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1 Introduction

An explosive ordnance is a munition that is either launched or fired with the intent of detonation at a specified target. An
unexploded ordnance (UXO) is an explosive ordnance that, due to some malfunction, remains undetonated. As aresult, the
ordnance can be found at the ground surface, partially buried, or buried at a depth of up to 8 m beneath the surface. Practical
and cost-effective strategies for remediation require both detection of possible targets and the ability to discriminate between
UXO and contaminating scrap metal.

The detection of buried metallic objects can be accomplished with a variety of geophysical sensing techniques. Time
domain electromagnetic induction (TEM) surveys have been successful in detecting both ferrous and non-ferrous metallic
objects near the soil surface, and are a mainstay amongst technologies currently utilized in UXO clearance projects. In the
TEM method a time varying magnetic field is used to illuminate a conducting target. This primary field induces surface
currents on the target which then generate a secondary magnetic field that can be sensed above ground. As time elapses, the
surface currents diffuse inwards, and the observed secondary field consequently decays. The rate of decay, and the spatial
behavior of the secondary field, is determined by the target’s conductivity, magnetic permeability, shape, and size.

In Pasion and Oldenburg (2000) we presented a TEM data inversion algorithm for estimating the basic shape (rod-like
or plate-like) and magnetic character (ferrous or non-ferrous) of a buried metallic object. In this report, after briefly outlining
the inversion algorithm, we apply the algorithm to two field examples. In the first example a Geonics EM63 survey was
carried out over a 2m x 2m area over a 60 mm mortar. For the second example TEM data were collected over a seeded
UXO test site at the former Fort Ord in California. An 8 ft x 8 ft portion of the data, centered over one of the anomalies, was
extracted from the data set.

2 Development of Approximate Forward Modelling

In order to invert measured TEM data for the physical parameters of the target, it is necessary to have a forward model
to describe the TEM response for a buried metallic object. We can restrict our forward model to axi-symmetric metallic
targets, since this geometric subset adequately describes all UXO and the majority of buried metallic scrap encountered in a
remediation survey. Unfortunately, analytic expressions for the time domain response are restricted to a metallic sphere, and
even an expression for apermeable and conducting non-spherical axi-symmetric body is not available. Numerical solutions of
Maxwell’s equations, under continual development, are promising (e.g. Haber, 2000; Carin, 2000; Hiptmair, 1998), however,
the computational time requirementsfor obtaining a solution still make them impractical for use as part of arigorousinversion
procedure. Our approach, therefore, is to use an approximate forward model that can adequately reproduce the measured
electromagnetic anomaly with minimal computational effort. The validity of thisreduced modelling still needs further testing
but the empirical tests carried out here (and in Pasion and Oldenburg (2000)) suggest that it can be useful in practice.

Our approximate forward modelling represents the time domain response of a metallic object as a pair of perpendicular
dipoleslocated at the center of the buried target. The modelled reponse can either be measurements of the secondary magnetic
field (B-field), or the derivative of the secondary magnetic field (0B/0t). We consider a target whose center is located at
R = (X,Y, Z) in the space-fixed co-ordinate system (fig. 1).

The secondary response € (r, t), representing either B-field or 9B /0t data, measured at a receiver/transmitter |ocation
r and at atime¢ after the termination of the primary field, is then the sum of the responses of the two orthogonal dipoles:

E (I‘, t) = El (I‘, t) + Ez (I‘, t) (l)
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i (T, = Ho 3m;(t)-(r—R (r—R)_ mt(t)) 2
£ (r,1) 4ﬁ<[ O TR @



Figure 1. The field co-ordinate system for a

buried target.
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are the dipole parallel and perpendicular to the axis of symmetry. The unit vectors X', y', and z' are given by
% =cos¢pcosfX +sinpcos@y —sinh 2 (5)
y =—singx+cospy (6)
7' =cos¢sinfx +sin¢gsinfy + cosb z. (7

Ly (t) and L (t) characterize the time decay behaviour of the the two dipoles. An appropriate form for the decay law of
either B-field or 0B/0t datais

Li (t) = k; (t + o) et/ )
The validity of this decay law was established in Pasion (1999).

In summary, the approximate response of buried metallic object given by eqg. (1) can be generated from 13 parameters
that describe the object. These model parameters are elements of the model vector

m:[X7 Y7 Z7 ¢7 07 kl,Oél,ﬂl,’Yl,kQ,O{Q,BQ,’YQ]. (9)

X and Y denotes the surface projection of the centroid of the body, and Z is the depth of the object below the surface. The
orientation of the target is described by the two angles 8 and ¢. The remaining parameters describe the decay characteristics
of the two dipoles: k1, a1, 1, and -y, describe the dipole paralel to the axis of symmetry (m), and k2, as, B2, and -
describe the dipole perpendicular to the axis of symmetry (m»). Thus the inversion for the model m will immediately give
estimates of target location and orientation. Information on the shape, size, and material parameters of the target may later be
inferred from the remaining parameters.

