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EXECUTIVE SUMMARY 

Coal extraction with open cast methods is extremely destructive to the existing soil profile and the 
process of stripping and stockpiling often leads to problems with rehabilitation, so that only grazing 
capacity is possible on the rehabilitated soils. A research project was carried out between 2013 
and 2016 to look at the effects of soil stockpiling on open cast coal mines. The specific soil 
properties investigated included physical, chemical and microbiological. 

Sampling sites at four mines in the Witbank area (Dorstfontein East, Klipspruit, Kleinkopje and 
Kromdraai) were investigated, and a total of 257 unmined, stockpile and rehab soil samples were 
collected for analysis. This included physical (7 fraction particle size, penetrometer resistance 
and bulk density); chemical (exchangeable cations and CEC, organic carbon, C/N ratio, pH [H2O] 
and P [Bray 1]); and microbiological (Total Viable Count [TVR], DNA extraction, Arbuscular 
Mycorrhizal Fungus [AMF], Glomalin Extraction, Bacterial Community Fingerprint Analysis [PCR-
DGGE], DNA Sequencing and Functional Enzyme Analysis). 

The analytical results showed significant deterioration in all soil properties with the stockpiling 
process. On average, clay content increased by between 50% and 60% for both the topsoil and 
subsoil (probably due to mixing with wrongly stockpiled deeper materials), while surface bulk 
density (compaction-related) increased through the entire chain from stockpiling to rehabilitation. 
The stockpiled soils were so compacted that penetrometer insertion was not possible, with 
effective depths on rehab areas being less than 17 cm in most cases. Chemically, CEC values 
showed only a slight increase compared to clay content, showing the effects of leaching after 
stripping, while pH values showed a large variation, again due to mixing effects (combining of 
original topsoils and subsoils) of stockpiling. 

Topsoil organic carbon declined by almost half through stockpiling and only showed a slight 
increase in the rehab soils, while C:N ratios fell across the whole process. Microbiologically, the 
number of species occurring fell in the stockpiles, along with a decreased ability to solubilize 
phosphates, to fix nitrogen and to break down organic carbon. 

A pot trial was conducted, where mass samples of stockpiled soil from varying depths were 
collected and grass grown under four treatments in a glasshouse. None of the soils was able to 
support grass without any ameliorants or even with only added lime, but when fertilizer was added, 
there was good vegetative growth. While stockpiled soil from the surface layer, which had the 
highest CEC and contained higher amounts of organic carbon, was generally better than the two 
samples collected at depth, interestingly, when all the soils were mixed, the growth results were 
better than soils from any one single depth. 
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Recommendations from the project include; 

• Make sure that the results from the pre-mining soil survey are used effectively for the 
stripping phase to lead to optimal stockpiling 

• Ensure that there is participation by a soil scientist in the stripping and stockpiling process 
• Make sure that the stripping and stockpiling is carried out properly 
• Limit vehicle traversing on both stockpiles and rehabilitated areas as far as possible 
• Ensure low stockpile height (<3 m height wherever possible)  
• Re-use stockpiles within as short a time span (3-5 years) as possible 
• Obtain soil scientist and vegetation specialist consultation at the rehabilitation phase 
• Prepare rehabilitated areas properly and monitor regularly 

A follow-up project, to look at microbiological aspects, is underway, hopefully to build on the 
results from this study to improve the stockpiling process for ultimately better rehabilitation.  
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1 INTRODUCTION 
 
The economy of South Africa largely depends on coal mining for fuel, energy generation and 
revenue. With the projected increase in demand for energy and fuel both locally and 
internationally, barring diversification into other fuel and energy sources, coal mining activities are 
expected to increase in the foreseeable future. The alteration of the landscape and soil structure 
associated with coal mining will therefore continue to cause strong land use competition, 
especially for agricultural purposes, amidst an increasing population and the associated 
increasing need for food security. Hence, there is the need for more emphasis on proper coal 
mining practices aimed at achieving meaningful post-mining soil reclamation for arability and 
ecosystem stability (Wick et al., 2008; Cardoso et al., 2013).  
 
Regarding post-mining reclamation, current regulations for open-cast mining stipulate that the 
topsoil (the layer of the soil rich in organic matter, nutrients and microorganisms necessary to 
sustain crops) be salvaged (stripped) and stockpiled separately from other soil layers comprising 
the coal overburden (SMCRA, 1977). The re-application of the salvaged topsoil during post-
mining reclamation appreciably restores the pre-disturbance condition of the soil (Strohmayer, 
1999). Furthermore, it will help remediate the altering effects of stockpiling on the soil’s physico-
chemical structure, biological diversity, and functioning of particularly beneficial biological species 
(Johnson et al., 1991; Strohmayer, 1999). 
 
Current indications, however, are that such guidelines stipulating the careful preservation of 
topsoil are not generally followed during mining operations (Mensah et al., 2015). In part, this may 
be due to a lack of sufficient empirical evidence supporting the need for strict adherence to these 
guidelines, the choice of operational convenience over stipulated guidelines and the tendency of 
mining companies to reduce operational costs. There is thus a need to investigate the effect of 
stockpiling soils in coal mine sites in South Africa with a view to drawing up a set of 
recommendations in order to optimize the stockpiling and rehabilitation process for both the 
benefit of mines and the sustainability of the environment. Such recommendation will be important 
for successful post-mining land reclamation. 
 
As mentioned in the current version of the Mining and Biodiversity guidelines (Coaltech2020, 
2007), prepared by the Department of Environmental Affairs and the Department of Mineral 
Resources, the Department of Mineral Resources (DMR) as the custodian of the South African 
natural resources, “must seek to achieve ‘orderly and ecologically’ sustainable development”. In 
order to mediate some of the potential damages associated with stockpiling therefore, new and 
revised techniques should be developed. This will hopefully be done through the investigations 
highlighted for the project reported here, where problems associated with coal mine stockpiled 
soil storage and management in South Africa were investigated, using several assessment and 
monitoring techniques. 
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1.1 SOIL STORAGE PROCESS 
 
In order for coal extraction by open cast methods to take place, the overlying material has first to 
be removed and stored for later replacement. The removed material can generally be divided into 
three components, namely: 
 

• Cover soil, comprising the original topsoil horizon (layer), along with useable (for 
rehabilitation) soil material, normally brown, reddish-brown or yellow-brown, structureless, 
sandy loam to sandy clay loam subsoil. 

• Non-useable soil, comprising soil or soil-like material from deeper in the natural soil 
profile. This would include grey, mottled, often structured, sandy clay loam to clay, soft 
plinthite or cemented (indurated) hard plinthite (ferricrete), as well as other types of gleyed 
(water-affected) clay, gravelly or stony layers grading into the underlying parent material. 

• Spoil, comprising all rock or rock-like material (overburden) down to the coal layer. 
 
Due to their very different characteristics, these three materials need to be stripped and stored 
separately (when occurring – not all types will occur in every soil profile). Spoil material has little 
or no plant nutritional value and is used as a bulk filler. Non-useable soil can support plant roots 
on occasion, but usually has so many restrictions that it should not be used as a growth medium. 
Cover soil has (in the natural state) a favourable structure, texture and associated properties 
(fertility, water-holding capacity, pH etc.) so it is the proper material to be used for rehabilitation 
and re-establishment of vegetation. 
 
In order to ensure that the correct material is stripped for storage, one of the basic requirements 
is a pre-mining soil survey. Here, a registered soil surveyor will carry out a mapping exercise with 
the following aims: 
 

• Determine the various soil types occurring and their properties. 
• Produce a map showing the distribution of these soils as mapping units, accompanied by 

an explanatory report. 
• Determine the average depth of useable soil in each mapping unit and calculate 

approximate soil volumes available for storage and later rehabilitation. 
 
Without this document to serve as a reference, correct soil handling will not be possible. 
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These various soil materials are illustrated in Figure 1 below. 
 

 
 
Figure 1. Soil profiles. On left: dark topsoil showing darkening by organic matter (A) overlying 

yellow-brown cover soil (B) over (non-useable) grey, mottled clay material (G). On 
right: approximately 1.5 m of reddish-brown cover soil (A/B) on weathering rock spoil 
material (C). 
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1.2 PROBLEM STATEMENT 
 
As explained above, there are various aspects of soil handling involved in the coal extraction 
process. They include the initial stripping of the cover soil material, the storing (stockpiling) of that 
soil in a different location and finally the replacement of that soil so that rehabilitation can be 
carried out.  
 
