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RESUMEN

Se propone una nueva técnica de modelado fractal, adaptando el modelo de concentracién-numero
(C-N, segun sus siglas en inglés) y el concepto de puntos de ruptura de umbral para interpretar las
medidas de sondeo eléctrico vertical (VES, segin sus siglas en inglés) distribuidas a lo largo de un perfil
dado. En consecuencia, se propone un enfoque semicuantitativo para diferenciar facilmente entre
diversas poblaciones de resistividad aparente, donde se podtfa construir una interpretacion
semicuantitativa bidimensional (2D) y un analisis geolégico preliminar. I.a nueva técnica se aplicé en
un estudio de caso de la region del valle de Khanasser, norte de Siria, donde se interpretaron diferentes
perfiles (LP7, L.LP2, I.P3 y TP5). La idoneidad y viabilidad del enfoque propuesto se confirman y
aprueban a través de diferentes comparaciones entre las secciones transversales establecidas de
multiples fractales y los modelos de interpretacion VES unidimensionales (1D) tradicionales. Se
recomienda utilizar de forma rutinaria este nuevo enfoque fractal propuesto en la investigacion
geoeléctrica para interpretar las mediciones de VES distribuidas a lo largo de un perfil determinado.

PALABRAS CLAVE: Modelado fractal, modelo de concentracién-nimero (C-N), técnica VES, Khanasser
Valley, Siria.

ABSTRACT

A new fractal modeling technique, adapting the concentration-number (C-N) model and the
threshold break points concept is proposed to interpret vertical electrical sounding (VES)
measurements distributed along a given profile. A new semi-quantitative approach is
consequently proposed to readily differentiate between different apparent resistivity
populations, where two-dimensional (2D) semi-quantitative interpretation and a preliminary
geological analysis could be constructed. The new technique is applied and tested on a case
study from the Khanasser Valley region, Northern Syria, where different selected profiles (LLP7,
LP2, 1.P3, and TP5) are interpreted. The suitability and feasibility of the proposed approach are
confirmed and approved through different comparisons between the multi-fractal established
cross-sections and the traditional one-dimensional (1D) VES interpretation models. It is
recommended to routinely use this new proposed fractal approach in geoelectrical research for
interpreting VES measurements distributed along a given profile.

KEY WORDS: Fractal modeling, Concentration-Number (C-N) model, VES technique, Khanasser Valley,
Syria.
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INTRODUCTION

Electrical resistivity investigation techniques are extensively used for several applications, among
others, water exploration to search suitable groundwater sources or groundwater pollution,
engineering prospection to locate sub-surface faults, fissures and cavities, permafrost, etc, and
archaeological mapping to define the extension of buried formations or ancient buildings
(Reynolds, 2011). They are used in those fields to obtain detailed information readily and
economically about the location, depth, and resistivity of subsurface formations. Those electrical
resistivity techniques applied on the surface have proved to successfuly delineate the subsurface
geology and structures (Olasehinde, ¢ a/., 2013).

The traditional Vertical Electrical Sounding (VES) with Schlumberger configuration is an
effective electrical resistivity surveying technique for groundwater exploration (Edwards, 1977
and Zohdy ez al., 1984).

The one-dimensional (1D) quantitative interpretation of the VES measurements allows the real
resistivities and thicknesses to be determined under every studied VES point (Zohdy and
Bisdorf, 1989). The two-dimensional (2D) qualitative VES interpretations are mainly oriented
towards establishing the geoelectrical section and analyzing the resistivity variations along a given
profile laterally and vertically, where the 1D quantitative VES results are used for such a 2D
interpretation. Establishing a 2D interpretation analysis is not an easy task, because every VES
point is solely 1D interpreted without considering the effect of other surrounding VES. In those
conditions, the 2D interpretations along a given VES profile strongly depend on the experience
of the geo-scientist and his geological knowledge of the study region. Such a weakness prevents
giving an accurate and integrated subsurface geoelectrical picture, particularly in geologically
complex areas, and in the area between the interpreted VES along the studied profile.

The Pichgin and Habibulleav method (1985) enhanced by Asfahani and Radwan (2007) is one
of the elaborated mathematical techniques for interpreting VES measurements distributed along
a given profile in terms of a two-dimensional model (2D). It has been successfully applied in
Syria for solving different structural subsurface problems related to groundwater (Asfahani and
Radwan, 2007), and in geo-exploration mining such as phosphate, uranium, sulfur, and bitumen
(Asfahani, 2010; Asfahani, 2011). This 2D method has been recently applied by Al-Fares and
Asfahani (2018) for solving the Abou Barra leakage dam problem in Northern Syria. It was also
applied in the Arbil region for environmental and groundwater contaminations studies (Gardi
and Asfahani, 2018). This 2D technique is oriented towards determining in detail the structural
subsurface along a given VES profile.

A new procedure for the interpretation of VES data with the use of a 1.5D simultaneous
inversion method was proposed by Gyulai and Ormos in 1999. The basic idea of their method
showed that the horizontal changes in the layer thicknesses and the resistivities of the 2D
geological structure can be described by (expanding in series) functions of spatial coordinates.
The coefficients of the basis functions are determined from the VES data by a simultaneous
inversion method using a least-squares technique.

