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ABSTRACT

Submarine slope failures pose hazards to coastal communities through their ability to damage seafloor infra-
structure and generate tsunamis. Submarine slope failures occur along continental margins worldwide, yet our
understanding of submarine slope failure evolution and tsunamigenic potential is limited. Overpressure has been
a proposed mechanism for initiating and preconditioning for slope failures, but understanding of its role in slope
failures is limited. In this study, we investigate overpressure-induced slope failures with different sediment
compositions and properties common in the marine environment. Overpressure required for slope failure and
failure behavior were investigated in relation to sediment permeability and cohesion. We investigated failures in
benchtop flume experiments using mixtures of fine-grained quartz sand and cohesive smectite clay or fine-
grained quartz sand and non-cohesive clay-sized quartz. In high-permeability, sand-rich systems (0-5 wt%
smectite), overpressure required to induce failure directly related to smectite content (R? of 0.89). At smectite
concentrations of 25 wt% or greater, normalized overpressure (1*) required to induce slope failure remained
constant at A* = 1.52 £ 0.55. Failure behavior also changed at 25% smectite. In sand-rich systems, a single
failure event occurred even with sustained or increased overpressure. With smectite or clay-sized quartz con-
centrations of 25 wt% or higher, a series of slope failures occurred. Concentrations of smectite >25% also
produced larger and more brittle failure deformation features (e.g., tension cracks and subsurface fissures). We
conclude that lower permeability systems have the potential for larger failures and cohesive sediment mixtures
are necessary for producing brittle failure features (e.g., tension cracks, subsurface fissures, rafted blocks, etc.).
Experiments using 25, 75, and 90 wt% smectite produced rafted sediment blocks separated from the parent slope.
However, experiments did not mobilize any intact blocks downslope even with a relatively steep (19°) slope.
Observed experiment failure deformation features (e.g., mud-volcanism, tension cracks, clay-enriched toe de-
posits, etc.) match observed phenomenon in natural marine environments. From our experiments, we interpret in
the presence of low-permeability, high-cohesion sediments, overpressure can produce non-tsunamigenic sub-
marine slope failures and precondition slopes for tsunamigenic failure. Thus, our work demonstrates the
importance of sediment properties and composition in relation to the types of failures produced and additionally
emphasize the need for multiple factors (e.g., excess head plus seismic shaking) to mobilize large, rafted blocks
downslope which has direct impact in improving coastal hazard assessment.

1. Introduction

utilities; Tappin et al., 2008, 2014; Tewfik et al., 2008; Garces et al.,
20105 ten Brink et al., 2014; Williams et al., 2022). Submarine slope

Submarine slope failures pose hazards to coastal communities
through their ability to damage seafloor infrastructure and generate
tsunamis (Tappin et al., 2001; Kvalstad et al., 2005; Fine et al., 2005).
The resulting tsunamis can result in many lost lives (e.g., > 2000 lives
lost in Papua New Guinea; Tappin et al., 2001) and damage to coastal
infrastructure (e.g., nuclear power plants, fisheries, harbors, and

* Corresponding author.
E-mail address: mmsilver@mines.edu (M.M.W. Silver).

https://doi.org/10.1016/j.margeo.2023.107079

failures have occurred in active and passive continental margins (Bon-
devik et al., 2005; Tappin et al., 2008; Locat et al., 2009; Harbitz et al.,
2014; Scholz et al., 2016) and on low angle marine slopes (< 2°; Prior
et al., 1986; Watts, 1997; Urlaub et al., 2012), yet understanding of
submarine slope failure initiation, evolution, and tsunamigenic poten-
tial is limited and sometimes a contentious topic (Bondevik et al., 2005;
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Tappin et al., 2008; Vanneste et al., 2011).

Sediment properties and geological environment play vital roles in
submarine slope stability and failure evolution. Pore pressure and
seismic accelerations are often proposed as slope failure initiators
(Lemke, 1967; Prior et al., 1982; Hampton et al., 1996; Stigall and
Dugan, 2010). Other factors, such as shear strength and depositional
history are classified as slope failure preconditioning factors. Pre-
conditioning factors also affect the mobility and evolution of failed
sediments (e.g., hydroplaning, slumping, and fluidization), nature of
failure (e.g., retrogressive), and post-failure morphology (e.g., turbi-
dites, debris flow deposit, blocks; Terzaghi, 1956; Mohrig et al., 1999;
Elverhgi et al., 2000, 2002; Mohrig and Marr, 2003; Silver and Dugan,
2020; Kaminski et al., 2020).

We advance the state of knowledge of submarine slope failures by
characterizing how permeability and cohesion impact pressure required
to trigger a slope failure the evolution and morphology of submarine
slope failures. This is a critical step for improving our understanding of
submarine-landslide-induced tsunamis. We accomplish this via a suite of
benchtop flume physical experiments with sediment compositions and a
geometry representative of a prograding submarine river delta on a
passive margin. Although our experiments do not represent a direct
scaling of natural systems, they provide direct test of sediment condi-
tions (e.g., cohesion, overpressure, permeability) and failure type and
size.

2. Background

Submarine slope failures occur less frequently on passive margins
than on seismically active margins (Mosher, 2009; ten Brink et al.,
2016), but passive margins are still vulnerable to submarine slope fail-
ures. In 1929 a magnitude (M) 7.2 earthquake triggered the Grand
Banks slide offshore Newfoundland, Canada (Fine et al., 2005; Schulten
et al., 2019). The slide mobilized 200 km® of sediment at speeds of
15-30 m/s for distances up to 1000 km, severed transatlantic commu-
nication cables, and produced a tsunami that killed 28 people (Fine
etal., 2005; Lgvholt et al., 2019). Other studies of the US Atlantic margin
found the region to be vulnerable to submarine landslide-generated
tsunamis, particularly due to the densely populated coastline, port fa-
cilities, industrial sites, and coastal nuclear power plants (ten Brink
et al., 2009, 2014).

