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Offshore freshened groundwater (OFG) has long been hypothesised to be a
key factor shaping continental margins worldwide. Field observations from
siliciclastic margins suggest strong causal links between sub-seafloor OFG flow
and seafloor depressions, canyons and landslide scars. These links have been
hard to validate due to a paucity of appropriate field data and difficulty in
simulating the subsurface flow and geomorphic processes in the laboratory.
Here we present a numerical study that simulates the geomorphic action of
sub-seafloor OFG seepage in an idealised 3D continental margin. Analysis
of the coupling conditions highlights the multiplicative nature of the primary
driving mechanisms (seepage-induced erosion and slope instability), suggesting
a continuous transition between flow- and stress-controlled landforms. We
find that OFG can create landforms in siliciclastic margins when buried flow
pathways exist. Shelf-break depth determines landform type and timing. Shelf-
breaks deeper than the sea-level lowstand lead to shallow circular depressions
in the mid-shelf region, while those shallower than the lowstand yield V-shaped
and theatre-headed valleys in the outer shelf to upper slope. Landforms emerge
during falling sea-levels, starting as pockmark trains along the edges of the
buried channels. Sensitivity studies show that: (1) channel width and depth affect
only landform size, not type, and (2) OFG-related landforms are mainly erosion-
driven and can evolve into slope failures in coarse-grained sediments with
low cohesive strength. Our model aligns with field observations of pockmarks,
canyons, and landslides in various continental margin settings.

offshore freshened groundwater, topographically driven flow, landscape evolution
modelling, pockmark, canyon, landslide, continental margin, numerical modelling

1 Introduction

Offshore freshened groundwater (OFG) is groundwater stored in sub-seafloor
sediments/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 in water depths down to 3,000 m and is estimated to have a global
volume of 10° — 10 km? (Zamrsky et al., 2022; Micallef et al., 2021; Post et al., 2013). The
majority of this OFG is thought to predominantly occur in passive siliciclastic margins,
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and to have been emplaced by meteoric recharge during sea-
level lowstands as a result of continental shelf exposure and an
increase in hydraulic heads (Cohen et al., 2010; Kooi and Groen,
2001; Micallef et al., 2021; 2020). Key factors influencing OFG
distribution are topography-driven flow, salinization via haline
convection, permeability contrasts, and the continuity/connectivity
of permeable and confining strata (Micallef et al., 2020). Considering
that sea-level has been lower than today for 80% of the Quaternary
period (Bintanja et al., 2005), OFG systems are likely to have
been more extensive, and associated with higher groundwater
fluxes, for the majority of the last 2.6 Ma (Cohen et al., 2010;
Faure et al., 2002; Morrissey et al., 2010).

OFG has long been hypothesised to be a key factor shaping
1939; 1936). Field
observations, primarily from siliciclastic shelves and slopes, have

continental margins (Johnson, Stetson,
been used to infer that sub-seafloor OFG flow can deform sediment
or trigger slope failures by generating excess pore pressure and
lowering effective stress (Kopf et al., 2016; Paull et al,, 2021;
Stegmann et al., 2011). Depressions, and potentially blind canyons,
are thought to have formed where OFG actively discharges at
the seafloor (Goff, 2019; Green and Uken, 2008; Gwiazda et al,,
2018; Virtasalo et al, 2019). A comprehensive list of seafloor
landforms associated with OFG is found in Micallef et al.
(2023). Most of these inferences are speculative, although recent
2D models have demonstrated that OFG flow during sea-level
lowstands can generate the pore pressures required to trigger
mechanical instabilities in the outer shelf to upper slope of passive
(or divergent, or rifted), non-glaciated margins (Micallef et al.,
2023). Such a phenomenon has been shown to be more likely
in carbonate margins, although it may occur in siliciclastic
margins under specific conditions, e.g., where preferential
flow pathways cross the shelf. Precise understanding of how
subsurface flow of OFG impacts the morphodynamics of the
surface/seafloor remains elusive. This is primarily because of (1)
limited understanding of OFG characteristics (e.g., distribution,
flow rate, pressure/chemical characteristics): due to a paucity of
field measurements, (2) difficulties with observing/measuring OFG-
driven seafloor processes and simulating them in the laboratory,
and (3) challenges in isolating the effects of groundwater from those
of the other processes occurring in the vicinity of the seafloor.
Establishing a diagnostic link between OFG and seafloor landforms
is important because it can support models that reconstruct or
predict the geomorphic evolution of continental margins, refine
hazard assessments, and identify topographic signatures of OFG
flow/seepage.

The objective of this study is to determine whether groundwater
processes can independently initiate and drive landform evolution
on the seafloor. If so, it seeks to identify the types of landforms
that may develop and the specific conditions under which they
occur. This study focuses solely on exploring the mechanistic
relationship between groundwater flow and seafloor landforms,
without attempting to assess the relative significance of groundwater
action compared to other known drivers of landform evolution.
We use a “reduced order modelling” approach to delineate the
characteristics of seafloor landforms generated by OFG flow and
seepage in a passive siliciclastic margin with a buried channel
across the shelf, and to identify their key controls. We focus on
passive siliciclastic margins because they are the major host of OFG
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globally (Micallef et al., 2021), where most landforms associated
to OFG are located (Micallef et al., 2023). Buried channels are a
common feature of siliciclastic margins, e.g., northwest European
shelf (Lericolais et al., 2003; Chaumillon et al., 2010; Menier et al.,
2010; 2016; Traini et al, 2013), north-eastern Australian shelf
(Fielding et al., 2003), New Jersey shelf (Nordfjord et al., 2005;
Nordfjord, 2006), Huanghai shelf (Kong et al., 2011), South African
shelf (Green, 2009), Sunda shelf in south-east Asia (Hanebuth et al.,
2009), Gulf of Mexico (Anderson and Fillon, 2004). We consider
sea-level fluctuations during a late Quaternary glacial cycle to
account for the widest range of OFG velocities and associated pore
pressures. We develop a conceptual 3D groundwater and landscape
evolution model that reduces the physical processes to narrowly
focus on the interactions of OFG with seafloor landscapes under
ideal conditions. A particular highlight of this model is that it
provides a generalised mathematical framework to analyse the
coupling conditions between fluid flow field and its associated stress
field. The presented model is ‘complex’ as it preserves the coupled
transient dynamics of flow-induced landscape evolution, but within
the context of this study, it is ‘reduced’ as it resolves only the
flow fields associated with fluid seepage while ignoring those that
arise from the density gradients due to the freshening process.
Analysis of the model parameters and comparison with documented
landforms attributed to OFG show that the solutions of our model
can provide useful qualitative and quantitative insights regarding the
OFG-driven seafloor processes.

