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Abstract

Mapping methods for loosened rock mass in mountainous areas are useful for risk man-
agement of landslide disasters. Depending on the type of aircraft and sensor, there are
several different aerial electromagnetic measurement methods for estimating subsurface
structures. Helicopter-borne electromagnetic methods are commonly used. Recently, un-
manned aerial vehicles (drones) have been used. By understanding the characteristics of
each method, it is possible to choose a suitable method for the target of observation. In
this study, resistivity from the frequency-domain helicopter-borne electromagnetic (HEM)
method and resistivity from the time-domain drone-grounded electrical-source airborne
transient electromagnetic (D-GREATEM) method were compared to estimate loosened
zones in mountainous areas. The resistivity cross-sectional profiles were largely similar,
but differences were observed near the surface in some zones. The comparative analysis of
both methods with outcrop observations revealed that D-GREATEM resistivity data can
detect both loosened rock mass from the surface to an approximately 30 m depth located
above the groundwater and saturated rock mass. It is because D-GREATEM resistivity
was obtained by assuming five layers from the surface to a depth of 40 m. This indicates
that D-GREATEM is suitable for estimating near-surface loosened rock mass distribution
in the valleys. However, D-GREATEM has a limited observation range. Therefore, it was
concluded that the D-GREATEM method is suitable for a detailed and localized estima-
tion of landslide susceptibility near the surface, whereas the HEM method is suitable for
wide-area analysis.

Keywords: aerial electromagnetic method; loosened rock mass; landslide susceptibility;
resistivity; HEM; drone

1. Introduction
There are ways in which populations can coexist with landslide-prone topography.

Stable landslide bodies have been cultivated as terraced paddy fields in mountainous areas.
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Nonetheless, large-scale landslides can severely affect society, for example, by damming
rivers, disrupting road networks, and burying villages [1–3]. Rock masses disturbed and
loosened by previous landslides can be reactivated by heavy rains and earthquakes [1,4].

A critically important step for landslide disaster management is the identification
of landslide-susceptible areas. Previous landslide masses and areas of disturbed and
deformed slope provide useful information [5–7]. Regional-scale landslide inventories
have been constructed via the morphological method, which is based on analyses and
interpretation of aerial photographs and satellite imagery [8–11]. Although morphological
methods are relatively quick and simple to use, they can be ineffective if the morphological
features of landslides have been disturbed by surface processes, such as weathering, erosion,
and vegetation cover. In contrast, geological and geotechnical methods (e.g., drilling and
trenching) provide subsurface information about the deformation and looseness of rock
masses, even in terrains where the surface morphological features of landslide masses are
unclear. Because the data provided by drilling and trenching are limited to the immediate
vicinity of the sampling location, those data have often been supplemented by electrical
and magnetic survey data [12–15]. Electrical resistivity tomography techniques have been
widely used in subsurface investigations [16–18]. The resistivity is influenced by several
subsurface characteristics, such as the water content, clay content, and looseness of the
rock mass [19]. To understand regional geodisaster susceptibility, airborne electromagnetic
(AEM) surveys have been used to quickly obtain regional-scale three-dimensional coverage
of subsurface structures. The AEM survey measures the secondary magnetic field induced
in the ground by the primary magnetic field to obtain resistivity data over a wide area,
allowing measurements even in mountainous areas where accessibility cannot be ensured
because of steep slopes and difficult access.

AEM surveys use either the frequency-domain method [20,21] or the time-domain
method [22,23]. Steuer et al. [24] compared the results of these methods in an investigation
of the subsurface structure of a valley; they reported that, despite differences in the depth
of penetration and resolution at depth, the two methods provided similar results. Mogi
et al. [25] developed a variant of this system called the GREATEM system, which uses
a helicopter-towed receiver and a grounded electrical-dipole source as a transmitter. A
grounded source can be a large-moment source with a long transmitter–receiver distance,
and the resulting greater depth of penetration increases the survey depth. The GREATEM
system has been used in several studies [26–29]. Although AEM surveying via helicopters
is effective for geological analysis of large areas, it is not suitable for steep, rugged slopes
in mountainous areas because of safety issues caused by low-altitude observations. It is
also unsuitable for surveying small areas in terms of efficiency. For aerial data acquisition
in such small areas, lightweight unmanned aerial vehicles (drones) might provide a cost-
effective alternative. AEM surveying via drone uses a receiver mounted on the drone and
grounded power transmitters [30,31]. However, for estimating landslide susceptibility in
a mountainous area, the applicability of drone-based AEM surveys has not been clearly
demonstrated yet. The objective of this study is to investigate the applicability of drone-
based AEM surveys for estimating the loosened rock mass zones in mountainous areas.

