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Abstract

The Mayoon landslide in the Hunza District is a slowly developed, non-catastrophic landslide that has gained its impor-
tance in the last few years after its rapid activation and fast slip rate. The area is characterized by high earthquake hazards
(zone 3 with a peak ground acceleration value of 2.4-3.2 m/s?) by the Building Code of Pakistan due to frequent earth-
quakes. The past high earthquake activity in the area has displaced the foliated rocks towards the south and is responsi-
ble for opening the bedrock joints. The head and body of the landslide are covered by unconsolidated material and have
fractures of varying lengths and widths. The non-invasive geophysical techniques, including Ground Penetrating Radar
(GPR) and Electrical Resistivity Soundings (ERS), are deployed to evaluate the Mayoon landslide subsurface. The subsur-
face is interpreted into a two-layer model. Bright reflectors and highly variable resistivity characterize the top layer
(Layer-1). This layer is associated with a loose, highly heterogeneous, fragmented material deposited under glacial set-
tings over the existing bedrock. Hyperbolic reflections and intermediate resistivity characterize the bottom layer (Lay-
er-2). This layer is associated with foliated metamorphic bedrock. The hyperbolic reflections show faults/fractures with-
in the bedrock. The extension of these fractures/faults with depth is uncertain due to decay in the GPR signal with depth.
The intermediate resistivity shows the bedrock is weathered and foliated. Reflections within Layer-1 have disrupted di-
rectly above the fractures/faults suggesting a possible movement. A bright reflection between the two layers highlights
the presence of the debonded surface. Loose material within Layer-1 coupled with debonding possesses a significant
hazard to generate a landslide under unfavourable conditions, such as an intense rainstorm or earthquake activity.
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1. Introduction

North Pakistan territory gains its uniqueness in host-
ing younger mountain belts, glaciated peaks, rugged to-
pography, deeply incised valleys, and multiple mountain
hazards. Hunza-Nagar Valley in North Pakistan is lo-
cated in the Karakoram Mountain range and is strongly
affected by devastating landslides (Bacha et al., 2018).
The National Disaster Management Authority (NDMA)
of Pakistan has marked the area as highly vulnerable to
flash floods, avalanches, and landslides. Landslides are a
frequent mountain hazard that pose a great threat to the
community and infrastructure. The understanding of the
deformation mechanism of a landslide improves our
knowledge of its episodic evolution. This evolution de-
pends on various factors, such as hydrology, tectonics,
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seismic activity, structure, climate (rainfall), rugged to-
pography, and anthropogenic interference (Regmi et al.,
2017; Xie et al., 2020). In the last decade, many studies
have discussed the evolution and development of large
landslides (e.g. Dortch et al., 2009; Gallo and Lavé,
2014; Hewitt, 1998; Shang et al., 2003; Xie et al.,
2020). These studies focused on the recent and historic,
catastrophic failures with massive transported deposits.
Alternatively, slowly developing (30-50 years) non-cat-
astrophic failures of high magnitude and low frequency
can also be a severe threat to life and property (Jones,
1992). Such failures are mainly observed in highly
sheared and foliated metamorphic rocks at higher alti-
tudes (Agliardi et al., 2013). The behaviour of the land-
slide is affected by the material characterization and
movement mechanism. The mass movement in the pres-
ence of a distinct weak zone separating the slide material
from underlying stable material can be categorized as a
translational or rotational landslide (Hungr et al., 2014).
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Figure 1: Location map of Mayoon Village, Hunza (Gilgit-Baltistan), Pakistan

The Mayoon Landslide is a non-catastrophic land-
slide located adjacent to Karakoram Highway and May-
oon Village, Hunza District, Gilgit Baltistan (see Figure
1). It covers a total area of 1500 m? that is continuously
increasing since its first activation in 1976 (Khan et al.,
2019). According to the residents, initially, it only dam-
aged a few acres of land. After a long-dormant period,
recent triggering episodes were recorded in 2010, 2011,
and 2012, associated with heavy rainfall, seismic activ-
ity, and steep angles, instigating the evacuation of 20
families. In August and September 2020, the landslide’s
eastern side triggered twice and damaged farmland, two
houses, and the local playground. The community resid-
ing at the toe of the landslide, i.e. 120 families, almost
1000 people, a secondary school, and a few shops, are
all at risk of the landslide hazard (Rehman et al., 2020).
A man-made water channel runs through the middle of
the mountain and is used to supply water for the com-
munity residing in the next village. This landslide can
also potentially destroy the existing China Pakistan Eco-

nomic Corridor (CPEC) route, i.e. Karakoram Highway,
and create a dam similar to Attabad Lake.

