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Abstract The rapid expansion of economic activities in
coastal parts of Nigeria has triggered an uncoordinated
development of groundwater leading to stress on the
resource. Hence a study was conducted to assess the
hydrogeological characteristics of the shallow coastal
aquifer of southern Akwa Ibom State, Nigeria. Emphasis
was on the hydraulic characteristics, quality with respect to
domestic and irrigation purposes and influence of seawater.
The study result revealed that the aquifer consist of inter-
calations of clayey sand and sand. The aquifer is charac-
terized by high hydraulic conductivity and transmissivity
values. The groundwater flow direction is southwards with
higher groundwater depletion in the dry season. Ground-
water samples from hand dug wells and boreholes were
evaluated based on World Health Organization standard
and some indices, respectively, for drinking and irrigation
uses. The groundwaters are fit for drinking and domestic
uses. However, more than 70 % of the pH values are not
within the allowable limits of between 6.5 and 9.2 for
drinking and domestic use. Therefore, it is recommended
that neutralizing filter containing calcite or ground lime-
stone should be applied to raise the pH of the groundwater.
Of the 10 parameters used to assess the water for irrigation
use, only sodium adsorption ratio (SAR), magnesium
hazard (MH) and magnesium ratio indicated the excellent
quality of these waters. Na*-KT-HCO;~ constitute the
dominant water type. Total dissolved solids and ratios of
Nat/Cl™, Mg”/Cli and Ca2+/SO427 and saltwater
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mixing index (SMI) suggest some level of seawater intru-
sion in the area.
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Introduction

Groundwater is the major source of water for most uses in
Nigeria in particular and the globe in general (Bear 1979).
Of the 37 Mkm3 of estimated freshwater available on
earth, about 22 % exists as groundwater, which constitutes
about 97 % of all freshwater available for human use
(Foster 1998). It is estimated that about one-third of the
world’s population use groundwater for drinking (Nickson
et al. 2005), domestic, irrigation and industrial purposes.
The availability and quality of groundwater resources have
been affected by activities and projects associated with
developments in the coastal areas over the last decades.
Coastal aquifers are generally fragile and in most region of
the world, these aquifers are depleted due to over
exploitation of groundwater (Chidambaram et al. 2008).
During high tide, seawater finds its way through creeks and
creeklets, thereby intruding the shallow freshwater aqui-
fers. This results in the salinization of the coastal fresh-
water aquifers. Groundwater in the area exists in a shallow
coastal aquifer which constitutes major source of water in
southern Akwa Ibom State (AKS) for domestic and
industrial purposes and most of the rural areas for drinking.
Groundwater in shallow aquifers can be replenished more
frequently and rapidly relative to deep coastal aquifers in
the northern part of AKS (not part of the study). However,
these aquifers are sensitive to human activities mainly from
maritime, oil and gas, steel, agricultural, industrial and
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municipal activities, etc., because of shallow water level
couple with runoff and proximity to rural population cen-
tres. Therefore groundwater contamination is always a
possibility in shallow coastal aquifers in the vicinity of
major development areas.

The present study evaluates hydraulic characteristics,
groundwater chemistry and groundwater quality. The water
quality variations from different sources and its suitability
for drinking and irrigation purposes were also assessed.

Study area

The study area lies in southern parts of Akwa Ibom State
(Fig. 1), which is one of the very active coastal districts in
southern parts of Nigeria covering an estimated area of
1095 km?. The area lies between latitudes 4°30.268-4°38.981
North and longitudes 7°32.490-8°18.610 East. The area is
drained mainly by Imo River, Kwa Iboe River and Cross River
together with their tributaries (Fig. 1). The area is mostly flat
lying sandy coastal area. The main landforms are mangrove
swamps and floodplains with recent alluvial accumulations,
beach ridges and mangrove mudflats (Petters 1989). The
minimum and maximum temperature in the study area ranges
from 26 to 28 °C. The area experiences two seasons: wet
season (April-October) and dry season (November—March).
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The average annual rainfall is about 3000 mm and the area
experiences humid tropical climate.

Geological setting

The area of investigation belongs to southern Nigerian
Coastal Plain Sand as shown on the Geological Survey
Map series of Nigeria [Sheet 79 (Umuahia), Sheet 82
(Calabar)]on scale 1:250,000 (GSN 1962). The work of
Petters (1982, 1989), showed that the area belongs partly to
the coastal plain sands, beach ridge complex and alluvium
of Quaternary Period (Table 1). The area consists of
freshwater dryland, freshwater swamp, coastal brackish
water swamp, and beach ridge complex. The alluvial sands
are fine to very coarse grained (Fig. 2a). The floodplain
muds and clay are light grey. The freshwater swamp belt is
landward of brackish water swamp zone and gradational to
it. The brackish water zone is landward of beach zone and
the mangrove swamp belt. The materials here are silt to
fine grained sand that is subangular to subrounded and very
well rounded. The floodplains and interdistributary areas
comprise dark to light grey carbonaceous mud and clay
(Fig. 2b). Alluvial deposits occur along banks of major
rivers. The sands are greyish to light brown and range in
size from fine to coarse grained (Petters 1989).
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Fig. 1 Location map of study area, southern Akwa Ibom State
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Table 1 Stratigraphic relation of the units in southern Akwa Ibom
State

Period Epoch Formation Aquifer

Quaternary Recent Alluvium Upper sand
Beach ridges
Pliocene—Pleistocene Benin formation or

Coastal plain sand

Modified from Petters (1989) and Esu et al. (1999)

Hydrogeologic framework

Groundwater in Akwa Ibom occurs in three major systems
(Esu et al. 1999): (1) the upper aquifer system; (2) the
middle aquifer system and (3) the lower aquifer system.
The present study is concern with the upper aquifer system.
The upper aquifer consists of clayey sand to sand with
varying proportions of gravel (Fig. 3) that reaches 30 m in

Fig. 2 a Typical floodplains
mud and b typical alluvial sands

thickness (Esu et al. 1999) and fully saturated. The aquifer
is recharged by percolation of rainfall and direct infiltration
of river water. Discharge from the aquifer takes place
through withdrawals from wells, boreholes, ponds, perco-
lation into the underlying middle and lower aquifer systems
and evaporation in places where the water table is close to
the ground surface.

