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In the present study, two-dimensional (2D) electrical resistivity tomography (ERT) and vertical electrical
sounding (VES) techniques were adopted to predict and detect landslides and subsurface voids occur-
rences in the Tghat-Oued Fez district of Fez city, Morocco. The purpose of this research is to examine the
effects of electrical-based applied geophysics methods for data inversion and modelling using open-source
algorithms for spatial distribution and shape of sliding and underground cavities as well as fractured zones
in the study area. The data acquisition was based on nine ERT profiles using a dipole-dipole electrode
array configuration and 72 VES soundings laid out on an area in which underground cavities were
expected. 2D electrical sections, derived from electrical resistivity tomography measurements, in terms of
electrical resistivity contrast, correctly highlighted the site’s well-defined lithology, identified the presence
of cavities with variable geometry, and were capable of inferring the sliding surface. VES-based mea-
surements, in conjunction with the ERT technique, mapped the potential presence of near-surface voids
inside a conductive marly formation caused by high electrical resistivity anomalies and delimited the
conglomerate roof layer. The joint combination of these two electrical-based geophysical methods along
with the numerical modelling and inversion of the data structure and parameters using the useful features
of the open-source python-based environment pyGIMLi and BERT, have demonstrated their capability
to infer near-surface voids in the study area. The geophysical survey results suggest that the integrated
geophysical approach is a reliable and capable geophysical tool and could be effectively used for landslide,
and cavity detection and to assess the risk of those subsidence-prone areas. Thus, this approach could be
easily applied and reproduced in those areas with similar characteristics.
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1. Introduction

Geophysical methods have wide applications in
engineering and environmental investigations,
mineral exploration, and tectonics (Ward 1990a, b;
Gambetta et al. 2011; Essa et al. 2020, 2021;
Kumar et al. 2021, 2022; Gan et al. 2022; Mehanee
2022a). Landslides and underground cavities pose a
major concern for land use and urban planning.
Those cavities can be empty, full, or partly water-
filled or filled with sediments (Van Schoor 2002;
Zhou et al. 2002; Gémez-Ortiz and Martin-Crespo
2012; Plank and Polgar 2019; Fu et al. 2020; Arj-
wech et al. 2021; Boualla et al. 2021). Sub-surface
or near-surface, sliding, and voids can cause dis-
turbances in construction works and constitute a
potential risk during and after infrastructure pro-
jects. Not to mention the increase in working costs
and delays. Subsidence and cracking can happen
slowly over time, affecting the topography of the
surface, which could lead to sudden collapses,
presenting a high risk for human safety and
infrastructure. Therefore, it is a top priority to
detect underground cavities in void-prone urban
areas before any construction project could be
undergone.

Different prospecting techniques are routinely
and successfully conducted to detect landslides and
underground voids (Kang et al. 2019; Caleb and
Anthony 2022). In fact, several examples dealing
with the combination of multiple geophysical
techniques can be found in the most recent research
into this topic. Among them stands out the suc-
cessful employ of microgravimetry and ground-
penetrating radar (Nuzzo et al. 2007; Leucci and
Giorgi 2010; Gambetta et al. 2011; Gémez-Ortiz
and Martin-Crespo 2012; Carbonel et al. 2015), 2D
electrical resistivity tomography (Zhou et al. 2002;
Gokttrkler et al. 2008; Gomez-Ortiz and Martin-
Crespo 2012; Martimez-Pagan et al. 2013; Metwaly
and Al Fouzan 2013; Whiteley et al. 2019; Boualla
et al. 2021), magnetometry (Gibson et al. 2004;
Putiska et al. 2014; Hasan et al. 2020; Mehanee
et al. 2021), 1D and 2D inversion of VES (Balkaya
et al. 2012), and seismic methods (Cook 1965;
Grandjean 2006; Cardarelli et al. 2010; Ivanov
et al. 2016; Whiteley et al. 2019). Despite those
studies, there is still room for further improvement
and better knowledge of the true capability of
geophysical techniques to determine void occur-
rences since they are geologic and/or human-
induced structures of great concern and where cli-
mate change is likely to increase their impact.
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The present work has been addressed to assess
the capability of electrical-based techniques for
cavity detection and landslide monitoring in the
northern part of the urban area of Fez, Morocco,
whose presence is expected on its northern border.
Given its perfect location dominating the city and
its spectacular sightseeing, Tghat district is in
great demand for new construction and settlement
projects. The rapid growth of the population is
associated with environmental factors, such as
tectonic activity, bedrock lithology, and entropic
actions in this area. All these parameters could
produce imbalances, which can lead to tragic
events.

In such cases, selecting the appropriate geo-
physical methods for cavities and landslide detec-
tion depends on the geological environment, which
significantly influences the final choice. In this
context, the main aims were: (a) to demonstrate
1D and 2D geoelectrical signal processing for cavity
detection and landslide monitoring, as well as to
demonstrate the data structure and parameters by
utilizing the useful features of the open-source
pyGIMLi python environment, (b) to determine
the actual capability of electrical-based geophysi-
cal techniques to detect near-surface voids in the
study area, (c) to evaluate how well VES and ERT
techniques interrelate, and (d) to assess the
potential use of VES for void identification for
those final civil work practitioners with a slight
possibility of accessing to more capable techniques
such as ERT-based methodologies.

2. Geological setting of the study area

The study area is located at the intersection
between the pre-Rif mountains and the Sais Plain.
Tghat-Oued Fez district is a small region situated
north of Fez city, Morocco, on the southeastern
slope of Tghat Mountain (figures 1, 3). The selec-
tion of this site was justified because of its void-
prone occurrence as well as its excessive urban-
ization. Those circumstances pose the challenge of
integrating those lands into new urban develop-
ment plans without compromising infrastructure
safety. Furthermore, it was possible during this
study to identify the occurrence of land subsidence
phenomena, microcracks, fissures, and some land-
slide-prone structures (figure 2). However, knowing
the geological nature of the sub-surface is not
enough to have an exact idea about void occur-
rence and its near-surface distribution.
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Figure 1. (a) The geographical location of the study area (within the red box). (b) Digital elevation model (DEM) showing the

study area and the main structures of Sais plain.

