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Abstract

The aquifer parameters like hydraulic conductiatyd transmissivity are extremely important for
the management and development of groundwater nessuVertical Electrical Sounding (VES)
and 2D Electrical Resistivity Imaging (ERI) technés were adopted for geophysical investigation
in Fadaq plantation area within Bahr Al-Najaf degsien, Irag. A total of 22 VES point distributed
as a grid along six profiles in the plantation whhif-current electrode spacing (AB/2) is 400 m are
used to evaluate the aquifer geoelectric and hyidrparameters, where six 2D ERI profiles were
conducted and concatenated as one 2D ERI profiteamiotal length of 4525 m to verify the results
of VES. The average formation factor of the aquifef2.33 with porosity and water saturation
average of 22.62 % and 0.59% respectively. Geoeleantd hydraulic parameters estimated values
are; apparent resistivity 2.17-2.92 formation factor 6.23—31.18, porosity 17.91-40%06water
saturation 0.18-0.85, longitudinal conductance -416006Q-1, transverse resistance 3258— 27200
Qm?, hydraulic conductivity 0.62—0.68 Jday and transmissivity 70.68—198.05/day. The
thickness and bulk resistivity vary between 112—82@nd 18-8%2m respectively. About 26% of
the aquifer in the study area has an intermediesggdation, while 73.91 % of the aquifer has high
designation. There is a linear relationship betwgansmissivity and water saturation. Based on
designation, protective capacity, and groundwateply potential VES 6C, VES 7A, VES 4C and

VES 2E were recommended for new drilling sites.
Keywords. Aquifers; Fadaq Plantation; VES; 2D ERI concatetafile; Transmissivity

1. Introduction
Water is an essential element of life; howeverghe a gradual decrease in the global resources of

water (Hasan et al., 2018; Agbasi et al., 2019eeslly in the arid and semi-arid areas (Abdullah



et al., 2019). This universal water crisis is ewntdi@ Iraq in the form of the gradual degradatidn o
the Euphrates and Tigris rivers over the last fleoades. This problem coincides with a significant
rise in Irag’s population, increasing water demaardl lack of scientific planning for water
resources management (Alwan et al., 2019). One ipgrh example in Iraq is Bahr Al-Najaf
depression that suffers from many shortages inasearivater quantities in spite of the seasonal
income of surface waters by means of the existiplgemeral wadies. This is because of its
geographic location (near the Southern Desert)ydwam surface water resources (Thabit et al.,
2018), groundwater such as the artesian, self-igwvells and the springs are the major water
sources for domestic, industrial and agriculturaless in this area (Al-Shemmari, 2012).
Groundwater is the world's second largest resef\feeshwater, accounting for 12%. The largest
resource is water locked as ice (87%), while serfaater accounts for about 1% of the world's
freshwater reserves only (Gleick, 2011). Accordmgroundwater emerges as an ideal alternative
to surface water to reduce the shortage. It is lyideailable, has an excellent natural quality and
relatively low capital cost of development.

Vertical Electrical Sounding is the detection of gurface effects generated by the flow of electric
current inside the earth. It is one of the mostatle methods for groundwater investigation in the
most geological occurrence (Battacharya and Pa8@&3; Yadav and Abolfazli, 1998) due to the
simplicity of technique and low cost compared tbestgeophysical methods (Abdulrazzaq et al.,
2019; Aziz et al., 2019).

Aquifer parameters are an essential tool for mangagroundwater potentials. These parameters are
mostly estimated by the pumping tests. Usuallyse¢happroaches are time-consuming; besides,
most wells lie in very far locations in the desertich may create further difficulties. A corretati
between the geoelectric and hydraulic parameteas @iquifer can be used to replace the pump test.
This also makes a hydro geophysical model to st@fundamental agents, which may govern the
hydraulic behavior of any aquifer (Vereecken et2006). This approach could be applied to gather
information about the hydro geophysical charac&ion of the aquifer in a studied area.

