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ABSTRACT

The transient electromagnetic (TEM) method is a commonly
used, nonintrusive, geophysical method, but inherent mutual in-
duction between the transmitter (TX) and receiver (RX) coils
strongly influences the measurements. We have developed an op-
posing-coils configuration to greatly reduce this effect. Three
coils are used in this system. The upper opposing coil is physi-
cally the same as the lower TX coil, and they are concentric and
parallel to the middle RX coil. A pair of currents with equal am-
plitudes but reverse directions is injected into the opposing and
TX coils. Theoretical calculations in free space show that the re-
ceived magnetic field by the RX coil is zero, which indicates

that the mutual induction effect could be largely reduced. Physi-
cal experiments prove that an almost-pure secondary field could
be acquired using this system. We have studied an optimal sep-
aration between the TX and opposing coils to guarantee that the
primary magnetic field is powerful and the instrument is com-
pacted for field work. Then, the efficient exploration depth of this
system for typical geoelectric models was simulated to be approx-
imately 15-50 m. Comparisons of simulated responses over
highly conductive thick plates in free space and a field test over
a culvert structure between this system and EM-47 showed that
the system has enhanced sensitivity and lateral resolution. This
system can be used in near-surface investigations, e.g., ground-
water, environmental, and engineering investigations.

INTRODUCTION

The transient electromagnetic (TEM) method is a commonly
used, nonintrusive, geophysical method of measuring the secondary
electromagnetic field induced by transient pulse sources. It has been
widely used to map geologic structure in search of mineral deposits,
oil and gas, groundwater, and geothermal sources. It is also the pre-
ferred method for locating subsurface metal objects, such as aban-
doned wells, pipelines, and unexploded ordnance (Asten and
Andrew, 2012; Swidinsky et al., 2012; Abu Rajab and El-Naqa,
2013; Frenkel and Yakovlev, 2013; Kukita and Mizunaga, 2013).

The TEM technique measures the secondary electromagnetic
field excited by underground anomalies after switching off the im-
posed current in the TX coil. Ideally speaking, with a zero switch-

off time, the secondary electromagnetic field can carry the conduc-
tivity information of the subsurface in full scale. However, because
of the inherent mutual induction between the TX and RX coils, the
switch-off time hardly approaches zero. Thus, the measured field
always contains the secondary and the primary fields. The mutual
induction becomes stronger when the TX coil becomes smaller and
closer to the RX coil. Particularly, this mutual induction strongly
influences the near-surface TEM systems recently developed, which
use small TX coils to effectively resolve near-surface explorations.
In addition, the secondary electromagnetic field at the RX coil may
be several orders of magnitude smaller than the primary field
(Telford et al., 1990), and separation of the measured total electro-
magnetic field into its primary and secondary parts is difficult
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(Nabighian and Macnae, 1991). The mixture of the primary field
with the secondary field at an early period leads to a blind region
in the shallow surface in TEM exploration.

To efficiently narrow the blind region, Louise et al. (1995) and
Zonge International Inc. (2015) try to shorten the switch-off time by
reducing the size of the TX coil. However, as discussed above, the
smaller TX coil is strongly influenced by the mutual induction.
Smith and Balch (2000) and Walker and Rudd (2009) propose cal-
culating the theoretical primary field caused by the mutual induc-
tion and then subtract it from the measured inductive response.
However, due to the complexity of the underground structures, there
is always a discrepancy between the theoretical calculation and ac-
tual measurement. Kuzmin and Morrison (2011) try to use a buck-
ing coil positioned in a substantially concentric and coplanar
orientation relative to the TX and the RX coils. Then, by adjusting
the coil size and coil turn, the primary field measured by the RX coil
could be approximately zero. This design effectively minimizes the
mutual induction between the TX and RX coils, and is frequently
used in the towed TEM system. However, this instrument requires a
large operation space, which is not available in some areas, such as
in advanced tunnel exploration, urban underground pipeline detec-
tion, and so on.