2 Methodology
2.1 Mathematical model

To model the impact of OFG on the evolution of continental
margins, we assume that the representative elementary volume
on the continuum scale is composed of two distinct phases: (s)
ediment and pore-(w) ater. The governing equations are derived
by considering the mass balance of each phase. Sea-level changes
and meteoric recharge drive groundwater recharge and flow. The
resulting hydro-mechanical forces impact the mechanical stability
of the sediment.

A partial poro-mechanical coupling is considered. Elastic
deformations (up-to the limit of the yield surface) induced by
pore-pressure changes are used for the evaluation of stress states,
which determine the erosional processes. The back-coupling of the
elastic deformation on the pore pressure is ignored. The poro-elastic
responses of sediment unloading are described through coupling
between sediment mass loss and the momentum balance.

For simplicity, salinity effects on the erosional dynamics have
been ignored (i.e., the mechanical properties of the sediments as
well as the erosion rate parameters are assumed to be independent
of salinity). Tidal loading is also ignored as it is not directly relevant
for testing the hypothesis.

The following set of governing equations is solved in a 3D
computational domain:

9,[¢C,,+(1-¢)C,JP+V-v,+V-v, =0 (1)

0,(1-¢)CP-0,0+V-(1-¢)v,=Q (2)
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V-6+VP=[dp, +(1-d)p.lg ®)

where, Equation I corresponds to total mass balance of water
and sediment phases, Equation 2 to mass balance of sediment
phase, and Equation 3 to quasi-steady-state momentum balance of
sediment matrix.

The variable ¢(x, t) is the sediment porosity and P(x, t) the pore-
water pressure, with t> 0 as time and x:= [x,y,z]T as the spatial
coordinates. Furthermore, p,,, p (X, t) are water and sediment phase
densities, such that:

1 9P

"¢ op VB =)

Pe (4)
with C,,C, as the water and sediment phase compressibilities,
respectively (Equation 4). The variable v,, is the Darcy seepage
velocity of the water phase, such that:

v (5,1) = —pﬁ(vm 0.g) )

w
with permeability K(x,t), dynamic viscosity of water u,, and
acceleration due to gravity g (Equation 5). To reflect the changes in
the permeability field due to changes in porosity, we parameterize
the K- relationship using an exponential model (e.g., Hommel et al.,
2018; Rutqvist et al., 2002), such that:

-9
where, ¢, and K, are the reference porosity and permeability

K:= K exp {)\( (6)

1=,

distributions, and A is a model parameter. The variable v =
T, . . .

[va,vby,vbz] is the sediment burial velocity that accounts for the

sediment aggradation, such that:

Vs =V, =0 and v, = < (7)
where v, is the effective burial rate measured at the seafloor
(Equation 7). For simplicity, we assume that the burial rate remains
the same throughout the glacial cycle (i.e., invariant over time).
The variable o(x,t) is the effective Cauchy stress tensor, resolved
using an elastic constitutive law in the limit of infinitesimal strains,
such that:

o:=2le+ A tr(e)l (8)

where, the €:= %(Vu + VTu) is the infinitesimal strain tensor
evaluated based on the gradient of sediment displacement u
(Equation 8). Here, T and A are the Lamé parameters of the sediment
material, and are related to the elastic properties, Young’s modulus
E and Poisson’s ratio v, as Equation 9,

Ev

T a+v)(1-2v) ©)

= m and A

Finally, Q(x,t) denotes the rate of sediment mass-removal,
parameterized as:

—eq F|v

0

if >0
ifF<0

wl

(10)

where, the stress-state 7 measures the potential for a mechanical
instability to occur in the sediment matrix, such that the states F <
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0 are considered stable and F > 0 are considered unstable. In our
model, the stress-state is estimated using a Drucker-Prager failure-
envelope (also called the yield-surface):

F (o) =q(0) +ap(o)-c (11

with mean stress p:= % tr(o) shear stress q:= %0’:0‘, and yield
parameters a (frictional resistance) and ¢ (cohesion).

The landscape evolves by removal of sediment mass due to
sediment-groundwater interactions. In this study, we only consider
the slope failure and seepage-induced erosion mechanisms of
sediment-mass removal. The functional form of the sediment-mass
removal rate in Equation 10 is central to our model of landscape
evolution, where Q can be seen as a multiplicative decomposition
of the principal drivers of the mass-removal mechanisms, such that,
Qo Q- Qy, where Q== F 7% is the stress-controlled mass-removal
term and Q= v, | is the flow-controlled (or seepage-controlled)
mass-removal term.

