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Abstract

This study focused on the horizontal changes inesohem ical variables of water quality along Bonrsiuary, the estuary
with the second largest tidal area and the highiistharge of all the estuaries in the Niger DelfdNigeria. Surface water
samples were collected from seventeen samplingpor®aover the dry and the rainy seasons of one ahoycle and

analysed for pH, electrolytic conductivity, m ajomians and cations, organic matter, plant microrerits (NGs, PO*s and
SiO2), dissolved oxygen, BGDand some heavy metals, using standard analyticathods mostly within 1-10% precision
levels. With regard to the horizontal variation aip the major axes of the estuary, the investigateen ical variables fell
into two sharply defined groups, the abiotic ance thiogenic variables. The former showed steadyredse in
concentration from the brackish waters through ltitash to fresh waters while the latter varieddrsely. The waters of
the basin were al strongly infuenced by the sea,an view of the basin’s low lying configuratiand the extensive
penetration of polyhaline water into it, the estpaan be classified among the coastal plain or dievvalley estuaries of
the world. The estuary is influenced (at the Bobayarea) by a tide regime with a maxim um possirige of 2.5 m, mean
range of spring tides of 1.66 m, mean range of relgs of 1.31 m and an overall mean tide level.89 +0.79 m above
reference datum of the bar. The fresh waters wWightlg acidic in pH (range =5.7 — 6.3; mean + sd6.0 + 0.3), of low
oxygen concentration (1.0 — 2.5; 1.3 + 1.1 m)glow oxygen saturation (generally less 50% ) ang/ pmor in electrolytes.
On the other hand, they were rich in organic matsglicate, and nitrate, compared to the brackisitess. In this respect
and in their characteristic dark brown colouratiothey are similar to temperate bogs and humid tabiswamps,
especially the blackwaters of Amazonia, and suiygesff relatively high content of organic mattercdg products. The
brackish waters varied from near neutal to alkelim pH (6.7 — 8.3; 8.Q_+ 0.4), of relatively higixygen concentration
(6.0 —8.1 mg@el?; 6.3 + 1.2 mg@? and very similar to sea water both in ionic oradrdominance and in their probable
salt compostion. However, their levels of heawtals (chromium, cobalt, copper, and nickel) weghttcompared to the
average concentrations in the open sea. The velgtihigh levels of biogenic variables in waterghe residential areas of
the basin is suggestive of organic polluton (mpstbably of domestic origin) while the relativeljgh levels of heavy
metals at the estuary’s mouth was related to treepevater traffic and the many activities of thérgleum industry in that
area of the basin. Variation in tidal hydrology chaa more pronounced effect on the water qualityhef estuary than

seasonal varation.

Keywords: Horzontal variation, tidal characteristics, watquality, fresh waters, brackish
waters, Bonny Estuary, Niger Delta.
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Introduction

The Niger Delta of Nigeria is remarkable in mangpects. It is a difficult forest terrain riddled
with an intricate network of natural water channttisough which R. Niger, its tributaries and
distributaries drain about one-third of West Afri¢d.09 x 106 kn?) into the Atlantic Ocean
through the Bights of Benin and Bonny. Before theuths of most of the river channels were
blocked by bars, the Niger Delta provided the Birgeumber of sheltered port sites along the
coastline of West Africa, and such historic ports Bonny, Warri, Brass and Forcados were
located in the region (Udo 1970). Covering an akabout 6000 kin(NEST 1991) i.e., about
20% of the entire delta basin, the mangrove farese of the Niger Delta is one of the largest in
the world. It forms a vegetative band about 155-kéh wide, parallel to the coast with the
widest areas being in the tidal basins of BonnywN@alabar and Sombreiro Rivers and the

Escravos-Forcardos Rivers.

Today, the Niger Delta is the nerve centre of th@efin crude ol and petro-chemical

industries. In spite of this, little is known abdbe chemical water quality of the region. Even
the reports of the Netherland Engineering CongslitadEDECO (NEDECO, 1959; 1961) which

are the best known in the Iterature (being the tmomsmprehensive and the most widely
circulated) on the waters of the basin, contaitually no information on the chemical

conditions of the waters. Perhaps, the first majork relating to the chemical water quality of

the basin is that of the Research Planning Irestiiot. (Research Planning Institute Inc., 1985), a
technical report on the environmental baselneiestudf the Niger Delta. In that work however,

the Bonny River system was combined with that & #udjacent New Calabar River. This

paucity of information on the water quality of telta is one of the major issues highlighted in
the reports to the Niger Delta Environmental Sur®YDES), a registered NGO on the Niger
Delta of Nigeria (NDES 1997).

In this work, information collected over one annuaicle on the chemical condiions of the
Bonny River along the two main zones of the deftae (freshwater zone and the brackish
mangrove zone) is presented. The work focusedhenhbrizontal changes in some chemical
variables along the estuary from its mouth near nBomown upwards to Port Harcourt

conurbation over a distance of about 70 km. Irerod have some knowledge of the temporal
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patterns of variation in the chemical condtions tioé estuary, information was also obtained on
the extent of seasonal and tidal changes in thestigated variables. As a background to the
tidal changes, data on predicted tidal movement8oany bar for the year of study was analysed
for the characterization of the tidal hydrology tbeé estuary. Having regard to the likely effect
of the basin's general environmental features ufliy climate) and high level of
industrialization on its water qualty, rather deth review information on these aspects of the
study area is provided.

Are a of study

The general features of Bonny River Basin

River Bonny is one of the major natural networkrigérs in the Niger Delta Basin of Nigeria
(Fig. 1). The river basin is located in the easteart of the arcuate Niger delta and bordered by
the Andoni-Imo River Basins to the east and the N@wlabar River Basin to the west. Its
coastline along the Bight of Bonny (syn=Bright ofafBa) extends roughly from longitude GO7
O0’E to 00? 20’ E (ca. 35 km stretch). With a tidal area of about 60¢, khe Bonny estuary is
the fourth largest estuary in the Niger Delta (NEIXE 1961). However it has the second
largest water mass area to total tidal basin aabautf 30%) as well as the highest dischacge (
33,000 i st) of all the estuaries in the delta (NEDECO 1961)reshwater discharge into the
Bonny estuary is limted and is mainly through Wajid Amadi Creeks both rising locally from
the higher plains immediately north of Port Hartour The tidal regme in the estuary is
essentialy semi-diurnal with diel inequality. Theean water depth at mean water level is 13.8
m at Bonny (007 11! E, 04 35' N) and 9.4 m at Port Harcourt (0000’ E, 02 45’ N) with a
corresponding cross-sectional width of 2556 and 250 rh respectively. Fig. 2 provides
information on some meteorological variables in tasin during the year of study. The basin
falls within the A of the rainfall zones of Nigeria (Ojo 1977) whilee climate is the SemiHot
Equatorial type (Papadakis 1965). Warfi @’'N, 00% 44'E) and Port Harcourt are often cited
as typical locations of the 2Aainfall zone in Nigeria (Ojo, 1977). The zone is
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Fig. 1: Amap of the Niger Delta Basin of Nigerinowing the Bonny Estuary and the

investigated sampling station.
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Fig. 2. Meteorological information on the BonnyéRi Basin. 1990.
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characterized by the highest rainfall intensitytie country, with rain al months and an annual
variabiity of approximately 10-16%. The semi-heguatorial climate type is characterized by
moderate maximum temperature (highest monthly dadximum of the warmest month below
33.9C or 92.3F) and annual rainfall greater than annual potentimapotranspiration

