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Abstract Environmental geochemistry classifies
elements into essential, non-essential and toxic ele-
ments in relationship to human health. To assess the
environmental impact of mining at Datoko-Shega
area, the distributions and concentrations of trace
elements in stream sediments and soil samples were
carried out. X-ray fluorescence analytical technique
was used to measure the major and trace element
concentrations in sediments and modified fire assay
absorption spectrometry in soils. The results showed
general depletion of major elements except titanium
oxide (TiO,) compared to the average crustal concen-
trations. The retention of TiO, at the near surface
environment probably was due to the intense tropical
weathering accompanied by the removal of fine
sediments and soil fractions during the harmattan
season by the dry north-east trade winds and sheet
wash deposits formed after flash floods. The results
also showed extreme contamination of selenium (Se),
cadmium (Cd) and mercury (Hg), plus strong con-
taminations of arsenic (As) and chromium (Cr) in
addition to moderate contamination of lead (Pb) in the
trace element samples relative to crustal averages in
the upper continental crust. However Hg, Pb and Cd
concentrations tend to be high around the artisanal
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workings. It was recognised from the analysis of the
results that the artisanal mining activity harnessed and
introduces some potentially toxic elements such as Hg,
Cd and Pb mostly in the artisan mine sites. But the
interpretation of the trace element data thus invalidates
the elevation of As concentrations to be from the mine
operations. It consequently noticed As values in the
mine-impacted areas to be similar or sometimes lower
than As values in areas outside the mine sites from the
stream sediment results.
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Introduction

Composition of minerals that occur in local rocks
influences the elemental diversity in the environment
as the landscape evolves. The concentrations of major
and trace elements in the environment are caused by
geogenic and anthropogenic contaminations. Second-
ly, among the elements in the environment, some are
essential and others are toxic whose concentrations,
distributions and redistributions may be through
natural and/or human activities. Knowing the elemen-
tal concentrations and mode of their distributions in
the surface environments may enrich our understand-
ing of the numerous primary health issues particularly
in the mining regions. There are several reports that
show the effects of trace elements on human health
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(Selinus et al. 2004). Their impact on health depends
on trace elements excesses and deficiencies relative to
accepted baseline values. The chemical contents of the
trace elements can be so tiny, but the associated human
health risks depending on the degree of exposure, role
of speciation, route of exposure and length of exposure
can be detrimental (Selinus et al. (2004). Sulphide-rich
rocks have an association with chalcophile minerals
(pyrite (FeS), arsenopyrite (AsFeS), chalcopyrite
(CuFeS,), galena (PbS) and sphalerite [(ZnFe)S]
which after weathering releases both essential and
potentially toxic elements (PTE) to the environment.
The study area falls into the Birimian of Ghana and has
similar geology to the world class AngloGold Ashanti
mine at Obuasi in Ghana where high As and Hg
contaminations have been reported to occur in stream
sediments, soils and water bodies (Smedley 1996;
Smedley et al. 1996; Foli et al. 2012). The favoura-
bility of the underlying geology for the study area to
host potential gold (Au) mineralisation has resulted in
several artisanal mine workings in the area. Therefore,
to identify chemical variations of trace elements that
may have implications on human and animal health
this paper:

1. Assessed the levels of trace element contamina-
tions due to artisan mining with respect to natural
background value prior to mining

2. Established spatial geochemical maps that high-
light environments that need epidemiological
studies for possible health issues due to toxicities
and deficiencies of trace elements.

Location, geology, physiography and regolith
of the study area

Location and geology

Datoko-Shega is a village located in the Bole—
Navrongo—Nangodi Birimian gold belt, one of the
seven Greenstone belts in Ghana (Kesse 1985; Griffis
et al. 2002; Fig. 1). It is 600 km north of Kumasi and
850 km from Accra the national capital. Datoko-
Shega is about 45 km southeast of Bolgatanga the
capital of the Upper East Region and forms part of a
newly created Talensi district, formerly part of
Talensi-Nabdam district. Mafic Birimian volcanic
rocks comprising basalt, andesite, dacite, etc., and

@ Springer

Z56000 257600

Legend
[ mine_sites

T | iclastics, spatially iated and i

River network Contour inferred contact

with flow rock

- Volcanic flow/subvolcanic roc and minor i

Fig. 1 Geology of Datoko-Shega area

Birimian volcano-sedimentary rocks such as amphi-
bole schist, biotite—hornblende schist, sericite schist
and tuff underlie the area (Milési et al. 1989; Fig. 1).

Physiography

The climatic regime of the study area is dry savannah
with annual rainfall of about 600-1200 mm (Webber
1996). The area has a single rainy season. The monthly
rainfall totals increase slowly from March and peak in
August after which there is a sharp decrease after
October (Dickson 1972). The average rainfall is about
60-100 mm per month, and temperatures can vary
between 22 °C at night and >40 °C during the day.
The mean annual temperature is 35 °C with the
maximum temperature in excess of 40 °C usually
recorded around March to April. Lowest temperatures
of <22 °C occur between November and January due
to the influence of the north-easterly winds known as
Harmattan. Relative humidity is between 70 and 90 %
during the month of May and October but can be as
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low as 20 % during the long dry season (Webber
1996).