The assumption of multiplicative decomposition of the source
term Q can be justified with the following argument:

a) First, we consider the conditions for slope-stability. A
sediment slope remains intact if the stress-states remain
within the failure envelope. Conversely, the slope becomes
mechanically unstable if the stress-states lie outside the
failure envelope. Assuming perfect plasticity (which is a
strong constraint), we can express this in the following
mathematical form:

q;’f=0if}'<0 and qs*f<0if]-':0 = qs*ff:O (12)

which is essentially a type of Kharush-Kuhn-Tucker (KKT)
constraint (Equation 12). Here, q:f is some arbitrary slope-failure
related sink term. If we weaken the assumption of perfect plasticity
and consider a rate-based sediment-mass removal due to slope

failure, then we can express this mathematically as,

<0if F >0 and qu= o F 7 (13)

q, f
for some rate constant r, > 0 and exponent # > 0. Equation 13 means
that the sediment-mass removal due to slope-failure can occur only
when the stress-state is unstable (i.e., F lies outside the failure-
envelope) and the mass loss is proportional to the magnitude of the
stress-state (i.e., higher stress = higher |q:f|).

b) Next, based on the typical parametric forms (Rahmati et al.,
2013 and references therein) for the seepage-induced erosion
rate, we can consider some arbitrary erosion-related sink term

*

9er> A5

q:r:eOJ:mOVW'_Vcr(]:)) (14)

For some rate constant ) >0, exponent m > 0, and stress-

>
cr =

dependent threshold seepage rate v, > 0. Equation 14 implies that
the mass loss is proportional to the magnitude of the seepage velocity
[Howard and McLane (1988); Howard (1988)] and the intrinsic
erosion rate ¢:=¢yF7’*, which depends on the strength of the

sediment matrix, is proportional to the stress-state of the sediment.
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¢) Adding the two sink terms in Equations 13, 14 leads to the total
sediment mass removal rate as,

* * |vW| *
Q:_qsf_qer:_eofn< v +7 (15)

with v* = F7777) and 7* = ?(1 - er"F—mvC,) In this modeling
0 0F

study, we consider a special case of Equation 15 with v, = Jor?t

CF 7
and n = m, which leads to v' =1 and T =0, reducing Equatio; 15
to Equation 10.

Mechanistically, this model offers a strong conceptual advantage
because, although the system of Equations 1-3 describing the
landscape evolution is highly nonlinear, the parameterisation of
the sediment removal rate in Equation 10 allows us to lump the
contributions of each underlying mechanism into components of
the principal driving forces (i.e., stress-states and seepage flow-
field), providing a unified framework for analysing the process-
couplings. An important property of this model is that the individual
mechanisms of landscape evolution are not independent. Rather,
there is a continuous bi-directional feedback loop leading to rich
time-dependent dynamics between the emergence of erosional
morphological features like pockmark-clusters, channels, canyons,
and landslide scars. Depending on the relative magnitudes of Q
and Qf, the dominant control for the landscape evolution can
be either slope failure or seepage-induced erosion. Moreover, it
is possible that landscape evolution starts with one dominant
control, but transitions towards the other, depending on how
the stress-states and flow-field evolve over time. We shall refer
to such landscapes as transitional. It is also possible that Q
and Q; are locally dominant in different regions of the same
landscape due to intrinsic heterogeneity in the sediment sub-
structure (e.g., variations in sediment compaction or permeability).
Additionally, extrinsic factors, such as the evolving topography of
the landscape, may create regional variations in erosional patterns.
For instance, erosion could expose weaker or more permeable
layers, potentially altering fluid flow and sediment transport in
specific areas.

Finally, instead of assuming a shallow-transport approximation
for groundwater and sediment flow, this model resolves the full
3D structure of the sediment subsurface. Therefore, the simulation

results are presented in terms of the relative loss in the sediment
(1-¢)
. . (1’.4’0) P . . )
identified based on the distribution of s such that s > 0 implies a local

volume, i.e., s := [1 - ], where the morphological features are
loss in sediment (i.e., depression-features), and s < 0 implies a local
gain in sediment (i.e., elevation-features).

2.2 Numerical scheme

The mathematical model has three main governing equations:
Equations 1-3. We chose the following primary variables for our
numerical model: P, ¢, and u.

The governing equations are discretized spatially using a
standard Galerkin finite elements method and temporally using
an implicit Euler finite difference approximation. At each time-
step, the numerical solution of the coupled problem is obtained
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using a Newton-based nonlinear solver. The resulting numerical
scheme is implemented within C++ based DUNE-PDELab
framework (Sander, 2020), and uses in-built matrix assembler,
linearization algorithm (Newton method with numerical Jacobian),
and linear solver (parallel Algebraic Multi-Grid (AMG) solver with
stabilized bi-CG preconditioner).

2.3 Test setting and scenarios

We consider a narrow section (W, =4km) of an idealized
continental margin with a shelf of length L,, =60 km, and
a 4° continental slope (L,=14km,H,=1km) (Figures 1A, B).
The chosen margin characteristics are representative of the
global continental margins, based on mean global measurements
of shelf length and continental slope-gradient (Harris et al,
2014; Kennet, 1982). The depth of the shelf-break is variable
(Hy, € {60,120,240}m), based on minimum and intermediate values
of mean global shelf-break depth, as well as a hypothetically very
shallow shelf-break (Harris and Macmillan-Lawler, 2016).