The opposing-coils TEM system is different from the device pro-
posed by Kuzmin and Morrison (2011). We applied two current
coils (shown in Figure 1), the lower as the TX coil, and the upper
as the opposing coil, which was positioned concentric and parallel
to the RX and TX coils. The RX coil is equidistant to the TX and
opposing coils. A pair of currents with equal value but reverse di-
rections is injected to the TX and opposing coils. In terms of this
special arrangement, the primary field received at the RX coil is
zero, which means that the mutual induction effect is efficiently
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Figure 1. The geometric configuration of the opposing-coils TEM
system. Two current coils are adopted. The lower is the TX coil, and
the upper is the opposing coil. The RX coil is in the middle of the
two current coils. The three coils are parallel and concentric to each
other. The distance between the RX coil, the opposing coil, and the
TX coil is denoted by the symbol d. The currents (with amplitude of
I) in the opposing coil and TX coil are equal and reverse in their
direction.

eliminated. It is quite suitable for a small TX coil TEM system
aiming at shallow subsurface detection.

We began studying opposing-coils TEM since 2012, and we de-
veloped a prototype in 2013. Meanwhile, Allen (2013) introduces a
preliminary idea about using the opposing coil for the towed TEM
survey.

In this work, the opposing-coils TEM system was analyzed, de-
signed, developed, and tested. We first developed the basic theory of
the opposing-coils TEM and its performance to eliminate the mu-
tual induction effect. Then, we studied the influence of the distance
between the two opposing coils onto the primary field. In addition,
we estimated the possible exploration depth. Finally, a simple
model simulation and a corresponding field test were performed
to qualitatively demonstrate that this technique has enhanced sen-
sitivity and lateral resolution.

Background theory

The expressions for the magnetic field of a single coil with radius
R, carried current /, and centered at the origin in the spherical co-
ordinates system in free space is derived by Jackson (1998).
Through coordinate transformation, the expressions in the cylindri-
cal coordinate are expressed as

_ Holzk B 2—k? }
- [ KK+ B W)
 polk RK> — (2-K*)r ]
By =0, 3

where p is the magnetic permeability in free space, r is the radial
distance of the observation point, z is the vertical coordinate,
k= \/4Rr/[z* + (R +r)?], and K (k) and E(k) are the first and
second kind of complete elliptic integral, respectively,

:
do
K(k :/7, 0
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Based on the above formulas, the total magnetic field can be com-
puted using field superposition of the opposing coil and TX coil.

Primary magnetic field vectors of the opposing-coils
TEM system

The opposing-coils TEM system, as a new geophysical tech-
nique, measures a pure secondary electromagnetic field. It is nec-
essary to explain the physical phenomenology behind this new
configuration. To focus on understanding the physical basis, the
free-space model was used to explore how this system eliminates
the mutual induction effect between the TX and RX coils.
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Using equations 1-3, the magnetic field of the opposing-coils
TEM system is calculated. In the calculation, R is 0.6 m, d is
0.2 m, z equals —0.2 m for TX coil, and z equals 0.2 m for the
opposing coil. The magnetic field vectors on the central cross plane
are illustrated in Figure 2. We observe that on the z = 0 plane where
the RX coil is located, the vectors are horizontal, which means there
is no vertical magnetic field component, and only the horizontal
magnetic field component exists. Therefore, the primary magnetic
field flux through the RX coil is zero. It will never cause primary
induction voltage in the RX coil when currents in the TX and op-
posing coils are turned off simultaneously. So, the mutual induction
effect in the conventional TEM method can be eliminated. The key
idea of success is to guarantee that the currents in the opposing coil
and TX coil are equal with reverse directions and delay simultane-
ously. This is easy to realize by connecting the two coils in series.

Influence of RX coil location on measured TEM signals

The free-space simulations show that on the center plane of the
opposing-coils TEM system, the RX coil could pick up a pure sec-
ondary magnetic field. But any alignment error will introduce pri-
mary field into the RX coil. In this section, a physical test was used
to analyze the variation of the measured field when alignment error
exists.

Based on the previous discussion, a preliminary prototype as
shown in Figure 3 has been constructed to carry out the test.
The opposing coil and TX coil are 1.2 m in diameter and 10 turns.
Distance between the opposing coil and TX coil is 0.3 m. The RX
coil is 0.5 m in diameter and 100 turns with effective area of
19.63 m?. In this paper, the physical test was carried out in Lugu
Park of Changsha, Hunan Province, China. In the test, the transmit-
ting frequency is 25 Hz, and transmitting current is 8 A.

In the test, we fixed the distance between the opposing coil and
TX coilto 30 cm, i.e., TX coil at z = —15 cm, and the opposing coil
at z = 15 cm. The RX coil was moved from b1 to b2, b3 (the prefix
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Figure 2. The magnetic field vector direction on the central cross
section of the model given in Figure 1. Here, R is 0.6 m and d is
0.2 m. The lower line represents the TX coil, and the upper line
represents the opposing coil. On the center plane of z = 0, there
is no vertical component of the magnetic field. Only the horizontal
component of the magnetic field exists.

b represent below z = 0 plane), and to o-plane (almost at z = 0),
then to al, a2, and a3 (the prefix a represent above z = 0 plane). The
measured induced voltage € is shown in Figure 4.

