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Abstract

Seabed unexploded ordnance that resulted partly from the high failure rate among muni-
tions from more than 80 years ago and from decades of military training and testing of
weapons systems poses an increasing concern all around the world. Although exist-
ing magnetic systems can detect clusters of debris, they are not able to tell whether a
munition is still intact requiring special removal (e.g. in situ detonation) or is harm-
less scrap metal. The marine environment poses unique challenges, and transferring
knowledge and approaches from land to a marine environment has not been easy and
straightforward. On land, the background soil conductivity is much lower than the con-
ductivity of the unexploded ordnance and the electromagnetic response of a target is
essentially the same as that in free space. For those frequencies required for target char-
acterization in the marine environment, the seawater response must be accounted for
and removed from the measurements. The system developed for this study uses fields
from three orthogonal transmitters to illuminate the target and four three-component
receivers to measure the signal arranged in a configuration that inherently cancels the
system’s response due to the enclosing seawater, the sea—bottom interface and the air—
sea interface for shallow deployments. The system was tested as a cued system on land
and underwater in San Francisco Bay — it was mounted on a simple platform on top of a
support structure that extended 1 m below and allowed the diver to place metal objects
to a specific location even in low-visibility conditions. The measurements were stable
and repeatable. Furthermore, target responses estimated from marine measurements
matched those from land acquisition, confirming that the seawater and air—sea inter-
face responses were removed successfully. Thirty-six channels of normalized induction
responses were used for the classification, which was done by estimating the target prin-
cipal dipole polarizabilities. Our results demonstrated that the system can resolve the
intrinsic polarizabilities of the target, with clear distinctions between those of symmetric
intact unexploded ordnance and irregular scrap metal. The prototype system was able
to classify an object based on its size, shape and metal content and correctly estimate

its location and orientation.
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INTRODUCTION

Unexploded ordnance (UXO), resulting partly from the high
rate of failure among munitions from more than 80-100 years
ago, presents serious problems in Europe, Asia and the United
States. Areas of millions of square kilometres host underwa-
ter UXO. The US Army Corps of Engineers and the US Navy
have identified over 400 underwater formerly used defence
sites (e.g. DiMarco et al., 2010) that contain munitions or
UXO over 40,000 km? area in less than 40 m of water. Around
1.6 million tons of conventional and 5000 t of chemical
munitions were estimated to remain at over 71 munitions-
contaminated sites in German waters alone (Bottcher et al.,
2011).

UXO detection and discrimination using electromagnetic
induction (EMI) systems on land have successfully been
demonstrated (e.g. Beran et al., 2011; Billings et al., 2010;
Gasperikova et al., 2009a, 2009b; Prouty et al., 2011; Shu-
bitidze et al., 2014, 2021a; Song et al., 2012, 2013). The
marine environment poses additional challenges related to the
nature of the seawater environment and deployment. There-
fore, transferring the knowledge and approaches on land to a
marine environment has not been straightforward. Characteri-
zation and remediation of underwater sites are more expensive
than land sites. Current technologies allow for the detec-
tion of metallic objects in the underwater environment, but
divers perform characterization by manual inspection, which
is expensive and time-consuming (e.g. Schultz, 2016). Only
about 6% of the investigated targets are identified as UXO
during UXO clearance campaigns (e.g. Guldin, 2021). State-
of-the-art UXO detection methods in marine environments
include ship-towed magnetometer arrays, side-scan sonar,
multibeam echosounder and subbottom profiler (Frey, 2020;
Wehner & Frey, 2022). After creating a map of potentially
hazardous targets, these targets need to be characterized and
classified as UXO or non-UXO, where EMI systems play an
important role.

