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A B S T R A C T   

Offshore freshened groundwater (OFG) has been documented in many continental margins worldwide. OFG 
systems are dynamic, expanding and contracting with falling and rise sea-levels. OFG has long been thought to be 
an important geomorphic agent in continental margins, either via active discharge at the seafloor, which can 
erode depressions, or the generation of excess pore pressure, which can deform sediments and cause slope failure. 
It has also been proposed that OFG flow can drive the loss of sediment shear strength via salt leaching, when 
seawater in pores is replaced by freshwater. Here, we measure changes in the geotechnical properties of seafloor 
clayey silt due to salt leaching using flushing experiments, and assess the implications of these changes on the 
stability of siliciclastic continental margins with 2D limit equilibrium modelling. We document a ~ 50% decrease 
in undrained cohesive strength of seafloor sediment after flushing, as well as a decrease in its shear strength, bulk 
density, and moisture content, which is similar to that reported for subaerial quick clays undergoing salt 
leaching. When applied to a theoretical submarine domain 300 m wide by 100 m high, we estimate that salt 
leaching can trigger slope failure when the thickness of the flushed layer is >3.5 m or when the slope gradient is 
>3◦. Such conditions are primarily satisfied on the continental slope or the shallow seafloor close to the 
shoreline. Salt leaching by OFG flow merits consideration as a potential mechanism destablising submarine 
sedimentary slopes.   

1. Introduction 

Offshore freshened groundwater (OFG) is water stored in sub- 
seafloor sediments and rocks with a total dissolved solid concentration 
below that of seawater. First reported in the 1960s (Kohout, 1964), OFG 
has now been documented in continental margins worldwide, predom
inantly in passive siliciclastic margins (Micallef et al., 2021; Post et al., 
2013). Meteoric recharge during sea-level lowstands is the most 
commonly inferred emplacement mechanism (Cohen et al., 2010; 
Haroon et al., 2021; Kooi et al., 2000; Kooi and Groen, 2001; Micallef 
et al., 2021; Micallef et al., 2020; Person et al., 2003; Thomas et al., 
2019). OFG systems are considered to be dynamic, and their extent 
expands and contracts with falling and rising global sea-levels. Sea-level 
has been much lower than today for 80% of the Quaternary period 
(Bintanja et al., 2005), resulting in the emergence of extensive sections 
of continental shelf and an increase in hydraulic heads. OFG systems 

were thus likely more extensive, and associated groundwater fluxes 
were higher, across continental shelves and slopes, during the majority 
of the last 2.6 Ma than they are today (Cohen et al., 2010; Faure et al., 
2002; Hay and Leslie, 1985; Leahy and Meisler, 1982; Morrissey et al., 
2010). 

Groundwater flow has long been thought to play a role in a range of 
seafloor processes shaping continental margins (Johnson, 1939; Stetson 
and Smith, 1938). This is mainly attributed to: (i) active discharge at the 
seafloor, which is thought to be responsible for the development of de
pressions (Goff, 2019; Gwiazda et al., 2018; Hillman et al., 2015; 
Hoffmann et al., 2020; Hübscher and Borowski, 2006; Idczak et al., 
2020; Jakobsson et al., 2020; Jensen et al., 2002; Müller et al., 2011; 
Puig et al., 2017; Rise et al., 1999; Virtasalo et al., 2019; Whiticar, 
2002), or (ii) the generation of excess pore pressure, which can deform 
sub-seafloor sediments via creep, liquefaction and fluidisation (Bull 
et al., 2009; Kopf et al., 2016; Moernaut et al., 2017; Nardin et al., 1979) 
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or may cause slope failure (Kelner et al., 2014; Kopf et al., 2016; 
L'Heureux et al., 2010; L'Heureux et al., 2012; Oehler et al., 2017; 
Stegmann et al., 2011; Vanneste et al., 2013). Groundwater flow is also 
thought to change the physical and chemical properties of sub-seafloor 
pore fluids. Termed “salt leaching”, this process has been proposed to 
drive the deformation of sub-seafloor sediments offshore Nice (e.g. Dan 
et al., 2007; Kopf et al., 2016; Stegmann et al., 2011). This concept 
draws inspiration from studies of subaerial quick clays in Canada and 
Scandinavia, which are marine clays characterised by very high 
compressibility and saline pore fluids. Rainwater infiltration and 
groundwater flow can flush the salts out and reduce the pore water 
salinity (Bjerrum, 1954; La Rochelle et al., 1970). Such flushing can 
have profound effects on the geotechnical properties of the clays 
because it impacts particle alignment and affects electrical interparticle 
forces. Reported changes in the geotechnical properties of clays include: 
(a) a reduction in the undrained shear strength, water-holding capacity 
and Atterberg limits, and (b) an increase in sensitivity (defined as the 
ratio between peak and residual undrained strength) and compress
ibility, both of which may ultimately result in liquefaction and slope 
instability (Barbour and Yang, 1993; Bjerrum, 1954, 1967; Deng et al., 
2011; Ismael, 1993; Kim and Do, 2011; Liu et al., 2021; Locat and 
Demers, 1988; Madadzadeh Toulegilan et al., 2020; Nguyen et al., 2013; 
Rolfe and Aylmore, 1977; Torrance, 1974; Wu et al., 2021; Zhang et al., 
2019). Such changes in geotechnical properties have been reported in 
subaerial settings, and the effectiveness of salt leaching in driving 
deformation and instability in seafloor sediments still needs to be 
evaluated. 