Results show that when the RX coil was moved close to the z = 0
plane, the induced voltage decreased. When the RX coil is on the b1l
(z =—1.2 cm) plane, it is more than 100 times larger than that
when the RX coil is on the o-plane (z ~ 0). When the RX coil
passed the z = 0 plane, the induced voltage in early times turned
to be negative, and the value increased when the RX coil was moved
away from the z = 0 plane. It was shown that the RX coil location
has a serious influence on the induced voltage, and the influence
lasts up to approximately 90 ps. After that time, all the e-7 curves
tend to be the same, which means that the RX coil location has little
influence on the induced voltage.

It is analyzed as follows. The induced voltage ¢ is the vector
superposition of three parts: primary induced voltage €, secondary
induced voltage €,, and EM noise. If the EM noise is much smaller
than the secondary induced voltage, € approximately equals the sum
of €; and &,. When the opposing coil and TX coil are fixed and
stationary, &, will stay approximately the same. When the RX coil
is correctly located on the z = 0 plane, |¢,] is equal to 0. The further
it is away, the larger |¢;| will be. In the earlier period, |e;| is far
larger than |e|. So, & changes with the RX coil location. When
the RX coil passes z = 0 plane, sign of ¢, flips, so does the sign
of . The |¢| decays with time, and after approximately 90 ps, ||
is much smaller than |e;|, so £ approximately equals &,. That is why
all the e-t curves tend to be the same after approximately 90 ps.

Influence of distance between the TX and opposing
coils on TEM primary and secondary field

The reliability of any electromagnetic method is governed by the
signal-to-noise ratio (S/N) at the receiver (Szarka, 1988). The
strength of the primary field plays an important role on S/N. Be-
cause of the introduction of the opposing coil, whose electromag-
netic field cancels out the primary field of the TX coil, the strength
of primary field should be considered. To enhance the primary field,
we can increase the radius of the TX coil, the turn of wire, and the
amplitudes of currents. However, in the field, radius and turns of the
TX coil have been predetermined and can hardly be changed. Then,
a possible solution is to increase the amplitudes of currents. Due to
the opposing coil, the distance between the opposing coil and the
TX coil is another factor.

Figure 3. The opposing-coils TEM prototype. The opposing coil
and TX coil are 1.2 m in diameter and 10 turns. Distance between
the opposing coil and TX coil is 0.3 m. The RX coil is 0.5 m in
diameter and 100 turns with an effective area of 19.63 m?.
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As shown in Figure 1, the TX coil is on the ground, the RX coil is
on the z = 0 plane. We computed the primary vertical magnetic in-
tensity (Bz) along the z-axis below z = 0 plane, with distance 2d
equaling 20, 30, or 40 cm. The TX current is 10 A, the turn number
is 10, and the TX coil radius is 0.6 m. The results are shown in
Figure 5a. Here, Bz increases as d increases, as does the secondary
induced voltage (Figure 5b). However, when d becomes larger, the
system will be heavier, and the distance from the RX coil to the
subsurface target will be larger, which in turn decreases the strength
of the measured secondary field. Therefore, an optimal value of d
should be determined. To reduce the size of the antenna, taking into
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Figure 4. Influence of the RX coil location on measured TEM sig-
nals. The induced voltage was measured with the RX coil moving
along the z-axis from b1 to b2, b3 (the prefix b represent below z =
0 plane), and to o-plane (almost at z = 0), then to al, a2, and a3 (the
prefix a represent above z = 0 plane). When RX coil moves close to
z = 0, the induced voltage decreases. When the RX coil is on the bl
(z = —1.2 cm) plane, it is more than 100 times larger than when the
RX coil is on the o-plane. When the RX coil moves across the z = 0
plane, the induced voltages in early times turn out to be negative,
and the values increase when the RX coil moves away from z = 0
plane.

account of the strength of the primary field, we recommend 2d
as 30 cm.

Investigation depth of the opposing-coils TEM system

Investigation depth is a key parameter for an exploration method.
It can be used to guide the field work, e.g., application areas. In this
section, we used the algorithm proposed by Zonge Engineering and
Research Organization Inc. (1992) to estimate the exploration depth
of the opposing-coils TEM system in a homogeneous half-space
with resistivity of 1—1000 Qm.

