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A COMPACT FREQUENCY-DOMAIN ELECTROMAGNETIC DEVICE FOR SUBSURFACE DETECTION IN SHALLOW MARINE ENVIRONMENTS
A. Cohen, M. Lazar, and U. Basson
Running head: MARINE EM FOR SUBSURFACE DETECTION

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) in the form of 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 in 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, and hence 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. For instance, 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. In another study, 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.
Here, we describe 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.



BACKGROUND
Frequency-domain electromagnetic methods
Frequency-domain electromagnetic methods rely on electromagnetic induction to map spatial variations in subsurface electrical properties. Here, we provide a brief review of the technique. A transmitter coil driven by alternating current generates a time-varying primary magnetic field that penetrates the ground and drives eddy currents within conductive materials. These eddy currents radiate a secondary magnetic field the amplitude and phase of which encodes information about the bulk electrical conductivity and magnetic susceptibility of the subsurface. An FDEM receiver measures both the in-phase (I) and quadrature (Q) components of the secondary field relative to the primary. At low induction numbers, which is satisfied when coil separation is small relative to the skin depth, the quadrature response is approximately proportional to the medium’s apparent electrical conductivity (ECa) and the in-phase response is related to magnetic susceptibility (McNeill, 1980; Huang & Won, 2000). The ECa is computed from σₐ = K|Q|, where K is an instrument-specific geometric factor depending on coil geometry and transmitter current (Banos & Wesley, 1953; Wait, 1961). The ECa value provides a spatially averaged measure of subsurface conductivity over the sensor’s effective sampling volume. Since no ground contact is required, FDEM surveys can acquire data rapidly along traverses or grids, producing spatial maps that highlight lithological contrasts, pore-fluid composition, and structural boundaries (Sudduth et al., 2005; Ben-Dor et al., 2008). For background on the theoretical framework for EM propagation near a conducting interface, we refer the reader to Banos & Wesley (1953) and Wait (1961). Application of these techniques in marine settings was previously reviewed by Cox (1980).


Multi-frequency broadband sensors
Compact, broadband FDEM instruments capable of simultaneous multi-frequency transmission substantially enhance the frequency domain method by providing depth-stratified information from a single pass. The GEM-series sensors developed by Geophex Ltd. represent a widely deployed implementation of this concept (Wu Y, Dai C, Shang Y, Yang L, Gao K, Xu W. Application of a Multi-Frequency Electromagnetic Method for Boundary Detection of Isolated Permafrost. Sensors (Basel). 2025 Sep 21;25(18):5907. doi: 10.3390/s25185907). The GEM-2 sensor integrates coaxial transmitter and receiver coil pairs within a lightweight (~2 kg) housing and supports user-defined multi-frequency waveforms in the range ~300 Hz to 96 kHz. In standard configuration the GEM-2 generates a magnetic moment of approximately 3 Am² at 330 Hz. Previous applications of the instruments soil conductivity mapping, contaminant plume delineation, archaeological prospection, and mineral exploration (Huang & Won, 2000; Yaccup & Brabham, 2012).
The MED prototype used in this study adopts the GEM-2’s multi-frequency electronics but replaces the standard coil assembly with a large-frame differential coil system designed to increase transmitter moment and reject the primary field at the receiver. The primary transmitter is a 9-turn coil wound around a 150 × 150 cm square frame; a 3-turn bucking coil wound around a smaller inner frame is connected in opposition to achieve near-complete cancellation of the primary field at the receiver position. This architecture increases the peak magnetic moment to ~600 Am² which is approximately 200 times that of the standard GEM-2 while preserving multi-frequency capability at five simultaneous operating frequencies. The in-phase and quadrature components are recorded at all five frequencies using WinGEM v4 software.

