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Abstract Water chemistry in the shale bedrock of the
Cretaceous-Tertiary of the Cross River and Niger Delta
hydrological basins has been investigated using major ions.
To carry out a characterization of the water bearing units,
30 and 16 representatives surface and groundwater samples
were collected. The evolution of the water is characterized
by enhanced content of sodium, calcium and sulphate as a
result of leaching of shale rock. The spatial changes in
groundwater quality of the area shows an anomalous con-
centrations of ions in the central parts, while lower values
characterize the eastern part of the basin covering Ogoja,
Ikom and Odukpani areas. The values of total dissolved
solids (TDS) and ions increases down gradient in the
direction of groundwater flow. The dissolution of halite and
gypsum explains part of the contained Na*, Ca®*, C1~ and
SO427, but other processes such as ion exchange, silicate
weathering and pyrite oxidation also contribute to water
composition. The assessment with contamination indica-
tors such as TDS, hardness, chloride, nitrate and sulphate
indicates that the water in area is suitable for human con-
sumption in some locations. Modelling using MINTEQA?2
program shows that the water from all the shale water
bearing units are under saturated with respect to gypsum.
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Introduction

The Cross River Basin (Nigeria) is often faced with diffi-
culties in supply of water for drinking, domestic and irri-
gation use. This is partly attributed to the fact that the area
is underlain by low permeability shale bedrock. In some
cases, most rural people have no fresh drinking water. This
scarcity of water seriously threatens the survival of the
local population and contributes to poverty and water borne
disease. Besides, the water supply in most of these rural
communities is almost exclusively through shallow wells
and surface water. In addition, the use of water for irriga-
tion makes water a critical resource. Despite its impor-
tance, little is known about natural phenomena that govern
the chemical composition of water and anthropogenic
factors that may affect them.

The natural hydrochemistry of surface and groundwater
are principally controlled by the rocks and sediments
through which these waters flow through. Background
geochemistry is an important tool which can be applied to
evaluate the hydrochemistry of water and plan the moni-
toring of water quality (Cocker 1995; Hook 2005; Pazand
et al. 2011). Minerals may influence the chemistry of sur-
face and groundwater through weathering, precipitation,
dissolution and ion exchange reactions. This in turn mod-
ifies the mineralogy and chemistry of water as it flows on
the rock and through the aquifer. More than 60 % of the
area of study is underlain by shale which is often prob-
lematic hydrogeologically mainly due to low permeability.
These problems may also be environmental and geotech-
nical and in most cases are being influenced by the pre-
dominant clay mineral type (Aghamelu et al. 2011).
Differences in chemical composition of the different shale
bedrock (Nganje et al. under review) appear to influence
the chemistry of the waters which drains through these
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Fig. 1 Location and general geology map of Cross River Basin, Nigeria (Modified from Uma and Onuoha 1991)

rocks. Most shale aquifer systems in the study area are
developed through hand dug well (<20 m deep) and shal-
low hand pump fitted borehole (<60 m deep).

Within the study area, surface water and groundwater
constitute the major source of water supply for domestic,
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agricultural and industrial purposes. Hence, there is the
need to put in place a monitoring programme to continually
assess both quantity and quality of these resources for their
sustainability. According to Jalali (2007), the greatest
threat to maintaining fresh water supply is depletion of the
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resource that is used to fulfil the needs of the rapidly
growing population. Studies by Edet and Ekpo (2008);
Nganje et al. (2010) and Edet and Okereke (2014) in parts
of the present area of study showed that precipitation
through rainfall, water—rock interaction, ion exchange and
anthropogenic input are the main controlling factors to
water composition.

Considering the importance of water in sustainable
development and the severity of the safe drinking water, and

the associated environmental problems with shale rocks, it is
therefore, pertinent to document the chemistry of the surface
and groundwater from the different water bearing units
within the shale rocks. This paper, therefore describes the
results of a detailed geochemical study of the surface and
groundwater in areas underlain by shale bedrock in parts of
southeastern Nigeria. The major components of this study
were to address the following issues: (1) establish the spatial
variability of water composition, (2) determine the major
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Fig. 3 Intrusive rocks observed in Obubra area (Location of Obubra
is in Fig. 1)

controls on the water composition due to surface and
groundwater interactions with underlying shale bedrock, and
(3) investigate water quality in the Cross River basin. The
data from this work are expected to guide in the design of a
long-term monitoring programme to properly manage and
protect the different waters bodies within the shale terrain of
southern Nigeria by stakeholders.

Location of study area

The study area (latitudes 5°04’-6°36'N and longitudes
7°27-8°48'E) is situated in southeastern Nigeria, between
Cameroun border in the east, the lower Benue in the north,
and parts of the Benin Basin in the west and Atlantic Ocean
in the south (Fig. 1). Elevation in the area varies from less
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than 85 m around Calabar in the south to about 400 m
above sea level at Enugu. The relief of the area is undu-
lating and the major relief structures are hills in Abakaliki
area formed by the pyroclastic bodies associated with the
shales (Aghamelu et al. 2011).

The area is characterized by a tropical savanna climate
near Enugu in the north to tropical monsoon near Odukpani
in the south. The amount of precipitation varies consider-
ably from year to year. The average annual rainfall in
Enugu is about 2000 mm and more than 3000 mm south of
north of Calabar. Annual average air temperature varies
between 25 and 28 °C. The vegetation of the area varies
from tropical rainforest in the south to derived savannah in
the central and western parts, while savannah dominates in
the north. An estimate of the population of Cross River
basin based on the 2006 census is 2,000,672 with a popu-
lation density of 420 people per km”. Within the basin, the
main human activities include agriculture, industry, com-
merce and fishing with agriculture occupying a significant
proportion of the landmass. The major crops produced
include oil palm, cocoa, rubber, cassava, yam, rice and
maize. Agricultural production is still very traditionally
oriented.

Geology framework

The regional geology of the area of study has been dis-
cussed by several authors (Reyment 1965; Burke 1972;
Murat 1972; Olade 1975; Kogbe 1976; Petters and
Ekweozor 1982; Fayose 1978). The age of the geological
formations extends from Precambrian through Cretaceous
to Tertiary with an unconformity from upper Coniacian to
lower Campanian. The catchment is composed of sand-
stone, limestone, shale and marl (Fig. 2). Within the study
area, the Albain Asu River Group (Abakaliki Shale con-
sidered in this study) is the oldest unit and lie uncon-
formably on the Basement (Oban massif, Obudu plateau).
It is composed of bluish grey black and black shales, sandy
shales, fine micaceous and calcareous sandstone, and silt-
stone with limestone intercalations. The Cenomanian
Odukpani Formation overlies the Asu River Group and is
made of black shales with minor intercalations of lime-
stone and sandstone. The Turonian to early Santonian Eze-
Aku Formation consist of black shales intercalated within
sandy units and shelly limestones overlie the Odukpani
Formation. The Conacian Agwu shale overlies the Eze-
Aku shale and is composed of black shale with minor
intercalations of limestone and sandstone. Overlying the
Agwu Formation is the Campanian to Maastrichtian
Enugu/Nkporo Formation consisting mostly of shale,
limestone and sandstone. The Imo Formation which is the
youngest is found in the Tertiary Niger Delta and
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AGE/BASIN Basin Formation Thickness (m) | Hydrostratigraphic Unit | Hydrogelogical group
PLIOCENE
MIOCENE
OLIGOCENE Upper
EOCENE
PALEOCENE Niger Delta  {Imo Shale Group 314 Imo Shale aquitard
Nsukka Formation 233 Nsukka aquitard
MAASTRICTIAN Ajali Sandstone 450 Ajali Sandstone aquifer Middle
Mamu Formation Mamu aquiclude
Enugu Shale Enugu Shale aquitard
CAMPANIAN Nkporo Shale 1,829 Nkporo Shale aquitard
SANTONIAN
Cross River
CONIACIAN
Agwu Shale Agwu aquitard Lower
TURONIAN
Eze Aku Group Eze Aku aquitard
CENOMANIAN Asu River Group 3000 [AsuRiver aquitard
Abakaliki Shale Abakaliki aquitard
ALBIAN
APTIAN
PRECAMBRIAN | Oban massif Basement aquifer

