological process, so strong lateral heterogeneity observed in the plane of the profile implies
that strong heterogeneity perpendicular to the profile is also likely. This 3-D heterogeneity
could generate strong out-of-plane reflections. For a chaotic seismic reflection image, it may be
impossible to identify or remove these out-of-plane reflections during imaging or interpretation.
It is presently unclear how the results of the inversion may be affected if these spurious
reflections contaminate the analysis window. This topic could be addressed in a future 3-D
numerical modelling study by performing geostatistical inversion on 2-D profiles which include
out-of-plane reflections.
Is the anisotropic von Kármán random medium a suitable statistical representation of the
internal structure of MTDs? There exist many studies suggesting that geology in general
has fractal-like properties (band-limited self-similarity; e.g., Browaeys and Fomel, 2009;
Goff and Jordan, 1988; Nelson et al., 2015; Turcotte, 1997). There exist, however, few
studies investigating the fractal properties of internal structure of MTDs (Micallef et al., 2008).
Analysis of MTDs in outcrop is necessary to determine an anisotropic von Kármán random
medium could be a broadly applicable geostatistical model.
The formulation used in this study (Eq. 1.2) assumes no dominant dip direction. This could
be reasonable for MTDs deposited in the deep ocean, for example, but not if there has been
post-depositional deformation from tectonics. In future work it should be straightforward to
include dominant dip direction as an extra parameter in the inversion (see Yuan et al., 2014, for
an example).

1.5

Summary

In this Chapter I demonstrate a method to invert for geostatistical parameters (lateral and
vertical dominant scale lengths and Hurst number) that can describe the internal structure of
MTDs from chaotic multi-channel seismic reflection images and borehole logs. Including a
vertical borehole log allows the lateral and vertical scale lengths to be resolved separately,
rather than simply the ratio between the two parameters (as in previous work, e.g., Irving and
Holliger, 2010). This approach assumes that the internal structure can be approximated as
an anisotropic von Kármán random medium. The results are probability distributions which
provide the expected value and uncertainty of each geostatistical parameter.
The method is first validated on a synthetic scenario containing a buried chaotic body
representing a submarine MTD, imaged with a typical multi-channel marine seismic acquisition
and penetrated by a synthetic borehole. When the seismic image is inverted with a constraint
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from the borehole, lateral and vertical dominant scale lengths and Hurst number can be
recovered.
The method is then applied to a real data case study from Nankai Trough (offshore Japan).
The data considered are a seismic reflection profile and the gamma ray log from a borehole
which penetrates a thick MTD. There is a reduction in lateral dominant scale length from the
mid-slope to the down-slope part of the MTD. This is consistent with progressively increasing
deformation due to disaggregation or compression towards the toe of the slide.
Geostatistical inversion is a useful new tool to constrain the internal structure of MTDs
from seismic reflection data. The geostatistical parameters can be used to validate conceptual
models of internal structure and as a proxy for varying strain or degree of deformation in
different domains of the slide, even when the seismic image appears chaotic or reflections lack
the continuity required for horizon-tracking approaches. The lateral dominant scale length in
particular could be a good proxy for strain history, as it is strongly related to the degree of
sediment deformation and stratal disruption.

Chapter 2
Diffraction imaging of mass-transport
complexes
This Chapter is a modified version of Ford et al. (2021), used with permission from Wiley.
J. Ford, R. Urgeles, A. Camerlenghi, and E. Gràcia. Seismic diffraction imaging to
characterise mass-transport complexes: examples from the Gulf of Cadiz, south west Iberian
Margin. Journal of Geophysical Research: Solid Earth, page e2020JB021474, 2021. doi:
10.1029/2020JB021474
Field data used in this Chapter were collected in the framework of the project INSIGHT
(CTM2015-70155-R) funded by the Spanish “Ministerio de Ciencia e Innovación” and the
European Regional Development Fund. Pre-processed pre-stack seismic data, processing
horizons, migration velocities and code to reproduce the results are archived in Ford (2020).
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Introduction

Mass-transport complexes (MTCs) are seismic-scale bodies representing the (potentially composite) deposits of one or more slope failure events (Prior et al., 1984; Weimer and Shipp,
2004)1 . MTCs can preserve complex, laterally discontinuous internal structure such as slide
blocks, rough interfaces, faults and truncated strata (Bull et al., 2009; Lucente and Pini, 2003).
These so-called kinematic indicators can record the dynamics of failure, transport and emplacement, important for constraining the flow type and the geohazard potential of future
mass-movements (Section 0.3.1). When the scale of this structure is close to the limit of
seismic resolution, seismic images of MTCs can be difficult to interpret, often showing an
apparently “chaotic” or “disordered” seismic character (Posamentier et al., 2011). This can
be a problem when discriminating between different types of mass-movements, for example
debris flow deposits (lacking internal bedding, chaotic seismic character) and slumps (internal
bedding preserved but may still show a chaotic seismic character without sufficient seismic
resolution). This can also make it difficult to characterise the amount and style of deformation
within a deposit.
Efforts to improve the characterisation of internal structure from seismic images have largely
relied on improvements in acquisition technology in recent decades. Industry-scale 3-D seismic
surveys can provide the spatial resolution and coverage to observe large-scale internal structure
within MTCs, particularly from plan-view time and depth slices (e.g., Bull et al., 2009; Gafeira
et al., 2010; Lackey et al., 2018; Martinez et al., 2005; Steventon et al., 2019). In academic
settings maximum offsets are typically limited relative to the target depth, meaning reflectors
are often poorly illuminated, intrinsically limiting the lateral resolution. Improvements in
imaging of academic data have typically come from novel acquisition geometries and seismic
sources, such as ultra-high resolution deep-tow seismic (Badhani et al., 2020) and short-offset
3-D “P-cable”-type geometries (Berndt et al., 2012; Karstens et al., 2019). Such approaches
can provide dramatic increases in seismic resolution within MTCs at the cost of significantly
increased acquisition effort.
An alternative strategy to improve the interpretable resolution of existing seismic data is
to apply quantitative interpretation techniques such as seismic attributes (Chopra and Marfurt,
2007). Seismic attributes can highlight discontinuities and identify areas of disrupted seismic
reflectors by deriving statistical properties within data windows of seismic images. Such
approaches have been applied to discriminate MTCs from background sedimentation (when
they have chaotic internal seismic character) as well as to characterise the flow direction and
1 The

events discussed in this Chapter are interpreted using seismic data only, therefore I use the term masstransport complex (instead of deposit) to avoid implying that these necessarily represent single or contemporaneous
deposits.
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assess the degree of internal disaggregation (e.g., Alves et al., 2014; Bhatnagar et al., 2019).
Seismic attributes, however, are typically derived from full-wavefield seismic images, which
suffer from the lateral resolution limits outlined above, and data windowing can reduce their
effective resolution with respect to the original image.
Conventional seismic processing emphasises preserving and imaging the reflected seismic
wavefield—the relatively weak diffracted wavefield is often ignored, aliased or accidentally
attenuated (Klem-Musatov et al., 2016; Schwarz, 2019b). Seismic reflections cannot properly
resolve geological structures smaller than the Rayleigh limit (i.e., half a seismic wavelength,
on the order of metres to decametres for typical marine airgun data; Born and Wolf, 1959;
Chen and Schuster, 1999). Such structures, instead, scatter the seismic waves and generate
diffractions, meaning that the diffracted wavefield can encode sub-wavelength information
about small-scale subsurface discontinuities. Diffraction imaging works by separating the
reflected and diffracted wavefields and migrating only the diffracted component, producing
an image of these small-scale heterogeneities (Klem-Musatov et al., 2016; Schwarz, 2019b).
Contrary to reflections, the radiation pattern of diffractions is independent of the dip (Fig. 2.1a),
meaning that they can be fully illuminated even by short- or zero-offset receiver arrays (Preine
et al., 2020). This radial spreading, combined with the general smaller scale of diffractors
compared to reflectors means that, for a given seismic source, the recorded diffracted wavefield
tends to be significantly weaker and have higher frequency content than the reflected wavefield.
Consequently, the relatively high-amplitude, long-wavelength reflections can easily mask the
diffractions in conventional, full-wavefield seismic images. Diffraction images therefore offer
potentially improved lateral resolution and better illumination of small-scale, discontinuous
geological structure. Several approaches for diffraction separation have been developed. Some
exploit the difference in moveout of reflections and diffractions in common-shot or commonmidpoint domains (Khaidukov et al., 2004), or the difference in dip and lateral continuity
between reflections and diffractions in common-offset domain (Decker et al., 2017; Fomel
et al., 2007; Taner et al., 2006). Others rely on wavefront attributes and the assumed coherence
of seismic reflections to model and subtract the reflected wavefield (Dell and Gajewski, 2011;
Schwarz and Gajewski, 2017). Another approach is to perform the separation during migration,
exploiting the fact that in migrated dip-angle domain diffractions appear flat, whereas reflections
appear as hyperbolae (Moser and Howard, 2008).
MTCs very often contain a large amount of potential diffractors: interfaces with widths
below the Rayleigh criterion (sub-wavelength scale heterogeneities) or near-infinite local
curvature (edges, discontinuities and truncations) (Fig. 2.1a). Examples of such internal
structure could include the hinges of slump folds (Alsop and Marco, 2013); offset across
normal and reverse faults within extensional and compressional shear zones (Posamentier et al.,
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2011); wavelength-scale transported clasts (Talling et al., 2010); truncated reflectors at the
boundaries of slide blocks (Sobiesiak et al., 2016); rough basal topography and ramp-and-flat
structures (Lucente and Pini, 2003); headwall scarps (Bull et al., 2009) and steep, erosive lateral
margins (Martinez et al., 2005) (Fig. 2.1b). This points to the potential of seismic diffractions
to encode unique information on the small-scale internal structure and the discontinuous
external boundaries of MTCs. Indeed, the presence of diffraction tails (sometimes referred to
as hyperbolae, although diffractions are only strictly hyperbolic when the overburden velocity
structure is laterally homogenous) in unmigrated seismic and sub-bottom profiler data is often
used as an indicator of mass-movements (Diviacco et al., 2006; Urgeles et al., 1999). Even
MTCs that do preserve coherent, well-imaged internal strata or internal geometry may benefit
from the superior illumination of diffractions, especially at the discontinuous basal surface,
lateral margins and internal dislocation planes between slide blocks. Structural reconstruction
to quantify strain distribution within MTCs relies on the proper imaging of such supra-seismic
scale interfaces (Bull and Cartwright, 2020; Steventon et al., 2019).
Seismic diffraction imaging has been used to characterise a range of complex geological
targets including faults, channels, pinchouts, rugose interfaces, karstic carbonate reservoirs and
fracture zones (Decker et al., 2015; Fomel et al., 2007; Reshef and Landa, 2009; Schwarz and
Krawczyk, 2020). In this Chapter I explore the potential of diffraction imaging to characterise
the complex internal structure and external morphology of MTCs. This approach has the
potential to increase the value of existing seismic data during processing at relatively low
additional computational cost (comparable to a conventional migration). I apply diffraction
imaging to two 2-D, multi-channel seismic profiles containing prominent MTCs from the Gulf
of Cadiz (south west Iberian Margin). I first demonstrate the ability of diffraction images to
resolve small-scale internal structure compared to conventional, full-wavefield seismic images.
I then compare diffraction images to traditional seismic discontinuity attributes for identification
and interpretation of relatively small, thin MTCs. Finally, I outline a speculative approach
to utilise the illumination of out-of-plane diffractions (normally considered a nuisance) and
the inherently 3-D structure of MTCs. I suggest that in certain conditions this out-of-plane
diffracted energy might be used to constrain the minimum cross-line width of MTCs from
single 2-D seismic profiles.

2.2

Geological setting

The Gulf of Cadiz is located offshore the south west margin of the Iberian Peninsula and north
west Morocco (Fig. 2.2). The region is characterised by active tectonics related to convergence
between the African and Eurasian plates. The tectonic structure and seafloor morphology of the
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Fig. 2.1 a) The 2-D radiation pattern of reflections from a laterally continuous interface compared to
diffractions from truncations (infinite curvature edge diffractors) or sub-wavelength scale heterogeneities
(point diffractors). b) Schematic diagram of an MTC labelled with discontinuous structure likely to
generate seismic diffractions: 1) intense folding; 2) extensional and compressional shear zones; 3)
transported clasts; 4) boundaries of slide blocks; 5) rough basal topography; 6) ramp-and-flat structures;
7) headwall scarps and 8) lateral margins (modified from Bull et al., 2009).
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Fig. 2.2 a) Overview map of the Gulf of Cadiz and surroundings, with bathymetric contours (500 m
interval). b) Bathymetry of Portimão Bank area, location of seismic profile INS2-Line1 indicated. c)
Bathymetry of Infante Don Henrique Basin area, location of Marquês de Pombal fault trace at the seafloor
(after Gràcia et al., 2003b) and seismic profile MP06b indicated. Headscarps from mass-movements are
shown as black lines.
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gulf is the result of an accretionary wedge formed from the Late Cretaceous to the Late Miocene
(Zitellini et al., 2009). The accretionary wedge is covered by Late Miocene to Plio-Quaternary
sediments, pierced by mud volcanoes and pockmarks (indicating active fluid flow) and salt
diapirs (Gràcia et al., 2003a,b; Medialdea et al., 2009; Zitellini et al., 2009). The Gulf of Cadiz
and the south west Iberian Margin host large magnitude (Mw > 8) earthquakes (Gràcia et al.,
2010; Matias et al., 2013) and submarine landslides (Urgeles and Camerlenghi, 2013). Both
processes pose significant tsunami hazard to nearby coastal populations (Baptista and Miranda,
2009; Leynaud et al., 2017; Lo Iacono et al., 2012). This study uses geophysical data collected
from two areas of the Gulf of Cadiz: the Portimão Bank and the Infante Don Henrique Basin.
The Portimão Bank is an east-west trending tectonic high located south of Portugal, at the
external part of the Gulf of Cadiz. The area is characterised by bottom currents and contourite
deposition associated with the Mediterranean Outflow Water (Brackenridge et al., 2013) and
mass-movements (slides and slide scars; Silva et al., 2020). Salt diapirs pierce the shallow
Plio-Quaternary sediments and the corresponding doming is evident in the bathymetry (Fig.
2.2b). The rapid deposition of poorly consolidated contourites and slope steepening from
salt diapirism are primary pre-conditioning factors for mass-failure, evidence of which is
widespread in the area (Mulder et al., 2009; Silva et al., 2020).
The Infante Don Henrique Basin is located at the south west of the Cape São Vicente
(Fig. 2.2). It is bound on its eastern side by the Marquês de Pombal fault, a ∼55 km long,
north-south trending, active reverse thrust fault (Gràcia et al., 2003a; Terrinha et al., 2003;
Zitellini et al., 2004). The fault is expressed in the bathymetry as a monocline, with water
depth rapidly increasing from the hanging-wall block (2000 m water depth) to the basin located
in the footwall block (3900 m water depth). A succession of stacked MTCs is preserved in
the Plio-Quaternary deposits in the basin, likely recording recent seismic activity of the fault
(Gràcia et al., 2010; Vizcaino et al., 2006), which has been considered as a potential source
of the Mw > 8 1755 Lisbon earthquake (Baptista et al., 1998; Terrinha et al., 2003). Recent
mass-failure events are also visible in the bathymetry of the steeply dipping hanging wall block
(Fig. 2.2c). Preconditioning factors for mass-failure in the area include slope steepening of
the advancing thrust front and potential excess pore pressure related to the relatively high
sedimentation rate and lateral fluid flow. Near-field seismic activity along the Marquês de
Pombal fault is likely a primary trigger mechanism for some of the mass-failure events, as well
as far-field seismicity from the rest of the Gulf of Cadiz.
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Data and methods
Geophysical data

This study uses two 2-D marine multi-channel seismic reflection profiles from the Gulf of
Cadiz acquired during the INSIGHT2 cruises in May 2018 (Leg 1) and October 2019 (Leg 2)
(Gràcia et al., 2018; Urgeles and INSIGHT Leg 2 participants, 2019).
The seismic acquisition and processing flow were designed to maximise the temporal and
spatial resolution of the resulting seismic images. The shot interval was chosen to ensure
a nominal coverage of at least 12-fold with a midpoint interval of 3.125 m. A relatively
small seismic source (an airgun array with total volume 930 cu. in.) was used to maximise
the dominant source frequency. The source array and streamer were towed at a relatively
shallow depth (∼3 m) to ensure that the frequency of the first source and receiver ghost
notches were as high as possible. Broadband pre-processing was performed onboard using
RadExPro seismic processing software. Traditional pre-processing focuses on imaging specular
reflections, meaning that diffractions are often ignored or removed, particularly by processes
that target dipping energy, such as τ − p and f − k filters. Preserving diffractions through the
pre-processing flow requires care as they are generally lower amplitude, higher frequency and
dip more steeply compared to reflections. The broadband pre-processing flow consisted of i)
swell noise removal (to enhance the signal-to-noise ratio at low frequencies); ii) deghosting
(to correct for the source and receiver ghost effect, enhancing the bandwidth); iii) designature
(to transform the data to zero-phase and remove the bubble pulse, boosting the low frequency
content) and iv) shot domain τ − p muting (to remove steeply dipping noise, taking care to
preserve the diffractions). For most of the survey area the signal penetration depth was similar
to, or less than, the two-way travel time (TWTT) of the first waterbottom multiple, therefore
no multiple attenuation was performed. Instead, a bottom-mute was applied from above the
first waterbottom multiple before imaging to prevent high amplitude multiple energy from
migrating upwards into the shallow section as noise. Full details of the acquisition and preprocessing parameters for both profiles are given in the supplementary information (Table 2.1
and Table 2.2). The signal bandwidth of the migrated full-wavefield images is approximately
8–250 Hz (range estimated from the amplitude spectrum of a window around the waterbottom
reflection, 20 dB below the peak amplitude).
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Table 2.1 Acquisition parameters for multi-channel seismic profiles MP06b and INS2-Line1.

Seismic profile
MP06b
Vessel
Acquisition date
Profile length
Seismic source
Source depth
Shot interval
Recording array
Receiver groups
Receiver group interval
Streamer depth
Near offset
Far offset
Record length
Acquisition sample interval
Nominal coverage

INS2-Line1

B/O Sarmiento de Gamboa
May 2018
October 2019
11.6 km
32.2 km
Airgun array (10 × G-Gun II, total volume 930 cu. in.)
3.5 m
3.5 m
18.5 m
12.5 m
Solid-state digital streamer (GeoEel Geometrics)
72
56
6.25 m
6.25 m
3.5 m
3.5 m
104.9 m
104.9 m
548.75 m
448.65 m
8.0 s
5.8 s
0.5 ms
0.5 ms
12-fold
14-fold

Table 2.2 Outline of the broadband pre-processing flow for multi-channel seismic profiles MP06b and
INS2-Line1

Processing stage

Notes

Resample
Remove recording delay
Navigation and geometry import
Trace editing
Swell noise attenuation

To 1 ms (anti-alias filter: 380–450 Hz high cut)
50 ms static shift
—
Drop bad shots
2–4 Hz low-cut filter, time-frequency trim in
shot domain (2–40 Hz) and channel domain (2–
20 Hz)
SharpSeis de-ghost (Vakulenko et al., 2014)
De-bubble filter and zero-phase correction, operator derived by stacking waterbottom reflection
Passing range −200 < p < 400 µs m−1
3.125 m interval

Source and receiver ghost removal
Designature
Shot domain τ − p mute
CMP binning
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Fig. 2.3 Comparison of workflows for conventional full-wavefield seismic imaging and the plane-wave
destruction (PWD) filter based diffraction separation and imaging workflow used in this study. The
dip field is estimated from the migrated full-wavefield image, then de-migrated using the migration
velocities, giving the dominant slope of the unmigrated reflections (Section 2.3.2.1). This is used to
guide the PWD filter for diffraction separation.

