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ARTICLE INFO ABSTRACT

Keywords: Submarine groundwater discharge (SGD) is considered as an important source of chemical substances to the
Submarine Groundwater Discharge (SGD) oceans. Investigations of SGD need to consider varying spatial and temporal scales. They remain a challenge and
aerial orthophoto require the application of different complementary detection and quantification methods. Our study focuses on

Electromagnetic Induction (EMI)
Electrical Resistivity Tomography (ERT)
Nuclear Magnetic Resonance (NMR)
Pore water salinity

the identification of fresh SGD (FSGD) in intertidal zones using the Konigshafen Bay on the island Sylt, Germany,
as an example case. We applied geophysical, remote sensing and in-situ pore water measurements to develop a
suitable combination of survey methods for an efficient detection of FSGD. Our results provide detailed infor-
mation on the occurrence and spreading of FSGD at scales ranging from meters to kilometers. We propose a
stepwise approach to identify FSGD in intertidal zones as follows: First, orthophotos from unmanned aerial
vehicles (UAVs) can highlight distinct tidal flat features characterized by brighter surrounding sediments and
typical plant growth at possible FSGD sites. These can be mapped by large-scale electromagnetic induction (EMI),
where possible FSGD patches appear as areas of higher electrical resistivity. Ground penetrating radar (GPR) can
then be used to check the possible FSGD patches directly on the surface with high lateral resolution. The deep
structure of FSGD can then be explored with Electrical Resistivity Tomography (ERT) on targeted profiles to
detect fresh water in the sediment through the zone of increased electric resistivity. Additional Nuclear Magnetic
Resonance (NMR) measurements from the surface will help to estimate the water content of the sediments and to
distinguish between clay layers and salt water containing sand layers. Finally, the geophysical results are verified
by in-situ measurements of pore water salinity. Using this approach, 17 significant areas with FSGD sites in the
Konigshafen bay could be efficiently identified. These areas have a diameter of 30-60 m and are characterized by
increased electrical resistivities of 5 Qm to 30 Qm and decreased salinity of 0-10 PSU with respect to the sur-
rounding saltwater-saturated areas.
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1. Introduction

Submarine groundwater discharge (SGD) is a pathway for water and
chemicals from land to the ocean. Studies at different locations world-
wide have demonstrated the significance of SGD as a potential source of
nutrients and dissolved carbon species to coastal ecosystems (e.g.
Johannes and Hearn, 1985; D’Elia et al., 1981; Moore, 2010; Waska and
Kim, 2011; Oehler et al., 2021; Moosdorf et al., 2015, 2021; Bottcher
etal., 2024; Szymczycha et al., 2023; Wilson et al., 2024). Likewise, SGD
plays a potentially critical role in coastal ecology (Lecher and Mackey,
2018), inter alia through changing local light attenuation by coupling
nutrients and phytoplankton (Cyronak et al., 2013), or intensifying
ocean acidification (Garrison et al., 2003). Although the significance of
SGD is well established, existing flux data is highly uncertain. These
uncertainties arise from upscaling local point measurements to regional
scales (e.g., Mejias et al., 2012; Povinec et al.,, 2012) or from
model-based estimations of regional or global fluxes (e.g., Moore et al.,
2008; Kwon et al., 2014).

SGD consists of a terrestrial derived freshwater component (FSGD),
and a recirculated seawater component from the seabed. (Taniguchi,
2002; Burnett et al., 2006; Santos et al., 2012; Kreuzburg et al., 2023).
These two components mix in the subterranean estuary (Moore, 1999).
Meteoric groundwater that discharges below sea level is considered
fresh SGD (FSGD) (Luijendijk et al., 2020). FSGD is driven by the hy-
draulic gradient between land and sea, while recirculating seawater is
driven by pressure-induced mechanisms such as waves, tides, storm
surges and density-driven flow.

Conventional methods for determining SGD, e.g. pore water sam-
pling in the subsurface, usually require wells or piezometers to be drilled
or hammered into the subsurface. Sampling pore water in-situ in this
way is labor intensive and limited to suitable hydrodynamic conditions.
Although the spatial resolution is limited, especially in the horizontal
plane. On the other hand, this method is able to provide high-resolution
results on the characteristics of SGD on the local scale.

Geophysical methods provide a rapid, non-invasive approach to
spatial mapping of subsurface salinity through measuring the bulk
electrical resistivity of the subsurface water saturated sediments. The
bulk electric resistivity depends critically on the electric resistivity of the
pore water, which is much greater for fresh water (typically 10 to 30
Qm) than for seawater (typically 0.2 to 1 Qm). Especially geoelectric
depth sounding is an attractive approach for complementing standard
subsurface penetration techniques (in-situ pore water sampling) because
it provides tomographic depth profiles of electric resistivity. Suitable
methods of geoelectric sounding are DC-electric resistivity tomography
(ERT) and electromagnetic induction (EMI) measurements. ERT and
EMI soundings can be performed almost continuously with meter-to
deca-meter spacing and sounding depths down to several tens (ERT)
up to hundreds (EMI) meter depth penetration. Therefore, ERT and EMI
profiling is a valuable tool complementing pointwise measurements of
pore water sampling and enabling meter-to kilometer-scale in-
vestigations of FSGD and related hydrological model building for un-
derstanding the spatial discharge distribution, in which ecological,
hydrological and chemical processes take place. Both methods can be
applied onshore, meaning land-based during low tide, and offshore
(Miiller, 2010; Miiller et al., 2011; Hermans and Paepen, 2020; Hoff-
mann et al., 2025). Airborne EMI surveying has been used extensively
for mapping aquifer structures, and for delineating bottom and
groundwater salinity from saltwater intrusion into coastal aquifers (e.g.,
Siemon, 2006; Steuer et al., 2007). Moreover, EMI can also be applied
from the ground surface by walking using frequency-domain in-
struments measuring the apparent electrical resistivity for local studies
that need higher spatial resolution which helicopter-based applications
cannot provide (Hoffmann et al., 2025).