A quick 2D geoelectric inversion method using series expansion was also proposed by Gyulai ez
al., 2010. They indicated that horizontal changes in the layer-thicknesses and resistivities of the
geological structure are discretized in the form of series expansion. The linearized iterative least-
squares (LSQ)) inversion of data provided by surface geoelectric measurements determines the
unknown expansion coefficients. The discretization of the 2D model using series expansion
gives the possibility to reduce the number of model parameters. The resulting inverse problem
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becomes consequently over-determined and can be solved without the application of additional
regularization.

A combined geoelectric weighted inversion was proposed by Gyulai ¢ a/., 2014 for interpreting
VES data for environmental exploration purposes. The 2D combined geoelectric inversion
(CGI) method performs more accurate parameter estimation than conventional 1D single
inversion methods by efficiently decreasing the number of unknowns of the inverse problem
(single means that data sets of individual vertical electric sounding stations are inverted
separately).

Gyulai et al, 2016 used 2.5D CGWI combined geoelectric weighted inversion of VES
measurements for characterizing geoelectrically the thermal water aquifers. According to their
technique, which uses the joint 2D forward modeling of dip and strike direction data, the 3D
structures can be determined.

A new geoelectrical combined sounding-profiling configuration was recently adapted and
proposed for increasing the resolution of 1D VES quantitative interpretations (Asfahani, 2018).
The electrode Cin this new proposed three-electrode array is not fixed at the infinity but is
slightly modified and movable, where 0.A=0B=0C=1B/2 as shown and presented in Figure 1.
It allows to gain a maximum of geoelectrical information when g.4p gradient transformation and
0c/osc are integrally interpreted, to get an accurate subsurface resistivity picture along a given
profile.
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Figure 1. Schema of the combined sounding- profiling configuration (two three electrode configurations AMN
and MNB). A, B and C: current electrodes, M and N: potential electrodes, O: configuration center (Asfahani,
2018).

The geo-electric surveys have been carried out in the Khanasser valley in Northern Syria for
hydro-geological purposes to solve different posed problems in the study region. The VES
technique applied in this survey is oriented to provide information concerning the thickness of
subsurface layers, geological structures, contributing groundwater occurrence, and to follow
the lateral and vertical variations of subsurface layers. Those VES measurements have been
carried out during an international cooperation program, which has been established between
three scientific organizations; ICARDA, AECS, and Bonne university (Schweers ez a/, 2002).
The objectives of this program have been designed to address the typical problems
characterizing the marginal dry-land environments. The poverty, the relatively easy accessibility,
and the diversity and dynamics of the natural resources and livelihoods made Khanasser valley
region a prime candidate.

The present paper discusses an application of the geoelectrical survey using Schlumberger VES
technique, oriented towards clarifying and identifying the subsurface resistivity variations in
terms of a 2D semi-quantitative interpretation along a given profile.
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A fractal modeling technique adapting the concentration- number (C-IN) model is proposed
herein as a new approach to interpreting the geoelectrical VES measurements carried out along
a given profile. It is worth mentioning that the same fractal modeling technique (C-N) was
recently applied for characterizing the basalt environments in Southern Syria, where different
geological scenarios have been established and proposed to explain the basalt distributions along
different profiles in the study region (Asfahani and Al-Fares, 2021).

Different geoelectrical profiles (LP7, LP2, .P3, and TP5) are selected from the study Khanasser
valley region (Fig. 2 and Fig.3), and re-interpreted by using this new fractal approach.

The fractal and multifractal models developed by Mandelbrot (1983) are widely used in different
branches of geosciences. Those models are used for example in geophysical exploration for the
separation of geophysical anomalies from background. Fractal dimensions of variations in
geophysical resistivity data can therefore provide useful information and applicable criteria to
identify and categorize different lithological zones within the studied profiles. The log-log plots
are suitable to distinguish between different resistivity populations, and make a kind of
classification in the geoelectrical data. In fact, the threshold values determined can be identified
and delineated as break points in those log-log plots. A break point located and determined in
the log-log plot reflects a lithological change and the passage from a lithology to a different one.
The determination of those points makes the fractal C-N model more precise, being very
sensitive to the lithological boundary location.

The concentration-number (C-N) fractal model is applied and newly introduced in this paper to
distinguish between different resistivity populations, and give a range of resistivity values for
each of them. Such a new application makes the unclear apparent resistivity values obtained as
a function of depth (AB/2) to a clearer litho-resistivity populations, easily explained and
documented along a given profile.

In this way, a semi-quantitative technique is proposed herein for interpreting the resistivity
variations with depth using the VES technique along a given profile.

The main objectives of this paper are therefore constructed to be as follows:

1) Carrying out VES measurements distributed along given profiles with Schlumberger
array.

2) Proposing the fractal modeling technique as a new approach to interpret VES
measurements carried out along a given profile.

