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Abstract 
 
Chromium (Cr) is a hazardous heavy metal and its highest oxidized state, hexavalent Cr (Cr(VI)), 

can be carcinogenic. The ultramafic outcrops of Sekhukhuneland, South Africa, which belong to 

the Rustenburg Layered Suite, are mined heavily for Cr, yet Cr contamination of the local 

vegetation is understudied. The present study aims to understand if Cr pollution in a mining 

environment is adsorbed or accumulated by plant leaves with a primary focus on commonly used 

food and medicinal plant species in Sekhukhuneland. The following techniques were applied to 

attain the main research objectives: (i) to comprehend the global trend on environmental Cr 

pollution and Cr accumulation by useful plants, a systematic review was conducted, (ii) to 

investigate the presence of Cr dust on leaf surfaces, Energy dispersive x-ray spectroscopy (EDS) 

based elemental analysis of leaf surfaces was performed,  (iii) plant morphology, leaf 

macromorphology and Scanning electron microscope (SEM) imaged leaf micromorphology were 

studied to assess their influence on foliar Cr dust deposition, (iv) combination of bi- and 

multivariate statistical techniques were applied to identify Cr sources on leaf surfaces and assess 

the interaction between plant morphology and Cr pollution, (v) to evaluate the contribution of dust 

to foliar Cr content and human health risk, total Cr and Cr(VI) was quantified in selected useful 

plant leaves, and finally (vi) to evaluate the phytoremediation potential of dominant local species, 

foliar metal bioaccumulation factors were determined. The systematic review suggested a global 

occurrence of Cr accumulation above the international permissible limits by useful plants, 

especially in polluted areas. Findings from the present study confirmed human activity sourced 

Cr dust deposition on the useful plant leaf surfaces. It was found that larger leaves and taller 

plants could be susceptible to foliar Cr dust deposition. Plant morphological traits, i.e. leaf area, 

epicuticular wax, stomata size and plant height, and Cr pollution in terms of proximity and number 

of polluters, however, collectively determine foliar Cr dust deposition. Cr content in leaves of food 

and medicinal plants exceeded international safe limits by several folds suggesting Cr 

contamination. Deposited dust contributed significantly towards the total Cr content of leaves 

(p<0.001). Lifelong carcinogenic health risk was estimated for total Cr and Cr(VI) content of leafy 

vegetables. Accumulation of several metals in leaves by the local metallophytes especially the 

indigenous species indicated the prospect of phytoremediation. Tailing soils are major Cr sources 

including dust borne Cr to local vegetation. Results confirmed Cr enrichment of plant leaves due 

to Cr dust deposition and Cr accumulation in leaf tissue. Cr pollution and associated human health 

risk should be of priority concern in Sekhukhuneland. At the same time, extended research on 

local metallophytes may suggest sustainable techniques to limit further dispersion of hazardous 

elements from polluted sites.  

 

Keywords: Accumulation, carcinogenic risk, energy dispersive x-ray spectroscopy, hexavalent 

chromium, leaf area, plant height, scanning electron microscope, serpentine, tailings 
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Chapter 1  

Introduction 

1.1 Background 
 

The rise in worldwide industrial demand for chromium (Cr) has increased the mining and metal 

processing thereof, with consequent generation of hazardous waste including dust (Kimbrough 

et al., 1999; Shahid et al., 2017). Globally, Cr mining, ferrochrome smelting, and associated waste 

dumping are primarily investigated for soil pollution and plant contamination via root exposure to 

liquid or solid waste (Dhal et al., 2010a, 2010b; Kien et al., 2010; Mohanty et al., 2012). Foliar 

exposure of Cr dust remains less explored despite being a major metal contamination route for 

cultivated crops (Bi et al., 2009; Liu et al., 2019; Wang et al., 2019).  

 

Dust deposition on plant leaves is mainly a function of two factors - plant morphology and pollution 

source (Castanheiro et al., 2020). Plant morphological traits, namely plant height, foliar macro- 

(i.e. leaf blade size) and micromorphology (i.e. epicuticular wax, stomata, trichomes or hairs), 

enhance exposure and available area and create interactive leaf surfaces for particle deposition 

(Neinhuis & Barthlott, 1998; Mo et al., 2015; Leonard et al., 2016; Chen et al., 2017; Castanheiro 

et al., 2020). Local pollution factors (e.g. proximity to source(s)) affects particle concentration, 

whereas source type determines the chemical composition and size of dust particles (Csavina et 

al., 2012; Entwistle et al., 2019). Estimating the combined influence of the above-mentioned 

factors is therefore critical to comprehend the leaf-dust interaction process. 

 

The biological toxicity of Cr depends on its oxidation state, which determines its solubility and 

bioavailability (Kimbrough et al., 1999). Tri- (Cr(III)) and hexavalent (Cr(VI)) are the most stable 

Cr forms in the environment (Kimbrough et al., 1999). The presence of Cr(VI) compounds in any 

environmental matrix is a risk, as this chemical species is extremely reactive, soluble and hence 

leach rapidly to become bioavailable (Kimbrough et al., 1999; Oze et al., 2004; Dhal et al., 2010b). 

Moreover, the carcinogenicity of Cr has been confirmed for only Cr(VI) (the United States 

Environmental Protection Agency, Integrated Risk Information System, 1986; International 

Agency for Research on Cancer, 1990), and hence, chemical speciation is the fundamental basis 

to categorise Cr toxicity and estimate the human health risks (Yaman, 2020). There is, however, 

frequent interspecies conversion between Cr(III) and Cr(VI) depending on multiple reaction 

parameters (e.g. pH, Eh, temperature, and presence of oxidizer and reducer), which makes it 

challenging to determine Cr(VI) concentrations in a given matrix (Kimbrough et al., 1999). This is 

reflected by a scarcity of literature regarding Cr(VI) determination in plant tissue. 
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Cr mines and waste dumps are generous sources of anthropogenic Cr and other metals in soil 

(Dhal et al., 2010a, 2010b; Kien et al., 2010), while ultramafic and serpentine soils are naturally 

enriched with such elements (Proctor, 2003; Siebert et al., 2002; Oze et al., 2004). Areas 

influenced by both anthropogenic (mining-related activities) and geogenic (ultramafic soils) metal 

sources may present complex edaphic environments (Gaspar et al., 2020) where factors such as 

land use and topography affect elemental compositions of soils and plants (Rosemary et al., 2014; 

Gaspar et al., 2020). 

 

1.2 Motivation 
 

Sekhukhuneland in South Africa was selected as an ideal region to study plant leaf-Cr dust 

interaction since the region presents habitats characterised by Cr-enriched chromitite outcrops, 

ultramafic soils and multiple active mines and operating ferrochrome smelters (Siebert et al., 

2002; Tshehla & Djolov, 2018; Scoon & Viljoen, 2019). While the floristic diversity (Van Wyk & 

Van Wyk, 1997; Siebert et al., 2002, 2003) and food and medicinal use-value of the local 

vegetation (Semenya & Potgieter, 2014; Mogale et al., 2019) are well studied, no scientific 

literature is available on Cr dust contamination and metal accumulation or adsorption by local 

vegetation. Under the prevailing high atmospheric dust pollution (Tshehla & Djolov, 2018), people 

inhabiting these mining areas could be unknowingly subjected to regular exposure to Cr via 

ingestion of dust contaminated useful plants. Likewise, although global reports confirmed the 

influence of natural (topography) and anthropogenic (land use) factors on the spatial distribution 

of heavy metals in topsoil and plants (Rosemary et al., 2014; Gasper et al., 2020), such 

association is still to be explored for Sekhukhuneland. Besides its geological importance as a 

metalliferous site (mineral-rich outcrops and mines, Baker et al., 2010) the region is also 

understudied in terms of metallophytes. 

 

1.3 Study aim and objectives 
 

The study aims to understand if Cr pollution in a mining environment is adsorbed or accumulated 

by plant leaves. More specifically, the thesis considers the contribution of dust towards Cr 

accumulation in and adsorption to plant leaves, the potential human health risk associated with 

leaf consumption, and the accumulation of metals in the soils and the metallophytes (leaves) 

under the influence of topography and land use. 

 
Hypotheses and objectives 
 
Globally, Cr has attracted much attention as a transition element specifically due to the distinctly 

different chemistry of Cr(III) and Cr(VI) (Kimbrough et al., 1999; Dhal et al., 2010a, 2010b; Shahid 

et al., 2017). Cr reaction mechanisms in the environment, toxicity potential, environmental 

remediation techniques and phytotoxicity have been investigated sufficiently (Kimbrough et al., 
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1999; Gomes et al., 2017; Shahid et al., 2017). It was therefore hypothesised that (1) interlinking 

and integrating prominent Cr research areas would help to understand the global trend regarding 

Cr pollution and Cr-plant (food and medicinal plants) interaction. Chapter 2 presents a systematic 

review that tests this hypothesis. 

 

Objective 1: To assess Cr chemistry, toxicity and describe known chemical reaction mechanisms 

in the environment.  

Objective 2: To evaluate phytotoxicity in useful plants and describe known plant-Cr interactions. 

 

Recent investigations confirmed the presence of Cr-rich particulate matter of varied size and 

elemental composition in the regional air mass over Sekhukhuneland (Tshehla & Djolov, 2018; 

Tshehla & Wright, 2019) and past reports stating variation in plant morphology to affect dust 

accumulation by plant leaves (Neinhuis & Barthlott, 1998; Mo et al., 2015; Leonard et al., 2016; 

Chen et al., 2017; Castanheiro et al., 2020), it was hypothesized that (2) atmospheric Cr pollution 

in the region would result in deposition of such particles on the leaf surfaces, with the influence 

of species specific morphological traits. The hypothesis was tested in Chapter 3. 

 

Objective 3: To attest to the presence of Cr dust on plant leaf surfaces. 

Objective 4: To assess the size and shape of Cr dust to understand the morphology of the 

particles. 

Objective 5: To describe the plant morphological traits that are related to the deposition of Cr dust 

on leaf surfaces.  

 

Since the study region is polluted by different types of Cr emitters, namely mines, ferrochrome 

smelters and ore transport routes (Tshehla & Djolov, 2018; Tshehla & Wright, 2019), it was 

postulated that (3) multifaceted anthropogenic Cr exposure would alter the elemental composition 

of the local soils and plant leaves and that plant morphology and pollution source factors 

(proximity to and number) would be responsible for differential Cr particle deposition on either 

side of the leaf. Chapter 4 was focused on testing this hypothesis. 

 

Objective 6: To identify possible sources of Cr in soils and on plant leaf surfaces based on their 

elemental composition. 

Objective 7: To determine the leaf surface-Cr dust interaction by assessing the contribution from 

plant morphological (e.g. plant height, leaf area, epicuticular wax, stomata and trichome size and 

density) and pollution source (proximity to and the number of mines, road) variables on this 

interaction process. 
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Elevated levels of Cr in soil and vegetation in areas around Cr mines, ferrochrome smelters and 

waste sites were reported (Pӧykiӧ et al., 2005; Dhal et al., 2010a, 2010b; Kien et al., 2010; Sokol 

et al., 2010). The hazard impact of such polluters could be increased by the release of Cr(VI) in 

the environment (Dhal et al., 2010a; Coetzee et al., 2018) and emission of dust that contains 

multiple toxic elements (Pӧykiӧ et al., 2005; Sokol et al., 2010). Therefore, it was hypothesized 

that (4) the aggregation of various Cr polluters in Sekhukhuneland could be related to the Cr dust 

deposition on leaves, and that Cr(VI) would be detected in leaves. Also, (5) hazardous dust 

deposition would be responsible for substantial human health risk associated with multiple 

elements. The hypotheses were tested in Chapter 5. 

 

Objective 8: To determine the contribution of deposited Cr particles to Cr accumulation in and on 

leaves of useful plants. 

Objective 9: To quantify the Cr(VI) content of the leaves. 

Objective 10: To assess the effects of variables (growth form, pollution, soil) on Cr contamination 

of plant leaves. 

Objective 11: To estimate the human health risk associated with the consumption of dust 

contaminated plant leaves. 

 

Topography (hilly terrain) and land use (such as mining) could be critical determinant of metal 

distribution in soil and plants. Plants differ in metal accumulation potential depending on the 

growth form (Visoottiviseth et al., 2002). Furthermore, serpentine and mining areas are reported 

to harbour metallophytes that survive on toxic concentrations of metals in soils by accumulating 

and/or excluding metals (Baker, 1981). It was postulated that (6) topography, land use and growth 

forms would drive the concentration of metals in soils and plants along a catena in 

Sekhukhuneland. In addition, (7) the dominant plant species of the region could be categorized 

as metallophytes. Chapter 6 tests these hypotheses. 

 

Objective 12: To evaluate the influence of topography, land use (for soils and plant) and growth 

forms (plant) on metal accumulation in soils and plant leaf tissue. 

Objective 13: To determine the foliar metal bioaccumulation factors for the dominant plant 

species. 

 

1.4 Outline of the thesis 
 
Chapter 2 presents a systematic evaluation of global interdisciplinary research on Cr, e.g. toxicity 

mechanism, environmental sources, phytotoxicity, exposure pathways to plants, accumulation by 

food and medicinal plants and human health effects. Results highlighted the influence of 

anthropogenic Cr sources and especially Cr dust deposition on and accumulation by plant leaves. 
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Findings revealed gaps that are addressed in the present study. The Chapter will be submitted to 

the South African Journal of Botany, Title: Chromium pollution of food and medicinal plants: A 

review with emphasis on the role of anthropogenic activities. 

 

Chapter 3 identifies Cr dust on the leaves of food and medicinal plant species sampled from 

randomly selected home gardens and communal lands (rangelands). Results indicated plant 

morphological traits that enhanced foliar Cr dust contamination. An effect of proximity to active Cr 

source(s) was highlighted. Part of the chapter is published in Acta Horticulturae, Adhikari et al., 

2021, Title: Chromium dust deposition on Moringa oleifera leaves harvested by local communities 

in Sekhukhuneland, South Africa (Appendix G). The complete chapter is submitted to the South 

African Journal of Botany, Title: Evidence of chromium dust pollution on the leaves of food and 

medicinal plants from mining areas of Sekhukhuneland, South Africa. 

 

Chapter 4 considers the sources of Cr on leaf surfaces and in soil resulting from anthropogenic 

pollution. A comprehensive statistical analysis approach (including bi- and multivariate 

techniques) determined the relation between plant morphology and pollution sources concerning 

Cr dust deposition. Overlay back trajectory maps indicated the effect of wind movement on dust 

deposition in sampling sites. The chapter will be submitted to Environmental Management, Title: 

Plant morphology and pollution source collectively determine the level of chromium dust 

contamination of plant leaves in Sekhukhuneland, South Africa. 

 

Chapter 5 reports on the contribution of Cr dust deposition on Cr accumulation by plant leaves 

based on a comparative analysis of unwashed and washed leaves. Cr(VI) accumulation was also 

reported. A comparative analytical approach (washed/unwashed leaves) extended the 

understanding of lifelong health risks (i.e. non-carcinogenic and carcinogenic) associated with 

plant leaves exposed to dust containing several toxic elements including Cr. The chapter will be 

submitted to Chemosphere, Title: Accumulation of chromium and other hazardous elements by 

useful plant leaves and potential health risk to consumers in a dust-polluted mining-smelting 

region of South Africa. 

 

Chapter 6 examines metal distribution patterns in soil and plant leaves as a consequence of 

topography and land use. Metal accumulation in plants was also evaluated for different growth 

forms. Findings presented foliar metal bioaccumulation potential of the dominant species of 

Sekhukhuneland catena. The chapter will be submitted to Science of the Total Environment, Title: 

Metallophytes in a centre of endemism: Distribution and bioaccumulation of metals in soils and 

plants. 
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Chapter 7 summarises conclusions deduced from the findings of each chapter. They were aligned 

with the study aim and objectives. Derived conclusions provided some perspective on the 

susceptibility of plant leaves to atmospheric dust contamination in Cr mining and ferrochrome 

smelters affected areas, health risks associated with the ingestion of dust contaminated plant 

leaves, the importance of thorough washing of leaves before use and the possibility of the use of 

metallophytes to mitigate metal enrichment in catena soils in Sekhukhuneland. Study limitations 

were presented. A final synthesis revealed scientific gaps to be addressed.  
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Chapter 2 

Chromium pollution of useful plants ‒ global trends 

2.1 Introduction 
 
Chromium (Cr) is, respectively, the 7th and 21st most abundant transition element on the Earth’s 

crust and in crystalline rocks (Cervantes et al., 2001; Babula et al., 2008; Ertani et al., 2017; 

Gomes et al., 2017). The industrial feasibility of multiple physical and chemical properties of this 

heavy metal has resulted in the global popularity of Cr with metallurgical units being the largest 

(95%) collective Cr users (Dhal et al., 2013; Shahid et al., 2017). As a result, discarded Cr 

materials in the environment are increasing continuously (Shahid et al., 2017). Cr complexes are 

persistent, toxic and mobile, and may interfere with biogeochemical cycles, interrupt ecosystem 

processes and biosphere functioning (Maharia et al., 2010; Unver et al., 2015; Gomes et al., 

2017).  

 

Environmental Cr concentrations are a combined contribution from geogenic (rocks and minerals) 

and anthropogenic sources (Kimbrough et al., 1999; Shanker et al., 2005; Meena et al., 2010; 

Nagajyoti et al., 2010; Unver et al., 2015; Gomes et al., 2017). Increasing bioavailability and 

biomobility of Cr in different environmental matrices is, however, a direct consequence of human-

activity associated disposal (Dhal et al., 2013; Shahid et al., 2017). As a consequence, higher Cr 

concentrations are noted in all the major cultivation segments, i.e. agricultural and farmlands and 

urban gardens, as well as in rangelands (Awodele et al., 2013; Dhal et al., 2013; Owolabi et al., 

2016; Kim et al., 2015, 2017; Vaikosen & Alade, 2017; Milićević et al., 2018). This raises health 

concerns related to ingestion of food and medicinal plants harvested from such sites due to Cr 

being a carcinogenic element (Kimbrough et al., 1999; Cervantes et al., 2001; Barouchas et al., 

2014; Ertani et al., 2017; Shahid et al., 2017).  

 

Most studies focus on Cr pollution effects in major city centres (Säumel et al., 2012; Ishaq et al., 

2013; Mahmood et al., 2013; Li et al., 2015; Unver et al., 2015; Pennisi et al., 2017), while other 

high-risk pollution zones such as mines and smelters, and surrounding areas inhabited mostly by 

underprivileged communities, are often overlooked. Metal mining is noteworthy as it continuously 

contaminates the surroundings leading to metal accumulation in biota (Nagajyoti et al., 2010; 

Shahid et al., 2016). In South Africa, prolonged health consequences among rural people as a 

result of exposure to soil polluted with multiple toxic heavy metals released from a gold mine was 

reported (Kamunda et al., 2016). Heavy metal contamination of food (China, Cheng et al., 2017; 

Zhang et al., 2019) and medicinal plants (India, Maharia et al., 2010) from mining sites were 

reported also. These studies highlighted the health hazards associated with the ingestion of useful 

plants exposed to mine wastes. In addition to solid and liquid waste, mining emits large volumes 
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of atmospheric particulate matter (PM) (Kimbrough et al., 1999; Nagajyoti et al., 2010) that may 

disperse over large distances. Elevated concentrations of foliar heavy metals in vegetation 

surrounding mining and urbanised regions are well documented (Voutsa et al., 1996; Säumel et 

al., 2012; Shahid et al., 2016). Contamination of food and medicinal plants may undermine food 

security and threaten the supply of affordable and sustainable produce to communities in urban 

and peri-urban crop production settings (Säumel et al., 2012; Aziz et al., 2016).  

 

This review aims to gather information on preselected research themes dealing with Cr pollution 

in the environment (Kimbrough et al., 1999; Nagajyoti et al., 2010; Dhal et al., 2013; Ertani et al., 

2017) and Cr-plant interactions (Cervantes et al., 2001; Shanker et al., 2005; Babula et al., 2008; 

Aziz et al., 2016; Gomes et al., 2017; Shahid et al., 2016, 2017). The objective of the former was 

to assess Cr chemistry, toxicity and describe known chemical reaction mechanisms in the 

environment. The objective of the latter was to evaluate phytotoxicity in useful plants and describe 

known plant-Cr interactions. This comprehensive account was required to interlink and integrate 

prominent and correlated research areas to understand Cr pollution and Cr-plant (food and 

medicinal plants) interaction patterns in a global context. The review sets out to explore Cr toxicity 

[Cr(III) and Cr(VI)] in plants, its environmental sources, accumulation pathways, and health 

impacts on humans. Effects of anthropogenic emissions were given special attention to indicate 

Cr pollution as a prime contamination source especially within urban establishments.  

 

2.2 Methodology of literature selection  
 

2.2.1 Selection of literature 
 
Independent SCOPUS searches were conducted on 7 and 8 October 2018 to develop search 

strings (Table A1, Appendix A) to retrieve articles on three search categories, i.e. “Cr toxicity in 

food plants”, “Cr toxicity in medicinal plants” and “Cr toxicity in food/medicinal plants” (under the 

most cited category in SCOPUS). For the ‘food plants’ category, the main words included in the 

search process were chromium, food, plants, pollution, toxicity, crops, vegetables, accumulation 

and deposition. The literature search process for the ‘medicinal plant’ category included 

keywords: chromium, medicinal, plants, pollution and contamination. Research areas specifically 

excluded from the systematic search were wastewater, sewage and sludge. The third search was 

conducted to obtain the ‘most cited’ articles regarding environment-Cr-plant research. For this 

search, chromium, pollution, toxicity, plants, food, medicinal and heavy metal were the main 

keywords. SCOPUS database on the following subject areas, Agricultural and Biological 

Sciences, Environmental Sciences, Pharmacology and Earth and Planetary Sciences was 

primarily targeted while Medicine, Biochemistry, Biotechnology and Engineering were excluded. 

The search process was limited to the ‘English’ language. 
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SCOPUS search results generated a preliminary database of 240 articles. From there, the final 

list of literature was drawn based on the available abstracts and keywords that fell within one or 

more of the inclusion criteria, (i) Cr chemistry, its environmental interactions and toxicity, (ii) 

origins of Cr in nature (geogenic/anthropogenic), and (iii) Cr-plant interaction/phytotoxicity 

mechanisms. Research primarily aimed at other heavy metal(s), wastewater irrigation, soil 

amendment and phytoremediation were omitted as outside the scope of this research. A total of 

39 articles were selected (Fig. 2.1). An additional set of 24 articles that met the inclusion criteria 

and were considered highly relevant were include despite not being picked up by systematic 

searches in SCOPUS. The complete literature database, therefore, comprised of 63 research 

papers (Table A2, Appendix A). The study may have unintentionally excluded other relevant 

articles as a result of the search engine oriented article selection process.  

 

 

 
Figure 2.1. Systematic search and article selection process. 

  

2.2.2 Research themes 
 
From the selected literature, it was evident that global research on environmental Cr pollution was 

mainly focused on its chemistry and toxicity, reaction mechanisms, remediation methods, 

phytotoxicity and Cr accumulation by useful plants. A further study of the selected literature 

revealed interconnectedness among these study fields with regards to environment-Cr-plant 

interaction process. The present investigation hence conducted and concluded on the following 

seven overarching Cr research themes: (1) toxicity, (2) environmental sources, (3) accumulation 

pathways by plants, (4) phytotoxicity, (5) accumulation by food and (6) medicinal plants, and (7) 
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toxicity impact on human health. The research themes and sub-themes summarised outcomes 

reported in the reviewed literature to explore environmental Cr pollution and Cr-plant interaction 

(Fig. 2.2). 

 

 

Figure 2.2. Research themes and aims of the review. 

Based on the primary research focus of the retrieved articles they were grouped under one or 

more research themes to analyse further (Table A3, Appendix A). During the study, knowledge 

gaps have been identified that limit the complete understanding of these intricately connected and 

complex study fields, and at the same time may indicate future research courses. 

 

2.3 Results and discussion 
 

2.3.1 Toxicity 
 

2.3.1.1 General characteristics  
 
Cr is one of the top 129 environmental pollutants, and hexavalent forms are recognised as one 

of the 14 most hazardous substances to living organisms (Ertani et al., 2017). Cr is the sixth most 

abundant transition element that may exist in varied oxidation states, Cr2‒ to Cr6+ (Zayed et al., 

1998; Barouchas et al., 2014; Gomes et al., 2017; Shahid et al., 2017). Under natural conditions, 

tri- (Cr(III)) and hexavalent (Cr(VI)) forms are the most stable ones associated with biological 

toxicity impacts (Shanker et al., 2005; Dhal et al., 2013; Barouchas et al., 2014; Ertani et al., 2017; 

Gomes et al., 2017; Shahid et al., 2017). Other oxidation states are unstable transition forms 
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primarily generated during interspecies conversion reactions (i.e. Cr(III)⇌Cr(VI)) (Oze et al., 2004; 

Shanker et al., 2005; Shahid et al., 2017). 

 

Cr bioavailability, mobility and toxicity are interrelated depending on the mix of total Cr, 

concentrations of oxidation states and the conversion dynamics of oxidation states (Kimbrough 

et al., 1999; Sungur et al., 2013). Unlike other heavy metals with multiple oxidation states, e.g. 

Al, Cd, Hg and Pb, Cr has attracted less attention from plant and environmental scientists (Sungur 

et al., 2013) due to its complex electronic chemistry, frequent conversion between oxidation 

states, and differential electrical charge, physicochemical and biochemical reactivity, 

bioavailability, solubility, mobility and hazard potential of Cr oxidation states (Kimbrough et al., 

1999; Panichev et al., 2005; Shanker et al., 2005; Sungur et al., 2013; Barouchas et al., 2014). 

In this regard, the global inadequacy of available literature on Cr species determination in plant 

systems is well-acknowledged (Zayed et al., 1998). 

 

2.3.1.2 Bioavailability and toxicity 
  
In soil, excess Cr is primarily added as industrial solid and liquid waste as chromate by-products, 

ferrochromium slag and chromium plating baths which contains combinations of Cr(III) and Cr(VI) 

compounds (Kimbrough et al., 1999). Once in the soil environment, these complexes are 

subjected to prevalent reactions, i.e. oxidation-reduction, sorption-desorption and precipitation-

dissolution (Kimbrough et al., 1999; Dhal et al., 2013; Barouchas et al., 2014; Gomes et al., 2017; 

Shahid et al., 2017). Hence, both these chemical species may coexist and generate at the same 

time depending on their respective concentrations and interconversion rate at a given time (Dhal 

et al., 2013). In addition, soil parameters, e.g. pH, electrothermal potential of reaction, cation 

exchange capacity, temperature, light, presence of sorbents, reducing and oxidising agents, 

organic carbon, clay content, and microbial and other biological composition may further interfere 

with the interconversion mechanism (Kimbrough et al., 1999; Ding et al., 2014; Shahid et al., 

2017). It is, however, difficult to conclude the independent significance of each parameter on Cr 

bioavailability, mobility and toxicity as these are intertwined under natural conditions (Ding et al., 

2014).   

 

Under most soil conditions, oxidation of Cr(III) to Cr(VI) is an atypical process due to the limited 

presence of natural oxidising agents, mainly manganese (Mn) oxides, i.e. (III)/(IV), and hydrogen 

peroxide (H2O2) (Kimbrough et al., 1999; Dhal et al., 2013; Gomes et al., 2017). Chemical form 

and concentration of Cr(III), and presence of low molecular weight organic matter that can chelate 

Cr(III) to retard its oxidation rate may also affect such reactions (Kimbrough et al., 1999; Dhal et 

al., 2013). On the other hand, reduction of Cr(VI) to Cr(III) can be a frequent reaction in soil 

(Kimbrough et al., 1999; Shanker et al., 2005) under acidic pH, high levels of humic and organic 
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substances, and in presence of common reducers, e.g. vanadium, sulphides or Fe(II) compounds 

(Cervantes et al., 2001; Dhal et al., 2013).  

 

2.3.1.3 Trivalent Cr  
 
Cr(III) is thermodynamically the most stable and abundant chemical form of the element found in 

nature (unpolluted conditions) (Kimbrough et al., 1999; Pandey & Sharma, 2003; Barouchas et 

al., 2014; Ertani et al., 2017). Cr(III) as chromite (FeCr2O4) is the principal ore and most Cr(III) 

compounds in nature are formed as a result of natural weathering of minerals (Oze et al., 2004; 

Kazakis et al., 2018). After its formation, Cr(III) rapidly precipitates as chromium hydroxides or 

iron-chromium hydroxides or adsorbed on mineral beds or soil organic colloids to present low 

hazard potential (Cervantes et al., 2001; Barouchas et al., 2014; Kazakis et al., 2018). These 

complexes have low solubility and reactivity and under reducing environments with pH > 4, Cr(III) 

complexes are stable (Cervantes et al., 2001; Oze et al., 2004; Kazakis et al., 2018). An acidic 

environment may release it from such fixed forms to become bioavailable (Oze et al., 2004; 

Kazakis et al., 2018). 

 

2.3.1.4 Hexavalent Cr  
 
Thermodynamically, Cr(VI) is the second most stable form and, unlike Cr(III), is mostly generated 

by human activities and seldom by natural processes (Kimbrough et al., 1999; Dhal et al., 2013). 

Approximately 35% of the total human released Cr is accounted for as Cr(VI) upon release 

(Kimbrough et al., 1999; Dhal et al., 2013). Cr(VI) often reacts with oxygen to form oxyanion 

forming complexes, chromate (CrO4
2‒) at pH value > 6.4, and bi-chromate (HCrO4‒) and di-

chromate (Cr2O7
2‒) at pH < 6.4 (Oze et al., 2004; Dhal et al., 2013). Chromate is the most 

abundant form of Cr(VI) found in discarded solid and liquid waste (Dhal et al., 2013; Ertani et al., 

2017). Such complexes are carcinogenic and corrosive with high mobility, bioavailability and 

oxidising potential (Oze et al., 2004; Panichev et al., 2005; Dhal et al., 2013; Kazakis et al., 2018). 

With such properties, Cr(VI) complexes, therefore, act as persistent environmental pollutants 

under oxidising conditions and at alkaline pH with low organic content otherwise depleting 

available reducing agents (Kimbrough et al., 1999; Cervantes et al., 2001; Dhal et al., 2013; Ding 

et al., 2014; Kazakis et al., 2018). Water solubility at a wide range of pH (acidic to alkaline) (Dhal 

et al., 2013) and ability to form unstable and highly reactive complexes in weathering solutions 

capacitates Cr(VI) to induce harmful reactions in living organisms (refer to section 2.3.7) (Zayed 

et al., 1998;  Kimbrough et al., 1999; Tiwari et al., 2009; Sungur et al., 2013). 

 

 

 



 

16 
 

2.3.2 Environmental sources  
 

2.3.2.1 Geogenic  
 
Cr is a natural component of rocks and soils (Shahid et al., 2017) and the mean Cr concentration 

on earth’s crust is around 100 µg g‒1 while it stays within the 10‒200 µg g‒1 range in soil and 

sediments (Kazakis et al., 2018). Cr levels are primarily determined by the chemical composition 

of the bedrock, environmental conditions and natural processes (Dube et al., 2004; Maharia et 

al., 2010; Nagajyoti et al., 2010). Among natural processes, weathering of rocks and minerals, 

and soil erosion are the noteworthy contributors of geogenic Cr (~ 80%) (Maharia et al., 2010; 

Nagajyoti et al., 2010; Kozak et al., 2015). Cr concentrations in rocks however differ greatly 

(Kimbrough et al., 1999). Chromite is abundant in mafic (170‒200 µg g‒1) and ultramafic igneous 

rocks (1600‒3400 µg g‒1) (Shahid et al., 2017). In other igneous and sedimentary rocks, e.g. 

basalt, granite and shales, Cr levels range between 2‒1000 µg g‒1 (Nagajyoti et al., 2010; Ertani 

et al., 2017; Shahid et al., 2017). Shale contains the highest concentrations of metals including 

Cr among sedimentary rocks followed by lime and sandstones (Nagajyoti et al., 2010; Shahid et 

al., 2017).  

 

Compared to other soil types, serpentinite-derived (metamorphosed igneous rock) soils host 

higher Cr concentrations (> 200 µg g‒1 to 6 wt%) (Oze et al., 2004; Ertani et al., 2017; Kazakis et 

al., 2018). Serpentine soils are characterized by unfavourable conditions for plant growth, such 

as low water retention capacity, wide pH range (acidic to alkaline, 5.5‒9.5), higher levels of heavy 

metals (e.g. Co, Cr and Ni), and low amounts of essential nutrients (e.g. Ca, K and P) with high 

Mg to Ca ratios (Oze et al., 2004; Zlatić et al., 2017). In general, plants growing in such soils are 

reported to accumulate elevated levels of available heavy metals, although Cr toxicity impact on 

plants cultivated in geogenic Cr rich soils is poorly investigated and understood (Oze et al., 2004). 

 

Other noteworthy natural sources of Cr are volcanic eruption, forest wildfires, floods, tsunamis 

and accumulation of forest litter (Maharia et al., 2010; Nagajyoti et al., 2010; Kozak et al., 2015). 

Wind and marine aerosols play a critical role in the dispersion of heavy metals that can alter 

concentrations (Nagajyoti et al., 2010; Kim et al., 2015). 

 

2.3.2.2 Anthropogenic  
 
Cr has manifold applications in numerous industries (Cervantes et al., 2001; Rai et al., 2005; 

Shanker et al., 2005; Nagajyoti et al., 2010; Dhal et al., 2013; Ertani et al., 2017; Shahid et al., 

2017). Cr(VI) is mainly used in chrome alloy, metal finishing and chrome-plating, oxidiser in 

chemical industry, production of chemicals and pigment, leather tanning, corrosion inhibition, and 

cooling tower water treatment (Kimbrough et al., 1999; Shanker et al., 2005; Babula et al., 2008; 

Dhal et al., 2013). The majority of its release is ascribed to Cr mining, chrome-plating, leather 
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tanning, chemical industry and fugitive emissions from cooling towers (Dhal et al., 2013). Cr(III) 

is well-utilised as a tinting agent and employed in fewer industries, namely ceramics, glass, 

photography and textile (Dhal et al., 2013). Primary emitters of Cr(III) are industrial cooling towers 

and traffic (Babula et al., 2008; Shahid et al., 2017). 

 

In developing countries, Cr release is a major environmental issue due to the fast expansion of 

industries accompanied by a lack of functional environmental management systems (Abbasi et 

al., 2013; Cheng et al., 2017). Cr contaminants may reach soils through direct waste disposal 

from industries in solid or liquid form, leaching from dumpsites and landfills, urban effluent 

discharge, and precipitation of atmospheric PM from industries, and incineration of solid waste 

and refuse (Kimbrough et al., 1999; Rai et al., 2005; Yang et al., 2007; Maharia et al., 2010; 

Nagajyoti et al., 2010; Vaikosen & Alade, 2017). Consequently, geogenic Cr amounts in the 

environment could be increased by human released waste (Cervantes et al., 2001; Kim et al., 

2015, 2017; Kazakis et al., 2018).  

 

Among others, mining is concluded as one of the noteworthy Cr polluters (Dhal et al., 2013). 

Furthermore, ores exposed by mining operations pollute the environment at an expedited rate 

than natural weathering processes (Nagajyoti et al., 2010). Cr mining may add significant levels 

of Cr with elevated concentrations of toxic Cr(VI) in soil (Dhal et al., 2013). In general, mine tailings 

and dumpsites are hence recognised as major points of heavy metal pollution (Dhal et al., 2013; 

Kamunda et al., 2016; Dobbins et al., 2021). The severity of pollution and degradation of the 

habitat often correlates with proximity to mining activities (Nagajyoti et al., 2010; Dhal et al., 2013; 

Shahid et al., 2016).  

 

Overuse of inorganic (e.g. chemical fertilisers, fungicides and pesticides containing Cr, Cd, Cu, 

Ni, Pb and Zn) and/or organic agro-products (e.g. phosphorus fertilizers and biosolids containing 

Cr) in modern farming practice may further increase Cr quantities in agricultural soils (Yang et al., 

2007; Nagajyoti et al., 2010; Shahid et al., 2016, 2017; Milićević et al., 2018). Thereby, changing 

soil physicochemical parameters that lead to unfavourable mineral composition and altered 

microbial activity (Tiwari et al., 2009; Li et al., 2014; Unver et al., 2015; Vaikosen & Alade, 2017). 

 

In urban regions, atmospheric PM bearing Cr from mines, smelters, industries, fugitive emissions 

from industrial cooling towers, waste incinerators, fuel combustion and traffic exhaust are prime 

Cr emitters (Voutsa et al., 1996; Babula et al., 2008; Nagajyoti et al., 2010; Feng et al., 2011; 

Säumel et al., 2012; Kim et al., 2015, 2017; Li et al., 2015; Shahid et al., 2016, 2017; Kazakis et 

al., 2018). Cr containing PM may remain in the air for seven to ten days, and the atmospheric 

half-life of Cr(VI) is 16 hours to 4.8 days (Kimbrough et al., 1999; Venter et al., 2016). Once 
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released such particles can disperse or re-suspended from the soil by prevailing wind currents 

redistributing Cr (Kimbrough et al., 1999; Venter et al., 2016).  

 

In short, global Cr demand, therefore, resulted in increased mining activities (Shahid et al., 2017) 

and subsequent influx of Cr from multiple release points into the environment (Awodele et al., 

2013; Unver et al., 2015). As a result, higher soil Cr levels were noted globally (Ertani et al., 2017) 

and in some soils in China, it reached up to 1.1% as a consequence of extensive industrial usage 

(Shahid et al., 2017).  

 

2.3.3 Accumulation pathways by plants 
 
Plants can be exposed to heavy metals via soils to root systems and from the atmosphere to 

foliage (Feng et al., 2011; Wahsha et al., 2014; Shahid et al., 2016; Vaikosen & Alade, 2017; 

Pajević et al., 2018). Hence, to comprehend metal contamination of plants both these exposure 

pathways need to be accounted for. The foliar exposure pathway becomes important in areas 

affected by hazardous dust emitters such as mines, smelters, industries, traffic or in urban 

agglomerations that are polluted by multiple emission points (Voutsa et al., 1996; Feng et al., 

2011; Säumel et al., 2012; Unver et al., 2015; Shahid et al., 2016).   

 

2.3.3.1 Root uptake  
 
Soil acts as a primary heavy metal sink that can readily make toxic substances available to the 

plant root system (Arsenov et al., 2016). Metals produce water-soluble ions that can be taken up 

easily by plant roots at elevated concentrations (Arsenov et al., 2016; Pajević et al., 2018). In a 

polluted soil environment, however, root-metal interactions depend on multiple variables such as 

the metal (concentration, distribution and size of particles, chemical speciation, 

synergistic/antagonistic relationship with co-existing elements); soil parameters (redox potential, 

pH, temperature, aeration, moisture, organic matter content, and mineral and microbial 

composition); plant features (species, phenological stage, water relation, accumulation traits, 

accumulating organs); and soil and atmospheric pollution levels in that area (pollution source and 

chemical variability of pollutants) (Voutsa et al., 1996; Mandiwana et al., 2007; Wahsha et al., 

2014; Arsenov et al., 2016; Anjum et al., 2017; Gomes et al., 2017; Sun et al., 2018). Dry 

(atmospheric particles settling on soil) and wet (via air moisture, dew, fog rain and snow) 

deposition of aerial particulate matter can increase metal concentrations in soil (Voutsa et al., 

1996; Kimbrough et al., 1999). Wind dispersion and deposition rate of dust, irrigation measures 

and edaphic factors (e.g. texture and organic matter) can influence dust origin and deposition 

further (Voutsa et al., 1996). For Cr, carbonate ions (CO3
2‒) and low molecular weight organic 

acids (e.g. oxalic, citric, succinic, tartaric, malic and salicylic acid) are noted to influence solubility 

and phytoavailability of Cr(VI) and Cr(III), respectively (Panichev et al., 2005; Mandiwana et al., 
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2007; Ertani et al., 2017). While, the availability of geogenic Cr(VI) is mainly determined by the 

solubility of soil minerals (Panichev et al., 2005).  

 

2.3.3.2 Foliar uptake  
 
United States Environmental Protection Agency (USEPA) described Cr as one of 18 core 

hazardous air pollutants and one of 33 urban air pollutants (Shahid et al., 2017). Deposition of 

atmospheric pollutants is one of the important metal contamination pathways besides polluted 

soil and wastewater (Säumel et al., 2012; Shahid et al., 2016). Investigations indicating higher 

than expected levels of toxic elements in plant tissues when cultivated in unpolluted soils are 

often concluded to be a result of aerial pollution (Larsen et al., 1992; Voutsa et al., 1996; Feng et 

al., 2011; Säumel et al., 2012). Airborne Cr contamination and foliar Cr uptake, however, remains 

an under-investigated field of research compared to other heavy metals (Shahid et al., 2016). 

Nevertheless, safety concerns regarding food and medicinal crops from urban gardens (Säumel 

et al., 2012; Kim et al., 2015; Pennisi et al., 2017), farmlands (Li et al., 2015; Kim et al., 2017) 

and wild plants harvested from sites impacted by atmospheric emissions (Ishaq et al., 2013; 

Unver et al., 2014), have been raised globally. Apart from pollution during cultivation, crops can 

be exposed to dust deposition during post-harvest stages such as transportation, marketing and 

sale (Säumel et al., 2012; Arsenov et al., 2016; Kumar et al., 2018). Foliar dust contamination 

may differ based on plant species, variations in emission rates and meteorological conditions 

mainly wind speed and direction and precipitation (Voutsa et al., 1996; Pajević et al., 2018). 

 

2.3.4 Phytotoxicity 
 
As a non-essential element to plants, excess Cr can exert negative effects on plants (Shanker et 

al., 2005). Cr uptake, translocation and accumulation are however greatly affected by the 

presence and bioavailability of dominant chemical species (i.e. Cr(III) and Cr(VI)) in the ambient 

environment (Panichev et al., 2005; Shanker et al., 2005; Ertani et al., 2017; Gomes et al., 2017). 

Under intracellular conditions, both Cr(VI) and Cr(III) can cause oxidative damage by generating 

reactive oxygen species (ROS) upon reduction (Panichev et al., 2005; Shanker et al., 2005; 

Mandiwana et al., 2007; Anjum et al., 2017; Ertani et al., 2017; Gomes et al., 2017). Uptake rate 

and phytotoxic impact of Cr(VI) is however far greater than Cr(III) (Zayed et al., 1998; Cervantes 

et al., 2001; Barouchas et al., 2014). Cr stress generally alters metabolic processes by 

modification of pigment structure and production (chlorophyll, anthocyanin, carotenoids); elevated 

production of metabolites (glutathione, ascorbic acid); and increased generation of new 

metabolites (phytochelatins, histidine) as part of toxicity tolerance and resistance mechanisms 

(Shanker et al., 2005; Nagajyoti et al., 2010; Ertani et al., 2017; Gomes et al., 2017). Major plant 

processes affected by Cr stress is depicted in Table 2.1. 
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Table 2.1. Prominent plant processes affected by Cr exposure. NR, not reported in the 

reviewed literature. 

Process Plant species (reference)  

 Food plants Medicinal plants 

Antioxidative defence 

mechanisms, 

physiological and 

biochemical processes 

 

Brassica oleracea (Pandey & Sharma, 

2003); Pisum sativum (Tiwari et al., 2009); 

Raphanus sativus (Dube et al., 2004; 

Tiwari et al., 2013); Zea mays (Anjum et 

al., 2017) 

Ocimum tenuiflorum  

(Rai et al., 2004) 

Growth and 

development 

Brassica oleracea (Pandey & Sharma, 

2003); Lactuca sativa (Li et al., 2014); 

Pisum sativum (Tiwari et al., 2009); 

Raphanus sativus (Dube et al., 2004; 

Tiwari et al., 2013); Zea mays (Anjum et 

al., 2017) 

NR 

Nutrient uptake Pisum sativum (Tiwari et al., 2009); 

Raphanus sativus (Dube et al., 2004; 

Tiwari et al., 2013) 

 

Cynara scolymus, 

Ocimum basilicum, 

Rosmarinus officinalis 

(Boechat et al., 2016) 

Yield and biomass Brassica oleracea (Pandey & Sharma, 

2003); Daucus carota (Ding et al., 2014); 

Pisum sativum (Tiwari et al., 2009); 

Raphanus sativus (Dube et al., 2004) 

Ocimum tenuiflorum 

(Rai et al., 2004); 

Cynara scolymus, 

Ocimum basilicum, 

Rosmarinus officinalis 

(Boechat et al., 2016) 

 

As an external stressor, Cr has no dedicated uptake route in plants (Shanker et al., 2005). 

Therefore, it competes with essential nutrients (e.g. Fe, P, S) for a carrier binding site and 

interferes with normal nutrient uptake (Shanker et al., 2005; Ertani et al., 2017). Plants normally 

initiate an antioxidative defense mechanism to combat metal stress (Nagajyoti et al., 2010; Anjum 

et al., 2017), although under high Cr concentrations this system may fail to overcome multiple 

phytotoxic effects (Anjum et al., 2017). The ‘root barrier’ mechanism may convert highly toxic 

Cr(VI) to Cr(III) by means of enzymatic and non-enzymatic reactions (Cervantes et al., 2001; 

Ertani et al., 2017; Shahid et al., 2017). Translocation of Cr(III) to above-ground parts is thereby 

restricted (Babula et al., 2008; Tiwari et al., 2009; Wahsha et al., 2014). Furthermore, Cr(III), being 

unable to cross cell membranes, tend to form complexes with available organic molecules (e.g. 

glutathione, NAD(P)H, FADH2, pentoses, organic acids) and are stored in cell walls or vacuoles 
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in the root zone (Shanker et al., 2005; Ertani et al., 2017). It further explains the lower hazard 

potency linked to Cr(III) in plants (Shanker et al., 2005). Such processes (e.g. root barrier and 

Cr(III) sequestration in root cells), therefore, indicates a greater environmental significance (Ertani 

et al., 2017) considering the role of plants as a daily nutritional source in the human diet.   

