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Abstract

Background: Alluvial and bedrock gold mining as well as ore processing are predominant activities prevalent in the Kette-Batouri Region.
These activities cause soil pollution by way of the accumulation and distribution of toxic, potentially harmful elements (PHEs). For the first
time, the migration patterns and toxicity potential of PHEs in the soil of the gold mining district of the Kette-Batouri region is
demonstrated. The data were soughtas background information necessary for the design of suitable pollution monitoring schemes along
with the development of guidelines for performing such monitoring. Materials and Methods: A total of 30 surface soil samples were
collected and analysed for a selected number of PHEs by Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES).
Results: Concentration ranges obtained (mg kg™") for total PHE were: Cu (4-15), Zn (5-18), Ni (3-17), Co (0.5-10), Mn (40-564), V (31-263),
Cr (13-123), Fe (9000-127300) As (1-9), Pb (1.5-26) and Cd (0.25). Statistical analyses showed that the mean concentrations were mostly
lower than reference background values. The highest in PHE concentrations were obtained only for Crand V, at sectors of farmlands that
are directly adjacent to the mining localities. Basic and multivariate statistical analyses (principal component analysis/varimax rotated
component analysis) were performed to reduce the multi-dimensional space of variables and samples, thus defining two distinct
sets of PHE associations as tracers of natural and anthropogenic influences. These associations, viz., (Cu-Pb-Ni-As-Cr-Fe-V) and
(Zn-Co-Mn), accounted for 76.93% of the total variance. Conclusion: Geoaccumulation indices show that the soils in Kette-Batouri are
unpolluted to moderately polluted. However, calculated Pollution Load Indices (PLI) indicated a slight deterioration of site quality, which
requires further investigation. The effectiveness of the accrued dataset for monitoring PHEs pollution in the area and for strengthening
other aspects of future ecological risk assessment campaigns is demonstrated.
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INTRODUCTION

Following the dawn of the environmental epoch in Africa
almost four decades ago, a plethora of pollution studies have
been conducted in the continent’s major mining countries to
evaluate Potentially Harmful Element (PHE) distribution in
farmlands, in order to assess their levels of pollution’.
Literature on the subjectis quite comprehensive inillustrating
examples of studies describing the fluxes and pollution
potential of heavy metals in cultivable soils in Africa®”. A
number of these studies have employed different quantitative
indices such as Enrichment Factor (EF), Pollution Load Index
(PLI) and geo-accumulation index (Igeo) to estimate levels of
heavy metal pollution and their variation within various soil
compartments. These studies are important, because
exposure to excess PHEs over a long period of time is often
chronic and toxic to most organisms through food chain
transfer’.

Soil pollution to natural processes can be
substantial. One important natural process that can lead to
toxic metal accumulation is weathering. Weathering of rocks
such as black shale and basic igneous rocks with high
background concentrations of specific elements can lead to
the dispersion of pollution trails over extensive areas of
cultivable lands8.

Anthropogenic sources of soil pollution, in contrast are
associated with rapid and uncontrolled urbanization and
industrialization. These sources include effluent from the
agricultural industry, manufacturing and construction
activities, burning of fossil fuels, vehicle emissions and ore
mining and smelting processes. An example is the study
carried out in Douala, Cameroon, which showed that
above-background concentrations of toxic elements have
accumulated in soils as a result of the discharge of urban
effluent generated by industrial activities®.

Eastern Cameroon has a long history of gold mining. The
gold mining and ore processing activities in alluvial gold
workings have been recognised as major sources of PHE
contamination in the soil’. In the Kette-Batouri region, in
particular, this kind of mining has been practiced for over
70 years. Effluent from abandoned workings, mine waste
emanating from heaps of overburden, fragments from waste
rock dumps and tailings, all contribute to the formation of
Acid Mine Drainage (AMD) which infiltrates into the soil.
Potentially harmful elements can accumulate to phytotoxic
levels, especially in low pH soils and can subsequently reduce
plant growth and enter the food chain when plants are
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consumed by animals'®. Yet, in the Kette-Batouri region, the
real extent of pollution and its effects on surrounding
agro-ecosystems, all the way to the food chain, have received
limited attention to date by geochemists, biochemists and
public health practitioners. These specialists have the
important role of providing valuable input in efforts to trace
PHEs uptake by food crops, determine the bio-accumulation
characteristics and its interaction in the food chain. As a
consequence economic issues arise as there is a huge
potential that gold mining holds in the transformation of
Cameroon'’s economy, which has, in recent times, triggered
numerous research efforts in aspects pertaining to the nature
and occurrence of the gold ore.