Much attention has been paid to the rehabilitation process, both in terms of evaluating the soil 
involved, as well as in assessing the performance of those soils in the post-rehabilitation phase, 
either for grass establishment or (in isolated instances) for crop production. However, the stripping 
and stockpiling actions of the process have received very little attention, despite the fact that, if 
these actions are carried out wrongly or inefficiently, there will be problems created for later stages 
of the rehabilitation process. 
 
This project was therefore formulated to look in more detail at the stockpiling process in order to 
gain a better understanding of the relationships between the soil bodies at various stages of the 
soil storage cycle. 
 
1.3 OBJECTIVES 
 
The main objectives in the project are as follows: 
 

• To characterize stockpiled soils in terms of their physical, chemical and mineralogical 
properties 

• To compare these soils and their properties with adjacent unmined soils as well as with 
rehabilitated soils 

• To provide guidelines as to how the soil stockpiling phase can be improved in order to 
benefit the soil rehabilitation process as a whole. 
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2 LITERATURE STUDY 
 
2.1 SOIL ASPECTS 
 
Coal mining generally takes place by one of two methods, either underground or, more commonly 
in South Africa, by surface extraction, often called strip mining or open-cast mining. In this country, 
due to the relatively shallow occurrence of the coal seams across the eastern Mpumalanga 
Highveld (where approximately 76% of South Africa’s coal originates), the majority of the coal 
(approximately 85%) is extracted by open-cast methods (Jeffrey, 2005). This method is extremely 
destructive to the naturally occurring soil resource, since the whole soil profile has to be physically 
removed and stored (stockpiled) elsewhere while the extraction takes place, before subsequently 
being replaced.  
 
As far back as the late 1980’s, attention was being given to the effects of open-cast mining on the 
soil resource within the then Department of Agriculture (van der Merwe, 1989). But most of this 
work concentrated on the rehabilitated areas, including the first specific classification system for 
such soils (de Villiers, 1992). This was accompanied by several publications from the various coal 
mining companies (Tanner, 1993; Viljoen, 1993) and the first set of guidelines regarding soil 
rehabilitation. The original “Aide-Memoire”, was published in 1992 (Department of Mineral and 

Energy Affairs, 1992) and subsequently updated in 2007 (Coaltech 2020/Chamber of Mines, 
2007). 
 
In the latest of these reports, guidelines are provided for the whole soil handling process, from 
initial excavation to eventual rehabilitation. However, while a significant amount of research has 
taken place into the rehabilitation aspects of coal mine soils (Schoeman, 2001), little or no work 
has been done to look at soil stockpiling and how this process affects the subsequent soil 
rehabilitation. In Schoeman’s report, mention is made of work regarding the soil characteristics of 

rehabilitated soils (Nell & Steenekamp, 1998), including their water holding properties (Schoeman 
et al., 2000 & 2001).  
 
Internationally, research into soil rehabilitation related to coal mining has been carried out in 
several countries. Examples include Australia, (Brown & Grant, 2000; Grigg et al., 2006), Britain 
(Davies et al., 1998), USA (Wali, 1975; Ashby, 2006) and India (Rai & Paul, 2011), but research 
specifically on soil stockpiles seems to be relatively scarce. In India, Kundu and Ghose (1997) 
found how stockpiled soils essentially became stagnant after six years, while Ghose and Kundu 
(2004) suggested that soils should be stockpiled only as a last resort, due to rapidly declining soil 
quality. In USA, Wick et al. (2008) looked specifically at organic carbon losses and micro-
aggregate deterioration. 
 
Here in South Africa, in the 1990’s and subsequently, work has concentrated on the rehabilitation 

of the soil resource. A large project was carried out at Kleinkopje Colliery to evaluate the 
effectiveness of irrigating rehabilitated soils with mine water (Annandale et al., 2002), while a 
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number of trials involving the water balance and other characteristics of such soils were carried 
out by the ARC (Schoeman et al., 2000 and 2001). 
 
Finally, a large data base was established on the classification and characteristics of over 1 500 
rehabilitated soil profiles across the Highveld (Nell & Steenekamp, 1998), which provides valuable 
information on the range of characteristics and statistical determinations of soil properties. 
 
2.2 MICROBIOLOGY 
 
Micro-organisms, which are an essential part of the ecosystem of planet earth, are usually 
unicellular and can only be seen with aid of microscope. Though they are very small, they 
comprise much of the “living” portion of the soil and enable all the vital functions to take place. 
They can be found in any habitat such as soil, air and water (Madigan & Martinko, 2006). 

There are different types of micro-organisms which can be found in the soil and these include 
bacteria, fungi, algae, and archaea. They are associated with the rhizosphere, which is an 
important soil ecological environment for plant-microbe interactions, especially around the plant 
roots. 

Soil microbe (bacteria and fungi) populations must be addressed specifically as a separate, but 
integral soil component. They play a major role in aggregate stabilization, which is important for 
maintaining suitable structural conditions for cultivation and porosity for crop growth (Ghose, 
2005). Their level of activity declines when soil layers are disrupted and is usually slow to resume 
independently. Soil microbes include several bacterial species active in the decomposition of plant 
material as well as fungal species whose symbiotic relationship with many plants facilitates the 
uptake of nitrogen and phosphorus as well as the exchange of carbon. They produce 
polysaccharides that improve soil aggregation and positively affect plant growth (Williamson & 
Johnson, 1991). Sites with an active soil microbe community exhibit stable soil aggregation, 
whereas sites with decreased microbial activity usually have compacted soil and poor aggregation 
(Edgerton et al., 1995). Microbial activity decreases with depth and time as topsoil continues to 
be stored during mining operations (Harris et al., 1989).  

Soil microbes are some of the smallest and most abundant microbes in the soil. In a single gram 
of soil, there can be billions of bacteria. There are an estimated 60,000 different bacteria species, 
most of which have yet even to be named, and each has its own particular role and capability. 
Most live in the top 10 cm of soil where most of the soil organic matter is present (Madigan & 
Martinko, 2006). 

Soil microbes have been used in crop production for decades. The main functions of these 
bacteria are: (1) to supply nutrients to crops; (2) to stimulate plant growth, e.g., through the 
production of plant hormones; (3) to control or inhibit the activity of plant pathogens; (4) to improve 
soil structure; and (5) bioaccumulation or microbial leaching of inorganics (Brierley, 1985; Ehrlich, 
1990). More recently, bacteria have also been used in soil for the mineralization of organic 
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pollutants, including the bioremediation of polluted soils (Middledrop et al., 1990; Burd et al., 2000; 
Zhuang et al., 2007; Zaidi et al., 2008). In the era of sustainable crop production, the various 
plant–microbe interactions in the rhizosphere play a pivotal role in the transformation, 
mobilization, solubilization, etc. of nutrients from a limited nutrient pool, and subsequently assist 
with the uptake of essential nutrients by plants to realize their full genetic potential. 

The aim of the study was to assess microbial diversity and functional activities of microbial isolates 
from the stockpiled soils of opencast coal mines in Mpumalanga, South Africa. 
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3. RESEARCH METHODOLOGY 

The Agricultural Research Council’s Institute for Soil, Climate and Water (ARC-ISCW) 
commenced with a research project in April 2013 to investigate various aspects of the soil 
stockpiling process using sites at a number of open-cast coal mines. The project duration was for 
three years, until May 2016. 
 
The project involved regular visits to selected coal mines to collect soil samples and make 
observations on the stockpiling procedures and processes carried out, as well as to collect 
samples of adjacent unmined, undisturbed soils and rehabilitated areas. The soil samples were 
analyzed for physical properties, chemical characteristics and microbiological aspects. 
 
The project team is as follows: 
 

Project Leader:    Dr. D.G. Paterson 
Microbiology:    Dr. R.A. Adeleke  
 
Junior Researchers (Pedology):  Mr. N.M. Mushia and Mr. S.D. Mkula 
Junior Researcher (Microbiology):  Ms. S.K. Mashego 

 
All of the junior researchers are registered at a South African University under the Professional 
Development Programme (PDP) of ARC and they will use information gathered during the project 
for post-graduate studies. 
 