In these calculations, the diameter of the opposing coils is 1.2 m,
the turn number of wires is 10, the injected current is 10 A, the
distance between the opposing coil and the TX coil is 0.3 m, the

a) 40°

wotsy T

10°

10?

Bz (nT)

10’

10°

107

IIIIIu,|,| IlIlIu,l,l L1l

1 0—2 T I T I T | T

<)
|
N
)
|
)
)
|
w
S
|
» il
)

b)

107

107

£(V)
Lol

10°

10-6 T T IIlIIII T T IIIIIII T T IIIIIII T T |I||II|
10° 10 10? 10° 10*
t (us)

Figure 5. Influence of the distance between the TX coil and the
opposing coil on the TEM primary and secondary field. (a) The
primary vertical magnetic field along the z-axis below the z =0
plane, for cases of different distances between the TX coil and the
opposing coil. (b) Measured induced voltage for cases of different
distances between the TX coil and the opposing coil.
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diameter of the receiving coil is 0.5 m, and the turn number of the
RX coil is 100, so the effective area of the RX coil is 19.63 m?. The
EM noise is supposed as 1 nV/m?.

The secondary TEM response of the opposing-coils TEM system
was computed by the superposition of the responses of the TX coil
and the opposing coil, using Beowulf (Version 1.0. 3, 7 November
2007) supplied by AMIRA International (2008). The time ¢ (in ms)
was read from the decay curves when the induced voltage is equal to
the EM noise.

According to Spies (1989), the diffusion depth was estimated by
the formula

Stp = V/ 2pt/o. (©6)

Figure 6 shows the investigation depth in a nomograph for a typ-
ical background EM noise level of 1 nV/m?. When the half-space
resistivity p equals 1 Qm, the diffusion depth dtp equals 16.8 m;
when p is 10 Qm, ép is 25.5 m; when p becomes 100 Qm, rp is
35.4 m; and when p becomes 1000 Qm, d1p is 50.1 m. These results
indicate that the opposing-coils TEM system is suitable for near-
surface exploration.

Numerical and field tests using opposing-coils TEM
and EM47 configurations

The above analysis proved that the opposing-coils TEM method
could obtain pure secondary field, which makes it applicable in
near-surface investigations. To further qualitatively demonstrate
the enhanced sensitivity and lateral resolution of this system, in this
section a numerical model and field test were used. In addition,
the results of this system and the Geonics EM47 system were
compared.

First, the numerical model of highly conductive thick plates was
used. The responses were calculated using MAXWELL software
(version 5.9.1) supported by EMIT (2013) for the opposing-coils
TEM system and conventional single central loop. The model
and calculation results are shown in Figure 7. It is a simple model
of four highly conductive thick plates (conductivity is 1000 S/m,
thickness is 2 m, strike length is 10 m, and depth extentis 10 m) in a
half-space of 0 S/m, with 2 m separation between each other, and

p (Qm)

t (ms)

Figure 6. Investigation depth of our opposing-coils TEM prototype
with a noise level of 1 nV/m?.

4 m below the surface. Because of the limitation of the MAXWELL
software, 10 turn 1.2 X 1.2 m square coil configuration was used for
the opposing-coils TEM system. The 1 turn 5 X 5 m central loop
configuration was used for the conventional single central loop.
In other words, the effective receiving area is 20 m? and transmit-
ting current is 10 A for both systems. The simulated TEM responses
are shown in Figure 7. The responses of the 1.2 X 1.2 m opposing-
coils configuration are smaller, but there are four peak responses
corresponding to the center top of the plates, which means it dis-
tinguishes the four thick plates very well. The response of 5 X 5 m
loop shows a total TEM response of the four thick plates in a larger
amplitude, which is not able to clearly identify the four thick plates.
It indicates that the opposing-coils TEM system has advantages in
lateral resolution to detect shallow small target bodies.
Correspondingly, a field test was taken over a dam drainage cul-
vert near Xiangjiang River in Changsha City, Hunan Province. In
June 2015, we conducted an investigation test using the opposing-
coils TEM prototype and EM47 for comparison. We deployed one
profile across the drainage culvert. Measurement array locations
were sketched in Figure 8. A, B, C, D, E, F, J, K, and L in the figure
indicate sites on the load-bearing walls of steel bars. Right above the
drainage culvert (profile 50-80 m), station spacing is 0.5 m, and on
two sides of the drainage culvert (profiles 5-50 and 80-125 m), site
separation is 2 m. The 10 turn 1.2 m diameter circular coils with
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Figure 7. Simplified model calculation by Maxwell software. Four
identical 1000 S/m conductive thick plates (2 X 10 X 10 m) are lo-
cated in a 0 S/m half-space 4 m below the earth’s surface. The sep-
aration among the four plates is 4 m. The responses of 1.2 X 1.2 m
opposing-coils configuration are smaller, but there are four peak
responses corresponding to the center top of the plates. Although
the responses of 5 x5 m loop show a total TEM response of the
four thick-plates in larger amplitude, which are not able to well dis-
tinguish the four thick plates.
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8.6 A current were used as the TX and opposing coils for the op-
posing coils-TEM prototype. For EM47, a single turn 5 X 5 m TX
loop was applied with receiving antenna in the center, and the TX
current is 2.36 A.