 

2.3.5 Accumulation by food plants 
 
Heavy metals are regarded as one of the major pollution agents of food crops (Luginina & 

Egoshina, 2013). Increased Cr levels can create a competitive/synergistic soil environment that 

may change absorption dynamics of essential elements to affect the food value of plant species 

(Tiwari et al., 2013; Wahsha et al., 2014). The chemical make-up of the growth media as well as 

the ability of the plant species to accumulate toxic elements, therefore, determine the chemical 

composition of the plant (Pajević et al., 2018). Soil Cr limits (Table 2.2) are therefore critical 

prerequisites to maintain acceptable cultivation practices. Chemical species specific Cr limits are 

however not mentioned in the reviewed literature. 

 

Cr generally has low phytoavailability, primarily because it exists mostly as the least reactive 

Cr(III) forms in nature, but also due to frequent conversion of available hazardous Cr(VI) to Cr(III) 

(Ye et al., 2015). Plants grown on Cr polluted soils are however reported to accumulate toxic 

levels of Cr despite low root to shoot mobility as recorded for this heavy metal (Pandey & Sharma, 

2003; Gomes et al., 2017; Dobbins et al., 2021). No clear correlation exists between soil and plant 

accumulated Cr levels, as this is a complex interaction depending on metal availability, plant 

growth stage and response to metal stress (species and genotype-specific traits, and Cr uptake 

and translocation rates (species determined traits) (Voutsa et al., 1996; Säumel et al., 2012; 

Anjum et al., 2017). Globally, Cr limits in food plants are determined (Table 2.3) to ensure food 

safety, but for South Africa (Department of Health, 2016) such limits are yet to be set. Like soil, 

Cr species based limits for plants are not reported in sourced articles.  
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Table 2.2. Total Cr concentration limits in soil set by countries and regulatory bodies.  

Soil Cr concentration  

(µg g‒1) 

Organisation/country Reference 

50 Australia Kamunda et al., 2016 

100  Austria Ding et al., 2014; Shahid et al., 2017 

65 Bulgaria Kamunda et al., 2016 

64  Canada  Ding et al., 2014; Shahid et al., 2017 

200 China Kamunda et al., 2016 

200  Czech Republic Ding et al., 2014; Shahid et al., 2017 

150 European Union Kamunda et al., 2016 

100 FAO/WHO Kamunda et al., 2016 

60 Germany Kamunda et al., 2016 

150  Poland Ding et al., 2014; Shahid et al., 2017 

100  Serbia Ding et al., 2014; Shahid et al., 2017 

6.5 South Africa Kamunda et al., 2016 

250 Taiwan Kamunda et al., 2016 

100 Tanzania Kamunda et al., 2016 

130 United Kingdom Kamunda et al., 2016 

FAO, Food and Agriculture Organization; WHO, World Health Organisation. 

 

Table 2.3. Cr limits set for food plants.  

Cr concentration (μg g‒1) Organisation/country Reference 

0.5 (fresh wt. of vegetables) China Yang et al., 2007; Ding et al., 2014; 

Cheng et al., 2017 

2.3 (dry wt. of vegetables) FAO/WHO  Arsenov et al., 2016; Pajević et al., 2018 

0.005 and 0.02 in vegetable 

and foodstuff 

Turkey Unver et al., 2015 

FAO, Food and Agriculture Organization; WHO, World Health Organisation. 

 

All plant species with the highest Cr concentrations in different accumulating parts, i.e. lettuce 

leaves (Li et al., 2015), maize roots and wheat stems (Wahsha et al., 2014), and soybean grains 

(Zhang et al., 2019) were either impacted by human induced Cr pollution or combined effects of 

geogenic and human emissions (Table A4, Appendix A). Around 73% of all plant species with the 

highest reported Cr excluding laboratory set up as in these cases Cr concentrations were 

simulated, exceeded the WHO/FAO Cr permissible limit (2.3 µg g‒1 dry wt.) for food plants. Cr 

species differentiation in food plants can be perceived as a potential shortfall in the available 

literature. Zayed et al. (1998) detected only Cr(III) in plant parts using x-ray absorption 
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spectroscopy irrespective of the application of Cr(III) or Cr(VI). The authors concluded a possible 

conversion of Cr(VI) to Cr(III) in plant root system before transportation. Nevertheless, increased 

Cr accumulation and higher root to shoot transfer rate were detected for Cr(VI) application. This 

supports the greater hazard potential of Cr(VI) when present in plant growth media compared to 

Cr(III).  

 

Investigated species sourced from farmlands, wild, markets and experimental setup varied in 

accumulated Cr amounts. The highest Cr concentrations were, farmland produce (125.52 µg g‒1, 

Li et al., 2015) > wild collected (14.75 µg g‒1, Abbasi et al., 2013) > market products (3.67 µg g‒

1, Pajević et al., 2018) > ‘other condition’ (1 species, experimental plot, 0.3 µg g‒1, Larsen et al., 

1992). This suggests the importance of evaluation of plant origin to understand variations in 

exposure types, e.g. growth media, fertilisers and pesticides, irrigation water, as well as local 

atmospheric dust levels. Anthropogenic Cr pollution effects were suggested for a higher number 

of species (twelve) than geogenic Cr (three, Wahsha et al., 2014; Milićević et al., 2018). This 

implies a higher contamination potential of anthropogenic Cr polluters.  

 

Seasonal variation recorded for potato (Arsenov et al., 2016) and spinach (Pajević et al., 2018) 

further indicates the significance of growth environments, especially when affected by fluctuations 

in anthropogenic Cr emissions. In addition, reported differences in Cr concentrations between 

unwashed and washed samples suggested the importance of dust deposited Cr (Unver et al., 

2015; Kim et al., 2017). Higher Cr concentrations in aerial parts than roots in washed lettuce (soil 

> aerial parts > roots) was also concluded as a result of atmospheric Cr (Li et al., 2015). Proximity 

to PM emission sources was identified as a crucial parameter and leafy vegetables could be 

particularly vulnerable when grown or harvested from such sites (Larsen et al., 1992; Li et al., 

2015; Kim et al., 2017). Thorough washing of raw vegetables was hence suggested as a 

precautionary measure (Kim et al., 2015).  

 

Variations in accumulation trends were observed for different species (i.e. root > leaf > stem 

(cabbage) (Pandey & Sharma, 2003); leaf > pulp > seed > skin (grape) (Milićević et al., 2018), 

aerial parts > root (lettuce) (Li et al., 2015); root > leaf > stem > grain (maize, for both farm 

produced and laboratory tested samples) (Wahsha et al., 2014; Anjum et al., 2017); root > stem 

> leaf > seed (pea) (Tiwari et al., 2009); root > stem > leaf (radish) (Dube et al., 2004; Tiwari et 

al., 2013); and root > stem > grain (wheat) (Wahsha et al., 2014). Such findings substantiate plant 

trait controlled metal accumulation patterns. 
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2.3.6 Accumulation by medicinal plants 
 
Herbal medicine based knowledge systems have been a key component of human civilisation 

and are well preserved over time by indigenous communities (Mahmood et al., 2013; Boechat et 

al., 2016; Owolabi et al., 2016; Kumar et al., 2018). Modern medicinal pharmacopoeia includes 

around 25% of drugs with plant-derived constituents and many others based on the chemical 

analogues of such substances (Vaikosen & Alade, 2017). About 80% of populations in developing 

countries, and around 70 to 80% of the total world population relies on medicinal plant-based 

remedies within the domain of alternative medicine (Panichev et al., 2005; Rai et al., 2005; 

Awodele et al., 2013; Mahmood et al., 2013; Sungur et al., 2014; Owolabi et al., 2016; Kumar et 

al., 2018). The global popularity of herbal medicine is based on its highly acclaimed and accepted 

curative properties with easy availability, negligible reported side-effects, affordability, multi-

functionality use (e.g. antiviral, antibacterial and antifungal agents), and growing recognition from 

the fast-evolving scientific communities (Rai et al., 2005; Ishaq et al., 2013). Therefore, a global 

surge in demand for plant-based medication is noticed in recent times (Shah et al., 2016). 

 

Medicinal plants, therefore, provide another means of heavy metal exposure to humans 

(Barouchas et al., 2014; Kozak et al., 2015; Vaikosen & Alade, 2017; Kumar et al., 2018). 

Accumulation of heavy metals in medicinal plants has been reported globally, e.g. China (Dong 

et al., 2017); India (Maharia et al., 2010; Kozak et al., 2015; Kumar et al., 2018); Nigeria (Awodele 

et al., 2013; Vaikosen & Alade, 2017); Pakistan (Shah et al., 2016); South Africa (Owolabi et al., 

2016); Thailand (Kozak et al., 2015) and Turkey (Unver et al., 2015). Reports suggest various 

environmental Cr exposure, such as parent rock (Zlatić et al., 2017), natural calamities (Kozak et 

al., 2015), atmospheric pollution (Ishaq et al., 2013; Unver et al., 2015; Kumar et al., 2018), 

industrial emission (Rai et al., 2005; Mahmood et al., 2013), mining (Maharia et al., 2010), metal 

smelting operations (Owolabi et al., 2016), intensive use of metal-rich pesticides (Awodele et al., 

2013; Vaikosen & Alade, 2017), and unhealthy post-harvest preservation (Kumar et al., 2018). 

Contamination of medicinal plants can be visualised as an interactive process among geography, 

geology and climate of the area, air and soil pollution, concentration and exposure time of the 

pollutant, plant species, cultivation practice, harvesting time, and processing and preservation of 

materials (Ishaq et al., 2013; Dong et al., 2017; Kumar et al., 2018). Continuous evaluation of 

medicinal plants reaching markets along with awareness to prohibit any collection of raw materials 

from polluted sites should be encouraged (Kumar et al., 2018). 

 

Both curative and toxicity properties of medicinal plants depend on their chemical composition 

(Ishaq et al., 2013). Good agriculture and collection practice, good manufacturing practice and 

good laboratory practice are, hence, recommended to ensure the effectiveness and acceptable 

quality of raw medicinal plants and their derivatives to guarantee consumer safety (Kumar et al., 
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2018). WHO (2007) suggested mandatory heavy metal analysis of herbal drugs before the sale 

(Rai et al., 2005; Shah et al., 2016; Kumar et al., 2018). Globally, primary health care and the 

ethnobotany sectors extract phytochemicals from around 35,000 to 50,000 plant species 

(Mahmood et al., 2013; Vaikosen & Alade, 2017). Despite such popularity, according to WHO 

(2004), traditional medicines may present considerable human health risk due to uncontrolled 

marketing and sale of plant materials without proper quality regulation assessments (Awodele et 

al., 2013; Boechat et al., 2016). Therefore, Cr concentration limits in medicinal plants and herbal 

products are governed (Table 2.4).  

 

Table 2.4. Chromium safety limits in medicinal plants. 

Safety limit  Country/organisation Reference 

2 µg g‒1 Maximum residual level (MRL) in raw 

medicinal plants (WHO, 2005) 

Vaikosen & Alade, 2017 

Kumar et al., 2018 

20 µg day‒1 National limit for finished herbal products, 

Canada 

Dong et al., 2017 

2 µg g‒1 dry 

weight 

National permissible limit in raw plant material, 

Canada 

Dong et al., 2017 

 

The majority of the species that accumulated the highest amounts of Cr as reported in the 

reviewed literature, precisely seventeen out of twenty-seven (63%), exceeded WHO permissible 

limit (2 µg g−1) recommended for medicinal plants (Table A5, Appendix A). Like the food plants, 

investigated medicinal species in reviewed literature were sourced from farms, markets and wild, 

but some were unspecified (Table A5, Appendix A). The highest Cr concentration per plant origin 

groups varied, i.e. farmed (368 µg g−1, Owolabi et al., 2016) > wild-collected (177.4 µg g−1, Zlatić 

et al., 2017) > market products (74.2 µg g−1, Shah et al., 2016) > ‘not specified’ (27 µg g−1, Rai et 

al., 2005). This also points out the importance of possible Cr exposures during cultivation and 

post-harvest stages as suggested by Kumar et al. (2018). Considerable Cr concentrations 

determined in wild medicinal plants could be perceived as an immediate health threat to its local 

consumers. 

 

Among different plant tissues, the highest Cr concentrations were recorded in flowers (tsunami-

affected area, Kozak et al., 2015), followed by root (city emissions, Mahmood et al., 2013), shoot 

(tsunami-affected area, Kozak et al., 2015) and leaves (city emissions, Mahmood et al., 2013). 

Results, therefore, suggest both geogenic sources and anthropogenic activities induce elevated 

Cr accumulation by medicinal plants in various parts.  
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In Albizia lebbeck (Fabaceae, Ishaq et al., 2013) from Turkey, higher Cr levels in unwashed plant 

materials compared to the washed ones advocates the contribution of aerial dust deposition in 

city/urban regions. High dust contamination of aerial parts from traffic polluted areas (leaves > 

shoot > seeds > root) support the greater influence of such pollution in urban settings. Increased 

root accumulation (followed by shoot > leaves > seeds) in industrial areas corroborates solid 

and/or liquid industrial waste as a major soil contamination source (Kimbrough et al., 1999) 

resulting in elevated root uptake. For residential and non-residential areas, the trend is shoot > 

root > leaves > seeds and leaves > root > shoot > seeds, respectively. This could be predicted 

as a combined effect of various Cr release points and wind dispersed dust, respectively. The 

findings by the authors hence highlight alteration of Cr storage organs depending on pollution 

type and dominant exposure pathways. Furthermore, in total, six wild collected, two cultivated, 

one from the ‘not specified’ group and two laboratory-tested species were reported to accumulate 

Cr from polluted soils in different plant organs that indicated species specific traits regarding 

variations in accumulating tissue. 

 

For laboratory tested species, chemical speciation (Cr(III) or Cr(VI)), applied Cr concentrations 

and exposure duration had critical effects on accumulation. Cr species specific analysis revealed 

higher Cr(III) accumulation than Cr(VI). Results varied with the applied Cr analysis methods 

(Barouchas et al., 2014). Two farm cultivated species (Capsicum annuum and Nepeta cataria) 

from Cr and vanadium smelter polluted sites were noted to accumulate Cr(VI) in various plant 

parts (Owolabi et al., 2016). Findings suggest a scarcity of Cr(VI) determination in plants collected 

from natural habitat compared to laboratory based investigations. 

 

2.3.7 Toxicity impact on human health 
 

2.3.7.1 Toxicity mechanism 
 
In general, Cr concentrations in plants stay within 1 µg g−1 and ranges between 0.02‒0.2 µg g−1 

and seldom goes above 5 µg g−1 when grown in normal or unpolluted soils (Barouchas et al., 

2014). However, as detailed in the previous sections (2.3.5 and 2.3.6), plants are reported to 

accumulate higher concentration of Cr than the above mentioned values. Ingestion is hence one 

of the major Cr exposure pathways to humans other than inhalation of atmospheric particles and 

dermal contact of Cr containing dust, soil, liquid and manufactured commodities (Dhal et al., 2013; 

Barouchas et al., 2014; Wahsha et al., 2014; Ertani et al., 2017). Cr health hazard effects depend 

on the exposure concentration and time, and type of chemical species (Kimbrough et al., 1999; 

Dhal et al., 2013; Ertani et al., 2017; Shahid et al., 2017). In general, excess heavy metals in 

human systems could result in altered biochemical processes and accumulation in vital organs to 

induce severe health conditions (Li et al., 2015; Arsenov et al., 2016). 
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Cr(III) is considered an essential trace nutrient for human health (WHO, 2000) (Zayed et al., 1998; 

Ding et al., 2014; Kamunda et al., 2016; Cheng et al., 2017; Ertani et al., 2017). However, at an 

elevated exposure, Cr(III) could act as a mutagenic substance (an agent to increase mutation 

frequency) and react with the phosphate group of DNA leading to impaired replication and 

transcription, induce structural and functional damage to DNA polymerase and other enzymes to 

disrupt cellular functioning (Cervantes et al., 2001).  

 

Cr(VI) compounds pose greater hazard potential than Cr(III) based on their ability to diffuse 

through prokaryotic and eukaryotic cell membranes (Kimbrough et al., 1999; Babula et al., 2008; 

Dhal et al., 2013; Sungur et al., 2013; Barouchas et al., 2014; Shahid et al., 2017). Under intra-

cellular conditions, various biological molecules (NAD(P)H, FADH2, different pentoses, 

glutathione, vitamin C, Vitamin B12, cytochrome P-450, and mitochondrial respiratory chain) may 

reduce Cr(VI) to produce higher amounts of ROS than Cr(III) due to high redox potential and 

production of unstable intermediates such as Cr(V) that can initiate detrimental effects (Cervantes 

et al., 2001; Babula et al., 2008; Dhal et al., 2013; Sungur et al., 2013; Barouchas et al., 2014; 

Shahid et al., 2017). Cr(VI) could be up to 100 times more toxic to living organisms than Cr(III) 

(Dhal et al., 2013; Shahid et al., 2017). 

 

2.3.7.2 Non-carcinogenic effects  
 
Exposure to high levels of Cr(III) may cause health ailments such as respiratory illness, 

gastrointestinal tract problems and dermal disorders in humans (Sun et al., 2018). Cr(VI) is a 

mutagenic and teratogenic (deformation in a fetus) substance with greater abilities to trigger a 

diverse array of acute and chronic non-carcinogenic disorders (Table 2.5) (Dhal et al., 2013; 

Kamunda et al., 2016; Ertani et al., 2017; Shahid et al., 2017).  
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Table 2.5. Non-carcinogenic health effects of Cr(VI). 

Exposure 

pathway  

Health impacts Reference 

Dermal 

contact 

Corrosiveness, irritation, ulcers, allergic sensitisation 

(allergic contact dermatitis, ACD), dermatosis 

Kimbrough et al., 1999 

Rai et al., 2005 

Ertani et al., 2017 

Inhalation Ulceration, perforation of the nasal septum, irritation of 

pharynx and larynx, bronchitis, bronchospasm, 

coughing, asthma, itching of nose, and damage of 

kidney and liver due to Cr excretion  

Kimbrough et al., 1999 

Rai et al., 2005 

Ertani et al., 2017 

Ingestion Prolonged ingestion causes skin rash, gastric 

disorders, ulcer, stomach upset, kidney and hepatic 

damage, large quantities may result in death (humans 

and animals) 

Zayed et al., 1998 

Kimbrough et al., 1999 

Awodele et al., 2013 

Kamunda et al., 2016 

 

2.3.7.3 Carcinogenic effects  
 
Cr is recognised as a human carcinogen by the International Agency for Research on Cancer, 

USEPA and WHO (Kimbrough et al., 1999; Dhal et al., 2013; Shahid et al., 2017; Zhang et al., 

2019). Cr(VI) is rated as a Class 1 human carcinogen (Zayed et al., 1998; Panichev et al., 2005; 

Mandiwana et al., 2007; Babula et al., 2008; Ding et al., 2014; Li et al., 2015; Kazakis et al., 2018). 

However, Cr(VI) has been reported as carcinogen by inhalation and may cause cancer in lungs 

and other upper respiratory and gastrointestinal tract organs (e.g. oesophagus, trachea, larynx, 

and stomach) (Kimbrough et al., 1999). On the contrary, carcinogenicity of Cr(III) is not 

established yet.  

 

2.3.7.4 Health risk associated with useful plants 
 
Green plants convert inorganic elemental forms into organically bound nutritional complexes 

(Panichev et al., 2005; Ye et al., 2015; Arsenov et al., 2016; Pajević et al., 2018). Under normal 

conditions, plants absorb and accumulate negligible amounts of toxic metals along with essential 

elements (Unver et al., 2015; Arsenov et al., 2016), but elevated concentrations of hazardous 

elements in the environment may result in excess accumulation that can diminish the use value 

of useful plants (Voutsa et al., 1996; Säumel et al., 2012; Unver et al., 2015; Ye et al., 2015; 

Milićević et al., 2018). Health hazard incidents from polluted food crops are reported from both 

developed and developing countries (Säumel et al., 2012). Table 2.6 summarises the health risks 

estimated by the authors.  
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Table 2.6. Health risk potential associated with ingestion of Cr contaminated food plants 

(chemical species not described). 

Food plant Human health risk 

potential 

Cr source(s) Reference 

Grapevine (Vitis spp.)  Non-carcinogenic and 

carcinogenic health risk 

within the safe limits 

Possible effect of 

parent material, 

traffic and industry  

Milićević et al., 

2018 

Edible lily  

(Lilium davidii var. 

unicolor)  

Carcinogenic (adults > 

children) and non-

carcinogenic health risk for 

multiple metals including 

Cr 

Not specified Sun et al., 2018 

Leafy, fruit and 

leguminous vegetables  

Non-carcinogenic risk 

along with meat and fish 

consumption 

Coal mine Cheng et al., 

2017 

Leafy vegetables  Considerable non-

carcinogenic and 

carcinogenic risk  

Several industries  Abbasi et al., 

2013 

Soybean grains  

(Glycine max)  

Least possible non-

carcinogenic and 

carcinogenic risk  

Multiple metal 

mining 

Zhang et al., 

2019 

 

None of the reviewed literature reported human health risks associated with investigated 

medicinal plants. A study by Olwolabi et al. (2016) estimated the quantity of Cr(VI) in prepared 

tea from various parts of medicinal plants harvested from a ferrochrome smelter affected farm. 

The authors suggested negligible health risks related to consumption of medicinal tea. 

Inadequacy of literature in this regard reflect a scientific knowledge gap. Boechat et al. (2016) 

reported certain medicinal plants to tolerate elevated levels of heavy metals in soils and 

accumulate higher concentrations in tissues without any visible symptoms that may lead to 

unknowing ingestion and undesirable health consequences. 

 

2.3.8 Synthesis and gap analysis 

 
From the sourced literature, Cr phytotoxicity seems to be more of a chemical species dependent 

phenomenon in terms of higher absorption, translocation and accumulation rate of Cr(VI) than 

Cr(III). The bioavailability of Cr species is therefore highly relevant and vital in this regard. Cr 

species oriented assessments must be a prime focus to understand the toxicity mechanisms 

better, but complex interspecies conversion dynamics makes toxicity evaluation difficult in any 
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biological system. Hence, only a limited number of studies looked into species specific Cr 

accumulation in food and medicinal plants (Fig. A1, Appendix A).  

 

Both Cr(III) (mostly present as chemically inert forms with low mobility, solubility and toxicity in 

unpolluted environments), and Cr(VI) (generally human activity produced, highly toxic with greater 

mobility, solubility and reactivity) with contrasting properties may induce harmful effects in a living 

system. Anthropogenic Cr-waste materials containing a single or combination of Cr species may 

increase the bioavailability of the element. Findings from literature indicated the potential of 

various human activity based Cr pollution (e.g. traffic, industries, waste incineration, cumulative 

city emissions) to contaminate food and medicinal plants via root and foliar uptake from polluted 

growth media and atmosphere, respectively. Globally, urban settlements with multiple Cr emitters 

presented far higher Cr contamination potential of useful plants. In addition, Cr accumulation in 

plant part(s) depends on the dominant exposure pathways to the plant.  

 

Cultivation practice and the ambient environment under which farms operate may present 

considerable pollution threats as farm produce had the highest Cr levels for both categories of 

useful plants. However, detection of high Cr levels in plant species from different sources (wild, 

farms and markets) may signify the need for regularity in the assessment of heavy metals in useful 

crops reaching consumers. For food plants, most studies focused on farm produce or market 

products with insufficiency in reports on home garden and wild harvested crops. Often poor 

people living in, and around polluted urban zones rely on such sources to meet their daily needs. 

This indicates a gap to be addressed in future. For medicinal plants, a reverse situation is seen 

with maximum species analysed were wild collected, followed by market product and farm 

produce. This could be based on the high use value of locally grown and wild harvested species 

that are readily available and frequently tested to ensure consumer safety. A high percentage of 

investigated food (73%) and medicinal (63%) plants reported in literature accumulated Cr above 

the limits set by WHO/FAO. This is an important finding considering the frequency of use and 

consumer value attached to food and medicinal plants globally.  

 

Cr contamination of useful plants can be concluded as a complex and interlinked process 

involving multiple variables, (1) plant traits (e.g. ability to absorb, translocate and store Cr in 

different organs and Cr-stress response mechanism), (2) pollution sources (e.g. traffic, city-

generated, industrial, mining), distance from the source and pollution levels, (3) geology (parent 

rock) and climate (e.g. seasonal variations, weather phenomena like tsunami, meteorological 

factors such as wind direction and speed) of the region, (4) cultivation practice (e.g. use of 

agricultural products and irrigation water) and collection process such as farmed, marketed or 
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wild harvested, and (5) concentrations of available Cr species (i.e. Cr(III) and/or Cr(VI) that 

determine interspecies conversion rate and consequent plant uptake and toxicity potential).  

 

Based on the reviewed articles, the present study identified research areas that require further 

attention (Fig. A1, Appendix A). Contrasting the significance of dust borne Cr deposition, this 

exposure pathway is under investigated globally for useful plant leaves. With respect to Cr 

pollution sources, mining areas should be targeted more often for potential Cr pollution of food- 

and medicinal plants. Similarly, geogenic contributions of Cr towards contamination of crops 

require further attention. Distinctly low efforts towards human health assessments associated with 

medicinal plants (5%) were indicated compared to food plant based studies (30%) which can 

underestimate the health hazard potential associated with frequent and repeated use of medicinal 

plants by local people. Home garden grown medicinal plants and wild harvested food crops were 

not evaluated adequately compared to farm and market products for both categories of useful 

plants. On a global scale, geographic distribution based unequal availability in studies was 

indicated. 

 

Summary 
 
The review attempted to analyse prominent investigations on Cr as a toxic heavy metal and its 

adverse effects on useful plants, emphasizing the impact of human activity sourced Cr. The 

process has led to the following conclusions. Cr toxicity potential relies on dominant chemical 

species and rather complicated interspecies conversion dynamics. However, generation and 

conversion between Cr(III) and Cr(VI) in the environment is primarily associated with the chemical 

composition of the geogenic substrate and disposed waste materials under the influence of 

ambient soil parameters and reactions.  

 

Cr, mostly as Cr(III) oxidation state, is a less mobile component of rocks and soil, that generally 

remains unavailable to plants due to low solubility and reactivity. On the contrary, human disposed 

Cr chemicals containing Cr(VI) are persistent environmental pollutants with higher hazard 

potential towards living things based on increased solubility, mobility, availability and reactivity. 

Therefore, greater Cr bioavailability in the environment is primarily associated with varied 

anthropogenic emissions. 

 

Regarding Cr exposure pathways to plants, both root and foliar uptake are recognised as viable 

routes. To a greater extent, foliar uptake of airborne particulate matter is noted as more effective 

in areas with elevated atmospheric pollution. Determination of dust deposition on the above-

ground plant parts especially on leafy vegetables therefore may reveal vital information related to 
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Cr accumulation under such environments. Thorough washing of raw vegetables before 

consumption is well recommended, therefore.  

 

As an external stressor, Cr may induce severe phytotoxic effects on vital plant processes. 

Activation of different enzymatic and non-enzymatic responses may combat the stress up to a 

certain extent. Further compartmentalisation of Cr in the root zone may restrict its translocation 

to aerial parts and limit its hazard impact. Plant species, however, differ with regards to Cr 

tolerance, response and visual toxicity symptoms.  

 

Cr accumulation is reported in different types of food plants such as leafy, fruit, stem and root 

vegetables, and grain crops. Cr contamination in terms of deposition and accumulation in plants 

can be visualised as a complex functioning of multiple variables associated with plant species, Cr 

oxidation state, cultivation/collection procedure and ambient environment. Evaluation of 

anthropogenic Cr pollution may become critical to improve the understanding of contamination 

levels and predicting necessary management steps, especially in urban and expanding peri-urban 

areas. 

 

The review deduces that medicinal plants that withstand elevated metal concentrations may 

provide key species to study toxicity response. Cr accumulation by medicinal plants is a global 

concern based on the worldwide popularity of ethnomedicinal knowledge systems and the high 

use value of such species to indigenous people. Natural processes and anthropogenic pollution 

can influence Cr accumulation by medicinal plants in conjunction with elemental factors and plant 

traits.  

 

Both Cr(III) and Cr(VI) are hazardous to humans. The latter is specifically identified as a human 

carcinogen. The hazard potency of Cr depends on the exposure concentration and time with 

available chemical species. Inside a cell, Cr(VI) is more potent to generate higher amounts of 

ROS compared to Cr(III) to interfere with biological molecules and functions. Ingestion of Cr-

polluted food and medicinal plants was reported to present a diverse array of health ailments to 

humans. 

 

This review as an effort towards interlinking multiple research fields on Cr toxicity and Cr-useful 

plant (food and medicinal plants) interaction may provide a global perspective to understand Cr 

hazard potential. The greater influence of anthropogenic Cr in this regard is highlighted which is 

relevant and reasonable to the rapidly urbanising world. Indicated knowledge gaps could 

stimulate future scientific interest and induce necessary environmental management initiatives to 



 

33 
 

assess and limit Cr impact on food and medicinal plants and spread awareness to reduce Cr 

transfer to humans.  
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Chapter 3  

Plant morphological traits related to foliar chromium dust 
deposition  

3.1 Introduction 

 
Atmospheric pollution in urban and peri-urban areas is characterised by notable concentrations 

of airborne dust particulate matter (PM) of anthropogenic origin (Sæbø et al., 2012; Weber et al., 

2014; Perini et al., 2017). Globally, airborne PM is known to induce severe health conditions with 

concerning mortality rates (Popek et al., 2015; Sgrigna et al., 2015; Perini et al., 2017; 

Weerakkody et al., 2018). PM is defined as particles with a diameter of 0.001‒100 µm (Popek et 

al., 2015; Sgrigna et al., 2015) and diverse in origin, mrophology, size, and physical and chemical 

properties (Grantz et al., 2003; Chen et al., 2015). Major PM size categories have been set as 

fine (PM2.5, 0.1‒2.5 µm), coarse (PM10, 2.5‒10 µm) and large (PM > 10 µm) (Dzierżanowski et 

al., 2011; Popek et al., 2015). The size determines whether particles remain as aerosols (~ 0.1 

µm), are wind-transported (1‒10 µm) before being deposited, or quickly deposited by gravity (> 

10 µm) close to the source (Kimbrough et al., 1999; Janhäll, 2015; Popek et al., 2015). 

Chemically, PM could contain harmful substances (Csavina et al., 2012; Shahid et al., 2016). 

Heavy metals in fine particles (Ram et al., 2012) are disseminated by wind over long distances, 

up to 10,000 km, depending on climate and topography (Grantz et al., 2003; Csavina et al., 2012). 

Air currents, therefore, have a far greater spatial-temporal dispersion range of pollutants than 

water, soil or biological systems (Csavina et al., 2012).  

 

Airborne heavy metals with high bioaccumulation and hazard potential are, therefore, regarded 

as atmospheric contaminants of local and global scale (Grantz et al., 2003). Mines are one of the 

major PM emitters of assorted sizes carrying Cr and other toxic metals, e.g. arsenic, mercury and 

lead (Csavina et al., 2012; Shahid et al., 2016). The metal smelting and slag dump frequently 

disperse PM of ≤ 2‒2.5 µm, whereas ore crushing and grinding produce ≥ 2.5 µm particles 

(Csavina et al., 2012; Entwistle et al., 2019). Therefore, elevated levels of heavy metals on plant 

foliage near smelters and mines are reported frequently (Grantz et al., 2003; Shahid et al., 2016). 

Foliar uptake and further translocation of hazardous heavy metals within the plant system 

generates considerable health risk concern if consumed by humans or livestock (Schreck et al., 

2012; Xiong et al., 2019), still, this toxicity pathway is underestimated compared to soil-root 

transfer (Shahid et al., 2016). 

 

Plants are noted to mitigate PM-linked heavy metal polluted air in urban regions (Tomasević et 

al., 2005; Janhäll, 2015; Chen et al., 2017). Dust mitigation by plants is affected by plant height 

as this trait determines foliar dust exposure associated with both air interception as well as wind 
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and rain-induced particles from soil (Dreicer et al., 1984; Nowak et al., 2006; Sæbø et al., 2012). 

Trees ranked highest in this regard (Nguyen et al., 2015; Chen et al., 2017) as they have 

advantageous height, and dense dust capturing canopies (Beckett et al., 2000; Ram et al., 2012). 

Tree canopy shape affects air interception and foliar dust deposition thereafter (Tallis et al., 2011; 

Wang et al., 2015). In contrast, dust trapping properties of herbaceous plants are not exploited 

fully, despite forming the most common ground covers in urban environments (Weber et al., 

2014). 

 

Large surface area per unit volume of leafy canopies acts as receptors and sinks of air transported 

heavy metals (Ram et al., 2012). Diverse leaf macro- (arrangement and orientation, leaf blade 

size, firmness, folding of margin, surface flatness) and micro- (roughness, epicuticular wax, 

stomata, and pubescence) morphological traits have frequently been linked to dust collection by 

plants (Naidoo & Naidoo, 2005; Dzierżanowski et al., 2011; El-Khatib et al., 2011; Weber et al., 

2014; Mo et al., 2015; Chen et al., 2017; Perini et al., 2017; Castanheiro et al., 2020). In addition, 

deciduousness determines atmospheric dust exposure period (Sæbø et al., 2012; Watanabe, 

2015). Aerial particle mitigation potential of evergreen leaves, especially during winter, is known 

to be beneficial for atmospheric dust removal (Beckett et al., 2000; Popek et al., 2015; Zha et al., 

2019). Identifying plant morphological traits that increase dust deposition and adhesion, therefore, 

provides valuable information to comprehend the susceptibility of vegetation to dust in a polluted 

environment. Other factors that influence dust adhesion on vegetation are particle shape, size 

and chemistry, proximity and source type as well as meteorological parameters (e.g. humidity, 

rainfall, temperature, and wind speed and direction) (Grantz et al., 2003; Liu et al., 2012; 

Castanheiro et al., 2020).  

 

Extensive industrial use of Cr creates a continuous influx of Cr waste in the environment (Sokol 

et al., 2010; Coetzee et al., 2018). This may be concerning considering the potential of this 

element, together with five other environmental pollutants (arsenic, mercury, lead, pesticides and 

radionuclides), to present the highest degree of health threats to humans (Csavina et al., 2012). 

Environmental pollution by Cr mining, smelting, slag dumps, ore transport, ore processing residue 

and contaminated soils is well documented (Pӧykiӧ et al., 2005; Sokol et al., 2010; Coetzee et 

al., 2018). Human settlements, farmlands as well as natural vegetation surrounding such areas 

are, hence, exposed (Kimbrough et al., 1999; Pӧykiӧ et al., 2005; Sokol et al., 2010).  

 

As a mineral-rich country, South Africa does address mine pollution, especially dust dispersion 

and mitigation (Grange, 1973; Utembe et al., 2015). Ingestion along with inhalation and dermal 

contact are primary Cr exposure pathways to humans (Coetzee et al., 2018). Yet, compared to 

the rest of the world, literature on Cr contamination of useful plants from South African mining 
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areas is negligible. The Rustenburg Layered Suite of Sekhukhuneland region in South Africa is 

exploited heavily for Cr and platinum (Pt) deposits (Scoon & Viljoen, 2019), but has scant 

available scientific data on Cr contamination of vegetation, especially related to dust pollution. 

 

The chapter is aimed to provide evidence of Cr dust deposition on the leaf surfaces of food and 

medicinal plants used by the inhabitants of the Sekhukhuneland mining and smelting region and 

profile plant and especially leaf morphological features that enhance the process. In addition, total 

dust amount on plant leaves was estimated to understand the cumulative dust accumulation 

potential of individual species. A combination of Scanning electron microscopy (SEM) and Energy 

dispersive x-ray spectroscopy (EDS) was applied to achieve the aim. It was hypothesized that 

atmospheric Cr particles in the study region (Tshehla & Djolov, 2018) would be deposited on foliar 

surfaces of the local vegetation. To test this, EDS elemental analysis was conducted on adaxial 

and abaxial leaf surfaces to (1) attest to the presence of Cr dust on foliar surfaces from the overall 

elemental composition spectra of leaf surfaces and by identifying particles that contain Cr, and 

(2) to assess the size distribution and shape of Cr dust to understand the morphology of the 

particles from SEM images. Next, based on the global reports on how varied plant morphology 

influences foliar dust deposition (Mo et al., 2015; Chen et al., 2017), it was postulated that 

variation in such characteristics of sampled tree and forb species (six each) will have differential 

dust collection abilities. To investigate this, firstly, plant morphology (growth form, plant height, 

tree canopy shape), leaf macromorphological details (inclination, compound or simple, leaf area, 

firmness, folding of margin and surface flatness), and secondly, SEM captured images of leaf 

surface micromorphology (epidermal cell outlines, veins, epicuticular wax, stomata and 

trichomes) were used to describe the traits concerning foliar (1) adhesion of Cr particles, and (2) 

total dust density. An abaxial/adaxial surface-oriented analytical approach was considered to 

assess if leaf sides differ in terms of dust contamination as frequently reported in past 

investigations (Ottelé et al., 2010; Ram et al., 2012; Mo et al., 2015). EDS analysis was applied 

as a reliable and easily reproducible technique that can be used for rapid identification of dust 

borne hazardous elements on aerial plant parts in air-polluted areas of South Africa. 

 
3.2 Materials and method 

3.2.1 Study area 
 

The study area is located in a region extending from 24°15′ S and 29°50′ E to 24°54′ S and 30°08′ 

E in Fetakgomo-Tubatse municipality of the Sekhukhune District in Limpopo Province, South 

Africa (Fig. 3.1). The distinct physiography dominated by the mountainous terrain and broad 

valleys is the result of the complex local geology (Siebert et al., 2002; Tshehla & Wright, 2019). 

The Olifants and Steelpoort rivers and their tributaries mainly shaped the regional terrain (Siebert 

et al., 2002; Bamisaiye et al., 2014; Scoon & Viljoen, 2019). Underlying igneous rock belts of the 
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Rustenburg Layered Suite (RLS) of the eastern Bushveld Igneous Complex (BIC) hold world-

renowned deposits of Cr and Pt (Naldrett et al., 2012; Scoon & Viljoen, 2019). The region is 

characterised by chromitite outcrops and ultramafic soils (Siebert et al., 2002). Study localities 

had an elevation range of 759‒985 m above sea level. Most of the mines and associated 

development, agriculture and human settlements located in the valleys. The mountainous 

topography of the region influences the temperature gradient between highlands and deep valleys 

that affect wind movement and the spatial distribution of dust in Sekhukhuneland (Tshehla & 

Wright, 2019).  

 

 

Figure 3.1. Sampling sites, Cr-Pt mines, and ferrochrome smelters in Sekhukhune District 

(green region on map insert), and in neighbouring areas. The Weather station is located in 

the Potlake Nature Reserve (PNR). 

Sampling was completed at the end of the seasonal dry spell during early summer (November) 

before the peak seasonal rainfall (December to February), to enhance aerial retention and 

transportation of dry dust on new growth. November was considered suitable to capture the aerial 

dust fall-out effect during spring (August to October) as reported by Dudu et al. (2018) for a gold 

mining area in South Africa. During November, the mean daily temperature and humidity were 7‒

39 °C and 11‒29%, respectively, with 39.5 mm total rainfall for the month (Table B1, Appendix 

B). Weather data was obtained from Potlake Nature Reserve (PNR) (24°16′25″ S; 29°55′24″ E) 

(Fig. 3.1). 
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Dust removal by rainfall was avoided by completing sample collection two weeks after the first 

non-significant rainfall event (Perini et al., 2017) of the season, which was below 15 mm, the lower 

limit of rainfall that washes off foliar dust and thereby starting a new deposition cycle (Liu et al., 

2012). Low relative humidity during the sampling period posed a limited effect as high humidity 

influences PM size, its retention and deposition (Csavina et al., 2012; Nguyen et al., 2015; Chen 

et al., 2017).  

 

Local geology (Chapter 5, section 5.2.1 and Chapter 6, section 6.2.1), dust sources (e.g. mines, 

smelters, dumps, and roads) (Chapter 4, sections 4.2.1 and Chapter 5, section 5.2.1) and wind 

movements (Chapter 4, sections 4.2.2) are detailed in successive chapters to link such features 

with the specific aims and objectives of the chapters. 

 

 

Figure 3.2. Disturbed and comparatively less disturbed localities in the study region. a. 

Typical mine tailing; b. Argemone ochroleuca growing on a tailing; c. Ozoroa paniculosa 

sampled from the natural chromitite outcrops in the less disturbed mountains. 

Photographs by Mr Dennis Komape. 

Seven sampling sites were selected near prominent Cr-dust emitters, namely mines, tailings, 

informal Cr excavation sites, and natural Cr-enriched chromitite outcrops (Fig. 3.2). Plants (Fig. 

3.2b) collected from highly disturbed localities such as tailings (Fig. 3.2a) looked extremely dusty 

compared to species sampled from natural habitats such as the chromitite outcrops in the 

mountains (Fig. 3.2c). A stratified sampling strategy with an increase in distance from 2 to 20 km 

from the nearest mine was followed. Selected distance zones were < 3 (site 2 and 7), 3‒5 (site 1, 

4 and 8), 5‒15 (site 5) and 15‒20 km (site 3). Site 1 and 2 were less than 4.5 km and site 8 was 

around 12 km from the nearest ferrochrome smelter. All the sampling sites were located near one 

of two main roads (R37 and R555) in the region.  

3.2.2 Sample collection 
 
On first arrival at a study site, care was taken to identify deposition of blackish Cr dust on the 

vegetation. This mining region is primarily inhabited by the Bapedi who use both garden grown 
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and wild harvested plants as immediate and affordable food or medicinal sources (Semenya & 

Potgieter, 2014; Mogale et al., 2019), hence, such species were targeted for this study. All useful 

plant species identified at each site were sampled. Overall, twelve species were sampled, six 

forbs and six trees, and six of these were sampled from home gardens and others from 

rangelands (Table 3.1).  

 

Leaves of full-grown food and medicinal plants recorded on the biocultural plant-use list for 

Sekhukhuneland (Mogale et al., 2019) were sampled randomly. Tree leaves were collected from 

the outer canopy and at a constant height of 1‒2 m from the ground level to ensure homogeneity 

(Liang et al., 2016). Leaves from multiple branches of full-grown forbs were sampled (Speak et 

al., 2012). Mature leaves per species were collected, as full-grown leaves are known to hold 

maximum particles (Nguyen et al., 2015; Popek et al., 2015). Species specific composite samples 

were formed. Sampling and handling thereafter were done with utmost care and according to 

accepted procedures to prevent dust loss from leaves (Chen et al., 2017; Liu et al., 2018). 

Voucher specimens were deposited in A. P. Goossens Herbarium, North-West University, South 

Africa. 

 

Freshly collected unwashed leaves were preserved in two ways. One half was air-dried thoroughly 

and stored in marked brown paper bags while the rest was immediately fixed in 70% ethanol after 

collection. Both dried and fixed samples were stored at room temperature until the analysis. 

Preparation procedures of leaves for SEM-EDS analysis were adopted from past studies (Pathan 

et al., 2009; Ram et al., 2012). For EDS analysis, 0.01 weight percentage (wt%) was determined 

as the lowest element detection limit (Ottelé et al., 2010; Perini et al., 2017). Elemental wt% is 

defined as the elemental mass fraction quantified by the EDS recorded x-ray peaks and 

corresponding intensity generated from an element (Newbury & Ritchie, 2013; Goldstein et al., 

2017). A schematic diagram of leaf preparation and SEM-EDS analysis is 

presented in Figure 3.3.
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Table 3.1. Twelve plant species studied with biocultural use (trees first, followed by forbs). Plant height (mean, m). *Exotic and cvcultivated 

species. Collection site: HG, home garden; RL, rangeland. 

Sampling 

site 

Plant species Family Specimen 

number 

Life form Plant height 

(m) 

Leaf use 

S2 (HG) 

24°31′58.9″ S 

30°08′07.1″ E 

Carica papaya L.*cv Caricaceae PUC0014908 Small tree 

(evergreen) 

6.87 Treatment of tuberculosis, 

sexually transmitted disease 

and skin ailments 

 S3 (HG) 

24°15′39.7″ S 

29°57′20.8″ E 

Citrus limon (L.) Osbeck*cv Rutaceae PUC0014913 Small tree  

(evergreen) 

0.99 Tuberculosis treatment 

S7 (HG) 

24°17′03.8″ S 

29°51′44.3″ E 

Moringa oleifera Lam.*cv Moringaceae PUC0014923 Small tree 

(deciduous) 

4.93 Energy tea, treat diabetes 

mellitus  

S8 (RL)  

24°54′40.2″ S 

30°06′12.6″ E 

Ozoroa paniculosa (Sond.) 

R.Fern. & A.Fern. 

Anacardiaceae PUC0014925 Medium tree 

(evergreen) 

11.76 Mountain tea for general well-

being 

S4 (RL) 

24°17′21.6″ S 

29°51′22.9″ E 

Peltophorum africanum Sond. Fabaceae PUC0014917 Medium tree 

(deciduous) 

8.82 Treat white spots on the face 

(topical use) 

S2 (HG) Psidium guajava L.*cv Myrtaceae PUC0014909 Small tree 

(evergreen) 

4.39 Treat poisoned patients 
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S1 (RL) 

24°31′26.7″ S 

30°07′37.4″ E 

Argemone ochroleuca L.* Papaveraceae PUC0014906 Forb (annual) 0.76 Treat dermal growth (topical 

use) 

S2 (RL) Catharanthus roseus (L.) G. 

Don* 

Apocynaceae PUC0014910 Forb 

(perennial) 

0.53 Leaf use not noted. 

 

S1 (RL) Gomphocarpus fruticosus (L.) 

W.T.Aiton 

Apocynaceae PUC0014907 Forb 

(perennial) 

1.45 Leafy vegetable, treat kidney 

problems, headache 

S3 (HG) Ipomoea batatas (L.) Lam.*cv Convolvulaceae PUC0014914 Forb (annual)  0.19 Leafy vegetable 

S2 (RL) Senna italica Mill. Fabaceae PUC0014911 Forb 

(perennial)  

0.17 Leaf use not noted. 

 

S5 (RL) 

24°15′43.9″ S 

29°50′42.1″ E 

Tribulus terrestris L. Zygophyllaceae PUC0014919 Forb (annual) 0.07 Leafy vegetable 
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3.2.3 SEM-EDS analysis 

 

3.2.3.1 Elemental Cr detection  

Elemental composition analysis of leaf surfaces was conducted to indicate foliar Cr dust 

contamination and obtain the overall wt% of elemental Cr present. For each species, four air-

dried leaves were randomly selected and from each leaf, a few small strips were cut from the 

middle section under a Nikon stereomicroscope. Leaf strips representing either the adaxial or 

abaxial leaf surfaces were mounted on aluminium (Al) specimen stubs with double-sided carbon 

tape. Stubs were then coated with gold/palladium (Au/Pd) (Eiko IB2 ion sputter coater) to analyse 

at 15 kV and 10 mm working distance with an Oxford X-map 20 EDS detector and INCA software 

integrated into an FEI Quanta 250 FEG SEM. 

