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Abstract

El Moghra area, in the western desert of Egypt, is an important part of the national reclamation project (1.5 million acres—
6.07 x 10° m?), which depends on the groundwater of El Moghra Formation (MF), the main aquifer in this area. Moghra
Oasis and its surroundings are characterized by vast areas of good soil, which are favorable for agricultural development.
In this respect, ambitious plans and successful programs are urgently required. Thirty-one vertical electrical sounding sta-
tions (VES’s) were measured in El Moghra. The results of quantitative interpretation of such stations and well logging data
indicate that the subsurface stratigraphy of the investigated area consists of six geo-electrical units where the main aquifer is
represented by the fourth and sixth units intercalated with a clay unit (fifth unit). Thirteen boreholes of depth reaching 200 m
are drilled in the study area. The hydrochemical analyses for collected samples indicate that the salinity of the groundwater
in the Moghra area increases with depth. The result of the pumping test for boreholes indicates that the efficiency of the
wells is ranging from 65 to 96% of the average value of 84.5%. The aquifer has transmissivity which represents a highly

potential aquifer.
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Introduction

Geophysical tools, especially the electric resistivity meth-
ods, can be used to delineate groundwater distribution.
Many authors used the geophysical tools for groundwater
exploration (e.g. Abdelazeem et al. 2018; Araffa et al. 2017,
2013; Al-Garni et al. 2005). Araffa et al. (2017) applied 3-D
VES inversion and shallow seismic refraction techniques
to delineate groundwater and subsurface structures at the
northwestern part of the Gulf of Suez, Egypt. Sultan et al.
(2017) evaluated the groundwater potentiality at south
Ataqa, northwestern part of the Gulf of Suez, using resis-
tivity data. Araffa et al. (2015) applied integrated geophysi-
cal interpretation to delineate the structural elements and

< Sultan A. S. Araffa
sultan-awad @yahoo.com

National Research Institute of Astronomy and Geophysics,
NRIAG, Helwan, Cairo, Egypt

Geology Department, Faculty of Science, Al-Azhar
University, Cairo, Egypt

The General Company for Research and Groundwater
and Green Valley for Logging, Cairo, Egypt

groundwater aquifers at the central part of the Sinai Penin-
sula, Egypt. Araffa (2013) delineated the groundwater aqui-
fer and subsurface structures in north Cairo, Egypt, through
the integrated interpretation of magnetic, gravity, and geo-
electrical data. Sultan et al. (2009) also applied geophysical
techniques at the Central Part of the Sinai Peninsula, Egypt
for groundwater exploration and subsurface mapping. Gheo-
rhge (1979) has a critical review of the processing and syn-
thesis of hydrogeological data. However, different authors
used geoelectrical methods in groundwater exploration
such as Al-Garni et al. (2005) in wadi Lusab, Makkah Al-
mukarramah, Saudi Arabia; Ariyo and Adeyemi (2009) on
Fidiwo/Ajebo areas of Southwestern Nigeria; Hasan et al.,
2019 on alluvial aquifers of Lower Bari Doab, Pakistan; and
Bello et al. (2010) applied geostatistical analyses of accura-
cies of geologic sections derived from interpreted vertical
electrical soundings (VES) data. Akhter and Hasan (2016)
applied geoelectrical sounding and pumping test data for the
determination of aquifer parameters in Khanewal District,
Pakistan. De Lima et al. (2015) used a volumetric approach
for the resistivity response of freshwater shaly sandstones.
Singh et al. (2019) delineated the fracture zone for ground-
water using a combined inversion technique in the premises
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of Central Institute of Mining and Fuel Research (CIMFR),
Dhanbad, Jharkhand, India. Maréchal et al. (2004) used
hydraulic tests at different scales to characterize fracture
network properties in the weathered-fractured layer of a
hard rock aquifer in Maheshwaram, 30 km from Hyderabad
(Andhra Pradesh, India).