3) Interpreting the measured VES data points by using the new proposed approach and

the 2D concentration-number (C-N) fractal model with the log-log plots, to get a kind of litho-
resistivity pseudo section for the VES measurements distributed along a given profile.

4) Comparing the VES results obtained by the fractal modeling with other traditional
geoclectrical interpretations.

HYDROGEOLOGY OF THE KHANASSER VALLEY

Khanasser Valley is located approximately 70 km southeast of Aleppo City, and lies between
two hill ranges; the Jabal Shbeith eastwards and the Jabal Al Hoss westwards. The southern part
drains towards the Adami depression in the south, while the northern part of the valley drains
towards the Jaboul Salt Lake (Figs. 2 and 3).
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Figure 2. Location of the Khanasser valley, Northern Syria.
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Figure 3. Locations of the VES measurements in the Khanasser Valley and its surrounding area.

Three aquifers are used in the Khanasser Valley for groundwater extraction. The deepest is of
upper Cretaceous age at 400 m below ground level. Above the Maestrichtian, the Paleocene-
Lower Eocene limestone aquifer of low productivity is located (ACSAD, 1984), where the
average hydraulic conductivity (£) as referred from the pumping test is 0.0054 m/day (Schweers
et al., 2002). Lengiprovodkhoz (1987) had previously registered a hydraulic conductivity ranging
between 0.008 m/day and 0.5 m/day for the Paleogene formation. The paleogene strata in the
central part of Khanasser valley are not very thick; about 50 m of lower Eocene and Paleocene
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overlay the Maastrichtian. Quaternary water-bearing formations, the most transmissive in the
region situated near the surface, are covered by some of 10 m of alluvial and proluvial soil. This
aquifer receives direct recharge from rainwater as well as infiltrating runoff and subsurface flow
from the slopes of Jabal Al Hoss and Jabal Shbeith. Electrical conductivities of groundwater in
this aquifer vary between 2.5 and 26 dS/m, (Schweers ¢f al., 2002).

Figure 4 shows a geological section of NW-SE orientation from Jabal. Al Hoss to Jabal. Shbeith
passing through Khanasser Valley, in which the different geological formations with their
stratigraphic units are presented.
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Figure 4. Geological section of NW-SE orientation from Jabal. Al Hoss to Jabal.Shbeith passing by Khanasser
Valley.

The rapid development of mechanical irrigation wells during the last two decades has led to a
substantial increase in groundwater withdrawal from the upper, unconfined aquifer system. The
groundwater monitoring and analysis indicate that the valley may be affected by salt water
intrusion from the Jaboul Salt Lake, where variable changes in water level and quality are
observed since 1998 (Hoogeveen and Zobisch, 1999; Asfahani and Abo Zakhem, 2013). Rainfall
is comprised between 200 and 250 mm/year and is not predictable, while the natural resources
are quite poor and prone to degradation.

VERTICAL ELECTRICAL SOUNDINGS (VES)

VES technique requires to impose an electrical current on the study area by a pair of .4 and B
electrodes at varying spacing expanding symmetrically from a central point, and to measure the
surface expression of the resulting potential field with an additional pair of M and NN electrodes
at appropriate spacings.

The apparent resistivity (pa) is expressed by the following equation:
B 2r AV
S U N R M
AM BM AN BN
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Where [ is the current introduced into the earth by .4 and B electrodes, and 417 is the potential
measured between the potential electrodes M and NN, as shown in Fig. 5.
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Figure 5. Schlumberger atray in the field.

The electrical (VES) sounding gives an estimate of the variation of the electrical resistivity with
the depth below a given point on the earth surface. Fig. 6 shows the field resistivity curve
measured at point V10-4, which plotting the apparent resistivity values (ga), obtained by
increasing the electrode spacing (4B/2) about a fixed VES point (ga= f (AB/2)).
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Figure 6. Field VES curve and its interpretation at point V10-4.

The field apparent resistivity curve is interpreted using a curve matching technique of master curves
(Orellana and Mooney, 1966), where an initial approximate model of thicknesses and resistivities of
corresponding layers is obtained. This approximate model is thereafter accurately interpreted with an
inverse technique program until reaching acceptable goodness of fit between the field resistivity curve
and the theoretical regenerated curve (Zohdy, 1989, Zohdy and Bisdorf, 1989).

FIELD SURVEY

An Indian equipment (ACR-1) has been used to survey ninety-six VES points in the study region,
distributed on a grid including three longitudinal profiles labeled as I.P7, I.P2, and I.P3, and nine
transverse profiles oriented approximately NW-SE (Fig. 3) and labeled as (IP7, TP2, TP9). The
tesistance (A17/1]) is directly measured by the ACR-1, and the apparent resistivity (ga) is consequently
estimated according to equation [1] (Dobrin, 1976). The distance between profiles is approximately 1
km, where a VES point is generally measured every kilometer along each profile (especially in the valley
itself). This distance observation interval is sometimes changed according to the topographic
conditions. The geo-electrical lines for all the VES executed in the study area have been chosen to be
parallel to the direction of Khanasser valley axis of N301E. Schlumberger atray was applied to carry out
those ninety-six VES measurements, for which a maximum current electrode spacing (AB/2 = 500 m)
of 1000 m was used.
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FRACTAL THEORY