Fig. 4 Relation between stratigraphic and hydrogeologic units in the Cross River Basin (Modified from Petters 1982; Reyment 1980;

Ramanathan and Fayose 1990; Ekwueme et al. 1995)

constitutes less than 10 % of the area of study. The main
rock here is black shale with clay and sandstone interca-
lations. The Cretaceous sediment was affected by tectonics
activities which occurred in two phase folding/faulting
episodes in the pre- and post-Turonian times (Nwachukwu
1972). Figure 1 shows the outcrop pattern of geologic
formations and major structural elements in the basin.
Tectonism was followed by magmatism which resulted in
formation of volcanic rocks in the Asu River and Eze Aku

Groups. These intrusive rocks have been observed in
Obubra and Iyametet (Fig. 3).

Hydrogeologic framework
Hydrogeologically, the study area falls into three hydro-
geological groups of south eastern Nigeria: lower, middle

and upper (Uma and Onuoha 1991; Adelana et al. 2008).
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The lower hydrogeological group is underlain by the pre-
dominantly shally Formations of the Abakaliki Shale,
Odukpani Shale, Eze-Aku Shale, Agwu Shale, Nkporo
Shale and Enugu Shale. The middle hydrogeological group
is developed within the Mamu, Ajali and Nsukka Forma-
tions, which contain prominent sandy horizons, while the
upper hydrogeological group is made up of Imo Shale,
Bendi-Ameki, Ogwashi-Asaba and the Benin Formations.

The major feature of the lower hydrogeological group is
the occurrence of a thin shallow but extensive unconfined
aquifer. The aquifer is formed by the top weathered horizon
within the fractured shales and sandy horizons. This aquifer
is exploited mainly by hand-dug wells. Groundwater is found
in open fractures at shallow depths of between 10 and 40 m.
According to MacDonald et al. (2001, 2005a, b), the shales of
the Asu River Group are characterized by high transmissivity
which is related to the degree of burial and low-grade
metamorphism of the shale host rock. The Agwu Shale
which is not fractured has low transmissivity thus making it
difficult to exploit the aquifer. The saturated thickness is less
than 50 m and yields of boreholes are generally less than
0.3 1/s (Uma and Onuoha 1991; Adelana et al. 2008).

The Tertiary Imo Shale of Paleocene to Eocene age
belongs to the Upper hydrogeological group comprising of
shales, claystones, calcareous mudstones, siltstones, iron-
stones and lenses of sandstones. The shales are fissile and
occasionally interbedded with sandstone intercalations
giving rise to localized aquifer—aquitard system. The rela-
tion between stratigraphic and hydrogeologic units is pre-
sented in Fig. 4.

Groundwater flow system

The groundwater level contour map presented in Fig. 5
summarizes the distribution of hydraulic heads in the area.
Groundwater occurs at an average depth of less than 30 m
above sea level in the south at Odukpani to more than
100 m at Ohafia in the west under an average hydraulic
gradient of 0.02. The general groundwater flow direction is
from north to south from Abakaliki anticline into Afikpo
syncline. Groundwater also flows from the Ohafia hill into
the Okigwe and Odukpani depressions. The flow of
groundwater is also from lkom volcanic hills through
Mamfe embayment to Odukpani area from the north to
south and northwest to southeast directions.

Materials and methods

Fifty-two samples were obtained from surface water (rain,
streams, rivers and ponds) and groundwater (shallow hand
dug wells and deep boreholes) sources between July and
August 2009 (Fig. 6).

The water samples were collected into clean low-density
polyethylene bottles kept in a cooler in the field and were
later transferred to a freezer until analysis to avoid
microbial activity. The physical parameters including
temperature, electrical conductivity (EC), pH, turbidity and
dissolved oxygen (DO) were measured in the field using
standard field equipment. Sample bottles were rinsed at the
sampling site with the water to be sampled before collec-
tion. The water samples were filtered using 0.45-pm Mil-
lipore filters into sterilized polyethylene bottles. Water
collected for major and trace metal analysis were preserved
by acidifying with a few drops of HNOj acid to achieve a
pH of <2.

Major anions (Cl1-, NO3~, SO,~, F~ and PO,") were
determined by Dionex 100 Ion Chromatography (IC),
equipped with AS4A-AC analytical column, AMMS-11
(4 mm) regenerating suppresser and conductivity detector.
The samples were injected through a 12.5-pL. sample loop
and eluted at 0.5 mL/min using 1.8 ml M Na,CO3 and
1.7 nM NaHCOj;, The system was calibrated with prepared
standards. For major cations (Ca”, Mg”, Na*t and K*) and
trace elements (As, Be, Ba, Cr, Cu, Zn and U), the water
samples were diluted to <1 % before analysis using ICP-MS
(Series 200). The anions and cations determinations were
carried out at the School of Science, University of West of
Scotland, Scotland. Three replicates were run for each
sample and the precision obtained in most cases was better
5 % RSD. Statistical analyses were performed by means of
the statistical package, STAISTICA (Pilz 1993).

The computer program MINTEQA2 was used to cal-
culate the distribution of the aqueous species in the water.
The programme is designed to perform a variety of aque-
ous geochemical calculations based on ion-association
aqueous model. MINTEQA2 has been used to evaluate
which solid may be precipitating by means of saturation
index. The saturation index is defined as follows: SI = log
IAP/K, where IAP is the logarithm of the ions of the solid
in solution and K is the solubility product of the solid. If
Saturation Index (SI) is zero, the water composition reflects
the solubility equilibrium with respect to the mineral phase.
A negative value indicates under saturation with respect to
the particular mineral and the mineral cannot precipitate
from solution, and should dissolve if present, into solution
to reach equilibrium concentration (Deutsch 1997). Also,
in the case of groundwater with values of SI less than zero
indicates water from formation with insufficient quantity of
mineral for solution or short residence time (Ako et al.
2011). Values above zero indicate super saturation with
respect to the particular mineral phase and incapable of
dissolving more of the mineral and water discharging from
an aquifer containing sufficient amount of the mineral
species with longer residence time to reach equilibrium in
the case of groundwater (Ako et al. 2011).
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Table 1 Ionic composition of sampled surface water in study area (river, pond and stream locations are shown in Fig. 1)

Formation Code Source Temp Cond TDS pH Turbidity DO Na®™ K* Ca** Mg>* SO,2~ NO;~ CI- HCO;~ PO
°O) (us /cm)  (mg/l) (NTU) (mg/1)
RW Rain nd nd nd nd nd nd 5.15 3.08 1.85 1.10 5.14 0.07 BDL BDL BDL
1
RW Rain nd nd nd nd nd nd 735 249 744 1.79 6.35 0.07 BDL BDL BDL
2
RW  Rain nd nd nd nd nd nd 8.16 5.08 2.86 1.51 6.79 0.07 BDL BDL BDL
3
RW Rain nd nd nd nd nd nd 0.53 0.38 3.78 0.20 2.60 0.08 BDL BDL BDL
4

Enugu Eze-Aku SW  River 22.00 40.63 2032 4.58 30.50 509 657 342 1796 598 453.26  28.83 BDL BDL 4.66
Abakaliki 1