The Egyptian government is now very interested to inves-
tigate groundwater aquifers for reclamation. El Moghra area
is representing an important part of the Egyptian 1.5 million
feddan (acres 6.07 x 10° m?) national reclamation project. The
area of study has been subject to numerous geological and
hydrogeological studies (Abdelazeem et al. 2020, 2019; Khan
et al. 2014). Khalifa (2014) studied sustainable groundwater
management in El-Moghra aquifer and concluded that the
decreases of groundwater exploitation will definitely lead to
the sustainable development of the study area as a result of the
decreases of the drawdown in El-Moghra aquifer. Mohama-
den et al. (2016) applied the electrical resistivity method for
groundwater exploration at the Moghra area, Western Desert,
Egypt and concludes that the study area is composed of four
geoelectrical units of different resistivity values. Omara and
Sanad (1975) studied the rock stratigraphy and structural
feature of the area between Wadi El Natrun and the Moghra
Depression (Western Desert), Egypt. Pickford et al. (2009)
suggested the presence of Palacoforest in the Moghra region at
the time of deposition. El-Sayed and Morsy (2018) concluded
that Moghra is an unconfined aquifer, composed of sands, silt-
stone, and calcareous shale. The groundwater flow is mainly
from NE directions towards Al Qattara Depression westwards.
Rizk and Davis (1991) indicated that the Miocene Moghra
aquifer directly underlies the Qattara Depression, extending to
the east and dipping beneath younger formations to the north.
The Qattara Depression is a sink for ground-water flow from
the Nile Delta aquifer in the east, the Mediterranean Sea in the
north, and the Nubian artesian aquifer in the south. They con-
cluded, through modeling, that the formation of the reservoir
could cause a 30-m rise of the Moghra aquifer’s water table
in the central part of the Qattara Depression. This rise in the
water table decreases to the north and east. Transient simula-
tions indicate that steady-state conditions in the modeled area
of the Moghra aquifer are not likely to be reached during the
expected 100-year lifetime of the reservoir. The groundwater
moves mainly from NE to the SW, i.e. towards Al Qattara
Depression acting as a natural discharge area. The average
hydraulic gradient is about 0.0005 (El Sayed and Morsy 2018).
However, the previous studies were predominantly based on
surface data. Contrarily, the current study is based on surface
and subsurface data, which were collected from recent bore-
holes and geophysical data. The integration of geoelectric and
well logging data can give reasonable results and a clear pic-
ture of the subsurface water-bearing formations. E1 Moghra
Oasis and its vicinities are located in the northeast part of Qat-
tara mega delta in north Western Desert of Egypt, about 40 km
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south of El Alamein (Fig. 1a). It extends between latitudes
30°00-30°25" N and longitudes 28°20-29°20'E. The main
target of the present study is delineating the saturated sand-
stone units, determining the salinity of groundwater (TDS),
and the efficiency of groundwater aquifer.

Geologic setting

Stratigraphically, Moghra Lake and its vicinities are covered
by different rock units ranging in age from Lower Miocene
to Recent. The stratigraphic succession can be subdivided
into the following rock units from base to top (Fig. 1b). The
Lower Miocene deposits in the area under study can be repre-
sented by Moghra Formation (Said 1962) and are composed
of fluvio-marine sediments which grades northwards to more
marine facies called Mamura Formation. The fauna of Moghra
Formation reveals that these deposits accumulated in swamps
and lakes in which forests were present (Pickford et al. 2009).
Moghra Formation is the main aquifer in the area under study,
where it can be subdivided into three members from base to
top as El Raml, Bait Owian, and Monquar El Dowi mem-
bers according to Omara and Sanad (1975). El Raml unit is
almost deposited in a fluvial environment while Monquar
El Dowi unit is formed in a fluvio-marine environment. The
Middle Miocene deposits are represented by the Marmarica
Formation which is composed mainly of marine fossiliferous
carbonates. Marmarrica Formation covers almost the north-
ern stretch of the Western Desert. The Pliocene rock unit is
called El Hagif Formation (Late Pliocene) and is composed
mainly of smoky white unfossiliferous limestone with marl
interbeds. It is recorded in the northeast of Moghra Oasis. It is
composed of whitish limestone with shale and evaporite lay-
ers (Omara and Sanad 1975). The Quaternary sediments are
represented by sand sheets, sand dunes, and sabkha. Sabkha
is a coastal, supratidal mudflat or sandflat in which evaporite-
saline minerals accumulate as the result of semiarid to arid
climate. A sand sheet covers vast areas in Moghra Oasis and
is composed mostly of fine to coarse sand; Sand dunes occu-
pied the southern part of the oasis that takes NW-SE direc-
tion. They are the northern part of Ghard Abu El Mahariq and
composed mostly of fine to medium sand. Sabkha deposits
are recorded around Moghra Lake and the northwestern part
of Moghra Oasis (around petroleum road).

