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The near coastal zone, hosting the saltwater-freshwater interface, is an important zone
that nutrients from terrestrial freshwaters have to pass to reach marine environments. This
zone functions as a highly reactive biogeochemical reactor, for which nutrient cycling and
budget is controlled by the water circulation within and across that interface. This study
addresses the seasonal variation in water circulation, salinity pattern and the temporal
seawater-freshwater exchange dynamics at the saltwater-wedge. This is achieved by
linking geophysical exploration and numerical modeling to hydrochemical and hydraulic
head observations from a lagoon site at the west coast of Denmark. The hydrochemical
data from earlier studies suggests that increased inland recharge during winter drives a
saltwater-wedge regression (seaward movement) whereas low recharge during summer
causes a wedge transgression. Transient variable density model simulations reproduce
only the hydraulic head dynamics in response to recharge dynamics, while the salinity
distribution across the saltwater wedge cannot be reproduced with accuracy. A dynamic
wedge is only simulated in the shallow part of the aquifer (<5m), while the deeper
parts are rather unaffected by fluctuations in freshwater inputs. Fluctuating salinity
concentrations in the lagoon cause the development of a temporary intertidal salinity cell.
This leads to a reversed density pattern in the underlying aquifer and the development of
a freshwater containing discharge tube, which is confined by an overlying and underlying
zone of saltwater. This process can explain observed trends in the in-situ data, despite an
offset in absolute concentrations. Geophysical data indicates the presence of a deeper
low hydraulic conductive unit, which coincides with the stagnant parts of the simulated
saltwater-wedge. Thus, exchange fluxes refreshing the deeper low permeable areas are
reduced. Consequently, this study suggests a very significant seasonal water circulation
within the coastal aquifer near the seawater-freshwater interface, which is governed by
the hydrogeological setting and the incoming freshwater fluxes, where nutrient delivery
is limited to a small corridor of the shallow part of the aquifer.

Keywords: saltwater-freshwater interface, salinity distribution, density dynamics, lagoon aquifer, transient flow
and density model, saltwater wedge
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INTRODUCTION

Lagoons cover 13% worldwide and 5.3% of European coastal
areas (Barnes, 1980; Kjerfve, 1994). They represent sensitive
ecosystems, being habitat for a wide range of flora and fauna and
are concurrently subject to human intervention (fishery, tourism,
and settlement) (Haines, 2006). Lagoons are generally of very
shallow water depth and characteristics can vary from “choked”
lagoons, containing a narrow inlet, long residence times, and
absence of tidal fluctuation with salinities ranging from brackish
to hypersaline, to “leaky” lagoons defined by several inlets to the
ocean, strong tidal influence, and salinities similar to the ocean.
Their intermediate “restricted” lagoons, runs shore parallel, with
more than one inlet, and have tidal fluctuations, and salinities
close to ocean salinities (Barnes, 1980; Kjerfve, 1994; Woodrofte,
2002; Joyce et al., 2005; Coluccio et al., 2021). As part of coastal
environments, lagoons are always located in lowland areas where
nutrient inputs from the hinterland are often high, and thus
lagoons often suffer from eutrophication (Coluccio et al., 2021).
Besides riverine inputs, it has been shown that lagoons and
coastal water bodies receive large amounts of nutrients through
submarine groundwater discharge (SGD) (Corbett et al., 1999;
Li et al, 1999; Ji et al, 2013; Rodellas et al., 2015; Duque
et al, 2019). The groundwater component discharging into
lagoons can vary from minor contributions (Menci6 et al,
2017) to contributions up to 90% (Sadat-Noori et al., 2016)
with seasonal variations (Menci6 et al., 2017). Density-driven
hydrodynamic conditions in the subsurface of lagoons can
be generally expected to be quite similar to coastal systems
connected with the adjacent sea, yet the reduction or absence of
diurnal tides potentially make the subsurface flow, and its linked
subsurface nutrient cycling, different for coastal lagoon aquifers.
Coastal subterranean groundwater flow dynamics and SGD are
influenced by multiple factors, varying in temporal and spatial
scales and hence, creating a complex subsurface flow system
(Robinson et al., 2006; Heiss and Michael, 2014; Duque et al.,
2019; Meyer et al., 2019). The spatial extension of the saltwater
wedge and exchange fluxes between salt and freshwater depend
on diffusion and dispersion processes linked to hydrogeological
and chemical settings. The establishment of convective zones
in the deeper offshore saline subsurface can cause saltwater
recirculation (Cooper, 1959; Kohout, 1960; Abarca, 2006; Abarca
et al, 2013). Consequently, seawater or near-seabed derived
nutrients are transported to greater depths. When saline seawater
infiltrates and accumulates in the aquifer below the tidal affected
coastal zone, an intertidal saltwater cell (ISC) may develop
(Robinson et al., 2006). The ISC geometry depends on the
tidal amplitude, wave setup, beach slope, density contrast and
the magnitude of freshwater fluxes to the ocean (Turner and
Acworth, 2004; Vandenbohede and Lebbe, 2006; Gibbes et al.,
2007; Heiss and Michael, 2014). The ISC causes an inverse density
vs. depth distribution and creates a freshwater discharge tube
to form between the ISC and the underlying permanent (but
not necessarily stationary) saltwater wedge (Michael et al., 2005;
Vandenbohede and Lebbe, 2006; Robinson et al., 2007; Heiss
and Michael, 2014). This directs freshwater discharge to saline
surface waters (lagoons) as SGD. Due to mixing processes, the

SGD is composed of a freshwater component and a recirculated
saltwater component (Taniguchi et al., 2006). SGD is controlled
by density driven circulation patterns, wave setup, tidal pumping
(Robinson et al., 2007; Tamborski et al., 2015), subsurface small-
scale heterogeneities (Taniguchi et al., 2002), seasonal changes
in terrestrial hydraulic gradient and annual recharge cycling
(Michael et al., 2005; Burnett et al., 2006).

