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The continental slope of the SW Portuguese continental margin is a geomorphologically diverse, tectonically active area with active faulting, canyon
formation and mass wasting. Along the Marquês de Pombal fault (MPF), a submarine landslide was geophysically surveyed several years ago.
Recently, five sediment cores from different parts of the landslide area were taken near its headwall, along its flow path, and at the distal lobe near
the abyssal plain. At these cores, pore water chemistry and sediment physical properties such as index properties, grain size distribution, shear
strength and frictional stability were measured. The most interesting results were found near the headwall and at the toe of the slide. The headwall
sediment is characterised by low shear strength, high clay content, and an increase in shear strength when shear rate increases; velocity strengthening. The latter is usually expressed by a positive frictional response to a sudden change in sliding velocity (positive [a-b] values). These characteristics are all in favour of triggering slope failure and stable sliding behaviour. In contrast, the sediment at the toe of the slide show largely [a-b] values
near zero or even negative, except one layer at 225 cm below seafloor that tends to velocity-strengthen. Interestingly, at this level pore water composition shows a profound deviation in many elements analysed, suggesting that the base of the most proximal portion of the slide was penetrated
here. Modelling of geochemical deviation allows us to tentatively estimate deposition of this outermost lobe of remobilised sediment to 5 yrs. BP,
which coincides with a regional M4.3 earthquake. We conclude, however, that this age corresponds to minor taper readjustments, while the main
landslide event took place much earlier (see Vizcaino et al., this volume).
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Introduction
The inherent mechanisms and factors governing slope
stability and submarine landslides are known because
of extensive research carried out by academia and
industry, however, the temporal and spatial variability
of landslide processes remain poorly understood. In
fact, the exact trigger mechanisms of only a few submarine landslides are known with certainty (Mienert et al.
2003). In general, submarine landslides occur due to an
increase in loading on a sediment-laden slope, which
may in turn lead to an increase in shear stress, or a
reduction in shear strength. Possible trigger mechanisms for submarine landslides include sea level
change, high sedimentation rates, oversteepening of the
slope gradient, wave activity (especially during storm
events), gas hydrate dissociation, pore pressure increase, tsunamis, and earthquakes.
The region in the eastern North Atlantic southwest of
the Iberian Peninsula was selected for this study (Fig.
1), because it comprises a geological setting where the
interplay of many of the mentioned processes take
place. It hosts the plate boundary between Eurasia and
Africa, which is expressed as the Azores-Gibraltar

Fig 1: Location of the study area at the Iberian continental margin,
southwest of Portugal. Small map in the top right-hand of the map
shows the E-W-trending Azores-Gibraltar transform fault.

transform fault. Smaller fault zones are located at the
continental margin offshore Portugal, one of which is
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the steeply-dipping Marquês de Pombal Fault (MPF).
Here, a submarine landslide was observed a few years
ago (Gràcia et al., 2003). Having been briefed about the
location, RV SONNE cruise SO-175 (Kopf et al., 2004)
re-visited the area and recovered five sediment cores
from the landslide.
In this paper, we present the results from geotechnical
and geochemical measurements on five gravity cores
taken near the MPF at and adjacent to the landslide.
The main focus was dedicated to the geotechnical experiments, which included ring shear tests in addition to
the standard measurement of sediment physical properties (density, p-wave velocity, stiffness, grain size
distribution, water content). The main objective was to
characterise the physical behaviour and frictional stability of the sediments in order to relate them to its
potential trigger mechanism.

