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Abstract Delta State of the Niger Delta, Nigeria, is an oil
exploration and production region that is characterized by
huge revenue generation but with its attendant waste gen-
eration and oil spillage that impact the environment. The
variability in the hydrochemical characteristics,
hydrochemical controlling processes and quality in space
has been investigated. The pH of the groundwater samples
ranged from slightly acidic to slightly alkaline nature.
Biological oxygen demand and chemical oxygen demand
of the coastal area are higher than those of the inland area
indicating more domestic and industrial contamination.
Total dissolved solid values across the region indicated
fresh and brackish water for the coastal area and fresh
water only for the inland area. The orders of abundance
of the cations and anions for the coastal and inland areas
are Ca>Mg>Na>K/CI>HCO;3;>SO4>NO3 and
Na>Ca>K>Mg/HCO;>CI>NO3>SOy respectively. A Pip-
er diagram identified four hydrochemical facies, namely
CaHCOs, NaHCOs3, NaCl and CaMgCISOy,. Ionic cross
plots and correlation matrix revealed that the groundwater
chemistry of the inland area is predominantly influenced
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by silicate weathering and ion exchange processes while
those of the coastal area are influenced by silicate
weathering, ion exchange processes and seawater tidal
flushing. The groundwater from the coastal area is more
polluted by heavy metals than those from the inland area.
The observed variability may be attributed to effects of
industrial wastes and exploration activities. In terms of
water quality for domestic and irrigation, the groundwater
of the coastal and the inland areas are not generally potable
and suitable as drinking and irrigation water sources.

Keywords Delta State - Heavy metals - Groundwater
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Introduction

Access to secure, safe and sustainable source of fresh
water is a fundamental requirement for the survival,
well-being and socio-economic development of all hu-
manity. About 97% of the water on earth is in the oceans
and is too salty to be used for drinking, agriculture and
manufacturing. Only about 3% of the Earth’s water is
fresh. Yet, the majority of this is not easily accessible
and constantly being threatened by both natural and
anthropogenic environmental pollutions. The Niger
Delta, by nature, is susceptible to both natural and
artificial environmental impacts. The proximity of its
coastline to the Atlantic Ocean makes it highly prone to
saline water incursion. The existing oil fields and pro-
ducing oil well heads in the area make it highly suscep-
tible to anthropogenic environmental impact.
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The Niger Delta is the hub of oil exploration and
production in Nigeria. The amount of oil produced and
transported between points of production, processing
and distribution or export terminals has greatly in-
creased as the demand for and dependence on oil in-
creased. Although this increase in oil production level
contributes to the national economic growth, it also
presents increased potential for environmental pollution
and degradation. It has been observed that thousands of
barrels of oil have been spilled into the environment
through oil pipelines and storage facilities failure
(Awobajo 1981; Ajakaiye 2008; Aroh et al. 2010).

Apart from exploration and production of crude oil in
Nigeria which can greatly impact groundwater, the rate
of urbanization characterized by high population con-
centration, increasing industrial and agricultural activi-
ties coupled with environmental pollution/degradation
and indiscriminate disposal of all kinds of wastes are
perceived to pose serious pollution threats with all its
concomitant health hazards on groundwater quality es-
pecially in urban areas (Kehinde 1998; Adelana et al.
2005; Ocheri 2006; Adelana et al. 2008; Eni etal. 2011).

The shallow character and high permeability of the
coastal plain-sand aquifer of Niger Delta make the
groundwater system highly vulnerable to contamination
(Amadi and Olaschinde 2009). According to Amadi
(2007), the coastal plain-sand aquifer in Niger Delta is
characterized by shallow water table, high porosity and
hydraulic conductivity, which makes the aquifer highly
prolific quantitatively but highly vulnerable qualitative-
ly. The strategic position of the Niger Delta in the socio-
economic activities of Nigeria makes it imperative to
have a good knowledge of the groundwater pollution
status in the area. A good understanding of the ground-
water pollution scenario of the area will help in econom-
ic planning, management and development of ground-
water resources as the main source of freshwater supply.
This is what the present study tends to achieve.

Study area: description, geology and hydrogeology
The study area, Delta State (Fig. 1), is an oil- and

agricultural-producing state in Nigeria, situated in the
South-South geo-political zone of Nigeria. The State has
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a total land area of 16,842 km? (6503 miz), the southern
flank is the Bight of Benin on the Atlantic Ocean which
covers about 160 km of the state’s coastline. Delta State
is generally low-lying without remarkable hills. The
state has wide coastal belt inter-lace with rivulets and
streams, which form part of the Niger Delta. The state is
located within the Niger Delta with the coordinate de-
scription of 5° 00" E to 5° 30" E and 5° 00’ N to 6° 30" N.

Delta State is situated in the tropics and therefore
experiences a fluctuating climate, ranging from the hu-
mid tropical in the south, to the subhumid in the north-
east. The temperature condition in the study area
(Table 1) is generally high with an overall mean daily
value of 30.0 °C, mean maximum of 32.5 °C and mean
minimum of 20.0 °C respectively. Rain falls throughout
the year in form of precipitation. Over 80% of the rainfall
is received in the month of April-October (Table 1). This
period usually, records high-intensity rainfall, flooding
and storms. However, during the months of October and
early November, rainfall especially thunderstorm may be
induced by conventional activities.