3 Non-Linear Parameter Estimation Procedure

In this paper it is assumed that the response measured in asurvey is due to a single body, and second, that the response of this
single body can be accurately modelled with eq. (1). With these assumptions, an inversion procedure can be devel oped that
utilizes the approximate forward model.

The forward model can be expressed as
dj :Fj[m], j: 1,2,3,...N (10)

This equation expresses the mapping of the model vector m to adatum d ; by afunctional F;. The forward mapping F; is
defined by eq. (1) and it is a nonlinear functional of the 13 model parameters given in eq. (9). In the inverse problem, these
parameters are retrieved from a vector of observed datad °** by minimizing aleast-squares objective function:

® (m) = 5[IWa (Flm] - ¢ | a

where F'[m] istheforward modelled data, d °*® isthe observed data, and ¢ isthe |east squares objective function that measures
how closely our predicted data matches the observed data. W 4 is the dataweighting matrix. If the data are contaminated with
unbiased Gaussian random noise, then W isideally a diagonal matrix whose elements are the reciprocals of the standard
deviation of each datum.
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4 Relating Model Parameters to Material and Geometric Properties

The above inversion procedure is used to recover parameters that characterize atarget’'s TEM anomaly. The next step is to
interpret these parameters. Recall that UXO are typically rod-like rather than plate-like, and are magnetically permeable. In
order to extract these potentially UXO identifying features from the recovered model vector (eq. (9)), we use the inversion
procedure to fit a series of decay curves from a range of axi-symmetric targets of different shape, geometry, and material
properties. We then generate empirical relationships between the parameters and target characteristics. The data curves used
for this analysis were either TEM measurements made in the Geonics Ltd. |aboratory, or they were synthetically generated
decay curvesfor a sphere using equation (1).

In this paper we present the analysis of the 9B /0t response of the targets, and refer the reader to Pasion (1999) for the
analysisof the B-field data. There we show that the same target shape diagnostics, developed herefor 9B/ Jt data, aso apply
to B-field data.

4.1 A Relationship Between /5 and Magnetic Permeability

UXO are generally made of steel, which is aferrous material. Therefore, the magnetic permeability is likely an identifying
characteristic of UXO. To generate alink between magnetic permeability and model parameters, forward modelled responses
were calculated for a series of spheres varying in size and permeability. 0B /0t data were then inverted to generate decay
parameters, and in particular, to produce estimates of the parameter 5. The plots of 3 as a function of sphere radii and
magnetic permeability, are provided in fig. 2. Fig. 2 suggests that when applying our inversion to the time derivative of the
field, a value of 3 greater than about 0.8 indicates that the target is most likely permeable. The use of 3 as a diagnostic to
determine permeability can be extended to non-spherical targets by looking at the recovered 5 values for the aluminum and
steel prisms. The inversion produces two values of 3, one for each of the excited dipoles, to describe a buried target. We
suggest taking the average of the two recovered 5 values, which we label as 3.

4.2 Relationships Between Model Parameter Ratios and Target Shape

TheRatio k; /k». The recovered k-ratio for targets ranging from a steel plate to a steel rod are shown in fig. 3(a). For a steel
plate, the k-ratio &y /k2 < 1, whilefor asteel bar the k-ratio k1 /k2 > 1. The opposite orientation effect was observed for an
aluminumrod, that isky /ks < 1 (fig. 3(b)).

TheRatio 51 /82. The recovered §-ratio for targets ranging from a steel plate to a steel rod are shown in fig. 4(a). For a
steel plate, the S-ratio 51 /62 > 1, while for a steel bar the g-ratio 81/62 < 1. The decay curves for aluminum targets are
essentially the same regardless of target shape, and therefore thereis no relationship between the s-ratio and the aspect ratio
(fig. 4(b)).
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Figure 3: Relating the aspect ratio of a steel target with the ratio k1 /k». Plot (a) illustrates the relationship between the
k1 / k- ratio derived from 0B /0t data and the shape of a steel target. Plot (b) illustrates the relationship between the k1 / k-
ratio and the shape of an aluminumtarget.
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Figure 4: Relating the aspect ratio of a steel target with the ratio 5, /52. Plot () illustrates the relationship between the
B1/ 8- ratio derived from 9B /0t data and the shape of a steel target. Plot (b) illustrates the relationship between the 31 /32
ratio and the shape of an aluminumtarget.