Experimental, modelling, and geological studies of submarine slope
failures along passive margins has revealed the importance — or even
necessity — of overpressure in submarine slope deformation and failure
(Hampton et al.,, 1996; Dugan and Flemings, 2000; Bondevik et al.,
2005; Solheim et al., 2005; Strout and Tjelta, 2005; Gue et al., 2010;
Elverhoi et al., 2010; Elverhgi et al., 2010; Gamboa et al., 2011; Dugan
and Sheahan, 2012; Liu et al., 2019; Kawakita et al., 2020). Seismic
accelerations have also been suggested to be a requirement for slope
failure initiation (Ohmachi, 2003; McAdoo et al., 2004; Biscontin et al.,
2004; Biscontin and Pestana, 2006; Gee et al., 2006; Strasser et al., 2007;
Masson et al., 2011; ten Brink et al., 2016). However, seismic acceler-
ations may increase the strength of sediments and reduce failure size
(Mosher, 2009; Sawyer and DeVore, 2015; ten Brink et al., 2016).
Sawyer and DeVore (2015) suggest that low-energy seismic accelera-
tions along active margins trigger frequent, small-scale slope failures
which prevents thick sediment accumulations that are a key contributor
to large, tsunamigenic failures. Slope failure recurrence interval on
passive margins has been shown to be longer than on active margins
(Mosher, 2009), facilitating accumulation of thicker sediment sequence
which can create larger failures (compared to active margins) (ten Brink
et al., 2016).

Despite the risks posed by submarine landslide-induced tsunamis,
little is known about how initial in-situ conditions of a submarine slope
influence development during failure, which directly relates to tsuna-
migenic potential. Some studies have characterized slope failure de-
posits, including their lithology, structure, seismic attributes, geometry,
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and morphology (Prior et al., 1986; McAdoo et al., 2000; Gazioglu et al.,
2005; Locat et al., 2010; Scholz et al., 2016; Clare et al., 2019). Other
studies have modelled submarine landslide tsunamigenesis, typically
making assumptions about slide evolution (e.g., slump/block behavior,
velocity; (Harbitz et al., 1993; Bardet et al., 2003; Finn, 2003; Lynett and
Liu, 2003; Ohmachi, 2003; Hornbach et al., 2007; Zengaffinen et al.,
2020) which are affected by in-situ slope conditions.

3. Methods

We investigated submarine slope failure in a 2D marine delta-like
environment using a benchtop flume in the Colorado School of Mines
Geomechanics Laboratory (Fig. 1; Silver and Dugan, 2020). We created a
system with a low-permeability layer overlying a higher-permeability
layer, a stratigraphic pattern present in many marine deltas (e.g.,
Elverhgi et al., 2010) and channel-levee deposits (e.g., Stigall and
Dugan, 2010). The higher permeability layer allowed us to control
overpressure in a slope failure system influenced by flow focusing (e.g.,
Osborne and Swarbrick, 1997; Dugan and Flemings, 2000; Stigall and
Dugan, 2010). The high and low permeability layers were separated by a
fine mesh to prevent mixing of sediments. Sediment compositions of the
overlying lower-permeability layer were modified to investigate the role
of cohesion and permeability in overpressure-induced slope failures.

We induced slope failures in the lower-permeability layer via in-
cremental increases in overpressure in fully saturated, submerged sand-
clay mixtures. In our experiments, we controlled overpressure by
inducing excess head (hydraulic head above hydrostatic conditions) in
1-1.5 cm increments. The lower-permeability layer was composed of
mixtures of commercially obtained fine-grained quartz sand (sand-sized
grains; sub-angular quartz; 87% SiOg; Dsg = 195 pm; 2.65 g/cm3) and
dioctahedral smectite (bentonite) clay (63% SiO» and 21% AlyO3; Dgg =
44 pm; 2.6 g/cm®) or non-cohesive, clay-sized quartz (silica powder;
99.8% SiOg; Dgg = 137.2 pm; 2.65 g/cm3). Smectite was selected for its
cohesive properties (Odom, 1984) and prevalence in natural shelf-slope
systems (Underwood and Deng, 1997; Steurer and Underwood, 2003;
Forsberg and Locat, 2005). Clay-sized quartz was selected to replicate
the grainsize of smectite while isolating the effects of cohesion. Sedi-
ment mixtures were constrained to a constant pre-failure slope geometry
measuring 30.3 cm long, 9.8 cm deep, and 6.8 cm tall, with a top hor-
izontal surface 10.7 cm in length that tapered to the base of the flume
(Fig. 1). The tapered slope was 19.4°, which is below the angle of repose
for all sediment mixtures (Beakawi Al-Hashemi and Baghabra Al-
Amoudi, 2018). This slope angle provided a representation of a rela-
tively steep slope, relative to a natural marine system where slopes are
generally <4°, without driving failure due to oversteepening, thus
allowing sediment remobilization due to overpressure.

