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Abstract: This study presents a comparative geoelectrical survey utilising Wenner, Wen-
ner-Schlumberger, and Dipole-Dipole arrays to evaluate the subsurface of the Shakrook
anticline in the Erbil Governorate. 3D electrical resistivity tomography (ERT) images
are obtained using IRIS Syscal Junior with 72 electrodes and three arrays operating con-
currently. To assess the engineering behaviour at the site, a 2D parallel array of seven
profiles measuring 2D (213 m in length, 3 m between electrodes, 5 m between profiles, with
a maximum study depth of 35.6 m) is established. The data inversion is performed using
ZondRes3D software to generate a 3D resistivity model. The Wenner array emphasis
on vertical resistivity differences facilitated the identification of three separate electro-
lithological units in the region: a shallow conductive soil layer (5—30 Q-m) with variable
thickness (2.5—12.5 m), marly limestone (30—136 Q-m) with (10—23 m) thickness, and
deeper, competent dolomitic limestone (136398 Q-m) from the depth 10 m to the depth
of the block. The Wenner-Schlumberger array facilitated a balance between vertical and
lateral sensitivity, hence enhancing the resolution of fracture zones. The enhanced lateral
resolution of the Dipole-Dipole array delineated the precise limits of narrower conductive
anomalies, notably a prominent vertical low-resistivity corridor between z = 95-125 m,
consistently characterised as a fault-controlled karst or seepage conduit. Geotechnical in-
terpretation indicates that high-resistivity benches at depths of 13—-36 m serve as optimal
foundation layers for supporting substantial loads, but conductive seams are associated
with weak, damp, or clay-rich zones that pose risks of settlement, seepage, and instabil-
ity. The integration of all three arrays demonstrates that no one array can fully resolve
complex carbonate environments; rather, their collective use establishes a versatile frame-
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work for site characterisation, foundation planning, and hazard assessment in the absence
of boreholes. The results illustrate the importance of multi-array ERT for geotechnical
design in the structurally complex carbonate terrains of northern Iraq.

Key words: 3D ERT Wenner, Wenner-Schlumberger, Dipole-Dipole, geotechnical char-
acterisation

1. Introduction

1.1. Importance of subsurface characterisation in carbonate ter-
rains

Geotechnical site characterisation is a critical phase in the construction of
buildings, roadways, and large-scale national projects (El-Badrawy et al.,
2024). Subterranean voids are significant in geoscience, especially in civil
engineering, hydrogeology and natural hazard mitigation (Wanaim et al.,
2025). In civil engineering, the major objective of site assessment is the
discovery and characterisation of cavities, which is essential for evaluat-
ing ground stability, minimising risks, and preventing natural hazards that
could compromise civil structures, hence extending the duration of their life
(Jongmans and Garambois, 2007; El-Badrawy et al., 2024). Constructing a
precise geological visualisation for engineering building design using stan-
dard geotechnical methods is challenging, as these approaches only obtain
point data around subsurface features (El-Badrawy et al., 2024). More-
over, they are expensive, time-intensive, necessitate supplementary equip-
ment, and are linked to model uncertainty (McCann and Forster, 1990); for
instance, conventional drilling techniques may inadequately define geolog-
ical formations in limestone settings. In contrast, non-invasive, economi-
cal shallow geophysical techniques are essential for delineating near-surface
characteristics that require ongoing spatial information and evaluating their
geotechnical circumstances (Verdet et al., 2020; Amin et al., 2024).

The examination of karst systems is highly significant in hydrogeology,
hydrocarbon prospecting, and geological engineering. Karstification pro-
duces secondary porosity and permeability mostly in carbonate formations.
A karst system forms through chemical dissolution when acidified fluids
interact with carbonate rocks, primarily limestone and dolostone. Karst
systems possess complicated three-dimensional structures that hinder their
geometric characterisation (Fissa, 2022). Shallow karsts pose a significant
threat to existingstructures and civil engineering efforts due to the potential
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for resurgence, subsurface sinkhole creation, and subsidence (Samyn et al.,
2014; Sigdel et al., 2025).

