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The purpose of this study was to investigate the current status of metal pollution in the sediment from riv-
ers, lakes, and streams in active gold mining districts in Ghana. Two hundred and fifty surface sediment
samples from 99 locations were collected and analyzed for concentrations of As, Hg, Cr, Co, Cu, Fe, Zn,
Pb, Cd, Ni, and Mn using inductively coupled plasma-mass spectroscopy (ICP-MS). Metal concentrations
were then used to assess the human health risks to resident children and adults in centra tendency expo-
sure (CTE) and reasonable maximum exposure (RME) scenarios. The concentrations of Pb, Cd, and As
were amost twice the threshold values established by the Hong Kong Interim Sediment Quality Guide-
lines (1SQG). Hg, Cu, and Cr concentrations in sediment were 14, 20, and 26 times higher than the Cana-
dian Freshwater Sediment Guidelines for these elements. Also, the concentrations of Pb, Cu, Cr, and Hg
were 3, 11, 12, and 16 times more than the Australian and New Zealand Environment and Conservation
Council (ANZECC) sediment guideline vaues. The results of the human health risk assessment indicate
that for ingestion of sediment under the central tendency exposure (CTE) scenario, the cancer risks for
child and adult residents from exposure to As were 4.18 x 10 and 1.84 x 10, respectively. This sug-
gests that up to 4 children out of one million equally exposed children would contract cancer if exposed
continuoudly to As over 70 years (the assumed lifetime). The hazard index for child residents following
exposure to Cr(V1) in the RME scenario was 4.2. Thisis greater than the United States Environmental Pro-
tection Agency (USEPA) threshold of 1, indicating that adverse health effects to children from exposure to
Cr(VI1) are possible. This study demonstrates the urgent need to control industrial emissions and the severe
heavy meta pollution in gold mining environments.
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INTRODUCTION

Heavy metal contamination has become a universal prob-
lem affecting the normal functions of estuarine, riverine and
marine ecosystems. Sediment, as the largest storage of
heavy metals, plays a rather important role in metal trans-
formations (1,2). With rapid urbanization and industrializa-
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tion, heavy metals are continuoudy carried to the estuarine,
riverine and marine sediments from upstream of tributaries
(3,4). Heavy metal contamination in sediment could affect
the water quality and bioaccumulation of metals in aguatic
organisms, resulting in potential long-term implication on
human and ecosystem health (5,6). In most situations, the
major part of the anthropogenic metal load in sediments has
aterrestrial source, including urban waste and runoff, indus-
trial effluents, boating activities, domestic garbage dumps,
agricultura runoff, mining activities and sewage treatment
plants (3,4,7). Buccolieri et al. (8) argues that sensitive
areas of heavy metal concentration are often near industrial
plants.

According to Hjortenkrans et al. (9), heavy metal emis
sions have been declining in some industrialized countries-
over the last few decades, nevertheless, anthropogenic
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sources have been increasing with rapid industriaization
and urbanization in developing countries (10). In the aquatic
environment, heavy meta is usualy distributed as follows:
water-soluble species, colloids, suspended forms and sedi-
mentary phases (11). However, unlike organic pollutants,
natural processes of decomposition do not remove heavy
metals. On the contrary, they usually are enriched in sedi-
ment by organisms or some other compounds. In some cir-
cumstances, more than 99% of heavy meta entering into
river can be stored in river sediments in various forms (12).
The spatial distribution of heavy metals in riverine sedi-
ments is of mgor importance in determining the pollution
history of aquatic systems (13), and is fundamental informa-
tion for identifying the possible sources of contamination and
to delineate the areas where its concentration exceeds the
threshold values and the strategies of site remediation (14).
Therefore, understanding the mechanisms of accumulation
and geochemical distribution of heavy metals in sediments
iscrucia for the management of riverine environments.

In Ghana, gold mining is a longstanding industrial activ-
ity which contributes to sediment contaminations in river-
ine environments. Sources of heavy metal contamination
include a number of old and abandoned mine sites. Current
mining operations in Ghana are subject to strict environ-
mental conditions designed to prevent significant down-
stream contamination. However, this was not always so.
There are a number of old sites where there was poor man-
agement during operation and where no post-operation site
remediation was carried out. As a result, there can be ongo-
ing contamination of streams due to leaching and runoffs
from exposed meta-rich spoil tips. Hitherto, research on
heavy metal contamination in mining environments has dis-
proportionately on focused the water column. Several authors
have examined heavy metal contamination in aquatic envi-
ronments in mining localities of Ghana including Akabzaa
et al. (15), Armah et al. (16), Kuma and Younger (17), and
Yidanaet al. (18).