The ability to detect and discriminate UXO from non-UXO
targets using EMI systems in marine environments depends
on advances in two main areas: (1) reliable deployment and
accurate system positioning and (2) accurate estimation of
target properties and subsequent discrimination. The ability
to deploy and collect data in various marine environments
has been demonstrated with several prototype systems (e.g.
Billings 2020; Funk et al., 2022; Miller et al. 2018, 2019;
Schultz et al., 2021; Shubitidze et al. 2021a). One approach
that can lead to successful target characterization is modelling
the electromagnetic (EM) response of the complex marine

environment and subtracting that from the total measured
signals during data processing (e.g. Keranen et al. 2018; Kul-
gemeyer et al. 2019; Miller et al. 2021; Schultz et al. 2021;
Shubitidze et al. 2021b; Song et al. 2021).

An alternative approach is to design a system configu-
ration that would inherently eliminate the effect of marine
conductive environment in hardware and increase sensitivity
to metallic targets of interest. The seawater response is compa-
rable to, or larger than, the response of the target. The system
of measuring the differences of receivers placed symmetri-
cally on either side of the transmitters cancels the seawater
response because the induced currents in the seawater are also
symmetric with respect to the transmitters. For symmetrically
placed identical induction receiver coils, wired in opposition,
the output voltage is zero during the primary field pulse in
free-space, and at all times in a uniform conducting medium
or in the vicinity of parallel plane interfaces in the plane of the
transmitter and receiver. When a conducting object is near one
of the receivers, the output is nonzero and proportional to the
difference of the object’s secondary field at the two receivers.
Morisson (2013) described in detail the treatment of this prob-
lem and the hardware configuration that cancels the effects
of the seawater and the air—sea interface. We present results
demonstrating that such an approach is viable in achieving
the desired performance. A marine version of the Berkeley
UXO discriminator (MBUD), time-domain EM system, was
designed and built to address these challenges and classify
targets from a single system position to a depth of about 1.2 m.

For the rest of the paper, we first describe the acquisition
system and discrimination approach. Then, we demonstrate
a cued mode acquisition and object classification during
field land and marine experiments in San Francisco Bay,
CA and provide results comparison and system performance
assessment.

INSTRUMENTATION

Two main parameters, the size of the transmitter and sen-
sor array dimensions, control the system’s capabilities. The
field strength at depth depends on the dimensions of the
transmitter, and the receiver spacing governs the depth esti-
mates’ accuracy. A simple 2.5 x 1.2 m? platform supports
an open-frame electromagnetic (EM) prototype system con-
sisting of three orthogonal transmitters at the centre and four
three-component receiver cubes at the corners of a 1-m?
area (Figure 1). The system uses a 5.0 ms bipolar half-sine
pulse current waveform, and measurements are made in the
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FIGURE 1

System configuration schematic: (a) side view and (b) plane view. The supporting platform is 2.5 X 1.2 m?. Three-component

receiver cubes are 1 m apart in a square pattern at the left end of the platform. A 0.5-m transmitter cube is at the centre of the receiver cubes. A, B

and Z indicate three orthogonal transmitter coils. The transmitter electronics and power units are at the right end of the platform.

transmitter off-time. The pulser provides a peak moment of
2000 A-turns-m”> with current pulses of 200 A and a net
power consumption of 400 W. Differences in field at sym-
metrically positioned receivers cancel the seawater response
and the air—sea interface for shallow deployments. The pulser
and electronics inside the pressure casing are 2.0 m away from
the transmitter cube centre at the end of the platform. Next to
the transmitter electronics is also a dedicated pressure casing,
inside of which all the signal and power connections are redis-
tributed inside of a tether cable that reaches the surface vessel
where the data are acquired, processed and analysed.

The orthogonal transmitter coil system is completely
encased in epoxy glass composite to avoid any possibility
of creating contact between seawater and the transmitter coil
windings. The pressure-compensating oil filling system and
wet pluggable high-pressure connectors are used for receiver
and transmitter cables. Each three-component receiver and
amplifier system are housed in a plastic cube 0.15 m on a side
and enclosed in a plastic pressure case. Four three-component
receivers are symmetrically placed on a horizontal plane
around a three-component transmitter cube (Figure 1). Dia-
metrically symmetric receivers see the same response from
the seawater and from the horizontal air-sea interface, and
both responses are cancelled in the difference. In some cases,
the receiver outputs of a particular pair for one transmitter
coil are of the same sign and must be differenced by the
acquisition; for another coil, they are of opposite sign and
must be summed, which is handled by the field-programmable

