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The AMD-Fe solution demonstrated that the presence of iron in solution caused a 

temporary restriction in the dissolution of coarse (Figure 4.3 and 4.5 A.) and medium 

(Figure 4.3 and 4.5 B.) particle size fractions of calcite and dolomite, thus influencing 

neutralization of the solution. The restriction is represented by the plateauing in the 

neutralization curve of this solution at a certain pH range.  

The plateauing of the neutralization curve of the AMD-Fe solution that was treated with 

the coarse particle size fraction of calcite occurred when the solution reached a pH of 

5 and ended when the pH of the solution reached approximately 5.5. The restriction in 

the dissolution of this particle size fraction extended over a period of 360 hours. Also, 

treating the AMD-Fe solution with coarse calcite did not allow for its neutralization as 

the final pH of the solution was 6.21 after reacting for a period of 720 hours. 

Similarly, coarse dolomite was also unable to neutralize the AMD-Fe solution and the 

final pH of the solution after reacting for a period of 720 hours was 6.84. Iron restricted 

the dissolution of coarse dolomite as represented by the plateau, which occurred when 

the solution reached a pH of 4.5 and extended until the solution reached a pH of 5. 

The restriction in the dissolution of this particle size fraction extended over a period of 

192 hours.  

The AMD-Fe solution had a slight influence on the dissolution of the medium particle 

size fraction of calcite and dolomite as represented by the short plateauing of the 

neutralization curve of this solution (Figure 4.3 and 4.5 B.).  

The plateau occurred when the solution reached a pH of 5 and ended when its pH was 

5.5. The restriction in the dissolution of the medium calcite and dolomite size fraction 

extended for 96 hours. Treating the AMD-Fe solution with medium calcite and dolomite 

allowed for a neutral condition to be established despite the temporary restriction in its 

dissolution.  

The fine particle size fraction of both types of limestone was not influenced by the 

presence of Fe in the solution as each size fraction of limestone neutralized the 

solution. The fine calcite fraction achieved a final pH of 7.51 and dolomite a final pH 

of 7.80. This size fraction also required the shortest period to neutralize the solution, 

which was achieved after 384 hours, and achieved the highest final pH of the size 

fractions used for the neutralization test.  
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The plateaus on the neutralization curve of the AMD-Fe solution demonstrates that 

the dissolution of mainly the coarse particle size fractions of calcite and dolomite were 

restricted. The dissolution of the medium size fraction of both types of limestone was 

only slightly influenced and was able to neutralize the solution.   

Treating the solution with the limestone removes the acidity of the solution, increases 

the solution pH, and allows Fe precipitation reactions to occur (Santomartino and 

Webb, 2007). Fe precipitation results in the removal of iron from solution which causes 

the restriction in the dissolution of the coarse particle size fractions of calcite and 

dolomite as demonstrated by the plateaus on the neutralization curves.  

Coarse particle fractions have smaller available surface areas which negatively 

influences the rate of acid neutralization with longer periods required to remove acidity 

from the solution. However, the zones or areas of solution closely surrounding the 

coarse particles indicate significantly higher pH conditions than the rest of the solution. 

These zones will favour the oxidation of ferrous to ferric iron and the precipitation of 

Fe minerals like lepidocrocite and goethite (Jones et al, 2014) if the pH in these areas 

is greater than 4.5 (Bailey, 2016). This occurs via heterogeneous nucleation, which is 

a surface-induced precipitation process. 

Through the process of  heterogeneous nucleation, the surface of the coarse calcite 

acts as the centre upon which Fe minerals can precipitate, develop, and grow. This 

encapsulates the surface of the coarse calcite fractions with a Fe precipitate coating 

that is commonly referred to as armouring (Hammarstrom et al, 2003; Ziemkiewicz et 

al, 1997).  

The Fe armouring forms a diffusion barrier between the surface of the coarse calcite 

and the solution thus restricting its dissolution and limiting the rate at which the solid 

limestone is attacked by protons and neutralizes acidity (Santomartino and Webb, 

2007).  

The armouring of the surface of, particularly, the coarse calcite and dolomite size 

fractions by iron precipitates is likely to be responsible for hindering the neutralization 

process that resulted in the plateau in the neutralization curves of the AMD-Fe solution 

as shown in Figure 4.3 and 4.5 A. Although these particle sizes were armoured and 

were able to facilitate the further increase in pH, they were unable to establish a neutral 

condition for the AMD-Fe solution within the period allocated for the experiment.  
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The AMD-Al solution demonstrated the influence of aluminium present in solution on 

the coarse and medium particle size fractions of calcite and dolomite to neutralize the 

solution. The aluminium in solution caused a:  

• restriction in the dissolution of the coarse calcite fraction (Figure 4.3 A.),  

• temporary restriction in the dissolution of coarse dolomite fraction (Figure 4.4 A.) 

due to a lower dissolution rate which required a longer period to reach equilibrium 

and, 

• slight restriction in the dissolution of the medium particle size fraction of calcite and 

dolomite (Figure 4.3 and 4.5 B.). 

The influence is due to restricting the dissolution of the abovementioned particle size 

fractions as represented by the plateauing in the neutralization curve of this solution. 

The plateauing of the neutralization curve for the AMD-Al solution that was treated 

with the coarse particle size fraction of calcite occurred when the solution reached a 

pH of 4. Treating the AMD-Al solution with coarse calcite did not allow for its 

neutralization and the final pH of the solution was 4.32 after reacting for a total of 720 

hours. The plateau also remained level and the restriction of the dissolution of the 

coarse calcite fraction was permanent.  

Aluminium restricted the dissolution of coarse dolomite as represented by the plateau, 

which occurred when the solution reached a pH of approximately 4 and ended when 

the solution reached a pH of 4.84. The restriction lasted for a period of 408 hours after 

which the pH increased to a final value of 6.26.  

The AMD-Al solution had a slight influence on the dissolution of the medium particle 

size fraction of calcite and dolomite as represented by the brief plateauing of the 

neutralization curve of this solution (Figure 4.3 and 4.5 B.). The plateau that influenced 

the dissolution of the medium calcite fraction occurred when the solution reached a 

pH of 4 and ended at a pH of 4.5.  

The restriction in the dissolution of this size fraction lasted for 96 hours. Similarly, the 

plateau that influenced the dissolution of the medium dolomite fraction occurred when 

the solution reached a pH of 4.5 and ended at a pH of 4.71 lasting for 48 hours. 

However, the medium calcite and dolomite fractions were able to neutralize the AMD-

Al solution and required 504 hours to reach a neutral condition.  
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The fine particle size fraction of both types of limestone was not influenced by the 

presence of Al in the solution as each size fraction of limestone neutralized the 

solution. Fine calcite achieved a final pH of 7.31 and dolomite a final pH of 7.45.  

The plateaus on the neutralization curve of the AMD-Al solution demonstrate that the 

dissolution of the coarse particle size fractions of calcite and dolomite  was restricted. 

Though coarse dolomite showed a restriction in its dissolution, this was temporary and 

led to an increase in solution pH. It is also possible that if more time was allowed, the 

solution could have eventually reached a neutral condition.  

Using coarse calcite to neutralize the AMD-Al solution was unsuccessful because its 

dissolution was severely restricted thus failing to neutralize the solution. This is due to 

the strong adhesion of Al oxyhydroxide and hydroxysulphate precipitates on the 

surface of the coarse calcite fraction (Palomino-Ore et al, 2019), which could have 

armoured its surface (Cravotta and Trahan, 1999) like the influence of Fe on this size 

fraction).  

Armouring of the coarse calcite prevented the transfer of ions to and from the calcite 

causing a restriction in dissolution and neutralization by ion diffusion through the Al 

precipitate coating. As the neutralization experiment continued, it is probable that the 

thickness of the Al precipitate coating continued to increase through its growth, which 

caused it to become an increasingly effective barrier to ion transport (Palomino Ore et 

al, 2019). This caused the restriction in the dissolution of the coarse calcite fraction, 

which led to its failure to neutralize the AMD-Al solution or increase its pH to a suitable 

level. This is supported by the low dissolution efficiency (47%) that was calculated for 

the coarse calcite fraction during neutralisation of the AMD-Al solution (Table 4.6).    

The AMD-Mn solution did not have an influence on any of the particle size fractions of 

calcite used for neutralization. This implies that Mn does not significantly restrict the 

dissolution of the coarse, medium, and fine calcite during neutralization. The coarse 

calcite fraction was able to neutralize the AMD-Mn solution and required 504 hours, 

whereas the medium and fine calcite fractions required 384 hours to reach a neutral 

condition.     
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The coarse, medium, and fine dolomite particle size fractions were unable to neutralize 

the AMD-Mn solution. Each size fraction established a circum-neutral condition after 

the experiment was terminated and the final pH of the solution, after reacting with the 

various particle size fractions of dolomite, was between 6.7 and 6.9. Figure 4.4 A to C 

does not show any signs of the restriction in the dissolution of the dolomitic particle 

size fractions, which also implies that Mn does not restrict its dissolution during 

neutralization. However, it is probable that the abovementioned size fractions of 

dolomitic limestone may have been able to neutralize the AMD-Mn solution over a 

longer period.   

4.3.4 Neutralizing the AMD-Fe-Al-Mn Solution with the Various Particle Size 

Fractions of Calcite and Dolomite. 

 

Figure 4.5: The influence of the various particle size fractions of calcite on the 

neutralization of the AMD solution which contains all three metal cations. 

Figure 4.5 shows that treating the AMD-Fe-Al-Mn solution with the coarse calcite 

fraction, with a particle size of 1 – 2 mm, was unsuccessful in neutralizing the solution 

and could not increase its pH to an appropriate level. The dissolution of this particle 

size fraction was severely restricted as represented by the plateauing on its 

neutralization curve.  

 

0

1

2

3

4

5

6

7

0 200 400 600 800

A
v

e
ra

g
e
 s

o
lu

ti
o

n
 p

H

Reaction period (hours)

Coarse Calcite Medium Calcite Fine Calcite

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



95 
 

The plateau occurred when the solution reached a pH of approximately 4 and 

remained so for the duration of the neutralization experiment (720 hours). This means 

that the surface of the coarse calcite was coated or armoured thus restricting the 

dissolution of this particle size fraction.  

As explained in section 4.3.3 above, the presence of aluminium in solution resulted in 

the restriction in the dissolution of the coarse calcite fraction which occurred once a 

solution pH of 4 was achieved. It was explained that the restriction in its dissolution is 

a result of the armouring of the coarse calcite surface by Al precipitates and, as the 

experiment continued, the thickness of the Al precipitate coating increased, which 

caused it to become an increasingly effective barrier to ion transport (Palomino Ore et 

al, 2019). This caused the complete restriction in the dissolution of the coarse calcite 

fraction leading to its failure to neutralize the solution or increase its pH to a suitable 

level.  

The medium calcite fraction, with a particle size between 0.25 - 0.50 mm, underwent 

a very short restriction in its dissolution, which occurred when the solution reached a 

pH of 4.38 and ended at a pH of 4.45. Thereafter, the pH of the solution increased to 

5.78 when another temporary restriction in dissolution occurred until the solution 

reached a pH of 6. The medium calcite fraction was also unable to neutralize the 

solution but achieved a final pH of 6.47.  

The presence of aluminium and iron in solution demonstrated an influence on the 

medium calcite fraction when used for neutralization as explained in section 4.3.3. This 

influence caused a temporary restriction in the dissolution of the abovementioned 

particle size fraction of limestone as indicated by the two plateaus. The first plateau 

demonstrates the restriction because of the armouring of the surface of the medium 

calcite fraction by aluminium precipitates, and the second is attributed to armouring by 

iron precipitates.  

The combined influence partially hinders neutralization and consequently limits the 

neutralization potential of the medium calcite fraction. It is proposed that a longer 

reaction period could have led to a neutral condition when the AMD-Fe-Al-Mn solution 

was neutralized using the medium calcite size fraction.     
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The fine calcite fraction, particle size < 0.25 mm, was temporarily restricted in its 

dissolution, which occurred between a pH of 5.39 and 5.81. The pH of the solution 

was able to increase to a circum-neutral level thereafter. The final pH achieved was 

6.81 and was the highest pH overall for the various calcite particle size fractions. The 

temporary restriction in the dissolution of this size fraction could be the result of the 

settling of the precipitates (which form in solution) onto the bed of fine calcite in the 

solution rather than armouring of its surface by Fe precipitates. This can fill the 

interstitial spaces between the calcite particles and solution thus reducing contact and 

restricting its neutralization capacity (Palomino Ore et al, 2019; Santomartino and 

Webb, 2007).  

 

 

Figure 4.6: The influence of the various particle size fractions of dolomite on the 

neutralization of the AMD solution which contains all three metal cations. 

Treating the AMD-Fe-Al-Mn solution with the coarse dolomite fraction was 

unsuccessful in neutralizing the solution and could not increase its pH to an acceptable 

level. The dissolution of this particle size fraction was restricted as represented by the 

presence of two plateaus on its neutralization curve.  
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The first plateau occurred when the solution reached a pH of 4.46 and continued for 

288 hours until its pH was 4.87. The pH of the solution then increased to 5.09 when 

the second plateau commenced that lasted for a period of 336 hours to a final pH of 

5.46 before the experiment was concluded.   

The plateaus on the neutralization curve associated with the coarse dolomite fraction 

imply that the dolomite surface was also likely to be armoured by Al and Fe 

precipitates, which restricted its dissolution, hindered neutralization, and consequently 

limits its neutralization potential. 

The medium and fine dolomite fractions were also unable to neutralize the solution 

that contains all three metals. A final pH of 5.95 was achieved when using the medium 

particle size fraction, and a slightly higher pH of 6.11 when fine dolomite was used. 

Their neutralization potential seems to overlap as shown by the curves in Figure 4.5 

and a restriction in the dissolution of these size fractions occurs between a pH of 

approximately 5 and 5.5.  The surface of the medium fraction is likely to have been 

armoured by Fe precipitates during neutralization.  

The fine dolomite fraction is unlikely to have been armoured by Fe precipitates. Rather 

the potential settling of the precipitates onto the bed of fine dolomite in the solution 

reduced the contact between the particles and solution and caused a restriction in 

neutralization. However, it is possible that the medium and fine particle size fractions 

of dolomitic limestone may have been able to neutralize the solution that contains all 

three metals over a longer period.  

4.4 Conclusion 

Decreasing the particle size fraction of calcite and dolomite increased their reactivity 

when used for neutralization of the AMD solutions. Calcitic and dolomitic limestone 

with the finest texture (particle size of less than 0.25 mm) was the most reactive size 

fraction overall. This particle size fraction was also the most effective at dissolution 

during neutralization of the AMD solutions.  

The increase in reactivity is a result of a larger total surface area which results in a 

higher availability of material in contact with the solution to neutralize acidity. As the 

particle size of the limestone decreases, its total available surface area increases, 

which has a positive influence on the rate of dissolution and acid neutralization.   
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Therefore, the fine particle size has the greatest neutralizing potential and is the most 

appropriate size fraction to use where AMD is used as irrigation on soil that is 

preconditioned with agricultural limestone. However,  finer particle will probably react 

even better. 

Neutralizing mine impacted water (AMD) is dependent on the particle size fraction of 

the agricultural limestone used. Utilizing inappropriate size fractions of calcite and 

dolomite influences their neutralization potential. This is caused by the presence of 

metals in the water. The metals precipitate as minerals as the pH of the solution 

increases, which can cover (armour) the surfaces of the agricultural limestone, prevent 

their dissolution, and limit their neutralization potential.  

Neutralizing an acidic solution that contained the following metals (commonly present 

in AMD) showed that: 

Manganese 

Did not appear to restrict the dissolution of the varying particle size fractions of calcite 

and dolomite used during the neutralization experiment.  

Iron 

Restricted the dissolution of the coarse and medium particle size fractions of calcite 

and dolomite most likely due to the armouring of the surface of the limestone particles 

by Fe precipitates.  

Iron caused a temporary restriction of the dissolution of the coarse (1 – 2 mm) and 

medium (0.25 -0.50 mm) particle size fractions of calcite and dolomite. The restriction 

was more prominent, however, for the coarse fraction of both types of limestone. 

Aluminium  

Permanently restricted the dissolution of the coarse calcite fraction most likely due to 

the armouring of the surface of the limestone particles by Al precipitates. However, the 

coarse dolomite fraction was only temporarily restricted. A slight restriction in the 

dissolution of the medium particle size fraction of calcite and dolomite was 

demonstrated.  
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Neutralizing an acidic solution that contained all three metals (typical of AMD) using 

the following treatments showed that: 

Coarse calcite fraction (1 – 2 mm)  

Was not feasible as the complete restriction in its dissolution occurred most likely due 

to the armouring of its surface by Al precipitates.  

Medium calcite fraction (0.25 – 0.50 mm) 

Achieved a pH level  of 6.48 while also undergoing a temporary restriction in its 

dissolution due to the probable armouring of its surface by aluminium and iron 

precipitates.  

Fine calcite fraction (< 0.25 mm) 

Resulted in the highest pH and was able to achieve a circum-neutral level (pH of 6.81). 

Its dissolution was temporarily restricted most likely due to the settling of mainly Fe 

precipitates (which form in solution) onto the bed of fine calcite in the solution rather 

than armouring of its surface. This can fill the interstitial spaces between the calcite 

particles and solution, thus reducing contact and restricting its neutralization capacity. 

Coarse dolomite fraction  

Could not increase the pH to an acceptable level as its dissolution was restricted due 

to the likely armouring of its surface by Al and Fe precipitates.  

Medium dolomite fraction  

Could not increase the pH to an acceptable level and underwent a restriction in its 

dissolution most likely due to the armouring of its surface by primarily Fe precipitates. 

Fine dolomite fraction  

Achieved a pH of 6.11, but also was temporarily restricted in its dissolution similarly to 

the fine calcite fraction.  

The findings indicate that aluminium and iron, limits the potential of the larger particle 

size fractions of agricultural limestone to neutralize AMD. This is caused by a 

restriction in the dissolution of the medium and coarse particle size fractions because 

of the probable armouring of their surfaces by Al and Fe precipitates.  
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Based on these findings, the hypothesis which states that Fe will limit the potential of 

larger particle sizes of agricultural limestone to neutralise AMD to a greater extent than 

Al and Mn as these larger particles are likely to be armoured by iron precipitates is 

rejected. It is shown that Al had a greater limitation on the dissolution of the larger 

particle size fractions of calcite and dolomite during the neutralization of AMD.  

Recommendation 

It is suggested that to determine suitable liming rates for a specific mine water using 

a specific liming material, that a dynamic neutralization test be conducted in contrast 

to a static test as presented in this chapter.  

A dynamic neutralization test involves applying the necessary amount of a specific 

type of limestone of a certain particle size fraction which contains the required amount 

of alkalinity to neutralize the acidity generated by Fe, Al and Mn in a mine impacted 

water and to then monitor neutralization of the solution until a restriction in the 

dissolution potential of the liming material occurs. Thereafter, increments of the liming 

material should be added to the solution until the restriction in its dissolution and 

neutralization potential is overcome.  This method is suggested to account for the 

influence of the acid generating potential of the metals in AMD as well as their influence 

on armouring the surface of a specific particle size fraction of the liming material used 

during neutralization.  
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CHAPTER 5: NEUTRALIZING ACID MINE DRAINAGE IN STRATEGICALLY 

LIMED SOIL COLUMNS TO SUPPORT A ROOTING ENVIRONMENT FOR CROP 

GROWTH 

5.1 Introduction  

The third chapter in this study showed that Fe, Al and Mn which are metals commonly 

present in AMD contribute additional acidity during its neutralization. This is attributed 

to the oxidation, hydrolysis and consequent precipitation of these metals. Their acid 

generating ability influences neutralization of AMD and buffers increases in pH that 

are considered appropriate for the development of soil liming strategies for irrigation 

with AMD. The findings of the third chapter enable a quantitative determination of the 

amount of acidity that these metals can potentially generate during the neutralization 

of AMD. This facilitates a determination of the corresponding amount of alkalinity to 

neutralize the acidity and lays the foundation for the development of soil liming 

strategies for irrigation with AMD. 

