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Abstract

The interaction of topography, weathering, fracturing, lithological variability, and
subsurface moisture controls slope instability in humid tropical terrain. This study maps
resistivity heterogeneity and evaluates candidate weak zones on a slope showing
evidence of movement in Pining Subdistrict, Gayo Lues Regency, using three intersecting
electrical resistivity tomography (ERT) profiles. Data were acquired with a SuperSting R8/IP
system using a Wenner-Schlumberger array, 55 electrodes at 6 m spacing, and a 324 m
profile length. The apparent-resistivity data were inverted in Earthimager 2D using an L2-
norm smooth-model scheme with electrode elevations incorporated into the inversion
mesh. Inversion terminated after four iterations for Profiles 1 and 2 and five iterations for
Profile 3, with final RMS misfits of 11.62%, 11.41%, and 10.42%, respectively. The inverted
resistivity models delineate a near-surface high-resistivity domain (>1000 Ohm.m)
overlying intermediate- and low-resistivity domains. Broad spatial correspondence is
observed between conductive anomalies S1 and S6, S2 and S7, and S3 and S8 on Profiles
1 and 3, whereas conductive anomaly S5 on Profile 2 is spatially associated with S1 and
S6 near the profile intersections. Conductive anomalies S1, S5, and S6 have the strongest
cross-profile support. Considering the resistivity distribution, geological setting, field
evidence of slope movement, and monthly rainfall context, the principal conductive
anomalies are interpreted as intensely weathered, locally fractured, and comparatively
moist material. The resistivity-gradient boundary at approximately 10-50 m depth marks
a geoelectrical transition and is treated as a candidate weak-zone boundary rather than
a confirmed slip surface; hydrogeological and geotechnical validation is required.
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1. Introduction

chemical weathering produces thick regolith with
strongly variable strength, porosity, and permeability.

Landslides are downslope movements of soil, debris, or
rock that occur when driving stresses exceed the shear
resistance of slope materials. Such events can disrupt
transportation networks, settlements, and productive
land; therefore, risk reduction requires an understanding
of both triggering processes and the internal condition of
the slope [1]. In humid tropical environments, intense

DOI: 10.60084/hjas.v4i2.442

Prolonged or intense rainfall may enhance infiltration
and pore-water pressure, reduce effective stress or
matric suction, and accelerate deformation within pre-
weakened slope materials [2].

Surface morphology alone does not necessarily reveal
the subsurface structures that govern slope instability. A
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single slope may contain contacts between relatively
competent and intensely weathered materials, clay-rich
horizons, fracture-controlled flow paths, and zones of
subsurface water accumulation. These heterogeneities
influence preferential flow and strain localization but are
not always identifiable from surface observations.
Subsurface characterization is therefore required to
evaluate whether visible slope movement is associated
with contrasts in material properties at depth [3].

Geophysical methods provide spatially continuous
information between direct observation points and can
complement geomorphological mapping and
geotechnical investigation. Electrical resistivity
tomography (ERT) is widely applied to landslide studies
because bulk electrical resistivity is sensitive to water
content, porosity, pore-fluid salinity, clay content,
weathering intensity, and fracturing [4]. Time-lapse ERT
can detect resistivity changes associated with infiltration
and the development of critically saturated conditions [5,
6]. Integration of ERT with hydrological observations can
further constrain  moisture dynamics on slopes
susceptible to shallow failure [7].

The relationship between electrical resistivity and
mechanical condition is inherently non-unique. Low
resistivity may reflect high water content, conductive clay
minerals, intense weathering, fluid-filled fractures, or a
combination of these factors [3]. Conversely, relatively
dry weathered material may retain high resistivity [4]. A
resistivity contrast therefore cannot be interpreted as a
slip surface without geological, hydrogeological, or
geotechnical support [8]. Interpretation is more robust
when geoelectrical anomalies are evaluated against
seismic or geotechnical data [9, 10], while multi-profile or
three-dimensional surveys help assess anomaly
persistence and possible off-profile effects [11].