Recently, field investigations and remote sensing
techniques are utilized in the study area to determine the
risk and slip rate associated with the site (Khan et al.,
2019; Rehman et al., 2020). Based on the InSAR data
of over two years, (Rehman et al., 2020) found the
maximum deformation rate as 20 mm/yr. and marked the
Mayoon landslide as the second most active potential
hazard site after the Gulmet landslide in Hunza Valley.
However, no studies were performed regarding the eval-
uation of the internal structure of the Mayoon landslide.
The geophysical tools and techniques provide an effec-
tive framework to investigate the internal structure, wa-
ter content, and bedrock delineation of the landslide
(Ahmed et al., 2020; Ling et al., 2016; Meric et al.,
2005; Mondal et al., 2008). The Ground Penetrating
Radar (GPR), a non-invasive geophysical technique, has
been successfully deployed for potential hazard site
characterization (Borecka et al., 2015; Kannaujiya et
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Figure 2: Geological map of North Pakistan (modified after M.P, Searle and M.A, Khan 1996)
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Figure 3: Regional tectonic map of North Pakistan showing active faults and major earthquake events
in the region (ISC Earthquake Catalogue, 2020)
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al., 2019; Lissak et al., 2015). The subsurface fractures,
faults, and cavities are the target GPR monitors. The
GPR has setback recognition to evaluate landslides due
to; 1) high resolution; 2) high depth of penetration in
resistive materials; and 3) sensitivity to magnetic, elec-
tric, and dielectric contrast (Jongmans and Garambois,
2007). Similarly, the non-invasive electrical resistivity
technique can be used to characterize potential land-
slides (Cardarelli and De Donno, 2017; Perrone et al.,
2014; Yalcinkaya et al., 2016). The Electrical Resistiv-
ity Surveying (ERS) method is based on measuring po-
tential differences encountered at one pair of electrodes.
At the same time, the current is injected into the subsur-
face with another pair of electrodes. The Vertical Electri-
cal Sounding (VES) technique can be used to obtain ver-
tical variation in resistivity. At the same time, the elec-
trode array can be extended laterally to achieve larger
depths. (Telford et al., 1990).

This study provides near-surface characterization of
the Mayoon landslide by incorporating the GPR and
ERS geophysical techniques to address the site’s haz-
ards. This study evaluates the internal structure of the
landslide in terms of bedrock depth, faults and fractures
density in the subsurface, and associated debonded sur-
face with the overlying loose, fragmented material.

2. Geological and geographical setting

The study area has strategic importance in the Hunza
District, Gilgit Baltistan. The Karakoram Highway
(KKH) is a few hundred meters away from Mayoon Vil-
lage. This is the only road connecting China and Paki-
stan. The China Pakistan Economic Corridor (CPEC)
project, worth US $46 billion (Hussain and Hussain,
2017; Irshad, 2015) has also utilized the existing old
Silk Road (KKH) for trade and tourism between China,
Pakistan, and beyond (Makhdoom et al., 2018). The
route is highly vulnerable to hazards and risks caused by
landslides (Ali et al., 2019). The Mayoon landslide is a
potential threat to KKH.

The region is characterized by active tectonics caused
by the collision between the Indian and Eurasian plates
(Dewey et al., 1989; Searle et al., 1987). Tectonically,
the study area lies at the northern margin of the Kohistan
Island Arc (KIA), bounded between the Main Karako-
ram Thrust, MKT (the mélange zone), and the Chalt
Fault (see Figure 2). The KIA is formed due to intra-
oceanic subduction within the Tethys Ocean before the
collision of the Indian and Eurasian plates (Jagoutz and
Schmidt, 2012). The KIA is welded to the Indian plate,
marked by the Indus suture zone (Main Mantle Thrust,
MMT) to the south and Eurasian plate by MKT to the
north (Bignold and Treloar, 2003). The Karakoram-
Himalayan thrust zone is categorized into four tecton-
ostratigraphic units from south to north, i.e. (1) Himala-
yan Crystalline zone; (2) Nangaparbat-Haramosh Mas-
sif; (3) Kohistan Magmatic belt; and (4) Karakoram

Fold belt (Searle et al., 1999). The region is bound by
major faults such as the Main Frontal Thrust (MFT),
Main Boundary Thrust (MBT), Main Central thrust
(MCT), Main Karakoram Thrust (MKT), South Tibetan
detachment system (STD), and the dextral Karakoram
fault system (DiPietro and Pogue, 2004; Zanchi and
Gaetani, 2011).

