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Abstract
Coastal agricultural zones are experiencing salinization due to accelerating rates of sea-level rise

(SLR), causing reduction in crop yields and abandonment of farmland. Understanding mechanisms
and drivers of this seawater intrusion (SWI) is key to mitigating its effects and predicting future
vulnerability of groundwater resources to salinization. We implemented a monitoring network of
pressure and specific conductivity (SC) sensors in wells and surface waters to target marsh-
adjacent agricultural areas in greater Dover, Delaware. Recorded water levels and SC over a period
of three years show that the mechanisms and timescales of SWI are controlled by local hydrology,
geomorphology, and geology. Monitored wells did not indicate widespread salinization of deep
groundwater in the surficial aquifer. However, monitored surface water bodies and shallow (<4 m
deep) wells did show SC fluctuations due to tides and storm events, in one case leading to
salinization of deeper (18 m deep) groundwater. Seasonal peaks in SC occurred during late
summer months. Seasonal and interannual variation of SC was also influenced by relative sea
level. The data collected in this study data highlight the mechanisms by which surface water-
groundwater connections lead to salinization of aquifers inland, before SWI is detected in deeper
groundwater nearer the coastline. Sharing of our data with stakeholders has led to the
implementation of SWI mitigation efforts, illustrating the importance of strategic monitoring and

stakeholder engagement to support coastal resilience.
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Introduction

Approximately 40% of the global population (United Nations 2017) and 20% of all cropland
(Teluguntla et al. 2016) lie within 100 km of one of the largest potential sources of contamination
to freshwater — saltwater. Coastal zones are vulnerable to seawater intrusion (SWI) due to sea-
level rise (SLR), more intense and frequent storm surges, and human activities, such as pumping
and land use change, which result in salinization of soils, surface water, and groundwater (White
and Kaplan 2017; Tully et al. 2019a). In low-lying areas such as the Mekong Delta in Vietnam and
New Orleans, LA, USA, SWI has already contributed to hundreds of millions of dollars (USD) in
economic losses (Williams 2010; Global Facility for Disaster Reduction and Recovery 2017).
Understanding the mechanisms and drivers of salinization is key to effective mitigation and
prediction of future vulnerability.

Coastal communities have been dealing with SWI into their aquifers for over a century
(Barlow and Reichard 2010), and studies have reported SWI on every inhabited continent (e.g.,
Van Camp et al. 2014; Datta, Vennalakanti, and Dhar 2009; Costall et al. 2020; Lovrinovi et al.
2021; Barlow and Reichard 2010; Carretero et al. 2013). The two most studied mechanisms of SWI
are 1- subsurface, lateral intrusion of seawater into freshwater aquifers driven by rising sea levels
(e.g., Werner and Simmons 2009; Chang et al. 2011; Carretero et al. 2013), and groundwater
pumping (e.g., Cummings 1971; Yu and Michael 2019); and 2- surface inundation from storm
surges (e.g., Tebaldi, Strauss, and Zervas 2012; Yu et al. 2016). Subsurface SWI due to long-
timescale SLR and pumping has been widely monitored (e.g., Demirel 2004; Prinos et al. 2014).
Observations of episodic salinization of groundwater from storm surges are rarer. Several studies

have focused on the aftermath of surges from large, catastrophic storms like Hurricanes Katrina
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and Rita (e.g., Farris et al. 2007; Williams 2010) and the 2004 tsunami in the Indian ocean
(lllangasekare et al. 2006; Vithanage et al. 2012; Chinnasamy and Sunde 2016). As such events
were not necessarily predicted, field measurements of salinity were gathered from existing
monitoring well networks that were not strategically designed to capture the long-term, driving
mechanisms of SWI, but rather only highlight the extent of salinization of singular events.

In the past several years, there has been growth in the scientific literature that focuses on
increased frequency of nuisance flooding (i.e. minor tidal floods) due to SLR (Moftakhari et al.
2015; Karegar et al. 2017; Jacobs et al. 2018). However, most of these studies focus only on the
impact and extent of the submersion of the land, not residual effects from the salinization of
surface and groundwater. Studies that have examined the impacts of repeated salinization events
have primarily been conducted from an ecological perspective and have been limited to shallow
groundwater (e.g., Herbert et al. 2015; Tully et al. 2019b; Gedan and Fernandez-Pascual 2019),
leaving the physical hydrological mechanisms by which the SWI occurs poorly characterized.

Most rivers and streams are hydraulically connected to aquifers (Winter et al. 1998), and
along the coast, the competing forces of tides and freshwater inputs shift the position of the
freshwater-saltwater interface in streams (Gong and Shen, 2011). Both rising sea levels (Manda et
al. 2014; Smaijgl et al. 2015) and streamflow reduction due to reduced precipitation and
groundwater pumping cause upstream migration of the salt front in streams (DRBC 2019; Wolock
et al. 1993; Peters et al. 2022) . The salinized surface water could pose a threat to fresh
groundwater beneath streams that are losing water to the aquifer, either naturally or due to
nearby pumping (Navoy et al. 2005), or if saline water becomes trapped behind an impoundment

and migrates into the subsurface (e.g., Nuruzzaman et al. 2014). There is a need for studies that
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examine long-term drivers of SWI, episodic flooding events, and surface water-groundwater
connections to understand how these processes and linkages may initiate and compound
salinization of groundwater.