Relative humidity in the study area is high with mean
daily value of 82.6%. Maximum relative humidity of
100% was recorded in some days while minimum

Table 1 Summary statistics of the physicochemical data of Delta State

relative humidity was 50%. Apart from January and
February (peak dry months), other months experienced
relative humidity above 72.5%. Relative humidity
values were slightly higher during the rainy season
months than the dry season. The vegetation varies from
the mangrove swamp along the coast to the evergreen
forest in the middle and the savannah in the northeast.
Drainage generally is limited by its flat topography
resulting in swamps being developed in the lower areas
and waterlogging of adjourning lands during the rainy
reasons. In the central and southern part of the state,
watersheds showed complex morphologic features.
These watersheds were drastically different from those
in the northern. In the southern areas, parts of the surface
drainage system include water-filled depressions, waste
pits, burrow pits and ponds that contribute to the drain-
age and surface runoff only at high stages. However,
such water held in depressions above the water table
recharges the groundwater. Major hydrologic effects
include creating more local, shallow groundwater flow
systems and increasing recharge to the groundwater
systems among others. In the northern part of the state
watershed, groundwater flow is predominantly from
recharge areas in the uplands between streams toward

Coastal area Inland area
n=110 n =40
Unit  Average Minimum Maximum Standard Coeff. Average Minimum Maximum Standard Coeff. of WHO
dev. of var. deviation variation (2011)
(%) (%)
Tempt °C 2928  25.1 82.40 5.36 1832 2836 26 32.7 1.23 435
pH 6.13 421 741 0.73 1201  5.61 448 6.82 0.65 11.75 6.5-8.5
TDS mg/l  990.13 6.20 6540 194391 19632 5358 7.5 490 89.62 167.27 500
EC uS/em 287.13  0.60 1279 27941 9731 106.85 16 964 180.81 169.22 1500
BOD mg/l 925 0.10 50.00 9.84 10635 1.43 1.02 2.03 0.23 16.57
COD mg/l 57.67 148 857.7 97.53 169.12 190 12 3.02 0.432 22.68
Ca mg/l 129 0.00 65.60 15.61 121.06  6.89 0.001 48.3 13.28 192.75 100
Mg mg/l 622 0.08 74.30 12.77 205.03 1.34 0.08 10 1.75 130.78 50
Na mg/l 1190  0.25 51.00 11.08 9312  12.86  0.05 85.21 18.74 145.74 200
K mg/l 949 0.01 42.00 10.2281 107.68 5.12 0.04 36 8.01 156.29 12
SO, mgl 1715 0.0l 82.00 21.3805 1246  6.40 0.01 105.9 19.81 309.17 250
Cl mg/l  48.02  0.01 666 77.02 160.39  6.13 0.05 18.1 3.78 61.63 250
HCO; mg/l 3447  0.01 230 53.36 154.8 19.43  0.01 152.5 31.24 160.79 600
NO; mg/l 1095  0.00 189 24.22 221.04 5.03 0 44 11.72 232.82 10
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discharge area along the streams (Table 1). The diverse
topography and scattered depressions (burrow pits,
ponds and waste pits) at the southern areas create pat-
terns of groundwater flow that are more localized than
those at the northern areas. Recharge is from infiltration
of precipitation through the soil and percolation from
water-filled depressions above the water table. Ground-
water commonly flows to areas of discharge along
streams, wetlands or lakes that are at lower altitudes
but not necessarily within the watersheds.

Delta State falls within the Niger Delta Basin (Short
and Stauble 1967). The basin is an extensive continental
margin basin situated in the Gulf of Guinea built out into
the Central South Atlantic Ocean at the mouths of the
Niger-Benue and Cross River systems during the Eo-
cene (Hosper 1971). It is an arcuate delta that is wave-
dominated and tidally influenced sand bodies whose
thickness may be influenced by growth faulting
(Avbovbo and Ayoola 1981).

Materials and methods

Field data collection, field measurements and laboratory
analyses

A total of 150 groundwater samples, 110 samples from
the coastal area and 40 samples from the inland area
were collected from existing monitoring hand-dug wells
and boreholes across the study area. Groundwater sam-
ples were collected following the procedure described
by Omonona et al. (2013). All physical parameters
measurements and chemical analyses followed standard
guidelines (APHA 2005). Samples were collected in
prewashed polystyrene bottles after pumping the wells
for about 30 min and filtered through 0.45-pum-mem-
brane filter paper to avoid contaminations. The samples
for cations and heavy metal analysis were preserved by
acidifying them with concentrated HNOs to a pH < 2
and stored at 4 °C.

Physical parameters which are transient in nature
were measured in situ. These parameters included pH,
temperature, colour, turbidity, total dissolved solid
(TDS) and electrical conductivity. Temperature, pH,
EC and TDS were measured using a HANNA multi-
meter hand-held equipment (HI 9835) while colour and
turbidity were determined with Hach DR/2000 spectro-
photometer. Sodium (Na*), calcium (Ca®*), magnesium
(Mg?"), potassium (K*), iron (Fe**), lead (Pb), nickel
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(Ni) and cadmium (Cd) were analysed using an atomic
absorption spectrophotometer (Varian AAS, 680FS).
Bicarbonate (HCO ), Chloride (CI7), nitrate (NO )
and sulphate (S0,%) were analysed using the colori-
metric method with UV spectrophotometer
(WPASI110). All the laboratory analyses were carried
out at the Petroleum Analysis Laboratory (PAL) of the
Petroleum Training Institute both laboratories located at
Effurun, Delta State, Nigeria.

Statistical data analyses

Statistical data analysis, descriptive analysis (DA) and
correlation analysis were carried out on the field tests
and laboratory tests results. The data were first standard-
ized before they were statistically analysed to correct the
effects of varied range of measurements of the various
parameters and differences in the units of measure-
ments. All the statistical analyses were carried out using
Statgraphics centurion while all graphical plots were
created using Aquachem 2011 1.14 version.

Heavy metal enrichment index

HET is an index that gives the overall quality of ground-
water with respect to multiple heavy metal contamina-
tions and it is used for rapid interpretation of the degree
of pollution (Krzysztof et al. 2003; Prasanna et al.
2012). HEI was computed as follows:

1 M;
HEI = —y" — 1
o YALS (1)

where S; is the standard permissible concentration, M, is
the concentration value of the monitored heavy metal
and » is the number of the examined heavy metals.

