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The transient electromagnetic method (TEM) is a geophysical method for
detecting underground geological bodies by following the principle of
electromagnetic induction, which has been widely used in permafrost
exploration. In the practical applications of the TEM to investigate
permafrost, it is found that in certain areas with shallow buried bedrock, the
electrical resistivity near the surface cannot be obtained, and both frozen soil
and underground bedrock exhibit a high electrical resistivity, so it is difficult to
determine the distribution characteristics of the permafrost thickness. Based on
this background, by analyzing measured data, it is considered that the reason for
this situation is that the noise superposition effect generated by the receiving
coil under the action of the primary field forms a shallow detection blind area.
This study uses equivalent anti-flux opposing coils to eliminate the
abovementioned blind area and realize measurement in the permafrost area
of Mahan Mountain in Lanzhou. The results showed that the opposing coils
transient electromagnetic method (OCTEM) can clearly detect low-resistivity
anomalies near the boundary and permafrost base in the Mahan Mountain area,
solve the problem of the shallow detection blind area of the conventional TEM,
effectively eliminate the interference caused by the primary field, and greatly
improve the horizontal and vertical resolutions.

KEYWORDS

permafrost, shallow bedrock, opposing coils transient electromagnetic method, TEM,
exploration

Introduction

Geophysical methods have been widely used in the study of permafrost and cold area
engineering in most cold areas worldwide. The transient electromagnetic method (TEM,
also known as the time-domain electromagnetic method) is a geophysical method that
uses grounded or ungrounded energized coils to launch a pulse field underground and
observe the secondary field during the shutdown process of the primary field to detect the
target (Nabighian and Macnae, 1991; Telford et al., 1991). Compared to other electrical
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measurement methods, such as resistivity sounding and electrical
resistivity tomography (ERT), used in frozen soil exploration, the
TEM provides many advantages, such as a large detection depth,
noncontact and nonintrusive conditions, and less environmental
interference (Nabighian, 1984; Szarka, 1988; Hauck and Miihll,
1999a; Danielsen et al., 2003; Christiansen et al., 2006; Barsukov
and Fainberg, 2013). The TEM has also been widely used in
permafrost exploration (Hoekstra, 1973; Harris, et al., 2001;
Hauck, 2001). The basis of TEM application in permafrost
detection is that water in permafrost exists in the form of
solid ice, and the resistivity of ice is much higher than that of
liquid water in non-permafrost areas (Henderson, 1980; King
et al.,, 1987; Harada et al., 2000; Hauck et al., 2001). When other
components of rock and soil remain unchanged, this difference
in resistivity is enough to cause obvious distinctions in the
secondary field to identify permafrost.

However, in permafrost areas with shallow bedrock
the of bedrock
components does not significantly differ from that of ice (the

distributions, because resistivity  value
resistivity values of most types of rocks are close to or higher than
those of ice), instruments must attain a higher accuracy to detect
and identify ice containing permafrost. According to actual
exploration campaigns (Harada et al, 2000; Harada et al,
2006; Wang et al., 2011a; Liu et al.,, 2015a; Yang et al., 2019)
and this study, it is found that in certain areas with shallow buried
bedrock, there are three problems in the detection process via the
conventional TEM: first, a low resistivity value and no change
along the transverse direction are observed within 15 m below
the surface; second, there is little difference between the
boundaries of permafrost and bedrock; third, there is no
obvious deviation between the apparent resistivity at the
permafrost base and that of the bedrock layer. Obviously,
although the TEM achieves a satisfactory application effect in
permafrost exploration (Hauck et al., 2001; Mihll et al., 2001;
Miuhll et al, 2002), there are still unsolved problems in
distribution areas of shallow buried bedrock.

