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A B S T R A C T

Kunche area is located in NW Ghana within the Wa-Lawra greenstone Birimian belt and is composed mainly of
volcaniclastics, metasediments and some intrusive granitoids. The area is covered with laterites making it dif-
ficult to identify exploration targets. In this study, we describe a new methodology based on statistical tools and
trace element geochemistry to map the pathfinder elements of gold deposits in lateritic context. However, the
results of this study are specific to a particular context and cannot be extrapolated without supplementary
studies to all the lateritic areas. In this respect, a total of 67 lateritic samples were collected from residually
weathered materials and their spatial distribution was determined by means of the GIS-based kriging inter-
polation method. The samples collected vary from detrital to residual laterites/duricrusts and are hosted in
volcaniclastic rocks. ICP-MS and XRF techniques were used to determine the element concentrations of the
samples. The trace element geochemical data were analyzed using bivariate and multivariate geostatistical
analysis to establish relationships among elements. Fe-oxides such as goethite and hematite and clay minerals
like kaolinite are the main secondary minerals of the concretionary reddish lateritic samples. All the analyzed
elements showed asymmetrical distribution rather than normal distribution. Spearman correlation shows that
Cu, Pb, S, As, and Ag have moderate to strong positive correlation with Au. From the multivariate geostatistical
analysis, three element associations; a) Fe, Pb, S, Co, Cr; b) Ni, Y, Rb, Sr, Zn, and c) Ca, Cu, Mn, Ti, Zr, As, Au, Ag
were observed. Threshold values of selected elements were determined using the median absolute deviation
(MAD) method, which indicates possible anomalous concentrations in the laterites for Pb (≥48 ppm), Cu
(≥46 ppm), As (≥134.2 ppm), and Ag (≥0.42 ppm). Multi-element mapping indicates that Pb + Cu+ As+ Ag
is the most ideal association in the exploration of gold deposits. It reveals ellipsoidal anomalies comparable to
the Au distribution map that suggest dispersion and accumulation of the pathfinder elements in the area. The
geochemical anomalies are mainly restricted to the environment of the residual laterites in the Kunche area and
we recommend that exploration programs should be focused in such areas.

1. Introduction

The term laterite is often used to describe indurated level (duricrust)
present in some tropical regolith profiles (e.g., Arhin et al., 2015; Ilyas
et al., 2016; Anand et al., 2019). Laterites are abundant with a wide-
spread global distribution in many deeply weathered environments
(Anand and Paine, 2002). Laterite materials and their mode of forma-
tion differ with some laterites forming in-place as residual products of
weathering and others forming from a transported source (da Costa
et al., 2016). Despite their different origins, both types of duricrusts
have a similar orientation of chemistry. They are both poor in lessivable
cations and mainly composed of Al/Fe oxides and more rare Al-rich

clays. This is the direct result of their particular climatic conditions of
formation, as they form in landscapes suffering a succession of ex-
tensive dry periods and short wet conditions (Aleva, 1994). Laterites
are mainly formed as a result of secondary in situ cementation of un-
consolidated materials overlying the parent bedrock (Taylor and
Eggleton, 2001). Their formation generally depends on hydrology, to-
pography and the primary rock. The formation of in situ duricrust is
generally linked to the in situ accumulation of Fe/Al (Beauvais and
Colin, 1993). It may result in iron oxide pisolith accumulation in the
mottled zone and induration in the top of the profile (Nahon and Tardy,
1992). Recently, Chardon et al. (2018) opined that in West Africa,
detrital duricrusts are often found covering lateritic pediments, which
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serve as obstacles to mineral exploration. The distribution of duricrusts
on the landscape mainly depends on the past erosion, which translates
into the present day by the local topography. However, laterite for-
mation can also be the result of cementation of residual weathered
materials as well as sediments from varied sources, hence their classi-
fication as residual and detrital laterites on the basis of origin (Anand
et al., 2001). The lateritic pediments described by Chardon et al. (2018)
have similar geomorphological characteristics with depositional en-
vironments in the Wa-Lawra greenstone Birimian belt in Ghana (Arhin
et al., 2015). These environments characteristic of northern Ghana have
gently inclined slopes of transportation and erosion that truncate the
regolith and form at the confluence of eroding slopes and areas of se-
diment deposition (Arhin, 2013). Indurated and loose transported se-
diments are also common in the depositional environments of the Wa-
Lawra greenstone Birimian belt as it was observed in the lateritic
pediments area described by Chardon et al. (2018). During the period of
secondary re-cementation in both in situ and detrital duricrusts, some
elements behave as immobile elements due to changes in physico-
chemical conditions causing unusual economical trace element en-
richment such as detrital gold coatings on lithic units of clastic mate-
rials. The unusual enrichment of gold in such materials is because gold
has an affinity for Fe-oxide, therefore, during the process of lateritiza-
tion, gold grains may be coated to Fe-oxide (e.g., Freyssinet et al., 2005;
Anand and Butt, 2010; Butt, 2016). Anand et al. (2001) documented
erratic gold distributions in laterite capped areas in Australia. Butt and
Bristow (2013) also documented auriferous laterite prevalence in the
entire West African sub-region. Recently, Anand et al. (2019) reported
auriferous ferricrete in the Yilgarn Craton of Western Australia and
pointed out that the ferricrete gold deposits formed downslope of sa-
prolite hills and are from proximal sources. However, the re-cemented
unconsolidated units of different provenance identified in these studies
appear erratic and thus, their elemental concentrations may not give a
true representation of the underlying mineralization.

In such context, Anand (2001) and Cornelius et al. (2001) used
several terminologies in describing iron coated lateritic materials (fer-
ruginous materials). The authors mentioned that ferruginous duricrusts
are regolith materials cemented by Fe regardless of their source. They
are characterized by lateritic residuum (lateritic duricrust), ferricrete,
and lateritic gravels (ferruginous lag) or a combination of all. The la-
teritic duricrust represents the ferruginous zone and occupies low rises,
crests and mesas (Butt and Zeegers, 1992). As explained earlier, it forms
as a result of ferruginization and residual accumulation of Fe and Al
oxides as well as silica in the residual regolith. Depending on the for-
mation conditions and materials, the lateritic duricrusts may have a
uniform composition, which reflects the host rock lithology (Eggleton,
2001). Their chemical composition may still be similar due to the
leaching/accumulation of geochemical elements from the host rocks.
Ferricretes develop over/at the expense of sediments and have no dis-
tinguishable proximal bedrock source and thus, are sometimes con-
sidered to be of detrital origin (Anand et al., 2019). They may be re-
worked materials that originate from detrital sources with diverse
jumbled materials and hence, could be termed detrital duricrusts
(Cornelius et al., 2001). Accordingly, detrital duricrusts are formed as a
result of cementation of sediments by Fe oxide impregnation with
characteristics controlled by the nature of the matrix and cementing
material (Anand, 1998). The matrix can be detrital clasts, sands and
clays whereas the cementing material can be Fe-oxides, kaolinite,
gibbsite, goethite and hematite. Ferruginous lag represents relics of Fe-
rich regolith materials and varies depending on the degree of erosion
and type of topography (Cornelius et al., 2001). It is generally com-
posed of fragments of mottled saprolite, fragments of lateritic duricrust
on hill crests, pisoliths and cutans on backslopes, and intercalations of
polymictic materials in depositional (mixed) environments (Anand,
2001; Cornelius et al., 2001). In all, ferruginous duricrusts can be in situ
or detrital in origin; when they come from in situ sources, they are
simply referred to as lateritic duricrusts but if from detrital sources,

they are generally known as detrital ferruginous duricrusts.
In the Wa-Lawra greenstone Birimian belt of Ghana, Arhin and Nude

