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ABSTRACT 

 

Estimation of hydrogeological parameters in a coastal sandy aquifer is not easy using pumping tests 
and drilling boreholes. Geophysical methods could be used in resolving this problem. Gravimetric 
method and Vertical Electrical Soundings haven been used in this study. Hydrogeological parameters 
have been estimated for the shallow coastal aquifer. Thus, the average aquifer porosity is about 34%, 
the thickness of the aquifer is in the range of 19 – 21m, hydraulic conductivity about 4.6x10-2m/s and 
transmissivity 3.91x10

-4
m

2
/s. These parameters correlated well with calculated parameters using 

gravimetric method. The range of aquifer parameter values obtained using electrical method is a 
good indication of the reliability of this method. The electrical method has allowed estimating the 
aquifer parameters and could be used for mapping their spatial distribution.  
 
Keywords: Electrical method, Gravimetric method, Vertical Electrical Soundings (VES), Porosity, Hydraulic 
conductivity, Transmissivity.  

 
 
INTRODUCTION 
  
Quantitative descriptions of the characteristic 
hydrogeologic parameters are necessary in efficient 
scientific and technical planning for management of 
groundwater resources. Many techniques of 
investigation are commonly employed with the aim of 
estimating the spatial distribution of aquifer parameters 
such as hydraulic conductivity, transmissivity and 
aquifer depth (Allen et al., 1997). The hydraulic 
characteristics of subsurface aquifers are important 
properties for both groundwater and contaminated land 
assessments and also for safe construction of civil 
engineering structures (Pantelis et al., 2007). The 
knowledge of hydraulic conductivity and transmissivity 
is essential for the determination of natural water flow 
through an aquifer (Kelly, 1977). As groundwater 
becomes more important as a source of 
uncontaminated water, improved hydrogeological 
knowledge, new groundwater exploration technologies 
and data processing methods must be efficient to 
facilitate investigations and evaluation of groundwater 
resources (Kosinki and Kelly, 1981).  Specifically, 
resistivity techniques are well-established and widely 
used to solve a variety of geotechnical, geological and 

environmental subsurface detection problems (deLima 
and Sharma, 1990).  

Unfortunately, the standard techniques for the 
determination of aquifer hydraulic parameters such as 
well tests, permeameter measurements and grain size 
analysis are invasive, relatively expensive and either 
integrate over a large volume or only provide 
information in the vicinity of the borehole (Mendosa et 
al., 2003; Niwas et al., 2011). Conventional borehole 
techniques such as flow meter and slug tests for 
collecting hydrological data are costly, time consuming, 
and invasive; therefore a large effort has been 
undertaken to explore the potential of using 
geophysical data to compensate for the scarcity of in 
situ hydrological measurements (Rubin et al., 1992; 
Copty et al., 1993; Copty and Rubin, 1995; Hubbard et 
al., 1997; Rubin et al., 1998; Ezzedine et al.,1999; 
Hubbard and Rubin, 2000). According to MacDonald et 
al. (1999), interpolating aquifer properties between 
boreholes is often difficult with little or no data on which 
to base these extrapolations. On a coastal aquifer 
affected by salted water intrusion, just a few numbers   
of wells  could  be  available  for  estimation  of  aquifer  
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Figure 1. Lithology of PU2 well (Source: Maliki, 1993) 

 
 
parameters. Therefore in areas with few pumping tests, 
the spatial distribution of aquifer properties cannot be 
confidently calculated.  

Geophysical data used for hydrogeological 
characterization often include electrical resistivity (Kelly, 
1977; Ahmed et al., 1988). 

This paper is focused on the usefulness of 
geophysical measurements for porosity, hydraulic 
conductivity and transmissivity estimation and on the 
integration of hydrological and geophysical data.  

The water bearing properties of rocks and earth 
materials such as porosity and specific yield depend on 
the shape, size arrangements, inter-connections, and 
extensiveness of the voids in which water can be 
accumulated and move (Karanath, 1994). Theoretically, 
grain size has no influence on porosity for uniform sized 
sediments which varies only with the packing 
arrangement of the grains (Mazac et al., 1985). Graton 
and Fraser (1935) based on results of a wide variety of 
sediment types showed qualitatively the tendency for 
porosity to decrease with increasing grain size. Specific 
yield is the storage term for an unconfined aquifer and 
is expressed as the ratio of the volume of water yielded 
from soil or rock by gravity drainage, after being 
saturated, to the total volume of the soil or rock 
(Schwartz and Zhang, 2003).  