At present, the common receiving method of the TEM entails
the use of an induction coil to measure the change rate of the
magnetic field. Telford et al. (1991), Ji et al. (2006), Wang et al.
(2011b), and Xue et al. (2007) proposed that when the
transmitting current is turned off, the receiving coil itself
generates an induced electromotive force and superimposes
this force on the induced electromotive force generated by the
underground eddy current field, resulting in distortion of the
early signal of transient electromagnetic measurement and
formation of a shallow detection blind area. To eliminate the
induced electromotive force of the receiving coil itself, at present,
most instruments adopt separation designs of the transceiver
(McNeill, 1991), but the effect is not ideal. Smith and Balch
(2000) and Walker and Rudd (2009) obtained the underground
secondary field by observing the transient response and emission
current waveform throughout the entire process and then
eliminating the primary field from the measured total field
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through numerical calculation, but there was a notable
difference between theoretical calculation and practical values.
Kuzmin and Morrison (2014) proposed the use of a magnetic
cancellation coil to reduce the influence of the primary field,
which  has
electromagnetics. However, this technology requires that the

been widely used in aviation transient
transmitting coil, diamagnetic coil, and receiving coil be
coplanar and coaxial, the coil radius difference be large, and
these caused the spatial distribution of the shallow underground
primary field be complex. As such, Xi et al. (2016a); Xi et al.
(2016b) proposed the opposing coils transient electromagnetic
method (OCTEM) involving the application of a reverse current
to two parallel and vertically coaxial identical coils and indicated
that there is a plane with a zero primary field magnetic flux
between the two coils. Placing the receiving coil in the zero-
magnetic flux plane to receive the secondary field can eliminate
the primary field-induced interference to improve the detection
accuracy and transverse resolution (Xi et al., 2016a; Xi et al,,
2016b).

To solve the abovementioned difficulties of permafrost
detection in shallow bedrock areas, the OCTEM is introduced
in this study. Detection experiments are performed by using the
traditional TEM and OCTEM, and the final detection results are
compared and analyzed. The distribution of permafrost in this
area is determined by combining the surface characteristics,
borehole temperature measurement results, and stratum
drilling results, and the thickness of permafrost in this area is
determined through geophysical exploration for the first time. At
the same time, it is considered that the OCTEM effectively solves
the shallow detection blind area problem of the traditional TEM
in permafrost exploration, improves the detection accuracy and
horizontal resolution, and is suitable for multiyear geophysical
exploration and investigation of permafrost in shallow bedrock

areas.

Materials and methods

The basic working principle of the TEM is shown in Figure 1
(choosing the central loop device as an example). A pulse current
I, of a certain frequency is applied to the transmitting coil TX
arranged at the surface to transmit a primary pulse magnetic field
H; underground. When H; encounters substances with good
underground conductivity, eddy current I, is generated
underground, and I, produces a changed secondary field H,.
H, induces a current in the receiving coil RX arranged at the
surface to generate an induced electromotive force (Figure 1A).
After recording these parameters, the distribution characteristics
of the secondary field can be obtained through inversion
calculation and finally converted into the resistivity property
distribution of underground materials to achieve detection. In
the use of the conventional TEM, it is believed that the receiving
coil only receives information on the secondary field and the
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Schematic diagram of the TEM working principle. (A) Central loop device and the electromagnetic induction process of TEM coils. (B) OCTEM
device diagram and magnetic field distribution in space after the reverse power supply. The receiving coil indicated by green is located at the zero-

flux surface.

primary field during the shutdown period is regarded as zero. In
fact, there is still a primary field in the space when the primary
field is deactivated, so the receiving coil measures the
superposition effect of the primary and secondary fields. This
causes challenges in practical detection applications. In view of
this situation, to eliminate the interference caused by the primary
field, the OCTEM designed two coaxial transmitting coils with an
equivalent reverse power supply (Xi et al., 2016a). Because the
power supply current I is equal but reverse between these two
coils (Figure 1B), their primary field is zero in a plane at the
middle between them (Xi et al., 2016a), and only the half-space
field generated by the lower part of the TX coil exists
underground. When the receiving coil is arranged at the zero-
flux surface, only the pure secondary field is received (Figure 1B).
Based on this arrangement, the OCTEM is introduced in this
study to solve the problem whereby the permafrost in the Mahan
Mountain area with shallow bedrock has not been clearly
detected by geophysical methods for a long time.