Irrigation water quality indices

A total of seven indices were employed to evaluate the
present status of the groundwater of the area for irriga-
tion purposes. Total hardness (TH), sodium percentage
(%), sodium adsorption ratio (SAR), residual sodium
carbonate (RSC), magnesium hazard (MH), permeabil-
ity index (PI) and Kelley’s ratio (KR) were calculated
using their respective equations (Eqgs. 2—8). All the
parameters used in the equations were expressed in the
milli-equivalent unit of measurement except for param-
eters in Eq. 1 that were expressed in mg/1.
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TH was estimated using the relation (Todd 1980;
Ragunath 1987):

TH = 2.5Ca*" + 4.1Mg*" (2)
Na% was computed as Todd (1980):

Na™ +K*
Na% = x 100 3
° Ca2+Mg2+Na+ +K+ ( )

The SAR was estimated using the following equation
(Richards 1954; Hem 1991):

N +
SAR = a (4)

/(CaHMgH) /2

RSC was calculated using the expression (Gupta
1983):

(HCO; + COy")—(Ca®* + Mg™™) (5)

MH was computed as (Ragunath 1987):

Mg2+
57 % 100 (6)

MH = ——""———
Ca®* + Mg

Doneen (1964) expressed PI as:

+  JH N
pr— —WVACO)

Ca®* 4+ Mg** + Na™*

(7)

Finally, Kelly’s ratio (KI) was computed using the
relation (Kelley 1940):
Na*

K= g ®

Geostatistical approach

A geostatistical approach which entails variogram and
kriging has been extensively used in groundwater and
hydrological studies with attendant success. An exten-
sive description of the method has been presented in
Liang et al. 2016 and Jang et al. 2016. Geostatistics
provides a variogram of data with a statistical frame-
work which can be used to quantify the spatial variabil-
ity of random variables between two locations (Liang
et al. 2018 and Liang et al. 2017). The semivariogram,
~(h), is defined as follows:

(0) = g7 {Z 25+ 1251 ©)

where / denotes the lag, Z(xi) is the value of the regional
variable of interest at location xi, and Z(xi + h) is the
value of the regional variable of interest at location xi +
h, N(h) is the number of pairs of sampling points sepa-
rated by 4. In practices, the probability of the distance
between the sampling pairs being exact is low, and thus,
h is represented by a distance interval.

Kriging is regarded as an optimal spatial interpola-
tion method in which the values of the random field at
an un-sampled location x, are estimated on the basis of
the given measured values in a linear form

Z (x0) = X Mo(Zwi) (10)

where Z*(x,) is the value to be estimated at (xo); (Zy,)
denotes the given measured values at xi; N is the total
number of given measured values used for estimation;
and )\ is Kriging weight for Z(xi) Z,; to estimate Z*(x,).

All geostatistical analyses were done in the Arc GIS
environment.

Results and discussion
Spatial patterns of the physicochemical characteristics

The univariate statistics of the values for all the physico-
chemical parameters in the coastal and inland groundwa-
ter samples of Delta State and the corresponding maxi-
mum allowable limits as stipulated by World Health
Organization (WHO) 2011 are presented in Table 1.
The pH of the groundwater samples ranged from4.21 to
7.41 with an average value of 6.13 for the coastal area and
4.48 to 6.82 with an average of 5.61 for the inland area,
indicating slightly acidic to slightly alkaline nature with
53.64% and 90% of the groundwater samples from coast-
al and inland areas respectively outside the World Health
Organization (WHO) (2011) stipulated limits of 6.5 to
8.5. It was observed that majority (90%) of the water
samples from the inland area has pH value below 6.5,
thus indicating that they are mostly slightly acidic in
nature. The observed acidic nature may be attributed to
the effect of humic acid released from decaying vegeta-
tion of the soil zone that percolates down to the saturated
zone below (Edet 2018). Total dissolved solid (TDS)
ranged from 6.20 to 6540 mg/l and between 7.5 and
490 mg/l for the coastal and inland areas respectively.
Electrical conductivity (EC) measured in pS/cm varied
from0.60 to 1279 and 16 to 964 for the coastal and inland
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areas respectively. All the groundwater samples of the
inland area are below the guideline values for TDS (500
mg/l) and EC (1500 pS/cm) while 18.18% and 0.00% of
groundwater from coastal area have TDS and EC respec-
tively above the guideline values. Extremely high TDS
values ranging from 2540 to 6540 mg/1 found in ground-
water in the southern coastal region may be attributed to
the effect of tidal influence of seawater (Edet and Worden
2009). Based on TDS (Hem 1982), all the groundwater
from the inland area belong to freshwater class (TDS,
<1000 mg/l) while 83.64% and 16.36% of groundwater
from the coastal area belong to freshwater class and
brackish water class (TDS, 1000-10,000 mg/1)
respectively.

The biological oxygen demand (BOD) and chemical
oxygen demand (COD) are parameters that are used for
determining waste concentration and applied primarily to
pollutant mixture such as domestic sewage and agricul-
tural and industrial wastes. The BOD and COD of ground-
water from the coastal area varied from 0.1 to 50 mg/l and
1.48 to 857 mg/l respectively while BOD and COD of
groundwater from the inland area varied from 1.02 to 2.03
mg/l and 1.2 to 3.02 mg/l respectively. The recommended
BOD and COD values for drinking water are 6 and 10
mg/L, respectively (WHO 2004).It was observed that
51.82% and 14.55% of groundwater from the coastal area
have BOD and COD values respectively greater than the
drinking water limits. Relatively high BOD and COD
values are found in the western and southern areas of the
coastal region where most of the petrochemical industries
are located and are densely populated too. The inland area
has extremely low BOD and COD values and these may
be attributed to the low population density and scarcity of
industries in that area.

The prevalence of the cations for groundwater from the
coastal area are Ca>Mg>Na>K while for the samples from
the inland area are Na>Ca>K>Mg. The concentration of
calcium ranged from 0.001 to 65.60 mg/1 for the coastal
and from 0.001 to 48.30 mg/l for the inland area. All the
groundwater analysed for the entire study area are below
the maximum allowable limit of 200 mg/l set by World
Health Organization (WHO) (2011). The concentration of
magnesium ranged from 0.08 to 74.30 mg/l and from 0.08
to 10 mg/1 for groundwater from the coastal area and inland
area respectively. These results revealed that all the inland
samples have values within the World Health Organization
(WHO) (2011) stipulated guideline value of 50 mg/1 while
4 samples (3.64%) from the coastal area are above the
guideline value. Sodium concentration ranged from 0.25 to
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51 mg/l for groundwater from the coastal area and varied
from 0.05 to 85.21 mg/l for samples from the inland area.
All the groundwater samples analysed have concentration
lower than 200 mg/l set as maximum allowable concen-
tration for Na in drinking water. The concentration of
potassium for the coastal area groundwater samples ranged
from 0.01 to 42 mg/l and from 0.04 to 36 mg/l for
groundwater from inland area. 30.91% and 10% of
groundwater from the coastal and inland areas respectively
have concentrations above the maximum allowable con-
centration of 12 mg/l set by World Health Organization
(WHO) (2011).