The general stream pattern is dendritic with the
major streams in draining north—south whilst the
2nd order streams drains westerly towards the main
north—south stream. The stream systems carry most of
the weathered materials as well as elements released to
the environment by weathering processes.

Regolith of the study area

The area is characterised by deeply weathered profiles
consisting of residual and transported cover materials.
The two regolith types are spatially discontinuous and
have subunits that are classified genetically based on
the mode of formations. Those formed residually from
the weathered rocks are classified as relict, and those
formed from redistributed sediments that deposit over
bedrocks different from bedrocks of source exotic
sediments are considered as depositional regolith.
Areas where the pre-existing preserved top layers are
partly eroded or fully eroded that shows the mottled
zone, plasmic zone, saprolite and bedrock, etc., at
surface are referred to as erosional regolith. Patches of
ferruginous materials of unknown origin are not
uncommon. These regolith units are formed as a result
of disintegration and decomposition of underlying
rocks, secondary re-cementation of both residual
weathered materials and exotic sediments overlying
the coherent bedrock by Fe-oxides and clay minerals
(Arhin and Nude 2009; Anand 2001). Depending on
the source of materials undergoing re-cementation, the
regolith may exhibit residual or transported regolith
characteristics. Any of the regolith domains may have
influence on the element transports in the environ-
ment, and hence, the trace element concentrations will
depend on geochemical and physical processes acting
at the place.

Testing small-scale mine area and the surrounding
environ for geochemical variability

Underlying rocks are made up of different minerals
that weather and liberate varying minerals and
elements at different weathering fronts. The mobilisa-
tion of the minerals and elements will depend on the
chemical and physical environments. Some of the
minerals may be stable in the reducing environment,

while others may transform to secondary minerals and
major, minor and trace elements in the oxidised zones.
From Kesse (1985), the metavolcanic and the Tark-
waian bedrocks host varieties of gold deposits that
have an association with sulphide minerals (pyrite
(FeS,), chalcopyrite (CuFeS,), arsenopyrite (AsFeS),
sphalerite [ZnFe)S] and galena (PbS) that are widely
distributed in the Birimian rocks. The sulphide
minerals stable in the reducing environments will be
unstable in the oxidised environments and will release
the contained elements such as iron (Fe), copper (Cu),
arsenic (As), zinc (Zn) and lead (Pb) in the surface
environments. Even not considering the bulk geo-
chemistry of the rocks in the Birimian system, the
sulphide minerals may contain these main elements
Ag, As, Cu, Zn, Fe, Pb, Cd, S, Hg and Te. Some of
these elements Pb, As, Hg and Cd are established PTE.
Copper (Cu), Zn and Fe are known essential elements
for human and animal growth, but their usefulness still
depend on dose. The mining operations enhance
weathering and also introduce foreign ele-
ments/chemicals into the environment during metal
extraction. The concern now is all trace elements in
general are toxic to plants and animals if present in the
soil in concentrations appreciably in excess of the
normal or average. In some cases (e.g. boron, copper,
fluorine, molybdenum and selenium), their toxic
effects appear even with relatively low concentrations.
These factors, together with the large number of trace
elements and their complicated functions in biological
processes, and the difficulties in identifying deficiency
or toxicity symptoms, if not severe, make the correc-
tion of trace element problems often laborious and
time-consuming and in cases of toxicity even risky.
For instance, normal soils inherit their trace elements
primarily from the rocks through geochemical and
pedochemical weathering processes to which the soil
forming materials have been subjected. In addition to
the natural trace elements sources emanating from the
underlying rocks, there are also secondary sources
obtained from products of plants and animals decays,
as well as trace elements from materials from the
atmosphere, fertilisers, insecticides and fungicides.
The variable nature of underlying rocks and
minerals lends their trace element composition to the
surface regolith during weathering and soil formation
processes. In areas where there has not been hetero-
geneous mixing of weathered products, trace element
contents in the surface soils reflect the composition of
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the materials from which they have been derived, as
has been shown by several authors (Mitchel 1963;
Wells 1960). But the element concentrations between
trace element in soil and in its parent material may
vary in terms of element values for satisfactory
quantitative estimation of the former from the latter
(Oertel 1961). This may be common in complex
regolith environment like Datoko-Shega area where
flash floods leading to sheet wash deposits enhancing
mixing of heterogeneous parent materials. The com-
plexity of the regolith due to the climatic and other
factors predominating during the process of soil
formation coupled with the type and intensity of
weathering and the artisanal mine operations may
have local influence on the trace elements concentra-
tions and distributions. For instance, sediment trans-
port carries along secondary minerals and elements
that may either dilute or enhance trace elements
concentrations relative to the average crustal abun-
dance. The depletion and enrichments of the trace
elements may impact on the local ecology and human
health, but knowledge of their relative distributions
and concentrations has their merits and demerits.
Additionally, landscape evolution processes pro-
duces surface environments where the surface mate-
rials or regolith tends to have geochemistry different
from the underlying rocks. This explains why soils and
sediments serve as both sources and sinks of PTE and
essential elements. The known occurrence of chal-
cophile minerals in the Birimian of Ghana (Kesse
1985) suggests the opportunity for release of Ag, As,
Cd, Cu, Hg, Pb, S, Te and Zn. The liberation of these
elements in the near surface and surface environments
may have different geochemical levels depending on
the underlying geology, type and intensity of weath-
ering, climatic conditions, pedochemical processes
and other factors predominating at the environment
during the process of soil formation. Elements intro-
duced to the soil and sediment environment may be
immobilised, for example, by sorption and com-
plexation with iron and manganese oxides as well as
organic/humic substances, but some may still go into
solution and can be mobilised to distant places. The
elements mobility in the oxidised environments is,
however, dependent on a number of geochemical
conditions such as pH and the prevailing redox
conditions. Datoko-Shega area is characterised by
savannah climate and exhibits deep weathering char-
acteristics. But with a single and short rainy season
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and a long dry season as indicated by Dickson (1972),
physical weathering will predominate. This implies
that underlying rocks and mineralisation may gener-
ally create an opportunity for the release of the trace
elements. The released trace elements and weathered
materials will be transported physically by flash flood
and wind in addition to chemical mobilisation and
leaching of trace elements based on the environmental
conditions.