The study area is situated in the Kadey Division, Eastern
region of Cameroon, along the Equatorial Rainforest Belt. This
Division has a surface area of 15 884 km” and comprises seven
sub-divisions or districts: Batouri, Kentzou, Kette, Mbang,
Ndebele, Nguelebok and Ouli. The study area extends from
the Kette sub-division in the North (4°57'40.04"N and
14°33'4535"E) to Batouri, the Divisional Headquarters
(4°25'59.84"N and 14°22'00.49"E) and covers a ground
distance of about 85 km and a total cross-sectional area of
approximately 3,600 km? (covered by a previous geological
reconnaissance survey) (Fig. 1). The area is influenced by a hot
and humid equatorial climate of the classic Guinean type,
marked by the alternation of two rainy seasons and
two dry seasons. The mean annual rainfall is between
1500 and 2000 mm and an average temperature range of
22.8-24.7°C. Such a combination of factors (hot, wet and
humid) favors rapid and prolonged weathering and the
formation of typical red or yellow lateritic soils, which are
again subjected to leaching under conditions of low pH
and low organic matter content. Patches of hydromorphic
soils are found in the shallows and are mainly sandy or
sandy-clay in texture. Despite having soils of apparently
high agricultural potential, very few food crops are grown in
the region. In addition, there is widespread microbial
activity.

Taking all the above facts into consideration, this study
aimed at exploring the following, namely: (1) To establish the
distribution patterns and migration characteristics of eleven
selected PHEs (Cu, Zn, Pb, As, Mn, Cr, V, Co, Ni, Fe and Cd) in
the vicinity of the mining localities of the Kette-Batouri region,
using quantitative indicators and (2) To assess the level of soil
contamination forinforming land use decisions and for better
targeting intervention measures for environmental diseases
related to excessive intake of PHEs through the food chain.
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Fig. 1: Location of the Kette-Batouri region

MATERIALS AND METHODS

Sampling technique and sample preparation: Surface soil
samples were collected from arable lands around mining
localities at the Kette-Batouri region. Two composite soil
samples were taken from each of the farms and 28 samples
from mine sites and along road cuts. The 28 samples were
collected in pairs, with each sample pair taken 15 m on either
side away from the road cut. This sampling frame was
designed with a view to capturing the impact of PHE pollution
derived from mining activities on food chains and other
ecosystem components stemming largely from alluvial gold
mining activities on potential farmlands located close to mine
settings and road cuts. Composite and single sample
triplicates were collected for quality control purposes. At
collection points, a 1X1 m pit was dug to a depth of 40 cm
and approximately 250 g of bulk sample collected at 30 cm
depth using a clean trowel. For the composite sampling, four
holes were made at the corners of a square, 20X20 m in
dimension, in accordance with ICGP 259 recommendations''.
Subsamples were homogenized and quartered on a plastic
sheet using a clean trowel. All samples were stored in labelled
Kraft paper envelopes and accurately determined (GPS)
locations recorded.

Sample preparation at the Hydrological Laboratory of
the Institute of Mining and Geological Research (IRGM) at
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Nkolbisson in Yaounde, comprised the following steps: The
soil samples were oven-dried (30°C) to constant weight and
left to attain ambient (room) temperature. They were then
lightly disaggregated but not pulverized and sieved through
a 500 um (0.5 mm) stainless steel mesh. No granulometric
analysis was carried out. However, a number of studies have
determined that metals in the coarse-grained soils are mainly
derived from parent materials and metals in the fine fraction
are mostly anthropogenic''. Itis also known thatenrichment
of PHEs in urban soils takes place mostly in the clay and silt
sized fractions and pose health risks. The high specific surface
area and charge of fine particles are the probable factors that
account for the high contamination levels seen in the fine
fraction. The size fraction analyzed in this study (500 pum)
encompasses all particles below medium sand (USDA
classification) and includes the clay and silt sized particles that
are the likely loci for anthropogenic enrichment of PHEs.

