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Abstract: The Katangese Copperbelt area (KCA) located south-eastern of D.R. Congo presents high
concentration of metal trace elements (MTE) in several soils due to a rich natural geochemical back-
ground, and intense mining activities, causing serious health issues to humans and animals. How-
ever, the lack of data on specific baseline concentrations makes it difficult to properly assess and
monitor the environmental quality of soils in the region. In this study, the baseline concentration of
11 potentially toxic MTE (i.e., Mn, Zn, Cu, Co, Cr, Pb, Cd, Ti, Ni, Al, and Fe) was assessed in topsoils
of the KCA, and the possible influence of land uses (croplands, forest and mining areas) was exam-
ined. Results showed the following baseline concentrations, i.e. lower and upper limits (mg.kg) in
cropland soils : Al (18.4-162.0), Cd (0.0-0.1), Co (0.1-3.5), Cu (0.8-17.7), Cr (0.0-0.2), Fe (4.7-233.8),
Mn (3.5-575.6), Ni (0.1-1.9), Pb (0.2-2.4), Zn (0.1-20.3), Ti (0.0-392.6); in forests: Al (18.8-1167.1), Cd
(0.02-0.48), Co (0.20-18.1), Cu (3.642.7), Cr (0.1-33.7), Fe (86.4-283.3), Mn (4.9-1538.9), Ni (0.05-
24.2), Pb (0.3-13.7), Zn (2.0-7.0), Ti (0.2-0.8); and in mining areas: Al (7.4-241.2), Cd (0.01-164.8), Co
(0.2-211.3), Cu (2.4-5485.4), Cr (0.03-0.4), Fe (5.9-481.6), Mn (7.1-95.9), Ni (0.1-1.9), Pb (0.2-390.8),
Zn (1.5-5629.3), Ti (0.1-1.3). Cu and Zn were highest in mining areas demonstrating a prevalent
influence of mining activities in altering the natural background of metals concentrations in the re-
gion. By contrast, croplands and forest shared a similar trend of Al and Mn contents, suggesting a
mild influence of agricultural activity. Intriguingly, higher Cu and Co contents were found in forest
compared to croplands. For all the three studied land uses, no straightforward relation was found
between metal concentrations and soil total acidity. This study is the first attempt to establish refer-
ence values of MTE contents in the KCA soils and thus provides valuable information for legislative
purposes and for soil quality assessment.
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1. Introduction

In recent years, ecosystems pollution with metals has become of great concern due to the
inherent adverse effects on living organisms including humans [1]. In the prospect to pre-
venting humans and animals” exposure, assessing the environmental quality of soils rep-
resents a crucial step, for which understanding the patterns of trace elements concentra-
tions in soils is of critical importance [2].

The behaviour of metals into soils is constrained by various geochemical processes and
pH is one of the most important factors determining the forms of metal occurrence and
influencing metal solubility and speciation and thus toxicity [3]. The first approach for soil
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contamination evaluation is the determination of the total available trace element content
[4]. In this regard, the natural background concentrations of trace elements are suggested
as a reference to identify polluted soils, and eventually to propose a plan for their proper
management [1,4].

Referred to as the natural range of concentration prior to any anthropogenic influence, the
concept of geochemical background concentrations is scarcely considered however, and
related data are quasi-inexistant for most environments. Conventionally, 95% of the ex-
pected range of background concentrations is designated as baseline concentrations,
which is most often considered as reference to evaluate soil contamination levels [1].

Several sources affecting the natural background concentrations of metals in soils are
listed including mining, agricultural and other industrial activities [5,6]. In the The Ka-
tangese Copperbelt area (KCA), located south-eastern of the Democratic Republic of
Congo, significant deposits of copper (Cu), cobalt (Co) and other metals are found [7,8].
Hence, most environmental studies have revealed widespread soil contamination in the
region [9, 10-12]. In most cases, these studies expressed the metals contents in soil refer-
ring to the so-called universal concentrations of trace elements. A reference study by [13]
provided an interesting overview of metal contents in the region, but did not present the
related baseline concentration. Moreover, none of these studies established the lower and
upper limits of elements contents based on the baseline calculation that can be used as soil
quality reference values for the KCA. This makes it difficult to adequately establish qual-
ity standards to detect and monitor sites affected by metals contamination in the region.
Yet the concentrations of trace elements in soils depends on the mineralogical composition
of the parent material and is influenced by weathering processes; therefore, it appears
inappropriate to use universal reference concentrations [4,14]. Alternatively, a more ap-
propriate approach would imply establishing baseline concentrations on a regional basis
to be used as a reference in the identification of contaminated soils [1]. Unfortunately, no
data on baseline concentrations of trace elements exist for the Katangese Copperbelt area
(KCA).