Kelly (1977); Kosinski and Kelly (1981); Sinha et &009), on their studies have shown an
eqguation that correlates the geoelectrical andaular parameters of aquifers. While Urish (1981);
Worthington (1993); Mazaet al. (1995) reported relationships between aquiferstiggy and
hydraulic conductivity. Aquifer characteristics aelkéctrical parameters of the geoelectrical layers
have been studied by many researchers e.g. (Rata,, 2008; Chandra, et al., 2008; Massoud, et

al., 2010; Abdulrazzaq, 2011; Asfahani, 2012; Sikeanand Christen, 2012; Olatunji and Musa,
2



2014; Okiongbo and Mebine, 2015; Agbasi and Etdk,62 Khalil, 2016; Choudhury, et al., 2017).
According to Niwas and Singhal (1981); Singhal awigvas (1983); Mbonu et al. (1991dhe
geological setting and groundwater characterisirsain reasonably constant within the area of
interest, so the relationships between the hydrauld geoelectric parameters of the aquifer can be
deduced practically.

The area studied has special importance, as iasod the attraction sites for religious tourigis i
Irag due to the Tomb-shrine of Imam Ali Bin Abi italone of the Muslim caliphs. It is considered
as an essential source to enhance the nationahae@mnd to support the national economy, as it
opens a wide range of work and investment for hupatentialities. One aspect of successful
tourism is to provide and satisfy the needs ofigtsirand shrine -visitors for food. For the sake of
varied and good meals, the Alawi Shrine adminigtrain Najaf Governorate has released Fadaq
Plantation Project, one of the great developmeuojepts, which is located 45 km to the south-west
of Najaf city. Where soil, water and climate areagfeeable effect on products. The total area of
the plantation is 8000 KmThe project consists generally of two parts: fingt is the animal
product, which includes cattle breeding (cows, phesves) in addition to plant products, which
includes green forage like berseem and clover apdodage like barley; the second part consists of
garden product, which includes vegetables planhngastic hothouses during summer and winter.
It was planned by the Alawi Shrine administrationcase of success of this plantation project, to
extend the idea by setting up many similar grouridwied projects. As this could exert a high
burden on the groundwater aquifer in the regionvas scheduled to utilize the land gradually by
dividing the plant into three parts commencing fribre Southern part. However, several exhausted,
unproductive wells have resulted from the applaratof random drilling. Accordingly, it is
essential to choose new, high-productivity wellsatmid losses and replication of these mistakes.
This study aims to estimate the main aquifer pataraet Fadaq plantation and use it as a guide to

developing a plan for drilling new productive welits irrigations and permanence of the plantation.

2. Materialsand Methods

2.1 Site description

Fadaq plantation is located in Bahr Al-Najaf depi@s, specifically in Al-Rehiama area, which is
administratively part of Najaf governorate (Fig, Wjithin longitudes 44° - 44° 5' E and latitudes
31° 58' - 32° 3' N; 35 km off the city center tods Bahr Al-Najaf. Generally, it is an open flat
land with little undulation and covered with sdihe surface has a little gradual gradient of around
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4 degrees to the East from SW to NE. The utmogthheif the area is around 60 meters above sea
level. As for tectonic aspect, the study areadated in a sedimentary plain not liable to foldy] a
considered as part of Al-Salman zone within thélstahelf area, as per the geologic and tectonic
division. Moreover, it is a zone that keeps thdlstsghelf apart from the unstable shelf (Jassim and
Goff, 2006).

The area of Bahr Al-Najaf and the surrounds werebeen afflicted by tectonic significant events
for a long period, except for Sinjar heights andtwaesert during the Tertiary epoch. Due to several
significant tectonic events, Abu-Jir fault systewoleed the main system of deep faults stretching
towards NW-SE (Abdel Razak, 1980). The area isilpged by a high rate of erosion to SW
direction of the area where rocky nature of theaugtbappears on the surface with a little amount of
soil, which was of great effect to form severallexd in the area; while erosion factors decrease
towards North and East due to the great thicknesaréace soil (Ali, 2012).
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Fig. 1. The location of Fadaq plantation (study area) wiBahr Al-Najaf depression