Figure 2. Photographs of different structures exposed in the area.

(a) Landslide occurrence, (b) wide (30 cm) and deep cracks in

the glacis deposits, (c) fresh sliding surface, (d) severe alligator-shaped cracking, and (e) visible cracks on new constructions.

The northern edge of the Sais plain corresponds
to the Tghat and Zalagh ridges and their annexed
branches materializing the South-Rifin Thrust
Front (SRF) (figure 3a). These are compressive
structures in overlapping ramps on the plain of
Fez. This system of ramps, which constitutes the

SRF, develops inside the plain of Fez through the
structures of Tghat and Sidi Hrazem. The defor-
mation associated with these structures allowed
the rising of the endorheic Pliocene basin and the
elevation of two ridges of over 500 m above Sais
plain (Charroud et al. 2006; Cherai et al. 2008).
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Figure 3. (a) Simplified geological map of Eastern Sais plain, and its atlasic and rifin edges and (b) Tghat ridge geological map.

The structure of Jbel Tghat (figure 3b) is an
elongated relief in an east—west direction, located
to the south of the frontal limit of the pre-rifinal
complex (Faugeres 1978; Cherai et al. 2004;
Charroud et al. 2006). It is a massif with a Jurassic

core and a Miocene cover. That mountain has an
altitude of 873 m above sea level, making it
strongly straightened and dominates, by nearly 400
m, the plain of Fez located to the south. The Sais
Plain evolved from a foreland basin, before the
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Miocene, to a continental endorheic basin in the
Pliocene and then to a tilted plateau in the Qua-
ternary age. This evolution has produced a variety
of deposits whose properties and characteristics
depend on their specific environmental origin.

At the base of the Tghat ridge, several defor-
mations were observed within the slope deposits,
which constitute evidence of the most recent tec-
tonic activity. This activity, which is evident
throughout the northern edge of the Sais Plain, was
comprehensibly described in previous works con-
ducted in the study area (Taltasse 1953; Ahmamou
et al. 1989; Bargach et al. 2004; Cherai et al.
2004, 2007). The existence of tectonic readjust-
ments, closely associated to the SRF movement,
increases the possibility of soil erosion, land sub-
sidence, and landslide phenomena, especially pro-
moted with the presence of cavities in the study
area, which could otherwise cause damage to roads
and nearby structures.

The study area is mostly characterized by Miocene
and Plio-Quaternary deposits (figure 4). The study
zone shows three well-defined units, as follows:

Colluvial cover unit: Generally, slope materials,
usually present on the southern slope of the study
area, forming a fine sub-surface layer. Depending
on the location of the deposits the thickness varies
from 1 to 4 m. It is a formation composed essen-
tially of rounded elements, pebbles, gravel, and
elements of multi-metric Burdigalian sandstones.
The origin of this formation comes from the erosion
of the upper pudding drowned into a silt-argilla-
ceous and white-clayey-marly matrix.

Marlstone unit: The green to whitish marls of the
Oued-Fez deposits, which contain concrete gyp-
sum, reflecting a lacustrine environment with
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intense evaporation, this formation is described in
previous works. It is a homogeneous and compact
unit in depth. However, these deposits are sensitive
to the presence of water, representing an unsta-
ble and slippery formation to the south. The marl
layers generally have gentle slopes but, in some
places, can be locally steeper (up to 15°). This
formation is extremely cracked and presents many
fissures on the surface.

Conglomerate unit: A layer formed by detrital
terrigenous and siliciclastic materials. This unit is a
pudding of mostly decimetric and centimetric sub-
rounded polygenic and polymeric fragments, which
are packed in a brown to yellowish-red clay matrix,
which is a polygenic conglomerate of probably
Liasic and Miocene origin.

3. Methodology

Two electrical-based geophysical methods were
applied in the study area: 2D electrical resistivity
tomography (ERT) and vertical electrical sounding
(VES) techniques. Electrical data were collected
from a total of nine ERT profiles and 72 VES
soundings (figure 5). As aforementioned, the sur-
vey was conducted in an area belonging to the city
of Fez, which is affected by cavities and landslides
(Charroud et al. 2007; Cherai et al. 2007, 2008).
Regarding vertical electrical sounding (VES)
technique, this is one of the classical direct current
(DC) geoelectrical prospecting techniques (Nicu-
lescu and Andrei 2019). VES is used to non-inva-
sively retrieve subsurface resistivity variation with
depth. To accomplish that objective the electrode
spacing (AB for current electrodes, and MN for
potential electrodes) interval is changed while

Lithostratigraphic column Facies/Age Resistivity (ohm.m)
Glacis, Slope deposits 10-130
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Figure 4. Lithostratigraphic column showing the different geological units present in the study area and their associated

electrical resistivity values.
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Figure 5. Location of ERT and VES profiles carried out at Tghat-Oued Fez district (Fez, Morocco), (Google Earth 2021).
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Figure 6. Typical VES electrode arrangement for a Wen-
ner—Schlumberger array (MN = a; AM = n x a). AB: current
electrodes. MN: potential electrodes.

maintaining the central position of the electrode
array (figure 6). Therefore, as the electrode
spacing increases, the depth of investigation
increases (Mooney 1980). Measurements were
conducted by using a Syscal Pro resistivity meter
from IRIS Instruments using a Wenner—Schlum-
berger configuration (Pazdirek and Blaha 1996)
(figure 6). The (AB/2) interval of each VES point
was increased from 2 to 80 m to increase the
depth of investigation. Given the geometry of the
voids in the basement, it is more convenient to
use this configuration which is sensitive to both
horizontal and vertical structures. The VESs
were laid out into a grid constituted by nine
equidistant profiles, 5 m apart (figure 5), in which
each profile was comprised of 8 VES points ori-
ented following the NNW-SSE direction
(figure 5).

