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Abstract
Permeability data are fundamental to understanding subsurface fluid flow, fluid pressure, and sub-
sequently submarine slope stability. Currently, few detailed permeability measurements exist in
sediments that have undergone submarine slope failures. Here, we measure sediment permeability
using the falling head method on samples obtained both within and adjacent to underwater slope
failure deposits and from undisturbed sediment above and below these deposits collected during
Integrated Ocean Drilling Program Expedition 340 in the Lesser Antilles island arc. Past studies of
this volcanic island arc have identified several submarine landslide units created by volcanic slope
collapse offshore the islands of Martinique and Montserrat, and two reports have been published
on the permeabilities of clay-rich sediments from the slide units offshore Martinique. We mea-
sured sediment permeability in a greater range of samples, including volcaniclastic turbidites and
hemipelagic muds from slope failure units offshore both Martinique and Montserrat. Results
show permeability ranging from 4.27 × 10−11 to 9.14 × 10−15 m2, and volcaniclastic sediments in
slope deposits have the highest permeabilities. These results can be used to test hypotheses
addressing permeability and fluid flow in submarine landslides containing hemipelagic sediment,
and future integration of these measurements with time-dependent pore pressure models will ulti-
mately enhance understanding of submarine slope stability.

1. Introduction
Submarine mass transport deposits such as those caused by volcanic island flank collapses produce
some of the largest landslides observed on Earth (e.g., Moore et al., 1994; Harbitz et al., 2006;
Oehler et al., 2008). The geohazards associated with such large landslides can sometimes include
large tsunamis and destruction of undersea infrastructure (e.g., Harbitz et al., 2014; Carter et al.,
2014). On many continental margins, submarine landslides occur repetitively and sometimes in a
retrogressive nature, with head scarps migrating landward (Harbitz et al., 2006; Highland and
Bobrowsky, 2008). The nature of landslide dynamics remains a subject of ongoing debate; some
studies suggest rapid catastrophic failure (Watt et al., 2012; Cassidy et al., 2014), and others imply
long-term creep (Le Friant et al., 2015; Hornbach et al., 2015). Understanding the physical proper-
ties of sediments where submarine slope failure occurs is fundamental to understanding sediment
strength (Moscardelli et al., 2006; Madrussani et al., 2018). In particular, subsurface pore fluid pres-
sure plays an important role in assessing slope failure hazards, as demonstrated in detailed land-
based studies quantifying the relationship between rain, sediment permeability, and subsurface
water pressure effects on slope stability (Terzsaghi et al., 1996; Hilley et al., 2004; Iverson, 2005). In
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the marine environment, however, few permeability measurements exist in slope failure deposits, 
despite sediment permeability representing a fundamental physical property necessary for assess-
ing and modeling submarine pore fluid pressure (e.g., Hornbach et al., 2015; Llopart et al., 2021).

It is currently hypothesized that the pore pressure gradient between nearshore low permeability 
hemipelagic sediments and high permeability turbidite deposits results in creeping slope failures. 
High accumulation rates of hemipelagic sediments near shore results in higher pore pressures in 
these sediments. This elevated pore pressure potentially leads to fluid movement downslope in the 
direction of higher permeability turbidite deposits. This fluid and pressure transfer is theorized to 
increase the possibility for mechanical failure in slope deposits (Hornbach et al., 2015). Testing 
this hypothesis, however, requires a better understanding of sediment permeability in the subma-
rine environment. These data can be used to provide a better understanding of how permeability 
varies inside and outside slope failure deposits.

For this analysis, we chose an area of well-studied submarine landslides located offshore Montser-
rat and Martinique in the Lesser Antilles (Figure F1). These slides represent an ideal site to isolate 
and analyze sediment permeability in and around slope failures because (1) they consist of multi-
ple well-dated slide events (Figure F1; Le Friant et al., 2015) that are easily distinguished in both 
high-resolution 2D and 3D seismic data; (2) the area has been extensively cored and drilled, 
including drilling during Integrated Ocean Drilling Program Expedition 340 and seafloor drilling 
using remote controlled Meeresboden-Bohrgerät (MeBo) drilling rigs attached to research vessels 

Figure F1. A–C. Bathymetry, Expedition 340 sites (adapted from Hornbach et al., 2015; Le Friant et al., 2015).
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to recover sediment above, below, and within slope failures; and (3) there is evidence for both cat-
astrophic and creep-like slope failure in the region associated with pore pressure evolution in the 
subsurface (e.g., Hornbach et al., 2015). Here, we focus on sediments in the upper 1 km of the 
seafloor that were drilled and cored during Expedition 340. These sediments include volcaniclas-
tic turbidites and marine sediments inside and outside seismically identified submarine slides (Le 
Friant et al., 2015). In total, we measured permeability on 12 samples to assess changes above, 
below, and within slope deposits, as well as lateral variations in permeability within these deposits.

