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Abstract 
Acidic aerosols resulting from gas flaring and refinery operations in the Niger Delta are a serious 
environmental and public health concern. Several thousand tons of flue gas components (dust par-
ticles, SOx, CO and NOx) are released into the atmosphere by flaring billions of cubic meters of nat-
ural gas and refining and volatilizing the spilt oil. Heat waves are generated by flaring travels sev-
eral meters away from flare points, destroying crops, farm lands, exotic species that are hunters 
delight while causing extinction of fragile soil flora and fuana. The occurrence of acid rain in the 
region implies that the natural receptors of the area are the final recipient of land and atmospheric 
pollutants. In effect, the water needs and public health of the populace are greatly impeded. Nitric 
and sulphuric acids are regarded as the sole contributors of nitrate and sulphate in precipitation 
influenced by combusted hydrocarbons: fine nitrate aerosols that dissolve in rain water are con-
version products of NO2 that arise from flaring, power plants and motor vehicles. Scientific evi-
dence has shown that rain water and surface water quality in the Niger Delta can accentuate the 
poor health burden, and may be perpetuated through generations unborn. Diagnostic health risk 
assessment has revealed that drinking nitrate contaminated water may be associated with spon-
taneous miscarriage, ectopic pregnancy, adult malignant lymphomas, soft tissues sarcomas, can-
cers and lesions with added health burden associated with heavy metals and other ions. All these 
pose public health emergency and may significantly entrench health risk for generations to come. 
Therefore, this manuscript is intended to close certain gaps that were not covered by toxicological 
information and available data on environmental and food contamination and human internal ex-
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posure: it will serve as a continuous reminder and a useful guide to public health policy makers, 
workers and community based physicians. 
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1. Introduction 
The world is presently tackling three critical crises, namely: environmental pollution, fresh water demand and 
new energy sources [1] [2], although the three are interconnected, energy and new energy sources are the most 
potent factors in the world’s economy and politics. Energy determines the health of any nation’s economy, the 
issue of energy, fuel and power generation propels the economy of the developed world. Other issues such as 
sustainable development, standard of living, clean and healthy environment etc., revolve around adequate fuel 
and energy supply system. Petroleum is the most important energy source worldwide; it is a complex mixture of 
hydrocarbon compounds with minor quantities of nitrogen, oxygen and sulphur-containing compounds as well as 
trace amounts of metal-containing compounds [3]. Many countries are heavily dependent on petrol-based re-
sources as their main source of electricity and transportation fuel, therefore global oil and gas demand increases 
daily, but petroleum is not used in its raw state, various processing steps are required to convert it from raw state 
to products that are usable in modern society [4]. The resultant effect of these processes is environmental pollu-
tion, prominent in oil and gas industry is corrosion and acidic precipitation. A variety of ecological, chemical, 
physical and human factors determine whether an ecosystem may be disposed to acidic deposition or not. It is a 
term used to describe several ways that acids and their salts fall from the atmosphere. The large and increasing 
number of industries and rapidly diversification of technologies are proposed to lead to greater emission of at-
mospheric pollutants. The health effects of air pollution exposure have become an important area of increasing 
concern in the past 40 years. Voluminous evidence has demonstrated that there are serious health consequences 
to community air pollution and that these consequences are not evenly spread among population [5]. Ambient air 
pollutants also vary in nature (e.g. CO, SO2 and particulate matter) and possible health effects. Exposure to am-
bient levels of CO may result in the formation of carboxyhemoglobin while inhaled particles, in contrast, have 
been reported to increase blood viscosity, these two effects may interfere with oxygen delivery to the tissues [6]. 
One of direct effects of atmospheric pollution is acidic precipitation, a phenomenon that is receiving global in-
terest because it affects terrestrial and aquatic ecosystems with attendant public health implication. Acid rain has 
been reported in Nigeria’s Niger Delta region [7] [8]. Oil exploration and exploitation have been dominant activ-
ities in the area for more than 40 years. Crude and refined oil spillages, gas flares and industrial effluents, auto-
mobile emissions as a result of affluence from oil and gas economy etc. have impacted negatively on the air, ara-
ble land and the aquatic ecosystem, and there is serious pollutant-atmosphere interaction [8]. The US Department 
of Energy estimates that since 1960, there have been more than four thousand (>4000) oil spills discharging sev-
eral million barrels of crude oil into the ponds, ditches, creeks, beaches, streams and rivers of the Niger Delta [7]. 
Large volumes of the spills are volatile hydrocarbons that escape into the atmosphere within seconds to undergo 
chemical oxidation. In this review, the exposure scenario and the risks due to continued usage of natural recep-
tors, contacts and episodes of acidic precipitation are brought to the fore and to draw the attention of policy 
makers because the most evident health-related issues are related to occupational and direct local exposure and 
are mostly evident among rural, poor and uneducated populace of the region. 

2. The Niger Delta Region 
Nigeria’s Niger Delta is located on the margins of Gulf of Guinea in the equatorial West Africa on latitudes 3˚ 
and 6˚ North and longitudes 5˚ and 8˚. It is one of the most prominent basins in West Africa and actually the 
largest delta in Africa. It includes the Imo River and Cross River deltas and extends into the continental margins 
of Cameroun and Equatorial Guinea [9]. The complex is located in the Atlantic coast of Southern Nigeria where 
River Niger divides into numerous tributaries). 



J. K. Nduka et al. 
 

 
568 

The area is the second largest delta in the world spanning a coastline of about 450 km foreclosing at Imo River 
[10]. It is the largest wetland in Africa, spanning over 20,000 square kilometers and among the three (3) largest 
in the world. It ranks amongst the world’s most prolific petroleum tertiary delta that together account for about 5% 
of the world’s oil and gas reserves. The structural features and petro physical properties account for the hydro-
carbon occurrence. Three (3) major formations exist in the area, namely Benin, Agbada and Akata. The Benin 
formation is mostly continental units of sand mixed with gravel and restricted clays, sequence of sandstone/shale 
exist in Agbada formation, which is the oil-reservoir (i.e. oil and gas in the area mainly occur in sandstone re-
servoirs throughout the Agbada formation). The Akata formation is regarded as over pressured shale [11]. Delta 
sediments are reported to be layered in structure, but the layers of alternating sands, silts and clays may not be 
homogenous [12].  