The prevalence of the anions for groundwater from the
coastal area are CI>HCO;>SO,>NO; while for the sam-
ples from the inland area are HCO3;>CI>NOs>SO,4.The
concentration of sulphate for groundwater from the coastal
area varied from 0.01 to 82 mg/l and from 0.01 to 105.90
mg/1 for groundwater from the inland area. All the ground-
water samples analysed for the entire study area are within
the acceptable limit for drinking water purpose. Chloride
concentration varied from 0.01 to 666 mg/1 for the coastal
area and 0.05 to 18.1 mg/l for the inland area. All the
groundwater samples from the inland area have concen-
tration within the stipulated limit of 250 mg/l while two of
the samples from the coastal area have concentrations
above the guideline value. The concentration of bicarbon-
ate for groundwater from the coastal area ranged from
0.01 to 230 mg/l and from 0.01 to 152.5 mg/l for sample
from the inland area. The concentration of HCOjs in
groundwater across the entire study area is within the
World Health Organization (WHO) (2011) stipulated
guideline value of 600 mg/l. The concentration of nitrate
varied between 0.01 and 189 mg/I for groundwater from
the coastal area and 0.01 and 44 mg/l for groundwater
from the inland area. A relatively high NO; (> 50 mg/l)
concentration was measured around the western segment
of the coastal area which is densely populated. 26.36% of
groundwater samples from the coastal area is not within
the World Health Organization (WHO) (2011) guideline
value while 12.5% of groundwater from the inland area is
not within the guideline value. Excess NO5; (NO; concen-
tration > 40 mg/l) in groundwater causes blue eye disease
in infants and children.

Water classification and facies
Four hydrochemical facies types were delineated based on

the percentage values of the major ions for the entire study
area (Fig. 2). The various facies included CaHCO;,
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Fig. 2 Piper diagram for Delta State hydrochemical data

NaHCOs3, NaCl and CaMgCISO,4. These facies are not
typical of any environmental area. The CaHCO; signifies
the dominance of alkaline earths over alkali (Ca+Mg>Na+
K) and weak acidic anions over strong acidic anions
(HCO3>Cl1+SO,). The facies are thought to be result of
groundwater recharge via precipitation (Omonona et al.,
2014; Owoyemi 2017). The NaHCOj signifies the domi-
nance of alkalis over alkaline earth (Na+K>Ca+Mg) and
weak acidic anions over strong acidic anions (HCO;>Cl+
SO,4). The origin of this facies may be traced to base ion
exchange processes, where Ca and M of the initial
CaMgHCOsfacies formed by direct recharge from rainfall
is replaced by Na and K ions. NaCl facies denotes the
dominance of alkalis over alkaline earth (Na+K>Ca+Mg)
and strong acids over weak acid (Cl+SO,>HCQO3). This
facie can be attributed to the effect of tidal influence of
seawater for samples that belong to the coastal area and
brine deposits in the inland area. The CaMgCISO, facies
signifies the dominance of alkaline earths over alkali (Ca+
Mg>Na+K) and strong acids over weak acid (Cl+
SO,>HCOs5). The facie is formed from simple dissolution
and mixing processes and belongs to mixed
hydrochemical facie where no one cation-anion pair ex-
ceeds 50% (Ravikumar et al. 2015).

Sources of ions

To decipher the major mechanisms controlling the geo-
chemistry of the study area, a plot based on ratio of (Na+
K)/(Na+K+Ca) as a function of TDS (Gibbs 1970) was
constructed (Fig. 3). The plot revealed that most of the
groundwater is influenced by geology (water-rock
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Fig. 3 Gibbs diagram for Delta State hydrochemical data

interactions). Some groundwater samples, mainly ground-
water from the coastal area, however, plotted in the sea-
water section and these samples are thought to be influ-
enced by the tidal influence of the seawater (seawater
intrusion) (Olobaniyi and Owoyemi 2006). It was ob-
served from the plot that most of the samples from the
inland area are characterized by low TDS and some of
which plotted around the freshening section. No sample
plotted around the rainfall section.

A plot of Ca + Mg against HCO; (Fig. 4) revealed that
most of the inland area groundwater samples are low in Ca,
Mg and HCO; concentrations. The plot also revealed that
several of coastal area and inland area groundwater sam-
ples are plotted along the theoretical line ([Ca**] =
0.5[HCO;]) of calcite and anorthite dissolution
(Montcoudiol et al. 2014). Ca-rich mineral dissolution
can therefore be suggested for the process that leads to
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enrichment of Ca, Mg and HCO;in groundwater of the
area. The dissolution of calcite and Ca-rich silicates
(anorthite) is presented by Egs. 11 and 12.

2C02 + 3H20 + CaAleiZOg = Ca2+ + HCOE + Alei205(0H)4
(11)
CO; + H20 + CaCO; = Ca*™ + HCO; (12)

However, a plot of Ca versus Mg (Fig. 5) revealed
that most of the groundwater samples from the two areas
plotted above the [Ca**] = 2[Mg**] line, indicating the
dominance of silicate weathering over carbonate disso-
lution (Rajmohan and Elango 2004). Excess Ca+Mg
over HCOj; observed mainly in the coastal area ground-
water samples suggest other sources and this must be
balanced up by SO, and/ or Cl. The excess of HCO3
over Ca+Mg requires that part of the HCO3 should be
balanced by Na and/or K. The plot of Ca+Mg versus
total cations (Fig. 6) showed that the points fell below
the 1:1 line, reflecting an increasing contribution of Na
and K with increasing dissolved solids (Edet 2018).