Afraction of 0.5 g of the sieved sample was digested with
aquaregia, cooled and diluted with deionised water. Digested
samples were analyzed for their PHEs content by the ICP-OES
technique at the ACME Laboratories in Vancouver, Canada
using the Spectro Arcos ICP-OES Model equipped with the
CCD optic system, capable of covering a wavelength range of
130-770 nm. Elements present below the detection limit of
the ICP-OES instrument were assigned a concentration of
0 ppm and were not considered further during data
synthesis.
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Analytical quality assurance assessment: A very strict quality
control mechanism is installed by ACME. The fundamental
parameters to ensure the acceptability of the performance of
the ICP-OES method validation, viz., selectivity, accuracy,
precision, sensitivity, reproducibility and instrument stability
were all within acceptable limits. The analysis of blanks,
randomisation of sample numbers and the use of in-house
reference materials and sample triplicates, provided a measure
of background noise, trueness of analytical results and
precision. The ACME's in-house reference materials are
prepared and certified against the internationally certified
reference material, CANMET, which has a similar matrix
(baseline trace element concentration) as the studied soils.
Representative analyses were externally verified at other
commercial laboratories. Soil samples with unusually high
results of the elements studied were re-analyzed wherever
possible. The limits of detection for all 11 elements studied
are given in Table 1.

Data analysis: The analytical data were subjected to various
evaluation methods for pollution potential using the following
three pollution indicator parameters: Enrichment Factor (EF),
geo-accumulation index (lg,,) and Pollution Load Index (PLI).
These parameters were considered to provide realistic
estimates of the extent of contamination that has impacted
the soils in the study region235,

A major objective of this evaluation was to provide a basis
for determining if soils around and away from the mining
locations contained elevated concentrations of PHEs relative
to ambient conditions. The term ‘Ambient conditions’
[synonymous with “Local background” (LB)] is defined as
concentrations of PHEs in soils in the vicinity of a site but
which are unaffected by site-related activities™?. In
this study, these activities are mainly mining and
ore-processing.

It is evident that background values and realistic
mandatory guidelines would be hard to assign without
a more extensive soil sampling data collection. Therefore
comparisons of soil PHE contents with respect to background
were made with reference to average PHEs content of shale'.
Soil quality was evaluated with reference to soil quality
guideline values givenin the ‘Canadian Soil Quality Guidelines
for Protection of Environmental and Human Health Document’
(CSQGD)™,

Enrichment factor: The Enrichment Factor (EF) is calculated
following Adaikpoh®. The EF normalizes the measured PHEs
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Table 1: Detection limitsfor 11 elements in Kette-Batouri soils using the Spectro
Ciros Vision ICP-OES instrument

Elements Detection limits (mg kg™) Upper limits (mg kg™")
As 0.10 10,000
cd 0.01 2,000
Co 0.10 2,000
Cr 0.50 10,000
Cu 0.01 10,000
Fe 0.01% 40%
Mn 1.00 10,000
Ni 0.10 10,000
Pb 0.01 10,000
\% 2.00 10,000
Zn 0.10 10,000

contentwith respecttoasample’s reference metal?’%3, such as
Fe, Al or Zn. The EF of a heavy metal in the soil is calculated as:

EF = [Cme(a/cnormahza] mil/[cmaalcnormahza] control

where, Coea aNd Coomaiizer @€ cONcentrations of heavy metal
and normalizer, respectively, in the soil and in the control. In
this study, the background concentrations in soils derived
from rocks of average shale composition?' was adopted as
control in the EF calculations and A1 used as the normalizer.
The EF value is used to distinguish the magnitude of
contamination resulting from either the natural or
anthropogenic influence?.

Contamination factor: The Contamination Factor (CF) is
calculated according to Hakanson?, using the following
formula:

CF = C,, (sample)/C,, (background)

where, C,, (sample) is the concentration of a given metal at a
contaminated site and C,, (background) is the concentration
of a given element in a control or background sample. It
provides a measure of the degree of overall contamination of
surface layers in a sampled site. The CF is defined according
to 4 categories, ranging from: Low contamination (CF<1)
to moderate contamination (1<CF<3), to considerable
contamination (3>CF<6), to very high contamination (CF>6)'®.

Pollution load index: The Pollution Load Index (PLI) was
calculated using the following formula®:

PLI = (CF1xCF2xCF3x----CFN)"N

where, CF is the contamination factor, N is the number of
metals studied, C,,,.,; is the concentration of metal pollutantin
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s0il and Cyaergrouna 15 the background value of the metal. The
PLI gives an estimate of the metal contamination status and
the necessary action that should be taken in mitigating
undesirable conditions.