(2009) documented evidence of erratic gold distribution in the laterite
dominated area. Identifying pathfinder elements of gold in such a
complex regolith terrain is very difficult (Nude et al., 2012, 2014; Butt,
2016). Therefore, many workers have recognized laterites as the ap-
propriate geochemical sample media for identifying pathfinder ele-
ments of gold in such terrains (Arhin, 2013; da Costa et al., 2016). The
use of laterite trace element geochemistry in mineral exploration was
initiated by Mazzucchelli and James (1966) in Western Australia and
has since become a useful tool for successful gold exploration in the
world (e.g., Anand et al., 2001; da Costa et al., 2016). By determining
the behavior of trace elements in laterites within complex regolith en-
vironments, it is possible to completely understand secondary geo-
chemical dispersion mechanisms useful for geochemical exploration
programs (Arhin, 2013). Trace element associations in laterites can also
point to where samples can be obtained and which type of sample to
collect. Also, multi-element geochemistry stands as one of the best tools
for delineating anomalies related to primary mineralization in tropical
terrains covered by laterites and has been used by many researchers
(e.g., Taylor and Thornber, 1992; Colin et al., 1993; Araújo, 1994;
Marker et al., 1994; da Costa and Araújo, 1996). Since mineralization
can be dispersed or concealed, laterally enhanced or diluted, deli-
neating the actual anomaly using multi-element geochemistry is
therefore worthwhile in geochemical exploration.

Kunche area in NW Ghana lies within the Wa-Lawra greenstone
Birimian belt that is mainly composed of volcaniclastics, metasediments
and some intrusive granitoids. The area is reported to have potential for
gold mineralization associated with the volcaniclastics (Waller et al.,
2012) but several attempts in harnessing and exploring for this valuable
resource have been abortive over the years. Many exploration compa-
nies have since either abandoned their concessions or temporary halted
their exploration activities in search for better ways of optimizing ex-
ploration. The exploration methods that were employed by the earlier
exploration companies were adopted from those used in southern
Ghana though the climates are different in both regions. The Kunche
area is characterized by a savannah climate and such landscape is
widely known to have abundant laterites and deeply weathered profiles
(Butt and Zeegers, 1992). The regolith profiles of savannah areas are
covered by very thick and consolidated ferruginous duricrust contrary
to rainforest landscapes (Freyssinet, 1993). These variations in the
landscape are usually due to modifications enhanced by climate, bio-
logical activities, topography, laterization, and thus, strictly require a
different approach to interpreting element mobility and different ex-
ploration procedures. Southern Ghana has a homogenous regolith
profile (Arhin, 2013) and gold (Au) is liberated from ore bodies in this
area by chemical dissolution (Bowell, 1992). Au released by this process
involves cyanide, fulvate, hydroxyl, and thiosulphate complexing and is
re-precipitated via in-situ processes (Arhin, 2013). Accordingly, the
mineralogy of Au in the regolith becomes complex. Also, the Au mi-
neralogy in the regolith materials in southern Ghana is principally
controlled by the prevailing physico-chemical processes during lateritic
pedogenesis that led to in-situ and supergene Au mineralization (Arhin,
2013). Therefore, dispersion and mobilization mechanisms of elements
in the savannah regions of Ghana like the Kunche area are different
from the rainforest dominated southern parts. However, these geo-
chemical processes are poorly known in the Kunche area since the
mineralization is concealed by lateritic materials. This study seeks to
identify the laterite types in Kunche area and to understand the nature
of the underlying parent rocks using the trace element concentrations of
the laterites complemented by multivariate geostatistical analysis. This
information is used to determine areas of unusual element enrichment,
the primary geological environment, and of the possible existence of
base and precious metals mineralization, as there are few outcrops of
primary rocks in the area. The study also aims at unravelling the dis-
tribution pattern of the pathfinder elements of gold and their
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geochemical associations, something not well understood in lateritic
crusts.

2. Geological setting and gold mineralization

Kunche area is located in NW Ghana and forms part of the Wa-
Lawra greenstone Birimian belt (Fig. 1a). Undifferentiated pyroclastic
rocks, volcaniclastics, granitoids, metavolcanics, and metasedimentary
rocks of the Birimian system (Kesse, 1985; Hirdes et al., 1992; Arhin
and Nude, 2009; Nude et al., 2012; Sunkari and Zango, 2018) dominate
the Wa-Lawra greenstone Birimian belt. However, in the Kunche area,
the predominant lithologies are volcaniclastics, metasediments and
some intrusive granitoids (Fig. 1a and b). There are minor occurrence
(areal extent) of sedimentary rocks such as shales, slates, siltstones,
dolostones, sheared conglomerates, greywackes, argillaceous rocks, and
metamorphic rocks comprising phyllites and tuffaceous schists. They
are fine to medium-grained and consist of thick isoclinally folded and
steeply dipping alternating rock features (Arhin and Nude, 2009). The
rocks are intruded by small, intermediate granitoids in some parts of
Kunche with some unique fault and shear zones running through them
(Fig. 1a). Laterites are abundant in most parts of Kunche with mature
lateritic profiles occurring as hills and plateaus whereas immature la-
teritic profiles made of stripped regolith profiles (i.e. without duricrust)
are only restricted to low-land areas. The laterites in the area developed
within the mafic to intermediate lithologies with Fe–Mn oxides, kaoli-
nite and smectite clays (within the saprolite) as principal secondary
minerals (Arhin, 2013).

The mafic rocks in the area are highly weathered in the low-lying
areas, especially those with high goethite and hematite content, which
indicates typical weathering and decomposition under warm and
humid climate. The depth and extent of weathering is not the same, it
keeps changing from place to place. The regolith profile of the Kunche
area begins with saprock and continues with saprolite, mottled zone,
laterite zone, and an organic zone comparable to the observations of
Arhin (2014) in the entire Wa-Lawra greenstone Birimian belt (Fig. 2).
The regolith distribution is disorganized with extensive unusual sedi-
ment concealment intercalated with laterites as well as truncated sur-
faces at areas with saprolite either close to, or at the surface (Arhin and
Nude, 2009; Arhin, 2014). The residual regolith materials are

characteristically preserved at ridge tops and at moderately elevated
settings. The proximal transported materials are found at the base of
ridges and on pediments. Ferricretes are also common and are wide-
spread in the area. They occur in depressions, low-lying areas, and
sometimes near streams.

Prior to the discovery of gold mineralization in the Wa-Lawra
greenstone Birimian belt in 1935, there were several small scale arti-
sanal mining activities termed as “galamsey” in the area (Junner,
1935). However, mainstream feasibility exploration for gold in this part
of Northern Ghana dates back to 1960 after a comprehensive geological
mapping and prospecting by the Ghana Geological Survey in colla-
boration with the Soviet Union (Nude et al., 2012). Geochemical ex-
ploration started in 1990 which involved a regional scale stream sedi-
ment survey of the Wa-Lawra greenstone Birimian belt employing BLEG
technique (Nude et al., 2012). The survey yielded substantial geo-
chemical anomalies but when juxtaposed with anomalies in southern
Ghana, the anomalies discovered in the Wa-Lawra belt were suggested
to be economically not viable. Later between 1997 and 2000, a major
geochemical survey was undertaken in the whole Wa-Lawra greenstone
Birimian belt (Carter, 1997). Exploration works are still ongoing in the
Wa-Lawra greenstone Birimian belt. Gold deposits in the Birimian
greenstone belts of Ghana occur as mesothermal quartz vein miner-
alization (orogenic gold) hosted in metavolcanic and metasedimentary
rocks (Kesse, 1985; Griffis et al., 2002; Allibone et al., 2004; Smith
et al., 2016). The mineralized veins often feature medium to fairly dark
grey quartz and commonly contain visible gold along with relatively
abundant granular pyrite, arsenopyrite, chalcopyrite, minor sphalerite
and galena (ore minerals), chlorite, tourmaline, ankerite, and calcite as
gangue minerals (Dzigbodi-Adjimah, 1993; Amponsah et al., 2015).
Locally, in the Kunche area, mineralization is related to an N–S to
NNW-striking quartz vein system which contains mafic vein quartz and
sulphides (Arhin, 2013). The veins are typically developed in a zone of
interspersed wackes and phyllites known as the Kunche shear zone
(Waller et al., 2012). The wackes are strongly brecciated as a result of
shortening leading to deformation of the veins. But the brecciation
textures are overprinted by planar shear fabrics throughout the mi-
neralized zones (Waller et al., 2012). The deformed veins feature an
alteration pattern consisting of silicification, sericitization, carboniti-
zation, and chloritization (Amponsah et al., 2015).