(Papadakispp. cit). There is rain virtualy throughout the yearthwva regime characterized by
dual maxima (July and September) and dual minimabr(fary and August). Average annual
rainfall is about 250 cm in Port Harcourt and 420 in Bonny with rainfall surplus of about 100

cm and 200 cm, respectively.

Industrial development in Bonny River basin

Bonny River basin is well known for its many oklfis, heavy industrialization and water traffic.
The Port Harcourt conurbation (located at the hefathe estuary) is the most industrialized town
in southeast Nigeria and the second largest potthencountry. The major oiffields in the basin
include: Bomu, Cawthorne, Alakiri and Bonny. Qtheare the Bodo West, Ebubu, Apara,
Akpori, and Onne oifields. Most of these oifieldlate back to the late 1950s and early 1960s
and altogether contain about 180 oi wels abou®76f which are still producing. With a
production rate of about 100,000 barrels/day (IKe#90) the Bonny oiffields account for about
5% of the current Nigerian daily crude productidnatout 2.05 milion b/d. The Bonny light
crude is one of the bench mark crudes in the wairldharket.

The Trans-Amadi industrial estate in Port Harcasirbne of the largest industrial estates in the
country. It has close to one hundred medium —elasgale industries (i.e., industries that
consume more than 503nidays of water), including both light and heawlustries. The major
industries there are manufacturing, food and begestaplastc and rubber and metalurgical.
Also located within the basin are two of the foulrrefineries in Nigeriayiz the Port Harcourt
Refinining Company Limited (estabished in 1965 amganded in 1971) and the second Port-
Harcourt Refinery (Commissioned in 1989) both wiitktalled capacity of 210,000 b/d ie. 47%
of the current total capacity for all the Nigeriaefineries (John West, 1989). Other facilties
located in the basin include the National

Fertiizer Company of Nigeria (NAFCON) at Onne,efiof the nineteen ports in the country

(Port Harcourt, Okrika, Onne lighterate TerminabnBy onshore and Bonny offshore). These
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probably explain why the basin is rated to be thestnstressed in the entire Niger delta (RPI
1985).

Materials and methods

Sampling Stations

The seventeen stations from which water sample® welected for investigations (Fig. 1) can
be grouped broadly into two sets: thirteen occabiatations and four regular stations. Each
regular station was sampled at least three timesgdine year of study (once during each of the
following three periods of the year: late dry se#ésarly rainy season, mid-rainy season, and at
one of the two rainfall peaks of the year). On tiker hand, the occasional stations were
sampled only during the July to August flood pe&kihe study year. Almost all the occasional
stations were located within or close to the Podrddurt conurbation (this was to be able to
relate therr water qualty to urbanisation/indadation and other anthropogenic influences in
the area). Some of the stations (stations 2, 31@hdwvere selected because they had been noted
by some earlier workers (Powell 1987) to lack gbeinand/or characterized by unusual/abnormal

shrimp fauna, most probably as a result of watéutimm.

Most of the stations located close to the mouththef estuary (especially the two outermost
stations, stations 16 and 17) seemed prone to waaketion that might result from crude oil

operation sources and/or related activities, imgudhe heavy traffic of oil tankers from and to
the Bonny Terminal. With regard to spatial distidn, the seventeen stations could also be
grouped broadly into three categories consistingsiof stations located on tributary streams and
small creeks (stations 1, 2, 3, 6, 7 and 8), sithenmajor creeks (4, 5, 10, 11, 12, 13) and the
remaining stations located on the main body ofdbwiary (9, 14, 15, 16, 17). The stations in the
first category were lkely to be affected by effitee from the domestic and industrial areas they

drain.

Sampling Programme and Sample Collection

Sampling to show horizontal variation in chemicahditions along the estuary was undertaken
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from the end of July through the first week of Asigul990. This time of the year coincided

with a considerable increase in fresh water flomthdrge resulting from the first of the two

rainfall peaks in the year. Samplng to show brahsonal variation in the investigated

chemical variables was limited to the four regutations. This set of samples was colected at
alternate months from one end of the dry seasobri&eg, 1990) through the entire rainy season
to the onset of another dry season (November, 1990)

The effect of tidal variation on water qualty wasestigated on the samples collected from the
four stations (stations 4, 5, 10 and 11) locatedWinji and Amadi Creeks (tidal variation in
terms of shore exposure is pronounced in thesekscraed in the entire Port Harcourt area).
High tide and low tide samples were collected frtime four stations on the same day in
November, 1990, during ful moon. This time of thear is commonly regarded as onset of dry
season although late flood water is usualy sth.h In all cases, sample colection was from
about 5 cm below the water surface. Glass redmtiés of 125 or 250 chtapacity were used
for collecting dissoved oxygen and BG®GDsamples whie 5-ltre capacity polyvinyichloride
(P.V.C.) plastic bottes were used for colectine t samples for the other chemical

determinations. Sample bottles were always rins¢d the sample waters before collection.

Chemical Analyses of Samples

Chemical determinations were carried out directly anfitered samples (the samples were
usually very clear in spite of the brownish coltiara i.e., they were coloured but not turbid).
pH was determined on the field immediately aftefieciion using a Lovibond pH comparator
while the dissolved oxygen concentrations of thenpdes were fixed using Winkler's reagents.
All the other chemical determinations, especidiigse of plant micronutrients (N§& PQ:3- and
SiO2), were carried out soon on returning to the ladboya Usually, all analyses were completed
within a fortnight of sample collection. Sampleere stored in a deep freezer (away from other

materials) until full analyses were to be carried an them.

Conductivity (specific conductance) was determiad25 °C using a conductivity meter. The
following variables were determined titrimetricalydissolved oxygen by Winkler's method
(Mackerethet al 1978), Biochemical Oxygen Demand (B€Das for dissolved oxygen after
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five days of incubation, and total alkalinity usirgjandard sulphuric acid solution and mixed
indicator of Methyl Red and Bromocresol Green (A.FA. 1985).

