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Abstract Saltwater intrusion (SWI) is a well-studied phenomenon that threatens the freshwater supplies of
coastal communities around the world. The development and advancement of numerical models has led to
improved assessment of the risk of salinization. However, these studies often fail to include the impact of
surface waters as potential sources of aquifer salinity and how they may impact SWI. Based on field-collected
data, we developed a regional, variable-density groundwater model using SEAWAT for east Dover, Delaware.
In this location, major users of groundwater from the surficial aquifer are the City of Dover and irrigation for
agriculture. Our model includes salinized marshland and tidal streams, along with irrigation and municipal
pumping wells. Model scenarios were run for 100 years and included changes in pumping rates and sea-level
rise (SLR). We examined how these drivers of SWI affect the extent and location of salinization in the surficial
aquifer by evaluating differences in chloride concentration near surface waters and the subsurface freshwater-
saltwater interface. We found the presence of the marsh inverts the typical freshwater-saltwater wedge interface
and that the edge of the interface did not migrate farther inland. Additionally, we found that tidal streams are the
dominant pathways of SWI at our site with salinization from streams being exacerbated by SLR. Our results also
show that spatial distribution of pumping affects both the magnitude and extent of salinization, with an increase
in concentrated pumping leading to more intensive salinization than a more widely distributed increase of the
same total pumping volume.

1. Introduction

As sea level continues to rise and demand for freshwater increases, coastal groundwater resources face increasing
risk of contamination from saltwater intrusion (SWI). Although it may seem that SW1 is a relatively new problem
brought on by anthropogenic climate change and increased groundwater withdrawals, many coastal areas have
been dealing with SWI issues for over a hundred years (Back & Freeze, 1983; Barlow & Reichard, 2010;
Carr, 1969). For as long as SWI has been an issue there have been extensive studies on the physics, extent, and
future projections of SWI (e.g., Chang & Clement, 2012; Goswami & Clement, 2007; Kohout, 1960; Meyer
et al., 2019; Todd, 1953). The accessibility of modern computing has increased the quantity and quality of nu-
merical SWI models and studies that assess the impact of different aquifer hydraulic properties on SWI (e.g.,
Bakker, 2003; Bobba, 1993; Guo & Langevin, 2002; Langevin et al., 2008). However, many of these SW1I studies,
particularly of the regional scale, fail to capture the complete hydrologic system by disregarding surface water
connections to groundwater.

Most previous modeling studies of SWI were constructed assuming a defined and abrupt boundary between the
land (freshwater) and sea (saltwater), similar to that of the benchmark Henry Problem (Pinder & Cooper, 1970).
This setup resembles sandy beaches and allows for the clear formation of a typical saltwater wedge beneath the
surface along the coastline. However, a substantial portion of the global coastline is fringed by saltmarshes with
estimates varying from 2.2 to 40 Mha (McOwen et al., 2017; Xin et al., 2022). Saltmarshes are characterized by
layers of fine, low-permeability sediments and are regularly inundated by high tides, resulting in brackish to saline
porewater (Guimond & Tamborski, 2021). In recent years there has been an increased interest in studying the
hydrology of saltmarshes (Guimond et al., 2020; Xin et al., 2022). Because it is difficult to maintain field
equipment or install wells in saltmarsh areas due to the saturated nature of the sediments and frequent inundation,
few studies have examined saltmarsh impacts on deeper groundwater, especially as saltmarshes pertain to SWIin
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the subsurface. The connectivity between rivers and streams to aquifers has been extensively studied (Brunner
et al., 2010; Kalbus et al., 2006; Nield et al., 1994; Sophocleous, 2002), but the potential for surface waters to act
as pathways for salinization has been largely overlooked.

Groundwater modeling studies that have incorporated tidal streams or marshes and salinity have primarily
focused on understanding the flow dynamics, water balance and salinity distributions within the surface waters
themselves or in the aquifer within the immediate vicinity. There is a need for studies which evaluate salinity and
flow dynamics of aquifers in large-scale systems where groundwater and surface water are interconnected, and
pumping is occurring. For example, Michot et al. (2011) used modeling to examine the water budget and water
quality, including salinity, in the Taylor River in the Everglades wetlands in the United States. Their model
focused on the contribution of flow and salinity from groundwater into the stream, and only assessed salinity
changes within the stream itself, not within the aquifer. Werner and Lockington (2006) and Lenkopane
et al. (2009) modeled the impact of tidal fluctuations on the salinity in the adjacent aquifer. Both studies found
there was greater change in the salinity at the top of the aquifer compared to the base, shedding light on the
importance of streams as sources of salinity in groundwater salinization. However, the employed models were
small (<200 m in length), and did not include effects of pumping wells, limiting the understanding of flow and
salinity dynamics of more complicated, real-world systems. A study by Xiao et al. (2019) modeled the flow
dynamics in a coastal aquifer beneath a marsh creek, with results focusing on submarine groundwater discharge
and flow dynamics of the intertidal zone. As the marsh was set to a no-flow boundary, it did not contribute water
or salt to the model area which would be expected. All these studies ran models on short time scales, examining
changes over seasonal or annual periods. The only study the authors could find that modeled the impact of a tidal
stream on SWI over a longer period is Masterson and Garabedian (2007). This study used a simplified model to
represent a tidal stream and aquifer on Cape Cod, Massachusetts, USA, and assess the impacts sea-level rise
(SLR) within a tidal stream have on the subterranean freshwater lens. As pointed out by the authors of that study,
the cape area is more hydrogeologically similar to an island than a continental coastal aquifer, with saltwater
found beneath a lens of freshwater. Like the previously mentioned studies, Masterson and Garabedian did not
incorporate pumping wells. These studies collectively underscore the complexities of groundwater-surface water
interactions and highlight the need for more comprehensive models that consider longer timescales, broader
spatial extents, and the influence of pumping wells to better understand salinity dynamics in coastal aquifers.

