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ABSTRACT

Continental slope sediment failures around the epicentre of the 1929 `Grand

Banks' earthquake have been imaged with the SAR (SysteÁme Acoustique

RemorqueÂ) high-resolution, deep-towed sidescan sonar and sub-bottom pro®ler.

The data are augmented by seismic re¯ection pro®les, cores and observations

from submersibles. Failure occurs only in water depths greater than about 650 m.

Rotational, retrogressive slumps, on a variety of scales, appear to have been

initiated on local steep areas of seabed above shallow (5±25 m) regional shear

planes covering a large area of the failure zone. The slumps pass downslope into

debris ¯ows, which include blocky lemniscate bodies and intervening channels.

Clear evidence of current erosion is found only in steep-sided valleys: we infer

that debris ¯ows passed through hydraulic jumps on these steep slopes and were

transformed into turbidity currents which then evolved ignitively. Delayed

retrogressive failure and transformation of debris ¯ows into turbidity currents

through hydraulic jumps provide a mechanism to produce a turbidity current

with sustained ¯ow over many hours.
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INTRODUCTION

Purpose

The `Grand Banks' earthquake of 18 November
1929 on the continental slope south of the island
of St Pierre (Fig. 1) caused widespread seabed
slumping and initiated a turbidity current that
broke cables for up to 13 h after the earthquake
(Doxsee, 1948; Heezen & Ewing, 1952; Piper et al.,
1988). The general distribution of seabed slump-
ing has been determined from SeaMARC I mid-
range sidescan sonar surveys (Piper et al., 1985),
but the resolution of this system was insuf®cient
to de®ne many of the failure features. Therefore,

in 1990, the IFREMER SAR (SysteÁme Acoustique
RemorqueÂ) deep-towed, high-resolution sidescan
and sub-bottom pro®ler system was used to
investigate particular failure zones on St Pierre
Slope (Fig. 2) (Piper et al., 1992; Cochonat & Piper,
1995). The purpose of this study was to determine
the morphology and distribution of failure fea-
tures, in order to better understand the processes
leading to sediment failure and the linkage
between sediment failure, subsequent evolution
of the slide, and ®nally the initiation of turbidity
currents. In ancient rocks, internal structures
have been used (Shanmugam et al., 1995;
Shanmugam, 1996) to propose that debris ¯ow
deposits may be common in expected turbiditic
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settings, so de®ning transitions between different
processes occurring in a gravity ¯ow in a modern
environment is important.

Geological setting

The St Pierre Slope experienced overall progra-
dation during the Quaternary (Piper & Normark,
1989), but is bounded to the west and east by the
major erosional pathways of the Eastern Valley of
Laurentian Fan and Halibut Canyon (Fig. 3).
Shallow slope valleys, the largest of which (St
Pierre Valley) is up to 300 m deep, cut the St
Pierre Slope. They probably originated from
proglacial erosional processes (Piper, 1988). A
prominent bathymetric ridge runs downslope
between St Pierre Valley and Halibut Canyon.
The upper slope, from the shelf break at approx-
imately 100 m water depth to about 500 m water
depth, has a mean gradient of about 2°; below
this, the slope steepens to about 5°. The upper

slope is underlain by diamicts and sands dating
from a late ice advance through Halibut Channel
at about 12 ka, overlain by up to 20 m of
proglacial sediments and a further 0±6 m of
Holocene silty muds that become sandier upslope
(Bonifay & Piper, 1988). The diamicts overlie
strati®ed proglacial sediment. On the mid slope,
below 500 m water depth, Holocene muds are 1±
3 m thick; they overlie a few metres of variegated
muds that are the distal equivalent of the upper
slope diamicts, and then a thick succession of
rapidly deposited muds with scattered ice-rafted
gravel dating from about 15 ka and derived
principally from glacial outwash down the Lau-
rentian Channel.

The epicentre of the Ms 7á2 `Grand Banks'
earthquake of 1929 has been located on the
western margin of St Pierre Slope, in about
2000 m water depth. Deep-towed sidescan sys-
tems have shown that surface sediments over
most of St Pierre Slope show failures, interpreted
as rotational slides and debris ¯ow deposits
(Fig. 4). The very fresh morphological features
suggests that these failures resulted from the 1929
earthquake (Piper et al., 1985; Hughes Clarke,
1990; Piper et al., 1992). These failures show a
prominent line of headscarps on the upper slope
between 700 and 500 m water depth (large scarps
in Fig. 5): above this, sediments appear to have
been stable. Some sediments on the ridge between
St Pierre Valley and Halibut Canyon were also
stable, but generally St Pierre Slope shows a
complex of rotational slides, passing downslope
into erosional channel systems (Piper et al., 1992)
and debris ¯ow deposits (Piper et al., 1985;
Hughes Clarke, 1990).

