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Abstract 

This report documents results from a series of measurements of target electromagnetic induction 
(EMI) responses in a large salt water tank, and background EMI responses in various salt water 
and sedimentary environments along the York River, VA estuary. The electronics and data 
acquisition system used in the tests was a standard transient EMI (TEM) package used for 
munitions detection and classification on land. For the tank tests, targets included simple 
aluminum and steel test items (spheres, spheroids and cylinders) as well as inert ordnance items. 
The basic test protocol involved carefully measuring and comparing target and background 
responses in air and in the water. On the whole we found nothing to indicate that a salt water 
environment per se compromises the utility of advanced TEM sensors for target classification. 

We observed relatively weak electric field contributions to the early time response for bare 
aluminum targets located off to the side of the transmit and receive coils. This is where the 
electric field is strongest relative to the primary magnetic field. Even for bare aluminum targets it 
was not a significant factor for most sensor-target geometries. With the exception of test setups 
specifically targeting electric field effects we found no significant differences between measured 
responses in air and in salt water for the different test items and test geometries. 

Measurements of the background response vs. depth were made at field sites along the York 
River. The water salinity varied from fresh or slightly brackish (<2‰) to ~25‰, and bottom 
sediments ranged from mud to silty sands. We found that a four layer model comprising a non-
conducting half-space (air) over a conducting water layer, combined with a shallow conducting 
sediment layer overlaying a deeper, more resistive half-space provides a good match to the data. 
Calculations indicate that the background response and its variation are not small compared 
representative munitions signals at early times. However, when the background response varies 
smoothly it can be effectively dealt with by standard filtering techniques similar to those used in 
munitions response surveys on land. 
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Objective 

Many active and former military installations have ranges and training areas that include 
adjacent water environments such as ponds, lakes, rivers, estuaries, and coastal ocean areas. In 
other sites, training and testing areas were deliberately situated in water environments. Disposal 
and accidents have also generated significant munitions contamination in the coastal and inland 
waters in the United States. On land, the Environmental Security Technology Certification 
Program (ESTCP) Classification Pilot Program has demonstrated that the advanced 
electromagnetic induction (EMI) sensor arrays emerging from research sponsored by the 
Strategic Environmental Research and Development Program (SERDP) and ESTCP can be used 
to reliably detect and classify buried unexploded ordnance (UXO) at real munitions response 
sites under operational conditions. The marine environment introduces complexities in the 
response of these sensor systems which could adversely affect performance. This project is a 
comprehensive research study of the factors affecting the performance of advanced EMI sensor 
arrays in the marine environment. 

This research effort includes controlled tank tests addressing the fundamental physics of the EMI 
response in a conducting medium and field measurements of the EMI response to the water 
column and underlying sediments at various representative marine sites. Our motivation is that 
there is very little hard empirical data on the performance of transient EMI (TEM) sensor arrays 
in marine environments. Such data are needed to validate models for predicting underwater EMI 
detection and classification performance as well as the simplifying assumptions used to render 
the model calculations tractable. The objectives of this work are to: 

• Validate the models for EMI performance in the marine environment and the assumptions 
that are made to simplify the model calculations, and  

• Inform the models regarding parameter values appropriate to different sedimentary 
environments and the level of complexity that must be retained to support reliable EMI 
data inversion and target classification. 

Our ultimate goal is to have fully validated models that can then be used to properly interpret and 
extrapolate test results of underwater EMI systems and delineate system requirements and 
specifications needed to meet underwater munitions response survey objectives. 

The first part of this report documents results of the tank testing. Specific objectives of this phase 
of the project were to carefully measure and quantify the effects of: 

• Electric field (current channeling) signals, and  

• Signal distortion by propagation through salt water 

on monostatic and bistatic TEM sensor performance as it relates to target classification. These 
are addressed in the Results and Discussion section under the Target Response heading. During 
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the course of the testing we observed increased noise levels with some sensor configurations and 
have included a section on that issue as well. 

The project plan included a Go/No-Go decision point following completion of the analysis of 
data from the tank tests. The results indicated that a salt water environment per se does not 
compromise the utility of advanced TEM sensors for target classification. We therefore 
proceeded with field measurements of the effects of bottom sediments and water column 
variability on the EMI response in various types of marine environment. These comprised a 
series of cruises along the York River estuary during the summer of 2016, described in the Field 
Tests section of the Technical Approach. 

Results of the field measurements are discussed in the R/V Hull Interference and Background 
Response sub-sections of the Field Tests section of the Results and Discussion. Comparisons of 
the background response models (described in the first Appendix) with data as well as a 
discussion of the implications of our findings for underwater EMI systems are also included in 
the Results and Discussion section. We find that a four layer model comprising a non-conducting 
half-space (air) over a conducting water layer, combined with a shallow conducting sediment 
layer overlaying a deeper, more resistive half-space provides a good match to the data. 
Calculations indicate that the background response and its variation are not small compared to 
representative munitions signals at early times. However, the background response varies 
smoothly and can be effectively dealt with by filtering techniques similar to those used in 
munitions response surveys on land. 
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Technical Approach 

Tank Tests 

Testing was done at the Naval Research Laboratory’s test facility at the Army Research 
Laboratory Blossom Point, MD facility. The basic test setup is shown in Figure 1. A 10 ft 
diameter by 11 ft deep (3.05x3.35 m) 6000 gallon (22.7 kl) industrial plastic tank was partially 
buried and filled with a salt water solution. Salinity varied from 0 to 35‰. During the course of 
the testing water temperatures ranged from less than 5°C to 25°C. At various times the electrical 
conductivity of the water was measured using a Hanna Instruments HI98304 DIST4 electrical 
conductivity sensor (using samples diluted with distilled water for conductivities greater than 2 
S/m). At specific salinities, conductivity as a function of temperature was determined using 
standard tables and formulae [1]. It varied from 0.04 to 5.6 S/m during the course of the testing, 
depending on salinity and temperature. Most of the data were collected at 35‰, with 
conductivity in the range 3.2-4.5 S/m. The water in the tank was mixed with a removable pump 
each day before the start of testing to eliminate temperature and salinity stratification. 

      

Figure 1. Basic test setup. Sensors and targets are attached to a fiberglass grate which can be raised 
above and lowered into the 6,000 gallon (10 ft diameter by 11 ft deep) plastic tank. 

Sensors and targets were attached to a fiberglass grate which could be winched up above the tank 
or lowered down into the water. The basic test protocol involved repeating measurements with 
and without a target in the water and then again in air with the rig set beside the tank. This 
allowed background response contributions to be removed from the target response 
measurements and allowed for direct in water and in air comparison. For some of the tests the 
water in the tank was grounded using 6 AWG solid copper wire attached to a ground rod 
emplaced next to the tank. This had no noticeable effect on the noise seen by the sensors. 
However, the EMI response from the wire interfered with the target response measurements. All 
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of the target response data referred to in this report was collected with the ground wire and rod 
removed. 

A variety of different transmit coils were used in the testing to evaluate effects on noise and 
background response. Eight variants were tested with sizes ranging from 34 cm square to 1 m 
square. Some of the coils were isolated from the surrounding water by insulating enclosures and 
some (with lightly covered, insulated windings) were exposed to the water. The various 
configurations are listed in Table 1. The small, medium and large coils were hand wound using 
THHN 14 AWG stranded copper wire, which has a 0.38 mm (15 mil) thick layer of polyvinyl 
chloride (PVC) insulation covered by a 0.10 mm (4 mil) thick nylon jacket. The transmit coils 
were paired with standard TEMTADS 8 cm receive cubes [2] enclosed in either a small 
watertight Pelican case or a machined PVC pressure housing. In support of ESTCP project MR-
201313, we also tested a 1 m square coil with a 10 cm receive cube assembled by Geometrics. 
That coil had 19 turns on a fiberglass frame and was covered with a coating of truck bedliner for 
waterproofing. 

Table 1. Transmit coils tested in tank. 

Coil Size Turns Frame Enclosure 
TEMTADS PC 35 cm 25 Styrofoam Pelican Case 
TEMTADS PH 35 cm 25 Styrofoam Delrin Pressure Housing 
Small 34 cm 20 Plastic None 
Med Exposed 68 cm 16 Wood None 
Med Enclosed 68 cm 16 Wood Wood & Polyurethane 

Med Rectangular 61x91 cm 
(2x3 ft) 16 Plastic None 

Large 1 m 26 Fiberglass None 
EM61S 0.5x1 m - - Plastic/Resin 

 

Examples of the various coils are shown in Figure 2. The small coil is shown in the upper row of 
photographs in Figure 2 (a and b). It is 34 cm square with 20 turns over a height of 5.3 cm. The 
“exposed” medium coil is shown with the receive cube in the pressure housing in Figure 2(c). It 
has a 5 cm, 16 turn winding on a 68 cm square wooden frame. Figure 2(d) is a second version of 
this coil enclosed in a waterproof wood and polyurethane housing. Figure 2(e) shows the 
Geonics EM61 submersible (EM61S) coil. Detail of an 8 cm receive cube and its machined PVC 
pressure housing is shown in Figure 2(f). The standard TEMTADS transmit coil (35 cm square, 
25 turns over 8 cm) with co-located three axis receive cube is shown in a watertight Pelican case 
in Figure 2(g) and Figure 2(h) shows the Pelican-encased TEMTADS coils in a typical bistatic 
(i.e. with a second receiver displaced from the transmitter) configuration with the second receive 
cube offset by 40 cm. 
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Figure 2. Transmit coils. (a) Small coil. (b) Small coil windings. (c) 67cm square coil with receive 
cube in PVC pressure housing. (d) 68 cm square coil encased in wood and polyurethane frame. 
(e) Geonics EM61S coil. (f) 8 cm receive cube and PVC pressure housing. (g) Standard TEMTADS 
transmit coil / receive cube pair in Pelican case. (h) Bistatic arrangement of TEMTADS transmit 
and receive coils. 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

(f) 

 

(g) 

 

(h) 
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The coils were driven with a new compact version (cDAQ) of the advanced EMI electronics 
developed by G&G Sciences. The data acquisition electronics were placed on a table roughly 
five meters from the tank. The acquisition computer was powered from an available 60 Hz AC 
line. The transmitter and receiver electronics were powered from a battery. The system is capable 
of generating a variety of bipolar transmit waveforms, as well as being flexible in stacking and 
time gating the measured transient decays. We used the standard TEMTADS cued static pulse 
duration of 25 ms. Peak transmit currents were between 5 and 6 A. Raw transients sampled at 
250 kHz were recorded for noise studies. For background and target response measurements, 
roughly 200 decays were averaged and 121 logarithmically-spaced time gates (5% gate width) 
were recorded, the last 100 or so of which (corresponding to decay times greater than about 
0.1 ms) are typically used for target classification. 

Excluding checkout and sensor tests, 1089 data files were collected during 22 days of testing 
spread out over the period from July 2015 into March 2016. Table 2 gives the breakdown 
between noise measurements, background response measurements and target response 
measurements. Test objects included a 40 mm projectile, 81 mm mortar, 90 mm projectile, and 
3-in Stokes mortar, as well as aluminum and steel spheres, cylinders and spheroids. The table 
includes data collected on corroded and bio-fouled 1x4 inch steel bar stock in support of SERDP 
project MR-2500 (Effects of Target Corrosion on Advanced EMI Signatures in Underwater 
Environments), but does not include 108 files of data collected with the Geometrics coil in 
support of ESTCP project MR-201313 (Underwater Advanced Time-domain Electromagnetic 
System). 

Table 2. Breakdown of data collection. 

Purpose Number of files 
Noise tests 193 
Background response 205 
Target response 691 
Total 1089 

 

Figure 3 shows examples of various test setups used to collect target response data. The 
photograph at top left (a) shows the 90 mm projectile on notched fiberglass rail 50 cm above 
medium rectangular coil with a co-located receive cube in the small Pelican case. The rail 
supports are PVC pipe. The rig is in the water at a depth of 1 m. Top right (b) is a 10.2 cm 
(4 inch) diameter aluminum ball on the rail 30 cm above the medium enclosed coil with receive 
cubes in the small Pelican case (left) and the machined pressure housing (right). The middle left 
photo (c) shows a bio-fouled steel bar on cups located between the receive cube and the inner 
edge of the medium rectangular coil. This geometry gives relatively strong electric field 
excitation along the axis of the bar. The middle right photograph (d) shows a bare steel bar on a 
grid secured over the center of a bistatic receive cube in the small Pelican case. The encased  
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Figure 3. Test setup examples. (a) 90 mm projectile on rail 50 cm above medium rectangular coil 
with co-located receive cube in small Pelican case, (b) 4 inch aluminum ball on rail 30 cm above 
medium enclosed coil, (c) bio-fouled steel bar between receive cube and edge of medium 
rectangular coil, (d) bare steel bar on grid over bistatic receive cube on a rainy day, (e) aluminum 
spheroid wrapped in plastic bag (to suppress current channeling) with coils in pressure housings,  
(f) waves excited in tank to test effects on background response. 

cube is offset 40 cm from the center of a standard TEMTADS transmit coil / receive cube 
(Tx/Rx) pair in the larger Pelican case.  The lower left photo (e) shows a 6.67x6.67x20 cm 
aluminum spheroid wrapped in plastic (to suppress current channeling) on a notched fiberglass 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

(f) 
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rail secured to the grate outboard of a bistatic receive cube in its pressure housing. A Tx/Rx pair 
is in the large pressure housing. The bistatic cube is centered 40 cm from the center of the Tx/Rx 
pair. Bottom right (f) shows waves excited in the tank to test effects of waves on the background 
response. The waves were resonantly excited using a large styrofoam block as a plunger. The 
crest-to-trough wave height is about 30 cm and the period of the waves is roughly 1 s. 

Relevant theory used in our analysis and interpretation of the tank test results is included in the 
first Appendix. 

Field Tests 

Field tests focused on measurements of the background response and its variation with depth, 
along with supporting measurements of hydrographic and sediment properties at various 
locations along the York River. Decades of research by the Coastal Hydrodynamics and 
Sediment Dynamics Lab at the Virginia Institute of Marine Science (VIMS) have gone into 
characterizing the hydrography and sediments of the York River estuary [3]. The York overlies a 
deep sequence of sediment and sedimentary rock strata, the uppermost of which is a weakly 
cemented layer of mostly alluvial and estuarine sand and silt up to ~10 m thick, which overlies a 
quite firmly cemented layer of marine organism shell fragments and silty sand 40-50 m thick [4, 
5]. Throughout most of the energetic parts of the estuary, physical and biological processes mix 
the sediments to depths of 25-200 cm, and the sediment porosity averages about 85% in this 
mixed layer [6].  

Figure 4 shows the temperature and salinity during 2016 at the four long term monitoring sites 
run by VIMS in the Chesapeake Bay National Estuarine Research Reserve [4]. The Goodwin 
Islands (GI) are located on the southern side of the mouth of the York River. The Catlett Islands 
(CI) site is ~18 km upriver from the mouth. Taskinas Creek (TC) is located on the southern side 
of the river, ~38 km from the mouth, and Sweet Hall Marsh (SHM) is located in the tidal fresh-
brackish transitional zone of the Pamunkey River, one of two major tributaries of the York 
River. Locations are shown by the white circles in Figure 5. The data were recorded at fifteen 
minute intervals. Water temperatures are comparable at the sites. Conductivity depends on both 
temperature and salinity. It is an increasing function of temperature at a fixed salinity. Year-long 
averages of specific conductivity (conductivity referenced to a temperature of 25 °C) at the four 
sites are 3.29 S/m, 3.26 S/m, 2.67 S/m and 0.16 S/m, respectively. Archie’s law [7, 8] provides a 
relationship between the electrical conductivity of the sediments and the conductivity of the pore 
water in the sediments. In Archie’s law the formation factor is the ratio the sediment resistivity to 
the pore water resistivity. Sediment conductivity/resistivity is controlled by the pore water 
conductivity/resistivity (a function of pore water salinity, temperature and pressure), the 
sediment fractional porosity, and sediment pore morphology (sediment fabric). It is usually 
assumed that the overlying water and pore water have the same conductivity. The exponent in 
Archie’s law is controlled by grain shape and pore morphology. With summer temperatures in 
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the upper 20’s, the average values of the specific conductivity are probably indicative of the pore 
water conductivity at the sites. 