The nano-TEM involving a central loop device, as the
conventional TEM adopted in this study, is a shallow
detection method that is widely used. This device is a
simplification of TEM devices without reducing measurement
accuracy (Zonge International Inc., 2015). It is characterized by a
high resolution, small volume effect, and suitable coupling with
the target detector. The instrument used is the GDP-32II
electrical method workstation produced by Zonge Engineering
(1992).
equations for the apparent resistivity and apparent depth are

23
|4

23
( (t)]

where p_ is the apparent resistivity (-m), g, = 47 x 1077 N/A?is

and Research Organization, Inc. The calculation

as follows:

_t I

ST 4m

2u,NSns

- o

the permeability of vacuum, N is the number of transmitting coil
turns, S is the single-turn transmitting coil area (m?), n is the
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number of receiving coil turns, s is the single-turn receiving coil
area (m”), t is the time (ms), I is the transmitting current (A), and
V (t) is the induced electromotive force generated in the receiving

coil (uV).
|

where h; is the apparent depth (m), M, is the transmitting

3Mq
167V, (t)S,

t

-

0S;

2

magnetic moment (A - m?), q is the effective area of the receiving
coil (m?), V, () is the induced voltage value observed at time t
(uV), and S, is the longitudinal conductance (S/m).

The instrument used in this OCTEM study is the HPTEM-18
device produced by Hunan 5D Geophyson Co., Ltd. (http://www.
5dgeo.cn/). The calculation equation for the apparent resistivity
used to process OCTEM data is as follows:

- (

where I is the transmitting current (A), Ay is the receiving coil

I-Ag-

A 2/3 1 5/3
T) . (—) .6.3219E - 3 (3)
v t

area (m?), At is the transmitting coil area (m?®), t is the time (ys),
and p, is the apparent resistivity ((2-m). The algorithm can
qualitatively analyze abnormal bodies at a horizontal position
along the direction of the survey line.

Overview of permafrost in the study
area

Permafrost in Mahan Mountain, Lanzhou, China, is the only
preserved permafrost found on the Loess Plateau of China (Xie
et al., 2013). It has the characteristics of small distribution area,
high temperature, and small thickness (Qiu et al., 1994).
Therefore, it is very sensitive to climate change and is known
as a living fossil of permafrost research on the Loess Plateau (Xie
etal, 2013). The peak of Mahan Mountain is 3,670.3 m above sea
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FIGURE 2

Location map of Mahan Mountain and the permafrost distribution. QTP indicates the Qinghai-Tibet Plateau; LP indicates the Loess Plateau.

level, while permafrost is distributed within the range of
3,500-3,650 m above sea level (Figure 2). The annual average
temperature is —2.3°C, the annual precipitation is 494 mm (Li,
1986), and the annual average surface temperature is
approximate —0.23°C (Xie et al, 2013). In 1985, permafrost
was discovered in Mahan Mountain for the first time, namely,
a 12-m-thick permafrost layer in the exposed stratum of a shady
slope artificial quarry at an altitude of 3,630 m. The thickness of
the active layer ranges from 2.5 to 3.0 m, in which water exists in
the form of bedrock fissure ice, and the thickness of the pure ice
layer reaches up to 5-10 cm (Li, 1986), which is very rare in the
high mountains of western China. In 1993, Li and Li (1993)
arranged boreholes in Xiaohutan, Doulingou, Honghagou, and
Tudixian for drilling investigation. According to survey data, the
area of permafrost in Xiaohutan is approximately 0.15km?
which is roughly consistent with the distribution of well-
the
thickness ranges from 5-30m, the active layer thickness

developed hummocks on surface. The permafrost
(ALT) is approximately 1.5 m, the ALT in the boundary area
is only 1.2m, and only more than 10 square meters and
approximately 3-m-thick permafrost in Honghagou is
retained. While there
Doulingou and Tudixian, certain areas contain permafrost,
while others do not. They proposed that the distribution of
permafrost in this area is very complex. From 2008 to 2009,