In Fig. 7, the groundwater samples from the coastal
and inland area show enrichment in Ca and Na
concentrations which could be explained by silicate
weathering. Some of the inland area samples show high
Na concentrations associated with a lower Ca
concentration than the other samples. These samples
appear to be influenced by ion exchange processes.
Appelo and Postma (2005) noted that ion exchange
may be the geochemical process responsible for the
deficit of calcium versus sodium in groundwater. A bi-
variate plot of Cl versus Na (Fig. 8) revealed the possible
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sources of Na in groundwater of the area. The plot
showed that most samples from the inland area are influ-
enced by silicate weathering and some by ion exchange.
The sources of Na in groundwater of the area may be
attributed to silicate weathering and ion exchange. Also,
groundwater from the coastal area is influenced by
weathering of silicates minerals and seawater tidal flush-
ing which accounts for excess of Cl over Na.

Physicochemical parameter relationship

Correlation matrix has been effectively and extensively
employed in understanding relationships among constitu-
ent parameters in groundwater (Omonona et al. 2013;
Onwuka and Omonona 2017; Tiwari et al. 2017; Amano
etal. 2018). The correlation coefficient (CC) always ranges
from — 1 to + 1 and CC > 0.5 is regarded as statically
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related or correlated. In addition to the CC values, the P
value measures the statistical significance of the test. P
value < 0.05 (95% confidence level) is always accepted as
significant for any test. The results of the computed Pear-
son correlation test for the two areas for the present study
are presented in Table 2.

A number of significant correlations were observed in
the physicochemical concentrations in the study area
groundwater. Positive correlations were found between
TDS and COD, Na and EC, K and EC, K and Na,
HCOsandEC, HCO5 and K, SO, and EC, SO, and K,
SO4 and HCO;, NO3 and EC, NO; and SO, for ground-
water from the coastal area (Table 2). These correlations
revealed that K, HCO3, SO4and NO; constitute the main
ions that contribute to the electrical conductivity property
of the groundwater. HCO3, K, Na, SO, have similar
source from weathering of silicate minerals and the high
correlation coefficient (r2 = 0.5369, P = 0.00) between
SO, and NOssuggest that SO, has other sources (domes-
tic wastes and agricultural activities) other than
weathering of silicate minerals. For the inland areas, the
following pairs are identified TDS-EC, Na-EC, K-EC,
HCOs5-EC, SO4-EC, TDS-Na, TDS-K, TDS-HCOs,
SO4-TDS, K-Na, Na-HCO3, Na-SO,, K-HCOs, K-SOy,,
Ca-Mg and SO4-HCOs;. These ions might be thought to
be released from weathering of silicate minerals.

Heavy metal spatial characteristics
The summary statistics of heavy metals in groundwater

from the study area is presented in Table 3. Heavy metals
are mobilized in aqueous solutions at different rates, some

metals like Zn, Cu, Ni and Cd are more mobile than others
like Cr and Pb (Baran and Tamawski 2015; Ramose Silva
et al. 2017). The pH of water plays a major role in the
transport of metals in water. Low pH is favourable for
metal concentration in water. Caboi developed a diagram
that classifies water into different classes from a plot of the
sum of dissolved metals as a function of pH (Caboi et al.
1999; Ficklin et al. 1992). Based on the Caboi diagram, the
groundwater from the two areas may be classified into four
categories, namely “acid high-metal”, “acid low-metal”,
“near neutral high-metal” and “near neutral low-metal”
(Fig. 9). The concentrations of Cu and Cd were below
the World Health Organization (WHO) (2011) guideline
values of 2 mg/l and 0.003 mg/1 respectively. Cr, Pb and Ni
concentrations were found to be above the World Health
Organization (WHO) (2011) guideline values of 0.05 mg/I,
0.01 mg/l, and 0.07 mg/1 respectively. 13.64% and 0% of
groundwater from the coastal area and inland area respec-
tively have Cr concentrations above the stipulated guide-
line value, 31.82% and 7.50% of Pb concentrations from
the coastal area and inland area respectively are above the
World Health Organization (WHO) (2011) guideline value
and 14.55% and 0% of Ni concentrations from the coastal
area and inland area respectively are above the World
Health Organization (WHO) (2011) guideline value. The
concentrations of Fe (32.73 % and 20% from coastal area
and inland area respectively) and Mn (3.64% and 2.50%
from coastal area and inland area respectively) in ground-
water were found to be above the World Health Organiza-
tion (WHO) (2011) guideline value. The concentrations of
Zn in groundwater from the coastal area and inland area
are within the World Health Organization (WHO) (2011)
guideline value.

Heavy metal enrichment and pollution

The evaluation of the degree of multiple heavy metal
pollution was carried out using heavy metal enrichment
index (HEI). The following heavy metals, Cr, Cd and Ni
were not included in the computation because their con-
centration values were largely below detection limits in
most of the stations especially for groundwater from the
inland area. The summary statistics of the results of the
computed HEI are presented in Table 3. The HEI values
for the coastal area range from 0.04 to 16.96 with a mean
of 1.18 and those for the inland area range from 0.28 to
4.13 with a mean of 0.69. The higher HEI values in the
coastal area than the inland area may be attributed to the
effects of the concentration of all oil and gas exploration
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Table 3 Summary statistics of the heavy metals data of Delta State

Coastal area Inland area
n=110 n =40
Unit Average Minimum Maximum Standard Coeff. of Average Minimum Maximum Standard Coeff. of WHO
dev. var. (%) deviation variation (2011)
(%)
Fe mg/l 0.72 0.01 20.00 2.5068  347.46 0.49 0.07 44 0.9 185.61 0.3
Mn mg/ll 0.02 0.01 0.14 0.02 106.2 0.01 0.01 0.1 0.01 114.22 0.5
Cd  mg/l 0.01 0.00 0.02 0 38.26 bdl bdl bdl bdl bdl 0.003
Cr mg/l 0.03 0.00 0.28 0.064 189.43 bdl bdl bdl bdl bdl 0.05
Cu mg/l 0.03 0.00 0.4 0.07 222.83 0.20 0 0.54 0.14 55.24 2.00
Ni mg/l 0.03 0.00 0.24 0.06 167.58 bdl bdl bdl bdl bdl 0.07
Pb mg/l 0.03 0.00 0.2 0.048 141.28 0.01 0.01 0.2 0.03 194.35 0.01
Zn  mg/l 0.09 0.01 3.35 0.35 382.63 0.32 0 0.83 0.24 75.03 3.00
HEI 1.18 0.04 16.962 2.134 180.577 0.694  0.284 4.127 0.81 118.15