2. Materials and methods

2.1. Sample collection and preparation
The core samples used in this study were 10 cm3 punch cores from sediments that were collected 
during Expedition 340 and stored at the Gulf Coast Repository at Texas A&M University (US). Dry 
samples were placed in the permeameters and rehydrated. The permeameters were then com-
pressed as much as possible by hand before being fitted to the testing apparatus for measurements. 
This method is consistent with the approach used previously by Hornbach et al. (2015).

2.2. Core sample selection
A total of 12 core samples from 6 Integrated Ocean Drilling Program drill sites (U1393–U1395 and 
U1397–U1399) were selected in a guided effort to constrain permeabilities both inside and outside 
of landslide debris as well as changes in sediment permeability laterally along submarine landslides 
(Figure F1; Table T1). The selected sites contain sediments from several of the same seismically iden-
tified deposits but at varying locations downslope to allow interpretation of how permeability varies 
spatially (Figures F2, F3). Potentially overpressured sediments (Hornbach et al., 2015) (Samples 7 

Table T1. Measured hydraulic conductivity and permeability values, Sites U1393–U1395 and U1397–U1399. Download 
table in CSV format.

Figure F2. Approximate locations and ages of landslide deposits, core recovery, and selected samples, Sites U1393–U1395 and U1397–U1399. Samples A and B 
denote Site U1397 permeability values obtained from Hornbach et al. (2015).
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and 8 [340-U1395B-11H-6, 10–12 cm, and 11H-6, 96–98 cm, respectively]) were also selected to 
assess if or how permeability relates to estimated elevated pore fluid pressure zones. Samples 1 and 5 
(340-U1394B-3X-1, 50–52 cm, and 12H-6, 30–32 cm, respectively) were selected to constrain the 
upper and lower boundary permeabilities, respectively, of Montserrat Deposit 2. Samples 2, 3, and 4 
(340-U1394B-8H-2, 14–16 cm, 8H-2, 32–34 cm, and 8H-2, 108–110 cm, respectively) represent vol-
caniclastic sands interbedded in landslide Deposit 2; these come from the landward portion of the 
slide adjacent to the headwall. Sample 6 (340-U1394A-24X-CC, 5–7 cm) represents the upper 
bounding layer of landslide Deposit 8, which is the oldest and deepest landslide unit identified by Le 
Friant et al. (2015). The aerial extant of landslide Deposit 8 is unknown at this time. Samples 7 and 8 
were chosen because they might highlight changes in sediment permeability across a stratigraphic 
boundary at the downslope end of Montserrat Deposit 2. Samples 9 and 10 (340-U1398A-13H-3, 
58–60 cm, and 13H-3, 108–110 cm, respectively) were chosen to assess permeability downslope of 
all known landslides offshore Martinique in a deepwater, low-energy environment and will be con-
trasted with Sample 11 (340-U1399A-13H-2, 55–57 cm) and previous measurements by Hornbach 
et al. (2015) that come from the toe of Deposits 1 and 2 offshore Martinique. Finally, Sample 12 (340-
U1393A-1H-3, 7–9 cm) was obtained from the youngest, shallowest, and most landward slide 
deposit, located just below the headwall of Montserrat Deposit 1 (Le Friant et al., 2015).

2.3. Permeability measurement: the falling head method
In this study, we used the falling head method (Figure F4) to calculate the permeability of the 
selected sediments. Although experimental conditions are not equivalent to in situ conditions, mea-
suring permeability in this manner is consistent with the falling head approach used in previous 
studies and therefore allows a consistent comparison with previous results at this site (Hornbach et 
al., 2015). This method uses a finite amount of water added to the permeameter. As the water flows 
through the sediment sample, water level (head) is measured over time. The gravity-driven flow rates 
are used to calculate the hydraulic conductivity (K) of the sediment and, in turn, the permeability (k). 
Darcy’s law is used to describe these properties based on the dimensions of the sample and testing 
apparatus. The inner diameter of the falling head tube and the inner diameter of the sample chamber, 
as well as the length (L) of the sample in the tube, were measured for each apparatus. We secured the 
permeameters in place with clamps and allowed the feed end of the tubes to hang vertically with a 
small opening at the top, and the output end allowed water to drain. To maintain the sample in the 