We studied slope failure in mixtures (wt%) of: (1) 25% smectite and
75% fine-grained (FG) quartz sand; (2) 50% smectite +50% FG sand; (3)
75% smectite +25% FG sand; (4) 75% clay-sized quartz +25% FG sand;
(5) 90% smectite clay +10% FG sand; and (6) 100% smectite. Sediment
mixtures were homogenized in a counter-top mechanical mixer for 20
min with 15 wt% water and 85 wt% sediment. Homogenized mixtures
were poured into the flume and shaped with a template to create a
consistent slope geometry. The flume was then filled with tap water over
an effluent weir until the flume water height reached the height of the
effluent weir (Fig. 1). Then Reservoir 2 (R2) was filled (Fig. 1) to a water
level matching the flume water height. The system was left undisturbed
for a minimum of 24 h to facilitate saturation and equilibration to hy-
drostatic conditions. During this 24-h saturation period, water was
supplied adjacent to the effluent weir at low flow to compensate for
evaporative losses.

Experiments were performed by raising the water level in R2in 1 or
1.5 cm increments to increase overpressure at the boundary between the
high-permeability and low-permeability layers. Five-minute pauses
were taken after each raising of head in R2. When slope failure occurred,
the time of the event, nature of failure, and overpressure (rygh*; rw =
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Fig. 1. Schematic diagram of the benchtop flume in the Geomechanics Laboratory at the Colorado School of Mines. The area labelled “sediment” represents the
typical experiment slope geometry (e.g., the lower-permeability layer). R2 is denoted with diagonal (45°) hatching. Replicated from Silver and Dugan (2020).

water density, g = acceleration due to gravity, h* = head above hy-
drostatic) before and after the event were recorded. Slope failure was
defined as any visible slope deformation during the experiment. Failure
deformation features (i.e., tension cracks, boils, eruptions, etc.) were
characterized for all sediment mixtures. Experiments were ended once
overpressure in R2 stabilized and no longer responded to further at-
tempts to increase R2 water height (i.e., permeability of the slope was
high enough that overpressure subjected on the slope could no longer be
increased). For each mixture, experiments were repeated until three
successful runs were observed, where success was defined as: (1) slope
failure not occurring during setup (e.g., not during sediment submer-
gence and saturation) and (2) the entirety of slope failure being captured
via videography. Videography and photogrammetry were used to help
interpret failure behavior.

Observed overpressure required to induce slope failure was mapped
to normalized overpressure (1*) in terms of effective vertical stress
assuming hydrostatic conditions (¢'yy; Bekins et al., 1995):

A= M 6h)
Oy
o.,vh = (py —pu)ez (2)

where z is depth from the water-sediment interface to the low
permeability-high permeability interface (3.5 cm), and pj is bulk den-
sity. Bulk density was measured in triplicate and averaged for each
experiment sediment mixture. Normalized overpressure provided
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dimensionless scaling of overpressure, allowing scaling from flume
conditions to geological-scale systems.

4. Results

Normalized overpressure required to induce failures in our slope
systems revealed two distinct failure regimes, the first in sand-rich
mixtures (clay grainsize content <5 wt%; Fig. 2) and the second in in-
termediate to clay-rich mixtures (clay grainsize content >25 wt%);
Fig. 3). Our previous physical experiments (Silver and Dugan, 2020) of
fine-grained, sand-dominated systems found normalized overpressure
(4*) required to induce slope failure increased linearly with smectite
clay content (ccgn; R% =0.91):

A" =0.15¢ccy, +0.38 3

with 1* ranging from an average of 1* = 0.32 &+ 0.04 (h* = 1.30 +
0.14 cm) at 0 wt% smectite clay to 1* = 1.10 + 0.08 (h* = 4.43 + 0.33
cm) at 5 wt% smectite clay (Table 1 and Fig. 2; Silver and Dugan, 2020).
In this fine-grained, sand-rich regime, slope failure occurred as a sin-
gular event (i.e., surface eruption or subsurface fissure evolving into a
surface blow-out). This failure event created a flow conduit that
increased system permeability to a level sufficient to relieve any addi-
tional increases in overpressure. As such, additional failures were not
induced.

In systems with intermediate concentrations of clay-sized particles
(25-50 wt% smectite; 75 wt% clay-sized quartz) and smectite-rich
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Fig. 2. Normalized overpressure (A*) and excess head (cm) required to induce slope failure as a function of smectite clay content (wt%) mixed with fine-grained (FG)

quartz sand. Each data point represents an individual experiment.



M.M.W. Silver and B. Dugan

2.5

1.5

] r@-

Normalized Overpressure (A*)

0 10 20 30 40

Marine Geology 462 (2023) 107079

10
1
1
1
! ®:s
1
I ~~
© ® 5
: |-
1 <
]
ot
o 4 4
=
| 5
2
® Smectite + Qtz Sand
OClay-sized Qtz + Qtz Sand
0

60 70 80 90 100

Smectite clay content/clay-sized quartz(wt. %)

Fig. 3. Averages of normalized overpressure (A*) and excess head (h*) required to induce slope failure as a function of smectite clay content (wt%) or clay-sized
quartz (qtz) mixed with fine-grained (FG) qtz sand (grainsize). Error bars are one standard deviation. Open circle and dashed error bars are for the clay-sized

qtz + qtz sand data.

Table 1

Average normalized overpressure (1*) and excess head (h*) required for slope
failure as a function of clay content (smectite or clay-sized quartz). Sediment
compositions were mixtures of clay and fine-grained quartz sand.