The organic matter content (estimated as organibocax 1.724) was determined by oxidation
with chromic acid (Jackson 1958). In this deteamtinn, correction was made for the high level
of chloride in the brackish water samples by theltie of mercuric sulphate. Calcium and
magnesium concentratons were determined by comelgic titraton using disodium

dihydrogen ethylenediaminetetra-acetate, & TA (Goltermanet al 1978), whie sodium and

potassium were determined using a flame emissialysen. A number of samples (collected
towards the end of the dry season from stations130,15, 16 and 17) were analysed for copper
(Cu), nickel (Ni) chromium (Cr), cobalt (Co) ancerkntal iron (Fe), using an atomic absorption

spectrophotometer (AAS).

Nitrate, ortho-phosphate, reactive siicate (exggdsas siica), and total soluble iron were all
determined colorimetrically according to the staddanethods of A.P.H.A. (1985). Nitrate
determination was by the phenoldisulphonic acid hatet orthophosphate by the modified
Denige’s method using ammonium molybdate and sisnrehloride reagents; reactive siicate
using sulphuric-molybdate solution; and total irbyg the thioglycolic acid method.  Sulphate
was determined by the turbidimetric technique (A.R., 1985). Chloride was determined using
an automatic chloride titrator, whie salinty wasstimated roughly as the total mass
concentration of all the major ions and siica. sMof the analytical methods employed were

within the precision range of 1-10% (Goltermahal, 1978).

Calculation of dissolved acids, bases and probahlecontents

In order to examine changes in the chemical cotipogf the basin's waters apart from those
relating to salinty and/or those due to mere iallutor concentration, the percentage equivalent
concentrations of the various acids and bases lkeloccur or dissolved in the waters were
estimated by the methods of Kemp, (1971). Theati@miin the concentrations of the acids and
bases were related to that of carbonic acid (awak obvious from the pH values that the
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chemistry of the water was under the control of @@, — carbonate/bicarbonate — carbonic acid
equiibrium system).  The concentrations of the bpbte salt contents of the waters were
calculated by the method of Holden, (1970) basedhenmass concentration values of the major
anions (C@*, SOy, and Cl) and major cations (€3 Mg?*, Na', and K).

Analysis of Tide Data

The tidal regime of the area was characterizeddbasethe daily tide data for one annual cycle
(1990) comprising about 1400 specific tide measergsn i.e., about 4 readings per day for the
year. The separation of tide phases into neapspridg tides was with regard to moon phases.
The abbreviations of tide levels used as wel as dbvelopment of tide emersion curve for

Bonny bar were in accordance with the work of LeWl®64) and Olaniyan, (1975).

Results

Tidal Hydrology

Highlights of the tidal hydrology of Bonny estuabgsed on tide measurements at the Bonny bar
are presented in Table 1. The highest (or extremigk) water individual spring tide (EHWS)
recorded over the one-year period was over thdslefe0.1 — 2.6 m, gving a range of 2.5 m
(about 8 ft). This reading was recorded 2 dayer diftll moon in September of the study year,
i.e., during the equinoctial spring when the sursvpassing the equator. The highest tide range
values during the other spring periods (mostly 0-22.3 m) also occurred about one or two days

after ful moon and/or the new moon phases.

On the whole, mean high water of springs (MHWS) amehn low water of springs (MLWS)
were 2.18 + 0.24 m and 0.52 + 0.27 m respectitblys giving a mean range of spring tides
values of 1.66 m (which is about 70% of the obskre®treme range of spring tides). On the
other hand, the mean range water level of neap (ldéiWN) and mean low water level of neap
tides (MLWN) were 2.00 + 0.34 m and 0.69 + 0.24r@spectively, giving a mean range of neap
tides values of 1.31 m, which is about 55% of thseosed extreme range of spring tides and
about 80% of the mean range of spring tides. Ayeetagh tide level (AHTL) and average low
tide level (ALTL) were 2.10_+ 0.35 m and 0.60 + ®.Pn, respectively, whie mid-tide level
(MTL) for all recorded tides (n = 1400) was 1:89.79 m.
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Table 1.Frequency of some specific tidal levels at Bonny dd&Bonny estuary.

Tide description Abbreviation n Value * s.d.
Extreme high water of spring tic (EHWS) 26n

Mean high water of spring tic (MHWS) 38 2.18+0.24 n
Average high tide lev (AHTL) 71 2.10+0.35n
Mean high water level of Neap tc ~ (MHIWN) 334 2.00+0.34 n
Midtide leve (MTL) 140 1.39+0.79n
Mean low water level of Neap t (MLWN) 32 0.69+0.24 n
Average low tide lev (ALTL) 68 0.60+0.25n
Mean low water level of spring tic  (MLWS) 35 0.52+0.27 n
Extreme low water of spring tic (ELWS) 0.10n

The mean range of spring tides could be divideddiyointo the three commonly observed shore
zones: the upper shore zone (the portion abovaméen range of neap tides), the middle shore
zone (corresponding to the mean range of neap),tided the lower shore zone (corresponding
to the portion below the mean range of neap tidesJhe proportion of these three zones for
Bonny bar for the year of study was 0.11, 0.79 @id for the upper shore, middie shore and
lower shore, respectively. Figure 3 is the ‘“tideeesion curve” for Bonny bar. It shows that
emersion did not increase uniformly from low tohhigvater mark, it was less rapid between
MLWN and MHWN than above (MHWN-MHWS) and below (MINVMLWS) the two
intermediate levels. Estimates from this curve alow that the splash—upper shore zone was
exposed to air for 67—-100% of the time, while thddle shore zone was exposed to air for 29—

67% of the time and the lower shore zone exposet tor 1 — 29% of Neap—spring tide regime.
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Figure 3: Emersion curve for tides at Bonny bar.