Sidescan imagery (Piper et al., 1985, 1992)
shows that pockmarks (gas escape craters) are
widespread in undisturbed areas of the slope
between 400 and 1700 m water depth, and locally
also cut rotational slides. Pockmark abundance is
variable, appearing to correlate with the presence
of deeper faults. Many cores from St Pierre Slope
show gas expansion cracks; gas samples include
propane and butane suggesting a petroliferous
origin.

The 1929 turbidity current

The behaviour of the turbidity current initiated by
the 1929 earthquake has been inferred from cable
breaks, the distribution of erosional features, and
the character of sur®cial deposits (Hughes Clarke,
1988; Piper et al., 1988; Hughes Clarke et al.,
1990). We suspect that some of the features

Fig. 1. Regional map showing location of study area
and 1929 earthquake epicentre (*).
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identi®ed by these authors as 1929 deposits,
particularly the gravel waves, may be relict late-
glacial features, but we interpret erosional forms
in sand on the ¯oor of Eastern Valley as resulting
from the 1929 event. Cable breaks show that the
1929 current reached velocities of at least
19 m s)1 and its ¯ow thickness was of the order
of hundreds of metres as determined from eros-
ional trimlines. Total sediment transport is esti-
mated as >150 km3 from the volume of the
deposit on the Sohm Abyssal Plain (Piper &
Aksu, 1987). These data imply that the 1929
turbidity current must have ¯owed for at least 4 h
and, more probably, about 11 h (Hughes Clarke,
1988; Piper et al., 1988).

The commonly held model that the current was
initiated by a single catastrophic slide or lique-
faction event (e.g. Kirwan et al., 1986) is not
supported by the data. Seismic or sidescan data
show no evidence for a source of lique®ed sandy

sediment on the continental slope. Observations
from submersibles, sidescan sonographs and
seismic re¯ection pro®les on the continental
slope show little erosion above 1000 m, but
increasing amounts of erosion in several different
valley systems below that depth. The current
accelerated, eroding sediment from the valley
¯oor: it was not a decelerating surge (Hughes
Clarke, 1988). We presume a linkage between the
widespread failure of muddy sediments on the
continental slope and the initiation of the turbid-
ity current, involving mechanisms of the type
proposed by Hampton (1972) and Weirich (1989)
for the transformation of debris ¯ows into turbid-
ity currents. Currents, once generated, would
have accelerated ignitively (Parker, 1982) by
erosion of the valley ¯oor. Piper et al. (1992)
proposed that prolonged retrogressive failure,
leading to formation of debris ¯ows and turbidity
currents, could have initiated a major ignitive

Fig. 2. Map showing available data on St Pierre Slope. Boxes show the location of Figs 5, 9 and 13.
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turbidity current over a period of several hours.
The detailed evidence for and implications of this
concept are examined in more detail in this
paper.

METHODS

This study is based on a detailed survey (Fig. 2)
using the IFREMER SAR system (Augustin &
Voisset, 1989). The SAR is a deep-towed sidescan
sonar equipped with 170 kHz (port) and 190 kHz
(starboard) transducers and a 3á5 kHz sub-bottom
pro®ler. The system is able to produce a 1500 m
wide swath of the sea¯oor with a pixel size
corresponding to a 30 cm2 footprint. In soft
sediments, sub-bottom pro®les penetrate the sea
¯oor to a depth of up to 80 m, with a vertical
resolution of about 75 cm. All data are digitally
recorded and reprocessed in mosaic form with

some image enhancement using TRIAS software
(Augustin & Voisset, 1989). Navigation was by
Global Positioning System (GPS) for about 15 h
per day and LORAN-C at other times. The SAR
®sh was positioned relative to the ship by
acoustic ranging. Line drawing interpretations
have been prepared for the entire SAR survey
(Fig. 5), based both on SAR data and supporting
data discussed below.

At the same time as the SAR survey, a 40 cubic
inch (655 cm3) sleeve gun source was used to
obtain seismic re¯ection pro®les. Huntec DTS
high-resolution boomer pro®les of the survey area
were obtained on a subsequent cruise in 1991.
Cores have been obtained on various cruises
within the study area; further ground truth is
available from four submersible dives in 1985
(Hughes Clarke et al., 1989) and further dives in
1986 (Fig. 2). The initial selection of SAR survey
areas was based on 1983 and 1984 SeaMARC I

Fig. 3. Bathymetric map of St Pierre Slope near the epicentre of the 1929 earthquake. Based on conventional echo-
sounder data, interpolated using sidescan sonographs. The contour interval is 25 m where data permit.
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5 km swath sidescan surveys (Piper et al., 1985;
Hughes Clarke, 1987). Bathymetric data from
these and subsequent sampling cruises have been
assembled to produce the new bathymetric map
shown in Fig. 3.