Nutrient mobilization, cycling and transport within and
across coastal aquifers are controlled by salinity (Tobias
et al., 2001; Charette and Sholkovitz, 2002; Baldwin et al,,
2006; Weston et al., 2006, 2011; Jun et al., 2013; Neubauer
et al, 2019), redox conditions (electron acceptor and donor
availability and fluxes) (Reddy and DeLaune, 2008; Tobias and
Neubauer, 2019; Moore and Joye, 2021) and residence times
(Hopkinson and Giblin, 2008; Steinmuller and Chambers,
2018; Neubauer et al., 2019). In order to understand nutrient
dynamics in near coastal aquifers thoroughly, an understanding
of the temporal and spatial subsurface flow dynamics
are a prerequisite.

Ringkebing Fjord in Denmark features a coastal lagoon. This
lagoon is a unique study site for coastal processes because its only
connection to the North Sea is managed to remove tidal diurnal
cycles and maintain a relatively stable lagoon water level and
salinities in the brackish range, never reaching oceanic salinity
or hypersaline conditions. Hence, only winds are responsible for
high-frequent water level changes in the lagoon. As previously
published (Miiller et al., 2018), hydraulic and isotope data were
collected to quantify the temporal and spatial near-shore aquifer
interactions with the lagoon. In the present paper, the shallow
near-surface aquifer-lagoon interaction at Ringkebing Fjord is
further explored with geophysical exploration and numerical
modeling. Hereby, the aim is to (i) develop a numerical model,
which is able to incorporate all hydrological and hydrochemical
boundary dynamics present in lagoon aquifers and to (ii)
understand the underlying hydrological and hydrogeological
mechanisms of the seasonal salinity dynamics of the near
coastal zone.

STUDY SITE AND METHODS

Study Site

The study site is located at the eastern shore of Ringkebing Fjord
(RKF) on the west coast of Denmark (Figures 1A,B). Site-specific
details can be found in Duque et al. (2018) and Miiller et al.
(2018).

In short, RKF is a shallow lagoon system with an average
depth of 0.5m (Kinnear et al., 2013). The lagoon is regulated by
a sluice with the aim to keep the average water level at 0.25m
above sea level (masl) and the salinity between 6 and 15%o.
Strong westerly winds ensure well-mixed salinity conditions
in the lagoon water column. Vertical stratification can occur
during wind speeds below 8 m/s when the sluice is opened
to allow North Sea water to enter the lagoon (Kirkegaard
et al., 2011). Skjern River contributes with an average of 50
m?/s freshwater. The surrounding of the lagoon is dominated
by flat topography at elevations below 1 until 60m from
shore, where the terrain increases up to 3.5 masl (Figure 1C)
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FIGURE 1 | (A) Location of the lagoon Ringkebing Fjord in Denmark and (B) location of field site along the coast of Ringkebing Fjord. A station at Ringkebing city
provided bi-monthly lagoon stage and salinity observations between 1997 and 2015. (C) Overview of study site. Dots indicate piezometers in which discrete hand
measurements of water levels were conducted (gray) or which were equipped with automated water level and salinity loggers (red; J8, J9, J10). Also shown is the
location of the lagoon stage and salinity observation logger operating at the field site during July to December 2015.
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followed by an again almost flat terrain. The regional geology
is characterized by deep marine Paleogene clays at around
300 m depth, superimposed by an alternating sandy, silty, clayey
Miocene formation (<10-20 m depth). The near surface geology
at depth <20 m is composed of sandy Pleistocene glacio-fluvial
sediments, which is locally intervened by silty units (Haider
et al., 2015). The existence of buried paleo-channels composed
of higher permeable sand modifies the deeper aquifers and can
locally provide a hydraulic connection between lower and upper
aquifers. The regional hydrogeological conditions around the
Ringkebing Fjord lagoon within the Pleistocene aquifer unit
show an overall hydraulic head gradient perpendicular to shore,
where hydraulic heads vary between 3 and 5 masl. Consequently,
major groundwater contributions are expected to originate from
east. A few observations from deeper wells indicate a vertical
upward gradient and thus an exchange flux from deeper to
shallower aquifers may take place locally (Kirkegaard et al., 2011).
The field site containing 14 piezometers (J1-J14) was established
by Miiller et al. (2018) (Figure 1C) and only screen the upper
shallow Pleistocene aquifer. Miller et al. (2018) showed that
SGD varies seasonally and that a refreshing of the aquifer starts
in October, where recharge is high leading to the observed
regression of the saltwater wedge. The opposite occurs during
summer, where recharge and consequently freshwater flows into
the aquifer are reduced, leading to a saline wedge movement
further onshore.

Data Collection
In the following data collection is presented, which serves, as
input for the geological and hydrological model boundary.

Regional Borehole Data

Borehole data at seven locations (Supplementary Figure S1)
was extracted from the Danish borehole database
Jupiter (www.geus.dk).

ERT
The local near-surface geological structure was explored
recording two electrical resistivity tomography (ERT) profiles

with a Syscal Pro 96 switch unit (Iris Instruments©) at the
30th September 2014. Profile A was measured perpendicular to
the shoreline along a previous established piezometer transect
(Figure 1C). Hereby a Wenner electrode configuration with
1 m spacing reaching a penetration depth of about 18 m was
used. Profile B was recorded parallel to shore with a Wenner
electrode configuration (5m spacing) yielding a penetration
depth of ~80m (Figure 1C).The inversion software Res2dinv
(Geometrics) was used to process the data.

Slug Test

Slug tests using the falling head method were conducted
for each piezometer at the field site. Results were analyzed
with the Hvorslev solution (Hvorslev, 1951). Three tests were
conducted for most of the piezometers and mean values and
their associated standard deviation (SD) are reported in the
Supplementary Table S1.