Mandelbrot (1983) has already proposed the fractal geometry with its different models, as a nonlinear
mathematical science, to be extensively practiced in many branches of earth sciences. Different
applications of 2D and 3D geophysical data have been carried out by using several fractal-multifractal
models, which have been recently proposed, such as concentration-number (C-IN) (Hassanpour and
Afzal, 2013), concentration-distance (C-D) (Li ez al., 2003), and concentration-volume (C-1") (Afzal e
al., 2011).The application of the fractal models requires the use of log-log plots, in which the straight
line segments fitted to the log-log graph have some break threshold points (Zuo, 2011; Wang ¢ ai.,
2011; Mohammadi ¢/ al., 2013). Every straight line segment determined on the log-log plots reflects a
specific geophysical population, that we have to evaluate its variation range.

The (C-N) multifractal model is proposed in this paper as a new application approach for interpreting
the VES measurements distributed along a given profile, and explaining its resistivity variations with
depth through differentiating between different resistivity ranges. The concentration-number (C-N)
fractal model is expressed by the following equation:

Nz o) = Fg” )
Where g denotes the treated geoelectrical parameter values. The geoelectrical parameter used in
this paper is the apparent resistivity (.m). N(2g) denotes the cumulative number of the
apparent resistivity data (), with the resistivity parameter values greater than or equal to g, F
is a constant and D is the scaling exponent or fractal dimension of the distribution of electrical
resistivity parameter values.

RESULTS AND DISCUSSION

The ninety-six (VES) measurements carried out in the Khanasser Valley have been firstly 1D
interpreted by using the master curves, where an initial approximate model with resistivities and
thickness of corresponding layers are reached (Asfahani, 2007). The reached approximate model
is secondly interpreted by an inversion resistivity program for getting correctly the final
optimum theoretical curve, that fits as best as possible with the measured apparent resistivity data.
The geological layers in the field in such a 1D quantitative interpretation are assumed to be horizontal
(Asfahani, 2007). Fig.6 shows an example of field VES curve obtained at the point V10-4 and its
interpretative model solution. The ninety six (VES) measured points were distributed on twelve
profiles as shown in Fig. 3 and interpreted with the assumption of 7D structure (Asfahani, 2007). Three
of those profiles are longitudinal, labeled I.P7, I.P2 and I.P3 and carried out in the Khanasser valley
itself, while the other nine are transverse and labeled TP7, TP2, and TP9. The thickness and resistivity
parameters of the Quaternary and Paleogene deposits are quantitatively evaluated through interpreting
those ninety six measured (VES) points (Asfahani, 2007). The Quaternary deposits thickness varies
between a minimum of 4.5m and 99.4m with an average of 38.5 m. Its resistivity varies between 4.1
and 43 Q.m with an average of 15.3 Q.m. The Paleogene thickness varies between a minimum of 54m
and a maximum of 283m, with an average of 162.4 m. Its resistivity varies between 1.7 and 16 Q.m
with an average of 5.1 Q.m (Asfahani, 2007).

The Pichgin and Habibullaev (1985) method has been already applied for interpreting the VES
soundings distributed along the mentioned longitudinal and transverse profiles in term of 2D modeling
(Asfahani and Radwan, 2007). This 2D interpretation modelings have already allowed to get detailed
subsurface images about the studied profiles. Fig. 7 shows an example on using this 2D technique for
interpreting I P2 profile. According to this technique, the subsurface tectonic fractured zones, and the
geological structural features for all the 4B/ 2 spacings have been defined along I.P2 profile.
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Figure 7. Interpretative 2D model of LP2 profile according to Pichgin and Habibeleave technique.

The results of this interpretative method as previously explained (Asfahani, 2007; Asfahani,
2010) are presented by the points of nonhomogeneity (+), which mainly show the locations of
fractured zones as shown under the V4-3 and V5-4 soundings, and under the V8-2 and V10-2
soundings. The distribution of these points in regular form of bedding planes as shown between
the V8-2 and V6-2 soundings reflects the geological structure of the study area. It is evident that
the Maastrichtian formation is remarkably uplifted. The effect of the Quaternary paleo-sabkhas
discussed previously is also shown under the V10-2 in the north. Other similar tectonic
subsurface features have also been traced through the analysis of the other two measured
profiles I.P7 and L.P3 (Asfahani, 2007).

The three longitudinal profiles I.P7, I.LP2, and L.P3 and the transverse TP5 profile are studied,
analyzed, and re-interpreted in this paper, by applying the proposed multifractal (C-N) modeling
technique. The application of the multifractal modeling technique is considered as a new
approach for getting a semi-quantitative interpretation for the VES soundings distributed along
a given profile. It allows having a preliminary idea about the number of apparent resistivity
populations, present along the studied profile.

