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A B S T R A C T

Submarine mass movements may have profound effects on the morphology and stratigraphic architecture of
continental margins. Furthermore, they can represent a threat to human life and infrastructures, and also have
implications for hydrocarbon exploration/production. In polar regions, they are one of the predominant sedi-
mentary processes on the continental slope. Exploration seismology has been widely employed to study mass-
transport deposits (landslides, glacigenic debris flows, mass flows, etc.), which are usually characterized by
chaotic reflections. In this study, we analyse a seismic profile acquired in the southern part of the Storfjorden
trough mouth fan (NW Barents Sea margin), showing the presence of two submarine mass-transport deposits
(MTDs). A giant MTD (PLS-1) is located on the lower continental slope at 2.6–3 km depth, while a more recent
MTD (PLS-2) occurs at 1.9–2.4 km depth. Velocity and attenuation seismic tomography, seismic attributes
analyses and rock-physics models reveal distinct petrophysical properties for PLS-1 and PLS-2. Despite the
known influence of burial depth(s), fluid flow content, and compaction on the internal character of MTDs, the
two deposits studied here, in fact, show distinct petrophysical characteristics that reflect lithological variations -
more than to any other control. These results suggest different source areas for the two MTDs. The inferred
coarser sediment in PLS-1 indicates provenance from areas with abundant glacigenic debris flows, (such as the
Bjørnøya Trough-Mouth Fan). Conversely, the finer, relatively fluid-rich sediments of PLS-2 that underwent little
translation could have an origin in the area between trough-mouth fans. Here, slow-moving ice resulted in a
relatively scarce release of subglacial debris at the shelf edge and the continental slope was subject to enhanced
erosion and degradation with a comparatively higher production of relatively fine-grained turbidite flows.

1. Introduction

Mass movements occur on all continental slopes and represent a
major mechanism controlling stratigraphic architecture and slope
morphology (Yamada et al., 2012). Mass movements allow a redis-
tribution of sediments, which are transported downslope from the shelf
and upper slope towards the deeper part of the basin (Dondurur and
Çifçi, 2007; Rebesco et al., 2009; Ogata et al., 2014). Moreover, sub-
marine mass movements represent a critical offshore geohazard that
threatens human life and engineering structures and have significant
implications for a sustainable development of the marine environment
(Chiocci et al., 2011; Yamada et al., 2012). Some of the largest mass-
transport deposits (MTDs) on Earth occur on high-latitude continental
margins (Bugge et al., 1987; Laberg et al., 2002; Imbo et al., 2003;
Diviacco et al., 2006; Vanneste et al., 2006; Hjelstuen et al., 2007;

Donda et al., 2008; Rebesco and Camerlenghi, 2008; Volpi et al., 2011;
Safronova et al., 2012; Mosher et al., 2012, 2017; Omosanya et al.,
2016), where they also constitute a significant proportion of the sedi-
mentary sequence. The onset mechanism for these slope failures in-
cludes a mix of triggering and preconditioning factors such as earth-
quakes, rapid sediment loading, excess pore pressures, deposition of
weak sedimentary layers, and gas hydrate dissociation (Sultan et al.,
2004; Solheim et al., 2005; Gales et al., 2014; Llopart et al., 2015).

A high number of MTDs are present on the continental slope of the
Storfjorden and Kveithola Trough Mouth Fans (TMFs) on the NW
Barents Sea margin (Dowdeswell and Kenyon, 1995; Vorren et al.,
1998; Rebesco et al., 2012; Lucchi et al., 2012; Llopart et al., 2014).
They are associated with major glacially-sourced depocenters juxta-
posed with sediment-starved and degraded areas developed since about
1 Ma ago (Rebesco et al., 2012) when the Barents Sea/Svalbard Ice
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Sheet reached the shelf edge (Rebesco et al., 2014). We analyse two
large MTDs, possibly originated from two different parts of the margin
and previously identified by Rebesco et al. (2012) as PLS-1 and PLS-2
on a limited grid of 2D seismic data. In fact, MTDs are best studied
when industrial three-dimensional seismic volumes and borehole data
are available, allowing detailed geophysical investigations and sedi-
mentological and geotechnical analyses (e.g., Alves et al., 2014; Baeten
et al., 2014). However, like in the case studied in this paper, researchers
have often to rely on sparse and incomplete datasets.

The purpose of this study is to present a novel procedure, helpful
when forced to contend with the scarcity of seismic profiles and the
absence of direct measurements from nearby boreholes. The process
involves applying different analytical techniques (velocity and at-
tenuation tomographic inversion, attribute analysis and advanced
processing) to a single multichannel seismic reflection profile, and rock-
physics modeling to a far-off borehole. The case study of a seismic
profile recorded off the Kveithola TMF and the remote ODP Site 986
demonstrates the possibility of inferring the geometry, petrophysical
properties, and origin of MTDs and reconstructs their depositional
processes.

2. Geological setting

Along glacially influenced margins, one of the primary mechanisms
of sediment delivery is at the mouth of glacially-carved troughs to form
sedimentary fans, known as trough mouth fans (Vorren and Laberg,
1997; Vorren et al., 1998). These TMFs are mainly composed of stacked
glacigenic debris flow deposits delivered beyond the shelf-break by fast-
flowing ice streams (Vorren and Laberg, 1997; Dowdeswell et al., 1998;
Ó Cofaigh et al., 2003). Glacial debris, delivered during glacial maxima,
(when ice sheets extended to the shelf edge), alternates with plumites,
hemipelagic and contour-current deposits that accumulated during in-
terglacial and deglacial periods (Lucchi et al., 2013; Rebesco et al.,
2016). The Storfjorden and Kveithola TMFs are two such glacial-marine
sedimentary systems located in the NW Barents Sea (Fig. 1). They were
influenced by the action of fast-moving ice streams during the late
Cenozoic (Laberg and Vorren, 1996a,b; Rebesco et al., 2011; Hanebuth
et al., 2014).

