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Heterogeneous anisotropic con- transport in coastal areas. The detailed reconstruction of stratal geometry and hy-
ductivity draulic properties from measurements must be accompanied by depositional history
Groundwater flow and transport information. In this work, we use high resolution reconstructions of ancient tidal

channels of the Venice Lagoon (Italy) to drive 2D simulations of groundwater
flow and transport, showing the importance of incorporating information on the
sediment accumulation processes into the hydraulic characteristics and how horizontal
anisotropy emerging from these processes significantly influences transport. Effective
hydraulic conductivity is modeled with a heterogeneous 2D anisotropic tensor with
principal directions aligned with observed sedimentation sequences. Comparison of
flow and solute dynamics simulated using reconstructed and theoretical hydraulic
properties show drastically different pathways of solute propagation.
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1. Introduction

Coastal plains are delicate environments where continental and marine processes have intertwined during
the past millennia. Holocene fluvial and tidal channels mainly contributed to shaping actual landscapes
through the accumulation of complex sedimentary sand bodies (Allen, 1965; Bridge, 2003; Khan et al.,
1997). The overall flat topography and the availability of freshwater from surficial aquifers make coastal
areas suitable for urbanization, agricultural and industrial activities (Amorosi et al., 2013; Boyer et al.,
2006; Delagnes et al., 2012). On the other hand, agriculture has to interface with saltwater intrusion,
which endangers the soil productivity (Da Lio et al., 2015; Nofal et al., 2015), and industrial activities are
often responsible to pollutant dispersion in the groundwater (Carraro et al., 2015; Desbarats et al., 2014).
Pollutant propagation (e.g., fuel dispersion, herbicides, chemical contamination) is a crucial environmental
problem that has been investigated under multidisciplinary approaches (Benner et al., 2008; Carraro et al.,
2015, 2013; Christensen and Hatfield, 1994; Desbarats et al., 2014; Harvey et al., 2006; Hatfield and
Christensen, 1994; Simsek et al., 2008; Yang et al., 2001). In coastal areas, the groundwater flow is driven
by preferential pathways within permeable deposits accumulated by ancient fluvial and tidal channels. For
these reasons, understanding the internal structure of these deposits (i.e., porous media) and flow motion
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Flow and transport in meandering tidal channels

within them is essential to manage unwanted and threatening phenomena such as saltwater intrusion and
pollutant propagation. In lagoonal environments, the sedimentary elements associated with the evolution
of meandering tidal channels includes in-channel and overbank deposits. In-channel elements are sand-
prone bars (i.e., point bars) and mud-rich channel fills, which are accumulated during channel migration and
deactivation, respectively. Overbank deposits (e.g., tidal flats) are mainly muddy, and along with channel fill
units, are the less permeable elements forming coastal sedimentary successions (Cosma et al., 2020a).

Flow and transport processes in porous media can be quantitatively estimated by means of numerical
models approximating the solution of the relevant partial differential equations. Solute transport is driven
by the fluid velocity as calculated from the solution of the flow equation. A three-step procedure is used: i)
solve the flow equation and determine the distribution of the hydraulic head; ii) calculate the discrete velocity
vector field from the gradient of the hydraulic potential; and, iii) solve the solute transport equation. The
velocity field, which is governed by Darcy law, depends crucially on the hydraulic conductivity coefficient,
the mathematical object encoding the internal structure of the geologic formation. This coefficient is typically
defined at a spatial scale that is sufficiently large for proper homogenization but small enough to distinguish
different geologic formations. The nature of groundwater flow and transport is such that the structure and
spatial variability of the conductivity tensor affect the hydraulic head and its gradient at different scales.
Indeed, while the hydraulic head is characterized by a global scale of variability (geometric dimension
of the geologic formation), its gradient varies at a scale of the order of the scale at which the hydraulic
conductivity has been characterized. Solute transport is determined by the flow velocity and direction, and
thus acts at the latter scale. The accuracy with which solute fate is predicted is intrinsically determined
by the accuracy of Darcy velocity (. The detailed reconstruction of both the order of magnitude of the
elements of the hydraulic conductivity tensor and the principal directions of anisotropy is crucial for precise
quantitative estimates of solute transport. Pauloo et al. (2021). It is well known that, in complex and vertically
expanded sedimentary successions (e.g. (Ghinassi et al., 2013)), anisotropy originates from the averaging of
mostly vertical hetereogeneities (Renard and de Marsily, 1997) caused by the prevalently one dimensional
sedimentation process. On the other hand, horizontal anisotropy is negligible in groundwater simulations and
it is embodied by the structural heterogeneity attributed to hydraulic conductivity (Fogg et al., 1998, 2000;
Weissmann et al., 2004). However, there are many instances when horizontal anisotropy can play a role, but
these are only seldom investigated and mostly in non-sedimentary formations Purkis and Vlaswinkel (2012).
One of the contributions of this paper is to show how an accurate characterization of horizontal anisotropy
based on interpretation of the depositional processes can lead to drastically different effects with respect to
the case where simplistic depositional models are considered. The presence of strong anisotropies in the
horizontal plane add to the difficulties arising from the classical vertical anisotropy and require accurate
and anisotropy-robust numerical solvers. In summary, a reliable geologic model should consider detailed
reconstructions of stratal geometries and sediment properties. The former can be obtained by coupling
geophysical techniques with local drilling. Information from samples obtained from drilling can be used
to estimates the order of magnitude of the conductivity coefficients. However, this information does not
provide clues on the direction of anisotropy, which must be determined by studying the depositional history
of the sediments.