1.2. Role of 3D electrical resistivity tomography in geotechnical
investigations

The implementation of 3D ERT represents a substantial advancement over
2D surveys, facilitating volumetric visualisation of resistivity structures and
enhancing the resolution of complex buried elements. 3D surveys can re-
duce interpretation uncertainty relative to two-dimensional surveys by effec-
tively capturing horizontal and vertical resistance contrasts, thereby provid-
ing more dependable data regarding heterogeneous outcrop characteristics
(Loke et al., 2013). The limestone in the survey area may be extensively frac-
tured and karstified. These features can be difficult to find by traditional
geological exploration. A number of near-surface geophysical techniques
are favourable for geotechnical site assessments (Ercoli et al., 2012). The
selection of the geophysical method depends on the variation in physical
properties between the karst structures and the host rock, as well as the
link between resolution and investigation depth (Eissa, 2022; El-Badrawy
et al., 2024). Considering these other approaches, ERT seems to be the
preferred method due to its versatility as well as its ability to determine
subsurface risks. The DC resistivity method, especially in its electrical re-
sistivity tomography (ERT) type, is extensively employed for the detection
and mapping of subsurface cavities (Reynolds, 2011). These cavities com-
prise natural karst systems and artificial voids, making ERT an important
instrument in civil engineering, environmental assessments, and geological
research (Romano et al., 2023; Martinez-Lopez et al., 2013; Jabrane et al.,
2023). The electrical resistivity tomography (ERT) technique is an effi-
cient instrument for delineating karst patterns, as it can detect underlying
resistive structures and detect slight variations in electrical resistivity in
both vertical and horizontal directions (Noel and Xu, 1992; Abbas et al.,
2008; Araffa, 2010; Putiska et al., 2012; McCrackin et al., 2022). In re-
cent decades, advances in data collection and inversion methodologies have
considerably improved their capabilities. Advanced resistivity surveys now
acquire large data sets in both (2D) and (3D) formats, facilitating the de-
tailed reconstruction of complex underground geological formations that
were previously inaccessible with traditional (1D) techniques (Dahlin and
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Zhou, 2004; Sharma and Verma, 2015). Electrical resistivity tomography
(ERT) may identify subsurface resistivity variations indicative of abnor-
malities such as fractures or karstified areas (Liu et al., 2023), making it
especially effective for revealing hidden cavities related to fracture path-
ways in limestone formations (Wanaim et al., 2025). A number of studies
emphasise the efficacy of ERT to identify resistivity anomalies associated
with voids (Chan et al., 1996; Batayneh and Al-Zoubi, 2000; Tejero et al.,
2002; Hutchinson, 2005; Cardarelli and Fischanger, 2006; Cardarelli et al.,
2010; Zhu et al., 2011; Charbaoui et al., 2024; Gardi et al., 2026; Monsard
et al., 2023). Abed et al. (2021) successfully employed the 2D and 3D resis-
tivity methods to visualise natural cavities in the arid region of Hit, Iraq.

1.3. Known characteristics of different arrays

The efficiency of ERT surveys is significantly affected by the selection of elec-
trode array arrangement, including commonly utilised arrays that include
Dipole-Dipole, Wenner, Wenner-Schlumberger, Pole-Dipole, and Pole-Pole
arrays (Telford et al., 1990; Szalai and Szarka, 2008; Wilkinson et al., 2010).
Each array provides specific advantages in depth penetration, resolution,
and sensitivity to noise (Loke, 2022). The selection of a suitable electrode
array is an essential factor in the success of (ERT) surveys, especially for cav-
ity detection (Storz et al., 2000). Equally-spaced-electrode Wenner arrays
exhibit a high signal-to-noise ratio and are especially responsive to vertical
resistivity contrasts, thereby making them highly suitable for identifying
extensive stratigraphic units; however, they display limited horizontal reso-
lution and require a change of electrodes in the field (Reynolds, 2011; Loke,
2022). The Wenner—Schlumberger configuration is a hybrid of the Wen-
ner and Schlumberger electrode arrangements, combining earth penetration
with lateral resolution. This adaptability enables its application in various
terrains where both vertical stratification and lateral variations are signif-
icant, even with increased implementation complexity (Dahlin and Zhou,
2004). The Dipole-Dipole array consists of current and potential dipoles
separated progressively to gather data highly sensitive to lateral variations
in resistivity, enabling the identification of faults, voids, and fractures. How-
ever, it exhibits reduced signal efficiency and limited depth penetration,
particularly in noisy environments (Loke and Barker, 1996b; Dahlin and
Zhou, 2004). These differences illustrate that no single array is optimal
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for all conditions and highlight the necessity for comparative evaluation
when designing effective survey acquisition strategies in complex geolog-
ical environments, such as carbonates. The main hypothesis states that
the comparative utilisation of Wenner, Wenner-Schlumberger, and Dipole-
Dipole arrays in 3D ERT will reveal significant variations in imaging res-
olution, depth penetrated, and sensitivity to underground heterogeneities.
In contrast, the integrated approach will exhibit enhanced reliability in the
geotechnical assessment of carbonate environments in comparison with the
individual use of these arrays. The efficacy of these arrays is further evalu-
ated by their employment in data collection and inversion operations, which
are crucial to the successful completion of ERT surveys. Numerous stud-
ies have evaluated the performance of various electrode arrays, focusing on
their resolution, efficiency, noise sensitivity, and inversion results. Dahlin
and Zhou (2004) systematically compared 10 different electrode arrays and
evaluated their resolution, efficiency, noise sensitivity, and inversion per-
formance. They specifically examined the results using both robust and
smoothness-constrained inversion. Martorana et al. (2017) investigated con-
ventional arrays using both synthetic and field data obtained from multi-
channel 2D imaging systems. They compared different array configurations
for multichannel 2D ERT, including Dipole-Dipole, Pole-Dipole, Wenner-
Schlumberger, and multiple-gradient configurations. The resulting inverted
models were quantitatively compared using data misfit, relative model res-
olution, and model misfit, based on both synthetic and field data, whilst
Cubbage et al. (2017) proposed improvements to the Wenner array to im-
prove its efficiency in field data collecting. Similarly, Al-Hameedawi and
Thabit (2017) compared four traditional arrays to assess their resolution
and efficacy in delineating complex sedimentary layers, while Abdullah et
al. (2018) conducted a numerical evaluation of the performance of opti-
mised compared to traditional arrays in shallow underground investigations.
In more recent work, Jabrane et al. (2025) evaluate the effectiveness of open-
source inversion tools like BERT and PyGIMLI in reconstructing subsurface
anomalies for cavity detection and landslide assessment.