The margin consists of sediment with a graded granular
structure, with
seawards

coastwards,
(Figure 1E). The
corresponding  hydraulic

sand smoothly transitioning

to clay heterogeneity in the
and mechanical properties { €
{60 Ko» pygr Co Th Ay @, ¢, €9} is described using the following mapping

(shown schematically in Figure 1E):

{(x) = a,X* + a,x +ag (16)
with,
Clx:LT - c'sz Clx:Lm - C'xZO
a, = -
LT(LT_Lm) Lm(LT_Lm)
c'x:LT - C'x:()

a,=—————La

1 LT T2

2
ay = C|x=LT _LT a,—Lra

The effects of steady-state compaction on the sediment
properties { is also accounted for by assuming that the properties
vary along the depth exponentially, smoothly changing from
unconsolidated at the seafloor to fully consolidated 200 m below
seafloor. Furthermore, as the margin forms over time through
continuous deposition and burial, we consider an anisotropic
permeability distribution, rotated along the topography as shown in
Figure 1D, to reflect the layered stratigraphy of a typical margin in
the ideal limit of continuous burial of identically graded material at
a constant rate:

Kocos(B(x)) 0 xokpsin(0(x))
K,:= 0 Ko 0 (17)
—Kosin(0(x)) 0 Kykpcos(B(x))

where, K, is the scalar permeability of the sediment, kp>1
reflects the degree of flow anisotropy, and 0(x) is the angle
of rotation (relative to the X-axis) of the margin topography.
Specifically, in Figure 1D, 6,, and K,,, denote the angle of rotation and
permeability tensor for the shelf respectively, and 6, and K| denote
the same for the slope.
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‘A 3D computational domain axis of
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0 0

sea-level
(above z=0)

: »>Time
T Tieu (before present)

E Granular material distribution

100% sand

10% sand
90% clay

Material property {

FIGURE 1

Computational domain and test-setting. In (A), the 3D computational domain for the idealised continental margin is shown. The margin domain
contains a buried sand channel of width W, and thickness A; =20 m, located at a depth of D, below the seafloor. In (B), L,, = 60 km is the length of the
shelf, L; =14 km the length of the slope, and H,, € {60,120,240} m the depth of the shelf-break measured with respect to the maximum sea-level. The
datum for depth z (i.e., z = 0) is chosen to coincide with the depth of the shelf-break. In (C), AH, =120 m is the total change in sea-level over one
glacial cycle, starting at time T, = 120 ka before present where the sea-level was the highest at H,, decreasing to a level Hy — AHg; at T, 5y = 20 ka before
present, and finally increasing back to Hy in modern time. The sea-level changes are modelled as a linear ramp function over time. In (D), 8,,, and K,,,
denote the angle of rotation and permeability tensor for the shelf, and 6, and K, denote the same for the slope. In (E), the heterogeneity in the sediment
properties { due to the sand-to-clay distribution of granular material from coast to offshore are modelled as a quadratic mapping (Equation 16). The
sediment properties only vary along the shelf (i.e., from coast to sea) but not across the shelf. The buried sand layer is composed of sand only.
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We consider the continental margin described here as
representative of global continental margins as it preserves the
following necessary features during idealization: 1) Simplified
geometry has distinct shelf, shelf-break, and slope based on mean
global measurements as described above; and 2) sediment properties
reflect the lithological complexity through variation from coarse-
grained (i.e., higher sand volume) onshore to fine-grained (i.e.,
higher clay volume) offshore, unconsolidated on seafloor to fully-
consolidated at depth, and anisotropic permeability distribution to
mimic the sediment layering during deposition and burial processes.

A buried high-permeability (sand) channel (Figures 1A, B) acts
as a preferential flow pathway for groundwater flow. The thickness
of this channel is assumed to be fixed (A; =20 m) and its depth
below the seafloor (D; € {50,100,200} m) and lateral width (W, €
{200,400,800} m) are varied.

The sea-level fluctuations during the last glacial cycle are
approximated as an asymmetric hat function (Bintanja et al,
2005), shown in Figure 1C. This function is imposed on the surface
(seafloor) of this continental margin with a time-period of T, =
120 ka, such that the total sea-level change is AHg; =120 m and
the minimum sea-level occurs at T;q,, =20 ka BP [Last Glacial
Maximum (LGM)].

Annual rainfall (R) of 100 cm is assumed to act on the
exposed shelf as the sea-level drops, and the meteoric recharge
flux is assumed to be 25% of R based on the global mean
annual rainfall and recharge rates (Moeck et al, 2020). A 2D
modelling study by Micallef et al. (2023) showed that these
values for annual rainfall and recharge can trigger mechanical
instabilities. Sea-level changes and the meteoric recharge fluxes
induce transient groundwater flow offshore. Although seasonal
variations in rainfall are expected to cause local perturbations over
short time scales, these perturbations will average out over a period
of several thousand years. Furthermore, the groundwater recharge
rates are hard to quantify as they vary substantially depending
upon the geological environment, ranging from 40% in shallow
aquifers of Quaternary sands to 13% and 4% in deeper aquifers
of Miocene-Pliocene sandstone and weathered crystalline rocks,
respectively (Kotchoni et al., 2018). Since the focus of this study is
purely mechanistic, the assumption of continuous average rainfall at
a moderate recharge rate is reasonable.

Table 1A lists the values of parameters in { for the reference
sand and clay used in this study, derived from published values
from New Jersey, and Table 1B lists the remaining model parameters.
The erosion rate in this study was chosen based on Dronkers and
van den Berg (2024) where the typical intrinsic erosion rate constant
of coastal sediments is estimated to be in the order of le-1 Pa™' m..

The modelling study by Micallef et al. (2023) has shown that the
permeability contrast, rather than the absolute permeability, affects
mechanical stability. Therefore, within the scope of this study, testing
the effect of permeability is not directly relevant to the mechanistic
understanding of the relationship between OFG and evolution of
landforms.