The study area is composed of metamorphic rocks
such as slates, phyllites, and schists of the Yasin meta-
sedimentary group (Cretaceous-Paleocene). The basaltic
rocks of the Chalt group and Quaternary deposits, in-
cluding glacial moraines, glacial tills, glacial scree, and
flood plain deposits are present (Petterson, 2010;
Zanchi and Gaetani, 2011). Sediments of various ori-
gins such as lacustrine, colluvium, alluvium, and aeolian
are unevenly distributed across Hunza Valley. These un-
consolidated deposits have varying thicknesses ranging
from a few meters to tens of meters and unconformably
lie above the deformed bedrock across the area. Rugged
topography with steep slopes, lack of vegetation, enor-
mous unconsolidated scree encompassed by deep river
valleys depict the geomorphology of the area and define
the potential of large-scale landslides (Rehman et al.,
2020). Figure 3 shows the region’s strong motion data
from the year 25 AD-2020, with homogenized moment
magnitude values ranging from Mw 4.0-8.5. The foliat-
ed rocks of the region placed at steep slopes were shaken
several times during the past seismic activity and dis-
placed the rocks towards the south of MKT. The active
tectonics of the region are also responsible for the open-
ing of cracks/fractures within the rocks exposed on the
surface and the subsurface. The induced seismicity in
the region with such geomorphology has amplified the
landslide activity.

3. Methodology

The geophysical survey was planned after a recon-
naissance of the site. The potential hazard sites were
identified and marked before carrying out ERS and GPR
survey. The signal-to-noise ratio of the acquired data
was enhanced by using the latest industry software.

3.1 Field Observations

The field observations confirm the presence of several
lineaments on the surface with considerable offset, high-
ly sheared rocks placed at the slope, and the presence of
a water channel running through the centre of the moun-
tain (see Figure 4). The geophysical techniques, i.e.
ERS and GPR were chosen to evaluate the subsurface of
the Mayoon landslide. The landslide head is comprised
of east-west oriented multiple cracks with a substantial
opening, ranging from 0.5m to 5m (see Figure 4a). The
surface layers mainly exposed along the landslide’s
body are comprised of silty, clayey soil with chunks of
transported coarse rock fragments. The silty or clayey
soil usually has very low ultimate strength (Shah et al,
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Figure 4: Field photographs of the Mayoon landslide, (a) surface cracks on the top eastern part of the landslide, (b) glacial
scree deposits on the top eastern part of the landslide, (c) highly sheared deformed bedrock exposed along the buried water
pipeline track, (d) fractures within the deformed bedrock exposed at the surface (e) extensometer showing the movement
in the central part of the landslide, (f) open water channel along the eastern part of the landslide

2019; Shah et al, 2020a; Shah et al, 2020b). The top
loose glacial scree is positioned at almost 90° and is a
potential threat in case of any severe tectonic activity
(see Figure 4b). The rocks exposed along the central
part of the landslide are highly sheared and weak due to
shaking caused by the region’s frequent earthquakes. A
water channel runs through the middle of the landslide
that is used to supply water to the next village. This
channel is open at the landslide’s eastern and western
sides, whereas the landslide’s central part has a buried
water pipeline (see Figure 4c¢). The highly sheared and
fractured rocks have multiple crack openings exposed at
the surface along the pipeline track (see Figure 4d). The
landslide’s active movement is made obvious by an in-
stalled extensometer at the top of the landslide’s central-
eastern part (see Figure 4e¢). The landslide’s eastern side
has an open water channel with continuous seepage into
the clayey, silty topsoil, and foliated rocks (see Figure
4f). The settlement including, houses, fields, orchards,
and forest, is mainly present at the toe of the landslide
adjacent to the Hunza River. The western part of the
landslide has boulders of various rock types at the base,
transported from above.