Fig. 1. (a) Geological map of the Wa-Lawra greenstone Birimian belt showing the dominance of Birimian volcaniclastics in Kunche area (after Arhin et al., 2015), and
(b) Geological section of the Kunche area showing the sampling points and the contact between the Birimian volcaniclastics and metasediments.
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3. Sampling and analytical methods

3.1. Data acquisition

A total of sixty-seven (67) laterite samples were collected from a
series of plateaus and hills in Kunche, NW Ghana in close proximity to a
gold prospect (Fig. 1b). The laterite samples were collected from in-situ
materials on the surface of the landscape, old pits, and from 30 cm
diameter-holes dug in the plateaus and hills by means of a digging hoe.
During the sampling, the first 20 cm was discarded since a large pro-
portion of the area is covered by soils influenced in some places by
organic substances. Lateritic materials ranging from a depth of
20–40 cm were collected from the dug holes as samples for the geo-
chemical analysis. At each of the 67 sample points, 2 kg weight samples
were collected and sent to the laboratory. To assure the quality control
of the samples, replicate analyses of standards and duplicates were used
based on the protocol of the geochemical laboratory of Azumah Re-
sources Limited.

3.1.1. XRF analysis
X-Ray Fluorescence analysis (XRF) was conducted on the samples

for their Fe, S, Mn, Ca, Ti, Cr, Mo, Ni, Co, Cu, Th, Rb, Sr, Zr, Y, Pb, Zn,
and Sb contents at the geochemical laboratory of Azumah Resources
Limited by means of a Panalytical Axios Advanced wavelength dis-
persive XRF. Prior to the analysis, each sample was separated into bulk
(uncrushed sample), crushed form and pulverized form. The samples
were dried overnight in a furnace at a temperature of 105 °C before
fusion since laterites can easily absorb water from air. In order to
minimize the matrix effects of the samples, the heavy absorber fusion
technique of Norrish and Hutton (1969) was used for the trace element
analysis. The fusion disk was made by mixing a 0.75 g equivalent of the
roasted sample with 9.75 g of a combination of lithium metaborate and
lithium tetraborate with lithium bromide as a releasing agent (Norrish
and Hutton, 1969). Samples were later fused in Platinum (Pt) crucibles

using an automated crucible fluxer and automatically poured into Pt
molds for casting. The intensities were then measured and the con-
centrations calculated against the Ausmon standard which adjusted the
calibration. Control standards were run to verify the procedure. The
detection limits of all the analyzed elements are presented in Table 1.
The values for Mo, Th, Zn, and Sb were however below the detection
limit in most of the samples and are therefore not used in the geosta-
tistical analysis.

3.1.2. ICP-MS
The As, Au, and Ag concentrations of the samples were determined

by means of Inductively Coupled Plasma-Mass Spectrometry (ICP-MS).
The samples were initially sieved to<125 μm of c. 100 g each. 15 g of
the samples were reacted with aqua regia (90ml of 2-2-2) and subjected
to leaching at 95 °C for 1 h, then the solution was diluted to 300ml. The
solution was filtered and analyzed by ICP-MS following the protocol of
Eggins et al. (1997). The analysis yielded a detection limit of 5 ppb for
Au and 0.01 ppm for Ag and As (Table 2).

3.2. Data processing

The mapped shape-features drawn from the collated information by
means of Geographic Information System (GIS) software version 10.2.2
were draped onto the radiometric map of the area to produce a basic
laterite map (1: 115000 scale) that indicates the various regolith re-
gimes. By means of kriging interpolation method, the data obtained in
the field was used to create a spatial distribution map of laterites in the
Kunche area. The same method was used in generating contour maps
for single and multi-element anomalies by means of surfer software
version 13. It is a modern form of interpolation which operates through
sub-setting and simulations of multiple variograms rather than single
variograms (Sunkari et al., 2018).

Two-tailed Spearman correlation was used in measuring the linear
association between two elements in a manner not influenced by the

Fig. 2. Regolith profile of the Kunche area in the Wa-Lawra greenstone Birimian belt (modified from Arhin, 2014).
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measurement units (Davis, 1986). Quantile-quantile (Q-Q) plots were
used to test normal distributions of the dataset of elements since the
data may show some departure of the individual datasets from nor-
mality. Centered log-ratio (clr) transformation was applied to the geo-
chemical data in this study to reduce the difference between the
minimum and maximum concentrations prior to Principal Component
Analysis (PCA) (Aitchison, 1986; Aitchison and Greenacre, 2002;
Muriithi, 2015) using the expression:

clr(x) = (log(x1/g(x)), …, log(xN/g(x))) (1)

where x represents the composition vector, g(x) is the geometric mean
of the composition x, and x1, x2,..xN are the concentrations of the in-
dividual elements. The significance of Principal Component Analysis
(PCA) and Factor Analysis (FA) in this study was a linear transformation
of original variables into a smaller number of uncorrelated latent
variables. Hierarchical Cluster Analysis (HCA) was used to group the
trace elements into clusters based on the similarity (or dissimilarity) of
their chemical properties.

In recent years, the most commonly used statistical parameter for
determining the threshold that separates the background value from the
anomaly is the median absolute deviation (Teng et al., 2010; Yaylalı-
Abanuz, 2013). The median absolute deviation method of Tukey (1977)
was used to calculate the threshold values for delineating gold
anomalies in the study area. The following formula was used;

T = med + 2MAD (2)

where T is the anomaly threshold, med is the median value of the
analyzed elements, and MAD is the median absolute deviation. The
MAD is a measure of the dispersion of data and stands out as the best
statistical measure of variability of a univariate sample of quantitative
data (Tukey, 1977). It is calculated using the equation;

MAD=median |xi−median (xi)| (3)

where xi is the element concentration.
Single element mapping using the MAD abetted in delineating

geochemical anomalies with respect to Au, Pb, Cu, As, and Ag.
However, geochemical halos around mineral deposits can be delineated
more efficiently with a combination of two or more pathfinder elements
rather than a single element by a method called “multi-element halos
technique” (Beus and Grigorian, 1977; Reis et al., 2001). By applying
this technique, the threshold values for the multi-element halos were
calculated using the formula;

H(X+Y) = (X1/X0 + Y1/Y0); (X2/X0 + Y2/Y0); … … … … … … … … …
(XN/X0 + YN/Y0) (4)

where X1, X2, …, XN are median values of X in samples 1, 2, …, N; Y1,
Y2, …, YN are concentrations of Y in samples 1, 2, …, N; and X0 and Y0

are threshold (equation (2)) values of X and Y elements.

4. Results

4.1. Laterite types

Observations from old pits and surface materials in the laterite-
capped Kunche area show that overlying the bedrock are pisoliths,
quartz pebbles with ferricrete, clay units, and some rock fragments
(Fig. 3). The pisoliths contain Fe-oxyhydroxides and the rock fragments
encountered in some places on the surface are signatures of the up-
shooting of the primary rocks mainly mafic volcaniclastics.

