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Abstract Natural environments such as coastal wetlands, lowland river floodplains, and deltas are formed
by sediment, transported by watercourses and the sea, and deposited over century to millennium timescales.
These dynamic environments host vulnerable ecosystems with an essential role for biodiversity conservation,
coastal protection and human activities. The body of these landforms consists of unconsolidated sediments with
high porosity and compressibility. Consequently, they often experience significant compaction due to their own
weight, that is, autocompaction, which creates an important feedback within the geomorphological evolution

of the landform. However, this process is generally oversimplified in morphological simulators. We present a
novel finite element (FE) simulator that quantifies the impact of natural compaction on landform evolution in

a three-dimensional setting. The model couples a groundwater flow and a compaction module that interact in

a time-evolving domain following landform aggradation. The model input consists of sedimentation varying

in time, space and sediment type. A Lagrangian approach underlies the model by means of an adaptive mesh.
The number of FEs gradually increases to accommodate newly deposited sediments and each FE changes its
shape, that is, becomes compressed, following sediment compaction. We showcase the model capabilities by
simulating three long-term depositional processes at different spatial scales: (a) vertical growth of a tidal marsh,
(b) infilling of an oxbow lake, and (c) progradation of a delta lobe. Our simulations show that compaction is the
primary process governing the elevation and geomorphological evolution of these landforms. This highlights
that autocompaction is an important process that determines the resilience of these low-lying landforms to
climate change.

Plain Language Summary Coastal wetlands, lowland river floodplains, and deltas are lowly
elevated landforms. Their subsurface consist of sediments like sand, clay, and peat, which can by highly
compressible. When they become buried by new sediments, which adds weight to the surface, the underlying
sediments become increasingly compacted. While potentially highly influential, this process is generally
neglected or oversimplified in morphological modeling. We developed a novel model that includes not only
sedimentation and landform evolution in a three-dimensional domain, but sediment compaction. The model
resolves the dynamic feedbacks between subsurface processes and morphological change and processes at the
surface, such as sediment deposition, compaction and landform evolution. We apply the model to three different
geomorphological cases: a growing tidal marsh, infilling of an oxbow lake, and aggradation and progradation of
a delta lobe. Our results underscore the importance of sediment compaction on landform evolution.

1. Introduction

Coastal landscapes like coastal plains and river deltas are complex and dynamic depositional environments. They
were formed over the last centuries to millennia by the deposition of inorganic and organic sediments transported
seaward by rivers and delivered by flooding or produced by the decomposition of the local vegetation (Milliman
& Farnsworth, 2011; Mudd et al., 2009). These dynamic environments are widespread around the world and play
important socio-economic and ecological roles. They host industrial and agricultural activities, megalopolises
with tens million inhabitants (Ericson et al., 2006; Seto, 2011), and also pristine natural environments considered
the Earth's richest ecosystems and fundamental for biodiversity preservation (Barbier et al., 2011; Schindler
et al., 2016). They host landforms such as wetlands, marshes, lagoons, oxbow lakes, and backswamps, which
flood periodically or are permanently inundated, resulting in waterlogged soil conditions (Bridge, 2003; Dunne &
Aalto, 2013). Their evolution is fundamentally controlled by the balance between the creation and filling of avail-
able three-dimensional (3D) accommodation space, as controlled by antecedent topography, tectonics, sea-level
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second equation in Equation 8 only. However, we introduce a minimum value of the preconsolidation stress o,
to account for other processes that can affect soil compressibility rather than consolidation due to overpressure
dissipation. This overconsolidation state (i.e., o, < 0, ) has been witnessed in the field, for example, it was quan-
tified for a shallow marsh soils by Brain et al. (2011) and ascribed to the “results from desiccation and capillary
suction stresses caused by varying degrees of subaerial exposure, falls in groundwater level and the moisture
requirements of vascular plants.” By means of Equation 8, the geomechanical behavior of various sediments is
fully defined by the two parameters ¢, and C, (or C,). Compression and re-compression indices have been widely
reported for many different types of soils across the globe (Mesri & Vardhanabhuti, 2009). Once e-vs-o, is avail-

able, ¢, is quantified for various stress values using Equation 7.

