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Estimating hydraulic Parameters With
Geoelectric Soundings: Case Study From
Orerokpe, Western Niger Delta, Nigeria
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ABSTRACT

A study of the use of geoelectric sounding employing Schlumberger configuration in delineating
aquifer(s) and estimation of hydraulic parameters has been carried out at Orerokpe, Western
Niger Delta. Twenty (20) depth soundings were carried out with a maximum current electrode
spacing of 400 m. The acquired depth sounding data were interpreted by partial curve matching
and computer iterative techniques. The results identified four geologic layers which include; top
soil, clay/sand, sandy clay/clayey/sand and sand. The sands of the third and fourth geologic
layers constitute the aquifer, the depth to the aquifer varied between 6.4 m and 28.1 m with a
mean depth of 17.5 m. The thickness of the aquifer varied between 15.1 m and 67.1 m with a
mean thickness of 28.24 m. The hydraulic conductivity (K) value measured in a reference well
was combined with electrical conductivity (o) obtained from geoelectric sounding data, the
resulting diagnostic relation (Ko = constant) was combined with Dar-Zarrouk parameters to
estimate the transmissivity and hydraulic conductivity values of the aquifer. The results
indicated that the transmissivity values of the aquifer varied between 418.6 m*/day and 1637.3
m?/day while hydraulic conductivity values varied between 10.50 m/day and 45.71 m/day. The
estimated parameters indicated that the aquifer in seventy five (75) percent of the study area
have high aquifer potential while the remaining twenty five (25) percent have moderate aquifer
potential.

Keywords: Aquifer, hydraulic parameters, Dar-Zarrouk parameters, well, drawdown.

1.0 INTRODUCTION

Water supply in most parts of Nigeria is insufficient; the problem of water supply has been further aggravated
in recent years by the rapid population growth, urbanization and industrialization. The provision of sustainable
water supply has been a major challenge to successive governments in Nigeria for decades. In the Niger
Delta petroleum province the exploitation of ground water has always been preferred over surface water. The
reason for this is probably the existence of rich aquifers, especially the Benin Formation which is easily
exploited in many areas with shallow drilled wells and dug wells. However, groundwater exploitation has not

been accompanied by resource evaluation studies that are anchored on aquifer characteristics. Such
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characteristics include porosity, specific yield, hydraulic conductivity, transmissivity and storativity without
which it is impossible to answer questions such as how much water would a particular aquifer release to a
borehole a knowledge of which is essential for planning purposes. Consequently, many borehole schemes
have been abortive or yield much below capacity. Furthermore, aquifer hydraulic characteristics such as
transmissivity and hydraulic conductivity are crucial for environmental studies involving site characterization,

fate and transport of pollutants as well as remediation of contaminated sites.

The conventional method for determining hydraulic parameters such as transmissivity and hydraulic
conductivity involve pumping test; this method is expensive and gives results relevant to only to a small area of
the aquifer [1]. Furthermore, wells may pose critical problems in the analysis of field pumping tests. In the
presence of diverse field conditions, the various assumptions are seldom valid during pumping tests and thus
the estimation of aquifer hydraulic parameters may lead to erroneous values for the relevant parameters [2]. At
the same time, these procedures are time consuming and cost prohibitive if practiced indiscriminately. Also, in
the Niger Delta there is paucity of observation wells to carry out pump test as these wells are expensive to drill
and maintain in developing countries. The numerous wells in the region are privately owned, the owners
usually will not allow the use of their wells for pump test and the reason is probable due to safety. An
alternative, less expensive approach that provides more regional information is the integration of geo-electric
surveys with existing borehole data. Geoelectrical surveys have become an increasingly important tool in
subsurface hydrogeological applications. The spatial distribution of electrical response characteristics of the
subsurface aquifer matrix can provide valuable information for characterizing the heterogeneity of the

subsurface water and soil zone [3, 4].