Apparent resistivity values were derived using
the resolution of the Laplacian electrical potential
equation in spherical coordinates, is represented by
the following expression (Takahashi and Kawase
1990):

*V  2dV
V2V =—Fr+-—=0. 1
dr? ~ rdr (1)
According to Ohm’s law and considering a
hemispherical medium, equation (1) could be put

under a more appropriate form to provide the
apparent resistivity value to Wenner—Schlumberger
configuration as follows (Loke 1999):

Papp = ATV x n(n+ 1)a. (2)

Regarding electrical resistivity tomography data
acquisition, a Syscal Pro resistivity meter from
IRIS Instrument was employed in conjunction with
a multicore-based connection system with the
capability to simultaneously connect up to 48
electrodes spaced 2 m apart. Thus, the total length
of each ERT profile was 96 m. The data acquired
are presented in the form of 2D electrical sections
of apparent electrical resistivity values, in which
the horizontal and vertical axes correspond,
respectively, to the x-distance along the profile
and the investigation depth reached because of the
separation between the two mobile electrodes. In
the sections, the measurements are plotted in the
middle of the acquisition array at a depth, which is
related to the distance of the current electrode
separation (Telford et al. 1990; Parasnis 1997).
Subsoil electrical models showing the cross-
sectional distribution of resistivity are derived
from the sections using the data inversion method
(Loke and Barker 1996; Tarantola 2005; Everett
2013; Kearey et al. 2013).

In the present study, the dipole—dipole configu-
ration was used with a total length of 96 m and an
electrode spacing of 2 m. The dipole-dipole array
(figure 7) is very sensitive to horizontal changes in
resistivity, although it is relatively insensitive to
vertical changes in resistivity as well (Loke 1999).
This means that it is good for the mapping of
vertical structures, such as dykes and cavities, but
relatively poor for the mapping of horizontally
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Figure 7. Typical ERT electrode arrangement for a dipole-dipole array. A1, A2: current electrodes. P1, P2: potential electrodes.

layered structures, such as sills or sedimentary
basins. The postprocessing and interpretation of
the measured data were performed using
RES2DINV software from Geotomo Software,
which is based on the inversion algorithm described
by Loke and Barker (1996).

Electrical resistivity values were collected from
nine ERT profiles (figure 5). These ERT profiles,
labelled as P1, P2, P3, P4, P5, and P6, respec-
tively, have been arranged in such a way to high-
light the contacts between the Glacis/marls/
conglomerates layers. P1, P2, and P3 are parallel
and oriented ENE-WSW (figure 5). These ERT
profiles are separated from each other by half of the
total array length (48 m), while the profiles P4,
P5, and P6 are perpendicular to them. The
whole ERT profile arrangement forms a grid
(figure 5), where the goal of which is to be able
to make correlations in all directions. Profile P7
is located further east parallel to P4, P5, and
P6. Finally, profiles P8 and P9 were laid out on
an uninhabited area following a roll-along
design at a distance of 100 m apart from P7
(figure 5).

The apparent resistivity values obtained through
ERT measurements is derived by the equation
provided by Loke (1999):

AV
=K—. 3
Ps Ji (3)
The geometric factor used in ERT measurements
with dipole-dipole array is represented by the
following expression:

K =n(n+1)(n+ 2)na. (4)

Substituting equation (4) into equation (3) and
rearranging its terms, we get the apparent resistivity
equation, which can be written as follows:

Papp = n(n +1)(n + 2)naATV. (5)

where p,p,;, is the apparent resistivity, in Qm; 4 Vis
the potential difference, in V; I is the injected
current, in A; and a is the distance between current
and potential pairs of the electrode, in m. It is
worth noting that VES technique, commonly pro-
vides apparent electrical resistivity values and
ERT technique provides, after inversion process,
which is non-unique (Mehanee and Zhdanov 2002;
Tarantola 2005), the true resistivity of the sub-
surface. So the VES technique provides a more
qualitative analysis defining the general distribu-
tion of resistivity parameters, and the ERT tech-
nique a more quantitative interpretation, in terms
of electrical properties of the materials in the sub-
surface (Loke 1999; Karriqi and Alikaj 2011).

3.1 Numerical modelling and inversion using

pyGIMLi and BERT

Although open-source algorithms for geoelectrical
data inversion and modelling have not been widely
used in geophysical communities, various open-
source algorithms have been developed in recent
years (Doyoro et al. 2022). The pyGIMLi envi-
ronment is a structured open-source package with
capabilities for electrical geophysical data mod-
elling and inversion (Riicker et al. 2017). It is
structured because its functionality is reliant on
other libraries and a certain version of the Python
programming language. All of the methodologies
and concepts used in this article are from the free
source C++ library GIMLI, which was created as a
powerful tool for method-independent inverse
problem solutions. The forward operator, which
was specifically created for the DC resistivity
problem, serves as the application suite’s base.
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BERT stands for Boundless Electrical Resistivity
Tomography.

Glinther et al. (2006) outline the underlying
theory and technology of BERT, which is based on
the finite element modelling approaches mentioned
by Rucker et al. (2006). Initially created for point
electrodes, finite element modelling was later
expanded to arbitrary electrode forms using the full
electrode model (Riicker et al. 2017) and lengthy
electrodes using the shunt electrode model (Ron-
czka et al. 2015). In general, the inversion is based
on smoothness-constrained Gauss—Newton inver-
sion and it was formalized as a flexible minimiza-
tion and regularization scheme later (Mehanee
et al. 1998; Tarantola 2005; Mehanee 2022b).