Methodology
Geoelectric data

Geoelectric data acquisition and interpretation

The geoelectrical data, used in this study, consists of 31
vertical electrical soundings (VES’s). The method is based
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Fig. 1 a Location of the study
area. b Geological map of
Moghra Oasis and its vicinities,
modified after Conoco (1987). ¢
Location map of the boreholes
and VES
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(b) Geological map of Moghra Oasis and its vicinities, modified after CONOCO 1987.
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on the estimation of the electrical conductivity or resistiv-
ity of the medium. The estimation is performed based on
the measurement of voltage of the electric field induced by
the distant grounded electrodes (current electrodes). VES
measurements are carried out using the Schlumberger con-
figuration with AB/2 (AB represents the distance between
current electrodes) spacing ranges from 1 to 500 m using
Syscal-R2 instrument made by IRIS Company, France. The
main objective is to investigate the Moghra aquifer in the
study area (Fig. 1c).

The quantitative interpretation of geoelectrical data is
carried out through two techniques, the first technique is
the manual interpretation using two layers master curves
and the generalized Cagniard graphs, Koefoed (1960). The
results of manual interpretation are used as initial model
parameters for the second technique which is known as the
analytical technique. The authors used IPI2WIN software
(Bobachev et al. 2008) for the analytical technique to com-
pute the inverted depths and resistivities for each VES curve.
To verify the geoelectrical interpretation results, one VES
station (VES 3) is measured beside borehole number A4.
The borehole data are used as constraints for our subsurface
model. Figure 2 shows borehole A4 logging data, which
reveals that El Moghra aquifer is associated with a sandstone
layer at depth —48 m from sea level representing the main
aquifer in the El Moghra area. The results of the quantita-
tive interpretation of VES’s data are used to construct four
geoelectrical cross sections. (Fig. 3a and b).

The comparison of VES, well logging data (Natural
Gamma-ray), and drilling cutting samples are used to con-
struct geologic cross-sections. The gamma-ray log measures
the total natural gamma radiation emanating from a forma-
tion. Different types of rocks emit different amounts and
different spectra of natural gamma radiation. In particular,
clay usually emits more gamma rays than other sedimen-
tary rocks, such as sandstone, gypsum, salt, coal, dolomite,
or limestone because of the presence of radioactive potas-
sium as a common component in their clay content and
because the cation exchange capacity of clay causes them
to adsorb uranium and thorium. This difference in radioac-
tivity between clay and sandstone rocks allows the gamma-
ray tool to distinguish between clay (high gamma-ray) and
non-clay (low gamma-ray). The geoelectrical cross sections
reveal six main geoelectrical units; the first unit is composed
of gravel and sand of high resistivity values ranging from
102 to 2445 Q.m and thickness of few meters. The second
geoelectrical unit is characterized by varying resistivity val-
ues ranging from 19 to 1868 Q.m and consists of sandstone
intercalated with clay. The third one is composed of clay
with low resistivity values ranging from 0.1 to 9 Q.m. The
fourth unit consists of sandstone and exhibits moderately
to high resistivity values ranging from 21.7 to 1358 Q.m,
which represents the top of El Moghra aquifer. The fifth
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geoelectrical unit is composed of clay which reveals low
resistivity values ranging from 0.7 to 8.8 Q.m. The sixth
geoelectrical layer represents the main aquifer in the area
under study where all boreholes, penetrated and produce
groundwater for agriculture from this unit and exhibits mod-
erately to low resistivity values ranging from 43.7 to 97.2
Q.m. The previously recorded layers are dissected by eleven
normal faults (F1-F11) that affected the lithologic continuity
of these layers.

Static water level

The interpretation of VES stations was also used to estimate
the static water level for El Moghra aquifer. Topographic
map of the El Moghra study area showing absolute elevation
of up to 155 m above sea level in the northern and southeast-
ern parts of the study area. In the center and to the north-
western parts, a depression is located with a depth of —42 m
below sea level. The wells are indicated as red dots, the VES
location as black triangles. (Fig. 4a), also, the depth to water
level increases from —5 m at the western part to — 185 m at
the eastern part of the area as shown in (Fig. 4b).