The geoelectrical method is an effective tool for ascertaining the subsurface geologic framework of an area [5,
5, 7]. Application of the geoelectrical method has led researchers to develop surface resistivity techniques for
making quantitative estimates of the water transmitting properties of aquifers [8, 9]. Ungemach et al.,1969 [10]
found a relationship between transverse resistance and transmissivity. They correlated transmissivities
determined from six pumping tests in the Rhine aquifers of France with transverse resistances. Scerascia,

1976 [11] used electrical soundings to estimate transmissivity in Italy. Niwas and Singhal, 1981 [12] estimated
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the aquifer transmissivity from the Dar-Zarrouk parameters in porous media by using an analytical relation
between aquifer transmissivity and transverse resistance. Kelly, 1977 [13] established an empirical relation
between aquifer electrical resistivity and aquifer hydraulic conductivity. Onuoha and Mbazi, 1988 [14], Ekwe et
al., 2006 [15] estimated aquifer hydraulic characteristics in southeastern Nigeria by integrating geoelectric and

pumping test data.

The present study attempts to evaluate transmissivity from geoelectric and borehole data and as much as
possible use the acquired data to characterize a larger area than would have been possible with the one pump
test alone. Furthermore, the areas of higher transmissivity will be delineated for location of potentially high yield

water wells/boreholes.

2.0 LOCATION, GEOLOGY AND HYDROGEOLOGY

The study area (Fig. 1) is situated between longitudes 5°53'E, 5°58'E and latitudes 5°35'N, 5°38'N. The area is
located within the Niger Delta Basin; the sedimentary sequence within the basin is over 800 m thick and
consists of three distinct formations that include from bottom to top: the Akata Formation, the Agbada
Formation and the Benin Formation [16, 17]. The Akata Formation consists predominantly of high-pressure
marine shale while the Agbada Formation is made up of alternating sand and shale. The Benin Formation, up
to 2000m thick caps the sequence and consists predominantly of fine to coarse grained, poorly sorted sand,
gravel and clay lenses. In the coastal region of Delta State, the Benin Formation is overlain and masked by the
Sombreiro-Warri Deltaic Plain deposits. These sediments consist of fine to medium and coarse-grained sands,
gravelly sand with intercalation of clay lenses which play a considerable role as local confining beds are
usually lesser than 120 m in thickness. The Sombreiro-Warri Deltaic Plain deposits are thought to be recent
expression of the Benin Formation [18] and are not easily distinguished from it in borehole sections. They are

both in hydraulic continuity and may be considered one and the same aquifer.
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81 Fig. 1. Map of study Area showing VES locations and well (BH) in which pump test was perfor med
82
83  Groundwater in the Niger Delta is contained in mainly very thick and extensive sand and gravel aquifer. Etu-
84  Efeotor and Akpokodije, 1990 [19] have summarized the hydrostratigraphic units of the Niger Delta as five well
85 defined aquifers. The first aquifer occurs under phreatic conditions between depths of 0 — 45 m. It supplies
86  water to small private and commercial boreholes and is the most extensively exploited causing water table
87 decline, pollution and saline water intrusion. Most aquifers in this study are within these depths. The second
88 and third aquifers (45 — 130 m and 130 — 212 m deep, respectively) are semi confined and are usually
89  penetrated by medium sized industrial, community and municipal boreholes. The fourth aquifer is 212 — 300 m
90 deep and is tapped by few large scale deep boreholes for municipal and industrial water schemes. The fifth
91  aquifer is more than 300 m depth. Majority of boreholes usually penetrated only the first and second aquifers.
92  The aquifers vary from unconfined to semi-confined conditions at depths; they are separated by highly
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discontinuous layers of clays giving a picture of a complex, non-uniform, discontinuous and heterogeneous
aquifer system. The hydraulic conductivity varies from 0.04 — 60 m/day, transmissivity ranges from 59 — 6050
m?/day, storage coefficient varies from 10° — 1.5x10™" and borehole yield is very good with production rates of

about 20,010 I/h which indicates potentially productive aquifers [20, 21, 22].

3.0 MATERIALS AND METHODS

3.1 Pumping test

A five hour pump test was carried out in the well marked BH in Fig. 1 which was pumped at a uniform rate of
2500 m®/day. Drawdowns during the pumping period are measured in an observation well at an approximate
distance r = 60 m away. The pumping time t and drawdown s were observed. A time — drawdown curve was
plotted and analysed for aquifer hydraulic parameters (transmissivity, hydraulic conductivity and storativity).
Prior to the pumping test, the depth to the static water level in the observation well was recorded. The
drawdown was obtained from the differences between depths to static water level and depths to dynamic water
levels achieved during pumping test. Replacing s by As (drawdown difference per log cycle of t) [23], aquifer

hydraulic parameters were estimated with the Cooper-Jacob’s straight line method [24] using the following

relationship:
2.30Q
=——————-(1
4nAS @)
2.25Tt,
e )

where T = transmissivity, Q = pumping rate and S = storativity.