The absence of comparative analysis for Wenner, Wenner-Schlumberger,
and Dipole-Dipole arrays in 3D ERT within carbonate settings substanti-
ates this work. Carbonate rocks exhibit significant heterogeneity, featuring
cracks, voids, and variable porosity levels, which makes their geotechnical
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characterisation complex. Despite the application of individual array modes
in prior studies, a systematic comparison of their relative performance for
depth penetration, lateral resolution, and subsurface heterogeneities in 3D
penetrating-pulse imaging applications remains unexamined. This study
aims to address this gap by optimising array selection for geotechnical in-
vestigations to enhance the reliability and precision of subsurface models.
These findings will enhance best practices in geophysical site characterisa-
tion, especially in carbonate terrains when borehole or laboratory data are
limited. The conceptual framework for this work is shown in Fig. 1. The ob-
jectives of this study are:

Research Aim:

Research Gap: Comparative assessment of Wenner,

Few comparative studies of 3D ERT > Wenner-Schlumberger, and Dipole-Dipole
arrays

for geotechnical characterization

l

arrays in carbonate environments

Methods: Research Objectives:
* 3D ERT field acquisition * Acquire 3D ERT data
« Data inversion & visualization =— * Evaluate imaging resolution & depth
» Comparative analysis » Interpret subsurface features
* Geotechnical interpretation » Compare strengths & limitations
l * Recommend optimized strategies

Expected Outcomes:

* High-quality 3D resistivity models Significance:

* Array-specific strengths & weaknesses - Academic — Advances methodology

* Subsurface features identified Geotechnical — Guides safe design

* Optimized survey recommendations Regional — Supports Erbil construction
Global — Framework for carbonate
terrains

Fig. 1. Conceptual framework diagram for the research.

1. To acquire and process 3D ERT data utilising Wenner, Wenner-Schlum-
berger, and Dipole-Dipole configurations at a carbonate study location.

2. To evaluate the imaging capabilities of each array with respect to res-
olution, penetration depth, and sensitivity to horizontal and vertical
subsurface heterogeneities.

3. To delineate and analyse subsurface characteristics, including fractures,
cavities, and heterogeneities, that influence the geotechnical situation in
carbonate formations.
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4. To evaluate the strengths and limitations of the three arrays for geotech-
nical subsurface characterisation.

5. Recommendations for preferential array configurations and survey tech-
niques for 3D ERT applications in carbonate terrains characterised by
limited borehole and laboratory data.

2. Study area and geological setting
2.1. Study area

The study area lies in the Shakrook anticline, immediately beside Shakrook
village in Shaqlawa district, Erbil Governorate, Kurdistan Region, Iraq,
about 45.5 km northeast of Erbil City. Location of the site investigation
taken by Global Positioning System (GPS) with the coordinate: UTM time
zone, which lies in latitudes between 4035301 N and 4035089 N and in lon-
gitudes between 445379 E and 445453 E (Fig. 2). The higher elevation is
789 m a.m.s.]. and the lower elevation is 769 m a.m.s.l. The examined site
is exemplified by the Shakrook Anticline as a representative location for
prospective initiatives in the area for proposed engineering projects. The
carbonate lithology, topographic position, and practical accessibility of the
site are typical of those found in planned developments; therefore, this study
can serve as a preliminary design assessment and siting reference for similar
sites in the Shaqlawa district and, more broadly, in the High Folded Zone.