Borehole data

Thirteen boreholes are drilled in the western part of the
study area (Fig. 5a), according to the results of VES inter-
pretation, with depths reach to 200 m, to delineate the con-
figuration of Moghra aquifer, evaluate the hydraulic param-
eters, and investigate the subsurface lithology.

Geologic cross sections

The well logging data and core samples are used to construct
three geologic cross-sections along three profiles as shown
in (Fig. 5a). The geologic cross-sections indicate that the
subsurface section is composed of five geologic layers, the
first layer represents the surface layer, which is composed of
sand, sandstone, gravel, and clay of a few meters thickness.
The second layer is formed of sandstone with clay intercala-
tion of thickness ranging from 20 to 70 m. The third geo-
logic layer is composed of clay, which is located at different
depths with varying thicknesses. The fourth geologic layer
consists of dry sandstone. The fifth layer represents the main
aquifer in the study area (Moghra aquifer) which consists
of sandstone intercalated with clay of undetected thickness.
The geologic sections refer that the water level at —42 m
below sea level as shown in (Fig. 5 b, ¢, and d).

Hydrochemical data

The hydrochemical data represented by pH, electrical con-
ductivity (EC), and total dissolved solids (TDS), measured
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Fig.2 Correlation between VES No. 3 indicating resistivities, thickness, depths, elevations of different units complained with Well A4.This fig-
ure indicating confirmation for water depth and rock units for both VES and borehole

at 33groundwater samples collected from El Moghra aquifer
(Fig. 6a). These wells were drilled to different depths vary-
ing from 100 to 200 m. Firstly, the pH limit in the drink-
ing and irrigation water ranges between 6.5 and 8.5 in pure
water as per (WHO 1984; FAO 1985), from the results of
the groundwater samples in the area of study, the pH value
ranges from 6.71 to 8.70 (Fig. 6b).

Second, the electrical conductivity (EC) which means the
ability of an aqueous solution to carry an electric current.

It is directly related to the total dissolved salts (ions) in the
water. The obtained values of EC in the groundwater sam-
ples range from 3420 (pmhos/cm) for well no. Mo-26 to
11,800 (pmhos/cm) for well no. R-140. The distribution
of EC in groundwater samples (Fig. 6¢) indicates that the
minimum values of EC are located at the eastern and south-
eastern parts while it increases toward the northwestern,
southwestern, and northern parts. The conductivity is low
in the east and southeastern direction due to the probable

@ Springer
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(a) Geoelectric cross sections along profiles A — A'and B- B, showing different geologic units, fault

groundwater recharge from the Quaternary aquifer and due
to the seepage of Wadi El Natroun groundwater through sub-
surface channels.

Finally, the obtained TDS in groundwater varies from
2236 (mg/1) at sample number Mo-26 to 7830 (mg/1) at sam-
ple number R-140 and there is a strong similar relationship
between TDS and EC in terms of increasing and decreas-
ing tendencies (Fig. 6d). This relationship is explained by
the cross plot (Fig. 6e) which shows that the proportional
relationship between TDS and EC with confidence value
is 0.9 (r?=0.981). The salinity of the groundwater in the
El Moghra area increases with the depth, The Data Log for
Well XGV 3 shows the resistivity (R16” and R64") decrease
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elements, borehole logs.

with the depth that indicates the increase of water salinity
as shown in (Fig. 6f).

Hydraulic parameters of El Moghra aquifer

The pumping tests are used to estimate the hydraulic proper-
ties and aquifer characteristics of the aquifer. The pumping
test depends on measuring the discharge of the well and the
resulting drawdown at a specific time. These measurements
can be used to calculate the hydraulic characteristics of the
aquifer. For example, the pumping test data for well R61 in
the study area are step drawdown tests, constant discharge
tests, and recovery tests. (Fig. 7 a, b, and c).
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Step drawdown tests The step-drawdown test for well R61
(Fig. 7a; Table 1) is one of the most useful assessment tools
for groundwater aquifer. It is a pumping test in which the
drawdown in a well is observed while the discharge rate
from the well is increased in steps. In a step-drawdown test,
the discharge rate in the pumping well is increased from an
initially low constant rate through a sequence of pumping
intervals (steps) of progressively higher constant rates. Each
step is typically of equal duration, lasting from approxi-
mately 30 min to 2 h (Kruseman and de Ridder 1994).