The LP7 profile of length of 23.77 Km includes eleven VES measured points, for which the
resistivity variations as a function of 4B/ 2 varying from 3 to 500 m are analyzed and interpreted
by the use of fractal concentration-number (C-IN) model. Based on the C-IN log-log plot
presented in (Fig.8) for ILP7 profile, the 176 data points of apparent resistivity ga for all the
AB/2 (from 3 to 500 m) show three threshold break points C1, C2, and C3 at 1, 1.16, and 1.36
respectively. The log (pa) values indicate an apparent resistivity of 10, 14 and 23€2.m respectively.

25
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3
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Figure 8. Fractal C-N log-log plot for the measured apparent resistivity data along LP1 profile.
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The log-log plots of Acp as a function of the apparent resistivity values show the scattered data
points, which can be fitted by several straight lines (segments) with different slopes based on a
least square regression. The selection of the break points as threshold values is an objective
decision since apparent resistivity populations are addressed by different line segments in the C-
N log-log plots. The intensity of various populations is depicted by each slope of the line
segment in the C-N log-log plots.

Those three break points correspond to four apparent resistivity ranges as follows: the first
range is less than 10 Q.m, the second range is between 10 and 14 Q.m, the third range is between
14 and 23 Q.m, and the fourth range is bigger than 23 Q.m. The use of those resistivity ranges
allows the establishment of the apparent resistivity cross section along I.P7 profile as shown in
Fig. 9B. The distinction between those four resistivity populations is clear, where every
resistivity population is due to a distinct and specific lithology. The boundaries between those
resistivity ranges also emphasize indirectly the lithologic type distribution along the studied
profile. Geological interpretation about the lithology and the resistivity population could be
easily done along the studied LP7 profile. By such a manner, a semi quantitative 2D
interpretation could be achieved. The traditional iso-apparent resistivity map is established as a
function of AB/2 along the LLP7 profile as shown in Fig.9A. The distance in kilometer along
LP7 profile is represented linearly, while the depth of 4B/2 in meter is represented with a
negative sign in a logarithmic scale to get an acceptable concordance between the two axes
(distance and depth). The scale of AB/2 being logarithmic, the corresponding AB/2 of -3, -4.3,
-5.2,-0.15,-7.25,-8.1,-9.1, -9.9, -10.5, -11.4, -12.3, -13.4, -14.2, -15.3, -16.1, and -16.7 are used
instead of AB/2 of 3, 5,7, 10, 15, 20, 30, 40, 50, 70, 100, 150, 200, 300, 400, and 500 m,
respectively.

The iso-apparent resistivity map shown in Fig.9A is difficult to be qualitatively interpreted,
compared with that obtained by applying the multi-fractal approach (Fig.9B). It is worth
mentioning that an acceptable coincidence is obtained between the multi-fractal established
apparent resistivity cross-section along [.P7 profile (Fig.9B) and the traditional 1D quantitative
interpretation along this ILP7 profile, as shown in the figure 9C (Asfahani, 2007). The VES
sounding at V6-1 point for example shows four resistivity populations from up to down. The
first one is related to the resistivity range of bigger than 23 Q.m, and reflects the superficial
layer. The second range of between 10 and 14 Q.m, and the third range of between 14 and 23
Q.m represent the Quaternary deposit, separated in this V6-1 point into two distinguished
layers. The first resistivity range of less than 10 Q.m indicates to the Paleogene presence. This
V6-1 point was 1D quantitatively interpreted adapting a model of 5 layers (Asfahani, 2007). The
resistivity of the first superficial layer is 26.8 €2.m and its thickness is 3.7m. The second layer
has a resistivity of 8.5 Q.m and a thickness of 34.7 m; The third layer has a resistivity of 25.8
Q.m and a thickness of 49.4 m, and both of them are of Quaternary deposit with different
resistivities. The fourth layer related to the Paleogene has a resistivity of 5.7 £.m and a thickness
of 226 m. The fifth layer is related to the Maastrichtian and has a resistivity of 51 Q.m. This
quantitative described model for V6-1 has been completely indicated, shown, and confirmed by
the fractal concentration—number model, where a good coincidence is obtained between the
two different interpretative approaches.

The Paleogene is shown near the surface at V7-1 directly after the superficial layer of a resistivity
of 16 .m and thickness of 6 m.
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Figure 9 A: Traditional iso-apparent resistivity cross section along LP1 profile. B: Concentration-number fractal
model along LP1 profile. C: Traditional 1D quantitative geoelectrical model along LP1(Asfahani, 2007).

The application of the proposed fractal (C-N) approach on the 192 apparent resistivity data
points related to LLP2 profile shows three threshold break points of C1, C2, and C3 at 0.78, 1.16,
and 1.39 respectively as presented in (Fig.10). The log (¢a) values indicate an apparent resistivity
of 6, 14 and 24 Q.m, respectively. Those three break points correspond to four apparent
resistivity ranges as follows; the first range is less than 6 €.m, the second range is between 6
and 14 Q.m, the third range is between 14 and 24 Q.m, and the fourth range is bigger than 24
Q.m. The established apparent resistivity cross-section along I.P2 profile is illustrated in
Fig.11B.
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Figure 10. Fractal C-N log-log plot for the measured apparent resistivity data along LP2 profile.
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Figure 11 A. Traditional iso-apparent resistivity cross section along LP2 profile. B: Concentration-number fractal
model along LP2 profile. C: Traditional quantitative geoelectrical model along LP2 (Asfahani, 2007).