Channels originated by canyon and gully systems are unusual along
the Norwegian margin (Ó Cofaigh et al., 2006). They developed be-
tween ice streams, where the ice was moving slower, and the con-
tinental slope was relatively starved and degraded (Vorren et al. 1998;

Fig. 1. Bathymetric map of the study area from IBCAO (Jakobsson
et al., 2012), with indicated the main geographical features, and the
location of the MCS profiles acquired during the EGLACOM survey.
Profile IT-EG08B is highlighted in yellow. ODP Site 986 is also shown.
K TMF = Kveithola Through Mouth Fan. Arrows indicate the presence
of canyons and gullies. Location of the study area within a more
general geographic context is displayed in the top-right inset. (For
interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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Dowdeswell and Elverhøi, 2002; Taylor et al., 2002). Canyons, eroded
by glacigenic debris flows and turbidity currents, are preserved due to
the relatively low sedimentation rates compared to the adjacent TMFs
(Taylor et al., 2000). Along this margin, in fact, the channels are limited
to the INBIS Channel, which lies south of Kveithola (Fig. 1). This ar-
rangement seems somehow different from submarine fans seaward of
mid-latitude glacial ice streams (e.g., Laurentian Fan, Piper et al., 2016)
where meltwater discharge appears to play a more significant role,
reflected in the growth of well-developed channel-levee systems. Sev-
eral MTDs have been identified on the Storfjorden-Kveithola margin
(Hjelstuen et al., 1996; Sauli et al., 2010; Pedrosa et al., 2011; Rebesco
et al., 2012; Lucchi et al., 2012; Llopart et al., 2015). The Kveithola
MTD complex (one of the greatest MTDs of the Norwegian/Barents/
Svalbard margin) was first recognized from GLORIA long-range side-
scan sonar and 3.5 kHz data (Dowdeswell and Kenyon, 1995; Vorren
et al., 1998; Taylor et al., 2002). The two MTDs PLS-1 and PLS-2
(Rebesco et al., 2012) belonging to the Kveithola MTD complex are
located in the embayment formed in between the Storfjorden and
Bjørnøya TMFs (Fig. 1). Within this embayment, the Kveithola TMF
represents a minor sedimentary body between the southernmost part of
the Storfjorden TMF and the gully system that converges towards the
INBIS Channel. The headwall scar of PLS-2 was identified by Rebesco
et al. (2012) between the Storfjorden and Kveithola TMFs. Conversely,
MTD PLS-1 was inferred by Rebesco et al. (2012) to have originated
from the southern part of the Storfjorden TMF or the northern part of
the Bjørnøya TMFs, as PLS-1 lies just in between the two fans (Fig. 1). If
the MTDs PLS-1 and PLS-2 originated from different parts of the
margin, different mechanical behaviours might also be expected for the
two MTDs.

Along the western Barents Sea and Svalbard margin, seven regional
reflections (R1–R7) are recognized between the oceanic basement and
the sea-floor (Faleide et al., 1996). These reflectors have been related to
the main phases of glacial erosion and sedimentation, starting 2.3 Ma
ago (Faleide et al., 1996; Fiedler and Faleide, 1996; Hjelstuen et al.,
1996; Butt et al., 2000). In particular, Forsberg et al. (1999) concluded
that the sequences delineated by horizons R1–R4 are composed of
turbidites and debris flows interbedded with hemipelagic sediments.
According to Rebesco et al. (2014), the age of these horizons is 0.2 Ma,
0.4 Ma, 0.75 Ma, 1.1 Ma, respectively. The basal detachment surface of
MTD PLS-2 corresponds to horizon R1, whereas detachment of PLS-1
occurs between reflections R3 and R4 (see Fig. 2).

3. Data and methods

The data in this paper were acquired on the southern margin of
Svalbard, in summer 2008, during a research cruise carried out in the

frame of the Italian EGLACOM project (International Polar Year - IPY)
onboard R/V OGS-Explora (Fig. 1). Data acquisition included multi-
channel reflection seismic, swath bathymetry and sub-bottom profiler
data.

The acquisition of the eleven multi-channel seismic profiles (for a
total length of 1071 km) used a 96-channel digital streamer equipped
with hydrophones spaced 12.5 m apart. Acoustic wave energy was
generated using a 2.62 l array of sleeve guns. The sampling interval was
1 ms, while the shot interval was 25 m, resulting in a maximum of 24-
fold coverage.

The acquisition pattern used in the seismic survey aimed at covering
most of the continental margin between southern Svalbard and
Bjørnøya so that the profiles intersect only minimally. No well-logs are
available in the study area, the nearest site being ODP Site 986 about
200 km to the north. DSDP Site 344 was not considered in this study
because it is condensed (< 400 m from sea-floor to basement, corre-
sponding to a mean sedimentation rate of 7.6 cm/kyr) and it has lower
core recovery (41%) than ODP site 986. Moreover, it is not directly
correlatable to our seismic grid, and the few analyses on the core
samples are mainly focused on geochemistry and biostratigraphy.

Seismic data processing aimed to produce stacked sections included
a t-squared scaling factor, multi-channel shot spiking deconvolution,
time-varying band-pass filtering trace equalisation and velocity analysis
(see Rebesco et al., 2012). The present study focuses on seismic profile
IT-EG08B, which intersects the two MTDs (Fig. 2). Further to the
stacked section, we present new images, resulting from the application
of other analytical techniques to the prestack raw data, to which no
processing that could affect amplitudes or frequency content was ap-
plied. These techniques include: traveltime and attenuation tomo-
graphic inversion to obtain reliable velocity and attenuation depth
models, prestack Kirchoff depth migration, seismic attribute analysis,
and rock-physics modeling to achieve the porosity field and clay con-
tent (Fig. 3) (for details see Supplements). We focused modeling and
interpretation on the shallow sedimentary succession below the sea-
floor (upper 600 ms TWT, corresponding to about 500 m below sea-
floor), where horizons R1 to R4 are recognized.