The aim of this study was to gain increased understanding of the mechanisms and
timescales of salinization and freshening of surface water and groundwater in a coastal,
agricultural region. For the purposes of this study, we define currently salinized locations as those
with sustained specific conductivity (SC) levels above 1 mS/cm, and salinization events to be where
the with SC increases by at least 1 mS/cm within the respected timescale of the driver (i.e. within
hours for tidal fluctuations and months for seasonal variations). We selected 1 mS/cm as that is
the equivalent to 2% seawater and 250 ppm chloride, which is the EPA’s secondary maximum
contaminant level for drinking water. Multiple tidal channels, marshes, irrigation ponds, and
monitoring wells along the border between agricultural fields and tidal channels and marshes
were equipped with data loggers to record the fluctuations and trends in water levels and specific
conductivity between April 2018 and October 2021. Collected data were compared with
precipitation, tidal, and sea-level data to link the observed changes with drivers of SWI. Increased
understanding of how mechanisms and primary drivers of SWI vary spatially and temporally will
aid in developing targeted SWI-monitoring programs, designing mitigation strategies, and

predicting future SWI in other vulnerable coastal zones.
Study Area
The study area centers around the agricultural land east of the city of Dover, Delaware,

with field monitoring sites lying between Dover and Delaware Bay (Figure 1). The farmland in this

area is fringed by saline to brackish marshland to the east and dissected by tidal stream channels.
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In this work, we refer to flowing water that exhibited a semi-diurnal tidal fluctuation in water
levels and SC as tidal channels and rivers, and to standing water that varies tidally as marshes.
Several man-made irrigation ponds are located adjacent to the marsh areas. These ponds partially
penetrate the surficial Columbia aquifer (Columbia) and intersect the water table, making them
surface expressions of groundwater. The Columbia is composed mainly of fine to coarse sand with
discontinuous lenses of gravel and mud beds which range in age from Pliocene to Holocene
(Mclaughlin and Velez 2006). While the Columbia is generally described as an unconfined aquifer,
extensive subsurface data have identified mud beds in some areas, which may cause localized
confined conditions (Andres 2004; Mclaughlin and Velez 2006; Andres et al. 2019). These muddy
beds potentially separate the Columbia into shallower and deeper portions, which could give rise
to the formation of two different freshwater-saltwater interfaces in some areas. Approximately
90% of all irrigation water in the study area is sourced from the Columbia. Dover obtains
approximately 12% of its public water supply from the Columbia, relying on the deeper, confined
Cheswold and Piney Point aquifers for the majority of its water (WRA 2021). Growing competition
for groundwater combined with proximity to the coast, low elevation, and a faster than average
local rate of SLR (Engelhart, Peltier, and Horton 2011) puts greater Dover’s freshwater resources at
high risk of contamination from SWI. A groundwater modeling study by He and Andres (2018)
found that increasing the withdrawals from public and irrigation wells completed in the surficial
aquifer would reverse groundwater flow and induce losing conditions from marshes and streams.
The results of that study were used to determine which locations were at highest risk of
salinization — groundwater adjacent to a saltwater body that may experience drawdown to 0.5 m

above sea level or less; these areas were targeted for instrumentation in this work.
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Figure 1. (A) Map of study area, highlighting the land use, monitoring sites (stars) and location of
Dover’s Columbia Aquifer water supply wells. (B) Simplified cross-section of the hydrostratigraphy

underlying the study area.

Methods
Solinst LTC Leveloggers and In-Situ AquaTROLLs (both referred to as loggers) were

deployed in existing test wells, newly constructed monitoring wells, and surface water bodies in
the east Dover region to monitor hydraulic pressure, conductivity and temperature. While the
AquaTROLLs automatically correct for differences in water level due to density, the Solinst
Leveloggers do not; a manual correction was applied to Solinst data after downloading to report