Depth of investigation in conductive environments
The depth of investigation of an FDEM sensor is governed primarily by the electromagnetic skin depth δ, defined as the distance at which the amplitude of a plane EM wave attenuates to 1/e of its surface value: δ = √(2 / ωμσ), where ω = 2πf is the angular frequency, μ is the magnetic permeability, and σ is the electrical conductivity. For the five operating frequencies of the MED and seawater conductivity of ~4 S/m, theoretical skin depths range from 91.6 m at 425 Hz to 1.1 m at 40,025 Hz; however, these values characterize attenuation within the seawater column, and practical penetration into sub-seafloor sediments is governed by additional round-trip signal attenuation through the water column.
Previously, McNeill (1980) suggested that the effective depth of investigation for a small horizontal magnetic dipole in the low-induction-number regime is approximately δ/3 to δ/2. A more conservative and empirically validated estimate for small broadband sensors was derived by Huang (2005), who showed that the practical depth is approximately √δ, giving values of 1.1–9.6 m across the five operating frequencies in the marine context of this study. These depth estimates underpin the multi-frequency strategy adopted here: the five simultaneous frequencies provide a set of depth-weighted measurements that together resolve lateral conductivity variations at multiple depths within the uppermost ~10 m of the sub-seafloor section.
Marine and coastal electromagnetic applications
Marine electromagnetic methods were first developed for deep-ocean research. Foundational theoretical work on EM propagation in conducting oceanic half-spaces was provided by Cox (1980, 1981) and extended to lithospheric sounding by Cox et al. (1980). Active-source EM sounding in deep water was demonstrated by Young & Cox (1981), and seafloor EM noise spectra relevant to sensor sensitivity design were characterized by Webb & Cox (1982, 1984). Commercial marine CSEM systems for hydrocarbon exploration target resistive reservoir units at kilometric depth and are not applicable to the shallow nearshore zone (Constable, 2020).
Fewer studies have explored EM methods in shallow water. In particular, Müller et al. (2011) used near-surface EM profiling to fingerprint submarine freshwater seepage in Eckernförde Bay, and Müller et al. (2012) deployed a towed benthic electromagnetic profiler to map surficial sediment conductivity at depths of tens of meters. In another study, Paepen et al. (2020) combined frequency-domain EM with direct-current resistivity in the intertidal zone to investigate submarine groundwater discharge. In a coastal-archaeological context, Simon et al. (2021) demonstrated that multi-frequency loop EM measurements could resolve sub-bottom heterogeneities at an offshore site in ~0.3 m of water, confirming that depth-resolved information is attainable despite high seawater conductivity. On land, Lazar et al. (2018, 2021) showed that GEM-2-type surveys on waterlogged coastal tombolos can reveal buried channels and anthropogenic structures that are invisible to acoustic methods. The present study extends this work by deploying a purpose-built high-moment FDEM device in fully submerged conditions at depths of up to 9 m.
STUDY AREA
The study area is located along the Carmel coast of northern Israel, on the open Mediterranean shoreline south of Haifa (Figure 1). Haifa Bay, north of the study area, constitutes the northernmost depositional sink of Nile-derived quartz sand transported northward along the Israeli Mediterranean coastline by longshore currents driven by dominant south-westerly waves CHECK; annual longshore sand input into the bay is estimated at approximately 80,000-90,000 m³ (Zviely et al., 2007). The nearshore zone is underlain by Pleistocene aeolianite ridges (calcareous sandstone, kurkar) covered by a Holocene sandy apron of well-sorted fine- to medium-grained quartz sand (grain size 0.2-0.3 mm), extending 2.5-4 km offshore to water depths of 30-40 m (Goldsmith & Golik, 1980). The electrical conductivity of the local seawater is approximately 4,000 mS/m which represents the primary physical constraint for FDEM operation in this environment (McNeill, 1980; Paepen et al., 2020).
The Carmel coast lies open to prevailing south-westerly waves; sheltered conditions at the first survey site were provided by an artificial breakwater rather than by natural embayment geometry (Goldsmith & Golik, 1980). As previously mentioned, net longshore drift is directed northward, consistent with the dominance of south-westerly wave approach (Zviely et al., 2007). Conditions during both field surveys were calm, with no swell and a light southerly current, providing sea states well suited to the deployment of a prototype instrument in shallow water.
Two survey sites were selected along the Carmel coast. The first survey, conducted in January 2024, was carried out at the Carmel Beach tombolo which is a sand body formed between an artificial breakwater (~200 m) and the shoreline. This produces a sheltered, low-energy embayment well suited for prototype trials. The MED was hand-towed along the tombolo in water depths of 0.5-1 m, up to 50 m from the shoreline (N32° 46.824′, E34° 57.091′). The second survey, carried out on 15 April 2024, was conducted from a small boat along an east-west transect in the nearshore zone offshore Kfar Galim, from N32° 48.246′ E34° 57.312′ (water depth ~2 m) to N32° 48.257′ E34° 56.693′ (water depth ~9 m). Water temperature throughout was 20.8-20.9°C. Together, the two sites enabled testing of the MED under two deployment modes (hand-towed and boat-mounted) and across a depth range of 0.5–9 m, providing a robust assessment of prototype performance under varied field conditions.

Figure 1. Study area and MED prototype. (LEFT) Location of the two survey sites along the Carmel coast, northern Israel: the Carmel Beach tombolo (Survey 1, January 2024) and the offshore Kfar Galim transect (Survey 2, April 2024). (RIGHT) The MED prototype being towed into the water at Carmel Beach during the January 2024 survey.
METHODS
The study employs the frequency-domain electromagnetic (FDEM) method, in which an alternating current in a transmitter coil generates a primary magnetic field that induces eddy currents in conductive subsurface materials. These eddy currents produce a secondary magnetic field the in-phase (I) and quadrature (Q) components of which, as measured relative to the primary field, encode information about the bulk electrical conductivity and magnetic susceptibility of the subsurface (Huang & Won, 2000; Huang, 2005). Owing to the fact that the sensor operates simultaneously at multiple frequencies, it yields depth-stratified measurements in a single pass. The apparent electrical conductivity (ECa) and apparent magnetic susceptibility (MSa) derived from the multi-frequency response provide spatial maps of subsurface properties without requiring direct contact with the seafloor or sediment (Sudduth et al., 2005). The geometric factor K, which converts the measured Q response to ECa via σₐ = K|Q|, encapsulates coil dimensions, number of turns, cable properties, and transmitter–receiver geometry following the theoretical framework established by Banos & Wesley (1953) and Wait (1961).
The MED prototype
The MED employs a differential bucking-coil architecture comprising two coaxial transmitter coils wound in opposing senses: a primary transmitter of 9 turns around the large outer frame and a bucking coil of 3 turns around a smaller inner frame. The two coils are driven simultaneously to produce primary magnetic fields of equal magnitude but opposite polarity at the receiver location, achieving near-complete cancellation of the primary field at the sensing element. This configuration eliminates primary-field saturation of the receiver which is a critical requirement in marine FDEM systems, in the sense that the primary field can exceed the earth-response signal by several orders of magnitude. The residual signal at the central receiver coil represents exclusively the differential secondary electromagnetic field induced by subsurface conductivity contrasts, enabling high-sensitivity detection with an improved signal-to-noise ratio. The MED frame measures 150 × 150 cm (Figure 2c), with receiver positions illustrated in Figure 2d and 2e.
The MED is designed around the multi-frequency electronics of the GEM-2 land FDEM sensor (Geophex Ltd.), which in standard configuration generates a magnetic moment of approximately 3 Am² at 330 Hz. By replacing the standard coil assembly with the large-frame differential coil system, the MED achieves a peak magnetic moment of ~600 Am² or approximately 200 times that of the standard GEM-2, which is sufficient to overcome the extreme conductivity of the seawater column (~4,000 mS/m). The system operates simultaneously at five frequencies. In-phase and quadrature components are recorded at all five frequencies using WinGEM v4 software (Figure 3). A high-current power converter (Figure 2g) provides the elevated drive current required for the enlarged coil assembly. The only comparable shallow-water FDEM system known to the authors was a prototype developed collaboratively by GEOMAR and Geophex Ltd.; that instrument was lost at sea during its maiden deployment (Geophex Ltd., personal communication, April 2022).