The present work investigates modes of 2D flow within deposits of an ancient tidal channel of the
Venice Lagoon (Italy) using numerical models of flow and transport accompanied by a high resolution
characterization of stratal geometries (Bellizia et al., 2022), spatial distribution of sediment properties, and
reconstruction of anisotropy directions. A detailed geological description is less important in areas filled
with fine sediments where no flow of practical interest occurs, and so our focus is mainly concentrated
on the tidal channel. The objective of this study are to show via numerical experiments the importance of
the characterization described above and of the robustness of the numerical discretization used to resolve
the inherent spatial variability of the coefficients. To this aim, we use linear finite element method for
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Figure 1: The prototype case. (A) Geographic position of the study area in the Venice Lagoon. (B) Position of
the buried meandering channel in the study area: the main channel fill (in yellow) with associated point bars (in
red), and the minor channel fill (in white) with the bank-attached bars (in orange). (C) The four morphodynamic
stages of the study channel. (D) Example of a seismic section of the area, showing morphologies of the lagoon
bottom, tidal flat and paleo-channel bodies. (E) Partial 3D view of point bar PB1 with accretionary boundaries
defining the internal anisotropies.

spatial discretization because of its robustness against mesh locking when strong anisotropy ratios are
present (Manzini and Putti, 2007; Mazzia et al., 2011) together with an efficient conjugate gradient method
with ad-hoc preconditioning. We recall here that mesh locking is a numerical phenomenon by which the
numerical solver becomes inaccurate if the mesh is not fine enough The aim is to highlight a prototypical
test case that can be used as starting point for larger scale studies, addressing for example management of
aquifers in coastal areas in terms of propagation of pollutants or saltwater intrusion.

Results from this work can be applied to worldwide studies of flow motion within surficial permeable
bodies originated by evolution of tidal meandering channels, especially for those developed in coastal areas
affected by a microtidal regime.

2. The prototype case: buried meandering tidal channel deposits of the Venice Lagoon

The prototype case deposits are placed in the northern sector of the Venice Lagoon (NE Italy) (fig. 1 A),
which is the largest brackish water body of the Mediterranean basin, developed over the last 6000 years
during Holocene transgression, and currently covers an area of about 550 km? (Zecchin et al., 2009, 2008).
The Venice Lagoon is affected by a semi-diurnal micro-tidal regime, with an average tidal range of ca. 1
m (D’Alpaos et al., 2013) and is dissected by a dense network of tidal channels, which cut through both tidal
flats and salt marshes (Finotello et al., 2019, 2020; Ghinassi et al., 2018a,b).

The prototype case deposits are buried below 1 m of tidal-flat deposits located close to the S. Francesco
del Deserto island, where water depth is ca. 1 m. These deposits were formed in the late Holocene by a 35
m-wide paleochannel (Madricardo et al., 2007) and consist of three adjacent point-bar bodies, named PB1,
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Figure 2: 3D basal surfaces of the studied depositional elements (i.e., channel fills and channel bars) intersected
with a horizontal plain (A), to obtain the 2D intersection lines (B) that have been used to defined the 2D polygons
for flow and transport simulations.