Ground-penetrating radar (GPR) is based on the emission and
reflection of electromagnetic waves and used for high-resolution sub-
surface investigation (Annan, 2009). On-land GPR can provide spatial
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information on the groundwater table and shallow aquifer architecture
and characteristics in coastal environments (Igel et al., 2013), and spe-
cifically in the context of SGD (Luoma et al., 2021). Due to the high
attenuation of electromagnetic waves in saline environments, GPR has
not been used in the intertidal so far, however, analyzing the signal
amplitudes can give an indirect differentiation between fresh and saline
pore water in such environments.

Nuclear-Magnetic-Resonance (NMR) serves for characterizing the
sediment structure in terms of porosity and hydraulic conductivity and is
commonly used to investigate shallow sedimentary groundwater sys-
tems up to 150 m depth. It can be applied from the surface and downhole
(e.g. Behroozmand et al., 2015; Miiller-Petke and Yaramanci, 2015). In
coastal environments the joint application of NMR with ERT or EMI
allows to distinguish salt-water saturated aquifers from clayey aqui-
tards, which would be difficult by electrical resistivity alone. However,
NMR is mostly used for downhole depth profiling as mapping ap-
proaches (2D, 3D) are time consuming (Jiang et al., 2015).

In addition to geophysical methods applied on larger areas, un-
manned aerial vehicles (UAVs) have proven to be valuable tools in
mapping SGD, particularly when employing thermal sensors (Tamborski
et al., 2015; Lee et al., 2016; Mallast and Siebert, 2019; Oberle et al.,
2022; Roper et al., 2014). These sensors detect differences in skin sea
surface temperature caused by the inflow of groundwater, which often
exhibits a distinct temperature contrast compared to the surrounding
water (Mallast et al., 2014). The effectiveness of this approach is also
influenced by the volume of discharge, as higher volumes tend to have a
greater impact. However, in tidal areas characterized by their dynamic
nature and the absence of a continuous water column, the use of thermal
sensors for SGD detection is challenging, as the influence of groundwater
temperature on the ambient sediment is reduced. However, since SGD
may significantly alter seafloor morphology (Hoffmann et al., 2020,
2023), the high spatial resolution offered by UAVs presents opportu-
nities to identify surface expressions that could serve as proxies for
groundwater discharge over large areas. These surface expressions could
include variations in sediment classification (Kim et al., 2019), vegeta-
tion types (such as seagrass) (Chand and Bollard, 2021), faunal imprints
on sediment surface (Zipperle and Reise, 2005), or microtopography
(Curcio et al., 2023). When combined with in-situ information on SGD,
these proxies can potentially be used to extrapolate potential SGD areas.
Overall, the application of drones in SGD research holds promise for
providing detailed spatial information and contributing to a better un-
derstanding of these complex coastal processes.

Therefore, the aim of this study is to develop and test a concept for
exploring and investigating FSGD on scales from meters to kilometers
using drones, ground-based geophysical sounding and pore water sam-
pling. Our test location is the tidal back-barrier area of Konigshafen Bay
on the island of Sylt, Germany, where we show how a combination of
these methods can provide detailed information on the occurrence and
distribution of SGD. The basic objectives of our multi-method approach
are to map or determine the following complementary properties and
characteristics of FSGD at the surface and in the shallow subsurface of
the investigation area.

e to identify sediment color anomalies and seagrass areas from high-

resolution images of the tidal flat through drone flights,

to identify spatial variations of electrical resistivity in the subsurface

layers at decimeter- and meter-scale resolution through EMI and ERT

mapping.

e to determine depth functions of salinity from downhole pore-water
sampling. Together with geoelectric measurements the salinity
analysis serves for establishing an empirical site-specific relation
between pore-water salinity and in-situ bulk electrical resistivity.
This enables to identify possible FSGD spots on the electric resistivity
map and to up-scale the point sampling from the drill holes to larger
areas.
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e to determine depth functions of the water content of the sediment
layers from surface nuclear magnetic resonance (NMR) measure-
ments for cross-checking and validating the geoelectric results.