As to the hydraulic conductivity, the following relation is used (Lambe & Whitman, 1969):

K. = K, 1003") ©)

with K the vertical hydraulic conductivity at e, that is, for a soil close to the land surface, and C, a parameter
related to lithology and void ratio (Terzaghi et al., 1996).

2.3. Numerical Implementation

Equation 1 is solved numerically through the FE method with a tetrahedral discretization. Managing a 3D FE
mesh evolving in time and space in relation to the element number and the node number and coordinates is quite
challenging. The main steps of the procedure implemented to this aim are described in the following.

The sedimentation thickness (dZ; = w(x, f) - At,) is initially computed to evaluate the soil deposited during the
ith time step At,. Notice that, if d¢,; exceeds a prescribed elemental thickness (i.e., the threshold value Az ), At;
must be reduced to Af, = Az, /w. Then, the total stress o, is updated (Equation 2) and a Picard iterative scheme
is implemented to solve the system of nonlinear ordinary differential equations obtained by the numerical discre-
tization of Equation 1. Once p**! is computed, where k is the counter of the nonlinear iteration, the approximate
c¥*1is calculated by Terzaghi's principle, 6+ = 6, — p**!. 6, is kept constant within each time step as its varia-
tion is only due to sediment accumulation on the landform surface. At each iteration, the hydro-geomechanical
parameters of each element are updated using the constitutive relationships described above (Equations 7-9) and

the actual depth interval Azf.‘+1 between two adjacent nodes is updated as follows:
AZE = AZ) + Auf! (10)

where Az is the depth interval at the previous time step and Aut*'
(Figure 2). When the difference between the solutions obtained in two consecutive iterations is smaller than a

prescribed tolerance, the convergence is achieved.

its shortening computed using Equation 5

The new (i + 1) time step starts checking the need for mesh update. If the sediment thickness £, | = ¢, + d?, , above
the generic node j exceeds the threshold thickness Az
x and y coordinates. Notice that Az,
new tetrahedral element is built-up above each triangular face on the top surface sharing node j (Figure 2). The

a new node is added above j, that is, keeping the same

max’

is subtracted from 7, in view of the following time step. Consequently, a

topology of the 3D tetrahedral mesh and the 2D triangulated surface of the landform are updated, together with
the vectors containing the nodes on the top and possibly the lateral domain boundaries. The hydro-geomechanical
parameters of the new elements are set equal to the properties of the proper sediment type at the shallowest depth.
Once the total stress is re-computed, the (i + 1) time step continues solving Equation 1 as described above.

The tetrahedral element mesh develops over time above a rigid reference layer representing, for example, the
Pleistocene-Holocene sedimentary boundary or a rock unit above which sedimentary deposition takes place. The
landform is approximated as fully saturated, consistently with the average near-surface groundwater table typical
found in low-lying transitional environments.

Concerning boundary conditions of the modeling domain, the basement is assumed impermeable and the lateral/
side surfaces can be either no-flow (Neumann condition) or with a fixed zero p (Dirichlet condition). Null
Dirichlet conditions, which refer to hydrostatic pressure since p is the over-pressure relative to the hydrostatic
distribution, are imposed also at the top boundary of the model. When accretion of new material above the surface
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Figure 2. (a) Visualization of tetrahedra added at time ¢, to the growing finite element mesh when the sedimentation
thickness above node 5 reaches the prescribed thickness Az, .. Adding node 10 implies to built-up new elements above
those sharing node 5. In this example six new tetrahedra are added to the previous mesh. The new six elements are depicted
individually and highlighted with different colors. The vectors containing the nodes on the top is updated from (1, 2, 3, 4, 5,
6,7,8,9) attime t;t0 (1,2, 3,4,6,7,8,9, 10) at time 7, ,. (b) Vertical section of the mesh through the alignment connecting

nodes 4, 5, and 6 showing how the mesh deforms due to compaction because of the sedimentation Az, above node 5.

node reaches the threshold thickness (i.e., initial vertical element size), a new node is added above the actual
model top and the boundary conditions need to be updated. The new node index substitutes the beneath one or
the vectors with Neumann or Dirichlet nodes increases if the node is on a lateral boundary.