3.2 Geophysical investigations

The two geophysical techniques, namely Ground
Penetrating Radar (GPR) and Electrical Resistivity
Sounding (ERS) were executed in the landslide area to
characterize the potential hazard associated with it. The
locations of GPR and ERS profiles are shown on the
base map (see Figure 5). For the GPR survey, MALA
GPR with a low frequency (50 MHz) unshielded anten-
na was deployed due to the irregular terrain. The exist-
ing walking tracks were used to acquire data using the
‘hip chain’ procedure, whereas the navigation of the pro-
files was acquired using a handheld Global Positioning
System (GPS). Six GPR data profiles were acquired us-
ing a sampling interval of 512 nanoseconds [ns] and a
window length of 1000 nanoseconds [ns]. The handheld
GPS was used for navigating GPR lines. The equipment
was taken to the start of the profile lines, using the de-
scribed parameters, and the acquisition was started. The
data was acquired in fixed intervals for each profile to
get full coverage, which then joined to make one com-
plete profile. The GPR survey was conducted on the
landslide’s body to verify the fracture density in the sub-
surface.
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Figure 5: Base map with GPR and ERS locations presented on satellite imagery

The ERS was performed using the Terrameter SAS
4000 LUND Imaging System. The resistivity variation
of the subsurface was obtained by using the Schlum-
berger configuration for current and potential electrodes.
A total of seven ERS data profiles were acquired. The
data was acquired in the available spaces, where elec-
trode spread expansion was possible, such as along the
walking tracks, farming field, and fruit yard terraces.
The surface layer has a loose topsoil, intermixed with
chunks of transported boulders having low-medium
moisture contents. The current and potential electrode
penetration was not good at the body and head of the
landslide. Therefore, the ERS was opted at the toe of the
landslide due to the gentle topography and moisturized
topsoil cover.

3.3 Data Processing

The GPR data was processed with ReflexW software
and then developed into GPR sections (Alsharabhi et al.,
2016). The processing procedure involved data loading
and time adjustment to zero. The surface reflection inter-
face was set to zero depth, and the global background was
removed to enhance the coherent signal that reduces ran-
domly varying signals. To convert the axis from two-way
travel time into depth, 1D time to depth conversion was
performed using the average velocity of 0.08 m/ns (ac-
cording to the velocity analysis carried on the data). The
colour palette was adjusted to signal amplitudes to im-
prove the contrast of phase changes and signal variation.

The ERS data was processed using the standard rou-
tine procedures (assigning layers, resistivity, and inver-
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Figure 12: Field raw and processed ERS data (ERS_o1 to ERS-07 profiles)

were defined before running the inversion program. In-
version was applied to a layered 1D model of the subsur-
face where minimum RMS error was reached.

4. Results
4.1 Ground Penetrating Radar (GPR)

The GPR_01 up to GPR_06 sections, represented by
Figures 6-11, present the processed and interpreted GPR
sections. The processed GPR sections were interpreted
to show a two-layered subsurface model, i.e. top layer
(Layer-1) and bottom layer (Layer-2). The boundary be-
tween Layer-1 and Layer-2 is highlighted by a yellow
line in the interpreted GPR sections in Figures 6-11.

The GPR_01 section is shown in Figure 6. The section
is interpreted as a two-layer case. The top layer is charac-

terized by multiple reflections with high amplitudes repre-
senting different types of material i.e. silty-clayey soil,
sand, and boulder size rock fragments with variable thick-
ness. This material is the weathered product of the sur-
rounding rocks which was deposited in situ and classified
as soil horizons. Due to the variable thickness of different
materials, GPR resulted in multiple reflections within the
layer. Offsets in reflections are observed in Layer-1, which
are indicative of below-lying fractures or lineaments.
Layer-2 is interpreted to be associated with bedrock. It is
characterized by relatively weak amplitudes and by many
hyperbolic reflections primarily seen between horizontal
distances 240-260 m, 275-285 m, 320-340 m, 365-385 m,
408-415 m, and 3-6m below ground level (BGL) (see
Figure 6). The GPR signal becomes weak below these
hyperbolic reflections which are interpreted to be associ-
ated with fractures or disruptions within the bedrock. The
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Figure 13: ERS data interpretation (ERS PROFILES 01-07)

