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A total of 14 vertical electrical soundings using Schlumberger electrode configuration and the
complementary laboratory analysis of aquifer samples were carried out in the Abak Local
Government Area of Akwa Ibom State, the coastal region of Nigeria. The study focused on the
estimation of geohydrodynamic parameters of the frequently exploited aquifers and the
implication of hydrodynamic parameters on the lithostratigraphy and the anticipated exposure
of the assessed geologic formation at the shorelines. These parameters were porosity (¢),
tortuosity (), formation factor (F), aquifer water formation resistivity (R,,) and coefficient of
permeability/hydraulic conductivity (K). Computation of the effective porosities from the
aquifer cuttings was carried out using wet weight—dry weight technique and petrophysical
techniques. The F values were computed using the aquifer formation bulk resistivity measured
from field 1-D resistivity data analysis, whose interpretation was constrained by nearby
borehole information. The formation pore water resistivities were estimated from the labo-
ratory using electrical resistivity metre. The Win RESIST software program was used in
interpreting the field data electronically. The results of interpretation gave the primary
parameters of saturated and unsaturated units of the coastal regions used in this work. The area
generally shows seemingly high porosity with high coefficient of permeability. The primary and
secondary parameters have been contoured to model their distributions. Besides, some func-
tional relations have been realized through regression analyses. The contour distribution of the
geohydrodynamic parameters indicates the vulnerability of the water repositories to con-
taminations as well as the vulnerability of the shoreline to waterborne erosion. The seemingly
high effective porosity in the compliant laboratory and calculated values indicate that the
coastal region is neither lithified nor compacted/consolidated. This signals the possibility of the
formation to be easily eroded, weathered or flooded where these units are exposed to water
current. With these revelations, the shorelines could be properly managed and conserved by
geotechnically reinforcing with hard and water-resistant concrete that can protect the vul-
nerable and erosion-prone porous sediments.
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cover the hydrogeological repositories, it requires
minor water treatment. This makes groundwater a
more preferable source of water supply when com-
pared to surface water (George et al. 2018). Nowa-
days, the need for improved accuracy in global
groundwater resource evaluation has led to a rapid
growth in groundwater management and conserva-
tion. These geohydrodynamic parameters are poros-
ity (), tortuosity (z), coefficient of permeability/
hydraulic conductivity (K) and formation resistivity
factor (F). Porosity is the ratio of space taken up by
pores in a soil or rock to the total volume of the soil/
rock. In saturated layers (layers under the water level
characterized by interstices, which are inundated or
filled with water and air), the pore water content of a
geologic formation is proportional to its porosity.
Generally, porosity (¢) of sediments can be classified
into absolutes porosity and effective porosity (Petti-
john and Potter 1972; Gurunadha Roa et al. 2011;
Obianwu et al. 2011). Effective porosity results when
void spaces are interconnected and the pore-matrix
system is able to transmit fluids. Absolute porosity is
the fraction of void volumes with respect to the bulk
volume, regardless of pore connections in which the
pore—matrix system is not able to transmit water/fluid
(Folk 1966). Total porosity encompasses the water in
clay that has dead-end pores. Fine-grained clastic
sediments can produce enhanced porosity compared
to coarse-grained sediments of clastic origin. This is
because pore communications/contacts among fine
grains gradually increase, leading to decrease in
packing of geological formation system (George et al.
2014). Gratan and Fraser (1935) in their studies of
pore—grain arrangements formulated mathematical
porosity models for arrangement of unique spheres.
Formation of loosest stable arrangements with equal
spheres whose centers form space lattice of rectan-
gular shape or cubic packing result when contact is
made with six nearby spheres and the fractional
porosity value was determined by Gratan and Fraser
(1935) to be maximum with numerical value 0.48.
However, in the packing of densest formation, whose
center of spheres form a rhombohedral shape, each of
the spheres is connected with 12 nearby spherical
formation. Gratan and Fraser (1935) also considered
the porosity in this arrangement to be minimum, with
a numerical value of 0.26. These illustrations suggest
that highly tight clastic sediments have lower porosity
while loosely tight sediments have higher porosity.
Beyond this established fact, the arrangement of
spheres and the shape of packing, uniformity, sorting
of grains and shapes among other factors also play
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dominant role in the porosity values of a geologic
unit. Because grains of sediments appear to arrange in
edge—edge or edge-face directions in plate-like
shape, porosity increases as the curve-shaped de-
posited grains predominate. Argillites suffer more
than hard grains from arenaceous materials due to
increase in confining stress in the loading sediments.
As the stress of confinement increases, a significant
change in the porosity of sedimentary system is
noticeable. The study of Kezdi (1974) suggested that
values of porosity spanning from 0.38 to 0.55 corre-
spond to loose arenaceous materials, sand and silts
while the range of 0.18-0.40 corresponds to the same
clastic sediments in the dense form. In the same vein,
Kezdi (1974) proposed a porosity range of soft argil-
lites to be 0.45-0.70 while 0.30-0.40 was proposed for
hard argillites.