Apparently, most known attention paid to the
artisanal mining environments only relate to the land
degradation and the associated pollutions of water.
There is no reported evidence that reveal work done in
the area to show empirically the concentrations of
trace elements particularly for PTE as has been
identified to occur in similar geological terrain in
Obuasi-AngloGold Ashanti mine in southern Ghana
(Boateng et al. 2012; Foli et al. 2012). The concen-
trations and mode of occurrences of the PTE’s and the
deficiencies of essential elements are the most impor-
tant issues as the excess of the PTE’s and the
deficiencies of the essential elements will have
implications on human health.

Sampling and methodology

During the fieldwork, ten stream sediment samples
and 54 soil samples were collected. The stream
sediment survey devised for the regional concentra-
tions of multi-elements across the landscape of the
Datoko-Shega environments was taken from sedi-
ments of streams draining the artisanal mine sites and
areas farther away from the mine operations. The
samples were collected specifically at 10-20 m off
confluences, at bends, behind rock bars and meander-
ing sites of streams. To obtain representative samples,
5-8 scoops of sediment across the stream channel
were collected after removing the organic and plant
debris forming the top layer. Dead tree twigs and
oversize quartz and lithic fragments of about >4 cm
were removed from the collected samples. Regional
stream sediment anomalies were delineated from the
stream sediment survey, which form the basis of the
soil survey. The enriched and deficient areas of some
trace elements (e.g. Pb, Cd, As, Cu Zn) detrimental to
human health on the account of dose-response ratios
were subjected to geochemical soil survey. A circular
hole of 30-cm nominal diameter dimension was dug
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up to 20 cm depth. A sample was collected from top to
bottom from each of the 54 holes dug. Thousand grams
of sample was collected from the hole with no
considerations to the regolith types. The 54 samples
were sieved to <125 pum size fractions after which
FAAS analytical technique was performed on the
sieved samples to analyse for only 5.0 elements. The
5.0 elements were selected for further studies after the
appraisal of the stream sediment survey which showed
elevated values compared with the crustal averages.
Normally, environmental trace element samples
against threats to human health generally are obtained
from <2 mm sieve size samples, but this work used
<125 pm where metal elements tend to concentrate
most. This implies that elemental concentrations in the
current work will have higher metal contents as a
result of the collection method relative to the standard
sample preparation protocol of sieving up to <2 mm
particle size. Though there are no guideline values for
stream sediments, the study included stream sediments
survey because of the ephemeral nature of streams in
northern Ghana where sediments are exposed to the
atmosphere for most part of the year. This field soil
survey covered three small-scale mining sites labelled
mine sites A, B and C (Fig. 1), Au extraction sites 1
and 2, and some agricultural and non-agricultural
areas. Sampling information such as soil type,
lithology of sampling environment and possible
weathering and geomorphic histories was recorded.
The data collected during the soil survey allowed
documentation and comparison of measured elements
in areas where mining activities occurred in the past
with average continental crustal values.

The collected soil samples were sun-dried and later
reduced by sieving to <125 pum fine fraction. Infor-
mation such as the percentages of fragment lithology
and general description of the sample whether clayey,
silt or sandy was recorded. The sieved and logged
samples were then sent to a commercial laboratory for
FAAS analysis.

Laboratory analysis of sediments and soils

The trace elements and major oxides concentrations in
sediments and soils were measured by X-ray fluores-
cence (XRF) and fire assay with atomic absorption
(FAAS) techniques, respectively. In determining the
total trace element concentration in the sediments,
seven (7) grams of the milled powder was placed into a

small plastic beaker and then weighed using a beam
balance. Pressed pellets were formed from the pow-
dered mixture. The pellets were put in XRF machine
which takes 20 samples at a time. This machine was
connected to a computer with the Spectro X-Lab
software that records the elements analysed. The soil
samples, however, were analysed using modified
FAAS whose detailed method description is
documented by Apea (2012) and Loon (1980).

Results

The results of the major and trace elements geochem-
istry from the stream sediments and soils collected are
presented in Tables 1 and 2. The tables show the
crustal averages and soil guideline values for some
PTE by Inter-Departmental Committee for the Rede-
velopment of Contaminated lands (ICRCL) and Unit-
ed States Environmental Protection Agency (USEPA)
and published concentrations of elements in stream
sediments in a similar environment in West Africa.