In this study, resistivity from frequency-domain helicopter-borne electromagnetic (HEM)
methods and resistivity from the time-domain drone-grounded electrical-source airborne
transient electromagnetic (D-GREATEM) method were compared in order to investigate
suitable methods for estimating near-surface loosened rock mass zones in mountainous areas.
The differences in resistivity acquired with the two methods were analyzed by using the
outcrop observations. The applicability of aerial electromagnetic methods is discussed for
estimating near-surface landslide susceptibility in mountainous areas.
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2. Study Area
Our study area is located at approximately 33◦28′14.60′′N, 134◦9′36.24′′E (Figure 1a)

in Shikoku, southwest Japan. The study area is close to the headwaters of the Sakihama
River, where it is underlain by sedimentary rocks of the Palaeogene Murotohanto Group.
The bedrock in the area consists of steeply dipping shale and sandstone and some strata
are gradually deformed and loosened [32].

It is recorded that a large rock avalanche was triggered by the Hoei Nankai earthquake
in 1707 (M8.6) and it was reactivated by heavy rainfall in 1746 [32]. The scar of the rock
avalanche is known as the Kanagi landslide (“Kanagi-Kuzure” in Japanese) [8], which is
located close to the study area (Figure 1b). The total volume of the debris is estimated to
be 30 million m3, and the debris has been deposited in the Sakihama River and along the
river valley. Surrounding the Kanagi-Kuzure, the loosened slopes due to flexural toppling
are identified by interpreting the surface morphological characteristics, such as linear
depressions and uphill-facing scarps over gentle slopes from visualized laser altimetry
data [33] (Figure 1b). Loosened and toppled rock mass was also identified at P1 in the
field (Figure 1c).

(a) (c) 

(b) 

Figure 1. Study area: (a) Location of the study area. (b) Topography of the study area [34]. (c) Photo-
graph of the outcrop at P1.
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In our previous study [34], in order to explore the method for loosened rock mass
mapping with AEM survey resistivity data, a HEM survey was widely conducted over
2.2 km × 2.0 km including this study area (Figure 2, the details are mentioned in Section 2).
By using cross-sectional data of resistivity and field observation data, it is shown that
high-resistivity zones correspond to loosened zones. The depth of the loosened zone was
estimated to be approximately 50 m. It is indicated that, since outcrop surveys are difficult
to conduct over a wide area or subsurface zones, aerial electromagnetic survey data are
useful in complementing field observation and measurement for estimating the distribution
of loosened zones. The 140 kHz HEM resistivity data shows high values on the ridges and
over the gentle slopes and low values along the valleys. It shows that the distribution of
resistivity is influenced by not only the loosening of rock mass but also the distribution
of groundwater. It implies that, although HEM resistivity is useful, further research is
necessary to estimate the distribution of loosened rock mass by using AEM resistivity data.

Figure 2. The coverage and scanning lines of HEM measurement. The bold black polygon shows the
D-GREATEM survey area [34].

3. Data Acquisition and Processing Methods
In this study, two types of airborne resistivity observation methods were applied and

the acquired data were compared: HEM data and D-GREATEM data.

3.1. Drone-Grounded Electrical-Source Airborne Transient ElectroMagnetic
(D-GREATEM) Survey

The UAV survey was conducted along eight lines (from Line A to Line H) across the
study area at a flight speed of 10–13 km/h (Figure 3a). The survey period was 3–6 June
2020, and there was no precipitation during the two days prior to the survey period and
during the survey period itself. The source signal was a time-varying current of 5.3 A
transmitted to the subsurface by a 1 km long grounded electrical dipole source set parallel
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to the forest management road (Figure 3a). Steel electrodes were implanted in the ground
to a depth of 0.3–0.4 m, with 30–50 electrodes 15 mm in diameter and 0.6 m in length on
each side of the transmitter cable (Figure 3b). The electrode space is approximately 900 m.
The vertical component of the secondary magnetic field related to subsurface resistivity
was recorded by a sensor towed by the drone. The receiver was carried by the drone and it
was flown at a height of approximately 100 m above the ground (Figure 3c). Magnetic field
responses were recorded when the grounded electric dipole source was turned on and off.
The switching of the transmitter and receiver signals on and off was synchronized to the
circuit of the 1 pulse per second (PPS) signal in the GPS receiver (Figure 3d).