The present study was initiated to (i) establish baseline concentrations of 11 potentially
toxic trace elements (i.e., Mn, Zn, Cu, Co, Cr, Pb, Cd, Ti, Ni, Al, Fe) in the Katangese Cop-
perbelt area (KCA) surface soils; and (ii) investigate their variation under 3 different land
uses (croplands, forest and mining areas). The results of this research can be used as soil
quality reference values in assessing anthropogenic vs. natural levels of trace elements in
the KCA.

2. Materials and Methods
2.1. Study area

This study was conducted in the KCA extends from Sakania to Kolwezi (Haut- Katanga
and Lualaba provinces, D.R. Congo) (Figure 1). Climate of the KCA is humid subtropical
(Koppen climate classification Cwa) with one dry season (May to September) and one wet
season (November to April). Annual mean rainfall is about 1300 mm, the majority falling
during the wet season. Temperature fluctuates from 15-17°C (early dry season) to 31—
33°C (late dry season). Mean annual temperature is about 20 °C [15,16]. The bedrock of
the KCA consists of ~10,000 m thick sedimentary succession that belongs to Neoprotero-
zoic Katangan Supergroup [17,18]. Based on the regional occurrence of two diamictites
(the “‘Grand Conglomérat” and ‘Petit Conglomérat’), the Katangan sedimentary succession
is subdivided in three lithostratigraphic groups i.e., from base to top, the Roan, Nguba
and Kundelungu Groups [19,20] The Roan Group comprises siliciclastic and dolomitic
rocks, whereas the Nguba and Kundelungu Groups largely consist of siliciclastic rocks,
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with one major carbonate unit occurring as part of the Nguba Group (Kakontwe Lime-
stone) [20,21]. The primary vegetation of the region is miombo woodland [22]. Strong an-
thropogenic degradation of the vegetation resulted in woodland being substituted by a
secondary grass savannah in the peri-urban zones of the KCA [23].

2.2. Sample collection and laboratory analyses

Surface soils (0-20 cm) used in this study were collected in Lubumbashi and its surround-
ings between 2015 and 2021. The sampling area covers 3 land uses with a total of 490
samples (Figure 1): agricultural land (450 samples), mining sites (24 samples), and mi-
ombo woodland (16 samples).

Analyses were performed on air-dried soil fractions (< 2 mm). The soil pH was measured
potentiometrically in a 1:2.5 (W/V) suspension of 1 M KCI. Total trace element content was
measured using the Inductively coupled plasma - optical emission spectrometry (ICP-
OES: Optima 8300 07851509233. The detection limits of the device used in this study is
between 0.5 -10 ppm). Briefly, the traces elements analyzed in the soil samples were: Mn,
Zn, Cu, Co, Cr, Pb, Cd, Ti, Ni, Al, and Fe. Digestion of the sample was performed by wet
extraction with ETDA at pH 4.65 following the protocol described in the soil analysis man-
ual [24]. All analyses were performed in triplicate. When processing the samples, we
started with the approach to make analyses on all trace elements, but only 11 trace ele-
ments were detected having regard to the limit of detection of the device on the one hand,
and on the other hand, they showed themselves potentially toxic according to their ob-
served content.
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Figure 1. Sampling areas in the KCA with 3 land uses (cropland, forest and mining area).
2.4. Data processing and statistics

Principal component analysis (PCA) was performed using the package FactoMiner in R
software (4.0.1) to characterize studied land uses based on measured elements [25]. The
arithmetic mean (AM), arithmetic standard deviation (ASD), geometric mean (GM), geo-
metric standard deviation (GSD), minimum, maximum, and median were calculated to
compare trace element contents and pH across land uses. The AM and ASD are best esti-
mates of geochemical abundance of an element, whereas, the GM and GSD are better max-
imum likelihood estimators for most geochemical data. Baseline concentrations of the 11
trace elements were calculated using GM/GSD? and GM x GSD? of the samples, respec-
tively as the lower and the upper limit of the established baseline [26].