Hydraulic conductivity (K) estimated from grain size
distribution curve using Hazen method (Fetters 2001)
ranges between 12 and 19 m/day. Pumping test data yield
hydraulic conductivity values of between 4 and 11 m/day
(Tahal 1980). The hydraulic gradient in the area varies
between 5.89 x 107> and 1.42 x 10~%, with an overall
average of 1.02 x 10~* Transmissivity range from 147.5
to 620 m*/day (average 314.5 m/day) and are in the range
of very high transmissivity value (Krasiy 1993). Depth to
water table ranges from 0.4 to 15 m below the ground
surface and gradually approaches the ground surface in the
lower reaches.

Fig. 3 Hydro-lithologic cross
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The present study is concerned with the upper aquifer
system. In this aquifer, water is abstracted through hand
dug wells (<10 m deep) and shallow boreholes (<60 m
deep). Hence groundwater chemistry is discussed in the
light of upper parts (<10 m) of the upper aquifer based on
groundwater samples from hand dug wells and lower parts
based on groundwater samples obtained from shallow
boreholes terminated within the lower sections (>10 m
sample depth <60 m) of the upper aquifer.

Groundwater flow patterns and fluctuations

General groundwater levels within the aquifer appear to
follow the topography. Figure 4 is a contour map of the
measured groundwater levels within the upper sand aqui-
fer. The measurements show that the groundwater flows
from topographic high areas towards topographic lower
areas into the Atlantic Ocean. Groundwater fluctuations
monitored during wet and dry seasons indicted higher
levels with respect to the ground surface compared to lower
levels in the dry season (Table 2). This is attributed to low
withdrawals and high recharge and vice versa in the wet
and dry seasons, respectively.

Recharge estimation

Recharge to shallow coastal aquifer usually occurs from
rainfall and infiltration from rivers. The amount of recharge
is dependent on the frequency of rainfall. Tahal (1980)
estimates the recharge rate in the coastal plain sands of the
entire Akwa Ibom State is about 36 % of precipitation.
Annual rainfall in the study area is about 3000 mm and
average runoff of 1495 mm/a (Tahal 1980). Thus 50 % of
rainfall volume flows as runoff in the area. The chloride
mass balance (CMB) method was used to estimate recharge
for the present study area, southern parts of Akwa Ibom
State. The CMB method provides a direct estimation pro-
cedure of the groundwater recharge. It is based on the
assumption that chloride concentrations in rainfall and
recharge are in steady-state balance, i.e., input is equal to
output without chloride storage change during a time per-
iod (Al-Shaibani 2008). The CMB has been seen to yield
values of groundwater recharge comparable to those
obtained by physically based methods (Wood 1996).

The CMB method requires only knowledge of annual
precipitation, chloride concentration in precipitation and
chloride concentration in groundwater. The fundamental
equation of CMB method is given as (Wood and Sandford
1995):

O =Rx Clrw/C]gw> (1)

where Q = recharge (L/T), R = annual rainfall (L/7),
Cl,,, = average chloride concentration in rainfall (M/L_3),
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Cl,y, = average chloride concentration in groundwater (M/
L73), M = mass unit, L = length unit and T = time unit.

The concentration of chloride in precipitation of a
coastal area, around Amasomma (not in study area, latitude
4°58'9 N longitude 6°6'35 E) is 0.47 mg/l. Average chlo-
ride concentration in groundwater from the aquifer through
borehole is 33.05 mg/l (n = 20). From CMB equation
above, the study area has a recharge of 42 mm or 1.42 % of
annual precipitation.

Methods of study

Groundwater samples were collected from 19 hand dug
wells (Figs. 2 and 5) representing the upper layer of the
Upper Aquifer and 11 boreholes representing the lower
layer of the Upper Aquifer from various locations, which
are used for drinking, domestic and irrigation purposes in
2011. However, since extensive work on groundwater
quality was done in the inland areas (Edet 1993; Edet and
Okereke 2001; Owolabi and Obot 1998), the present study
was constrained towards the coastal areas to accommodate
the influence of open ocean and estuaries. The water
samples were collected in a high-density polyethylene
bottles with 11 capacity. At the time of sampling, the
bottles were rinsed three times with the water to be sam-
pled. Prior to this, the bottles were washed and rinsed with
deionized water.

The temperature, electrical conductivity (EC)/total dis-
solved solids (TDS), pH/Eh and dissolved oxygen (DO)
were measured in the field using portable Hanna water
quality meters. Sodium (Nat) and potassium (K*) were
measured using flame photometer. Calcium (Ca*™) and
magnesium (Mg>") were determined trimetrically using
standard EDTA chloride (Cl™), sulphate (SO42_), phos-
phate (PO427) and nitrate (NO3 ™) were determined by UV—
visible spectrophotometer ion chromatography Dionex
2000i with Na,CO3/NaHCO; eluent. The concentration of
bicarbonate (HCO;~) was determined by titration with
hydrochloric acid at the Institute of Oceanography,
University of Calabar (Nigeria) Laboratory shortly after
sampling. The water quality assessment was based on a
comparison with the maximum admissible value of WHO
(1993, 2004) for drinking purposes. Total hardness (TH)
was based on the scale of Sawyer et al. (2003). All the
procedures were based on international standards docu-
mented in APHA (1995.

The suitability of the water for irrigation was assessed
by means of hardness (Todd 1980; Sawyer et al. 2003),
electrical conductivity (Todd 1980; Saleh et al. 1999),
sodium adsorption ratio, SAR (Richards 1954), percent
sodium, %Na (Todd 1980) and magnesium hazard (MH),
RSC (Ragunath (1987), permeability index, PI (Doneen
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Fig. 4 Groundwater contour map within the study area
Table 2 Fluctuation in groundwater level between wet and dry = SAR = Na/[\/(Ca + Mg)/2] (3)

seasons

Location® SWLwrtgs

WS DS ASWL
Ikot Abasi 2.00 2.15 0.15
Akata 1.24 2.20 0.96
Okoroette 0.92 1.29 0.37
Ibeno 0.45 0.65 0.20
See Fig. 1

SWLwrtgs Static water level (SWL) with respect to ground surface
WS wet season, DS dry season, ASWL change in SWL

1964), Kelly’s ratio (Kelly 1940), magnesium hazard
(Ravikumar et al. 2011), magnesium ratio, chloride and
sulphate (Sagnak 1991; Bauder et al. 2004; Hopkins et al.
2007).