Many geological formations are apparent in theptea (Fig. 2), whose ages range from Tertiary

rocks to the Quaternary deposits (Al-Suhail, 199@)ich are mostly covered by recent deposits



where Al-Dammam formation is apparent, which isstdared as an important underground water
layer in the Arabic Desert areas (Aziz et al., 2018

Geomorphologically, the area consists of two maiitsuthe sedimentary plain and the desert plain.
Sedimentary plain: geomorphological formationstfos unit is of riverine and aerial origin formed
by accumulatively (sedimentary) by the erosion #ra human factor. These materials filling the
sedimentary plain, while in aero-origin geomorplgatal formation might be recognizable in shape
of dunes and sand sheets which represent the gpbalogical units; but irrigation channels are
considered as human activities as they are spngiaghathe flood plain. Although the area has dried
desert climate, a rainfall sometimes happens asadmoheavy flushes, which lead to surface
patterns with many ephemerals and some perenndies/@Al-Amiri, 1978). There is a widespread
of old springs but most of them have dried duéntoreduction of the aquifer pressure as a result of

the increase in random drilling (Al-Shemmari, 2Q12)
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Fig. 2. The geological map of Bahr Al-Najaf depressionr{i&y and Nasira, 1996)

The climate of the region follows the same condgi@f the west desert in terms of temperature

degrees, humidity and rainfall. It is featured lmjdcwinter of little rain and dry hot summer. The
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area is featured, according to Iraq Atlas (19716300y an average annual temperature of 38°C,
the average annual relative humidity of 41%, averagnual evaporation of 3.45 mm, average
annual rainfall of 200 mm (Abdulrazzaq et al., 2)J#verage annual aridity of 34 (Alwan et al.,
2019) and an average annual wind speed of 3.4 aridec

The topographic slope is usually coincident with #tructural dip of the subsurface strata, which
follow the normal stratigraphic column of Iragi Resthat Bahr Al-Najaf is part of it (Lateef and
Barwary, 1984). In addition, there is a subsurfpatern of flow due to the infiltration of runoff
water through near-surface fractures and jointsnemy areas. In addition to the underground
drainage that comes from the huge regional aquifech extends into Saudi Arabia by the effect of
deep faults and fractures, which develop to diggmiichannels.

The hydrogeology setting of the area representragh the southern desert area, which is a wide
plateau tectonically (structurally) and consideradthin the stable shelf. Hydrogeological
classification of the rocks is done by resting gurb-geological properties of those rocks, their
rocky composition and the volumetric distributiof tbeir constituents. Al-Dammam formation
represents the main aquifer of the area which stssif soluble calcareous stones. Porosity varies
from a place to another as a result of caving aadking in rocks, and most of the cavitation and
high permeability processes occur near the undengravater level within the formation as they are
affected by water level instability and flow movamewithin the formation. In general,
permeability gets decreased with depth, and highheability occurs in subsided areas and valleys
where water moving and rotating processes occtinaee areas (Al-Rawi et al., 1983). The main
source to feed the aquifer in Al-Dammam formati@n rainfall in addition to valley water
penetrating into depths during the season of fl@werall, Al-Dammam formation covers
impermeable layers in most of the areas located teadrainage areas, and that water in this
formation is of the constrained type.

Calcareous stones permeability depends on sevactdr$ as rocky and structural composition
added to cavitation property that features theseest In general, calcareous stones represented by
limestone, dolomite, gypsum and evaporates repteddyy anhydrite, which is of high ability to
dissolve in water (Barwary and Slewa, 1994). Sulagability in these stones depends on several
factors; the most important are: stones capacitigsolve, climate conditions, the existence ofl aci
solutions, the existence of faults and partitiond aracks and cavities in the mother-stones, the
synthetic and structural status of the area, gephwogy of the area and the movement of surface



and underground water. Consequently, these faaftest calcareous stones, which contains water,

and lead to an increase in their permeability antenflows in them.