Geophysical investigations of landslides in Aceh have
been conducted in several geological settings. Integrated
ERT, induced polarization, and VLF-EM surveys at Lamreh
differentiated variations in stratification, fracturing, and
water content along a coastal cliff [12]. In the
Blangkejeren-Gayo Lues area, ERT was used to image
resistivity contrasts among subsurface materials [13]. In
contrast, seismic refraction tomography provided
complementary information on P-wave velocity
variations within weathered slope materials [14]. Unlike
the Lamreh investigation, which integrated several
geophysical methods in a coastal-cliff setting, the present
study uses three intersecting ERT profiles to evaluate the
spatial consistency of conductive anomalies on a humid
tropical mountain slope.

The Pining site was selected because exposed and
displaced slope material and disruption of a local access
track provide field evidence of slope movement. A
verified historical inventory for the investigated slope is
unavailable; accordingly, the term landslide-prone zones
in this study refers to candidate geoelectrical weak zones
inferred from the combined field observations and
resistivity patterns, rather than to a regional landslide-
susceptibility class. This study aims to characterize the
two-dimensional resistivity distribution along three
intersecting profiles, compare anomaly positions, depths,
and resistivity ranges across profiles, and identify
candidate weak-zone boundaries associated with slope
instability. The methodological contribution is the use of
cross-profile spatial correspondence to distinguish
recurrent geoelectrical patterns from isolated features
and possible three-dimensional effects.

2. Materials and Methods
2.1. Geological Setting of the Study Area

The study area is located in Pining Subdistrict, Gayo Lues
Regency, Aceh, within approximately 97°24'25.3"-
97°24’36.0” E and 4°03'03.0”-4°03'15.0” N. Endpoint
coordinates were recorded with a handheld GPS and are
reported as approximate field positions. Gayo Lues is
dominated by mountainous terrain; approximately
43.93% of the regency has slope angles greater than
about 21.8° [15]. Most of the regency lies at elevations of
1000-2000 m above sea level [15]. Elevations along the
ERT profiles range from approximately 1563 to 1614 m,
indicating a highland slope with irregular local relief.

Regionally, the site lies near the contact between the
sedimentary Rampong Formation and the predominantly
metamorphic Kluet Formation; the Peutu Formation and
alluvial deposits also occur in the surrounding area
(Figure 1) [16]. The Sumatran Fault System defines the
regional structural framework and may be associated
with fracture development and differential weathering
[17]. Fault segmentation and lithological contacts can
also generate permeability contrasts that influence
subsurface moisture distribution and the measured
resistivity response [18].

Field observations documented exposed intensely
weathered material, displaced ground surfaces, and
disruption of a local access track. Satellite imagery shows
that the disturbed area forms an unvegetated surface
adjacent to a winding road on the slope (Figure 2). These
observations were used to select the survey area but
were not treated as direct evidence of the depth or
geometry of a subsurface slip surface.
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Figure 1. Location and regional geological setting of the study area: (A) location of Aceh within Indonesia, (B) position of the study area
relative to the regional fault system, and (C) geological formations surrounding Pining. The geological map was modified from Cameron
etal. [16].

Figure 2. Evidence of slope instability at the study site: (A) intensely weathered material and a displaced ground surface; (B) location of
the disturbed area on satellite imagery. Arrows indicate the general direction of material movement.
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Figure 3. Monthly rainfall at the Pining observation station from January to November 2019, based on data from BPS-Statistics of Gayo
Lues Regency [15]. ERT acquisition was conducted in June 2019.

2.2. Data Acquisition and Inversion

ERT data were acquired in June 2019. The Pining
observation station recorded monthly rainfall totals of
391 mm in May and 152 mm in June 2019 [15]. These
totals provide monthly hydroclimatic context and are not
used to infer antecedent water content or the degree of
subsurface saturation during acquisition. Figure 3 shows
monthly rainfall from January to November 2019;
December data were unavailable in the source used.

