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ARTICLE INFO ABSTRACT
This manuscript was handled by Corrado Cor- Coastal groundwater resources face mounting pressure under sea-level rise and population growth. Under
radini, Editor-in-Chief, with the assistance of active seawater intrusion (SWI), where the coastal hydraulic gradient slopes landward, onshore groundwater

Mohsen Sherif, Associate Editor. resources will eventually be salinized. This study aims to expand the limited understanding of the influence

of alluvial aquifer heterogeneity on the rate and characteristics of active SWI. Using the Central Canterbury
Plains aquifer system in New Zealand as an example, we simulated active SWI conditions caused by a decrease
in onshore groundwater head. We considered 25 realizations of a 3D heterogeneous confined coastal aquifer

Dataset link: https://github.com/connorcleary/
confined_hetergeneous_aquifers

Keywords: that extends offshore. Salinization patterns in the heterogeneous aquifers are influenced by preferential flow
Heterogeneity through high hydraulic conductivity gravel deposits. Our results indicate that movement of the salt/fresh water
Seawater intrusion interface was up to ten times faster than expected from an analytical model that uses the effective hydraulic

Numerical modeling conductivity of the aquifer, or in an equivalent homogeneous model that included the effects of dispersion. The

rate of interface movement also varied spatially along the width of the aquifer. While similar findings have been
observed in models of coastal volcanic and fluvio-deltaic aquifers, the hydraulic conductivity contrasts in the
alluvial aquifer models studied here are much lower. Our results indicate that aquifer heterogeneity should be
carefully considered when studying SWI in alluvial settings, even when the salt/fresh water interface is located
offshore. If the heterogeneity of a coastal alluvial aquifer is overlooked, salinization of onshore groundwater
under seawater intrusion may occur considerably earlier than expected.

1. Introduction have investigated the effect of heterogeneity on active seawater in-
trusion in alluvial aquifers. This contrasts with the numerous studies

Over one billion people living in coastal regions depend on ground- of heterogeneity in terrestrial transport problems in alluvial aquifers
water as a water source (Ferguson and Gleeson, 2012; Zamrsky et al., (Fogg and Zhang, 2016; Cirpka and Valocchi, 2016), for example in

2024). Coastal aquifers need to be managed sustainably to ensure the the USA (Anderson et al., 1999; Bianchi and Zheng, 2016), and New

availability of safe drinking water (Velis et al., 2017). Coastal aquifers Zealand Sarris et al. (2023), Moore et al. (2022), Sarris et al. (2022,
worldwide face an increasing threat of seawater intrusion (Michael
2019), Kenny et al. (2025).

et al., 2017), with many aquifer systems already being impacted (for
example in the USA (Barlow and Reichard, 2010), Kiribati (Lal and
Datta, 2019), and Malta (Choi et al.,, 2024)). Alluvial aquifers are 1.1. Heterogeneity effects on coastal groundwater
no exception (Martinez-Pérez et al., 2022). Active seawater intrusion,
where the coastal hydraulic gradient slopes landward, leads to the
most aggressive salinization of onshore groundwater (Badaruddin et al.,
2017; Werner, 2017). Groundwater transport rates can be strongly
influenced by spatial heterogeneity of the hydraulic conductivity of
an aquifer (Koltermann and Gorelick, 1996; Renard, 2007). In fluvio-

Heterogeneity is a key factor controlling groundwater-seawater in-
teraction (Werner et al., 2013). Martinez-Pérez et al. (2022) showed
that even in a seemingly homogeneous 25 m thick alluvial aquifer, fine-
scale heterogeneity exerts a large influence. They observed seawater
deltaic (Yu and Michael, 2019a), and volcanic systems (Geng and ir?trusion and subn?a?ine grour}dwat.er discharge b(.)t.h occurring at four
Michael, 2020), this heterogeneity has been found to increase sea- different depths divided by fine silt layers. Additionally, saline and
water intrusion rates under onshore pumping. However, no studies fresh free-convective fingering was observed across the silt layers.
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On a larger scale, aquifer heterogeneity can cause variations in
the salt/fresh water interface position in the alongshore direction.
This results in some areas of the coastline being more susceptible to
salinization (Kim et al., 2003). Similar alongshore variation has also
been found to be caused by changes in the thickness of the overlying
aquitard (Knight et al., 2019). In aquifer systems where hydraulic
conductivity contrasts are greater, such as karstic (Xu et al., 2016), or
volcanic systems (Geng and Michael, 2021, 2020; Kreyns et al., 2020),
the variation in interface position, submarine groundwater discharge
distribution, and seawater intrusion rates is even stronger. Under tidal
fluctuations, aquifer heterogeneity can increase the rate of movement
of the salt/fresh water interface and widening of the mixing zone (Pool
et al., 2015).

On the regional scale, coastal aquifer system heterogeneity influ-
ences the presence and characteristics of offshore fresh groundwa-
ter (Post et al.,, 2013). In systems with stronger contrasts between
aquitard and aquifer hydraulic conductivities, terrestrial groundwater
flows further offshore (Bakker et al., 2017; Zamrsky et al., 2020).
Variations in the connectivity of high hydraulic conductivity lithologies
can lead to changes in the offshore extent of freshwater alongshore
(Michael et al., 2017), such as in the Canterbury Bight (Micallef et al.,
2020; De Biase et al., 2024). The presence of low hydraulic conductivity
confining units can lead to the preservation of fresh groundwater under
the seafloor following sea level rise in interglacial periods (Kooi et al.,
2000), for example in the Canterbury Bight (Thomas et al., 2024), and
the US Atlantic Margin (Thomas et al., 2019). Variation in the thickness
of these confining units, such as the presence of paleochannels, may
result in variation in the amount of freshwater preserved (Van Engelen
et al., 2021). Under pumping, connected high hydraulic conductivity
and less hydraulically resistive areas of confining units may provide
pathways for regional-scale preferential intrusion (Yu and Michael,
2019a,b).

When heterogeneity is represented in numerical models with the
advection—dispersion equation (Abarca et al., 2007; Badaruddin et al.,
2017; Werner, 2017), or with hydraulic properties generated with
continuous Gaussian geostatistical methods (Pool et al., 2015; Kerrou
and Renard, 2010), the salt/fresh water interface is widened and rates
of seawater intrusion are greater. However, these approaches cannot
reproduce more complex coastal groundwater conditions caused by
preferential flow (Michael et al., 2016; Geng and Michael, 2021), and
non-Fickian transport (Lu et al., 2009).

