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Abstract  Gold mining activities are undertaken 
both at large and artisanal scale, often resulting in 
serious ‘collateral’ environmental issues, includ-
ing environmental pollution and hazard to human 
and ecosystem health. Furthermore, some of these 
activities are poorly regulated, which can produce 
long-lasting damage to the environment and local 
livelihoods. The aim of this study was to identify a 
new workflow model to discriminate anthropogenic 
versus geogenic enrichment in soils of gold mining 
regions. The Kedougou region (Senegal, West Africa) 
was used as a case study. Ninety-four soil samples 
(76 topsoils and 18 bottom soils) were collected over 
an area of 6,742  km2 and analysed for 53 chemical 
elements. Robust spatial mapping, compositional 

and geostatistical models were employed to evaluate 
sources and elemental footprint associated with geol-
ogy and mining activities. Multivariate approaches 
highlighted anomalies in arsenic (As) and mercury 
(Hg) distribution in several areas. However, fur-
ther interpretation with enrichment factor (EFs) and 
index of geoaccumulation (IGeo) emphasised high 
contamination levels in areas approximately coin-
ciding with the ones where artisanal and small scale 
mining (ASGM) activities occur, and robust compo-
sitional contamination index (RCCI) isolated poten-
tially harmful elements (PHE) contamination levels 
in very specific areas of the Kedougou mining region. 
The study underlined the importance of comple-
mentary approaches to identify anomalies and, more 
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significantly, contamination by hazardous material. 
In particular, the analyses helped to identify discrete 
areas that would require to be surveyed in more detail 
to allow a comprehensive and thorough risk assess-
ment, to investigate potential impacts to both human 
and ecosystem health.

Keywords  Potentially harmful elements (PHE) · 
Geochemical signatures · Contamination level · Risk 
assessment, human health

Introduction

Increasing world population and technological 
advancement requires mineral exploration of valu-
able ore resources to be at the forefront of economic 
investments, both for technological advance as well 
as manufacturing. In the last few decades, explora-
tion geochemistry has enabled the exploitation of ore 
deposits worldwide thanks to advanced spatial and 
geostatistical methods that accurately identify geo-
chemical anomalies (Cheng et al., 1994, 2000; Lima 
et  al., 2003; Zuo et  al., 2015). However, the same 
methodologies can provide vital information on con-
tamination and potential risk to human health, repre-
senting a rare case of a methodology that can be used 
as tool for both development and sustainability (Alba-
nese et  al., 2010; Minolfi et  al., 2017, Nazarpour 
et al., 2018). Exploration and mining of gold (Au) is 
undertaken at large or artisanal scale in many regions 
of the world. Gold mining activities can result in envi-
ronmental issues, including environmental pollution 
and hazard to human and ecosystem health, which 
if not regulated can induce long-lasting damage to 
the environment and local livelihoods. In particular, 
soil pollution induced by large scale gold mining 
(LSGM) can be a threat to wildlife and human health. 
Frequently, valuable Au ores occur in rocks contain-
ing concentrations of sulphides of various elements 
(e.g., As, lead—Pb, copper—Cu, and Hg), whose 
exploitation results in the generation of oxidizing 
conditions and hence environmental risk, due to sul-
phuric acid release. Washing these toxic by-products 
away results in semi-solid slurry called “tailings”, 
which contaminate the soil and other environmental 
matrices (Appleton et al., 2001; Kaninga et al., 2019; 
Naicker et al., 2003; Ogola et al., 2002; Rivera-Parra 
et al., 2021; Sako & Nimi, 2018). Furthermore, even 

at relatively low concentrations, the presence of such 
trace elements in food can have significant harmful 
effects on human health, amplified by the potential for 
bioaccumulation in the food chain (Derakhshan et al., 
2018; Duruibe et  al., 2007; Marriott et  al., 2019; 
Sadeghi et al., 2022; Shams et al., 2022; Watts et al., 
2013). Artisanal and small-scale Au mining (ASGM) 
continues to grow in the developing world, creating 
thriving local rural economies but also causing signif-
icant environmental contamination and health issues. 
The ASGM is particularly problematic as it involves 
the use of Hg in the Au extraction process (Van 
Straaten, 2000; Campbell et  al., 2003; Veiga et  al., 
2006). The extensive use of Hg to amalgamate Au by 
artisanal miners leads to direct emissions of Hg into 
the atmosphere as well as its release to soil and water 
in various forms (Cordy et al., 2011; Grandjean et al., 
1999; Malm, 1998; Veiga et  al., 2006). As reported 
by the World Health Organisation (WHO) in their 
guidance for identifying populations at risk from Hg 
exposure (WHO, 2003) and with the Minamata con-
vention (UNEP, 2013), some of these activities are 
particularly common in developing countries, where 
regulations, environmental controls and monitoring 
tend to be limited, producing risk ’hot spots’ from 
exposure. For this reason, identifying potential risks 
in both large- and small-scale Au mining activities is 
of crucial importance both to protect the ecosystem 
services and the health and well-being of the commu-
nities affected.

Spatial and geostatistical computations have been 
used to distinguish the source of Potentially Harm-
ful Elements (PHE) related to mining activities. For 
example, various fractal/multifractal methods (e.g., 
Concentration-Area) have been given particular atten-
tion in mineral exploration, environmental health-risk 
analysis and regional topsoil studies to display a spa-
tial distribution of elements (Agterberg, 2001; Cheng, 
1999; Cheng et  al., 1994; Lima et  al., 2003; Zuo & 
Wang, 2015; Zuo et  al., 2015). Geostatistical meth-
ods (e.g., regression analysis or factor analysis) have 
enabled the identification of relationships between 
the elements and their possible source patterns (Alba-
nese et  al., 2015; Petrik et  al., 2018a, 2018b; Rei-
mann et  al., 2002; Thiombane et  al., 2019). Various 
contamination indices have been developed and used 
to characterise pollution or contamination of differ-
ent environments; some examples are the Enrich-
ment factors (EF, Chester & Stoner, 1973) and the 
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Geoaccumulation Index (Müller, 1969). In many 
cases, these indices are relatively simple to implement 
as they are using reference values from background/
baseline values (e.g., Enrichment factor) which are 
readily available from the literature (Atapour, 2015; 
Zuzolo et al., 2017; Liu et al., 2018; e.g., Seifi et al., 
2019; Xu, Sun and Wang, 2019; Chen et  al., 2020). 
Nevertheless, issues have been raised with regards to 
their robustness in  situations where changes in con-
centration units occur, leading to alterations in the 
results of the analysis (i.e., not scale-invariant, see 
Aitchison & Egozcue, 2005; Pawlowsky-Glahn et al., 
2015 for more details). For this reason, we have also 
used a Robust Compositional Contamination Index 
(RCCI) that follows the compositional structure of 
geochemical data (Jarauta-Bragulat et  al., 2015; 
Petrik et al., 2018a).

This study aims to reveal the source patterns of 
PTEs by using a combination of multivariate analyses 
and GIS approaches, as well as assessing the contam-
ination level of 15 PHEs in the soils of the Kedougou 
region (Senegal). The results from this investigation 
will provide a blueprint for future studies and greatly 
improve our understanding of the environmental 
processes linked to these anthropogenic activities. 
Furthermore, since it is based on the first geochemi-
cal topsoil survey of the region, this study will be of 
value in establishing fundamental guidelines, e.g., 
background/baseline values for these toxic elements 
and push towards an institutional response for a more 
adequate and comprehensive regulations in Senegal.

Materials and methods

Features of the survey area

The Kedougou Region is situated in the south-east-
ern part of Senegal and occupies a territory of about 
16,800 km2. The region borders Mali and the Guinee 
Bissau on the eastern and southern sides, respectively. 
The main geological features of the region are consti-
tuted of a Precambrian basement formed by the so-
called Kedougou-Kénieba inlier (Bassot, 1987). This 
consists of volcanic, volcano-sedimentary and sedi-
mentary formations, which are distributed into two 
Supergroups: the Mako Supergroups or “Mako Vol-
canic Belt” to the West and the Dialé-Daléma Super-
groups in the East (Fig. 1). The geological formations 

from these two Supergroups serve as hosts to several 
generations of granitoids in coalescent solid masses 
distributed into two batholiths, Badon-Kakadian and 
Saraya, intruding the Mako and Dialé-Daléma Super-
groups, respectively.

The “Falémé Volcanic Belt” outcrops to the east 
of the Daléma basin are dominated by plutonic rocks, 
the Balangouma and the Boboti complexes in the 
centre and south of the belt, respectively (Hirdes & 
Davis, 2002; Lambert-Smith et  al., 2016; Lawrence 
et al., 2013).

These ancient lands, commonly called "Birim-
ian formations", constitute a metallogenic province 
of great importance, bearing different ore deposits 
and Au-bearing reserves. The main Au deposits in 
the Kedougou region are related to the major tec-
tonic zones, namely: the Main Transcurrent Zone 
(MTZ) and the Senegalo–Malian Shear Zone (SMSZ) 
(Fig.  1), which are major regional controls of Au 
mineralisation (Bassot, 1987; Sylla & Ngom, 1997). 
There are two types of Au occurrences in the study 
area: (1) alluvial Au, which occurs mainly in the 
hydrographic network and (2) Au-bearing quartz 
veins hosted by shear zones. The Kedougou region is 
an emerging significant Au field where the Teranga 
Gold Operation (TGO) is currently the largest active 
mining company exploiting the shear zone hosting 
Au-bearing quartz veins. In addition, several other 
Au mining companies are in prospection/exploitation 
steps such Randgold-Sénégal company, Toro Gold, 
Bassari resources and Oromine companies. Moreo-
ver, many ASGM activities are scattered throughout 
the surveyed area (Fig. 2).

The relief of the region is the most rugged of the 
country with a peak of 581  m in the Southern part. 
Kedougou has one of the highest rainfalls in the coun-
try with at least 1300 mm / year (ANDS, 2015). The 
wet season lasts approximately 6 months, from May 
to October. It should be noted that tropical ferrugi-
nous soils and poorly evolved soil erosion predomi-
nate in the region. Such a situation results in this area 
being very important for biodiversity both from a 
faunal and a floristic point of view. The region is one 
of the last strongholds of Senegal’s fauna composed 
of the most prestigious antelope bands of the world 
as well as buffaloes, lions, leopards, and crocodiles, 
occurring predominantly in the largest natural park of 
the country, the Niokolo-Koba National Park (Fig. 2). 
In general, almost all the species of the Guinean flora 
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are present in Senegal but also a good part of the 
fauna of West Africa. This rich biodiversity is partly 
the result of favourable climatic characteristics as 
well as geomorphological features (ANDS, 2015).

The hydrographic network is dense and depends 
very heavily on rainfall. The area is drained by the 
Falémé and the Gambia rivers and their large number 
of tributaries. The Gambia and Falémé, which con-
stitute the two major rivers, play an important role in 
local development (agriculture, water supply for men 
and livestock) (Fig. 2).

With a population of 156,352 inhabitants in 2017, 
the region remains sparsely populated, representing 
only 1.2% of the population of Senegal with a density 
of 9.1 inhabitants per km2 (ANDS, 2015).