Three ERT profiles were designed to sample resistivity
variations along different orientations. Profile 1 trends
approximately E-W, Profile 3 trends SW-NE, and Profile 2
trends S-N and intersects both profiles in the western
survey sector (Figure 4). This oblique geometry permits
comparison of anomaly positions between the two
broadly east-trending profiles and cross-checking along a
transverse profile. Because the ground surface is
irregular, we did not assign a single mean slope angle to
each profile; instead, we measured the elevation of every
electrode and incorporated it directly into the inversion
mesh.

Measurements were acquired with a SuperSting R8/IP
system using a Wenner-Schlumberger array. Each profile
comprised 55 electrodes at 6 m spacing, giving a length
of 324 m from the first to the last electrode. The Wenner-
Schlumberger array was selected because it provides
sensitivity to both lateral and vertical resistivity variations
while maintaining adequate signal strength in irregular
terrain [19]. Apparent resistivity was calculated from the
injected current and measured potential difference using
Equation (1):

AV
Pa = KT M

where p, is apparent resistivity, K is the geometric factor
of the electrode configuration, AV is the measured
potential difference, and I is the injected current.

The apparent-resistivity data were visually inspected in
Earthimager 2D before inversion, and the complete
dataset was retained. The data were inverted using an L2-
norm smooth-model scheme, with the mesh surface
constrained by electrode elevations measured using a
handheld GPS. The starting model was generated from
the apparent resistivity pseudosection, with resistivity
bounds of 1-10000 Ohm.m. Table 1 summarizes the
inversion settings, regularization parameters, stopping
criteria, and final RMS misfits. RMS misfit quantifies the
discrepancy between measured and calculated apparent
resistivities and was not used as the sole criterion for
geological reliability.

The displayed inverted resistivity models extend to
approximately 50-60 m below the ground surface, but
this range was not treated as a uniform depth of reliable
investigation.  Model sensitivity and  depth-of-
investigation (DOI) outputs were unavailable; therefore,
anomalies approaching the lower model boundary,
particularly S1, S2, S4, and S5, were interpreted with
reduced confidence [20].

3. Results and Discussion

Interpretation emphasized relative resistivity contrasts
within each section because the color scales and
minimum inverted resistivity values differ among
profiles. For this dataset, values generally >1000 Ohm.m
were treated as a near-surface high-resistivity domain,
values of approximately 100-1000 Ohm.m as an
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Table 1. ERT acquisition and inversion parameters.

Parameter

Specification

Acquisition month

Jun-19

Instrument and array

SuperSting R8/IP; Wenner-Schlumberger

Electrodes, spacing, and length

55 electrodes; 6 m spacing; actual profile length 324 m

Profile 1

Approximately E-W; start 97°24'25.3” E, 4°03'11.4” N; end 97°24'36.0” E, 4°03’11.0” N

Profile 2

Approximately S-N; start 97°24'27.7” E, 4°03’03.0” N; end 97°24'26.2” E, 4°03'13.1” N

Profile 3

Approximately SW-NE; start 97°24'25.3” E, 4°03'11.6” N; end 97°24'34.6” E, 4°03"15.0” N

Surface elevation

Profile 1: ~1591-1614 m; Profile 2: ~1586-1607 m; Profile 3: ~1563-1594 m

Topographic input

Electrode elevations measured using a handheld GPS and incorporated into the 2D
inversion mesh

Data inspection

Visual inspection of apparent-resistivity data; complete dataset retained; separate contact-
resistance records were unavailable for additional filtering

