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ABSTRACT

South Africa is one of the countries in which the greatest impact of mining on the environment is seen (DEAT, 2005).
The environmental impacts are obvious and need to be addressed during each phase of environmental planning
especially in mine closure. The environmental impacts of mining are, in general, increased concentrations of heavy
metals and changes of pH in both impacted soils and especially in water streams. Mining processes coupled with
weather conditions can affect the agricultural and forestry sector by impacting water quantity and water and soil quality.

This research showed that sustainable reforestation on tailings is possible with the indigenous tree species Searsia
lancea (L.F.) F.A. Barkl. also known as Rhus lancea or Karee and the non- indigenous tree Casuarina equisetifolia. In a
laboratory trial 250 trees were planted with both types of tailings, gold and platinum tailings and natural soil. The
addition of different organic fertilizers — woodchips, sewage sludge and an organic medium — as a nutrient source and
soil ameliorant, allowed the indigenous and alien tree species to grow despite the high levels of contamination. Samples
of the different treated soil types were tested for macro-, micro-elements by analysis (straight water analysis,
inductively coupled plasma mass spectrometry (ICP-MS)) and biological activity was measured by dehydrogenase at
the Eco-Analytica Laboratory (North-West University).

The analysis on soil macro- and micro-elements and the biological activity showed the highest improvement in soil
quality on platinum tailings with woodchips and on gold tailings with matured sewage sludge with both tree types. Even
the content of heavy metals in both gold and platinum tailings could be lowered by iron exchange and uptake by plants.
Also the micro-biological activity in the soil approved an increase in total soil quality.

This research showed that for a period of 5 to 10 years the tailings can be used for reforestation and landscaping even
when re-mining has to take place afterwards. During reforestation aeolian dust pollution will be avoided, carbon credits
can be claimed and renewable primary products will be created.

1. INTRODUCTION

Most areas on mining properties in South Africa are changed from their natural occurrence. Acidification of soil
(Hupfer,2006), high polluted water and waste water (Hatting, 2003), changing of vegetation (Bodenstedt, 1997) and loss
of soil quality (van Rensburg, 2004, Claassen, 2006) are results of this industry. Ground water from gold production
processes which is transferred to the surface is highly polluted with Ca, Mg, K, Na, SO4, NO;, NH,, Cl, Fe, Mn and Zn.

The earth’s crust naturally contains sulphide minerals that can oxidise and generate acidic water when broken by
explosives or during naturally occurring rock breakage by tectonic movements and seismic events. This phenomenon is
called acid mine drainage (AMD) or acid rock drainage (ARD) and is generated by a combination of chemical reactions
and biological processes whereby pyrite is converted to sulphates and iron oxy-hydroxides (Barnes, 1968, Neculita,
2007). The sludge produced during the acid mine water (AMD) neutralization with calcium carbonate (CaCO;) must be
pre-treated separately because of its hazardous content and also has special disposal requirements (Maree, 2004). This
sludge and unusable tailings materials are deposited on mine tailings storage facilities. To make the tailings aesthetically
acceptable and beneficial in relation to future mine closure plans reforestation as a bio mass resource and landscaping
was chosen as a possible solution .

2. MATERIALS AND METHODS

Quality of Mining Tailings

Mine tailings material is typified by low pH in gold tailings, high pH in platinum tailings and high EC. The gold tailings
had a high EC of 3.05 [mS/cm] and a low pH of 3.75 at the beginning of the trial (table 1, table 2). Concentrations of
the elements Ca, Mg, SO4, NO;, Mn, Cu and Zn were also high. The platinum tailings were similar in composition to
the gold tailings but had a pH of 7.34 and an EC of 1.24 [mS/cm] at the beginning of the trial (table 1, table 2). The
concentrations of the elements Ca, Mg, Na, SO,4, Cl, and Mn were also of concern. In this type of substrate plants
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struggle to survive because low concentrations of essential nutrients and high concentrations of phytotoxic substances.
Before and after the application of different fertilizers the soil/substrate quality was analyzed for macro-, micro-
elements by straight water analysis and inductively-coupled-plasma mass-spectrometry (ICP-MS).