Ground-based and laboratory measurements can
enable the estimation of formation factor (F), which
gives information related to porosity of reservoirs,
water repositories and even in geological foundations.
This information gives the electrical attributes of
formation lithologies, formation conductivity, vis-
cosity, pore water temperature, pore water saturation,
clay content, specific surface and electric surface
conductance referred to as mechanism of charge fix-
ation at the fluid-solid interface. Other realizable
information from F includes prediction of pore-
shaped system, permeability, pore and pore channel
(tortuosity), cation exchange capacity. Formation
factor links with the extent of mineralogy, cementa-
tion, consolidation and compaction, which determine
the ease of weathering of formation in the region of
less pressure such as coastal shorelines. The formation
factor is defined as:

Py a
P, =
where p, and p,, stand for bulk and water resistivity,
respectively. For clastic sediments and rock of sed-
imentary origin, Archie (1942) and Winsauer et al.
(1952) theorized equations referred to as Archie—
Winsauer equations. These expressions in Egs. 1
and 2 (alternative of Eq. 1) demonstrate the corre-
lation between F and fractional porosity (¢) in
relation to pore geometry factor a and Archie
cementation factor m, thus:

(1)

B _ [flogF —loga
loga =log F + mlog ¢ or m = { oz ¢ }

(2)



Geohydrodynamic Parameters and Their Implications

The value of m exhibits a spectrum of variations
among media, samples, formations and intervals.
Atkins Jr. and Smith (1961) opined that the value of
m considerably varies from medium to high due to
shape—pore grain variations. Ehrlich et al. (1991) in
their own observation concluded that values of m
changes widely and continuously in borehole due to
changes in surfaces of deposition. The cementation
factor (m) depends on many factors such as grains,
shape and many other factors affecting formation
factors mentioned earlier. More angular than
spherical grains connotes higher values of m. Higher
angularity gives rise to elevated content of argillites
and heterogeneous composition of clastic sediments,
which lead to elevated m. Heterogeneity of pore
system leads to changes in m. Increase in fracturing
through change of pore system reduces the value of
m according to Aguilera (1976), while increase in
pores of formation leads to increase in m. When a
rock is compressed, sudden changes occur in pore
and shape system of grains, thereby leading to high
ease of deformation. The deformation of geological
sediment/rock is associated with aggregation of
thermal shift of grains, constriction of pore, eleva-
tion of resistivity and angularity as well as high
cementation factor. The summary of m as indicated
by Keller (1982) entailed that m depends on poros-
ity, lithology, age of formation, cementation and
compaction of formation.

According to Archie (1942), Wyllie and Rose
(1950) and Wyllie and Gregory (1953), m can vary
between 1 and «. However, in practice, it falls within
the range of 1.3 <m < 3.0. The tortuosity fac-
tor/pore geometry factor indicates the geometry of
pores in porous media. From literatures, pore
geometry factor increases adversely with decrease in
the age of geologic formation, consolidation and
compaction. Acceding to Winsauer et al. (1952), the
equation for sandstones (consolidated) is:

a 052

In sediments with inter-granular porosity, the value
of a can be unity (Keller and Frischknecht 1966).
Tortuosity (r) is a dynamic parameter which
characterizes the geohydrodynamic mechanism of a
porous medium by description of the shape of flow
of electric and hydraulic quantities as well as the
complexity of the channel network of porous media.
Tortuosity is a numerical value that quantifies the
degree of departure of a porous system from being
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composed of a bundle of straight capillary flow
tubes. According to Bear (1972), it is also the ratio
of mean length of all particle path lines crossing a
given cross section during a unit period to width of
the sample. Different methods abound for deter-
mining tortuosity. These include theoretically
mathematical derivation of models (Owen 1952;
Towel 1962), and numerical method explores
mathematical relations of tortuosity and other geo-
electrohydraulic parameters (George et al. 2015a, b,
2017a). According to Carman (1937, 1938, 1956),
experiment on conductivity and diffusion can be
explored to determine tortuosity. Moreover, the
techniques of ion transit times (Winsauer et al. 1952)
and capillary pressure curve of pore distribution
(Faris et al. 1954) can be used to determine tortu-
osity in a given porous medium. By derivation, tor-
tuosity 7 can be obtained by finding the square root
of the product of formation resistivity factor ¥ and
fractional porosity ¢ of a given unconsolidated
heterogeneous porous medium, thus:

= (F¢) (4)

Non-disorderliness of tortuous fluid flow was
demonstrated by Carman (1937) in hydraulic radius
Ry, given in Eq. 5. The flow of fluid traverses its way
through the path of a porous medium by navigating
its direction from one point to another unhindered.
The R, is derived by finding the ratio of porosity to
specific surface area S; measured in square meter:

Rl

Ry =— (5)

Hydraulic conductivity (coefficient of permeability),
(K), is linked to laboratory-measured porosity ¢p.p
and can be estimated using the Kozeny—Carman—
Bear’s equation given as:

K — [g'o'w] ) [dzm:| ) d)?ab (6)
Ha 180] (1~ ¢pap)?