2.3.2

Diffraction separation

This study uses a dip-guided plane-wave destruction (PWD) filter approach for diffraction
separation on unmigrated data, modified to be robust to high amplitude diffractions and steeply
dipping reflections present in the example profiles from the Gulf of Cadiz. Fig. 2.3 shows an
outline of the diffraction imaging workflow compared to a conventional full-wavefield seismic
imaging workflow.
The recorded seismic wavefield can be considered as the superposition of i) reflected energy,
ii) diffracted energy and iii) noise (including other seismic arrivals, such as multiples). When
the noise is low, the diffracted wavefield can be retrieved by subtracting the reflected wavefield
from the recorded wavefield. In this study I perform the separation using a dip-guided PWD
filter approach in the time domain on common-offset gathers (as in, e.g., Decker et al., 2017;
Fomel et al., 2007). This approach assumes that reflections are locally planar events in commonoffset domain (Harlan et al., 1984). PWD filters calculate the dominant local slope by following
energy between traces and iteratively minimising the residual energy (Claerbout, 1992; Fomel,
2002). The residual energy contains the diffracted energy and noise, with laterally coherent
events with continuous local slope (i.e., smooth) that are close to the estimated dominant slope
(the apparent dip of the unmigrated reflectors) eliminated.
2 Imaging

large seismogenic and tsunamigenic structures of the Gulf of Cadiz with ultra-high resolution
technologies (INSIGHT)
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The PWD filter is guided by an estimate of the dominant slope (dip). Robust diffraction
separation therefore depends on accurate estimation of the dominant slope of the unmigrated
reflections. Due to the general rough topography of the seafloor in the Gulf of Cadiz, the
example profiles in this study contain a large number of high energy diffractions with similar
amplitude to major reflections. In addition, some reflections are steeply dipping, often subparallel to the diffraction tails. This prevents accurate estimation of the dominant slope of the
reflectors directly from the unmigrated data (Fomel et al., 2007, as in, e.g,). I instead estimate
the dip field from the migrated full-wavefield image, where diffractions are collapsed and the
continuity of reflections enhanced. Using the migration velocities, I then de-migrate this dip
field to estimate the dominant slope of the unmigrated reflections.
2.3.2.1

Dip de-migration

The aim of dip de-migration is to recover the unmigrated dip field from a dip field estimated on
a migrated image. I use this technique due to the presence of high amplitude, steeply dipping
diffraction tails and poor reflector continuity throughout the unmigrated data used in this study.
I perform the dip de-migration using simple geometric relations that describe how migration
affects dipping reflectors in 2-D (Yilmaz, 2001):
1. The dip in a migrated section is greater than in the unmigrated section (migration steepens
reflectors).
2. For areas of non-zero local dip the horizontal distance between points is shorter after
migration.
3. Migration moves events in an up-dip direction.
After Chun and Jacewitz (1981), for migrated dip α ′ , unmigrated dip α, local migration
velocity, v, and TWTT t:
α
α′ = q
2
1 − ( αv(x,t)
2 )
x′ =

v(x,t)2t
α
4 r

t′ = t 1 −

αv(x,t)
1−
2

!
.

(2.1)

I first solve for the un-migrated local dip value, α(x′ ,t ′ ). I then calculate the horizontal and
vertical (time) shift (x′ − x and t ′ −t). The de-migrated dip field α(x,t) is estimated by applying
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image warping (with the horizontal and vertical shifts) to α(x′ ,t ′ ). The effect is to reverse the
effect of migration on the dip field, to “de-migrate” the dip field.

2.3.3

Imaging

Diffractions, like reflections, can be imaged by Kirchhoff-type migrations, in both time and
depth domains (Moser and Howard, 2008). For this study, the real data examples are migrated
using a 2-D pre-stack Kirchhoff time migration (Fomel et al., 2013; Lumley et al., 1994), with a
migration aperture limited to 60°. Identical migrations are performed for the full-wavefield and
diffraction images so that the geometry of both images is comparable (see, e.g., Fig. 2.3). The
diffraction images in this study are presented as the energy (squared envelope) of the diffraction
image (as in, e.g., Preine et al., 2020).
A classic application for diffraction imaging is to derive migration velocity fields by focusing
analysis of the diffracted wavefield (e.g., Decker et al., 2017; Fomel et al., 2007; Preine et al.,
2020). Under the correct migration velocity, diffractions will collapse (focus) to a point at
their apex. The example 2-D profiles in this study both contain significant contributions from
out-of-plane diffractions around the target MTCs and from the rugose seafloor (Section 2.3.4).
Out-of-plane diffractions will not be properly focused by 2-D migration, so their presence
biases the derived migration velocity fields. As a consequence, it was not possible to obtain
plausible migration velocities from focusing-defocusing analysis of the diffracted wavefield in
these examples. A more traditional method for migration velocity analysis is to pick velocity
trends from semblance panels of migrated common-midpoint gathers. This method relies on
the approximately hyperbolic moveout of seismic reflections with offset. The example 2-D
profiles in this study were acquired with a relatively short streamer, giving a low far-offset
(hundreds of metres) with respect to the depth of the target MTCs (kilometres). Consequently,
there was insufficient differential moveout between reflections to perform an accurate and
robust semblance velocity analysis.
Instead, the migration velocity fields used in this study were derived during onboard
processing as a constant velocity in the water column and a velocity gradient in the sediments.
The post-migration waterbottom horizon was picked on a near-offset section migrated with
a water velocity Stolt migration (Stolt, 1978). The optimal sediment velocity gradients were
estimated for each area by generating an ensemble of images migrated with a range of gradients
and choosing the gradient that appeared to best focus reflections and diffractions for all profiles
in an area. The sediment velocity gradient is then inserted below the smoothed post-migration
waterbottom horizon to make the migration velocity field. For seismic profiles INS2-Line1
and MP06b the optimal sediment velocity gradient was estimated during onboard processing
as 200 ms−2 and 125 ms−2 , respectively (Gràcia et al., 2018; Urgeles and INSIGHT Leg
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2 participants, 2019). The water velocity for both profiles is 1500 ms−1 . These migration
velocities are considered reasonable at the target depths because the MTCs in these examples
are close to the seafloor (with respect to the water depth) and both the reflection and diffraction
images appear to be generally well-focused.

2.3.4

Constraining the location of out-of-plane diffractors

For 2-D seismic profiles, out-of-plane energy (i.e., seismic energy reflected and scattered from
interfaces outside the vertical plane of the profile) can contaminate the image. The illumination
of seismic reflectors depends on the local dip of the reflector and the geometry of the receiver
array. Diffractions, however, are 3-D phenomena, fully illuminated from all angles even by
single-channel, zero-offset data (Fig. 2.1a, Preine et al., 2020). This means that 2-D diffraction
images will suffer more strongly from out-of-plane energy than corresponding 2-D reflection
images. Out-of-plane energy is usually regarded as a source of noise in 2-D seismic profiles, as
it cannot be properly migrated and interferes with in-plane primary energy.
I suggest that these out-of-plane diffractions, under certain strong assumptions, may provide a source of information about the 3-D geometry of MTCs from 2-D profiles. MTCs
are inherently 3-D geobodies (Fig. 2.1b), so 2-D seismic images of MTCs will, in general,
suffer more strongly from out-of-plane energy than 2-D seismic images of unfailed sediments.
Therefore diffraction images of MTCs from 2-D seismic profiles should contain a particularly
large contribution of out-of-plane energy.
The apparent TWTT of an out-of-plane diffractor, tdi f f r , can be predicted from the crossline distance to the diffractor, x, the depth of the diffractor below the seismic datum, z, and the
average velocity along the raypath from the seismic array to the diffractor, vrms (Fig. 2.4):
√
2 x 2 + z2
.
tdi f f r =
vrms

(2.2)

If diffractors are distributed throughout the MTC, some of the recorded diffraction energy
will always come from outside the vertical plane of the profile (i.e., |x| > 0 in Fig. 2.4). If
the body is wider than it is thick and contains abundant diffractors, the apparent thickness of
the MTC from diffraction images will be greater than the apparent thickness from reflection
images. This results in a “shadow” of diffraction energy below the true basal surface of the
MTC in 2-D diffraction images. From Eq. 2.2 it follows that the thickness of this diffraction
shadow is related to the half-width, perpendicular to the profile, of the zone of out-of-plane
diffractors that contribute to the image. I propose that this could provide a minimum bound on
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Fig. 2.4 Conceptual diagram oriented perpendicular to a 2-D seismic profile showing how an out-ofplane diffractor at the seafloor will appear to “swing” into the plane of the profile. The seismic source
and receiver arrays (seismic datum) and the expanding seismic wavefront are marked. x and z are the
the horizontal offset and depth of the diffractor with respect to the seismic array. ttop and tdi f f r are the
two-way travel times to the top of the MTC and to the diffractor.

the cross-line half-width of an MTC (i.e., relate the zone where out-of-plane diffractions could
potentially come from to the geometry of an MTC) under certain (strong) assumptions:
Diffractors spread throughout body Diffractors are widespread inside compared to outside
the body, where there are relatively fewer diffractors.
Known top surface The top surface of the MTC must be assumed. In practice, this can often
be well-constrained by bathymetry (for bodies at the seafloor) or reasonably assumed to
be constant depth perpendicular to the profile.
Thin body The thickness of the body is small relative to its depth, meaning that all diffractors
can be treated as if they are at the assumed top surface.
Laterally homogeneous overburden velocity Eq. 2.2 assumes a straight raypath to the true
location of the diffractor, implying that the overburden velocity, vrms , is constant in a
cross-line direction, even if the water depth changes.
Distinct diffraction shadow The diffraction shadow is associated with a single body and can
be clearly differentiated from the background and from other bodies that might also
generate diffractions. The cross-line width is large enough with respect to the thickness
that the diffraction shadow extends below the true basal reflector.
If these assumptions are satisfied, the diffraction shadow provides an estimate of the half-width
of the zone containing the diffractors that swing into the profile. In other words, it places
a lower bound on the width of an MTC from a single 2-D seismic profile. Diffractions are
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relatively low amplitude seismic events, and their radiation pattern means that their amplitude
depends strongly on the distance from the seismic array (Fig. 2.1a). Therefore this lower bound
on the half-width from the diffraction shadow will generally be an underestimate of the true
half-width, in practice.
2.3.4.1

Controlled synthetic demonstration

The aim of this synthetic test is to demonstrate that 3-D information generated by a heterogeneous geobody is encoded in 2-D seismic profiles by out-of-plane diffractions, producing a
diffraction shadow. If the above assumptions are satisfied, the apparent TWTT to the base of
the diffraction shadow can be related to the overall width of the geobody by Eq. 2.2.
The 3-D synthetic model has dimensions 500 m x 500 m x 500 m with a grid spacing of
1 m. The P-wave velocity is constant, v p = 1500 m s−1 . The background density is constant,
ρ = 1400 kg m−3 , everywhere except for a half-ellipsoidal region, representing an MTC, in
the centre of the model. I randomly place n = 2117 point diffractors (single cells of higher
density, ρ = 3000 kg m−3 ) inside the half-ellipsoid zone. The 3-D, zero-offset seismic response
is modelled using one-way wave extrapolation with an extended split-step scheme (Gazdag and
Sguazzero, 1984; Kessinger, 1992) and a 50 Hz Ricker wavelet source signature. The modelled
seismic volume, 3-D migration and 2-D migration of a section through the diffractor zone are
presented in Section 2.4.4.1.
2.3.4.2

Real data demonstration

The aim of this real data test is to demonstrate a practical workflow to assess the zone of
out-of-plane diffractors that contribute to example seismic profile INS2-Line1. As MTC A is
close to the seafloor I make the simplifying assumption that potential internal diffractors are
at, or near, the seafloor (Section 2.3.3). This implies vrms ≈ vwater = 1500 m s−1 . I assume that
the seafloor is equivalent to the potential top surface of the MTC. The seafloor depth is known
independently from multi-beam swath bathymetry (Fig. 2.2).
The workflow to calculate the zone of diffractors that contribute to the image is as follows:
1. Pick the apparent base of the diffraction shadow associated with the MTC, tdi f f r , from
the diffraction image.
2. For each interpreted common-midpoint (CMP) location along the profile:
(a) Compute the horizontal distance, x, from the CMP to each point on the seafloor.
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(b) For each point on the seafloor, compute the TWTT from the CMP to the potential
top surface of the body, ttop , using Eq. 2.2 with vrms = 1500 m s−1 and z equal to
the depth of the seafloor.
(c) Grid points with TWTT less than the interpreted base diffraction shadow (ttop <
tdi f f r ) are considered as potential locations for diffractors originating perpendicular
to the profile at this CMP location.

2.4

Results

2.4.1

Diffraction imaging

2.4.1.1

Profile INS2-Line1

The full-wavefield seismic image of the INS2-Line1 profile largely consists of parallel, high
amplitude reflectors interpreted to be of Plio-Quaternary age, pierced by the Lolita salt diapir,
forming a ∼4 km wide dome at the seafloor in the centre of the profile (Fig. 2.5). The doming
has resulted in slope failures that radiate from the centre of the dome, visible in the bathymetry
(Fig. 2.2b). To the north, the upper Late Quaternary sediments onlap and pinchout, which
characterises a major contourite drift deposit resulting from bottom currents associated with
the Mediterranean Outflow Water. Three prominent MTCs (MTC A, MTC B and MTC C) are
clearly visible on the full-wavefield seismic image (Fig. 2.5a and Fig. 2.6a, a zoom on MTC A).
MTC A and MTC B are both exposed at the seafloor, having in-profile lengths of ∼7.4 km and
∼3.7 km, respectively, and maximum in-profile thicknesses of ∼95 ms TWTT and ∼130 ms
TWTT, respectively. MTC C is deeper, partly underlying MTC B, with an in-profile length of
∼5.1 km and a maximum in-profile thickness of ∼140 ms. MTC A originated from the drift
deposits, whereas MTC B originated from the salt diapir. Both propagated towards the south.
MTC C, instead, failed towards the north, in the direction of the salt diapir.
Fig. 2.5b shows the unmigrated full-wavefield stack of INS2-Line1. Diffraction tails are
visible originating from the rugose, high amplitude seafloor and top salt interfaces. Fig. 2.5c
shows the estimated dominant slope of the unmigrated reflectors (de-migrated dip field estimated from the full-wavefield seismic image) overlaid on the unmigrated stack. The dip
estimate appears to follow the dip of the prominent horizons well.
Fig. 2.5d shows a stack of the separated diffractions. This view is comparable to the
unmigrated stack (Fig. 2.5b). Diffraction tails are clearly seen throughout the section, including from i) two zones of normal faults (CMPs 1500–3000 and 9100–10 000); ii) inside the
prominent MTCs (CMPs 3000–5500 and 7000–9000) and iii) within the deeper, chaotic unit
(CMPs 1000–5000 and 9000–10 000, below around 2.4 s). The diffraction image shows high
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Fig. 2.5 Seismic profile INS2-Line1 from the Portimão Bank area (Fig. 2.2), MTCs outlined in green.
a) Full-wavefield migrated seismic image. b) Unmigrated stacked conventional data (reflections and
diffractions). c) De-migrated estimated dip field (dominant slope of reflectors) overlaid on the unmigrated
conventional stack. d) Unmigrated stacked separated diffractions. e) Diffraction image.
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amplitudes inside MTC A, MTC B and MTC C, inside the smaller MTC D (below MTC A),
at the rugose top salt interface and within the deeper chaotic unit (Fig. 2.5e). Both zones of
normal faults are remarkably well-resolved compared to in the full-wavefield image, where
they are difficult to interpret due to their small offsets. Some residual reflection energy remains,
particularly in areas of rapidly varying dip (see Fig. 2.6, label “g”).
2.4.1.2

Profile MP06b

The MP06b seismic profile is a cross-sectional view of the Marquês de Pombal fault (Figs. 2.7
and 2.8). The profile can be divided into two main sections: the Infante Don Henrique Basin
(the footwall of the Marquês de Pombal fault) and the steeply dipping slope area (the frontal
part of the hanging wall of the fault). The full-wavefield seismic image shows that the Infante
Don Henrique Basin contains a >1 s TWTT thick, stacked succession of MTCs with apparently
chaotic to transparent seismic character, separated by parallel horizons representing the unfailed
confining sediments (Fig. 2.7a and Fig. 2.8a). The hanging wall of the Marquês de Pombal
fault is more deformed—the shallow part of the slope shows extremely disordered, overlapping
horizons reflecting the complex seafloor topography caused by mass-wasting in the slope
area. The Marquês de Pombal fault plane is not directly imaged in this data; the fault zone is
represented by a zone of relatively low amplitude, disordered reflectors, dipping to the south
east (CMPs 1900–2500, 5.25–6.5 s TWTT).
Fig. 2.7b shows the unmigrated stack of MP06b. Diffraction tails are visible originating
from the rugose seafloor in the steeply dipping hanging wall area (CDPs 1800–3000) and from
truncated reflectors where the Infante Don Henrique Basin meets the low amplitude, disordered
zone containing the Marquês de Pombal fault. Fig. 2.7c shows the estimated dominant slope
(de-migrated dip field estimated from Fig. 2.7a) overlaid on the unmigrated stack. In general,
the dominant slope appears to follow the dip of the prominent horizons well, showing near-zero
slope in the Infante Don Henrique Basin and negative slope (i.e., dipping to the north west)
in the hanging wall area. The south eastern, deep corner of the profile (CMPs >2500, >5.5 s
TWTT) shows anomalously high slope values corresponding to steeply dipping noise, due the
to low signal-to-noise ratio in this part of the image. Fig. 2.7d shows a stack of the separated
diffractions, where diffraction tails are seen throughout, particularly from disrupted reflectors
in the hanging wall area (CMPs 2000–4200) and corresponding to MTCs in the Infante Don
Henrique Basin (CMPs 0–2000, 5.2–6 s TWTT). Fig. 2.7e shows the diffraction image (i.e.,
the separated diffractions after migration), which contains laterally continuous, high amplitude
zones that correspond to MTCs seen in the full-wavefield seismic image. Some residual
reflection energy remains, particularly in the area of rapidly varying dip at the break in slope
corresponding to the Marquês de Pombal fault (CDP 2000, see Fig. 2.8b).
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Comparison of full-wavefield and diffraction images of internal
structure

Fig. 2.6 shows a section of seismic profile INS2-Line1 around MTC A, exposed at the seafloor
(Fig. 2.5), including the full-wavefield seismic image (Fig. 2.6a), the corresponding diffraction
image (Fig. 2.6b) and the diffraction image overlaid on the full-wavefield image (Fig. 2.6c).
MTC A is characterised by relatively high amplitude response in the diffraction image, whereas
the unfailed underlying sediments are characterised by a relatively low amplitude response.
This implies that MTC A contains a relatively high density of diffractors compared to the
unfailed sediments. I speculate that these high amplitude diffractions could result from (labels
correspond to Fig. 2.6): (a) faults or shear planes in an extensional part of the MTC; (b) a
truncated internal reflector within the MTC; (c) a zone of intense stratal disruption within the
MTC (possibly the interface between two separate mass-transport deposits); (d) two small
normal faults directly beneath the MTC, likely related to sediment loading/unloading after
failure; (e) a zone of diffuse, high energy diffractors that is not clearly related to structure
resolved by the full-wavefield image and (f) a smaller, deeper MTC (MTC D). The remaining
diffraction energy within the MTC has complex geometry and is not clearly related to structure
resolved by the full-wavefield image (e.g., the area labelled “e”).