In this study we employ laboratory experiments and numerical 
modelling to determine how salt leaching of sub-seafloor sediments by 
OFG flow changes their geotechnical properties, and to assess the im
plications of these changes on the stability of siliciclastic continental 
margins. Here we focus on clayey silt because it is one of the most 
common types of seafloor sediment in this kind of margin (Dutkiewicz 
et al., 2015). 

2. Material and methods 

2.1. Sample processing and analyses 

2.1.1. Samples 
Seafloor sediment was collected opportunistically from the Baltic Sea 

during the oceanographic expedition AL527 on board the R/V Alkor in 
September 2019. The samples were acquired at site AL527–06, at a 
water depth of 25 m and location 54◦02.419′N, 11◦04.679′E using a 
gravity corer. The core section at depths of 52–152 cm below seafloor 
was used. Samples at this site are not known to be currently affected by 
OFG flow/seepage, which makes them suitable for our flushing 
experiments. 

2.1.2. Sample analyses 
A series of laboratory tests were carried out to characterise the me

chanical and hydraulic properties of the gravity core section. These 
included index tests for moisture content, specific gravity, grain size 
(sieve analysis, hydrometer), Atterberg limits, and permeability 
(Table 1). A consolidation test was also run for the undisturbed sediment 
sample saturated with saline water to quantify the magnitude and rate of 
volume decrease when a confined sediment specimen is subjected to 
different vertical pressures. The cohesive strength of the sediment was 
determined via a triaxial shear test, where undisturbed sediment sam
ples were subjected to different stress levels and drainage conditions. 
The applied confining pressures ranged from 100 kPa to 600 kPa to 
simulate the in-situ pressures at a water depth of 10–60 m. The shear 
strength parameters were determined via an Unconsolidated-Undrained 
(UU) test during the triaxial tests (Table 1). A Consolidated-Undrained 
(CU) test was not carried out because it is difficult to consolidate very 
soft sediment samples. The value obtained for natural moisture content 

for the sediment sample was higher than the value of its liquid limit 
(47% and 35.73, respectively), indicating that the soil sample is soft, 
sensitive and underconsolidating. The sediment sample would not have 
survived the various stages of the CU test (saturation, consolidation, 
shearing) in its current state. 

The preparation of the sample for the UU test involved extruding the 
sediment as a sample 38 mm in diameter and 84 mm in length, and 
setting it up in the triaxial cell. The sediment specimen was only sub
jected to the confining pressure inside the triaxial chamber. The pore 
water pressures were not measured during this test, so the results can 
only be interpreted in terms of total stress (undrained cohesive strength, 
cu). The triaxial tests were carried out on sediment specimens subjected 
to different confining stresses. While the confining pressure was kept 
constant, the deviator stress was increased to failure. The UU tests were 
carried out before and after the flushing experiments. 

Energy Dispersive X-ray (EDX) measurements were carried out on 
five sediment samples before and after the flushing experiments to 
examine changes in the element composition of the sediment. X-ray 
diffraction measurements were performed on the fine fractions of five 
sediment samples before the flushing experiment, following the meth
odology in Petschick et al. (1996), to assess clay mineralogy. 