1.2. Groundwater flow and transport in alluvial aquifers

Connected networks of high hydraulic conductivity facies, such as
open framework gravel deposits (OFGDs), lead to preferential ground-
water flow and transport in alluvial aquifers (Pirot et al., 2015a;
Burbery et al., 2018; Anderson et al., 1999). While individual deposits
may only exist on the 1 m to 10 m scale, clustering of these elements
can lead to connected flow paths on the 100 m to 1 km scale (for
example in New Zealand (Sarris et al., 2023; Dann et al., 2009), in
Italy (Bersezio et al., 1999; Zappa et al., 2006), and in the USA (Fogg
et al., 2000)), which is of interest to coastal groundwater management
(Werner et al., 2013).

Conservative tracer-testing on the 100 m scale of an alluvial aquifer
system in New Zealand found significant immobile water, which was
attributed to aquifer heterogeneity (Pang and Close, 1999). On a sim-
ilar scale, extensive observations at the Macrodispersion Experiment
site have characterized a contaminant plume in an alluvial aquifer
that featured a long, low-concentration front and a heavy tail, which
suggests that most of the flow and transport is through connected
high hydraulic conductivity pathways (Zheng et al., 2011). When the
advection—dispersion equation is applied in groundwater modeling, dis-
persivity coefficients represent the mechanical mixing of groundwater
at a scale length smaller than the grid size (Kitanidis, 2015). This
formulation may not be able to represent transport processes in an
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alluvial aquifer accurately and the dual porosity (kinetic mass transfer)
model may be a more suitable formulation (Bianchi and Zheng, 2016;
Baratelli et al., 2011, 2014).

There is limited understanding of the effects of alluvial aquifer het-
erogeneity on seawater intrusion, despite the presence of preferential
flow and transport in alluvial aquifers, and the significant impacts of
heterogeneity on seawater intrusion in other settings. This study aims
to quantify the effects of heterogeneity on the rate and characteristics
of active seawater intrusion in alluvial aquifers. This is achieved using
numerical modeling of the Central Canterbury Plains aquifer system,
New Zealand, using an explicit geostatistical representation of the het-
erogeneity of aquifer hydraulic conductivity. The ability of equivalent
homogeneous models — which are often used to simplify analysis in het-
erogeneous aquifers (Kitanidis, 2015) — to reproduce seawater intrusion
behavior in a heterogeneous aquifer is also investigated. Additionally,
a brief exploration is carried out on the impact of alluvial aquifer
heterogeneity on the effectiveness of coastal groundwater monitoring,
a key component of aquifer management (Werner et al., 2013).

2. Materials and methods
2.1. Study area - Central Canterbury Plains

The Central Canterbury Plains aquifer system is located in the South
Island of Aotearoa New Zealand. The aquifer system is bounded by
the Waimakariri River in the north and the Rakaia River in the south.
It extends from the foothills of the Southern Alps in the west to the
Pegasus Bay and Canterbury Bight coastlines in the east (Fig. 1). The
plains comprise a deep sedimentary basin of glacial outwash gravels in
the west and alluvial gravels in the east, which have been reworked
by braided rivers. Hydraulic conductivities generally decrease from
west to east (Wilson, 1973). The aquifer system supplies water for
irrigation across the plains and potable water for the city of Otautahi
Christchurch (Rosen and White, 2001; Jenkins, 2018). In the aquifer
system, several studies have identified the presence of OFGDs in the
gravel aquifers, and have noted preferential flow through connected
networks of OFGDs (Dann et al., 2009, 2008; Burbery et al., 2018; Pang
et al., 1998; Browne and Naish, 2003). OFGDs make up 1% to 20%
of the aquifer material and are up to two orders of magnitude more
hydraulically conductive than the surrounding gravel matrix (Dann
et al., 2008; Burbery et al., 2018; Sarris et al., 2018). At the coast,
interglacial gravels are interlayered with glacial marine sand and silt
deposits, forming a confined aquifer system (Browne and Naish, 2003).
This confined aquifer system extends offshore, with the two shallowest
confined aquifers outcropping at least 30 km offshore (Barnes, 2015).
Recharge into the aquifer system is derived from rainfall as well as infil-
tration from the Waimakariri River (Stewart et al., 2002). The salt/fresh
water interface is expected to be some distance offshore (Knight et al.,
2018; Talbot et al., 1986).

A series of groundwater aging studies have shown that groundwater
ages near the coast in Christchurch are increasing over time (Stewart,
2012; Stewart and van der Raaij, 2022). In the most extreme instance,
the estimated mean residence time at one coastal well has increased
from 74 years in 1976 to 1452 years in 2017. This is possibly caused by
deep and offshore paleo groundwater being drawn upward and inland
due to low coastal heads (Edmunds and Milne, 2001; Condesso De Melo
et al., 2001). Historically, groundwater levels in confined aquifers have
been as low as 1.5 meters below sea level (Scott and Wilson, 2012).
There is no evidence of extensive seawater intrusion, most likely due
to the presence of offshore fresh groundwater (Knight et al., 2018).
There has been one localized case of SWI into the upper confined
aquifer, attributed to the downwards advection of seawater through the
confining layer (Scott and Wilson, 2012). This raises questions about
the exploitation of offshore fresh groundwaterand the sustainability of
groundwater abstraction in the region. As of 2022, the city abstracts
around 5 x 107 m3/%¢@" of a consented 7.4 x 107 m3/¥¢4" (Stewart and van
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Fig. 1. Map of Central Canterbury Plains aquifer system, shaded in red, and relevant locations (Moreau et al., 2019). The blue shading shows the extent of confinement of the
onshore aquifer system (Environment Canterbury, 2018). The yellow star shows the center of the area where boreholes were analyzed to develop the geological model (Sarris
et al., 2023). The turquoise and orange points show wells that have displayed high salinity and increasing groundwater ages respectively (Stewart and van der Raaij, 2022; Scott
and Wilson, 2012). The hypothetical model area is also shown. In the inset, New Zealand is shown with the location of the study area denoted by the black rectangle. The
inland boundary of the aquifer system, the Southern Alps is labeled. The red arrow shows the international offshore drilling program borehole where low salinity porewater was
discovered (Fulthorpe et al., 2011). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

der Raaij, 2022). The sea level of the Christchurch coastline is expected
to rise by 0.6 m to 1.2 m in the next 100 years (NZSeaRise, 2023).