The Kedougou region has significant mining 
potential, making it highly attractive for inves-
tors. Mining activities occupy a high proportion of 
the population of the region and large groups are 

involved in Au panning and ASGM activities. During 
the last few years, mining activities have boosted the 
economic conditions of this region which previously 
was only embryonic. Gold mineralisation is the main 
ore deposit that is being exploited industrially and 
through ASGM and LSGM activities. The National 
Agency of statistics and demography of Senegal 
(ANDS, 2015) has outlined 29 ASGM locations in 
the Kedougou region and most of them use Au-Hg-
panning methods on the banks of Gambia and Falémé 
rivers and their tributaries (Fig.  2). Consequently, 
river-Hg-contamination is likely to constitute a real 
concern for population living in these areas consum-
ing fish from the rivers (Counter & Buchanan, 2004; 
Ishikawa & Ikegaki, 1980). The Hg from geogenic 
and anthropogenic (e.g., ASGM for Au amalgama-
tion) activities can accumulate in sediments following 
a combination of hydrological and geomorphological 
mechanisms such as surface runoff and inflow, wet 

Fig. 1   Main geology and lithology of the Kedougou Kénieba inlier; the map represents the part settling in the Kedougou region 
(modified after Lawrence (2010)
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and dry deposition. Furthermore, under anaerobic 
conditions, bacteria can transform Hg through meth-
ylation and methylmercury (CH3Hg) could bio-accu-
mulate in the biota and enter the food chain. Human 
populations living in the proximity of the artisanal 
Au mining areas would therefore be more susceptible 
to Hg exposure, which is considered neurotoxic and 
teratogenic for humans (WHO, 2003; UNEP, 2013). 
Furthermore, associated problems of over-exposure 
of Hg with other metals such as Zn, Cu, and alu-
minium (Al) are gastrointestinal (GI) disorders, diar-
rhoea, stomatitis, tremor, hemoglobinuria, ataxia, 
paralysis, skin lesions, vomiting and convulsions 
(Marriott et al., 2019; Singh et al., 2018).

Soil sampling and analytical procedures

The fieldwork was organised from early March to 
the end of April 2018 to collect the most representa-
tive soil samples in the study area (Fig.  2). Based 
on the specific land-use, geological features and the 

emplacement of large-and small-scale gold mining 
activities, in 6,742  km2, a specific sampling design 
was produced where a total of 76 topsoil samples at 
a depth between 5 and 20 cm (after vegetation cover 
was removed) and 18 bottom soils (1–3 m) were col-
lected. A higher soil sampling density (1 sample per 
15.5 km2) was planned in surrounding urban, LSGM 
and ASGM areas, and a lower one (1 sample per 
79.5 km2) in unused or arable land. This specific sam-
pling design aimed to reveal better element patterns 
and their possible pollution sources mostly in indus-
trial and/or urbanized areas.

The soil sampling was carried out following the 
Geochemical Mapping of Agricultural and Grazing 
Land Soils (GEMAS) procedure (Reimann et  al., 
2014). Topsoil samples (from 5 to 20  cm) were 
created by homogenizing 5 subsamples at the cor-
ners and the centre of a 100 m2 square, resulting in 
approximately 1.25 kg in total. Bottom soil samples 
(1–3  m) were collected mostly nearby unused and 
remotes sites where there were no human activities, 

Fig. 2   Land use, hydrographic network and soil samples locations in the study area
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in order to allow an assessment of the background/
baseline concentrations of elements in the soils of 
the study area (i.e., using them as ‘control sites’ and 
look at their relations to the parent material).

The following soil properties were measured and 
recorded by geospatial positioning systems (GP 
at each site: pH, total water content, conductivity, 
total organic content, as well as visual observa-
tions on colour, landuse, and vegetation cover). The 
94 samples were prepared following the procedure 
described in Thiombane et  al. (2018): after drying 
under infra-red lamps at T < 35  °C, samples were 
pulverized in a ceramic mortar and sieved to retain 
the < 2 mm fraction, and stored (30 g) in individu-
ally labelled plastic bags for chemical analysis.

Chemical analyses for 53 elements followed pro-
cedures as described in Petrik et  al. (2018b): and 
were carried out by an accredited laboratory Acme 
Analytical Laboratories Ltd. (now Bureau Veritas, 
Vancouver, Canada). The samples were analysed 
by both inductively coupled plasma atomic emis-
sion (ICP-AES) and inductively coupled plasma 
mass spectrometry (ICP-MS—Perkin Elmer Elan 
6000/9000) for “pseudototal” concentration to esti-
mate mobile PHEs (Adamo & Zampella, 2008; Ver-
coutere et al., 1995) after digestion by the ultratrace 
aqua regia extraction method (Bureau Veritas, 
2017). Whilst aqua regia does not dissolve primary 
silicates, trace elements associated with most other 
major soil components are released.

A subsample (15  g) was digested in 90  mL 
aqua regia and leached for 1 h at 95 °C in a water 
bath. After cooling, the solution was diluted to 
300  mL with 5% hydrochloric acid (HCl), for a 
sample weight to solution volume ratio of 1  g per 
20 mL. The accuracy and precision of the data were 
assessed against known analytical standards. Preci-
sion (median value of the Relative Percentage Dif-
ference, RPD) of the analysis was calculated using 
three in-house replicates, and two blind duplicates 
submitted by the authors. Accuracy is calculated 
on Bureau Veritas’s in-house reference materi-
als (STD DS9, STD DS10, STD DS11, and STD 
OXC109). Reference materials were calibrated to an 
aqua regia digestion/ICP-MS determination against 
published values for a concentrated HCl and nitric 
acid (HNO3) digestion of the Canadian Certified 
Reference Materials Project (CCRMP) TILL-4 and 
LKSD-2.

Data analysis and workflow model

A new workflow was designed to guide the geochem-
ical survey, in order to better understand the main 
geochemical processes that control elements distribu-
tion and to discriminate the sources and contamina-
tion level of 15 PHEs (Cu, Pb, Zinc—Zn, Nickel—
Ni, Cobalt—Co, As, Cadmium—Cd, Antimony—Sb, 
Vanadium—V, Chromium—Cr, Thallium—Tl, Hg, 
Selenium—Se, Tin—Sn, and Beryllium—Be) in 
the study area (Fig.  3). These 15 elements, which 
are listed as PHEs by the Italian legislation (D. Lgs. 
152/2006), represent one of the foremost environmen-
tal issues, and their high concentrations put humans 
at risk.

Mapping and spatial statistics

A frequency-based method (scatterplot and factor 
analysis) and frequency space-method (spatial dis-
play) were used to visualize element distribution 
in the survey area: these methods have shown to be 
powerful tools to assess the features of elements and 
highlight possible geogenic or anthropogenic contri-
butions (Reimann et al., 2005; Albanese et al., 2007; 
Petrik et al., 2018b).

In order to consider local variability and singu-
lar property as well as spatial association, the Geo-
DAS™ software was used to produce interpolated 
geochemical maps. The fractal/multifractal inverse 
distance weighted (MIDW) algorithm was applied for 
these computations (Cheng et al., 1994; Lima et al., 
2003). Previous work established that MIDW main-
tains high frequency information as well as retain-
ing local variability related to both locational con-
notations and local singularity (Cheng, 1999; Cheng 
et al., 1994; Lima et al., 2003; Petrik et al., 2018b). 
Singularity describes the scaling dependency from a 
multifractal point of view by using an index, which 
measures the behaviour of spatial variables changes 
with measuring scale changes (Cheng, 1999; Cheng 
et al., 1994). Locational connotation (or spatial asso-
ciation) describes the statistical dependency of values 
at separate locations, and its indices (e.g. covariance, 
autocorrelation and semivariogram) characterize the 
local structure and variability of surfaces (Cheng 
et al., 1994).

Concentration intervals are classified based on the 
concentration–area (C–A) fractal plot (Cheng, 1999; 
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Cheng et  al., 1994, 2000) and ArcGIS™ were used 
for the spatial presentation of the results, to allow the 
capture of the different patterns controlling element 
behaviour.

Frequency-based method (graphical displays) were 
implemented by using the open source statistical 
software R version 4.0 (Templ et al., 2011; Van Den 
Boogaart et  al., 2011) and data log-transformations 
by means of another open source software, CoDaPack 
(Comas-Cufí & Thió-Henestrosa, 2011).

Based on the work by Thiombane et al. (2019), the 
number of elements for statistical computations was 
reduced to a smaller number of 28 variables based on 
two criteria: 1) the removal of elements with > 50% of 
values below the detection limit (LOD) and 2) choos-
ing elements with a communality of extraction > 0.5 
(50%) and/or common variances < 0.5 (e.g., Reimann 
et al., 2002).

Multivariate statistics

Factor analysis (FA) was used to elucidate the corre-
lation structure of the variables by aggregating them 
within fewer factors (Reimann et  al., 2002). Factor 
analysis has been shown to be successful in identi-
fying element sources and relate them to their main 
potential origins (Reimann et  al., 2002; Albanese 
et al., 2007; Petrik et al., 2018b; Reyes et al., 2020). 
An isometric logratio transformation (ilr) was applied 
on raw-data prior to multivariate analysis (Filzmoser 
et  al., 2009) to minimize or eliminate the presence 
of outliers and spurious correlation (Pawlowsky-
Glahn and Buccianti, 2011). In order to facilitate the 
interpretation of results, varimax (orthogonal) rota-
tion was implemented; this was shown to curtail the 
number of variables with high loadings on each fac-
tor, streamlining and improving the interpretation of 
the transformed and simplified data matrix (Reimann 
et al., 2002; Petrik, 2018b). Factor analysis in R-mode 
was used to obtain aggregate factors to be interpreted 
based on their potential origin (i.e. geogenic, anthro-
pogenic or mixed).

Multivariate regression and discrimination analysis

Based on the FA and element associations, a dis-
crimination regression was performed using four 
variables: As, Hg, Sb, and Au. Discrimination anal-
ysis is widely used in geostatistical computations to 

highlight the group of elemental behaviour and fur-
ther distinguish between geogenic enrichment and 
anthropogenic contamination (Reimann et al., 2005; 
Petrik et al., 2018b). Arsenic and Hg ratio was used 
as independent variable as these two elements may 
better distinguish and discriminate ASGM and 
LSGM activities in the study area. Based on the 
high correlation between As and Sb, and between 
Sb and Au, the Sb/Au ratio was computed as a 
dependent variable.

The regression plot was divided into several parts 
based on the classification of ratios by means of 
Tukey’s box-and-whisker plots. The area below the 
lower quartiles (Q1) was identified as ASGM, where 
Hg and Au elements prevail, whilst the area above the 
upper quartiles (Q3) was identified as LSGM given 
the high predominance of As and Sb variables. In this 
way, it was possible to discriminate elemental source 
patterns associated with an ASGM or/and LSGM 
activities.

Geochemical computations

Several geostatistical computations are available in 
the literature to distinguish mineralisation from con-
tamination (Cheng, 1999; Cheng et  al., 1994; Lima 
et al., 2003; Reimann & De Caritat, 2005). The fol-
lowing sections describe the ones used in this study to 
discriminate between underlying geological features 
and/or anthropogenic activities.