 

Figure 4. Temperature and salinity records at VIMS long term monitoring sites along the York 
River estuary. 

Field data were collected at eight sites along the York River estuary. At four of the sites, the 
seafloor sediment type consisted of mostly mud and silt, and the others were more fine sand and 
sandy mud. Figure 5 shows the sites marked on the map with orange triangles.  Three of the sites 
are located in the high salinity regime near the mouth of the river. They are identified as 
Goodwin Island (GI), Gloucester Point (GP) and Naval Weapons Station (NWS), located 4.2, 
13.7 and 13.8 km upriver from the mouth of the York River. The mid-salinity regime stations are 
identified as Clay Bank (CB) and Ferry Point (FP), located 27.3 km and 31.7 km from the 
mouth, respectively. The Catlett Island monitoring site is midway between our GP/NWS and 
CP/FP test sites. The low-salinity regime stations in the Pamunkey River, the southern tributary 
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of the York, are identified as West Point (WP), Pamunkey Sand (PS) and Pamunkey Mud (PM). 
They are located 56.1, 62.2 km and 67.6 km from the mouth of the York. Sweet Hall Marsh is 
just upstream from our PM site. 

 

Figure 5. Study sites along the York River estuary, a tributary of the Chesapeake Bay, and into the 
Pamunkey River, the southern tributary of the York River. Site locations are marked with orange 
triangles. Locations of monitoring sites marked with white circles. 

Two vessels were used for data collection. The R/V Elis Olsson, a 29 ft. Monarch (Figure 6, 
right), was used to deploy the TEM sensor and to collect water column velocity profiles. The 
R/V Heron, a 26 ft. Garvey (Figure 6, left) was primarily used to collect bottom sediment for site 
characterization, temperature and salinity profiles, and water samples for suspended solids 
concentrations at three depths in the water column. It was also used for the final TEM data 
collection at the Naval Weapons Station (NWS) site. The picture in the center shows the TEM 
sensors being lowered into the water. 

Table 3 summarizes the data collections. The hydrographic and sediment data have been 
archived in the York River, Virginia Data Archive [9]. Red entries indicate work done on the 
R/V Elis Olsson and black entries indicate work done on the R/V Heron.  
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 Table 3. Summary of data collection at York River sites. 
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Figure 6. Left: R/V Heron collecting a box core at the second Pamunky River site. Center: TEM 
sensors being lowered into the water. Right: R/V Elis Olsson. 

EMI data were collected using a co-located TEMTADS Tx/Rx pair in a Delrin housing and a 
second bistatic receiver in a PVC housing (see Figure 3e) offset horizontally ~35 cm from the 
center of the transmit coil. The sensors were mounted on a fiberglass grate which was lowered 
from the stern davit (Figure 6, center). An Onset HOBO water level sensor was mounted next to 
the TEM sensors to record sensor depth during deployment. At most sites, the TEM profiles 
were repeated after letting out the anchor line to allow the R/V to move 5-10 m to a slightly 
different location. Figure 7 shows the TEM sensor depth profile at the NWS station. There are on 
average 115 data samples at each depth. The sensors are on the bottom for the final data set. 

 

 

Figure 7. TEM sensor depth profile. 

Ancillary measurements of water column and bottom sediment properties were collected to help 
classify and interpret the results. An Acoustic Doppler Current Profiler (ADCP) was mounted at 
the bow of the Ellis Olsson to measure current speed and direction from near surface to the 
bottom for the time the vessel was at anchor. On the supporting R/V, anchored about 30 meters 
away, conductivity/temperature/depth (CTD) profiles were collected twice, once when first 
arriving at a location and again toward the end of the sample period. Three water column 
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samples were collected at each location and were later analyzed back at the lab for suspended 
sediment concentrations (Table 4 in the second Appendix). One sample was collected about a 
meter off the bottom, a second was collected about a meter from the surface, and the third was 
collected at a mid-depth. 

A YSI Castaway-CTD was used to obtain conductivity-, temperature-, and depth profiles in the 
water column. The Castaway software, using the 1978 Practical Salinity Scale, derives salinity. 
Table 3 identifies which box core station the cast was taken coincident with and the maximum 
depth as recorded by the Castaway. The conductivity and temperature sensors of the Castaway 
are located in a flow-through channel along the back of the housing. The pressure sensor passes 
through the housing at the top of the battery cap. The system is hydrodynamically designed to 
free fall at a rate of about 1 m/s.  A six-electrode flow-through conductivity cell with zero 
external field coupled with a rapid response thermistor attain high measurement accuracies. 
According to the manufacturer salinity and temperature accuracies are 0.1‰ and 0.05°C 
respectively. 

The Castaway samples at a rate of 5 Hz and internally converts the raw CTD data into a 
processed profile for each cast. Pressure is corrected for the ambient atmospheric pressure by 
collecting pressure data at the start and end of the cast while the system is in the air. The air 
pressure is subtracted from the raw pressure data to get a measure of water pressure only. Since 
the Castaway is designed to be a flow through system, a rate of change versus time, basically the 
vertical speed of the system through the water, is calculated for each sample in the data file. If 
the rate of change in the pressure is less than 0.025 decibars per second, the system is considered 
to be stationary and the associated sample is discarded. (1 decibar ≈ 1 meter.) The conductivity 
data are de-spiked to remove erratic measurements near the water surface that can be caused by 
air bubbles in the conductivity flow cell or measurements made when the system is only partially 
submerged. After de-spiking, the software averages separately the temperature and conductivity 
from the down cast samples and the up cast samples into 0.3 decibar bins. 

The plot on the left in Figure 8 shows the conductivity profiles at the different test sites. The 
corresponding temperature, conductivity and salinity data are tabulated in the second Appendix 
as Table 5. 
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Figure 8. Conductivity profiles at test sites (left) and corresponding current profiles (right) 

The lowest water conductivity was sampled at PM (0.03 S/m) and the highest conductivity at 
NWS (~3.8 S/m). These corresponded to salinities of 0.12‰ at 27°C at PM and 23.5‰ at 25.9°C 
at NWS. Stations for bottom sediment collection are normally visited ± 1 hour of slack tide. 
Upriver station times were originally chosen to occur within an hour before slack after ebb tide 
in order to sample the lowest salinities possible, and the stations times for locations at the river 
mouth were chosen to occur with in an hour of slack after a flood tide to obtain the highest 
salinities possible. 

At each location, while the TEM sensors were deployed, a “burst” of data was collected with a 
SONTEK 1200 KHz Acoustic Doppler Current Meter mounted on the bow of the vessel. The 
burst was averaged for each depth to determine the average water velocity profile during the 
sample period. The data are included in the second appendix as Table 6. The current profiles are 
plotted on the right in Figure 8. At Ferry Point (FP), three bursts were taken on July 14th. These 
are differentiated by the start time of the burst. At Pamunkey Sand (PS), two bursts were 
collected on July 21st. These are also differentiated by the start time of the burst. 

The average water velocity was less than 20 cm/s throughout most of the profile for the stations 
downriver of Ferry Point (FP). The exception was the top 2 meters at Clay Bank where the 
velocity increased to over 30 cm/s on the surface. At West Point (WP), upriver of FP, the 
velocity ranged 30-45 cm/s, with the depths between 2-3.5 meters being the highest. The highest 
velocities were measured in the Pamunkey, and both stations had a profile where the velocity 
decreased with depth. At PS the velocity ranged from 33 cm/s on the surface decreasing to 
18 cm/s on the bottom. During the second burst collected at the same station, the velocity had 
dropped to less than 6 cm/s throughout the water column. The highest velocities measured were 
at Pamunkey Mud (PM) with 49 cm/s on the surface and 29 cm/s on the bottom. 

Sediment samples were collected from the R/V Heron at six of the sites (CB, GP, PM, FP, PS 
and GI) using a GOMEX box core (Figure 6, left). The data collections at the other two sites 
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(WP and NWS), were not part of the original plan, and only supported bottom grabs of the top 
few cm of sediment. At muddy sites the GOMEX box core typically captures sediment to about 
30 cm depth with the sediment water interface preserved.  At sandier sites, even with more 
weight added, the box core typically does not penetrate as deep into the seafloor. Two sub-cores 
were typically taken from each same grab sample. The sediment from each site was analyzed 
back at the lab for grain-size distribution, percent moisture, magnetic susceptibility and electrical 
resistivity. Supporting analyses included Gust erodibility [10] and X-ray imagery. As expected, 
the “muddier sites” from each of the conductivity regimes show more erodibility than the 
”sandier sites”. Results of the Gust erodibility and X-ray analyses can be found in the archived 
VIMS final report [11].  

At most locations a pair of sub-cores extracted from separate box core sediment samples were 
combined and analyzed for total fixed solids (TFS), total volatile solids (TVS), moisture and 
grain size distribution (see Table 3). Each sub-core was extruded and sliced at 1-cm intervals. 
The corresponding intervals for both cores were consolidated and stored in airtight containers for 
later analysis at the lab. Immediately upon return to the lab, an aliquot of each sample was 
weighed in a pre-weighed tin dish and placed into a 103-105°C oven over night. The dried 
sample was weighed and returned to the oven for at least one hour and reweighed. This process 
was repeated until two consecutive weights agreed to within 0.0005 g. The dried weight divided 
by the wet weight x100 gives the percent total solids (TS). The percent of the weight lost upon 
drying is the water content of the sediment layer, also called the percent moisture (% moisture = 
100-TS). The TS sample was then muffled at 550°C for at least 1 hr, placed in a 103-105°C oven 
to cool and weighed as above until a stable weight was found. The weight loss divided by the 
wet weight of the sample x100 gives the percent total volatile solids (TVS). This is sometimes 
used as proxy for percent organic matter present. Total Fixed Solids (TFS) can be found by 
subtracting TVS from the TS. Percent moisture, porosity, volatile solids and fixed solids for the 
samples are tabulated in the second Appendix in Table 7. Porosity is calculated from percent 
moisture assuming that the ratio of the density of the solids in the sediment to the density of the 
pore water is 2.6 [13]. Corresponding plots of these properties (except for porosity) at 1-cm 
intervals down core can be found in the archived VIMS Final Report [11].  

Grain size, as percent >850 microns, sand, silt, and clay were determined by sieve and pipette 
methods [12]. An aliquot of each sample was sonicated for at least one hour, after the addition of 
10 ml of a surfactant solution (51g Sodium Metaphosphate and 0.3g Sodium Bicarbonate/liter), 
to break up bonds between the individual particles. The sample was then wet sieved first through 
a 850-micron sieve to collect the fraction of sample including large shell, gravel, very coarse 
sand, and debris particles and rinsed into a small pre-weighted beaker. A second 63-micron sieve 
placed under the first captured the sand size fraction < 850 microns and was rinsed into a second 
pre-weighted beaker. The water that passed through the sieves, containing the silt and clay size 
material, was put into a graduated cylinder and diluted to 1 liter. Following [12], two fractions of 
this solution were pipetted and dried in two weighed tin trays. All four fractions were then dried 
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in a 103-105°C oven until a steady weight was obtained. The percent of each fraction (>850 
micron, sand, silt, and clay) was calculated by dividing the dried weight of that fraction by the 
total (x100). The fractions were then muffled in a 550°C oven, cooled in the 103-105 oven and 
weighed until a steady weight was obtained.  The weight loss of each fraction divided by the 
total dried weight found above (x100) provides the percent organic matter for each fraction. The 
data are tabulated in the second Appendix as Table 8. Plots of the >850 micron, Sand, Silt and 
Clay fractions down core along with the percent organic material associated with each fraction 
can be found in the archived VIMS Final Report [11]. 

Goodwin Island (GI), stations 5696 and 5699 and Gloucester Point (GP), stations 5665 and 5666  
are both from the high conductivity regime at the mouth of the estuary. GI is distinctly the 
“sandier” of the two with over 80% sand throughout most of the core. There is slightly more clay 
than silt in all of the layers. The top 4 cm has more silt and clay and percent moisture (28-31%) 
than the rest of the core (22-25% moisture). The top 2 cm also has the least amount of fixed 
solids (68-71%) as compared to the rest of the core (74-77%) and the most organic material, 
TVS, (0.8%) compared to 0.64-0.75% in the rest of the core. There is about the same amount of 
organic material associated with the clay fraction as with the silt fraction. The “muddier” of these 
two stations is GP. The total fixed solids range from 24-53%, less than GI throughout the core 
indicating more water is retained in the pore spaces of the sediment (73-44%). The site, however, 
is sandier further down core than expected for a “muddy site” (31-52% below 4 cm.) The percent 
sand increased throughout the core from surface to depth. There tends to be more silt than clay in 
the top 4 cm, ranging from 2.5-2.6% and 2.2-2.3% throughout the rest of the core, based on TVS 

Claybank (CB), stations S5657 and S5658, and Ferry Point (FP), stations S5678 and S5679, are 
from the mid-conductivity regime in the middle reaches of the estuary. CB is the “muddy site” 
with less than 10 percent sand throughout the core and TFS ranging from only 28 -38%. The 
TVS range from 2.4-2.7% with most of the organic matter associated with the clay fraction, 
however organic material is also associated with the silt fraction throughout the whole core. FP, 
the “sandier site” for this regime is composed of over 75% sand throughout the core and as much 
as 90% in the top 4 cm. The TFS, consistent with being a sandier site, ranges from 53-77%. The 
TVS ranges from 0.7-1.6%, with most associated with the clay fraction. 

Pamunkey Sand (PS), station S5686, and Pamunkey Mud (PM), stations S5669 and S5670, are 
from the low conductivity regime in the Pamunkey river, a tributary of the York. PM is the 
“muddy site”, with less than 12% sand 2-4 cm in the core and is dominated by the silt fraction. 
There is a thin sandy layer on the surface of 43%, and below 4 cm the core gets sandier again 
(30-64%). The TFS profile reflects the layering of sand and mud, with the lowest in the muddy 
region (24-28 %), and 35-50% in the sandy regions. The TVS is the highest seen at any location 
and ranges from 2.1-3.0%. Most of the organic material is associated with the clay fraction. PS, 
the “sandier site” for this regime, is composed of over 85% sand throughout the core and as 
much as 96% in the 2 cm. The TFS, again consistent with being a sandier site, ranges from 64-
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76%. The TVS ranges from 0.45-2.1% with most associated with the larger than 850 micron size 
class in the bottom 2 cm. This is the only place this holds true. 

Box cores were not collected at the West Point (WP) and Naval Weapons Station (NWS) sites. 
Analysis of bottom grabs at these sites shows NWS to be one of the muddiest sites, while WP is 
intermediate between the “sandy” sites and the “muddy” sites. 

Figure 9 summarizes some of the basic sediment properties at the test sites and illustrates their 
interrelationship. The plotted values are averages over the entire sample from each site. The plot 
on the left summarizes the grain size distributions using Shepard’s ternary diagram [8, §4.1]. The 
dashed line corresponds to a clay/silt ratio of 0.68, which is the median value for the five least 
sandy sites (CB, NWS, GP, PM and WP). In the center and right hand plots mud includes both 
silt and clay. Porosity is calculated from the average percent moisture (by weight) assuming that 
the ratio of the density of sediment to the density of water is 2.6 [13]. Both porosity and the ratio 
of volatile to fixed solids correlate strongly with the amount of mud in the sediment. The 
muddier sediments have both a higher water content and a higher fraction of organic matter than 
the sandier sediments. 

 

Figure 9. Basic sediment properties at the various test sites on the York River. 