SW  River 23.10 11.10 5.55 6.90 2.51 5.07 3.16 1.26 0.79 0.30 170.28 0.00 BDL BDL BDL
2
SW  River 2490 190.00 95.00 7.26 61.80 527 7.01 359 13130 7.18 705.50 74.22 BDL BDL 87.45
3
SW  River 22.80 219.00 109.50 6.48 91.90 578 3.03 097 5482 289 805.34 41.75 BDL BDL 30.59
4

Odukpani SW Pond 2490 1676.00 838.00 3.95 28.30 473 935 3.01 101.50 14.20 17341.41 10.85 BDL BDL 17.98
5

Abakaliki SW  Pond 2480 111.90 55.95 7.02 72.80 4.60 398 267 6.00 7.66 490.50 6.72 BDL BDL 23.96
6

Imo SW  Stream 21.80 1765.00 882.50 4.60 8.75 598 439 2.11 15.53 1475 5846.85 1.61 BDL BDL BDL
7

Imo SW  Stream 24.50 126.60 63.30 5.89 106.48 478 1.63 1.06 2241 1.89 939.80 14.02 BDL BDL 38.99
8
SW  Stream 24.60 2475.00 1237.50 4.75 37.90 5.82 5.62 528 11250 20.22 25064.30 1.36 BDL BDL BDL
9
SW  Stream 24.00 1167.00 583.50 3.75 16.97 494 567 1.79 85.80 17.34 11147.95 230.30 BDL BDL 15.57
10

Enugu/Nkporo ~ SW  Stream 22.50 456.70 22835 571 11.23 560 934 317 491 149 61420 39.54 BDL BDL BDL
11

SW  Stream 23.00 29.90 1495 750 1.52 622 9.63 292 622 122 0.00 0.19 BDL BDL BDL
12
SW  Stream 2140 30.60 1530  7.02 8.87 607 563 6.12 578 220 3506 0.00 BDL BDL BDL
13
SW  Stream 22.80 1367.10 683.55 3.58 0.63 601 305 1.3 5885 175 283269 43.75 BDL BDL BDL
14

Agwu SW  Stream 21.80 2370  11.85 526 15.90 593 356 250 1655 9.09 68084 000 BDL BDL BDL
15
SW  Stream 21.10 22.50 1125 5.63 572 6.04 402 172 1960 678 374740 000 BDL BDL  42.79
16
SW  Stream 25.00 90.10 4505 7.01 6.78 531 1038 1356 736 229  173.69 3645 BDL BDL BDL
17

Eze-Aku SW  Stream 26.00 97340 48670 6.14 4.65 515 4.09 445 11.05 298 1970.10 102.80 BDL BDL  26.51
18
SW  Stream 25.00 1875.90 937.95 3.76 7.9 589 957 3.53 11820 1648 1830590 0.0 BDL BDL BDL
19
SW Stream 25.00 1171.60 585.80 6.15 3.73 504 482 272 2431 591 353335 72.10 BDL BDL  29.15
20
SW  Stream 26.00 133230 666.15 5.03 27.30 532 396 194 1884 231 784254 109.60 BDL BDL BDL
21
SW  Stream 25.00 1278.50 639.25 3.24 25.10 516 235 128 324 280 679895 3.72 BDL BDL BDL
22
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Table 1 continued

Formation Code Source Temp Cond TDS pH Turbidity DO Na* K©  Ca®t Mg SO,2~ NO;~ CI© HCO;~ PO~

(°C)  (us fem) (mg/l) (NTU) (mg/l)

Odukpani SW Stream 26.00 178.60 89.30  7.08 14.35 510 287 178 079 068 63377 378 BDL BDL BDL
23
SW Stream 24.90 35500 177.50 532 2.71 447 289 278 10.09 934 67215 20.01 BDL BDL  23.62
24
SW  Stream 20.01 2720.00 1360.00 2.95 42.60 596 9.2 1.11 27410 34.13 2759430 0.00 BDL BDL BDL
25
SW Stream 25.10 89.70 4485 636 6.26 542 955 392 1010 298 22362 37.87 BDL BDL BDL
26
SW  Stream 24.30 21.40 1070  6.77 65.20 502 1039 4.67 33.17 334 18053 205 BDL BDL 1534
27

Abakaliki SW  Stream 26.00 13330 66.65  7.02 127.00 550 350 098 579 148 0.00 149 BDL BDL BDL
28
SW  Stream 26.00 5.60 2.80 759 1.15 6.62 732 245 626 2.00 0.00 0.00 BDL BDL BDL
29
SW  Stream 26.00 17.90 8.95 7.46 6.93 483 11.65 417 697 195 0.00 6.87 BDL BDL  35.09
30

See Nganje et al. (2014). Sample locations are in Fig. 6

nd not determined, BDL below detectable limit

Results

Tables 1 and 2 present detailed results of the physical and
chemical parameters in surface and groundwater samples.
The statistical summary is presented in Table 3. The data
indicate varied composition and reflect variable composi-
tion of the recharge and discharge waters in the area.

Physical parameters

Hydrogen ion concentration (pH) and total dissolved solids
(TDS) of rain water averaged 7.14 and 21.3 mg/l, respec-
tively, indicating alkaline and fresh nature of rain water.
Temperature of the water samples ranged from 20.2 to
26.0 °C for groundwater and from 20.1 to 26.00 °C for
surface water. The temperature is comparable to the
ambient local air temperature of the area. pH values varied
from 3.31 to 7.73 for groundwater and from 2.95 to 7.59
for surface water. The minimum pH was obtained at
location GW 2 within Enugu/Nkporo Shale for ground-
water and location SW 25 within the Eze Aku Shale for
surface water. The maximum pH values were obtained
from Abakaliki Shale at locations GW 11 (groundwater)
and SW 29 (surface water). The variation in pH of surface
water (mean 5.73) and groundwater pH (mean 6.39) sug-
gests a decrease in CO, dissolution in groundwater. Fifty
percent and 70 % of all the groundwater and surface water
samples, respectively, indicate that the water of the study
area is acidic (Tables 1, 2). This may be attributed to the

oxidation of sulphide minerals and sulphur contained in the
shale, while the neutrality of the pH may be due to the
buffering effect of limestone associated with the Abakaliki
Shale. Turbidity values varied from 0.47 to 127 NTU. The
minimum value of turbidity in groundwater was obtained at
location GW 12 and the maximum value of 56.78 NTU was
obtained at location GW16 (Abakaliki Shale). For the
surface water samples, the minimum and maximum values
of turbidity were obtained at SW 14 (Enugu/Nkporo Shale)
and SW 8 (Imo Shale), respectively. The relative increase
in turbidity values in groundwater compared to surface
water is attributed to turbid recharging water flowing
through the water bearing units. In the case of surface
water, high turbidity is due to high sediment load from
runoff (Hobbs et al. 1972).