Sediment
Composition (wt%)

Average Normalized
Overpressure at Failure (A*)

Average Excess Head at
Failure (cm)

100% FG Qtz Sand 0.32 + 0.04 1.30 + 0.14
(no clay)
2% Smectite 0.78 £ 0.07 3.13 £0.29
4% Smectite 0.92 + 0.00 3.70 £ 0.00
5% Smectite 1.10 + 0.08 4.43 +0.33
25% Smectite 1.73 £+ 0.50 6.95 + 2.00
50% Smectite 1.48 + 0.59 5.95 + 2.35
75% Smectite 0.97 + 0.29 3.91 +1.15
75% Clay-Sized Qtz 1.62 + 0.67 6.53 + 2.69
90% Smectite 1.61 +0.27 6.48 £1.10
100% Smectite (no 1.99 + 0.42 8.01 + 1.70

sand)

concentrations (90-100 wt% smectite), there was no statistically sig-
nificant correlation (R? of 0.0008) between normalized overpressure
required to induce slope failure and clay grainsize content. In experi-
ments using >25 wt% smectite or clay-sized quartz, normalized over-
pressure required to induce failure remained relatively constant (1* =
1.52 + 0.55; h* = 6.12 + 2.22 cm; Fig. 3). Normalized overpressure
required to induce slope failures averaged 1* = 1.73 + 0.50 (h* = 6.95
+ 2.00 cm) at 25 wt% smectite, 1* = 1.48 & 0.59 (h* = 5.95 + 2.35 cm)
at 50 wt% smectite, A* = 1.62 4 0.67 (h* = 6.53 & 2.69 cm) at 75 wt%
clay-sized quartz, 1* = 1.61 + 0.27 (h* = 6.48 + 1.10 cm) at 90 wt%
smectite, and 1* = 1.99 4+ 0.42 (h* = 8.01 £ 1.70 cm) at 100 wt%
smectite (Table 1 and Fig. 3). Normalized overpressure required to
induce slope failure in 75 wt% smectite concentrations was lower than
these other systems, with 1* = 0.97 + 0.29 (h* = 3.91 + 1.15 cm;
Table 1).

Normalized overpressures required to induce slope failures in
benchtop flume experiments were compared to an infinite slope Factor
of Safety (FS) approximation of slope stability (Eq. 4; Terzaghi et al.,
1996):

¢+ (0,,,c05%0 — pgh” ) tang,

FS = ;
0,,c0s0sin0

4

where c is cohesion, ¢,y is vertical effective stress assuming hydrostatic
conditions, 6 is seafloor slope, and ¢y is internal friction angle. This
equation relates slope stabilizing and slope destabilizing forces, and FS
< 1 indicates slope failure, We used eq. 4 to predict the critical excess
head (h*) needed to induce slope failure at FS = 1 and present the results
as normalized overpressure (eq. 1), assuming c increases at 10 Pa per 1
wt% smectite (Silver and Dugan, 2020), internal friction angle was 35°
for 100% fine-grained sand and decreased by 0.1° per each wt% clay
added (Silver and Dugan, 2020). For all calculations § was 19° (the same
as our experiments), ¢’y, was calculated for 3.5 cm depth below the
water-sediment interface (a commonly observed failure initiation depth
in experiments), and bulk density was 1800 kg/m>. Eq. 4 predicts A*
well for smectite concentrations <25 wt% (R2 = 0.91), but overpredicts
A* at higher smectite concentrations and for 75 wt% clay-sized quartz
(R? = 0.54) (Fig. 4). The FS analysis predicts a linear increase in
normalized overpressure (1*) required to induce slope failure with clay
content. However, the observed constant normalized overpressure at
failure with clay concentrations >25 wt%, including cohesive and non-
cohesive clays, is inconsistent with the infinite slope approximation’s
predictions (Fig. 4).

4.1. Failure evolution with clay content

Smectite clay content also affected failure behavior and evolution. In
0 wt% smectite experiments (100 wt% FG sand), a singular failure event
was observed; once overpressure required to induce failure was reached
and failure occurred, additional increases in overpressure did not pro-
duce additional failure events. Subsequent increases in overpressure did
not produce additional failures because surface eruptions created flow
pathways which increased system permeability. Flow was focused
through these high permeability pathways in the overburden which
prevented failure elsewhere.

In experiments using sediment mixtures with >25 wt% smectite
(including 75 wt% clay-sized quartz), multiple failure events were
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Fig. 4. Normalized overpressure (A*) and excess head
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by the Factor of Safety (FS) equation (Eq. 4) as a
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observed when overpressure was maintained (Fig. 5). With additional
increases in overpressure, failure occurred at different overpressure
values. In experiments with 25, 90, and 100 wt% smectite, the over-
pressure required to induce additional failure after the initial failure

Relative observation of phenomenon in experiment runs

(Slllca

event increased with successive failure events (see supplemental ma-
terial). In experiments with 50 and 75 wt% smectite or 75 wt% clay-
sized quartz, overpressure required to induce additional failure events
did not show a consistent trend (see supplemental material).

observed in all mixtures containing both FG

m Sand/clay sand and smectite or clay-sized quartz. Surface
Boils cracking and subsurface fissure formation was
observed in all mixtures containing smectite

clay. Sand/clay boil formation was observed
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FG sand + smectite mixtures of 25, 75, and 90

wt%. Multiple failure events occurred in all
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Fig. 5. Failure behaviors observed in experi-
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Failure percentage of experiment runs in which

. Events behavior was observed. Surface eruptions and
downslope sediment transport were observed

o Rafting in all mixtures except those using 100 wt%

smectite. Suspension of smectite or silica

powder particles in the water column was

90 100
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Experiments performed without smectite (e.g., 0 wt% smectite and
75 wt% clay-sized quartz) were cohesionless and produced surface
eruptions/sand volcanism and downslope grain flows (Table 2, Figs. 4
and 5). Similar to the 0 wt% smectite experiments, in systems with 2, 4,
and 5 wt% smectite, surface eruptions/sand volcanism and downslope
grain flows were observed (Table 2, Figs. 4 and 5). The addition of
smectite, which increased cohesion, also resulted in brittle failure fea-
tures (surface cracking/tension cracking and subsurface fissures) and
suspension of smectite particles in the water column. As in 0 wt%
smectite experiments, a singular failure event was observed in each
experiment of 2-5 wt% smectite; once overpressure required to induce
failure was reached and failure occurred, additional increases in over-
pressure did not produce additional failure events.