2.2. Geological setting

The Shakrook Anticline is a double plunging anticline orientated NW-SE,
located in the Shaglawa region, characterised by a complicated geological
and topographical environment. It is situated within the High Folded Zone
of the Outer Platform of the Arabian plate in the Zagros fold-and-thrust
belt, formed by the collision of the Arabian and Iranian plates during the
Late Cretaceous period. This tectonic collision continues today with a con-
vergent plate boundary (Sissakian et al., 2021). North of the Shakrook
anticline lie the Hareer, Balisan, and Kamosk anticlines, while to the south
is the extensive Safeen anticline, which separates from the Shakrook anti-
cline by a broad, hanging Shaqlawa syncline (Sissakian and Fouad, 2015).
The stratigraphic composition of the exposed rocks in the Shakrook An-
ticline generally ranges from the Upper Jurassic to the Paleogene period.
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The core of the Shakrook anticline predominantly consists of the Bekhme
Formation (Late Cretaceous) (Sissakian et al., 2021). The formation consti-
tutes the majority of the Shakrook anticline, with well-bedded and exten-
sively bedded dolostone and limestone. The lower section is well-stratified,
consisting of conglomerate and bituminous substances. The central unit
consists of densely stratified coral reef limestone. The upper section is the
thickest unit, formed of hard dolomite and including substantial rudist de-
bris (Sissakian et al., 2021). The average thickness of the Shakrook is 180 m,
and it was deposited in reef, shoal, and fore reef facies. In the Shakrook
Anticline, the formation is underlain unconformably by the Qamchuqa For-
mation (Sissakian and Al-Jiburi, 2014). The Aqrah Formation (Late Creta-
ceous) is situated at the centre of the Shakrook Anticline, below the Bekmah
Formation and above the Qamchuaq Formation. It is distinguished by a
well-bedded shallow-marine association with limestone facies. The forma-
tion consists mostly of limestone and dolomite strata, characterised by grey
and greyish-brown colours, hardness ranging from hard to extremely hard,
and a well-bedded to massive structure. The Aqra Formation has a thick-
ness of 739.5 metres (Sissakian and Al-Jiburi, 2014).

CRETCEOUS SEQUENCES QUATERNARY

- Tanjero Formation H]H]]H]]] Slope sediments

- Shiranish Formation TERTIARY
Cl Mukdadiya Formation
l:‘ Aqra-Bekhma Formation
-
N | Kometan & Balambo Formations

- GamchngiFormmtion l:l Pila Spi Formation

GEOLOGICAL & TOPOGRAPHICAL SYMBOLS - Avanah Formation
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Axis of Anticline
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X Axis of Syncline (v e - ket mason
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Fig. 2. The location and geological map of the study area (Sissakian and Fouad, 2014).
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The Shiranish Formation (Late Cretaceous) is extensively distributed
throughout Iraq, occupying the troughs of the principal synclines situated
between the anticlines in the High Folded Zone (Sissakian and Al-Jiburi,
2014). This formation is revealed in both limbs of the Shakrook anticline
and in the adjacent region, as well as in the study area (Fig. 2), which
is situated on the northwestern plunge. The formation comprises two sec-
tions: the upper section is defined by soft rock, such as shale, whilst the
lower section consists of limestone, sometimes characterised by marly or
clayey rocks that are well-bedded (Ahmed and Salman, 2020). The for-
mation in the Safeen, Hareer, and Shakrook anticlines comprises two com-
ponents: the lower section, which consists of well-bedded white and grey
limestone, occasionally with iron and chert concretions. The upper section
comprises blue and bluish-grey marls and shales, with a nearly papery tex-
ture (Sissakian and Youkhanna, 1979). The formation’s thickness is around
75 metres (Sissakian et al., 2021). The interface between the Shiranish and
the underlying Bekhme Formation is conformable (Sissakian and Al-Jiburi,
2014). Based on Al-Qayim et al. (1986), deposition of the Shiranish For-
mation occurred within the anoxic zone, namely at water depths exceeding
150 m in the lower section and significantly exceeding 150 m in the upper
section. The assumption is predicated on the absence of bioturbation and
existing benthic organisms. Quaternary Sediments (Pleistocene-Holocene)
are insufficiently developed and comprise alluvial fan sediments (both an-
cient and present), slope sediments, and valley-filling sediments (Sissakian
et al., 2021).

3. Methods adopted
3.1. 2D and 3D electrical resistivity tomography

The 2D survey images depict a deployed profile in the X-direction and depth
in the Z-direction, assuming no variations in the Y-direction, which may
represent a significant limitation of 2D surveys, while 3D surveys surpass
2D surveys in this aspect, as resistivity data is further captured in the Y-
direction. For a thorough examination of complex subsurface conditions, 3D
surveys are the most appropriate (Loke and Barker, 1996a). For 3D surveys,
both current and potential electrodes are required and must be organised
in a precise electrode (Fissa, 2022). In recent years, 3D ERT has emerged
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as an effective instrument for near-surface geophysical exploration. The
utilisation of 3D ERT for geotechnical studies in civil construction within
the Kurdistan Region remains infrequent. 3D ERT is more precise than the
2D approach for identifying 3D objects in the subsurface. The inversion
of the 3D data produces a distribution of electrical resistivity within the
study volume, hence enhancing the localisation of the objects (Le et al.,
2022). Nonetheless, the feasibility of a 3D resistivity survey is hindered by
the substantial expenses associated with the survey. Data obtained in two
dimensions can be inverted and analysed in three dimensions (Ayolabi et al.,
2012).

