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Abstract - In this study, an integration of Electrical Resistivity Tomography (ERT) and Time-Domain Electromag-
netic (TDEM) methods have been used to investigate the superficial deposit characterization at Al al-Bayt University
area. ERT and TDEM results helped to delineate the subsurface geology, and to map soil and basalt flow thicknesses
as well as subsurface geological structures. Superficial deposit thicknesses were found in the range of 9 to 16 m,
whereas the underlying basalt flow thickness was found to vary from a few meters in the western part to more than
60 m in the most eastern part of the studied area. The ERT results permitted a subsurface lithology characterization
of the upper 35 m below ground surface (mbgs), the soil/superficial deposit resistivity was found in the range of 5—
40 Ohm.m, and thickness within 12—15 mbgs. The TDEM results permitted mapping and delineating the subsurface
geology up to 80 m, and allowed mapping the main subsurface structures. The soil/superficial deposits have resistivity
in the range of 10 to 90 Ohm.m and the thickness in the range of a few meters up to 15 m. The study recommends a
detailed geophysical study before starting any type of geo-engineering construction.
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INTRODUCTION Traditional and modern geophysical tech-

niques have presently been very common and

Background

The Al al-Bayt University has a large surface
area that is continuously under construction and
expansion. It is essential to study the properties
and structures of the soil foundation, to delin-
eate the depth to bedrock, and to map the spatial
variations of soil thickness to support urban and
constructional expansion plans of the university
buildings by using geophysical methods.

considered as an effective tool to explore the
subsurface features for different applications.
For instance, geotechnical engineering, envi-
ronmental groundwater aquifer characterization
(Nugraha et al. 2021), mineral explorations, and
geomorphology that include sediment thickness.
Geophysical exploration methods have acquired
great importance, because they are nondestruc-
tive and reliable, and are often less expensive
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compared to other methods such as drillings,
fast field application, and high resolution data
collection in short time (Otto and Sass, 2006;
Al-Amoush and Mashagbeh, 2009; (Farid et
al. 2021).

The Electrical Resistivity Tomography (ERT)
technique is used in shallow applications around
tens of meters, while the Time Domain Electro-
magnetic method (TDEM) technique is used for
deep applications around hundreds of meters,
and it can detect layers of different conductivities
(McNeill, 1994; Christiansen et al., 2006; Rangel
et al., 2018). The ERT method is considered as
a strong tool to study subsurface geological fea-
tures for different engineering, geotechnical, and
environmental applications (Al Amoush and Abu
Rajab, 2018; Olasunkanmi et al., 2021). In addi-
tion, it could characterize sediment deposits and
map recent deposits, as well as map the depth to
bedrock. It can be used to map the thickness of
the sediment covering bedrock (Hsu et a/., 2010;
Sauret et al., 2015; Al-Amoush et al., 2017). The
TDEM method measures the difference of electri-
cal conductivity in the subsurface. It has widely
been used in hydrogeological exploration and
geological mapping applications such as mapping
sand, gravel, clayey layers, and depth of bedrock
(Al Amoush et al., 2016). There is a strong rela-
tionship between electrical conductivity and soil
properties. TDEM techniques are useful tools for
soil mapping at different depths (Danielsen ez al.,
2003; Thomsen et al., 2004; Bauer-Gottwein et
al.,2010; French, 2011).

Studying soil characteristics, soil thickness,
and elastic properties of soil in different parts
of the world have been the focus of multiple
geophysical studies. For instance, Diallo ef al.
(2019) used Electrical Resistivity Tomography
(ERT) method in Canada in order to character-
ize the subsurface stratigraphy, mapping bedrock
topography, and determine overburden thickness.
Al-Heety and Shanshal (2016) used ERT and
Seismic Refraction Tomography (SRT) to study
subsurface strata in Mosul University, Iraq, to
produce subsurface geological feature maps and
soil property maps. Ghanem et al. (2021) used
multi-analysis shear wave (MASW) and seismic
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refraction tomography (SRT) to investigate su-
perficial deposits at Al al-Bayt University, Jordan.
Porsani et al. (2012) used the TDEM method and
borehole data in Brazil, to a geoelectrical map-
ping of sedimentary, basalt layers, and geological
fractures.