3.1. Seismic properties analysis

Seismic velocity is one of the most important geophysical para-
meters, being influenced by the vertical and lateral variation of density
and elastic parameters (bulk and shear moduli), which in turn are
mainly related to porosity and grain density. We use the tomographic
method described in the Supplements to resolve vertical as well as
lateral velocity gradients, to reconstruct the geological structures, and,
hence, an adequate elastic velocity model in depth. We picked five

Fig. 2. Profile IT-EG08B (see location in Fig. 1). Stacked section showing the picked horizons (R1–R4 and sea-floor). The two MTDs analysed (PLS-1 and PLS-2) are indicated by arrows. X-
axis: distance from the start of the line (SW) in km. Y-axis: TWT (s). The age of the picked reflectors is: 0.2 Ma (R1), 0.5 Ma (R2), 0.75 Ma (R3), and 1.1 Ma (R4).
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reflections (R1 to R4 plus the sea-floor) on the stacked section of profile
IT-EG08B (Fig. 2). The obtained velocity field consists of four layers
below the sea-floor, with a lateral resolution of 0.3 km. Further
smoothed, it was used as input for a Kirchoff prestack depth migration
to produce a depth-domain seismic image. Instantaneous attribute
analysis (Taner et al., 1979; Matheney and Nowack, 1995) was per-
formed on the migrated section, to retrieve information about reflection
strength (instantaneous amplitude), energy absorption (instantaneous
frequency) and the continuity of events along the margin and within the
MTDs (instantaneous phase).

Permeability, porosity, saturation, and viscosity of the pore fluids
influence the amplitude and frequency content of the seismic waves,
causing their attenuation. The attenuation of P waves is usually quan-
tified by the seismic quality factor (Qp), which is proportional to the
inverse of the loss of energy per wavelength (see Supplements). To
obtain a Qp field comparable with the velocity one, we use the at-
tenuation tomography (Rossi et al., 2007, see Supplements for the de-
tails). We considered the same layers as for velocity, but a coarser grid
(see Supplements), obtaining a Qp field with a lateral resolution of
1 km.

3.2. Physical properties modeling: the porosity

To estimate the porosity distribution, we considered the metho-
dology described in the Supplements and the mineral composition and
logs at ODP Site 986 (Jansen et al., 1996; Forsberg et al., 1999) down to
a depth of 180 m, the depth at which the R4 reflection is tied to the
borehole. This borehole is the only drilling site crossed by our seismic
grid and the one that best reproduces the mineralogical information for
our investigated area. We verified that mineral composition remains
almost constant with depth at the average wavelength scale of the
seismic signal, which is about 50 m, and it is dominated by clay, quartz,
and feldspar. A minor presence of other minerals does not affect the
porosity computation significantly. The volume fraction range is
51–58% clay, 28–35% quartz and 3.6–7% for the feldspar. The physical
properties of each mineral component are shown in Table 1.

We also used the available sonic-log records to calibrate the ex-
ponential dimensionless parameter A in the Krief relationship (see
Supplements). The geothermal gradient at ODP Site 986 is 152 °C/km,
whereas the water temperature at a depth of 2.4 km is −1 °C (Jansen
et al., 1996) and the average salinity is 30,000 ppm. Using the empirical

relations suggested by Batzle and Wang (1992), it follows that the brine
density and bulk modulus at the maximum depth of 180 m below the
sea bottom, at ODP Site 986, are ρb = 1026 kg/m3 and Kb = 2.52 GPa,
which correspond to a temperature of about 26 °C.

The value of the geothermal gradient at the ODP Site 986 is ab-
normally high because it is located close to the Knipovich Ridge. The
gradient is therefore not suitable for our study area. Vanneste et al.
(2005) showed that moving away from the Molloy Transform, the
geothermal gradient decreases by about 1 °C/km per horizontal km. At
50 km from the Molloy Transform, the geothermal gradient should,
therefore, be ~63 °C/km (also confirmed by Dumke et al., 2016).
Considering that our study area is located at a minimum distance of
about 66 km from the Knipovich Ridge (which is the continuation of the
Molloy Transform), it follows that an average value of 50 °C/km for the
geothermal gradient is plausible.

3.3. Physical properties analysis of PLS-1 and PLS-2

To better analyse the petrophysical parameters of the two MTDs, we
computed the average clay content and porosity of PLS-1 and PLS-2 by
considering the frequency dependence of the attenuation and velocity
dispersion due to the mesoscopic-loss effect (White, 1975; White et al.,
1975; see Supplements). Böhm et al. (2015) were the first to use this
approach to estimate clay-content and gas saturation in a synthetic
geologic model from simulated seismograms, but to our knowledge, it
has never been applied on real seismic data. In a recent work, Anwar
et al. (2017) suggest a Bayesian inversion procedure to assess fluid and
shale content in sand-shale media from synthetic amplitude versus
offset data.

This analysis aims to simultaneously match the average tomo-
graphic P-wave velocity and quality factor for PLS-1 and PLS-2 (Böhm

Fig. 3. Flow-chart of the analyses performed on the seismic data.
Rectangles: methods; ellipses: outputs; solid line arrows: results;
dotted arrows: input for the following step.

Table 1
Typical values for grain bulk modulus (K), shear modulus (μ) and density (ρ) (Schön,
1996; Wang et al., 2001). Average volume fraction (βi) of each component computed
along the ODP site 986 down to 180 m depth.

