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ABSTRACT
Large loop transient electromagnetic (TEM) is a widely used surface exploration
method for mapping electrically conductive bodies. However, when working in the
mountainous areas of China, it is difficult to lay out large enough transmitter loops for
conventional surveys. An option for this type of terrain is a newly designed TEM survey
configuration that uses a small 3-m square loop in combination with a high current (1,000 A
to 2,000 A) TEM transmitter to excite a powerful EM field for detecting targets at greater
depths. The detection depth of the system is analyzed. After comparing the responses as well
as the detection depths between this special system and standard large loop configurations,
it is shown that: 1) a small loop system can result in a detection depth similar to that of a
large loop system; and 2) a small loop system is superior to a large loop during shallow
depth target detection as well as in mountainous areas. Sufficient signal intensity can be
obtained by a small central loop configuration equipped with a high current transmitter and
a large equivalent area receiver coil. A large trial survey was conducted on the surface of
mountainous areas in the Shanxi Province of China. This TEM survey showed that the 3-m
by 3-m transmitter loop system was an effective method for deep TEM sounding in
mountainous areas.

Introduction
The transient electromagnetic (TEM) technique
is a common surface-based geophysical method that
provides resistivity information about the subsurface.
Large loop, central loop and coincident loop (Raiche
and Gallagher, 1985) TEM surveys have been widely
used in mineral exploration, engineering, and environmental investigation as well as miscellaneous geologic
studies (Singh et al., 2009; Beard, 2011; Xue et al.,
2012a, b).
The purpose of using large transmitter loops in
TEM surveys is to maintain a high signal-to-noise
ratio. However, Spies (1980, 1989) reached the conclusion that the major factor influencing the depth of
penetration was the sample time, not the loop size.
When working in the mountainous areas of China, it is
difficult to lay out large enough transmitter loops for
conventional surveys. Since 1993, the equipment and
technology for a small-scale and high current transmitter loop system has been developed for deep
exploration in such mountainous areas. A large number
of case histories with this system have been conducted
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in China, but only a few have been published. Based on
numerical simulations, a new small loop configuration
was presented by Guo et al. (2010) and Xue et al.
(2012c). Their system uses a 3-m transmitter loop for
mapping of tunnels up to depths of 30 m. Conducting
TEM soundings with a 5-m square loop was discussed
by Yan et al. (2009a). They studied the diffusion of
TEM fields into a two-dimensional (2-D) earth,
simulated by a finite-difference time-domain (FDTD)
algorithm, and whether a small loop configuration
could be used for greater depth of investigation and
higher resolution exploration. It is worthwhile further
researching the performance of this special system.
In this study, the detection depth and response of
a small loop system were compared with that of a
large loop configuration. In addition, field examples
for coal mine water-filled zone investigations are
presented, in which a 3-m by 3-m loop was used in
mountainous areas near Linfen City, Shanxi Province,
China. The field results and interpretations from this
study are reported herein exploring hidden extensions
of mined-out coal seams and searching for waterenriched areas.
DOI: 10.2113/JEEG19.1.3
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Responses of Small Loop and Large Loop
TEM Configurations
With the assumption of a layered earth, the surface
response of a circular loop in the frequency domain can
be expressed as (Spies, 1980; Kaufman and Keller, 1983;
Nabighian and Macnae, 1991):
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where I0 denotes the transmitter current in a circular
loop, l denotes the variable of integration, Z0 denotes
the surface impedance, Z(1) denotes the total impedance
of the earth, r is the distance from the center of the loop
to the field point, and a is the radius of the circular loop.
The time-domain step response of large circular loops is
given as:
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where t is the time. The responses were calculated
according to Eq. (3) for three circular loops with radii a
5 200 m, 100 m, and 50 m (to simulate large loops). The
model parameters include r1 5 10 V-m, r2 5 20 V-m,
and h1 5 100 m. To simulate small loops, responses
were calculated for the cases of a 5 10 m and 3 m. All
the loops use the same magnetic moment (product of
area and current) of 9,000 m2-A. The calculated results
are shown in Fig. 1, where the horizontal axis is the
time, and the vertical axis is the magnetic response. The
corresponding loop radius and current parameters are
listed in Table 1.
Figure 1(a) shows five magnetic response decay
curves corresponding to the five loop radii of a 5 200 m,
100 m, 50 m, 10 m and 3 m. Figure 1(b) shows five
apparent resistivity curves corresponding to the same
five loop radii. It is shown that: 1) within 2 ms time
delay, the response from the small loop model is higher