gate array (FPGA) board. The control system consists of two
FPGA boards. The first board sends an acquisition sequence
to the pulser in the pressure casing. The board is enclosed in a
metal box to shield the high EM fields generated by the power
switching from interfering with acquisition board operation.
The second FPGA board that performs data acquisition and
is connected through a connection box to the receivers’ chan-
nels is on the service boat. The acquisition software developed
for the Berkeley unexploded ordnance discriminator systems
(e.g. Gasperikova et al., 2009a; Gasperikova et al., 2012) was
modified for this system.

The system components are mounted on the top platform
(Figure 2). The support structure extends 1 m below the
system platform and allows for the object placement to a spe-
cific location and orientation. Four people easily handle the
system. Two plates with uniform openings distribution cen-
tred below the transmitter cube centre allow for an accurate
object position with respect to the system’s centre, even in
low-visibility conditions that might be encountered during
underwater surveys.

OBJECT IDENTIFICATION

The induced moment of a target depends on the strength of the
transmitted electromagnetic-inducing field. If we normalize
the moment by the inducing field, we obtain polarizabil-
ity. The secondary fields, measured as a function of time,
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FIGURE 2 Marine system for a cued mode operation during land testing.

are related to the induced polarizabilities. The polarizabili-
ties and their variation with time are the only fundamental
object parameters that can be recovered from the inductive
excitation of a finite body in the ground if a dipolar repre-
sentation is assumed. Smith and Morrison (2004) were the
first to introduce a satisfactory classification scheme based
on the use of the principal dipole polarizabilities of a target.
It has been demonstrated that a set of the intrinsic princi-
pal dipole polarizabilities of a target is key in discriminating
unexploded ordnance (UXO) from irregular scrap metal (e.g.
Gasperikova, et al., 2009a; Pasion et al. 2007; Prouty et al.
2011). Although other object identification approaches have
been developed, the basic polarizability-based UXO classi-
fication methodologies are most frequently used and have
been adopted by the US Department of Defense Advanced
Geophysical Classification Accreditation Program to stan-
dardize the classification methodology (EPA, 2016). For a
near-intact UXO, a major polarizability coincides with the
object’s long axis and two equal transverse polarizabilities
(Figure 3a) in the direction of the minor axes. In comparison,
scrap metal exhibits three distinct principal polarizabilities
(Figure 3b). There are clear distinctions between symmetric
intact UXO and irregular scrap metal. Because UXOs have
unique polarizabilities, distinct individual signatures can dis-
tinguish each type of UXO. If uniform field illumination and
dipole approximation are valid, these polarizability responses
are independent of the target position and orientation. The
distance at which this condition happens depends on the
object’s size. For large objects close to the system, higher
order (non-dipole) terms are present due to source-field gra-
dients along the length of the objects, which affect object
orientation and equivalent dipole polarizability estimates. The
discrimination software based on these properties developed

for the Berkeley unexploded ordnance discriminator systems
(e.g., Gasperikova et al., 2012; Gasperikova et al., 2009b;
Gasperikova, et al., 2009a) was adapted for this system.

FIELD SURVEYS AND RESULTS
Land tests

The tests on land were done at the University of California
Richmond Field Station (UCRFS), California. Stability and
repeatability are important parameters of the system’s perfor-
mance. The stability of the background transient is measured
by differencing two background transients, and this is shown
in Figure 4 at the start (Figure 4a) and at the end (Figure 4b)
of the test, respectively. The upper, middle and lower panels
show responses measured on 12 channels (c1—c12) for x, y
and z transmitters, respectively. Each channel’s small mag-
nitude random variation defines the combined system and
site noise level. Figure 4 illustrates that the system was sta-
ble, and measurements were repeatable. When a target was
present (Figure 4c), the response was an order of magni-
tude larger and showed a typical decay response that enabled
reliable object characterization. The background response
(Figure 4a,b) was considered the system and the site cali-
bration response, and it was subtracted from the measured
response, allowing a 1:1 comparison of the measurements and
results from different field sites. This was especially important
for the measurements at the UCRFS, where variable high-
level cultural noise was present. Figure 5 shows objects used
for performance testing — 152-mm shotput, steel and alu-
minium 230-mm spheroids, 60-mm mortar, 70-mm rocket,
105-mm projectile, an anchor, two different size propellers, a
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FIGURE 4

transmitter (X, y or z) and responses are measured on 12 channels (c1—12).