Total hardness (TH) was calculated using the formula
given by Sawyer et al. (2003):

TH (as CaCO3) mg/1 = (Ca®" +Mg*") x 50 (2)

The SAR was estimated using Eq. 3 (Richards 1954):

The sodium percentage (Na %) was calculated using
Eq. 4 (Todd 1980):

% Na = [(Na" +K")/(Ca** + Mg*" +Na" +K")] x 100 (4)

The magnesium hazard (MH), calculated according to
Eq. 5 (Ragunath 1987):

MH = Mg*"/(Ca’" + Mg*") (5)

Water with high concentration of bicarbonate has the
tendency of calcium and magnesium to precipitate as
carbonate. To qualify this effect, Eaton (1950) developed
the residual sodium carbonate (RSC), which is calculated
as Ragunath (1987):

RSC = (HCOj; +CO3 ") — (Ca’* + Mg*") (6)
Permeability index (PI) developed by Doneen
(1964) is also used as a criterion to assess the

quality of water for irrigation. The PI was calculated
using Eq. 7:

PI = [(Na® + /HCO;)/Ca’" + Mg*" + Na*] x 100
(7)
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Fig. 5 Typical hand dug well (AK 12)

Sodium measured with respect to Ca®" and Mg>" is
used to calculate Kelly’s index, KI (Kelly 1940; Paliwal
1967). A KI of more than one indicates an excess level of
sodium in water. Hence KI values less than one are
suitable for irrigation, while the KI values with a ratio of
more than one are unsuitable.

Generally, Ca®" and Mg”>" maintain a state of equilib-
rium in most waters. Ca®>" and Mg*" behave differently in
soil system and Mg destroys soil structure. In addition,
high content of Mg”" in soil is due to the presence of Na™
in soils. In equilibrium state, more high content of Mg”" in
water will adversely affect the soil quality by rendering it
alkaline resulting in decrease crop yield (Ravikumar et al.
2011). Magnesium hazard (MH) more than 50 % would
adversely affect the crop yield as soil becomes more
alkaline. Thus magnesium hazard (MH) is computed as

MH = [(Mg*")/(Ca*" + Mg*")] x 100 (8)

The magnesium ratio is based on the residual Mg/Ca
ratio, the groundwater samples can be classified as suitable,
moderate or unsuitable for irrigation.

All concentrations in Egs. (3) to (8) are expressed in
meq/1.

Results and discussion
Overview of groundwater chemistry for the area

The results of the detailed and basic statistics of field
measurements and chemical analyses for both hand dug
well and shallow borehole water samples are summarized
in Table 3. The ground water samples had temperatures
during sampling varying between 25.2 and 35.1 °C,
reflecting average annual temperature of the study area.
The pH of the groundwater ranged between 3.3 and 7.3,
with an average of 5.75, indicating acidic nature due to
dissolved vegetative matter. The redox potential values
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were in the ranged 30-168 mV indicating an oxidized
environment. The electrical conductivity of groundwater in
the area ranged between 35 and 1560 pS/cm with an
average of 342.10 pS/cm. The average TDS was
178.00 mg/l, indicating freshwater (TDS < 1000 mg/l).
The dissolved oxygen varied between 1.00 and 12.00 mg/1
with an average 4.29 mg/l. The data showed that 17 out 30
groundwater samples considered, had DO values below
5.00 mg/1, the minimum value required for drinking water.
Low DO may be attributed to poor waste management in
the area from indiscriminating waste disposal.

The dominant cation is Na™ with an average concen-
tration of 21.10 mg/1. This is followed by Ca*", Mg®" and
K™ with average concentrations of 10.5, 6.19 and 3.78 mg/
1, respectively. The major anion is HCO3;~ with an average
of 54.53 mg/l, followed by Cl~, NO;~ and SO42_ with
average concentrations of 29.78, 10.07 and 3.78 mg/l,
respectively. Despite the fact that the study area is close to
the sea, the concentrations of TDS, Na™ and C1™, were low
on the average (Table 3).

Hand dug well (upper layer of the aquifer) water
chemistry

Details of the physicochemical parameters for groundwater
samples obtained from hand dug wells are presented in
Table 3. In respect of water from hand dug wells, the pH of
water sample ranged from 3.30 to 6.80 with an average of
5.42. In general, pH of the shallow groundwater samples
was found to be acidic in nature and not within the per-
missible limit suggested by WHO (1993, 2004). Only two
well water samples from locations AK 14 and AK 19 had
pH values within the permissible limit. The electrical
conductivity (EC) values varied from 63.0 to 1561 puS/cm
with an average of 362 puS/cm. Saxena et al. (2004) and
Mondal et al. (2009) classified water on the basis of EC
into three categories: freshwater (<1500 pS/cm), brackish
water (1500-3000 pS/cm) and saline water (>3000 pS/
cm). Based on this classification, all the samples fall within
the freshwater class. Only one sample from location AK 12
with EC of 1561 pS/cm is brackish water. The total dis-
solved solids (TDS) of water varied from 41 to 780 mg/l
with an average value of 189.21 mg/l. These TDS values
are below the maximum allowable limit (MAL) TDS
guideline value of 1500 mg/l prescribed by WHO (1993).

The concentration of calcium ranged from 0.1 to 26 with
an average of 8.82 mg/l. Magnesium values in the shallow
groundwater samples ranged between 0.1 and 18 mg/l. The
average value of 5.16 mg/l was recorded for magnesium.
The concentrations of calcium and magnesium were below
the MAL prescribed by WHO (1993, 2004). The concen-
tration of potassium ranged from 0.4 to 13.00 mg/l with
average value of 4.43 mg/l. Sodium concentration ranged
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2842 5.75

2.03
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Standards
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between 0.60 and 120 mg/l. The average value was
20.45 mg/l. All the shallow groundwater samples did not
exceed the MAL (WHO 2004) limit for sodium (200 mg/1)
and potassium (12 mg/l).