Slope failures in systems with smectite concentrations of 25, 75, and
90 wt% where similar to failures observed in 0-5 wt% smectite exper-
iments (i.e., surface eruptions, downslope granular flows, tension
cracking, subsurface fissures, and suspension of smectite particles).
These experiments (25, 75, and 90% smectite), however, also produced
sand/clay boils and separated (e.g., rafted) sediment blocks near the
water-sediment interface (Table 2, Fig. 5). Unlike the systems with 0-5
wt% smectite, sequential failure events were observed in systems with
25-100 wt% smectite or 25 wt% FG Sand and 75 wt% clay-sized quartz.
These sequential failure events were driven by additional increases in
overpressure which was controlled in the experiments. In experiments
with 25-100 wt% smectite, overpressure initially produced tension
cracks and sand/clay boils. With additional increases in overpressure,
subsurface fissures evolved into surface eruptions (blow-outs). In ex-
periments with 25-100 wt% smectite, subsequent increases in over-
pressure also produced new subsurface fissures, rafted blocks,
(excluding clay-sized quartz experiments), and surface blow-outs
(Table 2 and Fig. 5).

Slope failures in systems with 50 wt% smectite contained the same
slope failure features observed in systems with 2-5, 25, 75, and 90 wt%
smectite. However, experiments with 50 wt% smectite did not produce
rafted blocks. Systems with 50 wt% smectite had sequential slope fail-
ures like experiments with 25, 75, and 90 wt% smectite and experiments
with 75 wt% clay-sized quartz, with the exception that overpressure
required for sequential failures did not increase linearly (see supple-
mental materials).

Slope failures in 100 wt% smectite systems produced sand/clay boils
and tension cracks. Downslope sediment transport, suspension of
smectite particles, and surface eruptions were not observed. Pure
smectite systems did have sequential slope failures like experiments
with 25, 50, 75, and 90 wt% smectite (Table 2 and Fig. 5).

Experiments performed with 75 wt% non-cohesive clay-sized quartz
and 25 wt% FG quartz sand produced similar failure features as
observed in 0 wt% smectite experiments (e.g., surface eruptions and
downslope sediment transport) with the addition of suspension of clay-

Table 2
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sized quartz particles. No brittle deformation features (e.g., boils,
cracking, fissures, or rafting) formed, which was different from what
was observed in experiments with smectite. Unlike experiments with
low concentrations of clay-sized particles (0-5 wt. wt% smectite), clay-
sized quartz experiments produced multiple failure events like inter-
mediate and smectite-rich experiments.

Surface eruptions and downslope sediment transport occurred in all
experiments except those where the slope was 100 wt% smectite. Sur-
face/tension cracking was observed in all experiments containing
smectite. Subsurface fissures and the suspension of sediments in the
water column occurred in all mixtures containing both sand and smec-
tite (or clay-sized quartz in the case of sediment suspension). Rafting of
sediment blocks occurred in systems with 25, 75, and 90 wt% smectite.
Sequential failure events were observed in all sediment mixtures con-
taining >5 wt% clay-sized grains.

5. Discussion

Based on our experimental results, we defined two different regimes
for normalized overpressure and failure evolution which were influ-
enced by smectite content: sand-rich (0-5 wt% smectite) versus inter-
mediate to clay-rich environments (25-100 wt% smectite or 75% clay-
sized quartz).

Sand-rich environments (0-5 wt% smectite) were characterized by a
linear increase in normalized overpressure required to induce slope
failure with clay. We interpret the direct relationship between clay
content and normalized overpressure at failure for systems with low
smectite concentrations was a result of a reduction in system perme-
ability as clay particles filled pore spaces between sand grains. As system
permeability decreased, the rate at which overpressure could be dissi-
pated decreased, resulting in higher pressure in the system. Over-
pressure would build, ultimately building to pore pressures sufficient to
induce slope failure.

When comparing precited and observed normalized overpressures
(4*) at failure, Eq. 4 predicts 1* well for smectite concentrations <25 wt
% (R% = 0.91), but overpredicts 1* at higher smectite concentrations and
for 75 wt% clay-sized quartz (R? = 0.54). This indicates that factors
other than cohesion and permeability are influencing 1* at higher clay
concentrations. Furthermore, A* predictions and observations exceeded
1.0 in several sand-clay systems (Table 1, Figs. 2 - 4). We attribute A*
values >1.0 to the fact that cohesion (~10 Pa per 1% smectite), over-
pressure (~98 Pa per 1 cm h*), and effective vertical stress (~550 Pa at
z = 3.5 cm) are of similar magnitude in benchtop experiments. In natural
systems where failures can be 10-100+ m thick, cohesion is the same as
in the benchtop experiments (10s of Pa), however, overpressures and
effective vertical stresses in natural systems are orders of magnitude
higher (e.g., MPa; Osborne and Swarbrick, 1997b; Stigall and Dugan,
2010; Dugan and Sheahan, 2012).

Slope failure behavior and failure/deformation features as a function of clay content (smectite or clay-sized quartz). Failure behavior and features are presented in
percentage of occurrence in experiments. Sediment compositions were mixtures of clay and fine-grained quartz sand.