5 The Discrimination Algorithm Using 0B /0t Data

The results from the previous section suggests the following algorithm for using 0B /0t datato help identify possible UXO
targets:

1. Perform the non-linear inversion recover model parameters for the two-dipole model.
2. Compute 3 = L (81 + ). If B > 0.80 then the target is most likely permeable.
3. Computeratios 31 /82 and k1 / k. There are two options:

e 3 > 0.8 = Ferrous Target: If k,/k, > 1 and 8,/B» < 1 then a permeable rod-like target was measured. |f
k1/ke < 1and f31/B2 > 1 then a permeable plate-like target was measured.

e 3 < 0.8 = Non-FerrousTarget: If k, /k» > 1 then anon-permeable plate-like target was measured. If k1 /ky < 1
then the target isrod-like. 51 /3> does not give any supporting, or extra, information.

The above algorithm can be extended to the analysis of B-field datasimply by changing the 8 threshold to 0.3 (Pasion, 1999).



(a) Location and Orientation (b) Decay Parameters and Diagnostics

Expected Lmi | mo | mpec |
m, | m,.. | Parameters k1 7.82 | 10.89
Northing (m) || 1.85 | 1.92 2.00 ap || 0.020 | 0.014 | Diagnostic || Result | Conclusion |
Easting (m) || 1.96 | 2.03 2.00 b1 1.09 | 0.94
Burial 7 || 367 | 324 » B 1.11 | Permeable
Depth (m) 0.32 | 0.27 0.15 ko 782 | 2.84 k1 /ko 3.84 Rod-like
¢ (degrees) 45 | 145 ~0 as || 0.020 | 0.018 B1/ B2 0.73 Rod-like
0 (degrees) 45 | 51.7 ~ 57 B 1.09 | 129
Yo 367 | 2.96

Table 1: Recovered parameters for the field data inversion. Table (a) demonstrates that the inversion was successful in
obtaining the approximate location and orientation of the target. Table (b) lists the recovered decay parameters of the two
dipoles. Application of the diagnostics indicates that the buried target is permeable and rod-like and therefore a candidate
for UXO.

6 Field Data Examples

6.1 Example 1: Small Survey over a Single Target

We apply our algorithmto a TEM field data set acquired at the United States Army Corps of Engineer Environmental Research
and Development Center UX O test site in Vicksburg, Mississippi. The Geonics EM63 instrument was used for this survey.
A 60 mm projectile was placed in the ground with its center at 2.0 m East, 2.0 m North and at a depth of 0.15 m from the
surface. The projectile was placed at a dip of § = 57 °, with itstip pointing to the North (¢ = 0 °). The survey consisted of
a2m x 2m grid centered on the target, containing 5 lines running North-South separated at 50cm line spacing, with stations
located at 10cm intervals along each line.

The observed and predicted data are compared in figure 5. Fig. 5(a) shows a plan view comparison for four of the 26
time channels. Fig. 5(b) compares the observed and predicted data along three of the lines. Fig. 5(c) compares the decay
curve measured at four stations on the survey.

The recovered location and orientation parameters are listed in Table 1(a). The recovered easting of 2.04m differs from
the true value of 2.00m by 4e¢m. The recovered northing of 1.77m differs from the true value of 1.83cm by 6¢m. These
errors are of the same magnitude as can be expected in spotting the station location in the field survey. The recovered burial
depth of 0.27m is 12¢m deeper than the expected depth of 0.15¢m. This may be due to the instrument not responding
strongly to the tapered aluminum tail of the 60 mm mortar. The orientation parameters § and ¢ are well recovered. The
recovered decay parameters are listed in Table 1(b) and the diagnostics applied to these parameters are listed in Table 1(c).
Thevaueof 3 = 1.11(> 0.8) indicates that the target is likely magnetically permeable. Theratios k1 /k; = 3.84(> 1) and
B1/ 82 = 0.73(< 1) indicate, for a magnetically permesble target, that the TEM responseis likely from arod-like target.

6.2 Example 2: Data Extracted from a Large Scale Data Set

For this example we use data collected in a Geonics EM63 survey over the Ordnance Detection and Discrimination Study
(ODDS) UXO seeded test plots at the former Fort Ord in California. A newly modified Geonics EM63 instrument was used
for this survey. The survey consisted of 180/t long lines running East-West separated by 1 f¢, with stations located at 10cm
intervals along each line.

To removethe effects of instrument drift a 101 point median filter was used to cal cul ate the long-wavelength trend along
each acquisition line and for each channel. This trend line was removed from each channel. To create the image shown in
fig. 6, time channels 2 to 10 were then averaged and a dc-shift applied to each line so that the median value of each line was
constant across the survey. A bi-cubic spline gridding algorithm was then used to grid the datato a 0.25 ft pixel.

