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Abstract

This paper characterizes the aquifer system of the Niger Delta for sustaina-
ble development of the groundwater resource. The heavy-dependence on
groundwater in the region and the fears of its unsustainability triggered by
the weak regulations, pollution, increasing user population and industria-
lization coupled with the present limited knowledge of the true geological
condition prevailing within the groundwater domain of the Niger Delta are
the considerations that compelled this review study. The hydraulic proper-
ties of the region’s aquifers are discussed. The Niger Delta is characterized
by a complex multilayered aquifer system hosted in the Benin Formation
with the main body of fresh water, with increasing occurrence of interca-
lating clay units towards the coast. Lithological analysis indicates the pre-
valence of unconsolidated sand and sandy gravels in the aquiferous hori-
zons, presenting them as pervious and prolific aquifers. Reported hydro-
chemical data gathered from wells drilled suggest that the quality of
groundwater in the Niger Delta is considered generally very good and
compares favorably with WHO standards for drinking water. However, rela-
tively high iron/manganese and chloride values are localized in time and
space. In the coastal areas however, seawater intrusion has been identified as
one of the major influences on hydrochemistry of groundwater in the shal-
low unconfined aquifers. Regional groundwater flow direction is from
north to south. Changes in groundwater flow directions which occur at
some places generally serve localized discharge areas. The resultant flow
path eventually joins and feeds the major regional north-south flow direc-
tion. The increasing pressure on groundwater, the need for urgent atten-
tion and the absence of strong institutions and regulations have made the
management of groundwater resources in the region a difficult task. There-
fore, future ground water resources development in the Niger Delta requires
adequate observational data, investments in infrastructure and an integrated
management approach to ensure optimal basin-wide benefits.
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1. Introduction

Most of the Niger Delta relies on groundwater for both domestic and industrial
uses. According to JICA (2014); there were around 65,000 boreholes in Nigeria
extracting an estimated total of 6,340,000 m*/day in 2013. Before the 1970’s the
major cities in the region were served by well planned, relatively deep boreholes
whose water was widely reticulated to individual homes and factories. With in-
creasing user population, urbanization and industrialization, coupled with
funding constraints governments’ capacity to sustain reticulated supply of water
was jeopardized. The failure of government to meet the water supply needs of
the population resulted in individual’s taking responsibility for their water
supply needs.

A 1996 survey by the Ministry of Water Resources found only 63% of Nige-
rian boreholes was in working order, with many out of action due to pump fail-
ure [1]. Borehole failures became common with increased number of individual
boreholes drilling. The Ministry of Water Resources [2] ascribes these failures to
the absence of management structure for boreholes: most are meant to be ma-
naged by communities, but only around one fifth of rural communities were
identified as having borehole management organizations, so that actual man-
agement, including restoring non-operational boreholes, is not optimum. The
problem of frequent abortive boreholes in the area cannot be blamed on the ina-
bility of the aquifer to yield enough water, but on the incompetence of the drill-
ing contractors [3]. The unprecedented demand for freshwater associated with
high population growth and increased living standards has resulted in highly
elevated groundwater drilling activities, which is now creating some concern
over the sustainability of the resource for the future.

Groundwater is increasingly becoming a sensitive subject because of the in-
creasing pressure from pollution on the resource. Firstly, there is the general
perception that the alternative rain water is polluted by gaseous emissions re-
leased by wide spread oil production and processing facilities in the region. Se-
condly, there is presently no control over who can abstract water and how much
an individual or facility can take. There is also the issue of groundwater vulnera-
bility to contamination from spilled hydrocarbon and leachates arising from
widely practiced and unregulated surface disposal of wastes. The threat to
groundwater quality is exacerbated by a combination of factors, including high
groundwater table and widespread unconsolidated permeable superficial alluvial
deltaic soils, proximity of major abstracting industries to the coast and the poor

record of effluent quality management of major industrial complexes. The pre-
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valence of these, mostly interrelated issues, are now instigating fears as to the
future of groundwater in the region.

The second motivating reason for this review study is that several previous
studies of the groundwater in the region have been localized [4] [5] [6] [7] and
therefore do not offer comprehensive and holistic understanding of issues such
as long-term quality and sustainability in the face of climate change and indu-
strialization. There is therefore no doubt that a better understanding of the re-
gional hydrogeology is essential in the overall sustainable management of the re-

gion’s groundwater resources.

2. Geology of the Niger Delta

The geology of the Niger Delta has been studied by several geoscientists [8]-[18].
There is agreement amongst these that the Niger Delta is underlain by three
principal formations, namely: Akata, Agbada and Benin Formations (Table 1).
The Akata Formation, which is predominantly shale and clay and the Agbada
Formation which is generally fluviatile and fluviomarine are primarily of interest
to the hydrocarbon industry.

The depositional pattern which accompanied sedimentation during the for-
mation of the delta, gave rise to structural traps (growth faults and roll-over an-
ticlines) in the Agbada Formation, which facilitated the accumulation of petro-
leum in the reservoirs of the Niger Delta. The Agbada Formation while suitable
for petroleum accumulation is considered too deep to be of interest for ground-
water abstraction. Together, Akata and Agbada formations provide hydrocarbon
source rock and reservoir and account for nearly all the hydrocarbon discoveries
in the Nigeria. The Benin Formation on the other hand which occurs at shal-
lower horizons consists of continental deposit of sand and gravel [19] and is
therefore of greater significance to the groundwater and civil construction sec-
tors. It is now well known that the Benin Formation (Miocene to Recent) posses’
excellent water yielding properties even at great depths [20] [21]. Well cuttings
from the logs of oil wells spread across the Niger delta, reveal that the Benin

Formation is laterally extensive and extends to depths of 2000 m in places. The

Table 1. Geological Units of the Niger Delta as summarized by Short and Stauble [9].

Age Geological Unit Lithology

Quaternary -Alluvium (general) freshwater  -Gravel, sand, clay, silt,
back swamp meander belt.

-Mangrove and salt water -Silt, clay and sand
-Back Swamps -Medium fine sand and silt

-Active/Abandoned Beach ridges -Fine sand, silt and clay
Sombreiro Warri Deltaic plain

Miocene Benin Formation (Coastal plain  -Coarse to medium grain sand with subordinate silt
sand) and clay lenses, fluviatile marine
Eocene Agbada Formation -Mixture of sand, clay and silt, fluviatile marine
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granular composition of Benin Formation presents it as a veritable construction
aggregate, besides serving as competent layer to support most piled foundations
within depths of civil engineering significance.

However, due to the continuing evolution of the delta, the three major forma-
tions have now been overlain by various types of Quaternary and Cenozoic de-
posits (Figure 1). The Cenozoic succession of recent Niger Delta consists of a
continental Upper Deltaic plains made up continental alluvial plains, braided
streams and meander Beds. The sediments here are largely unconsolidated
sands, feldspar, limonite coated sand grains silt and clay deposited in fresh water
beach swamps. Deposition of the aquifer materials is thought to have occurred
in alluvial fan, fluvial channel, tidal channel, intertidal flat, beach, and related
microenvironments [20].

According to Nwankoala and Ngah the influence of geology on the ground-

water resources of the Niger Delta constitutes the most important factor besides

QUATERNARY TERTIARY
Meander belt, Backswamps Alluvium Lignite formation Clays, sandstone, lignite and shales
Freshwater swamps Sands, gravels and clays Bende Ameki group Clays, clayey sand and shales
Mangrove swamps Sands, clays and mangrove swamps |mq clay-shale group Clays and shales with limestone

Abandoned beach ridges - Sands and pebbles
Sombreiro deltaic plain Sands, clays and mangrove swamps
Coastal plains sands Sands and clays

Figure 1. Geological map of the Niger Delta [after 18].
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that of climate in the region [21]. Geology has been observed to be responsible
for the complex groundwater distribution, extractability and quality in the Niger
Delta. Unfortunately, the current state of knowledge of the true geological con-
dition of the groundwater bearing domain of the Niger Delta is limited.

The progress in the improved understanding of the geology of the delta has
been due largely to the investments and data yields of the oil industry. Unders-
tandably therefore, researches in the delta have been skewed towards petroleum
geology. This explains why the present knowledge of the Benin Formation is li-

mited, compared with that of the Akata and Agbada Formations.

3. The Structure of Benin Formation

The Benin Formation serves as the groundwater reservoir in the region. The
main body of groundwater in the Niger Delta is contained in the extensive sand
and gravel layers which are interspersed with shale and clay layers within the
formation. Thus, a meaningful study of the region’s groundwater needs an un-
derstanding of the sedimentation pattern as well as stratification, both of which
determine not only the aquifer type distribution but also the quantity and quality
of water in the region.