The Central Canterbury Plains is one of several alluvial aquifer sys-
tems that are likely to contain offshore fresh groundwaterin NZ (Mor-
gan and Mountjoy, 2022). South of the Central Canterbury Plains, the
Ashburton-Rangitata Plains and adjacent aquifer systems have been
found to contain OFG, based on porewater salinity of an offshore
borehole (Fig. 1), geophysical investigation and modeling (Micallef
et al.,, 2020; Fulthorpe et al.,, 2011). The presence of offshore fresh
groundwater means that it may take a long time for the salt/fresh water
interface to reach the shoreline under active SWI. However, this does
not mean that salinization of onshore groundwater is impossible, and
the vulnerability to SWI still needs to be understood (Knight et al.,
2018).

Under the cumulative effects of sea level rise and groundwater
abstraction, and evidence of seawater intrusion, the Central Canterbury
Plains aquifers are vulnerable to salinization. To ensure the sustain-
ability of the aquifers as a potable water source, it is necessary to un-
derstand this vulnerability. As heterogeneity is a key factor underlying
groundwater transport rates in alluvial aquifers, quantifying the influ-
ence of heterogeneity on SWI is imperative. Hence, in this study, we
explore the effect of the heterogeneity of the Central Canterbury Plains
on seawater intrusion using groundwater modeling. Sections 2.2-2.6
describe the modeling workflow used to study seawater intrusion in a
heterogeneous alluvial aquifer (Fig. 2).

2.2. Groundwater model structure and parameterization

Because the salt/fresh water interface in the Central Canterbury
Plains aquifer system is located offshore, an aquifer that extends under
the seafloor is modeled. Although the aquifer system is multilayered,
due to the computational demands of modeling both three-dimensional
and heterogeneous aquifers, including buoyancy effects and stochas-
ticity, the model is reduced to a truncated confined coastal aquifer,
overlain by an aquitard (Fig. 3a). The modeled aquifer extends 4 km
offshore and 400 m onshore, which is smaller than the 30 km mini-
mum length of offshore aquifers in the system. Groundwater flow and
transport are modeled in this aquifer using MODFLOWS, as described
in Section 2.4.

The modeled aquifer thickness H is 20 m and the aquitard thickness
B is 20 m, which are representative of the multilayered system in

Christchurch (Barnes, 2015; Brown et al., 1988). The modeled aquitard
is homogeneous and anisotropic, with a vertical hydraulic conduc-
tivity KI:’ of 1 x 1073 m/day and a vertical anisotropy ratio of 100.
The vertical hydraulic conductivity has been reduced by one order of
magnitude from other studies, to avoid freshwater flushing out the
entire aquifer (Knight et al., 2019; Bakker et al., 2017). The aquifer is
heterogeneous, isotropic in the horizontal direction, but anisotropic at
the vertical macro scale (Kenny et al., 2025). The vertical anisotropy is
simulated by a transitional probability spatial structure of isotropic and
homogeneous hydrofacies at the numerical grid scale. An overview of
the generation of heterogeneous aquifer hydraulic conductivity fields is
given in Section 2.3, as well as a description of their general properties.

A constant head boundary condition is used at the onshore model
boundary, shown in Fig. 3b, and the offshore boundary is represented
with a general head boundary condition (Solérzano-Rivas and Werner,
2018). The constant head condition was chosen for the onshore bound-
ary as it is simpler conceptually than an applied flux or pumping
condition, and is easier to relate to coastal groundwater management
which is often based on onshore head limits (Knight et al., 2018). As
this study’s purpose is to quantify the effect of heterogeneity on the
rate of active SWI, this simplification is acceptable. The general head
boundary does not allow for downward diffusion through the aquitard,
i.e. Jiao et al. (2015), therefore downwards salinization is neglected.
This allows for the analysis to focus on horizontal salinization, which
is a more significant risk for commonly exploited deep aquifers (Post
et al., 2013). The model stages considered, and the values applied to
these boundary conditions are described in Section 2.5.

2.3. Geostatistical representation of aquifer heterogeneity

Heterogeneity is represented through the assignment of different hy-
draulic conductivities to hydrofacies spatially distributed with geosta-
tistical simulations obtained with a transition probability/Markov chain
approach, as implemented in T-PROGS (Sarris et al., 2023; Deutsch and
Journel, 2007; Carle, 1999; Moore et al., 2022; Kenny et al., 2025).
This approach is used to generate 25 heterogeneous aquifer hydraulic
conductivity fields.

The probabilities of one hydrofacies transitioning to another at a
given distance are estimated from lithological descriptions of the Cen-
tral Canterbury Plains aquifer system. These lithological descriptions
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Fig. 2. Flowchart describing modeling workflow.
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Fig. 3. (a) hydrofacies represented in the model. (b) faces of the model where boundary conditions are applied. The coastline is located at 0 m offshore.

come from drillers’ logs within a 10 km radius of West Melton (Fig. 1),
comprising 1963 useable borehole records (Sarris et al., 2023). While
the vertical transition probabilities between facies can be robustly
obtained from the lithological descriptions,the density of data in the
horizontal direction is lower. This means the characterization of aquifer
heterogeneity in the horizontal direction may be limited with the
transition probability approach, unless extra geological information,
such as from outcrops, is incorporated (dell’Arciprete et al., 2012).
Unfortunately, geological information from outcrops is not available
for the study site. However, given the large number of boreholes in
a relatively small area, the estimate of horizontal transition probabili-
ties is reasonably reliable (Sarris et al., 2023). Indicator methods can
represent the connected nature of aquifer heterogeneity, which results
in accurate simulation of groundwater flow and transport (Fogg et al.,
2000; Renard and Allard, 2013). However, they do not represent the
actual depositional structure of alluvial aquifers (Pirot et al., 2015a;
Bennett et al., 2017). It should be noted that the source area for the
geological data is around 40 km inland from the study site, where
aquifers are more permeable than at the coast, and the depositional
environment may vary. However, this is the best available data source
for the study site at present.