PB2 and PB3 which are on average 2.5 m thick (Bellizia et al., 2022). The channel belt axis of the paleo-
channel system is WNW-ESE oriented (fig. I B). A minor channel, ca. 20 m wide and trending WNW-ESE,
crossed bar PB2 developing two bank-attached bars, named B1 and B2. Sedimentary cores show that bar
deposits mainly consist of laminated silt and very fine sand with 0.5 - 1 mm-thick muddy laminae. Channel
fill and over-bank deposits are made of homogeneous mud (Madricardo et al., 2007; Bellizia et al., 2022). A
detailed 3D model based on seismic data (Bellizia et al., 2022) allowed us to depict the effective geometry
of bar bodies and to identify four major evolutive stages of the study channel. Reconstructed geometry of
bars shows that they started to accrete from a sinuous channel, as clearly shown by the arcuate shape of bar
PB1, which encloses homogeneous over-bank mud (fig. 1 C). During the major evolutive stages, bars PB1-3
grew in different directions accumulating silty layers on their slope. These layers strike and dip in different
directions, creating anisotropies within the bar sedimentary bodies (fig. 1 E).

3. Methods

The main aim of this work is to show that anisotropy in the hydraulic conductivity tensor plays a
major role in the movement of contaminants, such as nutrients and other substances infiltrated from the
surface and saltwater intruding from the sea. To drive our experiments, we use a detailed reconstruction
of the complex formation described above together with an in depth understanding of the sedimentary
processes that formed it. Another objective is to highlight the challenging issues emerging from the numerical
simulations under strong anisotropic flows. To this aim, we design different boundary conditions that trigger
numerical ill-conditioning while maintaining the realistic behavior of the test case. The design of our
numerical experiments is geared towards these objectives.

3.1. From geological reconstruction to model input data

Typical models of groundwater flow and transport at the regional scale consider a two-dimensional
vertically averaged framework (de Marsily, 1986). This assumption is grounded on the consideration that
the vertical flux is small with respect to its horizontal component. The 2D approach is warranted when
infiltration from the surface can be neglected. Within this framework, paleo-river beds act as preferential
pathways for the movement of contaminants, since they tend to form permeable, elongated sedimentary
bodies which are laterally and vertically confined (Gibling, 2006). In Holocene sedimentary bodies, which
are not deformed and show a spatial distribution that reflects the present-day orographic configuration, the
morphology and hydraulic characteristics of these formations as well as the regional gradient forcing the
flow are the main drivers that need to be taken into account in the design of our test cases. The 2D model for
the proposed simulation has been obtained from a detailed 3D reconstruction arising from the integration of
seismic data and sedimentary core data. This process allows one to define the boundaries between different
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types of deposits (e.g., bar, channel fill and overbank deposits). Laminated silt and very fine sand forming
bar deposits show a different spatial orientation, which arises from the lateral shifting of the study channel
during the four main stages of bar evolution (fig. 1 C). Silty levels represent the major permeability barriers
within bar deposits, and their orientation is consistent with that of the layers generated during the four growth
stages.

A total of 201 high resolution (decimeter-scale) seismic sections were used to correlate surfaces bounding
the major depositional units in a 3D space. Sedimentary cores were used to integrate such a reconstruction
and to define the spatial distribution of different types of deposits. Starting from this three-dimensional
reconstruction, we define the average planar position of the morphological features forming our tidal
deposits, namely the channels (i.e., main channel and minor channel), the bars (i.e., PB1, PB2, PB3 of
the main channel, and B1, B2 of the minor one), and the surrounding subtidal platform. This is obtained
by intersecting the mesh surfaces forming the 3D model with a horizontal plane that cuts the reconstructed
bar at the half of the thickness (fig. 2 A). The resulting intersection lines are used to define polygons, which
define boundaries of different types of deposits (i.e., overbank, bar and channel fill) in a 2D horizontal domain
(fig. 2 B). Within bar deposits, the same approach is been used to detect boundaries between deposits accreted
during the four depositional phases (fig. 1 C). Additionally, seismic data indicate the orientation of layers
within these deposits, pointing out also the alignment of the major permeability barriers. Specifically, in the
obtained 2D model, conductivity is considered to reach its maximum and minimum in directions parallel
and orthogonal to the muddy laminae, respectively. The muddy nature of overbank and channel-fill deposits
allows one to ascribe them an isotropic conductivity of 108 m/s. In bar deposits, a conductivity of 1076 m/s
and 1078 m/s is assigned in the directions parallel and orthogonal to muddy laminae, respectively.