Previous works [6] [22] and [23] indicate that the Benin Formation is diffe-
rentiated into three main zones, namely; 1) a northern bordering zone consisting
of shallow aquifers of predominantly continental deposit, 2) a transition zone of
intermixing marine and continental materials and 3) a coastal zone of predomi-
nantly marine deposits. Distinct spatial trends in aquifer properties have also
been observed following this division.

Akpokodje et al, [24] summarized the hydrostratigraphic units of the Benin
Formation as consisting of four well defined aquifers in the upper 305 m that
vary in thickness. The aquifers vary from unconfined conditions at the surface
through semi-confined to confined conditions at depth. The aquifers are sepa-
rated by highly discontinuous layers of shales, giving a picture of an interval that
consists of a complex, non-uniform, discontinuous and heterogeneous aquifer
system. This is also evident from a Fence diagram of boreholes within a 25 km?
area around PortHarcourt (Figure 2).

This discontinuous nature of the aquifer system is also the reason why drilled
depths of boreholes vary significantly across the region (Figure 3). Aquifers at
the northern border of the Niger Delta are more continental in character, being
composed of thicker and coarser river sand coming from the hinter land and
characterized by much fewer clay intercalations as evidenced in a lithologic map
of the Benin Formation drawn from borehole lithologs in the different zones
(Figure 3). They are also encountered at shallower depths, so that in most cases,
an average depth of 60 m was considered adequate to obtain very potable fresh-
water and in reasonable quality and quantity. The sand is generally coarse to
very coarse and laterally extensive, with highly pervious gravelly layers com-

monly encountered.
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Lithology
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E Clayey Sand
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Figure 2. A fence diagram prepared with Rock Works showing an N-W view across Akpajo, Port Harcourt (the dark bands
represent clay layers within the Benin Formation).

Ngah and Nwankwoala reported that borehole performances in terms of yield
in this section have generally been impressive with excellent water quality [25].
This explains why majority of groundwater supply wells within the coastal plain
sands, particularly domestic supply wells abstract water from these aquifers.
Examples abound of such locations as Port Harcourt, Ogoni and Elele areas in
the eastern Niger Delta and Aboh in the western Niger delta. Akpoborie pre-
sented typical lithologs of boreholes in western section of this zone predomi-
nated by coarse and gravelly sand over extended to 70 m depths which corrobo-
rates the lithologic map shown in Figure 3 [26].

A transitional zone lies within the lower section of the Meander belt and con-
sists of freshwater swamps. This transitional zone is characterized by intricate
and extensive meandering of rivers and the presence of lowland freshwater
swamps. Surface runoff in this zone is subjected to some degree of tidal influence
due to their proximity to the tidal estuary. The estuaries which embrace the
western and eastern zones flanking the pro delta also have significant mangrove
swamps that are associated with tidal inlets where saline water penetrates farther
inland causing variable surface water quality arising from the mixture of fresh
and saline waters.

A common feature of the transition zone is the comparatively more frequent

presence of clay intercalations and embodiments within the aquifers. According
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Figure 3. Lithologic Map of Benin Formation prepared from lithologs of deep wells in the Niger delta from Upstream (Left) to the
Coastline (Right), showing the multi-aquifer system of the Niger Delta.

to Nwankwoala and Ngah these clay lenses are randomly distributed laterally
and vertically within the zone [21]. In several cases, strata logs of wells in close
proximity drilled less than 200 m apart, have been known to vary, and under

such prevailing circumstance, prediction of aquifer thickness and performance
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in terms of produceability in the region is difficult. However, the freshwater
swamps which constitute the front of the delta continue to indicate many fea-
tures of continental environments, until very close to the coast. The aquifers in
this zone may still be shallow, consisting of predominantly sand and gravelly
materials, but clay intercalations become more prominent compared to the
northern zone. The occasional occurrences of lignitic materials and partially de-
composed vegetal matter reported by [27] [28] and [29] are indications of sedi-
mentation under shallow water condition.

The coastal zone on the other hand borders the Atlantic Ocean and includes
the mangrove swamp zone and beach ridges. Comparison of the occurrences
and thicknesses of sand and clay in boreholes in the region (Table 2) show that
stratification in this zone is characterized by far more frequent occurrences and
thicker lenses of marine clay (Figure 3 and Table 2) with observable saline con-
ditions in place as evidence of marine conditions of sedimentation. Clay occur-
rences account for at least 20% in total depth of drilled boreholes within this
zone. The occurrence of thicker clay layers and higher frequency of clayey inter-
calations makes the prediction of productive horizons difficult, often requiring
careful and detailed Gamma Ray logging. This is because, the clay horizon fre-
quently escape detection in the traditional rotary/wash boring drilling technique
used for deep wells.

Due to the proximity of the coastal zone to the ocean and the persistence of
sand layer across the region, there is the possibility for marine conditions to pe-

netrate further inland, resulting in a more complex zone with compromised

Table 2. Distribution of lithologies in Boreholes across the Niger Delta region.

Location Depth of BH No. of clay Thickness of Thickness of thickrlceljs};Total
(m) layers clay (m) sand (m) Depth of BH

Onne 300 2 85 215 0.283
Omoku 260 1 4 256 0.015
Warri 160 1 6 154 0.038
Oloibiri/Otakeme 277 4 26 277 0.094
Kaiama 348 3 34 270 0.098
Gbaran-Ubie 530 4 40 492 0.075
Bille 400 5 61 339 0.153
Nembe/Basambiri 366 5 78 288 0.213
Bonny BRT 360 8 109 251 0.303
Bonny Life Camp 362 12 143 219 0.395
Bonny Water Board 450 7 171 279 0.380
Bonny NLNG Oguede 452 6 155 297 0.343
Bonny NLNG Finima 450 10 109 341 0.242
Ogidigbein/Ugborodo 600 11 132 468 0.220
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water quality. Nearly all the aquifers in the region are overlain by sandy/silty clay
or clay at near the surface, except in the coastal Beach Ridges where a thin surfi-
cial sand layer, 0.5 - 3 m thick, directly overlies relatively thick clay which in turn
overlies the regional aquifer resulting in perched aquifers.

The combination of more frequent stratification and comparatively less bulky
aquiferous horizons coupled with more widely variable hydraulic properties
make the determination drilled depth and the choice of screened zone a complex
subject. As a result, there are wide variations in depths of boreholes drilled in the

region as shown in Appendix 1.

4. Groundwater Recharge

With rainfall varying from 2000 mm in the northern most section to 3600 m in
Bonny and Brass at the coastline, it is reasonable to attribute the source of re-
charge of the aquifers in the region to precipitation. Precipitation generates
about 70 x 10° m’ of fresh water per annum, 75% of which occurs between April
and October of every year. Analysis of Rainfall and concurrent evaporation
(Figure 4) indicates that 80% of the precipitation is lost to evapo-transpiration,
leaving 20% which contributes to surface runoff and infiltration into the
sub-surface to eventually recharge the groundwater. Groundwater recharge in
the region estimated using the methods of Krishna [30] and Chaturvedi [31]
gave values of 405 mm and 304 mm respectively.

An estimated groundwater recharge of 31.9 BCM/year was predicted by JICA
[1], for the Niger delta region of Nigeria. This value is just below that of the
South East region which is the highest in Nigeria. The high perennial aquifer
recharge in the area is supported by the abundant rainfall averaging 2532
mm/year, favorable geology, vast catchment area, North Southwards groundwa-
ter flow and presence of a rich network of fresh water rivers and streams in the
area.

This meteoric water infiltrates through exposed outcrops of the Benin Formation

450
«i- Rainfall
400

=== Evaporation
350 - i | f

300

Rainfall/ 250
Evaporation

150
100
50

1 2 3 4 5 6 7 8 9 10 11 12
Month

Figure 4. Rainfall and concurrent evaporation in the Niger Delta (Abam, 2016).
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TOPOGRAPHY OF GROUND SURFACE AND BENIN FORMATION FROM CAWTHORN CHANNEL TO OBRIKOM

Elevation
(amsl m)
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mostly in the northern sections of the delta and through thin layers of overlying
Quaternary sediments to recharge groundwater.

The thickness of the lateritic top and quaternary sediments over Benin For-
mation vary widely. Abam [32] reported values between 0 - 40 m as evident in
Figure 5 where the ground surface elevation and depth to the top of Benin For-
mation between (a) Cawthorne Channel and Obrikom and (b) Omadino to Es-
cravos for the southeastern and western sections, (c) Agbor to Sapele for the
northwestern section is plotted.