Geoaccumulation index: The geoaccumulation index (I4,)
was introduced for determining the extent of metal
accumulation in sediments?® and has subsequently been
applied to soils by various workers. The geo-accumulation
index is mathematically expressed as:

| = log,C,
% 15B,

where, C, is the heavy metal concentration in the soil samples
and B, is the background concentrations in soils derived
from rocks of average shale composition?'. The factor 1.5 is
introduced to minimise the effect of possible variations in the
background values that may be attributed to lithological
variations imparted in the soils.
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L "
T

Calculation of correlation coefficients and principal
components: Calculation of Correlation Coefficients (CC) and
analysis of Principal Components (PC) were performed on the
acquired geochemical data with the aid of the SPSS software
package, version 17.0. The number of significant principal
components was selected on the basis of the varimax
orthogonal rotation  with  Kaizer  normalization at
Eigen values greater than 1.

Box and whisker plots: Box and whisker plots?’ were
constructed to give a display that aids the visualisation of
basic statistics for the concentrations of PHEs investigated in
the soils of the Kette-Batouri region.

RESULTS AND DISCUSSION

The landscape comprises a peneplain which is rugged in
some places, with gently rolling hills of average altitude
between 600 and 900 m (Fig. 2, 3). Steep slopes are observed
but these are much localised. The drainage system is dendritic
(Fig. 2), a feature created by the lithology (granites) and

Elevation (m)

-CZD B 750870
§|:| 710-750
[ 60710
[ Jessee0
B 590645

aN\pr= River

4°400"N

4°30'0"N

Fig. 2: Map showing the drainage pattern and relief of the Kette-Batouri region
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associated structures. The mostimportant river is the Kadey at
Batouri. The mining process begins after the identification of
a gravel bar or a gold vein, whereby the miners begin by
clearing all foliage and trees that hinder access to the deposit.
This process is then followed by drilling in a dry substrate to
locate auriferous gravel. After separation of the gravel, it is
washed on a table followed by the jigging process to extract
the mineralinits crude form. Gold is also collected by panning
sediments from nearby streams and rivers. Pollution effects
due to these artisanal mining activities have received limited
research attention, although these activities have been shown
to release huge concentrations of PHEs into the soil and both
ground and surface water systems. Enormous pollution trails
produced due to the improper disposal of mine waste are
derived from materials such as tailings, desegregated rock and
overburden; all of which contain noxious sulphide and iron
minerals. In addition to geochemical effects, artisanal gold
mining produces physical effects such as scarification. Pits dug
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map of the Kette-Batouri region showing sampling points in the study area.Source:

by the miners are often never refilled. At times, miners would
have to divert a stream from its course in order to dig into its
bed.

Baseline concentrations of the studied elements: Total
concentrations of PHEs studied and derived basic statistics are
summarized in Table 2. The box and whisker plots shown in
Fig. 4 give a summary of the basic statistics. These plots were
foundto be useful for characterizing and comparing the
geochemical distributions and for assessing the shape of
distributions (e.g., whether they are positively or negatively
skewed). Each of the plots encloses the middle 50% of the
data distribution of the respective PHE by a box; where the
median value is represented by a line and the notch
represents the 95% confidence interval around the median
value®. If the median value lies close to the lower or upper
limits of the box, the distribution is markedly skewed (Fig. 4).
The lines (whiskers) are drawn from the lower and upper
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Table 2:  Concentration of PHEs (mg kg~'), Fe (wt%)in the soils of the Kette-Batouri region, derived basic statistics* and enrichment factors** determined for 11
PHEs in soils of the Kette-Batouri region, using their (PHEs) abundance in average shale as background values

*Element Range Median Mean=£2SD Skewness **Average shale Mean Range
Cu (63) 4-15 9.00 9.370%2 (3.25) 0.1 45.00 0.6 0.2-14
Pb (70) 1.5-26 12.00 11.830+2 (6.80) 0.3 20.00 1.6 0.3-5.6
Zn (200) 5-18 3.00 9.100£2 (3.32) 33 95.00 0.3 0.08-1.3
Ni (50) 3-17 4.00 826712 (3.64) 0.6 68.00 0.5 0.04-1.8
Co (40) 0.5-10 2.00 2.900£2 (2.86) 14 19.00 0.3 0.2-04
Mn 40-564 134.00 231.130%+2 (135.01) 0.9 850.00 0.8 0.2-2.1
As (12) 1-9 2.00 2.100£2 (2.43) 1.0 13.00 0.5 0.1-1.8
V(130) 31-263 99.00 107.870+2 (57.74) 19 130.00 29 1.2-49
Cr (64) 13-123 29.00 36.767£2 (26.062) 2.1 90.00 1.1 0.5-3.1
Fe (wt%) 0.9-12.73 4.10 4.790%2 (2.93) 1.2 4.72 2.6 14-7.0
Cd(1.4) 0.25 0.25 0.250%2 (0) - 0.30 2.6 0.9-6.3