Researchers have shown that the salt front (usually defined as the 250-ppm chloride contour) in rivers and es-
tuaries is expected to migrate inland with SLR in most coastal environments (Cook et al., 2023; Costa et al., 2023;
Rice et al., 2012; Yuan et al., 2015). Separate studies have analytically assessed how increased pumping could
draw water out of rivers, leading to landward movement of the surface salt front (Peters et al., 2022). A study by
Kazakis et al. (2019) proposed a revised version of the often-used GALDIT assessment method which calculates
risk of SWI based on geologic and hydrogeologic parameters. The hybrid GALDIT-SUSI incorporated risk of
SWI from connected surface water bodies into the assessment criteria and found that doing so provided more
accurate delineation of areas of high and low risk to SWI (Kazakis et al., 2019). Recently, there have been some
field-based and analytical studies that have looked at increasing salinity of groundwater in connection with saline
rivers and canals (Setiawan et al., 2023; Shalem et al., 2019), but there remains a lack of modeling studies, and
corresponding field data to validate the models, that examine the connection between surface water, groundwater,
and salinization.

The impacts of the spatial distribution of pumping on SWI have primarily been studied in the context of pumping
optimization models which use algorithms to maximize groundwater extraction while limiting salinization (e.g.,
Cheng et al., 2000; Dhar & Datta, 2009; Mantoglou, 2003). However, the needs of individual users are often not
considered in optimization studies. Whereas a municipality may be able to adjust its wells to optimal pumping
rates to still meet demands, farmers typically only have a single well on their property with pumping controlled by
the water demand of their crops. Thus, if water demand increases, all farmers in the area will need to pump water
at the same time. In regions of established irrigated agriculture, implementing the findings of optimization studies
that prescribe unevenly reduced pumping rates for select water users is difficult. Therefore, when evaluating SWI
in regions with competing water users, it could be beneficial from a management standpoint to assess the overall
risk of salinization across the system and its potential evolution in the future, rather than delving into intricacies of
optimal pumping rates.
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Figure 1. (left) Aerial map of study area with tidal streams and rivers incorporated into the model highlighted in blue (ESRI Basemap, 2009). (right) Overview of the
layout of boundary conditions used in the model. Red rectangles mark the inland extent of the reach of the tide based on the location of a dam on the Saint Jones River
and inundation mapping for the Leipsic River (Delaware Coastal Inundation Map, 2017); sea-level rise was not applied further upstream of these marks in the model.

In this study, we use Dover, Delaware, as an example of a hydrologic setting in which irrigated agricultural
operations are transversed by tidal streams and fringed by coastal marshes. We apply a numerical model to assess
the impact of surface water bodies, including tidal streams and a saltmarsh, on the extent of salinization of
groundwater and how the spatial distribution of pumping can affect the pathways of SWI. Irrigated agricultural
operations transversed by tidal streams or fringed by coastal marshes can be found in coastal areas around the
world, such as along the East and Gulf Coasts of the United States (Fenstermacher et al., 2014; Sadeghi
et al., 2019), the Fens region in the UK (Moulds et al., 2023), around Europe (Raats, 2015), and China (Han &
Currell, 2022). This is especially true for the Delmarva Peninsula on the east coast of the United States, where
which most of the land is cropland (Fenstermacher et al., 2014). On the west side of the peninsula in Maryland,
farmland has already been abandoned due to flooding and salinization from SLR (Tully et al., 2019). The eastern
side of the peninsula in Delaware has yet to face such a dire situation; however, given its low-lying elevation, the
rate of SLR, and sole reliance on groundwater, Delaware is vulnerable to SW1 in the near future. The results from
this study shed light on the impact surface waters can have on SWI and the considerations for managing SWI in
coastal environments where competing groundwater withdrawals are in proximity to tidal channels and marshes.

2. Materials and Methods
2.1. Study Area

The area of east Dover, Delaware, USA, serves as the basis for this study because it is fringed by marshland and
transected by tidal streams (Figure 1). Dover is located on the Delmarva Peninsula in the Mid-Atlantic region of
the United States, which is experiencing some of the fastest rates of relative SLR, about twice the global average,
due to glacio-isostatic adjustment (Miller et al., 2013). Projections range between 0.5 and 1.8 m of SLR by 2100 in
this region, with an average estimate of 1 m (DNREC, 2012; Miller et al., 2013). The maximum elevation in the
study area is about 21 m above mean sea-level, and the average elevation is approximately 9.8 m. This low
elevation and high rate of SLR increases the vulnerability of the area to SWIL.

The study area is underlain by the North Atlantic Coastal Plain which is composed of unconsolidated sediments
that were deposited between the Late Cretaceous and Pleistocene (Olsson et al., 1988). These sediments form
multiple, layered aquifers and confining units. Within the study area, the main aquifers are part of the Calvert
Formation of the Chesapeake Group which has been reported on extensively by Richards (1967), Kidwell (1984),
and Ator et al. (2005). In general, the units of the Calvert Formation dip and thicken to the southeast, off the
coastline, with some sub-cropping out around the northwest corner of the study area (Mclaughlin & Velez, 2006).
The present study focuses on the surficial Columbia aquifer composed of fine to coarse sand with discontinuous
lenses of gravel and mud beds (Andres, 2004; Mclaughlin & Velez, 2006). Some of the mud beds create localized
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confining conditions, but in general, the aquifer is described as unconfined (Andres & Klingbeil, 2006). Where
present, the thickness of the surficial aquifer varies from 2 to 35 m (Andres et al., 2023; McLaughlin et al., 2009).
The water table generally follows land surface elevation and is within a few meters of the surface (Andres
et al., 2023; Martin & Andres, 2008). The hydraulic conductivity of the aquifer ranges from 0.25 to 100 m/d with
an average of 12.8 m/d, based on 47 measurements from around Kent County (location of the study area; Andres
et al., 2019).