According to Dickey ef al, [33] and Amajor and Gbadebo [34], the extremely
sandy and pervious nature of the upper Benin Formation permit meteoric water
to penetrate deep into the subsurface. Areas where Benin Formation is exposed
or close to the surface hardly experience flash floods, which is an indication that

they are fairly pervious and well drained. The drainage qualities of these areas
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(a) Topography of Benin Formation in comparison to the ground surface in the Eastern Niger Delta; (b) Amplified sec-

tion of Topography of Benin Formation within the Estuaries and Mangrove swamps Western Niger delta; (c) Topography of Be-
nin Formation in comparison to the ground surface in the Western Niger delta.
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are confirmed by Particle size distribution analysis which shows that they com-
prise mostly of sandy clay and clayey sand, with effective particle size D, aver-
aging 0.3 mm [32]. This is also an indication of the controlling effect of geology
on groundwater occurrence in the Niger Delta.

Significant groundwater recharge also takes place through the Benin forma-
tion that is exposed beneath several river beds in the region. Sand search and
ground investigation projects in river channels [35] reveal mostly monotonous
sand formation on the Niger River at Okpai and Onitsha, extending from 0 to 40
m depth. With ready supply of water in these rivers, the aquifer is constantly re-
charged through downward influent flow from the river channels. Such influent
flow is also evident in hydrographs for Odofi River in Odokwa, Delta State, Ni-
geria reported by Akpoborie [26] which shows a significant contribution of upto
80% from base flow (Table 3) to gaining rivers. The groundwater level usually
drops below the river water level, creating a hydraulic head differential which
induces flow of river waters into the aquifers. The rivers, therefore, partly re-
charge the upper aquifers and could also pollute them with dissolved toxic or

hazardous materials.

5. Groundwater Level and Seasonal Variation

Depth to static water level varies across the region (Table 4). The maximum
static water level in the study area occurs around Ulakwo, at 18.2 meters below
ground surface and Erema, 15.24 meters below ground surface in the northern
parts of the study area. This is followed by the floodplain areas which recorded 0
- 5 m, the Beach ridges 0 - 1.5 m and the mangrove swamp areas with depth to
groundwater between 0 - 0.5 m. The value approaches near surface in the sou-
thernmost parts and near the coast, 0.34 m at Abissa, 0.69 m at Brass and zero at
Akassa.

Values of static water level are influenced by proximity to either the coastline
or drainage rivers. This is why a decrease in static water level is observed in the
central parts to 3.7 m, 3.23 m and 2.3 m for Omoku, Bodo and Abonema respec-
tively where dense network of river systems interact with groundwater.

Artesian conditions prevail in places where a thick persistent clay sequence
completely seals the underlying sandy aquifer over a long lateral distance with
sufficient confining pressure as in the very deep wells at Bonny or in the perched
aquifers in the clayey southern parts of the study area such as Okujagu Ama, Old

Table 3. Summary of flow statistics, Adofi River at Ossissa (Adapted from Akpoborie
[26]).

Statistic 1989 1990 1991 1992 1993 1994
Minimum (m?/s) 14 16 18 15.9 24.6 25.5
Maximum (m?/s) 41 47.5 49 46.2 53 54
Mean (m®/s) 21.321 23.591 25.618 22.355 31.87 36.668
BFI 0.855 0.845 0.832 0.844 0.872 0.868
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Table 4. Static water levels/piezometric levels and borehole locations in the study area (after Ngah & Nwankwoala, [25]).

S/NO LOCATION S.W.L (m) S/NO LOCATION S.W.L(m) S/NO LOCATION S.W.L (m) S/NO LOCATION S.W.L (m)

1

10

11

12

14

15

16

17

25

Ahoada
Ogbo

Edocha
Abua
Ndoni
Idu
Ebubu
Omoku
Obie
Erema
Ubeta
Obagi
Bassambiri
Atubo
Nembe
Ogbia
Brass
Otegila
Okoroba
Amakalakala
Otugidi
Otuesaga
Akassa
Kolo
Onne
(NAFCON)
Bodo
Buan
Govt. House

Forupa

7.2

4.26

3.3

6.2

3.7

7.6

15.24

5.49

0.8

1.37

2.5

0.69

9.14

0.91

12.19

NA

7.49

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

Baa Lenku 10 59 Alesa Eleme 7.57 90 Obite 17.68
Bien Gwara 9.14 60 Ebubu 6.1 91 leit:;lj:)a 9.14
Baan 6.1 61 Bane 15.24 92 Umuechem 10.26
Sii Babble 9.45 62 Bori 14.02 93 Rumuewhor 5.5
Uegwere 5.4 63 Kpor 9.14 94 Okrika 11.14
Tombia 4.52 64 Beeri 10.41 95  Ibuluya-Dikibo 8.2
Abonnema 2.3 65 96
Bakana 1.25 66 Bolo 1 5.49 97 Amarata 6.55
Ke 2.16 67 Kalio-Ama 6.5 98 Ukubie 1.01
Abissa 0.34 68 Abam Ama  Artesian 99 Tebidaba 2.04
Bille 0.61 69 Okujagu 5.48 100 Aguobiri 3.6
Buguma 3.6 70 George Ama 0.61 101 Koluama 0.91
Krakrama 7.1 71 Ogoloma 0.9 102 Olegbobiri 6.7
Abalama 72 Ogu 5 103 Gbaran 4.37
Isiokpo 15.24 73 Daka-ama 3.05 104 Igbogene 5.64
Ogbakiri 11.9 74 Kalaibiama 1.2 105 Okolobiri 7.62
Omarelu 15.24 75 Bonny 2.44 106 Isampou 4.57
Egbede 76  Iloma Opobo 3 107 Odi 1.91
Elele 77 Gborokiro 1.6 108 Kaiama 3
Igbodo 25 78 Tkuru 2.5 109  Agudama-Epie 5.79
Ulakwo 18.2 79 Nkoro 2.5 110 Oporoma 4.6
Opiro 13 80 Abalamabie 1.5 111 Korokorosei 3.7
Rumuonye 22 81  Queens Town 1 112 Yenagoa 5.5
Chokocho 10.3 82 Minima 3 113 Forupa 1
Opobo
Egwi 8.25 83 Oloma II 5.49 114  Agbere Odoni 5.6
Odagwa 4.57 84 Olomal 2.7 115 Ekeremor 1.2
Okehi 24.23 85 NDBDA 9 116 Toru Ndoro 1
Ofoni 4 86 Borokiri 4 117 Torofani 5.5
Amabulou 2.1 87 Letugbene 1.5

GRA and Iva Valley, Port Harcourt. The water levels measured in these bore-
holes seem to fluctuate with season across the delta between 3 m and 8.3 meters
above sea level [32]. Daily, 3-day and 5-day running averages and monthly vari-
ations of rainfall are explored to assess the influence of rainfall on the ground-

water fluctuation (Figure 6). Historical data on the response of groundwater
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Figure 6. Rainfall distribution and groundwater level response in the Niger delta. (a)
Daily Rainfall distribution; (b) 3-Daily running average of Rainfall distribution; (c)
3-Daily running average of Rainfall distribution; (d) Monthly Rainfall distribution and
groundwater level response.

level to monthly rainfall distribution for the Eleme-Okochiri area behind the
Port Harcourt Refinery Company show their seasonal variation (Figure 6) [32].
In general the higher values are obtained from the north and the lower values in
the southern part.

After the cessation of rainfall in October, the groundwater level experiences a
gradual recession, reflecting the absence of groundwater recharge and dominant
effect of evapo-transpiration. The groundwater level, although season dependent,
also vary across the Niger Delta region. Groundwater levels fluctuate in response
to rainfall distribution in all but the mangrove swamp sub-environment.

Ngah and Nwankwoala [25] also observed variation in static water level be-
tween deeper and shallower aquifers. In deeper aquifers, water levels vary from
6.0 meters to 1.4 meters below ground level possibly due to exposure to variable
artesian conditions. When compared with the water level data from the shallow-
er aquifers which is much less variable. This could indicate a separation between
the aquifers with the highest level in the deeper aquifers.

6. Aquifer Hydraulic Properties

Due to the persistence of the Benin Formation, the hydrogeological data in the
up land areas of the Niger Delta have very broad similarities not only on the sub
surface lithology but also in the overall aquifer hydraulic properties of permea-
bility, storativity and specific capacity. This agrees with the observation of Ngah
[36] that the producing aquifers in Bodo (80 m) Kono (55 m) also have permea-
bility and specific capacity as well as storativity of same orders of magnitudes as
the boreholes drilled in Trans Amadi in Port Harcourt and Umuayagu in Etche

Local Government Area, even though they are more than 70 km apart. Similarly
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the producing boreholes in Sakpenwa are quite similar in hydraulic properties to
the boreholes in Ahoada and Ikwerre Local government areas separated by 80
km.

