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ABSTRACT

During exploration using electromagnetic methods, secondary electromagnetic (EM) fields due to induced currents from
conductors, together with the primary EM field, are recorded with a suitable receiver at various points in space. In general, the
secondary EM field at the receiver, which contains all the information regarding underground conductors, may be several
orders of magnitude smaller than the primary field. Under these conditions the separation of the measured total EM field into its
primary and secondary parts is difficult. For the purpose of measuring the secondary fields in the absence of the primary field,
time-domain electromagnetic measurements, often referred to as transient electromagnetic (TEM) techniques are employed.

Comparative numerical modeling using a single component (measuring the vertical component of the field, Hz) TEM
receiver and a three-component (measuring Hx, Hy, and Hz) TEM receiver was undertaken. A forward modeling approach was
used to compute the voltage response of half-space containing one or more conductive bodies excited by a bi-polar square
waveform. Although this method utilizes conductor scattering, it is particularly useful as a practical use for unexploded
ordnance (UXO) detection. Unlike single component data, results from the three-component data are unambiguous as to the
location and orientation of conductors. Measurements with the addition of horizontal- component data for secondary magnetic
fields lead a better indication of target location, and target size determination, orientation, and characteristics, especially for the
targets in the horizontal plan. A three-component TEM field experiment at a well-documented well site (NCU campus) was
consistent with the effects predicted by our theoretical modeling. As a result, the three-component TEM survey is an essential
element for high-resolution EM engineering survey.
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1. INTRODUCTION

During exploration by traditional frequency-domain
electromagnetic (FEM) methods, the ground is energized by
passing an alternating current (ac) through an ungrounded
loop typically situated at the earth’s surface. The primary
field of the loop will induce eddy currents in all conductors
present in the earth. The secondary electromagnetic (EM)
fields due to these induced currents, together with the pri-
mary EM field, are recorded with a suitable receiver at vari-
ous points in space. In general, the secondary EM field at the
receiver, which contains all the information regarding the
underground conductors, may be several orders of magni-
tude smaller than the primary field. Under these conditions
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the separation of the measured total EM field into its pri-
mary and secondary parts is difficult. This fact led to the
idea of using time-domain electromagnetic measurements,
often referred to as transient EM (TEM) techniques (Na-
bighian 1991). In TEM measurements a strong direct cur-
rent (dc) is usually passed through an ungrounded loop. At
time t = 0 this current is abruptly interrupted. The second-
ary fields due to the induced eddy currents in the ground
can now be measured with a suitable receiver in the ab-
sence of the primary field. For poor conductors, the initial
voltages are large but the field decays rapidly. For good
conductors the initial voltages are smaller but the field de-
cays slower. This thus provides a simple criterion for re-
cognizing and differentiating the effects of various con-
ductors.
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In the detection of unexploded ordnance (UXO), near-
surface TEM surveys have traditionally used one or more Hz
loops (measuring the vertical component of the field). How-
ever, in this paper, we offer a numerical model of TEM
three-component (Hz, Hx, and Hy) responses for vertical
and horizontal subterranean conductors. Based on this nu-
merical modeling, we devise a three-component TEM field
experiment at a well-documented wells site on the NCU
campus. We find three-component TEM anomalies, which
correlate with known wells, and which are consistent with
the effects predicted by our theoretical modeling. We con-
clude that the three-component TEM survey is an essential
tool for high-resolution EM measurements.

2. THEORETICAL BACKGROUND AND
MODELING

In order to understand the TEM responses with a rec-
tangular transmitter loop excited by a bi-polar square wave-
form with exponential rise-time and ramp turnoff, a forward
modeling approach was used.

2.1 Modeling Code

LEROI is a well-known program designed to operate
with a variety of field survey configurations and on single or
multiple TEM readings using a forward approach. It is spon-
sored by a group of companies under the Australian Mi-
nerals’ Industry Research Association (AMIRA). The pro-
gram computes the voltage (db/dt) response of up to two
horizontally layered half-spaces. The deeper or basement
layer may contain one or more conductive plate-style bodies
(Conductive Plate). The theoretical responses derived from
these targets are inductively coupled.