Bicarbonate values were recorded within the range of
2.0-225.0 mg/l with mean value of 55.74 mg/l. According
to WHO (2004) limit, all the shallow groundwater samples
were found to be within the permissible limit of 500 mg/l
with respect to bicarbonate. Chloride values varied from
3.00 to 116 mg/l for with mean value of 26.07 mg/l.
According to WHO, the MAL of chloride in groundwater
is 600 mg/l. Increased concentration of CI (10-100 mmol/
1) in freshwater aquifer is an indicator of seawater in a
coastal area (Chandrasekhar et al. 2014). However, Appelo
and Postma (1993) and Raju and Shukla (2011) suggested
that high concentrations of chloride may result from pol-
lution by domestic sewage, wastes and leaching of salt
residue from soil. Sulphate values ranged from 1.2 to
24.0 mg/1. Sulphate in water is through reduction, precip-
itation, solution and concentration as they traverse through
sedimentary rocks such as gypsum and anhydrite. Nitrate
varied between 0.3 and 7.0 mg/l with an average of
8.01 mg/l. These values are within the WHO (1993)
maximum admissible value of 45 mg/l.

The cationic concentrations indicates that 26 % of the
shallow groundwater samples are Na® > Ca’" > -
Mg®t > K", while Mg>" > Ca’" > K" > Na" and
Nat > Mg?" > Ca®" > K" each constituted 16 %. Others
were generally below 15 % (Table 4). Based on the anio-
nic concentration, the 19 shallow groundwater samples
belong mainly to HCO;~ > ClI~ > SO,*" and Cl~ > -
HCO;~ > SO,*> (Table 5). Based on the ionic concen-
tration, sodium bicarbonate is the dominant hydrochemical
facies. Considering the average values, the concentrations
of Eh, EC/TDS, DO, K* and HCO;~ were higher in the
hand dug wells compared to the borehole water samples.

Borehole (lower layer of the aquifer) water
chemistry

Details of the physicochemical parameters for groundwater
samples obtained from boreholes are presented in Table 3.
The pH values of the deep groundwater samples ranged
from 5.30 to 7.30 with average values of 6.32, indicating
acidic nature of the samples. The low values are attributed
to humic acid from decay of vegetative materials and
swampy nature of the sample locations (Fig. 2a). The EC
ranged from 35.0 to 1026.0 puS/cm. The average EC value
was 307.73 uS/cm. TDS values ranged between 18.0 and
500 mg/l with an average value of 158.64 mg/l. The con-
centrations of the cations including sodium (0.3-130.0 mg/
1), potassium (0.4-6.0 mg/l), calcium (0.10-60 mg/l) and
magnesium (0.10-36.0 mg/l) were all within the WHO
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Table 4 Allowable limits of drinking water based on WHO (1993, 2004)

Water quality parameter Unit

WHO maximum allowable limit (MAL) No of samples exceeding MAL

Percent exceeding MAL

Upper aquifer Lower aquifer = Upper aquifer Lower aquifer

pH 6.5-9.2
Eh mV

EC uS/cm 1500
TDS mg/l 1000
DO mg/l 5 min
TH mg/l 500
Na® mg/l 200
K+ mg/l 12
Ca** mg/l 200
Mg>* mg/l 150
ClI™ mg/l 250
HCO;— mg/l 600
S0,* mg/l 250
NOs- mg/l 50

17 5 90 46
1 5
10 8 53 73

Table 5 Relative proportion of ions in the different water

Tons Facies type Upper layer Lower layer
No. % No. %
Cations Mg > Ca > K > Na 3 16 1 9
K > Na > Mg > Ca 1 5
Ca> Mg > K > Na 1 5
Na> Mg > K> Ca 2 11
Na > Ca> Mg > K 5 26 1 9
Ca>Na>Mg>K 3 16
Na > Mg > Ca>K 3 16 1
Mg > Na > Ca > K 1 5 1
Na > K Mg > Ca 4 36
Mg > Ca > Na > K 1 9
Ca> Mg >Na>K 2 18
Anions Cl > HCO3 > SO, 7 37 6 55
HCO; > Cl > SO, 47 5 45
Cl > SO4 > HCO; 16

(1993, 2004) maximum admissible limits. For these
groundwater samples, bicarbonate ranged between 3.0 and
95.0 mg/l with mean value of 52.45 mg/l. According to
WHO (2004) limit, all the shallow groundwater samples
were found to be within the permissible limit of 500 mg/l
with respect to bicarbonate. Chloride values varied from
3.00 to 140 mg/1 for with mean value of 36.18 mg/l. These
values are below the WHO, the MAL of chloride in
groundwater is 600 mg/l. Sulphate values ranged from 0.10

to 9.0 mg/l with a mean of 4.10 mg/l. Nitrate varied
between 1.5 and 40.0 mg/l with an average of 13.64 mg/l.
These values are within the WHO (1993) maximum
admissible value of 45 mg/l.

Sodium is the major cation, which accounted for 48 %
of total cations. Magnesium is the second most abundant
cation making up 23 %. Calcium makes up 22 %, while
with only 7 % potassium constitutes the least cation. For
this aquiferous layer, the cation sequences are
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Na®t > K" >Mg?t > Ca’*  and  Ca®t > Mg>" > -
Na® > K*. Anionic concentration indicates that 55 % of
the groundwater samples are in sequence ClI™ > -
HCO;™ > SO,>~ while for the remaining 45 %, the
sequence is HCO;~ > ClI™ > S0,

On the average, sodium and chloride are the dominant
ions in deep groundwater samples. The average concen-
tration of chloride accounts for about 46 % of total anions.
Chloride accounted for 45 %, while sulphate accounted for
9 %. Considering the average values, the concentrations of
temp, pH, TH, Na™, Ca®", Mg>*, CI~, SO,*~ and NO;~
were higher in the borehole samples compared to the hand
dug well samples.