In this study, an integration of geophysical
methods composed of Electrical Resistivity
Tomography (ERT) and Time-Domain Electro-
magnetic (TDEM) methods have been conducted,
to investigate the superficial deposits and soil
characterization in Al-al Bayt University and its
surrounding areas. ERT and TDEM methods were
used to delineate the subsurface geology and to
map soil and basalt flow thicknesses as well as
the subsurface geological structures.

Researched Area

Al al-Bayt University covers an area of about
7.539 x 10° m? (https://www.aabu.edu.jo). It lies
between 238826 to 243626 E and 3582320 to
3578820 N according to Universal Transverse
Mercator (UTM) coordinate system (Figure 1).
It is located in Mafraq Governorate, northeast
Jordan. Jordan with a surface area of 89.400 km?,
is characterized by a Mediterranean climate and
considered as an arid to semi-arid region. The
annual precipitation is 300 mm, rainfall is erratic
in both spatially and temporarily (Al-Kloub and
Al-Shemmeri, 1995; Jaradat et al., 1999; Baban
and Al-Ansari, 2001; Qdais and Batayneh, 2002;
Afonso et al., 2004; Al-Momani, 2008; Abdulla
and Al-Shareef, 2009; Ministry of Water and Ir-
rigation (MWI), 2016). Figure 2 shows the geo-
logical map of the studied area. The studied area
is composed of superficial deposits (Quaternary
age), and consists mainly of two soil types: the
red soil and the desert soil (Smadi, 1997; Ghara-
ibeh, 2003).

METHODOLOGY

The adopted methodology used in this study
is illustrated in the flowchart shown in Figure 3.
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Figure 1. Location map of the studied area (Al al-Bayt University and its surrounding areas).
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Figure 2. Simplified geological map of the studied area (Modified after Smadi, 1997; Gharaibeh, 2003).

Subsurface Geological Mapping

To review and to understand the surface and
subsurface geological setting of the studied
area, the following data resources have been
collected, reviewed, and investigated, i.e. sur-

face geological map of the studied area (Smadi,
1997; Gharaibeh, 2003) and groundwater well
logs inside and outside Al al-Bayt University
area (MWI, 2018) and available geoengineering
borehole logs.
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Figure 3. Flow chart displays the adopted methodology used in this research.

Geophysical Survey
Electrical Resistivity Tomography

The direct current (DC) or very low frequency
resistivity technique is used to measure the
subsurface resistivity (p). This method is widely
used because of its relatively easy principle and
interpretation. The fundamental principle of
the method is relying on injecting an electrical
current into the subsurface by a pair of current
electrodes (C1 and C2) and measuring the
potential difference (AV) between another two
pairs of potential electrodes (P1 and P2). The
current electrodes (C1, C2) act as a source and
sink, respectively (Lowrie, 2007).

The ground apparent resistivity (p,) is given

as:
-1
pa=2nX 1 1 N 2 Ll )
1 |C1P1 PIC2 CIl1P2 P2C2
where:

1 is the electric current measured in Ampere,
(v) is voltage.

The calculated apparent resistivity depends
on injected current (1), the voltage (v) measured,
and the geometrical factor (K) (Reynolds, 1997).
Apparent resistivity measurements are then
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inverted to produce models of the subsurface
geology based on its electrical properties
(deGroot-Hedlin et al., 1990; Wolfe et al., 2000).
The inverted models can be used to delineate and
to identify the subsurface features such as bedrock
depth, fracture zones, conductive, resistive zones,
and lithological units (Benson et al., 1997;

Dawson et al., 2002).