3.1 STUDY AREAS 

 
Originally, thanks to co-operation obtained through the Coaltech Surface and Environment 
Committee, three mine sites were identified, namely Kleinkopje (Anglo), near Emalahleni 
(Witbank), Klipspruit (Bhp Billiton, now South32), near Ogies and Dorstfontein East (Total, now 
Exxaro), near Kriel, where various soil stockpiles were present. At the end of the second year of 
the project, however, all the available stockpiles at Dorstfontein had been sampled, so it was 
decided to add Kromdraai (Anglo) near Emalahleni (Witbank), as a fourth mine site (see Figure 
2). 
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Figure 2 Project trial sites  
 
3.2 SAMPLING 

At each mine, therefore, a number of existing soil stockpiles were studied and the soil material 
described, classified (as far as possible given the disturbed nature of the soil) and sampled for 
analysis in the laboratories at ARC-ISCW.  

Determinations that were carried out included physical (7 fraction particle size, penetrometer 
resistance and bulk density); chemical (exchangeable cations and CEC, organic carbon, C/N 
ratio, pH [H2O] and P [Bray 1]); and microbiological (Total Viable Count [TVR], DNA extraction, 
Arbuscular Mycorrhizal Fungus [AMF], Glomalin Extraction, Bacterial Community Fingerprint 
Analysis [PCR-DGGE], DNA Sequencing and Functional Enzyme Analysis). 

The soil stockpiles studied varied considerably, as can be expected when no regulations govern 
their establishment or maintenance. Some of the stockpiles had been created by heavy 
machinery, and were approximately 15 m or more high, with high levels of compaction on the 
surface (see Figure 3, on left). Other stockpiles consisted of materials that had simply been 
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deposited on the soil surface (presumably by lorry) with little or no further vehicle influence and 
consequently much less compaction (Figure 3, on right).  

 
Figure 3. Soil stockpiles. On left: multi-layered, heavily compacted stockpile approximately 

20 m high. On right: smaller “hummocks” deposited on surface. 

In most cases, the surface soil layer (approximately 0-250 mm depth) and subsurface soil layer 
(approximately 250-600 mm depth) at each sampling site within the stockpile was sampled 
(approximately 1-2 kg per sample), using a spade and soil auger, where possible (some sampling 
points had extremely compacted or stony/rocky subsoil layers that could not be sampled). At 
some sites, however, there were variations. On occasion, a thin (usually <50 mm), organic-rich 
layer could be observed, which was then sampled separately. At other stockpiles, due to the way 
that the stockpile had been constructed or partially excavated, it was possible to access deeper 
materials (down to 4 m in places) for sampling, in order to see whether there was a significant 
difference in soil characteristics at depth. 

Finally, at two of the stockpiles on Kleinkopje where a deeper face had been exposed, mass 
samples (20-30 kg) were collected at various depths, namely shallow (0-500 mm), moderately 
deep (approximately 1.5-2 m) and deep (approximately 3-4 m) in order to compare the soils. In 
these cases, a basic pot trial was established, whereby a standard seed mix was planted under 
a number of treatments to compare plant growth (see Section 4.3 for details). 

In addition to the stockpiled soils, samples were also collected of naturally occurring, unmined 
soil profiles at localities adjacent to the mining sites. This was done to obtain baseline soil data to 
which the stockpiled soils could be compared. Areas of rehabilitated soil (“rehab”) were also 

sampled at two of the mines (Kleinkopje and Klipspruit) to compare the stockpiled soil with the 
final “product” of the rehabilitation process. Again, samples of surface soil and subsurface soil, as 
defined above, were collected for analysis. 
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3.3           SAMPLING PATTERN/DENSITY 

Due to the inherent nature of a soil stockpile (material combined and disturbed from many 
sources), spatial soil patterns are almost impossible to determine. It was therefore decided to 
sample various places across the stockpile at a more or less regular interval (approximately 50-
100 m), but not necessarily on any fixed pattern or transect. The same principle applied to the 
sampling of the rehab areas. Maps showing the distribution of the sampling sites at each mine 
are shown in Figures 4 and 5. 

3.4            LIMITATIONS 

In the original project proposal, the intention was to choose various sites within the soil stockpile 
and to periodically (every three months) monitor the soil conditions over time. However, it was 
realized that many stockpiles are constantly being added to or being removed, so that sampling 
sites are often not available at the time of a specific site visit. It was therefore decided to expand 
the sampling exercise to try and obtain a wider range of samples across as many available 
stockpiles as possible. 

In addition, the number of samples that could be collected was limited by the fact that only mine 
vehicles are allowed on site, so all samples collected, as well as all equipment required (soil 
augers, penetrometer etc), needed to be moved by hand (in most cases to a central drop-
off/collection point). Furthermore, for the purposes of soil microbiology, a requirement is that the 
soil samples need to be kept cool once they are collected, so cooler boxes, with crushed ice, also 
needed to be transported on the mine so that the soils can be kept at the correct temperature 
prior to being taken back to the laboratory in Pretoria. This also limited the number of samples 
that could be collected at any one time. 

Finally, problematic communication with all the mines often meant that site visits were sometimes 
difficult to schedule and finalise, with the result that some of the visits had to be postponed until 
another suitable date could be found. 

A summary of the samples collected is given in Table 1 below. 

Table 1 Soil samples analysed 
 

Mine Name Dorstfontein 
East 

Kleinkopje Klipspruit Kromdraai Total 

Soil samples: External 10 22 12 9 53 
Soil samples: Stockpiles 34 68 32 30 164 
Soil samples: Rehab - 21 19 - 40 

Total 44 111 63 39 257 
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Figure 4. Sampling plans for Dorstfontein East (top) and Kleinkopje (bottom)  
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Figure 5. Sampling plans for Klipspruit (top) and Kromdraai (bottom)  
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4 RESULTS 

4.1 SOIL (PHYSICAL) 

This section refers to the physical composition and related characteristics of the soil. Any physical 
disturbance of the soil body will involve a significant alteration in the composition of the soil matrix 
and the arrangement of the soil particles. 

 
4.1.1 Soil Texture 

Soil texture refers to the relative proportions of the differently sized soil fractions within a specific 
soil horizon (layer). These fractions are defined (from coarsest to finest) as follows: 

• Coarse sand (2.0 – 0.5 mm) 
• Medium sand (0.5 – 0.25 mm) 
• Fine sand (0.25 - 0.106 mm) 
• Very fine sand (0.106 – 0.05 mm) 
• Coarse silt (0.05 – 0.02 mm) 
• Fine silt (0.02 – 0.002 mm) 
• Clay (<0.002 mm) 

These fractions are used to define the texture class of the soil, using the well-known texture 
triangle diagram, as shown below. 

 

 

 

 

 

 

 

 

 

 

Figure 6. Soil texture diagram 
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Most of the soils on the portion of the highveld where the coal mines used in this study are located 
have a relatively uniform soil texture across the landscape, with topsoil texture in the range of 
loamy sand to sandy loam (10-20% clay) and subsoil texture in the range of sandy loam to sandy 
clay loam (15-25% clay). Most of the soils samples thus fell within the red oval shown in Figure 
6. These two layers constitute the “useable soil” in the rehabilitation process, and this relatively 

homogeneous range of textures means that if rehabilitation is carried out correctly, there should 
be little likelihood of dramatic changes in soil texture between the original soil material, stockpiled 
soil and final rehab soil.  

However, across much of the highveld, there is often a limiting layer occurring at variable depth 
(anything from 0.5 to >2.0 m) below the useable soil. Such material is usually either a mottled 
(speckled), greyish soft plinthite layer, a mottled (speckled), greyish cemented hard plinthite layer 
or a structured, mottled (streaked/blotched), greyish gleyed clay layer (see Figure 7). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 7 Limiting subsoil layers. On left: vesicular mottling of soft plinthite, grading into hard 

plinthite at depth of hammer. On right: streaked mottling of gleyed clay horizon. 
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In both of the above cases, there is often an increase in soil texture between the cover soil and 
the non-useable soil, which means that if such soil material is erroneously replaced back on the 
soil surface, it can easily form a hard, compactable crust that is extremely detrimental for plant 
emergence and establishment. 