 
3.2.3.2 Cr particle identification 

To identify individual Cr particle on leaf surfaces, leaves fixed in 70% ethanol were used. Ethanol 

based fixatives are safer compared to other hazardous conventional chemicals (Chieco et al., 

2013). Leaves initially fixed in 70% ethanol were further dehydrated up to 100% ethanol and 

thereafter leaf strips were cut following the air-dried leaf procedure. Leaf strips were then critical 

point dried using CO2 as the transition fluid and then mounted, coated, and analysed with EDS 

as for air-dried leaves. EDS elemental spectrums of randomly chosen particles on adaxial and 

abaxial leaf surfaces were recorded to identify Cr containing ones. 

 
3.2.3.3 Cr particle morphology 
 
Specimen stubs prepared for Cr particle identification (section 3.2.3.2) were further coated with 

carbon (C) (Emscope TB500 C-coater) to improve conductivity for imaging the identified Cr 

particles with the FEI Quanta 250 FEG SEM at 5 kV and a working distance of 10 mm. 

Micrographs were used to determine the size, size distribution and shape of deposited Cr 

particles. 

3.2.3.4 Total dust density 

The same stubs described in section 3.2.3.2 were used to capture images of deposited dust 

particles with SEM. Dust accumulation was determined by counting particles on five randomly 

chosen areas of 200 µm2 on SEM micrographs per leaf surfaces per species and calculating the 

mean and standard deviation (Weerakkody et al., 2018).  

3.2.3.5 Leaf surface micromorphology 

To evaluate the influence of leaf micromorphological features on total dust and Cr particle 

adhesion, SEM images of prepared ethanol fixed leaf (section 3.2.3.2) were studied further in 
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conjunction with the dust analysis results. Epicuticular wax morphology and wax crystalloid 

aggregation patterns were identified from micrographs following the classification by Barthlott et 

al. (1998).  

 

 

Figure 3.3. The schematic diagram of sample preparation and SEM-EDS analysis. 

3.2.3.6 Counts 

ImageJ software (Java image processing program) was used to count and measure (lengths) 

stomata and trichomes on five randomly chosen areas (200 µm2) on micrographs per leaf surface 

per species following methods described by Ottelé et al. (2010). All counts were standardised to 

per mm2, and corresponding means and standard deviations were determined. Cr particles were 

measured following the same procedure. The three PM size fractions quantified in this study were 

fine (PM2.5), coarse (PM10) and large (PM > 10 µm). 

 

3.2.4 Plant morphology 

 
Plant species were categorised based on growth form (i.e. trees and forbs) and canopy shape 

(i.e. oval, round, spreading and umbrella) to study their influence on foliar dust deposition. Plant 



 

50 
 

heights were measures for three individuals per species and corresponding means were 

calculated. 

3.2.5 Leaf macromorphology 

For each plant species, leaf macromorphological details were studied to assess the effect of such 

characteristics on the total dust and Cr particle deposition on leaf surfaces. Accordingly, leaf 

inclination, deciduousness, compound/simple, leaf blade firmness, folding of margin and surface 

flatness was categorised. Species wise leaf blade size (area) was determined by the standard 

formula, LA = GN x GA, where LA is the leaf area (size), GN is the number of grid and GA is the 

area of a grid (Li et al., 2008). The method was repeated for several leaves sampled from more 

than three individuals and corresponding means and standard deviations were calculated per 

species. 

3.2.6 Data analysis 

 
To assess the relationship between the highest Cr wt% and corresponding particle size, Pearson 

correlation coefficient analysis (r) was performed per leaf side. This was aimed to find out if the 

highest Cr amounts are correlated to any specific particle size fraction. Measured plant (plant 

height), leaf macro- (leaf size) and micro- (stomata and trichome size and density) morphological 

traits were analysed using Pearson correlation coefficient to determine their relations with total 

dust density, PM size distribution (fine, coarse, and large), leaf surface Cr wt% and Cr particle 

sizes. To evaluate the effects of non-quantifiable morphological traits, i.e. growth forms (tree and 

forbs) and leaf type (simple and complex) on PM size distribution, leaf surface Cr wt% and Cr 

particle sizes, a non-parametric Kruskal-Wallis test was conducted on such categories. 

Hierarchical Cluster Analysis was performed to group species based on total dust accumulation 

potential (Sæbø et al., 2012). The analysis was aimed to reveal the shared characteristics (Lu et 

al., 2010) of species that may explain total dust accumulation potential per group. A dendrogram 

using the Ward linkage method in conjunction with Euclidean distance was created to visualise 

the cluster analysis result (Lu et al., 2010). Formed clusters are presented with the letter ‘C’ and 

corresponding cluster number in the figure of this study. An ANOVA followed by the post hoc 

multiple comparison test (Tukey’s Honestly Significant Difference, HSD) was conducted on the 

formed groups based on the hierarchical cluster analysis outcomes to see if groups differ 

significantly regarding total dust counts. Finally, the Kruskal-Wallis test was performed to test if 

the two leaf sides differed significantly regarding total dust density, PM size fractions, Cr wt% and 

Cr particle size. Data was standardised when the input contained variables in different units and 

tested for homogeneity. Throughout the result interpretation, statistical significance was 

considered at p<0.05. Statistica version 7 was used for Pearson correlation analysis and IBM 

SPSS version 27 was used for ANOVA, Hierarchical cluster analysis and Kruskal-Wallis test. 
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3.3 Results 

 
3.3.1 Foliar Cr detection 
 
EDS analysis of air-dried leaves indicated Cr in foliar dust for eight out of twelve plant species. 

Other frequently detected elements (i.e. Al, Calcium (Ca), Iron (Fe), Magnesium (Mg), Potassium 

(K), Silicon (Si) and Sulphur (S)) are listed in Table 3.2. Detected Cr ranged between 0.07‒1.56 

and 0.09‒0.28 wt% on the adaxial (Ad) and abaxial (Ab) surfaces, respectively. The highest Cr 

wt% per species were recorded in the following descending order: C. papaya (1.56 wt%, Ad) > P. 

africanum (0.28, Ab) > A. ochroleuca (0.21, Ad) > G. fruticosus (0.17, Ab) > M. oleifera (0.16, Ab) 

> P. guajava (0.15, Ab) > C. roseus (0.14, Ad) > O. paniculosa (0.13, Ad). C. papaya had the 

highest elemental values for multiple elements (Si > Fe > Cr > Al) on the adaxial surface. A similar 

group of elements (Si > Fe > Al) had the highest wt% values on the abaxial leaf surface of I. 

batatas. The highest wt% of Ca, Mg and S on both leaf surfaces were determined in T. terrestris, 

P. guajava and A. ochroleuca, respectively, while the highest K wt% vales were observed for G. 

fruticosus (Ad) and I. batatas (Ab).  
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Table 3.2. Major elements detected on air-dried leaf surfaces (wt%, trees first, followed by forbs). Highest values per element per leaf surface 

are in bold. Ad, adaxial; Ab, abaxial; nd, not detected (below the EDS detection limit, 0.01 wt%). 

Elements Cr Fe Al Si Ca Mg K S 

C. limon Ad nd 0.19 0.1 0.39 0.47 0.29 0.79 0.14 

Ab nd nd nd 0.23 0.41 0.3 0.68 nd 

C. papaya Ad 1.56 2.12 0.41 2.82 0.55 3.21 1.82 0.54 

Ab nd nd nd 0.31 1.5 1.84 2.11 0.49 

M. oleifera Ad nd nd nd 0.21 1.43 4.47 0.8 0.19 

Ab 0.16 0.22 0.14 0.38 1.07 3.37 0.81 0.19 

O. paniculosa Ad 0.13 nd nd 0.18 nd 2.71 0.1 nd 

Ab nd nd nd 0.13 nd nd 0.4 0.11 

P. africanum Ad 0.11 0.3 0.21 0.56 0.86 0.49 0.14 0.15 

Ab 0.28 0.4 0.3 0.8 0.89 2.03 0.25 nd 

P. guajava Ad 0.07 0.19 0.09 0.28 0.1 6.86 nd nd 

Ab 0.15 0.3 0.18 0.62 0.28 6.4 0.35 0.08 

A. ochroleuca Ad 0.21 0.37 0.26 0.75 0.21 4.68 1.36 1.25 

Ab 0.09 0.17 0.13 0.42 0.12 4.01 1.47 0.94 

G. fruticosus Ad 0.11 0.35 0.14 0.42 0.41 4.46 2.57 0.14 

Ab 0.17 0.27 nd 0.41 0.59 2.45 1.85 0.15 

C. roseus Ad 0.14 0.36 0.17  0.58 0.6 4.09 0.24 nd 

Ab 0.12 0.32 0.12 0.31 0.44 3.98 0.47 nd 

I. batatas Ad nd 0.47 0.27 1.58 0.19 1.75 2.03 0.15 
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Ab nd 0.78 0.32 1.98 nd 1.54 2.3 0.12 

S. italica Ad nd nd nd 0.14 0.61 0.67 1.58 0.16 

Ab nd nd nd 0.23 0.72 0.68 1.37 0.09 

T. terrestris Ad nd nd 0.08 0.24 2.69 1.51 1.15 0.38 

Ab nd nd nd 0.11 3.31 0.88 1.23 0.46 
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3.3.2 Cr particles  
 
3.3.2.1 Cr particle identification 

EDS elemental analysis of randomly chosen dust on ethanol fixed leaf surfaces identified Cr 

containing particles and recorded their most abundant accompanying elements (Table 3.3). Cr 

amounts in particles ranged between 0.2 to 23.17 wt%. Cr particles with the highest Cr wt% were 

detected in C. roseus (Ad, 23.17; Ab, 13.72), M. oleifera (Ab, 23.07) and A. ochroleuca (Ad, 20.8; 

Ab, 18.87). The highest wt% values of the other elements were Fe (21.86) > Si (15.42) > Mg 

(6.86) > Ca (5.67) > Al (4.83) > K (2.13) > Ti (0.88). Fe, Si, Al and Ca were detected in all Cr 

particles, while Mg and K in > 50% and Ti in < 50% of identified Cr particles.  

 

Some of the largest Cr-containing particles were detected on C. papaya, M. oleifera and P. 

guajava, and the smallest on C. roseus and G. fruticosus (Table 3.3). Cr values in the largest 

(81.16 µm) and smallest (1.87 µm) particle were 13.46 and 13.73 wt%, respectively (Table 3). 

Pearson correlation coefficient analysis did not yield any significant relationship between Cr wt% 

and the corresponding size of Cr-containing particles for adaxial or abaxial surfaces.  
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Table 3.3. EDS elemental composition of Cr-containing particles (with highest detected Cr wt%) and corresponding particle sizes. Highest 

values per leaf surface per species are in bold. Ad, adaxial; Ab, abaxial; nd, not detected (below the EDS detection limit, 0.01 wt%). 

Elements Cr Fe Al Si Ti Ca Mg K Largest particle (µm) 

C. papaya Ad 13.46 10.13 3.84 3.46 0.19 0.7 3.21 0.27 81.16 

Ab 0.21 11.41 0.9 15.42 nd nd 1.84 2.13 30.89 

M. oleifera Ad 0.49 5.4 2.49 9.11 0.36 2.19 4.47 0.49 25.85 

Ab 23.03 16.03 4.28 0.96 0.31 0.2 3.37 0.57 15.37 

P. guajava Ad 0.4 10.39 3.12 7.08 0.88 0.1 6.86 0.29 8.64 

Ab 1.78 2.29 2.1 5.66 nd 5.67 6.4 0.6 20.89 

O. paniculosa Ad 0.2 2.96 1.11 4.56 nd 3.21 2.71 0.57 6.02 

Ab 0.75 1.53 0.77 1.09 0.12 0.17 nd 0.23 14.77 

C. roseus Ad 23.17 15.68 4.83 1.35 0.32 1.04 4.09 nd 12.39 

Ab 13.72 10.04 4.3 0.45 nd 0.28 3.98 nd 1.87 

A. ochroleuca Ad 20.8 13.21 3.93 3.96 nd 0.87 4.68 nd 6.79 

Ab 18.87 11.37 3.45 1.39 nd 1.29 4.01 0.28 7.53 

P. africanum Ad 5.39 21.86 0.79 2.6 nd 0.96 0.49 0.38 4.29 

Ab 14.9 10.39 2.97 1.12 nd 1.36 2.03 0.2 6.58 

G. fruticosus Ad 1.47 3.39 0.81 6.04 nd 2.06 4.46 0.44 3.8 

Ab 9.52 6.39 2.18 1.48 0.18 1.91 2.45 0.36 1.89 
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3.3.2.2 Morphology of Cr particles 

Cr particles varied in shape and were generally angular and irregular (Fig. 3.4). Such particles 

were seen deposited singly and as an agglomeration (agglomeration is the collection of small 

diameter solid particles into larger ones), for example, in C. roseus (photo not provided). Identified 

Cr particles were observed on various leaf surface micromorphological structures such as 

epicuticular wax (C. papaya, Fig. 3.4a, M. oleifera, P. africanum, P. guajava), prominent leaf veins 

(O. paniculosa, Fig. 3.4b), stomata especially on the stoma aperture of C. roseus and guard cells 

in A. ochroleuca (Fig. 3.4c), and on the furrows and ridges created by the convex epidermal cell 

outlines (C. papaya, G. fruticosus, Fig. 3.4d, M. oleifera, P. africanum). In many species, Cr 

particles smaller than stoma aperture were observed (A. ochroleuca, Fig. 3.4c, C. roseus).  
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Figure 3.4. Selected micrographs of identified Cr particles on plant leaf surfaces (trees first 

followed by forbs). a. Large irregular and angular shaped particle on dense adaxial wax 

platelets of Carica papaya; b. particle on the abaxial vein of Ozoroa paniculosa; c. particle 

lodged on guard cell on the adaxial surface of Argemone ochroleuca; d. deposited particle 

on the rough adaxial leaf surface created by the convex epidermal cell outlines of 

Gomphocarpus fruticosus. ‘Spectrum’ indicates particles randomly selected for EDS 

elemental analysis to identify Cr-containing particles.   

 
Measured Cr particles ranged between 1.87 (in C. roseus) to 81.16 µm (in C. papaya) (Table 3.3) 

belonging to all three PM size fractions. Cr was found on 40 and 43% of randomly analysed 

particles on adaxial and abaxial surfaces, respectively. Identified Cr particle on the adaxial and 

abaxial surfaces of all the species showed an abundance of PM10 (53%) and > 10 µm particles 

(38%).  
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3.3.3 Total dust accumulation  
 

All three PM size fractions were encountered on leaf surfaces. Particles larger than 10 µm were 

the least encountered on both leaf surfaces, whereas PM2.5 and PM10 accounted for 93% of the 

total deposition with almost equal contributions. Dust density ranged between 226‒4470 particles 

mm‒2. Plant species showed variation regarding total dust density (Table 3.4). Cluster analysis 

classified dust density into three species clusters (Fig. 3.5a): low (200‒900 particles mm‒2), 

moderate (901‒3000 particles mm‒2) and high (3001‒5000 particles mm‒2) (Fig. 3.5b). A follow-

up ANOVA analysis (Table B2, Appendix B) on the three groups of species (low, moderate and 

high total dust density) created after cluster analysis, indicated a significant difference in means 

between group 1 and 2 (p<0.001), 1 and 3 (p<0.001) and 2 and 3 (p<0.05) (Fig. 3.5c).  
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Figure 3.5. Total dust accumulation by plant species. a. Cluster dendrogram featuring three 

leaf dust density clusters; C1, low: 200‒900 particles mm‒2; C2, moderate: 901‒3000 

particles mm‒2; C3, high: 3001‒5000 particles mm‒2; b. plant species within each dust 

density cluster (mean counts); c. significant difference in mean values among the three 

dust density clusters (low, moderate and high total dust counts); different letters indicate 

significant difference (p<0.05). Arg och = Argemone ochroleuca, Car pap = Carica papaya; 

Cat ros = Catharanthus roseus, Cit lim = Citrus limon, Gom fru = Gomphocarpus 

fruticosus, Ipo bat = Ipomoea batatas, Mor ole = Moringa oleifera, Ozo pan = Ozoroa 

paniculosa, Pel afr = Peltophorum africanum, Psi gua = Psidium guajava, Sen ita = Senna 

italica, Tri ter = Tribulus terrestris.  

 
3.3.4 Plant morphology 

 

3.3.4.1 Plant height and habit 

Considerable height variations within the tree (0.99‒11.8 m) and forb (0.07‒0.76 m) categories 

were noted (Table 3.1). Pearson correlation produced significant relation between plant height 
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and size of Cr particles detected on the abaxial surface (p<0.05). This indicated larger Cr particles 

on the abaxial leaf surfaces of taller species than shorter plants. Kruskal-Wallis test between the 

two growth forms also presented similar results with significantly larger Cr particles (p<0.05) on 

the abaxial leaf surfaces of trees (2‒12 m) than that of forbs (< 2 m) (Fig. 3.6) (Table B3, Appendix 

B). Trees had some of the highest (P. guajava > O. paniculosa) and lowest (C. papaya < C. limon) 

total dust counts. Except for S. italica which had the lowest total dust density, all forbs had 

moderate to high total dust densities. 

 

 

Figure 3.6. Significant difference in Cr particle size on the abaxial leaf surface between the 

growth forms. Whiskers represent the largest and smallest sizes. Significant difference at 

p<0.05. CrD, Cr particle size (µm). 

Four evergreen and two deciduous tree species (Table 3.1) were sampled to account for the effect 

of protracted and short exposure period on dust deposition. Both evergreen (P. guajava and O. 

paniculosa) and deciduous (M. oleifera) species had some of the highest total dust counts (Table 

3.4). Likewise, the highest Cr wt% values were observed for both evergreen (C. papaya), and 

deciduous (P. africanum) species (Table 3.2). 

3.3.4.2 Tree canopy  

Four types of tree canopy shapes, i.e. oval, round, spreading and umbrella were observed for the 

six species (Fig. 3.7) based on the categorisation described in literature (Jiménez et al., 2014; 

Joshi & Joshi, 2014; Othman et al., 2015). An oval canopy shape created by almost vertical 

branches was observed for M. oleifera that had moderate values for both total dust counts and 

Cr wt%. A round canopy shape was noted for C. limon and P. africanum with compact branching 

and dense leaves that had comparatively low total dust counts and below detection limit Cr wt% 

on C. limon but the highest abaxial Cr wt% on the latter. High total dust densities and moderate 
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Cr wt% values were determined for O. paniculosa and P. guajava that had spreading canopy 

shapes formed by mostly horizontal branches. A distinct umbrella-like tree shape with few 

branches and leaves was seen for C. papaya that had second-lowest total dust counts but the 

highest adaxial Cr wt%.  

 

 

Figure 3.7. Tree canopy shapes observed for sampled species. a. Oval (Moringa oleifera); 

b. round (Citrus limon; Peltophorum africanum ‒ in the photo); c. spreading (Ozoroa 

paniculosa; Psidium guajava – in the photo); d. umbrella (C. papaya). Photographs by Mr 

Dennis Komape. 

3.3.5 Foliar morphology 

 

3.3.5.1 Macromorphology 

Leaves showed variation in macromorphology (Table 3.4). Leaf area ranged from 3.5 to 669.7 

cm2 and the pinnae of compound leaves were 0.1‒1.07 cm2. Pearson correlation coefficient 

analysis detected significant positive relation between leaf area to Cr wt% (r = 0.987, p<0.001), 

Cr particle size (r = 0.8691, p<0.001) and coarse PM size fraction (r = 0.6256, p<0.05) for the 

adaxial leaf side (Table 3.5). For the abaxial surface, leaf area was positively correlated to Cr 

particle size (r = 0.6837, p<0.05). Kruskal-Wallis test performed for simple/compound leaf 

categories for each leaf surface (Table B4, Appendix B) and between the adaxial and abaxial leaf 

surface (Table B5, Appendix B) did not produce any significant difference in terms of foliar Cr 

wt%, Cr particle size, total dust or PM size fractions.  

 

In general, leaf inclination less than right angles (< 90°) was frequently noted and had higher total 

dust density than the drooping mature leaves (> 90°) as seen for C. papaya and almost vertically 

aligned leaves of S. italica. Concave leaf blades (arced to the inside) were a common feature that 

showed greater dust accumulation than the flat leaves of S. italica. Lamina firmness and texture 

varied among species (Table 3.4). Thick leaves of A. ochroleuca, C. limon, C. papaya and S. 

italica had moderate to low total dust densities. Species with upward folded margins had moderate 

(A. ochroleuca) to high (P. guajava) dust density. Other than C. limon, C. roseus, G. fruticosus, I. 

batatas and M. oleifera that had almost uniform dust coverage, accumulation of dust was mainly 
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visible on distinct roughness features such as veins and epidermal grooves and furrows on both 

leaf surfaces of most species (Table 3.4).  
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Table 3.4. Leaf macromorphology and observed dust deposition patterns. Leaf size, cm2, mean ± SD; total dust density, mean (particle 

number combining the two surfaces, per mm2). 

Leaf type 

 

Plant species Leaf size 

(cm2) 

Total dust 

density (mm‒2) 

Inclination, leaf blade Field observations on foliar dust 

deposition 

Simple A. ochroleuca 9.17±6.8 952 ≤ 90°, concave, narrowly 

lanceolate, margin lobbed and 

folded upward, prickles on margin 

and veins, tough, firm, thick 

Dust accumulated in the middle of 

the cup-shaped blade and on 

prominent veins 

 C. limon 11.31±2.3 598 ≤ 90°, concave, oblong to elliptic-

ovate, smooth, firm, thick 

Leaves without much visible dust 

deposition and mostly as uniform 

layers 

 C. papaya 669.68±184.7 520 ~ 90°, concave, palmate, rough, 

firm, thick 

Distinct dust deposition on the 

epidermal grooves and deep veins 

 

 C. roseus 4.91±2.2 1796 ≤ 90°, concave, elliptical to 

obovate, smooth, firm 

Uniform dust layers that sometimes 

concentrate on the veins 

 G. fruticosus 3.47±1.2 4470 ≤ 45°, concave, narrowly linear to 

elliptical, sticky, moderately firm 

Sticky leaves were almost uniformly 

covered with dust 

 I. batatas 3.32±1.8 3334 ~ 90°, concave, palmate, rough, 

firm 

Almost uniformly dusty 

 O. paniculosa 4.08±1 3080 ≤ 90°, concave, elliptic to elliptic-

oblong, margin wavy, rough, firm 

Dusty with more deposition on the 

veins and wavy margin 
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 P. guajava 23.9±16.5 3716 ≤ 90°, concave, elliptical to oblong, 

margins folded upwards, rough, 

firm 

Dusty with more accumulation on 

deep veins 

Compound M. oleifera 0.81±0.3 1196 ≤ 45°, concave to flat, tripinnate, 

elliptical to obovate, slightly rough, 

moderately firm 

Almost uniformly dusty 

 P. africanum 0.2±0.2 734 ≤ 90°, slightly concave, paripinnate, 

oblong or linear-oblong, rough, firm 

Dust on veins, margins, and hairy 

underside 

 S. italica 1.07±0.3 226 Almost vertical, flat, bipinnate, 

leaflets oblong-obovate, firm, thick 

Vertically aligned leaves looked 

slightly dusty 

 T. terrestris 0.1±0.02 1552 ~ 90°, concave, paripinnate, ovate 

to elliptic-oblong, rough, 

moderately firm 

Dust deposition on veins, hairy 

underside and margins 
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Table 3.5. Pearson correlation coefficient values for plant morphology (plant height), leaf macro- (leaf area) and micromorphological (stomata 

and trichome size and density) traits. Significant values are in bold. Ad, adaxial; Ab, abaxial. Significance, * = p<0.05; ** = p<0.01; *** = 

p<0.001.  

Variable Cr wt% Cr particle size Total dust density PM2.5 (fine) PM10 (coarse) PM > 10 µm (large) 

Ad Ab Ad Ab Ad Ab Ad Ab Ad Ab Ad Ab 

Plant 

height 

0.3103 

 

0.2271 

 

0.3646 0.6937* 0.2260 ‒0.190 ‒0.0470 

 

0.4305 

 

‒0.0410 

 

‒0.4431 

 

0.3291 

 

‒0.0580 

 

             

Leaf area 0.987** ‒0.2717 0.8691** 0.6837* ‒0.2386 ‒0.2835 ‒0.5618 ‒0.1661 0.6256* 0.377 ‒0.2396 ‒0.2994 

             

Stomata 

size 

‒0.2404 0.5373 ‒0.4042 ‒0.1471 0.0969 0.2583 0.1386 ‒0.6696* 0.1314 0.5153 0.0034 0.3617 

Stomata 

density 

‒0.2808 0.1008 ‒0.4634 0.4075 ‒0.1425 0.037 0.0001 0.0011 ‒0.2088 ‒0.058 0.1078 0.0886 

Trichome 

size 

‒0.2971 0.0206 ‒0.1172 ‒0.1929 0.5865* ‒0.0562 0.2283 ‒0.1101 ‒0.3438 ‒0.115 0.4324 0.3716 

Trichome 

density 

‒0.3155 ‒0.239 0.0595 0.1736 0.0751 ‒0.0567 ‒0.1358 ‒0.5295 0.0603 ‒0.5055 0.2824 ‒0.133 
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3.3.5.2 Micromorphology 

SEM micrographs captured diverse micro-morphological details of adaxial (Fig. 3.8) and abaxial 

(Fig. 3.9) leaf surfaces as summarized in Table 3.6 and 3.7. Convex epidermal cell outlines were 

observed frequently that created prominent surface roughness with formed furrows and grooves. 

Such foliar surface roughness was particularly prominent on both leaf surfaces of A. ochroleuca, 

C. papaya, M. oleifera, S. italica and abaxial surface of P. africanum (Figs. 3.8 and 3.9). O. 

paniculosa had tabular epidermal cell outlines on the adaxial surface with distinct edges that 

created roughness (Fig. 3.8d). Protruding veins were noted on both leaf surfaces of several 

species (Table 3.6). SEM images captured high concentrations of accumulated dust on or near 

the abaxial veins in C. limon, C. papaya (Fig. 3.9a) and C. roseus (Fig. 3.9h) and on the adaxial 

veins of P. guajava (Fig. 3.8f). Dust deposition was observed on the epidermal glands on both 

surfaces of I. batatas (Figs. 3.8j and 3.9j). 

 

Stomata size (length) ranged between 5.39 (S. italica, Ad) to 22.54 µm (A. ochroleuca, Ab). 

Stomata density range was much greater on the abaxial (6‒146 mm‒2) than the adaxial (5‒47 

mm‒2) leaf side. G. fruticosus had the lowest (adaxial surface) and P. guajava the highest stomata 

density (abaxial surface). Stomata remained obscured on O. paniculosa due to wax and a thick 

layer of trichomes on the adaxial and abaxial leaf surfaces, respectively. Dust deposition on stoma 

aperture (C. roseus, Figs. 3.8h and 3.9h; I .batatas, Fig. 3.8j), around and on the guard cells (A. 

ochroleuca, 3.8g; I .batatas, Fig. 3.8j; G. fruticosus, Fig. 3.9i), on the cuticular ledge around the 

stomata (C. limon; C. roseus; P. guajava, Fig. 3.9f), near the sunken stomata (M. oleifera, Fig. 

3.9c; P. africanum), and dust blocked stomata (Figs. 3.8l and 3.9b) were observed. Of the 

identified Cr particles, 88% were within the stomata size range (6.61‒22.54 µm) of the eight 

species with detected Cr. Pearson correlation coefficient analysis indicated a significant negative 

relation between stomata size and fine PM number (p<0.05) (Table 3.5). 

 

Most species had non-glandular trichomes. Both glandular and non-glandular trichomes were 

observed on adaxial and abaxial leaf surfaces of O. paniculosa (Figs. 3.8d and 3.9d) while G. 

fruticosus had only glandular trichomes on both leaf surfaces (Fig. 3.8i). The length and density 

of trichomes occurred in the range 60.24‒708.69 µm and 2.6‒484 mm‒2, respectively. Like 

stomata, the highest trichome length and density values were determined for the abaxial leaf 

surfaces. Glandular and non-glandular trichomes were imaged with accumulated dust at their 

bases (for example, P. guajava, Fig. 3.9f) and on surfaces such as for M. oleifera (Fig. 3.8c), P. 

africanum (Fig. 3.9e), P. guajava (Fig. 3.9f) and T. terrestris (Fig. 3.9l). Smaller particles were 

observed on trichome surfaces. Trichome size had a significant positive correlation with the 

adaxial total dust density (p<0.05) (Table 3.5).  
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Epicuticular wax layers with various wax crystalloid morphologies and aggregation patterns were 

observed (Table 3.6). Among the different wax structures, smooth wax films (C. roseus, I. batatas) 

or wax films with plates (C. limon, G. fruticosus, O. paniculosa) and granules (P. guajava) were 

common among the species. Densely packed wax plates (P. africanum, S. italica), platelets (C. 

papaya, M. oleifera) and threads (A. ochroleuca) were also observed. Degraded wax structures 

were visible on SEM images of leaves of C. papaya, M. oleifera, P. africanum and S. italica. T. 

terrestris showed no distinct morphological wax structures but it had prominent cuticular folds on 

epidermal cells as similarly seen on C. roseus and I. batatas. Epicuticular wax structures were 

observed with dust particles of various sizes (Figs. 3.8 and 3.9). Dust accumulation was observed 

on cuticular folds near stomata (G. fruticosus; I. batatas, Fig. 3.8j; T. terrestris) and cuticular ledge 

around stomata (C. limon, C. roseus, P. guajava). On P. africanum, wax-

covered stomata were observed on the abaxial surface.
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Table 3.6. Structural details of epicuticular wax and prominent leaf surface micromorphology in the following order: epidermal cell shape, 

veins, cuticle, epiedermal glands, stomata and trichomes. Ad, adaxial; Ab, abaxial; NOB, not observed. 

Plant species Epicuticular wax crystalloid morphology and 

aggregation patterns 

Prominent micromorphological features 

Ad Ab 

C. limon Wax films with parallel 

plates 

Wax films with parallel 

plates 

Convex (Ad, Ab), deep veins (Ad, Ab), stomata with a cuticular ledge (Ab) 

C. papaya Very dense non-entire 

platelets 

Very dense rosette of 

platelets 

Convex forming distinct epidermal ridges and grooves (Ad, Ab), deep veins (Ad, 

Ab) 

M. oleifera Very dense rosette of 

platelets 

Very dense rosette of 

platelets 

Convex with deep epidermal ridges and grooves, sunken stomata (Ab), sparsely 

hairy (Ad) 

O. paniculosa Wax films with plates Wax films Tabular or flat with distinct edges (Ad) and convex (Ab) forming ridges and 

grooves, prominent veins (Ad, Ab), sparsely hairy (Ad), puberulous (Ab) 

P. africanum Plates Plates Convex forming epidermal ridges and grooves, sunken stomata (Ad, Ab), 

sparsely (Ad) and moderately (Ab) hairy 

P. guajava Wax films with 

granules 

Wax films with dense 

granules 

Convex with prominent grooves and ridges (Ad, Ab), deep veins (Ad, Ab); 

cuticular ledge around stomata (Ab), sparsely (Ad) and moderately (Ab) hairy 

A. ochroleuca Very dense threads Very dense threads Convex with deep epidermal ridges and grooves, prominent veins (Ad, Ab) 

C. roseus Wax films Wax films Convex, distinct epidermal ridged and grooves, deep veins (Ad, Ab), prominent 

cuticular folds, stomata with a cuticular ledge (Ad, Ab) 

G. fruticosus Wax films with plates Wax films with dense 

plates 

Convex creating ridges and grooves (Ad, Ab), cuticular folds around stomata 

(Ad), sparsely hairy (Ad, Ab) 
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I. batatas Wax films Wax films Convex forming deep grooves and ridges, distinct cuticular folds, epidermal 

glands (Ad, Ab) 

S. italica Very dense plates Very dense rosette of 

platelets 

Convex, deep epidermal ridged and grooves, sparsely (Ad) and moderately hairy 

(Ab)  

T. terrestris NOB NOB Convex creating deep grooves and ridges, cuticular folds around stomata and on 

epidermal cells (Ad, Ab), sparsely hairy (Ad), very long hairs (Ab) 
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Figure 3.8. SEM images of adaxial leaf surface micromorphology with deposited dust. 

Trees first followed by forbs. a. Carica papaya, dust (arrowed) on the convex epidermal 

cells with dense wax platelets; b. Citrus limon, convex epidermal cells with wax plates and 

deposited dust; c. Moringa oleifera, dense epicuticular wax on the convex epidermal cells, 

dust on trichome (arrowed); d. Ozoroa paniculosa, tabular epidermal cells, glandular 

trichome; e. Peltophorum africanum, convex epidermal cells, trichomes; f. Psidium 

guajava, distinct vein (arrowed) and trichome bases collecting dust; g. Argemone 

ochroleuca, dust deposition on epicuticular wax threads and around the stoma (arrowed); 

h. Catharanthus roseus, deposited particles on convex epidermal cells, stoma and guard 

cells; i. Gomphocarpus fruticosus, glandular trichome and deposited dust; j. Ipomoea 

batatas, prominent cuticular folds with dust (arrowed), dust on stoma aperture; k. Senna 

italica, convex epidermal cells, dense wax plates and trichome; l. Tribulus terrestris, 

convex epidermal cells with deposited dust and formed particle agglomeration on stoma 

(arrowed).  
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Figure 3.9. SEM micrographs of abaxial leaf surface micromorphology with deposited dust. 

Trees first followed by forbs. a. Carica papaya, surface roughness due to epidermal cell 

convexity, dust on vein; b. Citrus limon, a cuticular ledge around stomata and particle 

agglomeration; c. Moringa oleifera, sunken stoma (arrowed), epidermal cell convexity 

created deep ridges and grooves with dust; d. Ozoroa paniculosa, puberulous surface with 

dust on vein; glandular (arrowed) and non-glandular trichomes; e. Peltophorum africanum, 

dense wax on convex epidermal cells, trichomes with dust; f. Psidium guajava, cuticular 

ledge around stomata, deposited dust (arrowed), dust on trichome; g. Argemone 

ochroleuca, epicuticular wax threads, stomata, deposited dust particles (arrowed); h. 

Catharanthus roseus, distinct vein with dust (arrowed), and cuticular ledge around 

stomata; i. Gomphocarpus fruticosus, accumulation of particles on the guard cells, dust 

on epidermal cells; j. Ipomoea batatas, dust deposition on prominent cuticular wax folds 

and epidermal glands (arrowed); k. Senna italica, stoma, dense epicuticular wax plates, 

dust (arrowed). l. Tribulus terrestris, dust on convex epidermal cell outlines, trichomes 

with dust (arrowed). 
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Table 3.7. Stoma and trichome features. Size (length, µm), mean ± SD; density (per mm2), mean ± SD. a, Confirmed as absent; ×not observed 

due to wax; ××not detected due to puberulous surface. Ad, adaxial; Ab, abaxial. 

Plant Species Stomata Trichome 

Size (µm) Density (mm‒2) Size (µm) Density (mm‒2) 

Ad Ab Ad Ab Ad Ab Ad Ab 

C. limon a 4.63±0.8 a 81±20.1 a a a a 

C. papaya a 6.61±1.46 a 68±14.8 a a a a 

M. oleifera a 7.29±3.3 a 32±8.4 81.51±17.7 a 13±5.7 a 

O. paniculosa × ×× × ×× 218.9±72.7 118.96±14.5 2.6±0.5 484±77.9 

P. africanum 14.06± 1.7 12.9±2.7 9±6.5 26±11.4 152.6±19.9 316.87±67.7 9±4.2 33±2.7 

P. guajava a 8.05±2.1 a 146±37.2 171.75±31.7 188.41±28.8 8±4.5 18±5.7 

G. fruticosus 18.59±1.7 14.98±2.3 5±3.5 6±2.2 72.13±47.3 101.93±31.6 8±2.7 4±2.2 

A. ochroleuca 15.45±0.7 22.54±2.9 15±5 15±6.1 a a a a 

C. roseus 8.95±1.7 8.35±1.5 14±8.9 103±9.7 a a a a 

I. batatas 13.39±2.7 15.06±1.6 22±7.6 45±7.9 a a a a 

S. italica 5.39± 1.2 6.38±1.8 16±5.5 11±8.9 60,24±13,7 45.54±14.9 7±2.7 12±2.7 

T. terrestris 6.12±0.5 5.79±1.3 47±16.4 13±2.7 116.85±40.1 708.69±210.5 4±2.2 12±2.7 

         

Range  5.39‒18.59 4.63‒22.54 5‒47 6‒146 60.24‒218.9 45.54‒708.69 2.6‒13 4‒484 
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3.4 Discussion 
 

3.4.1 Foliar dust deposition 
 
Around 43% of randomly analysed particles on all species contained Cr in this study, which was 

an important finding considering the frequency of the metal in dust particles of mining-smelting 

areas in Sekhukhuneland. Species specific variation in leaf elemental composition as observed 

in this study corroborated results reported on traffic exposed plant leaves (Tomasević et al., 2005; 

Castanheiro et al., 2020). The abundance of Fe, Al, Si and Mg in Cr particles resembles chromite 

mineralogy and the elemental composition of ferrochrome smelter dust (Tshehla & Djolov, 2018). 

As the elemental composition of dust particles found on plants, especially leaves, indicates air 

pollution (Perini et al., 2017; Castanheiro et al., 2020), findings from the present study, showing 

similarity in the chemical composition of leaf surfaces and deposited PM, signify atmospheric Cr 

particle contamination of plant leaves. Further source identification of Cr particles deposited on 

leaf surfaces may point out polluters that contribute the most. 

 

Olowoyo et al. (2010) reported variation in deposited traffic dust sizes on Jacaranda mimosifolia 

leaves from polluted areas in South Africa. In the present study, Cr particle size varies as noted 

by Castanheiro et al. (2020) for deposited traffic emitted particles on different plant leaves. 

Variation in Cr particle shape and agglomeration of such particles matched such occurrence 

reported for traffic dust (Ottelé et al., 2010; Sternberg et al., 2010; Castanheiro et al., 2020).  

 

In the present study, fine, coarse, and large Cr particles were observed with 91% contribution 

from PM2.5 (fine) and PM10 (coarse) (PM10 > PM2.5) fractions.  A higher number of foliar PM10 could 

be explained by the abundance of this PM size fraction that exceeded WHO annual guidelines of 

20 µg m‒3 in the regional air mass in Sekhukhuneland (Tshehla & Djolov, 2018). A simulated rain 

experiment by Perini et al. (2017) suggested that precipitation is unlikely to wash away PM10 from 

waxy leaves. In this regard, the effect of the domestic washing procedure of plant leaves practiced 

in the region could be investigated to find out the effectiveness of washing with water. 

 

A weak correlation between Cr wt% and corresponding particle size in the present study 

suggested possible hazard potential linked to all Cr PM size fractions from mining and smelting 

areas. The hazard potential of PM predominantly depends on its size that generally affects its 

chemistry (Csavina et al., 2012; Sæbø et al., 2012). For example, in the air mass over the BIC in 

South Africa, the most hazardous Cr(VI) (hexavalent Cr, the highest oxidation form of Cr) is 

frequently found in PM2.5 but also PM10 (Venter et al., 2016). Detection of Cr in both PM2.5 and 

PM10 in the present study, therefore, requires elaborate investigation in terms of the presence of 

Cr(VI).  
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Total dust counts on investigated leaves had a similar size distribution with PM < 10 µm as the 

most abundant dust size where PM2.5 counts exceeded PM10. These two PM size fractions are 

regarded as more hazardous to human health than PM > 10 µm (Zha et al., 2019). Similar 

observations were frequently reported in previous studies with higher concentrations of the 

above-mentioned PM size fractions on plant leaves from polluted environments (Ottelé et al., 

2010; Zha et al., 2019). A low number of > 10 µm PM on leaf surfaces of the studied species 

could be due to easy removal of these particles by meteorological influences, e.g. wind and rain 

(Dzierżanowski et al., 2011; Perini et al., 2017). As PM2.5 are mostly emitted by human activities 

(Ottlé et al., 2010; Sternberg et al., 2010), determination of ~ 47% of the total dust particles from 

this size fraction in this study might indicate substantial anthropogenic contributions towards dust 

pollution of useful plant leaves in Sekhukhuneland. 

 
3.4.2 Influence of plant traits  
 
Plant species showed variation in detected foliar Cr wt%, Cr particle size and total dust density 

based on plant morphology. Plant height enhanced deposition of larger Cr dust on the abaxial 

surface that can be explained by the fact that plant tallness creates air turbulence (Tallis et al., 

2011) that may lead to greater impaction linked aerial PM deposition of varied sizes on the abaxial 

leaf surface (Ram et al., 2012). This further explains the presence of larger particles on the abaxial 

leaf surfaces of trees due to advantageous height. 

 

Lower dust counts for dense rounded canopies of C. limon and P. africanum can be ascribed to 

thick foliage that hinders air passage and dust deposition thereafter (Wu et al., 2018). This further 

explains a higher dust deposition on spreading tree shapes of O. paniculosa and P. guajava as a 

result of easy airflow through such canopy structure. The oval canopy of M. oleifera with near-

vertical branches could have restricted wind movement as similarly noted for conical tree shape 

in city traffic polluted area (Ram et al., 2012). The umbrella-like simple construction of C. papaya 

(Jiménez et al., 2014) without branch complexity and a low number of leaves may have limited 

available canopy area for dust particle deposition (Nguyen et al., 2015). 

 

Among macromorphological traits, simple and compound leaves had comparable dust 

accumulation capacity in terms of Cr particles and total dust. Past reports noted dust collection 

efficiency by simple (El-Khatib et al., 2011) and compound leaved species (Olowoyo et al., 2010). 

In the present study, larger leaves showed a greater probability of Cr particle deposition that 

conformed with past reports suggesting broad leaves as suitable dust particle collectors (Mo et 

al., 2015; Nguyen et al., 2015; Shi et al., 2016). For the trees with the highest Cr wt%, the 

evergreen leaves of C. papaya exposed to atmospheric dust throughout the year and compound 

leaves of P. africanum and M. oleifera with large cumulative leaf surfaces may have improved Cr 
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dust accumulation. Various evergreen (Perini et al., 2017) and compound leaved tree species 

(Olowoyo et al., 2010) were reported as suitable urban dust accumulators. The evergreen leaves 

of P. guajava and O. paniculosa might have a similar effect with regards to high total dust counts. 

Bigger leaves also presented larger surfaces for increased PM10 deposition in the present study. 

In contrast, Weerakkody et al. (2018) reported small leaves (1.7 cm2) to accumulate significantly 

high quantities of PM10 than medium (28.9 cm2) and large (59.6 cm2) leaves due to a higher edge 

effect (accumulation of more dust on leaf edges and tip) than bigger leaves. Future research may 

focus on this subject to conclude better. 

 

Among other commonly detected leaf macromorphological features, leaf inclination towards the 

axis and concave and firm leaf blades as observed for A. ochroleuca, P. africanum and M. oleifera 

that had some of the highest Cr wt% values, suggest these traits to favour Cr dust deposition. 

Findings are supported by El-Khatib et al. (2011) that provided a detailed account of several 

species highlighting such features to increase foliar dust capture potential. For the two highest 

total dust collecting forbs, G. fruticosus and I. batatas, such leaf traits may have a positive 

influence. The palmate leaf shape of C. papaya and I. batatas might have enhanced Cr dust 

deposition and total dust accumulation, respectively, as this complex leaf shape increases foliar 

dust deposition possibility (Weerakkody et al., 2018). Upward folded leaf margins as seen for A. 

ochroleuca and P. guajava could have improved their Cr particle and total dust holding capacity 

further.  

 

In the present study, none of the investigated micromorphological traits showed any significant 

relation to foliar Cr wt% or Cr particle size. However, as revealed by the SEM images such 

features could influence dust accumulation by individual species as discussed below. The highest 

Cr wt% on C. papaya and A. ochroleuca on the adaxial and P. africanum and M. oleifera on the 

abaxial surfaces could be a combined influence of prominent epicuticular wax structures and 

epidermal cell outlines creating grooves and ridges. Grooves were frequently reported to increase 

foliar dust deposition in various species (Wang et al., 2015; Liang et al., 2016; Chen et al., 2017; 

Zha et al., 2019; Castanheiro et al., 2020). Protruding veins on C. papaya and A. ochroleuca 

could be an important trait to hold dust as reported for different plant species by Chen et al. (2017).  

 

On these species, dense epicuticular wax structural details and sticky wax surfaces could have 

favoured dust deposition, retention and particle adsorption based on the lipophilic/hydrophilic 

nature of deposited dust particles (Dzierżanowski et al., 2011; Schreck et al., 2012; Nguyen et 

al., 2015; Perini et al., 2017; Liu et al., 2018; Weerakkody et al., 2018). Waxy leaves were 

frequently reported to have high dust quantities in literature (Sæbø et al., 2012; Perini et al., 2017; 

Liu et al., 2018; Weerakkody et al., 2018). 
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Sunken stomata in P. africanum and M. oleifera, and large stomata size for A. ochroleuca may 

contribute to surface roughness that may aid Cr dust adhesion (El-Khatib et al., 2011). Most 

identified Cr particles (88%) in the present study are within the stomata size range that may 

indicate the possibility of Cr particle internalization by stomata. Contradictory reports on dust 

uptake by stomata were presented. Chen et al. (2017) suggested dust uptake through stomata 

as an intermittent phenomenon, but Schreck et al. (2012) and Xiong et al. (2019) suggested such 

occurrence as a major foliar uptake pathway for PM bound heavy metals.  