*Values in first column are from the Canadian soil quality guidelines for protection of environmental and human health document (CSQGD)?, **Average shale values
given by Turekian and Wedepohl*'
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quartiles to the smallest and largest point within the
1.5 interquartile ranges, respectively?®. The mean value is
plotted as a point within the box.

Linear trends are formed when the metal concentrations
are log-transformed and plotted on a normal probability
diagram as shown in Fig. 5. Most of the PHEs in this study
show lognormal or close to lognormal behavior (Fig. 5). When
compared with background contents of these PHEs in average
shale (Table 2), only Cr, Pb, Fe and V have values above the
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reference backgrounds, supporting the later conclusion of
moderate pollution (for these elements), that decreases
significantly away from mine sites. Total concentrations of
the PHEs: As, Co, Cu, Pb, Niand Zn are up to several fold
lower than the corresponding CSQGD values® for
agricultural soils (Table 2). The only PHEs that showed higher
values were Crand V (highest values of 123 and 263 mg kg™,
respectively). The higher values obtained for Cr andV
are considered to represent localized contamination. As
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Table 3: Pearson product-moment correlations between 10 PHEs in the soils of Kette-Batouri region (n = 30)

Elements Cu Pb Zn Ni Co Mn As Vv Cr Fe
Cu 1

Pb 0.472%* 1

Zn 0.412* 0.341 1

Ni 0.638** 0.595%* 0.035 1

Co 0.202* 0.079 0.476** -0.016 1

Mn 0.402** 0237 0.472* 0.220 0.814** 1

As 0.525** 0.698** 0.350 0.495** -0.078 0.281 1

Vv 0.594** 0.699** 0.181 0.646** -0.184 0.164 0.863** 1

Cr 0.562** 0.619** 0.119 0.492** -0.291 0.091 0.860** 0.914%* 1

Fe 0.607** 0.694 0.166 0.693** -0.180 0.227 0.886** 0.979** 0.913** 1

*Correlation significant at 0.05 level (two-tailed), **Correlation significant at 0.01 level (two-tailed)

expected, there is a general decrease in the concentration
of these metals away from the mine sites.

The behaviour of the other chalcophile elements
studied: As (19 mg kg™, Cu 415 mg kg™,
Zn (5-18 mg kg™") is consistent with their release from
sulphide-rich ores (by weathering and anthropogenic
processes) and migration within a lateritic or sandy
clay-textured soil (of low pH, low organic matter content and
low sorption capacity)®. In addition, defecation from grazing
animals increases the organic content of the soil (albeit to a
limited extent) and this, coupled with the high clay content
and high pH of soils (away from the mine site), causes the
deposition of heavy metals®.

Explanation of geochemical behaviour based on PHE
enrichment indicators: Based on values obtained for
Contamination Factor (CF) and Pollution Load Indices (PLI),
most of the soil samples analysed could be classed under ‘Low
contamination’ for the PHEs studied. The CF values obtained
were: Cu (0.2), Pb (0.6), Zn (0.1), Ni (0.1), Co (0.2), Mn (0.3), As
(0.32),V (0.8), Cr (0.4), Fe (1.01), Cd (0.8) and PLI for Cu (1.2).

In this study the EF values (Table 2) were interpreted as
follows: EF<1 indicates no enrichment; the range 1-3 signifies
minor enrichment, 3-5is moderate, 5-10is moderately severe,
10-25 is severe, 25-50 is very severe and >50 is extremely
severe®'32, The highest average EFs were recorded for Fe
(26%1.2) and Cd (2.6%1.3), with some samples showing
moderate to severe enrichment for Cd.