The fourth chapter showed that Fe and Al in AMD restrict the dissolution and 

neutralizing efficacy of calcitic and dolomitic limestone of varying particle size 

fractions, which are appropriate for use in agriculture. The findings of the chapter help 

in selecting an applicable size fraction of agricultural limestone where AMD could be 

used as irrigation on soil that is preconditioned with these amendments and further 

contributed to the development of soil liming strategies for irrigation with AMD. 

These two phases of the study guide this chapter which determines the potential of 

strategically liming soil with agricultural limestone to neutralise AMD. To neutralize the 

acidity introduced by leaching AMD through a soil column, the agricultural limestone 

must be in contact with the acid solution, which facilitates its dissolution and potential 

for neutralization to occur.  

A common approach to amending soil acidity in agriculture is the mixing of calcitic or 

dolomitic limestone with soil through cultivation. This technique is generally practised 

in annual cropping systems like grain farming (FERTASA Handbook, 2016). In these 

systems, the liming material is usually spread over the soil surface. Thereafter discing 

occurs, which incorporates the alkaline substance within the root zone (top 20 – 35 

cm of soil).  
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Incorporating the limestone throughout the soil profile increases the temporal contact 

with AMD and could be expected to improve the chance for neutralizing acidity. 

However, there is cause for concern. Preferential flow paths occurring within the soil 

profile may decrease the spatial contact between the leaching AMD and limestone 

thus lessening the potential for neutralization.  

Therefore, an alternative placement position may need to be considered, which 

involves localising the agricultural limestone in the top half (top 5 – 10 cm ) of the soil 

profile. Immediate contact between percolating AMD and the limestone is made 

feasible by concentrating the liming material at the top half of the soil profile. This is 

intended to facilitate quicker dissolution of the limestone to direct neutralization. 

However, this is mostly reliant on the particle size fraction of the limestone used, 

appropriate to neutralize AMD.  

A soil column experiment was conducted to assess the influence of agricultural 

limestone in two placement positions in a soil profile on neutralizing AMD and whether 

a favourable rooting environment for crop growth would be supported. A key 

assumption of this study that is precluded from the scope of the investigation is that 

crops will be able to grow and be productive under irrigation with acidic waters if the 

strategic liming can alleviate any influence of soil acidity and if crops are not 

susceptible to scorching.  

It is hypothesised that localising agricultural limestone within the top half of the soil 

profile will improve contact with AMD and the chance for neutralization compared to 

incorporating the limestone throughout the soil profile which lessens contact with AMD 

and the chance for neutralization.   

5.2 Materials and Methodology  

5.2.1 Introduction  

The experiment was conducted at the Soil Science Laboratory, Department of Plant 

and Soil Sciences, University of Pretoria. It focused on a soil column experiment to 

assess the influence of the placement of fine textured (<0.25 mm) calcitic and dolomitic 

limestone in two positions in a soil profile on neutralizing AMD and whether this would 

support a favourable rooting environment for crop growth. 
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The placement positions in the experiment were as follows:  

1. Incorporating the agricultural limestone within the root zone of the profile (that 

is mixed throughout the soil profile) 

2. Concentrating the agricultural limestone in the top half of the profile (that is 

localised within the first 5 cm of the soil profile)  

For this study, an average of 900 mm of rainfall was used to represent a year of 

irrigation. A 3-year irrigation period was simulated by applying 2700 L.m-2 of AMD to 

the surface of the columns during this experiment. Soil with a loamy sand texture was 

used in the experiment because of its drainage capability and potential irrigabllity. 

Table 5.1 shows the chemical properties of the soil used in this study.  

The AMD solution used in the experiment was the same as that used in the previous 

chapters of the study. It had a pH of approximately 2, contained 7 mM of sulphuric 

acid to provide its acid signature and 5 mM of each metal cation. Table 5.2 provides a 

summary of the chemical composition of the AMD solution.  

In chapter four, it was determined that calcitic and dolomitic limestone with the finest 

particle size (< 0.25 mm) was the most reactive size fraction, with the greatest 

neutralizing potential of the various particle size fractions of the limestone used in this 

study. This led to its use in this experiment as it is the most appropriate size fraction 

to use for neutralization of the synthetic AMD solution in this study. However, it is 

expected that even finer particle size fractions would be better. 
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Table 5.1: The chemical properties of the loamy sand used in the soil column 

experiment.  

Note: ECs is the conductivity of a 1:5 soil-water mixture. The available concentrations were determined using the 

Mehlich 3 (M3) extraction and the total concentrations were determined by HNO3 microwavable digestion. 

 

 

 

 

 

 

 

Soil chemical properties 

pH(water) 6.65 

Electrical conductivity -

ECs (mS.m-1) 

73.8 

Cation exchange 

capacity - CEC 

(cmolc.kg-1) 

19 

Extractable acidity - EA 

(cmolc.kg-1 H+) 

0.17 

Element Available concentration 

(mg.kg-1) 

Total concentration  

(mg.kg-1) 

Ca 2375 2960 

Mg 265 524 

Na 195 227 

K 74 467 

P 448 990 

Al 320 7840 

Fe 125 13211 

Mn 61 137 

S 194 386 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



105 
 

Table 5.2: Summary of the chemical composition of the synthetic AMD solution used 

in the column experiment.  

pH of the 

synthetic AMD 

Initial acidity of 

the solution 

(mmol/L H+) 

Metal cation 

in solution 

Concentration 

of metal in 

solution (mg/L) 

Sulphate concentration in solution 

(mg/L) 

 

2 

 

14.8 

Fe  279  

3074 Al  135 

Mn  275 

Note: The AMD solution was also used in the previous experiments of the study. 

5.2.2 Soil Column Size, Components and Set-Up  

It was challenging to use 2700 L.m-2 as the total volume of AMD to be applied to the 

soil columns in a laboratory setting with the available equipment within the timeframe 

practical for experimentation. Thus, columns having a significantly small surface area 

were used to reduce the total volume of AMD to a volume that is appropriate and 

practical for laboratory work. Therefore, columns were made specifically for this 

experiment.  

These columns had a surface area of 9.62 x 10-4 m2 and were constructed with 

commercially available Marley PVC pipe with a diameter of 0.035 m and a length of 

0.1 m. This brought the total volume of AMD to be applied to each column according 

to the 3-year irrigation period to  2.6 L which was more appropriate to the timeframe 

allocated for experimentation as well as laboratory work.   

A PVC endcap with a single drainage outlet with a diameter of 0.005 m was fitted onto 

the bottom of each column to allow drainage to exit the soil columns. A 20 µm nylon 

filter was embedded into each endcap to aid in preventing solids from passing through 

the columns. Glass honey jars were placed beneath each column to be used as 

collection vessels for the leachate exiting from the soil columns.  
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5.2.3 Determining the Quantity of Agricultural Limestone to be Applied to the 

Columns for Neutralization of the AMD.  

The agricultural limestone used in this experiment was the same which was used in 

chapter four of this study. The quantity of each type of limestone appropriate to 

neutralize the acidity introduced by the AMD was determined according to the total 

volume of AMD (2.6 L) used during the experiment. This approach considers the 

potential acid generating contributions of each metal that is present in 1 litre of the 

AMD solution as well as its initial acidity (as determined from Chapter 3 of this study). 

The table below provides the acidic contributions of the AMD solution used.  

Table 5.3: Quantification of the acidity present in the synthetic AMD solution.  

Acidic potential from mM H+.L-1 

Initial acidity 14.8 

Fe 12.8 

Al 16.8 

Mn 14.8 

Total acidity 59.2 

Note: These values were derived from the findings of Chapter 3 

From Table 5.3 it is observed that adding 2.6 litres of AMD can potentially introduce a 

total of 154 mmol of acidity (as H+) to each of the soil columns. From this quantification, 

the theoretical amount of each type of limestone needed can be determined because 

an equivalent quantity of alkalinity (154 mmol of CO3
2-) is required to neutralize the 

acidity as per an acid-base accounting principle which was used in Chapter 4 of this 

study. 

 The required amount of alkalinity per limestone type can be converted to a theoretical 

amount of calcitic and dolomitic limestone which contains the necessary amount of 

alkalinity to neutralize the total acidity introduced to the soil columns by adding AMD 

to it. As explained in the previous chapter, the mass of each type of limestone was 

determined by multiplying the total alkalinity required per limestone by the molar mass 

of analytical grade calcite (100.09 g.mol-1) and dolomite (184.41 g.mol-1) respectively.  
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Table 5.4: The amount of calcitic and dolomitic limestone appropriate to neutralize 

the total acidity introduced by applying 2.6 L of AMD to the soil columns.  

Limestone type Amount required for neutralization (g) 

Calcite 15.4 

Dolomite 14.2 

 

5.2.4 Packing Procedure for the Columns  

Each of the soil columns was packed to a depth of 0.06 m, which left 0.04 m to 

accommodate the volume of AMD which was added to percolate through the soil 

columns. The average mass of loamy sand required to fill the columns to this depth 

was 0.078 kg. Triplicate columns were used in the experiment.  

Control columns without any agricultural limestone were also used in the experiment. 

The control columns were packed by loading two separate increments of 0.039 kg of 

soil. After the first increment was loaded into the column, it was lightly tapped to 

compact the soil and the surface was then lightly scratched before the addition of the 

second increment. Scratching the surface immediately after compaction and before 

the addition of the next increment enhanced layer and hydraulic conductivity of the soil 

(Sukati, 2012; Dlamini, 2020). 

The columns with calcitic and dolomitic limestone contained at certain placement 

positions in the soil profile were packed as follows: 

1. The columns with limestone incorporated into the “root zone” of the soil profile.  

The required amount of calcite or dolomite (see Table 5.4) was added to the total mass 

of soil (0.078 kg), which was mixed to incorporate the limestone into the soil before 

being packed into columns as explained in the packing procedure of the control 

columns. 

2. The columns with the localised limestone within the top half of the soil profile.  

The first increment of soil was packed into the columns as described by the packing 

procedure for the control columns above. Then the required amount of calcite or 

dolomite was mixed into the final increment of soil before being packed into the 

columns.  

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



108 
 

5.2.5 Adding the AMD to the Soil Columns. 

For this study, it was decided that the pore volume (PV) of the soil be determined to 

guide the addition of AMD to the soil columns. This was determined according to the 

following equation:  

PV = (1 - 
𝜌𝑏

𝜌𝑠
 ) × Vtotal                                                                                                          (26) 

Where,  𝜌b is the dry bulk density of the soil (1.35 g.cm-3), 𝜌s is the particle density 

(2.65 g.cm-3) and Vtotal is the total volume of the soil column (57.73 cm3). It was 

established that one pore volume equates to 28.5 ml from this equation. This was 

rounded off to 30 ml for the purposes of this experiment. The total volume of AMD to 

be applied to each soil column is 2.6 L. Therefore, a total of 87 pore volumes of AMD 

had to be  applied to each soil column during a 9 week period.  

However, the approach in this experiment was to apply more than one pore volume to 

each of the soil columns per addition, so that the effect of a 3-year irrigation period 

with AMD on the soil profiles could be simulated within the time frame practical for 

laboratory work. This resulted in the extreme leaching of the soil profile.  

The columns, therefore, received 150 ml of AMD per addition, after an equilibration 

period of at least 3 days between the additions. The abovementioned volume was 

applied to the soil columns during each addition by dividing it into three 50 ml aliquots. 

This was achieved using 50 ml syringes to administer the solution to the columns.  

During the equilibration period, leachate from the columns was collected in glass 

honey jars for analysis. Only leachates collected at the beginning, middle and end of 

the experiment were kept for chemical analysis by ICP-OES due to the associated 

analytical costs and financial limitations.  
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5.2.6 Analytical Procedures  

Analysis of the leachates from the soil columns:  

1. pH throughout the experiment 

2. Metal concentrations of the leachates collected at the beginning, middle and end 

of the experiment  

This was done to assess the influence of the placement positions of agricultural 

limestone in the soil profile on neutralizing AMD. See Appendix A5 Table A5.1 and 

A5.2 for the pH and metal concentration data of the leachates from the various soil 

column treatments.  

The analysis of the soil from the columns:  

After the experiment was concluded, bulk soil samples from each of the columns were 

removed and placed into glass beakers. The soil samples were oven dried at 30°C for 

a 24-hour period. Thereafter, the soil samples were physically milled in the glass 

beakers using a pestle. The following chemical parameters were analysed:  

1. Soil pH 

2. Electrical conductivity  

3. Macronutrient status of the soil according to the Mehlich 3 (M3) extraction  

4. Total trace element concentrations of the soil according to a nitic acid 

microwave digestion 

It is noted that during the preparation of the soil samples that milling could have 

possibly exposed the surface of the limestone which may have been armoured during 

the experiment. This could result in soil pH levels that are high. The first two soil 

chemical properties were mainly used as indicators of a favourable rooting 

environment for crop growth after neutralizing AMD in the strategically limed soil 

profile. The last two properties were assessed to determine the status of primary and 

secondary nutrients as well as the feasibility of sequestrating elements within the 

profile after neutralizing AMD in the limed soil columns. See Appendix A6 for the soil 

chemical data after the soil column experiment was concluded. 
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5.3 Results and Discussion  

5.3.1 Assessing the Influence of the Placement Position of Agricultural 

Limestone on Neutralizing AMD in a Soil Profile. 

Figure 5.1 shows the effect of neutralizing AMD applied to loamy sand columns without 

agricultural limestone, referred to as control columns, during a simulated 3-year 

irrigation period. The “first year” of the irrigation period ended when a cumulative 

volume of 0.87 L of AMD was added to the soil columns.  

The “second year” ended when a cumulative volume of 1.7 L was added, and the “final 

year” of the irrigation period ended when a cumulative volume of 2.6 L of AMD was 

added. Due to time limitations associated with this experiment, a higher leaching 

fraction and much lower resident time are expected in contrast to a field-based 

experiment. At the beginning of the irrigation period, the pH of the AMD leachate was 

5.55 and was partially neutralised. However, as more AMD was added to the columns 

the pH of the leachate decreased to 3, which occurred before the “first year” of the 

irrigation period ended. As the end of the first year of the irrigation period neared, a 

steady decrease in the pH of the leachate followed. Thereafter the leachate had a pH 

which corresponded to the initial pH of the AMD (pH = 2) for the rest of the irrigation 

period.  

This implies that before the first year of the irrigation period ended, the soil profile was 

severely acidified and was unable to neutralize the AMD passing through it. Thus, the 

soils’ inherent acid buffering capacity was eradicated. Partially neutralizing the 

percolate at the beginning of the irrigation period facilitated an increase in the pH of 

the AMD to 5.5. 

This could be a result of exchange reactions occurring on negatively charged surfaces 

on soil colloids (clay complexes). These reactions are attributed to the presence of 

variable-charge minerals, which act as a sink for acid-forming cations like H+ and Al3+ 

ions (Dvorackova et al, 2022).  
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Cations in the soil solution exchange with those that are attached to the surfaces of 

the clay complexes. This results in an increase in the concentration of the acid-forming 

cations and an increase in the concentration of alkali and alkali earth metals including 

Ca, Mg, K and Na ions in the soil solution, which would be lost from the soil profile 

through the leachate from the control columns. 

 

 

Figure 5.1: The effect of neutralizing AMD that was applied to loamy sand columns 

which did not contain any agricultural limestone during a “three-year” irrigation period. 

This acidification impacting the profile has negative consequences for the nutrient 

status of the soil. The influence of soil acidification is not only limited to the removal of 

plant nutrients but also to increasing the mobility and solubility of metals within the soil 

(Sintorini et al, 2021). 

Figure 5.2 shows the metal concentrations present in the leachates collected at the 

start, middle and end of the experiment from the control columns. In the beginning of 

the experiment, no Al was detected in the leachate from the control columns. This 

shows that the soil was able to sequester Al applied through the AMD and supports 

the theory that exchange reactions facilitated the partial neutralization of the leachate.  
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Figure 5.2: The concentrations of Fe, Al and Mn in the leachate from the loamy sand 

columns that did not contain any agricultural limestone, which was collected at the 

beginning, middle and end of the “three-year” irrigation period. 

At the middle and end of the experiment, the Al concentrations in the leachate from 

the control columns were higher than that present in the AMD applied to these 

columns. As AMD was added to these columns, the soil profile became acidified with 

most exchange sites being occupied by aluminium ions. This implies that Al3+ would 

easily leach from the soil columns. Furthermore, Al can be solubilised and mobilised 

through the weathering (dissolution) of clay minerals under the acidic condition 

developed in the control columns, which contributes to its loss from the soil profile and 

its increased presence in the leachate. 

Iron was detected in the leachate collected at the start of the experiment. Its presence 

could be responsible for restraining the increase in the pH of the leached AMD to 5.5. 

In Chapter 3, the buffering influence of iron, aluminium, and manganese on the 

potential of hydrated lime to neutralize AMD was assessed. It was shown that the 

presence of ferrous iron (Fe2+) in solution can buffer neutralization and was referred 

to as the Ferrous iron buffer.  
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The buffering is caused by the first hydrolysis of Fe which occurred between a pH of 

5 and 5.75. As a result of its hydrolysis, additional acidity is generated, which may be 

responsible for confining the pH of the AMD leachate to 5.5 at the start of the irrigation 

period.  

At the middle and end of the experiment, the Fe concentration in the leachate from the 

control columns had increased and were higher than the Fe concentration in the AMD 

added to these columns. This implies that as the irrigation period continued, the longer 

interaction between the soil and AMD enabled the release of increasing concentrations 

of metals (like Fe) from the soil columns.  

Claudio et al (2017) explain that the oxidation state and subsequent mobility of iron in 

the soil environment are influenced by oxidation-reduction reactions and soil pH. In 

soils under acidic and waterlogged conditions, there is a tendency for the 

concentration of ferrous iron (Fe2+) in solution to increase. This is caused by the 

reduction of Fe3+ in the soil environment to Fe2+.  

Iron minerals present in the soil can act as electron acceptors in abiotic and biotic 

processes. This facilitates anaerobic respiration, which results in the release of Fe2+ 

in solution by the reductive dissolution of many Fe3+ oxides in the soil like goethite, 

hematite, and magnetite (Claudio et al, 2017). Thus, the increasing Fe concentration 

in the leachate from the control soil columns is likely to be caused by the acidic and 

waterlogged conditions, which occurred in these columns as the experiment 

continued.  

A significant Mn concentration was detected in the leachate from the control columns 

throughout the experiment (Figure 5.2). As the experiment progressed, the Mn 

concentration in the leachate increased beyond its concentration in the AMD that was 

added to these columns which implies that Mn was mobilised from the soil.  

The increasing concentration of Mn in the leachate collected during the experiment 

could be a result of the reduction from insoluble oxidised forms, namely Mn oxides, 

which readily occurs when an aerated soil is waterlogged (Sparrow and Uren, 2014). 

This results in the mobilization of manganous ions (Mn2+) in the soil solution and is 

described as one of the first measurable effects of reduced conditions influenced by 

waterlogging (Turner and Patrick, 1968).  
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The continued increase in the Mn concentration in the leachate is also a result of an 

acidic environment that developed as AMD was continuously leached through the 

control columns (Porter et al, 2004), which enabled the mobilisation of Mn in the soil 

environment. 