3.2 Geoelectric Investigation

Geoelectrical investigation involving resistivity sounding was undertaken within the study area to provide
information on the geoelectrical stratification of the subsurface. Direct-current electrical resistivity method still
remains the most powerful and cost- effective technique in groundwater investigation [25, 26, 27]. Resistivity of
the ground is measured by injecting current into the ground and measuring the resulting potential difference.

The general field layout requires two pairs of electrodes are required: electrodes A and B are used for injecting
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current while M and N are for potential measurements. For a homogenous subsurface, the resistivity ,Oa (in

ohm-meter) can be calculated from the current | and potential difference V by the relationship:

P =K=-mm-(3)

K is called geometric factor (in meter) and can be calculated from the electrode spacing by
1 1 1 1 1
b=t (Feriterr) Bl Grdterd SRR

The vertical electrical sounding (VES) method was adopted using the Schlumberger configuration at twenty

(20) locations as shown in Fig. 1. The equipment used was the ABEM Terrameter SAS 1000 with current
electrode spacing (AB) ranging from 2 m to 400 m. The data obtained was plotted on a log-log graph of
apparent resistivity against half electrode spacing. The VES curves were interpreted by partial curve matching
[28] and computer iteration methods. The multi-layered field curves were interpreted segment by segment
using theoretically generated master curves and associated auxillary curves. The interpretation results (layer
resistivities and thicknesses) from the partial curve matching were used as initial model parameters in a
forward modelling using winResist 1.0 by Vander Velpen, 2004 [29]. Computer iteration models the curve by
adjusting the theoretical model and its corresponding sounding curve to the measured (field) curve which can
be controlled on the computer’s monitor. A best fit to stop the iteration is defined by the computer calculating a
root mean square (RMS) error [30]. The RMS error between the field and calculated data is generally less than
3 %. The electrical resistivity contracts existing between lithological sequences in subsurface were used in the

delineation of geoelectrical layers and identification of aquiferous units [31].

3.3 Aquifer parameter estimation from geoelectric data

Mathematically, the flow of electric current in a conducting medium is governed by Ohm’s law

where J = electric current density, E = electric field intensity, o = electrical conductivity (c = 1/ 0, where 0 is
the resistivity),
while groundwater flow in an undisturbed saturated aquifer is governed by Darcy’s law:

Q = KIA —-ememee (6)
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where Q = discharge, K =- hydraulic conductivity, | = hydraulic gradient, A = Cross-sectional area.
The analogy between these two phenomena and the relationship between electric and geohydraulic
parameters are universally accepted [32, 33]. The rate of groundwater flow through an aquifer is controlled by

the transmissivity (T), which is expressed by:

where h, is the saturated thickness of the aquifer.

However, a relationship exists between transmissivity and the Dar Zarrouk parameters which were first
introduced by [34] and consist of two variables: the transverse resistance (R) and the longitudinal conductance

(S). They can be expressed by the following relationships.

where, h and O are the thickness and resistivity of individual layers in meters and ohm-meters respectively.

Taking into account a prism of aquifer material having unit cross-sectional area and thickness; Niwas and

Singhal, 1981 [12] combined equations (7), (8) and (9) to obtain the following relationships:

T=KoR -—-mm- (10)
and
KS
T = mmmmmmmm————— (11)
O

In areas of similar geologic setting and water quality, the product Ko remains fairly constant [12, 14].

Thus, if hydraulic conductivity K values are known from a specific well location and o values are obtained from
electrical sounding interpretations, transmissivity and its variations from place to place, including those places

where no K values are available, can be determined using equations 10 and 11.

4.0 RESULTS AND DISCUSION

4.1 Aquifer Delineation
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Quialitative interpretation results of the computer modeled data curves is characterized by HQ, HK, QQ, KH
and KHQ hybrid model curves [5]. Some selected examples of the 20 modelled curves are shown in Figs. 2
and 3. The results revealed four to five distinct geoelectric layers; these geoelectric layers on correlation with
lithological logs (Fig. 4) are equivalent to a maximum of four geologic layers made up of top soil, clay/sand,

sandy clay/clayey/ sand and sand.