where g is gravitational acceleration, o, is water
density (1000 kg/m?), dm symbolizes the grain mean
size of sand determined directly from micrometer
screw gauge and 4 symbolizes water dynamic vis-
cosity (0.0014 kg/ms) of sandy formation (Fetters
1994; George et al. 2015a). This parameter is a very
important geohydrodynamic tool that can be used to

determine the flow of fluid through a formation and
its associated damaging effect on the formation such
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as coastal shorelines. Generally, in this context,
permeability refers to the ease of a geologic forma-
tion to allow the flow of water current through it
under the application of hydraulic pressure. Its
coefficient is defined for a sample of geologic unit
through the use of Darcy law in Eq. 7

(yield/section)
pressure gradient

Coefficient permeability =

(7)

In Eq. 7, yield is measured in m?/s, and the section of
the sample is expressed in m? The difference in
water pressure/sample length or pressure gradient is
expressed in meter per meter (m/m). Hence, per-
meability coefficient is measured in m/s. The unit is
suggestive of the speed of flow of fluid in a forma-
tion. The wearing/weathering of coastal shoreline
can be dependent on the porosity, permeability
tortuosity, the formation pore system and the type of
geologic formation which determines the magnitude
of these geohydrodynamic parameters.

LOCATION AND GEOLOGY
OF THE AREA

The study area is located between longitudes
7°43’E and 7°49’E and latitudes 4°25’N and 5°25'N.
It is not centrally located in Akwa Ibom State. It is
bounded in the north by Essien Udim, west by
Etim Ekpo LGA, south by Ukanafun LGA and
east by Uyo. This survey was arranged to cover
some areas in the Abak LGA, Akwa Ibom State,
Nigeria, a region surrounded by both fresh and
saline water in the Niger Delta. The survey area is
situated within a zone of climate with two notice-
able seasons. The first is rainy season that begins
from March to October, and the second is dry
season that begins from November to February of
every year (Evans et al. 2010; George et al. 2010).
Practically, there seems to be no noticeable sharp
boundary between these two seasons. The monthly
average surface temperature varies from 5.5 to
6.5 °C compared to annual average temperature.
The minimum daily mean temperature lies between
23 and 24 °C during July and August, and the
maximum daily average surface temperature is
between 28 and 30 °C during March (Igboekwe
et al. 2004).

The study area lies within the arcuate deltaic
depositional environment of the Niger Delta,
southern Nigeria. The topmost unit of this region is
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known as the coastal plain sands, also known as
Benin Formation. This formation in the sedimen-
tary basin is the youngest in the Delta. The Agbada
Formation, which underlies the Benin Formation, is
known to be laid down in a paralic brackish marine
fluviatile, coastal and fluvio-marine environment
that consist of inter-bedded sands and shales. The
coastal plain sands, which vary in thickness from 0
to 4.572 km, become more shaly with depth. This
formation hosts the main hydrocarbon reservoirs of
Nigeria (George 2006). The most remarkable
structure in the Niger Delta is growth fault, which
contributes to the formation of oil traps. The
essential features of the Benin Formation have
been reviewed by various authors. Kogbe (1989)
described the Benin Formation as a composition of
chiefly continental sands, which show variable grain
sizes and intercalations of shale and thickness that
exceeds 1.829 km (6000 ft). Mbipom et al. (1996)
opined that the high permeability of the Benin
Formation, the overlaying lateritic and weathered
top layer of this formation as well as the under-
laying clay-shale sequence provide the hydrologic
conditions favoring aquifer formation (George
et al. 2016). The geologic map of the study area
shows that the area is underlain by coastal plain
sands. This Benin Formation has sediments and
sedimentary rocks formed by terrestrial or marine
deposits. The formation is mainly unconsolidated
or lithified with no relation to geologic age. The
highly permeable nature of this sedimentary for-
mation exposes the shoreline in the coast to
excessive erosion.

METHODOLOGY AND FIELD STUDIES

Due to the dependence of earth resistivity on
some geologic parameters, ground-based electrical
study and laboratory analysis of soil samples have
been carried out. The electrical resistivity surveys
were carried out in 14 stations during 2015-2016,
across the study area. An ABEM terrameter SAS
1000 model and its accessories were used in the
survey. The extension of current electrode spacing
(AB) was limited by infrastructures and settlement
conditions of the area. Hence, values of AB varied
from station to station. This confined the locations
of vertical electrical sounding (VES) points to the
locations in Figure 1. Locations characterized by
good access road/paths enabled the extension of
AB from 500 to 1000 m, which comfortably allows
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Figure 1. (a) Map of Akwa Ibom State showing the location and geology of the study area, (b) map of the Abak Local Government Area
showing geology, VES station and boreholes.

sampling of depths above 200 m. The receiving
(potential) electrode separation (MN) ranged from
0.5m at AB=2m to 50 m at AB = 1000 m. As
precautionary exercise, the potential electrode
separations did not exceed one-fifth of current
electrode separations (Gowd 2004). During the
rainy season, the data quality was unique whereas
during dry season contact resistance was avoided
by saturating the electrode stations with water. This
exercise also improved the soil-steel electrode
contact and conductivity. The VES locations were
sited in areas where there are geologically logged
boreholes with drill cuttings in order to constrain
the VES data with geology. Many of the VES
stations were positioned in such a way that water
boreholes are adjacent to them, whereas in some
locations, water boreholes were placed in positions
where there is no possibility for laying VES cables.
In such scenarios, VES stations were about 100—
150 m away from water borehole locations. The
collection of water sample and in situ measurement
of water electrical resistivity were carried out using
resistivity meter in all the water boreholes used in
this survey.