Low variation in dissolved oxygen (DO) recorded for
both surface water (5.32-6.62 mg/l) and groundwater
(4.18-6.42 mg/l) are expected. According to Boughton and
McCoy (2006), oxygen is supplied to groundwater through
recharge water and by movement of air through unsatu-
rated zone. Electrical conductivity (EC) of the water
samples varied from 28 ps/cm at location GW 11
(Abakaliki Shale) to 1315 ps/cm at location GW 1 (Imo
and Abakaliki Shale) for groundwater. For surface water,
EC varied from 5.60 at location SW 29 (Abakiliki Shale) to
2720 ps/cm at location SW 25 (Odukpani Shale). The
variation in EC is attributed to the different levels of
enrichment in depositional environment during accumula-
tion (Rimmer 2004).
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Table 2 Ionic composition of sampled groundwater in study area (borehole and well locations are shown in Fig. 1)

DO Nat K% HCO;~ PO,*~

(mg/l)

ca®* Mg>* S0, NO;~ CI™

Formation Code Source Temp  Cond (pus/ TDS pH  Turbidity
(°C) cm) (mg/1) (NTU)
Imo Enuge/ GW HDW 2550 1315.00 657.50 540 3.97
Nkporo 1
GW HDW 20.40 637.00 318.50 3.31 1.70
2
GW HDW 21.50 112.67 5634  7.10 1745
3
Eze-Aku GW HDW 2440 24590 12295 6.70 26.50
4
GW HDW  26.00 53.70 26.85 7.01 56.20
5
GW HDW 24.00 121.20 60.60 7.02 22.10
6
GW HDW 25.00 532.00 266.00 7.03 5.65
7
Abakiliki GW HDW 22.80 139.20 69.60 6.01 38.20
Shale 8
GW HDW 24.30 78.00 39.00 7.00 9.81
9
GW HDW 25.00 857.00 42850 5.83 4.78
10
GW HDW 26.00 28.00 14.00 7.73 4490
11
Enugu/ GW BH 20.20 133.30 66.65 421 047
Nkporo 12
GW BH 23.10 51.70 2585 7.00 1.42
13
Abakiliki GW BH 22.50 78.60 39.30 6.80 4.56
Shale 14
GW BH 24.20 223.00 111.50 7.27 16.60
15
GW BH 22.30 21340 106.70 6.74 56.78
16

525 20.84 521 8252 10.23 3422.00 70.94

568 756 6.06 6230 14.14 8542.80 86.96 4.84 0.049 28.6

526 238 038 6.72 1.

9 37890 39.70

504 975 235 1319 415 71677 17.67 6.55 0.056  90.05
4.18 11.51 635 11.87 3.50 96.69 32.54

493 10.63 329 11.76 2.12 557.60 48.24

6.42 38.10 422 4850 433 669.60 878 15.99 0.094

550 336 1.37 9.83 2.68 54298 11.64 46.87
5.01 13.04 297 6.52 1.93 0.00 27.73 2.93

527 43.58 2683 4121 9.60 1721.73 55.76 32.17 0.159 0.96

572 670 204 17.09 192 0.00 0.00

582 659 342 18.02 6.00 4341.52 40.72 53.51

4.88 4453 7.03 2537 8.88 0.00 0.00

449 4429 562 1603 6.76 36570 2.56

476 959 1.64 8330 13.10 46842 27.75 10.73 0.073 2.24

565 3.07 070 1589 1.58 50245 31.35 3.15

See Nganje et al. (2014). Empty spaces no data
Sample locations are in Fig. 6
HDW hand dug well, BH borehole

Characteristics of cations

The dominant cation is Ca®>" and the order of abundance is
Ca*" > Mg?* > Na* > K" for both surface and ground-
water. The level of Na® in groundwater varied from 2.38
(location GW 9, Eze Aku Shale) to 44.53 mg/l (location
GW 13 (Abakaliki Shale), while the concentration in sur-
face water ranged between 1.6 (SW 8, Imo Formation) and
11.65 mg/l (location SW 30, Abakaliki Shale). The level of
K™ in groundwater varied between 0.38 at location GW 3
(Eze Aku Formation) and 26.83 mg/l at location GW 10
(Abakiliki Shale). The concentration of K* in the surface
water varied between 0.97 at SW 4 (Abakaliki Formation)
and 13.56 mg/l at SW 17 (Eze Aku Shale). The level of
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Ca”" ranged from 6.5 mg/l location GW 9 (Imo aquitard)
to 83.3 mg/l at GW 15 (Abakaliki Formation), whereas for
surface water, Ca®t ranged between 0.79 at SW 23
(Odukpani Formation) and 274.10 mg/l at location SW 25
(Odukpani Shale). Magnesium ion (Mg2+) in groundwater
varied from 1.19 mg/l (location GW 3, Enugu/Nkporo
Shale) to 14.14 mg/l (location GW 2 (Enugu/Nkporo
Shale). In surface water, Mg>" concentration ranged
between 0.3 (SW 2, Eze Aku Shale) to 34.56 mg/1 (location
SW 25, Odukpani Shale).

With the exception of K" (Eze Aku Shale, surface
water) and Mg”>" (groundwater, Enugu/Nkporo Shale),
high proportion of alkaline earth metals (Ca*"and Mg>")
relative to alkali metals (Nat and K™) reflect the effect of
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Fig. 7 Spatial distribution of o« Nsukka 2
total dissolved solids (TDS) in ﬁg
groundwater of the study area Ogoja
(chemical data in Table 1) .
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Fig. 8 Spatial distribution of j
Na' 4+ K" in groundwater of .@
the study area, (chemical data in Ogoja
Table 1) .
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dissolution of minerals such as pyroxene, calcite, gypsum, and pyroclastic materials associated with the shale rocks in

anhydrite and dolomite (Wanty et al. 2009). The sources of  the study area. The high concentration of Ca™ for all the
these minerals are associated with limestone, marl, dolerite ~ water bearing units may probably be due to water—rock
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Fig. 9 Spatial distribution of
Ca** + Mg*" in groundwater
of the study area (chemical data
in Table 1)

Fig. 10 Spatial distribution of
SO4>~ in groundwater of the
study area (chemical data in
Table 1)
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interaction as most of the rocks contain mineral species  Characteristics of anions

such as calcite, gypsum and anhydrite. The low level of K™

relative to Ca**, Mg®" and Na™ may be due to the fact that ~ Nitrate and sulphate constituted the dominant anions
it can easily be fixed by clay minerals (Hem 1992).

measured in both the surface water and the groundwater.
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Fig. 11 Spatial distribution of
NOj3™ in groundwater of the

40 20

study area (chemical data in SIS <€’a
Table 1) 20
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Table 4 Classification of water samples for the study area

o Ohafi

/MFN 80
80

« Umuahia

Quality parameter Range Classification No of samples % of References
samples
RW GW SW RW GW SW
TDS (mg/l) <1000 Fresh water 16 28 100.0 93.3 Freeze and Cherry (1979)
1000-10000  Brackish water 2 0.0 6.7
10000-100000 Saline water
>100000 Brine
Total Hardness as CaCO3 (mg/l) <75 Soft 4 10 17 100 62.5 56.7 Sawyer and McCartly (1967)
75-150 Moderately hard 3 6 18.8  20.0
150-300 Hard 3 1 18.8 33
>300 Very Hard 5 16.7
Chloride (mg/1) <200 Most desirable limit 4 16 30 100 100 100 WHO (1971, 1983)
200-600
>600 Maximum allowable limit
Nitrate (mg/l) <45 Most desirable limit 4 1225 100 75.0 83.3 WHO (1971, 1983)
>45 4 5 250 16.7
Sulphate <200 Most desirable limit 4 4 8 100 25.0 26.7 WHO (1971, 1983)
200-400 2 1 125 33
>400 Maximum allowable limit 10 21 62.5 70.0

The concentrations of CI~ and HCO;~ were generally
below the detection limit of the equipment (BDL) or
negligible in the water. The level of SO,*” varied
between BDL at locations GW 9, GW 11 and GW 13
(Enugu/Nkporo Shale) to 8542.80 mg/l at location GW 2

Jielae cllal sy .
;Acsrﬁmmq m‘;{:ﬁ @ Springer

(Enugu/Nkporo Shale) for groundwater. For surface
water, the minimum value of BDL was obtained at
locations SW 12, SW 28, SW 29 and SW 30 and
maximum value of 27594.30 mg/l at location SW 25.
The maximum value of sulphate in surface water was
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from the Odukpani Formation. The source of SO, may
be due to oxidation and dissolution of sulphur from
pyrite contained in the shale. Other probable sources of
elevated sulphate include gypsum dissolution, use of
manure, artificial fertilizers and leaching of acid sulphate
soils (Edet et al. 2012).