By plotting S/Q versus Q Fig. (7a) and fitting a straight line
1964through the points, the well loss coefficient C is given by

elements, borehole logs.

the slope of the line, and the formation loss coefficient B is
given by the intercept of the line with S/Q axis (Q=0), (Todd,
1980). The total drawdown may be represented approximately
by the following equation (Jacob 1964):

S =BQ+ CQ?, )]
where S is the total drawdown in m, Q is the rate of discharge
in m>/d, C is the well loss in d*m?, and B is the formation

loss constant in d/m?. Thus, from the graph the formation
loss B=2.6x 107 d/m* and the well loss C=1.8x 107’

@ Springer
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Fig.4 a Topographic map of the study area. b Static water level from ground surface

d?/m>. Then, we can determine well efficiency from this
equation.

Well efficiency = (BQ/(BQ + CQ?)) x 100 )

The efficiency of a pumping well expresses the ratio
of aquifer loss (theoretical drawdown) to total (meas-
ured) drawdown in the well. (Kruseman and de Rid-
der 1990). A well efficiency of 70% or more is usually
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considered acceptable. The average well efficiency for
well R 61 in the area under study is 83.12% as shown
in Table 2.

Constant discharge test and recovery test In the con-
stant discharge test for well R61 (Fig. 7b) by plotting the
observed drawdown (s) versus time (t) on a semi-logarith-
mic paper (t in the log scale), a straight line of slope s is
obtained (Jacob 1964).
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T=0.183 xQ/s,

where, T =transmissivity (m?%/d), s= slope of line (meters/
log cycle), Q=discharge (m*d), T,= 1455 (m*/d), which
represents high potential aquifer (Fig. 7b). T,= 1476 m*d

(Fig. 7¢).

3

T, and T, are transmissivity values of constant test and

recovery tests. Table 3 represents the classification of the
aquifer potentiality according to transmissivity values

(after Gheorhg 1979).

From Table 4, the recommended safe yield of the wells
(discharge Q) (m3/h) range from 90 (m>/h) to 160 (m>/h)

and the maximum drawdown (s) (m) range from 1.6 m
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Fig.5 (continued)
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to 12.8 m also the transmissivity for constant test (T)
(m?/d) is ranging from 905 (m?/d) to 2895 (m?/d), while
the Transmissivity for recovery test (T,) (m%d) is ranging
from 1098 (m?/d) to 3031 (m?/d). The average of efficiency
to the tested wells is 84.5%.

Discussion

The quantitative interpretation of geoelectrical data for
31VES stations, measured using AB/2 ranging from 1 to
500 m, indicates that the subsurface stratigraphy consists
of five geoelectrical units, where the deeper one represents
the main aquifer in the study area, which is composed

@ Springer

of sand intercalated with clay. Thirteen boreholes were
used to indicate the lithostratigraphic section, water-bear-
ing zones’ hydrochemistry, water quality, and well effi-
ciency. The water samples from boreholes indicate that the
salinity increases with depth, where the salinity increase
from the east to the west of the area ranging from 2236
to 7830 PPM. Also, the electric conductivity is similar
to water salinity increase from east to west and ranging
from 3500 to 12,000 pmhos/cm (Fig. 6¢c and d). There is
a linear relation between electric conductivity and water
salinity in ppm as in Fig. 6e. The average well efficiency
for one of the boreholes which drilled in the study area
such as well R 61 is 83.12% as shown in Table 2. The
Transmissivity of the aquifer according to the pumping
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test for some borehole for constant test (T),) (m?/d) is rang-
ing from 905 (m?%/d) to 2895 (m?/d), while the transmis-
sivity for recovery test (T,) (m?/d) is ranging from 1098
(m?/d) to 3031 (m?/d). The results of interpretation for
resistivity data are conformable with the results of with
results of boreholes data where the depth of groundwater
from VES no.3 data is 38.4 m and the depth of water at
borehole A4 which drilled beside VES 3 is 40 m. Also,

the depth of groundwater at VES4 is 35.4 m is a coinci-
dence with the depth of groundwater at borehole no.A3 is
35 m. The salinity (TDS) of groundwater is increasing by
depth according to hydrochemistry of samples from drilled
boreholes; this increase in salinity (TDS) is compatible
with results of resistivity data which refers to a decrease
in resistivity values. From well-logging, data clay layer
usually emits more gamma rays than other sedimentary

Fig.6 a Sample location map. :
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Fig.6 (continued)
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rocks, such as sandstone, gypsum, salt, coal, dolomite,
or limestone because radioactive potassium is a common
component in their clay content and because the cation
exchange capacity of clay causes them to adsorb uranium
and thorium, for this reason, the Gamma-rays from well
logging can be differentiated between clay layer and water-
saturated sandstone where they both exhibit low resistivity
values.