(a) 

(b) (c) 

(d) 

Figure 3. Observation by D-GREATEM. (a) Setting and scanning lines of observation. (b) Photo-
graph of the grounded electrical dipole source. (c) Photograph of the drone towing the transmitter.
(d) Transmitted wave and received wave used in the measurement.
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The waveforms were digitized through a 24-bit AD converter at a rate of 1 µs, and
8000 electromagnetic responses were recorded during one cycle of 8.0 ms (Figure 3d).

To use the magnetic field response data to estimate the resistivity, natural and artificial
noise was removed by multiple stacking of the received signal at the ground monitoring
site. The data stacking method was applied in each second. The data from 125 cycles were
observed each second, and two transient signals, positive half cycles and negative reversed
half cycles, were observed in one cycle. The positive half cycles and negative reversed half
cycles were then stacked. Therefore, 250 records were stacked in each second. Moreover,
the data were stacked every 10 m along the scanning lines.

After the noise removal operation, the inversion was performed by comparing the
noise-free transient response curve of the vertical magnetic field with the theoretical re-
sponse curve [30,35]. For the theoretical models, the height of the receiver recorded by
GPS is used to estimate the vertical magnetic field. At deeper layers, the wavelength of
propagating electromagnetic waves becomes longer. The closer to the surface, the higher
the vertical resolution. Therefore, it is assumed that the vertical resolution of the surface
layer is higher than that of deeper layers and the following thirteen horizontal layers from
the surface to a depth of 200 m were set [35]: depths of 0.0–2.6 m, 2.6–7.7 m, 7.7–15.4 m,
15.4–25.6 m, 25.6–38.5 m, 38.5–53.8 m, 53.8–71.8 m, 71.8–92.3 m, 92.3–115.4 m, 115.4–141.0
m, 141.0–169.2 m, 169.2–200.0 m, and deeper than 200.0 m. By fitting the transient curve of
the observation data to the theoretical model including the system response (Figure 4), the
vertical structure of the resistivity was estimated by applying the 1D inversion assuming a
horizontal layered structure model. To eliminate the error, data with RMSE > 0.20 was ex-
cluded. The resistivity was calculated from the surface to the depth at which the sensitivity
was obtained.

Figure 4. Relative intensity to maximum amplitude of the transient curve including the system
response derived from the field observation data and the modeling data. The RMSE of this data is 0.01.

3.2. Frequency-Domain Helicopter-Borne Electromagnetic (HEM) Survey

The frequency-domain helicopter-borne electromagnetic survey method was used. In
this study, the same HEM resistivity data was used as in our previous research [34]. Here,
we briefly explain the HEM survey and the acquired resistivity data.

HEM surveying determines the ground resistivity by measuring the intensity of a
secondary magnetic field. Primary signals are generated by the flow of a sinusoidal current
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through transmitter coils to induce eddy currents in the subsurface layer. The lower the
frequency of the transmitted electromagnetic waves, the deeper the ground penetration [36].
In order to estimate the resistivity up to a few hundred meters, these sensors were selected.
The depth of the wave propagation is according to the frequency. Therefore, we used
the HEM system employing transmitting and receiving coils oriented horizontally with
frequencies of 140 kHz, 31 kHz, 6.9 kHz, 1.5 kHz, and 340 Hz. These coils were enclosed in
a cylindrical container that was suspended by wires 30 m below a helicopter and flown at a
height of ~35 m above the surface. The survey was conducted over 2.2 km × 2.0 km and
the interval of the flight lines was approximately 50 m (Figure 2).

For the secondary field data, the in-phase and quadrature components at specific
frequencies were measured. Due to the induction process within the subsurface layer, there
is a small phase shift between the primary and secondary fields. The HEM resistivity was
estimated by using phasor diagram for each frequency. With the measurement settings (the
sensor height is approximately 30 m), the order of the in-phase and quadrature component
measurement (102) is larger than system noise (100). Therefore, the signal to noise ratio was
confirmed to be reasonable. After applying the spike noise removing and EM zero leveling
operations to the secondary field data, an AEM data inversion homogeneous half-space
model was derived from the relationship among in-phase, quadrature, and resistivity at a
specific depth [37]. In order to exclude the influence of the upper layers from the deeper
subsurface resistivity data, a differential method developed by Huang and Fraser [36]
was applied to estimate the resistivity of each frequency, and residual leveling error was
removed by using the 2D filter. Figure 5 shows the profile of the centroid depth and the
corrected resistivity for each horizontal coil along Line A in Figure 3a. By assuming a
horizontal-layered structure, the vertical structure of the resistivity was estimated [38].