Data Acquisition and Processing

In the present study, six 2-D ERT profiles have
been used (Figure 4). The 2-D electrical resistivity
tomography surveys were performed with
lengths of 240 m, using a multichannel system
contained 48-electrode. The spacing between
every two adjacent electrodes was 5 m. The multi-
channel system automatically operates once to
identify the type of electrical con-figuration and
geometrical parameters.

The SYSCAL Junior Switch (IRIS Instru-
ments) resistivity meter was used for resistivity
measurements. The Dipole-Dipole electrical
electrode configuration was selected. This
configuration is characterized by its high
resolution for detecting vertical and horizontal
variations (Loke, 2014). The device is controlled
by an internal microprocessor together with a
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Figure 4. Location map of geophysical measurement ERT, TDEM, and TDEM cross-sections.

switching unit for automatic to record hundreds
of resistivity measurements independently (Loke,
2014). Electrical resistivity tomography (ERT) is
commonly used using twenty-four electrodes or
more, attached to multicore cable (Griffiths and
Barker, 1993; Reynolds, 2011).

Resistivity measurements are recorded
and saved in the SYSCAL resistivity meter
device automatically after instrumentation and
field setup. The sequence of measurements,
for example, electric current duration, survey
parameter, and type of configuration can be set
manually in the field or preliminary prepared, and
uploaded to the laptop microprocessor system
(Al-Amoush et al., 2017).

ELECTRE PRO (V02.03) software (Iris
instruments, 2007) was utilized to produce the
measurement sequence. PROSYS 11 (V03.07.05)
was used to access, to edit, and to filter the stored
data after completion of the field survey, and
RES2DINV version, 3.71 (Loke, 2014) modeling
software was used to produce inverted resistivity
models for measured data. The topography
change in the investigated sites is very small, so
the topographical corrections was not applied to
resistivity measurements.

Time Domain Electromagnetic (TDEM)

A model of TDEM array is made up of a
transmitter loop and a receiver coil, generating
a very strong current (from 1 to 20 Ampere) by

battery or by a motor-generator, and injecting
current into a square loop (commonly single turn)
by a wire put on the surface and immediately
linked to the transmitter. The transmitter current
is a modified symmetrical square wave (Ranieri,
2000).

After each second quarter-duration, the
transmitter current is abruptly decreased to zero
for the one-quarter duration, thus it flows in the
reverse trend. A voltage pulse is recorded in a
receiver loop during the current is switched off.
The receiver loop can be coincident or inside the
transmitter loop. The required depth of the study
equal to about the side length of the loop. The
loop aspect varies from a few meters to hundreds
of meters. According to Faraday law, when the
process of sudden decreasing transmitter current
to zero induces a small period voltage pulse in
the subsurface, this leads to the loop of current
to flow in the direct proximity of the transmitter
wire (Ranieri, 2000).

Directly after the transmitter direct current has
been turned off, the current loop passes into the
subsurface directly below the transmitter and on
account of finite resistivity of the subsurface, the
current amplitude begins to decay. In the same
way, the decaying current produces a voltage
pulse, which allows more current to flow at a
greater distance from the transmitter loop and
therefore at a greater depth (McNeill, 1994).
The decaying signals measured at several delay
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times are then transformed into one-dimensional
resistivity of the ground (McNeill, 1990;
Nabighian and Macnae, 1991).

To determine the voltage generated by the
decaying magnetic field at the receiver coil at
successively later times, measurements are made
ofthe current flow and of the electrical resistivity
of the subsurface at increasingly depths, and
it is this process that forms the foundation of
resistivity (McNeill, 1994).

TEM-FAST 48HPC instrument (Advanced
Electromagnetic Research (AEMR) (AEMR,
2013) is a very effective tool to study shallow
subsoil and hydrologic electromagnetic properties
by measuring them through a short time after the
transmitter current is switched off (Ranieri, 2000).