Fertilizer

As fertilizers three different types were used as growth medium for cultivation of the experimental plants:

1. Sewage sludge, aged for an average of six months.
Woodchips, created by mulching of underground supporting struts after blasting. These woodchips contain, in
addition to high concentrations of plastics residue from explosives, high concentrations of nutrients necessary
for the growth of plants.

3. An organic medium, a mixture of Casuarina equisetifolia leaves and Eliote bark.

All fertilizers were used to maximize the affinity to obtain the best binding, related to the lyotrophic series (conversion
preference, AI’* ~ H" >> Ca* > Mg*" >> K" = NH*" > Na", Scheffer, 2002) and to store the required nutrients. All
fertilizers have different influences on soil quality and tree vitality because of the content and variety of available and
essential nutrients.

Tree Types - Searsia Lancea and Casuarina Equisetifolia

In order to use plants which can stand the high phytotoxic contamination and survive in the polluted tailing, the beech
species Casuarina equisetifolia and Searsia lancea, family of Anacardiaceae were chosen. Investigations of Casuarina
equisetifolia showed a high heavy metal tolerance, and applications of Zn, Cd and Pb generally increase growth. On the
other hand, the absorption of N, P, K, Ca and Mg were increased by Zn application (Aly, 2002). Forty-eight trees with a
height of about 60 cm were planted in different tailings material from gold and platinum mines as well as in natural soil.

The indigenous (South African) tree species Searsia lancea was selected as a resistant tree which establishes easily. S.
lancea can adapt well to different soils including those that are poorly drained (Van Wyk, 1997). S. lancea is a small to
medium sized evergreen tree that usually grows to a height of 7 m and a width of 7 m but can be larger depending on
environmental factors. One hundred and forty-four trees with a height of about 120 - 150 cm were planted in different
tailings material from gold and platinum mines as well as in natural soil.

Microbiological Activity - Dehydrogenase Activity

Microbiological activity was determined by testing for dehydrogenase activity using the INT-method (INT =
iodonitrotetrazolium chloride) after von Mersi (1991). The method is based on the incubation of soil with the substrate
iodonitrotetrazolium chloride (INT) at 40°C for 2 hours followed by colorimetric estimation of the reaction product
iodonitrotetrazolium chloride-formazan (INF) spectrophotometrically at 464 nm against the blank. The amount of
metabolised substrate per time and amount of protein was measured. Dehydrogenase activity is expressed as pg INF g
dwt 2 h' (INFug/(g*2h)) and calculated according to the following equation:

S, -S
INF (ugg dwt2h ) = 2120
with: S, —INF(inpgofthetest AWE
Sy = INF (in pg) of the control
2h = 2 hours incubation time
dwt = dry weight of 1g moist soil
3. RESULTS

Visual Differences in Plant Growth

After only two weeks of growth in the ameliorated mine tailings material a difference between the Casuarina could
easily be visually detected. Casuarina growing in pure gold tailings material (gold soil) showed signs of die-back
possibly due to the elemental content in the slimes material. Yellow-red discolouration on the lower fifth of the trunk
indicated stress related to nutrient overdose and non-ideal growth conditions. The same symptoms, but more
pronounced, were detected on the lower quarter of the Casuarina growing in platinum tailings (platinum soil). The
control unpolluted soil had no visual signs of negative influence on the growth of the trees. Unlike of the trees growing
in pure mine tailings material, the Casuarina in the soil mixed with 20% organic fertiliser showed better growth visually.
Indicators were fewer discolorations on the trunk, fresh and full green colour of the leaves and faster growth. After 4
weeks the discoloured leaves dropped off and all trees showed a better growth with only few signs of stress. The
mortality rate in each soil trial varied from 0% in platinum soil over 17% in gold (2 of 12 plants) and 8% (1 of 12
plants) in control soil.

