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Summary

Sinkhole (doline) collapse is one of the major natural hazards threatening people and property in
the Middle East and North Africa (MENA) region, especially if the bedrock structure is epi-karstic,
covered by encrusted material. Many dolines-avens collapses have been recorded in urban and
rural areas in Northeast Algeria. Our study identifies localized deformation that may be caused by
a sinkhole activity based on the electrical resistivity tomography (ERT) imaging in Setifian high
plains. For this task, we conducted 2-D Wenner and Wenner-Schlumberger transects profiles. The
geological and hydrogeological study helped to calibrate the resistivity model, and in this regard,
expound on the proneness of the limestone layer to collapse. The obtained model highlights the
heterogeneity of the subsurface. The inverted transects allowed the investigation of 20 m depth
with Wenner array and 52 m with Wenner-Schlumberger. The Wenner inverted models imaged
the chimney and different karst networks until 20 m depth; even as the Wenner-Schlumberger
models imaged a new karstic cavity in the limestone layer. ERT imaging has once again proven its
effectiveness in mapping sinkholes based on its ability to detect resistivity. Our research can cer-
tainly benefit karst collapse monitoring in other areas of the high plain region.
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1. Introduction

Countries in the MENA region are becoming increasingly vulnerable to geological
hazards, namely, floods, earthquakes, slope movements, and Sinkhole collapse [Hadji
etal. 2013; El Mekki et al. 2017; Anis et al. 2019; Brahmi et al. 2021; Hamad et al. 2021].
Their mitigation requires the recognition of the high susceptible areas, based on the
distribution of predisposing and triggering factors [Ford and Williams 2013; Hadji et
al. 2014a, b, 2016, 2017; Chemseddine et al. 2015; Hamed et al. 2017a, b, 2022; Dahoua
et al. 2017 a, b; Manchar et al. 2018; Fredj et al. 2020; Besser et al. 2021; Hamad et al.
2021]. The underground water runoff process along channels in the fracture’s dissolves
closed depressions in the bedrock. These sinkholes are a characteristic feature of karstic
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landscapes in a carbonate environment. Cave roof collapse can spread out to the surface
forming thus a collapse sinkhole (Fig. 1) [Fehdi et al. 2011; Ford and Williams 2013;
Zahri et al. 2016; Hamad et al. 2018a, b; Mahdadi et al. 2018; Hamed et al. 2018]. This
is the case with the terrain of the Setifian high plains, where these ground movements
keep causing damage.

Source: Mouici et al. [2017]

Fig. 1. a) The collapse of Haoud Berkaoui with a crater of 350 m depth (Sahara, Algeria), b) The
collapse in Cherea City (NE Algeria); ¢) The collapse in Drda Douamis (NE Algeria)

A sinkhole is widely known as a morphological depression in the ground that has
no natural external surface drainage. The development of grooves and cavities results
from the physicochemical dissolution process of the rainwater charged with atmos-
pheric carbon dioxide on limestones, dolostones, gypsum, halite, and sylvite; leading
to the dissolution of the calcium carbonate into bicarbonate [Khaldaoui et al. 2015;
Mokadem et al. 2016; Besser et al. 2018; Zeqiri et al. 2019; Ncibi et al. 2020 a, b, 2021].

Extant literature has provided an insightful understanding of the distribution
and genesis of karst collapses [Mouici et al. 2017]. In situ geophysical techniques such as
electrical resistivity tomography (ERT), ground-penetrating radar (GPR), electromag-
netic (EM), seismic refraction (SR), and micro-gravimetry (MG)... are the most widely
used for monitoring and early warning of cover-collapse sinkholes in Karst-terranes
landscapes [Nouioua et al. 2013; Watlet et al. 2018; Brahmi et al. 2021]. Whereas direct
techniques such as drilling, coring, and standard penetration test... are used in predict-
ing underground Karstic voids and roof collapses for land use plans [Rais et al. 2017;
Saddek et al. 2019].

Tomography imaging based on electrical resistivity is a suitable method for under-
ground void detection. Since they are usually filled with water or inconsistent material,
with differential resistivity than the host rocks, the ERT is markedly adapted to investi-
gate these grooves and cavities [Kidanu et al. 2016; Giampaolo et al. 2016].

A successful case study demonstrating cavity detection using ERT conducted in
dolomitic rocks near Pretoria, South Africa was reported by Van Schoor [2002]. Talib
et al. [2022] have studied the detection of sinkhole activity in West-Central Florida
using radar interferometry and GPR and ERT surveys. Gaballah and Alharbi [2022]
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applied 3-D GPR visualization integrated with the ERT technique for characterizing
near-surface fractures and cavities in limestone. The Wenner configuration is suited for
stratified terrains, allowing a high-quality vertical resolution, but with a limited inves-
tigation-depth. The dipole-dipole configuration is more suitable for vertical structures
[Dahlin and Zhou 2004]. Nevertheless, the Wenner-Schlumberger configuration could
be used for both structures.