Inversion scheme

Earthimager 2D; L2-norm smooth-model inversion

Starting model and resistivity bounds

Starting model generated from the pseudosection; bounds of 1-10000 Ohm.m

Regularization

Smoothness factor 10; damping factor 10; horizontal/vertical roughness ratio 0.5

Numerical parameters

Estimated data noise 3%; 6 conjugate-gradient iterations; resolution factor 0.2

Stopping criteria

Maximum 8 iterations; target RMS 3%; minimum error reduction 5%

Final iterations and RMS misfit

Profile 1: 4 iterations, 11.62%; Profile 2: 4 iterations, 11.41%; Profile 3: 5 iterations, 10.42%

Reliability constraint

Model sensitivity and DOI outputs unavailable; features approaching the lower model
boundary interpreted cautiously
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Figure 4. Configuration of the three ERT profiles superimposed on topographic contours. Profile 1 trends approximately E-W, Profile 3
trends SW-NE, and Profile 2 trends S-N and intersects both profiles in the western sector.

intermediate-resistivity domain, and values <100 Ohm.m
as the most conductive parts of the models. The labelled
anomalies are relatively low-resistivity bodies compared
with their immediate surroundings and may include both

low- and intermediate-resistivity values. These
thresholds are operational descriptors for this dataset
rather than universal lithological classes. The dashed line
generally follows the strongest laterally persistent
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Figure 5. Two-dimensional resistivity model of Profile 1. S1-S3 denote conductive anomalies; the dashed line follows the resistivity
gradient interpreted as a candidate weak-zone boundary.
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Figure 6. Two-dimensional resistivity model of Profile 2, oriented south-north. S4 and S5 denote conductive anomalies; the dashed line
marks the candidate weak-zone boundary.

gradient near the transition from the >1000 Ohm.m
domain to underlying lower-resistivity material; it is not a
fixed 1000 Ohm.m isoresistivity contour. This boundary is
termed a candidate weak-zone boundary and is not
regarded as a confirmed slip surface.

Profile 1 trends approximately E-W, with surface
elevations of approximately 1591-1614 m and inverted
resistivity values of 3.2-10000 Ohm.m. A near-surface
high-resistivity domain is extensive, particularly from
about 170 m to the eastern end of the profile. Three
conductive anomalies occur beneath this domain.
Conductive anomaly S1 lies between approximately 80
and 110 m, has dominant resistivities of 3.2-24 Ohm.m,
begins at about 20 m depth, and extends beyond 50 m
depth. Conductive anomaly S2 occurs between about 175
and 210 m, with resistivities mainly <179 Ohm.m at
depths of approximately 25-55 m. Conductive anomaly
S3 forms an elongate relatively low-resistivity body
between approximately 250 and 285 m at depths of
about 25-50 m (Figure 5).

The principal resistivity-gradient boundary on Profile 1
occurs at approximately 10-40 m depth and locally
deepens between 200 and 280 m. S1 and S2 have
pronounced subvertical geometries and extend toward

the lower model boundary; therefore, their maximum
depths cannot be resolved reliably. S3 is more laterally
extensive and occurs beneath the high-resistivity surface
domain. These geometries indicate strong lateral and
vertical heterogeneity but do not independently identify
lithology or mechanical discontinuities.

Profile 2 trends south-north and intersects the other
profiles in the western survey sector. Surface elevations
range from approximately 1586 to 1607 m, and inverted
resistivity values span 1.5-10000 Ohm.m. A near-surface
high-resistivity domain dominates the southern sector,
whereas the central and northern sectors are more
heterogeneous. Conductive anomaly S4 occurs between
approximately 130 and 165 m, with dominant resistivities
of 1.5-13.9 Ohm.m; it begins at about 20 m depth and
extends to the lower model boundary. Conductive
anomaly S5 occurs between 270 and 318 m in the
northern sector, with resistivities of 13.9-124 Ohm.m at
depths of approximately 20-50 m. The principal
resistivity-gradient boundary lies at approximately 10-50
m depth and deepens around S5 (Figure 6).