1.1. Site description

Konigshafen Bay is a tidal back-barrier environment located in the
northern part of the island of Sylt, Germany, and forms part of the
Wadden Sea National Park (Fig. 1a). To the north, west and south, the
area is delimited by marine deposits covered by dunes (Lindhorst et al.,
2008 und Lindhorst et al., 2010), while the island of Uthorn forms the
eastern boundary. The bay has a size of approx. 4 km? Today,
Konigshafen is a shallow bay with water depths of mostly less than 1.5
m. In the central part of the bay, one tidal creek with depths of up to 5m
connects the shallow mudflats with the Lister Ley, one of the main tidal
channels of the Sylt-Rgmg Bight. The island of Sylt primarily formed
over late Holocene time scales, in a setting entirely composed of
permeable and unconsolidated sediment. Especially the landscapes in
the northern part of the island can be regarded as relatively young

Estuarine, Coastal and Shelf Science 324 (2025) 109445

(probably less than 2000 years old) and formed in a mix of variable
(calm and energetic) sedimentary conditions (Lindhorst et al., 2013;
Gripp and Simon, 1940). A comprehensive description of the facies
below the modern tidal flats of Konigshafen Bay is found in a baseline
study by Bayerl and Higelke (1994). The modern surface deposits of the
bight are composed of fine sediments in the inner part and coarse sed-
iments towards the outer parts of the intertidal Konigshafen Bay (Dolch
and Hass, 2008). For example, dune sands and sand bar deposits are
observed in coastal areas and fine sandy or muddy tidal sediments and
clay horizons in the inner part (Austen, 1992; Goldschmidt et al., 1993)
(Fig. 1).

Konigshafen Bay is a natural system with well-defined hydrological
boundaries and is ideal for SGD investigations, because it is an intertidal
bay with only one outlet and no surface inflow (Reise et al., 2007).
Previous knowledge exists from various fields such as morphological
development, sedimentology (Fig. 1; Austen, 1990; Bayerl and Higelke,
1994; Dolch and Hass, 2008), benthic biogeochemistry (Bottcher and
Al-Raei, unpublished data), distribution of biota (Reise et al., 2007).
SGD occurrence was first mentioned in 1758 (Schmidt, 1974) and their
relation to the biota was described by Zipperle and Reise (2005).
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Fig. 1. (a) Location of the field site “Konigshafen Bay” on the island of Sylt, in Northern Germany with inserted map of the sediment distribution patterns at a depth
of 2 m from geological surface mapping and drillings in Konigshafen bay (modified after Austen, 1990). The red line marks the location of the NS-transect and the
white frame the investigation area. (b) Exemplary cross-section of sediment cores to illustrate the near-surface mudflat sediments in a north-south profile of
Konigshafen Bay (modified after Austen, 1990). (Basemap: ©Google Satellite, Data SIO, NOAA, U.S. Navy, NGA, GEBCO, Image, 2024 TerraMetrics). (For inter-
pretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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The exemplary cross-section in Fig. 1b illustrates the near-surface
mudflat sediments. It crosses the Konigshafen Bay in north-south di-
rection and has a length of approx. 1300 m. At this site, intertidal sandy
sediments extend continuously down to approx. —3 m below NN. An
extensive clay layer covers the tidal flat sand in this area and reaches a
thickness of 2 m at 400 m from the southern shore. In the middle of the
profile up to the surface, the clay layer is followed by intertidal sands,
and by dune sands and sand-bar deposits in the northern nearshore re-
gions (Bayerl and Higelke, 1994). According to Austen (1992), muddy
(clay) intertidal sediment extends to the surface in the western part of
Konigshafen Bay (“Groningwatt™) (Fig. 1a) with a thickness of less than
1 m. At the north-western edge of Konigshafen Bay, clay-silt deposits
reach a thickness of more than 4 m.

2. Methods

The present study focuses on the southern part of Konigshafen Bay
(Fig. 2) and several methods were applied aerial orthophotos via UAVs,
Electromagnetic Induction (EMI), Electrical Resistivity Tomography
(ERT), Ground Penetrating Radar (GPR) and surface Nuclear Magnetic
Resonance (surface NMR) soundings. These non-invasive methods were
supported by in-situ sampling of pore water salinity. These will be
described in the following.

2.1. Aerial orthophoto

The UAV data was collected using a DJI Phantom 4 (P4) UAV (DJI
P4, 2016). The flight was conducted during low tide on July 6, 2022
between 12:41-12:55 LT (local time) with a flight direction of approx-
imately west-east, an altitude of 120 m, and an along-track and
cross-track overlap of 85 % and 75 %, respectively. During the flight,
meteorological conditions were difficult, with partly cloudy skies and
wind speeds of about 8-10 m/s. The flight resulted in 305 RGB images
which were processed in Agisoft Metashape Professional software
version 1.8.4 to create an orthomosaic for the covered area using image
exif information. All images were aligned with accuracy settings set to
low and pre-selection based on GPS coordinates. We then computed the
sparse point cloud, removed outliers and reconstructed the detailed
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geometry (bundle adjustment) using a dense point cloud (reconstruction
parameters: surface type - height field; quality - medium; depth filter -
mild). The resulting digital orthomosaic (DOM) was exported with a
ground sampling distance of 3.3 cm and a total error of 4.6 m (x = 4.0 m,
y = 1.1). As a final step, the total area covered by the DOM was reduced
to the area of interest.