A custom resistivity meter and two Wenner-style resistivity probes for sediment resistivity 
measurements were obtained from Northwest Metasystems, Bainbridge Island, WA. The 
electronics and probes were designed to be similar to those described in [14]. The resistivity 
probes malfunctioned and we were not able to obtain relible data on the electrical conductivity of 
the sediment samples. (The measured values are included in Figure A1.17 and Tables A2.7A-B 
of the VIMS report [11]. They are inconsistent with previously measured sediment properties at 
similar sites along the York [15].) A commercially available in-situ sediment resistivity probe or 
a sediment resistivity imaging system should be used in any future tests. The box cores only 
yielded sediment samples from the upper 10 cm or so. In order to properly relate results of EMI 
background response measurements to sediment properties we shoud have deeper samples. At a 
decay time 𝑡𝑡, the signal from a TEM sensor near the bottom is responding to structures down to a 
depth 𝑑𝑑 = �𝑡𝑡 𝜋𝜋𝜎𝜎𝜎𝜎⁄  below the bottom, where 𝜎𝜎 and 𝜎𝜎 are representative values of the electrical 



18 
 

conductivity and magnetic permeability of sediments [16]. In non-magnetic sediments (𝜎𝜎 = 4π x 
10-7 H/m) with 𝜎𝜎 ~ 1 S/m, the EMI penetration depth at 1 ms is 𝑑𝑑 ~ 3 m.  

The magnetic susceptibility of sediment samples from Glocester Point, Clay Bank and the 
Pamunkey River sites collected in 2015 was measured using a Bartington magnetic susceptibility 
core logging sensor [15]. In all cases, the susceptibility was of order 5x10-5 SI or less, which was 
at the noise level of the measurements. The York sediments are basically non-magnetic. 
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Results and Discussion 

Noise 

Relative to data collected in air, measurements made using the exposed transmit coils in salt 
water showed modifications to the transmit current waveform and the initial ring-down of the 
receiver voltage as well as increased noise levels. Full transient waveforms (i.e., not 
logarithmically averaged) were recorded with the various coil configurations in air and in water 
to evaluate these effects. In all cases the receiver coils were isolated, either within the small 
Pelican case or the PVC pressure housing. Data collected when the transmit coils were isolated 
from the water (TEMTADS coil in the Pelican case, TEMTADS in the Delrin pressure housing, 
Geonics EM61 Submersible and medium coil enclosed in wood and polyurethane frame) were 
not much different than corresponding data collected in air, but significant differences between 
background responses in air and in water were observed with the other transmit coils.  

Figure 10 shows the transmit current cutoff (left) and early time ring-down (right) in air (dashed) 
and in water (solid) for the 68 cm coil. The top plots are for the exposed coil and the bottom 
plots are for the same coil encased in a wood and polyurethane frame. The conductivity of the 
water was ~3.5 S/m. Note that the initial transients are delayed by ~0.028 ms relative to the 
transmit current cutoff. This has been characteristic of the TEMTADS electronics since the 

 

Figure 10. Transmit current cutoff (left) and early time response (right) for exposed 68 cm square 
coil (top) and enclosed coil (bottom). Dashed lines show transmit current and Z-axis receive signal 
in air, solid lines show corresponding quantities when the coils are immersed in salt water. 
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Figure 11. In-air background noise samples recorded one hour apart. 

development of the original MR-200601 TEMTADS array [17]. The in-air and in-water cutoff 
waveforms and initial transients are indistinguishable for the enclosed coil. When the exposed 
coil is immersed in water, the cutoff acquires a very slight delay and an overshoot relative to the 
in-air cutoff waveform. The initial transient is significantly modified. Note that with the cDAQ 
signals are capped at ±10 V. To varying degrees all of the coils show similar behavior depending 
on whether they are exposed or enclosed. The noise at the receiver also depends on whether or 
not the transmit coil is exposed or enclosed. 

The background noise at our test site is somewhat variable. Examples are shown in Figure 11. 
The traces are background noise samples recorded in air following transmit current cut-off with 
the small coil. The data were collected one hour apart on the morning of December 18, 2015. 
Blossom Point is an active test range and presumably the background electromagnetic noise 
changes depending on whether or not various emitters are active at the time. The transient EMI 
noise levels are affected by exposure to the salt water. Figure 12 is a plot of root-mean-square 
(RMS) noise levels in water vs. corresponding noise levels in air measured using the various 
transmit coils with co-located Z-axis receivers (in this plot the data are not normalized by the 
transmit current). Dotted lines correspond to fixed ratos of noise in water to noise in air. For 
some of the tests, the water in the tank was grounded using 6 AWG solid copper wire attached to 
a ground rod next to the tank. This had no noticeable effect on the noise seen by the sensors, and 
most of the tests were conducted with the grounding apparatus removed. Corresponding in-air 
and in-water noise values are from sequential data files with minimal time differences between 
the measurements. The RMS levels are taken from full transient waveform (ungated) data 
starting 3 ms after the transmit current cutoff. Noise levels for exposed transmit coil 
configurations are plotted with circles, while stars correspond to enclosed transmit coils. The 
noise measured in water is consistently higher than the corresponding noise in air, sometimes by 
quite a substantial margin. This is not observed for the receive cube axes which are not aligned 
with the transmit coil. 
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Figure 12. RMS noise measured in air and in water for the various transmit coils. 

Isolating the coils from the surrounding water seems to suppress whatever coupling mechanism 
is at work and to minimize the excess noise in water. The median ratio of in-water noise to in-air 
noise for measurements with the exposed coils is 9.1, while the median ratio for the enclosed 
coils is 1.3. Exposure to nearby salt water modifies the capacitance of a coil [18, 19], affecting 
its resonant frequency and Q-factor [20,21]. This can affect the coil’s noise characteristics. Such 
effects are significantly reduced if the coil is in an insulating cavity [22].  

The sensor electronics package is an integral part of the effect. We do not see elevated noise 
levels when the transmit coil in the water is unplugged and another coil removed far from the 
tank plugged in in its place. Furthermore, there is no increase in the noise when the pins on the 
connector on the leads coming from the coil in the water are shorted.   

Exposure to the water amplifies the noise without really changing its character. Figure 13 shows 
noise spectra in air (red curves) and in water (blue curves) for the 68 cm coils. (Construction 
details are shown in Figure 14.) Spectra for the exposed coil are in the plot on the left and those 
for the coil encased in the wood and polyurethane enclosure are on the right. We see the same 
mix of broad- and narrow-band noise, but with elevated levels in water. 
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Figure 13. Noise spectra with 68 cm Tx coil in air (red) and in water (blue). Exposed coil on the left, 
coil encased in wood and polyurethane enclosure on the right. 

 

     

Figure 14. 68 cm exposed coil (left) and identical coil placed inside a wooden frame (center) which 
was subsequently filled with polyurethane casting resin (right). 

 

Tank Background Response 

Relevant theory for the expected background response in the tank is developed in the first 
Appendix. Calculating the background response in an unbounded conducting medium is 
straightforward, but not so for the background response in a tank. We cannot obtain a workable 
analytical solution which accounts for both the tank sidewalls and the top and bottom 
simultaneously. We can get solutions which account separately for the sidewalls or for the top 
and bottom: an infinitely long circular cylinder or an infinite horizontal slab. By considering 
these effects we can get some idea regarding the net effect of the complete set of boundaries: 
sidewalls, top and bottom. During ESTCP project MR-200508 it was determined that in the test 
area the electrical conductivity of the soil is of order 10-2 S/m and the magnetic susceptibility is 
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of order 10-4 SI [23]. For purposes of calculating boundary effects, we consider the volume 
surrounding the tank (air and soil) to be non-conducting and non-magnetic. 

A sensor in the tank starts seeing the region outside the tank at times of order τ = σμ0l2, where σ 
is the electrical conductivity of the water, µ0 is the magnetic permeability and l = 1.5 m is the 
characteristic dimension of the tank. With σ = 4 S/m, τ = 0.011 ms. Referring to Figure 34, 
beyond that time the background signal perturbation from the sidewalls is the same strength as 
the background response for an unbounded medium but of opposite sign: the region outside the 
tank is driving the response. This suggests that we should not see much of a background 
response in the tank with our TEM sensors, which do not provide useful data before about 
0.1 ms. We did a lot of careful differencing of corresponding measurements taken in air and in 
water and found no consistent background responses above noise levels. Figure 15 shows results 
for the TEMTADS sensors encased in a watertight Pelican case. There is no background 
response above noise levels. The TEMTADS coil in the Delrin pressure housing does not see a 
background response above noise level either. 

 

Figure 15. Background response in the tank measured with TEMTADS sensors in a waterproof 
Pelican case. Symbols show the measured background response obtained by diffeeencing in-air and 
in-water measurements, blue x’s for positive signals and red o’s where the difference is negative. 
The dashed line shows the RMS noise as a function of time gate. 

Waves on the surface of the water are a potential source of noise because the background 
response varies with the distance between the sensors and the surface, especially at early times. 
We used a large Styrofoam block as a plunger to resonantly excite waves in the tank. Figure 3(f) 
is a photograph showing the waves during one of the test runs. The crest-to-trough wave height 
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is about 30 cm, and the wave period is roughly 1 s. Figure 16 compares the RMS variability of 
the background response when there are surface waves in the tank (solid curve) and when the 
tank is quiescent (dashed curve). In each case the RMS background variability was calculated 
from a roughly 20 s series of background shots at 0.1 s intervals (25 ms decays with no stacking) 
using the 68 cm (exposed) transmit coil. There is no significant difference with and without 
waves. As noted above, in the tank the background response is very weak at best. Furthermore, 
the waves are necessarily short-crested and have relatively short wavelengths due to the size of 
the tank and the way in which the waves were produced. At times of order 0.1 ms the EMI 
response tends to average over scales of about 4½ m. This is significantly greater than the 
surface wavelength in the tank, smoothing out any effect of the waves. Longer waves and swell 
on a natural body of water would likely have a more noticeable effect. 

 

Figure 16. RMS background variability in quiescent tank (dashed line) and with surface waves 
(solid line).  

Target Response 

A salt water environment distorts a target’s EMI response relative to the response on land. This 
distortion is due to: (a) attenuation and phase shifts experienced by the primary and secondary 
magnetic fields when the surrounding medium is electrically conducting and (b) electric field 
contributions to the response. The latter effect arises because changes in the magnetic field of the 
transmit coil create electric fields and associated currents in a conducting medium. With a 
circular transmit coil, the electric field lines form circles around the coil axis, as opposed to the 
magnetic field lines which thread the coil. The geometry is distorted if the coil is rectangular, but 
the basic picture is unchanged. The electric field is strongest in the plane of the coil and weakest 
directly above and below the coil, again as opposed to the magnetic field which is strongest 
directly above and below the coil. Currents driven by the electric field in the seawater will 
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interact with any nearby target, inducing an electric field signal (the current channeling response) 
in addition to the magnetic field signal from eddy currents induced in the target by the primary 
magnetic field. The current channeling effect is similar to how magnetic flux is gathered or 
channeled by a magnetically permeable object: the currents flowing in the salt water are gathered 
or channeled into the conducting object. This induces a secondary electromagnetic field 
component which adds to the signal at the receive coil. 

EMI target responses are distorted in a conducting medium, but at ranges out to a meter or so the 
effects of the conducting background on the target response are limited to decay times of order 
𝜏𝜏 ~ 0.01 ms. Because of variability in the early time ring-down, TEMTADS-type coils and 
electronics generally do not give reliable measurements of the response in air or in water for 
decay times much earlier than about 0.1 ms, so we do not expect to see much distortion due to 
propagation effects. EMI responses for a variety of test objects – spheres, spheroids, cylinders 
and inert ordnance items – were measured in the tank and compared with corresponding 
responses measured in air beside the tank. Test setups involved placing targets at various 
positions along a rack fixed above the sensor or in a holder attached to the grate and repeating 
measurements with the target in place and removed with everything in the tank and again with 
everything pulled out and set on blocks beside the tank. Some of the test geometries were chosen 
to focus on electric field effects. Results from these are presented in the subsection on electric 
field response directly below. The response to electric fields in the water tends to be weak 
compared to the standard eddy current response associated with magnetic fields from the 
transmit coil and restricted to early times. For most of our tests we saw no significant, 
repeatable differences between the responses measured in air and in water. These results are 
summarized in the subsequent subsection on magnetic field response. 

Electric Field Response 

Since the electric field is strongest in the plane of the coils, we looked for electric field effects 
using sensor-target geometries like that shown in Figure 3(e). Results of one simple test are 
shown in Figure 17. It compares the responses in air and in water for a pair of 6.67x6.67x20 cm 
spheroids, one aluminum and one steel. The conductivity of the water was about 4 S/m. Red 
dashed curves show the response (background subtracted) in air and dark blue curves show the 
corresponding response in water. The responses were measured with the Z-axis receiver of a 
bistatic cube displaced 35 cm from the center of a standard TEMTADS transmit/receive pair in 
the large pressure housing. The target is 30 cm from the center of the receive cube and the 
geometry is roughly co-planar. The RMS noise (based on shot-to-shot background response 
differences in water) is shown by the dotted curve. The responses in air and in water for the steel 
target are indistinguishable, but there is a clear difference above noise from about 0.07 ms to 0.5 
ms between the responses in air and in water for the aluminum target. The light blue curve shows 
the in-water response for the aluminum target when it was wrapped in a plastic bag to suppress 
any channeling of currents through the target, and it is indistinguishable from the response in air. 
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We have repeated this test with different targets (various spheres and oblate as well as other 
prolate spheroids) and with slight variations on the geometry. We have consistently come up 
with the same result. For bare aluminum targets the response in water differs from the response 
in air at early times. The air-water difference goes away when the target is electrically insulated 
from the water by wrapping it in a thin plastic bag. A similar effect was observed in tests with 
wrapped and bare targets conducted for SERDP Project MR-1321 with a frequency-domain 
sensor [24]. We do not see a comparable effect with bare steel targets.  

 

Figure 17. Responses in air and in water for aluminum and steel spheroids. See Figure 3(e) for 
geometry. The light blue curve shows the in-water response for the aluminum target when it is 
wrapped in a plastic bag. 

This electric field effect is sometimes referred to as the current channeling response [24]. It 
exists because the water conducts electricity and the electric field creates background currents in 
the water. If the target is a good conductor and is in electrical contact with the water then these 
currents are channeled through the target much like the magnetic flux is concentrated by a 
magnetically permeable target. In order to verify the electric field scaling for this effect, we 
measured responses of a similar but larger (10x10x30 cm) aluminum spheroid on a rail centered 
21 cm above the sensors. The 3-axis mono-and bistatic responses in air and in water were 
measured with the target at horizontal ranges of 41-91 cm from the center of the transmit coil (6-
56 cm from the center of the bistatic receive cube) in 10 cm increments. The target orientation 
was the same as in Figure 3(e), so the electric field is aligned with the long axis of the target. The 
outboard receive cube was rotated by about 10° relative to the transmit/receive pair so there is a 
slight mixing of transverse and axial responses for the bistatic X- and Y-axis signals. 
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In direct analogy to the standard eddy current response [25] we may represent the response to the 
electric field in terms of a polarizability tensor (𝓟𝓟). The voltage signal at the receiver is then 
given in terms of the transmit current 𝐼𝐼0 and the conductivity of the water 𝜎𝜎 by 

𝑉𝑉(𝑡𝑡) = 𝜎𝜎𝜎𝜎0
2𝐼𝐼0𝑮𝑮𝑅𝑅 ∙ �𝑮𝑮𝑇𝑇

𝑑𝑑𝓟𝓟
𝑑𝑑𝑡𝑡 � 

plus whatever gain factors accrue from multi-turn coils, pre-amps, etc. 𝜎𝜎0 = 4𝜋𝜋 × 10−7 Vs/Am 
is the background permeability, while 𝑮𝑮𝑹𝑹 and 𝑮𝑮𝑻𝑻 are receive and transmit coil response functions 

𝑮𝑮(𝒓𝒓) =
1

4𝜋𝜋
�

𝒓𝒓 × 𝑑𝑑𝑨𝑨
𝑟𝑟3 , 

where 𝑟𝑟 is a vector from the transmit or the receive coil to the target and the integral is over the 
area enclosed by the coil. Details are in the first Appendix in the section on electric field effects. 
Published analyses of current channeling effects for underwater EMI have assumed that the 
target is a perfect conductor [26, 27]. That may not be an apt model for interpreting our results; it 
certainly is not for the eddy current component. For that we need to use a model which properly 
accounts for the diffusion of the fields into the target after the primary field cutoff [28]. 