The iso-apparent resistivity map established as a function of AB/2 along I.P2 shown in
Fig. 11A is also difficult to be qualitatively interpreted in comparing with that obtained
by applying the proposed multi fractal approach (Fig.11B). An acceptable coincidence
between the multi fractal established apparent resistivity cross-section along I.P2 profile
(Fig.11B) and the traditional 1D quantitative interpretation along this I.P2 profile is also
obtained, as shown in Fig. 11C (Asfahani, 2007).

The application of fractal approach (C-N) on the 192 apparent resistivity data points
related to LP3 profile indicates four threshold break points of C1, C2, C3 and C4 at
0.75, 0.98, 1.24 and 1.43 respectively as shown in Fig.12. The log (ga) values indicate an
apparent resistivity of 5.6, 9.5, 17.4 and 30 Q.m respectively. Those four break points
correspond to five apparent resistivity ranges as follows; the first range is less than 5.6
Q.m, the second range is between 5.6 and 9.5 Q.m, the third range is between 9.5 and
17.4 Q.m, the fourth range is between 17.4 and 30 Q.m. The fifth range is bigger than
30 Q.m. The established apparent resistivity cross-section along I.P3 profile is shown in
Fig. 13B. The same remarks as documented on LLP7 and LP2 profiles could be shown
with LP3 profile. The iso-apparent resistivity map established as a function of AB/2
along LLP3 shown in Fig. 13A is also difficult to be qualitatively interpreted when
compared with that obtained by applying multi fractal approach.
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Figure 12. Fractal C-N log-log plot for the measured apparent resistivity data along LP3 profile.
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Figure 13 A. Traditional iso-apparent resistivity cross-section along the LP3 profile. B: Concentration-number
fractal model along with LP3 profile. C: Traditional quantitative geoelectrical model along LP3 (Asfahani, 2007).

The application of fractal (C-IN) approach on the 144 apparent resistivity data points related
to the transverse TP5 profile shows four threshold break points C1, C2, C3 and C4 at 1,
1.19, 1.44 and 1.70 respectively as presented in Fig.14. The log (ga) values indicate an
apparent resistivity of 10, 15, 27.5 and 50 Q.m respectively. Those four break points
correspond to five apparent resistivity ranges as follows: the first range is less than 10 Q.m,
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the second range is between 10 and 15 Q.m, the third range is between 15 and 27.5 Q.m,
the fourth range is between 27.5 and 50 Q.m. The fifth range is bigger than 50 Q.m. The
established apparent resistivity cross-section along TP5 profile is illustrated in Fig.15A.
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Figure 14. Fractal C-N log-log plot for the measured apparent resistivity data along the TP5 profile.

- <shs

ABI2 (m)

0 2 4 6 8 10 12 14 16 18 20
B Distance (Km)
V52 V53 V54 V55

siiBENERERERED

Figure 15 A. Traditional iso-apparent resistivity cross section along TP5 profile. B: Concentration-number fractal
model along TP5 profile. C: Traditional quantitative geoelectrical model along TP5 (Asfahani, 2007).

The above-treated examples and the different comparisons shown between the established
multifractal cross-sections and the traditional 1D quantitative interpretative models along the
studied profiles I.P7, [.P2, I.P3, and TP5 confirm the feasibility of the new proposed fractal
approach.
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VALIDATION OF THE C-N TECHNIQUE

The fractal C-IN modeling approach is a nonlinear tool that deals with field apparent resistivity
measurements to separate different apparent resistivity ranges, that differ from one profile to
another. This approach is newly introduced in this research to interpret in terms of 2D modeling
the VES measurements distributed along a given profile.

Traditionally, the field apparent resistivity measurements of each VES point have been treated
and interpreted separately using different known inversion procedures. The inversion allows
consequently to obtain a one-dimensional (1D) interpretation model including the real
thicknesses and resistivities of the layers under the study VES point. On the other hand, when
the fractal C-N modeling procedure is applied, all the apparent resistivity measurements
distributed under a given profile for all 4B/ 2 spacings are treated together at the same time by
the use of log-log plots, as demonstrated above during interpreting the four profiles (LLP7, P2,
LP3, and TP5). The use of the fractal C-IN model with the log-log plots permits to determine
the break points and the different line segments with their related apparent resistivity ranges, by
such, it is very sensitive to the lithological boundaries. This efficacy in determining the different
break points and the different apparent resistivity ranges gives this fractal method its suitability
in comparing with other geostatistical methods.

The two approaches of VES inversion and C-IN are therefore completely different from a
methodological point of view. However, the fractal C-IN helps widely in separating different
apparent resistivity populations, that dominate in the study area, and in relating the apparent
resistivity ranges of those populations with geological variations laterally and vertically. Those
apparent resistivity ranges help also in calibrating and interpreting correctly the VES data
measurements. Such apparent resistivity ranges are also of great importance, particularly when
we deal with a sedimentary environment with rapid lateral and vertical changes. The fractal C-
N modeling is consequently a useful guiding technique that helps us in calibrating and correctly
interpreting the VES data.