The results indicate that the control columns were able to partially neutralize the added 

AMD initially and obtain a pH of 5.5. As the experiment continued, these columns were 

severely acidified. This shows that the inherent acid buffering capacity of the soil is 

temporary, insufficient, and quickly eliminated when neutralizing AMD in the soil 

profile. Therefore, to assist in the neutralization of AMD and reduce the effects of 

acidification on influencing the soil profile, an alkaline substance is needed. 

Figure 5.3 shows the influence of strategically placing dolomitic limestone in the soil 

profile by localising it within the top half of the profile and mixing it throughout the 

profile on neutralizing AMD during a “3-year” irrigation period. These soil columns were 

indeed able to neutralize the AMD. This occurred during the first two additions of the 

AMD to the soil columns and resulted in a pH of greater than seven for each.  

It was also noted that, as the experiment continued, neutralization was partially 

achieved and towards the end of the first year of the irrigation period, the pH of the 

leachate from these columns decreased to 5. Neutralizing the AMD at the beginning 

of the experiment was caused by the dissolution of the dolomite in the soil columns 

upon contact with the AMD. As a result, carbonate ions were solubilised and released, 

which created an alkaline condition.  

These ions reacted with the leaching AMD, thus decreasing its acidic concentration, 

and enabling neutralization. This resulted in a decrease in the solubility of metals 

present in the AMD and lead to their precipitation and sequestration in the soil 

columns. Therefore, there was an insignificant concentration of metal ions (particularly 

Fe and Al) present in the leachate collected at the beginning of the experiment.  
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Figure 5.3: The effect of localising dolomitic limestone within the top half of the profile 

and mixing it throughout the soil profile on neutralizing AMD, which was applied over 

a “three-year” irrigation period. 

Figure 5.4 shows that at the start of the experiment, the leachate from the soil columns 

which had dolomite localised within the top half of the profile and mixed throughout the 

profile did not contain Fe and Al. The absence of Fe in the leachate supports the theory 

that neutralization of the AMD had reduced its solubility and facilitated Fe precipitation, 

which results in the formation of amorphous Fe compounds in the soil columns 

(Santomartino and Webb, 2007; Dvorackova et al, 2022).  

The absence of Al in the leachate collected at the start of the experiment could be 

attributed to a combination of the following: exchange reactions occurring on 

negatively charged surfaces on soil colloids (clay complexes) as well as the 

precipitation of Al as oxyhydroxide or hydroxysulphate phases caused by a decrease 

in its solubility facilitated by neutralizing the AMD.   

The Mn concentration detected in the leachate collected at the beginning of the 

experiment from the control columns (Figure 5.2) was greater than that of the leachate 

from the columns which had dolomite strategically placed within the profile (Figure 

5.4). It was mentioned that the Mn concentration in the leachate from the control 

columns is a result of the reduction from insoluble oxidised forms namely Mn oxides, 

which occurs when an aerated soil is waterlogged. 
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Figure 5.4: The concentrations of metal cations (Fe, Al, and Mn) present in the 

leachate from the soil columns, which had dolomite localised within (light blue bars) 

and mixed throughout the profile (dark blue bars) collected at the beginning, middle 

and end of the “three-year” irrigation period. 

However, the presence of dolomite in the soil columns is a source of carbonate, which 

can remove and sequester soluble Mn (Silva et al, 2010). The removal can occur 

through the formation of a metal carbonate species as well as Mn oxyhydroxides 

(MnOOH) (Silva et al, 2010). In the case of dolomite, calcium, magnesium, and 

carbonate ions are released, which could lead to the formation of kutnohorite 

(CaMn(CO3)2) as a potential  carbonate mineral.  

Another metal carbonate that could have formed is rhodochrosite (MnCO3) (Silva et 

al, 2010). The formation of either of these metal carbonate species as well as Mn 

oxyhydroxides could have contributed to the much lower Mn concentration detected 

in the leachate collected at the beginning of the experiment from the soil columns that 

had dolomite strategically placed within the profile.  

Figure 5.3 shows that as the experiment continued, the neutralization capacity of the 

dolomitic limestone, which was localised within and mixed throughout the profile, 

diminished, leading to a decrease in the pH of the leachate from these columns. This 

was largely due to the consumption of dolomite within the soil columns.  

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



117 
 

However, the formation of amorphous Fe compounds, precipitation of Al as 

oxyhydroxide or hydroxysulphate minerals and the precipitation of the Mn-carbonate 

species and Mn oxyhydroxides in the soil columns can also contribute to the 

decreased neutralization capability of the dolomitic limestone.  

The precipitation of these minerals in areas within the soil columns where dolomitic 

limestone was present may have led to an armouring influence as described in 

Chapter 4 of this study. Armouring of the surfaces of the residual dolomitic limestone 

in these areas may have reduced its capacity to dissolve and maintain its 

neutralization potential as the experiment continued.  

At the start of the second year of the irrigation period, the leachate from the columns, 

which had dolomite strategically placed within the profile, had a pH of 5 and remained 

constant for some time (see Figure 5.3). The decrease in the pH of the leachate to 5 

and its stabilization at this level is due to the presence of ferrous iron in the leachate, 

which causes a buffering influence.  

Figure 5.4 shows that the leachate collected at the middle of the experiment from these 

columns had Fe and Mn, with the Mn concentration being the largest. Depletion of 

dolomite within the columns and its inability to react with AMD in areas where it may 

have been armoured prevented its dissolution. This reduced the potential for 

neutralization of the AMD and created zones in the soil columns that could be prone 

to the effect of acidification. A contributory factor is the unsuitable condition created by 

the potential waterlogging of the soil columns. It is suggested that, towards the end, 

these combined influences contributed to the reductive dissolution of Fe3+ oxides and 

the reduction of Mn oxides in the soil thereby leading to the Fe and Mn concentrations 

detected in the leachate as the experiment progressed.  

As the end of the second year of the irrigation period neared, the pH of the leachate 

from the columns with dolomite strategically placed within the profile decreased to 4 

and remained at this level for the rest of the experiment. Therefore, attempting to 

neutralize all the incoming acidity failed. This is attributed to the presence of Al in the 

leachate, which had increased as the experiment continued.  
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The presence of this metal can cause a buffering influence on neutralization as 

explained in Chapter 3. This is caused by its hydrolysis, which produces additional 

acidity that is likely responsible for confining the pH of the AMD leachate to 4 from the 

end of the second year of the irrigation period to the end of the experiment.  

Figure 5.4 shows that at the end of the column experiment, Al was detected in the 

leachate of the columns which had dolomite localised within the profile (143 mg.L-1) 

and mixed throughout the profile (81 mg.L-1). There is a substantial difference between 

the Al concentration in the leachate from the columns with dolomite localised within 

the top half of the profile and that with dolomite mixed throughout the profile. The 

former placement position had the higher concentration attributed to less dolomite in 

contact with the soil.  

This implies that the capacity of dolomite to facilitate the sequestration of Al introduced 

to the soil columns during the continuous addition of AMD decreased and could be 

due to the armouring of the dolomite. This can restrict its capability to dissolve, 

neutralize and remove metal ions from the AMD as the experiment continued. More 

likely is the lessened contact time with the AMD, associated with the localised 

placement method. This can result in minor increases in pH, which is not appropriate 

for the removal of Al from the AMD as the experiment continued. 

Figure 5.3 also confirms that the soil columns with dolomite localised within the profile 

showed the greatest decrease in the pH of the AMD to 3 as the end of the second year 

of the irrigation period neared. Thereafter, the pH of the leachate from these columns 

varied between 3 and 4 for the rest of the experiment. The fluctuation in the pH was 

caused by the increasing presence of Fe and Al in the leachate from these columns 

as seen in Figure 5.4.  

Figure 5.3 also shows that the neutralization curve of the localised dolomite placement 

position is below the curve of the mixed dolomite placement position for most of the 

experiment. This suggests that localising dolomite within the top half of the soil profile 

has a lower potential to neutralize the AMD most likely due to the lessened contact 

time with the AMD as compared to mixing it throughout the soil profile.  
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Figure 5.5 shows the influence of strategically placed calcitic limestone by localising it 

within the top half of the soil profile and mixing it throughout the profile on neutralizing 

AMD during a “3-year” irrigation period. These soil columns neutralized the AMD for 

the first three additions of the solution to the columns. Furthermore, the extent of 

neutralization was indeed longer when calcite was used in the soil profile compared to 

dolomite despite the placement position.  

 

Figure 5.5: The effect of localising calcitic limestone within and mixing it throughout 

the profile on neutralizing AMD, which was applied over a “three-year” irrigation period. 

Achieving neutralization of the AMD contributes to a decrease in the solubility of the 

metals present within it. Thus, their presence in the leachate, which was collected at 

the start of the experiment, is negligible (particularly Fe and Al ions). This is due to 

their precipitation and consequent sequestration within the soil columns.  

As the end of the “first year” of the irrigation period neared, the neutralizing ability of 

both calcite placement positions in the soil profile had decreased. This led to a 

decrease in the pH of the leachate to 5.7 for the localised and 5.3 for the mixed 

placement position. The decrease in the pH of the leachate is likely to be caused by a 

reduced amount of calcite to sustain neutralization as well as the effect of the 

precipitation of metals within the soil columns.  
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This study has shown that as the metals precipitate, hydrolysis reactions occur which 

produce additional acidity that requires alkalinity to neutralize this influence. This 

contributes to the consumption of calcite. However, the precipitation of the metals in 

areas in the soil columns where calcitic limestone is predominant can also contribute 

to an armouring effect.  

This can reduce the potential of the calcite in these areas to dissolve, participate in 

and maintain neutralization of the AMD as the experiment continued. Therefore, it is 

suggested that the presence of metal ions in the leachate increased as the experiment 

progressed, and the pH of the AMD decreased.   

The pH of the leachate from the columns with calcite localised within the top half of 

the profile and mixed throughout the soil profile fluctuated between 5.5 and 6 for most 

of the experiment. Consequently, the concentration of metals present in the leachate 

would also vary. These columns were able to partially neutralize the leaching AMD 

and maintained a pH above 5 for most of the three-year irrigation period.  

In  contrast, the soil columns which had dolomitic limestone strategically placed within 

the profile maintained a pH below 5 for most of the experiment (Figure 5.3). This 

implies that the soil columns containing dolomitic limestone would have a yield more 

soluble metals compared with soil columns containing calcitic limestone. This is likely 

to be attributed to a decreased neutralization potential of the dolomitic limestone as 

the AMD leached through the soil columns.  

Figure 5.6 below shows the concentrations of the metals present in the leachate from 

the soil columns which had calcite localised within the top half of the soil profile and 

mixed throughout the profile that was collected at the beginning, middle and end of the 

three-year irrigation period. At the start of the experiment, the leachate from these 

columns did not contain Fe and Al. This was also observed when dolomite was placed 

in the same positions in the soil columns (Figure 5.4).  
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Figure 5.6: The concentrations of metal cations (Fe, Al, and Mn) present in the 

leachate from the soil columns with calcite localised (light green bars) within and mixed 

throughout (dark green bars) the soil profile that was collected at the beginning, middle 

and end of the “three-year” irrigation period. 

The very low concentrations of these metals in the leachate supports that neutralizing 

the AMD during the initial stages of the experiment significantly reduced their solubility 

and enabled precipitation reactions to occur, which resulted in their sequestration in 

the soil columns.  

It is also noted that Al was not present in the leachate from the columns with calcite 

throughout the experiment. It is proposed that calcitic limestone, which was able to 

maintain a pH above 5 for the AMD for most of the experiment, has a better ability to 

assist in the sequestration of Al within the soil profile compared to dolomite.  

A Mn concentration was detected in the leachates collected at the beginning of the 

experiment from the soil columns that had calcite localised within (69 mg.L-1) and 

mixed throughout the profile (64 mg.L-1). These concentrations are lower than the Mn 

concentration present in the AMD which was added to the soil columns. This shows 

that some of the Mn was sequestered in the soil columns.  
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However, these concentrations are slightly higher than those present in the leachate 

from the columns which contained dolomite at the same placement positions within 

the soil profile. As the experiment continued, the Mn concentration present in the 

leachate from the soil columns that contained calcite increased like the concentrations 

noted when dolomite was used in the columns. This shows that dolomite initially has 

a greater propensity to sequester manganese relative to calcite.  

The increasing Mn concentration in the leachates from the soil columns with calcite 

localised within and mixed throughout the profile could be caused by: 

• the depletion of calcite within the columns to maintain an appropriate pH level, 

which validates the sequestration of Mn within the soil profile.  

• The inability of calcite to react with the soil-AMD solution in areas where it may have 

been armoured, which prevents its dissolution and reduces the chance for 

neutralization. 

Armouring of residual calcite in these areas can create zones prone to the effect of 

soil acidification in the soil columns and contributes to the mobilization of Mn ions. 

Furthermore, the reduced conditions created by potential waterlogging of the soil 

columns can contribute to the reduction of Mn oxides in the soil thereby increasing Mn 

concentrations in the leachate as the experiment progressed.  

At the middle and end of the experiment, Fe concentration was detected in the 

leachates from the soil columns with calcite localised within and mixed throughout the 

profile. However, these concentrations are significantly lower than those present in the 

leachate from the columns with dolomite placed at the same positions within the soil 

profile at the same stage of the experiment (Figure 5.4).  

This shows that calcitic limestone has a greater potential to assist in the sequestration 

of Fe within the soil profile compared to dolomite because calcitic limestone could 

maintain a higher pH for the AMD for most of the experiment. Fe presence in the 

leachate is likely to be due to the gradual depletion of calcite within the columns as 

well as its inability to react with the AMD in areas where it may have been armoured.  

This can reduce the potential for neutralization and attaining an ideal pH level that 

renders this metal insoluble through its sequestration within the profile. Thus, there 

are zones or areas within the soil profile that could have been disposed to the effect 

of soil acidification.  
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Coupled with this, is the reduced conditions created by the potential waterlogging of 

the soil columns. These conditions are likely to have contributed to the reductive 

dissolution of Fe3+ oxides in the soil, which contributes to the Fe concentrations 

detected in the leachate as the experiment progressed.  

Figure 5.5 shows that the neutralization curve of the mixed calcite placement position, 

was slightly below the curve of the localised calcite placement position for most of the 

experiment. This suggests that mixing calcite throughout the soil profile has a slightly 

lower potential to neutralize the AMD, most likely due to the lessened spatial contact 

with the AMD as compared to localising within the top half of the soil profile which 

facilitated spatial contact with AMD.  

Figure 5.6 is in support of this proposition by demonstrating that the metal 

concentrations that were present in the leachates collected from the columns that had 

calcite mixed throughout the soil profile were on average higher than the metal 

concentrations in the leachates collected from the columns that had calcite localised 

within the soil profile.  

5.3.2 Conclusion 

The findings of the column experiment reveal that agricultural limestone in the soil 

profile can neutralize AMD as anticipated. However, this only occurred in the initial 

phase of the “three-year” irrigation period. As the irrigation period continued the 

neutralizing capacity of both types of agricultural limestone decreased and is most 

likely to be caused by their consumption as AMD was added and the potential 

armouring of the limestone in certain zones in the soil profile. This led to decreasing 

pH values of the AMD as more was added to the strategically limed soil columns. 

Therefore, both types of agricultural limestone have a partial capacity to sustain 

neutralization of the AMD. 

The findings of the soil experiment also show that the placement position of the 

agricultural limestone in a soil profile which was used for this study namely localising 

the limestone within the top half of the profile and mixing it throughout the profile does 

not influence the neutralization of AMD.  
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Therefore, the hypothesis which states that localising agricultural limestone within the 

top half of the soil profile improves spatial contact with AMD and the potential for 

neutralization compared to incorporating the limestone throughout the soil profile 

which reduces spatial contact with AMD and the potential for neutralization is rejected.   

The neutralization curves for each of the strategic placement positions of dolomitic 

and calcitic limestone within the soil profile show that localising dolomite in the top half 

of the soil profile has a lower potential to neutralize AMD compared to mixing it 

throughout the profile. However, localising calcite in the top half of the soil profile has 

a greater potential to neutralize AMD compared to mixing it throughout the profile.  

The calcitic limestone also demonstrated a greater ability to neutralize the AMD for a 

longer duration in comparison to dolomitic limestone irrespective of the placement 

position. Furthermore, the use of calcitic limestone in the soil profile resulted in the 

highest pH of the AMD (pH >5) for most of the experiment.  

The leachates from the columns with dolomitic limestone strategically placed within 

the soil profile had on average, higher Fe and Al concentrations at the middle and end 

of the experiment, whereas the leachates from the columns with calcitic limestone 

strategically placed within the soil profile did not contain Al during the experiment and 

had lower Fe concentrations at the middle and end of the experiment. 

The lower neutralization potential of localising dolomitic limestone within the top half 

of the profile in comparison to mixing it throughout the profile is most likely due to its 

slower dissolution efficiency and the lessened temporal contact with AMD. The higher 

neutralization potential of localising calcitic limestone within the top half of the profile 

in comparison to mixing it throughout the profile is most likely due to its quicker 

dissolution efficiency and increased spatial contact time with AMD. 

Therefore, it is suggested that the placement of agricultural limestone in a soil profile 

to neutralize AMD be guided by the dissolution efficiency of the liming material. It is 

recommended that liming material with a slow dissolution efficiency be mixed 

throughout the soil profile. This method is likely to increase the temporal contact 

between the liming material with AMD which can contribute to the progressive 

neutralization of the soil solution.  
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The next section will discuss whether a favourable rooting environment is supported 

for crop growth after neutralizing AMD in the strategically limed soil columns by 

evaluating certain soil chemical properties. 

5.3.3 Neutralizing AMD in the Strategically Limed Soil Columns to Support a 

Favourable Rooting Environment for Crop Growth  

Upon completion of the soil column experiment, bulk soil samples from each column 

were removed and prepared for analyses of the pH and electrical conductivity, of the 

soil samples. These chemical properties were used as indicators to determine whether 

neutralizing AMD in the strategically limed soil profile can support a favourable rooting 

environment for crop growth. 

It is acknowledged that during the preparation of the soil samples that milling the 

samples exposed surfaces of the limestone which may have been armoured during 

the experiment. This will likely result in pH levels that are high and/or close to the initial 

pH of the soil (6.65) before experimentation. To address the contradiction in the soil 

pH assessment (due to the influence of the exposed residual and/or unreacted 

limestone in the soil) it is suggested that the pH of the leachate from the soil columns 

at the end of the experiment be considered as an indication of the pH status of the soil 

after termination of the column experiement.  

 5.3.4 Soil pH Assessment 

Soil pH is considered a master variable as it influences the mobility, solubility, and 

adsorption to colloids of many pollutants in soil. It is a critical factor in predicting the 

likelihood that a given pollutant will contaminate groundwater, surface water, and food 

chains (Weil and Brady, 2016). Soil pH also regulates plant nutrient availability by 

controlling the chemical forms of the different nutrients and influencing their chemical 

reactions (Oshunsanya, 2018). Thus, to determine if a favourable rooting environment 

for crop growth is supported after neutralizing AMD in the strategically limed soil 

columns, the soil pH would need to be within a range which supports crop growth.  

Table 5.5 and 5.6 show the pH of the loamy sand columns with dolomitic and calcitic 

limestone that was localised within and mixed throughout the soil profile as well as the 

pH of the leachate at the end of the experiment. The pH of the control columns, namely 

those which did not contain agricultural limestone, is also provided.  
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 Table 5.5: The pH of the loamy sand with dolomitic limestone that was localised within 

and mixed throughout the soil profile. 