Three hydrofacies have been considered to reproduce the heteroge-
neous hydraulic conductivity field. These three hydrofacies are clean
gravel, sandy gravel, and clay-bound gravel and sand. Over 60 litho-
logical codes in the borehole logs are categorized under one of these
hydrofacies. The decision to use only three hydrofacies is made to
reduce uncertainty in the estimation of transition probabilities, while
maintaining the resolution of the description of heterogeneity. Clean
gravel represents clusters of OFGDs (Sarris et al., 2018). A description
of the lithological codes assigned to each hydrofacies is available in
Supplementary Table 1. The horizontal hydraulic conductivity of the

three facies for each realization has been calibrated such that the ef-
fective hydraulic conductivity of the heterogeneous aquifer matches the
estimate of hydraulic conductivity of the aquifer obtained from pump-
ing tests, so that the overall flux through the domain is reproduced
(Paleologos et al., 2000). This leads to the heterogeneous aquifers
having an effective horizontal hydraulic conductivity of around 50
m/day, and a vertical hydraulic conductivity of around 4.5 m/day,
which were calculated numerically using Darcy’s law for an applied
hydraulic gradient and resulting flux (Kenny et al., 2025). Because
the model domain is smaller than the aquifer dimensions, the aquifers
simulated here have a slightly lower horizontal hydraulic conductivity.
The horizontal hydraulic conductivities for the facies are on average
500 m/day for clean gravel, 60 m/day for sandy gravel, and 4 m/day
for clay-bound gravel and sand (Kenny et al., 2025). The facies volume
fractions are approximately 15% for clean gravel, and 30% for sandy
gravel, with clay-bound gravel and sand making up the remaining 55%.
The distribution and connection of clean gravel facies which arises
from the geostatistical simulation forms preferential flow paths. Further
details on the generation of heterogeneous facies distributions can be
found in Sarris et al. (2023) (Scheme 3a), and on the assignment of
hydraulic conductivity values in Kenny et al. (2025) (Method 1).

Combining the model structure outlined in Section 2.2 with these
heterogeneous aquifer hydraulic conductivity fields results in 25 real-
izations of a confined aquifer that extends below the seafloor, featuring
a heterogeneous aquifer.

2.4. Variable density groundwater model formulation
Groundwater models were created and analyzed using the Python

package Flopy (Bakker et al., 2016). We use the finite difference nu-
merical solver MODFLOWG to solve the variable density groundwater
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flow equation (Eq. (1)), through the buoyancy package (Langevin et al.,
2020).
oh
-v.q=52%2,
q 5ot
where S, [1/m] is the specific storage, 4 [m] is the hydraulic head. q
[m/day] is the Darcy flux (Eq. (2))

(€Y

q=-K|ZvVh+n-vLi|, )
Py Py

where K [m/day] is the hydraulic conductivity, z [m] is the depth
from sea-level, and p [kg/m3] is the fluid density. p is a function of
the density of freshwater p f [kg/m3] and the salt concentration C
[kg/m3]: p = p + + 0.7143C. MODFLOWG is also used to solve the
advection—dispersion equation (Eq. (3)), which describes the change in
salt concentration with respect to time (Hughes et al., 2017).

n§ =V-[nDVC]-V-[qC], (3)
where n [-] is the porosity and D [m?/s] is the dispersion coefficient
D = a - v+ D*. This expression includes the effects of molecular dif-
fusion through the diffusion coefficient D* [m?/s], and of mechanical
dispersion through the dispersivity a [m], which is used to represent
the variations in groundwater velocity on a smaller scale length than
the grid size. The dispersivity is a diagonal tensor, meaning that the
Cartesian coordinates x, y, and z, which correspond to the offshore,
alongshore, and vertical directions, respectively, are assumed as the
principal directions of anisotropy of this tensor. In the heterogeneous
realizations, « is zero along any direction. In the equivalent advective-
dispersive homogeneous models, the values of « along x, y, and z
directions, are 100 m, 10 m, and 1 m, respectively (Etheridge and
Hanson, 2019; Michael et al., 2016; Micallef et al., 2020).

The discretization of the model domain is 12.5 m x 12.5 m x 2.5
m (X, Y, Z), where X is the offshore dimension, Y is the alongshore
dimension, and Z is the vertical dimension. This discretization is very
fine for the domain size, and as a result, the time taken to simulate the
model stages (Section 3.2) for each realization was up to one month.
This is largely to simulate the steady-state conditions, which required
1 x 10° times steps with a step size of 1000 days. Therefore only 25
realizations were modeled. The implications of this small sample size
are discussed in Section 4.4.

2.5. Model stages and applied boundary condition values

Flow and transport in the 25 heterogeneous coastal confined aquifer
realizations were simulated through two periods. In the first (steady-
state) period, a seaward hydraulic gradient is applied until the system
reaches a steady state, which simulates a pre-exploitation position
of the salt/fresh water interface. In the second (intrusion) period, a
landward hydraulic gradient is applied, simulating the exploitation of
the aquifer The values of the onshore and offshore heads (4, [m] and
hosr [m]) used to apply these gradients are shown in Table 1, as well as
the lengths of the two periods. The value of &, during the steady-state
period has been chosen such that the interface is located between the
shoreline and the offshore boundary in all the realizations. The value
of h,, during the intrusion period has been chosen as an extreme, but
plausible, value for the onshore groundwater level which would lead
to active seawater intrusion (Knight et al., 2018). At the start of the
steady-state period, the salinity in the onshore portions of the aquifers
and aquitards is that of freshwater, and in the offshore portion of the
aquifers and aquitards is that of seawater. The final head and salinity
distribution for the steady state period are used as initial conditions for
the intrusion period.

The conductance C of the general head boundary for each of the
cells is set following Sol6rzano-Rivas and Werner (2018). For aquitard
cells on the seafloor, C = 0.0625 [m?/day]. For a given cell i, on the
vertical surface where the aquifer is truncated, C; = 2.5K}"1 [mz/day],
where K| is the horizontal hydraulic conductivity of the cell.
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Table 1

Lengths and boundary conditions values of the two model periods.
Period Length [years] h,, [m] hyyp [m]
Steady-state 2.7%10° 0.75 0
Intrusion 100 -1 0

2.6. Metrics, equivalent models and analytical solutions

For each realization, we compare the steady-state salt/fresh water
interface, and the movement of the interface during the intrusion pe-
riod. We define the interface as the surface where groundwater exceeds
a salinity of 1% of the concentration of seawater. This reflects the con-
centration at which groundwater may become undrinkable (Ministry
Of Health, 2018). We use x; [m] to represent the horizontal distance
between the shoreline and most landward point of the interface, for
a given distance alongshore. This may not be the actual toe of the
interface, as the interfaces simulated here are not always wedge-like.
Because x; varies in the alongshore direction, it is useful to also
compare the mean and minimum x; for each realization: xpea [m] and
x?i" [m]. x; describes how far offshore or onshore the salt/fresh water
interface is at a given location along the coast. x7**" indicates how close
the interface is to the coastline on average. x"" represents the point
of the interface that is at the greatest risk of causing salinization of
onshore groundwater.