Data from the soil analyses show the soil clay contents in Table 2. Note that the terms “topsoil” 

and “subsoil” as used in this section of the report refer to the surface layer and subsurface layer 
respectively (as described in Section 3.2). 

Table 2 Average clay contents (%) 

Mine 
External Stockpiles Rehab 

Topsoil Subsoil Topsoil Subsoil Topsoil Subsoil 
Dorstfontein East 13.0 15.7 16.1 24.3 - - 
Kleinkopje 8.3 9.3 13.0 12.5 9.1 7.1 
Klipspruit 11.0 13.8 25.6 26.5 14.6 12.6 
Kromdraai 6.9 9.9 15.6 16.1 - - 
Average 9.9 12.2 16.9 18.5 11.2 10.4 

 

The relative similarity of the texture of the topsoil and subsoil can clearly be seen. In the South 
African soil classification system (Soil Classification Working Group, 1991), the definition for luvic 
properties (a significant increase in clay content from A horizon (topsoil) to B horizon (subsoil)) 
is an absolute 5% increase where the topsoil has less than 15% clay and a ratio of at least 1.3 
where the topsoil has more than 15% clay. This criterion is not met for any of the mines. 

In looking at the clay contents, it can be seen that there is a clear increase in clay for all mines 
from unmined soils to stockpiled soils. This can be explained in two ways. Firstly, the mixing 
process will cause previous subsoil materials to appear at the surface of a stockpile and secondly, 
any incorrect stripping that includes the underlying non-useable soil will also cause clay contents 
to increase. It is interesting that for the rehab areas sampled, the clay contents show a decrease, 
back to the approximate levels of the unmined soils. This could be a result of more careful soil 
placement, whereby only the most suitable-looking soil materials were used, but this process 
could also mean that less soil material is actually available, leading to a shortage of cover soil 
across the mines. This situation (shortage of cover soils) has been confirmed by the 
environmental officers on at least two of the mines involved in the study. 

 
4.1.2 Bulk density 

Bulk density refers to the relative mass of soil within a given volume, so that denser soils that 
have been compacted will have higher bulk density values than looser, less compacted materials. 
Under natural conditions, the higher root content of the topsoil will act as a mechanism to break 
up the peds, or clods that make up the soil matrix, and thus will ensure a lower bulk density value. 
Through the depth of the soil profile, soil fauna (earthworms and other soil microfauna) perform a 
valuable role in helping to keep the soil relatively loose. Where the soil is stripped and re-
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deposited, the natural soil matrix often breaks down and, helped by the effect of heavy machinery 
on the surface, there will consequently be an increased compacting effect.  

Bulk density (topsoils only) was sampled using a core sampler (see Figure 8), whereby a sharp-
edged cylinder of known volume (71 mm high and 72.5 mm diameter) is forced into the topsoil. 
Once this is full, the soil can be levelled off at the top and bottom and the resulting soil sample 
can be taken to the laboratory for oven-drying and weighing to obtain the bulk density value. 

 

 

 

 

 

 

 

 

 

 

Figure 8 Bulk density sampling 

Data from the soil analyses show the topsoil bulk density values in Table 3. 

Table 3 Average topsoil bulk density values (g/cm3) 

Mine 
External Stockpiles Rehab 

Topsoil Subsoil Topsoil Subsoil Topsoil Subsoil 
Dorstfontein East 1.39  1.65  -  
Kleinkopje 1.56  1.49  1.59  
Klipspruit 1.49  1.52  -  
Kromdraai 1.56  1.63  1.71  
Average 1.49  1.55  1.65  

 
There is a significant variation in bulk density values, with figures as high as 1.98 g/cm3 being 
recorded in some of the stockpiles. This shows how compaction can be very localized and often 
difficult to observe, but will cause problems for rehabilitation due to uneven soil patterns. It is also 
clear how the advancement of the soil handling process, from unmined soil to stockpiles to rehab, 
shows a clear progressive increase in bulk density. This confirms the cumulative effect of multiple 
handling occurrences, specifically how vehicles and soil movement increase the likelihood of the 
soil becoming ever more compacted.  
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One of the general recommendations concerning rehabilitation is that after placement and 
landscaping, the soil should be ripped to an appropriate depth in order to try and alleviate 
compaction. However, some of the rehab areas that were sampled after more than 15 years in 
place, still showed high bulk density values, as high as 1.78 g/cm3 in places. 

Generally, soils with a higher clay content would be expected to have a higher bulk density, due 
principally to the predominance of smaller pore spaces due to the finer clay particles. This is one 
of the reasons why it is problematic to have more clay soils being included in a stockpile, which 
then will be transported to the rehab sites. 

 
4.1.3 Soil penetrometer resistance 

When a soil becomes compacted, water and root penetration become more difficult. One of the 
ways to quantify this is to use a soil penetrometer to determine the physical resistance of the soil 
to penetration. The penetrometer (Geotron model P5) consists of a long steel rod, coupled to a 
gear mechanism, which can be extended vertically into the soil (see Figure 9). The physical 
resistance, measured in kPa, is then recorded by a data logger connected to the apparatus.  

 

 

 

 

 

 

 

 

 

 

 

Figure 9 Soil penetrometer  
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Root penetration in soils is seriously hampered at soil strength of more than approximately 2 000-
2 500 kPa (van Huyssteen, 1983; Nel & Bennie, 1984; Mallett et al., 1985; Bennie & Burger, 
1988), but under normal circumstances, in uncultivated, undisturbed loamy soils, the resistance 
rarely exceeds 1 500 kPa (Paterson, 2010).  

However, when a penetrometer was used on the soil stockpiles, despite the cut-off value being 
set at maximum value of 5 000 kPa, the apparatus was generally unable to penetrate the soil at 
all, at most to a depth of 5 cm or less. This was the case at virtually all the stockpiles encountered, 
whether they appeared significantly compacted or not to the naked eye. 

When the penetrometer was used on a 15-year-old rehab area at Kleinkopje, a series of sites, 
approximately 200 m apart were chosen, and four penetrations were carried out at each site, 
approximately 1 m in each direction from a central point at each locality. The results are shown in 
Table 4 below. 

Table 4 Soil penetrometer results on rehab areas at Kleinkopje 

Locality Site Depth of cut-
off values (cm) 
2000 
kPa 

5000 
kPa 

A 

1 6.5 8.5 
2 6.5 7.5 
3 5.5 10.0 
4 10.5 13.5 

Ave. 7.25 9.87 

B 

1 6.5 9.0 
2 8.5 9.5 
3 6.5 7.5 
4 5.5 7.5 

Ave. 6.75 8.37 

C 

1 6.5 8.5 
2 7.5 9.5 
3 8.5 9.5 
4 6.5 8.5 

Ave. 7.25 9.0 

D 

1 8.5 10.5 
2 29.5 31.5 
3 11.5 12.5 
4 14.5 16.5 

Ave. 16.0 17.75 

E 

1 19.5 39.5 
2 9.5 26.5 
3 27.5 28.5 
4 12.5 15.0 

Ave. 17.25 27.37 
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The results show how only at one locality (Locality E) was any penetration (up to 2 000 kPa) over 
20 cm achieved, with depths as shallow as 7.5 cm to the maximum penetrometer value. Site 2 at 
locality D (in red) was located on a termite nest, showing clearly the loosening effect that the 
insects have on the soil. Locality E showed some less compacted soil, almost 40 cm in one 
instance, although the 2 000 kPa cutoff was still generally below 20 cm. These results were 
obtained on 15-year-old rehab, showing clearly how rehabilitated soil still has the tendency to 
remain dense, with little remedial action from the established vegetation cover.  

Under normal circumstances, there is a clear inverse relationship between soil strength (as 
measured by penetrometer resistance) and organic carbon content (Smith et al., 1997). For the 
rehabilitated soils studied here, however, there is no relationship between organic carbon content 
of the topsoil and penetration depth, once again showing the over-riding influence of the action of 
the soil being disturbed and mixed, so that normal soil forming processes and soil patterns are 
disrupted.   
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4.2 SOIL (CHEMICAL) 

This section discusses the various soil properties that cannot be seen or felt which will affect, 
among others, the soil reaction and/or response, as well as suitability for plant growth. Many of 
the chemical changes in the soil take place in solution, with the influence of soil water. 

