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1. INTRODUCTION 

The soil of the natural or managed ecosystem is a critical and dynamic part of the three-dimensional 

regulatory system which generates a multitude of functions, also called "soil functions". These functions 

support the provision of ecosystem services (Blum, 2005). Soil is one of the most complex biomaterials 

in the world and a key component of the earth's ecosystem operating at the interface of the lithosphere, 

hydrosphere, biosphere and atmosphere (Young and Crowford, 2004). We have substantial knowledge 

of soils, their formations and their distribution, but our understanding of its functions and ecosystem 

services is incomplete. Indeed, this one remains a pool of plant nutrients and a habitat for numerous 

living organisms (Lehman and Kleber, 2015), including microorganisms (Ouédraogo et al., 2017; Xu 

et al., 2019) which provide several functions. 

In general, microorganisms play a key role in nutrient recycling, facilitating chemical processes, 

decomposing organic matter and improving crop yields (Konaté et al., 2003; Ouédraogo et al., 2005; 

Lavelle et al., 2006; Pey, 2010; Doamba et al., 2011). Particularly, the arbuscular mycorrhizal fungi 

(AMF), belonging to the phylum Glomeromycota (Schüßler et al., 2001), live in symbiosis with several 

terrestrial plants (Smith and Read, 2008; Pellegrino and Bedini, 2014). It has already been clearly 

established that mycorrhizal plants take up water and mineral nutrients, particularly phosphorus (P), in 

an efficient manner than non-mycorrhizal plants (Thirkell et al., 2016). Furthermore, various studies 
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Abstract: Mining activities negatively influence the activity of soil fauna in general. However, the thorough 

response of arbuscular mycorrhizal fungi (AMF) to mining activities in the Lubumbashi region is not yet well 

understood. This study was undertaken with the objective of assessing the influence of mining activity on 

mycorrhizal status, under two different ecosystems (forest and savannah), around a tailing pond (TP). The 

physico-chemical and biological analyzes focused on composite soil samples collected at regular intervals of 

200 m along four transects (including two in each of the two ecosystems) starting from the edges of TP. The 

results showed high Fe, Cu, Mn and Ba concentrations near TP in both ecosystems. The abundance of different 

AMF species, such as organic matter (OM) concentrations, increased according to the distance to the TP in 

both ecosystems, indicating a harmful effect of mining activities on AMF and OM concentration subsequently. 

Three AMF species including Acaulospora lacunosa, Archaospora schenkii and Acaulospora scrobiculata 

have been identified on the site, thus demonstrating a crucial interest in restoring soils polluted by mining 

activities. 
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have reported that AMF protect plants against various biotic and abiotic stresses (Doubková et al., 2012; 

Lehmann et al., 2014; Cabral et al., 2015). Though, these symbiotic functions are diversified at the level 

of AMF species, host plants, soil properties and even at the level of AMF ecotypes (Hildebrandt et al., 

2007; Hempel et al., 2009; Zarei et al., 2010). The distribution of AMF is also led by several 

environmental factors, including nutrients (such as P), soil texture, soil pH, etc. (Cheng et al., 2013; 

Moebius-Clune et al., 2013). Therefore, any environmental change negatively impacting their activities, 

would seriously affect several ecosystem functions (Wang et al., 2010). 

Moreover, soil pollution by heavy metals is thus a serious and widespread problem. This is much more 

the result of anthropogenic activities, in particular, mining activity (Margesin et al., 2011; Yang et al., 

2015; Gómez-Sagasti et al., 2012). Indeed, it has been noticed in the city of Lubumbashi (Haut-Katanga 

province, D.R Congo), as in several countries of the world, a development of the mining sector (Tembo 

et al., 2005; Ngoy et al., 2010), leading to releases into the environment of huge quantities of heavy 

metal-laden waste (Gremion et al., 2004; Mpundu et al., 2013a, 2013b). Beyond their toxicity (Hall, 

2002; Hassan et al., 2011), the dangerous nature of these metal pollutants is that they are not 

biodegradable like organic pollutants (Yang et al., 2015; Tembo et al., 2005) and therefore, they persist 

in the environment (Bolan et al. 2014). The impacts of the heavy metals soil accumulation, on living 

organisms have already been demonstrated by various studies around the world (Xing et al., 2015), 

including various effects on microbial biomass, diversity and activities (Alguacil et al., 2011; Margesin 

et al., 2011). In the city of Lubumbashi, although various studies have highlighted the danger of mining 

pollution on plants and humans (Mbenza et al., 1989; Lubalega et al., 2015; Katemo et al., 2010; 