chain and a piece of scrap metal. The target response depends
on the target’s size and depth, for example a shallow 152-
mm shotput response was ~50 times above the background
response, whereas when deep, the signal was only ~10 times
larger than the background response. Similar signals were
observed for the 105-mm projectile, over 100 times larger than
the background for medium depths and only ~10 times above
the background for the deepest location tested.

Following Gasperikova et al. (2009a), the principal dipole
polarizabilities of a target were estimated from normalized
induction responses in 36 channels and computed at 46 loga-
rithmically spaced discrete times between 0.0005 and 0.013 s

(a) Background response at the test start, (b) background response at the test end and (c) target response. Each panel represents one

after the turnoff. The background reference sounding taken
within 3040 min of the measurement, without any object
present, was subtracted from a sounding for each object at
various positions and orientations, inverted for principal
polarizabilities, and inversion results were displayed on the
computer screen. Intrinsic polarizability responses of selected
targets are shown in Figure 6. Figure 7 shows that object
locations were estimated within a few centimetres of the
measured values. Figure 7d shows that over 90% of objects
had location estimates better than 0.06 m. If the objects
outside the system footprint were not included, this number
would be 98%. In Figure 7d, the black symbols and left axis
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FIGURE 5
(2) chain, (3) a piece of scrap metal, (4) 230-mm spheroid, (5) 152-mm

Objects used for system testing: (1) 60-mm mortar,

shotput, (6) 105-mm projectile, (7) 70-mm rocket, (8) large propeller,
(9) anchor and (10) small propeller.

show location differences in depth, and the grey symbols and
right axis show these differences for y-coordinates, both as
a function of differences in x-coordinates on the horizontal
axis. The excellent performance and discrimination capa-
bilities of the system are illustrated by the 70-mm (2.75-in)
rocket and 152-mm steel shotput, both clearly characterized
down to 0.7 m and with the 105-mm projectile characterized
down to a depth of 1.0 m. Figure 7e reveals that the system
can discriminate objects to depths ~10 times the object’s
diameter. The 70-mm rocket was correctly characterized even
when located 0.2 m outside the system footprint. For the
105-mm projectile located 0.2 m outside the system footprint
(Figure 7b, solid circle at (—0.15, 0.7 m), depth and polariz-
abilities were correctly estimated, but estimates in y-location
were 0.12-0.17 m from the measured location. During a field
survey, for objects outside of the system footprint, the system
would be moved closer, and measurements and classification
repeated to ensure the correct location and characterization
of the target. Scrap and non-unexploded ordnance (UXO)
objects had responses that were different from those of UXO.

Marine tests

The underwater tests were performed in Richmond Marina
Bay Yacht Harbor. The area is filled with ‘bay mud’, a soft
unconsolidated silty clay. The water depth in the marina varies
from 1.0 to 6.0 m. The measurements were done in an area
with a water depth of 6.0 m. The marine UXO system can
easily be transported and deployed using a carrier pontoon
boat with two inflatable sides and a gantry crane capable of

EUROPEAN

GASPERIKOVA ET AL.

ENGINEERS

carrying payloads similar to the system weight (Figure 8a).
This boat is suitable for shallow or deep-water deployments.