Element enrichment factors (EFs) were calculated
in order to assess the extent of enrichment and /or
depletion of trace elements in sediments and soils
relative to their crustal concentrations. The average
upper continental crust concentrations (Bn) of the
elements were used as baseline or background values,
and the enrichment factor (EF) was calculated by
dividing the mean element concentrations (Cn) by the
average continental crustal values. The EF for some of
the elements is presented in Tables 1 and 2 for stream
sediments and soils, respectively.

Indices of geoaccumulations (Igeo) were also
computed following Muller (1969) method to estimate
the enrichment of the elemental concentrations above
and below the background values. His classification as
to the severity of pollution using seven enrichment
classes based on an increase in the numerical value of
the scale is presented in Table 3. The last columns of
Tables 1 and 2 labelled Igeo show the index of
geoaccumulations in stream sediments and soil sam-
ples. The geoaccumulation index is calculated as:

Igeo = Log2 (Cn =+ 1.5 Bn) — Muller (1969)

where Cn is the concentration of the element measured
in a sample and Bn is the average crustal value, while
1.5 is a constant which is introduced to minimise the
effect of the variation of background values.
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Table 1 Summary of XRF
data for major (wt.%) and
trace elements (ppm) in
stream sediments from
Datoko-Shega area and
published average crustal
abundances (Bn)

@ Springer

Element  Min Max Mean Median  Std. Av.Cont. ER Igeo
(Cn) Crust (Bn)

Na,O 0.4 2.5 1.1 1.0 0.8 39 0.28 0.1
MgO 0.7 2.8 1.3 0.9 0.7 2.2 0.61 0.3
Al,O4 3.7 16.3 10.0 7.3 5.6 15 0.67 0.3
SiO, 37.8 67.8 49.7 49.6 9.9 66 0.75 0.3
P,05 0.0 0.2 0.1 0.1 0.0 0.2 0.33 0.2
SO, 227.3 660.0 408.9 325.0 223.3 - - -

Cl 39.8 68.3 56.4 56.0 9.8 - - -

K,O 0.4 2.8 1.0 0.8 0.7 34 0.30 0.1
Ca0O 0.1 1.3 0.4 0.2 04 4.2 0.09 0.0
TiO, 0.1 0.9 0.5 0.4 0.3 0.5 1.04 0.5
MnO 0.0 0.2 0.1 0.0 0.1 0.1 0.75 0.3
Fe,04 0.6 74 35 2.8 2.4 5 0.70 0.3
P 0.0 0.1 0.0 0.0 0.0 - - -

S 98.3 3917.0 5464 139.3 1187.4 - - -

Cl 39.8 234.6 73.4 56.0 574 - - -

Ti 0.1 0.5 0.3 0.3 0.2 - - -

v 17.9 215.5 125.9 105.9 65.6 60 2.10 1.0
Cr 104.2 938.7  354.1 213.6 296.6 35 10.12 4.7
Co 6.7 53.0 26.7 19.5 17.2 25 1.07 0.5
Ni 1.2 414 17.4 7.7 17.2 20 0.87 0.4
Cu 0.8 38.3 14.7 6.1 15.1 25 0.59 0.3
Zn 7.0 110.3 31.6 20.2 324 71 0.45 0.2
Ga 32 12.1 7.2 6.3 3.6 19 0.38 0.2
Ge 0.2 1.0 0.5 0.5 0.2 1.5 0.33 0.2
As 0.3 39.5 15.8 12.7 13.0 1.5 10.56 4.9
Se 0.2 4.7 0.7 0.3 1.4 0.05 14.00 6.5
Br 0.4 2.2 0.9 0.7 0.6 24 0.39 0.2
Rb 4.2 53.8 22.5 19.3 157 112 0.20 0.1
Sr 22.7 6369  148.7 82.6 1842 350 0.42 0.2
Y 3.8 19.2 9.0 6.3 5.9 33 0.27 0.1
Zr 9.4 347.1 171.8 161.1 1014 190 0.90 0.4
Nb 1.6 8.3 4.5 3.6 2.5 25 0.18 0.1
Mo 0.7 1.2 0.9 0.9 0.1 1.5 0.59 0.3
Ag 0.4 0.9 0.6 0.7 0.1 0.075 8.40 39
Cd 0.5 3.8 0.9 0.6 1.0 0.11 8.09 3.7
Sn 0.8 2.9 1.6 1.5 0.8 23 0.70 0.3
Sb 1.2 3.1 1.8 1.4 0.6 0.2 8.95 4.1
Te 1.3 14 14 14 0.1 0.001 1360.00  628.5
| 1.3 4.8 1.7 14 1.1 0.45 3.80 1.8
Cs 1.1 3.2 1.5 1.4 0.6 3 0.51 0.2
Ba 48.8 1029.0 3123 2159 2947 550 0.57 0.3
La 1.8 22.9 11.7 12.5 8.2 30 0.39 0.2
Ce 2.9 76.2 31.2 22.6 22.1 64 0.49 0.2
Ta 32 6.7 4.6 4.6 1.5 2 2.32 1.1
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Table 1 continued Element Min Max Mean Median Std. Av.Cont. ER Igeo
(Cn) Crust (Bn)
w 1.8 26.1 4.8 2.3 7.5 1.25 3.87 1.8
Hg 0.1 0.9 0.9 0.9 0.2 0.067 13.73 6.3
Tl 0.4 0.9 0.6 0.6 0.2 2 0.29 0.1
Pb 0.4 7.8 4.7 3.8 2.0 14 0.33 0.2
Bi 0.4 0.9 0.6 0.6 0.1 0.0085 69.41 32.1
Th 1.5 4.5 2.8 1.9 1.4 11 0.25 0.1
6] 1.7 1.9 1.8 1.9 0.1 2.8 0.66 0.3