BERT employs a unified data format (UDF)
framework that organizes the information included
in the geoelectrical datasets entered and guaran-
tees that all information are clearer and more
transportable (Gunther and Riicker 2022). Specif-
ically, UDF makes it much simpler to comprehend
the information included in the program’s data and
enables completely tailored flexibility in operations
such as adding topography, assignments, variable
type transformation, copying, and rewriting.

3.2 1D and 2D ERT modelling and inversion

We used a direct current (DC) one-dimensional
vertical electrical sounding modelling operator to
generate data, inversion, and response model for
1D VES inversion for a smooth model. We use the
ERTManager in the ERT module of pyGIMLi for
2D ERT inversion (see pygimli.org examples). The
Anaconda distribution includes the pyBERT
library (anaconda.org/gimli/pybert). We use
Jupyter Notebook to import all types of data files
that will be processed in JupyterLab, which is a
web-based interactive development environment
for notebooks, code, and data. Providing users with
the ability to configure and arrange workflows in
data science, scientific computing, and machine
learning (https://jupyter.org/).

ERT measurements provide potential differences
from which apparent resistivities can be easily
determined. A data inversion is necessary to
determine the true resistivities of a heterogeneous
subsoil. The data vector is constructed using the
logarithms of the measured apparent resistivities.
Each data is associated with an error, which is used
for weighting in order to determine how close the
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weighted residual between data (measured appar-
ent resistivity) and model response f(m) (calcu-
lated apparent resistivity values), obtained by the
forward operator, the data functional ¢, or misfit,
to be minimized is defined by (Loke and Barker
1996; Mehanee and Zhdanov 1999; Tarantola
2005):

D g — f(m)]? ,

ot = >[I i gl o)
¢ = ¢d + )“d)m — min, (7)

Gn(m) = [|e(m—mO)l;, (8)

¢ represents the model solution of the Tikhonov
regularization for data inversion. ¢, is the residual
norm. A is the regularization parameter. ¢,, is the
stabilizer norm, an additional functional model
(Tikhonov and Arsenin 1977). D is the diagonal
matrix of the inverse of the relative measurement
error vector (err). m is the logarithmic apparent
resistivity vector log (rhoa), f(m) is the response
model of m.

For wvertical electrical soundings, numpy
numerics, mpl plotting, pygimli, and the 1D plot-
ting function are all imported using this algorithm,
as a command for importing 1D geoelectric data
output formats (.bin or .csv) which could be
transformed into the unified data format. All the
VES were processed using the algorithms below:

import numpy as np

import matplotlib.pyplot as plt

import pygimli as pg

from pygimli.viewer.mpl import drawModellD

import pygimli as pg

from pygimli.physics import VESManager

# Source: Authors and pyGIMLi.

ax, = ves.showModel (model)

ves.fop.drawModel (ax, synthModel)

ab2, mn, ra = np.genfromtxt ("filename", unpack=True)
err = np.ones_ like(ra) * 0.03

ves = VESManager (ab2=ab2, mn2=mn/2)
model = ves.invert(ra, err, nLayer=4,
showProgress=0, verbose=1)

ves.showModel (model)

ves.showFit ()


https://jupyter.org/
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All the ERT profiles were processed with finite-
element modelling inversion using the algorithms
below:

import numpy as np

import pygimli as pg

from pygimli.physics import ert
import pybert as pb

from pygimli.physics import ert

import pybert as pb

data = pb.load('filename'

print (data)

data['k'] = ert.createGeometricFactors (data)
data['rhoa'] = data['u'] / data['i'] * data['k'
data['err'] = ert.estimateError (data)

ert.show(data)

%, z = np.genfromtxt ("topographyfile", encoding="UTFE",

skip header=3, unpack=1l, usecols=(0, 1),
delimiter="\t")

print(len(x))

for i in range(data.sensorCount()):

data.setSensor (i, [x[i], 0, z[1]]

data.save ("data.dat")

manager = pg.physics.ert.ERTManager (data, sr=True,
verbose =True)

inversion = manager.invert (lam=5, paraMaxCellSize=1,

paraBoundary=0, paraDepth=20 Zwight=0.4)

manager.showResult (cMin=3, cMax=110, xlabel="x (m)",
ylabel="z (m)");

plt.savefig("fileformat",dpi=1200, bbox inches="tight")

4. Results and discussion

4.1 Apparent resistivity maps

The VES isoresistivity contour map for AB/2 = 10
m shown in figure 8 represents the lateral variation
of apparent resistivity values in a horizontal plane
at a depth of approximately 2.5 m. The presence of
a homogeneous layer associated with the conduc-
tive marl deposit, which dominates the subsurface
is identified. The southern part of the map shows
relatively higher resistivity values compared to the
rest of the area, ranging between 12 and 16 Qm.
This more resistive region can probably be associ-
ated with a glacis-marl passage, which can be
explained by soil compaction given the softening of
the slope and the proximity to the road.
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Figure 8(b and c¢) shows the apparent isore-
sistivity contour maps for AB/2 = 30 m and AB/
2 = 40 m, at a depth of approximately 7-10 m.
These two maps reveal a very regular distribu-
tion of low resistivities in the southern part. This
low-resistivity region highlights the influence on
these electrical values of the presence of a more
homogeneous marly horizon. In this case, it
emphasizes the predominance of the most abun-
dant marly formation which contains mostly
gypsum concretions. At this depth, the rock is
soft, which means it is more vulnerable to alter-
ation. Also, water infiltration accelerates gypsum
dissolution, leading to crack formation, which
grows with time to create voids and cavities in
the subsurface.