4.1.1. Lateritic duricrust (residual laterites)
Thirty-three percent (33%) of the laterites in the mapped area was

identified to be of lateritic duricrust (residual laterites) classification
(Fig. 4a). They are exposed in relict environments in the Kunche area,
on high rises and hills (Fig. 3a). They also form with inclusions ofTa
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toughened indurated pisolithic units of ferruginous weathering rem-
nants from underlying rocks. These laterites are made up of equi-
granular matrix materials within their structure, mainly clasts of Fe-
oxide cemented colluvial and alluvial sediments with a uniform textural
framework. The lateritic duricrusts are compact and hard (Fig. 3b). The
lithic units contained in these laterites in the Kunche area comprise of
quartz pebbles, pisoliths, and clay materials (Fig. 3c). Associated mi-
nerals identified with the lateritic duricrusts by means of hand lens in
the field include Fe-oxides (goethite and hematite). The goethites
identified in the field associated with the lateritic duricrusts are black
nodular components that appear as pigments on the laterite matrix. The
hematite minerals observed in the lateritic duricrusts show evidence of
pre-existing joints in the outcrop that must have been infiltrated by
water with time thereby weakening the joints and causing a further
detachment of fragments from the parent laterite block (Fig. 3b).
However, these descriptions are constrained by the lack of a robust
analytical technique for the mineralogy. The classification of the la-
teritic duricrusts in the Kunche area is corroborated by evidence of si-
milarities in angularities of the lithic units as well as the equal grain
sizes and shape of matrix materials in relation to the pisoliths and sa-
prolite materials overlying the bedrock in the regolith profile (Fig. 3d).

4.1.2. Detrital ferruginous duricrust (detrital laterites)
The detrital ferruginous duricrusts are outcropped and encountered

at depositional environments. Sixty-seven percent (67%) of the dur-
icrusts in the mapped area in Kunche were identified to be detrital
ferruginous duricrusts (detrital laterites, Fig. 4a). They are dis-
tinguished by their equigranular nodules and heterogeneous internal
fabrics of litho-relics and crop out in low rises, on steep hills and close
to terrains of lateritic residuum in the Kunche area. Unique forms are
found within a few centimeters below the surface of the regolith
(Fig. 3e) and in some exposures of old pits (Fig. 3f). It seems a sec-
ondary organic-rich soil horizon was developing at the top of the dur-
icrust level. The detrital ferruginous duricrusts also form as slabs and
patches of different duricrust blocks cemented together by clay mi-
nerals. These laterites are made of some slightly equigranular and
polymitic matrix materials (quartz pebbles, pisoliths, and Fe-oxide
coatings) (Fig. 3g). The detrital ferruginous duricrusts have a non-
uniform framework but less compact and less hard as compared to the
lateritic duricrusts (Fig. 3h). The lithic units associated with them
comprise of quartz pebbles, pisoliths, and rock fragments (volcani-
clastics) (Fig. 3i). The detrital ferruginous duricrusts are also composed
of Fe-oxides just as the lateritic duricrusts. The goethites here also seem
to have black nodular features that appear as pigments on the laterite
matrix as in the lateritic duricrusts. The detrital ferruginous duricrusts

in the Kunche area also form from different jumbled materials from
diverse sources (Fig. 3j).

Substantial portion of the mapped area was overlain by pisoliths
that are cemented to form detrital laterites of varied texture and com-
position. This portion is classified as depositional environment (mixed
environment) within the mapped area (Fig. 4a).

4.2. Trace element geochemistry

The trace element concentrations in the laterites are given in
Table 1 whereas the summary statistics are presented in Table 2. There
are large variations among the dataset thus, from clr transformation,
this constraint was offset by reducing the variation between minimum
and maximum concentrations using ratios between elements (Table 3).
The raw concentrations of Fe, S, Mn, Ca, Ti, Cr, Co, and Zr vary from
1500 to 4560 ppm, Ni, Cu, Rb, Sr, Y, Pb, and Zn are in the range of 1.02
and 411 ppm whilst As, Au, and Ag changed from 0.01 to 213 ppm
(Table 1). The concentrations of Fe (0.60–59%), S (0.15–0.66%), Mn
(137–4560 ppm), Ti (567–3420 ppm), Cu (8.00–411 ppm), Ni
(29–167 ppm), Pb (3.90–100 ppm), As (4.20–213 ppm), Au
(8–196 ppb), and Ag (0.01–0.98 ppm) are higher in the lateritic dur-
icrust than the detrital ferruginous duricrust (Table 1). Similar trend
was observed even after the clr transformation (Table 2). The con-
centrations of Pb and As are also higher in the residual laterites than the
detrital laterites (Table 1). Co, Rb, Sr, Zr, Y, and Zn have variable
compositions in the detrital and residual laterites.

4.3. Geostatistical analysis of the chemical data

4.3.1. Spearman's correlation
The elements of interest in this analysis include S, Cu, Pb, Zn, As,

Au, and Ag based on the mineralogy of the deposits in the area and their
patterns may indicate possible mineralization in the study area espe-
cially in the environment of the residual laterites/duricrusts rather than
the detrital laterites/duricrusts. The relationships amongst these ele-
ments are presented in a two-tailed Spearman correlation matrix in
Table 4. S displays positive correlation (r= 0.23) with Au (Table 4).
Similarly, Cu displays positive correlation (r= 0.31) with Au (Table 4).
Pb shows a weak positive correlation (r= 0.11) with Au (Table 4). Zn
however has negative correlation (r=−0.26) with Au (Table 4). In-
terestingly, As and Ag display similar good positive correlations with
Au (r= 0.59) and (r= 0.58), respectively (Table 4). The positive cor-
relation between these elements and Au particularly As and Ag may
indicate a geochemical anomaly for gold from the perspective of ex-
ploration geochemistry. The rest of the elements show strong to weak

Table 2
Summary statistics of raw (untransformed) trace element concentrations of the lateritic samples (A.BCa – Average Basalt Composition; A.ACa - Average Andesite
Composition).

Element Fea Sa Mn Ca Ti Rb Sr Zr Y Cr Ni Co Cu Pb Zn As Aua Ag

Detection limits 0.01 0.01 5 5 5 1 1 5 1 10 5 10 1 2 5 0.01 5 0.01
No. of samples 67 67 66 67 67 67 67 67 48 67 15 28 64 66 17 66 67 67
Mean 29.2 0.34 624.56 851.31 1846.36 18.53 16.81 160.01 5.4 479.75 72.27 919.25 50.31 37.81 45.41 75.07 63.24 0.26
Minimum 0.6 0.15 137 243 567 1.7 2.8 5.5 1.02 74 29 243 8 3.9 6 4.2 8 0.01
Maximum 59.7 0.66 4560 2749 3420 48.8 72 344 12.5 1704 167 2399 411 100 129 213 196 0.98
Median 27.96 0.34 399.5 781 1809 18.3 12.8 156 4.55 420 65 724.5 31 33 36 63.5 44 0.1
Standard Deviation 13.42 0.09 765.9 441.18 543.96 8.2 13.91 71.94 2.6 238 39.94 571.09 58.74 22.69 33.52 52.3 50.82 0.3
Sample Variance 180 0.01 586608 194637 295894 67 193.41 5174 6.65 56641 1595 326147 3450 514 1123 2735 2583 0.09
Skewness 0.25 0.4 4.29 2.05 0.39 1.02 2.3 0.22 1 2.46 1.55 1.04 4.19 0.65 1.17 0.65 1 1
Confidence Level

(95.0%)
3.27 0.02 188.28 107.61 132.68 2 3.39 17.55 0.75 58.05 22.12 221.45 14.67 5.58 17.23 12.86 12.4 0.07

MAD 7.62 0.07 15.00 15.00 37.60 19.24 0.16
Threshold

(median + 2MAD)
43.20 0.41 46.00 48.00 134.20 82.48 0.42

A.BC** 8.65 0.03 1500 76000 13800 30 465 140 21 170 130 48 87 6.0 105 2.0 4.0 0.11
A.AC** 5.85 0.02 1200 46500 8000 100 800 260 30 50 55 10 35 15 72 2.4 4.5 0.07

a Fe, S are % and Au is ppm; Average Basalt Composition** (Turekian and Wedepohl, 1961); Average Andesite Composition** (Vinogradov, 1962).
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positive correlations with Au. The elements that are anti-correlated
with gold suggest that the geochemical mobilization of these elements
is unrelated to gold mineralization or they may have formed in asso-
ciation with gold but later remobilized due to complex geochemical
processes.