Figure 5. Profile of the centroid depth of HEM observations and the corrected resistivity for the five
horizontal coils with different frequencies along Line A in Figure 3a.

In order to compare the resistivity acquired by D-GREATEM and HEM, HEM resis-
tivity data were extracted along the eight D-GREATEM flight lines (Figure 6). Moreover,
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the resistivity data were horizontally interpolated by the Kriging method and processed
into 10 m resolution data at each frequency. In this study, the 140 kHz of HEM resis-
tivity data (Figure 7b) was used to estimate the threshold of the HEM resistivity in the
conductive zones.

 

(a) Line A 

(b) Line B 

(c) Line C 

(d) Line D 

D-GREATEM 
HEM 

D-GREATEM HEM 

D-GREATEM HEM 

D-GREATEM HEM 

(a) Line A 

(b) Line B 

(c) Line C 

(d) Line D 

Figure 6. Cont.



Remote Sens. 2025, 17, 2184 9 of 18

 

(e) Line E 

(f) Line F 

(g) Line G 

(h) Line H 

D-GREATEM HEM 

D-GREATEM 
HEM 

D-GREATEM HEM 

D-GREATEM HEM 

Figure 6. Cross-sectional views of the resistivity of HEM and D-GREATEM along the eight flight
lines. (a) Line A, (b) Line B, (c) Line C, (d) Line D, (e) Line E, (f) Line F, (g) Line G, (h) Line H.



Remote Sens. 2025, 17, 2184 10 of 18

 

(a) 

(b) 

Figure 7. (a) Extracted valley floor using digital elevation data outlined in red. (b) HEM resistivity
obtained at 140 kHz.
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4. Results
4.1. Cross-Sectional View of the HEM and D-GREATEM Resistivity

In this section, we compare the resistivity obtained from the HEM and D-GREATEM
observation methods. Rather than comparing the resistivity values one-to-one, we compare
the resistivity distributions obtained via the HEM and D-GREATEM methods.

Figure 6 compares cross-sectional views of the resistivity of HEM and D-GREATEM
along the eight flight lines. In this study, the near-surface zones from the ground surface to
an approximately 100 m depth are focused on because they are closely related to landslide
disasters. The HEM method has deeper exploration depths and greater resistivity contrast
than the D-GREATEM method does, but the relative distributions of resistivity values are
largely similar in the near-surface layer; both the HEM and D-GREATEM data reveal that
the resistivity is higher around the ridge and the higher-resistivity zones are vertically
distributed from the surface to depths of approximately 30–50 m.

However, the vertical pattern of the resistivity distribution differs between D-
GREATEM and HEM measurements in some sections along Line A, Line B, and Line
E, where HEM resistivity is low from the surface to deeper zones while, on the other hand,
the D-GREATEM resistivity is high in the surface zones (depth 30 to 50 m) and low below
the surface zones (Figure 6a,b,e). In the next section, the differences in resistivity obtained
by D-GREATEM and HEM are investigated.

4.2. Comparison Between the HEM and D-GREATEM Resistivity

In some sections along Line A, Line B, and Line E, the resistivity of the vertical profile
is different between D-GREATEM HEM. The resistivity of D-GREATEM is higher near the
surface and it decreases with depth (Figure 6). On the other hand, the resistivity of HEM is
low from the surface to a depth of 100 m, namely, the conductive zones are identified from
the surface to a depth of 100 m. This difference probably shows the difference in vertical
resolution between HEM and D-GREATEM in near-surface layers. This difference will be
discussed in more detail in the following.

In order to analyze the difference in the estimated resistivity from HEM and D-
GREATEM measurements, zones with different vertical profiles of resistivity distribution
needed to be identified. In the previous study [34], it is shown that HEM resistivity
obtained at 140 kHz is lower in the valley floor and sedimentary basins along the Sakihama
River. This is consistent with the valley floor being saturated with groundwater and highly
conductive. To determine the threshold of HEM resistivity in highly conductive zones,
firstly, the valley floor was extracted as an area where the gradient of the slopes was smaller
than 30◦ and the elevation lower than that of the surrounding area, which are delineated
with red lines (Figure 7a). In the next step, by calculating the outliers of resistivity sampled
within the valley floor (Figure 7b), the threshold of resistivity was defined. Since the HEM
resistivity in the valley floor has a non-normal distribution, the robust Z score is calculated
via the median (µ), first quantile (Q1), third quantile (Q3), and normalized interquartile
range (NIQR) [39]. The Z score shows a standard normal distribution with a mean of 0
and a standard deviation of 1, and it shows a statistical measure of how many standard
deviations a given data point is from the mean of a distribution.