Figure 1. Model responses for the same magnetic
moment (9,000 m2-A), but different loop radii (a =
200 m, 100 m, 50 m, 10 m, and 3 m). a) Magnetic field
decay curves; b) apparent resistivity curves.

Table 1. Transmitter loop parameters resulting in a
9,000 m2-A magnetic moment.
a (m)

I (A)

500
200
100
50
10
3

0.36
0.225
0.9
3.6
90
1,000
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than for the large loop model (Fig. 1(a)), which means a
small loop is more suitable for shallow detection; 2) in
the late time, the responses of the five different size loops
are consistent, i.e., theoretically, all of them have the
same deeper depth of interrogation as expected; and 3)
small loop sources are more sensitive to shallow targets.
Comparison of the Diffusion Depth between Small and
Large Transmitter Loop Configurations
The following equation was proposed to estimate
the diffusion depth D(t) of TEM fields by Spies (1989):
sﬃﬃﬃﬃﬃﬃﬃ
r:t
D(t)~
:
ð5Þ
2m0
where r is the earth resistivity and m0 is the permeability
of free space. Equation (5) clearly shows that the
investigation depth of TEM is primarily determined by
the measurement time and earth resistivity, not by the
loop size (Spies, 1989).
To verify this finding, a 2-D model was created
with a conductive overburden and an anomalous body
using a FDTD algorithm (Oristaglio and Hohmann,
1984; Wang and Hohmann, 1993). In this computation,
the separation between sides of the 2-D loop is 200 m to
simulate a large loop and 3 m for a small square loop.
The measurement time is 3 ms and the transmitter
current is 1 A. Boundary conditions for the model were
treated in the same way as in the studies conducted by
Oristaglio et al. (1984). The surface-air boundary is
treated based on approximate quasi-static conditions;
the bottom boundary and side boundaries, which are far
away from the anomalous body, are treated using
absorbing boundary conditions.
The results are shown in Fig. 2. It can be seen that
the field response curves of both large (a) and small (b)
loops with equal depth and time are similar in shape.
Thus, if a larger transmitter current can be provided (I0
5 1,200 A to 2,000 A), a small loop might be able to
detect targets at the same depth (for example 200 m) as
can be achieved using large loops, assuming that the
signal-to-noise ratio is favorable and the receiver has
enough resolution to pick up the lower signals.
Comparison of Depth of Investigation between Small and
Large Loop Configurations
Although the TEM diffusion depth mainly depends on diffusion time, it is difficult to quantify the
investigation depth because of many factors, such as
signal-to-noise ratio. Considering the lump-sum effect of
these factors, the depth of investigation was also
proposed by Spies (1989):

Figure 2. Subsurface magnetic fields (in A/m) at t = 3 ms for
a large and small transmitter loop, both with 1-A transmitter
current. (a) The separation between sides of the transmitter
loop is 200 m. (b) The separation between sides of the loop is
3 m. Electrical model parameters are r1 = 100 V-m, r2 = r4 =
300 V-m, r3 = 10 V-m, and r5 = 500 V-m.
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Table 2.

Comparison of parameters described in Eq. (6).

Table 3.