Enrichment factor

The Enrichment Factor (EF) approach was first 
introduced to recognise economically viable min-
eralisation and has been used to identify the ori-
gin of elements in the atmosphere and in precipita-
tion including seawater (Goldberg, 1972; Chester & 
Stoner, 1973; Peirson et al., 1974; Duce et al., 1975; 
Rahn, 1976; Buat-Ménard & Chesselet, 1979). In this 
study, it was applied to determine soil contamina-
tion on a long-term scale (Abrahim & Parker, 2008; 
Hakanson, 1980; Saeedi et  al., 2012; Sutherland 
et al., 2000; Thiombane et al., 2019; Wu et al., 2011). 
Enrichment Factor was calculated using the same 
equation, introduced by Chester and Stoner (1973—
Eq. (1) below) as follows:
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with Cx representing the concentration of the ele-
ment to calculate and Cref the concentration of a 
reference element. The background concentrations 
of the considered PHEs were determined in 18 bot-
tom soil samples collected in areas characterised by 
an absence of industrial activities. Moreover, their 
respective Geometric Means (GeoM) were consid-
ered as background concentrations over arithmetic 
mean and median because GeoM is a robust index 
that minimises/eliminates the influence of “outlier 
observations” throughout the data analysis. Here, the 
reference element is an element that is particularly 
stable in soil, which is validated by its vertical immo-
bility and/or chemical stability (non-degradability) 
(Reimann et  al., 2008). Aluminium, Sc, Zr and Ti, 
naturally occurring in soils, are the main elements 
considered to be stable. The EF is represented in five 
numerical ranges, each corresponding to an increas-
ing level of pollution (Sutherland, 2000). In this 
study, the choice of the most stable element in EF cal-
culations was based the coefficient of variation (CV) 
as presented in Thiombane et al. (2019), which can be 
calculated using the equation:

where CV is the variability of distribution in percent-
age (%), MAD is the median absolute deviation, i.e. 
the 50th percentile of the deviations of all concentra-
tions from the median value of concentration, and 
MD is the median concentration. This robust, non-
parametric estimate is not affected by the presence of 
outliers and allows a more extensive interpretation of 
the variability of distribution of reference elements 
(Reimann & de Caritat, 2005). The smaller the CV 
value, the more stable the element will be.

Index of geo‑accumulation

The geo-accumulation index (IGeo) was originally 
introduced by Müller (1969) to quantify accumula-
tion in sediments. In recent years it has been used in 
different fields (Kowalska et al., 2016; Varol, 2011) to 
assess PHEs pollution level on the basis of the ratio 

(1)EF =

(

Cx

Cref

)

sample

(

Cx

Cref

)

background

(2)CV =
MAD

MD
× 100%

between the current content of the element in topsoil 
and the background content of the element. The Geo-
accumulation index is expressed as follows:

where Cx is the concentration of the element under 
consideration and Cb is geochemical background 
value of an element. Factor 1.5 is the background 
matrix correlation factor due to the lithological 
effects. The IGeo values are usually classified in 
seven numerical ranges, each representing a pollution 
level (Müller, 1969).

Robust compositional soil contamination index 
(RCCI)

The above-described indices, as well as others available 
in the literature, (e.g., Chester & Stoner, 1973; Müller, 
1969; Hakanson, 1980) use background/baseline values 
for reference and are relatively intuitive. Nevertheless, 
in recent years these have been critically reviewed as 
they appear to over-simplify very complex processes. 
As reported by Petrik et al. (2018a), reasoned that their 
values can strongly depend on the parent rock materials 
and selected reference media as well as reference ele-
ments, which can obviously vary significantly in vari-
ous contexts (Reimann and de Caritat 2000, 2005). Fur-
thermore, other authors have highlighted that they are 
not scale-invariant, and that the results of the analysis 
may change depending on the concentrations units used 
(Aitchison & Egozcue, 2005; Pawlowsky-Glahn et al., 
2015). Arguably, these simplifications can be justified 
by the PHEs long biological half-lives and their ten-
dency to bioaccumulate in soils by adsorption to clay 
minerals and organic matter (Kabata-Pendias, 2011). 
On the other hand, PHE bioavailability can be dictated 
by various physicochemical factors (e.g., pH, Eh) as 
well as physiological variations (Barkouch et al., 2007; 
Kabata-Pendias, 2011; Skordas & Kelepertsis, 2005; 
Yang et al., 2004; Zhao et al., 2013, 2014). For these 
reasons, in this study the standard indices have been 
coupled with a more comprehensive calculation, the 
robust compositional soil contamination Index (RCCI) 
which tries to identify the pollution level taking into 
account the compositional character of the data (Petrik 
et  al., 2018a; Reyes et  al., 2019). The RCCI can be 
expressed following three different steps. The first step 

(3)IGeo = log 2
(

Cx

1.5Cb

)
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looks at characterizing each individual sampling site as 
follows:

with Xi the ratio between the concentration of the 
metal (Ci) and the geochemical background/baseline 
(Bn) calculated for each element at each sampling site 
i. In this study, the baseline was calculated consider-
ing the geometric mean (GeoM) of each PHE from 
bottom soils sampled in areas not affected by the 
mining operations (control sites). GeoM reflects the 
central tendency of the dataset and it is not affected 
by the presence of outliers. At the end of this step, a 
series of Xi values is obtained for each element and 
for each site, reflecting the individual elemental ratios 
at that specific location. In the second step, each 
site is treated in a ‘compositional’ way, producing a 
weight for that site with respect to the entire dataset, 
including all element considered as follows:

where the weight Zi is obtained by calculating GeoM 
for each sampling location constituted of all the ele-
mental Xi previously calculated. This will therefore 
provide an individual weight Zi for each sampling 
site, but in a compositional manner. The third step 
will look at the various Zi and consider how they vary 
from the maximum Z, providing a ‘compositional 
enrichment’ interpretation. This will equate to:

where RCCI is the ratio between Zi and Zmax, the 
geometric mean of the sampling point i and the 
maximum geometric mean, respectively. The results 
are expressed in percentages from 0 to 100% with 
increasing degree of contamination reflected by RCCI 
values nearer to 100%. For a better understanding of 
the origins of this index, as well as the assumptions 
considered for its application on soils, please refer to 
the robust index introduced by Jarauta-Bragulat et al. 
(2015) to report Air Quality Index (AQI) of the city 
of Madrid (Spain) and the subsequent work by Petrik 
et al (2018b) to adapt it to soils.

(4)Xi = Ci∕Bn

(5)Zi = GeoM
(

Xi

)

(6)RCCI =
(

Zi∕Zmax

)

x100%

Results and discussion

Variation of element concentrations

Table  1 shows the variation and descriptive statis-
tics of investigated elements. The distribution of the 
28 considered elements are mainly right-skewed, 
which indicates that the mean value is typically 
greater than the median.

Spatial distribution of the elements was inter-
preted by producing interpolated maps. In particu-
lar, As and Hg concentration variations were inves-
tigated in detail in the study area.

Figure 4A shows As concentration ranging from 
0.31 to 119.3  mg  kg−1, with the greatest concen-
tration (ranging from 65.99 to 119.3  mg  kg−1) 
located in the proximity of the sampling sites in 
the Massawa district, where industrial Au min-
ing companies settle. The high concentration of 
As in topsoil may be associated with Au-bearing 
ore which is typically concomitant with sulphides 
of various elements (including As) that may be 
mobilised during the prospection phases and accu-
mulate in topsoil. Treloar et  al. (2015) highlighted 
that the Massawa Au deposit presents a first sul-
phide–Au mineralization associated with dissemi-
nated arsenopyrite–pyrite.

The concentration of Hg, ranging from 0.003 to 
2.40 mg kg−1 with a mean value of 0.14 mg kg−1 was 
separated into five ranges according to C-A fractal 
plot (Fig. 4B, plot below). The lowest concentrations 
(ranging from 0.003 to 0.035 mg kg−1) were located 
in the southern part of the study area. In contrast, 
the greatest concentration values ranging from 0.95 
to 2.21  mg  kg−1 were roughly corresponding to the 
Tinkoto, Kharakhena, and Sambarabougou villages. 
These locations are well known because they are 
linked to a large number of ASGM activities where 
Hg is used for amalgamation in Au recovery (Niane 
et  al., 2014). A potential explanation could there-
fore be that the anomalous concentrations of Hg in 
our study area may be related to anthropogenic input 
related to ASGM activities, similarly to what evi-
denced by other studies (e.g., Appleton et  al., 2001; 
Sako & Nimi, 2018). The values identified in this 
study are comparable to those of similar surveys con-
ducted world-wide to assess the levels of Hg in soils 
nearby ASGM and estimate its impact on environ-
ment and human health (Table 2).
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Multivariate analysis and elemental sources

Factor analysis

Robust factor analysis was computed on the 28 
selected variables to highlight the geochemical 
characteristics that can help identify their environ-
mental behaviour and distinguish their geogenic 
and/or anthropogenic origin in the survey area.

The total variance was 67.1% in a four-factor 
model based on the breakpoint on the scree-plot of 
all factors. The four factors (F1, F2, F3 and F4), 

accounted for 22.4, 16.2, 14.2 and 14.1% variabil-
ity, respectively (Table 3).

In general, variables with loadings greater than 
the absolute value of 0.5 are assumed describing 
well the main composition of each factor. The four 
factors identified had all variables holding commu-
nalities above 0.5 (50% of variability) which high-
lights the strength of the models in characterising 
the elements interrelationships and their most likely 
sources (geogenic and/or anthropogenic-Table  4). 
The 28 elements within models were organised 

Table 1   Descriptive statistic of 76 topsoils samples from the Kedougou region (South-eastern of Senegal; CV and Std. Deviation 
are the coefficient of variation and standard deviation, respectively

Elements 
(mg kg−1)

Minimum Maximum Geometric mean Median Std. deviation Skewness Kurtosis CV (%)

Ag 0.003 1.09 0.06 0.03 0.14 5.85 38.5 44.2
Al 1900 27,300 11,805 11,300 6457.8 0.2 − 0.8 30.1
As 0.2 121.8 15.43 6.3 21.1 2.89 10.47 73
Au 0.0001 7.72 0.37 0.01 1.21 4.56 21.7 1629
Be 0.06 1.3 0.62 0.6 0.35 0.2 − 1.04 50
Ca 65 14,500 2640 1400 3425 2.2 4.17 786
Cd 0.01 0.28 0.03 0.01 0.05 3.06 10.29 42.9
Co 0.5 61.8 12.77 7.6 13.23 1.69 3.07 132
Cr 13.2 770.6 151.17 114.4 149.34 2.07 4.59 37
Cu 2.69 92.26 27.89 23.89 20.3 0.89 0.3 6.2
Fe 3700 265,200 63,801 48,400 53,578 1.28 2.09 7
Hg 0.003 2.4 0.14 0.03 0.36 4.33 20.52 75
K 200 3000 740 600 526 1.67 3.57 400
Mg 65 3600 1041 800 882 1.33 1.19 350
Mn 26 2122 433 294 414 1.97 4.57 59
Mo 0.15 21.3 1.93 1.08 3.08 4.22 20.96 40
Na 6.5 240 42.51 30 41.68 2.23 6.12 67
Ni 1.6 96.4 22.73 14.8 22.38 1.41 1.23 106
P 40 1550 365 340 289 1.41 2.8 47
Pb 1.77 25.37 9.28 8.28 5.56 0.79 0.27 44
Sb 0.02 5.6 0.69 0.41 0.85 3.08 13.72 66
Se 0.06 0.9 0.21 0.06 0.22 1.54 1.24 823
Sn 0.3 2.8 0.7 0.6 0.44 2.61 8.7 33
Th 0.8 8.5 3.65 3.1 1.79 0.73 − 0.23 55
Ti 60 920 297.9 260 183.9 1.08 1.52 4
Tl 0.01 0.19 0.05 0.04 0.03 1.75 3.23 50
U 0.2 3.8 1.05 0.9 0.7 1.69 3.76 22
V 12 645 131.49 110 110.8 1.63 4.49 25
Zn 2.3 374.2 35 20.8 55.01 4.42 22.05 19
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by positive and negative loadings and sorted in 
descending order (see also Table 4):

F1: Magnesium—Mg, Ni, Co, Calcium—Ca, 
Manganese—Mn,—(Thorium—Th, Sn, Uranium—
U, Pb, Titanium—Ti).