2.4.3

Comparison of diffraction image with discontinuity attributes

Fig. 2.8 shows a section of seismic profile MP06b, focused on the stacked succession of MTCs
in the Infante Don Henrique Basin. Fig. 2.8a shows the full-wavefield seismic image, Fig. 2.8c
shows the similarity attribute of the full-wavefield image (similarity attribute implementation
from OpendTect 6.4 with a time gate of 10 ms) and Fig. 2.8d shows the chaos attribute of the
full-wavefield image (“Chaotic Reflection” attribute implementation from Kingdom Rock Solid
Attributes). Fig. 2.8b shows the corresponding diffraction image. In general, the diffraction
image appears to have lower noise and less interference from high amplitude reflections than
the discontinuity attributes of the full-wavefield image. There is a prominent zone of residual
reflection energy at the break in slope across the Marquês de Pombal fault (labelled). In
addition, a steeply dipping event cuts across part of the image from CMPs 800–1250, 5.2–5.6 s
TWTT (seen also on the full-wavefield image and discontinuity attributes). I interpret this event
as out-of-plane energy associated with MTC8, as it appears to originate from the edge of the
thickest part of this body.
Interpretation of the MTCs is guided by one or more of the following features: i) apparently
chaotic or transparent seismic character in the full-wavefield seismic image; ii) high amplitude,
laterally continuous top and/or basal bounding reflections; iii) lobe shaped, laterally consis-
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tent low similarity/high chaos values or iv) lobe shaped, laterally consistent high amplitude
diffraction energy. In total, nine MTCs are interpreted from a combination of the full-wavefield
image, derived attributes and the diffraction image (labelled in order of decreasing depth from
MTC1 to MTC9). Three large bodies are directly visible in the full-wavefield seismic image
(MTC3, MTC4 and MTC8). Two other bodies are only resolved by the diffraction image
(MTC5 and MTC7). A further zone of high amplitude diffractions close to the seafloor (CMPs
0–400, 5.15 s TWTT) is not interpreted as an MTC as the zone cuts across apparently parallel,
undisturbed reflectors. I speculate that this diffraction energy could be from out-of-plane or
generated by rough seafloor topography.
Fig. 2.8e shows the interpreted lateral extent and thickness of the interpreted bodies overlaid
on the full-wavefield seismic image. The portion of the bodies interpreted from the fullwavefield image and attributes versus the diffraction image is indicated. Fig. 2.8f shows the
interpreted length (apparent in-profile runout) of these bodies, indicating the proportion of the
total length interpretable only from the diffraction products. Several of the bodies (MTC2,
MTC3, MTC4, MTC5 and MTC7) extend past the end of the section, in these cases the
interpreted runout length is a lower bound on their total runout length in the direction of the
profile. MTC4 and MTC6 are both resolved from the full-wavefield products, but by using the
diffraction image their in-profile runout length is extended by >1.5 km and 1.1 km respectively.
MTC7 is only resolved by the diffraction image, likely because it has an apparently transparent
seismic character in the full-wavefield seismic image, whereas the diffraction image clearly
resolves a lobe shaped zone of heterogeneity. MTC9 is a 2 km long body near the seafloor
that is only visible in the diffraction image, likely because it is thin enough to be masked in
the full-wavefield seismic image by the relatively high amplitude, long wavelength seismic
reflections.

2.4.4

Constraining the location of out-of-plane diffractors

2.4.4.1

Controlled synthetic demonstration

Fig. 2.9 shows the results of the controlled synthetic demonstration of the “diffraction shadow”
concept. This demonstration models an MTC body as a half-ellipsoid containing randomly
placed point diffractors. Fig. 2.9a shows the top and base boundaries of the body and the point
diffractors (single cell density anomalies). Fig. 2.9b shows the forward modelled, zero-offset
volume in time domain. As the model is composed entirely of diffractors (i.e., no reflections),
this is equivalent to the ideal separated diffracted wavefield. Fig. 2.9c shows the zero-offset
volume after migration with a 3-D constant velocity (v p = 1500 m s−1 ) Stolt migration (Stolt,
1978), giving an idealised diffraction-only image. The diffractions are properly focused back to
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Fig. 2.9 Controlled synthetic demonstration model setup and results. The boundaries of the halfellipsoidal zone representing an MTC are outlined in green. a) 3-D model definition showing location of
point diffractors (single-cell density anomalies) randomly placed within the MTC zone. b) 3-D forward
modelled zero-offset volume. c) 3-D Stolt migration of (b). d) 2-D Stolt migration of a 2-D slice of (b)
at y = 250. The base of the diffraction shadow predicted by Eq. 2.2 is shown in dashed magenta.

their apexes, which lie within the boundaries of the body (converted to TWTT). Some energy
lies slightly outside these boundaries, due to the band-limited, zero-phase source wavelet.
Fig. 2.9d shows a single 2-D section of the volume at y = 250 m, migrated with an equivalent
2-D constant velocity Stolt migration. Out-of-plane diffracted energy is not properly imaged
by the 2-D migration. The result is a generally chaotic internal seismic character within the
body (compare to Fig. 2.9c) and a diffraction shadow that extends beneath the body with a
maximum thickness of ∼20 ms. The extent of the diffraction shadow agrees well with the
predicted maximum extent based on the width of the body and Eq. 2.2.
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Real data application

Figs. 2.10a and 2.10b show the true basal surface of MTC A picked from the full-wavefield
seismic image (INS2-Line1), alongside the picked base of the diffraction shadow, the limit of
diffractions interpreted to be associated with MTC A. Fig. 2.10c shows the lateral extent and
thickness of MTC A, interpreted from a combination of multi-channel seismic and sub-bottom
profiler lines and the bathymetry, giving a total volume of 5.5 km3 (converted from time to
depth using the sediment velocity gradient of 200 ms−2 ). The methodology, multi-channel
seismic profiles and an example of one of the sub-bottom profiles are presented in (Ford et al.,
2021, supplementary information). Fig. 2.10d shows the TWTT contour to the potential top
surface of MTC A (the seafloor) from seismic profile INS2-Line1 (calculated using Eq. 2.2),
with the TWTT of the base diffraction shadow overlaid (magenta hatched area). This area
shows the zone, perpendicular to the profile, of the potential locations of diffractors that could
contribute to the diffraction shadow associated with MTC A. The half-width varies from a
minimum of ∼400 m to a maximum of ∼900 m, implying that diffraction energy from at least
900 m from the vertical plane of the profile has contributed to the image.

2.5
2.5.1

Discussion
Imaging internal structure

The diffraction image for profile INS2-Line1 (Fig. 2.6) clearly images a zone of normal faults
between CMPs 1800–3000 and the rugose top salt interface of the Lolita salt diapir—both
classic targets for diffraction imaging. The zone of normal faults, in particular, appears
significantly better resolved compared to the full-wavefield image, where their small offset
means they are barely visible. There is also a significantly higher concentration of diffraction
energy within MTC A compared to the surrounding unfailed sediments. This suggests that
the internal structure of MTC A contains significantly more wavelength and sub-wavelength
scale discontinuities compared to the unfailed sediments, which can already be seen from the
full-wavefield seismic image. This is consistent with outcrop examples of MTCs, which show
that complex metre-scale internal structure can be preserved (Lucente and Pini, 2003). We
observe high amplitude diffractors that coincide with structure observed on the reflection image
related to MTC A: headscarp faults, truncated internal interfaces and strong stratal disruption.
This is the type of small-scale (i.e., potentially sub-wavelength) geological heterogeneity that is
expected to generate diffractions (Fig. 2.1).
Diffractors that do not coincide with structure seen in the full-wavefield seismic image are
also resolved (labelled “e” in Fig. 2.6). In the absence of high-resolution data, such as cores
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or sub-bottom profiler images, it is not clear exactly what type of structure these diffractors
represent; I speculate that they may be related to small-scale internal structure that is also not
well imaged by the full-wavefield image, such as local shear zones, intact embedded blocks or
fluid escape features. Diffractions require both lateral heterogeneity (around or below the scale
of the seismic wavelength) and an impedance contrast, so the presence of diffractions within a
body is evidence that significant wavelength-scale (i.e, metre to decametre) internal structure is
preserved after transport or generated during emplacement. Diffraction images can thus provide
information on the degree of internal disaggregation or organisation by quantifying the degree
of geological heterogeneity at scales close to the seismic resolution. High diffraction density
within an MTC is likely to be associated with relatively low disaggregation, as it implies that
wavelength-scale internal structure is preserved. Conversely, low diffraction density within an
MTC could imply significant disaggregation—the scale of internal structure has been reduced
to much lower than the seismic wavelength by mass-movement processes. The magnitude of the
diffraction energy could therefore provide an extra source of information to constrain flow type,
for example to differentiate between debris flows (complete disaggregation and destruction
of pre-failure internal interfaces), slumps (pre-failure internal interfaces deformed but largely
preserved) and the transition between both end members. The high amplitude diffraction image
response observed in Fig. 2.6b supports an interpretation of MTC A as a “structured” rather
than “structureless” deposit, even if the geometry of such structure is not well-resolved by the
seismic profiles used in this study.
The diffraction image also resolves two normal fault planes below MTC A (labelled “d” in
Fig. 2.6). One is associated with a ∼500 m wide, channel-shaped depression on the top surface
of MTC A around CMP 3750. I interpret these faults to be the result of sediment loading due to
the emplacement of MTC A on the previously competent sediments, as the faults become blind
at depth. As well as resolving structure within MTCs, diffraction imaging is able to image
small-scale, discontinuous structure in the unfailed sediments immediately below the basal
shear surface.

2.5.2

Discrimination of events near the limit of seismic resolution

The Infante Don Henrique basin hosts a >1 s TWTT thick succession of stacked MTCs (Fig. 2.8).
Some large events in profile MP06b (n = 6) are clearly visible on the full-wavefield seismic
image as apparently chaotic bodies with well-defined top and basal reflectors. The diffraction
image, however, reveals several smaller events (n = 3) that are difficult to identify or are
ambiguous in the full-wavefield seismic image and associated discontinuity attributes. I
interpret these events as MTCs, because they are associated with high amplitude reflectors
(characteristic of the top and basal surfaces) and their diffraction response has relatively sharp
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boundaries, which would indicate they are not, for example, more extensive regional erosive
unconformities. Nonetheless, it is important to remember that diffraction images only identify
small-scale heterogeneous geology—they are not directly diagnostic for MTCs. Features with
a similar diffraction response could include slightly erosional (e.g., furrowed) surfaces, such as
those associated with turbidity currents.
In addition, the diffraction image allows for better definition of the apparent lateral extent
(runout) of bodies. It is possible to follow the apparent in-profile runout of some events for
significant extra distance (on the order of kilometres for seismic profile MP06b) compared
to the full-wavefield seismic image (Fig. 2.8f). We also observe this effect on seismic profile
INS2-Line1 (Fig. 2.6) where there is a small MTC (MTC D, labelled “f” in Fig. 2.6) below the
larger event, MTC A. In the full-wavefield seismic image, MTC D is represented by a short
(less than 500 m), high amplitude basal horizon. The diffraction image shows a lobe shaped
zone of heterogeneity, ∼3 km in length, that I interpret as a small MTC that failed towards the
north, originating from the dome associated with the Lolita salt diapir.
Diffraction images in general offer higher lateral (i.e., horizontal) resolution because they
overcome the lateral resolution limit of seismic reflections. In the context of screening for
MTCs, diffraction images also improve the discrimination of relatively small, thin events
(on the order of 10 ms TWTT thick, Fig. 2.8). This improvement is a result of removing the
relatively high amplitude reflections, which can mask thin zones of discontinuous geology. In
the MP06b profile, the unfailed confining sediments have a seismic character dominated by
high amplitude, long wavelength reflections that are parallel to the MTCs. In addition, the
MTCs themselves generate strong reflections at their top and basal surfaces. The apparent
vertical thickness of these reflections is related to the dominant wavelength of the seismic
source and is independent of the true thickness of the body. This means that the relatively
high amplitude and long wavelength reflections can obscure thin, discontinuous geobodies that
may otherwise be properly imaged by full-wavefield seismic imaging. By eliminating these
masking reflections, the effective interpretable vertical resolution is increased for discontinuous,
diffraction generating bodies that are thinner than the dominant seismic wavelength.
Consequently, diffraction images allow more accurate delineation of the total lateral extent
of MTCs when a significant proportion of the body is thinner than the reflection image can
resolve. This is particularly important to characterise the flow properties of unconfined massmovements from seismic data. Many events have a substantial component of fine sediment that
runs out a significant distance beyond the main cohesive body of the event, pinching out at
zero thickness at the true maximum extent of the flow. This type of thin deposit, parallel to
the background sedimentation, is difficult to image with full-wavefield seismic images for the
reasons outlined above.
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The record of buried MTCs identified from marine geophysical data is biased toward events
that can be clearly resolved in multi-channel seismic reflection images (i.e., relatively thick
and laterally extensive). This means that catalogues of MTCs are biased towards larger events,
or younger events that are still preserved in the bathymetry (Urgeles and Camerlenghi, 2013).
Screening for MTCs using diffraction imaging will allow for a more complete catalogue of
smaller, deeper events, with more confident estimation of their true total runout.

2.5.3

Comparison to seismic discontinuity attributes

Seismic discontinuity attributes are routinely computed as part of a traditional geohazard
interpretation workflow in order to screen for, characterise and delineate MTCs (e.g., Alves
et al., 2014; Bhatnagar et al., 2019). Here, I calculate the similarity and chaos attributes of
the full-wavefield seismic image to compare to the diffraction image (Fig. 2.8). There are
high-level similarities: areas with low similarity and high chaos values tend to correspond to
areas of high diffraction energy. Relatively large events (MTC3, MTC4 and MTC8) are clearly
imaged by both attributes and by the diffraction image. Several smaller events, however, are
not clearly delineated from the background geology by the discontinuity attributes. Moreover,
both the chaos and similarity attribute seem to be sensitive to features other than geological
discontinuities—we observe low similarity, high chaos values for high amplitude, laterally
continuous horizons (i.e., reflections) in the unfailed sediments that host the MTCs. It is
difficult to discriminate a high amplitude, horizontal unfailed horizon from a thin MTC using
these discontinuity attributes.
Preine et al. (2020) suggest that diffraction images may be a more “physically correct”
alternative to using traditional discontinuity attributes to support interpretation of faults and
fractures. I argue that this is also the case for interpretation of MTCs, because diffraction
images:
• are directly sensitive to the target geology (i.e., bodies likely to contain wavelength and
sub-wavelength scale discontinuities).
• eliminate relatively high amplitude, long wavelength coherent reflections—which can
interfere with attributes and mask thin bodies.
• do not suffer from edge effects and smoothing that may be introduced by window-based
attributes.
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Constraining the lateral extent of mass-transport complexes from
2-D profiles

Seismic imaging in 2-D assumes that the recorded energy is reflected or diffracted from the
2-D vertical plane along the seismic profile. This may be a reasonable assumption where
geological structure is 1-D perpendicular to the plane of the profile (a so-called dip line). When
reflectors dip obliquely with respect to the profile, reflections cannot be properly imaged with a
2-D migration. Energy reflected from out-of-plane is not properly located in TWTT and may
interfere with primary in-plane energy. MTCs are inherently 3-D geobodies—in addition to
internal structure, they often show rugose, non-conformal upper and basal surfaces and steep,
erosive lateral margins that can generate high amplitude reflections and diffractions (Fig. 2.1).
This means that there is rarely an optimal direction to acquire a well-imaged 2-D seismic “dip
line” across an MTC. In other words, out-of-plane energy is a common feature of 2-D seismic
images of MTCs. The superior illumination of diffractions means that diffraction images will
contain proportionally more out-of-plane energy than full-wavefield images.
Fig. 2.9 demonstrates this effect with a controlled synthetic test, where an MTC body is
simulated as a half-ellipsoidal zone of point diffractors. The results show that while a 3-D
migration is properly able to image and locate diffractors in space, a 2-D seismic acquisition
and image will inevitably contain a large proportion of out-of-plane diffractions. The 2-D
migrated section (Fig. 2.9d) shows an apparently “chaotic” texture, despite there being no
chaotic reflectors inside the MTC. I speculate that out-of-plane diffractions could be partly
responsible for the commonly observed apparently chaotic internal seismic response of MTCs
in 2-D seismic profiles. This result underlines the importance of acquiring 3-D seismic data
for good imaging and proper reconstruction of the geometry of the internal structure of MTCs,
both for conventional full-wavefield seismic imaging and for diffraction imaging.
In Section 2.3.4 I propose a simple workflow to constrain the original location of out-ofplane diffracted energy imaged in a 2-D seismic profile. Under certain (strong) assumptions
the results can be used to estimate a minimum bound on the lateral extent, perpendicular to the
profile, of the zone of diffractors that contribute to the diffraction image—a constraint on the
minimum half-width of an MTC imaged by a 2-D seismic profile. The controlled synthetic test
shows that Eq. 2.2 can predict the apparent thickness of this diffraction shadow (Fig. 2.9d). I
also demonstrate the method on a real data example by applying it to profile INS2-Line1, where
there is a visible diffraction shadow beneath MTC A (Fig. 2.10). The presence of diffractions
associated with MTC A, but beneath its apparent basal surface, indicates that the diffraction
image contains energy from outside the plane of the profile. Does this real data example satisfy
the assumptions stated in Section 2.3.4? It seems reasonable to assume that this MTC does
contain diffractors spread throughout the body, as there is a consistent elevated response in the
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diffraction image throughout the 2-D profile in a downslope direction (Fig. 2.6). The maximum
TWTT thickness of MTC A is ∼150 ms at a depth of ∼1.7 s TWTT, therefore we can consider
this MTC to be a “thin body”. MTC A is exposed at the seafloor, so we can be confident that
the overburden velocity is constant (water velocity) and laterally homogeneous perpendicular
to the profile. The remaining assumption is that there exists a well defined diffraction shadow
associated with the body. In the lower part of the body, the diffraction shadow appears to
be associated with MTC A, as in the controlled synthetic test. In the upper part of the body,
however, there is significant uncertainty around whether the intepreted diffractors are associated
with the MTC. For this real data example, the resulting zone of potential diffractors has a
half-width comparable to or lower than the distance to the edge of MTC A in the direction
of maximum extent (Fig. 2.10d). This indicates that perhaps this zone of potential diffractors
could be a realistic lower bound on the width of the MTC with respect to the seismic profile.
On the other hand, interpreting the base of the diffraction shadow will always be the part of this
workflow that introduces the greatest uncertainty. Even though this is a crude technique, with
large errors, it is still an informative exercise to think about where these out-of-plane diffractors
could come from, and how this relates to the overall geometry of an imaged MTC.
The method proposed in Section 2.3.4 is simple but nevertheless could be a useful way to
estimate a lower bound on the extent of an MTC from a single 2-D seismic profile, where other
geophysical information is not available. This is a common scenario when screening for MTCs
for marine geohazard studies in frontier areas; for academic and vintage datasets; and in polar
areas, where acquiring 3-D towed-streamer seismic data may be impossible due to year-round
ice cover. It is trivial to extend the method to deal with buried MTCs, so long as i) the velocity
model to the top of the body is known; ii) the body is thin relative to its depth; and iii) the
topography of the top surface is small, relative to its depth. Future studies should validate this
approach for a realistic scenario by repeating the workflow for the controlled synthetic test with
a 2-D profile extracted from a real data 3-D volume.