2.2. Flushing experiments 

The main objective of the flushing experiments was to fully flush out 
the seawater from the sediment sample, replace it with freshwater, and 
assess changes in the sediment's geotechnical properties. The set-up for 
the flushing experiments is shown in Fig. 1. There are three pressure 
valves attached to a test chamber in a triaxial cell (cell pressure valve, 
back pressure valve, and pore water pressure valve). All these valves 
were open during the flushing process. The Automatic Pressure 
Controller (APC) was connected to the cell pressure and pore water 
pressure valves, while the back pressure valve was opened to allow 
water to flush and collect in the measuring cylinder. To flush the 
seawater out of the sample, both pressures from the cell and back were 
applied to the sediment, with values of 15 kPa and 10 kPa respectively. A 
low effective stress of 5 kPa was thus applied to ensure water flow while 
maintaining the original physical state of the sediment specimen. 

Distilled water and three sediment samples were used during the 
flushing experiments. The sediment sample had a diameter and height of 
3.8 and 8.4 cm, respectively. The cumulative duration of all the flushing 
experiments was three months. Flushing was performed until the 

Table 1 
Tests carried out to characterise the mechanical and hydraulic properties of the 
gravity core section using ASTM (American Society for Testing and Materials) 
and AASHTO (The American Association of State Highway and Transportation 
Officials) standards.  

Geotechnical and hydraulic 
properties 

Test Standard and code 

Moisture content Moisture ASTM D 2216–98 
Total volume, solid volume, and 

water volume 
Density (Unit Weight) ASTM D7263–09 

Particle size distribution Sieve analysis ASTM D 422 
Particle size distribution (fine 

grained fraction) 
Hydrometer ASTM D7928 

Liquid limit Atterberg limits tests ASTM D 4318 
Plastic limit Atterberg limits tests ASTM D 4318 
Plasticity index Atterberg limits tests ASTM D 4318 
Maximum dry density Standard Proctor 

Compaction Test 
AASHTO T99 
(AASHTO D 698) 

Optimum moisture content Standard Proctor 
Compaction Test 

AASHTO T99 
(AASHTO D 698) 

Permeability Constant head method ASTM D2434 
Consolidation and settlement 

parameters (Cc, Cr) 
Oedometer test ASTM D2435 

D2435M - 11 
Shear strength Triaxial shear test ASTM D4767 
Cohesive strength Triaxial shear test ASTM D4767  
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salinity of the water seeping from the sample was <0.5 ppt and the pH 
value had decreased to 7.7. This was determined using a YSI model 30 
salinity, conductivity and temperature sensor, and a pH meter. At the 
end of the experiments, the UU test was carried out on three saturated 
samples subjected to different confining pressures in the range of 
100–600 kPa, following the ASTM D4767 standard. These pressures are 
slightly lower than those used for the samples before the flushing ex
periments because the flushing process decreased the plastic index and 
made the sample softer. 

2.3. 2D numerical modelling 

2D numerical modelling was carried out to assess the impact of 
changes in geotechnical properties associated with salt leaching on 
seafloor stability. Estimation of the factor of safety (FS) was performed 
using Slide2, a commercial slope stability software by Rocscience 
(Rocscience, 2020). 

2.3.1. Governing equations 
The finite element code is based on the limit equilibrium method for 

static and pseudo-static drained conditions that assumes an “infinite” 
slope. The equation that was used to calculate the FS is derived from 
Dugan and Flemings (2002): 

FS =
cu

' + γ'z(cos2θ − λ*)tanϕ'

γ'zsinθcosθ
(1)  

where θ (0) is the slope angle (also the angle of the slip surface), λ* is the 
overpressure ratio (λ* = Δu/δ’vh), u is the pore water pressure (u =
ρwgz), δ’vh is the hydrostatic vertical effective stress (δ’vh = ρsgz), cu’ (Pa) 
is the effective undrained cohesive strength, ϕ’ (0) is the effective soil 
friction angle, γ’ (kN/m3) is the effective soil unit weight (γ’ = ρsg), ρs is 
sediment density, ρw is fluid density, z (m) is sub-seafloor depth and g is 
gravitational acceleration. The numerator of this equation originates 
from the Mohr-Coulomb failure criterion, where τ (Pa) is shear strength 
and σ'n (Pa) is effective normal stress (Hampton et al., 1996). FS ˃ 1 is 
indicative of slope stability whereas FS < 1 denotes slope instability. 