CONCLUSION

A new semi-quantitative approach is proposed and introduced to interpret vertical electrical
sounding (VES) measurements distributed along a given profile. This approach is based on
using the fractal modeling technique, with adapting the concentration-number (C-N) model.
The application of log-log plots with the threshold break points concept allows different
apparent resistivity populations to be easily isolated along the studied profiles. Two-dimensional
(2D) quantitative interpretation and a preliminary geological analysis could be achieved by using
such an approach.

The advantage of this new proposed fractal technique in comparing with other already proposed
2D techniques, is that it does not need prior constraints. The method itself is very sensitive to
the lithological variations, where the different lithological boundaries are determined under a
given profile. It is therefore easily applicable, where it guides and orients the interpreter to select
thereafter the appropriate geoelectrical model to correctly interpret quantitatively the VES data
at every measured point. This new technique is practiced and tested on a case study taken from
Khanasser Valley region, Northern Syria, where different profiles (ILP7, LLP2, I.P3, and TP5) are
selected and re-interpreted. The capacity and practicability of the new proposed approach are
confirmed through the different comparisons between the multi-fractal established cross-
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sections and the traditional (1D) VES interpretation models. The results presented in this paper
encourage to use routinely this fractal approach for interpreting VES measurements distributed
along a given profile.

ACKNOWLEDGEMENT

The author would like to thank Dr. I. Othman, General Director of Syrian Atomic Energy
Commission, for his permission to publish this paper. The three competent anonymous
reviewers are deeply thanked for their critics, remarks and suggestions that considerably improve
the final version of this paper. Prof. Servando De la Cruz-Reyna, the Editor-in-Chief of
Geofisica Internacional is cordialy thanked for the editing and linguistic English corrections.

REFERENCES

ACSAD., 1987, Water resources map of the Arab countries. The Arab Center for the Studies of Arid Zones and
Dry Lands, Damascus, Sytia.

Afzal P., Fadakar Alghalandis Y., Khakzad A., Moarefvand P., Rashidnejad Omran N., 2011, Delineation of
mineralization zones in porphyry Cu deposits by fractal concentration—volume modeling. ] Geochem Explor
108:220-232.

Al-Fares W., Asfahani J., 2018, Evaluation of the leakage origin in Abu Baara earthen dam using electrical resistivity
tomogtaphy, northwestern Syria. Geofisica Internacional, 57-4: 223-237.

Asfahani J., 2007, Geoelectrical investigation for characterizing the hydrogeological conditions in semi-arid region
in Khanasser valley, Syria. J. Arid Environ. 68, 31-52.

Asfahani J., Radwan Y., 2007, Tectonic Evolution and Hydrogeological Characteristics of Khanasser Valley,
Northern Syria, Derived from the Interpretation of Vertical Electrical Soundings, Pure appl. Gegphy, 164, 2291—
2311, DOI 10.1007/s00024-007-0274-8.

Asfahani J., 2010, Geophysical case study of shallow and deep structures based on traditional and modified
interpretation methods: Application to tectonic studies and mineral exploration. Exploration and Mining Geology,
19(3—4), 135-152.

Asfahani J., 2011, The Role of Geoelectrical DC Methods in Determining the Subsurface Tectonics Features. Case
Studies from Syria, Tectonics, Damien Closson (Ed.), ISBN: 978-953-307-545-7, InTech, Available from:
http:/ /www.intechopen.com/articles/show/title/ the-role-of-geoelectrical-dc-methods-in-determining-the-
subsurface-tectonics-features-case-studies.

Asfahani J., Abou Zakhem B., 2013, Geoelectrical and hydrochemical investigations for characterizing the salt
water intrusion in the Khanasser wvalley, northern Syria. Acta Geophys. 61 (2), 422e444.
http://dx.doi.org/10.2478/s11600-012-0071-3.

Asfahani J., 2018, Geoelectrical Combined Sounding-Profiling Configuration for Characterizing the Sedimentary
Phosphatic Environment in Al-Sharquieh Deposits Mine in Syria.Geoffsica Internacional 57-3: 189-203.

Asfahani J., Al-Fares W., 2021, Geological and structural characterizations of a basaltic environment by vertical

electrical soundings and multifractal modeling techniques in Deir El-Adas Area, Yarmouk Basin, Syria. Acta
Geodactica et Geophysica. 56:211-228. https://doi.org/10.1007/s40328-020-00319-z.

Dobrin M B., 1967, Introduction to geophysical prospecting, Mc Graw-Hill, New York.
Edwards L S., 1977, A modified pseudo section for resistivity and IP: Geophysics, Vol. 42, No. 5, P.1020-1036.

Gardi S., Asfahani J., 2019, Subsurface Tectonic Characterizations by the Use of Geo-electrical Resistivity
Technique and Their Implications on Environmental Soil and Groundwater at Erbil Dumpsite, West of Erbil
City-Iraqi Kurdistan Region. Contributions to Geophysics and Geodesy Vol. 49/3, P:325-354.