Specifications of the EMRS-3 system.

a (m)

gv (nV/m2)

s1 (V-m)

I (A)

d (m)

Parameter

Description

466
3
5
144
3
5
31
3
5
2
3
5

0.20
0.20
0.20
0.30
0.30
0.30
0.40
0.40
0.40
0.50
0.50
0.50

50
50
50
50
50
50
100
100
100
100
100
100

12
28,937
10,417
12
4,139
1,490
10
214.5
77.2
10
1.1
0.30

800
800
800
500
500
500
300
300
300
100
100
100

Transmitter current
Transmitter loop size
Receiver loop size
Total gain
Dynamic range
Time delay range
Transmitter pulse width
Time windows
Resolution
Receiver bandwidth
Sampling rate

1,800 A
3m33m
3 m 3 3 m, 6 turns (or magnetic probe)
16,384 times
140 db
80 ms to 32 ms
32 ms
22
0.1 mV
0–20 KHz
80 ms


d(t)&0:55

I0 A
s1 gv

1=5
,

ð6Þ

where I0 is the current, A is the transmitter area, s1 is
the average conductivity of overlying strata, and gv is
the minimum distinguishable voltage. Using Eq. 6 and
assuming a target depth of investigation of d(t) 5 800 m
with s1 5 0.02 S/m, I0 5 12 A, gv 5 20 nV/m2, the
required side length for a square transmitter loop would
be 465 m.
In Table 2, it is clearly shown that the depth (d(t)
5 500 m) of a large loop (a 5 144 m) with a 12 A current
is equivalent to that of a small loop source (a 5 5 m)
with 1,490 A. Thus, the conclusion can be reached that
it is theoretically feasible to use a small loop source for
the investigation of deep geological bodies. With the
instrumentation described herein, the transmitter current can be up to 2,000 A using a 3-m 3 3-m small loop
and reach a depth of 300 m.
The EMRS-3 TEM High Current System
Figure 3 shows a diagram (left) of the TEM
instrument and its components (right). The system can

Figure 3. Main system diagram of the EMRS-3
TEM system.

be used to detect 50–500 m deep buried targets. A
special capacitor is charged until its voltage reaches
1,000 V. Then the capacitor is discharged abruptly to
deliver a high current (usually 1,800 A) to the
transmitter loop. The transmitter loop is made of a
special large-diameter wire (300 mm) with a resistance
(per 100 m) of less than 0.5 V-m.
The key components of the EMRS-3 system are
the transmitter system and the receiver system. The
transmitter system includes an energy storage unit and a
high current switcher. The energy is charged in a
capacitor that discharges a high current, which is
controlled by the switcher. A positive transmitter stepcurrent (1,800 A) is generated in the loop, the capacitor
is recharged, the next positive step current is applied,
and the cycle repeats. To improve the quality of
observed data, a multi-transmitting function can be
used. The number of transmitting pulses (1, 4, 8, and 16)
is selected by the user. The transmitter turn-off time is
80 ms. The receiver system has 22 time gates with a
selectable time delay range of 80 ms to 32 ms. Table 3
lists the specifications of the EMRS-3 system.
The system operational steps are shown in Fig. 3.
After receiving instructions from the system computer,
the energy storage unit begins to store energy. Next, the
current switcher begins sending high current to the
transmitter and then the induced signal is measured
using either a magnetic core or receiver loop (same loop
as transmitter loop).
Figure 4 shows the system used in the field, which
emphasizes the relatively small size of the transmitter/
receiver coil and overall system. The system advantages
are described as small size, light weight, large current,
and the ability to be operated in a mountainous area in
addition to areas with high electrical noise.
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Figure 4.