Theinversion algorithm was applied to target 570 in the seeded plot, which isa90 mm projectilelocated at 75.42 ft East,
66.12ft North and at a depth of 30 inches from the surface. The projectile was placed in the ground horizontally (6 = 90 °),
withitstip pointing East (¢ = 0°). An8ft x 8 ft portion of the data was extracted about target 570 and inverted.

The observed and predicted data are compared in figure 7. Fig. 7(a) shows a plan view comparison for four of the 26
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Figure 5: Plots of the observed and predicted data for the 60 mm projectile UXO field data set. (a) Plan view of the survey
data for four of the time channels. It is clear that at t=13.2ms that the signal has fallen beneath the noise level of the
instrument. The white lines in that plot indicate the lines of data used in the inversion. (b) Comparison of observed and
predicted data along lines for times 0.18, 0.34, and 8.9m.s. (c) Comparison of observed and predicted decay soundings at 4
stations. Symbols that are uncoloured (white) indicate that the absol ute value has been plotted. (d) Photo of 60 mm projectile
used in this survey.

time channels. Fig. 7(b) compares the observed and predicted data along three of the lines. Fig. 7(c) compares the decay
curve measured at four stations on the survey. There are several possible reasons why the data appears noisier than in the
previous data set: (1) The target is buried deeper and therefore has a weaker signal, (2) The lines were 180t long, making
accurate sensor positioning more difficult, and (3) The walking speed along each line of approximately 3ft¢/s was greater
than in thefirst example.



(a) Location and Orientation

(b) Decay Parameters and Diagnostics

[mi | mo | mre |
Expected k || 489 | 15.26
m, m,.. | Parameters ap || 0.020 | 0.020 | Diagnostic || Result | Conclusion |
Easting (ft) || 76.13 | 75.49 75.42 Bi || 124 | 0.83
Northing (ft) || 66.11 | 66.02 66.12 7 || 2321 | 21.02 » B 0.92 | Permesble
Burial ky || 489 | 4.42 k1 ko 346 | Rod-like
Depth (inches) | 24 23 30 as || 0.020 | 0.020 B1 /B 0.81 | Rod-like
é (degrees) 45 55 ~0 B, || 124 | 102
6 (degrees) 45 | 920 ~90 72 || 23.21 | 20.63

Table 2; Recovered parameters for the field data inversion. Table (a) demonstrates that the inversion was successful in
obtaining the approximate location and orientation of the target. Table (b) lists the recovered decay parameters of the two
dipoles. Application of the diagnostics indicates that the buried target is permeable and rod-like and therefore a candidate
for UXO.

The recovered location and orientation parameters are listed in Table 2(a). The recovered easting of 75.49ft differs
from the true value of 75.42ft by 0.84 inches. The recovered northing of 66.02f¢ differs from the true value of 66.12ft by
1.2 inches. These errors are of the same magnitude as can be expected in spotting the station location in the field survey.
The recovered buria depth of 0.47m is 3em deeper than the expected depths of 0.44m. The orientation parameters 8 and ¢
are well recovered. The recovered decay parameters are listed in Table 2(b) and the diagnostics applied to these parameters
arelisted in Table 2(c). Thevalue of 3 = 0.92(> 0.8) indicates that the target is likely magnetically permeable. The ratios
ki/ke = 3.46(> 1) and 81 /58> = 0.81(< 1) indicate, for a magnetically permeable target, that the TEM response is likely
from arod-like target.
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Figure 6: EM63 Survey Data collected over the ODDS Known 2 seeded test site at the former Fort Ord in California. This
image was produced by removing a trend line from each time channel, then averaging channels 2 to 10. A dc-shift was applied
to level the lines, and a bi-cubic spline gridding algorithm was used to create the image. Inversion algorithmis applied to
data about target 570.
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7 Discussion and Conclusion

The TEM data inversion algorithm in Pasion and Oldenburg (2000) was applied to two field data sets. In both cases the
diagnostics, applied to the recovered model parameters, correctly predicted that the TEM anomaly was produced by a mag-
netically permeable and rod-like metallic target. This supports the methodology proposed by Pasion and Oldenburg (2000).
We recognize that further evaluations will be required and that an important ingredient to successful application to UXO dis-
crimination will depend upon high quality data being recorded and state-of-the-art preprocessing applied to the data to extract
the anomalous signal to be inverted. With such advances, the discrimination algorithm presented here has the potential for
making a positive impact on the interpretation of UXO detection data.
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