The Slide2 model simulations were based on a non-circular surfaces- 
block search to estimate FS along linear and non-linear weak layers. For 
this purpose, we simulated the flushed state of clayey silt as a weak layer 
surrounded by the original state of the clayey silt sediments. 

2.3.2. Simulations 
The FS was estimated using the geotechnical properties (strength 

parameters, density, permeability) of the cored sediment sample before 
and after flushing. We considered a domain with dimensions of 300 m by 
100 m and an overall slope gradient of 4◦, which was represented by a 
finite element mesh with 10,000 triangular elements (each triangle 
having sides 2.5 m long). The entire slope is made of clayey silt saturated 
by seawater and located at a bathymetric depth of 100 m at its shal
lowest. Three different scenarios were considered where a 5 m thick 
layer of sediment was flushed with groundwater: (i) flushed layer is 
located at the surface, (ii) flushed layer is located at 25 m below seafloor, 
and (iii) flushed layer is located at 50 m below seafloor. 

A sensitivity analysis was carried out to determine the effect of 
different slope gradients and thickness of the flushed layer on slope 
stability after flushing. Slope gradients were varied between 2.5 and 4◦, 
whereas the thickness of the flushed layer was varied between 1 and 10 
m. 

3. Results 

3.1. Sample characteristics 

The Atterberg limits and particle size distribution of the sediment 
samples are presented in Table 2 and Fig. 2a. Based on these charac
teristics, the seafloor sediment can be classified as clayey silt with 

Fig. 1. (a) Schematic drawing of the experimental set-up used in this study (APC = Automatic Pressure Controller), b) Photograph of the experimental set-up in 
the laboratory. 

Table 2 
Atterberg limits and particle size distribution of the sediment samples.  

Atterberg limits 

Sample Liquid Limit (%) Plastic Limit (%) Plastic Index 

Sample 1 33.25 17.06 16.18 
Sample 2 38.21 18.32 19.89 
Mean 35.73 17.69 18.04   

Particle size distribution (by mass)  

Sand (0.075–4.75 mm) 
(%) 

Silt (0.002–0.075 mm) 
(%) 

Clay (< 0.002 mm) 
(%)  

19.66 41.53 32.35  
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Fig. 2. (a) Particle size distribution of the sediment sample. (b) E-log 
p curve from the consolidation test. The blue line is the experimental 
data of void ratio and consolidation pressure. The orange line is the 
graphical procedure to find the gradient of the line that yields the 
compression index. pc is the preconsolidation value of effective stress. 
(c) Plot of the cumulative strain vs. shear strength, before (in blue) 
and after (in red) the flushing experiments, derived from the triaxial 
test. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.)   
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intermediate plasticity. The moisture content obtained from the samples 
ranges between 41.96% and 52.91%, with the optimal moisture content 
at 33.5%. The mean maximum dry density was 1.91 g/cm3. Fig. 2b 
shows a plot of the void ratio vs. pressure for the loading and unloading 
phases. The preconsolidation stress (pc) experienced by the sediment 
sample during the consolidation test is 50 kPa The compression indices 
Cc and Cr, obtained from the slope of the linear portion of the e-log p 
curve, are 0.519 and 0.021, respectively. The quality of the sample was 
determined by estimating the ratio Δe/e0 (Fig. 2b); the estimated value 
is 0.07, which is equivalent to a “good to fair” sample quality category 
(Lunne et al., 2006). The permeability tests yielded a mean value of 1 ×
10− 14 m2. The in situ total stress and hydrostatic pressure where the 
sample was collected are estimated at 262 kPa and 245 kPa, respec
tively. We did not measure in situ temperature, but this tends to be in the 
range of 4–5 ◦C (Kankaanpää et al., 2022). 

3.2. Experimental results 

3.2.1. Water chemistry 
The changes in pH and salinity during the flushing experiments are 

presented in Fig. 3. We observe that the rate of salinity and pH of 
leachates in all tests decreases linearly. For all samples, three flushing 
cycles (with one cycle equivalent to 95.28 ml of water), were required to 
reach a salinity of 0.5 ppt and a pH of 7.7. 