F2: Silver—Ag, Au, Hg, Zn, Cd,—(Alumin-
ium—Al, Be, Se, Ti).

F3: As, Sb, Phosphorus—P, Molybdenum—Mo, 
Iron—Fe, V

F4: Cu, V, Fe, Cr,—(Potassium—K, 
Sodium—Na).

The factor score distribution maps were prepared 
using the concentration–area (C-A) fractal function 
available in GeoDAS (Cheng et al, 1994; Thiombane 
et al., 2018).

The factor scores interpolated map F1 (Fig.  5A) 
highlights scores ranging from − 2.12 to 2.35. Low 
factor score (ranging from − 2.12 to  − 0.67) are in 
correspondence to the Saraya area and surroundings. 
These low factor score reveal a dominance of Th, Sn, 
U, Pb, and Ti in the soils of this portion of the study 
area. This may be related to the underground geo-
logical features directly related to the soils above. In 
fact, Fall et  al. (2018) described Th-U anomalies in 
the Paleoproterozoic granitoids massifs of the Saraya 
Batholith. High factor scores (ranging from 0.90 to 
2.35) are located in the Northern part of the study area 
where the association of Mg, Ni, Co, Ca, and Mn may 
be related to the sedimentary deposits of the Dialé-
Daléma series. Several authors (e.g., Bessoles, 1977; 
Hirdes & Davis, 2002; Gueye et  al., 2008; Dabo & 
Aïfa, 2010; Lambert-Smith et al., 2016) reported that 

the sedimentary deposits of the Dialé-Daléma series 
consist of siliciclastic and minor carbonate rocks.

Figure  5B shows the factor score of variables 
in the F2 factor, with values ranging from − 1.30 to 
3.39. High factor scores of the F2 range from 0.95 
to 3.93 and are related to the positive correlation 
between Ag, Au, Hg, Zn, and Cu roughly located in 
correspondence of the villages of Tomboronkoto, 
Bantako, Tinkoto, Sambarabougou, Kharakhena and 
Samekouta. The underlying bedrock of these areas is 
mostly constituted of volcanic rocks with quartz vein-
hosted Au. It is likely that, based on the presence of 
Au-mineralisation, the use of Hg for Au amalgama-
tion in ASGM activities may be practiced in these 
areas (Niane et al., 2014, 2015). Indeed, the composi-
tion of the F2 factor and its geographical distribution 
seems to indicate an anthropogenic contribution of 
Hg related to activities such as ASGM practices.

The interpolated map for the factor score 3 
(Fig.  6A) shows values ranging from -1.72 to 2.44, 
corresponding to As, Sb, P, Mo, Fe, and V associa-
tion with elevated values (ranging from 0.89 to 2.44) 
observed in Tinkoto and Massawa districts. This ele-
mental association is likely to be related to the under-
lying geology dominated by volcanic rocks (Mako 
Volcanic belt), which formed most of the soils of this 
region. Topsoils of the area of Massawa are reported 
to be part of the Mako Volcanic belt, which is part of 
the exploration domain of LSGM, where the “Mas-
sawa Au deposits” were discovered. Treloar et  al. 
(2015) highlighted that this section of the Mako Vol-
canic Belt is composed of two major styles/stages of 

Table 2   Mercury concentration (mg kg−1) level in different soils nearby ASGM activities

Location Characteristics of soils Ranges (mg kg−1) Authors

Africa
Senegal Soils surrounding ASGM, Kedougou 0.003–2.21 This study
Ghana Soils in Households nearby ASGM, Kejetia 0.096–40.97 Rajaee et al., 2015
Tanzania Urban area near ASGM 0.05–9.2 Taylor et al., 2005
Asia
China Soil samples collected in Tongguan Au mining area 0.3–76 Feng et al., 2006
Indonesia Soils in surrounding Artisanal Buladu Gold Mine 0.48–4.24 Mallongi et al., 2014
Thailand In soils nearby small-scale gold mining, Phichit Province 0.038–10. 56 Pataranawat et al., 2007
America
Venezuela Soils from the Cuyuni river basin, near ASGM 0.02–0.40 Santos-Francés et al., 2011
Chile Soils within Coquimbo region 2.4–47 Higueras et al., 2004
Bolivia Soils in agriculture land around ASGM 0.5–48.6 Terán-Mita et al., 2013
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mineralization: 1) sulphide–Au mineralization asso-
ciated with disseminated arsenopyrite–pyrite and 2) 
quartz–stibnite + tetrahedrite veins characterised by 
coarse visible Au. The two stages of Au mineraliza-
tion are separated by a phase of quartz–molybdenite 
veining. Higher factor loading of As in this associa-
tion emphasizes its anomalous nature in this part of 
our survey area, possibly related to potential mobili-
zation of elements by weathering and/or soil forma-
tion. Further studies would be needed to identify the 
potential sources of As, characterised by very high 
concentrations (up to 65 mg  kg−1) in this area. Fig-
ure  6B highlights a positive Cu, V, Fe, and Cr and 

negative K and Na correlations which correspond to 
elevated (ranging from 0.75 to 2.77) and low (rang-
ing from -1.97 to -0.85) factor score values, respec-
tively. High factor score values can be observed on 
the north-western and eastern part where the Mako 
Volcanic Belt and Falémé volcanic deposits occur, 
respectively. These igneous rocks are tholeiitic forma-
tions characterised by sulphide mineralisation such 
as chalcopyrite (Bassot, 1987; Sylla & Ngom, 1997). 
Furthermore, elevated concentration of Fe (ranging 
152,000 to 265,200 mg  kg−1) were observed in top-
soil samples of the eastern part of the survey area, 
possibly being linked to the Precambrian magnetite 

Table 3   Varimax-rotated 
factor (three-factor model) 
of isometric logratio clr 
back-transformed variables 
for topsoil samples from the 
survey area; bold entries: 
loading values over |0.50|

Variables Factors Communalities

F1 F1 F1 F1

Ag 0.03 0.82 − 0.08 − 0.05 0.69
Al 0.03 − 0.65 0.06 0.46 0.63
As − 0.04 0.22 0.83 0.22 0.79
Au 0.2 0.76 0.12 0.23 0.69
Be − 0.23 − 0.6 0.16 0.25 0.5
Ca 0.75 0.26 0.02 − 0.41 0.79
Cd 0.1 0.53 − 0.15 − 0.43 0.5
Co 0.79 0.1 − 0.16 0.39 0.82
Cr 0.17 − 0.2 0.33 0.58 0.51
Cu 0.5 0.04 0.11 0.68 0.72
Fe 0.06 − 0.15 0.66 0.66 0.9
Hg 0.08 0.72 0.3 − 0.08 0.62
K 0.34 − 0.31 − 0.25 − 0.73 0.81
Mg 0.81 − 0.17 − 0.11 − 0.34 0.82
Mn 0.7 − 0.06 − 0.27 0.14 0.59
Mo − 0.17 − 0.1 0.7 0.13 0.54
Na 0.34 0.42 − 0.12 − 0.55 0.61
Ni 0.79 0.09 − 0.03 0.46 0.84
P 0.05 − 0.13 0.78 − 0.06 0.63
Pb − 0.64 − 0.1 0.19 0.23 0.51
Sb 0.1 0.04 0.81 0.26 0.73
Se 0.33 − 0.52 0.21 − 0.3 0.51
Sn − 0.8 − 0.09 − 0.31 − 0.06 0.74
Th − 0.83 − 0.36 − 0.25 0.05 0.88
Ti − 0.51 − 0.5 − 0.24 0.38 0.62
U − 0.77 − 0.22 − 0.14 − 0.03 0.67
V 0 − 0.24 0.59 0.67 0.85
Zn 0.36 0.68 0.06 − 0.17 0.62
Eigenvalues 7.3 5.79 3.66 2.04
Total variance in % 22.43 13.18 14.17 14.11
Cum. of total variance (%) 22.43 38.83 53.01 67.12
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Table 4   Explanation of the four-factor model extracted which explains 67.12% of total variance and presumes sources patterns of 
elements in the study area

Factors % of 
variance 
explained

Association of variables Interpretation

F1 22.43 Mg, Ni, Co, Ca, Mn,—(Th, Sn, U, Pb, Ti) Th, Sn, U, Pb and Ti are likely related to Geogenic 
sources, likely related to Paleoproterozoic granitoids 
massifs of the Saraya Batholith

Figure 5A

Mg, Ni, Co, Ca and Mn corresponds to sedimentary 
deposits of the Dialé-Daléma series

Figure 5A

F2 16.18 Ag, Au, Hg, Zn, Cd,—(Al, Be, Se, Ti) Ag, Au, Hg, Zn and Cd related to anthropogenic 
contribution, likely related to artisanal gold mining 
activities

Figure 5B

Al, Be, Se andTi may be correlated to granitoids mas-
sifs of the Saraya Batholith

Figure 5B

F3 14.17 As, Sb, P, Mo, Fe, V As, Sb, P, Mo, Fe and V = geogenic sources, from 
Mako volcanic belt rich in

Figure 6A

F4 14.11 Cu, V, Fe, Cr,—(K, Na) Cu, V, Fe and Cr likey featured with igneous rocks 
based tholeiitic formations

Figure 6B

K and Na related to Saraya Batholith with high-K 
calc-alkaline series

Figure 6B

Fig. 5   Interpolated factor 
score maps of the Factor 1 
A and Factor 2 B 
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skarn deposits of the so-called Falémé iron district 
(Bassot, 1997; Schwartz & Melcher, 2004; Wade, 
1985). Low factor score values instead corresponded 
with the Saraya district and surroundings. Fall et  al. 
(2018) showed through regional radiometric meas-
urements that the Saraya Batholith displayed high-K 
calc-alkaline series, and Bassot (1966) and Ndiaye 
et al. (1997) also revealed the presence of syenogran-
ite with biotite and muscovite. The evidence seems 
to be consistent with K-enrichment in topsoils of this 
area caused by alteration and weathering phenom-
ena of major K-bearing phases in granite, including 
potassic feldspars.

Regression analysis and contamination sources 
discrimination

A multi-element regression plot based on the Sb/Au 
and As/Hg ratios was prepared and divided in two 
areas (Fig. 7), with each one corresponding to a spe-
cific element dominance.

Area Q1: This area is characterised by lower val-
ues (i.e. below the Q1 values) of Sb/Au and As/Hg 
ratios which correspond to a dominance of Hg and 
Au in topsoils. Significantly, it can be observed how 
area Q1 values correspond mostly to sampling points 
taken from the areas where ASGM activities can be 
found. Furthermore, Pearson correlation (r) between 
Hg and Au was calculated for topsoils (r = 0.74) and 
bottom soils (r = 0.21), showing a higher correla-
tion in the former, which suggests that Hg behaviour 
may be linked more to an anthropogenic input than 
a geogenic one. Artisanal gold mine activities could 
produce accumulation and redistribution in the more 
superficial soil horizons, providing a very likely 
source for Hg topsoil contamination in the surveyed 
area.