Mpundu et al., 2013a, 2013b), there remains a poor knowledge about its effects on soil microorganisms, 

particularly on AMF. Hence, the objective of this study was to assess the influence of mining activity 

on the mycorrhizal status (abundance and diversity), under two different ecosystems (forest and 

savannah), around the MMG/Kinsevere tailing pond (TP), a site under the influence of mining activity 

around Lubumbashi. 

2. MATERIALS AND METHODS 

2.1. Study Area 

The study area is located around the TP of the MMG/Kinsevere mining company, in the vicinity of the 

city of Lubumbashi (figure 1), East of the Katangan copper arc (11°21'52.19''S; 27°33'56.03''E). The 

study region, like that of Lubumbashi, is characterized by an alternation of two seasons, including a 

rainy season (from November to March) with an annual average rainfall of 1200 mm and a dry season 

(from May to September), with April and October as the transition months (Vranken, 2010). The study 

area soils, referring to Ngongo et al. (2009), are lithosol type on the plateau (10 cm deep), regosols on 

slope colluvium (15 cm), very shallow ferralsols on lateritic breastplate with a break in slope (50 to 100 

cm) and ferralsols deep in the poisoning halo. 

 

Figure1. Mapping of the study area (MMG/Kinsevere mine) and sampling points in both ecosystems (forest and 

savannah) around TP. 
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2.2. Soil sampling 

Sampling was carried out during the end of the rainy season (month of March) in 2017, following the 

grid system developed by Huising et al. (2012). Twelve samples were collected in two different 

ecosystems (forest and savannah), at regular intervals of 200 m, on two transects in each of the 

ecosystems whose origin was chosen at random at the edge of the TP up to 400 m. With a specially 

adapted soil probe (5 x 20 cm), five soil cores were collected from the first 20 cm of deepness, including 

one core in each corner of the quadra and one in the center, thus forming a composite sample (Vannier 

and Vidal, 1964) in order to obtain a representative sample from the sampling point (figure 2). After 

collection, the composite samples were packaged in zip-top plastic bags and labelled. Those planned 

for microbiological analysis were stored in a cooler with ice to prevent desiccation (Huising et al., 

2012). These were then stored at 4°C before spore extraction, as recommended by Wang et al. (2007) 

and Zhang et al. (20016). 

 

Figure2. Soil sampling strategy 

2.3. Physico-chemical analysis of soils 

Soil samples were dried, before being crushed and then sieved at 2 mm mesh. The physico-chemical 

analyzes were performed on less than 2 mm soil fraction, at the agro-pedological laboratory of the 

faculty of agronomic sciences, University of Lubumbashi (FSA/UNILU). Soil pH was determined using 

the potentiometer method (Van Ranst et al., 1999). Total nitrogen (N tot) was determined according to 

the Kjeldhal method (Bremner and Mulvaney, 1982; Van Ranst et al., 1999). Organic matter (OM) was 

calculated based on organic carbon determined according to the Walkley and Black method (Van Ranst 

et al., 1999). The exchangeable acidity (H+ + Al3+) was determined by titrimetry described by Van Ranst 

et al. (1999). The cation exchange capacity (CEC) was determined according to the adsorption and 

desorption method described by Van Ranst et al. (1999). Exchangeable bases (Ca2+, Mg2+, K+, Na+) 

were determined by flame spectrophotometry, according to the method described by Van Ranst et al. 

(1999). Total concentrations of K, Fe, Ti, Cu, Mn, Rb and Ba were determined using X-ray fluorescence 

analyser (XRF; Yoshimura et al., 2002; Samia, 2013; Paulette et al., 2015). 

2.4. Extraction and description of AMF spores 

Microbiological analyzes were carried out in the mycorrhizal laboratory of FSA/UNILU. For each 

sample, 100g soil was weighed and then allowed to stand in water in plastic beakers for 20 minutes. 