Component Ki (GPa) μi (GPa) ρi (kg/m3) βi

Quartz 37.2 44.3 2650 33
Feldspar 37.5 15 2620 6
Clay 20.9 6.9 2580 56
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et al., 2015), under the assumption that the medium is a fully brine-
saturated shaly sandstone (case F4 described in Carcione and Picotti,
2006). Using the empirical relations of Batzle and Wang (1992) and an
average oceanic crust geothermal gradient of 50 °C/km, we found that
the average brine density, bulk modulus and viscosity for PLS-1 are
ρb = 1030 kg/m3, Kb = 2.49 GPa and ηb = 1.09 cp (corresponding to a
temperature of about 19 °C), respectively. The values for PLS-2 are
ρb = 1031 kg/m3, Kb = 2.33 GPa and ηb = 1.43 cp (corresponding to a
temperature of about 7 °C).

Thus, we consider two different frames, sandstone and shale (with
proportions p1 and p2, see Supplements), whose grain properties are
those of quartz and clay in Table 1, respectively. We also assume that
the grain diameters are 80 μm for sandstone and 0.3 μm for clay, as in
Carcione and Picotti (2006). We vary the porosity of sandstone (Φ1) and
clay (Φ2), the shale proportion p2, (hereafter referred to as clay content)
and the parameter A for the exponent of the Krief relation until both the
theoretical velocity and quality factor, computed using Eq. (1) of the
Supplements, match the corresponding average tomographic values
within the experimental errors. We vary the value A in a range from 1.5
to 3 for sandstone and from 3 to 6 for clay (the pore shape is more
crack-like for clay than for sandstone). The maximum size of the het-
erogeneities (sandstone and clay patches) is assumed to be 2 m for
glacigenic sediments, which is large enough to cover a sufficient range
of sizes. The minimum size depends only on the incremental step, a
percentage clay content of 0.5%, which implies a minimum size of
1 mm. This value is chosen to achieve the solution in a reasonable
computational time.

Finally, we compute the average clay content and porosity of the
two MTDs by averaging all values retrieved by the iterative procedure.

4. Results

4.1. Seismic stratigraphy and seismic facies

Stratigraphic analysis of the stacked section of IT-EG08B (Fig. 2)
shows that R4 marks a significant change in the seismic character of the
sedimentary succession (see also Rebesco et al., 2012). The sedimentary
succession below this reflection appears relatively homogeneous in
terms of amplitude and continuity, while above R4 the reflections dis-
play significant variations in amplitude. In this upper part, high-am-
plitude and laterally-continuous reflections alternate with lenses char-
acterized by low-amplitude and discontinuous reflections. In particular,
the reflection continuity is interrupted twice by the presence of the two
MTDs PLS-1, and PLS-2. Above R4, only the eastern part of the MTD
PLS-1 is imaged by our seismic profile, which shows its abrupt eastward

lateral termination. PLS-2 is elongated, and its eastern (landward) part
is contained in another seismic profile, not considered in this work
(Llopart et al., 2014, 2015). Both MTDs consist of chaotic reflections
with minor internal coherent reflectivity and show the presence of
many diffractions. However, some internal reflectivity is present in
these bodies, especially in the upper part of PLS-1 and within PLS-2.
The thickness of the MTDs can reach 280 ms in the westernmost portion
of PLS-1. Both MTDs show a lenticular-shaped geometry with a convex-
up irregular upper bounding surface (Fig. 2).

4.2. Tomographic velocity field

P-wave (Vp) velocities resulting from the travel time inversion vary
from about 1468 m/s of the sea-water to about 2420 m/s of the deepest
layer (Fig. 4). The velocity in the first layer below the sea-floor is be-
tween 1750 and 1900 m/s. The Vp model shows a positive gradient with
depth, with relatively high lateral velocity gradients. In particular, PLS-
2 shows lateral variations with values ranging from 1860 to ~1750 m/s
in the interval from 40 to 75 km from the start of the line (Fig. 4). PLS-1
has lateral variations of Vp from ~2360 to 2250 m/s, proceeding from
left to right, from 0 to about 15 km from the start of the line on Fig. 4.

4.3. Sedimentary structure

In the pre-stack depth migrated section (Fig. 5A), the shallowest
reflections appear better defined compared to the stacked section
(Fig. 2), and most of the diffractions disappear. Moreover, the migration
better details the internal features of the MTD bodies. Their boundaries
are clearly marked (Fig. 5B), showing an irregular and local step-like
character. Figs. 6 and 7 show the tomographic velocity field super-
imposed on the prestack depth migrated section, zoomed on PLS-1 and
PLS2, respectively. Notwithstanding chaotic seismic facies characterize
PLS-1 and PLS-2, some reflections could suggest the presence of internal
layering. We performed several predictive deconvolution tests to ana-
lyse the nature of these reflections, by considering two representative
subsets of the pre-stack depth migrated section in correspondence of the
two MTDs (Fig. 8). In both MTDs the internal reflections disappear after
deconvolution, proving that there are no internal structures. Therefore,
the reverberations are probably due to a high impedance contrast be-
tween the MTDs and the embedding sediments.

The main body of PLS-1 terminates eastward (upslope) at about
17 km from the start of the line, although a thin toe (in the sense of Frey
Martinez et al., 2005) extends up to 20 km from the start of the line.

The velocity field within PLS-2 (Fig. 7A) shows a slight Vp reduction
(100–150 m/s) between about 60 to 80 km from the start of the line,

Fig. 4. Profile IT-EG08B. Tomographic velocity field, the layers are limited by the reflections shown in Fig. 2 (R1–R4 and sea-floor). X-axis: distance from the start of the line (SW) in km.
Y-axis: depth (km).
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where the average velocity is 1810 m/s. The main body of PLS-2 is
identified between 49 and 68 km from the start of the line. West of it,
there is a long, thin frontally emergent toe up to about 45 km from the
start of the line (Fig. 7B). To the east, there is a transitional change, first
to a sector where the MTD thins out (68–71 km from the start of the
line), then to a sector with enhanced internal reflectivity (71–76 km
from the start of the line), and finally to a sector (from 76 km to 88 km
from the start of the line) where the MTD thickness is nearly half of the
thickest part of the main body. The thickness in the imaged portion of
seismic section reaches 340 m.