Description of seabed facies

Undisturbed seabed

The upper continental slope, to water depths of
about 500 m, shows no evidence for sediment
failure in either seismic re¯ection pro®les or
sidescan sonar imagery. The seabed in places
appears smooth; in places, there is evidence of
partially buried iceberg scours in water depths

as great as 630 m. In many areas, gas escape
craters (pockmarks), 30±50 m in diameter, are
common (Fig. 6). Isolated `islands' of undis-
turbed sediment are also visible in seismic
pro®les and sidescan imagery down to water
depths of 2000 m (Fig. 5).

Rotational slumps

Rotational slumps are visible in sidescan imagery
as a series of sub-parallel arcuate ridges (Figs 6±
11). These occur at two main scales: small
rotational slumps involve failure of sediment 2±
5 m thick (Fig. 7) and ridges are spaced a few tens
of metres apart (Figs 7, 8). Small rotational

Fig. 4. Interpretative regional map of sea¯oor facies, based largely on SeaMARC I mid-range sonographs (see Piper
et al., 1985) with additional interpretation from new SAR data and facies interpreted from 3á5 kHz pro®les. Figure
also shows the location of new SAR pro®les.
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slumps commonly terminate laterally against
shear zones that are almost orthogonal to slump
ridge crests (Fig. 8). The trace of these shear zones
can be followed into the slump zone itself.
According to the stratigraphy of Bonifay & Piper
(1988), small rotational slumps involve only
Holocene sediments. They are typically devel-
oped on gradients of 2±3°. In some areas, pock-
marks clearly cut the small rotational slumps
(Fig. 6).

Larger-scale rotational slumps (Figs 8±11) in-
volve failure of sediments 5±30 m thick, with
spacing of rotational block crests of > 50 m.
Morphologically, they are similar to the small
rotational slumps, with the development of or-
thogonal shear zones.

Ground truth is provided by Pisces dive 1643
(Hughes Clarke et al., 1989), which crossed ridges
5±15 m high, spaced at 200 m, with some bed-
ding inclined at up to 60°. Fresh surfaces indicate
that some minor failure may be continuing at
present. Talus spalling off these scarps into
depressions forms poorly sorted mud clast con-
glomerates that are probably indistinguishable
from debris ¯ow deposits in cores. Headwall
scarps were observed on this dive and on dive
1641 (Hughes Clarke et al., 1989).

Debris ¯ow deposits

On sidescan sonar, debris ¯ow deposits have an
irregularly textured appearance, lacking strong

Fig. 5. Detailed line drawing interpretation of sediment failure features on St Pierre Slope. The boxes show the
location of Figs 6±8 and 10±12.
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linear features; sub-bottom pro®les show acousti-
cally transparent sediment bodies with positive
relief. Ground truth is provided by cores 90-01,
91-20 and 91-40, all of which show muddy blocks
of sediment on a variety of scales set in a muddy
matrix.

Debris ¯ow deposits occur in at least two
settings. They are common immediately down-
slope from the rotational slump facies (Fig. 7), in
places partially masking large slump ridges

(Figs 10, 11). In this setting, it is in places dif®cult
to distinguish slump and debris ¯ow facies. Cores
that contain muddy blocks may represent either
true debris ¯ow deposits or talus derived from
rotational blocks. Thus the large rotational
slumps appear to pass progressively downslope
into debris ¯ow deposits.

Debris ¯ow deposits are also common within St
Pierre Valley: in places, multiple deposits appear
to be stacked. Some ¯ow deposits have strong
surface lineations, others are smooth (Fig. 12). The
snout of one such ¯ow was investigated on Alvin
dive 1724 (Mayer & Halter, unpublished report):
the snout was in places steep and 1±2 m high, but
elsewhere gradational. Indurated mud clasts were
locally visible on the surface of the ¯ow. A pore-
pressure probe penetration of the same ¯ow
deposit recovered some gravelly sandy mud.

Eroded bedding planes over subsurface
inclined zones

In places, rotational slumps pass downslope into
elongate zones of eroded seabed in which the
gradient is locally steeper (6±10°). This steepen-
ing of the dip of sur®cial sediments in these zones
(Fig. 7) mimics that of deeper re¯ectors which
overlie buried faults, old scarps or channel
margins.