2.5.5

Limitations of diffraction imaging to characterise mass-transport
complexes

Whilst I have shown that diffraction images offer better imaging of small-scale discontinuous
geology compared to reflection images, there remain some limitations, particularly regarding
the data used for this study and the specific application to characterise MTCs.
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Incomplete diffraction separation

Diffraction imaging relies on good separation between the diffracted and reflected wavefields.
Here, I perform the diffraction separation in common-offset domain using PWD filters to
eliminate laterally continuous reflections. Subaqueous mass-failures tend to occur in environments that are geologically complex, such as canyons, tectonically active areas and diapiric
areas. In such environments, seismic images are likely to contain strong variation in dip,
reflections that are not laterally continuous and high amplitude reflections and diffraction tails
generated by a rugose seafloor. These factors can prevent reliable estimation of the true dip
field from unmigrated seismic profiles. Here, instead, I estimate the dip field on migrated
data, and de-migrate the dip field for diffraction separation on the unmigrated common-offset
sections. In general, the results of the dip estimation and de-migration are adequate for diffraction separation to image the shallow MTCs in this study. There are, however, some residual
reflections that are not eliminated during diffraction separation, contaminating the diffraction
images (Section 2.4.1). In practice, these can often be identified by carefully comparing the
full-wavefield and diffraction images, as residual reflections will migrate to the same location
and TWTT in both.
Other diffraction separation methods may be better suited to imaging MTCs in geologically
complex settings. These include post-migration diffraction separation in dip-angle domain
(Reshef and Landa, 2009) and diffraction separation by adaptive subtraction of the coherent
reflected wavefield (Schwarz, 2019a). The choice of method ultimately depends on the seismic
acquisition (e.g., streamer length compared to target depth, lateral and vertical image resolution,
2-D vs 3-D acquisition geometry), data characteristics (e.g., amplitude of diffractions relative
to reflections, signal-to-noise level) and confidence in the velocity model. In all cases, the
pre-processing flow must be designed to preserve diffraction energy.
2.5.5.2

Migration velocities

For the seismic profiles analysed in this Chapter, migration velocity analysis by focusing
diffractions or moveout analysis of reflections was not possible (Section 2.3.3). The data were
acquired using a short streamer relative to the water depth, so there is no significant differential
moveout of reflection events in common-midpoint domain to perform a robust semblance-based
velocity analysis. I found that the separated diffracted wavefield was routinely contaminated
with out-of-plane diffractions, which would focus diffractions at an incorrect velocity and at an
incorrect TWTT. Instead, I used migration velocities derived from simple velocity gradients in
the shallow sediments, as our target MTCs are shallow with respect to the water depth.
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Future studies should concentrate on mitigating the effect of out-of-plane diffractions for
focusing migration velocity analysis from 2-D seismic profiles (e.g., Preine et al., 2020). This
could be achieved by weighting the focusing analysis towards continuous diffraction generating
structures such as faults, or deeper diffractors that are less biased by not being exactly inplane. The problem of out-of-plane diffractions is resolved with 3-D seismic data, because 3-D
migrations can collapse diffractions to their true apex.

2.6

Summary

In this Chapter I use two 2-D marine multi-channel seismic profiles from the Gulf of Cadiz
(south west Iberian Margin) to compare the ability of seismic diffraction imaging to conventional
full-wavefield seismic imaging to characterise MTCs. Diffraction images can be considered
to primarily image small-scale, discontinuous geological structure and have higher lateral
resolution in comparison to full-wavefield seismic images. I find that in these examples,
MTCs generate a large contribution of diffracted energy compared to the surrounding unfailed
confining sediments, likely because the scale of their internal structure and rugose erosional
basal surface is close to, or below, the scale of the seismic wavelength.
These results suggest that diffraction imaging can:
• image internal structure of MTCs that is not well resolved by full-wavefield seismic
images.
• be used to better estimate the full extent of MTCs which have thin runout and to identify
small events that are close to the resolution of the full-wavefield seismic image.
• be a constraint on the overall scale of internal heterogeneity, which is important to classify
flow type for MTCs that show an apparently chaotic or transparent seismic response.
• be considered as a more physically justified alternative to traditional seismic discontinuity
attributes to support interpretation of MTCs.
In addition, I show that 2-D diffraction images of MTCs are likely to include significant
contributions of misplaced out-of-plane diffracted energy due to the inherently 3-D nature
of MTCs. I suggest that, under certain strong assumptions, this energy (usually considered
noise) may be used to constrain the 3-D geometry of MTCs from single 2-D seismic profiles
by providing a minimum bound on the cross-line width. I demonstrate this using a controlled
synthetic test and on one of the real data profiles.
Characterisation of MTCs and their internal structure is a promising new application of
diffraction imaging, potentially bridging the “resolution gap” between seismic data and outcrop
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studies. Our results underline the importance of preserving diffractions through the processing
flow for lateral resolution (including for full-wavefield seismic images), and the importance of
3-D seismic imaging to properly characterise complex geology such as MTCs. Better imaging
provides important constraints on the failure and emplacement dynamics of MTCs, crucial for
improving our understanding of the geohazard posed by subaqueous mass-movements.

Chapter 3
Modelling of AUV sub-bottom profiler
data for geohazard assessment
Work presented in this Chapter was largely performed during a secondment period at RINA
Consulting (Genova). Field data are used by permission from RINA Consulting.
Conference presentation:
J. Ford, F. Zolezzi, and A. Camerlenghi. Distribution of gas within a Black Sea submarine
landslide from AUV sub-bottom profiler data. Presented at 34th Meeting of the International
Association of Sedimentologists, Rome, Italy (oral), Sept. 2019b
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Introduction

Sub-bottom profiler seismic data are commonly used alongside core, bathymetric and conepenetration test (CPT) data to characterise shallow marine sediments for geohazard assessment
(Section 0.2). Integrating remote geophysical data with direct in situ measurements is challenging because the natural z-axis for core and CPT data is in depth below the waterbottom, whereas
sub-bottom profiler data is recorded in two-way travel time (TWTT). For this reason, correlation
between sub-bottom profiler and core data is generally qualitative rather than quantitative (i.e.,
seismic inversion) (Vardy et al., 2017).
Mass-transport deposits (MTDs) are often identified and delineated based on their distinct
seismic character (or echofacies) in sub-bottom profiler data (Clare et al., 2019). As for multichannel seismic reflection data, sub-bottom profiles are generally well suited to imaging the
external morphology of MTDs. Due to their often non-conformal upper and lower boundaries,
MTDs generally show high amplitude, laterally coherent top and basal reflectors. Their internal
structure, instead, is often reported to have a low amplitude seismic response relative to unfailed
sediments. Many studies describe this seismic character as “semi-transparent” (e.g., Moernaut
et al., 2020; Piper et al., 1997), “acoustically transparent” (e.g., Talling et al., 2010), “low
reflectivity” (e.g., Sawyer et al., 2009), “transparent-to-chaotic” (e.g., Posamentier et al., 2011)
or similar. Some explain this apparent low amplitude seismic response as representing the more
uniform properties of sediments within MTDs, due to over-compaction or strong mixing during
sediment transport (e.g., Posamentier and Kolla, 2003; Sawyer et al., 2009). This justification
has also been used to classify the typology of MTDs, e.g., implying this loss of coherent seismic
character signifies internal disaggregation, indicating a debris flow deposit (Diviacco et al.,
2006). In other words, many studies make an implicit assumption that the internal seismic
character of an MTD can be directly related to its internal structure (or lack thereof). In fact,
this is a fundamental assumption of the inversion method proposed in Chapter 1 for lower
resolution multi-channel seismic data (Section 1.2.3.1).
On the other hand, some studies present cores which appear well-stratified and relatively
undeformed, despite coming from within an MTD with an apparently transparent-to-chaotic
sub-bottom profiler response (e.g., Clare et al., 2014). In such situations the core and seismic
response is not correlated. This qualitative correlation between seismic facies and cores is
important; marine geohazard studies use cores to ground-truth the sub-bottom profiler data,
and sub-bottom profiler data to extrapolate core data laterally, following seismic facies. The
assumption that cores should relate to seismic facies is likely valid for horizontal, undeformed
geology, where the seismic response can be approximated by simple 1-D convolution of a
reflectivity series with a wavelet. But is this still the case when the geology is strongly deformed
at a scale close to the seismic resolution (i.e., the internal structure of many MTDs)?
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This Chapter will use full-wavefield seismic forward modelling to investigate potential
mechanisms for generating apparent transparency in sub-bottom profiler images. I aim to
address the following questions:
1. What type of internal geology might cause an apparently transparent seismic response?
2. Is this geology consistent with what is observed in cores?
3. What can we infer about the internal structure of an MTDs that have an apparently
transparent seismic response?
First, I will introduce a real data case study example from the Black Sea, where cores were
retrieved from within an MTD that appears transparent in AUV Chirp sub-bottom profiles.
I will then introduce conceptual models of mechanisms that could plausibly generate a lowreflectivity response in MTDs. I will construct a 2-D model of a buried MTD based on the
sub-bottom profiles from the Black Sea case study, with realistic lithologies and geostatistical
characteristics based on multi-sensor core logger (MSCL) data and CPT profiles. I will present
the results of (visco-)acoustic modelling of sub-bottom profiles with varying degrees of apparent
transparency, comparing them to the real data cores and seismic images. Finally I will discuss,
in the context of the modelling results, what can be inferred about the internal structure of
MTDs from sub-bottom profiles; how core data might help constrain this, and the implications
for future geohazard characterisation from sub-bottom profiler data.

3.2

Case study: geohazard survey in the Black Sea

A geohazard study was carried out in the Black Sea in 2017 to assist the planning of pipeline
construction (RINA Consulting, 2018) (Fig. 3.1). The study involved acquisition of new
geophysical data (multi-channel seismic, AUV bathymetry and AUV Chirp sub-bottom profiles),
gravity and piston core sampling and geotechnical investigations with CPTs. The results were
used to characterise the active geohazards in the study area (e.g., faults, sediment failure,
fluid migration), and as inputs to modelling studies to constrain the engineering design of the
planned pipeline. Significant geohazards for a pipeline in slope areas include: active faulting
(causing ground rupture and lateral offset); direct impact from mass movements; subsurface
fluid flow (including shallow gas, gas hydrates, pockmarks and mud volcanoes) and bottom
currents (which produce stress on the pipeline and may cause significant erosion and sediment
re-mobilisation).
Survey data were acquired from two platforms: a traditional survey vessel and an accompanying autonomous underwater vehicle (AUV). The AUV simultaneously acquired highresolution bathymetry and a dense grid of 2-D sub-bottom profiles (Fig. 3.1). The main study
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Fig. 3.1 High-resolution AUV bathymetry. The interpreted MTD lies close to the seafloor in the centre
of the canyon (interpreted MTD thickness shown in blue). Sub-bottom profile extents are shown as
black lines.

area was a submarine canyon incised into the continental slope, in water depths between ∼100–
1800 m. From the bathymetry and AUV Chirp data I mapped a large MTD which follows the
centre of the canyon (Fig. 3.1). The MTD lies between ∼400–1100 m water depth, buried
under a thin (less than 2 m thick) sediment drape. It has a maximum width of ∼1.8 km, a
maximum thickness of ∼35 m and runs out for a mapped length of >23 km down the canyon.
The total runout length and volume is unknown because the survey area does not cover the
entire body. The total mapped volume is ∼0.7 km3 . Several cores and CPT measurements were
made inside and in the immediate vicinity of the MTD (Fig. 3.1).
AUV Chirp profiles intersecting the MTD show a generally consistent seismic character
(Figs. 3.2 and 3.3). The basal surface appears consistently well defined as a high amplitude
seismic horizon. The top surface is less well defined, but is generally visible topped by shallow,
high reflectivity sediment drape. The internal character of the MTD generally appears to be low
reflectivity relative to unfailed, well-stratified sediments—a classic “apparently transparent”
seismic character. Towards the toe of the slide there is abundant evidence of subsurface fluid
flow in the form of mud volcanoes and pockmarks visible in the bathymetry and AUV Chirp
(Fig. 3.4).
A core taken from inside the main MTD shows a clear stratification, with little evidence
of disturbed bedding (Fig. 3.5). MSCL measurements show a relatively low P-wave velocity
(v p ≈ 1200 m s−1 ) inside the MTD compared to the confining sediments (v p ≈ 1400 m s−1 )
(RINA Consulting, 2018). The proposed hypothesis to explain the seismic character and low
P-wave velocity in the cores is that free gas may be trapped inside MTD. The problem with
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Fig. 3.4 AUV Chirp profile (envelope) in the vicinity of the main MTD showing localised gas blanking,
evidence of fluid migration in the area. See Fig. 3.1 for profile location.

this hypothesis is that, with the exception of a few localised zones, the blanking/apparent
transparency is within the MTD, not below. This means that even if there is significant free
gas inside the MTD, the transparent effect is not likely to be entirely caused by seismic
attenuation—it would also affect the image below the MTD (compare, e.g., Fig. 3.3 to Fig. 3.4).

3.3
3.3.1

Methods
Conceptual models for generating transparency

This Section introduces three conceptual models related to the progressive deformation and
disaggregation of subaqueous sediments during mass-transport. I suggest that all three models
could potentially generate an apparently transparent seismic response in sub-bottom profiles.
These models are not intended to reproduce realistic geological processes, but to highlight
changes in the physical properties of the sediments that are important for the geophysical
response.
In idealised subaqueous sediments deposited under gravity settling there will be horizontal
bedding, with well-defined impedance contrasts correlated to changes in grain size, lithology
and porosity (e.g., the distinct strata in Fig. 3.6). The pore spaces will be completely saturated
with water. From a geophysical perspective, this represents classical “layer cake” geology, with
consistent, horizontal reflectivity. The zero-offset acoustic seismic response of such sediments
can be accurately modelled with simple 1-D convolutional modelling.
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Fig. 3.5 Core photos from GH_H_PGC7, within the MTD (see Fig. 3.2 for location). Note that, in
general, the stratigraphy appears well preserved and there is little evidence of disturbed bedding within
the MTD. Reproduced from RINA Consulting (2018).
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Petrophysical homogenisation

Petrophysical homogenisation describes the small-scale, post-depositional reworking and
alteration of sediments. This process can be thought of as “mixing” between beds with
previously distinct lithologies. Changes in the lithology or porosity of sediments due to
mass-transport causes a reduction in the contrast in petrophysical properties, further reducing
impedance contrasts between previously distinct beds. An example of a process which causes
petrophysical homogenisation is disaggregation, such as in a poorly cohesive debris flow
(Fig. 3.6a). An alternative example could be compaction, which can reduce the porosity
and density contrast between beds, reducing the average magnitude of impedance contrasts.
Note that this refers to scales much smaller than the seismic wavelength. Petrophysical
homogenisation does not require actual mineralogical mixing or alteration—simply that, from
a geophysical perspective, the effective medium has become more homogenous. At the
scale of the seismic wavelength, fine-scale (≪ λ ) stratal disruption could also cause effective
homogenisation between units.
For this study, I model petrophysical homogenisation as the “mixing” of two component
lithologies. The post-failure value of a physical parameter of a component lithology, γ0′ , is
given by the weighted mean of the pre-failure values for the two component lithologies, γ0 and
γ1 :
1
γ0′ = 1−h h .
(3.1)
γ0 + γ1
The degree of homogenisation is controlled by the parameter 0 ≤ h ≤ 1. h = 1 indicates no
petrophysical homogenisation. h = 0 indicates complete homogenisation, with properties
equivalent to the average between the two pre-failure component lithologies. For this study
(acoustic modelling) the homogenisation is applied to the P-wave velocity, vP , and the density,
ρ.
3.3.1.2

Pore-fluid substitution

MTDs can have complex interaction with subsurface fluid flow and have been documented to
act as seals; trap fluid in basal shear zone and act as reservoirs (Alves et al., 2014; Moernaut
et al., 2020; Sun et al., 2017). In some circumstances, the natural pore fluid can become partially
subsituted by, for example, free gas. Altering pore fluid composition by adding free gas can
alter the contrast of physical properties between beds, changing the bulk physical properties
of the media. The primary effect on the seismic image, however, is to cause attenuation and
dispersion of the seismic wavelet, preferentially at high frequencies (Futterman, 1962; Mavko
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et al., 1979). Seismic attenuation is generally quantified by the seismic quality factor, Q:
α≈

πf
Qv

(3.2)

where α is the (frequency-dependent) rate of amplitude decay with propagation distance
(Robinson and Treitel, 2008). Seismic attenuation is not related to internal deformation or
disaggregation but is something which could generate apparent transparency. The reflectivity
can remain largely unchanged, but sub-bottom profiler data can appear “blanked” — low
apparent reflectivity.
Examples of processes which cause seismic attenuation in partially saturated sediments
include squirt flow, partial saturation and grain friction (Dvorkin et al., 1995; Johnston et al.,
1979; Pride and Berryman, 2003). Their relative contributions to overall seismic response are
relatively poorly understood, especially for high-frequency seismic experiments, where the
seismic wavelength approaches the size of gas inclusions (Vardy et al., 2017). Nevertheless,
it is commonly assumed that increasing the percentage gas in pore fluids will generate more
attenuation, with the exception of full saturation, which generates no attenuation. For this study,
I will avoid invoking a rock physics model to predict the Q from the percentage gas, and simply
assign different Q values to the MTD directly. Therefore the results do not predict the seismic
response for a specific gas saturation, but for a specific value of Q.
3.3.1.3

Stratal disruption

Stratal disruption describes the post-depositional deformation of previously parallel, horizontal
bedding, which leads to a lack of bed continuity (Lucente and Pini, 2003). For the purposes of
this Chapter, I will consider stratal disruption as the deformation of bedding around or above
the scale of the seismic wavelength (i.e., cm-scale and above for most sub-bottom profiler
experiments). This process describes the change in geometry of interfaces under deformation.
The physical properties of the distinct beds are preserved, meaning that the average magnitude
of impedance contrasts is unchanged. An example of this process is slumping, where internal
interfaces are preserved, but their geometry is rearranged (Fig. 3.6c).
For this study I model stratal disruption as a reduction in lateral scale length in a two
component, binarised exponential random medium (Appendix B.3.3). For very large lateral
scale lengths, the medium represents horizontal, undeformed strata (i.e., pre-failure). For small
lateral scale lengths, the medium becomes progressively more chaotic: interfaces dip more
steeply and become truncated (i.e., post-failure). Crucially, because the medium is composed of
only two distinct lithologies, the magnitude of the impedance contrasts remains the same even
as ax changes. It is well-known that complex, heterogeneous media can generate scattering
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Table 3.1 Visco-acoustic and geostatistical parameters of the component lithologies based on MSCL
from core and CPT.

Lithology
Water
Lithology 1
Lithology 2

vP [m s−1 ] ρ [kg m−3 ]
1500
1447
1553

1000
1870
2030

Q []

az [m]

10000
250
250

—
0.5
0.5

of seismic waves, which reduces the energy reflected back to the receiver array (Cheraghi
et al., 2013; Frankel and Clayton, 1986; Holliger et al., 1994). I hypothesise that disrupting the
geometry of internal interfaces will lead to increased scattering, reducing the amplitude of the
seismic response inside the MTD zone.