Z score = (x−µ)/NIQR

NIQR = (Q3−Q1)/(F(0.75)−F(0.25))

x: measurement data, µ: median, Q1: the first quantile, Q3: the third quantile.
In this study, the threshold was set to Z score = 3 to exclude the 99th percentile. NIQR

is calculated by using Q3, Q1, and the probability distribution function (F) as a normalized
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interquartile range of 0.75 and 0.25 (F(0.75)−F(0.25)): Q1 = 185.6 Ωm, Q3 = 298.0 Ωm,
µ = 230.6 Ωm, and NIQR = (298.0−185.6)/1.3489 = 83.3. The resistivity value corresponding
to Z score = 3 is 480.6 Ωm, which is nearly 500 Ωm. Thus, the threshold value for the highly
conductive zone is set to 500 Ωm, and the areas where the resistivity is less than 500 Ωm
are defined as the resistivity in the high-conductivity zone, namely, low resistivity.

In the cross-sections along A0–A1, B0–B1, and the E0–E1 (Figure 8), the zones with
HEM resistivity lower than 500 Ωm are distributed both in layers from the surface to depths
of approximately 30 m (surface layers) and below the surface layer (deeper layers), whereas
the D-GREATEM resistivity is higher in the surface layers than in the deeper layers.

HEM 

HEM D-GREATEM 

D-GREATEM 

(a) Line A 

(b) Line B 

(c) Line E 

D-GREATEM HEM 

D-GREATEM 
HEM 

D-GREATEM 

HEM 

Figure 8. Comparison of resistivity cross-sections showing differences between HEM and D-
GREATEM observations. (a) Line A, (b) Line B, (c) Line E.

In Section 4.3, the differences between the HEM and D-GREATEM methods are
discussed in terms of resistivity cross-section diagrams and outcrops and other field obser-
vation data.
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4.3. The Comparative Analysis of D-GREATEM and HEM Resistivity with Outcrop Observations

Outcrop surveys were conducted at sites where different trends were identified be-
tween the HEM and D-GREATEM resistivity cross-sections along A0–A1 and B0–B1, respec-
tively (Figure 9a). Point A0 is located on the ridge. At point A2, which is located in the
vicinity of A0, the outcrop consists of alternating layers of sandstone and shale beds (N60E),
and the rock masses are intensely fractured, dipping south by 14◦ (Figure 9b). The ridge is
flanked by two drainage channels. In both channels (V1 and V2), erosion control weirs were
constructed, and some spring water was discharged through drainage pipes (Figure 9c).
These observations indicate that the surface layers are fractured and loosened and deeper
layers are likely to be influenced by groundwater. This implies that the conductivity is low
in the upper layers and the conductivity is high in the deeper layers.

(b) A2 (c) V2 

(e) B1 (d) B1 

(a) 

Outcrop 

Colluvium 

Figure 9. Photographs of field observations: (a) Location of the survey points and flight lines,
(b) outcrop at point A2, (c) channel V2, (d) slope at point B1, (e) outcrop and colluvium at point B1.
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At point B1, the outcrop consists of alternating sandstone and shale beds (N60W),
and the rock masses are intensely fractured and dip north by 28◦N (Figure 9d). At point
B1, the surface of the slope is covered with colluvium, probably because slope failures
repeatedly occurred (Figure 9e). B0–B1 cross a drainage channel, where the V2 and V1
drainage channels meet. Therefore, zones along B0–B1 are affected by groundwater in the
deeper zone. These observations indicate that the rock mass in the surface layer is loosened
and the rock mass in the deeper layers is likely to be influenced by groundwater. This also
implies that the conductivity is low in the upper layers and the conductivity is high in the
deeper layers.