4.3.2. Quantile-quantile plots
The quantile-quantile plots (Fig. 5) of the elements of interest fit

well with normal distribution except at the higher values. This suggests
that the geochemical data is normally distributed and those that appear
not to be part of the normal distribution are outliers and may be points
of mineralization.

Fig. 3. (a) Laterite profile exposing the weathered saprolite
and residual laterites in Kunche area (b) Lateritic duricrust
showing points of detachment during weathering, (c)
Lateritic duricrust with quartz clasts, (d) Lateritic duricrust
with uniform composition and some clasts, (e) Detrital fer-
ruginous laterites observed in a hole dug at 30 cm deep, (f)
Detrital ferruginous laterites exposed in an old pit, (g)
Detrital ferruginous duricrust formed from different jum-
bled materials, (h) Ferricrete with Fe-oxide coated sedi-
ments, quartz clasts, pisoliths and eroded ferruginous frag-
ments, (i) Detrital ferruginous duricrust in the Kunche area
with non-uniform composition, and (j) Eroded ferruginous
fragments with pisoliths and quartz pebbles.
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4.3.3. Principal component analysis and factor analysis
The principal component analysis using the untransformed data

reveals three element associations involving (1) Fe, S, Pb (2) Mn, Cu,
Co, Cr, Ni, Ti, As, Au, Ag (3) Ca, Rb, Sr, Zr, Y, Zn elements (Table 5;
Fig. 6a). Similarly, the transformed data show slight variation with
three element associations (1) Fe, S, Pb, Co, Cr; (2) Ni, Y, Rb, Sr, Zn and
(3) Ca, Cu, Mn, Ti, Zr, As, Au, Ag (Table 5; Fig. 6b). The factor analysis
also revealed that 76.770% of total variance of the untransformed data
with initial eigenvalues> 3 relative to three components consists of all
the elements in the above three element associations (Table 6), whereas
a slightly lower variation (65.237%) of the transformed dataset ac-
counts for the three element associations. Hence, the results of the
factor analysis corroborates well with the results of the principal
component analysis.

4.3.4. Hierarchical cluster analysis
The hierarchical cluster analysis presented in the form of a den-

drogram for the untransformed data shows four clusters. Firstly, Fe, Pb,
S, Co, and Cu cluster together (Fig. 7a). Cr, As, Au, and Ag also form the
second cluster, Ca, Sr, Ti, and Zr constitute the third cluster whilst Mn,
Ni, Rb, Y, and Zn make up the fourth cluster (Fig. 7a). The transformed
data show three clusters (Fe, Pb, S, Co, Cr-cluster 1; Ni, Y, Rb, Sr, Zn-
cluster 2; Ca, Cu, Mn, Ti, Zr, As, Au, Ag-cluster 3) on a dendrogram

(Fig. 7b), comparable to the results of the PCA and FA.

4.4. Geochemical anomalies

Threshold values obtained from the median absolute deviation
(MAD) method applied to Fe, S, Pb, Cu, As, Au, and Ag elements (ele-
ments associated with gold mineralization) are presented in Table 2.
Comparing the threshold values in Table 2 to the element concentra-
tions in Table 1 for both laterite types, it can be established that la-
terites with Fe, S, Pb, Cu, As, Au, and Ag concentrations above 27.10%,
0.41%, 48.00 ppm, 46.00 ppm, 134.20 ppm, 82.48 ppb and 0.42 ppm,
respectively, are considered to be anomalous. This is because Tukey
(1977) suggested that if the concentrations of some elements are above
calculated threshold values using the MAD method, those concentra-
tions define the anomalies in an area. Contour diagrams for single
elements defined by the threshold values for Au, Pb, Cu, As, and Ag
elements using the MAD method reveal similar ellipsoidal anomalies
that denote dispersion and accumulation of the pathfinder elements
around the northeastern, central and southeastern parts of Kunche in
close proximity to the gold prospect in the area (Fig. 8a–e).

The multi-element mapping involving Fe + S + Cu,
Fe + S + Pb + As, and Pb + Cu + As + Ag also resulted in ellipsoidal
anomalies in the contour maps comparable to the single element

Fig. 4. (a) Spatial distribution of the laterite types in Kunche area. Depositional environment (mixed environment) is composed of pisoliths cemented to form detrital
laterites whilst erosional environment depicts residual accumulations of weathered materials, and (b) Regolith map of the Wa-Lawra greenstone Birimian belt (after
Arhin et al., 2015).

Table 3
Summary statistics of centered log-ratio transformed (clr) concentrations of the trace elements.

Element Fe S Mn Ca Ti Rb Sr Zr Y Cr Ni Co Cu Pb Zn As Au Ag

No. of samples 67 67 66 67 67 67 67 67 48 67 15 28 64 66 17 66 67 67
Mean 0.05 −1.45 0.004 0.003 0.002 0.07 0.07 0.01 0.13 0.01 0.02 0.003 0.03 0.04 0.03 0.02 0.03 −3.83
Minimum −0.001 −2.4 0.003 0.003 0.001 0.01 0.03 0.01 0.002 0.004 0.02 0.003 0.02 0.02 0.02 0.01 0.01 −7.69
Maximum 0.06 −0.54 0.01 0.004 0.002 0.09 0.11 0.02 0.20 0.01 0.03 0.004 0.05 0.05 0.05 0.03 0.04 −0.03
Median 0.05 −1.37 0.004 0.003 0.002 0.07 0.07 0.01 0.12 0.005 0.03 0.003 0.03 0.04 0.03 0.02 0.03 −3.85
Standard Deviation 0.010 0.38 0.001 0.0002 0.0001 0.01 0.02 0.002 0.04 0.0004 0.003 0.0003 0.01 0.01 0.01 0.005 0.01 2.61
Sample Variance 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.002 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 6.83
Skewness −2.68 −0.55 1.32 0.08 −0.98 −1.51 0.50 −2.27 −0.33 −0.31 0.36 −0.13 0.71 −0.90 −0.36 −0.57 −0.04 −0.0
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mapping (Fig. 9a, b, c). The Pb + As + Cu + Ag map appears to be the
most homogenous one when compared with the Au distribution map.
To confirm these anomalies and to understand whether the anomalies
are significantly impacted by the lithology of the mafic host rocks, a
multi-element ratio (Pb + As + Cu+ Ag)/Zr contour diagram (Fig. 9d)
was prepared using their raw concentrations in the supplementary
table. It is observed in this diagram that the anomalies are mainly re-
stricted to laterites with trace elemental ratios ranging from 2 to 2.4
hosted in volcaniclastic rocks (Fig. 9d). They fall in the same terrain
with the contours using the element concentrations and median +

2MAD (Fig. 8a–e).

5. Discussion

5.1. Formation of the laterites

The information gathered from the laterite mapping in the field
showed that the study area is largely composed of detrital ferruginous
duricrusts (detrital laterites) and lateritic duricrusts (residual laterites)
(Fig. 4a). The pisoliths and quartz pebbles associated with these type of

Table 4
Two-tailed Spearman correlation matrix of selected elements (p≤ 0.05; correlation coefficients ≥0.70 are highlighted in bold).