3.2. Mathematical models of flow and transport

The mathematical model considers a flow equation, to determine the flux vectors of the flow in the porous
media, and successively a transport equation to simulate the transport of contaminants due to the computed
fluxes. The flow equation is characterized by the presence of spatially varying anisotropy. The idea is to
relate the spatial distributions of the anisotropy to the sediment forming depositional environment and test
the possible influence of heterogeneous anisotropy on the groundwater flow and transport.

Flow equation. The flow equation in a confined aquifer in R3 reads:

oh
SSE—V-(KSVh)

/s ey

where S [1/L] is the elastic storage coefficient, I, [L/T] is the hydraulic conductivity tensor, and f [1/T]
is the (external) source term. The scalar function A [L] is the unknown variable and represents the hydraulic
head. We couple this equation with Dirichlet boundary conditions. Darcy flux is then computed by q =
—K, V h [L/T]. We will use equivalently the words Darcy flux or Darcy velocity or simply velocity to mean
specific discharge (see (Haitjema and Anderson, 2016) for a discussion on the difference between Darcy
velocity and pore velocity). In our simplified two-dimensional framework, we assume that the confined
aquifer has a unitary thickness b [L]. Thus, the above equation can be written in a two-dimensional domain
Q, coinciding with a planar shape of the geologic formation, with the hydraulic conductivity replaced by
the hydraulic transmissivity T = Kb [L?/T] and the elastic storage coefficient replaced by the storativity
coefficient S = S;b [-]. These simplistic assumptions are dictated by the lack of data in the fully three-
dimensional distribution of hydraulic properties. We realize that a fully 3D framework would be much more
appropriate and it will be tackled as soon as enough data are collected. However, a 3D approach would need
to solve first the formidable task of assessing permeability anisotropy as it relates to the complex sedimentary
process in a meandering morphometry.
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Since we are interested in a steady-state flow (dh/0t = 0) with f = 0 in the presence of anisotropy, the
equation simplifies to:

V- (-=TVh)=0 in Q 2
h=nhp on 0Q 3)

where K is the 2 X 2 symmetric tensor varying in space that embodies the anisotropic behavior, and A is a
prescribed value of the solution at the boundary. If the diffusion process is isotropic the conductivity tensor
is defined by KK, = x[, where k is a scalar value and [ the identity matrix. In the anisotropic case, the tensor is
no longer diagonal. We have to define the two vectors v, w that provide the principal directions of anisotropy
(i.e. the eigenvectors of K,), together with two compatible conductivity values (i.e., the corresponding
eigenvalues). Then, the final anisotropic tensor is defined by:

K =UAUT= U Wi K 0 Uy Uy
s v, w| |0 x| |w, wy

In practice, we set the first eigenvalue «; as the coefficient x given by the material with the corresponding
eigenvector v, the preferential direction of the process. Then, the vector w is defined to be orthogonal to v
and the second eigenvalue k, is set to be x, = k| * r,, where r, is the chosen anisotropy ratio.

Transport equation. The transport of contaminants in a certain domain Q is governed by the following
equation:

n%=V~(Dvc)—v-(qc), 4)

where n [-] is the porosity and we consider in the first order term the velocity field given by Darcy flux
q [L/T] as computed by the flow equation. In this case ¢ [-] is the normalized (mass/mass) concentration of
the contaminant, and D [L?/T] is the dispersion tensor (Bear, 1979), defined as:
T
[D=aL|q||]+|aL—aT|%+anl], )
where a; [L] is the longitudinal dispersivity, ar [L] is the transversal dispersivity and D,, [L%/T] is the
molecular diffusion. The equation can be formed by multiple components if multiple contaminants need to
be studied. The mathematical model is completed by Dirichlet/Neumann/Cauchy boundary conditions and
by initial conditions.

Numerical solution. The above equations are solved using the CATHY solver (Camporese et al., 2010; Weill
et al., 2011), a hydrological model based on linear finite elements with stabilization and preconditioned
conjugate gradient (PCG) linear solver. This code has been extensively used in several projects (see
for example (Passadore et al., 2012; Scudeler et al., 2016a)) and has been benchmarked against other
similar solvers in (Maxwell et al., 2014; Kollet et al., 2017). The presence of strong anisotropic diffusion
may cause numerical difficulties depending on the method used in the discretization (Manzini and Putti,
2007). The CATHY solver is capable of tackling demanding applications and also the most extreme
anisotropic behavior (Mazzia et al., 2011). The PCG scheme of CATHY has been complemented with ad-hoc
preconditioners to handle the severe ill-conditioning arising from the anisotropy ratios.
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Figure 3: (A) Examples from the Florida coast of tidal and fluvial channels flowing orthogonally into the Sea. (B)
Zoom in into the tidal network, (C) to recognize the main tidal elements. The abandoned channel cuts through
the muddy overbank and is commonly composed of a muddy channel fill and a silty point bar. The channel can
experience different transformation styles while accreting the point bar, which can be recognized in bar deposits
thanks to changes in the dip direction of strata. Each package of same inclined strata shows precise 3D orientations
of maximum and minimum flow, which are parallel and orthogonal to strata orientation, respectively.