The first layer have resistivity values that vary from 113.2 — 1221.8 ohm-m and thickness of 0.8 — 1.6 m, this is
diagnostic of the top soil of variable composition. The resistivity values of the second layer vary from 42.3 —
1207.0 ohm-m with thickness varying from 6.5 — 18.5 m. The low resistivity (< 100 ohm-m) is diagnostic of clay
which is absent in some localities while the high resistivity (> 300 ohm-m) typifies sands. The third layer have
resistivity values that vary from 108.2 — 1550.6 ohm-m, the low resistivity (>100 ohm-m) is typical of sandy clay
and clayey sand while the high resistivity (> 300 ohm-m) indicates sands. The thickness of this layer vary
between 10.2 — 67.1 m and constitutes the aquifer in localities where the unit is sandy, the aquifer is confined
where the overlying second geologic unit is clay and unconfined where it is sand. A fourth layer of sand which
also forms part of the aquifer having resistivity values of 205.3 — 418.7 ohm-m underlie the third geologic layer.
The thickness of this layer could not be ascertained as current electrode terminated within this layer. However,
inference from VES 8 and 9 where there is a fifth layer comprising of sand shows that the fourth layer is over
17.0 m. The depth to the aquifer varied between 6.4 — 28.1 m and thickness ranged from 15.1 — 57.1 m. The
values of the depth to aquifer from the geoelectric model were used with SURFER 2002 [35] terrain and

surface modeling software was used to generate a map of depth to aquifer (Fig. 5).
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4.2 Estimation of Transmissivity, hydraulic conductivity and storativity
Aquifer parameters estimated by the Cooper-Jacob’s straight line method are shown in Table 1.

Table 1: Aquifer parameters from pumping test

Aquifer parameters Values
Transmissivity (m?/day)* 1016.37
Hydraulic conductivity (m/day)? 26.8
Storativity® 1.9 X 10*

Notes: * As = 0.45, Q = 2500 m*/day; “h =38 m and ° t, = 0.44
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The Ko constant was calculated by using the K value of 26.8 m/day obtained from the pumping test of the well
marked BH in Fig. 1 and ¢ obtained from electrical sounding data at location 4 (c = 1/ 0 = 1/917.6 = 0.0011
Siemens/m).

Hence, Ko = 26.8 x 0.0011 = 0.02948
Transmissivity values can be estimated at all locations where there are no well test data from the relation:

Tc =KoR = 0.02948R
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Fig. 5: Depth to aquifer in meters

Hydraulic Conductivity values were calculated at all sounding locations from the relation:



225 The evaluated hydraulic characteristics (transmissivity and hydraulic conductivity values) in Orerokpe are
226  presented in Table 2.
227

228 Table 2. Hydraulic parameters of aquifer at sounding locations across the study area

VES 0 h(m) z(m) R(@Qm? K, (m/day) Ko T. (m°/day) K. (m/day)
Location (Qm)

! 429.9 379 138  16293.2 26.8 0.02948  480.32 12.67
2 928.7 243 83 22567.41 26.8 0.02948  665.30 27.40
3 1084.2 39.4 187  42717.48 26.8 0.02948  1259.30 31.96
4 917.6 265 140  24316.40 26.8 0.02948  716.80 27.05
5 505.1 28.6 155  14445.86 26.8 0.02948  425.86 14.89
6 10479 183 135  19176.57 26.8 0.02948  565.30 30.90
7 771.0 20.7 12.0  15959.7 26.8 0.02948  470.50 22.73
8 1530.0 36.8 274  55539.0 26.8 0.02948  1637.30 45.10
9 355.9 42 28.1  14947.8 26.8 0.02948  440.7 10.50
10 604.0 26.3 20.0  15885.2 26.8 0.02948  468.3 17.81
11 1402.2 19.6 164  27483.12 26.8 0.02948  810.2 41.34
12 938.7 21.8 182  20463.66 26.8 0.02948  603.3 27.67
13 1384.2 151 10.1  20901.42 26.8 0.02948  616.17 40.81
14 968.0 31.2 145  30201.6 26.8 0.02948  890.3 28.53
15 1621.8 20.6 18.7  33409.08 26.8 0.02948  984.9 47.81
16 1550.6 21.9 22.6  33958.14 26.8 0.02948  1001.1 45.71
17 404.2 67.1 6.4 27121.82 26.8 0.02948  799.6 11.92
18 483.0 29.4 140  14200.2 26.8 0.02948  418.6 14.24
19 1165.0 247 16.1 287755 26.8 0.02948  848.3 34.34
20 12250 161 185 197225 26.8 0.02948 581.4 36.11