same features are observed in the GPR_02 section (see
Figure 7) between horizontal distances 06-20 m, 21-26
m, 35-40 m, 45-50 m, 75-80 m, 105-120 m, 120-160 m,
170-200 m and 3-6m BGL. An offset in the reflection is
observed for the same section between the horizontal dis-
tances 165-170 m and 195-205 m, which lies directly
above the interpreted hyperbolic reflections. The GPR 03
section (see Figure 8) has the hyperbolic reflections pri-
marily seen between horizontal distances 7-18 m, 30-48
m, 57-65 m, 66-83 m, 108-121 m, 142-158 m, 171-188 m
and 2-4m BGL. An offset in the reflection is seen for the
same section between the horizontal distances of 52-58 m.
The GPR_04 section (see Figure 9) has poor data quality
between horizontal distances 0-40 m, 130-140 m duc to a
small depression and bad signal quality. The hyperbolic
reflections are primarily seen between horizontal distanc-
es 70-110 m which is 3-6 m BGL. The GPR_05 section
(see Figure 10) has the hyperbolic reflections primarily
seen between horizontal distance 12-26 m, 28-40 m, 46-
60 m, and 5-8 m BGL. The GPR_06 section (see Figure
11) has hyperbolic reflections primarily seen between
horizontal distances 2-20 m, 32-45 m, 72-90 m, 100-110
m, 115-122 m, and 3-6 m BGL.

4.2 Electrical Resistivity Soundings (ERS)

The current and potential electrode spacing used in
the field with the acquired apparent resistivity values are
shown in Table 1 as an example. The raw and processed
ERS 01 to ERS 07 profiles are shown in Figure 12.
The small white circles represent field apparent resistiv-
ity corresponding to the electrode spacing, black curve

Table 1: ERS electrode configuration and apparent resistivity
values used for ERS PROFILE o1

AB/2 (m) |MN/2 (m) | Apparent Resistivity (R) (€2.m)
5 1 380.99
10 1 741.78
15 1 932.42
20 1 928.21
30 2 981.68
40 2 970.20
50 4 974.49
70 4 895.68
90 4 695.23

as apparent resistivity curve, red curve as the best fit
model, and blue curve as the modeled subsurface layers.
The subsurface is represented by 4 to 6 layers of mate-
rial, each with a specific resistivity ranging from 20-
3760 ohmmeter (Q.m).

The ERS profiles are interpreted using the geological
information from the study area and lithologic columns
are prepared as shown in Figure 13 below. The highly
weathered and loose glacial deposits are characterized
by high resistivities, whereas bedrock is relatively con-
ductive.

5. Discussion

The top layer (Layer-1) is interpreted as a loose/frag-
mented material (such as silty, clayey sand with chunks
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of detached and transported boulder size rock fragments)
lying above the bedrock. This layer is characterized by
parallel to sub-parallel reflection patterns down to an av-
erage approximate depth of 1.5-5m below ground level
on all GPR sections. The complex reflection patterns in
the top layer indicate highly heterogeneous material de-
posited in layers. The bottom layer (Layer-2) is inter-
preted as a bedrock formation, exposed on the surface at
various parts of the landslide as foliated slates, phyllites,
and schist of Yasin metasedimentary rock sequence. The
GPR section’s prominent feature is the bright and broad
reflector at a depth of approximately 2—3 m between the
two layers. The reflection strength decays sharply below
this surface, suggesting a debonding between the layers.
This debonding surface is interpreted as contact between
the layers, where the two layers have loose contact fa-
cilitating the top layer to slip along the slope under unfa-
vourable conditions such as rain or snowmelt. The hy-
perbolic reflections suggest the presence of faults or
large fractures within the bedrock. The extension of
these faults with depth is uncertain due to the GPR sig-
nal’s decay. However, it is inferred from GPR data that
the bedrock is highly deformed (fractured and faulted).
The top layer also shows disruptions in reflection pat-
terns, highlighted on all GPR sections. This disruption
or offset in the reflection lies directly above the inter-
preted hyperbolic reflections (faults). It is interpreted
that these fractured zones or faults have displacements,
which lead to the disruption of strata in the top layer.
Such zones are vulnerable to strong ground motions and
when coupled with the debonded surface may trigger
landslides, especially along higher slopes. The GPR 01
and GPR_02 sections (see Figure 6 and Figure 7) repre-
senting the landslide’s central part depicts the approxi-
mate depth of the bedrock as 2.5-3.0m. This site has a
comparatively gentle slope with the lateral spreading of
unconsolidated material at the top. Then the slope
abruptly changes to approximately 75°-80° exposing the
sheared foliated rocks at the slope face. The buried water
pipeline (see Figure 4) has effectively controlled rock
fragments, boulders, etc., in this part of the landslide.
The GPR 03 section (see Figure 8) representing the
western part of the landslide depicts the approximate av-
erage depth of bedrock as 1.0-1.5 m, which shows the
overlying unconsolidated material has a lower thickness
in this part of the landslide. However, the water channel
is open and is confined to the metamorphosed rocks in
this part of the landslide. The GPR_05 and GPR 06 sec-
tions (see Figure 10 and Figure 11) representing the
eastern part of the landslide depicts the approximate av-
erage depth of bedrock as 3.0-5.0m, which shows the
unconsolidated material at the top has a higher thickness
in this part of the landslide comparative to central and
western sides. This part comprises glacial moraines,
scree, weathered rock fragments, and clayey, silty soil.
The site has an open water channel and has multiple
cracks in the top unconsolidated surface layer with sub-