Xie et al. (2010, 2013) conducted a new survey in the area where

is a notable difference between

Liand Li (1993) had previously arranged boreholes. According to
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their results, permafrost was found only in Xiaohutan. It was
speculated that the permafrost in other areas may have been
completely degraded (Xie et al, 2013). According to the
distribution of hummocks on the surface, it was considered
that the area of permafrost was reduced from 0.15 to 0.13 km?
(Xie et al,, 2013). In recent years, researchers have applied the
TEM, ground-penetrating radar (GPR), borehole temperature
measurement, model analysis, and other methods to study
permafrost in Mahan Mountain (Dong, 2013; Liu et al,
2015b; Yang et al,, 2019). It is considered that the permafrost
in Mahan Mountain is only distributed in Xiaohutan with a
distribution area of approximately 0.11 km” and a thickness from
20-30 m, which is considered to occur in a state of rapid
degradation.

According to the investigation of Li and Li (1993) and Xie
etal. (2010,2013), the minimum temperature of permafrost in
Mahan Mountain reaches —0.2°C at depths from 10 to 16 m,
and the upper and lower depths rise at a rate of 0.01°C/m,
which is typical of high-temperature permafrost. At present,
there
distributed in the study area (Figure 3), which are all

are seven temperature measurement boreholes
distributed in and near Xiaohutan. Among them, boreholes
2, 3, 4, and 5 are located in the distribution range of
permafrost, and boreholes 1, 6, and 7 are located in non-
permafrost areas. We regularly monitored the ground
temperature at different depths via a high-precision

thermistor with an accuracy of 0.03°C. Figure 4 shows the
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temperature measurement curves for seven boreholes.
According to the ground temperature monitoring results,
the temperature of permafrost in the area is generally
higher than —0.2°C, the thickness of permafrost generally
approaches or exceeds 20 m, and the maximum thickness is
approximately 30 m. The temperature measurement results
for boreholes 2, 4, and 5 show a slight warming trend. The
ground temperature in borehole 2 at the edge of permafrost is
close to 0°C, and the ground temperature in borehole 4 at the
center of permafrost in Xiaohutan is the lowest. The
temperature changes slowly in permafrost and rapidly in
bedrock.

The strata in this area mainly include the Presinian Mahan
Group. The lithology is mainly composed of various
migmatites, followed by gneiss, schist, and marble. The
bedrock is generally buried shallowly. According to field
outcrop data, the of the
unconsolidated sedimentary layer in Mahan Mountain

and borehole thickness
generally ranges from 0.7 to 1.5m, and the sedimentary
layer gradually thickens with decreasing altitude. However,
in the Xiaohutan depression, where developed permafrost, the
unconsolidated sedimentary layer thickens from the smallest
value of 1.2 m at the edge to the center and can reach 8 m at the
thickest location at the center of the depression. The
weathering degree of the upper part of the underlying
bedrock is high, and permafrost is mainly developed in
voids in this broken bedrock. With increasing depth, the
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weathering degree decreases, and the ice content in
permafrost also decreases. Figure 5 shows the stratigraphic
characteristics of this typical layer in the Xiaohutan
depression for boreholes 3 and 5. Obviously, the difference
between the permafrost in Mahan Mountain and that in most
areas is the lower part of the permafrost is completely
developed in bedrock and the fragmentation degree of
bedrock controls the ice content in permafrost.

Obviously, the electrical changes in the strata in this area
are mainly determined by the water conditions in the voids of
the broken bedrock and the thickness of the loose sedimentary
layer. The loose layer in the upper part of the formation
contains more water storage structures and more suitable
surface water conditions, so the surface obviously exhibits
low resistivity. The lower permafrost is mainly distributed in
the weathered broken layer of bedrock, so it exhibits a higher
resistivity than that of the upper layer. In addition, the
development of solid ice can theoretically produce a higher
resistivity than that of the surrounding strata at the same
depth. At the lower surface and boundary of permafrost,
because the horizontal formation components change
slightly, only the existing form of water changes. The area
of the meltwater distribution differs from that of permafrost
with solid ice. The formation is deeper, the bedrock tends to be
complete, and the resistivity value tends to remain stable.
Based on the abovementioned understanding, in this study,
the formation resistivity change caused by other small changes
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Mahan Mountain borehole temperature measurement curve.

is ignored, and it is considered that all resistivity differences
are caused by water change.