This work highlights the usage of an imaging technique that was demonstrated to be
effective in the identification of sinkhole structures. It allowed the investigation of the
Advantages and limits of sinkhole monitoring from scientific, practical, and technical
points of view. The results obtained in our research will help to solve many engineering
geologic problems in complex situations, especially in urbanized areas.

2. General setting

The study area is in the Setifian high plains region between 5°75’ to 6°25” N longitude and
36°00” to 36°33’ E latitude. It is situated at two kilometers South of El Welja chief-town,
Setif province, NE Algeria (Fig. 2). The stream flow is divided among the Chott Beida
endorheic and the Rhumel exoreic basins. Who intermittent and ephemeral streams
mark the area [Karim et al. 2019]. The climate of the basin is semi-arid, with 400 mm/
year of average precipitation, 16.5°C of average temperature and an acute evapotranspi-
ration potential [Demdoum et al. 2015]. The study site belongs to fractured carbonatic
outcrops of the Pleistocene age. The water table levels fluctuated from 28 m in depth in
spring to 25 m in autumn. The shallow aquifer suffers from acute overexploitation in the
valley and irregularity of precipitation [Benmarce et al. 2021]. The severe lowering of the
water table is the main triggering factor for the collapse of this epikarstic terrain.
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Fig. 2. Simplified geologic map of the study area
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The study area consists of Neogene sediments with clayey, silty, and sandy material
(Fig. 3a, b, 4e, and 4f). These facies cover up a fractured limestone formation, which
favored the karstification process. The main collapse occurred in 2017 with an elliptical
crater of 35 by 26 m, 17 m depth, and N-S orientation. It resulted from suffusion of the
roof material, consequential to a dissolution process.
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Fig. 3. Left: a) Simplified facies stratification; b) Lithology of the collapse; ¢) Inter-bedded
karstified limestone and marl of Jebel Chebka; d and e) Fractured limestone with
indication of the dipping degree; f) Conceptual model of the study area; g) Pseudo
section of the sinkhole chimney; h) and i) Fractured and karstified limestone; j) Photo
showing the inside of the collapse; k) Position of the water wells

3. Materials and methods

Extensive fieldwork permitted the data acquisition and the terrain characterization of
the geometry, the geological nature, and hydrogeological conditions of the collapse
(Figs. 3f-k). This allowed determining the most suitable geophysical acquisition device,
able to reach targets deeper than 20 m. We used a SYSCAL Pro Standard & Switch
(48) Version 10 channel resistivity-meter for resistivity device (Fig. 4c). The operating
mode of the ERT technique is based on the varying electrical resistivity (in QOm) of the
subsurface materials. The conductivity values depend on bedrock type, permeability,
cation exchange, alteration, water to host-rock interaction, fracturing, etc. We have
chosen survey lines based on the groundwater flow-direction (Fig. 4 a). In the Wenner
and Wenner-Schlumberger arrays, we used RES2-Dinv software to delineate shapes
and enhance the signal-to-noise ratio (Table 1).
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Table 1. ERT Transects Characteristics, Electrode spacing = 5 m, Number of electrodes = 48

Wenner Wenner- Schlumberger

ERT array configuration
ERT1 | ERT2 | ERT3 | ERT 4 | ERT1 | ERT 3 | ERT 4 | ERT 5

Number of levels 6 25

Reference resistivity 16.524| 16.577| 16.793 | 16.962 | 15.522 | 15.633 | 15.352 | 15.431
Average sensitivity 1.413| 1.432| 1.414| 1.376| 3.103| 1.253| 1.260| 1.246
Resistivity contour Logarithmic intervals

Min apparent resistivity [QQm] 11.58| 11.39| 11.58| 10.37| 11.65| 10.34 8.97| 10.63

RMS error [%] 1.17 1.19 1.45 1.52 1.96 0.95 2.60 0.88

The operating mode consists of the injection of an electric current through C1 and
C2 electrodes and the measurement of the current potential with P1, and P2 electrodes.
This potential varies according to the geophysical characteristics of the terrain. The
resistivity of the ground is obtained by running the standard least-squares algorithm.
We arranged a transect profile with 48 electrodes of 5 m spacing (Fig 4d). We used the
Electre pro-2016 to make sequences with the required depth investigation. Thus, we
applied different combinations of a-spacing, and n-separations to increase the density
of the data measurement points and optimize the signal-to-noise ratio. The study site is
far away from any source of electrical noise, which gives excellent SNR resistivity [Zhu
et al. 2017]. We realized four (04) Wenner and Wenner-Schlumberger array transect
around the sinkhole in February 2017 (ERT1 to ERT4) (Fig. 4 a, b). We added a fifth
line in May 2017, to visualize the noticed cavity in the previous inversion. We inverted
data using the RES-2Dinv software to get 2D imaging of the investigated section (Fig.
5e, f). The obtained pseudosection of true resistivity is reached after seven iterations.
The root-mean-square (RMS) value rages between 0.88 and 2.4%.