The geoelectrical method is an effective tool for 
ascertaining the subsurface geological framework of an 
area (Keller and Frischknecht, 1966; Griffith and King, 
1965; Griffith, 1976; Kelly, 1977; Zohdy et al., 1974; 
Zohdy, 1989). Geoelectrical methods are based on the 
assumption that the rock matrix is generally an insulator 
and that an electrical current passes through because 
of the presence of water or moisture in the pores 
(Niwas et al., 2011). Application of the geoelectrical 
method   has  led   researchers  to  develop  surface 

 
resistivity techniques for making quantitative estimates  
of water transmitting properties of aquifers (Tizro and 
Singhal, 1993). 
 
 
MATERIAL AND METHOD  
 
Study area 
 
The measurements have been carried out on a site 
situated between the Atlantic Ocean and the coastal 
lagoon in south Benin. The climate in the South Benin 
is of transitional subequatorial type (Le Barbé et al., 
1993). The annual pluviometric average is 1300 mm on 
our study zone. The temperature is on average of 
27.7°C in dry season and 26.5°C in rainy season. 
Average temperature of water in the wells is around 
26°C.  

The littoral is as a whole made up of three sandy bars 
intersected with muddy levels. These sandy bars 
consist of accumulations of marine granular sediments, 
current or inherited of last quaternary transgressions 
(Laibi, 2011). We distinguish from north to south three 
generations of sandy bars (Oyédé, 1991): the intern 
bars of yellow sand, the median gray sand bars, and 
the current and sub actual brown gray sand bars. The 
intern bars of yellow sand are separated of the median 
gray sand bars by the Outobo lagoon. The median gray 
sand bars are separated from the subactual brown gray 
sand bars by the coastal lagoon. These various sand 
bars were studied by authors such as (Lang, 1988), 
(Tastet, 1977), (Pedersen et al., 2005), (Maliki, 1993) 
and (Boukari et al., 2009). The Quaternary unconfined 
coastal sandy aquifer, target of this study, is constituted 
of gray brown sand bar.  
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Table 1.  ARCHIE LAW COEFFICIENTS (KELLER, 1988) 
 

Types of grains or rocks Coefficient m Coefficient a Porosity in % 

Unconsolidated sand  1.37 0.88 25 à 45 
Moderately cemented sedimentary rocks (sandstone and limestone)  1.72 0.62 18 à35 
Strongly cemented sedimentary rocks  1.95 0.62 5 à 25 
Very porous volcanic rocks  1.44 3.50 20 à 80 
Crystalline and metamorphic rocks 1.58 1.40 < 4 

Types of grains or rocks Coefficient m Coefficient a Porosity in % 

Unconsolidated sand  1.37 0.88 25 à 45 
Moderately cemented sedimentary rocks (sandstone and limestone)  1.72 0.62 18 à35 
Strongly cemented sedimentary rocks  1.95 0.62 5 à 25 
Very porous volcanic rocks  1.44 3.50 20 à 80 
Crystalline and metamorphic rocks 1.58 1.40 < 4 

 
 

 

Table 2. Values of “m” by Doveton, 1986 
 

 
 
 
Hydrogeologic setting  
 
The hydrogeologic setting consists of the aquifer of 
Quaternary (Boukari, 2002). This aquifer is the littoral or 
alluvial sandy aquifer of the Quaternary. The sandy bar 
contains the Quaternary shallow aquifer exploited by 
wells with flows between 1 and 15m

3
/h.  It is an 

unconfined aquifer. The unsaturated zone 
approximately has a thickness of 0 to 3m (Boukari et 
al., 2009). According to Maliki (Maliki, 1993), the 
permeability of sands is raised enough, between 10

−2
 

and 10
−4

m/s. The depth of water level varies from 2,5m to 
3,5m with an annual beat of the order of one meter. In 
practice, the fresh water can be exploited by wells or not very 
deep drillings far away from the offshore bar limits. According 
to SRHAU/BURGEAP (SERHAU-BURGEAP, 1987), the total 
porosity of littoral sands is around 35%. 

The PU2 drilling data well in the study zone between the 

Atlantic Ocean and the coastal lagoon show that the shallow 
sand aquifer thickness does not exceed 30m (Figure 1). 
This shallow aquifer is collected by wells and drillings,  
with depth less than 30m, in which the water level is 
between 1m and 9 m. The water flow is between 1 and 
15m

3
/h. 