Although sediment analysis allows contaminants that are
adsorbed by particulate matter, which escape detection by
water analysis to be identified, not much work has been
done to characterize and quantify heavy metals in surficial
sediments in riverine environments in gold mining areas of
Ghana. Therefore this investigation, performed for the pur-
pose of surface water quality monitoring, will provide records
of contaminated sediments located downstream from major
mining areas. Furthermore, most of the sediments are per-
manent deposits that will not be removed in the near future.
Thus, their impact on the environment and the relevance to
environmental and health human risk analysis over the long
term merit examination. This study evaluates sediment con-
tamination with heavy metals in river reservoirs located
downstream from major urban areas in Ghana. The objec-
tives of the study isto describe the current situation in river-
ine sediment contamination by mining activities in Ghana;

to carry out a chemometric assessment of the sources of
heavy metals in surficiad sediments in riverine environ-
ments in gold mining areas in Ghana; and to identify envi-
ronmental and human hedth risks from the presence of
contaminated sediments and to discuss fundamental options
for managing rivers in gold mining areas containing highly
contaminated sediments.

MATERIALS AND METHODS

Study area. Sediment samplesfrom 99 locationsin riv-
erine environments in active gold mining areas in Ghana
were collected from September 2011 to April 2012. Twelve
locations each in the Amansie West District and Obuas
Municipality were sampled. In the BibianiAnhwiasoBek-
wal District, 33 locations were sampled and in the Upper
Denkyira Digtrict (Dunkwa-on-Offin), 20 locations were
sampled. Twenty-two locations in Tarkwa and Prestea were
sampled and 12 locations were sampled in the Birim North
District.

Data collection. Sampling in rivers and lakes in gold
mining environments involved collecting three samples from
each ste (one midstream and one from each bank in a cross-
section fashion). The three samples were homogenised into
a composite sample with a stainless sted spoon and then
sub-sampled by spoon into each sample container. Loose
sand and gravel that do not have the ability to accumulate
metals were not included in the analyses. Sediment samples
were sampled using van Veen grab sampler. About 1 cm of
the surface sediments were taken by a PE spoon and put
into the pre acid cleaned PE jars. The collected samples
were immediately frozen with dry ice. In the laboratory, al
samples were dried with a freeze dryer (LabconcoFreezone 6)
and grounded with an automatic agate mortar (Fritsch Corp.
Pulverisette 6) before metal analysis. Sampling techniques
ensured that changes in the composition of the samples as a
result of chemical, physical or biological action were mini-
mised, that cross-contamination of samples did not occur
during sub-sampling and that samples were kept in order
between sampling and receipt by the analyzing laboratories.

Laboratory analyses. Analyseswere carried out on the
< 63 um fraction but the sieving method varied dlightly. Ini-
tially the samples were dried at 105°C, and then sieved
through a 0.5 mm nylon mesh sieve. The fraction that
passed through this sieve was then sieved through a 63 um
sieve. This <63 um fraction was then analysed for total
metal by emission spectroscopy. Because of the sieving pro-
cesses involved, only fine sediments were analysed. Silaceous
sediments were largely removed by the sieving process.
These coarse sediments were unlikely to adsorb significant
amounts of metals.

Total organic carbon (TOC) contents were determined by
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a C/S analyzer (LECO-SC 444) after eliminating inorganic
carbon with 1 N HCI. For metal analysis including Fe, Mn,
Cr, Co, Ni, Cu, Zn, As, Cd, and Pb, about 50 mg of sedi-
ment was weighed and completely digested using acid-
cleaned Teflon bomb with 2 ml ofhydrofluoric acid, 2.5 ml
of hydrochloric acid (Merck Suprapurin both cases) and
1 ml of nitric acid (Merck Ultrapur) for 24-hr at 180°Cin a
clean room. After digestion, the samples were dried and re-
dissolved with 1% HNO,; (16). Metas were andyzed by
using inductively coupled plasma-mass spectroscopy-ICP/
MS (Thermo Elemental X-7). Hg was analyzed by cold
vapor atomic fluorescence spectrometry after digestion with
5ml of 1: 1 HNO; and HCI on a hot plate at about 120°C
for 4-hr using a Teflon bomb. Quality control of metal anal-
ysis in this study was checked by using marine sediments
SRM (MESS-2 of NRC, Canada) as a reference standard.
Recoveries of all metals ranged from 95.2% for Cr to 105%
for Pb. The results indicate good agreement between the
certified and the analytical values.

Chemometric assessment. Chemometric assessment
including Pearson’s product moment correlation coefficient
(r), principal component analysis and hierarchical cluster
analysis were carried out on metal concentrations in sedi-
ments. Principal component analysis (PCA) was used for
orthogonal linear transformations of the experimental data
to new Coordinate system such that the greatest variance by
any projection of the data comes to lie on the first coordi-
nate (called thefirst principal component), the second great-
est variance on the second coordinate, and so on. It was aso
used for dimensionality reduction in the sediment data set
by retaining those characteristics of the data set that contrib-
ute most to its variance, by keeping higher-order principal
components and ignoring lower-order ones. Eigenvalues > 1
were taken as criterion for the extraction of the principa
components required for explaining the source of variances
in the sediment data set. Based on the strength of the Eigen-
values and the Scree Plots, only the first four principal com-
ponents were selected for the present study. To avoid
influence of the data size, a preliminary step of data scaling
(logarithmic transformation) was done where normalized
dimensionless numbers replaces the real data values. Thus,
even serious differences in absolute (concentration) values
were reduced to close numbers. Then, the similarity (or
more strictly, the distance) between the objects in the vari-
able space were determined using hierarchical clustering.
The hierarchical clustering produced a dendrogram show-
ing how sampling locations are clustered based on metal
concentrationsin sediments statistical analysis.