Geological setting
In our study area, the plate boundary between Eurasia
and Africa trends roughly E-W, connecting the AzoresTriple junction to the Gibraltar Strait (e.g., Zitellini et
al. 2004). This boundary is a diffuse transpressional
plate boundary, called Azores-Gibraltar transform
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(Sartori et al., 1994). In the area between the Gorringe
Ridge and the Strait of Gibraltar, the relative convergence between the two plates is only 4 mm/yr in a NWSE direction (Argus et al. 1989). The Great Lisbon
earthquake of 1755 (e.g. Gutscher 2004) occurred in
this region and was one of the largest and most
destructive earthquakes with tsunami occurred in historical times in Western Europe.
The continental slope of the SW Portuguese margin
displays two promontories before reaching abyssal
depth, one of which is the area of this investigation, the
Marquês de Pombal Mountain (Zitellini et al. 2004). A
50 km long suture, the Marquês de Pombal Fault, terminates the western edge of the Marquês de Pombal
Mountain (Fig. 1), and exhibits a pronounced N20˚Etrending escarpment, which rises about 1 km above the
surrounding seafloor. A submarine landslide was observed in its vicinity (Gràcia et al. 2003) (Fig. 2). This
landslide consists of two individual parts, a northern
and a southern flow (for a detailed description of the
slide see Vizcaino et al. this volume). The distance from
the up to 25 m high head scarp to the most distal lobe
of the southern flow of this slide is about 24 km
(approximately EW-direction), whereas the northsouth extension is around 11 km. The head scarp is
located about 1300 m above the outermost western
lobe. According to a geomorphological reconstruction,
both the northern and southern flow where directed
westward onto the Horseshoe abyssal plain owing to
the regional topography. Their laminar nature makes
Gràcia and others (this volume) believe the total
volume of mobilised sediment does not exceed 1.3 km3.
Given that the MPF and related landslides have also ben
discussed in the context of the causes of the 1755 M8.59 Lisbon earthquake (Kopf et al. 2004), we assume a
much larger sediment mass may have slide in the area
of investigation.
During cruise SO-175, the area was geophysically resurveyed (bathymetry as well as seismic reflection lines;
Kopf et al. 2004) and inspected with a deep-towed
video system. In addition, four gravity cores and a
series of in situ heat flow measurements were taken
from the head scarp to the most distal lobe of the southern flow of this landslide, plus a reference core on the
adjacent Horseshoe abyssal plain (Table 1 and Fig. 2).
In more detail, core GeoB 9008-2 was taken in the head
scarp area of the landslide, GeoB 9093-1 and GeoB
9092-1 were taken across the landslide body, GeoB
9091-1 originates from the most distal lobe of the slide,
and GeoB 9006-1 was taken for reference.

Fig 2: Bathymetric chart of the study area including the approximate
location of the landslide and the locations of the investigated sediment cores and the position of the seismic profile. The shaded area
shows the approximate area affected by landsliding, whereas the
heavy black N-S-trending line shows the trace of the MPF.

Methods
We here describe briefly the flow path the gravity cores
underwent. Cores were cut into 1m-long sections and
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Table 1. Sediment cores taken in the
Marquês de Pombal land slide area
at the Portuguese continental
margin during cruise SO175.
Station no.

latitude
˚N

longitude water depth
˚W
(m)

length
(m)

GeoB 9006-1

36:55.00’

10:05.56’

3949

4.30

GeoB 9008-2

36:50.29’

09:58.57’

2711

2.68

GeoB 9091-1

36:50.02’

10:08.72’

3921

3.47

GeoB 9092-1

36:47.99’

10:04.00’

3230

4.05

GeoB 9093-1

36:49.03’

10:01.95’

3003

5.20

Table 1. Sediment cores taken in the Marquês de Pombal land slide
area at the Portuguese continental margin during cruise SO175.

split on board the ship. They were then photographed
and described sedimentologically. Back at RCOM Bremen, the archive half of each core was measured with a
non-destructive multi-sensor core logger while discrete
specimens from the working half of each core were
used for analyses of density/porosity, grain size distribution, and shear strength. Immediately after splitting
of the core, some material was taken from the working
half to squeeze pore waters. Analyses were largely carried out on board RV Sonne.

Fig 3: A) Photograph of the Wykeham-Farrance ring shear apparatus
at RCOM Bremen; B) Diagram showing principle of the ring shear
apparatus.

Multi-sensor core logging
All cores underwent logging using a GEOTEK Multi
Sensor Track (MST) on board RV Sonne prior to splitting. This method allows continuous, nondestructive
measurements using the following sensors respectively:
a) Ultrasonic Transducers to measure the velocity of
compressional waves in the core (p-wave-velocity).
b) A Gamma Ray Source and Detector for measuring
the attenuation of gamma rays through the core
(providing density/porosity values).
c) A Magnetic Susceptibility Sensor to determine the
amount of magnetically susceptible material present
in the sediments.
Physical properties and ring shear tests
Bulk density, grain density and porosity of the samples
were measured on ca. 5 cm3 samples using a Quantachrome Pentapycnometer. The pycnometer measures
the volume of the dry sample in a calibrated sample
cell. Afterwards, the porosity and density of the sediment can be calculated from the weight and the volume
of the samples prior to and after drying.