In sidescan imagery, these zones show erosion
down to one or more prominent bedding planes
and a lack of sur®cial deposits. Downslope
lineations, probably re¯ecting erosional furrows
cutting the bedding planes, are common. In one
area, there is an arcuate depression near the base
of the erosional slope that passes downslope into
a debris ¯ow channel: this feature appears more
like an arcuate rotational slump than a ¯ute-like
scour (cf. Shor et al., 1990).

Debris ¯ow channels

Debris ¯ow channels are shallow erosional fea-
tures less than 20 m deep developed in sur®cial
sediments (Figs 7, 8). Characteristically, the chan-
nels are ¯oored by an eroded bedding plane. Some
erosional valley sides have only a thin hemi-
pelagic veneer (core 91-42) whereas others are
capped by thin debris ¯ow deposits (core 91-40).

On Pisces dive 1643 (Hughes Clarke et al.,
1989), a narrow channel between large rotational
ridges was crossed (Fig. 10c). It lay at the base of
steep 20 m high cliffs. The gully ¯oor was
covered with mud, but showed low relief lineat-
ions parallel to the length of the gully.

Fig. 6. SAR sidescan image from the upper St Pierre
Slope showing abundant pockmarks both outside and
within small-scale slumps. The ®gure location is
shown in Fig. 5.
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Valleys: erosional features

Valleys are de®ned as substantially deeper and
wider erosional features than channels. They
commonly have a complex facies distribution on
their ¯at ¯oor and indurated sediments outcrop
on the valley walls, which are commonly tens to
hundreds of metres high. Around the epicentre of
the 1929 earthquake, there are at least three types
of valley.

1 Eastern Valley of the Laurentian Fan is up to
25 km wide and heads on the steep continental
slope (Fig. 3). A portion of the upper part of the
valley has been imaged by SAR (Figs 13, 14).
Regional coverage of the valley is available from
SeaMARC images (Piper et al., 1985), which
showed that lineations (apparently erosional in

origin) are common above 1600 m; below that, the
valley is ¯oored by gravel. The SAR data from the
head of Eastern Valley show that large rotational
slumps (Fig. 14a) pass rapidly downslope over 2±
4 km through a zone of anastomosing channels
and residual blocky debris ¯ow deposits
(Fig. 14b) into a zone of linear erosional features,
apparently linear outcrops of prominent bedding
planes (Fig. 14c).
2 St Pierre Valley is a few km wide and heads in a
series of scarps at about 600 m water depth on St
Pierre Slope (Fig. 4). The middle reach of the
valley has been imaged by SAR: it shows areas of
erosional lineated valley ¯oor, in places overlain
by debris ¯ow deposits, some of which them-
selves show erosional lineations (Figs 5, 12),
indicating further erosion by currents. The walls
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of this part of St Pierre Valley show ridge and
gully morphology (Figs 9, 10, top left).
3 A series of smaller valleys east of St Pierre
Valley head in water depths of about 2000 m on
lower St Pierre Slope (Fig. 3). They have not been
imaged by SAR and are poorly imaged by
SeaMARC. They are typically 200 m deep and
2 km wide and seismic facies suggest that they
are ¯oored by coarse sediment.

Some ground truth for valley ¯ow facies is
available from Pisces dives (Fig. 2) (Hughes
Clarke et al., 1989). On dive 1642, lineated terrane
on the ¯oor of St Pierre Valley was crossed.

Lineations consisted of linear ridges 0á4±1á5 m
high and spaced at 5±7 m cut into stiff mudstone.
Some ridges formed terraces, implying outcrop-
ping bedding planes. On dive 1641 in Eastern
Valley, outcropping bedding planes and elongate
low scour depressions were observed.

Depositional facies in Eastern Valley

SAR imagery has been obtained for parts of
Eastern Valley that are ¯oored by gravel waves
and sand ribbons, previously observed in Sea-
MARC images (Piper et al., 1985; Hughes Clarke
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Fig. 8. SAR sidescan image of small- and large-scale rotational slumps on mid St Pierre Slope. The ®gure location is
shown in Fig. 5.
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et al., 1990). The SAR sub-bottom pro®les
(Fig. 15) show that the sand ribbons are up to
8 m thick. Whether these features date from 1929
or are older late-glacial deposits is uncertain.

Regional distribution of seabed facies

Middle St Pierre Slope

The middle part of St Pierre Slope, in water
depths of 700±1400 m, is characterized by wide-
spread sediment failure in the form of rotational
slumps and debris ¯ows (Fig. 5). The process of
failure is clearly rotational slumping for each
individual failure, but there are many successive
overlapping slumps (cf. Mulder & Cochonat, 1996)
that retrogressed over a widespread shear plane
appearing at a shallow depth below the sea ¯oor
(generally <25 m). The value of <<0.15 for the
Skempton ratio (Skempton & Hutchinson, 1969)
between the depth and length of the slide shows
that the overall process is that of a translational
slide involving numerous thin-skinned failures.