Statistical analysis. Statistical methods were applied to
process the analytical data in terms of its distribution and
correlation among the studied parameters. The commercial
datistics software package IBM SPSS version 19.0 for

Windows was used for statistical analyses in the present
study. Basic dtatistical parameters such as mean, standard
deviation (SD), minimum, maximum, skewness and kurto-
sis were computed. Also, standard errors of skewness and
kurtosis were computed.

Human health risk assessment. Human hedth risk
assessment in this study consists of four fundamental steps.
Hazard identification, exposure assessment, dose-response
assessment and risk characterization. According to Armah
et al. (19), the hazard identification involves review of key
research to identify any potential heath problems that
heavy metals can cause. Exposure assessment involves the
determination of the amount, duration, and pattern of expo-
sure to the heavy metals. Dose-response assessment esti-
mates how much of the heavy metals it would take to cause
varying degrees of health effects that could lead to ill-
nesses. Finally, risk characterization involves the assess-
ment of the risk for the heavy metals to cause cancer or
other illnesses in the general population. In this study,
ingestion of sediment and dermal contact with sediment are
considered as the main routes through which adults and
children are exposed to the metal contaminants.

Ingestion of sediment: Adults walking outdoors may
ingest sediment through incidental contact of the mouth
with hands and clothing. Sediment ingestion by children is
often the primary exposure route of concern for contami-
nated sediments (20,21). Intake of contaminants in sedi-
ment by ingestion is estimated as follows:

CADD = [{C,, X IR x AAF x EF x BIO}

-6
+{BW><365—d—}><lo—l§9} 1)
yr(” mg
LADD = [{C,. X IR x AAF x EF x ED x BIO}
-6
+{LT><BW><3659}><M} )
yr[© mg

Where CADD = chronic average daily dose [mg/kg-day]
LADD = lifetime average daily dose [mg/kg-day]
Crax = Maximum 7-year average concentration of
heavy metal in sediment [mg/kg]

Ca.. = time-averaged concentration of heavy meta
in sediment over the exposure duration [mg/
k]

IR = sediment ingestion rate [mg/day]

AAF = chemical-specific ord-sediment absorption
adjustment factor [mg/mg]

BIO = biocavailability of heavy metal in sediment
[mg/mg]

EF = exposure frequency [events/yr]

ED = exposure duration [yrs]

LT =lifetime = 70 years by definition
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BW = body weight [kg]

Dermal contact with sediment: Some sediment con-
taminants may be absorbed across the skin into the blood-
stream. Absorption will depend upon the amount of
sediment in contact with the skin, the concentration of
chemicals in sediment, the skin surface area exposed, and
the potential forthe chemical to be absorbed across skin.
Theintake is computed as follows:

CADD = [{C,, X SA x AAF x AF x EF x BIO}

-6
+{BW><365-(1}><10—|§9} )
yr[” mg
LADD = [{C,. X SA x AAF x AF x EF x ED x BIO}
-6
+{LTxBWx365-q}xlg—kg} @)
yr[~ mg

Where:

Cnax = Maximum 7-year average concentration of
heavy metal in sediment [mg/kg]

C.. = time-averaged concentration of heavy meta
in sediment over the exposure duration [mg/
kal

SA = skin surface area exposed to sediment [cm?]

AAF = dermd-sediment heavy metd specific abosorp-

tion adjustment factor [mg/mg]

BIO = biocavailability of heavy metal in sediment
[mg/mg]

AF = sediment-to-skin adherence factor [mg/cm?
event]

The rest of the variables are as defined previoudy. The skin
surface area available for sediment exposure will vary sea
sonally and between receptors.

Calculation of carcinogenic risk: For carcinogens,
risks are estimated as the incremental probability of an indi-
vidual developing cancer over alifetime as aresult of expo-
sure to the potential carcinogen. This risk is referred to as
the individual excess lifetime cancer risk, IELCR, or carci-
nogenic risk. Published values of chemical carcinogenic
toxicity (dope factor) are used to calculate risk from the
LADD:

IELCR, = SF, LADD; (5)

Where

IELCR;; = individual excess lifetime cancer risk for
heavy metal i, exposure route i [dimension-
less)

SF; = dope factor for heavy metal i, exposure route
j [mg/kg-dl™

LADD,; = lifetime average daily dose for chemical
i, exposure route j [mg/kg-d]

This approach to estimating risk is based on the linear low-

dose cancer risk model described by the Albering et al.
(20), and is considered valid for risks below 0.01. The
model assumes that exposure to any amount of a carcino-
gen will increase the risk of cancer, i.e. there is no safe or
threshold dosage. This assumption is fundamentally differ-
ent from that assumed for non-carcinogens, where a safe
“reference dose” exists.