We define the mixing zone as the area of the aquifer where the
salinity is between 1% and 99% of the concentration of seawater. We
compare the mean mixing zone width W, [m] across the realizations,
which is calculated as the average horizontal distance between the most
landward point of the mixing zone and the most seaward point of the
mixing zone, across the width of the aquifer. W,,,,, provides insight
into how much mixing between fresh and saline groundwater is caused
by aquifer heterogeneity.

The rate of interface movement during the intrusion period, dx /dt,
is defined as the rate of change of x;. We compare dx;/dt for the
heterogeneous realizations and two equivalent homogeneous aquifer
models, with and without dispersion. For the case without dispersion
(advective), we use analytical solutions. For the case with dispersion
(advective-dispersive), we use 2D numerical models. These 2D models
follow the same configuration as outlined in Sections 3.1-3.2, excluding
the alongshore dimension, with a homogeneous aquifer overlain by a
homogeneous aquitard.

For both the advective and dispersive equivalent models the equiv-
alent hydraulic conductivity, Kjf ! [m/day], of each of the realizations
was calculated numerically in MODFLOW®6 using Darcy’s law. This was
achieved by applying a hydraulic gradient across the heterogeneous
aquifer domain using a constant head boundary at each of the onshore
and offshore ends, solving a groundwater flow model for steady-state
conditions, and finding the flux through the domain.

Two analytical solutions are used for the advective equivalent mod-
els. The first is the semi-analytical solution of Bakker et al. (2017),
which calculates the steady-state position of the salt/fresh water in-
terface in a confined coastal aquifer for a given onshore head, without
dispersion and diffusion (sharp-interface). The second is the expected
advective velocity of the interface under a landward hydraulic gradient,
which is found by first calculating the equivalent freshwater head at the
base of the aquifer where it outcrops to the sea (Knight et al., 2018):
h f _ Ps—P f

off T Ty,
where p f [m] and p, [m] are the densities of fresh and saline water,
and H [m] and B [m] are the thicknesses of the aquifer and aquitard.
The driving head Ah [m] along this aquifer is then:

(H + B), 4

Ah = (ho, = h1, ) )



C.A. Cleary et al.

Journal of Hydrology 661 (2025) 133455

Legend (right) (a) E 1000 1 B
—— realizations L 800 A 1
. (e}
—— median =
& 600 - LS
<_C3 Y [5
© 400 + i ¥
g } J
§ 2001 [ S
g — < I
2 4 N A N\
T T T T T T T
0 500 1000 1500 2000 2500 3000
x7[m]
3000 A N
3 6
6 o
2000 A ¥ & é 2
S ® g € € 4
— [+ >
~ % o o
X o o
1000 A o
R ? 21
7
04 ; : 0 . : 0 : :
10 20 30 1000 2000 1000 2000
(b) Kgff [m/day] (C) X_;_Tlean [m] (d) Wmean [m]

Fig. 4. Description of the steady-state salt/fresh water interface. (a) x; across the width of the aquifer for each of the heterogeneous aquifer realizations. (b) relationship between

Kfjf ! and x7. The circles show the mean of the interface position over the width of the aquifer, and the error bars show the spread across all Y positions. (c) distribution of x7*"

for the ensemble. (d) distribution of W™ for the ensemble.

Hence we can define the expected advective velocity v,,, [m/year] of

the salt/fresh water interface given an applied driving head as:
3654hKS 7

Yado = =

where L [m] is the length of the aquifer.

; (6)

3. Results
3.1. Steady-state salt/fresh water interface

The steady-state salt/fresh water interface location varies across
the realizations. On average, the interface is located around 1500 m
offshore (Fig. 4a). In one realization, the interface is very close to the
shoreline, coming within 100 m of it at some distances alongshore.
For another realization, the interface is located more than 2500 m
offshore. The average interface width W"¢#" ranges from around 500 m
to 2000 m (Fig. 4d).

Comparing x; for each of the realizations to K¢/7 of each of the
aquifers shows no clear relationship with the toe position, although the
two realizations with the lowest K,ff / have the smallest xp (Fig. 4b).

3.2. Salinity distributions before and after onshore head decrease

Taken in cross-section, the salinity distributions at steady-state ap-
pear to be relatively uniform and generally have a wedge-shaped
salt/fresh water interface. On the other hand, the salinity distributions
at the end of the intrusion period are highly spatially variable. For
example, at steady-state, realizations 5 and 19 have a small saltwater
wedge formed in the aquifer, below a depth of 20 m. Contrastingly,
realization 25 has a more dispersed steady-state interface. At steady-
state, there is some alongshore variability in interface position: for
realization 5 the interface is around 800 m further onshore at a distance
of 1000 m alongshore (Y = 1000 m) than at 0 m alongshore (Y = 0 m)
(Fig. 5a).

At the end of the intrusion period, this alongshore variation is more
pronounced. For example for realization 5 (Fig. 5b), the salt/fresh

water interface intrudes the most at Y = 500 m, where it is around
1000 m more landward than at Y = 1000 m. For realization 5 the plume
of saline groundwater has very high salinity, with a concentration of
35 PSU, 500 m behind the front of the plume. For realization 19,
the alongshore variation in intrusion is similar. However, the saline
groundwater plume is more dispersed, with a concentration of 10 PSU
to 20 PSU at Y = 500 m.

3.3. Movement of the salt/fresh water interface during the intrusion period

During the intrusion period, the salt/fresh water interface position
moved landward for all realizations. The distance of intrusion varied
across realizations, and within each realization in the alongshore di-
rection (Fig. 6a). For example, the realization with the median average
interface position has up to 1000 m variation in toe position. In general,
alongshore variation in the interface position is higher at the end of the
intrusion period than at steady state.

Over the 100 years of intrusion, the closest position of the salt/fresh
water interface to the shore, x?"”, moved consistently landward (Fig.
6¢). At the end of the intrusion period, the interface reached the
shoreline in half of the realizations (x#i" < 0 m). In one quarter of the
realizations, the interface reached the inland boundary (x'" = —400
m). Fig. 6b compares the rate of movement of the interface to the
effective hydraulic conductivity of the aquifer. The rate of movement
dxi"/dt appears to increase with K7 (Fig. 6b). Wmean increased
slightly during the intrusion period or all realizations (Fig. 6d).