Figure 2. Components and configuration of the Marine Electromagnetic Device (MED). (a) Integrator interface between the MED software and the electromagnetic device. (b) Cable replacement and installation of electronic components. (c) MED frame (150 × 150 cm). (d) Receiver positions within the MED frame. (e) Large and small receivers. (f) Small receiver positioned between the transmitters to detect the differential between the two primary fields. (g) High-current power converter enabling the MED to generate a strong electromagnetic moment. (h) MED prototype being towed into the water during the first marine survey at Carmel Beach. (It would be nice to have technical line drawings instead of these variable quality field photographs)
Field surveys
The project combined engineering evaluation with scientific data acquisition. Engineering objectives included assessing structural stability and mobility of the prototype in water, verifying waterproofing of the electronic components, evaluating battery placement and operation, and examining the effects of frequency variation, tow speed, and sensor height above the seafloor. Scientific objectives included systematic evaluation of the multi-frequency response under marine conditions and production of spatial ECa maps across the two survey sites. Initial assembly and activation of the MED were carried out at Sdot Yam (settlement) prior to the field surveys.
In the first survey (January 2024), the MED was hand-towed from the shoreline into the shallow water of the Carmel Beach tombolo. The device was towed at a nominal speed of approximately 1 km/h at stable water depths of 0.5–1 m. This configuration allowed progressive evaluation from shore into the marine environment. The response graphs at each frequency were analyzed to identify a set of buried pipes known to be present at the site, which served as a pre-existing reference target for validating detection capability without deliberate target placement. Towing speed, sensor height above the seabed, and structural behavior during towing were recorded for analysis.
The second survey (April 2024) was performed from a small boat along an east-west transect offshore Kfar Galim, with the MED framework secured to the side of the boat to maintain spatial accuracy between device measurements and navigation data. In this run, the GPS unit and depth gauge were mounted on the MED rather than on the boat to eliminate positional discrepancies. The transect extended from a water depth of 2 m in the east to 9 m in the west, then returned eastward, at an average speed of two knots. Wave height was recorded at 0.1 m with a wind speed of 2 knots. The boat engine was briefly switched off during the survey, and no electromagnetic interference attributable to the engine was detected. The MED, mounted on a stand-up paddleboard serving as a flotation platform, was lowered into the water alongside the boat. Navigation parameters such as position, depth, speed, heading, and water temperature were recorded continuously by a Garmin GPSMAP 8412 xv. The survey route and depth-coded measurement points are shown in Figure 5.

Figure 5. Survey route for the April 2024 boat survey offshore Kfar Galim. Colors indicate water depth at each measurement point along the east–west transect. The transect extended from ~2 m depth in the east to ~9 m depth in the west. The inset map shows the survey location relative to the Carmel coast. [would be nice to re-do these images to something more professional looking]
Data processing
The raw MED dataset consists of recorded I and Q component values at each of the five operating frequencies for every measurement point along the survey lines. Data were imported into MATLAB and GIS software for filtering and computation, then into Oasis Montaj for spatial mapping by ordinary kriging. Processing comprised three main steps.
First, noise filtering and outlier removal: a statistical and visual inspection of the raw time-series data was performed to identify and eliminate spurious readings caused by sudden instrument motion or transient electromagnetic interference. A moving-average smoothing filter was then applied along each survey line to reduce high-frequency noise and emphasize underlying spatial trends. Figure 3 illustrates the raw multi-frequency time-series output from WinGEM v4 during the preliminary land survey, in which the step change in response is produced by a terrain transition. Figure 4 shows representative I and Q time-series at 425 Hz and 40,025 Hz, demonstrating the system's sensitivity to terrain contrasts prior to marine deployment.

Figure 3. WinGEM v4 software interface displaying multi-frequency electromagnetic response output during the preliminary land survey. Each color-coded trace represents one of the five operating frequencies (425, 1,425, 4,225, 13,025, and 40,025 Hz). The step change in the response curves reflects a terrain transition encountered during the survey traverse. [These are screenshots, better to use the data output and make plots using plotting softward, at least, this can be done in Excel]