Note: the soil pH was assessed using the methodology of a 1:2.5 soil to water ratio suspension 

on a mass basis. 

Both tables show that the control columns had a soil pH of 2.81 and a leachate pH of 

1.84 after the conclusion of the experiment. This implies that the control columns were 

severely acidified, and the corresponding soil pH is characteristic of an acid sulphate 

soil (Weil and Brady, 2016), which occurs when soils are contaminated by and 

exposed to mining activities.  

The influence of neutralizing AMD through a soil profile that does not contain 

agricultural limestone largely acidifies it as previously shown. This is contributed to by 

the exogenous input of the AMD, which depletes the soils’ inherent ability to maintain 

its pH level. This is commonly referred to as buffering and soil properties such as the 

cation exchange capacity (CEC), soil organic matter (SOM), and clay content play 

important roles in mitigating the effects of acid inputs (Wei et al, 2019). 

During the experiment, the soil acidified because of exchange reactions, which 

displaced non-acid or base ions held onto colloidal complexes with acid cations (H+ 

and Al3+) from the AMD. The non-acid ions, which include Ca2+, Mg2+, Na+ and K+, 

were lost through the leachate along with anions (mainly sulphate) and metals. 

Eventually, the exchange complex as well as the soil solution becomes increasingly 

saturated by acid cations and results in an acid soil (Weil and Brady, 2016).  

 

 

 

Soil liming option Soil pH before 
experiment 

Soil pH after 
experiment 

 Leachate pH at 
the end of the 

experiment 

Dolomite localised 
in the soil profile 

 
 
 

6.65 

6.38 3.39 

Dolomite mixed 
throughout the soil 

profile  

6.57 4.22 

No dolomite in the 
soil profile  

2.81 1.84 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



127 
 

Leaching AMD through the control columns severely degrades the soil as it creates 

an extremely acidic rooting environment that is devoid of essential plant nutrients. The 

resultant soil pH of the control columns is below the threshold range in which plants 

can grow (that is a soil pH range of 5 to 8) and which is optimal for nutrient availability 

(that is a soil pH range of 6.5 to 7.5) (Miller, 2016). Instead, the rooting environment 

will be subjected to several toxicities such as Al, Mn, and Fe as well as nutrient 

deficiencies. This will negatively influence the growth of all organisms that live in the 

soil, including plants, animals, and microbes (Weil and Brady, 2016).  

Table 5.5 shows that after neutralizing AMD during the three-year irrigation period, the 

soil columns with dolomitic limestone localised within the soil profile had a pH of 6.38. 

This pH value is likely to be that of the exposed residual and/or unreacted limestone 

and not the pH of the soil after the experiment ended. The pH of the leachate from 

these columns at the end of the experiment was 3.39 (see Figure 5.3). This pH value 

is likely to provide an indication of the pH status of the soil with dolomitic limestone 

localised within the profile.  

Correspondingly, the soil columns which had dolomite mixed throughout the soil profile 

had a pH of 6.57 which is likely the pH of the exposed residual limestone in the profile 

and not the pH of the soil after the experiment ended. The pH of the leachate from 

these columns at the end of the experiment was 4.22 (see Figure 5.3). This value is 

likely to indicate the pH status of the soil with dolomitic limestone mixed throughout 

the profile.  

This implies that the soil columns with dolomitic limestone that was localised within 

and mixed throughout the profile were acidified during the experiment. The 

acidification could be attributed to the armouring of the dolomite within the soil 

columns. This restricts the dolomite from dissolving and facilitating neutralization of 

the AMD, which can contribute to the acidification of the soil.  

The pH of the leachate at the end of the experiment of the soil columns with dolomitic 

limestone localised within and mixed throughout the profile suggest that the pH status 

of the soil is likely to be below the threshold range in which plants can grow and which 

is optimal for nutrient availability. Thus, an unfavourable rooting environment for crop 

growth is likely to be realised after neutralizing AMD in soil columns with dolomitic 

limestone irrespective of its placement position within the soil profile. 
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After neutralizing AMD during the three-year irrigation period, the soil columns with 

calcitic limestone localised within the soil profile had a pH of 6.83 (Table 5.6). This pH 

is likely to be that of the exposed residual and/or unreacted limestone in the profile 

and not the pH status  of the soil after the experiment ended. The pH of the leachate 

from these columns at the end of the experiment was 5.80 (see Figure 5.5). This pH 

value could be considered as an indication of the pH status of the soil with calcitic 

limestone localised within the profile.  

Correspondingly, the soil columns which had calcite mixed throughout the soil profile 

had a pH of 6.70 which is likely the pH of the exposed and/or unreacted residual 

limestone in the profile and not the pH of the soil after the experiment ended. The pH 

of the leachate from these columns at the end of the experiment was 5.73 (see Figure 

5.5). This pH value could be regarded as an indication of the pH status of the soil with 

calcitic limestone mixed throughout the profile.  

Table 5.6: The pH of the loamy sand with calcitic limestone that was localised within 

and mixed throughout the soil profile. 

Note: the soil pH was assessed using the methodology of a 1:2.5 soil to water ratio suspension 

on a mass basis. 

The pH of the leachate at the end of the experiment of the soil columns with calcitic 

limestone that was localised within and mixed throughout the profile shows that the 

soil profiles were also acidified during the experiment. However, it is noted that the 

extent of the acidification is lower than when dolomite was present in the soil columns. 

The acidification is also likely to be attributed to the armouring of the calcite within the 

soil columns which restricts its dissolution and the neutralization of the AMD. 

Soil liming option Soil pH before 
experiment  

Soil pH after 
experiment 

Leachate pH at 
the end of the 

experiment 

Calcite localised 
in the soil profile 

6.65 6.83 5.80 

Calcite mixed 
throughout the 

soil profile 

6.70 5.73 

No calcite in the 
soil profile 

2.81 1.84 
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Although the calcite may have been armoured during the soil column experiment, it 

has a quicker dissolution  efficiency in comparison to the dolomitic limestone, with the 

potential to raise pH. This can increase the pH-dependant charges on soil colloids, 

which assists in the retention of non-acid cations in the soil environment and minimises 

their leaching loss (Weil and Brady, 2016). This could result in a greater proportion of 

base ions on the exchange complex and surrounding soil solution as opposed to acid 

ions. Thus, the extent of acidification of the soil columns with calcite would be lower in 

comparison to that of the columns with dolomite.  

The pH of the leachate at the end of the experiment of the soil columns with calcitic 

limestone localised within and mixed throughout the profile suggest that the pH status 

of the soil will at least be within the threshold range in which plants can grow and which 

is sub-optimal for nutrient availability. Thus, a favourable rooting environment for crop 

growth could potentially be realised after neutralizing AMD in soil columns with calcitic 

limestone irrespective of its placement position within the soil profile. 

Summary   

When agricultural limestone is absent in the soil profile, the effect of neutralizing AMD 

through the profile mostly acidifies it. This creates an extremely acidic rooting 

environment that cannot support crop growth because the rooting environment is likely 

to be subjected to several toxicities and nutrient deficiencies.  

Liming the soil profile by localising agricultural limestone within the top half of the 

profile or by mixing it throughout the profile can potentially support a rooting 

environment in which crops can grow after neutralizing AMD in the soil profile.  

When dolomitic limestone was used the soil profile was exposed to acidification and 

its extent is likely to result in conditions that negatively influence the availability of 

essential plant nutrients as well as a rooting environment in which crops may not be 

able to grow. However, when calcitic limestone was used the soil profile was acidified 

but to a lesser extent than when dolomitic limestone was used. This can potentially 

contribute towards a rooting environment in which crops can grow.  
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Thus, localising the agricultural limestone within the top half of the profile as well as 

mixing it throughout the soil profile does not influence the neutralization of AMD to 

support  a favourable rooting environment for crop growth. However, it is suggested 

that the type of agricultural limestone used in the soil profile, which can influence 

neutralization of AMD, is an important factor to consider in the development of soil 

liming strategies for irrigation with AMD.  

The electrical conductivity of the soil profile, commonly referred to as EC, was the next 

chemical parameter evaluated to determine if the rooting environment can support 

crop growth after neutralizing AMD in the strategically limed soil columns.  

5.3.5 Soil Salinity Assessment 

Electrical conductivity is defined as a measure of the total concentration of soluble 

salts in the soil solution (Weil and Brady, 2016). It is commonly used as an indicator 

to evaluate soil salinity (ECe) and the degradation of soils (Kargas et al, 2022). This is 

because it is one of the most detrimental environmental factors which restrict the 

productivity of agricultural crops (Sonmez et al, 2008). 

Various methods can be used to measure soil salinity. However, it is conventionally 

estimated according to the electrical conductivity of a saturated soil paste extract, 

commonly referred to as ECe (He et al, 2012; Weil and Brady, 2016; Kargas et a, 

2022). This method is challenging for various reasons. The preparation of the soil-

saturated paste is a laborious and time-consuming process (Kargas et al, 2022) and 

determining the appropriate water saturation point when preparing a saturated paste 

extract is difficult (He et al, 2012). As a result, the laboratory work for the measurement 

of ECe can be very difficult, expensive, and intensive (Sonmez et al, 2008).  

The Soil Laboratory at the Department of Plant and Soil Sciences, University of 

Pretoria does not offer this method of analysing soil salinity. Thus, an alternative 

method practical for laboratory work and analysis was used to measure soil salinity in 

this study in the Soil Laboratory at the Department of Plant and Soil Sciences, 

University of Pretoria. One of the most widely used methods is to measure the 

conductivity of a soil-water mixture itself, referred to as ECs (Weil and Brady, 2016). 

However, this measurement cannot be used to assess soil salinity. It needs to be 

converted to a soil salinity measurement, namely an ECe reading. 
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To achieve this, a regression equation derived from an experimental soil salinity study 

conducted by Sonmez et al (2008) for loamy textured soil was used to estimate the 

saturated paste electrical conductivity (ECe) from the measured conductivity of a 1:5 

soil to water extract ratio (ECs). The equation which was used is: 

ECe (mS.m-1) = 7.58(ECs mS.m-1) + 0.06     (r2 = 0.99) 

There are several classification systems for salt affected soils  available in literature 

and common systems include the US Salinity Laboratory Staff (1954) and the Irrigation 

Water Management: Training Manual No. 1 - Introduction to Irrigation (FAO, 1985). 

Typically, saline soils are characterised by a high concentration of soluble salts, high 

soil ECe values (ECe > 400 mS.m-1) and a pH less than 8.5 (Ronquest, 2019).  

Sodic soils can be saline or non-saline and are characterised by the composition of 

soluble salts with higher proportion of Na, relative to Ca and Mg on the exchange 

complex (Kargas et al, 2022; Weil and Brady, 2016). It is also mentioned that at least 

15% of the exchange complex should comprise of Na+ ions (ESP > 15) for soil to be 

characterised as sodic (Ronquest, 2019). 

Crop growth, development and yield are affected by soil salinity because of salt stress, 

which restricts physiological and metabolic processes in crop development (Ronquest, 

2019). This reduces the growth and yield potential of a crop (Maas and Hoffman 1977). 

A common symptom of salinity stress is the general stunting in crop growth and as the 

salt concentration increases above a certain threshold, both the growth rate and plant 

size decreases (Maas and Grattan 1999).  

Different crops are more sensitive to salinity stress than others and each has its own 

threshold. Mass and Hoffman (1977) explain that the threshold is a range of salinity 

values whereby the growth and development of a crop will be negatively influenced if 

it is exceeded. It is also explained as the maximum allowable soil saturation electrical 

conductivity (ECe) value before a reduction in yield occurs.  

Ronquest (2019) has categorised soil salinity thresholds (ECe) and sensitivity rankings 

according to literature from Mass and Grattan (1999).  These thresholds (Table 5.7) 

will be used as a reference in this study to assess if the rooting environment can 

support crop growth after neutralizing AMD in the strategically limed soil columns.  
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Table 5.7: Soil salinity thresholds (ECe) and sensitivity rankings from Ronquest 

(2019). 

Sensitivity Ranking ECe Threshold Range (mS.m-1) 

Sensitive 0 - 150 

Moderately Sensitive 150 - 300 

Moderately Tolerant 300 – 600 

Tolerant 600 – 1000 

Unsuitable >1000 

 

The initial ECe of the loamy sand used in this study was estimated at 566 mS.m-1 and 

was classified as saline. It is thought that its saline character was caused by soluble 

salt formed from the natural weathering of primary minerals in rocks and parent 

materials (Weil and Brady, 2016) that are found in the area from which the soil was 

obtained. Based on the estimated ECe of the loamy sand, it  falls within the moderately 

tolerant sensitivity ranking as per Table 5.7.  

The figure below shows the estimated ECe of the loamy sand columns with dolomitic 

and calcitic limestone localised within the top half of the profile and mixed throughout 

the soil profile after neutralizing AMD during the three-year irrigation period.  

The control columns displayed a 40% increase in the ECe relative to the soils initial 

ECe during the “three-year” irrigation period. Based on the resultant ECe (793 mS.m-

1), the soil is classed as saline and falls within the tolerant sensitivity ranking (Table 

5.7).  
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Figure 5.7: Estimated ECe of the loamy sand columns after neutralizing AMD during a 

“three-year” irrigation period.  

The soil columns with dolomitic limestone localised within the top half of the profile 

and mixed throughout the profile also showed an increase in the ECe after the 

experiment ended. During the “three-year” irrigation period, the electrical conductivity 

increased by 54% relative to the soils initial ECe, for the localised dolomite placement 

position and 69% for the mixed dolomite placement position.  

This indicates that the mixed placement position resulted in a highly saline soil 

environment. This could be  due to an increase in the temporal contact between the 

dolomitic limestone with the percolating AMD, which progressively leads to the 

generation of soluble salts in the profile during neutralization. The resultant ECe values 

of the soil from the columns with dolomitic limestone localised within the top half of the 

profile (870 mS.m-1) and mixed throughout the profile (957 mS.m-1) indicate that the 

soil is saline and falls within the tolerant sensitivity ranking (Table 5.7).  

Similarly, the soil columns with calcitic limestone localised within and mixed throughout 

the profile exhibited an increase in the ECe at the conclusion of the experiment. These 

columns also showed the highest resultant ECe values for the soil treatments used in 

this study. During the “three-year” irrigation period, the soil electrical conductivity 

increased by a factor of 86% relative to the soils initial ECe, for the localised calcite 

placement position and 80% for the mixed calcite placement position.  
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This implies that the localised placement position results in a slightly higher saline 

environment. This could be caused due to the increase in the spatial contact between 

the calcitic limestone and AMD, which allows for the generation of a higher soluble salt 

concentration to occur within the soil profile. The resultant ECe values of the soil from 

the columns with calcitic limestone localised within (1051mS.m-1) and mixed 

throughout the profile (1018 mS.m-1) shows that the soil is saline and falls within the 

unsuitable sensitivity ranking (Table 5.7).  

During the experiment, the control columns were predisposed to intense acidification. 

As the experiment continued, the soil-solution essentially comprised of an increasing 

mixture of metals, anions (particularly sulphate due to its significance in the AMD) and 

base cations (Ca2+, Mg2+, Na+ and K+). The presence of sulphate ions together with 

the abovementioned base cations in the soil-solution can lead to a concentrated or 

saturated condition, which enables the precipitation of various salts in the soil column.  

The precipitation of sodium sulphate is likely to contribute to the increased salinity of 

the soil (Weil and Brady, 2016) which leads to a saline rooting environment after 

neutralizing AMD in the control columns. It is also possible that the precipitation of 

salts that are primarily sulphates of calcium (gypsum) occurred in the control columns. 

However, these precipitates are unlikely to contribute to salinization of the soil profile. 

The precipitation of gypsum within the soil profile will effectively lower soil salinity 

(Ronquest, 2019).  

The soil columns with agricultural limestone had higher resultant ECe values compared 

to the control columns. In addition, the columns with calcitic limestone had higher 

resultant ECe values than the columns with dolomitic limestone after the “three-year” 

irrigation period. Therefore, the calcitic limestone used for this study has the potential 

to generate higher soluble salt concentrations within the soil profile relative to the 

dolomitic limestone. This is attributed to a larger calcium content and Ca:Mg ratio 

associated with the calcitic rather than the dolomitic limestone used for this study. 

When the agricultural limestone reacts with the AMD, it dissolves thereby releasing 

calcium and magnesium ions into the soil solution. Exchange sites on colloidal 

surfaces have an affinity for these cations which enables their retention in place of 

other ions like Na. The latter ion is displaced from the exchange sites and its availability 

in the soil solution increases.  

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



135 
 

The presence of sulphate ions from the AMD coupled with available Na+ ions in the 

soil solution can lead to a concentrated condition that facilitates the precipitation of 

sodium sulphate. This can contribute to the saline conditions of the soil columns which 

were treated with the calcitic and dolomitic limestone. 

Summary 

Using calcitic or dolomitic limestone to neutralize AMD in strategically limed soil 

profiles can increase its EC because of the precipitation of sulphate salts like sodium 

sulphate within the profile. The resultant increase has the potential to render the soil 

profile saline.  

The calcitic limestone used in this study contributed to higher estimated ECe values in 

comparison to dolomitic limestone, despite its placement position within the soil profile. 

This led to a highly saline soil condition as well as an unsuitable rooting environment 

to support crop growth.  

This concern highlights the need to constantly monitor sulphate concentrations in the 

irrigation water and in the soil moisture, especially if long term irrigation is intended. It 

is, therefore, necessary to incorporate a leaching fraction as part of the soil liming 

strategy and the irrigation management plan to remove salts from the root zone. This 

would enable measures to be developed to mitigate excessive salt accumulations and    

influence the root zone and crop growth potential when neutralizing AMD in 

strategically limed soils. 

5.3.6 The  Availability of Macronutrients and the feasibility of Sequestering 

Metals in the Profile After Neutralizing AMD in the Limed Soil Columns.  

After the soil column experiment had ended, bulk soil samples from each column were 

removed and prepared for chemical analyses. The macronutrient status and total trace 

element concentrations in the soil profiles were determined according to the Mehlic-3 

extraction and nitric acid digestion respectively. This was done  to show the availability 

and feasibility of sequestering elements within the profile after neutralizing AMD in the 

soil columns. 
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Macronutrient Status Assessment  

Plants, like all other living organisms, require food for their growth, development, and 

survival, which comes from the atmosphere, water, and soil minerals. Each type of 

plant has an optimum and a minimum nutrient requirement level for its growth. This 

challenges the establishment of a general threshold range to support plant growth. 

However, most plants show deficiency symptoms below the minimum nutrient level, 

which negatively influences its growth, but excessive nutrient uptake can also cause 

poor growth because of toxicity symptoms.  

These nutrients comprise several components such as proteins, nucleic acids and 

chlorophyll and are important for processes such as energy transfer and the 

functioning of enzymes in plant species. Plants require mostly primary macronutrients 

in large quantities and secondary macronutrients in lesser quantities.  

The Mehlich 3 (M3) extraction was used to determine the status of the primary (P and 

K) and secondary (Ca, Mg and S) nutrients of the soil columns after the soil column 

experiment ended. The N status could not be determined using the M3 extraction. 

However, it is recommended that future work and studies in this area consider its 

determination. 

Table 5.8 shows the status of the primary nutrient elements in the soil before and after 

neutralizing AMD in the strategically limed columns as well as the percentage change 

in the status of each. A negative percentage implies a decrease in the status of a 

specific nutrient element pre-experimentation in relation to its initial availability in the 

soil.  

The control columns with no agricultural limestone in the soil profile had the lowest 

potassium status (6 mg.kg-1) at the end of the experiment with the greatest percent 

change, that is a 91% decrease from the soil’s initial potassium status. The extent of 

this decrease shows that the soil is significantly depleted of potassium as a primary 

nutrient.  