4.4. Instantaneous seismic attributes

The instantaneous amplitude and phase did not provide significant
information. The instantaneous amplitude section is characterized by
alternations of high-amplitude reflections and low-amplitude bands,
while the instantaneous phase plot shows a general bedding continuity,
interrupted by the two MTDs.

The instantaneous frequency section, on the contrary, reveals some
interesting features (Fig. 9). There is a general reduction of the fre-
quency with depth. However, this change appears to be not gradual,
and it mainly occurs in association with reflection R3. In the uppermost
part of the section, we note relatively low frequencies at 2500 m depth
and 10–12 km (from the start of the line), and at about 2200 m depth
and about 70 km (from the start of the line). The frequency content
within both MTDs is characterized by homogeneous and significantly
lower values (in average 45 Hz for PLS-1 and 60 Hz for PLS-2) with
respect to the surrounding sediments.

4.5. Tomographic attenuation field

The depth distribution of the quality factor Qp between horizons
R1–R4, shows high variability, both laterally and vertically, with values
ranging from 50 to 240 (Fig. 10). The highest values are more frequent
in the deepest layer. The average Qp value of the local sediments at the
sea bottom is about 60.

The uppermost layer shows an upslope Qp increase from about 150
to 200 units from the toe to the main body of PLS-2, with an average
value of 190. The two intermediate layers are characterized by lower
values (50–171), with both layers showing downslope decreasing va-
lues. The minimum value (50) is at a depth of 2520 m and between 4
and 16 km from the start of the line. The maximum value is observed
above the eastern edge of PLS-1, between 17 and 21 km from the start
of the line, at about 2640 m depth.

The lowermost layer shows a lateral variation of Qp values from 89
to 238, not correlated with depth; the highest values are present both in
the north-eastern part as well as south-westwards in the PLS-1 MTD
body. The lateral boundary of PLS-1 is marked by a sharp variation of
Qp values at ~17 km from the start of the line, changing from 151
outside the MTD to ~238 inside it, with an average value of 210 within
the MTD.

4.6. Rock physics and porosity field

A velocity-porosity function was computed using the generalized
Gassmann model and the petrophysical parameters of Table 1. We
found that a value A = 4 for the exponential coefficient in the Krief

Fig. 5. Profile IT-EG08B. A) Prestack-depth migrated section. B) The same with the picked horizons shown in Fig. 2. The two giant MTDs are highlighted in grey. The red squares indicate
the areas of the zooming of Figs. 6 and 7. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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relationship provides the best match (Fig. 11) between the computed
function and the velocity-porosity values obtained from the sonic-log at
ODP Site 986 (Table 17 in Jansen et al., 1996). This value reflects the
fact that the pores are crack-like because of the high clay content (Le
Ravalec and Guéguen, 1996).

The porosity field calculated using the derived velocity-porosity
function shows values between 23 and 42% (Fig. 12). Modeling results
reveal a decrease in porosity with depth, as expected, together with
lateral variations. The MTD PLS-1 is characterized by porosity values
ranging from 26 to 30% (Fig. 12), with the highest values towards its
eastern edge. For PLS-2 the porosity varies from about 37 to 42% up-
slope (Fig. 12).

4.7. A focus on the two MTDs

In the following, we shortly summarize the main results of the dif-
ferent methodologies, with an emphasis on the two MTDs. For this
scope, velocity, Qp, and porosity values are plotted in Fig. 13 for MTD
PLS-1 (a, c, e) and PLS-2 (b, d, f).

In PLS-1, a decrease of velocity is observed from the start of the line
to 13 km from it, followed by an increase towards the NE margin of the
MTD (Fig. 13a). The porosity trend is necessarily opposite (Fig. 13c),
with values varying from 26% to 29%, while Qp initially decreases of
about 50 units towards 5 km from start of the line, then there is an
increase of 20 units from 5 to 12 km from the start of the line, and a
new decrease of 80 units towards the NE margin of the MTD (Fig. 13e).

In PLS-2, the velocity increases of 70 m/s at about 50 km from the
start of the line (Fig. 13b) where the highest thickness of the deposit is
observed (Fig. 7). Upslope the values decrease by 135 m/s from 50 to
66 km from the start of the line. A flat area is observed for about 11 km,
in correspondence of two zones of disturbance (Fig. 7), followed by a
new velocity increase of 95 m/s towards the end of the line (Fig. 13b).
The porosity values are in the interval 37%–41% (Fig. 13d). As regards
as Qp factor, a positive upslope trend characterizes the values starting
from the toe towards the main body of the MTD, with an increase of
50 units in the interval 45–61 km from the start of the line. A decrease
of 30 units characterizes the range 61–74 km from the start of the line.

Fig. 6. Profile IT-EG08B zoomed on PLS-1 (see in Fig. 5B the location with respect to the
entire line). A) Tomographic velocity field superimposed on the prestack depth migrated
section. The dashed rectangle indicates the limits of the subset used for the deconvolution
test of Fig. 8. B) The same as A, with the picked horizons, the MTD evidenced with dots,
and some interpreted features. The easternmost part of the MTD is characterized by
lateral ramps, associated with thrust folds and flower structures. X-axis: distance from the
start of the line (SW) in km. Y-axis: depth (km).