2.2 Data Acquisition and Analysis

The study includes applying the VES technique u#iiegsymmetrical Schlumberger configuration
in Fadag plantation area for the purpose of dglinew irrigations wells. The apparent resistivity
measured in 22 VES points, distributed evenly {tiséance between the profiles was one km) as a
grid across the plantation area on six profiles (A8, CC, DD, EE and FF) using ABEM
Terrameter LS1 resistivimeter to obtain a possibherage of the plantation (Fig. 3). The spreading
of current electrodes (AB/2) reached a distanceouf00 m, and a distance of 100 m is reached for
the spreading of voltage electrodes (MN/2); thudepth penetration of 320 m is obtained. Field
curves of VES points are interpreted quantitativeding IP12win software (Fig. 4) to find out the
values of quantitative resistivity and thicknesshaf electrical zones.

The choice of the appropriate number of VES pommtsl the distance between them is very
important in terms of the cost and result's acgurReducing the distance between points requires
an increase in the number of measured VES poietgling to a more expensive survey. While
increasing the distance between VES points willucedthe measured points, reducing results
accuracy. Hence, 22 VES points were selected, avitlstance of 1 km separating them, in order to
obtain the best results at a relatively low cost.

The VES points were measured separately, so tkmgrof VES points as a profile is optional and
depend on the purpose of linking in a specificaiom. The West-East direction was chosen to link
the VES profiles to indicate the lateral extensodrihe aquifer in the study area. Another profile,
namely V-V' was produced from the 3A, 3B, 4C, 3B, 2F VES points, which extend from South
to North of the study area to indicate the extemsitthe aquifer along the plantation.

To verify the results of VES, six 2D ERI profileeme conducted in one sequence using Wenner-
Schlumberger array by 61 electrodes ABEM Terrame®dr multi-electrode resistivity system. The
length of each profile was 800 m with 75 m overkgplistance, and the electrode spacing was 10
m. Wenner-Schlumberger array is moderately semsitwoth horizontal and vertical structures, as

the array represents adequate signal/noise ratio,ingortant parameter in low-resistivity



environments, it also provides adequate resolyigard, 1989; Dahlin and Zhou, 2004). Few bad

data points appeared and were manually removeshaegn in Figure 5.
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2.3 Geo-Hydraulic Parameters

Hydraulic parameters (longitudinal conductancendvarse resistance, hydraulic conductivity and
transmissivity) are used to estimate groundwatderii@l, the soil corrosivity and groundwater
protective capacity. Hydraulic parameters are eelato geoelectric parameters (thickness and

apparent resistivity) as shown in equations 1-4.

S=hb (1)
S is the longitudinal conductance

R=Ip 2)
R is the transverse resistance

T=Kh (3)
T is the transmissivity of the aquifer

K = 8% 106 ¢—0-0013p (4)

K is the hydraulic conductivityy and h are apparent resistivity and thickness ctisady.

The nature of the aquifer substratum is controbigchydraulic conductivity (K) and geoelectrical
resistivity ). If the hydraulic unit and current flow are domirtly horizontal in a typical aquifer it
indicates low resistivity substratum, the relatimpsbetween K ang is indirect. There is a linear
connection between K ang for substratum that has low resistivity. If aruder is transmitting at

an all-out volume of water, it is likely that sormpessible recharge is being excluded in the recharge
area. Aquifers in dry regions usually have a deagloge zone in the recharge areas, indicating a
lack in the amount of potential recharge (Fettd,4).

From Archie law (Archie, 1942), the resistivity whter saturated clay-free material can be defined
as

— Po
F_pw (5)

Wherep0 = specific resistivity of water-saturated sapa, = specific resistivity of pore water, F =
formation factor.
The formation factor (F) associations all properioé the material impelling electrical current flow

like porosityd, pore shape, and digenetic cementation.
0.64

F= (6)
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When the medium is unsaturated, changing the anudwsdturation changes the nominal porosity.
It gives Archie’s equation, given below as

1

WherepO is the bulk resistivitypw is apparent is the porosity, Sw is the water saturation, m and
n are constants with respect to the rock type,satdration index (equal 2). Worthington (1993);
Vinegar and Waxman (1984); Borner et al. (1996)ntty (1968), concluded that Archie’s law for
water saturation is broken down into three caskss contaminated aquifer, partially saturated
aquifer and freshwater aquifer.