water levels as equivalent freshwater heads. In the shallow wells, loggers were hung
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approximately 0.3 m above the bottom of the screen. In deep wells, either two loggers were
initially installed at the top and bottom of the screen, or a logger recording SC at 10 second
intervals was lowered down the well to assess for stratification. As the deep and shallow loggers
did not show a significant difference, we have only reported the deep logger values for
simplification. The temperature-correction equation found in the In-Situ Inc. manual was applied
to the conductivity measurements and data are reported here as specific conductance (SC) (APHA
2005). Table 1 provides details on the monitoring locations and well construction information.
Automated groundwater level data were collected at 15-minute intervals and managed using
procedures documented by Andres et al. (2019). Logger data were downloaded approximately
every three to four months. During each field visit, manual depth-to-water measurements were
collected using an electronic water level meter in wells and from staff gages in surface waters and
used to remove drift or offset from the recorded logger pressure data. Loggers used during this
project were non-vented and all pressure measurements were adjusted for atmospheric pressure
fluctuations using barometric pressure collected from a local climate station (DEOS 2021). All
conductivity loggers were initially calibrated to standard specific conductivity solutions
appropriate for the expected maximum salinities at each site and then recalibrated based on
observed salinities. Ground surface and measuring point elevations were surveyed using real-time
kinematic (RTK) positioning equipment in order to convert pressure measurements and depth to
water levels to elevations (meters NAVD88). To prevent damage from freezing, loggers were

removed from the marshes during winter months (December — March), resulting in data gaps.
Site Descriptions

Farm A
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Farm A irrigates crops with water from an irrigation pond that is adjacent to a tidal marsh
(Figure 2). The depth of the pond is estimated to be 3 to 5 m, and partially penetrates the
Columbia aquifer. Loggers were deployed in Pond A and Marsh A between April 2018 and October
2021. When the loggers were first deployed, there was no constructed barrier between the edge
of the marsh and pond. The two locations were separated by approximately 10 m with no
significant difference in ground surface elevation (Table 1, Figure 2). Construction of an earth fill
dam and flashboard-riser water control structure in April 2020 caused the marsh area to fill in with
sand, burying the logger. As this changed the hydrologic setting from the initial set-up, data from
Marsh A after April 2020 are not reported.

Farm B

Situated just south of Farm A, Farm B also uses a dug pond as its irrigation water source
(Figure 2). The pond (Pond B) is separated from a tidal marsh (Marsh B) by a 3-m wide berm;
however, a 0.61-m diameter pipe runs through the berm, allowing water to freely flow between
the pond and marsh. Pond B and Marsh B were equipped with loggers in April 2018. Two
monitoring wells screening different depth intervals (4.5-7.6 m and 15.2-18.3 m) were installed
through the berm in the summer of 2018 and equipped with loggers.

Farm C

For irrigation, Farm Cirrigated with water pumped from three wells around the property
that are piped into a single center pivot sprinkler system (Figure 2). Test wells were installed
within 3 m of the irrigation well sites prior to construction of the irrigation wells and this study.
Corresponding irrigation wells and test wells have similar the same screened intervals (Table 1).

Test wells (DW-C1, DW-C2, and DW-C3) were equipped with loggers in June 2019. Monitoring well
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(DW-C4), of similar design to the test and irrigation wells was installed along the northern edge of
the cultivated land during this study. Three shallow monitoring wells were installed along the
northern and eastern edges of the property; SW-C2 and SW-C3 were drilled to approximately 3.6
m deep, and SW-C1 was hand-augured to 3.1 m deep (Figure 2). A tidal monitoring station (TC-C)
consisting of a logger attached to a rod was installed in the tidal channel that borders the northern
edge of the property. Due to difficulty accessing TC-C, the logger only operated from August 2019
to August 2020.
Muddy Branch

A logger was installed in Muddy Branch a tidal creek located approximately 15 km
upstream from the river’s mouth on the Delaware Bay (Figure 2). The logger was located in a
perforated PVC pipe that was attached to the wing wall of a bridge.
Little River

An earth-fill dam with concrete weir exists along the Little River to create an irrigation
source and limit tidal influence (Figure 2). The weir is approximately 1 m high. Though used as an
irrigation pond, because the river extends over 3 km further inland, data from Little River are
grouped with the other tidal channels. A logger was deployed approximately 400 m upstream

from the dam in August 2019, next to the pond irrigation pump.
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Figure 2. (A) Site layouts of monitoring points. (B) Simplified schematics of Farm A (top) and Farm

B (bottom), not to scale.



Accepted Manuscript
Version of record at: https://doi.org/10.1111/gwat.13274

Table 1. Monitoring set-up descriptions and well construction information (bgs: below
ground surface) *Ground surface elevation adjacent to surface water body. * Indicates wells

equipped with In-Situ Aqua Trolls; all other wells were equipped with Solinst Leveloggers.