Fig. 7. Profile IT-EG08B zoomed on PLS-2 (see in Fig. 5 the
location with respect to the entire line). A) Tomographic
velocity field superimposed on the prestack depth migrated
section. The dashed rectangle indicates the limits of the
subset used for the deconvolution test of Fig. 8. B) The same
as A, with the picked horizons, the MTD evidenced with
dots, and some interpreted features. The MTD is char-
acterized by semi-transparent to chaotic acoustic reflectors
sub-parallel to the slope. X-axis: distance from the start of
the line (SW) in km. Y-axis: depth (km).
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A new increase of 50 units is observed from here to the end of the line
(Fig. 13f).

A further difference between the two MTDs regards their clay con-
tent. We computed all the possible values of porosity and clay content
which allow a simultaneous match of average P-wave velocity and
quality factor for PLS-1 (Vp = 2300 ± 70 m/s and Qp = 210 ± 12 at

a dominant frequency f= 45 Hz) and for PLS-2 (Vp = 1810 ± 80 m/s
and Qp = 190 ± 20 at a dominant frequency f= 60 Hz). Fig. 14
shows all the points found for PLS-1 and PLS-2, where the average
porosity is Φav = Φ1p1 + Φ2p2. The most probable values character-
izing the two MTDs are the barycentre of the clay content and porosity
point clouds. The errors associated with the final values are the

Fig. 8. A test of deconvolution on the subsets indicated in
Figs. 6 and 7. A) PLS1-subset before the deconvolution, and
B) after it: prediction length 20 m; operator length 200 m.
C) PLS2-subset before the deconvolution, and D) after it:
prediction length 10 m; operator length 100 m. These op-
erators are designed only for the two MTDs. Their applica-
tion outside the MTDs generates artifacts as, e.g., at the
bottom right corner of panel D.

Fig. 9. Profile IT-EG08B. The instantaneous frequency of the prestack migrated section. The MTDs are evidenced by filling dots. X-axis: distance from the start of the line (SW) in km. Y-
axis: depth (km).
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corresponding standard deviations. The average porosities are
24 ± 5% and 33 ± 4% for PLS-1 and PLS-2, respectively. Similarly,
the corresponding average clay contents are 39 ± 5% and 68 ± 6%
for PLS-1 and PLS-2, respectively. Moreover, we can also find a dif-
ference in the grain size within the two MTDs. In fact, the size wave-
length of the inhomogeneities that originate diffractions in a seismic
stacked section is comparable with the wavelength of the seismic wave.
In both MTDs, diffractions are observable (Figs. 6 and 7). Using the
above average velocity and frequency values, for PLS-1 the wavelength
of the disturbance is 51 ± 1.5 m, whereas for PLS-2 it is 30 ± 1.3 m.
Thus, following the λ/4 criterion, the size of the inhomogeneities is
about 12 m and 8 m in PLS-1 and PLS-2, respectively.

5. Discussion

5.1. Interpretation of observed features and seismic properties

The boundaries of the two MTDs present in section IT-EG08B are
clearly delineated by the seismic data (Fig. 5B), showing their irregular
and local step-like character. In the easternmost part of PLS-1, high-
angle discontinuities are identifiable, which are interpreted as thrust
and fold structures (Fig. 6B).

PLS-1 and PLS-2 are respectively located on the lower and mid-
continental slope and are characterized by a thick chaotic and

Fig. 10. Profile IT-EG08B. Seismic quality factor (Qp) field superimposed on the prestack depth migrated section. The two MTDs analysed (PLS-1 and PLS-2) are indicated by arrows. X-
axis: distance from the start of the line (SW) in km. Y-axis: depth (km).

Fig. 11. Different curves representing porosity versus P-wave velocity, computed using
the generalized Gassmann method, the physical properties reported in Table 1 and the
results of the geotechnical measurements on the core samples at ODP Site 986 (Table 17
in Jansen et al., 1996). We tested for A (the Krief exponential coefficient - Carcione et al.,
2005) the values 2.5, 3.1 and 4. The plot shows a good match between the computed
function and the sonic-log velocity-porosity values obtained for A = 4 at different depths.
The horizontal dashed lines indicate the P-wave velocity interval of our data.

Fig. 12. Profile IT-EG08B. Porosity field superimposed on the prestack depth migrated section. The two MTDs analysed (PLS-1 and PLS-2) are indicated by arrows. X-axis: distance from
the start of the line (SW) in km. Y-axis: depth (km).
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fractured acoustic unit embedded within a sequence of thinner MTDs
(which may be interpreted as glacigenic debris flow deposits) and
glaciomarine sediments. This feature and the presence of deformed
structures and diffractions imply scattering and phase interference of
the seismic waves, resulting in lower resolution within the MTDs. The
most remarkable characteristic of the MTDs in seismic data is, in fact,
the instantaneous frequency, which is significantly lower and more
homogeneous with respect to the hosting sediments (Fig. 9). The
slightly smaller Qp values above PLS-1 with respect to the values in the
same layer are probably due to the scattering at the top of PLS-1,
which causes a sudden loss of high-frequencies to the incident-wave
and consequently also to the reflected and transmitted waves.
Nevertheless, the Qp and velocity values obtained for seismic profile
IT-EG08B are in agreement with previous observations on the same
margin with a wider offset range (Rossi et al., 2007; Westbrook et al.,
2008; Kandilarov et al., 2010; Madrussani et al., 2010; Rajan et al.,
2012). The validity of the velocity field obtained is verified through

the quality of the migrated section (Fig. 5), where most of the dif-
fractions present in Fig. 2 collapse in a single point. Moreover, the
average Qp value obtained at sea bottom is in agreement with the
measured value of a core sample taken on the continental slope of the
Barents Sea, at a water depth of 2227 m (Ayres and Theilen, 2001).
Sediment compaction during burial, for de-watering effects, is high-
lighted by the increase of the velocity with depth (e.g., Fig. 4). This is
consistent with the reduction of the instantaneous frequency and
porosity with depth (Figs. 9 and 12). The instantaneous frequency
variation, however, is not gradual, but occurring mainly in association
with reflection R3 (Fig. 9), suggesting lithological variations (see
Section 5.3).

