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ABSTRACT

Water, sediments and mine dumps samples were teollearound the Okpara coal mine in Enugu area of
southeastern Nigeria, for analysis for physicoctehiparameters, inorganic ions/salts, and heavy atset
abundance. The intension was to investigate theadtpf coal mining activities on the geoenvironmertie
measured pH range of 2.84— 6.05 qualifies the waseacidic to moderately acidic, and consequentlisuitable for
human, vegetation, aquatic life and wildlife. TH8,5ion, which is an indicator for acid mine drainag&MD)
pollution in most mine waters, displayed moderatecentrations, thereby implying insufficient pydtiion. On the
other hand, the excessive concentration o N@d PQ* in the water calls for concern as it renders thetava
prone to eutrophication and numerous potential treaisk, especially for pregnant women and infamigavy
metal results show that iron comprised the mostnadaat metal in all the media sampled. This simijain trend
for the three media supports the idea of Fe belirrgelement of main interest. In the sampled walaminum, iron
manganese and nickel are respectively higher by®17.13, 16.75 and 2.55 times the maximum alltenéhits
for the relevant chemical specie in the Nigeriaan8trd for Drinking Water Quality (NSDWQ). This egsive Al,
Fe, Mn and Ni, coupled with the generally acidicura of the water portend doom for the ecosysterpatticular,
acid and iron polluted waters are not favourable fish growth and survival of other aquatic biotlso, acidic
and ferruginous waters are responsible for the osion of mine plants and equipment, formation @flexin
delivery pipes as well as pollution of mine surfam®vironments, thereby also affecting the surfacelogy.
Additionally, high iron composition of sedimentsdanine dumps imply precipitation of ferric hydroxidhich, if
unchecked, may result in the complete layeringrems bottom, filling in crevices in rocks and nmaksubstrates
unstable and unfit for habitation by benthic orgami Evaluation of the comparative abundance ofirlbeganic
ions/salts (Ca, Mg, Na, K) and heavy metals in twter, sediments and mine dumps revealed that these
components are much more concentrated in the setinaed mine dumps than in the water. The dangémifis
that the sediments and mine dumps serves as atlpetotan release toxic heavy metals into the watdumn by
various processes of remobilization.
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INTRODUCTION

The impacts of mining activities on terrestrial aaguatic environments are mostly associated widmgas in
hydrogeological systems, hydrological transformad soils and surface flows, contamination of saihd surface
water reservoirs, as well as pollution of the atpheses [1]. Waste rocks generated from coal miroftgn

constitute sources of heavy metal pollutants [Ajjlevtailing ponds or piles may give rise to pdbut of water

bodies. Runoffs from coal mines can dissolve hemetals, notably, copper, lead, zinc, manganesecunger
molybdenum, into ground and surface water bodi¢sd3d some of these metals are carcinogenic ttihhaad

causes other health- related problems.

Coal mines in arid and semi— arid, western andiNArherica have no significant acidification of wab®dies due
to low pyrite content and acid neutralizing cariiesain soils and near surface sediments [4]. Howeases of
surface and groundwater contamination are prevatfettie Nigerian coal mine areas[5, 6, 7, 8]. Tharses of
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pollution to these water bodies often includes mimstes that are dumped along the banks of stréammels and
water pumped out of mines into surrounding stredadlutions which affect chemical quality of botlrface and

ground water in the Enugu area are frequently tinicecoal mining operations in the Enugu coal mifges, 7, 8].

The Enugu coal mine district covers 270,000 hestark coal basin, which supported the largest amaint
commercial mining in the past. It has an estimateal reserves of 49 million tones [9].

The present study focused on the environmental éirgssessment of Okpara coal mine in the Enugu @itesaim
of the work was to know the real impact associatitti the acid mine drainage (AMD) in the Okpara enand
surrounding areas, with the aid of physical andwbal analyses of water, sediment and mine dumbps.ifpetus
for the study was the consideration that streardspamds often affected by effluents from coal mioas constitute
sources of municipal, irrigation and/or industmater. Also, acid impacted mine water can disstieavy metals,
and the presence of these in the geoenvironmergreaiuce detrimental health effects.