Linear
Ground Map
Surface Total Screened  Distance
Monitoring Elevation Depth Interval to Coast Date Logger
Site ID Description (m NAVD88) (mbgs)  (m bgs) (km) Deployed
Pond A Irrigation Pond 0.64* -- -- 5.6 Apr. 2018
Farm A
Marsh A Marsh 0.65 -- -- 5.6 Apr. 2018
Pond B Irrigation Pond 0.81* - - 6.2 Apr. 2018
Marsh B Marsh 1.16 -- -- 6.2 Apr. 2018
Farm B
DW-B Monitoring Well 2.59 18.3 15.2-18.3 6.2 June 20184
SW-B Monitoring Well 2.59 7.6 45-7.6 6.2 June 20187
DW-C1 Existing Test Well 4.07 24.4 6.1-21.3 4.4 June 2019
DW-C2 Existing Test Well 3.53 30.5 6.1-22.9 4.5 June 2019
DW-C3 Existing Test Well 2.29 27.4 11.9-24.1 4.8 June 2019
DW-C4 Monitoring Well 1.21 19.0 9.5-18.6 4.2 June 2019
Farm C
SW-C1 Monitoring Well 1.73 3.6 2.1-3.7 4.0 Aug. 2019
SW-C2 Monitoring Well 1.22 3.1 14-29 4.0 Aug. 2019
SW-C3 Monitoring Well 2.17 3.6 21-3.7 4.8 Aug. 2019
TC-C Tidal Channel -0.28 -- -- 4.8 Aug. 2019
Muddy .
MBR Tidal Channel 1.34* -- -- 9.1 July 2019
Branch

Little River LR Irrigation Pond 0.31* -- -- 4.9 June 2019
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Results

Plots of 15-minute interval data provided online in Supporting Information (Figures S1 —
S5).
Tidal Channels

Water levels and SC in the Muddy Branch and TC-C showed strong semidiurnal tidal signals.
Little River water levels also fluctuated diurnally, but SC showed only a high-spring tide signal
(Figure 3, Figure S1). Seasonal trends of high SC in late summer/early fall and low SC in late winter
were observed at these three locations. Average SC values from March through May were 4.8
mS/cm, 7.4 mS/cm, and 0.85 mS/cm for Muddy Branch, TC-C and Little River, respectively. From
August through October, averages increased to 11.7 mS/cm in Muddy Branch, 15.3 mS/cm in TC-C,
and 2.8 mS/cm in Little River. Water levels in Little River were responsive to precipitation events,
but the tidal signals in Muddy Branch and the Farm C tidal channel overwhelmed any increases
due to precipitation (Figure 3). Average SC was highest at all three locations during the summer
and fall of 2019 when precipitation was lower than normal and sea level was higher than average
(Figure 3). Maximum SC levels at all three sites aligned with the storm surge caused by Tropical
Storm Melissa (Melissa) in October 2019. Coinciding with a high spring tide, Melissa caused
inundation up to 1 m above ground surface along the Delaware coast which mainly flooded the
marshland but did not flood our monitored farmland areas; however we cannot comment on if it
flooded other farms in the study area (Berg 2019).
Farm A

Prior to the spring of 2020, both Marsh A and Pond A exhibited tidal, seasonal and

interannual increases in SC (Figure 3; Figure S2). Large drops in water level in Pond A were due to
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pumping from the pond between June and October of each year (Figure 3). Rapid increases in SC
in Marsh A and Pond A occurred during spring high tides. While 2018 (1558 mm rainfall) and 2020
(1426 mm rainfall) were relatively wet years, 2019 (1134 mm rainfall) and 2021 (1145 mm rainfall)
were drier, with below-average (1216 mm) total precipitation (Figure 3) (NERRS Data). Below
normal rainfall in summer 2019 led to a total farmer-reported pumping of 36,823 cubic meters
from Pond A, compared to 21,140 cubic meters in 2020 (water usage was not reported in 2018
from Pond A and 2021 volumes have not been reported at the time of publication; data provided
by Delaware Dept. of Natural Resources and Environmental Control). In August 2019, there was no
overland flow from the marsh into the pond, there was a coincident increase in SC from about 3.1
mS/cm to 8.6 mS/cm in Pond A that continued as the water level recovered from pumping. The
magnitude of increase in SC and the simultaneous increase in water level suggests the increase in
SC was not due to evaporation but to saline groundwater flowing into the pond (Figure 4). An
increase in SC also occurred when Melissa passed off the coast on October 11, 2019, which caused
a significant storm surge and coastal flooding (Figure 3).

After sharing collected data with Farmer A, an earth-fill dam and water control structure
was installed in the spring of 2020. Following the installation, water levels in Pond A rose
approximately 0.5 m and there was no seasonal increase in SC in Pond A during the 2020 or 2021
irrigation seasons (Figure 3). Similarly, rapid increases of SC in Marsh A occurring in 2020 and 2021
had no associated increases of SC in Pond A.

Farm B
Farm B had not experienced any sustained (i.e. longer than a day) increases in SC until

Melissa. Prior to Melissa, large fluctuations in SC were limited to 5 acute, episodic events in Pond B



Accepted Manuscript
Version of record at: https://doi.org/10.1111/gwat.13274

and Marsh B which corresponded to high spring tides (Figure 3; Figure S3). During these short-
lived events, SC in the marsh increased to up to 10 mS/cm, but returned to base levels around 0.2
mS/cm within about 3 hours. Diurnal tidal fluctuations were seen in water levels in the wells (+/-
0.05 m in DW-B and +/- 0.015 m in SW-B), but were only sporadically recorded (+/- 0.005 m) in
Marsh B and Pond B, indicating an intermittent connection between Marsh B and Pond B with the
nearby tidal channel. Rapid decreases in water levels due to pumping of Pond B can be seen in
adjacent Marsh B, DW-B, and SW-B indicating connectivity between surface water and
groundwater (Figure 3).