Between 700 and 900 m water depth, failure
appears to have been initiated at a local increase

in gradient, where sub-bottom re¯ections dip at
10°, compared with 3° further upslope (Fig. 7).
Small-scale rotational slumps retrogressed up-
slope from this zone, but stopped in water depths
of about 700 m (Fig. 7). There is no gradient
change that might be responsible for this upslope
limit of failure, but upslope sediments have a
higher proportion of silt and ®ne sand and thus a
higher density and permeability.

A zone of undisturbed sediment extends along
the crest of the ridge between Halibut Valley and
St Pierre Valley to a water depth of at least
1400 m (Figs 4, 5). The western margin of this
zone is marked by a series of small-scale rota-
tional slumps. Further downslope, a later large-
scale retrogressive slump appears to have been
initiated at a local increase in gradient to 6°
(Fig. 8). Downslope from these rotational slumps
are ribbons of debris ¯ow deposits, shallow debris
¯ow channels, and zones of further retrogressive
small-scale rotational slumps. At least 7 km of
retrogression can be demonstrated from our side-
scan images, and taking into account correlative
features imaged on the lower slope, 20 km of
retrogression appears probable.

Fig. 9. SeaMARC I image showing sequence of sediment failure on lower St Pierre Slope and the location of Figs 10,
12a and 12c.
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Lower St Pierre Slope

The dominant features in 1400±1900 m water
depth (Fig. 5) are a series of large rotational
slumps, with subparallel ridge crests terminating
against or offset by orthogonal shear zones
(Figs 9±11). `Islands' of intact sediment remain
that did not form large rotational slumps
(Fig. 10b,c). In many cases, these have small

rotational surface slumps (Fig. 11), but isolated
patches of completely undisturbed seabed re-
main. These occur at the margin of the large
rotational slumps, and the small rotational
slumps also show a bending of ridge crests near
the edge of the large rotational slumps (Fig. 11).

Downslope from the eastern part of the failure
zone, a signi®cant channel is developed within
the rotational slumps. This channel cuts down
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Fig. 10. SAR sidescan image (a, c) of large-scale rotational slumps and debris ¯ows on lower St Pierre Slope and
3á5 kHz SAR pro®le of part of the image (b). The ®gure location is shown in Fig. 5. Prominent ridges mark rotational
slumps that have retrogressed northward. Note the linear contact between two rotational slumps. In the north-eastern
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within which a debris ¯ow with a smooth surface has been deposited and partially masks the rotated blocks. The
smooth seabed in the north-east of the image has had a few metres of surface sediment removed. In the south-western
part of the image, a local steepening of the slope to 6° corresponds to a zone in which underlying strata have been
eroded. Downslope from this are blocky debris ¯ow deposits.
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into sediments slightly below the basal shear
plane of the large rotational slumps (Fig. 10b). A
transition is seen across the channel from rotated
blocks to debris ¯ow deposits with rare blocks to
smooth debris ¯ow deposits. In the southern part
of the channel, there are subtle lineations on the
debris ¯ow and on the lower part of the rotated
block ®eld; upstream to the north no evidence for
lineations is seen on the SAR images although
lineations were observed from submersibles. This
channel system appears to lead to deeper valleys
to the south that are known from Huntec boomer
pro®les.

In the western part of the large rotational
slump, at the edge of St Pierre Valley, the slump

ridges are clearly truncated by a zone of exposed
bedding planes (Figs 9, 10a). Ridges to the west
appear less sharp, as if partially masked by
sediment or partially eroded, and in places,
seabed textures typical of debris ¯ow deposits
are seen. The debris ¯ow area is cut by shallow
channels. SAR images indicate downslope trend-
ing ridges in the steeper bedding plane zone,
which are similar to the feature on mid St Pierre
Slope. This feature may be interpreted as some
form of avalanching or glide failure down a steep
slope. Downslope, the sur®cial sediments are
interpreted as principally debris ¯ow deposits
that locally mask remnants of large rotational
slumps. They have an average gradient of only

Large rotational slump

Blocky debris flow

N

0 500m

Smooth debris flow

Large rotational slump Small rotational slump

Undisturbed seafloor

Small rotational
slump

Large scarp

Fig. 11. SAR sidescan image of a large-scale rotational slump overlain by a debris ¯ow deposit that is in places blocky
and in places smooth. This is a continuation of the debris ¯ow deposit in Fig. 10. To the north-east is an apparently
later small-scale rotational slump. The ®gure location is shown in Fig. 5.
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1á5°, but pass downslope into steep ridge and
gully topography on the walls of St Pierre Valley
with mean gradients of 3±5° (Fig. 9). The debris
¯ows on the ¯oor of St Pierre Valley (Fig. 12) have
a limited north±south extent and appear to be
derived from transport down the Eastern Valley
wall.