Calculation of non-carcinogenic risk (hazard index):
This ratio of exposure to toxicity for an individual pathway
and chemicd is called a hazard quotient. The hazard quo-
tients are usually added across dl chemicals and routes to
estimate the hazard index. The non-cancer hazard quotient
assumes that there is a level of exposure below whichit is
unlikely that even sensitive populations would experience
adverse hedlth effects (20). This reference dose, or RfD, isa
toxicity value for evaluating non carcinogenic effects. It has
the same units as intake and it is assumed that if the intakeis
below the RfD (hazard quotient <1) no adverse health
effects occur, even if the receptor is exposed to this dose
continuously over a lifetime. The hazard quotient for an
individual chemical and individual routeis calculated by:

HQ, = CADD; + RfD, (6)

Where
HQ; = hazard quotient for heavy metal i, exposure
routej [dimensionless]
CADD; = chronic daily intake for heavy metal i,
exposure route j [mg/kg-d]
RfD; = reference dose for heavy meta i, exposure
routej [mg/kg-d]

The hazard quotients from each heavy metal and route are
then added to obtain thehazard index:

HI = SHQ,

Where
HI = hazard index [dimensionless]
HQ; = hazard quotient for heavy metal i, exposure
routej [dimensionless]

The hazard index is an indication of the potentia for
adverse noncarcinogenic effects, and is not a probabilistic
risk. As arule, the greater the valueof the hazard index the
greater the level of concern. Hazard indices above one gen-
erally indicate the potential for adverse hedlth effects and
suggest the need to undertake a further level of investiga
tion or possibly remedial action.

RESULTS AND DISCUSSION

Heavy metals in sediments. Descriptive statistics of
heavy metal concentrations of sediments present in riversin
the 5 gold mining districts (Fig. 1) are presented in Table 1.
As confirmed by the skewness values (Table 1), the concen-
trations of elements are characterized by large variability,
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Fig. 1. Map of Ghana showing the study area and sampling locations.
Table 1. Summary statistics of metal and metalloid concentrations in sediments (n =250)
Didrict Satigtics* Co Fe Ni Zn Cu Mn Pb Cr Cd As Hg
Mean 3117 929974 2116 2667 52989 42058 5221 3171 015 847 698
TarkwaNsusem Sd. Deviaion 2735 1505820 876 1195 105224 3463  58.00 19.03 017 898 1363
(N=57) Minimum 11.88 994 950 1252 066 31657 058 10.10 004 089 004
Maximum 11215 4573653 3761 5442 442200 489.66 208.02 84.06 054 4329 50.88
Mean 306.83 9648 30246 4448 2415216 2731 2071 2010 29563 1018 45.16
Bibiani Sd. Deviation 15348 16958 132.77 948 14669.93 6.32 240 976 43159 509 1947
(N=83) Minimum 96.46 1258 9880 2530 451000 2150 1590 416 2282 250 948
Maximum 597.46 866.94 72520 5050 6322000 3530 2580 3828 160020 1996 7584
Mean 103.65 1962 12748 1459 1613755 2481 2271 597 7356 197 2165
AmanseWest Sd. Devigion 32.75 1517 18717 207 15661.63 498 2.68 283 5665 152 2206
(N=30) Minimum 55.46 657 3728 950 145653 2210 2040 196 10.78 026 4.9
Maximum 149.18 4402 68145 1550 4562631 3760 3050 972 18356 535 69.96
Mean 24.42 2715 170 322 2042 375 6.28 2045 0.25363 36057 397.36
Birim North Sd. Deviation 174 1016 097 180 8.07 3.00 339 9.60 001 29468 1147
(N=30) Minimum 19.00 311 125 101 6.08 0.70 198 848 0250 250.00 350.00
Maximum 25.00 3800 443 644 38.20 940 1380 4850 0.32 1490.00 400.00
Mean 2041 5479235 952 2184 3109.75 1926.77 61086 499777 1384 24303 11.87
Upper Denkyira Std. Deviation 164 11033149 143 458 79499 96587 91229 883589 3473 24419 870
(N=50) Minimum 1410 118207 500 290 184848 70345 0.01 15.00 001 3334 371
Maximum 2090 487430.17 1000 2290 4959.74 462291 3002.79 3839246 11663 1010.83 34.99

*Concentration of As and Hg are in ugkg™.
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with positively skewed frequency distributions. This is
widespread for heavy metals for the reason that they typi-
caly have low concentrations in the environment, so that
the presence of a point source of contamination may cause a
sharp increase in local concentration, exceeding the thresh-
olds (14). Heavy metals in sediments often exhibit complex
interrelationships (22). Numerous factors control their rela-
tive abundance; e.g., the original heavy metal contents of
rocks and parent materials, processes of soil formation, con-
tamination by human activities, and other anthropogenic fac-
tors (23).