Data Acquisition And Processing

Seventeen TDEM sounding points were
conducted in the studied area (Figure 4). TEM-
FAST 48HPC instrument system (AEMR, 2013)
which includes a transmitter-receiver controller
and managed by the HP-IPAQ pocket system was
used for data collection. A single turn of 50 m x
50 m loop was used to get a sufficient penetration
depth around one hundred meters. The system
used twelve voltage batteries with forty-eight
active time gates (15,360 ps - t centre) to produce
an electrical current up to 4 Ampere, and the
system was set up for a 50 Hz notch filter. The
measurement recording time was set for seven
minutes which achieved a maximum transient
delay time of one millisecond.

TEM sounding data were processed to
provide 1-D resistivity model with depth. Several
processing steps were conducted before inversion
and included editing, smoothing, and accounting
for induced polarization (IP) and Supermagnetism
(SPM) (Barsukov et al., 2007). The 1-D and 2-D
apparent resistivity cross sections were obtained
by a transformation procedure provided by
TEM-RES Software (AEMR, 2015) based on
the normalized voltages (£ (¢) / 1) (Barsukov et
al., 2007).

The building of apparent resistivity cross
section p(¢) can be done using transformation
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procedure. The trans-formation follows the direct
procedure of Barsukov et al. (2007:

E(f) /1= p(£) = p(h) -eeeeevemeeseeeemrecinicinnnns (3)

Based on the quality of the TEM data, they
were subjected to filtering procedure and noise cut
off before modeling and inversion steps. The data
were examined for the SPM and IP effects. The
sites of TEM measurements were selected to be
far from any type of electromagnetic noise such
as electric power lines or any artificial objects
and constructions. The transient response shows
a high signal to noise (S/N) ratio.

In general, the 1-D modeling result provides
a reasonable representation of the true resistiv-
ity model. A 3-D effects can influence the 1-D
model in the case of a lateral geological contrast
is overcome. The root mean square (rms) of the
final data misfit was < 5%. This is an indication
that the obtained TEM measurements are of high
quality. The root mean square (rms) for ERT
was less than 15.4%. Different 2-D pseudo- and
inverse resistivity sections from 1-D sounding
resistivity were obtained, and helped in interpret-
ing reliable TDEM measurements and defining
the subsurface geological structures. The ERT
survey is designed so that it is possible to record
785 point measurement (quadri-poles) arranged
over twenty-five levels below earth surface, and
with apparent investigation depth of 32 m.

RESULTS AND DISCUSSIONS

Subsurface Geological Cross Sections

Figure (5) shows the surface geological
map of the studied area, and an E-W geological
cross-section crossing the studied area has been
constructed. Two lithological correlation sec-
tions between the groundwater well logs in the
studied area have been performed (Figure 6). In
cross section 1, the superficial/soil deposit layer
was found in all groundwater well logs except
well AL1484 and well AL3082 (Figure 7). The
superficial deposit thickness increases in the



The Use of Electrical Resistivity Tomography and Time Domain Electromagnetic Methods to Investigate
the Superficial Deposits at Al al-Bayt University/Jordan as a Case Study (F. Ghanem et al.)

Legend

s Soil

Bd  Basaltic Dyke

- Fahda Vesicular Basalt
EEE Abed Olivine Basalt

'ASL.  Amman Silicified Limestone

Amman Silicified Limestone
/Al Hisa Phosphorite

‘West East
WG Wadi Umm Ghudran

WSL  Wadi as Sir Limestone

A Fault

E] Lineament
Study Area
Sty Are [ Jomay
[ 1 Al 3468 Well
Al 3468 T III
: Top Soil

Basalt

Chert, Marl and Limestone
(a)  Geological map
()  Geological cross-section (A-A)

Figure 5. a. Simplified geological map of the studied site and its surrounding areas (Smadi, 1997; Gharaibeh, 2003); b.
Geological cross-section (A-A) deduced from the geological map, correlated with (Al 3468) well log (Ministry of Water

and Irrigation (MWI, 2018).