From the hydraulic parameters, we can also deterrthe soil corrosivity, protective capacity,
groundwater potential and designation. Soil couibsiis a geologic hazard that affects buried
metals and concrete that is in direct contact wsioil or bedrock. Soil corrosion is a complex
phenomenon, with a multitude of variables involv&bil corrosivity was inferred from the
resistivity values of the soil (i.e. the aquifesisivity values). Table 1 below shows various soill

corrosivity for different soil resistivity value®©(adapo et al. 2004; Ibanga and George, 2016).

Table 1: Classification of soil resistivity in tesmof corrosivity (Baeckmann and Schwenk, 1997)

Soil Resistivity 2m) Soil Corrosivity

<10 Very strongly corrosive
10 — 60 Moderately corrosive
60 — 180 Slightly corrosive

> 180 Practically noncorrosive

The protective capacity rating was inferred frora dalculated longitudinal conductance (S) using
protective capacity rating as shown in Table 2 (l&umt al., 2016), where S is the sum of all the
thickness/resistivity ratios of n — 1 layers whimverlie a semi-infinite substratum of resistivjty,
such that S = hpl + h2p2 + h3p3 + ... + hn—1pn-1 (mho), where hl, h2, etc. are the depths and
pl, p2, etc. the resistivities, of successive layerknawledge of higi for the ith layer when it is
sandwiched between two layers of much higher re#ists of importance in resolving the problem
of equivalence (Henriet 1976; Obiora et al., 20Bshtective capacity rating is used to predict how

safe a layer is as to if it can allow containmentsollapses of the layer.
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Table 2: Rating of protective capacity of aquif@tenriet 1976).

Longitudinal conductance (mhag)Protective capacity rating
>10 Excellent

5-10 Very good

0.7-4.9 Good

0.2 -0.69 Moderate

0.1-0.19 Weak

<0.1 Poor

Designation infers to the ability for fluid flow tveeen very high flow to impermeable (not allowing
fluid flow). Groundwater supply potential indicatée withdrawal potential of groundwater supply
(Krasny, 1993; Reddy, 2014). The designation amigpiwater supply potential can be inferred
from the values of transmissivity based on Krasn{@993) classification of transmissivity
magnitude (Table 3). Transmissivityis equal to gheduct of the aquifer thickness (m)
and hydraulic conductivity (K). Transmissivity debes the ability for fluid flow within the plane
of the material and is defined as the in-plane afmlity multiplied by the material thickness
(Hudak, 2000; Kirsch et al., 2006).

Table 3: The classification of transmissivity magde (after Krasny, 1993)

Transmissivity | Designation | Groundwater Supply Potential

(m/day)

1000 Very high Withdrawal of great regional importance

100 — 1000 High Withdrawal of lesser regional importance

10 - 100 Intermediate| Withdrawal of local water supply (Small communipyant etc)
1-10 Low Smaller withdrawal for local water supply (Privatmsumption)
01-1 Very low Withdrawal for local water supply (Private consuiop}

<0.1 Impermeablg Sources for local water supply are difficult

3. Resultsand Discussion

3.1 Interpretation VES and ERI data

The VES points results show the presence of fooelgetrical zones. Resistivity values ranged

between 0.8 — 150 ohm.m. The penetration deptheMES is about 425 m, and the depth of the
groundwater level ranged between 20-70 m. The Zmse thickness is about 2 m, characterized by
relatively low resistivity and represents top soihe second zone has a moderate value of resystivit
with a thickness range from 6 m to 42 m, which abtarized by an impermeable layer of marl and
recrystallized marly limestone of the upper memiifethe Dammam Formation. The third zone is

carbonate rocks of the lower member of the DammammE&tion and represents the main aquifer in
12



the area, with thickness varied from 50 m to 275Thre fourth zone is detected by VES only as an
impermeable layer (Aquiclude) which consists of Imeamd evaporates and represents the Rus
Formation (Fig. 7).