That said, if we are indeed dealing with electric field effects, then we can determine the 
polarizability empirically by inverting the air-water response differences from the rail data and 
examine the residuals for consistency with the basic model. Figure 18 compares the rail data with 
the electric field model. The plot on the left shows the polarizability extracted from the data. The 
solid portion of the curve highlights the time range 0.07-0.5 ms, where we think that the signal to 
noise ratio supports the analysis. The plot on the right compares the measured signal strength 

𝑉𝑉
𝐼𝐼0𝑑𝑑𝑑𝑑/𝑑𝑑𝑡𝑡

 

for the time interval 0.07-0.5 ms with the signal strength 

𝜎𝜎𝜎𝜎0
2𝑮𝑮𝑅𝑅 ∙ 𝑮𝑮𝑇𝑇 

calculated using the electric field response model. The model does not take into account any 
effects of the tank walls or the water surface. However, the data do appear to be consistent with 
the model. This would not be the case for the magnetic field (eddy current) model, where the coil 
response function is 

𝑪𝑪(𝒓𝒓) =
1

4𝜋𝜋
�

𝑑𝑑𝒔𝒔 × 𝒓𝒓
𝑟𝑟3 . 

Here the integral is around the loop rather than over the area enclosed by the loop [25]. 
Contributions from opposite sides of the loop tend to cancel so that the numerator depends more 
on the size of the loop than the distance to the target, leaving an overall 𝑟𝑟−3 dependence on range 
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which is strongest above and below the loop. With the electric field response function the 
numerator scales with range, resulting in an overall  𝑟𝑟−2 dependence which is strongest off to the 
side. 

 

Figure 18. Electric polarizability for 10x10x30 cm aluminum ellipsoid calculated from rail data 
(left) and measured vs. calculated signal strength (right). 

Magnetic Field Response 

We collected mono- and bistatic multi-axis target response data in air and in water for a variety 
of test objects (40mm and 90mm projectiles, 81mm and 3-in Stokes mortars, aluminum and steel 
spheres, cylinders and spheroids). In most cases there was no discernible difference between the 
responses in air and in water. Figure 19 - Figure 22 show examples for different targets and test 
setups. In-water responses (with the background response subtracted) are shown by the solid 
curves and corresponding in-air responses by the dashed curves. The convention in these plots is 
that blue curves denote positive signals while red curves denote negative signals. In each figure, 
the top row shows the Z-axis response, the middle row the X-axis response, and the bottom row 
the Y-axis response. Examples of test setups are pictured in Figure 3. The particular test setups 
for each of the measurements shown in Figure 19 - Figure 22 are described in each of the figure 
captions. Except for measurements where the actual shape of the response is especially sensitive 
to small air/water target positioning differences, the responses in air and in water are the same. 
The exceptions are found in the lower right plot in Figure 19 and in the middle left and lower 
right plots in Figure 20. In these cases, the response involves a balance between oppositely-
signed axial and transverse polarization components whose respective strengths vary with target 
location. For the in-water measurements, the target was lowered onto the rack by a string. The 
rack has notches for positioning along its length, but with the large ordnance items the cross-rack 
positioning is not precise enough to precisely capture this balance. 
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Figure 19. 90mm projectile response data collected using the medium rectangular Tx coil with a 
standard 3-axis Rx cube. Solid and dashed curves show the in-water and in-air responses, 
respectively. The target was positioned on a rack 50 cm above the coils. The test setup is shown in 
the upper left photo in Figure 3. Parallel and perpendicular refer to the target orientation relative 
to the rack. 
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Figure 20. Response data for a 3-in Stokes mortar collected using the medium rectangular Tx coil 
(right column) and the large Tx coil (left column) with a standard 3-axis Rx cube. Solid and dashed 
curves show the in-water and in-air responses, respectively. The target was positioned on a rack at 
a height of 50 cm for the medium coil and 70 cm for the large coil. The test setup for the medium 
coil is shown in the upper left photo in Figure 3. The setup for the large coil is similar but the 
mortar is at a location and orientation where the Y-axis response is very weak.. 
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Figure 21. Response data for 1-in dia. by 4-in long steel rods collected using the medium 
rectangular coil with a standard 3-axis Rx cube. Solid and dashed curves show the in-water and in-
air responses, respectively. The test setup is shown in the middle left photo in Figure 3. The 
responses on the left are for a bare, sanded bar and those on the right for the bio-fouled bar shown 
in the photo. 
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Figure 22. Bistatic response data for a 40 mm projectile collected using a standard TEMTADS 
Tx/Rx cube pair and a separate Rx cube offset 40 cm. Both were in Pelican cases. Solid and dashed 
curves show the in-water and in-air responses, respectively. The target was in a PVC cup outboard 
of the bistatic Rx cube. The monostatic response is shown on the left and the bistatic response on 
the right. 
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Differences between measured responses in air and in water for a cross-section of targets and test 
geometries are plotted vs. signal to noise ratio (SNR) in Figure 23. We have only included data 
from tests which were not specifically targeting the electric field response. The air-water signal 
difference is the average over time gates 𝑡𝑡i from 0.1–10 ms of the ratio of the magnitude of the 
difference between (background subtracted) target responses in air and in water to the magnitude 
of the response in air: 

𝛿𝛿𝐴𝐴𝐴𝐴 =
1
𝑛𝑛

�
�1
𝛼𝛼 {𝑆𝑆𝐴𝐴(𝑡𝑡𝑖𝑖) − 𝐵𝐵𝐴𝐴(𝑡𝑡𝑖𝑖)} − {𝑆𝑆𝐴𝐴(𝑡𝑡𝑖𝑖) − 𝐵𝐵𝐴𝐴(𝑡𝑡𝑖𝑖)}�

|𝑆𝑆𝐴𝐴(𝑡𝑡𝑖𝑖) − 𝐵𝐵𝐴𝐴(𝑡𝑡𝑖𝑖)|
𝑛𝑛

𝑖𝑖=1
 

where 𝑆𝑆A and 𝑆𝑆W are measured target responses in air and in water, and 𝐵𝐵A and 𝐵𝐵W are 
corresponding background responses in air and in water. To compensate for small variations in 
positioning of the target between in-air and in-water measurements, the target response in water 
is scaled. The scaling parameter 𝛼𝛼 is the median (over time gates) value of the ratio of the 
amplitude of the response in water to that in air: 

𝛼𝛼 = 𝑚𝑚𝑚𝑚𝑑𝑑𝑚𝑚𝑚𝑚𝑛𝑛(𝑖𝑖) �
𝑆𝑆𝐴𝐴(𝑡𝑡𝑖𝑖) − 𝐵𝐵𝐴𝐴(𝑡𝑡𝑖𝑖)
𝑆𝑆𝐴𝐴(𝑡𝑡𝑖𝑖) − 𝐵𝐵𝐴𝐴(𝑡𝑡𝑖𝑖)

�. 

This scaling is the same as that used in our standard classification algorithm [29]. These 
adjustments are generally very small: the median air-water amplitude difference is 4.3% for the 
data in Figure 23. The signal to noise ratio is the magnitude of the average over time gates of the 
ratio of background corrected signal to the standard deviation of the background responses at 
each time gate: 

 

𝑆𝑆𝑆𝑆𝑆𝑆 = �
1
𝑛𝑛

�
𝑆𝑆𝐴𝐴(𝑡𝑡𝑖𝑖) − 𝐵𝐵𝐴𝐴(𝑡𝑡𝑖𝑖)
𝑠𝑠𝑡𝑡𝑑𝑑𝑚𝑚𝑠𝑠{𝐵𝐵𝐴𝐴(𝑡𝑡𝑖𝑖)}

𝑛𝑛
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The dashed line in Figure 23 shows the relationship 𝛿𝛿 = 1 𝑆𝑆𝑆𝑆𝑆𝑆⁄ , which is what one would 
expect if there is no significant distortion of the signals in water. With the exception of the very 
low SNR data and a cluster of outliers with SNR values ranging from about 10 to 50, the data 
appear to follow this trend. The outliers correspond to measurements where the actual shape of 
the response is especially sensitive to small air/water target positioning differences. Examples 
are those shown in the lower right plot in Figure 19 and in the middle left and lower right plots in 
Figure 20. In these cases, the response involves a balance between oppositely-signed axial and 
transverse polarization components whose respective strengths vary with target location. For the 
in-water measurements, the target was lowered onto the rack by a string. The rack has notches 
which fixed the location of the aluminum ball quite well, but with the large ordnance items the 
positioning lacks the same precision. 
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Figure 23. Deviations between in-air and in-water target response as a function of signal to noise 
ratio. 

 

Field Tests 

R/V Hull Interference 

Most of the EMI data were collected from the R/V Elis Olsson which has a steel hull. Initial tests 
with the TEM sensors floating on the surface at various distences from the R/V suggested that 
the influence of the Olsson’s hull on the EMI measurements would not be significant. We took 
the R/V Heron, which has a fiberglass hull, out for the final data collection, and found that in fact 
near-surface EMI data collected from the Elis Olsson had been affected by the hull. Figure 24 
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Figure 24. Background response vs. depth data collected from the R/V Elis Olsson (left) and the 
R/V Heron (right). 

compares background response data at 0.1 ms decay time collected from the two R/Vs. The data 
from the Elis Olsson is on the left and the data from the Heron is on the right. Data points are one 
second signal averages. For comparison, the signals are referenced to 0 mV/A at the bottom. The 
wavy line at the top of each plot represents the water surface. The curves show the expected 
response vs. depth calculated using the models described in the first Appendix. We start seeing 
signal contributios from the steel hull when we the sensors are within about 3 m of the surface. 
There is no obvious effect from the R/V Heron’s hull. EMI sensors must be near the bottom 
(~1.5 m) to reliably measure the response of munitions targets on or buried in the bottom. We are 
primarily interested in the background response in this regime. Referring to Table 3, with the 
exception of the Pamunkey Sand site the water depths were all greater than 4 m, so we expect 
that the background response data in the bottom 1.5 m of the water column are generally reliable. 

Background Response 

The background response near the bottom at 0.1 ms decay time for all of the sites is plotted in 
Figure 25. From left to right the plots are for the X-, Y- and Z-axis response. Blue symbols are 
for the monostatic response, red symbols are for the bistatic. The horizontal lines through the 
data points show the RMS noise (±1 standard deviation). In each plot the data are referenced to 0 
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mV/A at the bottom to eliminate the background contribution from the sensor and its electronics. 
The Clay Bank (CB) data are suspect. There is an obvious anomaly at 1.3 m above the bottom in 
the first cast, and in the second cast the monostatic X- and Z-axis responses are comparable, 
which should not be the case. 

There is a clear background signal in the Z-axis (aligned with the Tx coil axis) response at the 
higher salinity sites (GP, FP, GI, NWS), but none in the orthogonal axes. There are a few 
exceptions. One or two of the profiles at WP, PM and PS show horizontal axis responses 
comparable to vertical in the bistatic response. Curiously, these are the stations with the strongest 
currents (see Figure 8, right). In general, the monostatic and bistatic signals are comparable. The  

 

 

Figure 25. Near-bottom X-, Y- and Z-axis background response at 0.1 ms decay time for the CB 
and GP sites. Blue symbols are monostatic response, red symbols bistatic. Horizontal lines through 
data points show RMS noise. 
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Figure 25, Continued. PM, WP and FP sites. 
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Figure 25. Continued. PS, GI and NWS sites. 
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main exception is NWS. There had been a long break prior to that data collection, and the state 
of the Tx/Rx pressure housing was not verified prior to use. When it was opened later we found 
that there had been a water leak. This appears to have affected data from the co-located Rx cube 
(note the X- and Y-axis monostatic responses). The bistatic data seems okay. Typically the signal 
vs. depth profiles show concave curvature to the left with height above the bottom. The PS 
profiles show convex curvature, likely due to hull interference from the R/V Elis Olsson. PS was 
the shallowest site, with an average depth for the TEM profiles of just 3.86 m. 

For the remainder of this section, we focus on the near bottom gradients of the background 
response. As noted above, the measured response includes contributions from the sensor and its 
electronics as well as the background environment. The first is not fixed, but variable [30 ,31]. It 
can’t be known a priori to the necessary accuracy and must be measured in real time. When EMI 
sensors are used for munitions classification on land this background has to be subtracted out in 
order to reveal the munitions signature. This entails either taking background measurements at 
“clean” locations when static cued data are being used or by using a running median from 
apparently clean sections when dynamic survey data are being used. Here, we do not have a 
“clean” place to measure the sensor background. By differencing measurements taken closely 
together in time we can cancel out the sensor’s inherent background signal. For towed 
underwater sensors the background gradients are interesting in themselves since there is usually 
some up and down motion along the sensor trajectory. This will be addressed in a later section.  

The background response decays rapidly with time. Figure 26 shows the decay of near bottom 
background response gradients from the four casts at the Gloucester Point (GP) site. The 
monostatic Z-axis response is on the left and the bistatic Z-axis response on the right. Blue 
curves are the background response gradient from ~10 cm to ~90 cm above the bottom. The 
gradient is positive in the solid portions of the curves and negative in the dashed portions. The 
red curves show RMS noise levels. The black curves show a t-4 decay, adjusted for the standard 
0.028 ms delay in the TEMTADS sensors’ response. These curves are the same in both plots. 
The bistatic response is less noisy than the monostatic response. It is also less affected by 
ringdown at very early times. The t-4 decay is significantly faster than the t-5/2 decay in an 
unbounded conducting medium (see the first Appendix). Based on our models, this type of 
behavior is to be expected (see next section). Indeed, it was noted in [32] that in real-world 
bounded, structured media the characteristic t-5/2 decay gets modified, typically resulting in a 
steeper decay depending on decay time, water depth, etc. Differencing the response from two 
points at different distances from a boundary exacerbates this. 
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Figure 26. Near bottom background response gradients (~10 cm to 90 cm above the bottom) at 
Gloucester Point (blue curves). Red curves are RMS noise levels. Black curves show t-4 dependence 
adjusted for the TEMTADS sensor 0.028 ms delay. 

The near bottom background response gradients at 0.1 ms and 0.15 ms at the various sites are 
plotted against the electrical conductivity of the water in Figure 27. The plot includes both 
monostatic and bistatic response for all of the sites except CB and NWS. As noted above the CB 
data are suspect. They show an obvious anomaly at 1.3 m above the bottom in the first cast, and 
in the second cast the monostatic X- and Z-axis responses are comparable, which should not be 
the case. The NWS site is deeper than the others, which increases the near bottom gradient 
relative to the shallower stations. This can be seen in Figure 24: the Goodwin Island (GI) and 
NWS sites have comparable conductivity but NWS is deeper than GI (6 m vs. 4.4 m) and has a 
stronger background response. At sites included in Figure 27, the depths ranged from 3.9 m to 
4.4 m with an average of 4.2 m. Although there is a considerable amount of scatter, especially at 
the noisier sites (WP and PM), the trend of increasing background response with conductivity is 
obvious. The curves show three layer (air-water-sediment) model results for a nominal 4.4 m 
depth and 75% conductivity contrast between the water and the sediment. This is good enough to 
reproduce the general trends but, as discussed in the next section, more sophisticated multi-layer 
models with site-specific parameters are needed to get the details of background response 
variations right. 
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Figure 27. Near bottom background response gradient at 0.1 and 0.15 ms decay for the different 
test sites plotted vs. the electrical conductivity of the water. The curves show the expected variation 
with a 75% conductivity contrast between the water and the sediments. 

Model Comparison 

Standard practice in EMI inversion to determine sediment properties employs multi-layer models 
which can account for the variation in porosity, pore water conductivity and magnetic 
susceptibility with depth in the sediments [7, 33, 34, 42]. The derivation of the multi-layer model 
used here is included in the first Appendix. It accounts for the electrical conductivity and 
magnetic susceptibility in the air, water and sediment layers. The models can accommodate any 
number of sediment layers with different electrical conductivity and frequency dependent 
magnetic susceptibility [43] as appropriate. 