According to Offodile, the hydraulic conductivities of the sand units in Benin
Formation vary from 3.82 x 107 to 9.0 x 107 cm/sec indicating a potentially
productive aquifer [37]. The transmissivity values for the aquifers across the
Niger delta region range from 1.05 x 107 to 11.3 x 10~ m*/sec, while the coeffi-
cient of storage varies between 1.07 x 107 and 3.53 x 107 and specific capacity
values lie between 19.01 and 139.8 m*/h/m drawdown.

These values suggest that the aquifers have very good capacity to transmit
groundwater. The specific capacity of a well is its yield per unit drawdown,
usually expressed in m*/hr/m of drawdown. It decreases in direct proportion
with drawdown. Its maximum corresponds to zero drawdown while the mini-
mum occurs when the drawdown and yield are at the maximum [38] and [39].

Summary aquifer hydraulic parameters for selected boreholes in the region
are shown in Table 5. This shows that average specific capacity from boreholes
(the yield per unit drawdown) for the upper and lower aquifers vary significant-
ly. The average specific capacity for the upper aquifer is

Q/S,, = 19.4 m*/h/m, with a maximum value for the upper aquifer of 75.1
m?*/h/m.

The Maximum noted value of specific capacity for deeper aquifer for which
relatively fewer boreholes were investigated was 139.7 m*/h/m, and was recorded
in Eleme, Akpajo and Onne areas of Ogoni land.

The hydraulic properties for the aquifers underlying the major urban area of
PortHarcourt are summarized in Table 6.

This shows that as expected the values obtained from pumping test are signif-
icantly higher compared to those obtained using specific capacity data, and also
that the deeper aquifer is exhibited comparatively higher transmissivity. Both the
upper and lower aquifers are considered to be of the leaky artesian type. This is
understandable, judging from the variable thickness and non-persistent nature

of the clay intercalations within the body of the aquifer.

7. Regional Flow

The regional groundwater flow direction is North-south Figure 7. A predomi-
nant north-to-south regional groundwater flow pattern was also confirmed by
Akpoborie, [26] in the western Niger Delta as shown in (Figure 8(a)) except in
the northeast (Imo River catchment area) where the flow is northeast to south-
west. Similarly, a groundwater map produced for the Akpajo area of Rivers State
(Figure 8(b)) for an area covering 25 km? reveals a predominantly North-
east-Southwest direction.

Changes in groundwater flow directions which occur at some places in the
southeast, northwest and northeast generally serve localized discharge areas. The

resultant flow path eventually joins and feeds the major regional north-south
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Table 5. Estimated values of hydraulic parameters compiled from published data for aquifers in the study area.

S/No Location BH#/Aquifer* Depth (m) Transmissivity (m*/sec) K (m/day) Storativity (s) Sp efrl:l;;lﬁ ZT)City
1 Moscow Road 1 5.52 x 107 20 7.2%x107° 69.44
2 Moscow Road 2 20.6 x 1073 148.4 3.6x107° 98.82
3 Moscow Road 3 56.1 x 107 110.2 13.2x 107 26.39
4 Moscow Road 4 30.72 x 107° 66.36 12x107° 28
5 Borokiri 1 1.70 x 1073 4.474 9.9 x 107 27.81
6 Borokiri 2 4.54 %1073 18.7 6.3x107° 65.86
7 P/H Int'l Airport 4 497 %107 14.32 9.0 10°° 5.13
8 Eleme Petrochemical 2 230 43.6 x 107 38.9 29.1x 107° 48.73
9 Eleme Petrochemical 3 222 52 %107 46.4 29.1 x 10™° 78.13
10 Eleme Petrochemical 5 235 65.6 x 107 60.38 28.2x107° 52.08
11 Eleme Petrochemical 6 73.5x 1073 65.54 29.1x107° 69.25
12 Eleme Petrochemical 7 69 x 1073 63.42 28.2x107° 43.55
13 Eleme Petrochemical 8 35.8x 1073 32.94 28.2x 107° 48.92
14 Rumuola -I 4 5.05x 107° 14.56 9.0 x 107 20.07
15 Rumuola -IT 8 5.02 x 1073 9.44 13.8 x 107° 59.52
16 Rumuola 40 40 26.4 x 1073 59.6
17 Rumuola 41 41 31.9x107° 71.3
18 Rumuola 42 42 33.2x 1073 74.2
19 Woiji 1 12.01 x 1073 49.42 6.3x107° 78.16
20 Trans-Amadi 1 240 25.09 x 1073 114.1 5.7 x 107 13.62
21 Trans-Amadi 30 3.6x107° 9.1
22 Trans-Amadi 31 5.5x 1073 13.6
23 Trans-Amadi 32 7.4 %107 17.8
24 Fire Service, PH 1 2.44 x 1073 10.56 6.0 x 107° 30.61
25 Obite Gas Plant 1 33.1x107° 22.052 39.0 x 107° 19.75
26 Brass NAOC 1 17.19 x 1073 40.146 11.1 x 107° 20.08
27 Bori 1* 33 1.05 x 1072 27.73 321 x 107 19.01
28 Yenegoa 1* 40 8.58 x 1072 30.5 3.53x 107 55.2
29 Isiokpo 1* 38 2.1x107? - - -
30 Choba 1* 40 1.06 x 1072 - - -
31 Omoku 1* 37 1.12 x 1072 - - -
32 Nembe 2% 65 3.82x 1072 9.25 1.07 x 107 75.1
33 PHC, Moscow RD 2% 165 5.1 x 1072 - - 130.1
34 PHC, Elelenwo 2% 151 8.79 x 1072 - - 128.7
35 Eleme 4* 302 11.3 x 1072 23.76 2.75x 1074 139.8
36 Akpajo 4* 300 7.18 x 1072 - - 130
37 Onne 5% 300 414 x 1072 - - 130.1
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Table 6. Summary hydraulic parameters for upper and deeper aquifers in Portharcourt

urban.
Deeper Method of
Parameter Upper Aquifer p .
Aquifer Computation
Average Transmissivity (m*/sec) 9.3x 107 24x107 From Specific
Maximum Transmissivity (m*/sec) 63.7 x 107 34%10° capacity
Average Transmissivity (m*/sec) 43.2x 107 4.14 x 1072
From Pumping test
Maximum Transmissivity (m?%sec) 85.8.7 x 1073 7.18 x 1072
Coefficient of storage 5.35%x 107" 5.5x 10"  From Pumping test
Coefficient of leakage p’/m’ (sec™") 1071 1071 From Pumping test

Figure 8. Equipotentials and Regional flow direction Western (Ndokwa) [26] and Eastern Niger Delta (Akpajo), PortHarcourt.
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flow direction. This flow pattern (local and regional) is generally consistent with
the geology and stratigraphy of the area [25]. Groundwater flow in the region is
gravity-induced and is responsible for recharging deep horizons of the subsur-
face.

The north-south regional groundwater flow direction is also supported by
plotting a linear graph of direct static water level reduced to datum between
Omoku and Cawthorne channel (Figure 9) across a distance of 187 km, which
reveal a hydraulic gradient of 3.8 x 107™.

It also shows localized flows that are not in the regional north-south direction,
but towards flood plains areas with lower hydraulic heads. Furthermore, it re-
veals the potential occurrences of spring at interface of coastal plain sand with

mangrove swamps.

8. Groundwater Quality

Freshwater quality and availability remain the most critical environmental and
sustainability issues of the twenty-first century [40]. For a geographical area still
populated by relatively low-income residents dependent on shallow unlined
wells that are vulnerable to pollution, it was considered significant to assess wa-
ter quality in such shallow wells. Table 7 presents the summary of water quality
indices of some wells around PortHarcourt. By comparing this with water quali-
ty in deeper aquifers, it could offer clues as to the role of groundwater travel his-
tory in the area and the possible renovation that has taken place. As can be ob-
served some well became dry in the dry season due to reduced groundwater re-
charge from rainfall.

At deeper levels in general, the quality of groundwater in the Niger Delta
closely follows the sedimentation pattern [25]. Consequently, understanding of
the spatial and stratigraphic distribution of the quality of water throughout the
Niger Delta is of paramount importance in the pursuit for the provision of pota-
ble water.