Lagoon Stage and Salinity

Lagoon stage and salinity were measured from August 2014 until
December 2015 using conductivity-temperature-depth (CTD)
loggers (Diver®, Van Essen Instruments B.V., Delft, The
Netherlands) (Figures 1B,C). Hydraulic head in all piezometer
were measured on a seasonal basis between October 2014
and July 2015 (Miller et al,, 2018). The piezometers J8, J9,
and J10 were additionally equipped with CTD loggers to
monitor hydraulic head and electrical conductivity (EC) in the
period November 2014 until December 2015 (Figure 1C). The
measured raw pressure heads were barometrically corrected,
using measurements from a baro-Diver (Diver®, Van Essen
Instruments B.V., Delft, The Netherlands) installed at the
outside of the pipe at piezometer J11. EC values measured in
nS/cm were recalculated to Total Dissolved Solids (TDS) using
the empirical equation from Holzbecher (1998) (presented in
Supplementary Material S 1.1).

Historical daily lagoon stage data were provided by the Danish
coastal authority and were available from January 1997 until
July 2015 from a station at Ringkebing harbor north of the
study site (from January 1999 stage was recorded every 15 min).
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Bi-monthly salinities were available from January 1997 until
2014 (Figure 2). Between 2014 and 2015 bi-monthly salinity
measurements were provided by the Danish Nature Agency
(Figure 3) also from north of Ringkebing harbor (Figure 1B).
Field site salinity data was available from 22nd July 2015 until
31st December 2015. Monthly summarized values are presented
in Figure 2. Lagoon stages are relatively constant; however,
minimum levels occurred between April and July, while high
stages (approaching 0.2m) occurred during November and
February. The salinity variation was offset in time compared to
the stage variation, with lowest salinities occurring from January

to March and highest salinities occurring between June and
October. This offset can be explained by high and low freshwater
inputs from Skjern River in winter to spring time and summer to
early fall, respectively. Lagoon water salinity varies from 7 to 15
g/L throughout the year (Figure 2).

Numerical Model, Conceptualization, and
Simulation Strategy

A 2D transient density-dependent groundwater flow and salt
transport model was constructed to simulate groundwater
and transport dynamics perpendicular to the shore along the
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FIGURE 2 | Monthly arithmetic mean and standard deviation (whiskers) of lagoon stage (line) relative to Danish Normal Null ref. elev. and salinity (columns) given as
Total Dissolved Solids (TDS) of the Ringkebing Fjord station (Figure 1B) between 1997 and 2015. Data provided by the Danish Nature Agency.
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FIGURE 3 | Lagoon stage (red line) and salinity (blue line; Total Dissolved Solids, TDS) between September 2014 and December 2015 compiled by data from the
station at Ringkebing city (Figure 1B) upsampled from bi-monthly to daily values, and from the logger operated at the field site (from 22 July 2015 forwards).

Frontiers in Water | www.frontiersin.org 4 December 2021 | Volume 3 | Article 773859


https://www.frontiersin.org/journals/water
https://www.frontiersin.org
https://www.frontiersin.org/journals/water#articles

Miller et al.

Coastal Aquifer Density Dynamics

ERT transect A using the FEM groundwater model Feflow
(Diersch, 2014). The model domain extends 200m in length
with a varying thickness of 23-25m. The top follows the
topography and the bottom of the domain is kept horizontal.
A triangulated mesh with 3,944 nodes and 7,368 elements is
used, refined in the upper 2m to better represent a capping
peat layer present on site. To avoid numerical dispersion, Peclet
numbers of 0.8 and 3 are defined for the finer and coarse grid
parts, respectively (Figure 4).

The parametrization of hydrogeological parameters are based
on the ERT and slug test results (sections Parameterization
Based on Slug Test and Conceptual Hydrogeological Model).
The major part of the aquifer is a heterogeneous sand layer
sandwiched between a homogeneous capping peat layer with a
thickness of 0.5 m, extending ~60 m perpendicular to the shore,
and a homogeneous low permeable dipping layer at the bottom
(section Conceptual Hydrogeological Model, Figure 6). The K
distribution in the heterogeneous sand layer was interpolated
via Kriging to the mesh using the slug test results (section
Parameterization Based on Slug Test). The K of the surficial
peat layer is set to 0.3 m/d based on literature values (Chason
and Siegel, 1986). The low permeability unit at the bottom lacks
direct measurements and therefore K is set to 0.5 m/d (the lowest
measured at J1d and J7d). In a pre-calibration step where the
warm-up period prior to the initialization period is used only,
the anisotropy (K,/K},) was found by trial and error to a value of
0.1 for peat, sand, and the lower-K layer at the bottom (section
Simulation Strategy and Scenarios).

Boundary Conditions

Semi-confined conditions are assumed at the top of the aquifer
as a 0.5m thick capping peat unit exists at the surface along the
major part of the transect where most of the piezometers showed
artesian conditions (Miiller et al., 2018).

No flow conditions are specified at the bottom and the western
boundary; in accordance with the low resistivities measured
in the deeper part of the ERT profile (section Conceptual
Hydrogeological Model). Transient boundary conditions are
specified at the eastern boundary (qeast) Where freshwater fluxes
vary seasonally [section Fresh Groundwater Fluxes (qeast)]. The
boundary conditions of the nodes influenced by stage fluctuation
are switched between (transient) specified head (equal to lagoon
stage) in case of flooding and otherwise specified flux (no flow).
At this boundary a cross-boundary flux was derived, which serves
as analog to seepage discharge. Onshore parts outside the tidal
affected zone are defined as no flow boundary during the entire
simulation period.

Simulation Strategy and Scenarios

The simulation strategy is outlined in Figure 5. To begin with,
the model was run to a steady-state solution for hydraulic head,
using non-variant lagoon stage and qeast boundary conditions
and fresh groundwater across the whole model domain. To
reach a more realistic initial head and salinity distribution under
transient conditions, a “warm-up” period was applied. During
the warm-up period, sinusoidal qeast, lagoon stage and salinity
fluctuations (Figure 5), was set for 20 “average” years, based on

long-term observations shown in Figure 2. Specifically, for the
warm-up period, lagoon stage varied sinusoidal between 0.10 and
—0.12 masl with an amplitude of 0.11, TDS varied sinusoidal
between 3.1 and 15.2 g/L with an amplitude of 6.05 g/L, and qeast
varied sinusoidal between 0.001 and 0.041 m/d with an amplitude
0f 0.02 m/d.