Figure 4. Time-series of in-phase (I) and quadrature (Q) components for (a) 425 Hz and (b) 40,025 Hz recorded during the preliminary land survey. Step changes in the signals correspond to terrain transitions and demonstrate the system's sensitivity to subsurface conductivity contrasts prior to marine deployment.
Second, apparent conductivity computation: for each measurement point and frequency, the apparent electrical conductivity (σₐ) was estimated from the quadrature component following McNeill (1980):
σₐ = K × |Q|    (Equation 1)
Because precise calibration constants for the MED prototype were not available at the time of the surveys, relative conductivity values were computed by normalizing Q to a maximum assumed conductivity of 5 S/m, taken as an upper bound for highly saline marine environments:
σₐ (relative) = (|Q| / |Qₘₐˣ|) × 5 S/m    (Equation 2)
The resulting values are relative rather than absolute; the investigation depths derived from them (Table 4) should be regarded as order-of-magnitude estimates. Absolute calibration against an independent conductivity measurement, such as CTD profiling, is recommended for future surveys. Third, skin depth estimation: the characteristic penetration depth (skin depth, δ) for each frequency was estimated from δ = √(2/ωμσ), where ω = 2πf, μ ≈ μ₀ = 4π × 10⁻⁷ H/m, and σ is the apparent conductivity from Equation 2. Two published guidelines were applied to convert skin depth into practical investigation depth: √δ (Huang, 2005) and δ/3 to δ/2 (McNeill, 1980). Both approaches are detailed in Table 4 and discussed further in the Results section.
RESULTS
System verification
Prior to the marine surveys, the MED was validated on land to confirm the integrity of the multi-frequency response and to characterize the system's sensitivity to known subsurface targets. During the preliminary land test, the instrument was towed at a nominal velocity of ~1 km/h at a stable height of 0.5 m above the ground. At 425 Hz, recorded values of I = −26,400 ppm and Q = 497 ppm were obtained; at 40,025 Hz, I = −48,000 ppm and Q = 39,300 ppm. The substantially larger quadrature response at higher frequency is consistent with increasing electromagnetic coupling with shallow conductive material, and the step changes visible in the time-series records (Figure 4) correspond to a terrain transition from pavement to soil. A set of buried metal pipes present at the test site, known from prior excavation records, was successfully identified in the I and Q anomaly profiles, confirming the instrument's ability to detect buried conductive targets.
During the first marine survey, all five frequency channels operated continuously, and no fuse failures or electrical short circuits were observed during the in-water phase. The I and Q response as a function of measurement position at each frequency, recorded during the boat survey, are presented in Figures 6 and 7. Figure 6 shows the I and Q output at each individual frequency; Figure 7 presents a composite cross-frequency comparison. The color-coded frequency traces in Figure 6 demonstrate that each frequency responds distinctly to changes in subsurface properties along the transect, with higher frequencies exhibiting greater short-wavelength variability reflecting shallower, more laterally variable features, and lower frequencies showing smoother, longer-wavelength trends reflecting deeper, more averaged material. In-phase and quadrature components are expressed in parts per million (ppm) as a percentage of the primary field.
Figure 6. [I and Q response at each of the five operating frequencies (425, 1,425, 4,225, 13,025, and 40,025 Hz) as a function of measurement position along the April 2024 boat-survey transect. Each color-coded trace corresponds to one frequency. These figures are XML chart objects from the source data and must be inserted separately in the final manuscript layout.] — Insert chart figure here.
Figure 7. [Composite comparison across all five operating frequencies, showing relative variations in I and Q response along the survey transect. Must be inserted separately.] — Insert chart figure here.
Survey data
Table 1 presents the mean quadrature (Q) response at each operating frequency recorded during the boat survey, together with estimated relative apparent conductivity derived from Equation 2. As expected, mean Q increases monotonically with frequency, reflecting the greater electromagnetic coupling of higher-frequency fields with conductive near-surface material. The estimated apparent conductivity values range from 0.07 S/m at 425 Hz to 5.00 S/m at 40,025 Hz. The highest value is consistent with the conductivity of the seawater itself (σ ≈ 4 S/m), confirming that at 40,025 Hz the shallowest sampling volume encompasses a mixture of seawater and near-surface sediment.
Table 1. Estimated relative apparent conductivity values for each operating frequency, derived from mean quadrature (Q) responses (Equation 2).
	Frequency (Hz)
	Mean Q
	Estimated apparent conductivity, σ (S/m)

	425
	1,530.41
	0.07

	1,425
	4,726.14
	0.22

	4,225
	13,396.31
	0.63

	13,025
	38,841.97
	1.83

	40,025
	107,839.27
	5.00



Table 2 reports the calculated skin depths and practical investigation depths for all five frequencies, based on the apparent conductivity values in Table 1. Two empirical guidelines are applied: the square-root of the skin depth (Huang, 2005) and one-third to one-half of the skin depth (McNeill, 1980). The Huang estimates, which are more conservative and empirically validated for compact broadband sensors, range from 9.57 m at 425 Hz to 1.06 m at 40,025 Hz. It is important to note that the skin depth values in Table 2 are computed using the apparent conductivity of the measured subsurface volume, not the seawater conductivity alone. Seawater (σ ≈ 4 S/m) characterizes the transmission medium, whereas the target medium composed of saturated nearshore sediments has a substantially lower bulk conductivity (σ ≈ 480–620 mS/m; Swarzenski et al., 2006), which accounts for the larger investigation depths obtained at lower frequencies.
Table 2. Calculated skin depths (δ) and practical investigation depths for all five operating frequencies, using the Huang (2005) and McNeill (1980) criteria.
	Frequency (Hz)
	Skin depth, δ (m)
	Huang √δ (m)
	McNeill δ/3 (m)
	McNeill δ/2 (m)

	425
	91.65
	9.57
	30.55
	45.82

	1,425
	28.51
	5.34
	9.50
	14.25

	4,225
	9.78
	3.13
	3.26
	4.89

	13,025
	3.26
	1.81
	1.09
	1.63

	40,025
	1.13
	1.06
	0.38
	0.56



Apparent conductivity maps and anomalies
Multi-frequency ECa maps derived from ordinary kriging in Oasis Montaj are presented in Figure 8. At 425 Hz, the map reflects a depth-averaged view of the subsurface: apparent conductivity values are relatively uniform, with a broad zone of higher conductivity in the southern portion of the survey area and lower conductivity in the northern portion. The transitions between zones are smooth and gradual, consistent with the deeper penetration of the low-frequency signal averaging over a thicker subsurface interval. As frequency increases through 1,425 Hz and 4,225 Hz, lateral anomaly boundaries sharpen and the conductivity contrast between the southern and northern areas becomes more pronounced. At 13,025 Hz, the southern high-conductivity anomaly appears as a localized patch of elevated readings, while nearly the entire northern half of the map is dominated by low-conductivity values. At 40,025 Hz, which samples the uppermost ~1 m of the seabed, the southern anomaly is tightly confined and the northern low-conductivity region reaches its maximum spatial extent. The progressive sharpening of anomaly boundaries with increasing frequency is consistent with the depth-stratified sensitivity of the multi-frequency dataset.
Two distinct subsurface anomalies are identified across the multi-frequency ECa maps (Figure 8). The first is a zone of anomalously high apparent conductivity in the southern portion of the survey area. This feature is present at all five frequencies, appearing as a broad area at 425 Hz and converging into a more localized patch of elevated conductivity at higher frequencies. Its persistence through the full frequency range indicates that the causative material extends through both shallow and intermediate depths and is not confined to the surficial layer. The feature spans an along-transect extent of several hundred meters and is located approximately 600–800 m offshore of Kfar Galim.
The second anomaly is a zone of anomalously low apparent conductivity in the northern part of the survey area, located approximately 300–500 m offshore. This resistive feature is most clearly expressed at higher frequencies (13,025 Hz and 40,025 Hz), where it occupies a large portion of the northern map domain. Its increasing clarity and spatial extent at higher (shallower-sensing) frequencies indicates that the causative structure lies near the seabed surface rather than at depth. Between the two anomalies, a transitional zone of intermediate conductivity is observed across all frequencies, with gradational boundaries rather than sharp contrasts. We interpret these gradational transitions as consistent with natural lithological mixing rather than anthropogenic structures.