Figure 9(a) illustrates the apparent resistivity
distribution contouring in a horizontal plane for
AB/2 = 50 m. This map identifies low resistivity
values located in the southern part attributed to
marly material characterized by apparent electri-
cal resistivity values below 9 Qm. Marl-bearing
formations are characterized by a relevant thick-
ness of 15 m on average, which explains its sig-
nificant influence on those more conductive values
on the contour map (figure 9a). On the other
hand, on the upper part of the isoresistivity map,
relatively high resistivity values are dis-
played compared to the remaining areas of the
same map. By comparing this apparent resistivity
contour map with the previous ones, it can be
stated that as depth increases, the apparent
resistivity values assigned to deeper formations
also increase, especially in the central part. Fur-
thermore, the marly formation, at deeper hori-
zons, also presents higher resistivity values,
contrary to the common tendency for this marl-
bearing material (figures 8c and 9a). This is likely
attributed to the presence of cracking and alter-
ation phenomena.

Based on the results of the isoresistivity contour
map for AB/2 = 60 m shown in figure 9(b), the
expansion of a more resistive structure can be
observed within the conductive marl-bearing
horizon. This elongated structure, located
between longitude values —5.03685 and —5.0368,
was already evident in the previous isoresistivity
map starting at a 10 m depth. This electrical
discontinuity infers a potential cavity of signifi-
cant size, which progresses in depth as well. The
latter is supported by the significant presence of
abundant cracks and fissures outcropping on the
surface. Then, this resistive zone can be
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Figure 8. Iso-apparent resistivity contour maps for (a) AB/2
=10 m, (b) AB/2 = 30 m, and (c) AB/2 = 40 m.

pinpointed as a cavity filled with loose sediments
and considered as the main reason for the surficial
subsidence observed in the central part of this
area.

The last isoresistivity contour map (figure 9c)
represents the maximum AB spacing for this
study, which corresponds to a horizon of 20 m
depth. Compared to the previous two maps, it
illustrates the same tendency of resistive values
attributed to the presence of a cavity in this
region as a result of marl-bearing formations dis-
solution phenomena. This electrical anomaly
reflects an elongated north—south direction struc-
ture extending towards the middle of the contour
map. On the other hand, at the upper-left side,
the contour map emphasizes the highest apparent
resistivity values indicating the beginning of a
more stiffed conglomeratic formation. This resis-
tive anomaly highlights the presence of massive
deposits of conglomerate. These compact forma-
tions are present in the region following vertical-
ized structures due to past compressional tectonic
efforts by the South-Rifin Fault, which is oriented
to the south in Tghat Mountain (Charroud et al.
2006; Cherai et al. 2008). The presence of this
hard layer at this depth, especially in the northern
part, is confirmed by geological inspections as well
as inferred by ERT profiles, which are examined
in the next section.

&

2N
‘
> (a)

Figure 9. Iso-apparent resistivity contour maps for (a) AB/2
= 50 m, (b) AB/2 = 60 m, and (c) AB/2 = 80 m.

4.2 1D inversion of VES data

IPI2win software and Python-based codes, by
means of pyGIMLi library implementation, were
used to process and invert 1D VES data. Both tools
have the capability to generate a resistivity model
that best fits the observed and calculated resistiv-
ities. IPI2win software uses linear filtering for the
forward calculation of geological models and a
regularized optimization based on Tikhonov’s
approach for the inverse solution (curve fitting),
and the algorithm uses smoothness-constrained
inversion for curve fitting that aims to find the
model that best fits the data while also being
smooth (having a smooth curve or surface). This is
often done by adding a smoothness constraint to
the optimization problem that is being solved.

We have chosen two electrical soundings located
more exactly in the area which show higher resis-
tivity values which are attributed to the presence
of cavities in the study area, the two soundings are
in the same line of altitude spaced 5 m further
north. These soundings consist of 6 spacings AB
and MN to reach an average depth of 20 m, the
curves on (figure 10a, b are processed using IPI12-
win which is an automatic and manual 1D inter-
pretation program for VES curves, while the two
soundings that follow (figure 10c, d) were processed
using the algorithm already described employing
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Figure 10. Quantitative interpretation of vertical electrical sounding (a, b) processed by IPI2win and (¢, d) processed by

pyGIMLA.

the pyGIMLi platform. The objective of having an
order of magnitude of the resistivities correspond-
ing to the different layers of ground recognized and
therefore to help in the interpretation of the vari-
ations of resistivity in the geophysical survey. The
analysis of the four electrical-sounding curves
shows that, overall, there is a resemblance between
them. The number of layers highlighted is the same
for the two first and last soundings.

In order to attribute to each layer, the corre-
sponding geological formation, we relied on the
range of electrical resistivity corresponding to each
geological formation that we could measure inde-
pendently for each of these formations. The corre-
lation between these values, the geology of the
region, and the average geoelectrical resistivity of
these formations made it possible to highlight four
formations for the VES1 and VES2 surveys.

The interpretation of the measurements of VES1
and VES2 curves indicates five successive resis-
tivity ranges:

e (0-2.5 m: Glacis coverage with average resistivity
values from 13 to 14 Qm in both curves.

e 2.5-5 m: Marly material characterized by appar-
ent electrical resistivity values lower than 4 Qm
in both curves.

e 5-10 m: Higher resistivity layer, linked to the
presence of a cavity filled with solid sediment
within the marl, it is the same observation on the
isoresistivity map (figure 9b) within the conduc-
tive marly layer, the resistivity value of this
formation varies between 40 and 42 Qm.

e 10-21 m: A second conductive layer of marl with
a lower resistivity value lower than 4 Qm.

e from 21 m: Very high resistivity value attributed
to the appearance of the conglomeratic roof, a
resistant formation showing values that can go
up to more than 1000 Qm, if they are compact
and solidified.

The quantitative interpretation of this survey
provides information on the electrical distribution
of the study area up to almost 20 m deep. The two
curves processed by pyGIMLIi are more identical to
the month with the first two curves, the RMS
values are set at 3%. The proposed models
(figure 9) globally show four ranges of resistivities.
They oscillate between 1 and 40 Qm. They decrease
from the surface where resistivities of the order of
14 Qm are recorded down to a depth of 3 m where
they rise to more than 4 m. This increase is mainly
related to the presence of the cavity filled with
more consolidated sediment included in the marly
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matrix which constitutes the most extensive base-
ment of the site. Rainwater promotes the dissolu-
tion of gypsum concretion within the marl and
causes the filling of these empty cavities by solid
slope materials, hence the appearance of these
resistive anomalies.