stantial openings up to Sm. The cracks are extended into
the rock mass as shown by GPR data, but the depth of
these cracks is uncertain due to the method’s limitation.
According to Rock Mass Rating (RMR), the foliated/
sheared, low to medium-grade metamorphic slates or
phyllites belongs to the Class V (very poor rock) (Singh
and Tamrakar., 2013). The rocks at the site bounded
between MKT and the Chalt Fault have already lost their
shear strength due to intense tectonic activity (see Fig-
ure 2). Therefore, such highly deformed, sheared, and
foliated rock is considered as soil (see Figure 4). The
Mayoon landslide is considered to have a circular failure
and is a rotational landslide (Khan et al., 2019).

The resistivity data is interpreted and developed into
a lithological column (see Figure 13). The data is inter-
preted into a two-layered generalized model, i.e. a top
layer (Layer-1) and a bottom layer (Layer-2). The top
layer (Layer-1), is characterized by resistivity values
ranging between 130 to 3760 Q.m. This layer is inter-
preted as loose-fragmented material (such as silty, clay-
ey sand with chunks of detached and transported boulder
size rock fragments) lying above the bedrock. The high
resistivity values (such as > 1000 Q.m) suggest loose,
disturbed, heterogeneous strata possibly deposited under
the glacial settings. The bottom layer (Layer-2) is char-
acterized by resistivity ranging between 20 and 660
Q.m, and is interpreted as a bedrock. The lower resistiv-
ity values (such as < 100 Q.m) suggest highly weathered
rock formation, increasing the conductivity. In contrast,
the higher resistivity values (such as > 100 Q.m) suggest
the presence of a competent bedrock. The ERS 04, 06,
and 07 profiles have an interpreted depth of foliated met-
amorphic bedrock as 23 m, 16 m, and 18 m, respectively
which shows the highly weathered, loose glacial depos-
its have more thickness in the eastern part of the land-
slide. The ERS 05 profile acquired at the toe of the cen-
tral part of the landslide in the high school lawn has bed-
rock at an interpreted depth of 2 m. The ERS 01, 02, and
03 profiles have an interpreted depth of foliated meta-
morphic bedrock as 12 m, 15 m, and 15.5 m, respec-
tively which shows the highly weathered, loose glacial
deposits have more thickness at the toe of the landslide.

GPR data has suggested a debonding surface between
the loose/fragmented top layer and the faulted/fractured
bottom layer. The high resistivity value (130-3760 Q.m)
suggests the top layer has a loose and heterogeneous ma-
terial whereas the low resistivity value (> 100 Q.m) sug-
gests the presence of bedrock. Such loose/fragmented
rock material placed at higher slopes, with highly de-
formed, faulted/fractured bedrock in the presence of a
possible slip surface may lead to a bigger landslide, par-
ticularly during heavy rains, snowmelt, and high seismic
activity.