Multivariate statistical analyses
Correlation matrix

Table 6 shows the results of correlation analysis of major
ions. The correlation illustrates that EC/TDS shows posi-
tive correlation with Na™, KT, Mg2+ and HCO;™ indicat-
ing that these ions are derived from same source. The
strong correlation between EC/TDS, Na®t and HCO;~
indicates such ions are derived from weathering of silicate
minerals. The weak correlation between Ca>* and SO42_
indicates that gypsum is not the source of Ca®". The cor-
relation between HCO;~, Ca’™ and Mg®" suggest car-
bonate dissolution. The other correlation pairs, Nat-Mg*™,
Na'-CI™, Na*-S0,*~, Mg?t-HCO;~ and Mg*"-SO,*~
represent various processes operating in the area.

Factor analysis

Factor analysis is a multivariate statistical method that yields
the relationship between measured chemical variables by
showing multivariate patterns that may help to classify the
original data. The geological interpretation of factors yields
insight into the main process, which may govern the distri-
bution of hydrochemical variables (Davis and Dewiest 2006;
Bahar and Reza 2010). Factor analysis identifies several
hydrochemical factors, but the interpretation of these factors
is very subjective (Matalas and Reiher 1967). The result of
the R-mode factor analysis indicated four factors which
explained 76.90 % of total data variance. The individual
variances are 42.95, 14.62, 12.51 and 6.82 % for factors 1, 2,
3 and 4 (Table 7). From the Table 7, the variables EC, TDS,
TH, Na™*, K™, Mg*" and HCO; ™~ have high positive loadings
on factor 1. Temperature, pH, SO, and NO;~ has high
positive loading with Eh having high negative loading on
factor 2. Factor 3 has high positive loadings on Na™, Ca®"
and CI™, while factor 4 has high positive loadings for SWL,
K™ and high negative loading for DO. The presence of EC,
TDS, Nat K™, Mg2+ and HCO;™ in factor 1 indicates sea-
water influence and silicate weathering. Factor 2 is a pH
factor due mainly to contributions from humic acid, poor
waste management and pollution in from atmospheric
sources especially, for nitrate (Jeong 2001). Factor 3 is due to
sea water influence, while factor 4 has to do with decrease in
oxygen due to poor waste management especially, where
human waste are either buried in shallow pits or abandoned
in the surface.

Table 6 Correlation matrix for shallow and deep groundwater parameters

SWL Temp pH Eh EC TDS DO TH Nat K" Ca’™ Mg?™ CI°  HCO;~ SO, NO;~
SWL 1.00
Temp —-0.23 1.00
pH —0.19  0.68  1.00
Eh 0.13 —0.63 —099  1.00
EC —020 041 034 —030 1.00
TDS —0.17 038 034 —030 100 1.00
DO 021 052 039 —043 021 023  1.00
TH —0.16 037 049 —049 073 076 033 1.00
Na™ —0.07 0.5 034 —036 046 052 037 065 1.00
K* —026 0.07 007 000 054 052 —035 044 027 1.00
Ca®t  —0.02 014 037 —040 041 046 035 087 062 034 1.00
Mg*t —025 050 050 —046 085 087 025 091 055 044 060 1.00
(ol —0.03 015 017 =020 0.18 025 043 061 080 004 067 044 1.00
HCO;~ —0.15 006 041 —039 070 071 001 070 0.64 063 058 0.66 021  1.00
SO~ —0.18 047 039 —034 015 012 —007 0.11 —0.08 020 001 017 =010 —0.02 1.00
NO; 034 070 054 —050 044 043 043 061 043 040 048 0.60 040 032 038  1.00
i € springer
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Table 7 R-mode factor loadings for shallow and deep groundwater
parameters

Parameter Factor
1 2 3 4

SWL —0.05 —-0.22 —0.08 -0.73
Temp 0.18 0.87 0.01 0.01
pH 0.24 0.83 0.15 —0.02
Eh —0.21 —0.81 —0.19 0.10
EC 0.92 0.21 0.06 0.02
TDS 0.92 0.19 0.13 —0.01
DO 0.01 0.51 0.40 —0.60
TH 0.67 0.28 0.58 0.05
Na* 0.40 0.09 0.77 —0.04
K" 0.62 —0.11 0.06 0.59
Ca** 0.41 0.13 0.74 0.01
Mg>* 0.77 0.35 0.33 0.08
Cl™ 0.05 0.07 0.93 —0.05
HCO;™ 0.81 0.01 0.28 0.12
S04*~ 0.02 0.58 —0.21 0.43
NO3 0.26 0.63 0.40 0.30
Eigenval 6.87 2.34 2.00 1.09
% Total variance 42.95 14.62 12.51 6.82
Cumul. eigenval 6.87 9.21 11.21 12.30
% Cumul total variance 42.95 57.57 70.08 76.90

Drinking water quality

The quality parameters of the groundwater samples were
compared with WHO guidelines (WHO 1993, 2004) for
drinking purpose (Table 3). The chemical analyses results
show that based on most of the parameters, the water
samples are good for drinking. However, the pH data
indicates that 90 and 46 % (Table 4) are not within the
allowable limits of between 6.5 and 9.2 for drinking and
domestic use. The recorded low values are in the range
3.3-6.4. Low pH values are attributed to humic acid from
decaying vegetative matter. Drinking low pH water (<4.0),
could lead to redness and irritation of the eyes (WHO
1996). In addition, such low pH values affect the degree of
corrosion of metals as well as disinfection efficiency,
which may have indirect effect on health (WHO 1996).
Therefore, it is recommended that neutralizing filter con-
taining calcite or ground limestone be used to raise the pH
of the groundwater before use by the population.

Irrigation water quality

The suitability of the water for irrigation is based on effects
of mineral constituents of water for both the plants and
soils. In general, excessive amount of dissolved ions in
water used for irrigation will affect plants and soils thus

reducing productivity (Bahar and Reza 2010). The results
of the indices used for assessing the groundwater samples
for irrigation use are presented in Table 8, while the clas-
sifications as irrigation was are shown in Table 9.