3. The Niger Delta Natural Receptors 
Viewing the map of Nigeria, one observes that nature naturally endowed the Niger Delta area with enormous 
water resources. A delta is a geographical feature formed when a River (in this case River Niger) diversifies into 
numerous streams that sometimes inter-connect into an intricate web of Rivers, lagoons, swamps and wetland. 
The above features are in abundant in the Niger Delta and are of immense economic importance to the nation. 
They are the tributaries of River Niger. It is estimated that about 2400 sq∙km of the area consist of rivers, creeks 
and estuaries while stagnant swamp covers about 8600 sq∙km. Its mangrove swamp of 1900 sq∙km is the largest 
in Africa [10]. The area falls within the tropical rain forest zone of Nigeria, given rise to highly diverse ecosys-
tem that is supportive to several species of terrestrial and aquatic flora, fauna and human life. 

Four (4) zones exist in the area: coastal inland, mangrove swamp, fresh water and lowland rain forest, the do-
minant fresh water aquifer is found in the Benin formation, though there is shallow aquifer. Accessible fresh wa-
ter could occur in the first 100 - 200 m [13]. Water levels can be located at less than 1 m near the coast to more 
than 10 m inland [14]. The whole region receives more than 5000 mm of rainfall annually, even dry season 
receives occasional rainfall [15], so there is enough water to recharge both underground and surface water (natu-
ral receptors) all year round. Evapo-transpiration is estimated at over 1000 m per year and almost all the surface 
water overflow their banks every year due to flooding from rain water and ocean surge, this results in diverse in-
teraction among the surface water bodies (natural receptors) Types of natural receptors in the area include rivu-
lets, ponds, ditches, salt marshes, mangrove swamps, lakes, Rivers and River meanders with its network of tri-
butaries and creeks which empties into the sea. The drainage pattern is dendritic with tributaries branching with-
out any preferred orientation. The rivers are perennial and tide influenced. There is fresh water/salt water mixture, 
resulting in brackish environment at the bank of the rivers and adjoining creeks [16]. The environment that is 
worst affected in the Niger delta region of Nigeria needs serious and immediate clean-up in case of oil spill, they 
include: 

1) Sheltered shoreline: Shores like salt marsh, mangroves and mud shores, the oil can cause an enormous 
damage. These sorts of shores are often very sensitive to oil pollution. They are feeding areas of birds when the 
tides are out, and for fish when the tides are in, they have very low self-cleaning potential, as the oil can have 
very long term impacts in worst case scenarios in sheltered areas [17]. 

2) Sandy Beaches: Pure sandy beaches are also exposed to strong wave action or currents and are not very 
sensitive because the animal life is limited. Self-cleaning potential is also high. 

3) Mangroves: Mangroves like salt marshes are usually found in every sheltered area and have very low self 
cleaning potential. The mangrove plants have breathing roots called pneumatophores and are usually left alone 
because physical clean-up would certainly do more damage [17]. 

4) Pebbles and Cobbles: They have grain size from 2 mm to 250 mm. This type of shoreline is the most dif-
ficult to clean satisfactorily. Oil penetration increases with increasing stone size, because much of the oil will 
have penetrated into spaces between the stones, deep into the beach. Surface stones are cleaned quickly by abra-
sion whereas buried oil may persist for a long time. 

5) Exposed shore line: The exposed communities of animals and plants on exposed shorelines like wave ex-
posed beaches are not of conservation importance, there is not a great deal of concern about the importance of oil 
on them. These types of shores have high self cleaning potential and oil is not likely to remain on the shore for 
long. 

6) Sand: The grain sizes vary from 0.1 mm to 2 mm. Coarse sand beaches tend to be more steeply and dry out 
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at low water enabling some degree of penetration to occur especially with low viscosity oils, very often, sand 
beaches are regarded as an amenity resource and priority is given to cleaning them. Inter tidal sand flat on the 
other hand is often biologically productive and important for fisheries [17]. 

7) Mangrove Mud: They have grain size less than 0.1 mm. Extensive deposits of mud are characteristic of 
low energy environment. Little penetration of the substrate by oil occurs because the sediments are usually water 
logged. Oil can persist in the surface over long period. If the spill coincides with a storm, oil will be incorporated 
in the sediments and persist indefinitely. Animal burrows and plant channels can also bring about oil penetration. 
The more dense nature of vegetation in mangrove leads to a high risk of oil being carried further into the man-
grove [18]. Due to the fact that these natural receptors are wide open, they receive a wide range of pollutants, 
thereby acting as a reservoir of run-off and atmospheric pollutants (run-off/surface-water-atmospheric interac-
tion). 