Grain size measurements were made using a Beckmann-Coulter Laser Particle Sizer LS200. Prior to the
analysis, the sample is suspended in demineralised
water. It is then continuously pumped through the system, which is scanned by a laser. A number of detectors
is collecting the dispersed laser light. Signal intensity is
then used to quantify particle size. Sodium pyrophosphate was added to the samples to prevent the formation of aggregates. For all cores samples have been analysed for grain size distribution and porosity in 10 cm
intervals.
One of the key parameters in any slope stability study is
the strength of the sediment, which we determined in
two ways. First, a falling cone penetrometer (Wykeham
Farrance WF 21600) was used on the split face of the
working half of the core. The weight of the cone is
80,51g and the cone angle is 30˚. This method allows a
first-order estimate of the sediment stiffness in the
(shipboard) laboratory. With its defined weight and
geometry, the cone’s tip is set onto the split core face,
and then released (free drop). Tests were carried out in
intervals of five centimetres distance. Hansbo (1957)
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made a detailed study of the relationship between the
cone penetration and soil strength. According to this
work, the undrained shear strength cu can be calculated
from the variables mass m and tip angle of the falling
cone, the gravity g, the penetration d and the cone factor k. The cone factor is a constant, depending on the
angle of the cone and has a value between 0,8 and 1 for
a 30˚ cone (Hansbo 1957). Wood (1985) calculated
from fall-cone and miniature vane tests average values
of cone factors (k=0,85 for a 30˚ cone). The undrained
shear strength can be calculated from falling cone penetrometer tests using the equation cu = (k*m*g)/d2.
The heart of our analyses was the measurement of peak
and residual shear strength as well as frictional stability
of the sediment samples using a Bromhead ring shear
apparatus manufactured by Wykeham Farrance (see
Fig. 3). The sample cell is located between two overlying ring-shaped frames. The sample cell can be submerged in a water-bath during the test. Vertical pressure (i.e., normal stress) can be applied to the sample
through the upper porous frame by means of a leverarm arrangement using hanger weights. Maximum
normal stresses of 25 MPa can be reached with the custom-made device at RCOM Bremen. The lower part of
the frame is rotable by a motorised drive unit, while the
upper part is restrained by the weight via the lever arm
as well as a pair of calibrated load rings. Apart from
measuring the peak strength during failure, this method allows for quasi-infinite strain on the residual
path. Here, velocity stepping tests can be used to determine frictional stability (i.e. stable sliding vs. stickslip). Details regarding the measuring principle are outlined in Bishop and others (1971).
For each of the cores, we carried out ring shear tests at
various normal stresses and sliding velocities. Loading
increments were chosen to correspond with the current
stress state of the sediments (very little overburden, i.e.
0.25 MPa), and were then increased to 0.5, 1, 2, 4, 8, and
finally to a maximum of 16 MPa (i.e. 2000 m of overburden at bulk densities of 2 g/cm3). The rationale for incrementally submitting the material to higher stresses was to
simulate the behaviour of the sediments near the MPF
when a thick package is about to slide. Also, high stress
experiments provide more reliable results with respect to
rate-dependent variations in strength and stability. Our
absolute shear strength values are later normalised
against normal stress, where the coefficient of friction (µ)
is the ratio between shear stress/normal stress.
Our velocity stepping tests were carried out at rates of
0.005, 0.001 and 0.1 mm/s, simulating processes from
creep to moderately fast sliding. At each point the shear
rate is varied, it is possible to calculate the [a-b]-parameter (see below, and review by Scholz 1998). The [ab]-value represents the frictional response to a suddenly imposed increase or decrease in sliding velocity.
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The [a-b]-value is simply calculated from the net
change in residual shear strength after increasing or
decreasing the sliding velocity. If the residual strength
increases with increasing shear rate, an [a-b]-value ≥0
is observed, indicating velocity strengthening behaviour (and stable sliding). If, in contrast, the residual
strength decreases when shear rate is risen, the [a-b]value lies below zero, exhibiting velocity weakening and
potentially unstable behaviour and stick-slip. Clay
minerals generally show stable sliding and velocity
strengthening behaviour, at least when water-saturated
(e.g. Kopf & Brown 2003). Mechanically stronger components such as quartzitic silt and sand particles tend
to velocity weaken the sediment and may be the reason
for unstable deformation (e.g. earthquake rupture).