Data acquisition

Nano-TEM detection at 94 measuring points (black dots
in Figure 3) was conducted in Xiaohutan of Mahan Mountain
in Lanzhou in April 2015, with a point spacing of 50 m,
forming six detection profiles. In July 2017, 12 profiles with
273 measuring points (pink dots in Figure 3) were remeasured
with the same detection parameters and 20 m as the point
spacing. To ensure more accurate detection results, the total
station was used to accurately locate the measurement points.
The measurements were repeated three-five times at each
point. In June 2018, single-point nano-TEM sounding was
conducted in many areas in Mahan Mountain. In July
2020 and September 2020, an HPTEM-18 equivalent anti-
magnetic flux transient electromagnetic system based on the
OCTEM principle was used twice to complete five detection
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profiles in the permafrost area of Mahan Mountain, with a
total of 294 measurement points (blue dots in Figure 3). The
locations of these measurement profiles are also shown in
Figure 3, and the spacing between the measurement points is
5m. Among these profiles, profile 1 passes through the
permafrost distribution area, profile 2 is in the permafrost
area, half of profile 3 passes through the permafrost
distribution area, and profiles 4 and 5 are located in the
hummock degradation area at the permafrost boundary.
Table 1 lists the actual detection parameters.

Data processing

During nano-TEM data processing, the three measured
datasets with the most similar measurement results were
selected to participate in the calculation to ensure that the
results reduced the random interference as much as possible.
STEMNV software was used for two-dimensional fitting with a
layered stratum model. The OCTEM uses multiple stacking steps
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Observation map of the strata and water content in boreholes 3 and 5 in Mahan Mountain.

TABLE 1 Detection parameters used in the nano-TEM and OCTEM.

Detection parameter Nano-TEM OCTEM
Instrument GDP-32lI HPTEM-18
Transmission current 1A 10 A
Frequency 32 Hz 62.5 Hz
Repeat number 3 2

Side length of the TX coil 20 m 1.24 m
Turns of the TX coil 1 10

Side length of the RX coil 5m 0.5m
Turns of the RX coil 1 10

(more than 300 times) to improve the signal-to-noise ratio, and
HPTEM-18 data processing software was used to process the
measured data. In the process of data processing, unreasonable
measured data could be corrected and eliminated at any time to
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ensure the reliability of the data processing results. After the data
calculation step, all the data of this study were compiled into
profiles in Surfer software (www.goldensoftware.com), and the
agreed color scheme was used.

Detection results

Before the discovery of permafrost in Mahan Mountain,
scholars conducted resistivity sounding exploration in the
peak area of Mahan Mountain to determine whether
permafrost had developed and remained. Due to the shallow
distribution of bedrock in Mahan Mountain and the high
resistivity of bedrock close to frozen soil, the detection results
(Figure 6) did not identify the existence of frozen soil (Guo,
1982). When the semipolar distance AB/2 ranges from 1.5-6 m,
the apparent resistivity value of the formation increases
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Two permafrost DC sounding curves of Mahan Mountain. (A) located on the top of the mountain with thin loose layer and higher apparent
resistivity value; (B) located slightly lower with thick loose layer and lower apparent resistivity value.