The results in Table 1 indicate that heavy metal concen-
trations are highly variable and have accumulated in the
sediments of the riverine environments in the gold mining
areas in Ghana. The highest concentrations of Pb and Mnin
sediment were obtained in Fobinso west of the confluence
of River Offin and Fobinso in the Upper Denkyira District
of Ghana. This water course not clogged by weeds; is dow
flowing; adjacent a cocoa farm and shows evidence of
galamsey (small-scale gold mining) activity. The highest
concentration of Cr in sediment was obtained from a sta-
tionary stream with lots of vegetation along the channdl.
There was evidence of galamsey (small-scale gold mining)
activity. This location is about 100 m from Kopa Cliff Min-
ing Company. The lowest concentration of Hg in sediment
was obtained from a stream in Bonsaaso in the Amansie
West District of Ghana whereas the highest concentration of
mercury in sediment was observed in the Angonabeng
River in the Tarkwa Nsuaem municipaity of Ghana.

The highest concentrations of As in sediment were
obtained from river Nyam in the Obuasi municipality. The
extremely high concentration of Asin sediments from river
Nyam is expected since it is a direct recipient of discharges
from the treatment retention sump and tailings dam of a
large scale mining company in the area. Communities that
originally depended on river Nyam have now been banned
from using it as a drinking water source. Streams in
Twiagya community in the Prestea Huni Valley District also
had high concentrations of As in sediments. Generaly, the
levels of Cd and Cr in sediments from streamsin the Aman-
sie West Digtrict were low unlike from streams in the Bibi-
aniAnhwiasoBekwal Didtrict. Ghana currently has no sediment
quality guidelines therefore it is difficult to compare the
metal concentrations in sediments obtained in this study
with national guideline values. However, when compared
with international sediment quality guideline values given
by Burton (24), only the concentrations of Ni and Zn in sed-
iment were lower than threshold values given by the Aus-
tralian and New Zealand Environment and Conservation
Council (ANZECC), Hong Kong Interim Sediment Quality
Guiddines (1ISQG) and Canadian Freshwater Sediment Guide-
lines. The levels of Asin sediment were also lower than the
threshold values given by the Australian and New Zealand
Environment and Conservation Council (ANZECC). The

concentrations of Pb, Cd and As were amost twice more
than the threshold values of Hong Kong Interim Sediment
Quality Guiddines (ISQG). The concentrations of Hg, Cu
and Cr in sediments were 14, 20 and 26 times more than the
Canadian Freshwater Sediment Guiddines for these elements.
Similarly, the concentrations of Pb, Cu, Cr and Hg were 3,
11, 12 and 16 times more than the Australian and New
Zedand Environment and Conservation Council (ANZECC)
sediment guideline values.

Heavy metal contaminations in sediment could affect the
water quality, the bioassimilation and bioaccumulation of
metals in aquatic organisms, resulting in potential long-term
effects on human heath and ecosystem (5,6). The metal
concentrations in sediments are greatly influenced by anthro-
pogenic sources that include use of fertilizers and herbi-
cides, municipal sewage, and effluents from gold mining
activities (6). Chemica adsorption between the metas, grain
size, and organic matter appear to have contributed largely
in the metal immobilization process. Marchand et al. (25)
argue that river flowing through mining areas may bring
pollutants to the downstream riverine sediments, where they
are incorporated in mud bank cycle. It is asserted that sedi-
ment chemical composition and diagenesis may contribute
to metal accumulation in sediment (5). Factors controlling
metal behavior include oxidation and reduction horizons,
bioturbation and water fluctuations (26).

Chemometric assessment.

Correlation of metal concentrations in sediment:
Results of Pearson’s correlation coefficients and their sig-
nificance levels (p < 0.05 and p < 0.01) of correlation analy-
sis are shown in Table 2. Correlation analyses have been
widely applied in environmental studies. According to
Armah et al., (16) and Al-Khashman and Shawabkeh (27),
correlation analysis is a useful technique for revealing the
relationships between multiple variables in order to under-
stand the factors as well as sources of chemical compo-
nents. Heavy metalsin riverine environments typically have
complicated relationships among them. The high correla-
tions between heavy metals may indicate that the accumu-
lated concentrations of these heavy metals came from similar
pollution sources (16,28). The concentrations of Fe, Zn, Mn
and Ni showed strong positive relationship (p < 0.01) with
each other. This indicates that Fe, Zn, Mn and Ni possibly
originate from the same source. This is inconsistent with
the findings of Han et al. (29) who observed that the con-
centration of Mn showed very weak correlations with the
concentrations of Cu, Cd and Zn. Cu and Cr originate
from the same source likewise As and Hg. However, the
concentration of Co showed very weak correlations with
the concentrations of the other metals. This indicates that
Co has a different origin than As, Hg, Cr, Cu, Zn, Pb and
Cd. Similar results have been obtained by Facchinelli et
al. (30).
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Table 2. Pearson’s product moment correlation coefficients
Co Fe Ni Zn Cu Mn Pb Cr Cd As Hg

Co 1 178 .220* 126 -171 .003 140  -.045 .183 .362** 297**
Fe 1 .607** .632** 178 570** -.133 A72%* - 199* .369** .252*
Ni 1 .858**  —009 604 * .058 .023 —.266** 181 —-.009
Zn 1 300%*  749** .003 273 -.233 -.038 —.239*
Cu 1 B57** —-.045 g1+ .059 —A465**  — 5g2**
Mn 1 .048 Bo5F* - — 112 -.188 —422x*
Pb 1 -.136 .044 -.089 -.087
Cr 1 —-.068 -.076 -.207*
Cd 1 -.008 —-.051
As 1 875**
Hg 1

*, Correlation is significant at the 0.05 level (2-tailed).
**_Correlation is significant at the 0.01 level (2-tailed).