In order to have anomaly that is associated with
geologic origin, electrodes were generally planted so
that at least two-thirds of their lengths went under
the ground surface at any instance. Also associated
with electrode is the fact that where a sharp change
in the measured resistance was observed, replanting
of the electrode (current electrodes) at other points

within their vicinity sometimes yielded a more reli-
able result. During the VES measurements, the
terrameter self-check was very effective as it warned
the operator of any disconnection of either the
potential or the current electrodes. Nevertheless,
except where the operator is able to notice, the
terrameter gave no warning (beeper signal) when
the terminal of P; and P, or C; and C, were,
respectively, alternated. A trial showed that while
alternation of C; and C, terminal did not seem to
change an earlier result, alternation of P, and P, led
to a sharp increase in resistance values. It therefore
served a good field practice to ensure that proper
connections were maintained throughout the dura-
tion of such sounding.

Components of argillaceous materials obtained
from the coring operation were according to API
(1960) and removed from the drill cutting by pre-
washing with distilled water. The water samples
were inserted in vacuum desiccators and a pressure
of 0.3 mbar was used to evacuate them for duration
of 60 min (Emerson 1969). The distilled sample of
water, which was de-aerated, was poured into the
desiccators carefully to cover the water sample.
Traces of salt and other related soluble contami-
nants within the sample effused into the surrounding
water by soaking all he samples for a period of
1 day. The clean samples were dried in a tempera-
ture-controlled oven at 105 °C for 16 h to ensure
that the composition of the sample is not reversed
(Emerson 1969; Galehouse 1971). The cored sam-
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ples, which were oven-dried, were kept to cool in
desiccator to ambient air temperature. The sample
dry weight W, was taken through the use of an
electronic weighing balance for several times. After
this, the average weight was calculated and re-
corded. The samples that were soaked for 18 h in
water were boiled in a vacuum pressure of 0.3 mbar
for half an hour. The sample wet weight Wy, was
taken several times to determine the average, which
is believed to be reliable. Fractional values of
effective porosity (¢) for the aquifer cuttings were

estimated as:
Wy — W,
o= (P .

Vv

where v is volume of samples. Detailed experimental
procedures are available in API (1960), Emerson
(1969) and Galehouse (1971).

The calculation of bulk resistivity from mea-
sured bulk resistance R, was the first step in VES
data analysis using the following equation:

[P [

]2
2
N R )

Pa=T

Bulk resistivity p, values for each of the current
electrodes (AB) and potential electrodes (MN)
separations were calculated in Q m. The most com-
pliant values of apparent resistance R, were used,
but sometimes, the mean apparent resistance for the
selected cycles was used provided the standard error
was not more than + 0.05 Q or mQ depending on the
range used. The calculated values of Schlumberger
apparent resistivity p, were further cross-checked to
ensure their correctness. For each electrode spacing
(AB/2) on a bilogarithmic graph, VES curves were
obtained and smoothed. The techniques used by
Zohdy (1965), Zohdy et al. (1974), Ibuot et al.
(2013), Ibanga and George (2016) for VES data
processing were adopted for the reduction of earth
models from VES data. The procedure for manual
processing of VES data involved use of biologa-
rithmic graphs, for plotting of the calculated appar-
ent resistivity. At times, the resulting noisy curve
signatures were smoothed. According to Bhat-
tacharya and Petra (1968), Akpan et al. (2009) and
Chakravarthi et al. (2007), this was done to get rid of
outliers caused by lateral heterogeneities that have
no geological significance. Based on Orellana and
Mooney (1966), the deployment of partial curve
matching method, which employs master curves/
charts, aided in the preliminary analysis of the data.
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Thereafter, modeling of the VES data electronically
was done using the Win RESIST software program.
This was possible through the use of initially
smoothed layer parameters obtained through man-
ual analysis. The software program performed some
calculations and generated theoretical data, which it
compares with the field data for goodness of fit in
the generation of the final models for resistivity,
thickness and depth as shown in the typical VES
curves model in Figures 2a and 3a. Due to inherent
problems of equivalence and suppression, which
make quantitative interpretation of VES data diffi-
cult, borehole data in Figure 2a and b were,
according to Vanovermereen (1989), used in con-
straining all depths as they helped in minimizing the
choice of layer models through the fixing of layer
thickness and depths as the resistivity varies at point
of inflections (Batayneh 2009).