4.3 ERT and BERT modelling results

The two algorithms used in this article are mar-
ginally different inversion parameters for process-
ing the data, therefore only allowing qualitative
comparison. The datasets were processed by
RES2DINV with a non-linear optimization tech-
nique for determining 2D resistivity distribution
(Griffiths and Barker 1993). The least-squares
equation for the inversion was solved using the
standard Gauss—Newton optimization technique to
reduce the apparent resistivity differences between
the measured and calculated pseudo-sections (Loke
and Barker 1996). The iterations continued until
the data converged and the appropriate damping
factors for the inversion were selected based on the
estimated noise level on the measured data to
reduce iteration count, by estimating the best
damping factor that provides the least root mean
square error. The damping factors for the datasets
ranged from 0.02 to 0.15. The BERT inversion is
based on a smoothness-constrained Gauss—Newton
inversion described by Gunther et al. (2006).
Additionally, the inversion specifies several mea-
sures of data fit in order to fit the data better, the
regularization parameter is decreased using
LAMBDA=5, and the inversion algorithm was
allowed to continue until the RMS convergence
limit of 3% was reached. The inversion output
parameters, including the number of iterations,
RMS error, and the initial and the final chi-square
fit are listed in table 1.

The ERT profiles acquired in the study area
aimed to characterize the near-surface geology and
to help infer the presence of potential landslide
form, cavities, and voids and as a result explain the
presence of the evidence on surface of the occur-
rence of cracking and soil subsidence phenomena.

In that way, the showed 2D electrical sections
from ERT P1 profile (figure 1la), which was
obtained with a very acceptable root mean square
error (RMSE) of 2.6%, reveal two distinctive ran-
ges of electrical resistivity values featuring two
different resistive regions. The first region consists
of a resistive layer, showing resistivities <30 Qm

J. Earth Syst. Sci. (2023)132 107

Table 1. 2D inversion utilizing BERT, showing the number of
iterations, chi-square, and RMS error displayed.

Inversion chi? RMS

iteration (initial and final) (%)
BERT P4 4 10.15/0.6 3.02
BERT P5 6 50.96/1.35 3.03
BERT P6 6 36.11/0.63 3.02
BERT P7 ) 24.05/0.5 3.02
BERT P8 4 12.17/0.76 3.01
BERT P9 3 14.52/0.47 3

with a thickness ranging from a few decimeters to
less than 3 m, is referred to as the glacis colluvial
cover. Conversely, the second region is constituted
by a more conductive and predominant horizon
with resistivities ranging from 5 to 12 Qm
(figure 1la). This conductive layer is associated
with late Pliocene green marl-bearing material,
which is dominant in this electrical section. Addi-
tionally, a very delimited round-shaped resistive
anomaly appears at the upper-left side of the
electrical section (figure 11a), which is assumed to
be a near-surface cavity explaining the presence of
significant cracks outcropping on surface.

The ERT P2 electrical section (figure 11b)
emphasizes three distinct resistive areas associated to
different geologic formations. Thus, it is distinguish-
able that a more widespread surficial and resistive
layer associated to the colluvial cover unit charac-
terized by high resistivity values, approximately
above 30 Qm, and reaching a maximum depth of 4 m.
Then, a second conductive layer is illustrated, which
is associated to the marly horizon, whose thickness is
variable ranging roughly from 6 m, in the middle, to
12 m, in the westmost part (figure 11b). This con-
ductive layer spotlights two relatively resistive
round-shaped zones, which are interpreted as two
near-surface cavities or areas subject to dissolution
processes. The third electrical layer corresponds to
the conglomeratic formation presents at 10 m depth
and is characterized by the highest electrical values
ranging from 30 to 100 Qm.

The 2D electrical section, from ERT P3 profile,
was generated with an RMSE of 1.9%, defining the
inversion process as valid (figure 11c). This elec-
trical section shows two predominant and resistive
layers: surficial glacis deposits covering the surface
up to 4 m depth, and conglomerates appearing on
the right side of the electrical section from a depth
of 5 m. Also, it is distinguishable on the electrical
section (figure 1lc) a more conductive layer
attributed to the marl-bearing formation,
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Figure 11. 2D electrical sections from: (a) ERT P1, (b) ERT P2, and (c) ERT P3.

indicating a decrease in the thickness of this for-
mation to the north.

Figure 12 depicts electrical sections from ERT
P4 and P5 profiles, respectively, laid out perpen-
dicularly to the previous ones, following the
NNW-SSE direction (figure 5). The ERT P4 elec-
trical section (figure 12a) shows an extended and
surficial resistive layer that, as it was mentioned
above, represents glacis deposits. In contrast, from
4 m depth appears a conductive layer characterized
by electrical resistivity values between 2 and 10
Qm. This conductive layer would correspond to
green marl deposits. On the other hand, following
the same tendency as discussed previously, a highly
resistive layer is attributed to hard conglomerates
formation. This more resistive layer thickness
varies along the electrical section depending on its
geometry, also revealing a dipping-shaped struc-
ture oriented towards the south, marked on the
electrical section (figure 12a).