Location and Accessibility

The Okpara coal mine area, which is delimited mgltudes 0622’ E to 0624’ E and latitudes 026’ N to 07 29’

N (Fig. 1), is situated in Akwuke in present- dayugu West, formally Enugu South, Local Governmerga®of
southeastern Nigeria. It is located about 6.5knmfenugu — Port Harcourt express way. In terms béfrethe

highest elevation of about 216m above sea levelmaasured at the mine site, while the lowest elewvas about
16m. The valleys in the area are characterizedbiynes and gorges.
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Fig. 1. Geologic map of Enugu and environs, showirthe location of the Okpara coal mine

The study area has hot and humid climate with arenaperature in the range of 5to 30C.Two main climatic
seasons, namely, dry and wet seasons exist inrdae &he dry season starts from November to Marievihe
rainy season last from April to October. The rans usually heavy with the annual mean value beieg 1500mm
[10].Vegetation in the area is the scrub forespetfl0], which consists of low Greenland, and scatt trees. The
two major streams that drain the study area areb@nd Nyaba streams. Other smaller streams wisehm the
forms of springs flow through deep V- shaped vallthat have incised the soil materials. The streamseasonal
and appear fracture— controlled in their flow patiiging rise to a trellised drainage pattern [11].
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Geology and Hydrogeology

The stratigraphic succession in the Okpara coalerarea consist of three conformable geologic Fioms [6],
namely, Enugu Shale Formation (Campanian), Mamumgtion (Lower Maastrichtian), and Ajali Sandstone
Formation (Upper Maastrichtian).

The Enugu Shale Formation comprise soft to dark grele, mudstone and intercalation of sandstodesandy
shale. The Manu Formation exhibits cyclic sequeslaieh is typically represented from bottom to tgp {l) shale
or sandy shale, (2) Coal, which is sometimes shalye top, (3) Carbonaceous shale passing dowrshle, (4)
Sandstone with few shaly layers or alternating swme and shale, and (5) Shale or sandy shale.M&mu
Formation contributes nearly all the groundwateteeng the Enugu coal mines. The source of rech&dey
precipitation [6, 12]. The Mamu sandstones unit hasydraulic conductivity (k) of 9.2xI0cm/s and specific
discharge of 14.5fyear [6].The Ajali Formation overlies the Mamu Fwtion. It constitutes the main aquiferous
unit with thick friable, poorly sorted, cross— beddsandstone that are generally whitish with oocesiiron stains.
These sandstones are overlain by lateritic rechedaposit. The rock units are largely confinedhat fateritized
overburden where two confined units exist. Therit¢eaquifer, which is thinly bedded and discomiius has a
depth of about 0.7m, hydraulic conductivity (k)%2x 10 cm/s and specific discharge (v) of 1’year [6]. The
associated shallow water table indicates the agsifeceptibility to contamination [10].
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Fig. 2. Sample location map of the Okpara coal mine

MATERIALS AND METHODS

Sampling and Sample Treatments

Water, sediments and mine dumps were collecteldariiéld. A total of nine water samples, sevenastresediment
samples and four mine dumps samples were colleDeetgils on the location of mostly the water samee given
in Table 1, while the sample location map is préserin Fig. 2. The water and sediment samples wellected

from sedimentation ponds, stream confluence, stretaannels, springs, tributaries, and from hand waly in the

adjoining hamlet, as control. The water samplelé®ivere rinsed with the water to be sampled tlirees before
sample collections. Water samples for heavy metalyais were acidified to pH not less than 2. Theevidumps
were collected around the mine site and alongtifeam banks. At these sites, the mine dumps we@psd with a
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hand trowel into clean polythene bags. All the ectitd samples were adequately labeled, documentepaakaged
for further investigations

Analytical Procedures

Measurable physical parameters, notably, pH, teatper, electrical conductivity, turbidity and totdissolved
solids were determined in the field using standeid equipment, such as digital Mv Redox pH meieercury in
glass thermometer, conductivity meter WA3000, spgtiotometer Dr 3000 and conductivity meter. Chainic
parameters such as major anions were determinedrfom— acidified water samples, using ion chromaiplgy and
titration. Cations, trace and heavy metal contefiise water, stream sediments and mine dumps wealyzed
using ICP— MS. All the laboratory were carried aatt Oyeoshin Petroc Services laboratories in Ibadan,
Southwestern Nigeria.