The maxima and minima that were noticed on a
smoothened VES curve were employed in half-space
data inversion process. The goodness of fit revealed
root-mean square error (RMSE) was due to the
iterative performance of the software at each level.
This iteration updates the input parameters based on
the fitness between the theoretical and field data. In
this analysis, the acceptable RMSE for achievable
goodness of fit was 6%. The generated VES curves
gave the initial geoelectric information which in-
cludes layer resistivity, depth and thickness.

RESULTS AND DISCUSSION

Based on the initial parameters obtained from
sounding curves and laboratory analyses, geohy-
drodynamic parameters were estimated and are
provided in Tables 1 and 2. The typical dominating
groups of curves are represented in Figures 2a and
3a; these curve types are KH and AK, respectively.
At other VES locations, other types of curves such
as H, A and Q were realized. Generally, three to
four geoelectric layers were identified in all the VES
points (see Table 1). Table 1 shows the summary of
the geoelectric computer-aided model for the study
area. The table shows primary and significant
parameters like formation resistivity, depth to bot-
tom and thickness of layers, which are needed to
compute the dynamic flow parameters of the aquifer
units. The table also shows the number of layers
penetrated by the current, the location names,
location coordinates, mean elevation above sea level
and curve types inferred in the study. The first layer



Geohydrodynamic Parameters and Their Implications

RMS-error: 24 I

104

10°3

Appar. Resistivity [ohmm)

102

10M

Schlumberger Configuration

1[*_“&\1,43?5 '

"W

10M 102
Current Electrode Distance (AB/2) [m]

10%0 103

No Res Thick Depth

16604 13 13
214886 36 49
35492 478 527
412487 -- --

(@)

2

4

Depth (m)

o

8

-
-

T
H+

0

7

.I.
ity

.|.

0

i
N

-
<

e

=
=

0

A

(b)

355

Humus topsoil

Lateritic sand

Saturated fine grained sand

Saturated coarse grained sand

Clayey sand
Saturated fine grained sand

Figure 2. (a) Typical VES curve model obtained at VES 1 in Ikot Imo representing KH curve type. (b) Lithology log of a borehole near

VES 1.

1003

Appar. Resistivity [ohmm)

1072

10M

RMS-ermor: 2.6

Lm———] Schlumberger Configuration
T,

oo N F v -
87 o
= N
1 1
1040 10M 1012 103

Current Electrode Distance (AB/2) [m]

No Res Thick Depth

12107 07 07
2 3979 128 135
317214 552 687
4 282 -- --

(a)

Depth (m)

20

60

80

Humus topsoil

Lateritic sand

Saturated coarse grained sand

Saturated fine grained sand

Figure 3. (a) Typical VES curve model obtained at VES 9 in Ikot Imo representing AK curve type. (b) Lithology log of a borehole near

VES 9.



Uwa, Akpabio, and George

356

d8L6L°L

H - £V6 €Tl - 08 €1l - 88re  T6SCL  €eCor € 0¢t N6I06y  syoelreq emdeq| 4!
H666L'L

(0] - CTYS v'C - 6LS ¥'C - 6VL L'Lel §e6e € 0st NPPE6y IV Sunsnyeqy €l
HSLBL'L

HA 0Ly 17 S0 68 91 S0 89yl  TTEL  6VP8L  ¥8IL 14 0¥l NI€E86y qeqy cl
HL008°L

A4 - €56 9L - LL8 9L - 6S9rL  GSEL 9201 € 0¢t N6086'Y Qualpy 11
HESBL'L

H 678 LVl 6C 789 811 6C 889  97TC £0SL 8'50¢ 14 0vl NELLL'S Op IMFION] ot
HESBL'L

AV L'89 ¢l L0 ¢ss 8Tl L0 ¢8CC  ¥'ICLL  6°L6E L0T¢ 14 0¢t N8eOT's Suoqg 6
d868L°L

AV 9¢It €0l A4 €S0 09 £y 19y 6SIIL  L'LLS 8'STL 14 0'st N8080's 01010 03N 8
J8veL’L

H 8¥8  0°S9 9 86l  878¢ 9 CSY8L 81991 CTOISC  ¥'C68 14 0ct NZ690°¢ SuoqQ eyejv L
HILIS'L

H - T98 159 - TI8 s - geeee ¢TI CELS € 0Tt NT020's wodyn 9
d889L°L

AV €L T9 (%% 1'80 07T (%% €79  9¢r6l  £TCC 0oct 14 oot N6S00°S AeqQy MmN S
He09L°L