LEROI is based upon frequency domain, integral equa-
tion thin sheet theory (Raiche and Sugeng 1989). This ap-
proach computes scattering currents from separate current
gatherings and vortex potentials. The time domain response
is computed by first calculating the frequency domain re-
sponse from 0.1 Hz to 100 kHz at an interval of six frequen-
cies per decade. A cubic spline interpolation of the imagi-
nary component of the magnetic field is used to represent the
frequency domain response over the entire spectrum. The
time domain magnetic fields are computed using digital fil-
ter coefficients that have been derived from the fast Hankel
transform algorithm of Johansen and Sorensen (1979). A
spline is fit to the time domain magnetic fields and the db/dt
computed using the spline coefficients. This is then con-
volved with the source function to give the field voltages (by
area * db/dt).

In its theoretical implementation, LEROI decomposes a
plate conductor into a series of sub-plates when modeling.
These sub-plates are used to more accurately simulate the
physical EM secondary fields created in an actual conductor.

By simulating small sub-plate cells the EM response com-
puted can be more accurately computed but at the expense of
computational time. A default cell size of 50 meters is used
but for large plates, this may be increased. There is a com-
promise between EM response accuracy and computation
time. The code is compute intensive and can be slow to mo-
del soundings in complex situations. Memory requirements
for the program are high; it will not operate in less than 16
megabytes of available memory, but the program operates
more efficiently when 32 megabytes of RAM is available. It
will take about 2 minutes, Intel Pentium processor 1400 MHz,
for modeling a plate in the conductive host (Figs. 1 and 3),
with a cell size of 1 meter and turn off time (tot) of tran-
smitting current of 0.140 ms (the tot record of our experiment).

2.2 3D Modeling

Figure 1 shows the calculated profile plots from a plate
(conductance 3000 S) in the conductive host with a resistiv-
ity of 100 ohm-m. Figure 1b is the survey map showing the
location of the plate and survey lines. Figure 1c shows the
calculated TEM transient voltage (in pv) along line 6 (y = 6 m)
of Hz, Hx, and Hy components, top down, respectively. The
conductive features are clearly anomalous with strong nega-
tive values relative to the background for the Hz profile; the
calculated Hx anomalies are dipolar with a negative/cross-
over/positive anomaly as the target is approached and crossed;
the calculated Hy anomalies are similar to Hz but the polar-
ity of the anomaly is reversed. In each case, the cross-over
point is centered over the target. Figure 1d shows the calcu-
lated TEM transient voltage along line 10 (y = 10 m). The
dominant difference is of no Hy anomaly since the y compo-
nent is parallel to the plate, which is assumed to be of zero
thickness. Figure le shows the calculated TEM transient
voltage along line 14 (y = 14 m). The profile is quite similar
to profile 6, but the Hy component has opposite polarity.

We organized all the profiles and plot the results in
planar view in Fig. 2 (e.g., picking delay time 2.087 ms).
Figure 2a shows the vertical component, while Fig. 2b shows
the horizontal component (the composition of the x and y
component). When compared to the plot between vertical
and horizontal components, the horizontal component re-
veals more clearly the possible target conductor. The refine-
ment of conductor images by adding the horizontal compo-
nent is especially helpful for target identifications common
at engineering sites.

For the case of the target conductor being horizontal, the
calculated profile plots and planar plots are created as in
Figs. 3 and 4, respectively. After examining and comparing
these plots, it is evident that the horizontal component is
better for horizontal target identification than the vertical
component. This is due to the horizontal components being
able to display the anomaly generated by the horizontally
conductive target (Figs. 3c, d, and e).
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Fig. 1. Computed three-component transient voltages forthe TEM profiles of a vertical plate (conductance 3000 S) in a conductive host (100 ohm-m).
(a) The perspective displays of the three-dimensional model. Transmitter loop position and survey lines are displayed on the top surface at ground
level. Target plate suggests depth and three-dimensionality. (b) The survey map showing the location of the model plate, transmitter loop (bold
square) and survey lines. (c¢) The calculated TEM transient voltage (in uV) along line 6 of Hz, Hx, Hy component, and the earth model, top down re-
spectively. (d) The calculated TEM transient voltage along line 10. (e) The calculated TEM transient voltage along line 14.
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Fig. 2. Planar view of the TEM transient voltage (in uV) at time 2.087 ms of Fig. 1. (a) Vertical component. (b) Horizontal component. The conductive

target is indicated by a red box.