 
 
Methods of porosity estimation 
 

Gravimetric method  

 
The literature uses gravimetric measurements as a 
baseline to which other techniques are compared 
(Behren et al., 1995, M. Khardani et al., 2007, S. E. 
Foss et al., 2005, C. Pickering et al., 1993, Lazarouk et 
al., 1997, Herino et al., 1987). The total porosity is 
estimated by following formula (Equation 1), (François 
Schlosser, 1988):  
 

                     (Equation 1) 

 
 
 

With     
 
Where Vv – volume of voids, Vd – dry volume and e – 
index of voids.   
 
 
 
Geoelectrical method 
  
Archie (1942) gave the following relation (Eq2) based 
on his works on the petrophysics of brine-filled rocks 
under clay-free condition.  
Starting from Archie's (1942, 1950) equation for 
electrical resistivity (ρ): 

                        (Equation 2) 
a – Electrical tortuosity parameter (Lynch, 1964) [−] 
ρw – Resistivity of groundwater [Ohm m] 
φ – Porosity of aquifer [−] 
m – Cementation factor [−], see Table 1 for values. “m” 
is known as the cementation factor although it is 
interpreted as grain-shape or pore shape factor, and 
the coefficient a is associated with the medium and its 
value in many cases departs from the commonly 
assumed value of one.  

Due to lack of core data from which the estimated 
values of “a” and “m” should, ideally, be examined for 
each site under investigation, an alternative approach 
reported in literature was adopted for porosity 
estimations (Worthington, 1993). In this regard, a forth 
expression in which the coefficient “a” has the value of 
one while “m” is allowed to vary from 1.3 to 2.5 used in 
log analysis, was suggested by Doveton, 1986 (Table 
2). Archie (1942) observed that for clean 
unconsolidated sands packed in the laboratory, the 
value of “m” appears to be about “1.3”.  



 
 
 
 
The inverted resistivity data were used to estimate 

the porosity from Equation (1) using literature values of 
respective parameters for an unconsolidated gravel-
sand. Unconsolidated sediments are characterized by 
relatively low values of m (between 1.1 and 1.3) and 
parameter a≈1 (Keller, 1989; Schön, 2004), and we 
chose to use a=1 and m=1.3. The exponent m 
correlates with the sphericity P=0.88 of the sediment 
grains and follows an equation, m=2.9–1.8P (Atkins 
and Smith, 1961; Jackson et al., 1978; Schön, 2004). 
 
Methods of hydraulic conductivity estimation 
 
Gravimetric method  
 
Using Hazen (1905) Equation for intrinsic permeability 
(Kf): 

    Equation (3) 
Where 
N is Hazen's empirical coefficient.  
d10 is the diameter of the 10 percentile grain size of the 
material 
As pointed out by Lima and Niwas (2000) hydraulic 
conductivity, K (in m/s) is a more meaningful parameter 
which depends on both the type of formation and the 
fluid properties contained in it. To this end Nutting's 
equation Hubert, (1940) relates kf  to K as,  

  Equation (4) 
Where  
δw Water density [kg/m

3
] 

g Acceleration due to gravity [9.81 m/s
2
] 

µ Water dynamic viscosity [kg/m s]. 
 
Geoelectrical method 
 
Heigold et al., (1979) combined Darcy's equation and 
Archie's equation to relate intrinsic permeability and 
porosity with limited success.  

However, Heigold et al., 1979) showed a negative 
relationship (K = 386.4ρ

-0.93283
) (Equation 5) between 

hydraulic conductivity (K) and aquifer resistivity (ρ) in 
Niantic-Illiopolis aquifer, a Wisconsinan out wash 
deposit by melt water from glacier in Central Illinois. 
The aquifer resistivity (ρ) was obtained using vertical 
electric sounding (VES).  

The device used for the vertical electric soundings 
(VES) is of the Wenner type. This method makes it 
possible to obtain, according to the depth, the apparent 
resistivity of a certain volume of ground (Ghosh, 1971, 
Banerjee et al., 1980). Field data were interpreted 
through the following steps: 

(a) matching the field curve with the standard curves 
of the auxiliary method (Marsden, 1973),  

(b) preparing an initial geoelectrical model 
(thicknesses and corresponding resistivities) for a 
limited number of layers depending on the 
geologicalbackground as well as the borehole 
information in the study area, and  
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   (c) entering the initial geoelectrical model into the 
geoelectric modeling package. Each VES was subjected 
to 1D-forward modeling, in which the iterative 
procedure was applied. Iterations were carried out to 
reach the best fit between the smoothed field curve and 
the calculated one.  