4. Companies Operating in the Area 
Nigeria’s case is a classical case of mono-economy—an economy dominated by oil and its associated activities, 
which is the largest single contributor to the nation’s gross domestic products. The scope of oil exploration and 
allied activities has been increasing over the years and thus its environmental consequences [19]. The exploration 
and exploitative activities are concentrated in the Niger Delta and they include: exploration (geographical inves-
tigation, geological survey, drilling), production/processing (platforms and tankfarms, gas flaring), Tank loading 
(locations and offshore), storage depots, exploitation (refinery, petrochemicals) and transportation (pipeline, 
tankers) [20]. Companies that operate in the Nigeria’s crude oil region are faced with corrosive effect on their 
equipment. Acidic gases, water and precipitation wear away equipments for every stage of oil and gas production 
in the petroleum industry (extraction and refinery operation), in addition to transportation and storage suffer from 
corrosion threats. Petroleum industry deals with a variety of corrosive environments, and some of them are ex-
clusively theirs [21]. Corrosion from petroleum production was given attention only about seven decades ago, 
due to the fact that increased level of acid components resulting from petroleum refining led to more losses. The 
presence of H2S and CO2 gases in petroleum production, as gas levels rises, pH decreases and the corrosion rate 
rises, factors that affect acid gas corrosion include 1) the phase composition (water, oil and gas) present in the 
system, 2) chemical composition of the produced water, 3), temperature 4) flow and 5) the composition and the 
conditions of the metallic composition [22]. The transformation of H2S and many sulphur oxides produced dur-
ing the extraction and refining into concentrated sulphuric acid (H2SO4) is of serious concern in oil and gas in-
dustry. Carbon dioxide dissolved in water forms carbonic acid (H2CO3) which reduces pH [23]. Although it is 
not as corrosive as oxygen, it leads to corrosion through the formation of pits. Water present in crude oils also 
works as an electrolyte causing corrosion; attempt on their removal has proved difficult. It also hydrolyzes other 
compounds such as chloride which causes acidity to rise [24]. Hydrogen sulphide, mercaptans and other com-
pounds that contain sulphur are present in many crude products processed in petroleum and gas refineries. H2S 
stimulates and accelerates corrosion, leading to loss of plasticity and cracks in steel [25]. When H2S is dissolved 
in water, it contributes to a reduction of pH, but when H2S and O2 occur together, the acid is oxidized slowly 
with water formation and elemental sulphur, which increases the corrosiveness of the medium [26]. Oil deposits 
in the sea/ocean has serious problem of aging (a limiting factor for any structure) and corrosion is one of its most 
severe features but corrosion in marine environment is complex since other environmental factors, the material 
and the high salinity significantly affects the structures. Petroleum exploration and exploitation usually take place 
in an ecological environment where geological conditions favours the accumulation of organic materials that 
eventually forms the source of crude oil, the deleterious effect of pollution can be measured in terms of the harm 
done to organisms within the ecosystem, the hazards caused to human health, hindrance to marine activities and 
impairment of water quality. One of the most dangerous activities associated with oil exploration and exploita-
tion is the gas flaring. Gas flaring gives rise to emissions into the atmosphere of oxides of Nitrogen (NOx), 
oxides of sulphur (SOx) and oxides of carbon (COx), including particulate ash. These gaseous pollutants are the 
major acid pre-cursor gases which fall as acidic rain, dew, fog or smog. 

5. Acid Rain 
Rain water is essential free of mineral solutes but slightly acidic due to presence of dissolved carbon dioxide or 
more highly acidic due to acid rain forming constituents. Acid rain refers to the deposition of wet (rain, snow, 
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sleet, fog, cloudy water, and dew) and dry (acidifying particles and gases) acidic components. “Clean” or unpol-
luted rain has an acidic pH, but usually no lower than 5.7, because carbon dioxide and water in the air react to-
gether to form carbonic acid, a weak acid according to the equation; 

( ) ( ) ( )2 2l 2 g 3 aqH O CO H CO+ 
 

Carbonic acid then can ionize in water forming low concentrations of hydronium and bicarbonate ions. 

( ) ( ) ( ) ( )2 2 3l 3 aq 3 aq aqH O H CO HCO H O−+ +  

However, unpolluted rain can also contain other chemicals which affect its pH. A common example is nitric 
acid produced by electric discharge in the atmosphere such as lightning [27]. Acid deposition as an environmen-
tal issue would include additional acids to H2CO3. Particulates, gases and aerosol in the atmosphere are com-
monly regarded as determinants of wet deposition chemistry. Anthropogenic emissions can be oxidized to pro-
duce carbon, sulphur and nitrogen compounds in the atmosphere [28], they are balanced stoichiometrically by a 
net production of hydrogen ion (H+). Gaseous sulfuric and nitric acids are partially neutralized by gaseous NH3 
to form NH4NO3 and (NH4)2SO4, both common components of rainfall influenced by anthropogenic sources. 
NH3 the most basic specie in the atmosphere results from biodegradation of nitrogen-containing biological mat-
ter and bacterial reduction of nitrate. It is the only water-soluble base in significant quantity dissolved in atmos-
pheric water droplets which plays a strong role in neutralizing atmospheric acids. 

( ) ( ) ( )43 aq 3 aq 3 aqNH HNO NH NO+ →  

( ) ( ) ( )2 43 aq 4 aq 4 aqNH H SO NH HSO+ →  

The reaction simply produces three effects: 1) they produce 4NH+  as dissolved or solid salts in the atmos-
phere 2) they partly neutralize atmospheric acidic constituents and 3) they produce relatively corrosive ammo-
nium salt [29]. 

Nitric and sulphuric acids are regarded as the sole contributors of nitrate and sulfate in precipitation [30], and 
these are assumed to be the major sources of acidity in precipitation influenced by combusted hydrocarbons [27]. 
The major acid precursor gases (SOx and NOx) that cause acid rain in Niger Delta region of Nigeria are product 
of hydrocarbon combustion (gas flaring, volatile gases from oil spills and crude oil refining). Other economic ac-
tivities in the area that can synergize acidic precipitation also abound. Oxides of nitrogen (NOx) are by-prod- ucts 
of firing processes of extremely high temperatures (automobiles, utility plant(s) and in chemical industries (ferti-
lizer production, aluminum smelting). Natural processes such as bacterial action in soils, forest fires, and ligh-
tening can contribute significantly to the high value of this acid-forming gas in the atmosphere [7] [8]. Sulphur 
dioxide (SO2) can be produced by iron and steel production, smelting of metal sulphate ore, plankton, and rotten 
vegetation: all these are common features in the Niger Delta region of Nigeria. 

