Trace metals in cocoasoilsexposed to illegal gold panning in central west Cote d'lvoire.

Abstract

Cote d'lvoire, the world'sleadingcocoaproducer, isfacing the challenge of illegal gold
washing, whichislikely to jeopardiseits goal of a sustainablecocoafarming system. This is due
to the degradation of soilresourcesthrough trace metal contamination (TM). The aim of
thisstudyis to determine the levels of copper (Cu), cadmium (Cd), lead (Pb) and arsenic (As)
contamination in cocoagrowingsoils in Bonikro.70 soilsampleswerecollectedusing the
toposequentialmethod, processed and sent to the laboratory for analysis. The results show that
TM levelsvarysignificantlydepending on the topographical position and depth of the soil.
However, theselevels are belowtolerablelimits. There are significantcorrelationsbetween pH
and TM, whichvarywithdepth and topographic position.. A strong  positive
correlationwasobserved at depthbetween pH and Pb (r = 0.82) and Cd (r =0.71), whereas at
the surface the correlationswerenegative for the sameelements. This indicatesthat pH plays a
crucial role in the evolution of TM concentrations. In conclusion, thisstudy highlights the
factthatcocoa-growingsoils have TM levelsbelowtolerablethresholds, but withsignificant
variation as a function of depth and topographic position. Soil pH appears to be a determining
factor in the mobility of TMs, which has important implications for the sustainable
management of soils and the environment. Furtherresearchisneeded to refinethese
observations and improvenaturalresource management.
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1. Introduction

Cocoa in Cote d'lvoire generates more than 30% of export earnings and contributes more than
15% of grossdomesticproduct (GDP) [1][2]. However, recentstudies show a decline in the
yields of cocoa plantations, partly due to the ageing of the plantations. This ageing of
orchards, combinedwithclimate change, ismaking certain regionsincreasingly marginal for
cocoa produetion-[3]. This iscompounded by the state of soilfertility and soil acidification[4].
Soil.acidification leads to the solubilisation of metalssuch as aluminium (Al), iron (Fe) and
manganese (Mn), whichthenbindnutrients, particularlyphosphorus (P) in tropical soils. In
addition to thesedifficulties, for more thanfifteenyearscocoafarming has been facing a new
challenge linked to the development of the miningsector.

Mining isknown to be an activitythat can lead to the degradation of soilresourcesthroughtheir
contamination with trace metal (TM) such as lead (Pb), cadmium (Cd), arsenic (As) and
copper (Cu) [5]. However, studies on the soil contamination levels of artisanal miners, who
are generallyilliteratefarmersengaged in illegal and clandestine gold panning, remainpatchy,
and the case of the Bonikro mining area in west-central Cote d'lvoire is illustrative. The
remainingcocoa plantations are underattackfromillegal gold panners, with the
resultthatwasteisdumped at various sites, whichmaycontainchemicalelementsthataccumulatein



the soil[6]. This situation couldthereforejeopardise Cote d'lvoire’s goal of a
sustainablecocoafarming system [7]. The aim of thisstudyis to determine the level of TM
contamination (Pb, Cd, As and Cu) in cocoagrowingsoils in Bonikro. In the currentcontext,
the aimis to assess the level of contamination of agricultural soils in thisregion,
whichiscurrentlydominated by illegal gold panning, in order to identify the factorscontributing
to this contamination. The resultswillthenbeused to makerecommendations for the sustainable
management of agro-systems in mining areas and for environmental protection.

2. Material and Methods
2.1. thestudy site

The studywascarried out in Bonikro, located in central westCote d'lvoire, in the Divo
department. The departmentcovers an area of approximately 3,577 km?2 and. lies between
latitudes 05°40" and 06°10" North and longitudes 05°30' and 04°40' West (Figure 1). The
climateistransitionalequatorial,  withtworainyseasons <and two  dry seasons. The
averageannualrainfallis 1,400 mm and the averageannualtemperatureis 25.3°C. The soils are
predominantlyferralitic, highlydesaturated and dividedintothree groups: plinthosols, ferralsols
and gleysols. All thesesoils are the result of long and intense weathering, with a clay fraction
composedmainly of kaolinite [8].