In our model, the evolution of the landscape strongly depends
on the ‘relative’ magnitudes of Q; and Q,. To test the sensitivity of
the simulated landscapes, we adjust the magnitude of Q; by varying
the values of the sediment cohesive strength c. Micallef et al. (2023)
showed that the mechanical stability of the margin depends on the
heterogeneity in the sediment material. Therefore, we consider a
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range of cohesive strengths of the clayey offshore sediments (c, €
{1100, 11,0.11} kPa), which represents a wide range of heterogeneity.

In total, two sets of scenarios were simulated. The first
set includes nine scenarios without the buried channel for all
combinations of Hy, and c.,), and the second set includes eighty-
one scenarios with the buried channel for all combinations of Hy,

Wy, Dy and ¢

3 Results

In scenarios without a buried sand channel, OFG flow and
seepage only generate landforms in the margin configurations with

shallow shelf-break (H, = 60 m) and very low cohesion (c,, = 0.11

Cclay

controlled, with slope failure scars occurring in the upper slope
and outer shelf regions. This outcome confirms that, in siliciclastic
margins with shelf-breaks at 120 m or deeper, and without a buried
sand channel, OFG flow and seepage do not form landforms in the
outer shelf to upper slope, in agreement with Micallef et al. (2023).

In scenarios with a buried sand channel, the depth of the shelf-
break (H,) plays the most dominant role in controlling the type,
location, and timing of the landforms that develop as a result of
OFG flow and seepage. Margin configurations with shallower shelf-
breaks (Hy, = {60,120} m) give rise to seepage-controlled erosional
features similar to theatre-headed valleys (Hg, = 120 m, Figure 2Bii)
or V-shaped valleys (Hy =60 m, Figure 2Biii) that originate at
the shelf-break. In the case of the shallowest shelf-break, which is
shallower than the sea-level lowstand, the upper slope region may
also experience slope failure (Figure 2Biii), similar to the scenarios
without buried channels. The deepest shelf-break (Hy, =240 m),
in contrast, promotes the development of sub-circular regions of
seepage-controlled erosional landforms in the mid-shelf region,
originating at the intersection of lowest sea-level with the shelf
(Figure 2Bi). Moreover, high resolution simulations show that all
landforms originate as pockmark clusters along the edges of the
buried channel that, due to continuous erosion, subsequently evolve
into channels and valleys; this corroborates the hypothesis of Pilcher
and Argent (2007) based on field observations. An example of this
behaviour is shown in Figure 2Biv, corresponding to the early stage
of the mid-shelflandform evolution shown in Figure 2Bi. In terms of
timing, all simulated landforms start to develop during sea-level fall,
either close to T; ,, (as for Hy, = 120 m or 240 m (see Figures 2Ci, ii)
or earlier (as for Hy, = 60 m (see Figure 2Ciii)).

The size (i.e., length, width, and volume) of the landforms is
controlled by the characteristics of the buried sand channel (e.g.,
its width W and depth D; below the seafloor) and the volume of
clay in the surface sediments, whereas the mechanical properties of
the sediments exert a strong control on the landform evolution, as
described below:

a. Impact of the buried sand channel characteristics: The
buried sand channel modulates the groundwater flow field
by providing a preferential flow path and thus enhances
the erosion-driven sediment removal. Wider channels (W,
Figure 3A) located at shallower sub-seafloor depths (Dj,
Figure 3B) tend to lead to the formation of wider valleys, and
vice versa. Moreover, the largest volume of sediment removal
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TABLE 1 Material properties and model parameters.

A) Hydraulic and mechanical properties? (in set {) of the granular materials used in this study

Property/parameter Symbol Unit Sand Clay References
Surface porosity b, - 0.31 0.52 Mountain et al. (2010)
Surface permeability Ko m? 1.08x 107" 1.04x 1071 Thomas et al. (2019)

Phase density Po kg/m? 2500 2500 Mountain et al. (2010)
Phase compressibility C, Pa™! 10°* 3x 107! Carter and Bentley (1991)
Young’s modulus E MPa 28.8 5.362 Kulhawy and Mayne (1990)
Poisson’s ratio v - 0.25 0.45 Kulhawy and Mayne (1990)
Friction coefficient a - 0.69 0.26 Jiang et al. (2010)
Cohesion c kPa 0.020 11 Lindeburg (2001)

B) Other phase properties and model parameters

Property/parameter Symbol

Water phase density P kg/m® 1000
Water dynamic viscosity K, Pa.s 0.001
Water phase compressibility c, Pa™! 10710
Anisotropy factor (Equation 13) Kp - 0.01
Exponent in x — ¢ parameterisation (Equation 6) A - 1
Acceleration due to gravity g m/s> [0,0,-9.81]7
Exponents in sediment-mass removal parameterisation (Equation 10) m,n - 1,1
Sediment burial rate (Wallmann et al., 2012) Vg cm/a 0.1

*Properties change along the sediment depth from unconsolidated at the surface to consolidate.

occurs along the edges of the channel due to the anisotropic
flow-fields in the subsurface, such that groundwater seeps
faster into the sand channel from the edges rather than
from top. A similar phenomenon has been reported in
the field by Mulligan et al. (2007).

b. Impact of clay content in surface sediments: A landform can
only evolve where the stress-state is unstable (i.e., 7 > 0, see
Equation 10). Therefore, the exact location (L.) where the
landforms first begin to evolve depends on where the clay
content is just high enough to perturb the sediment stability
but remains low enough so that the cohesive strength of clay
does not restabilise the sediment. For margin configurations
with Hy, = {60,120} m, L, lies roughly 10 km upslope from
the shelf-break, and for configurations with Hy, =240 m, L,
lies ~ 35 km upslope from the shelf-break (see Figure 2C). The
total extent of the landform is, therefore, the length between
L;gy and L. Due to the small topographic gradient of the
continental shelf (0.05° to 0.25°, derived from the chosen
margin geometries in the simulated scenarios), the stress-
states remain below 0 upslope, and greater than, but very close
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to, 0 downslope from L. The topographic gradient of the
continental slope is, in comparison, an order of magnitude
steeper (~ 4°), and therefore, experiences much larger stresses.
Consequently, all landforms on the mid- and outer shelf
regions begin to form at L, as seepage-controlled features and
evolve with competing seepage and stress controls in the wake
of the receding shoreline (Figures 2i-iii). When the sea-level
drops below the shelf-break (i.e., for Hy = 60 m), additional
stress-controlled slope failure occurs along the continental
slope. The length of the emerging landforms is, therefore,
controlled by L, (and, thus, the volume of clay along the
margin length).