3.2. Survey geometry (3D block)

The 3D ERT survey is executed by the 2D ERT methodology for geotech-
nical assessment in a carbonate environment. The IRIS SYSCAL Junior
Switch-72 electrode system is employed for geoelectric resistivity measure-
ment, featuring a 72-take-out multi-core cable, steel electrodes, a contact-
resistance meter, an external battery, tape, a mallet, GPS, and saltwater.
This study used Wenner, hybrid Wenner-Schlumberger, and Dipole-Dipole
arrays to acquire ERT profiles due to their ability to reach significant depths
and provide sufficient resolution for geotechnical investigations. A 3D ERT
block survey done on September 17-18, 2024, comprises seven parallel 2D
ERT profiles (P1 to P7) orientated in a NW-SE direction, aligning with
the predominant structural trend in the research area. The total length
of the profiles is 213 metres, facilitating a maximum investigative depth of
approximately 35 metres. The electrode spacing is 3 metres, and the dis-
tance between profiles is 5 metres, encompassing an area of approximately
6,390 m? (Fig. 3). Use the same survey geometry for all three arrays.
Three-dimensional models were constructed from seven parallel 2D ERT
profiles, which were processed and interpreted using ZondRes3D, a software
for the inversion and visualisation of resistivity and induced polarisation
(IP) data (Zond Software, 2017). The software possesses robust capabil-
ities for handling extensive datasets, executing topographic adjustments,
and performing reliable inversions, enabling it to rebuild subsurface resis-
tivity structures. Iterative inversions were conducted to derive the optimal
model, employing a maximum of four iterations to minimise the RMS error
(2.2%) between observed apparent resistivities and computed values, using
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Fig. 3. Google Earth image of the Shakrook study area showing the locations and ori-
entations of the ERT profiles, overlaid with the surface-calculated apparent resistivity
distribution. The coloured contours represent apparent resistivity values ranging from
11 to 16.6 Q-m. The ERT survey investigates the subsurface to a maximum depth of
approximately 35.6 m. Source: Google Earth imagery (Google Earth 2025 Airbus, ERT
data acquired and processed by the authors).

a designated threshold.

The analysed data provide effective geotechnical insights on carbonates,
facilitated by the integration of topography, the use of stringent inversion
techniques, and validation using sensitivity tests. This method has facili-
tated the engineering of significant zone delineation, identification of struc-
tural discontinuities, and assessment of foundation suitability without the
need for borehole and laboratory data.

4. Results
4.1. Wenner array 3D block model

This model demonstrates a clear vertical stratification of resistivity, marked
by conductive zones at the surface that transition into deeper, more resistive
features, with an RMS error of 3.0%. The Wenner array 3D block confirms
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a stratified subsurface configuration within the Lower Shiranish Formation
and delineates three geoelectric units (Fig. 4), constrained to the following
ranges: (a) conductive near-surface clay layer or soil cover (14-30 Q-m),
with thickness (5—12.5 m), (b) a transitional fractured carbonate/marly
limestone layer of the Lower Shiranish Formation. The resistivity value
ranges from (30—136 Q-m), with a thickness of 10 m that increases to about
20 m towards the northwest. (¢) At greater depths, a highly resistive com-
petent layer with values between (136 —-300 2-m) is observed, particularly
at depths from the southeast to 16 —25 m and from the northwest to 35.6 m,
especially along the x = 110—-160 m, which may be interpreted as a possible
fault. It is characterised as a competent dolomitic limestone of the Bekhma
Formation.

Soil cover
(14-30Q.m)

Lower Shiranish
Formation

Bekhma
Formation

Possible fault/
Fractured zone

Fig. 4. 3D Resistivity model by Wenner array.

4.2. Wenner-Schlumberger array 3D block model

The second is this instructive arrangement, in which both lateral and vertical
sensitivity contribute to a comprehensive understanding of the stratigraphic
and structural features (RMS error 2.9%). The Wenner-Schlumberger 3D
block illustrates a subsurface stratification featuring a highly conductive and
wide zone across the block (Fig. 5). It represents a moist clay or soil cover
(14-30 ©Q-m, 8—12 m thickness) overlaying a moderately resistive layer,
which features a prominent middle stratum throughout a substantial portion
of the block. The material exhibits nominal resistivity values ranging from
30 to 133 2.m and has an initial thickness of 10 m, which increases to 23 m
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towards the northwest in the study region. This layer, interpreted as marly
limestone, contains interbedded or partially water-saturated carbonate from
the Lower Shiranish Formation. This area is more clearly delineated on the
Wenner-Schlumberger block compared to the pure Wenner block and ex-
hibits minor lateral changes and profound, proficient limestone ledges. It
provides superior lateral resolution compared to the Wenner array, facilitat-
ing the identification of minor fracture-related anomalies while maintaining
stratigraphic continuity. The subsurface deeper layer, ranging from (13—
35.6 m) in depth and exhibiting resistivity values between (133283 2-m),
encompasses the dolomitic limestone Formation of Bekhma. Below around
20 m, the most pronounced resistive benches prevail in the deepest parts of
the block, especially beneath x = 80160 m.

Soil cover
(14-30Q.m)

Bekhma
Formation

Possible fault/
Fractured zone

% 200 210

Fig. 5. 3D Resistivity model by Wenner-Schlumberger array.