Pore water analyses
During cruise SO-175, pore water analyses were carried
out on selected gravity cores taken. From the MPF area,
these included GeoB9006-1 and 9091-1 (Kopf et al.
2004). After coring the sediments were stored at a temperature of about 5˚C. After splitting, sections of the
core were squeezed using pressure filtration up to 5 bar.
Afterwards the pore water was retrieved through
through 0.2m cellulose acetate membrane filters. Different methods were used for these analyses. Alkalinity
was measured by titration (Ivanenkov & Lyakhin 1978),
silicate, phosphate and ammonium by spectro-photometry (Grasshoff et al. 1997). Pore waters were then
analysed for major nutrients, total alkalinity, chloride,
hydrogen sulphide, and methane (Kopf et al., 2004). In
this paper, we only present a portion of the data, e.g.
alkalinity, silicate, phosphate, and ammonium, since
those are most indicative.

Results
Physical properties from MST and measurements on
discrete samples
In Figure 4 we present some of the data from MST logging of the cores as well as water content and mean
grain size from measurements on discrete samples. It
can be seen that cores GeoB 9093-1 and GeoB 9092-1
from the middle portion of the landslide body are relatively homogeneous in their physical properties. As
expected, the water content decreases quickly within
the uppermost decimetres (from 50 to 40 %; Fig. 4A),
and shows a moderate decrease below. Density remains
near constant at ca. 1.6 g/cm3. In contrast, both the
headwall core (GeoB9008-2) and the most distal landslide tongue (GeoB 9091-1) show deviations in the physical properties curves.
Despite some overall downhole decrease in water content,
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Fig 4: Physical properties of the five cores GeoB 9006-1. GeoB 9008-2, GeoB 9091-1, and GeoB 9092-1 from the MPF landslide area. A) Water
content, B) bulk density, C) magnetic susceptibility, D) mean grain size. See text for discussion.

and increase in density in core GeoB 9008-2, there is one
interval at the top that shows unusually high porosity (0 –
85 cm below sea floor [bsf]). The lower boundary of that
interval shows peaks in bulk density up to ca. 2 g/cm3 and
mean grain size, which are accompanied by a minimum in
magnetic susceptibility (Fig. 4B-D). This may mean that
the initial landslide detachment surface is covered by about
85 cm of sediment fall after the event, with more sand-rich,
non-magnetic deposits at the base. The material is less
strongly consolidated than its footwall clays (Fig. 4A).
At the outermost tongue of the landslide, core GeoB
9091-1 shows a somewhat higher variability in physical
properties. Density increases steadily down to ca. 225
cm bsf, and then drops back to 1.6 g/cm3 (Fig. 4B).
Mean grain size also shows the most profound spike
just above 225 cm, suggesting a depositional change.
GeoB 9006-1, the reference core from outside the
landslide area, shows an overall downhole decay in
water content and porosity and a slight increase in bulk
density. However, three clear peaks in mean grain size
and water content are observed, which correspond to
individual turbidite layers with a clear fining upward

trend in grain size. These turbidites were mobilised
somewhere on the Portuguese margin, very likely the
Marquês de Pombal Mountain (Fig. 1), and then travelled westward onto the adjacent abyssal plain.
The undrained shear strength, as calculated from the falling
cone tests (Hansbo 1957), shows an increase in shear strength
with depth for all cores studied (Fig. 5). In summary, the
mean undrained shear strength from the individual cores
varies between 12,6 kPa (GeoB 9006-1) and 46,1 kPa (GeoB
9008-2) and decreases downslope. The range of undrained
shear strength in the individual cores varies between 27,4
(GeoB 9006-1) and 97,9 (GeoB 9008-2) and also decreases
downslope from headwall to tongue. However, there are differences in the absolute values and trends of the graphs.
The reference core GeoB 9006-1 shows a linear increase in
strength, with < 30 kPa at the terminal depth of 420 cm bsf
(Fig. 5). The two cores on the landslide’s southern flow (Fig.
2) show similar linear trends, although the overall gradient
is somewhat steeper (ca. 60 kPa [GeoB 9092-1] and 70 kPa
[GeoB 9093-1], respectively). GeoB 9008-2 at the headwall
of the MPF landslide exhibits the highest mean undrained
shear strength, and also the widest range of shear
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tested in the ring shear device. As seen in the physical
properties, we have a separation into two sediment packages with a transition at approximately 220 - 240 cm
bsf. We took three samples from the upper part of the
core (20 cm, 110 cm, 190 cm), two samples near the
proposed boundary (225 cm, 240 cm), and two samples
from the underlying sediment (280 cm, 345 cm). One
sample was taken from reference core GeoB 9006-1
(234 cm) next to the landslide area.