The decrease in the potassium status of the control columns is attributed to the effect 

of soil acidification on the profile where potassium ions were removed from the 

exchange complex, which was leached from the soil as AMD was continuously added   

during the experiment. 
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The soil columns with calcite localised within the top-half of the profile and mixed 

throughout the profile had potassium statuses of 18 and 19 mg.kg-1 respectively when 

the experiment was concluded. Each of the columns experienced a 76 (localised) and 

75% (mixed) decrease from the soil’s initial potassium status. Similarly, the columns 

with dolomite localised within and mixed throughout the profile had potassium statuses 

of 17 and 19 mg.kg-1 respectively with a concomitant 77 and 74% decrease in the soil’s 

initial potassium status after the experiment ended. 

Table 5.8: The final and percentage change  of Mehlich extractable phosphorus (P) 

and potassium (K) as primary nutrient elements after neutralizing AMD in the 

strategically limed columns. 

 

When compared to the control columns, the columns with calcitic and dolomitic 

limestone localised within and mixed throughout the soil profile had higher final 

potassium statuses and lower decreases from the soil’s initial potassium status. This 

shows that liming the soil columns to neutralize AMD during the experiment assists in 

sustaining a portion of the soil’s potassium status despite the placement position of 

the agricultural limestone.  

The decrease in the potassium status of the soil columns with agricultural limestone 

is attributed to its replacement by calcium ions on exchange sites. This is due to the 

affinity of Ca for the exchange sites because of its smaller ionic radius and higher 

charge compared to K, which facilitates its adsorption on exchange sites through 

outer-sphere complexes.   

Soil 
Column 

Phosphorous (P) Status Potassium (K) Status 

Initial 
Concentration 

(mg/kg) 

Final 
Concentration 

(mg/kg) 

Percent 
Change 

(%) 

Initial 
Concentration 

(mg/kg) 

Final 
Concentration 

(mg/kg) 

Percent 
Change 

(%) 

Control  
 
 
 

448 

155 -65  
 
 
 

74 

6 -91 

Calcite 
localised 

5 -99 18 -76 

Calcite 
mixed 

throughout 

7 -98 19 -75 

Dolomite 
Localised 

17 -96 17 -77 

Dolomite 
mixed 

throughout 

26 -94 19 -74 
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As the AMD reacted with the limestone in the soil columns, calcium solubilised due to 

the dissolution of limestone. Its increasing presence in the soil solution makes it 

available to replace potassium ions held on the exchange complex. This facilitates its 

removal from the soil profile by leaching, which resulted in the decrease in the soil’s 

potassium status. It is also possible that the CEC decreased because of the 

precipitation of Al, Fe and Mn oxides on soil mineral surfaces which would facilitate 

the removal of potassium ions on the exchange complex. 

To compensate for this loss, an appropriate K fertilizer management strategy should 

be incorporated into the liming strategy to supply adequate quantities of potassium for 

crop growth when irrigating with AMD. However, it should be noted that this may also 

increase the salinity of the system. 

Table 5.8 also shows that the control columns had the highest final phosphorus status 

(155 mg.kg-1) and the lowest percent change with a 65% decrease from the soil’s initial 

phosphorus status.  

However, the soil columns with calcite localised within and mixed throughout the 

profile had significantly lower phosphorus statuses of 5 and 7 mg.kg-1 respectively and 

the highest percent change, that is a 99 and 98% decrease from the soil’s initial 

phosphorus status respectively. The columns with dolomite localised within and mixed 

throughout the profile had slightly higher phosphorus statuses of 17 and 26 mg.kg-

1respectively. However, these columns also displayed significant percent changes with 

a 96 and 94% decrease from the soil’s initial phosphorus status respectively.  

The decrease in the P status of the control columns is attributed to its acidification and 

the possible waterlogging of these soil columns during the experiment with subsequent 

reduced conditions. It is established that soil pH and redox potential are primary 

factors that control the solubility and fate of phosphorus in the soil environment (Zhang 

et al, 2021).  

Acidification can promote the dissolution and reduction of Fe-Mn oxyhydroxides in soil. 

This decreases the amount of soil reducible Mn under anoxic conditions. This Mn 

mobilization shortens the period that redox is poised at Mn reduction, thereby 

increasing the speed at which the Fe reduction process occurs (Zhang et al, 2021). As 

a result, P mobilisation is enhanced due to Fe reduction, which facilitates its removal 

from the soil through leaching (Zhang et al, 2021). 
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The substantial decrease in the phosphorus status of the columns with agricultural 

limestone is diagnostic of its fixation in the soil profile as opposed to its removal by 

leaching. Phosphorus is highly reactive in the presence of lime in the soil environment. 

This enables a series of reactions to occur, which progressively reduces the solubility 

of P in the soil solution (Leytem and Mikkelsen, 2005) - commonly referred to as 

fixation.  

The fixation of phosphorus (and potentially molybdenum) in these columns is driven 

by its reaction with calcium and the agricultural limestone in the soil profile, which 

allows for the development of relatively strong calcium phosphate bonds at the surface 

of the limestone. This can lead to the formation of poorly soluble calcium phosphate 

minerals (Hopkins and Ellsworth, 2005), which results in the interlocking or fixing of P 

and reduces its solubility and availability.  

A consequence of neutralizing AMD in the strategically limed soil columns is the 

precipitation of Fe, Al, and Mn hydroxides within the soil profile as well as on the 

surfaces of the agricultural limestone. These mineral precipitates can contribute to the 

fixation of P as they serve as strong sorption sites for phosphorus (Leytem and 

Mikkelsen, 2005). P fixation through the presence of the abovementioned metal 

hydroxides involves a series of chemical reactions that results in the interlocking of P. 

This could be due to reactions with the surfaces of these minerals, which enable the 

formation of inner-sphere complexes.  

This involves replacing a hydroxyl group (OH-) on the surface structure of the metal 

hydroxide with a phosphate ion resulting in its fixation (Mahdi et al, 2012). 

Alternatively, the phosphate ion may further penetrate the metal hydroxide surface, by 

forming a stable binuclear bridge (Mahdi et al, 2012). 

This shows that neutralizing AMD in the strategically limed soil columns has an 

influence on fixing phosphorus thus influencing the supply of this primary nutrient to 

crops. An appropriate P fertilizer management strategy should be part of the liming 

strategy to improve its status to support crop growth when irrigating with AMD on limed 

soil.  

 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



140 
 

The following management strategies could be considered to achieve this (Hopkins 

and Ellsworth, 2005). These include the application of:  

• relatively high P fertilizer rates,  

• concentrated P fertilizer bands,  

• complexed P fertilizer,  

• slow-release fertilizer P,  

• cation complexing P fertilizer, and 

• in-season P fertilizer usage. 

Calcium, magnesium, and sulphur are collectively referred to as secondary nutrients. 

They are referred to as secondary nutrients because plants require them in smaller 

quantities compared to the primary nutrients. However, they are also considered 

essential plant nutrients due to their roles in plant growth and production. Table 5.9 

shows the secondary nutrient element status of the soil, after neutralizing AMD in the 

strategically limed columns as well as the percentage change in the status of each 

nutrient element. 

The control columns showed the lowest resultant Ca and Mg status of 7 and 5 mg.kg-

1 respectively with the greatest percent change (-100 and -98%), which signifies their 

complete depletion in the soil. The significant decreases in the calcium and 

magnesium status are attributed to the effect of acidification on the soil profile, which 

displaced these ions from exchange sites. Consequently, they were removed from the 

soil through leaching during the experiment.  

The control columns displayed an increase in the resultant sulphur availability as well 

as an increased percent change. Several mechanisms can retain sulphates in acid 

soils. One such mechanism could be the precipitation of calcium sulphate compounds 

like gypsum in the soil profile, due to a concentrated soil solution containing sulphate 

and calcium ions.  

However, the most common SO4 retention mechanism is a result of variable charge of 

Fe and Al oxides. With decreasing pH, surface charge becomes positive, which 

facilitates a higher amount of SO4 being sorbed (Dubikova et al, 2002). Another 

potential mechanism of SO4 retention in acid soils is the precipitation of basaluminite 

or alunite and their Fe analogues (Dubikova et al, 2002). 
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Table 5.9: The final and percentage change in the status of Mehlich extractable Calcium (Ca), Magnesium (Mg) and Sulphur (S) as 

secondary nutrient elements after neutralizing AMD in the strategically limed columns. 

Soil 
Column 

Calcium (Ca) Status Magnesium (Mg) Status Sulphur (S) Status 

Initial 
Concentration 

(mg/kg) 

Final 
Concentration 

(mg/kg) 

Percent 
Change 

(%) 

Initial 
Concentration 

(mg/kg) 

Final 
Concentration 

(mg/kg) 

Percent 
Change 

(%) 

Initial 
Concentration 

(mg/kg) 

Final 
Concentration 

(mg/kg) 

Percent 
Change 

(%) 

Control  
 
 
 
 

2375 

7 -100  
 
 
 
 

265 

5 -98  
 
 
 
 

194 

632 227 

Calcite 
localised 

3307 39 65 -76 1629 741 

Calcite 
mixed 

throughout 

3265 37 68 -74 1522 686 

Dolomite 
Localised 

4744 100 2477 834 1230 535 

Dolomite 
mixed 

throughout 

5878 147 2983 1024 1227 534 
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The soil columns with dolomitic limestone localised within the top-half of the profile 

and mixed throughout the soil profile showed increases in the status of each 

secondary nutrient. These columns also had the highest Ca and Mg status and percent 

change after the experiment ended. This was unexpected because the calcitic 

limestone used in the experiment had a greater calcium content as well as Ca:Mg ratio 

associated with it. Thus, it was thought that the soil columns treated with calcite would 

have resulted in the highest Ca status after the experiment ended.     

The significant increases in the status and percent change of Ca and Mg, suggests 

that a portion of the dolomite, which was initially added to these columns, was unable 

to react with the AMD during the experiment. This is likely to be attributed to the effect 

of armouring of the surfaces of the dolomitic limestone by metal precipitates. In section 

5.3.1 of this chapter, it was shown that the dolomitic limestone could have been  more 

influenced by armouring in comparison to calcitic limestone. As a result, its dissolution 

potential was limited during the experiment, which resulted in a residual portion of 

dolomite in the soil profile that dissolved during the M3 extraction. This could have 

contributed to the significant increases in the resultant Ca and Mg statuses in the soil.   

The columns which contained dolomitic limestone also revealed an increase in the S 

status as well as an increased percent change. This shows an enrichment of the soil 

profile with this nutrient element. The increased S status was caused by a saturated 

soil solution, with respect to calcium and sulphate ions, which could lead to the 

precipitation of a calcium sulphate salt (Potgieter-Vermaak et al, 2006) like gypsum in 

the soil profile.  

The soil columns with calcitic limestone localised within and mixed throughout the soil 

profile only showed an increase in the status and percent change of Ca and S. The 

status of Mg decreased in these columns. The decrease is attributed to the 

replacement of Mg by Ca ions on exchange sites. This is due to the affinity of Ca for 

exchange sites, which facilitates its adsorption on these sites through outer-sphere 

complexes and contributes to its increase. 

As the AMD reacted with the calcitic limestone in the soil columns, calcium was 

mobilized through its dissolution. Its increasing presence in the soil solution disposes 

it to replace Mg ions held on the exchange complex. This facilitates its removal from 

the soil profile by leaching, which resulted in the decrease in the magnesium status.  
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These columns also had the highest sulphur status after the experiment ended. This 

shows that using calcitic limestone to neutralize the AMD has the potential to facilitate 

the sequestration of a larger amount of sulphur (as SO4
2-) in comparison with dolomitic 

limestone. Thus, a greater quantity of sulphate salts can precipitate in the soil profile.  

Trace Element Accumulation Assessment 

The total trace element (Fe, Al, and Mn) concentrations were determined using a nitric 

acid microwavable digestion to assess the degree of accumulation of these elements 

in the strategically limed soil profiles after the experiment ended to demonstrate the 

feasibility of sequestrating these elements within the profile. 

The table below provides the total concentrations of Fe, Al, and Mn initially present in 

the soil as well as their concentrations after neutralizing AMD in the strategically limed 

columns and the control columns. The percentage change in the total concentrations 

of each metal is also provided. A positive percentage change shows an enrichment in 

the concentration of the trace element in relation to its initial concentration in the soil.  

As previously indicated, the control columns were influenced the most by soil 

acidification during the experiment. This is demonstrated by the 27% decrease in the 

Al concentration of the control columns after the experiment ended. The decrease 

implies that aluminium was released from the soil profile through leaching during the 

simulated “three-year” irrigation period. Its loss is attributed to the weathering of Al 

bearing minerals in the soil profile.  
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Table 5.10: The final and percentage change in the total concentrations of Fe, Al, and Mn as trace elements after neutralizing AMD 

in the strategically limed columns.  

Soil 
Column 

Iron (Fe) Concentration Aluminium (Al) Concentration Manganese (Mn) Concentration 

Initial 
Concentration 

(mg/kg) 

Final 
Concentration 

(mg/kg) 

Percent 
Change 

(%) 

Initial 
Concentration 

(mg/kg) 

Final 
Concentration 

(mg/kg) 

Percent 
Change 

(%) 

Initial 
Concentration 

(mg/kg) 

Final 
Concentration 

(mg/kg) 

Percent 
Change 

(%) 

Control  
 
 
 
 
 
 
 
 
 

13211 

15938 21  
 
 
 
 
 
 
 
 
 

7840 

5723 -27  
 
 
 
 
 
 
 
 
 

137 

195 42 

Calcite 
localised 
in the soil 

profile 

18633 41 8703 11 1407 926 

Calcite 
mixed 

throughout 
the soil 
profile 

17963 36 9614 23 1268 824 

Dolomite 
localised 
in the soil 

profile 

18372 39 10028 28 549 300 

Dolomite 
mixed 

throughout 
the soil 
profile 

17786 35 12003 
 

53 656 378 
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The increase in the solubility and mobility of Al was influenced by the acidity and 

constituents capable of releasing this metal in the solid fraction of the soil (Kryzevicius 

et al, 2019). As AMD was added to the control columns, acidic conditions (pH <4.5) 

developed, which facilitated the weathering of aluminosilicate (clay) minerals as well 

as Al-hydroxide dissolution. This contributes to the solubilisation and increased 

mobility of Al, thus leading to its loss from the soil profile (Sutela & Vehanen, 2017) 

and decreased concentration after the experiment was completed. This can have 

negative consequences on plant life, receiving groundwater sources and the aquatic 

environment (Vazquez, 2010).  

The total iron and manganese concentrations of the control columns increased by 21 

and 42 % respectively after the experiment ended. These increases present an 

accumulation of the abovementioned trace elements within the soil profile, which is 

likely due to the formation of minerals in the acidified soil columns and the retention of 

these metals because of sorption mechanisms.  

The increased total Fe concentration of the control columns is probably caused by the 

formation of Jarosite (KFe3(SO4)2(OH)6) which is a common mineral occurring in acid 

sulphate soils and soils that have been acidified with AMD (Dubikova et al, 2002; 

Frempong and Yanful, 2005). Its formation within the soil profile can act as a potential 

contributor to the accumulation of iron in the profile.  

Additionally, the presence of iron oxyhydroxides in the soil like ferrihydrite and the 

formation of amorphous Fe-oxyhydroxides as AMD leached through the control 

columns can act as sinks for the adsorption of metals like iron and manganese due to 

their greater specific surface area and variable charge (Dubikova et al, 2002), which 

could also contribute to the accumulation of Fe in the control columns.  

The increased manganese concentration of the control soil columns could have been 

caused by the oxidation of Mn2+ to Mn3+ during the initial phase of the experiment. It 

is understood that Mn (III) is extremely reactive and cannot persist for long without 

being oxidised to Mn (IV) or reduced to Mn (II). However, under acidic conditions it 

can persist for longer periods (Mudaly, 2015). Mn3+ is also one of the most powerful 

oxidizing agents in soil (second only to the hydroxyl free radical) as well as one of the 

most powerful reducing agents (Mudaly, 2015). 
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Thus, its presence in the soil environment can assist with the oxidation of Mn2+ from 

the exogenous input of the AMD to the control soil columns during the experiment. 

This can enable the formation of MnOOH, which is a stable mineral under acidic 

conditions (Mudaly, 2015) and could contribute to the accumulation of Mn in the control 

columns.  

The total iron concentrations of the soil columns treated with calcite and dolomite   

localised within the top-half of the profile (17963 & 17786 mg.kg-1) and mixed throughout 

the profile (18633 & 18372 mg.kg-1) are very similar. Each of these columns displayed 

an increase in the total Fe concentration after the experiment ended and had much 

higher concentrations in relation to the control columns.  

On average, the soil columns that were treated with calcitic limestone show a slightly 

higher total Fe concentration in comparison to columns treated with dolomitic 

limestone. This implies that using calcitic limestone to neutralize the AMD has the 

potential to facilitate the accumulation of a larger amount of iron in comparison to 

dolomitic limestone. This suggests that Fe has a greater affinity to being sequestered 

in a calcitic environment, which is likely caused by the higher pH levels afforded.  

The increased total iron concentrations within the strategically limed soil columns are 

a result of raising the pH of the AMD to a level which is appropriate for the oxidation 

of Fe2+ to Fe3+. This stimulates the precipitation of Fe(III) minerals within the limed soil 

columns. It is advocated that the most likely Ferric mineral to precipitate in these 

columns would be schwertmannite, in conjunction to amorphous Fe-oxyhydroxide 

minerals. The formation of these minerals contributes to the accumulation of Fe in the 

strategically limed soil columns as well as provides surfaces for the adsorption of Fe 

from the leaching AMD solution.  

The soil columns treated with calcite and dolomite localised within and mixed 

throughout the profile also revealed an increase in the total Al concentration after the 

experiment ended and had much higher concentrations in relation to the control 

columns. However, on average, the soil columns that were treated with dolomitic 

limestone showed higher total Al concentrations in comparison to columns treated with 

calcitic limestone placed at the same locations within the soil profile.  
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The increase in the total aluminium concentrations within the strategically limed soil 

columns is a result of increasing the pH of the leaching AMD, to a level which is 

appropriate for the precipitation of Al minerals within the soil profiles. It is suggested 

that the most likely aluminium mineral to precipitate in these columns would be 

hydrobasaluminite. Through the formation of this mineral, an accumulation of Al in the 

strategically limed soil columns is feasible.  

The difference between the total Al concentrations in the soil columns that were 

treated with calcite and dolomite could be attributed to the neutralization efficiencies 

of each type of limestone. It was observed that when dolomitic limestone was used to 

neutralize the leaching AMD, the soil profile was slightly acidified. This may have led 

to acidified zones within the soil profile, which facilitates the solubilisation and 

mobilization of Al from soil components within these columns.  

As a result, there is an increased presence of Al in the soil solution, which can 

precipitate within the profile especially in areas where residual dolomite is present or 

through adsorption onto the surfaces of Al minerals. Alternatively, the dolomitic 

limestone could be more influenced by Al during the neutralization of the leaching AMD 

through the armouring of its surfaces. This could result in the surfaces of residual 

dolomite within the soil profile being coated by Al precipitates and could contribute to 

the higher total Al concentrations detected in these soil columns in comparison to the 

calcite containing soil columns.  

The soil columns treated with calcite and dolomite localised within and mixed 

throughout the profile exhibited significant increases in the total Mn concentration after 

the experiment ended. On average, the soil columns that were treated with calcitic 

limestone showed higher total Mn concentrations in comparison to columns treated 

with dolomitic limestone placed at the same locations within the soil profile.  