Figure F3. Approximate locations of selected core samples, Sites U1393–U1395, U1398, and U1399 (modified from Friant et al., 2015). TWT = two-way traveltime.
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chamber, we used two layers of high permeability gauze on each end of the sample tube, connected 
these ends to the feed and output tubes with fittings, and then sealed each end to prevent leakage.

2.4. Measurements
Each sample was initially saturated. We then added water into the inflow end of the permeameters 
and measured the difference in the water level of the inflow tube and the outflow tubes over the 
course of hours and days. The change in water height over various time intervals was recorded and 
used to calculate hydraulic conductivity and permeability via the following relationships:

K = (L/t)ln(h0/ht), (1)

where

K = hydraulic conductivity (in meters per second),
L = length of the sample (in meters),
t = elapsed time (in seconds),
h0 = initial head (in meters), and
ht = head at the time of measurement (in meters).

The hydraulic conductivity can then be used to calculate the permeability of the sample:

k = Kμ/ρg, (2)

where

k = permeability (in square meters),
g = gravitational acceleration (9.8 m/s2),
μ = dynamic viscosity of water at 25°C and 1 atm of pressure (8.9 × 10−4 Pa·s), and
ρ = density of water at 25°C and 1 atm of pressure (997 kg/m3).

Ambient temperature during the experiments was kept between 21° and 24°C, and relative humid-
ity remained between 30% and 40%. The evaporation rate of water in a stationary beaker adjacent 
to the experimental setup was measured and found to be less than 0.01 mm/day. Therefore, at this 
temperature and humidity, evaporation had negligible impact on the experiments. For all mea-
surements, we conducted a double-blind approach, where each sample was measured in two dif-
ferent falling head apparatuses by different researchers to both constrain uncertainty and ensure 
consistency and reproducibility of results. These two apparatuses vary slightly with regard to the 
sample’s length, diameter, and measured head and will be referred to as Setup A and B accordingly.

Permeability measurements were performed on 12 sediment samples from Expedition 340 Sites 
U1393–U1395, U1398, and U1399 (Table T1).

Sample

Cross sectional
area A

Setup A:
∆h = 25-45.5 cm
L = 1.75-5 cm
A = 1.983 cm2

Setup B:
∆h = 10.48-34.93 cm
L = 0.95-2.86 cm
A = 5.067 cm2

∆h

L

Figure F4. Schematic of falling head permeameter used for this experiment.
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3. Results
The average permeability and hydraulic conductivity values for all samples are shown in Table T1. 
Some lower permeability samples (1, 7, 9, and 10) had high standard deviations resulting from 
variations in permeability across trials and setups. Low permeability samples had much smaller 
changes in head over time, increasing the chance of human error in measuring the head. Although 
the permeabilities of these samples are less accurate than the higher permeability sediments, these 
values still provide a useful order of magnitude approximation for the permeability of the hemi-
pelagic muds. All measured heads, times, and calculated permeabilities are included in Table T2.

Results show generally consistent permeability values for sands ranging from E−11 to E−12 m2. 
Values for hemipelagic muds ranged from E−14 to E−15 m2. Although there are not enough data 
to constrain permeability patterns inside versus outside landslide deposits at this time, these per-
meability and conductivity values will assist future studies in the region.

4. Conclusions
New permeability measurements of submarine slope failures help constrain the permeability of 
submarine sediments associated with volcanic flank collapse in the Lesser Antilles arc. Collapse 
events offshore Montserrat show large erosional events and slope failures recorded in the sedi-
ment layers that showcase several slope failures overlain by hemipelagic sediment (Watt et al., 
2012). The variation of permeabilities between sediment located within a slide deposit compared 
to adjacent sediment highlights an important connection between repeated failure events and 
possibilities for overpressure by overconsolidation. This study provides permeability values for 
samples collected within and adjacent to these landslide deposits and will assist future studies in 
the region. Further studies of permeability, porosity, and fluid flow in submarine sediments asso-
ciated with landslides will help characterize the potential risk of tsunamis associated with these 
types of sediments.
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