The movement of the salt/fresh water interface during the intru-
sion period varies alongshore. This is clearly shown, for example, in
realizations 12, and 19 (Fig. 7). In some cases, the interface appears to
intrude the most from the point alongshore where it was most offshore
at steady state, for example in realizations 21, 5, and 12. However, in
realization 20 this is not the case. The extent of intrusion can be related
to the aquifer hydraulic conductivity distributions, with the most intru-
sion appearing where there are connected pathways of high hydraulic
conductivity. This is highlighted by the paths of particles released from
the steady-state interface at the start of the intrusion period. These
particle pathlines show the occurrence of alongshore intrusion, where
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Fig. 5. Salinity distributions for realization 5 (a, b), 19 (c, d), 25 (e, f) for three cross-sections taken in the alongshore direction. Yellow shows saline groundwater, and purple
shows fresh groundwater. (a, c, e): simulated steady state with h,, = 0.75 m. (b, d, f): after 100 years with h,, = —1 m. These three realizations have been chosen to display the
range of characteristics and responses of the 25 realizations. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)

the alongshore connectivity of hydraulic conductivity zones plays a
role. Analysis of percolation metrics from Renard and Allard (2013)
found that there is no correlation between the connectivity of Clean
Gravel facies and the rate of interface movement, and that there is some
correlation between the connectivity of Clean Gravel and Sandy Gravel
facies and the rate of interface movement (Supplementary Figure 1). In
some cases, for example, in realizations 2 and 20, the particles travel
further than the interface, suggesting dispersion of the saline plume.

4. Discussion

4.1. Influence of alluvial aquifer heterogeneity on groundwater transport
under active SWI

We found that alluvial aquifer heterogeneity causes variation in
the rate of movement of the salt/fresh water interface during active
SWI (Fig. 7). Within one heterogeneous alluvial aquifer realization, at
some points alongshore the rate of interface movement is five to ten
times faster than the average rate of interface movement (Fig. 6b). For
the Central Canterbury Plains aquifer system, these findings show that
under active SWI conditions, preferential flow may increase the rate of
interface movement. If sufficiently low coastal groundwater heads are

maintained, onshore groundwater will likely be salinized more rapidly
than expected under homogeneous conditions.

Particle tracking shows preferential flow paths during seawater
intrusion (Fig. 7). We hypothesize that these preferential flow paths are
formed by connected areas of Clean Gravel and Sandy Gravel facies.
However, we did not find a strong correlation between the average
rate of interface movement and the percolation metric from Renard
and Allard (2013) (Supplementary Figure 1). Future work could explore
the correlation between the rate of interface movement and a wider
range of connectivity metrics, e.g Vassena et al. (2010), Colecchio et al.
(2021), Molinari et al. (2015), Knudby and Carrera (2006) and Bianchi
and Pedretti (2017). This would help to improve understanding of
the driving factors behind preferential seawater intrusion in alluvial
aquifers.

Comparing our results in an alluvial aquifer to similar studies in het-
erogeneous fluvio-deltaic and volcanic aquifers, there are differences
and similarities. At steady-state, the salinity distributions simulated
here are more wedge-like than in fluvio-deltaic (Michael et al., 2016)
and volcanic (Kreyns et al., 2020) aquifers. In the transient period,
we observed similar preferential intrusion to that in volcanic (Geng
and Michael, 2020, 2021) and fluvio-deltaic (Yu and Michael, 2019a,b)
environments. The contrast in hydraulic conductivity between the least
and most hydraulically conductive facies in the heterogeneous aquifer



C.A. Cleary et al.

Journal of Hydrology 661 (2025) 133455

Legend (right) (a) E 1000 1
—— realizations 2 800 A
. o
—— median <
o 600 A
{ =)
o
© 400 A
[}
2
S 200 A
7}
° 0
—500 0 500 1000 1500 2000 2500
xr [m]
50 A
2500 A
S 40 A 2000 A
9 — € 2000 -
£ 301 £ £
= £ 1000 f s00l——— |
- J En g 7
% 20 3 s
T 10 4 5 0 1000 A
|
0 -I T T T T T 500 - T T T
10 20 30 0 50 100 0 50 100
(b) Kgff [m/day] (C) time [years] (d) time [years]
Range [0 Interquartile range - median

Fig. 6. Description of the movement of the salt/fresh water interface during the intrusion period. (a) interface toe position x; across the width of the aquifer for each of the
realizations at the end of the intrusion period. (b) Relationship between effective aquifer hydraulic conductivity K
mean of the rate of interface movement over the width of the aquifer, and the error bars show the range (c) distribution x7" over time for the ensemble. (d) distribution of
average interface width across the width of the aquifer over time for the ensemble.

eff

a

and the rate of interface movement. The circles show the

realization 5

realization 19

Alongshore position

1
\‘ realization 12 |\ realization 25
7 =
7
$
6 i
.
< b /2
\
d
z
ANS x
realization 2 J realization 23
.Y
Sy
i
4
"'H\
1
S )
A -V}

Offshore position

1 10

1
100

Vertically averaged K, [m/day]

steady interface
= final interface
|| area salinized

pathlines

Fig. 7. Examples of the movement of the salt/fresh water interface toe along the width of the aquifer for 9 of the 25 realizations which have been selected to represent the range
of possible responses. The movement of the interface is plotted against the vertically averaged hydraulic conductivity of the aquifer. Particle lines are shown for particles released
from the steady interface at the start of the intrusion period and tracked until its end.



C.A. Cleary et al.

models used in this study (10%x) are much smaller than those simulated
previously for fluvio-deltaic (10°%) and volcanic (103x) environments.
It is therefore noteworthy to observe preferential SWI in an alluvial
aquifer, where the effects of heterogeneity may have been ignored.
Furthermore, while previous studies applied a pumping boundary con-
dition to simulate intrusion, we have used a reduced onshore head
(Yu and Michael, 2019a; Geng and Michael, 2020). We would expect
to observe more severe preferential intrusion if we simulated more
focused abstraction such as pumping.