ERT P5 profile was carried out overlapping VES
positions. The ERT P5 electrical section illustrates
a similar distribution of resistivity values to those
examined from the previous profile. In fact, this
electrical section similarly shows the same

extended surficial resistive layer associated with
glacis deposits. Also, a second conductive layer,
showing resistivity values ranging from 2 to 8 Qm,
is distinguishable in the section and attributed to
Late Pliocene marls formation. Unlike the previous
electrical section, this electrical section presents an
elongated resistive anomaly embedded in the con-
ductive layer, which is interpreted as a possible
near-surface cavity filled with loose sediments
because of dissolution processes. Indeed, the posi-
tion of this anomaly coincides perfectly with the
position of a similar elongated structure obtained
in the isoresistivity contour maps for an AB/2
spacing between 60 and 80 m (figure 9). Moreover,
ERT P5 electrical section might infer a fault
(marked on the section), which would explain the
verticalization of Pliocene conglomerates and the
deformation of Quaternary glacis deposits of the
study area. This interpretation agrees with in-field
geologic observation as well as previous works by
Charroud et al. (2006) on the southern slope of
Tghat, whose work demonstrated a more recent
tectonic activity.

The ERT P6 electrical section was obtained with
an RMSE of 3%, meaning that the inversion-based
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Figure 12. 2D electrical sections from: (a) ERT P4 and (b) ERT P5.

process fitting was appropriate (figure 13a). Simi-
larly, this electrical section shows the three
electrical layers attributed to the three main
formations of the study area in terms of actual
resistivity values. A first electrical layer corre-
sponding to a surficial and widespread zone of high
resistivity values extended downward till 4 m
depth and attributed to the glacis unit. Then, a low
resistivity layer is associated with the marl bearing
formation, whose thickness increases to the south.
This conductive layer reveals the presence of a
relatively high resistivity anomaly, like the previ-
ous one observed in ERT P5 (figure 12b). Simi-
larly, this embedded anomaly might infer the
presence of a near-surface cavity filled with
loose sediments. Moreover, the conglomerate
deposits influence the electrical values, giving
rise to the same observed dipping-shaped
structure forward to the south, similarly
observed in ERT P5 and P6 sections. Thus,
this consistency in the type of anomaly pattern
supports the suggestion of a particular south-
oriented tectonic compressional regime exerted
by the South-Rifin Fault.

The ERT P7 electrical section was generated
after inversion processing with an RMSE of 6.9%,

somehow validating the suitability of the data.
This ERT profile was laid out to identify lateral
variations due to the presence of near-surface voids
within the marly formation at positions located
further from ERT P4, P5 and P6 profile set-up
(figure 5). As mentioned, this electrical section
follows the same pattern in terms of electrical
layers, in which the presence of the marl formation
contributed to producing the most conductive
layer, whose electrical resistivity values are
roughly below 20 Qm. This conductive layer does
not show evidence of any void occurrence in terms
of electrical resistivity anomalies, which is consis-
tent with the absence of cracks or subsidence
phenomena on the surface in this part of the study
area. Also, the most surficial resistivity layer,
which is laid out along the whole electrical section
with a thickness of about 3—4 m, is associated with
the glacis cover deposits. Similarly, the most
resistive layer is associated to the hard conglom-
erate formation, characterized by electrical resis-
tivity values above 50 Qm. The thickness of this
electrical layer is variable depending on the geo-
logic geometry, which shows a sinking structure
towards the south, keeping the consistency of this
aforementioned tendency.



J. Earth Syst. Sci. (2023)132 107

Page 15 of 21 107

Elev.
500.0

0.0

RMS error = 3%

495.0
490.0

(a) 4850
480.0

4750
w00/  Dipping interface
465.0
N .. D -

1.00 3.00 7.00 15.0 250 45

Resistivity in ohm.m
Elev.

505.0- RMS error = 6.9%

0.0
500.01

495.04
490.0
(b)485 0
480.04
475.04
470.04

465.04

Resistivity in ohm.m

ERT P6
N-S

Cracks occurrence
on the surface

Electrode spacing 2.0m

N-
ERTP7

Electrode spacing 2.0m

Figure 13. 2D electrical sections from: (a) ERT P6 and (b) ERT P7.

ERT P8 and P9 profiles constitute a combined
ERT profile, named ERT P8 and P9 roll-along
profile, in which the ERT P9 profile is an exten-
sion of the ERT P8 profile (figure 5). These
profiles were set up based on the geological
inspections of the study area and the findings
from previous research (Charroud et al. 2006).
These findings indicated that the conglomerate
horizon takes a more horizontal position down-
stream of Tghat Mountain and geologic inspec-
tions suggested the presence of a bulging between
the upstream and downstream of the mountain.
Figure 14(a) depicts the ERT P8 electrical sec-
tion obtained with an RMSE of 3%, giving
validity to the processed data. The presence of
the three typical electrical levels for the study
area already mentioned is associated with dis-
tinct geological formations described above. ERT
P8 electrical section also reveals a dipping elec-
trical interface inferring the dipping conglomer-
ate formation at this point, already observed on
those previous ERT profiles coincidently with the
same orientation.

On the other hand, the ERT P9 electrical sec-
tion, obtained with an RMSE of 2.2%, shows a
horizontally layered arrangement of the main three
electrical layers. The surficial resistive layer

associated with glacis cover deposits presents
greater thickness than that observed on the
northern electrical sections (up to 5 m)
(figure 14b). The latter is explained by the location
of this profile, which was situated downstream to
the south (figure 5), and the accumulation of more
sediment transported and settled by runoff and
erosion phenomena. Furthermore, it can be
observed the starting of a horizontal high resistive
level at a depth of 18 m, which is attributed to the
conglomerate formation presence.

For BERT modelling results, we chose to process
inversion only for profiles that display the
appearance of a landslide shape, namely from
BERT4 to BERT9. All the resulting tomograms
are shown in figure 15 with the once inverted with
RES2DINYV, for a more comparative presentation.
The inversion is performed using the invert func-
tion of the ERTManager class, which includes
several optional parameters to control the beha-
viour of the inversion. In this case, the inversion is
being performed with a regularization parameter of
LAMBDA=5, a maximum cell size of 1, a bound-
ary parameter of 0, a depth parameter of 30, and a
weight parameter of 0.4. The BERT profiles have a
chi-squared misfit close to one, and the same
reduced regularization value for all profiles to
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Figure 14. 2D electrical sections from: (a) ERT P8 and (b) ERT P9.

improve data fit, resulting in a relative rms error of
about 3% for all profiles (table 1).