4. Numerical simulations

We consider a square domain given by = [—15,900] x [-205, 550] mxm, which contains the specific
site of our experimental studies. Different simulations are run considering the variability of three main
drivers: 1) the regional piezometric gradient; ii) the conductivity tensor; iii) the geometry and anisotropies
of the bar bodies. The main terminology related to sedimentary bodies is shown in fig. 3 C and follows
sedimentological studies carried out on tidal meanders and related deposits (Cosma et al., 2019, 2020b).

The direction of the regional piezometric gradient is assumed to be parallel to the mean channel belt axis,
with an average magnitude of 8 x 10~*. This assumption aims at simulating a groundwater flow occurring
in coastal plains where late Holocene buried channel belts are commonly transverse to the actual coastline.
These buried formations have been generated in a paleo-landscape configuration that is fully comparable
to the present-day one, and can be the main pathways for pollutant propagation to the sea, as well as suffer
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A Reconstructed B Idealized

Figure 4: Model domain with reconstructed bar bodies (A, C) and idealized geometry (B, D). The corresponding
preferential direction of the flow is shown by the red segments. Areas where no segments are displayed are assumed
to be isotropic.

saltwater intrusion from the sea (fig. 3 A, B). Accordingly, a landward (i.e., south-east towards north-west)
and seaward (i.e., north-west towards south-east) regional piezometric gradients are simulated to account for
meanders migrating in different directions. In practice, linearly varying Dirichlet boundary conditions are
set to simulate the two different scenarios.

Different hydraulic conductivity values are attributed to different deposits. Being uniformly made of clay-
rich mud, overbank deposits show a small conductivity, estimated at k = 10~ m/s. The actual value is not
important since essentially no flow occurs in these formations. Observed channel-fill mud is assumed to have
a conductivity of ¥ = 1078 m/s. Some simulations are also carried out with a conductivity of ¥ = 10~7 m/s
in order to model cases where a progressive channel abandonment has caused infill of the channel with
coarser deposits (Allen, 1965; Fisk, 1947; Toonen et al., 2012). Bar deposits are more permeable, being
made of silt and very fine sand. Since bar deposits are considered as homogeneous bodies, we associate the
same conductivity values for all the bar bodies, estimated at ¥ = 10~® m/s. The presence of muddy laminae
affects the flow mobility within the bar deposits, with maximum and minimum values occurring along the
strike and dip directions, respectively. We simulate this behavior by assuming a spatially varying effective
conductivity tensor [; with principal directions of anisotropy that follow the strike and dip directions. We
consider a constant anisotropy ratio equal to 7, = 1072 in the bars, while an isotropic behavior (i.e., 7, = 1)
is imposed in the channels and external fills. Sensitivity to this ratio has been verified by using r, = 5x 1073
with negligible differences in the relative simulations.

Contrasting bar geometries are also considered. In one set of simulations, we reconstruct the bar bodies by
dividing the formations into different subregions that take into consideration the bar evolution from a sinuous
channel as revealed by seismic data. The resulting subdivision is shown in fig. 4 (A, C). Correspondingly,
principal directions of anisotropy follow in each subregion the reconstructed strike and dip orientations
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(red lines in fig. 4). The laminae-following distribution has been implemented in the simulation model by a
subdivision of the bar deposits into further subzones where constant anisotropy directions are specified.

In the second set of simulations, fluid flow is modeled using an idealized bar geometry (shown in fig. 4,
B, D), established considering a uniform bar accretion from a straight channel, as commonly suggested by
classical facies models (Brice, 1974; Finotello et al., 2018; Nanson and Page, 1983). Within the channel-bar
bodies, both in the reconstructed and in the idealized case, anisotropies represent areas characterized by
almost the same depositional orientation of the strata composing the porous media, so they are architectural.
In the case of the prototype area, anisotropies are related to the different accretion packages that the channel
originated during its morphodynamic evolution. Anisotropies strongly define the preferential direction of
groundwater flows (fig. 4).