Groundwater is the primary source of freshwater for municipal, domestic, industrial, and irrigation uses. While
the city of Dover pumps the majority of its municipal water supply from the deeper parts of the Calvert Formation,
the Cheswold (30%) and Piney Point (60%) aquifers, it obtains approximately 10% of its supply from the
Columbia aquifer (Hingst et al., 2022). Based on data from 2011 to 2020, supplied by the Delaware Department of
Natural Resources and Environmental Control (DNREC), daily pumping from the Columbia averaged 1,232
cubic meters. The Columbia supplies approximately 90% of all irrigation water in the area which equates to
approximately 9,308 cubic meters per day. Most farmers use wells to obtain their irrigation water, and a few
withdraw water from irrigation ponds. These ponds are located adjacent to marshes or streams and were created
by excavating down into the top of the Columbia, making them groundwater-fed (Hingst et al., 2022). Dover's
municipal wells completed in the Columbia aquifer wells in Dover are located in the center of the study area, near
the irrigated cropland, which concentrates a large volume of pumping around two of the tidal streams. There are
DNREC records for 427 domestic wells within the study area; however, these wells were excluded from the
model due to their low pumping rates (i.e., approximately 1 m>/d).

2.2. Model Set-Up
2.2.1. Model Structure, Properties and Boundary Conditions

Waterlook Hydrogeologic (2023) The model was developed using Waterloo Hydrogeologic Visual MODFLOW
Flex© Version 8.0, and run using SEAWAT V4 (Langevin et al., 2008), and is an idealized representation of the
Columbia aquifer underlying the area east of the Dover urban area. It was constructed with a finite difference grid
consisting of 100 rows and 91 columns, with each cell being 200 X 200 m. A Digital Elevation Model of the
surface, collected via lidar was used as the model surface (Airborne Topographic LiDAR Report, 2015). To avoid
cell connectivity issues due to differences in elevation, a uniform thickness of 16 m, the average thickness of the
aquifer in the area of interest along the coast, was applied by subtracting 16 m from the surface to create the
bottom elevation profile. The model was divided into four layers of equal thickness (4 m). The thickness and slope
of an aquifer have been previously shown to impact the extent of SWI (e.g., Abd-Elhamid et al., 2019; Walther
et al., 2017), but as the main purpose of this paper is to understand salinization processes generally, with a focus
on the impacts of surface water bodies on SWI into groundwater, these impacts were not assessed in the current
paper. To test sensitivity to discretization, the model was also divided into 8 layers of 2-m thickness. There was
only a 1.92% difference in total mass flux of salt between the 4-layer and 8-layer setup after calibration was
complete, and so the 4-layer structure was used to reduce computational time. The Leipsic and Saint Jones Rivers
serve as the inland boundaries along the north and southwest sides. The head for the inland general head boundary
was selected based on the maximum water level elevation west of the model, across the Delmarva Peninsula. At
its widest points, the model spans 19.5 km north—south and 18 km east—west. The offshore boundary extends
approximately 4.4 km offshore into the Delaware Bay.

Initial hydraulic properties and boundary condition values were based on collected field data and values used in
the east Dover groundwater model by He and Andres (2018), then adjusted manually during calibration (Table 1).
A final horizontal hydraulic conductivity value of 20 m/d was used for the inland area in layer 1 and in all of layers
2,3, and 4, which is within the range of measured values for the Columbia aquifer (Andres et al., 2019). A value of
1 m/d was used in layer 1 for the marsh and Delaware Bay area to represent higher levels of silt and clay found in
wetland sediments. A 10:1 ratio for horizontal to vertical hydraulic conductivity was used for the entire model. All
layers were assigned to behave as confined with constant transmissivity and storage coefficient to mitigate issues
with drying and rewetting of cells, but a specific storage of 0.05 was applied to the top layer to mimic the specific
yield of an unconfined aquifer. Visual MODFLOW Flex© multiplies the specific storage by the layer thickness
(4 m) which yielded a primary storage coefficient value of 0.2 for the top layer.

An annual average net recharge rate of 150 mm/yr, approximately 13% of annual precipitation (Delaware Climate
Office), was applied over the entirety of the land cells in the model. This is 4 mm less than the average net
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Table 1
Values of Model Hydraulic Properties
Property Aerial extent Layers Value
Hydraulic conductivity Inland All layers 20 m/d (K, K,); 2 m/d (K,)
Hydraulic conductivity Marsh/Delaware Bay 1 1 m/d (K|, K,); 0.1 m/d (K,)
Storage coefficient Entire model 1 0.05
Storage coefficient Entire model Layers 2—4 0.0002
Total porosity Entire model All layers 0.3
Effective porosity Entire model All layers 0.15
Dispersivity Entire model All layers Horizontal 25 m, Longitudinal 2.5 m
Diffusion coefficient Entire model All layers 1.48 E—4 m*/d

recharge (154 mm/yr) that was calibrated in the east Dover groundwater flow model by He and Andres (2018).
Because this is a net recharge, it is assumed that it accounts for any return flow from irrigation back into the
aquifer. The recharge boundary was assigned a chloride concentration of 15 mg/L based on average groundwater
chloride concentrations in the Columbia aquifer as measured by Andres et al. (2023).

Constant head and constant concentration boundary conditions were assigned to cells within the Delaware Bay.
To assess the impact of relative SLR on SWI, an initial head of 0 m was applied. The Delaware Bay is a mix of
freshwater from the Delaware River and saltwater from the Atlantic Ocean and reported salinity values near the
study area average approximately 17.5 practical salinity units (PSU) (Galperin & Mellor, 1990; NOAA). A
chloride concentration of 9,700 mg/L, half that of seawater, and corresponding density of 1,012.5 kg/m°, was
used in the model. Chloride concentration was not increased with increasing sea level of the boundary conditions
representing the Delaware Bay, tidal streams, or marshes, though that would be expected to occur as the salt front
migrates inland. Our approach is conservative and focuses on the pathways of salinization rather than precision of
future salinity levels.

In order for the marsh area to represent a source of salt in the model, river boundary conditions were applied
allowing for the inflow and outflow of water. The surface elevation of the marsh is relatively low (<2 m) and is
frequently inundated during high tide, thus heads for all marsh cells were set to 0 m, the same head as the
Delaware Bay cells. The average tidal range varies between approximately —0.6 and 1.1 m msl (Hingst
et al., 2022). An initial conductance value of 130 m?/d was calculated for the marsh area using a bed thickness of
3.1 m and conductivity of 0.01 m/d. The bed thickness was based on a monitoring well installed by Hingst
et al. (2022) at the edge of the marsh, and the conductivity was taken from Guimond and Michael (2021). A final
conductance value of 35 m%d was assigned following calibration. Additionally, because of the fine-grained
nature of marsh sediments and frequent inundation with seawater, a constant chloride concentration of
9,000 mg/L was also applied to the marsh area.