Area Q3: Values with greater ratios, i.e. where 
the ratios Sb/Au and As/Hg were above their 
respective third quartile (Q3), were found mostly 
in correspondence with the Massawa and Sam-
barabougou sampling points, displaying high 

Fig. 6   Interpolated factor 
score maps of the Factor 3 
C and Factor 4 D 
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concentrations of As and Sb. Furthermore, Pearson 
correlation between As and Sb in topsoil and bot-
tom soil were calculated at (r = 0.52) and (r = 0.59), 
respectively. These intermediate values could be 
related to either geogenic and/or anthropogenic 
sources. It can be argued that the high concentra-
tion of As and Sb in the topsoils of Massawa and 
Sambarabougou may be related to both local activi-
ties (Au mining) but also weathering phenomena 
that could induce the enrichment/contamination 
of As and Sb in topsoils. Whether these natural 
re-mobilizations are more prominent compared to 
anthropogenic accumulation is difficult to deduce, 
though it is well known that in the Massawa and 
Sambarabougou areas, LGSM companies are work-
ing on Au deposits.

PHE contamination assessment

Assessment of soil contamination/pollution on PHEs 
content in soils was expressed as EF and IGeo follow-
ing the values and ranges available in the literature 
(Table 5). These values were compared to those of the 
Robust Compositional Contamination Index.

Enrichment factor and contamination levels

Table 6 shows the variation of background values of 
the considered 15 PHEs in soils of our study area, 
where GeoM were considered to compute the EFs.

Figure 8 shows Tukey’s box-and-whisker plots of 
the 15 considered PHEs, organized according to their 
distribution towards the EF values given by Suther-
land (2000).

Fig. 7   Multi-element 
regression plot of Sb/Au 
and As/Hg ratios. Q1 and 
Q3 symbolise first (25%) 
quartile and third (75%) 
quartile, respectively

Table 5   Indices 
(Enrichment factor 
geoaccumulation index) of 
pollution used in this study

Indices Ranges Pollution levels

< 2 Minimal
Enrichment factor (EF) 5-Feb Moderate
Sutherland (2000) 20-May Significant

20–40 Very high
> 40 Extremely high
─ ─
≤ 0 Unpolluted
0–1 Unpolluted to moderately polluted
2-Jan Moderately polluted

Geoaccumulation Index (Igeo) 3-Feb Moderately to highly polluted
Müller (1969) 4-Mar Highly polluted

5-Apr Highly to extremely polluted
≥ 5 Extremely highly polluted
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According to its original classification in 5 ranges, 
it was found that V, Cr, and Sn presented the low-
est EFs variation, ranging from minimal enrichment 
(EFs < 2) to moderate enrichment (EFs ranging from 
2 to 5), with all of them presenting EFs medians and 
third quartile (Q3) values below 2. Vanadium, Cr, and 
Sn elemental distributions therefore indicate minor 
enrichment in topsoil, which could be confidently 
associated to geogenic origin.

Copper, Pb, Ni, Co, As, TI, and Be displayed EFs 
values ranged from minimal (EFs < 2) to significant 
(EFs ranging from 5 to 20) enrichment. All these 
elements presented medians and Q3 values below 
2, indicating a moderate enrichment/contamina-
tion level, with some isolated significant enrichment 
(EFs range from 5 to 20) in correspondence to soils 
belonging to the Mako Volcanic Belt.

Enrichment factor values of Zn, Sb, and Se were 
found to range from minimal (EFs < 2) to very high (EF 
ranging from 20 to 40) enrichment/contamination level, 
and Zn and Se presented Q3 values above 2. The high 
enrichment level in topsoils could be related to both 
mining activities and/or weathering processes of the 

parental rocks which subsequently formed soils. It is 
well documented that Zn, Sb and Se are mainly related 
to volcanic rocks and they tend to accumulate on the 
surface (Alloway, 2013; Kabata-Pendias, 2011).

Cadmium and Hg displayed EFs factor ranging 
from minor (EFs < 2) to extremely high enrichment 
factor. Both elements show Q3 above 2 and many 
observations with EFs higher than 20. Furthermore, 
high Hg and Cd EFs were found in areas where 
ASGM activities occur. These observations strongly 
point towards both anthropogenic activities and geo-
genic processes: Hg-Au-amalgamation is likely to be 
a major Hg contamination source in ASGM (Allo-
way, 2013) whilst Cd-enrichment in topsoils may be 
related to leaching processes and sluicing of the Cd-
rich in sedimentary rocks (Alloway, 2013; Kabata-
Pendias, 2011).

Index of geoaccumulation and pollution insight

Figure 9 shows IGeo indices of the 15 considered ele-
ments, with ranges (dashed lines) based on Muller 
(1969) intervals.

Table 6   Descriptive statistic of 15 considered PHEs in bot-
tom soils of this surveyed area; the background concentration 
of the 15 PHEs correspond to their respective Geometric mean 

(GeoM) in 18 bottom soils samples collected in areas charac-
terised by an absent of industrial activities

Elements (mg/kg) Cu Pb Zn Ni Co As Cd Sb V Cr Tl Hg Se Sn Be

Num. Samples 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18
Minimum 24.02 2.61 6.7 4.7 1.4 2.2 0.0065 0.1 6.01 11.1 0.03 0.003 0.065 0.065 0.2
Maximum 99.16 21.5 38.7 95.7 57.6 115.6 0.02 1.05 387 811.8 0.08 0.146 0.3 4.3 1.4
Mean 46.48 10.26 19.3 40.4 19.3 28.44 0.0089 0.58 163.86 189.81 0.05 0.04 0.1 1.18 0.67
GeoM 42.32 8.26 15.52 25.13 10.54 14.45 0.0081 \0.44 96.53 81.87 0.04 0.02 0.09 0.64 0.56
Median 38.07 10.24 14.1 21.3 11.1 16.4 0.0065 0.53 159 122.5 0.04 0.022 0.065 0.7 0.6

Fig. 8   Tukey’s box-and-
whiskers plots represent-
ing the enrichment factor 
variation of 15 considered 
PHEs; blues dots symbolise 
outlier’s observations
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Apart from Zn, Cd and Hg, all other elements 
presented IGeo values ranging from unpolluted 
(IGeo < 0) to unpolluted-moderately polluted (IGeo 
ranging from 0 to 1). Among these elements, Pb 
(Q3 = 0.02), Co (Q3 = 0.11), As (Q3 = 0.03), Sb 
(Q3 = 0.23), V (Q3 = 0.16), Cr (Q3 = 0.19), Se 
(Q3 = 0.32), and Be (Q3 = 0.03) showed Q3 val-
ues ranging from 0 to 1. Based on the IGeo, it can 
be concluded that Cu, Pb, Ni, Co, As, Sb, V, Cr, TI, 
Se, Sn, Sn, and Be are characterised by a low pollu-
tion level in the study area. In contrast, Zn, Cd, and 
Hg presented IGeo values ranging from unpolluted 
(IGeo < 0) to moderately contaminated (IGeo ranging 
from 1 to 2). In particular, Hg presented the highest 
IGeo values in correspondence to sampling sites near 
ASGM activities. Once more, moderate Hg pollu-
tion level in the surveyed soils seems to be related to 
ASGM activities, where Au-amalgamation with Hg is 
carried out.

Robust compositional contamination index (RCCI)

In order to highlight the relative compositional con-
tamination level, RCCI was computed based on 15 
considered PHEs. The results were mapped to assess 
the relative spatial abundance of said elements to dis-
tinguish a more realistic contamination loading in the 
study area.

The RCCI map (Fig.  10) showed low index (val-
ues < 25%) in the southern part of the study area 
where the two main cities (Kedougou and Saraya) are 
located. This region seems to be relatively uncontam-
inated with regards to the considered elements.

Medium RCCI values (ranging from 25 to 45%) 
were mapped roughly in the Western (Tomboronkoto 
(6), Bantako (5) and Mako (7)) and central parts 
(Sambarabougou (11)) part of the study area. In fact, 
it is indicative that ASGM activities can be found in 
these areas, potentially giving rise to relatively signif-
icant release of PHEs in the environment.

The high RCCI values (ranging from 45 to 55%) 
were found to correspond to the Kharakhena (4) and 
Massawa (8) districts. In particular, the high RCCI in 
Kharakhena was also accompanied by high GeoM of 
Hg, Cr, and Sb. Unsurprisingly, this area is charac-
terised by a considerable number of ASGM activities 
that are likely to use Au-Hg amalgamation techniques 
for their mining activities. On the other hand, the high 
RCCI in the Massawa district (dominance of Se, V, 
and Sb) could be related to a mix of geogenic/anthro-
pogenic sources, potentially related to industrial and 
mining activities located in this area.

The highest spatial index (RCCI values up to 55%) 
were found in the northern part of the study area, spe-
cifically in Sabodala (9) (Cd > Hg > Zn), Khossanto 
(10) (Cd > Zn > Hg) and Tinkoto (8) (Hg >  > Zn > As) 
districts. In Sabodala and Khossanto, the GeoM of 
Cd, Hg and Zn prevailed in the RCCI computation 
and these areas are also characterised by the presence 
of large ASGM activities. The levels of contamina-
tion in these two areas are very likely to be related to 
anthropogenic activities such as artisanal Au mining. 
Moreover, Sabodala hosts the largest LSGM Com-
pany of the Kedougou region, whose activities might 
explain the high levels of Cd and Zn in soils of this 
area. In contrast, Tinkoto hosts the largest ASGM 

Fig. 9   Tukey’s box-and-
whiskers plots represent-
ing the Geoaccumulation 
indices variation of 15 
considered PHEs



5086	 Environ Geochem Health (2023) 45:5067–5091

1 3
Vol:. (1234567890)

activities of the Kedougou region (ANDS, 2015; 
Niane et al., 2015); here results were characterised by 
high GeoM of Hg, followed by Zn and As, which may 
be related to use of Hg in artisanal Au mining activi-
ties, but also potentially related to mineral impurities, 
as As and Zn are usually found as major impurity 
elements in native Au mineralization (Treloar et  al., 
2015).

Conclusion

This study focused on providing a better understand-
ing of multi-element geochemistry and their source 
patterns by means of geostatistical computations and 
spatial mapping, in order to identify potential con-
tamination and enrichment levels of the 15 PHEs in 
soils of the Kedougou region.

The multivariate and integrated approach revealed 
the correlation between variables and facilitated the 
identification of the main sources of elements in the 
surveyed region. Robust factor analysis based on 
transformed data determined the elemental relation-
ships with the main geological features but also the 

potential contribution of anthropogenic activities in 
the Kedougou region. In particular, the sedimentary 
deposits of the Dialé-Daléma series were associated 
to the elemental association of Mg, Ni, Co, Ca, and 
Mn, whilst K, Na, Th, Sn, U, Pb, and Ti elemental 
association were linked with granitoids massifs of the 
Saraya Batholith deposits. Mako and Falémé volcanic 
rocks were identified as the geogenic sources for 
Ag, Au, Zn, Cd, Sb, P, Mo, Fe, Cu, V, Fe, Cr. More 
importantly, regression analysis and elemental spatial 
distribution identified As and Hg anomalies associ-
ated with anthropogenic activities such as LSGM and 
ASGM in Kedougou.

The topsoil contamination and/or enrichment lev-
els of 15 considered PHEs ranged widely. Enrichment 
Factor (EFs) and IGeo computations confirmed that 
Hg contamination is high in the surveyed area, and 
occurs mostly where ASGM activities are located, 
pointing strongly to this activity as a source, likely 
as a result of the Hg-Au-amalgamation techniques 
used in such ASGM activities. Further emphasis on 
this type of contamination was provided using RCCI, 
which was mapped to reveal spatial variability. High 
RCCI values were found in correspondence with the 

Fig. 10   RCCI Interpolated map of the 15 considered PHEs. Red colour symbolises highest relative contamination level
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Sabodala, Khossanto and Tinkoto areas, once again 
where LSGM and ASGM activities are located.