Electrical conductivity (EC) is a good measure of salinity
hazard as it reflects the total dissolved solids (TDS) in water.
Seventeen groundwater samples comprising 13 from upper
layer and 4 from lower layer, exceeds the permissible limit
(<250 pS/cm) for irrigation (Table 9). Excess EC may
physically harm plant growth by limiting the uptake of water
and nutrients through modification of osmotic processes
(Todd 1980; Saleh et al. 1999) and chemically by metabolic
reactions such as those caused by toxic constituents (Todd
1980). Using Wilcox Classification scheme, majority of the
groundwater samples fall in the class C,S; (medium salinity,
low sodium) and C;S; (low salinity, low sodium). Thus,
these groundwater samples can be used to irrigate tolerant
and semi-tolerant crops and most crops on most soils and
moderate salt tolerant soil. However, salinity hazard is ruled
out due to high infiltration capacity of the soil, which consist
of silt, sand and gravelly sand (Jassas and Merkel 2015).

The total hardness (TH) varied between 0.66 and
114.30 mg/1 for upper layer groundwater and from 0.66 to
297.6 mg/l. According to the classification of Sawyer and
McMcartly (1967), 16 (lower layer) and 6 (upper layer)
groundwater samples fell under the category of soft water
(Table 9). Three samples each from both upper and lower
layers came under moderately hard category, while two
samples from the upper layer are in the hard class. Hard
water generally forms scale thereby clogging plumbing
facilities. The hardness in these water samples can be
removed by softening before supply to the public.

Sodium percentage (% Na) is very important for clas-
sifying the irrigation water because sodium by process of
ion exchange replaces calcium in soil thereby destroying
the soil structure resulting in reduced permeability (Rao
2006). The % Na data indicates that 73 and 63 % of the
samples from upper and lower layers are not suitable for
irrigation (Table 9).

Sodium adsorption ratio (SAR) was also used to assess
the groundwater for irrigation. SAR is used as a better
measure (alkali) hazard in irrigation as SAR of water is
directly related to the adsorption of sodium by soil and is a
valuable criterion for determining the suitability of water
for irrigation (Ravikumar et al. 2011). The SAR values
range from 0.07 to 6.87 (upper layer) and 0.02-76.82
(lower layer) (Table 8), suggesting that all the samples are
excellent for irrigation use (SAR < 10, Table 9).

In terms of magnesium hazard (MH), the water has no
adverse effect on crop yield with MH <50 % (Table 9).
The magnesium ratio values show that, 53 and 55 % of
upper and lower groundwater samples were suitable for
irrigation with Mg/Ca < 1.5 meq/l (Tables 8, 9).
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Table 8 Ionic ratios, irrigation and seawater intrusion assessment parameters

S/ Sample SAR % Na MH KI RSC PI RC Mg/ HCO37/ Nat/ Nat/ Ca*™/ K%/ CI7/  Mg*"/ Ca*'/  S04*7/ SMI
N code % % Ca CI” Cl- Ca** CI- CI© HCO;~ CI- S04~ «CI”

1 AKO07 072 6135 6225 099 000 18755 0.86 165 1.16 1.16 262 044 070 086 073 080 055 0.2
2 AKO08 474 7030 36.17 212 127 108.66 048 0.57 2.08 2.19 332 066 025 048 037 958 007 175
3 AK09 037 24.16 1983 026 —020 107.21 029 025 3.49 1.54 033 472 033 029 117 319 148 012
4 AK10 206 70.14 9537 222 0.10 14933 0.81 20.61 1.23 1.89 4794 004 011 081 081 007 058 036
5 AK 11 247 5850 4140 1.13 053 10471 057 071 1.75 1.37 193 071 034 057 050 671 011 105
6 AK 12 345 5537 6469 1.14 140 9247 0.19 183 524 3.71 323 115 033 0.9 210 1293 009 1.6l
7 AK 13 132 6949 6795 200 007 19670 078 2.12 1.28 1.54 623 025 022 078 053 1.68 015  0.16
8 AK 14 159 4401 7514 072 039 10273 039 3.02 2.57 1.40 291 048 012 039 146 7.9 007 071
9 AK 15 230 6566 5173 1.79 —038 79.84 2749 1.07 0.04 0.82 370 022 006 2749 024 319 007 071
10 AK21 007 1829 66.65 005 —0.33 8291 155 200 0.65 0.10 0.16 0.65 033 155 130 132 049 0.5
11 AK22 076 90.63 6225 329 0.02 39597 258 1.65 0.39 0.51 872 006 1.00 258 010 080 007 005
12 AK23 028 21.83 4812 0.11 —072 63.02 069 093 145 0.31 022 142 045 069 131 958 0.15 035
13 AK24 035 2620 5876 0.8 022 109.87 0.19 142 531 0.77 043 179 077 019 256 353 051 022
14 AK25 036 3043 73.00 019 —0.06 100.73 058 270 1.71 0.34 070 049 045 058 133 299 016 033
15 AK26 128 4449 1734 079 —0.17 103.14 082 021 1.21 1.29 095 135 003 082 028 878  0.15 042
16 AK27 271 7410 1415 281 —0.02 12589 238 0.16 0.42 1.29 327 039 003 238 006 319 012 051
17 AK28 523 69.60 4851 224 —096 8343 831 094 0.12 0.93 436 021 002 831 020 1118 002 270
18 AK29 3.1 52.18 38.80 1.07 —048 80.84 155 0.63 0.65 0.89 174 051 002 155 032 3114 002 207
19 AK30 145 4570 1328 081 026 11555 056 0.15 1.80 1.10 093 1.18 004 056 018 1341 009  0.54
20 AK Ol 7723 99.63 7673 263.69 149 12126 2.61 330 0.38 143 1133.19 000 004 261 000 060 000 414
21 AK02 681 9695 6225 29.62 0.18 20633 1.00 1.65 1.00 1.99 7845 003 0.4 1.00 004 240 001 026
22 AK 03 407 71.05 8032 232 030 11035 071 4.08 1.40 2.34 11.80 020 0.3 071 081 145 014 118
23 AKO04 171 37.69 60.11 056 —1.59 59.58 2.10 1.51 0.48 0.84 141 060 007 210 090 743 008 130
24 AK 05 586 93.69 49.73 13.15 036 18411 096 0.99 1.04 1.65 26.15 0.06 021 096 0.6 1.09 006 046
25 AK06 177 93.11 6225 770 0.04 281.35 1.72 1.65 0.58 1.20 2040 0.06 091 172 010 048 012 008
26 AK 16  0.08 296 49.73 0.02 —1.67 39.78 0.64 099 1.55 0.08 0.04 177 003 064 175 1437 012 046
27 AK 17 002 425 5075 001 —0.64 6149 072 103 1.40 0.02 002 1.13 008 072 1.17 547 021 034
28 AK 18 005 217 5026 001 —1.80 37.69 075 101 133 0.04 0.03 157 003 075 159 825 0.19 052
29 AK 19 0.5 595 3547 004 —192 3841 098 055 1.02 0.09 0.06 1.48 005 098 081 1347 011 074
30 AK20 219 7192 21.56 251 0.14 157.04 069 027 145 2.12 320 066 005 069 018 240 028 032