Picture of EMRS-3 system setup during field surveys.
Field Examples

There have been problems in coal mining operations in Shanxi Province of China caused by water
rushing in (flooding), gas explosions, and collapses.
Hence, it is necessary to identify any subsurface water
sources that could topple columns during a mining
operation and comprise mine safety. For these reasons,
a TEM survey was conducted in the region.
The survey region is located in central Shanxi
Province (Fig. 5). The primary purpose is to delineate
the water-enriched areas in the coal-bearing strata. The
geological sequence (in ascending order) in the survey
area is comprised of the Ordovician Majagou Group,
Carboniferous Benxi and Taiyuan Group, Permian
Shanxi and Xiashihezi Group, and Cenozoic sediments
(Table 4). Resistivity values for the sandstone, mudstone and coal strata ranges from 40 to 360 V-m.
Limestone has a relatively high resistivity (.500 V-m).
Because of the non-uniform distribution of waterenriched components between the top and bottom of
the coal-bearing strata and the presence of cracks and
faults, electrical properties change quickly, resulting in
volumes of low resistivity. Resistivity values obtained
from logging data of the various strata are given in
Table 4. Water-filled voids exhibit a lower resistivity
than host rocks.
The survey area is mountainous with an average
elevation of about 1,387 m and relative height difference
of 342 m; the topography is extreme (Fig. 5). It is

difficult to lay out a 200 m side length loop for TEM
exploration in this area. Hence, a small loop source
TEM system (3 m 3 3 m) was selected to conduct the
surveys.
Field data were collected in a water-rich coal
mining area using the EMRS-3 small-loop TEM system
(Fig. 4, Table 3) developed by Xi’an Geophysical and
Geochemical Exploration Institute. The surveyed data
reading are in V(t)/I in units of mV/A:
B_ (t) dB(t)
~
~V(t)=qI,
ð7Þ
I
Idt
where q is the area of the receiver coil.
The following acquisition parameters were selected: a transmitter loop with side lengths of 3 m, a
transmitting frequency of 25 Hz, a time-window range
between 0.087–10 ms, and 20 time gates (Table 5).
The actual survey layout is shown in Fig. 6,
showing a grid of 40 m by 10 m. It can be seen from
Fig. 6 (bottom right picture) that this area is characterized by complex mountain topography. Data were
acquired along 39 survey lines, with a line spacing of
40 m and a cumulative line length of 13.7 km. The
distance between each measurement point was 10 m,
corresponding to a total of 2,377 receiver locations.
To ensure the reliability of the EMRS-3 TEM
system, preliminary transient sounding data were
collected repeatedly at the same location. Figure 7(a)
shows the TEM data collected five times at the same
location. The decay curves are consistent, which means
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Figure 5. Maps of the working areas. Map of China indicating Shanxi province (lower right), Shanxi province (left), and
an enlarged map of the local survey area in mountainous terrain (upper right).

Table 4. Resistivities of the different rock units in the
survey region.
Geological age

Rock type

Resistivity (V-m)

Quaternary
Tertiary
Permian
Carboniferous
Ordovician

Loess, clay, silt
Sand clay
Mudstone, siltstone
Coal, thin limestone
Thick limestone

16–50
40–100
10–80
70–360
.500

that the EMRS-3 TEM system operation is stable and
data are repeatable.
It is necessary to compare a traditional loop
system with the 3 m by 3 m system. The comparison was
conducted at a site having flat ground and known
electrical characteristics. For a traditional system, the
Australian-made Terra TEM system was selected, using
a 100 m by 100 m loop with an input voltage of 24 V and
a output current of 6 A. Figure 7(b) compares the decay
curves collected with the Terra TEM and EMRS-3
systems. It is clearly shown that for the same geo-electric
earth, the EMRS-3 system can achieve a satisfactory
result and a small loop with high current configuration
can be used for such TEM soundings.
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Table 5.

Time delay of time gates.

Gate number
Time (ms)
Gate number
Time (ms)

1
0.087
11
1.105

2
0.11
12
1.392

3
0.1381
13
1.7074

4
0.219
14
1.954

5
0.2762
15
2

An example of typical EMES-3 TEM decay curves
collected during this study is given in Fig. 8(a). The data
were acquired along line 10 at points 90 and 210 (refer to
Fig. 6). The curve of point 90 exhibits a slow decay and
is interpreted as a water-rich point, whereas the curve of
point 210 exhibits a faster decay and is interpreted as a
normal layered earth point.
Figure 8(b) shows the apparent resistivity contour
section for line 10 and the corresponding interpreted
geological result. The apparent resistivity rt (t) is
calculated using (Kaufman and Keller, 1987):