3. THREE-COMPONENT TEM FIELD
EXPERIMENTS

A comparative survey using a three-component (mea-
suring Hx, Hy, and Hz) TEM receiver was undertaken at six
wells in the Groundwater Research Well Field on NCU cam-
pus (Chen and Chang 2002), four of which have stainless
steel casings and the other two plastic (Fig. 5a). The campus
is located on the Taoyuan Tableland. Deposits consist of an
upper sequence of a red-brown lateritic soil over rounded
sandstone clasts (up to boulder size) in an uncemented ma-
trix of sand, silt, and clay, and a lower sequence of inter-
bedded, well-consolidated sand, silt, and clay. The lower
clay layer is composed of laterally continuous clay from 34 m
to the well-depths of 35 m.

3.1 Field Experiments

For our three-component TEM survey, two sets of 50%
duty cycle, time domain, square wave electric current (each
25 amps) in parallel are transmitted into ungrounded two
transmitter square loops of wire measuring 20 m on each
side. In this survey, the magnetic fields are detected with a
three-orthogonal ungrounded Roving Vector Receiver, each
dipole moment equaling 10000 m”. The measurements are
made 18 to 20 times (“windows”), from about 0.5 to 30 ms,
after the transmitter is turned off in order to measure the de-
cay response of the background earth as well as secondary
fields from conductors after the background earth response
has decayed to near-zero values. SIROTEM TEM (Buselli
and O’Neill 1977) is used for this purpose. An area measur-
ing 20 meters by 20 meters around the central six wells in the

Groundwater Research Well Field is surveyed in detail to
establish the extent of the subsurface metal, as well as to
detect any other nearby anomalies.

3.2 Data Analysis and Interpretation

For suggested data analysis and interpretation of the
TEM survey, we use contours of voltage for a selected num-
ber of channels of data: at least one early delay time giving
shallow behavior, one late delay time giving deeper beha-
vior, and one intermediate delay time for delineating or
checking purposes. The anomalies are then rated. The choice
of the optimum delay time at which measurements of the
TEM response are made is based on the response of a given
target being at its maximum for conductivity and radius.
However, in the presence of geological noise, it is not the tar-
get alone that determines the optimum delay time at which
TEM measurements are taken. In such cases, the optimum
delay time is derived by given consideration to the behavior
of the signal to noise ratio as a function of time, and deter-
mining when these functions reach a maximum. For our ex-
perimental case, within the time window 0.5 - 30 ms, we
chose early delay time of ~1.687 ms and a late delay time of
~5.087 ms.

Figure 5b shows the Hz survey results in planar view at
1.687 and 5.087 ms after the transmitter is turned off. From
the shallow image (1.687 ms), the subsurface metal casings
at the well site are clearly anomalous as negative transient
voltages. This closely correlates to the well site. Using mod-
eling (Fig. 2), we are confident that the negative anomalies
were due to the metal casings. With an increased depth im-
age (5.087 ms), six anomalies associated with the well cas-
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Fig. 3. Computed three-component transient voltages (in pV) for the TEM profiles of a horizontal plate (conductance 3000 S) in a conductive host
(100 ohm-m). (a) The perspective displays of the model. Transmitter loop position and survey lines are displayed on the top surface at ground level.
Target plate (in red color) suggests depth and three-dimensionality. (b) The survey map showing the location of the model plate (in red color), trans-
mitter loop (bold square) and survey lines. (c) The calculated TEM transient voltage (in pV) along line 6 of Hz, Hx, Hy components, and the earth
model, top down respectively. (d) The calculated TEM transient voltage along line 10. (¢) The calculated TEM transient voltage along line 14.
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Fig. 4. Planar view of the TEM transient voltage (in pV) at time 2.087 ms of Fig. 3. (a) Vertical component. (b) Horizontal component. The conductive

target is indicated by a box.

ings are clearly seen. The response of well 3 is weaker lead-
ing us to suspect this well is one of those lacking a metal
casing.