S4 has the lowest resistivity on Profile 2, but it is detected
on only one section and extends to the lower model
boundary. In contrast, S5 occurs near the profile
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Figure 7. Two-dimensional resistivity model of Profile 3. S6-S8 denote conductive anomalies; the dashed line marks the candidate weak-

zone boundary.

Table 2. Cross-profile synthesis of conductive anomalies.

Group Profile 1 Profile 2 Profile 3 Interpretive synthesis

A S1; S5; S6; Strongest cross-profile correspondence, detected on all
80-110 m; 270-318 m; 80-110 m; three profiles and across profiles with different
3.2-24 Ohm.m; 13.9-124 Ohm.m; 10.1-101 Ohm.m;  orientations; highest priority for hydrogeological and
depth ~20to >50 m  depth ~20-50 m depth ~10-35m geotechnical validation.

B S2; - S7; Paired conductive anomalies on the two obliquely
175-210 m; 195-215m; oriented east-trending profiles; continuity remains
<179 Ohm.m; 10.1-101 Ohm.m;  unverified.
depth ~25-55m depth ~15-45m

C S3; - S8; Recurrent conductive anomalies in the eastern sector;
250-285 m; 250-285m; continuity remains unverified.
<179 Ohm.m; 10.1-101 Ohm.m;
depth ~25-50 m depth ~20-40 m

D - S4; - Highly conductive but isolated anomaly extending to the

130-165 m; lower model boundary; possible localized heterogeneity
1.5-13.9 Ohm.m; or off-profile structure.

depth ~20 to >50 m

intersections and has a position and depth range
comparable to S1 and Sé. Cross-profile support for S5 is
therefore stronger than for S4, despite S4's lower
minimum resistivity.

Profile 3 trends SW-NE, with surface elevations of
approximately 1563-1594 m and inverted resistivity
values of 1.0-10000 Ohm.m. The near-surface high-
resistivity domain is discontinuous and overlies three
conductive anomalies. Conductive anomaly S6 occurs
between 80 and 110 m, with dominant resistivities of
10.1-101 Ohm.m at depths of approximately 10-35 m.
Conductive anomaly S7 occurs between 195 and 215 m.
It extends from approximately 15 to 45 m depth, whereas
conductive anomaly S8 lies between 250 and 285 m and
forms a relatively low-resistivity body at approximately
20-40 m depth. The principal resistivity-gradient
boundary generally lies at 10-40 m depth and deepens in
the eastern sector (Figure 7).

Cross-profile  comparison indicates broad spatial
correspondence between conductive anomalies S1 and
S6,S2 and S7, and S3 and S8. The comparison is based on

their relative positions, geometries, and depth ranges
along Profiles 1 and 3. Because these profiles are oblique
and diverge eastward, the relationships are interpreted
as recurring geoelectrical patterns rather than direct
evidence of continuous three-dimensional bodies. Near
the profile intersections, conductive anomaly S5 on
Profile 2 is spatially associated with S1 and S6. The
inferred relationships therefore remain hypotheses that
require three-dimensional imaging or direct subsurface
validation.

For synthesis, the conductive anomalies were grouped
only according to cross-profile correspondence (Table 2).
Group A comprises S1, S5, and S6 and has the strongest
support because its components are detected on all
three profiles and across profiles with different
orientations. Groups B and C comprise the paired
anomalies S2 and S7 and S3 and S8, respectively. Group
D consists only of S4 and therefore represents an isolated
anomaly. This grouping is an interpretive ranking
framework, not a geological or geotechnical
classification; it demonstrates that minimum resistivity
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alone is insufficient for prioritization and that spatial
consistency and survey geometry provide additional
constraints.