838



Unlike the Searsia growing in unaltered mine tailings material, the trees in the tailings mixed with matured sewage
sludge as fertiliser showed better growth visually in both gold and platinum tailings. Indicators of this were fewer
discolorations on the leaves, fresh and full green colour of the leaves, faster growth and fuller growth of the treetop. The
total mortality rate in each group of ameliorants varied from 2% in the control soil, to over 25% in the gold tailings and
only 4% in platinum soil.

In all trials the Searsia growing in tailings with matured sewage sludge added as an ameliorant had a vital appearance
and looked healthy, fresh and green after the first two months and continued so until the end of the six month trial.
Searsia growing in soil ameliorated with woodchips had a similar appearance. In the gold tailings the Searsia were
smaller, with less dense leaf structure and brown-yellow leaves and 5 deaths.

Discolouration of both trees leaves indicates detoxification of excess amounts of elements. The plant assimilates the
toxins in the leaves before the leaves are abscised, therefore detoxifying the plant. After only a few weeks the
discoloured leaves dropped off and all trees showed a better re-growth with fewer signs of stress.

Differences in Soil Quality

The use of pre-treated fertiliser with Casuarina in polluted soil indicates an improved soil quality after only one month
of plant growth. The elements Na, SO;, NO; and NH, in the treated gold and platinum soil in particular were
significantly reduced. In addition in the gold soil the elements Fe, Mn, Zn and B were also significantly reduced (table
1). A total reduction of elements could be shown by a decrease in the electrical conductivity (EC) of 39% in the treated
platinum soil. In this application the organic medium had the ability to exchange and bind the elements by the
lyotrophic series.

The use of pre-treated fertiliser with Searsia in polluted tailings showed an improvement in soil quality after only two
months of plant growth. The elements Na, Mg, PO,, Cl, NO; and NH; in the treated gold and platinum soil in particular
were significantly reduced. In addition in the platinum soil the elements Ca and SO, were also significantly reduced
(table 2). A total reduction of ionic compounds could be shown by a decrease in the electrical conductivity (EC) of 97%
in the platinum tailings treated with woodchips and 38% in gold tailings treated with matured sewage sludge.

Table 1. Quality change in soil chemistry with Casuarina

Macro-elements
Sample Time ca | Mg | kK [ ~Na [ Po, [ so, [ Nno, | N, [ a1 [ HCO,

frame ppm
Control Soil + organic medium (Csz) |[start 70.54 27.95 32.06 14.02 0.00 7295 | 346.60 3.61 13.28 0.61
Control Soil + organic medium (Csz) |after 1 month|  42.08 20.17 21.50 24.37 0.00 107.59 138.89 0.13 27.29 9.15
Control Soil (Cc) start 132.66 45.21 55.91 5.75 0.00 | 119.12 | 605.16 9.16 9.22 6.10
Control Soil (Cc) after 1 month|  67.33 31.84 29.71 21.15 0.00 91.26 | 305.68 0.78 30.14 1.22
Gold Soil + organic medium (Gsz) start 350.68 95.03 391 28.74 0.00 | 1260.33 24.24 1.37 13.72 0.61
Gold Soil + organic medium (Gsz) after 1 month| 352.69 76.80 7.04 26.44 0.00 | 1169.07 10.23 0.32 24.69 1.22
Gold Soil (Gc) start 448.87 31.84 0.39 6.44 0.00 | 1210.38 20.50 1.48 4.85 0.00
Gold Soil (Gc) after 1 month| 394.37 44.72 1.95 22.76 0.00 | 1148.90 7.98 1.15 24.24 0.00
Platinum Soil + organic medium (Psz) |start 120.23 38.16 35.97 40.92 0.00 | 439.96 5.55 0.04 34.27 100.68
Platinum Soil + organic medium (Psz) |after 1 month|  44.09 35.24 22.29 36.55 0.00 | 231.51 0.88 0.20 32.93 94.57
Platinum Soil (Pc) start 185.96 47.39 40.66 36.78 0.00 | 632.09 23.25 0.27 43.73 61.02
Platinum Soil (Pc) after 1 month|  60.92 51.53 31.28 40.46 0.00 | 340.06 8.84 0.45 40.63 94.57