Figure 8. Interpolated apparent electrical conductivity (ECa) maps for all five operating frequencies generated by ordinary kriging in Oasis Montaj. The upper panels (image) show the full five-frequency map set; the lower panels provide enlarged views of the southern high-conductivity and northern low-conductivity anomalies. Warmer colors (pink/red) indicate higher conductivity; cooler colors (blue/green) indicate lower conductivity. Survey coordinates (UTM Zone 36N) are shown on the axes.
DISCUSSION
The results of this study confirm the technical feasibility of compact frequency-domain electromagnetic (FDEM) surveying in a shallow marine environment and demonstrate that multi-frequency apparent conductivity maps can resolve subsurface heterogeneities despite the strong signal attenuation imposed by the conductive seawater column. The following subsections address the geological interpretation of the identified anomalies, the frequency-dependent depth behavior observed, comparisons with prior terrestrial and marine FDEM studies, and the principal engineering and methodological limitations of the prototype system.
Anomaly interpretation
The high-conductivity anomaly in the southern survey sector is most strongly expressed at intermediate frequencies (4,025–13,025 Hz), consistent with a source concentrated within the upper several meters below the seabed. Its persistence at the highest operating frequency (40,025 Hz) indicates that the causative material extends to or near the seabed surface. Two geological explanations are considered. First, the anomaly may reflect fine-grained, water-saturated sediments with elevated porewater salinity occupying a topographic low—a scenario analogous to a sub-seafloor brine accumulation or clay-rich fill. Second, the broad spatial extent and gradational boundaries make a compact anthropogenic source (e.g., metallic debris or a pipeline, which would produce a tighter, higher-amplitude response) improbable, though such an origin cannot be excluded without corroborating magnetometer data or historical records.
The low-conductivity anomaly in the northern sector is most clearly defined at higher frequencies, indicating a shallow source near the seabed surface. At the lowest operating frequency (425 Hz), which integrates sensitivity over a greater depth range, the contrast is reduced, suggesting that the resistive layer is of limited thickness and overlies more conductive material at depth. This frequency-stratified expression is consistent with a shallow slab of kurkar (aeolianite) limestone at or near the seabed, possibly representing the submerged continuation of a nearshore kurkar ridge parallel to the modern coastline. The depth-dependent contrast between the two anomalies illustrates the value of simultaneous multi-frequency acquisition for discriminating features at different depths within the upper seafloor.
Frequency-dependent depth sensitivity
Signal attenuation in the high-conductivity seawater column fundamentally limits the achievable depth of investigation. At higher operating frequencies (13,025-40,025 Hz), the skin depth within seawater is reduced to less than 1.5 m, confining sensitivity to the uppermost sediment layer. At the lowest frequency (425 Hz), the skin depth increases substantially, but the practical investigation depth as estimated using the criterion of Huang (2005) is approximately 9.6 m below the seabed. This strong frequency-depth relationship is consistent with theoretical skin depth calculations and confirms the importance of low-frequency operation for detecting features at geologically meaningful depths in marine settings.
Crucially, the seawater column imposes signal attenuation in addition to that from the seafloor sediments, an effect absent in land-based deployments of equivalent instruments. Consequently, the effective investigation depth in a shallow-water deployment is reduced relative to a land survey over sediments of comparable bulk conductivity. The frequency-dependent ECa maps confirm this behavior: lower frequencies produce spatially broad, depth-averaged anomaly expressions, whereas higher frequencies highlight shallow, laterally confined features. This pattern is precisely what is expected when the causative structures have finite depth extent, and it provides qualitative depth information without full one-dimensional inversion.
Comparison with previous studies
Our findings are broadly consistent with published FDEM surveys in comparable coastal environments. Lazar et al. (2021) deployed a GEM-2 over a coastal tombolo at Tel Dor, Israel, in waterlogged conditions and identified a buried ancient harbor structure as a rectangular high-conductivity anomaly, reporting investigation depths of approximately 2.5–6.5 m across the 2–60 kHz range. The present study extends this terrestrial capability into the marine environment and demonstrates that qualitatively similar conductivity contrasts are detectable despite the additional attenuation of the water column. The slightly shallower investigation depths observed here, relative to those of Lazar et al. (2021), are consistent with the additional signal loss imposed by the overlying water. Lazar et al. (2018) further showed that FDEM methods provide valuable subsurface data in waterlogged coastal environments where other methods are unsatisfactory, reinforcing the rationale for the marine extension undertaken in this study.
Yaccup and Brabham (2012) used a GEM-2 at five frequencies to map hydrocarbon contamination at Barry Docks, Wales (UK), demonstrating that anomalous zones of elevated conductivity persist across frequencies when the source material is of finite but substantial thickness. The same principle applies here: the persistence of both identified anomalies across all five operating frequencies of the MED strengthens the interpretation that they represent genuine subsurface features rather than near-surface noise. From a theoretical perspective, the practical depth limits observed in this study are consistent with the framework of Huang (2005) for small broadband EM sensors, which predicts that investigation depth is reduced to a few meters when the surrounding medium approaches the conductivity of seawater. Multi-frequency acquisition, as adopted here, is therefore not merely advantageous but necessary for constructing depth-stratified conductivity models in this environment.
Simon et al. (2021) reported multi-frequency EM measurements over a shallow offshore archaeological site at Oulos and demonstrated that loop EM systems can detect buried features through a thin water layer, consistent with the results of the present study. Müller et al. (2012) used a towed benthic EM profiler to map surficial marine sediment properties, confirming that the seafloor conductivity signature is resolvable through direct benthic contact. The present study differs in that the MED was towed above rather than on the seabed, introducing height-dependent sensitivity variations but allowing deployment in shallower water without seafloor contact.
Engineering considerations and limitations
Electromagnetic interference from the vessel’s electric motor was the dominant noise source during boat-towed deployment. This was partially mitigated by towing the MED alongside rather than behind the vessel, reducing the spatial offset between the GPS antenna and the EM sensor. Towing the device at mid-water depth (approximately half the water depth) minimized the influence of surface noise while maintaining measurable signal levels above background. These methodological decisions should be retained in future surveys.
The prototype MED was operated without a precisely determined calibration constant, introducing uncertainty into absolute conductivity values; reported values should therefore be interpreted as relative rather than absolute measurements. Variability in sensor height above the seabed during towing introduces noise that is not corrected in the current processing flow.  Automated height control or co-registered altimeter measurements would substantially improve data quality in future deployments. The spatial coverage of the surveys was constrained by vessel logistics and the limited number of transects; denser cross-line coverage would improve kriging reliability and the identification of anomaly boundaries. Both surveys were conducted under calm sea conditions, and the system’s performance under moderate or rough conditions, where increased sensor motion would amplify height variability and signal contamination, has not yet been evaluated.
Compared with established marine geophysical methods, the MED offers a complementary and non-invasive reconnaissance capability. Chirp sub-bottom profilers provide superior vertical resolution along two-dimensional profiles but yield no direct information on the electrical properties of the subsurface. The MED produces three-dimensional apparent conductivity maps across a survey area, highlighting buried conductive anomalies that may not be detectable by acoustic methods. The relatively low deployment cost and rapid areal coverage suggest that FDEM surveys could serve as a first-pass screening tool prior to more invasive sampling or targeted diver surveys. Integration of multi-frequency FDEM data with co-registered acoustic data would substantially improve site characterization by jointly interpreting conductivity contrasts and acoustic reflectors.
CONCLUSIONS
This study demonstrates the operational feasibility of a compact, GEM-2-based frequency-domain electromagnetic device in shallow marine environments and presents the first FDEM survey of this type along the Israeli Mediterranean coast. Two field deployments, a hand-towed survey at Carmel Beach (0.5–1 m water depth) and a boat-towed survey offshore Kfar Galim (2–9 m water depth), confirmed that multi-frequency apparent conductivity mapping can resolve subsurface heterogeneities beneath a conductive seawater column without drilling or other invasive sampling.
The multi-frequency ECa maps reveal two distinct subsurface anomalies within the Kfar Galim survey area: a southern zone of elevated conductivity interpreted as fine-grained, brine-saturated sediments in a topographic low, and a northern zone of low conductivity interpreted as a shallow resistive rock layer, likely kurkar limestone. The progressive change in anomaly geometry with operating frequency is consistent with depth-stratified sensitivity and confirms that simultaneous acquisition at multiple frequencies is essential for distinguishing features at different depths below the seabed.
The effective investigation depth across the 425–40,025 Hz operating range is limited to approximately 1-10 m below the seabed, primarily by attenuation within the conductive seawater column. Despite this constraint, the method resolves lateral conductivity contrasts over distances of hundreds of meters, providing spatial coverage of shallow subsurface structure that cannot be obtained from profile-based acoustic methods alone.
The prototype MED requires further development, particularly with respect to absolute instrument calibration, automated height control, and motor-interference suppression. Nonetheless, the results demonstrate that compact FDEM systems can serve as cost-effective, non-invasive reconnaissance tools for coastal geological and archaeological investigations in shallow marine settings. Integration of multi-frequency FDEM data with co-registered acoustic datasets and targeted sediment sampling represents a productive direction for future research along the Israeli Mediterranean coast and in comparable shallow-water environments.