Combustion of fuels produces sulphur dioxide and nitric oxides. They are converted into sulphuric and nitric 
acids [31]. 

In the gas phase, sulphur dioxide is oxidized by reaction with the hydroxyl radical in rain through an intermo-
lecular reaction [32]. 

2 2SO OH HOSO−+ →  

This is followed by: 

2 2 2 3HOSO O HO SO+ → +  

In the presence of water, sulphur trioxide (SO3) is converted rapidly to sulphuric acid 

( ) ( ) ( )2 23 g l 4 aqSO H O H SO+ →  

Nitrogen dioxide reacts with OH to form nitric acids 

2 3NO OH HNO−+ →  

When clouds are present, the loss rate of SO2 is faster than can be explained by gas phase chemistry alone. 
This is due to reactions in the liquid water droplets. Hydrolysis is important in this respect. 



J. K. Nduka et al. 
 

 
571 

Sulphur dioxide dissolves in water and then hydrolyses in a series of equilibrium reactions: 

( ) 2 2 22 gSO H O SO H O+ ⋅
 

2 2 3SO H O H HSO+ −⋅ +  

2
3 3HSO H SO− + −+  

There are a large number of aqueous reactions that oxidize sulphur from sulphur 4) to sulphur 5) leading to the 
formation of sulphuric acid. The most important oxidation reactions are with ozone, hydrogen peroxide and 
oxygen, reactions with oxygen being catalysed by iron and manganese in the cloud [32]. 

Atmospheric reactions that lead to acid precipitation can take place in gas or aqueous phases. In gas phase, 
photolysis is important in the day time. The main oxidant for SO2 conversion to sulphuric acid is hydroxyl radi-
cal (OH−), represented as: 

2 2SO OH HOSO−+   

2 2 2 3O HOSO HO SO+ ↔ +  

3 2 2 4SO H O H SO+ ↔  

Diurnal variation in OH makes the above less important at night. Hydrogen peroxide is the principal oxidant in 
the aqueous phase, such as 

2 2 3SO H O H HSO+ −+ ↔ +  

3 2 2 2HSO H O A H O− −+ ↔ +  

2 4A H H SO− ++ ↔  

where A− is intermediate species [33]. Gas phase oxidation of nitrogen oxides to nitric acid is important in the 
daytime, with hydroxyl radical as principal oxidants and proceeds as 

2NO NO O−↔ +  

3 2 2NO O NO O+ ↔ +  

2NO OH M HNO+ + ↔  

2 3NO OH M HNO+ + ↔  

where M is any third body that can absorb energy: namely N2 or O2. At night any ozone present would oxidize 
NO2 to the nitrate radical, which in reacting with N2O, would yield NO5 and ultimately nitric acid [33]. With an 
average pH of 4.86 and 5.23 of rain water from Port-Harcourt and 5.22 and 4.77 of rain water from Warri (two 
major crude oil producing cities in Niger Delta) in 2005 and 2006 respectively, the area experiences regular 
acidic precipitation. Due to the fact that our initial publications [7] [8], generated panic and varied reaction from 
the Nigeria populace, we embarked on twelve (12) years study and documentation of pH level and other para-
meters of rain water samples from Niger Delta region of Nigeria; our ten (10) years data (though yet unpublished) 
is consistent with our previous manuscript, this should be of serious concern to the Nigerian policy makers and 
oil company operators. 

5.1. Impact on Soil 
The effect of acid rain on soil depends on the behavior of ions in the soil [34]. Acidic precipitation dissolves and 
washes away soil nutrients (Organic matrix). Dissolved mineral matter in soil is largely present as ions. Impor-
tant and prominent cations include H+, K+, Ca2+, Mg2+ and Na+ etc., anions that may be present are 3HCO− , 

2
4SO − , Cl−, 2

3CO −  and F−. Cation exchange in soil is a mechanism by which potassium, calcium, magnesium and 
other essential trace-level metals are available to plant, they are very important to the welfare of green plants and 
may be leached out and become unavailable to plants as nutrients. When nutrient ions are taken up by plant roots, 
hydrogen ions will be exchanged for the metal ions. This coupled with leaching of Ca2+, Mg2+ etc from soil by 
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acidic water makes the soil to be acidic [29]. Agricultural and man’s friendly fauna, earthworms and organism 
with very sensitive skin are destroyed. Toxic cations such as Hg2+, Cd2+, Pb2+, Al3+ etc, where they exist are de-
mobilized into aquatic ecosystem where they bioconcentrate in lugworms, barnacles, algae and other planktonic 
and benthic organism enroute to food web. Loosened soil matrix may be susceptible to erosion. Soil may neu-
tralize some or all of the acidity of rain water because of buffering capacity. Buffering capacity is the main rea-
son why impact of acid rain is prominent in some soil and minimal or none existence in some and the buffering 
capacity depends mainly on the underlying bedrock and the human use and management of the soil [34], since 
acid rain is a regular occurrence in Niger Delta due to intense oil exploration and exploitation, a net negative ef-
fect of acid rain in the area is most likely. Acid rain can also increase the weathering of silicate minerals in soils. 
This results in loss of mineral structure and possibly reduced fertility. A possible chemical reaction involving si-
licates is the following: 

( )3 8 2 2 2 5 4 442KAlSi O 2H 9H O Al Si O OH 2K 4H SiO+ ++ + = + +  

When soil pH dips to between 4.0 and 5.0: aluminium ions, which are normally present in an insoluble non-
toxic form of aluminium silicates, are dissolved into water and become toxic to plants. Aluminium ions cause a 
stunting of the root growth and prevent the uptake of calcium, phosphorus and other nutrients [34] [35]. 

Hence, biology and chemistry of can be seriously damaged by acid rain. Some microbes are unable to tolerate 
changes to low pH and are killed [36]. The enzymes of these microbes are denatured by the acid. The hydronium 
ions of acid rain also mobilize toxins such as aluminium, and leach away essential nutrients and mineral such as 
magnesium. 