Sediment Surface Sand/Clay Tension Subsurface Suspension of Clay Sized =~ Downslope Sediment Rafting  Multiple Failure
Composition Eruptions Boils Cracks Fissures Particles Transport Events
100% FG Qtz Sand 100% 0% 0% 0% NA 100% 0% 0%
(no clay)
2% Smectite 100% 0% 100% 33% 100% 100% 0% 0%
4% Smectite 100% 0% 100% 100% 100% 100% 0% 0%
5% Smectite 100% 0% 100% 100% 100% 100% 0% 0%
25% Smectite 67% 100% 100% 100% 100% 100% 67% 100%
50% Smectite 100% 67% 67% 100% 100% 100% 0% 100%
75% Smectite 33% 100% 100% 100% 100% 100% 100% 100%
75% Clay-Sized Qtz 100% 0% 0% 0% 100% 100% 0% 67%
90% Smectite 33% 100% 100% 100% 100% 100% 100% 100%
100% Smectite (no 33% 100% 100% 0% 0% 0% 100%

sand)
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We expand on this scaling by applying eq. 4 to our experiment setup
(z = 3.5 cm; Eq. 2) and a representative natural system (40 m thick
failure) (Fig. 6). For comparison, we compare 1* at failure (FS =1) for
two scenarios: 1) our experiment setup: z = 3.5 cm, ¢ = 10 Pa/1 wt%
smectite, ¢’y = 550 Pa, 6 = 19°, ¢y = 35° at 100% FG Sand and
decreased by 0.1° per each wt% clay added, and bulk density (p) = 1800
kg/m?; and 2) a representative natural system: z = 40 m, ¢ = 10 Pa/1 wt
% smectite, o'y, = 706.32 KPa (z = 40 m), ¢y = 35° at 100% FG Sand and
decreased by 0.1° per each wt% clay added, and p = 1800 kg/m?>. This
comparison shows that in a natural system with ¢, multiple orders of
magnitude larger than ¢ and all other parameters matching experimental
conditions, A* at failure is less than one at failure (Fig. 6).

We observed a reduction in normalized overpressure required to
induce slope failure at 75 wt% smectite concentrations relative to other
25-100 wt% experiments. However, overpressure required to induce
slope failure in 75 wt% clay-sized quartz experiments was consistent
with other 25-100 wt% experiments. Based on the overall similar
physical properties, we interpret the drop in overpressure required for
failure in experiments with 75 wt% smectite was the result of a
complicated interplay between sediment cohesion and grain distribu-
tion. Determining the exact cause of the drop in overpressure required
for failure at 75 wt% smectite requires experiments and modelling
beyond the scope of this study.

5.1. Failure evolution and clay content

Clay content also changed how deformation and failure evolved. In
systems with 0-5 wt%, failure occurred as single events in the form of
surface eruptions. These surface eruptions formed crater-like deposits (i.
e., mud volcanoes, pockmarks, or craters (Lgseth et al., 2009) similar to
structures observed at the Storegga Slide (Solheim et al., 2005) and
Lower Congo Basin (Andresen and Huuse, 2011), whose formation
mechanisms are attributed to overpressure-generated fluid expulsion.
The introduction of cohesive smectite (2-5 wt%) created minor brittle
deformation features such as surficial tension cracking, surficial sand
boils, and subsurface fissures, but failure always occurred as a surface
eruption (Fig. 7). In these systems, once surface eruptions started, no
additional failures occurred, despite additional increases in

mFS Eq. Estimate z=3.5 cm
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overpressure that we imparted on the system. In such instances, over-
pressure caused the formation of surface eruptions and preferential flow
pathways, allowing dissipation of overpressure. This new preferential
flow pathway prevented the buildup of sufficient overpressure to induce
additional failures (Elger et al., 2018). This indicates that natural sys-
tems with 0-5 wt% clay are less likely to experience multiple failure
events than systems with higher clay concentrations.

In systems with >25 wt% smectite or 75 wt% clay-sized quartz,
multiple failure events occurred. These failure events increased system
permeability through the formation of surface eruptions (clay-sized
quartz experiments) or subsurface fissures that evolved into surface
eruptions (smectite mixtures; blowout, subsurface to surface piping,
hydraulic chimneys). Once the first slope failure event occurred, a
preferential flow pathway was produced, system permeability was
increased, overpressure was reduced, and failure stopped. However, this
enhanced permeability was inadequate to prevent further buildup of
overpressure. Thus, subsequent slope failures occurred when over-
pressure reached a new critical level. Compared to FG sand-rich systems
and clay-sized quartz experiments, the increased cohesion of interme-
diate and smectite-rich mixtures resulted in the production of subsurface
fissures and subsurface-to-surface piping when failure occurred. How-
ever, in instances where sequential failure events were observed, these
preferential flow pathways were insufficient to prevent future buildup of
overpressure. Once overpressure was raised past the newly established
critical point, another failure event occurred, generating another pref-
erential flow path, increasing system permeability, and establishing a
new critical overpressure required for further failures (Mazzini et al.,
2007; Manton et al., 2019).

In addition to the number of failure events, smectite content also
altered failure behavior (Fig. 5). In systems with 100 wt% smectite, only
surface cracks and clay boils were observed. We attribute the lack of
downslope sediment transport, subsurface fissures, and surface erup-
tions in 100 wt% smectite systems to the strong (relative to the vertical
stresses and overpressures in our experiments) and uniform cohesion
(~1000 Pa) of the material.