The warm-up period was followed by a 16 year “initialization
period” from 1999 to 2014, which consisted of observed bi-
weekly (downscaled to daily) observed values of salinity and
daily lagoon stage (Figure 3). Even though salinity measurements
were already available from 1997, it was decided to discard
data between 1997 and 1999 and start the implementation
of observational data at the time when daily lagoon stage
observation was available in 1999. The sinusoidal function for
Qeast as applied during the warm-up period was continued during
the initialization periods.

In order to a find appropriate values for anisotropy (0.1),
storage (0.1), longitudinal (0.5m), and transverse dispersivity
(0.05m) a trial-and-error calibration of these parameters was
conducted using boundary conditions of the combined warm-up
and initialization periods (Figure 5). This calibration used R* as
objective function in a comparison of simulated and hydraulic
head observations (2014-2015).

Scenario A applies the above parameters and boundary
conditions up to September 2014, and then applies the boundary
conditions for lagoon stage and salinity between September 2014
and December 2015 (Figure 3). Scenario A in this way can be
considered a “base case” relative to other Scenarios B-D, which
tested sensitivity of qesst (Scenario B), presence of confining
peat (Scenario C, Figure 4) and combined peat presence and
dispersivity (Scenario D).

Scenarios B-D are described below and summarized
in Table 1.

e Scenario B: Incoming freshwater flux qe,st was adjusted to
be within a range suggested by hydraulic head conditions
at the field site [section Fresh Groundwater Fluxes (qeast),
Supplementary Table S3]. A sinusoidal input function
with a mean of 0.09 m/d and amplitude of 0.085 m/d
is applied (Figure 5).

e Scenario C: A locally confining capping peat unit above sandy
sediments was observed in the field and thus implemented
to the domain (Figure4) with a lower K of 0.5 m/d.
Consequently, the base case storage coefficient for unconfined
conditions became too high for semi-confined conditions, and
therefore was lowered to 0.001.

e Scenario D: Effects of mixing dynamics (still in presence of
confining peat) were investigated by increasing longitudinal
and transverse dispersivity to 25 and 2.5 m, respectively.

All scenarios were compared to daily-observed head and salinity
data collected in piezometer J9 between November 2014 and
July 2015. Piezometer J9 was chosen for simplicity because
the neighboring piezometers J8 and J10 are placed within 1 m
distance from J9. Thus, the model resolution is not sufficient to
distinguish between these three piezometers. Model performance
was evaluated using the coeflicient of determination (R?) and
Root Mean Square Error (RMSE) as well as the Nash-Sutcliffe
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FIGURE 4 | Model domain showing the boundary conditions and the interpolated spatial distribution of hydraulic conductivity K. Qeast is represented by a sinusoidal
water flux (sections Boundary Conditions, Fresh Groundwater Fluxes (Jeast), Supplementary Table S2) with a solute concentration of 0 mg/L representing
freshwater. Piezometer screen positions are indicated (crosses); the piezometers J8, J9 and J10 were equipped with conductivity-temperature-depth (CTD) loggers.
Cropped extents of the model domain are shown in Figure 7 (indicated by red dashed line) and Figure 9 (blue dashed line).
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TABLE 1 | Scenarios with respect to parameters to be calibrated against
hydraulic head observation at piezometer J9 and input variables.

Scenario (sensitivity analysis)

Parameter A B C D
Peat present No No Yes Yes
Storage coef. 0.1 0.1 0.001 0.001
Long. disp. (m) 0.5 0.5 0.5 25
Trans. disp. (m) 0.05 0.05 0.05 2.5
Cleast (M/d) 0.001-0.041  0.005-0.175  0.001-0.041  0.001-0.041
R?-spatial 0.77 0.72 0.72 0.71
RMSE 0.16 0.13 0.08 0.08
R?-J9 0.05 0.38 0.8 0.78
NSE 0.09 0.51 0.92 0.88

Model performance criteria RMSE, R? and Nash Sutcliff Efficiency (NSE) are also
included here.

Efficiency (NSE) to quantify temporal dynamic performance
(Table 1). Average hydraulic heads from each scenario were
additionally compared to average observed hydraulic heads
at each piezometer location (R?-spatial). However, as the
performance was similar and no extra temporal information can
be gained, focus was given to the performance on transient data
in the following.

RESULTS

In the following the slug test results, ERT-measurements and
incoming freshwater flux deviation are shown and interpreted
in order to understand the implementation of hydrogeological
boundary conditions in the model domain.

Parameterization Based on Slug Test

The average K on site (based on slug tests in the sand aquifer)
is 17.54 m/d, with variations between 0.04 m/d at J6 and 67.8 at
J5-12. For the majority of the piezometers, the standard deviation
(SD) is low compared to the average hydraulic conductivity, while
at J5-12a high SD of 12.1 m/d is found (slug test results are
listed in Supplementary Table S2). For J2, J6, and J11 only one
replicate was obtained due to slow recovery. The overall range
of K is typical for sand, while its slight decrease with depth
may be indicative for the depositional environment where older
sediments have been compacted over time at the lagoon shore.
Two lenses with higher K-values (average 30.5 m/d) were found
in the deeper parts at the shoreline and around the locations of J8-
J10 and J5. Likewise, K-values <5 m/d were measured in onshore
piezometers J1D, J2, J6, J4D-12. As K is not subject to calibration
in the present study, average values based on three replicates were
used as input for the kriging interpolation of the K-field in the
model domain.