Although we only studied active SWI here, where the coastal hy-
draulic gradient has been reversed, passive SWI, where the coastal
hydraulic gradient is reduced but fresh groundwater still flows offshore,
is also a significant hazard to coastal groundwater systems (Werner,
2017). Passive SWI may be due to decreases in onshore head, and
increases in sea level (Michael et al., 2013; Watson et al., 2010). We
expect that alluvial aquifer heterogeneity would also have an influ-
ence on the rates and distribution of salinization under passive SWI,
although not to the same extent as found here. This is an area for
future work. Salinization of coastal groundwater under glacial cycles
can also be considered a case of passive SWI. Although previous studies
have considered aquifer system heterogeneity on a larger scale when
modeling groundwater systems that are out of equilibrium with the
current sea level, there is little consideration of the type of connected
aquifer heterogeneity studied here (Micallef et al., 2020; De Biase et al.,
2024; Thomas et al., 2024). Within-aquifer alluvial heterogeneity may
have effects on the preservation of offshore fresh groundwater. Under-
standing these effects would help to improve estimates of volumes of
offshore fresh groundwater (Post et al., 2013; Zamrsky et al., 2022).

One challenge of capturing the effect of heterogeneity on seawater
intrusion in aquifers that extend offshore is representing the fine-
scale geological structure which may influence groundwater flow and
transport across the large offshore domain. We have partially overcome
this challenge by using a lumped representation of small high hy-
draulic conductivity open-framework gravel deposits, which means the
discretization scheme allows for the simulation of a moderately large
aquifer (Sarris et al., 2018, 2023). However, the offshore aquifer length
modeled here (4 km) is smaller than the offshore extent of aquifers
in the Central Canterbury Plains system (> 30 km). In an aquifer that
extends more than 4 km offshore, the steady-state salt/fresh water
interface could be located further offshore. This would result in the
aquifer being less vulnerable to seawater intrusion, as the interface
would need to move landward a greater distance to cause onshore
salinization. Under active seawater intrusion conditions, the rate of
movement of the interface may also differ. This would depend on the
connectivity of high hydraulic conductivity facies over a larger scale. If
preferential flow paths exist over larger distances than 4 km, then we
may expect the rates of interface movement to be similar to those found
here. Otherwise, preferential flow may be less significant, and seawater
intrusion rates may be lower on average over larger distances.

The modeled characteristics of seawater intrusion are likely to
be influenced by the description of aquifer heterogeneity (Geng and
Michael, 2020). Although an exploration of these effects is beyond the
scope of this work, we expect that the choice of hydrofacies categoriza-
tion scheme and the method used for assigning hydrofacies hydraulic
conductivities will influence the characteristics of seawater intrusion
(Kenny et al., 2025). Furthermore, the lack of offshore borehole de-
scriptions means that conditioning points cannot be provided for the
geostatistical models. If this was available, the uncertainty of the pre-
dictions would likely be reduced. Additionally, if we had represented
finer-scale heterogeneity, based on the depositional structure of alluvial
aquifers (i.e. Pirot et al. (2015b)), we may have observed different
flow and transport behavior (Perulero Serrano et al., 2014; Pirot et al.,
2015a). However, such a representation would have been computation-
ally impossible at the scale presented and with the computer programs
used in this study.
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4.2. Comparison to equivalent homogeneous models

Modeling seawater intrusion in 3D heterogeneous aquifer models
requires long simulation times. When a faster solution is required,
or when no data is available to define a geological model of hetero-
geneity, simpler models provide an alternative approach. Two exam-
ples of simpler models are advective (sharp-interface) and advective-
dispersive equivalent homogeneous models. At steady-state, the advec-
tive semi-analytical solution overpredicts x, (Fig. 8a). The 2D homo-
geneous models with advection and dispersion (including molecular
diffusion) underpredict x;. For the advective solution, x; increases
with Kjf 4 (Bakker et al., 2017). In the advective-dispersive 2D models,
xp decreases with Kﬁff (Abarca et al., 2007). For the heterogeneous
realizations, there is no clear correlation between x; and K,

The rate of movement of the salt/fresh water interface during
the intrusion period increases with K¢// for both the advective and
advective-dispersive equivalent models, as well as the heterogeneous
realizations (Fig. 8b). The interface rate of movement varies across the
width of the aquifer for the heterogeneous realizations. The average
rate of movement of the interface in the heterogeneous realizations
(center of gray error bars), is around two times to four times faster than
predicted from the equivalent advective model (blue dotted line), and
around one times to two times faster than the equivalent advective-
dispersive model (pink dotted line). The maximum interface rate of
movement (upper limit of error bars) in the heterogeneous realizations
is in many cases more than five times faster than the expected velocity
from the advective-dispersive model. This means that methods that
consider the hydraulic conductivity of the aquifer to assess vulnera-
bility to SWI, such as the GALDIT method (Ferreira and Chachadi,
2005), should also consider the effect of preferential flow on this
vulnerability, for alluvial aquifers. This could be done by scaling the
hydraulic conductivity parameter in areas where preferential flow is
known to occur.

At steady-state, the minimum toe position is less in the advective-
dispersive model than in the heterogeneous realizations (Fig. 8c). How-
ever, due to the difference in salt/fresh water interface rate of move-
ment, the final toe position is on average less for heterogeneous re-
alization than for the advective-dispersive model. The maximum rate
of interface movement over time is around three times greater in
the heterogeneous realizations than in the advective-dispersive model
(Fig. 8c). The average width of the interface is typically greater in
the advective-dispersive model and increases at a similar rate to the
heterogeneous realizations during the intrusion period (Fig. 8d).

If onshore groundwater levels are reduced and active seawater
intrusion conditions are maintained, then equivalent models based on
effective hydraulic conductivity will underpredict the rate of interface
movement, even if dispersion is included in the model. This follows sim-
ilar findings in volcanic (Geng and Michael, 2020), and fluvio-deltaic
aquifers (Yu and Michael, 2019a). Groundwater practitioners should be
cautious about making coastal groundwater management decisions for
alluvial aquifers if their understanding of seawater intrusion is based on
such equivalent models, and considering heterogeneity explicitly may
reduce the risk of undesired salinization.

4.3. Expected break-through curves at onshore wells

The inclusion of heterogeneity in numerical models can be used to
assess the uncertainty in predicting breakthrough curves at onshore
wells. Breakthrough curves in heterogeneous aquifers vary between
aquifer realizations and within one realization depending on the along-
shore location (Fig. 9). At a distance of 300 m alongshore (Y = 300),
the salinity exceeds 0.35 PSU at different times over the 100 years for
7 of the 25 realizations, compared with 5 realizations at Y = 100 m. At
Y = 500 m, the salinity exceeds 0.35 PSU quickly in two realizations,
after 20 and 40 years. However, no more realizations exceed 0.35
PSU until after 90 years. The shape of breakthrough curves varies



C.A. Cleary et al.