Spatial Variations in Chemical Compaosition

Based on the samples collected at the time of ## yhen fresh water discharge into the
estuary was rising to a peak (July to August), watdinity varied in the estuary from very diute
fresh water (< 0.5%0) at Station 1 to 25.4%. in Bttl7, i.e., over a distance of about 70 km.
Following the salinity classification adopted inriea work in the area, (e.g. Powel, 1987 and
RPI, 1985) the investigated sampling stations @wyethe entire area occurred within the
following four brackish water types, namely: fresiter/tidal freshwater (< 0.50 %o salinity),
oligohaline brackish water (0.51-5.00 %.), mesabalibrackish water (5.01-18.0 %0) and
polyhaline brackish water (18.01-30.0 %o).
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By this classification, all the stations along tmain body of Bonny estuary from Station 9 to the
estuary mouth were of polyhaline brackish waterkjewthe stations located within the channels
of the Okirka islands (commonly caled the Okirigaim) upstream into the two major creeks
(Woji Creek and Amadi Creek) as well as Ogu Creekewof mesohaline waters (Fig. 1). The
stations located close to the junctions of theseks and their tributary fresh water/tidal streams
were oligohaline brackish whie those located betwé¢he sources of the tributary streams and
their middle reaches were either fresh/or tidakHravaters, depending on their location away
from the stream source. This distribution showet tholyhaline water penetrated up to about 55
km into the estuary whie mesohaline water exteraleolt 10 km further beyond, towards Port
Harcourt. The extent of variation in each of theestigated variables with respect to salinity

classification of the waters is presented in Table

The pattern of horizontal variation in salinity atioe other chemical variables along the main
body of the estuary through the different gradedratkish waters (Stations 17, 16, 14, 10, 7, 6)
are depicted in Fig. 4 whie the pattern along lerothorizontal transect from oligohaline
brackish water stations through tidal fresh to Hregter (stations 5, 4, 3, 2 and 1) is shown in
Fig. 5. These presentations and the informatioable 3 reveal that most of the investigated
variables could be grouped broadly into two cailegorthe abiotic and the biogenic chemical

variables.
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Figure 4: Horizontal variations in the investigateldemical variables along the main axis of

Bonny Estuary (from polyhaline through mesohalineoligohaline brackish waters).

The variables in the abiotic category were: comdyct pH, dissolved oxygen, and the major
anions and cations. The concentration of this pgroli variables showed a decrease from the
brackish waters to tidal fresh and fresh watershe Tates of decrease from polyhaline to
mesohaline brackish waters were generaly small hoote or less, exponential from mesohaline
through oligohaline water (Fig. 4) as wel as froigohaline to fresh waters (Fig. 5). On the
other hand, the biogenic variables: reactive wicanitrate, orthophosphate, total soluble iron,
and organic matter, generaly showed negative latore with salinity as they increased in

concentration away from the brackish waters to flesh waters (Table 3). Spatial variation in
most of the variables showed definite trends (aredee in the biotic variables towards the
estuary mouth but an increase in the abiotic Jasahlong the same direction).

Table 2. The mean (+ std. error) concentrations of chemieadables in different waters of

Bonny Estuary, Niger Delta, Nigeria.
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Fresh/Tida Oligohaline  Mesohaline  Polyhaline
_ _ Unit fresh waters  waters waters waters
Chemical variable (n=4 (n=2) (n=6, (n=5;
Hydrogen ion con. (*) pH 6.0+0.2 6.3+0.2 7.3+0.2 8.0+0.1
Conductivity at 2 °C mS cn 0.5+1.¢ 41+ 1.2 22.0+2.7 36.0+2.1
1

Salinity (estimatec %0 0.1+ 0.2 09+1.1 13.1+0.¢ 21.4+1°F
Dissolved xygen (C2) mg+? 1.3+1.C 4.6+0.8 6.4+0.£ 7.5+0.¢
Calcium (C*?) mg-t 23.4+ 7.2 32.8+6.1 96+ 8.2 223+ 15.¢
Magnesium (M*?) mg! 7.5+6.2 113.¢+ 15.F 389+20.2 647 +27.Z
Sodium (Ni*) mgt 06+7.C 231.(+36.5 4685+ 12(C 6784+ 14<
Potassium (I*) mg! 0.C+1.¢ 35.2+ 7.3 152+15.2 245+11.z
Total akalinity, mg-? 23.0+ 7.€ 27.0+ 4.3 57+5.23 82+4.0
(CaCQ)
Sulphate (Su?) mgt 3.8+1.1 115.(+ 10.t 650+ 15.5 1343+30.t
Chloride (C-) mg-? 22.8+5.2 321.5+8.1 7629+8.E 10111+10.t
Silicate (SiC2) mg-1 2.4+ 0.€ 6.8+0.8 2.3+0.2 1.9+0.
Nitrate (NCz’) ug? 543+ 3C 262 + 50 266 + 42 209+ 50
Phosphate (Pa3) ug? 4+ 10 32+ 15 60 + 1€ 53+ 15
Iron (Fe ug? 216 +5C 8+10 521+ 50 131+40
Organic matte mg-1 2.3+0.4 2.1+0.3 1.4+0.4 1.3+0.t

Table 3. Linear regression of water chemical variables dfy) water conductivity (X) of Bonny

Estuary, Niger Delta, Nigeria.

Linear legression equation (y = a++s.e

Chemical variable (y) A k S.€ r
Hydrogen ion con. (pt 6.1 0.0% 0.1C 0.929***
Estimated salinity (% 0.¢ 0.5C 1.7 0.972%**
Dissolved oxygen, 2(mg?) 3.2 0.1: 0.€ 0.896***
Calcium, C*2 (mg1) 5.¢ 5.4¢ 42.2 0.884***
Magnesium, Mc*2 (mgt) 40.2 16.72 45.¢ 0.983***
Sodium, N (mgt) 72.1 185.¢ 843.1 0.955***
Potassium, I (mg™) 8.C 6.c 27.5 0.960***
Total alkalinity (mgCaCtl?) 20.¢ 1.7 8.C 0.951 ***
Sulphate, S42 (mg) - 20.¢ 36.2 190.¢ 0.942***
Chloride, C- (mg?) 753 265.( 821. 0.978***
Siicate, SiCz (mg?) 4.¢€ -0.0¢ 1.77 - 0.553*
Nitrate, NC3 (ug™) 435.( - 7.0¢ 222.¢ - 0.421
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Orthc-phosphate, P42 (ug!)  60.C - 0.3¢ 101.7 - 0.06¢

Soluble iron, Fe (u?) 279.( - 2.4 446. - 0.08(
Total crganic mattr (mg1) 2.C - 0.0z 0.7 - 0.37(
s.e = standard error of estimate r = corrafatoefficient
* = P <0.05
i P <0.001

Table 4. Regression equations of the molar percentagemarhcid (X) against the molar percentage of
other acids and bases in Bonny Estuary.