The findings from this investigation strongly advo-
cate follow up studies in clearly identified and dis-
crete areas displaying high concentration of PHEs 
and contamination levels: this would allow a more 
detailed and thorough assessment of PHEs, and their 
accumulation in different environmental matrices 
such as sediments as well as biological samples (e.g. 
fishes, cultivated crops, and human hair). A compre-
hensive evaluation of human health risk due to direct 
and indirect exposure is strongly recommended, par-
ticularly when considering that PHEs such as Hg and 
As are able to bioaccumulate and/or biomagnify in 
food chains upon which humans are dependent.

Acknowledgements  The authors wish to thank Dr. Maham-
adane Diene and Dr. Abdoul Aziz Ndiaye from the Institut 
des Sciences de la Terre (IST), University Cheikh Anta Diop 
(Dakar, Senegal) for their cooperative relationship and Rand-
Gold Company Senegal, for its logistic help. Authors are grate-
ful to Prof. Rob Mortimer of the Nottingham Trent University 
(NTU, UK) for the initial manuscript review and guidance.

Funding  This work was supported by the financial support of 
the Nottingham Trent University (UK) through the “Health and 
Wellbeing” Seedcorn funding scheme (2018).

Declarations 

Conflict of interest  The authors declare that they have no 
known competing financial interests or personal relationships 
that could have appeared to influence the work reported in this 
paper.

Open Access  This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits 
use, sharing, adaptation, distribution and reproduction in any 
medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The 
images or other third party material in this article are included 
in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your 
intended use is not permitted by statutory regulation or exceeds 
the permitted use, you will need to obtain permission directly 
from the copyright holder. To view a copy of this licence, visit 
http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

Abrahim, G. M. S., & Parker, P. J. (2008). Assessment of 
heavy metal enrichment factors and the degree of 

contamination in marine sediments from Tamaki Estu-
ary, Auckland New Zealand. Environmental Monitoring 
and Assessment, 136(1–3), 227–238.

Adamo, P., & Zampella, M. (2008). Chemical speciation to 
assess potentially toxic metals (PTMs) bioavailability 
and geochemical forms in polluted soils. In B. De Vivo, 
H. E. Belkin, & A. Lima (Eds.), Environmental geochem‑
istry: site characterization (pp. 175–212). Elsevier.

Agterberg, F. P. (2001). Multifractal simulation of geochemi-
cal map patterns. In D. F. Merriam & J. C. Davis (Eds.), 
Geologic modeling and simulation (pp. 327–346). 
Springer, Boston, MA: Computer Applications in the 
Earth Sciences. https://​doi.​org/​10.​1007/​978-1-​4615-​
1359-9_​17

Aitchison, J., & Egozcue, J. J. (2005). Compositional data 
analysis: Where are we and where should we be heading? 
Mathematical Geology, 07, 829–850.

Albanese, S., Sadeghi, M., Lima, A., Cicchella, D., Dinelli, 
E., Valera, P., Falconi, M., Demetriades, A., De Vivo, 
B., The GEMAS Project Team, (2015). GEMAS: 
cobalt, Cr and Ni distribution in agricultural and graz-
ing land soil of Europe. Journal Geochemical Explora-
tion 154, 81–93

Albanese, S., De Vivo, B., Lima, A., & Cicchella, D. (2007). 
Geochemical background and baseline values of toxic 
elements in stream sediments of Campania region (Italy). 
Jornal of Geochemical Exploration, 93(1), 21–34.

Albanese, S., De Vivo, B., Lima, A., Cicchella, D., Civitillo, 
D., & Cosenza, A. (2010). Geochemical baselines and 
risk assessment of the Bagnoli brownfield site coastal sea 
sediments (Naples, Italy). Jornal Geochemical Explora‑
tion, 105, 19–33.

Alloway, B. J. (2013). Sources of heavy metals and metalloids 
in soils. In B. Alloway (Ed.), Heavy metals in soils envi‑
ronmental pollution.  (Vol. 22). Dordrecht: Springer.

Appleton, J. D., Williams, T. M., Orbea, H., & Carrasco, M. 
(2001). Fluvial contamination associated with artisanal 
gold mining in the Ponce Enriquez, Portovelo-Zaruma 
and Nambija areas, Ecuador. Water Air and Soil Pollu‑
tion, 131(1–4), 19–39.

Atapour, H. (2015). Geochemistry of potentially harmful ele-
ments in topsoils around Kerman city, southeastern Iran. 
Environmental Earth Sciences, 74(7), 5605–5624.

Barkouch, Y., Sedki, A., & Ponesu, A. (2007). A new approach 
for understanding lead transfer in agricultural soil. Water, 
Air, and Soil Pollution, 186(1–4), 3–13. https://​doi.​org/​
10.​1007/​s11270-​007-​9450-9

Bassot, J.P., (1966). Etude géologique du senegal oriental et de 
ses confins guineo-maliens: direction des mines et de la 
geologie (Sénégal) Bulletin 1, pp. 322.

Bassot, J. P. (1987). Le complexe volcano-plutonique calco-
alcalin de la rivière Daléma (Est Sénégal): Discus-
sion de sa signification géodynamique dans le cadre de 
l’orogénie éburnéenne (Protérozoïque inferieur). Journal 
African Earth Sciences, 64, 505–519. [in French].

Bassot, J. P. (1997). Albitisations dans le Paléo-protérozoïque 
de l’Est Sénégal: Relations avec les minéralisations fer-
rifères de la rive gauche de la Falémé. Journal of African 
Earth Sciences, 25, 353–367. [in French].

Bessoles, B., 1977. Géologie de l’Afrique: Le craton Ouest-
africain. Mémoires BRGM 88, Paris. French.

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/978-1-4615-1359-9_17
https://doi.org/10.1007/978-1-4615-1359-9_17
https://doi.org/10.1007/s11270-007-9450-9
https://doi.org/10.1007/s11270-007-9450-9


5088	 Environ Geochem Health (2023) 45:5067–5091

1 3
Vol:. (1234567890)

Buat-Ménard, P., & Chesselet, R. (1979). Variable influence 
of the atmospheric flux on the trace metal chemistry of 
oceanic suspended matter. Earth and Planetary Science 
Letters, 42, 399–411.

Bureau Veritas Minerals, 2017. AQ250 Ultratrace geochemical 
aqua regia digestion. pp. 1–2.

Campbel, L. M., Dixon, D. G., & Hecky, R. E. (2003). A 
review of mercury in Lake Victoria, East Africa: Impli-
cations for human and ecosystem health. Journal of Toxi‑
cology and Environmental Health, 6, 325–356.

Chen, X. J., Huang, S. H., Xie, X. F., Zhu, M., Li, J. G., Wang, 
X. H., & Pu, L. J. (2020). Enrichment, source apportion-
ment and health risk assessment of soil potentially harm-
ful elements associated with different land use in coastal 
tidelands reclamation area, Eastern China. International 
Journal of Environmental Research and Public Health, 
17(8), 2822.

Cheng, Q. (1999). Multifractality and spatial statistics. Com‑
puters & Geosciences, 25, 949–961.

Cheng, Q., Agterberg, F. P., & Ballantyne, S. B. (1994). The 
separation of geochemical anomalies from background 
by fractal methods. Journal of Geochemical Exploration, 
51, 109–130.

Cheng, Q., Xu, Y., & Grunsky, E. (2000). Integrated spatial 
and spectrum method for geochemical anomaly separa-
tion. Natural Resources Research, 9, 43–56.

Chester, R., & Stoner, J. H. (1973). Pb in particulates from the 
lower atmosphere of the eastern Atlantic. Nature, 245, 
27–28.

Comas-Cufí, M., & Thió-Henestrosa, S. (2011). CoDaPack 20: 
a stand-alone, multi-platform compositional software. 
In J. J. Egozcue, R. Tolosana-Delgado, & M. I. Ortego 
(Eds.), CoDaWork’11: 4th international workshop on 
compositional data analysis. SantFeliu de Guíxols.

Cordy, P., Veiga, M. M., Salih, I., Al-Saadi, S., Console, S., 
Garcia, O., et  al. (2011). Mercury contamination from 
artisanal gold mining in Antioquia, Colombia: The 
world’s highest per capita mercury pollution. Science of 
the Total Environment, 410, 154.

Counter, S. A., & Buchanan, L. H. (2004). Mercury exposure 
in children: A review. Toxicology and Applied Pharma‑
cology, 198, 209–230.

Dabo, M., & Aïfa, T. (2010). Structural styles and tectonic evo-
lution of the Kolia-Boboti sedimentary Basin, Kédou-
gou-Kéniéba inlier, eastern Senegal. Comptes Rendus 
Geoscience, 342, 796–805.

Derakhshan, Z., Mahvi, A. H., Faramarzian, M., Dehghani, M., 
Salari, M., Fakhri, Y., Afsharnia, M., Hosseini, M. S., 
Marzban, A., & Taghavi, M. (2018). Data on heavy metal 
concentration in common carp fish consumed in Shiraz. 
Iran, Data in Brief, 21, 1890–1894.

Duce, R. A., Hoffmann, G. L., & Zoller, W. H. (1975). Atmos-
pheric trace metals at remote northern and southern hem-
isphere sites: Pollution or natural? Science, 187, 59–61.

Duruibe, J. O., Ogwuegbu, M. O. C., & Egwurugwu, J. N. 
(2007). Heavy metal pollution and human biotoxic 
effects. International Journal of Physical Sciences, 2, 
112–118.

Fall, M., Baratoux, D., Papa, P. M., Jessell, M., & Baratoux, L. 
(2018). Multi-scale distribution of Potassium, Thorium 
and Uranium in Paleoproterozoic granites from eastern 

Senegal. Journal of African Earth Sciences, 148, 30–51. 
https://​doi.​org/​10.​1016/j.​jafre​arsci.​2018.​03.​026

Feng, X., Dai, Q., Qiu, G., Li, G., He, L., & Wang, D. (2006). 
Gold mining related mercury contamination in Tong-
guan, Shaanxi Province, PR China. Applied Geochemis‑
try, 21, 1955–1968.

Filzmoser, P., Hron, K., & Reimann, C. (2009). Univariate sta-
tistical analysis of environmental (compositional) data-
problems and possibilities. Science of the Total Environ‑
ment, 407, 6100–6108.

Goldberg, E.D., (1972). Baseline studies of pollutants in the 
marine environment and research recommendations. In: 
The international decade of ocean exploration (IDOE) 
baseline conference, pp. 24–26 May.

Grandjean, P., White, R. F., Nielson, A., Cleary, D., & de 
Oliveira Santos, E. C. (1999). Methylmercury neuro-
toxicity in amazonian children downstream from gold-
mining. Environmental Health Perspectives, 107(7), 
587–592.

Gueye, M., Ngom, P. M., Diene, M., Thiam, Y., Siegesmund, 
S., Wemmer, K., & Pawlig, S. (2008). Intrusive rocks 
and tectno-metamorphic evolution of the Mako Palaeo-
proterozoic belt (Eastern Senegal, West Africa). Journal 
of African Earth Sciences, 50, 88–110.

Hakanson, L. (1980). An ecological risk index for aquatic 
pollution control: A sedimentological approach. Water 
Research, 14, 975–1001.

Higueras, P., Oyarzun, R., Oyarzun, J., Maturana, H., Lillo, 
J., & Morata, D. (2004). Environmental assessment of 
cooper–gold–mercury mining in the Andacollo and Puni-
taqui districts, northern Chile. Applied Geochemistry, 19, 
1855–1864.