3.2.2. Geotechnical properties 
The results from the UU tests before and after the flushing experi

ments are shown in Table 3. The UU tests before the flushing experi
ments were conducted with confining pressures of 200 kPa, 300 kPa, 
and 600 kPa, whereas those after the flushing experiments were con
ducted with confining pressures of 100 kPa, 200 kPa, and 600 kPa. After 
the flushing experiments we observe a decrease in the mean undrained 
cohesive strength, shear strength, bulk density and moisture content 
(Table 3). The ratio of undrained shear strength before leaching to that 
after leaching is equal to 2, which indicates that the sample was medium 
sensitive. No change in the volume of the sediment sample was 
measured during the flushing experiments. 

A plot of the cumulative strain vs. shear strength, before and after the 
flushing experiments, is shown in Fig. 2c. Salt removal by the flushing 
process has resulted in a reduction in the elastic deformation parame
ters, which implies the development of a deformation band at the lower 

yield point. 

3.2.3. Mineralogy 
Fig. 4 shows the mean EDX measurements for sediment samples 

before and after the flushing experiments. The main elements in our 
samples are O, Si and C. After the flushing experiment, we note an in
crease in the concentration of O (6.1%), Si (2.1%), C (0.7%), and Ti 
(0.1%), and a decrease in the concentration of Al (2.3%), Fe (2.6%), K 
(1.1%), Mg (0.3%), Ca (2.9%), Cl (0.4%) and Na (1.0%). The X-ray 
diffraction measurements show that the clay fraction of our sediment 
samples consists of 65% illite, 15% chlorite and 15 kaolinite. Smectite 
was almost absent (<5%). 

3.3. Slope stability models 

3.3.1. Slope stability simulations 
The slopes in all scenarios considered are initially stable, with a FS of 

>2. Following flushing of a 5 m thick sedimentary layer, the estimated 
FS for the three scenarios decreases to <1, denoting unstable conditions 
along the flushed layer (Fig. 5). The flushed sedimentary layer acts as a 
weak layer. 

3.3.2. Sensitivity analysis  

(a) Thickness of flushed layer 

By plotting the thickness of the flushed layer against the estimated FS 
for the three different depths considered (0 m, 25 m, 50 m), we observe 
that an increase in the thickness of the flushed layer results in a decrease 
in FS (Fig. 6). The minimum thickness of the flushed layer for slope 
instability appears to range between 3.5 m (at 50 m depth) and 5 m (at 
the surface).  

(b) Slope gradient 

As shown in Fig. 7, slope failure occurred when the gradient was at 
least 3.8◦, 3.0◦ and 3.0◦ for a flushed layer located at the surface, 25 m 
below seafloor and 50 m below seafloor, respectively. 

Fig. 3. Changes in the salinity (ppt) and pH during the experiments. Flushing cycle “0” denotes the starting conditions.  
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Table 3 
Material parameters measured before and after the flushing experiment.  

State Sample Cell pressure 
(kPa) 

Maximum corrected 
deviator stress (kPa) 

Undrained cohesive 
strength (cu, kPa) 

Mean undrained 
cohesive strength (cu, 
kPa) 

Mean shear 
strength (kPa) 

Mean bulk 
density (g/cm3) 

Moisture 
content (%) 

Before 
flushing 

Sample 
1 200 26 13 

14.3 18 1.75 52.91 
Sample 
2 300 25 12 

Sample 
3 

600 37 18 

After 
flushing 

Sample 
1 

100 10 5 

7 10 1.50 41.96 
Sample 
2 200 13 6 

Sample 
3 600 20 10  

Fig. 4. EDX measurements of a sediment sample (a) before and (b) after the flushing experiment.  
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Fig. 5. Estimated factor of safety (FS) for three 
different scenarios where a 5 m thick layer of sedi
ment was flushed with groundwater (denoted in 
pink): (a) flushed layer is located at the surface, (b) 
flushed layer is located at 25 m below seafloor, and 
(c) flushed layer is located at 50 m below seafloor. 
The dashed blue line is the water surface whereas the 
red line shows the failure surface. (For interpretation 
of the references to colour in this figure legend, the 
reader is referred to the web version of this article.)   

Fig. 6. Estimated factor of safety (FS) for different thicknesses of the flushed layer at a range of depths, for a slope gradient of 4◦.  
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4. Discussion 

4.1. Comparison with results from experiments on subaerial quick clays 

The replacement of seawater by freshwater in the pores of our sea
floor clayey silt samples results in a decrease in their undrained cohesive 
strength, shear strength, bulk density, and moisture content. Compara
ble changes in the same geotechnical parameters have been observed in 
subaerial quick clays that underwent salt leaching (Table 4). These 
studies have also reported how liquid limit, preconsolidation stress, and 
void ratio decreased after leaching, whereas the compression index, 
swelling index, and settlement increased after leaching (Table 4). We 
were unable to measure changes in these parameters because the sedi
ment sample was too soft to handle at the end of the experiments. A 
decrease in Cl and Na concentrations in the sediment after leaching, as 
observed in Fig. 4, was also reported in marine clays by Liu et al. (2021). 