2.2. Electromagnetic induction (EMI)

EMI uses a transmitter coil to produce a harmonic primary electro-
magnetic field, which induces electrical currents in the subsurface.
These currents in turn produce a secondary electromagnetic field, which
is measured with a receiver coil. The amplitude difference and phase
shift between the primary and secondary magnetic fields depend on the
electrical resistivity and magnetic permeability of the subsurface. The
penetration depth of the EMI method depends on several factors,
including signal frequency, transmitter-receiver distance and orienta-
tion, measurement height, and soil properties. For the application of
detecting SGD only the electrical resistivity is of interest and thus the in-
phase component will be neglected throughout this paper. The EMI
method measures the apparent electrical resistivity, which can be used
to derive a specific resistivity subsurface model by means of inversion.
We conducted measurements using a CMD Explorer (GF Instruments)
with horizontal coplanar (HCP) orientation and coil spacings of 1.48 m,
2.82 m, and 4.49 m. The measurements were carried out along profile
lines at low tide. We used a sampling interval of 10 Hz (approx. 10 cm
inline spacing) and about 5 m profile spacing. The device was carried at
1 m above ground. Accurate positioning was achieved with an RTK-
DGPS by Stonex (S9i). For processing we applied following steps: a) a
moving average filter over 11 samples applied to the GNSS coordinates;
b) correcting the inline and crossline GNSS offsets with respect to the
coil-pair midpoints; c¢) applying a drift correction by comparing crossing
points of the areal data with a reference profile (see De Smedt et al.,
2016; Costard et al., 2022); d) applying an inline bandpass filter to
reduce the noise caused by walking; and e) binning the data onto a
rectangular grid of 7 m x 7 m cell size. In the highly conductive tidal
flats, the often used Low Induction Number (LIN) approximation
(Callegary et al., 2007; Beamish, 2011) is not valid (see e.g. Delefortrie

EMI
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O NMR
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462000
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Fig. 2. Location map showing the investigation area as a whole and lines of geophysical profiling in the southern Konigshafen bay (Basemap: ©GeoBasis-DE/

LVermGeo SH/CC BY 4.0).
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et al., 2014). This has to be taken into account in ECa calculations and
subsequent inversion. For each grid cell a 1D inversion was performed
using an artificial bee colony algorithm with variable layer number
(Wilken et al., 2024) using the exact forward solution of the Maxwell
equations (Hanssens et al., 2019). For each inversion 200 iterations were
carried out with a population size of 400 models, and with two to four
layers in the 50-500 mS/m search space. The best 50 models were
averaged and represent the resulting model in the respective grid cell.

2.3. Ground-penetrating radar (GPR)

GPR uses electromagnetic waves in the MHz-GHz frequency range to
map shallow subsurface structures and characterize material properties.
GPR is a fast and high-resolution method and sensitive to the dielectric
permittivity and electrical resistivity, i.e. mainly the water content,
salinity and sediment texture (Jol, 2009). The lower the electrical re-
sistivity, the more the electromagnetic waves are attenuated and the
lower the depth of investigation. For this reason, seawater and
seawater-saturated sediments are generally not considered to be suitable
environments for GPR and reflections from the subsurface are not ex-
pected to be recorded due to the high wave attenuation on tidal flats.
However, GPR can be used effectively in coastal environments to map
spots of higher electrical resistivity, i.e. freshwater flow path and FSGD
(e.g. de Souza et al., 2021). These high resistivity spots are characterized
by windows in the radar section, where reflections from the subsurface
can be observed. Another indication of freshwater is the crosstalk
amplitude. The crosstalk is the signal that couples directly from the
transmitting antenna to the receiving antenna and is influenced by the
antenna coupling to the ground. If the subsurface resistivity is high, the
energy of the excitation pulse tends to be transmitted into the ground,
whereas the energy tends to remain on the antenna causing a stronger
crosstalk if the resistivity is low. Therefore, the spots of freshwater SGDs
are characterized by lower crosstalk amplitudes than the low resistive
saltwater saturated tidal flat sediment. We used a GSSI SIR 4000 GPR
with a shielded 200 MHz antenna with a fixed transmitter-receiver
distance of 0.3 m that was towed by hand on the tidal flat recording
data in a constant offset (CO) configuration. GPR traces were recorded
every 5 cm and the position was tracked by a RTK-DGPS. Data pro-
cessing comprised time-zero correction, dewow filtering and amplitude
balancing by compensating for spherical divergence and exponential
losses.

2.4. Electrical Resistivity Tomography (ERT)

ERT can be used to determine the distribution of the specific elec-
trical resistivity in soils and sediments, by injecting a current through
two electrodes and measuring the potential difference between two
additional electrodes. Multi-electrode set-ups along profiles allow for
two-dimensional resistivity distributions, where the investigation depth
is controlled by the electrode spacing. The apparent electrical resistivity
is calculated using Ohm’s law and an additional layout dependent
geometric factor. However, a depth dependent resistivity model can be
reconstructed by data inversion. This describes the process of the model
estimation with a forward response that fit the observed data (Everett,
2013). The data has subsequently been inverted using the open-source
software PyGimli (Riicker et al., 2017). The measurements were car-
ried out along profile lines at low tide perpendicular and parallel to the
shoreline to image subsurface freshwater flow paths also in greater
depth (up to 40 m). On the one hand, the ABEM Terrameter LS was used
with an equidistant electrode spacing of 2 m and 48 electrodes. The
multi gradient array (Dahlin and Zhou, 2006) ensured a quick
measuring progress. On the other hand, the towed system uses the
Geoserve RESECS together with 24 logarithmically spaced metal spheres
as electrodes mounted on a cable. The electrode spacing varies between
0.5 m and 56 m. A total of 6 sections with a length between 100 m and
400 m were measured by towing the ERT system over the tidal flats (see
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Fig. 2).