60

3 4 20 40

AB/2 (m)

1 2

6000 5000 4000

Borehole 2

3520
0 50

FIGURE 7
Nano-TEM sounding profile 2 of Mahan Mountain, April 2015.

obviously, but the amplitude is small. Now, we know that the
determined high-resistivity anomaly is permafrost. Therefore, it
is speculated that there is little difference between the resistivity
values of permafrost and underlying bedrock in this area.
According to Hauck and Muhll (1999b), and Hauck et al.
(2003), this occurs because DC detection is affected by the
upper stratum, and the greater the detection depth is, the
smaller the difference in resistivity will be. However, the
difference is that TEM detection involves the induction of the
primary field within a specific layer at a certain time, so the
formation itself slightly impacts TEM detection, and the TEM
can measure more obvious differences in formation resistivity.
Figure 6 also shows that the resistivity of Mahan Mountain
permafrost reaches as low as 200-300 Qm. In fact, the
resistivities of the weathered bedrock, surface melting layer,
and surface freezing layer were also measured, reaching
approximately 600, 25, and 80 Q m, respectively, at —3°C and
4,800 Om at —13°C, which is consistent with the results
measured under DC conditions (Yang et al, 2019). In this
study, the reference resistivity of the surface melting layer was
selected as 25 O m.
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The final inversion results show low-resistivity anomalies in the
profile; in combination with the satellite image depicted in Figure 3,
it can be found that these anomalies are consistent with the
distribution of surface wetlands (the dark area in Figure 3 is the
Xiaohutan depression, and hummocks are more notably developed
in the dark area), and there is no longitudinal change in the profile
within 15 m. The measured permafrost depth in the four boreholes
located in the permafrost range is no more than 30 m, while the
inversion results cannot significantly detect the low-resistivity
characteristics of the lower limit of permafrost within 40 m.
Choosing profile 2 detected in April 2015 as an example
(Figure 7), we can find low-resistivity anomalies at 100 and
500 m, while these two locations signify the boundary of the
distribution of hummocks at the surface. If the hummocks on
the surface are consistent with the distribution of permafrost,
100 and 500 m represent the boundaries of permafrost. Through
comparison of Figures 3 and 7, it can be found that the 100-500 m
section in the satellite map is a continuous hummock area and a
continuous geological body with medium- and high-resistivity
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values in the TEM profile, which is consistent with the boundary
characteristics of permafrost. Before this study, the distribution
range of permafrost in Mahan Mountain was obtained according
to drilling results and the development range of surface hummocks,
but there are no continuous observation data to prove that this
approach is correct. In addition, at a depth of approximately 15 m,
there is an obvious shallow detection blind area, which shows low
resistivity and is inconsistent with the high resistivity of permafrost.
Borehole 2 is approximately 50 m away from the 300-m location
(Figure 3). The temperature measurement results show that the
temperature reaches 0°C at a depth of approximately 19 m, which
suggests that the thickness of permafrost here is approximately 20 m
(Figure 4), which is not found from the TEM results.

Does the abovementioned occur because the spacing between
the survey points is too large, resulting in the lack of profile
The results  obtained
anomalies along the profile consistent with the boundary

continuity? detection low-resistivity

Frontiers in Environmental Science

Comparison of the nano-TEM, OCTEM, and GPR methods in identifying permafrost in the shallow bedrock area of Mahan Mountain. (A) Nano-
TEM profile with a 20-m point spacing. (B) OCTEM profile with a 5-m point spacing. (C) 50-MHz GPR detection profile.
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distribution of surface wetlands, but anomalies remain that are
inconsistent with the continuity characteristics of frozen soil in the
possible permafrost distribution area. Choosing profile 7 detected in
July 2017 (Figure 8A) as another example, the spacing of the
measuring points was 20 m. Through specific analysis of the
profile, it can be observed that low-resistivity anomalies are
obvious where the measuring points are missing. However, there
is still an obvious shallow detection blind area after the spacing of the
measuring points is improved, while there is still no change in the
identification of the permafrost base. We speculate that anomalies
may be caused by fractures in the bedrock and distribution of
groundwater. However, in terms of lower limit identification of
permafrost, reducing the distance between measurement points still
fails to clearly detect the water characteristics at the lower boundary
of permafrost. Theoretically, to eliminate this problem in the shallow
layer, increasing the number of turns of the measuring coil can
suppress random interference and improve the signal-to-noise ratio
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OCTEM sounding profiles in Mahan Mountain.

and fidelity. In June 2018, the other test parameters remained
unchanged. We measured and compared the number of turns of
the transmitting and receiving coils in this area. The results show
that increasing the number of turns of the transmitting coil slightly
affects the detection results, while reducing the coil size decreases the
detection depth.