RESULTS AND DISCUSSION

Water and Sediment Quality

The Physicochemical characteristics and conceatratof inorganic ions/salts in the shallow grountiwaand
sediment samples from the Okpara coal mine areausnenarized in Table 2, together with the maximuiowable
limits contained in the Nigerian Standard for Diimk Water Quality (NSDWQ)[13], World Health Orgaation
guideline for drinking water [14] and average vala¢ uncontaminated shale [15] used as backgroahas.

Table 1. Details on the location and medium of cattion of water samples in the Okpara coal mine age

Location No Medium
1 mine pond
influent
effluent
spring
Tributary to Orob stream
Tributary and confluence
Orob stream Channel
Orob and River Nyaba confluen
Hand dug well

0]

Olo(N|o(a|~|lwiN

Table 2.Summary results of physical parameters anthajor inorganic ions/salts composition of shallow gundwatersand sediments
from the Okpara coal mine, southeastern Nigeria

WATER SEDIMENTS SON WHO *

Parameters N{ RANGE | MEAN | N | RANGE MEAN (2007) | (2011) BACK
Temperature (°C 9 26.5- 26.84 - - na na na

pH 9 2.84 — 4.22 7 4.05 - 5.14 6.5 — na na

eH - - - 7 102 - 131.29 na na na

Physicochemical Ec(us/cm) 9 4.04 - 269.7 7 18 — 208.43 1000 na na
Characteristics TDS (mg/L) 9 10-538; 157.76 | — - - 500 na na
Turbidity (NTU) | 9 0- 48 14.67 - - - na na na
TOC 9 26.5 - 26.84 - - - na na na
Colour (pt/co) 9! 0-1005 153.11 | — - - 15 na na
cr 9 40-400¢ 136.67 | — - - 250 na na
so* 9{ 63-517 108 - - - 100 na na

NO;~ 9 158 — 567.67 | — - - 50 50 na
PO> 9 0.52 — 1.08 - - - na na na
Major  inorganic | g 9! 0-45 | 508 |- - - 15 15 na
'(?T?;//f)a"s s 9! 2-151| 3389 | - - - na na na
Ca 9 1.42 — 8.79 7 100 — 185.7 na na 1.6

Mg 9 2.62 - 6.77 7 100 — 257.14 0.2 na 1.5
Na 9 6.53 — 14 7 80 — 228.57 200 na 0.59
K 9 1.17 - 12.01 7 200 - 2628.57 na na 2.66

na = not available, *‘BACKGROUND [15]

As shown in Table 2, all the waters sampled yielgEld< 7, demonstrating the generally acidic natfrthe water.
Similarly, the investigated sediments can be di@skas acidic to mildly acidic with pH in the ramgf 4.05 — 5.64.
The low pH in both the sampled waters and sedimemtispare favorably with those of other comparabiléDA-
impacted medium. Offodile[12] and Ezeigho and Eg@af6lalso measured low pH values in waters assedia
with the Okpara coal mine; while Offodile[12] obtad average pH values of 6.1 in the Ekulu Rivegi@® and
Ezeanyim[6] recorded pH values of 2.3 in the Okparal mines. The measured pH values are not onbidmuthe
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prescribed range for portable water [13], it makies water unsuitable for human, vegetation, aquigcand
wildlife[16, 17, 18, 19, 20]). Acidic waters aresalsusceptible to dissolution of minerals and sslex toxic heavy
metals into the aquatic environment.

Table 3.Statistical Summary of trace and heavy metabundance in water, sediments and mine dumps fro®kpara coal mine,
southeastern Nigeria

Parameters(i WATER SEDIMENT MINE DUMPS SON WHO | *BAC
n mg/L) N RANGE MEAN N! RANGE MEAN N ! RANGE MEAN (2007) | (2011) K-
Al 9! 028 - 4.3 _ _ - - - - 0.2 0.9 8.8
cd 9{ 00001 —{ 00003 |7 0 - 0.001 (0)| 4 01 -01i 01 (0 0.00B 0.008 30