2.5. Surface nuclear magnetic resonance (NMR)

The NMR technique can measure the signal emitted from hydrogen
protons in the subsurface, providing estimates of subsurface water
content and hydraulic conductivity. While NMR is commonly used in
laboratory and borehole geophysics, it is also utilized in field geophysics
under the name of Magnetic-Resonance-Sounding (MRS). MRS (or sur-
face NMR) employs a large surface loop, typically ranging from 10 to
100 m in diameter, to apply electromagnetic excitation pulses that
disturb the hydrogen proton equilibrium state. Once the pulse is turned
off, the hydrogen protons relax back to their initial state, emitting a
radio signal that can be detected by the surface loop. Most commonly,
measurement sequences are used that detect a signal known as the free
induction decay (FID). The FID signal amplitude is proportional to the
number of hydrogen protons and therefore sensitive to the water content
of the subsurface. The relaxation time of the FID provides information
about the pore environment, i.e. long relaxation times indicate large
pores while short times indicate small pores with water bound at the
pore surfaces. Consequently, relaxation times can serve as a proxy for
estimates of the hydraulic conductivity. Compared to laboratory NMR,
surface NMR has the drawback that very short relaxation times as pre-
sent in clayey material are too fast to be detected, thus silty/clayey
layers appear similar as layers with low water content. By measuring the
amplitude and relaxation time of the FID using pulses with a varying
pulse moment (product of pulse current and duration), it is possible to
obtain a depth distribution of the subsurface properties in a non-invasive
manner. For a more detailed insight in the methodology see, for example
Hertrich (2008) or Miiller-Petke and Yaramanci (2015). Especially in
coastal environments a joint application of surface NMR together with
electrical resistivity methods enables to distinguish salt water saturated
sediments from fine-grained or silty/clayey sediments that often show
similar electrical resistivities (Giinther and Miiller-Petke, 2012).

The measurement was carried out using the GMR system (Vista-
Clara). A figure-eight square-loop (Trushkin et al., 1994) layout with 40
m side length and 2 turns was used and oriented north-south to suppress
artificial noise sources. To further improve the noise cancellation by
applying the remote reference technique (Miiller-Petke and Costabel,
2014), an additional remote-reference also as a figure-eight was set-up
in 250 m east from the detection loops. We conducted a simple
free-induction decay measurement with 40 ms pulse duration leading to
a maximum pulse moment of about 10 As. Data processing and inversion
was carried out wusing the open-source MRSmatlab software
(Miiller-Petke et al., 2016).

2.6. Pore water sampling

Pore water samples were taken during low tide across the study area
using stainless steel push point piezometers (1/4" dia.; MHE Products)
and to different depths on several campaigns between March 2021 and
July 2022. Pore waters were taken using plastic syringes, and an aliquot
equivalent to 3 times the inner sampler volume of the lance was dis-
carded before taking the sample. One aliquot was taken for different
geochemical analyses (data not shown). One aliquot was placed in
plastic centrifuge vials for future chloride measurement. Depending on
the group doing the sampling and analysis, either the chloride concen-
tration (measured on a Metrohm ion chromatograph), electrical con-
ductivity (using a Schott Handylab LF11 or a Hach conductivity meter)
or an optical refractometer were used to quantify the salt content of the
samples. All results were converted to practical salinity units (PSU) to
allow comparison between methods. The results are a combination of
values from different depths varying between 80 and 150 cm. Only
samples from depths higher than 80 cm were used to avoid the zone of
active saltwater recirculation driven by tides.
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3. Results

Using UAVs, high-resolution orthophotos were generated to docu-
ment the tidal flat surface. Electrical resistivity mapping was then con-
ducted across a large area, reaching depths of approximately 5 m, using
Electromagnetic Induction (EMI). The geoelectric depth structure was
further examined through Electrical Resistivity Tomography (ERT)
along selected profiles. Potential FSGD locations on the tidal flat surface
were identified with high lateral resolution using Ground Penetrating
Radar (GPR), while subsurface water content was assessed through
Surface Nuclear Magnetic Resonance (NMR). Finally, in-situ measure-
ments of pore water salinity at the most probable FSGD sites were per-
formed for verification. The results of these methods are presented
below.

Estuarine, Coastal and Shelf Science 324 (2025) 109445
3.1. Aerial orthophoto and electromagnetic induction (EMI)

The orthophoto of the measurement area (Fig. 3d-g) highlights
distinct tidal flat features, which are characterized by brighter sur-
rounding sediments and are often associated with seagrass/algae on the
northern side (Fig. 3e and f show a zoomed cutout of the orthophoto
within the blue rectangle). The locations marked with pink polygons in
Fig. 3g and f displays specific features suggesting a seepage area, coin-
ciding with areas where low salinity was measured. These indicate
discharge of fresher groundwater and are, therefore, a first indication for
FSGD (Fig. 3a). Most interestingly, these sites are stable over time, as
seen in aerial photographs from the last 30 years which show them in the
same locations.