The high average EF value for Fe is consistent with its
behaviour in association with a group of elements with
chalcophile tendency viz,, V, Cr, As, Ni, Pb and Cu. This element
cohort is a factor in the principal component 1 (“Principal
componentanalysis”). The high EF for Cd was not investigated
further as supporting statistical data (correlation
indices/principal  component  associations) were not
available. However, sewage sludge disposal, fertilizer
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application and agronomic activities may be considered as
more important sources of Cd, in comparison to mining
activities in the region.

To complement the results obtained on application of
PHE contaminant indicators (CF and EF), geo-accumulation
indices (l5,) were also calculated®. The calculated |4, showed
that 100% of the studied elements belong to class 1
(unpolluted to moderately polluted).

Pearson’s product-moment correlation coefficient: The
matrix of linear correlation coefficientis shown in Table 3. The
correlation values (r) show a wide range of variation in the
soils, from-0.291 (between Cr and Co) to 0.979 (between Fe
and V). This suggests the interplay of multiple geochemical
factorsin the migration behaviour of the PHEs. Strong positive
correlations (r = 0.8-0.9) between some pairs of PHEs (As and
V, Cr, Fe, Mn and Co, Fe and Cr) indicate a geogenic
relationship and origination from the same pollution sources,
with similar pollution channels.

Cobalt showed a strong positive correlation with Mn
(r=0.814) but has a negative to a weakly positive correlation
with the other elements studied. The strong correlation
between Mn and Co may be attributed to an adsorption and
co-precipitation effect. Binding of Co to Mn concretions is
favoured by the presence in the soil of negatively charged Mn
oxide (MnO,) and Mn hydroxide [Mn(OH),] with their small
crystal sizes and large surface areas.

The strong correlation between the other elements
(As, Fe, Cr, Cu, Pb and V) suggests a chalcophile relationship
(in sulphides) associated with the gold mineralization.
These PHEs can substitute for each other in sulphide ore
minerals and are released in the soils as a result of weathering
of mineralized bedrock and quartz veins as well as through
mining and ore processing activities. In the Batouri Gold
district, gold occurs in quartz veins bearing pyrite and also
in wall rocks bearing sericite? (“Nature and occurrence of
gold”).
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The weaker correlations (r=0.6) [(Pb, As, V, Cr, Fe and Cu)
and (Cu, As, V, Cr, Fe)], on the other hand, reflect
contamination from multiple sources, including direct
hydraulic transport of toxic metal species in mine tailings and
associated soils as well as probable limited inputs from
fertilizer use and agronomic activities.

Principal componentanalysis: The relationship betweenthe
variables in soils of Kette-Batouri region is displayed in
another format [based on principal components (PCs)] in
Table 4 and is shown to be consistent with the links indicated
in the correlation matrix (Table 3). Principal component
analysis enhances subtle but significant single-element
anomalies and helps discriminate between element
associations that have different underlying factors controlling
their distribution. Two PCs were extracted with respect to
Eigen values greater than 1. The values in bold in Table 4
represent PC loadings >0.5; these were used in the
determination of PCs. Principal component 1 (PC-1), the more
important component, accounted for 55.49% of total
variance and was mainly characterized by high levels of V, Fe,
Cr, As, Ni, Pb and Cu. This component is lithogenic in origin,
rather than anthropogenic. The compatible chalcogenides
behaviour of these elements (Cr, As, Ni, Pb and Cu) in the
sulphide minerals of the gold ore and their presence as lattice
components in the associated heavy minerals (e.g., rutile: Cr,
V and Fe) are the probable factors that determine their
migration characteristics as well as their enrichment and
enhanced pollution potential in the soil.

Principal component (PC-2) accounted for 21.44% of
total variance with a cohort comprising: Mn, Co and Zn. This

Table 4: Rotated component matrix of principal component analysis loadings
for PHEs in the soils of the Kette-batouri region

Principal component (PC)

Elements 1 2 Communalities
Cu 0.656 0.420 0.607
Pb 0.777 0.242 0.662
Zn 0.149 0.749 0.584
Ni 0.747 0.103 0.569
Co -0.210 0.904 0.865
As 0.870 0.202 0.798
Cr 0.919 -0.085 0.851
Mn 0.104 0.875 0.792
Fe 0.974 0.023 0.949
\Y 0.960 0.002 0.922
Eigen values 6.104 2.358

Percentage of variance 55.490 21.440

Cumulative (%) 55.490 76.930
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component is anthropogenic and denotes concordant
migration in the soil of this PHE association after the metals
are released by mining, erosion and hydraulic transport
processes. Geochemical mechanisms by which they bind
to the finer-grained soil particles, causing moderate
contamination, include adsorption, complexation and
co-precipitation, in a largely acidic environment.