bdl below detection limit (0.001); thus, they are linearly equal

and exploitation activities in the coastal area, the preva-
lence of the petrochemical industries and their allied firms
in the coastal area and lastly, the coastal area is densely
populated (urbanized) with little or inadequate waste dis-
posal facilities. The HEI values also showed that ground-
water samples from 31.82% of the stations examined from
the coastal area and from 15% of the samples tested from
the inland area exceeded the threshold value 1 (HEI > 1),
thus indicating pollution by heavy metals and are therefore
regarded as unfit for domestic use. Areas where very high
HEI concentration were observed such as Ughelli, Isoko,
Kwale (Inland areas) and Burutu, Bomadi, Warri (coastal
areas) as presented in Fig. 10 are areas with relatively high
oil well concentration in the oil-rich Niger Delta and may
have impacted these regions.

Fig. 9 The Caboi diagram
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sum of metals

0.1

0.01
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Water quality for drinking purposes

The suitability of groundwater from the study area was
assessed by comparing the monitored values of the
physicochemical parameters and heavy metals with the
standard values stipulated by World Health Organiza-
tion (WHO) (2011) for drinking and domestic purposes.
The results of the physicochemical parameters (Table 1)
and the results of the heavy metals (Table 3) revealed
that the concentrations of TDS, Mg, K, CI, NOs, Fe, Cd,
Cr, Ni, Pb and Zn are not within the stipulated guideline
values for drinking and domestic purposes for ground-
water from the coastal area while the concentrations of
K, NOs, Fe and Pb are not within the guideline values
for groundwater from the inland area.
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Fig. 10 HEI map for the entire region

Water quality for irrigation purposes

Various irrigation water quality indices and USSL diagram
were used to assess the suitability of groundwater from the
study area for irrigation and agricultural purposes.

Table 4 presents the summary of irrigation assessment
parameters. Water hardness plays a role in determining
the suitability of water for irrigation purposes. Extremely
hard water causes scaling in irrigation pipes and equip-
ment thereby limiting its use for irrigation purposes
(Okogbue et al. 2012). Water hardness is measured as a
function of total hardness (as CaCOs) measured in mg/l.
TH for the coastal area ranged from 0.09 to 31.87 with a
mean of 3.74 while the inland area ranged from 0.03 to
9.32 with a mean of 1.32. According to Sawyer et al.,
2003, all the groundwater (100%) from the two areas
belong to soft water class, thus making them suitable
water sources for irrigation purpose. EC measures the
amount of ions available in water to conduct electric
current and measures the salinity hazard of irrigation
water. EC ranged from 0.60 to 1279 pS/cm with a mean
of 287.13 uS/cm for the coastal area and from 16 to 964
uS/cm with a mean of 106.85 uS/cm for the inland area.

60%, 30.91% and 9.9% of groundwater from the coastal
area belong to excellent, good and permissible categories
respectively while 87.5%, 10% and 2.5% of groundwater
from the inland area belong to the excellent, good and
permissible categories respectively.

SAR irrigation water quality parameter evaluates so-
dium hazard in relation to Ca and Mg concentrations
(Table 5). High sodium ion in water makes soil structure
becomes compact thereby reducing soil permeability and
soil aeration (Ayuba et al. 2013). Increase in the concen-
tration of Ca and Mg in water on the other hand increase
soil permeability. SAR ranged from 0.03 to 8.86 with a
mean 0.98 for groundwater from the coastal area and
from 0.01 to 21.40 with a mean of 2.50 for groundwater
from the inland area. 100% of the groundwater samples
from the coastal area fall to the excellent category and
90%, 7.5% and 2.5% of groundwater samples from the
inland area fall to the excellent, good and doubtful cate-
gories respectively. The United States Salinity Laboratory
classification diagram (USSL Salinity Laboratory 1954)
of irrigation water is a plot of sodium hazard as a function
of salinity hazard. Based on the USLL classification, the
groundwater of the study area was classified into 6
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Table 4 Summary statistics of the irrigation quality parameters of Delta State

TH Na% MgH RSC SAR KR PI
Coastal
Count 110 110 110 110 110 110 110
Average 3.74 44.56 4521 -0.59 0.98 758.58 93.68
Minimum 0.09 5.09 1.75 —8.65 0.03 0.094 10.93
Maximum 31.87 96.17 99.96 3.02 8.86 44348.0 410.79
Standard deviation 5.69 23.82 33.00 1.87 1.26 5577.97 68.54
Coeff. of variation (%) 152.24 53.45 72.99 —313.38 128.47 735.31 73.17
Inland
Count 40 40 40 40 40 40 40
Average 1.32 58.14 54.69 -0.13 2.50 8086.8 240.70
Minimum 0.03 14.51 4.03 —3.06 0.01 0.28 14.39
Maximum 9.32 99.17 99.97 228 21.40 74095.9 4010.84
Standard deviation 2.10 27.04 38.24 0.82 4.61 17124.6 623.56
Coeff. of variation (%) 159.32 46.51 69.93 —595.42 184.20 211.76 259.05

TH total hardness, Na% sodium percentage, MgH magnesium hardness, RSC residual sodium carbonate, SAR sodium adsorption ratio, KR