. Impact of cohesive strength of clay-rich sediment: The

cohesion parameter controls the boundary of the failure
envelope F (see Equation 11). The landforms evolve in
mid- and outer shelf regions, where sediment is mostly
clay rich. A high cy,, (1100 kPa) implies smaller F, and
therefore higher stability, while low ¢, (0.11 kPa) implies
larger F, and therefore, lower stability. High c,,, implies
that the landforms on the mid- and outer shelf remain
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(A) Distribution of relative sediment volume loss (s = (¢ — ¢,)/(1 - ¢,)) for selected scenarios without buried sand channel plotted at time t = T; ;.
corresponding to sea-level lowstand. OFG flow generated landforms only in the margin configurations with shallow shelf-break (Hy, = 60 m) and very
= 0.11 kPa). These landforms are predominantly stress-controlled, with slope failure scars occurring in the upper slope and outer
shelf regions. (B) Distribution of s for selected scenarios with a buried sand channel, plotted at sea-level lowstand. Depth of the shelf-break emerged as
the dominant control for the type, location, and timing of the landform formation. Shelf-break deeper than the sea-level lowstand (H,, = 240 m) led to
shallow sub-circular depressions in the mid-shelf region, while shallower shelf-breaks (H, = 60,120 m) led to V-shaped and theatre-headed valleys in
the outer shelf to upper slope region. All simulated landforms initiated as pockmark clusters along the edges of the buried channel. (C) Time-evolution
of the landforms shown in B (i-iii). All simulated landforms started to develop during sea-level fall, either close to T,y (as for Hy, =120 m or 240 m) or
earlier (as for Hy, =60 m).
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FIGURE 3
Snapshots of the distribution of relative sediment volume loss (s := (¢ — ¢q)/(1—¢,)) for the margin configurations with H, = {240,120,60} m showing
sensitivity of the landforms to the (A) width (W) and (B) depth (D,) of the buried channel, and (C) the cohesive strength (c.,,) of the sediment. Wider
channels located at shallower sub-seafloor depths lead to the formation of wider erosional features, and vice versa. High c,, leads to predominantly
erosional landforms, while low ¢, promotes translational slope failures.

flow-controlled, while low c_,, implies that stress-component

clay
may exceed the flow-component, such that the erosional
landforms on the mid- and outer-shelf evolve into translational

slope failures (Figure 3Ciii).

4 Discussion

The depth of the shelf-break (Hg,) emerged as the dominant
control as it modulates the rate of exposure of the shelf area
during sea-level change (and, therefore, the extent of meteoric
recharge) (Figure 4). This impacts the groundwater flow rate and,
in turn, the dynamics of landform evolution by regulating the flow-
field dependent Q; component of the sediment removal rate. To
that effect, we can generalize that low exposure rates (i.e., deep
shelf-break) lead to shallow elliptical depressions, whereas high
exposure rates (i.e., shallow shelf-break) lead to valleys. Moreover,
for a given shelf gradient, the shelf-break depth also determines
where the lowest sea-level intersects with the margin (L;,,). The
deeper the shelf-break, the farther from the shelf-break the landform
develops. Furthermore, the correlation between the location where
the landform initiates (L) and the depth of the shelf-break further
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reinforces the dominant role of shelf-break depth in controlling the
landform characteristics.

4.1 Comparison with field data

We compare our simulation results with examples of mapped
seafloor landforms that have been attributed to OFG activity (see
Table 2 for a summary of the seafloor landform characteristics). Note
that the scope of this study is limited to synthetic scenarios with a
clear focus on analysing the process controls, rather than simulating
the specific geological scenario for each field-analogue. Therefore,
the purpose of this comparison is not to simulate the details of the
particular geological settings, but to show that many field analogues
support our main results vis-a-vis the role of Hy, in controlling the
characteristics of the landforms.

a. Pockmarks in the New England Mud Patch (USA) (Goff,
2019): The New England margin has a shelf gradient of
0.05°%, a 160 km wide shelf, and a shelf-break depth of 140 m,
which is deeper than the LGM sea-level lowstand. Geophysical
investigations and numerical modelling suggest that the OFG
system here extends 90 km from the coast (Gustafson et al.,
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2019) and that it was primarily emplaced by subglacial recharge
from Pleistocene ice sheets (Person et al., 2003; Siegel et al.,
2014). The reported pockmark field is located between 50 and
60 km upslope from the shelf-break. For margins with shelf-
breaks deeper than the LGM sea-level lowstand, our model
predicts a shallow sub-circular erosion dominated landscape
(with pockmark clusters along the channel edges similar to
Figure 2Biv). Since the landforms originate at the intersection
of lowest sea-level with the shelf, based on a simple geometric
calculation, the location of the pockmark field at ~50 km
from the shelf-break is in agreement with the sea-level drop
of 120 m and the margin characteristics (i.e., shelf-gradient of
0.05° and Hj, = 140 m). Furthermore, according to our model,
the reported 10 km downslope extent of the pockmark field
correlates well with a shallow buried channel (50 m deep),
similar to Figure 3Bi. Seismic reflection data from across the
New England shelf show both buried channels (McMaster
and Ashraf, 1973) and pipe structures indicative of focused
fluid flow (Goff, 2019).