Co 94 0.0005 — 0.028 7,08 —-76 4.03 44129 - 38 3.32 na na 19
Cr 9| 0.0005 — 0.001 71 215 - 131.89 |41{ 41.7- 47.14 0.05 0.05 90
Cu 9! 0.004 - 0.008 7! 158 — 30.21 41 432 - 64.14 1 2 45
Fe 9! 044 - '5.14 7| 24000 — | 104,914 | 4! 6200 — 8871.4 0.3 na 4.72
Mn 9| 0031 - 3.35 7151 —270; 126 41 01-44 26 (1.2 0.2 na 850
Mo 9| 0.0001- 0.005 | - - - - - - na na 2.6
Ni 94 0.0001 - 0.051 7 09 - 8.22 4487 — 98 9.6 0.02 0.07 50
p _ - - 71 140 - 290.29 | - - - na na 700
Pb 9| 0.004 — 0.006 7199 —23; 1618 41 18 — 29| 2372 0.01 0.01 20
v 9| 0.0002 —| 0.0006 |_— - o - - R na na 130
zn 9! 0017 —{ 0254 |7} 22 - 64.14 41 28 — 780! 189.8 3 na 95

na = not available, *‘BACKGROUND [15]

Temperature is another factor of great importancefjuatic ecosystem, as it affects organisms,adisas physical
and chemical characteristics of waters[21]. Theewstmperature recorded during the sampling pedaded from
26.5 to 27.2°C (Table 2). The measured average temperature4ZB).gall within the range (25 to 3T) that
favours not only fish growth but other aquatic lil&]. The temperature appeared to have no sulstagative
impact on the water quality.

Electrical conductivity (EC) reflects the level dissolution of heavy metals and desorption [22]e Ebnductivity
of most freshwaters ranged from 10 to 108&m, but may exceed 1006/cm in polluted waters or those receiving
large quantities of land run— off or AMD runoff [REziegbo and Ezeanyim[6] reported EC value ofQLGS/cm in
surface water from the Okpara coal mine. Howevethé present study, apart from location 7 that thaedhighest
EC value of 1076 us/cm, all other analyzed samipte® EC values that is far less than the 1000 upfescribed
as limits by the Standard Organization of Niged&][ The high mean EC of 269us/cm recorded depicted the
water as being laden with ions which are obvioul$solved from the mine dumps by the AMD. The hgjHeC
value was measured in the sample that had the lgwesalue and highest TDS, thereby confirming tiasolved
heavy metals are enhanced in acidic waters. Eattconductivity of the sediment also varies wigddhpm 18 to
630us/cm with location 2 having the highest value oB&3cm.

The Total Dissolved Solids (TDS), which give a gdndication of salinity, ranged from 10 to 538 mgdfithe
investigated waters. The Standard Organizationigéiia pegs acceptable limits for TDS of portabkter at 500
mg/L[13].TDS contents above 1000mg/L is considdriggh enough to cause serious electrolyte corrogdh The
mean value of TDS of the analyzed water (157.76Ljni@lls within acceptable range[13], and therefbesed on
TDS the water is considered safe for drinking amdcfop production [25]. The low measured totakdiged solid
was possibly due to low dissolution of sulphatespnce of buffers such as calcium, carbonates i@atbbnates
[2] or dilution.

In terms of major dissolved components (Table [23, gdeneral trend among the mean values of thensaiinthe
water shows NzK*>C&*>Mg?*. Sodium content, which is the most abundant, \tyveen 6.53 and 54.7 mg/L
with mean and standard deviation being 14+14.50_mgéxt on the line is potassium, a biophilous ed@m[26]
with low geochemical mobility. Potassium rangedcomposition from 1.17 to 27.85 mg/L with mean vabfe
12.01+ 8.44 mg/L. The spatial variation of potassin the waters of the study area is given in Bigrhe sodium
and potassium in the waters are most likely souteezligh dissolution of feldspars from adjoiningément areas.
Calcium and magnesium, which follows potassiumbaralance, are responsible for temporary hardnesster.
Calcium ranged from 1.42 to 20.17mg/L with mean atahdard deviation of 8.79+5.33 mg/L. The higHesel
was recorded at location 7 and the least at log&ioCalcium is also biophile, and therefore it& lmoncentration
can be explained in terms of the low solubilityfelids pathic minerals that comes in contact with Waters[27].
Magnesium has mean and standard deviation of 6.3@0#®)/L. Pagenkopfet al.[28] reported values of gRnmand
53mg/L of magnesium and calcium respectively in Tlengue River near Decker coal mine. The magnesium
content of the sampled waters are probably souroed magnesium carbonates.
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Fig.3. Spatial distribution of potassium in the wagrs of the study area