2.2. Soilsample collection and processing

Soilsampleswerecollectedfromseveralcocoa plots in Bonikro using the toposequencemethod.
A 30°N toposequencewasopened and. soilsamplesweredrilledfrom 0-20 cm and 20-40 cm
from the topographic positions to the shallows, with a rate of 10 samples per
topographiclevel. The choice of sampling point per topographic position wasbased on the
ability to report metal contamination of the soil. A total of 70 soilsampleswerecollectedfrom
the study area. Thesesamplesweretransported to the laboratory, crumbled by hand and
thenapproximately 500 g of soilwasdried in a room at room temperatureaccording to I1SO
standard. 11464:2006. After drying, eachsamplewassievedthrough a square meshsieve (& = 2
mm).to collect the fine soil for laboratoryanalysis.

2.3. Chemical analysis of soils
Determination of soil pH

The fine soilobtainedfromeachsamplewasdividedintotwo parts. The first part wasused to
determinesoil pH according to the methodrecommended in ISO 10390:2021. Specifically, 10
g of fine soilfromeachsamplewasplaced in a 100 ml plastic beakerwith 50 ml of distilled
water. The mixture wasstirred for 1 hour and then the pH wasmeasuredusing a glass electrode
in a dilutesoil suspension. The readingwastakenwhen the digital display of the pH
meterhadstabilised.



Determination of soil TM content

The TM content of the sampleswasdetermined by inductivelycoupled plasma
atomicemissionspectrometry (ICPAES) aftermineralisation by hot acidetching of the
sampleswith aqua regia (1/3 HNO3 and 2/3 HCI).

2.4. Statisticalanalysis

All analyses wereperformedusing R software. After checking for homogeneity and
normalitywithin groups, a one-way ANOVA followed by a Student-Newman-Keuls (SNK)
test comparisonwasused to identifysignificantdifferencesbetween the means of ETM content
by topographiclevel at the 5% p threshold.

3. Results
3.1. Spatial distribution of trace metals (TM)

Analysis of the vertical variation of TM content and ‘pH shows thatdepth has a
significanteffect on the content of Pb, Cd, As and pH in the soil. Cd(0.003 mgkg™), As (6.21
mgkg™) and pH (6.46) in the soil are significantlylower at depth (20-40 cm) than at the
surface (0-20 cm), while Pb (0.16 mgkg-1) issignificantlyhigher at depth (20-40 cm). The Cu
content shows no significantdifferencewhatever the depth (Table 1).

Table 1. Average TM and pH levels as a function of depth and tographic position

TM (mgkg™) Acidity
Depth Pb Cd As Cu pH
Verticalvariation

0-20 cm 0;,07b 0,04a 9,36a 6,65a 7,2a
20-40 cm 0,16a 0,003b 6,21b 6,46b 6,7b
Topographic position Lateral variation

Pb Cd As Cu pH
Lowland(BF) 0,13ab 0,03b 7,71b  7,84b 6,9b
Low lying area (BV) 0,16a 0,05a 7,03b 7,05b 7,9a
Top of slope(HV) 0,05c 0,02b 14,11a 9,39a 6,5¢
Mid-slope(MV) 0,10b 0,003c 4,61c 3,54d 7.2b
Summit (S) 0,12ab 0,015bc 5,46c 4,95c 6,5¢
Tolerablelimit values
(mgkg™) 50 1,5 20 140 6,5-7,5

The lettersassigned to the averages (a, ab, b and c) represent the statisticaldifferencesbetween the averagelevels,
where the values sharing the sameletter are not statisticallydifferentfrom one another.

3.2. TM distribution along the toposequence

Figures 1 to 5 illustrate the distribution of ETM values and soil pH along the
toposequencearound the gold mine. Analysis of the trends reveals a number of significant
observations.