With the exceptions of groundwater samples from Imo,
Enugu/Nkporo Shale and Abakaliki Shale, the values of
nitrate (Table 2) obtained for all the water bearing units
were below 50 mg/l, the standard set by WHO (1993) for
drinking and domestic purposes. The levels of nitrate in
groundwater varied between BDL at location GW
13-86.96 mg/L. at GW 2 in Enugu/Nkporo Formation
(Table 2). In respect of surface water, nitrate values varied
from BDL at SW 2, SW 13, SW 15, SW 16, SW 19, SW 25
and SW 29-230 mg/at SW 10 (Enugu/Nkporo Shale). The
relatively high values for nitrate obtained for some
groundwater samples (GW 1, GW 2, GW 3, GW 6, GW 10
and GW 12) are attributed to application of nitrogen fer-
tilizer in the cultivation of crop plants and irrigation of the
farmland by the use of sewage effluent and poor quality
surface water runoff and infiltration into the groundwater
system, especially the shallow hand dug wells. Generally,
the spatial variation of anions was attributed to the level of
influence of human activities as well as relative enrichment
among different shale formations.

Spatial variations of ions in groundwater

The spatial changes in groundwater quality of the area are
illustrated in Figs. 7, 8, 9, 10 and 11. The total dissolved
solids (TDS) distribution map (Fig. 7) shows variation
between 100 and 400 mg/l. An anomalous area with values
greater than 400 mg/l1 occurs in the central part near Afikpo
and in the southwest at Umuahia. The spatial distribution
of combine sodium and potassium (Fig. 8) shows one

Table 5 Irrigation water class based on chloride and sulphate content

anomaly towards the central part characterized by a con-
tour of 60 mg/l. The sodium + potassium ions show con-
formity with the TDS distribution map. Lower Na™ + K*
values (<20 mg/l) characterize eastern parts of the basin
covering Ogoja, Ikom, Obubra and Odukpani. The com-
bine calcium and magnesium also show anomalous con-
centration (>60 mg/l) in the central part (Fig. 9) and in
conformity with Na + K and TDS distribution maps. The
anomaly is elongated in the northeast/southwest direction.
Lower values (<20 mg/l) are recorded in the northeastern
parts of the area. The spatial distribution of sulphate
(Fig. 10) show lower (<1000 mg/) in the northeast with
higher values (>4000 mg/l) in the south. The values
increase down gradient in the direction of groundwater
flow. Nitrate is linked to the quality of groundwater in the
area. The values of nitrate show anomalous concentration
(>40 mg/l) in the central parts increasing gradually to
higher values (>60 mg/l) in the down gradient (Fig. 11)
and in groundwater flow direction.

Drinking water quality

The assessment of water quality was made using contam-
ination indicators and comparing the concentrations of
these indicators with standards. These indicators include
total dissolved solids (TDS), total hardness (TH), chloride,
nitrate and sulphate.

To ascertain the suitability of the water samples for any
purpose, the samples were classified according to their
TDS values (Freeze and Cherry 1979), which are presented
in Table 4. The surface water is fresh water except a few
samples representing brackish water. All the groundwater
samples had TDS < 1000 mg/l, indicating low content of
ions which can be used for drinking without any risk.

The classification of the water samples (Table 4) based
on total hardness (TH) shows that majority of the samples

Parameter Range Water class No of samples %
GW SW GW SW
CI (mg/1) <142 Excellent 4 100
142-249 Good
249-426 Permissible
426-710 Precaution useable
>710 Unsuitable
SO4 (mg/l) <192 Excellent 4 12 25.0 353
192-336 Good 29
336-575 Permissible 37.5 5.9
575-960 Precaution useable 7 12.5 20.6
>960 Unsuitable 12 25.0 353
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Fig. 12 Chemical facies of surface and groundwater of the study are based on Piper Diagram (Piper 1944), chemical data in Tables 1 and 2;

sample locations shown in Fig. 6

are soft based on the classification given by Sawyer and
McMcartly (1967). However, 18.8 % each of the ground-
water samples were moderately hard and hard, while 20 %
of the surface water samples were moderately hard. For the
same surface water samples, about 16.7 % was very hard.

In terms of chloride content, all the water samples were
below the most desirable limits (<200 mg/l), indicating
good quality water for drinking purpose.

The concentration of nitrogen in water is derived from
the biosphere (Saleh et al. 1999). Nitrogen is originally
fixed from the atmosphere and then mineralized by bacteria
to ammonium. In aerobic conditions, nitrogen is converted
to nitrate by nitrifying bacteria (Tindall et al. 1995). 75 and
83.3 % of the groundwater (GW) and surface water (SW)
had nitrate concentrations within the most desirable limit
(<45 mg/l). However, 25 and 16.7 % exceeded this value
(>45 mg/l) for GW and SW, respectively. The high con-
centration of nitrate in some water samples is toxic and
may cause blue baby disease in children (Comly 1945; Gily
et al. 1984). The high concentration of nitrate in some

f
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locations may be due to application of fertilizer and poor
waste management.

Sulphate is unstable if it exceeds the maximum allow-
able limit of 400 mg/l and causes laxative effect on human
system with excess magnesium in water (Subbramani et al.
2005). From Table 4, 62.5 % of GW and 70.0 % of SW
exceed the maximum allowable limit of sulphate for
drinking water. Considering the positive correlation of
sulphate and magnesium (Table 5), this may result in
gastrointestinal irritation to the human system.

Agricultural water quality based on chloride
and sulphate content

Chloride and sulphate have been used for assessment of
suitability of water for agriculture (Sagnak 1991; Bauder
et al. 2004; Hopkins et al. 2007). Chloride is an essential
element for plant and also important criterion for irrigation
water. Sulphate is necessary for plant nutrition; however,
water containing more than 1000 ppm of sulphate has
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Table 6 Pearson’s correlation matrix for groundwater and surface water (Chemical data Table 1)

Source Parameter Cond TDS Na™t K* Ca%* Mg>+ SO, NO; PO,
Groundwater Cond 1.00

TDS 1.00 1.00

Na* 0.75 0.75 1.00

K* 0.88 0.88 0.98 1.00

Ca*+ —0.05 —0.05 -0.21 —0.18 1.00

Mg>* 0.25 0.25 —0.13 —0.02 0.92 1.00

S04*~ 0.44 0.44 -0.25 —0.04 0.23 0.56 1.00

NO;~ 0.74 0.74 0.13 0.34 0.31 0.65 0.91 1.00

PO4*~ —0.47 —-0.47 —0.46 —0.48 -0.77 -0.77 —0.08 -0.39 1.00
Surface water Cond 1.00

TDS 1.00 1.00

Na* 0.06 0.06 1.00

K" 0.00 0.00 0.68 1.00

Ca*t 0.39 0.39 0.24 —0.08 1.00

Mg>+ 0.62 0.62 0.06 -0.19 0.53 1.00

S04~ 0.83 0.83 0.21 -0.17 0.55 0.79 1.00

NO;™ 0.50 0.50 —0.13 —0.12 0.39 0.52 0.34 1.00

PO, -0.25 -0.25 -0.07 —0.05 0.45 -0.20 -0.25 —0.03 1.00

disadvantage for plants (Sagnak 1991). It was observed that
all the 4 rain water samples with respect to chloride con-
centration fall in the excellent class (<142 mg/l), Table 5.
For sulphate concentration, 4 samples fall into excellent
class, while 8 samples fall in the permissible and precau-
tion useable class and only 4 samples in the unsuitable
class for groundwater. For the surface water samples, all
the 4 rain water samples fall in the excellent class in
addition to 8 samples from other surface water sources.
Three surface water samples are considered to be in good
and permissible class, while 7 samples fall in the precau-
tion useable class. Only 12 samples are considered to be
unsuitable (Table 5).