Legend

©  Welllogs

= Study area
=1 NW-SW subsurface geological cross section A
=

W-E subsurface geological cross scction

Figure 6. Lithological cross section locations and extensions.

Al al-Bayt University

Figure 7. NW-SW subsurface geological cross section between groundwater well logs across the studied area.

361



Indonesian Journal on Geoscience, Vol. 9 No. 3 Desember 2022: 355-369

middle of the section, and reaches to about 20 m
decreasing into SE direction. Basalt flow layer
was found along the cross section-1 (Figure 7). Its
thickness was found to be in the range of 25 m in
AL3467 to 75 m in AL1484 log. Figure 8 shows
a lithological correlation of the groundwater well
logs in the western part of the studied area. The
results show the superficial deposit layer exists
in all well logs, except AD1136, AD1142, and
AL3082 wells. While there is no basalt flow layer
across this section.

Soil and Basalt Flow Thickness Contour Maps

The thickness of topsoil layer deposit and
basalt flow layers in each groundwater well logs
in the studied area has been extracted, and a
contour map for top soil and basalt layers were
created using Kriging interpolation method within
ArcGIS10.3 environment.

Al-Mafraq City

The results are presented in Figures 9a and
9b, respectively. The soil thickness is ranging
from a few meters in the most western and
southwestern parts of the studied area to more
than 15 m in NNW part of the studied area (Fig-
ure 9a). As for the basaltic flow layer (Figure
9b), the thickness of basaltic flow layer ranges
from a few meters in the most western parts of
the studied area to more than 60 m in the most
eastern part.

Electrical Resistivity Tomography (ERT) In-
terpretation

Figure 10 shows the results of 2-D resistivity
models correlated with available borehole logs
in the studied area. The soil/bedrock boundary
as deduced from soil thickness map of the stud-
ied area (Figure 9a) was correlated and overlaid
the different ERT tomograms, and found to be

Al al-Bayt University

SE

AD 1163

AL3082

Figure 8. W-E subsurface geological cross section between well logs, west of the studied area. No superficial deposits (soil
profile) were in the most western parts of the cross section, and it increases in an easterly direction.
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highly correlated with the base of low resistiv-
ity layer (Figures 10a-f). The base boundary of
basalt layer deduced from the basalt contour
map (Figure 9b) was also well correlated with
ERT tomograms (Figure 10). The results show a
good correlation in ERT-3 and ERT-6 tomograms
as indicated by distinctive resistivity contrast
(Figures 10c and 10f). Two principle geoelectric
resistivity layers were identified in the surveyed
area. The first top layer consists of superficial
deposits layer that has resistivity in the range
of 5-90 Ohm.m, with the thickness of 12-15 m,
found in all resistivity models (Figure 10). The
second layer is correlated well with weathered
basaltic layer. It has resistivities in the range of
150-1500 Ohm.m and the thickness of 17-22 m
as shown in ERT-1, ERT-2, and ERT-5 (Figures
10a, 10b, and 10e, respectively). This layer
characterized by low resistivity values (7 -30
Ohm.m) and thickness of 18-20 m in ERT-3,
ERT-4, and ERT-6 tomograms (Figures 10c, 10d,
and 10f, respectively). The low resistivity values
for the second layer was attributed to the effect
of water infiltration from irrigation activities in
these locations. Moreover, the second subsurface
layer has large lateral variations of resistivity (60
-1800 Ohm.m) (Figures 10b and 10d), and this is
properly due to the lithological variations and/or
due to a potential fault structure.