DATA AVAILABILITY
The raw survey data (in-phase and quadrature component values, GPS coordinates, and water depth measurements) acquired during this study are available from the corresponding author upon reasonable request. Processed apparent conductivity maps and skin depth calculations are archived with the Department of Marine Geosciences and are not publicly available owing to the prototype status of the instrument and ongoing development.

Acknowledgements….



REFERENCES
Banos, A., and J. P. Wesley, 1953, The horizontal electric dipole in a conducting half-space: Scripps Institution of Oceanography, Marine Physical Laboratory, University of California, SIO Reference Report 53–33.
Ben-Dor, E., G. Metternicht, N. Goldshleger, M. Eshel, V. Mirlas, and U. Basson, 2008, Review of remote sensing-based methods to assess soil salinity, in G. Metternich and A. Zinck, eds., Remote sensing of soil salinization: Impact and land management: CRC Press, 39–60.
Bull, J. M., R. Quinn, and J. K. Dix, 1998, Reflection coefficient calculation from marine high-resolution seismic reflection (Chirp) data and application to an archaeological case study: Marine Geophysical Researches, 20, 1–11, https://doi.org/10.1023/A:1004373106696.
Constable, S., 2020, Perspectives on marine electromagnetic methods: Perspectives of Earth and Space Scientists, 1, no. 1, e2019CN000123, https://doi.org/10.1029/2019CN000123.
Cox, C. S., 1980, Electromagnetic induction in the oceans and inferences on the constitution of the Earth: Geophysical Surveys, 4, 137–156.
Cox, C. S., 1981, On the electrical conductivity of the oceanic lithosphere: Physics of the Earth and Planetary Interiors, 25, 196–202.
Cox, C. S., N. Kroll, and K. Watson, 1978, Electromagnetic fluctuations induced by wind waves on the deep-sea floor: Journal of Geophysical Research, 83, 431–442.
Cox, C. S., J. H. Filloux, D. I. Gough, J. C. Larsen, K. A. Poehls, R. P. von Herzen, and R. Winter, 1980, Atlantic lithospheric sounding: Journal of Geomagnetism and Geoelectricity, 32, S113–S132.
Ferentinos, G., E. Fakiris, D. Christodoulou, M. Geraga, X. Dimas, N. Georgiou, and M. Sotiropoulos, 2020, Optimal sidescan sonar and subbottom profiler surveying of ancient wrecks: the Fiskardo wreck, Kefallinia Island, Ionian Sea: Journal of Archaeological Science, 113, 105032, https://doi.org/10.1016/j.jas.2019.105032.
Goldsmith, V., and A. Golik, 1980, Sediment transport model of the southeastern Mediterranean coast: Marine Geology, 37, 147–175.
Grøn, O., and L. O. Boldreel, 2014, Chirping for large-scale maritime archaeological survey: a strategy developed from a practical experience-based approach: Journal of Archaeology, 2014, Article 147390, https://doi.org/10.1155/2014/147390.
Holt, P., 2017, The suitability of pre-disturbance geophysical surveys for underwater cultural heritage in England: 3H Consulting, Report prepared for Goodwin Sands SOS.
Huang, H., 2005, Depth of investigation for small broadband electromagnetic sensors: GEOPHYSICS, 70, no. 6, G135–G142, https://doi.org/10.1190/1.2122412.
Huang, H., and I. J. Won, 2000, Conductivity and susceptibility mapping using broadband electromagnetic sensors: Journal of Environmental and Engineering Geophysics, 5, no. 4, 31–41, https://doi.org/10.4133/JEEG5.4.31.
Ives, D. S., and G. J. Janz, eds., 1961, Reference electrodes: Theory and practice: Academic Press.
Kraichman, M. B., 1970, Handbook of electromagnetic phenomena in conducting media: U.S. Government Printing Office.
Lazar, M., K. Engoltz, U. Basson, and A. Yasur-Landau, 2018, Water saturated sand and a shallow bay: combining coastal geophysics and underwater archaeology in the south bay of Tel Dor: Quaternary International, 473, 112–119, https://doi.org/10.1016/j.quaint.2017.02.025.
Lazar, M., U. Basson, A. G. Himmelstein, T. E. Levy, E. Arkin Shalev, and A. Yasur-Landau, 2021, The door to Dor: tracing unseen anthropogenic impact in an ancient port: Geoarchaeology, 36, 203–212, https://doi.org/10.1002/gea.21825.
McNeill, J. D., 1980, Electromagnetic terrain conductivity measurement at low induction numbers: Geonics Limited, Technical Note TN-6.
Müller, H., T. von Dobeneck, W. Nehmiz, and K. Hamer, 2011, Near-surface electromagnetic, rock magnetic, and geochemical fingerprinting of submarine freshwater seepage at Eckernförde Bay (SW Baltic Sea): Geo-Marine Letters, 31, 123–140, https://doi.org/10.1007/s00367-010-0220-0.