Table 3. Total variance explained by principal components

Total Variance in metal concentrations in sediment explained

Initial Eigenvalues

Extraction Sums of Squared L oadings

Rotation Sums of Squared Loadings

Component . . . . : _
Total % of Variance Cumulative%  Total % of Variance Cumulative%  Total % of Variance Cumulative %
1 3.643 33.116 33.116 3.643 33.116 33.116 2.980 27.088 27.088
2 2.686 24.418 57.534 2.686 24.418 57.534 2.498 22.706 49,794
3 1.366 12.421 69.955 1.366 12.421 69.955 2.196 19.959 69.753
4 1.226 11.141 81.096 1.226 11.141 81.096 1.248 11.343 81.096
5 0.824 7.487 88.582
6 0.581 5.280 93.863
7 0.243 2.211 96.074
8 0.161 1.460 97.534
9 0.130 1.183 98.717
10 0.073 0.665 99.382
11 0.068 0.618 100.000

Extraction Method: Principal Component Analysis.

Principal component analysis: The skewed data on
heavy metals in sediment were log transformed before
chemometric assessment. To study the spatial variability of
heavy metas in sediments a principal component analysis
followed by a varimax rotation of the normally distributed
means was calculated. This principal component analysis
can be seen as a sorting mechanism of the information of a
correlation matrix.

To fecilitate the interpretation of the resultsit is useful to
distinguish three sources of heavy meta input: dissolved
heavy metals from waste waters; heavy metals as particles
from waste waters, and heavy metals from soil erosion.
From Table 3, four principal components are sufficient to
cover 81 per cent of variance from 11 variables. Principal
components were arranged according to their shares of vari-
ance. The first two components alone explain about 50% of
the variance in the sediment data. The first principal com-
ponent shows high loadingsin Ni, Zn and Mn (Table 4). Co
and Cu are obvioudly of different origin, because they load

Table 4. Component

matrix of metal

concentrations in

sediments
Rotated Component Matrix®
Component .
Communalities
1 2 3 4
Co .202 415 -041 .676 672
Fe 675 432 438 -.072 .838
Ni .946 093 -.081 .025 911
Zn 919 -.104 192 .000 .892
Cu 119 -.490 .790 .034 .879
Mn 709 -.276 .563 .064 .900
Pb 167  -285 -350 .549 533
Cr 152 -.032 900 -.060 .838
Cd -39 -.012 193 .684 .665
As .089 928 -.075 .079 .882
Hg -.094 927 -205 -.009 910

Extraction Method: Principal Component Analysis.
Rotation Method: Varimax with Kaiser Normalization.

°Rotation converged in 8 iterations.
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components 3 and 4. However, As and Hg are of identical
origin as both load component 2. In fact, both can be traced
to smal scale artisana gold mining activities that are
known for the widespread use of Hg. Table 4 shows the
component matrix and loadings of heavy metals after vari-
max rotation.

Hierarchical cluster analysis: Hierarchical clustering
produced adendrogram (not shown), in which metalsin sed-
iment are related to the sampling locations. Four clusters
are discernible and could be divided into two bigger sub-
groups: the first contains heavily polluted sites from Tarkwa
and Prestea (near to small-scale mining activities) and sev-
era sites near to large scale gold mining activities in Obuasi
and Tarkwa.The second indicates a moderately polluted
buffer zone consisting of streams and rivers in Bibiani. In
both big clusters two subgroups could be found. In the first
one they represent the most severely polluted areas (large
scae gold mining in Obuasi, Tarkwa, and Prestea and small
scae mining in Dunkwa-on-Offin) and the less contami-
nated agricultural inlets (sites from Amansie West). In the
second one, they reflect the separation between one (Lake
Amponsah and non-affected parts) moderately affected or
another part (AbubaYenunu and Asusuo) of the buffer zone
least affected by metal pollutantsin Bibiani.

Human health risk assessment.

Carcinogenic risk: For child and adult residents, carci-
nogenic risks were determined only for As under CTE (typ-
ical) and RME scenarios. For ingestion of sediment under
CTE scenario, cancer risk of child and adult residents from
exposure to As were 4.18E-06 and 1.84E-07, respectively.
This implies a likelihood that up to 4 children, out of one
million equally exposed children would contract cancer if
exposed continuoudly to the specific concentration over 70
years (the assumed lifetime). These values are comparable
to results obtained by Albering et al. (20,21) in the Nether-
lands. For ingestion of sediment under RME scenario, can-
cer risk of child and adult residents from exposure to As
were 2.50E-05 and 1.34E-05, respectively. This implies a
likelihood that up to 3 children, out of ten thousand equally
exposed children would contract cancer if exposed continu-
oudy to the specific concentration over 70 years (the

assumed lifetime). It aso implies a likelihood that up to 1
adult, out of ten thousand equaly exposed adults would
contract cancer if exposed continuously to the specific con-
centration over 70 years (the assumed lifetime). In the
Netherlands, comparable results were obtained by Albering
et al. (20). However, the cancer risks due to As were far
lower than that reported for by Lim et al. (31) for an aban-
doned Songcheon Au-Ag minein Korea.