Using calcitic limestone to neutralize AMD has the potential to facilitate the 

accumulation of a larger amount of manganese in comparison to dolomitic limestone. 

This suggests that, like Fe, Mn has a greater affinity to being sequestrated in a calcitic 

environment, which is caused by its greater neutralizing potential as well as the higher 

pH levels afforded when it is used.  
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The increased Mn concentrations are attributed to the formation of Mn carbonate 

minerals and Mn oxyhydroxides, which have precipitated within the soil profile. In 

addition, the formation of Mn oxyhydroxides and Fe-oxyhydroxides in the soil profile 

provides an overall greater surface area for Mn2+ to be adsorbed to, which could 

contribute to the significance in the percentage change in the total concentration of Mn 

present in the limed soil profiles.  

Summary  

Neutralizing AMD in the strategically limed soil columns has an influence on the status 

of the primary nutrient elements. Thus, it is recommended that an appropriate fertilizer 

management plan is integrated with the soil liming strategy. This would provide 

mitigation measures to manage primary nutrient deficiencies on influencing crop 

growth when neutralizing AMD in strategically limed soils.  

The secondary nutrient status and availability of the soil is not as significantly impacted 

when neutralizing AMD in the strategically limed soil columns because the agricultural 

limestone serves as sources of Ca and Mg and the AMD as a source of S, which 

contributes to their status in the soil profile.  

The accumulation of the trace elements Fe, Al and Mn in the strategically limed soil 

profiles shows that their sequestration within the profile is feasible. It is proposed that 

preconditioning soil with alkaline materials is an alternative mine water treatment 

strategy. However, it is recommended for future work that an investigation into the 

bioavailability of the accumulated trace elements be conducted.  
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5.3.7 Conclusion  

The soil column experiment shows that localising agricultural limestone within the top 

half of the profile as well as mixing it throughout the soil profile can neutralize AMD. 

However, this only occurred in the initial phase of the “three-year” irrigation period and 

as the experiment continued the neutralizing capacity of the agricultural limestone 

decreased. Therefore, the ability of either calcitic or dolomitic limestone to sustain 

neutralization is partial.  

The neutralization curves for each of the placement positions of agricultural limestone 

within the soil profile show that localising dolomite in the top half of the soil profile has 

a lower potential to neutralize AMD compared to mixing it throughout the profile. 

However, in the case of calcite, localising it in the top half of the soil profile has a 

greater potential to neutralize AMD compared to mixing it throughout the profile.  

This implies that the placement position of agricultural limestone within a soil profile, 

namely localising it within the top half of the profile and mixing it throughout the profile 

does not have an influence on the neutralization of AMD. Furthermore, the hypothesis 

which states that localising agricultural limestone within the top half of the soil profile 

improves the spatial contact with AMD and the potential for neutralization compared 

to incorporating the limestone throughout the soil profile which reduces the spatial 

contact with AMD and the potential for neutralization is rejected.  

The lower neutralization potential of localising dolomitic limestone within the top half 

of the profile in comparison to mixing it throughout the profile is likely due to its slower 

dissolution efficacy. The higher neutralization potential of localising calcitic limestone 

within the top half of the profile in comparison to mixing it throughout the profile is most 

likely due to an increased spatial contact with AMD coupled with a higher dissolution 

efficacy. 

This shows that the placement of agricultural limestone in a soil profile to neutralize 

AMD be guided by the dissolution efficacy of the liming material. It is recommended 

that liming materials with a slow dissolution efficacy be mixed throughout the soil 

profile. This method is likely to increase the temporal contact between the liming 

material and AMD which contributes to a longer period to facilitate neutralization of the 

soil solution.  
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When agricultural limestone is absent in the soil profile, the effect of neutralizing AMD 

through the profile mostly acidifies it. This creates an extremely acidic rooting 

environment that cannot support all crop growth because the rooting environment is 

likely to be subjected to several toxicities and nutrient deficiencies.  

When dolomitic limestone was used the soil profile was likely exposed to acidification 

and its extent could result in conditions that negatively influence the availability of 

essential plant nutrients and led to a rooting environment in which crops may not be 

able to grow. However, when calcitic limestone was used the soil profile was also 

acidified but to a lesser extent than when dolomitic limestone was used. This can 

potentially contribute towards a rooting environment in which crops can grow.  

Thus, localising the agricultural limestone within the top half of the profile as well as 

mixing it throughout the soil profile does not influence the neutralization of AMD to 

support  a favourable rooting environment for crop growth. However, it is suggested 

that the type of agricultural limestone used in the soil profile, which can influence 

neutralization of AMD, is an important factor to consider in the development of soil 

liming strategies for irrigation with AMD.  

A consequence of neutralizing AMD in a strategically limed soil profile is an increase 

in soil EC because of the generation of high levels of soluble salts within the profile. 

This leads to saline conditions as well as a potentially unsuitable rooting environment 

to support crop growth. Using calcitic limestone resulted in the highest soil EC after 

the experiment ended which implies that it facilitated the generation of a higher soluble 

salt concentration relative to dolomitic limestone. Furthermore, the high EC of the soil 

which had calcite makes it unsuitable for crop growth.  

It is therefore supported that the placement position of agricultural limestone within the 

soil profile does not influence the neutralization of AMD to support a favourable rooting 

environment for crop growth. It is suggested that the type of agricultural limestone 

used in the soil profile is an important factor to consider as it can influence the 

neutralization of AMD. 

Neutralizing AMD in the strategically limed soil columns decreases the status of 

phosphorus and potassium in the soil. This can lead to a primary nutrient deficiency 

and a potentially unsuitable rooting environment to support crop growth.  
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Thus, it is recommended that an appropriate fertilizer management plan form part of 

the development of soil liming strategies for irrigation with AMD. The secondary 

nutrient status and availability of the soil is not as impacted when neutralizing AMD in 

the strategically limed soil columns.  

The accumulation of the trace elements Fe, Al and Mn in the strategically limed soil 

profiles shows that their sequestration within the profile is indeed feasible. This 

supports the disposition that preconditioning soil with alkaline materials can be 

considered an alternative mine water treatment strategy. However, it is recommended 

for future work that an investigation into the bioavailability of the accumulated trace 

elements be conducted.  

It is acknowledged that this study was conducted in a laboratory setting which is a 

controlled environment. Future work can consider expanding on this field of research 

by conducting trials or experiments guided by the findings of this study, under actual 

field conditions. This is suggested because under field conditions, soil profiles are 

likely to be susceptible to intense wetting and drying cycles which can influence a 

variety of soil physical and chemical properties.  

Under field conditions, there is a possibility of excessive salt accumulation in the soil 

which could lead to saline conditions. Soil sealing or crusting of the surface could also 

occur due to the formation of various precipitates. The accumulation of precipitates in 

the sub-soil could also reduce soil redox potential and negatively influence soil 

biodiversity and similarly influence crop production.  

Soil physical properties could be altered by changes in pore geometry, porosity, bulk 

density, aggregation, and structure formation. Another possible implication on soil 

chemical properties could be soil mineralogy changes potentially through 

destabilization of clay minerals.  

  

 

 

 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



152 
 

CHAPTER 6: SYNTHESIS 

6.1 Summary and Conclusion 

The first hypothesis for this study states that iron is expected to have the most 

significant buffering influence on the neutralising potential of hydrated lime compared 

to aluminium and manganese as its oxidation and hydrolysis is strongly acidifying. This 

hypothesis is accepted based on the findings of the first experiment detailed in chapter 

three. The objective of this experiment was to determine the additional acidity 

generated by the hydrolysis of iron, aluminium, and manganese and how this buffers 

the neutralising potential of hydrated lime.  

It was demonstrated that Fe has the potential to buffer the neutralisation potential of 

hydrated lime because of two acid generating influences, namely the ferric and ferrous 

iron buffers. The titration experiment showed that each of them influenced the 

neutralization potential of hydrated lime below the neutral condition. The ferric iron 

buffer is attributed to the oxidation of Fe2+ to Fe3+, followed by the hydrolysis and 

precipitation of Fe3+, which occurs between a pH of 2 and 3.49. Thereafter, the 

influence of the ferrous iron buffer occurs due to the hydrolysis and precipitation of 

residual Fe2+, which occurs between a pH of about 5 and 5.75.  

The second hypothesis for this study states that iron will limit the potential of larger 

particle sizes of agricultural limestone to neutralise AMD to a greater extent than 

aluminium and manganese as these larger particles are likely to be armoured by iron 

precipitates.  

This hypothesis is rejected based on the findings of the second experiment elaborated 

upon in chapter four. The objective of this experiment was to determine the effect that 

these metals have on the potential of varying particle size fractions of calcite and 

dolomite to dissolve and enable neutralization. 

The findings were that the dissolution of the larger particle size fractions of calcite and 

dolomite is specifically influenced by Al precipitates and then by Fe precipitates during 

the neutralization of AMD. The former precipitate has a more prominent influence on 

restricting the potential of larger particle size fractions of calcite and dolomite to 

neutralize AMD.  
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The latter precipitate further contributes to the armouring of the particles and a 

restriction in the dissolution of the medium and coarse agricultural limestone particle 

size fractions. Manganese did not restrict the dissolution of the varying particle size 

fractions of calcite and dolomite used.  

The third hypothesis for this study states that localising agricultural limestone within 

the top half of the soil profile improves the spatial contact with AMD and the potential 

for neutralization compared to incorporating limestone throughout the soil profile which 

reduces the spatial contact with AMD and the potential for neutralization. 

This hypothesis is rejected based on the findings of the final experiment of the study 

described in chapter five. The objective of this experiment was to determine the 

potential of the placement position of agricultural limestone in a soil profile to neutralize 

AMD to support a favourable rooting environment for crop growth. 

It was found that the placement position of the agricultural limestone within a soil profile 

does not have an influence on the neutralization of AMD to support a favourable 

rooting environment for crop growth. However, it is suggested that the type of 

agricultural limestone used in the soil profile, which can influence neutralization of 

AMD, is an important factor to consider. Therefore, it is recommended that liming 

materials with a slow dissolution efficacy be mixed throughout the soil profile. This is 

likely to increase the temporal contact between the liming material and AMD which 

contributes to a longer period to facilitate neutralization of the soil solution.  

6.2 The Development of Soil Liming Strategies for Irrigation with AMD 

The principal aim of this study was to develop soil liming strategies for irrigation with 

AMD. The outcome of the abovementioned experiments was used as a guideline for 

the development of soil liming strategies for irrigation with AMD. It is therefore 

recommended as follows: 

A. Calculate the total amount of acidity that Fe, Al, and Mn could generate as a neutral 

condition of the AMD is reached. 

B. Utilise the appropriate size fraction of liming materials typically used in agricultural 

applications, which is calcite and dolomite. 

C. Consider the influence of the dissolution efficacy of the agricultural limestone within 

a soil profile on neutralizing AMD. 
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D. Implement a monitoring program to track sulphate concentrations in the irrigation 

water as well as the soil moisture. 

E. Incorporate an appropriate fertilizer management plan to address primary nutrient 

deficiency. 

A strategy to lime soil for irrigation with mine impacted water must acknowledge that 

Fe, Al, and Mn can generate additional acidity during the neutralization of AMD. The 

acid generating potential of the abovementioned metals are attributed to their 

oxidation, hydrolysis, and consequent precipitation.  

These processes exert buffering influences on the potential of alkaline materials to 

increase the pH of AMD. The risk of ignoring the acidic contributions of these metals 

in a liming strategy can lead to an inadequate amount of alkalinity (liming material) 

that is required to neutralize AMD being applied to soil.  

Therefore, the basis for the development of a soil liming strategy for irrigation with 

AMD is to calculate the total amount of acidity that each of these metals could generate 

as a neutral condition is achieved. This approach provides a guideline using an acid-

base accounting principle to determine the corresponding quantity of net alkalinity to 

neutralize the quantified acidity of the irrigation.   

The next step in the development of a soil liming strategy for irrigation with AMD is to 

utilise the appropriate size fraction of liming materials typically used in agricultural 

applications, namely calcite and dolomite. Neutralizing mine impacted water (AMD) is 

dependent on the particle size fraction of the liming material used.  

Using an inappropriate size fraction will influence its neutralizing potential. This is 

caused by the presence of metals in the AMD, which precipitate as minerals as its pH 

increases. These precipitates can armour the surfaces of the agricultural limestone, 

prevent their dissolution and limit neutralization.  

Decreasing the particle size fraction of calcite and dolomite increases their reactivity 

by increasing the surface area available for neutralization. Calcite and dolomite with a 

particle size of less than 0.25 mm is an appropriate size fraction applicable to 

neutralization of AMD for use as irrigation. However, it is anticipated that finer fractions 

are likely to be better. 
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Having established the appropriate particle size to use, it is then necessary to consider 

the dissolution efficacy of the agricultural limestone in relation to its placement position 

within a soil profile on neutralizing AMD. 

This includes incorporating the agricultural limestone within the root zone of the profile. 

- that is mixing it throughout the soil profile or concentrating it in the top half of the 

profile - that is localising it within the soil profile.  

The spatial placement of the liming material in the soil profile does not influence 

neutralization of AMD. However, the dissolution efficacy of the liming material is 

suggested to guide its placement. In the instance of slowly dissolving material, it is 

suggested that it be mixed throughout the profile to extend the temporal contact with 

AMD to facilitate neutralization.  

The fourth step in the development of a soil liming strategy for irrigation with AMD is 

to implement a monitoring program to track sulphate concentrations in the irrigation 

water as well as the soil moisture. Furthermore, a leaching fraction needs to be 

incorporated into the strategy to lessen the influence of salt accumulations and salinity 

in the root zone.  

The final step in the development of a soil liming strategy for irrigation with AMD is to 

incorporate an appropriate fertilizer management plan to address primary nutrient 

deficiency consequences of the previous steps on the root zone.  

6.3 Recommendation for Future Research 

Spectrophotometric methods of iron and manganese analysis have potential for further 

study regarding the neutralization of AMD in an aqueous setting. This could determine 

a quantification of the extent to which these metals had oxidised, and their 

concentrations sequestered in solution.  

The precipitates or floc of the metals which formed during the titration experiment 

could potentially generate further acidity overtime. Therefore, it is recommended that 

future work considers this potential because of the relatively short reaction time 

allowed for the titration experiments in this study. 
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Neutralizing AMD with limestone removes acidity which enables metal precipitation 

reactions. Treating AMD in this manner will cause the precipitation of aluminium and 

ferric hydroxides around limestone grains, which armour their surfaces. Therefore, to 

improve the efficacy of calculation of the total amount of liming material needed for 

neutralization, it is recommended that future research focusses on quantifying the 

extent of the coating of the surfaces of the liming material. 

The accumulation of Fe, Al, and Mn in the strategically limed soil profiles may lead to 

excessive concentrations within the profile, which can be toxic to crops and thus 

influence their growth. Thus, there is the potential for future investigation into the 

bioavailability of the metal accumulations in the limed soil profiles.   

There is potential for future investigation into considering the effect of various soil 

textures in the development of soil liming strategies for irrigation with acid mine 

drainage. It is presumed that soil texture will influence the degree of neutralization of 

acid mine drainage used for irrigation because of drainage capability. This could 

further contribute to the development of the liming strategies by facilitating irrigation 

management practises in relation to allowing sufficient residence time between 

irrigation and liming material to facilitate the in-situ neutralization of the water. 
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This calculation was used to determine the required amount of salt(s) to produce each 

AMD solution:  

Required amount of salt (mg.L-1) = Concentration of metal cation in AMD solution 

(mg.L-1) × 
molar mass of the salt (g.mol−1)

molar mass of the metal cation in AMD treatment (g.mol−1)
 × stoichiometric salt : metal 

cation ratio. 

The inputs for the calculation are provided in the table below. 

Table A1.1: Inputs for determining the required amount of salt(s) to synthesize the 

various AMD solutions. 

Metal Mass concentration of metal 

cation in AMD solution 

(mg.L-1) 

molar mass of 

salt (g.mol-1) 

molar mass of metal cation in 

AMD solution (g.mol-1) 

stoichiometric salt : 

metal cation ratio. 

 

Fe 280 278.03 55.845 1 

Al 135 666.44 26.9815 0.5 

Mn 275 223.07 54.9380 1 

 

The following salts were used to synthesis the various AMD solution:  

• AMDFe = FeSO4.7H2O 

• AMDAl = Al2(SO4)3.18H2O 

• AMDMn = MnSO4.7H2O 

• AMDFe+Al+Mn = FeSO4.7H2O + Al2(SO4)3.18H2O + MnSO4.7H2O 

A summary of the outputs from the above calculation is provided in the table below. 

The amounts provided were for the synthesis of 20 litres of solution.  

 

 

 

 

 

 

AMD solution  Sulphate-salt(s) 

used  

Mass of salts(s) 

required (g) 

AMD-Fe  FeSO4.7H2O 27.803 

AMD-Al Al2(SO4)3.18H2O 33.322 

AMD-Mn MnSO4.7H2O 22.307 

AMD-Fe-Al-Mn FeSO4.7H2O  27.803 

Al2(SO4)3.18H2O 33.322 

MnSO4.7H2O 22.307 
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APPENDIX A2 

Table A2.1: Titration data for the control solution 

Volume of titrant used (ml) pH of solution 

Rep 1 Rep 2 Rep 3 

0 2 2 2 

8 2.26 2.16 2.2 

16 2.51 2.32 2.46 

24 2.9 2.7 2.93 

32 3.4 3.44 3.47 

36 6.6 6.67 6.73 

37 7.04 7.26 7.15 

40 10.33 10.36 10.42 

 

Table A2.2: Titration data for the AMD-Fe solution 

Vol of titrant used (ml) pH of solution 

Rep 1 Rep 2 Rep 3 

0 2 2 2 

6 2.09 2.12 2.11 

12 2.21 2.21 2.21 

18 2.38 2.38 2.38 

24 2.73 2.66 2.61 

30 2.9 2.89 2.9 

36 3.11 3.09 3.07 

42 3.63 3.49 3.38 

43 3.75 3.66 3.49 

44 3.92 3.83 3.57 

45 4.44 4.09 3.75 

46 4.76 4.35 4.01 

47 4.81 4.7 4.16 

48 5.22 5.03 4.53 

54 5.58 5.47 5.3 

60 5.81 5.82 5.64 

61 5.95 5.9 5.82 

62 5.99 5.82 5.83 

63 6.08 5.94 5.86 

64 6.49 6.4 6.25 

65 6.64 6.58 6.41 

66 6.83 6.92 6.83 

72 10.49 10.35 9.97 
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Table A2.3: Titration data for the AMD-Mn solution 

Vol of titrant used (ml) pH of solution 

Rep 1 Rep 2 Rep 3 

0 2 2 2 

6 2.1 2.07 2.08 

12 2.2 2.19 2.2 

18 2.34 2.38 2.38 

24 2.55 2.55 2.55 

30 2.81 2.8 2.81 

31 3.01 2.99 2.94 

32 3.05 3.02 3.01 

33 3.18 3.09 3.09 

34 3.26 3.22 3.18 

35 3.39 3.34 3.26 

36 3.46 3.43 3.4 

39 5.67 5.33 4.76 

42 6.6 6.75 6.84 

45 6.67 6.85 6.93 

48 6.93 7.02 7.1 

51 7.02 7.19 7.24 

54 7.19 7.27 7.35 

57 7.3 7.35 7.38 

60 7.43 7.45 7.52 

63 7.52 7.55 7.58 

68 7.61 7.57 7.52 

74 7.7 7.76 7.88 

80 8.9 8.97 8.28 

86 10.51 10.43 9.21 

92 11.02 11.03 10.47 

98 11.26 11.21 10.89 

104 11.35 11.36 11.04 

110 11.5 11.45 11.28 

116 11.53 11.51 11.36 

122 11.74 11.6 11.47 
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Table A2.3: Titration data for the AMD-Al solution 

Vol of titrant used 
(ml) 

pH of solution 

Rep 1 Rep 2 Rep 3 

0 2 2 2 

6 2.2 2.21 2.22 

12 2.33 2.34 2.34 

18 2.49 2.51 2.48 

24 2.68 2.68 2.73 

30 3.01 3.01 3.01 

36 3.75 3.75 3.7 

38 4.13 4.18 4.09 

40 4.18 4.26 4.18 

42 4.26 4.26 4.28 

44 4.26 4.28 4.26 

46 4.28 4.31 4.34 

48 4.43 4.43 4.35 

54 4.41 4.43 4.4 

60 4.6 4.44 4.41 

66 4.73 4.6 4.6 

72 5.45 5.37 5.21 

78 6.74 6.88 6.91 

84 8.55 8.63 8.71 

90 9.15 9.24 9.15 

96 9.36 9.4 9.4 

102 10.52 10.66 10.68 
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Table A2.4: Titration data for the AMD-Fe-Al-Mn solution 

Vol of titrant used (ml) pH of solution 

Rep 1 Rep 2 Rep 3 

0 2 2 2 

6 2.13 2.22 2.18 

12 2.3 2.3 2.3 

18 2.56 2.48 2.46 

24 2.82 2.74 2.7 

30 3.17 3.11 3 

36 3.9 3.84 3.84 

42 4.27 4.27 4.29 

48 4.28 4.37 4.27 

54 4.48 4.49 4.4 

60 4.62 4.44 4.48 

66 4.74 4.7 4.7 

72 5.29 5.22 5.27 

78 5.68 5.8 5.72 

84 5.81 5.98 5.89 

90 6.27 6.2 6.12 

96 6.48 6.57 6.57 

102 6.91 6.91 6.91 

108 7 7 7.01 

118 7.6 7.6 7.6 

128 8.1 8 8.1 

138 9.24 9.12 9.16 

148 10.62 10.48 10.41 

154 10.85 10.84 10.72 

160 11.09 10.9 10.97 
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APPENDIX A3 

Table A3.1: The metal concentrations in the AMD solutions which contain single 

metals after a neutral and alkaline pH was reached. 