Fe S Mn Ca Ti Rb Sr Y Cr Ni Co Cu Pb Zn As Au Ag

Fe 1.00
S 0.84 1.00
Mn 0.17 0.22 1.00
Ca 0.04 0.13 0.47 1.00
Ti −0.05 0.02 0.10 0.20 1.00
Rb 0.34 0.39 0.43 0.23 0.46 1.00
Sr 0.04 0.08 0.06 0.22 0.49 0.34 1.00
Y 0.11 0.07 0.37 0.20 −0.06 0.37 0.13 1.00
Cr 0.47 0.40 0.30 0.28 −0.16 0.22 −0.24 −0.01 1.00
Ni −0.09 0.04 −0.04 −0.58 −0.18 0.22 −0.51 0.07 0.19 1.00
Co 0.25 0.16 −0.16 −0.19 −0.01 0.12 −0.12 −0.05 0.10 −0.10 1.00
Cu 0.26 0.28 0.36 0.10 −0.15 0.36 0.02 0.35 0.09 0.27 −0.15 1.00
Pb 0.88 0.79 0.24 0.06 0.00 0.44 0.13 0.28 0.25 0.07 0.33 0.41 1.00
Zn 0.35 0.21 −0.05 −0.55 −0.40 0.18 −0.28 0.43 0.08 0.53 0.05 0.24 0.34 1.00
As 0.32 0.35 0.16 −0.07 0.14 0.42 0.22 −0.03 0.33 0.50 0.00 0.35 0.20 0.36 1.00
Au 0.16 0.23 0.35 0.19 0.37 0.47 0.39 0.03 0.13 −0.16 0.10 0.31 0.11 −0.26 0.59 1.00
Ag 0.14 0.10 0.12 0.10 0.21 0.42 0.13 0.15 0.37 −0.11 −0.01 0.28 0.01 −0.14 0.45 0.58 1.00

Fig. 5. Q-Q plots for Fe, Pb, Cu, As,Ag, and Au.
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laterites are interpreted as transported detrital fragments overlying the
regolith whilst the clay units are interpreted as remnants of residual
laterites/duricrusts. However, the pisoliths found in the mottled zone
suggest that the ones in the in situ duricrusts also have an in situ origin.
The residual laterites/duricrusts formed as a result of residual accu-
mulation and cementation of Fe-oxides and clay mineral concentrates
through ferruginization. They are generally compact and hard with
equigranular matrix materials having a uniform textural framework,
consistent with the descriptions of Anand (2001) and Cornelius et al.
(2001). In the Kunche area, erosion appears to be intense with trun-
cated profiles in most places (Arhin, 2013). The truncation is high in the
saprolite-dominated areas with kaolinite as the most important sec-
ondary mineral. A significant portion of the study area is truncated
close to the base of pre-existing profiles where rock-forming silicates
are the dominant minerals. These minerals have been oxidized by Fe-
rich anoxic pore waters (Loder et al., 1978) thus, accounting for the
presence of Fe-oxides in the residual laterites/duricrusts. With respect
to the regolith profile (Fig. 2), the detrital ferruginous duricrusts in the
Kunche area form the ferruginous zone and occur in transition zones
between relict environments and depositional environments (Fig. 4a).
This may imply that the depositional environments are Quaternary and
the detrital ferruginous duricrust areas are older depositional environ-
ments. The detrital ferruginous duricrusts also developed over in situ
duricrusts implying that they are younger than the in situ duricrusts.
Evidence of differences in angularities of the lithic units, presence of
slabs of laterite patches signifying composite accumulations as well as
the uneven grain sizes and morphology of the matrix materials validate
their classification as detrital ferruginous duricrusts according to the
classification scheme of Anand (2001). The presence of the pisoliths in
the laterites indicates nearness to a duricrust exposure whether uphill,
downslope or an underlying laterite cap in the regolith profile. Indeed,
the pisoliths were probably formed as a result of pedologic processes
within the tropical regolith terrain of the Kunche area. A fraction of the
mapped area showed evidence of erosion via truncation of the regolith
profile and has been classified as erosional environment. The spatial
distribution map of laterites in the study area (Fig. 4a) is consistent with
the regolith map (Fig. 4b) of the entire Wa-Lawra greenstone Birimian
belt earlier on studied by Arhin et al. (2015).

5.2. Constraints from trace element geochemistry

Anomalous concentrations of the elements Fe, Co, and Cr in the
laterites are evidence for the presence of mafic volcaniclastic rocks as
the parent rocks of the laterites in the Kunche area. Also, comparing the
concentrations of Fe, Co, and Cr with laterites derived from mafic
volcaniclastic rocks elsewhere (Schellmann, 1986; da Costa and Araújo,
1996; Arhin, 2013) confirms the volcaniclastic source of the laterites in
the Kunche area. The high concentrations of Pb, S and As detected in
the laterites may be related to hydromorphic dispersion from the sul-
phide-bearing minerals around the gold prospect. The high Fe content
in the laterites relative to the high S content also implies more proximal
depositional environments of the laterites particularly the ferruginous
laterites. This is because Fe and S cycling or accumulation occurs
mostly in depositional environments that are Fe-oxide dominated
(Valeton et al., 1987; Riedinger et al., 2017). This is supported by the
presence of pisoliths and Fe-oxides in the depositional environment.
Nonetheless, the expression of Fe and S in the laterites especially the
lateritic duricrusts related to the volcaniclastic host rocks in the area,
may also suggest the presence of sulfide-bearing minerals such as pyrite
which is associated with gold. Au is known to be soluble in water by

Table 5
Rotation component matrix (C1, C2 and C3 are the extracted components for
both the raw and transformed data; strong positive loadings are in bold).

Untransformed Component Clr Transformed Component

C1 C2 C3 C1 C2 C3

Fe 0.95 0.11 −0.14 0.96 0.01 0.00
S 0.86 0.24 −0.23 0.99 −0.06 0.11
Mn 0.00 0.56 0.04 0.09 0.21 0.39
Ca −0.53 −0.57 0.01 −0.34 −0.38 −0.19
Ti −0.86 0.36 −0.14 −0.60 −0.51 0.35
Cr 0.21 0.67 −0.45 0.29 −0.81 0.07
Ni 0.15 0.64 0.05 0.14 0.31 0.03
Co 0.64 0.65 −0.18 0.84 −0.35 0.22
Cu 0.16 0.38 −0.04 0.36 0.08 0.71
Rb −0.42 −0.35 0.75 −0.53 0.55 0.17
Sr −0.63 −0.50 0.14 −0.51 0.33 0.10
Zr −0.78 −0.34 0.01 −0.55 −0.26 0.35
Y −0.03 −0.57 0.69 −0.14 0.99 0.10
Pb 0.89 −0.06 0.03 0.88 0.15 −0.06
Zn 0.29 −0.44 0.80 0.06 0.94 −0.08
As −0.04 0.69 0.65 −0.09 0.02 0.56
Au −0.08 0.97 −0.05 −0.02 −0.60 0.69
Ag −0.25 0.87 −0.12 −0.29 −0.53 0.80

Extraction Method: Principal Component Analysis.
Rotation Method: Varimax with Kaiser Normalization.
a. Rotation converged in 6 iterations.

Fig. 6. (a) Factor analysis plot of the untransformed dataset rotated in space,
and (b) Factor analysis plot of the transformed dataset rotated in space.
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creating complex with S (Stefánsson and Seward, 2004; Pirajno, 2009).
This implies that the high S content of the laterites as well as the po-
sitive correlation between Au and S might be as a result sulphide
complexing with Au.