Fig 5: Undrained
shear strength cu calculated from falling
cone tests at the cores
GeoB 9006-1, GeoB
9008-2, GeoB 90911, and GeoB 9092-1
from MPF landslide
area. For location see
Figure 2.

strength when compared with the other four cores.
While the uppermost ca. 50 cm show strengths <
40kPa, the lower portion of that core scatters between
cu values of 30 kPa and 100 kPa (Fig. 5). Similar to the
water content data, this leads us to suggest that the
lower section at GeoB 9008-2 is overconsolidated (see
discussion in Chapter 5 below).
At the most distal tongue of the landslide (GeoB 90911), variations in strength are near linear to a depth of
around 200 cm bsf, where cu is as low as 20 kPa (Fig. 5).
Between 210 and 240 cm bsf, values start scattering,
with an upper limit of about 50 kPa. At this depth,
density, mean grain size and magnetic susceptibility
also showed considerable scatter, the origin of which
may be due to changes in deposition (see discussion
below).
Grain size analyses and ring shear testing
The sampling strategy for the ring shear experiments
was based on the earlier results from MST, core description, and physical properties measurements (see
above). We measured one sample from the head scarp
(core GeoB 9008-2) near the sediment surface at a
depth of 6 cm bsf. Another sample was taken from the
slide body of the southern flow (core GeoB 9093-1), in
a depth of 260 cm bsf. A representative sample was
selected, because the core is relatively homogeneous
with respect to its physical properties (Table 2a). From
core GeoB 9091-1, which is found to be the most
diverse (see Figs. 4 and 5), a total of seven samples were

With five of the samples (GeoB 9008-2_6 cm, GeoB
9093-1_260 cm, GeoB 9091-1_190 cm and _280 cm,
and GeoB 9006-1_234 cm), we started the tests with a
normal stress of 0,25 MPa and increased the normal
stress incrementally up to a maximum of 16 MPa.
These normal stress levels were chosen to submit the
sediment to different conditions, but mostly to get
more reliable results with respect to the rate-dependent
frictional strength (see discussion in Marone, 1998).
With the remaining five samples, all from core GeoB
9091-1 (20 cm, 110 cm, 225 cm, 240 cm, and 345 cm),
we only went to normal stresses of 4 MPa, still sticking
to the three different sliding velocities.
Table 2 summarises the results from the ring shear
tests, falling cone tests, and grain size analyses. For the
latter, please also refer to Figures 4 and 6. The ring
shear tests showed mostly coefficients of friction between 0,21 and 0,29, which are typical for silty clays
(e.g. Lupini et al., 1981; Brown et al., 2003). Residual
strengths at 4 MPa normal stress and a sliding velocity
of 0,03 mm/min varied between 0,8 and 1,4 MPa
(Table 2). The lowest coefficient of friction and residual strength have been measured in core GeoB 9008-2
(6 cm) at the head scarp and GeoB 9091-1 (110 cm) in
the redeposited lobe of the landslide (Table 2). When
we plot the grain size classes of the distal core
GeoB9091-1 versus depth, it can be seen that peaks in
sand content correspond to an increase in density and
cu (Figs. 6, 7). If on the other hand clay content is plotted against friction coefficient (Fig. 7), abundant clay
causes µ to drop, and vice versa.
The velocity stepping tests provided us with interesting
results regarding the frictional sliding stability of the
sediment (assuming this material acts as the detachment plane on an unstable slope). For the specimens
tested in the ring shear apparatus, the calculated [a-b]value ranges between -0,033 and 0,031 (Table 2). The
majority of the analysed sediments show [a-b]-values
very close to zero (+/- 0,005). The lowest [a-b]-value
with -0,033 has been calculated for 240 cm in GeoB
9091-1. Also, the highest [a-b]-value with 0,031 has
been found in GeoB 9091-1, right at the boundary between the remobilised portion of the landslide deposits
and the underlying background sediments (225 cm).
We address these data in the discussion (see below).
Pore water geochemistry
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Table 2a.