Micro-elements and other data
Sample Time Fe | Mn | cu | zn | B pH EC

frame ppm (mS/cm)
Control Soil + organic medium (Csz) |start 0.15 0.52 0.03 0.02 0.15 4.66 0.75
Control Soil + organic medium (Csz) |after 1 month 0.29 0.03 0.02 0.02 0.00 5.80 0.54
Control Soil (Cc) start 0.10 2.43 0.03 0.03 0.01 4.72 1.26
Control Soil (Cc) after 1 month 0.12 0.06 0.02 0.00 0.00 4.88 0.77
Gold Soil + organic medium (Gsz) start 0.13 7.26 0.04 0.58 0.12 4.58 2.70
Gold Soil + organic medium (Gsz) after 1 month 0.08 0.85 0.03 0.23 0.05 4.71 2.52
Gold Soil (Gc) start 0.23 9.83 0.34 1.07 0.02 3.74 2.57
Gold Soil (Gc) after 1 month 0.06 3.49 0.05 0.44 0.00 4.34 2.47
Platinum Soil + organic medium (Psz) |start 0.01 0.04 0.04 0.00 0.08 7.16 1.19
Platinum Soil + organic medium (Psz) |after 1 month 0.34 0.04 0.03 0.00 0.00 7.46 0.73
Platinum Soil (Pc) start 0.02 0.05 0.03 0.01 0.01 7.18 1.58
Platinum Soil (Pc) after 1 month 0.02 0.02 0.02 0.00 0.03 7.67 0.99
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Table 2. Quality change in soil chemistry with Searsia

Macro-elements
Sample Time ca | Me | x | Na | Po, | so, | No, | nH, | a | Hco,
frame ppm
Control Soil + woodchips (CWC) start 115.42 33.05 63.73 14.02 0.00 105.67 502.23 8.17 28.72 6.10|
Control Soil + woodchips (CWC) after 2 month 43.28 15.80 21.11 38.62 0.00 203.65 0.70 0.13 45.38 9.15
Control Soil + woodchips (CWC) after 6 month 7.21 3.16 11.34] 5.98 1.11 34.58 2.48 0.79 6.74 18.30]
Control Soil + sewage sludge (CSH) start 69.74 40.83 56.69 17.01 14.41 116.24 456.35 39.47 27.30 15.25
Control Soil + sewage sludge (CSH) after 2 month 90.98 60.03 32.84 62.53 41.49 222.86 280.88 0.40 86.86 6.10
Control Soil + sewage sludge (CSH) after 6 month 6.01 1.70 5.08 2.53 9.65 10.57 4.96 0.61 2.32 6.10
Control Soil (CCO) start 144.68 43.02 47.31 13.10 0.00 88.38 642.98 8.46 27.30 6.10
Control Soil (CCO) after 2 month 24.45 12.64 8.21 28.74 0.53 106.63 14.88 0.04 34.66 21.36
Control Soil (CCO) after 6 month 2.81 1.22 2.74 1.84 2.37 12.49 1.25 0.43 0.98 6.10
Gold Soil + woodchips (GWC) start 446.07 84.10 3.52 29.66 0.00| 1,453.42 24.12 2.58 27.04 0.00
Gold Soil + woodchips (GWC) after 2 month 352.29 47.39 10.95 18.16 0.00[ 1,034.59 7.56 0.72 23.06 12.20]
Gold Soil + woodchips (GWC) after 6 month 422.02 11.18 8.99 6.90 0.00[ 1,081.66 7.01 0.52 2.68 0.00)
Gold Soil + sewage sludge (GSH) start 401.58 70.73 8.21 17.24 1.90| 1,505.29 11.34 87.02 17.13 0.61
Gold Soil + sewage sludge (GSH) after 2 month 321.43 69.03 3.52 20.00 0.00f 1,036.51 30.21 1.23 16.31 15.25]
Gold Soil + sewage sludge (GSH) after 6 month 367.11 13.61 2.35 4.14 0.17 938.53 6.84 0.81 1.70 0.00)
Gold Soil (GCO) start 464.10 70.73 0.39 17.70 0.00{ 1,429.40 18.02 2.20 16.57 0.00
Gold Soil (GCO) after 2 month 424.43 38.16 4.30) 27.36 0.00| 1,176.76 11.65 0.76 27.30 6.10
Gold Soil (GCO) after 6 month 435.65 9.72 4.69 7.82 1.64] 1,094.15 5.95 1.10 2.53 0.00
Platinum Soil + woodchips (PWC) start 340.66 149.23 104.39 245.99 0.00| 1,081.66 268.48 0.40 548.81 33.56
Platinum Soil + woodchips (PWC) after 2 month 58.51 59.06 25.02 65.98 0.00 347.74 1.17 0.47 92.89 88.47|
Platinum Soil + woodchips (PWC) after 6 month 10.42 3.65 7.82 4.37 0.08 10.57 0.41 0.22 2.34 61.02]
Platinum Soil + sewage sludge (PSH) |start 72.14 86.28 38.32 93.34 39.22 402.50 97.97 14.52 152.80 64.07|
Platinum Soil + sewage sludge (PSH) |after 2 month 34.47 33.05 13.68 34.71 1.76 139.29 22.94 0.32 52.47 91.52]
Platinum Soil + sewage sludge (PSH) |after 6 month 5.61 3.40 3.91 1.61 2.81 5.47 6.20 0.16 1.67 27.46]
Platinum Soil (PCO) start 81.76 54.44 22.68 74.95 0.00 350.63 78.36 0.60 115.15 36.61
Platinum Soil (PCO) after 2 month 32.86 37.92 15.64 52.88 0.00 185.40 8.55 0.67 98.20 42.71
Platinum Soil (PCO) after 6 month 8.82 2.19 5.08 1.61 0.07 2.88 1.24 0.25 0.59 48.81]