H - 860l 60 - 680l 60 - SISL 1181 8'90¢ € oot NeEELo's Sueyg 103] 14
H60SL°L

H [0S 89 S0 ey €9 S0 €686 §991 8Ly 8'1L ¥ 0ct NSee0's Jomy] €
d60CL°L

H - L1181 €11 - ¥YOLL €11 - V8881  T9e yss € 091 NS8O WIpIA (4
dvLeL’L

H LS 67 €l 8Ly 9¢ o L'8YCl  T6vS 9'88v1L  ¥°099 ¥ 0°0¢ Nv120°S owg 0] 3
(o) Buog
mwu N@ _Nv mw\ NQ :\\ vd €d d Id on e

ad£y aAIn) (w) yydop 10he] (ur) ssouyoIy) I0ART (wr ¢5) K)IADSISaI IoAe| ‘ou 1Ak (W) UONBAJ[F  2)JBUIPIOO)) uoned0] ‘ou SHA

Suropowr 10indwos woy A9AINS d11}99[0033 JO $)NSAI Jo Arewruung T d[qel



Geohydrodynamic Parameters and Their Implications 357

o g g shows bulk resistivity values ranging from 71.9 to
&b .3 .2 A
gagg ZezgE EEEEEZ‘EE 4023.3 Q m with mean value of 653.4 Q m. The
= =8 B > > e e .
< % E £:55 o 2555223 3 second layer has mean resistivity of 790.8 Q m and
b b b . .
=S OZ0=22L==222202kK a range of 71.3-2510.2 Q m. The third inferred
layer has resistivity range of 52.6-3428.8 Q m. The
z WoFooNm A= oNa s fourth inferred layer gave an average resistivity
53 RORISRERS 8 0E88 40
o SgmgmgRaddagaa oA value of 941.4 Q m and a range of 46.1-2585.3 Q
B SHNSER S22 TSLTESm :
EEAZ2qdEngZREaI ST m. The thickness of the topmost layer ranges from
0.5 to 11.3 m with average of 4.2 m. The second
G < layer ranges in thickness between 1.6 and 170.4 m
o TR, 2D FLRLARL2 L é with average of 49.4 m. In layer three, the thick-
~ NXOTF DTN OO~ O <N .
=~ IRgNIdR2YEREI ST ness ranges from 19.8 to 105.3 m with average of
RV —= A D o~ — <t oo .
BERZTHEZREIHE=CR 55.8 m. The depth range and average remain the
same as that of the thickness in the first layer
E = .
e 2B SETB8ESRE8s L while depth' of the second layer ranges from 2.1.to
Y BEEZENE3ER28ER8C 181.7m with average of 532 m. The third
SSecoS-SSeSSSSsSss layer has minimum depth of 41.0 m and maximum
— < depth of 1156 m, and its average depth is
" 3
5lE flelcmnlaanaasodS 713 m.
o | =< RN B86Z8E8m 6= % . . . .
= MY S8R B SO w AN oS @ The estimation of aquifer geohydrodynamic
g — arameters was done using the combinations of
=5 > o p g
T lx3 nom—wmoCooYn o e | D primary geoelectric parameters of aquifers deter-
S1*3 HEEREECERERYz o0 e : : :
Z £ S ldadnns s S mined from aquifer geoelectric samples and water
= nMNnMnNnN—nNna————¢ AN .
g samples through laboratory analysis. These
3 DR parameters include aquifer water formation resis-
o 4 | o . . . .
5|2 roogsSogozepsS 3 3 tivity (pw), 'aqulfer formatl.on factor .(1.‘7), porosity
B | x 223 Izm2=s282sm8ms (), tortuosity (), hydraulic conductivity or coef-
g SEEE8EqE88E888583° . 5
'*; szsSScsdcssgsszssyss ficient of permeability (K), Dar-Zarrouk parame-
g ters [transverse resistance (7)) and longitudinal
= Rl .
=l - R RC PP conductance (S)] as shown in Table 2. These
g R R R R R R R R R R R R R R parameters apart from aquifer porosity and water
w o e e . .
o = resistivity were derived from primary parameters
21z PO N Ao 0 S and are referred to as secondary parameters
2|5 SSz88322z2:28¢28 - stivi
GH -~ =2s2s22s2gs2222 (George et al. 2017b). The aquifer water resistivity
(pw) ranges from 5.7 to 403.3 Q m with average of
5 8 160.50 Q m. The aquifer formation factor F ranges
] PARCRTACRERIRERIRS ; ;
MNEaSEER8AJJLLT_AS from 3.6 to 13.7 with average of 6.2. The aquifer
Cooc oS o oo oo oSS I . . .
fractional porosity estimated from laboratory
a2 B (¢1ap) ranged from 0.171 to 0.344, and the average
S SERIELTEREESRERES was 0.288. Hydraulic conductivity (K) ranges from
ceseesesssseeseS 2943 to 38.016 m/day with average of
« - P 20.736 m/day. For accuracy in measurement, esti-
) — . . .
yzagadyeranIsses mated porosity (¢e) was also determined using
_ - Archie’s laws and values ranged from 0.179 to
zE CnonE 22922 R, . wn  § 0.365 with average of 0.294. The residuals between
g A docadabNoraTaoONgoo .
SXTARONF o= =@ AR = ¢Qr1ap and @, are tolerable, and they are shown in
¥} . i i .
z Table 2. The estimated tortuosity ranged from 1.14
[Ta) .
c aan=2 22T 0ninFo I to 1.76 with average of 1.32.
~ A 2N e SR . . .
& bR SRR U R R PR The area has topographic elevations ranging
from of 10 to 20 m with mean of 13.43 m. The
2 o & maximum elevation (20 m) was obtained at Ikot
Q . .« .
> 2 Famtnen0a 23 Y0T S Imo, while the minimum elevation (10 m) was lo-
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Figure 4. Contour map showing elevation distribution.