 
4.2.1 Cation Exchange Capacity (CEC) 

Cations are positively charged ions in the soil (as opposed to the negatively charged anions) and 
the presence of cations in the soil is in response to the generally negative organic/colloidal 
fraction, so that the soil as a whole is generally neutral. The CEC represents the sum total of the 
exchangeable cations (Na, K, Ca, Mg) that a soil can adsorb (retain) and is generally related to 
clay content, so that CEC will rise as clay content increases. The average CEC values are shown 
in Table 5. 

Table 5 Average CEC value (cmol kg-1) 

Mine 
External Stockpiles Rehab 

Topsoil Subsoil Topsoil Subsoil Topsoil Subsoil 
Dorstfontein East 4.194 7.436 7.918 8.967 - - 
Kleinkopje 7.387 7.337 4.524 3.799 5.389 3.151 
Klipspruit 5.944 5.417 6.569 6.479 9.544 3.644 
Kromdraai 3.797 3.811 5.452 5.687 - - 
Average 5.397 6.076 5.999 5.839 7.082 3.455 

 
The results in Table 5 should be read in conjunction with the clay content data (Table 2). Across 
the sample sites (for all the mines), clay content on average increased by around 50-60% from 
unmined soils to stockpiled soils, for both topsoil and subsoil horizons. This is not completely 
reflected in the CEC values, where overall, the values are quite similar, with a small decrease in 
the subsoils. The general conclusion here is that, while there has been a general increase in clay 
content in the stockpiling process, the CEC values have not shown a corresponding increase. 
This is most likely due to the fact that many of the elements have leached out of the soil over the 
elapsed time and would therefore need to be replaced through fertilization and/or liming at 
rehabilitation. 

Interestingly, the difference in average values between topsoil and subsoil is clearly evident for 
both Kleinkopje and Klipspruit, showing how post-rehabilitation fertilization has been concentrated 
on the topsoil layer, with little ameliorants being applied deeper down.  

 
4.2.2 Soil pH 

pH is a measure of the acidity of the soil, and under natural conditions is affected by the soil 
environment as a whole, so that drier areas have had less leaching of the positive cations (see 
4.2.1) so the pH will be higher. With increasing rainfall, the leaching process is accelerated so 
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that more cations become leached and the pH levels fall, resulting in acidic soils. In regions with 
high rainfall as well as higher year-round temperatures, such as KwaZulu-Natal, the acidification 
process is even more advanced. This process can be seen clearly in Figure 10, where the average 
natural soil pH across the highveld is around 5.5, compared to the neutral value of around 7.0. 

 

Figure 10 Natural soil pH map of South Africa 

Soil pH is an indicator that can change rapidly when a soil is disturbed, even by cultivation or 
excessive grazing. The pH values obtained for the soils sampled in the study areas are shown in 
Table 6. 

Table 6 Average pH values 

Mine 
External Stockpiles Rehab 

Topsoil Subsoil Topsoil Subsoil Topsoil Subsoil 
Dorstfontein East 5.49 5.14 6.41 6.15 - - 
Kleinkopje 5.65 4.85 4.66 4.78 5.40 4.98 
Klipspruit 4.88 4.50 5.10 5.27 6.04 5.28 
Kromdraai 4.73 4.71 4.49 4.70 - - 
Average 5.21 4.78 5.17 5.14 5.69 5.16 
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From the pH values, the abnormal situation at Dorstfontein can clearly be seen, where an increase 
in pH values of one full unit between unmined soil and stockpiles can be observed. Although this 
is favourable in terms of a lessening in soil acidity, it was observed at the mine that there appeared 
to be less topsoil or cover soil material in many of the stockpiles and more plinthite or gleyed clay 
material mixed in. Indeed, lime accumulation (with high levels of calcium and consequently a high 
pH) was observed in places. This is shown in Figure 11.   

 

F 

Figure 11 Mottled, gleyed subsoil material at Dorstfontein stockpile 

4.2.3 Soil organic carbon 

Organic carbon accumulates in the soil through the natural process of vegetation breakdown, so 
that grass, leaves and other loose material on the surface is altered through a range of processes 
to organic material that, under normal circumstances, gives the topsoil its characteristic dark 
colour (such as the A horizon in the left hand image in Figure 1). Soil organic carbon is extremely 
easily lost. For example, just one season of cultivation can reduce levels from around 2% to less 
than 0.5%. 

As is the case for soil pH, topsoil organic carbon varies widely in South Africa, with the lowest 
naturally occurring levels in the drier parts of the north-west, while in the cooler, wetter zones, 
such as the high Drakensberg, levels of over 10% are common (Figure 12). Values for the topsoils 
of the highveld zone average 1.0-1.5%. 

Loss of organic carbon is one of the clearest indications of a general decrease in soil fertility.  
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Figure 12 Topsoil organic carbon map of South Africa 

The organic carbon levels for the soils in the study area are shown in Table 7. In addition to the 
usual subdivision between topsoil and subsoil, however, some of the stockpiles at Kleinkopje that 
were not excessively compacted had, over time, developed a thin (<5 cm thick), relatively organic-
rich horizon, which was sampled separately, and consequently shown as such in the table. 

Table 7 Average organic carbon values 

Mine 
External Stockpiles Rehab 

Top-
soil 

Sub-
soil 

Topsoil 
Subsoil 

Topsoil 
Subsoil 

Ao A1 Ao A1 
Dorstf East 1.55 0.60 - 0.31 0.27 - - - 
Kleinkopje 1.11 0.45 2.92 0.97 0.59 5.87 0.94 0.51 
Klipspruit 0.89 0.34 - 0.51 0.43 - 0.46 0.47 
Kromdraai 0.98 0.38 - 0.42 0.38 - - - 

Average 1.14 0.43 
2.92 0.60 

0.45 
5.87 0.71 

0.49 
0.66 1.48 
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An example of such a thin, organic rich horizon is shown in Figure 13, where the dark horizon 
above the ruler (length 10 cm) is clearly visible. This stockpile is approximately 15 years old. 

 
Figure 13 Thin, organic-rich topsoil layer on one of the stockpiles 

The loss of organic carbon involved in the stockpiling process can also clearly be seen. For all of 
the mines, levels in the A1 horizon fell, in the case of Dorstfontein and Kromdraai by more than 
half. In contrast, for the subsoil horizon, levels on three of the mines actually increased, but this 
can easily be explained by the subsequent mixing of soil material, so that previous topsoils have 
become incorporated into the subsoil on the stockpiles. 

When rehab takes place, it is still difficult to regain previous unmined organic carbon levels, even 
after more than a decade (at Kleinkopje). Only in isolated cases, and for very thin layers (Figure 
13) do carbon levels exceed the previous levels. 

4.2.4 C/N ratio 

Nitrogen is an element essential to vegetative growth, and it is essential to maintain the correct 
levels in the soil. The Carbon to Nitrogen ratio (C/N) is a ratio of the mass of carbon to the mass 
of nitrogen in a substance. For example, a C/N of 10:1 means there are ten units of carbon for 
each unit of nitrogen in the substance. 

A generally ideal C/N for the topsoil is between 20:1 and 25:1 (FSSA, 2007), since soil micro-
organisms can acquire enough carbon and nitrogen to stay alive and also help with the soil 
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decomposition process. This ratio will be less in the subsoil, where less carbon is naturally present 
and decomposition rates are slower, much of the organic material having been broken down in 
the topsoil. 

Table 8 Average C/N ratios 

Mine 
External Stockpiles Rehab 

Top-
soil 

Sub-
soil 

Topsoil 
Subsoil 

Topsoil 
Subsoil 

Ao A1 Ao A1 
Dorstf East 13.99 12.84 - 15.84 14.15 - - - 
Kleinkopje 21.99 12.64 32.13 29.21 29.99 40.06 19.28 14.79 
Klipspruit 36.22 23.95 - 28.89 26.03 - 11.14 10.74 
Kromdraai 24.41 16.66 - 12.07 21.07 - - - 

Average 25.11 17.09 
32.13 23.88 

25.02 
40.06 15.39 

12.29 
24.02 19.04 

 
In the stockpiles, C/N ratios generally were similar than the unmined topsoils, but in the subsoils, 
the ratios rose, due to the incorporation of previous topsoils, with higher levels of carbon 
appearing. In the rehab soils, apart from the thin Ao horizons, the ratios were lower, as the lack 
of organic material slowed the decomposition process, with less nitrogen being available. 