4.2. Implications for slope failure by OFG flow/seepage in continental 
margins 

The results from our laboratory experiments and numerical models 
demonstrate that, by reducing the cohesive and shear strength of clayey 
silts, salt leaching can trigger failure in siliciclastic continental margins. 
In the considered scenarios, failure can be triggered by salt leaching 
where the thickness of the flushed layer is >3.5 m or where the slope 
gradient is >3◦. The settings that are conducive to failure by salt 
leaching are therefore the relatively steep parts of continental margins 
that are rich in clay-silt sediments and that undergo groundwater 
flushing. These primarily comprise: (i) the continental slope, either 

during sea-level lowstands and/or where the shelf is narrow, or (ii) the 
shallow seafloor between the shoreline and the upper shelf, which ex
periences the longest salt leaching episodes during a single glacial cycle 
and where the most active recharge by freshwater occurs at present. The 
1979 Nice harbour landslide site, where salt leaching had been proposed 
as a potential mechanism for sediment weakening, creep, and micro- 
slumping (e.g. Dan et al., 2007; Kopf et al., 2016; Stegmann et al., 
2011), fits the latter criteria. The site is located close to the coast at 
water depths of <50 m. Freshwater infiltration by precipitation, river 
discharge and snow melt recharge sandy and clay layers at the scar wall, 
increasing clay sensitivity and decreasing the effective stress. In other 
parts of the continental margin, where slope gradients are <3◦ (e.g. 
middle to our shelf) or where the flushed layer is <3.5 m thick, OFG 
flow/seepage is expected to only precondition the slope to failure. 

There are a number of sites globally where OFG has been associated 
to seafloor geomorphic change. These primarily include continental 
shelf to slope environments in siliciclastic margins, where OFG flow and 
seepage have been proposed to drive slope failure (Beaufort Sea, Canada 
(Paull et al., 2021)), canyon erosion (KwaZuluNatal, South Africa 
(Green and Uken, 2008); Alías-Almanzora canyon system, Spain (Puig 
et al., 2017)) and pockmark formation (Beaufort Sea, Canada (Gwiazda 
et al., 2018); New England Mud Patch, NE USA (Goff, 2019); Baltic Sea 
(Jakobsson et al., 2020)). The inferred influence of OFG in such settings 
is mechanical, either by lowering the effective stress of sediment via the 
generation of excess pore pressure (Sultan et al., 2020), or via the 
exertion of a seepage force that offsets the frictional forces within the 
sediments (Pratson et al., 2009). There is no reason to preclude salt 
leaching as an additional factor driving instability in the continental 
slope sites, or preconditioning the slope to failure in the continental shelf 

Fig. 7. Estimated factor of safety (FS) for different slope gradients for different depths of a flushed layer 5 m in thickness.  

Table 4 
Comparison of our results with those from experiments carried out on subaerial quick clays.  

Parameters Before leaching (our 
experiments) 

After leaching (our 
experiments) 

Before leaching 
(literature 

After leaching 
(literature) 

Reference 

Compression index, Cc 0.519  0.15 0.21 (Nagase et al., 
2006) 

Liquid limit (%) 35.73  43.4 27.4 (Bjerrum, 1954) 
Preconsolidation stress, σpc' (kPa) 50  50 45 (Ismael, 1993) 
Undrained shear strength (kPa) 14.3 7.00 19.6 9.8 (Bjerrum, 1967) 
Ratio of undrained shear strength to effective 

overburden pressure 
0.14 0.07 0.16–0.25 0.09–0.12 (Bjerrum, 1967) 

Remoulded shear strength (kPa)   0.25–0.9 0.5 (He et al., 2015) 
Settlement (vertical strain, %)   1.5 4.5 (Kazi and Moum, 

1972) 
Swelling index, Cs   0.001 0.015 (Nagase et al., 

2006) 
Unit weight, γ (g/cm3) 1.75 1.50 1.69 1.57 (Ismael, 1993) 
Void ratio, e0 1.04  0.45 0.42 (Azam, 2000)  
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sites (primarily in relation to pockmark formation). 
Another important factor controlling the impact of salt leaching by 