The EMI data were collected from the R/V Heron at the NWS site, so for this data set we have a 
complete profile from the surface to the bottom. The simplest model that can accurately 
reproduce these data has four layers: air, water and two sediment layers.  Figure 28 compares the 
data at 0.1 ms decay time with three (left) and four (right) layer model calculations (see the first 
Appendix). The red symbols are the measured background profile (in this case averages over all 
data collected each depth) and the curves are model calculations using a water depth of 6 m and a 
water conductivity of 3.75 S/m. We show results for three layer model calculations using bottom 
conductivities of 1.5, 2.0 and 2.5 S/m in the plot on the left. The three layer model cannot get the 
correct profile curvature below 3 m depth. The curve in the plot on the right shows the best four 
layer model fit to the data, using a least absolute deviation objective function. The sediment 
model that results from this inversion of the profile data consists of a 1.6 m thick layer with a 
conductivity of 2.5 S/m overlying a 1.25 S/m half-space. 

This four layer model appears to be a good match, and is consistent with the geology. The York 
River overlies a deep sequence of sediment and sedimentary rock strata, the uppermost of which 
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is a weakly cemented layer of mostly alluvial and estuarine sand and silt up to ~10 m thick, 
which overlies a quite firmly cemented layer of marine organism shell fragments and silty sand 
40-50 m thick [4, 5]. At a decay time 𝑡𝑡, the signal from a TEM sensor near the bottom is 
responding to structures down to a depth 𝑑𝑑 = �𝑡𝑡 𝜋𝜋𝜎𝜎𝜎𝜎⁄  below the bottom, where 𝜎𝜎 and 𝜎𝜎 are 
representative values of the electrical conductivity and magnetic permeability of sediments [16]. 
In the first few tenths of a ms we are only seeing a few meters into the 10 m thick layer of 
unconsolidated to weakly cemented sediments. Throughout most of the energetic parts of the 
estuary, physical and biological processes mix the sediments to depths of 25 - 200 cm, and the 
sediment porosity averages about 85% in this mixed layer [6]. Our 1.6 m upper layer probably 
corresponds this mixed region. The bottom sediment grab from the NWS site had 82% mud and 
a moisture content of 65% by weight. Assuming that the density of water is 1.015 gm/cm3 and 
the sediment density is 2.65 gm/cm3 [13], this corresponds to a porosity of 85%. Archie’s Law 
[7, 8] is an empirical relationship which provides a useful conversion between the porosity (𝜑𝜑) 
and sediment conductivity (𝜎𝜎s) for a given pore water conductivity (𝜎𝜎w). To first order 

𝜎𝜎𝑆𝑆 = 𝜎𝜎𝐴𝐴𝜑𝜑𝑚𝑚. 

Using the value of 𝑚𝑚 = 1.8 for muddy sediment [7] with a porosity of 0.83 and the 2016 average 
specific conductivity of 3.26 S/m from the long term monitoring site at Gloucester Point (within 
a few km of the NWS site). Archie’s Law gives a sediment conductivity of 2.33 S/m, consistent 
with the upper layer conductivity (2.5 S/m) that we obtained by inverting the TEM data. In our 
lower layer (below 1.6 m) the 1.25 S/m conductivity would then correspond to a drop in porosity 
to less than 60%. 

As noted previously, the background response decays rapidly in time. Figure 29, which shows 
calculated background response profiles for the NWS site at decay times of 0.1 ms, 0.12 ms, 
0.15 ms and 0.2 ms, illustrates the trend with time. 
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Figure 28. Measured NWS background response (0.1 ms) profile compared with three (left) and 
four (right) layer model calculations. 

 

 

Figure 29. Calculated NWS background response profiles at decay times from 0.1 ms to 0.2 ms. 

Impact on Underwater EMI Systems 

If not properly compensated for, background variability of this magnitude could affect the 
detection and classification performance of an underwater TEM array. When EMI sensors are 
used for munitions classification on land, the background has to be subtracted out in order to 
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reveal the munitions signature. This entails either taking background measurements at “clean” 
locations when static cued data are being used or using a running median encompassing 
apparently clean sections when dynamic survey data are being used. The same applies for 
underwater systems.  

The Marine Berkeley UXO Discriminator (MBUD) system (SERDP projects MR-2228 and -
2321) sought to reduce background effects by using differential receivers just as with the original 
BUD system demonstrated in ESTCP project MR-200838. However, with differential receivers 
the components of the sensing loops can change slightly in response to temperature variations 
and mechanical stresses on the sensor platform, and the corresponding differences of the 
transient signals can become a significant source of noise. Cued underwater systems such as that 
being demonstrated in ESTCP project MR-201313 could proceed as on land and take a 
background shot at some (presumably clean) location near the target to use in removing the 
background response. Towed systems such as the Marine Towed Array (MTA) being upgraded 
and demonstrated in ESTCP project MR-201610 have to deal with sensor depth variations as 
well as any spatial variability of the bottom in adaptively removing the background response. 
This is where problems could develop. 

Figure 30 shows the MTA trajectory during a 400 m portion of a transect line in the Potomac 
River off Blossom Point, MD. The data were collected in October, 2007 during one of the 
ESTCP project MR-200324 demonstrations of the MTA magnetometer array [35]. The blue 
curve shows the MTA depth, and the hatched region shows the bottom profile. The tow speed 
during this portion of the transect line was 2.2 m/s. The bottom is gently sloping with a slight 
undulation having an amplitude of around 10 cm at a wavelength of about 100 m. Sediments at 
the demonstration site were described as varying from extremely soft muck that may be several 
feet deep, to soft or hard sand [35]. We do not have data on the electromagnetic properties of the 
sediments and their spatial variability, but we can estimate the background response variability 
due to variations in water depth and sensor height along the trajectory. Simple three layer model 
calculations like those used to calculate the general background response trends in Figure 27 
should suffice. 
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Figure 30. MTA trajectory during part of a transect line in the Potomac River off Blossom Point, 
MD. Blue curve shows MTA depth, gray hatched region shows the bottom profile. 

Data collected duing VIMS cruises on the Potomac River during the late summer and fall of 
2005 and 2006 [36] indicate that the salinity at the Blossom Point site during the time of the 
demonstration would be ~8.5‰, corresponding to a conductivity of ~1.3 S/m at 20° C. Surface 
sediment samples collected during those cruises at a site close to Blossom Point yielded ~95% 
mud with a moisture content of  65-70% by weight, comparable to our muddier sites on the York 
(see Figure 9). This is all consistent with information on this area published in the Environmantal 
Atlas of the Potomac Estuary [37]. We used the basic three layer model with a 75% conductivity 
contrast to calculate the background response for the MTA EMI array being developed in 
ESTCP project MR-201610, which has a large (1.06 m by 4.68 m) outer transmit coil 
surrounding pair of smaller (1.0 m by 2.28 m) transmit coils with six receive cubes (Figure 31). 
Each of the transmit coils has 24 turns with a peak transmit current of 20 A.  

 

Figure 31. MTA EMI array configuration. 

Figure 32 shows modeling results comparing the peak signal from a 105 mm projectile lying flat 
on the bottom with the variation in background response over the trajectory. The projectile 
passes 1.5 m below Rx  2, and the signal is the Z-axis response in Rx 2 due to Tx 2. At early 
times (to about 0.3 ms), the overall background variation is greater than the projectile’s signal. 
Referring back to Figure 30, changes in depth and array height above the bottom occur on scales 
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of tens of meters. On land, we deal with smooth variations in the background response on scales 
larger than the signal extent by applying a median filter to the data. Figure 33 shows the median 
filtered MTA EMI array background response at 0.1 ms (top) and 0.2 ms (middle) compared 
with the signal from the 105 mm projectile. The projectile is lying flat on the bottom at a 
distance of 220 m into the trajectory. The median filter is 10 m long. It reduces the signal 
strength by 2%. The filter removes the background response except for some hiccups at places 
where the array height above bottom changes of abruptly. (The bottom plot shows the array 
height above the bottom with the areas where there are anomalies in the filtered background 
highlighted in red.) Presumably these are driven by the response of MTA depth control system at 
these places. Correspondingly similar anomalies occur at the same places for median filtered 
MTA height above the bottom. 

 

Figure 32. Model calculations comparing the MTA EMI array signal from 105 mm projectile with 
the variation in background response over the trajectory shown in Figure 30. 
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Figure 33. Median filtered MTA EMI array background response at 0.1 ms (top) and 0.2 ms 
(middle) compared with signal from 105 mm projectile at 220 m into the trajectory. Bottom plot 
shows the array height above the bottom, with areas where there are anomalies in the filtered 
background highlighted in red. 
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Conclusions 

Over the period from July 2015 into March 2016 we collected more than 1000 data files on 
background and target response in a large (3.05 m diameter by 3.35 m deep) salt water tank. 
Most of the data were collected at a salinity of 35‰, with conductivity in the range 3.2-4.5 S/m 
depending on water temperature. There is nothing in the data to suggest that a salt water 
environment per se would compromise the utility of advanced TEM sensors for target 
classification. 

A variety of different transmit coils were used to evaluate effects on noise and background 
response. Relative to data collected in air, measurements using transmit coils whose windings 
(which had PVC insulation) were exposed salt water showed modifications to the transmit 
current waveform and the initial ring-down of the receiver voltage as well as increased noise 
levels. We believe that these effects are due to leakage capacitance which arises when the coil 
windings are exposed to seawater [18]. The noise measured in water is consistently higher than 
the corresponding noise in air, sometimes by quite a substantial margin. Isolating the coils from 
the surrounding water suppresses the effect. The median water-to-air noise ratio for 
measurements with exposed coils is 9.1, while the median ratio for potted coils is 1.3. 

In the tank, the background response to the water is modified by reflections from the top, bottom 
and side walls and ultimately is dominated by response from regions outside of the tank. Simple 
models predict that at the decay times accessible with our TEM sensors (≳ 1 ms), we should not 
see a signal from the water in the tank. Data collected using different transmit coils which were 
exposed to the water were consistent with this conclusion. There was no consistent background 
response above noise levels in the tank. Sensor noise, rather than background response, proved to 
be the limiting factor for our target response measurements. 

A target’s EMI response in an electrically conducting medium is a bit different from what we 
have come to expect on land. This is due to attenuation and phase shifts experienced by the 
primary and secondary magnetic fields when the surrounding medium is electrically conducting 
and electric field contributions to the response. Most of our tank testing focused on target 
responses and whether or not they are sufficiently modified in a salt water environment to 
adversely affect classification performance. The basic test protocol involved carefully measuring 
and comparing target and background responses in air and in the water. On the whole we found 
nothing to indicate that a salt water environment compromises the utility of advanced TEM 
sensors for target classification. 

We did observe relatively weak electric field contributions to the early time response for bare 
aluminum targets located off to the side of the transmit and receive coils. This is where the 
electric field is strongest relative to the primary magnetic field. The effect went away if we 
insulated the target from the salt water by wrapping it in a thin plastic bag, and was not observed 
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with bare steel targets or with inert ordnance items. Even for bare aluminum targets, it was not a 
significant factor for most sensor-target geometries. With the exception of test setups specifically 
targeting electric field effects, we found no significant differences between measured responses 
in air and in water for the different test items (various spheres, spheroids, cylinders and inert 
ordnance items) and test geometries.  

During the summer of 2016 we conducted a series of cruises along the York River estuary, 
measuring EMI background response and its variation with depth along with supporting 
measurements of hydrographic and sediment properties. Water depths at the measurement sites 
varied from 4 m to 6 m, salinities from <1‰ to 23‰, and bottom sediments from mud and silt to 
sandy mud. Two vessels were used in the field exercises: the R/V Elis Olsson, a 29 ft. steel-
hulled Monarch and the R/V Heron, a 26 ft. fiberglass-hulled Garvey. TEM profile data were 
collected by lowering NRL TEMTADS sensors from the R/V’s stern davit. The steel hull 
affected data from roughly the upper 2 m of the water column. 

The TEM profile data were compared with multi-layer (air, water and layered sediments) models 
for the background response with generally satisfactory results. There was a significant 
background response at early times (≲ 0.25 ms) at the higher conductivity (≳ 2S/m). Near-
bottom gradients of the background response decay rapidly, roughly as 𝑡𝑡-4. Three layer models 
(air and water overlying a conducting half-space) can explain the general trends in the data but 
are unable to reproduce the details. We found that a four layer model (air, water and a shallow 
sediment layer overlying a deeper, less conductive half-space) was adequate to reproduce the 
measured profile. Inversion of the TEM data using a four layer model yielded a sediment model 
which was consistent with known sedimentary structure.  

Calculations indicate that the background response and its variation are not small compared 
representative munitions signals at early times. However, when the background response varies 
smoothly it can be effectively dealt with by filtering techniques similar to those used in 
munitions response surveys on land. 
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Appendix. Modeling  

This appendix includes mathematical details and derivations of models used in the analysis and 
interpretation of our test data. The first section deals with fields in and background response 
from an unbounded conducting medium. The next two deal with boundary effects: reflections 
from the tank sidewalls and reflections from the bottom and the water surface. The following 
section extends the analysis to multi-layered sediment models. The last section addresses the 
target response to electric fields in the tank. 

We cannot obtain a workable analytical solution which accounts for both the tank sidewalls and 
the top and bottom simultaneously. We can get solutions which account separately for the 
sidewalls or for the top and bottom: an infinitely long circular conducting cylinder or an infinite 
horizontal slab. By combining the effects we can get some idea regarding the net effect of the 
complete set of boundaries: sidewalls, top and bottom. Because the electrical conductivity of the 
soil is of order 10-2 S/m and the magnetic susceptibility is of order 10-4 SI in the test area [23], for 
purposes of calculating boundary effects we may consider the volume surrounding the tank to be 
non-conducting and non-magnetic. 

Calculating sidewall effects for a cylindrical tank becomes tractable if we consider a circular 
current loop centered on the tank axis. Testing was done with square or rectangular coils, but the 
circular loop remains a useful approximation. The largest differences between the sidewall fields 
for a square or rectangular loop and for a circular loop having the same area occur in the plane of 
the coil. For the 1 m square coil in a 3 m diameter tank, the maximum difference is 3% of the 
field for a circular coil. For the 2 ft by 3 ft and the 35 cm coils the corresponding values are 8% 
and 0.1%. The signal for co-located transmit and receive coils is a function of the magnetic flux 
through the center of the coils. In the absence of boundaries, for the square loops this is 1.6% 
larger than for equivalent circular loops. For the 2:3 aspect ratio rectangular coil it is 5.6% larger 
than for the equivalent circular loop. Considering the other sources of error in the experiments 
we do not feel that these differences are very significant. 

Background Response 

The vector potential for the magnetic field due to a current loop of radius 𝑚𝑚 in a conducting 
medium is given by 

∇2𝑨𝑨 − 𝜎𝜎𝜎𝜎
𝜕𝜕𝑨𝑨
𝜕𝜕𝑡𝑡

= −𝜎𝜎𝑰𝑰𝛿𝛿(𝜌𝜌 − 𝑚𝑚)𝛿𝛿(𝑧𝑧 − ℎ). 

The loop carries a current of (𝑡𝑡) Amperes and is located at ρ = 0, z = h in cylindrical 
coordinates. σ and μ are the electrical conductivity and magnetic permeability of the 
medium. For a sinusoidal current  of amplitude 𝐼𝐼, 
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𝑰𝑰(𝑡𝑡) = 𝑰𝑰�𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖 

which has only a φ component and ∂/∂φ = 0, we have [38] 
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𝜌𝜌2 − 𝑚𝑚𝑖𝑖𝜎𝜎𝜎𝜎�̂�𝐴 = −𝜎𝜎𝐼𝐼𝛿𝛿(𝜌𝜌 − 𝑚𝑚)𝛿𝛿(𝑧𝑧 − ℎ). 

 

Applying the Fourier-Hankel transform 

( )� = � � ( )𝑚𝑚−𝑖𝑖𝑖𝑖𝑖𝑖𝜌𝜌𝐽𝐽1(𝜆𝜆𝜌𝜌)𝑑𝑑𝜌𝜌𝑑𝑑𝑧𝑧,
∞

0

∞
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leads to a solution 

�̃̂�𝐴(𝜅𝜅, 𝜆𝜆) =
𝜎𝜎𝐼𝐼𝑚𝑚

𝜅𝜅2 + 𝜆𝜆2 + 𝑚𝑚𝑖𝑖𝜎𝜎𝜎𝜎
𝑚𝑚−𝑖𝑖𝑖𝑖ℎ𝐽𝐽1(𝜆𝜆𝑚𝑚). 