 

4.3 SOIL (MICROBIOLOGICAL) 

This section discusses the various soil properties influenced by soil micro-organisms and/or 
processes caused by those organisms. A healthy soil microbiological status is closely linked to 
the overall soil health and fertility. 

4.3.1 Brief methodology  

The diversity of microbes in the stockpiles was studied using culture-based approach and culture-
independent analyses (sequencing on the Illumina MiSeq). Isolates obtained were screened for 
functional properties. The activity of enzymes in the bulk soil was also assayed.  

4.3.2 Microbiological diversity and enzyme activity  

4.3.2.1 Illumina sequencing  

In order to identify and compare the diversity of bacterial type present in samples from the 
stockpiled and control soils, high-throughput sequencing on the illumine MiSeq was performed. 
The result of the Illumina sequencing showed a total of six major bacterial phyla (Figure 14) and 
five major bacterial family groups present in the stockpiled and non-stockpiled agricultural soil.  
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The bacterial families included Acidobacteriaceae, Coriobacteriaceae, Chthoniobacteriaceae, 
Thermogemmatisporaceae and Micromonosporaceae (Table 9). Other bacterial types with 
significant but small percentage occurrence include Streptomycetaceae and 
Micromonosporaceae. There were great similarities in the presence and proportion of most of the 
prominent bacteria found in the stockpiled soil and the non-stockpiled soil samples. 

 
Figure 14 Major bacterial phyla detected from Illumina sequencing of bacteria in stockpiled 

soils. (KSB = Klipspruit subsoil; KXA = Klipspruit unmined topsoil; KXB = Klipspruit 
unmined subsoil) 

For instance, the families Acidobacteriaceae, Coriobacteriaceae, Thermogemmatisporaceae, 
Micromonosporaceae and Streptomycetaceae were well represented in both the stockpiled and 
non-stockpiled agricultural soil. This may suggest that these bacterial families may likely be the 
indigenous bacteria associated with the soil prior to mining activities. However, in spite of the 
precarious disturbances posed by the mining activities, these families were able to tolerate this 
unpleasant soil environment. This is in agreement with the observation of Jangid et al. (2013), 
who observed changes in bacterial community structure in response to progressive and 
retrogressive ecosystem development. Meanwhile, the less significant occurrence of families 
such as Chthoniobacteriaceae, Solibacteriaceae, Syntrophaceae and Acholeplasmataceae in the 
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stockpiled soil (KSB), may suggest the gradual loss of microbial species caused by the process 
of stockpiling.  

Table 9 Bacterial families and species diversity in a typical stockpiled ‘topsoil’ (0-200 mm) 
and subsoil (>200 mm) 

Sample 
ID 

Dominant 

bacteria family 

% 
content 
in soil 

Dominant 

bacteria species 

% 
content 
in soil 

 

 

KXA 

Acidobacteriaceae  17.42  Granulicella tundricola  13.16  
Koribacteriaceae  5.33  Chthonnibacter flavus  4.38  
Chthoniobacteriaceae  4.50  Themogemmatispora 

onikobensis  
3.49  

Thermogemmatisporaceae  4.33  Desolfomonile tiedjei  3.12  
Solibacteriaceae  3.26  Edaphobacter modestus  1.09  
Syntrophaceae  3.12  Candidatus alkalaceticum  0.84  
Clostridiaceae  1.67  Peptoniphilus coxii  0.77  

KXB Acidobacteriaceae  15.54  Granulicella tundricola  11.08  
Koribacteriaceae  4.18  Chthonnibacter flavus  2.75  
Thermogemmatisporaceae  3.26  Themogemmatispora 

onikobensis  
2.38  

Streptomycetaceae  3.12  Dactylosporangium 
maewongense  

1.43  

Chthoniobacteriaceae  2.85  Candidatus alkalaceticum  0.97  
Micromonosporaceae  1.59  Edaphobacter modestus  0.91  
Acholeplasmataceae  1.54  Petrotoga halophila  0.75  

 

 

KSB 

Acidobacteriaceae  15.36  Granulicella tundricola  12.86  
Micromonosporaceae  2.69  Dactylosporangium 

maewongense  
2.48  

Micrococcaceae  2.40  Chthonnibacter flavus  1.10  
Streptomycetaceae  1.79  Petrotoga halophila  0.90  
Koribacteriaceae  1.74  Corynebacterium 

halotolerans  
0.88  

Thermoanaerobacteraceae  1.72  Chondromyces 
pediculatus  

0.75  

Clostridiaceae  1.59  Themogemmatispora 
onikobensis  

0.75  

 

(KXA = topsoil from unmined soil at Klipsruit; KXB = subsoil from unmined soil at 
Klipspruit; KSB = topsoil from stockpile at Klipspruit) 

Organisms that could not cope with the constant disturbance of the soil ecosystem due to unstable 
stockpiling conditions became functionally less relevant. This disturbed environment may have 
induced significant change in the bacteria abundance and community structure (Jangid et al., 
2013). Similarly, the occurrence of an apparently new bacterial family in significant percentages 
in the stockpiled soil (KSB), which are however absent in the non-stockpiled control soils (KXA, 
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KXB) may likely be due to assumption of new functional relevance by apparently dormant species 
in the disturbed or modified conditions adaptable to these species. One family in this category 
was identified as Micrococcaceae. The family Micrococcaceae are usually associated with most 
human infections, thus may likely be pathogenic in the soil (Magee et al., 1990). They also 
produce catalase enzymes which facilitate       catabolic processes. This family harbours both 
aerobic and anaerobic species explaining why it can survive in stockpiled soil with frequent 
anaerobic conditions (Noble, 1969). 

On the other hand, there are some bacteria that are unable to survive and tolerate the stockpile 
conditions. An example is the family Chthoniobacteriaceae, which was absent in the stockpile 
soil. They are naturally aerobic and saccharolytic (Sangwan et al., 2004) and may therefore, not 
survive in the often anaerobic conditions associated with stockpiling and the highly depleted 
carbon source, especially the mono-, di- and polysaccharide derivatives. This family is also vital 
because they are capable of producing menaquinones (Sangwan et al., 2004), which are 
precursors for the synthesis of vitamin K in decaying organic matter, which is in turn important for 
plant growth. 

Meanwhile, the family Acidobacteriaceae is well adapted for colonizing acidic environments, as 
is the case in the stockpiled soils. They possess the ability to synthesize B-glucosidase which 
enables them to break down a broad range of simple carbon as well as plant and microbial 
polysaccharides including cellulose, though only few species have been shown to ferment 
cellulose. Members of this family could exist as facultative anaerobes and as aerobic 
chemoheterotrophs, suggesting their ability to cope with the anaerobic conditions often 
associated with stockpiling as well as metabolize inorganic molecules in their environment 
(Campbell, 2014). 

The Coriobacteriaceae are normal dwellers of the mammalian habitats, where they carry out roles 
such as the conversion of bile salts and steroids as well activation of dietary polyphenols (Clavel 
et al., 2014). However, their occurrence in the non-stockpiled and stockpiled soils suggests their 
ability to adapt to various conditions. They are also pathobiont due to their association with various 
diseases in mammals (Clavel et al., 2014). Their strict anaerobic nature makes it possible for 
them to live and colonise the conditions found in the stockpiles. They are asaccharolytic (unable 
to metabolise the simple carbon compounds) and incapable of producing oxidase, urease, and 
indole acetic acid which are vital to plants for growth. This may suggest that these soils are 
unsuitable for agriculture. 