3. Validation and Convergence Analysis
3.1. Model Validation

The validity of the proposed 3D model is checked against the former 2D simulator published by Zoccarato and
Teatini (2017). The two codes are used to simulate the formation and thickening of a 10-m wide sedimentary
landform. The 3D model is obtained by extending the 2D domain for 3 m along the y direction (Figure 3). No-flux
conditions are imposed on the lateral and bottom boundaries, with p = 0 on the land surface. The simulation spans
1,000 years using a 1-year time step. The spatial discretization is 0.1 m along the reference directions and the

vertical element threshold (Az__ ) is also set to 0.1 m.

max

The sedimentation rate is uniform and equal to 3 mm/yr during the first 800 years and varies linearly with x
between 0 and 3 mm/yr from 800 to 1,000 years. The deposited sediment is peat during the first 400 years, clay
from 400 to 800 years, and silt over the last 200 years, mimicking a scenario in which a peatland becomes buried
by clastic sediments, for example, following an encroaching river. The hydro-geomechanical properties of the
various sediments used in this work are summarized in Table 1.

Figures 3a and 3b show the landform evolution at several key moments obtained by both the 2D and 3D models.
Notice the uneven compaction characterizing the peat and clay layers at 1,000 years due the variable load exerted
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Figure 3. Evolution of the model domain including different sediment classes used to validate the proposed three-dimensional model: (a) 2D and (b) 3D models. The
validation scenario simulates a potential real-world case in which initial peat deposition gradually becomes buried by floodplain (clay) and overbank deposits (silt). The
colors represent the different sediment classes. The dashed red lines are horizontal references introduced to highlight uneven compaction at 1,000 years. The results

of the 3D simulation are evaluated and compared to the 2D model on the AB transect highlighted in red. (c) Strain versus time for points #1 and #2 highlighted in (a),

t = 1,000 years.

Table 1

by the silt unit. At the end of the simulated period the effective stress o, on the model bottom ranges from
2.46 kPa atx = 0 m to 4.92 kPa at x = 10 m where 0.6 m thick silt layer deposited, with an overpressure averaging
0.167 kPa. Cumulative compaction amounts to 0.10 and 0.48 m at x = 0 m and x = 10 m, respectively.

The relative differences between the two model outcomes in terms of surface elevation €,, overpressure € and
effective stress ¢, at the domain bottom are reported in Table 2. The difference is smaller than 1% (much smaller
in most of the cases) ensuring that the 3D model results are consistent with those provided by the previous 2D
approach.

Figure 3c shows the evolution versus time of the strain at the two points highlighted in Figure 3a. It is interesting
to note the difference between the two after t = 800 years when sedimentation ends above point #1 and continues
above point #2. Also notice the abrupt change of strain rate at ¢t ~ 440 years

due to the rise of the stress above the o

. pre Value provided in Table 1.

Hydro-Geomechanical Properties of Typical Sediment Classes Composing
Depositional Landforms Used in This Work

Material 0, ore Y, C, K, KJK,
ID (kPa) (KNm®) ¢ ) ) C ) (s K/K ()
Peat 1.0 20 15 40 040 107 3.0
Clay 1.0 27 10 3.0 010 107 3.0
Silt 1.0 27 30 05 0.05 1077 3.0
Sand 1.0 27 1.0 02 0.02 10°¢ 3.0

Note. The values were derived after Brain et al. (2015), Bridgeman (2018),
and Zoccarato et al. (2018). ¢, represents void ratio at 6, = o, = 0.01 kPa.

3.2. Convergence Analysis on Space and Time Discretization

A convergence analysis on the space and time discretization is carried out
to test the accuracy of the 3D model implementation. Convergence is tested
on the case study used in modeling validation (Figure 3), with the same
domain size, sedimentation history, and material distribution. The modeling
outcomes at 1,000 years and y = 1.5 m are considered.