As shown in Table 2, the general trend among thanmmaajor inorganic salts contents of the sedimshtsvs
K>Mg>Na>.Ca. A comparative appraisal of the abuméanf the inorganic ions/salts (Ca, Mg, Na, K)he water,
sediment and mine dumps revealed that these comfmage much more concentrated in the sedimentsramel
dumps than in the sampled waters (Table 2). Fdameg, in the sediment, Ca varies from 100 to 3@kgas
against the 8.79+5.33 mg/L mean Ca concentratiahénwater; Mg varies from 100 to 400 mg/kg as rastaihe
6.77+£3.5 mg/L mean Mg concentration in the wates; \Mries from 80 to 60 mg/kg as against the 14+tdgH.
mean Na concentration in the water; and K variesaf200 to 6600 mg/kg as against the 12.01+8.44 myghn K
concentration in the water. Similarly, the contesftshese inorganic salts in the sediments arinfaxcess of what
obtains in the uncontaminated shale of Turekian\&@iedepohl[15], which is regarded as the backgrataddard.
The dominant anion levels (mg/L) in the watersiarthe order: N@ >CI" > SQ;" > PQ>".Chloride concentration
in the sampled waters ranged from 40 to 400 mgth wiean and standard deviations (SD) of 136.67#401/L.
Apart from two locations, all the other water saesphre below the 250mg/LQlermissible limits prescribed by the
Standard Organization of Nigeria [13]. Eziegbo &wmkanyin[6] reported 230mg/Las mean value of ctiéiin
groundwater of Enugu town. Excess chloride cauakg water taste. The chloride are probably soufcech coal
vitrains[4], even though chloride can also comarfrsalt water intrusion. The $Dion is an indicator for AMD
pollution because sulfates are not affected by ghsrin pH. The concentrations of §0n the sampled waters
varied from 63 to 517 mg/L with mean and standagdiations of 108+149 mg/L. The spatial distributioh
sulphates in the water of the study area is giveRig. 4. Apart from sample no. 7 which had thehbig sulphate
contents of 517 mg/L, the sulphate concentratiorthé waters appear lower than expected, even ththegmean
value exceeded the 100mg/L permissible limits pileed for drinking water by the Standard Organatof
Nigeria [13]. The unsatisfactory level ofsulphatethe waters can be attributed to insufficient {igation[22].
Sulphates in excess of 250mg/L causes laxativetsffaccording to Ezeigbo and Ezeanyim[6].
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Fig. 4.Spatial distribution of sulphate in the wates of the study area

Nitrates and Phosphorous were the main nutrientsured in the water samples. The concentratioh&gfin the
waters varied from 158 to 1012 mg/L with mean atahdard deviations of 567.67+250.4 mg/L. The spatia
distribution of nitrate in the water of the studsea is given in Fig 5. As shown (Table 2, Fig &l),the water
samples (with the exception of sample no 8) dispN&®4 values that is far in excess of the 50 mg/L pesibie
limits prescribed for drinking water [13, 14]. Thigh level of NQ™ calls for concern as it renders the water prone to
potential health risk, particularly for pregnantmen and infants [29, 30]. Elevated N©@oncentration is known to
result in cyanosis in infants [31].The concentragiof PQ® ranged between 0.52 and 2.19 mg/L with mean and
standard deviations being 1.08+0.74 mg/L. Thereugently no Standard Organization of Nigeria andrdy/
Health Organization official guideline as to thencentration PG that is considered safe for drinking water.
However, the PgJ™concentrations in most natural waters vary betw@605 and 0.020 mg/L[23], and as low as
0.001 mg/L in pristine waters [31]. Consideringsdealues, the measured £n the sampled waters, appear to be
very high as it far exceeds the levels in most natwaters [23]. High concentrations of phosphate largely
responsible for eutrophic conditions in the watedyj31, 32]. The concentration of NOand PQ*" revealed that
apart from AMD pollution, the investigated wateravh probably also been significantly affected bieot
anthropogenic inputs. Considering the lustrous tagm that adorns the region, it is not out ofcpléo suggest that
the high N@ andPQ® concentrations in the shallow groundwater are smlinmostly from fertilizers used for
farming activities in the area; while the phosphatabably comes from phosphate fertilizers [27¢, sources of the
nitrates are most likely legumes and nitrogenottslifers.