SC in Marsh B spiked to almost 28 mS/cm during Melissa (Figure 5). Marsh B water levels
were high enough to allow the brackish water to flow through the pipe into Pond B and increase
SC to almost 4.2 mS/cm. Marsh B SC recovered relatively quickly after the initial surge; however, a
slower, secondary increase in SC occurred as the salty water began draining out of Pond B. SC in
Pond B remained elevated for an extended period of time, and after 6 months had only decreased
to about 2.1 mS/cm. Approximately 3 days after the increase in SC in Pond B, SC in SW-B, screened
4.5 m below land surface, began to increase. SC in SW-B reached a peak of about 2.1 mS/cm on
November 2nd, after which SC in both Pond B and SW-B began to slowly decrease. In mid-January
2020, SC in DW-B, screened 10.7 m below SW-B, began to increase. Before Melissa, SC was below
0.3 mS/cm in all four monitoring points, but still in May 2020, seven months after the surge, SC in
SW-B remained approximately 1.2 mS/cm, while Pond B had an SC of 0.6 mS/cm and DW-B was at
0.3 mS/cm (Figure 5).

Farm C

Shallow Wells
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Water levels in the three shallow wells (SW-C1, SW-C2, and SW-C3) on Farm C were very
similar. SC in SW-C1 and SW-C3 were below 0.5 mS/cm with no discernable trends, but, SW-C2,
located on the edge of the marsh, had an average SC of 4.2 mS/cm and experienced large seasonal
increases in SC (Figure 3; Figure S4). SW-C2 had peak SC over 20 mS/cm during the fall of 2019,
coinciding with Melissa (Figure 3). No increase in SC was observed in SW-C1 despite being located
only 20 m inland from SW-C2, likely due to its 0.5-m higher elevation.

Deep Wells

DW-C1, DW-C2 and DW-C3, which are adjacent to the irrigation wells, showed short-term
pumping responses in both water level and SC, but no long-term significant changes were found
(Figure 3; Figure S5). SC decreased simultaneously with the onset of pumping and increased with
the cessation of pumping. Since all the SC levels in these deep wells were below 0.4 mS/cm, and
recovered to non-pumping levels immediately following the cessation of pumping, these short-
term fluctuations are assumed to be due to disturbance of non-seawater solutes sourced from the
surface (i.e. fertilizer) and localized stratification of those solutes. A more detailed explanation of
the effects of pumping dynamics on individual well SC levels can be found in McQuiggan et al. (In
press). Limited drawdown in water levels (i.e <0.7 m drawdown) was observed in DW-C4 when the
average non-pumping water levels of the other deep wells were below 1.5 m NAVD 88 and two or
more wells were pumping for at least 24 hours. These conditions occurred most frequently in 2019
when average water levels were at their lowest during the study period and not during 2020 when
water levels were at their highest. During summer irrigation of 2020 and 2021, there was a slight
(~0.06 mS/cm) seasonal increase in DW-C4 SC levels. Given the proximity to the marsh but small

magnitude of this change and a lack of data from the first half of the 2019 irrigation period, we
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cannot discern if this seasonal increase is due to vertical migration of solutes from the surface or
lateral migration of brackish water from beneath the marsh. The wells DW-C3 and DW-C4, located

closest to the tidal channel showed clear tidal signals in their water levels but not in SC (Figure 3).



Accepted Manuscript
Version of record at: https://doi.org/10.1111/gwat.13274

‘TS Melissa | 2

" \I T
= T bl '

Daily Average HightLow _

Tldal Channels -~
L I—TY

Little Rlver

Water Level [m] PreC|p|ta|on [m]

2oL
2 _Farm A
Riser Boards

ey Installed

0 “.. l’“ M. .1..|_L;5

2L Pond A —— Marsh A

2 _Farm B

0-

Water Level [m]

PondB — DW-B
— MarshB —— SW-B

Farm C Shallow Wells

2
—— SW-C1 rr '

0~ - SW-C2
SW-C3

Water Level[m]

1
N
|

Water Level [m]

24
3 _Farm C Deep Wells
— DW-C1
0 | e DW-C2
—— DW-C3
—— DW-C4 |

3-
A8 g% gI20  ga2A M8 1419 20 gaA

Water Level [m]

SC [mS/cm] SC [mS/cm] SC [mS/cm] SC [mS/cm] Tide [m]

SC [mS/cm]