Table 2 Summary of trace elements (ppm) in soils from Datoko-Shega area, and published average crustal abundances or back-

ground values (ppm)—(Taylor and McLennan 1995)

Elements Min Max Mean (Cn) Median Std. Crustal Ave. (Bn) EF Igeo

Zn 0.6 258.0 35.0 18.0 479 70.0 0.5 0.1

Cu 0.6 52.5 12.3 14.8 60.0 0.2 0.0

Cd 0.06 14.1 5.0 4.2 0.15 33.1 6.7

Pb 2.4 303.0 101.1 76.8 80.1 14.0 7.2 1.5

Mn 1.47 1029.0 138.3 90.0 156.6 950.0 0.2 0.0
Discussions

Table 3 Classes of geoaccumulation (Igeo)

Igeo value  Igeo class  Pollution intensity

>5 6 Extremely polluted

4-5 5 Strongly to extremely polluted
34 4 Strongly polluted

2-3 3 Moderately to strongly polluted
1-2 2 Moderately polluted

0-1 1 Unpolluted to moderately polluted
0 0 Unpolluted

Pearson correlation coefficient test was performed
also on the stream sediment and soil samples to obtain
relationship between the elements in the geosphere.
Results obtained are presented in Figs. 2 and 3,
respectively. Spatial maps showing locations and
geochemical levels of some of the PTE as well as some
essential elements are shown in Figs. 4, 5 and 6 for
stream sediments and Figs. 7, 8, 9 and 10 for soils. The
overlap map of four contaminated toxic elements As,
Hg, Cd and Pb obtained from stream sediment samples
showing pollution intensities is shown in Fig. 10. The
extremely polluted areas for all the toxic elements is
shown red and grades to deep green for environments of
one or none of the established toxic elements.

Major element geochemistry

From Table 1, SiO,, Al,O5 and Fe,O5 show depletion
in element concentrations except TiO, that showed no
change with the average crustal abundances. Similar-
ly, mean concentrations of magnesium oxide (MgO)
calcium oxide, (CaO), potassium oxide (K,O) and
sodium oxide (Na,O), except manganese oxide
(MnO), were all lower than their average crustal
values. The depletion of most resistant oxides such as
the silicon oxide (Si0,), aluminium oxide (Al,O5) and
iron oxide (Fe,O3) in the tropical savannah region of
northern Ghana may be attributed to the deep weath-
ering conditions enhanced by climate and environ-
mental conditions. The depletion of these oxides,
especially Fe-oxide, may affect human health because
Fe-oxide can decrease the bioavailability and toxicity
of water-borne metals, and Fe is essential for most
animal species. It is the central unit in haemoglobin
molecules and plays a key role in many physiological
reactions, including oxygen exchange. Lack of it in
humans lead to anaemia; hence, the depleted amount
as shown in Table 1 implies limited quantity of Fe will
be available to the people via the food chain which are
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Fig. 2 Correlation cr Co Ni Cu Zn As Se cd Ba Pb
coefficient test for element r 1
co(rll.centrtatlons 1m stream o 0331768 1
sediment samples Ni 0.31723(0.982952 1
Cu 0.0978240.943572(0.917911 1
Zn 0.091302 0.691891 0.672451 0.791578 1
As 0.43502 0.517114 0.540171 0.314898 0.012382 1
Se -0.29564 -0.38196 -0.28414 -0.28357 0.104734, -0.2581 1
cd -0.28749 | -0.40036 -0.3015 | -0.30226|0.089944 -0.27488(0.999329 1
Ba -0.12509 0.146396 0.172018 0.199995  0.12598| -0.22704 -0.31372 | -0.30464 1
Pb -0.02252[0.859345]0.831801[0.944613[0.759997 0.126155 -0.3108  -0.32335 0.433825 1
= o = o e Conversely, Pb in soils has conc.entratlons in excess
n 1 of the average crustal value (Fig. 7). The five (5)
Cu 0.057042 1 elements analysed in the soil samples consisted of
Es g'(l)g;gi: Oblgi;’;’; 09255531 . three essential elements (Zn, Cu and Mn) and two
: -0. ! . , .
Mn BEEE 0.023951] 0.03401] -0.12976 0 established PTE’s Cd and Pb. The revelation from

Fig. 3 Correlation coefficient test for element concentrations in
soil samples

produced locally. Likewise, depletion of aluminium
and alkalis in sediments and soil samples analysed was
lower relative to the upper continental crustal abun-
dances and this may be attributed to the maturity of the
chemical weathering process, which involves the
progressive loss of alkalis and other major oxides
[e.g. (S§i0,, Al,O5 and Fe,053)] as shown in Tables 1
and 2. Conversely, TiO, and MnO maintained the
global average values of the continental crust, while
Ca0, K,0, Na,O, P,0Os, MgO and SO; were trans-
formed and moved into solution during weathering,
erosion and deposition controlled generally by
groundwater and surface waters.