For the accompanying transport simulations, we have a field estimate of n = 0.2 [-], and we have chosen
typical values for dispersion coefficients found in the literature by setting a; = 1 [m], a7 = 0.1 [m] and a
molecular diffusion equal to D,, = 107!° [m?/s] (LaBolle and Fogg, 2001). These values yield a mesh Peclet
number slightly larger than two, thus requiring stabilization. We use SUPG with optimal parameters (Bachini
et al., 2021). The boundary conditions impose unit normalized concentration in the West and South portions
of the boundary where the bars and the channels intersect, and zero concentration in the remaining portions,
independently on the direction of the regional gradient. Note that, for a NW to SE regional gradient inflow
and outflow occur at the west and south boundaries, respectively, while in the other case they occur in
the south and west boundaries. No inflow would ever occur at the north and east boundaries because of
extremely low conductivity values. We recall that the transport simulations are intended to highlight the
effects of the different distributions of conductivity tensors within the reconstructed bars. The employed
boundary conditions force the entrance of contaminants from the principal bar deposits. Different boundary
conditions could have been employed depending on the geological reconstruction, but sensitivity to these
effects is not of interest for this study.

4.1. Results

Figures 5 to 9 show the results of our simulations and are organized as follows. The top panels report
the steady-state piezometric head distribution and the velocity vectors as calculated from the flow model.
In these figures, the scale of the piezometric head measured in meters is the same for all figures. On the
other hand, the scale for Darcy flux changes for each test case to ease the visualization of the vectors. The
remaining four panels show the normalized concentration distributions at four different times as driven by
the velocity field, using a color scale from red (¢ = 1) to blue (¢ = 0). We would like to note that the times
at which we show the results are unrealistically long, but the local effects due to anisotropy that we want to
show depend on the distance of the contaminant source. In our tests, the location of the contaminant source
is arbitrarily chosen to highlight the importance of horizontal anisotropy. Hence, we regard our time as

The first figure in the series (fig. 5) shows our results in the case of reconstructed geometry with
k, = 108 m/s and x, = r,x; = 10710 m/s. Looking at the top panel, we see that most of the flow
occurs in the southern bar of the minor channel fill (B1) and the western bar of the main channel fill (PB1).
The recirculation patterns visible in the vicinity of the southern-west boundary are caused by the specific
boundary conditions and the fact that bar PB1 is essentially closed by the main channel fill. A secondary flow
path follows the geometry of the bars surrounding the main channel fill, the latter acting as a partial barrier
between PB1 and PB2, and PB2 and PB3. The Darcy velocity vectors are approximately aligned with the
directions of anisotropy, except in the channel fill crossing PB1 and PB2, where an isotropic conductivity
tensor is employed. The velocities in the region external to the bars and channel fills are clearly negligible. Not
so in the channel fills, although they are at least one order of magnitude smaller than in the bars, in accordance
with the value of the hydraulic conductivity. We would like to remark that the linear finite element approach
may yield velocity vectors that point to the wrong nonphysical direction in the presence of strong and abrupt
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Figure 5: Reconstructed bodies and anisotropies: anisotropy ratio r, = 1072, channel fill k¥, = 1078 m/s,
ky = rokp, NW to SE gradient. Top panel: steady-state piezometric head distribution and Darcy velocities.
Central and bottom panels: normalized concentration (red: ¢ = 1, blue: ¢ = 0) at four different times (s). The
last time corresponds roughly to steady-state.

heterogeneities. This well known result, highlighted by Putti and Cordes (1998), can be overcome by the
employment of appropriate mass-conservative reconstructions (Scudeler et al., 2016b). These effects can be
seen in some parts of the domain but are highly localized and typically have no influence on both flow and
transport processes. This phenomenon cannot be confused with the recirculation patterns that form where
jumps in conductivity values or anisotropy directions are imposed. This can be seen in the lower-left part in
PB1 and in the upper-right portion in PB2.
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Figure 6: Reconstructed bodies and anisotropies: anisotropy ratio r, = 1072, channel fill k¥, = 1077 m/s,
ky = rokp, NW to SE gradient. Top panel: steady-state piezometric head distribution and Darcy velocities.
Central and bottom panels: normalized concentration (red: ¢ = 1, blue: ¢ = 0) at four different times (s). The
last time corresponds roughly to steady-state.