The elements As, Cd, Cu, Pb and pH show significant variations in content between positions

BF, BV, HV, MV, S and depths 0-20 cm and 20-40 cm:

- The mean pH value (Fig.1) varies between positions BF, BV, HV, MV and S at depth 0-20
cm with a mean of about 6.70 + 0.326. At a depth of 20-40 cm, the average pH shows more
pronounced variations, with an average of around 6.34 + 0.58 at MV and 6.33 + 0.578 at BF.
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to topographic position to topographic position

- The mean As contents (Fig. 2) are relativelysimilarbetween the BF, BV, HV, MV and S
positions at 0-20 cm depth, with a mean of about 5.25 mgkg-1 + 0.32. However, at 20-40 cm
depth, the mean As content decreasessignificantly to about 0.03 mgkg-1 + 0.004, indicating a
different distribution-in the deepersoil horizons. However, at depths of 20-40 cm, the mean As
content decreasessignificantly .to around 0.03 mgkg-1 + 0.004, indicating a different
distribution in the deepersoil horizons.

- The average Pb content (Fig. 3) isverylow at depths of 0-20 cm, with an average of about
0.002 “mgkg-1-+.0.0004 at MV. At depths of 20-40 cm the average Pb content
increasessignificantly to around 4.80 mgkg-1 + 0.19 at MV.
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- Mean Cd contents (Fig. 4) variedbetween the BV and HV positions at depths of 0-20 cm,
with a mean of approximately 5.10.mgkg-1 + 0.18 at BV and 6.70 mgkg-1 + 0.33 at HV. At
depths of 20-40 cm, the mean Cd content decreasedsignificantly at BV (approximately 0.12
mgkg-1 + 0.009) whileremainingrelatively stable at HV.

- The mean Cu content (Fig..5) shows a significantdifferencebetween BF and MV positions at
depths of 0-20 cm, with a-mean of 6.70 mgkg-1 + 0.33 at BF and 5.68 mgkg-1 + 0.13 at MV.
At depths of 20-40 cm, mean Cu concentrations show similar variations for all positions, with
a mean of around 4.80 mgkg-1 + 0.19.

The trend analysis shows that the concentration of lead (Pb) in the soil varies
significantlywithdepth. The coefficients for the differentdepthsindicatethat the Pb
concentration. tends to decreasewithincreasingdepth. This trend isparticularlypronounced for
the HV position where the Pb concentration decreasessignificantly (p < 0.001). This
suggeststhat lead levels in soil are higher at the surface (shallower) and decreasewithdepth.

As for cadmium (Cd), the trend analysis shows that the concentration of thismetalalso varies
withdepth. The depth BV coefficient indicates an increase in Cd concentration withdepth,
althoughthis trend is not statisticallysignificant. However, the MV depth shows a
significantdecrease in Cd concentration (p = 0.00454). This suggeststhat cadmium
mayaccumulate more at the soil surface, whileits concentration decreaseswithdepth.



For arsenic (As), the results of the trend analysis show significant variations in concentration
as a function of depth. The positive coefficient for the HV depthindicates a significantincrease
in arsenic concentration withdepth (p < 0.001). In contrast, depths MV and S show opposite
trends withsignificantnegative coefficients. This suggeststhat arsenic maybe more abundant at
depth and lessabundant at the soil surface.

For copper (Cu), the trend analysis shows significant variations in concentration as a function
of depth. Depth BV shows a significantnegativerelationshipwith Cu, indicatingthat Cu
concentration decreaseswithdepth (p = 0.0234). Depth HV shows the opposite trend with a
significantincrease in copper concentration (p < 0.001). Similarly, depths MV. and S show
significantnegative coefficients, alsosuggesting a decrease in copper concentration withdepth.

For soil pH, the results of the trend analysisindicatesignificant variations withdepth. Depth
BV showed a significant positive relationshipwith pH, indicatingthatsoil pH tends to
increasewithdepth  (p < 0.001). In contrast, depth. 'HV showed a
significantnegativerelationshipwith pH (p = 0.00353). Depths: MV. and' S also show
coefficients suggesting variations in pH withdepth, although the trends are not as pronounced.