Accepted Manuscript
Version of record at: https://doi.org/10.1111/gwat.13274

Figure 3. Top panels show total monthly precipitation (left) and daily tide levels (right). Daily
average water levels relative to NAVD88 are shown in the left-side panels and daily average
specific conductivity (SC) are shown in the right-side panels for all monitoring locations. Note y-
axis rescaled at 3 mS/cm for Farm B SC and at 1 mS/cm for Farm C shallow wells. Precipitation data
were obtained from NOAA National Estuarine Research Reserve System for the St. Jones station,

and tidal data was from the NOAA tide gauge 8537121 Ship John Shoal, NJ.
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Figure 5. Daily tide levels, referenced to NAVD88, and specific conductivity (SC) from all
monitoring sites starting from 10 days before to 5 months after the passing of Tropical Storm
Melissa. Immediate increases in SC can be seen in all surface water bodies and SW-C2. Note
re-scale of y-axes on the Farm B plot at 3 mS/cm and the Farm C shallow wells plot at 1
mS/cm.

Discussion

Primary pathways, mechanisms, and timescales of SWI vary by location and depend on
distance from and connectivity to surface water, topography, and site-specific geology. Though
widespread deep SWI was not observed, data showed temporally and spatially diverse patterns of
salinization at each site and suggest the likely occurrence of two, shallow and deep, saltwater-

freshwater transition zones within the Columbia Aquifer.

Pathways and Mechanisms of Salinization

Surface water-groundwater connections can serve as pathways for inland salinization of
deep groundwater. Figure 6 represents a simplified layout of the Dover region and the observed
and potential pathways and mechanisms of SWI. The top panel of Figure 6 shows how the
irrigated farmland is located between the channelized marshland and Dover, with a larger tidal

stream extending farther inland.

The semi-circle crop in panels Ia and Ila of Figure 6 is irrigated by a well located near the
edge of the marsh. The cross-sectional Ila panel shows how saline water that floods the marsh
area could infiltrate into the deeper groundwater if it reaches the edge of a discontinuous shallow

confining unit or low-permeability sediments that typically underlie marshes (Xin et al. 2012;
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Guimond and Tamborski 2021). A shallow (<4 m bgs) clay layer was observed during installation of
the three shallow monitoring wells and DW-C4 at Farm C, and the drilling log for DW-C3 also
reported a clay layer at 5 m bgs. No clay layer of a similar depth was reported in the two more
inland, deep wells, DW-C1 and DW-C2. This indicates the clay layer terminates somewhere
beneath the cropped area. Shallow, low-permeability units may currently protect deeper
groundwater from saltwater infiltration due to surface inundation; however, SLR and high storm
surges may push saltwater beyond the extent of these limited confining units, leading to SWI of
deep groundwater. Additionally, a shallow confining unit could lead to two separate freshwater-
saltwater interface zones. While the deeper interface may be slower to advance inland, repeated
inundation of the ground surface by saltwater from storm surges could lead to rapid and chronic
salinization of the shallow zone leading to die-off of crops and vegetation (e.g., Kirwan and Gedan,
2019.; Tully et al. 2019a). Evidence of such salinized shallow groundwater was recorded at Farm C
in SW-C2 (Figures 3 and 4). At SW-C2, elevated SC was driven by seasonal increases in sea level
and storm surge from Melissa. When installing new wells, especially those of high pumping
capacity, they should be located as far away from the edge of marshes as possible to reduce
vulnerability from pumping-induced flow of salinized, shallow groundwater.

In panels IlIa and IIb of Figure 6, moving inland from the marsh, there is a small irrigation
well near the coastline, a larger irrigation well further inland, and large municipal wells farthest
inland, all bordered by a river to the north. Barlow and Leake (2012) highlighted how groundwater
pumping can pull stream water into the underlying aquifer, and Peters et al. (2022) used an
analytical model to show how increased groundwater pumping can cause salt fronts to migrate

farther inland in coastal rivers. Thus, it is reasonable to conclude that SWI may be induced due to
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groundwater pumping near tidally-influenced streams. As shown in the SC data of the Muddy
Branch, TC-C channel and Little River (Figure 3b), these coastal streams have a strong tidal signal
and seasonal trends driven by sea level. While not observed in the collected data, the
groundwater model of the east Dover area created by He and Andres (2018) showed that flow
directions between surface water and groundwater could be locally altered, with previously
gaining stream reaches becoming losing reaches, if 2015 permitted pumping rates by Dover were
to doubled. If total withdrawals from the model were to occur, either solely by Dover or in
combination with increased agricultural pumping, brackish surface water could be pulled into the
groundwater. Additionally, increasing pumping rates at the municipal wells or larger irrigation
wells could increase the risk of salinization of the smaller irrigation well that is located closer to
the marsh from movement of the deeper saltwater-freshwater interface farther inland and
pumping-induced upconing (Figure 6).