Molar Regression on molar % Standard ermor of
Water type percentage (y) of H2COs3(x) e stimate

Ca (OH:2 0.7-0.33 x 0.2¢

Mg (OH)2 4.8-2.56 x 0.9C
Brackish NaOH 53.3-21.86 x 4.80
waters KOH 1.1-0.52 x 0.1¢
(n=13 H2SCy 1.4 +0.43 » 0.77

HCI 37.9 + 25.74> 5.90

Ca (OH:2 -0.2+1.21 1.04

Mg (OH)2 13.5-0.01 x 9.2¢

NaOH 35.5-1.64 x 7.86
Fresh / Tidalfreshwater KOH 3.3-0.15x 2.6z
n=4 H2SCs 6.0-0.17 x 2.5¢

HCI 41.9-0.24 X 16.55
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Fig. 5: Horizontal variations in the investigatedemical variables of Bonny Estuary from
oligohaline brackish water to fresh water.

pH, Conductivity, Oxygen and B@D

Although pH values varied over a wide range (5.8.3) they were mostly between 6.0 and 7.6.
In general, water was acidic in the freshwatet/tidashwater streams, slightly acidic to neutral
in the oligohaline brackish, and slightly alkalrte alkaline in the mesohalne and polyhaline
brackish waters. Within the main body of the estupH values were generaly above 7.8,
increasing steadily to the mouth of the estuary revhibey were mostly above 8. Among the
abiotic group of variables, pH was characteriseth ihe lowest rate of decrease through the
estuary, inward from its mouth, whie conductimiilowed the highest rate of decrease, although

it also varied over a wide range of values,uBg8m! — 39500uScm? at 25°C.

Isopleths showing broad spatial variation in masmcentraton and percentage saturation of

dissolved oxygen in the upper reaches of the egstuar, the region of most rapid rates of
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change, are shown in Fig. 6. On the whole, disdolxygen concentration occurred over a wide
range of 1.0 — 8.1 mél increasing steadiy towards the mouth of the a@gtumore or less,
following the pattern exhibted by the other abiotiariables (pH, conductiity, salinity, and the
major ions). The mesohaline and polyhaline wateese significantly higher in oxygen content
and percent saturation than the oligohaline aral filksh/freshwaters. Al the stations to the
north-west of Okirika arm of the estuary were pochturated with oxygen (being only about
50% at best, and as low as 10% saturation in theweters of the tributary creeks). The values
of BODs ranged from 0.3 mgfl! to 7.7 mgQ1l?, consisting of 0.3 — 3.1 mg®d! for
mesohaline brackish and the less dilute waters,5a8d- 7.7mg@1-1 for the polyhaline brackish

waters.

The Major lons, Acid-Bases and Probable Salts.

Sodium and potassium were, respectively, the mostindnt and the least abundant cations
(their ranges were 0-7680 Nangit and 0-270Kmgl1, respectively). Chloride, with a range of
5.9 mgi! to 10,393.0 mgl, was not only the dominant anion but also the rdostinant of all
the investigated variables. Sulphate varied betw8&6 mght and 1633 mgl whie total
akalinity (the least of the major ions) rangednfr@ mg CaC@l?! to 88 mg CaCel?; it
consisted solely of bicarbonate ions. Al the magms were characterised, more or less, by the

same rate of decrease in concentration into thmmgsfrom its mouth.
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Fig. 6. Above: Isopleths of mass concentration (Hhgbf dissolved oxygen in the upper reach of
Bonny Estuary during early floodwater. Below: Isthé of percentage (%) of dissolved oxygen

in the Upper Bonny Estuary during early flood water

Although the relative contribution of each of theee major anions to their total sum (expressed
in % miliequivalent concentration) was slightlyffefent for the different waters, the general
order of ionic dominance among them was the samealfothe waters, this order being: €1
SQs2 > COs2. The order of dominance among the four majookstivas: C# > Mgt > Na
>K* in the fresh and tidal fresh waters, and' #Mg+? > Ca? > K* in the brackish waters. The
regression equations of percent molar concentsatibncarbonic acid (HCOz) to other acids and
bases in Bonny waters are presented in Table 4.thélwaters, both brackish and fresh, belong
to the chlorided water series of the world, follogvithe scheme of Kemp, (1971). However, the
relative contribution of each of the major ions v@ter salinity indicates that the polyhaline and
the mesohaline brackish waters were essentialyohalire brackish waters, ie., having their

ions in the same proportion as in seawater or girdiited sea water.

The contribution of probable salt content of théusse water at different levels of salinty are
indicated and compared with that of sea water bleT&. The relative contribution of CaG@
water salinty showed a steady decrease from thshirater/tidal freshwater (32.1 + 22.5%)
through the various grades of brackish waters tp @34% in the sea. On the other hand, the
relative contribution of NaCl to salinity showed mmerse pattern to that of CaGO The relative
contributon of NaCl as well as total chloride salio water salinity increased steadily from
fresh/tidal freshwater through the brackish waterthe sea where NaCl accounts for about 78%
of salinity. Thus, unlike the typical freshwaterwhich CaCQ@ and MgCQ are dominant, in the

freshwater/tidal freshwater of Bonny estuary Gafthe dominant sal.

Organic Matter, Micronutrients and Heavy Metals
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The concentration of total organic matter in théuay was generaly less than 4.0 -fngl In
general, organic matter was higher but varied mmore widely in the fresh waters than in the
brackish waters. However, among the biotic grodp the investigated chemical variables,
organic matter had the lowest rate of increase riivit@m the estuary mouth. It was highest in
Station 1 (3.6 mgl) a residential area, folowed by Station 3 (aigtabear an abattoir). The
average concentration for the six stations locatedhe tributary streams and minor creeks was
1.8 + 1.2 mgt as opposed to 1.5 + 0.5 rhglor the six stations on the major creeks, and+1.2

0.3 mgt* for the five stations along the main axis of tistuary.

Table 5.The percentage contribution of different probakdts to the salinity of Bonny Estuary.

Freshwater/Tidal Oligohaline Mesohaline/

fre shwater brackish water Polyhaline brackish
Salt (mean +s.d.) (mean +s.d.) water (mean +s.d.) Seawater*
CaCGs 32.1+22.F 53+1.L 0.7+0.2 0.3¢
MgCOs  0.0+0.C 0.0+0.C 0.1+0.2 0.C
CaSG4 8.4+5.8 6.0+4.t 2.0+0.€ 3.€
MgSCs  1.2+0.€ 14.7+ 11.E 5.0+ 2.C 4.7
N&SCs 8.0+ 11.7 6.8+9.E 0.0+0.C 0
CaC: 44.0 +18.Z 0.0+ 0.C 1.6+ 3.8 0
MgCl 6.1+7.2 14.4+20.3 6.8+ 3.C 10.¢
NaC 0.0+ 0.C 41.6+2.2 75.6+ 5.2 77.¢
KCI 0.0+0.C 0.0+0.C 1.3+1.2 0
Others 0.2+.17 11.2+ 4. 6.9+45 0

*Source: Gaskell (1964)
s.d. = standard deviation

Reactive siicate varied from 0.7 mgSiO to 8.8 mgSi@t with a decrease from the tributary
stream stations to the main estuary. The valuastaf soluble iron all occurred within the range
of 0—-1688ugFel’ whie those of the other plant micronutrients were- 862ugNO31-1 and 0-
266 pgPQO 3.  The mean values of these three variables wegtgerhibut less varied in the
tributary stream stations (398+29@NO 311, 277 + 269ugl! soluble Fe, and 70 + 18P0y
31-1) than for the main estuary stations (194 + 20N 0s1°1, 193 + 364ugFel! and 67 _+ 133
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ngPO3t).  These three variables were not even detectesbrine stations (nitrate was not
detected in three stations, soluble iron in fivati@s and ortho-phosphate in ten stations). Most
of the stations from which these micronutrients evaot detected were either on the main creeks
or on the main estuary.