To understand relationships between pH and studied trace elements, we transformed our
data using best normalize package in R to meet the normal distribution requirement of
data before we calculated Pearson correlation coefficient.
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3. Results
3.1. Element contents and pH across landuses

The principal component analysis (ACP) explained over 55% of variability within the da-
taset (Figure 2). The largest variability in metal contents was observed in croplands. The
PCA results in two groups of metals positively correlated between each other. The first
group consisted of Cd, Ti, Fe, and Zn while the second group consisted of Ni, Co, Cu, Mn,
and Cr. The pH was genitively correlated with Pb along the dimension 1. Aluminium was
strongly associated with samples from forests and mining areas.
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Figure 2. Principal component analysis showing variability of studied elements across 3 land uses (cropland, forest and mining
area).

The lowest pH in cropland was 3.9 while the highest was 7.3 (Table 1). The mean pH in
investigated cropland was 5.3 and 5.4 for arithmetic and geometric mean respectively. The
minimum Al and Fe concentrations were 16.6 and 10.7 mg. kg respectively, whereas,
their respective maximum concentrations were 282.9 and 215.7 mg.kg!. Al, Fe, and Mn
were the most abundant elements in studied cropland soils, with respectively 63.4, 42.2,
and 57.6 mg. kg! on average.

The mean Cu and Co concentrations were 5.4 and 1.0 mg.kg, respectively. The following
elements were found in trace concentrations (maximum concentration < 5 mg.kg™, Cd,

Cr, Pb, Zn and Ni.

Table 1. Descriptive statistics of element contents (mg.kg"') and pH in croplands (n=450).

Al Cd Co Cr Cu Fe Mn Ni Pb Zn Ti pH
Minimum 166 00 01 00 11 107 28 01 00 00 01 39
Maximum 2829 04 16.0 04 1607 2157 3230 26 22 39 1005 7.3

Median 515 01 05 01 34 304 467 02 07 14 09 52
AM 634 0.1 1.0 01 54 422 576 03 07 13 164 54
ASD 374 00 1.8 0.0 120 359 429 03 04 07 200 08
GM 546 00 05 0.1 37 330 448 02 06 1.0 24 53

GSD 1.7 14 25 16 22 2.7 36 20 20 45 127 12
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GSD? 30 19 65 27 4.7 7.1 129 39 41 200 1624 14
GM/GSD? 184 00 0.1 0.0 0.8 4.7 35 01 0.1 0.1 00 38
GM*GSD? 1620 0.1 35 02 177 2338 5756 09 24 203 3926 7.5

In forests, pH varied between 4.0 and 5.2 with an average of 4.3 (Table 2). The most
abundant elements were Al, Fe, and Mn, with respectively 222.2, 162.6, and 163.0 mg.kg"
on average. Mean Cu concentration was higher (14.6 mg.kg") than that of Co (2.7 mg.kg-
1). Cu and Co were found up to maximum of 31.4 mg. kg and 4.5 mg. kg respectively.
The maximum concentrations in Cd, Cr, Ni, Pb, Zn, and Ti were lower than 10 mg.kg. In
contrast croplands, Cr in was found up to a maximum of 44.9 mg. kg with an average of
6.1 mg.kg .

Table 2. Descriptive statistics of element contents (mg.kg"') and pH in forests (n=16).

Al Cd Co Cr Cu Fe Mn Ni Po Zn Ti pH
Minimum 3839 00 01 04 32 743 43 02 03 20 02 40
Maximum 4019 04 45 449 314 2536 3700 76 75 6.8 07 52

Median 3025 01 27 21 105 1586 1155 05 13 38 04 42
AM 2222 01 27 61 146 1626 1630 28 28 39 04 43
ASD 1609 01 16 113 84 448 1341 30 24 12 01 04
GM 1480 01 19 22 123 1564 869 11 19 37 04 43
GSD 28 23 31 39 19 1.3 42 47 27 14 14 11
GSD? 79 51 96 153 35 1.8 177 217 73 19 21 12

GM/GSD? 188 00 02 01 36 864 49 01 03 20 02 36
GM*GSD? 11671 0.5 181 337 427 2833 15389 242 137 70 0.8 51

In the mining area, pH varied between 4.2 and 6.8 with an average of 5.8. Cu was the most
abundant metal, with a maximum of 1828.0 mg.kg! and an average of 424 mg.kg" (Table
3). Following Cu, Zn was found up to a maximum of 1410.0 mg. kg and an average of
408.2 mg.kg'. Mean Al, Fe, and Mn concentrations were respectively 60.5, 105.3, 32.4 mg.
kg. Cr, Ni, and Ti were found in lowest concentrations, with a maximum of 1.0, 1.7, 1.2
mg kg respectively.

Table 3. Descriptive statistics of element contents (mg.kg') and pH in the mining areas (n=24).