2
m0 2m0 Mq =3
rt (t)~
,
ð8Þ
4pt 5tV(t)
where M represents the transmit magnetic moment, q
presents the receiving area, and V(t) is the measured
voltage. The depth is estimated using Eq. 5. It is clearly
shown that three relatively low resistivity anomalies
(120-200 V-m) exist at points 190, 320, and 420 with
altitudes between 1,240 m and 1,140 m and a dip angle
of 10u. The water-filled mine cavities at 0 m, 300 m to
330 m, and 400 m to 460 m have been marked by the
dash line in the resistivity section.

Figure 6. Layout of the survey area showing the 40 m by
10 m grid.

6
0.348
16
2.784

7
0.438
17
3.507

8
0.5524
18
4.4193

9
0.696
19
5.568

10
0.877
20
7.015

Based on the electrical exploration results (see
Fig. 8(b)), a drilling location was selected adjacent to
the location at 180 m on line 10. The depth of the
borehole is 187.5 m. The drilling results verified the
existence of a water-filled mine cavity at the depth of
130.25 m with a thickness of 5.1 m. The drilling result is
consistent with the interpreted TEM results.
To outline the approximate range of the excavated
cavity, a plan view of apparent resistivity contours at an
altitude of 1,170 m is shown in Fig. 9(a). The figure
shows that the distribution of resistivity is inhomogeneous. Many smaller regions exist corresponding to
relatively low values in resistivity, likely to be mined-out
areas filled with water. The geological interpretation is
presented in Fig. 9(b). Four relatively large mined-out
areas exist in the survey area. They are located in the
center, northeast, and south (shaded areas).

Figure 7. Testing and comparison survey using the
EMRS-3 system. (a) Decay curves collected at the same
location multiple times, showing the repeatability of the
system. (b) Comparison between decay curves collected
with the traditional loop (100 m 3 100 m) Terra TEM
system and EMRS-3 system.
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Figure 8. Survey result of line 10. a) Decay curve induced voltage at points 210 and 90 along line 10. b) Apparent
resistivity contour map and interpreted result for line 10. The drilling result includes the water-filled mined-out space and
coal seam. The dashed line connects the water-filled mine cavities at 0 m, 300–330 m, and 400–460 m.
Figure 10 shows three resistivity contour slice
maps at depths of 2150 m, 2250 m, and 2350 m.
The white circle (low resistivity) areas represent the
water-filled volumes. The lighter grey shaded areas (high
resistivity) infer volumes without voids. Three boreholes
were positioned in the water-filled areas. All of the
drilling results are consistent with the TEM interpreted
result.
Conclusions
The TEM method is sensitive to conductive
subsurface features and useful for investigating waterfilled cavities in coal mines. The detection depth of a
TEM survey primarily depends on ground resistivity
and diffusion time, relatively independent of transmitter loop size, which is consistent with Spies’ (1989)
opinion.
In practical exploration, a small loop source (3-m
3 3-m loop) combined with a high power (1,000 A,
1,200 A) transmitter and a large equivalent area receiver

coil in a central loop configuration can be used in
mountainous areas.
The results and simulation show that: 1) in the
early time, the response from the small loop model is
higher than that from the large loop model; 2) in the late
time, the responses of five different size loops are
consistent, i.e., all of them have theoretically the same
deeper detecting depth; and 3) small loop sources are
more sensitive to shallow targets.
A small transmitter loop system is more effective
for shallow buried target mapping. The presented case
study demonstrated the successful application of a highpowered small loop TEM system in mountains areas,
identifying water-filled cavities in coal mines. The small
loop system not only provides a useful alternative for
TEM surveys, but also could be an option in other
special survey conditions.
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Figure 10. Apparent resistivity contour depth slices at
2150 m, 2250 m, and 2350 m and borehole locations.

Figure 9. Plan views of apparent resistivity contour and
interpreted result. a) Apparent resistivity contour map. b)
Interpreted anomaly areas shown in black.
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