In systems with 0-90 wt% smectite or 75 wt% clay-sized quartz,
downslope sediment transport was observed. In experiments with >25
wt% smectite, smectite or clay-sized quartz particles were suspended in

50 60 70 80 90 100

Smectite clay content (wt. %)

Fig. 6. Normalized overpressure (A*) required to induce slope failure predicted by the Factor of Safety (FS) equation (Eq. 4) as a function of smectite or clay-sized
quartz (qtz). ¢ was assumed to increase at 10 Pa per 1 wt% smectite, & was set to 19° (the same as experiments), ¢, was calculated for 3.5 cm (solid squares) or 40 m

(hollow squares) depth below sea floor, and p was assumed to be 1800 kg/m>.
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the water column. These suspended particles were transported down-
slope and settled, forming smectite or clay-sized quartz-rich (relative to
the rest of the slope) deposits near the slope’s toe. This matches a
mechanism proposed by (Elverhgi et al., 2010), who found clay-to-sand
ratio as the key controlling parameter for the disparity between
compact, disintegrating landslides and the formation of clay-rich distal
deposits. Their physical experiments produced a distal, clay-rich depo-
sit, matching our results and distal deposits observed at the Storegga
Slide (Haflidason et al., 2004).

Surface cracking in smectite mixtures indicated dilation and local-
ized strain with increased overpressure. The formation of these features
in mixtures containing smectite reflects a necessity for cohesion in their
formation. Without cohesive clay, pore pressure reduction formed as
surface eruptions. Once cohesive clay particles were present, over-
pressure generated surficial cracking. However, flow rates alone were
insufficient to completely reduce pressure back to hydrostatic
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conditions. Thus, to reduce overpressure, overall system permeability
needed to increase. System permeability was increased through local
formation of subsurface fissures.

Like surface cracking, the formation of subsurface fissures was
dependent on the presence of cohesive clay. Subsurface fissures, how-
ever, only formed in mixtures containing sand and smectite. The absence
of subsurface fissures in pure-sand mixtures and quartz sand + clay-
sized quartz mixtures demonstrated the necessity for cohesive clays
for surface cracks and subsurface fissure formation. The absence of
subsurface fissures in quartz sand + clay-sized quartz mixtures also
eliminated the possibility that grain-size distribution influenced the
development of these features. The similar magnitude of excess head
(~98 Pa per 1 cm h*) to cohesive forces (10 Pa per 1 wt% smectite;
Silver and Dugan, 2020) in our experiments can also be eliminated as a
dominant factor in subsurface fissure formation, as subsurface fissures
have been observed in nature where pore pressures can be orders of
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Fig. 7. Conceptual model scaling (geometrically) our flume experiments to geological-scale slope failure processes in an idealized marine delta cross section with
hypothetical scenario scale bars. Arrow size and direction indicate pore fluid pressure (head) and flow direction, respectively. Normalized overpressure required to
induce slope failure (1*) based on experiment observations is provided at moments of failure in the conceptual diagram and converted to absolute excess head (h*) for
the hypothetical scales shown using Eq. 1. Mixtures of 0 wt% smectite and 75 wt% silica powder only progressed from A to B1, with multiple iterations of step B1
occurring in clay-sized quartz mixtures. Mixtures of 2-5 wt% smectite progressed from A — F, skipping B1. Smectite mixtures >25 wt% progressed from A - G,
skipping B1. A. A simplified marine shelf slope under hydrostatic conditions (1* = 0). B1. Non-cohesive sediment mixtures. Overpressure builds and produces a slope
surface eruption. Eruption produces a preferential flow pathway that dominates water flow. Observed in FG quartz sand-rich and clay-sized quartz experiments. The
surface erupts, suspends sediment in the water column (if smectite or clay-sized quartz is present), and forms conical deposit. In mixtures of 75 wt% clay-sized quartz,
multiple eruptions and conical deposits formed. In mixtures of 0 wt% smectite and 75% clay-sized quartz, B1 is the only observed failure behavior. B2. Sediment
mixtures including cohesive sediments. Buildup of overpressure produces surface tension cracks, small subsurface cracks connected to the slope surface, and sand/
clay boils. Surface cracks were observed in all smectite-containing mixtures. Sand/clay boils were observed in smectite mixtures >25 wt%. Flow is dominated by
seepage flow. C. Further buildup of overpressure produces a subsurface fissure. Water flow is still dominated by seepage flow, with the subsurface fissure acting as a
slope-internal flow pathway. D. The subsurface fissure developed in step C expands vertically and laterally, connecting with the slope surface and erupting. Smectite
is suspended in the water column. Excess head continued to build until the eruption occurs, which produces a preferential flow pathway and reduces overpressure. E.
Due to the reduction in built overpressure caused by the surface eruption in step D, the existing subsurface fissure reduces in lateral and vertical extent, collapsing
and ending the surface eruption. The eruption from step D produces two deposits: a deposit immediately adjacent to the point of eruption and a distal, clay-enriched
deposit resulting from the suspension of clay particles in the water column. F. The collapse of the existing subsurface fissure and preferential flow pathway in step E
causes the buildup of overpressure. This buildup produces new subsurface fissures, some of which expand vertically and laterally and connect to the surface, creating
new eruptions. This process mimics the process described for steps C — E. G. Eruptions in step F reduce overpressure but are inadequate to increase system
permeability to levels sufficient to prevent further buildup of overpressure. This built overpressure causes subsurface fissures to expand and connect, separating
sections of sediment from the parent slope. Eruptions in step F create deposits via the same processes as described in step E. The addition of several eruptions and
rafting of sediment blocks produces preferential pathways which reduce overpressure and increase system permeability to levels high enough to prevent any further

buildup of overpressure.

magnitude greater than cohesive forces (Mienert et al., 2010; Andresen
and Huuse, 2011; Gay et al., 2011; Sun et al., 2012).