Mesh convergence is checked by using a mesh size (both the x and y discre-
nax) €qual to 0.05, 0.1, 0.2, and 0.4 m. Time step is equal to
1 year. A mesh size equal to 0.1 m is used to verify the time convergence. In

tization and Az
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Table 2

this case the following four values of the time step Ar are selected: 0.5, 1, 2,

Relative Difference Between the 2D and Three-Dimensional Model and 4 years.

Outcomes in Terms of Elevation (¢,), Bottom Overpressure (€,) and
Effective Stress (e,,: ) atx=0m,x=5m,andx=10m

The convergence is investigated by computing the relative difference of the

surface elevation €, obtained with the finest (space and time) discretiza-

* (m) i ¥ oz tion and the other space and time step values listed above. The result are
0 8.7x 107 1.4x 107 48x 107  summarized in Tables 3 and 4 for the space and time analyses, respectively.
5 2.1 x 1073 4.5%x107* 4.8x 10>  The e, decrease with both the mesh size and time step guarantees the model
10 1.7 x 1073 4.7x107* 1.1 x 1072 convergence.

Note. The solution of the 3D model refers to the middle AB vertical section
(i.e., at y = 1.5 m) pointed out in Figure 3b. 4. Results

Table 3

Convergence Analysis on Space Discretization: Relative Difference of the
Surface Elevation e, With Respect to the Model Solution Obtained With a

We present three cases of examplar depositional landforms to show the poten-

tial of the proposed model that properly account for soil compaction during
landform evolution in a 3D context. The cases represent three typical processes, that is, the vertical growth of a
salt marsh to follow relative SLR (e.g., Bunzel et al., 2021), the filling of an oxbow lake (e.g., Toonen et al., 2012;
Ishii & Hori, 2016), and the aggradation and progradation of a delta lobe (e.g., Chamberlain et al., 2018). Figure 1
shows real world examples of which we simulate the synthetic cases of landform evolution following sedimen-
tation and compaction.

Although we do not simulate real world cases based on site-specific field data, the analyses are carried out using a
realistic modeling set-up, that is, using configurations that summarize the typical geomorphological features with
simplified geometries. The characteristic spatial scale ranges from a few tens of meters for a lagoon marshland,
to hundreds of meters for a large oxbow lake and tens of kilometers for a delta lobe. The typical time scale of the
simulated depositional processes and landform evolution ranges from a hundred to a few thousand years. The
space and time behaviors of the sedimentation rate w are specified beforehand using raster maps or analytical
functions, which can both be specified as input data in the present version of the simulator. The sediment classes
and properties are those reported in Table 1.

4.1. Case A: Thickening of a Tidal Marsh

Tidal marshes are dynamic environments driven by the interaction between surface processes (i.e., sedimentation,
erosion, organic matter accumulation and degradation (Marani et al., 2010; Wiberg et al., 2020), and subsur-
face processes (i.e., soil consolidation (Brain et al., 2015; Zoccarato & Da Lio, 2021; Zoccarato et al., 2019)).
Long-term evolution and resilience of such ecosystems are related to their capability to keep pace with long-term
relative SLR, represented by SLR due to climate change and vertical land motion (or background subsidence)
of bedrock or older Pleistocene sediments underlying the shallow unconsolidated Holocene deposits (Keogh &
Tornqvist, 2019). On a medium to long-term scale, the thickness of the sedimentary body of a salt marsh usually
increases over time (Bunzel et al., 2021; Weis, 2016) with a balance between (a) the net sedimentation of inor-
ganic and organic soils on its surface reduced by autocompaction of the marsh sedimentary body, and (b) the sum
of SLR and background subsidence.