 

For G. fruticosus, O. paniculosa, P. guajava and C. roseus that had comparatively low EDS 

detected Cr amounts, the following leaf micromorphological traits could have been critical. All the 

species had wax films on leaves that could have favoured Cr contamination as Wang et al. (2015) 

suggested this type of wax as dust enhancing trait. Glandular trichomes on G. fruticosus and O. 

paniculosa might have created sticky surfaces for greater dust adhesion as suggested by 

Weerakkody et al. (2018) and Zha et al. (2019) for leaves with such features. Cuticular folds near 

stomata on G. fruticosus and cuticular ledges around stomata in C. roseus and P. guajava could 

have increased dust adhesion further as discussed by El-Khatib et al. (2011) for various species. 

Presence of trichomes in all except C. roseus, is expected to hold more dust on leaf surfaces 

(Sæbø et al., 2012; Chen et al., 2017; Weerakkody et al., 2018).  

 

Regarding total dust density, the ‘high’ dust density group was primarily represented by species 

with more desirable micromorphological traits concerning foliar dust adhesion as suggested in 

literature (Mo et al., 2015; Chen et al., 2017; Weerakkody et al., 2018; Zha et al., 2019): trichomes 

on both surfaces of all the species except I. batatas, roughness created by epicuticular cell 

outlines (G. fruticosus, P. guajava, I. batatas), deep veins (P. guajava, O. paniculosa) and 

presence of stomata and wax on leaves. In addition to this, species specific characteristics as 

discussed in previous sections could have further increased the total dust number. This group 

therefore primarily indicates trichomes and wax features to promote dust deposition. As indicated 

in the present study, longer trichomes on the adaxial leaf surfaces could have increased total dust 

collection as well. Similarly, Chiam et al. (2019) indicated adaxial trichomes to be responsible for 

around 60% of deposited dust. 

 

Stomata on both leaf surfaces except M. oleifera that had stomata on the abaxial surface only, 

together with trichomes, wax, epidermal ridges and furrows could have favoured foliar dust 

adhesion (Ram et al., 2012; Wang et al., 2015; Chen et al., 2017) for species under the ‘moderate’ 

dust density group. For this group, the main dust improving traits could be stomata and wax. The 

‘low’ total dust accumulators were primarily characterized by dust adhesion limiting traits such as 

thick leaves of C. limon, C. papaya and S. italica, smooth leaf surface of C. limon and deciduous 



 

77 
 

leaves of P. africanum that had dust exposure for a limited time. In literature, all these traits are 

noted to result in lower dust amounts (Liu et al., 2012; Nguyen et al., 2015). In the present study, 

larger stomata restricting PM2.5 deposition on the abaxial leaf surfaces contradicted past reports 

(Liang et al., 2016; Zha et al., 2019). The study by Chen et al. (2017) on a variety of tree species, 

reported no definite correlation between stomata size and PM2.5 deposition. Further investigation 

on a larger number of taxa may clarify the present results. 

 

Trichomes, wax and stomata could be identified as common dust adhesion traits for the species 

investigated in the present study as similarly suggested in literature (Sæbø et al., 2012; Chen et 

al., 2017; Chiam et al., 2019; Castanheiro et al., 2020). In this regard, foliar uptake of dust particles 

via cuticle and stomata requires further attention as often reported for different leafy food crops 

(Schreck et al., 2012; Xiong et al., 2019). In addition, all species with the highest foliar Cr wt% 

and total dust counts showed dust adhesion enhancing effects of various species specific leaf 

surface roughness features.  

 

C. papaya and P. africanum sampled close to mines and roads had the highest foliar Cr wt% but 

‘low’ total dust numbers. On the other hand, I. batatas sampled farthest from a mining site, had 

Cr below the EDS detection limit but high total dust counts. Furthermore, Cr particles were 

detected on leaves of all species except S. italica sampled from areas < 5 km from the nearest 

mine. Pӧykiӧ et al. (2005) noted the highest Cr concentrations in wild lingonberries (Vaccinium 

vitis-idaea L.) from areas within 3 km from an opencast Cr mine. Present results, therefore, 

suggest an influence of proximity to active Cr mines on dust contamination, rather than dust 

density to increase Cr on leaves. In literature, metal contamination is hence proximity dependent 

for traffic (Ottelé et al., 2010; Sternberg et al., 2010; Popek et al., 2015) and mine-smelter (Pӧykiӧ 

et al., 2005) affected areas.   

Unlike past studies stating significantly high dust amounts on the adaxial compared to the abaxial 

leaf surfaces in traffic and city emission polluted areas (Ottelé et al., 2010; Mo et al., 2015; Chen 

et al., 2017), no such difference was observed in the present study. Not only mines and smelters 

are extensive emitters of heavy metal-enriched PM (Csavina et al., 2012; Entwistle et al., 2019) 

in Sekhukhuneland, but additional particle emission from the naturally metal-rich soil (Venter et 

al., 2015) and road dust (Tshehla & Djolov, 2018) may increase foliar dust exposure from below 

and both leaf sides could become equally vulnerable to dust deposition. Effects of pollution factors 

including proximity and number of Cr emitters, therefore, should be investigated further in 

Sekhukhuneland. 
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3.4.3 Study limitations 

 
It should be mentioned here that there are other fixatives recommended for SEM analysis (Ensikat 

& Barthlott, 1993; Pathan et al., 2009) that could have improved the study results. Concerning 

foliar micromorphology, none of the investigated features increased foliar Cr contamination 

significantly. This could be explained by the conclusions drawn by Leonard et al. (2016) and 

Weerakkody et al. (2018), stating a collective influence of various species specific leaf 

morphological characteristics on dust deposition. A comprehensive analytical approach 

combining various statistical analysis techniques could be a better approach in this regard. 

Further inclusion of pollution factors in the mix could provide critical information regarding the 

interaction between plant morphology and Cr pollution. 

 
Summary 
 
Selected SEM-EDS analysis confirmed Cr particle deposition on most of the food and medicinal 

plant leaves sampled from home gardens and rangelands in Cr-Pt mining and ferrochrome 

smelting areas in Sekhukhuneland. A high percentage of Cr containing dust on the plant leaves 

points to considerable presence of dust borne Cr in the region. Furthermore, the presence of Cr 

in PM2.5, PM10 and PM > 10 µm indicated potential hazard associated with all PM size fractions. 

Abundance of a similar group of elements on leaf surfaces and in deposited dust indicates 

alteration of leaf surface elemental composition due to dust deposition. Large leaf area increased 

Cr dust amount on the adaxial leaf surface and deposition of larger particles on both leaf surfaces. 

Plant tallness further increased the deposition possibility of larger Cr dust on the abaxial leaf 

surface. Plant groups could be identified based on leaf traits that enhance total dust accumulation 

by plant leaves. In this regard, presence of longer trichomes on the adaxial leaf surface may 

contribute significantly. Proximity to active mining sites increased foliar Cr particle deposition 

probability. Hence, plant leaves harvested in the vicinity of active Cr emitters should be washed 

thoroughly before use to limit ingestion of dust particles that may contain Cr. To assess the 

contribution of anthropogenic polluters on Cr dust contamination of plant leaves, possible Cr 

sources were identified based on EDS recorded foliar elemental composition and results are 

presented in the next chapter. In addition, a comprehensive analysis was conducted to link and 

report on the collective influence of plant morphology and pollution factors on leaf surface-Cr dust 

interaction in Sekhukhuneland.  
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Chapter 4  

Factors influencing foliar chromium dust deposition  

4.1 Introduction 
 
Particulate matter (PM) containing heavy metals (HMs) are generated by various natural 

processes, but anthropogenic activities significantly accelerate the influx and widespread 

distribution of these hazardous particles in the environment (Csavina et al., 2012; Entwistle et al., 

2019). Amongst others, the mining industry is one of the main HM polluters that emit volumes of 

particles in the atmosphere at a comparatively continuous pace (Csavina et al., 2012; Gabarrón 

et al., 2018; Entwistle et al., 2019). HMs form persistent and non-biodegradable pollutants with 

high bioaccumulation and hazard potential at low concentrations (Shi et al., 2008; Masindi & 

Muedi, 2018). Different mining operations, such as excavation, extraction, and transportation of 

raw and waste materials, as well as dust particles blown from open mine pits and dumpsites, 

cause air pollution that could affect the quality of human life at nearby, or even distant localities 

(Balabanova et al., 2011; Nkosi et al., 2017; Entwistle et al., 2019; Tian et al., 2019). 

 

PM distribution by air primarily depends on the aerodynamic diameters of the released particles 

and prevalent wind movement (Csavina et al., 2012). Dust particles have extensive spatial-

temporal dispersion potential by wind leading to pollution in downwind areas (Balabanova et al., 

2011; Csavina et al., 2012). Metal smelters and mines are two of the top ten global pollution 

challenges (Csavina et al., 2012), but the potential hazards of airborne dust generated by these 

industries have received less attention compared to water and soil pollution effects. 

Transportation in mining areas is also denoted as a major air polluter (Tshehla & Djolov, 2018; 

Tian et al., 2019). 

 

Mines and smelters are major environmental pollution sources and generate large quantities of 

discarded rock residue, tailings, and slag, respectively, which could pollute farmlands and human 

settlements within the impact zone (Pӧykiӧ et al., 2005; Balabanov et al., 2011; Ebenebe et al., 

2017; Coetzee et al., 2018). The biological toxicity potential of mine released PM is affected 

mainly by two factors: (1) methods applied at various stages of mining, which determine the size 

of dispersed particles, and (2) type of mineral mined, which influences the chemical composition 

of PM (Csavina et al., 2012; Gabarrόn et al., 2018).  

 

Atmospheric particle removal by plants is a tested and applied HMs mitigation technique in many 

polluted urban areas (Nguyen et al., 2015; Grote et al., 2016; Chen et al., 2017). Local vegetation 

is often used as a cost-effective biological indicator of atmospheric pollution (Mingorance & Oliva, 

2006; Oliva & Espinosa, 2007; Naderizadeh et al., 2016; Ebenebe et al., 2017). Plant leaves in 
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polluted areas have been reported to accumulate considerable amounts of HMs from the air and 

used as ecological and environmental assessment tools (Suzuki et al., 2009; Norouzi & Khademi, 

2015; Perini et al., 2017). It is generally accepted that elements detected in the dust on foliar 

surfaces provide reliable indications of atmospheric chemical composition (Gajbhiye et al., 2016; 

Perini et al., 2017). Dust deposition in polluted areas therefore could alter the elemental 

composition of soil and plant leaves and for leaves of food and medicinal plants that may present 

health risks to users.  

 

Soil around mines is generally polluted by larger dust particles due to near-source deposition 

because of gravity (Grantz et al., 2003; Popek et al., 2015). Rain and wind re-emit particles from 

leaves to settle on soil (Mingorance & Oliva, 2006), while grounded particles could also be re-

suspended by air movement or precipitation induced soil splash can contaminate lower growing 

vegetation (Dreicer et al., 1984; Kimbrough et al., 1999). Weathering of local parent substrate 

(Siebert et al., 2002; Boneschans et al., 2015) and wind erosion, depending on soil parameters, 

climate, land use and vegetation cover, might change soil chemical composition further and 

contribute to HM enrichment (Csavina et al., 2012).  

 

Air and soil both act as dust sources that may contaminate plant leaves (Mingorance & Oliva, 

2006). Foliar particle deposition depends on species specific morphological features 

(Weerakkody et al., 2018). Plant height together with leaf macro- and micromorphological traits 

(leaf area or size, epicuticular wax, stomata and trichome density and size) has been considered 

noteworthy regarding foliar dust contamination (Mo et al., 2015; Chen et al., 2017, Zha et al., 

2019). Recently, a more comprehensive approach has been suggested to consider a collective 

influence of plant morphological traits on leaf-dust interactions (Leonard et al., 2016; Weerakkody 

et al., 2018). Based on the positioning of the two sides of the leaf (adaxial, abaxial), dust exposure, 

particle deposition mechanisms (i.e. sedimentation, impaction, interception and diffusion) and 

consequent PM adhesion differ (Ottelé et al., 2010; Ram et al., 2012; Mo et al., 2015). Leaves 

act as functional interfaces between plants and their surroundings by interacting with atmospheric 

PM which is influenced by meteorological parameters especially wind movement in the area 

(Neinhuis & Barthlott, 1998; Grantz et al., 2003; Csavina et al., 2012). Proximity to polluters is 

another important aspect to consider when evaluating dust deposition on aerial plant parts (Pӧykiӧ 

et al., 2005; Popek et al., 2015; Sgrigna et al., 2015). Considering the variation in quantity and 

quality of the emitted dust by different pollution sources (Csavina et al., 2012; Tshehla & Djolov, 

2018; Entwistle et al., 2019), the influence of various emitters and their number should be 

accounted for when investigating dust contamination of vegetation. 
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Mining of chromite, the economically viable ore of chromium (Cr), is reported as one of the main 

human activities that cause environmental Cr pollution (Kimbrough et al., 1999; Pӧykiӧ et al., 

2005). Cr mines and ferrochrome smelters pollute the air, water, and soil of the surrounding areas 

(Coetzee et al., 2018; Tshehla & Djolov, 2018). Ore transportation further contributes to Cr dust 

pollution (Tshehla & Djolov, 2018). Communities living around Cr mines are therefore directly 

exposed to airborne Cr through inhalation, dermal contact and ingestion of dust contaminated 

crops (Kimbrough et al., 1999; Pӧykiӧ et al., 2005; Coetzee et al., 2018). In its highest oxidation 

state, hexavalent Cr (Cr(VI)), is carcinogenic to living organisms (Kimbrough et al., 1999; Beukes 

et al., 2010; Coetzee et al., 2018). 

 

South Africa’s economy is highly dependent on mining, but with such development comes 

considerable environmental degradation (Mhlongo & Amponsah-Dacosta, 2015; Ebenebe et al., 

2017; Masindi & Muedi, 2018). South African Cr reserves are of the largest globally and the 

ferrochrome industry is a world leader, but in turn, it causes considerable air pollution (Venter et 

al., 2016; Tshehla & Djolov, 2018; Tshehla & Wright, 2019a, 2019b). Sekhukhuneland is a region 

in South Africa that presents considerable Cr and platinum (Pt) resources (Siebert et al., 2002; 

Scoon & Viljoen, 2019). Air pollution in Sekhukhuneland is a recognized concern, and regional 

Air Quality Management Plans are developed in line with The Municipal Systems Act No. 32 of 

2000 (Tshehla & Wright, 2019b). Notwithstanding such efforts, the mining and smelting affected 

region in Sekhukhuneland is polluted with atmospheric Cr (Tshehla & Djolov, 2018, Tshehla & 

Wright, 2019a).  

 

The present chapter investigates leaf surface-Cr dust interactions of locally useful plant species 

under the influence of multifaceted Cr emission in Sekhukhuneland. The two objectives were, 

firstly, to identify Cr sources in soil and on leaf surfaces, and secondly, to explore the leaf surface-

Cr dust interaction. Regarding the first objective, it was postulated that various Cr polluting sectors 

in the region, namely mining and smelting industries and transportation, would affect the adjacent 

localities in terms of the elemental composition of the soil and vegetation. To test this hypothesis, 

the elemental composition of soil and plant leaf surfaces were analysed to identify possible Cr 

sources. With regards to the second objective, it was hypothesized that the two major sets of 

variables, namely, plant morphology (comprised of plant height, leaf area, epicuticular wax, and 

size and density of stomata and trichomes) and pollution source (proximity to and the number of 

Cr mines and roads) would collectively determine deposition of Cr particles (as Cr variables: Cr 

amount and particle size) on leaf surfaces. A comprehensive statistical analysis approach was 

designed by incorporating both these sets of variables to investigate leaf surface-Cr dust 

interaction per leaf surface as the two sides of a leaf interact differently with the exposed dust.  
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4.2 Materials and method 

 

4.2.1 Study area 

 
The study was conducted in Sekhukhune District in Limpopo Province, South Africa (Fig. 4.1), 

which hosts multiple Cr and Pt mines and ferrochrome smelters. Consequently, several mine 

dumps in the region lack sufficient management and rehabilitation planning and are left as 

overburdens that cover large areas and generate dust particles. Such a scenario is common in 

South African mining areas (Mhlongo & Amponsah-Dacosta, 2015; Nkosi et al., 2015; Coetzee 

et al., 2018). Opencast Cr mining in the region may further expose ore layers to expedite 

weathering of minerals and subsequent environmental pollution as reported globally (Pӧykiӧ et 

al., 2005; Kien et al., 2010). In addition, informal small scale ore excavation on abandoned mine 

sites in Sekhukhuneland produce large quantities of waste as reported nationwide (Mhlongo & 

Amponsah-Dacosta, 2015). National Pt units produce chromite concentrates as a by-product that 

is used in local ferrochrome smelters (Cramer et al., 2004; Beukes et al., 2010). Hence, alongside 

the mining industry, three operating ferrochrome smelters pollute the area (Tshehla & Djolov, 

2018; Tshehla & Wright, 2019a). Other smelters in the north (Pt smelter in Polokwane, Limpopo) 

and south (ferrochrome smelter in Lydenburg, Mpumalanga), further away from the study location 

may also contribute to aerial dust pollution in the study region.  

 

Mining and industrial growth expanded transportation routes. Roads connecting mines, industries 

and dumpsites produce and disperse volumes of hazardous dust in the region. Many informal dirt 

roads linking mines, industries and dumpsites frequently intersect adjacent human settlements 

where harmful particles could be dispersed along the way. Mining and associated socio-economic 

developments have led to the formation of human settlements close to the above-mentioned 

polluters. Pollution from mines and smelters may exacerbate already high regional concentrations 

of geogenic HMs including Cr in soil (Siebert et al., 2002).  
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Figure 4.1. Location of sampling sites, Cr and Pt mines, ferrochrome and Pt smelters, and 

roads in the Fetakgomo-Tubatse municipal area in Sekhukhuneland, and surrounding 

areas in South Africa. 

4.2.2 Air mass movement 
 
To assess the influence of wind on foliar dust deposition, air mass movements were determined 

for this study by calculating back trajectories. Such back trajectories represent the movements of 

air parcels over space and time towards the sampling sites that contrast wind direction measured 

at a specific site providing local wind movement information. According to meteorological 

information received from Potlake Nature Reserve in Sekhukhuneland, the last significant rain, 

20 mm in the rainy season of 2017/2018 was on 23 March 2018. The first spring rain during the 

2018/19 rainy season was on 22 October 2018 (5.6 mm). These dates and rain volume are 

important since > 15 mm rain can wash the dust off the leaf surfaces (Liu et al., 2012). In addition, 

it was anticipated that there will not be significant differences in air mass movements for sites that 

were near one another. Therefore, to assess the possible transport of dust from sources to the 

sampling sites, they were grouped as Area 1 (site 3, 4, 5 and 7), Area 2 (site 1 and 2) and Area 

3 (site 8), to reflect their proximity to one another. Consequently, 96-hour back trajectories arriving 

at a height of 100 m above ground level, for every hour during the period 1 April 2018 to 30 

November 2018 for each of the three areas were modelled. The Hybrid Single-Particle Lagrangian 

Integrated Trajectory Model (HYSPLIT, version 4.8) was used for this purpose (Draxler & Hess, 
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2004). Meteorological data of the Global Data Assimilation System (GDAS) archive of the Natio

nal Centre for Environmental Prediction of the United States National Weather Service was  

used (ftp://arlftp.arlhq.noaa.gov/pub/archives/gdas1, accessed on 12 Sept. 2020). Overlay back 

trajectory maps (introduced in Vakkari et al., 2011) were compiled for each area (1, 2 and 3) (Fig. 

4.9a, b, c), to get an overview of air mass movement for the aforementioned period. Such maps 

give statistical representations of wind movement towards the sampling localities.  

4.2.3 Sample collection 
 
See Chapter 3, section 3.2.2 for detailed sampling strategy, leaf collection procedure and 

morphology of the twelve plant species investigated in this chapter. 

4.2.4 Leaf SEM-EDS analysis 
 
For detailed Scanning electron microscopy (SEM) and Energy dispersive x-ray spectroscopy 

(EDS) method used for plant leaves see Chapter 3, section 3.2.3.  

4.2.5 Soil EDS analysis 
 
To determine the major elements in soil samples, EDS elemental analysis was performed. This 

analysis was aimed to identify the possible sources of predominant soil elements including Cr. 

Soil samples were prepared by homogenizing the material with a porcelain pestle and mortar. 

Ground sample per site was then mounted on C-taped Al specimen stubs, coated with Au/Pd, 

and analysed at 15 kV and 10 mm working distance with an Oxford X-map 20 EDS detector and 

INCA software integrated into an FEI Quanta 250 FEG SEM. The most abundant elements were 

recorded (Cr wt% in Table 4.1). Figure 4.1 represents sample preparation and SEM-EDS analysis 

followed in this investigation. 

 

 

 

 

 

ftp://arlftp.arlhq.noaa.gov/pub/archives/gdas1
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Figure 4.2. Outline of leaf and soil sample preparation and SEM-EDS analysis. 

4.2.6 Plant morphology 
 
For details see Chapter 3, sections 3.2.4.2 and 3.2.5. 

 
4.2.7 Variables: Cr, plant and pollution 

 

4.2.7.1 Cr 

This set of variables comprised of EDS determined leaf surface Cr wt% (the highest Cr amounts 

detected on the adaxial and abaxial leaf surface per species) and Cr particle size (the largest 

among detected particles per leaf surface per species) (see Chapter 3, section 3.3.1 and 3.3.2). 

PM size fractions considered in the present study were fine (PM2.5), coarse (PM10) and large (PM 

> 10 µm). 

4.2.7.2 Plant  

Plant morphological traits, i.e. plant height, leaf area, leaf wax (epicuticular wax), and size (area) 

and density of stomata and trichomes (see Chapter 3, section 3.3.4 and 3.3.5) are selected as 

plant variables as these are critical features to consider in the process of determining dust 

adhesion and deposition on leaves. Studied plant species showed considerable variations with 
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respect to the above mentioned morphological features.  All these traits were quantifiable, and 

values were treated as categorical data for statistical analyses (du Toit & Cilliers, 2010).  

 

Epicuticular wax as a foliar surface feature was not quantified in terms of wax amount in this 

investigation. However, besides wax amount, higher dust holding ability is also associated with 

the wax structures (Dzierżanowski et al., 2011; Nguyen et al., 2015). Hence, the density of 

epicuticular wax crystalloid structures (wax films, plates, platelets, threads) was categorized in 

values ranging from 1 to 4 to represent wax structural aggregation density, where 4 represented 

very dense; 3, dense; 2, moderate; 1, low and 0, undetected (Table C1, Appendix C). SEM 

micrographs were used to identify epicuticular wax morphology and wax crystal aggregation 

patterns based on the classification by Barthlott et al. (1998) to analyse further.  

4.2.7.3 Pollution  

Pollution variables were incorporated to evaluate the effect of major Cr particle emitters (mines 

and roads), on contamination of plant leaf surfaces. As most of the study locations in the present 

investigation were close to more than one mine and road (Table 4.1), a combined approach based 

on distances and number of neighbouring Cr and Pt mines and roadways were considered and 

denoted as mine and road frequency, the two pollution variables. Mine and road frequency indices 

were constructed accordingly (Table C2, Appendix C). For the indices, five distance zones were 

created for mines (km): 0‒3, 3‒6, 6‒9, 9‒15, 15‒20 and roads (m): 0‒5, 5‒15, 15‒25, 45‒15, 45‒

105. Values from 5 to 1 were assigned for nearest to most distant zone and sampling locations 

were scored according to the number of mines and roads within each distance zone in the site 

locality. In the present study, both tar and non-tar roads were considered as they all transport 

various mine associated materials in the study region.  
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Table 4.1. Sampling sites, soil Cr wt% and distance to Cr-Pt mines within 20 km radius and 

roadways within 110 m radius. Sites close to ferrochrome smelters are indicated as 

follows: ˟˟˟< 3 km; ˟˟< 5 km and ˟< 13 km. LOD, below the limit of detection by EDS, 0.01 

wt%. 

Sites  Plant species 

sampled 

Site description  Soil 

Cr (wt%) 

Mine (km) Road (m) 

S1˟˟ Arg och,  

Gom fru 

Tailing, Moretha 8.93 

 

4.1, 7.4 (Cr); 

10.1 (Pt)  

24, 29.4 

S2˟˟˟ Car pap, Cat 

ros, Psi gua, 

Sen ita 

Home garden near S1, 

Moretha 

4.02 

 

 

2.8 (Cr); 9.8, 

12.4, 16 (Pt) 

13.6 

S3 Cit lim, Ipo bat Home garden, outside the 

Potlake Nature Reserve 

0.4 

 

17.9 (Pt) 104.1 

S4 Pel afr Near a Pt mine, 

Zeekoegat 

<LOD 

 

3.1 (Pt) 4.7, 44.2 

S5 Tri ter Abandoned informal Cr 

excavation site, 

Bogalatladi 

18.45 

 

7 (Pt) 4.1, 20.5 

S7 Mor ole Home garden near S4, 

Sefateng 

<LOD 

 

2.4 (Pt) 4.9, 23.1 

S8˟ Ozo pan Cr Heritage site, Dwars 

River Valley, Steelpoort 

3.62 

 

4.1 (Cr); 3.8 

(Pt)  

64.2 

Arg och = Argemone ochroleuca; Car pap = Carica papaya; Cat ros = Catharanthus roseus; Cit lim = Citrus limon; Gom 

fru = Gomphocarpus fruticosus; Ipo bat = Ipomoea batatas; Mor ole = Moringa oleifera; Ozo pan = Ozoroa paniculosa; 

Pel afr = Peltophorum africanum; Psi gua = Psidium guajava; Sen ita = Senna italica; Tri ter = Tribulus terrestris. 

 

Previous investigations noted positive influence of proximity to mines (Pӧykiӧ et al., 2005) and 

roads (Popek et al., 2015; Sgrigna et al., 2015) on dust contamination of aerial plant parts. Hence, 

based on proximity, plants were categorised further in the present study. Two plant species 

groups were created for mine proximity, (1) leaves sampled within 3 km and (2) 3‒5 km from the 

nearest mine (Table 4.2a). Regarding road proximity, group 1 and 2 included plant species 

sampled within 20 m and from 20 to 70 m, respectively, from the nearest road (Table 4.2b).  
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Table 4.2. Categorisation of plant species based on mine and road proximity. Plant species 

with detected leaf surface Cr (wt%) were considered. 

a. Mine proximity (km) b. Road proximity (m) 

Group 1 (0‒3) Group 2 (3‒5) Group 1 (0‒20) Group 2 (20‒70) 

Car pap 

Cat ros 

Mor ole 

Psi gua 

Arg och 

Gom fru 

Pel afr 

Ozo pan 

Car pap 

Cat ros 

Mor ole 

Pel afr 

Psi gua 

Arg och 

Gom fru 

Ozo pan 

Arg och = Argemone ochroleuca; Car pap = Carica papaya; Cat ros = Catharanthus roseus; Gom fru = Gomphocarpus 

fruticosus; Mor ole = Moringa oleifera; Ozo pan = Ozoroa paniculosa; Pel afr = Peltophorum africanum; Psi gua = 

Psidium guajava. 

 
 

4.2.8 Data analysis 

EDS analysis generated data on Cr wt% on leaf surfaces and in particles, SEM micrograph 

observations based results on Cr particle size, PM size distribution and micromorphology 

(stomata and trichome), and plant morphology (plant height, leaf area) data was used for the 

following statistical analyses. Combinations of bi- and multivariate statistical analysis techniques 

were applied.  

 

Major elements detected on plant surfaces and in soils were subjected to Pearson correlation 

coefficient (r) to determine significant correlations among elements. This analysis revealed the 

degree of similarity in terms of linear correlation between variables (Shi et al., 2008; Suzuki et al., 

2009; Sungur, 2016). The data was further subjected to Principal Component Analysis (PCA) and 

Hierarchical Cluster Analysis to substantiate correlation coefficient results and identify the 

possible Cr sources in the above-stated matrices, i.e. leaf surfaces and soils. The combined use 

of correlation, PCA and cluster analysis is often applied as the data analysis process for elemental 

source identification (Norouzi & Khademi, 2015). 

 

To study the interaction patterns between leaf surface and Cr pollution, correlation matrices were 

developed that pointed out significant relations between plant and pollution variables with Cr 

variables. Later, PCA and Factor Analysis (FA) were applied to determine the combined influence 

of variables. PCA detected key variables while retaining information of the input dataset (Shi et 

al., 2008; Gabarrón et al., 2018). PCA is a frequently used technique in environmental science to 

study metal-plant interactions (Mingorance & Olivia, 2006; Naderizadeh et al., 2016).  
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FA was selected as an extended dimension reduction process in addition to PCA as the first 

component in PCA after the rotation does not represent maximum variance (du Toit & Cilliers, 

2010). Hence, though PCA and FA are often confused and used interchangeably, and both could 

be applied to recognize data subsets that are representative of the whole input data, PCA derived 

principal components present maximum variability of a smaller set of variables while FA explains 

the underlying or latent variables based on shared variance among variables and uses a 

correlation matrix to extract most correlated variables (du Toit & Cilliers, 2010). In the current 

project, FA was therefore included to complement PCA outcomes by identifying the most 

correlated variables concerning Cr variables, based on which leaf surface-Cr particle interaction 

was deduced.  

 

Additional cluster analysis on selected leaf morphological features was used to group plant 

species based on dominant leaf morphological features for adaxial and abaxial leaf surface. A 

follow-up One-way Analysis of Variance (ANOVA) was chosen to determine any significant 

difference in mean values of plant variables for the plant species groups created after cluster 

analysis outcomes. The non-parametric Kruskal-Wallis test was selected to determine the existing 

significant difference between plant species categories on mine and road proximity regarding Cr 

wt%, Cr particle size and PM size distribution. These analyses were aimed to complement PCA 

and FA findings.  

 

For PCA and FA, Correlation matrix, Varimax rotation, Kaiser normalisation and Principal 

Component Analysis and Principal Axis Factoring method were selected. Variables with loadings 

> 0.45 were considered for interpreting PCA and FA results. Hierarchical clusters were 

constructed using the Ward linkage method in conjunction with Euclidean distance. Dendrograms 

are used to represent hierarchical cluster analysis outcomes to visualize similarity-based 

association among variables within each cluster (Lu et al., 2010; Sungur, 2016). Formed clusters 

are presented with the letter ‘C’ with corresponding cluster number in the figures of this study. 

Data was standardised with z-score and tested for homogeneity. Statistical significance was 

considered at p<0.05. Statistica version 7 (FA, PCA and Pearson Correlation Coefficient) and 

IBM SPSS version 27 (ANOVA, Hierarchical Cluster Analysis, Kruskal-Wallis) were used to 

analyse the data. 
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4.3 Results 

 

4.3.1 Cr source identification  

 

4.3.1.1 Soil 

For soil Cr source identification, correlation coefficient analysis determined a strong negative 

correlation between Cr and Ca, while Fe had a significant positive correlation with Mg and a 

negative association with Al and Ca. Mg had a significant negative correlation with Ca and Al 

(Table 4.3a). PCA showed high positive loadings for Mg and Fe with negative values for Al and 

Ca on PC1, confirming correlation results. PC2 gave negative values for Fe and Cr, but with a 

positive loading for Si. PC1 and PC2 represented 46% and 44% of the total variance, respectively, 

suggesting an almost equal contribution of the two components (Table 4.4a). Cluster analysis 

grouped Al and Ca in C1, Mg, Fe and Cr under C2, while Si formed the third cluster (Fig. 4.3). 

This supports the association between Mg, Fe and Cr. 

 

 

Figure 4.3. Cluster analysis dendrogram of common elements detected in soil samples by 

EDS elemental analysis. 
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Table 4.3. Pearson correlation coefficient matrices of selected elements in (a) soil and on 

(b) leaf surfaces. Significant correlations are in bold. Superscripts: Ad, adaxial; Ab, abaxial 

values. Significance,* = p<0.05; ** = p<0.01; *** = p<0.001.  

 

a. Soil 

       

 Cr Fe Mg Al Si  

Fe 0.641      

Mg 0.5429 0.9104**     

Al ‒0.5888 ‒0.7945* ‒0.9308**    

Si ‒0.6768 0.0594 0.1617 0.0738   

Ca ‒0.7406* ‒0.9134** ‒0.7120* 0.6783 0.2486 

 

 

b. Leaf surfaces 

 

 Cr Fe Mg Al Si Ca 

Fe 0.9847ad*** 

0.8527ab** 

     

Mg 0.8011ad* 

‒0.0328ab 

0.8139ad* 

0.0198ab 

    

Al 0.7881ad** 

0.8012ab* 

0.8573ad** 

0.6864ab 

0.6785ad 

‒0.0260ab 

   

Si 0.9867ad*** 

0.8535ab** 

0.9939ad*** 

0.7225ab* 

0.8405ad** 

0.1112ab 

0.8677ad** 

0.8486ab** 

  

Ca 0.1699ad 

0.0334ab 

‒0.0923ad 

‒0.2952ab 

0.3205ad 

0.6999ab 

0.1057ad 

0.0794ab 

-0.07260ad 

0.1478ab 

 

K 0.4202ad 

‒0.3533ab 

0.4755ad 

‒0.4097ab 

0.4803ad 

0.6010ab 

0.4356ad 

‒0.6647ab 

0.4420ad 

‒0.2976ab 

0.5990ad 

0.5254ab 

 

 
 
 

 

 

 

 



 

99 
 

Table 4.4. Varimax rotated PCA results on elemental compositions of soil (a) and (b) leaf 

surfaces. Loadings > 0.45 are in bold. Ad, adaxial; Ab, abaxial. For soil samples, K was not 

detected as a common element in soil samples. 

Elements a. Soil b. Leaf surface 

  Ad Ab 

PC1 PC2 PC1 PC2 PC1 PC2 

Al ‒0.938 0.103 0.866 0.180 0.932 ‒0.096 

Cr  0.145 ‒0.962 0.987 ‒0.023 0.940 ‒0.017 

Fe 0.620 ‒0.723 0.994 0.054 0.860 ‒0.172 

Mg 0.968 0.201 0.816 0.376 0.066 0.903 

Si 0.267 0.901 0.998 0.055 0.933 0.122 

Ca ‒0.690 0.589 ‒0.128 0.963 0.052 0.895 

K - - 0.404 0.789 ‒0.471 0.754 

Eigenvalue 2.768 2.657 4.554 1.729 3.591 2.239 

Cumulative % 46.130 90.416 65.057 89.764 51.294 83.275 

 

4.3.1.2 Leaf surfaces 

Common elements with the highest wt% determined on the adaxial leaf surface indicated a strong 

correlation between Cr and Fe, while both were positively correlated with Mg, Al and Si (Table 

4.3b). A follow-up PCA (Table 4.4b) substantiated correlation findings and recognised the same 

five elements (Cr, Fe, Mg, Al, Si) with high loadings on PC1 that represented 65% of the variance. 

Ca and K had greater loadings on PC2 that contributed only 25% of the total variance. 

Dendrograms corroborated PCA outcomes for adaxial leaf surface by constructing two clusters 

on the same set of elements (Fig. 4.4a). For the abaxial surface, correlations detected a significant 

positive relation between Cr and Fe, Al and Si, while a negative correlation was determined with 

Mg (Table 4.3b). Corresponding PCA had the highest loadings for Cr, Fe, Al and Si on PC1 which 

contributed 51% of the variance. PC2 had higher loadings for Mg, Ca and K that represented 32% 

of the total variance (Table 4.4b). Cluster analysis was in accord with PCA findings and formed 

two clusters with Cr, Fe, Al and Si under C1 while Mg, Ca and K in the other cluster (Fig. 4.4b).  
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Figure 4.4. Cluster analysis dendrograms of selected elements detected on leaf surfaces. 

a. Adaxial; b. abaxial. 

 

4.3.2 Leaf surface-Cr particle interaction  

 

4.3.2.1 Pearson Correlation Coefficient Analysis 

For the adaxial surface, the cross-correlation matrix showed a strong positive correlation between 

leaf area and both Cr wt% (r = 0.9870***) and Cr particle size (r = 0.8692***) (Table 4.5). On the 

contrary, for the abaxial leaf surface, no significant correlations were determined for Cr wt%, but 

Cr dust size was positively correlated with plant height (r = 0.6937*) and leaf area (r = 0.6837*) 

(Table 4.5). For the adaxial surface, a significant positive correlation was determined between 

leaf area and coarse (PM10) fraction (r = 0.6204*), while stomata size and the fine fraction (PM2.5) 

(r = ‒0.6696*) had a significant negative correlation on the abaxial surface (Table 4.5). 
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Table 4.5. Pearson correlation coefficient matrices of plant and pollution variables with Cr 

variables (Cr wt%, CrD) and PM size fractions. Significant values are in bold. Ad, adaxial; 

Ab, abaxial; Cr wt%, Cr amount; CrD, Cr particle size. Significance, * = p<0.05; ** = p<0.01; 

*** = p<0.001.  

Variables Cr wt% CrD PM size fractions 

   Fine 

(PM2.5) 

Coarse 

(PM10) 

Large  

(> 10 µm) 

Ad      

Mine frequency (MF) 0.2987 0.3590 0.0021 0.0366 ‒0.1447 

Road frequency (RF) ‒0.431 0.1036 ‒0.2318 0.1924 0.1468 

Plant height (PH) 0.3103 0.3646 ‒0.0470 ‒0.0410 0.3291 

Leaf area (LA) 0.9870*** 0.8692*** ‒0.4662 0.6204* ‒0.1869 

Epicuticular wax (EW) 0.3903 0.4084 ‒0.4521 0.5229 ‒0.2657 

Stomata size (SS) ‒0.2404 ‒0.4042 0.1386 ‒0.1394 0.0034 

Stomata density (SD) ‒0.2808 ‒0.4634 0.0001 ‒0.0288 0.1078 

Trichome size (TS) ‒0.2971 ‒0.1172 0.2283 ‒0.3438 0.4324 

Trichome density (TD) ‒0.3155 0.0595 ‒0.1358 0.0603 0.2824 

      

Ab      

Mine frequency (MF) 0.2291 0.3195 ‒0.1667 0.3583 ‒0.2691 

Road frequency (RF) 0.5459 0.1013 ‒0.3067 0.1591 0.2858 

Plant height (PH) 0.2271 0.6937* 0.4305 ‒0.4431 ‒0.0580 

Leaf area (LA) ‒0.2652 0.6837* ‒0.1746 0.3769 ‒0.2844 

Epicuticular wax (EW) 0.5404 0.4184 ‒0.3407 0.5006 ‒0.1883 

Stomata size (SS) 0.5373 ‒0.1471 ‒0.6696* 0.5153 0.3617 

Stomata density (SD) 0.1008 0.4075 0.0011 ‒0.0580 0.0886 

Trichome size (TS) 0.0206 ‒0.1929 ‒0.1101 ‒0.1150 0.3716 

Trichome density (TD) ‒0.2390 0.1736 0.5295 ‒0.5055 ‒0.1330 

PM, particulate matter is a mix of particles of heterogeneous origin, size and chemical composition and is primarily 

defined by size (Grantz et al., 2003). 

 

Various significant positive correlations were detected for elements and PM size fractions (Table 

4.6). Of specific importance for this study was that Cr wt% on the adaxial leaf surface was 

positively correlated with coarse PM fraction (PM10) (r = 0.7191*). 
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Table 4.6. Pearson correlation coefficient matrices of selected leaf surface elements with 

PM size fractions. Significant values are in bold. Ad, adaxial; Ab abaxial. Significance, * = 

p<0.05; ** = p<0.01; *** = p<0.001.  

Variables Fine (PM2.5) Coarse (PM10) Large (> 10 µm) 

Ad    

Cr ‒0.6506 0.7191* ‒0.5286 

Fe ‒0.6036 0.6887 ‒0.6014 

Mg ‒0.8649** 0.9153** ‒0.4939 

Al ‒0.3166 0.4178 ‒0.6056 

Si ‒0.6294 0.7081* ‒0.5756 

Ca ‒0.2737 0.3268 ‒0.3471 

K ‒0.4263 0.5441 ‒0.7210* 

    

Ab    

Cr ‒0.1171 ‒0.1185 0.3956 

Fe 0.1964 ‒0.2836 0.0323 

Mg ‒0.3141 0.6144 ‒0.2839 

Al ‒0.3220 ‒0.0497 0.6895 

Si ‒0.3020 0.0579 0.4958 

Ca ‒0.7578* 0.8045* 0.2929 

K ‒0.1280 0.5377 ‒0.5304 

 

Correlation matrices of common elements (i.e. Cr, Fe, Mg, Al, Si Ca) determined on the leaf 

surface (adaxial, abaxial) and soil did not produce any significant correlation (Table C3, Appendix 

C). 

4.3.2.2 Principal Component Analysis  

PCA on standardised data produced four principal components for both adaxial and abaxial leaf 

surface that had eigenvalues > 1 (Table 4.7a). For the adaxial surface, the first component (PC1) 

had the highest loadings for Cr wt% and leaf area (Fig. 4.5a). PC3 had the second-highest positive 

Cr wt%, epicuticular wax and mine frequency loadings with a negative loading for stomata density. 

PC 1 and PC3 contributed 22.6 and 19.3% of the total variance, respectively. Regarding Cr 

particles, PC2 had the highest positive loadings for Cr size and leaf area, and a negative stomata 

size loading (Fig. 4.5c). PC3 had the second-highest Cr particle size loading and the same group 

of variables as for Cr wt%. Around 21.9 and 19.3% of the total variance was contributed by PC2 

and PC3, respectively. These variables with high loadings represented most of the variability of 

the input data on the corresponding component.
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Table 4.7. Varimax rotated PCA results on selected variables. Loadings > 0.45 are in bold. Ad, adaxial; Ab, abaxial.  

Variables a. Ad b. Ab 

PC1 PC2 PC3 PC4 PC1 PC2 PC3 PC4 

Cr weight % (CrWt) 0.952 0.140 0.231 ‒0.047 0.618 ‒0.022 0.581 ‒0.140 

Mine frequency (MF) 0.114 ‒0.87 0.739 0.212 0.713 0.110 0.085 0.039 

Road frequency (RF) 0.065 ‒0.158 ‒0.020 0.937 0.169 ‒0.118 0.926 ‒0.052 

Plant height (PH) 0.166 0.860 0.046 0.136 0.145 0.926 0.127 0.132 

Leaf area (LA) 0.956 0.163 0.175 ‒0.068 0.100 0.231 ‒0.037 0.824 

Epicuticular wax (EW) 0.247 ‒0.049 0.873 ‒0.086 0.891 ‒0.091 0.142 0.257 

Stomata size (SS) ‒0.241 ‒0.702 0.075 0.176 0.634 ‒0.558 0.206 0.235 

Stomata density (SD) ‒0.021 ‒0.614 ‒0.654 0.324 ‒0.012 ‒0.238 ‒0.130 0.699 

Trichome size (TS) ‒0.357 0.650 ‒0.263 0.453 ‒0.578 0.045 0.701 ‒0.335 

Trichome density (TD) ‒0.387 0.386 0.192 0.705 ‒0.161 0.860 ‒0.303 ‒0.336 

Eigenvalue 2.262 2.261 1.932 1.794 2.502 2.053 1.893 1.470 

Cumulative % 22.617 45.225 64.547 82.484 25.022 45.558 64.485 79.189 

         

Cr dust size (CrD) 0.215 0.873 0.329 0.112 0.264 0.364 0.869 0.070 

Mine frequency (MF) ‒0.050 0.044 0.793 0.173 0.761 0.134 0.097 ‒0.069 

Road frequency (RF) ‒0.126 0.089 ‒0.031 0.954 0.241 ‒0.162 0.029 0.919 

Plant height (PH) 0.843 0.210 0.052 0.042 0.049 0.834 0.406 0.078 

Leaf area (LA) 0.002 0.946 0.155 ‒0.101 0.141 0.078 0.785 ‒0.017 

Epicuticular wax (EW) ‒0.094 0.297 0.830 ‒0.085 0.866 ‒0.162 0.306 0.036 

Stomata size (SS) ‒0.606 ‒0.472 0.162 0.178 0.667 ‒0.493 ‒0.243 0.154 
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Stomata density (SD) ‒0.591 ‒0.184 ‒0.617 0.349 ‒0.173 ‒0.424 0.676 ‒0.323 

Trichome size (TS) 0.740 ‒0.316 ‒0.226 0.391 ‒0.492 0.043 ‒0.154 0.787 

Trichome density (TD) 0.472 ‒0.201 0.160 0.720 ‒0.175 0.933 ‒0.145 ‒0.217 

Eigenvalue 2.270 2.195 1.936 1.798 2.227 2.201 2.200 1.658 

Cumulative % 22.699 44.651 64.014 81.995 22.272 44.278 66.273 82.849 
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Regarding the abaxial surface, PCA showed high positive loadings for Cr wt%, epicuticular wax, 

mine frequency, stomata size and a negative value for trichome size on PC1 (Fig. 4.5b). PC3 had 

the second highest positive loading for Cr wt% and high values for road frequency and trichome 

size. The variable contributions of the two components were around 25% and 20.5%, respectively 

(Table 4.7b). Regarding Cr particle size, the result was complex as PC3 had the highest loading 

for Cr particle size along with leaf area, stomata density and plant height (Fig. 4.5d) with almost 

equal (22%) variable contribution as PC2 (22.2%) and PC1 (22%) that had the second and third 

highest loading for Cr particle size, respectively (Table 4.7). Figure 7 illustrates the first three 

components for both the leaf surfaces in a three-dimensional space. 

 

 

 

 

Figure 4.5. Rotated PCA component plots of plant and pollution variables. Cr wt% 

represented as CrWt, a. adaxial; b. abaxial; and Cr particle size, represented as CrD, c. 

adaxial; d. abaxial. Variables with maximum variability contributions are encircled. MF, 

mine frequency; RF, road frequency; PH, plant height; LA, leaf area; EW, epicuticular wax; 

SS, stomata size; SD, stomata density; TS, trichome size; TD, trichome density. 
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4.3.2.3 Factor Analysis 

The same standardised data used for PCA was used in FA. Each factor summarised the most 

correlated variables concerning Cr wt% and Cr particle size. Factors highlighted a different set of 

correlated variables for adaxial and abaxial leaf surfaces (Table 4.8). FA results for adaxial leaf 

surfaces were consistent by providing the same set of variables with the highest loadings under 

both the factors for Cr wt% and Cr particle size. F1 had both Cr wt% and Cr particle size positively 

correlated with leaf area, epicuticular wax and plant height, but had a negative correlation with 

stomata density. In the second factor (F2), plant height and trichome features (size and density) 

were negatively correlated to both Cr variables (wt% and size). Trichome size had a loading > 0.9 

for both Cr variables on F2 that indicated this variable to be considered as a pure measure of the 

factor (du Toit & Cilliers, 2010) (Table 4.8).  