Essential and potentially toxic elements
geochemistry

The trace elements geochemistry obtained in the study
were classified into essential and PTE. The results as
presented in Table 1 showed essential elements V, Cr,
Co and Se to have mean concentrations to be above the
average crustal concentrations, whereas Ni, Cu, Zn
and Mo recorded mean concentrations lower than the
average crustal abundances. The PTE’s in the sedi-
ment samples had As, Cd and Hg mean concentrations
exceeding the average crustal values (Figs. 4, 5),
whereas the mean Pb concentration was lower than its
crustal abundance in sediment samples (Fig. 5).
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Table 3 showed the two (2) PTE’s Cd and Pb recorded
mean concentrations far above the crustal abundances.
This is shown spatially also in Figs. 7 and 8. The three
(3) essential elements have low mean concentrations
compared with the crustal averages (Figs. 9, 10). The
testament is the essential elements that support life
appear to be deficient, whereas the hazardous elements
to human and animal life seem to be above the crustal
concentrations in sediments and soils where their
livelihood will depend.

From the enrichment ratios (EF) presented in
Tables 1 and 2, the essential and toxic elements that
showed an enrichment ranging from >1 to 14 are Co,
V, I, W, Cd, Cr, As, Hg and Se. Among these elements,
Cr, As, Se and Hg in stream sediments have greater
than fivefold enrichments compared with the crustal
averages and those in soils with elemental excesses are
Cd and Pb. Meanwhile, there is a hidden flaw that has
been noticed by Reimann and de Caritat (2000) in the
use of EF in identifying and quantifying human
interference with global element cycles. The study
consent to their notion because the natural frac-
tionation of elements during the elements transfer
from the crust to the near surface environment through
processes such as weathering, erosion, deposition and
local geochemical and anthropogenic processes are not
incorporated in the background value estimation. The
EF computed in the current study only shows
theoretically the elements excesses and deficiencies
in the environment with respect to the average crustal
concentrations. From Tables 1 and 2, the enrichment
factor, in particular, for Pb varies for the two media
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Fig. 8 Raster plot derived
for Cd in soils
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analysed for the essential and toxic elements, while samples. The enrichment ratios in secondary environ-
over seven enrichment ratios were obtained for Pb in ment samples do not provide hints about the source of
soils and only 0.33 EF was obtained for the sediment the pollutants but just indicate the variation of a
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Fig. 10 Raster plot derived
for Zn in soils
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particular element to the background crustal averages
at a place. Establishing background values at the study
area was very challenging because of the general land
usage; the scattered artisan mine operations and
agricultural activities. The 0.33 EF for Pb in sediments
could mean that there are trace amount of Pb in the
underlying rocks or Pb has desorb from the chalcophile
mineral and has been weathered and transformed to a
secondary mineral. The sevenfold Pb enrichment
perhaps can be an attribute of the anthropogenic
contamination from the artisan mines and fungicides
and pesticides use by the mine workers since sediments
in streams draining the study area recorded Pb values
below the average crustal value. The high concentrated
Pb occurs at mine sites A and B and also at the gold
extraction sites 1 and 2 with Pb values ranging from
146 to 303 ppm. Trace element samples collected
upstream and downstream of mine sites A and B
returned insignificant Pb contents below the average
crustal abundance (Fig. 7) with the elevated Pb values
occurring either at the mine sites or at the gold
extraction sites. The NE trade winds that bring
Harmattan dust from the north-eastern side of the
study area did not influence Pb concentrations outside
the mine and the gold extraction sites. This suggests
that Pb contents in soils in the artisanal mining sites
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were introduced by the mine operators. The calculated
geoaccumulation classes predicting the pollution in-
tensities using Table 3 designed by Muller (1969)
show different pollution intensities for Pb in sediments
and in soils. Concentration of Pb in soils showed
moderate pollutions (Table 4), but the same element
was recognised to be depleted in stream sediments
which may probably be due to erosion mechanisms as
well as the chemical and hydraulic processes in the
streams. The depletion of Pb in sediments but enrich-
ment in soils suggests that Pb could be an attribute of
the mining operations or may be from fungicide use.
Another element of similar concern like Pb is Cd. It
also has varying geochemical levels in sediments and
in soils of which mean levels in both media exceeds the
average crustal abundances. The EF of about 8.0 and
33.0 was obtained for sediments and soils and,
respectively, showed strong and extreme pollutions
(Table 4). The geochemical pattern for Cd is similar to
Pb. The two elements have elevated values at the mine
sites A and B as well as the gold extraction sites 1 and
2. The exception between the two elements is that there
are some isolated Cd high areas outside the artisan
mine workings (Fig. 8).This is shown in both sedi-
ments and soil samples. Pb on the contrary has high Pb
levels in soils compared with average crustal values at
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Table 4 Summary information about the pollution intensities based on geoaccumulation index at Datoko-Shega artisanal mining site