Panels Ic and Ilc in Figure 6 represent agricultural operations, like Farms A and B, which
rely on a groundwater-fed irrigation pond rather than standard wells. The schematics show how a
direct connection between surface water and groundwater can salinize groundwater that is
farther inland than the deeper, seaward freshwater-saltwater interface, and how the surface
water could become salinized through subsurface SWI. Though irrigation ponds may not be as
common as wells, coastal ponds and lakes geomorphologically similar to these are found
throughout the world (Oertel 2005) and can retain saltwater following storm surge events, leading
to infiltration of brackish water (Yu et al. 2016). Surface water acting as a conduit for salinization
of groundwater was shown at Farm B, when a storm surge from Melissa coincided with high tide.

This caused an increase in salinity in Marsh B, followed closely by connected Pond B. The high
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surface water heads caused by the tide and surge likely reversed the hydraulic gradient, causing
brackish pond water to flow into the aquifer, affecting the shallow groundwater within a few days.
After three months, the brackish water eventually migrated deeper into the aquifer possibly due
to density effects. In all, the observed salinization process occurred over several months, and
recovery took approximately a year. As discussed in the Results and shown in Figure 4, Pond A
experienced an increase in SC during a period when Marsh A was dry, indicating intrusion from
brackish groundwater. Application of brackish water to the crops can, and did, result in reported
reduced crop yield. Continued irrigation with brackish water can lead to salinization of the soil,
reducing crop production in future growing seasons causing further ecological and economic
impacts.
Timescales of Salinization

Large changes in SC were driven by sea-level fluctuations, which varied on multiple
timescales (i.e. tides, storm surges, and seasonal changes in sea level mainly due to thermal
expansion and contraction). Neither pumping nor precipitation had an obvious short-term impact
on SC levels. Longer-term trends (i.e. monthly to seasonal) are more difficult to differentiate from
the influence of sea level because precipitation dictates the amount of pumping, and both affect
hydraulic heads. Periods of increased precipitation buffer the impact of higher sea levels, while
drier periods compound the impacts. Monitoring sites that had strong tidally-influenced SC signals
also displayed the greatest seasonal and interannual variation in SC caused, at least in part, by
changes in monthly average sea level (Figure 3). A stronger and more frequent tidal signature
indicates a more direct connection to the Delaware Bay. Anderson and Lockaby (2012) had

previously observed that water levels and salinity in rivers and freshwater wetlands that
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fluctuated with mean sea level showed greater tidally-induced fluctuations as well. Since SLR is
one of the main consequences of climate change and increasing temperatures can increase the
intensity of storm surges, areas that have stronger SC tidal signatures are, therefore, likely the
locations which will experience climate-change-driven SWI first.

Generally, the decrease in SC following a salinization event, in both surface water and
groundwater, occurred on the same timescale as the increase. For tides, SC increased within hours
and then recovered within several hours to a day. Seasonal increases in sea level caused SC levels
to gradually increase and decrease over a few months. The exception to this is the increase in SC
due to storm surge. As previously discussed, the residual impacts of the Melissa surge were
noticeable at Farm B for over a year after the storm (Figure 3) and caused SC to remain elevated
above winter averages in the other surface water bodies and in SW-C2 (Figure 5). While storms
can cause rapid salinization of inland surface water and groundwater, re-freshening of those
sources takes much longer due to the magnitude of increase in salinity and decrease in the
hydraulic gradient from flooding, resulting in a greater chance for compounding salinization from

future SWI drivers.
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Figure 6. Schematic of water use distributions and salinization pathways. Panels (1) are simplified
map views of the distribution of water users and water bodies in the Dover, Delaware area. The
letters correspond to the cross-sectional panels (II) which illustrate mechanisms of SWI into the
fresh groundwater. The relative size of the green crop irrigation circles corresponds to relative

pumping amounts (i.e. wells in larger circles pump more water). Black arrows represent
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groundwater flow direction and red arrows signify the potential movement of saltwater due to a
rise in sea level caused by high tides, storm surges and/or climate change, as well as reduction in
freshwater hydraulic head from increased pumping. In panel Ilc, the dashed lines represent water
table elevation (black) and freshwater-saltwater interface (red) under pumping conditions.
Implications for Monitoring and Mitigation

The observed connections between surface water and groundwater have major
implications for monitoring, modeling, and mitigation of SWI. We showed that sites near tidally-
influenced surface water bodies, not just those closest to the coastline, are at risk of salinization.
This should be taken into consideration when designing SWI monitoring networks in this region
and in other coastal areas around the world. Additionally, surface water bodies need to be
considered when creating numerical models for SWI. To reduce computational demand, two-
dimensional models are often used to study SWI with the assumption that flow is only
perpendicular to the coastline. When three-dimensional models are used, they also assume that
sea boundary is the source of salinity and focus on monitoring the movement of the subsurface
freshwater-saltwater interface. Failing to include salinized surface water bodies and pathways for
surface intrusion of tides and storm surge via tidal channels in models may lead to an
overestimation of the timing of occurrence of SWI and an underestimation of its spatial extent and
magnitude.