@ Springer

The results of geoelectrical data are calibrated to the
results of boreholes data, which were used to constraint the
resulted model, where the subsurface section consists of dif-
ferent units of sand and clay intercalation. The results of
resistivity interpretation indicate that the aquifer is extended
for more depth, as confirmed by boreholes which are drilled
to a depth of 200 m where the aquifer still continuous.
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Fig.6 (continued)
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The results of this work indicate that the surface layer
is composed of silty clay which is suitable for agricultural
purposes, where it is rich with different elements that can
increase soil fertility; and the groundwater aquifer has suf-
ficient water of different salinity values. The boreholes’
depth was planned to reach 350 m, but our study results
suggest reducing the depth to only 200 m. Moreover, the first
plan of the project expects that the water quality increases
with depth; however, the results, on the contrary, prove that
the water quality decreases with depth because of salinity
increase. The authors recommend using water distillation to
improve the water quality by reducing the salinity of water
to cultivate different types of crops.
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(f) Total Dissolved Solids for Well XGV 3, this figure indicates a
record of Gamma log of green color and resistivity log of black and
brown color and refers to water level and salinity increase with depth

Conclusion

The results of geoelectrical data and boreholes indicate
that the study area comprises a subsurface section consist-
ing of five geologic layers; the deepest layer represents the
main aquifer in the study area (Moghra aquifer) that con-
sists of sandstone intercalated with clay. The water level
is at —42 m below sea level. The TDS value varies from
2236 mg/l (Brackish water) to 7830 mg/I (saline water).
Brackish water is mainly found to be associated with the
eastern part of the study area, close to Wadi El Natroun.
It is suggested that the aquifer is recharged by the infiltra-
tion from the irrigation network. The groundwater salinity
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Fig.7 a Step-drawdown pump- Well No: R 61
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Table 1 Step drawdown test results for well R61 @ g
o —
Step no Discharge Discharge Drawdown (s) s/Q (d/m?) § ; > o
(Qm?h (Qmd meters O S3ea & Lo K923 9
= Q= — (\l © & o & =
1 70 1680 4.88 0.0029048
2 100 2400 7.25 0.0030208 j: T:a
3 130 3120 9.67 0.0030994 2 v v
) o X X s 28 R
4 160 4840 12.71 0.0033099 O S =~ N N n S N F =)
= Q >~ o I ~ = <+ = =
75
o —
v >
Table 2 Well efficiency results for well R61 o) 0 X :i < o - 2 &
= 223~ 5 8= w2 =
Step no Discharge (Q) BQ CcQ? Efficiency %
m?/d
7 5
1 1680 4.37 0.51 89.58 S ;
— QX
2 2400 6.24 1.04 85.75 = S g - = © S © § §
3 3120 8.11 1.75 82.24 © 8% v — &= —a &
4 4840 12.58 4.22 74.90
Average 83.12 T =
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Table 3 Classification of the aquifer potentiality according to trans-
missivity values (after Gheorhge 1979) T °f3
iali ~ is- S XX
Potentiality of the aquifer T.ra.nsmls2 3 I e = 2 S - g g
sivity (m*/ < — A — N SN o IS
day)
Highly potential >500 7 TE
Moderate potential 500-50 ; <
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S S
increases to the west and northwestern direction. The < - o &+ = o=
s . s
resistivity at (R16” and R64") decreases with depth that g
indicates the increase of water salinity, which is assured Z T T
. . . = —
by the chemical analysis of wells that drilled up to 120 m f - i 5
. . . . . . o
have a maximum salinity of 2236 mg/l, while the salinity E é 9 8 o8 = § §
at wells, drilled to a depth of 200 m, reaches 7830 mg/I. Z -l o em e =
The groundwater is slightly alkaline with pH value ranged E
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. b7 — © ]
especially the western part of the study area. The results 3|2 = fad = 8= <2 =
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