Fresh Groundwater Fluxes (qeast)

A range of fresh groundwater fluxes discharging into the
transect area from east (qeast) were estimate based on (i) local
hydraulic head gradient between the outermost piezometer
of the piezometer transect J1d and the lagoon stage or ii)
the regional hydraulic head gradients between inland wells
(Supplementary Table S2) and the lagoon. Based on average
hydraulic heads and average K-values of 17.5 m/d from
the piezometer transect a Darcian flux range was delineated
(Supplementary Table S2). Haider et al. (2015) defined the
catchment boundary located at 5,500 m inland, eastwards from
the field site. Only non-synchronous hydraulic head observations
from regional wells within the catchment and with a screening
depth in the upper aquifer (0-10 m below surface) were available.
Therefore, an average hydraulic head among all regional wells
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series of Figure 3 along with a sinusoidal geast determined by observed terrestrial-to-lagoon head gradient at the field site; results (model output) are shown for this
period only. For each scenario, the model was run to stationarity and then continuously for the whole period of 36.5 years with transient boundary conditions.
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was used. As their distance to the lagoon varies, a minimum
and maximum distance was used to compute a gradient range.
Darcian flux estimates based on local hydraulic head gradients
(between the lagoon and well J1d) were between 0.004 and 0.15
m/d. Darcy fluxes based on regional boreholes yielded a lower
range between 0.004 and 0.05 m/d (Supplementary Table S2).
This approach is a crude approach to incorporate potential
variations of the incoming fluxes from east. It reduces the
aquifer between the lagoon until 5,500 m inland to a single
K. This approach however, can add an uncertainty value to
the local gradient observed, by incorporating regional hydraulic
head trends.

Conceptual Hydrogeological Model

A fluvial-glacial sandy unit is found in the upper 10-15m
below surface (mbs) in the profiles of regional boreholes
(Supplementary Figure S1B). Below, a clay unit with a thickness
of ~7m is observed. Another fluvial-glacial sand unit is
mapped between 12 and 40 mbs as indicated by the three
deepest boreholes. Finally, Miocene clay with incidents of
sandy units are found in several boreholes at varying depths
(Supplementary Figure S1B).

Resistivities <10 £2m were measured 7 m offshore (western
end) of profile A, down to a depth of 4m (Figure 6A). This is
followed by a plume-shaped zone with resistivities in the range
50-150 £2m. The most off-shore part of the plume could be a
result of intrusive lagoon water, while the remaining part could be
a mixture of freshwater and saltwater. Higher resistivities above
250 £2m were measured at depths between 2 and 7 m. Within
the lower 10 m of the profile, resistivity decreased from 100 to 5
£2m. Borehole data (Supplementary Figure S1), slug test results
(Supplementary Table S1) and elevated resistivity consistently
indicate sandy sediments between at 1 and 10m depth. At
depths larger than 10 m, low resistivity units appear in the ERT
measurements, which may correspond to the clay units found
in the Jupiter wells. According to the slug test results close to
the shore (J5), the K-values were relatively high at depth >10m,
while at similar depth in J4, K was much lower. An enriched
isotopic value of 380 measured by Miiller et al. (43) at this depth
and relative high electrical conductivities (EC) at 10-13 m depth

indicated saltwater intrusion, as isotopic enrichment and high
EC were associated with intruding lagoon water (Miiller et al.,
2018). Therefore, it is argued that the low resistivities at depths
>10m were a result of saltwater and not low-permeable layers.
In piezometers with screens deeper than 13 m depth, freshwater
was found. Above 10 m, resistivity values in the range from 40 to
150 £2m suggest sand saturated with lagoon water. Consequently,
resistivity values of 30 £2m beneath at depth below 10m are
attributed to clay containing freshwater (Figure 6A).

In the upper 0-2m of the onshore part of profile A low
resistivity values of 50-90 £2m were measured reflecting peat
material. Resistivity for peat depends on the conductance of
peat pore water and the organic matrix. Resistivity within a
peat layer typically increases with depth as mineral soil content
increases (Comas et al., 2004). Values may be below 50 £2m
(Chambers et al., 2014), but lower ionic concentrations of peat
pore water may result in resistivities >50 £2m (Comas et al,
2004). Therefore, the low resistivity values in this upper layer are
likely caused by the presence of peat. However, increased ionic
concentration caused by temporarily propagation of the lagoon
stage may also lead to lower resistivity.

Resistivity profile B (Figure 6B) reached a depth of 80 m and
its interpretation was based on findings from profile A. In the
upper 10-15m an undulating structure with values above 150
£2m appeared, representing fresh meltwater sand. At depths of
15-22m a transition zone with values between 50 and 150 £2m
were recorded, which could correspond to the Miocene sand unit
containing intruded saltwater. Below, a zone of resistivities <
40 £2m to a depth of ~40 m were observed. Although airborne
geophysical data from the area indicated a clear salt-water
wedge across all layers (Kirkegaard et al., 2011), this zone is
believed to contain Miocene clay containing freshwater because
regional borehole data (Supplementary Figure S1) indicate clay
units at those depths. Between 40 and 60m depths, the
resistivity increased again to 50-150 §£2m. This coincides
with Miocene sand observations in the regional boreholes
(Supplementary Figure S1). Yet, from the ERT profile A, as
well as from airborne geophysical data (Kirkegaard et al,
2011), saltwater may be present in these resistivity ranges
and depths. The low resistivity at the bottom of the profile
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represents a Miocene clay freshwater unit, an interpretation that
is supported by airborne geophysics (Kirkegaard et al., 2011).
Depth information of the lowest Miocene freshwater unit in both
ERT profiles A and B, indicate that clay unit to dip from west
to east.

Model Results and Sensitivity Analysis
Figure 7 shows the simulation results of the scenario runs A-D
investigating the effect of different parameters.