The most dominant species here is Granulicella tundricola. It is metabolically versatile with genes 
involved in metabolism and transport of carbohydrates, including gene modules encoded by the 
carbohydrate-active enzyme (CAZyme) family for the breakdown, utilization and biosynthesis of 
diverse structural and storage polysaccharides (Rawat et al., 2014). This may suggest the ability 
of this species to mobilize carbon in the soil environment where carbon is highly deficient. This 
may also explain why B-glucosidase was significantly higher in the stockpile soil compared to the 
non-stockpile soil at Kleinkopje, as the stockpile soil had a low carbon content. 
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4.3.2.2 Functional properties of bacterial isolates  

The total number of cultured isolates, as well as the number with potential to fix atmospheric 
nitrogen and produce indole acetic acid (IAA), is shown in Figure 15. Indole acetic acid is the most 
common, naturally-occurring, plant hormone of the auxin class. It serves as a signalling molecule 
necessary for the development of plant organs and co-ordination of growth (Simon & Petrasek, 
2011). The bacterial isolates obtained from stockpile and unmined soils showed the potential to 
solubilize insoluble phosphate (Figure 16). Phosphate solubilisation is an important aspect of soil 
health especially in harsh conditions where P may not be available for plant utilisation.  However, 
the isolates obtained from stockpile soils solubilized insoluble phosphate less than that those 
reported from unmined isolates. This may suggest a higher stress-tolerant ability in these 
microbes over those in the non-stockpiled agricultural soils. This high phosphate solubilisation 
efficiency in the non-stockpiled soil suggests that this soil has higher potential to make phosphate 
available for plants as compared to the stockpiled soils. Most of the isolates both from stockpiled 
and non-stockpiled soils showed the potential to fix nitrogen, but the isolates obtained from 
stockpiled soils did not produce IAA as shown in Figure 14. 

 

 

 

 

 

 

 

 

 

 

 
Figure 15 Number of bacterial isolates that can (not) fix nitrogen and those that can (not) 

produce IAA 
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Figure 16 Phosphate solubilisation efficiency from bacterial isolates 

β-glucosidase and urease are enzymes that are involved in the carbon and nitrogen cycle. 
Enzymes are biological molecules (proteins) that act as catalysts and help complex reactions 
occur everywhere in life (Tabatabai, 1994). A higher level of β-glucosidase and urease activity 
was observed from stockpiled soils as compared to unmined soil (Figure 17 and Figure 18). High 
β-glucosidase activity in soil suggests a deficiency in ‘easy-to-metabolize’ low-molecular-weight 
carbon precursors in the soil. Also, an increasing proportion of urease in the soil is an indication 
of deficiency in nitrogen.  

 

 

 

 

 

 

 

 

 

Figure 17  β-glucosidase activity from the soils 
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Figure 18 Urease activity from the soils 
 

The results of the functional properties of the isolates suggest that the stockpiling process leads 
to the reduction of organic carbon and total nitrogen in soils, as shown by the high concentrations 
of the enzyme. The microorganisms (both fungi and bacteria) from stockpiled soils showed the 
potential to solubilize insoluble phosphate. However, the phosphate solubilizing efficiency of the 
isolates from stockpiled soil was lower in comparison to that of unmined soil isolates. The fungal 
isolates from stockpiles soils were able to produce IAA. The deficiency of nitrogen and carbon 
from the stockpiled soil as is shown by the higher concentrations of the soil enzymes. 
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4.4 Pot trials 

One of the original aims of the project was to collect soil samples from deeper (15-20 m) in the 
stockpile, using more specialized drilling techniques. Unfortunately, despite some field tests at 
Klipspruit, this proved unattainable. At Kleinkopje, however, at the time of some of the site visits, 
stockpiles of several metres depth were being removed for rehabilitation purposes, giving the 
opportunity to collect “fresh” soils from varying depths, with the aim of comparing these to look at 
various growth parameters. 

Therefore, bulk soils for a pot trial were collected from two stockpiles that were approximately 10 
and 20 years old at the time of sampling (Mushia et al., 2016). Three different depths, namely: 
surface (0-30 cm), mid (150-200 cm), deep (250-400 cm) as well as mixed (mixture of equal 
amounts of surface, mid and deep) were collected (see Figure 19).  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 19 Stockpile at Kleinkopje showing different sampling depths 
 
The soils were sent to the laboratory to be analyzed for physical and chemical properties as well 
as enzyme activity before planting and fertilization (Table 10). Soils were fertilized optimally with 
NPK fertilizers (Urea [(NH2) 2CO]. (46% N), Super phosphate [Ca (H2PO4) 2]. (10.5% P) and KCl 
(50% K) and chicken mature according the following treatments:  

1) No fertilizer; 2) lime; 3) organic fertilizer + lime; 3) inorganic fertilizers + lime.  

Surface 

Mid 

Deep 

4 m 
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Soils were limed due to low pH (see values in Table 9). 

Table 10 Soil nutrient status, pot trial 

 

The soil was transferred to 13 cm diameter pots and seeds of two grass species (Digiteria eriantha 
and Panicum colloratum) were planted into the pots. Plants were watered four times in a week for 
the first 6 weeks and thereafter were watered daily (see Figure 20). The following data was 
collected after 16 weeks of planting: plant height (cm), fresh above-ground biomass (g), fresh root 
biomass (g), dry above-ground biomass (g), dry root biomass (g). 

 

 
 
Figure 20 Pot trial laid out in glasshouse 
  

Soil Na K Ca Mg CEC pH Org C Tot N C:N Clay 
(%) 

Surface 0.072 0.183 0.739 0.451 5.803 3.98 0.45 0.072 6.25 25 
Mid 0.077 0.113 0.465 0.419 3.462 4.43 0.34 0.077 4.42 16 
Deep 0.068 0.070 0.326 0.265 3.925 3.92 0.18 0.018 10 30 
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Table 11 Pot trial, plant response by treatment 
Treat-
ment 

Plant 
height  
(cm) 

Plant  
Cover 
(%) 

Fresh Root 
biomass  
(g) 

Fresh  
above ground 
biomass (g) 

Total fresh 
biomass 
(g)  

Dry Root 
biomass 
(g) 

Dry above 
ground 
biomass (g) 

Total dry 
biomass  
(g) 

NF 3.042 2.167 0.287 0.471 0.758 0.041 0.110 0.151 

LO 3.354 4.083 0.694 1.227 1.921 0.104 0.379 0.484 

OFL 28.583 98.125 11.122 19.380 30.501 4.473 10.935 15.408 

IFL 22.500 80.833 8.026 15.076 23.102 3.025 6.853 9.879 

NF = no fertilizer; LO = lime only; OFL = organic fertilizer + lime; IFL = inorganic fertilizer + lime 

The results in Table 11 show that, as could be expected, lime only had little effect on either plant 
growth or root development, but adding lime and fertilizer, and especially organic fertilizer, had a 
significant benefit. 

 
Table 12 Pot trial, plant response by soil depth 

Depth Plant 
height  
(cm) 

Plant  
Cover 
(%) 

Fresh Root 
biomass  
(g) 

Fresh  
above ground 
biomass (g) 

Total fresh 
biomass 
(g)  

Dry Root 
biomass 
(g) 

Dry above 
ground 
biomass (g) 

Total dry 
biomass  
(g) 

Shallow 14.146 47.208 5.983 9.989 15.972 2.345 4.304 6.650 

Mid 17.000 42.125 4.515 8.564 13.078 1.853 4.999 6.851 

Deep 12.354 44.208 3.431 7.283 10.714 1.213 4.198 5.411 

Mixed 13.979 51.667 6.200 10.318 16.518 2.234 4.776 7.010 

 

Regarding the comparison of the soils from different depths in the stockpile, Table 12 shows that 
for most of the parameters, the shallowest of the soils, where a higher level of organic carbon, as 
well as a higher CEC, performed best. However, when the soils were mixed (as would happen in 
the rehabilitation process, the mixed soil gave generally better results than any of the three depth 
samples alone. 
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Conclusions 

• Plant parameters measured from plants grown on soils from Stockpile 1 (age 10 years) 
produced higher mean values compared with those planted on Stockpile 2 (age 20 years).  

• Mixed soils tended to have higher vegetation growth as indicated by measured parameters 
than all other soils from different depths (surface, mid and deep). Higher vegetation growth 
shows that mixing stockpile soils can improve productivity of the soil. There was no 
significant increase in organic carbon percentage, soil pH, or other soil elements, and 
there was a decrease in exchangeable aluminium when the soils were mixed.  

• Soils with no amendments had a low plant growth rate compared with soils amended with 
fertilizers. Poultry manure and lime tended to have higher mean values for all measured 
plant parameters in both stockpile soils. When soils were amended with lime and inorganic 
fertilizer, vegetation growth parameters increased, but not to the same degree as with 
poultry manure and lime. 
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5. CONCLUSIONS AND RECOMMENDATIONS 

It is an inescapable and unfortunate fact that open cast coal extraction causes a severe level of 
soil disturbance. The actions involved break down the naturally occurring soil structural matrix 
and horizon arrangement, adversely affect chemical processes and properties and disturb the 
natural microbiological profile of the soil. 