River boundary conditions were applied to perennial streams and rivers within the model. Portions of the streams
within the marsh area were assigned heads of 0 m and concentrations of 9,000 mg/L to match that of surrounding
cells and limit numerical instabilities. Heads and concentrations were then graded (i.e., increasing head, and
decreasing concentrations moving inland) based on field measurements reported by Hingst et al. (2022) and data
from the National Estuarine Research Reserve Systems (NERRS) (2003). If no field measurements were available
for streams, heads were estimated to be between 1.15 and 1.5 m below the top of cell and adjusted accordingly
during calibration. Conductance values were initially calculated assuming a hydraulic conductivity of 0.0864 m/
day (Calver, 2001), a riverbed thickness of 1 m and polyline length in the cell. Conductance values were then
adjusted manually while preserving the polyline length differences (i.e., all increased or decreased by the same
factor) during calibration, resulting in varied conductances for each cell. Ephemeral streams which were deter-
mined based on inundation maps were modeled as drain boundaries with heads set to 1.25 m below the top of the
cell (Delaware Coastal Inundation Map, 2017).

DNREC provided information on the location, construction, and pumping rates for the six city of Dover wells
completed in the Columbia aquifer. A 10-year (2011-2020) average of total annual pumped volumes from these
six wells was used to calculate the daily pumping rates for these six well boundary conditions in the model.
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Because DNREC records for irrigation wells are limited compared to records for the municipal wells, modeled
irrigation wells and pumping rates were based on values in a groundwater use study by Brinson (2023) which
assumed one well per center-pivot sprinkler as identified through aerial imagery, and an average annual water
usage of 652 m*/acre. Sixty-nine irrigation wells were included in the model, with screens extending from 6 m
below the surface to 0.5 m above the bottom of the model base. An average pumping rate of 1.79 m*/day/acre
irrigated land was applied. Total daily pumping rates for wells ranged from 17.8 to 527 m*/d based on the crop
area associated with each well as determined by Brinson (2023). In addition to the irrigation wells, five known
irrigation ponds were included in the model. The ponds were simulated using lake boundary conditions. DNREC
did have sufficient pumping records for the ponds and so the averaged heads and leakance values of the ponds
were adjusted during calibration. Pumping from domestic wells was deemed to be insignificant based on the low
pumping rates (generally <0.05 m*/day) of such wells.

2.2.2. Calibration

Heads were calibrated to fit the current water table elevation map published by the Delaware Geological Survey in
2005 and averaged water levels from observation wells within the area (Figure S1 in Supporting Information S1).
The observations wells used for calibration represent most monitoring wells completed in the Columbia aquifer
and monitored by the Delaware Geological Survey. Observation wells that were not included were either those
located adjacent to the municipal pumping wells and had skewed average heads from strong pumping signals or
were located within the same grid cell as another well that was used. In the case of the latter, the well with a more
complete record was chosen for calibration. The heads from the observation wells used during calibration were
based on averages from up to 20 years of measurements. A review of historic water levels beginning with records
from the 1970s did not indicate any discernible regional change in water levels in the Columbia aquifer which
agrees with Andres et al. (2023). Monitoring wells are located primarily in the center of the model area, among the
irrigated agricultural land and near the municipal pumping wells. The clustered location of the observation wells
around the center of the model not only limited the accuracy to which heads could be calibrated in the northern
and southern portions of the model but also limits the accuracy of water levels in the map that were used as
comparison. Additionally, as most of the pumping and tidal streams are also located in the center of the model,
deviation of the modeled head contours and mapped contours in the southern portion of the model was not
considered to be of high importance. After steady-state conditions were achieved in the model, irrigation wells
were pumped for 50 years and municipal wells for 25 years, the average length of time each respective type of
well has been in operation. Measured heads were compared to model-calculated heads and had a R? value of 0.94
with a Root Mean Square Error (RMSE) of 0.28 and normalized RMSE of 8.18% (Figure S1 in Supporting
Information S1).

Due to insufficient field salinity data available in the model area, specifically in the marsh area, chloride con-
centrations in the model could not be calibrated. Instead of point calibration, the resulting chloride distribution
from the head calibration was qualitatively compared to cross-sectional resistivity models derived from an
airborne electromagnetic (AEM) survey over the study area conducted by the U.S. Geological Survey (USGS)
during the summer of 2022 (Figure 2) (U.S. Geological Survey, 2024). Bulk resistivity is strongly dependent on
the pore water resistivity (or its inverse, fluid conductivity) (e.g., Archie, 1947) as well as lithology. In this
relatively homogeneous aquifer with large contrasts in porewater salinity, the resistivity structure is expected to
primarily reflect contrasts in salinity (Fitterman & Deszcz-Pan, 1998). While bulk resistivity is indirectly related
to pore water salinity, AEM surveys have the advantage of providing spatially extensive and high-resolution
information at depth along flight profiles to support model calibration.

2.2.3. Model Scenarios

Eight scenarios of varied pumping and sea level were run, each for 100 model years (Table 2). Scenario A was run
using current pumping rates and no SLR to establish a baseline. Climate models predict that while total annual
precipitation in the study area is likely to increase due to climate change, precipitation during summer months—
when irrigation occurs—is likely to decrease and when combined with higher predicted temperatures that would
likely lead to increased evapotranspiration (USGCRP, 2017). Scenario B addressed this situation by increasing
irrigation pumping by 25%. To assess the impact that distribution of pumping has on SWI, scenario C incor-
porated an increase in municipal pumping by the same total volume as in scenario B, while keeping irrigation
pumping at baseline values; this meant municipal well pumping rates were increased by 289%. Currently,
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Figure 2. Comparison between chloride distribution in model at present day conditions compared to the airborne electromagnetic (AEM) survey. Cross-sections from the
model (A—A’ and B-B’) intersect the AEM cross-sections (AA—AA’ and BB-BB’) at the edge of the marsh. This intersection is highlighted by the purple squares on the

cross-sections.