The depth-slices of electrical resistivity derived from the EMI
inversion (Fig. 3a, b, c¢) show generally higher values along the
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shoreline, especially at greater depths. On the surface (z = 0 m) some
small spots of higher resistivity can be seen in the middle of the area that
are connected to larger patches in larger depths (Fig. 3c-g). Combining
the EMI results with the orthophoto reveals that the distinct areas from
the orthophoto correspond to areas with higher resistivity in the EMI
depth slices (Fig. 3e-g), suggesting possible FSGD locations.

3.2. Electrical Resistivity Tomography (ERT)

To investigate the discovered potential SGD sites ERT profiles were
measured at low tide (Fig. 2). Fig. 4 shows the inversion results of 6
measured geoelectric sections. In general, low resistivities of about 1-5
Qm are observed in all inversion models (P1 to P6) in the near-surface
region down to 2 m depth. However, there are certain locations where
the low resistivity layer is interrupted by higher electrical resistivities.
Below this layer, resistivities increase to an average of 100 Qm
extending approx. 200 m north of the shoreline, which may indicate
freshwater saturated sand layers. Further north in the bay, resistivities of
less than 10 Qm are observed, indicating sands saturated with brackish
water and/or clay-containing layers.

In ERT profile P2, the 2-4 m thick low resistive surface layer is
interrupted by higher resistivities at locations marked as a, b, ¢, d in
Fig. 4 and c in Fig. 5, indicating freshwater. This layer was identified in
borehole D34 (Figs. 1a and 8f), as sand up to 2 m depth (Austen, 1990)
and is also present in the ERT section P2. Underneath a high-resistivity
layer is observed (>100 Qm, red colors in Fig. 4), which extends to
larger depth.

About 10 m north of D34 a vertical structure of particularly low
resistivity is evident in P2 between c and d and at the northern end of P1.
This could be caused by either locally increased saltwater or clay content
of the sediment.

3.3. Ground-penetrating radar (GPR)

Along the ERT profile P2 (Fig. 2), we recorded GPR data for com-
parison (Fig. 5a). As expected, GPR shows a generally poor performance
with almost no wave penetration due to the high subsurface attenuation
that can be expected in saltwater environment. Along most parts of the
profile, a horizontal stripe pattern is apparent that is not caused by
subsurface structures, but by antenna ringing caused by a mismatch of
the antenna impedance due to the low subsurface resistivity. However,
there are some small subsections such as at x = 172.5-174.5 m, where
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GPR performance is moderate and reflections from the subsurface can be
observed (inset in Fig. 5a). The antenna crosstalk, i.e. the signal within
the first 20 ns, shows some anomalies with weaker amplitudes. These
anomalies are well resolved in Fig. 5b which shows the calculated
crosstalk energy along the profile. Low values can be observed at x =
30-40 m, 150 m, 170-190 m and in the very southern part of the profile
at the shoreline. Most of these anomalies coincide with the parts of the
profile where subsurface reflections can be observed. These locations are
also characterized by higher subsurface resistivity in the ERT result
(marked with a, b, ¢, d in Fig. 5c¢).

3.4. Surface nuclear magnetic resonance (NMR)

To identify whether the low resistivity area in ERT profile P2
(Fig. 5c¢) is due to salt-water or clay, surface NMR measurements were
conducted at two positions along the profile (N1 & N2 in Fig. 2). Point
N2 close to the shore (x = 50 m) shows almost constant porosities and
long relaxation times (between 200 ms and 400 ms) and therefore in-
dicates a sandy deposit (Fig. 5d). The low resistive zone close to the
surface (upper 5 m in Fig. 5c) can thus be associated with saltwater
infiltration from the tidal dynamics, e.g. showing the upper saline
plume.

In contrast, the second NMR sounding N1 (x = 250 m) shows sig-
nificant dynamics and depth ranges with particular short relaxation
times. Even though uncertainties given by gray lines in Fig. 5d are high,
the shorter relaxation times indicate fine grained or clayey sediments.
Consequently, the low resistivity zone at depth >10 m in this part of the
profile is likely not associated with salt water but is interpreted as an
aquitard-like structure.

3.5. Pore water sampling

A total of 126 in-situ measurements of pore water salinity were
carried out in the depth range from 80 cm to 150 cm. These measure-
ments show that fresh water could be detected in 3 locations, brackish
water in 16 locations and salt water in 103 locations. For ground
truthing of the potential FSGD spots, indicated by higher resistivity in
the EMI and ERT data, we compare the EMI depth slice at 80 cm-150 cm
depth with salinities derived from pore water sampling from 80 to 150
cm depth (Fig. 6¢). The salinities derived from the pore water samples
are represented by dots, with red shades indicating low salinities in the
higher resistivity zone along the shoreline and in the vicinity of the

Fig. 4. Electric resistivity-depth sections determined along ERT-profiles P1 to P6 measured during low tide. The letters a,b,c,d indicate locations where structures of

higher electrical resistivity come up from the subsurface to the seafloor surface.
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higher resistivity zones in the Konigshafen bay. There are a few areas
where the measured salinity values do not align with the expectations
derived from the EMI maps. This discrepancy may have been caused by
different conditions in data collection such as varying tidal cycles at
different dates of sampling, sampling depths. The discrepancy can also
have been caused by local variation of the clay content of the sediment,
to which the electrical resistivity is also sensitive. Still, the overall trend
is obvious (Fig. 6¢). Therefore, we consider EMI resistivity measure-
ments as a proxy for salinity enabling to locate and investigate FSGD.