from stream sediments and soil geochemistry

Sample medium Elements ER Igeo Igeo class Contamination intensity
Stream sediment Se 14.00 6.5 6 Extremely contaminated
Hg 13.73 6.3 6 Extremely contaminated
As 10.56 4.9 5 Strongly to extremely contaminated
Cr 10.20 4.7 5 Strongly to extremely contaminated
Cd 8.09 3.7 4 Strongly contaminated
v 2.10 1.0 1 Unpolluted to moderately contaminated
Co 1.07 0.5 1 Unpolluted to moderately contaminated
Soil Cd 33.13 6.65 6 Extremely contaminated
Pb 7.22 1.45 2 Moderately contaminated

the mine working areas in soils but depleted in stream
sediments (Figs. 4, 5 and Figs. 7, 8). Also from Fig. 8,
Cd is polluted mostly at the mine areas at the centre,
south-eastern and north-western sections of the mine
sites with concentrations of 5-15 ppm. However, the
average upper continental crustal concentration of Cd
is 0.11 ppm (Taylor and McLennan 1985). The
minimum and maximum concentrations from the soil
results showed Cd values of 0.06 and 14.1 ppm
(Table 3). As shown in Fig. 4, it is only one point out
of the ten samples collected in the stream sediment
samples that had Cd content equalled or close to the
background value calculated by Taylor and McLennan
(1985). This, thus, confirms the extreme contamination
of Cd computed for elements geoaccumulation in soils
and presented in Table 4. Also from Fig. 4 using the
Cd crustal concentration value as the geochemical
baseline, the entire area can be marked out as polluted.
This again confirms the strong contamination of Cd in
stream sediments shown in Table 4. There is a positive
and strong correlation of 0.9 between Cd and Pb in soil
samples (Fig. 3) but weak correlation of 0.3 between
the same elements in stream sediments (Fig. 2).
Figures 7 and 8 show the coincidence of extreme
pollutions of Cd and Pb at the artisanal working areas.
Lead (Pb) concentrations in sediments fall far below
the Pb crustal concentration of 70 ppm. The median for
Pb in the stream sediment samples is 4.7 and suggests
probable absence of Pb in the underlying rocks. It is
also possible to attribute the Cd contamination in the
area to both natural and anthropogenic sources, but this
requires further studies.

Moreover, as noticed from Table 1, As, Hg and Se
have EF of approximately 14, 11 and 14, respectively.

Hg and As are known PTE’s to humans, and depend-
ing on the dose-response concentration of Se, it may
become toxic to human and animal health too. Trace
element samples collected at mine site A and assayed
for Hg showed elevated Hg levels of 1.0 ppm, while a
sample taken upstream of mine site B equally
registered Hg content of 0.8 ppm (Fig. 5). Elsewhere,
in the area outside the artisan workings, Hg levels of
1.4 and 0.1 ppm were obtained from the stream
sediment samples (Fig. 5). Upstream of mine sites A
and B, Hg values of 1.0 ppm representing 93 % in
excess of the continental crustal abundances were
recorded (Fig. 5). North of mine site C and gold
extraction site 3, Hg levels of 0.8-1.4 ppm were
chemically measured from the stream sediment sam-
ples. The location of gold extraction site 3 seems to be
higher on elevation than the surrounding areas. This
implies that any chemical used in metal processing
will mechanically be transported to the streams in the
low-lying areas. It is probable that Hg used to
amalgamate gold at extraction site 3 was washed
down into the nearby streams. Similarly, natural
weathering and mechanical movement of materials
from mine site C will transport terrestrial sediments
and elements that may include Hg into the nearby
streams. The combined Hg from the mine site C and
the extraction site 3 will redistribute and re-concen-
trate at a point in the stream probably explaining the
1.4 ppm Hg upstream of mine site C and extraction
site 3. Contrastingly, the controlled sample collected
at the northern part of the study has Hg content of
0.1 ppm. The nearest artisanal operation site is 7 km
south-west from this point measured from mine site A.
The Hg content at the sample control site varies from
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the average crustal concentration in excess of 3 %.
However, the minimum Hg concentration around the
artisanal mines is 0.8 ppm representing 73 % in
excess of the average crustal levels. From Fig. 5, Hg
concentrations in sediments appear to be above the
crustal concentrations at all sample points. The Hg
crustal average is 0.067 ppm, but the minimum and
maximum obtained in this work are 0.1-1.4 ppm
(Table 1). This gives an enrichment factor of about 14
and geoaccumulation index of six interpreted as
extremely polluted (Table 4, Muller 1969). The sharp
Hg variations spatially between the artisan mine sites
and the control point suggest that Hg contamination is
of anthropogenic source and should be attributed to the
artisanal mining operations.