4.3. Dipole-Dipole array 3D block model

The 3D Dipole-Dipole resistivity block provides high-resolution visualisa-
tion of lateral subsurface variations in the Lower Shiranish Formation, with
a root-mean-square error of 5.5%. The superficial layer (5—-29 Q-m, 2.5—6 m
thick) is distinguished by a severely fractured and discontinuous conductive
stratum (Fig. 6). It indicates moist soil distribution, significant variability,
and several small regions with comparatively higher moisture. The interme-
diate layer has varying resistivities (29—107 -m) and thicknesses ranging
from 13 to 23 m. It illustrates the karstic marly limestone of the Shiranish
Formation within the block’s internal structure (Fig. 7).
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Soil cover

NW
- 5-29 Q.m)

o

Seepage/
Fracture zone

Lower
Shiranish
Formation

Seepage/
Fracture corridor

Bekhma
Formation

13y ;
Seepage/ 150
Fracture corridor

Fig. 6. 3D Resistivity model by Dipole-Dipole array.

Seepage/
Fracture zone
Soil cover Marly limestone

(529 2.m) (29-107 Q.m) Seepage/

Fracture zone

SE

Dolomitic limestone
(107-398 Q.m)

Seepage/ 170
Fracture corridor

190 200 P

Fig. 7. 3D Resistivity iso-surfaces by Dipole-Dipole array.

At intermediate (5-25 m) and face of the block (first profile) the model
shows several vertical to sub-vertical conductive features (notably between
x = 95-125 m) as well as minor ones at x = 20-40 m and x = 170195 m,
and thickness of the most conductive clay features attains (25 m), inter-
preted as the presence of seepage zones or clay-filled dissolution features
that cut the section. Flanking resistive shoulders (>150 -m) of truncated
carbonate benches by this conductive channel. These anomalies attenuate
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the continuity of the resistive carbonate bodies and characterise weak posi-
tions of lands and show areas of structural weakness which leave the surface
prone to subsidence of the central block (Fig. 7). At the flanks, on the
other hand, in the deeper levels (10—-35.6 m; 8-35.6 m) the resistivity
ranges (107—-398 Q-m) occurred defined by extensive resistive benches, par-
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Fig. 8. 2D vertical resistivity slices extracted from the 3D ERT model obtained using the

Dipole-Dipole array along the seven parallel ERT profiles.
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ticularly on the flanks (z = 4085 m and x = 140170 m). These are the
competent dolomitic limestone horizons of the Bekhma Formation. The per-
sistence of a central low-resistivity corridor (z = 95—125 m) despite cutting
across the resistive layers suggests the existence of a fault-controlled karst
or seepage conduit. These geometries are demonstrated in the first three
2D ERT profiles (Fig. 8), whereas the others are presented as a continuous
competent dolostone or dolomitic limestone.

5. Comparisons of Wenner, Wenner-Schlumberger and Di-
pole-Dipole arrays

The comparison of various operational modes of the investigated Wenner,
Wenner-Schlumberger, and Dipole-Dipole configurations is presented in Ta-
ble 1, corresponding to the resistivity profiles acquired over the Lower Shi-
ranish Formation with dimensions of 213 m (profile length) x 30 m (width)
x 35.6 m (depth).

Table 1. The comparison between Wenner, Wenner-Schlumberger and Dipole-Dipole ar-
rays in a 3D resistivity model.

Aspects ‘Wenner Wenner-Schlumberger Dipole-Dipole
Resolution Strong vertical Balanced vertical and Excellent lateral
resolution, smooth lateral resolution compared resolution, narrow
layering, but lateral to Wenner, sharper anomalies sharply
features blurred transitions imaged, weak
layering
Depth Good penetration, Good penetration Reduced penetration,
penetration stable inversion with balanced sensitivity noisy at depth
Strengths Clear vertical Reveals fracture zones Map faults, fractures,
stratification while keeping stratigraphy seepage corridors and
visible karst conduits clearly
Limitations Lateral discontinu- Moderate resolution of Stratigraphy looks
ities and faults very small features, some  disrupted, less
appear smeared pockets smoothed out effective for smooth
layering
Best use General layering Compromise array: good Detecting faults,
and stratigraphic for both stratigraphy and  karst systems and
interpretation structures lateral heterogeneity
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6. Geotechnical implications and array suitability

The inversion of 3D ERT data utilising Wenner, Wenner-Schlumberger,
and Dipole-Dipole arrays in the Lower Shiranish Formation facilitated sig-
nificant geotechnical insights for engineering applications. By correlating
resistivity measurements with lithological and structural features, multiple
geotechnical zones can be deduced (Table 2). Each array possesses distinct
strengths: Wenner highlights vertical stratigraphy, Wenner-Schlumberger
achieves a balance between vertical and horizontal sensitivity, and Dipole-
Dipole focuses on imaging faults, fractures, and karst corridors.

Table 2. Geotechnical implications inferred from 3D ERT.