Measured data by EM47 are shown in Figure 9. Right over the
drainage culvert (profile 50-80 m), there is an obviously high-value
anomaly from 27 to 6978 ps, which is represented as a total TEM
response of the steel culvert structure. Measured data by the oppos-
ing-coils TEM prototype (Figure 10) show a relatively high-value
anomaly from 3.2 to 9844.8 ps in the same section, with magnitude

Figure 8. Illustration of the field test. Symbols A, B, C, D, E, F, J,
K, and L in the figure indicate different sites on the load-bearing
walls of steel bars. Right above the drainage culvert (profiles
50-80 m), site separation is 0.5 m, and on two sides of the drainage
culvert (profiles 5-50 and 80-125 m), the site separation is 2 m.

130 120 110 100 90 80 70 60 50 40 30 20 10 O
Distance (m)

Figure 9. Measured induced voltage profile by the Geonics EM-47
system. A single-turn 5 X5 m TX loop was applied with an RX
antenna in the center; the TX current is 2.36 A. The curves showed
the total TEM response of the steel culvert structures.
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Figure 10. Measured induced voltage profile by our opposing-coils
TEM prototype. The opposing coil and TX coil are 1.2 m in diam-
eter and 10 turns with injected current of 8.6 A. Distance between
the opposing coil and the TX coil is 0.3 m. The RX coil is 0.5 m in
diameter and 100 turns with effective area of 19.63 m?. Anomalous
peaks in sites A—K reflect the steel culvert structure shown in Fig-
ure 8.

lower than that measured by EM47. This lower magnitude is caused
by the opposing coil, which cancels out some primary field. How-
ever, this method picked up anomalous peaks at A, B, C, D, E, F, G,
H, L, J, and K sites. According to the model simulation in Figure 7,
they can be considered as responses of the steel culvert structures.

On two sides of the drainage culvert (profiles 5—50 and 80—
125 m), measured data by the two systems are lower, seen as back-
ground responses. There are disorders for data measured by EM47,
which could be influence of urban cultural noise. Although there is
arelatively good continuity for data measured by the opposing-coils
TEM prototype, which indicates that the opposing-coils TEM has
the advantage of suppressing noise to get high-quality, stable, and
reliable signal data. In addition, with careful observation, there are
anomalies presenting at 26, 34, 92, 104, and 118 m for data mea-
sured by the opposing-coils TEM prototype, which also presents in
different degrees for data measured by EM47, and are caused by an
unknown anomalous body underground.

CONCLUSIONS

The opposing-coils TEM configuration was presented. Theoretical
calculations and physical experiments prove that it is feasible to elimi-
nate the mutual induction effect between the TX and the RX coils and
obtain almost pure secondary electromagnetic field. The field strength
increases as the distance between the opposing and TX coils increases.
To reduce the configuration size, the distance 2d is recommended as
30 cm. For the opposing-coils TEM prototype with 10 A current in
condition of 1 nV/m? noise level, the numerically calculated maxi-
mum exploration depth was 16.8-51.6 m in 1-1000 Qm case. The
numerical simulations of four high conducting thick plates and field
test over the dam drainage culvert along the Xiangjiang River using
the opposing-coils TEM prototype and EM47 proved that the oppos-
ing-coils TEM method can be used for near-surface detection with
enhanced sensitivity and lateral resolution. In addition, it is highly ro-
bust even with some background noise. This system can be adapted to
the application of near-surface investigations.
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