The system was lowered into the water (Figure 8b) after
a preliminary noise test in the air at the test location. Easy
underwater handling by the diver was included in the design,
as the system’s buoyancy reduces the apparent weight. With
the device on the sea bottom, the diver detached the winch
cables, and the carrier boat was moved away from the test site.
The underwater system was connected with a tether cable that
includes both signal and power cables to the pulser high cur-
rent, low voltage DC source, and the data acquisition system
that resides on a service boat (operator’s vessel). The system
was operated from a computer on the service boat.

Figure 9 shows the background responses at the start
(Figure 9a) and end (Figure 9b) of the test, respectively. Anal-
ogous to the land tests, the figure illustrates that the system
was stable, measurements were repeatable and the noise level
was much lower than the target response shown in Figure 9c.
Again, the upper, middle and lower panels show responses
measured on 12 channels (c1-c12) for x, y and z transmit-
ters. The background noise level was 10-30 times lower than
the one during our land tests (Figures 4a,b), as there was no
industrial noise present as encountered at the Richmond Field
Station. When the target is present (Figure 9c), the response
is an order of magnitude larger and again shows the charac-
teristic response decay. Because of lower background noise
levels, the shallow 152-mm shotput response was ~50-100
times above the background response, whereas when located
deep, the signal was ~20 times the background response. Sig-
nal levels of an aluminium spheroid, 60-mm projectile and
105-mm projectile were 7-30, 60 and over 200 times larger
than the background.

The system was operated in a cued mode. We acquired
data over typical marine UXO targets and scrap, that is a
152-mm shotput, 230-mm steel and aluminium spheroids, 60-
mm mortar, 70-mm rocket, 105-mm projectile, anchor and
a piece of scrap, at multiple positions and orientations. The
device support structure described earlier allowed the diver to
accurately place the object into a specified position and ori-
entation with respect to the centre of the system (Figure 8c).
Soundings were collected for each object and position, dif-
ferenced with background reference soundings taken within
30-40 min of the measurement, without any metallic object
present, and inversion results were displayed on the computer
screen, including the object’s estimated position and orien-
tation. Although this was still a two-step process — the data
acquisition was separate from the data processing and inver-
sion, it allowed for real-time data quality checks on the service
boat. Similar to land experiments, the principal dipole polar-
izabilities of a target (Figure 10) were estimated using 36
channels of normalized induction responses and calculated
at 46 logarithmically spaced discrete times between 0.0005
and 0.013 s after the transient shutoff. Figure 11 shows the
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FIGURE 6 Continued

actual and estimated objects’ depth and horizontal location
relative to the centre of the transmitter cube by the inversion.
Again, Figure 11d shows that the difference between mea-
sured and estimated locations was better than 0.05 m for over
90% of the objects. The 152-mm shotput was characterized
1.0 m away from the system, although the response was nois-
ier (Figure 10b) than when the object was 0.5 m away from the
system (Figure 10a). Figure 11e demonstrates that the system
can discriminate objects to depths 10-11 times the object’s
diameter. The system discrimination capability based on a
metal type is illustrated using 230-mm steel (Figure 10c) and
aluminium (Figure 10d) spheroids. Polarizability responses
produced by objects of the same size and shape but made
from different materials are characteristically different. The
response of aluminium spheroid (Figure 10d) is smaller in
amplitude and has a slower decay with time; hence, polar-
izability curves have different shapes than those for steel
spheroid (Figure 10c).

ASSOCIATION OF
GEOSCIENTISTS &

EUROPEAN

GASPERIKOVA ET AL.

ENGINEERS

Principal Polarizabilities (m3ls)
3
T

Time (s)

(h)

Principal Polarizabilities (m3ls)
3
T

Time (s)

)

The results from underwater tests compare very well with
the land test results. Figure 12 shows responses from both
tests for the 60-mm mortar (Figure 12a), 70-mm rocket
(Figure 12b), 105-mm projectile (Figure 12c) and 230-mm
steel spheroid (Figure 12d). The results from underwater tests
are plotted in grey, whereas the land results are plotted in
black. Target responses estimated from marine measurements
are within 10% of those from land measurements. The larger
discrepancies and noise are present at late times when signals
are small.