3.3.2

Component lithologies: physical and geostatistical properties

The conceptual models assume a simplified model for sediments: two component lithologies
with distinct physical properties. This is, of course, an oversimplification, and not representative
of real sediments. Nevertheless, it allows us to perform controlled modelling to test the relative
contributions of the hypothesised transparency-generating mechanisms (Section 3.3.1).
For the synthetic tests performed in this Chapter I will define component lithologies based on
core and CPT data from the Black Sea real data case study (Section 3.2). The physical properties
of these component lithologies do not represent real lithologies, but are merely chosen to give
realistic, representative acoustic properties, impedance contrasts and geostatistical properties.
Crossplots of MSCL P-wave velocity and neutron density for four cores from the canyon
are given in Fig. 3.7. The distributions of these properties are used to define the acoustic
properties (P-wave velocity and density) for the two component lithologies. Lithology 1 is
based on one standard deviation less than the mean velocity and density. Lithology 2 is based
on one standard deviation above the mean velocity and density.
The autocorrelation of three detrended CPTs is used to estimate the vertical geostatistical properties of the sediments. The autocorrelation functions are quite different, therefore
the vertical dominant scale length of the random medium is set to az = 0.5 (for an exponential autocorrelation function). This appears to be generally consistent with all of the CPTs
(Fig. 3.8c).
The final acoustic and geostatistical properties of the component lithologies are given in
Table 3.1. Each component lithology has a distinct vP and ρ. The seismic quality factor is set
to Q = 250, a reasonable value for shallow sediments (Tullos and Reid, 1969).
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Fig. 3.7 Multi-sensor core logging (MSCL) results from four cores in the study area. a) P-wave velocity.
b) Relative amplitude of acoustic pulse during P-wave velocity scanning. c) Neutron density. d) Crossplot of velocity against density from MSCL samples which have P-wave amplitude greater than 40.
Histograms of velocity and density are shown, with mean (solid black line) and one standard deviation
from the mean (dashed black line) indicated. Points 1 and 2 represent the difference between the
properties of the component lithologies (Table 3.1).
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Fig. 3.8 Cone-penetration test (CPT) results from the study area. a) Cone-tip resistance (qc ). b) Detrended cone-tip resistance. c) Autocorrelation functions, with exponential autocorrelation functions
with varying characteristic scale lengths (az ) plotted.
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AUV flight path

80 m

Water
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MTD

Sediment

b

c

200 m

Fig. 3.9 Schematic model of MTD scenario. The sediment layer contains a zone (MTD) which contains
the disrupted sediments. The source locations follow “AUV flight path” approximately 20 m above the
seafloor. Amplitude analysis windows a–c are shown (inside the MTD, outside the MTD and below the
MTD, respectively).

3.3.3

Model definition

The geometry of the model is based on profile Mission29_Line028x, with a homogenous
water layer with a variable-depth waterbottom (Fig. 3.3). The sediment layer is modelled
as a random medium with exponential autocorrelation, hung from the waterbottom horizon
(Appendix B.3.4). The background (unfailed) hemipelagic sediments are modelled with a very
long lateral dominant scale length, ax = 10 000 m, to simulate conformal, parallel bedding,
similar to that generally observed in the unfailed sediments in the AUV Chirp profiles from the
area (Figs. 3.2-3.4). A more heterogeneous MTD body is embedded within the background
sediments. The post-failure conditions are modelled by applying the conceptual models to this
MTD zone. Examples of the models are presented in Fig. 3.11.

3.3.4

Seismic forward modelling

Visco-acoustic model The model is discretised onto a regular grid with sampling ∆x = ∆z =
0.1 m, giving a total grid size of 2000 by 800 grid points. Two acoustic parameter grids are
generated for compressive-wave velocity (vP ) and density (ρ), with a further grid for the seismic
quality factor (Q) for the visco-acoustic experiments. The minimum velocity is 1447 m s−1 and
the maximum velocity is 1553 m s−1 . For a Courant number Cn = 0.2, this gives a maximum
timestep of 0.013 ms (Eq. A.1).
Source characteristics For a grid with the above parameters, the maximum frequency we
can model without numerical dispersion is 7235 Hz (Eq. A.2). The source pulse is a spike,
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Fig. 3.10 AUV sub-bottom profiler modelling and processing workflow, following the processing applied
to the AUV Chirp data in the Black Sea case study.

bandpass filtered with a zero-phase Butterworth filter with corner frequencies 1.5–5.5 kHz (i.e.,
centre frequency 3.5 kHz). The actual maximum frequency is set lower than the theoretical
maximum frequency to prevent rolloff on the source spectrum from becoming aliased.
Computation In total 198 shots are modelled, with a shotpoint interval of 1 m. The geological
model is split for each shot with lateral padding zones of 30 m width (Appendix A.3). The
modelling uses absorbing boundaries (sponge layers) on all four edges of the grid, with width
from 30–50 grid points (Appendix A.2). The precise number of grid points in the padding zone
and absorbing boundaries is adjusted shot-by-shot in order to maintain total grid dimensions
with (low) prime factors for efficiency (Appendix A.3). Because the grid is cut above the
source, the number of vertical grid points depends on the source depth. A typical shot in the
center of the model has total grid size 600 by 700 grid points.
The modelling was run for 0.1 s (7799 timesteps), long enough to record a P-P reflection,
with the average velocity from the deepest part of the model directly beneath the source point.
Computation was run across two desktop PCs with a combined total of 60 vCPU cores.
Each individual shot was run with 4 vCPU cores (i.e., 15 shots running in parallel). Total
computation times are given in Table 3.2.
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Visco-acoustic models

Fig. 3.11 shows examples of generated models with varying degrees of petrophysical homogenisation, pore-fluid substitution and stratal disruption, compared to the “unfailed” model. The
petrophysical homogenisation scenario effectively averages the velocity and densities within
the MTD zone, reducing the magnitude of the impedance constrasts between the component
lithologies. The pore-fluid substitution scenario maintains the same velocity and density models
as for the unfailed model, but imposes a constant seismic quality factor Q = 250 within the
sediments. Within the MTD zone, the seismic quality factor is progressively reduced (increasing the seismic attenuation caused by the MTD). The stratal disruption scenario maintains the
distinct velocities and densities of the component lithologies, but simulates progressive stratal
disruption by reducing the lateral scale length, ax , within the MTD zone. This changes the
geometry of the interfaces between the component lithologies without altering the magnitude
of the impedance contrasts. The vertical scale length, az , is maintained constant within the
sediments for all models.

3.4.2

Modelled sub-bottom profiler response

Figs. 3.12, 3.13 and 3.14 show the sub-bottom profiler response to increasing petrophysical
homogenisation, seismic attenuation and stratal disruption, respectively. The root-mean-squared
(RMS) amplitude of the analysis windows for a) inside the MTD, b) outside the MTD and
c) below the MTD are shown in Fig. 3.15a. Fig. 3.15b shows the root-mean-squared (RMS)
amplitude of the modelled seismic response against the RMS amplitude of an idealised 1D convolution of the source wavelet with the reflectivity model, normalised to the average
full-wavefield amplitude. In these plots, points in the upper-left represent scenarios where
the full-wavefield modelled amplitude is lower than the zero-offset 1-D acoustic reflectivity.
Conversely, points in the lower-right of these plots represent scenarios where the full-wavefield
modelled amplitude is lower than the zero-offset 1-D acoustic reflectivity. Scenarios where
the full-wavefield amplitude response can be accurately modelled by 1-D convolution will
plot along the reference line x = y. The average power spectra for each scenario and analysis
window is shown in Fig. 3.16.
Petrophysical homogenisation The mechanism of petrophysical homogenisation acts to
reduce the impedance contrast between two previously distinct component lithologies. This
does not necessarily mean that the elastic parameters of the component lithologies have changed.
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Fig. 3.11 Example models. a) Reference “unfailed” model. b) Petrophysical homogenisation, P-wave
velocity (h = 1 represents the unfailed model, h = 0 represents complete mixing, i.e., no contrast between
component lithologies inside MTD). c) Increasing attenuation from free gas (water layer is Q = 10000,
i.e., approximately non-attenuating). d) Increasing stratal disruption (smaller ax represents more stratal
disruption, the lateral scale length is fixed az = 0.5).
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Disaggregation and sliding could have “mixed” the lithologies such that from a geophysical
point of view they have become a more homogeneous medium. As expected, reducing the
impedance contrast between the two component lithologies within the MTD zone reduces the
amplitude of the seismic response (Fig. 3.12 and 3.15a). This reduction in amplitude within
the MTD zone is slightly less than predicted by convolutional modelling, likely because the
convolution approach does not model internal multiples (Fig. 3.15b). The presence of these
internal multiples, clearly seen in Fig. 3.12, prevent the amplitude inside the MTD zone from
reaching zero even with complete homogenisation (h = 1).
As expected, the amplitudes to the right of the MTD remain unaffected by increasing
homogenisation inside the MTD. Here, the amplitude of the full-wavefield response is predicted
well by the convolutional modelling. In the unfailed state (h = 0), amplitudes beneath the MTD
are approximately 60% of those inside the MTD, despite having the same average acoustic
reflectivity in the model. This is likely due to geometrical spreading of the wavefront and
transmission losses in the overburden. With increasing homogenisation inside the MTD, the
amplitudes beneath the MTD increase slightly, likely due to lower transmission losses due to
the reduced reflectivity inside the MTD.
For all three analysis windows, even as the overall amplitude changes, the dominant
frequency remains the same (∼3.5 kHz, Fig. 3.16).
Pore-fluid alteration The mechanism of pore-fluid substitution simulates increasing seismic
attenuation within the MTD due to the presence of free gas. Partially saturated free gas trapped
in the pore spaces preferentially attenuates the high frequencies in the source signal, reducing
the overall amplitude of the seismic response and reducing the dominant wavelength. Fig. 3.13
shows the sub-bottom profiler response to decreasing the seismic quality factor, Q, within the
MTD zone.
A classic seismic response to free gas is a vertical stripe of blanking at and immediately
below the deposit (e.g., Fig. 3.4). We see this effect here as a reduction in the amplitudes
both inside and below the MTD (Fig. 3.15a). In all scenarios except for the pre-failure
state (QMT D = Qseds = 250), the full-wavefield amplitude is lower than that predicted by
convolutional modelling (Fig. 3.15b). Simple 1-D convolution of a wavelet with a reflectivity
series does not model attenuation or dispersion. This implies that with increasing seismic
attenuation, the correlation between the true reflectivity and the recorded seismic amplitudes is
reduced. To the right of the MTD, amplitudes are unaffected by increasing seismic attenuation.
Seismic attenuation causes a characteristic reduction in the dominant frequency of seismic
data. In these examples we see a reduction in the dominant frequency from ∼3 kHz to ∼1 kHz
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Table 3.2 Computation time for different parts of the workflow.

Experiment

Modelling

Stage

Computation
time

Petrophysical
homogenisation

Acoustic

Single shot (average)
All shots (198 shots)
All runs (5 runs)

3 min 22 s
52 min
4 h 7 min

Stratal disruption

Acoustic

Single shot (average)
All shots (198 shots)
All runs (13 runs)

3 min
40 min
6 h 30 min

Pore-fluid substitution

Visco-acoustic

Single shot (average)
All shots (198 shots)
All runs (5 runs)

2 min 55 sec
43 min
3 h 35 min

inside and below the MTD. This has the effect of reducing the effective resolution of the image
(and, ultimately, the penetration of the sub-bottom profiler signal; Section 0.2.1).
Stratal disruption Fig. 3.14 shows the sub-bottom profiler response to increasing stratal
disruption. Increasing stratal disruption (decreasing lateral dominant scale length, ax ) appears
to reduce the amplitudes inside the MTD when ax < 100 m (Fig. 3.14 and 3.15a). This
is accompanied by an increase in the dominant wavelength from ∼3.5–4 kHz (Fig. 3.15b).
Below ax = 50 m the amplitude of the full-wavefield modelling is below the amplitude of the
convolutional modelling.
Below the MTD, amplitudes are slightly reduced with increasing stratal disruption. This
trend is reversed for the most extreme stratal disruption ax < 0.5 m. Amplitudes in the window to
the right of the MTD are not affected by increasing stratal disruption inside the MTD. Fig. 3.17
shows representative synthetic cores with differing levels of stratal disruption. Evidence of
stratal disruption in the representative cores is clear for lateral scale lengths ax ≤ 2.

3.5
3.5.1

Discussion
Mechanisms for generating transparency

Petrophysical homogenisation Petrophysical homogenisation is perhaps the most intuitive
mechanism for generating apparent transparency inside MTDs. In this conceptual model the
porosity, lithology or micro-scale structure is altered in a way that reduces internal impedance
contrasts. In the context of mass-transport, this process could be representative of over-

105

3.5 Discussion

0.00 h = 0
0.02
0.04
0.06
0.08
25

TWTT [s]

c)

TWTT [s]

TWTT [s]
75

75

2

50

75

100 125 150 175
2

75

0.00
0.02
0.04
0.06
0.08

100 125 150 175

x [m]

1

50

0.00
0.02
0.04
0.06
0.08

x [m]

1

0.00 h = 0.75
0.02
0.04
0.06
0.08
25

100 125 150 175

TWTT [s]
50

0.00
0.02
0.04
0.06
0.08

x [m]

1

0.00 h = 0.5
0.02
0.04
0.06
0.08
25

d)

50

0.00 h = 0.25
0.02
0.04
0.06
0.08
25

2

TWTT [s]

TWTT [s]

b)

1

2
TWTT [s]

TWTT [s]

a)

100 125 Envelope
150 175

x [m]

0.00
0.02
0.04
0.06
0.08

1

2

0 1

0 1

1

2

0 1

0 1

1

2

0 1

0 1

1

2

0 1

0 1

0.00 0.25 0.50
Fig. 3.12 AUV sub-bottom profiler response to increasing petrophysical homogenisation inside the MTD
zone (h = 1 represents no mixing, h = 0 represents complete mixing). a-d): Envelope of sub-bottom
profiler image, alongside two extracted traces from inside and outside the MTD (MTD zone highlighted
in blue).
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Fig. 3.14 AUV sub-bottom profiler response to increasing stratal disruption (decreasing lateral scale
length, ax ). a-d): Envelope of sub-bottom profiler image, alongside two extracted traces from inside and
outside the MTD (MTD zone highlighted in blue).
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consolidation or disaggregation. This study models petrophysical homogenisation by reducing
the difference in physical properties between two distinct component lithologies. As expected,
this has the effect of reducing recorded amplitudes in the seismic image. A secondary, less
obvious, result is that this lack of reflectivity reduces transmission losses, which causes a
corresponding increase in amplitudes below the MTD (Fig. 3.15). Therefore a “transparent”
MTD should, in general, show higher amplitude basal and sub-basal reflections, compared to
their true reflectivity. Petrophysical homogenisation should be relatively straightforward to
diagnose using MSCL measurements of cores recovered both inside and outside an MTD. An
acoustic impedance log can be estimated as the product of P-wave velocity and density logs.
The signature of petrophysical homogenisation will be a sustained reduction in the absolute
acoustic reflectivity (the derivative of the acoustic impedance log) inside the MTD, compared
to in the confining sediments.
Pore-fluid substitution Pore-fluid substitution results in an apparent reduction in seismic
amplitudes compared to the true subsurface reflectivity. This study reproduces this “gas
blanking” effect in the visco-acoustic modelling experiments (Fig. 3.13). It may be possible to
diagnose pore-fluid substitution from core data with pore-fluid sampling, or by recognising
a distinct low P-wave velocity and density response in MSCL measurements. A significant
reduction in P-wave velocity can be induced by a very low percentage of free gas in the porefluid (Tinivella and Carcione, 2001). However, even if the percentage gas can be estimated, it
is difficult to relate the gas fraction to the attenuation response for high frequency sources like
sub-bottom profilers (Vardy et al., 2017).
Stratal disruption In the stratal disruption experiments, the medium is progressively deformed whilst maintaining the internal impedance contrasts between the constituent lithologies.
The amplitude analysis results show a non-linear relationship between lateral dominant scale
length and the average amplitude within the MTD and below the MTD (Fig. 3.15a). In general terms, a reduction in the lateral scale length is accompanied by a reduction in seismic
amplitudes within the MTD, below a lateral scale length of around 100 m. For example, the
recorded amplitudes for ax = 5 are approximately half the amplitudes for ax = 1000; this is
lower than would be predicted by simple convolutional modelling (Fig. 3.15b). The results also
show a frequency dependent response to increasing deformation (Fig. 3.16). This points to
scattering being a mechanism to explain the reduction in seismic amplitudes. Scattering reduces
the recorded amplitudes, creating a kind of “frequency-dependent transparency”, contributing
to an overall transparent response. This implies that there is a complex, source-dependent
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relationship between the seismic response and the internal structure, when the lateral scale
lengths are relatively close to the seismic wavelength.
Fig. 3.17 shows representative cores from inside the MTD zone, for different degrees
of stratal disruption. There is little evidence of disturbed bedding until the lateral dominant
scale is below ∼5 m. This is likely because the core only samples a 10 cm diameter of the
medium. Notably, this is roughly an order of magnitude below the dominant scale lengths at
which there is a reduction in seismic amplitudes from stratal disruption (around ax < 100 m).
This is a practical demonstration of the lateral resolution gap between seismic- and core-scale
observations (Section 0.4.1).
These results show that a low-amplitude response inside an MTD can be caused by all
three conceptual mechanisms, to different degrees. Generally, apparent transparency refers to a
low amplitude seismic response relative to, e.g., unfailed sediments outside the lateral margins
of the MTD. This implies that seismic attenuation should not be considered a “transparency
generator”, because its effect is to reduce amplitudes inside and below the attenuating body.
Petrophysical homogenisation can be considered a “transparency generator”, however the
apparent transparency effect will be exaggerated by lower transmission losses, so amplitudes
in the pre-MTD sediments will appear somewhat higher than their true reflectivity. In the
conceptual model used in this study, extreme stratal disruption would result in vertically
aligned beds. For an idealised surface seismic reflection experiment, this would also generate
a transparent effect, because no energy would be reflected in a vertical direction toward the
receiver. Aside from these expected losses we also see frequency dependent amplitude losses,
which indicates that scattering may play a role in the apparently transparency generated by
stratal disruption. Scattering reduces apparent amplitudes because energy is radiated in all
directions (from a point scatterer), rather than simply reflecting energy back towards the receiver
(Fig. 2.1a).

3.5.2

Black Sea case study

The Black Sea case study shows a prominent MTD with an apparently transparent internal
seismic response in AUV Chirp sub-bottom data (Figs. 3.2-3.4). A core taken from the
MTD shows well-stratified, apparently undisturbed stratigraphy (Fig. 3.5). The numerical
modelling performed in this Chapter indicates that apparent transparency can be generated by
petrophysical homogenisation (mixing during transport), attenuation from trapped free gas and
stratal disruption (deformation during transport). Which of these mechanisms is responsible for
the apparent transparency seen in the case study data?
The modelling experiments show that mixing previously distinct lithologies during sliding
reduces impedance contrasts, reducing recorded seismic amplitudes. It is likely that some
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degree of petrophysical homogenisation occurs during mass-transport and emplacement, at
least due to compaction and loss of porosity. This may also contribute to some degree to the
commonly observed apparently transparency of MTDs in sub-bottom profiler data. In this case,
however, the core photos show well-preserved stratigraphy with little evidence of deformation.
If petrophysical homogenisation does plays a role in this example, it’s not due to complete
disaggregation (as in, e.g., a debris flow).
The modelling experiments show that seismic attenuation can cause a reduction in seismic
amplitudes in and below an attenuating body (so-called “gas blanking”), along with preferential
attenuation of high frequencies (Fig. 3.16). There is evidence of gas blanking outside and
within the MTD, associated with mud volcanoes and pockmarks (Fig. 3.4). However, these
are localised zones of high attenuation, clearly associated with other fluid flow features. These
likely result from fluid migration from stratigraphic levels below the MTD. There is no evidence
from the sub-bottom profiler images for widespread free gas trapped within the entire MTD.
The modelling experiments show that a small amount of deformation (reduction in lateral
scale length) can cause a dramatic decrease in seismic amplitude relative to the true reflectivity.
Crucially, the amount of deformation required to generate this decrease in amplitude is larger
than that which would be easily observed in core data (Figs. 3.15 and 3.17). It is not clear
whether any of the three “transparency generating” conceptual mechanisms modelled in this
study can fully explain the apparent transparency within this MTD. However, the modelling
results suggest that, for deformed sediments, apparent transparency is not inconsistent with
apparently undisturbed core. In other words, the case study MTD may preserve significant
internal structure and internal reflectivity despite appearing transparent in sub-bottom profiles.