 

For the abaxial surface, FA extracted different sets of variables correlated with Cr wt% and Cr 

particle size (Table 4.8). On F1, Cr wt% was positively correlated with stomata size, road 

frequency, epicuticular wax and negatively with trichome density. F2 showed a negative 

correlation with trichome size and a positive relation with epicuticular wax and mine frequency. 

Regarding Cr particle size, F1 extracted epicuticular wax as the most correlated variable followed 

by leaf area, mine frequency and stomata size. Under F2, Cr particle size was negatively 

correlated with stomata size and epicuticular wax, but positively with trichome density and plant 

height. Epicuticular wax appeared in both factors for Cr wt% and particle size on this leaf surface. 

Similarly, stomata size had > 0.45 loading values on both factors for Cr particle size. Such a 

scenario is recognised as ‘factorially complex’ meaning the variable can be moderately 

predictable under each factor (du Toit & Cilliers, 2010). Based on the low loadings of Cr variables 

on the second factor, values of the above mentioned variables were considered and interpreted 

for the first factor only. 
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Table 4.8. Varimax rotated FA matrix on, a. Cr wt% and b. Cr particle size. Loadings > 0.45 are in bold. Ad, adaxial; Ab, abaxial. 

a. Ad Ab b. Ad Ab 

Factor 1 Factor 2 Factor 1 Factor 2 Factor 1 Factor 2 Factor 1 Factor 2 

Cr wt% 0.874 ‒0.215 0.652 0.071 Cr particle size (CrD) 0.890 0.004 0.915 ‒0.367 

Mine frequency 0.298 ‒0.028 0.256 0.458 Mine frequency  0.333 0.056 0.461 0.184 

Road frequency ‒0.172 0.196 0.705 ‒0.372 Road frequency  ‒0.102 ‒0.235 0.055 0.311 

Plant height  0.485 0.696 ‒0.243 0.120 Plant height  0.477 ‒0.607 0.433 ‒0.687 

Leaf area 0.848 ‒0.208 ‒0.098 0.342 Leaf area 0.751 0.231 0.571 ‒0.136 

Epicuticular wax  0.515 ‒0.196 0.659 0.712 Epicuticular wax  0.556 0.290 0.757 0.507 

Stomata size  ‒0.382 ‒0.300 0.738 0.171 Stomata size  ‒0.429 0.253 0.450 0.734 

Stomata density ‒0.584 ‒0.238 ‒0.003 0.251 Stomata density  ‒0.666 0.131 0.277 0.034 

Trichome size  ‒0.190 0.916 0.109 ‒0.839 Trichome size  ‒0.127 ‒0.996 ‒0.389 ‒0.084 

Trichome density ‒0.135 0.598 ‒0.598 ‒0.036 Trichome density  ‒0.021 ‒0.575 ‒0.056 ‒0.802 

Eigenvalue 2.645 1.996 2.404 1.753 Eigenvalue 2.664 1.972 2.400 2.202 

Cumulative % 26.449 46.405 24.040 41.571 Cumulative % 26.641 46.367 24.006 46.027 
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4.3.2.4 Additional analyses 

Dendrograms of input variables on dominant leaf traits of the adaxial and abaxial leaf surfaces 

illustrated plant species grouping. The two clusters for the adaxial surface portrayed mostly the 

absence of trichomes (C1), except for the two species, S. italica and T. terrestris that had 

trichomes, and C2 that presented species with trichomes (Fig. 4.6a). Clusters for abaxial surfaces 

showed much heterogeneity regarding dominant surface features (Fig. 4.6b). C1 grouped species 

with moderate to very dense epicuticular wax, large stomata, and moderate stomata density; 

species under C2 primarily featured low to very dense epicuticular wax, medium-sized stomata, 

and high stomata density; while C3 grouped only two species, namely T. terrestris which had no 

distinct epicuticular wax structure and low frequency of small stomata and O. paniculosa which 

had low wax density with stomata not observed.  

 

 

Figure 4.6. Dendrograms of plant species clusters based on leaf traits. a. Adaxial; b. 

abaxial. As leaf trait data included measurements on different scales it was standardized 

with z-score before the analysis. 

ANOVA on species groups (Table 4.9a) formed after the cluster analysis results (Figure 4.6) 

indicated significant differences for certain variables. For the adaxial surface, a significant 

difference in the mean values was determined for both trichome size and density (p<0.001) (Table 

C4, Appendix C). For the abaxial leaf surface, results showed significant differences among the 

three plant species groups (Table 4.9b) for epicuticular wax (p<0.05), stomata size (p<0.05) and 

stomata density (p<0.01). Tukey’s Unequal HSD (Honestly Significant Difference) tests yielded 

no further statistical significance for stomata size, but a difference was confirmed between group 

1 and 3 for epicuticular wax (p<0.05) (Fig. 4.7a) (Table C5, Appendix C) and between group 1 

and 2 (p<0.01) and 2 and 3 (p<0.01) for stomata density (Fig. 4.7b) (Table C5, Appendix C). 
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Table 4.9. Plant species groups based on dominant a. adaxial and b. abaxial leaf features. 

Ad, adaxial; Ab, abaxial. 

a. Ad (presence/absence of trichomes) b. Ab (stomata density, mm‒2) 

Group 1  

(mostly glabrous) 

Group 1  

(pubescent) 

Group 1 

(6‒45) 

Group 2  

(68‒146) 

Group 3 

(0‒13) 

Arg och, Car pap 

Cat ros, Cit lim 

Ipo bat, Sen ita 

Tri ter 

Gom fru, Mor ole 

Ozo pan, Pel afr 

Psi gua 

Arg och, Gom fru 

Ipo bat, Mor ole 

Pel afr, Sen ita 

Car pap, Cat ros 

Cit lim, Psi gua 

Ozo pan  

Tri ter 

Arg och = Argemone ochroleuca; Car pap = Carica papaya; Cat ros = Catharanthus roseus; Cit lim = Citrus limon; Gom 

fru = Gomphocarpus fruticosus; Ipo bat = Ipomoea batatas; Mor ole = Moringa oleifera; Ozo pan = Ozoro apaniculosa; 

Pel afr = Peltophorum africanum; Psi gua = Psidium guajava; Sen ita = Senna italica; Tri ter = Tribulus terrestris. 

 

 

Figure 4.7. Significant difference in mean values for plant groups regarding abaxial leaf 

traits. a. Epicuticular wax density groups; b. stomata density groups; different letters 

indicate significant difference (p<0.05). 

Kruskal-Wallis results showed no significant difference regarding plant groups on road proximity, 

but a significant difference was observed between the two plant groups on mine proximity 

regarding Cr particle size. Group 1 (species sampled < 3 km from the nearest mine) had 

significantly larger Cr particles on the adaxial surface than group 2 (species sampled 3‒5 km from 

the nearest mine) (p<0.05) (Fig. 4.8) (Table C6, Appendix C). 
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Figure 4.8. Significant difference between mine proximity groups regarding adaxial Cr 

particle size. Whiskers represent the largest and smallest values. Significant difference at 

p<0.05. CrD, Cr particle size (µm). 

4.3.3 Air mass movement patterns 
 
As is evident from the air mass history for Area 1, presented in Figure 4.9a, dust generated in 

relative proximity around 20‒25 km (indicated by the darker red zone in Figure 4.9a), in all 

directions of the sampling area, likely contributed to dust deposited on the leaves. The R37 and 

a Pt mine lie within this specific air mass fetch region. In addition, dust generated in a larger zone 

between northeast and southeast, as well as a smaller zone between southwest and west (both 

indicated by the less intense red colour in Figure 4.9a) from the sampling area likely also 

contributed to dust. However, no mines, smelters and roads that are used to transport ore, occur 

in this fetch region. Therefore, the dust originating from there could be of natural, farming or 

grazing origin. Sources occurring in the fetch region over which lower air mass overpass 

frequencies occurred, i.e. indicated with yellow and green, are unlikely to have considerable 

contribution towards the dust deposited on the plant leaves at sampling sites of Area 1. 

 

The air mass histories for Area 2 and 3 (Figs. 4.9b and 4.9c) indicated similar patterns to that 

observed for Area 1 (Fig. 4.9a), i.e. relatively local (approximately 20‒25 km, indicated by the 

darker red areas in the figures) contributions to dust deposited on the leaves and regional 

contribution from the large fetch region between northeast and southeast of the sites. However, 

from north to south in the mapped area, the contribution of the most prominent fetch region 

(indicated by darker red) between northeast and southeast of the sites weaken. Therefore, four 

platinum mines, two chrome mines, one ferrochrome smelter and the R37 likely make local 

contributions to dust deposited on Area 2. Similarly, one Pt mine, one Cr mine, one ferrochrome 

smelter and the R555 contributed at Area 3. Other sources are located within the fetch regions 
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with lower overpass frequencies (i.e. indicated by the less intense red colour) that may contribute 

as well. 

 

 

 

Figure 4.9. Overlay back trajectory maps calculated over the period 1 April 2018 to 30 

November 2018 for sampling sites. a. Area 1 (sampling site 3, 4, 5 and 7); b Area 2 

(sampling site 1 and 2); c. Area 3 (sampling site 8), according to the method developed by 

Vakkari et al. (2011). The colour code indicates the percentage of the trajectories passing 

over 0.2° x 0.2° grid cells that were superimposed on the map area of interest. The colours 

red and blue indicate the highest and lowest percentage overpasses, respectively. 
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4.4 Discussion 

 

4.4.1 Pollution sources 

 

4.4.1.1 Soil  

Source identification analysis for soil highlighted shared contributions of Cr, Fe and Mg from the 

ultramafic soils of Sekhukhuneland that are a generous source of these elements (Siebert et al., 

2002) and anthropogenic activities (e.g. chromite ore used in mining, smelting or its transport). 

Chromite ore contains Cr2O3, Fe2O3 and FeO as the primary components with a heterogeneous 

mix of SiO2, Al2O3, CaO and MgO (Gu & Wills, 1988; Coetzee et al., 2018; Sweeten et al., 2018; 

Tshehla & Djolov, 2018). Slag and dust produced by the ferrochrome smelter might also be 

enriched with SiO2, Al2O3 and MgO with a mixture of Cr and Fe oxides (Coetzee et al., 2018; 

Tshehla & Djolov, 2018). Al and Ca could have a lithological or geological origin, but not from 

chromite, based on the negative association between Cr, Fe and Mg with Al and Ca. Si could be 

sourced from the soil, crustal or road dust and silicone mine in the region close to sampling site 

8 (Tshehla & Djolov, 2018; Tshehla & Wright, 2019a).  

 

Disentangling pollution sources is challenging in urban and mine impacted soil systems (Oliva & 

Espinosa, 2007; Shi et al., 2008; Gabarrón et al., 2018). In densely settled areas around mines 

in Sekhuhuneland that is developing rapidly with increasing Cr pollution from multiple 

anthropogenic sources, such complexity in soil elemental composition can be expected. 

Furthermore, the possibility of substitution of Fe in chromite by Mg or Ca and Cr by Fe or Al to 

form intermediates (Gu & Wills, 1988) could add elemental complexity to geogenic dust. 

Heterogeneity in soil Cr results, therefore, urges detailed future investigations and continuous soil 

contamination monitoring at a local and regional scale. 

4.4.1.2 Leaf surfaces 

In the present study, regarding the major elements (i.e. Cr, Fe, Mg, Al, Si and Ca) detected on 

leaf surfaces, atmospheric particles could be the major contributor compared to soil dust. Hence, 

a common or shared origin may be predicted for these elements most probably from chromite 

sourced from mining, transport or smelting operations. The association of Cr with Si could be a 

result of dust generated from ferrochrome smelter slag that contains Si (Coetzee et al., 2018; 

Tshehla & Djolov, 2018) or chromite could have SiO2 in the ore (Gu & Wills, 1988; Coetzee et al., 

2018; Tshehla & Djolov, 2018). For other elements, Ca and K, geology could be concluded as the 

main source and specifically Mg on the abaxial side as a prominent component of the serpentine 

mineralogy of the region (Siebert et al., 2002). A study by Tang and Han (2015) reported higher 

elemental concentrations in atmospheric particles than topsoil dust from polluted urban localities. 

This may further suggest a greater possibility of elemental contamination of leaves by aerial PM 
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than soil dust in the study region. A similar SEM-based dust deposition analysis study by Gajbhiye 

et al. (2016) suggested airborne Pb and Cd as the major source on leaf surfaces sampled from 

industrial areas. Obtained results suggested heterogeneous anthropogenic origin for most of the 

detected elements on leaf surfaces due to the accumulation of particles from varied sources over 

time (Yang et al., 2016). 

 

For both soils and plant leaf surfaces, a significant positive association of Cr-Fe, indicated chrome 

mines and ferrochrome smelters as prime sources of deposited Cr particles as both these 

elements are the major constituents of chromite ore (Gu & Wills, 1988; Tshehla & Djolov, 2018) 

and smelter dust (Beukes et al., 2010; Coetzee et al., 2018). The generated air mass movement 

patterns further supported the findings by indicating Cr and Pt mines, ferrochrome smelters and 

roads within < 25 km periphery around the sampling sites as primary dust contributors. 

Determined complexity in the elemental composition of plant leaf surfaces and soil in the present 

study could be explained with the recent findings by Tshehla and Wright (2019a) that reported 

notable spatial variability regarding chemical composition and size distribution of Cr and Fe-Cr 

enriched PM in the regional air mass over Sekhukhuneland. 

 
4.4.2 Dust pollution 

 

4.4.2.1 Plant traits 

The variable that showed maximum influence on Cr contamination of leaf surfaces was leaf area 

(as determined in Chapter 3). This trait had a significant positive influence on Cr contamination 

of leaf surfaces. Previous reports suggested plants with bigger leaves as better options for air 

pollution mitigation (Mo et al., 2015; Nguyen et al., 2015; Shi et al., 2016). Larger leaves, 

therefore, present bigger available areas (Leonard et al., 2016) for Cr dust deposition. 

 

Among foliar micromorphological traits, dense wax structures enhanced Cr particle adhesion on 

leaf surfaces of investigated species in the present study. Nguyen et al. (2015) noted that wax 

structures on large leaves hold dust better compared to smooth ones. Dzierżanowski et al. (2011) 

suggested that particle size in leaf wax differ among species primarily depending on species 

specific details such as wax chemistry and structure that could have influenced Cr particle 

contamination in Sekhukhuneland. 

 

Other traits such as trichomes and stomata features, and plant height showed different effects on 

Cr particle adhesion on either side of the leaf. For example, the presence of longer trichomes 

could have restricted Cr contamination on the adaxial surface that is consistent with results from 

past studies stating hairy leaves as inefficient dust collectors (Perini et al., 2017). For the adaxial 

surface, glabrous/pubescence was also observed as the most significant characters to 
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differentiate plant species. Longer trichomes could have a similar limiting effect on the abaxial 

surface that matched with findings by Ram et al. (2012) that implicated such foliar character for 

low traffic dust amounts on the abaxial leaf surfaces of Polyalthia longifolia. On the contrary, 

dense trichomes favoured holding of larger Cr particles on the abaxial leaf surfaces in the present 

study as similarly reported in literature (El-Khatib et al., 2011), probably because pubescence 

prevents re-emission of dust (Leonard et al., 2016) that could be particularly important for the 

abaxial leaf surfaces facing down. 

 

Densely distributed stomata on the adaxial surface could be unfavourable for Cr dust adhesion in 

terms of both Cr wt% and Cr particle size. This contradicted past findings that established a 

positive correlation between foliar dust accumulation and stomata density on abaxial leaf surface 

(Liang et al., 2016; Zha et al., 2019). For the present study, absence of adaxial stomata in half of 

the investigated species that possess other dust adhesion favouring traits such as larger leaf area 

and dense wax structures might influence the overall Cr contamination process. Such effects 

have been reported previously, for example, Leonard et al. (2016) reported that leaves with wax 

increased surface hydrophobicity and consequently limited dust deposition on leaves with 

trichomes even though trichomes may hold more dust. Higher stomata density and larger stomata 

on the adaxial and abaxial surface, respectively, enhanced deposition of smaller Cr particles. 

Likewise, Mo et al. (2015) and Zha et al. (2019) suggested such stomata features to create a 

moisture enriched foliar environment that generally favours deposition of smaller particles 

especially the hygroscopic PM2.5. For the studied species, besides epicuticular wax, stomata 

density was found as a major abaxial leaf surface trait to differentiate plant species.   

 

Regarding plant height, taller species showed higher Cr dust contamination possibility in terms of 

Cr amount and adhesion of larger Cr particles on the adaxial leaf surfaces. The same was 

observed for the abaxial surface regarding the size of the Cr particles as indicated by Mo et al. 

(2015) stating a greater adhesion possibility of large PM on the abaxial leaf surface. Plant tallness 

is critical to create air turbulence leading to higher deposition of PM especially on tree leaves 

(Tallis et al., 2011; Ram et al., 2012). In addition, plant height determines the dominance of 

airborne or soil dust exposure to plant leaves (Mo et al., 2015). Tallness hence increased 

exposure possibility of airborne Cr dust to plant leaves in the present study which was expected 

considering high atmospheric Cr pollution in Sekhukhuneland (Tshehla & Djolov, 2018; Tshehla 

& Wright, 2019a). 

 

4.4.2.2 Pollution 
 
An enhancing effect of road frequency (combining road proximity and number) on the abaxial Cr 

wt% can be explained by the high probability of deposition of re-suspended road dust particularly 
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spilled Cr ore during transportation in the region (Tshehla & Djolov, 2018). Overlay back trajectory 

maps for the study region also indicated the two main roads as primary dust sources for the 

sampling sites. Pӧykiӧ et al. (2005) and Tian et al. (2019) suggested transportation routes in 

mining regions as noteworthy pollution sources of Cr and Rare Earth Elements, respectively. 

 

Mine frequency also increased foliar Cr wt% and particle size on the abaxial leaf surface. In other 

words, several mines in close vicinity to sampling sites presented a higher probability of 

vegetation being contaminated with Cr particles. Air mass movement patterns for the study sites 

indicated the same. Cr mine proximity effect on wild vegetation was reported (Pӧykiӧ et al., 2005). 

The higher adhesion possibility of larger Cr particles on the adaxial leaf surfaces of plants 

sampled from areas close to mines further supported gravity caused near-source deposition of 

larger particles (Sgrigna et al., 2015). 

 

In this context, as revealed in the present study, a higher probability of coarse particles (PM10) to 

contain Cr was consistent with the fact that mining operations generally emit particles of this size 

fraction (Entwistle et al., 2019). Numerous mine dumps in the study region could be another 

potential source of PM10 carrying Cr as this PM size fraction is the most abundant one in typical 

mine dump affected areas in South Africa (Nkosi et al., 2017). Further research in this regard may 

substantiate such a possibility in Sekhukhuneland. 

4.4.2.3 Leaf surface-Cr dust interaction 

The above-discussed prominent traits were represented by the main factors that explained leaf 

surface-Cr particle interactions in Sekhukhuneland. An individualistic leaf surface-dust interaction 

system is recognized for the two leaf surfaces. For the adaxial surface, ‘plant morphology’ was 

the primary factor where leaf area, epicuticular wax and plant height increased Cr particle 

deposition possibility. The second factor, ‘leaf morphology’ was entirely represented by the 

negative influence of longer trichomes on Cr dust deposition.  

 

On the abaxial surface, leaf morphological features such as stomata size, epicuticular wax and 

leaf area and pollution variables conjointly created the ‘leaf surface-dust interface’ which mainly 

controlled the interaction of leaf surface to environmental Cr particles in terms of Cr wt% and Cr 

particle size. The second factors, for Cr wt% also reflected a similar positive influence of plant 

traits (smaller trichomes and denser wax structures) and mine frequency in this regard. 

Concerning Cr particle size, ‘plant morphology’ represented the second factor that suggested 

smaller stomata and plant height to promote the deposition of larger Cr particles. For both adaxial 

and abaxial leaf surface, low loadings for Cr variables on the second factors could suggest that 

these factors contributed less to Cr dust contamination of the assessed species.  
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In this regard, trichomes, epicuticular wax and stomata in the present study reflected contradictory 

outcomes (enhancing and limiting) for the two leaf surfaces. Trichomes and leaf wax were 

identified to favour or restrict PM accumulation by plant leaves in literature (Leonard et al., 2016; 

Chen et al., 2017; Perini et al., 2017; Liu et al., 2018). For stomata, however, the present study 

results contradicted past reports that necessitate extensive future investigation. 

Various leaf micromorphology, therefore, contributed to foliar contact surfaces (Neinhuis & 

Barthlott, 1998; Chen et al., 2017) by adding structural heterogeneity on which extraneous particle 

interaction was favoured or restricted. In the present study, therefore, plant morphological traits 

cohesively affected foliar Cr dust deposition rather than individual dominance as similarly 

suggested in previous investigations (Leonard et al., 2016; Weerakkody et al., 2018). Further 

investigation on a larger number of taxa may help conclude better in this regard. The adopted 

comprehensive analytical approach to explore the leaf surface-Cr particle interaction in the 

present study is suitable to address the influence of both plant and pollution variables and can be 

tested further in mine polluted areas in South Africa. 

4.4.3 Study limitations 
 
Dust pollution may alter plant morphology (Chen et al., 2015; Popek et al., 2015), hence, 

comparative analysis by integrating plant species from non-polluted habitat might provide insight 

regarding possible plasticity of plant morphological characters observed in Sekhukhuneland. Dust 

accumulation on leaves is a time-dependent phenomenon related to both leaf phenology, as well 

as fluctuations in emission rates and consequent dispersion and deposition by wind movements 

(Pӧykiӧ et al., 2005; Mingorance & Oliva, 2006; Chen et al., 2015; Grote et al., 2016). Accounting 

for seasonal dust variability might be an important additional sampling approach (Sigrigna et al., 

2015; Tang & Han, 2015; Chen et al., 2017; Zha et al., 2019). The influence of the number of Cr 

polluters proved to be critical in the present study and should be investigated further at a broader 

scale. Continuous monitoring and research are expected to add further information to understand 

the pollution factor better in Sekhukhuneland.  

 
Summary 
 
This study considered leaf surface-Cr particle interaction dynamics and possible Cr dust sources 

in soil and plant leaves under multifaceted Cr particle exposure in a mining-smelting region in 

Sekhukhuneland. Cr in soil probably had its origin from both ultramafic geology and anthropogenic 

sources. Cr dust contamination of the leaf surfaces was predominantly from environmental 

pollution ascribed to dust originating from varied mining associated activities. As evident from the 

overlay back trajectory maps dust sources within the 25 km zone around sampling locations could 

be important. Both matrices (i.e. soil and plant) showed heterogeneity regarding elemental 

composition probably due to the presence of a variety of polluters. The two leaf surfaces, i.e. 



 

117 
 

facing up or down, interacted differently with atmospheric pollution and soil dust depending on 

plant morphology. Plant morphology predominantly controlled leaf surface-Cr particle interaction 

on the adaxial surface where plant tallness increased Cr contamination probability of larger leaves 

with dense epicuticular wax. Cr dust adhesion on the abaxial leaf surface could be a more 

complex process between plant morphology and pollution sources and hence ‘leaf surface-dust 

interface’ could be identified as the main factor to control the dust deposition process. Proximity 

to several roads and mines enhanced the abaxial Cr particle contamination that could be further 

favoured on bigger leaves with dense epicuticular wax structures and larger stomata. These 

poorly understood drivers of foliar dust adhesion require extensive scientific attention. Future 

studies on the elemental composition of the soil, road and atmospheric dust, along with analysis 

of a wider variety of vegetation are essential to make more informed predictions regarding the 

risk associated with human use of dust polluted plant leaves in this part of South Africa. The 

following chapter provides some perspective on the contribution of Cr dust towards Cr 

accumulation by plant leaves and human health risk associated with their consumption.  
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Chapter 5  

Chromium accumulation by plant leaves (total Cr and Cr(VI)) 

5.1 Introduction  
 
Mining of chromium (Cr), Cr processing industries and waste cause Cr-enrichment of soil and air 

(Kimbrough et al., 1999; Dhal et al., 2010b; Bolaños-Benítez et al., 2018; Coetzee et al., 2018). 

Cr accumulation in leaves because of increased root uptake in Cr mining, smelting and Cr-based 

industrial region is studied adequately (Economou-Eliopoulos et al., 2012; Mohanty et al., 2012; 

Reddy et al., 2012; Owolabi et al., 2016). In such localities, besides root uptake, Cr dust exposure 

to aerial plant parts might increase the contamination probability as suggested for other heavy 

metals (Bi et al., 2009; Liu et al., 2019; Wang et al., 2019).  

 

Cr as a transition element may exist in multiple valence states, of which tri- (Cr(III)) and hexavalent 

chromium (Cr(VI)) are the least and most toxic form, respectively (Kimbrough et al., 1999; 

Economou-Eliopoulos et al., 2012; Oliveira, 2012). The biological toxicity of Cr, therefore, 

depends on the proportion of Cr(III) and Cr(VI) in the exposure environment (Kimbrough et al., 

1999). Cr mine and smelter waste is rich in Cr(VI) (Cox et al., 1985; Ma & Garbers-Craig, 2006; 

Dhal et al., 2010a; Bolaños-Benítez et al., 2018; Coetzee et al., 2018). Waste from these 

industries also contains several other hazardous elements besides Cr (Pӧykiӧ et al., 2005; Dhal 

et al., 2010a; Kien et al., 2010; Economou-Eliopoulos et al., 2012; Bolaños-Benítez et al., 2018). 

Among these elements, As (11), Cd (25) and Cr (28) ranked high as carcinogens listed by the 

International Agency for Cancer Research (IARC) (Cai et al., 2019). Exposure to multiple toxic 

elements, therefore, increases the health threat potential to users in mining-smelting impacted 

regions (Wang et al., 2019; Antisari et al., 2020). Safe limits of such elements in plants are 

therefore recommended by international regulatory bodies (Kohzadi et al., 2018) to ensure the 

safety of useful plants. 

This chapter deals with two interlinked aims, first to present a comprehensive report on total Cr 

and Cr(VI) accumulation by the leaves of useful plant species from the mining-smelting region in 

Sekhukhuneland and second, to investigate leaf consumption associated health risk. The region 

has a long history of Cr and platinum (Pt) mining (both Cr and Pt mines extract elements from the 

same chromitite ore layers in the region to contribute to Cr pollution, Scoon & Viljoen, 2019), yet 

Cr contamination of local vegetation especially due to Cr dust exposure has never been 

investigated. The first objective was therefore to determine the contribution of deposited Cr 

particles to Cr accumulation in and on leaves of useful plants. It was hypothesized that the 

presence of various Cr dust emitters, e.g. mines, smelters, roads, and tailings in the region 

(Tshehla & Djolov, 2018; Tshehla & Wright, 2019) would result in considerable dust deposition 
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on plant leaves. To test this, leaf surface Cr concentration was determined as a difference in 

elemental concentrations between unwashed (UW) and washed (W) leaves of sixteen food and 

medicinal plants used by local inhabitants. The second objective was to assess Cr(VI) availability 

to plant leaves in the region. It was assumed that due to the presence of multiple Cr(VI) polluters, 

e.g. Cr mines, tailings and ferrochrome smelters in the region, local vegetation would be exposed 

to this hazardous Cr species. To test this, Cr(VI) amount in unwashed plant leaves were 

determined. The third objective was to evaluate the effect of plant growth form, Cr polluters and 

soil on Cr contamination of plant leaves. As indicated in past studies (Visoottiviseth et al., 2002; 

Pӧykiӧ et al., 2005; Economou-Eliopoulos et al., 2012) it was hypothesised that such variables 

would affect Cr contamination of plant leaves in Sekhukhuneland. Plant species were hence 

categorised according to growth form and total number of Cr sources within a selected distance 

zone and analysed. Total Cr, Cr(VI) and soluble Cr concentrations in local soil samples were 

determined to investigate their possible influence on leaf Cr content. With regards to the second 

aim, it was postulated that consumption of mining-smelting sourced dust contaminated useful 

plant leaves would present substantial health risk to consumers as a result of exposure to multiple 

toxic elements. To test this, toxic elements in W and UW leaves were quantified and ingestion 

linked non-carcinogenic and carcinogenic health risk was estimated.  

5.2 Materials and Method 

5.2.1 Study area 

 
Sampling was conducted in the mining-smelting region in the Fetakgomo-Tubatse municipal area 

in the Sekhukhune District, Limpopo. The geology of the study area comprises the eastern part 

of the world's largest layered igneous formation, the Rustenburg Layered Suite (RLS), part of the 

Bushveld Igneous Complex (BIC) (Naldrett et al., 2012; Scoon & Viljoen, 2019). The long 

crescent-shaped formation of the RLS is subdivided into five-rock zones (Fig. 5.1), of which the 

Critical Zone (CZ) predominantly features chromitite rock layers (stratiform Cr ore) with the largest 

global chromitite reserve and considerable proportions of Pt (Naldrett et al., 2012; Scoon & 

Viljoen, 2019).  

 

The study was conducted following the CZ (Fig. 5.1) in the eastern part of the Sekhukhune district, 

starting at Atok (a Pt mine) in the north to Steelpoort (near a Cr and Pt mine) in the south. The 

middle section falls within the Motse River valley, known as the 'platinum valley' with multiple Pt 

mines (Scoon & Viljoen, 2019). Seven sampling sites (3 home gardens and 4 rangelands) were 

randomly selected following the chain of active Cr and Pt mines and the three operational 

ferrochrome smelters in the study region (Fig. 5.1). The area is further polluted by two main roads 

(R37 and R555) and numerous interconnecting non-tar roads. The metalliferous soils generated 

from the ultramafic-mafic formations of the RLS are primarily characterized by high concentrations 
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of Al, Co, Cr, Fe, Mg, Mn, Ni, Ti and V (Siebert et al., 2002). Sampling was therefore aimed to 

incorporate deposition of dust originating from the local geology and polluted areas on useful plant 

leaves. 

 

 

Figure 5.1. Geology of the eastern RLS accompanied by the sampling sites and major 

mines and smelters in Sekhukhuneland and neighbouring region. 

5.2.2 Sample collection 

 
For a detailed sampling procedure see Chapter 3, section 3.2.2. In the current study, Cr 

concentrations were determined in leaves of sixteen commonly used leafy vegetable and 

medicinal plant species in the region (Semeny & Potgieter, 2014; Mogale et al., 2019). Plant 

leaves were sampled randomly from home gardens (seven species) and rangelands (nine 

species). Detailed leaf-use of the twelve species is tabled in Chapter 3, under section 3.2.2 (Table 

3.1) and the additional four species investigated here are described below (Table 5.1).  
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Table 5.1. Growth form and leaf use of the four plant species. *Exotic and cvcultivated 

species. Sampling site: HG, home garden; RL, rangeland; S4, sampling site 4; S5, sampling 

site 5; S7, sampling site 7. 

Sampling 

site 

Plant species Family Growth form Leaf use  

S5, RL Amaranthus spinosus L.* Amaranthaceae 

 

Forb  

 

Leafy vegetable 

S7, HG Cleome gynandra L. Cleomaceae Forb  Leafy vegetable 

S7, HG Carpobrotus edulis (L.) 

L.Bolus subsp. edulis 

Aizoaceae 

 

Succulent Treat diabetes mellitus, 

goitre, toothache, sore 

throat, stomach pain 

S4, RL Sansevieria trifasciata 

Prain* 

Ruscaceae Succulent Treat diarrhoea 

 

Topsoil (< 10 cm depth) was collected from the base of each sampled plant, passed through a 2 

mm sieve, and mixed to prepare composite samples per site (Fig. 5.2). Soil samples were dried 

and stored in sealed containers.  

 

 

 

Figure 5.2. Soil composites of the seven sampling sites. a. Site 1, tailing facility; b. site 2, 

home garden near site 1; c. site 3, farthest home garden from a mining site; d. site 4, 

rangeland close to a Pt mine; e. site 5, abandoned informal Cr excavation location; f. site 

7, home garden near site 4; g. site 8, rangeland in mountains, chromitite outcrop. 
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5.2.3 Soil and plant tissue analyses 
 
Unwashed leaf composites per species were divided into two portions. One part of unwashed leaf 

material was air-dried and stored in brown paper bags to serve as the 'unwashed leaf material' 

(UW) and the rest was washed three times with distilled water after collection to get rid of surface 

dust, air-dried and stored in a brown paper bag as the 'washed leaf material' (W). Later, UW air-

dried leaf material was dehydrated in an oven at 35 °C for 48 hours except succulents were dried 

at 60 °C for 48 hours. W leaves were further washed three times with 0.1 M HCl solution for about 

one minute and then rinsed with distilled water three times and oven-dried like UW leaves (Siebert 

et al., 2018; Dobbins et al., 2021). UW and W leaf materials and soil samples were ground in a 

tungsten carbide ring mill to a particle size less than 75 µm and stored in sealed vials at room 

temperature until analysis. 

5.2.3.1 Determination of total elements in plant leaves 

To determine the concentrations of Cr and other toxic elements, i.e. metals and metalloids (Al, 

As, Cd, Co, Cr, Cu, Hg, Mn, Mo, Ni, Pb, Sb, V and Zn) in plant leaves, UW and W leaves were 

analysed with the EPA 3051A microwave acid digestion method. This is a total recoverable 

method based on low sample requirement that ensures least sample loss; and is globally 

accepted and used in environmental studies, especially for the detection of heavy metals (Chen 

& Ma, 1998; Agazzi & Pirola, 2000).  

 

Each 0.2 g of ground leaf sample was placed in a Teflon tube. Then 9 ml of 65% nitric acid (HNO3) 

and 3 of ml 32% hydrochloric acid (HCl) (HNO3‒HCl, 3:1, v/v) was added to the tube, sealed, and 

placed in a high-performance microwave digestion system (Milestone, Ethos UP, Maxi 44) for 20 

minutes until the system reaches 1800 MW at 200 °C. The state was maintained for 15 minutes. 

After cooling, the final volume was adjusted to 50 ml and analysed on an ICP-MS (Agilent 7500 

series). For Cr concentrations of dust adhered to leaf surfaces, detected metal concentration in 

W leaves was subtracted from the UW leaf concentration. W leaf values of Cr were considered 

as concentrations in leaf tissue. 

5.2.3.2 Quantifying Cr(VI) in leaves and soil 

Due to lack of sufficient leaf material Cr(VI) was determined in UW leaves only and the values 

represented total Cr(VI) of leaf materials. To determine Cr(VI) in the UW leaves and soil, a method 

described by Ashley et al. (2003) was selected. The method uses an alkaline buffer to ensure 

maximum extraction of Cr(VI). Alkalinity stabilises Cr(VI) and prevent its reduction to Cr(III) but 

may increase the oxidation possibility of some Cr(III) to Cr(VI) at high temperature. Pure N2 was 

supplied during the reaction to limit oxidation of Cr(III) (Ashley et al., 2003).  
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Measured 2.5 g of ground sample (leaf or soil) was transferred into a 250 ml beaker and mixed 

with 50 ml of Na2CO3–NaOH buffer (3% sodium bicarbonate, 2% sodium hydroxide, m/v). The 

buffer was de-oxygenated before use by supplying N2 gas for 45 min. The sample was then 

digested on a hot plate for 2 h with a constant supply of N2. For plant samples, after the extraction, 

solutions were filtered through Whatman 540 filter paper to remove leaf residue. The beaker was 

then washed with 30 ml of freshly de-oxygenated buffer and filtered through a 0.45 μm filter paper. 

The extract was collected in a 100 ml volumetric flask, filled to volume with de-oxygenated buffer 

and analysed with an Agilent 7500 ICP-MS.  

5.2.3.3 Determination of total elements in soil 

Total concentrations of elements in collected soil samples from the seven study sites were 

determined with a handheld x-ray fluorescence (XRF) machine (Koch et al., 2017). The method 

is specifically recommended to analyse the contamination status of soils that are impacted by 

anthropogenic disturbances such as mining (Galuszka et al., 2015). The technique is reported to 

provide adequate quantitative and qualitative data for a range of elements within a minimum time 

frame and least sample preparation (Kalnicky & Singhvi, 2001; Jang, 2010). 

 

The ground soil sample was taken in a sample cup, levelled and covered with a piece of XRF-film 

to obtain a flat surface for a consistent XRF contact (Fig. 5.3). The equipment, Thermo Scientific 

Niton XL3t GOLDD+ handheld XRF was calibrated before the analysis. “Mining” setting was 

selected with a scan time of 120 seconds to detect all possible elements and to optimise the 

identification of lighter elements with lower detection limits. The XRF was held onto the flat soil 

surface until the scan was completed. The method was repeated three times per soil sample while 

changing the physical contact point of the XRF for each reading to capture maximum elemental 

variability. Standard protocol for the equipment and recommended precautionary measures were 

followed to ensure the validity of the data.  
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Figure 5.3. XRF analysis procedure. a. Components of handheld XRF analysis, 1. Thermo 

Scientific Niton XL3t GOLDD+ handheld XRF machine, 2. XRF-film, 3. sample cup; b. XRF 

analysis of soil samples.  

5.2.3.4 Determination of soluble Cr in soil 

To investigate the influence of soluble soil Cr on Cr accumulated in leaf tissue, collected soil 

samples were analysed with ammonium nitrate (NH4NO3) solution to extract soluble Cr (Siebert 

et al., 2018). NH4NO3 is chosen as it is comparatively less reactive, has a lower detection limit 

and minimum tendency to interfere with analytical measurements (Schӧning & Brümmer, 2008). 

However, other reagents were reported to extract higher quantities of exchangeable heavy metals 

(Gryschko et al., 2005) compared to NH4NO3.  

 

A volume of 50 ml of 1 M NH4NO3 solution was added to 20 g of soil in a 150 ml shaking flask. 

The solution was shaken at 20 rpm for 2 h at 25 °C and then left undisturbed for 15 min for 

particles to precipitate. The supernatant was filtered through a 0.45 µm Whatman filter paper. The 

filtrate was collected in a 50 ml vial and analyzed on an Agilent 7500 CE ICP-MS.  

5.2.3.5 Soil pH determination 

For each sampling site, soil pH (KCl) was determined using a 1:2.5 extraction solution (Siebert et 

al., 2018). In a beaker, 50 ml of deionised water was added to a 20 gm of soil sample and stirred 

with a glass rod for five seconds. The solution was left undisturbed for 4 h. After which the solution 

was stirred thoroughly and left undisturbed for another 10 min. A Radiometer Copenhagen PHM 

80 pH meter was used to measure the pH after the electrode was stabilised in the solution for 3 

min.  
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5.2.4 Variables 
 
5.2.4.1 Growth form 

Plant growth form was selected as a variable to test if Cr concentration in plant leaves varies 

significantly among different growth forms. Sixteen plant species investigated in this study were 

categorized according to growth forms, i.e. trees, forbs and succulents (Table 5.2). 

 

Table 5.2. Plant species groups based on growth form. 

Group 1 Group 2 Group 3 

Trees Forbs Succulents 

Car pap, Cit lim, Mor ole,  

Ozo pan, Pel afr, Psi gua 

Ama spi, Arg och, Cat ros, Cle gyn, 

Gom fru, Ipo bat, Sen ita, Tri ter 

Car edu, San tri 

 

Ama spi = Amaranthus spinosus; Arg och = Argemone ochroleuca; Car edu = Carpobrotus edulis; Car pap = Carica 

papaya; Cat ros = Catharanthus roseus; Cit lim = Citrus limon; Cleo gya = Cleome gynandra; Gom fru = Gomphocarpus 

fruticosus; Ipo bat = Ipomoea batatas; Mor ole = Moringa oleifera; Ozo pan = Ozoroa paniculosa; Pel afr = Peltophorum 

africanum; Psi gua = Psidium guajava; San tri = Sansevieria trifasciata; Sen ita = Senna italica; Tri ter = Tribulus 

terrestris. 

5.2.4.2 Polluters 

Of the seven localities sampled, only three sites, 1, 2 (< 4.5 km) and 8 (around 12 km) were in 

close vicinity to ferrochrome smelters. Considering the influence of such industry towards Cr and 

specifically Cr(VI) pollution (Cox et al., 1985; Ma & Garbers-Craig, 2006; Coetzee et al., 2018), 

an integrative approach was adopted to incorporate the effect of all major Cr sources. For each 

sampling site, a 10 km distance zone was determined within which all active mines (Cr and Pt), 

tar and non-tar roads and ferrochrome smelters were accounted. Hence, proximity, type and 

number of pollution sources were considered at the same time. The effect of the number of 

polluters has not investigated often however the presence of several Cr emitters in the vicinity of 

all sampling sites (see Chapter 4, section 4.2.7.3) necessitated this approach in the present study. 

Plant species were categorised accordingly into two groups (Table 5.3). 
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Table 5.3. Plant species groups based on the total number of various pollution sources 

within the 10 km periphery. 

Group 1 (≤ 3)  Group 2 (4‒6) 

Ama spi, Car edu, Cit lim, Cle gyn, Ipo bat,  

Mor ole, Ozo pan, Pel afr, San tri, Tri ter 

Arg och, Car pap, Cat ros 

Gom fru, Psi gua, Sen ita 

Ama spi = Amaranthus spinosus; Arg och = Argemone ochroleuca; Car edu = Carpobrotus edulis; Car pap = Carica 

papaya; Cat ros = Catharanthus roseus; Cit lim = Citrus limon; Cleo gya = Cleome gynandra; Gom fru = Gomphocarpus 

fruticosus; Ipo bat = Ipomoea batatas; Mor ole = Moringa oleifera; Ozo pan = Ozoroa paniculosa; Pel afr = Peltophorum 

africanum; Psi gua = Psidium guajava; San tri = Sansevieria trifasciata; Sen ita = Senna italica; Tri ter = Tribulus 

terrestris. 

5.2.4.3 Soil  

Concentrations of soluble Cr was considered as a soil variable that could influence Cr 

concentrations in plant leaf tissue in the present study. Total Cr and Cr(VI) levels in soil samples 

were considered as additional variables to compare sampling sites regarding Cr pollution.  

5.2.5 Data analysis  
 
For data analysis purposes, detected foliar Cr concentrations were assessed (Table 5.4) as 'total 

Cr of leaf' (total Cr concentration of UW leaf), 'Cr in leaf tissue' (total Cr concentration in W leaves), 

'Cr on leaf surface' (the difference between Cr amounts in UW and W leaf) and 'total Cr(VI) of 

leaf’ (total Cr(VI) concentration of UW leaf). Note that if Cr(VI) is not specified, then total Cr is 

referred to.  

 

Table 5.4. Summary of Cr concentrations determined for leaves. 

Total measured Material analysed Content (Cr concentration categories) 

Cr Unwashed (UW) Total Cr of leaf 

Cr Washed (W) Cr in leaf tissue 

Cr UW – W Cr on leaf surface 

Cr(VI) UW Total Cr(VI) of leaf 

 

To find out if there are significant differences in mean (1) Cr values in UW and W leaves of all 

sampled species, (2) UW and W leaf Cr contents of home garden and rangeland, and (3) UW and 

W leaf Cr contents in food and medicinal plants, non-parametric Kruskal-Wallis tests were 

conducted. In addition, linear regression analysis (R2) was chosen to determine the relation 

between Cr on leaf surface to total Cr of leaf and Cr in leaf tissue to find out if Cr dust contribute 

significantly towards total Cr and tissue Cr.  
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To indicate if plant species groups on growth forms (Table 5.2) and total polluters (Table 5.3) 

differ significantly in terms of the four leaf Cr concentration categories (Table 5.4), Kruskal-Wallis 

test was performed. Sampling sites were grouped based on leaf Cr concentration categories with 

hierarchical cluster analysis using the Ward linkage method in conjunction with Euclidean 

distance. The letter ‘C’ with the corresponding cluster number is used to denote generated 

clusters in the figures. 

 

Likewise, to determine similarity among sampling sites in terms of total soil Cr, hierarchical cluster 

analysis was performed. A follow-up Kruskal-Wallis test was conducted on the groups created 

after cluster analysis to assess if total soil Cr concentrations differ significantly between the 

groups. Furthermore, to determine the relationship between soluble soil Cr and Cr in leaf tissue, 

a linear regression was performed. Data was standardised with z-score and tested for 

homogeneity. Throughout the result interpretation, statistical significance was considered at 

p<0.05. IBM SPSS version 26 was used for data analysis. 

5.2.6 Human health risk  
 
Health Risk Assessment (HRA) was performed to evaluate ingestion linked health hazard 

potential of fourteen elements (Al, As, Cd, Co, Cr, Cu, Hg, Mn, Mo, Ni, Pb, Sb, V and Zn) detected 

in plant leaves (Table 5.5, 5.6). Assessments were conducted for the leaves of five food plant 

species commonly used as leafy vegetables (A. spinosus, C. gynandra, G. fruticosus, I. batatas 

and T. terrestris) in Sekhukhuneland (Mogale et al., 2019). Medicinal plant species were excluded 

from the analysis due to the unavailability of data on daily dose amounts for the selected species. 

HRA included non-carcinogenic and carcinogenic risk assessments. UW and W leaf materials 

were used to evaluate health risks and compare the risk between properly cleaned materials 

(Guerra et al., 2012) to unwashed materials.  