b. Shelf-indenting canyons with retrogressive slope failure at
the head in Northern KwaZulu-Natal (South Africa) (Green
and Uken, 2008): The KwaZulu-Natal margin has a shelf-
break depth of 120 m, which corresponds to the LGM sea-
level lowstand, and buried channels (Green and Garlick, 2011;
Green, 2009). No clear evidence of OFG has been published
for this margin, although the hydraulic head from the adjacent
coastal groundwater table is thought to drive freshwater
seepage offshore (Meyer et al., 2001; Green and Uken, 2008).
For such a margin, our model predicts the formation of a V-
shaped canyon originating at the shelf-break (e.g., Figure 2Bii
and 3A,B with H, = 120 m). Additionally, our model predicts
that slope failure can occur at the head of the canyon if the sand
content of the sediment is high and, consequently, its cohesive
strength is low. This is in agreement with interpretations
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of seismic reflection data (Sydow, 1988), which suggest that
canyons likely incise loosely consolidated silty sandstones.

. Slope failure at the shelf-break offshore Nice (France)

(Kopf et al., 2016; Stegmann et al., 2011): The Nice margin
has a shelf-break depth of 100 m, which is shallower than the
LGM sea-level lowstand. A sandy layer is present at shallower
depth (Steiner et al., 2015). Moreover, Kopfet al. (2016) suggest
that coarse-grained sediments may be located close to the
shelf-break. This is consistent with our model prediction of
slope failures in the upper slope and shelf-break region for
margins with shallow H;, and low-cohesion sediments. Based
on our model runs, the reported extent of slope failure on
the Nice margin is consistent with a buried channel depth of
50-100 m (e.g., Figure 3Ciii).

. Slope failure in the upper continental slope of the Canadian

Beaufort Sea (Canada) (Paull et al,, 2021): The margin of
the Beaufort Sea has a shelf-break depth of 110 m (slightly
shallower than LGM). Here, permafrost extends to the
outer continental shelf (Grob et al., 2023), and a large-scale
submarine groundwater flow system is thought to be present
(Frederick and Buffett, 2015). The shelf consists of a series of
banks and infilled cross-shelf troughs/channels (Blasco et al.,
2013). The reported slope failure in the upper slope region
is consistent with our model predictions for margins with
shallow H, and low-cohesion sediments (Blasco et al., 2013).
Furthermore, our model suggests that the deeper the buried
channel, the lower the impact of OFG on the outer shelf,
i.e., the slope-failure occurs primarily on the upper slope,
with a limit extent onto the outer-shelf. Therefore, the
limited impact of OFG observed on the outer shelf of the
Beaufort Sea margin suggests that the buried channel (or
other preferential groundwater flow pathways) may be located
at large depths (deeper than 200 m). This is in agreement
with the inferred depths where relict Pleistocene permafrost
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TABLE 2 Published examples of seafloor landforms attributed to OFG flow/seepage. The location of the landforms, their characteristics (extent, water
depth, distance from shelf break) and the characteristics of the margin where they are located (shelf gradient, shelf break depth) are provided.

References Location Slope Shelf- Shelf Distance Water Extent Landform
gradient break gradient from depth (m)  (km)
depth (m)  (°) shelf-
break
Goff (2019) New England 4.2 140 0.05 50 75 10 Pockmarks
Mud Patch
(USA)
Green and Northern 5 120 1 1 120 5 Shelf-
Uken (2008) Kwazulu-Natal indenting
(South Africa) canyons with
retrogressive
slope failure at
the head
Kopf et al. Nice (France) 11 100 1 — 100 5-10 Slope failure at
(2016); the shelf-break
Stegmann et al.
(2011)
Paull et al. Beaufort Sea 1.3 110 0.05 1 130 100 Slope failure in
(2021) (Canada) the upper
continental
slope
Brothers et al. New Jersey 1.7 140 0.03 5 150-600 5 Pockmarks,
(2013) margin (USA) canyons

is predicted to have thawed with consequent movement of
liberated groundwater (Paull et al., 2021).

. New Jersey margin (USA) (Brothers et al., 2014): There is
extensive evidence for OFG across this margin, which was
derived from drilling campaigns (Hathaway et al, 1979
Lofi et al., 2013; Mountain et al., 2010), geophysical surveys
(Gustafson et al., 2019; Key, 2016) and numerical modelling
(Thomas et al., 2019). The OFG system extends 90 km from
the coast and is thought to have been emplaced by meteoric
recharge either in modern times or at a time when climatic
and hydrologic conditions were similar (Mottl and Hayashi,
2009; van Geldern et al., 2013). The New Jersey shelf has a
slope gradient of 0.03°, and a shelf-break depth of 140 m. The
middle-outer shelf hosts shallowly buried incised-valley fills
(Nordfjord et al., 2005; Nordfjord, 2006). The slope features
canyons and pockmarks in the upper slope (150 - 600 m),
which have been attributed to the combined effect of pore fluid
over-pressure induced by sediment loading and gas hydrate
dissociation (Brothers et al., 2014). Our model suggests that
these landforms may also be associated to OFG. Since the shelf-
break is deeper than the sea-level lowstand, the landforms are
expected to have started forming already before LGM, and
would extend from outer shelf to the upper slope, depending
on the buried channel system.

The available field observations, thus, support our model
results in terms of the influence of the depth of the shelf-
break (Hg) on the type and the location of the landforms. The
influence of buried channel characteristics and sediment cohesive
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strength is harder to elucidate due to lack of data, but qualitative
correlations do appear.