Monitoring efforts coupled with communication of results are key to addressing current
and future problems of SWI. Sharing our data with local stakeholders led to two major SWI
mitigation efforts. First, by providing the landowners with regular updates about our findings, we

were able to show Farmer A how and why the irrigation water was becoming salinized during



Accepted Manuscript
Version of record at: https://doi.org/10.1111/gwat.13274

irrigation season. They used this information to install a tidal gate to control the connection
between Pond A and Marsh A. After installation, Pond A did not experience tidal or seasonal
increases in SC, and the farmer did not report crop loss in 2020 or 2021. Secondly, we also shared
our data at meetings with stakeholders, which included City engineers and officials, and land
owners. After sharing that the most imminent risk of SWI would be to the surficial Columbia
aquifer that is utilized by both the city of Dover and farmers, Dover altered its pumping regime by
reducing withdrawals from the Columbia during irrigation season, to lessen competition with the
farmers, and instead pumped more from the deeper, confined Cheswold aquifer (Figure 7). This
has both improved coordination among groundwater users and increased the sustainability of its

use.
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Figure 7. Groundwater withdrawals from the Columbia and Cheswold aquifers by the City of Dover
during May — Oct., which coincides with irrigation by farmers, and Nov. — Dec. (data provided by

Delaware Dept. of Natural Resources and Environmental Control).

Conclusion
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This study assessed the current extent of salinization along a transition from marsh to
agricultural land, along with the mechanisms and timescales of SWI. Water bodies and monitoring
wells were equipped with pressure and specific conductivity loggers to determine the dominant
timescales, pathways, and drivers of SWI. While we did not find widespread salinization of deeper
groundwater, our data showed strong seasonal and interannual variations in salinity of shallow
wells and surface waters driven by relative sea level and storm surge. This study also highlights
that surface water bodies can act as pathways of SWI to deeper groundwater and in groundwater
farther inland, away from the coastline, which should be considered in future SWI monitoring
programs and groundwater modeling studies. Communication between researchers and
stakeholders is also crucial to mitigate SWI. By regularly sharing our data with stakeholders and
property owners, mitigation efforts have already been made to reduce the risk of salinization in
the Dover, Delaware area. This work illustrates the importance of continuous and strategic
monitoring and communication to improve understanding of drivers of SWI, develop effective

mitigation measures, and improve resilience to coastal vulnerabilities.
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List of Figures

Figure 1. Map of study area, highlighting the land use, monitoring sites (stars) and location of

Dover’s Columbia Aquifer water supply wells. B) Simplified cross-section of the hydrostratigraphy

underlying the study area.



Accepted Manuscript
Version of record at: https://doi.org/10.1111/gwat.13274

Figure 2. (A) Site layouts of monitoring points. (B) Simplified schematics of Farm A (top) and

Farm B (bottom), not to scale.

Figure 3. Top panels show total monthly precipitation (left) and daily tide levels (right). Daily

average water levels relative to NAVD88 are shown in the left-side panels and daily average
specific conductivity (SC) are shown in the right-side panels for all monitoring locations. Note y-
axis rescaled at 3 mS/cm for Farm B SC and at 1 mS/cm for Farm C shallow wells. Precipitation data
were obtained from NOAA National Estuarine Research Reserve System for the St. Jones station,

and tidal data was from the NOAA tide gauge 8537121 Ship John Shoal, NJ.

Figure 4. Water levels and SC from Farm A during the period in 2019 when Marsh A became dry

while SC levels in Pond A increased, indicating flow of brackish groundwater into the pond.

Figure 5. Daily tide levels, referenced to NAVD88, and specific conductivity (SC) from all

monitoring sites starting from 10 days before to 5 months after the passing of Tropical Storm
Melissa. Immediate increases in SC can be seen in all surface water bodies and SW-C2. Note re-

scale of y-axes on the Farm B plot at 3 mS/cm and the Farm C shallow wells plot at 1 mS/cm.

Figure 6. Schematic of water use distributions and salinization pathways. Panels (I) are simplified

map views of the distribution of water users and water bodies in the Dover, Delaware area. The

letters correspond to the cross-sectional panels (II) which illustrate mechanisms of SWI into the
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fresh groundwater. The relative size of the green crop irrigation circles corresponds to relative
pumping amounts (i.e. wells in larger circles pump more water). Black arrows represent
groundwater flow direction and red arrows signify the potential movement of saltwater due to a
rise in sea level caused by high tides, storm surges and/or climate change, as well as reduction in
freshwater hydraulic head from increased pumping. In panel Ilc, the dashed lines represent water

table elevation (black) and freshwater-saltwater interface (red) under pumping conditions.

Figure 7. Groundwater withdrawals from the Columbia and Cheswold aquifers by the City of

Dover during May — Oct., which coincides with irrigation by farmers, and Nov. — Dec. (data

provided by Delaware Dept. of Natural Resources and Environmental Control).
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