Cobalt was detected in four of the five stationsstigated for the heavy metals (stations 10, 13,
15 and 16) copper in three of the stations (s&tidh, 13 and 16) and chromium and nickel were
each detected in only two of the stations, statibBsand 17. The range of values were: 0-20
ugCutl, 0-320 ugCrtt, 0-340ugCott, 530-1100ugFelt, and 0-146QugNit. In general, the
concentration of these heavy metals tended toaserefrom the oligohaline through mesohaline
to polyhaline brackish waters. Indeed, nickel aftromum were only recorded near the

estuary’'s mouth with the peak value at Stationwihich is close to the Bonny Terminal.

Temporal Variations in Chemical Compaosition

Information on the chemical composition of waterthe four regular stations at three selected
periods of the year is presented in Table 6. Qi salinty and most of the major ions
decreased steadily from the late dry season (Fgtwach) through the mid-rainy season
(May) to the peak of the rainy season (July). “@nmeplitude of variation in each variable over
the entire study period decreased from the lessesalater to the more salne waters. For
instance, in Station 13 (a mesohaline water), @iy dropped from 31.5 mSckin March

to 21.5 mScm in July at the rise of early flood water, thusingvan ampltude of 10 mSch
over the four-month period. On the other hand, teeresponding amplitude of conductivity
values at Stations 15 and 16 (polyhaline watersy the four months were 2.6 mS¢mand 2.5
mScmt, respectively. The biogenic variables did notwsha clearly discernible pattern of
temporal variaton. However, nirate and solulslen iwere generally higher during the rainy
season than during the dry season. The meanofatloy season to rainy season values for these
variables also decreased inversely with wateritgalinThe value for the mesohaline waters was
1.7 + 0.8 (range = 0.4 — 3.8) as opposed to 1.57(r@nge = 0.9 — 3.4) for polyhaline waters, for

all the variables considered.

The mean chemical composttion of water in relatonreversal in tide regime (i.e., the change

from low tide to high tide and vice versa) is sumseal in Table 7. Waters were significantly
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more alkaline and saline at high tide than at lo®.t To varying degrees, this also applied to the
specific chemical variables except siicate whichswsignificantly higher at low tide than at high

tide. Again, the extent of variation (expressedhasratio
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Table 6. The seasonal varations in the che mical ogosition of Bonny River, Niger
Delta, Nigeria (based on four regular stations)
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Table 7:

The mean concentrations of chemical valide s in Bonny Estuary at high and
low tides (based on mesohaline waters)

Unit Tide Regime (mean + s.d) HT/LLT
Chemical variable High Tide (HT) | Low Tide (LT)
Hydrogen ion col pH 6.7+ 0.5 6.3+0.5 1.04 + 0.03
Conductivity @ 2°C | mS cn't 48+2.¢ 3.76+ 2.3¢ 1.4+0.2
Estimated salinit %o 6.0+ 4.C 25+2.C 2.6+1.1
Calcium, Ci*2 mg-? 116+ 10¢ 40 + 35 25+1.2
Magnesum, Mc*? mg-1 253+ 20C 124+ 101 2.1+0.2
Sodium, N mg-L 2886+ 1851 1117+ 83¢ 3.2+2.7
Potassium I mg-L 122+ 13¢ 108+ 13c 1.5+ 0.¢
Total akalinity, CaCG | mg-t 36+ 189 25+ 15 1.5+0.2
Sulphate, Su2 mg? 451 + 33 181+ 14z 2.5+0.7
Chloride, C- mg-1 2.134+ 1781 948 + 100¢ 2.8+ 2.7
Silicate, SiC mg! 2.2+1.2 3.1+1.C 0.7+0.2
Nitrate, NGz ugt 27+ 29 20+ 23 1.7+0
Soluble iron, F ugt 528+ 71C 105+ 95 49+5.E

of high tide to low tide values) differed slightlyom station to station.

On the whole, the mean

ratio of high tide to low tide values was 2.3 + fodall the variables considered.

Discussion

The extent of polyhaline brackish water penetratiio Bonny estuary as well as the order of
ionic dominance of its water (which suggest thayttare all chlorided waters), show that the
estuary is strongly influenced by the sea. Thiuente can be attributed to the low lying nature

of the basin, the extensive fetch available bottwiad and tidal movements (about 10 km at the
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mouth and 0.3 km at Port Harcourt) and to the imtadf the estuary’s mouth along the long-
shore current of the Bight of Bonny which is subhttwater from the bight can enter directly
and penetrate far inward into the estuary. Agaike the distributaries of the Niger within the
delta (notably Rivers Nun and Forcados - Fig. ljclwlare characterised by high discharge of
fresh water throughout the year, fresh water inpiat Bonny estuary is relatively small (even at
the peak of flood discharge) and input is derivells from the locally rising coastal streams.
Thus, Bonny estuary can be classified among thesrdrd river valley estuaries or coastal plain
estuaries which are essentialy extensions of #& surrounded by land. These are the most
common types of estuary in the region and mostheftare believed to have been formed by a
rise in sea-level relative to land, as a resulthef release of ice-held water at the end of the las
glaciation (Barnes, 1974).

In the Bonny estuary, the patterns of horizontaiatians (increasing inshore from the estuary
mouth) in the concentrations of the biogenic grafpvariables show that these variables are
derived mainly from within the fresh water basird aesidential areas. The observed sources of
organic matter from the residential areas includpdn sewage discharge, waste run off, waste
from abattoir, refuse and garbage tips as wel rigan@ waste from other cultural actvities of
man. With a sold waste generation of about 3.6p&g household per day in 1982 (Filani and
Abumere, 1986) and 265,000 tonnes per year in 1@Qfabi et al, 1995), Port Harcourt is
among the towns in Nigeria with the highest ratéssalid waste generation and accumulation.
The leaching of such wastes into waterways probablgounted for the relatively high organic

matter content of streams draining the residerdi@as investigated.