Kelly ratio, P/ permeability index

categories, C1S1,C2S1, C3S1,C1S2, C2S2 and C3S3
(Fig. 11). Groundwater samples belonging to C1SI1,
C2S1 and C18S2 are suitable for irrigation purposes while
those of the C3S1, C2S2 and C3S3 categories are not
suitable for irrigation purposes. A high concentration of
Na in relation to other ions leads to alkaline soils and
saline soils when it combines with CO; or HCO5 and Cl
respectively. Both alkaline soils and saline soils are not
favourable for irrigation purposes (Roy et al. 2018). Na%
for groundwater from the coastal area ranged from 5.09 to
96.17 with a mean 0f 44.56 and from 14.51 to 99.17 with
a mean of 58.14 for groundwater from the inland area.
For the coastal area, 19.09%, 29.09%, 20.00%, 20.91%
and 10.91% of the groundwater samples belong to excel-
lent, good, permissible, doubtful and unsafe classes re-
spectively while for the inland area, 7.5% belongs to
excellent class, 22.5% to good class, 30% to permissible
class, 7.5% to doubtful class and 32.5% to unsafe class.
RSC defines the effects of excess bicarbonates in
irrigation water. When irrigation water has high bicar-
bonate concentration it gives rise to precipitation of
calcium bicarbonate and magnesium bicarbonate which
tend to increase water hardness. RSC ranged from —
8.65 to 3.02 with a mean of — 0.59 for the coastal area
and varied from — 3.06 to 2.28 with a mean of — 0.13 for
the inland area. These values indicate good to unsuitable
water for irrigation for coastal area and good to doubtful
water for irrigation for the inland area. MH defines the

@ Springer

relationships between Mg and Ca in irrigation water.
High Mg concentration leads to increase in soil alkalin-
ity and which in turn reduces crop yield (Ravikumar
et al. 2011). Estimated MH values ranged from 1.75 to
99.96 with a mean of 45.21 for groundwater from the
coastal area and varied between 4.03 and 99.97 with a
mean of 54.61 for groundwater from the inland area.
MH above 50 is unsuitable for irrigation water, 60% and
52.5% of the coastal area and inland area respectively
are suitable water for irrigation while 40% of the coastal
area and 47.5% of the inland area are unsuitable water
for irrigation uses.

KR measures the ratio of Na to the sum of Ca and
Mg in irrigation water. KR > 1 indicates an excess of
Na in relation to the other ions. KR varied between
0.094 and 44,348 with a mean of 758 for the coastal
area and from 0.28 to 74095 with a mean of 8086 for
the inland area. 31.82%, 20% and 48.18% of the
groundwater from the coastal area belong to suitable,
marginally suitable and unsuitable classes respective-
ly while 35%, 20% and 45% of the groundwater from
the inland area belong to the suitable, marginally
suitable and unsuitable respectively. PI developed
by Doneen (1964) is also used in evaluating irriga-
tion water quality. PI is influenced by Na, Ca, Mg
and HCO; concentrations. The PI values for the
coastal area ranged from 10.93 to 410.79 with a mean
of 93.68 and that for the inland area varied from
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Table S Irrigation quality parameters of Delta State

Parameters References  Classification based on  Number of samples from % of samples from  Number of % of
parameters coastal area coastal area samples samples
from inland fr o m
area inland area
EC (us/cm) Richards
(1954)
<250 Excellent 66 60 35 87.5
250-750 Good 34 3091 4 10
750-2000 Permissible 10 9.09 1 2.5
2000-3000 Doubtful
> 3000 Unsuitable
Total hardness (TH) Sawyer et al.
(2003)
<75 Soft 110 100 40 100
75-150 Moderately hard
150-300 Hard
> 300 Very hard
Alkalinity hazard Richards
(SAR) (1954)
<10 Excellent 110 100 36 90
10-18 Good 3 7.5
18-26 Doubtful 1 2.5
>26 Unsuitable
Percent sodium (Na Wilcox
%) (1955)
>20 Excellent 21 19.09 3 7.5
20-40 Good 32 29.09 9 225
40-60 Permissible 22 20.00 12 30
60-80 Doubtful 23 2091 3 7.5
>80 Unsafe 12 10.91 13 325
Residual sodium Eaton (1950)
carbonate (RSC)
<1.25 Good 102 92.73 39 97.5
1.25-2.5 Doubtful 5 4.55 1 2.5
>2.5 Unsuitable 3 2.73
Magnesium hazard Ragunath
(MH) (1987)
<50 Suitable 66 60 21 52.5
>50 Unsuitable 44 40 19 47.5
Kelley ratio (KR) Kelly (1963)
<1 Suitable 35 31.82 14 35
1-2 Marginally suitable 22 20 8 20
>2 Unsuitable 53 48.18 18 45
Permeability index Doneen
(P) % (1964)
>75 Suitable 66 60 30 75
75-25 Moderate 30 27 9 22.5
<25 Not suitable 14 13 1 2.5
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Fig. 11 USSL diagram
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14.39 to 4010.84 with a mean of 240.70. 60% of the
groundwater from the coastal area and 75% from the
inland area are suitable for irrigation, 27% and 22.5%
of the coastal area and the inland area respectively
belong to moderate class, and 13% of the coastal arca
and 2.5% of the inland area are not suitable for
irrigation uses.

Determining water quality safe zones based
on the stipulated standards for drinking, irrigation
and aquaculture using a geostatistical approach

Table 6 presents the summary of observation wells in
which different hydrochemical parameters exceeded the
water quality standards for different purposes: drinking,
irrigation and aquaculture.

For each water utilization purpose, two distinct
zones, safe zone and unsafe zone, were defined. The
unsafe zone for different utilization uses is defined as
when the estimated hydrochemical parameters values do
exceed the stipulated guidelines of the specified water
quality standards in any given locality.

The results of the spatial distributions of the safe
zones and unsafe zones for drinking water quality, irri-
gation water quality and aquaculture water quality are
presented in Figs. 12, 13 and 14 respectively. The safe
zones for drinking water are located in parts of the
northern section and southeastern of the inland area
and most part of the central spread of the coastal area
of the Delta State (Fig. 12). The unsafe zones for water
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quality for drinking purpose of the Delta State may be
attributed to contamination emanating from anthropo-
genic activities and poor sanitation practices. The safe
zones for irrigation water quality are located mainly in
the northern and central portions of the coastal area and
around the northwestern and western sections of the
inland area of the Delta State (Fig. 13). The unsafe zones
for aquaculture water are predominantly confined within
the inland area and the southern portion of the coastal
area (Fig. 14). The safe zones occupied mainly the
coastal area and very small portion of the inland area.

The inland area of the Delta State is occupied with
more unsafe zones for irrigation water and aquaculture
water than the coastal area (Figs. 13 and 14). The poor
state of water quality for irrigation and aquaculture
purposes can be attributed to agricultural and industrial
wastes inputs and poor general sanitation practices in the
area.