OFG on slope stability is the extent of groundwater flushing. This tends 
to be higher in settings with wet climates, steep coastal topographies 
(more common in active margins), and permeable sediments in the 
upper shelf (which would facilitate flushing and salinisation). There are 
305 records of OFG in continental margins globally (Micallef et al., 
2021). Of these:  

i. 76% were emplaced by meteoric or glacial recharge;  
ii. 31% are located in continental slopes; with the remaining 69% in 

continental shelves;  
iii. ~26% are located at a sub-seafloor depth of 0–50 m and have a 

thickness of 0–250 m;  
iv. Where the aquifer type is known, 31% occur in clays and/or silts. 

This means that, based on the inferences made in our study, one- 
third of known OFG sites should be conducive to slope instability due 
to salt leaching related to OFG flow. It is worth mentioning that since the 
preservation potential of OFG can be in the range 30–45% of the initial 
OFG volume (as estimated for the New Jersey margin after 12 ka 
(Thomas et al., 2019)), salt leaching, and possibly slope failure, in the 
continental slope are expected to have reoccurred during every glacial 
cycle. 

4.3. Limitations and sources of error 

The main limitations of our study include: (i) The range of pore water 
salinity used is limited in comparison to what can be encountered in the 
field. (ii) In the field, groundwater pressures may be higher than those 
applied in the laboratory. (iii) We did not consider the impact of sedi
ment compaction on changes in the shear strength with depth in the 
numerical model. The likelihood of slope failure occurring where the 
flushed layer is located at depth is thus lower than estimated by our 
model. (iv) We did not assess the impact of mesh size on the modelling 
results, although we did use a fine enough mesh to resolve the flushed 
layer with at least two elements. (v) The geology of the continental 
margin considered in the numerical model is simplified, as we did not 
consider heterogeneities associated to sediment variability or erosional/ 
depositional structures, both of which are typical of siliciclastic conti
nental margins. 

The main sources of error during the flushing experiments were: (i) 
The error in the sensor reading (vertical measurement, pressure trans
ducer). These were in the range of ±5 kPa, but were minimised by 
having the readings automatically logged by a data logger. (ii) The 
magnitude of pore pressure change during the experiment, which could 
not be measured. 

5. Conclusions 

Flushing experiments have shown that replacement of seawater by 
freshwater in the pores of seafloor clayey silt can decrease the undrained 
cohesive strength by 50%, as well as a decrease in its shear strength, bulk 
density, and moisture content. This is comparable to observations made 
in salt leaching experiments using subaerial quick clays. 2D limit equi
librium modelling of a theoretical submarine slope domain 300 m by 
100 m demonstrates that salt leaching by OFG flow can trigger slope 
failure where the thickness of the flushed layer is >3.5 m or when the 
slope gradient is >3◦. The settings that are most likely to be impacted by 
slope failure due to salt leaching are the shallow seafloor close to the 
shoreline, and the continental slope. Elsewhere along the continental 
margin, OFG flow/seepage is expected to precondition the slope to 
failure. One-third of known OFG sites is likely conducive to slope 
instability due to salt leaching related to OFG flow. Salt leaching asso
ciated with OFG flow/seepage merits to be considered with overpressure 
generation as a potential mechanism destablising submarine 

sedimentary slopes and driving seafloor geomorphic change. 
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Crutchley, G.J., Scholten, J., Gorman, A.R., 2020. Complex eyed pockmarks and 
submarine groundwater discharge revealed by acoustic data and sediment cores in 
Eckernförde Bay, SW Baltic Sea. Geochem. Geophys. Geosyst. 21, 1–18. 

Hübscher, C., Borowski, C., 2006. Seismic evidence for fluid escape from Mesozoic cuesta 
type topography in the Skagerrak. Mar. Pet. Geol. 23, 17–28. 

Idczak, J., Brodecka-Goluch, A., Łukawska-Matuszewska, K., Graca, B., Gorska, N., 
Klusek, Z., Pezacki, P.D., Bolałek, J., 2020. A geophysical, geochemical and 
microbiological study of a newly discovered pockmark with active gas seepage and 
submarine groundwater discharge (MET1-BH, central Gulf of Gdańsk, southern 
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