From our experimental observations and comparison with natural
systems, we interpret that cohesive clays and overpressure are needed
for formation of subsurface fissures in shallow sediments. It is, however,
unclear if the rate of overpressure generation is a deciding factor in the
formation of these features. Sediment loading and dehydration reactions
in nature produce pressure at a slower rate than in our experiments.
Other forces, such as ground accelerations, could produce overpressure
rapidly, potentially at rates similar to those used in our experiments
(Osborne and Swarbrick, 1997a; Kvalstad et al., 2005; Solheim et al.,
2005; Hustoft et al., 2009; Dugan and Sheahan, 2012). Since subsurface
fissures have been observed in nature (Mienert et al., 2010; Andresen
and Huuse, 2011; Gay et al., 2011; Sun et al., 2012) and our physical
experiments, the importance of the rate of overpressure generation re-
quires more investigation.

Separation of sediment blocks (rafting) was observed in mixtures
with 25, 75, and 90 wt% smectite. We attributed rafting to: (1) cohesion
strong enough to maintain intact blocks; (2) permeabilities low enough
to require alleviation of overpressure via a mechanism other than
seepage flow; and (3) a rate of increase in overpressure (1-1.5 cm head/
5 min) quick enough to form preferential flow pathways to reduce
overpressure. The fast formation of these pathways reduced over-
pressure, channelizing flow to the water column and away from the
blocks. None of the rafted blocks were remobilized rapidly downslope,
and in only one case did a rafted block creep downslope. This result
indicates overpressure can generate large-scale failure blocks, but
additional drivers are likely needed to mobilize these blocks down slope
at velocities necessary for tsunamigenesis. Our observed formation of
subsurface fissures and isolated rafted sediment blocks may be analo-
gous to the formation of weak layers in the natural environment
(Elverhgi et al., 2010). Natural perturbations such as seismic shaking,
currents, or internal waves may provide a driving force to mobilize
rafted blocks in natural settings such as those observed along the Cas-
cadia margin or the North Sea (Kvalstad et al., 2005; Scholz et al., 2016).

The absence of rafting in 50 wt% smectite-sand mixtures may indi-
cate a balance created by fluid flow through subsurface fissures and
connected pores. Since rafting was observed in 25 wt% smectite ex-
periments, system cohesion should have been sufficient for rafting in
systems with 50 wt% smectite. The permeability of mixtures with 50 wt
% smectite was less than mixtures with 25 wt% smectite and greater
than mixtures with >75 wt% smectite mixtures. While permeability of
mixtures with 50 wt% smectite experiments was low, the development

of subsurface fissure blowouts create higher permeability conduits
preventing ovepressure from reach levels sufficient for lifting and sep-
aration of entire sediment blocks. Further analyses may be able to illu-
minate the causes of the lack of rafting at 50 wt% smectite but is beyond
the scope of this study.

It is worth noting that despite the scale of our experiments and the
similarity of magnitude between cohesive forces and overpressure in the
flume, similar failure features have been connected to clay content in
larger flume experiments (Elverhgi et al., 2010; Sawyer et al., 2012).
Brittle deformation features such as surface cracking and hydraulic
chimneys/subsurface fissures created in our experiments have also been
observed in natural, clay-rich sediments (Hustoft et al., 2009; Mienert
et al., 2010). We therefore interpret that our results — at the simplest
level - reflect changes in failure behavior resulting from cohesive forces
and permeabilities, rather experiment scaling.

6. Conclusions

To better understand submarine slope failure criteria and evolution,
we used benchtop flume experiments and an infinite slope analysis to
explore the impacts of permeability and cohesion on slope failures
induced by overpressure. We investigated failures for different mixtures
of fine-grained quartz sand homogeneously mixed with cohesive smec-
tite clay or non-cohesive clay-sized quartz that were formed into a ge-
ometry similar to a prograding marine delta. Based on our experiments,
we conclude:

In high-permeability, sand-rich systems (0-5 wt% smectite),
normalized overpressure required to induce failure was directly
related to smectite content (R? = 0.91) and only a single failure event
occurred, even with sustained or increased overpressure.

In systems with smectite concentrations > 25 wt%, normalized
overpressure required to induce slope failure remained relatively
constant at 2* = 1.52 4+ 0.55 and a series of slope failures occurred
with sustained or increased overpressure.

e Lower permeability systems have the potential for larger and
repeated failures.

Cohesion is necessary in producing brittle failure features (e.g.,
surface and subsurface fractures, rafted blocks).

e Overpressure can precondition a slope for tsunamigenic failure by
producing rafted sediment blocks in sediment mixtures with 25-90
wt% smectite.
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e Overpressure alone does not mobilize sediment blocks and thus is not
likely to induce tsunamigenic slope failure.

Our results provide some baseline information on sediment behavior
patterns that can help assess risk potential in different geological set-
tings. Our experiments reveal that in coastal regions with supply of
cohesive clays >25 wt%, shallow over-pressured sediments can produce
slope failures capable of damaging seafloor infrastructure (via tension
cracking or surface eruptions). Overpressure within shallow sediments
with 25-90 wt% concentrations of cohesive clays can precondition
slopes for tsunamigenic failure via the formation of subsurface fissures/
piping and rafted blocks. These blocks, if rapidly mobilized, have the
potential to generate. The incorporation of these risk criteria (clay-rich,
over-pressured) into social vulnerability and hazard models could
improve model accuracy by identifying areas preconditioned for sub-
marine slope failure, areas previously considered low-risk or at-no-risk
of tsunamigenesis during seismic activity (e.g., passive margins) and
improve the accuracy of tsunami size forecasting/modelling.
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