It is important to recognize that various processes influencing
continental margins can also contribute to the formation of
the landforms described. For instance, pockmarks can result
from the expulsion of different fluids, including methane, carbon
dioxide, and hydrothermal fluids (Hovland et al., 2002). Slope
failure may be preconditioned by factors such as rapid sediment
accumulation, weak sedimentary layers, seafloor erosion, and
tectonic activities. Common triggers for these failures include
earthquakes, cyclic loading, and human activities (Masson et al.,
2006). The development of submarine canyons is largely driven by
erosion from turbidity currents, slope failures, tectonic forces, and
hydrodynamic processes (Amblas et al., 2018).

4.2 Implications and limitations

In view of the above, and as long as there is a contrast between
the sediment in the buried channel and the surrounding material, we
expect the outcomes of our numerical simulations to be applicable to
the geomorphic evolution of numerous siliciclastic passive margins
globally in the last 1 Ma. We expect the applicability to extend
to convergent margins, although additional factors (e.g., margin
deformation, thrust faulting, overpressure generation) are likely to
distort the interrelation between groundwater processes and seafloor
form described here. We would expect similar types of landforms
to emerge with similar controls in carbonate margins, considering
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that dissolution, a key process operating in such settings, is also
seepage driven.

In this study, our primary focus is on understanding the basic
mechanistic links between subsurface flow fields and their surface
manifestations on seafloor morphology. While our motivation
stems from observations in freshened groundwater systems, the
broader and more fundamental question we address concerns
the impact of subsurface flows—arising from meteoric and sea-
level perturbations—on landform evolution at the seafloor. To
explore this, we employed a simplified modelling approach that
does not include solute transport or account for the effects of
variable density flow. This decision was based on our objective
to isolate and analyse the hydro-mechanical interactions that are
most critical to the genesis of erosional features under idealized
conditions. By abstracting away the complexities associated with
chemical and density-driven processes, our model elucidates the
primary dynamics of flow-induced erosion and its potential to
drive significant geomorphic changes. This approach allows us to
provide a clear demonstration of how groundwater flow, even in its
simplest form, can be an independent (and possibly primary) driver
of morphological evolution, thereby setting the stage for future
studies to incorporate more complex interactions, including those
involving solute transport and variable density flows. Our model also
overlooks chemical processes (e.g., leaching, dissolution), which are
likely to enhance the erosive action of OFG (e.g., Saadatkhah et al.,
2023), and stratigraphic structures (e.g., clinoforms), which are
known to provide heterogeneous conduits systems for groundwater
flow (e.g., Gustafson et al., 2019). The model employs a simplified
approach to permeability, idealizing the spatial, lithological and
anisotropic variations. The model does not incorporate varying
rainfall scenarios with distinct spatial and temporal characteristics.
During some stages of lowstand, erosion is expected on the shelf,
which we do not account for. We also do not account for the
influence of rivers and the onshore drainage basin. The model
for the sediment mass removal rate in Equation 10 is a special
case of the more general form (Equation 15). This reduced form
is helpful in characterising the qualitative features of the evolving
landforms but, quantitatively, we expect the actual timing of the
initiation of the landform formation and the magnitude of mass
removal to be sensitive to the parameterisation of the general
form. The landforms are shown in terms of relative volume loss
of the sediments. While there exists a positive correlation between
the sediment volume fraction (i.e., volume of sediment contained
in a unit elemental volume) and height of the landform, it is
not straightforward to extract this correlation due to the inherent
complexity of the subsurface domain. Finally, while we could
qualitatively show how the characteristics of seafloor landforms
like pockmarks, canyons, and slope failures associated to OFG
flow/seepage align with our model predictions, a case-by-case
modelling study of these analogues will be beneficial to better
constrain the model parameters and improve the understanding of
additional environmental controls.

5 Conclusion

We presented a numerical study simulating the geomorphic
action of OFG in an idealised 3D passive siliciclastic margin to
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delineate the characteristics of the resulting landforms and their
main controls.
Our main findings are the following:

a. OFG can generate seafloor landforms in the presence of buried,
high permeability channels.

b. These landforms are primarily erosion-controlled features that

may evolve into translational slope failures in sediments with

low cohesive strength.

c. Depth of the shelf-break controls the type, location, and
timing of landform formation. Shelf-breaks deeper than the
sea-level lowstand lead to shallow sub-circular depressions
in the mid-shelf region, while shallower shelf-breaks lead to
V-shaped and theatre-headed valleys in the outer shelf to
upper slope region. These landforms develop during sea-level
fall and initiate as pockmark clusters along the edges of the
buried channel.

. The width and depth of the buried channel affect the size of the
landform, but not the type. Wider channels located at shallow
depths lead to larger landforms.

e. Volume of clay in the sediments also exerts an important
control. Since clay is more cohesive than sands, but
has less frictional strength, it alters the failure envelope
and therefore controls the location of initial failure.
The higher the clay content, the farther coastwards the
landform will extend.

f. Finally, we showed how the characteristics of field examples of
seafloor landforms like pockmarks, canyons, and slope failures
that have been associated with OFG flow/seepage align well
with our model predictions.

This study establishes a clear mechanistic link between the
subsurface flow of groundwater and its surface manifestations
as various seafloor landforms. Our analysis also shows that
the landforms are inherently transitional, ie., they change
from one type to another dynamically. By showing that the
source/sink term that drives the landform evolution can be
decomposed into a stress-controlled mechanical part and a
flow-controlled hydraulic part, we provide a general analytical
framework with which the dynamic transition of landforms
can be analyzed.
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