DISCUSSION AND CONCLUSIONS

These results demonstrate that the same discrimination
capabilities of land electromagnetic induction systems are
achievable in marine environments. Future work needs to
address various survey modalities and deployments. Suppose
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FIGURE 7 Actual (black symbols, a) and estimated (grey symbols, e) object locations in land experiment. (a) 3D view, (b) XY locations, (c)

XZ locations, (d) differences between actual and estimated values and (e) target depths as a function of a target diameter. Test targets were 105-mm
projectile, 60-mm mortar, 70-mm rocket, 230-mm steel and aluminium spheroids, 152-mm shotput, a piece of scrap metal, large (L) and small (S)
propellers, chain and anchor.

adetection system locates targets in the area of interest. In that
case, this system can navigate to those locations and identify
the target based on acquired data in a stationary position and
subsequent inversion. Another option is that the system would
be used for both detection and discrimination in one survey,
similar to what was demonstrated with land systems (e.g.
Gasperikova et al., 2009a; Gasperikovaet al., 2009b) or other
marine systems (e.g. Billings, 2020; Miller et al., 2018). This
is a challenging problem, as navigation, towing or mounting
the system on a remotely operated vehicle needs to be imple-
mented and tested in various marine environments. However,
systems used in testing these functionalities (e.g. navigation,
deployment) have dimensions comparable to ours, so one can
leverage the latest technologies in such a system. With the
ability to subtract external signals in hardware, our system

offers an alternative to those that rely on precise modeling
of the entire system and environment. The discrimination
capabilities can be improved by modifying the inversion code
to allow for multi-object solutions for cases when multiple
objects are close to each other. The survey objective and
costs determine which form factor or modality best suits
a particular marine environment. Single-pass systems (e.g.
Funk et al. 2022) might be the most efficient for large areas
and rough deep-sea deployment. Smaller systems like the
one presented in this study might be most suitable for smaller
areas or areas with difficult access.

The marine UXO system was tested on land and in San
Francisco Bay at a water depth of 6.0 m in the cued mode.
These experiments in a shallow marine environment demon-
strated that the system response to enclosing seawater and the
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FIGURE 8 (a) The system transportation between the dock to the test site using the carrier boat towed behind the operator vessel, (b) lowering
the system to the sea bottom and (c) object placement in a marine environment.
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FIGURE 9 (a) Background responses at the test start, (b) background responses at the test end and (c) target response during marine
deployment. Each panel represents one transmitter (X, y or z), and responses are measured on 12 channels (c1-c12).
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FIGURE 10 Principal polarizabilities as a function of time for test targets: (a) 152-mm shotput, (b) 152-mm shotput at a depth of 1.0 m, (c)
230-mm steel spheroid, (d) 230-mm aluminium spheroid, (e) 60-mm mortar, (f) 70-mm rocket, (g) 105-mm projectile at a depth of 1.0 m at 45° and

(h) scrap metal.
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Actual (black symbols, a) and estimated (grey symbols, e) object locations in marine experiment. (a) 3D view, (b) XY locations,

(c) XZ locations, (d) differences between actual and estimated values and (e) target depths as a function of a target diameter. Test targets were

105-mm projectile, 60-mm mortar, 70-mm rocket, 230-mm steel and aluminium spheroids, 152-mm shotput, a piece of scrap metal and an anchor.
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FIGURE 12
spheroid from land (black curves) and underwater tests (grey curves).

air—sea interface is cancelled. The carrier boat used in this
experiment is suitable for shallow or deep-water deployments.
The acquired data also demonstrated the system’s stability
and measurement repeatability. The comparison of the under-
water and land test results showed that the target responses
estimated from marine acquisitions matched those from land
measurements. The system can discriminate objects to depths
~10 times the object’s diameter, ~1.2 m below the system.
The inversion accurately estimates the target’s depth, horizon-
tal location and orientation from data in both environments.
A unique set of principal polarizabilities characterizes each
target. Furthermore, results of 230-mm steel and aluminium
spheroids demonstrated that the system can classify objects
based on not only their size and shape but also the metal
content.
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