4. Results and discussion

The five ERT profiles (Fig. 5) showed a noteworthy step up between the measured data
and the calculated one. The result of inversion schemes the underground structure
architecture around the collapsed hole. We have arranged the Wenner transects at 10 m
(E-W and N-S) far from the hole (Figs. 5 a, b, ¢, d). We calibrated the conceptual model by
taking considering the facies of the sinkhole wall. The model reveals an intercalated allu-
vium layer of four m thick gave resistivity of 36 Qm. A silt-clay layer of 18 m thick gave
resistivity less than 20 Qm. The Wenner-Schlumberger profile highlighted a tuffaceous
limestone formation with resistivity exceeding 65 Qm. This fractured and karstified layer
constitutes the shallow aquifer of 18 m to 28 m depth, overcoming the clayey substratum
over 28 m depth (Fig. 5e). According to the ERT 1 inversion (52-m depth, with 0.0196
RMS), a new void of 10 m height, was detected between electrodes 18 and 22 at 28 m
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depth (Fig. 5e). This karstic cavity is developed in the limestone layer. The S-N and N-S
oriented ERT lines (Figs. 5f and 5g), gave an RMS of 0.95% to 2.6% after 5 to 7 inversions.
The pseudo-sections revealed a resistivity variation of the limestone layer according to
the fracturing degree. The Wenner-Schlumberger intersects showed elevated resistivity
contrasts from 18 m to 28 m depth, among the 23" and 28" electrode (Fig. 5h).
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Fig. 5. Inversion of ERT by Wenner transect: a) ERT 1, b) ERT 2, ¢) ERT 3, d) ERT 4. Inversion
of ERT by Wenner-Schlumberger transect, e) ERT1, f) ERT2, g) ERT3, h) ERT4
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This anomaly unveiled a new cavity connected to the existing one. The low resis-
tivity in the tuffaceous limestone, observed in the ERT 1 (Fig. 5e) and ERT 5 (Fig.
5t), proves the filling of karst networks with clayey-silty material. The inversion values
increase with a ratio of 1.7 and 1.5, out of the imaging domain [Zhu et al. 2017]. In
the inverted model, ERT 1 (Fig. 5f) and ERT 5 (Fig. 5g) high resistivity provided the
geometry of the newly discovered cavity.

A chimney sinkhole of 18 m depth was imaged with the Wenner inversion model
in the ERT 1 to ERT 4 lines. This shape is not well clear in the Wenner-Schlumberger
inverted model. This is due, to the moderate sensitivity of the Wenner-Schlumberger
array, and to the ratio of the vertical/horizontal scale for both inverted models. Sensitivity
is a measure of how well the resistivity in each part of the model can be resolved by the
data collected. Sensitivity values are unitless and are normalized by dividing by the mean
and the measured data of the resistivity survey [Loke et al. 2014]. Excluding for the ERT
5 transect; all the inversion models showed the sinkhole chimney (Fig. 6a).

Source: Authors’ own study

Fig. 6. a) Inversion of electrical resistivity tomography by Wenner transects showing in dashed
line the actual position of the sinkhole chimney, b) Inversion of electrical resistivity
tomography by Wenner-Schlumberger transects showing in dashed line the approximate
limits of the geological units

In the same context, a new cavity contrast was shown by ERT 1 and ERT 5 inverted
models of the Wenner-Schlumberger transect (Fig. 6b).

Our study demonstrated once again that the same causal factors control the genesis
and collapse of karst cavities in the semi-arid environments of northeastern Algeria.
The works of Nouioua [2013], Mouici et al. [2017] confirm the obtained results. The
present study has described the application and advantages/disadvantages of the ERT
method, which should be used for all its sinkhole claim investigations. The Wenner
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configuration is useful for shallow investigations, whereas the Wenner-Schlumberger
configuration is useful for the deepest investigations.

5. Conclusion and recommendations

Our study has established the effectiveness of the ERT imaging technique for detecting
doline and cavities, in semi-arid climate regions. The underground water flow charged
in atmospheric carbon dioxide along the fracture network of the carbonate bedrock
causes the dissolution of the calcium carbonate into bicarbonate and thus the formation
of sinkholes. Datasets acquisition is achieved with high SNR conditions (a low electrical
noise, a minimum contact resistance, and a maximum transmit current). The Wenner
profiles are more useful for shallow investigations, whereas the Wenner-Schlumberger
configuration for the deepest investigations. The obtained model highlights the hetero-
geneity of the terrain. The inverted transects allowed the investigation of 20 m depth
with Wenner array and 52 m with Wenner-Schlumberger. The Wenner inverted models
imaged the chimney and different karst networks until 20 m depth; whilst the Wenner-
Schlumberger models imaged a new karstic cavity in the limestone layer. Geologic and
hydrogeological investigations helped calibrate the resistivity model. Such sinkhole
development can be mitigated or halted using appropriate engineering technologies to
stop excessive pumping and reduce the fluctuation of the piezometric level.
The perspectives of our work could consist of the following:

o The adoption of a combined model with GPR, ERT, and radar interferometry tech-
niques and the mobilization of additional variables and tools.

o The expansion of the spatial extent of the survey to the entire Setifian high plain
region.

o The identification of the characteristics of all listed sinkholes and if there is any cor-
relation between their shapes.

o The integration of the MPQ-geomorphic dynamics to identify more clearly the dis-
tribution of sinkholes.
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