municipal wells utilize approximately 10% of their total cumulative permitted maximum withdrawal limit of 3

million gallons per day (11,356 m®). In the last pumping scenario (D), municipal wells were increased propor-
tionally (i.e., by the same percentage), based on current average pumping rates to the permitted daily maximum
limit. All these scenarios were then run again with the addition of SLR applied (Scenarios A-SLR, B-SLR, C-
SLR, D-SLR). To balance the gradual increase in sea-level and acceptable run times, SLR was simulated by

Table 2
Pumping Amounts and Sea Level for Model Scenarios
Total irrigation pumping (wells and ~ Total municipal pumping Starting sea Ending sea

Scenario Scenario description ponds) [m®/d] [m>/d] level [m] level [m]

A Current pumping rates 9,308 1,232 0 0

B Increased irrigation 11,635 1,232 0 0

C Increased municipal pumping by 289% 9,308 3,559 0 0

D Maximum municipal pumping 9,308 11,356 0 0

A + SLR SLR + current pumping rates 9,308 1,232 0 1

B + SLR SLR + increased irrigation by 25% 11,635 1,232 0 1

C + SLR SLR + increased municipal pumping by 289% 9,308 3,559 0 1

D + SLR SLR 4+ maximum municipal pumping 9,308 11,356 0 1
HINGST ET AL. 7 of 19
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increasing the heads in the Delaware Bay, rivers, and marsh by 1 m over 20 stress periods, which equated to
0.05 m per 5 model years. Chloride concentrations were not increased with increasing heads in the boundary
conditions in either the rivers or Delaware Bay to more easily identify the mechanisms increasing the total mass
within the aquifer. However, higher concentrations would be expected in reality as the salt front in the rivers
moves further inland with SLR (Bhuiyan & Dutta, 2012; DRBC, 2019).

Although the process of salinization may refer to any increase in salinity, here we define “saline” as wells or cells
with a concentration greater than or equal to 250 ppm of chloride, the secondary maximum contaminant level
(SMCL) set by the U.S. Environmental Protection Agency and “salinized” as wells where the concentration
increased to 250 ppm or above. Irrigating with water of 250 ppm of chloride may cause harm to plants depending
on their salinity tolerance (Maas & Hoffman, 1977). Corn is the main crop grown in the study area and is
moderately sensitive to salt, with a negative impact to yield seen at approximately 3.5% of seawater, which
translates to 340 ppm chloride (Butcher et al., 2018).

3. Results
3.1. Comparison of the Model and AEM Survey

The AEM resistivity sections showed strongly electrically conductive (low resistivity) areas consistent with
inland salinization of groundwater restricted to the area under the marsh, where the freshwater has pushed the
deep part of the freshwater-saltwater interface away from the marsh-land intersection toward Delaware Bay,
reversing the classic wedge-shape of the freshwater-saltwater interface. These findings are in agreement with our
model results.

3.2. Current Pumping Rates and Sea-Level Rise

Pumping at current rates without SLR (Scenario A) leads to saline areas occurring primarily in cells adjacent to the
marsh boundary and tidal streams at the center of the model domain (Figure 3a). After 100 years of pumping at
current rates and without SLR, there was less than a 1% increase in the total freshwater volume (i.e., model cells
that are not within or beneath the marsh or Delaware Bay area) that became saline (Table 3).

The areas of greatest increase in chloride concentration due to SLR are located around the tidal streams in the
center of the model, not along the freshwater-saltwater interface below the marsh (Figure 3b), showing for our
model the dominant pathway for salinization is surface water bodies instead of inland migration of the salt wedge.
Moving forward, we refer to the freshwater-saltwater interface beneath the marsh, as shown in Figure 2, as the
“main interface.” Increases in chloride concentration within the main interface are limited to beneath the marsh
area and would not immediately impact groundwater use inland (Figure 3). Comparing end-time chloride con-
centrations between the scenarios of current pumping rates with and without SLR, SLR would salinize 2% of the
total freshwater volume to chloride concentrations above 250 ppm. This increase can be seen in Figure 3, located
along the tidal streams. Similar to the case without SLR, the dominant pathway of salinization is from the streams,
but the SLR-elevated heads in the streams results in higher fluxes of salt water into the aquifer from the streams.

3.3. Distributed Versus Concentrated Pumping and Compounding Effects From SLR

Increased pumping at widely distributed irrigation wells (Scenario B) resulted in salinization of a greater volume
of freshwater compared to the equivalent increase in pumping rate at the more concentrated municipal wells.
However, increased municipal pumping (Scenario C) caused more intensive salinization in a smaller area
compared to the irrigation increase (Figures 4a, 4b, 4d, and 4e). The model cells that were impacted by increased
irrigation pumping were located in the bottom layers of the southern half of the model beneath the marsh area near
the second highest-pumping irrigation well. Most of these cells increased less than 50 ppm and did not have much
effect on the main interface (Figure 4). Although both scenarios (B and C) increased chloride concentrations near
tidal streams, the municipal pumping led to greater increases in chloride, notably in the top layer because the
concentrated pumping enhances the head drawdown near the streams (Figures S2 and S3 in Supporting Infor-
mation S1). At the end of the increased municipal pumping scenario, 21% of the original freshwater volume
became saline. Increasing irrigation pumping caused 17% to become saline (Table 3).

Coupling SLR with increased pumping led to the highest levels of chloride in the model, but there were slight
differences among each scenario. SLR combined with increased irrigation pumping led to a saline volume of 20%,
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Figure 3. Model results for scenario A and A + SLR. (a) Distribution of chloride concentrations in the top and bottom layers in 100 years with current pumping rates and
static sea level. (b) Difference in chloride concentrations between Scenario A + SLR and Scenario A, where negative numbers represent a decrease in concentration in
Scenario A + SLR compared to Scenario (a) The gray area represents the marsh boundary condition in the top layer wherein the concentration is specified as 9,000 ppm
for all scenarios. *Differences smaller than 10 ppm not shown.

compared to 25% with increased municipal pumping and SLR (Table 3). The inland extent of the 250-ppm
contour along the edge of the marsh (i.e., where the main subsurface saltwater-freshwater interface would
typically be monitored) remained largely unchanged by SLR or any of the scenarios, shifting less than 4 m
(Figure 5). Changes in location of this contour can be seen around the tidal streams in the middle portion of the
model.