The ERI data were processed and interpreted usB8§2RINV software, which provides the
possibility of distributing resistivity values the depths of investigation and the various geo#dgic
strata. The six overlapped profiles were colle¢tegroduce one concatenation profile. The trend of
this profile was from South to North with a totehpth of 4525 m, and the maximum depth of
investigation is 155 m (Fig. 6). The resistivitylwas vary between 1.34 and 65 ohm.m. The root
mean square (RMS) is 6.1 % after 3 iterations.

The VES and ERI profiles (Fig. 7 and 8) identiftbe high and low fractures in the study area due
to the presence of the faults. Besides; they shameithcrease in the areas of high fractures in the
center and north part of the study area. The =8dlVES also showed a good agreement with the
2D ERI in determining the subsurface lithology loé tarea and the level of groundwater in the main
aquifer as indicated by the geological data avhlab
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Fig. 7: 2D ERI concatenated profile shows the high andflaestures areas along the study area

3.2 Hydraulic and geoelectric parameters

Hydraulic and geoelectric parameters which incltree following; Porosity ¢), Formation Factor
(F), Transmissivity T), Water SaturationS,), Transverse Resistanci) (Hydraulic Conductivity
(K) and Longitudinal Conductanc&){( are calculated for the aquifers identified ie $tudy area
using the Aquifer Thickness), Bulk Resistivity p) and Apparent Resistivityy), using equations
1-7, this is shown in Table 4. Table 5 shows tHeriad aquifer properties (Soil Corrosivity,
Protective Capacity, Groundwater Supply Potentialj Designation) assumed from the hydraulic
and geoelectric parameters.

Table 4: The geoelectric parameters of the aginfére study area

VES h(m) (Qm) JoN S(Q7) R(Qm?) K(m/day) T(mZ/da§)' (Qm) P F ®(©C) Sw
3A 227.00 67.80 3.35  15390.60 0.63289 143.665 2398 2827 18.81 0.6
8
4A 305.00 65.70 4.64  20038.50 0.63462 193.558 2401 2736 19.12 0.6
5A 320.00 85.00 3.76  27200.00 0.61889 198.045 2.857 29.75 18.33 O.Z
6A 219.00 81.00 2.70  17739.00 0.62212 136.244 2775 29.19 18,51 O.Z
7A 228.00 42.00 5.43 9576.00 0.65447 149.220 2,767 15.18  25.67 0.411
2B 125.00 77.90 1.60 9737.50 0.62463 78.079 2498 31.18 17.91 O.i
8
3B 172.00 66.50 259  11438.00 0.63396 109.040 2356 2823 18.82 0.6
7
4B 172.00 46.40 3.71 7980.80 0.65074 111.927 2876 1613 2490 0.4
6
5B 185.00 79.40 2.33  14689.00 0.62341 115.331 2556 31.06 1794 0.7
9
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6B 179.00 54.80 3.27 9809.20 0.64367 115.217 2.862 19.15 2285 05
5
2C 132.00 53.90 2.45 7114.80 0.64443 85.064 2901 1858 2320 0.5
4
3C 181.00 51.20 3.54 9267.20 0.64669 117.051 2917 1755 2387 05
1
4C 257.00 42.20 6.09  10845.40 0.65430 168.156 2671 1580 2516 04
2
5C 163.00 78.40 208  12779.20 0.62422 101.749 2901 27.03 1924 07
8
6C 181.00 18.00  10.06 3258.00 0.67521 122.214 2.889 623 4006 0.1
8
1D 184.00 46.80 3.93 8611.20 0.65040 119.674 2789 1678 2441 04
7
2D 126.00 59.40 2.12 7484.40 0.63983 80.619 2.457 2418 2034 05
9
3D 200.00 73.10 2.74  14620.00 0.62854 125.708 2763 2646 1944 0.7
3
1E 238.00 72.00 3.31  17136.00 0.62944 149.807 2.812 2560 1976 0.7
2
2E 198.00 34.00 5.82 6732.00 0.66131 130.940 2.739 1241 2838 0.3
4
1F 121.00 58.00 2.09 7018.00 0.64100 77.561 2167 2677 1933 0.5
8
2F 125.00 51.00 2.45 6375.00 0.64686 80.857 2.652 1923 2280 05
1
Mi 0.1
n 112.00 18.00 1.60 3258.00 0.62 70.68 217 623 1791 8
Ma 0.8
x  320.00 85.00 10.06  27200.00 0.68 198.05 292 31.18  40.06 5
Av 0.5
e 191.28 59.10 3.73  11725.51 0.64 121.97 266 2233  22.62 9
Table 5: The inferred aquifer properties.
VES L Designation Protect.lve Groundwatel.' Supply
Corrosivity Capacity Potential
3A Slightl'y High Good Wit'hdravtlal of lesser
Corrosive regional importance
AA Shghtl.y High Good Wlthdravx'lal of lesser
Corrosive regional importance
5A Shghtl'y High Good Wlt'hdravtlal of lesser
Corrosive regional importance
6A Shghtl'y High Good Wlthdrav\.zal of lesser
Corrosive regional importance
7A Modera’Fely High Very good Wlt.hdravtlal of lesser
Corrosive regional importance
2B Slightly Intermediate Good Withdrawal of local water
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Corrosive supply