Results of ring shear tests in comparison to clay, silt, and sand contents of cores
GeoB 9006-1
234 cm

GeoB 9091-13
20-345 cm

GeoB 9093-1
260 cm

GeoB 9008-2
6 cm

clay content (%)

25,6

21,9-25,0

22,4

22,8

silt content (%)

73,3

67,5-75,7

75,0

77,9

sand content (%)

1,1

0,7-10,7

2,6

0,3

res. shear strength (MPa)1

1,29

0,64-1,27

1,042

0,916

coeff. of friction1

0,258

0,158-0,31

0,257

0,226

-0,017

-0,033-0,031

-0,003

0,021

2,21-40,73

20,16

7,02

2

[a-b]-value

Undrained shear strength
(kPa, fall-cone tests)
1

Measurements with 4 MPa normal stress and 0,03 mm/min slip velocity; Sample GeoB 9006-1, 234 cm with 5 MPa normal stress.
as reviewed by Scholz, 1998.
3
see also Table 2b
2

Table 2a: Results of ring shear tests in comparison to clay, silt, and sand contents of cores GeoB 9008-2, GeoB 9006-1, GeoB 9091-1 and GeoB 9093-1.
Please note that results from grain size analyses are also shown in Figure 6.

Table 2b.

Detailed results of core GeoB 9091-1 of the ring

GeoB 9091-1

20 cm

110 cm

190 cm

225 cm

240 cm

280 cm

345 cm

clay content (%)

21,7

25,0

24,5

22,7

23,8

25,9

23,3

silt content (%)

67,5

70,7

72,4

74,2

75,4

73,4

75,7

sand content (%)

10,7

4,3

3,2

3,1

0,7

0,8

0,9

res. shear strength (MPa)

1,029

0,64

0,91

1,27

0,996

0,83

1,088

coeff. of friction

0,254

0,158

0,224

0,31

0,246

0,204

0,268

[a-b]-value

-0,001

-0,004

0,01

0,031

-0,033

0,001

0,005

Undrained shear strength
(kPa, fall-cone tests)

2,21

7,25

12,74

38,61

40,73

20,66

25,81

Table 2b: Detailed results of core GeoB 9091-1 of the ring shear tests in comparison to the clay, silt, and sand contents.

Owing to time constraints and the need to preserve some
of the core for other research, only two of the five cores in
the MPF landslide area were examined for pore water
geochemical composition on board RV Sonne (Kopf et
al., 2004). These were the GeoB9006-1 reference site as
well as the GeoB9091-1 distal landslide site (Fig. 2).
The reference core showed quasi-linear trends in alkalinity or NH4+. In contrast, core GeoB 9091-1 pore water
analyses show an abrupt change within the lower part of
the core for most constituents (Fig. 8). Above 250 cm bsf
alkalinity ranges between around 3.1 and 6.0 meq/l.
Below 250 cm bsf alkalinity changes abruptly and is clearly higher with values between 7.0 and 10.0 meq/l. Simi-

larly, the silica profile shows an abrupt change in a core
depth around 220-250 cm bsf. Above 220 cm the concentration ranges between 100 and 130 µmol/l and below
220 cm Si concentration ranges between 150 and 200
µmol/l. The reference core does not show that bipolar
trend in Si, but is characterised by a systematic downhole
increase (some scatter included). While the upper part
(0-150 cm bsf) ranges from 90 – 110 µmol/l, the middle
part (150 – 250 cm bsf) ranges from 120 – 150 µmol/l,
and Si in the lower portion (250 – 410 cm bsf) plots between 170 and 200 µmol/l. We attribute the distinct
change in pore water chemistry to the observations of
variable physical properties in that interval (see Chapter
4.1), most likely related to some change in deposition.
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Fig 6: Grain size distribution of cores GeoB 9006-1, GeoB 9008-2, GeoB 9091-1, and GeoB 9092-1 from MPF landslide
area. For location see Figure 2.