Pumping the municipal wells at their maximum permitted rate (Scenario D) led to substantial increases in chloride
around the tidal streams, along with increases in chloride along and beneath the marsh area in the middle of the
model (Figures 4c and 4f). At this maximum rate, 34% of the original freshwater volume would be saline without
SLR, and 36% would become saline with SLR (Table 3). Despite this high increase in pumping, the main interface
beneath the marsh did not migrate further inland (Figure 5).
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Table 3

Percent of Total Freshwater Volume (i.e., Total Number of Cells in the Model Excluding Cells In/Under the Marsh and Bay) at Different Chloride Concentrations for No
Pumping (Steady State), Present Day, and for Each Scenario After 100 Years

No sea-level rise Sea-level rise

No Current Max Current Max
Chloride pumping  Present pumping Increased Increased municipal pumping Increased Increased municipal
concentration (%) day (%) rates (%) irrigation (%) municipal (%) (%) rates (%) irrigation (%) municipal (%) (%)
<250 87.5 84.8 84.8 83.1 79.3 66.3 81.6 79.9 75.3 64.4
250 — 500 9.8 11.4 11.4 12.2 13.3 14.2 12.7 13.2 14.4 14.5
500 - 1,000 0.9 1.8 1.8 2.2 42 7.7 24 2.9 4.7 7.9
1,000 — 5,000 1.8 2.0 2.0 24 3.2 11.9 33 4.0 5.5 13.3

3.4. Salinized Wells

Out of the 69 irrigation wells included in the model, 13 had ending (¢ = 100 years) chloride concentrations above
250 ppm for at least one of the scenarios. As shown in Figures 6 and 7, wells located in proximity to each other did
not necessarily experience salinization in the same scenarios, and salinity levels varied. For instance, wells 5 and 6
are located 900 m apart, but well 5 was salinized in all scenarios whereas well 6 was salinized in four scenarios
(Figures 6 and 7). The reduced frequency and degree of salinization of Well 6 can be attributed to its location on the
other side of the tidal stream from Well 14, which is the largest-producing irrigation well (527 m*/d). At the end of
the current pumping rates scenario, three irrigation wells reached chloride concentrations greater than 250 ppm
(Well 10: 292 ppm; Well 5: 297 ppm; Well 3: 305 ppm) (Figure 7). While most wells reached maximum chloride
concentrations in the scenarios with maximum municipal pumping, Well 6 in the center of the model domain and
Well 1 near the northern boundary reached peak chloride concentrations at the end of increased irrigation pumping
with SLR scenario, and Well 7 had higher levels of chloride under increased municipal pumping compared to
maximum municipal pumping. Seven irrigation wells had higher chloride levels from the increased municipal
pumping scenarios than from the increased irrigation scenarios, both with and without SLR (Figure 7). Well 10,
located in the southern part of the model domain, adjacent to the marsh, saw a decrease of approximately 25 ppm of
chloride with both increased irrigation scenarios and almost no change in all the other scenarios.

Under current pumping rates, with or without SLR, the municipal wells remained near background concentrations
(15 ppm) of chloride (Table 4). The municipal wells were largely unaffected by increased irrigation (i.e., <4 ppm
change) even with SLR, but chloride concentrations increased in three of the six wells when municipal pumping
was increased (Table 4). Wells B and D had minor increases, with ending concentrations between 40 and 50 ppm,
and Well Cincreased to 143 ppm. Coupling SLR with increasing municipal pumping elevated these concentrations
to 61 ppm (B), 86 ppm (D), and 207 ppm (C). When the municipal wells were pumped at their maximum rates, both
with and without SLR, four (B, C, D, and F) of the six municipal wells experienced increases greater than 150 ppm,
with three wells (B, C and D) having ending (r = 100 years) chloride concentrations above 250 ppm (Table 4).

Of the approximately 300 domestic wells located within the model area with a completion depth of <16 m, two
had simulated concentrations exceeding 250 ppm chloride at current pumping rates in 100 years (Figure 5).
Increasing irrigation would salinize eight domestic wells, and increasing municipal pumping would salinize 10
(Figure 5). If the municipal wells were to pump at their maximum permitted limits, 15 domestic wells would be
above the SMCL for chloride. Sea-level rise would salinize 11 domestic wells when coupled with current
pumping rates, increased irrigation, or increased municipal pumping; however, pumping the municipal wells at
the maximum rates with 1 m of SLR would salinize 21 domestic wells.

3.5. Sources and Sinks

River boundary conditions were the main source of chloride entering the aquifer during the scenarios, not the
constant head boundary. The largest differences in mass coming into the aquifer among scenarios came from the
river boundary conditions (Figure 8a). Although total percentage of mass from river leakage into the model was
less than 2% for all the scenarios, noticeable changes in the rate of river leakage into the model can be seen in
Figure 8b. Changes in river leakage into the model from increased pumping began to level off after 10 years,
indicating that changes in water levels adjust relatively quickly to pumping (Figure 8b). As SLR was applied
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Figure 4. Differences in chloride concentrations between noted scenario and current pumping rates after 100 years.
(a) Scenario B increased irrigation pumping. (b) Scenario C increased municipal pumping. (c) Scenario D maximum
municipal pumping. (d) Scenario B 4+ SLR. (e) Scenario C 4+ SLR. (f) Scenario D 4+ SLR. Negative numbers indicate a

decrease in concentration. *Differences less than 10 ppm not shown.
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Figure 6. Map showing irrigation wells (number is well ID) that had a
chloride concentration above 200 ppm in at least one scenario. Gray circles
with black centers are municipal wells and are labeled with a letter (A-F).

gradually throughout the duration of scenarios, river leakage rates also
continued to increase steadily throughout the scenarios with SLR.