( ) ( ) ( ) ( )
2 2

aq clay clay aq2H Mg 2H Mg+ + + ++ +  

Soil chemistry can be drastically changed, base cations, such as calcium and magnesium, are leached by acid 
rain thereby affecting sensitive species, such as sugar maple (Acer saccharum) [37] [38]. 

5.2. Impact on Natural Receptors 
Natural receptors (surface waters) of Nigeria in Niger Delta and indeed elsewhere are wide open, they act as re-
servoir to both atmospheric and land pollutants. Floods (run off) from soil that has received acidic precipitation 
carry various organic and inorganic chemical contaminants into surface water where they alter the water chemi-
stry of the system especially the pH. The pH of natural receptors may not be altered much because of the buffer-
ing action of metals and salts from floods (run-off) and salt water (with metal) intrusion from the ocean. In our 
previous work, the pH of most surface water in the Niger Delta were slightly more acidic in dry season than dur-
ing the rainy season [39], this is indicative of the fact that dry acidic aerosols predominate in dry season. The 
reason is because in wet season, there is frequent rain and having sufficient volume of rain water, this gives a 
high opportunity for SOx to be dissolved as bisulphate ( 3HSO− ) and H+. Bisulphate is then oxidized continuously 
to 2

4SO −  and more H+ [40]. In a field study into SO2 and NO2 oxidization to 2
4SO −  and 3NO−  respectively, it 

was concluded that, while droplet-phase reactions are important for SO2 oxidization, gas-phase reactions are 
predominant for oxidation of NO2 [41]. 

It means that during the wet season, 2
4SO −  is a major specie causing acidity in rainwater whereas during the 

dry season 3NO−  plays a major role. The reason is that in dry season, both SOx and NOx deposit to the ground as 
dry deposition with different deposit rates, due to the fact that NOx having relatively higher residence time in the 
air than S0x, dry deposition of NOx is slower. This gives a higher opportunity for NOx remaining in the air to 
play a major role as a precursor causing acidity of rainwater during dry season [42]. 

The pH of underground water: shallow (hand dug) well and borehole (deep drilled well) water in Niger Delta 
region is significantly more acidic than that of surface water [43], this is because surface water is subject to buf-
fering action. Increased metal levels of a given water body may be affected by increase in salinity, decrease in 
redox potential and decrease in pH. Elevated salt concentrations create increased competition between cations 
and metals for binding sites; this will drive the metals off into the overlying water. This is the case in the estu-
aries because of fluctuating river flow inputs as seen in the Niger Delta area of Nigeria. Our previous work in the 
region has shown that the surface waters were contained with toxic cations such as Pb2+, Cd2+, Zn2+, Mn2+ Fe2+ 
etc (Tables not shown) in values above US EPA MCL and therefore portends serious health hazards, the reason 
is due to the fact that it lacks alkalinity and acidic rain water aggressively breakdown some kinds of mineral 
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matter, therefore surface water has higher concentrations of dissolved inorganic solids than rain water [7] [8] [39] 
[43] [44]. A low pH increases the competition between metal and hydrogen ions (H+) for binding sites. This low 
pH may also dissolve metal carbonate complex, increases the solubility and releasing free metal ions into the 
water column [45]. Increased salinity of the natural receptors led to higher levels of the toxic metals than pH [39]. 
Salinity of the water bodies of Niger Delta comes from three (3) routes, namely; intrusion of sea water, flood 
(run-off) from adjacent land mass which have received acidic precipitation and then recipient of acid rain itself 
by the surface water, this occurs when hydrogen ion (H+) in H2SO4 and HNO3 is replaced by metal ion (e.g. K+, 
Na+, replacing H+ to form K2SO4, KNO3, Na2SO4 and NaNO3). Green algae and many forms of bacteria which 
are essential to aquatic life/system are killed due to acidity. Feeding of fish larvae are affected at pH below 6.0 
and above 8.4 while some adults are unaffected at pH above 9.0 but the larval stages are appropriate at 8.5 [46]. 
Several species show reduced calcification as the pH is reduced towards 6.0 [4]. On personal interaction during 
our sampling expedition for a previous manuscript [43], local fishermen complained of reduced fish catches; this 
may partly be because planktons, fresh water shrimp, snails, mussels, lugworms, barnacles, etc on which fish 
feed are most affected by acidification [47]. Fish such as minnows, salmon and roach are equally threatened. Roe 
and Fry (eggs and young) of the fish are the worst affected. The acidification can also cause deformity of young 
fish and may prevent eggs from hatching properly, this directly affect fish eating birds and animals [48], with a 
pH of 5.22, 5.32 and 5.53 of surface waters of Orash River, Ughewhe Stream and Egbo Stream, it show that nat-
ural receptors (surface water) of the region receives acidic precipitation but most have good buffering capacity in 
comparison with the underground water of the area, other anionic species that may contribute to both acidic pre-
cipitation and buffering capacity of surface waters include fluoride (F−), chloride (Cl−) and phosphate 3

4PO − , 
while the anions contribute to acidity their salt induces buffering action. 

Cations can abstract H+ from acidic species or gaseous sulphuric and nitric acids-both common components of 
rainfall and replaced by metals such as Zn, K, Mg etc or can be partially neutralized by gaseous NH3 to form 
NH3NO3 and (NH4)2SO4, these can cause nutrient enrichment of Niger Delta natural receptors, which already is a 
proven case in the area as our study authenticates [49]. Combination of nitrate, sulphate and phosphate are major 
causes of eutrophication in surface waters and natural receptors in the area can be said to be more fertile than 
adjacent landmass. Water transportation has been highly hindered by excessive growth of water hyacinth (Ei-
chornia crassipes) and algal blooms which has clogged the Niger Delta water ways (natural receptors), this is 
because in well-oxygenated waters, these anions are taken up by aquatic plant, algae and bacteria and used for 
growth. In stagnant waters with very little dissolved oxygen certain types of bacteria, such as nitrosomonas and 
nitrobacter species convert nitrate to nitrite ( 2NO− ). Nitrite values of surface water in Niger Delta from previous 
study were minimal but some were in health risk index value [39]. 