Spatial distribution of potentially harmful elements: The
concentration and spatial distribution maps for PHEs drawn
using the Surfer 17.0 software package are presented in Fig. 6.
Concentrations of V, As, Cr, Fe and Zn show significant
correlations as well as, distinct distribution patterns.
Despite the generally steady decrease of PHE concentrations
away from the mine sites, isolated areas located
approximately 10-80 km away from the NE segment of the
study area still show significantly enhanced concentrations for
some PHEs (Cr, Pb, Fe and V), with reference to background
values (Fig. 6). Large amounts of metals present in the mine
wastes and associated soils provide a source for continuing
dispersion both downstream and downslope (deposition of
hydraulically transported mine tailings). This has resulted in a
moderate degree of contamination of soils suitable for crop
production.

Inferred link of PHEs contamination of soil to environmental
health: The commonly established ingestion pathways,
from the literature, for the PHEs in the study are: Food
consumption, drinking water and ingestion of contaminated
soil (mostly by children or as in ‘Geophagy’ the deliberate or
sometimes inadvertent consumption of soil). Of the eleven
PHEs studied, only Cr, Pb, Fe and V (above reference
background), Cr and V (above CSQG values) and Fe and Cd
(high average EF) show enhanced concentrations that would
be statistically significant in any proposed risk assessment
studies in the region. Possible health implications of the
bioaccumulation and food chain entry of these PHEs are
discussed for Cr3+36, Pp333>38 Fe39-46 \/47-49 gand Cro0s1,

This study has provided important background
information for vulnerability assessment of sampled areas
for future investigation and development planning in the
Kette-Batouri region of Eastern Cameroon. Principal
component analyses, correlation coefficients and other
relevant statistics indicate dominant lithogenic control and
subordinate anthropogenesis in the migration and
accumulation of eleven PHEs. Initial results emphasize the
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absence of large-scale soil contamination in areas located
outside of a relatively small radius of the mine sites and
suitability of these localities for agriculture is indicated.
However, agricultural and agronomic activities are notintense
in the study area at present and pollution from these
extraneous sources (sources outside mining and ore
processing) is considered to be of limited significance in risk
assessment studies in the region.

A complete and detailed mapping of PHEs
distribution in the soils, especially along certain defined
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profiles, is also advocated. Although, total metal
concentrations in soils can be an important factor in
determining the uptake of metals into plants, itis realised
that uptake can also be influenced by several other soil and
plant factors. Factors, such as soil texture, pH, organic
matter content and bio-availability/bio-accessibility
characteristics, should be carefully investigated, before
credible links can be  established between PHE
excesses in soils and environmental diseases in the study
region.
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CONCLUSION

The effects of soil environmental pollution caused by
mining in the Kette-Batouri region were investigated, for the
first time. This study has provided important background
information for vulnerability assessment of sampled areas
for future investigation and development planning in the
Kette-Batouri region of East Cameroon. Principal component
analyses, correlation coefficients and other relevant statistics
indicate dominant lithogenic control and subordinate
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anthropogenesis in the migration and accumulation of
eleven PHEs. Initial results emphasise the absence of
large-scale soil contamination in areas located outside of a
relatively small radius of the mine sites and suitability of these
localities for agriculture is indicated. Agricultural and
agronomic activities are not intensive in the study area at
present and pollution from these extraneous sources
(sources outside mining and ore processing) is considered to
be of limited significance in risk assessment studies in the
region.
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SIGNIFICANT STATEMENTS

The paper highlights for the first time the distribution of
potentially harmful elements (PHEs), their migration patterns
and toxicity potential for soils of the gold mining district of the
Kette-Batouri. Though most of the primary gold mines have
been abandoned, mining activities in this area are still of
economic importance to the Eastern Cameroon region as the
alluvial gold mining sector there is still very active. Pollution
by PHEs largely from alluvial gold mining but also from
effluents from abandoned workings, has long been of concern
in the Kette-Batouri area but the extent of pollution and its
effecton surrounding agro-ecosystems, all the way to the food
chain, have received limited attention. The bioaccumulation
of these PHEs in food crops can cause long-term cumulative
health effects due to nutritional imbalances and other
maladies when heavy metal concentrations in soils exceed
Maximum Allowable Concentration (MAC) levels.
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