The comparative analysis of velocity, Qp factor, and porosity
(Fig. 13) may allow interpreting the lateral variations of these three
quantities in terms of lateral sediment distribution within an MTD. The
main observations on the MTDs done on the stacked and migrated
sections, completed with the main features from instantaneous

Fig. 13. Vp, porosity, and Qp (Y-axis) versus the distance from the start
of the line (X-axis) for PLS-1 (a, c, e) and PLS-2 (b, d, f). We considered
the same subsets of Figs. 6 and 7.
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frequency analysis, and traveltime and attenuation tomography, are
summarized in Fig. 15.

The thickness of PLS-2 is quite variable, from 60 m to 180 m in the
main body, thinning to 45 m in the toe. The proximal part of PLS-2 is
comparatively thin and characterized by relatively high seismic velo-
city and attenuation and by lower porosity, suggesting highly com-
pacted sediments (> 80 km from the start of the line, star in Fig. 15B).
In this part of the MTD, the thickness is about 50–60% of the modeled
layer, so we cannot exclude a contribution of the overlying sediments in
our results. In fact, having picked the reflected waves from the top and
bottom of each layer, Vp can vary only horizontally within each layer
and represents a value averaged on the whole layer thickness.

The eastern part of the main body (60–70 km from the start of the
line) is probably composed of less compacted and relatively softer se-
diment, with higher porosity (square in Fig. 15B). Then, proceeding
downslope towards the main body of the MTDs, the sediment pro-
gressively reduces its porosity and consequently the consolidation in-
creases (50–60 km from the start of the line, star in Fig. 15B). Here the
values are representative of the MTD since its thickness varies between
70 and 86% of that of the layer. Talling et al. (2007) described a
complex transition between different flow types (turbidite to debrite
and vice-versa), from the exit ramp to the toe of the MTD, under the
influence of different sea-floor gradients. The seismic response of PLS-2
is consistent throughout the profile, indicating that such changes in
flow type did not occur in the area, despite small variations in slope
gradient. Nevertheless, such small variations in the slope gradient could
have affected the flow dynamics resulting in parts of the deposit that
stretched or compressed producing differences in porosity character-
istics.

The Qp factor analysis also indicates the presence of fluids (possibly
gas) near the toe of PLS-2 (40–50 km from start of the line, circle in
Fig. 15B). Because the Qp, Vp, and porosity relate to the whole thickness
of the layer between the sea-floor and R1 and because PLS-2 sig-
nificantly thins at its toe to about 30% of the layer, we think that the
low Qp and high porosity values are rather related to high content of
fluid in the sediments underlying the toe of the MTD. In contrast to the
generally observed decrease in the interparticle porosity in MTDs,
particularly at their base (Urgeles et al., 2006; Sawyer et al., 2009;
Strasser et al., 2012), here the average porosity is relatively high,
especially for PLS-2. The velocity changes observed within both MTDs

(Figs. 4, 6, 7) can be due to the presence of unsorted or chaotic deposits,
changes in porosity, and variable fluid content.

5.2. Main differences in the compaction of two MTDs

There are, however, differences in the two MTDs that it is worth
analysing in more detail. Our analysis confirms that in the case of PLS-
2, profile IT-EG08B strikes approximately along the flow direction, so
that we have a longitudinal section of the MTD, while in the case of
PLS-1 the profile is inferred to cross the MTD body obliquely, at an
undefined distance from its frontal part (Rebesco et al., 2012).

In PLS-2, we observe lateral changes in Qp, Vp, and porosity. Such
lateral changes can be due to vertical and lateral variations of lithology,
cementation, porosity, density and, hence, compaction (e.g., Kim et al.,
2001). De-watering and compaction of the sediments could be re-
sponsible for the porosity values observed in the main body (Fig. 12). It
has been shown that MTDs exhibit reduced intergranular porosity and
increased shear strength compared to bounding sediments (Urgeles
et al., 2006; Sawyer et al., 2009; Strasser et al., 2012). Sawyer et al.
(2009) interpreted the decreased intergranular porosity within the
MTDs in terms of uniaxial vertical consolidation during the burial of an
MTD that had been “remoulded” during transport as a debris flow.

In PLS-1, the comparison of the Qp, velocity and porosity values
suggests that the variation trend is inverse to the one observed near the
toe of PLS-2 (Fig. 13). In fact, at the SW limit of the sections, i.e., within
the main body, there is a relatively high Qp and velocity with low
porosity, an indication of highly compacted sediments (< 5 km from
the start of the line; star in Fig. 15B). In fact, this MTD region appears to
have been subject to significant compression, a process that reduces the
length of the MTD and increases its thickness. Lateral ramps, associated
with thrust-folding and transpressional structures are recognizable in
the migrated section (Fig. 6), associated with a slight velocity reduction
(about 100 m/s). Since for PLS-1 the porosity is lower than 40%, we can
assume that the velocity mainly reflects to porosity changes (also due to
fracturing) because the rock is stiffer, i.e., the dry-rock bulk modulus is
higher (Nur et al., 1995; Sallarès and Ranero, 2005). The fractures in-
side the MTD are interpreted to result from lateral friction with the
surrounding sediments during the sliding. Moving to the east, towards
the MTD lateral boundary, the material becomes less compacted and
relatively softer, with higher porosity (5–12 km from the start of the
line, circle in Fig. 15B), maybe due to fracturing.

5.3. Modeled lithologies as a proxy for source area

With respect to PLS-2, PLS-1 shows higher velocities, and lower
porosity, in agreement with its greater burial depth and consequent
sediment compaction. Such values may, however, also be related to the
grain size composition.