Journal of Hydrology 661 (2025) 133455

(a) 3000 e N ) >0
” —
5 heterogeneous 2500 1 ol § 40 1
- = x29 (Bakker, 2017) — 2000 7 % % § 5 2 o4
adv —disp E § % E 30
== r » (@ =100) = 1500 1 e
ves Vay, (Equation 6) x f % T 20 A
* Vadv -disp (@ = 100) 1000 - % ;
e 3 2 © 101 )
soofy ] TR 1o S EHE
0 -l T T T T 0 -I - T T T T
10 15 20 25 30 10 15 20 25 30
KE™ [m/day] Ke™ [m/day]
Heterogeneous C i d
= 9 ( ) 2500 ( ) 2500 -
ange
Interquartile range 2000 +
; — "= 2000 A
—— median £ 1500 - £
— c
£ 1000 - ] 4 /—'-’—-
Adv-disp E>'? Eg 4300
Range 500 -
[ Interquartile range 0 1000
—— median
=500 - T T T T T 500 - T T T T T
0 25 50 75 100 0 25 50 75 100

time [years]

time [years]

Fig. 8. Comparison between heterogeneous realizations (gray), advective and advective-dispersive models. (a): x, at steady state, compared with K¢//. (b): rate of movement of
the salt/fresh water interface during the intrusion period, compared with K¢//. (c): xp" over time in the intrusion period. (d): W over time in the intrusion period.

Y =300m

Y = 100 m (alongshore)

C [PSU]

Y =500 m

Advective-dispersive

T
100

0 20 40 60 80 100 0 20 40 60 80
time [years] time [years] time [years]
real.1 —— real.6 real. 12— real. 18 —— real.21 —— real. 25 —— median
real. 3 real. 8 real. 16 real. 19 real. 23 percentiles 0-100  -+---+ 0.35 PSU
real. 5 real. 11 real. 17 — real. 20 —— real. 24 percentiles 25-75

Fig. 9. Distribution of possible breakthrough curves for 5 hypothetical observation wells (non-pumping) placed along the shoreline.

between realizations, for example, at Y = 900 m, the curves for the
three realizations with the highest salinity are notably different.

The distribution of breakthrough curves for the equivalent homo-
geneous advective-dispersive models is much more uniform than for
the heterogeneous models, and breakthrough curves are less steep
(Fig. 9). The effects of preferential flow caused by heterogeneity are
responsible for these differences. If breakthrough curves observed at
a coastal monitoring well in an alluvial aquifer are inconsistent with
those expected from a homogeneous model, then heterogeneity may
be the cause. Given the alongshore variation in salinization shown here

10

(see Fig. 7), denser coastal groundwater monitoring networks may be
required to capture the occurrence of seawater intrusion (Werner et al.,
2013).

4.4. Modeling coastal alluvial aquifers

Simulating 3D variable density groundwater transport heteroge-
neous porous media, at an adequate temporal and spatial resolution
is very demanding computationally. To reach a steady state, each
simulation took up to 30 days to run on a single core. Assessing the
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vulnerability of alluvial aquifers that extend offshore — nationwide or
worldwide - to preferential intrusion would require at least several case
studies like the one presented here, using site-specific information (Ki-
tanidis, 2015). It may be possible to interpolate such case studies based
on the properties of the heterogeneous aquifer fields, potentially using a
surrogate model such as an artificial neural network (Luo et al., 2023).
The long run times also pose a problem for quantifying the uncertainty
for a single aquifer. In Fig. 4c we can see that the distribution of
salt/fresh water interface properties is not a complete representation
of a probability distribution. To capture behavior occurring at the tails
of this probability distribution, more realizations need to be simulated.
Again, the use of a surrogate model may allow for the rapid simulation
of more realizations, which may improve the analysis (Luo et al., 2023).
However, it should be noted that most of the computational time was
needed to simulate the position of an offshore interface. This cost would
be reduced greatly if the initial interface position was simulated as
being closer to shore.

We implement a fine discretization scheme to accurately simulate
groundwater flow and transport in a heterogeneous alluvial aquifer.
However, it is infeasible to use such a fine discretization in larger-scale
coastal groundwater models which typically have element dimensions
10x larger than those of our case study (Thomas et al., 2019; Micallef
et al., 2020; Michael et al., 2016). Therefore, finding a suitable upscal-
ing method is necessary to reproduce the behavior observed here in
larger models (Kitanidis, 2015). In Fig. 8b, we see that using a homo-
geneous model including a relatively high dispersion coefficient, we can
come close to reproducing the mean salt/fresh water interface rate of
movement (Zech et al., 2015). However, this equivalent homogeneous
model fails to reproduce the maximum rate of interface movement,
where there is preferential flow. Dual porosity models may provide an
alternative equivalent model, as they can produce a greater widening
of the interface during movement (Lu et al.,, 2009), and can better
reproduce characteristics of groundwater flow and transport through
preferential flow paths (Baratelli et al., 2011, 2014; Bianchi and Zheng,
2016).

5. Conclusions

Connected pathways of high-permeability facies in a coastal aquifer
system can lead to preferential seawater intrusion. This phenomenon
has been observed and modeled in various geological environments
such as karstic (Xu et al., 2016), fluvio-deltaic (Yu and Michael, 2019a)
and volcanic (Geng and Michael, 2020). However, until now no mod-
eling study has characterized preferential seawater intrusion in alluvial
aquifers. We modeled the salinization of 25 heterogeneous realizations
of a confined alluvial aquifer that extends under the seafloor, based
on the Central Canterbury Plains aquifer System in New Zealand. The
aquifer has a relatively small contrast between high and low hydraulic
conductivity facies (102x). We found that preferential seawater in-
trusion can occur in an alluvial aquifer. The steady-state salt/fresh
water interface position varied across realizations and in the along-
shore direction, by up to 1000 m, within each realization. During the
intrusion period, the variation in interface position increased, with
some parts up the interface moving over 10 times faster than the
average rate of movement. Comparing heterogeneous alluvial aquifer
models to equivalent homogeneous models including dispersion, rates
of interface movement were up to 10 times faster in heterogeneous
models. This means that homogeneous models based on the effective
hydraulic conductivity and using a high dispersion coefficient cannot
reproduce preferential seawater intrusion behavior in heterogeneous
alluvial aquifers. If analysis of an alluvial aquifer system is based on
such models, seawater intrusion may occur much faster than expected.
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