A near-surface high-resistivity domain overlying lower-
resistivity material has also been reported in ERT
investigations of landslides in Hunan, China [21], Ali
Mendjeli, Algeria [22], and along the Cisumdawu Highway
in West Java [23]. However, interpretation of a resistivity
contrast as a slip surface is more robust when supported
by independent seismic or geotechnical constraints, as
demonstrated at Vallcebre [9] and on a residual-soil slope
[10]. Such direct constraints are unavailable at Pining;
therefore, similarity in resistivity architecture is used to
identify candidate weak zones rather than to assign
lithology or definitively delineate a slip surface.

The principal conductive anomalies are most plausibly
associated with intensely weathered material containing
localized fractures and greater moisture content than the
overlying high-resistivity domain. This interpretation is
consistent with field evidence of slope movement, the
regional geological setting, and the monthly rainfall
context. Rainfall-related slope response depends on
antecedent hydrological conditions and site-specific
drainage regimes [24, 25]. Increased moisture can reduce
bulk resistivity and, within pre-weakened material, may
reduce matric suction or increase pore-water pressure [5,
6]. Clay enrichment and lithological variation can
nevertheless produce comparable low-resistivity
responses; therefore, moisture-related weakening is
presented as a testable hypothesis rather than a
demonstrated failure mechanism.

The recurrence of anomalies in two survey orientations
provides stronger constraints than interpretation from a
single profile. Three-dimensional investigations of active
landslides have shown that drainage pathways and
anomaly geometry may vary outside a two-dimensional
section [11]. At Pining, features that recur across profiles
are prioritized for further investigation, whereas S4 is
treated cautiously because it may represent localized
heterogeneity or an off-profile structure.

The absence of borehole data, groundwater-level
measurements, shear-strength tests, and displacement
monitoring limits the interpretation. The monthly rainfall
series does not resolve short-term antecedent moisture
conditions. The absence of model sensitivity and DOI
analyses increases uncertainty in the deepest parts of the
inverted resistivity models [20]. In addition, two-
dimensional inversion assumes negligible resistivity
variation perpendicular to the profile; where this
assumption is violated, off-profile structures may distort
anomaly geometry [8]. The different profile orientations

reduce interpretive ambiguity through cross-profile
comparison but do not replace three-dimensional
imaging.

The combination of oblique and intersecting profiles
helps distinguish recurring geoelectrical patterns from
isolated features without removing the inherent non-
uniqueness of resistivity interpretation. The study
objectives were met by characterizing the resistivity
distribution, identifying conductive anomalies, and
evaluating their broad spatial correspondence across
profiles. Conductive anomalies S1, S5, and S6 are the
highest-priority targets for borehole verification,
groundwater monitoring, geotechnical testing, and
deformation monitoring, whereas S4 requires additional
evidence before it can be associated with slope
instability.

4. Conclusions

Three intersecting ERT profiles reveal a heterogeneous
subsurface beneath the Pining slope, characterized by a
near-surface high-resistivity domain (>1000 Ohm.m)
overlying intermediate- and low-resistivity domains.
Broad spatial correspondence is observed between
conductive anomalies S1 and S6, S2 and S7, and S3 and
S8 on Profiles 1 and 3, while conductive anomaly S5 on
Profile 2 is spatially associated with S1 and S6 near the
profile intersections. Conductive anomalies S1, S5, and S6
provide the strongest cross-profile evidence for a
candidate weak zone, whereas S4 remains less certain
because it is isolated and extends to the lower model
boundary. The resistivity-gradient boundary at
approximately 10-50 m depth marks a geoelectrical
transition from the near-surface high-resistivity domain
to lower-resistivity material, interpreted as more
intensely weathered, locally fractured, and comparatively
moist. The data do not demonstrate a mechanically
defined slip surface or a groundwater-controlled failure
mechanism. The study's principal contribution is using
anomaly consistency across profiles with different
orientations to prioritize candidate weak zones. Further
validation should combine boreholes, groundwater
monitoring, geotechnical testing, deformation
measurements, model sensitivity analysis, DOI analysis,
and three-dimensional resistivity imaging.
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