B Shghtl'y High Good Wlthdrawal of lesser
Corrosive regional importance

B Modera’Fely High Good Wlt.hdravtlal of lesser
Corrosive regional importance

5B Shghtl'y High Good Wlthdrawal of lesser
Corrosive regional importance

6B Modera’Fely High Good Wlthdravx'/al of lesser
Corrosive regional importance

°C Modera’Fely Intermediate Good Withdrawal of local water
Corrosive supply

e Modera’Fely High Good Wlthdravx'/al of lesser
Corrosive regional importance

iC Modera’Fely High Very good Wlt.hdravx'lal of lesser
Corrosive regional importance

50 Shghtl'y High Good Wlthdravx./al of lesser
Corrosive regional importance

6C Modera’Fely High Excellent Wlt.hdravtlal of lesser
Corrosive regional importance

1D Modera’Fely High Good Wlthdravx./al of lesser
Corrosive regional importance

1 With 1 of local

oD Modera’Fe Y Intermediate Good ithdrawal of local water
Corrosive supply

D Slightl'y High Good Wit'hdravtlal of lesser
Corrosive regional importance

1E Shghtl.y High Good Wlthdravx'/al of lesser
Corrosive regional importance

oE Modera’Fely High Very good Wlt.hdravtlal of lesser
Corrosive regional importance

1F Modera’Fely Intermediate Good Withdrawal of local water
Corrosive supply

oF Modera’Fely Intermediate Good Withdrawal of local water
Corrosive supply

Geoelectric parameters estimated values are; appegsistivity 2.17—-2.922, Formation factor
6.23-31.18, Porosity 17.91-40.06 %, Water Saturddid8—0.85, while for hydraulic parameters
estimated values are; longitudinal conductance-1L6M&Y*, Transverse resistance 3258—27200
Qm?, hydraulic conductivity 0.62—0.68 m/daynd Transmissivity 70.68-198.05%dmy. The
thickness and bulk resistivity of the aquifer varieetween 112.00 — 320.00 m and 18.00 —
85.002m respectively. 26.08 % of the aquifers in Fadagnation have an intermediate
designation, while 73.91 % of the aquifer has hagsignation. VES station 6C has excellent
protective capacity, while VES station 7A, 4C arttl I2ave a very good protective capacity, and

generally, the aquifer in the plantation considet@dhave a good protective capacity. 47.83 % of
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the aquifers are slightly corrosive, with 52.17 %otloe aquifer are moderately corrosive. The
calculated value of the average porosity in thafagby applying Archie's equation is 22.62%. It is
close to the porosity values of fractured doloraite limestone 25 % and 30 %.