Other than metal identification beneath the earth, the
characteristics of the surrounding earth could also be esti-
mated from using TEM anomalies. Examining the two dif-
ferent depth slices of Fig. 5b, very conductive materials
(negative voltages) surrounded the well casing at shallow
depths (1.687 ms) while less or none conductive materials
are evidenced at depth (5.087 ms). As the experimental tar-
gets were drilled using the cable tool percussion method,
heavy drilling mud would have been used and we know that
bentonite layers were deployed, to prevent cross flow be-
tween wells (Chen and Chang 2002). Both heavy drilling
mud and bentonite layers are extremely conductive materi-
als; therefore, the images of the metal casings are mixed with
the very conductive materials of well construction. The ex-
tent of the depth of the very conductive materials can be esti-
mated using the concept of skin depth in the time domain
(Lee 1977). For a planar wave and a homogeneous medium,
the maximum electrical field penetrates at depth z (m):

z =Q2tp /)"

(1
where t = time (s), p = resistivity (ohm-m) and @ = mag-
netic permeability (H/m). Suppose the late time of 5.087 ms
responds to a casing depth of 35 m according to Eq. (1), and
the early time of 1.687 ms response depth is about 20 m,
which is the extent of the very conductive materials.
Figure 5c shows TEM response of the wells in the ho-
rizontal component, calculated from Hx and Hy data. Only
metal-casing wells 1, 2, and 4 are closely correlated with

TEM anomalies at the well sites from shallow to deep; the
plastic-casing wells 5 and 6 have weak TEM response sig-
nals. This demonstrates the importance and superiority of
the horizontal TEM component in vertical target detection.
In that, it is capable of illuminating the orientations and
characters of a metal target. However, the horizontal signal
is weaker than the vertical, consequently, we transmitted a
higher current of 50A in this experiment [the behavior was
predicted by our theoretical modelings (Figs. 1 and 3)].

After extending the survey to the surrounding area
(~50 m to the west), similar anomalies were encountered in
the horizontal component data but not in the Hz data. Figure 6a
gives the location, and Fig. 6b presents an east-west trending
anomalous zone for early time crossing through the grid at y
=16 m, moving from west to east along the survey line. This
linear anomaly is the result of a buried power line that enters
the survey grid from the west, connects to an electrical ac-
cess cover (x =12 m, y = 16 m), and exists the grid to the east
journeying toward another light pole. Because the horizontal
power line is very shallow, about 1 m below the surface, the
anomaly was dismissed as time increased to 2.087 ms. A
strong anomaly at coordinate x = 12 m, y = 16 m is an elec-
trical access cover on the surface. It is worth noting that
there is a weak TEM response for vertical component mea-
surement (Fig. 6¢). In fact, if only the vertical component
were measured in this survey, as in the traditional explora-
tion approach, then the risk of failure would be great.

4. DISCUSSIONS

For general TEM surveys, employing a horizontal trans-
mitter loop is common. It is apparent that Hz data, which dis-
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Fig. 5. Measured three-component transient voltages (in V) for the TEM map around the wells site on NCU campus. (a) Three-component TEM ex-
periment at the Groundwater Research Well Field on NCU campus (Upper). The survey map showing the location of the TEM soundings (black dots)
and the location of wells: the bigger cross for metal casing and the smaller one for plastic casing (Lower). (b) Vertical component TEM survey results
in planar view around the well field at delay times 1.687 and 5.087 ms. Evidence of a strong anomaly near well locations. (¢) Horizontal component
TEM survey results in planar view for the same area at delay times 1.687 and 5.087 ms. Compared with the vertical component, the horizontal compo-
nent TEM anomalies are more responsive to the casing characteristics, metal and plastic.
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Fig. 6. Measured three-component transient voltages (in uV) per amperes for the TEM map around a horizontal pipe. (a) A buried power line at depth
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plays only uni-polar anomalies, contain stronger anomaly
data, and provide a good indication of a given target’s loca-
tion. However, there is a good deal of useful information in
the horizontal components of near-surface TEM surveys, es-
pecially with regard to targeting horizontal orientation. Al-
though Hx and Hy data are weaker for the horizontal trans-
mitter loop, such data not only provide the best indication of
target location, but also can be used to determine size, orien-
tation, and characteristics of given targets.