Laterites are generally poor in Ca, K, and P but show elevated
concentration of Cr, Co, and Ni (da Costa and Araújo, 1996). However,
the studied laterites show relatively high Ca and low Ni contents
whereas Cr and Co are moderately enriched in the laterites. The high Ca
content is due to the presence of carbonate-bearing rocks like dolos-
tone, which acts as the intratrapean beds (Dantu, 2014) since the vol-
caniclastic host rocks of the laterites are in contact with meta-sedi-
mentary rocks in the Kunche area (Fig. 1b). The depletion of Ni in the
laterites may be as a result of preferential removal by weathering or
perhaps low Ni concentration of the parent rocks. Moderate Cr con-
centration in the laterites imply Cr enrichment under prevailing pH-
redox conditions (Sultan and Shazili, 2009). High concentration of Co
in the laterites may be related to the presence of ferromagnesian mi-
nerals in the parent rocks (Mitchell, 1964). Ti is relatively stable under
denuding conditions but in lateritic settings it can be mobile due to the
interplay of geochemical processes (Cornu et al., 1999), therefore its
content in the laterites is a signature of weathered remnants of the host
rock. The relatively high As content may represent a dispersion halo
around gold mineralization in the Kunche area as a result of the nearby
gold prospect and the small scale mining activities dotted around the
study area. Au and Ag concentrations are relatively high and may be
because of complex geochemical processes. During the process of la-
terization in the warm tropical climate of the Kunche area, oxidation
may have occurred at the weathering front below the water table that
resulted in neutral to acid conditions in the presence of high sulphides
(Kesse, 1985). This resulted in lateral dispersion of Au and Ag from the
saprocks towards the top of the profile restricted to the lateritic dur-
icrusts and the mottled zones (Butt and Zeegers, 1992). The formation
of Au through such processes in the regolith is very common in West
Africa like the case of the Ity Mine of Ivory Coast (Béziat et al., 2016;
Mathian et al., 2018). Some detrital ferruginous duricrusts and several
samples that fall within the depositional environment have high Au
concentrations as well as relatively high concentrations for the path-
finders (Pb, Cu, As, Ag). This might be due to enrichment via lateral
hydromorphic dispersion from in situ sources as a result of intense
weathering and erosion in the area or possibly enrichment as a result of
mixing processes that involve non-geogenic sources. Such areas will
therefore be misleading during exploration campaigns.

The Mo, Th, Y, Zn, and Sb concentrations are low in the detrital
laterites/duricrusts than the residual laterites/duricrusts. This may also
be as a result of preferential removal by weathering. A comparison of
the concentration of all the analyzed elements with the average che-
mical composition of the protoliths mainly volcaniclastics with basalt

and andesite compositions suggests enrichment than their respective
values according to Turekian and Wedepohl (1961) and Vinogradov
(1962) (Table 2), confirming the enrichment by hydromorphic pro-
cesses or some supergene conditions. After normalizing the element
concentrations to the average basalt composition in the earth crust
(Turekian and Wedepohl, 1961), Pb, S, Cu, Au, As and Ag displayed
longer whiskers above their means and the limit of the average basalt
composition (Fig. 10a). Similar trend was observed (Fig. 10b) when the
element concentrations were normalized to the average andesite com-
position in the earth crust (Vinogradov, 1962). Clearly, Pb, Cu, S, Au,
As and Ag are enriched more than the average basalt and andesite
compositions in the earth crust.

5.3. Identification of pathfinder elements from geochemical associations

Multivariate geostatistical analysis is an approach widely used to
distinguish the sources (whether geogenic and/or anthropogenic) of
heavy metals and trace elements in geological materials (Boruvka et al.,
2005). Accordingly, Reimann and Filzmoser (2000) stated that regional
geochemical data practically never show a normal distribution. On this
basis and from the visual plots (Fig. 5), the data for the analyzed ele-
ments can be considered as normally distributed. The existence of small
kinks or variations of slope for higher concentration values of Fe, Pb,
Cu, As, Ag, and Au in the quantile-quantile plots (Fig. 5) suggest the
presence of different sets of populations for those elements. Some ex-
treme concentration values appear as separated from the majority of
the samples for all the elements of interest, thus they do not appear to
be part of a continuous distribution in the quantile-quantile plots
(Fig. 5). These high values are termed as outliers and in exploration
geochemistry, they might be considered as evidence of mineralization
or other rare processes (Zhang et al., 2005). The three associations
observed in the principal component analysis and factor analysis sug-
gest positive correlation among the individual elements in each group
and a common geogenic source for their evolution. According to Micó
et al. (2006), component 1 in the principal component analysis and
factor analysis is usually assigned to be the source that reflects geo-
chemical traces of the primary rock of the duricrust (solely geogenic),
component 2 is restricted to a mixed source, and component 3 is related
to input from wall rocks and detrital sources. From the above premise,
it can be established that Fe, Co and Cr which are associated with
component 1 (centered log-ratio transformed data) in our study were
sourced directly from the mafic host rocks but S and Pb may be en-
riched by other sources such as dissolution of sulphide-bearing mi-
nerals. Pb does not appear to be a good discriminating pathfinder ele-
ment in the suite of samples studied due to its weak positive correlation
(r= 0.11) with Au (Table 4), but should be included as a pathfinder for
possible gold-related Cu–Pb–As–Ag mineralization in the Kunche area.

Table 6
Total variance explained for untransformed and transformed datasets.

Total variance explained for raw dataset

Component Initial Eigenvalues Extraction Sums of Squared Loadings

Total % of Variance Cumulative % Total % of Variance Cumulative %

1 5.922 32.901 32.901 5.922 32.901 32.901
2 4.786 26.591 59.492 4.786 26.591 59.492
3 3.110 17.278 76.770 3.110 17.278 76.770

Total variance explained after centered log-ratio transformation
Component Initial Eigenvalues Extraction Sums of Squared Loadings

Total % of Variance Cumulative % Total % of Variance Cumulative %

1 5.294 97.353 97.353 4.016 22.312 22.312
2 0.143 2.624 99.977 4.909 27.272 49.584
3 0.001 0.019 99.996 2.818 15.653 65.237
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The relationship is better understood by the influx of chemical sedi-
ments as well as the intrusion of magnesium-rich outcrops termed
Gondites in the Kunche area (Nude et al., 2012). Component 2 elements
mainly Ni, Rb, Sr, Y, and Zn are without a clear distinction of source;
they could be input from the wall rocks or supergene sources and are
thus usually referred to as contributions of both the igneous protoliths

and detrital sources. It is believed that their strong correlation (Table 4)
relates to geochemical processes releasing and concentrating these
elements, scavenging the elements during laterization and diluting
them during intermixing of transported sediments from diverse sources
with in-situ regolith materials (Arhin, 2013). Component 3 elements
(Ca, Cu, Mn, Ti, Zr, As, Au, Ag) may be input from mainly wall rocks

Fig. 7. (a) Dendrogram using average linkage (within groups) indicating four groups of clusters for the untransformed dataset, (b) Dendrogram using average linkage
(within groups) indicating three groups of clusters for the transformed dataset.
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and detrital sources according to Micó et al. (2006). The strong asso-
ciation of Ti with Zr in component 3 of the factor analysis clearly
suggests the presence of zircon and anatase as accessory minerals (ty-
pical of laterite profiles) whose structures classically contain the ele-
ments Zr, Ti, and some REEs (da Costa and Araújo, 1996). Perhaps this
elemental association implies the accumulation of zircon and anatase in

the regolith profile of Kunche since both elements accumulate under
similar conditions in laterites. Zeegers and Lecomte (1992) documented
evidence of leaching of most trace elements especially Cu, Zn, Cd, and
Ag in the regolith of savannah regions. They stated that some trace
elements such as Cu, As and Ag are concentrated in Fe-rich zones.
Therefore, the association of Cu, As and Ag with component 2 may be

Fig. 8. Single element contour diagrams (using raw concentrations/threshold) showing geochemical anomalies for pathfinder elements in delineating exploration
targets (a) Au, (b) Pb, (c) Cu, (d) As, and (e) Ag. The ellipsoidal anomalies above 1 indicated with bold lines are the target areas proposed for exploration programs in
Kunche area.
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Fig. 9. Prospective gold areas defined by multi-element mapping (median/threshold) (a) Fe + S + Cu, (b) Fe + S + Pb + As, (c) Pb + Cu + As + Ag, and (d)
(Pb + Cu + As + Ag)/Zr. The ellipsoidal anomalies above 1 indicated with bold lines are the target areas proposed for exploration programs in Kunche area. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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due to intense weathering, differential erosion, deposition of eroded
sediments, and the wide range of geochemical processes acting on
them. Generally, Au is an immobile element but it is usually dispersed
in the regolith as a mineral complex or sometimes transported as det-
rital grains by surface processes, hence its association with component
3. Accordingly, the three major associations found in the laterites re-
present the two likely most abundant mineral groupings: hema-
tite + goethite and anatase + zirconium with kaolinite as the principal
clay mineral. They are generally common in both residual and detrital
laterites, but are more widespread in the residual laterites.