Upper layer (nos. 1-19) and lower layer (nos. 20-30)

EC electrical conductivity, TH total hardness, SAR sodium adsorption ratio, % Na percent sodium, MH magnesium hazard, RC Revelle coefficient

Residual sodium carbonate (RSC) is another parameter
used to assess the quality of water for irrigation use. This
based on the presence of carbonate and bicarbonate, along
the content of calcium and magnesium. The water unfit for
irrigation will precipitate calcite in soil from solution and
increase sodium in solution resulting in soil dispersion
(Emerson and Bakker 1973) as well as impair nutrient
uptake by plants (Kanwar and Chaudhry 1968). The RSC
values varied from —0.97 to 1.38 (upper layer) and —5.99
to 3.13 (lower layer) (Table 8), with 89 and 82 % of upper
and lower groundwater samples having RSC values less
than 1.25 meq/l indicating good water quality for agricul-
ture (Table 9).

Permeability index (PI)
When the concentration of sodium is high in irrigation water,

it tends to be adsorbed by clay particles displacing calcium
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and magnesium. The exchange process of sodium in water
for calcium and magnesium in soil reduces the permeability
resulting in soil with poor drainage including poor air and
water circulation (Collins and Jenkins 1996; Saleh et al.
1999). The range of PI for upper and lower groundwater
samples varied from 80.64 to 789.39 meq/1 for upper layer
groundwater and from 3.00 to 306.61 meq/l for lower
groundwater layer. These values of PI indicate poor through
moderate to good water for irrigation (Table 9).

Kelly’s index (KI)

Kelly’s index in the present study varied as follows:
0.05-3.26 for upper groundwater layer and 0.01-261.02 for
lower groundwater layer (Table 8). These ranges of values
indicate that 53 and 64 % of the groundwater samples are
unsuitable for irrigation in respect of the upper and lower
layers as presented in Table 9.
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Table 9 Irrigation water and seawater classification

Purpose Parameters Units Class Classification No %
range
Upper Lower Upper Lower
Irrigation Electrical conductivity (EC) uS/ <250 Excellent 6 7 32 64
Ragunath (1987) ¢m 250-750  Good 12 2 63 18
750-2000 Permissible 1 2 5 18
2000-3000 Doubtful
>3000 Unsuitable
Total hardness (TH) mg/l <75 Soft 16 84 55
Sawyer and McMcartly (1967) 75-150 Moderately hard 3 3 16 27
150-300  Hard 18
>300 Very hard
Sodium adsorption ratio (SAR) <10 Excellent 19 10 100 91
Richards (1954) 10-18 Good
18-26 Doubtful
>26 Unsuitable 9
Percent sodium (%Na) % <20 Excellent 1 4 5 36
Ragunath (1987) 20-40 Good 4 1 21
40-60 Permissible 6 32
60-80 Doubtful 7 2 37 18
>80 Unsuitable 1 4 5 36
Magnesuim hazard % <50 Suitable 8 3 42 27
Paliwal (1972) >50 Unsuitable 11 8 58 73
RSC <1.25 Good 17 10 89 91
Richards (1954) 1.25-2.5  Doubtful 2 1 11 9
>2.5 Unsuitable
PI (%) >75 Suitable 18 6 95 55
Doneen (1964) 75-25 Moderate 1 5
<25 Not suitable 5 45
KI <1 Suitable 9 5 47 45
Kelly (1940) >1 Not suitable 10 6 53 55
Mg/Ca <l.5 Safe 11 6 58 55
Ravikumar et al. (2011) 1.5-3.0 Moderate 6 3 32 27
>3.0 Not suitable 2 2 11 18
Cl <142 Excellent 19 11 100 100
Sagnak (1991), Bauder et al. (2004), Hopkins et al. 142-249 Good
(2007) 249-426  Permissible
426-710 Precaution usable
>710 Unsuitable
SO, <192 Excellent 19 11 100 100
Sagnak (1991), Bauder et al. (2004), Hopkins et al. 192-336 Good
(2007) 336-575  Permissible
575-960  Precaution usable
>960 Unsuitable
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Table 9 continued

Purpose Parameters Units Class Classification No %
range
Upper Lower Upper Lower
Seawater Revelle coefficient (RC) <1 Freshwater 13 7 68 64
pollution Kallergis (1986) 1.0-2.0  Slightly polluted 2 2 11 18
2.0-6.0 Moderately 2 2 11 18
polluted
6.0-10.0  Seriously 1 5
10.0-150.0 Dangerously 1 5
>150.0 Seawater

Table 10 Correlation between TDS, SMI and ionic ratios

TDS HCO; /CI” Na‘/Cl~ Na®/Ca** Ca®*/ClI~ K*/CI~ CI/HCO;~ Mg**/Cl~ Ca**/S0,*>~ SO0.7/ClI~ SMI
TDS 1.00
HCO;7/CI~ —021  1.00
Na*/Cl~ —0.03 038 1.00
Na*/Ca®*™  —0.02 —0.18 0.09 1.00
Ca**/ClI” =009  0.54 —0.15  —0.19 1.00
K*/Cl™ —0.04 024 —-006  —0.14 —0.01 1.00
CI/HCO;~ 022 —0.35 —0.12 0.01 —0.21 —0.15 1.00
Mg*t/Clm —0.16  0.73 —0.15  —0.24 0.49 0.16 —025 1.00
Ca®>t/S0.2~ —0.05  0.08 —0.12  —0.19 0.19 -037 —0.07 0.12 1.00
SO427/C1™ 0.16 038 0.01 —0.14 0.72 022 —0.16 032 —0.28 1.00
SMI 0.19 —0.14 0.23 0.69 —0.24 —0.38 0.13 —0.22 0.32 —0.36 1.00

Chloride and sulphate

Chloride and sulphate have also been used for assessment
of suitability of water for irrigation (Sagnak 1991; Bauder
et al. 2004; Hopkins et al. 2007). Chloride is an essential
element for plants and also an important criterion for
agriculture water. Sulphate is necessary for plant nutri-
tion, but water containing more than 1000 ppm of sul-
phate is not good for plants with respect to adsorbing
calcium (Sagnak 1991). It has been observed that with
respect to chloride and sulphate for the water samples
under consideration are in class of excellent water
(Table 9).