Our experimental targets (well casings) were surrounded
by other conductive materials. Consequently, images of the
metal casings displayed are not as sharp as they would other-
wise be. Inductive coupling for plate refers to the EM effect
observed in a body when a secondary field is created by the
current flowing in it. If the secondary field is derived from
two, or more, energizing sources, such as conductive host
contributions, the computation of such fields must account
for geometric and time factors. The code we used can simu-
late these complex field interactions.

4.1 Comparison between B and dB/dt

The traditional sensor used in TEM systems is an induc-
tion coil. This sensor measures voltage response propor-
tional to the time rate of change of a magnetic field in the EM
bandwidth. Using a SIROTEM TEM, all of our modeling
and field experiments, X, y, and z components of the EMF
(voltage, dB/dt) are considered. Smith and Annan (2000)
compared these two forms of data (dB/dt and B-field) by ex-
amining power spectra model data and field examples, which
all hade quite different characteristics. The power spectrum
of the B-field excitation waveform had significantly more
energy than the dB/dt power spectrum at low frequencies,
while at high frequencies the dB/dt spectrum had more en-
ergy. The impact of this different distribution of energy can
be seen in model data: the signal-to-noise ratio for good con-
ductors is significantly enhanced in B-field data and reduced
in dB/dt data. Magnetic-field data is better for identifying,
discriminating, and interpreting good conductors, while sup-
pressing less conductive targets. Smith and Annan (2000)
suggested an indirect measurement of a magnetic field in the
same bandwidth by integrating the digitized output voltage
from the induction coil. This method is becoming an in-
teresting research trend in TEM.

4.2 Comparison between Time Domain and
Frequency Domain

Nowadays, rapid improvements in measuring equipment,
such as the 24-bit system for the frequency domain EM
method make it possible to apply frequency domain EM
measurement to shallow environments for mapping and de-
tection work. It is worth noting that, theoretically, the com-
plete transient waveform is mathematically equivalent to

measuring the response at all frequencies for a harmonically
varying source. Although the transient curve involves a wide
frequency spectrum, the response measured at different
times contains different proportions of high-frequency and
low-frequency components. In general, at early times the re-
sponse is due to both the low and high -frequency compo-
nents; whereas at later times the low-frequency response is
dominant. However, the behavior of harmonic and transient
fields in low frequency and late regimes is fundamentally
different. At the late stage of buildup, the transient field is
more sensitive to changes in conductivity than components
in the frequency domain. This is of fundamental importance
in the resolving capabilities of the two methods (Kaufman
1978).

Undoubtedly, there exist some factors that may cause
the TEM technique to fail: (1) High cultural background
noise levels might overwhelm the anomaly. To increase the
signal-to-noise ratio, a higher magnetic dipole moment for
the transmitter is advise. This can be achieved by including
higher transmitter currents, a larger transmitter loop, or us-
ing multiple-turn transmitter loops. (2) Missing an appro-
priate time windows can cause loss of a target signals; for
example, our horizontal target (Fig. 6) detection experi-
ment would have failed if we skipped the time window
~0.887 ms.

5. CONCLUSION AND FUTURE WORK

In this paper, we have demonstrated numerically that
three-component TEM measurements can potentially give
access to conductor information in conductive earth. We
analyze 3-axis TEM data from a known well site and detect
transient voltage anomalies, which are consistent with our
theoretical modeling and which can be correlated with well
locations in the conductor host. From this and other sur-
veys, it is apparent that there is a lot of useful information
in the horizontal components of near-surface TEM sur-
veys. Whilst the vertical component contains stronger
anomaly data, which displays only uni-polar anomalies,
and provide the best indication on a given target’s location,
the horizontal component data, though weaker, can be used
to determine size, orientation, and characteristics of tar-
gets, especially for targets extending horizontally (i.e.,
power lines, sewer pipes, etc.). Carlson and Zonge (2003)
reached similar conclusions. We are encouraged by the cor-
respondence between the TEM anomaly and the conductor
information, and believe that the use of multi-component
data to locate conductors will be an essential element of
high-resolution EM methods used in engineering. More-
over, due to the benefits of better identifying, discriminat-
ing, and interpreting good conductors, indirect measure-
ment of the magnetic field by integrating the digitized out-
put voltage from the induction coil has become an urgent
requirement of future TEM work.
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