The rested solution was then passed through superimposed sieves of 1 mm and 45 μm of mesh in order 

to eliminate the large particles and the sol collected on 45 μm was put in 50 ml plastic tubes for a first 

centrifugation for 10 minutes at 2000 revolutions per minute. The obtained supernatant was poured in 

and replaced with a 25% sucrose solution which was mixed and then centrifuged a second time for 2000 

revolutions per minute for 10 minutes and the obtained supernatant was filtered through the 45 µm 

sieve. This second centrifugation allowed us to recover the spores washed with water on the 45 µm 

sieve and collect them using a squeeze bottle then put them in Petri dishes to proceed to observation 

with a 40X binocular. Spores were counted and described by size, shape, color, presence or absence of 

pedicels (Walker et al. 2006). 

2.5. Statistical processing 

Raw data on chemical and biological parameters encoded on an Excel sheet (2016). Means, standard 

deviations and graphs were produced using MS Excel software (2016). The different diversity indices 

were determined using PAST software (version 3). 
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3. RESULTS 

3.1. Characterization of soils around the MMG/Kinsevere tailing pond 

It results from the chemical analyzes (table 1) that the values of pH-H2O decrease substantially between 

0 m and 200 m and increase towards 400 m; so, in the forest as in the savannah, very low pH-H2O 

values (very acidic pH) were observed at 200 m from TP (4.99 in the forest as in the savannah). Though, 

the pH-KCl values decrease following the distance to TP; thus, in both ecosystems, the low values were 

observed at 400 m far from the TP (4.1 and 3.98 respectively in the forest and in the savannah). Means 

values show that the soils of these two ecosystems present moderately acidic pH (respectively, 5.3±0.3 

and 5.12±0.2 in the forest and in the savannah) with a very low value observed in the savannah. Overall, 

the OM concentrations increase with the distance from TP (table 1); therefore, the high OM 

concentrations are observed at 400 m in both ecosystems. In comparison, the forest presented a high 

OM concentration (1.47 ± 0.5%) than the savannah (1.35 ± 0.7%). 

Furthermore, N tot contents remain almost constant following the distance to TP in the forest as in the 

savannah (table 1); but, a slight negligible difference was observed from point to point; low values are 

observed at 0 m and 200 m (0.06%) in the forest and at 0 m (0.04%) in the savannah. The exchangeable 

acidity decreases with distance from TP depending on whether it is forest or savannah; thus, low values 

were observed at 400 m from TP. The CEC increases with distance to TP in the forest while this one 

decreases in the savannah. 

Regarding the exchangeable bases, the K+ and Na+ contents increase according to the distance from TP 

in the forest as in the savannah; thus, low values were observed at 0 m, while high values were observed 

at 400 m. However, this trend is not observed for Ca2+ and Mg2+ contents. Thus, in the forest, the high 

Ca2+ concentrations were observed at 200 m from TP, while in the savannah, the low concentrations 

were observed at the same distance. As for Mg2+; low concentrations were observed at 0 m in the forest, 

but at 200 m in the savannah. 

K tot analysis reveals varying levels depending on the distance from TP. Thus, total K contents increase 

according to the distance from TP in the forest (with a high concentration observed at 400 m), while 

they decrease in the savannah (with a high concentration at 0 m). Comparing ecosystems and TP, high 

concentrations (2.3±0.6%) were observed in the forest, followed by the center of TP (2.23%), while 

low concentrations (1.52±0.4%) were observed in the savannah. Regarding to the total heavy metal 

contents, it was noticed that the total Fe, Cu, Mn and Ba concentrations decrease according to the 

distance to TP in the forest as in the savannah, with the low grades observed at 400 m from TP (table 

1). The center of TP presented strongly elevated Cu concentrations than that observed respectively in 

both ecosystems. In addition, the total Ti concentrations increase slightly in the forest from 0 m to 200 

m, but remain constant from 200 m to 400 m; however, these decrease slightly depending on the distance 

from TP in the savannah. Concerning Rb, the concentrations decrease according to the distance from 

TP in the forest, but they increase slightly from 0 m to 200 m and decrease appreciably towards 400 m 

in the savannah (table 1). 

Table1. Physicochemical properties of soils at different sampling points around TP at MMG / Kinsevere 

 Forest  Savannah Mean in 

Forest 

Mean in 

Savanna

h 

Mea

n in 

TP  0m 200m 400m  0m 200m 400m 

pH H2O 5.48±0.1 
4.99±0.

0 

5.44±0.