Upper Eastern Valley

At the head of Eastern Valley, the regional
gradient is about 6°, considerably steeper than
on St Pierre Slope, with local gradients as steep as
9°. Undisturbed sediment with some pockmarks
is found to water depths of about 500 m, similar
to the maximum depth at which till has been
recognized in sub-bottom pro®les (Bonifay & Piper,
1988). Large headscarps 20±25 m high (Fig. 14a)
cut the entire strati®ed sediment sequence above
till. Downslope, a few large-scale rotational
slumps are preserved. The slumps pass rapidly
downslope into debris ¯ow deposits, and, within
a few kilometres, grade into seabed consisting of
eroded bedding planes (Fig. 14c). Near the head-
scarps, rotational slump blocks appear partially
buried by debris ¯ow material (Fig. 14a), both
smooth and blocky, as observed on St Pierre
Slope (Figs 11, 12). In general, two debris ¯ow
facies are distinguished. Planform lenses of
acoustically transparent material 6±10 m thick
show a rough surface in sonar images and are
interspersed with shallow anastomosing channels
that appear to contain smooth debris ¯ow mate-
rial (Figs 13, 14b). In places, blocks emerge from
these smooth debris ¯ows. It is dif®cult to
precisely identify the downslope limit of the
channels, but they appear to debouch onto eroded
bedding planes, in places with isolated blocks,
that downslope pass into a zone with linear
bedding plane scarps (Fig. 14b), trending perpen-
dicular to the isobaths, similar to those identi®ed
in St Pierre Valley (Fig. 12c). This transition from
headscarps to eroded valley ¯oor takes place over
a distance of only 4±5 km, in contrast to the much
longer distances (20±35 km) on St Pierre Slope.

Synthesis of the sequential evolution of debris
¯ows and turbidity currents

The sequence of failure events imaged in this
study must be interpreted within the context of
the style of the 1929 turbidity current (Piper
et al., 1988; Hughes Clarke, 1988). This current
travelled at a velocity that peaked at more than
19 m s)1 and deposited >150 km3 of sediment on

Fig. 12. SAR sidescan images and sub-bottom pro®le
from the ¯oor of St Pierre Valley. (a) Sidescan image of
debris ¯ow with prominently lineated surface appar-
ently overlying smooth debris ¯ow. The margin of de-
bris ¯ow is marked by a scarp (arrows), with eroded
valley ¯oor to the north-west. (b) Corresponding
3á5 kHz sub-bottom pro®le of the image (a) showing the
10 m thick debris ¯ow deposit. (c) Sidescan image of
the eroded valley ¯oor immediately west of image (a).
Note lens-like erosional remnants and coalescing
erosional scarps along bedding planes.
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the Sohm Abyssal Plain. Mass balance calcula-
tions show that most of this sediment was sand,
presumably eroded from the ¯oors of the fan
valleys, rather than muds derived from slope
failure (Piper & Aksu, 1987). Using reasonable
limits for the density of this turbidity current,
Hughes Clarke (1988) estimated a duration of ¯ow
of at least 4 and probably 11 h.

According to our new SAR data, there is no
evidence for deep failure of a large sediment
body at the head of Eastern Valley that might be
considered the source of the 1929 turbidity
current. Rather, there has been widespread
failure on the continental slope of a sur®cial
layer 20±25 m thick of proglacial strati®ed sed-
iment. This con®rms previous interpretations

made from SeaMARC imagery (Piper et al.,
1985) and submersible dive 1641 (Hughes Clarke
et al., 1989).

How then did the rotational slumps observed
on the continental slope lead to the formation of a
major turbidity current of considerable duration?
The change in sea¯oor morphology downslope
provides a general interpretation of the processes
involved (Fig. 16). The upper and mid-slope areas
are dominated by rotational slumps that appear to
lead downslope into debris ¯ows. St Pierre
Valley, Eastern Valley and the steep-sided valleys
of lower St Pierre Slope all show predominantly
erosional features or are ¯oored by sorted gravel.
Debris ¯ow deposits are rare in these valleys.
There is thus presumably a transition from debris

Fig. 13. Line drawing of a mosaic of sidescan images of the upper part of Eastern Valley, showing transition from
headwall scarps through debris ¯ows to an extensive zone of erosion. Boxes are the locations of Fig. 14(a)±(c).
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¯ows to turbidity currents in water depths of 700±
1500 m on the continental slope.