Results of groundwater quality measurement for selected communities within
the Niger Delta are presented in Appendix 2, Based on water quality, three distinct
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Mangmve o dwwmﬂwm

TTTIT T TTT T T T T T reTT

\—<m‘—<mml\01‘—1mml\mﬁmml\cm\Nvmwowv&owON<rkoooONv@wHMNv-\oml\ch‘—cmml\mﬁmml\mﬁmmLDooovaoooNq-oN<r\.ov—imml\mv—lmml\mﬂmml\mﬁmml\mﬂm
OO0 st NNNmmmmmv<r<f<l‘<l‘I-hl-nI-N-n\-hkaDkaDkOl\V\OOOI\V\I\OOOOOOOOOOO\O\CDO'!O\OOOOOH\—«—11—1HNNNmmmm?ﬂ‘QVQWIJ)U‘AU)IALOKDKDLD\DI\V\I\I\V\OOOO
OOOOOOOOOOOOOOOOOV'!OOOOOOOOOOOOOOOOOOOOOOODOOOOOOOOOO

B R

""”OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO""”8000OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO""”
==>0000000000 OO00000LY OOO0000000=S=
uuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuOOOuouuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuoo

Borehole

Figure 9. Groundwater surface elevation along the traverse in the Eastern Niger delta (Adopted from Abam, [32]).
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Table 7. Summary of Dry season well water quality around Port Harcourt.
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Omodu-Aluul 04°56'33.90" 06°55'50.50" 19.0 8.30 - Dry Well
Omodu-AluuII  04°56'33.80" 06°55'45.50" 5.70 41 44 5.0 30.5 0 027 591 0.10 91 170 750 9.50 Milky water color
I . . Dirty Water Color
Mbodo-Gbalam  04°62'5.90" 06°57'45.10" 6.06 24 300 3.6 29.8 0 0.18 1.50 0.10 32 33.0 4.10 289 R .
due to high Turbidity
Igwuruta Ali 05°58'18.0" 06°59'19.12" 28.0 8.30 - Dry Well
S . B Dirty Water Color
Rukpokwu I 05°54'0.38" 06°5921.30" 5.68 7 120 3.5 2856 0 0.04 049 0.10 1.1 18.0 2.60 15.40 R .
due to high Turbidity
I R Milky Water color
Omagwa III 04°59'12.7" 06°55'35.1" 5.16 1.0 110 8.4 29.7 0 0.00 043 0.10 5.9 29.0 4.10 24.90 .
due to turbidity
Rumuosi I 04°52'47.2" 06°56'26.8" 4.67 77 28 9.3 28.9 0 050 7.68 0.10 99 140 990 4.10 Colorless Water
Rumuosi IT 04°52'47.1" 06°5627.2" 4.70 22 20 5.6 27.7 0 0.15 1.10 0.10 19 23.0 10.0 13.0 Colorless Water
Ozuoba I 04°52'14.9" 06°55'58.5" 4.17 31 17 5.8 28.3 0 020 170 0.10 17 26.0 9.40 16.60 Colorless Water
Ozuoba II 04°52'18.9" 06°55'51.5" 4.60 44 30 7.8 27.7 0 028 3.80 0.10 4.8 26.0 9.70 16.30 Colorless Water
Rumuikwunga- o R
, 04°52'00.6" 06°55'35.3" 4.67 0 43 7.9 28.0 0 0.00 0.627 0.10 85 18.0 7.64 10.36 Translucent Water
Rumukwachi I
Rumuikwunga- e R
X 04°51'59.1" 06°55'35.3" 5.47 60 42 7.8 28.0 0 0.38 434 0.10 20 13.0 6.90 6.1 Colorless Water
Rumukwachi IT
Ogbogor I 04°50'49.7" 06°55'42.6" 5.55 37 140 7.5 28.4 0 024 299 0.10 47 13.0 6.35 6.65 Dirty Water
Ogbogoro II 04°50'53.4" 06°55'42.5" 4.22 33 25 7.9 28.9 0 021 352 0.10 1.3 100 721 279 Colorless Water
Oyigbo 04°52'09.5"  07°924.0" 3.76 48 28 9.5 30.2 0 031 430 0.10 50 25.0 1.73 23.27 Colorless Water

groundwater zones are recognized. The continental deposits of the Northern
border produce water with the most desirable quality water in the region - fresh,
pure and commonly uncontaminated groundwater. Within the transition zones,
however, the complex sedimentary environment greatly influences the water
quality. Most remarkable are the freshwater swamp lands where quality degrada-
tion associated with the breakdown of organic matter derived from vegetation
buried in the sediments, are encountered. These generally take the form of high
carbonate acidity and introduced hydrogen sulphide, commonly identified by
the offensive smells of some water samples from the area.

The groundwater quality in these aquifers is considered very good and com-
pares favorably with WHO as well as SON standards for drinking water. How-
ever, relatively high iron and chloride values are localized in time and space.
Iron contamination in groundwater is widespread within the transition zones.
The intensity of its occurrence has been observed to be higher within the
Meander belt of the freshwater swamp zones (4; 6, 5). Also, significant iron con-
tamination has been reported in the mangrove swamp land areas, notably Bu-

guma, Bonny and Abonnema in Rivers State [29]. They are commonly in the
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form of ferrous iron which generally remains in solution when water samples are
freshly collected. However, upon exposure to the atmosphere, the ferrous iron
comes in contact with oxygen in the air and is oxidized into its ferric equivalent
which is generally brownish in colour. The acidic nature of groundwater, cha-
racterized by low pH ensures that iron and manganese remain in solution, both
of which impart an unpleasant and unpalatable taste.

An important contribution to the quality of groundwater, especially in shallow
aquifer is leachates from wastes dumps. The level of contamination from lea-
chates emanating from dumpsites needs to be determined through a careful re-
gional monitoring programme.

The source of the iron contamination has been a subject of debate but it is
suggested to have been emplaced by iron fixing bacteria associated with sedi-
mentary environments of decaying vegetative matter. The exposure of Quater-
nary sediments to glaciation was accompanied by eustatic lowering of the sea
level such that could expose the sediments to the oxygen rich atmosphere and
created paleo-soils rich in iron oxides [41] and [42]. The subsequent rise in sea
level would have incorporated the paleo-soils into the geologic record.

Water quality is also greatly affected by dissolved solids which can be accu-
mulated during the passage of water through the soil. These could form weak
acids such as carbonic acid (formed by the dissolution of CO, especially in the
root zone) and humic acids (formed by the biological decomposition of organic
matter). The salts and acids are added to the water as it infiltrates downward in-
to the aquifer. However, due to evaporation which is very significant in the
tropics, these salts tend to concentrate in shallower horizons and above the root
zone.

The rate of movement and circulation of groundwater in deeper horizons
greatly decreases due to significantly reduced hydraulic gradients. This in turn
implies greater retention times which would allow more minerals to be dissolved
so that concentration tends to increase with depth. This process can lead to a
vertical stratification, with bicarbonates predominant in the upper zone and
chlorides at depth [43].

Most managers of water resources treat surface water or groundwater as if
they were separate entities in spite of their dynamic relationship which was de-
scribed by Abam [44]. It is apparent that as demand for water resources increas-
es, the development of either of these resources will inadvertently affect the
quantity and quality of the other. Due to the geology of the Niger Delta, nearly
all surface-water features (streams, lakes, reservoirs, wetlands, and estuaries) in-
teract with groundwater. These interactions are most evident in the many coastal
islands in the Niger Delta and take many forms. In some situations, sur-
face-water bodies gain water from groundwater systems and in others the sur-
face-water body is a source of groundwater recharge and causes changes in
groundwater quality as well. As river water levels are lowered during annual
flood recessions, groundwater seeps into the river channels. In the same manner,

pumping in coastal aquifers causes saline seawater to migrate landwards to cause
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pollution. It follows therefore that pollution of surface water can cause degrada-
tion of groundwater quality and conversely pollution of groundwater can de-
grade surface water. Consequently an effective water resources management in
the region requires a clear understanding of the linkages between ground water

and surface water.

9. Saline Intrusion and Salinity

Saline water intrusion is a major source of pollution in the transition and coastal
areas of the Niger Delta. As explained earlier, the persistence of sand layer cut-
ting across zones and hydraulically bridging the transitional zones with saline
water body thus creating the possibility for saline water to penetrate further in-
land, resulting in a more complex transition zone.

Deep sedimentary basins are often the source of connate water with little or
no circulation and are usually of high salinity. Progradation over time could also
result in the deep burial of pocket of saline water which reflects as low resistivity
zone in well logs equated to saline intrusion.