In the next step, we determined an empirical relationship between
the electrical bulk resistivity (pg) from the EMI results and the in-situ
measured salinity (S) of the pore water through a double-logarithmic
linear regression yielding

logio (ps) = —0.399 X logio (S) + 1.071

With a correlation coefficient of 0.8 (Fig. 6a).

Using this relationship, the electrical bulk resistivity values could be
converted into pore water salinity. Fig. 6d shows the calculated salinity
values for the depth interval of 80 ¢cm-150 cm. This figure must be

understood as a first estimate of S applicable only to the sediment
conditions at the test site of our study. This is because setting up a more
general relation would additionally require also a closer analysis and
incorporation of the grain size distribution and porosity (Wunderlich
et al., 2013), which is beyond the scope of this paper.

The depth dependence of electrical resistivity and salinity was
analyzed at four sites where porewater samples were taken from
different depths. The locations P1 and P2 in the vicinity of lowest
electrical resistivity at the surface. Locations P3 and P4 are at the po-
tential FSGD zone with higher electrical resistivity near the shoreline
(Fig. 6¢). The pore water was sampled up to a depth of 1 m, but the EMI
inversion results extend to a depth of 5 m. Fig. 7 shows the comparison
between resistivity and salinity at these four sites. The x-axes were
manually scaled so that both curves cover approximately the same
range. In northern part of the bay (Fig. 1a: P1 & P2), at locations P1 and
P2 (Fig. 7a and b), lower resistivities of 2.5 Qm to 4 Qm and salinities
over 20 PSU can be observed, indicating the presence of seawater
(Atkinson et al., 1986). In contrast, at locations P3 and P4 (Fig. 7c and
d), which are in the vicinity of the coastline, it is observed that the re-
sistivities increase sharply from the surface to depth from approx. 5 Qm
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to 20 Qm, and the salinities decrease sharply from approx. 30 PSU to 2
PSU. According to the resistivities, fresh water can be expected at P3
from about 1.5 m depth and at P4 from about 2.5 m depth. At P3 and P4
we observe a correlation between the resistivity and the salinity in the
first meter of depth, but with a shift of about 0.7 m in depth. This can be

explained by the smoothing effect of the EMI binning and its lower
resolution in the upper first depth meter and can be calibrated based on
the salinity results.
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4. Geological and hydrological interpretation In the southern part, close to the high tide line, the partial saturation
of the sediments on the one hand and the freshwater content in the
subsurface on the other hand, lead to higher electrical resistivities
(Fig. 8a). Towards the middle of the bay, near-surface tidal flat sedi-

ments saturated with seawater lead to significantly lower resistivities

Morphological and very near-surface sedimentary features of the
mud flat can be recognized similarly well in the aerial orthophotos and
the geophysical maps and sections of ERT, EMI and GPR (Fig. 8).
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(<3 Qm) (Fig. 8a). With the exception of two locations at the ERT-P2
section (x = 90 m & 135 m), the obvious interruptions of higher re-
sistivity in the first layer are consistent with the EMI and GPR results
(weak crosstalk amplitude) (Fig. 8b-e,f). These are most likely

freshwater seeps. The areal EMI results (Fig. 3) also show that some of

the individual freshwater outlets form extensive coherent structures.
For the deeper area (>5 m depth), the ERT shows significantly higher

resistivities (Figs. 4 and 8f) (>100 Qm) over the first 160 m of the
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profile, indicating freshwater-saturated sediments (Fig. 8f). The vertical
low resistivity anomaly at x ~ 180 m (between c and d), which extends
from the surface to a depth of approx. 20 m and continues to the north, is
striking. The southern boundary of this anomaly in the ERT coincides
with the lateral reflection in the GPR, which extends towards 174 m and
is presumably caused by a sharply defined steep structure (Fig. 5a). A
probable explanation is that this is a clay layer spreading out in this area,
which may have been deformed by glacial tectonics. In the central part
of Konigshafen, clay is commonly found in the coring’s (Austen, 1990)
(Fig. 1) and (Bayerl and Higelke, 1994). This layer represents a
groundwater aquitard and is probably the cause of the freshwater
seepage on both sides of the structure marked with c¢ and d in Fig. 8f.