The vertical electric sounding was established with 
50m from the shore. The log of vertical electrical 
sounding underwent an inversion in the IPI2Win 
software. This inversion provides a model of 
geoelectrical distinct grounds.  
 
Methods of transmissivity estimation 
 
Gravimetric method  

        Equation (6) 
 
Where, T is the transmissivity (m

2
/s), k is the hydraulic 

conductivity (m/s) and h is water table in the unconfined 
aquifer (m). 
 
Geoelectrical method 
 
Using more basic Ohm's law of current flow and Darcy's 
law for horizontal fluid flow in a medium Niwas and 
Singhal (1981, 1985) derived two analytical equations, 
 
T = αS; α = Kρ                Equation (7) 
 
And 
 
T = βR; β = K/ρ    Equation (8a) 
 
respectively representing inverse and direct relationship 
between electrical resistivity and hydraulic conductivity,  
where; 
T – Hydraulic transmissivity [m

2
/s], 

R=hρ – Transverse resistance [Ohm],   
S=h/ρ – Longitudinal conductance [S],  
h – Thickness of the aquifer [m],

 

α, β constant of proportionality. 
Analyzing these two equations further, Niwas et al. 

(2011) successfully solved the contradiction between 
direct and inverse relationship of electrical resistivity 
and hydraulic conductivity. Their analysis included data 
from Krauthausen test site in Germany fitted to 
analytical geoelectrical modeling results. They 
concluded that Equation (7) exists in case of highly 
resistive basement (S-dominant aquifer where electrical 
currents tends to flow horizontally) and Equation (8) 
exists in case of highly conducting basement (R-
dominant aquifer where electrical currents tend to flow 
vertically). 

   
RESULTS AND DISCUSSION 
 
Determination of aquifer parameters Evaluation of 
porosity value using gravimetric method: 
 
A  sample  of  aquifer  sediment  was  carried  out  for 
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Table 3: water density according to the temperature  
(After Handbook of Chemistry and Physics 64

th
 ed.)  

 

 
 
 

 
 

Figure 2: Grading curve for d10 determination  

 

 
 

Figure 3: Viscosity according to temperature (After values 
of Dorsey, 1968) 

 
 
 
analyses. After drying a soil sample using a drying oven 
with 105°C during 24h a weight of 204.71g (W

dry) was 

obtained.  The weight of the sample saturated with 
water is of 246.9g (W

sat).   

The total volume of voids (Vv) is:   
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Figure 4.  Log of Survey on the study area (Source: Yalo et al., 2012) 

 

 
 

The total porosity value is: φ 

ΦΦΦΦ = 35.48% 
 
Evaluation of porosity value using electrical 
method: 
 
Knowing that the aquifer is primarily sandy on a 
thickness of approximately 26m, according to the log of 
drilling (fig.4), the values of 1.37 and 0.88 were retained 
respectively for "m" and "a" and the weak variation of 
porosity could be neglected.  
 

)   (Equation 2b)  

With “a”, “m”, and  = Constant  

The value of porosity  was estimated on a ground 
saturated with sea water.  The measured conductivity 

 of sea water being 50.700µS/cm or 0.2ohm.m and 

the measured resistivity of = 0.8 ohm.m, porosity 
were calculated according to the following equation: 
 

 (Equation 2c) 
This estimation gives a value of 34% for the total 
porosity of sands. 

ΦΦΦΦ = 34% 
 
Evaluation of hydraulic conductivity value using 
gravimetric method: 
  

 
  Equation (3) 

 
Bear and Verruijt (1987) give N is usually taken as 100 
m

-1
 s

-1
, with d in mm and K in m/s. 

d10 is the diameter of the 10 percentile grain size of the 
material. D10 has been obtained using grading curve of 
soil sample.  
Kf = 1.44 m/s 
 

  Equation (4) 
 
The water density and viscosity have been taken for a 
temperature of 26°C (Table 3) and (Figure 3).  
 
Calculated value for hydraulic conductivity is:  
K=1.6 10

-3
 m/s  

 
Evaluation of hydraulic conductivity value using 
geoelectrical method:  
 
K = 386.4ρ

-0.93283
    (Equation 5) 

 
Resistivity of layer was obtained using the vertical 
electric sounding (VES). Only top layer has been taken 
into account because its depth is similar with the soil 
sample depth. Figure 4 
 

K = 4.6 10-2 m/s for ρ = 15784 ohm.m on VES 
 
 
Evaluation of transmissivity value using 
geoelectrical method: 
 

 (Equation 6) 
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According to Maliki (Griffith, 1976), the permeability of 
sands is raised enough, between 10

−2
 and 10

−4
m/s. The 

depth of water level varies from 2,5m to 3,5m with an 
annual beat of the order of one meter. 
 