Resistivity Lithology /Material Inferred geotechnical Array suitability
range implications

<5-30 2:m Moist clay-soil cover Indicates soft, compress- Wenner (layering),
ible soils with high mois- Dipole-Dipole
ture content, potential  (detecting narrow
seepage, less suitable for conductive/seepage
heavy load-bearing with- zones)
out improvement

30—-136 2m Fractured limestone  Subject to localised Wenner-
with clay/silt infill weakness and possible  Schlumberger
or transitional marly seepage through (balanced imaging),
limestone of Shiranish fractures, controlled Dipole-Dipole
Formation groundwater pathways. (fractures/seepage
Foundations placed zones)

may face differential
settlement risks

136 to > 398  Competent/massive  Preferred foundation Wenner (depth to
2m  dolomitic limestone horizon with high load- bedrock), Wenner-

of the Bekhma bearing capacity, though Schlumberger(con-
Formation karst features must be  tinuity of benches)
considered Dipole-Dipole

(karst detection)

7. Discussion

The comparison of Wenner, Wenner-Schlumberger, and Dipole-Dipole ar-
rays facilitates a comprehensive analysis of the subsurface condition of the
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Lower Shiranish Formation, distinguished by intercalations of carbonate
and marl. Each array exhibits distinct subsurface characteristics, and their
combination significantly enhances geotechnical interpretation.

The Wenner and Wenner-Schlumberger arrays emphasise vertical resis-
tivity contrasts, producing a smooth layered and stratified image of the sub-
surface structure. In the present study, these arrays delineate three primary
electro-lithological units: a conductive soil cover, an intermediate fractured
carbonate horizon of the Lower Shiranish Formation, and deep competent
dolomitic limestone benches. Stratigraphic clarity is crucial for establishing
the regional geotechnical framework, including the thickness of the weak
overburden and the depth to competent bedrock. Lateral discontinuities
such as fault zones and narrow seepage corridors appeared smoothed or
diffused while employing the Wenner array, hence constraining the Wenner
system’s capacity to delineate structural heterogeneities critical to engineer-
ing design.

The Wenner-Schlumberger array for geotechnical assessment gives an op-
timal model, yielding balanced data for both stratigraphic and structural
aspects. The Wenner array is optimal for assessing overburden thickness
and vertical stratigraphy, whereas the Dipole-Dipole array is suited for de-
lineating faults, fractures, seepage channels, and karst systems that may
affect foundation stability. The integration of the three arrays ensures a
comprehensive and reliable geotechnical evaluation.

The Wenner-Schlumberger array exhibited balanced imaging capabili-
ties, integrating excellent vertical resolution with enhanced lateral sensitiv-
ity. The ability to identify stratigraphic and structural anomalies makes
the Wenner-Schlumberger array particularly suitable for geotechnical site
investigations that require the differentiation of foundation horizons and
potential danger zones. In addition, the Dipole-Dipole array is required
to detect small, weak zones, narrow channels, and seepage corridors. For
engineering applications, it offers an optimal compromise between the con-
tinuous mapping of strata (Wenner-Schlumberger array) and the detection
of structural anomalies (Dipole-Dipole) that may affect slope stability, bear-
ing capacity, or groundwater flow.

The features preferentially highlighted by the Dipole-Dipole array are
those with narrow lateral contrast. High sensitivity to changes in horizon-
tal resistivity made it possible to detect a vertical conductive corridor at
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(x = 95-125 m), which is interpreted in the context of a fault-influenced
fracture system/karst conduit. They are sources of large geotechnical haz-
ards, such as seepage, settlement, and local collapse. While it underperforms
in determining continuous layering and depth penetration, the potential to
identify structurally weak corridors is invaluable for foundation design and
risk management. For instance, the area of competent limestone (107 -
398 Q-m) is clearly distinguished from faulted and water-bearing corridors
(29—-107 ©-m) to help with the selection of an appropriate foundation block.

The stratigraphic sequence revealed by the 3D resistivity images, in-
cluding a conductive, clay-rich soil cover, intermediate fractured carbon-
ate horizons (or may be marly limestone), and deeper competent dolomitic
limestone benches, aligns closely with the documented regional subsurface
structure of the Lower Shiranish Formation. This interpretation is more
readily accepted when juxtaposed with the lithological information from
the Basrma Badil No. 8 water well, located approximately 1475 m to the
southeast (nearly south) of the research region (Fig. 9). The well log reveals
the presence of a superficial shallow clayey soil cover, a lower sequence of
alternating marly limestone with varying fracture densities, and a deeper,
more competent dolomitic limestone layer characterised by reduced poros-
ity. The strong agreement between geoelectrical stratigraphy and borehole
succession indicates that the resistivity-derived layering is not an artefact
of inversion but reflects the true geological setting.

NW Basrma Badil
No.§ Well

Soil cover

i Marly

811 m a.ns.l.

Famavay 1473m

SE

Dolomitic
| limestene

Fig. 9. 3D Resistivity model by Wenner-Schlumberger array and a groundwater well (Bas-
rma Badil No. 8).