Seasonal Variation of Saltwater Intrusion (Scenario A)
Scenario A is used to test the overall performance of the
model conceptualization. The Scenario A model did not contain
a peat unit on top of the sand, and it used the dynamic
lagoon and groundwater flow boundary conditions (Table 1).
This scenario did not reproduce the temporal dynamics of
hydraulic head or salinity concentration changes in piezometer
J9 (R?> = 0.05, RMSE = 0.16 m, and NSE = —0.09, Figure 7E;
Table 1). The dynamics of simulated hydraulic heads were
damped compared to the observed heads. The high hydraulic
heads in the beginning and the increasing hydraulic heads at the
end of the simulation period were not reproduced by the model.
Furthermore, simulated salinities were too high and exhibit too
little seasonal dynamics, e.g., the observed decrease in salinity in
winter and increasing salinity in summer was not reproduced
by the model. The saltwater wedge movement, caused by the
dynamic changes in the lagoon stage and salinity, was limited
to the upper third of the aquifer (Figure 7A). The decreasing
inflow from east during the summer periods caused the wedge

to move ~20m toward shore in the upper 7m of the aquifer.
To test the sensitivity and improve model performance, the
model parameters and boundary conditions were adjusted in the
remaining scenarios.

Effect of Freshwater Inflow (Scenario B)

The only change from Scenario A to B was the magnitude
of the dynamic freshwater groundwater boundary, where the
input flux ge,sr was allowed to vary between 0.005 and 0.175
m/d (Table 1). This represents an increase by a factor of 4-
5 compared to the Scenario A. Increasing groundwater inflow
improved the hydraulic head simulation compared to Scenario A,
as R? increased to 0.3, while the RMSE only decreases slightly to
0.13 m. An improvement in simulating hydraulic head dynamics
is reflected in an increase in NSE to 0.50. Nevertheless, simulated
salinities were still much higher than those observed with an
overall decreasing tendency (Figure 7F). Between October 2014
and July 2015 the simulated saltwater wedge retreated by 12m
across the whole thickness of the aquifer. While in the upper part
of the aquifer, the wedge continues to retreat by another 16 m
until December 2015 (Figure 7B).

Effect of Peat Layer and Lower Storage (Scenario C)

The qeast flux was reset to the values from Scenario A. A peat unit
was added to the top and the storage parameter of the sand unit
was reduced by a factor of 100 (to 0.001), now better reflecting
a confined system. More hydraulic head dynamics now appeared
in the simulation results (Figure 7G), which is especially visible
from the period starting in July 2015, where lagoon observations
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were made directly at the field site. This improves the simulation
markedly, which is best expressed by the very high NSE of 0.94, as
well as the low RMSE of 0.08 m. Nevertheless, simulated salinities
were still too high and did not follow the observed dynamics.
Freshwater inflow displaced the saltwater wedge in the upper 5m
by ~25m offshore between October 2014 and July 2015. The
toe of the wedge remained at the same location as in October

(Figure 7C). Miiller et al. (2018) observed a freshwater lens
thickness at J4 of at least 12 m in February 2015, while a thickness
of ~6 m was simulated.

Dispersion Effects (Scenario D)
For Scenario D, the peat unit and the low storage parameter
of the confined layers were maintained while dispersivities were
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increased (o = 25m, ar = 2.5m). Model performance did
not improve further as R? decreased slightly, while RMSE and
NSE remained high (Figure 7H). However, the character of the
saltwater wedge movement changed distinctively (Figure 7D).
Between October and July the saltwater-freshwater interface in
the upper very shallow part (upper 1.5m) transgressed further
into the aquifer, while at larger depth the wedge regressed toward
shore with a constant toe location. Between July 2015 and
December 2015 the boundary flux qe,s increased, causing the
interface to move ~40m in offshore direction. This formed a
shallow freshwater lens in the upper part of the aquifer beneath
the lagoon bed. Increasing dispersion parameters takes into
account geological heterogeneity not represented at the presented
model scale, which is expressed in an increase of the saltwater
affected areas within the model domain. Therefore, simulated
salinities decreased, yielding differences of 2 g/L toward the
end of the simulation period between the simulation and the
observation at J9 (Figure 7H).

DISCUSSION

Scenario Results

By facilitating measured stage and salinity values and a dynamic
freshwater inflow component based on well observations, the
model was able to produce density dependent flow and salinity
dynamics of the near coastal aquifer at Ringkebing Fjord, where
a dynamic saltwater wedge in the shallow parts of the aquifer
is present.

For the current model study, with the aim to reproduce
observed saltwater wedge dynamics and to indicate the spatial
and temporal extent of the saltwater wedge dynamics at
Ringkebing fjord.

Evaluation criteria for model performance during different
scenario runs (parameter testing) were primarily based on
quantitative performance criteria (RMSE, R?, NSE), while
qualitative performance was secondary. In the following
discussion, the approximate extension of the saltwater wedge can
be seen at a threshold value of 5 g/L (Figures 8, 9). Because lagoon
salinity never reaches values below 5 g/L, this threshold is a good
indicator for the presence of a strong fraction of seawater. Values
below 5 g/L indicate a mixture between fresh and saline water.

Inland water table fluctuations are closely related to recharge
dynamics in the catchment, which in reverse may modify the
saltwater wedge dynamics (Kohout, 1960; Michael et al., 2005).
For Ringkebing Fjord, responses of inland water tables were
expressed as changing freshwater inflows through the eastern
model boundary, which generally resulted in a regression/-
transgression of the saltwater wedge. However, changing the
relative magnitude of the incoming freshwater improved
objective model performance, while the biggest improvement of
the model was achieved by adding a capping peat layer to the top
of the domain (Table 1). This suggest minor importance of inland
recharge dynamics compared to local geological structures.
Even though, increased spatial saltwater wedge dynamics are
suggested based on SD values when inland fluxes are increased,
compared to the effect of local geological features (Figures 8B,D,
respectively), this conclusion is biased. The higher simulated

inland water fluxes in Scenario B, is rather caused by a constantly
offshore displacement of the interface, that eventually forms a
new equilibrated situation. Such wedge movement to a new
equilibrated position further offshore is in line with the study
by Miiller et al. (2018) and Duque et al. (2019). In both studies,
the shallow wedge is found between piezometer J6 and J7.
This suggests that increasing fluxes four to five times based on
local and regional derived well measurements [section Fresh
Groundwater Fluxes (qeast)] is necessary to reflect a realistic
saltwater wedge position, despite the missing wedge dynamics.