For dermal contact with sediment under CTE scenario,
cancer risk of child and adult residents from exposure to As
were 2.46E-07 and 5.57E-08, respectively. For dermal con-
tact with sediment under RME scenario, cancer risk of child
and adult residents from exposure to As were 3.00E-06 and
4.62E-06, respectively. The cancer risk values for children
and adults are comparable to the cancer risk values for chil-
dren and adults living near Lakes Eijsden and Dilkensplas
in the Netherlands (20).

Non-cancer risks: Non-carcinogenic risks from expo-
sureto As, Cd, Cr (V1), Cu, Pb, Hg, Ni and Zn were calcu-
lated for child and adult residents in both CTE and RME
scenarios. Table 5 summarises the intake parameters used in
calculating the non-cancer risks.

By default, the parameters in Table 5 are based on vari-
ous statistical distributions. Life time in years is held con-
stant for both child and adult residents in the CTE and RME
scenarios. Body weight is based on a normal distribution.
However, ingestion rate for sediment and exposure duration
for sediment are based on lognormal distributions whereas
exposure frequency for sediment, fraction of skin exposed
to sediment and sediment-skin adherence factor are based
on triangular distributions. Tables 6 and 7 show the daily
doses and non-cancer risks for child and adult residents,
respectively.

From Tables 6 and 7, it is observed that children are gen-
erally at higher non-cancer risks compared to adultsin CTE
and RME scenarios. Similarly, in both children and adults,
ingestion of sediment poses higher non-cancer risks com-
pared to derma contact with sediments. In Table 6, for
ingestion of sediment, the lowest hazard index in the CTE
scenario is attributable to Zn whereas the highest hazard
index is attributable to Cr (V1). In the RME scenario, asim-
ilar trend is observed. The highest hazard index for child

Table 5. Receptor and intake parameters for adult and child residents used in the human health risk assessment

Parameter Child Resident CTE Child Resident RME Adult Resident CTE Adult Resident RME
Lifetime (years) 70 70 70 70

Body weight (kg) 15 15 70 70
Exposure frequency for sediment (events/year) 130 350 40 350
Exposure duration for sediment (year) 6 6 9 30
Ingestion rate for sediment [mg/day] 90 200 40 100

Total skin surface area [cm?] 6800 7280 18400 23000
Fraction of skin exposed to sediment [-] 0.13 0.55 011 0.25
Sediment/skin adherence factor [mg/cm?] 0.2 0.2 0.2 0.2
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Table 6. Daily doses and non-carcinogenic risk for child residents
Ingestion of Sediment
Meta Central Tendency Exposure (CTE) Reasonable Maximum Exposure (RME)
CADD LADD Hazard index CADD LADD Hazard index
As 3.25E-05 2.78E-06 1.08E-01 1.94E-04 1.67E-05 6.48E-01
Cd 5.98E-06 5.13E-07 1.20E-02 3.58E-05 3.07E-06 7.16E-02
Cr(VI) 2.10E-03 1.80E-04 7.01E-01 1.26E-02 1.08E-03 4.20
Cu 157E-03 1.35E-04 4.24E-02 9.40E-03 8.05E-04 2.54E-01
Pb 2.86E-04 2.45E-05 7.95E-02 1.71E-03 1.47E-04 4.76E-01
Hg 5.02E-06 4.30E-07 1.67E-02 3.00E-05 2.58E-06 1.00E-01
Ni 3.69E-05 3.16E-06 1.84E-03 2.21E-04 1.89E-05 1.10E-02
Zn 4.16E-05 3.56E-06 1.39E-04 2.49E-04 2.13E-05 8.29E-04
Dermal Contact with Sediment
As 1.91E-06 1.64E-07 6.38E-03 2.33E-05 2.00E-06 7.78E-02
Cd 1.18E-08 1.01E-09 2.35E-05 1.43E-07 1.23E-08 2.87E-04
Cr(VI) 4.13E-05 3.54E-06 1.38E-02 5.04E-04 4.32E-05 1.68E-01
Cu 3.09E-05 2.64E-06 8.34E-04 3.76E-04 3.23E-05 1.02E-02
Pb 5.62E-06 4.82E-07 1.56E-03 6.85E-05 5.88E-06 1.90E-02
Hg 9.87E-07 8.46E-08 3.29E-03 1.20E-05 1.03E-06 4.01E-02
Ni 7.24E-07 6.21E-08 3.62E-05 8.83E-06 7.57E-07 4.42E-04
Zn 8.17E-07 7.00E-08 2.72E-06 9.96E-06 8.53E-07 3.32E-05
Table 7. Daily doses and non-carcinogenic risk for adult residents
Ingestion of Sediment
Metd Central Tendency Exposure (CTE) Reasonable Maximum Exposure (RME)
CADD LADD Hazard index CADD LADD Hazard index
As 9.52E-07 1.22E-07 3.17E-03 2.08E-05 8.92E-06 6.94E-02
Cd 1.75E-07 2.25E-08 3.51E-04 3.84E-06 1.64E-06 7.67E-03
Cr(VI) 6.17E-05 7.93E-06 2.06E-02 1.35E-03 5.78E-04 4.50E-01
Cu 4.60E-05 5.92E-06 1.24E-03 1.01E-03 4.31E-04 2.72E-02
Pb 8.38E-06 1.08E-06 2.33E-03 1.83E-04 7.86E-05 5.09E-02
Hg 1.47E-07 1.89E-08 491E-04 3.22E-06 1.38E-06 1.07E-02
Ni 1.08E-06 1.39e-07 5.40E-05 2.36E-05 1.01E-05 1.18E-03
Zn 1.22E-06 1.57E-07 4.06E-06 2.66E-05 1.14E-05 8.88E-05
Dermal Contact with Sediment