Fig 7: Results from ring shear tests
on specimens taken fron core GeoB
9091-1. A) Residual shear strength,
B) [a-b] value. For comparison, clay
content (C) and undrained shear
strength from falling cone tests (D)
are also given. See text.
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Discussion
The pore water analyses of GeoB 9091-1 show an interesting change at a core depth around 220 - 250 cm (Fig.
7). This change, which is most obvious for the alkalinity and Si profiles, suggests that pore waters in the
upper and lower portion of the core are not in equilibrium. Earlier work has attested that pore water chemistry is a powerful proxy in dating turbidite events
and submarine landslides (Zabel & Schulz 2001). In
addition to the geochemistry of the fluids, most of the
physical properties such as density, water content or
undrained shear strength also show profound variations in the interval between 220 and 240 cm (Figs. 4, 5,
7). Such characteristics are in favour of a zone of instability, i.e. a discontinuity in the sedimentary succession.
When combined, our results suggest that we have two
different units in GeoB 9091-1 with the boundary between them at approximately 220 - 250 cm. It also
means that the upper unit comprises deposits remobilised from the landslide further upward on the Marquês
de Pombal Mountain, while the lower unit consists of
the regional background sediment.
In the discussion we will focus on two main aspects.
First, we will address the physical properties of the
landslide deposits, namely the rate-dependent frictional behaviour and its implications for slope stability.
Second, we will use our geochemical data to model
deposition of the distal sediments penetrated at
GeoB9091-1, and tie them into the regional framework
of potential triggers of the landslide and subsequent
turbidites.
Frictional stability of the MPF landslide deposits
One of the main parameters influencing the stability of
submarine slopes is the low intrinsic frictional strength
of clay minerals, especially when water-saturated (e.g.,
Lupini et al. 1981; Logan & Rauenzahn 1987; Brown et
al. 2003). In fact, slopes being (partly) covered in such
sedimentary sequences do not require much of a trigger
before failure occurs. For this reason, we here discuss the
results from ring shear testing of seawater-saturated
sediments in the light of intrinsic strength. Figure 9 plots
the projected positions of the five sediment cores from
the landslide area onto seismic reflection profile (station
GeoB 9094-2) acquired in E-W direction across the
landslide (Kopf et al. 2004). Insets show how to calculate
the [a-b]-value as well as the [a-b]-values calculated
from our ring shear results. While the majority of the [ab]-values are very close to zero, three specimens are different: GeoB 9091-1_225 cm with µ=0,031, GeoB 90911_240 cm with µ=-0,033, and GeoB 9008-2_6 cm with
µ=0,021. Most importantly, both sediments taken at the
head scarp (GeoB 9008-2) and at the very toe of the slide
show distinct positive [a-b]-values and thus, velocity

strengthening behaviour. Materials showing velocity
strengthening tend to produce inherently stable frictional slip; when water-saturated, the majority of the clay
minerals fall into this group. We tentatively conclude
here that weak layers within our gravity cores in the MPF
landslide region show velocity strengthening and are
hence predestined to fail. In contrast to those observations, GeoB 9091-1_240 cm shows velocity weakening.
Here the shear strength decreases with increased rate,
potentially causing either unstable stick-slip or only conditionally stable behaviour (e.g. Scholz 1998; Saffer &
Marone 2003).
A reason for the similarity of GeoB 9008-2 (6 cm) and
GeoB 9091-1 (225 cm) might be that, in both cases, we
regard supposed failure planes. Near the head scarp
subbottom deposits, as well as at the boundary between
the upper and lower unit, one anticipates weak material
properties and stable frictional sliding behaviour. This
is exactly what our ring shear results attest (Figs. 7, 9).
Figure 7 further illustrates the near perfect match of the
strength from the falling cone and ring shear tests with
the [a-b] data. With respect to post-slope failure dynamics, these results further imply that runout distances
may be very high. If we now relate this finding to the
estimated length (i.e. 24 km) and sediment volume (1.3
km3) of the slide (see Gràcia et al. this volume; Vizcaino
et al. this volume), our data agree well with the results
by those workers.