The time sequence in the transport simulation shows a plume entering from the western boundary
and progressing towards the meandering bars. Once it reaches the channel fill between PB1 and PB2 the
plume drastically decreases its speed (see panel at t = 9FE + 6 s) while crossing it, as evidenced by the
time differences in the solute front position in the main bars before and after the complete crossing of the
channel fill. After this, the plume gains speed and progresses following the flow velocities, as dictated by the
reconstructed geometry. It is interesting to note that molecular diffusion intervenes mainly at later times in
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Figure 7: Reconstructed bodies and anisotropies: anisotropy ratio r, = 1072, channel fill k¥, = 1078 m/s,
ky = ryky, SE to NW gradient. Top panel: steady-state piezometric head distribution and Darcy velocities.
Central and bottom panels: normalized concentration (red: ¢ = 1, blue: ¢ = 0) at four different times (s). The
last time corresponds roughly to steady-state.

the regions where the velocities are small. Superimposed to molecular diffusion we can clearly discern the
effect of variable anisotropy directions, in particular in the upper portion of the meander bar PB2.

Figure 6 shows the same results in the case of k; = 10~/ m/s in the channel fill. The dynamics of the
process is essentially the same with a globally faster speed of propagation due to a faster crossing of the
channel fill. Here the effect of the changing anisotropy directions is much more pronounced as indicated by
the more distinct preferential paths in the solute movement, which causes a quicker filling of the bars.
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Figure 8: Idealized geometry and anisotropies: anisotropy ratio r, = 1072, channel fill k; = 1078 m/s, k, = r k|,
NW to SE gradient. Top panel: steady-state piezometric head distribution and Darcy velocities. Central and
bottom panels: normalized concentration (red: ¢ = 1, blue: ¢ = 0) at four different times (s). The last time
corresponds roughly to steady-state.

When the direction of the gradient is exchanged from NW-SE to SE-NW (fig. 7) contaminant intrusion is
more prominent because the channel fill is farther from the inflow boundary than in the previous simulations.
All the flow and transport details remain essentially the same as described before.

The scenario changes completely when we use the idealized bar geometry (see fig. 4 B, D). Indeed, fig. 8
and 9, which represent the results of the simulation in the case of the NW-SE and SE-NW imposed regional
gradients, respectively, clearly show that the contaminant does not enter the meander bar PB2 and PB3. Since
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Figure 9: Idealized geometry and anisotropies: anisotropy ratio r, = 1072, channel fill k; = 1078 m/s, k, = r k|,
SE to NW gradient. Top panel: steady-state piezometric head distribution and Darcy velocities. Central and
bottom panels: normalized concentration (red: ¢ = 1, blue: ¢ = 0) at four different times (s). The last time
corresponds roughly to steady-state.

the magnitude of the hydraulic conductivity is the same in both reconstructed and idealized geometries, the
difference must be ascribed entirely to the effects of anisotropy. This shows the importance of an accurate
reconstruction not only of the geological formations but also their hydraulic characteristics.

4.2. Discussion
Several studies report the importance of having interconnected permeable channelized bodies to
guarantee fluid flow in the subsurface (Donselaar and Overeem, 2008; Willems et al., 2017; Willis and
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Figure 10: Comparison of flow velocities and concentration distributions in the cases of reconstructed (top panels)
and idealized (bottom panels) geometries and anisotropies: anisotropy ratio r, = 1072, channel fill k; = 1078 m/s,
Ky = rak1, NW to SE gradient.

Tang, 2010; Yan et al., 2019). The sedimentary record of meandering tidal channels comprises sand-
prone in channel elements (e.g., channel-bar deposits) and muddy over-bank deposits. Channel bars, which
accumulated during the lateral migration of a channel, are the most permeable bodies developed by tidal
networks and the emerging flow patterns are directly related to their intra- and inter-connectivity (Pranter
et al., 2007; Willis and Sech, 2018a). Channel-fill deposits, which accumulated within the channel during
its deactivation, are less permeable since they commonly exhibit a basal sandy layer covered by a plug
fill (Allen, 1965; Brivio et al., 2016; Donselaar and Overeem, 2008; Jackson et al., 2005; Toonen et al.,
2012; D’Alpaos et al., 2017). Over-bank deposits (e.g., tidal flats) are considered almost impermeable as
they are composed of mostly fine sediments by (mud and peat layers). Subsurface deposits of reclaimed
coastal areas were commonly generated in tidal networks, and fluid flow within these sediments is governed
by their sedimentary features and stratal patterns, which originated during the morphodynamic evolution of
tidal channels (Brivio et al., 2016; Choi and J.H., 2015; Dashtgard et al., 2012; Dashtgard and La Croix,
2015; Ghinassi et al., 2018b; La Croix and Dashtgard, 2015).