As 2.89E-07 3.72E-08 9.63E-04 7.18E-06 3.08E-06 2.39E-02
Cd 1.77E-09 2.28E-10 3.55E-06 4.41E-08 1.89E-08 8.82E-05
Cr(VI) 6.24E-06 8.02E-07 2.08E-03 1.55E-04 6.65E-05 5.17E-02
Cu 4.66E-06 5.99E-07 1.26E-04 1.16E-04 4.96E-05 3.13E-03
Pb 8.49E-07 1.09e-07 2.36E-04 2.11E-05 9.04E-06 5.86E-03
Hg 1.49E-07 1.91E-08 4.96E-04 3.70E-06 1.59E-06 1.23E-02
Ni 1.09E-07 1.41E-08 5.47E-06 2.72E-06 1.16E-06 1.36E-04
Zn 1.23E-07 1.58E-08 4.11E-07 3.06E-06 1.31E-06 1.02E-05

residents in the RME scenario from exposure to Cr (V1) is
greater than 1. Thisimplies that adverse health effects from
exposure to Cr (V1) are possible. For ingestion of sediment
by adult residents, the lowest hazard index in the CTE sce-
nario is attributable to Zn whereas the highest hazard index
is attributable to Cr (VI). In the RME scenario, a similar
trend is observed. None of the metals individually exceeded
the hazard quotient threshold of 1 except Cr (VI). How-

ever, the metals cumulatively had hazard index greater than
1. For ingestion of sediments by adults and children, haz-
ard indices of As, Cd, Cu and Hg were higher than vaues
reported by Lim et al. (31) for an abandoned Songcheon
Au-Ag mine in Korea. However, the HI of Zn was compa-
rableto results obtained by Lim et al. (31).

For ingestion of sediments, HI of As obtained in this study
for children and adults was greater than values reported for
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Fig. 2. Non-carcinogenic risk (hazard index) of child and adult
residents in the central tendency exposure (CTE) scenario.
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Fig. 3. Non-carcinogenic risk (hazard index) of child and adult
residents in the reasonable maximum exposure (RME) scenario.

those living near Lakes Eijsden and Dilkensplas in the
Netherlands by Albering et al. (20). However, HI for Cd, Pb
and Zn were lower than results obtained by Albering et al.
(20) for adults and children living near Lakes Eijsden and
Dilkensplas in the Netherlands. HI for Cu was consistent
with the resulted reported by Albering et al. (20).

Fig. 2 shows the hazard indices for each of the metalsin
the CTE (typical) scenario and Fig. 3 shows the hazard indi-
ces for each of the metals in the RME scenario. For child
residents in the CTE scenario, the order of hazard index is
Cr (V1) >As>Pb>Cu>Hg>Cd> Ni>Zn. For adult res-
dents in the CTE scenario, the order of hazard index is Cr
(V1) >As>Pb>Cu>Hg>Ni>Zn. For child residents in
the RME scenario, the order of hazard index is Cr (V1) > As
> Pb > Cu>Hg> Ni>Zn. Similar trends are observed for
adult residents in the RME scenario.

A chemometric approach and human health risk assess-
ment have proven to be useful in determining the spatial
distribution patterns of heavy metas in riverine sediments
in active gold mining areas and to identify human impacts

a local scaes. In genera, the sediment heavy metal con-
centrations in areas where small scale gold mining activi-
ties are rife were higher than in areas where agriculture is
the mainstay. Furthermore, sediment heavy metal accumu-
lation was much higher in lakes compared to the rivers, per-
haps due to the lower turbulence and mixing in the
lacustrine environment. Since heavy metals in sediments
threaten the health of aguatic animals (e.g. premature hatch-
ing, growth retardation, developmental abnormalities, and
increased mortality) and humans, it is important to analyze
and to control the sources of pollution. In future, studies
should focus on the concentrations of persistent pollutants
in various organisms in relation to those in sediments and
trophic levels in order to assess the ecologica risk on the
food chain.
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