3.5.3

Implications for sub-bottom profiler–core correlation

The modelling results suggest that in the case of strong deformation (i.e., stratal disruption), the
seismic response of an MTD is no longer well-explained by the zero-offset acoustic reflectivity
(Fig. 3.15b). The fundamental reason is that cores are sampled at around or below the scale of
the sub-bottom profiler source wavelength. Metre-scale stratal disruption may be completely
missed in core (Fig. 3.17) but may have a strong control on the sub-bottom profiler response.
If stratal disruption is visible at core-scale, it is possible (likely, even) that the deposit is in the
scattering regime for most sub-bottom profiler bandwidths (1–10 kHz). The contrary, however,
is not necessarily true: the absence of apparent stratal disruption in core does not indicate that
there is no scattering, as the diameter of conventional coring systems (10 cm) is smaller than
the lateral scale length which appears to generate scattering at sub-bottom profiler bandwidths
(Fig. 3.15). This indicates that the presence of apparent transparency is not diagnostic of a
lack of coherent internal structure. Importantly, qualitative correlation with cores taken from a
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“transparent” deposit may be very difficult or misleading. Cores are necessary—but not always
sufficient—to differentiate between stratal disruption and petrophysical homogenisation as the
cause of apparent transparency.
The results from this study indicate that full-wavefield modelling experiments could be
a valuable tool to understand the interplay between the sub-bottom profiler response and
the potential core response during survey planning. This highlights the need to anticipate
what levels of deformation are expected when designing a marine geohazard survey. If
no deformation is expected (e.g., unfailed sediments), plane-wave approximations hold and
qualitative core-seismic correlation is possible in a vertical sense. If, instead, strong deformation
is considered likely (e.g., an MTD), survey planning should not rely on core-seismic correlation.
Long-offsets or 3-D chirp may remove some of the uncertainty in the steep dipping, but
non-scattering, seismic regime (e.g., Vardy et al., 2008). If scattering due to stratal disruption is
a significant contribution to the amplitude response, the apparent transparency will be strongest
at specific wavelengths (rather than simply preferential attenuation of the highest frequencies).
This suggests that instruments with wide bandwidths may suffer less from apparent transparency
effects (see, e.g., Fig. 11).

3.5.4

Limitations of this study

This study models an AUV-type sub-bottom profiler experiment, similar to the AUV Chirp
acquisition for the Black Sea case study (Section 3.2). Sub-bottom profiles acquired from an
AUV tend to have significantly higher resolution than hull-mounted instruments because the
AUV “flys” close to the seafloor, reducing the size of the Fresnel zone, and decreasing the noise
level. In addition, real world sub-bottom profilers use beam-forming to generate a more tightly
focused, non-spherical source. Non-spherical sources are difficult to model on a discrete grid.
Both of these factors mean that these modelling experiments only illustrate conceptual models
and cannot directly be generalised to real world measurements. Future studies should attempt
to use more sophisticated source injection modelling to simulate a beam-formed array.
This study uses 2-D (visco-)acoustic modelling for efficiency, and because sub-bottom
profiler data is (typically) zero-offset. Elastic effects (e.g., P-S mode conversion) may become
important with increasing deformation, as the average incidence angle increases. Real geology
is 3-D, and all of these mechanisms should be trivial to reproduce in 3-D. Future studies should
validate these experiments using 3-D (visco-)elastic modelling to properly account for these
effects.
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Summary

In this Chapter I perform (visco-)acoustic full-wavefield modelling to better understand the
sub-bottom profiler response to sediments after slope failure. I model three types of sediment
alteration: i) petrophysical homogenisation (small scale mixing of distinct lithologies), ii) porefluid substitution (increased seismic attenuation from trapped free gas) and iii) stratal disruption
(wavelength-scale alteration in the geometry of the interfaces between distinct lithologies).
The modelling results suggest:
1. Stratal disruption alone is enough to cause an apparently transparent seismic response,
without reducing the magnitude of impedance contrasts.
• This reduction in amplitude is frequency dependent, suggesting that scattering plays
a role.
• A relatively small amount of deformation can cause a significant change in the
amplitude of the seismic response.
• Stratal disruption begins to create apparent transparency when the lateral scale
length is above the scale that is realistic to identify by core sampling. This implies
that it may be difficult to correlate cores with sub-bottom profiles within MTDs
which show an apparent transparent seismic response.
2. Apparent transparency does not necessarily imply petrophysical homogenisation or free
gas.
• Petrophysical homogenisation causes a reduction in reflectivity with a corresponding reduction in seismic amplitudes. This reduces transmission losses, which
increases the apparent amplitude of reflectors below failed sediments.
• Seismic attenuation reduces the apparent seismic amplitudes even when internal reflectivity is preserved. This can be identified by a sustained reduction in amplitudes
below the attenuating body (“gas blanking”) along with a characteristic reduction
in the dominant frequency.
3. Apparently transparent deposits can still maintain significant internal reflectivity.
These results suggest that future studies should be cautious not to over-interpret an apparently transparent seismic response, especially when strong deformation is known to be
likely. Apparent transparency is a poor predictor of the internal structure of MTDs because
processes associated with slope failure (pore-fluid alteration, stratal disruption) can generate a
low-amplitude seismic response without reducing the true reflectivity. The strong sensitivity of
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sub-bottom profiler data to deformation means that apparent transparency should not be used to
diagnose the flow type. Apparent transparency does not neccesarily imply complete internal
disaggregation.

Chapter 4
Modelling the seismic response of a fossil
mass-transport deposit outcrop

4.1 Introduction

4.1
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Introduction

Outcrop examples of mass-transport deposits (MTDs) show a wide variety of internal structural
fabrics, which record the dynamics of failure, transport and emplacement at multiple scales
(Alonso et al., 2006; Lucente and Pini, 2003; Sobiesiak et al., 2016; Strachan and Alsop, 2006).
Outcrop studies, however, are limited to exhumed fossil MTDs, often with limited, quasi-planar
exposures of only part of the overall deposit. Geophysical techniques, instead, are able to
image the entire extent of MTDs in situ, often ground-truthed by geological sampling from
cores and scientific drilling. From outcrop studies we see that kinematic indicators useful for
identifying flow characteristics are primarily preserved at the meso-scale, i.e., from 10s of
centimetres to 10s of metres (Section 0.3). This is comparable to the scale range that marine
geohazard investigation techniques struggle to characterise, due to the lateral resolution gap
between geophysical imaging and geological sampling (Section 0.4.1).
One way to bridge the divide between outcrop observations and geophysical imaging is to
forward model the synthetic seismic response of an outcrop. This allows seismic interpreters
to relate structure seen in seismic images to geometries observed in outcrop, and to better
understand the resolution limits and illumination of real-world acquisition and processing.
An ideal seismic image represents the zero-offset subsurface reflectivity in time or depth.
Real-world images, however, are band-limited both vertically and laterally; suffer from tuning
effects between thin beds; lose resolution with depth due to attenuation and contain acquisition
and processing noise. Seismic forward modelling aims to reproduce some or all of these effects
to model realistic synthetic sections (e.g., Lecomte, 2008).
Seismic modelling of outcrops has been performed to constrain the seismic response of
complex, high reflectivity igneous sills (Eide et al., 2017) and to explore the seismic response of
shear zones at different scales (Wrona et al., 2020). Comparatively few studies have focused on
modelling the seismic response of MTDs. Examples include Armitage and Stright (2010) (who
use synthetic seismic profiles to explain why thin bodies can be obscured by the topography of
stacked MTDs, modelling the internal structure as random noise); Bakke et al. (2008) (who
perform seismic modelling of turbidite systems, integrated with well log data) and Dykstra
et al. (2011) (who present examples of seismic-scale structure within two fossil MTDs, using
synthetic modelling to show that the seismic response is strongly dependent on the source
frequency). These examples model synthetic sections by simply convolving a wavelet with
a 1-D reflectivity series, which can reproduce vertical tuning and resolution effects. 2-D
convolutional modelling, on the other hand, is able to account for the lateral resolution of
a migrated seismic image, potentially including illumination effects by, for example, ray
tracing through the overburden (e.g., Eide et al., 2017; Lecomte, 2008; Wrona et al., 2020).
Convolutional methods, however, do not properly model all wave phenomena in complex,
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inhomogeneous media (e.g., diffractions, multiple scattering, post-critical reflections and mode
conversion). In addition, convolutional seismic modelling does not necessarily honour the
sparse nature of real world seismic acquisition and processing, which includes illumination
effects, aliasing, post-critical reflections at high incidence angles and other processing artefacts.
MTDs often have laterally discontinuous internal structure, contain rough interfaces (internally
and at the top and basal surfaces) and may have a large velocity contrast with the surrounding
confining sediments. In Chapter 2 I show that a large proportion of the recorded seismic
wavefield may come from diffracted rather than reflected seismic waves. This indicates that
proper seismic modelling of the internal structure of MTDs likely requires more sophisticated,
full-wavefield modelling.
In this Chapter I will present an example of full-wavefield seismic forward modelling of
the internal structure of an MTD outcropping at Vernasso Quarry, north east Italy. The MTD
is dominated by included blocks of substratum entrained in the slide mass, which are likely
to provide strong impedance contrasts, and thus are good targets for seismic imaging. First,
I will construct a 3-D digital outcrop model and interpret the blocks at sub-metre resolution
from an ortho-rectified 2-D image. Then, I will decompact the interpretation, restore postdepositional tectonic tilting and place the model in a realistic marine overburden. I will perform
the full-wavefield seismic modelling using pseudo-spectral 2-D elastic modelling, with a wideband source wavelet, allowing rapid simulation of seismic acquisitions with arbitrary source
bandwidths and streamer lengths without having to repeat the numerical modelling step. Finally,
I will compare the resolution of synthetic seismic images acquired with different acquisition
parameters to the true reflectivity model, and to outcrop photos.

4.2

Outcrop example

Vernasso Quarry (north east Italy) is a “seismic-scale” exposure of the Paleogene carbonate
megabeds of the Julian Basin (Ogata et al., 2014b; Tunis and Venturini, 1992). The quarried
exposure is approximately 1 km in width by 150 m in height (Fig. 4.1). The exposure contains
at least four separate MTDs, all of which originated from shallow-water carbonate platform
collapse. After failure, the carbonate material was transported downslope from the shelf
to the basin floor, predominantly composed of siliciclastic turbidites. Some of these basinfloor sediments (substratum) were ripped up during transport and incorporated into the main
body of the slide as blocks of intact turbidites, alongside some intact remnant carbonatic
blocks (Fig. 4.2). These blocks form the characteristic “block-in-matrix” internal fabric of
the megabeds, with the matrix largely derived from finer-grained material from the collapsed
carbonate shelf (Ogata et al., 2014b). The blocks are key to this modelling exercise, as most
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a)

b)

b)

c)

Fig. 4.1 a) Regional structural geology. b) Location of Vernasso Quarry (north east Italy). c) Overview
photo of outcrop (direction shown with yellow arrow in inset map view), major units labelled. Modified
from Ogata et al. (2014b).

of the included blocks are siliciclastic, with a large expected impedance contrast with the
background matrix.

4.3

Virtual outcrop model

Virtual outcrop models are digital, 3-D representations of an outcrop (Pringle et al., 2006). To
construct the 2-D elastic model I will first build a 3-D virtual outcrop model of the Vernasso
Quarry and then extract a 2-D ortho-rectified photo for interpretation. The virtual outcrop model
is necessary because the quarry has several back-cut levels and corners (Fig. 4.1), meaning that
single photos or photo panoramas will suffer from perspective distortion. Additionally, parts of
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4.3 Virtual outcrop model
a)

b)

~2 m

~5 m

Fig. 4.2 Photos showing included blocks of turbidite substrate (prominent blocks outlined in white).
Scalebars are approximate.

the outcrop are obscured by vegetation and there is poor access to some areas, therefore photos
are required from multiple angles to visualise in high-resolution the sub-metre scale geometry
of the major blocks.
Photos for the virtual outcrop were acquired during a single day of fieldwork in March
2019. The photos were captured using a Canon EOS 1000D DSLR camera with a 18-55mm
zoom lens. The virtual outcrop model was reconstructed using 3DF Zephyr photogrammetry
software1 . In total, 556 photos were used in the photogrammetry process (see Fig. 4.4 for
locations). The photogrammetry workflow (Fig. 4.3) included:
1. Photo masking (to remove non-geological features such as sky and foreground vegetation)
2. Keypoint extraction and Structure-from-Motion analysis (to generate a sparse point cloud
and position the cameras, Toldo et al., 2015)
3. Pixel-by-pixel stereo matching between photos (to generate a dense point cloud, Toldo
et al., 2013)
4. Mesh extraction and mesh texturing
5. Georeferencing (using GPS fixes taken at the far-field camera locations)
Intermediate results from the photogrammetry workflow are shown in Fig. 4.4 and perspective
views of the final virtual outcrop model are shown in Fig. 4.5. The final model has dimensions
approximately 650 m length by 120 m height.
1

https://www.3dflow.net/3df-zephyr-photogrammetry-software/
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Input photos
Masked photos
Keypoint extraction and SfM
Camera positioning/orientation
Sparse point cloud
Stereo matching
Dense point cloud
Extracted mesh
Textured mesh

Fig. 4.3 Workflow for 3-D outcrop reconstruction in 3DF Zephyr.

4.4
4.4.1

2-D geological model
Interpretation from virtual outcrop

To move from a 3-D outcrop model to a 2-D model it is necessary to extract an ortho-rectified
2-D photo before performing the interpretation. Ortho-rectified images remove the perspective
distortion inherent to 2-D images of 3-D objects by simulating a camera at each pixel, orthogonal
to a 2-D plane. The result is a projected 2-D image with constant vertical and horizontal scale
(Fig. 4.6a).
I interpret the outline of 308 individual blocks on the ortho-rectified image, along with 5
internal MTD interfaces, roughly evenly spaced, to replicate the sub-units identified in Ogata
et al. (2014b) (Fig. 4.6b). There is a wide distribution of block sizes, from seismic-scale
(megablocks with dimensions of 10s of metres) to sub-seismic scale (<1 m).
The outcrop has been subjected to significant post-depositional compaction, evidenced
by highly developed stylolite pressure seams between, and penetrating, the matrix clasts
(Ogata et al., 2014b). Based on the development of these seams, the outcrop is estimated to
have lost between 10–20 % of its vertical thickness from compaction (G. A. Pini, personal
communication). This implies that at the time of burial the shape of the blocks was significantly
different. To approximately correct for this, the interpretation is stretched vertically by 20 %
before integration into the wider background model (Fig. 4.6c). To correct for the tectonic
tilting, I rotate the interpretation to restore the top surface of the MTD to be approximately
horizontal (a 12° clockwise rotation). This rotation gives an apparent diagonal distribution
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a)

Camera positioning

b)

Sparse point cloud

c)

Dense point cloud

d)

Extracted mesh (textured)

d)

Fig. 4.4 Illustrative screenshots from 3-D reconstruction process, camera locations marked in blue. a)
Map view photograph with estimated camera positions overlaid (base photo from Ogata et al., 2014b).
b) Sparse point cloud. c) Dense point cloud. d) Extracted, textured mesh.
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Fig. 4.5 Final 3-D model with shading (perspective view). a) Overview, looking to north west. b) Zoom
view, prominent megaclasts indicated with white arrows.
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Fig. 4.6 a) Ortho-rectified view of outcrop. b) Interpreted blocks (solid black) and approximate boundaries between internal units (dashed lines). c) Blocks and unit boundaries after decompaction and
restoration of tectonic tilting (rotation).

of the blocks in the final model: this is simply an artefact of the original exposure, and not
representative of the likely distribution of blocks within the original MTD.

4.4.2

Background model

The detailed interpretation of the internal structure of the MTD is set within a wider background
geological model to represent a post-burial, pre-exhumation shallow marine setting. The
overall geological model is 4000 m wide by 400 m deep. The major units in the model are the
water layer (with water depth varying smoothly from 100–200 m) and the confining sediments
(which host the MTD zone) (Fig. 4.8). The top surface of the MTD zone is ∼40 m below the
waterbottom.
Background elastic parameters for the main units and the sub-units of the MTD are given in
Table 4.1. The confining sediments are assigned representative P-wave velocity and densities at
the waterbottom of 1600 m s−1 and 1400 kg m−3 (consistent with measured values for shallow
marine sediments; Richardson et al., 1997) and an arbitrary increasing P-wave velocity gradient
of 0.5 m s−2 (to represent the effect of increasing compaction with depth). The MTD zone is
assigned a representative velocity faster than the confining sediments to represent the velocity
increase from primarily siliciclastic confining sediments (the turbidite basin fill) to the primarily
carbonatic MTD. The elastic properties of the confining sediments and the MTD matrix are
multiplied by a vertical random field with exponential autocorrelation function, “hung” from
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Table 4.1 Elastic parameters for units, h represents the depth below the top of each
interface.

Unit

vP [m s−1 ]

vS [m s−1 ]

ρ [kg m−3 ]

Water
Confining sediments
MTD (matrix)
MTD (blocks)

1500
1600 + 0.5h
1800 + 0.5h
1600

100†
800 + 0.25h
900 + 0.25h
800

1000
1400 + 0.5h
1600 + 0.5h
1400

† Note:

the water layer is given a very slow shear-wave velocity to simulate an acoustic
medium within an elastic model.
Table 4.2 Geostatistical parameters for units. Random media are defined relative to the
top of the unit.

Unit

az [m]

γ []

σ [% amplitude]

Water
Confining sediments
MTD (matrix)
MTD (blocks)

—
50
25
—

—
0.5
0.5
—

—
1%
1%
—

the top surface of each sub-unit, to provide a small amount of internal reflectivity (Table 4.2 and
Appendix B.3.4). The interpreted blocks are inserted directly into the background geological
model and assigned constant representative elastic parameters (Fig. 4.8).

4.4.3

Numerical modelling

Elastic model The model is discretised onto a regular grid with sampling ∆x = ∆z = 0.5 m,
giving a total size of 8000 by 800 grid points. Three elastic parameter grids are generated,
for compressive-wave velocity (vP ), shear-wave velocity (vS ) and density (ρ). The minimum
velocity is 750 m s−1 (i.e., the slowest possible shear-wave velocity at the waterbottom interface,
after interpolation between the water and sediment velocities), the maximum velocity is
1956 m s−1 . For a Courant number of Cn = 0.2, this gives a maximum timestep of 0.051 ms
(Eq. A.1).
Source characteristics According to Eq. A.2, the maximum frequency that can be modelled
for a grid with the above parameters is 750 Hz. The wide-band source pulse is a spike, high-cut
filtered with a zero-phase Butterworth filter with corner frequency 600 Hz. The actual maximum
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Table 4.3 Synthetic source bandwidths. Source wavelets and spectra are shown in Fig. 4.7.