Variability of growth styles shown by the prototype bars is at the origin of the emerging complex internal
architecture (Willis and Sech, 2018a,b; Yan et al., 2019). The associated accumulation of mud layers with
a variable spatial orientation has a strong impact on flow motion within the bar. Numerical results clearly
show that flow develops within the bar in directions parallel to the strike of muddy layers, where conductivity
is higher. Over a local scale (i.e., the bar scale), this configuration causes flow paths that can strongly
disagree with the regional groundwater gradient (Willis and Tang, 2010). Additionally, the lateral pinching
out of accretionary packages causes internal compartmentalization of the bar with further local reduction
of flux magnitudes. The simulation of this variability has been effectively achieved by modeling the flow
behavior using a planar anisotropic conductivity tensor adapted to the sedimentation history. Following this
framework, our numerical test with opposing piezometric gradients does not provide significantly different
flow patterns but highlights the important role of intra-bar anisotropies in seaward or landward fluids.

The choice to compare simulation results based on reconstructed and idealized bar complexes highlights
the importance of accurate 3D geometric modeling of the subsurface deposits to properly predict groundwa-
ter flows. The use of simplistic models (Brice, 1974; Finotello et al., 2018; Lewin, 1976; Nanson and Page,
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1983; Wu et al., 2015) can underestimate the effective permeable volume in the subsoil, as shown by Bellizia
et al. (2021); Cassiani et al. (2020), thus limiting the accuracy of the prediction of the effective propagation
styles (see fig. 10). Specifically, in the numerical simulations of the idealized case, subsurface flow in the
point bar opposite to the inflow boundary (i.e., within PB2 and PB3, in simulations with the NW-SE oriented
gradient, and PB2 and PB1 in simulations with the SE-NW oriented gradient) is negligible, as shown in fig. 8
and fig. 9. Indeed, in the idealized belt contaminant propagation is hindered where adjacent bars connect only
at the channel inflection point. On the other hand, in the reconstructed case, the flow is constrained by the
channel fill but hydraulic gradients propagate across giving rise to non-negligible Darcy velocities in the
neighboring bars. For this reason, contaminants propagate in the bar following the directions of anisotropy
if given enough time to cross the channel fill.

Since the accretion mechanisms of the different structures are responsible for the architectural aniso-
tropies of the permeable bodies, the study case highlights how performing a thorough stratal evolution
reconstruction of a channelized system is crucial to correctly predict groundwater flows. Especially within
PB2, anisotropies play a key role in the fluid motion. Darcy velocities show marked changes in their
orientation close to the apex zone according to the principal directions of anisotropy, thus remaining confined
within the bar body. On the other hand, anisotropies in the idealized belt have gentler boundaries, allowing
the formation of smoother trajectories (fig. 4). However, our results show that the cross-bar channels control
fluid motion. Indeed, chute channels are associated with cut-off mechanisms as they cut through a meander
bend shortening the channel length (Constantine et al., 2010; Ghinassi, 2011; McGowen and Garner, 1970).
In our simulations, the entire minor channel system acts as a preferential pathway connecting PB1 and PB3 in
both landward and seaward regional flow, effectively disconnecting in the idealized case PB2 from the active
flow region. In the simulations with the two gradient orientations, the highest Darcy velocities are observed
in the B1 body, which is the more extended bar of the minor channel system, whereas B2 is practically
isolated from the overall permeable system due to its position with respect to the main and minor channel
fills. Overall, these simulations highlight that minor channel systems strongly act as preferential pathways
when they are almost parallel to the main channel belt axis.

Simulations in the study case reveal that the grain-size composition of the channel fill strongly affects
the connectivity between adjacent bar bodies by its influence on the hydraulic properties of the formation,
as highlighted by several studies (Ambrose et al., 1991; Donselaar and Overeem, 2008; Pranter et al., 2007;
Willis and Tang, 2010). Channel fills with sedimentary facies similar to those of the related bar deposits allow
a better interconnection between adjacent bars than channel fills characterized by lower conductivity values.
Simulations with the two different K, for the channel fills remark this feature. Note that, contrary to our
prototype case of tidal origin, fluvial paleo channels may exhibit higher differences between the conductivity
of the channel fill and the bar bodies.
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