4. Discussion
4.1. Importance of Surface Water-Groundwater Connections

Traditionally SWI studies assume the coastline acts as a defined, linear
boundary between fresh and saline water. Our study highlights how the
coastline is not always so clear-cut and that tidal streams and marshlands
considerably complicate characterizing risk of SWI due to both pumping and
SLR. The low permeability of marsh sediments limits vertical infiltration of
saltwater and inverts the typical freshwater-saltwater wedge, by allowing
freshwater to flow beneath saltwater (Figure 2). There were only minor in-
creases (<50 ppm) in chloride concentrations along the marsh edge in all
scenarios (Figures 3b and 4). Saltmarshes have been previously shown to
buffer developed land against surface inundation driven by SLR and storm
surges (Guimond & Michael, 2021), and current results indicate that marshes
may buffer groundwater from SWI by not allowing the saltwater to infiltrate
as quickly compared to arable land.

If saline tidal streams had not been included in our model, and we only
assessed the migration of the main transition zone, we would have concluded
that this area is not at substantial risk for SWI. As demonstrated in our results,
there is high risk of salinization to wells located near tidal streams, farther
inland than the main transition zone (Figures 3 and 5). Tidal streams act as
local extensions of the sea and thus can act as sources of saltwater, and
therefore need to be included in modeling studies to assess the full risk of
salinization. Under typical conditions, these streams are net gaining, with
minor periods of possible losing conditions tidally or seasonally. However,
once the hydraulic gradient shifts the stream from net-gaining to net-losing
due to pumping, SLR, or both, the saline part of the stream becomes a
source of salt to the aquifer. Salt-fronts in large rivers from which
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Figure 7. Time series plots of irrigation wells with chloride concentrations above 250 ppm for at least one scenario.

municipalities withdraw water are often monitored (e.g., Delaware River Basin Commission) but monitoring in
smaller streams that do not serve as direct water sources is rare. In areas of heavy groundwater use, these smaller
tidal streams could lead to extensive aquifer salinization if in proximity to pumping wells. As shown in Figure 8,
the greatest difference in salt mass into the aquifer between scenarios came from river boundary conditions,
because recharge volume is constant for all scenarios. Since river boundaries were applied to only the top layer,
chloride initially entered the top of the model and then migrated vertically downward (Figure S4 in Supporting
Information S1). Figure 8b highlights how increases in pumping and SLR increase the mass coming in from
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Table 4 rivers, primarily from the two rivers in the middle of the model, where

Chloride Concentrations in Municipal Wells (Locations Shown on Figure 6) adjacent cells experienced the greatest increases in chloride (Figures 3b and

After 100 Years of Each Scenario

4). This model uses long-term averages of water levels and chloride con-

S A B C D E F centrations for boundary conditions to assess general trends. It does not ac-
count for short-term fluctuations, such as tides which induce continuously
Current rates 15 15 17 15 15 15 varying heads and salinity levels in coastal streams which would affect
Incr. Irrigation 15 15 18 15 15 15 whether the stream is gaining or losing, and how much saltwater is entering
Inc. Municipal 15 41 143 15 50 16 the aquifer. Even if streams are gaining, saltwater can still enter the aquifer
Max municipal 15 295 597 18 382 171 due to density differences between the fresh groundwater and saline stream
SLR + Current rates 15 15 20. 15 17 15 water as demonstrated by Werner and Lockington (2006). While they found
SILIR = Tfcss ifpiden 15 15 ’1 15 17 15 that tides did significantly impact the amount of salt entering the aquifer, even
. at steady-state (no tidal fluctuation) a salt plume developed in the surrounding
SLR + Incr. Municipal 15 61 207 16 86 21 aquifer (Werner & Lockington, 2006).
SLR + Max muni. 15 343 611 18 420 232

Note. Bold indicates exceedance of the 250 ppm EPA SMCL.

4.2. Spatial Distribution of Pumping

Areas of highly concentrated pumping, such as the Dover municipal wells,

could disproportionately and unintentionally impact smaller individual users.
In our increased irrigation and municipal pumping scenarios, the total extraction rate was the same, but increasing
the municipal pumping rates resulted in more intensive salinization and a greater number of salinized irrigation
and domestic wells compared to increasing irrigation pumping rates (Figure 5). Municipalities are likely to have
wells clustered near each other due to limited land availability and cost of infrastructure, such as pipelines.
Irrigation wells 1 and 2 did experience large increases in chloride with increased irrigation pumping (Figure 5).
Both wells are located along streams in the northern half of the model and are in proximity (<1,000 m) to a much
larger-producing well (>260 m?/d). These wells (1 and 2), along with the results from increasing municipal
pumping indicate that salinity in some wells may be affected by larger-producing wells and efforts made by the
more vulnerable well owners take to mitigate SWI may not be enough to counter the impact from the larger wells.
The area of influence of such larger wells will depend on their pumping rate and the hydrogeologic properties of
the aquifer. Many studies have looked at determining the optimal pumping rates of wells in a system that will limit
salinization while maximizing production, but these studies fail to consider the independent agency of water
users, particularly irrigators, who likely make decisions based on their own need and do not consider the impacts
to other water users (e.g., Cheng et al., 2000; Dhar & Datta, 2009; Mantoglou, 2003). There is a need to un-
derstand how water-users’ behaviors may be altered if they are educated about how their personal decisions can
negatively impact other users. When conducting feasibility studies for new, large production wells, the impact to
the entire hydrologic system should be considered instead of basing citing and design only on well performance.