5.2.6.1 Non-carcinogenic risk  

Hazard Quotient (HQ), a ratio of the potential exposure to a substance (i.e. Estimated daily index, 

EDI) and the level at which no adverse effects can be expected (i.e. the Reference dose, RfD, 

US EPA, IRIS 2006, Integrated Risk Information System, IRIS, in the present study it is the oral 

RfD) (Guerra et al., 2012). Mean concentrations for each element recorded in the five leafy 

vegetables was used to calculate HQ per element using the following formula by US EPA, 1999 

(Can et al., 2020), 

 

HQ =
EDI

RfD
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Where EDI was calculated using the below-stated formula,  

 

EDI =
C × Cf × DC

BW
 

 

EDI (mg kg‒1 body weight day‒1); C is mean metal concentration (mg kg‒1 or µg g‒1) in UW and 

W leafy vegetables (Table 5.6, 5.7); Cf is the conversion factor, 0.085 (fresh to dry weight 

conversion, Rattan et al., 2005); DC presents daily consumption in kg day‒1 (0.1862 kg day‒1, 

Rose et al., 2002); BW, body weight in kg, considering 70 kg as the average body weight of an 

adult (World Health Organisation, WHO, 2011; Antisari et al., 2020; Yaman, 2020); RfD (mg kg‒1 

body weight day‒1) (Table 5.10). RfD for each element was obtained from the Chemical 

Assessment Summary records by US EPA, IRIS. 

 

From the HQs, the Hazard Index (HI) was calculated. HI represents the sum of all HQs. It is 

assumed that potential hazard to be magnified as a result of ingestion of several toxic elements 

(Guerra et al., 2012). For the present study, HI was calculated by adding HQs of the fourteen 

elements using the below-given formula by US EPA (1986) (Guerra et al., 2012).  

 

HI = ∑HQ = HQAl+ HQAs + HQCd+ HQCo+ HQCr+ HQCu+ HQHg+ HQMn+ HQMo+ HQNi+ HQPb+ 

                    HQSb+ HQV + HQZn 

 

For both, HQ and HI, values > 1 indicate a probability of non-carcinogenic health risk due to 

lifelong exposure of an individual element and all, respectively (US EPA, 2005) (Guerra et al., 

2012; Can et al., 2020; Yaman, 2020).  

5.2.6.2 Carcinogenic risk 

Carcinogenic Risk (CR) was calculated for the elements recognized as human carcinogens (As, 

Cd, Cr and Ni) by the IARC (Monographs, 2020) and US EPA (IRIS, 1986), or regarded as 

probable carcinogens (Pb, Cd and Ni) by the US EPA (IRIS, 1986) and IARC (1990) (Kim et al., 

2016). In addition to elemental concentrations in UW and W leaves, CR was calculated for leaf 

surface (S, concentration difference between UW and W) for As, total Cr and Pb. Ni and Cd that 

had W amounts > UW amounts, surface CR could not be estimated. The following formula was 

used to calculate the CR based on US EPA guidelines on carcinogenic risk assessment (Can et 

al., 2020). 

 

CR = EDI × SF 
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EDI is the estimated daily intake (see section 5.2.5.1), and SF is the oral cancer slope factor in 

mg kg‒1 body weight day‒1. According to US EPA (Background document 2, 1992, US EPA, IRIS, 

2007, Yaman, 2020), SF is the 'upper bound estimation of possible cancer risk by a substance 

over a lifetime’. SF, therefore, is an estimate of the increased cancer risk from oral exposure to a 

dose of 1 mg kg‒1 day‒1 for a lifetime. SF for As, Cd, Cr, Ni and Pb is 1.5, 0.38, 0.5, 1.7 and 

0.0085, respectively (Can et al., 2020).  

  

The US EPA (2010) recognised CR values ≤ 1⨯10‒6 (1 chance in 1,000,000 to develop cancer 

over lifelong exposure) to present a negligible cancer risk. Considerable CR could be linked to 

values greater than 1⨯10‒4 (1 chance in 10,000) that serves as the upper safe limit. A value > 

1⨯10‒3 (1 chance in 1000) considered to indicate probable lifelong cancer risk to consumers (Can 

et al., 2020).  

 

5.3 Results 

 
5.3.1 Cr in leaf 

Mean total Cr concentrations in UW leaves was significantly higher compared to W leaves 

(p<0.05, Kruskal-Wallis test). Cr values in UW and W leafy vegetables were 13- and 8-fold higher 

than the Maximum Permissible Concentrations (2.3 µg g‒1) set by WHO and Food and Agriculture 

Organisation, FAO (Pajević et al., 2018). Around 22- and 9-fold, higher mean total Cr 

concentrations in UW and W leaves of medicinal plants than the Maximum Residual Level (2 µg 

g‒1) set for raw medicinal plants by WHO (2005) (Kumar et al., 2018) was observed.  

 

Leafy vegetables had higher mean values for Cr concentrations for home gardens under both leaf 

treatments (i.e. UW and W). For medicinal plant species, an opposite scenario was observed (Fig. 

5.4). However, Kruskal-Wallis tests produced no significant differences between home gardens 

and rangelands or the two useful plant categories, i.e. medicinal and food, regarding the mean 

total Cr concentrations in UW and W leaves. 
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Figure 5.4. Mean values of total Cr concentrations in UW and W leaves of leafy vegetables 

and medicinal plant species sampled from home gardens and rangelands. 
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Table 5.5. Concentrations of hazardous elements in UW leaves (µg g‒1 dry weight). Trees first followed by forbs and succulents. 

$Gomphocarpus fruticosus was noted for both food and medicinal use (Mogale et al., 2019). The highest and lowest means are in bold. 

             

Medicinal plants             

 Al As Cd Co Cr Cu Hg Mn Mo Ni Pb Sb V Zn 

Car pap 742.4 0.38 0.04 15.9 142.6 4.66 2.88 49.78 0.7 9.46 0.57 0.06 2.60 17.95 

Cit lim 236.1 0.17 0.06 12.13 8.54 6.83 1.01 94.53 0.45 6.33 0.31 0.59 0.86 23.05 

Mor ole 305.5 0.28 0.04 57.45 27.32 4.59 4.13 63.61 0.53 2.68 0.36 0.73 0.98 15.84 

Ozo pan 242.8 0.14 0.02 2.81 37.21 7.51 0.78 16.05 0.17 1.9 0.34 0.03 1.09 16.21 

Pel afr 258.2 0.18 0.05 5.28 13.73 3.88 1.22 55.25 0.16 4.26 0.49 0.03 0.67 17.82 

Psi gua 234.8 0.14 0.03 6.82 24.65 5.25 1.15 26.27 0.39 4.43 0.28 0.03 1.03 17.46 

Arg och 623.5 0.16 0.46 16.64 180.3 7.34 2.57 109.5 127.9 501.2 0.31 1.49 1.37 35.84 

Car edu 100 0.28 0.04 25.57 3.96 1.89 2.19 15.38 0.26 1.25 0.13 0.01 0.55 13.35 

Cat ros 156.1 0.41 0.04 13.52 28.78 3.53 2.09 29.3 0.27 4.21 0.38 0.03 0.65 11.29 

$Gom fru 322 0.15 0.05 9.23 32.47 10.45 1.61 99.64 0.50 5.07 0.27 0.02 0.91 19.31 

San tri 524.2 0.2 0.04 33.72 11.3 9.59 4.38 12.6 0.19 6.55 0.42 0.02 0.72 15.43 

Sen ita 199.7 0.21 0.02 5.831 19.64 7.292 1.158 49.1 0.75 3.28 0.23 0.02 0.78 16.53 

Mean 328.78 0.23 0.08 17.08 44.2 6.07 2.1 51.75 11.03 45.89 0.34 0.26 1.02 18.34 

SD 196.6 0.1 0.12 15.5 56.2 2.5 1.2 34.3 36.8 143.4 0.1 0.5 0.5 6.2 

               

Leafy vegetable            

 Al As Cd Co Cr Cu Hg Mn Mo Ni Pb Sb V Zn 

Ama spi 520 0.3 0.22 44.78 19.24 6.35 7.2 52.42 0.8 2.5 0.28 0.03 0.98 63.67 
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Cle gyn 4536 0.34 0.63 113.4 53.65 9.54 16.2 99.21 1.32 14.42 0.96 0.08 3.49 51.32 

$Gom fru 322 0.15 0.05 9.23 32.47 10.45 1.61 99.64 0.5 5.077 0.27 0.02 0.91 19.31 

Ipo bat 271.2 0.2 0.06 19.68 23.46 7.13 3.98 102.3 0.65 6.24 0.3 0.02 0.98 23.54 

Tri ter 239.3 0.22 0.24 31 19.9 8.61 5.68 35.15 0.38 3.97 0.26 0.04 0.64 53.94 

Mean 1177.7 0.25 0.25 43.62 29.74 8.42 6.94 77.74 0.74 6.44 0.42 0.04 1.4 42.36 

SD 1880.5 0.08 0.2 41.2 14.4 1.7 5.6 31.6 0.4 4.7 0.3 0.02 1.2 19.7 

               

Mean  

(all 

species) 578.46 0.23 0.13 24.89 39.95 6.76 3.52 59.39 8 34.29 0.37 0.19 1.14 25.4 

SD 1034.2 0.09 0.2 27.3 47.7 2.5 3.7 34.7 30.9 120.4 0.19 0.4 0.8 15.8 

Ama spi = Amaranthus spinosus; Arg och = Argemone ochroleuca; Car edu = Carpobrotus edulis; Car pap = Carica papaya; Cat ros = Catharanthus roseus; Cit lim = Citrus limon; Cleo 

gya = Cleome gynandra; Gom fru = Gomphocarpus fruticosus; Ipo bat = Ipomoea batatas; Mor ole = Moringa oleifera; Ozo pan = Ozoroa paniculosa; Pel afr = Peltophorum 

africanum; Psi gua = Psidium guajava; San tri = Sansevieria trifasciata; Sen ita = Senna italica; Tri ter = Tribulus terrestris.
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Table 5.6. Concentrations of hazardous elements in W leaves (µg g‒1 dry weight). Trees first followed by forbs and succulents. 

$Gomphocarpus fruticosus was noted for both food and medicinal use (Mogale et al., 2019). The highest and lowest means are in bold. 

               

Medicinal               

 Al As Cd Co Cr Cu Hg Mn Mo Ni Pb Sb V Zn 

Car pap 166.6 0.21 0.12 62.39 28.41 4.63 9.13 36.24 2.41 9.10 0.21 0.22 0.83 14.99 

Cit lim 91.65 0.18 0.05 18.41 7.99 5.88 0.99 87.6 0.46 4.46 0.21 0.65 0.63 24.04 

Mor ole 109.1 0.20 0.07 174.5 14.81 4.46 15.39 33.55 0.56 1.57 0.65 0.05 0.59 9.74 

Ozo pan 94.24 0.13 0.03 5.78 20.33 7.58 1.55 14.24 0.23 1.18 0.26 0.02 0.75 17.5 

Pel afr 144.3 0.07 0.15 16.17 12.27 3.66 3.21 44.6 0.14 3.13 0.26 0.03 0.41 17.08 

Psi gua 100.5 0.11 0.08 13.83 13.93 5.21 2.83 20.2 0.64 3.26 0.23 0.67 0.71 21.34 

Arg och 164.5 0.31 0.25 51.47 51.47 6.88 5.62 112.7 20.24 81.66 0.23 0.56 1.27 37.13 

Car edu 32.5 0.24 0.07 69.45 2.70 1.74 4.56 14.63 0.266 0.96 0.10 0.01 0.46 13.96 

Cat ros 60.77 0.26 0.15 54.98 12.44 3.38 4.96 23.57 0.28 2.94 0.20 0.03 0.55 11.94 

$Gom fru 91.79 0.15 0.11 13.83 21.44 9.64 2.54 94.41 11.62 44.75 0.21 1.26 0.57 18.53 

San tri 349.9 0.20 0.07 16.14 7.06 10.51 2.54 12.87 0.14 6.11 0.31 0.03 0.64 15.54 

Sen ita 99.63 0.17 0.07 17.89 11.72 6.83 1.84 40.86 0.70 1.92 0.15 0.03 0.62 16.67 

Mean 125.46 0.19 0.11 42.14 17.05 5.87 4.6 44.62 3.14 13.42 0.26 0.29 0.68 18.2 

SD 80.7 0.07 0.06 46.9 12.9 2.6 4.1 34.4 6.3 24.7 0.1 0.4 0.2 7 

            

Leafy vegetable            

 Al As Cd Co Cr Cu Hg Mn Mo Ni Pb Sb V Zn 

Ama spi 250.7 0.24 0.24 51.76 8.76 6.21 7.06 43.35 0,75 1.7 0.17 0.03 0.65 66.14 
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Cle gyn 255.5 0.18 0.39 270.1 25.79 8.41 31 45.73 2,07 5.08 0.32 0.031 0.84 30.07 

$Gom fru 91.79 0.15 0.11 13.83 21.44 9.64 2.54 94.41 11,62 44.75 0.21 1.26 0.57 18.53 

Ipo bat 118.1 0.15 0.11 24.38 18.07 5.642 5.43 109.8 0,52 3.67 0.16 0.02 0.65 21.78 

Tri ter 113.3 0.23 0.42 47.05 13.47 7.83 8.84 29.03 0,35 3.26 0.21 0.03 0.58 46.07 

Mean 165.88 0.19 0.26 81.42 17.51 7.55 10.99 64.46 3.07 11.69 0.22 0.28 0.67 36.52 

SD 80.3 0.1 0.2 106.6 6.5 1.6 11.5 35.4 4.8 18.5 0.1 0.6 0.1 19.7 

               

Mean  

(all 

species) 137.35 0.19 0.15 53.69 17.18 6.36 6.48 50.46 3.12 12.92 0.25 0.29 0.67 23.59 

SD 80.3 0.1 0.1 68.6 11.2 2.4 7.3 34.8 5.7 22.5 0.1 0.4 0.2 14.3 

               

Ama spi = Amaranthus spinosus; Arg och = Argemone ochroleuca; Car edu = Carpobrotus edulis; Car pap = Carica papaya; Cat ros = Catharanthus roseus; Cit lim = Citrus limon; Cleo 

gya = Cleome gynandra; Gom fru = Gomphocarpus fruticosus; Ipo bat = Ipomoea batatas; Mor ole = Moringa oleifera; Ozo pan = Ozoroa paniculosa; Pel afr = Peltophorum africanum; 

Psi gua = Psidium guajava; San tri = Sansevieria trifasciata; Sen ita = Senna italica; Tri ter = Tribulus terrestris. 
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Regression analysis produced a significant positive relation between Cr on leaf surface to total 

Cr of leaf (R2 = 0.986, p<0.001) (Fig. 5.5a) and Cr in leaf tissue (R2 = 0.740, p<0.001) (Fig. 5.5b). 

 

  

Figure 5.5. Relation between Cr on leaf surface to, a. total Cr of leaf; b. Cr in leaf tissue. 

Based on the four Cr concentration categories, hierarchical cluster analysis clustered sampling 

sites into two groups (Fig. 5.6a). Cluster 1 (C1) incorporated all sites but S1 (the tailings facility) 

that represented cluster 2 (C2). S1 had higher mean Cr values for all categories. Cluster analysis 

on mean values for Cr concentration on leaf surface (Fig. 5.6b), created two clusters, where C1 

included all sites except site 1 and 2 that were included under C2. S1 and S2 again had higher 

Cr values than other sites. The home garden, S2, was the closest locality to the tailing facility, S1.   

 

  

Figure 5.6. Cluster dendrograms featuring the two sampling site groups based on the mean 

values for, a. the four leaf Cr concentration categories; b. Cr concentration on leaf surface. 

The four leaf Cr concentration categories are total Cr of leaf, Cr in leaf tissue, Cr on leaf 

surface and total Cr(VI) of leaf. 
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5.3.2 Influence of variables  

 

5.3.2.1 Growth form 

The highest means for total, tissue and surface Cr concentration categories were recorded from 

forbs (Fig. 5.7). Succulents had the lowest values for all Cr concentration categories but Cr(VI) 

(Table 5.7, Fig. 5.7). Other than the five species including one tree and four forbs, the rest (~ 

69%) had higher Cr concentrations in leaf tissue than on leaf surface (Table 5.7). Among forbs, 

50% had higher Cr on leaf surface, while 83% of trees and all succulents had leaf tissue Cr 

amounts higher than surface Cr amounts (Table 5.7). Around 4- and 2.5-fold higher Cr 

concentrations on leaf surface was determined in C. papaya and A. ochroleuca, respectively. The 

two trees, C. limon and P. africanum, on the other hand, had nearly 14.5- and 8-times higher Cr 

in leaf tissue than on leaf surface. Two deciduous tree species had the highest (P. africanum) and 

lowest (M. oleifera) total Cr(VI) concentrations. The outcome of a Kruskal-Wallis test showed no 

significant difference among growth forms regarding any of the Cr concentration categories (Table 

D1, Appendix D).  

 

 

Figure 5.7. Cr concentration means per growth form. 
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Table 5.7 Foliar Cr concentrations (µg g‒1 dry weight) according to growth forms. Highest 

values are in bold. 

˟Plant species with Cr on leaf surface > Cr in leaf tissue. Ama spi = Amaranthus spinosus; Arg och = Argemone 

ochroleuca; Car edu = Carpobrotus edulis; Car pap = Carica papaya; Cat ros = Catharanthus roseus; Cit lim = Citrus 

limon; Cleo gya = Cleome gynandra; Gom fru = Gomphocarpus fruticosus; Ipo bat = Ipomoea batatas; Mor ole = 

Moringa oleifera; Ozo pan = Ozoroa paniculosa; Pel afr = Peltophorum africanum; Psi gua = Psidium guajava; San tri 

= Sansevieria trifasciata; Sen ita = Senna italica; Tri ter = Tribulus terrestris. 

5.3.2.2 Polluters 

Kruskal-Wallis test revealed plant leaves sampled from localities with four to six different types of 

polluters within the 10 km periphery had significantly higher (p<0.05) concentrations of total Cr of 

leaf and Cr on leaf surface compared to that collected from localities impacted by less than four 

polluters within that periphery (Table D2, Appendix D). 

 

 

Plant species Total Cr of leaf Cr in leaf tissue  Cr on leaf surface Total Cr(VI) of leaf 

Trees     

˟Car pap 142.6 28.41 114.19 1.83 

Cit lim 8.55 7.99 0.55 1.18 

Mor ole 27.32 14.81 12.51 0.87 

Ozo pan 37.21 20.33 16.88 1.98 

Pel afr 13.73 12.27 1.46 3.83 

Psi gua 24.65 13.93 10.72 1.78 

     

Forbs     

˟Ama spi 19.24 8.77 10.47 3.21 

˟Arg och 180.3 51.47 128.83 1.99 

˟Cat ros 28.78 12.44 16.34 1.63 

˟Cle gyn 53.65 25.79 27.86 1.58 

Gom fru 32.47 21.44 11.03 2.01 

Ipo bat 23.46 18.07 5.39 3.68 

Sen ita 19.64 11.72 7.92 1.94 

Tri ter 19.9 13.47 6.43 2.94 

     

Succulents     

Car edu 3.96 2.7 1.26 2.85 

San tri 11.3 7.07 4.2 1.37 
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5.3.2.3 Soil 

Soils were mostly alkaline, and pH ranged between 6.24‒7.95 (Table 5.8). Handheld XRF 

detected eleven major elements, i.e. Al, Ca, Cr, Fe, Mg, Mn, Ni, Si, Sr, Ti and V in all soil samples 

(Table 5.8). Site 1 (tailing facility) had the highest concentrations of total Cr, Cr(VI) and soluble 

Cr (Table 5.8). The lowest concentrations of total Cr, Cr(VI) and soluble Cr were detected for sites 

7 (home garden), 4 (rangeland near mine) and 8 (rangeland, natural chromitite outcrop), 

respectively. Regression analysis determined non-significant positive relation between soluble 

soil Cr and Cr in leaf tissue. 

 

Based on mean values of total Cr in sampled soils, hierarchical cluster analysis formed two 

clusters. The first cluster (C1) included soil with the lowest total Cr concentrations, namely the 

two home gardens S3 and S7 and rangeland, S4, near S7. Other rangelands (i.e. S1, S5 and S8) 

and the home garden S2 were grouped under cluster two (C2) (Fig. 5.8). These sites in C2 had 

heightened Cr exposure from anthropogenic activities such as tailing disposal (site 1 and 2) and 

extensive ore excavation (site 5) or natural chromitite outcrops (site 8). Kruskal-Wallis test 

determined a significant difference (p<0.05) in total soil Cr concentrations between the two 

sampling site groups formed after cluster analysis outcome. 

 

 

Figure 5.8. Cluster dendrogram featuring two groups based on mean values of total Cr in 

soil per sampling site.
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Table 5.8. Soil pH and concentrations of major elements (µg g‒1) detected. The highest values for soluble Cr, Cr(VI) and total Cr are in bold. 

Sites 

 

pH 

(KCl) 

Soluble 

Cr Cr(VI) Total Cr Al Ca Fe Mg Mn Ni Si Sr Ti V 

Site 1 7.89  0.01119 4.64 174389.4 58902.5 20313.01 123936 73462.91 1988.86 662 133723.4 25.88 3514.36 1357.08 

Site 2 7.52  0.004116 2.969 89474.9 61491.12 29356.81 107093.5 52454.24 2523.24 606.34 197249.1 56.58 2793.8 780.97 

Site 3 6.24  0.007838 3.815 3210.98 33555.12 18268.76 77567.29 25014.07 1836.26 802.6 219273.5 19 1414.62 145.05 

Site 4 7.95  0.00249 2.124 3000.5 69244.74 74943.72 50435.37 32071.37 1142.84 499.06 225417.5 198.26 811.23 158.95 

Site 5 7.85  0.005325 2.746 144215.2 58502.74 22767.7 130396.8 53647.54 2902.68 695.63 175984.5 50.63 3393.16 1147.92 

Site 7 7.70 0.01032 2.412 2326.39 59526.14 69436.93 42082.78 16693.16 924.37 237.79 219004.1 194.28 1226.84 120.98 

Site 8 6.70  0.002146 2.167 84079.6 156096.4 48071.62 91224.2 15991.94 2863.81 407.17 232162.1 166.31 4113.21 1163.6 
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5.3.3 Health risk assessments 
 
Several toxic elements were detected in UW and W leaves of the sampled food and medicinal 

plants (Table 5.5, 5.6). Other than Cr, Al, Hg and Zn (in both UW and W) and Co (W) 

concentrations exceeded the WHO/FAO (2010) recommended safe limits, i.e. Al, 10‒50; Hg, 

0.001; Zn, 9.4 and Co, 50 µg g‒1 in plants (Chary et al., 2008; Okem et al., 2014). Al had the 

highest mean values in UW and W leaves of both types of useful plants. Concentrations of Al, Cr 

and Ni in UW leaves were 4, 3 and 2 times higher, respectively than that of W leaves.  

5.3.3.1 Non-carcinogenic risk 

Among the 14 elements, the estimated EDI indicated a far higher daily intake of Al than the 

recommended oral RfD via UW (1430-fold) and W (234-fold) leaves. For Co, EDI was 1.3 times 

higher for W leaves than the recommended oral RfD (Table 5.9). Except for Al, HQ values for all 

elements were within the safe limit for both leaf treatments, i.e. UW and W. Cr had the lowest HQ 

values for UW and W leaves. All corresponding HI values (UW and W) exceeded the safe limit by 

several folds (Table 5.9). 
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Table 5.9. Summary of non-carcinogenic risk assessments for the five leafy vegetables. 

Oral RfD and EDI in mg kg‒1 body weight day‒1. EDI > RfD (oral), and HQ and HI values > 1 

are in bold. UW, unwashed leaves; W, washed leaves. 

Elements

  

Oral RfD EDI  HQ 

UW W UW W 

Al 0.0004 0.5720 0.0805 665.6949 93.7625 

As 0.0003 0.0001 0.00009 0.1850 0.1476 

Cd 0.001 0.0001 0.0001 0.0555 0.0583 

Co 0.03 0.0211 0.0395 0.3287 0.6136 

Cr 1.5 0.0144 0.0085 0.0044 0.0026 

Cu 0.04 0.004 0.0036 0.0475 0.0426 

Hg 0.1 0.0033 0.0053 0.0156 0.0248 

Mn 0.14 0.0377 0.0313 0.1255 0.1041 

Mo 0.005 0.0003 0.0014 0.0333 0.1386 

Ni 0.02 0.0031 0.0056 0.0728 0.1322 

Pb 0.004 0.0002 0.0001 0.0237 0.0124 

Sb 0.0004 0.00002 0.0001 0.0245 0.1560 

V 0.009 0.0006 0.0003 0.0352 0.0167 

Zn 0.3 0.0205 0.0177 0.0319 0.0275 

HI  ‒ ‒ ‒ 666.679 95.24 

 

5.3.3.2 Carcinogenic risk 

CR values showed different elemental trend for UW (total Cr > Ni > total Cr(VI) > As > Cd > Pb), 

W (Ni > total Cr > As > Cd > Pb) and S (Total Cr > As > Pb) (Table 5.10). Except for Pb, elements 

exceeded the recommended safe limit (> 1⨯10‒6) for all concentration categories, i.e. UW, W and 

S (Fig. 5.9, 5.10). Cd values were between 1⨯10‒6 and 1⨯10‒4 for UW and W. Total Cr(VI) had 

values between 1⨯10‒4 and 1⨯10‒3 for UW. For total Cr, CR values exceed 1⨯10‒3 for UW, W 

and S category. Greater than 1⨯10‒3 CR values were observed for Ni in UW and W leaves. Based 

on such values, total Cr, total Cr(VI) and Ni were grouped as elements with high CR (Fig. 5.9) 

while As, Cd and Pb were grouped as elements with low possible CR (Fig. 5.10). 
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Table 5.10. Carcinogenic risk values for total, leaf tissue and leaf surface elemental 

concentration categories for the leafy vegetables. Highest values are in bold. ND, not 

determined; NE, not estimated due to higher elemental concentration in W than UW; NT, 

not tested; S, the surface of leaves; UW, unwashed leaves; W, washed leaves. 

Elements UW W S 

As 8.33E‒05 6,65E‒05 1.68E‒05 

Cd 2.11E‒05 2,22E‒05 NE 

Total Cr 3.36E‒03 1.98E‒03 1.38E‒03 

Cr(VI) 3.67E‒04 NT ND 

Ni 2.48E‒03 4.49E‒03 NE 

Pb 8.07E‒07 1.73E‒06 4.23E‒07 

 

 

 

Figure 5.9. Estimated carcinogenic risk for Ni, total Cr and total Cr(VI)). 
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Figure 5.10. Estimated carcinogenic risk for As, Cd and Pb. 

5.4 Discussion 

 

5.4.1 Cr contamination of useful plant leaves 

 
Mean total Cr concentrations in UW and W leaves of food and medicinal plant leaves exceeded 

the recommended international permissible limits (Kumar et al., 2018; Pajević et al., 2018) by 

multiple folds that confirmed foliar Cr contamination in these mining-smelting areas in 

Sekhukhuneland. Elevated Cr levels in leaves of local vegetation are common in Cr mining 

localities (Mohanty et al., 2012; Reddy et al., 2012). 

 

Comparable total Cr in sampled leaves from rangelands and home gardens indicated Cr 

contamination of both of these common plant sources in the study area. Nationally, such sources 

are considered as easily accessible and affordable especially in rural areas (Drimie et al., 2009; 

Faber et al., 2010; Semenya & Potgieter, 2014; Mogale et al., 2019), yet are poorly investigated 

for metal pollution in mining-smelting regions. Present findings, therefore, calls for future attention 

in this regard.  

 

For polluted areas around chromite (economically viable Cr ore) mines, accumulation in plant 

leaves is primarily reported as a result of waste-water irrigation (Mohanty et al., 2012) and polluted 

soil (Reddy et al., 2012), but is scarcely linked to dust particles dispersed from mines. Significantly 

high Cr concentrations in UW than W leaves in the present study provide evidence of Cr 

containing dust as a major contamination source in the region. Majority of the species (around 
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69%) in the present study had higher Cr amounts in leaf tissue than on the surface suggesting 

efficient accumulation. However, in this regard indicated significant contribution of dust borne Cr 

to tissue Cr may highlight possible foliar uptake of Cr. This is also probable considering the 

generally accepted low translocation rate of Cr from root to leaf (Oliveira, 2012). Similarly, past 

studies have suggested foliar uptake of heavy metals in metal mining and smelting areas (Bi et 

al., 2009; Liu et al., 2019; Wang et al., 2019). Foliar uptake of Cr should be investigated further 

to substantiate present findings. 

 

Total Cr levels in UW leaves were much higher in the present study compared to that of UW 

lingonberries (Vaccinium vitis-idaea L.) reported by Pӧykiӧ et al. (2005) from an open cast 

chromium mine and ferrochrome smelter impacted region. This could be attributed to multifaceted 

environmental Cr exposure in Sekhukhuneland. A report by Sokol et al. (2010), indicated 

hazardous dust as a probable contamination source of vegetation in areas polluted by the Cr 

metallurgical industry generated waste. The authors noted a wide range for Cr concentrations in 

analysed plant leaves, with some far exceeding the Cr levels determined in this Sekhukhuneland 

study.  

 

Presence of Cr(VI) in UW leaves confirmed the environmental availability of this hazardous Cr 

species in the investigated region. Cr(VI) availability and accumulation in various plant parts from 

Cr based industrial and geogenic Cr enriched areas (Economou-Eliopoulos et al., 2012), natural 

Cr outcrops in South Africa (chromitite substrate) and Russia (ultrabasic massif substrate) 

(Panichev et al., 2005) and ferrochrome smelter impacted areas in South Africa (Owolabi et al., 

2016) has been reported. Outcomes from the present study indicated sites within 20 km (which 

was the maximum sampling distance in the present study) from the nearest mine were under the 

influence of hazardous Cr(VI) pollution. As environmental Cr(VI) is mainly sourced from 

anthropogenic activities rather than the rare occurrence of natural oxidation of geogenic Cr(III) 

(Kimbrough et al., 1999; Oze et al., 2004), the same can be suggested for Sekhukhuneland. This 

is an important outcome considering the far greater biological toxicity potential of Cr(VI) than that 

of Cr(III) (Kimbrough et al., 1999; Dhal et al., 2010a; Oliveira, 2012). A comparative study on UW 

and W leaves may indicate the contribution of dust in this regard. Future investigators may 

determine the maximum Cr(VI) impact zone around mines and smelters in Sekhukhuneland. 

 
5.4.2 Influence of variables 
 
Comparable mean total Cr levels observed in studied growth forms suggested susceptibility of all 

types to Cr contamination in the region. Trees and forbs are the most cultivated species (trees > 

forbs) in home gardens of traditional healers in Limpopo (Semenya & Potgieter, 2014). This 

indicates awareness to be initiated regarding the safety of useful plants in the region especially 
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as Cr is noted as one of the most found heavy metals in traditional herbal remedies to cause 

mortalities in South Africa (Steenkamp et al., 2002). Forbs could be more susceptible to Cr dust 

pollution than trees due to a higher deposition possibility of dust generated during ore 

transportation in the area (Tshehla & Djolov, 2018) or polluted soil dust in general (Dreicer et al., 

1984). Trees could be studied further for Cr accumulation in leaf tissue. Cr(VI) accumulation in 

succulent leaves requires further attention as various species from this growth form were often 

noted to accumulate elevated concentrations of metals from ultramafic outcrops (Siebert et al., 

2018) and tailing soils (Dobbins et al., 2021) in South Africa. Small sample size could have 

influenced the outcome of the present study indicating a need for elaborate future investigation. 

 

In the present study, plant leaves sampled from localities that had four to six different types of Cr 

polluters within the 10 km periphery had significantly higher Cr amounts compared to the species 

exposed to three or fewer pollution sources within that zone. A far greater influence of proximity 

to several major polluters (i.e. mines, roads, and ferrochrome smelters) on metal accumulation 

by plant leaves is indicated. Similarly, variation in Cr accumulation by vegetation was often related 

to proximity to Cr mines, smelters and waste sites (Pӧykiӧ et al., 2005; Sokol et al., 2010). 

However, no literature was obtained determining the influence of the number of polluters in this 

regard, with this Sekhukhuneland study the first to report on this issue. 

 

Concentrations of total Cr in investigated localities in Sekhukhuneland were higher than the 

permissible Cr concentration (80 µg g‒1) reported for South African agricultural soils (Herselman 

et al., 2005). However, except the tailing and abandoned Cr excavation site, total soil Cr (that is 

primarily Cr(III)) and Cr(VI) concentrations were within South African limits suggested for industrial 

and commercial locations and informal/formal residential areas (Department of Environmental 

Affairs, 2010). Nevertheless, like plant leaves, the presence of Cr(VI) in all sampling soils 

indicates probable anthropogenic soured Cr(VI) pollution. 

 

The lowest soluble Cr concentration in natural Cr outcrop in the present study showed low 

solubility of geogenic Cr as reported previously (Oze et al., 2004; Oliveira, 2012). This may 

explain a positive but non-significant relation between soil soluble Cr and Cr in leaf tissue in this 

study. Furthermore, though high soil Cr was observed in localities characterized by both Cr-

outcrops and anthropogenic pollution, distinctly high Cr concentrations in leaves sampled from 

tailings than the rest of the study localities imply elevated phytoavailability of Cr in these sites 

(Dhal et al., 2010b; Oliveira, 2012; Bolaños-Benítez et al., 2018). This can be explained by the 

conclusion drawn by Sokol et al. (2010), which stated anthropogenic activity discarded Cr may 

leach rapidly from waste localities and hence its bioavailability to local vegetation is increased.  
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Higher foliar dust content was linked to the tailing site and its surroundings. Mine tailings are 

known as major dust polluters due to wind erosion of discarded hazardous materials (Stovern et 

al., 2016). Such erosion effect could become excessive in semi-arid regions like Sekhukhunealnd 

(Siebert et al., 2002) where low moisture in air and soil and scarce plant cover on tailings enhance 

the process further (Stovern et al., 2016). The mountainous topography of the region may 

influence wind movement and consequent dust dispersion from highly polluted tailing facilities to 

nearby localities in Sekhukhuneland (Stovern et al., 2016; Tshehla & Wright, 2019). 

 

5.4.3 Health risk associated with toxic elements 
 
Besides Cr, presence of fourteen other hazardous elements (metals and metalloids) in both W 

and UW leaves of investigated food and medicinal plants in Sekhukhuneland is of concern based 

on their potency to induce various health ailments in humans (Oliveira, 2012; Kim et al., 2016; 

Carver & Gallicchio, 2018). In addition to Cr, Al, Co, Hg and Zn concentrations in leaves were 

above the recommended safe limits in plants (Chary et al., 2008; Malan et al., 2015; Kohzadi et 

al., 2018) suggesting substantial availability of several toxic elements to plant leaves in these 

localities. Multiple times higher concentration of Al, Cr and Ni in UW leaves than W ones 

suggested dust as a major contributor of these elements in Sekhukhuneland.  

 

5.4.3.1 Non-carcinogenic risk 
 
Among the elements, Al had extremely high EDI and HQ values for both UW and W leaves than 

the recommended safe limits which was indicative of considerable health threat to consumers. 

Therefore, Al should be investigated further across a larger number of taxa and in more localities 

to explore its pollution extent in Sekhukhuneland. Comparable concentrations of Al in medicinal 

plant species have been reported in South Africa (Okem et al., 2014). Al accumulation by various 

food (Antoine et al., 2017; Ghasemidehkordi et al., 2018) and medicinal plants (Kohzadi et al., 

2018) was reported globally. 

 

For Sekhukhuneland, greater than 1 HI values for UW and W leaves indicated considerable health 

threat to consumers due to lifelong ingestion of multiple toxic elements. About 7-fold higher HI 

value for UW leaves than that of W ones confirmed greater health threat associated with 

hazardous dust contaminated plant leaves.  

 

5.4.3.2 Carcinogenic risk 
 
Other than Pb, carcinogenic risk (CR) estimated for elements (Ni and Total Cr > Total Cr(VI) > As 

and Cd) revealed probable lifelong ingestion linked risk to consumers. While As and Cd could 

present negligible risk, total Cr(VI) in UW leaves will possibly pose a higher carcinogenic risk and 

total Cr and Ni in both UW and W leaves showed the highest CR values that require immediate 
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attention. In addition, when surface total Cr was considered, the risk was concerning that again 

was suggestive of considerable carcinogenic threat associated with dust borne Cr in the region. 

In this regard, it should be mentioned here, ingestion associated carcinogenicity of Cr species is 

yet to be proved and accepted by US EPA and WHO/IARC as both these regulatory bodies 

concluded consumption linked Cr exposure pathway as 'likely to be carcinogenic to human’ 

(Yaman, 2020). 

Varying degree of health hazards was frequently noted for vegetables harvested from mining and 

smelting areas (Liu et al., 2019; Wang et al., 2019; Antisari et al., 2020). For Sekhukhuneland, 

UW leafy vegetables presented a higher non-carcinogenic and carcinogenic health risk than W 

ones. However, for both categories of human health risk (i.e. non-carcinogenic and carcinogenic), 

high values estimated for even well-washed leaf materials is concerning. 

 

Nationally, sufficient reports are available regarding heavy metal and metalloid contamination of 

food (Malan et al., 2015; Mbangi et al., 2018) and medicinal plants (Mtunzi et al., 2012; Street, 

2012; Okem et al., 2014), yet such data is scarce specifically for Cr mining areas and especially 

regarding dust contamination and associated health risk estimations, of which this 

Sekhukhuneland study makes a considerable contribution. 

5.4.4 Study limitations  
 

Considering the constrains of handheld XRF such as lower limits of element detection 

compared to other methods (e.g. Atomic Absorption Spectroscopy and Inductively Coupled 

Plasma Atomic Emission Spectroscopy), less accuracy for detecting lighter elements, 

interelemental interference and possible variation in data quality and accuracy with soil 

composition, particle size and its distribution in soil and sample preparation (Galuzska et al., 

2015; Weindorf & Chakraborty, 2016; Koch et al., 2017), results of XRF and other methods can 

be compared to ensure data reliability further. With the reported dependency of locals on home 

garden-grown crops in Sekhukhune District (Drimie et al., 2009) and comparatively high intake 

quantity and consumption frequency of wild-harvested leafy vegetables in rural areas in 

Limpopo (Faber et al., 2010), the health risk estimated in the present study may escalate 

further. Furthermore, when one considers the use of contaminated medicinal plant leaves the 

lifelong health risk is expected to be higher. Awareness towards health risk associated with dust 

polluted leaves must be initiated and sufficient washing of aerial plant parts should be promoted 

among local inhabitants. A shift in regional rainfall regime (Drimie et al., 2009; Quinn et al., 

2011) due to climate change could further complicate the situation in terms of adequate water 

availability in these rural areas. This becomes important considering the estimated health threat 

associated with metalliferous dust contaminated useful plant leaves in Sekhukhuneland.  

https://www.ssi.shimadzu.com/industry/environmental/icp-aes.html
https://www.ssi.shimadzu.com/industry/environmental/icp-aes.html


 

154 
 

Summary 
 
Leaves of food and medicinal plants from Sekhukhuneland mining regions accumulated Cr at 

concentrations far higher than international safe limits that confirmed Cr contamination. In 

addition, Cr(VI) accumulation by plant leaves was indicative of the availability of the most toxic Cr 

species in these mining and smelting areas. The possibility of foliar Cr uptake was indicated that 

should be investigated further. More useful trees and forbs should be targeted to study their Cr 

accumulation potential in leaf tissue and on the leaf surfaces, respectively. Special attention 

should be allocated to explore Cr(VI) accumulation potential of the succulents. It seems that the 

collective influence of polluter proximity, and the number and types of Cr emitters, could be critical 

regarding Cr contamination of plant leaves in the study region. Besides Cr, dust borne Al and Ni 

contributed significantly towards higher elemental amounts in plant leaves. Other than Cr, Al, Co, 

Hg and Zn, exceeded recommended international safe limits in plants. As a consequence, high 

cumulative lifelong non-carcinogenic risk was estimated as a result of exposure to multiple 

hazardous elements via ingestion of both W and UW leaf materials to which Al contributed the 

most. Total Cr, total Cr(VI) and Ni might pose substantial lifelong carcinogenic risk (CR) to 

consumers of leafy vegetables. Future studies may focus on Al and Ni toxicity impact further. High 

metal accumulation in plant leaves as observed in the present chapter motivated to investigate 

metal accumulation further by a larger group of dominant species (47 species in total including 

indigenous, endemic and exotic species) observed in Sekhukhuneland catena. Results are 

presented in the next chapter that further reports on the phytoremediation prospect of such 

species.  
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Chapter 6  

Metal distribution patterns in soil and plant leaves (metallophytes) 

6.1 Introduction 

 
Local topography is the major determinant of the spatial distribution of metals in soils of a given 

area (Duan et al., 2015; Ding et al., 2017; Gaspar et al., 2020). In a general soil profile, the 

geochemistry of the parent material dominates the subsoil layers, whereas the topsoil continues 

to evolve under the influence of weathering, erosion and sedimentation processes resultant from 

topographic and climatic factors (Eze et al., 2010; Duan et al., 2015). Typically, soils generated 

from serpentine, basaltic or ultramafic outcrops are metalliferous with unusually high 

concentrations of metals (e.g. Mg, Fe, Cr, Mn, Ni and Co), low essential plant nutrients (e.g. N, 

P, Ca, B, Mo) and a high Mg to Ca ratio (Proctor, 2003; Brady et al., 2005; Williamson & Balkwill, 

2006; Rajakaruna & Boyd, 2014).  

 

Anthropogenic factors such as land use also alter the quantity and types of heavy metals found 

within an edaphic system (Qiao et al., 2019). Mining activities for instance, intensively modify 

existing soil homeostasis by adding volumes of multiple heavy metals (Wang et al., 2019; Zhang 

et al., 2019). Soil, in this case, acts as a sink and a source of heavy metals, from both natural 

geomorphologic and anthropogenic activities (Wuana & Okieimen, 2011; Gaspar et al., 2020). In 

addition to mineral mining, soil erosion caused by vegetation clearing and overgrazing, or due to 

weak soil structure (Mirzabaev et al., 2015), can also overtake the slow-paced pedogenesis 

process (Morgan, 2005; White, 2005). 

 

Indigenous flora of serpentine habitats with anomalous soils have evolved through adaptations 

which are collectively referred to as the ‘serpentine syndrome’, a soil condition containing high 

concentrations of heavy metals, low soil nutrient levels and Mg:Ca of > 1 (Brady et al., 2005; 

Harrison & Rajakaruna, 2011). Metallophytes, species tolerant of metal-rich edaphic 

environments, comprises a considerable proportion of the local vegetation, including the endemic 

taxa on metalliferous soil (Baker et al., 2010; Reeves et al., 2017).  

 

Plant species from metalliferous sites require special attention since they can accumulate or even 

hyperaccumulate abundant metals from soil (van der Ent et al., 2013; Siebert et al., 2018a, 

2018b). Such species are valuable for technologies applied in rehabilitation (i.e. re-vegetation to 

reclaim metal contaminated environments), restoration (i.e. re-establish the original vegetation in 

degraded ecosystems), phytoremediation (i.e. decontamination of polluted environments using 

plants) and phytomining (i.e. economically viable recovery of elements via hyperaccumulator 

plants) (Rajakaruna et al., 2006; Baker et al., 2010; O’Dell, 2014; van der Ent et al., 2015). 
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Spatial distribution patterns of heavy metals in soil offers valuable information about heavy metal 

pollution of an area that fluctuates over time largely due to type and level of anthropogenic 

disturbance (Eze et al., 2010; Gaspar et al., 2020). Further heavy metal assessments of 

environmental matrices, along with their biota, may render essential information regarding 

suitable environmental management of areas prone to metal contamination of soil (Gall et al., 

2015; Marcelo-Silva & Christofoletti, 2019). 

 

Serpentine habitats with their unique flora are threatened by human interference and climate 

change (Baker et al., 2010; Rajakaruna & Boyd, 2014; Mizuno & Kirihata, 2015), and especially 

by mining as noted in South Africa (Siebert et al., 2002; Williamson & Balkwill, 2006). 

Sekhukhuneland, in South Africa, is least explored in terms of metallophytes, although it is a well-

known region for its chromitite reserves enriched with chromium (Cr) and platinum (Pt), and an 

endemic flora, for which it was recognised as a Centre of Plant Endemism (Van Wyk & Van Wyk, 

1997).  

 

The north-south ranging Leolo Mountain in the study area provides a suitable catena with 

prominent natural (ultramafic soils) and anthropogenic sources of heavy metals, especially from 

mining activities (Siebert et al., 2002; Quinn et al., 2011; Scoon & Viljoen, 2019). On a catena, 

the upper slope is characterized by a constant outflux of matter, followed by a transition slope 

which mainly determines mobilization and localized deposition, while the bottomland areas, 

valleys and lowlands, primarily serve as landscapes for final deposition (Malinowska & 

Szumacher, 2013). At the valley bottoms, sheet and gully erosion result in accelerated loss of 

topsoil layers especially under the influence of anthropogenic interferences (Dlamini et al., 2011; 

Amare et al., 2019), which alters heavy metal content in the soil. Sekhukhuneland, therefore, 

presents an ideal serpentine site to assess the influence of topography and land use on heavy 

metal distribution and plant-soil associations and to explore the bioaccumulation potential of local 

vegetation. 

 

Therefore, a catena approach was followed to assess the soil and dominant plant species from 

sites with diverse land uses, to evaluate the concentrations of metals in soil and plants in 

Sekhukhuneland. It was hypothesized that topography (i.e. natural factor) and land use (i.e. 

anthropogenic factor) would affect metal concentrations in soil and above-ground plant parts. To 

test this, total concentrations of major metals were determined for soil and plant leaves collected 

along an altitudinal gradient and across land use sites. Plant growth form was considered as an 

additional factor for the elucidation of metal concentrations in plant leaves as noted in literature 

(Visoottiviseth et al., 2002). It was expected that, due to the elevated soil metal concentrations in 

Sekhukhuneland, the common species of the region could be classified as metallophytes. Foliar 
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metal bioaccumulation by locally collected dominant species was, therefore, determined to study 

the metal tolerance strategy (i.e. indicators, excluders, accumulators or hyperaccumulators, 

Baker, 1981) in response to high soil metal concentrations. Findings from the present study may 

stimulate future investigations to draw up similar comprehensive assessments to determine the 

baseline flow of heavy metals within and between environmental matrices and to predict soil 

pollution trends in mining areas. 