The fact that some components of organic matteh sc humic acid (which was suspected in
Bonny River from its characteristic dark brown ocdion) may gradualy precipitate in contact
with sea water can partly explain the reductionthe concentration of organic matter and the
attendant increase in dissolved oxygen as we maowensiream (sea ward) along in Bonny
estuary. The reduction can also be attributechéo mineralization of the organic matter. As a
major product of organic matter mineralization,wias not surprising that the concentration of

nitrate was generaly much higher in the fresh vgatnd in the Port Harcourt areas than in the
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brackish waters and the non-residential areas efbtsin. Compared with a number of major
African lake waters, vizz Lakes Asejire, Kainji & Kariba, Victoria, and Nyansa (Egborge
1971) and the rivers and streams in central Niggidenyi and Oakhumen 1989) the levels of
nitrate in the investigated fresh waters and retddeareas were fairly high whie the levels of
ortho-phosphate were relatively low. The bonding niirate to organic particles is fairly
uncomplicated and it is expected to be readiyrdisl by ion-exchange reaction as wel as
leaching from organic matter especialy under heeamfall and low lying water-shed like the
Bonny basin. The low levels of ortho-phosphate i@bsence in many stations in Bonny basin
suggest that inorganic phosphorus may be a criliodting factor for biological primary

production in the basin.

With regard to their low mineral content, charaster humic acid water colouration and low
pH, the fresh waters of Bonny estuary are simiarthe black waters of the humid tropics in
South America and some Congo streams (Egler an@sStiann 1961), the coastal swamps
waters of River Jong in Sierra Leone (Wright 1985y the Black waters of the Niger Delta
(RPI, 1985). Compared with other African fresh evat they can be classified among the most
diute waters of the continent (Taling and Talib§65). The low conductivity of the waters can
be attributed to at least one other reason apamt fthe effect of high organic matter content on
the waters. The fresh water tributaries of BoniwerRall drain small catchment areas (each less
than 10 k) and in entirely flat low lying watershed. Withich relief, sediment loads from the
basin (which are mostly of sandy materials) areegdiy small and contribute liitle or nothing to

the dissolved chemical load of recipient waters.

The data on heavy metals in the estuary suggestnibst of them (cobalt, copper, nickel, and
chromium) were rather high compared with their egponding average concentrations in the
open sea (Gaskel, 1964) or in relaton to recordewnstandards for drinking water qualty
(WHO 1971; Hattingh 1977). Of the five major sascof heavy metal polution in the

environment as listed by Forstner and Prosi (19%@9, of them namely: heavy metals in animal
and human excretion, and the leaching of metak fgarbage and solid waste dumps are the

most probable sources in the Port Harcourt arean tf@ other hand, the crude oil activities

71



within and around the Bonny Terminal are the mikstylsources of heavy metals at the estuary
mouth stations (as suggested by the relatively laghls of both chromium and nickel in those
stations). In the Niger Delta, ol polution resulmainly from blow-out, equipment failure,

maintenance error, and sabotage (Awobajo 1981)her®tare accidental discharges and spills
from crude ol, ol cargo, ol storage and handliagnd refinery effluent disposal. Imevbore and
Ekundayo, (1987) reported monthly average condemsaof 4.6 — 58.8 ppm (mean + s.d = 13.6
+ 7.7 ppm, n = 60) of crude oi in the Bonny Teahieffluent water from January 1979 to

December 1983, whie Adeyemi and Akinluyi (1983gcarded oil concentrations of 4464—

26278 ppm in sediments and 9.05-64.65 ppm in waikrthe Niger delta between June and
August, 1980. This portends likely heavy metalupah of the estuarine water especialy in the
Terminal area.

Compared with some recommended/suggested watety gst@ndards (Table 8), it is obvious
that the high salinity of the brackish waters (drig the high hardness and S.A.R. values) wil
impose serious limitations on them with regard heirt usefulness to the riparian communities
(especially for domestic use, life-stock productind irrigated agriculture), although the waters
were apparently free from organic poluton. Oa thther hand, the waters in the Port Harcourt
area were characterised by chemical propertiesalfiiotiow oxygen levels) which suggest

organic enrichment in the area (probably from tfieceof urbanisation and industrialisation).

The tidal characteristics of the Bonny estuary e®aled in the present work have many features
in common with those of the typical Atlantic coasfTypically, tides of the Atlantic coasts are
dominated with the semi-diurnal pattern often wo unequal high water and two low waters
occurring within each 24 hours (King 1975). As lapple to most of the locations around
Britain (King 1975; Lewis, 1964), the diurnal inadjies in
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Table 8 Comparative water quality of Bonny Estuary, Nigezlta Nigeria (based on some
primary quality criteria)
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the Bonny tides are smal. This is evident frorm #mall coefficient of variation associated with
the mean tide levels, especially those of the kdgs (MHWS, AHTL, MHWN) which are
generaly less than 20% coefficient of variatioalfges for low tides have about 40% coefficient
of variation). These low inequalties are probadie to the wide tidal area of the Bonny estuary
as well as its relatively deep basin and flat tomokgy (Port Harcourt is less than 20 m above the
mean sea level) of extensive aluvium deposits. likéJithe British coasts where the mean neap
range amounts to between 0.45 and 0.55 of the repamg range (Lewis, 1964), in Bonny
estuary, lke some localties around north-eastare the mean value is 0.79. Such a
disproportionally large neap range is typical afakiopns where tidal ranges are smal. However,
the overall mean range of about 1.7m (MHWS — MLVEEBonny bar corresponds to the mean
value of 1.70_+ 0.82 m for various locations (n @ ®n the West and Central Atlantic coasts of
Africa (UNEP 1985). In Nigeria, the mean valuelof m for Bonny bar is surpassed only by the

tidal range in Calabar (2 m).

Acknowle dge ment
This study was carried out as part of the intejdisary pollution monitoring study of the Niger

Delta Basin by the Environmental Consultancy Gro(p.C.G.) of Obafemi Awolowo

University, Nigeria, on behalf of the Niger Deltaagih Development Authority (N.D.B.D.A.) of
the Federal Ministry of Science and Technology ajeNa. | am grateful to the authorities of
the two bodies (N.D.B.D.A. at Port Harcourt and E5C Obafemi Awolowo University) for the

opportunity to undertake the study. | am partiulgrateful to Professor A.M.A. Imevbore, the
E.C.G. Project Leader and main consultant scieatigt Dr. Fidelis Otobo of N.D.B.D.A., the
latter for his kind hospitalty and support esplgciduring the field work. | would also like to
acknowledge the support gven by Mr. Segun Jegetle assisted with the field work and
especialy Mr. Arthur Oakhumen who helped immenselgh both colection and chemical

analyses of the samples.