Discussion
Chemical facies

The proportion between main cations and anions are pre-
sented in the form of a Piper diagram (Piper 1944) in
Fig. 12. Major cations reveal similar proportions in the
area, intermediate between Ca®" and Na™ content. Results
of chemical analyses indicate enrichment in SO,>~ relative
to CI™ and HCO;3™ except sample GW 9 which is depleted
in SO,>~ relative to Cl1™ ions. Majority of the water type
fell in the field calcium-sulphate (Ca**t-S0,>7). This water
type made up 92 and 83 % of groundwater and surface
water. This was followed by sodium-sulphate (Nat—

SO4*7) types, which made up 8 % of groundwater and
17 % of surface water. Abundance of Ca2+—SO42_ water
type is probably the result of dissolution of gypsum mineral
from the rock matrix. The source(s) of other water types is
due to minor variations in the lithology of the bedrock.

Acidity in water

The Pearson’s correlation coefficient (r) was used to
determine the relationship between the dissolved ions and
their possible sources. The Pearson’s correlation coefficient
(r) is based on the method of covariance. It is a unit less
number, which ranges between +1 and —1, where +1
indicated a perfect direct relationship between two vari-
ables and a correlation of —1 indicated an inverse perfect
relationship. Between the two extremes is a spectrum of
less-than-perfect relationships, including zero, which indi-
cated lack of linear relationship. High degree of correlation
exists between two variables if the coefficient value lies
between +0.50 and %1, then it is said to be a strong cor-
relation. If the values of r lies between £0.30 and £0.49,
then the correlation is moderate (Davis 1986).

Pearson’s correlation value (Table 5) shows a negative
relation between conductivity (EC) and pH since elements
are more ionized at low pH values. Thus, concentration of
ions increases with increasing conductivity of water as pH
is reduced or as the acidity increases. The relationship
between EC and ions has been used to identify evaporation
processes (Kumar et al. 2006). Besides, relation between
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Table 7 Estimates of atmospheric contributions to the solute chemistry of surface and groundwater

Formation Code Source Na* K* Ca**" Mg>* SO*~ NO~
%
Imo GW 1 HDW 25.43 52.98 4.82 11.24 0.15 0.10
Enugu/Nkporo GW 2 HDW 70.11 45.54 6.39 8.13 0.06 0.08
GW 3 HDW 222.69 726.32 59.23 96.64 1.38 0.18
Eze-Aku GW 4 HDW 54.36 117.45 30.17 27.71 0.73 0.40
GW 5 HDW 46.05 43.46 33.53 32.86 5.40 0.22
GW 6 HDW 49.86 83.89 33.84 54.25 0.94 0.15
GW 7 HDW 13.91 65.40 8.21 26.56 0.78 0.80
Abakiliki Shale GW 8 HDW 157.74 201.46 40.49 4291 0.96 0.60
GW 9 HDW 40.64 92.93 61.04 59.59 0.00 0.25
GW 10 HDW 12.16 10.29 9.66 11.98 0.30 0.13
GW 11 HDW 79.10 135.29 23.29 59.90 0.00 0.00
Enugu/Nkporo GW 12 BH 80.42 80.70 22.09 19.17 0.12 0.17
GW 13 BH 11.90 39.26 15.69 12.95 0.00 0.00
Abakiliki Shale GW 14 BH 11.97 49.11 24.83 17.01 1.43 2.73
GW 15 BH 55.27 168.29 4.78 8.78 1.11 0.25
GW 16 BH 172.64 394.29 25.05 72.78 1.04 0.22
Average 69.02 144.17 25.19 35.15 0.90 0.39
Enugu SW 1 River 80.67 80.70 22.16 19.23 1.15 0.24
Eze-Aku SW 2 River 167.72 219.05 503.80 383.33 3.07 0.00
Abakaliki SW 3 River 75.61 76.88 3.03 16.02 0.74 0.09
SW 4 River 174.92 284.54 7.26 39.79 0.65 0.17
Odukpani SW 5 Pond 56.68 91.69 3.92 8.10 0.03 0.65
Abakaliki SW 6 Pond 133.17 103.37 66.33 15.01 1.06 1.04
Imo SW 7 Stream 120.73 130.81 25.63 7.80 0.09 4.35
Imo SW 8 Stream 325.15 260.38 17.76 60.85 0.56 0.50
SW 9 Stream 94.31 52.27 3.54 5.69 0.02 5.15
SW 10 Stream 93.47 154.19 4.64 6.63 0.05 0.03
Enugu/ SW 11 Stream 56.75 87.07 81.06 77.18 0.85 0.18
Nkporo SW 12 Stream 55.04 94.52 63.99 94.26 0.00 36.84
SW 13 Stream 94.14 45.10 68.86 52.27 14.89 0.00
SW 14 Stream 173.77 244.25 6.76 65.71 0.18 0.16
Agwu SW 15 Stream 148.88 110.40 24.05 12.65 0.77 0.00
SW 16 Stream 131.84 160.47 20.31 16.96 0.14 0.00
SW 17 Stream 51.06 20.35 54.08 50.22 3.01 0.19
Eze-Aku SW 18 Stream 129.58 62.02 36.02 38.59 0.26 0.07
SW 19 Stream 55.38 78.19 3.37 6.98 0.03 0.00
SW 20 Stream 109.96 101.47 16.37 19.46 0.15 0.10
SW 21 Stream 133.84 142.27 21.13 49.78 0.07 0.06
SW 22 Stream 225.53 215.63 122.84 41.07 0.08 1.88
Odukpani SW 23 Stream 184.67 155.06 503.80 169.12 0.82 1.85
SW 24 Stream 183.39 99.28 39.44 12.31 0.78 0.35
SW 25 Stream 58.11 248.65 1.45 3.37 0.02 0.00
SW 26 Stream 55.50 70.41 39.41 38.59 2.33 0.18
SW 27 Stream 51.01 59.10 12.00 34.43 2.89 341
Abakaliki SW 28 Stream 151.43 281.63 68.74 77.70 0.00 4.70
SW 29 Stream 72.40 112.65 63.58 57.50 0.00 0.00
SW 30 Stream 45.49 66.19 57.10 58.97 0.00 1.02
Average 116.34 130.29 65.41 51.32 1.16 2.11
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Table 7 continued

Formation Code Source Na* K* Ca** Mg2Jr SO*~ NO™
%
Average rain 5.30 2.76 3.98 1.15 5.22 0.07
(Chemical data Tables 1 and 2)
HDW hand dug well, BH borehole
10000.00 100000.00 -
1000.00 )Z;& T " ~  1000.00
N o X S < HDW En A < groundwater
Eﬂ X : X = BH A.v R <><: Op &“ O rain water
) 4 [ . < A A 1 1t
8 100.00 3 P % < X A River 3 10.00 . O“Q AM surface water
= 1‘) X L X Pond LI A A
A<> % % X Stream A A
10.00 x x X
4 0.10 : : !
* 0.10 10.00 1000.00 100000.00
1.00 T T T T SO (me/l)

0.00 0.20 0.40 0.60 0.80 1.00
Na'/(Na'+Ca”")
Fig. 13 A modified Gibbs plot indicating the mechanism that

determines the major composition of groundwater and surface water
of the area (chemical data in Tables 1 and 2)

50.00
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40. 4
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Cl (mg/l)

Fig. 14 Bivariate plot of Na® versus Cl~ values in groundwater of
the area (chemical data in Table 1)

EC and SO,>~ (Table 6) indicates that SO, contributes to
the modification of water chemistry. The relation between
pH and Mg (Table 6) suggests that the dissolution of Mg
(silicates) contributes to the pH or the increase in pH is
probably associated with the precipitation of Mg. Corre-
lation between pH and SO,4 shows a reverse relationship as

Fig. 15 Bivariate plot of Ca*" versus SO,>~ values in groundwater,
rainwater and surface water of the area (chemical data in Table 1)

expected indicating that SOy is contributing to the acidity
of the water.