Hirdes, W., & Davis, D. W. (2002). U-Pb Geochronology of 
Paleoproterozoic rocks in the southern part of the Kedou-
gou-Kénieba Inlier, Senegal, West Africa: Evidence for 
diachronous accretionary development of the eburnean 
province. Precambrian Research, 118(1–2), 83–99.

Ishikawa, T., & Ikegaki, Y. (1980). Control of mercury pollu-
tion in Japan and the Minamata Bay clean-up. Journal 
(water Pollution Control Federation), 52(5), 1013–1018.

Jarauta-Bragulat, E., Hervada-Sala, C., & Egozcue, J. J. (2015). 
Air quality index revisited from a compositional point 
of view. Mathematical Geosciences. https://​doi.​org/​10.​
1007/​s11004-​015-​9599-5

Kabata-Pendias, A. (2011). Trace elements of soils and plants 
(4th ed., pp. 28–534). CRC Press.

Kaninga, B. K., Chishala, B. H., Maseka, K. K., et al. (2019). 
Review: mine tailings in an African tropical environ-
ment—mechanisms for the bioavailability of heavy met-
als in soils. Environmental Geochemistry and Health. 
https://​doi.​org/​10.​1007/​s10653-​019-​00326-2

Kowalska, J., Mazurek, R., Gasiorek, M., Setlak, M., Zaleski, 
T., & Waroszewski, J. (2016). Soil pollution indices con-
ditioned by medieval metallurgical activity: Case study 
from Krakow (Poland). Environmental Pollution, 218, 
1023–1036.

Lambert-Smith, J. S., Lawrence, D. M., Müller, W., & Treloar, 
P. J. (2016). Paleoprotectonic setting of the southeastern 
Kédougou-Kénieba inlier, West Africa: New insights 
from igneous trace element geochemistry and U-Pb zir-
con ages. Precambrian Research, 274, 110–135.

https://doi.org/10.1016/j.jafrearsci.2018.03.026
https://doi.org/10.1007/s11004-015-9599-5
https://doi.org/10.1007/s11004-015-9599-5
https://doi.org/10.1007/s10653-019-00326-2


5089Environ Geochem Health (2023) 45:5067–5091	

1 3
Vol.: (0123456789)

Lawrence, D.M., 2010. Characterisation and evolution of Au 
mineralisation in the Loulo mining district, Western 
Mali. Ph.D. Thesis, Kingston University, UK, pp. 341

Lawrence, D. M., Treloar, P. J., Rankin, A. H., Harbidge, P., & 
Holliday, J. (2013). The geology and mineralogy of the 
Loulo Mining District, Mali, West Africa: Evidence for 
two distinct styles of orogenic gold mineralization. Eco‑
nomic Geology, 108, 199–227.

Legislative Decree 152/2006 Decreto Legislativo 3 aprile 2006, 
n. 152, Norme in materia-ambientale. Gazzetta Ufficiale 
n. 88 14–4–2006, Suppl Ord n. 96. http://​www.​camera.​it/​
parlam/​leggi/​deleg​he/​06152​dl.​htm.

Lima, A., De Vivo, B., Cicchella, D., Cortini, M., & Albanese, 
S. (2003). Multifractal IDW interpolation and fractal 
filtering method in environmental studies: An applica-
tion on regional stream sediments of Campania Region 
(Italy). Applied Geochemistry, 18(12), 1853–1865.

Liu, R. Q., Bao, K. S., Yao, S. C., Yang, F. Y., & Wang, X. L. 
(2018). Ecological risk assessment and distribution of 
potentially harmful trace elements in lake sediments of 
Songnen Plain. NE China, Ecotoxicology and Environ‑
mental Safety, 163, 117–124.

Mallongi, M., Pataranawatt, P., & Parkpian, P. (2014). Mer-
cury emission from artisanal Buladu Gold Mine and 
Its bioaccumulation in rice grains, Gorontalo Province, 
Indonesia. Advance Materials Research, 931–932, 
744–748.

Malm, O. (1998). Gold mining as a source of mercury expo-
sure in the Brazilian Amazon. Environmental Research, 
77, 73–78.

Marriott, A. L., Kelly, T. J., Sarkar, S. K., Chenery, S. R. N., 
Rakshit, D., Battacharya, B. D., & Watts, M. J. (2020). 
Elemental composition of aquaculture fish from West 
Bengal, India: nutrition versus food safety. Environmen‑
tal Geochemistry and Health, 42, 1211–1228.

Minolfi, G., Albanese, S., Lima, A., Tarvainen, T., Fortelli, A., 
& De Vivo, B. (2016). A regional approach to the envi-
ronmental risk assessment-human health risk assessment 
case study in the Campania region. Journal of Geochemi‑
cal Exploration. https://​doi.​org/​10.​1016/j.​gexplo.​2016.​
12.​010

Müller, G. (1969). Index of geo-accumulation in sediments of 
the Rhine River. Geology Journal, 2, 108–118.

Naicker, K., Cukrowska, E., & Mccarthy, T. S. (2003). Acid 
mine drainage from gold mining activities in Johannes-
burg, South Africa and environs. Environmental Pollu‑
tion, 122, 29–40.

National Agency of statistics and demography Senegal 
(ANDS), (2015). Situation économique et sociale région-
ale. La region de Kedougou. 154 pp. French. http://​www.​
ansd.​sn/​resso​urces/​ses/​SES-​Kedou​gou-​2015.​pdf.

Nazarpour, A., Ghanavati, N., & Watts, M. J. (2018). Spatial 
distribution and human health risk assessment of mer-
cury in street dust resulting from various land-use in 
Ah-vaz Iran. Environmental Geochemistry and Health, 
40(2), 693–704.

Ndiaye, P. M., Dia, A., Vialette, Y., Diallo, D. P., Ngom, P. 
M., Sylla, M., Wade, S., & Dioh, E. (1997). Données 
pétrographiques, géochimiques et géochronologiques 
nouvelles sur les granitoïdes du Paléo-protérozoïque 
du Supergroupe de Dialé-Daléma (Sénégal Oriental): 

implications pétro-génétiques et géodynamiques. Journal 
of African Earth Sciences, 25, 193–208.

Niane, B., et al. (2015). Human exposure to mercury in artisa-
nal small-scale gold mining areas of Kedougou region, 
Senegal, as a function of occupational activity and fish 
consumption. Environmental Science and Pollution 
Research, 22, 7101–7111.

Niane, B., Moritz, R., Guedron, S., Ngom, P. M., Pfeifer, H. 
R., Mall, I., & Poté, J. (2014). Effect of recent artisanal 
small-scale gold mining on the contamination of surface 
river sediment: Case of Gambia River, Kedougou region, 
south-eastern Senegal. Journal of Geochemical Explora‑
tion, 144, 517–527.

Ogola, J., Mitullah, W. V., & Omulo, A. (2002). Impact of gold 
mining on the environment and human health: A case 
study in the Migori gold belt Kenya. Environmental Geo‑
chemistry and Health, 24, 141–158.

Pataranawat, P., Parkpian, P., Polprasert, C., Delaune, R., & 
Jugsujinda, A. (2007). Mercury emission and distribu-
tion: Potential environmental risks at a small-scale gold 
mining operation, Phichit Province, Thailand. Journal of 
Environmental Science and Health. Part A, Toxic/Haz‑
ard Substances & Environmental Engineering, 42(8), 
1081–1093.

Pawlowsky-Glahn, V., Egozcue, J. J., & Tolosana-Delgado, R. 
(2015). Modelling and analysis of compositional data (p. 
252). John Wiley & Sons.

Peirson, D. H., Cawse, P. A., & Cambray, R. S. (1974). Chemi-
cal uniformity of airborne particulate material, and a 
maritime effect. Nature, 251, 675–679.

Petrik, A., Thiombane, M., Albanese, S., Lima, A., & De Vivo, 
B. (2018b). Source patterns of Zn, Pb, Cr and Ni poten-
tially toxic elements (PTEs) through a compositional 
discrimination analysis: A case study on the Campanian 
topsoil data. Geoderma, 331, 87–99.

Petrik, A., Thiombane, M., Lima, A., Albanese, S., & De Vivo, 
B. (2018a). Soil compositional contamination index: A 
new approach to reveal and quantify contamination pat-
terns of potentially toxic elements in Campania Region 
(Italy). Journal of Applied Geochemistry., 96, 264–276. 
https://​doi.​org/​10.​1016/j.​apgeo​chem.​2018.​07.​014

Rahn, K.A., (1976). The chemical composition of the atmos-
pheric aerosol. In: Technical Report of the Graduate 
School of Oceanography. University of Rhode Island, 
Kingston, R.I., USA.

Rajaee, M., Long, R. N., Renne, E. P., & Basu, N. (2015). Mer-
cury exposure assessment and spatial distribution in a 
Ghanaian small-scale gold mining community. Interna‑
tional Journal of Environmental Research and Public 
Health, 12, 10755–10782.

Reimann, C., Filzmoser, P., Garrett, R.G., Dutter, R., (2008). 
Statistical data analysis explained. In: Applied Environ-
mental Statistics with R. Wiley, Chichester, pp. 362.

Reimann, C., Birke, M., Demetriades, A., Filzmoser, P., 
O’Connor P. (Editors) and GEMAS Team, (2014). 
Chemistry of Europe’s agricultural soils-part A: method-
ology and interpretation of the GEMAS data set. Geolo-
gisches Jahrbuch (Reihe B), Schweizerbarth: Hannover, 
pp. 528.

Reimann, C., & de Caritat, P. (2005). Distinguishing between 
natural and anthropogenic sources for elements in the 

http://www.camera.it/parlam/leggi/deleghe/06152dl.htm
http://www.camera.it/parlam/leggi/deleghe/06152dl.htm
https://doi.org/10.1016/j.gexplo.2016.12.010
https://doi.org/10.1016/j.gexplo.2016.12.010
http://www.ansd.sn/ressources/ses/SES-Kedougou-2015.pdf
http://www.ansd.sn/ressources/ses/SES-Kedougou-2015.pdf
https://doi.org/10.1016/j.apgeochem.2018.07.014


5090	 Environ Geochem Health (2023) 45:5067–5091

1 3
Vol:. (1234567890)

environment: Regional geochemical surveys versus 
enrichment factors. Science of the Total Environment, 
337, 91–107.

Reimann, C., Filzmoser, P., & Garrett, R. (2002). Factor analy-
sis applied to regional geochemical data: Problems and 
possibilities. Applied Geochemistry, 17(3), 185–206.

Reyes, A., Thiombane, M., Panico, A., Daniele, L., Lima, A., 
Di Bonito, M., & De Vivo, B. (2019). Source patterns 
of potentially toxic elements (PTEs) and mining activity 
contamination level in soils of Taltal city Northern Chile. 
Journal of Environmental Geochemistry and Health. 
https://​doi.​org/​10.​1007/​s10653-​019-​00404-5

Rivera-Parra, J. L., Beate, B., Diaz, X., & Ochoa, M. B. (2021). 
Artisanal and SMALL Gold mining and petroleum pro-
duction as potential sources of heavy metal contamina-
tion in ecuador: a call to action. International Journal of 
Environmental Research and Public Health, 18(6), 2794.

Sadeghi, H., Fazlzadeh, M., Zarei, A., Mahvi, A. H., & Naz-
mara, S. (2022). Spatial distribution and contamina-
tion of heavy metals in surface water, groundwater and 
topsoil surrounding Moghan’s tannery site in Ardabil, 
Iran. International Journal of Environmental Analyti‑
cal Chemistry, 102(5), 1049–1059.