Nevertheless, for the best performing Scenario C the average
location of the saltwater wedge may not be in line with the
observations from Miiller et al. (2018) nor by Duque et al. (2019).
Yet the simulated saltwater wedge location in August 2015
(Figure 9, bottom panel) coincides rather well with observations
made in those earlier studies during summer month. The
present model simulates a narrow zone of salinities between
1 and 5 g/L at the top part of the onshore area (Figure 8).
This may be appointed to an ISC (Robinson et al., 2006), due
to the propagation of saline lagoon water to onshore areas
induced by stage changes. The ISC in Scenario C can extend
up to 30 m onshore from the shoreline. Yet, resulting density
driven subsurface dynamics are limited to the shallow aquifer
(Figure 8B), where high SDs are found. This affects mostly the
area between ]7S, J7D, and J4D-12 with variations up to 5 g/L
while the area around J9 is rather unaffected by the seasonal
wedge dynamic expressed in SD values around 0.4-0.8 g/L.

Reasons for the stagnant saltwater wedge at greater depth
are suggested to be due to density dynamic flows counteracting
freshwater flows. During times of lower freshwater inflow (July-
white arrows in Figure 7C) show a larger magnitude than flow
vectors pointing from lagoon to land. Yet, during periods of
high recharge, the relative size of the vectors is reversed and
a density induced counter flux from sea to shore is present.
This may be counterintuitive, but points toward the influence
of infiltrating seawater from previous summer periods having
higher salinities (Figure 2), which first shows its effect in the
subsurface during the consecutive autumn period, where it
counteracts high freshwater flows.

The simulated salinities at the piezometer J9 are always
higher than the observed. Reasons for this may be small scale
density driven flows beneath the lagoon bed, which cause a
more complex and dynamic salinity distribution (Duque et al.,
2019), a result of e.g., fingering (Van Dam et al., 2014). Adopting
the approach by Wooding et al. (1997) for current conditions
at Ringkebing Fjord [evaporation ~ 157 mm/year, maximum
density difference Ap = 0.21, detailed equations summarized
in Supplementary Material S 1.3, macroscopic Rayleigh number
and Boundary Rayleigh number of 7.3*10° and 8.7%10°,
respectively are derived. This leads to instable boundary
conditions where fingering occur. This dynamic condition can
be captured by the present model (Figure9), but is hardly
captured by a single well observation and would probably
require additional piezometers, screening across the saltwater-
freshwater interface.

To reduce salinities at ]9, an alternative model setup was tested
by increasing dispersion (Scenario D) to account for geological
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of Figure 4, yet in a near-true vertical to horizontal scale (see scale bars).

heterogeneity and hence more mixing in the absence of temporal
dynamics in flow (Goode and Konikow, 1990). Salinities were
reduced at J9, likely a consequence of a more dynamic
saltwater wedge. Simulated transgression/regression dynamics
were furthermore more significant between October 2014 and
July 2015 (Figure 7D), reflected by the elevated SD in Scenario
D (Figure 8E). However, high dispersivities do not explain
the actual underlying mechanisms forming a wider wedge,
but are often used to compensate the under-representation
of wedge dynamics due to geological heterogeneities (Werner
et al., 2013). Consequently, from Scenarios C to D it can be

concluded, that at small scale, geological heterogeneity has a
strong impact on the dynamic wedge distribution and may not be
captured satisfactorily using an interpolated K distribution with
high dispersivities.

Additional factors affecting the temporal and spatial salinity
dynamics may be caused by the simplified 2D-setup of the model
domain. Micro-bays or complex macro geological structures,
e.g. buried valleys, existing at Ringkebing Fjord (Kirkegaard
et al., 2011; Kinnear et al,, 2013) cause flow paths to have
an odd angle to the shore and may alter transport dynamics
significantly as shown by Meyer et al. (2018, 2019) for an
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more appropriate when representing wedge dynamics (Werner  freshwater input from a leaky lower aquifer cannot be ruled
et al, 2013) at Ringkebing Fjord. Other studies (Li and out, and would reduce the salinity concentrations in the
Jiao, 2003) have shown a close relation between upper and  upper aquifer.
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Temporal Subsurface Density Dynamics
Scenario C describes the dynamics of the hydraulic heads best
(Figure 7G) and the development of an ISC based on those
scenario results is discussed above.

The subsurface density dynamics are shown in Figure9
throughout the course of a full hydrological year (October—
September). In October and July, high lagoon stages cause
a flooding of the flat near shore area up to 30 m onshore,
delivering and depositing high saline waters from the lagoon
water onto fresh peat soils creating an intertidal salinity cell (ISC).
Consequently, an inverse density pattern forms a freshwater
discharge tube (Michael et al., 2005; Vandenbohede and Lebbe,
2006; Robinson et al., 2007; Heiss and Michael, 2014) where
saline waters overly freshwater. This prevents groundwater from
discharging into the adjacent peat covered wetland and forces
the fresh groundwater to discharge around the average shoreline
(see Figure 8B, values <1 g/L below peat area of >5 g/L).
Based on the simulation the ISC at RKF is suggested to be
maintained for 1-2 months (between July and August, Figure 9
in response to lower freshwater inflows from east (October—
November 2014), but also due to stage changes (July and August
2015). This stands in contrast to other systems, where the
persistence (growing and waning) of the ISC may range from
4 weeks (Abarca et al., 2013) to only 14 days (Robinson et al.,
2007) strongly depending on the magnitude of the tide and the
beach morphology. Continuous increase of the incoming fresh
groundwater (qQeast) causes a progressive dilution of the ISC,
refreshing the peat as well as moving the saltwater-freshwater
interface further offshore. Due to the existence of the ISC
nutrient rich fresh groundwater moves its discharging area from
peat/organic rich soils to the more sand containing sediment-
water interface. Nevertheless, the model results suggests that the
deeper parts of the near coastal aquifer are less influenced by
groundwater, where the saltwater toe location remains relatively
constant (Figure 9, yellow areas). Consequently, this simulation
modifies the hypothesis from Miiller et al. (2018), where a
dynamic wedge over the full depth of the shallow aquifer is
proposed. Because the summer simulation of the saltwater wedge
coincides well with Miiller et al. (2018) and Duque et al. (2019)
summer observation, it must be concluded that most saltwater
wedge dynamics appear in the shallow part of the aquifer
above 6 m.