5. Discussion

In this study, we employed a combination of measurement tech-
niques to investigate fresh submarine groundwater discharge (FSGD)
patterns at different spatial scales, from m to km, at the example location
of the Konigshafen Bay. The core of our approach consists of combining
mapping methods and targeted sampling: we used UAVs for mapping
morphological features and vegetational anomalies and areal electro-
magnetic (EMI) measurements for mapping the bulk electric resistivity
of the near-surface sediment layers. Then, targeted downhole pore water
sampling was applied to obtain in-situ vales of porewater salinity and to
establish a transfer function between bulk resistivity and salinity,

We have shown that large-scale EMI measurements and aerial
orthophotos can provide initial indications of FSGD on a tidal flat. These
FSGD patches are characterized by a higher electrical resistivity
compared to the surrounding area in the EMI data and by brighter
surrounding sediments associated with seagrass on the northern side in
orthophotos. To further investigate the proposed FSGD patches in the
vertical direction, EMI inversions can provide a detailed picture of the
shallow subsurface down to 5 m depth, while targeted ERT profiles
provide a deeper, detailed, and more focused insights along the profiles.
The addition of further surface NMR measurements provides explana-
tions for the occurrence of FSGD spots at exactly these locations, e.g. by
distinguishing between clay and saltwater structures that were visible in
the ERT profiles as areas of lower resistivity.

Targeted in-situ pore water salinity measurements provide ground
truth information for FSGD points identified in the geophysical data, but
the number of locations at which this can be carried out is limited. The
results of the geophysical methods can therefore be used to extrapolate
the point information from the sampling. For this purpose, pore water
samples were combined with geophysical measurements, whereby a
higher salinity of the pore water was associated with a lower electrical
bulk resistivity (Fig. 6a,b,c). The empirical relationship between the
electrical bulk resistivity from the EMI results and the in-situ measured
salinity of the pore water was calculated (Fig. 6a). Using this relation-
ship, the depth slices of bulk resistivity could be converted into a map of
calibrated pore water salinity (Fig. 6d).

Clearly the accuracy of the resulting pore water salinity model
(Fig. 6d) is limited by the accuracy of the obtained site-specific re-
sistivity-salinity. The scattering of the data points reflects the hetero-
geneity of the sediment composition and the limited depth resolution of
the geoelectric depth sounding. This could be improved in future studies
by using electric direct-push measurements for establishing the empir-
ical relation. Direct-push would also be beneficial for reaching larger
depths in pore water sampling. The application of geophysical, hydro-
geological and remote sensing methods in SGD research has been
demonstrated to be effective over a considerable period of time (Miiller,
2010, Miiller et al., 2011, Hermans and Paepen, 2020, Hoffmann et al.,
2025, Siemon, 2006; Steuer et al., 2007, Igel et al., 2013, Behroozmand
et al., 2015, Miiller-Petke and Yaramanci, 2015, Tamborski et al., 2015,
Lee et al., 2016; Mallast and Siebert, 2019; Oberle et al., 2022, Roper
et al,, 2014). Our study shows the benefits of a multidisciplinary
approach in localizing FSGD zones at meter-scale resolution. In the next
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step, interdisciplinary multi-method monitoring is needed to deepen the
understanding of the dynamic processes.

6. Conclusion

Our field study highlights the benefits of applying an interdisci-
plinary methodology for identifying and characterizing fresh submarine
groundwater discharge (FSGD) in dynamic intertidal environments. By
integrating UAV-based orthophotos, geophysical techniques (ERT, EMI,
GPR, surface NMR), and in-situ salinity measurements of pore water, we
were able to detect and characterize FSGD locations with high
reliability.

This new approach allowed us to efficiently detect 17 FSGD locations
in the Konigshafen bay (Fig. 6d). These areas have a diameter of 30-60
m and are characterized by increased electrical resistivities of 5 Qm to
30 Qm and decreased salinity of 0-10 PSU with respect to the sur-
rounding areas (Fig. 6¢ and d). Approximately 20 % of the surveyed area
shows FSGD locations (Fig. 6d), which could be investigated down to a
depth of 30 m (Fig. 8f).

Without the large-scale electrical resistivity maps from the electro-
magnetics and the surface morphology from the orthophotos, half of the
suspect locations would not have been detected. But the final verifica-
tion of whether these are actually FSGD sites could only be performed
with the help of ERT, NMR and in-situ pore water investigations. GPR
signals were very strongly attenuated by the saline tidal flat surface due
to its low electrical resistivity. Only in areas where fresh water is found
directly at the surface of the tidal flat GPR showed some depth pene-
tration, which may be regarded as an indirect FSGD indication.

The novelty of this approach lies in the combination of methods
whose strengths complement each other as follows.

1) UAV orthophotos and large-scale EMI measurements enable rapid
and non-invasive pre-mapping of FSGD-specific features.

2) In-situ measured pore water salinities contribute to the detection of
fresh pore water on the tidal flat surface and in the shallow subsur-
face down to a depth of 1.5 m. Through EMI and ERT measurements
the salinity estimates could be extended to larger depth of 5-10 m.

3) Targeted ERT and surface NMR measurements provide detailed in-
sights into the deeper subsurface as well as the layer structure, pore
water content and electrical resistivity of the pore water, which is
directly related to the salinity of the sediments.

Finally, it is very important to verify the suspected FSGD locations
derived from the large-scale mapping with in-situ pore water samples
and calibrate them so that pore water salinity maps can be generated for
different depths. Our methodology can be regarded as an approach to
up-scaling local findings from boreholes to larger areas through elec-
tromagnetic measurements.
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