Through the abovementioned experiments, it can be
concluded that the nano-TEM shows an obvious shallow
detection blind area in the exploration of permafrost in
Mahan Mountain, Lanzhou, although this method achieves a
certain identification ability regarding the boundary of
permafrost but cannot effectively identify the permafrost base.

Opposing coils transient electromagnetic
method measurement

OCTEM exploration profile 1 (Figure 8B) extends from
northeast to southwest, with a total of 72 measuring points
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and a total length of 365 m (Figure 3). The surface enters the
Xiaohutan depression with hummock distributions from 45 to
320 m, and hummocks then disappear, which is consistent with
the high-resistivity distribution detected by the OCTEM. The
hummocks within 100-245 m below the ground surface are well-
developed and dark in color. The hummocks on both sides are
degraded outward, which is also very obvious in the OCTEM
profile. In the OCTEM profile, the resistivity value in this section
is significantly higher than that on both sides. Under the
condition that the lateral conditions of the formation are
similar, the reason for this difference in lateral resistivity is
the differential distribution of conductive substances in the
formation. It is believed that the distribution difference of the
water resistivity is small only when the bedrock remains relatively
shallow buried in the permafrost area for many years. The profile
shows that there is an obvious low-resistivity distribution layer at
depths above 3,526 m above sea level, and the depth of this layer
varies between 25 and 30 m, which coincides with the lower limit
depth of permafrost obtained via borehole and ground
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Photos of surface vegetation in the Mahan Mountain area. (A) In the permafrost region, shot at location a in Figure 11. (B) Non-permafrost
region, shot at location b in Figure 11. (C) Degraded permafrost region, shot at location c in Figure 11. (D) Bedrock exposed area, shot at the top of the

mountain.

temperature monitoring. Permafrost degradation dissolves solid
ice in bedrock voids, and part of the meltwater flows away from
the rock voids. At the same time, water is adsorbed by silt, clay,
and other particles in the formation or accumulates in
unconnected rock pores so that the resistivity at the lower
limit and boundary of permafrost is lower than that of
permafrost. At an elevation of 3,526 m in the figure, the
resistivity is lower than that of the upper and lower strata,
which is in line with the low-resistivity characteristics of
meltwater at the permafrost boundary. By comparing the
nano-TEM (Figure 8A) and GPR results (Figure 8C) at
similar locations (Figure 3), it can be found that the OCTEM
is the most intuitive and accurate method for identifying
permafrost bases and boundaries.

OCTEM profile 2 (shown in Figure 9) is located in the central
area of the Xiaohutan depression, with 31 measuring points from
southeast to northwest, and the length of the profile is 150 m. The
surface contains well-developed hummocks (Figure 10A), and the
surface soil is saturated with water. It can be found that there is a
high-resistivity layer with a thickness from 25 to 30 m above the
bedrock from the beginning to the end. This layer slowly thins from
the center of the depression (the starting point of profile 2, near
borehole 4) to the edge, but the change range is small. The thickness
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of the high-resistivity layer at the end is reduced to 20 m. Borehole
4 at the starting point shows that the thickness of permafrost here is
approximately 28 m, and the thickness of permafrost at the end is
approximately 22m, which agrees with the temperature
measurement results in borehole 2 (the distance between
borehole 2 and the end of profile 2 is approximately 65 m).
OCTEM profiles 3, 4, and 5 (Figure 9) show permafrost
boundary test results. Profile 3 starts from the central area of the
permafrost distribution and passes through the permafrost area
along the southeast direction. The hummocks on the surface
degenerate from 380 m along profile 3 and disappear at 420 m
(Figure 10B shows that the surface hummocks have been completely
degraded), which is strictly consistent with the high-resistivity
anomaly detected. The high-resistivity anomaly exhibits a clear
low-resistivity lower interface, which shows obvious permafrost
base characteristics. Profiles 4 and 5 both have sparse hummocks
in the middle, and the hummocks on both sides are completely
degraded (Figure 10C shows the obvious boundary of the surface
meadow). All the high-resistivity layers in the OCTEM profiles are
clear, and the location of the high-resistivity anomaly is consistent
with the distribution of surface hummocks. Profile 3 has a relatively
stable distribution of high resistivity values, with clear low resistivity
values at the lower interface, and the depth varies between 23 and
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29 m. From 380 to 420 m, the hummocks are sparsely distributed
and seriously degraded and disappear completely at 420 m. The
section shows that the resistivity is slightly higher than that in the
melting area, and the boundary with the melting area is clear. It is
speculated that the permafrost in this section occurs in the degraded
state and contains more meltwater than does the non-degraded
permafrost. However, because solid ice has not completely melted,
the resistivity is higher than that in the melting area. The normal
annual temperature measurement result for borehole 7 at the end of
the survey line is positive (Figure 4), which is consistent with the
detection result. Along the direction of Profile 3, at the top of the
mountain about 180 m away from the end of Profile 3, the
vegetation is almost completely degraded and massive bedrock is
exposed (Figure 10D). Profile 4 (95-200 m) and profile 5 (15-95 m)
show continuous high-resistivity anomalies with clear lower
interfaces. It should be noted that obvious changes in hummocks
appear on the surface at these two locations. The hummaocks on the
surface are only distributed from 90 to 205 m along profile 4 and are
only distributed from 10 to 120 m along profile 5.