Source

Source bandwidth

Airgun
GI-gun
Sparker

5–50 Hz
25–250 Hz
100–600 Hz

frequency is set 20% lower than the theoretical maximum frequency to avoid instability in the
absorbing boundaries and to prevent rolloff on the source spectrum from becoming aliased.
Computation In total 281 shots are modelled, with a shot interval of 12.5 m. The geological
model is split for each shot with a virtual streamer 500 m long, and lateral padding zones with
widths ∼150 m (Appendix A.3). The modelling uses absorbing boundaries (perfectly matched
layers) on all four edges of the grid, with width from 10–35 grid points (5–17.5 m). The precise
number of grid points in the padding zone and absorbing boundaries is adjusted shot-by-shot in
order to maintain total grid dimensions with (low) prime factors for efficiency (Appendix A.3).
Shots in the centre of the model (i.e., where padding zones and absorbing boundaries do not
intersect the edge of the overall geological model) have total grid size of 1617 by 819 grid
points.
The modelling was run for 0.7 s (13 401 timesteps), long enough to record a P-P reflection,
with the slowest velocity, from the deepest part of the model, from the midpoint between the
source and the far-offset receiver. Computation was split across two nodes with a combined
total of 60 vCPU cores, with each individual shot using 4 vCPU cores (i.e., 15 shots running in
parallel). Total computation times are given in Table 4.5.

4.4.4

Processing and imaging

The wide-band source pulse used in the the numerical modelling is not a realistic seismic
source. Real world seismic sources are always band-limited—there are physical limits on the
upper and lower frequencies they can generate. The goal of this Chapter is to analyse the
effect of the source bandwidth on the imaging of the internal structure of an MTD. Therefore I
define three synthetic sources, with differing source bandwidths, to represent airgun, GI-gun
and sparker sources (Table 4.3, Fig. 4.7). I simulate each source by filtering the wide-band
modelled records with a zero-phase bandpass filter corresponding to the source bandwidth.
The modelling in this Chapter uses a virtual streamer of 500 m, long enough to capture postcritical reflections from the target zone of the model. To simulate acquisitions with different
streamer lengths, I define several virtual streamers: single-channel, short offset and long offset
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Fig. 4.7 Synthetic source characteristics for the airgun source, GI-gun source, sparker source and the
wide-band source wavelet used for modelling. a) Zero-phase, time-domain wavelets. b) Corresponding
amplitude spectra.
Table 4.4 Synthetic streamers

Streamer

Near-offset

Length

Receiver interval

Incident angles

Single channel
Short streamer
Long streamer

20 m
20 m
20 m

—
100 m
500 m

—
5m
5m

2°
2–11°
2–45°

Note: quoted incident angles are nominal, assuming a target depth of 250 m, horizontal
reflector and straight-ray approximation.

(Table 4.4). The streamers all have the same near-offset (20 m) and receiver interval (5 m). The
streamers are simulated by considering only traces which are coincident with receiver locations
in the processing flow.
After dropping traces not in the acquisition grid, and bandpass filtering to the nominal
source bandwidth, the data are imaged with a pre-stack Kirchhoff depth migration (PSDM)
(Fomel et al., 2013). The migrated gathers are muted with a 35° far angle mute, to remove
post-critical reflection energy (only relevant for the longest streamer).
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a)

400m

Water

MTD

Confining
sediments

b)
4000m

b)

2000

Depth [m] P-wave velocity model

x [m]
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200
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300

v_rms (m/s)
1500 1900
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Fig. 4.8 a) Outline of major units (2× vertical exaggeration). b) P-wave velocity model (area indicated
in a).

Shot gather 1

...

Shot gather n

Merged, acquisition grid
Bandpass filter
Airgun

GI-Gun

Sparker

PSDM
Far-angle mute
Stack

Fig. 4.9 Workflow for processing and imaging of forward modelled shot gathers. A bandpass filter
is applied to the modelled gathers to simulate arbitrary source bandwidths. Imaging uses a pre-stack
Kirchhoff depth migration (PSDM).
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Table 4.5 Computation time for different parts of the workflow. See Section 4.4.3 for details.

Stage

Wall-clock computation time

Single shot (average)
3 h 16 min
All shots (281 shots)
60 h 32 min
Processing and imaging (PSDM) 15 min
a) 20
TWTT [s]

120

220

Offset [m] b) 20
Amp.
-3.6

0.1

120

Offset [m] c) 20
Amp.

3.6

-5.0

Direct
arrival

5.0

Top MTD
reflection

0.2

120

Offset [m]
Amp.
-8.1

8.1

Waterbottom
reflection

0.3
0.4
0.5

Low-frequency
modelling
artefact

Base MTD
reflection

Apex-shifted
events (diffractions
from MTD blocks)

Fig. 4.10 Example shot gather (source x = 2000 m) for the different synthetic source types: a) airgun
source, b) GI-gun source, c) sparker source. Prominent seismic arrivals labelled.

4.5
4.5.1

Results and discussion
Numerical modelling

An example shot gather for each synthetic source is shown in Fig. 4.10. Unmigrated, stacked
data for each synthetic source type (with the long streamer) is presented in Fig. 4.11. The
unmigrated images clearly resolve the top and basal surface of the MTD and some internal
reflectivity. Individual blocks are not properly resolved with any source, but they create a
distinct signature of diffraction tails with apex at the block location. The shot gathers also
show evidence of diffractions as apex-shifted events. These are particularly prominent with the
GI-gun and sparker sources (Fig. 4.10).
Computation times for the various processing stages are given in Table 4.5.

4.5.2

Seismic images

The PSDM images for each synthetic source type (with the long streamer) are presented
in Fig. 4.12. All synthetic sources resolve the top and basal reflectors of the MTD. The
seismic expression of the confining sediments, and internal reflectors inside the MTD, varies
significantly between the source types. The airgun source resolves only the major reflectivity
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Fig. 4.11 Forward modelled seismic section, unmigrated. a) Zero-offset P-wave reflectivity in depth (for
comparison). b) Airgun source (long streamer). c) GI-gun source (long streamer). d) Sparker source
(long streamer).
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contrasts, at very low vertical resolution. Both the GI-gun and sparker sources image the high
frequency component of the confining sediments, although the GI-gun source appears to better
reproduce the true reflectivity amplitudes (likely due to the lower frequencies in the source
bandwidth).
The airgun source resolves only the largest blocks, with closely spaced blocks appearing
as single blocks. The GI-gun source shows higher resolution, both laterally and vertically,
although blocks still appear smeared and there is significant interference between closely spaced
blocks. The sparker source has the highest vertical and lateral resolution, with major blocks
clearly resolved. None of the source types are able to differentiate between the vertically and
horizontally oriented blocks. Similarly, none of the sources are able to clearly resolve separate
top and base reflections from even the largest blocks.
PSDM images with varying streamer length (Table 4.4) are presented alongside the true
subsurface reflectivity in Fig. 4.12. For all sources, the single-channel images are highly
contaminated with migration noise, which inhibits the identification of all but the largest blocks.
The noise is likely due to poor spatial sampling of the sources. Interestingly, there appears to be
no significant difference between the images acquired with the short streamer (100 m far-offset)
and the long streamer (500 m far-offset). For the airgun source, only the largest of the blocks
are resolved, and there is significant interference from tuning with the internal reflectivity of
the MTD. For the GI-gun source, most of the large blocks are individually resolved, although
the smaller blocks tend to generate a seemingly chaotic response, which obscures the internal
reflectivity of the MTD. The sparker source is able to resolve smaller blocks, however the
amplitudes in the image do not correspond to the true reflectivity as well as for the GI-gun
(likely due to the lack of low frequency content in the source bandwidth).
Finally, Fig. 4.14 shows PSDM images from the three sources (with the long streamer) and
the true reflectivity model next to a comparable outcrop photo. It is immediately obvious that
the resolution from geophysical data does not provide the fidelity to characterise individual
blocks on the scale seen in the outcrop. When individual blocks are imaged, they are represented
only as broad peaks in the seismic response, even with the highest frequency sparker source.
No information about the size, orientation or shape of the individual blocks can be determined
by any of the seismic sources. With the lowest resolution source (the airgun), the blocks and
internal reflectivity of the MTD interfere which results in a misleading, somewhat chaotic
seismic response.

4.5.3

Implications for acquisition design

These results illustrate how both vertical and lateral resolution are strongly dependent on the
source bandwidth. In this outcrop, the meso-scale structure dominates, in the form of included
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Fig. 4.12 Forward modelled seismic section, migrated . a) Zero-offset P-wave reflectivity (for comparison). b) Airgun source (long streamer). c) GI-gun source (long streamer). d) Sparker source (long
streamer).
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Fig. 4.13 Section of modelled seismic images with varying sources and streamer lengths, compared to
zero-offset acoustic reflectivity (top left).

135

4.5 Results and discussion

a)

b)

25 m

25 m

c)

Refl.
25 m

-

25 m

+
e)

25 m

25 m

d)

25 m

25 m

Fig. 4.14 Comparison of outcrop with modelled seismic signature of blocks. a) Outcrop photo (credit:
G.A. Pini). b) Zero-offset reflectivity model. Forward modelled seismic images with c) airgun, d)
GI-gun and e) sparker sources.
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blocks with high impedance contrast with the matrix. The modelling results show that seismic
images generally lack the resolution to image this scale of structure in detail.
In practice, there is always a tradeoff between high-resolution imaging and signal penetration. The highest frequency sources will have the highest vertical and lateral resolution,
but will also be the most strongly affected by attenuation and dispersion (not modelled in
this Chapter). This acts to limit the penetration depth of high frequency sources. For marine
geohazard investigation of MTDs close to the waterbottom, this is less important, as the water
column is very close to a non-attenuating medium. Nevertheless, with higher lateral resolution
from the seismic wavelet comes a need for a smaller shot interval, which can be logistically
challenging from a survey vessel.
It is generally assumed that long offsets result in better illumination of steep dipping
reflectors and thus better imaging of complex geology. Fig. 4.13, however, shows that there is
little difference in imaging quality between the short streamer (100 m far-offset) and the long
streamer (500 m far-offset). I suggest that this is because a large proportion of the recorded
energy in these examples is diffracted (e.g., Fig. 4.11). The lateral resolution is provided
by properly sampling and migrating diffractions, rather than reflections. Preine et al. (2020)
demonstrate that with adequate sampling, diffractions can be fully illuminated even by singleoffset profiles. This could suggest that for imaging block-in-matrix style geology, long offsets
are less important than maximising the source bandwidth and minimising the interval between
shot points. In addition, this implies a need to shoot past the extent of the body (i.e., beyond the
traditional full-fold zone) to capture as much of the diffraction response as possible, ensuring
that diffractions can be properly imaged.

4.5.4

Limitations and future work

This modelling exercise has no constraints on the seismic velocities and densities from outcrop—
the geometry of the dominant meso-scale fabric of the MTD is replicated, but not the true
impedance contrasts. It is also assumed that all blocks have the same elastic parameters, even
though this is not representative: most of the blocks are siliciclastic, but some are carbonates
(Ogata et al., 2014b). Future studies should acquire rock samples from various parts of the
outcrop and make laboratory measurement of the elastic parameters. This would constrain
the magnitude of the impedance contrasts between the blocks and the matrix, and inform the
degree of variation in physical properties within the matrix (i.e., the magnitude of the statistical
internal reflectivity).
Another significant limitation is that these examples use 2-D seismic forward modelling.
3-D modelling is difficult, both due to the significant extra complexity involved in 3-D model
building and a significant increase in computation for 3-D full-wavefield modelling. For MTD
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scenarios, 3-D modelling is especially important, due to MTDs being inherently 3-D bodies,
with 3-D internal geometry (see Section 2.3.4). It is likely that 3-D models of fossil MTDs in
outcrop will require statistical modelling of the internal structure, due to outcrops being limited
to quasi-2-D exposures.

4.6

Summary

In this Chapter I develop a workflow to model the seismic response of a block-in-matrix
type MTD outcrop, using 2-D full-wavefield elastic modelling. The workflow involves: i)
constructing a 3-D virtual outcrop model using photogrammetry techniques; ii) interpreting the
key structures (blocks and internal boundaries of the MTD) from an ortho-rectified 2-D image of
the virtual outcrop; iii) discretisation of elastic parameters onto a 2-D grid; iv) pseudo-spectral
elastic modelling of synthetic shot gathers; v) filtering of the source bandwidth, followed by
processing and imaging with a PSDM. The final stage allows arbitrary source bandwidths
and receiver arrays to be modelled, which enables computationally inexpensive evaluation of
arbitrary seismic reflection experiments.
The results of the numerical modelling and imaging for three different source bandwidths
show:
• Imaging of the blocks and internal reflectivity is strongly dependent on the source
bandwidth.
• At this scale, the geometry, orientation and dimensions of individual blocks are not
imaged, even with the sparker source. Vertical interfaces are not imaged.
• A significant proportion of the recorded energy is diffracted, rather than reflected.
• Image resolution does not depend strongly on the streamer length.

Chapter 5
Discussion

5.1 Summary of previous chapters
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Summary of previous chapters

This thesis explores the geophysical imaging of mass-transport deposits (MTDs), with a
focus on better understanding the primary controls on the seismic response to their complex,
heterogeneous internal structure.
In Chapter 1 I present a method for quantitative interpretation of seismic images lacking
in coherent seismic reflections, where reliable horizon-based (qualitative) interpretation is not
possible. This apparently chaotic seismic texture is common in seismic and sub-bottom profiler
images of MTDs due to their complex internal structure (Section 0.3). Using a Bayesian
Markov Chain Monte Carlo (MCMC) inversion scheme, the method provides probabilistic
estimates of three geostatistical parameters (lateral and vertical dominant scale lengths and
Hurst number). Previous studies have shown that inverting seismic images for geostatistical
parameters can only constrain the ratio of the lateral and vertical scale lengths (the aspect
ratio of heterogeneity; Irving and Holliger, 2010). I overcome this limitation by incorporating
a vertical borehole log, meaning that the lateral and vertical scale lengths can be estimated
separately. I first validate the method on a synthetic example, then demonstrate it on an MTD
imaged in a seismic volume from Nankai Trough, offshore Japan. I suggest that the estimated
parameters could be used to quantify the progressive downslope disaggregation of an MTD,
observed in the Nankai Trough example as a downslope reduction in lateral scale length.
Chapter 2 explores how diffraction imaging can be used to characterise MTCs (seismicscale MTDs). Outcrop studies of fossil MTDs show that much of the internal structure is
preserved at the meso-scale (i.e., centimetre- to metre-scale kinematic indicators, Section 0.3).
When the scale of subsurface structure approaches the seismic wavelength, seismic waves begin
to be scattered rather than reflected. Using data acquired during the INSIGHT Legs 1 and 2
cruises in the Gulf of Cadiz (Gràcia et al., 2018; Urgeles and INSIGHT Leg 2 participants,
2019), I show that diffraction imaging could be a promising method to increase the effective
vertical and lateral resolution of seismic images of MTCs. Although diffraction imaging of
heterogenous geology is well established in the scientific literature, this is the first application
of the technique to characterise MTCs. The diffraction images are powerful for identifying the
extent of thin, small events, which in some cases can be shown to runout kilometres beyond the
runout apparent from equivalent full-wavefield images. I then explore a speculative workflow to
constrain the 3-D dimensions of MTCs from single 2-D seismic profiles, exploiting the fact that
seismic images of MTCs are, in general, strongly contaminated by out-of-plane diffractions.
MTDs often show an apparently transparent internal response in sub-bottom profiler data.
In Chapter 3 I propose three conceptual models to represent the alteration of shallow sediments
from mass-movement: petrophysical homogenisation (small-scale mixing of lithologies), pore-
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fluid alteration (seismic attenuation from free gas) and stratal disruption (internal deformation
on the scale of the seismic wavelength). I use (visco-)acoustic seismic modelling to model the
sub-bottom profiler response to varying degrees of alteration from these mechanisms, for an
MTD scenario based on a real data example from the Black Sea. The results show that all three
mechanisms can generate a reduction in seismic amplitudes. Surprisingly, stratal disruption can
generate apparent transparency simply by deforming interfaces, without altering the magnitude
of the impedance contrasts. This implies that an apparent low amplitude sub-bottom profiler
response does not necessarily represent a lack of reflectivity in strongly deformed geology.
Crucially, the degree of stratal disruption required to generate apparent transparency is around
the scale of tens of metres—above the scale which is likely to be interpretable from cores. I
argue that this acts to prevent correlation of core and sub-bottom profiles, and may explain why
some studies have retrieved apparently undeformed core samples from inside MTDs that show
an apparently chaotic-to-transparent sub-bottom profiler response.
In Chapter 4 I model the seismic response of an outcropping fossil MTD (Vernasso
Quarry, north east Italy) to explore the resolution of seismic images, with an outcrop as
a ground truth. First, I build a 3-D virtual outcrop model using outcrop photographs and
photogrammetry software. Major internal structure (included blocks and internal interfaces)
is interpreted based on a ortho-rectified view of the outcrop model. The interpreted units are
assigned representative elastic parameters and inserted into a representative shallow marine
MTD scenario. I then develop a workflow for efficient full-wavefield elastic modelling of 2-D
marine seismic acquisitions with different source spectra and streamer lengths. The results
show that source bandwidth is important for resolution of the included blocks, whereas the
streamer length appears to be less important. This is somewhat surprising, as long offsets
have traditionally been thought to be necessary to illuminate reflections from steeply dipping
complex geology. I suggest that because much of the energy is diffracted rather than reflected,
long offsets are not required to fully illuminate diffractors (such as included blocks).