Al Cd Co Cr Cu Fe Mn Ni Pb Zn Ti pH
Minimum 7.3 0.0 06 00 86 158 103 02 0.8 6.1 01 42
Maximum 2228 522 5272 1.0 18280 700.9 925 1.7 1822 14100 12 6.8

Median 39.8 1.0 38 01 1541 385 242 03 3.8 566 03 6.1
AM 60.5 90 412 01 4240 1053 324 06 377 4082 04 58
ASD 528 143 1119 02 5494 1582 233 05 557 5194 03 07
GM 42.8 1.3 70 01 1155 533 261 0.5 8.2 931 03 58
GSD 24 114 55 19 6.9 30 19 20 6.9 78 19 11
GSD? 58 1306 302 3.6 47.5 9.0 37 41 478 605 37 13

GM/GSD? 7.4 0.0 02 00 24 59 71 01 0.2 1.5 01 45
GM*GSD? 2472 1648 211.3 04 54855 4817 959 19 3908 56293 13 74
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3.2. Baseline concentrations of elements and pH across different land uses

The minimum and maximum baseline pH in croplands were 3.8-8.0 (Figure 3). The min-
imum expectable Al content (baseline) in cropland was 18.4 mg.kg' while the maximum
was 162 mg. kgl. Minimum and maximum baseline Fe concentrations was 4.7-234.0
mg.kg1. Baseline Mn concentrations varied between 3.5-576.0 mg.kg!. The minimum
baseline Cu and Co concentrations were 0.1 and 0.8 mg.kg! while the maximum was 4.0
and 18.0 mg.kg1.

600

400

200

Al Cd Co Cr Cu Fe Mn Ni Pb Zn Ti pH Al Cd Co Cr Cu Fe Mn Ni Pb 2zZn Ti pH

Figure 3. Minimum (a) and maximum (b) baseline concentrations of elements and pH in croplands.

In the forests, minimum-maximum baseline pH was 3.6-5.0 (Figure 4). Minimum baseline
Al and Fe concentrations were respectively 18.8 and 86.4 mg.kg?! while the maximum
baseline concentrations were 1167 and 283 mg.kg!. Minimum and maximum baseline Mn
concentrations varied between 4.9 and 1539 mg.kg'. Obtained baseline Cu concentrations
was 3.6—-43.0 mg.kg! while that of Co was 0.2-18.0 mg.kg.
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Figure 4. Minimum (a) and maximum (b) baseline concentrations of elements and pH in forests.

Baseline pH observed in the mining areas was 4.5-7.0 (Figure 5). Minimum baseline Al
and Fe concentrations were 7.4 and 5.9 mg.kg-1 while the maximum baseline concentra-
tions were 247.0 and 482.0 mg.kg! respectively. Baseline Mn and Zn concentrations were
7.1-86.0 mg.kg! and 1.5-5.629 mg.kg! respectively. Baseline Cu concentration was
2.4-5485 mg.kg-1 while that of Co was 0.2-211 mg.kg.
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Figure 5. Minimum (a) and maximum (b) baseline concentrations of elements and pH in mining areas.
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3.3. Correlations between pH and studied elements

In croplands, pH was negatively correlated with Co, Fe, and Zn but positively correlated
with Cu, Al, and Zn. However, none of these correlations was statistically significant (Fig-
ure 6 a, d, g). In mining areas, pH was negatively correlated with Al while positively sig-
nificantly correlated with Fe and Zn. A positive but non-statistically significant correla-
tions of pH with Cu and Co were observed. In the forests, pH was negatively and signifi-
cantly correlated with Mn and Co while positively and significantly correlated with AL
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Figure 6. Correlations of pH with studied elements across land uses.
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4. Discussion

Soils across investigated land uses were acidic with a mean pH lower than 6, which is in
accordance with previous studies in the regions [27]. However, the baseline pH in studied
land uses varied from acidic to alkaline soils, with 3.8-8.0 for croplands, 3.6-5.0 for forests,
and 4.5-7.0 for mining areas (Figure 4-5). These results suggest that although studied soils
are globally characterized as acidic, the pH at some locations can be neutral or alkaline as
observed for mining areas and croplands respectively. Surprisingly, soils in the mining
areas and croplands showed higher pH compared to forests; which would come from the
difference between the soil units. The possibility that the use of lime in mining areas dur-
ing waste treatment and cropland could be raised to explain the elevated pH. Addition-
ally, we cannot rule out the possibility that organic matter decomposition and the inherent
organic acidic production in forests soils may lower the pH. Compared to other land uses,
croplands showed the largest range from lower and upper limit of reported pH baseline
(3.8-8.0). This is indication that pH in croplands can be powerfully variable as a result of
differences in soil management and cropping systems but likewise the difference may
simply be due to the difference in soil units.