6. Conclusions

An attempt has been made to evaluate the Mayoon
landslide’s subsurface using geophysical techniques, in-
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cluding GPR and ERS. The landslide is divided into
three parts, i.e. the eastern part, the central part, and the
western part (see Figure 5). The main conclusions are
summarized as follows:

1. the GPR data is interpreted as a two-layered sub-
surface model. The top layer (Layer-1) is charac-
terized by parallel to sub-parallel reflections and is
associated with loose material comprised of silty
clayey sand and fragmented rocks deposited in a
glacial environment. The bottom layer (Layer-2) is
a foliated and highly deformed bedrock;

2. contact between Layer-1 and Layer-2 is highlight-
ed as a bright reflection, suggesting the contact is
debonded between the two layers. Hyperbolic re-
flections are seen within the bedrock, which sug-
gests the presence of fractures. The extension of
fractures with depth is uncertain as GPR data lose
resolution and the signal decays with depth. The
top layer also shows a disruption in reflectors di-
rectly above the fractures/faults, suggesting a pos-
sible movement during intense seismic activity in
the future;

3. the landslide's central part has an approximate av-
erage depth of bedrock as 2.5-3.0 m and has a con-
cealed buried water pipeline. The lower thickness
of the top layer with the concealed water pipeline
marks this part of the landslide in medium-high
vulnerability. The western part of the landslide has
an approximate average depth of bedrock as 1.0-
1.5 m. The open water channel is confined to the
metamorphosed rocks in this part of the landslide.
The overall approximate slope of 55-60 degrees
with the bedrock's exposure at the surface marks
this part of the landslide in low-medium vulnera-
bility. The eastern part of the landslide has an ap-
proximate average depth to bedrock of 3.0-5.0 m,
which shows the top layer has a higher thickness
compared to the landslide's central and western
parts. The open water channel has a continuous
water seepage in the clayey, silty topsoil layer,
which marks this part of the landslide as highly
vulnerable;

4. the ERS data shows highly variable resistivity
within the top layer, suggesting a heterogeneous
setup. The high resistivity is associated with loose,
fragmented material deposited under glacial set-
tings. The loose, fragmented material lying above
the faulted/fractured bedrock coupled with
debonded surface pose a significant hazard to gen-
erate a landslide under unfavourable conditions,
such as high-intensity rainfall and/or seismic ac-
tivity;

5. the landslide is considered highly vulnerable due
to the highly fractured/sheared bedrock, the open
water channel, extreme freeze and thaw cycles,
and high seismicity in the region.
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SAZETAK

Geofizicka istrazivanja potencijalnoga klizista u podru¢ju Mayoon, distrikt Hunza,
Gilgit-Baltistan, Pakistan

Klizi$te Mayoon u distriktu Hunza pripada skupini sporo razvijaju¢ih, nekatastrofi¢nih klizi$ta. Vaznost mu je porasla u
nekoliko zadnjih godina nakon $to se klizanje znatno ubrzalo. Cijelo podrudje obiljezeno je visokim potresnim rizikom
(zona 3, s najved¢im ubrzanjem tla 2,4 - 3,2 m/s?), a u skladu s pakistanskim propisima o gradnji. SnaZni potresi u proslo-
sti pomaknuli su blokove metamorfhih stijena prema jugu i uzrokovali otvaranje brojnih pukotina u stijenama podine.
Celo i tijelo klizi$ta prekriveno je nekonsolidiranim materijalom te ima pukotine razli¢itih $irina i duZina. Prostor klizista
istraZen je neinvazivnim geofizickim tehnikama poput georadara i mjerenja elektri¢ne otpornosti. Podzemlje je prikaza-
no dvoslojnim modelom. Prvi sloj (1) predstavljen je snaznim reflektorom i vrlo promjenjivom otporno$c¢u. Sastavljen je
od rastresitih, vrlo heterogenih, fragmentiranih materijala taloZenih tijekom glacijala preko stijenske podine. Ispod je
drugi sloj (2) obiljezen hiperboli¢kim refleksima te umjerenom otporno$cu i pruza se unutar folijacijskih, metamorfnih
stijena. Oblik refleksa upozorava na rasjede i pukotine podine, no oni se tesko prate s pove¢anjem dubine. Otpornost
takoder upucuje na trosenje i folijaciju. Refleksi u sloju 1 prekidaju se iznad rasjeda i pukotina upozoravajuci na moguce
gibanje. Snazni refleksi izmedu dvaju slojeva naglasavaju postojanje granice izmedu njih. Rastresiti materijal u sloju 1,
zajedno s postojanjem takve granice, predstavlja znatan rizik nastanka klizista, posebice u rizi¢nim uvjetima poput oluj-
noga pljuska ili potresa.

Kljuéne rijedi:
georadar, elektri¢na otpornost, hiperboli¢ni refleksi, razdvojene povrsine, borana podina
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