6. Public Health Impact of Acid Rain 
The precursors of acid rain-sulphur dioxide (SO2) and nitrogen oxides (NOx)-do impair human health. These 
gases interact in the atmosphere to form fine particles that can be transported long distances by winds and in-
haled deep in people’s lungs. Fine particles can also penetrate indoors. Several scientific studies have identified a 
link between elevated levels of fine particles and increased illness and premature death from heart and lung dis-
orders, such as asthma and bronchitis. NOx emissions, particularly, react with volatile organic compounds to 
form ozone. Ozone impacts on human health and include a number of morbidity and mortality risks associated 
with lung inflammation, including asthma and emphysema. However, the particulates responsible for acid rain 
(sulphur dioxide and nitrogen oxides) do have an adverse effect. Increased amounts of fine particulate matter in 
the air do contribute to heart and lung problems including asthma and bronchitis. Low levels of SO2 in air trig-
gers some negative health effects which is primarily upon the respiratory tract, producing irritation and difficulty 
inbreathing, this is more pronounced in people with respiratory weaknesses and sensitized asthmatics, it also 
causes mucus secretion and eventually death at levels about 500 ppm but has not harmful to laboratory animals 
at 5 ppm [29]. N0 is less toxic and less active than NO2 but like carbon monoxide and nitrite, NO attaches to 
haemoglobin and reduces oxygen distribution to cells but in polluted environment, the concentration of NO is 
less than that of CO so the effect on haemoglobin is far less. Acute exposure to NO2 is quite harmful to human 
health, less than one hour exposure to 50 - 100 ppm of NO2 causes lung tissue inflammation within 6 - 8 weeks. 
Exposure to 150 - 200 ppm of NO2 causes bronchitis fibrosa obliferans, which can be fatal within 3 - 5 weeks 
after exposure. Death results within 2 - 5 days on exposure to about 500 ppm [29]. Acid rain does not directly 
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affect human health. The acid in the rain water is too dilute to have direct adverse effects but for the severity of 
the effect of oil and gas exploration and exploitation, the acidity levels of rain water cannot be ignored and since 
Nigerians depends heavily on rain water or surface waters that has received acidic precipitation for drinking, 
cooking, laundry, and other domestic uses, especially in the Niger Delta area were potable water supply is lack-
ing because of effect of oil and gas activities, serious health problems such as skin cancers and lesions may be 
linked to acid rain. Stomach ulcers could also occur, as consumption of acidic water can alter the pH of the sto-
mach and leach the mucous membrane of the intestinal walls. In Canada, effect of acidic lake water on the eyes 
of human and laboratory animal were studied. In the study, the pH of one sample (A) was 4.6 and that of sample 
(B) 6.3. one eye of six healthy human volunteers and 21 normal rabbits was exposed repeatedly to sample A and 
the other eye to sample B, at the end of the study neither of the human eye resulted in any symptoms or signs, 
such as ocular congestion or corneal damage detectable by staining with fluorescein. In all of the rabbits but one 
neither sample resulted in conjunctival congestion, corneal damage, epithelial cells or leukocytes in the tears, or 
penetration of fluorescein into the aqueous humour [50]. 

6.1. Effect of Acidic Anions 
Acidity of water is due to the interaction of anions with hydrogen ion (H+), these anions include nitrate ( 3NO− ), 
sulphate ( 2

4SO − ), phosphate ( 3
4PO − ) and chloride (Cl−) and at certain concentrations in water are associated with 

some problems. 
1) Nitrate ( 3NO− ) 
Nitrate in drinking water has long been regarded as a health threat for its ability to induce methemoglobinemia 

and this health outcome is the basis of the U.S. Environmental Protection Agency (EPA) maximum contaminant 
level [51]. Intake of nitrate from drinking water and dietary sources may cause increased exposure to N-niroso 
compounds through endogenous nitrosation [52]. Cos et al. (2004) [53] suggest that long term exposure to 
drinking water nitrate at levels below the maximum contaminant level (MCL) of nitrate nitrogen (10 mg/L) [54] 
is not associated with pancreatic cancer. In our previous work of acidic precipitation in Niger Delta area [8] and 
that of natural receptors [49], some of the nitrate levels could be of serious health effect. In general, the values of 
the parameters (nitrate, bicarbonate and sulphate) of rain water were less than that of surface water; this is be-
cause surface water is subject to buffering action. The work of Niagolova et al. (2005) [55], explored two hypo-
theses relating to the elevated concentration of nitrogen species in drinking water and the Balkan endemic 
Nephropathy (BEN) disease, this results established an exposure pathway between anthropogenic activity and 
drinking water supplies, suggesting that the causative agent for BEN could result from surface contamination. 
Although the role of nitrate in drinking water as a risk for cancer is controversial, high levels of nitrate in drink-
ing water have been associated with increased mortality [56], and incidence of some cancers and lesions [57]. 
Spontaneous abortion, ectopic pregnancy [58]-[60], malignant lymphomas and soft tissues sarcomas [61] have 
been reported in the Niger Delta region of Nigeria. Children between the ages of 12 - 14 years drinking water 
containing nitrate, greater than 105 mg/L have been reported to exhibit delayed reactions to light and sound sti-
muli [62]. 