4.3. Competing Water Users

As availability of freshwater resources becomes limited due to climate change and overuse, there is increasing
competition among water users. This is especially true in areas like the western United States, where unreliable
precipitation rates are creating competition for groundwater between cities with growing populations and farmers
who need to irrigate their crops (Konikow & Kendy, 2005; Liu et al., 2022). Historically, the East Coast of the
United States has not had issues with limited groundwater supplies like that of the West Coast. However, SWI
intrusion may increase the risk of salinization to freshwater and lead to the need for more stringent water use
limitations. In the State of Delaware, irrigators who use more than 50,000 gallons per day are required to have a
water permit and a withdrawal limit is assigned with expectations that the irrigator will report accurate usage rates
(DNREC Water Supply Assessment and Protection (WSAP) program). However, while developing this model,
we found most permitted wells lacked reported usage rates which limits the accuracy of this or any future model.
Additionally, permitted extraction rates are based on small-scale models for each well that do not account for all
wells in the entire region. Dover does have permit limits which restrict use to 3 million gallons per day combined
for the wells completed in the Columbia aquifer (WR & A, 2021). As previously shown by He and Andres (2018),
pumping at this rate would result in the severe decline in water levels, and our model shows that pumping at such
rates could result in intense and extensive salinization of the aquifer. A review of the 2021 Dover Water Master
Plan indicated that maximum pumping rates are limited by the pumps and capacity of the water treatment plant
but makes no mention of the hydrogeologic limitations of the aquifer (WR & A 2021). The city of Dover is likely
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Figure 8. (a) Percent of total mass coming into the aquifer from the boundary conditions. (b) Rate of total mass entering the
aquifer from river leakage.

not unique in its approach when assessing new permits. In the United States, for example, historically water rights
and allocations have focused mainly on surface water sources while groundwater usage has gone largely un-
regulated in comparison (Kirchhoff & Dilling, 2016). With increased interest in utilizing groundwater sources
that are less susceptible to impacts from short-term drought conditions relative to surface water sources, accurate
usage monitoring and groundwater models could provide water managers with better estimates of sustainable
extraction rates.

4.4. Economic Implications

When conducting scientific research on water resources, it is important to frame changes in the hydrologic system
in terms of economics as that is often the driving factor for resource managers and policy makers. Assuming that
SLR is inevitable, the scenarios that included SLR could be the most likely to occur. We found that 13 to 14
irrigation wells would become salinized, which equates to around 20% of all irrigation wells within the model.
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Though irrigation water of 250 ppm may not kill entire crops, salts could accumulate in the soils and begin to
stress plants. The farms represented by the salinized wells vary in area from 10 to 160 acres. The USDA estimated
that the net profit in 2021 in Delaware from 1 acre of corn was $490.78 (USDA NASS). Even a 10% reduction in
crop production could have meaningful impacts on farmers' profits, causing annual losses up to $7,852 for an
individual farmer. While these amounts are Delaware-specific, the prevalence of agriculture in coastal areas
around the world means there is substantial economic risk from SWI. Kummu et al. (2016) estimated that coastal
zones produce approximately 42% of the global gross domestic product, with agricultural operations contributing
a large portion of that amount. Additionally, salinizing domestic wells could cause homeowners to lose their
supply of clean drinking water, forcing them to invest in filtration systems, relocate, or have the city expand their
municipal supply lines.

4.5. Model Limitations

While our model is more hydrologically complex than many other SWI models with the inclusion of tidal streams
and marshes, there remain dynamics of coastal hydrology that we could not capture in a single model of this scale.
In this study, we simulate SLR as a steady increase in heads only, while in reality, sea level is constantly fluc-
tuating due to tides and seasonal thermal expansion. We also did not increase chloride levels in the boundary
conditions of which we increased heads for SLR. SLR is expected to increase salinity levels in the Delaware Bay
which would also increase salinity levels and extent in tidal streams, which would be expected to result in even
greater salinization of the study area. As the purpose of this study was to assess long-term changes in the system,
we used average annual values for recharge, pumping and river boundary conditions. We did not assess short-term
fluctuations in salinization that may occur due to temporally varying tides and the intermittency of irrigation
pumping, such as pumping at high tide versus low tide, or how storm surges may cause a regime shift in current
salinity distribution. Like many other groundwater models, we assigned a homogenous hydraulic conductivity
value to the area of developed land and applied a uniform thickness, though, the Columbia aquifer has been found
to be heterogeneous in conductivity and thickness. Inclusion of localized confining muddy beds that have been
found within the Columbia aquifer may alter salinization patterns (Hingst et al., 2022). The results of the AEM
survey can be used to interpret heterogeneity of sediments and salinity distributions for incorporation to the
existing SWI model. Additionally, because rivers and streams were shown to be dominant pathways of salini-
zation, their boundary condition values could have a substantial impact on the degree and extent of salinization.
Future SWI studies could collect more field data on the hydraulic properties of riverbeds to better constrain the
boundary conditions in corresponding models.

5. Conclusions

Saltwater intrusion has been extensively studied and modeled both in hypothetical situations and for site specific
cases. However, these studies often fail to assess the impacts surface water-groundwater connections could have
on groundwater salinization. Specifically, there is a lack of SWI studies which include tidal marshes and streams
as possible sources of salinization. Here we constructed a model to determine what impact salty tidal streams and
marshland could have on the extent of salinization in a coastal area that is subject to SLR and has competing water
users. We found that the presence of the marsh inverted the freshwater-saltwater interface expected from a typical
coastal beach boundary, and this inversion is supported by the resistivity structure observed from a recent AEM
survey of the model area. Salinization was greatest around tidal streams in the center of the model. Wells located
next to these streams experienced greater salinization than wells located closer to the marsh and coastline. These
results demonstrate that in coastlines where pumping and tidal streams are spatially coincident, entrainment of
saline water from tidal streams into the aquifer can occur on a shorter timescale and over a broader area than
salinization driven by the inland migration of the saltwater wedge. Groundwater pumping in proximity to tidal
streams is prevalent globally, and as SLR continues, there will be an increase in the level of salinity and inland
extent of saline water in tidal streams. Therefore, the dominance of salinization from tidal streams in areas of
pumping highlights the potential importance of this pathway as a mechanism for salinization globally. We also
found that the spatial distribution of pumping matters, especially as it is related to competing water users, because
an increase in pumping concentrated in the center of the model caused more intensive salinization than an equal
but more widely distributed increase in pumping. While our model incorporates more hydrological complexity
than many other SWI models by including tidal streams and marshes as sources of salinity and pumping wells, it
still does not capture all coastal hydrology dynamics, such as tides and the resulting fluctuating salinity. Future
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models could assess the salinity dynamics in aquifers due to coupled tidal fluctuations and intermittent pumping.
When assessing the risk of SWI to groundwater in a coastal environment, it is imperative to include surface water
bodies, especially if tidally influenced, in order to construct an accurate representation of the hydrologic system.
Not including surface-water and groundwater interactions could result in underestimation of risk of salinization
which has been shown to have negative economic impacts.
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