Experimental work by Hampton (1972) has
shown that erosion of the upper interface of a
debris ¯ow will produce a turbidity current; this
process is more effective on steep slopes and in
muddier ¯ows. Alternatively, in-mixing of water
at the base of a debris ¯ow may result in whole-
¯ow transformation of the ¯ow into a turbidity

current (Allen, 1971). This whole-¯ow transfor-
mation has been observed on steep slopes in lakes
where a debris ¯ow goes through a hydraulic
jump (Weirich, 1989). A suspension current on a
steep slope may be suf®ciently powerful to erode
bed sediment and thus increase in size and
velocity: a condition described as ignition (Par-
ker, 1982). Hughes Clarke et al. (1990) proposed
that talweg channels up to 40 m deep on the ¯oor
of Eastern Valley represented the main sites for
ignitive erosion of sediment.

The morphological freshness of the slumps,
their similar regional extent to the instantaneous
cable breaks, the lack of overlying hemi-pelagic
sediment, and the lack of similar sub-bottom
failures all indicate that they were formed during
the 1929 Grand Banks earthquake (Piper et al.,
1985). Slumps appear to have been initiated in
local steeper zones by earthquake shaking and
then progressively retrogressed upslope (Fig. 16).
Since excess pore pressure sustains low sediment
strength during failure and movement, the bend-
ing of ridge crests in small rotational slumps near
the edge of the large rotational slumps (Fig. 11)
suggests that drainage of sediment adjacent to the
large slumps stabilized the seabed and that the
small slumps post-date the large slumps. Drain-
age of sediments may also be responsible for the
upslope limit of retrogressive small rotational
slumps on the upper slope.

Downslope break-up of rotational slumps to
form mudslides (sensu Brunsden, 1984) or debris
¯ows is indicated by the present morphology,
with debris ¯ow deposits and shallow channels
present immediately downslope from steeper
zones and many large rotational slumps. Conver-
sion of rotational slumps to debris ¯ows would be
most rapid on steep slopes. Such transitions are
well-known on many continental slopes (e.g.
Hesse & Klaucke, 1995; Mulder et al., 1997).
There is no evidence for signi®cant turbidity
current erosion in the main zone of slumps and
debris ¯ows on St Pierre Slope. In the area
illustrated in Fig. 10, for example, break-up of
rotated blocks appears to have formed a debris
¯ow, part of which was deposited at the margin of
the channel, but most of which ¯owed across the
lower part of the block ®eld and right out of the
area, leaving an exposed bedding plane at the
base of the channel. There is no positive evidence
for erosion by currents, and evidence of any form
of upstream erosion is lacking. None of the debris
¯ow channels shows evidence for vigorous ero-
sion, they lack coarse sediment, and many have
low levees constructed of debris ¯ow sediments.

Fig. 14. Detailed sidescan images, showing (a) head-
wall scarps and large-scale rotational slumps, partially
buried by debris ¯ow deposits, (b) blocky debris ¯ow
deposits 6±10 m thick separated by anastomosing
channels with thin smooth debris ¯ow deposits, and (c)
erosional seabed with linear bedding-plane scarps.
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Thus they appear to represent pathways of ¯ow of
more ¯uid threads of debris ¯ows. Erosion is
commonly down to a particular bedding plane,
which may represent the regional horizontal
shear plane forming the base of the numerous
rotational failures in the retrogressive slumps.
The planform lenses of more blocky debris ¯ow
material resemble frozen slugs of the type de-
scribed by Johnson & Rodine (1984) from Klare
Springs, California.

A suite of erosional and depositional features at
2300 m in St Pierre Valley suggests that by this
position, turbidity current ¯ow had developed.
These features include sand or gravel waves, the
streamlined form of bedding plane erosion on the
valley ¯oor, and erosional lineations on the
surface of debris ¯ows.

In St Pierre Valley, the abrupt change in gradient
at steep valley walls (> 6°) would provide ample
opportunity for a hydraulic jump and break up of
debris ¯ows entering from St Pierre Slope
(Fig. 17). The lack of thick debris ¯ow deposits at
the head of Eastern Valley also points to the break-
up and transformation of debris ¯ows there on
slopes of 6±9°. In this area, changes in gradient are
gradual and there is no evidence of ¯ute-like
scours that might be evidence of a hydraulic jump.
The development of a turbidity current may have
taken place through a process of whole-¯ow
entrainment of water and progressive change from
a ¯uid debris ¯ow into a turbidity current.