5.2

Synthesis and outlook

The Introduction to this thesis poses some open questions in the field of marine geohazard
research, which this thesis has attempted to address (Section 0.4). In light of the results
presented in the previous chapters, how has our knowledge of geophysical imaging of the
internal structure of MTDs evolved?
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How should we interpret geophysical images of MTDs that show an apparently chaoticto-transparent internal seismic character, lacking coherent reflections? Is there order in
the chaos?
Chapter 1 demonstrates that geostatistical inversion can extract quantitative information (in the
form of geostatistical parameters) from an apparently chaotic seismic image. This is powerful,
as we can fit a statistical model of the internal structure to the seismic response, avoiding
qualitative interpretation such as horizon tracking. These geostatistical parameters allow
estimation of the scale and roughness of structure within an MTD, which can be used as a proxy
for the degree of disaggregation and other flow characteristics. A fundamental assumption
behind this approach is that the seismic image can be forward modelled as the convolution of a
2-D wavelet with the zero-offset acoustic reflectivity (a so-called primary reflectivity section,
Section 1.2.3.1). In Chapter 3, however, I show that under strong deformation the seismic
response is not necessarily related to the internal reflectivity. The validity of the forward
modelling step depends on the complexity of the geology, the quality of the acquisition and
processing and the proper estimation of the source wavelet. Future studies should investigate
the limits of the primary reflectivity section approximation or perform the inversion with a more
sophisticated forward modelling step such as full-wavefield modelling. This could potentially
account for more complex wave propagation phenomena, though at significantly increased
computational cost. Uncertainty in the forward modelling step could also be incorporated into
the likelihood function, and thus reflected in the posterior probability distributions.
In Chapter 2 I demonstrate that diffraction images of MTDs can be used to characterise internal structure, by improving the effective resolution of heterogeneities compared to conventional
full-wavefield imaging. Diffraction images may offer a more physically correct alternative to
traditional seismic discontinuity attributes, by directly imaging small-scale heterogeneous structure. These can be used directly alongside conventional full-wavefield images to complement
traditional, qualitative interpretation (Fig. 2.6). The controlled synthetic test in Section 2.4.4.1
shows that out-of-plane diffractions are imaged in 2-D seismic profiles, generating a seismic
image with a misleading apparently chaotic response (Fig. 2.9). This hints at the possibility
that mis-migrated out-of-plane diffractions could be a significant contribution to the commonly
observed apparently chaotic seismic response of MTDs. A future study should compare 2-D
and 3-D migrations of a real data 3-D seismic volume containing an MTD to assess the degree
to which out-of-plane diffractions might be responsible for generating an apparently chaotic
seismic response.
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What are the practical resolution limits on seismic images of MTDs? How should we
acquire and process seismic data to maximise resolution for strongly heterogeneous geology?
Chapter 4 demonstrates a workflow for modelling MTD structures seen in outcrop. This could
be a useful tool for seismic interpretation, to establish practical resolution limits for a known
seismic acquisition, with the outcrop as a ground truth. Presently, this study is lacking empirical
measures of seismic velocities and densities from the outcrop, which limits how well the results
can be related to real-world data, and thus to real world resolution limits. Nevertheless, the
results show a strong dependence on the source bandwidth for resolving internal blocks within
an MTD. In future, this exercise should be repeated with better constrained impedance contrasts
(from outcrop samples of the blocks and matrix), and the shallow marine scenario should
be related to a real world seismic example with strong constraints on the background elastic
properties from borehole logs. Relating synthetic models of outcrop geology to real world
geology imaged in situ by seismic data remains challenging.
Throughout the thesis we repeatedly observe that MTDs generate a significant amount
of seismic diffractions, at least compared to unfailed sediments (Figs. 2.5, 2.7 and 4.11).
Diffraction imaging may be a way forward to narrow the lateral resolution gap, allowing the
imaging of previously unresolved internal structure (Fig. 12). For improved imaging of the
internal structure of MTDs, seismic acquisition should be optimised to image diffractions as
well as reflections. This requires dense source and receiver sampling and a processing flow
designed to preserve the relatively faint diffracted wavefield. Chapter 2 also highlights the
pitfalls of relying on 2-D seismic images of inherently 3-D geology such as MTDs, due to the
large amount of out-of-plane energy which cannot be properly imaged in 2-D. I suggest that
marine geohazard research targeted at imaging internal structure of MTDs should emphasise
densely sampled, 3-D acquisition in order to properly sample diffractions and out-of-plane
energy, which forms a significant proportion of the recorded seismic wavefield.
What mechanisms are responsible for the frequently observed “acoustically transparent”
sub-bottom profiler response of MTDs? Why do cores from such deposits frequently
show apparently undisturbed bedding?
Petrophysical homogenisation, pore-fluid substitution and stratal disruption can all generate
a degree of apparent transparency in sediments altered by mass-transport (Chapter 3). The
full-wavefield modelling results show that a relatively small amount of stratal disruption can
cause a dramatic decrease in amplitudes (Fig. 3.15). The stratal disruption modelling is a
practical demonstration of the lateral resolution gap between geophysical imaging and direct
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sampling (cores and downhole data; Fig. 12). The results show that the seismic response is
not necessarily coupled to core observations when the lateral scale of internal structure is on
the order of metres (compare Figs. 3.14 and 3.17). Marine geohazard investigation should
not assume a priori that cores taken from inside an MTD should correlate to the apparent
seismic response. Before attempting core-seismic correlation it should first be established that
pore-fluid substitution or the expected degree of stratal disruption do not play a major role in
the seismic response.
How should we reconcile outcrop observations with marine geophysical observations of
MTDs? What scale and geometry of structure seen in outcrop can we expect to resolve
in seismic images?
Chapter 4 outlines a workflow for full-wavefield modelling of outcrop examples of MTDs,
providing a way to relate outcrop- to seismic-scale internal structure. Integrating outcrop
observations with seismic interpretation is still problematic, as few seismic-scale outcrops exist,
and fewer still with distinct seismic-scale internal structure.
One unaddressed issue with the geostatistical inversion approach outlined in Chapter 1
is the choice of statistical model used to represent the heterogeneous impedance within an
MTD. The estimated geostatistical parameters are only physically meaningful if the statistical
model of the internal structure is approximately realistic. One way to validate this could be
using high-resolution photographic imaging of outcrop examples of fossil MTDs to establish
self-similarity across multiple scale lengths, perhaps using colour as a proxy for grain size or
lithology. This could provide evidence that a band-limited random medium is a reasonable
approximation for the internal structure of an MTD.
With the exception of a single 3-D modelling experiment (Fig 2.9), this thesis is restricted
to 2-D seismic modelling and imaging (Chapters 1, 3 and 4). This is due to the significantly
increased complexity of 3-D model building and the corresponding increase in computation time
for 3-D full-wavefield modelling. It should be remembered, however, that real geology (and
especially MTDs) is heterogeneous in three dimensions. 2-D modelling may be a reasonable
approach to demonstrate key mechanisms and responses for conceptual models. However,
considering that many of the modelling experiments in this thesis hint at scattering effects being
important to the seismic response, and that the internal structure of MTDs is inherently 3-D,
the modelling results in this thesis can be considered, at best, an approximation of the realistic
seismic response of MTDs. The question of creating representative 3-D models of the internal
structure of MTDs, from 2-D or quasi-2-D outcrop exposures is still unresolved. Relating
outcrop observations to realistic synthetic seismograms (and then to real world seismic data)
will require high-resolution 3-D models with realistic elastic parameters. Whilst measuring
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physical properties of outcrop samples is conceptually straightforward, relating these measured
parameters to realistic seismic-scale, in situ elastic properties within a heterogeneous MTD is
not. Overcoming these challenges will likely require statistical models of both the geometry of
internal structure and the elastic properties, constrained by real world in situ data from core
and borehole logs.

5.3

Overall conclusions

This thesis attempts to explore the major controls on the geophysical response of MTDs, with
the wider aim of improving the characterisation of their internal structure from geophysical
data. Based on the results of the previous chapters, I suggest some broad conclusions:
1. Compared to other types of sedimentary geology, MTDs are systematically poorly imaged
in seismic images, because much of their internal structure is preserved at a scale below
the lateral resolution of conventional seismic methods (Chapters 2, 3 and 4).
2. The commonly observed apparently chaotic internal seismic response of MTDs does
not necessarily imply a truly chaotic, disordered internal structure at the scale of the
seismic wavelength. A chaotic-to-transparent internal seismic response is not a reliable
diagnostic to classify flow type or the degree of internal disaggregation (Chapters 1 and
3).
3. Due to the lateral resolution gap between geophysical methods and direct sampling, core
samples retrieved from strongly deformed sediments (such as MTDs) will not necessarily
correlate with seismic images. Core-log-seismic integration is inherently problematic
inside MTDs, and this should be taken this into account when planning marine geohazard
investigations or scientific drilling (Chapter 3).
4. Seismic imaging of strongly heterogeneous geology requires the preservation of the
relatively low amplitude diffracted wavefield, which is key to maximising the lateral
resolution. Improved imaging of the internal structure of MTDs requires an emphasis on
recording and preserving diffractions throughout acquisition and processing (Chapter 2).
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Appendix A
Full-wavefield seismic modelling
The full-wavefield seismic modelling performed in this thesis uses the software package
OGS/6sMod, developed in-house at OGS (Istituto Nazionale di Oceanografia e di Geofisica
Sperimentale, Trieste) by Philippe Cance and Davide Gei. The package contains a set of tools
for modelling seismic and electromagnetic wave propagation in visco-acoustic and visco-elastic
anisotropic media using pseudo-spectral methods. The pseudo-spectral outlined in Carcione
(2014) is used to solve the spatial derivatives, and the time integration uses a fourth order split
Runge-Kutta scheme, with constant time step. The transformation between spatial domain and
wavenumber domain is calculated using the Fast Fourier Transform (FFT) using the FFTW3
library. The code is parallelised internally using OpenMP.
In this thesis, the computation uses a staggered stencil to minimise numerical artefacts (the
so-called staircase effect). The geological model (visco-elastic parameters) is supplied on a
regular grid. As this thesis deals only with marine seismic modelling, the source is injected
as a pressure source at a single grid point to represent, e.g., an impulsive, spherical source (a
good approximation for, e.g., an airgun). The output of the modelling is the pressure amplitude
at each gridpoint in a horizontal row, usually at the top of the grid (to represent a streamer of
hydrophones).
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Fig. A.1 Computation time against number of cores, for square grids with dimensions M × M grid points
(4 vCPUs). Note that computation time does not increase monotonically with M. This is due to the FFT
being more efficient when M has all prime factors less than 17.

60

Computation time for 103 timesteps on a 251 × M grid
Acoustic
Elastic
Prime factors <= 17

Wall clock time [s]

50
40
30
20
10

251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281

0

251
7
23
127
17
2
257
43
37
13
29
131
263
11
53
19
89
67
269
5
271
17
13
137
11
23
277
139
31
7
281

M [grid points]

Maximum prime factor of M

Fig. A.2 Computation time as a function of grid size (251 × M grid points), with the highest prime factor
marked below. FFTW3 is optimized for solving FFTs where the number of points has prime factors less
then 17.
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Fig. A.3 Snapshots showing the propagation of seismic waves. Example shows a shot from Chapter 4.
a) P-wave velocity model. b) Shot gather. c) Snapshots of the pressure component with increasing time.

Computation time for 103 timesteps on a 151 × 151 grid
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Fig. A.4 Computation time for a 151 × 151 grid as a function of number of OpenMP cores.
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A.1 Sampling criteria

A.1

Sampling criteria

A.1.1

Courant criterion

The Courant condition places an upper bound on the timestep, ∆t, to avoid numerical dispersion:
∆t <

Cn ∆x
vmax

(A.1)

where Cn is the Courant number, ∆x is the grid spacing in the dimension with the lowest grid
spacing and vmax is the maximum velocity in the model (i.e., the maximum P-wave velocity)
(pg. 395, Carcione, 2014). The Courant number is generally Cn = 0.2, although the value
depends on the numerical scheme used. The Courant condition implies that i) smaller grid
spacing requires a smaller timestep and ii) a slower maximum velocity allows for a larger
timestep.

A.1.2

Spatial sampling criterion

The spatial sampling criterion gives the minimum grid spacing required to model a given
frequency. In other words, it gives the maximum frequency that can be properly modelled by a
numerical scheme with a certain grid spacing.
The spatial sampling criterion for pseudo-spectral modelling is
∆x <

vmin
2 fmax

(A.2)

where ∆x is the grid spacing, vmin is the slowest velocity in the model (i.e., the minimum
S-wave velocity) and fmax is the maximum frequency in the source wavelet (pg. 558, Carcione,
2014).

A.2

Absorbing boundary conditions

A general problem with numerical modelling techniques is modelling a large (near-infinite) real
world domain using a finite grid. Finite grids have boundaries (in 2-D, at the left, right, top and
bottom edges). Energy which encountered the physical edges of the grid cannot disappear—it
is instead reflected back into the model domain. In the case of pseudo-spectral modelling, due
to the periodicity inherent to the Fourier transform energy entering one edge of the grid will
wrap around and emerge from the opposite edge.
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A.3 Multi-channel marine seismic modelling
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Fig. A.5 Splitting model domain for efficient modelling of a marine seismic shot.

Absorbing boundary conditions can prevent this wraparound by creating an attenuating
zone outside the model grid. This prevents (most) energy reflecting back into the region of
interest. OGS/6sMod uses two approaches for absorbing boundaries, perfectly matched layers
(PMLs) and sponge layers (Bécache et al., 2003; Martin et al., 2010).

A.3

Multi-channel marine seismic modelling

Marine seismic reflection experiments can be easily parallelised, and made more efficient by
splitting the modelling domain using a sliding-window approach on a per-shot basis (Fig. A.5).
The FFT library used by OGS/6sMod is FFTW3, which is optimised for performing FFTs where
the number of samples has maximum prime factor of 17 or less.
The general workflow for modelling multi-source marine seismic experiments in this thesis
proceeds as follows:

A.3 Multi-channel marine seismic modelling
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1. Calculate/estimate the minimum velocity (for marine experiments, the minimum shearwave velocity in the sediments), the maximum velocity (i.e., the fastest compressionalwave velocity)
2. Calculate the highest frequency in the source bandwidth
3. Find largest grid spacing which avoids aliasing the source (i.e., at least 2 grid points per
wavelength) using Eq. A.2
4. Discretise the whole model
5. Define source positions
6. Split the model for each shot, adding boundary layers, adjusting the widths to make
prime factors
7. Choose time step according to Eq. A.1

Appendix B
Random media
B.1

Overview

Geophysical methods often approximate the Earth as a quasi-homogenous medium, or a set
of uniform layers or discrete cells. In reality, sedimentary geology is often far more complex,
having potentially undergone significant post-deposition deformation and re-working, tectonics
and faulting and diagenesis. This type of multi-scale complex structure is difficult to capture
and image using traditional, grid-based models.
An alternative is to consider the Earth as a statistical medium, which can represent longwavelength properties (smooth, homogenenous) and short-wavelength properties (inhomogeneities) equally. Instead of inverting to reconstruct some recorded signal (traditional geophysical inversion) we can instead invert for the statistical properties of the recordings. In some
situations, this can better capture heterogeneity in the Earth at a range of scales. Such statistical
models are variously called random media, random fractal media or stochastic media, and have
been applied in one, two and three dimensions.
In this Appendix, I will briefly describe some random media used in this thesis, some key
steps required to define them and discretise them and give some illustrative examples.

B.2

Generating random media on a discrete grid

This thesis uses the approach of Ikelle et al. (1993) to discretise random media onto regular
grids. This takes advantage of the fact that the Fourier transform of the autocorrelation function
is the power spectrum of the random medium.
Prand (kx , kz ) =

p
ACF(kx , kz )W (kx , kz )exp[−iθ (k, kz )]

(B.1)
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B.3 Examples of random media
where θ is a 2-D array of uniform random numbers between 0 and 2π.

B.3

Examples of random media

B.3.1

von Kármán random media

The power spectrum of a two-dimensional anisotropic von Kármán random medium is given
by Goff and Jordan (1988) as
P(kx , kz ) =

4πγH 2
ax az
,
2
2
Kv (0) (kx ax + kz 2 az 2 + 1)γ+1

(B.2)

where ax and az are the horizontal and vertical dominant scale lengths, γ is the Hurst number,
Kν is the modified Bessel function of the second kind of order ν = γ, kx and kz are the horizontal
and vertical wavenumbers and H is the variance of the random field.
The Hurst number, 0 ≤ γ ≤ 1, describes the roughness of the random field. γ = 0 corresponds to a smoothly varying medium. γ = 1 corresponds to a rough medium. For γ = 0.5 the
anisotropic von Kármán random medium becomes equivalent to a random field with exponential autocorrelation (Holliger and Levander, 1992). The Hurst number is related to the fractal
dimension, D, by
D = N +1−γ
(B.3)
where N is the Euclidean dimension of the medium (Mandelbrot, 1983). This is important
when comparing e.g., a borehole log (1-D: N = 1; 1 ≤ D ≤ 2) to a seismic profile (2-D: N = 2;
2 ≤ D ≤ 3). As such, the power spectrum of a one-dimensional von Kármán random medium
becomes:
4πγH 2
az
.
(B.4)
P(kz ) =
2
2
Kv (0) (kz az + 1)γ+0.5

B.3.2

Exponential random media

Exponential random media are a special case of von Kármán random media where γ = 0.5
(Holliger and Levander, 1992).

B.3.3

Binarised random media

Random media typically represent continuous subsurface parameters. However, in some cases
we wish to model media with distinct phases, or units. An example would be a sequence of
alternating beds of sand and shale. In these cases, the continuous media can be restricted to a
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Fig. B.1 Comparison of 1-D von Kármán random media with fixed ax = 1 m, varying the Hurst number,
γ (roughness).
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Fig. B.2 2-D von Kármán random media. a) Isotropic (ax = 50 m, az = 50 m, γ = 0.25). b) Anisotropic
(ax = 200 m, az = 50 m, γ = 0.25).
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Fig. B.3 a) Continuous versus b) binarised 2-D von Kármán random medium (ax = 50 m, az = 5 m,
γ = 0.5).

discrete set of possibilities. For a two-phase medium (binarised), simply take all values above
zero as phase 1, and all values below zero as phase 2 (e.g., Fig. B.3).

B.3.4

Random media hung from a surface

Sometimes it is useful for heterogeneity to follow a contour. In shallow marine sediments, for
example, structures are often parallel or relative to waterbottom relief (see, e.g., Fig. 3.11). A
naive approach would be to discretise a random medium onto a grid, and apply a vertical shift
to each column to match the The problem with this is that we want the grid spacing to be as
large as possible for a given medium, to reduce computation time. This means that aliasing
becomes a problem with even small angle slopes. This thesis performs the shift in Fourier
domain to avoid sub-sampling the model grid and avoid aliasing problems.
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Fig. B.4 a) 2-D random medium. b) Same random medium following a contour, y = 5 sin( 2πx
100 ) (red
dashed line).

Appendix C
Scientific activity
Scientific articles, conference presentations and participation in research cruises during the
PhD project are listed below.

Articles
J. Ford and A. Camerlenghi. Geostatistical characterization of internal structure of masstransport deposits from seismic reflection images and borehole logs. Geophysical Journal
International, 221(1):318–333, 2019. doi: 10.1093/gji/ggz570
J. Ford, R. Urgeles, A. Camerlenghi, and E. Gràcia. Seismic diffraction imaging to characterise
mass-transport complexes: examples from the Gulf of Cadiz, south west Iberian Margin.
Journal of Geophysical Research: Solid Earth, page e2020JB021474, 2021. doi: 10.1029/
2020JB021474
D. Mencaroni, R. Urgeles, A. Camerlenghi, J. Llopart, J. Ford, C. S. Serra, W. Meservy,
E. Gràcia, M. Rebesco, and N. Zitellini. A mixed turbidite–contourite system related to a major
submarine canyon: The Marquês de Pombal Drift (south-west Iberian margin). Sedimentology,
2021. doi: 10.1111/sed.12844
M. Rebesco, A. Camerlenghi, V. Munari, R. Mosetti, J. Ford, A. Micallef, L. Facchin, and
D. Accettella. Bottom current-controlled Quaternary sedimentation at the base of the Malta
Escarpment (Ionian Basin, Mediterranean). Submitted to Marine Geology

Conference presentations
J. Ford, P. Cance, and A. Camerlenghi. Correlation structure of submarine landslide deposits
from seismic reflection images. Presented at 37° Convegno Nazionale del Gruppo Nazionale di
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Geofisica della Terra Solida (oral), Nov. 2018. URL http://www3.inogs.it/gngts/files/2018/S33/
Riassunti/Ford.pdf
J. Ford, P. Cance, and A. Camerlenghi. Extracting structural parameters from chaotic seismic
reflection images of mass-transport deposits. Presented at EGU General Assembly 2019,
Vienna, Austria (oral), Apr. 2019a. URL https://meetingorganizer.copernicus.org/EGU2019/
EGU2019-7622.pdf
J. Ford, F. Zolezzi, and A. Camerlenghi. Distribution of gas within a Black Sea submarine
landslide from AUV sub-bottom profiler data. Presented at 34th Meeting of the International
Association of Sedimentologists, Rome, Italy (oral), Sept. 2019b
J. Ford, R. Urgeles, E. Gràcia, and A. Camerlenghi. Diffraction imaging to understand the
internal fabric of mass-transport complexes from Gulf of Cadiz, south west Iberian Margin.
Presented at EGU General Assembly 2020, online (oral), Mar. 2020. URL http://doi.org/10.
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Research cruises
Cruise: INSIGHT Leg 1 (SdG068)
Dates: 29 April–18 May 2018
Chief scientist: Eulalia Gràcia (ICM-CSIC)
Vessel: Sarmiento de Gamboa
Location: Gulf of Cadiz (south west Iberian Margin)

Cruise: INSIGHT Leg 2 (SdG083)
Dates: 31 September–20 October 2019
Chief scientist: Roger Urgeles (ICM-CSIC)
Vessel: Sarmiento de Gamboa
Location: Gulf of Cadiz (south west Iberian Margin)