cated at Ikot Ekang (Fig. 4). In essence, the mea-
sured values actually show that the study area is low
lying with moderately high elevation observed in the
southwestern zone of the mapped area. The lowest
elevation seems to be located at the central portion
between northeast and southeast of the mapped
area. The area has low water table, which makes the
bearing pressure of the foundation layer to be low.
The effect is mostly seen at the shorelines that are
constantly eroded by the strong water current of the
rivers.

The bulk aquifer resistivity, which was deter-
mined through electrical resistivity technique, is
contoured in Figure 5. From the diagram, the bulk
aquifer resistivity shows high values in the north-
western, central and the southwestern zones of the
mapped area. The area with high bulk resistivity is
likely to have economical water repositories as they
are likely going to be saturated with pore water. If
the water is not exposed to surface contamination,
clean groundwater could be accessed in these zones
of higher resistivity.

Pore water resistivity of aquifer, which was
measured directly by water resistivity meter, was
also contoured (Fig. 6). The distribution of water
resistivity is similar to bulk aquifer resistivity.
Specifically, highest values are found in the north-

western and central zones of the area. High values of
bulk and water resistivities indicate both low con-
ductivity and salinity of water in the area. The
contour map in Figure 6 and the plot in Figure 7
show that aquifer bulk resistivity increases as water
resistivity increases according to Eq. 10, which have
high value of coefficient of determination of 0.829.

pp, = 0.1814p,, + 3.94 (10)

The observed scatter in the plot is due to the
heterogeneous nature of the formation in the coastal
area studied. This inequality in the formation is
responsible for uneven waterborne susceptibility of
the formation to weathering and erosion at the
shorelines where these geologic units are exposed.
In the study area, the shorelines are often deterio-
rated by erosion and waterborne weathering, which
affect the tarred road. The nature and distribution of
geohydrodynamic parameters in both the vertical
and horizontal segments of the subsurface and the
low water table obtainable from the VES curves and
logged boreholes reflect that the coastal shorelines
are prone to erosion by water current.

The aquifer estimated formation factor (the
ratio of bulk resistivity to water resistivity) in Fig-
ure 8§ shows inversion in their distributions when
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Figure 6. Contour map showing aquifer water resistivity distribution.

compared to the resistivity distribution. The north- values of formation factor. This implies that high
eastern sector shows lower values of F while the bulk resistivity increases the water resistivity thereby
northwestern and the southern regions have higher reducing the formation factor.
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The formation factor is an essential geological
formation parameter that is used in estimating the
porosity of the aquifer microstructure. It is also
useful in estimating the cementation factor and the
pore geometry factor. The formation resistivity
factor displayed in contour map of Figure 8 shows
increase in magnitude at locations where porosity
decreases as shown in Figure 9a and b. This reflects
the inverse relationship between porosity of are-
naceous hydro-geounits and formation resistivity
factor. This can be attributed to the high argillite—
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Figure 7. Aquifer water resistivity against bulk aquifer
resistivity.
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sand mixing ratio that reduces pore-matrix ratios
in aquifers. Tortuosity also increases as the for-
mation factor increase (Fig. 10). This implies that
argillites present in the fine-coarse sequence of
sands hinder the rate of flow of water when
comparing the macroscopic flow path length be-
tween the water/fluid inlet and outlet. The porosity
values were measured using wet-weight dry-weight
method discussed in the methodology. In all, the
calculated porosity ¢., obtained using average
values of m and a estimated by George et al
(2015a) conforms very well to the laboratory-
measured porosity ¢, values, though ¢, 1is
slightly higher than ¢y, in all the stations (Table 2
for the residual values between ¢, and ¢,p). The
slightly higher values of ¢, compared to ¢,, may
be due to the failure of the aquifer sands to be
completely clay free and completely saturated. The
conformity between ¢, and ¢, can also be ob-
served in the contour maps in Figure 9a and b.
The hydraulic conductivity, K, which is connected
(Fig. 11) to porosity ¢, was estimated using the
Kozeny-Carman-Bear’s equation (Eq.6). The
contour map of estimated values of K in m/day
shows a steady decrease in K from east to west of
the study area. Although the values show that the
area is mainly trending in a predictable manner,
the minor inversion in value of K in some loca-
tions may indicate the presence of pockets of

13.6

9.6

7.6

Figure 8. Aquifer formation factor distribution.
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argillaceous materials in the aquifer repositories
vis-a-vis other units in the geological sequence.
Unlike F, the coefficient of permeability, K shows
an exponential increase with ¢, in the regression
analysis (Fig. 12). This is symptomatic of the fact
that hydraulic conductivity increases as porosity
increases as evidenced by the high coefficient of
determination (0.9993).