In-hole resistivity logs run in the deep boreholes in parts of the study area
captured the vertical distribution of saline water in the area. Salinity levels at
depths in various locations within the region are shown in Appendix 3, while
salinity trend (Figure 10) indicates a concentration of incidences of saline intru-
sion in the mangrove sub-environment and a possible spatial relationship be-

tween the points of concentration. Vertical distribution of salinity (Figure 11)
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Figure 10. Salinity depths in the Niger Delta (after Ngah and Nwankwoala, [25]).
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Figure 11. Salinity distribution with depth in the Niger Delta.

suggests that salinity tends to be higher with depth and with decreasing
groundwater mobility, pointing to a possible connate origin of salinity in some
cases.

Aquifer sections registering high salinity or affected by saline intrusion within
the coastal areas can be extensive, for example Oguede, Bonny (0 - 282 m), Fi-
nima (0 - 218 m), BRT Bonny (0 - 215 m), Mobile Life Camp Finima-1 & 2 (0 -
146 m), Bille (0 - 240 m) and Ogidigbenu/Ugborodo (0 - 418 m). The high salin-
ity at such depths in boreholes in coastal zone suggests saltwater intrusion from
the submarine into freshwater aquifers. Naturally, the coastal aquifers drain into
the ocean and are in contact with the ocean at the coastline where under natural
conditions fresh water is discharged into the ocean. Excessive abstraction of
groundwater will result in a decreased seaward flow of fresh groundwater caus-
ing saline water to enter and penetrate inland through submarine outcrops. Ac-
cording to Ngah, [29], this phenomenon will progressively displace the freshwa-
ter thereby increasing the salinity depth.

In the coastal islands, the shallow aquifer systems which occur as groundwater
mounds are unprotected from the leacheates from wastes dumps and dynamic
coastal activities. These aquifers are exposed to saline incursion during storm
surges, rendering the groundwater unfit for human use. Exploitation of the
shallow freshwater aquifers has also reduced the thickness and effective head of
the freshwater mound, leading to saltwater intrusion into fresh water aquifers.
Modeling studies of groundwater level response to industrial scale groundwater
abstraction reveal that effects can be extended over 5 km radius and could as a
consequence, lead rapidly to saline intrusion if such industrial infrastructure is

within the coastline.

10. Threats to Groundwater and Aquifer
Vulnerability to Contamination

This section highlights the activities and situations that could place the aquifers
of the Niger Delta in danger of pollution. Aquifers can be polluted by a combi-
nation of factors: agricultural activities, petroleum leakage and spills, land dis-

posal of solid wastes, sewage disposal on land, saltwater encroachment, deep well
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disposal of liquid wastes, mining activities, spread of urbanization to recharge
areas, and seepage from industrial waste.

The first aquifer system is extremely vulnerable to pollution from surface
sources because of its proximity to the ground surface. The cap to this aquifer
consisting, mostly of laterized soil are not impermeable in many cases and
therefore allow only some degree of infiltration/percolation from the surface in-
to the aquifer. Several oedometer consolidation tests on these lateritic materials
across the delta indicate average permeability of 1.6 x 10® m/s (Groundscan
2007). This translates to a travel distance of 0.5 m/year. In places where the late-
ritic cover is thin or nonexistent, undesirable pollutants from the various poten-
tial sources (including leaking hydrocarbon pipelines/storage tanks, farmlands,
waste dump pits and soak-aways) can readily result in the contamination and
seriously degrading groundwater quality. This scenario is already playing out
several locations, for instance in Aba and Okrika mainland where leakages over
extended periods in the NNPC (Nigeria National Petroleum Corporation) tank
farm and depot and the network of hydrocarbon pipelines have grossly polluted
the upper aquifer.

Deeper aquifer systems in the Niger delta are separated by fairly thick
clay/shale layer which by their nature, are impermeable, serving as a barrier to
vertical (down-ward) percolation of contaminants from the first aquifer. The at-
tenuation properties of clay also lead to an overall reduction of potency of con-
taminants and possible elimination through cation exchange. For this reason, it
can be assumed that the aquifer systems below the first are reasonably protected
from pollution from surface sources. Pollution of second aquifer system from
surface sources is therefore less likely, except through deep vertical leakage of the

overlying aquitard and through poor borehole completion practices.

11. Climate Change Impacts on Water Quality
and its Implications

The sustainability of water supplies under future climate scenarios depends on
the quantity and quality of groundwater resources as well as the physical, chem-
ical, biological and hydrogeological characteristics of the aquifers. Both thermal
and chemical properties of groundwater may be affected by climate change. In
shallow aquifers, groundwater temperatures may increase due to increasing air
temperatures. Such a change in climate can cause a change in the rate of infiltra-
tion and leaching, or a change in the rate of evaporation. Additionally, even if
climate change does not cause any significant changes in groundwater quality,
changes in the amount of groundwater entering other water systems will change
the quality of groundwater and those of other water systems [45].

The effects of climate change in the Niger Delta has not been studied in detail.
However, Alley, Dragoni and Sukhija have projected that the variability in preci-
pitation patterns will likely affect the quality of groundwater under future cli-

mate scenarjos in many ways [46] [47]. Changes in recharge rates, mechanisms
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and locations will affect contaminant transport, and spatial and temporal varia-
bility in groundwater quality. Also, the spatiotemporal variability in precipita-
tion patterns will result to substantial infiltration events. Reduced hydraulic gra-
dients resulting from reductions in groundwater recharge could lead to longer
residence times in aquifers; increased residence time allows greater water sedi-
ment interaction and typically leads to increased levels of salinity [48] and [49].

Globally, sea levels have risen by about 22 cm in the 20™ century. Sea levels are
expected to continue to rise, probably increasingly rapidly, in response to global
warming, as ocean waters warm and expand and major ice sheets melt into the
seas [50]. In coastal areas, these higher sea levels are likely to increase the poten-
tial for intrusion of ocean water into shallow freshwater aquifers, thus threaten-
ing to increase groundwater salinity [51]. Sea-level rise, spatial and temporal va-
riability in precipitation patterns and evapotranspiration, which affect recharge
and increase groundwater abstraction, will result to increased saline-water intru-
sion into fresh groundwater [51] [52] [53] [54] and [55].

The increasing sea-level rise will lead to increased groundwater flow towards
low-lying inlands areas and decrease groundwater flow towards the sea [55] and
[56]. Thus, brackish and saline-water in the mangrove swamp areas will be
pushed upstream, such that saline-water intrusion may increase in the low lying
freshwater swamp areas; this will increase salinization and degrade groundwater
quality in most low-lying areas and hence affect its ecology and drainage systems.

Due to subterranean freshwater seepages beneath the coastline, changes in
groundwater quantity and quality may also influence ocean chemistry, especially
near coasts. Decreased groundwater flow towards the sea could also potentially
change the volume of groundwater discharging to the oceans by altering the
magnitude and/or direction of the hydraulic gradient between aquifers and
oceans.

If rainfall intensity increases, the current drive for intensification of agricul-
ture could result in pollutants (pesticides, fertilizers, organic matter and heavy
metals) being increasingly washed from soils to water bodies. Where recharge to
aquifers occurs via these surface water bodies, groundwater quality is likely to
decline. Consequently, potential effects that may result from changes in sea level
and aquifer recharge could include the loss of potable water supplies from in-
creased saltwater intrusion, as well as subsurface flooding of infrastructure from
an increase in the height of the underlying water table. Besides, there could also
be potential socioeconomic consequences of these effects, which could include
the loss of developable property, including areas currently suitable for septic

systems, as well as effects on the public-works infrastructure.

12. The Way Forward

Quite unfortunately, in spite of the fundamental role groundwater plays in hu-
man well being, as well as that of many ecosystems, groundwater basins are dif-

ficult to govern and manage, partly because of poor information, and also be-
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cause of poor visibility of the resource, the need for reliable data and informa-
tion in support of water resource planning is central to any strategy. Technology,
knowledge transfer and sound research cooperation should receive sufficient at-
tention at the sub-national and national levels for any meaningful solution of re-
gional groundwater problems.

More importantly, any sustainable suggestion towards the improvement of
water resources management in the Niger Delta must include but not limited to
the following:

1) Re-introduction of long-term hydrological observations and investigation
of new data collection on water use, irrigation and agriculture lands, water sedi-
ment deposits, industrial demands, urban development, recharge, hydraulic
properties as well as groundwater/surface water interaction;

2) Protection of groundwater resources to safeguard long-term use and bal-
ance the demands of economic development with ecosystem conservation;

3) Regional studies of hydrogeology, hydraulic properties, regional flow sys-
tem and water quality that cross state boundaries;

4) Greater integration of the relevant information systems, e.g hydrology, hy-
drogeology, water quality, land use, sediment transport etc.;

5) The technical knowledge base on the impacts of climate change on water
will have to be enhanced in order to be able to foresee and interpret more pre-
cisely the impacts of climate change on the components of the water cycle in the
future, as well as outlining the actions to be carried out to cope with these
changes.