References

Adeniyi, I.LF. and Oakhumen A.E. (1989). The hydhygical and chemical conditions of rivers

74



and streams in the Onchocerciasis Control Zone Nigéria. In: A.O. Segun (ed.)A
technical report submitted to National Onchocer@a3ontrol Programme, Nigerial—
180.

Adeyemi, S.A. and Akinluyi, P.E. (1983). Residuealgsis for oil pollution in the Niger Delta
Basin. In: A.M.A. Imevbore (ed):Final Report on the Environmental Pollution
Monitoring of the Niger Delta Basin of Nigerid:1 — 243.

Agabi, J.A., Abang, S.O. and Animashaun, A.J. (39%&gerian Environment Macmilan
Nigeria Publshers Limited.

American Public Health Association, APHA (1985tandard Methods for the Examination of
Water and Wastewaterl8" ed. 875pp.

Awobajo, S.A. (1981). An analysis of ol spil idents in Nigeria: 1976 — Seminar on the
Petroleum Industry and the Nigerian Environmentovédnber 9 — 12, 1982.

Barnes, R.S.K. (1974Estuarine Biology Studies in Biology. No. 49. EdwardArnold. Lond

73pp.
Egborge, A.B.M. (1971). The chemical hydrology bk tRiver Oshun, Western State Nigeria,

Freshwat. Biol, 1: 257 — 271.

Egler, W.A. and Schassmann, H.O. (1961). Limnaidgitudies in the Amazon estuaryerh.
Internat. Veruh. LimnolXV: 1059 — 1066.

Filani, M.O. and Abumere, S.I. (1986). Forcastimiidsivaste magnitude for Nigerian citiedn:
E.O. Adenyi and |.B. Bello-lman (eds.). Development and the environment —

Proceedings of a National Conferengg. 193 — 216. Nigerian Institute of Social and
Economic Research.

Forstner, U. and Prosi F. (1979). Heavy metal fmolun freshwater ecosystemdn: O. Ravera,

(ed).: Biological Aspects of Freshwater Pollutionpp. 129 — 161. Pergamon Press.

Oxford and New York.

Gaskell, T.F. (1964)World Beneath the Ocean#ldus Book Limited. London. 154pp.

Gottermann, H.L., Clymo, R.S. and Ohnstad, M.A.M.9¢8). Methods for Physical and
Chemical Analysis of Freshwater®d ed. IBP Handbook No. 8. Blackwel Scientific
Publications, Oxford. 213pp.

Hattingh, W.H.J (1977). Reclaimed water: a headilzard? Water S.A 3: 104 — 112.

Holden, W.S. (1970)Water Treatment and Examinatiplrongman.

Hynes, H.B.N. (1971)The Biology of Polluted Waterd.iverpool University Press. 199 pp.

75



Ikein, A.A. (1990).The Impact of Oil on a Developing Country: The Caédigeria Evans
Brothers (Nigeria Publishers) Limited, Ibadan 296 p

Imevbore, A.M.A. and Ekundayo, J.A. (1987). Studytbe effects of SPDC effluent discharges
from the Western and Eastern operational areashenwater qualty and biological
production within the Ilower Niger Delta, Nigeria. Report to Shell Petroleum
Development Company (SPDQEYO0 pp.

Jackson, M.L. (1958F0il Chemical Analysi$rentice Hall, Englewood Cliffs, New York.

John West (1989Nigerian Oil Directory John West Publications Ltd. 202 pp.

Kemp, P.H. (1971). Chemistry of natural waters —cldssification of waters.Water Research
5: 943 - 956.

King, C.A.M. (1975).Introduction to Physical and Biological OceanographThe English
Language Book Society and Edward Arnold (Publighétd. London. 372 pp.

Lewis, J.R. (1964)The Ecology of Rocky Shore3he English University Press Ltd. pp. 18 -
35.

Mackereth, F.J.H., Heron, J. and Taling, J.F. 8)97Revised methods of water analysis for
imnologists. Freshwaters Biol. Ass. Sci. Pulio. 36.

NDES (Niger Delta Environmental Survey) (199Final Report Phase 1, Volume 11 -
Evaluation of Data gaps, Data base management ablibigraphy. A report submitted
by Environmental Resources Managers Limited, Lagpgria.

NEDECO, Netherlands Engineering Company (195Rjver Studies and Recommendations on
Improvement of Niger and BenNdorth-Holland Publ. Col, Amsterdam. 1000pp.
NEDECO (1961).The Waters of the Niger Delta Netherlands Engineering Consultants, The

Hague.

NEST (Nigerian Environmental Study/Action Team),991). Nigeria's threatened environment:
a national profie. A NEST Publication.

76



Ojo, O. (1977)The Climates of West AfricaHeinemann. London. 218pp.

Olaniyan, C.1.0. (1975)An Introduction to West African Animal Ecolodg®/d ed. Heinemann
Educational Book Ltd. 170 pp.

Papadakis, J. (1965%rop Ecologic Survey in West Africa (Liberia, Iva@®past, Ghana, Togo,
Dahomey, Nigeria) Volume 11 — Atlas, FAO (Rome).

Pescod, M.B. (1977). Surface water qualty critefia tropical developing countries. In:
Feachem, R, McGarry, M. and Mara, D. (eds\yVater, Wastes and Health in Hot
Climates John Wiey and Sons: 52 — 72.

Powell, C.B. (1987). Molluscs of the Niger Deltgn $88-410 (Chp 9) inmpact of Pollution on
Biological Resources within the Niger Delta Basifol. 6. of A.M.A. Imevbore (ed.),
Final Report on the Environmental Pollution Monitog of the Niger Delta Basin of
Nigeria. Report of the N.D.B.D.A., May, 1987. Xxx + 493 pp.

Research Planning Institute, RPI (1985). EnvirotateBaseline Studies for the Establishment
of Control Criteria and Standards Against Petroleelated Polution in Nigeria — Final
Report. RRTPR/84/4/15-7.

Taling, J.F. and Taling, I1.B. (1965). The cherhicamposition of African lake watersnt. Rev.
Gesamt Hydrobio) 50:421 — 463.

United Nations Environmental Protection (1986pastal Erosion in West and Central Africa
Regional seas Reports and studies. No 67.

Udo, R.K. (1970)Geographical Regions of Nigerihondon: Heinmann Educational. 212 pp.

World Health Organisation — WHO (1971nternational Standards for Drinking Wated ed.
Geneva. 220 pp.

Wright, R. (1985). The seasonalty of water qualitythe drainage basin of a tropical river (R.
Jong in Sierra Leone)Rev. Hydrobiol. Trop 18(3): 177 — 181.

77