Timing and triggering of the distal mass wasting deposit
Based on the strong deviation of most of our geochemical signatures in the pore waters of core GeoB 9091-1
(Fig. 8), we conclude that the uppermost 220 - 250 cm
of the sediments were out of equilibrium with their
footwall deposits. When modelling emplacement and
allowing for diffuse flow with time, we can allocate certain fits to the geochemical deviations in the core. For a
detailed description of the modelling method refer to
Hensen et al. (1997), or Hensen et al. (2003). Figure 10A
shows the modelling results and the measured data
points of the silicate concentrations in the pore waters.
The small black line shows the assumed situation at the
time of our small mass movement event. The thicker
black line shows the modelled situations after 5 years,
the dark grey line the situation after 10 years and the
lighter grey line shows the modelled situation after 20
years. It can be seen that the longer diffusion is allowed,
the more anticipated pore water composition deviates
from the actual shipboard data (Kopf et al., 2004). Consequently, we propose that deposition must have taken
place around five years prior to sampling in late 2003. It
should be noted, however, that the diffusion modelling
has to be treated with some caution since it requires a
distinct boundary to be picked between the hangingwall
and footwall sedimentary package. In the case of the
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Fig 8: Pore water geochemical data from gravity core GeoB 9091-1 from the most distal portion of the Marques de Pombal landslide: (A) Alkalinity, (B) NH4, (C) PO4, and (D) Si.

upper unit, however, such a boundary cannot be picked
from core observation without some uncertainty (see Fig.
8). In fact, the macroscopic homogeneity of the sediments of that core suggests that some of the background
sediments got amalgamated into the slid upper unit. Still,
pore water chemistry attests an individual redepositional
event that matches our modelled curves (Fig. 10A).

Fig 9: Schematically positions of the five cores from the landslide area
projected into the seismic line (GeoB 9094-2, Kopf et al. 2004) across
the slope. The profile length is approximately 21 km (Kopf et al.
2004); for location refer to Figure 2 Included are the [a-b]-values
calculated from the ring shear tests after Scholz (1998). In the top
left-hand corner of the diagram is shown how to calculate the [a-b]value after review by Scholz (1998).

An important question for slope stability analyses is
always what mechanism initiates a submarine slide.
Before discussing the potential trigger mechanism(s), it
should be pointed out that the event we have dated is
not contemporary with the emplacement of the MPF
slide (see Vizcaino et al., this volume). In fact, quite the
opposite is the case. While the main sliding event can
be narrowed down to having been triggered some 3000
years ago, some of the then slid deposits may have temporarily ended up in a metastable position on the Portuguese slope. Consequently, a fairly minor variation in
physical condition may have caused these deposits to
slide some five years ago. This may include earthquake
tremor, oversteepening of the slope caused by tectonic
displacements along the MPF (i.e. readjustment to critical taper), fluid migration, or even tidal loading.
We have investigated the various regional records at the
time. The only hint towards natural hazards being possibly associated with the emplacement of the 220-250 cmthick mass wasting deposit at the distal slide body is an
earthquake some 120 km away to the NE (Fig. 10B).
According to Malamud et al. (2004), earthquake tremor
of M4.3 is required to trigger a landslide. When compiling seismic records in the time window envisaged (i.e. 5
years prior to the cruise SO175), the only significant
earthquake near the study area coincidentally was a M4.3
tremor some 120 km NE of the MPF slide. It is not certain that this rather distant event has affected the MPF
area, however, no other obvious process has been recorded. Still, sliding may have simply occurred due to other
processes such as vertical loading (due to tidal, tectonic
or sedimentary reasons), etc. even progressive sedimentation, causing increasing shear stresses on the clays at
the basal interface of the landslide (headwall and ca. 225
cm-deep distal lobe) may have been a trigger sufficient
for sliding given the low overall frictional strength.
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Fig 10: A) Si concentrations in GeoB 9091-1 pore waters and modelled trends simulating emplacement of the uppermost 225 cm-thick sediment
package at 5, 10, and 20 yrs. before sampling. B) Location of the Marques de Pombal landslide and location of an earthquake from 1998.

Conclusions
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