Table 2. Correlationbetweendifferent variables as a function of depth

0-20cm 20-40cm
Pb Cd As Cu pH Pb Cd As Cu pH
Pb 1 1
Cd o641 1 0715 1
As 0812 0241 © 1 0,501 -0,117 1
Cu -0,893 0,692 0,851 1 -0,258 0,127 0,96 1
pH -0,546- 0,728 0,218 0612 1 0821 0,642 -0,778 -0,597 1

Overall,. therewereaverage to strong positive correlationsbetween Cd, Cu, As and pH at all
depths, and average to strongnegativecorrelationsbetween Pb, As and Cu at all depths (Table
2). However, thereweredifferencesbetween surface (0-20 cm) and depth (20-40 cm)
correlations: There was a strong positive correlation at depthbetween pH and Pb (r = 0.82)
and Cd and Pb (0.71), whereas at the surface the correlationwasnegative (r = -0.54) and (r = -
0.64). The same observation is made for As (r = -0.77) and Cu (r = -0.59) with pH, which
show negativecorrelations at depth, while at the surface there are positive correlations.

4. DISCUSSION
4.1. Mobility of TM in soil

The results of the spatial distribution of the concentrations of trace metals (As, Cd, Cu, Pb)
and soil pH show that the concentrations varysignificantlywithtopographic position and depth.



The Cu content showed a slight variation withdepth. This variation couldbeattributed to Cu
migration and redistribution processes in the soil profile. In fact, [9]observed a
gradualdecrease in Cu content as a function of depthalong a foresttoposequence.

For cadmium, the results show that the content of thismetaldecreaseswithincreasingdepth.
This isbecause cadmium tends to bind to soilparticles, especiallyclay and humus. According
to the work of [10], the content of organicmatter in the soilcould influence the retention of
cadmium. This couldexplain the observed variation in cadmium levelswithdepth, as
differentdepthscould have differentorganicmatter contents. Pb is a metallicelementthatis not
very mobile in soil. Its high affinitywithorganicmatterexplainsits high concentration in surface
horizons [11]. In our case, the high concentration of Pb in the 20-40.cm horizon can
probablybeexplained by the cultivation work in the cocoa plots.

The work of [12]showed a decrease in arsenic levelswithincreasingsoildepthalong a
toposequence. According to thiswork, this trend couldbeattributed to vertical migration of
arsenic fromdeepergeochemical sources. [13]showedthat arsenic concentrations werehigher in
middle and upperslopeareas.This distribution couldbeattributed to-erosion and runoffprocesses
of arsenic-richparticlesfromhigher to lower areas of the toposequence.

4.2. Relationship between TM and pH

It isalso important to note thatsoil pH can influence TME availability and mobility[14][15].
Our results show a strongrelationshipbetween pH and TMs. There is a strong positive
correlation at depthbetween pH and Pb (r =0.82) and Cd and Pb (0.71), whereas at the surface
the correlationisnegative (r = -0.54) and (r = -0.64). The same observation is made for As (r =
-0.77) and Cu (r = -0.59) with' pH, which show negativecorrelations at depth, while at the
surface there are positive correlations. Theseresults are in line withthose of [16] and [17],
whofoundeither a decrease or an increase in the uptake of TMwith pH, depending on the soil
type. According to [18], metal- concentrations are higher at pH < 6. This explains the
lowlevelsfound in thisstudy.

The correlationsbetween the metalsthemselvesgive us information about the complex
interactions thatexistbetween the differentMTEs in the soil. Among the MTs, we observe a
relativelystrong- positive correlation (r = 0.73) between As and Cu, suggesting a certain
consistency in.their concentrations at differentdepths and positions. Wealsoobserved a
verystrongnegativecorrelation (r = 0.64) between Pb and As, indicatingthathigher
concentrations of one are associatedwithlower concentrations of the other.

5. Conclusion

The aim of thisstudywas to determine the level of contamination of cocoagrowingsoils by
illegal gold washing. The variousresults show that the levels of TM (Pb, Cd, Cu and As) in
the soil are Dbelowtolerablethresholds. However, the levelsvaryaccording to the
differenttopographic segments and the depth of the horizons. The pH couldplay an important
role in the evolution of the TMlevels, as itisstronglycorrelatedwiththem. Theseresultsmay
have important implications for the sustainable management of soils and the environment.



Theyalsoprovide important insights into the distribution and interactions of metals in soils,
whichmay have important implications for ecosystemhealth and soilquality.
Furtherstudieswithlargersamplescould help to refinetheserelationships and provide more
detailed information for effective management of naturalresources.
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