Solution  Final metal concentration in 
solution (mg/L) after reaching a 

neutral pH condition 

Final metal concentration in 
solution (mg/L) after reaching a 

alkaline pH condition 

AMD-Fe Rep1 0.223 0.921 

AMD-Fe Rep2 0.764 0.955 

AMD-Fe Rep3 0.268 0.703 

AMD-Al Rep1 0.492 0.173 

AMD-Al Rep2 0.436 0.184 

AMD-Al Rep3 0.429 0.169 

AMD-Mn Rep1 164.239 0.001 

AMD-Mn Rep2 122.49 0.002 

AMD-Mn Rep3 134.549 0.004 

 

Table A3.2: Metal concentrations in the AMD solutions containing all three 

metals after a neutral and alkaline pH was reached. 

Solution  Final metal concentration in 
solution (mg/L) after reaching 

a neutral pH condition 

Final metal concentration in 
solution (mg/L) after 

reaching an alkaline pH 
condition 

Fe Al Mn Fe Al Mn 

AMD-Fe-Al-Mn Rep1 0.000 0.047 133.321 0.015 0.099 0.110 

AMD-Fe-Al-Mn Rep2 0.000 0.048 140.905 0.000 0.074 0.081 

AMD-Fe-Al-Mn Rep3 0.000 0.066 150.635 0.000 0.059 0.008 
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APPENDIX A4 

Table A4.1: The total Ca and Mg contents of each particle size fraction of calcite and dolomite used in this study determined 

by a nitric acid microwave digestion. 

Elemental content (mg.kg-1) Calcite particle size fraction  Dolomite particle size fraction 

1 – 2 mm 0.25 – 0.50 mm < 0.25 mm 1 – 2 mm 0.25 – 0.50 mm < 0.25 mm 

Calcium  20583 22083 22333 10667 9750 9000 

Magnesium 3917 3667 2750 6500 6417 6250 

 

Table A4.2: Amount of calcium present in the required amount of calcitic limestone used to neutralise 100 ml of each acidic 

solution. 

Solution  Required amount of calcite (g) used for 
neutralization of each solution 

Amount of Ca2+ (mol) present in the required amount of 
calcite used to neutralize each solution (Minitial) 

Control 0.148 0.00148 

AMD-Fe 0.276 0.00276 

AMD-Al 0.316 0.00316 

AMD-Mn 0.296 0.00296 

AMD-Fe-Al-Mn 0.592 0.00592 
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Table A4.3: The calcium concentration in each solution treated with the various particle size fractions of calcite after 30 

days of equilibration (determined by ICP-OES). 

Treatment Type The average equilibrium Ca concentration (mol.L-1) 
in each solution treated with the different particle 

size fractions of calcite after 30-day period 
(Mequilibrium) 

Control Calcite 1-2 mm 0.00783 

Control Calcite 0.25-0.50 mm  0.00923 

Control Calcite < 0.25 mm 0.00931 

AMD-Fe Calcite 1-2 mm  0.01692 

AMD-Fe Calcite 0.25-0.50 mm  0.01801 

AMD-Fe Calcite <0.25 mm  0.02425 

AMD-Al Calcite 1-2 mm  0.01472 

AMD-Al Calcite 0.25-0.50 mm  0.02201 

AMD-Al Calcite <0.25 mm  0.02395 

AMD-Mn Calcite 1-2 mm  0.01238 

AMD-Mn Calcite 0.25-0.50 mm  0.01355 

AMD-Mn Calcite <0.25 mm  0.01375 

AMD-Fe-Al-Mn Calcite 1-2 mm  0.01816 

AMD-Fe-Al-Mn Calcite 0.25-0.50 mm  0.02201 

AMD-Fe-Al-Mn Calcite <0.25 mm  0.02940 

 

Note that 100 ml of each acidic solution was used which is equal to the Volume of solution (V) in the equation below. 
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Example calculation: Control Calcite 1 – 2 mm size fraction  

% Calcitic Limestone dissolution = 
𝑀𝐸𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑢𝑚∗𝑉

𝑀𝐼𝑛𝑖𝑡𝑖𝑎𝑙
 × 100  

         =  0.00783 ×0.1

0.00148
 × 100  

         = 53 % 

Table A4.4: Amount of magnesium present in the required amount of dolomitic limestone used to neutralise 100 ml of each 

acidic solution. 

Solution  Required amount (g) of dolomite used 
for neutralization of each solution 

Amount of Mg2+ (mol) present in the 
required amount of dolomite used to 

neutralize each solution (Minitial) 

Control 0.136 0.000738 

AMD-Fe 0.253 0.001372 

AMD-Al 0.29 0.001573 

AMD-Mn 0.272 0.001475 

AMD-Fe-Al-Mn 0.545 0.002956 
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Table A4.5: The magnesium concentration in each solution treated with the various particle size fractions of calcite after 30 

days of equilibration (Determined by ICP-OES). 

Treatment Type The average equilibrium Mg 
concentration (mol.L-1) in each solution 
treated with the different particle size 
fractions of calcite after 30-day period 

(Mequilibrium) 

Control Dolomite1-2 mm 0.00457 

Control Dolomite0.25-0.50 mm  0.00490 

Control Dolomite< 0.25 mm 0.00543 

AMD-Fe Dolomite1-2 mm  0.01123 

AMD-Fe Dolomite0.25-0.50 mm  0.01304 

AMD-Fe Dolomite<0.25 mm  0.01177 

AMD-Al Dolomite1-2 mm  0.01206 

AMD-Al Dolomite0.25-0.50 mm  0.01473 

AMD-Al Dolomite<0.25 mm  0.01502 

AMD-Mn Dolomite1-2 mm  0.00708 

AMD-Mn Dolomite0.25-0.50 mm  0.00683 

AMD-Mn Dolomite<0.25 mm  0.00720 

AMD-Fe-Al-Mn Dolomite1-2 mm  0.01498 

AMD-Fe-Al-Mn Dolomite0.25-0.50 
mm  

0.01670 

AMD-Fe-Al-Mn Dolomite<0.25 mm  0.01786 

 

Note that 100 ml of each acidic solution was used which is equal to the Volume of solution (V) in the equation below. 
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Example calculation: Control Dolomite 1 – 2 mm size fraction  

% Dolomitic Limestone dissolution =  
𝑀𝐸𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑢𝑚∗𝑉

𝑀𝐼𝑛𝑖𝑡𝑖𝑎𝑙
 × 100  

           =  0.00457 ×0.1

0.000738
 × 100  

                 = 62 % 
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Table A4.6: The calcium concentration in each solution treated with the various 

particle size fractions of calcite and dolomite determined by ICP-OES. 

Treatment  Ca concentration in solution (mg/L) 

Control Calcite 1-2 mm R1 317.5 

Control Calcite 1-2 mm R2 301.2 

Control Calcite 1-2 mm R3 323.3 

Control Calcite 0.25-0.50 mm R1 330.2 

Control Calcite 0.25-0.50 mm R2 380.5 

Control Calcite 0.25-0.50 mm R3 398 

Control Calcite < 0.25 mm R1 355.2 

Control Calcite < 0.25 mm R2 392.1 

Control Calcite < 0.25 mm R3 372.2 

Control Dolomite 1-2 mm R1 167.3 

Control Dolomite 1-2 mm R2 186.3 

Control Dolomite 1-2 mm R3 180.1 

Control Dolomite 0.25-0.50 mm R1 199.5 

Control Dolomite 0.25-0.50 mm R2 204.1 

Control Dolomite 0.25-0.50 mm R3 193.1 

Control Dolomite <0.25 mm R1 221.8 

Control Dolomite <0.25 mm R2 220.2 

Control Dolomite <0.25 mm R3 220 

Note R means replicate. 

Treatment  Ca concentration in solution (mg/L) 

Al Calcite 1-2 mm R2 616.5 

Al Calcite 1-2 mm R3 569 

Al Calcite 0.25-0.50 mm R1 860.5 

Al Calcite 0.25-0.50 mm R2 911 

Al Calcite <0.25 mm R1 899 

Al Calcite <0.25 mm R2 954.5 

Al Calcite <0.25 mm R3 1027.5 

Al Dolomite 1-2 mm R1 463.2 

Al Dolomite 1-2 mm R2 480.45 

Al Dolomite 1-2 mm R3 456.35 

Al Dolomite 0.25-0.50 mm R1 556 

Al Dolomite 0.25-0.50 mm R2 588.5 

Al Dolomite 0.25-0.50 mm R3 531.5 

Al Dolomite <0.25 mm R1 568 

Al Dolomite <0.25 mm R2 569 

Al Dolomite <0.25 mm R3 587 

Note R means replicate. 
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Treatment  Ca concentration in solution (mg/L) 

Mn Calcite 1-2 mm R1 494.95 

Mn Calcite 1-2 mm R2 496.05 

Mn Calcite 1-2 mm R3 497.4 

Mn Calcite 0.25-0.50 mm R1 529 

Mn Calcite 0.25-0.50 mm R2 547 

Mn Calcite 0.25-0.50 mm R3 551.5 

Mn Calcite <0.25 mm R1 545 

Mn Calcite <0.25 mm R2 548 

Mn Calcite <0.25 mm R3 558.5 

Mn Dolomite 1-2 mm R1 278 

Mn Dolomite 1-2 mm R2 289.9 

Mn Dolomite 1-2 mm R3 286.1 

Mn Dolomite 0.25-0.50 mm R1 289.4 

Mn Dolomite 0.25-0.50 mm R2 289.4 

Mn Dolomite 0.25-0.50 mm R3 280.2 

Mn Dolomite <0.25 mm R1 288.5 

Mn Dolomite <0.25 mm R2 306 

Mn Dolomite <0.25 mm R3 302.7 

Note R means replicate. 

Note R means replicate. 

 

 

 

Treatment  Ca concentration in solution (mg/L) 

Fe Calcite 1-2 mm R1 682.3 

Fe Calcite 1-2 mm R2 686.8 

Fe Calcite 1-2 mm R3 665.9 

Fe Calcite 0.25-0.50 mm R1 695.7 

Fe Calcite 0.25-0.50 mm R2 713.6 

Fe Calcite 0.25-0.50 mm R3 757.5 

Fe Calcite <0.25 mm R1 947.5 

Fe Calcite <0.25 mm R2 989.3 

Fe Calcite <0.25 mm R3 980.9 

Fe Dolomite 1-2 mm R1 397.5 

Fe Dolomite 1-2 mm R2 428.4 

Fe Dolomite 1-2 mm R3 491.8 

Fe Dolomite 0.25-0.50 mm R1 489.3 

Fe Dolomite 0.25-0.50 mm R2 486 

Fe Dolomite 0.25-0.50 mm R3 463.85 

Fe Dolomite <0.25 mm R1 474.85 

Fe Dolomite <0.25 mm R2 419.15 

Fe Dolomite <0.25 mm R3 427.75 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



181 
 

Treatment  Ca concentration in solution (mg/L) 

Fe+Al+Mn Calcite 1-2 mm R1 742.5 

Fe+Al+Mn Calcite 1-2 mm R2 732.5 

Fe+Al+Mn Calcite 1-2 mm R3 709 

Fe+Al+Mn Calcite 0.25-0.50 mm R1 854 

Fe+Al+Mn Calcite 0.25-0.50 mm R2 774.5 

Fe+Al+Mn Calcite 0.25-0.50 mm R3 1017.5 

Fe+Al+Mn Calcite <0.25 mm R1 1186.5 

Fe+Al+MnCalcite <0.25 mm R2 1196 

Fe+Al+Mn Calcite <0.25 mm R3 1153 

Fe+Al+Mn Dolomite 1-2 mm R1 613.5 

Fe+Al+Mn Dolomite 1-2 mm R2 594 

Fe+Al+Mn Dolomite 1-2 mm R3 596.5 

Fe+Al+Mn Dolomite 0.25-0.50 mm R1 660 

Fe+Al+Mn Dolomite 0.25-0.50 mm R2 683 

Fe+Al+Mn Dolomite 0.25-0.50 mm R3 737.5 

Fe+Al+Mn Dolomite <0.25 mm R1 729 

Fe+Al+Mn Dolomite <0.25 mm R2 735.5 

Fe+Al+Mn Dolomite <0.25 mm R3 702 

Note R means replicate. 
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Table A4.7: Neutralization data for the control solution treated with the various particle size fractions of calcite and dolomite. 

Reaction/equilibration 
time (hours)  

Calcite 1 -2 mm Calcite 0.25 - 
0.50 mm 

Calcite < 0.25 
mm 

Dolomite 1 -2 
mm 

Dolomite 0.25 - 
0.50 mm 

Dolomite < 0.25 
mm 

Rep 
1 

Rep 
2 

Rep 
3  

Rep 
1 

Rep 
2 

Rep 
3  

Rep 
1 

Rep 
2 

Rep 
3  

Rep 
1 

Rep 
2 

Rep 
3  

Rep 
1 

Rep 
2 

Rep 
3  

Rep 
1 

Rep 
2 

Rep 
3  

0 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 

48 2.44 2.53 2.6 3.84 3.93 3.75 6.03 6.12 6.12 3 2.84 2.93 4.39 4.41 4.74 6.14 6.22 6.22 

96 2.81 3.03 3.04 5.33 5.45 5.48 6.29 6.36 6.36 3.54 3.23 3.42 5.89 5.73 5.84 6.38 6.38 6.38 

144 3.45 3.98 4.17 6.12 6.25 6.3 6.76 6.79 6.73 4.96 3.75 4.74 6.38 6.29 6.34 6.74 6.71 6.67 

192 4.17 5.32 5.58 6.34 6.48 6.5 6.85 6.92 6.9 5.92 5.35 5.92 6.65 6.57 6.57 6.84 6.87 6.87 

240 5.69 5.93 6.06 6.7 6.74 6.78 7.09 7.09 7.07 6.23 5.9 6.3 6.76 6.78 6.76 6.97 7.06 7.01 

288 5.7 6.16 6.38 6.82 6.91 6.94 7.16 7.16 7.12 6.32 6.08 6.5 6.82 6.83 6.8 7 7.12 7.08 

336 6.19 6.45 6.6 6.91 6.99 6.99 7.2 7.26 7.17 6.66 6.47 6.66 7.09 7.07 7.1 7.24 7.34 7.28 

384 6.52 6.71 6.86 7.25 7.25 7.35 7.52 7.54 7.52 6.84 6.62 6.86 7.17 7.16 7.22 7.26 7.4 7.33 

432 7 6.91 6.97 7.17 7.21 7.26 7.4 7.37 7.35 7.09 6.97 7.08 7.26 7.26 7.34 7.41 7.52 7.5 

504 7.35 7.17 7.17 7.33 7.43 7.43 7.6 7.56 7.52 7.24 7.01 7.18 7.29 7.35 7.43 7.54 7.69 7.58 

552 6.66 6.97 7.09 7.37 7.43 7.51 7.59 7.61 7.61 7.06 7.08 7.31 7.49 7.49 7.61 7.66 7.69 7.67 

648 6.72 7.09 7.26 7.47 7.57 7.64 7.09 7.36 7.45 7.02 7.18 7.3 7.57 7.52 7.6 7.9 7.71 7.99 

720 6.74 7 7.18 7.37 7.44 7.53 7.59 7.53 7.55 7.29 7.4 7.5 7.81 7.81 7.9 8.01 8.07 8.01 

 

 

 

 

 

 

 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



183 
 

Table A4.8: Neutralization data for the AMD-Fe solution treated with the various particle size fractions of calcite and 

dolomite. 

Reaction/equilibration 
time (hours)  

Calcite 1 -2 mm Calcite 0.25 - 
0.50 mm 

Calcite < 0.25 
mm 

Dolomite 1 -2 
mm 

Dolomite 0.25 - 
0.50 mm 

Dolomite < 0.25 
mm 

Rep 
1 

Rep 
2 

Rep 
3  

Rep 
1 

Rep 
2 

Rep 
3  

Rep 
1 

Rep 
2 

Rep 
3  

Rep 
1 

Rep 
2 

Rep 
3  

Rep 
1 

Rep 
2 

Rep 
3  

Rep 
1 

Rep 
2 

Rep 
3  

0 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 

48 3.21 3 2.99 5.06 5.04 4.8 5.32 5.41 5.41 5.15 3.66 3.61 5.38 5.41 5.45 5.49 5.5 5.5 

96 4.88 3.83 3.94 5.32 5.32 5.19 5.41 5.57 5.54 4.89 4.48 4.34 5.26 5.22 5.26 5.42 5.43 5.41 

144 5.23 5.14 5.05 5.17 5.23 5.5 5.94 5.99 5.94 4.91 4.73 4.7 5.55 5.47 5.55 5.63 5.77 5.65 

192 5.03 5.06 4.93 5.73 5.75 5.58 6.21 6.21 6.18 4.81 4.67 4.64 5.87 5.8 5.81 6.12 6.16 6.26 

240 5.01 4.91 4.98 5.79 5.74 5.63 6.57 6.55 6.55 5.12 4.84 4.6 6.05 6.01 5.92 6.39 6.37 6.44 

288 5.49 5.13 5.06 6.11 6.04 5.86 6.71 6.75 6.82 5.38 4.91 4.7 6.32 6.25 6.32 6.56 6.63 6.65 

336 5.35 4.98 5.07 6.43 6.27 6.13 6.82 6.9 6.91 5.68 5.09 4.93 6.61 6.66 6.64 6.9 6.89 6.92 

384 5.42 5.09 5.18 6.74 6.7 6.62 7.16 7.16 7.24 5.87 5.22 5.04 6.74 6.82 6.8 7 6.98 7.05 

432 5.58 5.18 5.2 6.74 6.83 6.74 7.17 7.17 7.17 6.27 5.42 5.21 6.85 7.01 7.08 7.17 7.18 7.26 

504 5.88 5.37 5.46 6.83 7 7.04 7.35 7.36 7.41 6.75 5.92 5.67 7.09 7.25 7.35 7.42 7.42 7.44 

552 6.07 5.46 5.52 6.96 7.06 7 7.38 7.38 7.45 6.92 6.25 6.02 7.17 7.33 7.41 7.49 7.49 7.49 

648 6.49 5.74 5.92 7.02 7.12 7.22 7.46 7.51 7.55 6.9 6.48 6.3 7.18 7.34 7.42 7.46 7.52 7.52 

720 6.59 6.02 6.21 7 7.27 7.28 7.48 7.5 7.54 7.02 6.83 6.73 7.55 7.72 7.72 7.76 7.81 7.83 
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Table A4.9: Neutralization data for the AMD-Al solution treated with the various particle size fractions of calcite and 

dolomite. 