Müller, H., T. von Dobeneck, C. Hilgenfeldt, B. SanFilipo, D. Rey, and B. Rubio, 2012, Mapping marine surficial sediments’ magnetic susceptibility and electric conductivity by benthic EM profiling: GEOPHYSICS, 77, no. 1, E43–E56, https://doi.org/10.1190/geo2010-0129.1.
NASA Spinoff, n.d., GEM-2 electromagnetic sensor applications: NASA Technology Transfer Program, https://spinoff.nasa.gov, accessed 6 June 2026.
Paepen, M., D. Hanssens, P. De Smedt, K. Walraevens, and T. Hermans, 2020, Combining resistivity and frequency domain electromagnetic methods to investigate submarine groundwater discharge in the littoral zone: Hydrology and Earth System Sciences, 24, 3539–3555, https://doi.org/10.5194/hess-24-3539-2020.
Papadopoulos, N., 2021, Shallow offshore geophysical prospection of archaeological sites in Eastern Mediterranean: Remote Sensing, 13, 1237, https://doi.org/10.3390/rs13071237.
Papatheodorou, G., M. Geraga, and G. Ferentinos, 2005, The Navarino naval battle site, Greece—an integrated remote-sensing survey and a rational management approach: International Journal of Nautical Archaeology, 34, 95–109, https://doi.org/10.1111/j.1095-9270.2005.00047.x.
Quinn, R., J. M. Bull, and J. K. Dix, 1997, Imaging wooden artefacts using chirp sources: Archaeological Prospection, 4, 25–35, https://doi.org/10.1002/(SICI)1099-0763(199703)4:1<25::AID-ARP66>3.0.CO;2-U.
Quinn, R., J. M. Bull, and J. K. Dix, 1998, Optimal processing of marine high-resolution seismic reflection (Chirp) data: Marine Geophysical Researches, 20, 13–20, https://doi.org/10.1023/A:1004349805280.
Reynolds, J. M., 1997, An introduction to applied and environmental geophysics: Wiley.
Simon, F.-X., N. Papadopoulos, J. Guillemoteau, D. Oikonomou, and K. Simirdanis, 2021, Multi-frequency loop electromagnetic system measurement on shallow offshore archaeological site of Oulos: ArcheoSciences, 45, 215–218, https://doi.org/10.4000/archeosciences.9690.
Sudduth, K. A., N. R. Kitchen, W. J. Wiebold, W. D. Batchelor, G. A. Bollero, D. G. Bullock, D. E. Clay, H. L. Palm, F. J. Pierce, R. T. Schuler, and K. D. Thelen, 2005, Relating apparent electrical conductivity to soil properties across the north-central USA: Computers and Electronics in Agriculture, 46, 263–283, https://doi.org/10.1016/j.compag.2004.11.010.
Swarzenski, P. W., W. C. Burnett, W. J. Greenwood, B. Herut, R. Peterson, N. Dimova, and Y. Weinstein, 2006, Combined time-series resistivity and geochemical tracer techniques to examine submarine groundwater discharge at Dor Beach, Israel: Geophysical Research Letters, 33, L24405.
van Andel, T. H., and N. Lianos, 1984, High-resolution seismic reflection profiles for the reconstruction of postglacial transgressive shorelines: an example from Greece: Quaternary Research, 22, 31–45, https://doi.org/10.1016/0033-5894(84)90004-8.
Wait, J. R., 1961, The electromagnetic fields of a horizontal dipole in a conducting half-space: Canadian Journal of Physics, 39, 1017–1028, https://doi.org/10.1139/p61-111.
Webb, S. C., and C. S. Cox, 1982, Electromagnetic fields induced at the seafloor by Rayleigh–Stoneley waves: Journal of Geophysical Research, 87, 4093–4102, https://doi.org/10.1029/JB087iB05p04093.
Webb, S. C., and C. S. Cox, 1984, Pressure and electric fluctuations on the deep seafloor: background noise for seismic detection: Geophysical Research Letters, 11, 967–970, https://doi.org/10.1029/GL011i010p00967.
Winton, T., 2019, Quantifying depth of burial and composition of shallow buried archaeological material: integrated sub-bottom profiling and 3D survey approaches, in J. K. McCarthy, J. Benjamin, T. Winton, and W. van Duivenvoorde, eds., 3D recording and interpretation for maritime archaeology: Springer, Coastal Research Library 31, https://doi.org/10.1007/978-3-030-03635-5_10.
Yaccup, R., and P. Brabham, 2012, Ground electromagnetic survey (GEM-2) technique to map the hydrocarbon contaminant dispersion in the subsurface at Barry Docks, Wales, UK: Presented at the AWAM International Conference on Civil Engineering, AICCE12.
Young, P. D., and C. S. Cox, 1981, An electromagnetic active-source sounding near the East Pacific Rise: Geophysical Research Letters, 8, 1043–1046, https://doi.org/10.1029/GL008i010p01043.
Zviely, D., E. Kit, and M. Klein, 2007, Longshore sand transport estimates along the Mediterranean coast of Israel in the Holocene: Marine Geology, 237, 61–73, https://doi.org/10.1016/j.margeo.2006.12.003.
1
image10.png