Furthermore, from the spatial maps developed for
the different elements (Figs. 4, 5, 6) in streams and
(Figs. 7, 8, 9, 10) in soils, it appears the elements
behave differently in the near surface environment.
The high As levels in streams do not necessarily
appear excessively higher at and near the artisan mine
areas but showed higher value at the non-mining areas
too (Fig. 4). This uneven distribution of As in the
stream sediments may also be an attribute of the
hydraulic properties of the streams and re-weathering
of the exotic sediments in the stream sediments
materials sampled. As seen in the study, the average
As concentrations in the sediment samples were not
high enough to detect Au mineralisation, but they were
above the trigger concentrations in sediments and soils
to result in health problems. Comparing the results of
As values from areas located outside the artisanal
workings to the mining areas (Fig. 4), the results show
no significant elevation of As levels in areas severely
affected by artisanal gold mining and processing.
Although As content in stream sediment samples was
found to be consistently higher and above the average
crustal values, it does not show any significant
variation between As concentration in sediments in
the vicinity of the mine, at the artisan workings and the
controlled site (Fig. 4). Arsenic content at a sample
taken from stream sediment at the control site equalled
the average crustal abundance of 1.5 ppm in soils
(Taylor and McLennan 1995). It is possible that the As
anomaly around the artisan workings and other areas
outside the artisan working is derived from natural
weathering and mechanical movement of materials.
Though the range of As values recorded at the mine
area is above the average crustal value, it is
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considerably lower than some locations outside the
mine area. It is probable that the source of As in the
area is from the weathered underlying rocks and the
associated chalcophile minerals particularly from
arsenopyrite and concentration levels have been
enhanced from the activities of the artisanal op-
erations. This, thus, suggests geogenic contamination
and since exposure of this element can be detrimental
to human health, it is better if these areas are
demarcated for epidemiological studies.

Copper and Zn are known essential elements, but
the research realised general depletion of these
elements in the environment (Figs. 9, 10). Copper
showed isolated high concentrations at places but
showed overall depletion with an EF of 0.59. The
mean Cu level in the environment is 14.7 ppm as
against crustal average of 31.6 ppm. Zinc, however,
showed depletion with EF of 0.45 but had some
occasional high values ranging from 127 to 255 ppm.
The elevated values occur upstream of the mining
areas with background Zn levels occurring at the mine
sites A and B as well as the gold extractions areas 1
and 2, respectively. It therefore appears that the artisan
mines do not have any influence on the migrations and
concentrations of Cu and Zn at the near surface
environments. As observed from Fig. 9 and 10, the
essential elements Cu and Zn from the soil sample
results appear to be enriched at some localities but
generally deficient for the entire area as presented in
Table 2. The geoaccumulation indices of 0.3 were
calculated for Cu, and 0.2 was computed for Zn. These
geoaccumulated values from Muller (1969) suggest
depletion with respect to the upper continental crustal
averages. The only enriched essential elements in the
area are Se, V and Cr (Table 1). Selenium (Se) is
extremely contaminated which is good because it can
be taken up to humans and animals via the food chain,
but the only quandary is excess exposure to humans
can be poisonous. There is, therefore, the need to
monitor dose-response concentrations after spatially
defining areas of high and low concentrations of the
essential elements for possible epidemiological
studies.

Conclusion

The results from the stream sediment geochemical
samples show depletion of resistant oxides (SiO,,
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Al,O3 and Fe,O5) and base cations but show no change
in TiO,. Background values estimation for the PTE’s
was very challenging because of the dual contamina-
tion sources especially for some trace elements in and
outside the artisan mine sites. Mercury for example has
a Dbackground value of 0.1 ppm compared to
0.067 ppm of the average crustal abundance. This
background value was obtained from the controlled
sample away from the artisan workings, whereas
background for As is <1.5 ppm since the minimum
obtained at the controlled sample area was 0.3 ppm.
The minimum concentration of As at the artisan
workings is 3.0 ppm which is 50 % of the established
background value in the upper continental crust. It was
very difficult to establish the background value for Cd
because its mobilisation, distributions and concentra-
tions seem to come from natural and anthropogenic
sources. More work is therefore required to establish
background value particularly for Cd. However, at the
control site, the minimum level recorded was 0.6 ppm.
This value is being adopted as the background value for
Cd for the study area. Meanwhile, the lowest Cd value
at and near the artisan workings was 3.7 ppm. This
high Cd value at the artisan workings is attributed to
geogenic and anthropogenic contaminations. Back-
ground value for Pb outside the mine area in soils is
75 ppm, whereas the values close to the artisan
workings have minimum Pb levels at 108 ppm. The
study therefore noticed the environments that have not
been influenced anthropogenically by the artisan mine
had background values not more than 7 % for Pb, 3 %
for Hg and zero per cent for As. It concludes that the
extreme and strong pollutions are from the unguided
artisan mining activities and the authors fear for
possible human health problem due to the bioavail-
ability and bioaccumulation of the elevated high
concentrations of PTE’s and deficiencies of some
essential elements in stream sediments and soil sam-
ples at Datoko-Shega area.

On the whole, an urgent attention is definitely
needed to curtail and abate, especially Hg distribution,
dispersion and transportation to currently uncon-
taminated sites so as to avoid a major environmental
disaster which could arise with continued release of
Hg into the ecosystem. The time has, therefore, come
for scientists in Ghana to launch intensive studies into
the various environmental media so as to establish the
levels of trace elements in the environment and assess
their possible social, economic and human health

impacts. It is obvious that scientific information would
be needed to aid in designing appropriate sanitary and
remedial measures for PTE-impacted areas.
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