229  Zis depth to aquifer and K, is hydraulic conductivity from pump test
230
231  The results obtained indicate that the calculated transmissivity values of the aquifer in the study area varied

232 from 418.6 to 1637.3 m?/day (Table 1). Using SURFER 2002 [35] terrain and surface modeling software, the
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transmissivity values in Table 2 were used to generate an isotransmissivity map. Comparing the transmissivity

values obtained above with aquifer potential estimate by Gheorghe, 1978 [36] based on transmissivity values

(Table 3) indicated that the aquifer have moderate to high aquifer potential (Fig. 6). The calculated hydraulic

conductivity values vary from 10.50 to 45.71 m/day.

Table 3. Aquifer Potential Estimate. (After Gheorghe, 1978 [36])

T (m/day) Aquifer Potential
> 500 High
50 - 500 Moderate
5-50 Low
05-5 Very low
<0.5 Negligible
ULEJ'-'i’:l'I: DEGF‘SS'E
pe 2
N
10 ey
) «00
at-Hry — = =ak|
x,OKODJEHH E
b
v N
to M ard
lo Oha
0557 L 537y
T’ (5 1k | [
— L 1 lm AREAS WITH MODERA TE AREA S WITH HIGH
SCALE TRANSMESSIVITY TRANSAMBESSIVITY
DD5os1E I 050531

Fig. 6: Transmissivity variation acrossthe study area
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It is important to note that the calculated hydraulic conductivity value (K.) at VES 4 (27.05 m/day) is close to
the value (26.8 m/day) obtained from pumping test of the borehole close to the sounding location. Furthermore
aquifer parameters estimated from pump tests are used regionally in many cases, the radius of influence of
such tests derived from equation 2 is relatively quite small and thus suggests that pump test results are of

limited regional utility.

5.0 Conclusion

Optimum vyield of aquifers requires studies of the aquifers in order to develop reliable information on the
hydrologic properties of aquifers. This can be achieved by pump test to determine the hydraulic characteristics
and geoelectric survey to ascertain the geometry of the aquifers. Because pumping test is seldom done in the
Niger Delta, results from one location cannot be used for even the nearest location and also the radius of
influence of pumping test is very small. This is due to the fact that hydraulic characteristics may vary in
different directions within the same aquifer. A way of overcoming this shortcoming in this region is the

integration of geoelectric surveys with existing well data.

The geoelectrical investigation of Orerokpe, Western Niger Delta has revealed four major geologic units and
these include the top soil, clay/sand, sandy clay/clayey sand/sand and sand. The third and fourth layers
constitute the aquifer units. The depth to the aquifer is relatively shallow ranging from 6.4 to 28.1 m with a
mean depth of 17.5 m. Groundwater basically occurs under unconfined to mostly confined conditions in the
aquifer. The geoelectric parameters were used in the Dar Zarrouk parameters to estimate transmissivity from
which the hydraulic conductivity was calculated at other locations where there were no pump test data. The
estimated transmissivity values vary between 418.6 m%day and 1637.3 m%day while hydraulic conductivity
values vary between 10.50 m/day and 45.71 m/day. Based on these results, the aquifer in the study area have
moderate to high aquifer potential. Areas with sufficiently high transmissivities coupled with good aquifer
thicknesses are good prospects for drilling productive wells/boreholes (Onuoha and Mbazi, 1988 [14]). The

closeness of the value of 27.05 m/day obtained from the sounding result and the value of 26.8 m/day from the
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pumping tests is indicative of the reliability of the Dar-Zarrouk approach is estimation of hydraulic
characteristics of aquifers. This study has successfully shown that geoelectric method is a very useful tool for

understanding the aquifer systems and their hydraulic characteristics.
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