It was observed that the southernmost part of the
Delta State is predominantly characterized by unsafe
zone for all the three (drinking water, irrigation water
and aquaculture water) water utilization purposes. This
observation can be attributed to the impact of seawater
intrusion phenomenon.

Generally, groundwater exploration and exploitation
should be concentrated in the safe zones while already
existing developed groundwater sources in the unsafe
zones should be carefully managed, encouraging usage
of groundwater from the unsafe zones only after ade-
quate treatment measures have been taken.
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Table 6 Water quality standards and the numbers of wells in which contaminants exceed the water quality standards of drinking, irrigation
and aquaculture (n = 150)

Drinking water quality

Contaminants Cl SO, NO; Fe Mn Cu Pb Cr Cd Zn
Standards® 250 250 10 0.3 0.05 1.0 0.01 0.05 0.005 5.0
Number® 2 0 33 46 0 0 42 0 0
Aquaculture water quality

Contaminants Cu Pb Cd Zn Mn

Standards® 0.03 0.1 0.01 0.5 0.05

Number” 49 11 15 7 0

Irrigation water quality

Contaminants SO, Fe Mn Cu Pb Cr Cd Zn SAR

Standards” 200 5 0.2 0.2 0.1 0.1 0.01 2.0 6.0

Number® 0 1.0 0 32 12 14 15 0 8

2 The water quality standards for drinking, irrigation and aquaculture; ® Numbers of well contaminant concentration exceeds water quality
standard; (All chemical parameters are measured in mg/l)

Conclusions controlling processes and quality is presented in this study.

The distribution characteristics of the physicochemical
A systematic study of the variability in space of ground- parameters (pH, TDS, EC, BOD and COD) are higher
water hydrochemical characteristics, hydrochemical in groundwater from the coastal area than groundwater
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Fig. 12 Safe and zones for drinking water (DWQ)
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Fig. 13 Safe and zones for irrigation water IWQ)

from the inland area. All the groundwater from the inland
area belongs to freshwater while those from the coastal are
freshwater and brackish in nature. The observed discrep-
ancies in the values of the physicochemical parameters
especially EC, TDS, BOD and COD may be attributed to
the effects of seawater tidal flushing, seawater intrusion
from groundwater over-abstraction and industrial effects
that are prevalent in the coastal area. The prevalence and
order of abundance of the cation/anion in groundwater
from the coastal area and inland area are Ca>Mg>Na>K/
CI>HCO;>S0O4>NO; and Na>Ca>K>Mg/
HCO5>CI>NO5>S0, respectively. Different ionic pairs
were revealed from the correlation analysis. Common
ionic pairs identified in groundwater from both coastal
and inland areas which are thought to be released from the
same sources and or through the same geochemical pro-
cesses are Na-K, Mg-Ca, K-HCO;, K-SO4 and HCOs-
SOy,.

The hydrochemical data for the entire study area
revealed four distinct hydrochemical facies, namely
CaHCOj3;, NaHCO;, NaCl and CaMgCISOy4. All the
different hydrochemical facies are distributed across

@ Springer

the two distinct environments (coastal area and inland
area). The presence of all the facies type in the area
showed the variability in the hydrochemical controlling
processes that are influencing the chemistry of the
groundwater of the area. It also points the fact the
groundwater of the area are not all recent in age that is
of recharge era but that the initial young water charac-
terized with CaHCOj facies has been transformed to
NaHCOj; through ion exchange process and then to
NaCl facies via reversed ion exchange process made
possible only in a saline environment and finally to
CaMgCISO, facies formed as a result of mixing
processes.

Heavy metal characteristics revealed that Cd, Cr and
Ni are below detection limit of 0.01 mg/l in all the
groundwater from the inland area while they are above
the detection limit in some monitored wells of the coast-
al area, and are even above stipulated guideline values
for drinking and domestic purposes in some of the
monitored wells. 31.82% and 7.50% of Pb concentra-
tions from the coastal area and inland area respectively
are above the World Health Organization (WHO)
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Fig. 14 Safe and zones for aquaculture water (AWQ)

(2011). Also, the concentrations of Fe in groundwater
from the coastal area (32.73%) are greater than the
guideline value while those of the inland area (20%)
are above the guideline value. Mn concentrations
(3.64% and 2.50% from coastal area and inland area
respectively) in groundwater were found to be above the
World Health Organization (WHO) (2011) guideline
value. The concentrations of Zn in groundwater from
both the coastal area and inland area are within the
World Health Organization (WHO) (2011) guideline
value. Groundwater from the coastal area has more
heavy metal enrichment than those from the inland area.
The HEI values also showed that groundwater samples
from 31.82% of the stations examined from the coastal
area and from 15% of the samples tested from the inland
area exceeded the threshold value 1 (HEI > 1), thus
indicating pollution by heavy metals and are therefore
regarded as unfit for domestic use.

In terms of groundwater quality for drinking and
domestic purposes, the concentrations of TDS, Mg,
K, Cl, NO3, Fe, Cd, Cr, Ni, Pb and Zn are not within
the stipulated guideline values for drinking and

domestic purposes for groundwater from the coastal
area while the concentrations of K, NOs, Fe and Pb
are not within the guideline values for groundwater
from the inland area. The suitability of groundwater
for irrigation was based on different irrigation water
quality indices (EC, SAR, CSR, PI, KR) and USLL
diagram. The irrigation water quality indices indicat-
ed that the groundwater from the study area ranged
from excellent rating to unsuitable rating with more
groundwater samples classified under permissible to
unsuitable ratings for inland area and more samples
classified under excellent to permissible for the
coastal area. USSL diagram classified the groundwa-
ter of the entire study area into 6 categories, C1S1,
C2S1, C3S1, C1S2, C2S2 and C3S3. Groundwater
samples belonging to C1S1, C2S1 and CI1S2 are
suitable for irrigation purposes while those of the
C3S1, C2S2 and C3S3 categories are not suitable
for irrigation purposes. Spatial distribution patterns
for safe and unsafe zones were defined based on the
stipulated standards of different purposes using a
kriging geostatistical approach.
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