Pregnant women who drink nitrate-contaminated water may be at increased risk of having spontaneous abor-
tion [63] or giving birth to infants with congenital malformations, especially of the central nervous system [64]. 
Turkdogan et al. (2003) [65] investigated nitrate and nitrite levels in some traditional foods and drinking water in 
Van, an endemic upper gastro intestinal (esophageal and gastric) cancer region of eastern Turkey. Their findings 
suggest that the influence of a traditional diet rich in nitrate and nitrite is significant in the development of upper 
gastrointestinal cancers in that region. 

In animals, water and feed samples taken from five (5) different farms with a history of stillborn or blind 
calves were examined for nitrate in Burdur; Turkey, the results revealed nitrate and nitrite levels which ranged 
from 154 - 480 mg/L and 1.5 - 20 mg/L respectively. These levels can cause chronic poisoning. Levels of nitrate 
and nitrites in blood samples from the same cows and calves were found to be high while haemoglobin and me-
themogobin values were low and high respectively. Chronic nitrate toxicity in cow is a form of nitrate poisoning 
in which clinical signs of the disease are not observed, but can cause reduction in the rate of weight gain, lo-
wered milk production, depressed appetite and a greater susceptibility to infection [66]. Marine invertebrates and 
fish exposed to nitrate may be smaller in size, have reduced maturity rate and lower reproductive success. In ex-
tremely high exposure levels, aquatic invertebrates and fish may die [67]. 
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Early life stages of aquatic animals are more sensitive to nitrate than juvenile and adult animal, larval stages of 
amphibians are sensitive to nitrate exposure, nitrate can reduce the size and weight of frog tadpoles as they 
change into adult, this can hinder their ability to compete for food, mate or move away from predators [67]. The 
toxicity of nitrate results from its conversion to nitrite ( 2NO− ) which inhibit the function of haemoglobin (meth-
globinemia or blue baby syndrome). Toxicological effect of nitrite in human health is due to the fact that nitrite 
is approximately ten (10) times more toxic than nitrate [68]. When nitrite enters the blood stream; it interacts 
with the haemoglobin and forms methaemoglobin, a compound which reduces the blood’s oxygen carrying ca-
pacity. As oxygen level reduces, it gives rise to signs of a disease condition in babies known as methaemoglobi-
nemia, also known as “blue baby disease”. The next apparent symptom of methaemoglobinemia is the appear-
ance of a bluish tone in the skin particularly around the eyes and mouth. If quickly discovered, the disease can be 
successfully treated using methylene blue injection, which changes methaemoglobin back to haemoglobin. 
However, if not treated, death occurs when 70% of the body’s blood haemoglobin has been converted to me-
thaemoglobin [69]. 

2) Sulphate ( 2
4SO − ) 

Sulphate is one of the least toxic anions of which the world health organization (WHO) does not have any 
recommended value for drinking water but catharsis, dehydration and gastro intestinal irritation have been linked 
to high sulphate concentration in drinking water. WHO therefore suggests urgent action by health authorities 
when sulphate in drinking water exceeds 500 mg/L [70]. High sulphate values of some surface water in the re-
gion may in part results from that added by acidic precipitation. Where the buffering capacity of the surface wa-
ter is strong enough to decrease the acidity of the water, increased bacteria load, such as sulphate reducing bacte-
ria follows. 

3) Phosphate ( 3
4PO − ) 

Phosphate anions are dissolved but some are in combination with suspended particles and may contribute to 
turbidity. Phosphate anions are normally minimal in clean potable water. The relatively lower phosphate levels 
in our reported work [39] could be attributed to rapid uptake of nutrients by primary producers. Rast et al. (1989) 
[71] provided boundary ranges of phosphate- phosphorus as oligotrophic, mesotrophic, eutrophic and hypertrop-
ic aquatic system. According to them, the ranges are respectively 0.003 - 0.018, 0.011 - 0.098; 0.016 - 0.386 and 
0.75 - 1.200 (mg/L). Different natural receptors in the Niger Delta region suit all the above categorization. Natu-
ral receptors such as ponds, salt marshes and mangrove swamps etc; which are sheltered and have a total phos-
phate-phosphorus level greater than 0.1 mg/L (>0.1 mg/L) such as some entrophic and all hypertropic aquatic 
systems can over fertilize aquatic plants and cause stepped up cultural entrophication [72]. If this happens, the 
plants die more quickly than they are decomposed and the dead plant matter builds up together with sediments 
entering the water to fill the bed of the natural receptor(s) making it shallow [72]. Another common feature of 
such natural receptor is a low dissolved oxygen content which could have adverse negative effect in the exis-
tence of aquatic life like fishes. 

4) Chloride ion (Cl−) 
We had previously established high chloride ion (Cl−) in the surface water of the region. Although acidic pre-

cipitation is a major contributor to this effect, other factor contributor is intrusion of sea water [49]. This is be-
cause chloride make up much of the salt dissolved in the earth’s ocean (sea water): about 1.9% of the mass of sea 
water in chloride ions [69]. High chloride content in process waters may promote pipe corrosion; the region is 
replete with frequent oil pipeline breakdown due to corrosion. Although, chloride ions are essential to life [73], 
when the value is above 250 mg/L the water taste salty [74]. The alkalinity of some water is due only to the bi-
carbonates of calcium and magnesium and total alkalinity is identical with bicarbonate levels and reasonable 
values were reported in our previous study [49]. 

6.2. Impact on Plants 
Adverse effects on forests and the other vegetation may be indirectly related to acid rain, or high concentration 
of gaseous precursors of acid rain. High altitude forests are especially vulnerable as they are often surrounded by 
clouds and fogs which are more acidic than rain. 