6) Financial arrangements for state and urban water boards and basin author-
ities must be diversified (including using the public private partnership ap-
proach) in order to allow greater flexibility when facing the onset of unexpected
occurrences, and so as to be able to relieve the current dependency on funds
from the federal and state governments.

7) Better use must be made of existing science as well as investing in the re-
search and development of new technologies to prepare a response that is more
adapted to the challenge of climate change in the water sector.

8) Coordinated long-term national strategies for sustainably managing water
in the face of climate change should be valued and developed.

9) The country should advance policy reform (including sustainable imple-
mentation of the new policy) and champion a new Nigerian Water ethic in the
face of changing climate.

10) Capacities of state water management institutions should be strengthened
for climate resilience approach to water resources management.

11) The management practices of state and urban water boards and basin au-
thorities will have to be adjusted to take into account the new demands imposed
by the changing climate, as part of a more holistic vision of the role of water in
sustainable development processes.

12) A climate change awareness programme should be developed that could be
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rolled out at local level to provide local government officials with the necessary

tools to engage with this issue and implement the strategies that are identified.

13. Conclusions and Recommendations

The hydrogeology of the Niger delta is dominated by the Benin Formation,
which serves not only as aquifer but also facilitates recharge of groundwater in
the region. Consequently, the distribution and availability of groundwater de-
pend on the occurrence and characteristics of Benin Formation in the locality.

The progradational sedimentation pattern of the Delta not only controls to a
large extent the areal and vertical distribution of the recent deposits that overlie
the Benin formation, but also the structure of the aquifer systems, and explains
the higher frequency and thicknesses of the clay interactions embodied within
the Benin Formation as it debouches into the Atlantic Ocean. The absence or
lean thickness of the quaternary sediment cover upstream ensures that recharge
is more extensive at the outcrop of the Benin Formation to the north where
groundwater possesses a higher hydraulichead and from where flow is driven
down slope, generally in the southwards direction with an average hydraulic
gradient of 3.8 x 107,

Similarly, the groundwater quality closely follows the sedimentation pattern
resulting in three distinct groundwater zones, namely; the northern border cor-
responding to the coastal plain sands with the most desirable water quality, the
transitional zone mostly encircled by the meander belt with less desirable quality
dominated by iron water and the coastal zone within the mangrove swamps with
frequent challenges of saline intrusion. The deep salinity depths recorded by
down-the-hole resistivity log in deep boreholes in Bonny and other coastal loca-
tions are evidence of groundwater quality degradation resulting from saline wa-
ter intrusion into freshwater aquifers.

Analysis of the vulnerability of the various aquifers to pollution indicates that
the first aquifer system in which groundwater occurs under phreatic conditions
appears to be most vulnerable to pollution. This is of concern to public water
supply, health management and poverty alleviation policies especially in the ru-
ral areas where there is total dependence by communities on dug wells.

The lower aquifers are less vulnerable as they enjoy some degree of protection
of the intervening clay interaction embodied within the aquifer system. These
deeper aquifers are considered safe and relatively free from pollution except in
the coastal areas. However, there is the danger that over-pumping of groundwa-
ter could increase the already deep salinity depth thereby reducing the effective
column of fresh water.

Salinity tends to increase in a southerly direction. The salinity values of
groundwater in the study area appear to be generally tolerable outside the coastal
zone embracing the mangrove swamp.

In any further study dedicated to this topic, a very important aspect that must
be taken into account should be linked to the eustatic oscillations that have af-
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fected the iron water distribution and hydrostratigraphy of the Niger Delta re-
gion. The occurrence of offshore fresh groundwater at coastal areas, using an
analytical model for estimating the extent of such occurrence should be ex-
plored. Two main drivers of such phenomenon to be identified should include:
1) the presence of entrapped paleo-freshwater during periods characterized by
lower sea levels and 2) freshwater discharge from onshore aquifers to subsea
aquifers under current sea level conditions.

In both cases, the onshore-offshore coastal aquifer must be conceptualized
with an aquitard extending from the coastline offshore, which prevents vertical
exchange between freshwater and saltwater, and a potentiometric surface which
declines to the sea level offshore, far from the coastline.

Finally, it is concluded that even in worst case scenario of the impacts of cli-
mate change up to 2050, when there might be reduction of annual run off by
only 20% and the recharge of approximately 25 BCM/Yr would still be in excess

of consumption, implying that groundwater will continue to be sustainable..
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Appendix 1: Location of Boreholes with Strata Logs, Their Depths and Static Water Lev-
el in Parts of Niger Delta (Ngah and Nwankwoala, 2013)

S/NO. Borehole location Geomorphic zone Total depth drilled (m) Static water level (m)
1 Ogbo CPS 186 7.0
2 Edocha CPS 185 4.26
3 Port Harcourt (Old GRA) CPS 207 5.5
4 Ndoni CPS 182 7.55
5 Idu CPS 185 6.2
6 Ebubu CPS 92 6.0
7 Azikoro FWS 335 8.6
8 Swali FWS 335 8.8
9 Finima (Life camp) CBR 360 1.3

10 Onne (FOT)* CPS 190 6.0
11 Finima (BRT) CBR 360 1.0
12 Bassambiri CBR 250 0.8
13 Atubo SWS 193 1.37
14 Nembe SWS 195 2.1
15 Ogbia FWS 198 2.5
16 Brass CBR 192 0.69
17 Twon Brass CBR 260 1.2
18 Brass (NAOC Tank farm) CBR 256 0.8
19 Otegila FWS 185 4.0
20 Okoroba FWS 225 0.0
21 Amakalakala FWS 160 9.14
22 Otugidi FWS 426 0.91
23 Otuesaga FWS 102 12.19
24 Owaza CPS 152 3.6
25 Kolo creek FWS 102 5.2
26 Onne (NAFCON) CPS 264 7.49
27 Otakeme FWS 300 4.2
28 Omoku SWP 183 0.68
29 Aleto Eleme CPS 150 7.75
30 Bukuma SWS 183 1.25
31 Kala Degema SWS 171 2.8
32 Abissa SWS 147 0.4
33 Bille SWS 193 0.6
34 Opiro SWS 138 13
35 Rumonye CPS 188 22
36 Chokocho CPS 132 10
37 Egwi CPS 201 8.25
38 Umuechem CPS 132 5.5
39 Okrika SWS 113 11.4
40 Ibuluya-Dikibo SWS 180 8.2
41 Bolo 1 SWS 92 5.5
42 Abam Ama SWS 128 ARTESIAN
43 Okujiagu SWS 110 0.7
44 George Ama SWS 200 0.9
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Continued

45 Kalaibiama CBR 305 2.4

46 Bonny CBR 198 3.0

47 Bonny (Water Board) CBR 450 1.2

48 Bonny (Oguede) CBR 460 ARTESIAN
49 Okoloma (Afam) CPS 120 6.3

50 Borokiri* SWS 190 2.5

51 Gbaran-Ubie FWS 530 -

52 Ogidigben/Ugorodo CBR 600 -

CPS = coastal plain sands, FWS = freshwater swamp, SWS = saltwater swamp, CBR = coastal beaches and ridges, SWP = sombreiro warri deltaic plain, *