Atmospheric input and water-rock interaction

Three main sources of dissolved ions into inland waters
include the following: (1) atmospheric deposition of salts,
(2) weathering of rocks forming minerals and (3) anthro-
pogenic input (Singh et al. 2005; Berner and Berner 1987;
Zhang et al. 1995; Sarin and Krishnaswamy 1984; Singh
and Hasnain 1998, 1999, 2002). An estimate of the atmo-
spheric contribution to the aquatic system can be assessed
by comparing the chemical composition of the surface and
groundwater with that of the rain water in the study area as
stipulated by Pandey et al. (1994) and Sarin et al. (1989).
The local rain water collected from study area has been
used to derive the atmospheric contributions (Table 7). The
assessment show high concentration (>50 %) atmospheric
contribution of Na™, K™ (groundwater) Na*, K, Ca®>" and
Mg2+ (surface water) and low concentration (<50 %) for
Ca’*, Mg*" SO,*" and NO;~ (groundwater) and SO4*"
and NOj™ (surface water). This indicates weathering of the
basin and anthropogenic sources for these ions. The rela-
tive high contribution of Na™, K*, Ca®* and Mngr is due
to opencast salting mining, dust from cement manufactur-
ing plants and limestone quarries. NO3;~ may be due to
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Table 8 Ionic ratios of groundwater (Chemical data Table 1)

Formation Code Source Na™/  Mg*™/ Ca’t/ SO*7/  Ca*%/ Mg>t/ Ca’t/ Na't/  Na'/(Nat+
cl- Na™® Na*t cl- SO*~ SO*~ Mg*+ K+ Ca’™h)
Imo GW 1 HDW 0.49 3.96 0.02 0.00 8.07 400  0.20
Enugu/Nkporo GW 2 HDW 1.56 1.87 8.24 1765.04  0.01 0.00 4.41 125 0.1
GW 3 HDW 0.50 2.82 0.02 0.00 5.65 626  0.26
Eze-Aku GW4 HDW 149 043 1.35 109.43  0.02 0.01 3.18 415 043
GW 5 HDW 0.30 1.03 0.12 0.04 3.39 1.81 049
GW 6 HDW 0.20 111 0.02 0.00 5.55 323 047
GW7 HDW 238  0.11 127 4188 0.07 0.01 11.20 9.03  0.44
Abakiliki GW 8 HDW 0.80 2.93 0.02 0.00 3.67 245 025
Shale GW 9 HDW 0.15 0.50 3.38 439 0.67
GW HDW 135 022 0.95 5352 0.02 0.01 4.29 1.62 051
10
GW  HDW 0.29 2.55 8.90 328 028
11
Enugu/Nkporo GW  BH 0.91 2.73 0.00 0.00 3.00 193 027
12
GW BH 0.20 0.57 2.86 633  0.64
13
Abakiliki GW BH 0.15 0.36 0.04 0.02 2.37 788 073
Shale 14
GW BH 089 1.37 8.69 43.66 0.18 0.03 6.36 585  0.10
15
GW BH 0.51 5.18 0.03 0.00 10.06 439 0.16
16

HDW hand dug well, BH borehole

atmospheric and pollution sources (Jeong 2001). A plot on
a modified Gibbs diagram (Gibbs 1970) places most of the
water samples in the region of rock dominance, indicating
rock weathering as a primary factor controlling the water
composition (Fig. 13).

The Geochemical processes occurring within surface
and groundwater and reactions with aquifer material have a
great effect on water quality (Herczeg et al. 1991), thus the
evaluation of the importance of such processes is essential
if the water resources are to be properly developed for
human consumption, agricultural and industrial activities.
The concentration of dissolved solute in water is controlled
by several process such as weathering, dissolution and ion
exchange (Panopaulos et al. 2004; Kumar et al. 2006;
Garcia et al. 2001; Singh et al. 2005; Edet and Ekpo
2008; Nganje et al. 2010). In the present work, various
cross plot relations were used to evaluate the processes
responsible for the variation in the chemistry of the water
in the study area. Therefore, in order to specify the likely
origin of each major element contributing to groundwater
mineralization, plots of Na™ versus Cl~ and Ca”*" versus
SO,>~ content are shown in Figs. 14 and 15. Na* vs CI~
relationship has often been used to identify mechanisms
responsible for the origin of water salinity (Magaritz
et al. 1981; Dixon and Chiswell 1992; Guendouz et al.
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2002). The relationship between these ions shows that
four out of five data points line above the line of slope 1
(halite dissolution), while one lies below the halite dis-
solution line. This reflects two scenarios. First scenario is
most likely the release of Na™ by feldspar weathering via
reactions such as:

2NaAISI303 + 9H20 + 2H3CO3
= Al,Si,05(OH),+2Na" + 2HCO;
+ 4 H4Si0 Potash Feldspar Kaolinite

Equation above also produces kaolinite, which is common
in the study area. The second scenario of lower Na*/Cl~
ratio probably reflects the cation exchange reactions lead-
ing to adsorption of Ca®" on clay minerals and simulta-
neous releasing of Na™t ions. Those samples in which the
Na*/Cl~ molar ratios are higher than one (Table 8) also
show a deficiency in Ca®" with respect to SO,>~ ions.
On the other hand, the Ca’* versus SO42_ plot
(Fig. 15) showed more pronounced loss of Ca’' with
respect to SO,%~. This may be due to calcite precipitation
controlled by gypsum dissolution which tends to maintain
saturation or oversaturation with calcium bearing minerals
(Abid et al. 2011). For the study area, fractions of cations
derived from evaporites complexes with Cl™ are likely to
be insignificant since (1) the area has low Cl and high
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Table 9 Ionic ratios of surface water (Chemical data Table 2)