 

6.2 Materials and method 

 

6.2.1 Study area 

 
The study area in Sekhukhuneland is located in the eastern part of the Limpopo Province in South 

Africa. The hilly physiography of the region was formed by the erosion of the eastern part of the 

Rustenburg Layered Suite (RLS) of the Bushveld Igneous Complex (BIC) that is characterized by 

substantial quantities of Fe, Cr and Pt in its rocky habitat of pyroxenite, norite, anorthosite, 

harzburgite and dunite (Siebert et al., 2002, 2003).  

 

This ultramafic-mafic formation of the RLS is up to 10 km thick and around 30 km wide and was 

formed by multiple magma surges (Naldrett et al., 2012; Scoon & Viljoen, 2019). The RLS is 

subdivided into five lithostratigraphic zones (rock layers; Fig. 6.1) with variation in mineral 

composition (Scoon & Viljoen, 2019). The Critical Zone predominantly features chromitite rock 

layers (Naldrett et al., 2012; Scoon & Viljoen, 2019). The primary chromitite layers are around 

0.15 mm to > 2 m thick and represent the largest global chromite (the economically viable Cr ore) 

reserve (Scoon & Viljoen, 2019). The chromitite rock layers in the Critical Zone further contain 

various proportions of Platinum Group Metals (Naldrett et al., 2012; Scoon & Viljoen, 2019) and 

both Cr and Pt are exploited heavily in the study region. 
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Figure 6.1. Rustenburg Layered Suite featuring the five lithostratigraphic zones (upper 

zone, main zone, critical zone, marginal zone and lower zone; Scoon & Viljoen, 2019). Four 

black lines represent the sampling transects along the same catena, decreasing in altitude 

from west to east. 

The ultramafic soils derived from chromitite outcrops of the region are metal-rich and host 

vegetation categorized as mountain bushveld dominated by grasses and forbs (Siebert et al., 

2002). The complex interactions of topography, geology, ultramafic soils and climate are 

proposed to drive the evolution in this centre of plant endemism and its high floristic diversity of 

around fifty endemics and seventy sub-endemic taxa (Siebert et al., 2002). The plant resources 

are well-integrated into human traditional uses as grazing, food, medicinal and cultural 

components in Sekhukhuneland (Siebert et al., 2003; Mogale et al., 2019). Nonetheless, loss of 

communal lands with its wild flora is pronounced in the region due to poor land management, 

overgrazing, and expansion of mining and related developments (Quinn et al., 2011; Du Plessis 

et al., 2020; Shackleton, 2020). 

 

Semi-arid climatic conditions in the study area contribute to the edaphic profile of the catena with 

shallow soil layers on the mountain slopes and deep alluvium in the valleys (Siebert et al., 2002). 

Rainfall on hills may cause rapid soil erosion on the mountain slopes, while water eroded gullies, 

locally known as 'dongas', and sheet erosion are known to cause severe soil displacement and 
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degradation (Dlamini et al., 2011; van Zijl et al., 2014), especially in valley bottoms. Wind erosion 

could accelerate topsoil removal during dry winter months when soil lacks moisture. Changes in 

rainfall regime in these mountainous areas (Quinn et al., 2011) could further promote erosion 

especially on bare ground lacking plant cover in overgrazed areas, tailings, and open cast mining 

sites during seasonal droughts. Sampling sites were therefore chosen randomly at various catena 

positions starting from the upper slope to the valley bottom targeting both less disturbed habitats 

as well as mining activities and settlements to compare the influence of human interference 

together with topography on the metal distribution in local soil and plant leaves. 

6.2.2 Sample collection 

Soil and plant leaves were sampled during early summer (November) along a catena in 

Sekhukhuneland. Seventeen sites were investigated along four transects of the catena. These 

sites were chosen according to topographic position and land use type: mountain slope (sectioned 

in ‘upper slope’ and ‘footslope’), valley (sectioned in three land uses: ‘rangelands’, ‘gardens’ and 

‘tailings’) and valley bottom (sectioned in ‘sheet erosion’ and ‘gully erosion’ area) (Fig. 6.2). Fifty 

mature leaves of five individuals (i.e. composite sample), from each of the six or seven most 

abundant species in each site (Siebert et al., 2002) were sampled according to their different 

growth forms: grasses, forbs (prostrate or erect), dwarf shrubs, shrubs and trees. At each site, 

mature leaf samples were targeted as they were expected to have accumulated more metals 

(Siebert et al., 2018b). Leaf preparation procedure is detailed in Chapter 5, section 5.2.3. 

 

 

Figure 6.2. Catena profile investigated in Sekhukhuneland. 

Topsoil (50 g) from a depth of 10‒15 cm was randomly sampled four times in each sampling site, 

from the base of sampled plants. The soil per site was mixed into a composite, passed through a 

2 mm sieve, air-dried and stored in sealed vials at room temperature. Leaf and soil samples were 
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ground in a tungsten carbide ring mill to a particle size < 75 µm. Powdered samples were stored 

in labelled vials at room temperature until analysis. 

6.2.3 Determination of total metals in soil and plant leaf tissue 

 
An EPA 3051A microwave acid digestion method was used to determine the total concentrations 

of metals in soil and plant leaf material (for detailed method see Chapter 5, section 5.2.3.1). The 

metals evaluated were Co, Cr, Cu, Fe, Mg, Mn, Mo, Ni, Sr and Zn. Mg is generally not considered 

a ‘heavy metal’ – which as it happens, is an imprecise categorization by the International Union 

of Pure and Applied Chemistry (IUPAC, Duffus, 2002), but was selected given its reported 

richness in serpentine soils (Brady et al., 2005) and contribution to the soil erosion potential that 

affects plant distribution (Keren, 1991; Siebert et al., 2002). The remaining heavy metals are 

common in both ultramafic soils (e.g. Cr, Co and Ni) (Siebert et al., 2002; Proctor, 2003) and soils 

surrounding metal ore mines (Qiao et al., 2019; Wang et al., 2019). Except for Cr and Sr, all the 

above-mentioned elements are also micronutrients for plants (Hänsch & Mendel, 2009; Anjum et 

al., 2015), and therefore, are important to consider in this investigation.   

6.2.4 Bioaccumulation factor (BAF) 
 
To evaluate the foliar metal accumulation of the plant species, the Bioaccumulation Factors 

(BAFs) for metals was calculated based on the following formula by US EPA, 2000 (Infante et al., 

2021), 

 

BAF =
Metal concentration in plant leaf tissue

Metal concentration in soil
 

 

Plant species with BAF value(s) above 1 are considered accumulators whereas species with 

values equal to or less than 1 are indicators or excluders, respectively (Baker, 1981). 

6.2.5 Data analysis 
 
Data on metal concentrations of soil and plant samples were analyzed through permutational 

analysis of variance (PERMANOVA), after a log (x + 1) transformation and under Euclidean 

resemblance matrices. Three factors, one natural (i.e. topography) and one anthropogenic (land-

use) – tested on soil and plant samples; and a morphological one (i.e. growth form) – tested only 

on plant samples, were evaluated separately (i.e. one way analysis) for their influence on the 

metal concentrations.  
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Growth form factor was categorized as grass, prostrate forb, short erect forb (150– 500 mm), tall 

erect forb (> 600 mm), dwarf shrub, shrub, succulent and tree (i.e. 1 factor, 7 levels). The 

topography factor was tested in samples from the Upper slope (n = 4 for soil; n =  7 for plants), 

Footslope (n = 3 for soil; n = 7 for plants), Valley rangelands (from here on referred only as Valley; 

n = 4 for soil; n = 7 for plants) and Valley bottom (as a composite of the Sheet erosion and the 

Gully erosion samples; n = 8 for soil; n = 14 for plants) (i.e. 1 factor, 4 levels). The land use factor 

was tested in samples from the Rangelands (composed by the Upper slope, the Footslope and 

the Valley samples; n = 11 for soil; n = 21 for plants), Gardens (n = 4 for soil; n = 7 for plants), 

Tailings (n = 4 for soil; n = 7 for plants), Sheet erosion (n = 4 for soil; n = 6 for plants)and Gully 

erosion (n = 4 for soil; n = 7 for plants) (i.e. 1 factors, 5 levels).  

 

Differences were considered significant for a p-value < 0.05. The identification of the significant 

differences between sites was made through post hoc tests using the pairwise method. Cluster 

dendrograms of the centroids from each site were used as an ordination method for the samples 

under all factors. The main variables (metals) were identified by distance-based linear models 

and tested individually for differences when the main factor was of significant influence. Statistical 

packages used were Primer 6 and Permanova+ (PRIMER-E). 

 

6.3 Results 

 

6.3.1 Metal concentrations in soil and plant leaf tissue 

 
Sekhukhuneland catena soils were characterized in terms of contamination by heavy metals. It 

was also possible to identify the bioaccumulating metallophytes along with their bioaccumulation 

factors and their distribution among exotic, indigenous and endemic species. Patterns in terms of 

distribution of heavy metals in soils and plant species were only evident under anthropogenic 

influences (i.e. land use). Accumulating trends in plant growth forms were also identified. 

6.3.1.1 Soil 

The soils from all the sampling sites of the catena generally had mean metal concentrations above 

the permissible levels in South African agricultural soils (Herselman et al., 2005) (Table 6.1). The 

footslope and the rangelands within the valley had Co concentrations below the level, while 

gardens and tailings were the only land uses with Zn levels above such limit. Metal concentrations 

in sites were generally within the range of the metal levels reported in serpentine soils in South 

Africa (Venter et al., 2018) except tailings that had higher Co, Cr, Fe and Mn values. Likewise, Cr 

values for a couple of tailing localities and Co values in all tailing sites were above the reported 

world serpentine levels (Adriano, 1986). Tailings had the highest metal concentrations of all 

metals, except for Sr. Only Mo concentrations were consistent throughout the catena positions.
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Table 6.1. Total metal concentrations (µg g‒1) of soils from each of the sites along the Sekhukhuneland catena and comparative literature. 

aHerselman et al., 2005; bVenter et al., 2018; cAdriano, 1986. NR, not reported in reviewed literature. 
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6.3.1.2 Plants 

Out of the 47 evaluated species, 35 (74%) bioaccumulated (i.e. BAF > 1) at least one of the metals 

assessed (Table 6.2, Fig. 6.3). These species included 3 of the 5 

observed endemics (i.e. Lydenburgia cassinoides, Euclea sekhukhuniensis and Polygala 

sekhukhuniensis) and 6 of the 10 observed exotics (i.e. Amaranthus spinosus, Argemone 

ochroleuca, Carica papaya, Ipomoea batatas, Moringa oleifera and Psidium guajava). 

No endemic species were observed in the valley, while no exotics were observed outside this 

site. Bioaccumulation was frequent in species from the rangelands, especially in the upper slope 

and the footslope, and less frequent at the gardens and tailings which had higher soil metal 

concentrations.  

 

None of the species had BAF values > 1 for Cr, Fe, Mn and Ni. Zn and Mo were, respectively, 

accumulated by 46 and 44% of the total species sampled followed by Co in 25% of plants (Zn > 

Mo > Co > Mg > Sr > Cu). High BAF’s were observed for Co, Mo and Zn and the highest scores 

were all for Mo. Most of the accumulators were grass species although there were no collected 

species from the valley, gardens or tailings, while succulents had the lowest occurrences (Fig. 

6.4). All the grass species accumulated Zn which was also accumulated by at least one species 

within each of the other growth forms. Dwarf shrubs were the only growth form to accumulate all 

the metals.  
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Figure 6.3. BAF for metals in leaves of the 47 plant species evaluated in Sekhukhuneland 

under topography and land use factors. 1. Dwarf shrub; 2. short erect forb; 3. tall erect 

forb; 4. grass; 5. succulent; 6. tree; 7. prostrate forb; 8. shrub. †Endemic and *exotic 

species. Red line indicates bioaccumulation threshold (BAF = 1). 
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Figure 6.4. Occurrence of accumulators among the plant growth forms, according to the 

accumulated metals. 

6.3.1.3 Metal distribution patterns in growth forms 

Grasses and shrubs formed the two extreme clusters in terms of foliar metal concentrations, with 

the remaining growth forms in the between. All the species in this intermediary group differed 

significantly from each other, with short forbs being similar to all of them (Table E1c,d, Appendix 

E; Fig. 6.5a). Co was the only element to differ significantly when evaluated individually. It was 

significantly low in grasses (Fig. 6.5b). 
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Figure 6.5. Metal distribution in different growth forms. a. Dendrogram of metal distribution 

ordination of plant growth forms based on group averages of metal concentrations; b. 

concentration of Co among growth forms. **Hyperaccumulation threshold (van der Ent et 

al., 2013). Different letters represent significant difference in the pairwise post hoc           

comparison (p<0.05).
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Table 6.2. Total metal concentrations in plant leaves (µg g‒1, mean) and soil samples (µg g‒1, mean ± SD), and the bioaccumulation factors 

(BAF) of plant species in the study sites of the Sekhukhuneland catena. †Endemic and *exotic species.  
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6.3.2 Patterns of metal distribution in soil and plant leaf tissue 
 
The concentrations of the assessed metals in soil samples and plant species followed similar 

patterns of metal distribution for topography and land use factors. 

6.3.2.1 Natural factor- Topography 

Both the soil samples and the plant species had no significantly distinct metal concentrations 

along the topographic profile (Table E1a, Appendix E). However, a somewhat similar grouping 

pattern could be observed in the dendrograms (Fig. 6.6). The upper slope and the Valley samples 

were distinctly different from the rest of the topographic position for soils and plants, respectively. 

Footslope and Valley bottom were intermediate for both soill and plants. The main metals driving 

the dispersion of the soil and plants data under this factor were Ni (51% of contribution), Mg (17%) 

and Mo (13%); and Co (33%), Fe (26%) and Mg (13%), respectively. 

 

 

 

 

 

 

 

 

 

Figure 6.6. Dendrograms of metal concentration ordinations of the soil and the plant 

samples based on group averages of metal concentrations under the topography factor.  

6.3.2.2 Anthropogenic factor - Land use 

Sites were significantly different regarding both the soil and plant samples (Table E1a,b, Appendix 

E). Tailings was the outer group in soils, while in plants, it was grouped with Gardens. In both soil 

and plant analysis, Tailings and Gardens were different from all the remaining sites, which formed 

a similar group (Fig. 6.7). The main metals driving the distribution of data of soil and plant samples, 

respectively, in this case were Cr (77% of contribution), Sr (8%) and Mg (6%); and Co (35%), Cr 

(22%) and Mg (14%). Cr was the only heavy metal that differed significantly among soil samples 

(Fig. 6.8) being highest for tailings and lowest for sheet erosion, while no element was particularly 

different in the plants. 
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Figure 6.7. Dendrograms of metal concentration ordinations of the soil and the plant 

samples based on group averages of heavy metal concentrations under the land use 

factor. Different letters indicate significant differences in the pairwise post hoc 

comparisons among sites (p<0.05). 

 

 

Figure 6.8. Cr concentration in soil under topography and land use factor. Different letters 

represent significant difference in the pairwise post hoc comparison (p<0.05). 
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6.4 Discussion  

6.4.1 Metal levels in soil and plant leaves 
 
As predicted, soils in Sekhukhuneland are enriched with multiple metals as most metals exceeded 

permissible limits reported for South African agricultural soils (Herselman et al., 2005). Except for 

the tailings, metal concentrations of the study area were within the range reported for serpentine 

regions worldwide (Rajakaruna & Bohm, 2002; Mizuno & Kirihata, 2015; Williamson & Balkwill, 

2015; Hseu et al., 2018). Findings pointed out high metal concentrations along the catena soils 

in Sekhukhuneland, which confirms their ultramafic classification. In this regard, again, except for 

tailings in Sekhukhuneland, metal concentrations were comparable to reported levels for ‘natural’ 

serpentine soil in South Africa (Venter et al., 2018) and the world (Adriano, 1986). 

 

Foliar metal accumulation in 74% of the plant species points to local adaptation via accumulation 

of several metals (Baker, 1981). Though hyperaccumulation is common in serpentine floras 

(Rajakaruna & Bohm, 2002; van der Ent et al., 2013; Siebert et al., 2018a), none of the species 

from the present investigation could be classified as hyperaccumulators according to the criteria 

outlined by van der Ent et al. (2013). Vegetation with high metal tolerance, but lacking 

hyperaccumulators as observed in the present study, is usually the norm, and has been reported 

for ultramafic areas in South Africa (Siebert et al., 2018b) and globally (Oze et al., 2008; van der 

Ent & Reeves, 2015), as well as for mine tailings (Mansfield et al., 2014; Paul et al., 2018) and 

mining affected areas (Tang et al., 2020). 

 

Three of the five Sekhukhuneland endemics were detected as bioaccumulators of multiple metals 

(i.e. Co, Mo and Zn) in their leaves. This is noteworthy as restricted range species often form a 

major component of metallophytes of an area due to their evolutionary selection to tolerate metal-

rich soils (Baker et al., 2010). Overall, the indigenous species accumulated a variety of metals 

from natural habitats such as rangelands and eroded areas. Exotics from tailings and gardens 

(disturbed habitats) accumulated mostly Mo from both and Sr from tailings. This indicates a 

greater bioaccumulation trait for indigenous species in metalliferous sites in Sekhukhuneland and 

their suitability for phytoremediation as is often suggested in literature (Midhat et al., 2019). 

Indigenous plants with BAF values > 1 for more than one metal could be investigated for their 

potential to decontaminate soil. Such species could present better options for phytoremediation 

than hyperaccumulators that mostly remove single elements (Rajakaruna et al., 2006; Ferrero et 

al., 2020). 

 

Besides Mg, metals with the highest soil concentrations, i.e. Cr, Fe, Mn and Ni were effectively 

excluded (BAF < 1) by all plant species. Such a survival mechanism by plants is often suggested 
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in case of serpentine species (Baker, 1981; Rajakaruna & Baker, 2004; Oze et al., 2008; van der 

Ent & Reeves, 2015) and metallophytes from mines (Paul et al., 2018; Tang et al., 2020).  

 

Common plants from Sekhukhuneland, therefore, differ in their response strategy to metalliferous 

soils along a catena, as some metals are accumulated efficiently in leaves while others are 

excluded. This could be primarily related to differential uptake, translocation and accumulation 

mechanisms for individual metal (Baker, 1981). Nonetheless, plants withstand elevated levels of 

metals of both geogenic and anthropogenic origins, which makes them eligible as metallophytes 

(Baker et al., 2010; Boyd & Rajakaruna, 2013; Pollard et al., 2014; Paul et al., 2018). 

 

Among the growth forms, the overall distinct concentration levels among grasses, shrubs and the 

remaining forms reflected how plant structure can also be a predictor of bioaccumulation. Grasses 

are relatively better adapted to the metal enriched soils of Sekhukhuneland (Siebert et al., 2002, 

2003). This was even more evident in relation to Co which can be more available in serpentine 

soils (Echevarria, 2018), but accumulated in low amounts in grasses of this study. Oze et al. 

(2008) reported grasses being excluders of Co from serpentine outcrops. With the exception of 

Co, the present study did not point out particular elements to be accumulated more or less 

effectively by different growth forms. However, accumulation of multiple elements altogether could 

be differentiated among growth forms. Future investigations may focus on grasses, shrubs and 

short, erect forbs that had distinctly different metal accumulation to identify the best-fit species to 

be considered for phytoremediation in Sekhukhuneland. Species from such growth forms are 

often recommended for phytoremediation in mining areas (Visoottiviseth et al., 2002; Paul et al., 

2018). 

 
6.4.2 Influence of topography and land use 
 
Under the topography factor, although without significant differences, soil samples from the upper 

slope could be ordinated as an outer group in comparison to all the other sites. Soils in these sites 

are shallow (Duan et al., 2015; Ding et al., 2017; Qiao et al., 2019), which closely resemble parent 

material mineralogy (Gaspar et al., 2020). Such soils can be metal-rich but eroded easily by 

gravity, wind, raindrop splash effect and high velocity of run-off water resulting in loss of heavy 

metals (Duan et al., 2015; Zhang et al., 2019). The erosion effect is more prominent in sloping 

serpentine outcrops with stony soil structure lacking clay and moisture to bind the soil (Brady et 

al., 2005), as observed in Sekhukhuneland. On the other hand, for plants, valley formed a 

separate cluster than the rest of the land uses. Valleys with higher soil clay content as reported 

for the study region (Siebert et al., 2002) may contain more metals in clay (Alloway, 2013) to act 

as sinks for sediment borne metals sourced from mountains and rivers (Jarsjö et al., 2017; Zhang 

et al., 2019) unlike the upper slope and valley bottom that are mainly characterised by topsoil 
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displacement (Duan et al., 2015; Amare et al., 2019). In valleys, therefore, an increase in metal 

quantity over time could increase the bioavailability of metals to plants in Sekhukhuneland.  

 

Regarding the land-use factor, the significant differences found among both soils and plant 

samples can be attributed to the presence of mining activities in Sekhukhuneland, especially 

observing high concentrations of metals near tailings facilities. Metal enrichment of local soils 

around mine tailings is reported globally (Mansfield et al., 2014; Paul et al., 2018; Wang et al., 

2019; Tang et al., 2020). Cr mine tailings contain considerable proportions of Cr2O3 and other 

metals mainly Fe, Mg, Mn and Ni (Dhal et al., 2010; Özgen, 2012) which explains the high overall 

metal quantities in tailing soils in Sekhukuneland. More evidence for the outstanding influence of 

mining activity is Cr being highlighted as the main metal driving the differences among the soil 

samples. Oze et al. (2004) suggested that the presence of chromite even at a very low amount in 

soil may increase overall Cr content enormously. Consequently, metal availability in soils around 

tailings could be increased due to fast leaching of metals especially Cr that can be in highly 

reactive and mobile forms even at an alkaline pH (7‒9) (Dhal et al., 2010), which is the common 

pH range observed in tailings in Sekhukhuneland. Elevated foliar uptake of metals from mine 

areas has been reported globally (Paul et al., 2018; van der Ent et al., 2020). Gardens, on the 

other hand, differ from tailings regarding soils samples, but not regarding plant samples, which 

might point to a limit of uptake to be reached by the plant species in the tailings in spite of the 

higher soil metal concentrations that match with past reports (Dudka & Miller, 1999). Metal 

enrichment in garden soils and crops around metal mines is reported extensively (Felix-

Henningsen et al., 2011; Alloway, 2013; Antisari et al., 2020) and can be concluded for 

Sekhukhuneland as most sampled gardens were in proximity to multiple tailings and mines. 

Considering the high human health hazard potential of metals, especially Cr and Ni (Infante et al., 

2021), garden crops should be evaluated for potential health risk (Adhikari et al., 2021). 

 

Other land uses (rangelands and wastelands comprising sheet and gully erosion), forming a 

separate group for soils and plants regarding metal distribution, was anticipated as in these 

natural habitats most geogenic sourced metals are released slowly from minerals (Wuana & 

Okieimen, 2011). In this regard, pH could be an important determinant as the availability of 

individual metal may vary with this soil parameter (Echevarria, 2018; Siebert et al., 2018b). 

Particularly for Cr, weather resistance of chromite would produce Cr at a slow pace and formed 

Cr will quickly produce stable mineral or organic complexes of low solubility at pH > 4 (Oze et al., 

2004). Alkaline soils of rangelands, therefore, in spite of having Cr quantities mostly higher than 

200 µg g‒1 that is common for serpentine soils (Oze et al., 2004), may present comparatively less 

Cr availability to plants. Overgrazing could be an important agent to induce and aggravate soil 
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erosion in wastelands especially in sloping regions (Dlamini et al., 2011; Amare et al., 2019) such 

as the study area that may further decrease metal quantity in the topsoil. 

 

The similarity in the distribution of metals in both soil and plant samples, under the natural and 

anthropogenic factors evaluated in this study, suggested that both factors are actively influencing 

metal concentrations in the Sekhukhuneland catena. As indicated previously, the adverse effects 

of excess metals on ecosystems are a complex outcome governed by geological and 

anthropogenic sources (Gaspar et al., 2020). In this regard, Sekhukhuneland can be identified as 

a ‘secondary metalliferous site’ (Baker et al., 2010) where outcrops are exploited heavily by 

mining and considering the long mining history of Sekhukhuneland (Scoon & Viljoen, 2019), a 

greater influence of land use factor on metal distribution in soils and plant leaves is reasonable.  

 
Summary 
 
The study attempted to unravel the influence of topography and land use on the metal distribution 

along a catena in Sekhukhuneland and evaluate the foliar metal bioaccumulation potential of 

common species from the region. A greater influence of land use on metal distribution in soils and 

plant leaves indicated human interference as a principal driver in this regard. Significantly higher 

Cr concentration in soils around tailings could be indicative of mines as a soil polluter in the study 

region. Plants, including indigenous, endemic and exotic species, could be classified as 

metallophytes that successfully inhabited metal-rich soils by selectively accumulating and 

excluding metals. Metal concentrations differed among growth forms, with grasses, shrubs and 

short, erect forbs showing the most potential for phytoremediation properties. Continuous 

monitoring of the spatial distribution of metals in soil is urgent, as rapidly changing land use 

patterns in Sekhukhuneland could lead to further evolution of the soil-plant dynamics. Future 

research on metallophytes of the region should be prioritized to conserve them and explore their 

pollution mitigation potential. 
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Chapter 7  

Conclusions 

A comprehensive summary of major findings of this study related to Cr adsorption and 

accumulation by plant leaves from the mining-smelting region in Sekhukhuneland is presented 

here. The chapter further reflects on study limitations and knowledge gaps that require future 

attention in this regard. Study objectives were reminded followed by findings to highlight 

alignment. 

 

7.1    Study objectives and major findings 
 

Objective 1: To assess Cr chemistry, toxicity and describe known chemical reaction mechanisms 

in the environment. 

 
The two Cr oxidation states tri- (Cr(III)) and hexavalent (Cr(VI)) oxidation states differ in their 

origin, chemical property, bioavailability and toxicity. Cr(III) is the predominant formed as a result 

of weathering of the parent material and is rapidly immobilised as organic or inorganically bound 

complexes that are mainly soluble at acidic pH and have low reactivity and toxicity, therefore. On 

the contrary, the formation of Cr(VI) in nature due to oxidation of Cr(III) is an intermittent 

phenomenon. On the other hand, anthropogenic waste add generous amounts of Cr(VI) in the 

environment that can be extremely reactive, soluble at all pH and remain as persistent pollutants 

in the environment. Cr(VI) compounds hence present far greater biological hazard potential than 

Cr(III). The two Cr oxidation states (i.e. Cr(III) and Cr(VI)) may interconvert depending on ambient 

reaction parameters (e.g. temperature, pH, Eh, presence of oxidiser/reducer, organic matter and 

microbial community) making species specific concentration determination challenging in any 

matrix.  

 

Objective 2: To evaluate phytotoxicity in useful plants and describe known plant-Cr interactions. 

 

Cr induces phytotoxic effects at varying degree and type in different species. Results revealed 

the global occurrence of Cr accumulation by food and medicinal plants above the recommended 

safe limits. For most cases, exposure to human released Cr including Cr containing dust and, in 

few instances, geogenic Cr from outcrop or natural disasters were implicated for such high 

concentrations. Cr was associated with non-carcinogenic and carcinogenic health risks via 

consumption of useful crops primarily due to pollution from mines and industries. Plant-Cr 

interaction process has been recognised as a complex outcome of several variables namely plant 

species, concentration and availability of Cr oxidation states (i.e. Cr(III) and Cr(VI)), cultivation 

and preservation practices and the environment (e.g. geology, climate, proximity and type of 
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polluters and emission rate). In this regard, urban crops could be particularly susceptible to 

multifaceted Cr exposure. Prominent knowledge gaps identified during the review, i.e. lack of 

sufficient scientific report on Cr(VI) determination in plants, the contribution of dust towards Cr 

contamination especially in mining-smelting areas and contamination status of useful plants from 

home gardens and wild, are addressed in the present study. 

 

Objective 3: To attest to the presence of Cr dust on plant leaf surfaces. 

 

Energy Dispersive X-ray Spectroscopy determined Cr on the leaf surfaces of studied food and 

medicinal plant species sampled from the Cr mining-smelting region in Sekhukhuneland. Later 

the same analysis on randomly selected dust particles identified Cr containing particles on leaf 

surfaces. Cr dust deposition on leaf surfaces was therefore confirmed. Furthermore, considerable 

availability of dust borne Cr to local vegetation was indicated by the high percentage of Cr 

containing dust on leaf surfaces. High wt% of a similar group of elements on leaf surfaces and 

deposited dust suggested an alteration in leaf surface elemental composition due to dust 

deposition. Such elemental alterations may be concerning as both the nutritional and remedial 

properties of plant species depend on their typical elemental composition.  

 

Objective 4: To assess the size distribution and shape of Cr dust to understand the morphology 

of the particles. 

 
The three detected PM size fractions (PM2.5, PM10 and PM > 10 µm) had varying concentrations 

of Cr. Detection of the highest Cr values in the three above-mentioned size fractions indicated 

possible Cr hazard linked to all PM sizes in the region.  

 

Objective 5: To describe the plant morphological traits that are related to the deposition of Cr dust 

on leaf surfaces. 

 
Two morphological traits, i.e. leaf area (leaf macromorphology) and plant height (plant 

morphology) showed a significant positive effect on Cr particle deposition on plant leaves. 

Comparatively taller plant species with larger leaves may be susceptible to atmospheric Cr dust 

pollution in the study region. Scanning Electron Microscopy (SEM) imaged Cr particles on various 

leaf surface micromorphological features, but none of these features influenced Cr amount or Cr 

particle size on leaf surfaces significantly. Results further revealed that proximity to active mining 

sites was the main determinant of Cr dust deposition on leaves rather than the high quantity of 

total dust. In terms of total dust accumulation potential by plant leaves, long trichomes may favour 

the process while larger leaves could accumulate more PM10 on the adaxial leaf surfaces.  
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Objective 6: To identify possible sources of Cr in soils and plant leaves based on their elemental 

composition. 

 

EDS analysis recorded soil and leaf surface elemental composition data were used to identify 

possible Cr sources in the two matrices (soils and plant leaves). Cr in the soil could be contributed 

by natural (ultramafic geology) and anthropogenic (polluters) sources as most localities were 

characterised by the presence of both of these Cr sources. Leaf surface Cr was primarily 

associated with environmental pollution from chromite ore associated activities namely mining, 

smelting and ore transportation. Soil dust could be of less importance in this regard. The presence 

of anthropogenic Cr dust on leaf surfaces is concerning as such particles generally contain Cr in 

a more reactive and hazardous form (i.e. Cr(VI)) than geogenic Cr dust that is enriched with Cr(III) 

of low toxicity potential.    

 

Objective 7: To determine the leaf surface-Cr dust interaction by assessing the contribution of 

plant morphology (e.g. plant height, leaf area, epicuticular wax, stomata and trichome size and 

density) and pollution source (proximity to and the number of mines, road) variables on this 

interaction process. 

 
A statistical analytical approach was designed whereby the combined influence of plant 

morphological traits and pollution variables was assessed to deduce leaf surface-Cr dust 

interaction under multifaceted environmental Cr exposure in the region. The analysis was 

performed individually for adaxial and abaxial leaf surface as they varied in morphological features 

and were exposed differently (facing up or down) to environmental Cr dust. For the adaxial 

surface, the main factor was ‘plant morphology’ that summed up primarily the positive influence 

of leaf area, epicuticular wax and plant height. For the abaxial surface, ‘leaf surface-dust interface’ 

was the dominant factor that incorporated plant morphology (leaf area, epicuticular wax and 

stomata size) and pollution source (proximity to and the number of mines and roads) variables. It 

was revealed that a set of variables collectively promoted or restricted Cr particle deposition and 

adhesion on leaf surfaces rather than individual dominance.  

 

Objective 8: To determine the contribution of deposited Cr particles to Cr accumulation in and on 

leaves of useful plants.  

 
From a comparative analysis on Cr concentrations in W and UW leaf material, it was evident that 

Cr containing dust contributed significantly towards total Cr accumulation by useful plant leaves. 

In addition, foliar uptake of Cr dust was predicted that emphasised the importance of airborne 

dust as a viable contamination pathway to aerial plant parts besides the conventional root uptake 

in these mining-smelting polluted localities in Sekhukhuneland. Hence, Cr contamination of plant 
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leaves in Sekhukhuneland is a combined result of dust deposition on leaf surfaces and 

accumulation in leaf tissue. Since Cr concentrations in both W and UW leaves of useful plants 

sampled from home gardens and rangelands exceeded international permissible limits thus 

substantial Cr contamination of these common plant sources was confirmed.  

 

Objective 9: To quantify the Cr(VI) content in plant leaves. 

 

The presence of Cr(VI) in UW leaves of all investigated plant species suggested the 

environmental availability of the most hazardous Cr species in every locality investigated in 

Sekhukhuneland. Outcomes may indicate possible anthropogenic contribution towards plant-

available Cr(VI) in the region as this oxidation state occurs in negligible concentrations in natural 

(unpolluted) environments. This is an important finding considering the multiple-fold higher 

biological toxicity potential of Cr(VI) than Cr(III).  

 

Objective 10: To assess the effect of variables (plant growth form, soil and Cr polluters) on Cr 

concentration in and on leaves. 

 
Different growth forms (trees, forbs and succulents) did not show a significant difference in foliar 

Cr levels suggesting all were capable of accumulating Cr in leaves. Proximity, number and types 

of Cr sources had a collective influence on leaf Cr content. Despite high soil Cr values in natural 

chromitite outcrops, leaf Cr levels were mostly influenced by the higher availability of 

anthropogenic Cr in soil (primarily in tailing facility). Presence of Cr(VI) in soils of all localities 

further suggested a higher possibility of human activity linked Cr pollution in the region. Tailings 

served as prime Cr dust sources to plant leaves in the surrounding areas.  

 

Objective 11: To estimate the human health risk associated with the consumption of dust 

contaminated plant leaves. 

 
Besides Cr, Al and Ni contamination of leaves were linked with dust. Concentrations of multiple 

elements (Cr, Al, Co, Hg and Zn) exceeded recommended safe limits in plants that may question 

the quality of locally harvested food and medicinal plant species in the region. Al presented 

exceptionally high estimated daily intake and non-carcinogenic risk. Cumulative non-carcinogenic 

risk associated with multiple toxic elements was far above the safe limit. Estimated carcinogenic 

risk was considerable for total Cr(VI) through UW, and total Cr via W and UW leafy vegetables. 

In addition, carcinogenic risk of Ni was substantial for both UW and W leaves. The local human 

population could therefore be at risk due to exposure to several hazardous elements including Cr 

through the ingestion of leafy vegetables. Any aerial plant parts need to be washed thoroughly 
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before use. Both non-carcinogenic and carcinogenic health risk possibility was higher for UW 

leaves than W ones.  

 

Objective 12: To evaluate the influence of topography, land use (for soils and plants) and growth 

forms (plants only) on metal accumulation in soils and plant leaves. 

 
Compared to less disturbed natural habitats, high metal values in soil and plant leaves from 

localities with human interference (i.e. tailings and gardens) indicated anthropogenic factor, i.e. 

land use (mining) as a primary driver to influence metal distribution in the two matrices in 

Sekhukhuneland catena. Results further revealed exceptionally high Cr content in tailings. 

Rehabilitation of tailings is therefore urgent to limit dispersion of hazardous substances further 

especially as human settlements often surround these facilities in Sekhukhuneland. 

 

Objective 13: To determine the foliar metal bioaccumulation factors for the dominant plant 

species. 

 
Dominant plant species (indigenous, endemic and exotic species) sampled from the catena in 

Sekhukhuneland were classified as metallophytes that were adapted to geogenic (chromitite 

outcrops) and anthropogenic (mines) sourced metal-rich soils. Indigenous species and endemics 

were the better accumulators of multiple elements and may present better phytoremediation 

potential to be explored further. Among growth forms grasses, shrubs and short, erect forbs could 

be investigated further for their phytoremediation prospect. Findings, therefore, provided valuable 

information regarding the possible use of metallophytes for soil pollution mitigation in 

Sekhukhuneland.  

 

7.2   Study limitations 
 

This study could be regarded as a pilot project that looked into foliar Cr contamination and 

associated human health impacts in a typical mining-smelting region in Sekhukhuneland, South 

Africa. Consequently, some study limitations need to be considered that could have restricted 

complete understanding of the plant leaf-Cr relation in the study area.  

 

(1) No reliable wind speed and wind direction data were obtained for the study region. Such 

meteorological parameters are critical as they influence dust dispersion and deposition at 

a local, regional and national level. An alternative method was therefore selected to 

determine the air mass movements by calculating back trajectories that provided 

comprehensive information on air movements.   
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(2) There are scant scientific reports available on atmospheric Cr pollution in Sekhukhuneland 

that made it challenging to compare Cr particle morphology results of the present study 

with local data.  

(3) Again, at a regional and national level, there is little or no available scientific data on Cr or 

Cr(VI) accumulation by local vegetation or Cr dust pollution of plants. This is a prominent 

knowledge gap that needs to be addressed.  

(4) Similarly, only a few studies have explored the association between plant morphology and 

dust pollution in South Africa.  

(5) The unavailability of any record on local reference dose for medicinal plants hindered 

health risk estimation for medicinal plants in the present study.  

(6) In general, nationally, mining-smelting affected areas inhabited by underprivileged 

population are least studied in terms of health impacts associated with the use of polluted 

local food crops and medicinal plants. Hence, no local reference was obtained to compare 

the health risk assessment estimates of the present study. 

 

7.3    Future directions 
 

The current study presents some perspective on the current status of Cr enrichment of soils and 

local vegetation in Sekhukhuneland (Fig. 7.1). Extended research is envisioned on multiple 

interlinked research fields to comprehend the flow of Cr and other toxic metals within the air-soil-

plant-human system (Fig. 7.1). Among others, the research areas that may require immediate 

extensive scientific attention are as follows: 

 

(1) Health risk assessments – the region is inhabited by people who has a long history of use 

of numerous plant species (indigenous and exotic species) as food and medicinal 

components. Such species should be investigated to determine their metal accumulation 

capacity in useful part(s). Corresponding health risks should be estimated for different 

population groups (i.e. male/female and adult/child) to comprehend the lifelong health risk.  

(2) Foliar uptake mechanism – investigation on the uptake mechanism of Cr, Cr(VI) and other 

toxic elements by aerial plant parts especially leaves and their subsequent translocation 

within the plant system may provide critical information regarding the safety of crop 

production under dust polluted environments in the region. 

(3) Tailings – these are prominent Cr pollution sources in the region that should be 

investigated further to draw up a proper mitigation plan, if necessary. Continuous pollution 

monitoring is suggested. 

(4) Metallophytes – should be explored for phytoremediation potential.   
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Figure 7.1. The current investigation (dark blue box in the centre) within a broader research 

field (light blue box) related to the plant-metal interactions in Sekhukhuneland. BAF, 

bioaccumulation factor. 

Results point to a required re-evaluation of current pollution control measures by the respective 

managements in the study region. The outcomes of this study may also inform concerning 

authorities about the probable human health hazards especially the carcinogenic risk associated 

with the ingestion of metal contaminated useful plant leaves in the region to plan and implement 

necessary actions in this regard. Lastly, initiating social awareness among the locals regarding 

metal contamination of vegetation may limit exposure of Cr and other hazardous elements via 

ingestion of useful plants in these mining-smelting areas of Sekhukhuneland.  
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Appendix A: Chapter 2 

Supplementary tables and figures 

Table A1. Scopus search strings. 

Search 
criteria 

Search string per search criteria Total 
number of 
articles by 
search  

Number of 
articles 
selected 

i. o
F
F
o
d 

Cr toxicity in food plants 
(TITLE-ABS 
KEY ("Chromium" AND food AND plants)) AND (((pollution 
OR toxicity AND plants )) AND (crop  AND  vegetable  OR h
erb AND plants)) AND (accum* OR depos* AND 
NOT waste AND water OR  sewage  OR  sludge) AND (LIMI
T-TO (SUBJAREA , "ENVI" ) OR LIMIT-
TO (SUBJAREA ,"AGRI" ) OR LIMITTO (SUBJAREA , "EAR
T" )) AND (LIMIT-TO (LANGUAGE , "English" )) 

70 14 

ii. Cr toxicity in medicinal plants 
(TITLE-ABS-
KEY ("Chromium" AND medicinal AND plant)) AND (pollut* 
AND contam* ANDNOT nanoparticle ) AND (LIMITTO (SUB
JAREA , "PHAR" ) ORLIMITTO (SUBJAREA , "ENVI" ) OR 
LIMITTO (SUBJAREA, "AGRI" )) AND(LIMITTO (LANGUAG
E , "English" )) AND (EXCLUDE (SUBJAREA , "MEDI" ) OR 
EXCLUDE (SUBJAREA , "BIOC" ) OR  EXCLUDE (SUBJA
REA , "CHEM") OREXCLUDE (SUBJAREA , "CENG" ) OR 
EXCLUDE (SUBJAREA , "CENG" ) OR EXCLUDE (SUBJA
REA , "IMMU" ) OR EXCLUDE (SUBJAREA , "ENER" ))  

49 15 

iii. Most cited (Cr pollution/toxicity and food/medicinal 
plants) 
(TITLE-ABS-KEY (chrom* AND pollut* AND toxic*)) AND 
((((plant* ANDNOT fish OR chicken OR mice)) AND (food* 
OR veg* OR medic* AND plants )) AND (heavy AND met* A
ND avail*)) AND (chromium AND plant) AND (LIMIT-
TO (LANGUAGE , "English" )) AND 
(LIMITTO (SUBJAREA , "ENVI" ) OR LIMITTO (SUBJAREA
 , "AGRI" ) OR LIMITTO (SUBJAREA , "PHAR" ) OR LIMITT
O (SUBJAREA ,"EART" )) AND (EXCLUDE (SUBJAREA , "
MEDI" ) OR EXCLUDE (SUBJAREA , "BIOC" ) OR EXCLU
DE (SUBJAREA , "CENG" ) OR EXCLUDE (SUBJAREA , "
ENGI" ) OR EXCLUDE (SUBJAREA , "IMMU" )) AND  (EXC
LUDE (LANGUAGE , "Portuguese" ) OR EXCLUDE (LANG
UAGE, "Spanish" ) OR EXCLUDE (LANGUAGE , "Turkish" )
) AND (EXCLUDE (EXACTKEYWORD , "Lead" ) OR EXCL
UDE (EXACTKEYWORD , "Cadmium" ) OR EXCLUDE (EX
ACTKEYWORD , "Zinc" )) 

121 11 

Total  
articles 

  39* 

*1 article appeared in both i. and ii.
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Table A2. Articles (63) sourced for systematic review 

Year First author Journal Title Source 

1992 

 

 

 

 

Larsen, E.H. 

 

 

 

 

The Science of the Total 

Environment 

Atmospheric deposition of trace elements around point 

sources and human health risk assessment. II. Uptake of 

arsenic and chromium by vegetables grown near a wood 

preservation factory. 

SCOPUS 

1996 

 

 

Voutsa, D. 

 

 

Environmental Pollution Trace elements in vegetables grown in an industrial area 

in relation to soil and air particulate matter  

 

SCOPUS 

1998 

 

 

Zayed, A. 

 

 

Planta Chromium accumulation, translocation and chemical 

speciation in vegetable crops 

SCOPUS 

1999 

 

 

 

Kimbrough, D.E. 

 

 

 

Critical Reviews in 

Environmental Science 

and Technology 

A critical assessment of chromium in the environment Own database 

2001 

 

 

Cervantes, C. 

 

 

FEMS Microbiology 

Reviews 

Interactions of chromium with microorganisms and plants Own database 

2003 

 

Pandey, N. 

 

Environmental and 

Experimental Botany 

Chromium interference in iron nutrition and water relations 

of cabbage 

SCOPUS 



 

III 
 

  

2004 

 

 

Dube, B.K. 

 

 

Journal of Vegetable 

Crop Production 

Chromium phytotoxicity alters metabolism in radish SCOPUS 

2004 

 

 

Oze, C. 

 

 

International Geology 

Review 

Chromium geochemistry of serpentine soils Own database 

2004 

 

 

 

 

Rai, V. 

 

 

 

 

Plant Science Effect of chromium accumulation on photosynthetic 

pigments, oxidative stress defense system, nitrate 

reduction, proline level and eugenol content of Ocimum 

tenuiflorum L. 

Own database 

2005 

 

 

 

Panichev, N. 

 

 

 

Spectrochimica Acta Determination of Cr(VI) in plants by electrothermal atomic 

absorption spectrometry after leaching with sodium 

carbonate 

Own database 

2005 

 

 

 

Rai, V. 

 

 

 

Bulletin of Environmental 

Contamination and 

Toxicology 

Chromium in some herbal drugs SCOPUS 



 

IV 
 

2005 

 

 

Shanker, A.K. 

 

 

Environment 

International 

Chromium toxicity in plants SCOPUS 

2007 

 

 

Mandiwana, K.L. 

 

 

Journal of Hazardous 

Materials 

The solubility of Cr(III) and Cr(VI) compounds in soil and 

their availability to plants 

Own database 

2007 

 

 

 

Yang, Q. 

 

 

 

Environmental 

Monitoring and 

Assessment 

Heavy metals of vegetables and soils of vegetable bases 

in Chongqing, southwest China 

SCOPUS 

2008 

 

 

Babula, P. 

 

 

Environmental Chemistry 

Letters 

Uncommon heavy metals, metalloids and their plant 

toxicity: a review 

SCOPUS 

2009 

 

 

 

Tiwari, K. 

 

 

 

Journal of Environmental 

Biology 

Chromium (VI) induced phytotoxicity and oxidative stress 

in pea (Pisum sativum L.): biochemical changes and 

translocation of essential nutrients 

SCOPUS 

2010 

 

 

 

Maharia, R.S. 

 

 

 

Journal of Environmental 

Science and Health 

Heavy metal bioaccumulation in selected medicinal plants 

collected from Khetri copper mines and comparison with 

those collected from fertile soil in Haridwar, India 

SCOPUS 



 

V 
 

2010 

 

 

 

Meena, A.K. 

 

 

 

Environmental 

Monitoring and 

Assessment 

Estimation of heavy metals in commonly used medicinal 

plants: a market basket survey 

SCOPUS 

2010 

 

 

Nagajyoti, P.C. 

 

 

Environmental Chemistry 

Letters 

Heavy metals, occurrence and toxicity for plants: a review SCOPUS 

2011 

 

 

Feng, J. 