Figure 8 shows the relationship between the hydraudrameters and the geoelectric parameters,
the correlation between the two parameters shostoag relationship between them, meaning that
they depend on each other to determine aquifer npeteas. Equations 8-13 shows some
relationship between hydraulic and geoelectric mpatars in the study area. Porosity, Hydraulic
Conductivity and Transmissivity can be estimatexinfthe equations above for VES stations within

the study area.

T = 0.047R + 67.341 (8)
@ = 0.0057p2 — 0.891p, 9)
K = 0.0056S + 0.6197 (10)
K =1%10"1R%2 — 5% 107°R + 0.6794 (11)
K =5%10"7p2 — 0.0009p, + 0.6912 (12)
T = 8.854S + 89.346 (13)
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Fig. 8. The relationship between geoelectric and hydcagpdirameters of the aquifer in the study
area. (a) Transmissivity against Transverse Rewietdb) Porosity against Bulk Resistivity (c)
Hydraulic Conductivity against Longitudinal Condaicte (d) Hydraulic Conductivity against
Transverse Resistance (e) Hydraulic Conductivitpiregy Bulk Resistivity (f) Transmissivity

against Longitudinal Conductance.

Figure 9 shows the contour maps of the geoeleamit hydraulic parameters estimated for the
aquifer, along with the profiles AA, BB, CC, DD, E&hd FF. The aquifer resistivity increases
along profile AA, BB and DD with a decrease alongfije CC, EE and FF. Along with profiles
AA, BB, CC, EE and FF the thickness of the aquifiereases and decreases along profile DD. The
formation factor of the aquifer increases alongfifg® AA, BB and DD and decreases along CC,
EE and FF. Along with profiles CC, EE and FF thenested hydraulic conductivity increases and

decreases along profiles AA, BB, DD. For Longitdinonductivity and Transmissivity; AA, BB,
18



EE and FF increases along the profile with a deerealong profiles CC and DD. Transverse
resistance and water saturation increases aloriigegr8A, BB and DD and decreases along profile
CC, EE and FF. The estimated porosity increasesgapwofile CC and FF, it decreases along
profiles AA, BB, DD and EE.
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Fig. 9: Contour maps of the geoelectric and hydraulic ppetars estimated for the aquifer; a:
Aquifer Resistivity; b: Aquifer Thickness; c: Fortian Factor; d: Aquifer Hydraulic Conductivity;
e: Aquifer Longitudinal Conductance; f: Aquifer Tisamissivity; g: Aquifer Transverse Resistance;

h: Aquifer Porosity; i: Aquifer Water Saturation.
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4. Conclusions

The incorporation of VES and ERI data led to thenidfication of the main aquifer and the high
and low fractures zones along the study area. Vili8eyg delineated aquifer's geoelectric and
hydraulic parameters, including a correlation betvesome of the geoelectric and hydraulic
parameters of the aquifer. The result shows a gttona very strong correlation between the
parameters. Aquifers in the study area are modgraterosive, of high designation and have a
good protective capacity. The formation factorted aiquifers in the study area range is 6.28-31.18,
with an average of 22.33. The aquifers are founbet@ery porous, porosity range is 17.91-40.06,
with an average of 22.62, while the water satunatio the aquifers range is 0.18-0.85 with an
average of 0.59. More than 50 % of the aquiferehaater saturation above the average. Majority
of the aquifers are protected from contaminants tugheir good, very good and excellent
protective capacity rating. The aquifer in Fadaapgtion has a high and intermediate designation,
which would serve a large community and are recteayte.

Hydraulic parameters (Transmissivity, Hydraulic docativity and Transverse resistance) help to
reduce the additional expenditures of the pumpegt tand offer an alternative approach for
estimating other hydraulic parameters, as it wgive the estimation of the yield of a prospective
well in the area before the drilling. It is concheblthat the groundwater supply potential is between
the withdrawal of lesser regional importance antheiawal of local water supply.
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Highlights

* Thereisastrong correlation between geoel ectric and hydraulic parameters
* Thereisalinear relationship between transmissivity and water saturation

» Estimation of hydraulic parameters from VES help to reduce the expenditure of pumping test