Formation Code Source Nat/ Mg>t/ Ca*'/  S04*7/ Ca®>t/  Mg*/ Ca®™/ Na'/ Na+/
ClI~ Na* Nat  CI” S04~ S0 Mgt KT (Nat+ Ca*)
RW 1 Rain 0.21 0.36 0.36 0.214 1.68 1.67 0.74
RW 2 Rain 0.24 1.01 1.17 0.282 4.15 296 0.50
RW 3 Rain 0.18 0.35 0.42 0.222 1.90 1.60 0.74
RW 4 Rain 0.38 7.19 1.45 0.076 19.07 1.38 0.12
Enugu Eze-Aku Abakaliki SW 1 River 0.91 2.73 0.04 0.013 3.00 1.92 0.27
SW 2 River 0.09 0.25 0.00 0.002 2.63 2.51 0.80
SW 3 River 1.02 18.73 0.19 0.010 18.29 1.95 0.05
SW 4 River 0.95 18.09 0.07 0.004 18.97 3.12 0.05
Odukpani SW 5 Pond 1.52 10.86 0.01 0.001 7.15 3.11 0.08
Abakaliki SW 6 Pond 1.92 1.51 0.01 0.016 0.78 1.49 0.40
Imo SW 7 Stream 3.36 3.54 0.00 0.003 1.05  2.08 0.22
Imo SW 8 Stream 1.16 13.75 0.02 0.002 11.86 1.54 0.07
SW 9 Stream 3.60 20.02 0.00 0.001 5.56 1.06 0.05
SW 10  Stream 3.06 15.13 0.01 0.002 4.95 3.17 0.06
Enugu/Nkporo SW 11  Stream 0.16 0.53 0.01 0.002 330 295 0.66
SW 12 Stream 0.13 0.65 5.10 3.30 0.61
SW 13  Stream 0.39 1.03 0.16 0.063 2.63 092 0.49
SW 14  Stream 0.57 19.30 0.02 0.001 33.63 2.70 0.05
Agwu SW 15  Stream 2.55 4.65 0.02 0.013 1.82 1.42 0.18
SW 16  Stream 1.69 4.88 0.01 0.002 2.89 234 0.17
SW 17  Stream 0.22 0.71 0.04 0.013 3.21 0.77 0.59
Eze-Aku SW 18  Stream 0.73 2.70 0.01 0.002 3.71 0.92 0.27
SW 19  Stream 1.72 12.35 0.01 0.001 717 271 0.07
SW 20  Stream 1.23 5.04 0.01 0.002 4.11 1.77 0.17
SW 21  Stream 0.58 4.76 0.00 0.000 8.16 2.04 0.17
SW 22 Stream 1.19 1.38 0.00 0.000 1.16 1.84 0.42
Odukpani SW 23 Stream 0.24 0.28 0.00 0.001 1.16 1.61 0.78
SW 24 Stream 3.23 3.49 0.02 0.014 1.08 1.04 0.22
SW 25  Stream 3.74 30.05 0.01 0.001 8.03 8.22 0.03
SW 26  Stream 0.31 1.06 0.05 0.013 339 244 0.49
SW 27  Stream 0.32 3.19 0.18 0.019 9.93 2.22 0.24
Abakaliki SW 28  Stream 0.42 1.65 3.91 3.57 0.38
SW 29  Stream 0.27 0.86 3.13 299 0.54
SW 30  Stream 0.17 0.60 3.57 279 0.63

Nat/Cl™ ratio (Table 7) and (2) the water samples are
characterized by low Mg”>"/Na™ ratios (Tables 8, 9),
whereas input from evaporites will have very low (<0.2)
Mg/Na ratios (Negrel et al. 1993). Weathering of silicates
and carbonates may also contribute to the chemistry of
water in the area. Water draining only carbonates show
Ca*™ and Mg?" dominated reservoirs and Ca’'/Na™
ratios close to 50 and Mg*>"/Na™ close to 10 (Negrel et al.
1993; Meybeck 1986; Stallard 1980). The chemical
composition assigned for silicate end member is Ca*"/
Nat = 0.35 £ 0.15 and Mg**/Na® 0.24 £ 0.12 (Gail-
lardet et al. 1999). The observed ratios for Ca’"/Na™ and
Mg®*/Na™ are much lower than those for carbonate rocks

and close to those draining silicate rocks indicating that
the dissolved chemistry of water in the area is essentially
controlled by silicate weathering in addition to gypsum
dissolution. The concentration of sulphate content and
high SO,>/Ca*" ratios are probably controlled by water—
rock gypsum dissolution and pyrite reduction via a reac-
tion below:

FeS, + 3.750, + 3.5H,0 — Fe (OH),+S02™ + 4H"

It is revealed by surface mapping that most of the shale
rocks contain pyrite minerals. This is supported by negli-
gible concentrations of bicarbonate because of low pH and
high SO427/C17 ratios (Hounslow 1995).
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Fig. 16 Bivariate plot of Ca®" versus Mg”?" values in groundwater,
rain water and surface water of the area (chemical data in Table 1)
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Fig. 17 Bivariate plot of Na® versus K* values in groundwater,
rainwater and surface water of the area (chemical data in Table 1)

The relationship between Ca versus Mg is usually
investigated to determine the contribution of calcite and
dolomite to water composition (Kumar et al. 2006). In this
study, the plot of Ca vs Mg (Fig. 16) indicates that most of
the samples lie above the equiline line and only a few
surface water samples are on the equiline indicating con-
tribution from dolomite dissolution. The excess of Ca
indicates calcite dissolution or calcite-rich minerals that
contribute Ca to the water, i.e. dissolution of silicate
minerals (Ettazarini 2005; Kumar et al. 2006) as shown
below (Pawar et al. 2008):

Ca, Na, Al;Si,05(S) + 6CO, + 9H,0
= 3AI2Si,05(0OH) + 2Na + 2Ca + 6HCO3
+ 4Si0, Plagioclase

The relationship between Na® and K (Fig. 17) could
conform to ion exchange process. The excess of Na™ over
K indicates that Mg>" and Ca®" are captured by Na™-rich
clays of the shale. The Na™ is then returned to the aqueous
system as against K which is known to be relatively
immobile (Hem 1992). Other sources of Na and K may be
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weathering of silicate minerals such as Albite and K-
feldspar as shown in Eq. 5 (Pawar et al. 2008):

(Na,K) Al SL - 50, 3H,0 + 8 H,0
= Na' + K" + Al (OH),+4
- 5H4SI04 Albite/Orthoclase

Modelling

Mineral equilibrium calculations for water are useful in
predicting the presence of reactive minerals in groundwater
system and estimating mineral reactivity (Deutsch 1997).
By using the saturation index (SI), it is possible to predict
the reactive mineralogy (Deutsch 1997). In the present
study, SI of gypsum was calculated to determine equilib-
rium between mineral and water. The calculated SI for
gypsum ranged from —1.80 to —1.0 with average of —1.50
for groundwater and —3.2 to —0. 91 with an average of
—1.75 for surface water samples. All the groundwater and
surface water were below the equilibrium state for gypsum.
Generally, SO42_ and OH™ constitute the major dissolved
species in this water.

Conclusions

The shale rocks of the Cross River and Niger Delta
hydrological basins are one of the most important water
resources in southeastern Nigeria. It is the main water
source used for drinking, domestic and agricultural pur-
poses by the local population. Therefore, determining the
source and mechanism controlling the water chemistry
outlined in this study is of great importance. Hence, anal-
ysis of the major ions in surface and groundwater was
carried out.

The groundwater map points to the significant role of the
Abakaliki Anticline, Ikom and Ugep Hills in local
groundwater flow direction and recharge of the aquifer.
The principal changes in the chemical composition of the
water results from halite dissolution, silicate weathering, as
well as ion exchange and pyrite oxidation. Generally,
mineralization of groundwater increases along the
groundwater flow direction from Abakaliki Anticline to
Afikpo Syncline and from Ikom and Ugep Hill to Odukpani
area.

The dissolution of halite and gypsum explains part of the
contained Na™, Ca*", CI~ and SOj-, but other processes
such as ion exchange, silicate weathering and pyrite oxi-
dation also contribute to water composition. The Na*/Cl~
and Ca®>"/SO,>~ ratios suggest dissolution of shale rocks.
The value of Na'/Cl™ ratio higher than 1 indicates
occurrence of ion exchange releasing Na™ into water and
simultaneous removal of Ca®". The existence of such
exchange is confirmed by Na*/K* and Na®/Cl~ ratios.
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Chemical data indicate the importance of pyrite oxidation
as a factor controlling water chemistry. Occurrence of low
saline waters suggests local recharge of the aquifers by
recent rain and surface water. The spatial changes in
groundwater quality of the area show an anomalous con-
centration of ions in the central parts, while lower values
characterize the eastern parts of the basin covering Ogoja,
Ikom, Obubra and Odukpani. The concentration of TDS
and ions increases down gradient in the direction of
groundwater flow. The assessment of contamination indi-
cators such as TDS, hardness, chloride, nitrate and sulphate
indicates that the water in area is suitable for human con-
sumption in some locations. Modelling using MINTEQA?2
program shows that the water from all the shale rocks is
under saturated with gypsum.
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