5 

 
5.24±0.3 

4.99±0.

1 

5.17±

0.0 
5.3±0.3 5.12±0.2 - 

pH KCl 5.33±0.2 4.4±0.0 4.1±0.2 
 

4.46±0.4 
4.42±0.

5 

3.98±

0.0 
4.61±0.6 4.35±0.4 - 

OM (%) 1.25±0.2 
1.39±0.

9 

1.78±0.

0 

 
0.69±0.6 

1.78±0.

6 

1.83±

0.0 
1.47±0.5 1.35±0.7 - 

N tot (%) 0.06±0.0 
0.06±0.

0 

0.09±0.

0 

 
0.04±0.0 

0.08±0.

0 

0.07±

0.0 
0.07±0.0 0.06±0.0 - 

H+ + Al3+ 

(méq/100g) 
1.66±1.2 

1.26±0.

3 

0.86±0.

9 

 
1.62±0.7 

1.42±0.

0 

0.30±

0.0 
1.26±0.8 1.28±0.7 - 

CEC 

(méq/100g) 
4.7±0.3 

6.36±2.

2 

13.03±0

.3 

 34.59±28.

1 

7.91±4.

6 

15.44

±0.0 
8.03±4.1 

20.09±19.

7 
- 
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Ca2+ 

(méq/100g) 
8.84±7.1 

14.36±1

3.9 

4.83±0.

2 

 
4.7±0.1 

3.35±1.

8 

4.3±0.

0 
9.34±8.2 4.08±1.1 - 

Mg2+ 

(méq/100g) 
0.8±0.2 

1.76±0.

5 

3.28±1.

9 

 
1.96±2.3 1.8±0.5 

3.52±

0.0 
1.95±1.4 2.21±1.4 - 

K+ 

(méq/100g) 
0.73±0.7 

0.65±0.

6 
1.3±0.3 

 
1.25±0.5 

1.06±0.

9 

1.6±0.

0 
0.89±0.5 1.24±0.6 - 

Na+ 

(méq/100g) 
0.06±0.0 

0.04±0.

0 

0.08±0.

0 

 
0.1±0.1 

0.11±0.

1 

0.2±0.

0 
0.06±0.0 0.12±0.1 - 

K tot (%) 2.08±0.0 
2.36±0.

7 

2.47±1.

0 

 
1.9±0.5 

1.35±0.

0 

1.08±

0.0 
2.3±0.6 1.52±0.4 2.23 

Fe tot (%) 3.85±0.8 
4.67±0.

2 

4.58±2.

4 

 
4.14±0.3 

4.13±0.

3 

4.03±

0.0 
4.36±1.2 4.11±0.2 4.90 

Ti tot (%) 0.46±0.0 
0.48±0.

1 

0.48±0.

1 

 
0.57±0.0 

0.54±0.

0 

0.52±

0.0 
0.47±0.1 0.55±0.0 - 

Cu tot (µg/g 

soil) 

5633.5±1

956.6 

1230±5

9.4 
59±26.9 

 1150.5±1

506.8 

511±0.

0 
ND 

2307.5±2

770.9 

937.33±1

127.7 

8591

.50 

Mn tot (µg/g 

soil) 
521.5±2.1 

318.5±2

36.9 

441.5±2

.1 

 128.0±52.

3 

89.0±5.

7 

66.0±

0.0 

427.17±1

40.0 

100.0±37.

9 
- 

Rb tot (µg/g 

soil) 
83.0±2.8 

92.5±20

.5 

96.0±31

.1 

 
89±4.2 

89.5±6.

4 

73.0±

0.0 
90.5±17.8 86.0±8.2 - 

Ba tot (µg/g 

soil) 

499.0±10

0.4 

424.0±2

5.5 

386.0±1

54.1 

 463.0±10

4.7 

327.5±

16.3 

338.0

±0.0 

436.33±9

7.7 

383.8±89.

7 
- 

ND: not determined at XR-F 

3.2. AMF species abundance 

Figure 3 shows the abundance of AMF species and the evolution of AMF total abundance in both forest 

and savannah. In the forest (figure 3a) and in the savannah (figure 3b), the abundance of all identified 

species increases with increasing distance from TP. Therefore, in the forest, no species was observed 

within 0 m of TP. This trend is also observed in the savannah with the species Acaulospora lacunosa 

and Archaospora schenkii, but not observed with Acaulospora scrobiculata, whose abundance is almost 

similar between points according to the distance to TP in the savannah. As for the evolution of AMF 

total abundance, the observation shows a great increase following the distance to TP in both forest and 

savannah. Thus, the low abundances are observed at 0m while the high abundances are observed at 400 

far from TP (figures 3 c and d). 