We thus interpret that pre-existing relief played
an important role in the initiation of the 1929
turbidity current from failure of muddy sediment

gravel waves scarp in
Pliocene
mudstone

gravel waves
sand
ribbon

downflow

(a)

(b)

3900

4000

m
etres

0 1000m

Fig. 15. SAR sidescan image and subbottom pro®le showing transition from erosional remnant to valley ¯oor of
Eastern Valley. Note well-developed gravel waves on and downstream from the erosional remnant, that are onlapped
by coarse sand sheets. The ®gure location is shown in Fig. 1.

Fig. 16. Interpretative cartoon
showing the sequence of sediment
facies developed sequentially
downslope on the St Pierre Slope
and Eastern Valley. Also shown are
the spatial relationships of features
illustrated in SAR sidescan images
and the inferred dominant sediment
transport processes.
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on the continental slope (Figs 16, 17). The devel-
opment of unlimited deformation of a sediment
mass in failure depends on the slope (driving
stress) and on the remoulded shear strength,
usually undrained under marine conditions (Mo-
rgenstern, 1967). Generally, liquefaction of sedi-
ments on slopes of > 5° results in debris ¯ows (or
¯ow slides: Bartlett & Youd, 1992), with failure
on ¯atter slopes tending to result in lateral
spreading. Local zones of steepness on the seabed
were the preferential sites of sediment failure
during earthquake shaking and thus initiated
retrogressive slumping. On steeper slopes, failure
resulted in debris ¯ows.

Provided that retrogression of slumps in cohe-
sive sediment is relatively slow, slumping has the
potential to provide sediment to debris ¯ows over
a period of many hours or even days. On land, the
rate of retrogression in sensitive clays is of the
order of 3 km h)1 and in non-sensitive clays it is
much less (Bentley & Smalley, 1984, p. 466).
Extensive areas of exposed bedding planes (e.g.
the north-eastern ends of Figs 10 and 11) may be
the result of surface sloughing of the type de-
scribed by Sangrey & Paul (1971). On land,
Mitchell & Markell (1974) suggest that ¯owslides
that involve retrogression of more than about 10
times the scarp height involve principally plastic
¯ow and develop into mud¯ows. Some mud¯ows
in landslides zones on land move at rates of less
than a metre per day, although these may be
drained and therefore not completely comparable
(Brunsden, 1984). Debris ¯ows are, of course,
much more rapid (velocities measured in km h)1).

Alternatively, the delayed response to earth-
quake shaking may have been less regular and a
consequence of inertial effects during shaking. In
several cases on land (e.g. Superstition Hills
failure, San Fernando Dam failure: Gu et al.,
1993, 1994), deformation began hours or even
days after earthquake shaking ended. In these
cases, the process is thought to involve collapse
of the sediment framework, transfer of shear
stress to the porewater, and then time-dependent
stress redistribution to zones of inherent weak-
ness, permitting retrogressive failure.

Steep slopes between zones of debris ¯ow
deposits and the main valleys that incise the
continental slope appear to have provided the
opportunity for debris ¯ows to transform into
turbidity currents, perhaps in places as a result of
a hydraulic jump. Downslope evolution of the
turbidity current through the process of ignition
resulted in the erosion of pre-existing sand and
gravel on the valley ¯oors, as demonstrated by
Hughes Clarke et al. (1990).

CONCLUSIONS

1 Sediment failure around the epicentre of the
1929 Grand Banks earthquake shows a downslope
transition from retrogressive rotational slumps,
through debris ¯ows, to erosional features in-
ferred to have been cut by turbidity currents.
Many morphological features described from land-
slides and debris ¯ows on land are recognized.

2 There is no evidence that the 1929 turbid-
ity current resulted from a large or deep-seated
failure. Rather, it was triggered by numerous
relatively small thin-skinned failures. The ret-
rogression of these numerous successive over-
lapping slumps led to a large translational
slide.

3 Zones of local increase in slope were impor-
tant in the evolution of the 1929 turbidity current.
Retrogressive slumps were initiated on such steep
zones. They subsequently became the sites at
which slumps broke up into debris ¯ows, and
debris ¯ows passed through hydraulic jumps into
turbidity currents.

4 Prolonged or delayed retrogressive slumping
and evolution of this failed material on local
steep slopes provides a mechanism for nourishing
a sustained turbidity current over a period of
many hours.

Fig. 17. Time±distance plot showing multiple failure
events on steep slopes, triggering several retrogressive
slumps, which then evolve into debris ¯ows. Trans-
formation of these ¯ows into turbidity currents on steep
slopes takes place over a period of hours.
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