Reaction/equilibration 
time (hours)  

Calcite 1 -2 mm Calcite 0.25 - 
0.50 mm 

Calcite < 0.25 
mm 

Dolomite 1 -2 
mm 

Dolomite 0.25 - 
0.50 mm 

Dolomite < 0.25 
mm 

Rep 
1 

Rep 
2 

Rep 
3  

Rep 
1 

Rep 
2 

Rep 
3  

Rep 
1 

Rep 
2 

Rep 
3  

Rep 
1 

Rep 
2 

Rep 
3  

Rep 
1 

Rep 
2 

Rep 
3  

Rep 
1 

Rep 
2 

Rep 
3  

0 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 

48 3.06 3.15 3.01 4.18 4.19 4.23 5.02 5.04 5.15 3.66 3.83 3.84 4.48 4.54 4.47 5.01 5.14 4.85 

96 3.97 3.92 3.92 4.29 4.27 4.36 5.99 5.96 5.91 4.21 4.33 4.25 4.71 4.72 4.7 5.86 5.83 5.82 

144 4.11 4.19 4.08 4.41 4.43 4.54 6.16 6.07 6.31 4.19 4.19 4.18 5.41 5.55 4.76 6.11 6.23 6.12 

192 4.16 4.14 4.14 5.1 5 5.69 6.53 6.51 6.65 4.42 4.42 4.43 6.18 6.11 5.67 6.51 6.58 6.55 

240 4.27 4.27 4.26 5.81 5.9 6.02 6.65 6.65 6.83 4.35 4.4 4.43 6.28 6.3 6.1 6.61 6.64 6.61 

288 4.27 4.26 4.22 6.13 6.31 6.36 6.81 6.8 6.98 4.37 4.45 4.44 6.36 6.5 6.26 6.63 6.65 6.61 

336 4.2 4.2 4.2 6.32 6.46 6.52 6.89 6.82 6.99 4.52 4.54 4.6 6.6 6.61 6.56 6.82 6.88 6.86 

384 4.3 4.3 4.28 6.6 6.8 6.88 7.14 7.12 7.23 4.58 4.58 4.61 6.61 6.72 6.67 6.84 6.92 6.92 

432 4.29 4.26 4.26 6.55 6.72 6.83 7 7 7.12 4.61 4.67 4.69 6.64 6.82 6.84 6.94 7.08 7.09 

504 4.37 4.39 4.35 6.92 7.07 7.09 7.26 7.24 7.35 4.75 4.87 4.91 7.03 7.14 7.12 7.17 7.35 7.25 

552 4.35 4.34 4.31 6.83 6.93 7 7.17 7.27 7.29 5.06 5.21 5.48 7.05 7.17 7.17 7.17 7.26 7.25 

648 4.31 4.35 4.27 7.28 7 7.09 7.26 7.36 7.36 5.36 5.73 6.09 7.09 7.32 7.36 7.41 7.44 7.44 

720 4.31 4.37 4.29 6.55 6.86 7 7.24 7.34 7.35 6.09 6.29 6.5 7.2 7.35 7.36 7.39 7.52 7.46 
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Table A4.10: Neutralization data for the AMD-Mn solution treated with the various particle size fractions of calcite 

and dolomite. 

Reaction/equilibration 
time (hours)  

Calcite 1 -2 mm Calcite 0.25 - 
0.50 mm 

Calcite < 0.25 
mm 

Dolomite 1 -2 
mm 

Dolomite 0.25 - 
0.50 mm 

Dolomite < 0.25 
mm 

Rep 
1 

Rep 
2 

Rep 
3  

Rep 
1 

Rep 
2 

Rep 
3  

Rep 
1 

Rep 
2 

Rep 
3  

Rep 
1 

Rep 
2 

Rep 
3  

Rep 
1 

Rep 
2 

Rep 
3  

Rep 
1 

Rep 
2 

Rep 
3  

0 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 

48 3.1 3.18 3.38 5.41 5.41 5.41 5.94 5.94 5.98 5.41 5.19 5.33 5.72 5.7 5.74 5.74 5.82 5.74 

96 4.01 4.27 4.93 5.92 6 5.94 6.26 6.29 6.3 5.64 5.58 5.63 5.81 5.8 5.82 5.84 5.84 5.89 

144 5.68 5.5 5.77 6.26 6.32 6.3 6.51 6.56 6.55 5.89 5.89 5.89 5.99 6.07 6.08 6.08 6.07 6.14 

192 6.05 6.01 6.18 6.45 6.47 6.48 6.61 6.63 6.65 6.16 6.21 6.25 6.27 6.29 6.33 6.28 6.23 6.33 

240 6.23 6.26 6.38 6.61 6.59 6.61 6.74 6.74 6.82 6.43 6.37 6.27 6.31 6.39 6.36 6.31 6.31 6.35 

288 6.53 6.47 6.54 6.7 6.73 6.73 6.9 6.91 6.97 6.21 6.32 6.32 6.26 6.32 6.35 6.25 6.24 6.28 

336 6.53 6.48 6.57 6.74 6.76 6.83 6.91 6.98 7 6.26 6.36 6.35 6.3 6.43 6.43 6.43 6.42 6.43 

384 6.98 6.87 6.94 7.07 7.09 7.15 7.16 7.16 7.25 6.54 6.56 6.54 6.53 6.57 6.59 6.56 6.55 6.59 

432 6.91 6.84 6.91 7.09 7.07 7.1 7.09 7.13 7.17 6.57 6.37 6.64 6.61 6.67 6.67 6.64 6.59 6.62 

504 7.01 7 7 7.13 7.11 7.17 7.17 7.24 7.18 6.68 6.77 6.72 6.73 6.76 6.71 6.68 6.66 6.68 

552 6.93 7 7.07 7.17 7.15 7.24 7.21 7.24 7.21 6.71 6.87 6.84 6.84 6.85 6.82 6.83 6.79 6.79 

648 7.09 7.09 7.17 7.22 7.25 7.29 7.25 7.22 7.18 6.45 6.63 6.69 6.66 6.72 6.74 6.69 6.69 6.69 

720 6.64 6.86 7 7.09 7.11 7.18 7.16 7.11 7.1 6.61 6.88 6.94 6.94 6.98 6.96 6.95 6.93 6.94 
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Table A4.11: Neutralization data for the AMD-Fe-Al-Mn solution treated with the various particle size fractions of 

calcite and dolomite. 

Reaction/equilibration 
time (hours)  

Calcite 1 -2 mm Calcite 0.25 - 
0.50 mm 

Calcite < 0.25 
mm 

Dolomite 1 -2 
mm 

Dolomite 0.25 - 
0.50 mm 

Dolomite < 0.25 
mm 

Rep 
1 

Rep 
2 

Rep 
3  

Rep 
1 

Rep 
2 

Rep 
3  

Rep 
1 

Rep 
2 

Rep 
3  

Rep 
1 

Rep 
2 

Rep 
3  

Rep 
1 

Rep 
2 

Rep 
3  

Rep 
1 

Rep 
2 

Rep 
3  

0 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 

48 3.93 3.93 3.93 4.37 4.38 4.39 5.43 5.34 5.41 4.46 4.44 4.47 4.62 4.62 4.62 4.75 4.7 4.71 

96 4.22 4.2 4.2 4.46 4.45 4.45 5.58 5.62 5.55 4.55 4.48 4.55 4.72 4.71 4.69 4.82 4.75 4.77 

144 4.42 4.44 4.44 4.96 5.04 4.96 5.78 5.92 5.8 4.7 4.52 4.61 4.89 4.96 4.9 5.1 5.11 5.04 

192 4.32 4.31 4.32 5.35 5.6 5.42 5.85 5.77 5.74 4.63 4.59 4.67 5.05 5.09 5.05 5.17 5.12 5.17 

240 4.38 4.36 4.38 5.53 5.57 5.58 5.96 5.78 5.73 4.75 4.61 4.66 5.14 5.16 5.16 5.27 5.3 5.3 

288 4.45 4.45 4.45 5.68 5.68 5.68 6.09 6.04 6.05 4.82 4.75 4.75 5.19 5.21 5.35 5.3 5.34 5.32 

336 4.48 4.44 4.46 5.72 5.83 5.74 6.24 6.2 6.24 4.98 4.8 4.85 5.31 5.33 5.3 5.39 5.4 5.42 

384 4.57 4.51 4.51 5.93 5.96 6 6.5 6.52 6.53 5.27 5.02 5.03 5.43 5.46 5.46 5.54 5.54 5.54 

432 4.52 4.5 4.51 5.98 6.04 5.98 6.51 6.53 6.57 5.46 5.1 5.04 5.46 5.5 5.51 5.59 5.59 5.59 

504 4.56 4.61 4.61 6.24 6.39 6.33 6.71 6.73 6.74 5.34 5.18 5.18 5.67 5.64 5.67 5.76 5.69 5.79 

552 4.53 4.53 4.53 6.31 6.52 6.52 6.76 6.69 6.72 5.34 5.24 5.21 5.69 5.67 5.7 5.78 5.77 5.78 

648 4.47 4.49 4.52 6.31 6.54 6.6 6.82 6.74 6.8 5.36 5.31 5.29 5.7 5.67 5.68 5.79 5.79 5.87 

720 4.57 4.6 4.6 6.29 6.55 6.64 6.82 6.81 6.8 5.55 5.47 5.38 5.98 5.91 5.95 6.08 6.1 6.15 
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APPENDIX A5 

Table A5.1: The leachate pH data for each of the soil column treatments. 

Cumulative vol of AMD added 
to column (L) 

Control column Calcite mixed through 
column 

Calcite localised within 
column 

Dolomite mixed 
throughout column 

Dolomite localised within 
column 

pH of leachate pH of leachate pH of leachate pH of leachate pH of leachate 

Rep 
1 

Rep 
2 

Rep 
3 

Rep 1 Rep 2 Rep 3 Rep 1 Rep 2 Rep 3 Rep 1 Rep 2 Rep 3 Rep 1 Rep 2 Rep 3 

0.15 5.5
9 

5.4
7 

5.5
5 

7.52 7.87 7.9 7.61 7.9 7.76 7.97 7.93 7.9 7.75 7.93 7.97 

0.3 4.6
6 

4.0
8 

4.2
9 

7.09 7.57 7.71 8.02 7.87 8.1 7.77 7.87 7.96 7.82 7.87 7.56 

0.45 3.0
2 

2.9
6 

3.0
2 

7 7.31 7.27 7.51 7.49 7.73 6.75 6.43 6.1 6.1 5.92 6.07 

0.6 2.4
9 

2.4
7 

2.5
5 

4.56 4.7 4.59 6.6 6.18 6.81 5.1 4.93 4.67 4.66 4.71 4.74 

0.75 2.2
8 

2.2 2.2
1 

6.8 7.13 7.21 7.17 7.48 7.55 5.04 5 5 5.26 5.07 5.09 

0.9 2.2
3 

2.2
1 

2.2
2 

5.6 5.43 5.04 6.17 5.33 6.49 5.07 5.17 5.1 4.92 5.02 4.92 

1.05 1.8
7 

1.8
6 

1.8
9 

4.77 4.68 4.72 5.03 5.13 5.22 5.12 5.21 4.94 4.98 5 4.85 

1.2 1.9
8 

1.9
6 

1.9
8 

5.69 4.8 5.06 5.06 4.94 5.9 4.97 4.72 4.64 4.9 4.89 4.88 

1.35 1.9
2 

1.8
9 

1.9
4 

5.07 5.34 5.12 5.42 5.36 5.95 5.15 5.11 4.38 5.24 5.06 4.8 

1.5 2.1
6 

2.1
3 

2.1
6 

4.35 4.7 4.44 4.79 4.7 4.85 4.24 4.44 4.25 2.92 4.27 3.47 

1.65 2.1
3 

2.1
6 

2.1
2 

4.44 4.46 4.35 4.79 4.48 4.8 4.44 4.8 4.27 3.19 4.37 4.53 

1.8 2.3
3 

2.2
9 

2.2
7 

6.6 6.09 6.54 5.36 6.09 5.79 4.37 4.76 4.15 3.61 4.37 4.99 

1.95 1.9 1.9 1.9 4.52 4.68 4.57 4.79 4.61 4.52 4.02 4.51 3.93 3.31 4.2 4.38 

2.1 2.3
7 

2.3
5 

2.3
6 

6.82 6.17 6.25 5.83 6 6.2 4.43 4.66 3.73 4.04 4.34 4.41 

2.25 2.2
5 

2.1
9 

2.1
6 

5.56 5.56 5.5 5.78 5.58 5.58 4.41 4.65 3.98 3.72 4.07 3.9 

2.4 2.3
1 

2.3
4 

2.3 5.42 5.42 5.18 5.33 5.23 5.32 4.48 4.61 3.32 3.32 3.98 3.98 

2.55 1.8
4 

1.8
4 

1.8
4 

5.75 5.74 5.69 5.83 5.74 5.83 4.02 4.52 4.27 3.05 3.47 3.65 
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Table A5.2: Metal concentrations in the leachates collected at the start, middle and end of the column experiment determined 

by ICP-OES. 

 

 

 

 

 

 

 

 

 

 

Rep 1 Rep 2 Rep 3 Rep 1 Rep 2 Rep 3 Rep 1 Rep 2 Rep 3 Rep 1 Rep 2 Rep 3 Rep 1 Rep 2 Rep 3 Rep 1 Rep 2 Rep 3 Rep 1 Rep 2 Rep 3 Rep 1 Rep 2 Rep 3 Rep 1 Rep 2 Rep 3

Control columns 16.65 35.89 17.86 0.0606 0.8129 0.0517 231.3 244.6 227.1 266.6 277.3 279.2 251.4 247.4 251.1 364.9 374.4 373.8 325.6 339.7 323.2 294.9 226.4 230.1 381.6 396.4 377.9

Calcite mixed throughout 

profile
0 0 0 0.026 0 0 58.59 48.25 85.57 99.21 75.13 216.4 0.0115 0 0 385.7 402.7 394.3 102.4 84.64 153.4 0.0547 0 0 394.8 423.1 378.5

Calcite localised within 

profile
0 0 0 0.0527 0.0014 0.0618 78.07 52.84 75.89 21.91 102.1 3.075 0 0 0.012 373.6 368.3 409.4 70.8 85.9 82.27 0.0492 0.0296 0.0108 389.2 379.9 398

Dolomite mixed throughout 

profile
0 0 0 0.0017 0.0249 0 30.32 23.61 41.28 188.4 210 214.3 0.4177 0.1294 22.24 356.9 364.8 363.7 196.9 297.6 235.7 152.2 21.84 69.24 383.9 384.9 376.7

Dolomite localised within 

profile
0 0 0 0.0014 0 0.0482 21.67 24.45 18.65 150.2 148.8 105.5 0.4967 0.2816 3.305 465.7 475.1 470.1 285.3 251 202.6 179.5 100.6 150.3 374.9 384.8 385.5

Metal concentration (mg.L
-
)  present in the leachate collected at the:

Fe Al Mn

Mid-point of the experiment End of the experiment

Fe Al Mn

Soil Coulmn Treatmets

Fe Al Mn

Start of the experiment
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APPENDIX A6 

Table A6.1: The pH and EC of each soil column treatment after the experiment was completed. 

Soil Column Treatment Soil pH after experiment  Soil ECs (mS/m) after 
experiment   

 

 

Rep 1 Rep 2 Rep 3 Rep 1 Rep 2 Rep 3 
 

Control columns 2.85 2.8 2.77 103.2 108.2 100.2 
 

Calcite mixed throughout 
profile 

6.68 6.71 6.7 133.1 133.5 134.1 
 

Calcite localised within 
profile 

6.84 6.83 6.83 143.9 127.9 141.8 
 

Dolomite mixed throughout 
profile 

6.61 6.6 6.51 130.3 130.3 115.6 
 

Dolomite localised within 
profile 

6.35 6.4 6.38 107.3 122.1 112.4 
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Table A6.2: The Mehlich extractable macronutrient concentrations of each soil column treatment after the experiment was 

completed. 

 

Table A6.3: The total metal concentrations determined by nitric acid microwave digestion of each soil column treatment 

after the experiment was completed. 

 

Rep 1 Rep 2 Rep 3 Rep 1 Rep 2 Rep 3 Rep 1 Rep 2 Rep 3 Rep 1 Rep 2 Rep 3 Rep 1 Rep 2 Rep 3

Control columns 143.37 156.88 165.82 5.99 7.01 5.99 9.62 6.46 4.01 5.53 4.89 5.34 591.26 656.13 649.67

Calcite mixed throughout 

profile 8.5 7.18 6.63 18.61 19.41 17.96 3291.74 3365.25 3137.76 66.61 69.29 67.2 1432.65 1547.88 1585.63

Calcite localised within profile 4.66 8.44 2.41 18.1 17.44 18.46 2931.14 3027.5 3962.27 62.91 60.71 70.83 1677.02 1371.06 1839.94

Dolomite mixed throughout 

profile 26.73 14.47 35.37 19.67 19.42 19.24 6162.6 6646.37 4824.52 3077.48 3450 2421.85 1172.39 1353.18 1156.49

Dolomite localised within profile 21.87 14.35 15.92 17.48 17.91 16.38 4723.19 5247.7 4262.27 2442.72 2748.68 2241.06 1182.32 1285.63 1223.05

Soil Coulmn Treatment

Mehlich Extractable P (mg/kg) Mehlich Extractable K (mg/kg) Mehlich Extractable Ca (mg/kg) Mehlich Extractable Mg (mg/kg) Mehlich Extractable S (mg/kg)

Rep 1 Rep 2 Rep 3 Rep 1 Rep 2 Rep 3 Rep 1 Rep 2 Rep 3

Control columns 17877.39 15052.39 14885.72 6665.9 5202.56 5301.73 192.75 196.83 196.83

Calcite mixed throughout 

profile 17185.72 17485.72 19219.05 9941.73 8458.4 10441.73 1220.83 1340 1243.33

Calcite localised within profile 20635.72 17777.39 17485.72 10750.06 8766.73 6590.9 1480 1366.67 1374.17

Dolomite mixed throughout 

profile 18135.72 16935.72 18285.72 12691.73 11825.06 11491.73 620.75 609.42 736.92

Dolomite localised within profile 17960.72 17944.05 19210.72 9958.4 10175.06 9950.06 599.08 511.08 536.83

Soil Coulmn Treatment

Total Fe (mg/kg) Total Al (mg/kg) Total Mn (mg/kg)
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