Time-Domain Electromagnetic (TDEM) /n-
terpretation

Seventeen TDEM sounding points have
been conducted in the studied area (Figure
4). The sounding TDEM-16 was conducted
adjacent to AL3468 well which is located at a
310 m to the NW away of TDEM-16 for cali-
bration purposes (Figure 11). The results show
a good correlation between the boundaries of
lithological units shown in the well log and the
geoelectric layer boundaries as indicated by
1-D TDEM model. The results indicate that the
topsoil layer is characterized by low resistivity
values. The limestone and chert layers show an
intermediate resistivity of around 100 Ohm.m.
The basaltic flow layer shows high resistiv-
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Figurell. Correlation and comparison of AL3468 well log
with inverted TDEM-16 model.

ity values (100 to >1000 Ohm.m). While, the
most bottom marl layer was correlated with
intermediate resistivity values. Consequently,
this litho-resistivity relationship was used as a
guide for interpretation the other 1-D and 2-D
modeling results done in this study. The RMS
error was in the range of 1-3.3 %. Figures 12
and 13 show 2-D geoelectromagnetic sections
(TDEM-1 and TDEM-2). The TDEM sections
were calibrated with the adjacent groundwater
well log. The 2-D modeling results show that
the resistivity is ranging from about 10 Ohm.m
to higher than 2000 Ohm.m. The soil thickness
across the cross sections has been picked from
the soil contour map (Figure 9a) and overlaid
on the TDEM sections. The topsoil layer is
characterized by low resistivity values (10 - 70
Ohm.m) and the soil thickness ranges from a
few meters to about 12 m in TDEM-1 (Figure
12). In TDEM-2 (Figure 13), the topsoil layer
is characterized by low resistivity values (10—
90) Ohm.m, and the thickness is ranging from
a few meters to about 15 m in TDEM-2. The
sections also show several potential geological
structural features (faults) as indicated by large
lateral variations in resistivity values.

Integrated Geophysical Interpretation

The obtained 2-D TDEM and 2-D ERT
models were integrated for better understanding
and characterizing the superficial deposits and
subsurface geology in the studied area. Figure
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Figure 12. 2-D TDEM -A-A' correlated with AL3468 well log located at 0.31 km east of TDEM-16. See Figure 4 for TDEM
sections locations.
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Figure 13. 2-D TDEM —B-B’ correlated with AL3468 well log located at 0.31 km east of TDEM-16. See Figure 4 for TDEM
sections locations.
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Figure 14. An integration between the TDEM-AA' model and ERT-6 model.
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Figure 15. An integration between the TDEM-BB' model and ERT-5 model (150 m apart).

interpreted ERT-5 model. ERT-5 model is located
between TDEM-2, TDEM-3, and TDEM-4. The
ERT model is shown in the red rectangle. The
integration shows a good correlation between the
results deduced by both geophysical methods,
especially the subsurface superficial deposits
characterization, layering boundaries, and resis-
tivity distribution.

CONCLUSIONS

In this study, an integration of two geophysi-
cal techniques composed of Electrical Resis-
tivity Tomography (ERT) and Time-Domain
Electromagnetic (TDEM) was performed. The
integration between ERT and TDEM geophysi-
cal techniques was proved to be an efficient
mean for near surface and superficial soil deposit
characterization.

Electrical Resistivity Tomography (ERT)
results permitted a subsurface characterization
with a better resolution over TDEM results of
the upper 35 m below ground surface. The soil/
superficial deposit resistivity was found in the
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range of 5-40 Ohm.m), and the thickness within
12—15 m below the ground surface. A high cor-
relation was found between the results of ERT's
and soil thicknesses deduced from geological log
data. The results of ERT also permitted mapping
the subsurface layering/ boundaries and inferring
some geological lateral variations and/or potential
fault structures.

Time-Domain Electromagnetic (TDEM)
results permitted mapping and delineating the
subsurface geology up to 80 m below the ground
surface. It also allowed mapping the main sub-
surface structures in the area under study. The
TDEM results indicate that the soil/superficial
deposits have resistivity in the range of 10 to 90
Ohm.m, and thickness in the range from a few
meters up to 12 m as shown in TDEM-AA' cross
section and a few meters to 15 m in TDEM-BB'
cross section.

The Electrical Resistivity Tomography (ERT)
method was more efficient method than TDEM
method to delineate the subsurface shallow layer-
ing and delineating the soil/bedrocks and different
underground boundaries.
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