T= 1.6 10

-3
 x 3.5 = 5.6 10

-3
m

2
/s 

T = 5.6 10-3m2/s  
 
 
Evaluation of transmissivity value using 
gravimetric method: 
 
The log of survey shows a highly conducting basement 
so R-dominant aquifer where electrical currents tend to 
flow vertically. 
 In this case the transmissivity is leading by transverse 
resistance.  
T = βR β = K/ρ   (Equation 8a) 
R = h thus ; 
 

  (Equation 8b) 
 
For a water table of 3,61m (Figure 3), T= 2.91 10

-6
 x 

13449 = 39.1 10
-3

m
2
/s   

T = 39.1 10-3m2/s   
 
 
Correlation between gravimetric and electrical 
aquifer properties 
 
The values of the aquifer parameters obtained using 
the electrical method approach, were compared to 
those obtained by the gravimetric method. Electrical 
method defines a total porosity lower (1.9%) than that 
obtained by the gravimetric method and a hydraulic 
conductivity and a transmissivity higher (respectively of 

0.004 m/s and 0.03 m
2
/s).  Indeed the obtained 

parameters using the electrical method range in the 
interval of the values for a sandy aquifer like that of the 
Quaternary.  For sandy aquifers, Keller, 1988 has 
defined an interval of porosity ranging between 25 – 
35%.  Castany, 1982 has defined an interval of 

hydraulic permeability ranging between 10
-3 

– 10
-4
m/s 

for a free clay sandy aquifer with uniform grain size 
distribution. Using pumping tests, Maliki found that the 
permeability of sands is raised enough, between 10

−2
 

and 10
−4

m/s. The values of transmissivities for free clay 

sandy aquifers lie between 10
-3 

and 10
-4 

m
3
/s. Thus, all 

the obtained aquifer parameter values using the 
electrical method are included in the definite standards 
on the one hand and are very close to those obtained 
by the gravimetric method on the other hand.  The 
electrical method is noninvasive and not time-
consuming.  Actually, the electrical measurements on 
the ground do not disturb the medium.  On the other 
hand, the gravimetric method requires a sampling 
which alters the ground.  The sample must then be 
preserved and transported to the laboratory where it will  

 
 
 
 
be analysed.  The conditions of conservation of the 
sample can influence the results of the analyses.  An 
electric survey can be carried out only in few minutes or 
few hours according to the depth of investigation while 
the drying of one sample must spend one day.  The 
formulas of Archie for the calculation of porosity, those 
of Heigold for the calculation of electric conductivity and 
that of Niwas and Singhal for the transmissivity 
appeared effective for the estimation of the unconfined 
sandy aquifer parameters. Kelly and Frohlich (1985) 
rejected the negative relationship established by 
Heigold et al., (1979), with the reason that for 
correlation, only three data points were used that are 
not sufficient to generalize any relationship and showed 
again a positive correlation between them. The result of 
this study makes it possible to add the electrical 
method to those able to estimate coastal sandy aquifer 
parameters.   Contrary to the wells which cannot be 
drilled everywhere especially in coastal zone, electrical 
surveys can be realized on a whole zone of study in 
order to consider spatial distribution of the aquifer 
parameters.  
 
 
CONCLUSION 
 
In this paper, we try to use electrical method for 
hydraulic parameter estimation in the case of clay free 
sandy coastal aquifer. Archie, Heigold and Niwas 
equations have been used to compute respectively 
porosity, hydraulic conductivity and transmissivity of the 
unconfined sandy aquifer. Since the spatial distribution 
of aquifer properties cannot be confidently calculated in 
areas with few pumping tests, determination of aquifer 
parameters from geoelectric sounding becomes a good 
alternative and cost-efficient technique since drilling of 
wells to evaluate aquifer parameters can be both 
expensive and time-consuming. The estimated porosity 
value (34%), hydraulic conductivity value (4.6 x 10

-2
 

m/s) and transmissivity (39.1 x 10
-3

 m
2
/s) correlated 

well with calculated parameters using gravimetric 
method. The range of aquifer parameters values 
obtained from VES interpretation is a good indication of 
the reliability of this method. 

The results give a useful estimation of the aquifer 
parameters and electrical method could be used as an 
additional method for estimation of aquifer parameters 
in the area where pumping tests are not available.  
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