The results of AMF species abundance comparison and AMF total abundance comparison in both 

ecosystems (forest and savannah), summarized in figure 4, show that the two ecosystems have relatively 

similar abundances referring to A. scrobiculata and A. schenkii, while A. lacunosa is most abundant (5 

spores per 100g soil) in the savannah than in the forest (3 spores per 100g soil). However, AMF total 

abundance is higher in the savannah than that observed in the forest. 

3.3. AMF species diversity 

Table 2 presents the list and characteristics of AMF species determined in the soils surrounding TP. 

Thus, three AMF species with different characteristics were identified and two unidentified species. 

The most represented species are Acaulospora lacunosa with 42 individuals followed by the species 

Archaospora schenkii with 40 individuals, while the least abundant species is Acaulospora scrobiculata 

with 24 individuals. Identified species have been differentiated according to their respective 

dimensions, sizes and colours. 

Diversity indices analysis, as summarized in table 3, shows that the highest species number is found at 

200 m and 400 m in the forest (The highest specific richness), while this number is similar for all points 

in the savannah. Strong dominance indices are observed at 0 m followed by 400 m and 200 m in the 

forest and at 200 m followed by 400 m and 0 m in the savannah. The highest Shannon and equitability 

indices are observed at 200 m in the forest, while those in the savannah were almost similar. 
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Table2. List and characteristics of AMF species identified in the soils surrounding the TP at MMG / Kinsevere. 

Family Genus Species Size Form Colour Abundance 

Archaeosporaceae Archaospora A. schenkii Small Globose Colorless 12 

Archaeosporaceae Archaospora A. schenkii Small Ellipsoid Colorless 1 

Archaeosporaceae Archaospora A. schenkii Small Globose Colorless 27 

Archaeosporaceae Acaulospora A. lacunosa Small Globose Brown 42 

Acaulosporaceae Acaulospora A. scrobiculata Small Peanut Yellow 2 

Acaulosporaceae Acaulospora A. scrobiculata Small Ovoid Yellow 3 

Acaulosporaceae Acaulospora A. scrobiculata Small Globose Yellow 19 

- - Unidentified Middle Globose Brown 1 

- - Unidentified Middle Globose Colorless 1 

Total 2 3 2 4 3 108 



Abundance and Diversity of Arbuscular Mycorrhizal Fungi in a Soil Polluted by Mining Activities in 

Lubumbashi (Haut-Katanga, D.R. Congo)  

 

International Journal of Research in Environmental Science (IJRES)                                                 Page | 7 

Table3. Diversity indices of AMF species in both ecosystems (forest and savannah) around the TP at MMG / 

Kinsevere 

 Distance to TP 

Diversity indices 0m 200m 400m 

Forest 

Specific richness (S) 1.00 4.00 4.00 

Dominance (D) 1.00 0.31 0.36 

Shannon wiener (H) 0.00 1.26 1.17 

Equitability (J) - 0.91 0.84 

Savannah 

Specific richness (S) 3.00 3.00 3.00 

Dominance (D) 0.39 0.43 0.42 

Shannon wiener (H) 1.01 0.96 0.96 

Equitability (J) 0.92 0.87 0.87 

4. DISCUSSION 

High values of pH-H2O were observed at 400 m from TP, while those of pH-KCl were observed at 0 m 

from TP in both ecosystems (table 1). However, the soils surrounding TP (up to 400m) are reported to 

be slightly acidic in both ecosystems, with an average pH-H2O of 5 and a pH-KCl of 4. This acidity is 

reported as characteristic of the soils of Lubumbashi and its surroundings (Ngongo et al., 2009). The 

evolution of pH would also explain that of CEC, which is intimately linked to it. The results found in 

this study showed that Fe, Cu, Mn and Ba concentrations decreased with increasing distance from TP 

in both forest and savannah, while those of Ti and Rb had a completely different behavior (table 1). The 

average Cu and Fe concentrations were significantly higher than those reported as a reference value by 

Ngoy et al. (2018). These observed anomalies clearly indicate environmental pollution due to mining 

activities. In both ecosystems, OM was more abundant at 400 m from TP; this variability along the 

transects is probably related to the difference in balances between its incorporation through litter and 

its decomposition by soil organisms (Chadwick and Asner, 2016). The slight decrease in N tot near TP 

can be explained by the loss of N in nitrate (NO3-) by leaching (Gouyer, 2001; Cattan et al., 2006) and 

probably by the low OM content. 