The model is used to simulate the evolution of (a portion of) a salt marsh adjacent to a tidal creek following grad-
ual relative SLR. The simulated domain extends 10 X 10 m in the horizontal plane, with a regular space discre-
tization in both horizontal and vertical (Az

bottom boundaries, with p = 0 along the creek bank and on the land surface.

na) Of 0.1 m. No-flux conditions are imposed on the inner lateral and
The simulation spans a time interval equal to 3,000 years, with the sediment
deposition characterized by three consecutive phases ( Text S1 in Supporting
Information S1 for sedimentation rate (@) input maps):

bz e el i D05 o e Growth of a peat land. From 0 to 1,000 years peat is accumulating with a
Ax (m) x=0m x=5m x=10m  of 1.5 mm/yr on the location of the marsh and 0.15 mm/yr in the creek;
0.4 7.88 % 10-3 1.16 % 10-! 500 x 10-2 e deposition of overbank deposits (silts) on top of the peat and the forma-
tion of a natural levee next to the creek, simulating increased tidal activ-

0.2 3.23x 1073 3.03 x 1072 3.68 x 1072 . . . . . .
. . . ity and sediment influx in the channel. Silt is deposited from 1,000 to
o Ll S Y SR Loty 1,500 years on top of the marsh at a constant @ of 1.5 and 0.15 mm/yr in
XOTTA ET AL. 90f23
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Table 4

the creek. From 1,500 to 2,000 years the formation of a natural levee is

Convergence Analysis on Time Discretization: Relative Difference of the simulated by decreasing w linearly from 1.5 to 0.15 mm/yr with distance
Surface Elevation €, With Respect to the Model Solution Obtained With from the creek. Sedimentation in the creek has stopped;

At = 0.5 years

e continued salt marsh growth following the accumulating finer grained

At (yr) x=0m

x=5m x=10m sediments (clay) and organic matter, simulating the change to a lower

4 1.27 x 1072
2 6.91 x 107
1 8.69 x 10-°

161 % 10-2 763 % 103 energetic environment and sediment influx. During the last thousand

9.94 x 10~* 7.94 x 10~
1.75 x 10~ 8.22 x 10~

years of the simulation (from 2000 to 3000 years) @ = 1.5 mm/yr on the
salt marsh with the exception of a central pond receiving reduced sedi-
mentation (@ = 0.5 mm/yr).

The model results are shown in Figures 4 and 5. Figure 4 shows an axonomet-

ric view of the simulated salt marsh evolution at four relevant time steps. In
total, the number of model elements in the domain increases from 60,000 (with 20,402 nodes) at the beginning of
the simulation (when only a single FE layer representing the marsh basement composes the mesh) to 2,144,131
(and 362,971 nodes) at t = 3,000 years. The maximum marsh thickness of 3.8 m is reached adjacent to the tidal
creek. This thickness is considerably smaller than the product of the sedimentation rate (equal to 1.5 mm/yr along
the marsh boundary times 3,000 years deposition time, totaling 4.5 m) as a result of soil compaction (0.7 m for
the column). Figure 5 shows the model outcomes in terms of marsh thickness and sediment distribution versus
depth, overpressure, and strain € along a vertical section orthogonal to the tidal creek (alignment AB in Figure 4).
Notice how overpressure (p) develops during the sedimentation of the clay layer toward the end of the simulation,
while p remained negligible until # = 2,250 years. The increased values of p primarily develop inside the clay
layer as its hydraulic conductivity is much smaller than that of the other sediment types (Table 1). Addition-
ally, p also increases in the underlying peat and silt deposits in the inner part of the marsh (Figure 5, left side)
with increasing distance from the creek: here groundwater pressure is equilibrated with the creek water pressure
(where hydrostatic distribution has been imposed as boundary condition) but it cannot dissipate from the other
side boundaries where a no-flow condition is imposed because of the domain symmetry. Notice also that an
overpressure gradient develops along the horizontal direction too, mainly around the pond and in proximity of the
tidal creek, showing that the groundwater flow pattern is 3D. Soil compaction is related to the geostatic load and
the intrinsic compressibility of each sediment type. These two factors contribute to get the maximum strain, up to
31%, in the peat layer. Compaction decreases to about 10% in the intermediate silty unit and vanishes moving
upward within the clayey layer.

Figure 4. Tidal salt marsh evolution at times 250, 1,250, 2,250, and 3,000 years. The simulated salt marsh borders a tidal
creek. The colors represent the different sediment types.
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