More interestingly, results delineated a considerable variability of element concentrations
across different land use allocations (Table 1-3). The most abundant elements in croplands
were Al Fe, and Mn with respectively 63.4, 42.2, and 57.6 mg.kg*! on average. One of the
typical characteristics of tropical soils is strongly altered soils with low pH [28]. Coinci-
dentally, Al, Fe, and Mn were also the most abundant elements in forests, with values
averaging 222.2, 162.6, and 163.0 mg.kg! respectively. In mining areas on contrary, soils
were dominated by Cu and Zn, with respectively 424 and 408.2 mg.kg. This accumula-
tion could be linked to the complexation of these cations with organic acids in forest soils.

We suppose that these element concentrations do not reflect their natural abundance since
ongoing human activities related to agriculture and mining are likely to alter natural dis-
tribution and concentration patterns of metals in comparison to their concentrations in the
underlying parent materials. However, baseline element concentrations presented here,
reflect their common occurrence in the study area and can thus be used as reference values
for soil quality. The high concentrations of trace elements in the soils of different sites in
Katangese Copperbelt area have already been reported by several authors [12,29,30]. The
upper limits of Cu and Co concentrations in forest soils were higher compared to cropland
soils. This is an indication that in Katangese Copperbelt area, even non-disturbed areas
can contain significantly higher Cu and Co without a direct human activity. Nevertheless,
Cu, Co, Pb and Zn contents we found in forest and cropland soils were significantly lower
than those reported by [13] as upper limits of their natural geochemical background (400,
50, 120 and 200 mg.kg™ for total Cu, Co, Pb and Zn respectively) in the Lubumbashi re-
gion. Moreover, the ranges of trace element concentrations reported in this study are sig-
nificantly wider than those reported in several studies carried out in other regions [31]
[32-35]. These discrepancies could be related to differences in sample size, sampling strat-
egy, sampling areas, and analytical methods. Indeed, contrast to [13] who used data re-
ported in studies that focused in potentially polluted areas with sample size lower than
50, in this study, 490 samples were used, thus covering a large variability of soils.

In the Katanga Copperbelt in general and the Lubumbashi area in particular, mining ac-
tivities have likely modified natural metal contents in soils, making comparisons with in-
ternational or regional reference values inappropriate for environmental studies. It was
reported that in all cases, total Cu, Co, Zn, and Pb concentrations are higher at the surface
than at depth in Lubumbashi soils [13]. It is therefore possible that the elements concen-
trations observed across land uses in this study are a result of a combination of the soil
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geochemical background naturally rich in these elements [36,37], and that of the intensifi-
cation of anthropogenic activities [38].

We observed that pH was negatively correlated with Co, Fe, and Zn but positively corre-
lated with Cu, Al, and Zn in croplands. However, none of these correlations was statisti-
cally significant (Figure 6 a, d, g). In mining areas, pH was negatively correlated with Al
while positively significantly correlated with Fe and Zn. In the forests, pH was negatively
and significantly correlated with Mn and Co while positively and significantly correlated
with Al These relationships suggest a lack of a direct and strong pH-dependence of meas-
ured elements. As pHxka measured in this study reflects total soil acidity rather actual
acidity, element concentrations would likely be strongly related to pHwatr. Nevertheless,
our results showed contrasting and poor relationships of pH with metals depending on
the land use. The lack of strong correlations between metals and pH was also observed by
[39] who argued that their observation was possibly due to the very wide pH range, hav-
ing little influence on elemental behaviour.

Conclusion

This study has provided crucial information regarding lower and upper limits of trace
elements concentrations expected in surface soils of the Katangese Copperbelt area (KCA).
The identified baseline data did not reflect the natural geochemical abundance of ele-
ments, suggesting a predominant influence of ongoing anthropogenic activities in the re-
gion (i.e Agriculture and Mining) over natural processes. Overall, mining activities were
found to induce the greatest influence on the baseline concentrations of elements, partic-
ularly for Cu and Zn. Comparatively, Agriculture generated mild effects on the natural
background concentrations of metals, as a similar trend of Al and Mn distribution was
recorded in croplands and forests.

Results also provided indication of possible variability in natural background concentra-
tions of metals in the region, with forests presenting significantly higher Cu and Co con-
tents than croplands.
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