At present, most if not all mine rehabilitation only succeeds in returning the land to a grazing 
capability, and often at a low level. While it is doubtful if current practices will be able to re-
establish successful arable agricultural suitability, there are a number of recommendations to 
attempt to improve the stockpiling process, thereby making the possibility of successful first-time 
rehabilitation more likely. 

To a certain extent, some of the deteriorating soil parameters can be remedied by the addition of 
various amendments (fertilisers, compost, lime etc.), although these are expensive. However, the 
critical limiting factor is soil effective depth, as determined by the volume of soil available to the 
plant. Normal soil depth refers to the depth of soil present in the soil profile, although some of that 
soil (such as gleyed clay, plinthite etc.) may be seen as limiting in terms of agricultural potential. 
The effective depth of a soil profile refers to the depth of soil that is available without a significant 
limitation regarding either water or root penetration. In rehab scenarios, there can be a more than 
adequate amount (up to 1 metre) of good, useable cover soil that is replaced, but if the soil is so 
compacted that little or no water or root penetration is possible, the effective depth of that 
otherwise favourable soil profile can be as little as 5-10 cm. 

 
5.1 RECOMMENDATIONS 

1) Pre-Mining Soil Survey – if this is carried out correctly (by a SACNASP-registered soil 
scientist, as prescribed in the legislation, it will serve as the baseline document for successful 
soil stripping. Information contained herein will include soil characteristics, soil map unit 
distribution and, possibly most important, available soil volumes per mapping unit. 

2) Soil Scientist Participation #1 – at present, most cases, the involvement of the soil scientist 
stops once the pre-mining report has been compiled and submitted. This is unfortunate, as 
he/she has the best knowledge of the soil resource present on the mine and where the various 
soils are located. In addition, most of the soil observation points are located using GPS, 
allowing accurate location in the field. 

3) Careful Soil Stripping – this may be the most important step in the whole stockpiling process, 
as either under-stripping (where not enough available cover soil is stripped) or over-stripping 
(where too much soil is stripped, often incorporating the underlying non-useable material) will 
be detrimental to the process. Either insufficient soil will be available for rehabilitation or 
incorrect soil materials will be collected, often ending up in the wrong positions in the rehab 
soil profile 

4) Vehicle Traffic #1– although it is accepted that vehicular transport is necessary for efficient 
soil stripping, the detrimental effects of repeated surface compaction by vehicles has clearly 
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been seen. No vehicles should be permitted to drive on a soil stockpile once the soil has 
initially been deposited. 

5) Stockpile Height – if it is accepted that no traffic should be permitted on a stockpiled area, 
this will automatically limit the height of the stockpile to that which can be deposited without 
further compression by tyres, tracks etc. The exact height will vary depending on the vehicle 
used, but should not generally exceed 3 metres maximum, so that a series of heaps (Figure 
3, right) will be created (“end-tipping”), rather than a high, layered soil mass (Figure 3, left). 
While available space may be a problem for some mines, it should be stressed that this is 
probably the most important recommendation in the stockpiling process. 

6) Stockpile Age – soil response to stockpiling is difficult to predict, due to the variation in soil 
characteristics, as well as the physical stripping process. However, especially when coupled 
with any sort of compaction, the longer a soil is stored in a stockpile, the more potential 
problems will arise, and there will be significant effects, even if soil is moved and stored for a 
few weeks. Although no clear or fixed correlation could be obtained in this study between age 
of soil stockpile and soil deterioration, it would definitely be advantageous if no soil was 
stockpiled for longer than a period of 3-5 years. 

7) Soil Scientist Participation #2 – when the rehabilitation process commences, it is again 
recommended that a soil scientist be consulted, for several reasons. Firstly, to ensure that the 
site for soil placement has been suitably prepared, with natural and representative topography 
without excessive compaction of the underlying spoil. Secondly, in order to properly assess 
the stockpiled soil and its suitability for rehab (supported by soil analytical information). Finally, 
probably in conjunction with vegetation specialists, to monitor the success of the rehabilitation 
stage and how the post-rehabilitation soil conditions have developed. 

8) Vehicle Traffic #2 – the soil re-placement process leading up to rehabilitation also requires 
vehicular transport to place and shape the soils. Unfortunately, while necessary, this is a 
further opportunity for soil compaction and consequent rehab problems. Although not so cost-
effective, it is recommended that smaller vehicles be used for these actions and that the soil 
is loosened immediately it has been placed, to help establish water and root infiltration. It is 
suggested that end-tipping of soil recovered from stockpiles also be carried out on 
rehabilitated areas, and the use of small track dozer to spread soil (best is a LGP dozer) is 
recommended, due to low ground pressure.  If possible, no vehicles with tyres should be 
driven over bare replaced soil. Where hydroseeding tankers are used, a route should be 
worked out to minimise traversing while maximising spreading area.  

9) Cost-effectiveness – although some of the above may appear to involve either unnecessary 
or excessive expenditure, it is hoped that it will be seen by the mining companies in the light 
of what it would cost to have to re-do or seriously adapt an area of rehab that has been poorly 
or incorrectly carried out. 
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5.2 FURTHER STUDY 

Microbiology - overall, the results suggest that current topsoil stockpiling operations need to be 
improved. There is a need for strict adherence to guidelines stipulating the careful preservation 
of top soils during open cast coal mining. The results further point to a need to investigate the 
state of the soils in coal mine rehabilitation areas, in order to relate findings from this study to land 
use capabilities of rehabilitated sites or lands undergoing rehabilitation. This will further serve as 
a monitoring tool for the progress of soil ecosystem recovery following reclamation operations 
and as well, facilitate the development of soil health indicators, especially microbiological 
indicators, to ascertain success of post-coal-mining reclamation and ecosystem recovery. To this 
end, a follow-up project at ARC, concentrating on the microbiological aspects of soil stockpiling 
and rehabilitation, has commenced in 2016. 

Vehicle Differences – there is a significant difference in the size and effect of different vehicle 
used on the mines. This includes the size and arrangement of types, vehicular weight and the 
amount of time that such vehicles impact on the rehab soils. A study was carried out into the 
effects of off-road driving on soil compaction in the game viewing environment (Nortje, 2013), and 
a similar investigation, under controlled conditions, could well yield useful results. 

Cost-effectiveness – there is scope for a detailed costing study into the various options involved 
in the stockpiling and rehab process, so that the benefits to correct procedures (and the 
detrimental consequences in rands and cents) can be quantified and clearly be presented to the 
mining companies. 

Coal Mining Research Facility, Kromdraai – the proposed development at Kromdraai, where 
improved access to land used for various aspects of the stockpiling and rehabilitation process, 
could prove a valuable environment to carry out further studies. 
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5.3 PROJECT OUTCOMES 

Apart from this report, the following can be reported: 

a) Peer-reviewed article: 

MUSHIA, N.M., RAMOELO, A. & AYISI, K.K., 2016. “The impact of the quality of coalmine 

stockpile soils on sustainable vegetation growth and productivity”. Sustainability, 8, 546; 

doi:10.3390/su8060546. 

b) Presentations: 

PATERSON, D.G., 2014. “Open cast coal mine soils – the vital role of the Pedologist”. 

Presentation to Annual Conference of Land Reclamation Society of South Africa, Muldersdrift, 9th 

– 11th September, 2014. 

PATERSON, D.G. & ADELEKE, R.A., 2015. “Stockpiling of coal mine soils in South Africa”. 

Presented at Annual Coaltech Colloquium, Exxaro, Pretoria. July 31st 2015. 

c) Presentation planned: 

PATERSON, D.G., 2017. “Soil aspects of stockpiling on opencast coal mines”. Annual 

Conference of Soil Science Society of South Africa, Bela Bela, January 2017. 

d) Students Registered: 
 
STUDENT  UNIVERSITY  DEGREE SUBJECT  EXPECTED 
NAME   REGISTERED                GRADUATION 
Mushia, N.M.  Univ. Limpopo  PhD  Soil Science  2017   
Mashigo, S.K.  Univ. North West MSc  Env. Science  2018 
Mkula, S.D.  Univ. KZN  MSc  Soil Science  2017 
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