Through the aforementioned analysis, in the area measured
by the OCTEM in this study, the thickness of permafrost
generally varies between 20 and 30m and has a clear
boundary and base characteristics, which directly confirms the
corresponding relationship between permafrost and hummock
distribution. According to this correspondence, combined with
satellite images and actual survey data, we mapped the
distribution range of permafrost in Maxian Mountain (closed
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area of the yellow line in Figure 11). In contrast to previous work,
this study identified a region where permafrost occurs in a
degraded state but is not yet completely degraded (the area
between the brown and yellow lines in Figure 11).

Conclusion

By comparing the application of the nano-TEM and
OCTEM, it can be found that there is an obvious detection
blind area in the exploration of permafrost in Mahan Mountain
with the conventional TEM, and it is difficult to distinguish
permafrost vertically developed in bedrock. However, the
OCTEM the
interference, so this method attains a higher detection

can effectively eliminate primary field
accuracy and can observe small changes in the formation
water content horizontally and vertically to identify the spatial
distribution of permafrost. In addition, through this comparative
experiment, new insights into the distribution of permafrost in
Mahan Mountain are obtained. For the first time, the observation
results confirm that the distribution of surface hummocks in this
area is consistent with that of permafrost and degraded
hummocks indicate permafrost degradation.

Previously, the distribution area of permafrost in Mahan
Mountain was considered to be degraded to 0.13 km®. However,
now, the actual distribution area of permafrost has not reached

this value, but the boundary area is obviously degrading.
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Meltwater has accumulated in the degraded area, showing the
the
area—completely degraded area from the center toward the

distribution  characteristics  of core area—degraded
outside. According to the distribution statistics of hummocks
on the surface, at present, the distribution area of the permafrost
core area in Mahan Mountain is only 0.11 km? with an outer
circumference of approximately 0.04 km. The area with a sparse
distribution of surface hummocks occurs in a state of rapid
degradation, and obvious water characteristics can be detected in
the strata.

Although the OCTEM eliminates the primary field interference,
solves the problem of shallow detection blind areas, and detects the
permafrost distribution in shallow bedrock in the Mahan Mountain
area, this does not indicate that this method can effectively detect
permafrost in all shallow bedrock areas. The OCTEM is particularly
sensitive to water content. The permafrost in the Mahan Mountain
area is typical high-temperature permafrost, and there is water
accumulation in both the boundary area and permafrost base, so
permafrost can be detected and identified. However, many
permafrost zones in shallow bedrock areas do not exhibit similar
conditions. Therefore, more research is needed on whether the
OCTEM can identify low-temperature permafrost in shallow
bedrock areas.
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