It is clear that the results of the principal component analysis, factor
analysis and hierarchical cluster analysis agree strongly with one an-
other and imply that the occurrence of gold deposits in the Kunche area
is directly associated with secondary dispersion of the underlying host
rocks containing these elements and laterization. The clusters (Fe, S, Pb,
Co, Cu), (Cr, As, Au, Ag), (Ca, Ti, Sr, Zr), and (Mn, Ni, Rb, Y, Zn) in the
dendrogram (Fig. 7a) produced from hierarchical cluster analysis of the
untransformed data indicate that the first and second clusters are the
most homogenous and robust pairs since they have moderate to high
concentrations in the lateritic samples. However, after the centered log-
ratio (clr) transformation, the clusters obtained (Fe, Pb, S, Co, Cr-cluster
1; Ni, Rb, Sr, Y, Zn-cluster 2; Ca, Cu, Mn, Ti, Zr, As, Au, Ag-cluster 3)
(Fig. 7b) suggest that the third cluster is the most homogenous group
based on the concentrations of the elements in this group.

Our study confirms that Pb, Cu, As and Ag can also be used in la-
teritic context, as it can be hypothesized from the works of McQueen
et al. (2003) and Reith et al. (2005). The researchers mentioned that Pb,

Cu, As, and Ag are known to behave like Au in orogenic belts and thus,
are the best pathfinder elements of Au identified in the studied laterites.
That accounted for the positive correlations between these elements
and Au in the Spearman correlation (Table 4). On bivariate plots in-
volving Au against Cu, Pb, As, and Ag, it is observed that these elements
display a direct positive relationship with Au (Fig. 11). Therefore, the
Au–Cu, Au–Pb, Au–As, and Au–Ag correlations seem to be primarily
controlled by the Au content and strongly serve as pathfinder elements
for Au in the Kunche area. Conversely, Zn is not enriched with the
identified pathfinder elements despite minor occurrence of sphalerite as
an ore mineral in the Kunche area. This is because Zn minerals degrade
and usually disperse as host rocks weather to form the regolith (Butt
and Zeegers, 2015). The lateritic horizons in the Kunche area with Zn
values represent breaks in volcanic activity that produced the volca-
niclastic parent rocks and during this time, hydrothermal processes
affecting the parent rocks may result in limited accumulation of sul-
phide minerals like sphalerite. A decrease in hydrothermal activity
alongside high pH under reducing conditions, enables Zn to form low
solubility complexes with hydroxides and carbonates (Brookins, 1989).
Therefore, Zn mobility is hindered in the area resulting in the below
detection limit of Zn in most of the studied laterite samples. Moreover,
Zn displays negative correlation with Au in the Spearman correlation
(Table 4) and can thus be misleading if identified as a pathfinder ele-
ment of Au in the Kunche area. The identified pathfinder elements also
overlap with those recently documented by Anand et al. (2019) in
auriferous ferricrete of the Yilgarn Craton of Western Australia and
those of Nude et al. (2014) in the regolith of the Tetteh Gold Prospect in
the Sefwi Birimian Belt, Southwestern Ghana.

5.4. Exploration implications

The residual laterites/duricrusts are directly related to their for-
mation environment. Their mode of formation, composition and dis-
tribution is directly associated with the underlying bedrock composi-
tion. In conducting geochemical surveys in an exploration program,
sampling residual laterites/duricrusts will give a geochemical signature
that represents the sampling environment (Smith et al., 1987). For the
detrital laterites/duricrusts, the source materials originate from de-
tached slabs and patches of different duricrust blocks cemented to-
gether by clay minerals. They are formed in depositional environments
(mixed environments) or lateritic pediments and transitional terrains.
Materials found in such environments have erratic compositional
properties. They do not have direct relation to their environment of
formation. Sampling these laterites in a geochemical survey will not
give the underlying geochemical signature of the sampling environment
(Anand, 2001). The anomalous zones are predominantly located within
the residual laterites (northeastern and central parts). These zones are
mainly restricted to the hills and plateaus in the Kunche area (Fig. 12)
and thus, we recommend that exploration programs should be focused
along those areas. However, the contour diagrams also reveal some
geochemical anomalies along some portions of the detrital ferruginous
laterite zones (southeastern part) in the Kunche area (Figs. 8 and 9).
This may suggest possible enrichment via lateral hydromorphic dis-
persion of the pathfinder elements from the residual laterites (north-
eastern and central parts) into the detrital laterites due to weathering.
Therefore, such areas might be misleading during mineral exploration
and should be avoided. In all, our findings can be compared with si-
milar research conducted by (Mazzucchelli and James, 1966). These
researchers demonstrated the presence of a 180m wide arsenic (As)
dispersion halo around gold mineralization in the indurated ferruginous
layer of a laterite profile, and in soils derived from the laterite.
Therefore, our approach can be considered a proven one for delineating
gold exploration targets in laterite capped terrains such as Kunche area
in the Wa-Lawra greenstone Birimian belt and the adjacent Bole-Nan-
godi belt.

Fig. 10. (a)–(b) Box and whisker plots of selected elements (Fe, S, Cu, Cr, Pb,
As, Au, Ag) normalized to the average basalt (Turekian and Wedepohl, 1961)
and andesite composition (Vinogradov, 1962) of the earth crust. Dash lines in
the boxes are the means whereas the solid lines represent the median.
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6. Conclusions

The following conclusions are drawn from the current study;

✓ The studied laterites range from detrital laterites (detrital ferrugi-
nous duricrust) to residual laterites (lateritic duricrust) and are
hosted in volcaniclastic rocks.

✓ Geostatistical analysis indicates three element associations; (1) Fe,
Pb, S, Co, Cr; (2) Ni, Y, Rb, Sr, Zn; (3) Ca, Cu, Mn, Ti, Zr, As, Au, Ag,
which may be due to three factors; mainly the underlying

volcanoclastic host rocks and sulphide-bearing deposits, mixed
sources, and from wall rocks.

✓ The element associations imply that the occurrence of sulfide-
bearing deposits such as gold in the Kunche area is directly asso-
ciated with secondary dispersion of the underlying host rocks and
laterization.

✓ The important pathfinder elements of gold identified in the laterites
are Pb, Cu, As, and Ag since they correlate positively with Au but
careful consideration should be given to S during exploration pro-
grams due to its high content in the laterites and positive correlation
with Au.

✓ Single element and multi-element contour diagrams reveal ellip-
soidal anomalies that suggest dispersion and accumulation of the
pathfinder elements around the northeastern, central, and south-
eastern parts of Kunche area in close proximity to the gold prospect
in the area.

✓ The geochemical anomalies are mainly restricted to areas domi-
nated by the residual laterites (northeastern and central parts) on
hills and plateaus, hence we recommend gold prospecting in those
areas which are increasingly enriched in the pathfinder elements to
minimize waste of resources.

Supplementary Tables containing summary statistics of the geo-
chemical data for the lateritic and detrital duricrusts can be accessed
online from:https://data.mendeley.com/datasets/bxnwzmm3cw/
draft?a=a2397ee4-bdde-42cf-9c88-27604e38e43a.
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