Inverting the implied Fourier transform in time then yields the Fourier-Hankel transform of the 
impulse response 

�̃�𝐴(𝜅𝜅, 𝜆𝜆, 𝑡𝑡) =
𝐼𝐼𝑚𝑚
𝜎𝜎
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𝜎𝜎𝜎𝜎 𝑚𝑚−�𝑖𝑖𝑖𝑖ℎ+𝑖𝑖2𝑖𝑖

𝜎𝜎𝜎𝜎 � 

for t > 0 [39, eq. 3.2(3)]. 

The inverse is separable, 
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and the integrals in the brackets are tabulated [39, eq. 1.4(11), 8.11(23)]. The vector potential for 
the response to a current impulse of strength 𝐼𝐼 in a loop with radius 𝑚𝑚 at ρ = 0, z = h is then 

𝐴𝐴(𝜌𝜌, 𝑧𝑧, 𝑡𝑡) =
𝐼𝐼𝑚𝑚

4√𝜋𝜋𝜎𝜎
�

𝑡𝑡
𝜎𝜎𝜎𝜎�

−3/2
𝐼𝐼1 �

𝑚𝑚𝜌𝜌𝜎𝜎𝜎𝜎
2𝑡𝑡

� 𝑚𝑚−𝜎𝜎𝜎𝜎
4𝑖𝑖 �𝑎𝑎2+𝜌𝜌2+(𝑖𝑖−ℎ)2�. 

The magnetic field 𝐻𝐻 and magnetic induction or flux density 𝐵𝐵 are given by 

𝑩𝑩 = 𝜎𝜎𝑯𝑯 = ∇ × 𝑨𝑨. 

Since 𝐴𝐴 has only a φ component, 𝐵𝐵 has only ρ and z components: 

𝐵𝐵𝜌𝜌 = −
𝜕𝜕𝐴𝐴
𝜕𝜕𝑧𝑧

   𝑚𝑚𝑛𝑛𝑑𝑑   𝐵𝐵𝑖𝑖 =
1
𝜌𝜌

𝜕𝜕𝜌𝜌𝐴𝐴
𝜕𝜕𝜌𝜌

. 
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Without loss of generality we can set ℎ = 0. The magnetic field components are then given in 
terms of modified Bessel functions of order 0 and 1 (𝐼𝐼0 and 𝐼𝐼1) by 

𝐻𝐻𝜌𝜌 =
𝐼𝐼𝑚𝑚

√𝜋𝜋𝑡𝑡
�
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The corresponding electric field (∇ × 𝑬𝑬 = −𝜕𝜕𝑩𝑩/𝜕𝜕𝑡𝑡) has only a φ component 𝐸𝐸 = −𝜕𝜕𝐴𝐴/𝜕𝜕𝑡𝑡. 

By Faraday’s Law, the voltage induced in a loop is equal and opposite to the time rate of change 
of the magnetic flux through the loop, with 

𝐵𝐵 = ∇ × 𝐴𝐴 =
1
𝜌𝜌

𝜕𝜕𝜌𝜌𝐴𝐴
𝜕𝜕𝜌𝜌

 

in our case. We are interested in the response to a current step down, so the induced voltage 
equals the flux through the loop due from a current impulse with the same strength. Green’s 
theorem transforms the integral of ∇ × 𝑨𝑨 over the area enclosed by a loop to a line integral of 𝐴𝐴 
around the loop. The voltage induced in a co-located loop with radius 𝑏𝑏 by a 1 A step down 
current in the primary loop is then  

𝑉𝑉(𝑡𝑡) =
√𝜋𝜋𝐼𝐼𝑚𝑚𝑏𝑏

2𝜎𝜎 �
𝑡𝑡

𝜎𝜎𝜎𝜎�
−3/2

𝐼𝐼1 �
𝑚𝑚𝑏𝑏𝜎𝜎𝜎𝜎

2𝑡𝑡 � 𝑚𝑚−𝜎𝜎𝜎𝜎
4𝑖𝑖 �𝑎𝑎2+𝑏𝑏2�. 

If the receive loop is very small (𝑏𝑏 → 0) then this reduces to 

𝑉𝑉(𝑡𝑡) =
√𝜋𝜋𝜎𝜎𝐼𝐼𝑚𝑚2𝑏𝑏2

𝑡𝑡 �
4𝑡𝑡
𝜎𝜎𝜎𝜎�

−3/2

𝑚𝑚−𝜎𝜎𝜎𝜎
4𝑖𝑖 𝑎𝑎2

, 

which is also equal to π𝑏𝑏2 times the rate of change of the flux density at the center of the current 
loop. The factor 𝑚𝑚𝑒𝑒𝑒𝑒 (− 𝜎𝜎𝜎𝜎𝑚𝑚2 4𝑡𝑡⁄ ) accounts for the diffusion of field changes in from the current 
loop. When t >> 𝜎𝜎𝜎𝜎𝑚𝑚2 the process is complete and 𝑑𝑑𝐵𝐵 𝑑𝑑𝑡𝑡⁄  (or 𝑉𝑉) decays as 𝑡𝑡−5/2. 

The impulse response for a rectangular loop can be calculated by integrating a continuous 
magnetic dipole distribution having dipole moment density of 𝐼𝐼 per unit area over the area 
enclosed by the loop. Expressions for the Cartesian (x, y, z) components of the impulse response 
of a z-directed magnetic dipole with moment 𝑚𝑚 are obtained by rotating the corresponding 
expressions for the components of an x-directed dipole found in [40, eq. 2.60], so that 

𝐻𝐻𝑖𝑖 =
𝑚𝑚𝜃𝜃3

𝜋𝜋3/2𝑡𝑡
𝑚𝑚−𝜃𝜃2𝑟𝑟2{𝜃𝜃2(𝑧𝑧2 − 𝑟𝑟2) + 1} 



53 
 

𝐻𝐻𝑥𝑥 =
𝑚𝑚𝜃𝜃3

𝜋𝜋3/2𝑡𝑡
𝑚𝑚−𝜃𝜃2𝑟𝑟2{𝜃𝜃2𝑒𝑒𝑧𝑧} 

𝐻𝐻𝑦𝑦 =
𝑚𝑚𝜃𝜃3

𝜋𝜋3/2𝑡𝑡
𝑚𝑚−𝜃𝜃2𝑟𝑟2{𝜃𝜃2𝑦𝑦𝑧𝑧} 

with  𝑟𝑟2 = 𝑒𝑒2 + 𝑦𝑦2 + 𝑧𝑧2  and   𝜃𝜃2 = 𝜎𝜎𝜎𝜎/4𝑡𝑡. 

For a rectangular loop with side of length 2𝑚𝑚 and 2𝑏𝑏 the various integrals work out to 
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and so forth for integrals over y. The field components for the impulse response of the loop are 
then 

𝐻𝐻𝑖𝑖 = {ʃ0𝑋𝑋ʃ0𝑌𝑌 − 𝜃𝜃2ʃ2𝑋𝑋ʃ0𝑌𝑌 − 𝜃𝜃2ʃ0𝑋𝑋ʃ2𝑌𝑌}
𝐼𝐼𝜃𝜃3

𝜋𝜋3/2𝑡𝑡
𝑚𝑚−𝜃𝜃2𝑖𝑖2   

𝐻𝐻𝑥𝑥 = 𝜃𝜃2𝑧𝑧ʃ1𝑋𝑋ʃ0𝑌𝑌
𝐼𝐼𝜃𝜃3

𝜋𝜋3/2𝑡𝑡
𝑚𝑚−𝜃𝜃2𝑖𝑖2 

𝐻𝐻𝑦𝑦 = 𝜃𝜃2𝑧𝑧ʃ0𝑋𝑋ʃ1𝑌𝑌
𝐼𝐼𝜃𝜃3

𝜋𝜋3/2𝑡𝑡
𝑚𝑚−𝜃𝜃2𝑖𝑖2 . 

 

Sidewall Reflections 

Effects of the tank sidewalls are accounted for by adding solutions of the homogeneous 
(unforced) equation to the forced solution for an unbounded medium so that the boundary 
conditions are satisfied. The boundary conditions are continuity of the normal component of the 
magnetic induction 𝐵𝐵 and of the tangential component of the magnetic field 𝐻𝐻. In terms of the 
vector potential 𝐴𝐴 (which as before has only a 𝜑𝜑 component) inside the tank (region 1) and 
outside the tank (region 2), 

𝜕𝜕𝜌𝜌𝐴𝐴1

𝜕𝜕𝜌𝜌
=

𝜕𝜕𝜌𝜌𝐴𝐴2

𝜕𝜕𝜌𝜌
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1
𝜎𝜎1

𝜕𝜕𝐴𝐴1

𝜕𝜕𝑧𝑧
=

1
𝜎𝜎2

𝜕𝜕𝐴𝐴2

𝜕𝜕𝑧𝑧
 

at the tank sidewall 𝜌𝜌 = 𝑆𝑆. Since the magnetic susceptibility of the soil is of order 10-4 SI [23] 
we may set 𝜎𝜎1 = 𝜎𝜎2 = 𝜎𝜎0 (4π⨉10-7 H/m). 

General solutions of the homogeneous equation are 

�̂�𝐴(𝜌𝜌, 𝑧𝑧) =
1

2𝜋𝜋
� 𝐹𝐹(𝑢𝑢)𝐼𝐼1(𝜌𝜌𝑢𝑢)𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑑𝑑𝜅𝜅

∞

−∞
 

and 

�̂�𝐴(𝜌𝜌, 𝑧𝑧) =
1

2𝜋𝜋
� 𝐺𝐺(𝑢𝑢)𝐾𝐾1(𝜌𝜌𝑢𝑢)𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑑𝑑𝜅𝜅

∞

−∞
 

with 𝑢𝑢 = �𝜅𝜅2 + 𝑚𝑚𝑖𝑖𝜎𝜎𝜎𝜎, ℛ(𝑢𝑢) > 0. Here 𝐼𝐼1 and 𝐾𝐾1 are modified Bessel functions of the first and 
second kind of order 1. The particular solution which satisfies the forcing was 

�̃̂�𝐴(𝜅𝜅, 𝜆𝜆) =
𝜎𝜎𝐼𝐼𝑚𝑚

𝜅𝜅2 + 𝜆𝜆2 + 𝑚𝑚𝑖𝑖𝜎𝜎𝜎𝜎
𝑚𝑚−𝑖𝑖𝑖𝑖ℎ𝐽𝐽1(𝜆𝜆𝑚𝑚). 

Inverting the Hankel transform (and setting ℎ = 0 without loss of generality), this becomes 

�̂�𝐴(𝜌𝜌, 𝑧𝑧) =
𝜎𝜎𝐼𝐼𝑚𝑚
2𝜋𝜋

� 𝐼𝐼1(𝜌𝜌𝑢𝑢)𝐾𝐾1(𝑚𝑚𝑢𝑢)𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑑𝑑𝜅𝜅
∞

−∞
 

for 0 < 𝜌𝜌 < 𝑚𝑚 or 

�̂�𝐴(𝜌𝜌, 𝑧𝑧) =
𝜎𝜎𝐼𝐼𝑚𝑚
2𝜋𝜋

� 𝐼𝐼1(𝑚𝑚𝑢𝑢)𝐾𝐾1(𝜌𝜌𝑢𝑢)𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑑𝑑𝜅𝜅
∞

−∞
 

for 𝑚𝑚 < 𝜌𝜌 < ∞ [39, eq. 8.11(10)]. Including the particular solution for ρ > 𝑚𝑚 and setting 𝜎𝜎 = 𝜎𝜎0, 
we then have 

�̂�𝐴1(𝜌𝜌, 𝑧𝑧) =
𝜎𝜎0𝐼𝐼𝑚𝑚
2𝜋𝜋

� 𝐼𝐼1(𝑚𝑚𝑢𝑢)𝐾𝐾1(𝜌𝜌𝑢𝑢)𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑑𝑑𝜅𝜅
∞

−∞
+  

1
2𝜋𝜋

� 𝐹𝐹(𝑢𝑢)𝐼𝐼1(𝜌𝜌𝑢𝑢)𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑑𝑑𝜅𝜅
∞

−∞
 

inside the tank, where now 𝑢𝑢 = �𝜅𝜅2 + 𝑚𝑚𝑖𝑖𝜎𝜎𝜎𝜎0 in terms of the electrical conductivity 𝜎𝜎 of the 
water in the tank, and since the surrounding soil is essentially non-conducting [23] 

�̂�𝐴2(𝜌𝜌, 𝑧𝑧) =
1

2𝜋𝜋
� 𝐺𝐺(|𝜅𝜅|)𝐾𝐾1(𝜌𝜌|𝜅𝜅|)𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑑𝑑𝜅𝜅

∞

−∞
 

outside the tank. 
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Applying the boundary conditions and working through the algebra to determine (𝑢𝑢) we get the 
complete solution for 𝜌𝜌 < 𝑚𝑚: 

�̂�𝐴(𝜌𝜌, 𝑧𝑧) =
𝜎𝜎0𝐼𝐼𝑚𝑚

𝜋𝜋
� {𝐾𝐾1(𝑚𝑚𝑢𝑢)+𝐶𝐶𝐼𝐼1(𝑚𝑚𝑢𝑢)}𝐼𝐼1(𝜌𝜌𝑢𝑢) cos(𝜅𝜅𝑧𝑧) 𝑑𝑑𝜅𝜅.

∞

0
 

The first term corresponds to the response in an unbounded medium and the second term 
corresponds to the reflection from the sides of the cylinder. The reflection coefficient is 

𝐶𝐶 = −
𝜅𝜅𝐾𝐾1(𝑢𝑢𝑆𝑆)𝐾𝐾0(𝜅𝜅𝑆𝑆) − 𝑢𝑢𝐾𝐾1(𝜅𝜅𝑆𝑆)𝐾𝐾0(𝑢𝑢𝑆𝑆)
𝜅𝜅𝐼𝐼1(𝑢𝑢𝑆𝑆)𝐾𝐾0(𝜅𝜅𝑆𝑆) + 𝑢𝑢𝐾𝐾1(𝜅𝜅𝑆𝑆)𝐼𝐼0(𝑢𝑢𝑆𝑆) . 

The voltage induced a small co-located loop with area 𝜋𝜋𝑏𝑏2 is then 

𝑉𝑉(𝑡𝑡) =
𝜎𝜎0𝐼𝐼𝑚𝑚𝑏𝑏2

2𝜋𝜋
� � {𝐾𝐾1(𝑚𝑚𝑢𝑢)+𝐶𝐶𝐼𝐼1(𝑚𝑚𝑢𝑢)} 𝑢𝑢𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑑𝑑𝜅𝜅

∞

0

∞

−∞
𝑑𝑑𝑖𝑖. 

Figure 34 is an example. It shows the background response at the center of a 1 m diameter loop 
on the axis of a 3 m diameter cylinder having a conductivity of 4 S/m. The current in the loop is 
a 1 A step down at time t = 0. The integrals were calculated by simple numerical quadrature in 𝜅𝜅 
followed by a Fast Fourier Transform in 𝑖𝑖. B0 denotes the background response for an 
unbounded medium and BR the reflection from the cylinder walls. The response is negative for 
the dashed portion of BR. BR → -B0 asymptotically for t >> TD = R2𝜎𝜎𝜎𝜎0 where R is the tank 
radius (TD = 11 μs for R = 1.5 m and 𝜎𝜎 = 4 S/m). Once the field has diffused in from the loop the 
response scales with the size of the tank through the diffusion time scale TD. Considered as a 
function of t/TD the amplitude scales with 𝑇𝑇𝐷𝐷

5/2. Asymptotically the response is unchanged – for 
a larger tank it just takes longer for the reflected fields to be fully realized. In this regime 
changes in the size of the current loop affect only the strength of the response due to changes in 
the transmit moment. 
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Figure 34. Background response at the center of a 1 m diameter loop on the axis of a 3 m diameter 
cylinder having a conductivity of 4 S/m. The current in the loop is a 1 A step down. B0 is the 
background response for an unbounded medium and BR is the reflection from the cylinder walls. 
The response is negative for the dashed portion of BR. Asymptotically BR → -B0. 