Saeedi, M., Li, L. Y., & Salmanzadeh, M. (2012). Heavy 
metals and polycyclic aromatic hydrocarbons pollution 
and ecological risk assessment in street dust of Tehran. 
Journal of Hazardous Materials, 227–228, 9–17.

Sako, A., & Nimi, M. (2018). Environmental geochemistry 
and ecological risk assessment of potentially harmful 
elements in tropical semi-arid soils around the Bagassi 
South artisanal gold mining site, Burkina Faso. Cogent 
Environmental Science, 4(1), 1543565.

Santos-Francés, F., García-Sánchez, A., Alonso-Rojo, P., 
Contreras, F., & Adams, M. (2011). Distribution and 
mobility of mercury in soils of a gold mining region, 
Cuyuni river basin. Journal of Environmental Manage‑
ment, 92, 1268–1276.

Schwartz, M. O., & Melcher, F. (2004). The Falémé Iron dis-
trict Senegal. Economic Geologycon, 99, 917–939.

Seifi, M., Mahvi, A. H., Hashemi, S. Y., Arfaeinia, H., Pasal-
ari, H., Zarei, A., & Changani, F. (2019). Spatial dis-
tribution, enrichment and geo-accumulation of heavy 
metals in surface sediments near urban and industrial 
areas in the Persian Gulf. Desalination and Water 
Treatment, 158, 130–139.

Shams, M., Tavakkoli Nezhad, N., Dehghan, A., Alidadi, H., 
Paydar, M., Mohammadi, A. A., & Zarei, A. (2022). 
Heavy metals exposure, carcinogenic and non-carci-
nogenic human health risks assessment of groundwa-
ter around mines in Joghatai, Iran. International Jour‑
nal of Environmental Analytical Chemistry, 102(8), 
1884–1899.

Singh, R., AhirwarNK, T. J., & Pathak, J. (2018). Review on 
sources and effect of heavy metal in soil: Its bioreme-
diation. International Journal of Research in Applied, 
Natural and Social Sciences, 2018, 1–22.

Skordas, K., & Kelepertsis, A. (2005). Soil contamination by 
toxic metals in the cultivated region of Agia, Thessaly, 
Greece. Identification of sources of contamination. 
Environmental Geology, 48(4), 615–624. https://​doi.​
org/​10.​1007/​s00254-​005-​1319-x

Sutherland, R. A., Tolosa, C. A., Tack, F. M. G., & Verloo, 
M. G. (2000). Characterization of selected element 
concentration and enrichment ratios in background and 
anthropogenically impacted roadside areas. Archives 
of Environmental Contamination and Toxicology, 38, 
428–438.

Sylla, M., & Ngom, P. M. (1997). Le gisement d’or de Sab-
odala (Sénégal Oriental): Une minéralisation filonienne 
d’origine hydrothermale remobilisée par une tectonique 
cisaillante. Journal of African Earth Sciences, 25, 183–
192. [in French].

Taylor, H., Appleton, J. D., Lister, R., Smith, B., Chita-
mweba, D., & Mkumbo, O. (2005). Environmen-
tal assessment of mercury contamination from the 
Rwamagasa artisanal gold mining centre, Geita Dis-
trict Tanzania. The Science of the Total Environment, 
343(1–3), 111–133.

Templ, M., Hron, K., & Filzmoser, P. (2011). Rob-Composi-
tions: Robust Estimation for Compositional Data. Man‑
ual and Package, Version, 1(4), 4.

Teràn-Mita, T. A., Faz, A., Salvador, F., Arocena, J. M., & 
Acosta, J. A. (2013). High altitude artisanal small-
scale gold mines are hot spots for mercury in soils and 
plants. Environmental Pollution, 173, 103–109.

Thiombane, M., Di Bonito, M., Albanese, A., Zuzolo, D., 
Lima, A., & De Vivo, D. (2019). Geogenic versus 
anthropogenic behaviour of geochemical phospho-
rus footprint in the Campania region (Southern Italy) 
soils through compositional data analysis and enrich-
ment factor. Geoderma, 335, 12–26. https://​doi.​org/​10.​
1016/j.​geode​rma.​2018.​08.​008

Thiombane, M., Zuzolo, D., Cicchella, D., Albanese, S., 
Lima, A., Cavaliere, M., & De Vivo, B. (2018). Soil 
geochemical follow-up in the Cilento World Heritage 
Park (Campania, Italy) through exploratory composi-
tional data analysis and C-A fractal model. Journal of 
Geochemical Exploration, 189, 85–99. https://​doi.​org/​
10.​1016/j.​gexplo.​2017.​06.​010

Treloar, P. J., Lawrence, D. M., Senghor, D., Boyce, A., & 
Harbidge, P. (2015). The Massawa gold deposit, East-
ern Senegal, West Africa: An orogenic gold deposit 
sourced from magmatically derived fluids? Geological 
Society, London, Special Publications, 393, 135–160.

United Nations Environment Programme (2013). Minamata 
Convention agreed by nations. http://​www.​unep.​org/​
newsc​entre/​defau​lt.​aspx?​Docum​entI-D=​2702&​Artic​
leID=​9373.

Van Den Boogaart, K.G., Tolosana-Delgado, R., Bren, R., 
(2011). Compositions: compositional data analysis. 
R Package Version 1. pp. 10–12. Available at: http://​
CRAN.R-​proje​ct.​org/​packa​ge=​compo​sitio​ns.

Van Straaten, P. (2000). Mercury contamination associated 
with small scale gold mining in Tanzania and Zimba-
bwe. Science of the Total Environment, 259, 105–113.

Varol, M. (2011). Assessment of heavy metal contamination 
in sediments of the Tigris River (Turkey) using pol-
lution indices and multivariate statistical techniques. 
Journal of Hazardous Materials, 195, 355–364.

Veiga, M. M., Maxson, P. A., & Hylander, L. D. (2006). Ori-
gin and consumption of mercury in small-scale gold 
mining. Journal of Cleaner Production, 14, 436–447.

https://doi.org/10.1007/s10653-019-00404-5
https://doi.org/10.1007/s00254-005-1319-x
https://doi.org/10.1007/s00254-005-1319-x
https://doi.org/10.1016/j.geoderma.2018.08.008
https://doi.org/10.1016/j.geoderma.2018.08.008
https://doi.org/10.1016/j.gexplo.2017.06.010
https://doi.org/10.1016/j.gexplo.2017.06.010
http://www.unep.org/newscentre/default.aspx?DocumentI-D=2702&ArticleID=9373
http://www.unep.org/newscentre/default.aspx?DocumentI-D=2702&ArticleID=9373
http://www.unep.org/newscentre/default.aspx?DocumentI-D=2702&ArticleID=9373
http://CRAN.R-project.org/package=compositions
http://CRAN.R-project.org/package=compositions


5091Environ Geochem Health (2023) 45:5067–5091	

1 3
Vol.: (0123456789)

Vercoutere, K., Fortunati, U., Muntau, H., Griepink, B., & 
Maier, E. A. (1995). The certified reference materi-
als CRM 142 R light sandy soil, CRM 143 R sewage 
sludge amended soil and CRM145R sewage sludge for 
quality control in monitoring environmental and soil 
pollution. Fresenius Journal of Analytical Chemistry, 
352, 197–202.

Wade, S., (1985), Contribution à l’étude des gisements de 
fer de la Falémé (Sénégal oriental): Unpublished Ph.D. 
thesis, Nancy, Institut National Polytechnique de Lor-
raine, 255 p. in French.

Watts, M. J., Barlow, T. S., Button, M., Sarkar, S. K., Bhat-
tacharya, B. D., Alam, M., et  al. (2013). Arsenic spe-
ciation in polychaetes (Annelida) and sediments from 
the intertidal mudflat of Sundarban mangrove wetland, 
India. Environmental Geochemistry and Health, 35, 
13–25.

WHO, (2003). Environmental mercury and inorganic mercury 
compounds: Human health Aspects, Accessed April 
2015. http://​www.​who.​int/​ipcs/​publi​catio​ns/​ci cad/en/
cicad50.pdf.

Wu, S., Zhou, S., & Li, X. (2011). Determining the anthropo-
genic contribution of heavy metal accumulations around 
a typical industrial town: Xushe China. Journal of Geo‑
chemical Exploration, 110, 92–97.

Xu, M., Sun, W. W., & Wang, R. (2019). Spatial distribution 
and ecological risk assessment of potentially harmful 
trace elements in surface sediments from lake dali North 
China. Water, 11(12), 2544.

Yang, J. Y., Yang, X. E., He, Z. L., Chen, G. C., Shentu, J. L., 
& Li, T. Q. (2004). Adsorption–desorption characteris-
tics of lead in variable charge soils. Journal of Environ‑
mental Science and Health, Part A, 39(8), 1949–1967.

Zhao, L., Xu, Y., Hou, H., Shangguan, Y., & Li, F. (2014). 
Source identification and health risk assessment of met-
als in urban soils around the Tanggu chemical industrial 
district, Tianjin China. Science of the Total Environment, 
468(C), 654–662. https://​doi.​org/​10.​1016/j.​scito​tenv.​
2013.​08.​094

Zhao, S., Feng, C., Wang, D., Liu, Y., & Shen, Z. (2013). 
Salinity increases the mobility of Cd, Cu, Mn, and Pb in 
the sediments of Yangtze Estuary: Relative role of sedi-
ments’ properties and metal speciation. Chemosphere, 
91(7), 977–984. https://​doi.​org/​10.​1016/j.​chemo​sphere.​
2013.​02.​001

Zuo, R., & Wang, J. (2015). Fractal/multifractal modelling of 
geochemical data: A review. Journal of Geochemical 
Exploration, 164, 33–41.

Zuo, R., Wang, J., Chen, G., & Yang, M. (2015). Identification 
of weak anomalies: A multifractal perspective. Journal 
of Geochemical Exploration, 148, 12–24.

Zuzolo, D., Cicchella, D., Catani, V., Giaccio, L., Guagliardi, 
I., Esposito, L., & De Vivo, B. (2017). Assessment of 
potentially harmful elements pollution in the Calore 
River basin (Southern Italy). Environmental Geochemis‑
try and Health, 39(3), 531–548.

Publisher’s Note  Springer Nature remains neutral with regard 
to jurisdictional claims in published maps and institutional 
affiliations.

http://www.who.int/ipcs/publications/ci
https://doi.org/10.1016/j.scitotenv.2013.08.094
https://doi.org/10.1016/j.scitotenv.2013.08.094
https://doi.org/10.1016/j.chemosphere.2013.02.001
https://doi.org/10.1016/j.chemosphere.2013.02.001

	A new hazard assessment workflow to assess soil contamination from large and artisanal scale gold mining
	Abstract 
	Introduction
	Materials and methods
	Features of the survey area
	Soil sampling and analytical procedures
	Data analysis and workflow model
	Mapping and spatial statistics
	Multivariate statistics
	Multivariate regression and discrimination analysis

	Geochemical computations
	Enrichment factor
	Index of geo-accumulation
	Robust compositional soil contamination index (RCCI)


	Results and discussion
	Variation of element concentrations
	Multivariate analysis and elemental sources
	Factor analysis
	Regression analysis and contamination sources discrimination

	PHE contamination assessment
	Enrichment factor and contamination levels
	Index of geoaccumulation and pollution insight
	Robust compositional contamination index (RCCI)


	Conclusion
	Acknowledgements 
	References