Micro-elements and other data
Sample Time Fe | Mn [ Cu | Zn B pH EC
frame ppm (mS/cm)
Control Soil + woodchips (CWC) start 0.11 1.81 0.02 0.02 0.00 4.74 1.12]
Control Soil + woodchips (CWC) after 2 month 0.64 0.06 0.02 0.00 0.03 5.69 0.57|
Control Soil + woodchips (CWC) after 6 month 1.89 0.31 0.10 0.13 0.15 5.93 0.13]
Control Soil + sewage sludge (CSH) start 0.47 1.01 0.02 0.01 0.06 5.71 1.13]
Control Soil + sewage sludge (CSH) after 2 month 0.19 0.09 0.05 0.02 0.07 5.20 131
Control Soil + sewage sludge (CSH) after 6 month 1.91 0.29 0.14 0.19 0.30 5.23 0.08]
Control Soil (CCO) start 0.24 0.49 0.02 0.01 0.00 4.90 1.31
Control Soil (CCO) after 2 month 2.10 0.04 0.04 0.01 0.09 6.23 0.38]
Control Soil (CCO) after 6 month 1.74 0.39 0.11 0.15 0.19 5.68 0.05]
Gold Soil + woodchips (GWC) start 0.32 12.99 0.47 2.87 0.00 3.86 3.14]
Gold Soil + woodchips (GWC) after 2 month 0.01 1.20 0.03 0.03 0.00 6.70 2.26)
Gold Soil + woodchips (GWC) after 6 month 0.45 0.67 0.02 0.09 0.00 4.29 2.26)
Gold Soil + sewage sludge (GSH) start 0.10 12.43 0.05 1.59 0.00 4.54 3.20]
Gold Soil + sewage sludge (GSH) after 2 month 0.04 0.68 0.04 0.03 0.01 6.47 2.27|
Gold Soil + sewage sludge (GSH) after 6 month 0.10 0.42 0.01 0.10 0.03 4.42 1.98]
Gold Soil (GCO) start 0.36 12.93 0.54] 2.89 0.00 3.75 3.05]
Gold Soil (GCO) after 2 month 0.05 1.55 0.05 0.06 0.00 5.25 2.56
Gold Soil (GCO) after 6 month 0.00 1.87 0.05 0.17 0.04 4.32 231
Platinum Soil + woodchips (PWC) start 0.21 0.11 0.03 0.02 0.00 6.86 4.28
Platinum Soil + woodchips (PWC) after 2 month 0.02 0.03 0.04 0.02 0.00 7.66 1.13
Platinum Soil + woodchips (PWC) after 6 month 1.90 0.10 0.14 0.02 0.06 7.70 0.13]
Platinum Soil + sewage sludge (PSH) |start 0.06 0.07 0.00 0.00 0.16 7.53 1.65
Platinum Soil + sewage sludge (PSH) |after 2 month 0.00 0.00 0.00 0.00 0.00 7.74 0.63]
Platinum Soil + sewage sludge (PSH) |after 6 month 1.74 0.04 0.03 0.02 0.03 7.12 0.08]
Platinum Soil (PCO) start 0.06 0.02 0.00| 0.00 0.05 7.34 1.24
Platinum Soil (PCO) after 2 month 0.00 0.02 0.01 0.00 0.00 7.34 0.75
Platinum Soil (PCO) after 6 month 1.80 0.10 0.07 0.01 0.10 7.38 0.09