The form of landslides can be observed on the
following profiles: BERT4 (figure 15) which has a
superficial resistive horizon throughout the profile
with a resistivity range greater than 100 Qm and a
second more resistant horizon with a resistivity
range greater than 150 Qm, which is correlated
with the hard conglomerates showing a type of
sliding form to the south. The landslide is
approximately 5—25 m deep. This profile highlights
the lack of a true transition plane between glacis
and conglomerates. Finally, the marly formation is
a homogeneous and conductive layer that occupies
the entire zone to the south and has resistivity
values less than 10 Qm.

The BERTS5 profile has three distinct horizons
(figure 15): The first resistive zone with values
greater than 100 Qm, formed by cover glacis, is
wider in the north and thins in the south (less than
1 m deep). The second zone is located in the cen-
tral and southern part of the profile, shown in blue
colour on the profile, these are homogeneous and
conductive marls displaying resistivity values less
than 10 Qm. Further south a resistive anomaly
close to the surface is very clear on the profile, this

anomaly is attributed to a cavity resulting from
gypsum dissolution and filling by materials of the
slope more solid than the conductive encasing
marly layer, the same anomaly was highlighted in
the ERT P5 (figure 12). The third formation is the
conglomerate deposits, which are found further
north and are a denser and more resistive horizon
with values greater than 150 Qm exhibiting the
same type of sliding towards the south.

The profiles BERT6 and BERT7 (figure 15):
have nearly the same distribution of the three
formations already described in the study area,
starting with a resistive layer along the length of
the two profiles, followed by a marly conductor and
homogenous layer displaying resistivity less than
10 Qm, and finally, the most resistive layer (greater
than 150 Qm) attributed to the hard and dense
conglomerates showing the sliding form toward the
south.

For the BERTS8 profile (figure 15): we notice the
presence of the same lithological arrangement
described in the previous profiles, but we also
notice the presence of tiny conductive zones and of
enlarged shape on the upper left side, between the
two resistive formations of superficial glacis and
the conglomerate layer, which could be explained
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by the presence of internal water content. These
conductive zones could be associated with the most
active part of the sliding mechanism. Moreover,

the presence of water has a significant influence on
the triggering of the landslide process and, as a
result, the creation of slope instability.
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The BERT9 profile (figure 15): on the other
hand, shows the three main electrical layers
arranged in horizontal layers, similar to the ERT
P9. This profile demonstrates a strong electrical
contrast between the high resistivity values of the
cover material and those of the conductive marls
below. The superficial glacis layer, which has
resistivity values around 100 Qm is thicker than
the other profiles (up to 5 m deep), this layer is
followed by a second marly level that is homoge-
neous and conductive. Then, at a depth of 18 m,
there is a more or less stable ground with increasing
resistivities in depth, which is attributed to the
appearance of the conglomeratic roof.

5. Conclusion

This work was carried out to describe the subsur-
face structure and the detection of possible near-
surface voids and cavities in the Tghat-Oued Fez
area, Morocco, by means of two electrical-based
geophysical techniques: electrical resistivity
tomography (ERT) technique and vertical electri-
cal sounding (VES) technique. VES-based survey-
ing enabled qualitatively distinguishing different
subsurface rock units based on their apparent
resistivity property contrasts. Thus, higher resis-
tivity values were observed along the northern
parts of the isoresistivity contour maps associated
to the hard conglomerate formations. Conversely,
lower resistivity values were identified in the
southern part of the study area attributed to marl-
bearing formations. In the study area, the potential
void occurrence has been associated with marl-
bearing formation because of dissolution processes.
VES surveying highlighted near-surface resistive
anomalies embedded into the marl-bearing con-
ductive layer attributed to these void occurrences
supported by some evidence of cracks and subsi-
dence phenomena observed on the surface.

On the other hand, the two free inversion
software packages tested were capable of resolving
the fundamental issues. pyGIMLi and BERT could
also be useful for inverting and modelling geoelec-
trical data, producing results comparable to
well-known processing software. The electrical
resistivity tomography technique enabled the
qualitatively identifying the different geological
formations in terms of actual resistivity values
associated with those formations. The predominant
formations inferred from ERT surveying in the
study area were surficial glacis cover deposits,
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characterized by moderate resistivity values, marls
bearing formations, defined by more conductive
values, and hard conglomerate formations associ-
ated with the most resistive values. Also, ERT
enabled to infer the geometry of those geological
formations, and interface positioning such as a
lateral variation of materials, faulting, etc. The
placing of different inferred formations by ERT
coincides with that one derived from the VES
technique. In line with the VES findings, the ERT
survey enabled us to identify, as well, some resis-
tive anomalies, attributed to void occurrences, into
the more conductive layer associated to marls-
bearing formation. Again, these void occurrences
are supported by surficial cracks and subsidence
phenomena outcropping on the surface.

It is worth noting that this research is still in
progress and, as part of additional study stages,
before further urban development, is planned to
undertake boreholes campaigns, along with a seis-
mic refraction tomography and ground penetrating
radar survey, whose timing would depend on final
budgetary decisions. These planned boreholes and
surveys would be addressed on the inferred sliding
form and void positions enabling a more precise
knowledge of the internal geologic structure of the
area under urban development planning.

Overall, it can be stated that electrical-based
geophysical methods are promising non-invasive
tools because of the wide coverage, quick data
acquisition, and effective cost, which support other
complementary and more invasive techniques.
These techniques could be used successfully to
delineate and map subsurface cavities and land-
slide areas that might have an important impact on
essential infrastructures, or buildings planned to be
undertaken in those void-prone areas.
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