 

 

Journal of Environmental 

Sciences 

Source attributions of heavy metals in rice plant along 

highway in eastern China 

SCOPUS 

2012 

 

 

 

 

Säumel, I. 

 

 

 

 

Journal of Geochemical 

Exploration 

How healthy is urban horticulture in high traffic areas? 

Trace metal concentrations in vegetable crops from 

plantings within inner city neighbourhoods in Berlin, 

Germany 

 

SCOPUS 

2013 

 

 

 

Abbasi, A.M. 

 

 

 

Ecotoxicology and 

Environmental Safety 

Health risk assessment and multivariate apportionment of 

trace metals in wild leafy vegetables from Lesser 

Himalayas, Pakistan 

 

Own database 

2013 

 

 

Awodele, O. 

 

 

Journal of 

Ethnopharmacology 

 

Traditional medicinal plants in Nigeria-remedies or risks SCOPUS 



 

VI 
 

2013 

 

 

 

Dhal, B. 

 

 

 

Journal of Hazardous 

Materials 

Chemical and microbial remediation of hexavalent 

chromium from contaminated soil and 

mining/metallurgical solid waste: a review 

 

SCOPUS 

2013 

 

 

 

Ishaq, M. 

 

 

 

International Journal of 

Pharmaceutical Sciences 

Review and. Research 

Comparative study of heavy metals in Albizia lebbeck, 

collected from different environmental sites 

SCOPUS 

2013 

 

 

 

Luginina, E.A. 

 

 

 

Annals of Warsaw 

University of Life 

Sciences 

 

The peculiarities of heavy metals accumulation by wild 

medicinal and fruit plants 

Own database 

2013 

 

 

 

Mahmood, A. 

 

 

 

Journal of 

Ethnopharmacology 

Determination of toxic heavy metals in indigenous 

medicinal plants used in Rawalpindi and Islamabad cities, 

Pakistan 

SCOPUS 

2013 

 

 

Sungur, S. 

 

 

International Journal of 

Food Properties 

 

Determination of Chromium Species in various medicinal 

plants consumed in Hatay region in Turkey 

SCOPUS 

2013 

 

 

Tiwari, K.K. 

 

 

Bulletin of Environmental 

Contamination and 

Toxicology 

Chromium phytotoxicity in radish (Raphanus sativus): 

effects on metabolism and nutrient uptake 

SCOPUS 



 

VII 
 

  

2014 

 

 

 

 

Barouchas, P. 

 

 

 

 

Australian Journal of 

Crop Science 

Effect of trivalent and hexavalent chromium (Cr) on the 

total Cr concentration in the vegetative plant parts of 

spearmint (Mentha spicata L.), lemon verbena (Lippia 

citriodora L.) and peppermint (Mentha piperita L.) 

SCOPUS 

2014 

 

 

 

Ding, C. 

 

 

 

Ecotoxicology and 

Environmental Safety 

Phytotoxicity and accumulation of chromium in carrot 

plants and the derivation of soil thresholds for Chinese 

soils 

 

SCOPUS 

2014 

 

 

 

 

 

Li, B. 

 

 

 

 

 

American Society of 

Agricultural and 

Biological Engineers 

(ASABE), Annual 

meeting paper 

 

Study on the migration of heavy metals pollution from soil 

to lettuce 

SCOPUS 

2014 

 

 

Wahsha, M. 

 

 

Journal of Geochemical 

Exploration 

Potentially toxic elements in foodcrops (Triticum aestivum 

L., Zea mays L.) grown on contaminated soils 

SCOPUS 

2015 

 

 

Kim, H.S. 

 

 

Soil Science and Plant 

Nutrition 

Influence of airborne dust on the metal concentrations in 

crop plants cultivated in a rooftop garden in Seoul 

Own database 



 

VIII 
 

2015 

 

 

 

Kozak, L. 

 

 

 

Environmental 

Toxicology and 

Chemistry 

Bioaccumulation of metals and metalloids in medicinal 

plant Ipomoes pes-caprae from areas impacted by 

Tsunami 

 

SCOPUS 

2015 

 

 

 

 

Li, N. 

 

 

 

 

Science of the Total 

Environment 

Concentration and transportation of heavy metals in 

vegetables and risk assessment of human exposure to 

bioaccessible heavy metals in soil near a waste-

incinerator site, south China 

Own database 

2015 

 

 

Unver, M.C. 

 

 

Ekoloji Heavy metal contents of Malva sylvestris sold as edible 

greens in the local markets of Izmir 

 

SCOPUS 

2015 

 

 

 

Ye, X. 

 

 

 

Environmental 

Monitoring and 

Assessment 

Assessment of heavy metal pollution in vegetables and 

relationships with soil heavy metal distribution in Zhejiang 

province, China 

 

SCOPUS 

2016 

 

 

 

Arsenov, D.D. 

 

 

 

Matica Srpska Journal of 

Natural Sciences 

Archives 

 

Heavy metal contamination of vegetables from green 

markets in Novi Sad 

Own database 

2016 

 

Aziz, M.A. 

 

Journal of 

Ethnopharmacology 

A review on the elemental contents of Pakistani medicinal 

plants: implications for folk medicines 

SCOPUS 



 

IX 
 

   

2016 

 

 

 

Boechat, C.L. 

 

 

 

Water Air Soil Pollution Heavy metals and nutrients uptake by medicinal plants 

cultivated on multi-metal contaminated soil samples from 

an abandoned gold ore processing site 

SCOPUS 

2016 

 

 

 

Kamunda, C. 

 

 

 

International Journal of 

Environmental Research 

and Public Health 

Health risk assessment of heavy metals in soils from 

Witwatersrand gold mining basin, South Africa 

Own database 

2016 

 

 

Owolabi, I.A. 

 

 

South African Journal of 

Chemistry 

 

Speciation of chromium and vanadium in medicinal plants Own database 

2016 

 

 

 

Shah, W.A. 

 

 

 

Pakistan Journal of 

Pharmaceutical Sciences 

Comparison of toxic heavy metals concentration in 

medicinal plants and their respective branded herbal 

formulations commonly available in Khyber Pakhtunkhwa 

SCOPUS 

2016 

 

 

Shahid, M. 

 

 

Journal of Hazardous 

Materials 

Foliar heavy metal uptake, toxicity and detoxification in 

plants: a comparison of foliar and root metal uptake 

Own database 

2016 

 

 

Venter, A.D. 

 

 

Atmospheric Pollution 

Research 

Regional atmospheric Cr(VI) pollution from the Bushveld 

Complex, South Africa 

Own database 



 

X 
 

2017 

 

 

 

Anjum, S.A. 

 

 

 

Pedosphere Phyto-toxicity of chromium in maize: oxidative damage, 

osmolyte accumulation, anti-oxidative defense and 

chromium uptake 

SCOPUS 

2017 

 

 

 

Cheng, J. 

 

 

 

Environmental 

Toxicology and 

Pharmacology 

 

Concentrations and human health implications of heavy 

metals in market foods from a Chinese coal-mining city 

Own database 

2017 

 

 

Dong, X-L. 

 

 

International Journal Of 

Food Properties 

Multivariate analyses of major and trace elements in 19 

species of herbs consumed in Yunnan, China 

Own database 

2017 

 

Ertani, A. 

 

Water Air Soil Pollution Chromium in agricultural soils and crops: a review 

 

SCOPUS 

2017 

 

 

Gomes, M.A.D.C. 

 

 

Ecotoxicology and 

Environmental Safety 

Plant chromium uptake and transport, physiological 

effects and recent advances in molecular investigations 

Own database 

2017 

 

 

 

Kim, H.S. 

 

 

 

Archives of 

Environmental 

Contamination and 

Toxicology 

 

Influence of road proximity on the concentrations of heavy 

metals in Korean urban agricultural soils and crops 

Own database 



 

XI 
 

2017 

 

 

Pennisi, G. 

 

 

Acta Horticulturae Soilless cultivation in urban gardens for reduced 

potentially toxic elements (PTEs) contamination risk  

SCOPUS 

2017 

 

 

Shahid, M. 

 

 

Journal of Environmental 

Biology 

Chromium speciation, bioavailability, uptake, toxicity and 

detoxification in soil-plant system: a review 

SCOPUS 

2017 

 

 

 

Vaikosen, E.N. 

 

 

 

Journal of Pharmacy & 

Pharmacognosy 

Research 

Determination of heavy metals in medicinal plants from 

the wild and cultivated garden in Wilberforce Island, Niger 

Delta region, Nigeria 

 

SCOPUS 

2017 

 

 

 

Zlatić, N.M. 

 

 

 

Environmental 

Monitoring and 

Assessment 

 

Secondary metabolites and metal content dynamics 

in Teucrium montanum L. and Teucrium chamaedrys L. 

from habitats with serpentine and calcareous substrate 

Own database 

2018 

 

 

 

Kazakis, N. 

 

 

 

Environmental Pollution Environmentally available hexavalent chromium in soils 

and sediments impacted by dispersed fly ash in Sarigkiol 

basin (northern Greece) 

 

SCOPUS 

 

2018 

 

 

Kumar, N. 

 

 

Environmental Science 

and Pollution Research 

Profiling of heavy metal and pesticide residues in 

medicinal plants 

SCOPUS 



 

XII 
 

2018 

 

 

 

Milićević, T. 

 

 

 

Science of the Total 

Environment 

Bioavailability of potentially toxic elements in soil–

grapevine (leaf, skin, pulp and seed) system and 

environmental and health risk assessment 

 

SCOPUS 

2018 

 

 

 

Pajević, S. 

 

 

 

Environmental 

Monitoring and 

Assessment 

 

Heavy metal accumulation in vegetable species and 

health risk assessment in Serbia 

Own database 

2018 

 

 

Sun, H. 

 

 

Ecotoxicology and 

Environmental Safety 

Bioaccumulation and sources of metal(loid)s in lilies and 

their potential health risks 

Own database 

2019 

 

 

Zhang, T. 

 

 

Science of the Total 

Environment 

Assessment of heavy metals pollution of soybean grains 

in north Anhui of China 

Own database 

2021 

 

 

Dobbins, D. 

 

 

South African Journal of 

Botany 

Screening the phytoextractability of trace metals by Aloe 

cryptopoda Baker and Aloe vera (L.) Burm.f. cultivated on 

mine tailings 

Own database 
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Table A3. Inclusion of sourced articles under the seven research themes. 

Article Toxicity Environmental 

sources of 

chromium 

Accumulation 

pathways by 

plants 

Phytotoxicity Accumulation 

by food plants 

Accumulation 

by medicinal 

plants 

Toxicity impact 

on human 

health 

Larsen et al., 1992   X  X   

Voutsa et al., 1996   X  X  X 

Zayed et al., 1998 X      X 

Kimbrough et al., 1999 X X X   X X 

Cervantes et al., 2001 X X  X   X 

Pandey and Sharma, 2003 X   X X   

Dube et al., 2004  X  X X   

Oze et al., 2004 X X      

Rai et al., 2004      X  

Panichev et al., 2005 X  X X  X X 

Rai et al., 2005  X  X  X X 

Shanker et al., 2005 X X  X    

Mandiwana et al., 2007   X X   X 

Yang et al., 2007  X   X   

Babula et al., 2008  X  X   X 

Tiwari et al., 2009 X X  X X  X 

Maharia et al., 2010  X    X  



 

XIV 
 

Meena et al., 2010      X  

Nagajyoti et al., 2010  X  X    

Feng et al., 2011     X   

Säumel et al., 2012   X  X  X 

Abbasi et al., 2013  X X  X  X 

Awodele et al., 2013  X    X X 

Dhal et al., 2013 X X     X 

Ishaq et al., 2013      X X 

Luginina et al., 2013     X X  

Mahmood et al., 2013      X X 

Sungur et al., 2013 X     X X 

Tiwari et al., 2013    X X   

Ding et al., 2014 X   X X  X 

Li et al., 2014  X  X X   

Barouchas et al., 2014 X     X X 

Wahsha et al., 2014   X X X  X 

Kim et al., 2015  X X  X   

Kozak et al., 2015  X    X X 

Li et al., 2015   X  X  X 

Unver et al., 2015  X   X X X 

Ye et al., 2015     X  X 

Arsenov et al., 2016   X  X  X 



 

XV 
 

Aziz et al., 2016        

Boechat et al., 2016    X  X  

Kamunda et al., 2016  X   X  X 

Owolabi et al., 2016   X   X  

Shah et al., 2016  X X X  X X 

Shahid et al., 2016   X    X 

Venter et al., 2016  X      

Anjum et al., 2017   X X X   

Cheng et al., 2017     X  X 

Dong et al., 2017      X X 

Ertani et al., 2017 X X X X   X 

Gomes et al., 2017 X  X  Xs   

Kim et al., 2017  X X  X   

Pennisi et al., 2017   X  X   

Shahid et al., 2017 X X X X X  X 

Vaikosen and Alade, 2017  X X   X X 

Zlatić et al., 2017  X    X X 

Kazakis et al., 2018 X X  X   X 

Kumar et al., 2018   X   X X 

Milićević et al., 2018  X   X  X 

Pajević et al., 2018   X  X  X 

Sun et al., 2018   X  X  X 



 

XVI 
 

Zhang et al., 2019   X  X  X 

Dobbins et al., 2021  X   X   
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Table A4. Highest Cr concentrations reported in food plants (μg g‒1, accumulating part(s); Cr(III)/Cr(VI) form, if specified). 

Collection site: P, polluted site; OS, other site specifications. Plant origin: WC, wild collected; F, farm produce; M, market product; 

L, laboratory set-up; OC, other conditions. NA, not applicable; NAV, not available; NS, not specified; UW, unwashed leaves; W, 

washed leaves.   

Family  Plant species 

(common name)  

Plant origin  Collection site  

 

Cr level in plant  

(μg g-1) 

Cr level in soil  

(µg g‒1) 

Reference 

Amaranthaceae Spinacia oleracea 

(spinach)1,2 

 

F1 

M2 

P1 (possible dust 

pollution) 

NS2 

7.13 (leaves)1 

3.67 (2011),1.76 (2010), 

1.67 (2009)2 

NS1 

NAV2 

Pajević et al., 20181 

Arsenov et al., 20162 

Apiaceae Apium graveolens 

(celery) 

F P (steel factory, 

mining, highway 

traffic) 

0.17  16.4–195  Ye et al., 2015 

 Daucus carota 

(carrot) 

L (pot 

experiment; 

farmland soil, 

CrCl3 solution) 

NA 0.09‒6.54 (high conc.) 

0.06‒2.21 (low conc.) 

4.6‒68.9  Ding et al., 2014 

Asteraceae Lactuca sativa 

(lettuce)1,2,3 

 

F1 

L2 (pot 

experiment; 

CrCl3 solution), 

F3 

 

P1 (< 0.5 km from 

a domestic waste 

incinerator, 

NA2 

125.52 (aerial parts)1 

750 (root)2  

9.72 (leaves)3 

215‒3581 

43.92 

98.73 

 

Li et al., 20151  

Li et al., 20142 Voutsa 

et al., 19963 

 

 



 

XVIII 
 

P3 (varied 

industrial 

emissions) 

 Cichorium endivia 

(bitter lettuce) 

F P (~ 20 km from 

domestic waste 

incinerator) 

71.2 (aerial parts)  1‒41.5  Li et al., 2015 

Brassicaceae Brassica oleracea 

var. capitata 

(cabbage) 

 

L (sand 

culture; CrCl3, 

6H2O) 

NA 

 

 

1954 (root), 144 (leaves), 

46.3 (shoot) 

NA 

 

 

Pandey & Sharma, 

2003 

 

 Brassica oleracea 

var. acephala 

(kale) 

OC 

(Experimental 

plot) 

P (~ 2.3 km from 

wood 

preservation 

factory) 

0.3 (UW)  10‒75  Larsen et al., 1992 

 Brassica rapa 

(Chinese 

cabbage)1,2 

 

F1 (plot) 

F2 (rooftop 

gardens) 

P1 (~5 m from 

traffic source), 

OS2 (Asian dust 

wind) 

 

8.86 (UW), 5.82 (W)1 

22.17 (2012), 9.50 (2013) 

(UW); 20.48 (2012), 8.29 

(2013) (W)2 

70‒711 

165.1 (2012), 

132.6 (2013)2 

Kim et al., 20171 

Kim et al., 20152  

 Brassica oleracea 

var. botrytis 

(caulifower); 

L (19.2 µM 

potassium 

chromate, 

NA > 350 (root) 

> 2 (shoot) (detected as 

Cr(III) only) 

NA Zayed et al., 1998 
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Brassica oleracea 

L. var. capitata 

(cabbage); B. 

oleracea var. 

acephala (kale) 

chromium 

chloride) 

 Raphanus sativus 

(radish)1,2,3 

 

L1 (garden soil 

(G), soilless, 

peat (P) 

media), 

L2 (K2Cr2O7), 

L3 (dichromate 

solution) 

P1 (G-urban 

emissions) 

NA2,3 

 

227 (G), 39.5 (P) (root)1 

321.6 (root), 186.8 (shoot), 

116.7 (leaves)2  

280 (root), 253 (shoot)3 

NS1 

NA2,3 

 

 

Pennisi et al., 20171  

Tiwari et al., 20132 

Dube et al., 20043 

Convolvulaceae Ipomoea aquatic 

(water convolvulus) 

M P (coal mine) 0.321 (leaves)  NAV Cheng et al., 2017 

Fabaceae Glycine max 

(soybean) 

F P (multiple metal 

mining) 

3.98  NS Zhang et al., 2019 

 Pisum sativum 

(pea) 

L (K2Cr2O7 

solution) 

NA 217.3 (root), 173.13 

(shoot), 74.43 (leaves), 

8.64 (seeds)  

NA Tiwari et al., 2009 

Lamiaceae Mentha spicata 

(mint) 

F P (urban traffic 

emissions) 

5.06  NS Säumel et al., 2012 



 

XX 
 

Liliaceae Lilium davidii var. 

unicolor 

F NS 0.99 (bulb) NS Sun et al., 2018 

Malvaceae Malva sylvestris 

(common mallow) 

M NS (city 

emissions) 

1.133 (UW), 

0.462 (W)  

NAV Unver et al., 2015 

Poaceae Triticum aestivum 

(wheat) 

F1,2 OS1 (geogenic, 

various 

anthropogenic 

emissions) 

47.73 (root), 14.828 

(shoot), 1.1401 (seeds) 

95.5‒572.7  Wahsha et al., 2014 

 

 Zea mays 

(maize)1,2 

L1 (CrCl3 

solution conc.) 

F2 

NA1 

OS2 (geogenic, 

various 

anthropogenic 

emissions) 

Roots > leaves > shoot > 

seeds1 

84.69 (root), 12.327 

(leaves), 4.1037 (shoot), 

1.1917 (seed)2 

NA1 

95.5‒572.72 

Anjum et al., 20171 

Wahsha et al., 20142 

Solanaceae Solanum 

tuberosum 

(potato)1,2,3 

M1 

W2 

F3 

NS1 

P2 (Industrial) 

P3 (urban traffic 

emissions) 

1.67 (tuber) (2009)1 

14.75 (leaf)2  

4.69 (tuber)3 

NAV1 

NS2,3 

 

Arsenov et al., 20161 

Abbasi et al., 20132 

Säumel et al., 20123 

 Lycopersicon 

esculentum 

(tomato) 

F P (urban traffic 

emissions) 

0.63  NS Säumelet al., 2012 

Vitaceae Vitis vinifera 

(grape) 

F OS (parent 

substrate, 

2.83 (leaves), 2.46 (pulp), 

0.33 (seeds), 0.08 (skin)  

221  Milićević et al., 2018 
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anthropogenic 

sources) 
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Table A5. Highest Cr concentrations reported in medicinal plants (μg g‒1, accumulating tissue; Cr(III)/Cr(VI) forms, if specified). 

Collection site: P, polluted site; UP, unpolluted site; OS, other site specifications. Plant origin: WC, wild collected; F, farm 

produce; M, market product; L, laboratory set-up; OC, other conditions applied. DAM, Dry ash method; MADM, Microwave acid 

digestion method. NA, not applicable; NAV, not available; NS, not specified; UW, unwashed leaves; W, washed leaves. 

Family  Plant species 

(common name and 

medicinal part, if 

mentioned) 

Plant origin  Collection site  Cr conc. (μg g‒1, plant 

part, if specified) 

Cr level in 

soil  

(μg g‒1) 

Reference 

Amaranthaceae Amaranthus 

brasiliensis 

W P (100 m from a paint 

factory), UP 

0.048 (leaves)  0.155 (P) 

0.13 (UP) 

 

Awodele et al., 

2013 

Apocynaceae Rauvolfia serpentine  M NS 58.63 (leaves)  NAV Kumar et al., 

2018 

Asteraceae Ageratum conyzoides W P (100 m from a paint 

factory), and UP 

0.058 (root) 0.155 (P), 

0.13 (UP) 

 

Awodele et al., 

2013 

Asteraceae Matricaria chamomilla 

(chamomile) 

M  NS 4.21, 3.12, 1.09 as 

total Cr, Cr(III) and 

Cr(VI)  

NAV Sungur et al., 

2014 
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Asteraceae Parthenium 

hysterophorus 

(flower) 

W P (city emissions) 43.6 (leaves, 

Islamabad) 

NS Mahmood et 

al., 2013 

Asteraceae Taraxacu 

mmongolicum (whole 

plant) 

NS NS 13.3 (whole plant)  NS Dong et al., 

2017 

 Taraxacum officinale 

(leaves) 

W P (city emissions) 66.6 (leaves, 

Rawalpindi), 36.8 

(root, Islamabad) 

NAV Mahmood et 

al., 2013 

Berberidaceae Berberis aristata 

(rhizome) 

M NS 0.00725 (rhizome)  NAV Meena et al., 

2010 

Cannabaceae Cannabis sativa 

(leaves) 

W P (City pollution, 

Rawalpindi) 

66 (root), 52.2 

(leaves)  

NAV Mahmood et 

al., 2013 

Convolvulaceae Ipomoea pes-caprae W OS (Tsunami) 15 (whole plant, 

2007), 

177 (flower), 18 

(leaves) and 12 

(shoot) (2008) 

6.7 

(2007), 

3.6 (2008)  

Kozak et al., 

2015 
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Ericaceae Arctostaphylos uva-

ursi 

W P (~ 5 m from road) 3.87 (shoot) NS Luginina et al., 

2013 

Euphorbiaceae Euphorbia prostate 

(whole plant) 

NS NS 27 (whole plant) NS Rai et al 2005 

Fabaceae Albizia lebbeck NS OS (Industrial area, IA, 

Heavy traffic, HT, 

Residential, R, Non-

residential, NR) 

1.10, 0.99, 0.79, 0.40 

root, IA; shoot, IA; 

leaves, HT; seeds, HT 

 2.95 (IA), 

2.45 (HT), 

1.84 (R)  

1.91 (NR) 

Ishaq et al., 

2013 

Lamiaceae Mentha arvensis 

(leaves) 

M NS 74.2  NAV Shah et al., 

2016 

 Mentha piperita 

(peppermint) 

L (Pot 

experiment, both 

Cr (III), Cr(VI)) 

NA 11.16, total Cr [Cr(VI), 

MADM]; 4.61, 2.91 of 

total Cr [Cr(VI) and 

Cr(III), DAM] (above-

ground parts)  

NA Barouchas et 

al., 2014 

 Mentha spicata 

(spearmint) 

L (Pot 

experiment,Cr(III), 

Cr(VI)) 

NA 10.12 total Cr (above-

ground parts) [Cr(III), 

MADM],  

NA Barouchas et 

al., 2014 
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 Nepeta cataria 

(leaves) 

F P (~8 km from FeCr, V 

smelter) 

9.4 Cr(VI) (total Cr, 

73)  

1723 and 

10 total 

Cr, Cr(VI)  

Owolabi et al., 

2016 

 Ocimum tenuiflorum 

(leaves, seeds) 

L (Cr(VI)) NA 419.5 (root), 198.8 

(leaves)  

NA Rai et al., 2004 

 Ocimum basilicum 

(basil) 

L (pot 

experiment, soil 

from polluted 

sites) 

P (abandoned gold ore 

processing unit) 

3.2 (shoot)  NS Boechat et al., 

2016 

 Rosmarinus officinalis 

(rosemary) 

L (Pot 

experiment, soils 

from P sites) 

P (abandoned gold ore 

processing area) 

47.8 (root) NS Boechat et al., 

2016 

 Teucrium montanum W UP (Serpentine, SP; 

calcareous, CL outcrop) 

45.3 and 12.45 

(above-ground parts 

in SP, CL)  

177.4 and 

158.7 (SP 

and CL) 

Zlatić et al., 

2017 

Malvaceae Malva sylvestris 

(common mallow, 

whole plant) 

M NS 1.33, 0.46 in UW and 

W (whole plant) 

NAV Unver et al., 

2015 

Meliaceae Azadirachta indica NS P (0.5‒1 km, copper mining 

area) 

5.92 (leaves)  102.8  Maharia et al., 

2010 
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Plantaginaceae Plantago major W P (1‒20 m from road traffic) 3.53 (leaves)  NS Luginina et al., 

2013 

Solanaceae Capsicum annuum 

(seeds) 

F P (~ 3 km from FeCr, V 

smelter) 

Total Cr: 368  

 

1723,1 

total Cr 

Owolabi et al., 

2016 

Solanaceae Withania somnifera NS NS  3.63 (leaves) 

(Haridwar) 

33.4  Maharia et al., 

2010 

Valeriaceae Valeriana officinalis W P (100‒400 m from road 

traffic) 

10.12 (root)  NS Luginina et al., 

2013 
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Figure A1. Identified knowledge gaps. a. global distribution of articles; b studies 

determined total Cr vs. Cr species; c. reviewed articles on various research areas.
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Appendix B: Chapter 3 

Supplementary tables 

Table B1. Meteorological data (2018) received from Potlake Nature Reserve, 

Sekhukhuneland. 

Month Temperature (ºC) Humidity (%) Rainfall 

(mm) Max. Min. Max. Min. 

January 13 38 19 25 68.5 

February 11 33 20 25 22.3 

March 12 37 20 27 22 

April 10 36 18 25 4.2 

May 10 46 10 27 4 

June 12 34 11 19 0 

July 12 35 9 18 0.3 

August 10 39 15.5 21.5 0 

September 11.5 47 14 30 14 

October 6 35 15 28 14.4 

November 7 39 11 31 39.5 

December 21 35 18 26.5 21 

Total - - - - 210.2 

 

Table B2. Analysis of variance (ANOVA) post-hoc test results on total dust density groups. 

Significant results are highlighted. Significant at p<0.05. 

Multiple Comparisons 

 

(I) Group (J) Group 

Mean 

Difference  

(I-J) Std. Error Sig. 

95% Confidence Interval 

Lower 

Bound 

Upper 

Bound 

1 2 2276.000* 303.623 0.000 1428.28 3123.72 

3 3130.500* 303.623 0.000 2282.78 3978.22 

2 1 -2276.000* 303.623 0.000 -3123.72 -1428.28 

3 854.500* 303.623 0.048 6.78 1702.22 

3 1 -3130.500* 303.623 0.000 -3978.22 -2282.78 

2 -854.500* 303.623 0.048 -1702.22 -6.78 
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Table B3. Kruskal-Wallis results on growth forms (trees and forbs) for dust deposition (Cr particles, PM2.5, PM10, PM > 10 µm and 

total dust) on the abaxial leaf surface. Significant result is highlighted. CrD, largest Cr particle size; Cr wt%, highest Cr wt%.  

Hypothesis Test Summary 

 Null Hypothesis Test Sig.a,b Decision 

1 The distribution of Cr wt% is the 

same across categories of Group. 

Independent-Samples Kruskal-Wallis 

Test 

0.880 Retain the null 

hypothesis. 

2 The distribution of CrD is the same 

across categories of Group. 

Independent-Samples Kruskal-Wallis 

Test 

0.025 Reject the null 

hypothesis. 

3 The distribution of PM2,5 is the same 

across categories of Group. 

Independent-Samples Kruskal-Wallis 

Test/complex 

0.764 Retain the null 

hypothesis. 

4 The distribution of PM10 is the same 

across categories of Group. 

Independent-Samples Kruskal-Wallis 

Test 

0.131 Retain the null 

hypothesis. 

5 The distribution of PM > 10 µm is the 

same across categories of Group. 

Independent-Samples Kruskal-Wallis 

Test 

0.764 Retain the null 

hypothesis. 

6 The distribution of total dust is the 

same across categories of Group. 

Independent-Samples Kruskal-Wallis 

Test 

0.456 Retain the null 

hypothesis. 

aSignificant at p<0.05. 

bAsymptotic significance is displayed. 
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Table B4. Kruskal-Wallis results on the simple and compound leaved species for adaxial and abaxial leaf surface dust values (Cr 

particles, PM2.5, PM10, PM > 10 µm and total dust). CrD, largest Cr particle size; Cr wt%, highest Cr wt% values.  

 Hypothesis Test Summary 

 Null Hypothesis Test Sig.a,b (Ad) Sig.a,b (Ab) Decision 

1 The distribution of Cr wt% is the same 

across categories of Group. 

Independent-Samples Kruskal-Wallis Test 0.094 0.586 Retain the null hypothesis. 

2 The distribution of CrD is the same 

across categories of Group. 

Independent-Samples Kruskal-Wallis Test 0.387 0.604 Retain the null hypothesis. 

3 The distribution of PM2.5 is the same 

across categories of Group. 

Independent-Samples Kruskal-Wallis Test 0.349 0.551 Retain the null hypothesis. 

4 The distribution of PM10 is the same 

across categories of Group. 

Independent-Samples Kruskal-Wallis Test 0.173 0.932 Retain the null hypothesis. 

5 The distribution of PM > 10 µm is the 

same across categories of Group. 

Independent-Samples Kruskal-Wallis Test 0.863 0.609 Retain the null hypothesis. 

6 The distribution of Total is the same 

across categories of Group. 

Independent-Samples Kruskal-Wallis Test 0.174 0.174 Retain the null hypothesis. 

aSignificant at p<0.05. 
bAsymptotic significance is displayed. 

 
 
 
 
 
 
 



 

XXXI 
 

Table B5. Kruskal-Wallis results on adaxial and abaxial leaf surface dust values (Cr particles, PM2.5, PM10, PM > 10 µm and total 

dust). CrD, largest Cr particle size; Cr wt%, highest Cr wt% values. 

Hypothesis Test Summary 

 Null Hypothesis Test Sig.a,b Decision 

1 The distribution of Cr wt% is the same across 

categories of Group. 

Independent-Samples 

Kruskal-Wallis Test 

0.837 Retain the null hypothesis. 

2 The distribution of CrD is the same across 

categories of Group. 

Independent-Samples 

Kruskal-Wallis Test 

0.769 Retain the null hypothesis. 

3 The distribution of Total dust is the same 

across categories of Group. 

Independent-Samples 

Kruskal-Wallis Test 

0.204 Retain the null hypothesis. 

4 The distribution of PM2.5 is the same across 

categories of Group. 

Independent-Samples 

Kruskal-Wallis Test 

0.452 Retain the null hypothesis. 

5 The distribution of PM10 is the same across 

categories of Group. 

Independent-Samples 

Kruskal-Wallis Test 

0.977 Retain the null hypothesis. 

6 The distribution of PM > 10 µm is the same 

across categories of Group. 

Independent-Samples 

Kruskal-Wallis Test 

0.283 Retain the null hypothesis. 

aSignificant at p<0.05. 
bAsymptotic significance is displayed. 
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Appendix C: Chapter 4 

Supplementary tables 

Table C1. Categorisation of epicuticular wax structural density. 4, very dense; 3, dense; 2, 

moderate; 1, low; 0, undetected; Ad, adaxial; Ab, abaxial. 

Plant Species Wax structural density rating 

Ad Ab 

Trees   

C. papaya 4 4 

C. limon 2 1 

M. oleifera 4 4 

O. paniculosa 2 1 

P. africanum 2 4 

P. guajava 2 3 

Forbs   

A. ochroleuca 4 4 

G. fruticosus 2 3 

C. roseus 3 3 

I. batatas 2 2 

S. italica 4 4 

T. terrestris 0 0 

 
Table C2. a. Mine (distance, km) and b. road frequency (distance, m) indices. Total scores 

per site is given in bold. 

a. Mine frequency index 

Distance range  Score Site 1 Site 2 Site 3 Site 4 Site 5 Site 7 Site 8 

0—3 5 0 1x5 0   1x5  

3—6 4 1x4 0 0 1x4   2x4 

6—9 3 1x3 0 0  1x3   

9—15 2 2x2 2x2 0     

15—20 1 2x1 1x1 1x1     

Total score 15 13 10 1 4 3 5 8 
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b. Road frequency index  

Distance range  Score Site 1 Site 2 Site 3 Site 4 Site 5 Site 7 Site 8 

0—5 5    1x5 1x5 1x5  

5—15 4  1x4      

15—25 3 1x3    1x3 1x3  

25—45 2 2x2   1x2    

45—105 1   1x1    1x1 

Total score 15 5 4 1 7 8 8 1 

 

Table C3. Pearson correlation matrix of major elements detected in soil and on (a) adaxial 

and (b) abaxial leaf surface. Significant at p<0.05. 

a Mg 
 

Al 
 

Si 
 

Ca 
 

Fe 
 

Cr 
 

Mg 
 

0.3052 -0.3823 0.2014 -0.0193 0.1280 -0.1033 

 p=0.462 p=0.350 p=0.633 p=0.964 p=0.763 p=0.808 

Al 00.6029 -0.4599 0.2608 -0.2649 0.5017 0.2755 

 p=0.114 p=0.252 p=0.533 p=0.526 p=0.205 p=0.509 

Si 
 

0.4461 -0.3496 0.3004 -0.2888 0.4232 0.0764 

 p=0.268 p=0.396 p=0.470 p=0.488 p=0.296 p=0.857 

Ca 0.0214 -0.2767 -0.4849 0.2838 -0.2715 0.2422 

 p=0.960 p=0.507 p=0.223 p=0.496 p=0.515 p=0.563 

Fe 
 

0.4921 -0.3881 0.3104 -0.3294 0.4715 0.1035 

 p=0.215 p=0.342 p=0.454 p=0.426 p=0.238 p=0.807 

Cr 0.3790 -0.2838 0.2772 -0.3187 0.4075 0.0547 

 p=0.354 p=0.496 p=0.506 p=0.442 p=0.316 p=0.898 

a Mg 
 

Al 
 

Si 
 

Ca 
 

Fe 
 

Cr 
 

Mg 
 

0.3867 -0.4061 0.4430 0.0677 0.1472 -0.2374 

 p=0.344 p=0.318 p=0.272 p=0.873 p=0.728 p=0.571 

Al -0.1208 0.2053 0.5143 0.6405 -0.3735 -0.5094 

 p=0.776 p=0.626 p=0.192 p=0.087 p=0.362 p=0.197 

Si 
 

0.1054 0.0050 0.4508 0.5009 -0.1781 -0.2678 

 p=0.804 p=0.991 p=0.262 p=0.206 p=0.673 p=0.521 

Ca 0.2482 -0.3533 -0.0418 0.1225 0.0019 0.0892 

 p=0.553 p=0.391 p=0.922 p=0.773 p=0.996 p=0.834 

Fe 
 

0.0298 0.0550 0.4967 0.4700 -0.2055 -0.3964 

 p=0.944 p=0.897 p=0.211 p=0.240 p=0.625 p=0.331 

Cr -0.0719 0.0683 0.1930 0.6221 -0.3853 -0.2384 



 

XXXIV 
 

 p=0.866 p=0.872 p=0.647 p=0.100 p=0.346 p=0.570 

 

Table C4. Analysis of variance (ANOVA) results for plant species groups based on adaxial 

leaf surface traits. Significant results are highlighted. Significant at p<0.05. 

 

Variable 

T-tests; Grouping: Cluster number (Adaxial Clusters ANOVA) 

Group 1: 1 

Group 2: 2 

Mean 

1 

Mean 

2 

t-value df p Valid 

N 

1 

Valid 

N 

2 

Std. Dev. 

1 

PM2,5 356.0000 362.8571 -0.11297 10 0.912291 5 7 136.1249 

PM10 360.0000 341.4286 0.30707 10 0.765090 5 7 127.2792 

PM >10 34.0000 45.7143 -0.74089 10 0.475798 5 7 27.0185 

LS 9.6380 3.2157 1.47940 10 0.169832 5 7 11.2255 

EW 3.0000 2.2857 0.98209 10 0.349217 5 7 1.0000 

SS 7.5590 6.3088 0.28951 10 0.778104 5 7 7.2900 

SF 10.2000 11.0000 -0.09408 10 0.926901 5 7 9.8082 

TS 0.0000 125.2827 -4.74514 10 0.000786 5 7 0.0000 

TF 0.0000 7.3714 -4.77896 10 0.000747 5 7 0.0000 

 

Table C5. Analysis of variance (ANOVA) results for plant species groups rbased on abaxial 

leaf surface traits. Significant results are highlighted. Significant at p<0.05. 

 

Variable 

Analysis of Variance (Abaxial Cluster ANOVA in NEW Cluster ANOVA) 

Marked effects are significant at p < .05000 

SS 

Effect 

df 

Effect 

MS 

Effect 

SS 

Error 

df 

Error 

MS 

Error 

F p 

PM2,5 5083.3 2 2541.7 45808.3 9 5089.81 0.49936 0.622788 

PM10 7083.3 2 3541.7 33808.3 9 3756.48 0.94281 0.424864 

PM >10 333.3 2 166.7 16433.3 9 1825.93 0.09128 0.913598 

LS 181.2 2 90.6 488.7 9 54.30 1.66866 0.241878 

EW 13.5 2 6.8 8.8 9 0.97 6.94286 0.014999 

SS 195.7 2 97.8 200.8 9 22.31 4.38605 0.046802 

SF 17880.0 2 8940.0 4663.0 9 518.11 17.25499 0.000833 

TS 204681.0 2 102340.5 277455.4 9 30828.38 3.31968 0.083196 

TF 97075.1 2 48537.5 112483.8 9 12498.20 3.88356 0.060817 
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Table C6. ANOVA post-hoc (Tukey’s Honestly Significant Difference) results for abaxial 

leaf surface traits. a. Epicuticular wax; b. stomata density. Significant results are 

highlighted. Significant at p<0.05. Cr wt%, highest Cr wt% values; CrD, largest particle size. 

a. 

Cluster number 

Unequal N HSD; Variable: EW (Abaxial Cluster ANOVA) 

Marked differences are significant at p < .05000 

1 

M=3.5000 

2 

M=2.7500 

3 

M=.50000 

1  0.551557 0.033953 

2 0.551557  0.110163 

3 0.033953 0.110163  

 

b. 

Cluster number 

Unequal N HSD; Variable: SD (Abaxial Cluster) 

Marked differences are significant at p < .05000 

1 

M=22.500 

2 

M=99.500 

3 

M=6.5000 

1  0.002694 0.767940 

2 0.002694  0.007057 

3 0.767940 0.007057  
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Table C7. Kruskal-Wallis results for plant species groups based on mine proximity based 

on adaxial dust values (Cr particles, PM2.5, PM10, PM > 10 µm and total dust). Significant 

result is highlighted.  

Hypothesis Test Summary 

 Null Hypothesis Test Sig.a,b Decision 

1 The distribution of Cr wt% 

is the same across 

categories of Group. 

Independent-Samples 

Kruskal-Wallis Test 

0.772 Retain the null 

hypothesis. 

2 The distribution of CrD is 

the same across 

categories of Group. 

Independent-Samples 

Kruskal-Wallis Test 

0.043 Reject the null 

hypothesis. 

3 The distribution of PM2,5 

is the same across 

categories of Group. 

Independent-Samples 

Kruskal-Wallis Test 

0.561 Retain the null 

hypothesis. 

4 The distribution of PM10 

is the same across 

categories of Group. 

Independent-Samples 

Kruskal-Wallis Test 

1.000 Retain the null 

hypothesis. 

5 The distribution of PM 

&gt;10 is the same across 

categories of Group. 

Independent-Samples 

Kruskal-Wallis Test 

0.769 Retain the null 

hypothesis. 

aSignificant at  p<0.05. 

bAsymptotic significance is displayed. 
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Appendix D: Chapter 5 

Supplementary tables 
 

Table D1. Kruskal-Wallis results on growth forms (trees and forbs) for adaxial dust values 

(Cr particles, PM2.5, PM10, PM > 10 µm and total dust).  

Hypothesis Test Summary 

 Null Hypothesis Test Sig.a,b Decision 

1 The distribution of Total   

Cr is the same across 

categories of Group. 

Independent-Samples 

Kruskal-Wallis Test 

0.109 Retain the  

null hypothesis. 

2 The distribution of Tissue 

Cr is the same across 

categories of Group. 

Independent-Samples 

Kruskal-Wallis Test 

0.082 Retain the  

null hypothesis. 

3 The distribution of Surface 

Cr is the same across 

categories of Group. 

Independent-Samples 

Kruskal-Wallis Test 

0.199 Retain the  

null hypothesis. 

4 The distribution of Cr(VI) 

is the same across 

categories of Group. 

Independent-Samples 

Kruskal-Wallis Test 

0.162 Retain the  

null hypothesis. 

 

aSignificant at p<0.05. 

bAsymptotic significance is displayed. 
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Table D2. Kruskal-Wallis results on plant species groups based on total polluters for leaf 

Cr concentration categories (total Cr of leaf, Cr in leaf tissue, Cr on leaf surface, total Cr(VI) 

of leaf). Significant results are highlighted. 

Hypothesis Test Summary 

 Null Hypothesis Test Sig.a,b Decision 

1 The distribution of ATotal Cr is 

the same across categories of 

Group. 

Independent-Samples 

Kruskal-Wallis Test 

0.017 Retain the null 

hypothesis. 

2 The distribution of Tissue Cr is 

the same across categories of 

Group. 

Independent-Samples 

Kruskal-Wallis Test 

0.064 Retain the null 

hypothesis. 

3 The distribution of Surface Cr 

is the same across categories 

of Group. 

Independent-Samples 

Kruskal-Wallis Test 

0.017 Reject the null 

hypothesis. 

4 The distribution of Cr(VI) is the 

same across categories of 

Group. 

Independent-Samples 

Kruskal-Wallis Test 

0.874 Retain the null 

hypothesis. 

aSignificant at p<0.05. 

bAsymptotic significance is displayed. 
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Appendix E: Chapter 6 

Supplementary tables 

Table E1. Permutational multivariate analysis of variances (Permanovas) between sites 

under selected factors. a. Topograpgy and land use; b. pairwise comparisons among land 

uses; c. permanova for growth form factor; d. pairwise comparisons among growth forms. 

Significant results are highlighted. Significant at p<0.05. 

a Soil Plant leaves 

Factor df MS Pseudo-F p df MS Pseudo-F p 

Topography 3 6.70 1.63 0.116 3 10.64 1.14 0.316 

Error 15 4.10   29 9.30   

         

Factor df MS Pseudo-F p df MS Pseudo-F p 

Land use 4 52.36 11.19 0.001 4 18.75 2.22 0.005 

Error 22 4.68   42 8.45   

         

 

b Soil Plant leaves 

Pairwise - Landuse t p t p 

Gully erosion x Sheet erosion 0.81 0.680 1.07 0.341 

Gully erosion x Rangelands 0.47 0.940 1.13 0.265 

Gully erosion x Gardens 2.04 0.044 2.18 0.003 

Gully erosion x Tailings 6.48 0.002 1.74 0.021 

Sheet erosion x Rangelands 0.57 0.864 0.78 0.691 

Sheet erosion x Gardens 2.43 0.015 2.43 0.003 

Sheet erosion x Tailings 7.19 0.001 1.97 0.017 

Rangelands x Gardens 1.95 0.019 1.59 0.043 

Rangelands x Tailings 5.38 0.001 1.58 0.047 

Gardens x Tailings 3.76 0.031 1.25 0.203 

 

c Plant leaves 

Factor df MS Pseudo-F p 

Growth forms 7 16.94 2.12 0.002 

Error 39 8.00   
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d Plant leaves 

Pairwise – Growth forms t p 

Dwarf shrub x Forb short 0.80 0.522 

Dwarf shrub x Forb tall 0.70 0.779 

Dwarf shrub x Grass 2.97 0.005 

Dwarf shrub x Succulents 1.31 1.38 

Dwarf shrub x Tree 0.96 0.473 

Dwarf shrub x Forb prostate 0.83 0.707 

Dwarf shrub x Shrub 1.58 0.037 

Forb short x Forb tall 0.63 0.765 

Forb short x Grass 1.99 0.031 

Forb short x Succulents 1.06 0.349 

Forb tall x Tree 0.72 0.773 

Forb tall x Forb prostate 0.71 0.846 

Forb tall x Shrub 1.61 0.024 

Grass x Succulents 1.87 0.025 

Grass x Tree 3.35 0.003 

Grass x Forb prostate 0.71 0.846 

Grass x Shrub 4.21 0.011 

Succulents x Tree 1.34 0.122 

Succulents x Forb prostate 1.19 0.246 

Succulents x Shrub 2.05 0.003 

Tree x Forb prostate 0.98 0.441 

Tree x Shrub 1.86 0.020 

Forb prostate x Shrub 1.60 0.025 
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Appendix G 

Research output 

 

Journal article: 
 
Adhikari, S., Siebert, S.J. & Jordaan, A. 2021. Chromium dust deposition on Moringa oleifera 

leaves harvested by local communities in Sekhukhuneland, South Africa. Acta Horticulturae, 

1306:99‒106. https://doi.org/10.17660/ActaHortic.2021.1306.12 

 
 
Conference presentations: 
 
Oral presentation 
 
Adhikari, S., Siebert, S.J. & Jordaan, A. 2019. Chromium dust deposition on Moringa oleifera 

leaves harvested by local communities in Sekhukhuneland, South Africa. 2nd International 

Moringa Symposium, Pretoria, South Africa, 10‒13 Nov. 2019.  

 

Poster presentation 
 
Adhikari, S., Siebert, S.J. & Jordaan, A. 2020. Chromium dust detection on foliar surfaces of food 

and medicinal plant species used by local communities in Sekhukhuneland, South Africa. 46th 

SAAB Annual Conference, University of the Free State, Qwa Qwa, South Africa, 7‒10 Jan. 2020.  
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