transitional zone

Appendix 2: Partial Groundwater Quality Data in Parts of the Eastern Niger Delta

S/No. Location Zone/Aquifer D(e:;;h (11;271) C(hr:logr/ilc)ie S(il;/llt)y Co(r:il/l::;i:)rity Al(k;lgi/r;;ty H(a;dgr/x;ss
1 Kanana SWS 186 0 34 500 125 6.7 0.12 38
2 Kala Degema ! 40.96 0 18 150 - 7.3 0.38 6
3 Krakrama ! 75 2.5 48 700 100 6.8 - 16
4 Abalama " 60.96 2 36 10.74 35 6.7 30 11
5 Buguma " 60.96 0 10.64 17.55 - 6.2 6.5 17
6 Okrika MLand " 320 0 35.5 58.5 19 6.2 10.4 20
7 Ibuluya-Dikibo " 180 0 32 18 20 4.5 10 21
8 Bolo I " 91.44 0 99 14 16 7 0.12 31
9 Bolo II " 91.44 0 97 16 40 6.8 0.1 35
10 Kalio-Ama " 82.88 0.5 10 331 58 6.4 0.1 61
11 Abam-Ama " 128.02 0 6.38 100 23 5.9 21 Artesian
12 Okujagu " 30 0.8 62 100 - 4.5 2 30
13 George-Ama " 109.73 1.8 31.5 60.25 29 5.1 - 22
14 Isiokpo CPS 70.1 2 38.94 64.4 20 5.6 15 10
15 Aluu " 60.96 0.2 10 50 23 6.1 2 6
16 Umuoji " 81 10 32 80 - 8.2 - 68
17 Ogbakiri " 78.03 0.01 24.2 51.9 4.5 6.2 0.5 60
18 Ndele " 72.5 0 10.6 100 13.5 7.5 19 9
19 Omerelu " 70.1 0.4 20 20 20 6.5 0.6 8
20 Ubima " 70.1 0 18 50 18 52 2 4
21 Elele CPS 60.96 0 29.8 49 15 6 3 5
22 Ibaa " 60.96 0 40 68.25 12 6.2 - 2
23 Obelle " 81 0 48 63 6.7 6.1 - 0
24 Rumuewho " 54.86 0.3 10 50 - 6.2 - 38
25 Egwi " 61.28 0.15 3.4 65 - 6.5 - 28
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26 Rumuoyo ! 57.3 0.3 24 73 - 6.4 - 8
27 Ulakwo ! 67.06 0 13 60.2 100 7.4 - 34
28 Opiro " 138 0 16 100 12,5 6.2 6 10
29 Rumuokochi ! 91 10 12 60 100 6.2 - 20
30 Umuechem ! 132 0.3 11 100 36 6.7 3 6
31 Kalibiama CBR 281 0 10 202 440 8.4 - 488
32 Bonny " 304 0.8 5 186 140 5.9 - 78
33 Oloma I ! 91.46 0.8 810 210 600 6.5 90 72
34 Oloma IT ! 82.88 0 250 220 380 6.2 20 454
35 Illoma Opobo " 19.8 0.6 330 60 280 7.2 - 84
36 Gbokokiri " 176.8 0.4 300 192 - 6.6 - 18
37 Tkuru ! 190 0.38 351 242 - 6.7 - 70
38 G.RA.P.H. « 170 0 26 50 7 5.3 2 6
39 Creek Road " 170 0.02 390.5 643.5 150 5.8 35 135
40 Potts Johnson " 180 0.02 401 661 160 5.8 18 135
41 Onne Lower 264 0.25 7 19 6.2 2.5
42 Bodo Upper 80.56 0.25 4.5 n/d 6.5 18
43 Baen Upper 60.96 0.1 24.1 n/d 6.2 12
44 Lubara Upper 60.9 0.1 22 90 6.1 45
45 Opuoko Upper 60.9 0.1 16 95 7.1 44
46 Kono Upper 60.9 0.2 18 55 6.6 8
47 Beeri Upper 60.9 0 28 n/d 7.3 18
48 Ahoada Upper 65.5 0.04 21 n/d 5.6 8
49 Joinkrama Upper 76.22 6.2 5.6 400 6.3 13.3
50 Bassambri Lower 250 0.02 3 99 7.5 14.5
51 Ogbia Upper 66.96 4 109 367.5 6.9 9.5
52 Abua Upper 60.96 0.02 26 1500 6 25
53 Abonnema Upper 9.24 0 53.4 100 6.9 9
54 Okirika mainland Lower 320 0.2 35.5 19 6.2 20
55 Isiokpo Upper 70.1 2 38.94 20 5.6 10
56 Elele Upper 60.96 0 29.8 15 6 5
57 Moscow Rd PHC Lower 250 0.04 63.9 300 5.4 13
58 Egwi Upper 61.28 0.15 34 n/d 6.5 28
59 Yenegoa Upper 85.4 4.5 48.4 172.9 6.3 8
60 Bonny Lower 304 5 5 140 5.9 78

CPS = coastal plain sands, FWS = freshwater swamp, SWS = saltwater swamp, CBR = coastal beaches and ridges, SWP = Sombreiro-Warri deltaic plain.
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Appendix 3: Salinity of Groundwater at Different Locations
and Depths in the Niger Delta (After Ngah and Nwankwoala
2013)

S/No. Borehole Locations ~ Geomorphic Zones Depth (m) Salinity (mg/1)

1. Ahoada CPS 65.53 35.0
2. Ogbo " 186 40.0
3. Edeocha ! 185 150.0
4. Udiereke-Ubie ! 76.20 5.7
5. Abua " 60.96 43.0
6. Joinkrama " 176.22 136.6
7. Ndoni " 382 241.0
8. Ebubu " 91.44 60
9. Mbiama FWS 175 48.9
10. Obibi " 76.22 50.0
11. Zarama SWS 89 149.1
12. Bassambiri ! 250 500.0
13. Atubo " 193 872.0
14. Nembe " 193 21.0
15. Ogbia FWS 101 180.0
16. Brass CBR 192 116.0
17. Emerego ! 78 169.6
18. Kolo " 101.59 425.4
19. Amakalakala FWS 160.96 98.6
20. Sangana ! 60.96 50.0
21. Oruma FWS 101.59 50.0
22. Onne CPS 264 210.0
23. Bien Gwara ! 60.96 6.8
24. Bodo " 80.56 210.0
25. Baen " 60.96 27.9
26. Kongho ! 60.96 240.7
27. Lubara ! 60.96 60.25
28. Baun ! 60.96 60
29. Opuoko ! 60.96 60.25
30. Kono ! 60.96 450
31. Kanni ! 60.96 60
32. Beeri ! 60.96 62
33. Sii Babbe " 60.96 72
34. Soku SWS 95.0 50
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Continued

35. Tombia " 59.44 60
36. Idama " 100 25.00
37. Abonnema ! 9.24 15.60
38. Harry’s Town ! 95 150
39. Kula " 183.0 113
40. Bukuma " 60.96 210
41. Kanana SWS 186 500
42. Kala Degema ! 40.96 150.0
43. Krakrama ! 75 700
44. Abalama ! 60.96 10.74
45. Buguma ! 60.96 17.55
46. Okrika Mainland ! 320 58.5
47. Ibuluya-Dikibo ! 180 18.00
48. Bolo I " 91.44 14.00
49. Bolo II " 91.44 16.00
50. Kalio-Ama " 82.88 331
51. Abam-Ama ! 128.02 100
52. Okujagu ! 30.0 100
53. George-Ama ! 109.73 60.25
54. Isiokpo CPS 70.1 64.4
55. Aluu " 60.96 50
56. Umuoji " 81 80
57. Ogbakiri " 78.03 51.9
58. Ndele " 72.5 100
59. Omerelu ! 70.1 20
60. Ubima " 70.1 50
61. Elele CPS 60.96 49
62. Ibaa " 60.96 68.25
63. Obelle " 81.0 63
64. Rumuewho ! 54.86 50
65. Egwi " 61.28 65
66. Rumuoyo ! 57.3 73
67. Ulakwo " 67.06 60.2
68. Opiro " 138 100
69. Rumuokochi ! 91 60
70. Umuechem ! 132 100
71. Kalibiama CBR 281 202.0
72. Bonny ! 304 186
73. Oloma I " 91.46 210.0
74. Oloma II " 82.88 220.0
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75. Illoma Opobo ! 19.8 60
76. Gbokokiri " 176.8 192.0
77. Tkuru " 190 242.0
78. G.R.A. P.H. “ 170 50
79. Creek Road " 170.0 643.5
80. Potts Johnson " 180.0 661
81. NDBDA CPS 170 26.4
82. Borokiri " 176.8 63.7
83. Govt. House, PH " 110 24
84. Moscow Road " 180 95.3
85. Central Police Stn " 176.8
86. Choba " 140 672.75
87. Rumuomasi " 131.0 60.25
88. Rumuokoro " 152.0 100
89. Rumuodamaya ! 168.0 17.55
90. Elelenwo " 171.8 19.82
91. Iriebe " 163.0 60.0
92. Aagbere Odoni FWS 76.2 50
93. Peretorugbene ! 211.0 180
94. Ekeremor " 202 30
95. Toru Ndoro " 211 150
96. Torofani " 165 30
97. Ofoni " 186 150
98. Toro Anjiama ! 215 105
99. Forupa ! 215 50
100. Asamabiri " 81.0 60
101. Amarata FWS 180 50
102. Ukubie " 85.3 82
103. Tebidaba " 171.0 240
104. Aguobiri ! 79 355
105. Okolobiri " 75 511
106. Amassoma " 180 30.4
107. Agudama-Epie ! 242.67 181.4
108. Oporoma ! 42.7 163.4
109. Peremabiri " 300 116
110. Amatolo " 161.0 50
111. Yenagoa ! 185.34 85.9
112. Oyorokoto ! - 49.3

CPS = Coastal Plain Sands, FWS = Freshwater Swamp, SWS = Saltwater Swamp, CBR = Coastal Beaches
and Ridges.
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