The petrophysical analysis carried out for PLS-1, and PLS-2 in-
dicates that the MTDs have a relatively high clay content, comparable
to that of the sediments in the ODP Site 986 (56%, see Table 1). In
particular, PLS-1 shows clay content of nearly 40%, whereas PLS-2
shows clay content of about 65% (Fig. 14). In the two MTDs, the higher
clay content with respect to the surrounding sediments results in
average porosities that are lower than those already computed using the
generalized Gassmann's method. Furthermore, the noticeable difference
in the clay content and grain size between the two MTDs is inferred to
relate to their different source areas.

PLS-2, which shows higher clay content and hence finer average
grain size, is interpreted by Rebesco et al. (2012) to come from the
northern flank of the Kveithola TMF, with a run-out distance of about
90 km. This area, in between the major Storfjorden and Bjørnøya TMFs,
is characterized by fine-grained sediments (mainly plumites and
hemipelagites with high pore fluid and clay content) and this fact is
consistent with our results. From section IT-EG08B alone (Fig. 5), it is
not possible to measure the elevation difference between the head scarp

Fig. 14. Petrophysical analysis of PLS-1 and PLS-2 using White's model (White, 1975;
White et al., 1975), showing the clay content (Y-axis) versus the porosity (X-axis). The
black and red points represent all the possible values of porosity and clay associated to
PLS-1 and PLS-2, respectively, satisfying the average tomographic values Vp and Qp within
the estimated value uncertainty (see text). The barycentre coordinates (clay content and
porosity) of the two point clouds is assumed to represent the most probable values
characterizing the two MTDs. X-axis: porosity (%). Y-axis: clay content (%). (For inter-
pretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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and the toe of the MTD. However, based on the conclusions in Rebesco
et al. (2012), and on the data herein presented, we can estimate it to be
750 m.

Conversely, PLS-1, which shows lower clay content and simulta-
neous presence of coarser sediments, is inferred to have originated from
the southern part of the Storfjorden TMF or from the northern part of
the Bjørnøya TMF, where glacigenic debris flows are predominant. We
prefer the latter hypothesis since this large MTD lies just in front of the
Bjørnøya TMF, which is the largest TMF in the area. If so, the minimal
run-out distance that we can estimate is approximately 170 km, con-
sidering the distance between the point where seismic profile IT-EG-08
intersects the MTD and the shelf edge of the northern part of Bjørnøya
TMF, from where PLS-1 may have detached. Flume experiments show
that in gravity flows with a clay content exceeding 15%, as it is the case
for these MTDs, the run-out distance decrease with increasing clay
content (Ilstad et al., 2004). Hence, the lower clay content of the PLS-1
could contribute to its larger run-out. Due to the different orientation of
the flow with respect to the strike of the seismic profile, it is not pos-
sible to measure the elevation difference between the scarp and the toe
of the PLS-1.

6. Conclusions

Different analytical techniques were applied to a multichannel
seismic reflection profile recorded off the Kveithola TMF, to infer the
distribution, petrophysical properties and origin of the sediments
composing two MTDs located at an average depth of about 2.1 and 2.8
Km, respectively.

Velocity estimation derived by tomographic inversion of travel
times identified lateral velocity anomalies that we infer to be associated
with significant variations in sediment parameters. Amongst them, the
occurrence of low-velocity zones related to MTDs is indicative of de-
formation due to the downward displacement of the sediment mass
(Fig. 4). Seismic attributes, or at least the instantaneous frequency,
represent a useful tool to characterize the geometry of the different
MTDs (Fig. 9). The comparative analysis of P-wave quality factor values
(Qp), velocity and porosity, supported by rock-physics theories and in-
tegrated with the geometrical interpretation of the MTDs, provide new
insights on the lithology and, therefore, on the possible origin of the
two MTDs. PLS-1 is estimated to have a lower fluid content and higher
strength with respect to PLS-2 since it has higher velocity (Fig. 6 and for
comparison Fig. 7), lower porosity (Fig. 13), and higher instantaneous
frequency (Fig. 9). These differences are likely mainly due to the age

Fig. 15. Summary sketch outlining the internal attributes
of the two studied MTDs on a line drawing of the con-
sidered reflectors. A) Characteristics of both MTDs with
respect to the surrounding sediments. The principal sub-
divisions of PLS-2 are shown. The presence of diffraction
hyperbolas, thrusting and folding, and enhanced re-
flectivity are indicated. The inferred flow directions are also
reported. B) Distribution of internal properties (shown with
symbols) within the two MTDs.

G. Madrussani et al. Marine Geology 402 (2018) 264–278

275



and burial depth, but source area effects cannot be discarded. In fact,
the inferred coarser sediment in PLS-1 (clay content of nearly 40%,
Fig. 14) could suggest a provenance from areas with abundant glaci-
genic debris flows. These conditions may be possibly consistent with a
sediment source from a TMF, likely the Bjørnøya TMF. PLS-2, on the
other hand, is characterized by finer sediments (clay content of about
65%), relatively high fluid content, shorter translation, lower velocity
(Fig. 7), and lower instantaneous frequency (Fig. 9). This could support
the interpretation of Rebesco et al. (2012) that PLS-2 originated from
the northern flank of the Kveithola TMF, an area in between the major
Storfjorden and Bjørnøya TMFs, where the glacier was slower moving,
and where there is a relatively more significant production of turbi-
dites, plumites and hemipelagites.

The results of this study demonstrate that the use of velocity and
attenuation tomographic inversion, together with advanced processing,
attribute analysis and modeling of physical properties may help to in-
vestigate and reconstruct the sediment deposition and post-deposition
processes in areas affected by submarine MTDs, also with scarcity of
seismic profiles and in the absence of nearby borehole measurements in
the study area. This methodology can hence be used for a preliminary
planning of offshore infrastructures and assessment of risk management
in areas where MTDs have been identified on a limited seismic dataset.
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