Identification of seawater pollution using ionic ratios
and seawater mixing index (SMI)

Tonic ratios have often been used to evaluate seawater
intrusion in coastal areas (Sanchez-Martos et al. 2002; Kim
et al. 2003; EI Moujabber et al. 2006; Lee and Song 2007).
Table 8 contains some ionic ratio values of water, while
Table 10 contains the correlation between TDS and these
ratios. The values of HCO5; /C1™, indicative of freshwater
recharge are all greater than seawater ratio (0.03)
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(Table 8). Thus the ratio can be a good indicator for
salinization due to seawater encroachment. The ratios of
Na®/Cl~ showed significant correlation with TDS
(r = 0.73) (Table 8) and similar to seawater. Thus the ratio
may be good indicator of sea water intrusion.

Ratios of Na®/Ca®*, Ca’*/ClI”, K*/ClI~ and Ca’*'/
HCO;™ showed weak correlation with TDS (Table 10).
Therefore it may not be a good indicator for evaluating
seawater intrusion. The ratio Mg>"/C1~ showed moderate
positive correlation (r = 0.63) with TDS. Thus high Mg/
CI™ ratio indicate high TDS and hence effect of seawater
intrusion. Ca2+/SO427 and SO};/CF showed a poor corre-
lation with TDS. Thus low Ca**/SO,*” and SOZ/CI~
indicated low TDS and hence not a good criteria to indicate
effect of seawater intrusion. Therefore, Na®/Cl~, and
Mg*t/CI™ ratios are good indicator of seawater pollution.

Also chloride-bicarbonate ratio (or Revelle coefficient,
R) was used as a criterion to evaluate seawater intrusion.
The Revelle coefficient (R) is defined as: C17/CO5>~ + -
HCOj; ™. Most of the groundwater samples from the upper
(89 %) and lower (73 %) layers were characterized as fresh
water and slightly polluted (Table 8). One sample each
from the different layers were classified as moderately and
dangerously polluted, while one lower layer sample was
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categorized as being seriously polluted. According to the
above, some level of seawater pollution took place in seven
groundwater locations.

The principles of the seawater mixing index (SMI)
proposed by Park et al. (2005) was also adopted in the
present work to estimate the relative degree of brackish
water mixing with freshwater. The value of SMI can be
computed as follows:

Cna Cwvg Cal Cso4
SMI=ax 2 ppx M pox Dy gu 30 (9
TNa Tvg Tq Ts04 ©)

where a, b, ¢ and d denote the relative degree concentration
proportion of Na, Mg, Cl, and SO, in seawater, respec-
tively (@ = 0.31, b = 0.04, ¢ = 0.57, d = 0.08); C is the
measured concentration in groundwater with units in mg/l;
T represents the regional threshold values estimated from
the interpretation of the probability curves (Sinclair
1974, 1976). If the SMI is greater than 1, the water may
then be considered to obviously record the effect of sea-
water mixing. The computed threshold values for Na, Mg,
Cl, and SO, were as follows 15, 7.5, 55 and 22.5 mg/l. The
threshold values were then used to compute the SMI
(Table 8). The data showed that three locations each from
the upper (AK 08, AK 11, AK 12) and lower (AK 01, AK
03, AK 04) layers had SMI >1. This suggests that these
wells were affected by seawater. This is also supported by
the positive correlation between SMI and TDS with a
correlation coefficient of 0.78 (Table 10).

One explanation is that during high tide, creek and
creeklets become filled with brackish water and thus
recharging aquifers with brackish water. The wells are not
affected by sea water intrusion due to the fact that aquifers
are not well recharged (Diamantis and Petalas 1989).

Conclusions

1. The area is underlain by prolific aquifer characterized
by high hydraulic conductivity and transmissivity.

2. The groundwater is fit for drinking and domestic use
based on the World Health Organization allowable
limits. However, more than 70 % of the pH values are
not within the allowable limits. Therefore, it is
recommended that neutralizing filter containing calcite
or ground limestone should be applied to raise the pH
before use.

3. The dominant groundwater types in the area are Na™-
HCO; ™~ for the upper part of the aquifer and Na*-Cl1~
for the lower part of the aquifer. These groundwater
types are attributable to silicate weathering and tidal
flushing, respectively.

4. Multivariate statistics reveal the main geochemical
process controlling the groundwater chemistry as silicate

weathering due to high Na* and HCO;_; contributions
from humic acid indicated by low pH and poor waste
management indicated by low DO and high K.

5. Sodium adsorption ratio (SAR), magnesium hazard
(MH) and magnesium ratio indicated the excellent
quality of these waters for irrigation use. However,
with respect to other parameters, most of the ground-
water can be used for irrigation of crops on all types of
soils and moderate salt tolerant crops.

6. Total dissolved solids and ratios of Na*/C1~, Mg”/Cli
and Ca2+/SO427 and saltwater mixing index (SMI)
suggest some level of seawater intrusion in the area.

7. The coastal parts of Akwa Ibom State, the study area is
the economic base of the state and Nigeria in general
through marine and oil/gas activities. However, to date
no concrete effort has been put in place to assess the
quality and quantity of the potable water in the area.
Therefore, this work forms a basis in this aspect.

Open Access This article is distributed under the terms of the
Creative Commons Attribution 4.0 International License (http:/
creativecommons.org/licenses/by/4.0/), which permits unrestricted
use, distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a
link to the Creative Commons license, and indicate if changes were
made.
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