Top and Bottom 

As with the sidewalls, we start with the solution of the forced problem in an unbounded medium 
and then proceed to account for the boundaries by adding appropriate solutions to the 
homogeneous equation. Anticipating a boundary at z = 0 a distance ℎ above the source, the 
particular solution for a loop with radius 𝑚𝑚 located at z = -ℎ is as before 

�̃̂�𝐴(𝜅𝜅, 𝜆𝜆) =
𝜎𝜎𝐼𝐼𝑚𝑚

𝜅𝜅2 + 𝜆𝜆2 + 𝑚𝑚𝑖𝑖𝜎𝜎𝜎𝜎
𝑚𝑚𝑖𝑖𝑖𝑖ℎ𝐽𝐽1(𝜆𝜆𝑚𝑚). 

Inverting the Fourier transform in z, 

�̂�𝐴 =
𝜎𝜎𝐼𝐼𝑚𝑚

2
�

𝜆𝜆
𝑢𝑢

𝑚𝑚−𝑢𝑢|𝑖𝑖+ℎ|𝐽𝐽1(𝜆𝜆𝑚𝑚)𝐽𝐽1(𝜆𝜆𝜌𝜌)𝑑𝑑𝜆𝜆
∞

0
 

where now 𝑢𝑢 = �𝜆𝜆2 + 𝑚𝑚𝑖𝑖𝜎𝜎𝜎𝜎, ℛ(𝑢𝑢) > 0. General solutions of the homogeneous equation are 
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�̂�𝐴 = � 𝐹𝐹(𝜆𝜆)𝑚𝑚±𝑢𝑢𝑖𝑖𝐽𝐽1(𝜆𝜆𝜌𝜌)𝑑𝑑𝜆𝜆.
∞

0
 

Consider first a single plane boundary above the source at z = 0. Setting 𝜎𝜎 = 𝜎𝜎0, we then have 

�̂�𝐴1(𝜌𝜌, 𝑧𝑧) =
𝜎𝜎0𝐼𝐼𝑚𝑚

2
�

𝜆𝜆
𝑢𝑢

𝐽𝐽1(𝜆𝜆𝑚𝑚)𝐽𝐽1(𝜆𝜆𝜌𝜌)𝑚𝑚−𝑢𝑢|𝑖𝑖+ℎ|𝑑𝑑𝜆𝜆
∞

0
+ � 𝐹𝐹(𝜆𝜆)𝐽𝐽1(𝜆𝜆𝜌𝜌)𝑚𝑚−𝑢𝑢|𝑖𝑖|𝑑𝑑𝜆𝜆

∞

0
 

in the water, with 𝑢𝑢 = �𝜆𝜆2 + 𝑚𝑚𝑖𝑖𝜎𝜎𝜎𝜎0. In our case region 2 is air and can set 𝜎𝜎 = 0, so that 

�̂�𝐴2(𝜌𝜌, 𝑧𝑧) = � 𝐺𝐺(𝜆𝜆)𝐽𝐽1(𝜆𝜆𝜌𝜌)𝑚𝑚−𝜆𝜆|𝑖𝑖|𝑑𝑑𝜆𝜆
∞

0
 

for z > 0. 

The boundary conditions are as before, only now applied at z = 0. Applying the boundary 
conditions and working through the algebra to determine (𝜆𝜆) we get the complete solution 

�̂�𝐴(𝜌𝜌, 𝑧𝑧) =
𝜎𝜎0𝐼𝐼𝑚𝑚

2
� �𝑚𝑚−𝑢𝑢|𝑖𝑖+ℎ| + 𝐶𝐶𝑚𝑚−𝑢𝑢(|𝑖𝑖|+ℎ)�

𝜆𝜆
𝑢𝑢

𝐽𝐽1(𝜆𝜆𝑚𝑚)𝐽𝐽1(λρ)𝑑𝑑𝜆𝜆.
∞

0
 

The first term corresponds to the response in an unbounded medium and the second term 
corresponds to the reflection from the boundary at z = 0. In this case the reflection coefficient is 
simply 

𝐶𝐶 =
𝑢𝑢 − 𝜆𝜆
𝑢𝑢 + 𝜆𝜆

. 

The voltage induced a small co-located (i.e. at z = -h) loop with area 𝜋𝜋𝑏𝑏2 is then 

𝑉𝑉(𝑡𝑡) =
𝜎𝜎0𝐼𝐼𝑚𝑚𝑏𝑏2

2
� � {1 + 𝐶𝐶𝑚𝑚−2𝑢𝑢ℎ}

𝜆𝜆2

𝑢𝑢
𝐽𝐽1(𝜆𝜆𝑚𝑚)𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑑𝑑𝜆𝜆𝑑𝑑𝑖𝑖.

∞

0

∞

−∞
 

If the region above the surface were conducting the 𝜆𝜆’s would be replaced by 𝑢𝑢’s based on the 
conductivity in that region. In full generality we would have 

𝐶𝐶21 =
𝜎𝜎1𝑢𝑢2 − 𝜎𝜎2𝑢𝑢1

𝜎𝜎1𝑢𝑢2 + 𝜎𝜎2𝑢𝑢1
 

with subscripts 1 and 2 referring to the regions above and below the surface respectively. The 
convention 𝘊𝘊21 refers to the reflection of the field in region 2 by the boundary with region 1. 

Figure 35 is an example of the response for an air-water boundary. It shows the background 
response at the center of a 1 m diameter loop located 1.5 m below the surface. The conductivity 
of the water is 4 S/m. The current in the loop is a 1 A step down. B0 is the background response 
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for an unbounded medium and BR is the reflection from the surface. The response is negative for 
the dashed portion of BR. As before, the integrals were calculated by simple numerical 
quadrature in 𝜅𝜅 followed by a Fast Fourier Transform in 𝑖𝑖. In this case BR → -0.5 B0 
asymptotically for t >> TD = L2𝜎𝜎𝜎𝜎0 where now L is distance from the surface (TD = 11 μs for 
L = 1.5 m and 𝜎𝜎 = 4 S/m). This asymptotic ratio depends on the conductivity contrast between 
the layers. Once the field has diffused in from the loop the response scales with L through the 
diffusion time scale TD. Considered as a function of t/TD the amplitude scales with 𝑇𝑇𝐷𝐷

5/2. 
Asymptotically the response is unchanged – if the loop is farther from the surface it just takes 
longer for the reflected fields to be fully realized. In this regime changes in the size of the current 
loop affect only the strength of the response due to changes in the transmit moment. 

 

Figure 35. Background response at the center of a 1 m diameter loop below the surface of a semi-
infinite body of salt water having a conductivity of 4 S/m. The current in the loop is a 1 A step 
down. B0 is the background response for an unbounded medium and BR is the reflection from the 
surface. The response is negative for the dashed portion of BR. The BR → -0.5 B0 for times large 
compared to the diffusion time scale TD = L2𝜎𝜎𝜎𝜎0/2 where the characteristic length scale L is the 
distance below the surface (TD = 5.6 μs for L = 1.5 m). 

 

Including a lower boundary is straightforward. Expressions for the relevant reflection 
coefficients are given in [41]. With a current loop at z = -ℎ and the bottom at z = -𝑑𝑑 we have 
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�̂�𝐴(𝜌𝜌, 𝑧𝑧) =
𝜎𝜎0𝐼𝐼𝑚𝑚

2
� �𝑚𝑚−𝑢𝑢|𝑖𝑖+ℎ| + 𝑆𝑆𝑆𝑆𝑚𝑚−𝑢𝑢(|𝑖𝑖|+ℎ) + 𝑆𝑆𝐵𝐵𝑚𝑚−𝑢𝑢([𝑑𝑑+𝑖𝑖]+[𝑑𝑑−ℎ]�

𝜆𝜆
𝑢𝑢

𝐽𝐽1(𝜆𝜆𝑚𝑚)𝐽𝐽1(λρ)𝑑𝑑𝜆𝜆.
∞

0
 

Writing 

𝐶𝐶𝑆𝑆 =
𝑢𝑢 − 𝜆𝜆
𝑢𝑢 + 𝜆𝜆

 

for the basic reflection at the surface (air water boundary) and  

𝐶𝐶𝐵𝐵 =
𝜎𝜎𝐵𝐵𝑢𝑢 − 𝜎𝜎0𝑢𝑢𝐵𝐵

𝜎𝜎𝐵𝐵𝑢𝑢 + 𝜎𝜎0𝑢𝑢𝐵𝐵
 

for the reflection condition at the bottom, where the subscript B references the bottom, we have 

𝑆𝑆𝑆𝑆 =
𝐶𝐶𝑆𝑆�1 + 𝐶𝐶𝐵𝐵𝑚𝑚−2𝑢𝑢(𝑑𝑑−ℎ)�

1 − 𝐶𝐶𝑆𝑆𝐶𝐶𝐵𝐵𝑚𝑚−2𝑢𝑢𝑑𝑑  

and 

𝑆𝑆𝐵𝐵 =
𝐶𝐶𝐵𝐵(1 + 𝐶𝐶𝑆𝑆𝑚𝑚−2𝑢𝑢ℎ)
1 − 𝐶𝐶𝑆𝑆𝐶𝐶𝐵𝐵𝑚𝑚−2𝑢𝑢𝑑𝑑 . 

The voltage induced a small co-located loop with area 𝜋𝜋𝑏𝑏2 is then 

𝑉𝑉(𝑡𝑡) =
𝜎𝜎0𝐼𝐼𝑚𝑚𝑏𝑏2

2
� � �1 + 𝑆𝑆𝑆𝑆𝑚𝑚−2𝑢𝑢ℎ + 𝑆𝑆𝐵𝐵𝑚𝑚−2𝑢𝑢(𝑑𝑑−ℎ)�

𝜆𝜆2

𝑢𝑢
𝐽𝐽1(𝜆𝜆𝑚𝑚)𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑑𝑑𝜆𝜆𝑑𝑑𝑖𝑖.

∞

0

∞

−∞
 

If both the surface and the bottom are non-conducting and nonmagnetic then 

𝑆𝑆𝑆𝑆 = 𝐶𝐶
1 + 𝐶𝐶𝑚𝑚−2𝑢𝑢(𝑑𝑑−ℎ)

1 + 𝐶𝐶𝑚𝑚−𝑢𝑢𝑑𝑑
1

1 − 𝐶𝐶𝑚𝑚−𝑢𝑢𝑑𝑑 

and 

𝑆𝑆𝐵𝐵 = 𝐶𝐶
1 + 𝐶𝐶𝑚𝑚−2𝑢𝑢ℎ

1 + 𝐶𝐶𝑚𝑚−𝑢𝑢𝑑𝑑
1

1 − 𝐶𝐶𝑚𝑚−𝑢𝑢𝑑𝑑 

 with 𝐶𝐶 = (𝑢𝑢 − 𝜆𝜆) (𝑢𝑢 + 𝜆𝜆)⁄  and 𝑢𝑢 = �𝜆𝜆2 + 𝑚𝑚𝑖𝑖𝜎𝜎𝜎𝜎0 based on the conductivity in the layer. As 
noted in [41] we can expand the last term in these expressions so that it appears as a sequence of 
reflections at the boundaries: 

1
1 − 𝐶𝐶𝑚𝑚−𝑢𝑢𝑑𝑑 = � 𝐶𝐶𝑛𝑛𝑚𝑚−𝑛𝑛𝑢𝑢𝑑𝑑

∞

𝑛𝑛=0
. 



60 
 

To the extent that these subsequent reflections have little effect on the overall response, the net 
effect of the pair of boundaries should be about twice that for a single boundary when the loops 
are near the center of the layer since the middle term in the expressions for 𝑆𝑆𝑆𝑆 and 𝑆𝑆𝐵𝐵 equals one 
when ℎ = 𝑑𝑑/2. This is borne out by numerical evaluation of the integrals for a 1 m diameter loop 
1.5 m below the surface of a 3 m deep layer having a conductivity of 4 S/m. In this case the 
asymptotic ratio of the boundary contribution to the background response in the middle of the 
layer is about 1.8 times the corresponding boundary effect 1.5 m below the surface for the semi-
infinite medium. 

Layered Sediment Models 

We cannot assume that the physical properties of the bottom sediments are uniform in depth. The 
standard approach is to represent the sediments by a series of layers with different physical 
properties [7, 42]. Figure 36 shows the notation and coordinate system for the horizontally 
layered sediment model used here. The EMI source is a current loop with radius 𝑚𝑚 at Z = ZS in 
the water layer. 

As before, we start with the solution of the forced problem in an unbounded medium and then 
proceed to account for the boundaries using solutions of the homogeneous problem. The vector 
potential 𝑨𝑨 satisfies 

∇2𝑨𝑨 − 𝜎𝜎𝜎𝜎
𝜕𝜕𝑨𝑨
𝜕𝜕𝑡𝑡

= −𝜎𝜎𝑰𝑰𝛿𝛿(𝜌𝜌 − 𝑚𝑚)𝛿𝛿(𝑧𝑧 − ℎ) 

 

 

Figure 36. Notation and coordinate system for the horizontally layered sediment model. 
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The loop has radius 𝑚𝑚 and carries a current 𝐼𝐼 and is located at ρ = 0, z = zs in cylindrical 
coordinates. σ and μ are the electrical conductivity and magnetic permeability of the 
medium. For a sinusoidal current  

𝑰𝑰(𝑡𝑡) = 𝑰𝑰�𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖 

which has only a φ component and ∂/∂φ = 0, we have 

1
𝜌𝜌

𝜕𝜕
𝜕𝜕𝜌𝜌

�𝜌𝜌
𝜕𝜕�̂�𝐴
𝜕𝜕𝜌𝜌

� +
𝜕𝜕2�̂�𝐴
𝜕𝜕𝑧𝑧2 −

�̂�𝐴
𝜌𝜌2 − 𝑚𝑚𝑖𝑖𝜎𝜎𝜎𝜎�̂�𝐴 = −𝜎𝜎𝐼𝐼𝛿𝛿(𝜌𝜌 − 𝑚𝑚)𝛿𝛿(𝑧𝑧 − ℎ). 

 

Applying the Fourier-Hankel transform 

( )� = � � ( )𝑚𝑚−𝑖𝑖𝑖𝑖𝑖𝑖𝜌𝜌𝐽𝐽1(𝜆𝜆𝜌𝜌)𝑑𝑑𝜌𝜌𝑑𝑑𝑧𝑧,
∞

0

∞

−∞
 

we have 

�̃̂�𝐴(𝜅𝜅, 𝜆𝜆) =
𝜎𝜎𝐼𝐼𝑚𝑚

𝜅𝜅2 + 𝜆𝜆2 + 𝑚𝑚𝑖𝑖𝜎𝜎𝜎𝜎
𝑚𝑚−𝑖𝑖𝑖𝑖ℎ𝐽𝐽1(𝜆𝜆𝑚𝑚). 

Inverting the Fourier transform in z, 

�̂�𝐴 =
𝜎𝜎𝐼𝐼𝑚𝑚

2
�

𝜆𝜆
𝑢𝑢

𝑚𝑚−𝑢𝑢|𝑖𝑖+ℎ|𝐽𝐽1(𝜆𝜆𝑚𝑚)𝐽𝐽1(𝜆𝜆𝜌𝜌)𝑑𝑑𝜆𝜆
∞

0
 

where now 𝑢𝑢 = �𝜆𝜆2 + 𝑚𝑚𝑖𝑖𝜎𝜎𝜎𝜎, ℛ(𝑢𝑢) > 0. 

General solutions of the homogeneous equation are 

�̂�𝐴 = � 𝐹𝐹±(𝜆𝜆)𝑚𝑚±𝑢𝑢𝑖𝑖𝐽𝐽1(𝜆𝜆𝜌𝜌)𝑑𝑑𝜆𝜆.
∞

0
 

Boundary conditions are continuity of the tangential component of the magnetic field 𝐻𝐻 and the 
normal component of the magnetic induction or flux density 𝐵𝐵, where 

𝑩𝑩 = 𝜎𝜎𝑯𝑯 = ∇ × 𝑨𝑨. 