image2.jpg




image20.jpg




image3.jpg




image30.jpg




image4.jpg




image40.jpg




image5.jpg




image50.jpg




image6.jpg




image60.jpg




image7.jpg




image70.jpg




image8.jpg




image80.jpg




image9.jpg




image90.jpg




image10.jpg




image100.jpg




image11.jpg
Depth

.8m

Engage




image110.jpg
Depth

.8m

Engage




image12.png




image120.png




image13.jpg
B zaal B R a2

Transmit Mark Store Pause/Ln

45,40, 35, 30,35, 30, -LS,

FrequencyGraph B =1 R |
D |[stoeis
[ e e o
E 100
H H H H
@ ks >
E -100-
B H
200
200
&~ - - * =3
00
0 1410 230 13050 40050
< i 1y
R

T [GPSERR IS 1 1BAT % [EMEO lin?  IMRK:O (000207192




image130.jpg
B zaal B R a2

Transmit Mark Store Pause/Ln

45,40, 35, 30,35, 30, -LS,

FrequencyGraph B =1 R |
D |[stoeis
[ e e o
E 100
H H H H
@ ks >
E -100-
B H
200
200
&~ - - * =3
00
0 1410 230 13050 40050
< i 1y
R

T [GPSERR IS 1 1BAT % [EMEO lin?  IMRK:O (000207192




image14.jpg
Single GEM -] | |IFZZ I I @ W s

Transmit Mark Store Pause/Ln

FrequencyGraph  elEEs
D [STevis

B —— P —e— T o9
B 2
I e
o
@ \'\_
B 2
B =
La g 4

-

E

-0

4230 13050 40050

450 1410
al 0 )

= e R ko T i IRl ek

oy




image140.jpg
Single GEM -] | |IFZZ I I @ W s

Transmit Mark Store Pause/Ln

FrequencyGraph  elEEs
D [STevis

B —— P —e— T o9
B 2
I e
o
@ \'\_
B 2
B =
La g 4

-

E

-0

4230 13050 40050

450 1410
al 0 )

= e R ko T i IRl ek

oy




image15.png
1.00E+04

0.00E+00

-1.00E+04

-2.00E+04

-3.00E+04

m= |1_425Hz == Q1_425Hz
s sl s t
n
2.73E+7 2.T4E+7 2.75E+7 2.76E+7 2.7TE+T 2.78E+7 2.79E+7




image150.png
1.00E+04

0.00E+00

-1.00E+04

-2.00E+04

-3.00E+04

m= |1_425Hz == Q1_425Hz
s sl s t
n
2.73E+7 2.T4E+7 2.75E+7 2.76E+7 2.7TE+T 2.78E+7 2.79E+7




image16.png
== |1_40025Hz == Q1_40025Hz
1.50E+05

1.00E+05

5.00E+04

0.00E+00

-5.00E+04
2.73E+7 2.7T4E+7 2.75E+7 2.76E+7 2.7TE+T 2.78E+7 2.79E+7




image160.png
== |1_40025Hz == Q1_40025Hz
1.50E+05

1.00E+05

5.00E+04

0.00E+00

-5.00E+04
2.73E+7 2.7T4E+7 2.75E+7 2.76E+7 2.7TE+T 2.78E+7 2.79E+7




image17.png
msé25 ecl425  ms1425 ecl3025 ms13025  cc40025  ms40025

}N
LY

=
=

= S p. ™





image170.png
msé25 ecl425  ms1425 ecl3025 ms13025  cc40025  ms40025

}N
LY

=
=

= S p. ™





image18.png




image180.png




image19.jpg
scale

0 0 100
e —

(meters)




image190.jpg
scale

0 0 100
e —

(meters)




image1.png