The concentrations of fluorine in the sampled wsateried from 0 to 45 mg/L with mean and standadations of
5.08+14.1 mg/L. The spatial distribution ofif the water of the study area is given in FigApart from sample no.

9 which has the highest Feontents of 45mg/L, the fluorine concentrationsha waters is less than 0.5 in all other
locations. This corroborates the observations o§l%i[34] that Fion rarely exceeded 0.2mg/Lin mine water. The
Sulphur concentration varies from 2 mg/L at locat® to 151ppm at location 7, with mean value 0f893.
42.23mg/L, which is quite high.
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Fig. 5.Spatial distribution of nitrate in the waters of the study area

To further evaluate and interpret the shallow gowater composition in the study area, major ionsevexpressed
in units of millie quivalents per liter (meg/L) amdotted on Piper trilinear diagram (Fig. 7). D&aegarding the
geochemical interpretation of water samples onRiper’s trilinear diagram can be found in Piper][@6d Hem
[36].As shown (Fig. 7), the water in the study agésplay high Cl+ SO relative to HC@ + CO,*"in the anion
triangle. In the cation triangle, the alkaline bagtements (Ca+ Mg”") exceed the alkali elements (NaK*) even
though N is the leading cation in the water studied. Intiicais that the shallow groundwater chemistry is
dominated by alkaline earths CaMg?*) and strong acids (S&'CI). Thus, the hydrochemical facies is thé’'&a
Mg?'— CI+ SO facies, which agree with the works of Ezeigbo arddhyim[6] and Utom et al. [8].

Heavy Metals Aspect

The distribution of heavy metals in the various rad@vater, sediment and mine dumps) that were ssonpithin
the study area are summarized in Table 3, and amupa the maximum allowable limits for drinking t@ain
Nigeria [13], World Health Organization guideliner fdrinking water [14] and average values of unaonbated
shales[15] that is taken as the background values.

As shown in Table 3, the heavy metals in the sathplater are in the order: Fe > Al >Mn> Zn > Ni > EcCu
>Pb> Mo > Cr >V > Cd, thereby projecting Fe as thest abundant heavy metal, and Cd as the leabtq .
Some heavy metals (for instance, Fe, Al, Mn, Niyehmean concentrations that exceeded the maximumigssble
limits of SON[13], and probably WHO [14], while @&its (e.g. Zn, Pb, Cd, Cu, Cr, and Mo) displayed mea
concentrations that are within acceptable limitshaf relevant guidelines (Table 3). Incidentallye heavy metals
(Fe, Al, Mn, Ni and Mg), whose mean concentratierseeded the maximum permissible limits for podalsater
are common trace metals that are often associabd AMD from coal mine sites (Rose and Cravotta98p
Elevated concentrations of aluminum, iron and maege, in particular, have been reported in many AMD
impacted environments[37, 38, 39, 40, 41]. In thespnt study, aluminum, iron, manganese and nexehigher
by 21.50, 17.13, 16.75 and 2.55 times the maximilmwable limits for the relevant chemical specighe Nigerian
Standard for Drinking Water Quality (NSDWQ) [13]hi$ excessive Al, Fe and Mn, coupled with the gaiher
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acidic nature of the water is bound to impact neght on the ecosystem. In particular, the acidyiet waters is
bound to cause ample stress for fish and othertiadviata[42, 43, 44, 45]. Also, acidic and fermigus waters are
often responsible for the corrosion of mine plard equipment, formation of scales in the deliy@pges as well as
pollution of the mine surface environments, therafigcting the surface ecology [46].
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Fig. 6. Spatial distribution of fluorine in the waters of the study area