Other plants can also be damaged by acid rain, but the effect on food crops is minimized by the application of 
lime and fertilizers to replace lost nutrients. When calcium is leached from the needles of red spruce, these trees 
become less cold tolerant and exhibit winter injury and even death [75] [76]. Acid precipitation can wear away 
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the waxy protective coatings of leaves, damage them and reduce photosynthetic activities [7], nutrient loss from 
leaves (folain leaching), reduce rate of decomposition of leave litter, inhibit the formation of terminal buds, in-
crease mortality of seedlings and heavy metal accumulation, destroy useful microorganisms that are symbiotic 
with tree roots and inhibit the nitrification of ammonium compounds [34]. In folian leaching, ammonia and ni-
trogen may land on the leaf, either wet or dry, and pass through the semi-permeable membrane in the leaf surface. 
It will then be incorporated into the leaf cells. A chemical interaction takes place in the leaves (cation exchange) 
and potassium, calcium, magnesium and sulphur are leached out and get washed away from the leaf surface. In 
reducing the rate of decomposition of the forest floor, soil organisms (including bacteria) have their respiration 
rate reduced. There is an increase in ammonia in the soil by the reduction in mobilization of nutrients (those that 
are usually released in decomposition) and there is a decrease in soil nitrate levels because the nitrification 
process is inhibited [34]. Although we are not aware of any study that has documented the effect of acidic depo-
sition on the biota (plant) of Niger Delta and indeed that of Nigeria, literature evidence on the negative effect of 
acidic precipitation on biota exists; example, atmospheric deposition of acid ions has negatively affected the bi-
ota of European forests [77]. The negative effect ranged from loss of needles or leaves resulting in a more open 
canopy to the complete die-off of forest tree species; by this, the area may be unsuitable for forest birds owing to 
the loss of favourable nesting, roosting and foraging sites. In less buffered soils, vegetation is affected by acid 
deposition through reduction in growth rate and flowering ability of the plant. It makes plant more vulnerable to 
diseases, insects, drought and frosts [78]. A study of acid rain phenomenon in Cordoba province of Argentine 
revealed that the acidic effect seriously affected the forest wealth, causing a great defoliation of trees and shrubs, 
with a lower effect on crops [79]. Precursor gases (SO2 and NO2) also adversely affect plants; extensive damage 
can be done to plants NO2, it causes leave spotting and breakdown of plant tissue and a decrease in rate of pho-
tosynthesis. Atmospheric SO2 is harmful tom plants, acute exposure kills leaf tissue (leaf necrosis) while chronic 
exposure causes chlorosis-bleaching/yellowing of green portions of the leaves. Its injury to plants increases with 
increasing relative humidity and during the day when the leave stomata are open. Long-term, low-level exposure 
to SO2 reduces the yields of grain crops, such as wheat or barley [29]. 

6.3. Effect of Cation 
Acidic precipitation has contributed to the lowered pH and increased salinity of surface water of Niger Delta, this 
twin effect has affected the heavy metal levels (Pb2+, Cd2+, Zn2+, Mn2+ etc) of the surface water in the area [39] 
[44]. Ingestion of these metals may pose great risks to human health. Lead (pb2+) because of its size and charge 
similarity, can substitute for calcium and be included in bone. At higher levels of calcium, lead in bone is re-
placed and the free lead in the body system may cause nephrotoxicity, neurotoxicity and hypertension. The abil-
ity of pb2+ to undergo metathesis reactions with Zn2+ and Ca2+ methalloproteins resulting in loss of metabolic 
function continues to be a primary hypothesis underlying the detrimental effects of lead exposure [80]. Cadmium 
may interfere with the methallothionein’s ability to regulate Zinc and Copper levels in the body. Methallo-
thionein (a protein) binds to excess essential metals to render them unavailable. When cadmium induces methal-
lothionein activity, it binds to copper and zinc, thereby disrupting the homeostasis level [81]; under long term 
environmental exposure, the effects include disturbance in the resorption in the proximal tubules, lung diseases 
and the skeletal system disorders [82]. Manganese exposure involves both psychiatric symptoms and Parkinson-
ism features [83]. Greek adults have experienced subclinical neurologic effects through drinking water with ele-
vated levels of manganese [84] and decreased intellectual function in pediatric population in Araihazar, Bangla-
desh [85]. Manganese in drinking water has little effect on adult population but very detrimental effect on em-
bryos and neonates [86]. 

Nickel-ion-hypothesis suggests that Ni2+ is the active agent in Ni toxicity and that its intracellular concentra-
tion is a major toxic determinant, irrespective of the Ni compound to which an individual is exposed [87]. Many 
chromium compounds are carcinogenic, long term exposure can cause kidney, liver and nerve tissue damage 
[88]. Haemochromatisis is a genetic effect caused by high iron content or in severe cases can cause secondary 
hemochromatisis and thalassaemia [88]. Iron is contained in most food and blood supplement and therefore a 
blood builder, it is the most important transition element biologically, 70% of the body’s iron content is found as 
hemoglobin, the red pigment in erythrocytes; most of the iron is stored in the body as ferretin [89]. Despite the 
many good function of iron in man, plant and bacteria, [oxygen storage in muscle, electron transfer in plant and 
bacteria (ferredoxins) and electron carrier in plants, animal and bacteria (cytochromes) [89]; excessive intake of 
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iron can cause a disorder with serious health problems or premature death [90]. Iron toxicity may cause liver, 
heart, endocrine glands damage and poor growth [91] [92]. Vomiting and diarrhea are the major and initial signs 
of zinc toxicity while copper, though an essential element but in excess can be detrimental to health. Apart from 
exposure through natural receptors, consumption of fish that has accumulated these metals from the natural re-
ceptors of the Niger Delta are a major route of exposure. Our previous work on metal levels in muscles and dif-
ferent parts of some fish species in surface waters of Nigeria’s Niger Delta [93] [94], shows that the metals are 
more in concentration in the fish species than the surface water samples. 

7. Conclusion 
Therefore we conclude that acid rain and acidic deposition on natural receptors, resulting from oil and gas ex-
ploration and exploitation in the Niger Delta region, have the capacity to synergize both negative environmental 
and public health impact. Plants and soil are also negatively affected, including marble works, metal works, mo-
numents and bridges. 
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