The observed features in the field surveys are compared with cross-sections of the
resistivity from the HEM and D-GREATEM measurements. In the cross-sections along
A0–A1 and B0–B1, the HEM resistivity values are similarly low (resistivity < 500 Ω m)
both in the layer from the surface to an approximately 30 m depth (upper layers) and
below the surface layer (the deeper layers), whereas the D-GREATEM resistivity values
are higher in the surface layer than in the deeper layers. The D-GREATEM resistivity data
reveal both zones: a zone in which the rock mass is loosened and unsaturated above the
groundwater table, and a zone that is located below the groundwater table and saturated.
The vertical resolution of HEM is according to the centroid depth of the measurement with
each sensor, while the vertical resolution of D-GREATEM measurement is according to the
assumed layers by the theoretical model. By estimating the resistivity in the same slopes
with different methods, the characteristic of the measurement can be clearly shown. The
details of the difference are discussed in “Section 5”.

5. Discussion
In this study, the resistivities obtained from HEM and D-GREATEM are compared.

The resistivities of HEM and D-GREATEM have largely similar distributions; however,
there are some differences, especially in the near-surface layers. The cross-sections of HEM
resistivity tended to have higher resistivity in the ridges and lower resistivity in the valleys,
whereas the D-GREATEM cross-sections had higher resistivity at the surface and lower
resistivity at depths of 30 m or deeper on the loosened slopes, even in the valleys. In order
to analyze the cause of the difference in resistivity between HEM and D-GREATEM, the
assumed layers of the D-GREATEM method and the centroid depth of HEM are compared
in the next paragraph.

The differences between the D-GREATEM and HEM measurements are analyzed. The
HEM measurements derive the resistivity by assuming that the horizontal layer is at a
specific depth, which depends on the frequency of measurements and resistivity [38], and
the vertical resolution of the resistivity distribution depends on the frequency of the system
of measurement. On the other hand, in the D-GREATEM method, the vertical resolution of
the resistivity distribution depends on the observed transient response and the assumed
structure. Figure 10 shows the comparison of the centroid depth of the measurements of
HEM resistivity and the assumed theoretical layers for analyzing the D-GREATEM data
along Line A. While HEM measurements were obtained from only one depth to a depth of
40 m below the ground surface, resistivity measurements using D-GREATEM were obtained
from five depths. Therefore, D-GREATEM is suitable for measuring resistivity to estimate
the loosened rock mass near the surface. Since the depth of earthquake-induced landslides
has been reported to range from the surface to 30 m [40,41], D-GREATEM measurements
are useful for estimating the susceptibility to earthquake-induced landslides on specific
slopes. The HEM method is suitable for broadly and deeply measuring resistivity.
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Figure 10. Comparison of the centroid depth of measurements of HEM resistivity and the assumed
horizontal layers for analyzing the D-GREATEM data along Line A.

It is important to select an appropriate observation method according to the observa-
tion target and purpose. Assuming that observations will be conducted, we compared two
observation methods from multiple perspectives. HEM is suitable for wide-area surveys,
while D-GREATEM is suitable for narrow-area surveys (Table 1).

Table 1. Comparison of HEM and D-GREATEM for resistivity measurement (M.).

HEM D-GREATEM

Observation speed 30 km/h 10 km/h
Duration per flight 1.5 h 15 min
M. along a 30km line 1 h M. with 1 flight 3 h M. with 12 flight
Preparation of the M. The sensor is transported by a

large vehicle
The sensor is transported by a
normal vehicle

Heliport Heliport is required near the
observation area

No need

Flight route management Manual operation by a pilot Planned route controlled by
GPS tracks

6. Conclusions
In this study, the use of drone-borne sensors for recording transient electromagnetic

waves generated by a grounded electric dipole source was investigated to estimate the
distribution of loosened rock masses in mountainous areas. A comparison was made
between HEM and D-GREATEM methods. In particular, the vertical profiles of resistivity
near the surface zones were different, and the D-GREATEM data revealed that it was
possible to detect both loosened rock mass near the surface and rock mass saturated
with groundwater beneath the surface layers. Therefore, D-GREATEM is suitable for
intensive surveys of critical areas because it can capture near-surface loosened rock mass
in detail and the drone is highly maneuverable. On the other hand, this method is not
suitable for wide-area surveys because of its limited observation range. By combining
methods such as HEM (for wide-area surveys) and D-GREATEM (for localized surveys),
it is possible to conduct efficient surveys for estimating near-surface loosened rock mass
zones in mountainous areas.

In mountainous regions, such as the Swiss Alps and the Himalayas, electrical resis-
tivity tomography has been used to investigate the details of geological and hydrological
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structures in known landslides [42,43]. In order to widely detect unknown loosened rock
mass zones in mountainous areas, combining HEM and D-GREATEM surveys should
be useful.
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