The abundance of the three identified AMF species increases according to the distance to TP in both 

forest and savannah (figures 3 a and b), except A. scrobiculata, whose abundance is almost similar 

between the points according to the distance to TP in the savannah. However, the total abundance of 

AMF increases with distance from TP (figures 3c and d). These low AMF species abundances near TP 

can be attributed to the high toxicity of heavy metals to them. The study by Xu et al. (2012), conducted 

in a mining area, reported negative effects of high concentrations of Pb and Zn on mycorrhizal 

colonization. The results reported in this study are also in agreement with Vogel-Mikuš et al. (2005) 

who reported that mycorrhizal colonization was weak or absent on plots heavily polluted with heavy 

metals. Likewise, Wu et al. (2010) reported that high As, Pb, Zn, Cd and Cu concentrations exerted a 

detrimental effect on AMF spores’ number in an abandoned mine. The slowing of mycorrhizal 

colonization on contaminated soil may in part be due to the high availability of metals caused by low 

pH (table 1; Kabata-Pendias, 2001), vegetation disturbance and site erosion (Liu et al., 2011). This may 

justify the high abundance of AMF spores, even near TP in the savannah, compared to the forest in our 

study (figure 4). Indeed, heavy metals have already been reported responsible for the reduction, delay, 

or even the elimination of the density of AMF spores on heavy metals polluted sites (Lingua et al., 

2008; Wei et al., 2014). However, several other studies have reported positive, negative, or neutral 

effects of high heavy metals concentrations on mycorrhizal colonization and spore density in mining 

areas (Khade and Adholeya, 2009; Wu et al., 2010; Yang et al., 2015). This indicates that the effects of 

heavy metals on AMF may also depend on other environmental factors, in particular the AMF species, 

the season, the host plant, … (Pande and Tarafdar, 2004; Ji et al., 2012; Vieira et al., 2018). 

In the present study, three AMF species of were identified and one unidentified species in the mine site; 

Acaulospora lacunosa and Archaospora schenkii were the most dominant (table 2). In comparison, the 

forest presented a higher specific richness than the savannah (table 3). This variability in specific 
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richness, relating to Teixeira et al. (2017), may be explained by the difference between the vegetation 

(forest and savanna) found around TP; even so close to each other. De Cavalho et al. (2012), studying 

the different areas of rocky fields belonging to the Cerrado biome, also reported variabilities in the 

diversity of AMF species among the sampled areas and attributed it to the heterogeneity of the studied 

habitats. The AMF specific richness values found in the present study were low than that detected in 

areas affected by mining activities in the United States (Kiernan et al., 1983), India (Raman et al., 1993) 

and Brazil. (Mergulhão et al., 2010; Teixeira et al., 2017; Vieira et al., 2018). However, the presence of 

these AMF species in a heavily polluted site can be effective in the ecological restoration of areas 

degraded by mining activities. 

5. CONCLUSION 

The present study has highlighted the AMF abundance and diversity in a site polluted by mining 

activities in the Lubumbashi region. The results of the chemical properties showed that heavy metals 

contents varied from point to point and that Fe, Cu, Mn, Ba, concentrations and of other elements 

although decreasing with the distance to TP, remained significantly higher than the reference values for 

unpolluted soils in the study area, demonstrating pollution linked to mining activities. The abundance 

of different AMF species increased with distance from TP in both forest and savannah, but a few AMF 

spores were present near TP in the savannah, demonstrating a probable resistance of these species to 

high metals concentrations. Three species including A. lacunosa, A. schenkii and A. scrobiculata have 

been identified on the site, thus demonstrating a crucial interest in the restoration of sites degraded by 

mining activities. It would be interesting in future studies to isolate these AMF species and assess their 

resistance to different heavy metals concentrations in order to explore their potential in the remediation 

of polluted areas. 
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