The biogeochemical dynamics of the saltwater-freshwater
interface are governed by oxic-anoxic processes, altering nutrient
mobilization and pathways (Moore and Joye, 2021). Hence,
a temporal and spatial dynamic saltwater wedge has the
potential to modify nutrient dynamics. Nutrient dynamics are
further impacted by groundwater residence times as certain
nutrient reactions appear on short timescales (e.g., NHy release,
Steinmuller and Chambers, 2018) and are seasonally dependent
(N-mineralization peak in autumn, Tamborski et al., 2015). Thus,
the timing of nutrient export pulses to the lagoon may be further
complicated by saltwater wedge dynamics.

Simulated cross-boundary fluxes (SGD analog) across the top
land-surface boundary are in the same order of magnitude as
observed seasonal and spatial fluctuations of SGD (published
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FIGURE 10 | Left y-axis: Observed (filed dots; Mller et al., 2018) and
simulated (open dots; Scenario C, this study) seepage flux on 1 October 2014
(blue) and 27 July 2015 (red) vs. distance offshore from shoreline. Shaded
whiskers indicate standard deviations (color coded). Right y-axis: Observed
TDS of seepage water (blue squares) and lagoon water (arrow) as measured
on 1 October 2014. Location of J9 and J11 indicated on x-axis for reference.

in Miiller et al., 2018). Simulated SGD on 1st October 2014
is 2.9 while 3.7 cm/d was observed with seepage meters.
Simulated SGD on 21st July 2015 averages to 2.5 cm/d, which
is a factor 1.5 times higher than observed fluxes of 1.6 cm/d
that day. SGD variation is not a unique function of recharge
dynamics (Qeast), as during Ist October 2014 Qeast is 0.09
m/d as opposed to 0.01 m/d at 21st July 2015. Eventhough
the simulated seasonal difference is less significant than for
the observation, the peak SGD rates are well-matched and
the spatial pattern of SGD is well-reproduced. SGD rates at
Ringkebing Fjord are among the average values of SGD rates
observed in different lagoon and coastal environments across
the earth (Taniguchi et al., 2002; McCoy and Corbett, 2009).
Seasonal fluctuations of SGD and associated fresh or saline
components can have direct environmental impact (Zhang
et al, 2020) as they modify subsurface and surface water
biogeochemical settings (Santos et al, 2021) and microbial
communities (Ruiz-Gonzalez et al., 2021). For the Ringkebing
Fjord lagoon and near surface aquifer system the magnitude of
SGD is also expected to have large impacts. Estimated salinity
concentrations (Supplementary Material S 1.4) of the seepage
flux from October 2014 measurements of Miiller et al. (2018)
show that with distance from shore the lagoon water contribution
increases (Figure 10) from roughly 25 to 75%. Henceforth,
despite a general upward flow direction, an intruded saline
lagoon water component is mixed with upwelling groundwater
and discharged as SGD into the lagoon. This documents the
existing complex circulations patterns beneath the lagoon as well
as the potential impact for nutrient cycling in the near surface
aquifer as well as the lagoon.

This study therefore strongly suggests taking into account
such saltwater wedge seasonality, when the biogeochemistry of
near coastal areas is studied.
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CONCLUSION

In order to understand nutrient cycling in near-coastal aquifers,
groundwater flow and density dynamics need to be well-
understood. This study shows variable subsurface circulation and
salinity patterns in response to varying freshwater inputs and
stage change induced flooding. Most prominent variations of
salinity patterns occur in the shallow subsurface where an ISC
is formed during flooding, while an offshore movement of the
saltwater wedge occurs in response to elevated freshwater inputs
during high recharge periods.

In this study the subsurface geology was explored by
combining regional borehole data, ERT-measurements and slug
test derived hydraulic conductivities. This was used to construct
a model simulating transient flow and density dynamics in
order to assess the seasonal dynamics at a saltwater-freshwater
interface. An essential feature of the model was the application
of dynamic boundary conditions at the lagoon bed and
incoming freshwater fluxes. Thereby the stage dynamics of the
system are represented with higher accuracy compared to other
groundwater density driven model codes. Head observations
were simulated with great accuracy, while absolute salinity
concentrations are not produced with accuracy, but salinity
dynamics are well-represented. Among other parameters tested
for sensitivity, dispersion parameters improved the salinity
concentrations substantially. It is discussed that the geological
heterogeneity derived from local field site observations through
Kriging still underrepresents the actual aquifer heterogeneity and
the 2D representation of the model domain may not be sufficient.
Earlier field investigations suggested a strong response of the
saltwater wedge to changes in freshwater fluxes across the whole
shallow aquifer depth. This model challenges this hypothesis and
suggests that such dynamics are more likely to occur in the
shallowest part of the aquifer at Ringkebing Fjord.

The formation of an ISC, which persists for ~2 months
throughout the summer and diminishes after 1 month during
wetter periods will affect the timing and spatial extent of nutrient
delivery into the adjacent lagoon and nutrient dynamics within
the near shore aquifer. Nutrient delivery to lagoons occurs
directly through SGD rates. From earlier studies SGD is shown
to vary seasonally, while the simulation of the present study
captures the magnitude and spatial pattern of SGD well. SGD
is shown to be composed of a mixture of freshwater and
recirculated lagoon water, where the latter increases with distance
from shore. Hence, the diverse temporal and spatial SGD pattern
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