226



. Asfabani, New Seni-Quantitative Approach for Interpreting Vertical Electrical Sounding (VES) Me /s — Using a Fractal Modeling Technigue. . .

Gyulai A., Ormos T., 1999, A new procedure for the interpretation of VES data: 1.5 D simultaneous inversion
method. ] Appl Geophys 41:1-17.

Gyulai A., Ormos T., Dobro ’ka M., 2010, A quick 2D geoelectric inversion method using series expansion. | Appl
Geophys 72(4):232-241.

Gyulai A., Baracza MK., Szabo NP., 2014, On the application of combined geoelectric weighted inversion in
environmental exploration. Environ Earth Sci 71:383-392.

Gyulai A., Sz}ucs P., Turai E., Baracza M K., Fejes Z., 2016, Geoelectric Charactetization of Thermal Water
Aquifers Using 2.5D Inversion of VES Measurements. Surv Geophys. DOI 10.1007/s10712-016-9393-z.

Hassanpour S., Afzal P., 2013, Application of concentration-number (CN) multifractal modelling for geochemical
anomaly separation in Haftcheshmeh porphyry system, NW Iran. Arab ] Geosci 6:957-970. doi:10.1007/s12517-
011-0396-2.

Hoogeveen RJA., Zobisch M., 1999, Decline of groundwater quality in Khanasser valley (Sytia) due to salt-water
intrusion. Paper presented at International Dryland Conference, Cairo, Egypt, 16p.

Lengiprovodkhoz Institute., 1987, Water resources in the Syrian desert, Syrian Arab Republic for pasture water
supply. I: Hydrogeology. Moscow: USSR Ministry of Land Reclamation and Water Management, Volume 1, Book 2.

Li C., Ma T., Shi J., 2003, Application of a fractal method relating concentrations and distances for separation of
geochemical anomalies from background. ] Geochem Explor 77:167-175.

Mandelbrot B B., 1983, The Fractal Geometry of Nature, W. H. Freeman, San Fransisco, 468 pp.

Mohammadi A., Khakzad A., Rashidnejad Omran N., Mahvi MR., Moarefvand P., Afzal P., 2013, Application of
number—size (N-S) fractal model for separation of mineralized zones in Dareh-Ashki gold deposit, Muteh
Complex, Central Iran. Arab ] Geosci. doi:10.1007/512517-012-0662-y.

Olaschinde PL., Ejepu §]., Alabi AA., 2013, Fracture Detection in a Hard Rock Terrain Using Geoelectric Sounding
Techniques. Water Resources Journal 23(1&2): 1-19.

Orellana E., Mooney HM., 1966, Master Tables and cutves for vertical electrical sounding over layered structures,
interciencia, Madrid, Spain.

Pichgin NI., Habibullaev IKH., 1985, Methodological Recomendations in studying geo- tectonic conditions of
vertical electrical soundings data with application of EC computer for solving hydrogeological and geo-engineering
problems, Tashkend (in Russian).

Ponikarov., 1964, The Geological Map of Syria, 1:200.000 and Explanatory. Notes. Syrian Arab Republic, Ministry
of Industry, Department of Geological and Mineral Research, Damascus,Syria.

Reynolds JM., 2011, An Introduction to Applied and Environmental Geophysics. Wiley — Blackwell, 698p.

Schweers W., Rieser A., Bruggeman A., Abu-Zakhem B., Asfahani J., Kadkoy N., Kasmo B., 2002, Assessment of
groundwater resources for sustainable management in the Khanasser valley, northwest Syria. Paper presented at
ACSAD/BGR Wotkshop on Soil and Groundwater Quality: Monitoring Management and Protection, Amman,
23-25 June 2002.

Wang Q F., Deng J., Liu H., Wang Y., Sun X., Wan L., 2011, Fractal models for estimating local reserves with
different mineralization qualities and spatial vatriations. J. Geochem. Explor. 108, 196-208.
doi:10.1016/j.gexplo.2011.02.008.

Zohdy A A R., Eaton GP., Mabey DR., 1984, Applications of Surface Geophysics to Groundwater Investigations:
Department of Interior US Geological Survey, Third Printing. US Government Printing Office, Washington, p.116.
Zohdy A A R., 1989, A new method for the automatic interpretation of Schlumberger and Wenner sounding
curves, Geophysics, vol. 54, 245-253.

Zohdy A A R., Bisdorf R J., 1989, Schlumberger sounding data processing and interpretation program, U. S.
Geological Survey, Denver.

Zuo R., 2011, Decomposing of mixed pattern of arsenic using fractal model in Gangdese belt, Tibet, China. Appl
Geochem 26:5271-8273.

Zuo, R.: Decomposing of mixed pattern of arsenic using fractal model in Gangdese belt, Tibet, China. Appl

227



Geofisica Internacional (2021) 60-3: 211-228.

Geochem 26: S271-5273 Davis JC (2002) Statistics and data analysis in geology, 3rd ed. John Wiley & Sons Inc,
New York,2011.

228