The mean levels of copper and iron in the sedinj€able 3) which are respectively given as: 30.2Z1kgagnd
104,914 mg/kg are higher by 1.47 and 22227 timesbtickground values [15]. In the same way, theecse
mean levels of Cr, Fe, Pb and Zn, in the mine dympen as: 47.14 mg/kg, 8871.4 mg/kg, 23.72 mgikd 189.8
mg/kg are higher by 1.43, 1879.53, 1.19 and 2.0@githe respective background values [15]. Aparnfthese
specified chemical species, the concentration labther chemical species in the sediment and mimeps appear
to be within acceptable levels of the relevant déads. The heavy metal levels (mg/L) in the sedimane in the
order: Fe>P>Cr>Mn>Zn>Cu>Pb>Ni>Co>Cd, while thosetled mine dumps are in the order: Fe >Zn > Cu >Cr
>Pb> Ni > Co >Mn>Cd (Table 3).Iron is also the malstindant among analyzed heavy metals in the satlizmel
mine dumps, while Cd is the least, similar to whlatains for the mine water. This similarity in tdesupports the
idea of Fe being the element of main interest dutite AMD. The consequences of having high Fe caitipa of
sediments and mine dumps is that precipitationeafid hydroxide may result in complete layeringtioé stream
bottom, filling in crevices in rocks and making thgbstrate unstable and unfit for habitation bythienorganism
[47].Also, worthy of concern(Table 3) is the presemwf enrichment loading of various magnitude feavy metals
(Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, and Zn) occurringhe sediment and mine dumps samples, comparéaeto
relevant concentrations in the mine water. Thiatred enrichments agree with the observations aé®©p8] that
sediments often holds more than 99 percent of ataunt of metals present in aquatic system. Clang¢he
properties of overlying water column would causssdived heavy metals to precipitate and accumufathe
sediments [49, 50, 51]. The danger here is thaséldéments and mine dumps also serves as a paalahaelease
the heavy metals into the water column by variorecg@sses of remobilization [52. 53, 54, 55], remdpthem
available for intake by biological systems. Highdls of heavy metals are a nuisance to the ageaticonment
due to their toxicity and adverse effects on bdémis and animals, including human beings [56pdrticular, acute
exposure to high concentration of heavy metals ldhrorganism directly, while long term exposures lbwer
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concentration causes mortality or other effectshsas stunted growth, lower reproduction ratespmieies and
lesions [57].
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Fig. 7. Pipers trilinear diagrams of the major disslved solid in waters from the Okpara coal mine aras

CONCLUSION

It is obvious from the present study that acid ndnginage (AMD) around the Okpara coal mine in Enagga of
southeastern Nigeria is associated with many negatipacts. For, instance, the low pH values hagtitential to
renders the water unsuitable for human consumptiegetation, aquatic life and wildlife habitatiofhe elevated
sulphates in the water could bring about laxatiffecés. The excessive concentration of the nutsiesnich as N©
and PQ*makes the water susceptible to numerous potergatthrisk, especially for pregnant women and itsan
High concentrations of phosphate, especially amgelg responsible for eutrophic conditions in watedies. The
excessive Al, Fe and Mn, coupled with the generatlidic nature of the sampled water is unfavourablé&sh
growth and survival of other aquatic biota, amotigeo devastating effects. Acidic and ferruginousersare also
responsible for the corrosion of mine plants andiggent, formation of scales in the delivery pigsswell as
pollution of the mine surface environments, theraffgcting the surface ecology. The sediments atdeft out as
precipitation of ferric hydroxide can result in tbemplete layering of stream bottom, filling in eiees in rocks and
making substrates unstable and unfit for habitatipienthic organism. Furthermore, acidic wateessaursceptible
to dissolution of minerals and release of toxic emetals into the aquatic realm, even though tkeessive
concentration of iron in the three media sampledether with the moderate concentration of,’S@nply that
sorption and co-precipitation of Al and Fe oxidesynmave been more effective in mobilization anératation of
the heavy metals than acid induced dissolution. ¢él@n, whichever way the heavy metals are mobiliaad
released into the aquatic realm, the emphasis tke@danger imposed. High levels of heavy metasaamuisance to
the environment due to their toxicity and adverects on both plants and animals, including hurbaimgs. The
high concentrations of these heavy metals in tlments and mine dumps portends imminent dangehes
sediments and mine dumps serves as a pool thaeksase toxic heavy metals into the water columthefarea by
various processes of remobilization. In view ofsth@egative impacts and hazardous effects, we thakellowing
recommendations:
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1.The need for constant monitoring of the qualityboth surface- and ground-water in Akwuke and em&rdo
ascertain if the contaminated mine water has iaféid portable waters sources. This is becaus@rtt@em of
AMD is not restricted at the source but may exteitider laterally or vertically.

2.The need to investigate the health status of huammhlivestock around the Okpara coal mine areaesihese
populace have over the years depended on the swafatgroundwater of the area for their water needs

3.The need for Government and policy makers to esaitable legislation that would curb or completelyninate
the menace of acid mine drainage from the Okpaah mmine since active coal mining had since beecodisnued
in the mine.
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