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Frequency-domain electromagnetic (FDEM) surveys provide high-resolution subsurface mapping in coastal and terrestrial settings. Their adaptation for shallow marine environments, however, is technically challenging owing to high seawater conductivity (~4,000 mS/m), which attenuates electromagnetic signals and limits penetration depth. This study presents the development and first field evaluation of a prototype Marine Electromagnetic Device (MED) –  a GEM-2-based system adapted for marine deployment with a peak magnetic moment of ~600 Am². Two field surveys were conducted along the Carmel coast, northern Israel. The first survey (January 2024) involved hand-towing the MED along the Carmel Beach tombolo in 0.5–1 m water depth. The second survey (April 2024) was conducted from a boat along an east–west transect offshore Kfar Galim at depths of 2–9 m. The device operated at five simultaneous frequencies (425, 1,425, 4,225, 13,025, and 40,025 Hz). Apparent electrical conductivity (ECa) maps were produced for each frequency using ordinary kriging in Oasis Montaj. Estimated investigation depths ranged from ~9.6 m at 425 Hz to ~1.1 m at 40,025 Hz. Multi-frequency ECa maps identified two distinct subsurface anomalies: a southern zone of anomalously high conductivity, interpreted as saline fine-grained sediments in a paleo-depression, and a northern low-conductivity zone attributed to a shallow kurkar (calcareous sandstone) outcrop. The progressive change in anomaly geometry with frequency confirms depth-stratified subsurface resolution. These results demonstrate the technical feasibility of compact FDEM surveys in shallow marine environments, supporting the use of the MED as a cost-effective non-invasive tool for coastal geological and archaeological prospection. (249 words)
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INTRODUCTION
The shallow marine environment – comprising the nearshore zone from the swash line to water depths of approximately 10 m – represents an important yet geophysically underexplored littoral domain. Subsurface mapping in this inshore zone has direct applications to research in coastal stratigraphy, shallow geoarchaeology, groundwater monitoring, and infrastructure planning. Yet, the range of geophysical methods applicable in water depths of less than ~10 m is limited: conventional offshore surveys require vessels with draft clearance incompatible with very shallow water, while land-based instruments cannot be deployed below the waterline. Methods capable of operating continuously across this beach-to-nearshore transition zone are consequently few, and most yield only 2D cross-sectional data rather than spatial maps of subsurface properties.
Sub-bottom profilers and Chirp systems constitute the standard toolkit for shallow marine surveys, providing 2D acoustic profiles of seabed stratigraphy at centimeter-to-decimeter vertical resolution (Bull et al., 1998; Quinn et al., 1997, 1998; van Andel & Lianos, 1984). These methods are effective for detecting lithological boundaries, buried channels, and archaeological deposits with strong acoustic contrasts (Holt, 2017; Winton, 2019). Their inherently 2D character, however, typified by individual transect lines interpreted by trained specialists, provides limited areal coverage. Subtle anomalies appearing as thin or diffuse reflectors can be overlooked, particularly in exploratory surveys lacking prior site knowledge (Quinn et al., 1997; Papatheodorou et al., 2005). Invasive methods such as seafloor coring provide point-source stratigraphic information but reveal little direct information about lateral spatial extent unless many cores are taken. It therefore makes sense to develop a method capable of rapidly generating 3D spatial maps of subsurface properties across the nearshore zone to complement existing approaches.
Frequency-domain electromagnetic (FDEM) techniques offer such a complementary approach through their sensitivity to electrical conductivity contrasts without requiring direct contact with the seafloor. In coastal settings, FDEM instruments have been used to map soil salinity, delineate buried channels, identify archaeological features, and characterize sediment lithology (Lazar et al., 2018, 2021; Sudduth et al., 2005; Yaccup & Brabham, 2012). Extending FDEM methods to the marine environment, however, poses a physical challenge: seawater has an electrical conductivity of approximately 4 S/m (~4,000 mS/m), which attenuates the transmitted EM signal and limits the effective depth of investigation to a few meters below the seafloor. Adapting an FDEM instrument for marine use therefore requires substantially greater transmitter power than land-based equivalents, as well as a receiver design capable of discerning the weak secondary signal from subsurface sediments against the strong inductive background of the seawater column.
Marine electromagnetic methods have a history in deep-ocean research, where controlled-source EM (CSEM) systems were deployed to image resistive hydrocarbon reservoirs and lithospheric structure (Constable, 2020; Cox, 1980; Cox et al., 1980). These systems are optimized for deep-water operation and are not readily applicable in the shallow nearshore zone. Shallow-water FDEM was previously explored in only a limited number of studies: Simon et al. (2021) demonstrated multi-frequency loop EM measurements at a shallow offshore archaeological site in ~0.3 m of water, confirming depth-resolved information from multi-frequency data; Müller et al. (2012) used a towed benthic EM profiler to map surficial sediment conductivity at greater depths. A compact, boat- deployable FDEM system capable of operating continuously across a range from ~1 to 10 m water depth has not previously been reported.
This study presents the design, construction, and first field evaluation of the Marine Electromagnetic Device (MED), a GEM-2-based prototype specifically engineered for deployment in shallow coastal water. The MED employs a differential bucking-coil architecture to suppress the primary field at the receiver, operating simultaneously at five frequencies (425, 1,425, 4,225, 13,025, and 40,025 Hz) with a peak magnetic moment of ~600 Am². To test this system, two field surveys were conducted along the Carmel coast of northern Israel in January and April 2024, deploying the device in hand-towed and boat-towed configurations at depths of 0.5–9 m. Apparent electrical conductivity (ECa) maps were generated for each frequency using ordinary kriging and compared with theoretical depth-of-investigation estimates. This paper is organized as follows: the Background section reviews FDEM theory, sensor development, depth of investigation, and prior marine EM applications; the Study Area section describes the two field sites; the Methods section details the MED design, field procedures, and data processing; the Results section presents the ECa maps and detected anomalies; the Discussion interprets these findings; and the Conclusions summarize the main outcomes.




1