The regressed function in Eq. 11 gives the K-
@b relation of the aquifer geologic units in the
coastal formation.

K = 1880.6¢7:17% (11)

This power law can be used to estimate the
hydraulic conductivity of the coastal formation once
the @ Or the ¢, is available.
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Figure 11. Distribution of estimated coefficient of permeability (hydraulic conductivity).

Using the primary aquifer repository parame-
ters [thickness (%) and bulk resistivity (pp)], the Dar-
Zarrauk parameters [transverse resistance (7) and
longitudinal conductance (S)] were estimated. The
aquifer thickness varies in the study area (Fig. 13);

low thicknesses are found in the northwestern and
southeastern regions of the mapped area. The area
seems to have prolific shallow aquifers because the
mapped region has thickness that is greater than
40 m in all the sampled points.
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The transmissivity (Tr) estimated as product of
K and A in (m*/day) was computed from processed
VES data. The observed high values of Tr (Table 2)
equally attest to the prolificacy of the aquifer
repositories (George et al. 2018). The computed Tr
was contoured and the spatial distribution shows the
least values on the average occupying the western
region of the study area while larger values occupy
the eastern region (Fig. 14). This distribution pat-
tern gives an insight to the prediction of the pore
geofluid flow in the area. In terms of Dar-Zarrouk
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Figure 12. Aquifer K vs. @j,p in the study area.
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parameters, the transverse resistance 7 in Q m? and
longitudinal conductance S in Q™' (Siemens) were
estimated. The contours of 7 and § are displayed in
Figures 15 and 16, respectively. Transverse resis-
tance shows some seemingly low values 77 < 50,000
Q m”? mid-way between the western and eastern
parts of the mapped area (Fig. 15). In all, the esti-
mated T values show that the exploited aquifer
repositories are prolific but open to surface con-
tamination due to low longitudinal conductance
generally less than 1 Siemens in Figure 16 (Oladapo
et al. 2004; George et al. 2016). The Dar-Zarrouk
parameters (7 and §) show inverse relation
(Fig. 17). The heterogeneous and large variations in
particle size are responsible for low value of coeffi-
cient of determination (0.527) in the regressed plot
between 7 and S. However, the power law equation
gives the relation between T and S:

T =101115067 (12)

Characteristically, the delineated aquifers appear to
have generally low salinity due to low conductivity/
high resistivity and high flow rate in regions char-
acterized by well-sorted sands. Besides, the aquifers,
though generally having longitudinal conductance
that is less than unity and hence not protected from
contaminations, are well exploited in the study area
because of their accessibility as characterized by low
water table seen in this work as well as prolificacy
characterized by high transverse resistance. The
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Figure 13. Distribution of estimated aquifer thickness.
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Figure 15. Distribution of estimated aquifer transverse resistance.

estimated Dar-Zarrouk parameters may be useful in
the modeling of the contaminant plume and esti-
mation of corrosivity of the exploited water reposi-
tories.

CONCLUSIONS

The results of VES and complementary labo-
ratory technique aided by hydrogeological informa-
tion have been used to characterize hydrogeological
repositories in terms of hydrodynamic parameters in

the Abak Local Government Area, the coastal re-
gion of Nigeria with erosion-prone vulnerable
shorelines. The combination of the resistivity ex-
ploratory technique and the complementary labo-
ratory method in company with the geological and
borehole lithologic information permitted the
extrapolation of geoelectric and geohydrodynamic
parameters (Tables 1 and 2). The determination of
coefficient of permeability using geophysical mea-
surement and laboratory analysis in combination
with semiempirical equations of petrophysics and
fractional porosity measured from geophysical and
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laboratory technique is useful in the study of sub-
surface microstructure and groundwater flow and
contamination study. The geohydrodynamic
parameters serve as primary source of information
for the study of the deeper geologic units. These
parameters are essential elements that are para-
mount in groundwater resource management and
conservation as well as serving as guide to checking
the waterborne erosion in the shorelines. This is al-
ready possible because the constant collapse of the
Abak River shoreline is attributed to the highly
porous and permeable geologic stratigraphic se-

quence of both the saturated and unsaturated for-
mations penetrated by current which are all exposed
to degrading water current in the area. The param-
eters that are responsible for formation stability are
the inter-related geoelectric—geohydraulic parame-
ters primarily used in qualitative and quantitative
characterization of geologic and hydrogeologic sed-
iments. The evaluated ranges of parameters of
groundwater repository in the survey are wide as a
result of increased inhomogeneity of arenaceous
geological water repositories. The formation elec-
trohydraulic models and their contours for the sur-
ficially assessable water beds can enhance a better
understanding of the geohydrodynamics of survey
area. To improve the quality of models in the study
area, the generated maps and mathematical models
are essential prerequisites for mapping the contam-
inant plumes in the groundwater repositories. The
results can also serve as reference study that guar-
antees quality assurance in similar and related
studies undertaken within the area.
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