Since 𝐴𝐴 has only a φ component, 𝐵𝐵 (and 𝐻𝐻) has only ρ and z components: 

𝐵𝐵𝜌𝜌 = −
𝜕𝜕𝐴𝐴
𝜕𝜕𝑧𝑧

   𝑚𝑚𝑛𝑛𝑑𝑑   𝐵𝐵𝑖𝑖 =
1
𝜌𝜌

𝜕𝜕𝜌𝜌𝐴𝐴
𝜕𝜕𝜌𝜌

. 

Hence we need 
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𝜕𝜕𝜌𝜌𝐴𝐴𝑗𝑗

𝜕𝜕𝜌𝜌
=

𝜕𝜕𝜌𝜌𝐴𝐴𝑗𝑗+1

𝜕𝜕𝜌𝜌
 

1
𝜎𝜎𝑗𝑗

𝜕𝜕𝐴𝐴𝑗𝑗

𝜕𝜕𝑧𝑧
=

1
𝜎𝜎𝑗𝑗+1

𝜕𝜕𝐴𝐴𝑗𝑗+1

𝜕𝜕𝑧𝑧
 

at each boundary. Measured values of the magnetic susceptibility for our sediment samples from 
the York were all less than 10-4 SI, so we simply use 𝜎𝜎 = 𝜎𝜎0 = 4πx10-7 H/m in each layer for our 
calculations. Since our calculations are done in the frequency domain and then transformed to 
the time domain, we could easily include a frequency dependent permeability [43] to account for 
magnetic sediments. 

More generally, we write 

�̂�𝐴𝑗𝑗 =  � �𝐹𝐹𝑗𝑗
+(𝜆𝜆)𝑚𝑚+𝑢𝑢𝑗𝑗𝑖𝑖 + 𝐹𝐹𝑗𝑗

−(𝜆𝜆)𝑚𝑚−𝑢𝑢𝑗𝑗𝑖𝑖�
∞

0
𝐽𝐽1(𝜆𝜆𝜌𝜌)𝑑𝑑𝜆𝜆 

for the homogeneous solution in each layer. In the water (layer 1) the solution is 

�̂�𝐴1 =  � �𝐹𝐹1
+(𝜆𝜆)𝑚𝑚+𝑢𝑢1𝑖𝑖 + 𝐹𝐹1

−(𝜆𝜆)𝑚𝑚−𝑢𝑢1𝑖𝑖 +
𝜎𝜎𝐼𝐼𝑚𝑚

2
𝜆𝜆

𝑢𝑢1
𝑚𝑚−𝑢𝑢1|𝑖𝑖−𝑖𝑖𝑠𝑠|�

∞

0
𝐽𝐽1(𝜆𝜆𝜌𝜌)𝑑𝑑𝜆𝜆. 

The basic idea then then to work up from the lowest layer and down from the surface to obtain a 
pair of equations in 𝐹𝐹1

+and 𝐹𝐹1
−. We simplify the notation by writing 

𝐶𝐶𝑖𝑖𝑗𝑗 =
𝑢𝑢𝑗𝑗 − 𝑢𝑢𝑖𝑖

𝑢𝑢𝑗𝑗 + 𝑢𝑢𝑖𝑖
 

for the reflection coefficient from layer 𝑚𝑚 into layer 𝑗𝑗 and setting 

𝑓𝑓𝑆𝑆(𝜆𝜆) =
𝜎𝜎𝐼𝐼𝑚𝑚

2
𝜆𝜆

𝑢𝑢1
𝐽𝐽1(𝜆𝜆𝑚𝑚). 

In the air, 𝐹𝐹0
+ = 0, so across the surface (z = 0) we have 

𝐹𝐹0
− = 𝐹𝐹1

+ + 𝐹𝐹1
− + 𝑓𝑓𝑆𝑆𝑚𝑚𝑢𝑢1𝑖𝑖𝑠𝑠 

−𝜆𝜆𝐹𝐹0
− = 𝑢𝑢1𝐹𝐹1

+ − 𝑢𝑢1𝐹𝐹1
− − 𝑢𝑢1𝑓𝑓𝑆𝑆𝑚𝑚𝑢𝑢1𝑖𝑖𝑠𝑠 , 

or 

𝐹𝐹1
+ = 𝐶𝐶01{𝐹𝐹1

− + 𝑓𝑓𝑆𝑆𝑚𝑚𝑢𝑢1𝑖𝑖𝑠𝑠}. 

Going from the water into the sediment, 

𝐹𝐹1
+𝑚𝑚𝑢𝑢1𝑖𝑖1 + 𝐹𝐹1

−𝑚𝑚−𝑢𝑢1𝑖𝑖1 + 𝑓𝑓𝑆𝑆𝑚𝑚𝑢𝑢1(𝑖𝑖1−𝑖𝑖𝑠𝑠) = 𝐹𝐹2
+𝑚𝑚𝑢𝑢2𝑖𝑖1 + 𝐹𝐹2

−𝑚𝑚−𝑢𝑢2𝑖𝑖1 
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𝑢𝑢1𝐹𝐹1
+𝑚𝑚𝑢𝑢1𝑖𝑖1 − 𝑢𝑢1𝐹𝐹1

−𝑚𝑚−𝑢𝑢1𝑖𝑖1 + 𝑢𝑢1𝑓𝑓𝑆𝑆𝑚𝑚𝑢𝑢1(𝑖𝑖1−𝑖𝑖𝑠𝑠) = 𝑢𝑢2𝐹𝐹2
+𝑚𝑚𝑢𝑢2𝑖𝑖1 − 𝑢𝑢2𝐹𝐹2

−𝑚𝑚−𝑢𝑢2𝑖𝑖1 . 

Between sediment layers we have similar equations without the 𝑓𝑓𝑆𝑆 term. Going into the final 
(N+1) layer 𝐹𝐹𝑁𝑁+1

− = 0, so that 

𝐹𝐹𝑁𝑁+1
+ 𝑚𝑚𝑢𝑢𝑁𝑁+1𝑖𝑖𝑁𝑁 = 𝐹𝐹𝑁𝑁

+𝑚𝑚𝑢𝑢𝑁𝑁𝑖𝑖𝑁𝑁 + 𝐹𝐹𝑁𝑁
+𝑚𝑚𝑢𝑢𝑁𝑁𝑖𝑖𝑁𝑁 

𝑢𝑢𝑁𝑁+1𝐹𝐹𝑁𝑁+1
+ 𝑚𝑚𝑢𝑢𝑁𝑁+1𝑖𝑖𝑁𝑁 = 𝑢𝑢𝑁𝑁𝐹𝐹𝑁𝑁

+𝑚𝑚𝑢𝑢𝑁𝑁𝑖𝑖𝑁𝑁 − 𝑢𝑢𝑁𝑁𝐹𝐹𝑁𝑁
+𝑚𝑚−𝑢𝑢𝑁𝑁𝑖𝑖𝑁𝑁 , 

from which 

𝐹𝐹𝑁𝑁
− = 𝐶𝐶𝑁𝑁+1,𝑁𝑁𝐹𝐹𝑁𝑁

+. 

For a four-layer (two sediment layers) model we have four equations: 

𝐹𝐹1
+ = 𝐶𝐶01{𝐹𝐹1

− + 𝑓𝑓𝑆𝑆𝑚𝑚𝑢𝑢1𝑖𝑖𝑠𝑠} 

𝐹𝐹1
+𝑚𝑚𝑢𝑢1𝑖𝑖1 + 𝐹𝐹1

−𝑚𝑚−𝑢𝑢1𝑖𝑖1 + 𝑓𝑓𝑆𝑆𝑚𝑚𝑢𝑢1(𝑖𝑖1−𝑖𝑖𝑠𝑠) = 𝐹𝐹2
+𝑚𝑚𝑢𝑢2𝑖𝑖1 + 𝐹𝐹2

−𝑚𝑚−𝑢𝑢2𝑖𝑖1 

𝑢𝑢1𝐹𝐹1
+𝑚𝑚𝑢𝑢1𝑖𝑖1 − 𝑢𝑢1𝐹𝐹1

−𝑚𝑚−𝑢𝑢1𝑖𝑖1 + 𝑢𝑢1𝑓𝑓𝑆𝑆𝑚𝑚𝑢𝑢1(𝑖𝑖1−𝑖𝑖𝑠𝑠) = 𝑢𝑢2𝐹𝐹2
+𝑚𝑚𝑢𝑢2𝑖𝑖1 − 𝑢𝑢2𝐹𝐹2

−𝑚𝑚−𝑢𝑢2𝑖𝑖1 

𝐹𝐹2
− = 𝐶𝐶32𝐹𝐹2

+. 

Solving for the homogeneous field components in the water (layer 1) we have 

𝐹𝐹1
− =

𝑢𝑢1𝐷𝐷+(1 + 𝐶𝐶01𝑚𝑚2𝑢𝑢1𝑖𝑖𝑠𝑠) − 𝑢𝑢2𝐷𝐷−(1 + 𝐶𝐶01𝑚𝑚2𝑢𝑢1𝑖𝑖𝑠𝑠)
𝑢𝑢1𝐷𝐷+(1 − 𝐶𝐶01𝑚𝑚2𝑢𝑢1𝑖𝑖1) + 𝑢𝑢2𝐷𝐷−(1 + 𝐶𝐶01𝑚𝑚2𝑢𝑢1𝑖𝑖1)

𝑓𝑓𝑆𝑆𝑚𝑚2𝑢𝑢1𝑖𝑖1𝑚𝑚−𝑢𝑢1𝑖𝑖𝑠𝑠 

𝐹𝐹1
+ = 𝐶𝐶01{𝐹𝐹1

− + 𝑓𝑓𝑆𝑆𝑚𝑚𝑢𝑢1𝑖𝑖𝑠𝑠}, 

where 

𝐷𝐷± = 1 ± 𝐶𝐶32𝑚𝑚2𝑢𝑢2(𝑖𝑖2−𝑖𝑖1). 

The voltage induced in a small loop with radius 𝑏𝑏 located a horizontal distance 𝑒𝑒 from the 
transmitter is then 

𝑉𝑉(𝑡𝑡) =
𝜎𝜎0𝐼𝐼𝑚𝑚𝑏𝑏2

2
� � {1 + 𝐹𝐹1

+𝑚𝑚𝑢𝑢1𝑖𝑖𝑠𝑠 + 𝐹𝐹1
−𝑚𝑚−𝑢𝑢1𝑖𝑖𝑠𝑠}

𝜆𝜆2

𝑢𝑢
𝐽𝐽1(𝜆𝜆𝑚𝑚)𝐽𝐽1(𝜆𝜆𝑒𝑒)𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑑𝑑𝜆𝜆𝑑𝑑𝑖𝑖.

∞

0

∞

−∞
 

The integrals are calculated by simple numerical quadrature in 𝜆𝜆 followed by a Fast Fourier 
Transform in 𝑖𝑖. We used 2000 terms with 𝛥𝛥𝜆𝜆 = 0.025 m-1 and 218 terms with 𝛥𝛥𝑓𝑓 = 200 Hz for 
the cases considered here.  
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Electric Field Effects 

In the frequency domain the vector potential 𝑭𝑭 for the electric field due to a harmonic magnetic 
dipole with dipole moment 𝒎𝒎 = 𝐼𝐼0𝑑𝑑𝑨𝑨  at the origin is given by 

∇2𝑭𝑭 + 𝑘𝑘2𝑭𝑭 = −𝑚𝑚𝑖𝑖𝜎𝜎0𝒎𝒎𝛿𝛿(𝑒𝑒)𝛿𝛿(𝑦𝑦)𝛿𝛿(𝑧𝑧) 

with  𝑘𝑘2 = −𝑚𝑚𝑖𝑖𝜎𝜎𝜎𝜎0, where 𝜎𝜎 is the background conductivity. The solution is 

𝑭𝑭(𝒓𝒓) =
𝑚𝑚𝑖𝑖𝜎𝜎0𝒎𝒎

4𝜋𝜋𝑟𝑟
𝑚𝑚−𝑖𝑖𝑖𝑖𝑟𝑟 

[40, eq. 2.54]. The electric field 𝑬𝑬 = −∇ × 𝑭𝑭 is then 

𝑬𝑬 = −
𝑚𝑚𝑖𝑖𝜎𝜎0𝐼𝐼0

4𝜋𝜋
∇ × �

𝑑𝑑𝑨𝑨
𝑟𝑟

𝑚𝑚−𝑖𝑖𝑖𝑖𝑟𝑟�. 

Following [40, eq. 2.51 etc.] the corresponding time domain solution for an upwards current step 
𝐼𝐼0 is 

𝑬𝑬0(𝒓𝒓, 𝑡𝑡) =
𝜎𝜎0𝐼𝐼0

2𝜋𝜋3/2𝑡𝑡
𝑚𝑚−𝜃𝜃2𝑟𝑟2𝒓𝒓 × 𝑑𝑑𝑨𝑨 

with 𝜃𝜃2 = 𝜎𝜎𝜎𝜎0/4𝑡𝑡. This is a brief pulse at very early time which gets convolved with the target’s 
response function. As a practical matter we can simply integrate 𝑬𝑬 over time and multiply the 
response function by the result. We can then calculate the electric field for a loop by treating this 
as a dipole density and integrating over the area enclosed by the loop so that the strength of the 
primary field impulse due to a current step of strength 𝐼𝐼0 in the loop is 

𝑬𝑬0𝑑𝑑𝑡𝑡 =
𝜎𝜎0𝐼𝐼0

4𝜋𝜋
�

1
𝑟𝑟3 𝒓𝒓 × 𝑑𝑑𝑨𝑨. 

Introducing a coil response function for the electric field 

𝑮𝑮(𝒓𝒓) =
1

4𝜋𝜋
�

𝒓𝒓 × 𝑑𝑑𝑨𝑨
𝑟𝑟3  

we can express the primary field impulse strength as 

𝑬𝑬0𝑑𝑑𝑡𝑡 = 𝜎𝜎0𝐼𝐼0𝑮𝑮𝑇𝑇(𝒓𝒓) 

where the subscript T refers to the transmit loop. 

By analogy with the eddy current problem [25] we represent the target response by an induced 
electric dipole with moment 
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𝐼𝐼𝑑𝑑𝒔𝒔 = 𝜎𝜎 � 𝑬𝑬0(𝑡𝑡′)𝓟𝓟(𝑡𝑡 − 𝑡𝑡′)𝑑𝑑𝑡𝑡′ 

where 𝓟𝓟 is the polarizability tensor for the target’s electric field response. Again, since the 
electric field impulse occurs at very early time we simply integrate the impulse and replace the 
convolution with the product so that the induced electric dipole moment is given by 

𝐼𝐼𝑑𝑑𝒔𝒔 = 𝜎𝜎𝜎𝜎0𝐼𝐼0𝑮𝑮𝑇𝑇𝓟𝓟. 

We can follow through the derivations in [40] to determine the magnetic flux through the receive 
coil from the induced dipole or simply invoke electromagnetic reciprocity [44] and recognize 
that the voltage induced in a receive loop for a downwards current step of strength 𝐼𝐼0 is simply 

𝑉𝑉(𝑡𝑡) = 𝜎𝜎𝜎𝜎0
2𝐼𝐼0𝑮𝑮𝑅𝑅 ∙ �𝑮𝑮𝑇𝑇

𝑑𝑑𝓟𝓟
𝑑𝑑𝑡𝑡 � 

wherein 𝑮𝑮𝑹𝑹 is now the receive coil response function. 
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Appendix. Data Tables. 

Table 4. Suspended Particulate Matter (SPM) Concentrations. 
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Table 5. Temperature, conductivity and salinity profiles.  
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Table 5, continued. 
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Table 5, continued. 
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Table 5, continued. 
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Table 6. Burst averaged ADCP water speed, direction and acoustic backscatter. 
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Table 6, continued. 
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Table 6, continued. 
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Table 7. Sediment prcent moisture, porosity, volatile solids and fixed solids (by net weight). 
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Table 8. Sediment grainsize and organic matter (by dry weight). 
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