Differences in Microbiological Activity

During the experiment with Casuarina the total biological activity was reduced to about 57% on average in all different
polluted and fertilized soil types. The benefit of the organic medium is a higher microbiological activity initially and
after 4 weeks. The biological activity in platinum soil with fertiliser is, after one month, better with 39.76 [INF
pg/(g*2h)] than the initial biological activity of untreated soil - 32.73 [INF pg/(g*2h)] (figure 1).
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Figure 1. Quality change of microbiological activity in the different soil types ameliorated
with the organic medium and Casuarina
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Figure 2. Quality change of microbiological activity in the different soil types ameliorated
with sewage sludge, woodchips and Searsia

The total microbiological activity in both unaltered tailings and ameliorated soil types was only about one third, on
average about 50 [INF pg/(g*2h)], compared to the conditions in natural soil - 110 [INF pg/(g*2h)]. This is the result of
the free available inhibitors of microbial growth in the polluted tailings. These substances block the metabolism of the
micro-organisms and inhibit total activity. The benefit of the adding ameliorants can be seen in initial higher
microbiological activity and a deposit function of the most needed and available nutrients for the micro-organisms after
two months. The microbiological activity in gold tailings ameliorated with sewage sludge is, after two month,
improved; 78.3 [INF pg/(g*2h)] with sewage sludge and better than the initial microbiological activity of untreated
tailings of 60.3 [INF pg/(g*2h)] (figure 2). In platinum tailings the initial microbiological activity in tailings
ameliorated with woodchips was 48.7 [INF pg/(g*2h)] before it raised up to 71.1 [INF pg/(g*2h)] after 6 month (figure

2).
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4. CONCLUSION

The results in soil quality, microbiological activity and visual impression of both tree types showed that the
reforestation on mine gold and platinum tailings was successfully proved. In total the tree type Searsia was most
improved in platinum soil with woodchips and in gold soil with sewage sludge as an ameliorant. Casuarina growing in
the organic medium was most effective in platinum soil. These results were also supported by microbiological activity.
However, the recommendation for the rehabilitation process of mine tailings both soil types in South Africa is obviously
reforestation with the indigenous tree type Searsia lancea.

Reforestation and landscaping on low quality mine tailings upgrades the aesthetics of the mining area, controls dust,
creates a renewable resource, and improves soil quality. These results represent a valuable contribution to
environmental protection by mining companies.
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