This agreement confirms the credibility of the geophysical results for the
geotechnical characterisation in a zone without direct borehole control.
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The calibration illustrates that ERT, especially when carried out using the
Dipole-Dipole array’s ability to image laterally heterogeneous structures,
makes it possible to reproduce the stratigraphic sequence as inferred from
more classical geological surveys. This provides confidence in the use and
interpretation of resistivity models to extend the depth and continuity of
competent foundation horizons, delineate weak marl and seepage-prone in-
tervals, and detect anomalies that may be controlled by fractures not ex-
plicitly logged in the water well. At the end, the agreement between ERT-
based successions and the lithological evidence at the well site establishes
confidence in the practicality of using multi-array electrical resistivity to-
mography for engineering designs in carbonate environments.

In geotechnical terms, the integration of the three arrays is essential.
Although the Dipole-Dipole array demonstrates considerable sensitivity to
lateral variability, such as broken corridors, seepage channels, and karsti-
fied zones, it is insufficient alone for a comprehensive interpretation of the
geotechnical context. Stratigraphy, overburden, and the depth to competent
limestone benches are more precisely delineated using Wenner and Wenner-
Schlumberger configurations, which offer enhanced vertical resolution and
balanced sensitivity to both horizontal and vertical features. Certain au-
thors have emphasised that reliance solely on a Dipole-Dipole array may
lead to an overestimation of the discontinuities and inadequate stratigraphic
control, particularly observed in carbonates, where resistivity contrasts are
minimal (Loke et al., 2013; Dahlin and Zhou, 2004).

On the other hand, the combination of Wenner, Wenner-Schlumberger
and Dipole-Dipole arrays produces a stronger geotechnical model. In this
regard, Wenner can generally resolve vertical zonation and depth to bedrock;
Wenner-Schlumberger can handle the required overall stratigraphy and
structural variations; and Dipole-Dipole can delineate the presence of faults
and lateral changes. Studies such as those demonstrated by Chambers et al.
(2012) and Loke et al. (2013) have shown that multi-array integration is
an important step in reducing inversion ambiguities and improving the re-
liability of geotechnical interpretation, particularly in cases where borehole
control is limited.

Table 3 summarises the strengths, limitations, and geotechnical appli-
cations of the three most common applied ERT arrays: Wenner, Wenner-
Schlumberger, and Dipole-Dipole. While the Dipole-Dipole array offers ex-
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cellent lateral resolution, it should be supplemented with Wenner-Wenner-
Schlumberger arrays for a comprehensive geotechnical assessment, particu-
larly in carbonate-marl successions such as the Lower Shiranish Formation.

Table 3. The strengths, limitations, and geotechnical applications of the three most

commonly applied ERT arrays.

Arrays Strengths Limitations Geotechnical
applications
‘Wenner High vertical resolu- e Poor lateral resolu- Mapping depth to
tion tion bedrock
Good for stratigra- e Faults and narrow Identifying strati-
phy and overburden anomalies appear graphic layering
thickness smeared Estimating overbur-
Robust against den thickness
noise
Wenner- Balanced vertical and Moderate sensitiv- Detecting fracture
Schlum- lateral sensitivity ity to very small zones
berger Good depth pene- anomalies. . Identifying founda-
tration Some smoothing tion benches
of sharp contacts
Resolves both layers General geotechnical
and structures characterisation
Dipole- Excellent lateral res- e Lower vertical reso- Locating faults and
Dipole olution lution seepage corridors

Detects faults, frac-
tures and karst

Sensitive to narrow
conductive zones

Reduce depth pene-
tration

Can exaggerate dis-
continuities

Detecting karst con-
duits

Hazard assessment

8. Conclusions

The combined application of Wenner, Wenner-Schlumberger, and Dipole-
Dipole arrays in the Lower Shiranish Formation has provided a comprehen-
sive geotechnical assessment of the subsurface. The Wenner and Wenner-
Schlumberger arrays effectively imaged the entire stratigraphy, comprising
three primary electro-lithological units: a superficial conductive soil layer
(5-30 Qm, 2.5-12.5 m), a central marly limestone (Shiranish Formation)
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(30—-136 ©-m, 10—23 m), and a lower, competent dolomitic limestone bench
(Bekhma Formation) (136—398 Q-m), from the depth 16 until the depth
of the block. The Wenner-Schlumberger array, with its balanced vertical
and horizontal sensitivities, enhanced the differentiation of fractural zones.
Comparison of the two data sets of arrays indicates that the Dipole-Dipole
array, exhibiting superior horizontal resolution, delineated a distinctly de-
fined fault-generated corridor (z = 95— 125 m) and other narrow conductive
features, which are critical for geotechnical assessment. The three arrays
collectively indicate that while competent dolomitic limestone benches at
depths of 1636 metres constitute suitable foundation horizons, conduc-
tive corridors and fault-related anomalies present considerable geotechnical
risks. The results indicate that a thorough characterisation of complex car-
bonate sediments cannot be achieved by a single array alone; however, the
integration of complementary arrays significantly improves the reliability of
geotechnical interpretations for engineering design.
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